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Preface

With the completion of the Human Genome Project at the 
beginning of this decade and the rapid development and appli-
cation of new advances in our ability to understand and query 
the human genome and its gene set, it is time already to review 
the early sketches of a much-anticipated transformation of the 
practice of medicine. We have seen the very fi rst signs of a funda-
mental shift in how we behold human physiology and pathology, 
how we view the concept of what is “normal”, how we con-
sider individuals and their prospects for lifelong health, and how 
we design health care systems that are equally adaptable to the 
demands of population-wide epidemics and the opportunities for 
personalized care that utilizes genome-based information to con-
sider individual susceptibility to disease and therapeutic options.

Genome-based data, information, knowledge, and eventually 
wisdom will make possible the kind of health care that has been 
dreamed of since the advent of disease-based medicine early in 
the 20th century. A system of health care that harnesses the data 
intensity of the genome and its derivatives, along with imaging, 
clinical, and environmental information, will empower physi-
cians and other health care providers to do what they have always 
aspired to do – make medical care as individualized as possible. 
But this newfound information and knowledge will also allow 
each of us as consumers of health care to take more control 
of our futures and to develop a more strategic and prospective 
approach to health. We stand at the dawn of a profound change in 
science and medicine’s predictive nature and in our understand-
ing of the biological underpinnings of health and disease. Even in 
this early light, we can see the outlines of a coming ability to:

● predict individual susceptibility to disease, based on genetic, 
genomic, and other factors;

● provide more useful tools and individualized programs for dis-
ease prevention, based on knowledge of one’s susceptibility; 

● detect the onset of disease earlier and before it is clinically 
evident, based on newly discovered biological markers that 
arise from changes at the molecular level;

● preempt disease progression, as a result of early detection; and

● target medicines and their dose more precisely and safely to 
each patient, on the basis of a deep understanding of disease 
mechanism and the role that genetic and genomic factors 
play in the individual response to drugs. 

 The time for this revolution in genomic and personalized 
medicine has come. As its name suggests, this book is intended 
to lay out the essentials of this new approach to medicine and to 
emphasize for particular conditions the clinical opportunities that 
present themselves today. It is designed to complement the more 
comprehensive two-volume book Genomic and Personalized Medicine, 
published last year, which presented in substantial depth the foun-
dations of this new science, outlined the early opportunities for the 
practice of medicine to incorporate genome-based analysis into 
health care, and anticipated the many conditions to which genomic 
and personalized medicine will apply in the years ahead. 

 This volume on Essentials of Genomic and Personalized 
Medicine describes an emerging fi eld that spans the breadth of 
clinical medicine, with many challenges for society at large and 
for health care systems in particular. Nonetheless, we are opti-
mistic that the appropriate delivery models and economic incen-
tives will be developed in a trustworthy framework that will be 
embraced by societies around the globe. 

 Our intended audience is clinically oriented but broad, 
ranging from medical students to residents and fellows to prac-
titioners in any of the health care professions – physicians in any 
of the medical specialties, surgeons, nurses, genetic (and genomic) 
counselors, and laboratory directors.

 In times of transformation, we are all students. We hope that 
this Essentials volume will help usher in this new era of genomic 
and personalized medicine and will provide a useful and thor-
ough introduction to the science and practice of this new 
approach to human health.

Geoffrey S. Ginsburg, M.D., Ph.D.
Huntington F. Willard, Ph.D.

June 2009
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 ASCA       Anti- Saccharomyces cerevisiae  antibodies 
 ASCO       American Society for Clinical Oncology 
 ASCVD       Atherosclerotic cardiovascular disease 
 ASD       Atrial septal defect 
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 B1-AR        � 1-adrenergic receptor 
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 BCAA       Branched-chain amino acids 
 Bcl       B-cell lymphoma protein 
 BCL-2       B-cell lymphoma 2 
 Bcl-Abl        Breakpoint cluster region – Abelson kinase 
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 BER       Base excision repair 
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subcortical infarcts and leukoencephalopathy 
 CAE       Childhood absence epilepsy 
 CALGB       Cancer and leukemia group B 
 CAP       College of American Pathologists 
  CARD        Caspase recruitment domain (gene) 
 CARGO        Cardiac Allograft Rejection Gene Expression 

Observational study 
 CAV       Cardiac allograft vasculopathy 
 CBD       Cortical basal degeneration 
 CBP       CREB-binding protein 
 CBZ       Carbamazepine 
 CCD       Charge coupled device 
 CCL       Chemokine (C-C motif) ligand 
 CCND1       Cyclin D1, a proto-oncogene 
 CD       Cluster of differentiation 
 CD       Crohn’s disease 
 CDAI       Crohn’s disease activity index 
 CDC       Centers for Disease Control 
 cDNA       Complementary deoxyribonucleic acid 
 CDS       Clinical decision support 
 CED-4       Cell death abnormality gene 4 
 CETP       Cholesteryl ester transfer protein 
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 CFTR        Cystic fi brosis transmembrane conductance 
regulator 

 CGAP       Cancer Genome Anatomy Project 
 CGH       Comparative genomic hybridization 
 CGHa       Comparative genomic hybridization array 
 CGP       Cancer Genome Project 
 CHD       Congenital heart disease 
 CHD       Coronary heart disease 
 CHF       Congestive heart failure 
 CHMP        Committee for Medicinal Products for Human 

Use 
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 CIBEX        Center for Information Biology Gene 

Expression 
 CIC       Citrate/isocitrate carrier 
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 CKD       Chronic kidney disease 
 CLI       Critical limb ischemia 
 CLIA       Clinical Laboratory Improvement Amendments 
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 CMT       Charcot-Marie-Tooth disease 
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 CNS       Central nervous system 
 CNV       Copy number variant 
 COPA       Cancer outlier profi le analysis 
 COR       C-terminal of ROC domain 
 COX       Cyclooxygenase 
 COX-2       Cyclooxygenase-2 
 CPOE       Computerized provider order entry 
 CRC       Colorectal cancer 
 CREB       Cyclic AMP response binding protein 
 CRF       Circulating recombined form 
 CRP       C-reactive protein 
 CS       Cell signaling factor 
 CSA       Comparative sequence analysis 
 CSF       Cerebrospinal fl uid 
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 CTC       Circulating tumor cells 
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 CTSA       Clinical and Translational Science Awards 
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 CYP2D6       Cytochrome P450 2D6 
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 DAI       Disease Activity Score (for Ulcerative Colitis) 
 dbSNP       NCBI SNP database 
 DCM       Dilated cardiomyopathy 
 DGGE       Denaturing gradient gel electrophoresis 
 DGI       Diabetes Genetics/Initiative 
 DHF       Diastolic heart failure 
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 DHLPC        Denaturing high performance liquid 
chromatography 

 DLB       Diffuse Lewy body 
 DLBD       Diffuse Lewy body disease 
 DLDA       Diagonalized linear discriminant analysis 
  DLG        Disc large homologue (gene) 
 DMEs       Drug-metabolizing enzymes 
 DNA       Deoxyribonucleic acid 
 DNase       Deoxyribonuclease 
 DNMTs       DNA methyltransferases 
 DOPAC       Dihydroxyphenylacetic acid 
 ds       Double stranded 
 dsRNA       Double-stranded ribonucleic acid 
 DTC       Direct-to-consumer 
 DU       Duodenal ulcer 
 DZ       Dizygotic 

 EAE       Experimental autoimmune encephalomyelitis 
 EBI       European Bioinformatics Institute 
 EBV       Epstein–Barr virus 
 ECL       Eenterochromaffi n-like cells 
 ECM       Extracellular matrix 
 EDG-1       Endothelial differentiation gene-1 
 EGAPP        Evaluation of Genomic Applications in Practice 

and Prevention 
 EGF       Epidermal growth factor 
 EGFR       Epidermal growth factor receptor 
 EHR       Electronic health record 
 EIA       Enzyme immunoassay 
 EL       Endothelial lipase 
 ELISA       Enzyme-linked immunosorbent assay 
 ELMO1       Engulfment and cell motility 1 
 EM       Extracellular matrix protein 
 EMB       Endomyocardial biopsy 
 EMBL-EBI        European Molecular Biology Laboratory–

European Bioinformatics Institute 
 EMEA       European Medicines Evaluation Agency 
 ENCODE       Encyclopedia of DNA Elements 
 EOAD       Early-onset Alzheimer’s disease 
 EPIYA       Single letter codes for amino acids 
 eQTL       Expression quantitative trait loci 
 ERK       Extracellular signal-regulated kinase 
 ESR       Erythrocyte sedimentation rate 
 ESRD       End-stage renal disease 
 EST       Expressed sequence tag 

 FA       Fanconi anemia 
 FACS       Fluorescent-activated cell sorting 
 FANCA       Fanconi anemia proteins A 
 FANCD2       Fanconi anemia protein D2 
 FAP       Familial adenomatous polyposis 
 FCHL       Familial combined hyperlipidemia 
 fCJD       Familial Creutzfeldt–Jakob disease 
 FCS       Familial hyperchylomicronemia syndrome 
 FD       Familial dysbetalipoproteinemia 
 FDA       Food and Drug Administration (USA) 

 FDB       Familial defective apoB-100 
 FFPE       Formalin-fi xed, paraffi n-embedded 
 FGF       Fibroblast growth factor 
 FGF-2       Fibroblast growth factor-2 
 FH       Familial hypercholesterolemia 
 FHTG       Familial hypertriglyceridemia 
 FISH       Fluorescence  in situ  hybridization 
 FKBP       FK506-binding protein 
 FL       Follicular lymphoma 
 FLT-3       FMS-like tyrosine kinase-3 
 fMRI       Functional MRI 
 FNA       Fine needle aspirate 
 FOV       Field of view 
 FSGS       Focal segmental glomerulosclerosis 
 FTD       Frontotemporal dementia 
 FUSION        Finland–United States Investigation of NIDDM 

genetics 

  GABBR1        GABA B receptor 1 (gene) 
  GABRG2        GABA A receptor, gamma 2 (gene) 
 GAIN       Genetic Association Information Network 
 GAPDH       Glyceraldehyde-3-phosphate dehydrogenase 
 GBM       Glomerular basement membrane 
 GBS       Guillain–Barre Syndrome 
  GCKR        Glucokinase regulatory protein 
 GC-MS       Gas chromatography–mass spectrometry 
 GCSF       Granulocyte colony-stimulating factor 
 GDNF       Glial cell line-derived neurotrophic factor 
 GEFS �        Generalized epilepsy with febrile seizures plus 
 GEO       Gene Expression Omnibus 
 GEP       Gene expression profi ling 
 GFAP       Glial fi brillary acidic protein 
 GFP       Green fl uorescent protein 
 GLEPP1       Glomerular epithelial protein 1 
 GLP       Good laboratory practice 
 GM-CSF        Granulocye macrophage–colony stimulating 

factor 
 GO       Gene ontology 
 GPI       Globus pallidus interna 
 GR       Glucocorticoid receptor gene 
 GSEA       Gene set enrichment analysis 
 GSIS       Glucose-stimulated insulin secretion 
 GSTT       Glutathione  S -transferase 
 GU       Gastric ulcer 
 GWAS       Genome-wide association study 
 GZM       Granzyme 

 H       Heterozygosity 
 HAART       Highly active anti-retroviral therapy 
 HAV       Hepatitis A 
 HBV       Hepatitis B 
 HCC       Hepatocellular carcinoma 
 HCM       Hypertrophic cardiomyopathy 
 HCV       Hepatitis C 
 HDAC       Histone deacetylase 
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 HDL       High-density lipoproteins 
 HDM2       Human double minute 2 
 HDV       Hepatitis D 
 HeLa        Cervical cancer cell line 
 HEPS        Highly exposed persistently seronegative 

individuals 
 HER2       Human epidermal growth factor receptor 2 
 HEV       Hepatitis E 
 HF       Heart failure 
 HFPEF       Heart failure with preserved ejection fraction 
 HGF       Hepatocyte growth factor 
 HGPRT       Hypoxanthine phosphoribosyl transferase 
 HHS       Health and Human Services (U.S.) 
 HHV-6       Human herpes virus 6 
 HITSP        Healthcare Information Technology Standards 

Panel 
 HIV       Human immunodefi ciency virus 
 HKMT       Histone lysine methyltransferases 
 HL       Hepatic lipase 
 HL7       Health Level 7 
 HLA/ HLA         Human leukocyte antigen/(gene) 
 HLI       Hind limb ischemia 
 HMT       Histone methyltransferase 
 HNPCC       Hereditary nonpolyposis colorectal cancer 
 HNSCC       Head and neck squamous cell carcinoma 
 HP-1       Heterochromatin-associated protein-1 
 HPV       Human papilloma virus 
 HPV-16       Human papilloma virus-16 
 HR       Homologous recombination 
 HRPC       Hormone refractory prostate cancer 
 HS       Hyper-spectral 
 HSC       Hepatic stellate cell 
 HSP       Heat shock protein 
 HSV-1       Human herpes simplex virus type 1 
 HSV1-TK        Herpes simplex virus type 1-thymidine kinase 
 HSV-2       Human herpes simplex virus type 2 
 hTERT       Human telomerase reverse transcriptase 
 HTLV-I       Human T-cell leukemia/lymphoma virus type I 
 HTLV-III       Human T-cells lymphotropic virus type 3 
 HTS       High-throughput screening 
 HVJ       Hemagglutinating virus of Japan 

 IBD       Infl ammatory bowel disease 
 IBDQ       Infl ammatory bowel disease questionnaire 
 IC       Intermittent claudication 
 IC       Interstitial cystitis 
 ICAM       Intracellular adhesion molecules 
 ICD       Implantable cardioverter defi brillator 
 ICD       International Classifi cation of Diseases 
 ICDc        Cytosolic, NADP-dependent isocitrate 

dehydrogenase   
 iDC       Immature dendritic cells 
 IDCM       Idiopathic dilated cardiomyopathy 
 IDDM       Insulin-dependent diabetes mellitus 
 IDL       Intermediate-density lipoproteins 

 IDO       Indolemaine 2,3-dioxygenase 
 IFN       Interferon 
 IFN- �        Interferon-beta 
 IFN- �        Interferon-gamma 
 Ig       Immunoglobulin 
 IgA       Immunoglobulin-A 
 IGF-I       Insulin-like growth factor-I 
 IHC       Immunohistochemistry 
 IHE       Integrating the Healthcare Enterprise 
  IKBL        Inhibitor of  � B-like (gene) 
 IL       Interleukin 
 IL (4/13)       Interleukin (4/13) 
  IL-1 �         Interleukin-1 beta (gene) 
 IL-1ra       Interleukin-1 receptor antagonist 
 IL-6       Interleukin-6 
 IL-10       Interleukin-10 
 IMAGE        Invasive Monitoring Attenuation through Gene 

Expression study 
 iMC       Immature myeloid cells 
 IN       Integrase (viral protein) 
 IOM       Institute of Medicine (U.S.) 
 IS       Insertion sequence 
 ISB       Institute for Systems Biology 
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 ISHLT        International Society for Heart and Lung 

Transplantation 
 IT       Information technology 
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 JCA       Juvenile chronic arthritis 
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 JME       Juvenile myoclonic epilepsy 

 Kb       Kilobase 
 KEGG       Kyoto Encyclopedia of Genes and Genomes 

 LARGO        Lung Allograft Rejection Gene expression 
Observational study 

 LAV       Lymphadenopathy-associated virus 
 LB       Lewy body 
 LCAT       Lecithin cholesterol acyltransferase 
 LCM       Laser capture microdissection 
 LD       Linkage disequilibrium 
 LDL       Low-density lipoproteins 
  l  -DOPA       Levodopa 
 LOAD       Late-onset Alzheimer’s disease 
 LOD       Logarithm of the odds 
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Codes 
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 LV       Left ventricle 
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 LVH       Left ventricular hypertrophy 
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 MAGE-ML        MicroArray and Gene Expression Markup 

Language 
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 MAP       Mitogen-activated protein 
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 MAPK       Mitogen-activated protein kinase 
 MAQC       Microarray quality control 
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 MCD       Minimal change disease 
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protein 
 MCP-1       Monocyte chemoattractant protein 1 
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 M-CSF       Macrophage colony-stimulating factor 
 MDM2       Mouse double minute 2 
 MDP       Muramyl dipeptide 
  MDR        Multidrug resistance (gene) 
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 MITF       Microphthalmia transcription factor 
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 MS/MS       Tandem mass spectrometry 
 MSA       Multiple system atrophy 
 MTDNA       Mitochondrial DNA 
  MTHFR        Methylenetetrahydrofolate reductase (gene) 
 mTOR       Mammalian target of rapamycin 
 MTP       Microsomal triglyceride transfer protein 
 MTX       Methotrexate 
 MudPIT        Multidimensional protein identifi cation 

technology 
 MVP       Mitral valve prolapse 
 MZ       Monozygotic 

 NAAT       Nucleic acid amplifi cation testing 
 NAD(P)H         Nicotinamide adenine dinucleotide phosphate 

reduced form 
 NAFLD       Non-alcoholic fatty liver disease 
 NASH       Non-alcoholic steatohepatitis 
 NAT2        N -Acetyltransferase 2 
 NAWM       Normal appearing white matter 
 NC       Nucleocapsid (viral protein) 
 N-CAM       Neural cell adhesion molecule 
 NCBI        National Center for Biotechnology 

Information 
 NCE       New chemical entity 
 NCEP       National Cholesterol Education Program 
 NCI60        Refers to a set of 60 cancer cell lines curated at 

the NCI (National Cancer Institute) 
 ncRNA       Non-coding RNA 
 NEF       NEgative regulatory Factor (viral protein) 
 NER       Nucleotide excision repair 
 NF1/2       Neurofi bromatosis1/2 
 NHGRI       National Human Genome Research Institute 
 NHR       Non-homologous recombination 
 NIEHS        National Institute of Environmental Health 

Sciences (NIH) 
 NIH       National Institutes of Health 
 NK       Natural killer 
 NMR       Nuclear magnetic resonance 
 NNRTI       Non-nucleosidic reverse transcriptase inhibitor 
  NOD        Nucleotide oligomerization domain (gene) 
 NPV       Negative predictive value 
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 NQO1        Nicotinamide adenine dinucleotide phosphate 
oxidoreductase 

 NRTI       Nucleosidic reverse transcriptase inhibitor 
 NSAID       Non-steroidal anti-infl ammatory drug 
 nt       Nucleotides 
 NUD       Non-ulcer dyspepsia 
 NYHA       New York Heart Association 

 OBO       Open Biomedical Ontologies 
  OCTN        Organic cation transporter (gene) 
 OHCA       Out of hospital cardiac arrest 
 OMIM       Online Mendelian Inheritance in Man 
 OMP       Outer membrane protein 
 OmpC       Outer membrane porin C of  E. coli  
   opn         Osteopontin (gene) 
 OPN       Osteopontin (protein) 
 OR       odds ratio 
 ORESTES        Open reading frame expressed sequence tags 
 ORF       Open reading frame 
 OSEM       Ordered subset expectation maximization 

 p53BP1       p53 Binding protein 1 
 PAD       Peripheral arterial disease 
 PAGE       Polyacrylamide gel electrophoresis 
 PAI       Pathogenicity island 
 PAM       Prediction analysis of microarrays 
 pANCA        Perinuclear antineutrophil cytoplasmatic 

antibodies 
 PAOD1       Peripheral arterial occlusive disease 
 Pap       Papanicolaou 
 Parvo B19       Human parvovirus B-19 
 PBC       Primary biliary cirrhosis 
 PBL       Peripheral blood lymphocytes 
 PBMC       Peripheral blood mononuclear cell 
 PC       Pyruvate carboxylase 
 PCA       Principal components analysis 
 PCNA       Proliferating cell nuclear antigen 
 PCR       Polymerase chain reaction 
 PCSK9       Proprotein convertase subtilisin/kexin type 9 
 PCV       Procarbazine/CCNU/vincristine 
 PD       Parkinson disease 
 PD       Pharmacodynamic 
 PDA       Patent ductus arteriosus 
 PDA       Personal digital assistant 
 PDD       Parkinson disease with dementia 
 PDGF       Platelet-derived growth factor 
 PDGFR       Platelet-derived growth factor receptor 
 PDH       Pyruvate dehydrogenase 
 PDTC       Pyrrolidine dithiocarbamate 
  PDYN        prodynorphin (gene) 
 PFGE       Pulse fi eld gel electrophoresis 
 PGE2       Prostaglandin E2 
 PGx       Pharmacogenetics and pharmacogenomics 
 PHT       Phenytoin 
 PI       Protease inhibitor 

 PI3K       Phosphotidylinositol triphosphate kinase 
 PIN       Prostatic intraepithelial neoplasia 
 PK       Pharmacokinetics 
 PLTP       Phospholipid transfer protein 
 PMAGE       Polony Multiplex Analysis of Gene 
Expression 
 PMBC       Peripheral blood mononuclear cells 
 PML-RAR        Pro-myelocytic leukemia retinoic acid 

receptor oncoprotein 
 PON1       Paraoxonase 
 PPI       Percutaneous peripheral intervention 
 PPV       Positive predictive value 
 PR       Protease (viral) 
 PrEC       Prostate epithelial cells 
 PRIDE       Proteomics Identifi cations Database 
  PRNP        Prion protein (gene) 
 PS       Pulmonary stenosis 
 PSA       Prostate-specifi c antigen 
 PsA       Psoriatic arthritis 
 PSC       Primary sclerosing cholangitis 
 PSP       Progressive supranuclear palsy 
 PTEN       Phosphatase and tensin homolog 
 PTM       Pre-trans-splicing molecule 
 PUD       Peptic ulcer disease 
 PZ       Plasticity zone 

 QPCR       Quantitative PCR 
 qRT       Quantitative real-time PCR 
 qRT-PCR        Quantitative reverse-transcriptase polymer-

ase chain reaction 
 QTL       Quantitative trait locus 
 QT-PCR        Quantitative real-time polymerase chain 

reaction 
 QV       Quality value 

 R & D       Research and Development 
 RA       Rheumatoid arthritis 
 RAAS       Renin-angiotensin-aldosterone system 
 RAPD-PCR        Random amplifi ed polymorphic deoxyri-

bonucleic acid–polymerase chain reaction 
 RB       Retinoblastoma 
  RB        Retinoblastoma (gene) 
 RCM       Restrictive cardiomyopathy 
 REPAIR-AMI         Reinfusion of enriched progenitor cells 

and infarct remodeling in acute myocardial 
infarction 

 RET       Ret proto-oncogene 
 REV        REgulator of Virion protein expression 

(viral protein) 
 RFLP       Restriction fragment length polymorphism 
 RISC       RNA interference silencing complex 
 RNA       Ribonucleic acid 
 RNAi       Ribonucleic acid interference 
 ROC       RAS in complex proteins 
 ROCO        ROC (RAS of complex proteins)/COR 

(C-terminal of ROC) 
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 ROS       Reactive oxygen species 
 RP       Rapid progression 
 RPA       Ribonuclease protection assay 
 RSV       Respiratory syncytial virus 
 RT       Reverse transcriptase (viral protein) 
 RT-PCR       Real-time polymerase chain reaction 
 RT-PCR        Reverse transcription – polymerase chain 

reaction 
 RV       Right ventricle 
 RVHF       Right ventricular heart failure 

 SACGHS        Secretary’s Advisory Committee on 
Genetics, Health and Society (U.S.) 

 SAGE       Serial Analysis of Gene Expression 
 SALSA       Scoring algorithm for spectral analysis 
 SAM        S -Adenosyl- l  -methionine (AdoMet) 
 SAM       Signifi cance analysis of microarrays 
 SAM       Systolic anterior motion of mitral valve 
 SAP/Exo I       Shrimp alkaline phosphatase/exonuclease I 
 SARS       Severe acute respiratory syndrome 
 SBE       Single-base extension 
 SCD       Sudden cardiac death 
 SCID       Severe combined immunodefi ciency 
  SCN1A         Voltage-gated sodium channel, type 1, alpha 

subunit (gene) 
 SCOTS       Selective capture of transcribed 
 sequences 
 SCX       Strong cation exchange 
 SD       Standard deviation 
 SDO       Standards development organization 
 SE        Shared epitope of HLA (human leukocyte 

antigen) genes 
 SE       Spongiform encephalopathies 
 SEBASTIAN        System for Evidence-Based Advice 

through Simultaneous Transaction with an 
Intelligent Agent across a Network 

 SEC       Sinusoidal endothelial cell 
 SERPA       Serological proteome analysis 
 SHF       Systolic heart failure 
 shRNA       Short hairpin ribonucleic acid 
 SIP1       Smad-interacting protein 1 
 siRNA       Small interfering ribonucleic acid 
 SIV       Simian immunodefi ciency virus 
 SJS/TEN        Stevens–Johnson syndrome/toxic epidermal 

necrolysis 
 SLC12A3       Solute carrier family 12 member 3 
 SLE       Systemic lupus erythematosus 
 SLN       Sentinel lymph node 
 SMD       Stanford Microarray Database 
 SN       Substantia nigra 
 SNOMED CT        Systematized Nomenclature of Medicine, 

Clinical Terms 
 SNP       Single nucleotide polymorphism 
 SNpc       Substantia nigra pars compacta 
 SNR       Substantia nigra pars reticulata 

  SOX10        SRY-box containing gene 10 
 SpA       Spondyloarthropathy 
 SPARC        Secreted protein, acidic, and rich in cysteine, 

osteonectin 
 SPMS       Secondary progressive MS 
 SR-BI       Scavenger receptor, class BI 
 ss       Single-stranded 
 SSc       Systemic sclerosis 
 SSCP       Single strand conformation polymorphism 
 SSRP       Simple sequence repeat polymorphism 
 SSTR2       Somatostatin receptor type 2 
 STAT        Signal transducers and activators of 

transcription 
 STEMI       ST segment Elevation Myocardial Infarction 
 STK11 gene       Serine/threonine kinase 11 
 STN       Subthalmic nucleus 
 SU       Surface (viral protein) 
 SVAS       Supravalvar aortic stenosis 
 SVR       Sustained viral response 
 SWOG       Southwest Oncology Group 

 TAM       Tumor associated macrophages 
 TAT        TransActivator of Transcription (viral 

protein) 
 TBB       Transcriptomic-based biomarkers 
 TCF7L2       Transcription factor 7-like 2 
 TCR       T-cell receptor 
 TDM       Therapeutic drug monitoring 
 TF       Transcription factor 
 TFAP2B       Transcription factor activating protein 2 �  
 TGF       Transforming growth factor 
 TGF- �        Transforming growth factor beta 
 TH       Tyrosine hydroxylase 
 Th1       T-helper cell, type 1 
 Th2       T-helper cell, type 2 
 TIGR       The Institute for Genomic Research 
 TIMP       Tissue inhibitor of metalloproteinase 
 TIMP-1       Tissue inhibitor of metalloproteinase-1 
 TK       Tyrosine kinase 
 TLE       Temporal lobe epilepsy 
 TLR       Toll-like receptor 
 TLS       Trans-lesion DNA synthesis 
 TM       Trans-Membrane (viral protein) 
 TNF       Tumor necrosis factor 
 TNF- �        Tumor necrosis factor-alpha 
 TNF- �        Tumor necrosis factor-beta 
 TNM       Tumor-node-metastasis stage 
 TOF       Tetralogy of Fallot 
 TPMT/ TPMT         Thiopurine methyl transferase/(gene) 
 Treg       Regulatory T-cells 
 TSA       Trichostatin A 
 TSG       Tumor suppressor gene 
 TSP       Thrombospondin 

 UADT       Upper aerodigestive tract 
 UC       Ulcerative colitis 



 UCSC       University of California at Santa Cruz 
 UMLS       Unifi ed Medical Language System 
 UNAIDS       United Nation mission on AIDS 
 US       Ultrasound 
 US       United States of America 
 USF1       Upstream transcription factor 1 
 USpA       Undifferentiated spondyloarthropathy 
 UTR        Untranslated region (three prime or fi ve 

prime) 

 V-ATPase       Vacuolar adenosine triphosphatase 
 V-CAM       Vascular cell adhesion molecule 
 VEGF       Vascular endothelial growth factor 
 VF       Ventricular fi brillation 
 VIF       Virion infectivity factor 
 VLDL       Very low-density lipoproteins 
 VPR       Viral protein R 
 VPU       Viral protein U 

 VS       Ventricular septal defect 
 VT       Ventricular tachycardia 
 VZV       Varicella zoster virus 

 WGA       Whole-genome amplifi cation 
 WGAS       Whole Genome Association Studies 
 WGS       Whole genome shotgun 
 WHO AIDS        World Health Organization mission on 

AIDS 
 WHO       World Health Organization 
 WNV       West Nile virus 
 WSS       Western-specifi c sequence 
 WTCCC       Welcome Trust Case Control Consortium 

 XMRV        Xenotropic murine leukemia virus-related 
virus 

 ZDV       Zidovudine 
 ZFP       Zinc fi nger protein        
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GENOMIC AND PERSONALIZED 
MEDICINE
The Human Genome Project, completed in 2003, has provided 
scientists and clinicians with a diverse set of novel molecular 
tools that can be used to understand health and manage disease. 
Variation in the human genome has long been the cornerstone 
of the fi eld of human genetics (see Box 1.1), and its study led to 
the establishment of the medical specialty of medical genetics 
(Nussbaum et al., 2007). Now genome sequencing, copy number 
variation, transcriptional readouts, and comprehensive measure-
ments of micro RNA, protein, and metabolite levels provide a 
“systems approach” to probe and predict human health and dis-
ease states that has greatly broadened the impact of principles 
of genetics and genomics on clinical medicine. These advances 
have provided both a conceptual and technological underpin-
ning for the development of the fi eld of genomic medicine as a 
driver of personalized health care. For the fi rst time in the his-
tory of medicine, health care providers as well as patients can use 
predictive tools to develop a new model for health care based on 
health planning that is proactive and preventive, as opposed to the 
current model in health care that is reactive, episodic, and geared 
toward acute crisis intervention once disease is already manifest 
and largely irreversible.

The growing transformation of clinical practice in the era 
of genomic and personalized medicine is perhaps best exempli-
fi ed today in the fi eld of cancer care, as illustrated in some detail 
in subsequent chapters of this volume. Oncologists now prac-
tice with a suite of genomic testing opportunities that include 
BRAC1/BRAC2 testing in familial syndromes of breast and 
ovarian cancers. In colorectal cancer, Hereditary Non-polypo-
sis Colon Cancer (HNPCC) or Lynch syndrome and familial 
adenomatous polyposis (FAP) coli are conditions for which there 
is testing for mismatch repair gene mutations (for HNPCC) or 
APC mutations (FAP) that has been widely adopted. The para-
digm for oncology is largely based on the principle that accurate 
prognosis and proper therapy can be matched to the molecular 
characteristics of the individual patient’s tumor. Thus, at the time 
of diagnosis, whole-genome expression data are now being used 
routinely to identify subtypes of cancer not previously recognized 
by traditional methods of analysis (Bullinger and Valk, 2005; Dave 
et al., 2006; Potti et al., 2006a; Staudt, 2003; Valk et al., 2004).

There is now compelling evidence of clinical adop-
tion of genomic testing by oncologists: in 2008, for example, 
RNA expression signatures were used for risk stratifi cation and 
prognosis in breast cancer for more than 39,000 “treat” versus 
“no-treat” decisions (Securities and Exchange Commission, 
2009). However, there continues to be a need to develop the 
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evidence that these signatures will enhance outcomes across a 
broad  population of women with breast cancer. A prospective 
cooperative group clinical trial has been initiated in Europe 
(MINDACT) that aims to measure the effectiveness of a gene 
expression predictor of breast cancer prognosis to guiding 

 adjuvant chemotherapy when compared to predictions based 
solely on the traditional clinical parameters for prognoses 
(Bogaerts et al., 2006). A study sponsored by the US National 
Cancer Institute (TAILORx) aims to use an RNA signature to 
identify low risk breast cancer patients unlikely to benefi t from 

BOX 1.1  Genetics and Genomics

Throughout this and the many other chapters in this Essentials 
volume, the terms “genetics” and “genomics” are used repeatedly, 
both as nouns and in their adjectival forms. While these terms 
seem similar, they in fact describe quite distinct (though frequently 
overlapping) approaches in biology and in medicine. Having said 
that, there are inconsistencies in the way the terms are used, even 
by those who work in the field. To some, genetics is a subfield of 
genomics; to others, genomics is a subfield of genetics. Arguably, 
depending on the perspective one has in mind, both may be right!

Here, we provide operational definitions to distinguish the vari-
ous terms and the subfields of medicine to which they contribute.

The field of genetics is the scientific study of heredity and of the 
genes that provide the physical, biological, and conceptual bases for 
heredity and inheritance. To say that something – a trait, a disease, 
a code, or information – is genetic refers to its basis in genes and 
in DNA.

Heredity refers to the familial phenomenon whereby traits 
(including clinical traits) are transmitted from generation to gen-
eration, due to the transmission of genes from parent to child. 
A disease that is said to be inherited or hereditary is certainly 
genetic; however, not all genetic diseases are hereditary (witness 
cancer, which is always a genetic disease, but is only occasionally an 
inherited disease).

Genomics is the scientific study of a genome or genomes. A 
genome is the complete DNA sequence, containing the entire 
genetic information of a gamete, an individual, a population, or 
a species. As such, it is a subfield of genetics when describing an 
approach taken to study genes. The word “genome” originated as 
an analogy with the earlier term “chromosome,” referring to the 
physical entities (visible under the microscope) that carry genes 
from one cell to its daughter cells or from one generation to the 
next. Genomics gave birth to a series of other “-omics” that refer to 
the comprehensive study of the full complement of genome prod-
ucts – for example, proteins (hence, proteomics), transcripts (transcrip-
tomics), or metabolites (metabolomics). The essential feature of the 
“omes” is that they refer to the complete collection of genes or 
their derivative proteins, transcripts, or metabolites, not just to the 
study of individual entities. While formally the field of genomics 
refers to the study of genomes (and hence, DNA) only, it some-
times takes on the broader meaning of referring to any large-scale 
approach; the less specific term “genome sciences” is also sometimes 
used to refer to all of the -omics to connote global and compre-
hensive approaches to the study of biology and medicine.

By analogy with genetics and genomics, epigenetics and epigenom-
ics refer to the study of factors that affect gene (or, more globally, 
genome) function, but without an accompanying change in genes 
or the genome. Some typical epigenetic factors involve changes 
in DNA methylation or modifications to chromatin that change 
genome structure and hence influence gene expression even in 
the absence of changes in the DNA sequence. The epigenome is 
the comprehensive set of epigenetic changes in a given individual, 
tissue, tumor, or population. It is the paired  combination of the 

genome and the epigenome that best characterize and  determine 
one’s phenotype.

Medical genetics is the application of genetics to medicine with a 
particular emphasis on inherited disease. Medical  genetics is a broad 
and varied field, encompassing many different subfields, includ-
ing clinical genetics, biochemical genetics, cytogenetics, molecular 
genetics, the genetics of common diseases, and genetic counseling. 
Medical genetics is one of 24 medical specialties recognized by The 
American Board of Medical Specialties, the preeminent medical 
organization overseeing physician certification in the United States. 
As of 2007, there were approximately 2300 board-certified medical 
geneticists in the United States.

Genetic medicine is a term sometimes used to refer to the appli-
cation of genetic principles to the practice of medicine and thus 
overlaps medical genetics. However, genetic medicine is somewhat 
broader, as it is not limited to the specialty of Medical Genetics but 
is relevant to health professionals in many, if not all, specialties and 
subspecialties. Both medical genetics and genetic medicine approach 
clinical care largely through consideration of individual genes and 
their effects on patients and their families.

By contrast, genomic medicine refers to the use of large-scale 
genomic information and to the consideration of the full extent of 
an individual’s genome, proteome, transcriptome, metabolome, and/
or epigenome in the practice of medicine and medical  decision-
making. The principles and approaches of genomic medicine are 
relevant well beyond the traditional purview of medical genetics 
and include, as examples, gene expression profiling to characterize 
tumors or to define prognosis in cancer, genotyping variants in the 
set of genes involved in drug metabolism or action to determine an 
individual’s correct therapeutic dosage, scanning the entire genome 
for millions of variants that influence one’s susceptibility to disease, 
or analyzing multiple protein biomarkers to monitor therapy and to 
provide predictive information in presymptomatic individuals.

Finally, personalized medicine refers to a rapidly advancing field of 
health care that is informed by each person’s unique clinical, genetic, 
genomic, and environmental information. The goals of personalized 
medicine are to take advantage of a molecular understanding of dis-
ease to optimize preventive health care strategies and drug therapies 
while people are still well or at the earliest stages of disease. Because 
these factors are different for every person, the nature of disease, its 
onset, its course, and how it might respond to drug or other inter-
ventions are as individual as the people who have them. In order 
for personalized medicine to be used by health care providers and 
their patients, these findings must be translated into precision diag-
nostic tests and targeted therapies. Since the overarching goal is to 
optimize medical care and outcomes for each individual, treatments, 
medication types and dosages, and/or prevention strategies may dif-
fer from person to person – resulting in unprecedented customiza-
tion of patient care.

The principles underlying genomic and personalized  medicine 
and their applications to the practice of clinical medicine are 
 presented throughout the chapters that comprise this volume.



 chemotherapy (Sparano, 2006). Similar studies are getting started 
for prognostic signatures in lung  cancer (Potti et al., 2006a). 
These are exemplars of the approach of genomic and person-
alized medicine and serve as clear examples where a genome-
based approach has resulted in the opportunity to redefi ne 
disease phenotypes and at the same time redefi ne therapeutic 
strategies.

Of equal if not greater importance in achieving the goal 
of personalized treatment is an ability to predict response to 
specifi ed therapies, particularly for those regimens that are part 
of routine clinical practice today. The selection of therapy for 
many cancer patients is still largely empiric and guided by large 
randomized clinical trials on populations of patients. Estimates 
of benefi ts from this approach for individuals are extrapolations 
from the effects seen in these large trials and do not necessarily 
apply to individual patients.

Genomic signatures that predict response and resistance to 
a spectrum of cytotoxic chemotherapies may now allow assign-
ment of patients to effective treatment regimens best suited to 
the unique characteristics of their tumor (Potti et al., 2006b). 
Genomic predictors of chemotherapy response thus provide an 
opportunity to determine which drug would be optimal for 
an individual patient in clinical scenarios for which past stud-
ies have not shown a clear superiority for any of the currently 
available drugs.

Beyond cancer, other fi elds of medicine are also benefi ting 
from whole-genome approaches that are defi ning both suscepti-
bility to complex disease through genome-wide association studies 
(GWAS) or genome resequencing (see below), as well as signa-
tures that defi ne disease states and predictive outcomes based on 
analyses from both disease tissues and from blood (Altshuler et al., 

2008; Aziz et al., 2007). Blood-based gene expression  profi ling 
is particularly important as it presents the opportunity to report 
on disease processes from remote and often inaccessible sites for 
direct analyses. Instead of analyzing single genes, global gene 
expression provides a “molecular signature” that may distinguish 
between one disease state and another. In addition to identifying 
signatures or patterns of gene expression that represent a disease 
state, analyses can be constructed to identify representative path-
way genes that might point to novel pathophysiology relevant 
to the underlying disease state. Peripheral blood gene expres-
sion signatures have now been reported in a variety of condi-
tions described in subsequent chapters, including rheumatoid 
arthritis (Lequerré et al., 2006; Shou et al., 2006), systemic lupus 
erythematosis (Rus et al., 2004), multiple sclerosis (Bomprezzi 
et al., 2003; Singh et al., 2007), asthma (Brutsche et al., 2002), malig -
nancies (Alizadeh et al., 2000; Golub et al., 1999), solid organ 
transplantation (Baron et al., 2007; Horwitz et al., 2004), as well as 
environmental exposures (Dressman et al., 2007; Lodovici et al., 
2007; Meadows et al., 2008; Wu et al., 2003). Many of these con-
ditions have an infl ammatory component and thus affect immune 
cells in the vascular compartment. It is hypothesized that these 
cellular changes are the basis for the differences in gene expres-
sion that is observed in RNA extracted from whole blood speci-
mens or from specifi c circulating cell types. The greatest potential 
of this approach would be the enhancement in accurately clas-
sifying patients by the type and severity of their disease and to 
individualize the therapy based on the biology of the disease in 
an individual patient. Signifi cant power can be anticipated from 
approaches that combine both assessment of an individual’s con-
stitutional genome and evaluation of gene expression signatures 
of one’s health status (Figure 1.1) (Hardy and Singleton, 2009).
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Figure 1.1  The promise of personal genomics in the era of genomic and personalized medicine.
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BOX 1.2  The Genomes Within

The human genome is not the only genome relevant to the practice 
of medicine.

Both in states of health and disease, our own genome is vastly 
outnumbered by the genomes of a host of microorganisms, many 
living peacefully and continuously on various body surfaces, espe-
cially throughout the gastrointestinal tract, others wreaking havoc as 
adventitious viral, bacterial, or fungal pathogens.

The genomes of thousands of microorganisms have been deter-
mined and are being utilized to provide rapid diagnostic tests in 
clinical settings, to predict antibiotic or antifungal efficacy, to iden-
tify the source of airborne, water, or soil contaminants, to moni-
tor hospital or community environments, and to better understand 
the contribution of microbial ecosystems and various environmental 
exposures to diverse human phenotypes.

The human colon contains more than 400 bacterial species com-
prising some 1013–1014 microorganisms. Each adult’s gut provides a 
unique environment – the microbiome – whose origins and impact 
on human disease are just being explored. The microbiotic gene set 
is significantly different from that of the human genome and thus 
has the capacity to alter the metabolic profile of different individuals 
or different populations, with clinically meaningful effects on drug 
metabolism, toxicity, and efficacy (Gill et al., 2006; Li et al., 2008; 
Palmer et al., 2007). The applications to microbiomes of approaches 

in genomics (as well as proteomics and transcriptomics) are revolu-
tionizing clinical diagnostics, for example, to identify unknown viral 
infections (Delwart, 2007; Long et al., 2004; Wang et al., 2003) or to 
diagnose antibiotic-resistance infections such as methicillin-resistant 
Staphylococcus aureus (MRSA) (Francois et al., 2007).

The field of metagenomics explores this heterogeneous ecosystem 
by comprehensive sequence analysis of the collected genomes from 
biological specimens (such as stool, urine, sputum, water sources, 
and air), followed by both taxonomic and bioinformatic analysis to 
deconvolute the many genomes contained in such specimens and 
to define the different organisms, their genes, and genome vari-
ants. This approach is particularly informative for characterizing 
organisms that cannot be cultured in standard microbiology labs. A 
number of diseases have been associated with large-scale imbalances 
in the gut microbiome, including Crohn’s disease, ulcerative colitis, 
antibiotic-resistant diarrhea, and obesity (Frank and Pace, 2008; Ley 
et al., 2006; Turbaugh et al., 2006).

Undoubtedly, the states of health and disease are determined in 
part by the balance of genomes both within us and external to us. 
The full complement of genomic information from both of these 
sources of genomes will provide insights into defining the states of 
health and disease and the basis for unsurpassed precision in both 
the prevention of disease and its treatment.

GENES, GENOMES, AND DISEASE
In the context of genomic and personalized medicine, a key 
question is to what extent genetic variation infl uences the like-
lihood of disease onset; determines or signals the natural history 
of disease; and/or provides clues relevant to the management 
of disease. Variation in one’s constitutional genome can have a 
number of different direct or indirect effects on gene expres-
sion, thus contributing to the likelihood of disease (Frazer et al., 
2009). It is not, however, just the human genome whose vari-
ation is relevant to an individual’s state of health, but there are 
thousands of microorganisms, both symbiotic and pathogenic, 
whose genomes are also relevant to human phenotypes, and 
sequence determination of their genomes is providing new 
insights and approaches for the diagnosis, study, and treatment of 
infectious disease (see Box 1.2).

Contemporary frameworks for considering the impact of 
variation in the human genome on disease build on decades 
of success in establishing the role of individual, typically rare, 
mutations as causal determinants of now more than 2000 sim-
ple Mendelian diseases (Online Mendelian Inheritance in Man, 
2009). As a result of that success, much of which paralleled the 
development of technologies in the early stages of the Human 
Genome Project (Altshuler et al., 2008; Peltonen and McKusick, 
2001), attention has now turned to the genes presumed to 
underlie susceptibility to common complex diseases, which are 
the subject of many of the subsequent chapters in this book.

There are two distinct, but nonexclusive models for think-
ing about human genetic variation and disease (Altshuler and 
Clark, 2005; Fearnhead et al., 2005; Florez et al., 2003; Pritchard, 

2001). One – the “common allele, common disease”  hypothesis – 
posits that variation common in the population accounts 
for the relatively higher or lower risk that some individuals (and 
their families) have for a particular condition. Under this model, 
the collection of 10–15 million common variants in the genome 
(see Chapter 2) underlies the range of susceptibility that one 
fi nds in the general population, modulated by the particular and 
often variable environmental inputs and factors that are present 
in that population and that may, in fact, shift or even obscure the 
relative impact of inherited factors. An alternative model – the 
rare variant hypothesis – argues that genetic susceptibility to dis-
ease is due to the accumulated risk conferred by multiple rare 
variants in an individual’s genome, variants therefore not likely 
to be captured by study of the common variants identifi ed by 
studies to date (Goldstein, 2009).

These two hypotheses suggest different approaches that will 
likely be informative for delineating the genetic contribution to 
disease, both for designing research studies and for eventual clin-
ical surveillance. It is worth emphasizing that these two hypoth-
eses are not mutually exclusive and are each likely to be correct 
in some cases; indeed, there is already evidence supporting each 
for different diseases (Frazer et al., 2009).

Genome-Wide Association Studies
The common allele, common disease hypothesis has been 
explored with notable success in a number of conditions, uti-
lizing large cohorts of well-phenotyped patients and high-
throughput methods to genotype up to 500,000 or a million 
variants (so-called single nucleotide polymorphisms [SNPs], 
see Chapter 2) in the genome (Manolio et al., 2008). These 



From the Genome to Personalized Medicine ■■  5

GWAS report the statistical association of one or more vari-
ants in a narrow genomic region (which may or may not 
contain an annotated gene) with the presence or absence of 
the clinical condition. The reported SNPs defi ne immedi-
ately accessible risk factors for that condition, at least in the 
population(s) under study and can provide novel insights into 
the biology of the disease. It should be stressed, however, that 
in most instances, causality of the reported SNP(s) and the 
increased risk has not been proved; it may be that the actual 
causal variant is not the SNP itself but is a currently undetec-
ted variant that lies in linkage disequilibrium with the SNP 
(Frazer et al., 2009).

In the most favorable cases, the associated SNP may be 
a nonsynonymous variant, leading to a pathological amino 
acid change in the relevant gene (Thorleifsson et al., 2007), 
or may be a variant in an RNA splice site, leading to a clini-
cally meaningful change in the production of the gene’s 
transcript(s) (Heinzen et al., 2007). But in most instances, the 
functional impact of the associated SNP is obscure, notwith-
standing very clear genetic evidence of a role of genome vari-
ation in susceptibility to the particular condition. SNPs are 
but one of several types of genome variation that can infl u-
ence gene expression and/or disease (see Chapter 2). Copy 
number variants have also been associated with some disorders 
(reviewed in Estivill and Armengol, 2007), and it will require 
integrated genomic, genetic and functional studies to eluci-
date the precise basis for the role(s) of genome variation in 
different diseases.

Medical Resequencing in Search of Rare Variants
While GWAS certainly establish that common alleles do 
indeed increase susceptibility to common disease in some 
instances, they do not allow one to conclude that this is always 
the case. Indeed, in most (but not all) cases to date, the com-
mon SNPs found to be associated with disease only explain a 
small fraction of the total genetic variation,  implicating an as 
yet undiscovered (and presumably rarer) basis for most genetic 
variation underlying a given condition. While such asso-
ciation is suffi cient to conclude that a particular variant does 
indeed contribute to disease in the population under study, 
such a fi nding is insuffi cient to say  anything declarative about 
the cause of our likelihood of disease in a particular case. This 
conclusion is, of course, highly relevant to the prospects of 
genomic and personalized medicine.

An alternative or complementary approach to genome-
wide genotyping of common variants is to resequence specifi c 
genes in a cohort of affected individuals, in an effort to uncover 
rare variants responsible for (or at least statistically associated 
with) the disease in question. To date, most efforts have focused 
on one or several genes that were believed to be strong candi-
dates for the phenotype understudy; the notable exception thus 
far is exemplifi ed by the whole-genome resequencing of the 
HuRef genome and correlation of novel variants detected in 
that study with his family and personal medical histories (Levy 
et al., 2007). Rare variants, including nonsynonymous variants, 

in relevant candidate genes have been detected at a  statistically 
signifi cant higher frequency in the genomes of patients with 
colorectal adenomas (Fearnhead et al., 2004), with low-plasma 
high-density lipoprotein cholesterol (HDL-C) (Cohen et al., 
2004), with triglyceride levels in the lowest quartile (Romeo 
et al., 2007), and with familial cases of X-linked mental 
 retardation (Tarpey et al., 2009).

These successes point to a strategy of resequencing  relevant 
genes in individuals at the extremes of the population distri-
bution for measurable traits (Topol and Frazer, 2007) in which 
the only limiting parameters are the cost of sequencing and 
the quality of the phenotypic or quantitative data. In a proof-
of-principle for this case-control approach, a recent study 
sequenced coding exons and splice junctions of 58 genes in 
nearly 400 obese and lean individuals, at the �95th or �10th 
percentile of body mass index (Ahituv et al., 2007). Of the 
�1000 variants detected, most were rare variants, including over 
270 nonsynonymous mutations; many were found only in the 
obese cohort and thus become strong functional candidates for 
a role in obesity.

Searching for Somatic Mutations
While GWAS are restricted to inherited variation, medical rese-
quencing studies can target either inherited or somatic variants. 
In cancer especially, it is of interest to use medical resequenc-
ing to search for somatic mutations in tumor tissue in order to 
identify genes potentially relevant to cancer development and/
or progression (Stratton et al., 2009). Two important points 
emerge from such studies (Greenman et al., 2007; Jones et al., 
2009; Sjoblom et al., 2006). First, the genes implicated by virtue 
of discovering rare somatic variants in multiple cases of a par-
ticular cancer tend to be different from those identifi ed in previ-
ous genetic studies as inherited risk factors. This provides novel 
insights into the biology of human cancer and suggests candidates 
for further exploring mechanisms of  tumorigenesis or metastasis 
or for developing therapeutic approaches. Second, however, the 
large number of mutations uncovered by this approach intro-
duces the need for caution, as many will be “bystander” or “pas-
senger” mutations only associated with  cancer, not genes involved 
directly in cancer.

FROM THE GENOME TO 
PERSONALIZED MEDICINE
Of all the promises of the current scientifi c and social revolution 
stemming from advances in our understanding of the human 
genome and its variation, genomic and personalized medicine 
has been the most eagerly awaited. The prospect of examining 
an individual’s entire genome (or at least a signifi cant fraction 
of it) in order to make individualized risk predictions and treat-
ment decisions is an attractive, albeit challenging, one (Bentley, 
2004; Kraft and Hunter, 2009; Willard et al., 2005).

Having access to the reference human genome sequence 
has been transformational for the fi elds of human genetics and 
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genome biology but by itself is an insuffi cient prerequisite for 
genomic medicine. As alluded to above and discussed in subse-
quent chapters, equally important are the various complemen-
tary technologies to reliably capture information on individual 
genomes, their epigenetic modifi cation, and their derivatives in 
the transcriptome, proteome, and metabolome for health and 
disease status (Figure 1.1). Each of these technologies provides 
information that, in combination with clinical data and evalua-
tion of environmental triggers, will in time contribute to assess-
ment of individual risks and guide clinical management and 
decision-making. Critical enablers of this new approach have 
been innovations in laboratory technology (to address bio-
logically and medically relevant questions on a scale and with 
a throughput hardly imaginable just a few decades ago), paired 
with equally transforming developments in informatics and 
information systems to handle the onslaught of genomic data 
(West et al., 2006).

Personal Genomics
At the heart of the genomic approach to personalized medicine 
will be information from individual genomes, a fast-moving 
area of technological development that is spawning a social and 
information revolution among consumers. Dramatic improve-
ments in sequencing technology (Bentley, 2006; Mardis, 2008) 
have reduced the cost and time of resequencing projects to a 
level that invites conjecture about the long awaited “$1000 
genome” (Dalton, 2006; Service, 2006; Wolinsky, 2007). The 
much-ballyhooed release of the genome sequences of Craig 
Venter (“HuRef”) (Levy et al., 2007) and James Watson 
(Wheeler et al., 2008) has stirred up concerns about “celebrity 
genomics” (Check, 2007); however, while the Venter and Watson 
sequences may have been the fi rst, they have been rapidly fol-
lowed by several others (see Chapter 2), and numerous addi-
tional genomes are already in various sequencing pipelines.

What remains unsettled for now is what degree of genome 
surveillance will be most useful, either for research or for clinical 
practice, a topic that is discusssed frequently in subsequent chap-
ters. Some have argued that, while whole-genome sequencing is 
increasingly possible, it is unlikely to provide more information 
about established disease associations than would high-density, 
genome-wide genotyping to detect both SNP and copy number 
variation. Targeted resequencing of, for example, exons and 
known regulatory regions would allow detection of rare variants 
in portions of the genome most relevant to disease at a fraction 
of the cost of whole-genome sequencing (Hodges et al., 2007).

The availability of associated clinical data is variable among 
the studies announced to date, but there exists, at least among 
some participants, a strong sense of “health-information altru-
ism” to contribute to the much needed large-scale correla-
tion of genotype and phenotype (Kohane and Altman, 2005). 
Notwithstanding individual’s willingness to make genome 
sequence data (much less medical information) available more-
or-less publicly, substantial concerns have been raised about pri-
vacy, since a surprisingly (to some) small number of SNPs or 
other genome variants are suffi cient to allow identifi cation of 

individuals (Lin et al., 2004; McGuire and Gibbs, 2006; McGuire 
et al., 2008). Absolute privacy and anonymity may be an impos-
sible standard.

A Consumer Revolution
While the genome revolution has without doubt been driven 
by technological improvements and by an explosion in the avail-
ability of genome data, the push for incorporation of genome 
information into clinical practice may come as much or more 
from consumers as from professionals. A half dozen or more 
companies are already offering genome-wide SNP profi les to 
the public, some with associated risk estimates for relevant clini-
cal conditions. At least a few companies will also sequence indi-
vidual genomes for a cost that, while high currently, is not out 
of reach for some individuals. There is a clear and important 
research agenda that needs to be developed in concert with these 
technological breakthroughs that allows health providers and the 
public to understand the information and more so to believe that 
is accurate, informative, and actionable (Feero et al., 2008; Hunter 
et al., 2008; McGuire et al., 2007, 2008). With the vast amount 
of information contained in the human genome sequence, the 
stakes are high for patients, physicians, and the public to ensure 
proper reading, interpretation, and communi cation of the infor-
mation are carried out (Janssens et al., 2008). This may be a “dis-
ruptive technology” in health care delivery with the provision 
of health and disease risk information to consumers without 
physician intervention and guidance. It will not be long before 
a patient will bring a report of a whole genome to a physician’s 
offi ce and ask for guidance. What will the physicians of today, 
armed with a paucity of genomic training, tell them?

CHALLENGES IN THE TRANSLATION 
OF GENOMICS TO HUMAN HEALTH
Despite the clear advances in technology to bring genomic 
information closer to physicians, patients, and the public, loom-
ing ever closer are issues that are outside of the sphere of the 
scientists that have been involved in the discovery and early 
translational activities. In the United States, the Institute of 
Medicine has convened a Roundtable on Translating Genomics 
to Health (Institute of Medicine, 2007), the Centers for Disease 
Control has independently developed a pilot project on the 
Evaluation of Genomic Applications in Practice and Prevention 
(EGAPP, 2004), and the Genomic and Personalized Medicine 
Act of 2007 (Personalized Medicine, 2007) was introduced in 
Congress to also address similar issues.

Recently, Scheuner et al. (2008) carried out an extensive 
meta-analysis of studies using genomics toward clinical appli-
cation in chronic disease. This study aimed to understand the 
current state of translation focusing on the following questions: 
“What are the outcomes of genomic medicine? What is the 
current level of consumer understanding about genomic medi-
cine and what information do consumers need before they seek 
services? How is genomic medicine best delivered? What are the 



challenges and barriers to integrating genomic medicine into 
clinical practice?”

Using a total of 68 articles in their analysis, the authors syn-
thesized information on the delivery of genomic medicine for 
common adult-onset conditions (Scheuner et al., 2008). The 
major fi ndings of the study were not surprising in terms of the 
genome policy issues that have been previously summarized 
(Haga and Willard, 2006).

● Education – The primary care workforce feels woefully 
unprepared to integrate genomics into regular practice. 
Consumers are also unclear about genetics and genetic test-
ing for common diseases.

● Privacy – Consumers are worried about the possible 
adverse consequences of genetic testing, particularly the 
privacy issues and discrimination against receiving employ-
ment and health insurance.

● Evidence – There needs to be outcome data for genetic 
testing and chronic disease to assess whether patients who 
receive the test do better clinically.

● Cost – Cost uncertainty (both in terms of delivery and 
reimbursement) is an important issue to many of the stake-
holders of genomic issues.

Health Professional and Public Education
Education of health professionals and the public will be essential 
to advancing the use of genomics into health care (Frueh et al., 
2005). With all of the rapid advancements in genomics research 
and technologies, it will be challenging to keep health profes-
sionals informed about the benefi ts, risks, and limitations of new 
tools as they become available. In addition, the public and health 
care workforce will need to understand the appropriate applica-
tions of genomic tools, including their benefi ts, risks, and limi-
tations; how they may improve clinical management; inherited 
versus acquired genomic variations (e.g., implications for family 
members); and privacy and confi dentiality. Although several sur-
veys have documented the below average physician knowledge 
of genetics (Metcalfe et al., 2002), none has assessed knowledge 
of the newer fi eld of genomics. But, several papers have been 
published recognizing the importance of  pharmacogenetics 
(Frueh and Gurwitz, 2004), and steps are underway to develop 
more educational materials in this area.

Privacy Fears
There has been ongoing debate about the uniqueness of genetic 
information and whether it warrants special protections beyond 
those in place for standard medical information (Haga and 
Willard, 2006). In the United States, fear of discrimination by 
employers and health insurers is the main concern, whereas in 
the United Kingdom, use of genetic information by life insurers 
is the major concern (Apse et al., 2004; Hall et al., 2005). Despite 
the outcome of these debates, the attention paid to genetics by 
the popular press and public has raised concern about genetic 
information. The potential for genetic discrimination has been a 
major concern for researchers, health  professionals, patients, and 

the public. In order for genomic biomarkers to be integrated 
into routine clinical practice, associated fears with this type of 
testing must be put to rest. In 2008, the United States enacted 
legislation to protect against genetic discrimination by employ-
ers and health insurers. This is an important step in allaying pub-
lic fears that may otherwise hinder a comprehensive genomic 
and personalized approach to medicine.

Building the Evidence for Clinical Utility
Perhaps the most important factor hindering the appropriate 
integration of genomics into clinical practice is the lack of evi-
dence for its clinical utility (i.e., evidence that use of a genomic 
technology actually improves health outcomes). Evidence gener-
ation needs to be more practicable and practical. There is also a 
need for greater collaboration among stakeholder groups and for 
innovation in both study design and analysis methods. Clinical 
outcome studies are needed that demonstrate the clinical utility 
of genomic interventions that are linked to specifi c, actionable 
clinical recommendations, or practice guidelines. Public–private 
partnerships are likely to be required to generate the evidence 
base for genomic medicine. These collaborations are desirable 
because no signal stakeholder group is likely to have suffi cient 
resources or expertize to conduct the necessary studies.

Cost Issues
As with any new innovation, genomic testing must be demon-
strated to be clinically useful and cost effective and of value. But, 
because genomic technologies inherently involve diagnostic or 
prognostic testing, in addition to the complexities of incomplete 
gene penetrance and multiple gene � environment interactions, 
their assessment can be more challenging. In addition, perhaps 
more than in any other area of medicine, questions have arisen in 
regard to the economic incentives to develop these technologies. 
Formal health economics frameworks can be used to gain insights 
into these issues and provide guidance for research and develop-
ment (Carlson et al., 2005; Flowers and Veenstra, 2004; Stallings 
et al., 2006). It is important to examine the drivers of cost effec-
tiveness of genomic technologies and to consider approaches that 
include value-based reimbursement for genomic testing tech-
nologies. A particularly challenging area is  pharmacogenomics, in 
which the economic incentives for developing diagnostics linked 
to therapeutics in the pharmaceutical industry are unclear. An inte-
grated business model is needed that will be favorable for the effec-
tive delivery of genomic information to patients and clinicians.

THE FUTURE OF PERSONALIZED 
MEDICAL CARE
While the human genome sequence is now available, it is impor-
tant to acknowledge that our knowledge of the genome and its 
biological complexity is nowhere near complete, and the use of 
genomic protocols in standard clinical care faces many challenges. 
There are a host of clinical, economic, insurance, privacy, and 
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commercialization concerns that will need to be addressed and 
that vary substantially among different countries. As a fi eld, we can 
confront those with the certainty that the science behind genomic 
medicine is sound and the practice of medicine that it informs 

is evidence based. These issues are being dealt with systematically, 
and the prospects of using genomic information to offer patients 
health care that is truly personalized in nature – as will clearly see 
in the subsequent chapters – is fi nally within our reach.
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INTRODUCTION
The genetic variation that can infl uence health and disease has 
been a central, if not widely practiced, principle of medicine 
for over a hundred years, since the prescient observations of the 
British physician Sir Archibald Garrod established the concept 
of “chemical individuality” over a century ago (Garrod, 1902). 
What has limited broad application of this principle until now 
has been the generally presumed rarity or special nature of clini-
cal circumstances or conditions to which genetic variation was 
relevant – rare disorders such as Garrod’s alkaptonuria, inherited 
conditions limited to specifi c populations such as sickle cell ane-
mia, or specialized situations such as the role of ABO incompat-
ibility in blood transfusion. Now, however, with the availability 
of a “reference sequence” of the human genome, with emerging 
appreciation of the extent of genome variation among differ-
ent individuals, and with a growing understanding of the role of 
common, not just rare, variation in disease, we are poised to begin 
to exploit the impact of that variation on human health on a 
broad scale, in the context of genomic and personalized medicine.

Variation in the human genome has long been the 
 cornerstone of the fi eld of human genetics, and its study led to 
the establishment of the medical specialty of  medical genetics 
(Nussbaum et al., 2007). A crucial set of  connections joining 
Mendel’s principles of heredity, Garrod’s concept of  chemical 

individuality, the practice of medicine and the sequence of 
the genome came with Pauling’s discovery of the molecu-
lar basis of sickle cell anemia and the direct correspond-
ence between an individual’s genetic make-up and the type 
of hemoglobins present in that individual’s red cells (Pauling 
et al., 1949). The general nature and frequency of gene variants 
in the human genome became apparent with the classic work in 
the 1960s on the incidence of polymorphic protein variants in 
populations of healthy individuals (Harris and Hopkinson, 1972; 
Lewontin, 1967; reviewed in Harris, 1980).

Calculations based on those protein polymorphism data – now 
extended in a robust and comprehensive manner with the analysis 
of variation on a genome scale – lead to the inescapable conclu-
sion that virtually every individual should be found to have his or 
her own unique constitution of gene products, the implications 
of which provide a conceptual foundation for what today we call 
“personalized medicine” as a new-age rediscovery of Garrod’s 
“chemical individuality.” Thus, with the availability of the human 
genome sequence (International Human Genome Sequencing 
Consortium, 2001, 2004; Venter et al., 2001) and determination of 
the extent of human genome variation, both within and among 
populations (International HapMap Consortium, 2003, 2007) 
and within individual genomes (Levy et al., 2007; Wheeler et al., 
2008), awareness of widespread human variation can begin to be 
applied generally to the exploration of common human disease.

2

CHAPTER
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T A B L E  2 . 1   Characteristics of the human genomea

Length of the human genome (basepairs) 3,253,037,807

Number of known protein-coding genes 21,541

Average gene density (genes/Mb)b 6.6

Number of non-coding RNA genes 4421

Number of SNPsb 13,022,900

a From Ensembl v. 48 (accessed February 2008).
b Mb � megabasepairs; SNP � single nucleotide polymorphism.

T A B L E  2 . 2   Variation among human chromosomesa

Chromosome Mb Protein-
coding genes

Genes/
Mb

miRNA 
genes

 1 247.25 2153 8.7 68

 2 242.95 1315 5.4 60

 3 199.50 1105 5.5 57

 4 191.27 786 4.1 42

 5 180.86 894 4.9 46

 6 170.90 1109 6.5 36

 7 158.82 1008 6.3 43

 8 146.27 743 5.1 38

 9 140.27 904 6.4 40

10 135.37 819 6.1 35

11 134.45 1368 10.2 37

12 132.35 1069 8.1 43

13 114.14 356 3.1 23

14 106.37 662 6.2 62

15 100.34 634 6.3 21

16 88.83 902 10.2 20

17 78.77 1217 15.5 40

18 76.12 289 3.8 15

19 63.81 1427 22.4 82

20 62.44 603 9.7 28

21 46.94 283 6.0 10

22 49.69 508 10.2 18

X 154.91 874 5.6 97

Y 57.77 80 1.4  3

Mitochondrial 0.016 22    –   –

aFrom Ensembl v. 48.

In this chapter, the organization, variation and expression 
of the human genome is presented as a foundation for the many 
chapters to follow on human genomics, on genome technology 
and informatics, on approaches in translational genomics and, 
fi nally, on the principles of genomic and personalized medicine 
as applied to specifi c diseases.

THE HUMAN GENOME
The typical human genome consists of approximately 3 billion 
(3 � 109) bp of DNA, divided among the 24 types of nuclear 
chromosomes (22 autosomes, plus the sex chromosomes, X and Y) 
and the much smaller mitochondrial chromosome (Tables 2.1, 
2.2). The genome can be represented and evaluated in different 
ways, with different levels of resolution and degrees of sensitivity, 
depending on the clinical need (Figure 2.1).

Individual chromosomes can best be studied at metaphase 
in dividing cells, and karyotyping of patient chromosomes 
has been a valuable and routine clinical laboratory procedure 
for decades (Trask, 2002); various staining or hybridization-
based analytical techniques have the ability to detect chromo-
some abnormalities ranging from an extra or missing whole 
chromosome (aneuploidy), to translocations or rearrangements 
involving just a portion of a chromosome(s), to deletions or 
duplications involving as little as perhaps a megabase (106 bp; Mb) 
of DNA.

More recent technologies involving overlapping sets (called 
“tiling paths”) of isolated segments of the genome arrayed on 
microscope slides have provided vastly improved resolution 
and precision capable of evaluating in a rapid and comprehen-
sive way the proper dosage (and in some cases the organization) 
of the corresponding DNA segments within an individual’s 
genome (Figure 2.1b) (see Chapter 5). The ultimate resolution, 
of course, comes from direct sequence analysis, and a number 
of new technologies have reduced the cost and improved the 
throughput of sequencing individual genomes, facilitating com-
parisons with the reference human genome sequence and ena-
bling medical resequencing of patient samples (see later section 
in this chapter) to search for novel variants or mutations that 
might be of clinical importance (Bentley, 2006) (Figure 2.1c, d) 
(see Chapter 3).

Genes in the Human Genome
While the human genome contains a currently estimated 
20,000–25,000 genes (Clamp et al., 2007; International Human 
Genome Sequencing Consortium, 2004), the coding segments 
of those genes comprise less than 2% of the genome; as rep-
resented in Figure 2.1c, most of the genome, therefore, con-
sists of DNA that lies between genes, far from genes or in vast 
areas spanning several Mb that appear to contain no genes at 
all (“gene deserts”). A caveat for this statement is that the proc-
ess of gene identifi cation and genome annotation remains 
very much a work-in-progress; despite the apparent robustness 
of recent estimates (Clamp et al., 2007), it is conceivable that 
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p25.2

>chr1:2040588,2043588
actgcaacctccacctcctgggttcaagtgattctgctgcctcagcctcctgagtagctg
ggattacaggtgcccaccaccatgcccaactattttttgtatttttagtagaggcagggt
ttcaccatattgaccaggctggtatcgaattcctggcctcaagtgatctgtctgccttgg
cctcccaaagtgctggg[t/a]ttacaggcatgagccactgtgcctggcctaattattct
tctttccttattgttagtttgtgctattattttatcagtctttgtgctgttattatcatg
cctgtaaattctacgtgtatttcagacccacaaaccaagtgttgtcttagacagtggtcc
ttcagatttacccccaggttacccttctagtcttcctgcaggacggcgcttacatggaga
ccagcttccttctgcctgaagtagtccctttagtattcctttcagcacagacttgtaatt
aattctttttatttcttttcttttcttttttttttttttgagatggatttttgctcttgt
tgcccaggctggagtgcagtggtgtgattttggctcactgcagcctccacctcccaggtt
caagcgattctcctggctcagcctcctgaggagctaggattgcaggtgtgcgccaccacg
cccagttgttttttgtttgtgtgggaaatgtctttggcattctttctggagggtgttctc
cactctgtgtggagttctaggcaggtagggggtttcccccaacaggtttttgtgttggct
tggagtgtt[t/g]gtcatttctgtggtgagggcgccttccagcctcactgccacccctg
gaaggcaacatctcttttctctgactcctgttaaaagtgttttcatcacaacagcagcct
tgtgaaggacagaggaatcgagaatttctcctaattgagattggtagagcttcttgaatc
agggacatgatagcttttgtctcttttggaaaatatcagcccttgacttttcgttttttt
ttttttttttttttttttttttgagtctcgctcttgttgcccaggctggagtgcaatggc
gcgatctcgactcactgcaatctccacctccccggttcaagtgattctcctgcctcagcg
tcccgagtagctgggattacaggcacttgccaccatgaccggctaattttttttgcattt
ataggagagacagggtttcaccatgttgaccaggctggtctggaactcctgatcatacat
ccaccttggcctcccaaagtgctgggattacaggtgtgagccaccgtgcccggccagccc
ttggcttttcaaatagcatcctgttctctctcccctgggacccccacacttcacacctgt
gtgtctaatgtgctcttttttctgggtttcttctgcgttggttttttcccgctttgtgct
tcaatgtggatttttttctactgttatctcttatttcacccaatctactcttaaatctac
cctttaaattattaatttcagtcacttcattttttacttttagaatttccatttgattct
ttttttttttttttttgcccaggatggcaatggcacgctctcggctcactgcaacctccg
cctcccaggttcaagcaatattcctgccccagcctcccaagcagctgggattacagggtc
acactaccacgccccactaatttttatgtttttattagagacggggttttgccatgttgg
ccaggctggtctcgaactcctgaccttgggtgatccg[c/t]ttgcctcagcctcccaaa
gtgttgggattacaggcgtgagccactgcgcctggcatcgtagttctctcttctggggtg
ggaatgtctattctgtgtccttctcacgtgcaaaatactgtcattacatcccaatggccc
cagaacccttaactcctcccagtgtggcgggggcagtcttgtctgaacaaggcatggggg
agcctggaggcccattcctcctgaggccaagt[t/a]cctccctggctgtgggccagcat
aagcgaacaaggcgtgtacttccggaatgctatggactgagtgtgtgtctccccagaatc
catatgttgaagccctaaccctccagtgtgatggtgtttggagacgaagcctttgacagg
tagttagagtcatggcggtagttagttagagtcatggcggtagttagttagggtcacggt
ggtagttaggatcatggtggtacttaaggtcatggcagtagttagggttatatcagtagt
tagggctatggctgtagttagggtgatggtggtagttaaggtcacagcagtaattagggt
catggtggtggttagggtcacagtggtagttagggtcacggtggtggttagggtcgtggt
ggtggttagggtcacggtggtggttagggtcacggtggtagttagggtcacggcggtact
tagggtcacggcggtggttagggtcacggcggtggttagggtcacggtggtggttagggt
cacggcggtggttagggtcacggtggtggttagggtcgtggtagttaggttcatggtggt
ggttagggtcgtggtggttagggtcacggtggtggttagggtcacggtggtagttagggt
cacggctgtagttagcgtcatggtggtggttagggtcacggcggtggttagggtcacggt
ggtggttagggtcacggcggtggttagggtcacggtggtggttagggtcgtggtagttag
gttcatggtggtggttagggtcgtggtggttagggtcacggtggtagttagggtcgtggt
ggttagggtcatggtggtggttagggtcacggtggtggttagggtcgtggtggttagggt
cgtggtggttagggtcgtggtggttagggttgtggtggttagggtggtggtggttagggt
cgtggcggtggttagggtcgtggcggtggttagggttgtggtggttagggtcacggtggt
ggttagggtcacggtgg…

Figure 2.1  Four views of the human genome. (a) Karyotype of a normal male donor, HuRef, whose genome was the fi rst individual dip-
loid genome to be sequenced (Levy et al., 2007). The 24 types of human chromosome are shown after conventional G-banding – 22 pairs 
of autosomes and the two sex chromosomes, X and Y. (b) An array of genomic segments, showing 244,000 genomic elements hybridized 
to DNA from HuRef. (c) Schematic representation of the content of �6 Mb from the short arm of chromosome 6, including the location 
of various genes and other features from the HuRef genome. (d) DNA sequence from the genome of James D. Watson, showing 3000 bp 
from chromosome 1. Watson’s sequence is heterozygous at four positions, three (in yellow) that are known polymorphisms in various pop-
ulations and one (in red) that is a novel variant. Figures in (a) and (b) were provided courtesy of Steve Scherer, Hospital for Sick Children, 
Toronto, Canada. (c) is part of a large poster representing the complete diploid HuRef genome (Levy et al., 2007).
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there are some genes, including clinically relevant genes, that are 
currently undetected or that display characteristics that we do 
not currently recognize as being associated with genes. A maxi-
mum of 5% of the genome consists of DNA that has been quite 
well conserved through evolution, one indication of an impor-
tant function. These and other considerations have led to the 
estimate that at most 20% of the genome is of functional impor-
tance (Pheasant and Mattick, 2007). Nonetheless, the statement 
that the vast majority of the genome consists of spans of DNA 
that are non-genic, of no obvious function, and of uncertain 
clinical relevance remains true.

In addition to being relatively sparse in the genome, genes 
are distributed quite non-randomly along the different human 
chromosomes. Some chromosomes are relatively gene-rich, 
while others are quite gene-poor, ranging from a high of �22 
genes/Mb to a low of �3 genes/Mb (excluding the Y chromo-
some and the mitochrondrial chromosome) (Table 2.2). And 
even within a chromosome, genes tend to cluster in certain 
regions or in particular bands, a point of clear clinical signifi -
cance when evaluating genome integrity, dosage or arrangement 
in different patient samples.

Coding and Non-Coding Genes
There are a number of different types of gene in the human 
genome. Most genes are protein-coding and are transcribed 
into messenger RNAs (mRNAs) that are ultimately translated 
into their respective proteins; their products comprise the list of 
enzymes, structural proteins, receptors and regulatory proteins 
that are found in various human tissues and cell types. However, 
there are additional genes whose functional product appears 
to be the RNA itself. These so-called non-coding RNAs 
(ncRNAs) have a range of functions in the cell, and some do 
not as yet have any identifi ed function. But the genes whose 
transcripts make up the collection of ncRNAs represent about a 
sixth of all identifi ed human genes (Table 2.1).

Some of the types of ncRNA play largely generic roles in 
cellular infrastructure, including transfer RNAs (tRNAs) and 
ribosomal RNAs (rRNAs) involved in translation of mRNAs 
on ribosomes, spliceosomal RNAs involved in control of RNA 
splicing, and small nucleolar RNAs (snoRNAs) involved in 
modifying rRNAs (Griffi ths-Jones, 2007; Mattick and Makunini, 
2006). Other ncRNAs play roles in gene regulation, for example 
in epigenetic gene silencing (Ogawa and Lee, 2002).

A class of small RNAs of growing importance are the 
microRNAs, ncRNAs of only �22 bases in length that suppress 
translation of target genes by binding to their respective mRNAs 
and thus regulate protein production from the target transcript(s) 
(Filipowicz et al., 2008). Some 255 microRNA genes were iden-
tifi ed in the human genome initially (Lim et al., 2003), although 
the total number of such genes is now thought to be closer to 
1000 (Bentwich, 2005; Griffi ths-Jones, 2007) (Table 2.2). Some 
are evolutionarily conserved, while others appear to be of quite 
recent origin during primate evolution, thus underscoring 

the diffi culty of determining the precise number and identity 
of human genes (Clamp et al., 2007). MicroRNAs have been 
shown to downregulate hundreds of mRNAs each, with differ-
ent combinations of target RNAs in different tissues (Lim et al., 
2005); combined, the microRNAs are thus predicted to control 
the activity of as many as 30% of all protein-coding genes in 
the genome (Filipowicz et al., 2008). While this is a fast-moving 
area of genome biology, several microRNAs have already 
been implicated in various human diseases, including cancer, 
developmental disorders and heart disease (Chang and Mendell, 
2007; van Rooij et al., 2008).

Genome Composition and Landscape
As observed earlier, the distribution of genes in the genome is 
non-random, both within and between chromosomes. This 
in part is a refl ection of the distribution of different types of DNA 
sequence, as the genome is partitioned into domains spanning
hundreds of kilobasepairs to megabases, refl ecting large-scale 
variation in the G�C content of DNA. These so-called “iso-
chores” have been known for decades and, at a very gross 
level, mimic the pattern of light- and dark-staining bands that 
one observes in metaphase chromosomes (e.g., Figure 2.1a, c)
(Eyre-Walker and Hurst, 2001). While the driving force behind 
the evolution of isochores is not clear, they infl uence the 
G�C content of genes contained within them (and, by virtue 
of the genetic code, therefore, the amino acid composition of 
the encoded proteins), the patterns of mutation and polymor-
phism detected, and the nature of various families of repeated 
DNA that reside there. Further – and most strikingly – different 
isochore domains contain clusters of genes that are highly or 
weakly expressed in a coordinated manner in different tissues 
(Caron et al., 2001; Gierman et al., 2007; Hurst et al., 2004). 
Thus, isochores refl ect both the functional as well as structural 
organization of the genome. (See later section on “Expression of 
the Human Genome” for further discussion.)

VARIATION IN THE HUMAN GENOME
With completion of the reference human genome sequence, 
attention turned to the discovery and cataloging of variation 
in that sequence among different individuals (including both 
healthy individuals and those with various diseases) and among 
different populations. It has been estimated that there are some 
10–15 million common sequence variants that are of suffi cient 
frequency (minor allele frequency �5%) in one or more popu-
lations to be considered polymorphic in our species. In addition, 
there are countless very rare variants, many of which prob-
ably exist in only a single or a few individuals. In fact, given the 
number of individuals in our species, essentially each and every 
base pair in the human genome is expected to vary in some-
one somewhere around the globe. It is for this reason that the 
original genome sequence is considered a “reference” sequence, 
derived as a consensus of the limited number of individual 



genomes whose sequencing was part of the Human Genome 
Project, but actually identical to no individual’s genome.

Types of Variation
Early estimates were that any two randomly selected individu-
als have sequences that are 99.9% identical or, put another way, 
that an individual genome would be heterozygous at approxi-
mately 3–5 million positions, with different bases (i.e., a T or 
a G) at the maternally and paternally inherited copies of that 
particular sequence position. The majority of these differences 
involve simply a single unit in the DNA code and are referred 
to as single nucleotide polymorphisms (SNPs) (Table 2.1) (see 
Chapter 3). The remaining variation consists of insertions or 
deletions (in/dels) of (usually) short sequence stretches, varia-
tion in the number of copies of repeated elements or inversions 
in the order of sequences at a particular locus in the genome 
(Figure 2.2). The total amount of in/del variation is more than 
originally anticipated and approaches 0.5%, not 0.1%, between 
any two randomly selected individuals (Levy et al., 2007). Any 
and all of these types of variation can infl uence disease and thus 
must be accounted for in any attempt to understand the contri-
bution of genetics to human health (Table 2.3).

While the overall estimate of SNP heterozygosity is approxi-
mately 1 in 1500 bp, there is much more variation in non-coding 
sequences than in the coding segments of genes, refl ecting strong 
selective pressure during evolution against certain types of change 
in gene sequences. The combination of particular alleles along 
chromosomes is also non-random, with particular combinations 
(haplotypes) being more prevalent over short distances, due to the 
relative ineffi ciency of meiotic recombination to separate alleles 
at sites that are physically close together (International HapMap 
Consortium, 2007; Nussbaum et al., 2007). The resulting patterns 
of linkage disequilibrium are relevant for designing strategies to 

examine genetic variation genome-wide, both as a practical mat-
ter (i.e., reducing the number of SNPs that need to be tested to 
reveal the underlying patterns of variation) and for evaluating the 
potential functional importance of any particular SNP allele (see 
Chapters 4 and 15).

Copy Number Variation
Over the past few years, a number of important studies have 
identifi ed a previously unanticipated prevalence of structural 
variants in the genome, which collectively account for more 
variation in genome sequence than do SNPs (e.g., Levy et al., 
2007; Redon et al., 2006; Sebat et al., 2004; Tuzun et al., 2005). 
The most common type of structural variation involves changes 
in the local copy number of sequences (including genes) in the 
genome, and these are generally referred to as copy number var-
iants (CNVs) (Figure 2.2) (see Chapter 5).

A number of different technology platforms are now being used 
to detect CNVs, including arrays and direct genome sequencing 
(Korbel et al., 2007; Levy et al., 2007; Wong et al., 2007). As many 
such CNVs encompass genes (including microRNA genes; Wong 
et al., 2007) and as a signifi cant number of novel CNVs are uncov-
ered with every new population studied, a dedicated effort is 
underway to cataloged CNVs in the human genome worldwide 
and to associate these with clinical phenotype (Feuk et al., 2006; 
Scherer et al., 2007; Sharp et al., 2006). While most variation of 
this type is inherited, some CNVs occur de novo or even in somatic 
cells; in these cases, an individual will have different repeat lengths 
than do either of his or her parents.

Array-based methods (see Chapter 5) have rapidly gained 
acceptance for evaluating the association of both inherited and 
de novo CNVs with mental retardation and other developmental 
disorders (de Vries et al., 2005; Friedman et al., 2006; Lee et al., 
2007; Weiss et al., 2008). It is of considerable ongoing interest to 
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T A B L E  2 . 3   Common variation in the human genome

Type of variation Size range (approx.)a Effect(s) in biology and medicine

Single nucleotide polymorphisms (SNPs) 1 bp Non-synonymous → functional change in encoded protein?
Others → potential regulatory variants?
Most → no effect? (“neutral”)

Copy number variants (CNVs) 10 kb to 1 Mb Gene dosage variation → functional consequences?
Most → no effect or uncertain effect

Insertion/deletion polymorphisms 
(in/dels)

1 bp to 1 Mb In coding sequence: frameshift mutation? → functional 
change
Most → uncertain effects

Inversions Few bp to 100 kb ? break in gene sequence
? long-range effect on gene expression
? indirect effects on reproductive fi tness
Most → no effect? (“neutral”)

Segmental duplications 10 kb to �1 Mb Hotspots for recombination → polymorphism (CNVs)

aAbbreviations: bp � basepair; kb � kilobasepair; Mb � megabasepair.
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evaluate the role of CNVs and other structural variants includ-
ing deletions (Conrad et al., 2006) and inversions (Korbel et al., 
2007; Stefansson et al., 2005; Tuzun et al., 2005) in the etiol-
ogy of more common, complex diseases or traits of adulthood, 
including neurological and psychiatric conditions as well as 
pharmacogenetic traits (Beckmann et al., 2007; Buckland, 2003).

Variation in a Single Genome
The most extensive current inventory of the amount and type of 
variation to be expected in any given genome comes from the 
direct analysis of the diploid genome sequence of a single male 
individual, HuRef (Levy et al., 2007). Over 4 million variants 
were described, spanning some 12.3 Mb of DNA. About 20 Mb 
of “new” sequence was determined that was not previously 
available as part of the human reference sequence, refl ecting in 
part the still unfi nished nature of the human genome sequence 
and in part the particular patterns of inserted or deleted 
sequences that distinguish different genomes. Several hundred 
thousand in/dels were also found in this single genome. In addi-
tion, several hundred CNVs were detected, which overlapped at 
least 95 well-annotated genes. While most of these variants are 
identical to those found in other individuals in the population, 
others are likely to be what are termed “private” mutations, spe-
cifi c to HuRef and his family.

In the HuRef genome, at least 850 genes known to be 
involved in inherited disease contained at least one heterozygous 
variant, and over 300 of them contained at least one non-
synonymous SNP (i.e., a SNP that, by virtue of the genetic code, 

is predicted to change the encoded amino acid). Of course, addi-
tional genes may also impact disease, and, overall, more than 4000 
genes in the HuRef genome contained one or more non-syn-
onymous SNP. Thus, at least 17% and perhaps as many as 44% of 
the genes in the HuRef genome were heterozygous and could 
encode proteins that differ in their amino acid sequence and/or 
are produced in different amounts (Levy et al., 2007). These esti-
mates underscore the impact of gene and genome variation on 
human biology and on medicine. They also provide remarkable 
validation of the original estimates of Harris and Lewontin dec-
ades ago of the proportion of genes that are heterozygous in any 
given individual (Harris, 1980; Lewontin, 1967).

Table 2.3 and Figure 2.2 capture the general types of and 
characteristics of the most common variation in the human 
genome and in human genes. However, it is clear that we are 
still in a mode of discovery, as relatively few genomes or popula-
tions have been assessed to date; no doubt millions of additional 
SNPs remain to be uncovered, as well as many additional in/
dels, inversions and CNVs, a portion of which will be expected 
to involve genes and other sequences of direct relevance to 
medicine. The issue of “what is normal?” – an essential con-
cept in clinical medicine – remains very much an open ques-
tion when it comes to the human genome (Shianna and 
Willard, 2006).

Variation in Populations
Most of the heterozygosity in the human genome is believed 
to be due to variants with a minor allele frequency of at least 
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Figure 2.2  Schematic representation of different types of structural polymorphism in the human genome, leading to deletions, 
duplications, inversions and CNV changes relative to the reference arrangement. From Estivill and Armengol (2007), with permission.



1%. Taking advantage of major technological developments 
that have greatly increased the throughput of genotyping on a 
genome-wide scale, several large-scale projects have validated 
these estimates by gathering genotypic information on millions 
of SNPs worldwide (Hinds et al., 2005; International HapMap 
Consortium, 2003, 2007). Most of the studies to date, how-
ever, have been restricted to a small number of populations of 
Northern European, African and Asian origin used for SNP 
detection. From these and a large number of earlier studies 
that examined more populations but for many fewer variants, it 
has been concluded that some 85–90% of the variation found 
in our species is shared among different population groups; a 
relative minority of variants, therefore, are specifi c to or highly 
enriched/depleted in genomes from a particular population.

It is possible to use population-specifi c variants to obtain 
information on the geographic origin of a genome or of par-
ticular segments within a genome. Given the many millions of 
SNPs now available, there are at least hundreds of thousands of 
SNPs that are informative for such studies (so-called “ancestry 
informative markers,” AIMs) (Kittles and Weiss, 2003; Paschou 
et al., 2007; Tian et al., 2008). This had led to two related, but 
distinct applications of such markers. First is the use of admix-
ture mapping, tracing the location of particular SNPs associ-
ated with disease in populations of patients whose genomes are 
a mixture from at least two original populations, for example, 
African-Americans or Latinos (Price et al., 2007; Smith et al., 
2004). Such an approach has already been used to map genes 
associated with several phenotypes whose frequency differs 
markedly between different population groups, including pros-
tate cancer (Freedman et al., 2006), hypertension (Deo et al., 
2007), skin pigmentation (McEvoy et al., 2006) and white blood 
cell count (Nalls et al., 2008).

The second use of AIMs is for ancestry testing unrelated 
to disease studies (Kittles and Weiss, 2003; Shriver and Kittles, 
2004). While the motivations behind such testing and the 
potential uses (and, some fear, abuses) of biogeographic infor-
mation are varied, the commercial availability and interpreta-
tion of genetic ancestry testing is controversial (Bolnick et al., 
2007). Nonetheless, the availability of such information as an 
 intentional or unwitting by-product of wide-scale genome 
 analysis is inevitable, and both consumers/patients and health 
professionals need to be aware of this as genetic variation is 
explored in the context of individual genomes (see Chapter 18).

EXPRESSION OF THE HUMAN 
GENOME
A key question in exploring the origins, structure and function 
of the human genome is to understand how proper expres-
sion of our 20,000–25,000 genes is determined, how it can be 
infl uenced by either genetic variation or by environmental 
exposures or inputs, and by what mechanisms such alterations in 
gene expression can lead to pathology evident in the practice of 

clinical medicine. The control of gene activity – in development, 
in different tissues, during the cell cycle, and during the lifetime 
of an individual both in sickness and in health – is determined 
by a complex interplay of genetic and epigenetic features.

By “genetic” features, we here refer to those found in the 
genome sequence, which plays a role, of course, in determining 
the identity of each gene, its particular form (alleles), its level 
of expression (regulatory elements such as promoters, enhances, 
splice sites, etc.), and its particular genomic landscape (domains, 
isochores). By “epigenetic” features, here we mean packag-
ing of the DNA into chromatin, in which it is complexed with 
a variety of histones as well as innumerable non-histone pro-
teins that infl uence the accessibility and activity of genes and 
other genomic sequences. The structure of chromatin – unlike 
the genome sequence itself – is highly dynamic and under-
lies the control of gene expression that shapes in a profound 
way both cellular and organismal function (Felsenfeld and 
Groudine, 2003).

Genomic and Epigenomic Aspects of Gene 
Expression
Identifying the genomic sequences and features that direct spa-
tial and temporal aspects of gene expression remains a formi-
dable challenge in genome annotation. While several decades 
of work in molecular biology have defi ned critical regulatory 
elements such as promoters and enhancers for many individual 
genes, it is a tall order to perform such studies on a genome-
wide scale.

At the genetic level, such studies have depended on identi-
fying highly conserved elements, whose demonstrated sequence 
conservation over, in some cases, hundreds of millions of years 
provides prima facie evidence of their importance (Bejerano et al., 
2004; Margulies et al., 2003). Several such ultraconserved ele-
ments have been validated in vitro as gene enhancers, providing 
some confi dence that others identifi ed in this way will also play 
a role in regulating gene expression (Pennacchio et al., 2006). 
However, by defi nition, such approaches will overlook regula-
tory elements that are not well conserved at the sequence level 
and/or that are newly evolved on the human lineage.

A complementary epigenetic approach has been to explore 
the characteristics of chromatin that are associated with active 
or repressed genes as a step towards identifying the transcrip-
tional regulatory code for the human genome (Barrera and Ren, 
2006; Bernstein et al., 2007). Such studies, largely employing the 
method of chromatin immunoprecipitation followed by array 
or sequence analysis (Hawkins and Ren, 2006), have uncovered 
predictive chromatin “signatures” for promoters and enhanc-
ers in the human genome (Heintzman et al., 2007; Kim et al., 
2005). These analyses are part of a broad effort to explore epige-
netic patterns in chromatin genome-wide to better understand 
control of gene expression in different tissues or disease states 
(ENCODE Project Consortium, 2007; Brena et al., 2006).

Increasing evidence points to a role for epigenetic changes 
in human disease in response to environmental infl uences 
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(Feinberg, 2007). The dynamic nature of epigenetic regulation – 
changes in DNA methylation or in histone modifi cation over 
time, between different tissues, or in various disease states – 
allows for what has been called “phenotypic plasticity,” relevant 
both to the origins and potential treatment of disease (Feinberg, 
2007) (see Chapter 6). That monozygotic twins (who share 
identical genomes, but are frequently discordant with respect 
to clinical phenotypes) show epigenetic differences in DNA 
methylation demonstrates the potential for epigenetic effects to 
extend or modify information contained in the genome and thus 
to underlie at least some phenotypic differences (Fraga et al., 
2005).

Allelic Imbalance
Other than well-known examples of monoallelic gene  expression 
where only one of the two copies of a gene in a diploid cell 
is expressed (such as genomic imprinting and X chromosome 
inactivation; Nussbaum et al., 2007), it is commonly assumed 
that the vast majority of autosomal genes in the genome are 
expressed from both homologs at comparable levels. Recent evi-
dence, however, using expressed SNPs to distinguish transcripts 
from the two alleles, has demonstrated widespread differential 
allelic expression for up to 20% of genes in the genome (Serre 
et al., 2008). This phenomenon, whose epigenetic or genetic 
basis is unknown, may be related to similar variability observed 
among X-linked genes in heterozygous females (Carrel and 
Willard, 2005). Further complexity is suggested by the fi nding 
of monoallelic gene expression, random with respect to parental 
origin, for approximately 5% of genes tested (Gimelbrant et al., 
2007). This is an area of ongoing study and further impli-
cates interactions between the genome and epigenetic control 
mechanisms as a determinant of gene expression in the human 
genome.

Genetic Control of Gene Expression Levels
It has been appreciated for decades that there is high vari-
ability in gene expression levels among individuals. A number 
of groups have begun to examine this variation as a complex 
quantitative trait, under genetic control (Cheung and Spielman, 
2002). Several thousand loci exhibiting such variation have now 

been  studied, and the factor(s) controlling the variation mapped 
around the genome (Cheung et al., 2005; Morley et al., 2004; 
Stranger et al., 2007a, b). A signifi cant proportion of such effects 
map to the genes themselves, a result consistent with local 
sequence variation infl uencing the expression of such genes; 
many such local regulatory variants map to the promoter region 
of the gene or to the 3� untranslated region (Cheung et al., 
2005). Most of the mapped variation could be accounted for by 
SNP variation, but nearly 20% was due to CNVs (Stranger et al., 
2007a, b), underscoring the functional importance of this type 
of genome variation. It is likely (though unproven in specifi c 
instances) that the discovered regulatory variants will correlate 
with the patterns of epigenetic modifi cations described earlier 
(Heintzman et al., 2007; Kim et al., 2005) and with the fi nd-
ing of widespread allelic imbalance around the genome (Serre 
et al., 2008).

Other determinants of gene expression variation map not 
to the variable locus itself, but to another locus elsewhere in 
the genome. This implies a network of regulatory interactions 
among different gene products in the cell, a fi nding that lends 
itself to a systems biology approach to begin to better defi ne 
such networks.

Some of the differences in gene expression also vary among 
populations. Where examined, the phenotypes are attributable to 
common genetic variants that are more common in particular 
populations than in others (Spielman et al., 2007; Stranger et al., 
2007a, b). These fi ndings, therefore, may be relevant to complex 
genetic diseases whose prevalence differs among populations.

GENOME SEQUENCING
As described in the previous chapter, the cost of sequencing whole 
genomes is falling rapidly, with a number of new technologies 
that will soon invite practical consideration of if, when and how 
to introduce genome sequencing into medical practice (Mardis, 
2008). The highly publicized release of the genome sequences 
of Craig Venter (“HuRef”) (Levy et al., 2007) and James Watson 
(Wheeler et al., 2008) have been followed by the full sequences 
of at least four other genomes (see 2009 Update), and numerous 
additional genomes are already well underway (Table 2.4).
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2009 UPDATE

The past year has seen enormous progress in our understand-
ing of the human genome, especially in three areas: genetic 
variation among different individuals, magnitude and role of 
structural variation in genetic disease, and widespread tran-
scription of the human genome.

With now six individual human genomes having been 
sequenced, from at least four geographically and/or ethnically 

distinct populations (Northern Europe, China, Korea and 
Nigeria) (see Table 2.4), it is possible to get a precise view 
of the amount of genetic variation to be found between any 
two individuals. Each of the sequenced genomes has revealed 
approximately 3–4 million SNPs, of which at least 15–30% are 
considered “novel,” having not been previously documented. It 
is thus clear that much human genetic variation remains to be 

T A B L E  2 . 4  Individual sequenced human genomes (as of May 2009)

Individuals Nature of genome Method Year completed/
anticipated

References

“RP11”a Partial haploid Sanger sequencing 2003 Osoegawa et al., 2001; 
International Human Genome 
Sequencing Consortium, 2001

J. Craig Venter Complete diploid Sanger sequencing 2007 Levy et al., 2007

James D. Watson Complete diploid 454 pyrosequencing 2007 Wheeler et al., 2008

YanHuang researcher, 
male

Complete diploid Illumina sequencing by 
synthesis

2007 Qiu and Hayden, 2008; Wang 
et al., 2008

YanHuang paying 
customer

Complete diploid Illumina sequencing by 
synthesis

2008 Qiu and Hayden, 2008

Yoruba HapMap sample, 
male

Complete diploid Illumina sequencing by 
synthesis

2008 Bentley et al., 2008

Knome customers Complete diploid Various next-generation 
technologies

2008 and beyond

Individual with acute 
myeloid leukemia, female

Complete diploid 
(skin) and tumor

454 pyrosequencing 2008 Ley et al., 2008

Personal Genome Project; 
10 individuals

“Exomes” (coding 
exons only)

Polony sequencing 2008 www.personalgenomes.org; 
Church, 2006

Korean individual 
(SJK), male

Complete diploid Illumina sequencing by 
synthesis

2008 Ahn et al., 2009

Venter Institute; 
10–50 genomes

Complete diploid Various next-generation 
technologies

2009 and beyond

ClinSeq 1000 Exons of 200–400 
cardiovascular genes

To be determined 2009 or beyond www.genome.gov/25521304

YanHuang 99 Complete diploid Various next-generation 
technologies

2010 Xin, 2007

GATC 100 Complete diploid Various next-generation 
technologies

2010 http://www.gatc-biotech.
com/en/discover_gatc/
research/Human_Genome_
Sequencing_Service.php

1000 Genomes Project Variousb Various next-generation 
technologies

2010 www.1000genomes.org; 
www.genome.gov/26524516; 
Hayden, 2008; Kaiser, 2008

Personal Genome 
Project; 500–100,000

Exomes Polony sequencing ? www.personalgenomes.org

Source: Courtesy of Misha Angrist, Ph.D., Duke Institute for Genome Sciences & Policy.
aAn anonymous male from Buffalo, New York, whose genome was overrepresented in the publicly funded Human Genome Project.
b6 people fully sequenced at 20� coverage; 180 at 2�; and exons of 1000 genes in 1000 people.
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discovered. Consistent with previous analyses involving smaller 
data sets, the average (autosomal) heterozygosity is about 1 SNP 
per 1300 bp, although this fi gure is signifi cantly higher (1 SNP 
per 1000 bp) in a Yoruba genome from Nigeria, refl ecting the 
higher level of genome diversity expected in African popula-
tions (Bentley et al., 2008; Tishkoff et al., 2009). Relevant to 
consideration of potential phenotypic effects of SNP variation, 
each of the sequenced genomes contained about 4000–5000 
SNPs in coding sequences that would be predicted to result in 
a nonconservative amino acid change in the encoded protein, 
as well as over a hundred premature stop codons (Bentley et al., 
2008; Levy et al., 2007; Wheeler et al., 2008). These become 
attractive candidates for functional studies.

SNPs represent only one type of human genetic varia-
tion. As initially tallied by Levy et al. (2007), far more variation 
between genomes can be accounted for by structural variants 
(insertions, deletions, inversions and copy number variants 
[CNVs]) (Kidd et al., 2008; Levy et al., 2007). While the exact 
amount of DNA involved is a matter of ongoing investiga-
tion, a comparison of two “typical” genomes appears to sug-
gest about 99.5% identity, refl ecting a higher level of sequence 
variation than widely popularized in the years immediately 
following the initial human genome sequence.

Eichler and colleagues (Itsara et al., 2009) examined the 
distribution of large CNVs in the general population, study-
ing the genomes of some 2500 individuals. They found vari-
ants greater than 500 kb in size in 5–10% of individuals, with 
variants �1 Mb in 1–2% of the population. Given the large 
number of subjects examined, they could provide robust esti-
mates of the excess of CNVs found in patients with autism, 
mental retardation and schizophrenia (Need et al., 2009; 
Stefansson et al., 2008; Sebat et al., 2007; Walsh et al., 2008), 
highlighting the phenotypic importance of rare copy number 
variation in the human genome. The role of such CNVs in 

human disease is particularly apparent in neuropsychiatric con-
ditions (Cook and Scherer, 2008).

In addition to studies of genetic variation, recent work 
has greatly increased understanding of the genome itself and 
its transcription. Long-standing estimates had indicated that 
about 2% of the genome was transcribed into genic segments. 
It is clear now, however, that there is substantially more tran-
scription that previously appreciated (see main chapter). Two 
particular classes of noncoding RNA (ncRNA) have emerged 
that greatly challenge preconceptions about what “genes” are 
and how one evaluates what is “important” in the genome. 
Both small and long ncRNAs, especially in promoter regions 
of genes, are predominant in transcriptome studies (Affymetrix 
ENCODE Transcriptome Project, 2009; Carninci, 2009). More 
generally, on the basis of telltale chromatin signatures in oth-
erwise evolutionarily nonconserved portions of the genome, 
over a thousand large ncRNAs up to 20 kb in size were dis-
covered (Guttman et al., 2009). This class of ncRNAs, initially 
uncovered nearly 20 years ago in the case of the H19 and XIST 
noncoding genes, has been speculated to be involved in tran-
scriptional control.

Application of new sequencing platforms to transcription 
profi ling (so-called “RNA seq”) has permitted global views 
of transcription and RNA processing (Wang et al., 2009). This 
approach has provided particular insight into genome-wide pat-
terns of alternative splicing, its abundance and tissue-specifi city 
(Castle et al., 2008; Pan et al., 2008; Sultan et al., 2008). Lastly, 
in a proof-of-concept study, RNA seq was used to detect novel 
gene fusions in a series of cancer cell lines and tumors (Maher 
et al., 2009).

It is clear that the availability of next-generation sequenc-
ing capability is revolutionizing the study of the human 
genome, its variation, its expression and its perturbation in 
disease.
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  INTRODUCTION 
 The discovery and characterization of DNA polymorphisms in 
human populations is an important step toward understanding 
the contribution of genome sequence variants to predisposition, 
onset and progression of disease phenotypes. By way of exam-
ple, molecular epidemiology studies have been able to establish 
the importance of the wide range of DNA variants that cause 
monogenic disorders such as cystic fi brosis, where over 1000 
mutations in the CFTR gene have been identifi ed and impli-
cated in the disease phenotype ( Rowntree and Harris, 2003 ). 
The impact of the mutational landscape of the CFTR gene on 
biological function is complex, and emerging evidence impli-
cates additional modifi er genes contributing to the range of 
disease phenotypes observed ( Davies et al., 2005 ). The situation 
is likely to be compounded further when identifying and char-
acterizing the contribution of multiple genetic loci to pheno-
types found in polygenic diseases such as coronary heart disease, 
diabetes and hypertension (see Chapter 2). While our under-
standing of how polymorphisms can contribute either singly or 
collectively to either disease onset or progression is still actively 
being developed, so too are the technologies that enable their 
detection and ascertainment in human populations. 

 Human DNA polymorphism detection has been greatly 
empowered in the last decade by the production of a high qual-
ity, mostly fi nished, DNA sequence of the human genome. The 

 production of this sequence, and the fact that several distinct DNA 
sources were employed, enabled the direct identifi cation of 2.1 
million single nucleotide polymorphisms (SNPs) ( Lander et al., 
2001 ;  Venter et al., 2001 ) to supplement those already found in 
the public variant databases (dbSNP). The discovery of these 
SNPs in a small number of humans set the stage for an ambitious 
experiment, the HapMap project, to defi ne common haplotypes 
through the use of 4 million SNP types in 269 distinct humans 
( Consortium, 2005 ). It is anticipated that these datasets will ena-
ble the identifi cation of a set of informative SNPs with which 
disease association studies can be accomplished with improved 
success. Indeed, early successes highlighting the utility of the 
HapMap data in identifying alleles implicated in complex diseases 
such as asthma ( Laitinen et al., 2004 ), age related macular degen-
eration ( Klein et al., 2005 ) and type II diabetes ( Sladek et al., 
2007 ), amongst others, have clearly set the stage for more stud-
ies of this kind (see Chapter 4). Essentially, one potential study 
design would likely involve the use of SNPs as markers for a dis-
ease in an affected DNA population compared to a control DNA 
population. Subsequently, any marker statistically associated with 
the disease group would inform the genomic loci requiring fur-
ther sequence analysis to detect the causative variant. There are 
currently over 10 million SNPs and other polymorphisms such 
as insertion/deletion variants (indels) in public databases that 
potentially provide a marker set for effi cient disease-gene asso-
ciation studies. It is important to note that even this large variant 
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set still might not represent the variants causative of diseases. This 
is likely due to the fact that signifi cant polymorphism discovery 
efforts to date have been performed in a random fashion across 
the genomes of only a limited number of individuals. Therefore, 
we still need to discover genetic variation in regions of functional 
DNA sequence in the genomes of individuals with disease, in 
order to provide an accurate understanding of disease etiology. 

 In this chapter, we outline the sequencing protocols and the 
attendant computational approaches employed for the discovery 
and initial characterization of DNA variants, with an emphasis 
on the most commonly used Sanger-based sequencing ( Sanger 
et al., 1977 ) methodologies established in our laboratories. These 
polymorphisms range from the substitution of single bases (i.e., 
SNPs) to the insertion or deletion of nucleotides in size ranges 
from 1 basepair (bp) to greater than 20,000       bp. Recent reports 
on the unexpected number and scope of larger scale copy 
number variants or structural variants ranging from 1–3 million 
bases (Mb) in size ( Redon et al., 2006 ;  Sebat et al., 2004 ) will 
not be addressed here since current methods used for their anal-
ysis involve either genotyping or microarray-based comparative 
genome hybridization, as presented elsewhere (see Chapter 5). 

 We also highlight, where possible, how the application of 
these methods and advances has impacted our understanding 
of human biology. Several recent reviews addressed the meth-
odologies and development of advanced sequencing methods 
and recent commercial platforms that exploit their use ( Fan 
et al., 2006 ;  Shendure et al., 2004 ). These advances in genome 
sequencing for variant detection are of particular importance 
as we have begun to see genome sequences and complete vari-
ants sets of individual humans, including as of this writing James 
D. Watson by 454 Life Sciences (Wheeler et al., 2008) and 
J. Craig Venter (Sanger-based sequencing ( Levy et al., 2007 )). 
The discussion in this chapter will focus primarily on mature 
approaches for use in high-throughput experimental environ-
ments, as well as on the types of experimental results that can 
and have been generated. It will be evident that comprehensive 
experimental designs and economies of scale are possible when 
applying these techniques in a production environment.  

  DNA SEQUENCING 
 DNA sequencing methods applied to either single or multiple 
DNA samples provide the defi nitive approach to discovering 
polymorphisms. These polymorphisms can be detected at the 
genomic and/or the mRNA level depending on the source of 
the material employed. For example, genomic DNA subcloned 
into BACs or in small to medium insert size bacterial librar-
ies were created to produce a fi nished human genome sequence 
and genomic variants therein ( Osoegawa et al., 2001 ). Other 
sequencing projects have employed expression sequence tag 
(EST) or cDNA sequencing of mRNA libraries to characterize 
variants primarily at the transcript, and by inference, at the pro-
tein level ( Strausberg et al., 2003 ). All these approaches benefi t 
from the random sampling of DNA regions by selecting bacterial 

colonies containing DNA inserts, DNA sequence determina-
tion using capillary-based electrophoresis of incorporated dye 
terminator nucleotide bases and subsequent sequence alignment 
of reads to construct reliable assemblies of genomic or mRNA 
molecules. Other approaches to DNA sequence elucidation that 
will be covered in this section involve the targeted amplifi cation 
of defi ned genomic loci typically for study in large populations, 
the use of microfabricated high-throughput bead or surface-
based sequencing devices and high-density oligonucleotide 
arrays. A comparison of these distinct methodologies is provided 
in  Table 3.1   . 

  Whole Genome Shotgun Sequencing 
 Polymorphism discovery on a genome-wide level can be accom-
plished by applying the Sanger sequencing technique ( Sanger 
et al., 1977 ) and the whole genome shotgun (WGS) strat-
egy ( Fleischmann et al., 1995 ;  Venter et al., 2001 ;  Venter et al., 
1996 ) on a small pool of DNA samples. 

 Owing to its high accuracy, versatility and ability to gener-
ate complete DNA sequence information, the Sanger sequenc-
ing method has been considered the defi nitive approach for DNA 
variant discovery. The WGS methodology relies upon generat-
ing a random sampling of genomic regions at a suffi ciently deep 
coverage level to produce enough sequence data that can then be 
assembled by sequence alignment methods. First, multiple cop-
ies of the genome are randomly shredded into pieces of approxi-
mately 2–40 kilobasepairs (Kb) in size and subsequently cloned 
into a vector or plasmid. These constructs are then replicated in 
bacteria and sequenced from both ends to produce pairs of linked 
sequences, termed  “ mate pairs ” , representing 500–800       bp at the 
end of each insert. These sequence reads are then assembled com-
putationally to generate a set of contiguous high-quality regions 
with potential information regarding any associated sequence gaps 
of a known size. 

 Currently, the Sanger-based WGS sequencing process, 
excluding the library construction step, is typically fully sup-
ported by equipment automation, as outlined in  Figure 3.1   , 
and managed as a production  “ pipeline ”  with varying degrees 
of integration between different steps employing a laboratory 
information management system. 

  Library Construction 
 Genomic DNA is randomly sheared via nebulization to produce 
fragments with a distribution of approximately 2–40       Kb. The 
DNA fragments are ligated to adapters after end-polishing and 
size selection. After several rounds of purifi cation, the fragments 
are inserted into plasmid vectors. The resulting library is electro-
porated into  E. coli  cells.  

  Colony Plating and Picking 
 The  E. coli  cells containing the plasmid vectors with inserted 
DNA fragments are then spread onto agar plates and incubated 
to form  E. coli  colonies. The colonies are picked into liquid 
media and incubated for further growth to generate suffi cient 



numbers of plasmid template copies. Subsequently, these tem-
plate copies are isolated and purifi ed from the host cells.  

  Template Preparation 
 The alkaline lysis plasmid isolation approach ( Sambrook et al., 
1989 ) is the most widely utilized method for plasmid template 
isolation due to its robustness. Bacterial cells are lysed, cell debris 
removed by centrifugation and plasmid DNA recovered from 
the cleared lysate by isopropanol precipitation.  

  Sequencing Reactions 
 For DNA sequence determination, the most widely used tech-
nique is the Sanger dideoxy sequencing method ( Sanger et al., 
1977 ). It mimics the natural process of DNA replication in vivo 
with the presence of target DNA molecules, universal M13 
sequencing primers, polymerase, deoxynucleotides (dNTPs) 
as well as chain terminating dideoxynucleotides which inter-
rupt chain elongation upon incorporation generating DNA 
fragments of different lengths. Several improvements have been 
made to the original method to greatly enhance its throughput, 
robustness and detection sensitivity. These include the develop-
ment of multicolor fl uorescent detection ( Smith et al., 1986 ), 
fl uorescently tagged chain-terminators ( Prober et al., 1987 ), a 
cycle sequencing protocol ( McCombie et al., 1992 ) and fl uo-
rescence resonance energy transfer (FRET) dyes ( Ju et al., 1995 ; 
 Lee et al., 1997 ). Currently, most sequencing reactions are car-
ried out using FRET dye terminators, modifi ed  Taq  polymerase 
and a cycle sequencing protocol.  

  Sequence Detection 
 The technology for the electrophoresis-based separation of 
Sanger sequenced DNA fragments and the detection of indi-
vidual bases have advanced substantially in the past two dec-
ades. As a result, the throughput, detection sensitivity and costs 
of sequencing, as well as the accuracy and quality of the data 
generated by these sequencers, have improved signifi cantly. 
The invention of multicolor fl uorescent sequencing in 1986 
( Smith et al., 1986 ) replaced laborious and hazardous radioiso-
tope labeling techniques ( Sanger et al., 1982 ) with automated 
signal detection, high-speed computational recording and signal 
processing. In the mid-1990s, the successful integration of the 
capillary-based electrophoresis and multicolor fl uorescent detec-
tion ( Bashkin et al., 1996a ;  Bashkin et al., 1996b ;  Behr et al., 
1999 ) further enabled the creation of the true high-through-
put sequencing machines. Today, state-of-the-art capillary-
based sequencers have the ability to read over 1 million bp of 
sequence per 24-hour period with long read lengths (an aver-
age of  � 800       bp per read) and an average quality value (QV) of 
greater than 30 (99.9% accuracy).  

  Whole Genome Assembly 
 The whole genome assembly process utilizes several aspects of 
experimental design to ensure that unambiguous construction 
of long contiguous sequence can be generated. These include 
the generation of sequence reads from each end of clone inserts 
using universal primers pairs to ensure that a majority of inserts 
will have their ends sequenced. This enables both the generation 

 T A B L E  3 . 1          Comparison of distinct approaches in DNA sequence acquisition and the detection of variants  

   Sanger based WGS  Targeted PCR  Sequence by synthesis  Sequence by 
hybridization 

 Current platforms  ABI 3730 xl  ABI 3730 xl  Roche-454, Illumina/
Solexa, ABI SOLiD 
(strictly hybridization-
ligation chemistry) 

 Affymetrix, Perlegen, 
Nimblegen 

 Read length (bp)  500–800  500–800  25–400  60–100 

 Detection SNP/Indel  Y/Y  Y/Y (up to amplicon 
size) 

 Y/Y  Y/Y (primarily deletions 
in sample) 

 Construction of long-
range haplotypes 

 Y  Limited to targeted 
regions 

 Uncertain  Limited to targeted 
regions 

 Current cost per sample 
 �  $2 million 

 N  Uncertain  Y  Y 

WGS
Library

Clone picking
and growth

Template
preparation

Sequencing
reaction

set up and
clean-up

Electrophoresis
and

sequence
detection

 Figure 3.1         Whole Genome Shotgun sequencing process fl ow.    
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of contiguous sequence and the potential for ordering and ori-
enting larger sequence segments essentially created by sequence 
alignment of the individual reads whose mate pair relationship is 
known. A variety of genome assembler software packages have 
been designed with this basic rationale at their core (Celera 
Assembly ( Myers et al., 2000 ), Phusion ( Mullikin and Ning, 
2003 )). The Atlas assembler uses as input both BAC-based clone 
sequences and reads generated via the WGS strategy ( Havlak 
et al., 2004 ), an approach that was used to assemble the rat 
genome ( Gibbs et al., 2004 ). 

 There are two basic steps to assembly: (i) the creation of 
unique regions of contiguous (contigs) assemblies from the 
sequence overlaps between reads and (ii) the sequential end-to-
end organization of contigs by employing the mate pair informa-
tion contained in the reads constituting each contig. The successful 
application of this strategy was a signifi cant challenge for the 
sequencing and assembly of human DNA since greater than 45% 
of the genome sequence is repetitive in nature ( Lander et al., 
2001 ;  Venter et al., 2001 ). The repetitive nature of the human 
and other mammalian genomes thus confounds the ability to 
determine accurate read sequence overlaps and the placement 
of contigs into the correct order and orientation. Our solution 
is to employ clone insert libraries of a size larger than the corre-
sponding repeat regions, typically either fosmid or BAC libraries 
(40       kb and  � 100       kb respectively), thus enabling the spanning of 
repeats by assembling adjacent unique sequence ( Venter et al., 
2001 ). The selection of a range of insert sizes libraries is typi-
cally built into the experimental design when sequencing a 
new genome.  

  Variant Detection 
 Variants can be reliably detected from assembled sequence reads 
from either a single or multiple DNA donors in the region of 

unique genome sequence assembly. The example in  Figure 3.2    
show the reads assembled from a single human identifying a 
known SNP found in a coding region of the APOE gene and, 
as expected, displays a close to equiprobable occurrence of both 
allelic forms (fi ve reads with the T allele and seven reads with 
C allele). This approach has been employed with success to 
identify 974,400 heterozygous variants in a single canine indi-
vidual ( Kirkness et al., 2003 ). The inclusion of random shotgun 
sequence reads from distinct DNA donors is another approach 
to employing genome assembly and read placement to identify 
polymorphic site. This approach was employed using fi ve DNA 
donors in the initial shotgun sequence assembly of the human 
genome ( Venter et al., 2001 ). An important factor in using a 
WGS assembly approach to detecting polymorphic sites is 
that enough sequence coverage from a single donor should be 
available. In this manner it is possible to provide a good qual-
ity assembly with associated consensus sequence and associ-
ated allelic variants. This means that additional donors can be 
included either post-assembly or as part of the assembly process 
if the species in question does not possess extensive interindi-
vidual polymorphism. Recent work attempting to detect both 
SNP and indels in an individual human sample suggests that 
detection of heterozygous variants, with 99% probability using 
a Sanger chemistry-based WGS approach, necessitates a variant 
being reported by 20 reads or more ( Levy et al., 2007 ). 

 Another challenge to polymorphism detection dur-
ing genome assembly is the occurrence of many small hetero-
zygous indel polymorphisms in human DNA, typically between 
1–20       bp length ( Ball et al., 2005 ). These indel events result in the 
occurrence of long and short alleles, requiring a methodology to 
accurately separate the reads from each allele, thereby providing 
an accurate representation of the indel. Subsequently, a practical 
decision needs to be made regarding which form will be 

T I R O

Consensus

reads

 Figure 3.2         Display and detection of a single nucleotide polymorphism in a human genome assembly of a single DNA donor. 
Sequence reads overlap and can be assembled to form the consensus sequence of the contig where 5 of the 12 reads show a T 
variation at a C consensus base (variant position is highlighted with an arrow). T  �  type of sequence read, either assembled contig or 
individual read, I  �  unique identifi er, R  �  co-ordinates of alignment, O  �  strand orientation that aligns.    



represented in the consensus sequence. Typically this can be the 
 “ major ”  allele even though in a single donor this will be present 
effectively at equal probability. 

 Lastly, a strategy needs to be implemented to best catalog 
the occurrence and type of the other allele or alleles, in the case 
of sequencing multiple DNA donor samples. An example of the 
detection and display of an indel from a genome assembly of a 
single DNA donor can be seen in  Figure 3.3   . The fi gure displays 
the consensus sequence (the contig sequence) containing the 
short, major, allele since gaps are included in the alignment, whilst 
the long form (inclusion of ATTCT) is found in two of the eight 
assembled reads. We recently applied a modifi ed sequence assem-
bly algorithm to detect heterozygous indels variants from the 
diploid genome sequence of an individual human ( Levy et al., 
2007 ). Using this approach we detected over 345,000 hetero-
zygous indels events of lengths 1–571       bp with at least 200 indels 
in protein-coding regions of genes.   

  PCR Amplicon Re-Sequencing 
 The goal of directed sequencing or re-sequencing is to use the 
existing sequence data from a particular genomic locus or loci 
to determine sequence variations of these same loci in differ-
ent DNA samples. This provides the nature and the frequency of 
DNA polymorphisms and can be used to assess whether these 
variants could be implicated in, for example, either disease onset 
or progression. 

 PCR re-sequencing methodology is widely accepted as the 
gold standard (Kwok and Chen, 2003) for the discovery of pol-
ymorphisms (both SNPs and indels) in targeted regions since it 
provides the most complete information including the genotype, 

the location and sequence context. This approach has been applied 
to understand sequence variation in populations ( Crawford et al., 
2004 ) and for the identifi cation of variants and haplotypes that 
could potentially explain disease phenotypes in cancer ( Cox et al., 
2005 ). It combines the powerful PCR technique (Mullis et al., 
1986) with the informative Sanger sequencing method ( Sanger 
et al., 1977 ). Rapid advancement of the technologies and dramatic 
reduction in costs for direct sequencing of PCR products, as well 
as the completion of the reference human genomes in 2001 
( Lander et al., 2001 ;   Venter et al., 2001 ) has enabled the systematic 
large-scale discovery of polymorphisms in targeted regions. The 
approach generally involves PCR primer design, the amplifi cation 
of the targeted region from whole genomic DNA using PCR, 
followed by Sanger sequencing and the analysis of the targeted 
sequences ( Figure 3.4   ). 

  Primer Design 
 The goal of directed sequencing is to provide reliable amplifi ca-
tion of a single genomic region, and this is readily achieved via the 
design of unique pairs of oligomers for priming of the PCR. The 
resulting amplicon encompassing the targeted region can vary in 
size; however reproducible and robust assays range from 350       bp to 
1000       bp in length per amplicon. In order to provide coverage of 
a larger genomic locus with this amplicon size, it becomes neces-
sary to tile PCR products with some overlap (typically 100       bp) 
between amplicons. The primer design process attempts to gen-
erate oligomers for products with similar melting temperatures 
whilst avoiding primer-dimerization forming interfering sec-
ondary structures. Other factors to permit specifi c amplifi ca-
tion would be the G � C content of the region, the proximity 

T I R O

Consensus

reads

2 reads with 5 bp insertion ATTCT

 Figure 3.3         Display and detection of a 5       bp insertion/deletion polymorphism in a human genome assembly of a single DNA donor. 
The consensus sequence displays the  “ short ”  allelic form whilst the  “ long ”  form (ATTCT) is found in 2 of the 8 sequence assembled 
reads. T  �  type of sequence read, either assemblyed contig or individual read, I  �  unique identifer, R  �  co-ordinates of alignment, 
O  �  strand orientation that aligns.  “  �  ”   �  gap inserted into read to permit correct alignment.    

PCR primer
design

PCR reaction
and clean-up

Sequencing reaction
and clean-up
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 Figure 3.4         PCR directed sequencing process fl ow.    
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of repeat regions, the uniqueness of the oligomer sequences in the 
genome and the absence of known DNA variants in the primer 
binding sites. These considerations can be embodied in a compu-
tational pipeline as illustrated in  Figure 3.5   . The sequence context, 
in this case percent G � C quantity, are considered before identi-
fying a candidate genomic region for primer design. In a high-
throughput directed sequencing pipeline, it is frequently desirable 
to employ few, or preferable one, PCR protocol, and in our expe-
rience G � C content allows a distinction between at least two 
desired PCR conditions (high and low G � C content). Once the 
PRIMER3 software ( Rozen and Skaletsky, 2000 ) generates can-
didate primer pairs for a desired target region, these are further 
assessed for their product uniqueness (low and high copy repeat 
regions) and to ensure that resulting amplicons contains only one 
type of complex sequence, i.e. homopolymer or known indel 
polymorphism. The last requirement is important since sequence 
detection is performed using capillary-based detection methods 
and chromatograms potentially contain a mixture of alternate 
alleles at any one mobility position. This renders the process of 
allelic defi nition potentially diffi cult in the case of multiple indel 
events in a single amplicon.  

  PCR Set-Up and Clean-Up 
 As described in the primer design section, due to the variable 
G�C content within the genome, application of different PCR 
primer design criteria, as well as different PCR protocols might 

be necessary when targeting different regions. In our labora-
tory, we have two fully validated high-throughput amplifi cation 
protocols ( Rand et al., 2005 ), one for regions of normal G � C 
content and another for amplicons with melting temperatures 
(T m )  � 82°C. AmpliTaq Gold® DNA polymerase (Applied 
Biosystems) is used to perform hot-start PCR to minimize the 
formation of primer–dimers and spurious amplicons and ensure 
effi cient, consistent and specifi c amplifi cation results in a high-
throughput environment. 

 A Shrimp Alkaline Phosphatase/Exonuclease I (SAP/Exo I) 
mix is used to digest excess dNTPs and amplifi cation primers. 
(While SAP is commonly used to remove 5 �  phosphate groups 
from DNA, it also degrades dNTPs.) The SAP/Exo I method 
provides an effective, single tube approach to PCR clean-up that 
is easily automated and scalable.  

  Sequencing Reaction Set-Up and Clean-Up 
 In order to simplify the downstream sequencing process, the 
PCR primers are frequently tagged with M13 forward and 
reverse sequences on their 5 �  ends. The resulting amplicons 
can then be sequenced using universal M13 sequencing primer 
sets and a standard sequencing protocol (see previous section). 
Reaction products can be purifi ed with sodium acetate and eth-
anol prior to analysis on the sequencers.  

  Electrophoresis and Trace Analysis 
 The state-of-the-art technology for the electrophoresis-based 
separation of Sanger sequenced DNA fragments and the 
detection of individual bases can be accomplished by a combi-
nation of trace fi ltering, trace separation and mixed base call-
ing. Electropherogram peaks are described as  “ mixed ”  in that 
a primary peak is detected with a secondary but signifi cantly 
present sub-peak due to two distinct and different allelic 
forms contributing to the locus, We have developed a trace 
analysis pipeline that applies digital signal fi lters to reduce 
the occurrence of secondary, typically noisy, sequence peaks 
( Figure 3.6   ), thus enabling the accurate distinction of a sin-
gle position with mixed peaks. This approach has enabled a 
substantial improvement of common artifacts observed in dip-
loid genomic regions sequenced after PCR amplifi cation that 
include dye-blob, PCR slippage and primer synthesis length 
errors, all of which confound mixed peak detection. After 
generating either a raw (unfi ltered) or digital signal fi ltered 
chromatogram, it is then possible to identify mixed peaks that 
vary signifi cantly in height, area and width to characterize 
departures from the reference sequence. This general approach 
can be performed with many different software tools in the 
public domain (Polyphred, Mutation Surveyor, novoSNP and 
SNPdetector, InSNP), the most extensively tested of which is 
Polyphred. In the most recent version of this software, detailed 
parameterization was performed using sequence reads from 
PCR-amplifi ed diploid samples and a statistical framework 
was developed to report evidence of genotypes being called 
( Stephens et al., 2006 ). 

Generate
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 Figure 3.5         Primer design pipeline for PCR based directed 
sequencing.    



 Heterozygous indel polymorphisms result in signifi cant 
changes in the chromatograms from diploid DNA samples where 
typically traces contain mixed peaks from the point of the inser-
tion/deletion onwards. One can develop computational meth-
ods that essentially separate the traces to enable the defi nition of 
the long and short alleles ( Bhangale et al., 2005 ;  Bhangale et al., 
2006 ). Polyphred, InSNP ( Manaster et al., 2005 ) and Mutation 
Surveyor are all capable of detecting heterozygous indels, but as of 
this writing an unbiased detailed comparison of performance has 
not yet been attempted.   

  Sequencing by Synthesis 
 Recently implemented sequencing by synthesis technologies 
can employ PCR ( Mullis et al., 1986 ) to achieve clonal ampli-
fi cation of single DNA molecules. In addition, the sequencing 
by synthesis principle in a massively parallel format has been 
developed by Rothberg and colleagues ( Margulies et al., 2005 ) 
and by Church and colleagues ( Shendure et al., 2005 ). In each 
of these new technologies, different chemistries are applied to 
interrogate, tag and detect the sequence bases. 

 For example, utilizing nanotechnology and pyrosequencing 
chemistry ( Nyren et al., 1993 ), coupled with an enzymatic lumi-
nometric inorganic pyrophosphate detection technique, Rothberg 
and colleagues at 454 Life Sciences recently developed a novel 
and highly parallel system capable of sequencing approximately 
100 million bp in a 7-hour period by sampling over 400,000 
sequence clones. They were able to illustrate this technological 
advance by sequencing and assembling the  Mycoplasma genitalium  
and  Streptococcus pneumoniae  genomes (0.6 and 2.1       Mb respec-
tively in size). Compared to the current state-of-the-art Sanger 
DNA sequencing and capillary-based electrophoresis platform, 
their system generates  “ raw ”  data with approximately 100 times 
higher throughput. However, compared to the Sanger/electro-
phoresis-based sequencing approach, it still has several limitations, 
such as the short sequence read lengths which, averaging 200–250 
bases per read, are only a quarter of Sanger read lengths. Another 
problem is that the accuracy of base calling on individual reads 
is low especially for genomic regions containing homopolymers. 
This leads to the increased likelihood of spurious polymorphism 
detection. In addition, the 454 sequencing methodology currently 

does not incorporate the use of mate pairs that come from large 
insert libraries ( � 10       kb), which for the successful assembly of 
repeat rich genomes, like those of most eukaryotes, are important 
in order to span large repeat regions. Nonetheless, this technology 
has been employed to generate some sequence data from DNA 
extracted from fossil remains ( Green et al., 2006 ) and has been 
employed most recently to generate sixfold coverage of an indi-
vidual genome (Wheeler et al., 2008). 

 Some of these problems can be circumvented by adopting a 
hybrid sequencing approach, that is one that employs, in addition 
to the sequencing-by-synthesis approach (454), a small number 
of large insert clones (typically fosmid libraries) sequenced by 
Sanger technology to provide order and orientation in the fi nal 
genome assembly. While this approach has been successfully 
employed for a number of bacterial genomes ( Goldberg et al., 
2006 ), establishing the most effi cient mix of the sequence-by-
synthesis contribution and fosmid libraries will be the challenge 
for the completion of larger mammalian genomes. Each of the 
sequencing-by-synthesis approaches mentioned above share simi-
lar advantages as well as limitations. However, they do show great 
promise for the discovery of polymorphisms in a rapid, cost effec-
tive manner. 

 The massively parallel sequencing-by-synthesis approach 
enabled by the 454 picoliter plate technology can also be utilized 
for targeted polymorphism discovery. In this manner, PCR ampli-
cons that contain the targeted genomic regions are extensively 
sampled since it is possible to generate currently up to 400,000 
clonal amplifi cations of the PCR product per experiment. This 
approach has potentially great value for the discovery and detec-
tion of DNA variations present in low frequency in the samples. 
This is especially applicable for mutation detection in tumor tis-
sue, in which potentially only a few cells carry activating muta-
tions and the surrounding cell population contributes to the 
 “ contamination ”  of the tumor DNA. The lowest detection level 
thus far obtained has been for alleles present in the sample as low 
as 9% for indel mutations in the EGFR gene in lung adenocarci-
noma specimens ( Thomas et al., 2006 ) and at a similar frequency 
for non-synonymous point mutations in the FGFR1 gene from 
glioblastoma samples (Strausberg et al., personal communica-
tion). In both of these cases the corresponding PCR-amplifi ed, 

Mixed base

Filtered trace

Unfiltered trace

 Figure 3.6         Sequence chromatograms of a locus revealing a SNP before and after digital signal fi ltering were applied to remove PCR 
slippage artifacts due to the presence of proximal (not seen) homopolymeric DNA.    
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Sanger sequence chromatograms lack the necessary secondary 
peak signal to detect a variant above the background noise level, 
where the limit of detection of a secondary allele is thought to 
be between 15–25%.  

  Sequencing by Hybridization 
 The sequencing by hybridization on microarray approach has 
also become a widely utilized tool for SNP detection and analy-
sis (Kukita et al., 2005;  Patil et al., 2001 ;  Maraganore et al., 2005 ; 
 Kozal, 1996 ;  Cronin et al., 1996 ;  Chee et al., 1996 ;  Hacia et al., 
1996 ;  Kapranov et al., 2002 ) due to the technological advances 
that make the manufacturing of high-density DNA arrays pos-
sible. The genomic DNA is generally prepared by PCR to 
amplify the regions of interest or by using a whole genome 
amplifi cation methodology ( Dean et al., 2002 ) and tagged with 
fl uorescent dyes for detection prior to hybridizing to the oligo-
nucleotide array. 

 This approach allows the detection of sequence present in 
a test sample via direct hybridization and was able to detect the 
unique (non-repeat) contiguous sequence from human DNA 
chromosome 21 conserved with mouse and dog ( Frazer et al., 
2001 ) and the haplotype block structure of chromosome 21 in 
24 human DNA samples ( Patil et al., 2001 ). In both cases, this 
was accomplished by creating a tiling array where each position 

was interrogated for all possible bases using a set of eight distinct 
oligonucleotide probes comprising the position in question and 
12       bp fl anking to provide for binding specifi city. The interspecies 
hybridization experiments revealed additional putative exonic 
region of current genes and identifi ed other regions of signifi -
cant sequence conservation that could represent other forms of 
functional sequence. The human population study revealed that 
80% of the DNA samples could be described by three com-
mon haplotypes. Such knowledge of chromosomal block struc-
ture and inheritance patterns enables the choice of a smaller 
set of variants with which one can perform disease-gene asso-
ciation studies (see Chapter 4). The sequencing-by-hybrization 
approach clearly necessitates that all the sequence being tested 
is present on the microarray. While this may be a limitation for 
discovering novel sequence in some genomes, even for the mul-
tiple, yet to be sequenced, human genomes, the methodology 
is well suited and has been extensively employed for the geno-
typing of known SNPs in disease conditions and deletions in 
arrayed sequence. Recent whole genome association studies 
employing large-scale SNP assays performed on microarrays 
have identifi ed genes as either biomarkers or therapeutic targets 
in Parkinson ’ s disease ( � 200,000 loci) ( Maraganore et al., 2005 ) 
and copy number variations and deletions in mental retardation 
(100,000 loci) ( Friedman et al., 2006 ).   

Individual human genome sequencing
DNA sequencing has witnessed an incredible increase in 
throughput, cost reduction and facility of application over 
the last two years. The so-called “Next Generation” sequenc-
ing platforms as provided by Roche-454 GS (Genome 
Sequencer), Illumina-Solexa GA (Genome Analyzer) and ABI 
SOLiD (Supported Oligonucleotide Ligation and Detection) 
have been used in a variety of sequencing approaches. Most 
recently, 454 and Illumina GA have been employed to detect 
comprehensive sets of polymorphisms in individual human 
genomes (Bentley et al., 2008; Wang et al., 2008; Wheeler 
et al., 2008). These data reveal a trend in the catalogue of 
variants found in now four individuals of distinct ethnicity 
whose genomes have been sequenced, whereby SNPs occur 
in the millions, insertion/deletion polymorphisms (�1 kb) 
occur in the hundreds of thousands and structural variants 
(�1 kb) occur in the thousands.

The sequencing platforms that produced these individ-
ual human genomes are continuing to improve in sequence 
accuracy, read length and the complexity of DNA libraries 
to enable their use for de-novo genome assembly, which to 
date has only be accomplished by mature ABI Sanger chem-
istry and a dedicated genome assembly tool (Levy et al.,

2007). The sequence variation discovered using the new plat-
forms has been achieved by mapping of individual reads or 
paired end reads to the existing human genome reference 
sequence (http://www.ncbi.nlm.nih.gov/projects/genome/
assembly/grc/index.shtml) using a variety of tools like Newbler
for Roche 454, MAQ (Li et al., 2008) and SOAP (Li et al., 
2008a) of Illumina-Solexa, and Corona Lite and SHRiMP for 
ABI SOLiD. Typically these software tools provide the place-
ment of reads on the reference genome and knowledge of any 
variant bases contained within any read.  Some statistical infer-
ence can then be performed to assess the presence of SNPs or 
indels, as has been developed for the 454 platform (Quinlan 
et al., 2008).  Larger scale human polymorphism, like struc-
tural variation, can be detected by comparing the mapping 
distance between paired reads from known insert size librar-
ies onto the universal human reference genome. This pair-end 
mapping approach has been performed for fosmid inserts (~40 
kb) whose ends were sequenced with ABI Sanger chemis-
try to detect structural variants in humans (Kidd et al., 2008) 
and has shown to work with library sizes as small as 3 kb
(Korbel et al., 2007) that were sequenced with Roche-454. 
An ongoing challenge remains the detection of copy number 
variants in the human genome using sequencing approaches 
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alone, since they have been more extensively studied with 
comparative hybridization approaches to date (Redon et al., 
2006).

It is clear that some variation detection can be achieved 
via sequence read mapping using “Next Generation” platform 
data sets.  However, the relationships among variants (that is, 
haplotype data) will only be revealed by some preceding 
genome assembly or haplotype inference. Therefore, the need 
to perform de-novo genome assembly with short reads gener-
ated by these platforms still remains an important if diffi cult 
challenge and some groups have produced tools that appear to 
work with non-mammalian genomes (Jeck et al., 2007; Warren 
et al., 2007; Butler et al., 2008; Hernandez et al., 2008; Zerbino 
and Birney, 2008). The size and repeat sequence diversity of the 
human genome render genome assembly a complex problem; 
however, the continued improvement of read length on “Next 
Generation” platforms promises to reduce this complexity.

Targeted sequencing
Despite the incredible sequencing throughput capabilities of the 
current commercial platforms, genetic association studies employ-
ing the whole genome shotgun sequencing strategy alone are still 
quite costly and time consuming to accomplish at a large scale. 
Consequently, the use of targeted sequencing approaches that 
employ locus-specifi c capture methods coupled with sequencing 
is still favored.  The approaches have been supplemented beyond 

PCR by the development of microarray-based methodologies 
to target regions (currently exons), resulting in the specifi c isola-
tion of up to 200,000 exons en masse (Albert et al., 2007; Hodges 
et al., 2007; Okou et al., 2007; Porreca et al., 2007). These meth-
ods have been able to show, in some cases, the identifi cation of 
98% of targeted exons with 55-85% of captured sequence reads 
derived from the targeted regions. These massively multiplexed 
regional capture methods, coupled with a “Next Generation” 
sequencing platform, promise to provide variant detection at 
high accuracy and throughput. 

Future projects
The vastly improved sequence data throughput provided by 
the Roche-454 GS, Illumina-Solexa GA and ABI-SOLiD 
platforms have enabled large scale, international sequencing 
projects in human populations (e.g., 1,000 Genomes and The 
Cancer Genome Atlas Projects). These projects attempt rela-
tively low coverage (2-6x) of the human genome to detect 
variants and/or mutations in either chronic diseases or distinct 
tumor types. These project designs are likely to reveal the com-
plex nature of polymorphism in disease populations, and such 
study designs have been fueled by radical technology improve-
ment in sequencing.  Further improvements in sequencing 
technologies are likely to push study design toward the detec-
tion and analysis of polymorphism in multiple individual 
human genomes, including both common and rare variants.
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   INTRODUCTION 
 Since the completion of the International HapMap Project 
( International HapMap Consortium, 2005 ;  The International 
HapMap Consortium, 2003 ), a wealth of genetic information 
within the human genome has been uncovered. Over 12 million 
single nucleotide polymorphisms (SNPs) have been identifi ed 
( Wheeler et al., 2007 ). This dense map of common genetic vari-
ation has revolutioni zed the fi eld of human genetics. Genome-
wide linkage scans can now be performed using effi cient and 
cost-effective high-throughput SNP genotyping technologies, 
while at the same time achieving a fi ne map at a density not 
previously possible when performing earlier-generation genome 
scans based on microsatellite polymorphisms. The SNP map, 
along with recent technological gains, has also made it possible 
to comprehensively study complex diseases and traits by allow-
ing for the genotyping of hundreds of thousands of SNPs for 
many samples. Also, with the identifi cation of a specifi c type of 
SNP, called tagging SNPs, almost complete genomic coverage of 
common variation can be attained. 

 This chapter will provide an introduction to genome-wide 
association studies, followed by an overview of two commonly 
used genome-wide genotyping platforms, the Illumina Infi nium 
Assay and the Affymetrix GeneChip. The methods and con-
cepts discussed here complement those described elsewhere in 
this book.  

  PRINCIPLES OF GENOME-WIDE 
ASSOCIATION STUDIES 
 Before performing a genome-wide association study, it is essential 
to begin with a fully developed plan. The key issues to consider are 
the kind of study to perform, the required sample size, the impor-
tance of a well-defi ned phenotype, the need to correct for popula-
tion stratifi cation and the technologies available for genome-wide 
genotyping. This section will provide an introduction to the basic 
experimental design for a genome-wide association study. 

  Type of Study 
 First, the study should be focused on a key question based on a 
specifi c phenotype or disease. As an example, a study could be 
established to identify genetic variants associated with epilepsy. 
The key would be to collect a large cohort of individuals that 
have a defi nitive and well-defi ned diagnosis of epilepsy (cases) 
and compare these individuals to a group that does not have 
epilepsy (controls). In the past it was always necessary to col-
lect matched controls, but with an abundance of control samples 
containing data from the various genome-wide array-based stud-
ies, it is now possible to use control genotyping data from the 
available databases. One example is the database made available 
by Illumina (iControlDB) where individual users have deposited 
genotyping data for control samples from previously processed 
samples. It has been demonstrated that the use of general control 
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 samples across studies is feasible ( Wellcome Trust Case Control 
Consortium, 2007 ). This greatly decreases the cost to run a project 
and potentially allows for the inclusion of more cases (if available). 
A study could also be arranged to look at a specifi c continuous 
phenotype or quantitative trait within a group of individuals. 
Using the previous example, one could study how individuals 
with epilepsy responded to a specifi c drug or series of drugs.  

  Sample Size 
 The sample sizes required for a genome-wide association study 
are dependent on several factors. The fi rst is the effect size of an 
unknown genetic variable. Of course, this is impossible to know 
in advance; however, power calculations can be performed to 
determine how many samples would be required to identify a 
variant with a specifi c effect size. These calculations can serve as a 
guide when deciding how many samples to include in the study. 
 Purcell and colleagues (2003)  have created a web-based genetic 
power calculator ( http://pngu.mgh.harvard.edu/ ~ purcell/gpc/ ) 
that can be used to determine power of a study. Another factor 

that is important when determining sample size is the type of 
study: case/control or a continuous phenotype. The current view 
for case/control studies is that large sample sizes are needed (1,000 
of each), but this is not always true. A few studies have identifi ed 
associated variants with only 150–200 samples ( Table 4.1   ). Again, 
it is impossible to know the effect size of an unknown variant so 
it is best to include a large number of samples when designing a 
study. For a continuous phenotype, studies have had success while 
using fewer samples ( Table 4.1 ).  

  Importance of Phenotype 
 The most important aspect when designing a genome-wide asso-
ciation study is the quality and discrete nature of the phenotype. 
It is essential that the studied phenotype is evaluated carefully for 
accuracy and is well defi ned across all samples. The inclusion of 
incorrectly phenotyped samples in a study could lead to a decrease 
in the statistical power to identify associated variants. This could 
consist of control samples that are in fact cases, but have yet to be 
identifi ed with the specifi c phenotype/diagnosis or a misdiagnosis 

 T A B L E  4 . 1         Examples of successful genome-wide association studies  

 Disease  Chip type  Gene/locus  Sample size 
(cases/controls) 

 Reference 

 HIV  Illumina HumanHap 550  HLA-C, HCP5/HLA-B*5701  486  ( Fellay et al., 2007 ) 

 Type 2 Diabetes  Illumina HumanHap 300  TCF7L2, SLC30A8, HHEX, 
FTO, PPARG and KCNJ11 

 1161/1174  ( Scott et al., 2007 ) 

   Affymetrix Human 
Mapping 500 

 CDKN2A, CDKN2B, 
IGF2BP2, CDKAL1 

 1464/1467  ( Saxena et al., 2007 ) 

   Illumina HumanHap 300  TCF7L2, AHI1-LOC441171 
region 

 500/497  ( Salonen et al., 2007 ) 

   Illumina HumanHap 300  TCF7L2, IDE–KIF11–HHEX 
and EXT2–ALX4 

 1363  ( Sladek et al., 2007 ) 

 Type 1 Diabetes  Illumina HumanHap 550  KIAA0350  563/1146  ( Hakonarson et al., 2007 ) 

   Affymetrix Human 
Mapping 500 

 Chromosome regions 
18q22, 12q24, 12q13, 16p13 
and 18p11 

 4000/5000  ( Todd et al., 2007 ) 

   Affymetrix Human 
Mapping 100 

 IFIH1  2029/1775  ( Smyth et al., 2006 ) 

 Restless leg 
syndrome 

 Affymetrix Human 
Mapping 500 

 MEIS1, BTBD9  401/1644  ( Winkelmann et al., 2007 ) 

 Colorectal cancer  Illumina HumanHap 550  8q24.21 locus  930/960  ( Tomlinson et al., 2007 ) 

   Affymetrix Human 
Mapping 100 

 8q24 locus  1257/1336  ( Zanke et al., 2007 ) 

 Prostate cancer  Illumina HumanHap 300  TCF2  1501/11290  ( Gudmundsson et al., 2007 ) 

   Illumina HumanHap 300  8q24  1453/3064  ( Gudmundsson et al., 2007 ) 

   Illumina HumanHap 300  8q24  1172/1157  ( Yeager et al., 2007 ) 

 Atrial fi brillation  Illumina HumanHap 300  Chromosome region 4q25 
near PITX2 

 550/4476  ( Gudbjartsson et al., 2007 ) 

 Celiac disease  Illumina HumanHap 300  IL2, IL21  778/1422  ( van Heel et al., 2007 ) 

 Crohn’s disease  Illumina HumanHap 300  IL23R  2877/1345  ( Tremelling et al., 2007)  

   Illumina HumanHap 300  IL23R  567/571  ( Duerr et al., 2006 ) 

 Macular 
degeneration 

 Affymetrix Human 
Mapping 100 

 CFH  96/50  ( Klein et al., 2005 ) 

 Asthma  Illumina HumanHap 300  ORMDL3  994/1243  ( Moffatt et al., 2007 ) 
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the surface ( Shen et al., 2005 ). For Illumina ’ s Infi nium whole-
genome genotyping BeadChip, the attached oligomers consist of 
a stretch of 75 nucleotides ( Gunderson et al., 2005 ;  Steemers et al., 
2006)  ( Figure 4.1   ). The fi rst 25 nucleotides (the address) serve as a 
barcode to identify the location of specifi c beads on the array, and 
the next 50 bases (the probe) are complementary to a genomic 
region containing a specifi c SNP (or copy number variant). On 
average, there is an 18-fold redundancy of each bead type on 
the BeadChip. The placement of the beads on the BeadChip is 
a random process, thus requiring a decoding step. The decoding 
involves multiple hybridizations to the 25 oligomer address. This 
not only identifi es the location of each bead, but performs a func-
tional quality control for each bead on the BeadChip. 

 There are two Infi nium chemistries, type I and II ( Figure 
4.2   ). The Infi nium I assay uses an allele-specifi c primer exten-
sion (ASPE) reaction in which fl uorescently labeled nucleotides 
are inserted at the 3 �  end of the primer. With this assay it takes 
two bead types to determine the genotype at a single SNP. The 
Infi nium II assay involves a single-base extension (SBE) reac-
tion that occurs on a single bead type for each SNP. Most of 
Illumina ’ s off-the-shelf BeadChips use the Infi nium II assay. 

Address Probe
Bead

 Figure 4.1         An example of a bead on the Illumina Infi nium 
BeadChip. A schematic of a single bead, containing a 75-
nucleotide oligomer consisting of an address and a specifi c probe 
sequence, as described in the text.    

 of an individual within the cases. For some complex diseases, the 
phenotypic characteristics overlap with other closely related dis-
eases. This can make it diffi cult when choosing which samples 
should be included in the study and, because of genetic heteroge-
neity, will decrease the power of the study.  

  Population Stratifi cation 
 When analyzing the data from genome-wide association studies, 
it is essential to evaluate and account for population stratifi ca-
tion between cases and controls. Cryptic population structure 
can generate false positive and/or negative associations. This can 
happen if allele frequencies are different in any unknown sub-
groups. One solution to correct for this difference in ancestry 
is described by  Price and colleagues (2006) . Left uncorrected, 
population stratifi cation can lead directly to false associations.  

  Genotyping Technologies, Tagging SNPs and 
Genomic Coverage 
 Another necessity for genome-wide association studies is to have 
a method to genotype hundreds of thousands of genetic variants 
around the genome. Fortunately, there are now standard prod-
ucts that allow for screening of very large numbers of SNPs. 
Depending on the chosen platform, the SNPs on the arrays have 
been selected based either on even spacing or on the basis of cer-
tain SNPs being able to represent multiple SNPs. The SNPs in the 
second approach are termed  “ tagging SNPs ”  and greatly increase 
the genomic coverage that can be obtained compared to SNPs 
that are evenly spaced across the genome ( Barrett and Cardon, 
2006 ;  Pe ’ er et al., 2006 ). Refl ecting now the well-established pat-
terns of linkage disequilibrium ( Hinds et al., 2005 ;  International 
HapMap Consortium, 2005 ), these tagging SNPs work by acting 
as proxies for other nearby associated SNPs, making it possible to 
genotype only the tagging SNP and yet capture the content of 
other associated SNPs in the region. There are currently commer-
cially available arrays (SNP chips) that contain close to 1 million 
tagging SNPs, representing most of the common variation in the 
human genome. Products where the SNPs have not been specifi -
cally chosen based on the close association with other SNPs will 
have much less genomic coverage, because the SNPs have not been 
optimally chosen for the ability to tag. For example, Illumina ’ s 
HumanHap300 array, containing around 300,000 tagging SNPs, 
has essentially the same statistical genomic coverage as Affymetrix ’ s 
Mapping 500       K Array Set, which contains 500,000 evenly spaced 
SNPs ( Barrett and Cardon, 2006 ;  Pe ’ er et al., 2006 ). Further back-
ground information on genome-wide association studies and 
tagging SNPs has been elegantly presented elsewhere ( Hirschhorn 
and Daly, 2005 ).   

  PLATFORM OVERVIEW 

  Illumina Infi nium Assay 
 The Illumina genotyping technology is based on 3        �  silicon beads 
that have hundreds of thousands of DNA oligomers attached to 

 Figure 4.2         Infi nium I and II assay. (a) A graphical representa-
tion of the Infi nium I assay. This assay uses an ASPE and requires 
two bead types to detect a single SNP. (b) A depiction of an SBE 
reaction as used for the Infi nium II assay. Only one bead type is 
required to detect a single SNP. The diagram shows a single dide-
oxy base (T) being added to the 50-base oligomer on the bead.    
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  The steps for the Infi nium II assay are as follows: (1) 750       ng 
of intact genomic DNA is whole-genome amplifi ed (WGA); (2) 
the amplifi ed product is fragmented; (3) the fragmented DNA 
is hybridized to a BeadChip; (4) an SBE reaction is performed 
directly on the chip with the insertion of a labeled (2,4-dinitro-
phenol or biotin) dideoxy base; (5) the inserted base is stained 
with a fl uorescently labeled antibody and (6) fl uorescence on 
the beads on the BeadChip is detected by scanning with the 
Illumina BeadStation. An average of the raw intensity per bead 
type is then imported into the Illumina BeadStudio software, 
where the data can be effi ciently managed and individual SNPs 
can be automatically or manually called. The quality of the raw 
and normalized genotype calls can be visually confi rmed within 
this software ( Figure 4.3   ).  

  Affymetrix GeneChip 
 The Affymetrix genotyping GeneChip is manufactured using 
the same principles as for the expression GeneChip, using a 
technology called photolithography. This has been described 
in great detail ( Dalma-Weiszhausz et al., 2006 ;  Matsuzaki et al., 
2004 ), including elsewhere in this book. However, the genotyp-
ing GeneChip contains additional probes for each interrogated 
SNP, to allow for differentiation of true signal over noise ( Dalma-
Weiszhausz et al., 2006 ). 

 The steps required to process a DNA sample in preparation 
for hybridization to the GeneChip lead to a reduction in genome 
complexity allowing for allele-specifi c hybridization ( Figure 4.4   ). 
The following is the procedure for processing a sample: (1) per-
form separate genomic DNA (250       ng) digestions using the  NspI  
and  StyI  restriction enzymes; (2) ligate specifi c adapters contain-
ing a single universal primer binding site to the digested DNA; (3) 
pool the DNA fragments from the separate digestions and amplify 
using a single universal PCR primer specifi c to the primer site 
within the adaptor; (4) fragment the amplifi ed products; (5) end 
label the DNA; (6) hybridize to a GeneChip and (7) scan the 
chip. The raw data can then be converted into genotype calls by 
using the appropriate algorithms (from Affymetrix).  

 Figure 4.3         Raw and normalized data for SNP genotyping, 
using the Illumina platform.  (a) Raw data from genotype analysis 
of one SNP (rs2381194) from 949 individuals. Each dot cor-
responds to a single individual. Blue, homozygote for one allele 
( n   �  696); Purple, heterozygous ( n   �  227); Red, homozygote 
for other allele ( n   �  26). (b) Same SNP and individuals as in (a), 
but after normalization using Illumina ’ s BeadStudio software.    
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 Figure 4.4         Overview of DNA processing steps for the 
AffymetrixGeneChip. The diagram demonstrates the steps 
implemented to reduce the genomic complexity allowing for 
effi cient allele-specifi c hybridization.    
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   Platform Comparison 
 Numerous laboratories worldwide have successfully used both the 
Illumina and Affymetrix platforms to identify genetic variants 
involved with complex disease ( Table 4.1 ). This section will 
describe potential benefi ts of each platform, paying particular 
attention to (1) differences in the basic design of the chips; (2) 
statistical tagging power (genomic coverage); (3) ability to detect 
copy number variation (CNV); (4) processing issues and (5) 
overall quality of the fi nal raw genotyping data. 

 The length of the probes to detect an SNP during hybridi-
zation constitutes one of the major differences between the 
platforms. The probe length on the Affymetrix GeneChip is 25 
nucleotides, while on the Illumina BeadChip the probes contain 
50 nucleotides. This difference in length for hybridization pro-
vides for higher specifi city for probes on the Illumina BeadChip. 
The other main difference is the content of the probe for each 
SNP. For Affymetrix, each SNP is represented by a series of probes 
consisting of mismatches and perfect homology, allowing for dif-
ferentiation between signal and noise. The Illumina BeadChips do 
not require specifi c mismatch probes for every SNP because of 
the increased length of the probes for hybridization, but contain 
control beads that detect the overall level of background noise. 
The probe length constitutes the major difference between the 
two platforms and is most likely directly linked to the differences 
in quality between the platforms. 

 Most of the SNPs on the Illumina Infi nium BeadChips 
were selected as tagging SNPs, resulting in excellent genomic 
coverage for most populations (based on HapMap populations) 
( International HapMap Consortium, 2005 ). On the other hand, 
the Affymetrix GeneChips are based on SNPs that are evenly 
spaced throughout the genome. The positive aspect of even spac-
ing is better physical coverage for detecting CNVs ( Redon et al., 
2006 ). One disadvantage of this approach is less statistical power to 
capture the known common variation when compared to arrays 
that contain tagging SNPs. A multimarker or haplotype-tagging 
approach may gain increased power/coverage, but the downstream 
statistical analyses become more diffi cult. Multiple groups ( Barrett 
and Cardon, 2006 ;  Magi et al., 2007 ;  Pe ’ er et al., 2006 ) have per-
formed statistical comparisons of the Illumina HumanHap300 
and the HumanHap550 BeadChips with the Affymetrix Mapping 
500       K Set. From these analyses it is evident that the Illumina array 
with only around 300,000 tagging SNPs has essentially the same 
statistical genomic coverage as the Affymetrix Mapping 500       K Set, 
while the Illumina HumanHap550 array is statistically superior 
for genome-wide association studies. 

 Overall, both platforms provide good quality results ( Table 
4.1 ). However, a comparison of the SNP conversion rate (per-
centage of SNPs that work) between the two technologies reveals 
a signifi cant difference. In our hands, for example, when using the 
Illumina pre-defi ned cluster, an average sample call rate of 99.6% 
is achieved, with an average reproducibility of over 99.99%. With 
the Affymetrix platform, the average sample call rate is variable 
and depends greatly on the chosen stringency within the calling 
algorithm, but a typical call rate would be in the range of 95–98% 
(personal communications). As discussed above, the increased SNP 

conversion rate with the Illumina BeadChip is most likely related 
to the size of the probe (50     nucleotides) which increases the spe-
cifi city during the hybridization step. 

 Recently, there has been a push to detect CNVs throughout 
the human genome by using genome-wide genotyping chips 
( Komura et al., 2006 ;  Redon et al., 2006 ) (see Chapter 5). 
Using these SNP-based arrays is an effi cient method to detect 
large deletions or duplications. The Affymetrix GeneChip with 
its even spacing of SNPs has great genomic coverage to detect 
large CNVs. Most of the BeadChips from Illumina have specifi c 
SNPs or non-polymorphic probes added in regions where there 
are known CNVs. In general, both arrays are capable of detecting 
large CNVs. However, with the current SNP densities, the detec-
tion of small CNVs is diffi cult with the use of SNP-based arrays.  

  Raw Data Quality Control 
 Genetic association studies using genome-wide genotyping 
chips produce very large amounts of data. A typical project with 
2,000 samples, each containing over 500,000 SNPs per sam-
ple, will result in over one billion data points. With this much 
data, the probability for false positives becomes much greater. 
A few reasons that can attribute to this are samples being prepared 
using different purifi cation methods and the processing of the 
chips in different labs. These slight variations can lead to minor 
differences in intensity, thus making it more diffi cult to accu-
rately call the genotypes. To prevent false positives from clouding 
the results from the statistical analyses, it is of utmost importance 
to begin with a clean or curated data set. This is accomplished 
by establishing a high threshold of sample and SNP quality. The 
number of SNPs that are obtained for each sample (the  “ call 
rate ” ) and the raw fl uorescent intensity are the main variables 
that can be analyzed to determine whether a sample should be 
included or excluded. If any sample ’ s call rate is much lower 
( � 1–2%) than the average call rate for the project, the sample 
should be excluded. A 1% difference can represent as many as 
5,000 fewer SNPs being called in a sample when compared with 
the average number of SNP calls in a population of samples. 

 There are many variables that can be used to assess SNP 
quality. Metrics such as call frequency (number of samples that 
are being called for an SNP), cluster separation (degree of split 
between the heterozygote grouping and homozygotes, e.g.  Figure 
4.3 ), extreme deviation from Hardy–Weinberg proportions 
and overall raw signal intensity should be evaluated for all SNPs. 
A very aggressive approach to maintaining a clean data set is to 
adhere to a rigorous level of acceptable SNP call frequency. We 
have established a high threshold for SNP inclusion and have 
coined the phrase the  “ 1% rule ” ; we delete any SNP that has 
greater than 1% of the samples not being called or called ambig-
uously. This rule was established from personal experiences 
when attempting to extract as much genotype data as possible. 
After performing statistical analyses, we noticed a large number 
of false positives due entirely to poor genotyping calls. For the 
1% rule to work effectively, each new experiment needs to be 
reclustered using its own raw data. With the 1% rule, the use of 
predetermined cluster fi les will not work, because slight variations 



 from experiment to experiment can result in slight shifts of 
intensity and cluster separation (i.e., separation of heterozygote 
and homozygote clusters), resulting in incomplete calling of 
truly callable samples for a large number of SNPs. 

 When applying the 1% rule, it is a balance between includ-
ing a greater number of samples or a greater number of SNPs. 
Attempting to keep good but lower quality samples can result in 
the deletion of many SNPs that fail to meet the 1% rule stand-
ard. By deleting a few extra samples across the entire data set, it 
is possible to keep many of the SNPs that would have violated 
the 1% rule. In practice, in our experience, a typical project will 
have between 1% and 3% samples deleted (not all because of 1% 
rule) across all SNPs and between 1% and 2% of SNPs deleted 
because of violating the 1% rule. We have successfully used this 
approach for multiple studies ( Fellay et al., 2007 ). 

 After completing the fi rst pass of statistical tests, the SNPs 
with the lowest 100–200  p -values should be manually checked 
for genotyping data quality. Visualization of the raw/normal-
ized genotype call can increase one ’ s confi dence in any poten-
tially associated SNP with a low  p -value. Inspecting the data 
is especially important if a data set has not been stringently 
curated under the 1% rule. For a given SNP, if only 95% of 
samples are called, over 50 samples from a sample set of 1,000 
samples will not have a genotype call. Across a very large data 
set (over 500,000 SNPs), this loosened threshold can result in 
many false positives solely because of the increased opportu-
nity for an imbalance of the case/control ratio in the uncalled 
samples.  

  Sample Collection, Processing and Throughput 
 It is now feasible for institutional core facilities or small- to medium-
sized labs to run hundreds of samples per week using genome-wide 
genotyping chips. For each platform described here, there are off-
the-shelf kits allowing for easy processing of many chips/samples 
at once with minimal variation across experiments. Also, with the 
implementation of automation developed specifi cally for each assay, 
sample throughput and tracking have all been simplifi ed. 

 Genome-wide genotyping chips require less than 1        μ g of 
DNA, a very low amount considering the amount of data gen-
erated from this sample. In general, high-quality genomic DNA 
should be used. DNA of lesser quality or WGA DNA can be 
used, but will result in a lower sample call rate. The Affymetrix 
platform is more amenable to the use of WGA DNA, because 
of the lack of an initial WGA step as in the Illumina Infi nium 
assay. However, WGA DNA will work for the Infi nium platform, 
although lower call rates will be achieved (personal communica-
tion). Formalin-fi xed, paraffi n-embedded (FFPE) tissue samples 
represent a rich and abundant source of well-annotated material, 
but DNA isolated from FFPE samples using currently available 
methods is not amenable to genome-wide genotyping assays. The 
main reason for this is that the interaction of the formalin with 
the DNA prevents effi cient enzymatic amplifi cation of the DNA. 
Creating methods to successfully perform whole-genome geno-
typing on FFPE samples will be of great importance. This will 
benefi t current projects by allowing for the potential increase in 
sample sizes. Also, precious samples obtained only via FFPE tis-
sues could then be included in genome-wide association studies.   

2009 UPDATE
Since the completion of this chapter, there has been an expo-
nential increase in the number of published genome-wide 
association studies. Examples of some of the major fi ndings 
include the identifi cation of associated variants with prostate 
cancer (Gudmundsson et al., 2008; Eeles et al., 2008; Thomas 
et al., 2008), type 2 diabetes (Yasuda et al., 2008; Unoki et al., 
2008; Bouatia-Naji et al., 2009; Lyssenko et al., 2009; Prokopenko 
et al., 2009), lung cancer (Thorgeirsson et al., 2008; Hung et al., 
2008; Amos et al., 2008) and obesity (Thorleifsson et al., 2009; 
Willer et al., 2009; Loos et al., 2008). The raw data for some of 
these projects as well as others may be accessible at the dbGaP 
database (http://www.ncbi.nlm.nih.gov/gap).

As for the genotyping platforms, the rapid advances that 
have occurred over the past few years with the genome-
wide genotyping chips have now stabilized. This is positive for 
researchers who are now pursuing a genome-wide association 
study or are screening for copy number variants (CNVs). The 
current options for the most complete genomic coverage (SNP 
and CNV) are the Illumina Human 1M-Duo BeadChip and the 

Affymetrix Human Genome-Wide SNP Array 6.0. Both of these 
platforms contain tagging SNPs to provide greater coverage of 
the common variation across the genome. Specifi c probes have 
also been added to detect known CNVs and to cover regions of 
the genome that until now were sparsely covered by probes.

Looking forward, the creation of a new genome-wide 
genotyping chip with increased SNP content will not add 
much value or power to most studies screening for common 
variants associated with a specifi c phenotype. However, there 
will be a great need for platforms that allow for the screen-
ing of tens of thousands SNPs specifi c to one’s phenotype. This 
type of custom chip will be a valuable component of the ini-
tial next-generation sequencing projects in which small subsets 
of samples (25-50) are sequenced. Any newly identifi ed single 
nucleotide variants/CNVs can then be screened across a larger 
set of relevant samples using the custom designed SNP chip. 
This type of two-step approach will be useful until it becomes 
feasible to simply and cost-effectively sequence the entire 
genomes of thousands of individuals.

Platform Overview ■  43



44 CHAPTER 4 ■■  Genome-Wide Association Studies and Genotyping Technologies

        Hakonarson ,    H.  ,   Grant ,    S.F.  ,   Bradfi eld ,    J.P.  ,   Marchand ,    L.  ,   Kim ,    C.E.  ,   
Glessner ,    J.T.  ,   Grabs ,    R.  ,   Casalunovo ,    T.  ,   Taback ,    S.P.  ,   
Frackelton ,    E.C.             et al.        ( 2007 ).        A genome-wide association study 
identifi es KIAA0350 as a type 1 diabetes gene    .      Nature         448         ,  
591  –       594   .        

        Hinds ,    D.A.  ,   Stuve ,    L.L.  ,   Nilsen ,    G.B.  ,   Halperin ,    E.  ,   Eskin ,    E.  , 
  Ballinger ,    D.G.  ,   Frazer ,    K.A.   and   Cox ,    D.R.                ( 2005 ).        Whole-genome 
patterns of common DNA variation in three human populations    . 
     Science         307         ,  1072  –       1079   .        

        Hirschhorn ,    J.N.   and   Daly ,    M.J.                ( 2005 ).        Genome-wide association studies 
for common diseases and complex traits    .      Nat Rev Genet         6         ,  95  –       108   . 

International HapMap Consortium        ( 2003 ).        The International HapMap 
Project    .      Nature         426         ,  789  –       796   .             

            International HapMap Consortium          ( 2005 ).        A haplotype map of the 
human genome    .      Nature         437         ,  1299  –       1320   .        

        Klein ,    R.J.  ,   Zeiss ,    C.  ,   Chew ,    E.Y.  ,   Tsai ,    J.Y.  ,   Sackler ,    R.S.  ,   Haynes ,    C.  , 
  Henning ,    A.K.  ,   SanGiovanni ,    J.P.  ,   Mane ,    S.M.  ,   Mayne ,    S.T.             et al.        
( 2005 ).        Complement factor H polymorphism in age-related mac-
ular degeneration    .      Science         308         ,  385  –       389   .        

        Komura ,    D.  ,   Shen ,    F.  ,   Ishikawa ,    S.  ,   Fitch ,    K.R.  ,   Chen ,    W.  ,   Zhang ,    J.  ,   
Liu ,    G.  ,   Ihara ,    S.  ,   Nakamura ,    H.  ,   Hurles ,    M.E.             et al.        ( 2006 ).        Genome-
wide detection of human copy number variations using high-density 
DNA oligonucleotide arrays    .      Genome Res         16         ,  1575  –       1584   .        

        Magi ,    R.  ,   Pfeufer ,    A.  ,   Nelis ,    M.  ,   Montpetit ,    A.  ,   Metspalu ,    A.   and 
  Remm ,    M.                ( 2007 ).        Evaluating the performance of commercial 
whole-genome marker sets for capturing common genetic varia-
tion    .      BMC Genomics         8         ,  159      .        

        Matsuzaki ,    H.  ,   Loi ,    H.  ,   Dong ,    S.  ,   Tsai ,    Y.Y.  ,   Fang ,    J.  ,   Law ,    J.  ,   Di ,    X.             
et al.        ( 2004 ).        Parallel genotyping of over 10,000 SNPs using a one-
primer assay on a high-density oligonucleotide array    .      Genome Res        
 14         ,  414  –       425   .        

        Moffatt ,    M.F.  ,   Kabesch ,    M.  ,   Liang ,    L.  ,   Dixon ,    A.L.  ,   Strachan ,    D.  ,   Heath , 
   S.  ,   Depner ,    M.  ,   von Berg ,    A.  ,   Bufe ,    A.  ,   Rietschel ,    E.             et al.        ( 2007 ). 

        REFERENCES  

        Barrett ,    J.C.   and   Cardon ,    L.R.                ( 2006 ).        Evaluating coverage of genome-
wide association studies    .      Nat Genet         38         ,  659  –       662   .        

        Dalma-Weiszhausz ,    D.D.  ,   Warrington ,    J.  ,   Tanimoto ,    E.Y.   and   Miyada ,    C.G.                
( 2006 ).        The affymetrix GeneChip platform: an overview    .      Methods 
Enzymol         410         ,  3  –       28   .        

        Duerr ,    R.H.  ,   Taylor ,    K.D.  ,   Brant ,    S.R.  ,   Rioux ,    J.D.  ,   Silverberg ,    M.S.  , 
  Daly ,    M.J.  ,   Steinhart ,    A.H.  ,   Abraham ,    C.  ,   Regueiro ,    M.  ,   Griffi ths ,    A.  , 
  Dassopoulos ,    T.  ,   Bitton ,    A.  ,   Yang ,    H.  ,   Targan ,    S.  ,   Datta ,    L.W.  , 
  Kistner ,    E.O.  ,   Schumm ,    L.P.  ,   Lee ,    A.T.  ,   Gregersen ,    P.K.  ,   Barmada , 
   M.M.  ,   Rotter ,    J.I.  ,   Nicolae ,    D.L.   and   Cho ,    J.H.                ( 2006 ).        A genome-
wide association study identifi es IL23R as an infl ammatory bowel 
disease gene    .      Science         314         ,  1461  –       1463   .        

        Fellay ,    J.  ,   Shianna ,    K.V.  ,   Ge ,    D.  ,   Colombo ,    S.  ,   Ledergerber ,    B.  ,   Weale ,    M.  , 
  Zhang ,    K.  ,   Gumbs ,    C.  ,   Castagna ,    A.  ,   Cossarizza ,    A.             et al.        ( 2007 ). 
       A Whole-Genome Association Study of Major Determinants for 
Host Control of HIV-1    .      Science         317        ,  944  –       947.         

        Gudbjartsson ,    D.F.  ,   Arnar ,    D.O.  ,   Helgadottir ,    A.  ,   Gretarsdottir ,    S.  , 
  Holm ,    H.  ,   Sigurdsson ,    A.  ,   Jonasdottir ,    A.  ,   Baker ,    A.  ,   Thorleifsson , 
   G.  ,   Kristjansson ,    K.             et al.        ( 2007 ).        Variants conferring risk of atrial 
fi brillation on chromosome 4q25    .      Nature         448         ,  353  –       357   .        

        Gudmundsson ,    J.  ,   Sulem ,    P.  ,   Manolescu ,    A.  ,   Amundadottir ,    L.T.  , 
  Gudbjartsson ,    D.  ,   Helgason ,    A.  ,   Rafnar ,    T.  ,   Bergthorsson ,    J.T.  , 
  Agnarsson ,    B.A.  ,   Baker ,    A.             et al.        ( 2007 ).        Genome-wide association 
study identifi es a second prostate cancer susceptibility variant at 
8q24    .      Nat Genet         39         ,  631  –       637   .        

        Gudmundsson ,    J.  ,   Sulem ,    P.  ,   Steinthorsdottir ,    V.  ,   Bergthorsson ,    J.T.  , 
  Thorleifsson ,    G.  ,   Manolescu ,    A.  ,   Rafnar ,    T.  ,   Gudbjartsson ,    D.  , 
  Agnarsson ,    B.A.  ,   Baker ,    A.             et al.        ( 2007 ).        Two variants on chromo-
some 17 confer prostate cancer risk, and the one in TCF2 protects 
against type 2 diabetes    .      Nat Genet         39         ,  977  –       983   .        

        Gunderson ,    K.L.  ,   Steemers ,    F.J.  ,   Lee ,    G.  ,   Mendoza ,    L.G.   and   Chee ,    M.S.                
( 2005 ).        A genome-wide scalable SNP genotyping assay using 
microarray technology    .      Nat Genet         37         ,  549  –       554   .        

Amos, C.I. et al. (2008). Genome-wide association scan of tag SNPs 
identifi es a susceptibility locus for lung cancer at 15q25.1. Nat 
Genet 40, 616–622.

Bouatia-Naji, N. et al. (2009). A variant near MTNR1B is associated 
with increased fasting plasma glucose levels and type 2 diabetes 
risk. Nat Genet 41, 89–94.

Eeles, R.A. et al. (2008). Multiple newly identifi ed loci associated 
with prostate cancer susceptibility. Nat Genet 40, 316–321.

Gudmundsson, J. et al. (2008). Common sequence variants on 2p15 
and Xp11.22 confer susceptibility to prostate cancer. Nat Genet 
40, 281–283.

Hung, R.J. et al. (2008). A susceptibility locus for lung cancer maps to 
nicotinic acetylcholine receptor subunit genes on 15q25. Nature 
452, 633–637.

Loos, R.J. et al. (2008). Common variants near MC4R are associated 
with fat mass, weight and risk of obesity. Nat Genet 40, 768–775.

Lyssenko, V. et al. (2009). Common variant in MTNR1B associated 
with increased risk of type 2 diabetes and impaired early insulin 
secretion. Nat Genet 41, 82–88.

Prokopenko, I. et al. (2009). Variants in MTNR1B infl uence fasting 
glucose levels. Nat Genet 41, 77–81.

Thomas, G. et al. (2008). Multiple loci identifi ed in a genome-wide 
association study of prostate cancer. Nat Genet 40, 310–315.

Thorgeirsson, T.E. et al. (2008). A variant associated with nicotine 
dependence, lung cancer and peripheral arterial disease. Nature 
452, 638–642.

Thorleifsson, G. et al. (2009). Genome-wide association yields new 
sequence variants at seven loci that associate with measures of 
obesity. Nat Genet 41, 18–24.

Unoki, H. et al. (2008). SNPs in KCNQ1 are associated with suscep-
tibility to type 2 diabetes in East Asian and European popula-
tions. Nat Genet 40, 1098–1102.

Willer, C.J. et al. (2009). Six new loci associated with body mass index 
highlight a neuronal infl uence on body weight regulation. Nat 
Genet 41, 25–34.

Yasuda, K. et al. (2008). Variants in KCNQ1 are associated with 
susceptibility to type 2 diabetes mellitus. Nat Genet 40, 
1092–1097.

2009 UPDATE REFERENCES



       Genetic variants regulating ORMDL3 expression contribute to 
the risk of childhood asthma    .      Nature         448         ,  470  –       473   .        

        Pe ’ er ,    I.  ,   de Bakker ,    P.I.  ,   Maller ,    J.  ,   Yelensky ,    R.  ,   Altshuler ,    D.   and   
Daly ,    M.J.                ( 2006 ).        Evaluating and improving power in whole-genome 
association studies using fi xed marker sets    .      Nat Genet         38         ,  663  –       667   .        

        Price ,    A.L.  ,   Patterson ,    N.J.  ,   Plenge ,    R.M.  ,   Weinblatt ,    M.E.  ,   Shadick ,    N.A.   
and   Reich ,    D.                ( 2006 ).        Principal components analysis corrects for 
stratifi cation in genome-wide association studies    .      Nat Genet         38         , 
 904  –       909   .        

        Purcell ,    S.  ,   Cherny ,    S.S.   and   Sham ,    P.C.                ( 2003 ).        Genetic Power 
Calculator: design of linkage and association genetic mapping 
studies of complex traits    .      Bioinformatics         19         ,  149  –       150   .        

        Redon ,    R.  ,   Ishikawa ,    S.  ,   Fitch ,    K.R.  ,   Feuk ,    L.  ,   Perry ,    G.H.  ,   
Andrews ,    T.D.  ,   Fiegler ,    H.             et al.        ( 2006 ).        Global variation in copy 
number in the human genome    .      Nature         444         ,  444  –       454   .        

        Salonen ,    J.T.  ,   Uimari ,    P.  ,   Aalto ,    J.M.  ,   Pirskanen ,    M.  ,   Kaikkonen ,    J.  , 
  Todorova ,    B.  ,   Hypponen ,    J.  ,   Korhonen ,    V.P.  ,   Asikainen ,    J.  ,   Devine , 
   C.             et al.        ( 2007 ).        Type 2 Diabetes Whole-Genome Association 
Study in Four Populations: The DiaGen Consortium    .      Am J Hum 
Genet         81         ,  338  –       345   .        

        Saxena ,    R.  ,   Voight ,    B.F.  ,   Lyssenko ,    V.  ,   Burtt ,    N.P.  ,   de Bakker ,    P.I.  ,   Chen , 
   H.  ,   Roix ,    J.J.  ,   Kathiresan ,    S.  ,   Hirschhorn ,    J.N.  ,   Daly ,    M.J.             et al.        
( 2007 ).        Genome-wide association analysis identifi es loci for type 2 
diabetes and triglyceride levels    .      Science         316         ,  1331  –       1336   .        

        Scott ,    L.J.  ,   Mohlke ,    K.L.  ,   Bonnycastle ,    L.L.  ,   Willer ,    C.J.  ,   Li ,    Y.  ,   Duren , 
   W.L.  ,   Erdos ,    M.R.  ,   Stringham ,    H.M.  ,   Chines ,    P.S.  ,   Jackson ,    A.U.             
et al.        ( 2007 ).        A genome-wide association study of type 2 diabe-
tes in Finns detects multiple susceptibility variants    .      Science         316         , 
 1341  –       1345   .        

        Shen ,    R.  ,   Fan ,    J.B.  ,   Campbell ,    D.  ,   Chang ,    W.  ,   Chen ,    J.  ,   Doucet ,    D.  , 
  Yeakley ,    J.             et al.        ( 2005 ).        High-throughput SNP genotyping on uni-
versal bead arrays    .      Mutat Res         573         ,  70  –       82   .        

        Sladek ,    R.  ,   Rocheleau ,    G.  ,   Rung ,    J.  ,   Dina ,    C.  ,   Shen ,    L.  ,   Serre ,    D.  , 
  Boutin ,    P.  ,   Vincent ,    D.  ,   Belisle ,    A.  ,   Hadjadj ,    S.             et al.        ( 2007 ).        
A genome-wide association study identifi es novel risk loci for type 2 
diabetes    .      Nature         445         ,  881  –       885   .        

        Smyth ,    D.J.  ,   Cooper ,    J.D.  ,   Bailey ,    R.  ,   Field ,    S.  ,   Burren ,    O.  ,   Smink ,    L.J.  , 
  Guja ,    C.  ,   Ionescu-Tirgoviste ,    C.  ,   Widmer ,    B.  ,   Dunger ,    D.B.             
et al.        ( 2006 ).        A genome-wide association study of nonsynonymous 
SNPs identifi es a type 1 diabetes locus in the interferon-induced 
helicase (IFIH1) region    .      Nat Genet         38         ,  617  –       619   .        

        Steemers ,    F.J.  ,   Chang ,    W.  ,   Lee ,    G.  ,   Barker ,    D.L.  ,   Shen ,    R.   and 
  Gunderson ,    K.L.                ( 2006 ).        Whole-genome genotyping with the sin-
gle-base extension assay    .      Nat Methods         3         ,  31  –       33   .                        

        Todd ,    J.A.  ,   Walker ,    N.M.  ,   Cooper ,    J.D.  ,   Smyth ,    D.J.  ,   Downes ,    K.  , 
  Plagnol ,    V.  ,   Bailey ,    R.  ,   Nejentsev ,    S.  ,   Field ,    S.F.  ,   Payne ,    F.             et al.        
( 2007 ).        Robust associations of four new chromosome regions from 
genome-wide analyses of type 1 diabetes    .      Nat Genet         39         ,  857  –       864   .        

        Tomlinson ,    I.  ,   Webb ,    E.  ,   Carvajal-Carmona ,    L.  ,   Broderick ,    P.  ,   Kemp ,    Z.  , 
  Spain ,    S.  ,   Penegar ,    S.  ,   Chandler ,    I.  ,   Gorman ,    M.  ,   Wood ,    W.             et al.        ( 2007 ). 
       A genome-wide association scan of tag SNPs identifi es a susceptibil-
ity variant for colorectal cancer at 8q24.21    .      Nat Genet         39         ,  984  –       988   .        

        Tremelling ,    M.  ,   Cummings ,    F.  ,   Fisher ,    S.A.  ,   Mansfi eld ,    J.  ,   Gwilliam ,    R.  , 
  Keniry ,    A.  ,   Nimmo ,    E.R.  ,   Drummond ,    H.  ,   Onnie ,    C.M.  ,   Prescott , 
   N.J.             et al.        ( 2007 ).        IL23R variation determines susceptibility but not 
disease phenotype in infl ammatory bowel disease    .      Gastroenterology        
 132         ,  1657  –       1664   .        

        van Heel ,    D.A.  ,   Franke ,    L.  ,   Hunt ,    K.A.  ,   Gwilliam ,    R.  ,   Zhernakova ,    A.  , 
  Inouye ,    M.  ,   Wapenaar ,    M.C.  ,   Barnardo ,    M.C.  ,   Bethel ,    G.  ,   Holmes , 
   G.K.             et al.        ( 2007 ).        A genome-wide association study for celiac dis-
ease identifi es risk variants in the region harboring IL2 and IL21    . 
     Nat Genet         39         ,  827  –       829   .        

            Wellcome Trust Case Control Consortium          ( 2007 ).        Genome-wide asso-
ciation study of 14,000 cases of seven common diseases and 3,000 
shared controls    .      Nature         447         ,  661  –       678   .        

        Wheeler ,    D.L.  ,   Barrett ,    T.  ,   Benson ,    D.A.  ,   Bryant ,    S.H.  ,   Canese ,    K.  , 
  Chetvernin ,    V.  ,   Church ,    D.M.             et al.        ( 2007 ).        Database resources of 
the National Center for Biotechnology Information    .      Nucleic Acids 
Res         35         ,  D5  –       D12   .  

        Winkelmann ,    J.  ,   Schormair ,    B.  ,   Lichtner ,    P.  ,   Ripke ,    S.  ,   Xiong ,    L.  ,   Jalilzadeh , 
   S.  ,   Fulda ,    S.  ,   Putz ,    B.  ,   Eckstein ,    G.  ,   Hauk ,    S.             et al.        ( 2007 ).        Genome-
wide association study of restless legs syndrome identifi es common 
variants in three genomic regions    .      Nat Genet         39         ,  1000  –       1006   .        

        Yeager ,    M.  ,   Orr ,    N.  ,   Hayes ,    R.B.  ,   Jacobs ,    K.B.  ,   Kraft ,    P.  ,   Wacholder ,    S.  , 
  Minichiello ,    M.J.  ,   Fearnhead ,    P.  ,   Yu ,    K.  ,   Chatterjee ,    N.             et al.        ( 2007 ). 
       Genome-wide association study of prostate cancer identifi es a sec-
ond risk locus at 8q24    .      Nat Genet         39         ,  645  –       649   .        

        Zanke ,    B.W.  ,   Greenwood ,    C.M.  ,   Rangrej ,    J.  ,   Kustra ,    R.  ,   Tenesa ,    A.  , 
  Farrington ,    S.M.  ,   Prendergast ,    J.  ,   Olschwang ,    S.  ,   Chiang ,    T.  , 
  Crowdy ,    E.             et al.        ( 2007 ).        Genome-wide association scan identifi es 
a colorectal cancer susceptibility locus on chromosome 8q24    .      Nat 
Genet         39         ,  989  –       994   .                 

References ■■  45



46

CHAPTER

Essentials of Genomic and Personalized Medicine
by Ginsburg & Willard

                      Copy Number Variation and 
Human Health 

   Charles   Lee  ,     Courtney   Hyland  ,     Arthur S.   Lee  ,     Shona   Hislop   
and     Chunhwa   Ihm     

  INTRODUCTION 
 Early cytogenetic studies recognized that microscopically vis-
ible aberrations such as duplications or deletions of entire chro-
mosomes (aneuploidy) were associated with specifi c congenital 
developmental disorders. For example, an extra copy of chro-
mosome 21 (i.e., trisomy 21) has long been established as being 
correlative with the mongoloid phenotype that was fi rst recog-
nized in 1866 by John Langdon Down ( Down 1866 ;  Lejeune 
et al., 1959 ). However, recent development of high-resolution 
assays, capable of detecting small segmental genetic alterations in 
a genome-wide fashion, have led to the detection of widespread 
copy number variation (CNV) among the genomes of healthy 
individuals ( Iafrate et al., 2004 ;  Sebat et al., 2004 ). This fi nding 
has now sparked intense efforts to identify and characterize the 
extent of this type of genetic variation in human populations 
and to understand its impact on human health.  

  BASIC PRINCIPLES OF CNV S  
 CNVs have been operationally defi ned as genomic gains and 
losses of 1       kb or larger ( Freeman et al., 2006 ;  Feuk et al., 2006 ). 
This defi nition helps to differentiate it from other forms of 

polymorphism and/or repeated DNAs in the human genome 
(see Chapter 2), which include indels, microsatellites, minisat-
ellites, simple repeats (e.g., dinucleotide repeats, trinucleotide 
repeats, etc.), telomeric and centromeric repetitive DNAs, and 
most interspersed repetitive elements (although LINES and 
other long interspersed repeats have repeat elements greater than 
1       kb in size). In addition, since CNVs are considered subchro-
mosomal imbalances, they are differentiated from whole chro-
mosomal aneuploidies, such as trisomy 21 or monosomy X. 

 When CNV data are available for many individuals within 
or across different human populations, CNVs can be categorized 
into biallelic or multiallelic states ( Figure 5.1   ). Biallelic CNVs 
have only two alleles and thus produce three different genotypes. 
For example, a CNV that exists solely in the form of a 1-copy 
allele or a 2-copy allele ( Figure 5.1a , right) can produce diploid 
copy numbers of 2 (1 allele � 1 allele), 3 (1 allele � 2 allele), or 4 
(2 allele � 2 allele) ( Figure 5.1a , left). CNVs with greater than 
two alleles are considered multiallelic and result in more than 
three different genotypes ( Figure 5.1b  and  Figure 5.2   ). 

 Heritable CNVs are thought to arise from germline 
genomic rearrangements (or in some cases, possibly very early 
somatic events). The genomic rearrangements (mutational events) 
that are thought to cause CNVs can be broadly categorized as 
arising via one of two mechanisms: (i) Non-allelic homologous 
recombination (NAHR) – where homologous recombination 
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occurs between highly identical sequences in the genome, 
such as segmental duplications or related interspersed repeti-
tive elements ( Figure 5.3   ) and (ii) non-homologous end joining 
(NHEJ) – a repair mechanism whereby double-strand breaks 

that occur in the genome are ligated together with the assistance 
of specifi c protein complexes that form at the sites of the dou-
ble-strand breaks ( Figure 5.4   ). The rate for NHEJ is likely infl u-
enced signifi cantly by environmental factors and localized DNA 

 Figure 5.2         The amylase gene is considered a multiallelic CNV with diploid copy number estimates ranging from 2 to 15 among 
humans (Perry et al., 2007). Here, a two-color fi ber-FISH experiment of the amylase gene (each copy of the gene is represented by a 
red � green combination) shows three copies on a DNA fi ber from a single chromosome. It is interesting to note here that the second 
amylase gene copy is inverted relative to the others.    

 Figure 5.1         Examples of bi-allelic and multi-allelic CNVs. a) An example of a bi-allelic CNV that has a 1-copy allele and a 2-copy allele. 
The reference individual has two 1-copy alleles but 50% of individuals in this population have a total of three copies of this gene per cell. 
All bi-allelic CNVs have three genotypes per diploid cell, and in this case, copy numbers of 2, 3, and 4 per diploid cell. b) An example 
of a multi-allelic CNV that has a 0, 1, 2 and 3 copy alleles, resulting in six genotypes in this population. Only the allelic combinations for 
the three most common genotypes are shown.      
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conformations, but in general has been estimated to occur at a 
rate of less than 10  	 7  per generation, similar to the 10  	 8  per 
generation estimated mutation rate of single nucleotide poly-
morphisms (SNPs) (Conrad and Hurles, 2007). NAHR events 
are believed to occur more frequently, with estimates of up to 
10  	 4  per locus per gamete per generation ( Shaffer and Lupski 
2000 ). Since NAHR events lead to duplication and deletion of 
DNA sequences that lie between highly identical sequences in 
the genome, this mutational event tends to be associated with 
larger CNVs ( Redon et al., 2006 ). 

 CNVs are scattered throughout the human genome with at 
least 6% of a chromosome ’ s total DNA content being potentially 
copy number variable ( Redon et al., 2006 ). Taken together, cur-
rent estimates are that more than 500       Mb (or 18.8%) of the ref-
erence human genome is copy number variable ( Scherer et al., 
2007 ). In fact, one recent study suggested that structural genomic 

variation (i.e., non-SNP variation that is predominantly in 
the form of CNVs) account for as much as 22% of all genetic 
variable events found in a given individual and total 74% of all 
variant bases ( Levy et al., 2007 ). Many of the earlier CNV dis-
covery projects relied on array comparative genomic hybridiza-
tion (aCGH) technologies that utilized large-insert clones (on the 
order of 120kb–150kb each) as individuals probles and therefore 
yielded CNV data with ill-defi ned boundaries. This has likely led 
to a size over-estimation for many currently identifi ed CNVs. 

Documented CNVs are being cataloged and collated in 
several databases. For example, CNV data from healthy individ-
uals can be found in the Database of Genomic Variants ( http://
projects.tcag.ca/variation ) and the human paralogy database 
( http://humanparalogy.gs.washington.edu/structuralvariation ), 
while CNVs from patients affected with a neurodevelopmen-
tal disorder are being collated in databases such as DECIPHER 

(gene a and b deleted)

(gene a and b duplicated)

Segmental duplication – allele 1

Segmental duplication – allele 2

Gene a

Gene b

Figure 5.3  Non-allelic homologous recombination (NAHR) is a mechanism for generating CNVs where recombination between 
non-allelic repeats with �90% sequence homology (indicated by black- and gray-colored DNA segments). Intervening DNA sequences 
are deleted and duplicated on different chromatids.



(a)

(b)

b

Acentric fragment

Gene a

Gene b
Double-strand
DNA breakGene d

Gene c

c b c

Figure 5.4  Non-homologous end joining (NHEJ) can result in a genomic rearrangement that immediately or eventually results in 
the gain or loss of genetic material after multiple double-strand DNA breaks occur and are repaired. (a) A balanced rearrangement has 
occurred and there is no immediate net gain or loss of genomic material within the cell, but it will result in gains or losses of DNA in 
subsequent generations depending on which chromosome is inherited. (b) In an unbalanced rearrangement, genomic material can be 
lost immediately (e.g., in this case, the acentric fragment containing one copy of genes b and c will be lost in subsequent cell divisions).
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( http://www.sanger.ac.uk/PostGenomic/decipher/ ), the 
Chromosome Abnormality Database ( http://www.ukcad.
org.uk/cocoon/ukcad/ ) and the European Cytogenetics 
Association Register of Unbalanced Chromosome Aberrations 
( http://www.ecaruca.net ). 

 Most CNVs found in healthy individuals are biased away 
from genes and reside within intergenic regions (i.e., DNA 
sequences between genes) ( Conrad et al., 2006 ;  Nguyen et al., 
2006 ). Nevertheless, the remaining CNVs have been shown 
to overlap some 3,000 RefSeq genes and 300 genes impli-
cated in genetic disease (as listed in the  Online Mendelian 
Inheritance in Man  database,  http://www.ncbi.nlm.nih.gov/sites/
entrez?db � OMIM ). Ontology analyses of the genes thought to 
be copy number variable demonstrate a substantial number that 
can be classifi ed as  “ environmental sensor/interaction ”  genes 
( Tuzun et al., 2005 ). These are genes that are involved in sen-
sory perception, neurophysiological processes, drug detoxifi ca-
tion, immunity and infl ammation, as well as cell surface integrity 
and cell surface antigens. Clearly, such genes are not critical for 
early development but rather are involved in our perception 
and interaction with external stimuli, helping us to adapt to our 
ever-changing environment. 

 The functional impact of certain CNVs can be relatively 
straightforward. For example, reduced copy number of a given 
gene can often be correlated with reduced expression levels, while 
additional copies of a gene could lead to increased expression lev-
els of the CNV gene ( McCarroll et al., 2006 ). CNVs that involve 
parts of a gene could result in fusion gene products or aberrant 
proteins with addition or loss of specifi c protein domains. Some 
CNVs in intergenic regions could overlap regulatory elements 
that affect the expression of genes as far away as 4       Mb ( Stranger 
et al., 2007 ), and correlations of CNVs with transcriptional levels 
do not necessarily have to be positive. For example, deletion of a 
repressor element may cause upregulation of an associated gene.  

  DETECTING CNV S  IN A 
GENOME-WIDE MANNER 

  Array-Based Comparative Genomic Hybridization 
 There are different genome-wide methods for detecting CNVs. 
By far, the most widely used method has been array-based com-
parative genomic hybridization (aCGH). This technology was 
fi rst introduced as  “ matrix-CGH ”  ( Solinas-Toldo et al., 1997 ) 
and later referred to as  “ array CGH ”  ( Pinkel et al., 1998 ). In 
aCGH, the  “ test ”  genome being interrogated is labeled with 
one type of fl uorescent molecule (e.g., Cy5), and a  “ normal ”  
or  “ reference ”  control genome is labeled with another type of 
fl uorescent molecule (e.g., Cy3) ( Figure 5.5   ). The labeled DNAs 
are combined, denatured and hybridized to an array of DNA 
fragments or oligonucleotides on a microscope slide, with each 
DNA fragment or oligonucleotide representing a unique part 
of the human genome. The labeled DNAs are then allowed 
to hybridize to their complementary DNA sequences on the 

array, in a stoichiometric fashion, such that – by measuring the 
 fl uorescence ratio of the two fl uorescent dyes at each spot on 
the array – one can infer the relative copy number of that par-
ticular DNA sequence in the genome being tested, with respect 
to the reference genome ( Figure 5.5 ). 

 There have been many advances in aCGH technology over 
the past 5 years. Originally, aCGH platforms contained several 
hundred or even up to a thousand, large-insert DNA clones 
(e.g., BAC clones that have an average insert size of about 
120–150       kb), which recapitulated the human genome with a 
clone per  � 3       Mb. More recently, the trend has been to manufac-
ture arrays that use smaller DNA sequences as hybridization tar-
gets but with increasing number of targets on an array. On such 
arrays, targets can be oligonucleotides of 45–75 bases in length 
that have been designed to have similar annealing temperatures 
(isothermic), based primarily on the length of the oligonucleotide 
and its GC base pair content. Two companies that produce such 
arrays are NimbleGen Systems, Inc. ( www.nimblegen.com ) and 
Agilent, Inc. ( www.agilent.com/chem/goCGH ). NimbleGen 
uses a programmable mirror array to synthesize 385,000 oligo-
nucleotides (more recently 2.1 million targets) directly on a glass 
surface using photolithography. Agilent, on the other hand, uses 
ink-jet technology to synthesize 244,000 oligonucleotides (more 
recently 1.1 million targets), on a spot-by-spot basis. 

 When using oligonucleotide-based arrays, it is important to 
note that their primary disadvantage is that each oligonucleotide 
probe tends to have lower signal-to-noise ratios than a large-
insert genomic clone target. This results in more experimental 
 “ noise ”  for oligonucleotide-based aCGH assays. Indeed, the typi-
cal standard deviation of log 2  ratios for an oligonucleotide-based 
array is approximately 0.25–0.3, fi ve times the standard deviation 
of log 2  ratios obtained for BAC-based arrays. However, the inclu-
sion of hundreds of thousands to millions of targets on a given 
 oligonucleotide-based platform provides an assay with an increased 
resolution. The  “ effective resolution ”  of one of these platforms 
depends largely on the minimum number of consecutive probes 
needed to confi dently call a CNV, which in turn is a function of 
how well the target sequences were chosen to accurately and con-
sistently respond to copy number changes. Hence, a particular plat-
form that has 500,000 targets and requires only three consecutive 
probes to make a confi dent CNV call actually has a higher effec-
tive resolution than an array platform with one million targets, but 
requiring 10 consecutive probes to make a CNV call, assuming that 
both platforms distribute targets evenly throughout the genome.  

  Genotyping Arrays 
 High-throughput array technologies for identifying SNPs can 
also be used to identify CNVs (see Chapter 4). In general, these 
arrays contain short targets (20–30 base oligonucleotides) that 
make them ideal for detecting single base alterations, but less 
ideal for identifying CNVs (especially when compared to long 
 oligonucleotide-based arrays). For genotyping arrays, only a single 
labeled DNA source ( “ test sample ” ) is hybridized, and the signal 
intensities obtained at each hybridized target appear to have a lin-
ear relationship with respect to copy numbers of that particular 



DNA sequence in the test genome. For example, if a given DNA 
sequence has four copies in test genome  “ X ”  and only two cop-
ies in test genome  “ Y, ”  the signal intensity obtained for that DNA 
sequence when test genome  “ X ”  is hybridized would be twice 
that of when test genome  “ Y ”  is hybridized. In general, genotyp-
ing platforms can detect larger CNVs (especially when there is a 
higher level of copy number change) or smaller CNVs (that are 
detectable by numerous targets on the array platform). Affymetrix 
( www.affymetrix.com ) SNP arrays contain targets that are  ~ 25 
bases long and the predecessor to the Affymetrix 500K array was 
recently used to identify CNVs in 270 HapMap individuals ( Redon 

et al., 2006 ). Illumina Inc. ( www.illumina.com ) has designed a gen-
otyping platform that uses 50 base oligonucleotides attached to 
indexed beads on a glass slide. Labeled test DNAs are hybridized to 
this slide, followed by primer extension and then immunofl uores-
cence detection.  Peiffer et al. (2006)  recently showed that the abil-
ity of Illumina genotyping platforms have also been used to detect 
CNVs in both constitutional and tumor samples. 

 Clearly, there would be signifi cant benefi ts to having plat-
forms that are capable of accurately determining both SNP and 
CNV genotypes, including reduced reagent costs and expenditure 
of minimal amounts of DNA. However, the fl uorescence intensity 
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 Figure 5.5         (a) A schematic of an aCGH assay where a test genome (labeled with Cy5, denoted in green) is cohybridized with a 
reference genome (labeled with Cy3, denoted in red). The DNA probes are mixed and allowed to hybridize to its complementary 
sequences on the array in a stoichiometric fashion. Fluorescence intensities of the spots on the microarray (each containing a specifi c 
DNA sequence) are measured and DNA sequences occurring in greater copy number in the test than in the reference will result in 
more green fl uorescence for those spots on the microarray. A lower copy number of the same DNA sequences will result in more 
red fl uorescence. (b) Typically the log 2  of the fl uorescence ratios for each DNA segment on the array is then plotted from one end of 
a chromosome to the other. A gain is indicated in green and a loss in red. DNA segments having no signifi cant change in DNA copy 
number in the test sample (with respect to the reference DNA) is indicated in yellow.    
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data obtained from these genotyping platforms typically have 
more noise when trying to obtain copy number information than 
do long oligonucleotide-based arrays. Hence, both Affymetrix and 
Illumina are now designing  “ next generation ”  arrays that incor-
porate thousands of non-polymorphic probes (i.e., probes that do 
not target known SNPs) that fall within known CNV regions. It 
is thought that a CNV can be confi dently detected if enough tar-
gets are strategically chosen for a given CNV region and included 
in the array. In other words, one probe may not be able to reliably 
detect a single copy loss in a CNV region but cumulative data 
from one hundred targets in the same CNV region may result in 
a consistent and confi dent CNV call.  

  Whole-Genome Sequence Comparisons 
 CNVs can also be detected via whole-genome sequence 
comparison analyses. The main advantage of this method for 
identifying CNVs is that the acquisition of fi ne-scale genomic 
architecture of CNVs (i.e., accurate CNV sizes and breakpoint 
information). A major disadvantage of this approach is the lim-
ited number of individuals for which whole-genome sequence 
data are currently available. The fi rst human whole-genome 
sequence was made available from the Human Genome Project. 
This reference human genome is actually a compilation of DNA 
sequences from over ten different individuals with  ~ 67% of the 
DNA sequences originating from the RPCI-11 DNA library, 
derived from a single individual male.  Tuzun et al. (2005)  aligned 
end-sequence data from thousands of fosmid clones from the 
G248 DNA library (derived from a single North American 
female) and compared these with the human reference genome 
sequence. Taking advantage of the tight size restriction of fos-
mid clones, they were able to identify genomic gains/losses in 
the reference genome, when pairs of end-sequences aligned 
with intervening spacing signifi cantly greater or less than the 
expected 40       kb. In this manner, 241 CNVs were identifi ed in 
one of these two healthy and presumably normal individuals. 
More recently, sequencing technologies have advanced to a point 
where complete human genome sequences can be obtained 
more effi ciently and cost-effectively than previously possible. For 
example, using Solexa or 454 DNA sequencing approaches, an 
individual ’ s complete genome sequence can now be obtained 
within months and at costs of under $250,000. Undoubt-edly, 
these advances will be used to comprehensively identify and 
defi ne CNVs at a DNA sequence resolution, provided that 
a minimal fold-coverage of the person ’ s genome is achieved. 
Recent studies that have obtained complete genome sequences 
for different individuals have reported thousands of CNVs in a 
given individual, encompassing hundreds of millions of bases of 
DNA ( Korbel et al., 2007 ;  Levy et al., 2007 ). 

 A major advantage of utilizing DNA sequence comparison 
strategies is the ability to identify balanced chromosomal rear-
rangements that cannot be detected by aCGH-based meth-
ods. For example,  Tuzun et al. (2005)  found evidence for 56 
inversion breakpoints in their comparative analysis of the two 
genomes of two individuals, and  Korbel et al. (2007)  found 132 

inversion breakpoints when comparing the genomes of two dif-
ferent individuals.   

  ASSOCIATION OF CNV S  
WITH DISEASE AND DISEASE 
SUSCEPTIBILITY 
 Genomic imbalances, including CNVs, can contribute to human 
diseases in at least two ways. First, certain genomic imbalances 
appear to directly cause neurodevelopmental diseases, that can 
occur at birth or even later on in life. These genomic imbalances 
(referred by some as  “ pathogenic ”  CNVs) are usually de novo 
in nature and recent estimates have associated specifi c genomic 
imbalances with as many as 50 such genetic syndromes ( http://
www.sanger.ac.uk/PostGenomics/decipher/ ). Most of the remain-
ing known genomic imbalances – sometimes referred to as 
 “ benign ”  CNVs because of their identifi cation in healthy 
individuals – actually have more subtle consequences on human 
health.       

  Fcgr3 Variation in Glomerulonephritis 
 Glomerulonephritis is a major contributor to human kidney 
failure.  Fcgr3  is a gene that encodes for a receptor found on the 
surfaces of macrophages and that has low-affi nity binding prop-
erties to immunoglobulin G. The copy number of  Fcgr3  can 
vary in humans and among rat strains from 0 to 4 per diploid 
cell. Individuals with fewer copies of this gene, due to dele-
tions of paralogous  Fcgr3  genes (which appear to have a negative 
regulatory effect on the  “ full length ”   Fcgr3  gene/gene products), 
demonstrate increased macrophage activity and an autoimmune 
response ( Aitman et al., 2006 ;  Fanciulli et al., 2007 ).  

   DEFB4  CNV in Crohn Disease 
 Human   �  -defensins are a family of genes predominantly secreted 
from leukocytes and epithelial tissues.   �  -defensins are small pro-
teins (15–20 residues) that function in antimicrobial defense 
by penetrating a microbe ’ s cell membrane and cause microbial 
death in a manner similar to that of antibiotics. In the presence 
of interleukin 1-alpha (IL-1  �  ), which is secreted by macrophages 
and other immunologically relevant cell types at the site of tis-
sue infl ammation, the expression levels of the   �  -defensin gene, 
 DEFB4 , increases ( O ’ Neil et al., 1999 ), to protect the tissue 
from further microbial invasion. Therefore, individuals with a 
lower copy number of this   �  -defensin have decreased immunity 
against microbes and increased susceptibility to Crohn disease 
(Infl ammatory bowel disease 1) ( Fellermann et al., 2006 ;  Naser 
et al., 2004 ).  

   UGT2B17  Variation in Prostate Cancer 
  Park and colleagues (2006)  found that CNV of the  UGT2B17  
gene ( Murata et al., 2003 ;  Redon et al., 2006 ;  Wilson et al., 
2004 ) confers differential susceptibility to prostate cancer ( Figure 
5.6   ). Testosterone is normally processed into dihydrotestosterone 



(DHT) and other androgens within human cells. In the presence 
of functioning UGT2B17 gene product, excess DHT molecules 
are converted into water-soluble glucuronic acid which can 
be subsequently eliminated from the cell. When  UGT2B17  is 
deleted, this process becomes less effi cient and results in greater 
amounts of DHT within the cells. Increased intracellular DHT 
concentrations lead to increased interactions with androgen 
receptors that cause elevated cell proliferation. When this 
occurs in the prostate cells, it can result in prostatic tumorigen-
esis. Interestingly, while  UGT2B17  null deletions signifi cantly 
increases prostate cancer susceptibility as a whole, stratifi ed anal-
ysis revealed that this correlation to prostate cancer susceptibility 
is only signifi cant in the Caucasian populations studied, but not 
among African-Americans.  

  The CNV of Complement Component C4 in 
Systemic Lupus Erythematosus (SLE) 
 Although a link between the complement component C4 (and 
its isotypes, C4A and C4B) and SLE has been previously reported 
(Hauptmann et al., 1974a,b), a recent study suggests that the 
gene ’ s variable copy number actually serves as a signifi cant risk 

factor for the disease ( Yang et al., 2007 ). The complement system 
is comprised of over 20 proteins/protein fragments that normally 
circulate in the blood but, when activated, cause a biochemical 
cascade that clears pathogens from the human body, often by 
forming new transmembrane channels in the pathogen and caus-
ing osmotic lysis of the target cell. The median copy number of 
complement component C4 is 4 but can range from 0 to  � 5 
copies among humans ( Yang et al., 2007 ). Low copy numbers 
of this gene are correlated with increased risk for SLE ( Fanciulli 
et al., 2007 ;  Yang et al., 2007 ).  

   CCL3L1  CNV s  in HIV/AIDS 
 A number of studies on HIV/AIDS have focused on the 
gene copy number and protein levels of CCL3L1 and CCR5 
( Gonzalez et al., 2001, 2005 ) in diseased and healthy individuals. 
CCR5 is a major co-receptor for the HIV-1 virus as well as the 
CCL3L1 chemokine. It was recently found that the combina-
tion of low  CCL3L1  gene copy number, which is population-
specifi c, and high protein levels of CCR5 showed the greatest 
increase in susceptibility to AIDS ( Gonzalez et al., 2005 ). It is 
speculated that increased CCR5 protein levels lead to greater 

(a) Normal copy number of UGT2B17 gene (b) Two copy deletion of UGT2B17 gene
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 Figure 5.6         Potential mechanism of the  UGT2B17  CNV in prostate cancer pathogenesis. (a) Testosterone is normally processed into 
DHT and other androgens. When there are two copies of  UGT2B17 , the gene product converts excess molecules of DHT into the 
water-soluble glucuronic acid and is subsequently eliminated from the cell. (b) When there is a homozygous deletion of  UGT2B17 , the 
DHT-sequestration pathway no longer exists, increasing endogenous interaction with androgen receptors (AR) and leading to elevated 
cell proliferation, which in some cases can result in the development of prostate cancer ( Park et al., 2006 ).    
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number of CD4 � CCR5 receptor complexes on the sur-
faces of T cells and decreased copy number of  CCL3L1  leads 
to decreased expression (and protein levels) of this chemokine, 
leaving more CD4 � CCR5 receptor complexes available for 
binding with the HIV-1 virus.   

  IMPLICATIONS OF CNV S  

  Disease Association Studies 
 SNPs have become powerful markers for identifying impor-
tant disease loci in genetic association studies. However, 
recent analysis of the complete DNA sequence from a single 
human individual has shown that CNVs (and other struc-
tural genomic variants including small balanced chromo-
somal rearrangements) account for some 22% of all genetic 
variation events in the individual and 74% of the total DNA 
sequence variation, when compared to the human refer-
ence genome ( Levy et al., 2007 ). Although it is premature 
to predict the relative contribution of CNVs to the etiol-
ogy of common, complex diseases (compared to SNPs), it is 
clear that CNVs represent a substantial component of human 
genetic variation that should not be ignored in future dis-
ease association studies. Indeed, the presence of CNVs in the 
human genome has actually reduced the power of certain 
SNPs. For example, SNPs that lie within CNV regions are diffi -
cult to genotype, result in Hardy–Weinberg equilibrium distor-
tions, and are often erroneously calculated as having reduced 
linkage disequilibrium to nearby causative genomic regions. 
Moreover, CNVs are far more complex in nature than SNPs and 
demand appreciation of several factors in order to use this 
form of genetic variation appropriately in disease association 
studies. First, the  absolute  copy number (rather than  relative  
copy number obtained from aCGH-based experiments) needs 
to be established for each CNV. Second, the exact genomic 
location of duplicated CNVs should also be considered. For 
example, the presence of a third copy of a gene may have dra-
matically different phenotypic effects depending on where the 
third copy occurs in the genome. Finally, the precise bounda-
ries (at the DNA sequence level) of each CNV should also be 
known, as should the specifi c allelic state of a CNV (e.g., two 
copies of a gene could be distributed as one copy per chromo-
some or both copies on a single chromosome). Without this 
level of information, the power of CNVs in genetic association 
studies diminishes. Indeed, of the several thousand CNVs that 
have been identifi ed to date, only a small percent have actually 
been annotated and genotyped to this precision. 

 Some efforts have been made to determine if CNVs are in 
linkage disequilibrium with nearby SNPs. If so, this would allow 
for specifi c CNV alleles to be assayed indirectly with a subset of 
well-characterized SNPs (i.e.,  “ tagging ”  SNPs) (see Chapter 4). 
Initial observations suggested that a subset of CNVs did appear 
to be ancestral in nature and therefore taggable by specifi c SNPs 
( McCarroll et al., 2006 ). Larger CNVs, especially those that are 

in segmental, duplication-rich areas of the genome, appear to be 
less taggable by known SNPs ( Locke et al., 2006 ). Part of the 
reason for this may be that the mutation rate for such CNVs 
is higher than the mutation rates for nearby SNPs (recall that 
NAHR mutations rates are estimated to be substantially higher 
than that of SNPs). Overall, this suggests that, for association 
studies, a substantial number of CNVs may need to be geno-
typed directly.  

  Pharmacogenetics 
 Since many CNV genes are involved in metabolism and drug 
detoxifi cation, it has been speculated that CNVs may also make 
signifi cant contributions to future pharmacogenomic studies 
( Ouahchi et al., 2006 ). For example, the  CYP2D6  genes code 
for enzymes that are involved in the metabolism of more than 
30 medications that include antiarrhythmics, antihyperten-
sives, beta-blockers, etc.  CYP2D6  CNVs have been identifi ed 
and shown to result in gene products with differential metabo-
lism effi ciency ( Rotger et al., 2007 ). Similarly, CNVs of genes 
involved in metabolism may explain some cases of interindi-
vidual variation in drug toxicity.  McCarroll et al. (2005)  and 
 Conrad et al. (2006)  found more than 120 CNV genes that were 
homozygously deleted. Individuals harboring such homozygous 
deletions presumably have low toxicity tolerance to medications 
that depend heavily on the homozygously deleted CNV gene 
product for proper metabolism. Rapid and accurate identifi ca-
tion of these individuals should be made a priority in pharmaco-
genomic research (see also Chapter 15).  

  Clinical Cytogenetic Diagnostics 
 Array CGH-based techniques are now being more widely used 
in the clinical cytogenetic diagnostic arena to identify smaller 
genomic imbalances that may be associated with neurodevel-
opmental disorders. Indeed, it has been estimated that aCGH-
based assays are now detecting apparently pathogenic genomic 
imbalances in as much as 20% of cases that have had normal 
results from chromosome-banded karyotyping tests ( Figure 5.7   ). 
However, the recent recognition of widespread CNVs among 
the genomes of healthy individuals has made interpretation of 
aCGH-based assays more diffi cult [for a recent review on this, 
see  Lee et al. (2007) ]. Specifi cally, all CNVs detected in an 
aCGH clinical test need to be assessed for their potential to 
contribute to the clinical presentation. 

 One of the primary means for assessing pathogenicity of a 
CNV is by determining whether or not the CNV is  de novo . 
Indeed, 2–3% of children are born with a major birth defect 
that is sporadic in nature, and the genetic alteration causing 
these birth defects is similarly assumed to be sporadic in nature. 
This strategy for determining the pathogenicity of a genomic 
imbalance in  “ constitutional ”  genetic testing is not new and has 
been applied by cytogeneticists for decades (albeit at the chro-
mosomal banding analysis level). Therefore, for genomic imbal-
ances detected by aCGH assays, it must be determined if the 
same genomic imbalance is observed in either of the biological 



parents, and close attention must be paid to the absolute copy 
number of the CNV (i.e., not just the relative copy number 
that is obtained from aCGH experiments), breakpoint infor-
mation when available and genomic distribution of the CNV 
DNA segment. Similarly, determining whether a given CNV is 
present in affected (or unaffected) relatives can also be highly 
informative. 

 Another factor to consider is whether the CNV has been 
found in other unrelated but affected individuals with similar 
clinical phenotypes (using CNV databases such as DECIPHER) 
or among healthy individuals (using CNV databases such as the 
Database of Genomic Variants). This information is only as use-
ful as the accuracy of the CNV entries in these databases (i.e., 
minimal false positives and precise defi nition of the architecture 
of each CNV entry). Moreover, the gene content within a given 
CNV will also dictate the clinical interpretation of that CNV. 
Finally, the overall size of the CNV can be a minor indicator of 
its pathogenicity, with the caveat that  “ benign ”  CNVs, as large 

as 10       Mb in size in gene-poor regions of the genome, have been 
documented ( Hansson et al., 2007 ). 

 Accurate clinical interpretation of CNVs will improve 
as our knowledge of the structure and function of the human 
genome increases. Clearly, CNVs cannot be considered as iso-
lated genomic aberrations and eventually should be interpreted 
in the context of all genomic variants, including other CNVs as 
well as SNPs. For example, the same deletion CNV in a healthy 
individual may uncover a recessive SNP mutation on the other 
allele in an unrelated individual – leading to a drastically differ-
ent phenotype. Since we are at a stage in clinical cytogenetic 
diagnostics where the technology and the data being obtained 
are beyond our understanding of human genome function, cau-
tion continues to be advised in the application of genome-wide 
aCGH assays in prenatal diagnostics. Instead, targeted aCGH 
platforms that primarily utilize probes with well-defi ned asso-
ciations with genetic disorders have been used for prenatal 
diagnoses.   
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 Figure 5.7         Example of a  de novo  genomic imbalance that is likely causative of the clinical phenotype of a patient seen in the clinical 
genetic clinic. (a) A chromosome 14 profi le from a 1       Mb resolution aCGH assay that has been run in dye swap. Deviation of the red line 
to the right of the expected 1:1 ratio and the blue line to the left of the expected 1:1 ratio is indicative of a genomic loss in the patient 
DNA. Here, nine BAC clones (each clone represented by a dot on the array profi le) are within the deleted region, suggesting a 9–10       Mb 
sized deletion. The position of BAC clones used in FISH confi rmation studies are indicated in red and green. (b) A metaphase spread 
from the patient after a two-color FISH confi rmation assay using a clone within the deletion interval (RP11-557O15) and a control 
clone outside of the deletion interval (RP11-98N22). The absence of the green signal on one of the chromosome 14s (indicated with 
a white arrowhead) confi rms the aCGH fi ndings. Parental FISH studies were normal (not shown), indicating that this chromosomal 
aberration was a  de novo  event.    
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2009 UPDATE
Generating CNVs during DNA replication
Genomic rearrangements that occur in germ cells can poten-
tially lead to de novo CNVs in the individual’s offspring. The 
two main mechanisms for generating CNVs have been pro-
posed (see Figures 5.3 and 5.4 in main chapter): (1) NAHR – 
where homologous recombination occurs between highly 
identical and multiple sequences in the genome leading to 
duplication or deletion of DNA sequences that lie between 
the homologous sequences; and (2) NHEJ – where erro-
neous repair of double strand breaks lead to gains and losses 
of DNA segments near the breakpoints. NAHR events are 
thought to mainly occur during meiosis (although NAHR-
like event could also occur mitotically – please see below) 
and NHEJ events occur in either G1 or G2 of the cell cycle. 
Most recently, it has been proposed that CNVs could also be 
generated from errors occurring during DNA replication (i.e. 
during S-phase). Occasionally, during DNA replication, the 
DNA replication fork stalls. At these times, the DNA replica-
tion machinery may disengage and reattach to template DNA 
sequences nearby (“template switching”), resulting in dupli-
cation or deletion of sequences near the site of the template 
switching (Lee et al., 2007). If the template switching is facili-
tated by the presence of cruciform(s) or other non-B DNA 
structures, one may expect to generate more simple CNV 
structures at those DNA regions. Otherwise, non-recurrent 
and complex CNV formations are expected. Evidence to sup-
port this mechanism for CNV formation has been provided 
for the Pelizaeus-Merzbacher disease region (Lee et al., 2007) 
as well as for MECP2 duplications (Bauters et al., 2008).

CNVs within an individual and between identical 
twin pairs
Genomic rearrangements that occur somatically (i.e. not in 
germ cells or germ cell progenitors) can lead to cell-to-cell vari-
ability with respect to genomic content per cell. Consistent with 
this notion, copy number variants have been detected between 
different tissue types within a given individual (e.g. Sharp 
et al., 2005; Piotrowski et al., 2008). Furthermore, the fact that 
CNVs have now also been identifi ed between monozygotic 
twins (Bruder et al., 2008) suggests that some of these events 
may be occurring early during embryogenesis. The fi nding that 
monozygotic twins may differ with respect to CNVs (and possi-
bly other structural genomic variants) is likely to lead to renewed 
interest in analyzing the genomic profi les of  phenotypically-
 discordant monozygotic twins to rapidly identify candidate 
genes involved in the etiology of that specifi c phenotype.

The role of CNVs in schizophrenia and autism
Evidence is now accumulating that CNVs contribute to 
the etiology of autism spectrum disorder (ASD) as well as 

schizophrenia. Sebat et al. (2007) suggested that the burden of 
de novo CNVs was higher in sporadic rates of autism (de novo 
CNVs in 10% of patients from “simplex” families – containing a 
single child with autism) compared to patients with an affected 
fi rst-degree relative (de novo CNVs in 3% of patients from 
“multiplex” families – containing multiple affected siblings) or 
controls (de novo CNVs in 1% of the controls). This suggested 
that de novo germline CNVs may be signifi cant risk factors for 
ASD. One of the most frequently observed de novo CNVs iden-
tifi ed (aside from the maternal duplication of 15q11-q13) was a 
600-kb microdeletion/microduplication at chromosome region 
16p11.2 (Sebat et al., 2007, Weiss et al., 2008, Kumar et al., 2008, 
Marshall et al., 2008). Interestingly, several neuronal synaptic 
complex genes have been identifi ed within these de novo CNV 
regions including SHANK3, NLGN4, NRXN1 (Sebat et al., 
2007, Marshall et al., 2008, Weiss et al., 2008, Kumar et al., 
2008), as well as genes involved in neuronal activity: PCDH10, 
DIA1, and NHE9 (Morrow et al., 2008).

De novo CNVs also seem to play a role in schizophrenia. 
One recent study identifi ed three deletions (CNVs ranging 
from 400 kb to 1.6 Mb size at chromosome regions 1q21.1, 
15q11.2, and 15q13.3) that was associated with schizophrenia 
and psychoses (Stefansson et al., 2008). Rare, de novo CNVs, 
that are larger than 100 kb in length, also appear to contribute 
to schizophrenia (The International Schizophrenia Consortium, 
2008), especially for sporadic (Xu et al., 2008) and early onset 
cases (Walsh et al., 2008).

New associations with CNVs
Psoriasis. Defensins are small, secreted antimicrobial peptides 
that are encoded by the DEFB genes. Two clusters of DEFB 
genes are found on chromosome 20 and one cluster is found 
on chromosome 8. On chromosome 8, at 8p23.1, a ~250 
kb repeat unit exists containing six DEFB genes and among 
Europeans, the copy number of these defensin genes has 
been shown to vary from 1 copy to 12 copies per diploid cell 
(Hollox et al., 2003). 

Previously, it was documented that individuals with less 
than 4 copies of these genes may have a signifi cantly higher 
risk of developing Crohn’s disease, a severe chronic infl am-
matory bowel disease characterized by intestinal ulceration 
(Fellerman et al., 2006). It is thought that in these individuals, 
a reduction in defensin expression leads to the breakdown of 
the defensin barrier lining the intestinal walls, thereby allowing 
the adherence and infi ltration of the microbial fl ora into the 
underlying mucosa. More recently, it has been shown that indi-
viduals with increased copy number of these defensin genes, 
while presumably having less susceptibility to Crohn’s disease, 
have an increased risk for developing psoriasis, a common 
infl ammatory skin disorder. Among the Europeans studied, 
individuals with > 5 copies of these genes were found to have 



a 1.7-fold increased relative risk of developing psoriasis (Hollox 
et al., 2008). In these individuals, it is thought that increased 
expression of defensin elicits an elevated infl ammatory response 
upon any minor injury, by activating epidermal growth factor 
receptor as well as STAT (Signal Transducer and Activator of 
Transcription) signaling pathways. 

In addition to the defensin genes, deletion of the late 
cornifi ed envelope LCE3B and LCE3C genes also appear to 
be a susceptibility factor for psoriasis (de Cid et al. 2009).

Crohn’s disease. Crohn’s disease has now also shown to 
be associated with a 20 kb common deletion upstream to the 
autophagy-inducing IRGM (Immunity-related GTPase family, 
M) gene (McCarroll et al., 2008). The 20 kb deletion is in per-
fect linkage disequilibrium with the strongest Crohn’s disease-
associated SNP, rs13361189, and leads to different expression 
patterns in different cell types. Taken together, the data suggest 
that the deletion haplotype may be a more likely causal variant 
for the disease, rather than the rs13361189 SNP.

Osteoporosis. Deletion of the UGT2B17 gene was previ-
ously shown to be associated with increased risk of prostate 
cancer (Park et al., 2006). While deletions of this gene may 
have a detrimental effect in prostate tissue, they appear to have 
a protective effect in bones (Yang et al., 2008). UGT2B17 
encodes for a uridine diphospho (UDP)-glucuronosyltrans-
ferase enzyme that is involved in the homeostasis and metabo-
lism of steroid hormones. Deletions of this gene are thought 
to ultimately affect androgen levels such that bone formation 
is favored over bone resorption. Conversely, increased copy 
number of UGT2B17 results in increased expression of the 
corresponding enzyme, ultimately leading to the reduced bone 
density that is characteristic of osteoporosis.

Idiopathic generalized epilepsy. A 1.5 Mb microdeletion at 
chromosome region 15q13.3 was previously identifi ed in indi-
viduals with mental retardation and other neuropsychiatric 
features (Sharp et al. 2008). The critical genomic region of this 
microdeletion syndrome contains at least seven genes includ-
ing CHRNA7, encoding for the α7 subunit of the nicotin-
ergic acetylcholine receptor. Some individuals diagnosed with 
this genomic syndrome also exhibit epilepsy. Extending the 
screen for 15q13.3 microdeletions to 1223 individuals with 
idiopathic generalized epilepsy, 12 individuals were found to 
carry this deletion (Helbig et al. 2009). However, out of 3,699 

control individuals, none had this same microdeletion. This 
supports the notion that deletion of CHRNA7 is a signifi cant 
risk factor for idiopathic generalized epilepsy.

Starch diet. On the short arm of chromosome 1 lies a clus-
ter of genes that are important for starch digestion. Amy1 genes 
are expressed in the saliva and amy2 genes are expressed in the 
pancreas. The copy number of amy1 genes range from 2 –
15 per diploid cell and in individuals from traditionally high 
starch diets, amy1 copy number was generally higher, compared 
to individuals from traditionally low starch diets. Chimpanzees, 
having low starch in their diets, were found to consistently 
have 2 copies of amy1 in each of their cells. Such data support 
the notion that amy1 is under positive selection: human pop-
ulations with high starch diets tend to maintain higher copy 
numbers of amy1 because it is advantageous, whereas the copy 
number of this gene is undergoing neutral evolution or genetic 
drift in populations having low starch diets (Perry et al. 2007).

Development of a new and improved human 
reference genome
When the human reference genome was initially described, the 
existence of widespread structural genomic variation (includ-
ing CNVs) was not known. We now know that the male indi-
vidual from whom 66.3% of the reference human genome was 
derived (the RPCI-11 BAC library), like all individuals, actu-
ally had a substantial amount of structural genomic variation 
in his genome. When comparing this individual’s genome with 
that of another (e.g. Craig Venter), 132 regions of homozygous 
deletions were detected in one or the other individual (Khaja 
et al. 2006). Extending such sequence comparisons to eight 
other individuals revealed another 525 novel DNA segments, 
that appear to have been homozygously deleted in the indi-
vidual from which most of the human reference genome was 
built (Kidd et al. 2008). These “new” human DNA sequences, 
and other structural genomic variants, now need to be anno-
tated onto a new and improved human reference sequence 
(http://www.ncbi.nlm.nih.gov/projects/genome/assembly/
grc/index.shtml). Many common structural variants will likely 
be annotated fi rst, followed by rare structural variants that are 
discovered via large-scale genomic studies (e.g. such as the 
1000 genome project – http://www.1000genomes.org).
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  INTRODUCTION 
 The human genome contains four bases – guanine, adenine, 
thymine, and cytosine; but the cytosines can be either methylated 
or unmethylated at the fi fth carbon position in the pyrimidine 
ring ( Figure 6.1a   ). In general, cytosines can only be methylated 
when they are in the context of a CpG dinucleotide, or in other 
words, a cytosine immediately followed by a guanine. These CpG 
dinucleotides are under-represented in the genome, occurring at 
only about 20% of the frequency expected assuming random dis-
tribution. In some regions, called CpG islands, the frequency of 
CpG dinucleotides is only 65% of the expected frequency ( Takai 
and Jones, 2002 ). These stretches of 500–1000 base pairs typi-
cally overlap the promoter or exon 1 region of genes, and there 
are estimated to be 30,000 CpG islands in the human genome 
( Lander et al., 2001 ). CpGs in islands are predominantly unmeth-
ylated, while CpGs outside of islands are typically methylated. 

 The methylation status of a CpG island is normally corre-
lated with the chromatin structure and expression levels of nearby 
genes ( Stirzaker et al., 2004 ). CpG islands associated with actively 
transcribed genes are typically unmethylated. When a CpG island 

is methylated, methyl-CpG-binding domain (MBD) proteins 
recognize the methylated CpG and recruit the necessary factors 
for chromatin condensation and gene inactivation. This DNA 
methylation state is maintained during cell division by a family 
of enzymes called DNA methyltransferases (DNMTs). DNMT1 
is thought to be responsible for maintaining methylation patterns 
through cell divisions, and DNMT3b is the primary enzyme 
involved in  de novo  methylation ( Lopatina et al., 2002 ). Mutations 
in one of the DNMT genes,  DNMT3B , are responsible for the 
rare genetic disorder ICF syndrome, which is characterized by 
severe immunodefi ciency and DNA hypomethylation ( Hansen 
et al., 1999 ). Mice lacking any of the DNMTs die either  in utero  
or soon after birth ( Okano et al., 1999 ). 

 Although most CpG islands in the human genome are typi-
cally unmethylated in healthy cells, methylation of some islands 
plays a role in several normal physiological processes. In females, 
CpG islands on one of the X chromosomes become hyper-
methylated in the process of chromosomal inactivation ( Hellman 
and Chess, 2007 ;  Mohandas et al., 1981 ). On autosomes, meth-
ylation is also important during development for inactivation of 
maternally- or paternally-derived alleles of certain genes in a proc-
ess called genomic imprinting. For instance, a region 2       kb upstream 
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of the H19 gene for a non-coding RNA is paternally methylated, 
leading to repressed IGF2 expression ( Bartolomei et al., 1993 ). 

 During the process of carcinogenesis, two important changes 
in the methylation pattern of the genome occur. First, sporadic 
CpGs (outside of CpG islands) become hypomethylated ( Ehrlich 
et al., 1982 ). This global hypomethylation has been linked to 
genomic instability, possibly due to mobilization of repetitive ele-
ments ( Chen et al., 1998 ;  Feinberg, 2004 ). Meanwhile, some CpG 
islands, particularly near tumor-suppressor genes, can become 
hypermethylated during carcinogenesis ( Herman and Baylin, 
2003 ;  Jones and Baylin, 2002 ). The hypermethylation is function-
ally similar to a deletion or mutation and can serve as one method 
of gene inactivation in Knudson ’ s classic two-hit hypothesis ( Jones 
and Laird, 1999 ). Different combinations of aberrantly methylated 
genes are found in nearly all types of cancer ( Costello et al., 2000 ).  

  TECHNOLOGY TO ASSESS DNA 
METHYLATION 
 Cytosine methylation has minimal impact on both thermo-
dynamics and kinetics of common DNA polymerases and 

can, therefore, not be directly detected by any amplifi cation or 
hybridization-based methods. Instead, there are three basic prin-
ciples that can be employed to distinguish differentially methyl-
ated DNA sequences: (i) methylation-specifi c restriction enzymes 
( Figure 6.1b ), (ii) methylation-specifi c antibodies and proteins, 
and (iii) methylation-specifi c bisulfi te modifi cation ( Figure 6.1c ). 
All existing methods for discovering and evaluating DNA meth-
ylation markers are based on one or more of these principles. 

 Methylation-sensitive restriction enzymes, which typically 
digest unmethylated but not methylated DNA, have been in use 
for many years ( Bird and Southern, 1978 ). The recognition sites 
contain one or more CpG sites. Sometimes cleavage is blocked 
completely by methylation of the CpG site, but more often the 
rate of cleavage is affected. Therefore, these methods must be 
optimized for complete and specifi c digestion. More recently, 
restriction enzymes have been introduced that specifi cally digest 
methylated DNA ( Krueger et al., 1995 ). Methods based on 
restriction enzymes are limited to CpGs that are present within 
a restriction site. 

 The second major category of DNA methylation meth-
odology relies on naturally occurring proteins whose activity 
requires methylation detection. Methylation-specifi c antibodies 

(c)

5-TCGCTGG-3

3-AGCGACC-5

5-TCGUTGG-3

3-AGCGAUU-5

5-TCGTTGG-3

3-AGCAACC-5

3-TCGCTAA-5

5-AGCGATT-3

genomic DNA

bisulfite
treatment

CH3

CH3

bis I strand

bis II strand

“G-rich” strand

PCR

“C-rich” strand

bisulfite-
converted DNA

bisulfite-converted
PCR amplified DNA

—
—

Figure 6.1  Detection of methylated cytosines.  (a) Cytosine and 5-methyl-cytosine. (b) Cleavage by some restriction enzymes is 
blocked by methylation of cytosines in the recognition site. After digestion, various methods can be used to detect the intact methyl-
ated DNA, including locus-specifi c PCR amplifi cation. (c) Genomic DNA is shown at the top with methylated (red) and unmethylated 
(green) cytosines. The bisulfi te treatment converts unmethylated cytosines into uracils. The resulting strands are no longer comple-
mentary, and each strand can be amplifi ed by conversion-specifi c PCR primers. 

NH2

O

CH3

Cytosine 5-methyl-cytosine

(a)

C

N

N——

—

C

NH2

O

C

CC

N

N——

—

—

C

C

C

Methylation-specific
restriction digestion

Amplification

(b)

Technology to Assess DNA Methylation ■  61



62 CHAPTER 6 ■■  DNA Methylation Analysis

have been generated that specifi cally bind to DNA containing 
methylated cytosines ( Gebhard et al., 2006 ). In addition, methyl-
binding proteins, which play an integral part in bridging DNA 
methylation information with cellular function, have been suc-
cessfully used to separate differentially methylated DNA frac-
tions ( Cross et al., 1994 ). 

 Methylation analysis methods based on bisulfi te conver-
sion of sample DNA rely on the unique property of inorganic 
bisulfi te to transform unmethylated cytosine to uracil ( Figure 6.1 ) 
without affecting methylated cytosines ( Frommer et al., 1992 ). 
Thus, the bisulfi te reaction converts the epigenetic methylation 
information into sequence information, which can be analyzed 
by common molecular biology methods, most notably PCR. 
By converting most of the cytosines to uracils, bisulfi te conver-
sion of DNA has the effect of reducing the complexity of the 
genome, thereby making primer design and multiplexing more 
challenging. In addition, the chemical reaction can cause DNA 
damage if sub-optimal conditions are used ( Grunau et al., 2001 ). 
Despite these caveats, bisulfi te-based methods are extremely 
powerful for sensitive and quantitative analysis of DNA meth-
ylation at one or many CpG sites. 

  Methods for Methylation Marker Discovery 
 The human genome contains tens of thousands of CpG islands 
associated with individual genes and their activity. The number 
of individual methylation positions that could be aberrantly 
methylated in diseased states is several orders of magnitude 
higher. Several genome-wide discovery methods to identify dif-
ferentially methylated regions associated with the specifi c diag-
nostic question have been developed. Many of these methods 
are based on digestion of sample DNA with a methylation-
sensitive restriction enzyme. The individual discovery techniques 
differ in their methods for detection of these restriction cuts, but 
they include techniques such as linker ligation combined with 
subtractive hybridization (MCA;  Toyota et al., 1999 ), arbitrarily 
primed PCR (AP-PCR;  Liang et al., 2002 ), array hybridization 
(Differential methylation hybridization, DMH;  Huang et al., 
1999 ), and two-dimensional gel electrophoresis (RLGS;  Costello 
et al., 2002 ;  Hatada et al., 1991 ). 

 These methylation marker discovery methods use methyla-
tion-sensitive restriction enzymes to differentiate two classes of 
samples, such as a DNA from samples of responders to a drug 
and DNA from non-responders. For a thorough analysis, the 
entire marker discovery process often involves multiple com-
parisons. Furthermore, the throughput is low enough that only 
a few samples can reasonably be processed. Using pooled DNA 
from multiple patients reduces the likelihood of identifying pol-
ymorphic differences associated with individual patients, and it 
allows for the enrichment of methylation differences associated 
with disease, which is essential for identifi cation of markers with 
high prevalence for screening applications. 

 One approach that is becoming more commonly used is 
array-based discovery of aberrant methylation ( Fukasawa et al., 
2006 ;  Hayashi et al., 2007 ;  Taylor et al., 2007 ). In DMH, originally 
used for the identifi cation of epigenetic alterations in breast and 

ovarian cancer ( Huang et al., 1999 ;  Yan et al., 2001 ), genomic 
DNA is digested by a methylation-insensitive restriction enzyme 
and then linkers are ligated to the fragments. These products are 
then digested with a methylation-sensitive restriction enzyme and 
fi nally amplifi ed by PCR via the linker sequence. Amplifi cates are 
only generated from methylated templates that are not digested 
by the methylation-sensitive restriction enzymes. The PCR 
products can be labeled with fl uorescent dyes and hybridized to 
a CpG-island microarray. A recent paper describes the combina-
tion of a modifi ed and optimized pre-chip DMH workfl ow and 
a custom-made oligonucleotide array representing approximately 
50,000 regions of the human genome ( Lewin et al., 2007 ). The 
advantages of DMH are its reproducibility, speed, and through-
put (allowing the option of analyzing individual samples instead 
of pools). The readout of the microarray not only identifi es the 
differentially methylated sequence, but also provides semi-quanti-
tative methylation values. 

 Recently, the Human Epigenome Project, a large-scale effort 
to identify, catalog, and interpret genome-wide DNA methyla-
tion patterns of all human genes in all major tissues, has been 
initiated by The Wellcome Trust Sanger Institute (Cambridge, 
UK), the Centre National de Génotypage (Paris, France), 
and Epigenomics AG (Berlin, Germany) ( Table 6.1   ). Based 
on public versions of the sequence of the human genome estab-
lished by the Human Genome Project, the Human Epigenome 
Project will systematically uncover the epigenetic informa-
tion layer that is still hidden to a large extent. A second Human 
Epigenome Project was recently proposed by an international 
group of 40 scientists ( Esteller, 2006 ;  Jones and Martienssen, 
2005 ) ( Table 6.1 ).  

  Methods for Analyzing Markers in Tissue Samples 
 Methylation analysis in tissues is often not limited by the quan-
tity of sample material available, but the quality of the material, 
particularly formalin-fi xed and paraffi n-embedded samples, can 
be an issue ( Schuster, 2004 ). The isolated DNA is usually dam-
aged to some extent depending on the fi xation procedure. In 
addition, the proportion of the tissue type with aberrant meth-
ylation (i.e., the percent tumor) can vary from sample to sample. 
Laser capture microdissection (LCM), which is used to isolate 
the tissue type of interest, helps overcome this issue. 

 There are very different levels at which DNA methylation 
can be assessed ( Figure 6.2   ) ( Laird, 2003 ), ranging from genome-
wide to a particular locus or CpG. The  “ methylation content ”  of 
a cell population corresponds to the overall proportion of methyl-
ated cytosines within the entire genome. In contrast, the  “ methyl-
ation level ”  designates the percentage of methylated DNA strands 
at one genomic locus, while the  “ methylation pattern ”  describes 
the individual methylation status of a specifi c set of CpG posi-
tions on one DNA strand within a region of interest. Tissue test-
ing is best performed using marker information contained in the 
 “ methylation level ” . 

 In principle, the methylation level of a DNA sample can 
be measured in a straightforward manner after bisulfi te treat-
ment because the methylation ratio at the CpG site of interest is 



 T A B L E  6 . 1         Multicenter efforts for large-scale epigenetic analysis  

   Goals  Approach  Institutions  References 

 Human Epigenome 
Project 

      ●        “ To identify, 
catalogue and 
interpret genome-
wide DNA 
methylation patterns 
of all human genes in 
all major tissues ”   

    ●       Identify  “ Methylation 
Variable Positions ”     

 Bisulfi te DNA 
sequencing 

 Wellcome Trust Sanger 
Institute; Epigenomics, 
AG; The Centre National 
de Genotypage 

  Eckhardt et al., 2006  
 http://www.epigenome.
org/  

 International Alliance 
for the Human 
Epigenome and Disease 
(AHEAD) 

      ●       A comprehensive 
catalog of potential 
chromatin alterations  

    ●       Describe  “ reference 
epigenomes ”     

 To be determined; likely 
to include a variety 
of methods to assess 
DNA methylation and 
histone modifi cations 

 To be determined   Jones and Martienssen 
2005  

 Encyclopedia of DNA 
Elements (ENCODE) 

●   Identify all functional 
elements in the 
human genome 

 Chip-on-chip assays 
for DNA methylation 
and chromatin 
modifi cations; 
comparative 
genomics; DNase I 
hypersensitivity site 
mapping 

 Welcome Trust Sanger 
Institute; Stanford 
University; University 
of Virginia; Affymetrix; 
Municipal Institute 
of Medical Research; 
Ludwig Institute for 
Cancer Research; Yale 
University; University of 
Washington; others 

  ENCODE project 
consortium, 2007  
 http://www.genome.
gov/10005107  

 Figure 6.2         Methods for assessment of DNA methylation  . The  “ methylation content ”  of a cell population corresponds to the overall 
proportion of methylated cytosines within the entire genome (a), the  “ methylation level ”  designates the percentage of methylated DNA 
strands at a one genomic locus (b), and the  “ methylation pattern ”  describes the individual methylation status of a specifi c set of CpG 
positions on one DNA strand within a region of interest (c).  Reproduced with permission of Macmillan Magazines Ltd from  Nature 
Reviews Cancer  3(4), April 2003, 253–266. Copyright (2003) Macmillan Magazines Ltd.        

(a) Methylation content (b) Methylation level (c) Methylation pattern

translated into an allele ratio. However, in most cases not enough 
DNA will be available for direct analysis. The bisulfi te-treated 
DNA can be amplifi ed without disturbing this allele ratio using 
conventional PCR with the primers designed to avoid CpG 

sites. After amplifi cation, the product can be analyzed using any 
of a number of analysis methods typically used for the quan-
tifi cation of allele ratios. In MS-SNuPE (Methylation-Specifi c 
Single Nucleotide Primer Extension), extension primers 
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designed to hybridize just upstream of a CpG site are extended 
by one nucleotide in a methylation-specifi c manner. Detection 
and quantifi cation based on HPLC ( El-Maarri et al., 2002 ) and 
incorporation of radioactivity have been described ( Gonzalgo 
et al., 1997 ). Another example is pyrosequencing, in which the 
sequential incorporation of additional bases into the exten-
sion primer is translated into a light fl ash of the same intensity 
( Colella et al., 2003 ). Alternatively, hybridization of methylation-
specifi c probes to amplifi ed bisulfi te-treated DNA has been 
combined with different readout systems, including microarrays 
( Adorjan et al., 2003 ) and real-time PCR (Quantitative Methy-
Light;  Eads et al., 2000 ). All of the methods mentioned measure 
relative levels of methylation, but can be used to quantify DNA 
methylation levels when they are appropriately calibrated on 
mixtures of methylated and unmethylated DNA templates. 

 The methods described in the previous paragraph use an 
unbiased amplifi cation of bisulfi te-treated DNA for measuring 
methylation levels. Methylation in tissues can also be estimated 
using various forms of methylation-specifi c amplifi cation. The 
most commonly used method in methylation research is meth-
ylation-specifi c PCR (MSP) or the real-time version, MethyLight 
( Eads et al., 2000 ). These methods use primers designed for a cer-
tain methylation pattern of bisulfi te-converted DNA. MethyLight 
technology is a combination of methylation-specifi c primers and 
a methylation-specifi c real-time PCR probe ( Figure 6.3   ). Since 
these methods only amplify and detect the methylated portion of 
the DNA sample, they can only provide qualitative methylation 
pattern information. In combination with an estimation of total 
DNA amount, which can be measured for instance by a control 
real-time PCR assay, methylation-specifi c assays can be used to 
estimate relative methylation pattern levels ( Ogino et al., 2006a ). 

 For tissue-based analyses, a quantitative methylation assay is 
likely to be important, because in many cases the required infor-
mation will depend not on the presence or absence of meth-
ylation but on the level of methylation. Responders to a certain 
drug, for instance, might have fewer inactivated copies of a gene 
than non-responders. In some instances, the methylation dif-
ference could be quite subtle, and it is not clear which of the 
methods will provide the level of precision required.  

  Methods for Analyzing Markers in Disease 
Screening Samples 
 The samples of choice for early detection or screening are body 
fl uids that can be obtained by non-invasive procedures. Serum 
and plasma are optimal targets for methylation marker analyses, 
but investigators have also analyzed methylation in urine ( Hoque 
et al., 2005 ), sputum, bronchial lavage, ductal lavage, ejaculate, and 
other  “ remote samples ”  (reviewed in  Laird, 2003 ). In healthy indi-
viduals, only small amounts of circulating DNA are observed in 
plasma and serum, whereas high amounts have been described 
in patients with various conditions. The main sources of circu-
lating DNA are thought to be apoptotic or necrotic cell death 
( Holdenrieder et al., 2001 ). DNA is released from degrading cells 
after nuclease cleavage of the chromatin between the nucleo-
somes. Therefore, the tumor- or disease-derived DNA fragments 

can be as short as the smallest nucleosomal fragment, approxi-
mately 180 base pairs ( Cottrell and Laird, 2003 ;  Jahr et al., 2001 ). 

 In contrast to tissue-based applications, methylation mark-
ers for screening must fulfi ll additional biological requirements. 
Even if the majority of free DNA in blood is derived from can-
cer cells, a signifi cant amount of DNA from other cell types, 
particularly leukocytes, will be present. Therefore, the marker 
must be methylated in a high percentage of tumor cells and 
relatively unmethylated in leukocytes and other tissues contrib-
uting background DNA. Qualitative markers, which are methyl-
ated only in tumor-derived DNA, are well suited for screening 
applications. 

 The clinical sensitivity (proportion of diseased people test-
ing positive) and specifi city (proportion of healthy individuals 
testing negative) of the marker is not only dependent on its bio-
logical properties, but also on the analytical performance of the 
assay. The challenge for the fi nal diagnostic assay is a high ana-
lytical sensitivity (detecting small amounts of methylated tumor 
DNA) at a maximum specifi city (no detection of unmethyl-
ated DNA). In practice, methylation assays suitable for screen-
ing must be capable of detecting a few copies of the methylated 
marker DNA in a background of 1–10 thousand-fold excess 
unmethylated DNA. In addition, the DNA extraction method 
must be optimized for high recovery yield, particularly of short 
DNA fragments found in plasma or serum. Bisulfi te treatment 
is known to cause damage to the DNA, but milder treatment 

 Figure 6.3         Sensitive real-time PCR assays for methylation 
detection   MethyLight assays (a, b) have two methylation-
specifi c primers that bind only to the methylated (a) but not the 
unmethylated (b) versions of their binding sites. If both primer 
binding sites are methylated, PCR products are formed and will 
be detected by methylation-specifi c real-time PCR probes (a). 
In contrast, HM assays (c, d) use primers that amplify all 
methylation states. The methylation specifi city of the priming 
is provided by the blocker oligonucleotide, which prevents the 
primer from binding to unmethylated DNA (d). Therefore, only 
methylated DNA is amplifi ed and will be detected by a methyla-
tion-specifi c fl uorescent probe (c). Filled circles indicate methyl-
ated CpGs, and open circles indicate unmethylated CpGs.        
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conditions can be used without risk of incomplete conversion 
of the DNA ( Berlin et al., 2005 ). 

 MethyLight may be an assay that is suitable for detection 
of disease in remote samples. In contrast to MSP, MethyLight 
minimize false-positive results caused by possible mis-priming 
of the methylation-specifi c primer, as the methylation status of 
the amplifi cates are analyzed on a second level by the methyla-
tion-specifi c fl uorescent probe. MethyLight has been success-
fully used for various applications, but primers and probes must 
be carefully designed in order to ensure sensitive and specifi c 
detection. 

 HeavyMethyl (HM) technology is another way to achieve 
methylation-specifi c priming, and, like MSP, can be combined 
with a probe for real-time detection ( Cottrell et al., 2004 ). HM 
assays combine methylation-non-specifi c primers and a non-
extendable 3�-modifi ed blocker oligonucleotide. The blocker 
binds to unmethylated DNA, preventing the primers from access-
ing the priming site ( Figure 6.3 ). The blocker does not bind to 
the methylated version, allowing the primers to access the prim-
ing sites. A methylation-specifi c fl uorescent probe is used to 
ensure specifi city and allow for methylation quantifi cation. HM 
assays typically have a limit of detection of 25–50       pg of methyl-
ated DNA and can detect this methylated DNA in a background 
of 50       ng of unmethylated DNA. Although HM design requires 
more effort compared to a MethyLight assay, the HM assay has 
advantages. Unmethylated template that is amplifi ed unintention-
ally will be targeted by the blocker in the next cycle. Therefore, 
the analytical specifi city of HM assays is very high.   

  CLINICAL IMPACT OF DNA 
METHYLATION ANALYSIS 
 Cancer has been viewed as an accumulation of chromo-
somal aberrations and therefore been called a  “ genetic disease ” . 
However, it has become clear over the last two decades that epi-
genetic changes play a crucial role in carcinogenesis. Research on 
DNA methylation in cancer has been expanding rapidly, and for 
this reason, in the following sections, we will rely on examples 
from oncology to demonstrate how methylation profi les can be 
applied for basic disease research, early detection, disease stratifi ca-
tion, treatment response prediction, and drug target identifi cation. 

 While attention has focused on methylation in carcinogen-
esis, a similar groundswell of research is emerging on methyla-
tion in other diseases, especially autoimmune and cardiovascular 
conditions (see  Table 6.2   ). For example, aberrantly hypomethyl-
ated DNA in circulation in systemic lupus erythematosus might 
induce an immune response due to its similarity to unmethylated 
microbial DNAs ( Januchowski et al., 2004 ). Further contributions 
of defective methylation to lupus pathogenesis could be due to 
transcription of endogenous retroviruses ( Okada et al., 2002 ) or 
the increase in the expression of certain genes related to autore-
activity ( Richardson, 2002 ). In cardiovascular disease, DNA meth-
ylation is associated with atherosclerosis pathogenesis in two ways: 
First, the decrease in essential factors (e.g., folate and vitamin D) 

for the synthesis of  S -adenosyl methionine (the main methyl 
group donor in the methylation reactions) leads to global DNA 
hypomethylation and coexisting hyperhomocystinemia ( Zaina 
et al., 2005 ). Second,  Lund et al. (2004)  provided evidence that 
methylation profi les are early markers of the disease in a mouse 
model. Taken together, these data reinforce the notion that meth-
ylation profi les can be highly valuable to study the pathogenesis 
of a variety of conditions ( Table 6.2 ). 

  Impact of Methylation Research on Basic 
Disease Understanding 
 Researchers have spent many years studying the role of perma-
nent alterations in DNA sequence, such as mutations, deletions, 
and insertions, in carcinogenesis. Cancer has long been thought of 
as a disease that arises after accumulation of mutational events in 
growth control genes. In recent years, RNA expression profi ling 
has been used to examine the functional consequences of these 
sequence alterations, as outlined in other chapters in this book. 
There is now overwhelming evidence that epigenetic modifi ca-
tion can also control RNA and protein levels. As the methylation 
analysis toolbox expands, we are gaining more insight into how 
alterations in these patterns of methylation infl uence disease. 

 As an example, methylation analysis has provided a new 
molecular understanding of colon cancer. Colon cancer develops 
in a well-described pathway from normal epithelium, to aberrant 
crypts, to adenomas, then to adenocarcinoma, each with specifi c 
histological features and molecular alterations. The fi rst alterations 
to be studied were sequences changes: for instance,  APC  muta-
tions have been implicated in the formation of adenomas ( Powell 
et al., 1992 ) and  TP53  mutations have been implicated in the 
transition from adenoma to adenocarcinoma ( Baker et al., 1990 ). 

 More recently, the role of aberrant methylation events of 
genes in these same pathways has been elucidated. For exam-
ple, a hereditary form of colon cancer is commonly caused by 
mutations in the  MLH1  gene, but this same gene can induce 
sporadic forms of the disease when it is aberrantly methylated 
( Cunningham et al., 1998 ). Some colon cancers are character-
ized by microsatellite instability (MSI), and the majority of these 
tumors have methylated  MLH1  alleles. Furthermore, research 
on methylation in colon cancer has established that tumors can 
not only be divided based on microsatellite stability status, but 
also on their CpG island methylator phenotype (CIMP) status 
( Toyota et al., 1999 ). Colon tumors, particularly those with MSI, 
have a bimodal distribution based on the methylation status of 
multiple genes. Those tumors with multiple methylated genes 
(CIMP+) are more likely to have  BRAF  mutations and wild-
type  KRAS  ( Ogino et al., 2006a, b ). Clearly, a complete under-
standing of the pathogenesis of colon cancer requires knowledge 
of both genetic and epigenetic events.  

  Methylation Markers for Early Detection and 
Diagnosis 
 Early detection is an effective success factor in the fi ght against 
any type of cancer. Aberrant DNA methylation patterns show 
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 T A B L E  6 . 2          Examples of DNA methylation in human disease  

 Disease/Disorder  Phenotype  Mechanism  Genes involved  Reference 

 Cancer 
  
  
  

 Tumorigenesis; Increased cell 
division; metastasis 
  
  
  

 Hypermethylation 
 
Hypomethylation 
 Loss of imprinting 
 

Heritable germline 
hypermethylation 

 Tumor-suppressor genes 
 
Global 
 Insulin-like grow factor 2 (IGF2), 
GTP-binding RAS-like 3 (DIRAS3), 
mesoderm-specifi c transcript 
homolog (MEST) 
 Mut L Homolog 1 (MLH1) 

  Jones and Baylin, 2002 ; 
 Herman and Baylin, 2003  
  Ehrlich et al., 1982  
  Feinberg, 2007  
  

Hitchins et al., 2007  

 Beckwith–Wiedemann 
syndrome 

 Embryonal tumors; omphalocele; 
macroglossia (large tongue); 
gigantism 

 Disruption of an 
imprinting locus 

 11p15 (IGF2, H19 ncRNA, cyclin-
dependent kinase inhibitor 1C 
(CDKN1C), pleckstrin homology-
like domain, family A, member 2 
(PHLDA2), solute carrier family 22, 
member 1 (SLC22A1), potassium 
voltage-gated channel (KCNQ1)) 

  Weksberg et al., 2003  

 Prader–Willi syndrome  Developmental delay; obesity; 
genital hypoplasia; distinct facial 
features 

 Disruption of an 
imprinting locus 

 15q11-13 (small nuclear 
ribonucleoprotein polypeptide N 
(SNRPN), ncRNAs) 

  Nicholls and Knepper, 2001  

 Angelman syndrome  Developmental delay; ataxia; 
microcephaly; distinct facial features 

 Disruption of an 
imprinting locus 

 15q11-13 (Ubiquitin E3 ligase 
(UBE3A)) 

  Nicholls and Knepper, 2001  

 Pseudohypoparathyroidism  Hypoparathyroidism without 
sensitivity to parathyroid hormone 

 Disruption of an 
imprinting locus 

 20q13 (GNAS complex locus 
(GNAS1)) 

  Bastepe et al., 2001  

 Immunodefi ciency/centromeric 
instability/facial anomalies (ICF 
syndrome) 

 Immunodefi ciency; chromosomal 
breakage; facial defects 

 Mutations  DNA Methyltransferase 3b 
(DNMT3b) 

  Hansen et al., 1999  

 Rett syndrome  Motor abnormalities; ataxia; hand-
wringing; poor verbal skills 

 Mutations  Methyl-CpG-binding protein 2 
(MeCP2) 

  Amir et al., 1999  

 Systemic Lupus Erythematosus  Autoimmune disorder; 
infl ammation; tissue damage 

 Hypomethylation  global, perforin (PRF1), CD70, 
integrin, alpha L (ITGAL) 

  Januchowski et al., 2004  

 Atherosclerosis  Thickening and hardening of arterial 
walls 

 Hypermethylation  Estrogen receptor, Monocarboxylate 
Transporter 3 (SLC16A3) 

  Kim et al., 2007 ;  Zhu et al., 
2005  

 Schizophrenia  Hallucinations; delusions  Hypomethylation  Global   Shimabukuro et al., 2006  

     Hypermethylation  Reelin (RELN)   Grayson et al., 2005  

 Endometriosis  Growth of endometrial cells outside 
of the uterus 

 Hypermethylation  Homeobox A10 (HOXA10)   Wu et al., 2005  

 Fragile X syndrome  Mental retardation; autism; large 
ears; macroorchidism 

 Hypermethylation 
of an expanded 
trinucleotide repeat 

 Fragile X mental retardation 1 
(FMR1) 

  Oberle et al., 1991  



promise as biomarkers for early detection of cancer for several 
reasons: Tumor-specifi c methylation changes occur early in tum-
origenesis, appear to be stable, provide an amplifi able signal, and 
can be assayed with high analytical sensitivity. DNA methylation 
patterns characteristic of tumor cells have been found for many 
types of cancer in several types of body fl uids ( Laird, 2003 ). 

 DNA methylation changes occur frequently in colon 
cancer and can be present early in malignant transformation 
( Grady, 2005 ). Feasibility studies have shown that tumor-derived 
methylated DNA markers can be detected in serum, plasma, and 
stool (reviewed in  Laird, 2003 ). These studies analyzed a limited 
number of patient samples, and larger clinical studies will be neces-
sary to assess the quality of these markers for a screening approach. 

 Prostate-specifi c antigen (PSA) based screening has resulted 
in detection of many cases of prostate cancer, but, due to the low 
specifi city of this assay, its usefulness for prostate cancer screen-
ing is no longer certain. DNA methylation markers may improve 
screening and diagnosis of prostate cancer considerably in the 
future.  GSTP1 , encoding glutathione  S -transferase P1, is the best-
characterized methylation marker for prostate cancer. Methylation 
of  GSTP1  in prostate cancer has been consistently reported with a 
frequency of about 70–90% (reviewed in  Henrique and Jeronimo, 
2004 ). Interestingly,  GSTP1  methylation is also reported in some 
high-grade prostatic intraepithelial neoplasia (PIN) lesions, a pre-
cursor to prostate cancer, indicating that  GSTP1  hypermethyla-
tion is an early event in prostate cancer development ( Henrique 
et al., 2006 ). Several groups have demonstrated the feasibility of 
using  GSTP1  methylation and other methylation markers to 
detect prostate cancer in bodily fl uids. For example,  Hoque et al. 
(2005)  analyzed a panel of nine genes in urine sediments from 52 
cancer patients and 91 controls using MethyLight assays. A panel 
containing  GSTP1  and three other genes ( CDKN2A ,  ARF , and 
 MGMT ) detected the prostate cancer cases with 87% sensitivity 
and 100% specifi city. 

 Recently,  Lofton-Day et al. (2006)  conducted a study to iden-
tify and validate DNA methylation-based markers for colorectal 
cancer using plasma samples. At a set specifi city of 95%, the lead 
methylation marker (Septin 9) showed in several studies sensitiv-
ity values of 51, 65, and 50%, respectively. In total, approximately 
2000 samples were tested, including over 600 plasma samples from 
colorectal cancer patients, 600 with related non-malignant diseases, 
and over 600 normal controls from an age-matched, colonos-
copy-verifi ed healthy population. Importantly, early-stage cancers 
were identifi ed with the same sensitivity as later stage cancers 
( Lofton-Day et al., 2006 ). The test was able to detect colorectal 
cancers regardless of their location, addressing a critical medical 
need and shortfall of the existing fecal occult blood tests. Once a 
methylation-based screening test is developed, its use can poten-
tially be extended to monitoring for disease recurrence after treat-
ment, similar to the role of PSA for prostate cancer.  

  Methylation Markers for Disease Prognosis 
 Molecular classifi cation holds great promise for assessment of 
optimal treatment options. DNA methylation markers have been 
reported as both prognostic and predictive markers, indicating the 

aggressiveness of tumors and the responsiveness to certain drug 
regimens, respectively. For example, prognostic markers for breast 
cancer are required to determine which patients can be spared 
from aggressive therapy due to very good prognosis. Recently, 
several reports have been published exploring the prognostic rel-
evance of DNA methylation at the promoter of the  PLAU  gene, 
which codes for the matrix remodeling enzyme urokinase-type 
plasminogen activator (uPA) (Guo et al., 2002; Pakneshan et al., 
2004; Xing and Rabbani, 1999). Interestingly,  PLAU -promoter 
DNA methylation was negatively associated with tumor grade; 
grade 1 tumors were frequently methylated and grade 3 tumors 
were unmethylated. These fi ndings are consistent with results 
from large studies that have demonstrated that protein expres-
sion in serum of uPA and its cell surface receptor uPAR are 
important determinants of distant spread of breast cancer ( Look 
et al., 2002 ). 

  Shinozaki et al. (2005)  found that in a panel of 151 primary 
breast tumors, hypermethylation of the  CDH1  gene was signifi -
cantly associated with lymphovascular invasion, infi ltrating ductal 
histology, and lack of estrogen receptor expression. On the other 
hand,  RASSF1A  and  RARB  hypermethylation were signifi -
cantly more common in estrogen receptor-positive and human 
epidermal growth factor receptor 2-positive tumors, respectively. 
Other genes that have been associated with prognosis in breast 
cancer and which appear to be regulated via DNA methylation 
are  CDH3  ( Paredes et al., 2005 ), the tuberous sclerosis (TSC) 
genes  TSC1  and  TSC2  ( Jiang et al., 2005 ), and  LATS1 / LATS2 , 
tumor-suppressor genes that have been implicated in the regula-
tion of the cell cycle ( Takahashi et al., 2005 ). 

 We have recently identifi ed a methylation marker,  PITX2 , 
which predicts outcome in hormone receptor-positive, node-neg-
ative breast cancer patients treated with tamoxifen monotherapy 
( Maier et al., 2004, 2007 ). The marker was originally identifi ed 
and validated in two independent cohorts of patients treated 
with adjuvant tamoxifen monotherapy. The fi ndings were then 
validated in an independent study analyzing paraffi n-embedded 
tumors of 422 node-negative patients treated with tamoxifen only 
after surgery. In the group with low  PITX2  methylation, 94% of 
the patients were metastasis-free after 10 years, compared to only 
84% in the group with high  PITX2  methylation. In a multivariate 
model,  PITX2  methylation added signifi cant information to con-
ventional factors such as tumor size, grade, and age ( Harbeck et al., 
2005 ). Analysis of  PITX2  methylation in a large cohort of patients 
not receiving adjuvant therapy confi rmed that  PITX2  methyla-
tion is a prognostic marker associated with tumor aggressiveness 
( Martens et al., 2005 ). These results provide substantial evidence 
that  PITX2  DNA methylation is suitable for routine clinical use 
in order to predict outcome in node-negative, tamoxifen-treated 
patients, and to identify low-risk patients who can be spared the 
burden of additional cytotoxic therapy.  

  Methylation Markers for Treatment Response 
Prediction 
 A number of studies have provided evidence that specifi c methyl-
ation changes are associated with responses to a variety of cancer 

Clinical Impact of DNA Methylation Analysis ■■  67



68 CHAPTER 6 ■■  DNA Methylation Analysis

therapeutic agents currently used in the clinics (reviewed in 
 Maier et al., 2005 ). These alterations in methylation patterns 
could serve as predictive markers of drug response and be 
used by clinicians and patients to support treatment selection. 
Furthermore, methylation markers could be developed together 
with a novel drug during clinical trials in order to better select 
the patients who are likely to respond. The inclusion of predic-
tive markers in clinical trials is becoming increasingly important 
as more targeted therapies are being tested. 

 Many anti-cancer therapies disturb DNA integrity and thus 
interfere with DNA synthesis and successful cellular replication, 
ultimately inducing cell death. Tumor response to DNA damag-
ing agents is closely linked to expression of several DNA-repair 
enzymes, many of which are regulated by methylation. Resistance 
can result from either a gain of methylation event or loss of meth-
ylation event. Methylation of  MGMT , which codes for a DNA-
repair enzyme, is associated with response to alkylating agents. In 
this case, tumor cells rely on the excess  MGMT  product to spe-
cifi cally repair the damage that occurred during therapy with the 
alkylating agent ( Ludlum, 1990 ).  Esteller et al. (2000)  investigated 
the methylation status of the  MGMT  gene in 47 glioma samples 
from patients treated with the chloroethylating agent carmus-
tine. The  MGMT  promoter region was methylated in 19 (40%) 
of the samples, 12 (63%) of which were from patients who had 

a response to carmustine. Of the 28 tumors with unmethylated 
 MGMT , only 1 patient (4%) responded to the drug ( p   �  0.001, 
univariate analysis).  Paz and coworkers (2004)  found similar results 
in glioma patients.  Balana and colleagues (2003)  demonstrated 
that detection of these treatment response markers might be pos-
sible in serum for disease where affected tissue is unavailable. 

 MLH1 is a mismatch repair enzyme that is activated in 
response to DNA damage. However, MLH1 expression is not 
only required to repair the damage, but also seems to be linked 
to apoptotic signaling: Its activation induces processes leading 
to programmed cell death. Therefore, in contrast to  MGMT , 
methylation of the  MLH1  promoter is associated with resistance 
to DNA damaging agents, such as temozolomide, dacarbazine, 
and cisplatin. Expression of  MLH1  increases the effect of the 
drugs, presumably by acting as a sensor detecting DNA damage 
caused by the drug, and by activating processes that eventually 
lead to apoptosis of the cell ( Agarwal and Kaye, 2003 ;  Brown 
et al., 1997 ;  Karran and Bignami, 1994 ). Other drug classes for 
which methylation markers were shown to be associated with 
tumor response in patients or sensitivity of preclinical mod-
els are taxanes ( CHFR ,  TRAG3 ,  RASSF1 ,  BRCA1 ), platinum 
compounds ( ABCB1 ,  FANCF ,  RASSF1 ), retinoids ( RARB , 
 RBP1 ), and anti-hormonal therapies ( ESR1 ,  ESR2 ,  AR ) ( Maier 
et al., 2005 ).   

2009 UPDATE
The fi eld of epigenetics continues to expand rapidly. In early 
2008, the National Institutes of Health in the U.S. introduced its 
Roadmap Epigenomics Initiative program (http://nihroadmap.
nih.gov/epigenomics/). The program will create epigenome 
mapping and data coordination centers, bolster technology 
development and marker discovery, and drive research on the 
role of epigenetic regulation in health and disease. Meanwhile, 
support for a human epigenome project continues to grow 
internationally (The American Association for Cancer Research 
Human Epigenome Task Force and European Union, Network 
of Excellence, Scientifi c Advisory Board, 2008).

Knowledge of the strengths and limitations of various 
DNA methylation analysis technologies has become more 
sophisticated in the past few years, and researchers are begin-
ning to experiment with “next generation” bisulfi te sequenc-
ing (Taylor et al., 2007; Meissner et al., 2008). This high 
throughput method is likely to be more quantitative and 
sensitive than previous methods, and will also give research-
ers more qualitative information on patterns of CpG methyla-
tion across a region of the genome. As genomic methodology 
expands in many areas, researchers are developing computa-
tional approaches to combine information from multiple layers 
of genomic, epigenomic, and proteomic analyses.

Recent research continues to explore the relationship 
between DNA methylation and various chromatin altera-
tions. The multiple levels of epigenetic control seem to offer 

an intricate system for controlling expression in cells such as 
embryonic stem cells and for priming the cells for response 
to future events (Ku et al., 2008). As we gain insight into the 
functioning of this system in normal cells, we are also begin-
ning to understand how aberrant methylation events arise 
in neoplastic cells (Schlesinger et al., 2007). In fact, some 
researchers are experimenting with predicting sites of aberrant 
methylation based on DNA sequence motifs and polycomb 
binding sites (McCabe et al., 2009).

While our knowledge of DNA methylation events in 
oncology continues to grow, recent research has begun to 
elucidate the role of DNA methylation outside of cancer, 
including mental illness, infertility, and obesity (Houshdaran 
et al., 2007). For example, Mill et al. (2008) used a combined 
genome-wide screen and candidate gene approach to fi nd evi-
dence of altered DNA methylation near genes in the gluta-
matergic and GABAergic neurotransmission pathways in 
post-mortem brains from individuals with schizophrenia and 
bipolar disorder.

Recent research has also shown that DNA methylation 
marks can be long-standing, inherited through several genera-
tions, or can be quite dynamic, responding to precisely timed 
signals. The evidence of epigenetic inheritance comes mostly 
from studies of the effect of exposure of model organisms to 
environmental toxins (Nilsson et al., 2008), but epidemiological 
studies suggest a possible role in humans as well (Kaati et al., 



2007). In contrast, dynamic alterations in methylation of cer-
tain genes is involved in memory formation in experiments in 
which fear conditioning in rats resulted in rapid methylation 
changes that are reversed within 24 hours (Miller and Sweatt 
2007).

Advances in our understanding of the role of DNA meth-
ylation in disease are also starting to pay off in clinical prac-
tice. The Presept trial, which began enrolling patients in 2008 

(http://www.presept.net), is designed to test the promising 
Septin 9 methylation assay for early detection of colorec-
tal cancer in plasma (Grützmann et al., 2008). Clinical testing 
for MGMT methylation, a valuable biomarker that predicts 
response of glioblastomas to radiation therapy and alkylating 
agents, became available in 2008. In coming years, we expect 
to see numerous other examples of the clinical benefi ts of the 
extensive work being done in the fi eld of epigenetics.

2009 UPDATE REFERENCES

American Association for Cancer Research Human Epigenome Task 
Force and European Union, Network of Excellence, Scientifi c 
Advisory Board (2008). Moving AHEAD with an international 
human epigenome project. Nature 454, 711–715.

Grützmann, R., Molnar, B., Pilarsky, C., Habermann, J., Schlag, P., 
Saeger, H., Miehlke, S., Stolz, T., Model, F., Roblick, U. et al. 
(2008). Sensitive detection of colorectal cancer in peripheral 
blood by septin 9 DNA methylation assay. PLoS ONE 3, e3759.

Houshdaran, S., Cortessis, V., Siegmund, K., Yang, A., Laird, P. and 
Sokol, R. (2007). Widespread epigenetic abnormalities suggest 
a broad DNA methylation erasure defect in abnormal human 
sperm. PLoS ONE 2, e1289.

Kaati, G., Bygren, L., Pembrey, M. and Sjöström, M. (2007). Trans-
generational response to nutrition, early life circumstances and 
longevity. Eur J Hum Genet 15, 784–790.

Ku, M., Koche, R., Rheinbay, E., Mendenhall, E., Endoh, M., 
Mikkelsen, T., Presser, A., Nusbaum, C., Xie, X., Chi, A. et al. 
(2008). Genomewide analysis of PRC1 and PRC2 occu-
pancy identifi es two classes of bivalent domains. PLoS Genet 4, 
e1000242.

McCabe, M., Lee, E. and Vertino, P. (2009). A multifactorial signature 
of DNA sequence and polycomb binding predicts aberrant CpG 
island methylation. Cancer Res 69, 282–291.

Meissner, A., Mikkelsen, T., Gu, H., Wernig, M., Hanna, J., Sivachenko, 
A., Zhang, X., Bernstein, B., Nusbaum, C., Jaffe, D. et al. (2008). 
Genome-scale DNA methylation maps of pluripotent and dif-
ferentiated cells. Nature 454, 766–770.

Mill, J., Tang, T., Kaminsky, Z., Khare, T., Yazdanpanah, S., Bouchard, L., 
Jia, P., Assadzadeh, A., Flanagan, J., Schumacher, A. et al. (2008). 
Epigenomic profi ling reveals DNA-methylation changes associ-
ated with major psychosis. Am J Hum Genet 82, 696–711.

Miller, C. and Sweatt, J. (2007). Covalent modifi cation of DNA regu-
lates memory formation. Neuron 53, 857–869.

Nilsson, E., Anway, M., Stanfi eld, J. and Skinner, M. (2008). Trans-
generational epigenetic effects of the endocrine disruptor 
vinclozolin on pregnancies and female adult onset disease. 
Reproduction 135, 713–721.

Schlesinger, Y., Straussman, R., Keshet, I., Farkash, S., Hecht, M., 
Zimmerman, J., Eden, E., Yakhini, Z., Ben-Shushan, E., 
Reubinoff, B.E. et al. (2007). Polycomb-mediated methylation 
on Lys27 of histone H3 pre-marks genes for de novo methylation 
in cancer. Nat Genet 39, 232–236.

Taylor, K., Kramer, R., Davis, J., Guo, J., Duff, D., Xu, D., Caldwell, C. 
and Shi, H. (2007). Ultradeep bisulfi te sequencing analysis of 
DNA methylation patterns in multiple gene promoters by 454 
sequencing. Cancer Res 67, 8511–8518. 

        Adorjan ,    P.  ,   Distler ,    J.  ,   Lipscher ,    E.  ,   Model ,    F.  ,   Muller ,    J.  ,   Pelet ,    C.  , 
  Braun ,    A.  ,   Florl ,    A.  ,   Gutig ,    D.  ,   Grabs ,    G.             et al.        ( 2003 ).        Tumor class 
prediction and discovery by microarray-based DNA methylation 
analysis    .      Nucleic Acids Res         30         ,  e21      .        

        Agarwal ,    R.   and   Kaye ,    S.B.                ( 2003 ).        Ovarian cancer: Strategies for over-
coming resistance to chemotherapy    .      Nat Rev Cancer         7         ,  502  –       516   .        

        Amir ,    R.E.  ,   Van den Veyver ,    I.B.  ,   Wan ,    M.  ,   Tran ,    C.Q.  ,   Francke ,    U.   and 
  Zoqhbi ,    H.Y.                ( 1999 ).        Rett syndrome is caused by mutations in 
X-linked MECP2, encoding methyl-CpG-binding protein 2    .      Nat 
Genet         23         ,  185  –       188   .        

        Baker ,    S.J.  ,   Preisinger ,    A.C.  ,   Jessup ,    J.M.  ,   Paraskeva ,    C.  ,   Markowitz ,    S.  , 
  Willson ,    J.K.  ,   Hamilton ,    S.   and   Vogelstein ,    B.                ( 1990 ).        p53 gene 
mutations occur in combination with 17p allelic deletions as late 
events in colorectal tumorigenesis    .      Cancer Res         50         ,  7717  –       7722   .        

        Balana ,    C.  ,   Ramirez ,    J.  ,   Taron ,    M.  ,   Roussos ,    Y.  ,   Ariza ,    A.  ,   Ballester , 
   R.  ,   Sarries ,    C.  ,   Mendez ,    P.  ,   Sanchez ,    J.   and   Rosell ,    R.                ( 2003 ).        
O6-methyl-guanine-DNA methyltransferase methylation in serum 

REFERENCES

and tumor DNA predicts response to 1,3-bis(2-chloroethyl)-1-
nitrosourea but not to temozolamide plus cisplatin in glioblastoma 
multiforme    .      Clin Cancer Res         9         ,  1461  –       1468   .        

        Bartolomei ,    M.S.  ,   Webber ,    A.L.  ,   Brunkow ,    M.E.   and   Tilghman ,    S.M.                
( 1993 ).        Epigenetic mechanisms underlying the imprinting of the 
mouse H19 gene    .      Genes Dev         7         ,  1663  –       1673   .        

        Bastepe ,    M.  ,   Lane ,    A.H.   and   Jueppner ,    H.                ( 2001 ).        Paternal uniparen-
tal isodisomy of chromosome 20q – and the resulting changes in 
GNAS1 methylation – as a plausible cause of pseudohypoparathy-
roidism    .      Am J Hum Genet         68         ,  1283  –       1289   .        

       Berlin, K., Cardon, K. and Ballhause, M. (2005). Improved bisulfi te con-
version of DNA. Patent WO 2005/038051.      

        Bird ,    A.P.   and   Southern ,    E.M.                ( 1978 ).        Use of restriction enzymes to 
study eukaryotic DNA methlation: I, The methylation pattern in 
ribosomal DNA from Xenopus laevis    .      J Mol Biol         118         ,  27  –       47   .        

        Brown ,    R.  ,   Hirst ,    G.  ,   Gallagher ,    W.  ,   McIlwrath ,    A.  ,   Margison ,    G.  ,   van der 
Zee ,    A.   and   Anthoney ,    D.                ( 1997 ).        hMLH1 expression and cellular 

References ■  69



70 CHAPTER 6 ■■  DNA Methylation Analysis

responses of ovarian tumour cells to treatment with cytotoxic 
anticancer agents    .      Oncogene         15         ,  45  –       52   .        

        Chen ,    R.  ,   Pettersson ,    U.  ,   Beard ,    C.  ,   Jackson-Grusby ,    L.   and   Jaenisch ,    R.                
( 1998 ).        DNA hypomethylation leads to elevated mutation rates    . 
     Nature         395         ,  89  –       93   .        

        Colella ,    S.  ,   Shen ,    L.  ,   Baggerly ,    K.A.  ,   Issa ,    J.-P.J.   and   Krahe ,    R.                ( 2003 ). 
       Sensitive and quantitative universal Pyrosequencing methylation 
analysis of CpG sites    .      BioTechniques         35         ,  146  –       150   .        

        Costello ,    J.F.  ,   Fruhwald ,    M.C.  ,   Smiraglia ,    D.J.  ,   Rush ,    L.J.  ,   
Robertson ,    G.P.  ,   Gao ,    X.  ,   Wright ,    F.A.  ,   Feramisco ,    J.D.  ,   Peltomaki ,    P.  , 
  Lang ,    J.C.             et al.        ( 2000 ).        Aberrant CpG-island methylation has non-
random and tumour-type-specifi c patterns    .      Nat Genet         24         ,  132  –       138   .        

        Costello ,    J.F.  ,   Smiraglia ,    D.J.   and   Plass ,    C.                ( 2002 ).        Restriction landmark 
genome scanning    .      Methods         27         ,  144  –       149   .        

        Cottrell ,    S.   and   Laird ,    P.                ( 2003 ).        Sensitive detection of DNA methyla-
tion    .      Ann N Y Acad Sci         983         ,  120  –       130   .        

        Cottrell ,    S.  ,   Distler ,    J.  ,   Goodman ,    N.  ,   Mooney ,    S.  ,   Kluth ,    A.  ,   Olek ,    A.  , 
  Schwope ,    I.  ,   Tetzner ,    R.  ,   Ziebarth ,    H.   and   Berlin ,    K.                ( 2004 ).        A real-
time PCR assay for DNA-methylation using methylation-specifi c 
blockers    .      Nucleic Acids Res         32         ,  e10      .        

        Cross ,    S.H.  ,   Charlton ,    J.A.  ,   Nan ,    X.   and   Bird ,    A.P.                ( 1994 ).        Purifi cation of 
CpG islands using a methylated DNA binding column    .      Nat Genet        
 6         ,  236  –       244   .        

        Cunningham ,    J.M.  ,   Christensen ,    E.R.  ,   Tester ,    D.J.  ,   Kim ,    C.Y.  ,   Roche ,    P.C.  , 
  Burgart ,    L.J.   and   Thibodeau ,    S.N.                ( 1998 ).        Hypermethylation of the 
hMLH1 promoter in colon cancer with microsatellite instability    . 
     Cancer Res         58         ,  3455  –       3460   .        

        Eads ,    C.  ,   Danenberg ,    K.  ,   Kawakami ,    K.  ,   Saltz ,    L.  ,   Blake ,    C.  ,   Shibata ,    D.  , 
  Danenberg ,    P.   and   Laird ,    P.                ( 2000 ).        MethyLight: A high-throughput 
assay to measure DNA methylation    .      Nucleic Acids Res         28         ,  E32      .        

        Eckhardt ,    F.  ,   Lewin ,    J.  ,   Cortese ,    R.  ,   Rakyan ,    V.K.  ,   Attwood ,    J.  ,   Burger ,    M.  , 
  Burton ,    J.  ,   Cox ,    T.V.  ,   Davies ,    R.  ,   Down ,    T.A.             et al.        ( 2006 ).        DNA 
methylation profi ling of human chromosomes 6, 20, and 22    .      Nat 
Genet         38         ,  1378  –       1385   .        

        Ehrlich ,    M.  ,   Gama-Sosa ,    M.A.  ,   Huang ,    L.H.  ,   Midgett ,    R.M.  ,   Kuo ,    K.C.  , 
  McCune ,    R.A.   and   Gehrke ,    C.                ( 1982 ).        Amount and distribution of 
5-methylcytosine in human DNA from different types of tissues 
of cells    .      Nucleic Acids Res         10         ,  2709  –       2721   .        

        El-Maarri ,    O.  ,   Herbiniaux ,    U.  ,   Walter ,    J.   and   Oldenburg ,    J.                ( 2002 ). 
       A rapid, quantitative, non-radioactive bisulfi te-SNuPE- IP RP 
HPLC assay for methylation analysis at specifi c CpG sites    .      Nucleic 
Acids Res         30         ,  e25      .        

            ENCODE Project Consortium          ( 2007 ).        Identifi cation and analy-
sis of functional elements in 1% of the human genome by the 
ENCODE pilot project    .      Nature         447         ,  799  –       816   .        

        Esteller ,    M.                ( 2006 ).        The necessity of a human epigenome project    . 
     Carcinogenesis         27         ,  1121  –       1125   .        

        Esteller ,    M.  ,   Garcia-Foncillas ,    J.  ,   Andion ,    E.  ,   Goodman ,    S.  ,   Hidalgo ,    O.  , 
  Vanaclocha ,    V.  ,   Baylin ,    S.   and   Herman ,    J.                ( 2000 ).        Inactivation of the 
DNA-repair gene MGMT and the clinical response of gliomas to 
alkylating agents    .      N Engl J Med         343         ,  1350  –       1354   .        

        Feinberg ,    A.P.                ( 2004 ).        The epigenetics of cancer etiology    .      Semin Cancer 
Biol         14         ,  427  –       432   .        

        Feinberg ,    A.P.                ( 2007 ).        Phenotypic plasticity and the epigenetics of 
human disease    .      Nature         447         ,  433  –       440   .        

        Frommer ,    M.  ,   McDonald ,    L.E.  ,   Millar ,    D.S.  ,   Collis ,    C.M.  ,   Watt ,    F.  ,   
Griff ,    G.W.  ,   Molloy ,    P.L.   and   Paul ,    C.L.                ( 1992 ).        A genomic 
sequencing protocol that yields a positive display of 5-methylcy-
tosine residues in individual DNA strands    .      Proc Natl Acad Sci USA        
 89         ,  1827  –       1831   .        

        Fukasawa ,    M.  ,   Kimura ,    M.  ,   Morita ,    S.  ,   Matsubara ,    K.  ,   Yamanaka ,    S.  , 
  Endo ,    C.  ,   Sakurada ,    A.  ,   Sato ,    M.  ,   Kondo ,    T.  ,   Horii ,    A.             et al.        ( 2006 ). 
       Microarray analysis of promoter methylation in lung cancers    . 
     J Hum Genet         51         ,  368  –       374   .        

        Gebhard ,    C.  ,   Schwarzfi scher ,    L.  ,   Pham ,    T.H.  ,   Schilling ,    E.  ,   Klug ,    M.  , 
  Andreesen ,    R.   and   Rehli ,    M.                ( 2006 ).        Genome-wide profi ling of 
CpG methylation identifi es novel targets of aberrant hypermeth-
ylation in myeloid leukaemia    .      Cancer Res         66         ,  6118  –       6128   .        

        Gonzalgo ,    M.L.   and   Jones ,    P.A.                ( 1997 ).        Rapid quantitation of methyla-
tion differences at specifi c sites using methylation-sensitive single 
nucleotide primer extension (Ms-SNuPE)    .      Nucleic Acids Res         25         , 
 2529  –       2531   .        

        Grady ,    W.M.                ( 2005 ).        Epigenetic events in the colorectum and in colon 
cancer    .      Biochem Soc Trans         33         ,  684  –       688   .        

        Grayson ,    D.R.  ,   Jia ,    X.  ,   Chen ,    Y.  ,   Sharma ,    R.P.  ,   Mitchell ,    C.P.  ,   Guidotti ,    A.   
and   Costa ,    E.                ( 2005 ).        Reelin promoter hypermethylation in schiz-
ophrenia    .      Proc Natl Acad Sci USA         102         ,  9341  –       9346   .        

        Grunau ,    C.  ,   Clark ,    S.J.   and   Rosenthal ,    A.                ( 2001 ).        Bisulfi te genomic 
sequencing: Systematic investigation of critical experimental 
parameters    .      Nucleic Acids Res         29         ,  e65  –       e65   .        

        Hansen ,    R.S.  ,   Wijmenga ,    C.  ,   Luo ,    P.  ,   Stanek ,    A.M.  ,   Canfi eld ,    T.K.  , 
  Weemaes ,    C.M.   and   Gartler ,    S.M.                ( 1999 ).        The DNMT3B DNA 
methyltransferase gene is mutated in the ICF immunodefi ciency 
syndrome    .      Proc Natl Acad Sci USA         96         ,  14412  –       14417   .        

        Harbeck ,    N.  ,   Bohlmann ,    I.  ,   Ross ,    J.S.  ,   Gruetzmann ,    R.  ,   Kristiansen ,    G.  , 
  Margossian ,    A.  ,   Hartmann ,    A.  ,   Cufer ,    T.  ,   Paradiso ,    A.   and   Maier ,    S.        
EpiBreast Group          ( 2005 ).        Multicenter study validates PITX2 DNA 
methylation for risk prediction in tamoxifen-treated, node-nega-
tive breast cancer using paraffi n-embedded tumor tissue    .      J Clin 
Oncol (ASCO Annual Meeting Proceedings)         23         ,  505      .        

        Hatada ,    I.  ,   Hayashizaki ,    Y.  ,   Hirotsune ,    S.  ,   Komatsubara ,    H.   and   Mukai ,    T.                
( 1991 ).        A genomic scanning method for higher organisms 
using restriction sites as landmarks    .      Proc Natl Acad Sci USA         88         , 
 9523  –       9527   .        

        Hayashi ,    H.  ,   Nagae ,    G.  ,   Tsutsumi ,    S.  ,   Kaneshiro ,    K.  ,   Kozaki ,    T.  ,   Kaneda ,    A.  , 
  Sugisaki ,    H.   and   Aburatani ,    H.                ( 2007 ).        High-resolution mapping of 
DNA methylation in human genome using oligonucleotide tiling 
array    .      Hum Genet         120         ,  701  –       711   .        

        Hellman ,    A.   and   Chess ,    A.                ( 2007 ).        Gene body-specifi c methylation on 
the active X chromosome    .      Science         315         ,  1141  –       1143   .        

        Henrique ,    R.   and   Jeronimo ,    C.                ( 2004 ).        Molecular detection of 
prostate cancer: A role for GSTP1 hypermethylation    .      Eur Urol         46         , 
 660  –       669   .        

        Henrique ,    R.  ,   Jeronimo ,    C.  ,   Teixeira ,    M.R.  ,   Hoque ,    M.O.  ,   Carvalho ,    A.L.  ,  
 Pais ,    I.  ,   Ribeiro ,    F.R.  ,   Oliveira ,    J.  ,   Lopes ,    C.   and   Sidransky ,    D.                
( 2006 ).        Epigenetic heterogeneity of high-grade prostatic intraepi-
thelial neoplasia: Clues for clonal progression in prostate carcino-
genesis    .      Mol Cancer Res         4         ,  1  –       8   .        

        Herman ,    J.G.   and   Baylin ,    S.B.                ( 2003 ).        Gene silencing in cancer in 
association with promoter hypermethylation    .      N Engl J Med         349         , 
 2042  –       2054   .        

        Herman ,    J.G.  ,   Graff ,    J.R.  ,   Myohanen ,    S.  ,   Nelkin ,    B.D.   and   Baylin ,    S.B.                
( 1996 ).        Methylation-specifi c PCR: A novel PCR assay for methyl-
ation status of CpG islands    .      Proc Natl Acad Sci USA         93         ,  9821  –       9826   .        

        Hitchins ,    M.P.  ,   Wong ,    J.J.  ,   Suthers ,    G.  ,   Suter ,    C.M.  ,   Martin ,    D.I.  , 
  Hawkins ,    N.J.   and   Ward ,    R.L.                ( 2007 ).        Inheritance of a cancer-
associated MLH1 germ-line epimutation    .      N Engl J Med         356         , 
 731  –       733   .        

        Holdenrieder ,    S.  ,   Stieber ,    P.  ,   Bodenmuller ,    H.  ,   Busch ,    M.  ,   Fertig ,    G.  , 
  Furst ,    H.  ,   Schalhorn ,    A.  ,   Schmeller ,    N.  ,   Untch ,    M.   and   Seidel ,    D.                



( 2001 ).        Nucleosomes in serum of patients with benign and malig-
nant diseases    .      Int J Cancer         95         ,  114  –       120   .        

        Hoque ,    M.O.  ,   Topaloglu ,    O.  ,   Begum ,    S.  ,   Henrique ,    R.  ,   Rosenbaum ,    E.  , 
  Van Criekinge ,    W.  ,   Westra ,    W.H.   and   Sidransky ,    D.                ( 2005 ). 
       Quantitative methylation-specifi c polymerase chain reaction gene 
patterns in urine sediment distinguish prostate cancer patients 
from control subjects    .      J Clin Oncol         23         ,  6569  –       6575   .        

        Huang ,    T.H.  ,   Perry ,    M.R.   and   Laux ,    D.E.                ( 1999 ).        Methylation profi ling 
of CpG islands in human breast cancer cells    .      Hum Mol Genet         8         , 
 459  –       470   .        

        Jahr ,    S.  ,   Hentze ,    H.  ,   Englisch ,    S.  ,   Hardt ,    D.  ,   Fackelmayer ,    F.O.  ,   Hesch ,    R.D.   
and   Knippers ,    R.                ( 2001 ).        DNA fragments in the blood plasma of 
cancer patients: Quantitations and evidence for their origin from 
apoptotic and necrotic cells    .      Cancer Res         61         ,  1659  –       1665   .        

        Januchowski ,    R.  ,   Prokop ,    J.   and   Jagodzinski ,    P.P.                ( 2004 ).        Role of epige-
netic DNA alterations in the pathogenesis of systemic lupus ery-
thematosus    .      J Appl Genet         45         ,  237  –       248   .        

        Jiang ,    W.G.  ,   Sampson ,    J.  ,   Martin ,    T.A.  ,   Lee-Jones ,    L.  ,   Watkins ,    G.  , 
  Douglas-Jones ,    A.  ,   Mokbel ,    K.   and   Mansel ,    R.E.                ( 2005 ).        Tuberin 
and hamartin are aberrantly expressed and linked to clinical 
outcome in human breast cancer: The role of promoter methyla-
tion of TSC genes    .      Eur J Cancer         41         ,  1628  –       1636   .        

        Jones ,    P.A.   and   Laird ,    P.W.                ( 1999 ).        Cancer epigenetics comes of age    .      Nat 
Genet         21         ,  163  –       167   .        

        Jones ,    P.A.   and   Baylin ,    S.B.                ( 2002 ).        The fundamental role of epigenetic 
events in cancer    .      Nat Rev Genet         3         ,  415  –       428   .        

        Jones ,    P.A.   and   Martienssen ,    R.                ( 2005 ).        A blueprint for a Human 
Epigenome Project: The AACR Human Epigenome Workshop    . 
     Cancer Res         65         ,  11241  –       11246   .        

        Karran ,    P.   and   Bignami ,    M.                ( 1994 ).        DNA damage tolerance, mismatch 
repair and genome instability    .      Bioessays         16         ,  833  –       839   .        

        Kim ,    J.  ,   Kim ,    J.Y.  ,   Song ,    K.S.  ,   Lee ,    Y.H.  ,   Seo ,    J.S.  ,   Jelinek ,    J.  , 
  Goldschmidt-Clermont ,    P.J.   and   Issa ,    J.P.                ( 2007 ).        Epigenetic 
changes in estrogen receptor beta gene in atherosclerotic cardio-
vascular tissues and in-vitro vascular senescence    .      Biochim Biophys 
Acta         1772         ,  72  –       80   .        

        Krueger ,    T.  ,   Wild ,    C.   and   Noyer-Weidner ,    M.                ( 1995 ).        McrB: A prokary-
otic protein specifi cally recognizing DNA containing modifi ed 
cytosine residues    .      EMBO J         14         ,  2661  –       2669   .        

        Laird ,    P.W.                ( 2003 ).        The power and promise of DNA methylation mark-
ers    .      Nat Rev Cancer         3         ,  253  –       266   .        

        Lander ,    E.  ,   Linton ,    L.  ,   Birren ,    B.  ,   Nusbaum ,    C.  ,   Zody ,    M.  ,   Baldwin ,    J.  , 
  Devon ,    K.  ,   Dewar ,    K.  ,   Dewar ,    I.  ,   Doyle ,    M.             et al.        ( 2001 ).        Initial 
sequencing and analysis of the human genome    .      Nature         409         ,  860  –       921   .        

        Lewin ,    J.  ,   Plum ,    A.  ,   Hildmann ,    T.  ,   Rujan ,    T.  ,   Eckhardt ,    F.  ,   Liebenberg ,    V.  ,   
Lofton-Day ,    C.   and   Wasserkort ,    R.                ( 2007 ).        Comparative DNA 
methylation analysis in normal and tumour tissues and in cancer 
cell lines using differential methylation hybridisation    .      Int J Biochem 
Cell Biol         39         ,  1539  –       1550   .        

        Liang ,    G.  ,   Gonzalgo ,    M.L.  ,   Salem ,    C.   and   Jones ,    P.A.                ( 2002 ). 
       Identifi cation of DNA methylation differences during tumorigen-
esis by methylation-sensitive arbitrarily primed polymerase chain 
reaction    .      Methods         27         ,  150  –       155   .        

       Lofton-Day, C., Model, F., Tetzner, R., deVos, T., Schuster, M., Lesche, R., 
Sledziewski, A. and Day, R. (2006). A real-time PCR test for 
Septin 9 gene methylation identifi es early stage colorectal cancer 
in plasma. 97th Annual Meeting of the AACR. Abstract LB-224.      

        Look ,    M.P.  ,   van Putten ,    W.L.  ,   Duffy ,    M.J.  ,   Harbeck ,    N.  ,   Christensen ,    I.J.  , 
  Thomssen ,    C.  ,   Kates ,    R.  ,   Spyratos ,    F.  ,   Ferno ,    M.   and   Eppenberger-
Castori ,    S.                ( 2002 ).        Pooled analysis of prognostic impact of 

urokinase-type plasminogen activator and its inhibitor PAI-1 in 
8377 breast cancer patients    .      J Natl Cancer Inst         94         ,  116  –       128   .        

        Lopatina ,    N.  ,   Haskell ,    J.F.  ,   Andrews ,    L.G.  ,   Poole ,    J.C.  ,   Saldanha ,    S.   and 
  Tollefsbol ,    T.                ( 2002 ).        Differential maintenance and de novo meth-
ylating activity by three DNA methyltransferases in aging and 
immortalized fi broblasts    .      J Cell Biochem         84         ,  324  –       334   .        

        Ludlum ,    D.B.                ( 1990 ).        DNA alkylation by the haloethylnitrosoureas: 
Nature of modifi cations produced and their enzymatic repair or 
removal    .      Mutat Res         233         ,  117  –       126   .        

        Lund ,    G.  ,   Andersson ,    L.  ,   Lauria ,    M.  ,   Lindholm ,    M.  ,   Fraga ,    M.F.  ,   Villar-
Garea ,    A.  ,   Ballestar ,    E.  ,   Esteller ,    M.   and   Zaina ,    S.                ( 2004 ).        DNA 
methylation polymorphisms precede any histological sign of 
atherosclerosis in mice lacking apolipoprotein E    .      J Biol Chem         279         , 
 29147  –       29154   .        

        Maier ,    S.  ,   Nimmrich ,    I.  ,   Marx ,    A.  ,   Eppenberger-Castori ,    S.  ,   Jaenicke ,    F.  ,   
Paradiso ,    A.  ,   Spyratos ,    F.  ,   Foekens ,    J.  ,   Schmitt ,    M.   and   Harbeck ,    N.                
( 2004 ).        DNA methylation profi le predicts risk of recurrence in 
tamoxifen-treated, node-negative breast cancer patients    .      J Clin 
Oncol (ASCO Annual Meeting Proceedings)         22         ,  525      .        

        Maier ,    S.  ,   Dahlstroem ,    C.  ,   Haefl iger ,    C.  ,   Plum ,    A.   and   Piepenbrock ,    C.                
( 2005 ).        Identifying DNA methylation biomarkers of cancer drug 
response    .      Am J Pharmacogenomics         5         ,  223  –       232   .        

        Maier ,    S.  ,   Nimmrich ,    I.  ,   Koenig ,    T.  ,   Eppenberger-Castori ,    S.  ,   Bohlmann ,    I.  , 
  Paradiso ,    A.  ,   Spyratos ,    F.  ,   Thomssen ,    C.  ,   Mueller ,    V.  ,   Naehrig ,    J.             
et al.        ( 2007 ).        DNA-methylation of the homeodomain transcription 
factor PITX2 reliably predicts risk of distant disease recurrence in 
tamoxifen-treated, node-negative breast cancer patients – Technical 
and clinical validation in a multi-center setting in collaboration with 
the European Organisation for Research and Treatment of Cancer 
(EORTC) PathoBiology group    .      Eur J Cancer         43         ,  1679  –       1686   .        

       Martens, J.W., Maier, S., Schwope, I., Koenig, T., Hartmann, O., Kluth, A., 
Look, M., Harbeck, N., Bolt-de Vries, J., Sieuwerts, A. et al. (2005). 
DNA-hypermethylation of PITX2 and risk of cancer recurrence 
in lymph node-negative hormone receptor-positive breast cancer 
patients. 96th Annual Meeting of the AACR. Abstract 2762.      

        Mohandas ,    T.  ,   Sparkes ,    R.S.   and   Shapiro ,    L.J.                ( 1981 ).        Reactivation of an 
inactive human X chromosome: Evidence for X inactivation by 
DNA methylation    .      Science         211         ,  393  –       396   .        

        Nicholls ,    R.D.   and   Knepper ,    J.L.                ( 2001 ).        Genome organization, func-
tion, and imprinting in Prader-Willi and Angelman syndromes    . 
     Annu Rev Genomics Hum Genet         2         ,  153  –       175   .        

        Oberle ,    I.  ,   Rousseau ,    F.  ,   Heitz ,    D.  ,   Kretz ,    C.  ,   Devys ,    D.  ,   Hanauer ,    A.  , 
  Boue ,    J.  ,   Bertheas ,    M.F.   and   Mandel ,    J.L.                ( 1991 ).        Instability of a 
550-base pair DNA segment and abnormal methylation in fragile 
X syndrome    .      Science         252         ,  1097  –       1102   .        

        Ogino ,    S.  ,   Kawasaki ,    T.  ,   Brahmandam ,    M.  ,   Cantor ,    M.  ,   Kirkner ,    G.J.  , 
  Spiegelman ,    D.  ,   Makrigiorgos ,    G.M.  ,   Weisenberger ,    D.J.  ,   Laird ,    P.W.  , 
  Loda ,    M.             et al.        ( 2006 a).        Precision and performance characteristics 
of bisulfi te conversion and real-time PCR (MethyLight) for quan-
titative DNA methylation analysis    .      J Mol Diagn         8         ,  209  –       217   .        

        Ogino ,    S.  ,   Cantor ,    M.  ,   Kawasaki ,    T.  ,   Brahmandam ,    M.  ,   Kirkner ,    G.  , 
  Weisenberger ,    D.J.  ,   Campan ,    M.  ,   Laird ,    P.W.  ,   Loda ,    M.   and 
  Fuchs ,    C.S.                ( 2006 b  ).        CpG island methylator phenotype (CIMP) of 
colorectal cancer is best characterized by quantitative DNA meth-
ylation analysis and prospective cohort studies    .      Gut         55         ,  1000  –       1006   .        

        Okada ,    M.  ,   Ogasawara ,    H.  ,   Kaneko ,    H.  ,   Hishikawa ,    T.  ,   Sekigawa ,    I.  , 
  Hashimoto ,    H.  ,   Maruyama ,    N.  ,   Kaneko ,    Y.   and   Yamamoto ,    N.                
( 2002 ).        Role of DNA methylation in transcription of human 
endogenous retrovirus in the pathogenesis of systemic lupus ery-
thematosus    .      J Rheumatol         29         ,  1978  –       1982   .        

References ■■  71



72 CHAPTER 6 ■■  DNA Methylation Analysis

        Okano ,    M.  ,   Bell ,    D.W.  ,   Haber ,    D.A.   and   Li ,    E.                ( 1999 ).        DNA methyl-
transferases Dnmt3a and Dnmt3b are essential for de novo meth-
ylation and mammalian development    .      Cell         99         ,  247  –       257   .        

        Paredes ,    J.  ,   Albergaria ,    A.  ,   Oliveira ,    J.T.  ,   Jeronimo ,    C.  ,   Milanezi ,    F.   and 
  Schmitt ,    F.C.                ( 2005 ).        P-cadherin overexpression is an indicator 
of clinical outcome in invasive breast carcinomas and is associ-
ated with CDH3 promoter hypomethylation    .      Clin Cancer Res         11         , 
 5869  –       5877   .        

        Paz ,    M.F.  ,   Yaya-Tur ,    R.  ,   Rojas-Marcos ,    I.  ,   Reynes ,    G.  ,   Pollan ,    M.  , 
  Aguirre-Cruz ,    L.  ,   Garcia-Lopez ,    J.L.  ,   Piquer ,    J.  ,   Safont ,    M.J.   and 
  Balana ,    C.                ( 2004 ).        CpG island hypermethylation of the DNA 
repair enzyme methyltransferase predicts response to temozolo-
mide in primary gliomas    .      Clin Cancer Res         10         ,  4933  –       4938   .        

        Powell ,    S.M.  ,   Zilz ,    N.  ,   Beazer-Barclay ,    Y.  ,   Bryan ,    T.M.  ,   Hamilton ,    S.R.  , 
  Thibodeau ,    S.N.  ,   Vogelstein ,    B.   and   Kinzler ,    K.W.                ( 1992 ).        APC 
mutations occur early during colorectal tumorigenesis    .      Nature         359         , 
 235  –       237   .        

        Richardson ,    B.C.                ( 2002 ).        Role of DNA methylation in the regula-
tion of cell function: Autoimmunity, aging and cancer    .      J Nutr         132         , 
 2401S  –       2405S   .        

        Schuster ,    M.                ( 2004 ).        DNA methylation analysis: A powerful diagnostic 
tool    .      J Lab Med         28         ,  233  –       238   .        

        Shimabukuro ,    M.  ,   Sasaki ,    T.  ,   Imamura ,    A.  ,   Tsujita ,    T.  ,   Fuke ,    C.  ,   
Umekage ,    T.  ,   Tochigi ,    M.  ,   Hiramatsu ,    K.  ,   Miyazaki ,    T.  ,   Oda ,    T.             et al.        
( 2006 ).        Global hypomethylation of peripheral leukocyte DNA in 
male patients with schizophrenia: A potential link between epige-
netics and schizophrenia    .      J Psychatr Res                     e-publication     .

        Shinozaki ,    M.  ,   Hoon ,    D.S.  ,   Giuliano ,    A.E.  ,   Hansen ,    N.M.  ,   Wang ,    H.J.  , 
  Turner ,    R.   and   Taback ,    B.                ( 2005 ).        Distinct hypermethylation pro-
fi le of primary breast cancer is associated with sentinel lymph 
node metastasis    .      Clin Cancer Res         11         ,  2156  –       2162   .        

        Stirzaker ,    C.  ,   Song ,    J.Z.  ,   Davidson ,    B.   and   Clark ,    S.J.                ( 2004 ). 
       Transcriptional gene silencing promotes DNA hypermethylation 
through a sequential change in chromatin modifi cations in cancer 
cells    .      Cancer Res         64         ,  3871  –       3877   .        

        Takahashi ,    Y.  ,   Miyoshi ,    Y.  ,   Takahata ,    C.  ,   Irahara ,    N.  ,   Taguchi ,    T.  ,   Tamaki ,    Y.   
and   Noguchi ,    S.                ( 2005 ).        Down-regulation of LATS1 and LATS2 
mRNA expression by promoter hypermethylation and its associa-
tion with biologically aggressive phenotype in human breast can-
cers    .      Clin Cancer Res         11         ,  1380  –       1385   .        

        Takai ,    D.   and   Jones ,    P.A.                ( 2002 ).        Comprehensive analysis of CpG islands 
in human chromosomes 21 and 22    .      Proc Natl Acad Sci USA         99         , 
 3740  –       3745   .        

        Taylor ,    K.H.  ,   Pena-Hernandez ,    K.E.  ,   Davis ,    J.W.  ,   Arthur ,    G.L.  ,   Duff ,    D.J.  , 
  Shi ,    H.  ,   Rahmatpanash ,    F.B.  ,   Sjahputera ,    O.   and   Caldwell ,    C.W.                
( 2007 ).        Large-scale CpG methylation analysis identifi es novel can-
didate genes and reveals methylation hotspots in acute lymphob-
lastic leukemia    .      Cancer Res         67         ,  2617  –       2625   .        

        Toyota ,    M.  ,   Ho ,    C.  ,   Ahuja ,    N.  ,   Jair ,    K.W.  ,   Li ,    Q.  ,   Ohe-Toyota ,    M.  ,   
Baylin ,    S.B.   and   Issa ,    J.P.                ( 1999 ).        Identifi cation of differentially 
methylated sequences in colorectal cancer by methylated CpG 
island amplifi cation    .      Cancer Res         59         ,  2307  –       2312   .        

        Weksberg ,    R.  ,   Smith ,    A.C.  ,   Squire ,    J.   and   Sadowski ,    P.                ( 2003 ).        Beckwith-
Wiedemann syndrome demonstrates a role for epigenetic control 
of normal development    .      Hum Mol Genet         12         ,  R61  –       R68   .        

        Wu ,    Y.  ,   Halverson ,    G.  ,   Basir ,    Z.  ,   Strawn ,    E.  ,   Yan ,    P.   and   Guo ,    S.W.                ( 2005 ). 
       Aberrant methylation at HOXA10 may be responsible for its aber-
rant expression in the endometrium of patients with endometrio-
sis    .      Am J Obstet Gynecol         193         ,  371  –       380   .        

        Yan ,    P.S.  ,   Chen ,    C.M.  ,   Shi ,    H.  ,   Rahmatpanah ,    F.  ,   Wei ,    S.H.  ,   Caldwell ,    C.W.   
and   Huang ,    T.H.                ( 2001 ).        Dissecting complex epigenetic altera-
tions in breast cancer using CpG island microarrays    .      Cancer Res         61         , 
 8375  –       8380   .        

        Zaina ,    S.  ,   Lindholm ,    M.W.   and   Lund ,    G.                ( 2005 ).        Nutrition and aber-
rant DNA methylation patterns in atherosclerosis: More than just 
hyperhomocystinemia?    .      J Nutr         135         ,  5  –       8   .        

        Zhu ,    S.  ,   Goldschmidt-Clermont ,    P.J.   and   Dong ,    C.                ( 2005 ).        Inactivation 
of monocarboxylate transporter MCT3 by DNA methylation in 
atherosclerosis    .      Circulation         112         ,  1353  –       1361   .        

 RECOMMENDED RESOURCES 

       Websites 
http://www.epigenome.org – The website for the Human Epigenome 

Project.
http://www.microarrays.ca – This is the website for the microarray 

center at the University Health Network in Toronto. They describe 
a spotted array containing over 12,000 CpG island clones.

http://epigenome-noe.net/ – The website for the Epigenome Network 
of Excellence, a consortium of 25 European research groups.

http://www.dnamethsoc.com/ – Website for the Epigenetics Society.                   

Journal
Laird, P.W. (2003). The power and promise of DNA methylation 

markers. Nat Rev Cancer 3(4), 253–266. This paper provides a com-
prehensive review of methylation detection and measurement 
methods as well as a review of the literature applying these meth-
ods to clinical samples.



73

Copyright © 2010, Elsevier Inc.
All rights reserved.

CHAPTER

Essentials of Genomic and Personalized Medicine
by Ginsburg & Willard

             DNA Microarrays in Biological 
Discovery and Patient Care 

   Andrew J.   Yee   and     Sridhar   Ramaswamy     

  INTRODUCTION 
 While  “ expression profi ling ”  is now synonymous with DNA 
microarray technology, expression profi ling dates back to the 1970s 
with techniques such as northern blotting for measuring RNA 
expression ( Alwine et al., 1977 ). However, only one gene at a time 
could be queried with these modalities. Later developments ena-
bled analysis of multiple genes ( Liang and Pardee, 2003 ), including 
differential hybridization ( Sargent, 1987 ), subtractive hybridiza-
tion ( Zimmermann et al., 1980 ), differential display ( Liang and 
Pardee, 1992 ), and serial analysis of gene expression (SAGE) 
( Velculescu et al., 1995 ). However, these approaches required a 
signifi cant amount of starting RNA and investment in labor and 
technical expertise, and were diffi cult to scale up. 

 DNA microarrays revolutionized the approach to gene expres-
sion profi ling. Compared to prior methods, DNA microarrays were 
both dramatically high throughput and less cumbersome. It should 
be noted that the concept behind the microarray format was not 
new, as microarrays were originally developed as a technique for 
large-scale DNA mapping and sequencing ( Hoheisel, 2006 ). 
However, changing the support surface from a porous membrane 
to a solid surface, such as glass, afforded signifi cant improvements 
( Schena et al., 1998 ) by increasing reaction kinetics ( Southern 
et al., 1999 ) and reducing background noise ( Cheung et al., 1999 ). 

 As an illustration of approaches to defi ne and develop appli-
cations of the transcriptome measured in biological samples, 
here we present specifi c issues related to the use of DNA micro-
arrays, using applications especially in the context of cancer to 
illustrate the uses and challenges of gene expression profi ling in 
genomic and personalized medicine.  

  MICROARRAY TECHNOLOGY 

  Microarray Platforms 
 Although the technology for DNA microarrays continues to 
evolve, the commonly used arrays can be divided into two 
main categories: (i) oligonucleotide and (ii) spotted or com-
plementary DNA (cDNA) microarrays (see  Figure 7.1   ). Over 
the years, commercial oligonucleotide platforms have gained 
in popularity over  “ homemade ”  spotted cDNA microar-
rays as costs have fallen considerably, to the point where com-
mercial microarrays are the  de facto  platform. At the time of this 
writing, the dominant platforms are produced by Affymetrix 
and Agilent. For additional details, the reader is referred to a 
review by  Hardiman (2004)  and also to reviews collected in a 
series of  Nature Genetics  supplements ( Bowtell, 1999 ;  Cheung 

 7 



74 CHAPTER 7 ■■  DNA Microarrays in Biological Discovery and Patient Care

et al., 1999 ;  Churchill, 2002 ;  Duggan et al., 1999 ;  Holloway et al., 
2002 ;  Lipshutz et al., 1999 ;  Southern et al., 1999 ). 

  Oligonucleotide Arrays 
 Oligonucleotide microarrays are created either by  in situ  synthesis 
or deposition of presynthesized oligonucleotides ranging in size 
from 25- to 60-mers. Oligonucleotides can be synthesized directly 
 in situ  using photolithography techniques adapted from the 
microelectronics industry. The Affymetrix GeneChip platform is 
the primary example of this method, and because of its popular-
ity, merits further discussion. Emerging from research carried out 
in the early 1990s ( Fodor et al., 1991 ), this technology combines 
combinatorial, solid phase DNA synthetic chemistry with the 
benefi ts of photolithography. Successive photolithographic masks 
are used to select regions of the chip surface for exposure to 
light. Exposure to light deprotects photolabile groups on the nas-
cent oligonucleotides undergoing synthesis. The light-mediated 
deprotection then allows these specifi ed regions to couple with 
activated nucleoside monomers using standard DNA phosphora-
midite synthetic chemistry. Each cycle thus extends the oligonu-
cleotide by one base (see  Figure 7.1 ). 

 Over the past 15 years, the feature size of each oligonucle-
otide probe or feature has been reduced 10-fold, resulting in a 
1.6       cm 2  chip with 1.3 million unique features (multiple features 
are used to measure the expression of a particular gene). The 
detection sensitivity of these microarrays has been estimated at 

1 in 300,000 RNAs ( Lockhart et al., 1996 ). A practical limita-
tion is the effi ciency of each synthesis step – about 90–95%. 
This places a ceiling on  in situ  synthesis of an oligonucleotide 
to 25-mers. To control for non-specifi c binding, the probes on 
the Affymetrix chip are designed in pairs. One sequence is the 
exact complement of the target transcript, and the other paired 
sequence differs from the complement typically by one base 
pair near the middle of the probe. Difference in signal between 
the two probes can be used to control for non-specifi c bind-
ing and background contributions ( Pease et al., 1994 ); 22 probes 
are routinely used for each expression measurement. Compared 
to cDNA arrays (see below), oligonucleotide arrays offer greater 
specifi city and can distinguish single nucleotide polymorphisms 
(SNPs) and splice variants ( Guo et al., 1994 ); the same technol-
ogy is used in arrays for measuring DNA copy number and SNP 
profi ling. The current generation of Affymetrix microarrays can 
measure the expression of over 47,000 transcripts. 

 Hybridization is detected by using a confocal laser scanning 
microscope to image the intensity of one color, fl uorescently 
labeled samples. First, experimental mRNA is enzymatically 
amplifi ed (see below for details of RNA amplifi cation) and then 
labeled with biotin through the partial substitution of UTP and 
CTP with biotin-11-UTP and biotin-11-CTP. The labeled 
mRNA is then hybridized to the microarray and detected 
by the binding of a fl uorescent compound (streptavidin–
phycoerythrin) to the biotin-labeled samples. Because of the 
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 Figure 7.1         Comparison of microarray technologies. (a) Photolithography (as used by Affymetrix): a glass wafer modifi ed with 
photolabile protecting groups (X) is selectively activated for DNA synthesis by shining light through a photomask (M1). The wafer is 
then fl ooded with a photoprotected DNA base (A–X), resulting in spatially defi ned coupling on the chip surface. A second photomask 
(M2) is used to deprotect defi ned regions of the wafer. Repeated deprotection and coupling cycles result in a highly dense microarray. 
(b) Spotted arrays: the gene of interest is loaded into a spotting pin by capillary action, and a small volume is transferred to a solid 
surface by physical contact between the pin and the solid substrate. After the fi rst spotting cycle, the pin is washed and a second 
sample is loaded and deposited to an adjacent location. Robotic control systems and multiplexed printheads allow automated micro-
array fabrication. Adapted from  Schena et al. (1998) .       (Reprinted with permission from Elsevier).
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robustness and consistency of the manufacturing process, the 
single-color readout provides an absolute quantitation of 
mRNA populations ( Ishii et al., 2000 ). In addition, experi-
ments can be compared with samples hybridized to different 
Affymetrix arrays. 

 Oligonucleotide microarrays may also be fabricated by 
using ink-jet printing technology. Nucleotide monomers are 
printed onto the chip and coupled using phosphoramidite 
chemistry ( Hughes et al., 2001 ). Agilent has adopted this tech-
nology to create a 60-mer oligonucleotide array. Compared to 
the 25-mer photolithographic chip, a 60-mer array might offer 
increased sensitivity per probe. In contrast to the Affymetrix 
platform, there is only one probe per gene in this platform. The 
longer probes are also more tolerant of mismatches, improving 
analysis of polymorphic regions.  

  Spotted, Complementary DNA Microarrays 
 The fi rst DNA microarrays were developed at Stanford University 
and based on cDNA samples spotted by a robotic arrayer at 
defi ned locations onto glass slides ( Schena et al., 1995 ). These 
cDNA samples were generally PCR products generated from 
cDNA libraries or clone collections. The major benefi t of spot-
ted arrays is that they can be constructed in-house and tailored 
to the user ’ s needs. The features are generally 100–300        � m in size 
and spaced at about the same distance. About 30,000 cDNAs 
can be spotted onto the surface of a microscope slide ( Schulze 
and Downward, 2001 ). In the initial report, the sensitivity was 
estimated at 1 in 50,000 RNAs starting with 5        � g of total RNA 
( Schena et al., 1995 ). While spotted arrays offer customizability, 
they are better suited for smaller-scale experiments, since from 
a practical perspective managing large clone libraries and creat-
ing high-quality arrays consistently can be arduous. In the past, 
an advantage of spotted arrays was that  a priori  knowledge of 
the sequence being spotted was not necessary. However, this is 
less relevant now that complete sequence information for many 
experimental organisms and humans is readily accessible. 

 Gene expression using spotted microarrays is determined as 
a ratio of two samples rather than as an absolute measurement, 
owing to technical limitations and variability in spot size and 
probe concentration. Generally, cDNAs derived from experi-
mental and reference RNA samples are labeled with deoxyri-
bonucleotides coupled to different fl uorophores (e.g., with Cy3 
or Cy5) during fi rst-strand cDNA synthesis. The two different 
populations are then competitively hybridized to the same array 
and imaged. While this method accurately compares expression 
levels between samples, comparing data from different platforms 
can be diffi cult, often requiring complex normalization algo-
rithms ( Dudley et al., 2002 ).   

  Sample Preparation 
  Tissue Sampling 
 For biological applications, tissue sampling is an important vari-
able. For example, tumors are heterogeneous mixtures of differ-
ent cell types, including malignant cells with varying degrees of 

differentiation, stromal elements, blood vessels, and infl ammatory 
cells. Profi ling of this whole sample may dilute out the  “ sig-
nal ”  profi le of cancer cells with extraneous expression  “ noise ”  
from surrounding tissues. Newer techniques such as laser cap-
ture microdissection (LCM) address the challenges of tissue het-
erogeneity by offering an approach for isolating homogeneous, 
individual cell populations ( Emmert-Buck et al., 1996 ). While 
there are other approaches, such as fl uorescence-activated cell 
sorting (FACS) and manual microdissection using microman-
ipulators ( Emmert-Buck et al., 1994 ), LCM is faster, more ver-
satile, and can be applied to solid tumors directly without the 
need for disaggregation into a cell suspension.  Sgroi et al. (1999)  
fi rst showed that it was feasible to use LCM to isolate subpopu-
lations of breast cancer cells for expression profi ling. Coupled 
with LCM has been the evolution of methodologies for purify-
ing adequate amounts of high-quality RNA for expression pro-
fi ling (see below). However, a theoretical limitation of focusing 
only on individual tissue components such as cancer cells relates 
to the growing appreciation that interactions with the tumor 
microenvironment (e.g., with stroma, endothelial, and immune 
cells) play a critical role in tumor progression. Sampling of 
 “ non ”  cancer cell components thus may be necessary for a pro-
fi le to adequately refl ect  in vivo  biology. An additional consid-
eration is that the actual surgical manipulation itself may affect 
the expression profi ling.  Lin et al. (2006)  compared expression 
profi les of prostate cancer from biopsies obtained  in situ  to biop-
sies obtained from prostates that were surgically removed. They 
found that 1.5% of measurable genes were altered as a result of 
the surgery, including transcripts for acute phase response pro-
teins and regulators of cell proliferation.  

  RNA Isolation 
 Traditionally, microarray experiments have required roughly 
50–200        μ g of total RNA ( Duggan et al., 1999 ). However, these 
quantities are not always easily obtainable, especially with tech-
niques such as LCM. Protocols therefore have been developed 
for amplifying RNA from much smaller quantities, perhaps 
even down to the level of a single cell. For example, a single 
cell contains an estimated 0.1       pg of mRNA or 10       pg of total 
RNA, requiring an expansion of 10 8 –10 9  fold in order to yield 
adequate amounts for profi ling. Two commonly used amplifi ca-
tion techniques include  in vivo  transcription and PCR ampli-
fi cation.  In vivo  transcription is a linear amplifi cation approach, 
fi rst described by  Van Gelder et al. (1990) . Messenger RNA 
is converted to double stranded cDNA using an oligo(dT) 
primer attached to a T7 promoter. T7 polymerase is then used 
to transcribe complementary copies of the cDNA population. 
One round of amplifi cation can amplify the starting amount 
of mRNA by 1000-fold. A second or a third round of ampli-
fi cation can further increase the yield ( Baugh et al., 2001 ). A 
second approach takes advantage of PCR amplifi cation. PCR-
based approaches have several advantages over linear amplifi ca-
tion, including speed, cost, and theoretically unlimited degree 
of amplifi cation. While it has been assumed that exponential 
amplifi cation may lead to a biased representation of the starting 
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sample, results from one group suggest that this may not be as 
problematic as previously suggested ( Iscove et al., 2002 ).  

  Standardization of Data 
 Critical to the success of data analysis is standardization of 
microarray data and annotation of the genes that comprise the 
microarrays. In 1999, the Microarray Gene Expression Database 
(MGED) group was created to establish guidelines for the format 
of microarray data. This led to the development of the Minimal 
Information About a Microarray Experiment (MIAME) standard 
( Brazma et al., 2001 ;  Stoeckert et al., 2002 ). Most major scientifi c 
publications require compliance with MIAME standards and sub-
mission of data to public repositories. 

 An additional key factor is the functional annotation of the 
genes being studied. Biological  “ knowledge ”  is intricate, hierar-
chical, and interrelated. Ontologies are a formalized, standard-
ized means of coding biological knowledge in which concepts 
are systematically described by both their meaning and their 
relationship to each other ( Bard and Rhee, 2004 ). Adequate 
ontologies can thus serve as a common anchor point for sys-
tematic integration of data from various microarray sources. 
An example of commonly used ontology is one devised by the 
Gene Ontology Consortium ( Harris et al., 2004 ).    

  DATA ANALYSIS 
 Gene expression studies pose many challenges for data organiza-
tion, storage, and analysis (see Chapter 10). In concert with the 
development of microarray technology has been the evolution 
of sophisticated statistical methods for analyzing and interpret-
ing highly dense microarray information ( Ermolaeva et al., 1998 ; 
 Quackenbush, 2001 ). These data can be one ’ s own experimen-
tal data or existing data from other investigators ’  experiments, 
made available through public databases. Microarray data may be 
so rich in information that important fi ndings may not be rec-
ognized initially, and only better appreciated in retrospect when 
re-analyzed or combined with newer data. Data analysis meth-
odology is discussed further in Section 2 and has been reviewed 
also by  Allison et al. (2006) . 

  Unsupervised Learning 
 The computational analysis of gene expression data has largely 
centered on two approaches: unsupervised and supervised learn-
ing (see  Figure 7.2   ). Unsupervised methods include hierarchical 
and  k -means clustering ( Gaasterland and Bekiranov, 2000 ). The 
goal of clustering is to organize genes and samples clusters based 
on relative similarity ( D ’ Haeseleer, 2005 ;  Eisen et al., 1998 ). A 
hierarchy of clusters can be created, which may be visualized as 
tree diagrams or dendrograms. Unsupervised approaches have 
the advantage of being unbiased and allow for the identifi cation 
of structure in a complex dataset without making any  a priori  
assumptions. In fact, many of the initial microarray studies on 
cancer samples utilized unsupervised classifi cation, for example, 
lymphoma ( Alizadeh et al., 2000 ) and breast cancer ( Perou et al., 

2000 ). However, because many different relationships are pos-
sible in a complex dataset, the predominant structure uncovered 
by clustering may not be clearly related to the most clinically or 
biologically interesting aspect of a dataset.  

  Supervised Learning 
 In contrast, supervised learning starts off with a known class dis-
tinction and uses this information upfront to select genes whose 
expression is best associated with this class distinction in a  “ train-
ing dataset ”  ( Golub et al., 1999 ). This model is then applied to 
an independent  “ test ”  dataset to validate the accuracy of selected 
gene expression features in classifi cation. Numerous supervised 
learning algorithms have been applied to gene expression data-
sets, such as  k -nearest neighbors, neural networks, or support 
vector machines ( Brown et al., 2000 ). The accuracy of super-
vised learning approaches heavily depends on the quality of the 
initial training data.  

  Mining 
 Several tools have been developed for distilling higher-level infor-
mation from microarray data in order to better appreciate the 
 “ forest ”  among the innumerable  “ trees ”  of expression data. Two 
notable examples include modular analysis and Cancer Outlier 
Profi le Analysis (COPA). Modular analysis examines the coor-
dinated behavior of a set of genes in order to detect signifi cant 
changes in modules of genes, rather than the individual genes 
themselves. This offers the ability to extract more  “ signal ”  from a 
given microarray experiment. Indeed, groups of gene expression 
may be more biologically interpretable and statistically robust than 
deciphering lists of individual genes.  Mootha et al. (2003)  used 
this approach to study changes in gene expression in the mus-
cle of patients with type 2 diabetes. Their group introduced the 
gene set enrichment analysis (GSEA) and used the Kolmogorov–
Smirnov test statistic, a type of non-parametric test statistic that 
does not make assumptions about population distribution. While 
the decrease in expression for individual genes was modest, 
around 20%, it was consistently decreased across a set of genes 
involved in oxidative phosphorylation, accounting for 89% of 106 
genes. Thus, signifi cant changes could be seen when looking at a 
group of genes, even when the expression of individual genes was 
not signifi cantly different. GSEA has emerged as a useful tool for 
identifying biological processes from microarray data and has been 
refi ned into a robust method ( Subramanian et al., 2005 ). 

 Similarly,  Segal et al. (2004)  created a cancer-focused com-
pendium of expression profi les from 26 studies. They were able 
to extract 456 modules and found that some modules were 
unique to a particular type of tumor whereas other modules 
were shared across a range of conditions, raising the possibility 
that these modules refl ect common tumor progression mecha-
nisms. For example, in acute lymphoblastic leukemia (ALL), 
a growth-inhibitor module was specifi cally repressed. On the 
other hand, a bone osteoblastic module was found across a range 
of tumor types, suggesting a common mechanism for bone 
metastasis. 



 The COPA method focuses on genes characterized by 
marked overexpression ( Tomlins et al., 2005 ). This strategy is 
used in order to effi ciently process large amounts of data. COPA 
was applied to the Oncomine database, a compilation of 132 
gene expression datasets representing 10,486 microarray experi-
ments ( Rhodes et al., 2004 ). This approach was instrumental 
for discovering two transcription factors with outlier profi les, 
 ERG  and  ETV1 , and subsequently shed light on recurrent gene 
fusions of the 5 �  untranslated region of  TMPRS22  to  ERG  or 
 ETV1  in prostate cancer tissues. This study was notable for being 
the fi rst study to identify recurrent gene re-arrangements in an 
epithelial cancer and suggested a novel mechanism for prostate 
cancer pathogenesis.   

  APPLICATIONS 
 DNA microarrays provide a panoramic, quantitative overview 
of a sample ’ s expression output. The power of this is obvious, as 
biological processes generally result from the coordinated inter-
action of multiple genes. 

 Research with microarrays in humans can be divided into 
four categories: 

  1.     normal tissue taxonomy;  
  2.     disease diagnosis and classifi cation;  
  3.     disease prognostication; and  
  4.     dissection of biological mechanisms.    

 Since the lion ’ s share of research to date has been in can-
cer biology, in part due to the ready availability of tissue samples 
procured during routine diagnostic procedures, the following 
examples will draw largely from this fi eld ’ s literature. 

  Normal Tissue Taxonomy 
 Microarrays provide a new way of approaching the same fun-
damental question posed by Linnaeus in the 18th century: how 
is  A  different from and similar to  B ? An interesting example of 
previously unknown molecular heterogeneity was illustrated 
with human fi broblasts ( Chang et al., 2002 ). Here, the authors 
demonstrated that the major factor responsible for differences 
in gene expression was the site of origin of the fi broblast. This 
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 Figure 7.2         Unsupervised versus supervised learning. Unsupervised learning: multiple tumor samples are clustered into groups based 
on overall similarity of their gene expression profi les. This approach is useful for discovering previously unappreciated relationships. 
Supervised learning: multiple tumor samples from different known classes are used to train a model capable of classifying unknown 
samples. This model is then applied to a test set for class label assignment. Adapted from  Ramaswamy and Golub (2002) .     (Reprinted 
with permission from the American Society of Clinical Oncology).
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suggests that a detailed positional memory is encoded in a 
fi broblast ’ s expression profi le, and that different fi broblast subsets 
might be functionally distinct. Prior to the advent of microar-
ray technology, this geographic variation was not appreciated. In 
addition to topographic location, the effect of aging on fi brob-
lasts can also be measured and classifi ed by expression profi ling 
( Ly et al., 2000 ). In this study, using an Affymetrix oligonucle-
otide microarray, the expression profi les of fi broblasts isolated 
from young, middle-age, and old-age individuals and individuals 
with progeria were compared. The authors found consistent dif-
ferences in the expression of genes between these groups in two 
functional classes: genes involved in cell cycle progression and 
genes involved in maintenance and remodeling of the extracel-
lular matrix.  

  Disease Diagnosis and Classifi cation 
 There have been a multitude of studies using expression profi l-
ing for disease diagnosis and classifi cation, most notably in cancer. 
One seminal study used oligonucleotide microarrays to examine 
the expression of 6817 human genes in 72 patients with acute 
leukemia ( Golub et al., 1999 ). Using unsupervised learning, gene 
expression was able to independently cluster leukemia samples 
into the known subsets of acute myelogenous leukemia (AML) 
and ALL (see  Figure 7.3   ). Then, using supervised learning, gene 
sets that were differentially expressed in AML and ALL were used 
to correctly classify a group of unknown samples into the cor-
rect categories. Signifi cantly, many markers that were both known, 
such as myeloperoxidase and terminal transferase, and unknown 
were useful for making this distinction. Although the difference 
between AML and ALL is often not diffi cult using modern his-
topathology, this study provided the fi rst evidence that tumor 
expression profi les can be used for cancer classifi cation. 

 Tumor cell lines can also be classifi ed molecularly through 
expression profi ling ( Ross et al., 2000 ). The National Cancer 
Institute ’ s Developmental Therapeutics Program bank of 60 can-
cer cell lines (NCI60) was profi led using a spotted cDNA array 
of 9703 cDNAs. The gene expression patterns observed in these 
cancer cell lines corresponded to the tissue of origin, which is 
remarkable since these cell lines have been selected for survival in 
the host and later in tissue culture. This illustrates a theme that the 
tissue of origin plays a major role in determining the expression 
profi le. Similarly, a molecular taxonomy of tumor samples from 
14 different tumor classes was created using a supervised learning 
algorithm ( Ramaswamy et al., 2001 ). Some of these samples were 
from metastatic sites, and interestingly, the majority of them could 
be categorized from the classifi cation information derived from 
the primary site, again demonstrating the importance of the tissue 
of origin in disease. 

 Breast cancer has been intensively profi led.  Perou et al. 
(2000)  reported a molecular classifi cation system based on the 
expression patterns of 65 breast adenocarcinoma specimens from 
42 individuals using a spotted cDNA array. Using an unsuper-
vised method, these breast tumors were categorized into four 
different subtypes based on their patterns of gene expression. 

One clinically important subtype was already known ( Erb-B2  or 
 Her2/neu  overexpressing cancers), and three others were previ-
ously unknown: estrogen receptor-positive/luminal-like cancers, 
basal-like cancers, and normal breast. In addition to this classifi -
cation system, the authors were able to show the importance of 
cellular lineage in determining the expression profi le. This was 
illustrated by examining the variation in expression between 
primary tumors that were biopsied before and after a course of 
chemotherapy. They also looked at the profi les of two primary 
lymph node metastasis pairs. The authors found that the paired 
samples in the same patient were signifi cantly more related to 
each other than to tumors from other patients, despite interven-
ing chemotherapy or metastatic evolution. These initial obser-
vations were subsequently validated in a larger dataset ( Sorlie 
et al., 2001, 2003 ). Importantly, these molecularly defi ned sub-
types were clinically relevant, as patients with basal-like tumors 
had a signifi cantly worse prognosis compared to patients with 
other breast cancer subtypes. 

 Outside of the realm of cancer, cDNA microarray technol-
ogy has proved useful for exploring a broad range of diseases 
such as infl ammatory diseases like rheumatoid arthritis and 
Crohn ’ s disease ( Heller et al., 1997 ), schizophrenia ( Mirnics et al., 
2000 ), multiple sclerosis ( Lock et al., 2002 ), and differentiating 
between ischemic and non-ischemic cardiomyopathy ( Kittleson 
et al., 2004 ). Microarrays have also been helpful for re-examining 
basic questions such as aging, as discussed previously ( Ly et al., 
2000 ).  

  Disease Prognosis 
 A challenge in medicine and especially in oncology is prediction–
forecasting which patients will and will not benefi t from therapy, 
particularly when the therapy, such as chemotherapy, has signifi -
cant risks. DNA microarrays offer the possibility of radically trans-
forming medicine from a traditional one-size-fi ts-all approach to 
individualized care. Intuitively, more information, when rich in 
content and appropriately analyzed, should lead to better predic-
tion models. However, this has not always been borne out with 
various histopathologic tumor markers (e.g., breast and colon 
cancer), despite much initial excitement when these markers fi rst 
became available ( Bast et al., 2001 ). In contrast, there have been 
several microarray experiments involving different types of can-
cers that have found that the expression signature can serve as a 
robust biomarker, better than currently used criteria, for predict-
ing prognosis. A common approach is to identify an expression 
profi le that can subclassify a tumor type and then fi nd correlations 
between this subclassifi cation and prognosis. 

 The fi rst such application was described by  Alizadeh et al. 
(2000)  in diffuse large B cell lymphoma (DLBCL). These investi-
gators constructed the Lymphochip, a specialized spotted cDNA 
microarray enriched for genes preferentially expressed in lym-
phoid cells and for genes with known roles in immunology or 
cancer. Using this microarray, hierarchical clustering revealed two 
molecularly distinct forms of DLBCL: germinal center B-like 
DLBCL and activated B-like DLBCL. These subtypes were not 



C-myb (U22376)
Proteasome iota (X59417)

ALL AML

MB-1 (U05259)
Cyclin D3 (M92287)
Myosin light chain (M31211)
RbAp48 (X74262)
SNF2 (D26156)
HkrT-1 (S50223)
E2A (M31523)
Inducible protein (L47738)
Dynein light chain (U32944)
Topoisomerase II β (Z15115)

Acyl-Coenzyme A dehydrogenase (M91432)

Adenosine deaminase (M13792)

Catalase (X04085)
Properdin (M83652)
Lysozyme (M19045)
Ebp72 (X85116)
CD11c (M81695)
MAD-3 (M69043)
Lectin (M57710)
Cathepsin D (M63138)
IL-8 (M28130)
ATPase (M62762)
MCL1 (L08246)
CyP3 (M80254)
p62 (U46751)
Azurocidin (M96326)
IL-8 precursor (Y00787)
Proteoglycan 1 (X17042)
Cystatin C (M27891)
Leptin receptor (Y12670)
Adipsin (M84526)
CD33 (M23197)
HoxA9 (U82759)
LYN (M16038)
LTC4 synthase (U50136)
Zyxin (X95735)
Fumarylacetoacetate (M55150)

Normalized expressionLow High

32.51.50.50	0.5	1.5	2.5	3 	2 	1 21

SNF2 (U29175)

MCM3 (D38073)
SRP9 (U20998)
(Ca2�)-ATPase (Z69881)

Heterochromatin protein p25 (U35451)
Rabaptin-5 (Y08612)
Op 18 (M31303)
Deoxyhypusine synthase (U26266)

IL-7 receptor (M29696)

IRF2 (X15949)
TFIIEβ (X63469)

 Figure 7.3         Gene expression profi ling in acute leukemia. The 50 genes most highly correlated with the distinction between ALL and 
AML are shown. Each row corresponds to a gene, and each column corresponds to expression levels in different samples. Expression 
levels greater than the mean are shaded in red, and those below the mean are shaded in blue. The scale indicates SDs above or 
below the mean. The top panel shows genes highly expressed in ALL; the bottom panel shows genes more highly expressed in AML. 
Adapted from  Golub et al. (1999) .     (Reprinted with permission from AAAS).
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appreciated using traditional histopathology and immunohisto-
chemical techniques, yet nevertheless have clinical signifi cance 
as patients with germinal center B-like DLBCL had signifi cantly 
better overall survival when treated with standard chemotherapy. 
Indeed, as observed with other initial studies in cancer classifi ca-
tion, cell lineage was an important determinant of the molecu-
lar phenotype. Ultimately, it remains to be seen whether or not 
molecular phenotyping will supplant traditional diagnostic tools, 
and this remains an ongoing area of research. 

 Similar predictive power has been exemplifi ed in microar-
ray studies of breast cancer. Traditional factors for predicting a 
patient ’ s outcome, such as tumor size, lymph node status, and 
estrogen receptor status, are imperfect.  Van ’ t Veer et al. (2002)  used 
an oligonucleotide microarray to analyze primary tumors from 
117 patients with early-stage breast cancer and no lymph node 
involvement, who received minimal treatment after surgery, to 
identify a 70-gene expression signature that strongly predicted 
metastasis. In a subsequent validation study on 295 patients (which 
included the original cohort of 117 patients), this signature outper-
formed all currently used clinical predictors and more accurately 
identifi ed patients at risk for distant metastasis ( van de Vijver et al., 
2002 ) (see  Figure 7.4   ). For example, the profi le could assign more 
patients into a low-risk group for metastasis (40%) compared to 
traditional clinical criteria (15%). These initial fi ndings were subse-
quently confi rmed in an independent group of patients from fi ve 
European centers ( Buyse et al., 2006 ). Taken together, these results 
suggested that primary tumor gene expression profi les can be used 
to molecularly stratify cancer patients according to risk of progres-
sion and treatment outcome.  

   LIMITATIONS AND CHALLENGES 
 While microarray technology continues to mature, as with any 
technology, expression profi les must be interpreted in the con-
text of broader biological knowledge. For example, one assump-
tion often made is that gene expression correlates well with 
protein quantity and therefore protein activity. This view does 
not take into account additional variables such as mRNA stabil-
ity, protein degradation, or post-translational modifi cations that 
ultimately determine protein activity. Another supposition is that 
mRNA expression levels correlate well with biological activity. 
In contrast, small differences in expression may have a dramatic 
biological effect. For example, the expression level of transcrip-
tion factors is often quite low even in tissues where these factors 
play active roles. Finally, expression profi les are not fi xed; they 
may vary dramatically in different physiological contexts ( King 
and Sinha, 2001 ). 

  Validation with Non-microarray Technologies 
 Gene expression data generated from microarray experiments 
can be credentialed using other methods of expression meas-
urement such as northern blotting ( Taniguchi et al., 2001 ), 
real-time PCR ( Dallas et al., 2005 ). These studies and others 
demonstrate that genes found to be expressed with current gen-
eration microarrays can be consistently verifi ed. Microarray data 
can also be verifi ed at the protein expression level. A particularly 
useful high-throughput technology for validation using immu-
nohistochemistry involves tissue microarrays ( Hans et al., 2004 ).  

 Figure 7.4         Kaplan–Meier analysis of the probability that patients would remain free of distant metastases among 151 patients with 
lymph node-negative breast cancer by gene expression profi ling (a) and by St Gallen clinical criteria ( Goldhirsch et al., 2001 ) (b). 
Adapted from  Van de Vijver et al. (2002) .       (Copyright © 2002, Massachusetts Medical Society. All rights reserved).
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  Reproducibility of Microarray Data 
 An ongoing concern since the inception of the DNA microar-
ray has been its technical reproducibility ( Marshall, 2004 ). For 
a general review of these initial concerns, the interested reader 
is referred to a review by  Chuaqui et al. (2002) . While initial 
studies raised concerns about the reproducibility of microar-
ray data (e.g.,  Tan et al. [2003] ), subsequent studies have found 
that reproducibility is better than initially described ( Bammler 
et al., 2005 ;  Irizarry et al., 2005 ;  Larkin et al., 2005 ). Recently, the 
MicroArray Quality Control (MAQC) project involved 137 par-
ticipants from 51 academic, government, and commercial insti-
tutions to assess the performance of seven microarray platforms 
of two commercially available RNA samples ( Shi et al., 2006 ). 
Reassuringly, the MAQC project showed high intra-platform 
consistency across test sites as well as a high level of inter-
platform concordance in terms of identifying differentially 
expressed genes in a common set of biological samples.   

  FUTURE DIRECTIONS 

  Newer Platform Technologies 
 Alternatives to conventional microarray platforms are emerg-
ing. One notable example is a bead-based platform developed by 
Illumina, the BeadChip. This uses randomly assembled arrays of 
50-mer coated 3- � m beads in order to create an extremely dense 
platform that is denser than spotted arrays or photolithographi-
cally made arrays ( Gunderson et al., 2004 ). Whereas in conven-
tional arrays, the sequence and location of each probe is known 
beforehand, the identity (and the corresponding probe sequence) 
of the beads is decoded after deposition. A DNA-based decod-
ing algorithm is used to identify each bead. Compared to con-
ventional platforms, the main advantage of this platform is lower 
per-sample cost. 

 A different type of platform departing from conventional 
technology is the CombiMatrix platform. This platform synthe-
sizes oligonucleotides  in situ  on a semiconductor chip using rou-
tine phosphoramidite chemistry under electrochemical control 
( Liu et al., 2006 ). Each feature on the chip is digitally addressed 
and controlled. When activated, an electrochemical reaction gen-
erating acid occurs, ultimately leading to oligonucleotide syn-
thesis  in situ . The main advantage of this technology is fl exibility. 
Custom microarrays can be created on demand with less labor, 
whereas technologies with  “ fi xed ”  content such as the Affymetrix 
chip require a signifi cant investment of resources to create 
a new chip (e.g., creation of a new photolithographic mask). 

  Formalin-Fixed, Paraffi n-Embedded Samples 
 Traditionally, obtaining RNA from human tissues for expression 
profi ling has required that specimens be snap-frozen in liquid 
nitrogen within a half hour of resection and stored at  	 80°C 
or colder to minimize RNA degradation. Samples need to be 
processed quickly because changes in some mRNA species 
have been noted even a few minutes after manipulation and 

devascularization of a tissue ( Huang et al., 2001 ). However, clin-
ical specimens are generally fi xed in formalin and embedded in 
paraffi n for routine histopathologic analysis, which causes sig-
nifi cant RNA degradation. Only a fraction of the RNA from 
fi xed specimens, roughly 3%, is intact enough for cDNA synthe-
sis, posing a major barrier to obtaining expression profi les from 
clinical specimens ( Godfrey et al., 2000 ;  Masuda et al., 1999 ). 

 A method to maneuver around this degradation obstacle is 
the cDNA-mediated, annealing, selection, extension, and liga-
tion (DASL) assay. This assay is a technology that combines the 
advantages of microarray-based gene expression profi ling with 
multiplexed quantitative PCR ( Fan et al., 2004 ). An upstream 
and downstream pair of oligonucleotides is designed to amplify 
a cDNA of interest. Each pair of oligonucleotides incorporates a 
universal primer sequence for PCR as well as a specifi c address 
sequence that hybridizes to a capture sequence on an array. With 
this methodology, cancer-specifi c expression profi les were gener-
ated with as little as 50       ng of total RNA from formalin-fi xed tis-
sues stored over a decade ( Bibikova et al., 2004 ). Approaches such 
as the DASL assay thus have the potential to capitalize on the vast 
supply of archived, paraffi n-embedded samples from large clini-
cal trials or population-based cohort studies to advance expression 
profi ling efforts.   

  Functional Genomics 
 A goal of functional genomics is to assign biological meaning to 
genes on a genome-wide level ( Steinmetz and Davis, 2004 ). As 
illustrated by the examples described earlier, expression profi l-
ing has proved useful for assigning functional groups to genes 
in model organisms such as yeast ( Hughes et al., 2000 ) and for 
uncovering a role for metastasis with  RhoC  ( Clark et al., 2000 ). 
Expression profi ling has also been used to decipher regulatory 
networks of transcription by discovering common sequence 
motifs in upstream regions of genes that have similar expression 
profi les ( Pilpel et al., 2001 ). These studies, though, have been 
mainly been done in yeast and await application in more com-
plex systems such as humans. 

 A new opportunity in functional genomics is to integrate 
expression profi ling with RNA interference (RNAi) technologies 
now that genome-wide RNA interference libraries are coming 
to fruition ( Moffat et al., 2006 ). One can imagine using RNAi 
libraries to systematically knock down individual genes and the 
comparing the resulting expression phenotypes. One can then 
look for similarities and differences between expression profi les 
as a starting point for inferring the function of the genes that 
have been ablated by RNAi.  

  Profi ling the Transcriptome 
 Expression profi ling has also been used to explore the transcrip-
tome. The transcriptome represents the complete set of all the 
transcribed elements of the genome in contrast to the collec-
tion of transcripts that are only translated into proteins. There is 
a burgeoning interest in the function of the non-coding part of 
the transcriptome as the number of actual genes transcribed into 
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proteins has been substantially revised downward and increas-
ing numbers of non-coding transcripts have been discovered. 
Key to their detection has been tiling microarrays, specifi cally 
those developed by Affymetrix with photolithographic technol-
ogy. Rather than only using probes for known exons, tiling arrays 
probe across the entire genome in an unbiased fashion.  Cheng 
et al. (2005)  used a 25-mer oligonucleotide-based array spaced 
every 5       bp to examine ten human chromosomes. They discov-
ered that interestingly, of all the transcribed sequences, 19% were 
polyadenylated, 44% were not polyadenylated, and 37% were 
both polyadenylated and not polyadenylated. Additionally, about 
10% of the genome was transcribed as polyadenylated transcripts, 
compared to 1–2% of the genome corresponding to exons. These 
fi ndings suggest that the expressed genome may be orders of 
magnitude larger than previously appreciated. 

 Part of the transcriptome also includes small (roughly 22 
nucleotide) non-coding microRNAs (miRNAs). These miRNAs 
play an important role in regulating gene expression by either 
degrading mRNA or inhibiting its translation ( Bartel, 2004 ). In 
cancer, for example,  Lu et al. (2005)  used a new bead-based profi l-
ing system to quantify miRNA expression because of the short size 
of the miRNAs. This used oligonucleotide capture probes that were 
coupled to beads, which in turn were differentially impregnated 
with variable degrees of a fl uorescent mixture. Flow cytometry 
was then used to quantitate the beads and therefore the associated 
miRNA. Expression profi ling of the miRNA population of vari-
ous malignant and normal tissues revealed an unusually large degree 
of diversity of miRNA expression across cancers. Furthermore, 
miRNA signatures could be used to classify poorly differentiated 
cancers, which have traditionally been diffi cult to classify using 
standard mRNA-based profi ling strategies. The interested reader is 
referred to a recent review by  Calin and Croce (2006) .  

  Clinical Translation 
  Expression Profi ling as a Biomarker 
 The ability of expression signatures of tumor samples to predict 
prognosis has immediate potential clinical translation. A key les-
son from these early clinical microarray studies is that appropri-
ate sample size and careful experimental design are necessary 
for identifying signatures that can serve as robust biomarkers 
( Michiels et al., 2005 ;  Ntzani and Ioannidis, 2003 ;  Simon et al., 
2003 ). However, reassuringly, a recent study of prognostic breast 
cancer signatures showed that four out of fi ve reported gene 
signatures had signifi cant concordance in predicting breast 
cancer outcome, indicating that these signatures were tracking 
similar biological behaviors ( Fan et al., 2006 ), pointing to the 
evolving sophistication of clinically oriented profi ling efforts. 

 The clinical application of expression profi les is most mature 
in breast cancer, owing to the extensive microarray data already 
available, and has recently been reviewed ( Sotiriou and Piccart, 
2007 ). The 70-gene-expression signature originally formulated 
by  Van ’ t Veer et al. (2002)  has been commercialized into the 
MammaPrint assay for clinical use. This assay serves as the basis 
of the MINDACT (Microarray In Node negative Disease may 

Avoid ChemoTherapy) clinical trial, which aims to determine 
whether the expression signature can be used for making clinical 
decisions ( Novak, 2006 ). It will test the question of whether or 
not patients with tumors that have high risk features by clinical 
criteria – individuals who are routinely recommended adjuvant 
chemotherapy – but with a low-risk molecular prognosis as 
determined by MammaPrint, can defer chemotherapy without 
affecting metastasis-free survival. In other words, it will test if 
the molecular prognosis generated by MammaPrint can outper-
form clinical criteria. 

 An alternative to using existing signatures is to adapt the 
expression profi le into a RT-PCR-based assay. Compared to DNA 
microarray technology, RT-PCR has the potential to be less tech-
nically challenging, more cost-effective, and more easily integrated 
into routine clinical practice. Genomic Health International has 
developed the Oncotype assay which is currently available for 
clinical use ( Paik et al., 2004 ). The Oncotype assay is an RT-
PCR assay based on a 21-gene signature (including fi ve con-
trol genes) derived from 250 candidate genes selected from the 
published microarray literature. Rather than using fresh frozen 
tissues, the researchers were able to exploit archived, paraffi n-
embedded tissues using RT-PCR as their profi ling method 
( Cronin et al., 2004 ). They systematically quantifi ed the expression 
of these 250 candidate genes across three historical groups of 
breast cancer patients. From this data, they derived a gene expres-
sion-based recurrence score for predicting breast cancer recur-
rence that was more powerful than standard histopathologic 
criteria. The reproducibility of the score was robust and was 
subsequently validated in a large, population-based study ( Habel 
et al., 2006 ). Furthermore, Oncotype had the potential to identify 
patients who may be able to defer adjuvant chemotherapy treatment. 
Patients with low and intermediate recurrence score tumors did not 
appear to derive a signifi cant benefi t from chemotherapy ( Paik et al., 
2006 ). An advantage of using this RT-PCR-based approach is that it 
can be applied to tumor samples that have been collected and proc-
essed in routine fashion; no special handling (e.g., freezing tissues in 
liquid nitrogen) is required. Other examples of adapting expression 
profi ling to an RT-PCR assay include a two-gene breast cancer sig-
nature ( Ma et al., 2003 ) and a six-gene signature predicting survival 
in DLBCL ( Lossos et al., 2004 ). 

 In the future, one of the challenges for translational research 
will be the integration of expression profi ling with routine 
histopathology in clinical practice. As can be seen with the 21-
gene breast cancer signature, expression profi ling in this appli-
cation offers the advantage of reproducibility and minimizes 
human error and variability with pathological interpretation. 
However, cost continues to be a major limitation to widespread 
adoption of profi ling technologies. An ongoing prospective 
study, similar in concept to MINDACT, is the TAILORx (Trial 
Assigning Individualized Options for Treatment) trial in North 
America, which will help answer the question of how to inte-
grate microarray technology (i.e., Oncotype DX) into clinical 
practice for patients with breast cancer. TAILORx is examin-
ing whether chemotherapy is required for the intermediate-risk 
group defi ned by Oncotype ’ s recurrence score ( Paik, 2007 ).  



  Drug Development 
 DNA microarrays have also facilitated drug target discovery and 
prediction of drug response. For general reviews, the reader is 
referred to a recent one by  Stoughton and Friend (2005) . Using 
the NCI60 cancer cell line panel,  Scherf et al. (2000)  con-
structed a database that correlated gene expression and drug 
activity patterns. They were able to fi nd relationships between 
gene expression and drugs such as 5-fl uorouracil and  l -asparagi-
nase.  Gunther et al. (2003)  employed a similar strategy with pri-
mary human neuronal precursor cells and various psychotropic 
drugs.  Potti et al. (2006)  have expanded on this approach by 
using the expression profi les of sensitive and resistant cancer cell 
lines for six different chemotherapy drugs to predict response to 
neoadjuvant chemotherapy for breast cancer. 

  Stegmaier et al. (2004)  have developed a high-throughput 
approach to drug discovery using expression profi ling: gene 
expression-based high-throughput screening (GE-HTS). These 
authors were interested in compounds that could terminally dif-
ferentiate AML cells. To discover these compounds, they used 
5-gene-expression signature of the differentiated neutrophil and 

leukemic states as a surrogate. With an RT-PCR-based readout 
of these fi ve genes, they then screened a small molecule library 
to identify drugs that could induce differentiation of leukemic 
blasts and discovered an epidermal growth factor receptor kinase 
inhibitor with this property ( Stegmaier et al., 2005 ). Remarkably, 
GE-HTS discovered this potential therapeutic without prior 
detailed biological knowledge. 

 A related approach to screening small molecules has been 
implemented through The Connectivity Map, an  in silico  tool 
recently developed at the Broad Institute that uses expression pro-
fi ling to systematically discover functional connections among dis-
eases, genetic perturbations, and drug actions ( Lamb et al., 2006 ). 
Lamb et al. fi rst created a reference collection of gene expression 
profi les from cultured human cancer cells treated with small mol-
ecules. They then developed pattern-matching software to mine 
these data. The Connectivity Map has been used to perform  in 
silico  discoveries of rapamycin as a new approach for treating glu-
cocorticoid-resistant ALL ( Wei et al., 2006 ) and the inhibition of 
HSP90 as a novel mechanism for inhibition of androgen receptor 
signaling in prostate cancer ( Hieronymus et al., 2006 ).    

2009 UPDATE
Expression profi ling using microarray technology is now a 
standard tool in biological and medical discovery. At the tech-
nical level, recent years have seen dramatic advances in the 
ability to effi ciently perform deep, comprehensive sequencing 
(Shendure and Ji, 2008). 

The power of this next generation of sequencing has 
recently been applied to expression profi ling (Wang et al., 
2009). This approach, known as “RNA-seq”, typically starts 
with the conversion of RNA samples to cDNA fragments. 
These cDNA fragments are then sequenced in a massively 
parallel, high-throughput manner using platforms from com-
panies such as Applied Biosystems and Illumina to obtain 
short sequences at great sampling depth. There are several sig-
nifi cant advantages to evaluating RNA expression at the indi-
vidual RNA level instead of the relative amounts measured by 
hybridization from traditional microarrays. These include lower 
background signal and signifi cantly improved dynamic range 
(generally fi ve orders of magnitude, which is three orders 
higher than microarrays). This is especially useful for quantify-
ing genes expressed at very low or very high levels. Starting 
requirements for RNA are also lower for RNA-seq than for 
conventional microarrays. RNA-seq is beginning to be used 
for exploring basic biological questions, for example, charac-
terizing mouse embryonic stem cells (Cloonan et al., 2008) 
and discovering new splice events, additional promoters, and 
untranscribed regions in the mouse transcriptome (Mortazavi 
et al., 2008).

There continues to be a proliferation of expression pro-
fi ling data in translational and clinical research. Novel insights 

from basic cancer biology are being explored through micro-
arrays in clinical settings, for example, profi les of breast cancer 
“stem cells” (Liu et al., 2007) and profi ling of the stroma in 
diffuse large B-cell lymphoma (Lenz et al., 2008). Application 
to standard formalin-fi xed, paraffi n-embedded clinical speci-
mens for microarray analysis is expanding with improving 
methods, for example, obtaining gene expression in hepatocel-
lular carcinoma (Hoshida et al., 2008). Using microarray data 
for clinical decision making continues to be challenging. It is 
furthest along in breast cancer, where the Oncotype DX assay 
has been recently incorporated into the American Society of 
Clinical Oncology recommendations for use of tumor markers 
(Harris et al., 2007). It is gaining increasing use in the clinic 
for identifying patients with node-negative, estrogen-receptor 
positive breast cancer who may derive the most benefi t from 
tamoxifen, sparing them from the potential toxicities of adju-
vant chemotherapy. Results from the ongoing Trial Assigning 
IndividuaLized Options for Treatment (Rx) (TAILORx) trial 
will be key to determining how to effectively incorporate 
expression profi ling information into the treatment of early 
stage breast cancer (Sparano, 2006).

Looking towards the future, at the time of this writing, 
there is excitement surrounding the application of RNA-seq 
technology to more clinically focused questions. Indeed, one 
example illustrating the power of deep sequencing, in gen-
eral, was in the genomic analysis of a patient with cytogeneti-
cally normal, acute myeloid leukemia (Ley et al., 2008). In the 
months ahead, we anticipate that RNA-seq will change the 
landscape of expression profi ling.
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  RECOMMENDED RESOURCES 

 Resources for expression profi ling experiments

 Web site  URL  Resources 

 National Human Genome Research Institute   http://research.nhgri.nih.gov/
microarray/main.html  

 Protocols, web links 

 Broad Institute, Cancer Genomics Group   http://www.broad.mit.edu/cancer/   Gene expression analysis software, web links 

 Stanford Genomics   http://genome-www.stanford.edu/   Software, web links, cDNA microarray 
protocols 

 Jackson Laboratory, Statistical Genomics 
Group 

  http://www.jax.
org/staff/Churchill/labsite/  

 Advice about the design of microarray 
experiments 

 Microarray Gene Expression Data Society 
(MGED) 

  http://www.mged.org/
Workgroups/MIAME/miame_
checklist.html  

 Minimal requirements for the publication of 
microarray data 

 Gene Expression Omnibus database   http://www.ncbi.nlm.nih.gov/geo/   Repository of gene expression data 

 Array Express database   http://www.ebi.ac.uk/arrayexpress/   Repository of gene expression data 

 Affymetrix   http://www.affymetrix.com   Commercial website with useful resources 

 This listing is adapted from  Ebert and Golub (2004) .       
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  INTRODUCTION 
 The continuing development of novel analytical technologies 
and instrumentation has brought a dramatic new dimension to 
how biological research can be pursued. This new dimension has 
enabled discovery-driven research to be conducted at par with 
hypothesis-driven research. In a hypothesis-driven approach, the 
understanding of a particular biological entity – whether it be a 
cell, gene, or protein – is used to develop studies that are designed 
to answer a specifi c question about a single gene, transcript, or 
protein, for example. Hypothesis-driven studies utilize technolo-
gies that focus on one specifi c entity per experiment. Discovery-
driven studies, however, are designed around broad questions and 
focus on global characteristics of a cell or organism. These studies 
utilize advanced technologies that are able to gather information 
on thousands of different genes, transcripts, proteins, and metabo-
lites in a relatively rapid and comprehensive fashion. 

 While these globally directed studies have seemingly been 
thrust upon the scientifi c community overnight, in reality it has 
taken decades of technological and instrumental development 
to bring this fi eld of science to fruition. The fi rst giant step in 
discovery-driven science is the completion of the Human Genome
Project. This monumental effort could only have been accom-
plished with the many developments in cloning, amplifi cation, 
and high-throughput gene sequencing ( Yager et al., 1991 ). The 
analysis of thousands of gene transcripts using mRNA arrays has 
been made possible by the ability to synthesize mRNA probes 

and coupling them to solid surfaces ( Gilham, 1970 ). Shortly after 
the development of these genome – and transcriptome-scanning 
technologies, many scientists shifted their focus onto proteins. 
Proteomics – the analysis of the entire protein complement of a 
cell, tissue, or organism under a specifi c, defi ned set of conditions – 
in its present state has also been dependent on decades of techno-
logical and instrumental developments. These developments have 
included advances in mass spectrometry (MS) technology, protein 
fractionation techniques, and bioinformatics, to name a few. 

 One of the diffi cult challenges in proteomics is the uncer-
tainty of its complexity. Let us assume that as many as 15,000 
genes are expressed within a given human cell at any single time. 
Let us then assume that these genes give rise, on average, to four 
different mRNA transcripts each, or 60,000 different transcripts 
in total. This estimate is very conservative given the presence of 
splice variants, single nucleotide polymorphisms, etc. that can 
arise from expressed genes. Now consider all of the events that 
can happen to a single transcript during and after translation 
into a mature protein. The protein can be processed from a pre-
protein into a mature protein. The most common event that hap-
pens to change a protein is post-translational modifi cation. There 
are over 300 known modifi cations, however; some of the more 
common are (in no particular order) phosphorylation, glycosyla-
tion, methylation, and acetylation. A single protein that may have 
four potential phosphorylation sites will, in itself, give rise to 
16 different isoforms ranging from all the sites phosphorylated 
to none of them being phosphorylated. If each of the 60,000 
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possible protein products contained only four possible sites of 
modifi cation, these would give rise to as many as 960,000 differ-
ent proteins. Obviously, these numbers are extremely conserva-
tive and suggest that the human proteome is likely to contain 
well over 1,000,000 distinct species. This number is well beyond 
the current capacity of state-of-the-art technologies, result-
ing in a consistent undersampling of the proteome regardless of 
the analysis method chosen. It is this uncertainty in the over-
all measurement that results in the question that hovers around 
many global proteomic studies:  “ Was the protein absent in the 
sample or did we simply fail to detect it? ”   

  GEL-BASED AND SOLUTION-BASED 
PROTEOMICS 
 Proteomics relies on three basic technological cornerstones: 
a method to fractionate complex protein or peptide mixtures, 
MS to acquire the data necessary to identify individual proteins, 
and bioinformatics to analyze and assemble the MS data. While 
the MS and bioinformatic components are somewhat similar in 
most applications, there are two very distinct methods to sepa-
rate out complex protein samples in proteomics. The mere men-
tion of the word  “ proteomics ”  conjures up an image of stained 
protein spots that have been fractionated by two-dimensional 
polyacrylamide gel electrophoresis (2D-PAGE). This separation 
technology, which was developed over 30 years ago, is still the 
most common separation technique used in proteomics today 
( O ’ Farrell, 1975 ). Advances have been made in this technology 
that enables thousands of proteins to be resolved in a single gel. 

 While the primary role of 2D-PAGE is to separate complex 
mixtures of proteins, it also allows a means to compare the rela-
tive abundances of proteins from different proteomes. In a typi-
cal 2D-PAGE-based study, the proteomes from two distinct cell 
populations (e.g., control versus treated cells) are extracted and 
fractionated on separate gels ( Figure 8.1   ) ( Van den Bergh and 
Arckens, 2005 ). Since most proteins are colorless, the separated 
proteins need to be visualized ( Westermeier and Marouga, 2005 ). 
This visualization is routinely accomplished using colorimetric 
stains, such as coomassie blue or silver stain. The resulting images 
are typically quite complex; therefore the spots observed on both 
gels are aligned so that the relative staining intensity of individ-
ual proteins can be compared between gels. Protein spots that 
are stained more intensely on one gel compared to the other are 
excised from the gel. The protein within the gel is then enzy-
matically digested by introducing trypsin into the gel piece. The 
resultant tryptic peptides are extracted from the gel and analyzed 
by MS or tandem MS (MS/MS) to acquire the raw data nec-
essary to identify the protein(s) within the gel spot. This iden-
tifi cation is accomplished using software designed to compare 
this type of data against databases containing large amounts of 
genomic or protein sequence information. 

 While 2D-PAGE fractionation has been the subject of many 
different criticisms over the years, it still remains a cornerstone tech-
nology in proteomics (Van den Bergh and Arckens, 2005). Many of 

the criticisms, such as its inability to resolve membrane proteins and 
gel-to-gel irreproducibility have been addressed through the devel-
opment of better reagents, equipment, and gel alignment software. 
For instance, over the past several of years, 2D-DIGE reagents have 
been developed that allow comparative proteomes to be labeled 
with different fl uorophores (i.e., Cy2, Cy3, and Cy5) ( Hoorn et al., 
2006 ). This differential labeling allows for the relative abundance of 
proteins from different proteomes to be compared by their com-
bination prior to their run on a single gel, obviating the separation 
irreproducibility that can be observed between gels. 

 No single chromatographic or electrophoretic procedure, 
including 2D-PAGE, can completely resolve a mixture as complex 
as that of a proteome. As a complement to 2D-PAGE methods, 
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 Figure 8.1         Quantitative proteomics using two-dimensional 
polyacrylamide gel electrophoresis (2D-PAGE). In this method, 
comparative proteome samples are separated on distinct 2D-
PAGE gels. After staining, protein spots that are more abundant 
on one gel compared to the other are excised from the gel. 
The protein(s) within the gel is then subjected to in-gel tryptic 
digestion and the resultant peptides are extracted and analyzed 
by mass spectrometry (MS). The MS data are then searched 
against the appropriate database to identify the protein(s) with 
the gel spot.    



solution-based chromatographic techniques have been developed 
that permit direct on-line MS analysis of proteomes ( Issaq et al., 
2005 ). Analogous to 2D-PAGE, these solution-based methods 
typically use at least two different fractionation schemes to sepa-
rate peptides/proteins prior to their entering the mass spectro-
meter. While many different combinations have been proposed, 
the most effective and popular has been the use of strong cation 
exchange (SCX) followed by reversed-phase high-performance 
liquid chromatography (RPLC). John Yates III fi rst demonstrated 
the effectiveness of combining this multidimensional separation 
with MS ( Washburn et al., 2001 ). This method, termed  “ MudPIT ”  
(multidimensional protein identifi cation technology), has shown 
the capability of identifying thousands of proteins per proteome 
study. In this scheme, the proteins extracted from a cell lysate are 
fi rst digested into peptides. There are two major advantages in 
working with peptides instead of proteins. Peptides are more solu-
ble and easier to separate than intact proteins, especially hydro-
phobic and membrane proteins, and peptides are more amenable 
to identifi cation by MS than are proteins (as described in more 
detail later). The challenge with this strategy is that the number 
of species that have to be resolved has dramatically increased. The 
digestate is initially separated by SCX and fractions collected off 
this column are then loaded onto a RP column that is coupled 
directly on-line with the mass spectrometer. The mass spectrom-
eter can then dynamically select and acquire the data necessary to 
identify peptides as they elute from the RP column. 

 A limitation of MudPIT when compared to 2D-PAGE is 
in its inability to directly measure the relative abundance of pro-
teins in different proteome samples. To meet this need, many dif-
ferent approaches have been developed, all of which use the data 
provided by the mass spectrometer for quantitation ( Ong and 
Mann, 2005 ). Many of the methods rely on the use of differen-
tial stable-isotope labeling ( Julka and Regnier, 2005 ). Analogous 
to DIGE, which uses differently fl uorescent molecules with 
identical electrophoretic properties, stable-isotope labeling of 
proteomes uses chemically identical reagents that differ in their 
isotope content (i.e., mass). For example, the most popular labe-
ling method termed isotope-coded affi nity tags (ICAT) utilizes 
thiol-modifying reagents that differ in their carbon-13 ( 13 C) 
content ( Gygi et al., 1999 ). In this procedure, one proteome 
sample is labeled with the  “ light ”  ICAT reagent while a com-
parative sample is labeled with the  “ heavy ”  ICAT reagent that 
contains nine  13 C atoms in place of nine  12 C atoms found in the 
 “ light ”  version ( Figure 8.2   ). The label is attached to the proteins 
after they have been separately extracted from the samples to 
be compared. Once the two samples are differentially modifi ed, 
they can be combined. The proteins are digested into peptides 
and the modifi ed peptides are extracted by virtue of a biotin tag 
that is present at the termini of the ICAT reagents. This enriched 
peptide mixture is fi nally analyzed using MudPIT and the rela-
tive abundance and identity of the peptides are determined from 
measurements provided by the mass spectrometer. While ICAT 
illustrates a post-extraction/chemical modifi cation method, 
stable-isotope labeling can also be performed at the metabolic 
level by culturing cells in growth media that is highly enriched 

in a particular heavy isotope (e.g.,  15 N in place of  14 N) or a 
 “ heavy ”  amino acid (e.g.,  13 C 6 -lysine) ( Ong et al., 2003 ). A list 
of various sample preparation used in proteomics today, along 
with their advantages and disadvantages is provided in  Table 8.1   .  

  MASS SPECTROMETRY 
 While high-resolution separations are critical for complex pro-
tein mixture analysis, MS is inarguably the technology that 
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 Figure 8.2         Quantitative proteomics using isotope-coded 
affi nity tags (ICAT). In this method, comparative proteome 
samples are labeled with chemically identical reagents that 
differ only by their carbon isotope content (i.e., 12C9 for the light 
reagent and 13C9 for the heavy reagent). After the proteins are 
modifi ed, the proteome samples are combined and digested into 
tryptic peptides. The ICAT-modifi ed peptides are extracted using 
avidin chromatography by virtue of the biotin moiety on the ter-
minus of the ICAT reagents. After removal of the biotin portion, 
these ICAT-peptides are analyzed by reversed-phase liquid chro-
matography coupled directly on-line with a mass spectrometer. 
The mass spectrometer is operated in a data-dependent tandem 
mass spectrometry (MS/MS) mode, enabling the relative quanti-
tation of the peptide in the two samples to be measured in the MS 
mode as well as its identity be discerned from the data acquired by 
MS/MS.    
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their peptide surrogates, methods to characterize intact proteins 
by MS/MS are becoming more and more popular. The coupling 
of on-line separations, most commonly RPLC, has enabled com-
plex mixtures to be fractionation prior to MS analysis so that 
thousands of peptides can be identifi ed within a few hours, as 
shown in  Figure 8.3    ( Washburn et al., 2001 ). The throughput by 
which proteins in complex mixtures are identifi ed by LC-MS is 
unparalleled using any other technology: a critical parameter for 
discovery science in which large amounts of data are collected in 
order to fi nd the important factors. 

 There are many different types of commercially available 
mass spectrometers, and it can be confusing as to which type 
is most suitable for a specifi c application. For instance, ion-trap 
mass spectrometers equipped with electrospray ionization (ESI) 
sources are the  “ work-horse ”  instruments for the characteriza-
tion of complex proteomes when solution-based separations are 
used. Time of fl ight (TOF) instruments are popular for identi-
fying proteins separated using 2D-PAGE, primarily because of 
their speed and mass accuracy. The choice of what instrument to 
be utilized needs to be weighed against the type of research that 
is being focused on. 

 How is MS able to identify so many peptides in a com-
plex mixture? A schematic of the process is shown in  Figure 8.3 . 
The mass spectrometer is operated in what is referred to as a 
 “ data-dependent ”  mode of operation. In this mode, the instru-
ment takes a series of  “ snapshots ”  of peptides eluting from a LC 
column into the mass analyzer. This scan is referred to as the 
MS scan. In between these snapshots, a series of MS/MS scans 
of peptides that are isolated within the instrument for CID are 
acquired. The instrument selects peptides for MS/MS analy-
sis based on their intensity in the preceding MS scan. A data-
dependent experiment can perform 10 MS/MS scans between 
every MS scan. The mass spectrometer continues this cycle of 
MS scan followed by ten MS/MS scans throughout the entire 
LC/MS/MS experiment. Depending on the length of the 
LC separation, upwards of 7000 MS/MS sequencing attempts 
are made on peptides eluting from the column into the mass 
spectrometer. Bioinformatic analysis will result in 10–25% (i.e., 
700–1750) of these sequencing attempts resulting in success-
ful peptide identifi cations. A list of popular mass analyzers used 
in proteomics and their performance characteristics is given in 
 Table 8.2   .  

  BIOINFORMATICS 
 Probably no area of proteomics evolves faster than bioinfor-
matics. Proteomics is critically dependent on bioinformatics 
to process the raw mass spectral data into protein data. While 
routinely used by every proteomic laboratory, the most criti-
cal software programs are those that take peptide mapping 
and/or tandem MS results and determine the protein or pep-
tide sequence that most closely matches the experimental data. 
The two most popular software packages for matching experi-
mental MS data to peptide/protein sequences are MASCOT 

 T A B L E  8 . 1         List of advantages and disadvantages of 

popular sample preparation methods used in proteomics  

 Method  Advantages  Disadvantages 

 2D-PAGE       ●       Staining 
provides relative 
quantitation  

    ●       Only sequence 
proteins of interest    

      ●      Laborious  
    ●       Limited sensitivity  
    ●       Irreproducibility a 

factor    

 2D-DIGE       ●       Can compare 
multiple proteomes 
on single gel  

    ●       Reproducible 
separation    

      ●      Laborious  
    ●       Requires fl uorescent 

scanner    

 MudPIT       ●      Highly sensitive  
    ●       Broad proteome 

coverage  
    ●       High throughput    

      ●       Limited individual 
protein coverage  

    ●       Unable to 
target specifi c 
proteins Lacks 
inherent ability 
for quantitative 
comparison    

 ICAT       ●       Reduces complexity 
prior to MS analysis    

      ●      Low throughput  
    ●       Limited to a binary 

comparison  
    ●       Unable to target 

specifi c proteins    

 iTRAQ       ●       Allows 4 samples to 
be simultaneously 
compared    

      ●      Low throughput  
    ●       Unable to target 

specifi c proteins    

has driven the proteomics revolution. Although, it has been 
around for approximately a century, MS has gained increased 
prominence with the development of techniques to rapidly 
identify proteins. There are many different reasons that have 
propelled the MS to its prominent position within the fi eld of 
proteomics. Among these are the sensitivity afforded using MS, 
allowing proteins and peptides present in the low femtomole 
(fmol, 10  	 15  mol) to high attomole (amol, 10  	 18  mol) range 
to be successfully identifi ed. The mass measurement accuracy 
available using current MS technology, which can routinely 
be in the range of 1–5       ppm, also increases the confi dence in 
the identifi cation provided by the bioinformatic search of the 
raw data. 

 While these and other technology specifi cations have been 
important, the development of MS/MS ( McLafferty, 1981 ) and 
the coupling of on-line protein/peptide separations with MS 
( Henion, 1978 ) have been the key determinants that have ena-
bled proteomics. Tandem MS allows tryptic peptides obtained 
from an enzymatic digestion of a complex proteome mixture, to 
be fragmented in such a way that suffi cient sequence informa-
tion can be obtained for its unambiguously identifi cation. While 
proteins are typically identifi ed through MS/MS identifi cation of 



( Lubec et al., 2005 ) and SEQUEST ( Yates et al., 1995 ). As with 
most software algorithms, they both do what can also be done 
manually but at a much faster speed. For instance, SEQUEST is 
capable of transforming thousands of raw tandem MS fi les into 
potential peptide identifi cations within minutes, whereas manu-
ally assigning a single raw fi le would take on the order of hours. 
These software algorithms are also capable of identifying modi-
fi ed peptides when the mass added to the peptide as a result of 
some covalent modifi cation (e.g., phosphorylation) is known. 
While not in widespread distribution, software packages, such 
as Scoring ALgorithm for Spectral Analysis (SALSA) developed 
by Daniel Leibler, provides a means of identifying unanticipated 
modifi cations, by identifying spectra that display characteristic 
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 Figure 8.3        Principles of data-dependent tandem mass spectrometry (MS/MS). In data-dependent MS/MS, the mass spectrometer 
conducts an MS scan to record peptide masses that can be detected during a reversed-phase liquid chromatography (RPLC)-MS analy-
sis of a complex proteome sample. The mass spectrometer isolates the peptide producing the most intense signal (i.e.,  m/z  1789.8007) 
and subjects it to collisional induced dissociation (CID). The resultant fragment ions are detected by the mass spectrometer and are 
subsequently used to identify the peptide in a bioinformatic analysis of the data. The mass spectrometer then isolates the next most 
intense peptide and collects its MS/MS spectrum. Linear ion-trap mass spectrometers may sequentially select on the order of 10 
peptides for CID prior to recording the next MS scan. In the following MS scan, the instrument looks for new peptides that may have 
eluted from the LC column and selects these for CID and possible identifi cation.    

 T A B L E  8 . 2          Performance characteristics of various 

mass analyzers commonly used in proteomic research  

 Analyzer  Sensitivity  Resolution  Mass accuracy 

 Ion-trap  Good  Low  Low 

 Linear 
ion-trap 

 Excellent  Low  Low 

 Triple-
quadrupole 

 Good  Good  Good 

 TOF  Good  High  High 

 FTICR  Excellent  High  High 
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product ions, neutral or charged losses of groups of signals that 
are indicative of a particular modifi cation ( Hansen et al., 2001 ). 
Taken together, these varieties of software packages have been 
critical to the enabling of data analysis on the scale needed for 
discovery-driven proteomic studies. 

 Throughout this chapter, the theme has been to use pro-
teomic technologies to measure the relative abundances of pro-
teins in different samples. Software has been developed to do 
this both at the gel-staining level and the mass spectral data level 
(i.e., when stable-isotope labeling quantitation is employed). 
Where the major lack has been is how this relative abundance 
data is presented. It is still typically displayed as lists of proteins 
with their relative abundance between two samples being given 
as a fold-difference. Unfortunately, with the ability to generate 
abundance data for thousands of proteins, these lists become an 
 “ unsolvable puzzle ”  when trying to identify major effects on 
a cell ’ s proteome as a result of a specifi c treatment. Recently, 
software packages such as Ingenuity™ have been developed 
to distill abundance data into annotated protein pathways ena-
bling the probability that any specifi c signaling pathway has 
been affected can be statistically measured ( www.ingenuity.
com/products/pathways_analysis.html ). Software packages such 
as these also allow transcriptomic and proteomic data to be 
directly compared at both the single biomolecule and pathway 
levels.  

  IMPACT OF PROTEOMICS ON 
UNDERSTANDING DISEASES 
 It is impossible to fi nd a common characteristic that threads 
every disease together. One prevalent characteristic, primarily in 
the area of cancer, is that the earlier it is detected the better the 
chance of survival. To detect cancer at earlier stages is going to 
require novel biomarkers that possess high sensitivity and spe-
cifi city. This need has driven much of the proteomic research 
over the past 3–5 years. Much of the search for novel biomarkers 
falls within discovery-driven research, and therefore MS 
has played a major role. The aim, in most studies, is to lever-
age the ability of MS to identify proteins in biological samples 
from patients with specifi c cancers and compare that to lists 
of proteins identifi ed in the same sample types obtained from 
healthy-matched controls. Proteins that are found to be more 
prevalent in samples from disease-affl icted patients are consid-
ered as potential biomarkers. 

 While on the surface the premise sounds simple enough, in 
reality there are several daunting challenges, both technological 
and physiological. Even with the speed at which MS is capa-
ble of identifying proteins, it still undersamples any complex 

proteome mixture. When such entities as post-translational 
modifi cations and splice variants are taken into account, it 
is impossible to know exactly the number of distinct proteins 
within a cell or biofl uid proteome. Therefore, when a protein 
is detected in a diseased sample but not in a matched control, 
there is always that uncertainty as to whether the protein 
is not really present or it just was not detected in the present 
experiment. As is commonly quoted in science,  “ the absence 
of evidence is not the evidence of absence ” . On the physi-
ological side, the fact that the proteome of any cell or biofl uid 
is dynamic results in a constantly changing background that 
occurs both between different patients and within the same 
patient. For instance, the serum proteome of an individual is dif-
ferent before and after lunch. Compound this with the genetic 
and lifestyle variability that is observed between different 
patients and it is easy to grasp how diffi cult it is to confi dently 
identify a disease-specifi c change in a protein in this shifting 
matrix. 

 Regardless, the promise of technologies such as MS that 
can scan proteomes at levels never before possible propels inves-
tigators to search for new diagnostic markers. While the success 
in discovering new markers has been limited, they do however 
exist. For instance, a biomarker for the bladder disorder inter-
stitial cystitis (IC) was found using a combination of protein 
fractionation and MS techniques ( Keay et al., 2004 ). Previous to 
this report, no useful diagnostic marker for this disorder existed 
and patients were typically diagnosed by the exclusion of other 
maladies. This study resulted in the discovery of a novel nine-
residue sialoglycopeptide that was shown to be present only 
in the supernatant of cultured bladder epithelial cells obtained 
from patients with IC and not in healthy controls or patients 
with bacterial cystitis. 

 One of the more intriguing MS-based proteomic tech-
niques to identify signatures of diseases in blood involves the 
detection of peptides that signify exo- and endo-protease activi-
ties ( Villanueva et al., 2006 ). In this study, low molecular weight 
peptides were extracted from serum and analyzed using matrix-
assisted laser desorption ionization (MALDI) TOF MS. The 
study showed that a subset of the serum peptides were able to 
provide a signature allowing patients with three types of solid 
tumors to be classifi ed separately from controls without cancer. 
Sixty-one of the signature peptides were identifi ed and shown 
to fall into several tight clusters ( Villanueva et al., 2006 ). Most of 
the identifi ed peptides were generated by cancer-type specifi c 
exopeptidase activities that enabled highly accurate classifi cation 
of a set of prostate cancer samples used to validate the markers. 
While this method does not identify a novel diagnostic or thera-
peutic protein marker, it does use MS to reveal a cancer-specifi c 
activity found within serum of cancer-affected patients.  
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As any useful fi eld of science does, mass spectrometry (MS)-
based proteomics has continued to evolve in capabilities and 
direction. While many of the fundamental aims of MS-based 
proteomics – such as identifying differentially abundant pro-
teins between different systems – remain, the instrumental 
capabilities available to achieve these aims have increased in the 
recent past. In addition, many novel experimental approaches 
have been designed to better interrogate specifi c proteins and 
post-translational modifi cations.

The complexity of the proteome, even from a simple 
organism, is such that fractionation remains critical prior to MS 
analysis. Two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE) (O’Farrell, 1975) remains a cornerstone separation 
method with the use of 2D-DIGE (differential in-gel electro-
phoresis) becoming increasingly popular due to its comparative 
reproducibility, quantitative capability, and ease of use (Hoorn 
et al., 2006). Multidimensional protein identifi cation technol-
ogy (popularly known as MudPIT) continues to dominate the 
separation of complex proteomes in cases where investiga-
tors wish to avoid the use of gels (Washburn et al., 2001). This 
combination of strong cation exchange and reversed phase 
liquid chromatography (LC), combined with the continuing 
development of mass spectrometers with higher sensitivity and 
faster duty cycles, has enabled laboratories to routinely identify 
>5,000 proteins within complex proteomes.

The chief development in mass spectrometry technology 
in the recent past is the Orbitrap mass spectrometer with elec-
tron transfer dissociation (ETD) (McAlister et al., 2007). This 
instrument combines high sensitivity, mass accuracy, and reso-
lution in an ion-trap confi guration that uses ETD to fragment 
proteins and peptides. Conventional fragmentation methods, 
such as collisional induced dissociation (CID), are most effective 
when dealing with small peptides with molecular masses in the 

range of 500-3500. ETD has the ability to effectively fragment 
much larger peptides, thereby enabling top-down approaches 
in which peptide and intact proteins with molecular masses 
up to 20,000 can be effectively identifi ed. Post-translation 
modifi cations are also preserved during fragmentation using 
ETD enabling phosphorylation sites, in particular, to be more 
effectively characterized. 

Quantitative proteomics, in which global differences in 
protein abundances are measured, continues to be an impor-
tant area in proteomics in both cell biology and biomarker 
discovery. While this area has been dominated by the use of 
stable-isotope labeling approaches (e.g. ICAT, iTRAQ, etc.), 
recent developments in label-free quantitation are changing 
the way quantitation is conducted (Du et al., 2008). Label-free 
methods rely on the measured intensity of a peptide ion and 
compare this to its intensity as recorded within other samples. 
Theoretically, quantitative proteomics methods enable cross 
comparison of a large number of samples, instead of the small 
number enabled by isotope-labeling approaches. In addition, 
label-free methods are higher throughput and require fewer 
sample manipulation steps. Some of the diffi culties in routine 
application of these methods, however, have centered on cor-
rect matching of peptides from run-to-run due to variation in 
LC separations of the mixtures prior to MS analysis.

While MS-based proteomics has probably not yet had the 
impact on understanding human diseases that was anticipated, 
the progress has still been substantial. Many investigators are now 
using multiple-reaction monitoring (MRM) of specifi c peptides 
within very biofl uid samples to quantitate the absolute abun-
dance of proteins in clinical samples (Issaq and Veenstra, 2008). 
This method combined with development of MS technology 
continues to push proteomics closer to routine use within clinical 
laboratories, where its impact on public health will be substantial.
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  INTRODUCTION 
 Despite decades of research, the molecular etiology of chronic 
and indolent diseases and conditions such as diabetes, obes-
ity, cancer, and cardiovascular disease remains obscure, in part 
because they represent slowly developing phenotypes caused 
by the interplay of a complex mixture of genetic and environ-
mental effectors. For similar reasons, it has been very diffi cult to 
detect and diagnose these diseases at a stage that allows suffi cient 
time for effective intervention. Comprehensive measurement 
of intermediary metabolites and changes in metabolic activity 
(metabolic fl ux) could lead to improved detection and under-
standing of these diseases. 

 As will be discussed in this chapter, instrumentation for 
measurement of large groups of intermediary metabolites as well 
as computational methods for analyzing such data are emerg-
ing. This surge in development of  “ metabolomics ”  technologies 
confers a number of potential advantages to scientists interested 
in disease research. First, it is estimated that human beings con-
tain approximately 5000 discrete small molecule metabolites, far 

less than the estimate of 25,000 genes and  � 100,000 proteins. 
Thus, metabolomics may ultimately be the most tractable of the 
 “ omics ”  sciences. Second, metabolomics measures changes in 
metabolic or chemical milieu that are downstream of genomic 
and proteomic alterations, therefore potentially providing the 
most integrated picture of biological status. Third, identifi cation 
of metabolic fi ngerprints for specifi c diseases may have particu-
lar practical utility for development of therapies, because meta-
bolic changes immediately suggest enzymatic drug targets. And 
fourth, metabolomics is likely to be a powerful and precise tool 
for discerning mechanisms of action and possible toxicological 
effects of drug therapies. 

 The purpose of this chapter is to describe current meth-
odologies for metabolic profi ling and fl ux analysis and to pro-
vide selected examples of insights into biological and disease 
mechanisms gained from these approaches. Studies involving 
integration of metabolomics with genomic and transcriptomic 
profi ling methods are just beginning to emerge, and early exam-
ples of this exciting area will also be highlighted. It is important 
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to emphasize from the outset that metabolic profi ling tools are 
in a rapid phase of development, such that our description of 
currently useful methods will likely represent a  “ snapshot in 
time ”  that will evolve rapidly over the next several years.  

  CURRENT METABOLOMICS 
PLATFORMS: BASIC TOOLS AND 
GENERAL FEATURES 
 As described in other chapters in this volume, genome-wide 
analysis of genetic variation ( “ genomics ” ) and surveys of changes
in mRNA abundance by microarray technologies ( “ transcrip-
tomics ” ) are examples of robust and relatively mature tech-
nologies for investigation of mechanisms underlying biological 
variability. For example, mRNA profi ling has developed to a 
point that microarray cores have become common in both the 
academic and private sectors, with many thousands of RNA 
profi ling experiments performed on a yearly basis. This is not 
yet the case for laboratories that focus on comprehensive meta-
bolic analysis. One reason for this is the complexity inherent in 
attempting to measure small molecule metabolites (intermediary 
metabolites as discussed in this chapter are defi ned as non-peptidic 
and with a molecular weight of  � 3000) in a quantitatively rig-
orous fashion. Underlying issues include the variable lability 
of metabolites (e.g., amino acids are often quite stable, whereas 
organic acid or lipid species can be quite labile), the chemical 
diversity of different metabolite classes, problems encountered in 
effi cient extraction of metabolites from different biological matri-
ces (e.g., tissues, blood, urine, etc.), and the wide dynamic concen-
tration range of metabolite species (ranging from sub-nanomolar 
to milimolar). Thus, it is not surprising that there is currently no 
single technology for measurement of all of the metabolites in 
the  “ metabolome ” . This means that the small number of existing 
laboratories that engage in comprehensive metabolic analysis have 
usually been constructed on an  “  ad hoc  ”  basis, often driven by the 
direct technical experience and/or scientifi c goals and philoso-
phies of the founding scientists. This leads to varying choices in 
instrument platforms, and places an even greater burden on indi-
vidual laboratories for rigor in quantitative analysis, since standard-
ized methods do not yet exist for the majority of analytes. 

 The two major instrument platforms for measuring metab-
olite levels in biological samples are nuclear magnetic resonance 
(NMR) and mass spectrometry (MS) ( Dettmer et al., 2007 ; 
 German et al., 2005 ;  Hollywood et al., 2006 ;  Lindon et al., 2007 ; 
 Watson, 2006 ). Both technologies can also be used for meta-
bolic fl ux analysis following provision of stable isotope-labeled 
metabolic fuels (e.g., U- 13 C glucose) to cells and organisms, as 
discussed later. In general, when applying these technologies to 
assays of metabolite levels, research groups in the fi eld tend to 
fall into two camps that adopt either  “ unbiased ” / “ top-down ”  
approaches or  “ targeted ” / ” bottom-up ”  methods as their core 
technologies. Unbiased profi ling involves use of either NMR 

or MS for measurement of as many metabolites as possible in 
a biological specimen simultaneously, regardless of the chemi-
cal class of the metabolites. When applied to unbiased profi ling, 
both NMR and MS have advantages and limitations, as discussed 
below, and neither technology can presently be used for survey-
ing all of the metabolites in a sample in a quantitative fashion. 
In contrast, targeted profi ling focuses on quantifi cation of dis-
crete clusters of chemically related metabolites ( “ modules ” ) 
using various combinations of chromatographic separations 
technologies and MS instruments that are most compatible with 
the analyte class. For example, electrospray ionization (ESI) and 
tandem mass spectrometry (MS/MS) are used for quantitative 
measurements of multiple amino acids and urea cycle interme-
diates or acylcarnitines (byproducts of mitochondrial oxidation 
of fatty acids, amino acids and glucose) of varying chain length 
and degree of saturation, whereas gas chromatography-MS (GC-
MS) is used routinely for measurement of multiple species of 
free fatty acids and organic acids. 

 For each separate module, accurate quantifi cation of the 
analytes is facilitated by addition of a cocktail of stable isotope 
labeled standards to the biological sample prior to the extrac-
tion and derivatization steps that may be necessary for the par-
ticular MS approach (see below and example shown in  Figure 
9.1   ). Ideally, each unknown analyte will be paired with its 
labeled cognate (usually an M+3 heavy isotope, e.g., methionine 
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Figure 9.1  Tandem mass spectrum of butyl esters of acidic 
and neutral amino acids in serum. Data were obtained using a 
neutral loss of 102 Da scan function. The fi gure illustrates the 
use of internal standards for “targeted” quantitative profi ling 
of metabolites. Each amino acid in serum (shown by black let-
ters) is measured against its own stable-isotope-labeled internal 
standard (shown in red letters). G, glycine, A, alanine, S, serine, 
P, proline, V, valine, L, leucine, M, methionine, H, histidine, F, 
phenylalanine, Y, tyrosine, D, aspartate, E, glutamate.



 T A B L E  9 . 1          Summary of mass spectrometry (MS) methods used for metabolic profi ling  

 Technique  Mass Analyzer  Reference  Metabolites 

 GC/MS    Quadrupole 

 TOF 

  Fiehn et al. (2000)  
  Roessner et al. (2001)  
  Gullberg et al. (2004)  

 Fatty acids, alcohols, sterols, aliphatic and 
aromatic acids, amino acids, sugars, sugar 
alcohols, phosphates, polyamines 

      Pope et al. (2007)    
     Denkert et al. (2006)   

 FIA or Infusion  QqQ   An et al. (2004)   Acylcarnitines, amino acids, coenzyme-As, 
      Haqq et al. (2005)    
   TOF  Allen et al. (2003)    
   Q-TOF   Scholz et al. (2004)    
   FT-ICR   Oikawa et al. (2006)    

 LC/MS  QqQ   Bajad et al. (2006)  
  Sabatine et al. (2005)  
 Han and Gross (2003) 
 Murphy et al. (2005) 

 Phoshpholipids, sphingolipids, eicosanoids, 
amino acids, sulfoconjugates, carboxylic acids, 
amines, glucuronides, glycosides, glutathione 
conjugates 

   QIT   Lafaye et al. (2003)    
      Lafaye et al. (2004)    
   TOF   Plumb et al. (2005)    
   Q-TOF   Lenz et al. (2007)    
      Rainville et al. (2007)    

 CE/MS  Quadrupole  Sato et al. (2004) 
  Williams et al. (2007)  

 Amino acids, sugar nucleotides, carboxylic acids, 
sugar phosphates, amines 

   QqQ-IT   McNally et al. (2006)    
      McNally et al. (2007)    
   TOF   Soga et al. (2006)    
   Q-TOF   Soga et al. (2006)    

 Direct Ionization  MALDI-TOF  Yu et al. (2006)   
    

 MALDI-TOF/TOF 
  Fraser et al. (2007)  
  Sun et al. (2007)  

 Amino acids, fatty acids, carotenoids, 
nucleosides, carboxylic acids 

   DESI-QIT   Cooks et al. (2006)    
      Pan et al. (2007)    

  Abbreviations: GC, Gas Chromatography; MS, Mass Spectrometry; LC, Liquid Chromatography; CE, Capillary Electrophoresis; TOF, Time of 
Flight; FT-ICR, Fourier Transform Ion Cyclotron Resonance;Q, Quadrupole; QqQ Triple Quadrupole; QIT Quadrupole Ion Trap; MALDI, Matrix 
Assisted Laser Desorption Ionization; DESI, Desorption Electrospray Ionization.  

with methyl-D 3  methionine, pyruvate with  13 C 3 -pyruvate, 
etc.) to control for differences in analyte loss during chemi-
cal extraction and/or derivatization of individual analyte spe-
cies and to compensate for ionization suppression effects. In 
practice, the limited range of stable isotope-labeled metabo-
lites available from commercial suppliers and their relatively 
high cost constitute a current impediment to more broad-
scale development and deployment of these technologies. To 
overcome this problem in the future, it may be necessary for 
metabolomics core laboratories to import chemical synthesis 
capabilities for production of comprehensive libraries of internal 
standards. 

  Table 9.1    provides a summary of various MS-based meta-
bolic profi ling technologies that are currently used for measure-
ment of different metabolite classes.  

  COMPARISON OF NMR AND MS 
TECHNOLOGIES FOR UNBIASED 
METABOLIC PROFILING 
 Nuclear magnetic resonance spectroscopy is theoretically 
an excellent tool for unbiased metabolic profi ling of all small 
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molecule metabolites, since the method is based on detection
of any molecules that contain carbon or hydrogen ( German 
et al., 2005 ;  Lindon et al., 2007 ). Moreover, the method is 
non-destructive, in that analyses can be conducted directly in 
bodily fl uids, cells, and even in intact tissues without the need for 
chemical extraction or derivatization of the individual analytes. 
These advantages are off-set by signifi cant technical challenges, 
including poor sensitivity (it is generally not possible to detect 
metabolites at sub-micromolar levels with NMR) and the dif-
fi culty of deconvoluting spectra of complex metabolite mixtures 
such as typically found in biological matrices like plasma, urine, 
or tissue extracts. When NMR is applied to such samples, all 
metabolites within the detection limits of the technology resolve 
as hundreds to thousands of proton magnetic resonance peaks. 
The complexity of these data and the absence of comprehensive 
libraries of NMR spectra make it very diffi cult to assign the 
different resonances to specifi c metabolites. Thus, although 
NMR spectra are rich with information, the full harvesting of 
these datasets is not yet possible. Instead, peaks within NMR 
datasets are often treated as independent statistical variables, and 
the data analyzed by methods such as principal components 
analysis (PCA) to identify clusters of resonances that characterize 
different biological or disease states. 

 Mass spectrometry has the immediate advantage of much 
higher sensitivity compared to NMR, and the most advanced 
MS platforms such as Fourier transform ion cyclotron 
mass spectrometers (FT-ICR-MS) have the capacity to detect 
metabolites at concentrations as low as the femtomole range 
( Dettmer et al., 2007 ). Moreover, modern MS platforms have 
very high-mass resolution ( � 100,000), can resolve literally 
thousands of individual small molecules without the need for 
chromatography, and can achieve mass accuracies of  � 1       ppm. 
Seemingly, current MS platforms could therefore provide a 
means of circumventing problems encountered when using 
NMR methods for unbiased metabolic profi ling of complex 
biological matrices, as described earlier. In practice, however, 
MS techniques usually require a sample extraction step that can 
cause metabolite losses. Moreover, different kinds of MS instru-
ments use varying methods for the generation and detection of 
ions, and in concert, different kinds of metabolites have discrete 
ionization properties and are therefore variably resolved and 
detected in instruments that rely on mass and charge for analyte 
separation ( Dettmer et al., 2007 ). Thus, while several current MS 
instrument platforms can be used for resolution and detection 
of large numbers of metabolites (e.g., high-performance liquid 
chromatography-MS, Q-TOF-MS, and FT-ICR-MS), the vari-
able lability, solubility, recovery, and ionization of the different 
analyte species, coupled with the lack of broad-coverage spec-
tral libraries makes these unbiased methods inherently non-
quantitative and useful mainly for detecting gross changes in 
spectral peaks in samples of different biological origin. Similar 
to NMR, masses in these complex MS spectra are often not 
assigned to a specifi c analyte, and the data are instead analyzed 
by PCA or other multi-factorial statistical tools. However, an 

advantage of MS-based unbiased profi ling methods is that when 
specifi c peaks or clusters of peaks consistently differentiate bio-
logical states (e.g., a metastatic tumor from a benign tumor), 
their detection by high-resolution MS platforms provides an 
immediate clue for analyte identifi cation by providing an accu-
rate mass estimate of the analyte. These mass estimates can be 
used to query databases such as KEGG, HMP, and ChemSpider 
for chemical formulae that match the estimated mass, thereby 
usually providing a strong starting point for identifying the ana-
lyte, and ultimately facilitating a return to more mechanistically 
oriented studies. The number of possible formulae is also signifi -
cantly reduced by high-mass accuracy; for example, the number 
of possibilities for a mass  � 500 at a mass accuracy 5       ppm with 
an elemental palate CHNOS is  � 23. A mass accuracy of 2       ppm 
would reduce the number to 10 and an accuracy of 1       ppm 
would yield only 4 possibilities.  

  MS METHODS FOR TARGETED 
METABOLIC PROFILING 
 For scientists with core interests in biological mechanisms rather 
than biomarkers, knowledge about the identity of metabolites 
being surveyed and their exact concentration greatly enhances 
the value of the datasets. This means that some metabolic profi l-
ing laboratories are built in a bottom-up fashion, with emphasis 
on targeted and quantitative MS-based analyses. Although these 
approaches tend to utilize simpler tools such as ESI-MS/MS 
and GC-MS, signifi cant challenges must still be overcome in 
building rigorous and fully vetted analysis modules for groups 
of metabolites. For example, GC-MS, when coupled with the 
use of stable isotope standards, can provide suffi cient chroma-
tographic resolution and analyte-specifi c detection to allow 
quantifi cation of groups of metabolites in a class (e.g., fatty acids 
of different change length and degree of saturation or organic 
acids/TCA cycle intermediates). However, because the chro-
matography is performed in the gas phase at high-temperature, 
analytes must be volatile and have suffi cient thermal stability to 
survive the analysis. To help stabilize the analytes under study, 
reactive carboxyl, sulfhydryl, amine, or hydroxyl groups are deri-
vatized by akylation, oximation, acylation, or silylation ( Dettmer 
et al., 2007 ;  German et al., 2005 ). These methods, while effec-
tive, add complexity beyond that already introduced by sample 
extraction to the analytical procedures, and can result in batch-
to-batch variation if not properly controlled. Similarly, analy-
sis of acylcarnitines or amino acids/urea cycle intermediates 
by ESI-MS/MS requires different derivatization steps for each 
module – for example, treatment with acidic methanol for acyl-
carnitines and n-butanol for amino acids/urea cycle intermedi-
ates ( Haqq et al., 2005 ). Nevertheless, with care, these modules 
can provide quantitative data for highly informative clusters of 
analytes (e.g., fatty acids, fatty acylCoAs, and acylcarnitines of 
different chain length and degree of saturation, amino acids/urea 



cycle intermediates, and organic acids), with coeffi cients of vari-
ation in replicate assays in the range of 10%.  

  EXAMPLES OF NMR-BASED 
METABOLIC PROFILING IN DISEASE 
RESEARCH 
 The most common application of  1 H-NMR-based metabolic 
profi ling in mammals and humans to date has been for evalu-
ation of toxic effects of xenobiotic drugs. Work in this area 
has been reviewed by others ( Lindon et al., 2007 ), so we focus 
instead on newer applications in the realm of disease research. 

 Coronary artery disease (CAD) is the leading cause of death 
in the United States and, in concert with the epidemic of obes-
ity and diabetes, is rapidly becoming the leading cause of death in 
many developing countries. The genetic predilection of CAD is 
well established; family history has repeatedly been shown to be a 
robust, independent risk factor for CAD. Many of the commonly 
accepted risk factors for CAD are metabolic, such as lipid abnor-
malities and diabetes, making this disease a particularly logical tar-
get for comprehensive metabolic profi ling technologies. Indeed, 
 1 H NMR was recently reported to detect metabolic profi les 
that predicted the presence and severity of CAD ( Brindle et al., 
2002 ). The study involved comparison of a relatively small group 
of patients with triple vessel coronary heart disease ( n  � 36) to 
angiographically normal subjects ( n  � 30). Partial least squares-
discriminant analysis was used to identify peaks in the major 
lipid regions of the spectra that appeared to provide separation 
between the groups. The specifi c lipid species involved were not 
identifi ed by this analysis, although it was suggested that choline-
containing metabolites were particularly diagnostic. However, a 
subsequent study using very similar techniques demonstrated that 
the predictive value of the NMR-based metabolic profi les was 
weak when other factors such as gender and use of medical inter-
ventions such as statins were taken into account ( Kirschenlohr et 
al., 2006 ). This second group of authors demonstrated that the  1 H 
NMR technique could identify male versus female subjects with 
100% accuracy, but was much less able to identify statin users or 
subjects with CAD, despite expectations of substantial changes in 
lipid profi le in the former group. This study makes it clear that  1 H 
NMR is currently not a substitute for the more invasive proce-
dure of angiography in detection of CAD. 

 An intriguing and more promising recent application of  1 H 
NMR-based metabolic analysis has been to study the infl uence 
of intestinal bacteria (microbiota) on pathophysiologic outcomes 
of high-fat (HF) feeding ( Dumas et al., 2006 ). This involved feed-
ing of a HF diet to a mouse strain (129S6) known to be sus-
ceptible to HF-induced hepatic steatosis and insulin resistance, 
and for comparison, to a strain (BALBc) with relative resistance 
to these effects of diet. Metabolic profi ling of plasma and urine 
samples revealed low circulating levels of plasma phosphatidyl-
choline (PChol) and high levels of methylamines in urine in the 

129S6 strain. Since the conversion of choline to methylamines is 
accomplished by gut microbiota rather than mammalian enzymes 
( Zeisel et al., 1983 ), and choline defi cient diets are associated 
with hepatic steatosis ( Buchman et al., 1995 ), the authors propose 
that the increased propensity of the 129S6 strain for hepatic stea-
tosis and insulin resistance could be due to a reduced PC pool 
necessary for the assembly of VLDL particles, leading to deposi-
tion of triglycerides in liver. As with its application to diagno-
sis of CAD, the value of NMR for detecting the contributions 
of bacterial metabolism to whole animal metabolic profi les and 
disease development remains to be confi rmed or refuted by an 
independent study. However, in this instance, other studies sug-
gest that this could indeed be an important pathway. Thus, treat-
ment of germ-free mice with microbiota from the cecum of 
conventionally raised animals produced an increase in body fat 
content and appearance of insulin resistance within 14 days of 
transfer ( Backhed et al. 2004 ). In addition, more recent studies 
have revealed that genetically obese rodents or obese humans 
have changes in relative abundance of two main intestinal bacte-
rial groups, the Bacteroidetes and the Firmicutes, relative to lean 
controls, and that the  “ obese microbiome ”  has an increased capac-
ity to harvest energy from the diet ( Turnbaugh et al., 2006 ). The 
mechanism by which the obese microbiome infl uences periph-
eral metabolism of the host seems to involve changes in circulat-
ing levels of fasting-induced adipose factor (FIAF), a circulating 
lipoprotein lipase inhibitor, as well as changes in activity of the 
important metabolic regulatory proteins PGC-1 �  and 5� AMP-
activated kinase (AMPK) in skeletal muscle and liver ( Backhed 
et al., 2007 ). An intriguing area for future study is to attempt to 
defi ne metabolic profi les for specifi c gastrointestinal bacteria such 
that their relative contributions to changes in overall metabolic 
profi le can be monitored and fully understood in the context of 
fuel homeostasis in the host.  

  EXAMPLES OF TARGETED MS-
BASED METABOLIC PROFILING 
FOR UNDERSTANDING OF DISEASE 
MECHANISMS 

  Development of Tools 
 The past decade has seen a rapid increase in the use of 
MS-based analysis platforms for metabolic profi ling. Many 
of the early applications of MS technologies were in the area 
of plant biology ( Fiehn et al., 2000 ) or for detecting inborn 
errors of metabolism in newborn children ( Frazier et al., 2006 ; 
 Shekhawat et al., 2005 ). Application of tandem mass spectrom-
etry (MS/MS) to newborn screening has allowed detection of
more than 40 different genetic diseases of lipid and amino 
acid metabolism. In newborn screening, less emphasis is placed 
on absolute quantifi cation of multiple analytes in a module, 
since the screen only requires detection of changes in a single 
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or discrete cluster of analytes with respect to established labo-
ratory norms. For example, a defect in HMG-CoA lyase 
results in large and specifi c increases in C5-OH-carnitine
and methylglutaryl-carnitine species detected by MS/MS, 
whereas defects in long-chain L-3-hydroxyacyl CoA dehy-
drogenase (LCHAD) or mitochondrial trifunctional protein 
(MTP) are associated with increases in C16-OH and C18-
OH-carnitine metabolites ( Shekhawat et al., 2005 ). Similarly, 
defects in amino acid catabolizing enzymes such as phenyla-
laine hydroxylase to cause phenylketonuria, or the branched-
chain  � -ketoacid dehydrogenase complex to cause Maple 
Syrup urine disease are readily detected by dramatic increases 
in phenylalanine or branched-chain amino acid (BCCA) levels, 
respectively. 

 In more recent years, many of the MS-based targeted met-
abolic profi ling techniques developed for diagnosing inborn 
errors of metabolism have been adopted and refi ned for stud-
ies of metabolic regulatory mechanisms, disease detection, and 
mechanisms of disease pathogenesis. Selective examples, meant 
to be illustrative rather than comprehensive, are provided. 

 One approach has been to combine several targeted MS-
based assay modules as an assemblage of tools that can report 
on several critical metabolic pathways ( An et al., 2004 ;  Haqq 
et al., 2005 ;  Koves et al., 2008 ). Using a combination of GC/MS 
and MS/MS, we are currently able to perform quantitative anal-
ysis of approximately 150 metabolites in six groups: 

  1.     free fatty acids of varying chain length and degrees of 
saturation;  

  2.     total fatty acids (free+esterifi ed);  
  3.     acylcarnitines (representing products of mitochondrial fatty 

acid, amino acid, and glucose oxidation);  
  4.     acyl CoAs of varying chain length and degree of saturation;  
  5.     organic acids (TCA cycle intermediates and related metab-

olites); and  
  6.     amino acids, including urea cycle intermediates.    

 Although the total number of analytes measured with these 
tools is small relative to estimates of 5000 total metabolites in 
the  “ metabolome ” , they are nevertheless highly useful for under-
standing changes in metabolic fuel selection under different phys-
iologic and pathophysiologic circumstances. Moreover, expansion 
of the platform to include a broader range of analytes of interest 
in disease pathogenesis would appear possible in the near term, 
via adoption of published methods for analysis of sphingolip-
ids (including ceramides), phospholipids, and prostaglandins and 
their metabolites (eicosanoids) (Dettmer et al., 2007;  Han and 
Gross, 2005 ;  Merrill et al., 2005 ; Watson, 2006). However, the 
reader should appreciate that development of new modules is 
not a trivial or inexpensive undertaking, as it requires acquisition 
or synthesis of stable isotope-labeled internal standards to cover 
most if not all of the individual analytes in the module, develop-
ment of extraction procedures that are effi cient for multiple ana-
lytes in a class, and demonstration of quantitative reproducibility 
of the method. The advantage gained is that such tools can be 

applied to understanding of metabolic regulatory mechanisms in 
isolated cells, animal models of disease, and human disease states, 
as summarized in the following specifi c examples.  

  Metabolic Profi ling for Studies of Metabolic 
Regulatory and Signaling Mechanisms in 
Cultured Cells 
 An example of integration of NMR- and MS-based tools for 
understanding of metabolic regulation and signaling mechanisms 
comes from recent work on the process of glucose-stimulated 
insulin secretion (GSIS) in pancreatic islet  � -cells ( Boucher 
et al., 2004 ;  Jensen et al., 2006 ;  Joseph et al., 2006 ;  Joseph et al., 
2007 ;  Lu et al., 2002 ;  Ronnebaum et al., 2006 ;  Ronnebaum 
et al., 2008 ). Stimulation of islet  � -cells with glucose causes 
increases in insulin secretion within seconds to minutes, and this 
response is mediated by signals that are generated by  � -cell glu-
cose metabolism. A commonly accepted idea is that increases in 
the rate of glucose metabolism in  � -cells leads to increases in 
ATP:ADP ratio, which causes inhibition of ATP-sensitive K �  
channels (K ATP  channels), membrane depolarization, and acti-
vation of voltage-gated calcium channels. The resulting infl ux 
of extracellular Ca 2�  is then thought to stimulate exocytosis 
of insulin containing secretory granules. However, this model 
clearly does not provide a complete description of signals that 
regulate GSIS, since pharmacologic or molecular inhibition of 
K ATP -channel activity does not abrograte glucose regulation of 
insulin secretion ( Henquin et al., 2003 ;  Nenquin et al., 2004 ). 

 To investigate non-K ATP -channel related signals for GSIS, 
a set of insulinoma (INS-1)-derived cell lines with varying 
capacities for GSIS were developed ( Hohmeier et al., 2000 ). 
Application of  13 C NMR-based isotopomer analysis and 
MS-based profi ling of intermediary metabolites led to the dis-
covery of a critical link between pyruvate carboxylase (PC)-
mediated pyruvate exchange with TCA cycle intermediates 
( “ pyruvate cycling ” ) and GSIS, and demonstration that these 
pathways are dysregulated in lipid-cultured and dysfunctional 
 � -cells ( Boucher et al., 2004 ;  Jensen et al., 2006 ;  Joseph et al., 
2006 ;  Joseph et al., 2007 ;  Lu et al., 2002 ;  Ronnebaum et al., 
2006 ). More recent studies have focused on identifi cation of the 
specifi c pyruvate cycling pathways that may be involved in gen-
eration of signals for insulin secretion. One important pathway 
appears to involve export of citrate and/or isocitrate from the 
mitochondria via the citrate/isocitrate carrier (CIC), and sub-
sequent conversion of isocitrate to  � -ketoglutarate ( 
 -KG) by 
the cytosolic NAPD-dependent isoform of isocitrate dehydro-
genase (ICDc) ( Joseph et al., 2006 ;  Ronnebaum et al., 2006 ). 
siRNA-mediated suppression of CIC or ICDc cause substantial 
impairment of GSIS in both insulinoma cell lines and primary 
rat islets. These studies suggest that a metabolic byproduct of 
pyruvate/isocitrate cycling may be an important amplifying sig-
nal for control of GSIS. Possible mediators that are under inves-
tigation include NADPH,  � -KG or its metabolites, or GTP 
generated by the succinyl CoA dehydrogenase reaction, all of 
which are direct or downstream products of the ICDc reaction. 



 To gain deeper understanding of the specifi c pyruvate 
cycling pathway involved in GSIS, these NMR-based methods of 
fl ux anlaysis were combined with MS/MS and GC/MS meth-
ods for profi ling of acylcarnitines and organic acids, respectively. 
These experiments revealed that siRNA-mediated suppression of 
PC activity has little infl uence on pyruvate cycling rates or GSIS 
due to a compensatory rise in C2-acylcarnitine, which refl ects 
the acetyl CoA pool; acetyl CoA is an allosteric activator of PC, 
which offsets the decrease in PC protein. These studies therefore 
uncovered a compensatory mechanism for preservation of pyru-
vate cycling activity and GSIS even when PC levels are reduced 
( Jensen et al., 2006 ). In another study, organic acid profi ling was 
used to show that suppression of CIC caused a fall in cytosolic 
citrate levels, as would be expected if a major pathway for export 
of citrate from the mitochondria to the cytosol is blocked ( Joseph 
et al., 2006 ). Finally, suppression of ICDc caused a decrease in 
pyruvate cycling fl ux, as measured by NMR, coupled with a rise 
in lactate levels measured by GC/MS, suggesting that in the face of 
suppressed pyruvate cycling activity, pyruvate is converted to lac-
tate by default ( Ronnebaum et al., 2006 ). These examples illustrate 
two important application of MS-based metabolic profi ling in cel-
lular research: (1) use in validation of specifi c genetic engineering 
or pharmacologic manipulations of cellular systems; (2) integra-
tion with fl ux analysis to provide a complete picture of changes in 
metabolic pathways under varying experimental conditions.  

      Application of MS-Based Metabolic Profi ling for 
Understanding of Human Disease Pathogenesis 
 Targeted MS-based metabolic profi ling has also been increas-
ingly applied to studies of human diseases and conditions. 
Specifi c examples of applications to the areas of obesity and 
cardiovascular disease (CAD) are discussed here, but these tools 
are also being applied to diverse areas such as cancer ( Fan et al., 
2006 ) and mental disorders ( Kaddurah-Daouk et al., 2007 ). 

 It has been appreciated for many years that obesity is associ-
ated with impaired metabolic regulation, including development 
of insulin resistance in muscle, liver, and adipose tissue, as well 
as loss of mass and function of pancreatic islet  � -cells ( Muoio 
and Newgard, 2008 ). However, the specifi c mechanisms that 
link overnutrition and obesity to global metabolic dysfunction 
remain incompletely defi ned. We recently completed a meta-
bolic analysis of 74 obese (median BMI of 36.6       kg/m 2 ) and 67 
lean (median BMI of 23.2       kg/m 2 ) human subjects using the 
MS-based metabolic, hormonal and physiologic profi ling tools 
described earlier ( Haqq et al., 2005 ;  Newgard et al., 2008 ). PCA 
was used to detect a metabolic signature comprised of changes 
in amino acid, acylcarnitine, and organic acid metabolites that 
suggests that pathways of BCAA catabolism are overloaded in 
obese humans. To test the signifi cance of this for development 
of obesity-related disease, we fed normal rats on HF, high-fat 
with supplemented BCAA (HF/BCAA) or standard chow (SC) 
diets. Despite a low rate of body weight gain equivalent to the 
SC group, HF/BCAA rats were equally insulin resistant as HF 
rats, demonstrating a contribution of BCAA to development of 
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Figure 9.2  Use of 13C NMR for measurement of metabolic 
fl ux in cells. To measure fl ux of pyruvate into the TCA cycle via 
the oxidative enzyme pyruvate dehydrogenase (PDH) versus the 
anaplerotic enzyme pyruvate carboxylase (PC), [U-13C] glucose 
is administered to cells in culture. After 3 hours of incubation, 
cells are extracted and the NMR spectra of different carbons of 
glutamate are obtained. If all of the 13C-labeled glucose is con-
verted to pyruvate to enter the TCA cycle through PDH, the 
spectrum of carbon 2 of glutamate will appear as shown at the 
bottom right of the fi gure. In contrast, if the labeled pyruvate 
enters the TCA cycle both through PDH and PC in equal pro-
portions, the glutamate C2 spectrum will appear as shown at the 
top right of the fi gure. Arrows show signifi cant difference in peak 
height in the two spectra. The change in the spectra under these 
two scenarios occurs because pyruvate that enters the TCA 
cycle via PC can engage in pyruvate recycling pathways that 
results in dilution of 13C (black circles) with natural abundance 
12C (gray circles), thus changing the pool of glutatmate mass 
isotopomers. Spectra of other glutamate carbons are obtained 
in the same fashion, and the aggregate data are deconvoluted to 
derive estimates of fl ux through PDH versus PC (Boucher et al., 
2004; Lu et al., 2002; Sherry et al., 2004).

 In the foregoing studies, measurement of pyruvate cycling 
fl ux was accomplished by incubation of  � -cells in low (3       mM) or 
high (12       mM) concentrations of U- 13 C glucose for several hours, 
followed by extraction of cells and analysis of the glutamate spec-
trum by NMR (see e.g.,  Figure 9.2   ). Specifi c resonances for each 
of the carbons of glutamate are affected by the population of mass 
isotopomers (glutamate with varying mixtures of  13 C and  12 C at 
each of the 5 carbons of the molecule), and this information can 
be used to calculate fl ux through the oxidative (PDH) and ana-
plerotic (PC) entry points of the tricarboxylic acid (TCA) cycle 
( Boucher et al., 2004 ;  Lu et al., 2002 ;  Sherry et al., 2004 ). When 
coupled to measurements of oxygen consumption (respiration), 
these rates can be expressed in absolute rather than relative terms 
( Boucher et al., 2004 ;  Sherry et al., 2004 ). These methods revealed 
that the capacity for GSIS in variously glucose responsive INS-1-
derived cell lines was tightly correlated with PC-catalyzed pyru-
vate cycling activity, but not PDH-catalyzed glucose oxidation. 
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insulin resistance independent of body weight. However, the 
effects of BCAA on body weight and insulin sensitivity seem 
to require the presence of fat, since animals fed on SC diet with 
supplemented BCAA gain weight normally and have normal 
insulin sensitivity. These fi ndings demonstrate a synergistic inter-
action of dietary protein and fat in the development of insu-
lin resistance, and provide a demonstration of how broad-based 
metabolic profi ling tools can identify unanticipated contribu-
tions of dietary and metabolic factors to disease development. 

 MS-based metabolic profi ling has also been applied to car-
diovascular disease. In one study, liquid chromatography/triple 
quadrupole high-sensitivity MS analysis was applied to plasma 
samples of 18 subjects with exercise-inducible ischemia com-
pared to 18 normal controls ( Sabatine et al., 2005 ). Blood 
samples were taken immediately before and immediately after 
exercise, and levels of 173 known and several more minor inter-
mediary metabolites were measured. A number of metabolites 
were found to be discordant between the two groups, including 
lactate, byproducts of AMP metabolism, metabolites of the cit-
ric acid cycle, and several of the unknowns. Using the six most 
discordantly regulated metabolites, a metabolic ischemia risk 
score was created and found to be statistically correlated to the 
probability of ischemia. However, it should be noted that the 

number of subjects was quite small in this study, necessitating 
follow up studies that either confi rm or refute these interesting 
initial fi ndings. 

 In another recent study, MS/MS and GC/MS-based profi l-
ing of fatty acids, acylcarnitines, and amino acids was performed 
on plasma samples from 117 subjects from eight multiplex fam-
ilies with familial early-onset CAD ( Shah et al., 2008 ). Using 
SOLAR and adjusting for variables such as diabetes, hyperten-
sion, dyslipidemia, body-mass-index (BMI), age and sex, high 
heritabilities were found for several amino acids (arginine, gluta-
mate, alanine, ornithine, valine, leucine/isoleucine, h 2  0.50–0.85, 
 P  � 0.00004      	      7.2      �      10  	 15 ), free fatty acids (arachidonic, lino-
leic, h 2  0.57–0.59,  P  � 0.0004      	      0.00005), and acylcarnitines 
(h 2  0.54–0.86,  P  � 0.002      	      0.0000002). Moreover, PCA was 
used to identify several metabolite clusters, with several of these 
factors found to be highly heritable. Interestingly, GENECARD 
families showed two distinct metabolite profi les, tracking with 
their clinical characteristics and refl ective of factors identifi ed 
from PCA, suggesting different genetic backgrounds and conse-
quent variation in control of key metabolic pathways that con-
verge on CAD. However, once again, the utility of these profi les 
for predicting CAD in other high-risk families or in the general 
population will require further study.   

2009 UPDATE
Since the original publication of this chapter, a number of 
interesting advances have been made in the area of application 
of metabolomics tools to understanding of disease mechanisms 
and susceptibility.

Integration of metabolomics tools with other forms of 
“omics” technologies is at a very early stage, but has great 
potential in chronic disease research. As an example, diabetes-
resistant B6-ob/ob and diabetes-susceptible BTBR-ob/ob 
mice were crossed to create an F2 cohort that was analyzed by 
microarray analysis and targeted mass spectrometry-based met-
abolic profi ling (Ferrara et al., 2008). Application of advanced 
computational methods defi ned correlations and inferred cau-
sality between metabolite and transcript levels (Chaibub Neto 
et al., 2008; Ferrara et al., 2008) and unveiled a novel network 
by which the amino acid glutamine controls expression of the 
key gluconeogenic enzyme phosphoenolpyruvate carboxyki-
nase (PEPCK). These studies show how integration of tran-
scriptomics and metabolomics can lead to identifi cation of 
novel pathways for diabetes pathogenesis.

Metabolomics has also recently been integrated with gen-
otyping for understanding the biochemical impact of common 
genetic polymorphisms (Geiger et al., 2008). These authors 
performed ESI-MS/MS to measure 363 metabolites in serum 
of 284 male participants in the KORA study (a general pop-
ulation study from Germany). Signifi cant associations were 
observed between frequent single nucleotide polymorphisms 

(SNPs) and changes in specifi c metabolites. Moreover, poly-
morphisms in four specifi c genes encoding metabolic enzymes 
(FADS1, LIPC, SCAD, and MCAD) were linked to pertur-
bations in the metabolic pathways in which the enzymes are 
known to reside. The authors suggest that the combination 
of genotyping and metabolic phenotyping may provide new 
roadmaps for application of personalized medicine.

Other studies have recently emerged in the realm of 
applying metabolomics to better understand metabolic lesions 
in heart failure and myocardial infarction (MI). In one study, 
LC-MS-based profi ling of approximately 200 metabolites was 
performed on subjects undergoing planned MI via alcohol-
mediated septal ablation, or on subjects with spontaneous MI 
or undergoing elective coronary angiography as positive and 
negative controls, respectively (Lewis et al., 2008). Five metab-
olites were altered in both spontaneous and planned MI, and 
this metabolic signature may become useful for early detection 
of myocardial injury with further validation.

A second study applied targeted ESI-MS to measure 63 
metabolites in arterial and coronary sinus blood obtained dur-
ing cardiac surgery, before and after ischemia/reperfusion (I/R) 
(Turer et al., 2009). This work demonstrates that the preexist-
ing ventricular state [left ventricular dysfunction (LVD), cor-
onary artery disease, or neither condition] is associated with 
clear differences in myocardial fuel uptake, both at baseline and 
following I/R. In particular, LVD was associated with global 



suppression of metabolic fuel intake (glucose, fatty acid, and 
amino acids) and limited myocardial metabolic reserve and 
fl exibility following I/R. Moreover, altered metabolic profi les 
following I/R were associated with postoperative hemody-

namic course. These fi ndings help to focus future studies on 
optimal design of perioperative treatment regimens based on 
the particular form of cardiovascular disease and the metabolic 
status of the heart.
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Analysis for Genomic Medicine 
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  INTRODUCTION 
 The past 10 years have seen development and deployment of a 
variety of measurement tools in molecular science that enable the 
large-scale parallel quantitative assessment of molecular state. The 
premier example of such measurement tools is the RNA expres-
sion detection microarray, which provides quantitative measure-
ments of expression of over 40,000 unique RNAs within cells 
( Chee et al., 1996 ;  DeRisi et al., 1996 ). Yet, as illustrated in pre-
vious chapters in this volume, microarrays represent just one of 
at least 30 or so measurement or experimental modalities avail-
able to investigators in molecular biology and genomics, including 
metabolite quantifi cation ( Edwards et al., 2001 ), DNA polymor-
phism measurements ( Johnson et al., 2001 ), protein quantifi ca-
tion ( Espina et al., 2003 ;  Ghaemmaghami et al., 2003 ;  Gygi et al., 
1999 ;  Liotta et al., 2003 ), protein activity ( Hestvik et al., 2003 ), 
protein interactions with small molecules ( Jessani et al., 2002 ) and 
DNA ( Lee et al., 2002 ;  Odom et al., 2004 ;  Ren et al., 2000 ;  Wang 
et al., 2001 ;  Weinmann et al., 2002 ), and many others. Though 
these molecular technologies are commonly described as being 
 “ high-throughput ”  or  “ genome-wide ”  in nature, we will use the 
term  high-bandwidth  to describe them in this chapter. An analogy 
explains our reasoning:  high-bandwidth  is to a  supermarket , which 
serves a large variety of different foods irrespective of speed, while 
 high-throughput  is to a  fast-food restaurant , serving a few types of 

foods quickly.  Genome-wide  technologies are biased towards genes, 
while we are covering measurements of many other types besides 
genes. 

 The service role for bioinformatics in research using these 
new tools is undeniable. Each of these high-bandwidth modali-
ties yields a sizeable amount of raw data, so distilling these raw 
data and fi ltering out measurement noise through the proper use 
of bioinformatics methods is crucial. Bioinformatics clearly plays 
a role in the storage, retrieval, and sharing of these measurements 
from local and international repositories and in relating these 
measurements to clinical outcomes. However, what we will argue 
in this chapter is that the role for bioinformatics in genomic and 
personalized medicine is well beyond that of providing a service 
and lies more broadly in enabling new and interesting questions 
to be asked in biomedical, translational, and clinical research. 

 In this chapter, we will present several examples that illus-
trate how the use of specifi c bioinformatics methods has enabled 
a revolution of discovery in medical diagnostics, prognostics, 
therapeutics, anatomy, and nosology. We will then review a few 
specifi c analytic methods and standardized vocabularies useful 
in studying and identifying high-bandwidth measurements for 
genomic and personalized medicine. After covering a few freely 
available software tools valuable for conducting analyzes, we will 
end with some thoughts about where the future discoveries in 
genomic medicine, enabled by bioinformatics, may come from.  
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  VIGNETTES: HOW SPECIFIC 
BIOINFORMATICS METHODS 
CAN CHANGE THE PRACTICE OF 
MEDICINE 
 While many high-bandwidth measurement technologies have 
been used to enable basic discoveries in the life sciences, cer-
tainly the most intriguing and provocative use of these meas-
urement modalities has been in enabling novel types of medical 
discoveries. Here, we will present case examples of how these 
discoveries were enabled by bioinformatics techniques and 
have demonstrably altered our abilities in four distinct areas of 
medicine: diagnosis, therapeutics, histopathology, and nosology 
( Table 10.1   ). For these vignettes, we will particularly focus on 
the use of microarrays, as this is currently the most commonly 
used high-bandwidth measurement modality. 

  Diagnosis 
 Diagnosis is a process in which a physician, when presented with 
a patient holding a chief complaint, gathers information through 
questioning, history taking, physical examination, and testing, 
compares the results of those queries with patterns established for 
known diseases, and assigns the disease with the highest likelihood. 
High-bandwidth testing in molecular biology has impacted every 
step of the diagnostic process. For example, those being evalu-
ated for a disease may not yet even have a complaint, as DNA 

polymorphisms are discovered and used to predict future disease 
( Kohane et al., 2006 ). Medical history taking becomes problem-
atic when considering the genetic context of a patient, which is 
increasingly known; for example, many infants now have one or 
more genes sequenced at birth as part of state-mandated new-
born screening ( Khoury et al., 2003 ). History taking has potential 
to become even more convoluted as more adults have genes (and 
even whole genomes) sequenced. The bioinformatics challenge in 
storing, providing, and teaching patients and parents how to use this 
type of medical information, while protecting against others fi nding 
this information, has only just started to be addressed ( Adida and 
Kohane, 2006 ; 2004; Centers for Disease Control and Prevention, 
2004;  Henneman et al., 2006 ;  Roche and Annas, 2001, 2006 ). 

 The nature of the physical examination itself has changed. 
Positive and negative physical fi ndings (e.g.,  acanthosis nigricans , or 
darkening of the skin of the neck) are traditionally considered as 
probes into the process of disease (e.g., type 2 diabetes mellitus).
With the democratization of genomics throughout all fi elds 
of medicine, physical fi ndings can now be viewed collectively 
as phenotype and as a probe into the inner workings of the 
genome ( Freimer and Sabatti, 2003 ). Two different diseases with 
similar sets of physical fi ndings may indeed appear quite similar 
when viewed from the perspective of genes and gene products 
( Brunner and van Driel, 2004 ). 

 But certainly the greatest impact on diagnosis from high-
bandwidth molecular testing has been felt on our ability to rede-
fi ne our patterns of disease using these new measurements. One 

 T A B L E  1 0 . 1          Bioinformatics techniques have demonstrably altered our abilities in four distinct areas of medicine  

 Area of the practice of medicine  Example of bioinformatics altering practice 

  Diagnosis  
 Chief complaint  Predicting future disease from polymorphisms before complaint 
 Medical history  Genetic screening at birth should become part of a patient ’ s life-long 

electronic medical record 
 Medical record keeping  Patient-owned Internet-based genomic records 
 Physical examination  Findings collectively viewed as phenotype and matched against patterns 
 Differential diagnosis  Molecular measurements can be compared against case-examples 
 Disease sub-type  Hierarchical clustering to determine novel subtypes from molecular 

measurements 

  Therapeutics  
 Finding novel effects for existing drugs  Linking drug effects to molecular measurements 
 Side effects  Predicting drug adverse effect from pre-clinical molecular measurements 
 Finding novel therapies for untreatable conditions  Matching molecular profi les of disease with molecular profi les of drug effect 

  Histopathology  
 Metastasis of unknown origin  Matching molecular measurements from metastasis with profi les of known 

primary cancers 
 Pathological mechanism of action of disease  Identifying differentially expressed genes and linking back to known biological 

pathways 

  Nosology  
 Finding differences between diseases  Principal components of variance of disease sample microarrays 
 Finding similarities between diseases  Common signatures across microarray measurements of disease 
 Linking cellular models to human diseases  Comparing cellular and disease microarray measurements 



of the earliest examples of this impact was in the work of Golub 
and colleagues published in 1999 ( Golub et al., 1999 ). Acute 
lymphomas were fi rst divided into acute lymphoblastic leukemia 
(ALL) and acute myeloid leukemia (AML) in the 1960s based 
on histochemical testing, and more recently by antibody-based 
testing against cell-surface molecules, but there was no single 
established test to make this diagnosis. Golub was the fi rst to 
show that gene expression microarrays could be used to measure 

gene expression levels from samples from acute lymphomas, and 
using a bioinformatics technique known as  supervised machine 
learning , trained a prediction system to fi nd and use those genes 
that uniquely distinguished ALL from AML ( Figure 10.1   ). He 
then used this predictor to accurately classify additional new leuke-
mia cases. Many others have used alternative computational and 
bioinformatics techniques to build predictors since this landmark 
study, while many additional diagnostic dilemmas have similarly 

 Figure 10.1         Todd Golub and colleagues measured genome-wide expression levels in samples from patients with ALL and AML. 
The top 50 genes distinguishing ALL and AML are displayed, with genes elevated in expression shown in pink, and genes decreased in 
expression shown in blue. From  Golub et al., 1999   Science  286:531. Reprinted by permission from AAAS.    
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 Figure 10.2         (a) Ash Alizadeh and colleagues measured 
genome-wide expression levels in samples from patients with 
diffuse large B-cell lymphoma and found samples clustered 
into two sub-types based on expression patterns. (b) Patients 
in these two sub-types have a signifi cant difference in survival 
( Alizadeh et al., 2000 ). Reprinted by permission from Macmillan 
Publishers Ltd:  Nature  403:503, copyright 2000.      
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been addressed using gene expression microarrays, including 
melanoma ( Bittner et al., 2000 ) and prostate cancer ( Singh et al., 
2002 ). Other types of high-bandwidth modalities have been 
used to assist in other diagnostic questions, including proteomics 
( Petricoin et al., 2002 ;  Robinson et al., 2002 ) and metabolomics 
( Clayton et al., 2006 ) (see also Chapters 8 and 9). 

 While enabling physicians to make more effi cient and accu-
rate decisions between diseases itself is remarkable, the potential 
for high-bandwidth molecular testing in diagnosis is even greater. 
Beyond just improving on older tests for established diagnostic 
dilemmas, high-bandwidth studies have also been used to redefi ne 
and even divide diagnoses into novel sub-types. The earliest exam-
ple of this was in the work of Alizadeh and colleagues in 2000 
( Alizadeh et al., 2000 ). Alizadeh used gene expression microarrays 
to measure gene expression in samples from patients diagnosed 
with diffuse large B-cell lymphoma, a cancer of B-lymphocytes. 
This type of cancer was previously divided into low-, interme-
diate-, and high-grade categories based on growth pattern and 
immunohistochemistry. After applying a bioinformatics technique 
called  hierarchical clustering  (described later in this chapter) to the 
microarray data, Alizadeh discovered that the patient samples of 
B-cell lymphoma could be divided into an equal split of two sub-
types ( Figure 10.2   ). Most importantly, patients with these two 
different sub-types of lymphoma retrospectively demonstrated 
signifi cant differences in survival by  Kaplan–Meier analysis . This 
was a landmark study because it showed how high-bandwidth 
molecular measurements could provide a next level of resolu-
tion to resolve sub-types of disease not otherwise discernable by 
physicians. This type of study has been replicated for other types 
of cancers, including lung cancer ( Bhattacharjee et al., 2001 ) and 
breast cancer ( Sorlie et al., 2001 ), has been replicated using other 
types of measurements, including proteomics ( Welsh et al., 2003 ), 
and is starting to enter clinical trials ( Potti et al., 2006 ).  

  Therapeutics 
 Bioinformatics, coupled with the exponential growth in data 
collected using high-bandwidth measurement modalities, has 
the potential to revolutionize the way patients are treated with 
pharmaceuticals. Much has already been written on how high-
bandwidth measurements have generally altered the process of 
drug discovery ( Debouck and Goodfellow, 1999 ). Here, we will 
cover specifi c case examples on how the conceptualization of 
pharmacology can be radically changed through development 
and use of biomedical informatics methods. 

 In 2000, Butte and colleagues focused on generating hypoth-
eses of functional relationships between pairs of genes and phar-
maceuticals, with the hope that specifi c genes could be found 
that altered a cancer ’ s ability to respond to specifi c drugs. To do 
this, they started with two databases, both related to the NCI60, 
a standardized set of 60 human cancer cell lines used by the 
National Cancer Institute Developmental Therapeutics Program 
( Weinstein et al., 1997 ). One database contained the baseline 
microarray measurements of the expression level of 6701 genes 
measured in these cell lines. The other database contained a set 
of drug susceptibility measurements for the same cell lines, across 



measurements, enabling the discovery of hidden associations 
between drugs and genes. 

 Fliri and colleagues joined databases in a similar manner in 
2005, but instead of joining using cell lines, they used the drugs 
themselves ( Fliri et al., 2005 ). Specifi cally, they took a data-
base of known side-effects of drugs and joined it to a database 
of ligand binding assay results as measured in the presence of 
those same drugs. With this method, they were able to show that 
drugs with similar side-effect profi les actually had similar ligand-
binding assays. The signifi cance of this fi nding is that pre-clinical 
studies, such as ligand-binding assays and others, could be used 
to predict clinical side-effects, which, when severe enough, can 
lead to withdrawal of a drug from the market. 

 Lamb and colleagues in 2006 built a database from microar-
rays measured across the genome after the application of 164 dif-
ferent small molecules to a breast cancer cell line ( Lamb et al., 
2006 ). They then queried this database of drug responses using 
responses measured from other experiments for which a detailed 

nearly 5000 anti-cancer agents. They then used a database tech-
nique known as  join  to combine these two databases through the 
cell lines in common. After joining the two tables, they searched 
for baseline RNA expression levels in the cell lines that corre-
lated with the inhibition of growth of these same cell lines by 
thousands of anti-cancer agents. They found only one network 
containing an association between a gene expression and a meas-
ure of anti-cancer agent susceptibility ( Figure 10.3   ). The associa-
tion suggested that increased expression of lymphocyte cytosolic 
protein-1 ( LCP1 ) is associated with increased susceptibility to 
the anti-cancer agent NSC 624044, a thiazolidine carboxylic 
acid derivative. Though a specifi c role for  LCP1  in tumorogenic-
ity had been postulated and though other thiazolidine carboxylic 
acid derivatives were known to inhibit tumor cell growth, there 
was no known relationship between this specifi c anti-cancer agent
and gene in the biomedical literature. The signifi cance of this 
work was that drug effi cacy measurements could be joined to 
microarray measurements and potentially other types of genomic 
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 Figure 10.3         Relevance networks calculated by joining drug activity data with gene microarray measurements. White rectangles 
indicate genes, and green rectangles indicate anti-cancer agents. The only discovered network involving both genes and drugs is 
shown in the middle. The activity of four anti-cancer agents against multiple cancer cell lines correlates with the expression pattern 
of a single gene across those same cancer cell lines.  J02923  indicates the gene  LCP1 , while drug identifi ers correspond to National 
Cancer Institute NSC identifi ers ( Butte et al., 2000 ).    
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 Figure 10.4         A reference database of high-bandwidth molecular measurements can be made after the application of various drugs, 
then queried with an unknown biological response, yielding those drugs sharing a similar response. From  Lamb et al., 2006 ,  Science  
313:1929. Reprinted by permission from AAAS.    

mechanism had not been known, using a measure of similarity 
known as a  Kolmogorov-Smirnov statistic  ( Figure 10.4   ). For example, 
when queried with the gene expression differences between 
dexamethasone-treatable and dexamethasone-resistant ALL, they 
found that the genome-wide difference between these two types 
of leukemia most closely matched that of the genome-wide 
response to the drug sirolimus. The signifi cance of this approach is 
that existing drugs could be associated with unexplained disease-
related processes, and might even be used to treat those diseases. 
But most importantly, this work highlights the importance of 
building structured searchable repositories of experimental data.  

  Histopathology 
 Histopathology is the study of diseased tissue by sectioning, stain-
ing, and multi-resolution microscopy. Given high-bandwidth 
measurements from samples of potentially diseased tissue, bio-
informatics methods can be applied to determine whether such 
samples do quantitatively resemble a disease ( van de Rijn and 
Gilks, 2004 ). For example, Ramaswamy and colleagues tackled 
the problem of fi nding the original source of a cancer, given just a 
metastatic sample ( Ramaswamy et al., 2001 ). They used a method 
called  support vector machines , each of which was designed to recog-
nize one specifi c type of cancer ( Figure 10.5   ). This work was sig-
nifi cant in that it was one of the fi rst to show how multiple types 
of cancers could be distinguished using high-bandwidth measure-
ments, and that unknown samples could be accurately assigned a 
primary diagnosis. Similar work has been published using alterna-
tive bioinformatics methods ( Su et al., 2001 ). 

 Fibroblasts are cells in the connective tissue that create 
much of the extracellular matrix between tissues and prolifer-
ate during wound healing. Though fi broblasts from different 
parts of the body may have similar properties and resemble each 

other under a microscope, Chang and colleagues demonstrated 
that when fi broblasts are considered by high-bandwidth meas-
urements of gene expression, signifi cant differences between 
fi broblasts are seen depending on where in the body they were 
originally obtained. In other words, cells that appear exactly the 
same by microscope appear quite differently by microarray, con-
sistent with their original source ( Chang et al., 2002 ). 

 Microarrays have also been used to uncover histopatho-
logical fi ndings that might have otherwise been missed. Sarwal 
and colleagues used microarrays to study the process of acute 
rejection after kidney transplantation ( Sarwal et al., 2003 ). After 
 hierarchically clustering  their samples, they noticed a set of B-cell 
specifi c genes that corresponded to one sub-type of acute 
rejection. This was particularly interesting because B-cells had 
not previously been thought to be involved in acute rejection. 
Staining for a B-cell specifi c cell surface protein showed large 
aggregations of B-cells in samples of acute rejection. The signifi -
cance of this fi nding was the realization that while histochemis-
try can offer a broad survey of the cellular makeup in a sample, 
these cells will still remain invisible unless illuminated with the 
right stain. The proper stain can be found using gene expression 
microarrays coupled with the right bioinformatics techniques, 
especially the prior annotation of genes as being specifi c for a 
certain cell type.  

  Nosology 
 In the mid 1700s, Carl Linnaeus promoted the binomial nomen-
clature to classify living things into a hierarchy, or taxonomy. 
Though we still organize species into taxonomies based on ana-
tomic and physiological similarities, our modern-day use of DNA 
sequencing and genome sequence has enabled the reorganization 
of the position of species within established taxonomical trees. 
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 Figure 10.6         Cells made to over-express particular oncogenes were measured using gene expression microarrays, and a  “ signature ”  
or pattern of gene expression changes for each oncogene was then computed and used to probe samples of cancer ( Bild et al., 2006 ). 
Reprinted by permission from Macmillan Publishers Ltd:  Nature  439:353, copyright 2006.    

This is because DNA sequence similarity analysis provides a quan-
titative measurement of how different two species are ( Baldauf
et al., 2000 ). Linnaeus was also a co-founder of systematic nosology, 
or the classifi cation of disease, for which he is not as well known 
( Linnâe and Schrèoder, 1763 ). Genomic data and bioinformatics 
methods have now advanced to the point that we can begin to 
modernize the classifi cation of disease itself, similar to how DNA 
sequencing has modernized taxonomy. 

 Crescenzi and Giuliani were one of the fi rst to demon-
strate this principle in 2001 ( Crescenzi and Giuliani, 2001 ). They 
gathered samples representative of 60 cancer cell lines and used 
a statistical method known as  principal components analysis  to fi nd 
combinations of genes that capture the signifi cance variance 
across cancers. They then showed how analyzes using just the top 
fi ve principal components could reproduce the fi ndings from the 
entire dataset. In other words, Crescenzi and Giuliani were able to 
show that when measured using high-bandwidth measurements, 

the 60 varied types of cancers differed in only a few ways that 
could be modeled. 

 Instead of modeling the signifi cant differences between 
cancers, Rhodes and colleagues searched for commonalities 
in 2004 ( Rhodes et al., 2004 ). After collecting 40 published 
microarray datasets totaling more than 3700 samples of cancer, 
Rhodes determined a genome-wide signature representative of 
neoplastic transformation. As expected, most of the genes in this 
cancer signature were known to participate in the cell cycle, the 
biological process involved in cell replication. A similar study 
by Bild and colleagues found commonly deregulated biological 
pathways across cancers that correspond with worsening survival 
( Bild et al., 2006 ). This type of work is signifi cant because it sug-
gests that a quantitative classifi cation of cancers, or one based 
on actual measurements, might be more useful than the tradi-
tional anatomic or even histopathological classifi cation of cancer 
( Figure 10.6   ).   
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  ANALYTIC METHODS 
 The fi eld of computer science involved in the search for patterns 
and the induction of rules from data is called  machine learning . 
Current methodologies to analyze high-bandwidth measurements 
can broadly be divided into two categories:  supervised machine 
learning  approaches, or analysis to determine genes or proteins 
that fi t a predetermined pattern; and  unsupervised machine learn-
ing  approaches, or analysis to characterize of the components 
of a dataset, without the  a priori  input or knowledge of a right 
answer ( Butte, 2002 ). 

 Supervised machine learning methods are commonly used to 
fi nd those individual or sets of measured elements with measure-
ments that (1) are signifi cantly different between defi ned groups 
of samples, and (2) accurately predict a characteristic of the sam-
ple. An example of an application of a supervised machine learn-
ing method is the vignette described above in which Golub and 
colleagues found genes that distinguish ALL and AML. 

 There are many published supervised methods that fi nd meas-
ured elements that accurately predict characteristics of samples, such 
as distinguishing one type of disease from another, or a malignant 
disease from a benign one ( Dudoit et al., 2002 ). There are meth-
ods that fi nd individual measured elements, such as the nearest-
neighbor approach ( Golub et al., 1999 ), and those that fi nd sets of 
multiple elements, such as decision trees ( Quinlan, 1992 ), neural 
networks ( Rumelhart et al., 1986 ), and support vector machines 
( Brown et al., 2000 ;  Chow et al., 2001 ;  Furey et al., 2000 ). 

 Unsupervised machine learning methods are used to fi nd 
internal structure or relationships within a dataset, instead of 
trying to determine how best to predict a  “ correct ”  answer. Two 
of the example vignettes provided above – in which Crescenzi 
determined those genes that best explained the differences 
between cancers and in which Alizadeh found sub-types of 
B-cell lymphoma – are good examples of the use of unsuper-
vised machine learning methods. 

 Within unsupervised learning, there are three classes of 
techniques, including (1) measured element discovery, or fi nd-
ing elements (e.g., genes) with interesting properties without 
specifi cally searching for a specifi c predefi ned pattern, such as 
by principal component analysis ( Alter et al., 2000 ;  Fiehn et al., 
2000 ;  Hilsenbeck et al., 1999 ;  Raychaudhuri et al., 2000 ;  Wen 
et al., 1998 ); (2) cluster discovery, or fi nding groups of measured 
features or samples with similar patterns, such as by nearest-
neighbor clustering ( Ben-Dor et al., 2000 ;  Golub et al., 1999 ), 
self-organizing maps ( Tamayo et al., 1999 ;  Toronen et al., 1999 ), 
k-means clustering, and one and two-dimensional hierarchical 
clustering ( Eisen et al., 1998 ;  Ross et al., 2000 ); and (3) network 
discovery, or fi nding graphs representing associations between 
measured elements, such as by using Boolean networks ( Liang 
et al., 1998 ;  Szallasi and Liang, 1998 ;  Wuensche, 1998 ), Bayesian 
networks ( Friedman et al., 2000 ), and relevance networks ( Butte 
and Kohane, 1999 ;  Butte and Kohane, 2000 ;  Butte et al., 2000 ). 

 Several recent articles have reviewed many of the available 
methods ( Butte, 2002 ;  Quackenbush, 2004, 2006 ). Here we will 

consider two of the most commonly used supervised and unsu-
pervised methods used in those publications with the greatest 
impact for medicine. 

  Case-Control Studies 
 The majority of experiments performed using high-bandwidth 
measurements still typically use only a handful of cases in two or 
three conditions, and the experimenter typically has the goal of 
fi nding those measured elements (e.g., genes) that are  signifi cantly  
different between these groups. Signifi cance has and continues 
to be evaluated in a multitude of different methods, including 
parametric ( Tusher et al., 2001 ), non-parametric ( Butte et al., 
2001 ), Bayesian ( Baldi and Long, 2001 ), and many others. Analysis 
of variance has been used for measurements from samples 
with multiple characteristics ( Pavlidis and Noble, 2001 ). Signal 
processing ( Butte et al., 2002 ), trend detection ( Tseng et al., 
2005 ), Bayesian ( Ramoni et al., 2002 ), non-parametric ( Reis 
et al., 2001 ), and many other methods have been used for meas-
urements from samples across time ( Simon et al., 2005 ). 

 The challenge in using any of these methods across the set 
of measured elements (e.g., genes) is compensating for the high 
number of measurements made. For example, even a standard 
 t -test could be used on every gene measured in two sets of 
microarrays from two conditions. The null hypothesis for a par-
ticular gene would be that the gene expression level is not sig-
nifi cantly different across the two conditions, and a  p -value can 
be calculated to assess the ability to reject that null hypothesis for 
each gene. But in such a case, it would be incorrect to use the 
 “ standard ”  threshold of  p     0.05 to determine those genes that 
are signifi cantly different. Traditionally, such a threshold indicates 
the likelihood of calling a truly negative fi nding positive, other-
wise known as the  false positive rate  or a type 1 error in statistics. 
For a single test, a 5% false positive rate may not be unreason-
able, but when multiplied across 40,000 transcripts, such a false 
positive rate would be expected to yield 2000 falsely positive 
genes, too many to validate. 

 With high-bandwidth measurements, one is typically more 
interested in the  false discovery rate , rather than the false posi-
tive rate. The false discovery rate is the expected proportion of 
accepted type 1 errors within a list of tested hypotheses, and 
controls for the number of tests being made. A false discovery 
rate can actually be calculated for every measured element. In 
essence, such a rate would indicate the likelihood of false discov-
eries if that element were considered positive. In practice, this is 
called the  q -value for that element ( Storey and Tibshirani, 2003 ). 
Those elements with low  p -values also have low  q -values. 

 Though  q -values and false discovery rates are gaining in 
popularity, it is important to note that there have been many 
other proposed methods to compensate for multiple-hypothesis 
testing ( Dudoit et al., 2003b ).  

  Sub-Type Discovery 
 The discovery of disease sub-types using high-bandwidth meas-
urements has been the prime motivator for personalized disease 



therapeutics, where a sample of disease from an individual could 
be potentially measured and the most appropriate set of thera-
pies potentially prescribed. 

 Typically, the discovery of sub-types involves a two-step proc-
ess. First, an unsupervised machine learning method is applied 
yielding subsets of samples (e.g., patients) with similar measure-
ments. Many choices are available in this step, including the specifi c 
clustering method used (e.g., hierarchical clustering ( Eisen et al., 
1998 ), self-organizing maps ( Tamayo et al., 1999 ), or others), the 
mathematical defi nition of similarity used (e.g., Pearson correla-
tion coeffi cient, Spearman rank correlation, Euclidean distance, 
or others), and the threshold similarity at which clusters are 
demarcated. 

 While this fi rst step will yield potential sub-types of dis-
ease, the utility of these sub-types still needs to be determined. 
Typically, utility is defi ned using a marker of clinical outcome, 
such as survival, disease-free survival, or response duration. The 
two or more sub-types of disease identifi ed in the fi rst step are 
then tested statistically against the marker, using a Kaplan–Meier 
estimator or Cox Proportional Hazards Model. 

 The most important point to note with these types of ana-
lyzes is the censored nature of the samples. A particular patient 
that is lost to follow-up can only  “ contribute ”  his or her survival 
up to the length of follow-up. Recent methodological work has 
provided numerous new methods that combine both of these 
steps, enabling the single-step discovery of sets of measured ele-
ments (e.g., genes) that best discriminate for censored survival or 

other outcomes ( Bair and Tibshirani, 2004 ;  Nguyen and Rocke, 
2002 ;  Park et al., 2002 ).   

  WHERE DATA FOR STUDIES
MAY BE FOUND 
 Corresponding with the successful application of high-
bandwidth molecular measurement modalities, the amount of 
data in international repositories has grown exponentially, because 
top-tier journals require the public availability of such data and 
because of increased calls for transparency of raw data in publica-
tions ( Nature, 2002 ;  Ball et al., 2004 ;  Perou, 2001 ). For example, 
the Gene Expression Omnibus (GEO) is an international reposi-
tory for gene expression data, developed and maintained by the 
National Library of Medicine ( Wheeler et al., 2004 ). As of this 
writing, GEO holds 103,000 samples (i.e., microarrays) from over 
4300 experiments involving 189 species, across over 2100 types 
of microarrays, with 2.6 billion individual gene measurements 
( Figure 10.7   ). More impressively, GEO has been gaining data at 
300% per year. 

 GEO is not the only international repository for microarray 
data. ArrayExpress is a similar database of gene expression meas-
urements supported by the European Bioinformatics Institute 
(EBI) ( Parkinson et al., 2005 ). As of this writing, ArrayExpress 
contains 42,424 samples from 1437 experiments. The Stanford
Microarray Database (SMD) was the fi rst international repository 

 Figure 10.7         Screen shot of the home page for the National Center for Biotechnology Information (NCBI) Gene Expression 
Omnibus (GEO).    
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for microarray data ( Ball et al., 2005 ). As of this writing, SMD 
holds 61,573 samples involving 37 species, with a total of 1.84 
billion individual gene measurements. It is not clear how much 
overlap there is in experiments with GEO, but it is likely that 
over 150,000 unique samples are available for study. 

 Recently, international repositories for proteomic experimen-
tal datasets have been instituted ( Prince et al., 2004 ). PeptideAtlas, 
supported by the Institute for Systems Biology (ISB), is an exam-
ple of one such repository ( Desiere et al., 2006 ;  Deutsch et al., 
2005 ). As of this writing, PeptideAtlas holds the raw and processed 
mass spectra for 76 experiments. The Proteomics Identifi cations 
Database (PRIDE), supported by EBI, currently holds data from 
over 1655 experiments ( Jones et al., 2006 ). 

 Though GEO, ArrayExpress, SMD, and PeptideAtlas are 
already incredible resources for gene expression measurements, 
these measurements are poorly indexed. Even for microarray data 
stored in standardized formats like MIAME and MAGE-ML 
( Brazma et al., 2001 ;  Spellman et al., 2002 ), the contextual annota-
tions needed to determine relevance of a dataset are unfortunately 
still represented by unstructured narrative text. Determining the 
phenotypes, diseases, and environmental contexts studied by these 
experiments is no longer a tractable manual process. Most reposi-
tory websites provide only a free-text based search facility for 
experimental annotations. 

 A case example demonstrates the signifi cance of the prob-
lem. At the time of this writing, searching on the NCBI GEO 
website yields 27 datasets annotated with the term  “ breast can-
cer. ”  However, a search for  “ breast tumor ”  yields only 8 datasets. 
A search for the plural,  “ breast tumors, ”  yields 9 datasets, while a 
search for  “ breast carcinoma ”  yields only 6 datasets. Breast can-
cer is one of the most important cancers affecting women, but 
searching for existing microarray datasets relevant to this impor-
tant disease yields arbitrary results and is fraught with false nega-
tives. The basic problem is that data in these repositories are not 
consistently annotated with terms from a standardized vocabulary. 
While some initial work has been done in re-annotating these 
datasets using a standardized vocabulary ( Butte and Kohane, 
2006 ), investigators interested in fi nding relevant data will have 
to try multiple terms to comprehensively fi nd data. 

 Another caveat is that much of the most relevant clinical 
data associated with high-bandwidth measurements may not 
be stored in international repositories. For example, a dataset of 
microarray measurements on patients with varying lengths of 
survival after cancer diagnosis may be available in GEO, but the 
survival times may not be. Such clinical data may be available on 
an investigator ’ s laboratory website or in an associated publica-
tion, but is often not publicly available at all.  

  BIOINFORMATICS VOCABULARIES
AND ONTOLOGIES 
 A cell biologist interested in fi nding clinical samples relevant to 
a disease being studied in the lab will not fi nd those samples 
unless she can  “ speak the same language ”  as the pathologists 

storing and indexing the samples. A physician interested in 
learning more about genes that are signifi cantly different in his 
experiments will not be able to learn more about the pathways 
implicated by those genes, unless he can  “ speak the same lan-
guage ”  as those geneticists providing annotative information for 
those genes. In the application of bioinformatics to genomic and 
personalized medicine, it is often the case that shifting focus like 
this crucially depends on the use of a standardized vocabulary. 
The formal modeling and representation of concepts of knowl-
edge, the terms and other attributes used to describe these con-
cepts, and the relationships of these concepts, is called a  ontology . 
The importance of using proper ontologies in biomedical 
research has been described in recent publications ( Blake, 2004 ;  
Soldatova and King, 2005 ). Here, we will describe some of the 
more commonly used ontologies used in the research of genomic 
medicine ( Table 10.2   ). 

  Clinical vocabularies 
 The largest disease ontology (or nosology) in use today is 
the Systemized Nomenclature of Medicine-Clinical Term 
(SNOMED-CT) ontology. SNOMED-CT has a lineage span-
ning 75 years and is used by pathologists world-wide ( Chute, 
2000 ). SNOMED-CT has over 340,000 biomedical concepts in 
18 hierarchies with 1.3 million relationships that classify diseases 
based on syndromic and pathophysiological mechanisms ( Cho 
et al., 1998 ). For example, relations in SNOMED-CT assert that 
 clear cell carcinoma of the kidney  is a  malignant tumor of the kidney  
(i.e., a type of tumor of a particular organ) and separately is also 

 T A B L E  1 0 . 2          Some of the ontologies and vocabularies 

in use in bioinformatics  

 Ontology and vocabulary  Use 

 Systemized Nomenclature 
of Medicine-Clinical Term 
(SNOMED-CT) 

 Pathological based 
classifi cation of disease 

 International Classifi cation of 
Diseases (ICD) with Clinical 
Modifi cation 

 Diagnosis codes for 
billing, public health, and 
epidemiology 

 Gene Ontology (GO)  Molecular functions, 
biological processes, and 
cellular components of 
proteins 

 Open Biomedical Ontologies 
(OBO) 

 Includes Gene Ontology 
and many other ontologies 
describing cell types and 
anatomy 

 InterDom  Protein–protein interactions 

 InterPro  Protein domains 

 Unifi ed Medical Language 
System (UMLS) 

 Unifi ed compendium of 140 
biomedical vocabularies 



a  malignant neoplasm of the retroperitoneum  (i.e., a type of tumor in 
a particular anatomical location). 

 Another disease classifi cation more familiar to physicians is 
the International Classifi cation of Diseases (ICD) with Clinical 
Modifi cation, a nosology with origins in the 1850s. ICD-9-CM 
has nearly 7000 codes, while ICD-10-CM has over 14,000 codes 
to describe causes of morbidity and mortality ( World Health 
Organization, 2005 ). Both ICD-9-CM and ICD-10-CM are in 
use by various health care providers, the US Federal Government, 
and the World Health Organization. Though most health care 
institutions in the United States use ICD-9, ICD-10 was recently 
approved for use by the US Congress. To continue the exam-
ple above, relations in ICD-9-CM assert that a  malignant neo-
plasm of the kidney  is a  malignant neoplasm of the genitourinary organs . 
Importantly, however, the limited resolution in ICD-9-CM does 
not permit the specifi c diagnosis of  clear cell carcinoma of the kidney . 

 There are several important differences between the 
SNOMED-CT and the ICD nosologies. As shown above, 
SNOMED-CT has greater expressiveness than ICD to represent 
diseases. SNOMED provides a rich set of relationships between 
medical concepts. ICD provides only a hierarchical relationship 
between concepts. 

 Despite their differences, it is important to note that both 
SNOMED-CT and ICD are viewed as administrative nosologies, 
typically used for billing, reporting, electronic medical records, and 
decision support systems. However, important sources of stored 
tissues in medical institutions, such as frozen tissue banks, may only 
be accessible through SNOMED or ICD codes, and these coding 
systems commonly serve as an index into these repositories.  

  Genomic Ontologies 
 The Gene Ontology (GO) is a taxonomy that is used to describe 
the normal  molecular  function of proteins, the  cellular components  in 
which proteins operate, and the larger  biological processes  in which 
they participate ( Ashburner et al., 2000 ). At the time of this writ-
ing, GO currently holds 7470 molecular functions, 1823 cellular 
components, and 12,250 biological processes. Over 186,000 genes 
across a variety of species have been assigned to one or more GO 
categories, but this essentially translates to one-third of human 
genes having some coded function. 

 The easiest way to fi nd the GO classifi cation for a gene 
is to execute a query using Entrez Gene. For example, a query 
for the gene coding for the insulin receptor (INSR) yields 13 
molecular functions (e.g.,  phosphoinositide 3-kinase binding ), 7 
biological processes (e.g.,  carbohydrate metabolism ), and 2 cellular 
components. It is important to note that an actual publication 
detailing the evidence for each annotation is available for many 
GO annotations, and these publications can be easily referenced. 
It is also important to note that the GO annotations for genes 
can change quickly, as both the annotations for genes and GO 
itself continue to be  “ works in progress. ”  

 The GO is actually one of 61 ontologies in the set known 
as Open Biomedical Ontologies (OBO) ( Mungall, 2004 ). 
These ontologies are open, in the sense that they can be freely 
downloaded and used without constraints. Other ontologies in 
OBO include ontologies to describe the gross anatomy of fl ies, 

worms, and mice, cell types, and functional portions of proteins, 
as well as ontologies to describe cancers and other concepts 
related to humans. 

 Other vocabularies used for gene and protein annotation 
include InterDom ( Ng et al., 2003 ), InterPro ( Mulder et al., 
2003 ), and PRINTS ( Attwood et al., 2003 ) for protein domains, 
and other gene identifi ers include the stable NCBI Gene iden-
tifi er ( Wheeler et al., 2006 ) and the unstable NCBI UniGene 
identifi er ( Wheeler et al., 2000 ).  

  Unifi ed Medical Language System 
 The Unifi ed Medical Language System (UMLS) is the largest 
available compendium of biomedical vocabularies, containing 140 
biomedical vocabularies with over 1.2 million concepts and 41 
million relations between concepts ( Bodenreider, 2004 ;  Butte and 
Kohane, 2006 ). UMLS already unifi es vocabularies used exten-
sively in molecular biology and genomics, such as the Medical 
Subject Headings (MeSH), NCBI Taxonomy, and the GO, with 
medical vocabularies including the International Classifi cation of 
Diseases and SNOMED Clinical Terms ( Ashburner et al., 2000 ; 
 ICD, 2003 ;  Wheeler et al., 2004 ). The UMLS is a unifi ed vocab-
ulary, which means that concepts listed in multiple vocabularies 
are brought together. For example, the concept of  fever , which 
holds the UMLS concept unique identifi er of  C0015967 , is 
represented in 78 component vocabularies, such as  D005334  in 
MeSH,  386661006  and  50177009  in SNOMED-CT,  780.6  in 
ICD-9-CM,  10016558  in the Medical Dictionary for Regulatory 
Activities Terminology (MedDRA),  X25  in Perioperative Nursing 
DataSet,  GO:0001660  in GO, and  U001776  in the Library of 
Congress Subject Headings. Each of these individual codes rep-
resents the same concept, and thus have been unifi ed to a single 
biomedical concept in UMLS. 

 Because of its ability to span nearly every other relevant 
vocabulary, UMLS best serves as a bridging vocabulary, provid-
ing terms commonly used by both physicians as well as molecu-
lar biologists. Given the support for UMLS and its component 
vocabularies shown by the National Library of Medicine and 
the US Department of Health and Human Services, it is likely 
that terms and concepts from UMLS will constitute important 
portions of the future electronic health records of patients in the 
United States (see also Chapter 12). As samples from patients 
continue to be valuable for study using high-bandwidth meas-
urements, tapping into the medical records associated with these 
samples will only grow in importance and UMLS can help ena-
ble these secondary research uses of medical records.   

  FREELY AVAILABLE BIOINFORMATICS 
TOOLS 
 There is an incredible preponderance of software tools freely 
available for research in bioinformatics. As an example, as of this 
writing, over 300 articles are published each year specifi cally 
describing bioinformatics software tools in the journals  BMC 
Bioinformatics ,  Bioinformatics ,  Nucleic Acids Research , and  Genome 
Biology . The vast majority of these are freely available for 
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 researchers. Describing all of the available free tools is clearly 
intractable, though a recent book and paper serve as nice collec-
tions of most of the commonly used tools ( Dudoit et al., 2003a ; 
 Parmigiani, 2003 ). Here instead, we will arbitrarily focus on a few 
important tools useful in the study of genomic and personalized 
medicine, dividing our set into two groups: those useful in the 
analysis of high-bandwidth data and those useful in the interpreta-
tion of results. 

  Analytic Tools 
 The Multiexperiment Viewer (MeV) is an easy-to-use analytic 
tool initially developed at the Institute for Genomic Research and 
currently maintained at the Dana Farber Cancer Institute ( Saeed 
et al., 2006 ). It specifi cally supports 17 tools for the analysis of gene 
expression microarrays, and presents these tools using easy-to-
use on screen buttons ( Figure 10.8   ). It runs under the Macintosh, 
Windows, and Linux operating systems, and the programming 
source code is available and can be modifi ed by bioinformatics 
programmers. At the time of this writing, MeV has been cited by 
nearly 200 publications and has been extensively documented. 

 GenePattern is a sophisticated analytic tool developed and 
maintained by the Broad Institute ( Reich et al., 2006 ). GenePattern 
supports the analysis of multiple types of high-bandwidth measure-
ments, including gene expression microarrays, proteomics, and single 
nucleotide polymorphisms (SNP). Each analytic and visualization 
tool is contained within a module, which can be chained together 
to represent a reproducible pipeline for analysis ( Figure 10.9   ). 

GenePattern runs under the Macintosh, Windows, and Linux 
 operating systems. GenePattern is well-documented and supported, 
and as of this writing, approximately 30 papers have cited its use. 

 GenePattern clearly excels in its advanced features. One par-
ticularly useful feature of GenePattern is that it offers a modular 
architecture allowing users to plug in new analytic tools or visual-
ization methods as they become available. These tools can be cre-
ated to interface with other bioinformatics analytic tools, including 
Matlab and R and Bioconductor (described below). GenePattern 
can distribute the work required for an analysis onto a parallel 
computer cluster, which, if available, can speed the time required 
to complete an analysis. In addition, GenePattern supports the 
output of measurements into the standardized formats necessary 
for submission to international repositories, a step that is increas-
ingly required before a top-tier journal accepts a manuscript. 

 At the opposite extreme of user-friendliness lies the sta-
tistical computing and graphics environment known as R 
( R Development Core Team, 2004 ). Based on the S statisti-
cal computing environment developed by Bell Labs in the late 
1970s, R is the most fl exible of the tools listed here. R is almost 
essentially  “ command line ”  driven, in that commands to execute 
statistical and visualization tools are typed and interpreted serially, 
but most users write scripts and sophisticated programs that can 
be run to generate the appropriate output and fi gures. There is 
essentially no user-interface (i.e., menus and windows) that can 
be used to perform analyzes; getting up-to-speed with R involves 
climbing a steep learning curve. 

 Figure 10.8         Screen shot of the MeV ( Saeed et al., 2006 ). Reprinted from Methods in Enzymology, Volume 411, Saeed, A.I., 
Bhagabati, N.K., Braisted, J.C., Liang, W., Sharov, V., Howe, E.A., Li, J.,  “ TM4 microarray software suite ” , 134–93, copyright 2006, 
with permission from Elsevier.    



 Despite the severe user-interface handicaps, the most impor-
tant advantage of R is its community of users. Because of its 
designed similarity to S, users of R can benefi t from decades of 
developed analytic tools (some statistical tool plug-ins for R and S
available on the Internet date back to the late 1980s). The most 
important set of plug-in tools for research in genomic medicine 
are those contained in the Bioconductor package, which offers 
tools for reading microarray data, processing raw data fi les, com-
mon supervised and unsupervised machine learning methods, and 
visualization methods ( Gentleman et al., 2004 ). 

 More than 50 books have been written that explain both 
commonly-used and cutting-edge statistical techniques using 
R (and S), including a few specifi cally for bioinformatics and 
Bioconductor ( Gentleman et al., 2004 ;  Parmigiani, 2003 ). R runs 

under the Macintosh, Windows, and Linux operating systems 
and its source code is available.  

  Intepretation 
 After several analyses, it quickly becomes obvious that the 
rate-limiting step in experiments involving high-bandwidth 
measurements is neither the handling of the biological samples 
nor the actual statistical or numerical work, but instead the 
post-analytic work in determining what the results actually 
mean. First, detailed names and knowledge might not yet exist 
for genes and proteins that have been found to be signifi cantly 
involved in an experiment, even though these elements may 
have already been measured for many years. This complicates 
the interpretation of results. The offi cial gene name, predicted 
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 Figure 10.9         The conceptual analytic  “ pipeline ”  needed to analyze high-bandwidth molecular data is represented on the left, while 
its computational equivalent is represented on the right. Using GenePattern, these steps can be coded and documented, yielding 
reproducible research results ( Reich et al., 2006 ). Reprinted by permission from Macmillan Publishers Ltd,  Nature Genetics  38, 500, 
copyright 2006.    

Freely Available Bioinformatics Tools ■  123



124 CHAPTER 10 ■■  Bioinformatic and Computational Analysis for Genomic Medicine

protein domains, or GO classifi cation may become available for 
a gene or protein as early as tomorrow, or as late as years from 
now. Operationally, this means that one is never done analyzing 
a set of microarray data. One has to develop the infrastructure 
to constantly reinvestigate genes and proteins from analyzes per-
formed in the past. It may be next week, for example, that new 
knowledge about a protein that was signifi cantly implicated in 
an analysis performed three months ago gets published, fi nally 
leading to a novel and important fi nding. 

 The challenges in determining the proper analytic methods 
to use are usually only a short-term diffi culty, and typically after 
the  “ functional genomics pipeline ”  has been established, the 
rate-limiting step shifts to the post-analytic challenges ( Kohane 
et al., 2002 ). In the future, truly demonstrating a  “ return on 
investment ”  from high-bandwidth molecular measurements 
depends on taking fi ndings past the measurement stage and 
integrating them with the rest of the research pipeline, including 
interpretation and validation. The list of elements resulting from 
an analysis should not be viewed as an end in itself; its real value 
only increases as that list moves through biological validation, 
ranging from the numerical verifi cation of measurement levels 
with alternative techniques, to the ascertainment of the meaning 

of the results, such as fi nding common mechanisms or biological 
pathways involving the genes or proteins. While tools that link 
measurement elements back to known biological pathways are 
still in their infancy, some have been shown to be quite useful. 

 GenMAPP is a software tool that can visualize of high-
bandwidth molecular measurements using pre-drawn diagrams 
illustrating biological pathways ( Dahlquist et al., 2002 ). Though 
GenMAPP comes with nearly a thousand useful biological path-
ways across numerous species, GenMAPP also comes with an 
editor enabling a biologist or bioinformatician to draw any new 
pathway ( Figure 10.10   ). Because of this, the GenMAPP user 
base has developed into a large community of users who share 
pathways. GenMAPP runs only under the Windows operating 
system. At the time of this writing, GenMAPP has been cited by 
nearly 600 publications and has been extensively documented. 

 The Kyoto Encyclopedia of Genes and Genomes (KEGG) is 
an extensive web-based database of biological pathways and func-
tions under development for more than a decade ( Kanehisa, 1997 ). 
Similar to GenMAPP, KEGG offers tools that can color-code 
diagrams of biological pathways based on quantitative measure-
ments, instead using a web-based interface ( Figure 10.11   ). KEGG 
offers more than 42,000 biological pathways for nearly 500 species. 
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 Figure 10.10         GenMAPP has the ability to color-code proteins participating in biological pathways based on measurements ( Dahlquist 
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Beyond biological pathways, KEGG also provides knowledge on 
ligands, metabolites, small-molecule drugs, and diseases. At the time 
of this writing, KEGG has been cited by nearly 1000 publications. 

 Other free web-based resources available to study genes by 
known function and protein domains include Entrez Gene and 
GeneCards ( Safran et al., 2002 ;   Wheeler et al., 2006 ).   
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 Figure 10.11         The insulin signaling pathway, as represented in KEGG as of this writing. A click on any protein yields additional data 
about that protein.    

2009 UPDATE
There has been astounding growth in biomedical databases 
over the past two years. The January issue of Nucleic Acids 
Research, in which signifi cant biomedical databases are listed 
annually, reached 1170 databases in 2009, demonstrating a 16% 
increase from the previous year (Galperin and Cochrane, 2009). 
New databases this year include those containing microRNA 
and their binding sites as well as data and genomes of patho-
gens causing infectious diseases in humans, including Giardia 
and Plasmodium.

Individual databases have also demonstrated growth. The 
NCBI Gene Expression Omnibus, an international repository 
for gene expression microarray data, has (as of this writing) 
over 278,000 microarrays from 11,000 experiments, demon-
strating 1.4� growth over the past year (Sayers et al., 2009). 
The EBI ArrayExpress database holds another 100,000 micro-
arrays from 3400 experiments (Parkinson et al., 2009). Even 
greater growth has been seen in proteomics databases; the 

EBI PRIDE holds nearly 9000 samples yielding over 17 mil-
lion mass spectra, showing 6.7-fold growth in the past year. In 
most cases, the data from these sources are easily and quickly 
downloaded.

The most signifi cant new source of data is from genome-
wide association studies (GWAS) (McCarthy et al., 2008). 
As of this writing, the NHGRI-curated database at http://
genome.gov/gwastudies lists 245 GWAS publications. Typically 
the list of SNPs with signifi cant association is publicly avail-
able for many of these, while the raw genotyping measure-
ments are available for fewer. Genotype and phenotype data 
on GWAS funded by the United States. NIH are held at the 
NCBI Database of Genotypes and Phenotypes (dbGAP). As 
of this writing, dbGAP has grown to include 35 studies (up 
from 14 one year prior), with nearly 90,000 human samples 
with genetics and phenotyping. The Framingham Heart Study 
itself contributes 102 separate substudies. Compared to gene 
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expression microarray and proteomics data, data on genetics 
are not as easily downloaded; access to genetics data some-
times requires pre-approval from both local and repository 
Institutional Review Boards (IRB). Most available genetics 
data are in the form of measurements from SNP assays, where 
between 50,000 and 2 million SNPs are measured across indi-
viduals. Expectations are high that over the coming years, 
more genetics data will instead come from high-throughput 
sequencing, as the capabilities of pyrosequencing, single mol-
ecule sequencing, and other technologies develop (Schuster, 
2008). However, worries about the re-identifi ability of individ-
ual study participants from publicly-available GWAS data have 
led to increased vigilance and regulation to the accessibility of 
this data (Homer et al., 2008).

Clinical data, including those from electronic health records 
(see Chapter 12), are just starting to be used in large-scale genetics 
experiments. A recent GWAS for genetic variants infl uencing the 
maintenance dose of warfarin, a commonly-used anti-coagulant, 
used electronic medical records on bleeding events as part of the 
phenotyping (Rieder et al., 2005). This type of approach is being 
built into the research infrastructure at particular medical insti-
tutions, where DNA biobanks are linked to phenotypic infor-
mation from electronic medical records (Roden et al., 2008). As 
more academic research centers are enabled to build such infra-
structures through the NIH Roadmap Institutional Clinical and 
Translational Science Awards (CTSA), we can expect to see more 
studies bridging the methodologies clinical informatics and bio-
informatics (National Institutes of Health, 2005).
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  INTRODUCTION 
 A new approach to biology, which we call  systems biology , has 
emerged over the past 10 years or so – an approach that looks 
at biology as an informational science, studies biological systems 
as a whole, and recognizes that biological information in liv-
ing systems is captured, transmitted, modulated, and integrated 
by biological networks that pass this information to molecular 
machines for execution. This approach differs from early  “ sys-
tems approaches to biology ”  in that it attempts both a bottom-
up approach (from large molecular datasets) and a top-down 
approach (from computational modeling and simulations) where 
there is an attempt to trace complex observations of phenotype 
back to the digital core encoded in the genome. 

 New measurement and visualization technologies, together 
with powerful computational and modeling tools, have trans-
formed systems biology by making it possible for the fi rst time 
to execute the fi ve uniquely defi ning features of contemporary 
systems biology: 

  1.     measurements of the various types of biological informa-
tion that are global or comprehensive to the greatest extent 
possible (e.g., measure the digital code of all genes or, for 
example, the concentrations of all mRNAs, all proteins, all 
metabolites, etc.);  

  2.     the different levels of information (DNA, RNA, protein, 
etc.) must be integrated to understand or capture how the 
environment has modifi ed the basic digital information 

of the genome at each level of the biological information 
hierarchy (DNA, RNA, proteins, interactions, biological 
networks, cells, individuals and ecologies) and thereby to 
induce biological responses;  

  3.     all biological systems (e.g., networks) must be studied 
dynamically as they capture, transmit, integrate and uti-
lize the biological information necessary for the execution 
the two most fundamental responses of living organisms – 
development or physiological responses to the organism ’ s 
environment;  

  4.     all measurements must be quantitatively determined to the 
greatest extent possible; and  

  5.     the global and dynamic data from the variety of informa-
tion hierarchies must be integrated and modeled.    

 These models essentially create hypotheses about biologi-
cal functions and mechanisms of disease that can then be tested 
experimentally by systems perturbations – the enumeration of 
new datasets, their integration, modifi cations of models, in an 
iterative manner, until the working models refl ect the reality of 
the experimental data. Once the models accurately fi t the bio-
logical systems measurements, they can then be used to pre-
dict the results of perturbing the system in new ways (e.g., for 
designing treatment strategies or for identifying likely underly-
ing causes for disease). 

 The information revolution in biology will enable systems 
medicine to emerge in the next 10 years. Key to this transfor-
mation will be harnessing computationally the vast amount 
of biological information becoming available through rapid 
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advancement in measurement, visualization and computational 
technologies. Two fundamental types of biological information, 
the digital information of the genome and interacting informa-
tion from the environment, are integrated together to specify the 
fi ve fundamental mechanisms of life – evolution, development, 
physiological responses, aging and the onset and progression of 
disease ( Hood et al., 2004 ). Advances in high-throughput DNA 
sequencing will enable each person ’ s genome to be sequenced 
rapidly and at a reasonable cost, providing digital information for 
each person and making possible the prediction of increasingly 
accurate probabilistic health futures. Also, the advance of high-
throughput measurement technologies will enable the assessment 
of dynamic environmental information emerging from the inte-
gration of genome and environmental information from each 
individual, as refl ected, for example, by the changing levels of 
proteins in the blood – thus providing a real time (current) health 
assessment of the individual. These technologies will generate tre-
mendously large, dynamical datasets about health states and hence 
about the states of relevant biological networks of the individual 
patients. This detailed information will arise through the use of 
perturbation experiments coupled with global experimental 
technologies, and progress in systems biology research is increas-
ingly elucidating the functions and structures of these networks. 

 A systems approach to medicine argues that disease arises 
from disease-perturbed biological networks and that the dynam-
ically changing, altered patterns of gene expression that are 
controlled by these perturbed networks give rise to the disease 
manifestations. Here, we present a systems view of biology and 
disease together with a discussion of some recent advances in 
state-of-the-art  in vitro  and  in vivo  diagnostics technologies, and 
we suggest how, as these technologies mature, they will move us 
towards a future of predictive, personalized, preventive, and par-
ticipatory medicine ( P4 medicine ) ( Hood et al., 2004 ).  

  SYSTEMS SCIENCE IN BIOLOGY AND 
MEDICINE 

  Systems Biology 
 How do systems approaches to biology and medicine lead to a 
revolutionary view of medicine? We present this systems view 
in some detail, because an understanding of P4 medicine and its 
implications for society are predicated upon understanding these 
systems principles. Two primary domains of biological informa-
tion lend themselves readily to such systems-level analysis: the 
static, digital information of the genome, and the dynamic infor-
mation arising from environmental interactions with the sub-
cellular, cellular, and tissue levels of organization ( Hood et al., 
2004 ). Digital genome information encodes two types of bio-
logical networks –  protein interactions  and  gene regulatory networks . 
Protein networks transmit and use biological information for 
development, physiology and metabolism. Gene regulatory net-
works – transcription factors, their regulatory binding sites and 
the small RNAs that regulate networks of other transcription 

factors and other RNAs interacting with one another – receive 
information from signal-transduction networks, integrate and 
modulate it, and convey the processed information to networks 
of genes or molecular machines that execute developmental and 
physiological functions. In biological systems, these two types 
of networks are closely integrated. The organization of these 
networks can be inferred from various types of measurements 
including, for example, global measurements of dynamically 
changing levels of mRNAs and proteins during developmental 
and physiological responses, as well as large-scale measurements 
of protein–protein and protein–DNA interactions. There are 
multiple hierarchical levels of organization and information (for 
example, DNA, RNA and protein networks, cellular and meta-
bolic networks, and organization and responses of organ systems). 
To understand biological systems, information must be gathered 
from as many information levels as possible and integrated into 
models that generate hypotheses about how biology works. Let 
us now consider the logic of systems approaches to medicine.  

  Systems Medicine 
 The central premise of systems medicine is that disease-
perturbed networks alter patterns of expression in genes and 
proteins – and that these altered patterns encode the dynamic 
pathophysiology of the disease and necessarily results in altered 
molecular fi ngerprints that can be detected clinically. Through 
advances in measurement technologies and computational anal-
ysis tools for tissue and blood analyses, we will be able to read 
these signals to make a multitude of diagnoses to distinguish 
health from disease and to determine the nature of any pathol-
ogy. Multi-parameter analyses of biological information will 
be key to tracking these altered patterns in disease-perturbed 
networks. Diagnostic methods of the past have been pauci-
parameter in nature – usually measuring just a single parameter 
relevant to a specifi c disease state (e.g., PSA levels to assess pros-
tate health), and so our ability to track health and disease has 
been limited. Current and emerging technologies are creating 
a transition into a new era of predictive, preventative, and per-
sonalized medicine. A causal disease perturbation could be the 
result of specifi c, disease-causing DNA mutations, pathogenic 
organisms, or other pathological environmental factors such as 
toxins. Molecular fi ngerprints of pathological processes can take 
on many molecular forms, including the analyses of proteins 
( Wang et al., 2005a, b ), DNA ( Papadopoulou et al., 2006 ), RNA 
( Scherzer et al., 2007 ), and metabolites ( Solanky et al., 2003 ), 
as well as informative, post-translational modifi cations to these 
molecules such as protein phosphorylation. 

 Signals related to health and disease can be found in mul-
tiple sites. For instance, many bodily fl uids such as the blood, 
urine, saliva, cerebral spinal fl uid and so forth can be sampled to 
identify evidence of perturbed molecular fi ngerprints refl ecting 
the altered expression patterns of genes and proteins in disease-
perturbed biological networks. Of these, the blood is likely the 
most information rich organ (or fl uid) in that it bathes all of the 
tissues in the body, and it is easily accessible for diagnostic pro-
cedures. In addition to the biomolecules secreted into the blood 



from cells and tissues throughout the body, the transcriptomes 
and proteomes of cells circulating in the blood (e.g., white blood 
cells) are also potentially an abundant source of biomedically 
important information ( Buttner et al., 2007 ). Thus, the amount 
of information available in the blood about health and disease is 
enormous if we learn to read and interpret the molecular signals. 

 These dynamically changing, disease-perturbed networks 
lead to two important conclusions. First, some signifi cant net-
work nodal points change before the related clinical or histo-
logical changes are evident. Therefore, labeled biomarkers that 
are specifi c for the changing nodes or the biological proc-
esses they regulate could be used for  in vivo  imaging diagnos-
tics even before symptoms arise, as has already been shown in 
patients ( Golub et al., 1999 ;  Quackenbush, 2006 ;  Ramaswamy 
et al., 2001 ;  Wang et al., 2005a, b ). Alternatively, if some of these 
altered nodes encode secreted proteins, they could provide read-
ily accessible  in vitro  diagnostic blood markers for early disease 
detection. Second, many of the sub-networks of proteins that 
change during the onset of disease affect changes in phenotypic 
traits that are consistent with the pathology of the disease. 

 About 900 perturbed mRNAs appear to encode the core 
prion-disease response, and, during the progression of the prion-
disease process, several hundred undergo signifi cant gene expres-
sion changes well before the clinical signs of prion disease. Many 
of these potential early disease  “ sentinels ”  are predicted to be 
secreted into the blood and therefore represent potential pro-
tein biomarkers for early disease diagnosis through blood pro-
tein analysis. One interesting new diagnostic method evaluates 
relative expression reversals in protein concentrations or gene 
expression levels. This procedure eliminates the need for data 
normalization or the establishment of population-wide thresh-
olds. This approach has been successfully used to identify robust 
and accurate classifi ers for prostate cancer ( Xu et al., 2005 ), sar-
comas ( Price et al., 2007 ), and a variety of other cancers ( Tan 
et al., 2005 ), as well as to predict treatment outcomes in breast 
cancer ( Ma et al.,  2004 ), demonstrating the effi cacy of even rel-
atively low-order systems analysis in medicine. 

 Another key issue that needs to be addressed is how to 
best decouple two primary dimensions of disease information: 
namely, disease stratifi cation (e.g., which type of prostate cancer 
is present) and disease progression (e.g., stage of development 
of a particular prostate cancer stratifi cation in time). Molecular 
signature changes can indicate the presence of different dis-
eases (stratifi cation) as well as their stage (progression). Thus, a 
key challenge in future will be to develop analysis tools that will 
enable us to differentiate the location of the physiologic state in 
regards to both of these critical clinical dimensions.   

  MULTI-PARAMETER BLOOD-BOURNE 
BIOMARKERS 
 In principle, it is clear how blood samples containing secreted 
molecules from all of the tissues in the body can be used as a 
window into health or disease states ( Anderson and Anderson, 

2002 ;  Fujii et al., 2004 ;  Hood et al., 2004 ;  Lathrop et al., 2003 ; 
 Lee et al., 2006 ). In practice, however, the task of identifying 
markers of disease states in the vast array of secreted proteins can 
seem daunting. There are millions of different proteins present 
in the blood and they are expressed at levels that probably differ 
by 12 orders of magnitude (10 12 ). Thus, there are indeed very 
signifi cant challenges associated with defi ning relevant biomar-
kers in the plasma proteome, as is evidenced by the paucity of 
blood protein markers found thus far, despite signifi cant efforts 
( Wilson, 2006 ). This fact highlights the need to develop well-
founded systems approaches to diagnostics in order to hasten 
the identifi cation of such markers and to harness the tremen-
dous information potential of the blood. While the potential 
information available to diagnose heath and disease is enormous, 
it is also true that the challenges of separating signal from back-
ground noise (biological or measurement noise) are also very 
signifi cant. Sources of noise include error in measurements, 
polymorphisms in the population, environmental variations, 
stochastic variations, as well as signal dilution through mixing 
and other processes of molecule transport. Thus, enhancing sig-
nal while reducing noise will be a primary theme of research in 
predictive medicine for the foreseeable future. 

 An important strategy for dealing with noise arising from 
genetic polymorphisms and health histories in the population 
are through dynamic, subtractive analyses carried out in the indi-
vidual patient. In other words, measurements taken from indi-
vidual patients at different time points (longitudinal data) can 
be used to perform subtractive analyses where only the differ-
ences observed are considered. Thus, each patient becomes their 
own control, which eliminates many of the sources of noise. 
Eventually, it will be important for each patient to have biannual 
blood analyses taken so that changes can be observed relative to 
the background of what is normal  in each individual  rather than 
relative to the population at large. Such databases of measure-
ments will be essential to enabling personalized and predictive 
medicine. Using each patient as their own control is one of the 
essential features of the emerging personalized medicine. 

  Organ-Specifi c Blood Protein Fingerprints 
 We discuss the organ-specifi c blood protein fi ngerprint approach 
to diagnostics because it lies at the very heart of the predictive 
medicine that will emerge over the next 10 years. Our feeling is 
that this will be one of the central data gathering strategies for 
predictive and personalized medicine and, accordingly, we will 
discuss it in detail. The idea is that disease arises from dynamically 
changing disease-perturbed networks, that the diseased organs 
will secrete proteins into the blood, and that if these proteins are 
encoded by disease-perturbed networks their levels of expression 
in the blood will be altered in a manner that refl ects the specifi c 
nature of the disease. Indeed, this idea is the basis for the very 
broad range of blood biomarker studies that are being carried out 
by many scientifi c centers ( Anderson and Anderson, 2002 ;  Fujii 
et al., 2004 ;  Hood et al., 2004 ;  Lathrop et al., 2003 ;  Lee et al., 
2006 ). The major diffi culty with this simple view is that if you 
identify multiple blood proteins whose changes are specifi c for a 
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 particular disease state (as compared against normal controls) and 
then examine the same blood markers for that disease in bloods 
drawn from individuals, with say 10 other pathologies, these 
marker proteins can change in unpredictable ways since multiple 
organs control the expression of most blood proteins and these 
organs respond differently to various environmental signals. The 
important point is that if a marker protein synthesized in fi ve 
organs changes in the blood, we cannot be certain which organ(s) 
is the origin of the change. While that marker may sample a bio-
logical network relevant to disease diagnosis, since its origin is not 
clear its use as a disease biomarker may raise more questions than 
it answers. The solution to this dilemma is clear – employ organ-
specifi c blood protein biomarkers whose changes must therefore 
refl ect changes only in the organ itself. If enough of these organ-
specifi c blood proteins are sampled, they will represent a survey 
of many different biological networks in the organ of interest 
and will provide suffi cient diagnostic information for any disease. 
Eventually, correlation of these organ-specifi c biomarkers with 
more general biomarkers may prove to be the best long-term 
strategy for developing diagnostic fi ngerprints. 

 We have several lines of preliminary evidence that suggest 
this organ-specifi c blood protein approach will be effective. In 
prostate cancer, for example, there are disease-mediated altered 
patterns of mRNA and protein expression in the prostate. Some 
of these genes are expressed primarily in the prostate (organ-
specifi c products) and some of these organ-specifi c proteins 
are secreted into the blood, where they collectively constitute 
a protein molecular fi ngerprint comprised of say 100 or more 
proteins whose relative concentration levels probably report the 
status of the biological networks in the prostate gland. We have 
demonstrated that changes in the blood concentrations of sev-
eral of these prostate-specifi c blood proteins refl ect the various 
stages of prostate cancer and, as discussed above, various brain-
specifi c blood proteins also refl ect the progression of prion dis-
ease in mice. We propose that the distinct expression levels of the 
individual proteins in each fi ngerprint represent a multi-
parameter (and therefore potentially information-rich) diagnos-
tic indicator refl ecting the dynamic behavior of, for example, the 
disease-perturbed networks from which they arise. The analysis 
of 50 or so organ-specifi c proteins should allow us to both strat-
ify diseases in the organ as well as determine their stage of pro-
gression. We have identifi ed tens to hundreds of organ-specifi c 
transcripts in each of the 40 or so organs that we have examined 
in mouse and human. 

 We can envision a time over the next 5–10 years when 50 
or so organ-specifi c blood proteins will be identifi ed for each 
of the 50 or so major organs and tissues in humans – so that 
computational analyses of the relative concentrations of the 
protein components in these organ-specifi c fi ngerprints will 
enable blood to become the primary window into health and 
disease. When we analyze data from these blood indicators, we 
also may be in a position to identify the dynamically changing 
disease-perturbed network(s). The analysis of these dynamic net-
works will allow us to study in detail the pathophysiology of 
the disease response and hence be in a position to think of new 

approaches to therapy and prevention. To generate the ability to 
assess simultaneously all 50 organ blood protein fi ngerprints in 
patients, we ultimately need to develop the microfl uidic or nan-
otechnology tools for making perhaps 2500 rapid protein meas-
urements (e.g., 50 proteins from each of 50 human organs) from 
a droplet of blood. Nanotechnology is necessary because only 
this severe miniaturization can allow the necessary thousands of 
measurements from a single drop of blood. In order to reach this 
stage we will also have to create the appropriate computational 
tools to capture, store, analyze, integrate, model, and visualize the 
information arising from this approach.   

  EMERGING  IN VIVO  AND  IN VITRO  
TECHNOLOGIES 

   In vitro  Measurement Technologies 
 P4 medicine will require that  in vitro  measurements of thou-
sands of blood proteins be executed rapidly, automatically and 
inexpensively on small blood samples. This will require mini-
aturization, parallelization, integration and automation of tis-
sue and blood purifi cation and measurement technologies. In 
short, it will require making  in vitro  measurements inexpensively 
– perhaps for a penny or less per protein measured. This need 
for inexpensive  in vitro  measurements is driving the develop-
ment of integrated microfl uidics and nanotechnologies for  in 
vitro  diagnostics. We further argue that the complex changes in 
these protein levels must be analyzed computationally to search 
for the patterns that correlate with particular diseases – and 
indeed to stratify each disease as well as determine its stage of 
progression. 

 To meet the expanding requirements of systems medicine, 
 in vitro  measurements of cells, proteins, mRNAs, etc., whether 
for fundamental biological studies or for pathological analysis, 
must not just be inexpensive, but must also be sensitive, 
quantitative, rapid, and executed on very small quantities of tis-
sues, cells, serum, etc. We are working towards developing chip 
platforms that can take a few microliters (a fi nger prick) of 
blood, separate the plasma from the serum, and then measure on 
the order of 100 or more proteins and/or mRNAs quantitatively, 
with high sensitivity and specifi city, and in a few minutes time. 
We can envision a time 5–10 years hence when small hand-held 
devices will be able to make these 2500 measurements from a 
fraction of a droplet of blood, send them  via  wireless to a server 
for analysis and consequently inform the patient and physician 
as to the status of the patient. While many fundamental scientifi c 
challenges remain to be solved before this goal is achieved, none 
of those challenges appears insurmountable at this point. 

 One will also be able to use the blood cells as powerful 
diagnostic markers – either of infectious diseases or of genetic 
diseases. Microfl uidic cell-sorting technologies for being able to 
sort blood cells into their 10 or so individual types for analy-
sis are now available. Even more important is the emergence of 



single-cell analytic tools where DNA, mRNAs or small RNAs, 
proteins and even metabolites can be analyzed rapidly from 
individual cells. The cells can also be perturbed with appropri-
ate environmental stimuli to identify defects. It is possible that 
an appropriate analysis of immune cells (both innate and adap-
tive) from the blood will reveal important information about 
past antigenic history of the individual as well as current state 
of immunological responsiveness. Similarly, analysis of rare blood 
cells such as circulating cancer cells may also be utilized to guide 
therapies. 

 Another type of  in vitro  measurement will be a determi-
nation of the complete genome sequence of individuals with 
a nanotechnology approach to sequencing single strands of 
DNA on a massively parallel basis (billions of DNA strands 
simultaneously). A device like this will emerge over the next 
5–10 years and will allow millions, if not billions, of individual 
human genome sequences to be determined rapidly, inexpen-
sively and in a massively parallel manner. The 2500 organ-spe-
cifi c blood marker measurements and the complete individual 
human genome sequences will be the heart of the predictive 
and personalized medicine that will emerge over the next 10 
years or so. 

 While transcriptomic approaches have proven useful for 
identifying informative molecular signatures for a number of 
diseases ( Quackenbush, 2006 ), high-throughput proteomic char-
acterizations have lagged behind. The reason for this difference 
is clearly the more diffi cult challenge of measuring proteins 
compared to mRNA transcripts. Emerging proteomics tech-
nologies hold the promise of greatly improving our ability to 
make detailed disease assessments using protein-based molecu-
lar signatures. One key advantage of protein signatures relative 
to gene expression is that the proteins found in the blood and 
other accessible bodily fl uids exhibit slower degradation rates 
than their mRNA counterparts – and of course proteins are the 
direct agents mediating the disease process itself. Thus, protein 
concentration signatures represent an important class of molecu-
lar signature for disease diagnosis.  

  The Imaging of Proteomics and Blood Protein 
Biomarkers 
 The blood is an ideal organ for identifying biomarkers because 
it interacts with virtually every organ and major tissue type in 
the body, and each secretes proteins into the blood. Moreover, 
the blood is easily accessible for diagnostic studies – and presum-
ably the analysis of changes in protein levels or protein modifi -
cations that could serve as surrogates or refl ections of health and 
disease. As noted earlier, the blood is an enormously complex 
organ; it contains hundreds of thousands to millions of proteins 
whose concentrations range over 12 orders of magnitude. Since 
there is for proteins no equivalent to the polymerase chain reac-
tion (PCR) amplifi cation procedure, only the more abundant 
proteins can be seen by conventional protein analysis studies. It 
should also be pointed out that many different  features of pro-
teins ultimately must be characterized or quantifi ed: identifi ca-
tion, quantifi cation, chemical modifi cations, alternative mRNA 

splicing products, cellular localizations, three- dimensional 
 structures (and their dynamics), as well as their functions. We 
here are only concerned with the quantifi cation and identifi ca-
tion of proteins. 

 There are two general approaches to the analysis of protein 
mixtures. In one case protein-capture agents such as antibod-
ies are used – and with appropriate controls these approaches 
can quantify the levels of proteins. These techniques include 
Western blot analyses, ELISA assays, surface plasmon resonance 
and protein chips. A second approach is to use mass spectrom-
etry. Since proteins have large masses that are diffi cult to ana-
lyze accurately by mass spectrometry, most proteins are analyzed 
after converting them into tryptic peptides (or other proteolytic 
fragments) whose masses are far smaller and hence more easily 
analyzed. Because blood is such a complex mixture, proteins of 
interest are often enriched by some type of fractional procedure 
(charge, hydrophobility, size and/or the presence of modifi ca-
tions such as glycosylation or phosphorylation), before (or after) 
their conversion into peptides and analysis by mass spectrom-
etry. Isotopically labeled and synthesized peptides may be used 
to identify and quantify (relative or absolute) the same peptides 
from unknown samples (and hence one obtains a proxy for the 
quantifi cation of their corresponding proteins) very effectively 
by mass spectrometry. 

 We discuss below examples of some of these techniques. 

  Antibody Microarrays Using Surface Plasmon Resonance 
Imaging (SPRI) 
 Protein chip methods hold great potential for broad quantita-
tive screens of proteins, and a variety of techniques have been 
developed based on antibody binding ( Haab et al., 2001 ;  Olle 
et al., 2005 ;  Song et al., 2007 ). Various types of antibody arrays 
have been used for biomarker discovery and protein profi ling 
of serum from patients with prostate, lung, pancreas, and blad-
der cancer ( Gao et al., 2005 ;  Miller et al., 2003 ;  Orchekowski 
et al., 2005 ;  Sanchez-Carbayo et al., 2006 ). One emerging 
approach with tremendous promise is SPRI ( Hu et al., 2007 ; 
 Huber and Mueller, 2006 ;  Koga et al., 2006 ), which enables 
real-time, label-free measurement of protein expression by 
large numbers of different antibodies. SPR-based chips have 
a detection sensitivity of 10–100 times less than ELISA ( Hu 
et al., 2007 ), but have a spatial resolution down to approximately 
4        � m ( Lyon et al., 1998 ). It is thus possible to print up to 800 
unique antibodies on Lumera Nanocapture Gold  ™   microar-
ray slides and monitor the abundance of the target proteins 
in real time ( Hu et al., 2007 ), even in complex samples such 
as blood, because the same slide can be regenerated for reuse 
many times in 10 minutes or less (Z. Hu, C. Lausted, unpub-
lished observations). We are in the process of automating the 
sample introduction procedures using microfl uidic chips, 
which means that SPRI has the capacity necessary to screen 
rapidly through tens to hundreds of patient samples. Thus, 
this approach holds tremendous promise to be able to screen 
through large numbers of proteins, including secreted proteins 
and cell-surface markers and not only measure their presence, 
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but also abundance and the dynamics of their binding. The 
limitation of this technique is its dependence on the  affi nity 
and specifi city of the antibodies it employs for detection – 
cross-reactivities in complex protein mixtures (such as blood) 
can pose signifi cant problems.  

  DNA-Encoded Antibody Libraries (DEAL) 
 One recently developed technique that offers great potential 
for detailed analyses is DEAL. The primary advantage of DEAL 
is that it uses a single, robust chemistry – that of DNA hybridi-
zation – to spatially localize and detect proteins, mRNAs, and 
cells, all in a multiplexed fashion. Antibodies are typically too 
fragile to survive the fabrication procedures associated with 
assembling robust microfl uidics chips, but DNA oligomers are 
signifi cantly more robust. DEAL thus enables the detection of 
panels of protein biomarkers within a microfl uidics environ-
ment and from very small quantities of biological material (100 
nanoliters or so) ( Yang et al., 2006 ). This amount of plasma can 
be readily separated from whole blood on-chip, thus allow-
ing for the measurement of serum biomarkers from a fi nger-
prick of whole blood. In addition, within the environment of 
fl owing microfl uidics, the rate-limiting step in performing a 
surface immunoassay is the kinetics of the binding of the ana-
lyte to the surface-bound capture agent ( Zimmermann et al., 
2005 ). Thus, DEAL-based immunoassays can be executed very 
rapidly. 

 The versatility of DEAL also enables multiplexed cell 
sorting and localization, followed by few- or single-cell meas-
urements of protein, RNA, and other biomolecules ( Bailey 
et al., 2007 ). DEAL can be engineered into a highly sensi-
tive and very rapid measurement technique, with a reported 
detection limit of 10       f M for the protein IL-2, 150 times more 
sensitive than the corresponding commercial ELISA assay. This 
sensitivity can be applied to the isolation of rare cells based 
on combinations of cell-surface markers, enabling the isola-
tion and addressing of individual cancer stem cells. DEAL can 
also be used to make single-cell measurements of secreted pro-
teins from each of these isolated single cells. Thus, DEAL offers 
superb sensitivity and the ability to perform spatially multi-
plexed detection for characterization of rare cell types, such as 
circulating cancer cells or cancer stem cells. These advantages 
still face the inherent limitations of antibodies, so the develop-
ment of new approaches to generating protein-capture agents 
is a critical part of future development of comprehensive blood 
diagnostics.   

  Mass Spectrometry-based Techniques 
  Isotopic Tagging for Relative and Absolute Quantifi cation 
(iTRAQ) of Proteins Analyzed by Mass Spectrometry 
 Stable isotope labeling enables the quantitative analysis of pro-
tein concentrations through mass spectrometry (MS). One 
state-of-the-art technique for quantitative MS is iTRAQ ( Ross 
et al., 2004 ), which uses stable isotope labeling of proteolytic 
peptides. This technique modifi es primary amino acid groups of 
peptides by linking a mass balance group, and a reporter group 

by forming an amide bond. When MS/MS is used for analy-
sis with iTRAQ-tagged peptides, the mass balancing carbonyl 
moiety is released as a neutral fragment generating 4–8 dis-
tinct sets of peptides whose relative abundances can be deter-
mined quantitatively. Because eight different iTRAQ reagents 
are currently available, comparative analysis of a set of two to 
eight samples is feasible within a single MS/MS run ( Hu et al., 
2007 ). The, iTRAQ technology represents the state-of-the-art 
in quantitative proteomics and represents a promising technol-
ogy for using proteomics to differentiate key differences in pro-
tein networks.  

  Glycopeptide Capture – Front-End Enrichment of Blood 
Proteins Containing Sugar Residues 
 Mass spectrometry-based methods will allow for the identifi ca-
tion of proteins spanning approximately three orders of magni-
tude in concentration from a given sample. Therefore, methods 
that can select specifi ed fractions of the proteome are important 
for simplifying the sample suffi ciently to identify the proteins 
of interest. One recently developed approach is the shotgun 
glycopeptides capture approach ( Sun et al., 2007 ). This approach 
selects for N-linked or O-linked glycosylated peptides by selec-
tively coupling these peptides to beads – allowing the uncoupled 
peptides to be washed away – then the glycosylated peptides are 
be released and analyzed by mass spectrometry. Both secreted 
and cell-surface proteins are enriched for glycopeptides com-
pared with their nuclear and cytoplasmic counterparts. Thus, 
this approach can be used to, for example, identify candidates for 
unique cell-surface markers to make identifi cations of clinically 
relevant cellular subpopulations.   

   In Vivo  Molecular Diagnostics 
 As it relates to personalized and predictive medicine,  in vivo  
molecular diagnostics will also require the development of a 
diverse library of molecular imaging probes. These modular 
tools can be used to: 

  1.     identify the specifi c location of disease-perturbed networks 
in patients;  

  2 .    link  in vivo  molecular measurements in diseased tissue in 
patients to  in vitro  measurements;  

  3.     rapidly assess the effi cacy of personalized therapeutics; and  
  4.     validate that a drug is hitting its target and inducing the 

desired pharmacological outcome.    

 Although there are many  in vivo  imaging modalities, per-
haps the best current method from the point of view of person-
alized and predictive medicine in patients is positron emission 
tomography (PET) molecular imaging ( Czernin and Phelps, 
2002 ). For PET, trace quantities of radiolabeled molecular probes 
are injected into the patient. As the probes circulate through 
the body and its various organ systems, they interact with tar-
get proteins to provide imaging assays for, as examples, the rate 
of metabolic processes, the concentration of receptors in signal 
transduction, enzyme activity, DNA-replication rates, hormone 
status, pharmacokinetics, and pharmacodynamics.   



  COMPUTATIONAL AND 
MATHEMATICAL CHALLENGES IN 
SYSTEMS MEDICINE 

  Molecular Signature Classifi ers 
 Computational methods are needed to reduce the high degree 
of data dimensionality associated with global datasets to iden-
tify molecular signatures that can be used for disease diag-
nosis. Despite notable and signifi cant challenges that remain 
( Dupuy and Simon, 2007 ;  Simon, 2005 ), computational analy-
ses to identify molecular signatures from global gene expression 
datasets that can be used for diagnosis and treatment selection 
( Quackenbush, 2006 ) is an area of research that has shown sig-
nifi cant promise. These studies typically involve the collection of 
samples from two or more classes (e.g., cancer versus normal, or 
responsive versus non-responsive to treatment) and the use 
of a set of data on which to train the classifi er and another set 
on which to test. In the absence of a true test set, re-sampling 
methods (such as cross-validation) are generally used to estimate 
likely performance of the classifi er on future data. The ability to 
generate an accurate classifi er is a function of factors such as: (1) 
the size of the training set relative to the number of features, (2) 
the computational method used, and (3) the inherent distinctness 
of the selected phenotypes. Typically, the number of samples is far 
less than the number of transcripts, and consequently over-fi tting 
is a signifi cant problem. This leads to the need for computational 
methods that avoid over-fi tting when selecting a classifi er. 

 A variety of methods have been applied to disease diagnoses, 
including approaches based on support vector machines ( Furey 
et al., 2000 ;  Ramaswamy et al., 2001 ) and relative expres-
sion reversals ( Geman et al., 2004 ;  Price et al., 2007 ;  Tan et al., 
2005 ;  Xu et al., 2005 ), among many others. Application of these 

 methods has perhaps been applied most extensively to the study 
of cancer, leading to the discovery of molecular classifi ers of vary-
ing degrees of accuracy to identify prognostic signatures for breast 
cancer ( Adler and Chang, 2006 ;  Buyse et al., 2006 ;  Dai et al.,
2005 ;  Foekens et al., 2006 ;  Glinsky et al., 2004a, b ;  Goncalves 
et al., 2006 ;  Ivshina et al., 2006 ;  Liu et al., 2007 ;  Ma et al., 2004 ; 
 Nuyten et al., 2006 ;  Park et al., 2007 ;  Pawitan et al., 2005 ; 
 Thomassen et al., 2007 ;  van  ‘ t Veer et al., 2002 ;  van de Vijver et al., 
2002 ;  Wang et al., 2005a, b ;  Weigelt et al., 2005 ), ovarian can-
cer ( De Cecco et al., 2004 ;  Smith, 2002 ;  Spentzos et al., 2004 ), 
colon cancer ( Barrier et al., 2006 ;  Giacomini et al., 2005 ), pros-
tate cancer ( Dhanasekaran et al., 2001 ;  Glinsky et al., 2004a, b ; 
 Halvorsen et al., 2005 ;  Lin et al., 2005 ;  Luo et al., 2002 ;  Singh 
et al., 2002 ;  Xu et al., 2005 ), and brain cancer ( Fuller et al., 2005 ; 
 Kim et al., 2002 ), among others.  

  Biological Networks and the Interactome 
 Among the most promising opportunities presented by systems 
biology is the integrated assessment of multiple biological param-
eters to magnify our understanding of complex developmen-
tal or pathological states. The interaction among all  individual 
 biomolecules in complex regulatory, signal transduction, and feed-
back networks present in eukaryotic organisms forms the theo-
retical framework for this higher-order analysis and is referred to 
as the  interactome . These dynamic associations include protein–pro-
tein interactions, transcriptional regulation, and post-transcrip-
tional gene silencing by short-interfering RNA and microRNA 
(miRNA) ( Ruvkun, 2001 ). Multiple high-throughput methods 
have been developed to characterize the interaction between pro-
teins, including the yeast-two-hybrid system ( Ito et al., 2001 ) and 
surface plasmon resonance ( Usui-Aoki et al., 2005 ). These meth-
ods are to determining interactome interactions what microarray 
studies are to determining relative mRNA concentrations.   

2009 UPDATE
An area of intense interest and progress during 2008 has 
been multiparameter blood-borne biomarkers. An important 
advance for making multiple protein measurements with high 
sensitivity in blood was the reported development of an inte-
grated blood barcode chip (Fan et al., 2008). This microfl u-
idic system has the ability to sensitively sample a large panel 
of protein biomarkers over a wide range of concentrations, a 
key challenge for the complex proteome in blood. This device 
holds the promise of inexpensive, highly sensitive measure-
ments from just a pinprick droplet of blood.

In addition to protein biomarkers, a number of fi ndings 
were made regarding other important possible sources of diag-
nostic information from the blood to guide systems medicine. 
One intriguing fi nding showed that when glioblastoma tumor 
cells release microvesicles, they are taken up by normal host 
cells and also ultimately appear in the blood (Skog et al., 2008). 

This study also showed that the tumor-specifi c EGFRvIII 
mutation was detected in serum microvesicles in a subset of 
patients. Such mutation-specifi c fi ndings are critical to guide 
individualized therapies. In another study, it was found that 
miRNAs not only hold promise as tissue-based biomarkers, 
but that they also exist in stable forms in human plasma – as 
was demonstrated in a study of prostate cancer (Mitchell et al., 
2008).

Outside of blood, markers in other accessible bodily fl u-
ids as well as tissue markers continued to show promises. For 
example, analysis of the average concentration over 24 h of 
certain metabolites found in urine was shown to reliably dif-
ferentiate a number of different phenotypes, including blood 
pressure linked to coronary heart disease and stroke (Holmes et 
al., 2008). At the tissue level, a large study involving over 1000 
patients showed that the use of panels of molecular markers 
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conclusively improved diagnosis substantially beyond diag-
noses based on accepted risk factors, even in elderly patients 
(Zethelius et al., 2008). Gene expression and genetic profi les 
were also used to stratify breast cancer tumors, including can-
cer cells with stem-cell like properties (Shipitsin et al., 2007), a 
highly important cell population based on their demonstrated 
ability to regenerate tumors.

Progress was also made on deciphering protein networks 
of importance to systems medicine. For example, the pro-
teome-wide mapping of interactions between hepatitis C virus 
and human proteins was performed (de Chassey et al., 2008). 
Close to 500 interactions were reported, which were enriched 
for highly interconnected proteins and that were related to 
cellular pathways targeted by the hepatitis C virus. Another 
important advance for uncovering the human proteome inter-
action network was the development of a novel analytical 
process for identifying human protein complexes (Glatter et al., 
2009). This method was developed to improve upon current 
methods that are impeded because of low throughput, sensitiv-
ity, and robustness of existing procedures (Glatter et al., 2009). 
With this new method, the experimental identifi cation of the 
human proteome interaction network should accelerate.

An example of a model for systems medicine can be 
found from the study of prion disease in mice (Hwang et al., 
2009). Here the dynamic onset of the infectious prion disease 
in eight different inbred strain/prion strain combinations was 
studied at the level of mRNA in the brain (the affected organ) 
and showed that a series of interlocking protein networks that 
surround the prion protein are signifi cantly perturbed across 
the 150-day span from disease initiation to death. It was shown 
that differential networks could be derived from compari-
sons of mRNA-expression patterns in normal and diseased 
brains at each of eight to ten time points after infection. The 

initial  network changes occur well before the clinical signs of 
the disease can be detected and predict later widespread his-
topathological events. By subtractive analyses using various of 
the inbred mouse strain/prions strain combination and the 
application of powerful new statistical methods, a core of 333 
changing mRNA transcripts were identifi ed that mapped to 
four biological networks (prion replication and accumulation, 
astrocyte and microglial activation, bouton and axon degen-
eration, and nerve-cell death) that appear to encode the core 
prion-disease response. About two-thirds of these transcripts 
encoded and explained most of the known aspects of the 
pathophysiology of the disease and about one-third encoded 
aspects of the disease here-to-fore unknown. The dynamics of 
these four biological networks also suggested new approaches 
to therapy for prion disease. This study demonstrates the power 
of the systems approach to medicine in unraveling the com-
plexities of disease mechanisms (Hwang et al., 2009).

Finally, high-throughput sequencing of individual human 
tumor samples is beginning to yield important information 
into human cancer that will enhance systems medicine going 
forward. Importantly, genomic sequencing studies perform 
unbiased genomic analyses that are uncovering novel mutations 
that are prevalent in tumors but were previously unknown, as 
was done for glioblastoma multiform (Parsons et al. 2008) as 
well as breast and colorectal cancers (Wood et al., 2007). In a 
study of 24 pancreatic cancers, it was found that they contain 
an average of 63 genetic alterations each (Jones et al., 2008). 
These mutations were found to defi ne a core set of 12 signal-
ing pathways whose dysregulation help explain the major fea-
tures of pancreatic tumorigenesis (Jones et al., 2008).

Taken together, progress on many fronts continues to use 
systems approaches to drive toward a future of personalized, 
predictive, preventative, and participatory (P4) medicine.
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  INTRODUCTION 
 The implementation of electronic medical records (EMRs) is 
expected to substantially improve the quality and effi ciency of 
health care and provide an important vehicle to advance patient-
centered personalized care, the  sine quo non  of genomic med-
icine. In the United States, the use of EMRs in care delivery 
is expanding rapidly, especially among large integrated health 
delivery systems. The amount of clinically relevant genomic data 
and the number of resources devoted to research on genomic 
medicine are increasing in parallel. However, relatively few pub-
lications have yet addressed the use of EMRs in genomic med-
icine, although the need for such integration has been clearly 
established ( Martin-Sanchez et al., 2004 ). 

 In this chapter, the role of EMRs in the practice of 
genomic medicine and their use for genomic research will be 
considered. The need for digital approaches to storing, process-
ing, and using information is driven by the growing density of 
genomic data, whether derived from gene expression profi ling, 
single nucleotide polymorphism (SNP) genotyping, or DNA 
sequencing, and from the pace of discovery. Moreover, the com-
plexity of clinical decision-making will change commensurately 
as genetic data relevant to diagnosis and therapeutic interven-
tions increases. Historically, the disciplines of medical (or clini-
cal) informatics and biological informatics (or bioinformatics) 
have both evolved to address the needs of genomic medicine 

practice and research ( Maojo and Kulikowski, 2003 ). Differences 
between the two communities have resulted in an attempt to 
integrate the approaches ( Altman, 2000 ), with some proposing 
that health care organizations should be more proactive in col-
laborating with other public and private sector organizations 
in the development of an EMR containing both clinical and 
genomic data ( Groen et al., 2005 ). These are laudable goals, but 
most of the work published thus far has come from those who 
have focused on the manipulation and analysis of genomic data 
for the clinical setting. However, the major factors driving the 
development of EMRs, such as quality measures, effi ciency, and 
reimbursement, are not directly related to genomic medicine. 

 This chapter is written from the perspective of those 
involved in the use of EMRs in large integrated delivery sys-
tems that make use of data and populations for research. While 
the US health system is fragmented, the large health systems 
that are adopting EMRs are becoming increasingly integrated, 
especially in adopting and implementing practice standards 
( Orlova et al., 2005 ). A signifi cant window of opportunity thus 
exists to incorporate various aspects of genomic medicine into 
the development of these emerging systems. The data relevant 
to genomic medicine are highly diverse and applicable to essen-
tially all medical specialties. As a result, multiple approaches and 
solutions will likely need to be developed for the myriad of 
needs in genomic medicine research and practice ( Stein, 2003 ; 
 Sujansky, 2001 ).  
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  EMRs AND GENOMIC MEDICINE 
CLINICAL PRACTICE 
 The EMR is a longitudinal electronic record of patient health 
information generated by encounters in any care delivery setting, 
encompassing patient demographics, progress notes, problem lists, 
medications, vital signs, past medical history, immunizations, labo-
ratory data, and radiology reports. The EMR substitutes for tradi-
tional paper-based  “ charts ” . The EMR has the ability to generate 
a complete record of a clinical patient encounter, as well as sup-
porting other care-related activities directly or indirectly, such as 
evidence-based decision support, quality management, and out-
comes reporting. It may also be part of a solution to addressing 
a decades old problem of decreasing the long lag time that exists 
before evidence-based medical knowledge is routinely used in 
clinical care ( Stewart et al., 2007 ). This may be of tremendous 
importance for the rapid progress being made in genomic medi-
cine. In this section, the integration and use of genomics data in 
EMRs for the clinical practice of genomic medicine is discussed. 

  Example of an EMR 
 The Geisinger Clinic, a large integrated health system in north-
eastern and central Pennsylvania, initiated installation of an 
EMR (i.e., EpicCare) in 1996, which was completed (i.e., com-
pletely paperless operations) in all community practice sites and 
specialty clinics by 2001. The EMR contains patient informa-
tion from a variety of sources that is routinely integrated into 
a common database and includes age, sex, height, weight, and 
other demographics; lifestyle data (e.g., smoking, alcohol, etc.); 
clinical measures (e.g., BP, pulmonary function, cardiac informa-
tion); digital imaging (MRI, CT, X-ray); all orders (i.e., labs, pre-
scriptions, imaging, procedures) that require at least one clinical 
indication (i.e., ICD-9 code); clinical notes, which are increas-
ingly created using smart-sets, or structured protocols; and lab-
oratory measures (including results of genetic and molecular 
tests). Patients have on-line access to their EMR in the EpiCare 
system through the My Geisinger Internet portal. With My 
Geisinger patients can securely access their EMR, schedule vis-
its, and email their doctor. Such web-based communications 
represent future opportunities for genomic medicine research. 
To date, the Geisinger clinic EMR database contains informa-
tion on more than 2.2 million patients.  

  Integration of Genomic Medicine Data into the EMR 
 EMRs make use of relational database structures and utilities 
to access and display data to facilitate medical care and clinical 
decision-making. Although most observers and users consider 
the EMR to be a single application, in reality there are multi-
ple data feeds from disparate sources that comprise the EMR. 
Some data sources, for example laboratory information systems, 
are usually integrated with the main EMR application, while 
others, such as radiology, histopathology, and molecular data 
are incompletely integrated or are resident in entirely separate 
databases. Genomic data currently used for clinical practice are 

often generated by hospital, reference, or specialty laboratories 
that produce a wide variety of reporting formats, data types, and 
nomenclature ( Ogino et al., 2007 ). Integration of these data into 
the EMR thus requires the ability to assemble the different data 
sources into an accessible format. Customized systems are some-
times developed in-house using on-site information technology 
expertise that are motivated by institution- and/or laboratory-
specifi c needs and allow for fl exibility and control over how 
the software evolves. However, the tendency is to invest signifi -
cant resources into these in-house solutions, which sometimes 
underestimate the effort needed and fail to meet the intended 
goals. The choice of integration architecture and format for data 
representation are thus signifi cant decisions and have a number 
of important issues associated with them ( Haas et al., 2001 ). 

 The disparate sources that generate genomic data often 
report text-based data that are distributed through laboratory 
information systems into the EMR. These text results are com-
monly discrete, that is genotype A or genotype B, rather than 
continuous, although quantitative results are also produced, such 
as the number of trinucleotide repeats in the gene ( FMR1 ) 
responsible for many cases of fragile X syndrome ( Murray et al., 
1997 ). Genomics results may also be reported in unique formats 
developed by diagnostic companies in niche markets. The dispa-
rate nature of the data and data sources further complicates the 
growing trend of integrating genomics data with other labora-
tory and/or clinically relevant data to generate a comprehensive 
clinical report. For example, cytogenetic and molecular remis-
sions are recommended in reporting standards for acute myeloge-
nous leukemia ( Cheson et al., 2003 ). With the tendency of health 
care organizations towards the delivery of care in a service line 
structure and/or disease-specifi c care model (e.g., heart hospitals, 
neuroscience centers, etc.), more comprehensive and integrated 
reporting of genomic medicine results will likely be needed. This 
will apply to both genomic and other types of data-intensive 
results, such as proteomic and metabalomic data ( Table 12.1   ). 

 Currently most genomic data generated for clinical care 
are in the form of a discrete result. However, as the cost of full 
DNA sequencing continues to decline ( Bennett et al., 2005 ), it 
is likely that discrete and highly relevant-specifi c results will be 
provided along with a large amount of DNA sequence data that 
has no known clinical signifi cance ( Mitchell and Mitchell, 2007 ). 
Ultimately, complete genome sequencing may become the most 
cost effective means of identifying sequence variants ( Hutchison, 
2007 ). It would not be unexpected in the future if DNA 
sequence determination became the standard of care for every 
patient, even though most of the sequence data may not be rel-
evant to clinical decisions. Prior to that, many smaller iterations 
of DNA sequence data will be determined, for example, com-
prehensive mutation detection for  BRCA1  and  BRCA2  (Myriad 
Genetics, Salt Lake City, Utah, “BRAC Analysis for  BRCA1  and 
 BRCA2 , Breast and Ovarian Cancer, Comprehensive Analysis”). 
In this analysis, full sequence determination in both forward and 
reverse directions of approximately 5400 base pairs comprising 
22 coding exons and approximately 750 adjacent base pairs in 
the non-coding intervening sequences (introns) of the  BRCA1  
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gene is made. For  BRCA2 , full sequence determination in both 
forward and reverse directions of approximately 10,200 base 
pairs comprising 26 coding exons and approximately 900 adja-
cent base pairs in the non-coding intervening sequence (intron) 
is performed. Similar sequence analysis is offered for several other 
gene or genes that are associated with specifi c inherited cancer 
syndromes. Such testing generates an enormous amount of extra 
information that is not currently clinically relevant. However, 
as new discoveries are eventually translated into practice, ready 
access to relevant DNA data on patients may become necessary. 

 How to maintain such dense sequencing data is thus an 
important decision ( Mitchell and Mitchell, 2007 ). For example, 
placing every base sequenced into the patient ’ s medical record 
may clutter the record with predominantly clinically insignifi -
cant data. Alternatively, only bases that differ from reference data 
may need to be tracked. Reference data may change, which may 
alter the interpretation of patient data. The American College of 
Medical Genetics (ACMG) has previously recommended a min-
imum amount of information for inclusion in DNA sequencing 
reports ( ACMG, 2000 ). Important considerations include report-
ing of all of the bases sequenced, as well as linked sequence ref-
erence data. Such recommendations are likely to evolve as more 
clinical experience is acquired with sequence data.  

  Family History Data 
 An integral component of genomic medicine is the application 
of family history to clinical care. Interest in collecting family his-
tory data as a routine part of care delivery is growing, as knowl-
edge advances in linking family history of disease to patient risk. 
Many common diseases, such as coronary heart disease, diabetes, 
several types of cancer, osteoporosis, and asthma, are known to 
occur more frequently in some families than in others; thus the 
identifi cation of at-risk individuals is important for high quality 
medical care. Family history data are also necessary for research 
aimed at identifying environmental and/or genetic factors that 
may underlie these common diseases ( Hopper et al., (2005) ). 
However, the acquisition of such data by most physicians is 
inadequate, in part because tools do not exist for effi cient, reli-
able, and valid collection and analysis of such data ( Guttmacher 
et al., 2004 ). Structured family history data are almost universally 
absent in current EMRs. 

 The need for the development of better family history 
tools has been highlighted by projects at the Centers for Disease 
Control (CDC) and by the US Surgeon General ’ s Family History 
Initiative ( Wolpert, 2005 ). However, these efforts have not directly 
addressed the integration of tools into the real-world scenario of 
busy physicians and a multiplicity of health record systems, and 
do not provide an adequate breadth of data capture necessary for 
research. Various paper family history tools are available, as are 
various computer-based tools for drawing pedigrees ( Trager et al.,
2007 ). Several EMRs incorporate free text documentation of 
family history, while others allow for the development of family 
history templates and support checklists for taking and document-
ing family history. However, currently available tools are inad-
equate for many situations, especially primary care ( Rich et al., 
2004 ). The need for new tools is therefore apparent, and several 
characteristics of the ideal family history tool have been suggested, 
including patient-completed (e.g., paper, desktop, telephone, or 
web input), adapted to patient age, gender, ethnicity, common 
conditions, elicits-patient specifi c concerns, brief, understandable, 
easy to use, compatible with multiple clinical applications (e.g., 
paper, EMR, personal digital assistant), contains clinical decision 
support, and prioritizes based on clinical signifi cance ( Rich et al.,
2004 ). No such electronic family history tools have yet been 
developed, despite the availability of suitable technologies.  

  EMRs, Genomic Medicine, and Clinical 
Decision Support 
 Genomic medicine is accelerating the growth of medical 
knowledge. In contrast, the means by which knowledge is trans-
lated into clinical practice have not evolved to keep up with 
the accelerating growth. Translation of knowledge into practice 
relies on a century-old tradition, the direct education of clini-
cians, an approach that was useful when knowledge was rela-
tively limited. Today, it is not possible for most physicians to stay 
abreast of medical knowledge, especially genomics, and provide 
state-of-the-art care. The nuances in clinical decision-making in 
genomic medicine already render many care scenarios complex. 
Access to an EMR and the ongoing codifi cation of medical 
knowledge (i.e., Clinical Practice Guidelines or CPGs) will be 
essential to addressing this growing translation gap. 

 CPGs greatly facilitate, but are not suffi cient for translating 
knowledge to practice. Almost 2000 active CPGs exist in the US 
National Guideline Clearinghouse ( Kozma, 2006 ) and an indi-
vidual CPG may encompass dozens to hundreds of clinical rec-
ommendations. These recommendations will rapidly expand in 
the era of genomic medicine, and thus codifi cation of knowledge 
will be essential to increasing its access. EMRs offer a platform to 
translate codifi ed knowledge into real-time actionable processes. 
Genomic data will need to be accessed with other patient data 
located in disparate locations within the EMR and evaluated in 
relation to a rule set. Real-time actionable recommendations will 
need to be created and be supported by an integrated and intui-
tive visual display of information, such as a set of orders or recom-
mendations for the physician or other care provider. 

 T A B L E  1 2 . 1         Examples of genomic and other related 

data types potentially relevant for inclusion in the EMR  

      ●      DNA sequence data  
    ●      Single nucleotide polymorphism (i.e., SNP) genotypes  
    ●       Multiple nucleotide polymorphism (e.g., insertion, 

deletion, repeat) genotypes  
    ●       Cell and/or tissue-specifi c microarray gene expression 

profi les  
    ●      Proteomic (e.g., mass spectroscopy) profi les  
    ●      Glycomic (i.e., carbohydrate) structural data  
    ●      Lipomic (i.e., lipid) profi les  
    ●      Metabolic phenotypes    



 An example of clinical decision-making using an EMR 
potentially relevant to genomic medicine is a process with a spe-
cifi c focus on cardiovascular risk management in primary care 
being developed at the Geisinger Health System. The process 
involves a decision support rules  “ engine ” , external to the EMR, 
in which patient data such as labs, questionnaire data for pheno-
typing, and other clinical measures ( Figure 12.1   ) are extracted in 
real time and evaluated in relation to clinical rules. The process 
can be used to generate a span of outputs including orders, clinical 
notes, and medication lists, etc. ( Figure 12.2   ). The current model 

involves rules for smoking cessation, control of LDL, control of 
blood pressure, and management of other cardiovascular risk fac-
tors. Together, the combination of rules for different risk factors 
translates into more than 100,000 possible ordersets. The proc-
ess itself demonstrates that it is technically feasible to develop 
and implement a comprehensive set of rules for state-of-the-art 
management of a clinical condition. Genetic variants reported 
to predispose to coronary heart disease ( Samani et al., 2007 ) 
may impact this process and could greatly increase the number 
of ordersets.   

  EMRs AND GENOMIC MEDICINE 
RESEARCH 
 The EMR offers an exciting opportunity for genomic medicine 
research, both as a tool and as a data resource. It also represents 
an economically effi cient means of obtaining phenotypic data 
and biosamples for generating genotypic data. Initial large-scale 
efforts to use genomic and clinical information for research, for 
example, deCode Genetics in Iceland, required the conversion 
of medical information from paper records into an electronic 
format ( Hoffman, 2007 ). Even current large-scale efforts, such as 
the UK BioBank ( Ollier et al., 2005 ), are based upon a mix of 
paper and electronic sources. The EMR thus represents a poten-
tially large increase in effi ciency for obtaining phenotypic data, 
and as described below, can also be an extremely effi cient tool 
for patient recruitment and biosample acquisition. 

  EMRs and Genome-Wide Association Studies 
 The continued acceleration in genotyping technologies has ena-
bled a dramatic increase in the use of genome-wide association 
studies (GWAS) to identify genetic variants underlying a variety 
of clinical phenotypes. However, the very large sample sizes and 
the logistics of collecting phenotype data and biological sam-
ples often require multi-center studies with coordinating centers 
and are very costly and time consuming to complete. Moreover, 
multiple replication studies are essential to verify initial GWAS 
fi ndings. The long time period and substantial costs in initiating 
population-based studies limits the scope of such approaches. 

 As an alternative, biorepositories are being developed 
to provide the resources necessary for GWAS. In Iceland 
( Hakonarson et al., 2003 ), the United Kingdom ( Ollier et al., 
2005 ), and elsewhere ( Austin et al., 2003a ), efforts are being 
made to link biobanking activities to national health records. In 
the United States, however, there are challenges with devising a 
national biobanking strategy ( Austin et al., 2003b ;  Hsieh, 2004 ; 
 McCarty et al., 2007 ;  Sanner and Frazier, 2007 ). The US popu-
lation is very heterogeneous, highly mobile, and health care is 
highly fragmented. Information on patients is highly dispersed 
and not in an easily accessible form. Hence, GWAS and related 
validation studies are largely conducted in conventional single 
project formats (i.e.,  de novo  data collection), where there is a 
long lead-time between data acquisition and analysis. 

 Figure 12.1         Screenshot of EMR (Epic Systems, Corporation, 
Verona, WI). The software uses a tab-based design for access to 
medical record information including encounters, clinic notes, lab 
and imaging results, orders, medications, and procedures. These 
data can be extracted and used to automatically generate orders 
or recommendations, such as laboratory tests or imaging proce-
dures for health maintenance or disease management.    

 Figure 12.2        Screenshot of EMR (Epic Systems, Corporation, 
Verona, WI). Examples of output from problem list, immuniza-
tions, allergies, medications, and health maintenance fi elds.    
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 In the United States, integrated delivery systems that use 
EMRs may be critical to addressing logistical challenges to 
conducting large-scale GWAS studies. While health care in the 
United States is highly fragmented, approximately 10% of care is 
provided by integrated delivery systems. Nationwide, these sys-
tems are undergoing a quiet revolution through the introduc-
tion of EMRs. Efforts to standardize data elements for research 
purposes and data sharing are being pursued by the larger sys-
tems ( Hornbrook et al., 2005 ). There may be substantial oppor-
tunities to accelerate genomics research in the United States by 
leveraging the growing number of systems that are both adopt-
ing EMRs and creating biorepositories. However, there are 
many unanswered questions regarding whether such resources 
can be effectively used for genomics research. At the individual 
system level, there are questions regarding the quality, specifi city, 
and completeness of data for phenotyping. In addition, little is 
known about system-level challenges that infl uence the quality 
and completeness of data captured during clinical encounters 
(e.g., impacts upon workfl ow, technical, and business priori-
ties). Moreover, in some systems, even if quality data are avail-
able, there may be substantial technical, ethical, or policy barriers 
that limit access or use. Finally, GWAS and follow-up replication 
studies will require collaboration of multiple systems to achieve 
sample sizes that are suffi ciently large, but there are enormous 
data quality, technical, and policy challenges to pooling data 
across institutions.  

  Using the EMR to Access Populations for GWAS 
 Case-control studies and family based studies have been the two 
primary designs for GWAS, but the economic effi ciencies of the 
case-control format conducted within health systems are signifi -
cant. Patient populations and inherent selection bias also impact 
GWAS, which may vary substantially depending on the source 
(e.g., primary care, specialty care, outpatient, inpatient). Primary 
care populations tend to be similar to general population sam-
ples with the exception that younger individuals (especially 
males) and individuals from lower middle-income strata (i.e., 
not eligible for Medicaid and no access to health care benefi ts 
through work) are under-represented. Selection bias inherent to 
specialty care samples depends on the extent to which there are 
competing providers in the same market and whether a provider 
has local, regional, national, or international reach. Selection 
bias increases directly in relation to market reach. These poten-
tial biases will be refl ected in clinical data available in EMRs, 
depending upon where and when the system was installed. 

 Genetic heterogeneity in a population may also arise due to 
population structure and recent admixture and may confound 
the results of genetic association studies in unrelated individu-
als, leading to a potential excess of both false positive and false 
negative results ( Ziv and Burchard, 2003 ). The degree of con-
founding is dependent in part on how genetically different the 
subgroups are within the population. For example, among many 
contemporary populations, recent admixture between two or 
more genetically distinct subgroups has added to the genetic 
complexity. In the United States, this complexity is particularly 

pertinent for admixed populations such as Latino- and African-
Americans ( Parra et al., 1998 ). Within indigenous continental 
population groups, European subpopulations appear to be the 
most similar to each other ( Bowcock et al., 1994 ;  Mountain 
and Cavalli-Sforza, 1997 ). The ability of an EMR to distinguish 
among ethnicities within its patient base may impact the usabil-
ity of the data for GWAS.  

  The Geisinger MyCode Biorepository 
 The creation of biorepositories that are closely linked with 
EMRs may be an extremely effi cient approach to genomic 
medicine research, especially for GWAS that require DNA 
samples from large populations with corresponding robust phe-
notypic data. The challenges to establishing such biorepositories 
involve complex institutional, legal, and social issues that also 
must be addressed. However, the EMR opens new opportu-
nities to address these concerns, such as patients ’  safety, rights, 
informed consent, and privacy. 

 The Geisinger Clinic MyCode biorepository project is per-
haps the fi rst large-scale biobanking initiative built around an 
EMR. In this project, the EMR is used as a tool for identifying 
and recruiting patients, obtaining blood samples, and retrieving 
phenotype data. The primary goal of the MyCode project is to 
bank blood/serum/DNA samples from patients on a large-scale 
coupled with access to their EMR data. MyCode was initi-
ated in 2007 to leverage the resources of the Geisinger Health 
System, an integrated delivery system offering healthcare services 
to residents of 31 of Pennsylvania ’ s 67 counties, with a signifi -
cant presence in central and northeastern Pennsylvania between 
Pittsburgh and Philadelphia. Census data indicate that in most 
counties, the out-migration rate is less than 1% per year, thus 
providing an extremely attractive population for longitudinal 
studies. The population within the Geisinger Clinic catchment 
area is relatively homogeneous. Based on available historical, 
demographic, and self-reported ethnicity data, the Geisinger 
population is almost entirely Caucasian of mixed European 
ancestry, with only small contributions from other continen-
tal population groups, such as African, Asian, or Latino. The 
relatively lower degree of genetic variation among European 
subpopulations, and the length of time for intermingling of 
European subgroups in Pennsylvania, also serves to minimize 
population stratifi cation. Such a population straddles geneti-
cally homogeneous populations such as Iceland or Finland with 
strong founder effects, and admixed populations, now present in 
many urban areas. 

 The MyCode patient recruitment process ( Figure 12.3   ) 
begins with a search of the EMR for patients scheduled to visit 
an outpatient or designated specialty clinic in which a consenter 
will be stationed. Eligible patients are identifi ed through a daily 
EMR report, while consent status (e.g., consent/did not con-
sent/ not interested) is verifi ed in the patient ’ s EMR to prevent 
unnecessary requests for participation at future appointments. 
Patients are invited to participate in MyCode through direct 
interaction with a project consenter. After consent, a stand-
ing order for the additional MyCode blood draw is placed in 



the EMR such that it is appended to the new order for blood 
work ordered by a physician at a future visit. With this strategy, 
blood is not specifi cally drawn for research which has resulted 
in high patient participation rates, as has been found in other 
studies ( Sanner and Frazier, 2007 ). The sample collection process 
is highly effi cient because it leverages the EMR (i.e., maintain-
ing a standing order with an automatic protocol to activate the 
order), the laboratory infrastructure (e.g., standard protocols for 
phlebotomy, data systems, transportation of blood samples to a 
central location, etc.), and a passive low cost means of obtain-
ing samples. Blood samples are transported from clinics across 
the Geisinger coverage region using the existing Geisinger Lab 
courier service to a central research laboratory that processes the 
samples for the MyCode biorepository. The EMR serves as the 
electronic enabler of the entire MyCode process. 

 The approach to creating the MyCode biorepository miti-
gates several methodological challenges with GWAS, including 
possible genotype errors, phenotype misclassifi cation, and selec-
tion bias. While genotyping platforms are robust, DNA qual-
ity can affect genotyping results. Frozen blood and/or DNA 
are collected using the same protocol and processed using the 
same methodology. Errors in labeling patient samples are mini-
mal, since an integrated clinical lab quality protocol is used for 
tracking samples from the point of phlebotomy to freezer stor-
age. Phenotype misclassifi cation is minimized through the use of 
careful case and control defi nition. Selection bias is minimized 
through the selection of cases and controls from the same popu-
lation base.  

  Example of EMR Data Extraction 
 The EMR is a powerful and convenient source of phenotypic 
data for GWAS and genomic medicine research. A reference 

dataset has been created with a record for each patient in the 
Geisinger EMR population that includes demographics, physical 
measurements, personal medical history, health behaviors, labo-
ratory tests, surgical and medical procedures, and medications 
prescribed. The dataset was developed to refl ect the top 80% 
of elements most likely to be used for standard research pur-
poses. Core data were extracted from the EMR using imbedded 
routines (known as Clarity), provided by the software vendor. 
Clarity tables can be manipulated using standard queries in SQL 
applications. The Clarity tables containing the specifi c elements 
in the data dictionary for a particular domain (e.g., physical 
measurements, or endocrine-related lab) are identifi ed, and those 
fi elds are extracted into a text fi le. Typically, all instances of an 
element are pulled (e.g., the dataset contains all blood pressure 
measurements, or all glucose lab for a patient), not just the most 
recent or the fi rst. The text fi le is read into SAS/STAT software 
(SAS Institute Inc., Cary, NC) and mapped to pre-defi ned fi elds. 
The resulting fi les are documented, cleaned and stored on a 
dedicated directory controlled by the biostatistics team. Analysis 
fi les are created by merging the appropriate data and applying 
any algorithms necessary for derived values. 

 As an example, this extraction of core data from the EMR 
can be used to obtain body mass index (BMI) data on over 
270,000 adults ( Table 12.2   ). Analyses were limited to adult 
patients 20 years of age and older. The mean and median BMIs 
were 28.4 and 27.2, respectively. Slightly over 30% of patients 
had a BMI   25 while 7.8% had a BMI of 40+. Patients with 
a BMI of 40+ were three times more likely to be female and 
more likely to be between 40 and 59 years of age (i.e., with 
46.2% versus 29.6%) compared to those with a BMI   25. The 
relatively smaller proportion above age 60 and the gender bias 
may suggest a survival effect for this subgroup. 

Use of EMR in MyCode Biorepository Project

Obtain Clinic
Schedule from

EMR

Generate Eligibility
List from EMR

Patient Consent Questionnaire Data
into EMR

Blood Draw Order
Placed in EMR

Frozen Storage Blood Samples
Processed

Blood Drawn
EMR Blood Draw
Order Read by

Phlebotomy

Patient to
Phlebotomy

Figure 12.3       Use of the EMR in the MyCode Biorepository Project. The EMR functions as a tool at multiple points in the patient 
recruitment and consenting processes, and for acquisition of blood samples. The EMR also serves as the repository for phenotype data.    
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 The prevalence of Type II diabetes (T2D), hyperten-
sion (HTN), and low HDL levels (LoHDL), and combina-
tions of these, for each BMI subgroup was also determined. A 
patient was defi ned as having T2D or HTN if the condition 
was on the EMR Problem List (i.e., ICD-9 linked searchable 
fi elds) or if they had two encounters within 24 months where 
the condition(s) were listed as a reason for visit. HTN was also 
designated if there was any record of diastolic blood pressure of 
90       mm Hg or more, or a systolic blood pressure of 140       mm Hg 
or more, or if the patient was taking an antihypertensive medi-
cation. T2D was designated if any of the following conditions 

were true: a random blood sugar of 200 or more, a hemoglobin 
A1C of 7% or higher, or if there was a prescription for insulin 
or an oral hypoglycemic medication. LoHDL was designated if 
the patient was male and had an HDL   35 or was female with 
an HDL   45       mg/dl. In general, prevalence of HTN, LoHDL, 
and T2D increase substantially in relation to BMI category. A 
diagnosis of all three conditions was found for 22.2% of those 
with a BMI of 40+, more than four times higher than the prev-
alence among those with normal BMI. In contrast, fully 35.4% 
of individuals with a BMI   25 had one of these conditions (as 
opposed to only 6.1% of patients with a BMI of 40+).  

 T A B L E  1 2 . 2         Percent of adult patients by BMI and specifi c phenotypes  

 Phenotype  BMI Category 

    ≤ 25 
n  �  80,861 

  > 25,  < 30 
n  �  85,626 

  > 30,  < 40
n � 83,298 

 40�

n � 21,187 

 Male  31.2  46.2  42.2  27.9 

 Female  68.8  53.8  57.8  72.1 

 Age  � 40  45.4  28.2  25.1  30.2 

 Age 40–59  29.6  36.5  40.7  46.2 

 Age 60+  25.0  35.3  34.2  23.6 

 Diagnosis of HTN  39.5  59.9  72.2  78.5 

 Diagnosis of LoHDL  18.8  28.2  39.8  47.8 

 Diagnosis of T2D  7.8  12.8  21.1  32.1 

 Diagnosis of HTN and LoHDL  13.3  23.4  34.4  42.5 

 Diagnosis of HTN and T2D  6.2  11.1  19.0  29.0 

 Diagnosis of LoHDL and T2D  5.3  9.0  15.3  23.6 

 Diagnosis of HTN, LoHDL, and T2D  4.9  8.3  14.4  22.2 

 No Diagnosis of HTN, LoHDL, or T2D  35.4  20.2  11.0  6.1 

2009 UPDATE

The use of EMR data for genomic medicine research and 
practice is still in its early stages, but it is expanding rapidly and 
is evolving as a major platform to enable genomic medicine 
research. Our group published the fi rst genomics paper based 
upon a comprehensive database of phenotypic information 
derived from an electronic medical record (Wood et al., 2008), 
supporting the feasibility of this approach and providing an 
initial example of an EMR-based genomic medicine research 
study. An important issue for such studies, as was emphasized, 
is the quality of the data, which may be infl uenced by practice 
variation among staff and clinicians (Yamada, 2008). Despite 
the potential disadvantages, the economic and temporal effi -
ciency at which genotype–phenotype associations and replica-
tion studies can be performed with existing databases derived 

from EMRs coupled with biobanked blood/DNA samples is 
very promising.

Such promise has led to the initiation of large-scale 
biobanks at several health care organizations with long-stand-
ing electronic health records, similar to the Geisinger MyCode 
biorepository project described in this chapter. These projects 
plan to exploit the phenotypic information contained in elec-
tronic health records, but vary in their specifi c approaches. In 
one case, an “opt-out” model is used for patient consenting that 
is allowed for a de-identifi ed mirror image of the EMR, a “syn-
thetic derivative”, to be linked to DNA extracted from left-
over blood clinical samples (Roden et al., 2008). Algorithms 
for sample handling and procedures for de-identifi cation were 
developed and validated in order to ensure acceptable error 
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rates. A strong advantage of this approach is the high rate of 
sample acquisition from the “opt out” consenting approach. In 
another large-scale biobanking effort, DNA samples will be 
sought from a patient population consisting of diverse social and 
genetic backgrounds (Nature News, 2009). Other projects have 
also been announced, so the next several years should see a blos-
soming of biorepositories in the United States and elsewhere.

The US National Institutes of Health has also realized the 
potential value of EMRs and has funded the  electronic medi-
cal records and genomics (eMERGE) network (https://www.
mc.vanderbilt.edu/victr/dcc/projects/acc/index.php/Main_
Page), a fi ve-member consortium formed to develop, dissemi-
nate, and apply approaches that combine DNA biorepositories 
with EMR systems for large-scale, high-throughput genetic 
research. The eMERGE network is designed to address 
whether EMRs can serve as resources for complex genomic 
analysis of disease susceptibility and therapeutic outcomes 
across diverse patient populations. In addition, the consor-
tium will also address social and ethical issues, such as pri-
vacy and confi dentiality. Issues involving the confi dentiality, 

privacy, and security of EMR data for genomic studies have 
been addressed by others as well (Castle and DeBusk, 2008; 
McGuire et al., 2008).

Progress has also been made on the use of EMRs to col-
lect family history data. The US Surgeon General’s tool, “My 
Family Health Portrait” (https://familyhistory.hhs.gov), was 
re-issued with interoperability in an EMR environment using 
existing standards including the HL7 Family History Model, 
LOINC, SNOMED-CT, and HL7 Vocabulary. In addition, the 
tool includes information from the minimum core dataset for 
family health history as recommended by the American Health 
Information Community (Feero et al., 2008). At Geisinger, 
a pilot project was initiated to use the EMR web-portal, 
MyGeisinger, to collect family history information. A novel 
aspect of this approach is the automatic generation of an email 
alert message to a provider for patients indicating they have 
relevant family members with histories of premature heart 
attack, colon cancer, and breast cancer. The use of the EMR 
allows for the collection of actionable information relevant to 
preventative genomic medicine.
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by Consumers 
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  INTRODUCTION 
 In an age of personalized medicine, nothing represents the 
 zeitgeist  more than individual consumers using the Internet 
and World Wide Web to seek medical and health information. 
According to surveys by the Jupiter organization and Harris 
Interactive, 71% of people who use the Internet also used it to 
seek health information in 2007, and this percentage, which rep-
resents an estimated 160 million people in the United States, had 
increased by 37% since 2005 ( Anonymous, 2007b ;  Levy, 2007 ). 

 Consumers perform health information search (HIS) and 
retrieval (HIR) for themselves as well as for friends and family. 
Studies have shown that most of these consumers do not later 
discuss the information with a health-care provider and that, 
for many people, the Internet may be the primary or even sole 
source of health information. ( Fox and Fallows, 2003 ). Seventy 
percent of people who obtain health information online say that 
it has infl uenced a decision about their treatment. 

 Clearly, it is important for health care professionals to 
understand how their patients fi nd health information and the 
pitfalls associated with this activity. Indeed, given the challenges 
that consumers face in obtaining quality health care information 
from Internet sources, health-care providers will increasingly be 
in a position where they have to act as reviewers of information 
and as educators of patients who bring this information to their 
attention.  

  CHARACTERISTICS OF CONSUMER 
SEARCHES FOR HEALTH 
INFORMATION 
 A 2007 study by the Pew Internet  &  American Life Project 
( Fox, 2006 ) showed that the top 10 reasons American adults 
search online for health information are: 

    ●      a specifi c disease or medical condition;  
    ●      a particular medical treatment or procedure;  
    ●      diet, nutrition and supplements;  
    ●      exercise or fi tness;  
    ●      prescription and non-prescription drugs;  
    ●      a particular doctor or hospital;  
  ●  alternative medicine or treatments;
    ●      health insurance;   
    ●      mental health issues and  
    ●      environmental health hazards.    

 Zeng and Tse ( Zeng and Tse, 2006 ) reported that, in per-
forming searches, consumers use query terms that consist of 
 “ every-day language, technical terms (with or without knowl-
edge of the underlying concepts) and various explanatory mod-
els, all infl uenced by psychosocial and cultural variations... ”  
According to Lorence and Spink ( Lorence and Spink, 2004 ), lay 
terminology is only partly effective in retrieving useful health 
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information and often produces irrelevant or misleading infor-
mation because, as reported by Zeng et al. ( Zeng et al., 2006 ),  “  …  
the terms and concepts used by consumers often do not accu-
rately refl ect their information needs and therefore do not con-
stitute effective queries. ”  

 Problems with such  consumer health vocabularies  may occur at 
various levels ( Zeng et al., 2002 ): 

    ●       Lexical  (form-level) mismatches (e.g., misspellings)  
    ●       Semantic  misunderstanding (e.g., incomplete or misinter-

pretation of abbreviations or acronyms, over-generalization, 
redundancy)  

    ●      Misleading  mental models,  conceptual models that consum-
ers employ either incorrectly and/or in a manner different 
than health care professionals.    

 Form-level (lexical) mismatches need no further explana-
tion, as examples are easy to imagine. In the case of semantic mis-
matches, searches with general search engines may yield a large 
amount of irrelevant information. Consider the abbreviation 
 “ MS ” , which a consumer might use to mean  multiple sclerosis  but 
could also be interpreted to mean  Microsoft ,  mass spectrometry  or the 
state of  Mississippi  ( Romacker et al., 2006 ). In another example, 
 “ CHF ”  would be interpreted as  congestive heart failure  by a physi-
cian whereas an international banker would interpret CHF as a 
unit of currency, the Swiss franc. 

 Other groups ( Tse and Soergel, 2003 ) have similarly char-
acterized problems with consumer health vocabularies on mul-
tiple levels, namely: 

    ●       Shared forms/different concepts  (e.g., the phrase  “ the results of 
the [diagnostic] test were negative ”  could mean  “ unfavora-
ble ”  in the mind of a patient but is usually a positive step 
forward in the mind of a physician.)  

    ●       Different forms/shared concepts  (e.g.,  “ blood cancer ”  is a lay 
term that a physician might refer to as a  “ hematologic 
malignancy. ”  Likewise when a physician refers to  “ metastatic 
disease ” , the patient would say  “ the cancer has spread. ” )  

    ●       Different forms/different concepts  (e.g.,  “ Miracle cure ”  rather 
than a  “ statistically unlikely ”  or  “ idiopathic ”  remission of a 
disease, emergence from coma, etc.).    

 The most challenging HIS/HIR problems of all undoubt-
edly arise at the conceptual level because it is intimately tied to 
an individual ’ s level of  health literacy  ( McCray, 2005 ). Concept-
level mismatches might include notions outside the framework 
of mainstream medicine such as homeopathy, acupuncture and 
other alternative medicine concepts. Another example is when a 
patient may focus on a body part (anatomical location) or symp-
tom when a clinician might view the same problem in terms of 
pathophysiology or from a sub-specialty perspective. Even main-
stream medical concepts are subject to signifi cant cultural infl u-
ences ( Payer, 1996 ). 

 There have been a number of attempts and exploratory stud-
ies to map lay terminology to  controlled vocabularies  in a number 
of formal coding systems and comprehensive collections of medi-
cal terms such as  CTP, SNOMED, MeSH, ICD-9  and the  UMLS 

Metathesaurus  ( Shortliffe et al., 2003 ). Furthermore,  ontologies  have 
been employed to perform  semantic  expansion on queries that 
may be too general or simplistic (see ( Spasic et al., 2005 ) and 
below). The idea is to take queries consisting of consumer health 
terms and to translate or reformulate them into professional terms 
and qualifi ers with the aim of improving query meaning,  preci-
sion  and  recall . So far such experiments have met with only minor 
or mixed success ( Plovnick and Zeng, 2004 ;  Zeng et al., 2006 ). 
There is also the challenge of  “ back translating ”  from professional 
to consumer language the results of a search using a  reverse medical 
dictionary .  (See also Chapter 10.)

 Two additional reasons for suboptimal performance of 
consumer HIS/HIR is short query length and low complex-
ity. Consumer HIS/HIR queries tend to be very short and 
too general to be effective. Indeed one study found that 63% 
of consumer queries consisted of only a single word and only 
10% contained more than two words ( Zeng et al., 2002 ). Also, 
consumers are generally unaware of  stop words  that add lit-
tle or nothing to search performance. Thus, limited knowledge 
of both medical vocabulary and query string search principles 
contributes to the construction of simplistic, ineffective que-
ries. Another important aspect is the inability or unwillingness 
to construct complex queries (such as Boolean combinations of 
terms) even when such  “ advanced search ”  options are provided 
via simple check boxes. Users seem to prefer (or at least have 
become accustomed to) search and retrieval as an iterative proc-
ess during which their goals are refi ned, focused or revised again 
and again ( Fredin and Prabu, 1998 ) until either a satisfactory 
answer is obtained or they abandon the effort altogether due to 
frustration or fatigue. A precise, unambiguous and well-formed 
query would ideally produce the answer(s) one is looking for in 
the fi rst iteration. This ideal assumes that the information sources 
containing the information exist and are accessible.  

  WHAT AND WHERE ARE 
CONSUMERS SEARCHING? 
 Equally important to how searches are formulated by consumers 
are the sources of the information that are being searched. As an 
editorial in the British Medical Journal put it:  “  … the internet has 
vastly increased the availability of information, but often what 
it offers is untailored, incomplete, irrelevant, and plain wrong ”  
( Jones, 2003 ) although actual cases of harm have been diffi cult 
to document (Crocco et al., 2002). Online health information 
is problematic as it encompasses everything from evidence-
based, peer-reviewed content in professional journals to adver-
tiser-sponsored content and personal testimonials ( Table 13.1   ). 
A consumer ’ s online HIS/HIR experience may even be greatly 
infl uenced by non-substantive characteristics of a site such as an 
attractive and professional-looking appearance even though the 
quality of the underlying information is unknown. 

 Sixty-six percent of consumer HIS/HIR begin with a gen-
eral search engine such as Google or Yahoo! ( Fox, 2006 ), and the 
rest will start with one of a number of emerging or established 



specialty sites that are surveyed in  Table 13.1 . These sites fall into 
four general categories (online libraries, e-magazines, search and 
social networking) that largely refl ect their historical origins and/
or stages of development. Although a complete description of the 
origins and development of these sites is beyond the scope of this 
chapter, one pioneering organization deserves special mention. 

 Online medical libraries date back to mid-1960s, when 
the US National Library of Medicine (NLM) experimented 
with teletypewriter machines and satellite communications 
( Schoolman and Lindberg, 1988 ). Searches at this time were not 
interactive but rather conducted by  “ batch processing. ”  In the 
early 1970s, interactive searches of NLM ’ s MEDLINE became 
possible through dedicated remote terminals in 10 regional and 
14 large academic medical libraries ( Atlas, 2000 ). During this 
era, users of these systems were trained librarians who learned 
specifi c query commands and retrieval protocols. It was not 
until after the advent of personal computers that online search 
of the medical literature became accessible to consumers. In 
1986 a computer application named  “ Grateful Med, ”  that ran on 
IBM-compatible DOS computers was produced by NLM, was 
distributed at a cost of $9.95 through the National Technical 
Information Service of the US Department of Commerce 
( Schoolman and Lindberg, 1988 ). Using Grateful Med and a 300 
bits-per-second modem, users could use dial-up telephone lines 
to NLM computers and receive literature citations. The current 
descendents of these pioneering efforts are PubMed ( Wheeler 
et al., 2007 ) for the professional literature and MedlinePlus 
( Miller et al., 2004 ) for consumer information. 

 The  Dot-com era from 1995 to 2001 (2007 ) was character-
ized by experimentation with new sites and services, including 
commercial entities supported by sponsored advertising. Compared 

with online  “ libraries, ”  which maintained content and user interfaces 
more oriented toward health care professions than consumers, 
Dot-com era sites introduced magazine-type articles and layouts 
focused on non-professional users, enabled by the development 
of web browsers such as  NCSA Mosaic (later named Netscape 
Navigator (2007) ). Somewhat prior to this, sites providing com-
prehensive ( “ horizontal ” ) Internet search were mainly being used 
by academic researchers and computer professionals (e.g., ( Boguski 
and Ouellette, 1995 )). But gradually, at fi rst, search engines of the 
time (e.g.,  AltaVista (2007) ) began to index content that expanded 
into the consumer realm. The ascendance of horizontal Internet 
search by companies like  Yahoo! (2007)  and  Google (2007)  has 
recently led to the emergence of several start-up companies 
applying a similar approach to deep  vertical  (specialized) health care 
content on the web ( Table 13.1 ). The latest experimentation with 
consumer-oriented, medically-oriented websites involves social-
networking, following the example of more horizontal (although 
demographically differentiated) social-networking communities 
and sites (e.g.,  MySpace (2007)  and  Facebook (2007) ). 

 In July 14, 2007 article in the  Wall Street Journal , Borzo 
reported running a variety of searches on several vertical health 
sites and noted that many features were not self-evident and 
required repeated experimentation to uncover. Borzo ’ s overall 
conclusion from this limited, non-scientifi c study was that con-
ducting a useful search requires the consumer to run multiple que-
ries on several sites and to then compare the results and reach their 
own consensus on the adequacy and usefulness of the retrieved 
information. These observations are consistent with more formal 
research ( Fox, 2006 ). Borzo did not examine, however, the under-
lying sourcing and quality of the information. When one examines 
this aspect, a perplexing assortment of both public and propriety 

 T A B L E  1 3 . 1          Comparisons of Selected Online Health Information Sites  

   Libraries , Publishers  e-Magazines  Search portals  Social Networks 

 Content  Curated, Aggregated  Commissioned, Aggregated  Distributed  User-generated 

 Audience  Healthcare Professionals  General public  General public  General public 

 Stage  Pre-Internet  Dot-com era  Beta  Pre-alpha or alpha 

 Revenue  Gov ’ t-sponsored, Subscription, 
Advertising 

 Gov ’ t-sponsored, Advertising, 
Services portal 

 Advertising  Advertising Services? 

 Examples 
  
  
  

 National Library of Medicine 
 http://www.nlm.nih.gov/ 
Reed-Elsevier
 http://www.elsevier.com/wps/
fi nd/homepage.cws_home 
Macmillan/Nature  
http://us.macmillan.com/
splash/publishers/nature.html 
Thompson  
http://www.thompson.
com/public/library.
jsp?cat�HEALTHCARE        

 National Institutes of Health  
http://health.nih.gov/ 
Healthline 
 http://www.healthline.com/
 WebMD  
http://www.webmd.com/
default.htm 
RevolutionHealth  
http://www.
revolutionhealth.com/        

 Healia  http://www.
healia.com/healia/  
 Mamma  http://www.
mammahealth.com/  
 Medstory  http://www.
medstory.com/  
 Kosmix  http://www.
kosmix.com/health  

 TauMed  http://www.
taumed.com/  
 Trusera  
http://www.trusera.
com/corp  
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information from both consumer-oriented sources as well as 
sources designed for medical professionals is revealed ( Table 13.2   ). 

 Only a tiny fraction of Internet health information sites 
publish any sourcing and date-stamped information or other 
information quality indicators ( Anonymous, 2007 ). Published 
guidelines for quality assurance and quality control are rare and 
consumers are left to evaluate the quality of the information 
based on whether or not they consider the site to be a trusted 
 “ brand. ”  Given this situation, and the diffi culty non-professionals 
have in constructing effective queries (see previous section), 
the best advice on Internet HIS/HIR that one can give to the 
consumer at the present time is to validate their fi ndings with a 
health care professional. The US National Library of Medicine 
provides information for consumers to fi nding health informa-
tion and includes a  “ Guide to Healthy Web Surfi ng ”  at their 
MedlinePlus site ( Table 13.1 ).  

  PERSONALIZED GENOMICS FOR 
CONSUMERS 
 Personalized genomics involving DNA polymorphism scans 
(e.g., see ( Weber, 2006 )) is currently in a tumultuous gestational 
stage that will ultimately lead to a new way to teach and practice 

medicine ( Childs et al., 2005  (see Chapter 1).) Consider the 
following examples: 

    ●      A father uses commodity DNA sequencing technologies 
and publicly-available medical databases to investigate the 
elusive cause of his daughter ’ s genetic illness ( Maher, 2007 ).  

    ●      A controversial scientist publishes his autobiography which 
is partially based on the complete sequence of his own 
genome ( Venter, 2007 ).  

    ●      A Harvard geneticist launches a  Personal Genome Project  
(Table 13.3) to encourage medical altruism and self-
knowledge, makes his own biological material available for 
study and encourages others to volunteer to do likewise 
( Church, 2005 ).  

    ●      Several start-up companies (one of which is backed by 
Google) form to provide genotyping services as direct-to-
consumer (DTC) businesses ( Winslow, 2007 ) and Table 13.3.  

    ●      The cover story of WIRED magazine asserts that  “ a new $1000 
DNA test can tell how you ’ ll live – and die ”  ( Goetz, 2007 ).    

 The ethical, legal and social issues arising in this milieu cer-
tainly signify a brave new world well beyond the scope of this 
chapter. But what are the medical issues? Kohane and colleagues 
( Kohane et al., 2006 ) consider the situation  “ a threat to genomic 
medicine ”  because the volume and complexity of genotypes 

 T A B L E  1 3 . 2          Survey *  of Content of Selected  “ Vertical ”  Health Information 

Search Sites  

 Site  Primary content 

 Healia  www.healia.com/healia/    www.pubmed.gov/
www.clinicaltrials.gov/  

 Mamma  www.mammahealth.com/    www.emedicinehealth.com/
www.healthatoz.com/
www.mayoclinic.com/
www.medem.com/
www.medicinenet.net/
medlineplus.gov/
www.nhsdirect.nhs.uk/
www.webmd.com/  

 Medstory  www.medstory.com/    http://www.breastcancer.org/
http://online.wsj.com/public/us  

 Kosmix  www.kosmix.com/health    www.nlm.nih.gov
www.americanheart.org
www.cdc.gov
www.mayoclinic.com
health.nih.gov
www.cancer.org
www.revolutionhealth.com
www.womentowomen.com
www.4women.gov
www.healthline.com  

  *  Survey date was November 16, 2007  .



and their statistical, phenotypic associations will undoubtedly 
lead to a plethora of incidental,  “ abnormal ”  fi ndings that will 
be pursued at great cost but little benefi t by the patients and 
their physicians. A person ’ s genotype will become an  “ incidenta-
lome ”  – analogous to the  incidentalomas  ( Mirilas and Skandalakis, 
2002 ) recognized by a previous generation of physicians but 
unbelievably more complex. Kohane and colleagues call for sev-
eral key actions including the creation of information systems 

for   “ estimating and explaining the risks associated with various 
incidental genomic fi ndings ”  ( Kohane et al., 2006 ). They envi-
sioned such systems as being used by medical professionals  “  … in 
the clinic and at the bedside. ”  However, it is likely that consumer 
versions will lead the way as patients  “ surf the web ”  trying 
to understand the implications of their genotypes and man-
age their personal health accordingly. Dr. Google has offi ce 
hours 24/7.  

 T A B L E  1 3 . 3          Selected Sites of Interest for Personal Genomics *   

 Site  Services Offered  Cost 

  Not-for-Profi t  
  www.MyDaughtersDNA.org 

  
“a forum for those searching for explanations and the help of 
the interested community of geneticists, patients, physicians, 
scientists and family members ” 

  
 Not applicable 

  Personal Genome Project 
   www.pgen.us  

  “ focuses on the practical issues of recruiting and informing 
volunteers …  a test bed for personalized medicine and new 
ways of interfacing with the research subjects ”    

 Not applicable 
  

  Commercial Businesses  
   23andMe Personal Genome 

Service 
  www.23andme.com 

  
  “ personal insight into ancestry, genealogy, and inherited traits ”  

  
 Not available 

  Navigenics 
   www.navigenics.com  

  “ a personalized genetic analysis that, combined with 
relevant health and wellness information, enables a far more 
personalized health strategy for each individual ”    

 $2500 
  

  deCODE genetics 
   www.decode.com  

  “ Subscribers  …  can take their genome and examine it in the 
context of the literature ”    

 $985 (Introductory, 
promotional price)   

  *  Information current as of November 16, 2007.  

2009 UPDATE

A New York Times’ article by Tara Parker-Pope entitled You’re 
sick. Now what? Knowledge is power, discusses the use of the 
Internet by consumers seeking health information (Parker-
Pope, 2008). In this article, Dr. Marisa Weiss, founder of breast-
cancer.org, states: “I don’t think people have a choice – it’s 
mandatory…The time you have to spend with your doctor is 
getting progressively shorter, yet there’s so much more to talk 
about. You have to prepare for this important meeting.” This 
situation represents a great potential for enhancing the value 
of clinical encounters between patients and providers and 
improving the overall effi ciency of the healthcare system, pro-
vided that the central challenge of locating and retrieving reli-
able and  personalized health information can be met.

The sources that consumers might consult in prepara-
tion for important meetings with their physicians remain 
highly variable and are rapidly changing. For example, of the 
new health search portals listed in Tables 13.1 and 13.2, the 
MammaHealth search service is no longer available, MedStory 

has not developed further, and Kosmix has split its health cov-
erage into an odd assortment of subcategories such as Health 
Law, Fashion Health and fi lms, magazines, and even rock bands 
that have the term “health” in their titles. The general search 
engines, particularly Google and Microsoft Live Search, have 
improved their medical search algorithms using a mechanism 
for query refi nement (see Table 13.4) and by apparently “hard-
coding” some links to credible, authoritative sources.

Treatment Information
Information on drugs and other treatments from the US Food 
and Drug Administration (FDA) has historically been designed 
not for patients but for “learned intermediaries,” that is physi-
cians and other healthcare professionals (Goetz and Growden, 
2008). Recent studies by the Institute of Medicine (IOM) of 
the US National Academy of Sciences, however, have stressed 
the need to “help the public get the accurate, science-based 
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information they need to use medicines and foods to improve 
their health” and specifi cally recommended “that Congress 
enact legislation to establish a new FDA advisory commit-
tee on communication with patients and consumers” (Baciu 
et al., 2007). Moreover, the same report noted that “patients 
 historically have been left out of the loop in much of the 
communication…” and also noted “…a shift in the formerly 
passive role of the patient…” A separate but related study from 
the IOM reported that “patients often leave the doctor’s offi ce 
with very little information about what drugs they are taking, 
what they are used for, and how they should be taken,” and 
“few patients are given any sort of printed material about their 
medications” (Hernandez, 2007).

As a partial solution to these problems, the National Library 
of Medicine, working with the FDA, provides two web pages (dai-
lymed.nlm.nih.gov/dailymed/about.cfm and www.nlm.nih.gov/
medlineplus/druginformation.html), but these sites are extremely 
limited in their search capabilities, permitting only browsing or 
alphabetical searching by the fi rst letter of a drug’s name.

Personally Controlled Electronic Health Records
Within the past two years, Microsoft Corporation (Lohr, 2007), 
Google (Lohr, 2008), and a consortium of major employ-
ers called Dossia (McWilliams, 2007) have launched services 
to provide portable, electronic, personally controlled health 
records (PCHR) to consumers. With the motivation to reduce 
the risk of medical errors and spare the expense of missing 
records and unnecessary treatment (Goetz, 2007), it is hoped 
that doctors and medical practices will be largely converted to 
these from paper records by 2014, although this goal may be a 
bit too optimistic (Steenhuysen, 2008).

Electronic health records have the potential to permit con-
sumers to customize or personalize their medical Internet search 
activities, in much the same manner in which online travel 
agencies such as Orbitz can tailor their products and services to 
individuals based on voluntarily submitted personal preferences.

Clinical and Recreational Genomics
In September 2008, the personal genotyping company 
23andMe lowered its price for a genome-wide, single nucleotide 

polymorphism (SNP) scan from $999 to $399 and held a mar-
keting event (dubbed “spit party” in reference to its saliva sample 
collection procedure) that was reported in the Style Section of the 
New York Times (Salkin, 2008). In this article, Dr. Alan Guttmacher, 
acting Director of the US National Human Genome Research 
Institute, has quoted a saying: “People think if you have the 
money to spend on this, why not by a test instead of a model 
train for Christmas.” DTC genomics has leaped far outside the 
domain of learned intermediaries and it will undoubtedly be 
some years before the medical profession can catch up by assimi-
lating genomics into medical education, training, and practice 
(Boguski, 2008). In the meantime, it’s caveat emptor for consumers. 
Kaye (2008) discusses many of the important ethical, social, and 
legal implications of DTC genomics and its regulation.

The principal consumer genomics companies, 23andMe, 
deCODEme and Navigenics, currently genotype approxi-
mately 500,000 to 1,000,000 SNPs and report associations 
of up to 100 diseases and conditions (“traits,” “characteris-
tics”). 23andMe and deCODEme use the Illumina human 1M 
duo bead chip platform for their assays (www.illumina.com), 
whereas Navigenics uses the Affymetrix Gnome-wide SNP 
Array 6.0 technology (www.affymetrix.com ). Thirty of these 
diseases or conditions are common to either two or all three 
of the companies (Tables 13.5 and 13.6). Each company has 
its own heuristic methods for determining and reporting risks 
of disease associated with these polymorphisms (e.g., relative 
risk, lifetime risk); the associations themselves are derived from 
published literature.

A number of people (including this author) have had 
themselves genotyped by all three of these companies in 
order to compare and contrast their services and features, and 
to assess the consistency of results. Davies (2008) had himself 
genotyped by the three major companies and also a fourth 
company, SeqWright (www.seqwright.com), that entered this 
marketplace in January 2008 and, like Navigenics, uses the 
500,000 SNP Affymetrix GeneChip platform. Davies reported 
general agreement among results obtained from the different 
companies, but also noted some disagreements or discrepan-
cies and their possible causes. A detailed analysis of my experi-
ences is in preparation, but a preliminary account is available as 
a “Grand Rounds” presentation (Boguski, 2009).

TA B L E  1 3 . 4  Results from query term “diabetes”

Google

Refi ne results for diabetes
Treatment Tests/diagnosis For patients From medical authorities
Symptoms Causes/risk factors For health professionals Alternative medicine

Microsoft live search

Health results for diabetes
Conditions • Symptoms • Drugs & substances • Personal health
Treatment • Diagnosis • Alternative medicine • Nutrition



TA B L E  1 3 . 6  Conditions Detected by Personal Genomics Companies

Diseases and other phenotypes covered 
by two out of three companies

SNP associations

Abdominal aortic aneurysm

Alcohol fl ush reaction rs671

Alzheimer’s disease

Asthma

Bitter taste perception rs713598

Intracranial aneurysm

Lactose intolerance rs4988235

Lupus (systemic lupus erythematosis) rs9888739, rs7574865, rs2187668, rs10488631

Nicotine dependence

Osteoarthritis

Peripheral arterial disease

Type 1 diabetes rs3129934, rs3087243, rs1990760, rs3741208, rs1893217, rs2476601, 
rs3184504, rs725613

Venous thromboembolism rs6025, i3002432

aInformation current as of January 15, 2009.
bSNPs included in table are from the 23andMe website, specifi cally those pages that are accessible without a subscription. SNPs are 
referenced by their dbSNP (“rs”) numbers – unique identifi ers that can be used to locate extensive information about SNPs and their 
associations at www.ncbi.nlm.nih.gov/projects/SNP/. SNPedia (www.snpedia.com) is another useful resource.

TA B L E  1 3 . 5  Disease Markers Detected by 23andMe, deCODEme and Navigenics

Diseases covered by all three companiesa SNP associationsb

Age-related macular degeneration rs1061147, rs547154, rs3750847

Atrial fi brillation

Breast cancer rs1219648, rs3803662

Celiac disease rs2187668

Colorectal cancer rs2187668

Crohn’s disease rs2066844, rs2066845, rs2066847, rs11209026, rs2241880, rs7714584, 
rs3197999, rs11190140, rs17234657, rs1893217, rs11805303, rs10210302, 
rs10761659

Glaucoma

Heart attack rs2383207

Lung cancer rs8034191

Multiple sclerosis rs6897932, rs3135388

Obesity rs3751812

Prostate cancer rs1447295, rs6983267, rs10505483, rs1859962, rs4430796

Psoriasis rs10484554, rs3212227, rs11209026

Restless leg syndrome rs3923809

Rheumatoid arthritis rs6457617, rs11203366, rs2476601, rs3890745, rs2327832, rs3761847

Type 2 diabetes rs7903146, rs1801282, rs5219, rs4402960, rs1111875, rs4712523, 
rs13266634, rs10012946, rs2383208
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As described earlier, the consumer genotyping companies 
report on up to 100 diseases and conditions that have been 
linked to genetic polymorphisms in published, genome-wide 
association studies (GWAS). However, there are many more 
than 100 published GWAS associations, and each company 
selects those it will report on according to their own criteria. 
For example, Davies describes the “decision heuristic” used by 
Navigenics to select diseases that it will cover (Davies, 2008). 
However, each of the companies also makes the primary  

genotype data available, and one company, SNPedia, has devel-
oped a software tool they call Promethease which allows one 
to generate their own reports based upon the primary data 
(Cariaso and Lennon, 2009).

Over the next several years, the technology platforms for 
personal genomics are expected to shift from SNP genotyping 
to complete DNA sequencing as so-called “Next Generation 
Sequencing” technologies continue to advance toward the 
“$1000 genome” (Mardis, 2006; Pollack, 2008).
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Essentials of Genomic and Personalized Medicine
by Ginsburg & Willard

          Translational Genomics: From Discovery 
to Clinical Practice 

   Geoffrey S.   Ginsburg     

   INTRODUCTION 
 The use of genomic technologies to improve medical decision-
making so as to achieve the goal of personalized medicine is 
poised to transform health care ( Ginsburg and McCarthy, 2001 ; 
 Ginsburg et al., 2005 ;  Snyderman and Williams, 2003 ;  Willard 
et al., 2005 ). New knowledge from the study of genomes and 
their by-products now has permitted the development of predic-
tors of disease predisposition ( “ who is at risk ” ), prognosis ( “ who 
to treat ” ) and therapeutic response ( “ how to treat ” ) in individ-
ual patients and thus provides an opportunity to employ these 
predictors in present day practice. Many of these opportunities 
are highlighted in this book in which an astounding number 
of genome-based discoveries are defi ned with the potential to 
fundamentally alter how medicine is practiced in cardiovascu-
lar disease, oncology, metabolic disease, neuropsychiatric disor-
ders, infectious disease and diseases with a basic infl ammatory 
component. 

 The rate of genome-based discovery is stunning. However, 
despite the vast amount of genomic information now in the 
scientifi c literature, the translation of basic scientifi c fi ndings 
from the genome and its derivative products, RNA and pro-
tein, to daily use in medical practice has been slow ( Graham et 
al., 2006 ;  Sung et al., 2003 ). It now takes an average of 17 years 
for 14% of scientifi c discoveries to enter day-to-day practice 

( Westfall et al., 2007 ). For genomic discoveries, the path is 
undoubtedly more complex. 

 The research paradigm for translational genomics is incon-
sistent and nonsystematic; multiple, and in some cases non-linear, 
pathways to translation of genomics to clinical medicine exist. 
For example, diagnostic companies have traditionally  “ cherry-
picked ”  a narrow repertoire of new genomics-based molecular 
diagnostics from academic laboratories and the literature. The 
pharmaceutical industry has developed  “ targeted therapies ”  
such as trastuzamab, imatinib and erlotinib that use molecular 
diagnostic tests – some of which are based on genetic varia-
tion ( Lynch et al., 2004 ) – to identify individual patients who 
are likely to benefi t from the drug. The lack of a clear system 
of regulatory oversight of genetic and genomic tests has led to 
gaps and ambiguity in the pathways of translation, an area that 
the US Secretary’s Advisory Committee on Genetics, Health 
and Society has recently addressed ( SACGHS, 2007 ). Personal 
genomics and direct-to-consumer avenues are being opened to 
bring genomics directly to the public, thus circumventing the 
traditional health care delivery and regulatory channels ( Feero 
et al., 2008 ;  Hunter et al., 2008 ;  Janssens et al., 2008 ;  McGuire 
et al., 2007 ). 

 These issues speak to the need for a comprehensive agenda 
for translational research to move human genome discover-
ies into health practice. This chapter will focus on paradigms 

 14 
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for translational genomics to human health as well as the vari-
ous opportunities, challenges, and strategies that will enable the 
effective translation of human genome information to clinically 
relevant actions and outcomes.  

  A ROADMAP FOR TRANSLATION 
  Khoury and colleagues (2007)  have developed a framework 
for the acceleration of human genome discoveries into health 
care and disease prevention. This is a logical fi rst step in guid-
ing genomic innovation to health care and more widespread 
use. The framework ( Table 14.1   ) contemplates four phases of 
translational research from discovery to public health impact. T1 
research seeks to move a basic genome-based discovery into a 
candidate health application (e.g., the association of a gene muta-
tion with a health outcome). This phase of research starts after 
gene discovery and provides the early evidence that genomic 
information might support predictive testing, screening, diag-
nostic, prognostic or pharmacogenomic testing. T1 research will 
usually take advantage of observational studies or clinical trials 
where the correlation of the genomic information with health 
characteristics or outcome can fi rst be made. T2 research assesses 
the value of a genomic application for health practice, leading to 
the development of evidence-based guidelines (e.g., prospective 

or retrospective assessment of the predictive value of the muta-
tion test for the health outcome). This phase of research usually 
begins after the analytical validity of the test has been established 
and progresses to establish clinical utility, or impact on clinical 
decision-making. T3 research examines the pathways for deliv-
ery, dissemination, and diffusion of genomic testing into practice 
(e.g., defi ning the barriers to the use of the test in relevant pop-
ulations). Public–private partnerships will usually be required to 
facilitate T3 research, and this research phase will also involve 
policy makers, regulatory bodies, professional organizations and 
insurers. Finally, T4 research assesses the impact on human health 
(e.g., outcomes studies across a broad and diverse population). 
This area of research is about the results of the implementation, 
as opposed to the implementation research itself (T3). 

 T1 research is illustrated in many of the clinical chapters 
in this book that highlight genomic discoveries with potential 
disease relevance. The molecular signatures described by  Dave 
et al. (2006) ,  Bullinger and Valk (2005)  and  Potti et al. (2006)  
to stratify and number of cancer phenotypes based on their 
molecular signature are illustrative. Examples of T2 research are 
found in  Marcom et al. (2008)  and  Potti et al. (2006),  in which 
a genomic-guided clinical trial design is described that uses a 
microarray-based molecular profi le to assign patients to the var-
ious treatment arms in the trial. The clinical outcomes in the 
trial are dependent on the genomic signatures and the evidence 
for the genomic application to humans will be determined by 
these prospective studies. Examples of T3 research are described 
in  Khoury et al. (2007)  as surveys of physicians, internists and 
oncologists on the knowledge of genetic testing for suscep-
tibility for breast and ovarian cancers. This information would 
provide support for the basis of strategies to enhance the dis-
semination of innovative genomic tools and information. T4 
research is ongoing in areas such as BRCA1 testing for heredi-
tary breast and ovarian cancers or for HNPCC testing in colon 
cancer (see Chapters 35 and 36). In these early cases, the value 
of such testing is being assessed on a population level in terms of 
survival, quality of life and economic value. We are clearly in the 
early days of T2–T4 research.  

  WHERE CAN GENOMICS HAVE 
IMPACT IN THE CONTINUUM OF 
HEALTH AND DISEASE? 
 DNA-based approaches (SNP detection, copy number varia-
tion and sequencing) (see Chapters 3–5) can now be used to 
quantify one’s predisposition, susceptibility, and risk for complex 
diseases. These measures can be made during health and even at 
birth or at any time point over a person’s lifetime, as these  “ sta-
ble ”  genomic measures do not change from the time of concep-
tion. Individual SNPs or multi-SNP panels are emerging from 
genome-wide approaches that might be used as part of health 
risk assessment (see e.g.:  Bare et al., 2007 ;  Zheng et al., 2008 ). 
DNA variation may also provide information about the pos-
sibility of being relatively protected from disease development 

 T A B L E  1 4 . 1         The continuum of translation research in 

genomic medicine: Types of research  

   Translation 
research phase 

 Notation  Types of research 

   T1  Discovery to 
candidate health 
application 

 Phases I and II 
clinical trials; 
observational studies 

   T2  Health application 
to evidence-based 
practice guidelines 

 Phase III clinical 
trials; observational 
studies; evidence 
synthesis and 
guidelines 
development 

   T3  Practice guidelines
to health practice 

 Dissemination 
research; 
implementation 
research; diffusion 
research; Phase IV 
clinical trials 

   T4  Practice to 
population health 
impact 

 Outcomes research 
(included many 
disciplines); 
population 
monitoring of 
morbidity, mortality, 
benefi ts and risk 

  Adapted from  Khoury et al. (2007) .  



( Cox et al., 2007 ), as well as one’s sensitivity or resistance to cer-
tain medications ( Eichelbaum et al., 2006 ) and ability to metab-
olize nutrients in our diets ( Ordovas and Corella, 2004 ). 

 All of this can and probably should be done early in life, such 
that a strategy to maintain health can be formulated well in advance 
of the development of potentially detrimental lifestyle habits and 
exposures. The  “ dynamic ”  components of the genome (gene-, 
protein- and metabolite expression; see Chapter 2) that are respon-
sive to environmental stimuli, lifestyles, diets and pathogens are 
rapidly improving capabilities to predict and intervene at an indi-
vidual level. Transcriptional profi les, protein expression and levels 
of metabolites combined with dynamic imaging modalities should 
provide more precise ways to screen individuals who are at high 
risk for developing a disease for its earliest molecular manifestations 
while the disease is subclinical (Seo and Ginsburg, 2005). This same 
type of information may also provide a defi nitive diagnosis and a 
molecular classifi cation of a disease state that foretells prognosis. 

 For example, today a  her2/neu- positive breast cancer ascribes 
that patient to a more aggressive form of the disease and directs 
care to a much different course than a  her2/neu  negative cancer 
(see Chapter 35). Similarly the selection of drugs can be guided 
both by the patients underlying genetic make up and by the 
molecular architecture of the disease in the individual (see 
Chapter 15). The emerging picture is one of applied genom-
ics  throughout  an individual’s lifetime, from health through death, 
that enables assessment of disease predisposition, screening, diag-
nosis, prognosis, therapeutic selection with precision that until 
now has been unachievable ( Figure 14.1   ).  “ Strategic health 
planning ”  (see Chapter 17 and  Snyderman and Yoediono, 2006 ) 

and disease prevention should be possible and will allow a shift 
in the current paradigm of care from the time when disease is 
manifest (rightward in  Figure 14.1 ) to proactive personalized 
predictive care at a more cost-effective time in the disease life 
cycle (leftward in  Figure 14.1 ).  

      TRANSLATIONAL GENOMICS: 
ENABLING COMPETENCIES 
 The pharmaceutical industry has a clearly defi ned and decision-
gated series of steps to move a potential therapeutic from dis-
covery to the clinic. Translational genomics may also benefi t 
from defi ning the processes, the key competencies, and capabili-
ties that support the directional movement of genomics from 
discovery to human health applications ( Khoury et al., 2007 ). 
 Figure 14.2    is a potential (and admittedly simplifi ed) schema for 
moving genomic discoveries from bench to bedside from the 
perspective of needed and enabling capabilities and competen-
cies. Academic centers, industry and government research groups 
right benefi t from developing organizing principles to move a 
potential genomic discovery into practice through a variety of 
stages similar to what the pharmaceutical industry has done for 
drug development candidates. Below and in the ensuing chap-
ters, we will consider these capabilities in greater detail. 

  Centralized Biobanking and Biorepositories 
 Biobanks – centralized, institutional repositories for biological 
samples – are among the most important enabling resources in 
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Figure 14.1    Use of genomic markers predict, prognose, diagnose, treat and monitor health and disease (adapted from  Snyderman
and Yoediono, 2006 ).    
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support of genomic medicine ( Ginsburg et al., 2008 ). The study 
of complex diseases has been greatly facilitated by the avail-
ability of well-annotated DNA, blood and tissue specimens for 
high-throughput genomic analyses. Scale and scope characterize 
biobanks today from previous tissue repositories in Departments 
of Pathology or held by individual investigators. Today biobanks 
manage hundreds of thousands to millions of samples and require 
robotics and advanced informatics tools. Key capabilities for effi -
cient and effective biobanking include centralized sample and 
data management systems and clearly defi ne standards for han-
dling of samples and their associated data. Equally important is 
the ability of biobanks to provide support for longitudinal stud-
ies enabling sample and data capturing in the entire disease 
cycle from pre-disease onset, to disease diagnosis, and clinical 
outcomes. 

 Several existing and developing biobanking models high-
light developing trends in biobanking organization and man-
agement. The Singapore experience is particularly instructive in 
that the establishment of a national biobank was coupled with 
simultaneous development of the entire biomedical research 
infrastructure at an accelerated pace. Key considerations involve 
professional acceptance, custodianship, security and access. Data 
privacy for subjects is of paramount importance and applications 
of informatics technologies may provide the requisite security. 
Once properly implemented, biobanks may not only accelerate 
medical research but also contribute to public health.  

  Genomic  “ Profi ling ”  
 There are many sources of genomic data (see Chapters 3–9) 
that can now be applied to an integrated view of genomic 

epidemiology. A competency in genomic profi ling technolo-
gies is clearly needed to optimize the value of clinical sam-
ples and data to develop novel predictive models of disease 
states and outcomes. The information provided by today’s clini-
cal and biochemical markers of disease falls well short of an ade-
quately describing disease complexity and heterogeneity ( West 
et al., 2006 ). The advent of the full complement of technologies 
spawned by the Human Genome Project capable of interrogat-
ing complex diseases such as cancer, cardiovascular disease, obes-
ity and diabetes mellitus provides opportunities for acquiring 
quantitative data that can match the complexity of the disease. 
Genomic technologies can now potentially capture data that do 
provide this complexity, identifying discrete subsets of disease 
that have not been previously recognized. Profi les and patterns 
that identify new subclasses of tumors, such as the distinction 
between acute myeloid leukemia and acute myeloid leukemia 
( Bullinger and Valk, 2005 ), or Burkitt’s lymphoma from diffuse 
B cell lymphomas ( Dave et al., 2006 ), without prior knowledge 
of the classes. More recently several genomic signatures that 
go beyond disease classifi cation have been discovered and vali-
dated that predict prognosis and response to therapy for many 
solid tumors and hematologic malignancies ( Potti et al., 2006 ; 
 Staudt, 2003 ). Not far behind, although lacking the throughput 
of RNA expression analyses, are whole-proteome analyses of 
tissue homogenates or serum using surface-enhanced laser des-
orption ionization–time-of-fl ight or liquid chromatograph/mass 
spectrometry/mass spectrometer technologies ( Caprioli, 2005 ; 
see Chapter 8). 

 The capability to discern structure in this data – in the form 
of patterns of gene, protein, or metabolite expression that provide 
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snapshots of gene activity in a cell or tissue sample at a given 
instant of time that can then be used to describe a phenotype – is 
transforming biology from an observational molecular science 
to a data-intensive quantitative genomic science. The dimension 
and complexity of such data provide opportunities for uncover-
ing patterns and trends that can distinguish subtle phenotypes in 
ways that traditional methods cannot ( West et al., 2006 ). In an 
integrated view of genomic epidemiology, all of these sources 
of data will be used to develop signatures and models that clas-
sify disease and predict outcomes ( Figure 14.3   ). To fully realize 
the clinical potential of genome-scale information requires a 
dramatic shift in the way complex, large-scale data are captures, 
viewed, analyzed and used.  

  Data Acquisition, Standards and Bioinformatics 
 All of the exciting medical, biological and technological advances 
described in this book are limited by requirements for intensive 
data acquisition, storage and computational capacity. Individuals 
with skills in this arena are in critically short supply. Informatics 
is a fundamental competency for the era of genomic medicine. 
Unless the nomenclature of the current  “ Tower of Babel ”  is 
improved, we will miss the opportunity for applying our new-
found knowledge, because these measurements will not be com-
patible when attempts are made to aggregate them. Currently, 
most data collection efforts are relatively isolated and many dif-
ferent groups are working on controlled vocabularies and data 
standards ( Hanauer et al., 2007 ). 

 In addition to nomenclature standards that allow observa-
tions to be compared across observers, the methods for exchang-
ing data must be standardized (see Chapter 12 and  Klein, 2002 ). 
Health Level Seven has essentially solved this problem for 
common laboratory measurements that can be measured as a 
number or coded output. Unfortunately, such standards are only 
now emerging for clinical data, and considerable variation exists 

in the purposes, stated or perceived, for this effort, including 
better individual patient care, quality measurement, research and 
improved administrative effi ciency and billing. An effective and 
unifying cross-platform system will be needed that will allow 
collaborations among industry, academia, the NIH and other 
partners (see below). 

 There are fundamental  “ bioinformatics blocks ”  in transla-
tion of genomics that must be overcome (see Chapters 10, 12, 
and 13). First, there is an enormous amount of data at the level 
of fundamental biological measurements. Second, at the level of 
the patient in the intact health care system, a major challenge 
exists in integrating disparate electronic health records (EHRs). 
Third, there are further challenges in integrating research, clini-
cal and demographic/societal data into a common format. And 
lastly, there must be ways to link the clinical and molecular 
information, so that analyses that yield both cross-sectional and 
longitudinal patterns relevant to disease sub-classifi cation can be 
carried out in a reproducible fashion.  

  Biomarker Discovery and Development 
 The discovery and development of physiologic and disease 
biomarkers has provided a valuable set of tools to assess disease 
outcomes ( Downing, 2000 ;  Goodsaid et al., 2008 ). Biomarker 
research has also greatly improved our knowledge and under-
standing of mechanisms of etiology and disease pathogenesis. 
This will require access to robust model systems, human samples 
and exquisitely curated phenotypic data. Indeed, a genomic sig-
nature that characterizes a disease subset also provides a wealth 
of biological information through the members of genes, gene 
transcripts or proteins that constitute such a signature, either as 
markers of disease or   as target for potential therapeutics. This 
approach has been particularly well developed in cancer research, 
although the driving concept of the gene–environment interac-
tion has been widely applied in medical research.  

  Genome-Based Clinical Trials 
 Fundamental to defi ning the clinical validity and clinical utility 
of genomic biomarkers is the genomics-based clinical trial (see 
e.g.,  Marcom et al., 2008 ). In this setting, genetic and genomic 
biomarkers are fundamental to the trial design and the selection 
of patients for the trial (inclusion criteria) or for assignment to 
a specifi c experimental arm of the study. The basic principles 
of experimental design can also be applied to genomic studies. 
The task is to design a study in as economical a way as possible 
and simultaneously to optimize the information content of the 
experimental data. Clinical studies that serve to enrich a trial 
with a particular genomic biomarker or to test that a particu-
lar genomic subset of patients respond to therapy are required 
to advance translational genomics. Often these studies will both 
 “ validate ”  the biomarker – showing that it indeed identifi es the 
relevant group of patients – and at the same time show its clini-
cal utility – that the patient group selected by the biomarker 
indeed responds differently to the intervention in the trial. Key 
to enabling genome-based clinical trials is the interface between 
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discovery genomics with the platforms for developing a genomic 
assay that is ready for clinical use. In many cases, this will require 
key public–private partnerships to facilitate the transition from 
discovery research to human applications. In addition, there are 
several open issues in the design of genomic studies that need 
further investigation, such as selection bias at the patient recruit-
ment level, tissue specimen sampling procedures, assays, and time 
point selection; in addition lack of calibration, poor reproduc-
ibility of molecular signatures across different studies and tech-
nical variation between different chip technologies also are in 
need of greater study as these novel study designs are developed.  

  Integration of Genomics into Drug Discovery and 
Development 
 Currently, the pharmaceutical industry is facing challenges 
in terms of the low number of new chemical entities (NCEs) 
that are approved each year, despite soaring research and devel-
opment (R & D) costs. A main cause for low pharmaceuti-
cal productivity is pipeline attrition due to failure of NCEs to 
demonstrate effi cacy or the emergence of safety issues during or 
after development. In parallel to genomic-guided clinical trials, 
pharmaceutical studies that use biomarkers for trial enrichment 
or for pharmacogenomics will be another pathway for genomics 
to reach the clinic in the form or diagnostic/therapeutic com-
binations. The practice of genomics and related technologies 
in transforming drug discovery and development has provided 
sophisticated and novel new approaches for target identifi -
cation, target validation, the drug screening process and the 
understanding of the mechanism of action of targets and drugs 
( Stoughton and Friend, 2005 ). In drug development, the proc-
ess by which new drugs are tested in model organisms and in 
humans, genomics has provided a means to understand hetero-
geneous disease populations at the gene level. This has enabled 
the selection of subjects for clinical trials with more homogene-
ous disease characteristics, thereby enabling a much better assess-
ment of drug activity. In addition, the understanding of drug 
metabolism on a genetic level has offered a means to provide 
drugs with a better safety profi le for certain patient populations.  

  Pharmacogenetics and Pharmacogenomics 
 The impact of the genome on our ability to predict drug 
response is one of the most promising and fertile areas 
of genomic and personalized medicine (see Chapter 15). 
 Pharmacogenetics  is the study of genetic variation that ultimately 
gives rise to the variable responses in individuals to any given 
drug treatment. More recently, pharmacogenetics has provided 
an explanation as to why certain individuals do not respond, or 
respond differently to a given drug treatment.  Pharmacogenomics  
utilizes genomic technology to understand the effects of all 
 relevant genes on the behavior of a drug or conversely the effect 
of a drug on gene expression. Pharmacogenomics, like pharma-
cogenetics, has rapidly embraced genomic technologies to iden-
tify molecular patterns of response, drug disposition and drug 

targets, yielding molecular biomarkers of drug response both of 
which have great potential to positively affect the area of medi-
cine. Grossman and Goldstein (Chapter 15) outline the scope 
of study designs for pharmacogenomics studies, depending on 
specifi c features related to the study population, underlying dis-
ease, phenotypes of interest (i.e., drug effi cacy, safety and dosing) 
and drug compound being tested. Considerations related to the 
realization of a valid genetic effect into an acceptable diagnostic 
kit are reviewed, providing analytical tools objectively evaluating 
the validity, utility and cost-effectiveness, as well as ethical prop-
erties, associated with a specifi c drug application.  

  Translational Diagnostics 
 Translational diagnostics is  “ the subfi eld of translational medi-
cine concerned with diagnostic methods and information. ”  
Many of the translational issues affecting genomics as whole also 
affect this area of innovation. These include communication and 
education of researchers, institutional support for translational 
research activities, the regulatory environment, cost and reim-
bursement issues, the need for bioinformatics and complex data 
handling capabilities, intellectual property and licensing protec-
tion and the willingness to embrace new paradigms for diagnos-
tic and therapeutic strategies ( Horig and Pullman, 2004 ;  Horig 
et al., 2005 ;  Humes, 2005 ;  Marincola, 2003 ;  Sonntag, 2005 ).  

  Integration of Genomic Testing into 
Clinical Practice 
 A fi nal hurdle that genome-based medicine faces is the inte-
gration of testing into day-to-day clinical practice. Despite the 
optimism that genomic testing might bring to improving the 
practice of medicine, there are barriers that must be overcome 
for their seamless integration into clinical practice. The incor-
poration of genetics and genomics into patient management 
guidelines has largely failed to occur thus far, perhaps because 
researchers, diagnostic fi rms and the regulatory authorities are 
still seeking to establish methodologies by which to judge their 
effectiveness because practicing clinicians and guideline writ-
ers are still working to understand how such new tests fi t into 
current models of care and risk assessment, and because payers 
are just beginning to foresee new pressures to cover the addi-
tional costs. Indeed, population studies and outcome studies will 
be critical for this fi nal phase of clinical uptake, implementation 
into guidelines and into reimbursement strategies. 

 To address some of these issues, a framework has been pro-
posed to assist in genetic testing evaluation, consisting of six 
areas ( Table 14.2   ): technical and operational excellence, diagnos-
tic capability, impact on diagnostics and/or prognostics, impact 
on therapeutic strategy, cost-effectiveness and health outcomes 
( Douglas and Ginsburg, 2008 ). It is clear that the physician com-
munity faces many of the same issues the payer and diagnostics 
groups do as well. Therefore, it makes sense to consider devel-
oping the partnerships that bring the stakeholders together to 
jointly address these translational obstacles.   



  DEVELOPING ENVIRONMENTS THAT 
FOSTER TRANSLATIONAL GENOMICS 
TO HEALTH APPLICATIONS 
 It is clear that academicians and industry scientists are on con-
vergent paths to personalized medicine using genomic tech-
nologies and information. Specialized centers for genomic and 
personalized medicine in academic health systems can be instru-
mental in integrating, facilitating and catalyzing the needs of 
both the academic and industry stakeholders by providing: 

   ●      Access to patients, patient data, and molecular and bio-
logical data that drive the development and exploration of 
genomic information and its link to clinical outcomes.  

   ●      The scientifi c foundation for novel biomarker discovery for 
both disease and drug response based on mechanism.  

   ●      An environment for innovation that fuels the development 
of novel translational strategies.  

   ●      A vehicle for aligning the effi ciency and quality metrics of 
patient care with the goals of personalized medicine.  

   ●      The infrastructure for the types of public–private partner-
ships required for executing genomic assay-guided clinical 
trials, and, fi nally,  

   ●      A place to engage in a dialog and research on the key issues 
challenging the translation of genomics into personalized 
health care ( Haga and Willard, 2006 ): education, facilitating 
clinical trials, information systems and integration into practice.    

 To bring about the transformation in health care promised by 
the genome sequence and its derivatives will require assembling 

diverse stakeholders focused on the application and translation of 
genomics with a goal of improving the health of individuals and 
driving effi ciency in health care. Specialized centers housing basic 
genome science laboratories, clinical researchers, informaticians, 
clinicians, health policy makers and in partnership with industry 
(pharmaceutical and diagnostic companies), and with health sys-
tems that will enable the scientifi c output of the genome to cross 
the chasm between bench and bedside. 

 Just a few years ago, academic medical centers alone were 
the primary mechanism to foster translational research and 
facilitate collaboration between researchers and clinicians. In 
the United States, the key ingredients for this effort are in place 
through the NIH Roadmap and the Clinical and Translational 
Science Awards ( NIH, 2007 ). This NIH initiative will eventually 
fund up to 60 academic health centers and their associated clini-
cal practice partners, with signifi cant infrastructure capability in 
most of the areas above. These large centers are being bolstered 
by multiple grants and contracts that are intended to provide 
avenues for innovative approaches to scientifi c problems ranging 
from biomedical informatics to community-based research net-
works. Similar programs are under way in Canada, the United 
Kingdom, Singapore, Germany and other countries. 

 In particular, it will be important for governmental and 
foundational funding agencies to anticipate the critical   impera-
tive for interdisciplinary work ( Figure 14.4   ). Academic health 
systems will need to consciously steer faculty activities in this 
direction to reap the benefi ts of the enormous societal invest-
ment in the biomedical enterprise that has made this clinical sci-
entifi c revolution possible. Industry will need to engage earlier 
in the discovery process and assist in guiding the research agenda. 

 T A B L E  1 4 . 2         Framework for evaluating genetic tests *   

   Technical capability and 
operational excellence 

     ●      development of analytic standards  
   ●      computational capabilities to acquire, store and analyze large datasets    

   Diagnostic capability      ●      defi ne the clinical situation(s) that may be informed by genomic data  
   ●       validation of genomic associations or predictors in distinct and separately ascertained 

cohorts    

   Impact on diagnostics and/or 
prognostics 

     ●       development of clinical decision support platforms and  “ just-in–time ”  solutions in the 
practice environment  

   ●      linkage to authoritative knowledge sources    

   Impact on therapeutic strategy      ●      evaluate genomic testing in the context of physicians ’  confi dence in decision-making  
   ●      develop educational strategies with test implementation  
   ●      assess physician behavior    

   Cost-effectiveness      ●      assessment of system wide costs resultant health care utilization and outcomes  
   ●      assess patient, provider, payer and government perspectives    

   Health outcomes      ●      incorporation into guidelines driven by the evidence base  
   ●      carry out prospective randomized trials of usual care versus genomics guided care  
   ●      development of an educational strategy aimed at the patient    

  *  Modifi ed from  Douglas and Ginsburg (2008) .  
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Regulatory agencies and payers will need to prepare for this fun-
damental shift in the basis for assessing diagnostic and therapeutic 
technologies and their reimbursement. Effective planning for this 
coming shift in the way human disease and its prevention and treat-

ment are viewed through the genomic lens, particularly the systems 
aspects of creating interdisciplinary hubs for the development of 
translational genomics, will result not only in an advanced clinical 
scientifi c discipline, but improved health for people worldwide.  

Dx tools

Rx/Dx

Genome scientists
Clinicians

Clinical researchers
Statisticians

Informaticians
Assay developers

Policy analysts

Diagnostic
Companies

Drug Companies

Academic
medical centers

Personalized
medicine

Health systems
Genomic

discoveries 
Clinical

implementation

Public private
partnerships

Specialized
centers for

genomic and
personalized

medicine

Figure 14.4    A framework for an organization to translate genomics to personalized medicine through public–private partnership and 
academic health centers.  

2009 UPDATE

There continue to be signifi cant advances in translational 
genomics. Progress has been made in developing the infra-
structure that supports developing and disseminating genome 
information, the informatics tools for clinical use of this infor-
mation, as well as the defi nition and development of the evi-
dence required for clinical adoption. Indeed the labels of more 
therapies are including genetic and genomic information to 
facilitate prescribing by physicians – a major advance for phar-
macogenetics. Personal genomics represents a new and poten-
tially disruptive innovation in translating genomics, and the 
stakeholder community is developing guidance as to how best 
to use this information in the care of patients.

Tools and Catalogs of Genome Information

The toolbox for achieving the goals of genomic and person-
alized medicine is becoming increasingly high throughput 

and low cost. In April 2008, the sequencing of the genome 
of Nobel scientist James Watson was completed (http://jim-
watsonsequence.cshl.edu/cgi-perl/gbrowse/jwsequence/). It 
took 13 years and $3B to complete the fi rst draft sequence of 
the human genome; however, Watson’s sequence of the human 
genome cost only $1M and took two months to complete. 
Advances in genomic sequencing are occurring exponentially 
and the $1000 genome is likely within reach. The NHGRI 
(US NIH) announced several initiatives aimed at taking full 
advantage of advanced sequencing technologies – Medical 
Resequencing (http://www.genome.gov/15014882), 1000 
Genomes (http://www.genome.gov/26524516), and the Human 
Microbiome project (http://nihroadmap.nih.gov/hmp/mem-
bers.asp) are among them – that will generate large publically 
accessible databases of human variation in health and disease. 
In parallel to the acceleration of sequencing technologies, a 



number of important public–private partnerships have begun 
to generate publically available data and frameworks to support 
large genome-wide association studies.

● The Genetic Association Information Network (GAIN) 
(http://www.genome.gov/19518664) was established as a 
public–private partnership to support genome-wide asso-
ciation studies. The effort has linked comprehensive geno-
typing data on roughly 2000 participants to their clinical 
records and deposited the information in the publicly 
accessible dbGaP (http://www.ncbi.nlm.nih.gov/entrez/
query/Gap/gap_tmpl/about.html).

● The Biomarker Consortium (http://www.biomarkers-
consortium.org/) was set up as an industry–government 
partnership to discover and develop biomarkers for risk 
for developing disease, to assist in diagnosis or to guide 
treatment.

● The NIH launched the Genes, Environment, and Health 
Initiative (http://www.gei.nih.gov/) to develop data on 
how genetic variation affects an individual’s response to 
environmental factors.

● The Cancer Genome Atlas (http://cancergenome.nih.gov/) 
to explore the entire spectrum of genomic changes involved 
in human cancer, starting with brain, lung and ovarian can-
cer. The fi rst results were reported this year for glioblastoma 
(Cancer Genome Atlas Research Network, 2008) and the 
fi rst data for ovarian cancer were recently released (http://
tcga-data.nci.nih.gov/tcga/homepage.htm).

Developing a Nationwide Biospecimen Repository

There remains a compelling need for centralized biobanks 
and development of standards of biospecimen banking that are 
universally accepted and applied (Ginsburg et al., 2008). No 
organized effort is underway; however, in the United States, 
the Clinical and Translational Science Awards consortium has 
initiated several projects to achieve this goal, including one 
aimed at defi ning the data standards and IT platform to create 
a “virtual” national biorepository, as well as a second to articu-
late the cultural barriers and regulatory best practices. These 
data will lay the groundwork for a future initiative of national 
biospecimen banking.

Advances in Health Care Information Technology

Health care information technology (HIT) development is 
essential to record genetic profi les of disease susceptibility and 
drug response, to gather evidence for improved outcomes, 
and to aid in the discovery of new gene-disease associations 
through formal studies and the collection of data in everyday 
clinical encounters. HIT systems will also be important in pro-
viding clinicians not trained in genomics with critical infor-
mation and decision-making tools (Kawamoto et al., 2009). 
Genomic and personalized medicine will require a sound 
HIT infrastructure to support clinical decisions to deliver full 
 benefi t to the patient and to the health system as a whole. This 

effort remains woefully behind the need. Sobering is a study 
that reported that only 19%  of hospitals and 13% of solo phy-
sicians have implemented fully operational EHRs. Large group 
practices (�50 physicians) are relatively ahead of the curve, 
with 57% having adopted EHRs, but adoption remains incom-
plete overall (Jha et al., 2006). Surprisingly, large segments of 
the health care profession remain primarily on a paper-based 
system. The reasons for this rest largely on two key issues: the 
cost of implementing a health care information system and 
the lack of a uniformly accepted standard in the way data is 
stored and shared. Interoperable HIT is a goal; how this will 
be accomplished remains unclear. In the United States, the 
Obama administration has prioritized nationwide implemen-
tation of standardized HIT, and there is reason to hope that a 
changeover to EHRs will occur within a matter of years with 
government driving the process.

Where are We Today in Translating Genomics to Health 
care?

Despite the clear advances in technology that bring genomic 
information closer to physicians, patients, and the public, 
looming even closer are issues that are outside of the sphere 
of the genome sciences and more in the realm of genome 
policy. Scheuner and colleagues carried out an extensive meta-
analysis of 68 studies seeking to integrate genomic medicine 
to the clinical management of chronic diseases (Scheuner 
et al., 2008). The study posed the following questions: “What 
are the outcomes of genomic medicine? What is the current 
level of consumer understanding about genomic medicine and 
what information do consumers need before they seek serv-
ices? How is genomic medicine best delivered? What are the 
challenges and barriers to integrating genomic medicine into 
clinical practice?” The authors concluded that gaps in provider 
and public education, addressing privacy concerns, building 
an evidence base, and developing the appropriate cost models 
for genomic medicine in health care delivery will need to be 
addressed in order to facilitate the translation of genomic inno-
vations into clinical practice. These fi ndings are not surprising 
given the spectrum genome policy issues that have emerged as 
the genome sciences have matured (Haga and Willard, 2006); 
nonetheless, this is the fi rst comprehensive analysis of data on 
these issues and provides a basis to address them.

Evidence Evaluation

The Evaluation of Genomic Applications in Practice and 
Prevention (EGAPP) Initiative (http://www.cdc.gov/genom-
ics/gtesting/egapp.htm), established by the US National Offi ce 
of Public Health Genomics at the Centers for Disease Control 
and Prevention, supports the development and implementation 
of a rigorous, evidence-based process for evaluating genetic 
tests and other genomic applications for clinical and public 
health practice in the United States. EGAPP recently published 
its recommendations for the use of CYP450 polymorphisms 
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in the management of selective serotonin reuptake inhibi-
tors (EGAPP, 2007), gene expression profi les and outcomes in 
breast cancer (EGAPP 2009a), and UGTA1A testing in color-
ectal cancer patients treated with irinotecan (EGAPP 2009b).

Building the Evidence: Genome-Based Clinical Trials

Personalized approaches to cancer therapy will likely depend on 
genomic assays. Full-transcriptome assays using microarrays have 
the advantage of providing multiple prognostic and predictive 
signatures in one assay. Duke University’s Institute for Genome 
Sciences & Policy has created a unique clinical infrastructure with 
the objective of obtaining full genome expression data on cancer 
samples as a clinical assay for use in a prospective trials (www.
genomestohealth.org). One of these trials – “Performance of 
Genomic Expression Profi les to Direct the Use of Preoperative 
Chemotherapy for Early Stage Breast Cancer” – is a prospective 
trial validating genomic signatures for predicting response to 
doxorubicin (A) or docetaxel (T) treatment in HER2 negative 
cancers (Marcom et al, 2008). Fresh-frozen cores are reviewed 
by the study pathologist for tumor content. RNA is then 
extracted and probe generated to hybridize to an Affymetrix 
U133Plus2.0 microarray. Microarray data quality is determined 
using summary metrics for U133Plus2.0 arrays and princi-
pal component analysis (PCA) plots. The data is then used for 
predicting A or T sensitivity. This is an important example of a 
series of innovative clinical trials underway to develop the pro-
spective evidence in breast, lung, prostate, ovarian, colon, and 
hematologic malignancies that a genomic signature derived 
from a patient’s tumor can predict prognosis, as well as response 
and resistance to conventional cytotoxic chemotherapy.

Pharmacogenetics

Information on genetic risk for adverse events is now begin-
ning to appear on drug labels. For example, testing for the 

HLA-B*5701 allele is recommended for the initiation of 
abacavir therapy to reduce the risk of hypersensitivity reac-
tions (Mallal et al., 2008). In a randomized control trial, testing 
for this allele showed a 50% reduction in the risk for hyper-
sensitivity. Testing is also recommended for HLA-B*1502 for 
Asians who are being prescribed carbamazepine to identify 
those at high risk for Stevens Johnson syndrome (FDA, 2009). 
A recent study of warfarin pharmacogenetics found that a 
clinical/genetics algorithm better predicted maintenance doses 
compared to a clinical algorithm without genetics, particu-
larly for the outliers (International Warfarin Pharmacogenetics 
Consortium, 2009). In 2008, the FDA published a comprehen-
sive list of biomarkers on drug labels (http://www.fda.gov/
cder/genomics/genomic_biomarkers_table.htm), laying the 
groundwork for the clinical implementation of pharmacoge-
netic testing in clinical practice.

Personal Genomics

“The genome is out of the bottle” (Hunter et al., 2008). Direct-
to-consumer marketing of personal genomics services has raised 
concerns about the scientifi c foundation for such tests. There 
is a growing need for clarity of the evidence base required 
for both the clinical validity and utility of personal genomics. 
A recent NIH/CDC workshop made the following recom-
mendations: (1) develop industry-wide scientifi c  standards, (2) 
develop a multidisciplinary research agenda, including observa-
tional studies and clinical trials, (3) enhance credible knowledge 
synthesis and information dissemination to both providers and 
consumers of health cares, (4) link scientifi c evidence to rec-
ommendations for use of personal genomics, and (5) expand 
the concept of clinical utility to include personal health util-
ity and developing appropriate metrics for evaluation (http://
www.scgcorp.com/PersonalGeno2008/agenda.htm).
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  INTRODUCTION 
 Western medicine has been extremely successful in producing 
mass pharmaceutical solutions by following the  “ one-drug-fi ts-
all ”  paradigm. Indeed, the majority of individuals plotted on a 
Gaussian distribution show reasonable effi cacy and safety pro-
fi les, justifying the overall validity of this approach. However, 
alarming reports are amassing on the frequency and gravity of 
adverse drug responses, as well as inadequate effi cacy, clearly 
signaling the need to shift from  “ blockbuster ”  to more indi-
vidualized treatment models. The objective of pharmacogenetic 
research is to identify a genetic marker, or a set of genetic mark-
ers, that serve as prognostics for the fashion in which a given 
person is likely to respond to a given medicine. The appropriate 
formulation, dose, and regimen are presumed to be predicted, 
at least partially, by genetic determinants, thus serving as diag-
nostics that can be tested prior to initiation of drug treatment. 
In this fashion, treatment would be allocated only, or mainly, to 
individuals who are expected to benefi t from it, thus reducing 
dramatically the suffering and costs associated with adverse drug 
reactions (ADRs) and inadequate effi cacy. As summarized by 
Wilkinson,  “ most major drugs are effective in only 25–60% of 
patients, and more than two million cases of ADRs occur annu-
ally in the US, including 100,000 deaths ”  ( Wilkinson, 2005 ). 

 It should be noted that two terms exist in the scientifi c lit-
erature,  pharmacogenetics  and  pharmacogenomics , each with its own 

connotation and a range of alternative and poorly defi ned dis-
tinctions. Here, we use the term  pharmacogenetics  (PGx), which 
has historical priority, according to its broadest meaning – 
relating heritable variation to inter-individual variation in drug 
response ( Goldstein et al., 2003 ). It should be mentioned that 
the term  pharmacogenomics  is often used to describe the study 
of differential gene-expression profi les in tissues of interest and 
their relation to drug-response phenotypes. While such expres-
sion signatures may be affected by underlying genetic variation, 
non-inherited environmental determinants play an impor-
tant role as well. We therefore focus here solely on inherited 
sequence variation (i.e., single nucleotide polymorphisms, SNPs), 
insertions–deletions, copy number variations, micro-satellites,  
Alu  repeats, and so on) and its association with treatment 
response end-points. A comprehensive review of gene-expression 
signatures, their association with response to chemotherapy, and 
the search for underlying genetic determinants is provided in 
 Nevins and Potti (2007) . 

 The complexity of genetic relationships and its interplay 
with drug-response phenotypes has been recently acknowledged 
by the US Food and Drug Administration (FDA) in a rather 
crude and controversial decision to stratify patients ’  populations 
by race in the case of severe heart failure adjunct treatment with 
BiDil ( Meadows, 2005 ). Although little benefi cial effect has been 
registered in the general population, BiDil treatment showed 
a dramatic reduction in death and hospitalization in African 
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Americans. Indisputably, this stratifi cation criterion is simplistic, 
biased, and ethically provocative, but it illustrates the concept of 
inherent differences between individuals in the general popula-
tion and serves as a bridging step from indiscriminant allocation 
of therapeutics to genetic-based stratifi cation into risk/benefi t 
subgroups. This example also illustrates the fact that the popular 
description of PGx as aspiring to  “ individually tailor ”  therapy is 
an exaggeration. The fi eld is  not  centered around each individ-
ual specifi cally, but rather seeks to increase homogeneity among 
patients to an acceptable effi cacy and safety level. In other words, 
PGx aspires to generate an individualized guide to proper thera-
peutic option among predictable segments of the patient popu-
lation ( Roses, 2004 ). 

 The discipline of PGx is closely tied to human genetics 
and genomics as a whole, but focuses on specifi c phenotypes 
of interest. While disease predisposition research in the realm of 
non-Mendelian traits is faced with extremely complex etiology, 
dictated by interplay between various pathways in the human 
body, it is assumed that pharmacogenetic phenotypes are largely 
governed by a limited number of molecules (an oligogenic struc-
ture), most of which interact with the drug as pharmacokinetic 
or pharmacodynamic entities. Although genetic factors associ-
ated with underlying disease etiology may impact treatment 
response features, these effects are hypothesized to have  relatively 
 modest sizes comparison to genetic variations in molecules that 
come in physical contact with the drug upon its administra-
tion. Moreover, the phenotypic changes that are induced by 
drugs are clearly and reproducibly caused by treatment exposure, 
which renders them less diffi cult to relate to genotype in com-
parison to studies of other complex traits. Thus, PGx research 
is equipped with the enormous advantage of being more 

readily and fruitfully realized in clinical practice. In addition, the 
(potential) direct application of pharmacogenetic fi ndings in the 
daily management of disease burden prompts this fi eld to be 
attractive, not only to academic circles but also to the pharma-
ceutical industry, patients, health care providers, regulators, and 
health systems as a whole. 

 Any treatment for which inter-individual variability is sig-
nifi cantly larger than intra-individual diversity indicates an 
underlying genetic effect associated with response variables. In 
order to maximize the potential benefi t from PGx research, it is 
helpful to focus and prioritize the analyzed therapies as follows 
( Table 15.1   ): 

    ●      Chronic disease states: in these cases disease burden on both 
the patients and health systems translates into compromised 
patients ’  quality of life, continuous suffering, low medication 
adherence rates, polypharmacy, and ultimately considerable 
care management costs. Therefore, management of chronic 
diseases comprises an attractive aim for optimization of 
available treatments and development of new therapeutic 
solutions (e.g., hypertension, diabetes, asthma, and so on).  

    ●      Narrow therapeutic index drugs (i.e., those with little differ-
ence between toxic and therapeutic doses) require close and 
constant dosage adjustment procedures to achieve therapeu-
tic levels and minimize toxicity (usually by repeated meas-
urements of therapeutic drug monitoring (TDM) protocols). 
Utilization of predictive genetic tests that may identify indi-
viduals at risk – either prior to treatment initiation or during 
the initial dose adjustment period – will save patients ’  lives, 
while diminishing substantially the costs of care management 
(e.g., warfarin, 6-mercaptopurine, and so on).  

 T A B L E  1 5 . 1         Circumstances defi ning high priority targets for pharmacogenetic investigation  

 Circumstances  Rationale  Examples 

 The underlying condition 
being treated is chronic, 
incurable, and/or recurrent 

 Current clinical practice of 
the underlying condition 
follows a  “ trial and error ”  
paradigm 

 Arrest the progression of the underlying disease,
reduce patients ’  suffering, and decrease disease 
management burden on the health system   

 Epilepsy ( Tate et al., 2005 )
Multiple sclerosis ( Grossman et al., 2007 ) 

Asthma ( Weiss et al., 2006 )
HIV ( Telenti and Goldstein, 2006 )
Hypertension ( Arnett et al., 2006 )   

 The studied drug has a 
narrow therapeutic index 

 The studied drug is 
associated with severe, life-
threatening side-effects 

 Save patients ’  lives and decrease hospitalization 
costs associated with ADRs   

 Warfarin ( Aquilante et al., 2006 )
TPMP ( van den Akker-van Marle et al., 2006 ) 

 Herceptin ( Krejsa et al., 2006 ) 

 The predictive value and 
clinical utility of the studied 
drug are high 

 Develop accurate and useful clinical diagnostic tools  Abacavir ( Warren et al., 2006 )
TPMT ( van den Akker-van Marle et al., 2006 ) 

 Rescue drugs post Phase II 
development 

 Market drugs to patient subpopulations that are 
predicted to benefi t from the treatment, protecting 
potential non- or adverse responders 

 GW320659 ( Spraggs et al., 2005 ) 



    ●      Disease states for which current practice follows a  “ trial-
and-error ”  paradigm due to absence of predictive markers 
of effi cacious and safe treatment regimens often require 
long adjustment periods, thus resulting in months or even 
years of incrementing doses and drug switching until a suc-
cessful course of treatment is identifi ed. Predictive genetic 
tests may assist in reducing this elongated adjustment 
period, resulting in increased compliance rates, and reduc-
tion of side effects, disease management burden and costs.  

    ●      As an integral part of the drug research and development 
process, rescuing formulations effi cacious in subgroups of 
the patient populations, but failing to exhibit overall benefi t 
in the all-inclusive cohort.    

 Noteworthy is the fact that most of the current examples 
in the PGx literature, including those discussed here, investigate 
marketed drugs retrospectively, when the drug and its clinical 
responses are available to be studied by academic investigators. A 
comprehensive review of PGx research along the drug develop-
ment process with examples from discovery through phase III 
trials is presented elsewhere ( Roses et al., 2006 ).  

  PHARMACOGENETIC STUDIES: FROM 
CONCEPT TO PRACTICE 

  The Ultimate Goal: Defi nition of the Key Research 
Question 
 A PGx study aims at identifying genetic determinants associated 
with drug–response features. The latter focus mainly on treat-
ment effi cacy, dosing, and safety. The defi nition of each of these 
elements is not trivial and is tightly dependent upon the spe-
cifi c parameters of a given dataset: the underlying disease and 
relevant clinical follow-up measurements dictate the available 
tests and clinical information that is not only relevant, but also 
obtainable, especially with respect to retrospective data acquisi-
tion. For example, in an investigation of the response to multi-
ple sclerosis, treatment effi cacy may be determined by clinical 
observations evaluated by the Extended Disability Status Scale 
( Kurtzke, 1983 ) (EDSS), reduction in relapse rate, severity of 
relapses, and/or MRI fi ndings estimating T1-weighted hypoin-
tense lesions and central nervous system (CNS) atrophy meas-
ures ( Grossman et al., 2007 ). Even a phenotype as  “ simple ”  as 
dosing may be regarded by various experts in a host of differ-
ent ways. For instance, dosing phenotypes relevant to treatment 
with anti-psychotics for the treatment of schizophrenia are 
often assessed by  “ maintenance dose, ”  which may refl ect halv-
ing the drug dose that was proven effective during the acute 
phase ( Gaszner and Makkos, 2004 ) or a titration regimen start-
ing from minimum doses determined experimentally up to a 
recommended target dose on average ( Perry and Hradek, 2004 ). 
When considering phenotypes of treatment safety recombinant 
protein therapeutics (including supplements to, or blockers 
of, endogenous proteins, immunomodulatory molecules and 
small, highly selective, targeted binding proteins), as opposed to 

small-molecule drugs, introduce an additional dimension requir-
ing consideration of their potential immunogenicity ( Krejsa et 
al., 2006 ). Whatever the case may be, the phenotypes to be tested 
must be determined prior and blinded to acquisition of results 
and are required to be precise, consistent, obtainable in the cur-
rent investigation, reproducible and clinically relevant.  

  Tailor-Design of Your Study by Available Resources 
and Specifi c Goals 
 Researching the genetic determinants underlying a phenotype 
of interest is a task largely pre-defi ned by the specifi c character-
istics of the studied phenomena. The investigator has no control 
over attributes such as phenotype penetrance; frequency of the 
(unknown) causative polymorphism(s); number of involved and 
modifi er genes; genotype relative risk; phenocopy and genocopy 
effects; linkage disequilibrium extent between the typed markers 
and the causative polymorphism(s); and so on. Notwithstanding, 
an array of tools are available at the disposal of the pharmaco-
genetic researcher aimed to better the chances of identifying 
genotype–phenotype associations by sophisticated tailor fi tting 
each individual project ( Figure 15.1   ): 

    ●      collection of a large enough sample size as refl ected by 
power estimations ( Chapman et al., 2003 ;  Kelly et al., 2005 ; 
 Singer et al., 2005 );  

    ●      distinct and precise, yet simple and broad, phenotype 
defi nitions;  

    ●      skilled marker selection (as detailed later); and  
    ●      appropriate choice of study design.     

  Classic Case–Control Study Design 
 The classic most  “ simplistic ”  study design, which is still con-
sidered the basic and fundamental association test pursued in 
genetic literature, is the case-control study. Originally, this analy-
sis was used for testing signifi cant differences in exposure with-
out attempting to quantify the risk associated with exposure: 
 Statistically, do more lung cancer patients have a history of smoking than 
controls?  Rather than  by how many times does smoking increases the 
risk of lung cancer?  Case-control studies contain only group-level 
information and may determine the association between poten-
tial cause and effect on an  individual  basis. In pharmacogenetic 
investigations, cases and controls do not refer to health states or 
existence of drug exposure (affected versus unaffected, treated 
versus untreated), but rather to subpopulations within a source 
population of affected  and  treated individuals: positive responders 
versus non-responders, or patients manifesting ADRs versus safely 
treated individuals. Investigation of quantitative traits (as opposed 
to qualitative traits) is traditionally pursued by linear regression 
methods assuming that the  Y -axis variable is a continuous meas-
urement (e.g., optimized drug doses prescribed to schizophre-
nia patients [ Grossman et al., 2008 ]). In order to avoid bias due 
to confounding effects inherent in the study populations while 
employing qualitative, as well as quantitative, phenotype defi ni-
tions, and so as to allow follow-up replication analysis within 
the total or the  remaining trialed population ( Figure 15.2   ), it is 
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becoming acceptable to employ case–control designs in which 
cases are chosen as patients exhibiting the lowest 5% of a pheno-
type distribution, while controls represent the 95th percentile of 
this distribution. Contrasting these two subgroups in the initial 
analysis enables focusing on the most extreme representations of 
the phenotype of interest with a lenient signifi cance level, accen-
tuating the roles that causative factors (genetic and environmen-
tal) play in exhibition of these phenotype states, and expecting 
most of the fi ndings to refl ect false-positive associations. In the 
second stage, designed to replicate and validate the obtained 
results, individuals represented by the remainder of the distribu-
tion space are split into cases and controls. Analysis can be per-
formed at this level by using a stringent Bonferroni-corrected 
signifi cance level as a  “ replication-based analysis ”  or by combining 

test statistics from both stages and applying signifi cance level 
corrected only for the number of markers tested, titled  “ joint-
analysis ”  ( Skol et al., 2006 ). The above-described alternatives of 
one-stage versus two-stage association study designs are summa-
rized in  Figure 15.2 .  

  Familial Study Design 
 Familial and twin genetic association studies allow refi ned elu-
cidation of genetic associations while inherently correcting for 
environmental effects and risk factors ( Endrenyi et al., 1976 ; 
 O ’ Reilly et al., 1994 ). The task of collecting appropriate related 
cohorts suffering from the same conditions and exposed to 
the same pharmacological agents is often not trivial (although 
has been demonstrated to be helpful in the case of nicotine 
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Figure 15.1    Pharmacogenetic study design alternatives in a simplifi ed case, genotyping a single nucleotide polymorphism in a study 
population. In research settings pharmacogenetic study populations may either be healthy or affected subjects.  A priori  genotyping may 
be used as inclusion criteria and in several models may be used to reduce study population, when equisize groups of genotype carriers 
(aa, aA, and AA) are randomized to treatment and subsequent analysis. In clinical trial settings, individuals are randomized to treat-
ment groups (active drug, parallel dose comparison arms, gold standard comparator drug, and/or placebo) blinded to genotype. Only 
once trial is completed and effi cacy and safety end-points are clinically analyzed does statistical analysis take into account genetic 
underlying effects. Similar approach can be utilized in adaptive trial design for interim analysis. It is expected that some genetic associa-
tions will reach statistical signifi cance at random and thus it is vital to validate any association results in either the replication set within 
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metabolism [ Swan et al., 2004 ] and alcohol exposure [ Heath and 
Martin, 1994 ]). However, implementation of healthy volunteer 
challenge studies (see later) within related cohorts may be highly 
effective ( Kendler et al., 1988 ).  

  Healthy Volunteer Challenge Design 
 Pharmacogenetic investigations, as opposed to disease predis-
position genetic analyses, bear the extraordinary advantage of 
inducing the phenotype of interest in any given individual – 
including in healthy volunteers. In other words, in order to study 
the effects of drug intake in a genetic context, one can either 
investigate affected individuals prescribed the drug in question 

for the therapeutic purpose of controlling their condition (the 
traditional approach) or administer the drug to healthy consent-
ing individuals specifi cally for the purpose of PGx research. This 
unique option allows not only the rapid recruitment of study 
population to be screened for genetic variation but also enables 
specifi c tailoring of the study design to address PGx questions, 
rather than clinical trial end-points. 

 In practice, researchers assess the impact of pre-selected 
polymorphisms on the PGx phenotypes (e.g., effi cacy, safety, 
dosing, and pharmacokinetic properties) of the studied drug, by 
prospective clinical analysis of healthy volunteers chosen con-
ditioned on their genotype profi le. In this manner,  Kirchheiner 
et al. (2004)  identifi ed a total of 25 healthy males carrying one 
of three genotypes of interest ( CYP2D6  ultra, extensive, and 
poor metabolizers) out of more than 1000 healthy volunteers in 
a PGx study of Mitrazapine and clinically challenged this mini-
ature group of interest for clinical measurements. This cohort 
size matched power estimates for detecting at least a 1.5-fold 
effect on drug clearance differences between subgroups. Similar 
designs have been published for a variety of pharmaceutical 
applications and bear a great potential for simplifi cation of PGx 
research in agents with favorable safety profi les.  

  Placebo and Multiple Dosing Cohort Comparisons 
 PGx association studies in general, and those of medications for 
psychiatric and immunological diseases in particular, are charac-
terized by a poor signal-to-noise ratio: approximately one-third 
of the patients enrolled in effi cacy trials may respond to placebo 
treatment. The placebo  “ response ”  in randomized clinical trials 
includes such statistical artifacts as regression to the mean, drift 
in measurement of the response over time, and bias of expecta-
tions by both patients and evaluators, as well as real effects such 
as spontaneous recovery, a tendency to seek treatment outside 
the study, and the response to additional attention and concern 
involved with participating in clinical trials ( Singer et al., 2005 ). 
It has been shown that placebo  “ response ”  strongly affects statis-
tical power of association studies and that employing a placebo-
treated control group in the PGx analysis enables elucidation of 
specifi c drug-induced genetic effects, differentiating these from 
confounding effects related to underlying disease progression 
and severity ( Grossman et al., 2007 ). Similarly, employment of 
trial arms administering different drug doses may shed light on 
the genetic underlying mechanisms and their magnitude ( Risner 
et al., 2006 ).   

  MARKER SELECTION – STRATEGY 
AND APPLICATION 

  Candidate Genes Strategy Versus Whole-Genome 
Scans 
 A comprehensive search for genetic infl uences on drug response 
would involve examining all genetic differences in a large 
number of affected individuals and controls. This will eventually 
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Figure 15.2   One-stage versus two-stage case–control genetic 
association analyses. The phenotype of interest in pharma-
cogenetic studies can be categorized as either continuous or 
dichotomous. When occurrence of adverse drug reactions is 
analyzed, the natural statistical model calls for a case-control 
design. However, effi cacy end-points tend to display a continu-
ous distribution, such as measurements of biomarker blood 
levels. A two-stage design would split the study population into 
(Stage I) a case–control analysis contrasting the 5% extremi-
ties of the Normalized distribution; thereafter (Stage II) would 
employ a replication-based analysis of the remaining 90% of the 
distribution with adjusted requirements for signifi cance level. A 
joint analysis will then ensue, combining test statistics from both 
stages at a corrected signifi cance level ( Skol et al., 2006 ). ADR, 
adverse drug reaction;   �  , study false-positive rate (type I error 
rate);  M , number of genotyped markers;   �   markers , the proportion 
of markers found to be associated in Stage I and followed up in 
Stage II.   
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(and probably not too far ahead) be achievable by complete 
genome re-sequencing. However, current practice is limited 
to a systematical test of common genetic variants (those with 
2–5% minor allele frequency [MAF] and higher). These vari-
ants explain most of the genetic diversity in human populations 
and may be sampled taking advantage of the genetic property 
termed linkage disequilibrium (LD) (see also Chapter 4). LD 
refl ects shared ancestry of contemporary chromosomes, meas-
uring the degree of non-random co-occurrence of two (or 
more) polymorphic sites along a stretch of genomic sequence. 
Polymorphisms showing a high degree of LD may be consid-
ered redundant, eliminating the necessity to type all SNPs in 
this correlated group. It suffi ces to genotype a representative 
SNP and virtually represent the entire variation captured by the 
whole group, given the LD threshold imposed on the model. 

 Traditionally, studies of common traits have been studied by 
two different strategies: family-based linkage studies across the 
entire genome and population-based association studies of indi-
vidual candidate genes (usually only a handful). Although there 
have been notable successes, progress has been slow due to the 
inherent limitations of both methods: linkage analysis has low 
power except when a single locus explains a substantial fraction 
of disease, and association studies of one or a few candidate genes 
examine only a small fraction of the  “ universe ”  of sequence vari-
ation in each patient. Progress in technology and the develop-
ment of sophisticated statistical tools have paved the way toward 
the application of Whole Genome Association Studies (WGAS) 
in a population-based cohort (see Chapter 4). This progress 
makes it possible to study the full scope of possible genetic deter-
minants involved with phenotypes of drug response in a hypoth-
esis-free fashion (i.e., unbiased approach). However, the quest for 
the Holy Grail, that is, the identifi cation of causal polymorphisms 
underlining the phenotype of interest, remains a key unanswered 
question even when interrogating the entire genome. 

 While many approaches have been suggested in the litera-
ture as to how to decipher between true associations and false-
positive results, no consensus is likely to be established in the 
next few years (for recommendations on replication design in 
large-scale association studies see the  NCI-NHGRI Working 
Group on Replication in Association Studies [2007] ). Expert 
genetic, biological, and pharmaceutical skills will be needed to 
establish a prioritization scheme by which result interpreta-
tion will refl ect not only statistical plausibility but also scien-
tifi c rationale. Independent comparative studies will eventually 
give rise to the most successful strategies that should be pur-
sued. Hence, the strategy of choice for years to come will pro-
gressively rely on a single universal tagging set that will be used 
in all whole-genome association studies. This would not only 
ensure comparability for replication efforts within complex traits 
but also allow direct comparison of the role of the same vari-
ants as risk factors for different conditions. Led by this vision, 
The National Center for Biotechnology Information (NCBI) is 
currently managing the submission, storage, and access for clini-
cal phenotype measures and associated whole-genome genotype 
data for several different programs, making this data as widely 

available to the research community as possible while protecting 
the privacy of the participants as defi ned by consent agreements 
for individual projects. 

 Application of whole-genome scans for PGx phenotypes is 
currently being undertaken by various academic and pharma-
ceutical researchers. One pioneering example depicts a WGAS 
investigating drug-induced liver injury ADRs and represents 
the incorporation of PGx in pharmaceutical R & D ( Kindmark 
et al., 2007 ).   

  Pharmacokinetics- Versus Pharmacodynamics-Based 
Gene Selection 
 Once administered, a drug goes through a series of interactions in 
the body that are responsible not only for the therapeutic effect 
conveyed by this agent, but also for side effects and bystander 
alterations to other compounds processed in conjunction. As a 
whole, all interactions related to modifi cations acted upon the 
drug by the host body are termed  “ drug pharmacokinetics ”  and 
include all aspects of drug absorption, distribution, metabolism, 
and elimination (ADME). The most prominently studied mol-
ecule group within the sphere of pharmacokinetics has indisput-
ably been drug-metabolizing enzymes (DMEs). These enzymes 
exist in every eukaryotic cell and in most, if not all, prokaryotes 
and are thought to have evolved in humans to neutralize xeno-
toxins and/or to control concentrations of signaling molecules in 
endogenous pathways ( Nebert and Dieter, 2000 ). The fact that 
modern drugs have been introduced to the  in vivo  environment 
very recently in evolution uniquely excludes selection forces 
from having impacted the functional genetic properties of DMEs, 
thus potentially permitting whopping effects on drug-response 
phenotypes ( Nebert and Dieter, 2000 ). In the early years of PGx 
research and up until very recently, genes encoding pharmacoki-
netic properties of drugs have been the focus of research (for a 
comprehensive table of drug–drug interactions based on cyto-
chrome P450 enzymatic activity see [ Flockhart, 2007 ]). This has 
been due to the scientifi c expectation of marked clinical effects 
underlined by diminished or absent capacity of the body to 
obliterate drugs or transform prodrugs into active compounds, 
but also due to the pragmatic constraint posed by considerable 
gaps in our understanding of, and technological methods for, 
investigating genes encoding drug pharmacodynamic features. 
Pharmacodynamics relates to any modifi cations acted upon the 
host body by the drug, that is, drug targets (receptors or enzymes) 
and their downstream signal pathways. 

 With the advent of the Human Genome Project, the 
HapMap project (see below) and incredible progress in genotyping 
techniques and costs, it is currently feasible to interrogate known 
functional, as well functionally as-yet-unknown, genetic vari-
ants in pharmacodynamic candidate genes. It is now becoming 
increasingly evident that polymorphisms within genes involved 
in the pharmacodynamic properties of drugs may in fact be 
more important and clinically relevant than variants of ADME 
genes for non-Mendelian drug-response phenotypes. Examples 
supporting this notion include reports on the relative contribu-
tion of variants in the  VKORC1  and  CYP2C9  genes to warfarin 



response ( Aquilante et al., 2006 );  SCN1A  and  CYP2C9  to 
phenytoin response ( Tate et al., 2005 ); and  5-HTR 2A   and 
 CYP2D6  to paroxetine response ( Murphy et al., 2003 ).  

  Pathway-Based Analyses and Search for 
Epistatic Associations 
 Advances in haplotype tagging strategies have made it possible to 
represent variation in entire pathways relevant to drug response 
economically. The focus in pathway-based PGx investigation is 
further facilitated by the accumulation of knowledge regarding 
pathways relevant to drug response ( e.g. PharmGKB Pathways ). 
Although promising, pathway-based analyses face considerable 
challenges. Most fundamentally, the huge number of tests con-
ducted when analyzing large SNP datasets, multiple phenotype 
defi nitions, and application of a diverse spectrum of parametric 
and non-parametric statistical methodologies pose considerable 
barriers on power, statistical design, and interpretation. Increasing 
the population sample size, applying permutation-based multi-
ple correction methods, and seeking independent replication are 
obvious solutions dealing with these diffi culties. A further com-
plication is that all components of all pathways that a drug acts on 
are rarely understood completely ( Need et al., 2005 ). 

 As PGx investigations rapidly progress toward a pathway-
centered approach, considering dozens and hundreds of genes 
in each instance, or assigning prior probability scores of whole-
genome scans founded on the biological processes involved 
with a given drug ’ s PGx, it is progressively evident that research 
should embrace methods that take into account possible inter-
actions between genetic variants along a pathway of interest. It 
is very likely that, for instance, genetic-based conformational 
changes brought forth in one molecule along a drug-related 
pathway will require complementary structural, quantitative, or 
functional changes in a downstream (or upstream) molecule to 
produce a detectable sum total effect on phenotype measure-
ments. This genetic interaction is termed  “ epistasis ”  and it is yet 
unclear how best, computationally and statistically, to surmount 
the complexity arising from the combinatorial magnitude of 
all the possible interactions involved within a pathway. Moreover, 
the high dimensionality of the resulting analysis overwhelms 
traditional analysis methods, a problem exponentially prohibi-
tive for large candidate gene studies and whole-genome inves-
tigations. The Multifactor Dimensionality Reduction (MDR) 
approach ( Wilke et al., 2005 ) has been suggested as one poten-
tial solution for this problem, although sophisticated analytical 
approaches capable of modeling high order interactions and 
sizable datasets will have to be developed in order to handle 
genome-wide and large-scale candidate gene studies. 

 Gene-expression and proteomic profi ling may in the future 
provide additional knowledge and complementary diagnostics 
associated with pathways relevant to drug response, although at 
this time it is diffi cult to differentiate incidental differences in 
expression levels from those that are causally relevant to drug 
response ( Need et al., 2005 ). In conclusion, thanks to techno-
logical and computational advances, it is no longer justifi able 
to look at the effects of single genes in isolation, but rather 

incorporate the milieu of potential effects more comprehen-
sively describing the sum total of a studied phenotype.  

  HapMap – A Public Resource for Marker Selection 
 The International HapMap Project was launched in October 
2002 to create a public, genome-wide database of common 
human sequence variation, providing information needed as a 
guide to genetic studies of clinical phenotypes ( The International 
HapMap Project, 2003 ). Four different ethnic populations were 
systematically genotyped for each SNP variant as follows: (i) 
90 individuals (30 parent–offspring trios) from Yoruba, Ibadan, 
Nigeria; (ii) 90 individuals (30 trios) from Utah, USA (the 
Centre d ’ Etude du Polymorphisme Humain collection); (iii) 45 
non-related Han Chinese from Beijing, China; and (iv) 44 non-
related Japanese from Tokyo, Japan. 

 The HapMap project set out to describe patterns of associa-
tion between typed polymorphisms (LD) in the above-described 
four population samples in order to identify a minimum set of 
SNPs ( “ tagging SNPs ” ) suffi cient to represent all common vari-
ants in the human genome. A publicly available software for tag-
ging has been incorporated into the HapMap website (description 
and a more detailed version are available in  de Bakker et al. [2005] ), 
enabling any given user to select a desirable set of tag SNPs based 
on a variety of criteria (such as population ethnicity, force inclusion 
of SNPs with known functional effects or which have previously 
been described in the literature, and so on). The chief criterion for 
tagging capacity employed is the  r  2  threshold. This is a study-inde-
pendent measure of SNP utility that has become a leading standard 
for evaluating performance of marker sets. It represents the correla-
tion coeffi cient between any observed marker and a putative causal 
allele, refl ecting the expected drop in non-centrality of an associa-
tion test statistic under specifi ed conditions ( Pe ’ er et al., 2006 ). It is 
customary to enforce a minimum pair-wise  r  2  threshold of 0.7–0.8. 

 Analyses increasingly attest to the remarkable performance 
of tagging ( Conrad et al., 2006 ;  de Bakker et al., 2006 ), indicat-
ing that the HapMap samples provide an appropriate resource for 
selecting globally useful tags (although African populations remain 
partially unrepresented by tagging approaches due to their high 
diversity). Thanks to the fact that all phases of the HapMap data-
base have been publicly available ever since the projects ’  inception, 
both commercial companies and academic laboratories routinely 
implement HapMap data in their drug research and development 
programs. In the realm of pharmacogenetics, for instance, elucida-
tion of differential response to, and dosing of, warfarin anti-coag-
ulation treatment as governed by  VKORC1  was performed using 
the HapMap data ( Rieder et al., 2005 ). Another example, specifi -
cally designed to examine the capacity of HapMap tools to dis-
cover and validate PGx phenotypes, was recently published ( Jones 
et al., 2007 ). In this study, HapMap SNPs in the thiopurine meth-
yltransferase ( TPMT ) gene region (tags) were tested for association 
with cell line absolute levels of TPMT activity. It was expected 
that a variant of biochemically and clinically validated relevance 
to thiopurine plasma levels and induced toxicity will rank as most 
signifi cantly associated in all analyses. Indeed, this SNP and others 
in high LD with it tested positively, out of a total of 66 HapMap 
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SNPs in the  TPMT  gene region. However, an agnostic genome-
wide approach to assess genomic predictors of TPMT phenotype 
in this dataset ranked  TPMT  haplotypes at 97th place out of the 
17,542 genes tested. The latter result demonstrates that whole-
genome tagging approaches are useful screening tools for the 
highest few percent of associated genes; nonetheless, ultimately 
biology, biochemistry, and clinical expertise are required to deci-
pher true associations from false-positives.  

  Validation of Association Results 
 Any results detected in  “ fi rst stage ”  genetic analyses require further 
validation. This is usually accomplished by two lines of investiga-
tion: functional analysis and replication studies. Functional studies 
are aimed at revealing direct causality between the reported genetic 
variant and measurable functional modifi cations elicited in the 
encoded molecule by employing animal models (e.g., knockout 
mice) or  in vitro  investigations. Replication studies are performed 
in independent patient populations mimicking as closely as possible 
the study design settings and testing only the top priority fraction 
of SNP associations detected in the fi rst stage. Replication analy-
sis serves not only for confi rmation of true association between a 
genetic marker and a phenotype of interest, but it is also a means 
for better assessing the true magnitude of the detected effect, as fi rst 
publications tend to report infl ated effects due to the phenomenon 
termed  “ the winner ’ s curse ”  ( Ioannidis et al., 2001 ). 

 Prospective pharmacogenetic analyses compromise an 
important step toward the validation of genetic markers as pre-
dictors of clinical management in  “ real-life ”  settings ( Grossman, 
2007 ). Although few such studies have been conducted thus 
far, it is becoming generally accepted that prospective analyses 
comprise necessary and integral evidence of the potential util-
ity of genetic tests in routine health care management. Initiatives 
already prospectively monitoring patients for PGx outcomes 
include several studies aimed at analysis of cost-effectiveness 
of  HLA-B*5701  genotyping in abacavir-treated HIV-positive 
patients prone to suffer from hypersensitivity reaction ( Hughes 
et al., 2004, 2007 ;  Rauch et al., 2006 ;  Zucman et al., 2007 ); a 
genotype-guided clinical cancer trial for management of rectal 
cancer by irinotecan therapy based on analysis of a polymor-
phic tandem repeat in the 5 � -untranslated region of the  TYMS  
enhancer region, resulting in 2–9 copies of a 28-bp repeated 
sequence ( McLeod et al., 2005 ); and genotype-guided dosing 
analyses of warfarin therapy ( Hillman et al., 2005 ).   

  FROM BENCH TO BEDSIDE: 
INTEGRATION OF 
PHARMACOGENETIC TESTING INTO 
CLINICAL PRACTICE 

  Analytic Assessment of Pharmacogenetic Tests and 
Their Utility in Clinical Practice 
 Demonstration of unambiguous association between genotype(s) 
and drug-response features in controlled retrospective datasets, 

albeit promising, does not guarantee the usefulness of routine 
genetic testing for the clinical decision-making process in the 
daily clinical environment. A whole host of factors need to be 
further assessed in order to predict and determine the cost-
effectiveness and practical utility of a pharmacogenetic diagnos-
tic test. This evaluation should follow recommendations such as 
those devised by the Centers for Disease Control ( CDC, 2006 ), 
including four components: Analytic Validity; Clinical Validity; 
Clinical Utility; and Ethical, Legal, and Social implications. Each 
of these components focuses on a different aspect of test per-
formance and applicability in real-life settings, starting at the 
laboratory performing the test, through clinical studies proving 
its benefi ts, to more subjective evaluation of managed care bur-
den associated with introduction of the test to routine practice 
and reimbursement frameworks. Each of these components can 
be empirically measured to refl ect high validity and clear utility 
standards: 

  1.      Analytic validity  of a genetic test defi nes its ability to accurately 
and reliably measure the genotype of interest. Empirically, 
analytic validity includes  analytic sensitivity  (or the analytic 
detection rate,  � number of polymorphism carriers detected 
by the test divided by the total number of polymorphism 
carriers in the population);  analytic specifi city  ( � number of 
normal genotype carriers detected by the test divided by 
the total number of individuals who do not carry the poly-
morphism);  laboratory quality control  (including measurements 
such as inter- and intra-assay variability, repeatability, and so 
on); and  assay robustness  (measuring how resistant the assay 
is to changes in pre-analytic and analytic variables, such as 
inter-laboratory variability, DNA extraction methodology, 
and so on).  

  2.      Clinical validity  of a genetic test defi nes its ability to detect 
or predict the associated phenotype. Empirically, clini-
cal validity includes  clinical sensitivity  (or the clinical detec-
tion rate,  � the proportion of individuals who have a 
well-defi ned clinical phenotype and whose test values are 
positive);  clinical specifi city  ( � the proportion of individu-
als who do not have the well-defi ned clinical phenotype 
and whose test results are negative);  prevalence of the specifi c 
phenotype  ( � the proportion of individuals in the selected 
setting who have, or who will develop, the phenotype);  pos-
itive predictive value  ( � the proportion of individuals with a 
positive test result who have, or will develop, an unwanted 
response when the drug is administered, PPV);  negative pre-
dictive value  ( � the proportion of individuals with a nega-
tive test result who will not have, or will not develop, an 
unwanted response when the drug is administered, NPV); 
 penetrance  (the frequency, under given environmental condi-
tions, with which a specifi c phenotype is expressed by those 
individuals with a positive test result); and  modifi ers  (genetic 
or environmental).  

  3.      Clinical utility  of a genetic test defi nes the elements that need 
to be considered when evaluating the risks and benefi ts



associated with its introduction into routine practice. Empi-
rically, clinical utility includes  administration settings recom-
mendations  (such as optimal time line for administration of 
the test, either prior to treatment initiation, during the fi rst 
phase of dosing adjustments, or else);  availability and effective-
ness of counter-interventions ;  quality assurance  (procedures in 
place for controlling pre-analytic, analytic, and post-analytic 
factors that could infl uence the risks and benefi ts of test-
ing);  pilot trials  (assessing the performance of testing under 
real-world conditions, where inclusion criteria allow for 
individuals to experience co-morbidities, take concomitant 
medications, and so on);  health risks  (adverse consequences 
of testing or interventions in individuals with either posi-
tive or negative test results);  economic evaluation  (fi nancial 
costs and benefi ts of testing);  facilities  (assess the capacity of 
existing resources to manage all aspects of the service);  edu-
cation  (quality and availability of informational materials and 
expertise for all aspects of a screening service); and  monitor-
ing  (assess a program ’ s ability to maintain surveillance over 
its activities and make adjustments).  

  4.      Ethical, legal, and social implications  surrounding a genetic test 
represent the safeguards and impediments that should be 
considered in the context of all the other components.     

  FDA Regulation Policy and Its Impact on PGx Testing 
Application in Real-Life Health Care 
 The FDA has recognized the importance of PGx and encourages 
its use in drug development. Recognizing that the clinical com-
ponent of the overall cost of successful new drug development 
is  ~ 58% of total costs ( DiMasi et al., 2003 ) and that  ~ 50% of 
Phase III trials fail, the FDA is promoting identifi cation of PGx 
biomarkers at early drug development stages that would predict 
which drugs are likely to either fail or succeed in Phase III tri-
als. This approach is refl ected in the FDA ’ s 2004 white paper 
( FDA, 2004a ), which identifi es PGx as a key opportunity for the 
Critical Path. In addition, the FDA believes that there is value in 
applying long-established PGx testing to older, marketed drugs 
in the post-marketing period to improve their risk/benefi t ratio 
by optimizing or individualizing dosing ( Lesko and Woodcock, 
2004 ). While multiple enthusiastic statements supporting the 
incorporation of PGx analysis to both new drug develop-
ment and monitoring of marketed drugs have been made by 
FDA offi cials ( Frueh et al., 2005 ;  Lesko and Woodcock, 2002, 
2004 ), there has not been a proactive regulatory action enforc-
ing genomic data submission. In fact, ever since the publication 
of  Guidance for Industry: Pharmacogenomic Data Submissions  in 
2004 ( FDA, 2004b ), relatively few drug labels have been updated 
to include recommendation for PGx testing ( Table 15.2   ). The 
current policy refrains from enforcement of submissions, while 
promoting Voluntary Genomic Data Submission (VGDS). It is 
remarkable to note that despite the non-compulsory nature of 
this guiding principle, VGDS submissions are rapidly amassing 
and were fi led for over 30 different compounds in the fi rst year, 
exhibiting a growth trend going forward ( Frueh, 2006 ).   

  EXAMPLES OF PG x  TESTS: 
PROMISING NEW DEVELOPMENTS 
AND MARKETED PRODUCTS 

  Warfarin 
 Perhaps the best example of a successful pharmacogenetic asso-
ciation, for which the clinical relevance is clear, features man-
agement of treatment with the oral anti-coagulant warfarin, 
Warfarin, a derivative of coumarin, is prescribed for the long-
term treatment and prevention of thromboembolic events, 
with more than 21 million prescriptions annually in the United 
States alone ( Rieder et al., 2005 ). However, due to the drug ’ s 
narrow therapeutic index, a variety of complications are associ-
ated with its treatment, even after dose adjustment according to 
age, sex, weight, disease state, diet, and concomitant medications. 
Investigation of pharmacokinetic and pharmacodynamic drug 
properties indicated the additive involvement of two genes in 
determination of warfarin maintenance dose. The fi rst gene to 
be identifi ed encodes CYP2C9, which is responsible for most 
of the metabolic clearance ( ~ 80%) of the more pharmacologi-
cally potent  S -enantiomer of warfarin ( Rettie et al., 1992 ). Both 
 CYP2C9 * 2  and   * 3  cause a reduction in  S -warfarin clearance, 
with 10-fold variation seen from the genotype linked with 
the highest ( CYP2C9 * 1/ * 1 ) to lowest ( CYP2C9 * 3/ * 3 ) activ-
ity. Numerous studies have associated these genotypes with ini-
tial dose sensitivity, delayed stabilization of maintenance dose, 
delays in hospital discharge, and increased bleeding complica-
tions ( Gardiner and Begg, 2006 ). However, it is estimated that 
 CYP2C9  variants account for only 10–20% of the total varia-
tion in warfarin dose, with additional genetic and environmental 
factors playing larger roles in dose determination. The second 
gene identifi ed as a predictor of dosing encodes the vitamin K 
epoxide reductase complex protein 1 (VKORC1), targeted by 
warfarin. Consideration of the  VKORC1  genotype or haplo-
type, together with the  CYP2C9  genotype, and factors such as 
age and body size are estimated to account for 35–60% of the 
variability in warfarin dosing requirements. 

 Despite the fact that these data have been reproduced by 
multiple independent groups, it remains to be tested in large, 
prospective, clinical studies whether initial dose may be tailored 
to patients by  CYP2C9  and  VKORC1  genotyping, coupled 
with known clinical variables. While these studies are cur-
rently under way, the clinical pharmacology advisory panel to 
the FDA acknowledged (November 2005) the importance and 
potential for genotyping of  CYP2C9  and  VKORC1  during the 
early phase of warfarin therapy, and the drug label was amended 
accordingly in August 2007. A month later, the FDA cleared 
for marketing the Nanosphere Verigene Warfarin Metabolism 
Nucleic Acid Test to aid physicians manage warfarin therapy.  

  Trastuzumab 
 Trastuzumab therapy for the treatment of breast cancer (involv-
ing a monoclonal antibody specifi cally targeting HER2/ neu  
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 T A B L E  1 5 . 2          FDA valid pharmacogenetic biomarkers – associated dosage guidelines in drug labels and availability of approved genetic tests (Summer, 2007)  

 Drug [# drugs 
with similar 
label references] 

 Gene ( variant )  Gene function/
signifi cance 

 Dosage guidelines  Label section  PGx test?  FDA-approved test 
available? 

 Voriconazole [6]  CYP2C19 ( poor 
metabolizers ) 

 Major 
metabolizer 

 1. Contraindicated concomitantly 
with CYP450 inducers; 
2. Increased maintenance dose 
regimen outlined for Phenytoin; 
3. No adjustments a  for oral 
contraceptives inhibiting CYP2C19 
or HIV protease inhibitors that 
inhibit CYP3A4; 
4. Reduce Cyclosporine and 
Omeprazole by half; 
5. Reduce Tacrolimus to one third 

 Clinical pharmacology; Drug 
Interactions; 

 No  AmpliChip/Roche 

 Celecoxib [1]  CYP2C9 ( poor 
metabolizers ) 

 Major 
metabolizer 

 No  Clinical pharmacology; Drug 
interactions; 

 No  No 

 Atomoxetine [17]  CYP2D6 ( poor 
metabolizers ) 

 Major 
metabolizer 

 Specifi c regimen suggested 
when strong CYP2D6 inhibitor 
co-administered 

 Clinical pharmacology; 
Drug interactions; CYP2D6 
metabolism; General dosing 
information 

 No  AmpliChip®/Roche® 

 Capecitabine [2]  DPD ( defi ciency )  Rate-limiting 
metabolizer 

 Contraindicated  Contraindications; Clinical 
pharmacology; Precautions 

 No  No 

 Rusburicase [3]  G6PD ( defi ciency )  Severe 
hemolysis 
caused by 
hydrogen 
peroxide 
by-product 

 Contraindicated  Boxed warning; 
Contraindications; Warnings 

 Recommended  No 

 Rifampin, 
isoniazid, and 
pyrazinamide [1] 

 NAT ( slow 
acetylator ) 

 Isoniazid major 
metabolizer 

 No  Clinical pharmacology; Adverse 
reactions; Drug interactions 

 No  No 

 Azathioprine [2]  TPMT ( *2, *3A 
and *3C ) 

 Metabolizer  Recommended altered regimen, but 
not specifi ed 

 Warnings; Lab tests; Dosage 
and administrations; Drug 
interactions 

 Recommended  No 

 Irinotecan  UGT1A1 ( *28 )  Conjugation 
of active 
metabolite 

 Consider reduction of dose in 
homozygotes 

 Clinical pharmacology; Warnings; 
Dosage and administration 

 No  Invader assay/Third 
Wave 

  This table is adopted from  Grossman (2007 ). Details in this table are derived from package inserts of the listed drugs and the table of valid genomic biomarkers in the context of approved 
drug labels  http://www.fda.gov/cder/genomics/genomic_biomarkers_table.htm .
   Note  – A drug label change was introduced in August 2007  VKORC1  (in addition to  CYP2C9 ) genotyping in patients requiring warfarin therapy. An accompanying genetic test (Nanosphere 
Verigene Warfarin Metabolism Nucleic Acid Test) was FDA-approved in late September 2007.  

  a   Most adjustments relate to CYP3A4 drug–drug interactions, although it is a minor metabolizer of  Voriconazole.  



over-expressing tumors) is not only an example of a protein 
therapeutic for which an obligatory biomarker assay has been 
issued, but it is also an example of the utilization of PGx 
research for drug rescue: trastuzumab is marketed solely for the 
subset of patients ( ~ 10–25%) who over-express HER2/ neu , pro-
viding care to eligible patients and returning the investment to 
the developing manufacturer. Interestingly enough, although in 
practice the obligatory biomarker assay has been set to measure 
protein over-expression by immunohistochemistry, studies have 
shown stronger association when patient subsets were deter-
mined by fl uorescence  in situ  hybridization, refl ecting gene copy 
number ( Krejsa et al., 2006 ).  

  6-Mercaptopurine 
 In 1953, the drug 6-mercaptopurine (6-MP) was marketed in 
the United States for the treatment of leukemia. Despite great 
expectations in the medical world, about 20 years ago fatal tox-
icity was discovered in 0.3% of treated children. A similar sce-
nario was repeated for azathioprine marketed in 1968. It was 
later discovered that polymorphisms within the  TPMT  gene 
underlie the large inter-individual differences in the enzyme ’ s 
activity, leading to a high risk of thiopurine-induced toxicity in 
homozygotes for the defective alleles, and inadequate therapeu-
tic effi cacy in patients with high activity TPMT. Tests for TPMT 
activity (genotype, enzyme activity, and metabolite screening) 
are available in the United States and throughout Europe; how-
ever, clinical implementation of these tests is very low. This is 
contrary to expectations based on cost-effectiveness analysis of 
TPMT testing in children with acute lymphocytic leukemia 
(ALL) showing high savings per life-year ( Zika et al., 2006 ). 
Current clinical practice for the management of leukemia via 
thiopurine medications dictates careful monitoring of white 
blood cell counts and clinical outcomes in a fashion that negates 
the necessity of incorporating the genetic test for prevention of 
serious adverse events. It is expected, however, that as genetic 
tests become generally accepted for a variety of conditions, it 
will become progressively acceptable both by physicians and 
health systems, as well as by the general public, to use  TPMT  
genetic tests as prognostic tools.  

  AmpliChip 
 The fi rst microarray-based gene-chip, approved both in 
the United States and EU, was released to the market by 
F. Hoffmann-La Roche Ltd (Switzerland) in 2003 as the 
AmpliChip CYP450 ® . The product was designed to identify 
key genetic polymorphisms in two CYP450 genes,  CYP2D6  
and  CYP2C19 , the products of which are cumulatively respon-
sible for much of the fi rst pass metabolism of many pharmaceu-
tical compounds. As highlighted by insurance companies who 
refuse to cover the costs ($600–$1300), the test has not been 
clearly demonstrated to convey clinical utility and suffi cient 
cost-effectiveness ( Grossman et al., 2008 ;  Thakur et al., 2007 ) 
and is deemed  “ experimental, investigational or unproven. ”  The 
regulatory agencies cleared this test based solely on analytical 
performance and validity information, but indicated its utility 

specifi cally for clinical application. Thus clinicians, as well as 
patients, were misled to expect fi rm impact on clinical decision-
making guidelines. Until unambiguous evidence proves the clin-
ical use of this and other genetic tests, caution is advised in their 
interpretation and application in health care management.   

  FUTURE DEVELOPMENTS REQUIRED 
FOR THE FIELD TO FULLY MEET ITS 
EXPECTATIONS 
  Table 15.3    summarizes steps still needed for PGx testing 
to materialize into practical tools used in clinical decision-
making. First, in order to capture the entirety of processes 
involved in, and affected by, any given drug, both  in vivo  and in 
interaction with environmental factors, open communications 
between researchers, practitioners, regulatory agencies, and phar-
maceutical industries must be established. Launching PGx edu-
cational programs within the academic curriculum will facilitate 
acceptance of genetic testing both by health care providers and 
by the general public. 

 Next, facilitated by the latter, large prospective studies must 
be conducted in order to truly evaluate the utility of genetic 
tests for specifi c indications in  “ real-life ”  clinical setting. Tailoring 
the research to specifi cally target PGx-based end-points, rather 
than adopting and artifi cially manipulating retrospective meas-
urements from treatment effi cacy clinical trials, will assist in elu-
cidating  “ true ”  PGx effects. In this fashion, employing placebo, 
control, and multiple dosing treatment groups may act as means 
for detection of specifi c drug-induced genetic mechanisms. 

 As research progresses and technology develops the need 
for investigation of gene–gene and gene–environment effects 
in a computationally reasonable manner will become more 
and more pressing. Such lines of investigation will require large, 
often combined, datasets, necessitating the standardization of 
phenotype defi nitions by the research community. 

 Lastly, incorporation of genetic testing in clinical prac-
tice will only become possible if regulatory and funding agen-
cies acknowledge its potential and promote its development by 
changing their policy. PGx is a fi eld uniquely attractive to both 
academic medical centers and the pharmaceutical and biotech-
nological industries. As such, governmental agencies, such as the 
US FDA and the European Medicines Agency (EMEA), regulate 
the development, marketing, and clinical applications associated 
with maturation of research advances. In order for PGx to wholly 
fulfi ll its potential and expectations a structured framework of 
incentives, priorities, and policies must be devised that would pro-
mote allocation of resources by each of the concerned parties. A 
potential solution to improve surveillance might be sampling and 
privacy-protected DNA banking from the fi rst 250,000 patients 
treated with a newly marketed drug, or a similar risk-manage-
ment system coordinated with regulatory agencies ( Roses, 2004 ). 

 The most pronounced defi ciency identifi ed in PGx research 
relates to the need to improve drug safety and effi cacy profi les of 
generic, off-patent drugs. In this aspect it is important to mention 
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that withdrawn medications lose their patent protection, and 
thus commercially driven pharmaceutical companies lose inter-
est in rescuing these formulations by conducting safety PGx 
experiments. To date, it has yet to be demonstrated whether 
PGx would be cost-effective in resurrecting failed marketed 

drugs ( Shah, 2006 ), but thorough investigations have yet to be 
conducted. Only controlled incentives, calling for prolongation 
of patent protection terms and similar motivations, will drive 
the pharmaceutical industry to invest the considerable costs and 
resources required.  

 T A B L E  1 5 . 3         Steps required for PGx to fully meet its potential as  “ the right drug for the right patient ”   

 Future challenges 

      ●       Integrative approach: Cross-talk between geneticists, statisticians, pharmacologists, molecular biologists, physicians, regulatory 
agencies, and pharmaceutical companies.  

    ●      Education programs should be incorporated into the academic curriculum.  
    ●       Prospective studies have to be conducted to evaluate the potential predictive power and clinical utility of PGx testing in clinical 

settings. Possibly employ placebo and control treatment groups in analysis to elucidate specifi c drug-induced genetic effects.  
    ●      Focus on gene–gene interactions and the net genetic effect.  
    ●      Integrate environmental effects and gene – environment interactions into the statistical models.  
    ●      Standardize unequivocal and reproducible phenotype defi nitions.  
    ●      Genetics will get more and more acceptable as a tool for clinical practice as policy will catch up with scientifi c developments.  
    ●       Surveillance of ADRs in the post-marketing phase through risk-management systems coordinated by both manufacturers and 

regulatory agencies.  
    ●       Establishment of incentive structure for the industry to improve drug safety and effi cacy beyond the terms of current patent 

protection.    

2009 UPDATE
The last year has witnessed much progress in the fi eld of PGx, 
with many publications and several regulatory changes that 
promote the overall usefulness and signifi cance of PGx to clin-
ical management and novel drug discovery and development.

Most of the published work has been focused on mar-
keted drugs as conducted by various independent groups, 
collectively contributing both to the elucidation of PGx path-
ways and biological etiology, as well as the demonstration of 
clinical utility and economic cost-effectiveness. Examples that 
have already impacted the usage of drugs by drug label updates 
include carbamazepine, for which serious dermatological 
reactions have been highly associated with carriage of HLA-
B*1502 in subjects with ancestry from South, East, and South-
East Asia; abacavir, for which hypersensitivity reaction has been 
highly associated with carriage of HLA-B*5701; and warfarin, 
for which dosing adjustment has been associated with variants 
in both CYP2C9 and VKORC1. Cleared genetic diagnostics 
are available for all of the above, but in the case of warfarin, 
health outcomes and prospective genotype-guided and cost-
effectiveness studies are only now being carried out to defi ne 
the exact dosing adjustment algorithms that should guide 
healthcare providers in the management of patients.

Another important advance in the fi eld was the adop-
tion of PGx testing as clinical guidelines for the management 
of colorectal cancer with erbitux and vectibix. The National 
Comprehensive Cancer Network updated its colorectal cancer 

guidelines last year to include KRAS testing. More recently, 
the American Society of Clinical Oncology (ASCO) also rec-
ommended that patients test their tumors for KRAS gene sta-
tus before treatment with Erbitux or Vectibix. It is expected 
that the US FDA will relabel these drugs in accordance soon.

Other published data have yet to reach regulatory dis-
cussion and decision-making, but have generated signifi cant 
evidence on clinical impact that would clearly affect future 
treatment regulation. The fi rst such example relates to a whole-
genome association study (WGAS) conducted in statin-treated 
patients that identifi ed risk variants in the SLCO1B1 gene 
and strong association with an increased risk of statin-induced 
myopathy (Link et al., 2008). The authors studied two sets of 
patients and control groups from large trials, where the training 
set was derived from about 1200 subject study (80 mg simvas-
tatin once daily), and tested in patients derived from a 20,000 
subject trial (40 mg simvastatin daily). This genome-wide 
study illustrated the power of hypothesis-free analyses in the 
context of rare, yet severe ADRs with strong genetic etiology. 
SLCO1B1 encodes the organic anion-transporting polypep-
tide OATP1B1, which mediates the hepatic uptake of most 
statins and their acids. Candidate gene studies reported in the 
last few years have shown the involvement of genetic markers 
in this gene with various drug response phenotypes associated 
with both the safety and effi cacy of several statins. A similar 
paper that speaks to the utility of WGAS studies in the context 



of severe ADR investigations was published last year (Nelson 
et al., 2008). It is therefore clear that lessons learned from dis-
ease susceptibility WGAS would be applicable to implementa-
tions of PGx (McCarthy et al., 2008).

Another example that illustrates the potential usage of 
PGx testing for future guidance of treatment prescriptions, 
particularly as second and third in-class medications – which 
do not bear a genetically-associated safety issues – launch into 
the market, is clopidogrel. This pro-drug, used as an antiplate-
let agent as one of the most frequently prescribed drugs in 
the world, exhibits substantial inter-individual variability in 
pharmacodynamic response linked to increased risk of car-
diovascular events. Data published in recent months indicate 
that CYP2C19 genetic variants are involved in pharmacoki-
netic exposure (Brandt et al., 2007; Kim et al., 2008), phar-
macodynamic response (Hulot et al., 2006; Frere et al., 
2008), and clinical outcomes (Simon et al., 2008; Trenk 
et al., 2008). However, as each study adopted differential study 
designs,  target populations, end-point defi nitions, and geno-
typic  models, the practical utility of the unequivocal role that 
CYP2C19 polymorphism plays in the clinical management 
of patients and the precise treatment guidelines that should 
be adopted by healthcare providers and insurers awaits further 
investigation.

The pharmacoeconomics of PGx studies has gradually 
become a mainstay of PGx diagnostics evaluation, and several 
groups across various therapeutic areas, drug classes, and geo-
graphic locations have employed simulation and trialed datasets 
to provide recommendations for or against implementation of 
particular PGx tests in routine healthcare (Huang and Ratain, 
2009; Matchar et al., 2007; McClain et al., 2008; Smits et al., 

2007). A review systematically surveying pharmacoeconomic 
analyses of genetic screening strategies, including recommen-
dations for good practice, regardless of country and analysis 
origin was published by Vegter et al. (2008).

Overall, the above examples illustrate the successful imple-
mentation of WGAS as well as large pathway candidate gene 
studies in the context of PGx analysis. In addition, it is clear 
that large, well-powered, and appropriately designed PGx rep-
lication studies and prospective genotype-guided versus stand-
ard-of-care studies are becoming important milestones in the 
adoption of treatment guidelines and future regulation (as is 
the case for warfarin [Teagarden and Mayor, 2008]). These case 
studies also illustrate the growing need for refi nement of the 
paradigm of the development of diagnostics that accompany 
the prescription of new drugs. Novel models promoted by the 
FDA advocate co-development of genetic diagnostics in tan-
dem with the development of the drugs for which they will 
be specifi cally indicated (Food and Drug Administration, 2005; 
Hinman et al., 2009; Simon, 2008). The rapidly growing mar-
ket for direct-to-consumer (DTC) genetic tests highlights the 
changing environment and the need for adjusting the regula-
tory frameworks to support enhanced oversight on indicated 
usage while incentivizing research institutions and industry to 
utilize PGx diagnostics for improved and safer treatment pre-
scription (Hogarth et al., 2008). Thus an inherent requirement 
to demonstrate clinical validity and utility in the target popu-
lation of interest is advocated to become an integral part of a 
diagnostics’ submission package. As a direct result, clear guid-
ance on safe and effective usage would be issued immediately 
upon marketing, based on objective measurements derived 
from appropriately powered clinical trials.
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  INTRODUCTION 
 In the 55 years since the structure of DNA was described by 
Watson and Crick, there have been remarkable advances in 
our understanding of the genetic basis for human variation 
and disease. We have now defi ned the genetic basis for over 
2130 monogenic human disorders, and clinical genetic tests are 
available for over 1410 disorders ( http://www.genetests.org/ ). 
Despite the remarkable advances in our scientifi c understand-
ing of genetics and genomics, the impact of such information 
on medical care for common conditions has to this point been 
modest. With the complete sequence of the human genome and 
many other model organisms as well as detailed characterization 
of human haplotype structure, we have now begun elucidating 
the complex genetic basis for common diseases such as macular 
degeneration, diabetes, obesity, infl ammatory bowel disease, and 
breast cancer using genome-wide association studies. In some 
cases the same allele will increase risk for one disease and protect 
against another. The ApoE4 allele is associated with a protective 
effect for age-related macular degeneration yet susceptibility to 
Alzheimer disease and hyperlipidemia. As additional scientifi c 
discoveries unfold, we will be challenged to clinically integrate 
this new information into routine patient care to improve health 
and quality of life in a cost-effective, socially acceptable man-
ner. Early adopters of this new genetic information will provide 
invaluable experience to guide future implementation strategies. 

In this chapter, we will review the current and projected future 
use of genetics and genomics in clinical medicine and defi ne the 
steps to successful integration of genomic medicine to improve 
the quality of health care. A schematic of the elements necessary 
to develop clinical genomic medicine is provided in  Figure 16.1   .  

  GENETIC  STRATIFICATION  WILL 
ALLOW MEDICAL CARE TO BE 
INDIVIDUALIZED AFTER A 
DIAGNOSIS IS  MADE 
 How will germline genomic variation be clinically utilized? 
There are emerging data that the genetic stratifi cation of phe-
notypically similar diseases has important therapeutic implica-
tions. Genetic characterization following an initial diagnosis may 
clarify prognosis and response to therapy. Three examples to 
illustrate this point. 

1.  Genetic testing may provide information about future risk . Women 
with breast cancer due to mutations in  Breast Cancer 1/Breast 
Cancer 2  ( BRCA1/BRCA2)  have an increased risk for a 
second primary cancer, usually breast or ovarian cancer, for 
which increased surveillance, chemoprevention, or prophylac-
tic surgery are recommended ( Verhoog et al., 1998 ). However, 
women with breast cancer without  BRCA1/BRCA2  muta-
tions are not at increased risk for ovarian cancer ( Kauff et al., 
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2005 ). Determining which women with breast cancer are at 
increased risk of ovarian cancer and should have prophylactic 
oophorectomies to reduce the risk of future ovarian cancer 
can be clarifi ed with  BRCA1  and  BRCA2  testing. 

2.  Genetic testing may provide information to optimize therapy . 
Long QT syndrome (L\QTS) is an inherited predisposi-
tion to cardiac arrhythmias characterized by a prolonged 
QT interval on an electrocardiogram that can result in syn-
cope and sudden cardiac death. There are currently nine 
different genetically identifi ed causes of LQTS, all affect-
ing cardiac ion channel conductance that are clinically 
diffi cult to distinguish. The three most common forms of 
LQTSs (LQT1, LQT2, and LQT3) have specifi c trig-
gers for arrhythmias they can be avoided such as exercise-
induced tachycardia in LQT1 and auditory stimuli during 
sleep in LQT2 ( Schwartz et al., 2001 ). Specifi c molecularly 
based pharmacological intervention is also now available. 
For example, patients with LQT3, due to mutations in the 
cardiac sodium channel gene  SCN5A  that inappropriately 
activate and open the sodium channel, respond to sodium 
channel blockers such as fl ecainide ( Moss et al., 2005 ). In 
contrast, beta-blockers are routinely prescribed for LQTS1 
and LQTS2. Therefore, identifying the molecular subtype 

of LQTS allows for selection of the most appropriate medi-
cation and avoidance of specifi c triggers. 

3.  Genetic testing may provide prognostic information to guide man-
agement . An autosomal dominantly inherited form of diabe-
tes called maturity onset diabetes of the young (MODY) 
is genetically heterogeneous and caused by mutations in 
six different genes. Prognosis, including diabetic complica-
tions, for patients with mutations in  Glucokinase  (MODY2) 
is much better than other forms of MODY. Molecular 
diagnosis can now provide reassurance that tight glycemic 
control is unnecessary to prevent diabetic complications in 
MODY2 patients who will remain only mildly hyperglyc-
emic ( Codner et al., 2006 ).  

  POPULATION-BASED GERMLINE 
GENOMIC SCREENING 
 Rather than waiting until a diagnosis is made, genetic and 
genomic variation can be used to prevent disease. Population-
based genomic screening could provide the opportunity to 
improve health outcomes by disease prevention and increased 
surveillance to facilitate early diagnosis. It would allow population 

 Figure 16.1         Development of clinical genomic medicine. The requirements to develop a health care system effi ciently and effectively 
integrating genomic information are shown and include pre-clinical scientifi c data, improvements in medical infrastructure, changes in 
laws, policy, and public opinion, and monitoring of testing and its impact once established.    

192 CHAPTER 16 ■  Clinical Implementation of Translational Genomics

Development of Genomic Medical 
Infrastructure

• Improved genetic literacy of health care professionals
• Increased numbers of genomic providers
• Increased third-party coverage of genomic tests
• Revisions of CPT billing codes for adequate reimbursement
• Electronic medical records to efficiently integrate
 pharmacogenomic and other test results
• Creation of laboratory standards for test performance and 
 reporting results

Pre-clinical Scientific
Requirements

• Demonstration of genomic basis for
 disease
• Validation of clinical utility, including
 outcome data with intervention
• Determination of spectrum of genomic 
 variants and frequency by ethnicity
• Development of sensitive, specific,
 reliable less expensive testing

Types of Genomic Tests

• Population-based screening
• Pre-symptomatic risk stratification
• Defining molecular basis of
 diagnosed condition
 • Prognostic information
 • Molecularly based management
• Pharmacogenetics
• Expression profiling

Monitoring of Established
Testing

• Assessment of impact of innovations
 on
  • Health care cost
  • Morbidity, mortality
  • Quality of life
• Assessment of unintended
 consequences
• Assessment of public acceptance
• Ongoing quality control and quality
 assurance of laboratories

Development of Ethical, Legal, Societal Infrastructure

• Passage of Genetic Non-Discrimination Legislation
• Limitation of exclusive licenses for genes
• Improved genetic literacy of public
• Privacy of sensitive genomic information



stratifi cation to identify individuals at increased risk who are most 
likely to benefi t from preventive medications or interventions for 
which population-based therapy would not be appropriate based 
on cost or side effects of treatment. Data to support an indi-
vidual ’ s susceptibility to disease could also provide the necessary 
motivation to increase compliance with recommended health 
behaviors such as exercise and weight control for individuals at 
increased risk for diabetes and smoking cessation for lung can-
cer. Screening individuals at risk for adverse outcomes to specifi c 
environmental exposures would allow susceptible individuals to 
modify their work or home environment to minimize expo-
sure. Screening individuals for adverse pharmacological reactions 
would provide a rational basis for drug selection and avoid harm-
ful side effects. Such a strategy would ultimately increase the total 
number of drugs available for clinical use and decrease the cost 
of drug development by identifying and eliminating drug expo-
sure to the small number of patients who would have adversely 
responded to the medication. Although there is great promise for 
population-based screening, it is important to ensure that the nat-
ural history and clinical utility (see section on clinical utility) have 
been adequately defi ned before introduction into clinical care. As 
an example, consider the case of hereditary hemachromatosis. Two 
common mutations with a single gene ( HFE ) account for the 
majority of autosomal recessively inherited hereditary hemachro-
matosis in Europeans ( Jazwinska et al., 1996 ). Furthermore, 
because the complications of hereditary hemachromatosis are 
completely preventable by reducing iron stores through phlebot-
omy (which is inexpensive), presymptomatic screening for heredi-
tary hemachromatosis could be clinically useful. With a frequency 
of 1 in 400 Caucasians carrying one or both of two common 
mutations in  HFE , large-scale population-based screening is tech-
nically feasible. As many experts considered introducing hereditary 
hemachromatosis screening on a population-wide basis, it became 
increasingly apparent that the natural history of mutation carri-
ers was incompletely understood and that the disease penetrance 
is less than 1% ( Beutler et al., 2002 ). Although population-based 
screening for hereditary hemachromatosis still has clinical utility, 
the implications of a positive genetic test are less signifi cant than 
had once been anticipated, dramatically altering the cost-benefi t 
ratio. Criteria to use in considering further tests for population-
based screening include the disease prevalence, disease penetrance, 
availability of sensitive, specifi c, and cost-effective screening tests 
which may depend upon the number of genes involved and the 
mutation spectrum, availability of acceptable means of prevention 
or early detection, and the infrastructure available to perform the 
screening and follow up the results with confi rmatory testing.  

  NEWBORN SCREENING 
 Newborn screening is the largest population-based public health 
screening program currently in practice in the United States and 
throughout the world. Recent technological advances includ-
ing tandem mass spectrometry and molecular genetic diagnostics 
have allowed many states in the United States to cost-effectively 

increase the number of disorders for which newborns are 
screened well beyond the classically screened diseases such as 
phenylketonuria, hypothyroidism, and galactosemia. Over 30 
disorders are now screened in many US states. Most of recent 
expansion in newborn screening is for inborn errors of metabo-
lism detected by metabolomic characterization of a dried spot of 
blood from a newborn heel stick. Additional molecular genetic 
diagnostic platforms have recently been added by many states 
as a second-tier screen to decrease the number of false-posi-
tives from metabolomic characterization. Two-tiered screening 
provides a complementary method to confi rm inherited dis-
eases with a small number of well-characterized mutations such 
as in medium-chain acyl dehydrogenase defi ciency (MCAD), 
cystic fi brosis, and congenital adrenal hyperplasia. The use of tan-
dem mass spectrometry and molecular genetic testing have now 
opened the possibility to screen for a vast number of inherited 
conditions. At the request of the General Accounting Offi ce and 
Health Resources and Services Administration, the American 
College of Medical Genetics recently re-examined the criteria 
for determining which disorders to include in newborn screening 
( http://mchb.hrsa.gov/screening/ ). Unlike universally accepted 
screening for disorders such as phenylketonuria for which early 
detection provides the opportunity for complete prevention of 
permanent disabilities, some of the newly added disorders allow 
for early diagnosis and treatment initiation but do not provide a 
cure or effectively prevent all the long-term disabilities. There is 
now an ongoing, evolving dialogue about what disorders should 
be included in newborn screening and whether the criteria pro-
posed by  Wilson and Jungner (1968)  must be satisfi ed. Cystic 
fi brosis is currently screened in newborns in 28 states. Krabbe dis-
ease, treatable only by bone marrow transplantation, is now per-
formed in New York. Many other common genetic conditions 
such a spinal muscular atrophy, Fragile X, and muscular dystrophy 
have been considered even though only supportive care is cur-
rently available for these conditions. What treatment is effi cacious 
enough to warrant population-based screening is debated. Clearly 
an important factor limiting screening for many conditions is 
availability of technology to allow for inexpensive, sensitive, and 
specifi c screening. Multiplexed DNA microarrays to screen for 
inherited disease susceptibility and infectious agents in newborns 
have been suggested ( Green and Pass, 2005 ) and are being piloted. 
In general, pediatricians have endorsed the expansion of screening 
in high-risk infants ( Acharya et al., 2005 ) since it leads to reduced 
time to diagnosis and initiation of treatment, decreased expense 
and invasiveness of diagnostic testing, and allows for informed 
reproductive planning for the family. However, as the number 
of disorders screened increases, it is equally necessary to improve 
test parameters to increase specifi city and reduce the number of 
false-positive tests to spare the parents of unaffected children the 
anxiety of a potential diagnosis that will never be made ( Waisbren 
et al., 2003 ). Not all genetic testing is appropriate for newborns. 
Genetic testing should be defi ned and limited to conditions for 
which there will be medical implications for minors, and no 
genetic testing should be performed for adult onset  conditions 
for which there is no intervention during childhood.  
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  SOMATIC GENOMIC VARIATION 
 In addition to testing for heritable germline genetic characteristic, 
we will need to characterize somatic variation over the lifetime of 
an individual, especially in characterizing oncological specimens. 
Cancer treatment is likely to be rapidly redefi ned with genomic 
characterization of tumors using a combination of comparative 
genomic hybridization, quantifi cation of gene amplifi cations/
deletions, identifi cation of acquired genetic mutations, and gene-
expression profi ling. These methods are already clinically utilized 
and used on a small scale. Molecularly targeted medications with 
fewer side effects will be more frequently developed as we ration-
ally develop drugs based upon specifi c molecular targets. Examples 
already include the tyrosine kinase inhibitor imatinib mesylate 
(Gleevec) for chronic myelogenous leukemia and gastrointestinal 
stromal tumors that over express the tyrosine kinases, trastuzumab 
(Herceptin) for  HER2  over expressing breast cancer, and gefi tinib 
for activating mutations in  Epidermal Growth Factor Receptor  for 
non-small cell lung cancer ( Lynch et al., 2004 ). These medications 
offer the possibility of increased effi cacy and rely critically on 
accurate molecular tumor characterization to identify the subset 
of patients who will likely respond to these expensive therapies. 
Genomic Health Inc. offers another form of genomic tumor char-
acterization, a limited expression profi ling array (Oncotype Dx) of 
21 genes for estrogen receptor positive, node negative, stage one or 
two breast cancer. The expression profi le quantifi es the likelihood 
of breast cancer recurrence in women with newly diagnosed, early 
stage breast cancer and assesses the benefi t of chemotherapy with 
a numerical scoring system ranging from 1 to 100. The ability of 
this assay to analyze gene expression on paraffi n embedded tissue 
offers an advantage over the requirement of freshly frozen tissue 
since new procedures for tissue handling and storage need not be 
developed to utilize this technology. The ability to simply, numeri-
cally quantify and integrate complex genomic information facili-
tates physician and patient communication and understanding 
to allow patients and physicians to make more rational decisions 
about therapy. Although not always covered by third-party payers, 
some patients are willing to personally bear the cost of testing to 
provide additional reassurance that chemotherapy will not ben-
efi t them and will allow them to avoid chemotherapy associated 
morbidity without increasing risk of recurrence. Third-party payer 
coverage will increase as clinical utility is demonstrated, patients 
and physicians requests for testing increases, and as diagnostic lab-
oratories perform suffi cient volumes of tests to negotiate carve out 
contracts with major health insurers and CMS to cover testing. 
There are currently multiple oncology clinical trials in progress 
to determine the precise algorithms by which expression profi les 
will be weighted and analyzed and to determine the clinical util-
ity for prognosis and treatment effi cacy ( Buckhaults, 2006 ). Similar 
expression profi les from blood samples are currently being used to 
predict rejection for cardiac transplant recipients and obviate the 
need for an invasive cardiac biopsy if the expression profi le indi-
cates a low probability of rejection ( Deng et al., 2006 ). It is likely 
that clinically relevant diagnostic tools will soon be available for 

multiple tumor types to assist with oncological management and 
multiple solid organ transplants to predict rejection.  

  NOVEL SOURCES OF GENOMIC 
VARIATION 
 In addition to the nuclear germline and somatic mutations 
resulting from alteration in one or a small number of nucle-
otides, there are additional sources of genomic variation, the 
clinical signifi cance of which is not yet fully appreciated. Human 
genomic architecture and variation are now being character-
ized. It is likely that previously undetected variation in the copy 
number of genes will underlie a signifi cant fraction of birth 
defects, mental retardation, and autism ( de Vries et al., 2005 ; 
 Schoumans et al., 2005 ;  Sebat el al., 2007 ). It is also possible 
that copy number variation increases susceptibility to common 
psychiatric, neurological, and medical conditions ( Sebat et al., 
2004 ). Somatic copy number variation has long been associated 
with cancer and amplifi cation or deletion of specifi c genes that 
may provide additional prognostic and therapeutic information 
( Pinkel and Albertson, 2005 ). Bacterial artifi cial chromosome 
and oligonucleotide arrays are currently being developed and 
are available on a research basis to provide a molecular karyo-
type with resolution of 10–100       kb and are recently clinically 
available with a resolution of 100–500       kb. It is likely that such 
oligonucleotide arrays will replace standard karyotypes as the 
fi rst means of analyzing chromosomes for an overall assessment 
of genomic balance. However, to maximize its clinical utility, it 
will be necessary to characterize normal copy number variation 
and demonstrate clinically relevant associations of copy number 
variations/alterations with disease. As it has become less expen-
sive to genomically characterize gene copy number on many of 
the same platforms used to genotype single nucleotide polymor-
phisms (SNPs), tests of association with common diseases will 
provide the data necessary to judge clinical validity and utility. 

 In addition to nuclear genetic variation, genetic variation 
also exists within the mitochondria which can vary from cell 
to cell and over the course of a lifetime due to mitochondrial 
heteroplasmy. Mitochips are currently available on a research and 
clinical basis to sequence the complete mitochondrial genome. 
As correlations between mitochondrial mutations are associated 
with diseases associated with degeneration and advancing age, it 
may become important to include methods to detect and quan-
tify mitochondrial variation in blood as well as other tissues over 
the course of a patient ’ s lifetime.  

  LABORATORY  STANDARDS TO 
ENSURE  ANALYTIC  VALIDITY 
 As new methodologies and diagnostic tests such as those 
described above are developed, it will be necessary for diagnos-
tic laboratories to maintain rigorous standards of quality control 
and quality assurance. New diagnostic assays will be developed in 



Clinical Laboratory Improvement Amendment (CLIA) certifi ed 
laboratories. Some assays will use reagents developed and utilized 
only by that laboratory ( “ laboratory developed tests ” ) as has tra-
ditionally been done in molecular genetic diagnostic laboratories 
for rare and ultra-rare disorders. As molecular genetic testing is 
applied to more common disorders, it is more likely that analyte-
specifi c reagents (ASRs) will be commercially prepared and 
packaged for wider distribution to a large number of labora-
tories. It will be necessary for novel diagnostic platforms to be 
FDA-approved before the platforms and ASRs can be widely 
distributed to commercial diagnostic laboratories. The rigorous 
review provided by the FDA for products such as the AmpliChip 
CYP450 provide assurance of the analytical performance (sensi-
tivity, specifi city, and reproducibility) of the diagnostic assay and 
interpretability of results by clinicians. Increasingly, review and 
oversight of novel diagnostic tests will be necessary to assure ana-
lytical quality; however, regulation by the FDA if not expeditious 
could impede the effi cient transfer of diagnostic methods into 
clinical practice. Each laboratory will need to rigorously vali-
date the analytical performance of new assays including splitting 
of samples within and between laboratories to compare results 
between analytical methods. Standards and guidelines for genetic 
testing have been developed and are regularly revised by the 
American College of Medical Genetics ( http://www.acmg.net/
resources/s-g/s-g-yes-no.asp ). Regular profi ciency testing includ-
ing the use of common samples between laboratories will ensure 
ongoing test quality. It is anticipated that as new ASRs are devel-
oped, the level of technical expertise necessary to perform the 
assays and the cost of running the assays should decrease simul-
taneously as throughput increases with automation and multi-
plex assays. It is likely that in the future the majority of molecular 
genetic testing will move from the many small academic bou-
tique laboratories currently performing most testing to large 
commercial laboratories and/or hospitals with larger capacity and 
potentially one day could be performed as point of care testing. 

 Communicating test results clearly and concisely is as impor-
tant as the laboratory ’ s analytical performance. Test reports should 
present suffi cient detail about test methodologies to allow for 
comparison of methods between laboratories and allow the phy-
sician to determine the likelihood of a false-negative based upon 
the mutations included in the assay. As the scientifi c data and 
methods are likely to change over time, these reports will require 
periodic revision, especially with regard to clinical utility. Results 
should be succinctly reported in a fi nal summary statement 
including sensitivity and specifi city of the test, the possible impli-
cations of a positive and negative test result, and reference to or 
inclusion of necessary supporting data documenting clinical utility. 
Ideally, Gene Clinics ( http://www.geneclinics.org/ ) or a similarly 
organized web-based format would provide periodically revised 
summaries of the genetic tests and their clinical utility. As data 
from these tests accumulate, de-identifi ed centralized databases 
defi ned by gene or test should be maintained with phenotypic 
information and outcomes to allow for ongoing data collection 
and analysis to constantly improve test utility and interpretation, 
especially that of variants of unknown clinical signifi cance.  

  CLINICAL VALIDATION AND 
CLINICAL UTILITY 
 Genomic testing is expected to simplify diagnostic work ups, 
provide prognostic information, improve and refi ne clinical 
management, identify individuals at increased risk, and decrease 
adverse outcomes. However, before this can be implemented, 
genomic testing will require clinical validation and demon-
stration of clinical utility before acceptance into health care. 
The data for such validation may initially come from studies of 
patients with the most severe disease manifestations. However, it 
will be important to analyze population-based samples as well to 
accurately determine association between genetic susceptibility 
and disease in an unbiased manner. Studies in multiple ethnic 
groups will allow characterization of allele frequencies in vari-
ous populations. It is likely that large clinical trials will provide 
much of these data necessary for validation since many trials 
now routinely integrate genetic and genomic information to 
stratify response to therapy and adverse outcomes by genotype. 
Integration of genetic data into existing and developing clini-
cal data collection systems such as birth registries, vital statistics, 
cancer registries, and biorepositories linked to electronic medi-
cal records will facilitate testing and validation of preliminary 
genetic associations and facilitate rapid, independent confi rma-
tion of results before clinical introduction. 

 Clinical utility is the ability in specifi c clinical circumstances 
of a genomic test to assist in clinical decision-making and 
improve health outcomes. Whenever possible, a genetic/genomic 
test should predict a defi ned clinical outcome with high positive 
and negative predictive value. Ideally, prospective, randomized, 
blinded controlled clinical trials genetically stratifi ed prior to 
treatment would provide prospective data to validate clinical 
utility. To effectively evaluate the cost-effectiveness of a genetic 
test, the population frequency of the at-risk genotype, the age-
related penetrance, morbidity and mortality of the disease, and 
the effects of interacting modifi able risk factors on genotypic 
expression must all be accurately known. Recommendations 
for clinical introduction of genetic testing should only be made 
when the diagnostic methodologies are reliable, patients have 
access to the clinical services necessary to make informed deci-
sions and interpret the results of genetic testing, and when it 
becomes clinically apparent how to utilize the results of genetic 
testing. Once clinical testing is offered, it is also important to 
maintain ongoing data collection after testing is introduced to 
defi ne any additional, unintended consequences. 

 As examples, we can compare the clinical utility of genetic 
testing for hereditary breast/ovarian cancer conferred by 
 BRCA1  and  BRCA2  and the risk for venous thromboembolism 
due to Factor V Leiden. The lifetime risks of breast cancer for 
carriers with  BRCA1  or  BRCA2  mutations are approximately 
65% and 45%, respectively ( Antoniou et al., 2003 ). Mutations 
carriers can pursue increased surveillance for breast cancer, risk 
reducing prophylactic mastectomy, or chemoprevention with 
tamoxifen. Arguments can even be made that with a mutation 
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frequency of 2.5% in the Ashkenazi population ( Hartge et al., 
1999 ), population-based screening for population-specifi c 
founder mutations in adult women should be considered. The 
clinical utility of  BRCA1/BRCA2  testing is derived in large part 
from the high penetrance of the mutations. On the other hand, 
thrombophilia susceptibility conferred by Factor V Leiden is the 
most commonly requested molecular genetic test, although the 
risk conferred is much more modest and ranges from two- to 
eightfold ( Rosendaal, 1999 ). It has been proposed that women 
should be tested for the Factor V Leiden mutation prior to ini-
tiation of oral contraceptives due to the 30-fold increased risk 
of venous thrombosis for mutation carriers on oral contracep-
tives ( Vandenbroucke et al., 1994 ). However, although the rela-
tive risk of thrombosis is signifi cantly increased, the absolute risk 
is only 28/10,000 person years and the mortality is low in young 
women. Failure to use oral contraceptives by the numerous 
Factor V Leiden mutations carriers could have other unforeseen 
implications including unwanted pregnancies. Thus, no profes-
sional consensus has yet emerged about the utility of testing.  

  COST 
 A major impediment to integration of genetic/genomic infor-
mation into health care has been the high cost of molecular 
genetic testing and the unwillingness of many third-party payers 
to cover this expense, many citing that it remains experimental. 
The cost of molecular genetic testing is determined largely by 
the costs of instrumentation, reagents, personnel, licensing fees, 
and professional liability insurance. As testing becomes increas-
ingly automated and multiplexed using high-throughput assays 
on miniaturized scales, the cost of reagents and personnel will 
be reduced signifi cantly. A goal of the National Human Genome 
Research Institute is to provide individual genome sequence for 
$1000 ( Collins et al., 2003 ). Clearly if the technology can drive 
the cost of testing down to this extent, a major fi nancial bar-
rier to testing will be removed. Licensing fees have signifi cantly 
increased the cost of testing for a limited number of condi-
tions such as hereditary breast and ovarian cancer ( BRCA1  and 
 BRCA2 ) to $3120 ( http://www.myriadtests.com/ ) and LQTS 
to $5400 ( http://www.pgxhealth.com/genetictests/familion/
index.cfm ). The genetic/genomic community is opposed to 
exclusive licenses on genes and is mixed in opinion on gene 
patenting, but it remains to be seen how much the gene pat-
ents and intellectual property regarding clinical utility of specifi c 
diagnostic testing will increase the average cost of testing. 

 In addition to the absolute cost of testing, the extent to 
which these costs are borne by third-party payers differs widely 
by laboratory, test, and payer. In the 12 years since  BRCA1/
BRCA2  genetic testing became clinically available, the number 
of individuals tested has increased dramatically, in large part as 
insurance companies, Medicare, and recently Medicaid began 
to cover the cost of testing for patients meeting medical eligi-
bility. While many patients might elect to pursue genetic test-
ing for health maintenance and disease prevention, third-party 

payers are reluctant to expose themselves to this fi nancial burden 
until the utility is proven. The majority of molecular genetic 
testing currently performed and paid for by third-party payers 
surrounds reproductive issues such as carrier screening for cystic 
fi brosis, recommended by the American College of Obstetrics 
and Gynecology for consideration in all women contemplat-
ing conception. Standard of clinical care guidelines endorsed by 
major professional medical organization are infl uential in getting 
coverage for new tests. Without third-party payer coverage for 
genomic testing, genomic testing will be utilized only by a small, 
motivated segment of society who can afford to self-pay. 

 A signifi cant proportion of the fi nancial benefi t to genomic 
health care is attributable to preventive medicine and the oppor-
tunity to prevent chronic disease and cancer. Regional markets 
in which there are single, dominant insurers or organizations that 
are self-insured are more likely to initially support genomic health 
maintenance since they will see the fi nancial benefi ts within a sin-
gle organization. Markets with large numbers of competing insur-
ers are reluctant to absorb large fi nancial costs for which they will 
not personally see a return as consumers change between insur-
ance carriers with regularity. However, as the cost incurred for 
genomic testing decreases and the utility becomes more apparent 
and as consumers demand this benefi t, it is likely that additional 
major health insurance providers will add these services to both 
remain competitive and as a long-term cost-saving measure.  

  REIMBURSEMENT 
 Many diagnostic tests, especially those that are highly multiplexed, 
have been slow to be developed and made clinically available 
because the testing laboratories cannot charge third-party payers 
enough to cover their operating expenses. As new technologies 
for molecular genetic testing are developed, it will be necessary 
to revise and develop new Current Procedural Terminology 
(CPT) codes that accurately refl ect the complexity of the testing. 
For many multiplex assays composed of hundreds to thousands of 
simultaneous assays, it will be necessary to raise the current ceiling 
for the maximum number of probes, hybridizations, and amplicons 
to refl ect the complexity and cost of the new test methodologies. 
Once this ceiling is raised, laboratories may fi nd it fi nancially fea-
sible to expand their testing platforms and test menus.  

  WHO WILL PROVIDE GENOMIC 
MEDICAL CARE? 
 Genetic medicine is currently provided in large part by board-
certifi ed medical geneticists and genetic counselors (see Box 1.1 
in Chapter 1). Given the projected rate of growth and increas-
ing specialization of genetic and genomic medicine and small 
number of 80 MD and/or PhD graduates per year in medical 
genetics ( Korf et al., 2005 ), it will be necessary for all health 
care providers to integrate genomic information to some extent 
into their provision of health care. Genomics may follow other 



diagnostic tests such as pathology, microbiology, and diagnostic 
imaging with specialized physicians performing and interpret-
ing the tests, while practitioners become largely responsible for 
determining which patients require testing and how to utilize 
the test results in heath care. Medical geneticists will continue to 
play important roles in research, clinical development of the fi eld, 
education, laboratory medicine, and possibly treatment, in addi-
tion to providing direct clinical care for patients with disorders 
with which they have clinical expertise. 

 Genetic counselors will continue to play vital roles in patient 
education and counseling. It will be important to recognize the 
role of genetic counselors by granting formal licensure and per-
suading insurers to reimburse for codes for genetic counseling to 
allow for reasonable reimbursement for genetic counselors ’  serv-
ices. Genetic counselors may be increasingly employed by diag-
nostic laboratories to offer counseling to patients referred by their 
physicians for testing. The demand for genetic counselors will 
surpass supply and will necessitate expansion of training programs 
that currently graduate only 160 new genetic counselors annually. 
In the future, there may be a specialized track for genomic coun-
selors who will provide patient education and laboratory support 
not for rare monogenic disorders, but for common, polygenic 
conditions. Other health care professionals and/or multimedia 
educational programs will also need to assist with patient edu-
cation. Additional responsibility will be placed upon the patient 
to actively gather and share medical information with their fam-
ily through the use of interactive, computer-based family history 
tools. However, the majority of medical professionals outside 
genetics are currently ill equipped to provide genomic medi-
cal care. When surveyed, 65% of obstetricians and gynecologists 
who routinely utilize genetics in their practice did not consider 
themselves suffi ciently educated in genetics. They rarely referred 
patients for genetic counseling and 86% did not obtain informed 
consent for genetic testing ( Wilkins-Haug et al., 2000 ). Genomic 
education on a massive, unprecedented scale will be necessary to 
implement genomic medicine (see Chapter 18).  

  GENOMIC LITERACY 
 Integration of genomic information into health care will require 
at least rudimentary understanding of genetics and genomics by 
health care providers and health care consumers. Increasingly, 
there will be medicolegal implications for physicians if they do 
not recognize specifi c heritable risks based upon the patient ’ s 
personal or family history ( Deftos, 1998 ). Additional time must 
be dedicated to genetics and genomics within medical train-
ing, beyond the average 29 hours currently allocated in 4 years 
of medical school ( Friedman et al., 1998 ). Medical educators 
themselves will need to keep abreast of advances within genom-
ics and rapidly revise curricula. Because genomic medicine is so 
rapidly changing, it will be necessary to also teach the standards 
by which genetic tests should be evaluated for scientifi c valid-
ity and clinical utility so practitioners will be equipped to judge 
new data as they emerge. 

 As genomics is integrated into medical, dental, nursing, 
and allied professional education, a new generation of health 
care providers will hopefully be capable of rapidly assimilating 
genomic information into the life cycle of their patients. The 
younger generation of health care providers is already anxious 
to adopt this new technology in their practices. Perhaps, they 
even place more confi dence in this new scientifi c fi eld than is 
yet warranted. A greater challenge remains for health care profes-
sionals educated prior to the expansion of genomics – perhaps 
graduating from medical school only 5 years ago. For previously 
trained health care professionals, it will be necessary to learn 
general underlying principles of genetics and genomics as well 
as specifi c tools relevant to their own area of clinical expertise. 
The National Coalition for Health Professional Education in 
Genetics (NCHPEG) has produced a set of core competencies 
in genetics essential for all health care professionals ( http://www.
nchpeg.org/eduresources/core/Corecomps2005.pdf ). NCHPEG 
is currently developing a core curriculum for genetic education 
( http://www.nchpeg.org/eduresources/core/coreprinciples.
pdf ) and has produced a CD ROM  “ Genetics and Common 
Disorders: Implications for Primary Care and Public Health 
Providers ”  that should assist in educating health care profes-
sionals currently in practice. Geneticists will play critical roles 
as genomic medical educators and discern when information 
is clinically relevant for various subspecialty areas with clinical 
care recommendations supported by major medical professional 
organizations. Genomic educators will need to continuously 
update medical professionals with new discoveries and applica-
tions in simple terms that emphasize clinical utility. It will remain 
a scientifi c challenge to defi ne clinical situations in which com-
plex genomic information can be distilled into an appropriately 
simple interpretation that has unambiguous clinical implications 
that impact clinical outcomes. 

 Genomic literacy in the public must simultaneously improve 
and remove the mysticism and misconceptions some patients 
may have regarding hereditary information. We must enlighten 
those who believe genetics is deterministic who would oth-
erwise fail to modify health behaviors, believing instead in an 
inevitable, unalterable fate. There is a wide and growing divide 
between patients utilizing genetic and genomic information 
in their health care, driven in part by education and socioeco-
nomic status. Younger patients tend to utilize genetic informa-
tion more aggressively and seek genetic information both out 
of curiosity and to make more informed life and reproductive 
decisions. Younger generations have also become accustomed to 
advances in assisted reproductive technology and increasingly 
push the ethical and social boundaries to use such genetic and 
reproductive technology for such trivial genetic factors as elec-
tive sex selection. Older patients tend to be less educated about 
emerging genomic technologies, and often the reason they cite 
for seeking genetic testing is to provide information for their 
children or grandchildren rather than for themselves. 

 As the public becomes more genetically literate, there will 
likely be a push from diagnostic laboratories to market genetic 
testing directly to consumers. This has already been done with 
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 BRCA1/BRCA2  testing and is done with nutriceuticals. While 
such advertising campaigns may be effective in increasing-
awareness and forcing health care professionals to learn new 

information about genetic testing, there will also be the danger 
that inappropriate tests will be ordered and potentially misused 
by patients and physicians who are not fully informed.  

2009 UPDATE
There have been over 150 associations demonstrated between 
common SNPs and disease traits using Genome Wide 
Association Studies for diseases as diverse as age-related macular 
degeneration, type 1 and type 2 diabetes, obesity, infl ammatory 
bowel disease, prostate cancer, breast cancer, colorectal can-
cer, rheumatoid arthritis, systemic lupus erythematosus, celiac 
disease, multiple sclerosis, atrial fi brillation, glaucoma, asthma, 
and restless leg syndrome. Because allele frequencies often vary 
between ethnic groups, it is likely that the relative importance 
of these common variants identifi ed will depend upon ethnic-
ity and/or geographic ancestry. To date most studies have been 
done in European Caucasians, and it will be extremely impor-
tant to extend the studies to other ethnic groups.

Most of these associations have identifi ed novel genes 
that were not previously known to be involved in the associ-
ated disease processes. The relative risk for most of these com-
mon variants has been modest. In only a few cases that have 
the common variants identifi ed had effect sizes �2. These 
exceptions include Complement Factor H (CFH) in age-
related macular degeneration (Edwards et al., 2005; Haines 
et al., 2005; Klein et al., 2005), ApoE4 in Alzheimer’s disease 
(Strittmatter and Roses, 1996), and LOXL1 in exfoliative glau-
coma (Thorleifsson et al., 2007). In general, these association 
signals have identifi ed regions for further study but have not 
yet identifi ed functional variants. Furthermore, it is possible 
that a single locus may contain multiple independent common 
risk variants, as has been suggested for CFH in age-related 
macular degeneration (Li et al., 2006; Maller et al., 2006) and 
at IL23R for Crohn’s disease (Duerr et al., 2006). In rare cases, 
the same loci that have common variants conferring relatively 
small effect are also the same genes for which rare variants 
confer large effect in small numbers of patients. Such examples 
include the LDL receptor for familial hypercholesterolemia 
and KIR 6.2, WFS1, and TCF2 for type 2 diabetes. It is yet to 

be determined whether this will be a more generalizable fi nd-
ing for other genes identifi ed by association studies. There are 
now large efforts underway to try and identify mutations with 
large effects in the genes identifi ed through the genome wide 
association studies. Clearly, there will be high clinical utility for 
these rare mutations conferring large phenotypic effects; how-
ever, it is unclear how frequently such rare mutations will be 
identifi ed.

How the common variants with modest increased risk will 
be clinically utilized is unclear at this time. It will be important 
to validate the utility of individual as well as composite risks 
conferred by multiple SNPs for common disease susceptibil-
ity. It is most likely that this will initially be applied to diseases 
such as age related macular degeneration for which there is 
an extremely high relative risk based on a few common vari-
ants. Clinical testing for age related macular degeneration is 
already available through several clinical laboratories and geno-
types are being incorporated into clinical trials. Clinical testing 
is available through several companies such as deCODEme, 
Navigenics, and 23andMe for many of the common polymor-
phisms identifi ed through association studies. Initial studies in 
the area of type 2 diabetes suggest that the relative contribution 
of these additional common genetic variants will be minimal 
when the other clinical risk factors are fully utilized (Lyssenko 
et al., 2008; Meigs et al., 2008). Genetic testing for these com-
mon SNPs is not currently being covered by third-party payers 
and has fallen into the domain of direct-to-consumer market-
ing with out of pocket costs to consumers ranging in price 
from �$1000 to $2500. How this information is being used 
by patients is not yet clear, but these early adopters will provide 
valuable insight into the future potential utility for using these 
common variants in disease risk stratifi cation, how patients 
interpret their relative and absolute risks, and how such a risk 
interpretation infl uences health behaviors.
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  INTRODUCTION 
 In the early 1900s, the emerging sciences of physiology, chemistry, 
immunology, microbiology, and radiology began to be introduced 
into the practice of medicine, which at that time, considered 
disease to be due to imbalances of bodily humors and transmit-
ted through climacteric miasmas. For the fi rst time in history, 
the application of science to medicine laid a solid foundation 
for understanding the pathophysiology of disease ( Bynum, 2002 ; 
 Snyderman, 2004 ;  Snyderman and Williams, 2003 ). In particu-
lar, microbiology, through the identifi cation of  “ causative ”  agents 
for numerous infectious diseases, had a profound impact on con-
cepts concerning the cause and potential cure of illnesses. Given 
the increasing number of diseases determined to have specifi c 
 “ causes ”  along with the new found ability of chemistry to syn-
thesize therapeutic  “ magic bullets, ”  early 20th Century medicine 
logically pursued a scientifi c, reductionist approach to health care 
which continues today: that is, identify a disease ’ s root cause and 
eliminate it. This approach has enabled medicine to reverse some 
diseases, prolong life, and at times, effect wondrous cures. 

 The reductionist approach to medicine, however, is limited 
in that the evolution of virtually all diseases is more complicated 
than a single root cause. The development of disease is based 
upon one ’ s genetic susceptibilities, complex interactions between 
initiating factors, and health status. In the aggregate, these can 
lead to disease progression, or not ( Figure 17.1   ). For example, 

while the tubercle bacillus is the causative agent of tuberculosis, 
the clinical manifestation of exposure, as a consequence of host 
susceptibility, can range from transient subclinical infection to 
rapidly fatal miliary disease. Even a well-defi ned genetic disease 
such as sickle cell anemia, known to be due to a single mutation, 
can have manifestation ranging from death in adolescence to far 
milder forms compatible with long-term survival. By focusing 
primarily on the reductionist model of disease development, our 
health care system has, unfortunately, not focused on the preven-
tion or treatment of complex chronic diseases. At present, indi-
viduals with any of fi ve chronic conditions account for roughly 
two-thirds of all health care expenses ( Figure 17.2   ). 

 A more rational approach to health care is now possible. 
New emerging sciences, notably genomics, can transform medical 
practice now just as new applications of science and know-how 
transformed medicine 100 years ago ( Figure 17.3   ). Genomic and 
related expanding fi elds of research can impact health care in 
numerous ways ( Figure 17.4   ), but most profound may be their 
ability to predict risk, track disease progression and anticipate 
clinical events, thereby enabling truly personalized, predictive, 
preventative care. To do this, the strengths of today ’ s disease-
oriented reductionist approach must be integrated with an 
approach that focuses on prevention and minimization of disease 
with an emphasis on long-term strategies. 

 This personalized, predictive, and preventative approach to 
health care is known as  “ prospective health care ”  ( Snyderman and 
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Emergence:  Multiple factors (21st Century)

Reductionism: Single factor (20th Century)

Baseline risk
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progression

Irreversible
damage

Causative factor Disease

 Figure 17.1         Concept of disease: reductionism versus emergence. The reductionist approach considers disease to be a consequence 
of a pathogenic factor; that is microbe. More accurately, disease development depends on the host ’ s susceptibility to pathogenic 
factors and exposure to them (Snyderman and Yoediono, 2006).    
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 Figure 17.2         Consequences of current approaches to health care. While little is spent on prevention, nearly three-quarters of health 
care expenditures fund the treatment of late-stage chronic disease.     (Source: American Heart Association, American Cancer Society, 
American Lung Association, National Institute of Diabetes and Digestive and Kidney Disease.)
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 Figure 17.3         Disease progression. Diseases develop over time, with pathology increasing, reversibility decreasing and cost of care 
increasing (Snyderman and Yoediono, 2006).       



Williams, 2003 ;  Snyderman and Yoediono, 2006 ;  West et al., 2006 ;  
Williams et al., 2003 ). Key features of prospective health care 
include personalized health risk assessment, tracking of patho-
geneses, prediction of clinical events, and strategic planning to 
mitigate risks and evaluate therapeutic benefi ts. With a prospec-
tive health care model, individuals will be provided with per-
sonalized health plans which promote strategic health planning 
by incorporating individualized risk assessments for diseases, 
disease tracking, clinical event predictions and therapeutic plan-
ning ( Figure 17.5   ). Genomic research will play an integral role 
in providing these capabilities given that the molecular processes 
underlying disease susceptibility, progression, and therapeutic 
response differ among individuals and can be measured, in part, 
through genomic analyses. Technological advances allowing the 
measurements at the DNA, mRNA, protein, and metabolic lev-
els are already beginning to enable inferences regarding health 
risks or clinical outcomes ( Snyderman and Langheier, 2006 ).  

  PREDICTIVE MODELS 
 At the core of prospective health care are personalized health risk 
assessment and predictive modeling. A predictive model uses sta-
tistical algorithms to identify factors that predict events ( Anderson 
et al., 1991 ). The predictive model can be used to forecast events 
based on factors or biomarkers, which are most likely to corre-
late with or be causative of the future clinical event. The develop-
ment of a predictive model uses various methods, such as logistical 
regression or neural network, to differentiate predictive factors 
from other variables which are not as useful for anticipating the 
clinical outcome of interest. The predictive model can then be 
applied to a current situation to determine the risk and timing 
of an event occurring. The better the model, the better the accu-
racy in predicting the occurrence and timing of the event. The 
details involved in developing a predictive model, as well as other 
related components such as individualized patient databases and 
risk model libraries, are beyond the scope of this chapter, but a 
simplifi ed version is shown in  Figure 17.6   .  

  PREDICTIVE FACTORS 
 The predictive factors most commonly used for disease-related risk 
assessments encompass clinical, demographic, family history, and 
laboratory data. These types of data can provide insight into the 
likelihood of an individual developing a condition or event and 
are relatively cost-effective and collected routinely. However, gen-
erally they are limited in terms of being able to accurately predict 
 when  disease will occur. Furthermore, many false-positives and false-
negatives are associated with these types of data, which are often 
epidemiologic in nature (i.e., Framingham Study) ( Brindle et al., 
2003 ;  The International HapMap Consortium, 2003 ). Predictive 
factors, which serve as more accurate markers of disease susceptibil-
ity, likely will come in the form of biomarkers which are directly 
related to the cause of the clinical event. A biomarker is a character-
istic (i.e., expressed gene, protein or metabolite) that is objectively 
measured and evaluated as an indicator of biological or pathogenic 
processes or pharmacological responses to therapeutic interventions. 
Genomic research will play an integral role in identifying predic-
tive biomarkers which, in combination with other types of predic-
tive factors, will enable more accurate risk analyses for baseline risk 
assessment, disease tracking, clinical event predictions and response 
to therapeutics. Biomarkers can be thought of as belonging to two 
general categories: (1) stable biomarkers that are inherited and/or 
change rarely over a lifetime, and (2) dynamic biomarkers which 
express ongoing biological activities. The latter include gene expres-
sion, protein expression and the measurement of metabolic factors. 
Measurement of genomic factors that lie in the causal pathway 
of a disease or a therapeutic response, or factors such as single-
nucleotide polymorphisms (SNPs) that are highly associated with 
causal genes, will serve as better predictors of adverse outcomes than 
much of the demographic data now being collected. Stable DNA 
gene predictors will enhance baseline clinical risk assessment and 
primary prevention, while dynamic mRNA, protein and metabolic 
factors will refl ect ongoing biological or pathological processes. 
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• Medical technologies

• Informatics

• Systems Biology

Impact

• Disease risk prediction

• Quantification disease burden

• Tracking of pathogenses

• Disease event prediction

• Therapeutic evaluation

 Figure 17.4         Impact of new technologies on prospective health 
care. Last century ’ s science enabled reactive responses to dis-
ease while this century ’ s science enables prospective approaches 
as well.    
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 Figure 17.5         Current medical record versus prospective 
approach to health care. Physicians currently evaluate patients 
using a disease-focused approach. A more effective approach 
would include strategic health planning as indicated by the 
prospective approaches shown on the right     (Snyderman and 
Yoediono, 2006).  
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Analysis of these will enhance refi ned risk assessments to track 
disease progression, predict events, and guide therapeutic choices 
( Figure 17.7   ). 

 The advantage of genotypic data for baseline prediction is 
that they can be collected at birth or any time during one ’ s life 

and, theoretically, needs to be collected only once. Baseline risk 
assessments using demographic data or static genomic information 
will likely have lower specifi city (a higher number of false posi-
tives) than molecular measures that are dynamic and change as 
a function of time. Nonetheless, as more information regarding 
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 Figure 17.6         Methodology for creating clinical risk predictive models. Relevant clinical data and/or biomarkers are statistically ana-
lyzed to create validated risk models for particular clinical conditions or events (Snyderman and Yoediono, 2006).     
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 Figure 17.7         Contributions of new technologies to disease prediction and prediction of clinical events (Snyderman and Yoediono, 2006).    



inherited risks is gathered, baseline risk assessment will become 
increasingly useful. For secondary prevention (for example, 
predicting heart attack in an individual with diabetes), stable 
genomic data may be less valuable. In this case, relevant dynamic 
indicators will provide a more powerful predictor of the dis-
ease event. Over time, the cost of genotyping should plummet 
and the value of baseline risk analysis should increase markedly. 
Moreover, the identifi cation of clinically valuable dynamic 
biomarkers is an area of fertile research and will enhance accurate 
ongoing risk assessment timing of disease events and prediction 
of therapeutic outcomes. 

 Identifying accurate predictors for baseline risk assessment 
will be facilitated greatly by clinical research and the HapMap 
project and the Genetic Association Information Network 
(GAIN) initiative, a public/private partnership between the NIH, 
foundation of NIH and industry. The GAIN study will fund $20 
million of research to identify SNPs associated with common 
diseases. The International HapMap Consortium is characterizing 
common patterns of DNA sequence variation and the extent of 
linkage disequilibrium in the human genome. This will facilitate 
the characterization of genotypes and identifi cation of key SNPs 
related to chronic disease; traditional and advanced association 
algorithms will allow the analysis of the HapMap (International 
HapMap Project,  http://www.hapmap.org )( Niu, 2004 ;  Liu et al., 
2004 ;  Evans et al., 2004 ). Online Mendelian Inheritance in Man 
(OMIM), a database of disease risk genes, is already revealing an 
increasing number of stable genomic factors that should be useful 
in risk assessment (Online Mendelian Inheritance in Man,  http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?db     �     OMIM ). The role 
of an individual ’ s gene variants in altering their metabolism and 
response to drugs is becoming important in drug development 
and in certain areas of clinical practice, particularly oncology ( Lee 
et al., 2005 ). 

 For individuals whose genes, SNPs, family history, or clini-
cal information identify them as high risk for a particular disease, 
surveillance will be needed to track possible disease progression 
and, when relevant, to evaluate therapeutic support. Such track-
ing will likely include the measurement of dynamic factors, 
including gene-expression, proteomics, and metabolomic assess-
ments. Analyses to track baseline risk and disease development 
will hopefully be incorporated into personalized health plans in 
the future ( Langheier and Snyderman, 2004 ). For example, chil-
dren with a family history of type 1 diabetes could have a base-
line risk assessment that evaluates various predictive SNPs. Those 
determined to be at high risk could undergo a surveillance 
protocol, tracking their levels of biomarkers associated with 
actual disease development and progression. ( Barker et al., 2004 ; 
 Eisenbarth, 2004 ). As effective preventative therapies are identi-
fi ed, these analyses could guide appropriate intervention before 
  β  -cells are destroyed. 

 Initial applications of genomic technologies are being applied 
to predict outcomes in defi ned clinical conditions. For example, 
gene-expression microarrays and proteomic techniques show 
promise for identifying the aggressiveness of cancer, allowing the 
creation of predictive models for likely survival time with and 
without treatment ( Anderson and LaBaer, 2005 ;  Berchuck et al., 
2005 ;  Pittman et al., 2004 ;  Rich et al., 2005 ). Moreover, gene 
expression in circulating mononuclear cells is being used to pre-
dict organ rejection in patients with heart transplants, obviating 
the need for myocardial biopsy in some conditions ( Deng et al., 
2006 ). Many gene-expression tests are being developed to gauge 
appropriate chemo-therapeutic regimens for a given patient ’ s 
cancer ( Bild et al., 2006 ).  

2009 UPDATE

Emerging Initiatives
In 2007, the US Department of Health and Human Services 
announced a new initiative called “Personalized Health Care,” 
the objective of which was to combine genomic research 
breakthroughs with advances in health information technology 
to enable gene-based medicine, where one’s susceptibilities to 
diseases would be quantifi ed as early as possible so that preven-
tive countermeasures could be taken (Personalized Health Care, 
http://www.hhs.gov/myhealthcare). An example of one of the 
many programs encompassed by the “Personalized Health Care” 
initiative is entitled “The Cancer Genome Atlas,” a collaboration 
between the National Cancer Institute and the National Human 
Genome Research Institute. Researchers have been utilizing 

evolving technologies such as large-scale genome sequencing to 
better understand the molecular basis of cancer. Initial efforts 
have focused on cancers affecting the brain, lungs, and ovaries. 
This goal of this project is to improve capabilities for prevent-
ing, diagnosing, and treating cancer at a personalized level (The 
Cancer Genome Atlas, http://cancergenome.nih.gov).

The NIH has also collaborated with the Food and Drug 
Administration (FDA), the Centers for Medicare and Medicaid 
Services (CMS), as well as the Pharmaceutical Research and 
Manufacturers of America (PhRMA) and the Biotechnology 
Industry Organization (BIO), on initiatives such as “The 
Biomarkers Consortium.” The goal of this consortium is to 
identify and validate new biomarkers to help expedite the 
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development and utilization of therapeutics and technologies 
for personalized prevention, early detection, and treatment of 
diseases (The Biomarkers Consortium, http:/www.biomarker-
sconsortium.org).

A project in The Biomarkers Consortium under consid-
eration by the National Institute of Diabetes and Digestive and 
Kidney Diseases focuses on the identifi cation of biomarkers 
associated with pre-diabetes and type II diabetes and the crea-
tion of more reliable, less expensive, and faster predictive tests 
(Zerhouni et al., 2007).

Academic health centers such as the Lewis-Sigler Institute 
for Integrative Genomics at Princeton University, the Broad 
Institute of MIT and Harvard, and the Center for Genomic 
Medicine at the Duke Institute for Genome Sciences & Policy 
(IGSP) have been dedicated to identifying and validating pre-
dictive biomarkers. One project at the Broad Institute, enti-
tled “Clinical Proteomic Technology Assessment for Cancer 
(CPTAC),” is seeking to establish standards for protein biomar-
ker assessment (Clinical Proteomic Technology Assessment 
for Cancer Program, http://www.broad.mit.edu/proteom-
ics/CPTAC), and at Duke’s IGSP researchers recently outlined 
a genomic-based strategy for the personalized treatment of 
patients who have advanced-stage ovarian cancer (Dressman 
et al., 2007).

Centers within academic institutions, such as the IGSP 
Center for Systems Biology at Duke University and the 
Center for Cancer Systems Biology (a collaboration between 
the Dana-Farber Cancer Institute and Harvard Medical 
School), have dedicated vast resources to personalized medi-
cine. Researchers from the Center for Cancer Systems 
Biology detailed an approach to identify genes associated 
with increased breast cancer risk. By utilizing this strategy, 
they determined that hyaluronan-mediated motility recep-
tor (HMMR) was a potential breast cancer susceptibility gene 
(Pujana et al., 2007).

Although many of the recent research initiatives have 
been genome-based, genomic advances alone will not likely 
be suffi cient to enable personalized medicine. Rather, multi-
ple rapidly evolving predictive technologies involving other 
“omics,” such as proteomics and metabolomics, will com-
plement and enhance clinical know-how and capabilities to 
allow better predictive approaches. For example, studies on 
risk-predictive modeling for breast cancer recurrence have 

shown that the predictive accuracy of a combined clinical 
and genomic model is higher than a model utilizing just one 
type of data (Pittman et al., 2004). Furthermore, a risk predic-
tive model for severe adverse outcomes from cancer chemo-
therapy was developed using only clinical and laboratory data 
(Lyman et al., 2006).

Consumer-Directed Products
Although many risk assessment tools are directed toward pro-
viders, other companies have developed personalized risk 
assessment tools for sale to consumers (Navigenics, Inc., http://
www.navigenics.com; 23andMe, https://www.23andme.com). 
An assessment is available that analyzes 250 serum proteins 
to provide early diagnosis of clinically unapparent diseases 
(Biophysical Corporation, http://www.biophysicalcorp.com). 
In addition, consumers receive a medical history interview 
and a follow-up doctor consultation. Likewise, consumers 
may pursue individualized health and nutrition recommenda-
tions, which are based in part upon a genomic analysis (Sciona, 
http://www.sciona.com). Still other options are available from 
companies that perform genomic analysis to identify known 
risk-associated variants. Consumers are offered predictive 
information and options for updated genomic analysis as new 
susceptibility factors are identifi ed. The direct-to-consumer 
marketing of diagnostics and predictive tools is a relative new 
phenomenon and its value and means of regulation have yet to 
be determined (see also Updates for Chapters 13 and 18-21).

With the rapid evolution of fi elds such as genomics, 
patients have become increasingly concerned about medical 
privacy, genetic discrimination by insurers and employers, and 
related issues. Indeed, there has been evidence that even healthy 
persons with a genetic susceptibility for a condition have faced 
discrimination by insurance companies and that those with 
genetic diseases have had a diffi cult time getting health insur-
ance (Plantinga et al., 2003; AHRQ Launches New “Effective 
Health Care Program” to Compare Medical Treatments, 
http://www.ahrq.gov/news/press/pr2005/effectivepr.
htm). This is an evolving area, which will necessitate care-
ful policy development. These issues as well as others, such as 
assessing the reliability of data entered by patients or the accu-
racy of risk assessment tools, are legitimate concerns, which 
must be continuously monitored and addressed by the appro-
priate constituents.
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  INTRODUCTION 
 The success of the Human Genome Project will be measured 
largely with respect to advancements in biology and the reali-
zation of a new era of medicine based on the use of genomic 
data to predict, prevent, diagnose, and treat disease. However, the 
scientifi c challenge of sequencing the human genome will likely 
pale in comparison to the efforts required to translate genome 
sciences into personalized medicine. As we begin to apply 
the data and technologies arising from the Human Genome 
Project and subsequent projects including the HapMap Project 
( International HapMap Consortium, 2005 ) and the ENCODE 
Project ( The ENCODE Project Consortium, 2007 ), the ini-
tial discovery, validation, and the development of a clinical test 
or therapy will be infl uenced by a range of science, health, and 
public policies. Although many of the policy issues are not 
unique to those faced by other new medical innovations, the 
genome revolution raises issues that span both the traditional 
science and health policy arenas (see  Figure 18.1   ), some war-
ranting resolutions specifi c to genomic medicine. 

 This chapter will provide an overview of the major policy 
issues pertaining to the research, development, and translation 
of genomic medicine applications, including: research alloca-
tion and prioritization; the use and analyses of race in genome 

studies; the ethical issues linked to large-scale genome efforts 
such as biobanks, oversight, coverage, and reimbursement of new 
genomics applications; privacy and discrimination; and enhanc-
ing public and professional awareness. An in-depth analysis 
of several of the issues introduced here can be found in other 
chapters in this volume (see Chapters 13, 19 and 20)   .  
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 Figure 18.1         The spectrum and inter-connectedness of genome 
policy issues, based on ( Haga and Willard, 2006 ).    
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  GENOME RESEARCH AFTER THE 
HUMAN GENOME PROJECT 
 The completion of the Human Genome Project marked the 
beginning of a new era, rather than the end of an era ( Collins, 
2003 ). Although a substantial investment in basic research, it is 
unlikely that anyone could have foreseen the widespread impact 
of not only the ultimate product – a reference sequence of the 
human genome – but also the parallel technology development 
that enabled the early completion of the sequence of the human 
genome and the genomes of countless other species. Its impact 
on the biotechnology sector and other fi elds as diverse as evolu-
tionary biology, agriculture, biodefense, and medicine is still in 
the early stages but its scope has been staggering already. 

  Research Allocation and Prioritization 
 In 2003, after the completion of the Human Genome Project, 
a new vision for genomics research was created ( Collins et al., 
2003 ). The next 5 years of genomic research would concen-
trate on three major areas – society, health, and biology. Across 
these three areas, six crosscutting research tracts were identifi ed, 
including technology development and ethical, legal, and social 
issues. This differs markedly from past strategic plans that focused 
predominantly on mapping and sequencing of the human 
genome and model organisms ( Collins and Galas, 1993 ;  Collins 
et al., 1998, 2003 ). 

 Despite the huge investment in basic biomedical research 
and the excitement generated by the Human Genome Project, 
concerns have been raised that the investment has not resulted in 
the anticipated development of new products, as the number of 
submissions and approval of new drugs and diagnostics has been 
on the decline ( FDA, 2004 ). Because of this and political pres-
sures to demonstrate return on investment from the doubling 
of the US NIH budget, the emphasis over the past several years 
has shifted toward translational and clinical science ( Zerhouni, 
2005 ). Recognition of the importance of translational research 
has led to changes in science policy such as the development 
of the NIH Roadmap ( Zerhouni, 2003 ) and emphasis on the 
development of new tools and applications ( FDA, 2006a ). 
Translational genomics research will be an important part in 
each of these new efforts (see Chapter 14). 

 Over the past decade, Europe has also increased its supports 
for both basic and translational genomics research. In 2001, the 
European Commission allocated €100 million for an initia-
tive called  Genome Research for Human Health . Starting in 2002, 
the European Community Framework Program for Research, 
Technological Development and Demonstration (otherwise 
known as FP6) identifi ed genomics as one of its seven major 
thematic areas ( European Commission, 2002 ). The research 
budget for life sciences, genomics, and biotechnology was more 
than €2 billion. The program aimed to promote European 
genomics research through three major strategies: establish-
ing a robust infrastructure; fostering interdisciplinary research 
with other fi elds such as physics, chemistry, mathematics, and 

computer science; and integrating genomics into medicine and 
biotechnology. In 2007, FP7 was revised with the primary goal 
of supporting Europe’s global competitiveness. Genomics and 
biotechnology continue to have a prominent role in the devel-
opment of new applications in medicine and food and agri-
culture. For the fi rst time, investigator-driven projects will be 
funded in addition to the continued support of network initia-
tives ( European Commission, 2002 ). 

 The fi eld of genome sciences has already taken the next 
step forward toward applying this new knowledge and capability 
to medically relevant initiatives. For example, the NIH Chemical 
Genomics project involves the development of a public repository 
of small organic molecules to study cellular pathways in health 
and disease and hasten the identifi cation of new drug targets 
and drug development ( NIH Chemical Genomics Center, 
2005 ). The Medical Sequencing Project involves the sequenc-
ing of well-phenotyped patients with autosomal and X-linked 
Mendelian diseases as well as common diseases to identify the 
underlying genetic cause of disease ( National Human Genome 
Research Institute, 2007 ). 

 With respect to diagnostic screening and testing, the 
emphasis on translational research has provided opportunities to 
gather data about the clinical utility of new tools. Demonstrating 
clinical validity and utility is critical to the development of clini-
cal guidelines and reimbursement policies that will support the 
appropriate use of these tests. For example, the National Cancer 
Institute is supporting a long-term prospective study called The 
 T rial  A ssigning  I ndividua L ized  O ptions for Treatment ( Rx ), 
or TAILORx ( National Cancer Institute, 2006 ). This study 
will explore whether an expression profi le of 16 genes associ-
ated with risk of recurrence for women with early stage breast 
cancer is useful in identifying those women who will most 
likely benefi t from chemotherapy in addition to radiation and 
hormonal therapy. The study will follow 10,000 women for a 
period of 10 years, with follow-up of up to 20 years after initial 
therapies. While clinical trials represent the gold standard of evi-
dence, these types of studies will not be feasible for every new 
genome application given the cost and time required, and other 
study approaches will need to be utilized. The continued support 
across translational genome research will be critical to the devel-
opment of safe and effective applications in genomic medicine.  

  Race and Genomics 
 Population genetics research has spurred debate regarding the 
validity and use of racial categories as a variable in biological 
research. In particular, genomics research has provided insight 
into the genetic diversity (or lack thereof) of the human popu-
lation, giving rise to questions about the use of race as a variable 
in biomedical research and whether genomics could provide 
improved measurements of variation in place of the concept of 
race ( Burchard et al., 2003 ;  Cooper et al., 2003 ). While a major 
conclusion of the Human Genome Project was the high degree 
of sequence identity between individuals, subsequent research 
has focused on the small differences between individuals and 
populations, particularly with respect to disease ( Foster, 2005 ). 



For instance, the 3-year US-led HapMap project generated a 
map of one million common genetic variants through analyses 
of more than 200 genomes of individuals from four different 
populations ( International HapMap Consortium, 2005 ). 

 Similar to the HapMap project, the Mexican Genome 
Project, started in 2005, sought to determine the genetic vari-
ation of the heterogeneous  mestizo  population in Mexico 
( Mothelet and Herrera, 2005 ). Mestizo refers to individuals with 
mixed ancestry of European (primarily Spaniards) and Indian. 
The goal of the project was to determine whether any genetic 
differences between populations may be correlated to known 
health differences. Preliminary analysis of data from the project 
concluded that mestizo ancestry is a mixture of 35 ethnic groups 
( Wall, 2007 ). In general, 65% of Mexican ancestry can be traced 
to indigenous populations and 35% is due to non-indigenous 
groups (African, Asian, and European). Not surprisingly, regional 
differences were also found as numerous indigenous populations 
existed for some time prior to the arrival of the Europeans. The 
medical implications of these data remain to be determined. 
However, it is anticipated that the data will benefi t other Latin 
American countries as well and will aid in the development of 
safe and effective drugs for these populations which are not typ-
ically studied in clinical trials conducted by United States and 
European drug makers ( Mothelet and Herrera, 2005 ). 

 For genomic medicine, the main question is whether race 
can be used as a surrogate for biological variance to aid preven-
tion, diagnosis and treatment of disease. Studies have detected 
not only differences in the prevalence of genetic variants ( Hall, 
1999 ;  Monaghan et al., 1996 ), but also in the risks associated 
with the same genetic variant ( Helgadottir et al., 2006 ), imply-
ing a role for additional genetic or environmental factors. While 
studies have shown that individuals from populations around the 
world can be clustered genetically into six groups ( Rosenberg 
et al., 2002 ), other studies have demonstrated a range of mixed 
ancestry in African-Americans, Hispanics, and Mexicans ( Parra 
et al., 1998 ;  Shriver et al., 2003 ;  Sinha et al., 2006 ). 

 Our new understanding of human variation and ancestry has 
yet to impact federal policies regarding the use of race in bio-
medical research and clinical trials. Current policies such as the 
 National Institutes of Health Revitalization Act (1993)    , the US 
 Food and Drug Administration (FDA) (1998, 2005a) , and the 
 European Medicines Agency (1998, 2005)  require that study par-
ticipants be identifi ed by race and/or ethnicity to ensure a diverse 
study population and to allow subset analysis. In light of recent 
fi ndings, however, the application of race and ethnicity catego-
ries to biomedical research and the requirement to subset and 
analyze clinical trials data seem to be outdated and inadequate 
measures of differences in treatment outcome or response ( Haga 
and Venter, 2003 ). Although self-identifi ed race has been shown 
to correspond well with genetic clustering ( Tang et al., 2005 ), it 
appears to be more problematic clinically since it has not always 
been shown to be a consistent and reliable measure ( Hahn et al., 
1996 ;  Johnson, 1974 ;  Rankin and Bhopal, 1999 ). Moreover, the 
context in which the self-identifi cation is made may infl uence an 
individual’s decision, resulting in variable responses depending on 

who is asking the question and how the information might be 
used ( Senior and Bhopal, 1994 ). 

 In using race as an analytical variable, it is important 
to consider the two major constructs of race: the use of race 
as a  social  measure to detect differences of potentially impor-
tant factors such as access to healthcare, environmental expo-
sures, and lifestyle; or the use of race as a  biological  variable to 
identify genetic (and therefore, biological) differences between 
populations underlying differences in disease prevalence, sever-
ity, and outcome. While there is little disagreement that genetic 
epidemiology studies would benefi t from more diverse sample 
populations ( Ioannidis et al., 2004 ;  Tang, 2006 ), which may be 
achieved through using race as a surrogate, it is still unclear what 
the signifi cance (social and/or biological) of a positive associa-
tion is between a given phenotype and race. Thus, diffi culty in 
defi ning the impact of different factors makes race a poor surro-
gate in general, and direct measurement of relevant factors (e.g., 
diet, environment) may reduce some of the challenges arising 
from the use of such a broad undefi ned variable such as race. 
Genetics and genomics present an alternative measure of human 
variation for which race has been used as a surrogate that will 
lead to more defi nitive and quantifi able data points ( Shields 
et al., 2005 ). 

 Another major issue is the relationship between genetic 
and genomic data and health disparities. Differences in disease 
prevalence and outcome between groups, typically character-
ized by race, have been well-documented ( Institute of Medicine, 
2003 ). If individual differences in disease predisposition, progno-
sis or response to drugs may be accounted for by genetic vari-
ation, could group health differences also be accounted for by 
genetic variation between populations? Despite the small role 
that genetics is believed to play regarding disease prevalence 
and outcomes of common diseases, there is an inherent danger 
of extrapolating differences detected in individuals from one 
group to an entire race, potentially resulting in unvalidated sup-
port of race as a biological category ( Wiegmann 2006 ). Indeed, 
the temptation to attribute health disparities to genetic causes 
may distract from other types of social and biomedical research 
that may lead to greater reduction in these observed differences 
( Sankar et al., 2004 ). Furthermore, race-based medicines such as 
BiDil, a drug approved by the FDA for the treatment of heart 
failure in self-identifi ed black patients, have the added potential 
of reifying the biological concept of race and hinder efforts to 
reduce disparities ( Haga and Ginsburg, 2006 ;  Kahn, 2005 ).   

  POLICY ISSUES IN LARGE-SCALE 
GENETICS AND GENOMICS 
RESEARCH 
 The shift to study the genetic etiology of common, complex 
diseases and the development of high-throughput technolo-
gies such as microarray analysis and new sequencing techniques 
at increasingly cheaper costs have enabled the expansion of 
study populations in genomic studies. Whereas genetic  studies 
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 traditionally focused on small groups, particularly families, 
genomics studies are characterized by the collection of genetic 
data on hundreds or thousands of individuals, healthy and 
affected. The demand for DNA samples from individuals of 
various phenotypes has led to the creation of local and national 
biobanks or biorepositories worldwide. Given the enormity of 
national biobanks, several policy issues arise, particularly with 
respect to research policy. Among the many issues that have 
been debated about biobanks are the scientifi c need and merit 
of a national biobank, the cost and feasibility of successfully 
establishing and operating a biobank, the required infrastructure, 
accessibility to samples and data, informed consent, intellectual 
property (IP), privacy and confi dentiality of data, and disclosure 
of research results to participants. While current policies may 
be applicable to some of these issues as they are not unique to 
biobanks, new policies may be required to address some of these 
issues such as data-sharing and data disclosure and to help reas-
sure the public. 

  Biobanking 
 Several years prior to the completion of the Human Genome 
Project, a number of countries contemplated setting up a 
national research resource or  “ biobank ”  that would contain 
both clinical specimens and data for the purposes of large-scale 
genetic epidemiology studies. Samples and data would be col-
lected from 60,000 to one million individuals and stored for fi ve 
to 30 years ( Godard et al., 2004 ). 

 Given that a national biobank depends on the public’s sup-
port and participation, engaging the public is critical to its suc-
cess (Haga and Willard, 2006; Haga and Beskow, 2008). Two 
approaches have been used to communicate with the pub-
lic about national biobanks – a communication or partnership 
approach ( Godard et al., 2004 ). In Iceland, a brief public consul-
tation took place in the form of radio and television programs, 
town hall meetings, and public surveys. In 1998, the Act on a 
Health Sector Database was passed, authorizing the Ministry 
of Health and Social Security in Iceland to license a private 
fi rm (deCODE Genetics, Inc.) to establish and maintain the 
Health Sector Database, which would store the health records of 
Iceland’s 270,000 citizens. Strong criticism from researchers and 
ethicists worldwide quickly followed, particularly with respect 
to the issue of  “ presumed consent. ”  In response, an option to 
decline was made available and about 10% of the Icelandic pop-
ulation chose to opt out. 

 In contrast, the United Kingdom embarked on a massive 
public 3-year consultation campaign about its proposed national 
databank. The national diallog included town hall meetings, 
focus groups, interactive workshops, and published reports. The 
exchange of information helped inform policy-making to ensure 
that public concerns were addressed while at the same time raised 
public awareness about the project. In addition, public comments 
were requested on procedural and governance documents. 

 Other countries such as Japan, Canada, Estonia, United States, 
Tonga, and Latvia are considering or have already  established 
national biobanks. Their approach to public consultation has 

fallen in between Iceland’s communication approach and the 
UK’s partnership approach. The different approaches utilized 
are refl ective of different cultures, attitudes towards scientifi c 
research, history, and government and healthcare systems.  

  Data Disclosure 
 Research results can be disclosed in a variety of formats includ-
ing individual or aggregate reports. Aggregate reports would be 
the only way to inform participants about study outcomes if the 
samples are collected anonymously or pooled. However, aggre-
gate reports may dilute the value of results to individuals because 
participants will be left with uncertainty regarding the signifi -
cance of the fi ndings for themselves specifi cally (e.g., whether 
they were found to be at high risk versus low risk) ( Shalowitz 
and Miller, 2005 ). 

 A number of studies have examined the attitudes and 
responses of research participants with respect to access to 
clinical research results, though not specifi cally to results from 
genetic studies. In general, studies have found that disclosure of 
research results to participants, even those of a serious nature, 
do not result in negative psychological impacts in the majority 
of research participants ( Bunin et al., 1996 ;  Schulz et al., 2003 ; 
 Snowdon et al., 1998; Shalowitz and Miller, 2008 ). Participants 
indicated they would want access to research results ( Wendler 
and Pentz, 2007 ), even if upsetting ( Schulz et al., 2003 ) or if 
not considered clinically valid or useful ( Wendler and Emanuel, 
2002 ). 

 Despite current evidence that research participants would 
like the option of requesting research results even if of lit-
tle clinical utility, the practice does appear to be common. An 
analysis of consent forms in the Children’s Oncology Group 
found that only two of 202 studies offered the option to par-
ticipants to receive research results and only 10 of 202 studies 
offered to provide new information after the study was com-
pleted ( Fernandez et al., 2003a ). Although almost 80% of clini-
cal investigators surveyed agreed that clinical trial results should 
be offered to research participants, about 60% of investigators 
only offered results less than 20% of the time ( Partridge et al., 
2004 ). Moreover, more than 60% did not believe that the dis-
closure of research results would have a negative impact on par-
ticipants ( Partridge et al., 2004 ). The major reasons given for not 
returning results include potential harm of research participants 
and time constraints and cost related to development of research 
summaries or individual reports and re-contacting of partici-
pants ( Fernandez et al., 2003b ;  Rigby and Fernandez, 2005 ). 

 While several policies on data disclosure have been devel-
oped, few exist at the federal level. Of the guidelines specifi c to 
genetic studies, the importance of clinical relevance and utility is 
emphasized. For example, the NHLBI guidelines identifi ed the 
availability of a clinical intervention (treatment or preventative) 
as a key criterion if results were to be returned to study partici-
pants ( Bookman et al., 2006 ). It has been suggested that investi-
gators have an ethical responsibility to offer participants access 
to research results ( MacNeil and Fernandez, 2006 ). Providing 
an option to disclose research data shows respect to the research 



participant ( Shalowitz and Miller, 2005 ). Those investigators who 
choose not to provide access to research data should have to jus-
tify this decision ( Shalowitz and Miller, 2005 ). Given concerns 
about the potential harms of unvalidated or inconclusive data, it 
has been suggested that the option for access to research results 
should be provided but not necessarily encouraged and that the 
uncertain nature of the results may be emphasized ( Shalowitz 
and Miller, 2005 ). Because of these potential risks, it has also 
been suggested that a second consent should be obtained prior 
to disclosure of research results ( Fernandez et al., 2003c, d ).  

  Data-sharing 
 Publicly accessible genomic databases employ a range of data 
access policies. Initially, the leaders of the Human Genome 
Project determined that all data generated from the project 
should be placed in a public repository and accessible to all 
interested users ( The Wellcome Trust, 1996, 2003 ). Rapid 
deposit of sequence data was required from each of the sequenc-
ing centers. This policy decision was infl uenced by concerns 
that access to basic data would be impeded if traditional meth-
ods of scientifi c data disclosure were followed. For new publicly 
funded, large-scale international collaborations, similar policies 
may need to be developed in advance to address issues of data-
sharing, intellectual property and use of specimens (if applicable) 
( Chokshi et al., 1999 ). The 2006 NIH proposal specifying poli-
cies on data-sharing for NIH-supported or conducted genome-
wide association studies is a step in this direction ( National 
Institutes of Health, 2006a ). 

 Several studies have examined data-sharing and data-
withholding practices of US biomedical scientists and, in 
particular, geneticists. According to the most recent study, 
geneticists were more likely to engage in data-withholding 
practices than other life scientists ( Blumenthal et al., 2006 ). 
Among academic geneticists, at least one-third of requests for 
additional information, data, or materials and 10% of post-pub-
lication requests were denied ( Campbell et al., 2002 ). Twenty-
eight percent stated that data-withholding impacted their ability 
to confi rm research fi ndings ( Campbell et al., 2002 ). Reasons 
for withholding included concerns about additional time and 
effort, protection of junior investigators, and protection of data 
intended for future publications ( Campbell et al., 2002 ). Delay 
in publication may be caused by factors such as IP or desire 
to maintain a competitive advantage ( Blumenthal et al., 1997 ). 
These three surveys combined have assessed data-sharing prac-
tices from the 1980’s until today and are among the few sources 
of information about these scientifi c practices in genetics or, by 
extension, genomics. 

 Little research has been conducted to assess public attitudes 
regarding sharing of biomedical research data and specifi cally 
genomic research data. The privacy of genomic information, 
even if de-identifi ed or stored anonymously, is tenuous, since as 
few as 30 single nucleotide polymorphisms (SNP) may uniquely 
identify an individual ( Lin et al., 2004 ). Therefore, participants 
may need to be informed about the potential risks due to data-
sharing practices.   

  INTEGRATING GENOMIC MEDICINE 
APPLICATIONS IN HEALTHCARE 
 While human genetics has focused traditionally on testing for 
Mendelian and rare diseases through established techniques 
such as karyotyping, fl uorescence  in situ  hybridization, and 
restriction fragment length polymorphism analysis, genomic 
medicine builds on new technologies such as genome-wide 
analysis of SNP and copy number variation, metabolomics 
and whole genome sequencing. These new technologies have 
led to testing for a broader range of diseases including com-
mon, complex conditions such as Type II diabetes. However, 
the expanded scope of clinical genomic applications neces-
sitates consideration of the adequacy of current policies to 
ensure the safe, effective, and appropriate use of the genomic 
applications. In particular, changes may be need to be made 
to the regulatory system, education of health profession-
als involved in the provision of these new applications, and 
patient protections. 

  Oversight 
 In the United States, it is diffi cult to determine the actual 
number of traditional genetic tests performed annually given the 
privatized health care system; the only published survey data 
estimated that over 175,000 tests were performed in 1996 
( McGovern et al., 1999 ). In contrast, the Clinical Molecular 
Genetics Society conducts annual audits of the UK National 
Health Service laboratories. In 2005–2006, 78,600 post-
natal genetic tests were performed, almost 20% more than in 
2004–2005 ( Clinical Molecular Genetics Society, 2004–2005, 
2005–2006 ). More than 1500 prenatal genetic tests were also 
performed, representing a 12% increase from the previous year 
( Clinical Molecular Genetics Society, 2004–2005, 2005–2006 ). 
Of particular interest, the number of predictive and confi rma-
tory tests almost doubled over the prior year. About 85 condi-
tions were tested for overall, although the majority of tests were 
for familial cancers such as breast cancer ( BRCA1/2 ) and color-
ectal cancer (HNPCC and FAP). In the European Union, it is 
estimated that more than 700,000 tests are performed annually 
( Ibarreta et al., 2003 ). 

 In the United States, the Clinical Laboratory Improvement 
Amendments (CLIA) program administered by the Centers for 
Medicare and Medicaid oversees laboratory operations includ-
ing quality control, quality assurance and analytical test validity.
Laboratories are subject to inspection every two years by a 
state CLIA inspector or an accredited organization such as the 
College of American Pathologists. In 2006, 198,000 laboratories 
were registered by the CLIA program. Tests that are packaged 
and marketed as kits are considered medical devices and require 
clearance or approval by the FDA. However, as the majority of 
genetic tests are offered as a clinical laboratory service, other-
wise known as a  “ home-brew ”  test, they are not currently sub-
ject to FDA regulations. In addition to analytical validity, FDA 
also reviews the clinical validity of tests. 
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 Over the past decade, two federal committees have explored 
the adequacy of current regulatory oversight mechanisms of 
genetic tests. In 1997, a NIH-Department of Energy Task Force 
indicated that an assessment of current review processes of 
the validity and utility of genetic tests may be warranted, but 
stopped short of providing specifi c suggestions ( Holtzman and 
Watson, 1997 ). In 2000, the Secretary’s Advisory Committee on 
Genetic Testing recommended that the FDA regulate all genetic 
tests and that oversight of genetic testing laboratories under the 
CLIA be strengthened ( Secretary’s Advisory Committee on 
Genetic Testing, 2000 ). 

 To date, these recommendations have not been imple-
mented, although the creation of a genetic testing specialty 
under CLIA has been proposed and debated ( Centers for 
Disease Control and Prevention, 2000 ). Several guidance docu-
ments have been issued by FDA, resulting in a gradual increase 
in oversight of new genomics applications. In 2005, a guidance 
document was issued encouraging sponsors to voluntarily submit 
pharmacogenomics data to help prepare reviewers on the type 
and complexity of genomics-based data ( FDA, 2005b ). Two 
relevant draft guidances were also released in 2005 – a draft 
guidance on nucleic acid-based  in vitro  diagnostic devices for 
detection of microbial pathogens was released ( FDA, 2005f ) 
and another on the co-development process of drug-device 
combination products as evident from their concept paper 
( FDA, 2005e ). In addition, other guidance documents have been 
developed focusing on drug metabolizing enzymes genotyp-
ing system ( FDA, 2005c ), multiplex technology ( FDA, 2005d ), 
analyte specifi c reagents ( FDA, 2006b ), algorithm-based genetic 
tests ( FDA, 2006c ), genetic toxicology studies ( FDA, 2006d ), and 
pharmacogenetic tests ( FDA, 2007 ).  

  Direct-to-Consumer Marketing 
 Genetic services and applications are often promoted directly 
to consumers, similar to drugs and other healthcare services. 
However, for many of these services and products, the involve-
ment of a health care professional is not required, and consumers 
can purchase goods directly from the laboratory or manufac-
turer (an  “ over-the-counter ”  test). Laboratory services include 
testing for paternity, lifestyle, health, and ancestry. Products 
include DNA-tailored cosmetics and nutritional supplements. 
Consumers who purchase these services may decline to share 
the results with their health practitioner due to fear of genetic 
discrimination. 

 Direct-to-consumer (DTC) provision of genetic serv-
ices and products, particularly those that are not health-related, 
represent an emergent industry. However, at this early stage of 
research and development, the complex genetic etiology and 
role of environmental factors for many phenotypes and traits 
are not clearly understood. Therefore, many of the early tests 
promoted directly to consumers likely lack robust validity and 
utility. As these tests are not subject to FDA oversight, the evalu-
ation of the validity of genetic tests and products may be chal-
lenging for some consumers. Consumers may be vulnerable to 
ambiguous and exaggerated claims. In addition, the complex 

nature of genetic information related to health may warrant 
consultation with professionals trained in genetics or other spe-
cialist to ensure appropriate test interpretation and intervention. 

 General advertising of genetic tests accessible only through 
a physician has also increased. For example, Myriad Genetics 
launched an advertising campaign in two cities in 2002 for the 
 BRCA1/2  breast cancer tests. A study conducted the following 
year to assess the impact of the campaign on women’s awareness 
of the tests found that consumers were substantially more likely 
to have heard of the test and seen an advertisement ( Jacobellis 
et al., 2004 ). However, despite the increased awareness, the per-
ceived knowledge and interest in testing did not differ between 
the pilot and control cities. Physician knowledge of breast can-
cer testing did not differ between the pilot and control cities, 
although physicians reported ordering a signifi cantly higher 
number of tests in the pilot cities ( Myers et al., 2006 ). 

 DTC genetic services and products have raised concerns 
among a number of groups. In 2002, the UK Health and Science 
Ministers requested an investigation by the Human Genetics 
Commission into DTC genetic testing. The commission 
identifi ed two potential harms from DTC genetic testing: the 
impact of inaccurate or misinterpreted test results on consumer 
health and the absence of an adequate informed consent proc-
ess (UK  Human Genetics Commission, 2003 ). As a result, the 
Commission recommended that stricter controls be put in place 
for DTC genetic tests and that predictive genetic tests should be 
restricted from DTC sale. 

 In the United States, the  American College of Medical 
Genetics (2004 and 2008)  recommends  “ a knowledgeable 
healthcare professional should be involved in the process of 
ordering and interpreting a genetic test ”  to prevent potential 
harms such as test misinterpretation and inappropriate follow-up. 
In 2006, an investigation conducted by the General Accounting 
Offi ce concluded that DTC nutrigenetic tests were medically 
unproven and ambiguous ( Government Accountability Offi ce, 
2006 ). To educate consumers about home genetic test kits, the 
Federal Trade Commission, the Centers for Disease Control and 
Prevention, and the Food and Drug Administration developed 
a fact sheet ( Federal Trade Commission, 2006 ). And, in 2007, 
the American Medical Association’s House of Delegates passed 
Resolution 522, which requested further study of the practice 
of DTC advertising of genetic tests and, in particular, at the 
existing oversight of this fi eld ( American Medical Association, 
2007 ).  

  Access/Reimbursement 
 Coverage of genomic applications is intimately linked to uptake 
of a new test and integration into clinical practice. The dem-
onstration of the validity and utility of a genomic application 
as well as cost-effectiveness is essential to securing reimburse-
ment. More than 150 economic analyses of genetic services 
have been conducted, many for adult conditions such as can-
cer ( Carlson et al., 2005 ;  Phillips and Van Bebber, 2004 ). While 
many tests have been shown to be cost-effective, others still 
have questionable utility despite demonstrated clinical validity. 



For example, a commercially available molecular profi ling 
test known as Allomap has been shown to be cost-effective 
to identify heart transplant patients at risk for rejection com-
pared to endomyocardial biopsy to detect rejection, mainly 
due to the cost-savings gained from not having to perform a 
biopsy ( Evans et al., 2005 ). But several tests developed to guide 
therapy decisions are considered by some to be of questionable 
value ( Matchar et al., 2006 ). 

 The increased involvement of FDA review of genomic tests 
and more focused translational research has encouraged the cov-
erage of these applications. For example, in 2005, the Blue Cross 
Blue Shield Association’s Technology Evaluation Center (TEC) 
assessed four gene expression profi les for use in the management 
of breast cancer. Based on the available evidence at the time, the 
report concluded that none of the profi les met the TEC crite-
ria ( Blue Cross Blue Shield Association Technology Evaluation 
Center, 2005 ). The TEC criteria include approval by federal 
regulatory bodies and evidence demonstrating an improved out-
come and comparable benefi ts to existing alternative treatments 
or applications. However, in 2007, a second review of the 
Oncotype DX test (one of the four tests evaluated in 2005) 
concluded that the test now met the TEC criteria and 
was considered to be useful specifi cally regarding adjuvant 
chemotherapy for women with estrogen receptor-positive, 
node-negative, tamoxifen-treated breast cancer ( Blue Cross Blue 
Shield Association Technology Evaluation Center, 2007 ). 

 In addition to evaluating both clinical validity and util-
ity, pharmacogenetic testing policies must also consider cover-
age of the drugs identifi ed as being most likely to perform well 
or least likely to cause adverse side effects. For tests that are 
co-developed with drugs, the cost of the testing and drug could 
be determined by a single policy decision. But in the event that 
a test indicates a different drug, payors may be forced to revise 
their coverage policies for drugs that are not listed on their 
formularies.  

  Health Professional Education 
 As the applications of genetic and genomic information have 
expanded beyond the traditional specialties of medical genet-
ics, pediatrics, and obstetrics into other fi elds such as oncology, 
cardiology, neurology, and psychiatry, the education of health 
professionals needs to evolve as well. While a number of surveys 
have documented the variable level of physician knowledge of 
genetics ( Metcalfe et al., 2002 ), none has assessed knowledge 
of the newer fi eld of genomics. The uptake and use of new 
applications will be stalled until health professionals gain some 
understanding about the appropriate use of these tests and the 
interpretation and application of test results. As a result, the con-
tinuum of health education from graduate or professional school 
to continuing education should aim to increase awareness and 
understanding of these new tools and therapies across virtu-
ally all medical specialties ( Challen et al., 2005 ;  Gurwitz et al., 
2003 ). In addition, it will be important for health professionals to 
understand other issues related to the use of these technologies 

such as implications for family members and privacy and confi -
dentiality issues.  

  Re-defi ning Roles of Health Professionals 
 Due to the expected widespread use of genomic applica-
tions, some re-organization of health professional roles may be 
required, given the limited number of genetics specialists and 
new applications such as pharmacogenetic testing (see  Table 18.1   ) 
( Guttmacher et al., 2001 ). For example, the pharmacist may 
play a much greater role in the integration of pharmacoge-
netic testing by helping to ensure that the drug and dosage are 
safe based on the patient’s genotype ( Clemerson et al., 2006 ). 
Monitoring pharmacogenetic information to assure appropriate 
drug dosing would appear to be a natural extension of the role 
of pharmacists. To fulfi ll this expanded role, pharmacists would 
need greater access to patient medical records ( Clemerson et al., 
2006 ), although physicians and patients have expressed concerns 
regarding patient confi dentiality if full access were permitted 
( Porteous et al., 2003 ). 

 In contrast, a board-certifi ed genetics professional (phy-
sician or genetic counselor) may have a revised, lesser or even 
non-existent role in the provision of genomic testing such as 
a pharmacogenetic profi le as these tests become routine. The 
need for a genetics specialist may be determined by several fac-
tors including complexity in determining appropriate candidates 
for testing and interpretation of test results, the extent of the 
informed consent process, reimbursement policies, familial 
implications and the risks and benefi ts of the test. However, 
given the relatively small size of the genetics workforce, any new 
requirements for their services may not be feasible. Consultation 
by a board-certifi ed genetics specialist may need to be reserved 
for only the most complicated cases. 

 To increase the number of physicians with training in genet-
ics or genomics, one possibility may be to increase the number of 
dual board-certifi ed specialties with medical genetics. For exam-
ple, an individual dual-certifi ed in medical genetics and pharma-
cology would have expertise in genetics and pharmacology and 
be able to advise the treating physician about the best choice 
of treatment based on the patient’s pharmacogenetic profi le and 
other clinical information. However, the training requirements 
to fulfi ll the medical genetics certifi cation should be substantially 
revised to provide direct knowledge relevant to the individual’s 
primary profession with greater focus on test appropriateness, 
interpretation and test utility. In addition, genetics certifi cation 
should not lengthen the overall training program. 

 Pilot development studies have found that new roles associ-
ated with genetic testing were mostly fulfi lled by non-genetics spe-
cialists, in particular nurses ( Bennett et al., 2007 ). For example, the 
cancer family nurse specialist is trained to identify patients with a 
family history of cancer that would place them at increased risk 
and indicate testing ( Bennett et al., 2007 ). Indeed, genetic com-
petencies have been developed and training programs have been 
accordingly revised to meet these new needs and to enable nurses 
to adequately provide genetics services and guidance ( Jenkins and 
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Calzone, 2007 ;  Lewis et al., 2006 ). Studies have demonstrated 
the equivalence of care provided by nurses trained in genetics 
compared to board-certifi ed genetic counselors ( Torrance et al., 
2006 ). Several groups have developed professional genetic compe-
tencies including the  National Coalition for Health Professional 
Education in Genetics (2005) , and the  National Health Service’s 
National Genetics Education and Development Centre and the 
Skills for Health Service (2007)  have developed general compe-
tences for non-genetics practitioners.  

  Privacy and Confi dentiality 
 The issue of medical privacy is a major concern in the United 
States. In 2005, the National Consumer Health Privacy Survey 
reported that 66% of Americans were very or somewhat 
concerned about medical privacy ( California Health Care 
Foundation, 2005 ). Due to concerns that employers or other 

 T A B L E  1 8 . 1         Changing roles of health professionals in 

genomic medicine  

 Health professional  New or revised role 

 Primary care 
Physician 

 Increased focus on family-history 
assessment, identifi cation of 
appropriate patients for testing, 
discussion of risks and benefi ts of 
testing, interpretation of test results, 
revision of medical management 
based on test results, focus on 
preventative strategies 

 Nurse  Enhanced family-history taking and 
counseling skills; enhanced education 
in corresponding areas of genetics 
(e.g., cancer genetics for oncology 
nurses); awareness of ethical, social, 
and legal issues associated with 
testing 

 Genetic or Genomic 
Specialist (Genetic 
Counselor or 
Physician) 

 Consultation reserved for complex 
genetic cases; interpretation of whole-
genome data, including sequence; 
increased role in professional 
education development 

 Pharmacist  Increased understanding of 
genetic factors in drug safety and 
effi cacy; enhanced education of 
genetic etiology of drug response; 
consideration of pharmacogenetic 
test results prior to drug treatment; 
increased collaboration with 
prescribing physician; increased 
patient education with respect to 
pharmacogenetic testing; added 
consideration of pharmacogenetic 
test result to determine appropriate 
dose adjustment or drug selection 

groups may have access to a medical record, 11% of survey 
respondents indicated paying for a cancer test or procedure 
out-of-pocket. The predictive nature and often deterministic 
views associated with genetic information have likely contrib-
uted to the heightened concerns linked to testing. In addition, 
as the number of health professionals with access to a patient’s 
genomic test results increases, the ability to safeguard the infor-
mation increases becomes more challenging.  

  Genetic Discrimination 
 Genetic discrimination involves the inappropriate use of 
genetic information, primarily with respect to health insur-
ance and employment, but including other areas such as life 
insurance, long-term care insurance, adoption services, egg and 
sperm banks or educational admissions programs. While the fear 
of genetic discrimination has existed prior to the start of the 
Human Genome Project, the solutions have been slow to come 
by and, at best, provide a patchwork of protections in the United 
States and around the world. For example, about two-thirds of 
states have enacted legislation to prohibit or limit the use of 
genetic information for risk selection and risk classifi cation for 
health insurance purposes. Passage of national legislation would 
provide universal coverage against health insurance and employ-
ment discrimination on the basis of genetic information for 
all. But despite all of the interest and support shown by federal 
lawmakers including the past two US presidents, national legisla-
tion has only just been enacted. Unbelievably, it has taken longer 
to pass genetic anti-discrimination legislation than it actually 
took to sequence the human genome. 

 Since the fi rst bill on genetic discrimination in health 
insurance was introduced in the United States in 1995, at least 
20 other bills have been introduced, but only one has passed 
providing partial protection against genetic discrimination for 
the group insurance market. In 2007, the Genetic Information 
Nondiscrimination Act was re-introduced to  “ prohibit dis-
crimination on the basis of genetic information with respect to 
health insurance and employment. ”  In contrast to previous years, 
it swiftly moved through the three House committees who have 
jurisdiction and passed by a fl oor vote of 420 to 3, thus moving 
further along than in any previous Congress. The bill was also 
passed by the Senate and signed into law by President Bush in 
May 2008. 

 Despite universal condemnation against genetic discrimi-
nation ( UNESCO, 1997, 2003 ), the development and imple-
mentation of national protections has also been slow outside 
the United States. For example, although  “ genetic features ”  
is included in the European Union’s Charter of Fundamental 
Rights ’  section on non-discrimination, countries have had 
variable success in providing national protections ( European 
Parliament, 2000 ). Austria, Belgium, France, the Netherlands, 
Luxembourg, Greece, and Italy have enacted legislation prohib-
iting access of genetic information without consent. 

 Various initiatives have been undertaken in the United 
Kingdom, Australia, and Canada to protect against genetic 



discrimination by life insurers and employers. Similar to the 
United States, a patchwork of provincial legislative protections in 
Canada exist. A recent review of the Canadian Human Right Act 
by the Department of Justice recommended that the defi nition of 
disability include genetic predispositions ( Department of Justice, 
Canada, 2005 ). Australia has been particularly active in investigat-
ing the protections of genetic information. In 2000, the Attorney-
General of Australia and the Minister for Health and Aged Care 
called for an inquiry into genetic discrimination. An extensive 
public consultation was undertaken including widespread dis-
semination of two consultation papers ( Australian Law Reform 
Commission, 2001, 2002 ), 15 public forums around the country, 
and 185 meetings with key stakeholders and interested parties. In 
2003, a fi nal report was released containing 144 recommendations 
directed at local, regional, and national governments as well as 
statutory authorities ( Australian Law Reform Commission, 2003 ). 
And in the United Kingdom, a moratorium is in effect banning 
the use of genetic testing information for insurance underwriting 
purposes until 2014 ( Association of British Insurers, 2008 ).  

  Intellectual Property 
 Intellectual property (IP) of genes and genetic material has 
been a major point of controversy since the early years of the 
Human Genome Project. Nearly 20% of the human genome 
is under US patents, comprising about 4400 genes ( Jensen and 

Murray, 2005 ). More than 60% of these patents are owned by 
private entities ( Jensen and Murray, 2005 ). In addition, almost 
a dozen complete genomes have been patented or are pending 
patent approval ( O’Malley et al., 2005 ). A constellation of issues 
pertaining to ownership has garnered signifi cant attention and 
concern from various stakeholders. From the single laboratory 
to national advisory bodies to international organizations, gene 
patenting has become a controversial topic, particularly with 
respect to the limitation of access to gene-related inventions and 
benefi t-sharing ( World Health Organization, 2005 ;  Canadian 
Biotechnology Advisory Committee, 2006 ). The patenting of 
genomes has signifi cantly broadened the scope of IP, and its 
impact remains to be seen. 

 Although there has been a signifi cant amount of debate 
about the patenting of genes, concern also exists about the 
licensing practices of patent holders, as exemplifi ed by  BRCA1/
BRCA2  and Canavan’s disease. To address some of these con-
cerns, the NIH has also taken steps to promote open access to 
its large-genomic datasets and encourage fair licensing prac-
tices through IP user agreements and guidance documents 
( National Institutes of Health, 2005 ). In addition, an amendment 
to a Request for Applications for genome sequencing cent-
ers requires applicants to develop an  “ IP Management Plan ”  to 
ensure wide availability of sequencing data generated by awar-
dees ( National Institutes of Health, 2006b ).   

2009 UPDATE

While advances stemming from the genome sciences are cer-
tain to impact the practice of medicine and our understanding 
of human development, biology, biochemistry, and physiol-
ogy, the safe and appropriate use of this new information and 
its associated technologies will warrant new policies and an 
improved level of understanding by patients, consumers, and 
providers. Over the last year, direct-to-consumer testing has 
substantially expanded with at least three companies provid-
ing whole-genome risk profi ling, ranging in cost from $399 to 
$2500 for risk information for several dozen (Navigenics) to 
nearly a hundred (23andMe, Inc.) diseases and traits (ironically, 
the lower priced test reports risk information for the greatest 
number of conditions). Although these companies claim not 
to be offering medical information, some health departments, 
notably in California, have demanded that the laboratories be 
CLIA-certifi ed and retain professional staff or cease marketing 
their products within these states. While many of these compa-
nies have acquiesced to these requests, they and other genetic 
testing providers will likely face additional demands for over-
sight, particularly test standardization and validation, and have 
begun working with other groups to defi ne these standards 
(DHHS, 2008a; Kaye, 2008). Thus, although the commer-
cial success of these companies remains to be seen, they have 
pushed to the forefront many of the issues that have been fac-
ing genetic, and now genomic, testing providers for some time, 

namely oversight and regulation. In addition, these companies 
have spurred physicians and public health experts to highlight 
the need for additional research to validate genetic associations 
(Khoury et al., 2008) and to increase physician training and 
awareness in preparation of increased testing outside of the 
healthcare system (Haga and Willard, 2008).

With passage of the genetic non-discrimination protec-
tions, federal agencies in the United States have begun to work 
on policies to implement the new law, which will become 
effective in 2009. Although the signing of this legislation took 
more than a decade to achieve, there are gaps in the legislation 
as it does not prohibit life insurers and long-term care insur-
ers from using genetic information in their policy decisions 
(Hudson et al., 2008). Although many states have laws pro-
hibiting genetic discrimination, some more stringent than the 
federal legislation, it will be of interest to assess the impact of 
passage of federal protections on patient concerns and whether 
it substantially alleviates this fear and removes this barrier from 
the decision-making process. Education of health professionals, 
patients and consumers about the new federal protections will 
be essential part of realizing the benefi ts.

Personalized medicine will likely remain a top health 
initiative in the new administration in the United States. In 
2007, then-Senator Barack Obama introduced a bill to facili-
tate oversight and development of personalized medicine tools 
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(S. 976). In 2008, a companion bill (H.R.6498) was intro-
duced in the House of Representatives by Congressman Patrick 
Kennedy. Other government priorities, such as family-history 
taking tools (DHHS, 2009) and development of decision support 

tools (DHHS, 2008b), are key components in initiatives on 
health information technology and personalized medicine, as 
they will help facilitate uptake of new genomic-based applica-
tions and the appropriate use of these applications.
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  INTRODUCTION 
 Regulation of the medical uses of genomic technologies is an 
evolving and controversial fi eld. In the ideal case, medical prod-
uct regulation strikes an appropriate balance between protecting 
patients and fostering innovation. Such balance can be diffi -
cult to achieve during the dynamic evolution of a new area of 
technology. Currently, the fi elds of genomic testing and phar-
macogenomics are experiencing very active growth and cor-
responding regulatory and policy interest, and there is ongoing 
debate about the appropriate level of regulation of these tech-
nologies ( Hudson, 2006 ;  Javitt and Hudson, 2006 ). This chapter 
provides an introduction to both the regulatory framework and 
the ongoing policy challenges for genomic medicine. 

 Commercial introduction of genetic tests began in the late 
1970s; however, the pace of introduction was slow at fi rst and 
has rapidly accelerated over the last decade. It is estimated that 
over 1300 genetic tests are currently available in the United 
States ( Gene Tests ,  www.genetests.org ). Most of these are diag-
nostic tests for genetically based disorders. Recently, new types 
of  in vitro  diagnostics (IVDs) – for example, assays evaluating 
gene expression – are being introduced. Based on the current 
amount of activity in the fi eld, an explosion of new assays can 
be anticipated over the next several years. 

 The landscape of genetic test regulation is somewhat 
confusing. The vast majority of available genetic tests are 

 “ laboratory-developed tests. ”  Such assays are not FDA approved; 
rather, they are developed and conducted within a specifi c labo-
ratory and are offered as a service by the laboratory. In contrast, 
all marketed test kits go through an FDA regulatory process of 
some type. Laboratories that develop an in-house test may sub-
mit an application for marketing clearance to the FDA; however, 
few have chosen to do so. This framework has resulted in a per-
ception of an  “ uneven playing fi eld ”  for the two assay catego-
ries. All laboratories reporting out human results require Clinical 
Laboratory Improvement Amendments (CLIA) certifi cation. 
The CLIA program is administered by the Centers for Medicare 
and Medicaid Services (CMS). The respective roles of FDA 
and CMS have not been clear to all, especially newcomers, in 
the fi eld and have resulted in considerable confusion. Recently 
FDA issued several  “ Guidance ”  documents intended to specifi -
cally clarify FDA regulation of newer diagnostic tests, including 
genomic tests. These will be discussed in more detail below. 

 Researchers interested in developing a specifi c assay for 
use in clinical medicine will need a basic understanding of the 
various regulatory regimes, as described further in this sec-
tion. Exploratory assay development using human samples – 
for example, tissues or body fl uids – can usually be conducted 
under the general human subject protection and privacy provi-
sions implemented by academic institutions. Prior to undertak-
ing analytical validation or clinical studies, however, it would be 
prudent for a developer to determine the potential regulatory 
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status of the test, and the types of studies and regulatory clear-
ances needed to bring the test to market successfully. Further 
evolution of the current regulatory framework for genomic tests 
is likely if the new discipline of genomic medicine is as success-
ful as is currently anticipated. 

 In contrast to genetic diagnostic testing, the fi eld of phar-
macogenomics is in fairly early development. Genomic tech-
nologies have been used extensively in drug discovery for over 
a decade, but application to drug development is a more recent 
phenomenon. Pharmacogenetics can be defi ned as the study of 
the genetic contributions to drug responses (see Chapter 15). 
Drug metabolizing enzyme polymorphisms are the best under-
stood examples of pharmacogenetics because correlations 
between phenotypes and drug concentrations have been well 
worked out for a number of polymorphisms. Despite decades of 
study, however, metabolizing enzyme polymorphisms are rarely 
taken into account in drug development or clinical practice, in 
part because convenient assays have not been available. Recently, 
genetic tests for common drug metabolizing enzyme polymor-
phisms have been introduced and several have been approved 
by the FDA; however, as of this writing, no drug label contains 
specifi c requirements for dose adjustment based on metabolizing 
enzyme test results. Routine use of such tests awaits demonstra-
tion of added value. Pharmaceutical developers generally seek to 
eliminate, prior to clinical testing, candidate drugs that are sub-
ject to polymorphic metabolism or that may be prone to drug–
drug interactions based on metabolic factors. Traditional clinical 
drug development processes have not included individualized 
dose adjustments, and there are strong commercial and logistical 
disincentives to incorporating such individualization. The fi rst 
pharmacogenetically directed, dose-adjusted drug development 
program will likely involve: 

    ●      a promising molecule that developers are unable to engi-
neer to avoid an undesirable metabolic pathway;  

    ●      an indication for a very serious or life-threatening illness; and  
    ●      an expected narrow therapeutic index (e.g., cancer 

therapeutics).    

 Much of the current scientifi c interest in drug metabo-
lism involves marketed drugs, many of which are metabolized 
by polymorphic enzymes. Clinical practitioners have long been 
accustomed to performing empirical dose adjustments based on 
clinical parameters, for example, INR for warfarin, leukocyte 
counts for 6-mercaptopurine, or side effects for many drugs. 
There is considerable skepticism within the clinical and reim-
bursement communities about the value of up-front genetic 
testing and dose adjustment. Resolution of these issues will 
require randomized clinical outcome trials that demonstrate 
added safety or effectiveness, or improved patient conven-
ience/adherence and/or cost-effectiveness as a result of testing 
and dose adjustment. From a scientifi c perspective, it is unques-
tionable that the many-fold variation in drug exposure often 
introduced by polymorphic metabolism has important clinical 
consequences in both drug development and in patient care, 
particularly for drugs with narrow therapeutic indices. However, 

ingrained practices change slowly, and, in any case, there is a 
need for evidence-based dosing algorithms for practitioners in 
instances where dose adjustment is found to be important (see 
for example www.warfarin-dosing.org). 

 Although drug metabolism is the best understood 
example, the promise of pharmacogenomics for drug 
and vaccine development and use is much more expan-
sive. Pharmacogenomic tests are being explored for select-
ing patient subgroups for treatment (based on probability of 
response, prognostic category, or disease subtype), identify-
ing patients with a high probability of an adverse response to 
therapy, and for monitoring response. Additionally, the fi eld of 
toxicogenomics, that evaluates the genomic responses to toxi-
cants, is expected to contribute much more sensitive toxicity 
assays and greatly enhanced understanding of the mechanisms 
of drug toxicity. All these applications are in the early stages 
of development. The most extensive clinical use occurs in the 
fi eld of antiretroviral therapy, where HIV drug resistance test-
ing is routinely performed by assaying the viral genome, and 
therapy is directed by the results. Both FDA-approved and 
laboratory-developed HIV drug resistance assays are commer-
cially available. With respect to the human genome, the most 
developed examples occur in cancer, where various genomic 
assays are employed to provide information about tumor 
aggressiveness and prognosis, or about likelihood of response 
to a targeted therapy (e.g., imatinib, trastuzumab). NIH, FDA 
and the pharmaceutical industry are also pursuing efforts to 
understand the genetic basis of drug-related adverse events. An 
historical example of a genetically based drug adverse event 
is drug-induced hemolysis in people with G6PD defi ciency 
(metabolism based); a non-metabolic, recent example is the 
abacavir hypersensitivity reaction ( Rauch et al., 2006 ). It is 
expected that some, but not all, drug-related adverse events 
will have a genetic contribution. 

 Because of the potential for pharmacogenomics to improve 
drug safety and effectiveness, the FDA has been vigorously 
involved in efforts to foster this new fi eld. In November 2003, 
the Agency established the  “ voluntary genomic data submission 
process, ”  a kind of safe harbor where pharmaceutical develop-
ers can share genomic experiments and data with the FDA in 
a non-regulatory context ( www.fda.gov/cder/genomics/GDS.
htm ). Multiple data submissions have been shared with FDA and 
this process is expected to help ease the transition of pharma-
cogenomic technologies into mainstream preclinical and clinical 
drug development. 

 Nevertheless, numerous policy questions related to the 
use and regulation of pharmacogenomics in drug development 
remain to be answered. For example, what regulatory standards 
should apply during co-development of a pharmacogenomic 
test and drug to be used in combination? What data and studies 
are needed to qualify genomic biomarkers for regulatory use? 
 “ Regulation of Genomic Tests ”  explores the regulatory frame-
work for the use of pharmacogenomic technologies in drug 
development and therapy, and discusses various unresolved pol-
icy areas.  



  REGULATION OF GENOMIC TESTS 
 Researchers intending to translate basic genomic discoveries 
into new diagnostic or prognostic assays will need to have a basic 
understanding of the regulatory framework governing such tests. 

 FDA regulations defi ne IVDs products as  “ those reagents, 
instruments and systems intended for use in the diagnosis of dis-
ease or other conditions, including a determination of the state of 
health, in order to cure, mitigate or prevent disease or its seque-
lae. ”  The regulations go on to say:  “ These products are devices as 
defi ned in Section 201(h) of the Federal Food Drug and Cosmetic 
Act … ”  (21 CFR 809.3)    Therefore reagents, systems, and assays 
for human use are considered medical devices under the law and 
are subject to FDA regulation. However, medical device regulation 
has considerable fl exibility, and this has been exercised by FDA in 
its oversight of IVDs. Additionally, the FDA Modernization Act 
passed by Congress in 1997 called upon FDA to use an approach 
to device regulation that is  “ least burdensome ”  on manufacturers 
while still achieving public health objectives, and this charge is 
taken into account when implementing regulatory standards. 

  Regulation of  In Vitro  Diagnostics as Medical Devices 
 Prior to embarking on a development program for a genomic 
test, researchers and developers should strongly consider con-
sulting with the FDA staff about the development plan. Most 
genomic assays regulated as medical devices will be overseen 
within the Offi ce of  In Vitro  Diagnostic Device Evaluation and 
Safety (OIVD) in the Center for Devices and Radiological 
Health (CDRH) at FDA. CDRH offers assistance to researchers, 
developers, and device manufacturers, who can request a  “ pre-
IDE ”  meeting with OIVD to discuss the proposed development 
plan. Such consultations can save time and prevent wasted efforts. 
Developers can submit their planned protocols for evaluating the 
performance of the IVD and reach agreement with FDA staff 
on the extent and nature of the studies. Contacts can be reached 
through the CDRH web page ( www.fda.gov/cdrh/index.html ). 
FDA has also recently published a relevant draft Guidance enti-
tled  “ Pharmacogenetic Tests and Genetic Tests for Heritable 
Markers ”  that contains advice on product development ( www.
fda.gov/cdrh/oivd/guidance/1549.html )       . 

  Regulatory Classifi cation of  In Vitro  Diagnostics 
 Medical devices are classifi ed into categories, based on risk, 
that govern the intensity of their regulation. For IVDs, the risk 
determination is primarily a function of the intended use of the 
device, based generally on the claims sought by the manufacturer. 
Many types of IVDs have been formally classifi ed by the FDA in 
regulations. Class I devices are considered low risk and are sub-
ject to the fewest regulatory controls. These so-called  “ general ”  
controls include, for example, facility registration, requirements 
for label information and format, manufacturing procedures, and 
reporting of adverse events. Many (non-genetic) IVDs have been 
assigned to Class I and are exempted from submitting applica-
tions for marketing to the FDA. Class II devices are moderate 

risk and require additional controls. Many genomic tests will be 
considered Class II IVDs. As a relevant example, drug metabo-
lizing enzyme genotyping systems are Class II. In making this 
determination, FDA published the document  “ Class II Special 
Controls Guidance Document: Drug Metabolizing Enzyme 
Genotyping System, ”  in 2005 ( www.fda.gov/cdrh/oivd/
guidance/1551.html ). This document explains what data to submit 
to FDA in a Premarket Notifi cation Submission, also known as 
a 510(k) (see below) for a diagnostic of this type. By submitting 
this information, and also complying with the  “ general ”  controls, 
a manufacturer can meet the requirements for marketing a drug 
metabolizing enzyme genotyping system. Special controls vary 
with the category of IVD. In some cases, clinical studies may need 
to be submitted as part of a 510(k) submission for a Class II IVD. 

 Class III IVDs are considered high risk and often require 
submission of a Premarket Approval Application (PMA). PMAs 
usually include data from clinical studies. If a device category 
has not been classifi ed, it is considered Class III.  

  Applications for Marketing  In Vitro  Diagnostic Tests 
  The Premarket Notifi cation Submission or 510(k) 

 When submitting a traditional 510(k) application, a manufac-
turer intends to demonstrate that its IVD is  “ substantially equiv-
alent ”  (the legal terminology) to a previously legally marketed 
IVD, called the  “ predicate device. ”  If a predicate IVD exists, clin-
ical data in the 510(k) for a genomic test would include infor-
mation on the analytic validation of the test, plus comparisons 
with the predicate IVD performance, using appropriate clinical 
samples (Figure 19.1).  

 If no predicate exists, the FDA can, when appropriate, use a 
process know as a  de novo  510(k) to establish the special controls 
needed for a Class II IVD, as discussed for the drug metaboliz-
ing enzyme genotyping test systems mentioned above. In these 
instances, the medical literature or submitted data can be used 
by FDA to help determine the needed extent of special con-
trols. The  de novo  510(k) may contain clinical data consisting of 
protocol-based testing of clinical samples, may sometimes also 
include data gathered in prospective clinical trials, and in some 
cases may include data derived from the clinical literature and/
or information found in recognized clinical practice standards. 

 In February 2007 FDA approved Agendia ’ s MammaPrint® 
as a  de novo  510(k). This test is intended to evaluate the likeli-
hood of breast cancer recurrence within 5–10 years in patients 
with Stage I or Stage II disease. It is the fi rst FDA-cleared 
molecular test using genetic profi ling to predict breast can-
cer prognosis and is indicated as a prognostic marker only. Total 
FDA review time for this application was 30 days; the entire 
process (which necessitated the fi rm submitting a petition for 
down-classifi cation) took less than 180 days. The special controls 
guidance document for these types of assays,  “ Class II Special 
Controls Expression Profi ling Test System for Breast Cancer 
Prognosis, ”  has been published ( www.fda.gov/cdrh/oivd/
guidance/1627.pdf ). The clinical data for this application was 
based on analyses of stored samples from various studies ( www.
fda.gov/cdrh/reviews/K062694.pdf ). 
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IDE Submission/review (If Required) Application
review

PMA or 510(k)
application

Investigational phase pre-IDE or
IDE meeting as Appropriate

510(k) – 90 Day Review

PMA – 180 Day Review

 Figure 19.1          In vitro  diagnostic development process. The requirement for an Investigational Device Exemption (IDE) fi ling is based 
on risk: most clinical studies of IVDs do not need to be conducted under an IDE. Sponsors may request a meeting with FDA at any 
time during the development process to obtain regulatory guidance on the development program or on how to submit an application: 
request a  “ pre-IDE ”  meeting if no IDE exists, or an  “ IDE ”  meeting if an IDE has been fi led. The timeframe for FDA review depends 
on whether a 510(k) or PMA has been fi led.    

 FDA has published extensive guidance on submission 
of 510(k)s for IVDs, including the documents  “ Format for 
Traditional and Abbreviated 510(k)s ”  ( www.fda.gov/cdrh/ode/
guidance/1567.pdf ) and  “ Points to Consider for Collection 
of Data in Support of  in vitro  Device Submissions for 510(k) 
Clearance ”  ( www.fda.gov/cdrh/ode/95.pdf ) FDA has also rec-
ognized dozens of voluntary standards (most developed by the 
Clinical Laboratory Standards Institute or CLSI) for use in 
establishing test performance. Published guidances and FDA-
recognized standards can be found on the CDRH web page 
( www.fda.gov/cdrh/index.html ).  

  The Premarket Approval Application 

 The claims attached to certain genomic tests may cause them to 
be classifi ed into Class III (high risk). An example of such claims 
could include prognostic information linked to therapeutic 
decision-making (e.g., more extensive radiation or chemo-
therapy for cancer). PMA submissions contain clinical data that 
substantiate these claims, usually derived from clinical trials. 
Developers often meet with the FDA staff to reach agreement 
on the design of these trials prior to their initiation.   

  Investigational  In Vitro  Diagnostics 
 Investigational device exemptions (IDEs) must be submitted to 
the FDA prior to beginning clinical studies of certain devices. 
IDEs are rarely needed for IVDs. In clinical studies where the 
results of the test will not be used in patient management, 
an IDE is not needed; however, the usual requirements for 
informed consent and IRB approval remain, where applicable. 
In those instances where the test results will determine man-
agement (e.g., patients are randomized to further interventions 
based on test results), an IDE should be submitted. OIVD staff 
may be consulted on the need for an IDE fi ling. 

 If investigational IVDs are shipped for research testing, 
for example, analytical validation, they should be labeled  “ For 

Research Use Only. Not for use in diagnostic procedures ”  ( 21 
CFR 809.10 (c)(2)(i) ). If they are shipped for use in comparative 
testing or as part of a clinical trial, they should be labeled  “ For 
Investigational Use Only. The performance characteristics of this 
product have not been established ”  ( 21 CFR 809.10 (c)(2)(ii) ). 

 FDA recently issued a document entitled  “ Guidance 
on Informed consent for  In Vitro  Diagnostic Device Studies 
Using Leftover Human Specimens that are Not Individually 
Identifi able ”  that offers advice on the use of de-identifi ed human 
specimens for testing ( www.fda.gov/cdrh/oivd/1588.pdf ).   

  Laboratory-Developed Tests 
 As stated above, the vast majority of currently marketed genetic 
tests are laboratory-developed tests that have not undergone the 
FDA review process. These tests are either fully developed by the 
laboratory or utilize a purchased  “ analyte-specifi c reagent ”  (ASR, 
see below) that is then confi gured into an assay by the laboratory, 
which carries out the test as a service. Such laboratory developed 
tests are not shipped for use outside the originating site. These 
tests are considered medical devices under the Food, Drug and 
Cosmetic Act (and the laboratories are considered device manu-
facturers), but FDA has not required marketing applications (using 
what is legally termed  “ enforcement discretion ” ), considering 
that the controls provided by the ASR regulations and the certifi -
cations for high complexity laboratories under CLIA (see below) 
to be suffi cient. In September 2006 FDA issued a draft guidance 
document entitled  “  In Vitro  Diagnostic Multivariate Index Assays ”  
explaining that certain complex test systems, including certain 
genomic test systems, are Class II or Class III medical devices 
requiring 510(k) submissions or PMAs, respectively ( www.fda.
gov/cdrh/oivd/1610.pdf ). The document defi nes the difference 
between  in vitro  diagnostic multivariate index assays (IVDMIAs) 
and the types of tests generally performed as laboratory-
developed tests. This document and the related policy issues 
around laboratory-developed tests are generating considerable 



discussion and debate, and the outcome of these debates will have 
consequences for developers of genomic tests.  

  Analyte-Specifi c Reagents 
 In 1997, FDA defi ned a group of reagents known as ASRs, and 
classifi ed them (with some exceptions that are not germane to 
genomics) as Class I medical devices. This meant that ASRs were 
subject to  “ general controls ”  such as manufacturing and labeling 
requirements, but did not have to have applications cleared or 
approved by FDA to be put on the market. FDA accomplished 
this by publishing three regulations that defi ned and classifi ed 
ASRs ( 21 CFR 864.4020 ), imposed restrictions on their sale, 
distribution and use ( 21 CFR 809.30 ) and established require-
ments for ASR labels ( 21 CFR 809.10(e) ). In the regulations, 
ASRs were defi ned as  “ antibodies, both polyclonal and mono-
clonal, specifi c receptor proteins, ligands, nucleic acid sequences, 
and similar reagents which, through specifi c binding or chemical 
reactions with substances in a specimen, are intended for use in a 
diagnostic application for identifi cation and quantifi cation of an 
individual chemical substance or ligand in biological specimens ”  
( 21 CFR 864.4020 ). Thus, an ASR is a building block for an 
assay, but is not a test system. Subsequent to publication of these 
regulations, FDA observed a broadening of the implementation 
of ASRs beyond the stated parameters. Therefore, in September 
2006, FDA issued a draft guidance entitled  “ Commercially 
Distributed Analyte Specifi c Reagents (ASRs): Frequently Asked 
Questions ”  ( www.fda.gov/cdrh/oivd/guidance/1590.html ). An 
important point in this document, for the purposes of this dis-
cussion, was that FDA did not consider  “ bundled ”  moieties (e.g., 
sets of primers), or extensively processed (e.g., arrayed on beads) 
reagents, or microarrays, to be ASRs. These distinctions are 
important to the genomic testing community and have elicited 
extensive comment. Undoubtedly the boundary between ASRs 
and test systems will continue to be clarifi ed in the coming years.  

  Clinical Laboratory Improvement Amendments 
 Congress passed the CLIA in 1998. This law established quality 
standards for all laboratory testing to ensure the accuracy, reli-
ability and timeliness of patient test results regardless of where 
the test is performed. The CLIA program is administered by 
the CMS ( www.cms.hhs.gov/CLIA ). The ASR regulations dis-
cussed above stipulated that the only clinical laboratories to 
which ASRs could be sold were those qualifi ed under CLIA to 
perform high complexity testing (or alternatively, were regu-
lated under the Veteran ’ s Health Administration Directive 1106) 
( 21CFR 809.30 (a)(2) ). Currently, most genetic testing is per-
formed by such laboratories. The oversight under CLIA relates 
to the quality of performance of laboratory testing. It does not 
extend to evaluation of the clinical utility of a given assay. There 
is ongoing controversy about the degree of oversight of genetic 
testing under CLIA ( Hudson et al., 2006 ); specifi cally, whether 
there should be a specifi c genetic testing specialty area that 
would incorporate profi ciency testing for genetic tests. 

 To summarize the current Federal regulation of genomic test-
ing: most genetic tests are on the market as laboratory-developed 

tests. Such laboratories are subject to quality standards under 
CLIA. This is possible outside of FDA marketing clearance as a 
result of the ASR regulations and enforcement discretion on the 
part of FDA. FDA has approved a number of genetic tests, includ-
ing tests for drug metabolizing enzyme polymorphisms, generally 
based on information available in the scientifi c literature. Recently, 
FDA issued draft guidances pointing out, among other things, that 
reagents such as micoarrays and sets of primers are not ASRs, and 
that IVDMIAs are not among the types of assays considered to be 
appropriate for laboratory-developed tests. These guidances have 
resulted in ongoing discussion and controversy, and the policy 
issues they raise have yet to be defi nitively resolved.   

  PHARMACOGENOMICS IN DRUG 
DEVELOPMENT AND CLINICAL 
MEDICINE: THE ROLE OF 
REGULATION 
 Researchers interested in translating genomic discoveries into 
new approaches to drug therapy will need to understand the chal-
lenges involved in incorporating these new scientifi c approaches 
into traditional drug development and use patterns. While 
genomic technologies are used extensively and routinely during 
drug discovery and in early drug development phases (e.g., lead 
optimization) routine utilization of genomics drops precipitously 
as candidates enter the animal safety and clinical testing phases. As 
a result, few investigational drugs now in the clinical pipeline are 
being studied in concert with pharmacogenomic assays (although 
most development programs include collection of human sam-
ples for potential genetic testing). Likewise, although extensive 
information exists about the contribution of drug metabolizing 
enzyme polymorphisms to variability in drug exposure, as of early 
2007, no marketed drug label contains an explicit requirement (as 
opposed to recommendations) for dose modifi cation based on 
genetic test results. (See  “ Genomics at FDA ”  ( www.fda.gov/cder/
genomics/genomic_biomarkers_table.htm ) for an up-to-date list 
of pharmacogenomic tests utilized in drug labels.) These facts, 
when considered in light of the enormous potential for improve-
ment in drug therapy that pharmacogenomics represents, demon-
strate that the fi eld is in its nascent stages. 

 Many barriers to rapid uptake of genomics in drug devel-
opment and clinical medicine exist, beyond the purely scientifi c 
and technical challenges. Drug development is an enormously 
risky endeavor. Only about one in nine drug candidates enter-
ing clinical investigation reach the market, and every year prom-
ising candidates encounter catastrophic, highly public late-stage 
failures. Some compounds that reach the market fail to achieve 
commercial success. Additionally, drug development programs 
are extremely expensive. Furthermore, the clinical investigation 
and marketing application stages of development are subject to 
extensive regulatory scrutiny worldwide. These factors result 
in very conservative approaches on the part of pharmaceutical 
developers. Developing an investigational drug using a relatively 
untested pharmacogenomic-directed approach is perceived 

Pharmacogenomics in Drug Development and Clinical Medicine:  The Role of Regulation ■  227



228 CHAPTER 19 ■■  Federal Regulation of Genomic Medicine

as adding additional risk. The fact that drug development is a 
highly competitive activity also restricts the fl ow of information 
among developers, so that those who instigate new approaches 
may not share the successes or failures with others. Under these 
circumstances, the regulators may be the only group possessing a 
broad perspective on the state of the fi eld. 

 Commercial considerations are also important in develop-
ment. Developers normally pursue the broadest possible market for 
a new intervention. Many pharmacogenomic approaches (e.g., tar-
geting therapy to a specifi c-identifi ed population), would limit the 
indicated population. Complexity of use (e.g., dose adjustments, 
need for pre-testing) is also commercially undesirable and in fact 
can limit clinical uptake. For these reasons, along with the natu-
ral human optimism about the performance of a new discovery, 
pharmacogenomic tests have often been considered as a salvage 
approach when one-size-fi ts all development fails. Concerns about 
restrictions on markets are slowly being mitigated by the success of 
targeted therapies but still limit enthusiasm for pharmacogenomic 
approaches during drug development ( Bernstein, 2006 ). 

 Once a drug is approved by the FDA, a manufacturer has 
a limited amount of time to recoup its investment before pat-
ent and exclusivity protections expire and generic competition 
occurs (generic copies are permitted for small molecule drugs but 
not for therapeutics approved as biological products). Therefore 
there is limited time to explore refi nements of an approved ther-
apy using pharmacogenomics. Once generic competition occurs 
there is no commercial incentive for further development. 

 The promise of pharmacogenomics and the barriers to 
its adoption led FDA to aggressively promote investigations of 
the new technology. Senior FDA staff published a 2002 paper 
calling for progress in the fi eld and pointing out the Agency ’ s 
interest ( Lesko and Woodcock, 2002 ). In May 2002, a work-
shop between FDA and the pharmaceutical industry was held 
to explore barriers to information sharing ( Lesko et al., 2003 ). 
At the workshop, industrial sponsors stated reservations about 
providing genomic information on compounds in develop-
ment to the Agency because they feared uninformed questions 
and delays in product development; however, all agreed on the 
desirability of information sharing. FDA subsequently estab-
lished a process for sharing data and results in a non-regulatory 
context, the  “ Voluntary Genomic Data Submission ”  (VGDS) 
( www.fda.gov/cder/genomics/GDS.htm ). Subsequently, over 
thirty submissions of genomic data involving drugs in develop-
ment, encompassing topics such as animal studies, preventive 
indications, identifi cation of responsive subgroups, and genetic 
links to adverse events, have been discussed with FDA scien-
tists. The goals of VGDS process include (1) encouraging the 
development and sharing of genomic data linked to therapeu-
tic and preventive indications; (2) helping familiarize FDA sci-
entifi c staff with the emerging uses of genomic information in 
drug development; (3) developing data standards and analytical 
methods suitable for regulatory use; and (4) enabling the transi-
tion of genomic studies from exploratory research to regulatory 
submissions. (See  www.fda.gov/cder/genomics/presentations/
Webinar.pdf  for a detailed presentation of the VGDS process.) 

Subsequent workshops on drug-diagnostic co-development 
issues and on genomic data submission standards have been held 
( www.fda.gov/cder/genomics/biomarkers.htm ,  Hinman et al., 
2006 ). The increased level of dialog between industry and the 
FDA has mitigated some of the concerns about regulatory bar-
riers. The European Medicines Agency (EMEA) also instituted 
pharmacogenomics  “ Briefi ng Meetings ”  in 2003 ( The European 
Agency for the Evaluation of Medicinal Products, 2003 ). In 
May 2005 FDA and EMEA held their fi rst joint VGDS meet-
ing, and additional joint meetings are occurring. Discussions of 
regulatory aspects of pharmacogenomics are now being held 
among regulators and industry worldwide under the auspices of 
the International Conference on Harmonization (ICH) of the 
Technical Requirements for Pharmaceuticals. 

 Translation from the laboratory into clinical development 
is only one of the translational barriers faced by new technolo-
gies. Achieving uptake in clinical practice and obtaining reim-
bursement are also major challenges: the utility and value of new 
technologies must be explicitly demonstrated. Ironically, the 
tight regulation of pharmaceuticals will tend to enhance accept-
ance of FDA-approved pharmacogenomic test-directed drugs. 
The regulatory standards for drug approval include the scientifi c 
demonstration of effectiveness and safety. When a new drug is 
approved in conjunction with a pharmacogenetic test, the likeli-
hood of use as recommended in the drug label is very high – in 
part because of confi dence in the approval standard, and in part 
because promotion (which is often extensive for a new therapy) 
is limited by law to the label uses. Conversely,  “ retrofi tting ”  a 
pharmacogenetic test into established practice patterns can be 
very diffi cult. Both the clinical and reimbursement communities 
have made it very clear that, in the majority of cases, randomized 
outcome trials will be the standard that will govern acceptance – 
even for dose adjustment with drug metabolizing enzyme assays. 

 From a regulatory standpoint, the current issues in phar-
macogenomics applied to drug development and clinical use 
include the following: development of an investigational drug 
incorporating a pharmacogenomic test; use of a pharmacog-
enomic test to enhance the performance of an approved drug; 
drug safety pharmacogenomics and toxicogenomics; and quali-
fying genomic biomarkers for regulatory use. These issues are 
discussed in more detail in the sections below. 

  Development of an Investigational Drug with a 
Pharmacogenetic Test to Select Patients for Therapy 
or for Monitoring 
 Use of diagnostics to discriminate among individuals who 
present with similar symptoms is routine clinical practice. 
Genomic tests are conceptually no different; however, these are 
new types of tests, and they will yield novel insights into the 
sources of human variability that are currently not utilized in 
decision-making. Pharmacogenomic tests may be used during 
drug development to identify patients with different disease sub-
sets (that differ by prognosis, response to therapy, etc.), to identify 
individuals with disease responsive to an particular intervention 
(i.e., targeted therapies), to stratify individuals to different dose 



regimens, to identify individuals with a high probability of an 
adverse reaction to treatment, or to monitor treatment response. 
In all these cases, the use of the diagnostic is intended to enhance 
drug safety or effectiveness. One major challenge in using phar-
macogenomic tests during drug development is that often the 
assay itself must be developed in parallel. This raises the level of 
complexity signifi cantly. A full discussion of the issues involved 
in a drug-diagnostic co-development program is beyond the 
scope of this chapter. The points below indicate the major areas 
that must be considered. FDA is planning to issue a guidance 
document covering this topic in detail ( Woodcock, 2005 ). 

  Regulatory Considerations for Pharmacogenetic-Test-
Directed Therapy Development 
 The types of data that need to be generated for an investiga-
tional drug paired with a pharmacogenomic test depend on the 
intended label claims for the drug and the test. If use of the drug 
requires results from the test, demonstration of the safety and 
effectiveness of the drug-test combination in the defi nitive trials 
will be required. If mention of the test in the drug label is strictly 
informational, a lesser standard of evidence applies. For example, 
data from retrospective analysis of samples might lead to a sug-
gestion in the label that patients with result   x on test  y  may have 
a lower probability of response. However, in this scenario, the 
drug would be indicated for the entire population, absent test 
 y , and would need to be shown effective and safe in the entire 
population. Most pharmacogenomic information in current 
drug labels is of this latter type. Exceptions include trastuzumab 
and imatinib ( Bernstein, 2006 ). Often, developers do not know, 
at the start of clinical trials, which label scenario they will end 
up with. In these cases, design of an adaptive program that could 
support either result may be desirable (see trial designs, below).  

  Drug and Diagnostic Development Considerations 
  Development of the Diagnostic Test 

 A reliable, reproducible test confi guration should be achieved 
prior to use of the diagnostic in prospective drug trials. Stored 
samples are frequently used for this purpose, and methods for 
analytical validation of diagnostics are well worked out. A more 
signifi cant challenge involves setting cut-off values for the test 
results. Genomic assays often contain multiple analytes, which 
are sometimes continuously variable, giving rise to a nearly 
infi nite range of results. Use to direct drug therapy will require 
achieving unambiguous, often dichotomous (i.e., yes/no) results. 
These cut-offs often will be constructed via retrospective analy-
sis of clinical samples from the investigational drug trials. This 
exercise will create an hypothesis: test  x  will segregate popula-
tion  y  into distinct subgroups. This hypothesis can then be veri-
fi ed using additional stored samples or in prospective studies. 
Depending on the clinical implications of the subgroups, such 
data might suffi ce for a stand-alone claim for the diagnostic. 
However, a claim for use in combination with the drug will 
require trials demonstrating the clinical utility of the diagnostic 
as well as drug safety and effectiveness. If the results of such trials 

require retrospective analyses that readjust diagnostic cut-offs to 
achieve signifi cant results, they will be regarded as hypothesis 
generating rather than confi rmatory.  

  Trial Design Considerations for Investigational Drug 
Combinations 

 Major design issues arise in this context. These involve ways 
to integrate the developing information on drug and diagnos-
tic performance when it is unclear whether the diagnostic adds 
value to the drug therapy (and it is still unclear if the drug has 
value). At the end of Phase 2 trials, developers may know that 
the diagnostic can discriminate subgroups but will not have 
information on how much this impacts performance of the drug. 
For example, suppose a genomic test appears to identify a patient 
subset more responsive to the therapy. One approach might be to 
perform an  “ enriched ”  trial, randomizing test-positive patients to 
investigational drug versus control. This trial answers the ques-
tion: does the drug work in test-positive patients? It does not 
yield information on drug performance in test-negative patients 
(so it does not tell you if the test discriminates anything mean-
ingful), or whether test-positive patients have generally better or 
worse prognoses. A more elaborate trial might enroll all patients 
with the condition and then stratify both treatment and control 
arms by genomic test result. This design can answer many ques-
tions but risks answering none defi nitively because of the mul-
tiple comparisons that arise.  Simon (2005)  and  Temple (2005)  
have proposed various methodological approaches including 
adaptive designs to address these problems. A number of sequen-
tial designs could also be useful. The appropriate design in a 
given case will be infl uenced by both mechanistic (how plausible 
is the test-drug link?) and clinical considerations – for example, 
how much information on the test-negative subgroup is needed 
when a claim for effectiveness in the test-positive subgroup is 
sought? In cases where the mechanistic link is well understood – 
for example, HIV drug resistance – studying a test-defi ned sub-
group alone is standard practice. In other cases, information on 
results from the test-negative group may be crucial. Developers 
should consult with FDA early in such development programs.  

  Dosing Adjustments 

 Incorporating pharmacogenetically driven dose adjustments into 
Phase 2 and 3 clinical trials is straightforward. Typically, dose fi nd-
ing is performed in the second phase of drug development. These 
trials evaluate the dose-response relationships for safety/toler-
ance and effi cacy (which may be defi ned by a pharmacodynamic 
marker).  “ Dose-response ”  is more properly understood as  “ con-
centration response ” ; and there are excellent pharmacometric 
methods for analyzing the impacts of variables such as test results. 
When the effect of a polymorphism is large, the drug developer 
may then plan to adjust dosing in the effi cacy trials for alleles 
with known effects on concentration. Questions will arise about 
default dosing for individuals with non-evaluable alleles, as well as 
how to extrapolate the results to populations with different allele 
frequencies. For life-threatening diseases, for example some can-
cer indications, where development programs may incorporate 
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a combined Phase 2–3 development program and may lack phar-
macodynamic endpoints, opportunities to understand the impact 
of variation in drug metabolism are fewer, and evaluation should 
start as early as possible in the development program.  

  Pharmacogenomic Safety Tests 

 Drug toxicity is a major issue in development. Beyond toxic-
ity attributable to relative overdosing from variable metabolism, 
genetically related adverse events can arise from drug target (or 
related pathway) polymorphisms, immunologic predisposition 
(e.g., abacavir hypersensitivity), genetically based disease vari-
ability, and genetically based organ vulnerabilities ( White et al., 
2006 ). Sorting out the mechanistic bases of drug adverse events 
will be straightforward in some cases and highly complicated in 
others. The size of most drug development programs will only 
allow elucidation of the most clear-cut genetic association. 
Regulatory issues do not complicate such investigations, except 
in the rare instance where the drug is not safe enough to be 
approved absent the test. In these cases, sponsors should discuss 
with FDA the amount of evidence needed to demonstrate that 
use of the test confers an adequate level of safety.    

  Pharmacogenomic Tests for Approved Drugs 
 It is likely that successful implementation of pharmacogenomic 
testing would signifi cantly improve therapeutic outcomes of 
drug therapy. In particular, drug toxicity exacts a severe human 
and economic toll in the United States, being estimated as the 
4th–6th leading cause of death, causing tens of thousands of 
hospitalizations, and costing billions of dollars ( Budnitz et al., 
2006 ;  Lazerou et al., 1998 ). Surveys suggest that drugs with 
polymorphic metabolism contribute a disproportionate share of 
harm ( Phillips et al., 2001 ). Nevertheless, as detailed above, there 
are signifi cant barriers to even initiating the work that needs to 
be done. Once opportunities are identifi ed out of the basic sci-
ence, funding for controlled clinical outcome trials needs to be 
obtained. Pharmaceutical companies may sponsor trials for mar-
keted drugs that are not off-patent. Trials of pharmacogenomic 
tests for off-patent drugs may require public funding or spon-
sorship by consortia of consisting of government, health care 
systems, the pharmaceutical industry, etc. For example, currently 
a number of groups are considering or initiating trials of phar-
macogenetic-directed dosing of warfarin. Issues beyond funding 
include how to actively involve in consortia diagnostic compa-
nies and researchers who have developed tests. 

 FDA has been actively seeking, as an initial step, to incor-
porate established information on drug metabolizing enzymes 
into drug labels without stipulating testing and dose adjustment. 
Examples include 6MP (6-mercaptopurine) (the enzyme TPMT), 
atomoxitine (Strattera) (CYP2D6) and irinotecan (UGT1A1) 
(  www.fda.gov/cder/genomics/genomic_biomarker s_
table.htm ) It is possible that in the future, pharmacogenetic-
directed dosing could be explored during studies of these agents 
that are being conducted for other purposes. For a good discus-
sion of the issues involved in developing pharmacogenetic infor-
mation on a marketed drug (see  Ratain, 2006 ) .

 Many rare, serious adverse drug reactions occur across mul-
tiple drug classes and may have a genetic association (e.g., Stevens 
Johnson syndrome). These reactions occur so infrequently, how-
ever, that it is likely that international consortia will be required 
to assemble adequate cases and controls to perform genetic 
analysis. Other serious drug side effects occur more commonly, 
within a drug class (e.g., tardive dyskinesia). Public private part-
nerships between government and industry are being explored 
as ways to gather cases and carry out the needed analyses.  

  Toxicogenomics 
 When the toxicant is a drug, the areas of toxicogenomics and 
pharmacogenomics overlap. Many drugs share mechanisms of 
toxicity with non-pharmaceutical chemicals. Mechanistic under-
standing of drug toxicity will greatly improve the science of 
drug safety. The current protocols for preclinical animal toxicol-
ogy testing during drug development are highly empirical and 
offer few ways to evaluate the relevance of a given toxic fi nding 
to humans. Toxicogenomics may offer methods to discriminate 
by comparing cellular responses in various animal species and in 
human cells. In some cases, a toxic fi nding in an animal species 
may not be mechanistically relevant in humans. Toxicogenomics 
is also anticipated to be a source of more sensitive toxicity 
assays than currently those currently used in traditional animal 
and human testing. Under the auspices of the C-Path Institute, 
a nonprofi t organization in Tucson, Arizona, a consortium of 
twelve pharmaceutical companies are pooling, evaluating and 
validating nontraditional toxicity assays (some of them genomic), 
on an organ system basis, with the intent of submitting the best 
performing assays to FDA for regulatory assessment ( www.
c-path.org/programs/SafePath/tabid/61/Default.aspx ). It is 
expected that toxicogenomic tests will be generally relevant to 
drug development, rather than linked to a particular drug.   

  The debate over the role and scope of federal regulation of 
genetic tests in the United States intensifi ed in 2008. In April, 
the HHS Secretary’s Advisory Committee on Genetics, Health, 
and Society (SACGHS) issued a report entitled “US System 
of Oversight of Genetic Testing: A Response to the Charge of 
the Secretary of Health and Human Services” (http://www4.

od.nih.gov/oba/SACGHS/reports/SACGHS_oversight_report.
pdf). This report contains an extensive set of recommendations 
for increased oversight by various federal agencies in the United 
States, including broader requirements for premarket clearance 
on the part of Food and Drug Administration (FDA). However, 
any new policy initiatives in this area will be the purview of the 
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new administration. It is widely recognized that any changes in 
regulatory policy should be accompanied by increases in funding 
for translational research as well as modifi cations of reimburse-
ment policies (Hudson, 2008; Khoury et al., 2008; Woodcock, 
2008). Such changes would help to provide adequate incentives 
for clinical development in the face of increased evidentiary 
requirements.

Pharmacogenomic testing could be described as hav-
ing entered mainstream medicine in 2008. The FDA added 
genetic information to multiple drug labels, including abacavir, 
carbamazepine, and warfarin, with strong recommendations 
for pretesting in the case of abacavir and carbamazepine. The 

debate over the use of genetic algorithms for initial dos-
ing of warfarin intensifi ed. FDA is evaluating multiple addi-
tional pharmacogenetic tests for incorporation in drug labels. 
In December 2008, the FDAs Oncology Drugs Advisory 
Committee met to consider the proposal of the manufactur-
ers of cetuximab (Erbitux) and panitumumab (Vectibix) that 
administration of these drugs be limited to patients whose 
tumors contain wild-type K-RAS. (http://www.fda.gov/
ohrms/dockets/ac/08/briefi ng/2008-440961-00-FDA-index.
htm.) This issue is currently under consideration at FDA. 
Additional diagnostic genetic tests were also approved by the 
FDA in 2008.      
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 INTRODUCTION 
 The era of genomic medicine offers signifi cant promise for the 
development of novel health care technologies that ultimately 
improve patients ’  quality of life and life expectancy. As with any 
new health care technology, questions arise as to their potential 
budgetary impact and cost-effectiveness. But because genomic 
technologies inherently involve diagnostic or prognostic testing, 
and because of the complexities of incomplete gene penetrance 
and multiple gene and environmental interactions, their assess-
ment can be more challenging. In addition, perhaps more than in 
any other area of medicine, questions have arisen in regard to the 
economic incentives to develop these technologies. Formal health 
economics frameworks can be used to gain insights into these 
issues, and provide guidance for resource investment, technology 
appraisal, and policy development. 

 In this chapter, we provide a brief introduction to the prin-
ciples of health economics and discuss the unique aspects of the 
application of cost-effectiveness analysis to genomic medicine. 
We review drivers of the cost-effectiveness of genomic technol-
ogies and assess several recent state-of-the-art examples. We then 
examine the particular challenges in pharmacogenomics of eco-
nomic incentives for developing genetic tests linked to therapeu-
tics. Lastly, we propose an approach to help establish value-based 
reimbursement of genomic testing technologies. The content of 
this chapter will help readers understand the multidisciplinary 

nature of the factors that will infl uence the value of genomic 
medicine, and provides a framework for assessing these factors in 
a systematic, quantitative fashion. 

  ECONOMIC EVALUATION AND 
COST-EFFECTIVENESS ANALYSIS 

  Health Economics and Foundations of Economic 
Analysis 
 Drawing on methods and concepts from economics, clinical 
epidemiology, psychology, and the decision sciences, the fi eld of 
 “ cost-effectiveness ”  research has synthesized a set of tools and 
a theoretical framework for evaluating the complex issues in 
health care ( Garber and Phelps, 1997 ;  Weinstein et al. 1996 ). At 
a broad level, effectiveness estimates are generally derived from 
randomized clinical trials, disease progression estimates from 
long-term follow-up epidemiological studies, quality of life val-
ues from health state preferences studies, and costs from a wide 
variety of sources including payment schedules (i.e., Medicare) 
and attributable- and micro-costing studies. These factors, which 
are often considered either explicitly or implicitly in decision-
making, can be synthesized using decision analytic techniques 
to inform formal economic analyses as discussed below ( Detsky 
et al., 1997 ).  
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  Methodological Approaches to Economic Evaluation 
in Health Care 
 Several specifi c yet related methodological approaches are used 
in the economic evaluation of health care technologies: (1) cost-
minimization, (2) cost-consequences analysis, (3) cost-benefi t 
analysis, (4) cost-effectiveness analysis, and (5) cost-utility analy-
sis ( Flowers and Veenstra, 2004 ). These methods vary primarily 
in the way intervention effectiveness is valued. For example, for 
cost-minimization analysis, it is assumed there is no difference 
in effectiveness or side effects. In both cost-effectiveness and 
cost-consequences analysis, effectiveness is measured in natu-
ral, clinical units such as heart attacks or infections avoided. In 
cost-benefi t analysis, a monetary value is assigned to effective-
ness (e.g., a heart attack avoided might be  “ valued ”  at $100,000). 
And in cost-utility analysis, effectiveness is measured in quality-
adjusted life years (QALYs), which account for improvements in 
both life expectancy and quality of life. Another characteristic 
that differentiates these methods is that cost-minimization and 
cost-consequences analyses do not involve the calculation of 
a ratio; for cost-minimization, only costs are presented, and in 
cost-consequences both costs and effectiveness are calculated, but 
not combined in a ratio. Of note, although  “ cost-effectiveness 
analysis ”  is a specifi c type of economic evaluation, the term is 
used generally to refer to all types of economic evaluation in 
health care. 

 In some cases, cost-effectiveness studies can be based on a 
single randomized clinical trial. However, because clinical trials 
are usually in a controlled setting, the costs incurred are not rep-
resentative of utilization in a real-world setting. The  “ effi cacy ”  
observed in a controlled setting can also be distinguished from 
the  “ effectiveness ”  that could be expected in practice. Finally, the 
timeframe of clinical trials for chronic conditions are generally 
not suffi cient to evaluate long-term outcomes. Because of these 
reasons, as mentioned above, modeling techniques such as deci-
sion analysis are often used to extrapolate the results from clini-
cal studies using primarily epidemiologic and economic data 
from other sources. 

 In any economic evaluation, it is important that the tech-
nology being evaluated is compared to current medical practice. 
Weinstein and Stason, in 1977, defi ned the incremental cost-
effectiveness ratio (ICER) as 

  ICER (C C ) (E E )� 	 � 	2 1 2 1       

 where C 2  and E 2  are the cost and effectiveness of the new inter-
vention being evaluated, and C 1  and E 1  are the cost and effec-
tiveness of the standard therapy ( Weinstein and Stason, 1977 ). 
The costs and effects that are included in the equation depend 
on the perspective of the analysis. From a societal perspective, 
indirect costs and effects such as patient time away from work, 
downstream medical care costs years or decades after the inter-
vention, and the quality of life of the patient and even their 
family need to be considered. Because of the all-encompassing 
nature of the societal perspective, it is generally better suited for 

national health care plans. More relevant to health care plans or 
providers in the United States is the payer perspective, which 
addresses primarily direct medical care costs incurred by the 
payer (e.g., drug cost, professional fees, hospital stay).  

  Resource Allocation Decision-Making 
 How can cost-effectiveness information guide health policy 
decisions? The favored approach, from an academic perspective, 
is to utilize cost-utility analysis because it allows for comparisons 
across interventions and diseases, accounts for impact on life 
expectancy and quality of life, and has theoretical foundations in 
welfare economics. Medical interventions are considered to be 
cost-effective when they produce health benefi ts at a cost com-
parable to other commonly accepted treatments. A general guide 
is that interventions that produce one QALY (equivalent to 1 
year of perfect health) for under $50,000 are considered cost-
effective, those between $50,000 and $100,000 per QALY are of 
intermediate cost-effectiveness, and above $100,000 per QALY 
generally is not considered cost-effective. The cutoff of $50,000 
per QALY was derived loosely from the cost of providing dialy-
sis for a patient for one year – a service paid for by Medicare for 
any US citizen. However, these criteria are somewhat arbitrary, 
and can vary across disease and indication-specifi c therapeutic 
areas, particularly in the United States ( Neumann, 2007 ). 

 The application of cost-effectiveness analysis has increased 
dramatically in the past decade as a result of increasing health 
care costs and the desire to deliver the greatest health value for 
the money. The formal application of cost-effectiveness analy-
sis to drug coverage decisions has its origins in countries with 
single-payer health care systems (e.g., government sponsored). 
Recently, multiple countries and health care systems have begun 
to adopt requirements for such pharmacoeconomic information. 
These requirements formalize an otherwise implicit demand for 
health care technologies that are cost-effective, and will infl u-
ence, to a certain extent,  “ go/no-go ”  decisions in drug research 
and development. 

 The United Kingdom, Canada, and Australia all have formal 
requirements in place for cost-effectiveness information and pro-
grams in place for evaluating cost-effectiveness data – the National 
Institute for Health and Clinical Excellence (NICE, United 
Kingdom), the Canadian Agency for Drugs and Technologies 
in Health (CADTH, Canada), and the Pharmaceutical Benefi ts 
Advisory Committee (PBAC, Australia) ( CADTH 2007 ;  NICE 
2007 ;  PBAC, 2007 ), as well as several European countries such as 
the Netherlands ( Drummond et al., 1999 ). In the United States, 
cost-effectiveness information is most often used in support of 
drug formulary listing in managed care settings. Many managed 
care organizations and pharmacy benefi ts managers utilize guide-
lines that require outcomes and economic information for for-
mulary evaluation. In addition, the Academy of Managed Care 
Pharmacy (AMCP) has adopted guidelines for the submission 
of information, including outcomes and cost-effectiveness data, 
to support formulary consideration ( Fry et al., 2003 ;  Neumann, 
2004 ;  Spooner et al., 2007 ).   



  EVALUATING GENOMIC 
TECHNOLOGIES 

  Unique Aspects of Genomic Medicine 
 The tools of health economics and cost-effectiveness analysis 
can be used to assess any health care technology, from immuni-
zation strategies, to new drug therapies, to educational programs. 
Genomic medicine is not so unique (i.e., exceptional) that fun-
damentally new methods in economic evaluation are needed. 
However, genomics can add layers of complexity to health care 
interventions such that particular care should be taken in their 
evaluation. 

  Disease-Risk Testing 
 The validity of a prognostic genomic test will have a signifi cant 
impact on its potential cost-effectiveness. The evaluation of valid-
ity will be similar to other non-genomic prognostic tests, yet 
potentially more complex, due to challenges in validating genetic 
markers with small contributions from multiple genes and envi-
ronmental interactions. Thus, when undertaking an economic 
study, care should be taken that the performance of the test has 
been evaluated by peer review, and perhaps more importantly, 
reproduced by independent investigators in different patient pop-
ulations. An issue that will be more unique, to a degree, to genetic 
testing for disease risk is whether to test family members. The 
potential costs and clinical and patient outcomes should be con-
sidered. If potentially substantial, this strategy should be included 
in the analysis ( Ramsey et al., 2001 ).  

  Pharmacogenomics 
 Pharmacogenomics tests face a similar issue with validation of a 
test ’ s ability to predict drug response and differentiating it from 
prognostic ability – that is, predicting disease prognosis rather 
than the effect of treatment on the disease. Furthermore, as dis-
cussed later in the chapter, the pairing of pharmacogenomic 
tests with drugs may lead to uncertainty about which – the test 
or the drug – provides the incremental value, and this can have 
implications for pricing or reimbursement decisions. Lastly, it is 
possible that genetic information obtained for one purpose may 
also provide information, for example, about disease risk. The 
potential impact of such ancillary information should be consid-
ered in a broad sense; for example, disease-risk information that 
is available after the test is conducted versus the use of CYP2D6 
drug-metabolizing enzyme polymorphism data to help guide 
therapy for drugs other than the original one for which the test 
was obtained. Thus, there could be potential benefi ts but also 
harms ( Henrikson et al., 2007 ). 

 Cost-effectiveness studies of both disease-risk and phar-
macogenomic tests in some cases may benefi t from more com-
plex analytical frameworks and simulation methods. However, 
it generally is not possible, due to statistical power limitations, 
to identify specifi c risks for individual patients. Rather, in 
genetic association studies, patients tend to be categorized into 

larger subgroups to improve statistical power. For example, the 
breast cancer disease recurrence risk score (RS) derived from a 
21-gene profi le with the Oncotype Dx test could be utilized in 
a similar fashion to the Framingham models that predict the risk 
of a cardiovascular event based on non-genetic factors. In gen-
eral, when more complex modeling approaches are employed, 
the added value should be explained in addition to justifi cation 
of data suffi ciency.   

  Cost-Effectiveness Framework and Drivers 
 We have previously developed a set of criteria, based on a for-
mal cost-effectiveness framework, for evaluating the potential 
clinical and economic benefi ts of genomic tests ( Table 20.1 ) 
( Flowers and Veenstra, 2004 ). The key aspects of these criteria are 
highlighted in the following paragraphs, and a more in-depth 
evaluation of the epidemiologic considerations in bringing 
pharmacogenomics to clinical practice is presented. 

 Assessing the incremental cost-effectiveness of a pharma-
cogenomic strategy involves evaluating factors that are common 
to the evaluation of all screening strategies, as well as factors that 
are specifi c to genetic testing. These include factors associated 
with the genetic variation of interest, the genetic test, the dis-
ease state, and the treatment options. Questions to consider in 
assessing the cost-effectiveness of a pharmacogenomic treatment 
strategy include: 

    ●      What is the frequency of the genetic variation?  
    ●      How closely is the variation linked to a consistent pheno-

typic drug response?  
    ●      Are there other signifi cant infl uences on drug response such 

as diet, disease, or drug interactions?  
    ●      What are the sensitivity and specifi city of the genomic test?  
    ●      How prevalent is the disease of interest?  
    ●      What are the characteristic outcomes associated with the 

disease with and without treatment?  
    ●      How does the pharmacogenomic strategy alter these 

outcomes?  
    ●      What alternative treatment options are available?  
    ●      How effective are current monitoring strategies for preventing 

severe adverse drug reactions and predicting drug response?    

 Pharmacogenomics is more likely to be cost-effective 
when: (1) the polymorphism under consideration is prevalent in 
the population and has a high degree of penetrance; (2) genetic 
testing is highly sensitive and specifi c, and less costly alternative 
tests that could be used to individualize therapy are not readily 
available; (3) the disease state involves outcomes with signifi cant 
morbidity or mortality without treatment; and (4) the treatment 
involves signifi cant outcomes and/or costs that can be impacted 
by genotype-individualized therapy.  

  Case Study: Gene-Expression Profi ling and Breast 
Cancer Treatment 
 Breast cancer is the leading incident cancer among women of all 
major ethnicities in the United States and is the second highest 
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source of cancer mortality. Adjuvant chemotherapy has been 
shown to increase recurrence-free and overall survival, but also 
may produce signifi cant toxicity such as alopecia, nausea/vomit-
ing, and myelosuppresion, and may lead to longer-term com-
plications such as permanent ovarian failure in pre-menopausal 
patients ( Shapiro and Recht, 1994, 2001 ). Current NIH clinical 
guidelines ( Eifel et al., 2001 ) recommend adjuvant chemother-
apy for women with tumors larger than 1       cm or lymph node 
involvement. Additionally, tumor markers such as HER2 and 
histologic grade are used for risk assessment ( Bast et al., 2001 ; 
 NCCN, 1999 ). Despite widespread use, these criteria are impre-
cise predictors of distant recurrence ( Sauter and Simon, 2002 ). 

 Gene-expression profi ling (GEP) utilizing DNA microar-
rays ( van de Vijver et al., 2002 ) or RT-PCR ( Paik et al., 2004 ) 
has been proposed as an alternative approach to identify patients 
for adjuvant chemotherapy, ( King and Sinha, 2001 ) potentially 
sparing low-risk patients from this treatment. There are two 
gene-expression profi les currently marketed for clinical use in 
breast cancer. One of these profi les, MammaPrint ®  (Agendia), 
was developed by van ’ t Veer and colleagues at the Netherlands 
Cancer Institute ( van de Vijver et al., 2002 ). The other test, 
Oncotype Dx TM , was developed by Genomic Health, Inc. in 
the United States ( Paik et al., 2004 ). The assay marketed by 
Agendia utilizes a 70-gene microarray-based profi le performed 
on fresh frozen tissue and is intended for patients younger 
than 55 years with Stage I invasive breast cancer or Stage II 
node-negative invasive breast cancer. In contrast, the test mar-
keted by Genomic Health employs a 21-gene profi le utiliz-
ing RT-PCR for expression analysis on paraffi n embedded 
tissue and is intended for patients with node-negative, estro-
gen receptor positive (ER � ) disease. Although gene-expression 

profi ling has been proposed as an alternative to clinical guide-
lines to identify appropriate patients for adjuvant chemotherapy, 
the potential long-term clinical and economic outcomes associ-
ated with gene-expression profi ling are not clear. In other words, 
 “ Do the quality of life benefi ts and cost savings of avoiding 
chemotherapy outweigh the potential increased risk of recur-
rence in women not given chemotherapy and cost of the test? ”  

 To address this question, we developed a decision analytic 
model to evaluate the incremental cost and QALYs of gene-
expression profi ling using MammaPrint versus NIH clinical 
guidelines in a hypothetical cohort of pre-menopausal early-
stage breast cancer patients ( Oestreicher et al., 2005 ). We assumed 
patients and doctors would follow test or guideline recommenda-
tions, and that chemotherapy response would be similar regardless 
of risk group, as no data to the contrary were available. Our fi nd-
ings suggested that use of MammaPrint gene-expression profi ling 
could result in an absolute 5% decrease in the proportion of cases 
of distant recurrence prevented, 0.21  fewer  QALYs, but a cost sav-
ings of $2800 ( Table 20.2   ). Regardless of the test cutoff used to 
identify a poor prognosis tumor, the MammaPrint gene-expres-
sion assay did not produce equal or greater QALYs than NIH 
guidelines. 

 These fi ndings are fairly striking, and importantly, what 
do they imply? First, test performance is very important when 
a pharmacogenomic test is being used to recommend against 
treatment that is standard of care. In this case, because of test 
sensitivity of 84% for MammaPrint versus 98% for NIH criteria, 
some women who will progress will be categorized as low risk 
and not recommended for chemotherapy. Secondly, the effi cacy 
of treatment in women categorized as low risk versus high risk 
can have a signifi cant impact. In other words, prognostic ability 

 T A B L E  2 0 . 1          Factors that infl uence the cost-effectiveness of genomic testing strategies  

   Factors to assess  Features that favor cost-effectiveness 

 Gene 
  

 Prevalence 
 Penetrance 

      ●       Variant allele is relatively common    
      ●       Gene penetrance is high  

 Test  Sensitivity, specifi city, cost     ●       High specifi city and sensitivity    
    ●       A rapid and relatively inexpensive assay is available  

 Disease  Prevalence       ●       High disease prevalence in the population    

   Outcomes and economic impacts     ●       High untreated mortality  
    ●       Signifi cant impact on quality of life  
    ●       High costs of disease management using conventional methods  

 Treatment  Outcomes and economic impacts       ●        Reduction in adverse effects that signifi cantly impact quality of life or 
survival  

    ●        Signifi cant improvement in quality of life or survival due to 
differential treatment effects  

    ●       Monitoring of drug response is currently not practiced or diffi cult  
    ●        No or limited incremental cost of treatment with pharmacogenomic 

strategy    

  Adapted from  Flowers and Veenstra (2004) .  



to evaluate disease risk is important, but so is predictive abil-
ity for treatment response. In an evaluation of the clinical and 
economic utility of a test, these two aspects of test performance, 
disease-risk and treatment response, should be clearly deline-
ated. In some cases, as illustrated here, prognostic (disease-risk) 
information alone may not be suffi cient to justify utilization of 
a genomic test. 

 The Oncotype Dx assay has been evaluated for its ability to 
predict chemotherapy outcomes in addition to disease recurrence 
risk. Paik et al. reported in a retrospective study that women with 
a low RS are also unlikely to respond to chemotherapy (rela-
tive risk, 1.31; 95% CI, 0.46–3.78) ( Paik et al., 2006 ). The impact 
of this effect was incorporated in a cost-effectiveness analysis 
conducted by  Hornberger and colleagues (2005) . Using a simi-
lar methodological approach to Oestreicher et al., the author 
developed a Markov model and forecast overall survival, costs, 
and cost-effectiveness of using the Oncotype Dx RS in patients 
classifi ed as having low or high risk of distant recurrence based 
on National Comprehensive Cancer Network (NCCN) clinical 
guidelines. In the analysis, 8% of patients were classifi ed as hav-
ing low risk of distant recurrence by NCCN guidelines, and the 
RS reclassifi ed 28% of these patients to an intermediate/high-
risk group. The remaining 92% of patients were classifi ed at high 
risk of distant recurrence by NCCN guidelines and the RS re-
classifi ed 49% of these to a low-risk group. Overall, use of the 
Oncotype Dx test was predicted to  increase  quality-adjusted sur-
vival by 0.09 years and reduce overall costs by $2000. The cost-
effectiveness was most infl uenced by the propensity to administer 
chemotherapy based on test results, and by the proportion of 
patients at low risk as defi ned by NCCN guidelines. The author 
concluded that if applied appropriately, the test is predicted to 
increase quality-adjusted survival and save costs. 

 These cost-effectiveness studies served several valuable pur-
poses. Most importantly, they clarifi ed that without the abil-
ity to predict response to chemotherapy, these gene-expression 
profi les may not provide justifi able improvements (if any) in 
overall patient outcomes in a cost-effective manner. Thus, 
important areas for subsequent validation work have been high-
lighted. Furthermore, such analysis can help inform reimburse-
ment decisions ( Watkins et al., 2007 ). Thus, for example, with 
the Oncotype Dx test, assuming the prognostic and particu-
larly the predictive validity of the test hold, the test may offer 
not only a cost-effective intervention, but potentially a cost-
saving one. Another issue that remains to be addressed, preferably 
in  “ real-world ”  (non-controlled) settings, is the concordance 
of test results with actual treatments received. For example, a 
recent study indicated that a majority of sampled physicians and 
patients found the test results useful, but there was an absolute 
decrease in the proportion of patients choosing chemotherapy of 
only 2% ( Lo et al., 2007 ). These treatment patterns may change 
as clinicians and patients gain experience in the use of genomic 
test results in decision-making. 

 Of note, in an effort to validate these retrospective fi nd-
ings, the fi rst US-based phase III randomized controlled clinical 
trial – The Trial Assigning IndividuaLized Options for Treatment 
(Rx), or TAILORx, comparing the effi cacy of Oncotype Dx 
for choosing women receiving adjuvant chemotherapy – was 
launched on May 23, 2006, to examine whether genes that are 
frequently associated with risk of recurrence for women with 
early-stage breast cancer can be used to assign patients to the 
most appropriate and effective treatment [ http://www.cancer.
gov/clinicaltrials/digestpage/TAILORx , accessed 11/9/06]. This 
study will provide valuable prospective validation of previous 
retrospective studies, as well as the modeled outcomes from 
cost-effectiveness studies.   

  ECONOMIC INCENTIVES AND THE 
FUTURE OF GENOMIC MEDICINE 

  Economic Incentives in Drug and Test 
Development 
 Eight years have elapsed since the initial sequencing of the 
human genome, and the number of new genetic tests commonly 
used in clinical practice is quite small. For example, a recent 
report from the Royal Society cautions:  “ Pharmacogenetics is 
unlikely to revolutionize or personalize medical practice in the 
immediate future ”  ( The Royal Society, 2005 ). Robert Califf has 
argued that achieving this promise will require a major overhaul 
of the US clinical research enterprise as well as substantial edu-
cational efforts ( Califf, 2004 ). 

 In two recently published papers, Garrison and Austin 
explored the lack of appropriate economic incentives that may in 
part be contributing to the current pace, in addition to the inher-
ent challenges in genomics research ( Garrison and Austin, 2006, 
2007 ). The translation of the basic science of pharmacogenetics 

 T A B L E  2 0 . 2          Performance, costs and outcomes of gene 

expression profi ling versus NIH guidelines  

   Gene 
Expression  NIH 

  

 Outcome  Profi ling  Guidelines  Difference 

 Sensitivity  84%  98%   	 14% 

 Specifi city  51%  5%   � 46% 

 Proportion of 
women treated 
with chemotherapy 

 61%  96%   	 35% 

 Proportion of 
distant recurrences 
prevented 

 29%  34%   	 5% 

 Costs  $29,754  $32,636   	 $2882 

 Quality-adjusted 
life years 

 9.86  10.08   	 0.21 

  Adapted from  Oestreicher et al. (2005) .  
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and other  “ -omics ”  biomarkers as applied to drug development 
and clinical care is occurring in a complex legal, regulatory, and 
reimbursement environment. Understanding and appropriately 
shaping this environment is vital for encouraging biomarker 
research and personalized health care. 

 Suppliers of new medical technologies – both therapeutics 
and diagnostics – face a complex and heavily regulated com-
mercial environment. Furthermore, the manner in which diag-
nostics are reimbursed in most developed countries may provide 
limited incentives for the development of new genomics-based 
tests. Both the proponents of genetic tests and the skeptics some-
times fail to appreciate this complexity. Proponents sometimes 
argue:  “ How could this not be a good thing? ”  We would be able 
to target drugs to the subgroups who respond most favorably 
and limit the delivery to those most likely to suffer side effects. 
Skeptics sometimes argue that no pharmaceutical company 
would have incentive to restrict its market to a smaller subgroup: 
 “ Why would they ever want to develop a test to do this? ”  

 Both sides have a valid point to some extent, but neither 
represents the full complexity of the incentives involved. Garrison 
and Austin analyzed the incentives in terms of  “ value creation 
and capture. ”  Innovative therapies can create aggregate economic 
value in at least fi ve alternative ways that are not mutually exclu-
sive. First, they may reduce mortality and morbidity compared 
to current treatments. Second, they may save on average on the 
costs of treating side effects or the underlying disease. Third, they 
may result in greater utilization by those affl icted. Fourth, they 
may encourage better compliance, providing individual patients 
with more net benefi t. Fifth – and this is less recognized and is 
important for new diagnostic tests – they can make people better 
off by reducing uncertainty. 

 The authors developed and analyzed fi ve different scenarios 
of combining a new genomics-based diagnostic with a therapeu-
tic treatment. They argued that who captures the value created 
by the combination depends on a number of factors, and that 
it is the potential for value capture that generates the incentives 
for genomic test development and marketing. In thinking about 
incentives in this marketplace, it is important to keep a few key 
features in mind. First, intellectual property rights are essential to 
provide a basic incentive for the invention and development for 
new diagnostic tests and new therapeutics, particularly pharma-
ceuticals. It is widely known and appreciated that new innovative 
drugs receive temporary (20-year) patents that limit the ability of 
competitors to enter since they can ’ t just copy the innovative com-
pound and would have to develop and fully test a new molecule. 
It is less appreciated that effective patent life is 8–12 years, as it 
takes years to perform the trials that regulators review for licensing. 
A second key feature is that once a product is on the market and 
has a price, it can be diffi cult to change that price. Indeed, in some 
countries,  “ administered pricing ”  is used to set the price based on 
reference products or prices in other countries. The price granted 
in those situations may only relate in a limited way to the value 
created, and they may not be allowed to change over time. This is 
particularly true in Europe, whereas there is some ability to change 
pharmaceutical prices over time in the United States. 

 Diagnostics differ from drugs in that their prices are even 
more heavily controlled in most markets, as initial price is often 
pegged to perceived costs of provision rather than additional 
value created. This can be called  “ cost-based ”  pricing and reim-
bursement as opposed to  “ value-based ”  pricing and reimburse-
ment. In effect, suppliers of new genomics-based diagnostics are 
likely to capture less of the incremental value they create. 

 Given these marketplace realities and constraints, Garrison 
and Austin argue that the incentives for value creation through 
a linked genomics-based diagnostic and therapeutic will depend 
on these factors as well as whether the therapy is already on the 
market. For their hypothetical exercise, they posited that a new 
diagnostic is developed in a market where only 20% of patients 
truly benefi t from a treatment, but heretofore they could not 
be identifi ed. Eliminating the 80% of users who don ’ t benefi t 
would be a great benefi t to payers but would be damaging to 
the pharmaceutical company if they could not raise price for 
the 20% of responders. On the other hand, it should clear that 
if the test were available before the drug was launched, the com-
pany might have been able to charge a price nearly fi ve times as 
high and still capture the same amount of value. 

 In principle, if the innovative diagnostic enters the market 
after that drug has a price, then the diagnostic manufacturer 
might be able to capture this value, creating a powerful incen-
tive for developing the diagnostic. However, in a regulated, cost-
based pricing and reimbursement environment for diagnostics, 
there will not be this strong incentive. Hence, if the drug manu-
facturer can ’ t easily increase price for the 20% who respond, and 
if the potential diagnostic manufacturer can ’ t capture the cost 
savings because of price controls, there will be a limited incen-
tive to develop tests for already marketed products. 

 The authors point out that if the diagnostic and therapeutic 
could be developed in tandem, even more total economic value 
would be created due to the additional reduction in uncertainty. 
The drug manufacturer would be in a better position to cap-
ture this value, given that they operate in a relatively value-based 
pricing environment. However, drug development is a challeng-
ing and uncertain scientifi c enterprise in and of itself, and add-
ing the complexity of companion diagnostic may not be that 
appealing unless the scientifi c rationale is already well developed. 

 In addition to the scientifi c and economic barriers high-
lighted above, two other factors deserve mention that might be 
inhibiting the development of pharmacogenetics-based test-drug 
combinations. One factor is the high cost of the basic research 
that is needed to validate genetic markers. Financing this remains 
a question: What should fall to the public sector, how much 
should the private sector contribute, and what is best done in 
partnership are under active debate. Second, approval and reim-
bursement for drugs in the United States and EU require greater 
levels of evidence than is customary for new diagnostic tests. 
Some would argue that the lower evidentiary requirements for 
regulatory approval of tests have discouraged the development 
of better clinical data and that payers practice  “ cost-based ”  reim-
bursement in part because of this lack of evidence on clinical 
and economic value. In contrast, both the AMCP Format for 



Formulary Submissions guidelines in the United States and the 
requirements for submissions to the National Center for Clinical 
and Health Excellence (NICE) in the United Kingdom request 
economic models that synthesize the clinical and cost evidence to 
assess value added of new drugs. Similar standards and mechanisms 
do not exist for diagnostics, although the discussion is beginning. 
But asking for more evidence means raising the costs of develop-
ing – and particularly validating – new diagnostics. What are the 
incentives for diagnostic manufacturers if no additional rewards 
are forthcoming through the reimbursement system? Below we 
discuss a potential approach for incorporating evidence assessment 
into reimbursement decisions for genomic tests.   

  ESTABLISHING VALUE-BASED 
REIMBURSEMENT FOR GENOMIC 
TECHNOLOGIES 

  Rationale 
 Laboratory tests are an important yet often overlooked segment of 
health care and the health economy. For example, it has been esti-
mated that as much as $56 billion was spent on laboratory diag-
nostic services in 2005 ( Blue Cross Blue Shield Association, 2005 ). 
More importantly, laboratory tests initiate a cascade of decisions 
regarding further testing, prevention or treatment-decisions that 
ultimately determine health outcomes and costs of care. A recent 
report estimated that although diagnostics account for 1.6% of 
the Medicare total costs, they infl uence 60–70% of downstream 
treatment-decisions ( The Lewin Group, 2005 ). Genomic testing 
for mutations, polymorphisms, and haplotypes expands the labo-
ratory diagnostics market in many areas, including pregnancy and 
neonatal testing, predictive testing for disease susceptibility, 
and pharmacogenomic testing. As noted above, gene-expression 
profi ling of tumors is a burgeoning fi eld that includes both pre-
dictive and pharmacogenomic characteristics. 

 Historically, the evidence supporting the validity and 
clinical utility of laboratory tests has been limited ( Feinstein 
2002 ;  Reid et al., 1995 ;  Weinstein et al., 2005 ). The path-
way to the marketing of tests does not require the same data 
as therapeutics, and technology assessments of laboratory 
tests have not undergone the revolutionary changes in evi-
dence review that has occurred for drugs ( Neumann, 2004 ). 
Instead, payment for tests is linked to an antiquated cod-
ing system, as noted above ( Raab and Logue, 2001 ). Recently, 
we presented a rationale and outline for re-structuring the 
way laboratory tests are evaluated and reimbursed ( Ramsey 
et al., 2006 ). We summarize those concepts below.  

  Process 
 We propose that coverage and reimbursement for laboratory 
tests, including genomic tests, should move toward an evidence- 
and value-based approach, using some of the tools that have 
been adopted for pharmaceutical assessment by many US health 
care payers. 

  Developing a Language for Describing 
Benefi t 
 Test manufacturers, laboratory service providers, and health 
insurance plans will benefi t from standardizing the way evidence 
supporting new laboratory tests is presented. Methodological 
standards for the evaluation of diagnostic tests have been pub-
lished ( Reid et al., 1995 ), and a useful framework has been pro-
posed to evaluate diagnostic technologies ( Table 20.3   ) ( Fryback 
and Thornbury, 1991 ). While many agree about the value of 
using these domains to evaluate tests, including genomic tests, 
there is less agreement on how much evidence is necessary for 
an insurance coverage decision. 

 Considering the domains from  Table 20.1  when applied to 
genomic tests, it is important to evaluate the incremental impact 
of a test; that is, the improvement that the new test provides over-
current (non-genomic) strategies ( Garrison and Austin, 2006 ). 
Since prospective trials directly comparing new laboratory tests 
with established diagnostic strategies are uncommon (particularly 
those evaluating their impact on patient outcomes), decision-
analytic modeling techniques can aid evaluations ( Buxton et al., 
1997 ). Models help frame questions, provide transparent mecha-
nisms for stating hypotheses about cause and effect, highlight 
defi ciencies in clinical data, and force decision-makers to make 
explicit judgments about values for data that are used to inform 
the model. Published standards for models are readily accessible to 
decision-makers who wish to assess their quality ( Weinstein et al., 
2003 ).  

 T A B L E  2 0 . 3          Hierarchy of diagnostic evaluation  

 Level  Characteristic  Description 

 1  Technical feasibility 
and optimization 

 Ability to produce 
consistent results 

 2  Diagnostic accuracy  Sensitivity, specifi city, 
positive predictive value, 
negative predictive value 

 3  Diagnostic thinking 
impact 

 Percentage of times 
physicians ’  estimated 
probability of a diagnosis 
changes following the test 
result 

 4  Therapeutic choice 
impact 

 Proportion of times 
planned therapeutic 
strategy changes following 
test results 

 5  Patient outcome 
impact 

 Percentage of patients 
who improve with the test 
versus those who improve 
without the test 

 6  Societal impact  Cost-effectiveness 

  Adapted from  Fryback and Thornbury (1991) .  
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  A Defi nition of Value for Genomic Tests 
 We defi ne value for genomic tests as it is defi ned for other 
health technologies: the intervention provides an overall benefi t 
to the patient at an acceptable cost; or in other words is cost-
effective. There are four well-recognized criteria for identifying 
an intervention cost-effective: (1) Less costly and at least as effec-
tive; (2) More effective and more costly, with the added benefi t 
worth the added cost; (3) Less effective and less costly, with the 
added benefi t of the alternative not worth the added cost; and 
(4) Cost saving with an outcome equal to or better than that of 
the alternative. Assessing value for tests can be diffi cult because 
tests are intermediate steps in the treatment pathway. The advan-
tage of a cost-effectiveness framework is that it allows fl exibility, 
because value for genomic tests can be defi ned narrowly (e.g., 
least expensive way to make a diagnosis) or broadly (improves 
survival at an acceptable added cost).  

  A Format for Dialogue Among Genomic Test 
Manufacturers, Providers, and Payers 
 When health insurers and test representatives come together 
to discuss genomic tests, the process should be transparent, and 
adopting a standard format would help clarify expectations and 
improve the decision-making process. A useful template for tests 
has been developed by the AMCP for the evidence-based evalu-
ation of drugs. More than 50 public and private health insurers 
covering over 100 million lives have adopted the AMCP format 
( Fry et al., 2003 ;  Neumann, 2004 ). A template for manufacturer ’ s 
reporting of clinical and economic information regarding labo-
ratory tests is shown in  Figure 20.1   . Since the clinical utility of 
genomic tests is most often similar to other laboratory tests, the 
template accommodates differences in evidence that are typically 
available for new genomic tests.  

  Implementation 
 Some health plans might have a designated organizational unit 
that evaluates genomic tests, providing a structure for soliciting 

and reviewing manufacturer ’ s products. In the case of pharma-
ceutical products, that unit is the Pharmacy and Therapeutics 
(P & T) committee. Health plan staff working with P & T commit-
tees usually are receptive to receiving information from manu-
facturers or service laboratories about new products. Indeed, 
the  “ unsolicited request ”  process pioneered by the AMCP was 
designed to create a structure for dialogue between manufact-
urers and payers. A similar scheme would improve transparency 
and the fl ow of information for new genomic tests. 

 P & T committee members are often not health plan 
employees. Having such a quasi-independent group evaluate 
novel laboratory tests may improve the credibility of the decision 
process in the eyes of manufacturers, clinical laboratories, phy-
sicians, and patients. Still, maintaining committees is costly, and 
may not be justifi ed given the relatively low volume of genomic 
tests that are introduced annually. One option is to fold the test 
evaluation process into the existing P & T structure. Alternatively, 
payers could hire consultants to evaluate select genomic tests and 
make recommendations regarding coverage and reimbursement. 
Payers should be timely, in both coverage decisions and setting 
reimbursement levels, and when decisions are made, they should 
be supported with a rationale. In cases where requests for cover-
age are denied, such information allows manufacturers to design 
studies or collect other data that address concerns regarding the 
quality or content of the information supporting the product. 

 Genomic tests are developed under a different regulatory 
structure than pharmaceuticals and have a unique and complex 
function in medical care. Novel genomic tests often come to 
market with little information supporting their role in clinical 
decision-making or evidence regarding their impact on patient 
outcomes. We posit that patient care and outcomes will improve 
when there is a structured process for evidence generation and 
discussion between payers, manufacturers, and marketers. While 
it is unlikely and perhaps not necessary that the evaluation proc-
ess for genomic tests will equal what is required for drugs, we 
can move much further toward a system that supports better 
gathering and sharing of high-quality evidence. Test manufac-
turers, clinical laboratories, payers, and clinicians all must play a 
role in this process.    

  ECONOMIC CHALLENGES    
 The primary economic challenges facing genomic medicine 
can be surmised as the following: (1) providing evidence of the 
value of genomics and (2) providing economic rewards/incen-
tives commensurate with the value added. More specifi cally, as 
outlined in a recent report developed on the implications of 
pharmacogenomics for the pharmaceutical and biotechnology 
industries, there are several key challenges for genomic medicine 
( Garrison et al., 2007 ): 

    ●      Regulatory pathways have not yet been optimized to encour-
age the co-development of diagnostics and therapeutics.  

1.  Product Information

2.  Supporting Clinical and Economic Information

3.  Cost-effectiveness Modeling Report

4.  Supporting Information

3.1. Model overview.  We recommend that producers and users of modeling
 studies subscribe to the sound guidance provided by the ISPOR Good Practice
 Modeling Principles.

4.1. References contained in dossiers.
4.2. References for economic models.

2.1. Evidence-table spreadsheets of all published and unpublished clinical studies. 
2.2. Outcomes studies and economic evaluation supporting data 
2.2.1. Evidence-table spreadsheets of all published and unpublished
 outcomes studies. 

1.1. Product description.
1.1.1. Place of the product in therapy. 
1.1.2. Disease description. The disease description should include the disease
 and characteristics of the patients in the target population. 

 Figure 20.1         Evidence and transparency standard to support 
coverage and reimbursement for diagnostic, therapeutic, and 
genetic testing (from  Ramsey et al., 2006 ).    



    ●      Current economic incentives – as refl ected in our intellec-
tual property and reimbursement systems for diagnostics and 
drugs – are generally not structured to reward appropriately 
and consistently innovative value creation for drugs, diagnos-
tics, and pharmacogenomics-based targeted regimens.  

    ●      The integration of pharmacogenomic diagnostic develop-
ment with pharmaceutical development is diffi cult because 
of differences in the underlying business and translational 
science models of the two sectors.  

    ●      Genomics technologies are perceived to raise ethical, legal, 
and social issues to such a degree that a special National 
Institutes of Health program was established to address 
them; although specifi c genomic applications may not 
always involve such issues, this suggests the broad range of 
stakeholders that will be involved in the public debates.  

    ●      Stakeholder literacy about genomics is limited, and positions 
on public policy issues are not yet clearly defi ned.    

 What can be done to help achieve these goals? We suggest 
several policy areas for focus ( Garrison et al., 2007 ): 

    ●      Pharmaceutical and biotechnology companies will need to 
add a systematic evaluation of potential pharmacogenomic 
and other biomarkers as part of their due diligence research 
and development processes.  

    ●      Substantial federal government support for basic research 
generally will be critical before translational private research 
activities are viable.  

    ●      The pharmaceutical and biotechnology industries will be 
major benefi ciaries of this basic research, and should par-
ticipate actively in the public discussion of priorities.  

    ●      Companies will need to provide a rationale to regulators why 
they have or have not included genomics or other biomarkers 
in their clinical trial development programs.  

    ●      The pharmaceutical, biotechnology, and diagnostic indus-
tries have not taken a unifi ed or proactive position on 

appropriate regulatory processes and initiatives, and it may 
not be possible to reach a consensus. Still, it may be a good 
time to begin a policy review and discussion.  

    ●      For pharmacogenomics-targeted pharmaceuticals to have 
greater commercial viability, the pharmaceutical, biotech-
nology, and diagnostic industries must engage in the pub-
lic policy debate on national coverage and reimbursement 
issues for such drugs and tests.    

 Will cost-effectiveness analysis by itself speed the develop-
ment of genomic medicine? This is not inherently likely. The 
fundamental challenges facing genomic medicine at this point 
are (1) the identifi cation and validation of associations between 
genetic variation and clinically meaningful outcomes and (2) 
evaluation of interventions based on genomic information in 
prospective, comparative trials. However, cost-effectiveness anal-
ysis can help guide this process in several important ways: 

    ●      By identifying genomic technologies that have potential 
value in early stages of drug and test development, thus aid-
ing research portfolio optimization.  

    ●      By providing a framework for value-based reimburse-
ment of genomic technologies, thus conferring appropriate 
incentives to the market.  

    ●      By identifying areas where future research would provide 
signifi cant value to the health care system even once a tech-
nology has been developed.    

 Thus, quantitative economic analyses in combination with 
scientifi c research and policy analysis can help optimize the 
benefi ts of genomic medicine to society. In summary, genomic 
medicine offers signifi cant hope for fundamental improvements 
in health care outcomes. These gains can likely be achieved in a 
cost-effective manner, but the challenges of providing evidence 
of and reward for value will prove to be critical in the coming 
decade.   

2009 UPDATE
There have been a number of recent publications addressing 
methodological issues pertaining to the economic evaluation of 
genetic testing, incentives for development and reimbursement, 
as well as studies of specifi c genetic testing strategies. Deverka 
and McLeod (2008) propose that two levels of evidence are 
needed before pharmacogenetic tests can have a major impact 
on clinical practice: genetic association data and outcomes data – 
the latter including improvements in patient outcomes and 
cost-effectiveness. The authors emphasize the importance of 
focusing on the latter evidence to facilitate the translation of 
pharmacogenomic technologies. Garrison and colleagues pro-
vide an overview of public policy issues related to the develop-
ment and commercialization of personalized medicine, some of 

which is covered in this chapter (Garrison et al., 2008). Phillips 
et al. (2008) review existing evidence on utilization, prefer-
ences, and economic value of two case studies: HER2/neu 
antigen testing with trastuzumab treatment and genetic testing 
for Lynch syndrome.

Grosse, Wordsworth, and Payne address the challenges of 
valuing genetic testing – particularly in regard to non-clinical 
outcomes, such as impacts on patient quality of life, prefer-
ences, and ‘information for information’s sake’ (Grosse et al., 
2008). The authors discuss the relative merits of different 
economic measures and methods and conclude that because 
important outcomes of genetic testing do not fi t easily within 
traditional measures of health, cost-effectiveness analysis do 
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not necessarily capture the full range of outcomes of genetic 
testing that are important to decision makers and consumers. 
Payne and colleagues conducted a systematic review of vali-
dated outcome measures of clinical genetics services (Payne 
et al., 2008). Thirty genetics-specifi c measures were identifi ed; 
however, no single validated outcome measure encompassed 
all potential patient benefi ts, and the authors conclude that 
additional research in this area is needed. Vetger and colleagues 
performed a systematic review and critical evaluation of recent 
pharmacoeconomic analyses in pharmacogenomics (Vetger 
et al., 2008). Twenty studies were identifi ed, the majority of 
which reported that genetic screening was cost-effective or 
cost-saving. However, several studies failed to provide suffi cient 
evidence for an association between genotype and phenotype. 
The authors provide a list of recommendations for good phar-
macoeconomic practice in pharmacogenomics.

Worth noting, recent research has provided greater clarifi -
cation of thresholds for cost-effectiveness in the United States. 
Braithwaite and colleagues identifi ed lower and upper bounds 
for the value society places on a quality-adjusted life-year 
(QALY) (Braithwaite et al., 2008). A lower bound was inferred 
by estimating the incremental cost-effectiveness of recent 
versus pre-“modern era” medical care in the United States. 
To infer an upper bound, they estimate the incremental cost-
effectiveness of unsubsidized health insurance versus self-pay 
for nonelderly adults without health insurance. The authors 
estimate the value of a QALY between $109,000 and $297,000. 
The authors, and an accompanying editorial (Weinstein, 2008), 
conclude it is very unlikely that $50,000 per QALY is consist-
ent with societal preferences in the United States.

Several evaluations of specifi c genetic testing applications 
are worth noting. First, a federally funded evidence review of 
gene expression profi ling tests in breast cancer was reported 
(Marchionni et al., 2008). The review included an assessment 
of the evidence for the cost-effectiveness of these tests and 

concluded that “since the overall body of evidence is incon-
clusive about the economic outcomes associated with use of 
breast cancer gene expression tests, this is an area that will 
require further investigation.” Schackman and colleagues con-
ducted a cost-effectiveness study of HLA-B*5701 screening to 
guide antiretroviral selection for treatment of HIV (Schackman 
et al., 2008). The analysis was informed by data from the 
Prospective Randomized Evaluation of DNA Screening in a 
Clinical Trial study. The authors report that HLA-B*5701 test-
ing added 0.04 quality-adjusted months (1.2 days) at an incre-
mental cost of $110, and that testing remained the preferred 
strategy only if abacavir-based treatment had equal effi cacy and 
cost less per month than tenofovir-based treatment.

Holland, Huston, and Noyes conducted a study to deter-
mine at what risk of mutation it is cost-effective to test women 
for BRCA1/2 mutations (Holland et al., 2008). The evaluation 
included estimates of health-care costs, life expectancy, likeli-
hood of obtaining a mastectomy or oophorectomy, and patient 
preferences for treatment and certainty about their BRCA1/2 
status. The costs and effectiveness of both the test and no-test 
strategies were very similar even when there was a small prob-
ability of mutation. Heitjan and colleagues explored the poten-
tial cost-effectiveness of a range of smoking cessation drug 
treatments, including varenicline, transdermal nicotine, bupro-
pion, and the use of a genetic test to choose between transder-
mal nicotine and bupropion (Heitjan et al., 2009). The authors 
found that only under favorable assumptions was the geneti-
cally tailored approach competitive. Finally, Carlson and col-
leagues evaluated the potential cost-utility of EGFR testing to 
guide non-small cell lung cancer treatment. The authors found 
that that EGFR pharmacogenomic testing has the potential 
to provide clinically meaningful improvements in patient out-
comes at a value similar to currently approved therapies, and 
additional research in this area is warranted (Carlson et al., 
2009).
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CHAPTER

           Public Health Genomics 
   Alison   Stewart,   Marta Gwinn,     Ron   Zimmern   and Muin Khoury  

  INTRODUCTION 
 In the mid-1990s, as the Human Genome Project gathered pace, 
some within the profession of public health began to realize 
that, in time, new knowledge and technologies stemming from 
this endeavor would have profound implications for the health 
of populations and the organization and delivery of health care 
services. These developments would mean that public health 
could no longer focus exclusively on social and environmental 
determinants of health, but would need to incorporate relevant 
knowledge from the molecular and cellular life sciences in the 
development of public health policies and programs. 

 Public health genomics is a new discipline that brings 
together genetic and genomic science, genetic epidemiology, 
and a recognition that scientifi c and technological advance must 
go hand in hand with an understanding of its ethical, legal, and 
social dimensions. It is distinct from  “ genomic medicine ”  in that 
its focus is primarily on populations, health services, and public 
health programs rather than on individual clinical care. 

 This chapter outlines the development of public health 
genomics over the last decade, sets out its key concepts, and 
describes examples of public health genomics programs and 
activities. New national, regional, and international networks are 
being established to further the goals of this new fi eld.  

  THE  DEFINITION  OF  PUBLIC 
HEALTH GENOMICS 
 The early practitioners of public health genetics suggested a variety 
of defi nitions for their discipline. At the  University of Washington 

Institute of Public Health Genetics  it was defi ned as  “ The applica-
tion of advances in human genetics and molecular biotechnology 
to improve public health and prevent disease, ”  while in the United 
Kingdom a modifi ed form of the Acheson defi nition of pub-
lic health was adopted, describing public health genetics as  “ The 
application of genetics on the art and science of promoting health 
and preventing disease through the organized efforts of society. ”  

 All of the early defi nitions emphasized that the subject 
matter of public health genetics was how the health of popu-
lations and the practice of public health and clinical medicine 
were affected by genetic science and technology. They also high-
lighted the importance of harnessing genetic knowledge for dis-
ease prevention; the word  “ prevention ”  in this context included 
not just measures to prevent or delay disease onset (primary pre-
vention), but also, if disease was already present, interventions 
that enabled early detection and treatment, reduced disability, 
and delayed progression (secondary and tertiary prevention). 
The UK defi nition also made it clear that practitioners of pub-
lic health genetics needed, as well as a working knowledge of 
genetic science, an understanding of the diverse views within 
society about genetics and its consequences, and an ability to 
work across a range of disciplines and cultures. 

 As the fi eld broadened its outlook beyond the traditional 
connotations of  “ genetics ”  and began to think in terms of 
genomics, a new defi nition became necessary. As a result of the 
2005 Bellagio workshop, public health genomics is now defi ned 
as:  “ The responsible and effective translation of genome-based 
knowledge and technologies for the benefi t of population 
health ”  ( Burke et al., 2006 ;  Stewart, 2006 ). 

 The Bellagio defi nition makes a number of important 
points. By using the term  “ genome-based ”  it indicates that the 
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scope of the knowledge base includes not only genes but also 
their protein products, the metabolites synthesized by those pro-
teins, and the complex molecular and cellular interactions that 
make up a biological system. It also includes bioinformatics: the 
management and analysis of large amounts of biological infor-
mation using advanced computing techniques.  “ Technologies ”  
are mentioned explicitly in the defi nition because biotechno-
logical developments such as drug delivery platforms, high-
throughput sequencing technologies, and microarray applications 
are vital to the clinical exploitation of genomic science. 

 The adjectives  “ responsible ”  and  “ effective ”  convey two 
concepts: fi rstly, that any clinical tests or interventions resulting 
from genomic research must be fully validated before they are 
implemented and, second, that this evidence base must include 
due consideration of their ethical, legal, and social implications 
(often shortened to the acronym ELSI) ( Clayton, 2003 ;  Ojha 
and Thertullien, 2005 ). 

 Finally, the Bellagio defi nition emphasizes that public health 
genomics focuses on the health and health care of populations. 
This may at fi rst sight seem to be at odds with the individual 
or familial nature of genomic information and the prospects 
for a future era of  “ personalized medicine. ”  However, public 
health genomics recognizes that populations are not genetically 
homogeneous and that programs and policies incorporating dif-
ferences in individual susceptibility to disease and response to 
treatment offer new opportunities that are complementary to 
the traditional  “ one size fi ts all ”  approach of public health.  

  KEY  CONCEPTS  IN  PUBLIC  HEALTH 
GENOMICS 
  Genes and Environmental Factors as Determinants 
of Health 
 Implicit in the various defi nitions of public health genomics is 
the recognition that all human characteristics – including sus-
ceptibility to disease – result from the combined effects of genes 
and environment.  Figure 21.1    is a conceptual representation of 
determinants of health, showing the complex array of possible 
interactions between genomic determinants and the compo-
nents of the physical and social environment. 

 The relative contributions of genes and environment to dis-
ease risk can vary widely. In the case of highly penetrant herit-
able conditions such as cystic fi brosis or Huntington ’ s disease, a 
single genetic mutation may be suffi cient to cause disease, but 
even for these diseases the range and severity of symptoms may 
vary widely among individuals, partly as a result of environ-
mental factors. In the case of common chronic diseases, where 
a variety of low-penetrance genomic variants are implicated, the 
effect of environment is generally much more evident. 

 It is a mistake, however, to think of any disease as resulting 
from a fi xed and quantifi able combination of genomic and envi-
ronmental determinants. For example, phenylketonuria, a condi-
tion inherited in a Mendelian fashion, is classifi ed as a genetic 
(heritable) disease because the environmental determinant 

(dietary phenylalanine) is ubiquitous and the mutation rare and 
highly penetrant. However, the disease could also be thought of 
as 100% environmental, because it is only manifest when phe-
nylalanine is present. We might also characterize the situation 
by stating that the genomic defect is a necessary factor in the 
pathogenesis of phenylketonuria but not in itself suffi cient. 

 From the representation in  Figure 21.1  it is clear that the 
health status of an individual may be infl uenced by altering 
either genomic or environmental factors, or both. In the con-
text of disease prevention,  Juengst (1995)  distinguished these 
two types of intervention as  “ genotypic ”  and  “ phenotypic. ”  
Genotypic intervention may be appropriate in some circum-
stances, such as the use of genetic testing to avoid the birth of a 
child affected by a highly penetrant genetic disease. However, in 
the context of common chronic disease, which does not usually 
develop until some time during adult life, only phenotypic inter-
vention will generally be either feasible or ethically acceptable. 

 Public health genomics aims to prepare the ground for a 
future era when we have a much more complete understanding 
of the full range of genomic and environmental determinants 
of health and – crucially – how they work together. The hope 
is that this fuller understanding of disease etiology and of the 
mechanisms of disease at the molecular and cellular levels will 
enable development of new diagnostic tools, new therapies, and 
perhaps new preventive options ( Guttmacher and Collins, 2005 ), 
and that this new era of genomic medicine will offer opportu-
nities to achieve benefi ts for population health. 

 Enthusiasm about the potential benefi ts from genomic 
research must be balanced by realism about the likely time scale of 
these developments ( Davey Smith et al., 2005 ;  Haga et al., 2003 ). 
Unraveling the genomic contribution to disease susceptibility is 
an immensely complex task, and many applications in mainstream 
health care are unlikely to materialize for some decades to come. 
In the meantime, it is a key function of public health genomics 
to protect patients and health services from the damaging effects 
of interventions that are premature, not supported by robust evi-
dence or do not fulfi ll the criterion of public acceptability.  

  Avoiding Genetic Exceptionalism 
 It is important to avoid  “ hype ”  about advances in genom-
ics and it is equally important to dispel the notion that genetic 
or genomic factors have a signifi cance and predictive power 
beyond that of other determinants of health, a view that has 
been dubbed  “ genetic exceptionalism ”  ( Murray, 1997 ). A related 
pitfall is genetic reductionism, the tendency to over-simplify the 
relationship between a genetic factor and a disease or other phe-
notypic trait ( Sankar, 2003 ). Genetic exceptionalism and reduc-
tionism demand special protection for genomic information on 
the grounds of its predictive power and implications for other 
family members but this thinking derives from a misguided 
attempt to extrapolate from the highly penetrant mutations asso-
ciated with Mendelian disease to the much more weakly predic-
tive variants associated with common disease. 

 Public health genomics recognizes that genes must be 
included among the determinants of health but their  signifi cance 



should be kept in proportion: they should neither be over-
 emphasized nor demonized. Genetic exceptionalism can lead to 
policy responses that are both disproportionate and irrational, 
in that they place restrictions on uses of DNA test information 
but leave other physiological or biomarker tests – which may be 
equally or even more highly predictive – unregulated.   

  THE   “ ENTERPRISE ”   OF  PUBLIC 
HEALTH  GENOMICS 
 The Bellagio workshop participants developed a visual repre-
sentation of the  “ enterprise ”  of public health genomics, which 

is represented by the shaded regions of  Figure 21.2   ; the aim of 
this representation is to convey a consensus understanding of 
what sorts of activities come under the banner of public health 
genomics, and how its work is conducted. 

 The starting point for the  “ enterprise ”  (but not part of 
the enterprise itself) is genomics research, shown at the left of 
 Figure 21.2 . Basic research is also needed in the population sci-
ences (including, e.g., epidemiology and biostatistics) and in 
the humanities and social sciences (including law, philosophy, 
social anthropology, theology, and so on). Basic research can be 
thought of as the phase of knowledge generation. 

 Public health genomics comes into play with the phase of 
knowledge integration, both within and across disciplines. The 
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 Figure 21.1         Determinants of health. The fi gure makes the point that external factors such as natural environmental and structural 
determinants are modifi able by interventions at the population level, whereas genetic factors and behavior are essentially individual 
(although they are, of course, infl uenced by external factors).    
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raw material for this process is the output from the research 
phase. Knowledge integration is defi ned as the process of select-
ing, storing, collating, analyzing, integrating, and disseminating 
information. This includes computer-based approaches to clas-
sifying, linking, and retrieving information (essentially, what an 
informatician would understand by the term  “ knowledge inte-
gration ” ) but it is also a broader and more qualitative process 
encompassing selection, critical analysis, and synthesis of con-
cepts and information from many different fi elds in the arts, 
humanities, biological, and social sciences. As the means by 
which information is transformed into knowledge, it is an essen-
tial step in making that information usable in the practical world 
of clinical medicine and public health practice. 

 The knowledge base generated by the knowledge integra-
tion function of public health genomics is used to underpin four 
core sets of activities: communication and stakeholder engage-
ment; informing public policy; developing and evaluating health 
services; and education and training. Examples of some of these 
activities will be discussed later in this chapter. 

 Knowledge integration and the four core sets of activities 
set out  what  public health genomics does.  How  it carries out 
its work may be described by the cycle of public health action 
developed by the  Institute of Medicine Committee for the 
Study of the Future of Public Health (1998)  and others. This 
cycle consists of an initial phase of analysis followed by devel-
opment of a strategy, implementation of that strategy, and eval-
uation of its outcomes. This is not a once-and-for-all process: 
successive rounds of the cycle lead to continued refi nement of 
the strategy, both before and after implementation. 

 Research does have a place in the enterprise of pub-
lic health genomics, as shown at the bottom of the diagram. 
Distinct from basic academic research, this is applied and transla-
tional research with direct applicability to health service imple-
mentation; such research can also identify gaps in the knowledge 
base that need to be fi lled by further basic research. 

 Finally,  Figure 21.2  emphasizes that the whole enterprise of 
public health genomics – and the phase of basic research – is 
embedded within a societal context. The views and priorities of 
society play a part in determining what research is carried out 
and how it is used and, in turn, the perceived results of those 
activities shape societal attitudes.  

  CORE  ACTIVITIES  IN  PUBLIC 
HEALTH GENOMICS 
  Knowledge Integration 
 Knowledge integration can be thought of as the driving force of 
public health genomics. A number of initiatives to support knowl-
edge integration are underway at various centers. These activities 
aim to bring knowledge together from different sources across the 
sciences, arts, and humanities so that a multi-disciplinary resource 
is available for application to projects in public health genomics. 
For example, the  HumGen database  at the Centre de recherche 
en droit public (CRDP) at the University of Montreal, Canada, 

is a searchable international database of laws and policies relevant 
to the application of human genetics. The  PolicyDB database  
curated by the Public Health Genetics Unit in Cambridge also 
deals with the policy fi eld but differs from HumGen in that it 
concentrates mainly on the United Kingdom and the EU, and 
coverage includes policy for scientifi c research, public health, and 
health services as well as legal and bioethical documents. 

 A highly developed example of knowledge integration in 
public health genomics is the  Human Genome Epidemiology 
Network  (HuGE Net) initiative ( Ioannidis, 2005 ). HuGE Net 
was set up by Muin Khoury in 1999 with the aim of assembling 
and critically analyzing population data on genotype prevalences 
and gene–disease associations emerging from research in genetic 
epidemiology. This task is an essential prerequisite to the devel-
opment of any clinical or public health applications of this infor-
mation. HuGE Net, discussed in more detail in another chapter 
of this book, has grown into an international multi-disciplinary 
initiative comprising around 800 collaborators in 43 countries. 
HuGE Net ’ s core activities are information exchange through its 
website and newsletter, training and technical assistance in sys-
tematic review and meta-analysis, methodological development, 
knowledge base development, and information dissemination. 

 Another international initiative, spearheaded by the CRDP 
in Montreal, is the  Public Population Project in Genomics (P3G)  
Consortium. The aim of P3G is  “ to provide the international 
population genomics community with the resources, tools, and 
know-how to facilitate data management for improved meth-
ods of knowledge transfer and sharing. ”  P3G members include 
representatives from the major biobank projects underway across 
the world. A key feature is the P3G Observatory, a knowledge 
transfer platform that includes information on the design and 
status of the various projects and their governance arrangements, 
to enable comparisons and sharing of best practice.  

  Communication and Stakeholder Engagement 
 Productive dialogue with the public and other stakeholders, 
including patient groups, government, and industry, is important 
to ensure that scientifi c and clinical developments proceed in 
harmony with the attitudes and expectations of other sectors of 
society. 

 Among examples of work in this area, the Public Health 
Genetics Unit (PHGU) in Cambridge established a public panel 
to provide an independent perspective on its work and actively 
involved patients and carers in its service development projects. 
For example, a project on learning disability employed a mixture 
of online discussion, telephone interviews, and focus groups to 
develop a document, Parents as Partners, which provides detailed 
evidence of the value that parents place on a genetic diagnosis in 
learning disability, and sets out recommendations for the health 
service ( Gogarty, 2006 ).  

  Service Development and Evaluation 
 This activity includes development of policies, programs, and 
services – both clinical and preventive – in the health sector; 



strategic planning; service organization; manpower planning and 
capacity building; service review and evaluation; and guideline 
development. 

 The evaluation of population genetic screening programs, 
either proposed or current, is an example of work in this strand of 
public health genomics. In the United States, for example, public 
health leadership was instrumental in securing a rational approach 
to the proposed introduction of population screening for heredi-
tary hemochromatosis. A multi-agency process produced a con-
sensus statement that the current evidence base did not justify 
screening and made recommendations for further research ( Burke 
et al., 1997 ). Further population-based research was funded to 
establish the penetrance of hemochromatosis-associated mutations 
and the prevalence of symptomatic hemochromatosis, and a web 
page is available on the website of the  National Offi ce of Public 
Health Genomics  providing education about hereditary hemo-
chromatosis for health care providers and the general public. 

 The public health genomics community has also taken the 
lead on the evaluation of DNA tests for clinical use, developing 
both the theoretical foundations for test evaluation and protocols 
for implementation in practice. For example, CDC ’ s National 
Offi ce of Public Health Genomics has convened a project known 
as EGAPP (Evaluation of Genomic Applications in Practice and 
Prevention) that aims  “ to develop a coordinated process for evalu-
ating genetic tests and other genomic applications that are in transi-
tion from research to clinical practice. ”   The  EGAPP project  draws 
on experience gained from application of an earlier evaluation pro-
tocol, the ACCE framework (standing for analytical validity, clini-
cal validity, clinical utility, and ethical, legal, and social implications; 
 Haddow and Palomaki, 2003 ). The UK ’ s Public Health Genomics 
Foundation also has a strong involvement in genetic test evaluation, 
working with the UK Genetic Testing Network to develop and 
apply a protocol for the evaluation of tests funded by the National 
Health Service ( Sanderson et al., 2005 ).  

  Informing Public Policy 
 The term  “ policy ”  refers to a broad range of public policies and 
programs that have a direct or indirect impact on the applica-
tion of genomics in health care. Activities may encompass legal, 
philosophical, and social analysis at an applied level; development 
of regulatory frameworks; engagement in the policy making 
process; promoting relevant research; and seeking international 
comparisons. 

 Current policy issues include legal and regulatory frame-
works for genetic testing; the funding of science and the pri-
oritization of relevant research; consent, confi dentiality, data 
protection, and the use of human tissue; attitudes to and relation-
ships with the pharmaceutical and biotechnology industries; and 
the patenting of genes and genomic technologies. There is con-
siderable academic research activity on these topics. For  example, 
the US National Human Genome Research Institute  “ ELSI ”  
program has an annual budget of around $18 million to support 
research on topics including privacy and fair use of genomic 
information, DNA banking, ethical conduct of genomic research, 
genetic discrimination, and the  psychosocial impact of genomic 

testing and technologies. In the United Kingdom, the Economic 
and Social Research Council has also invested heavily in this 
fi eld, supporting social science research in genomics through 
six Genomics Centers that together form the ESRC Genomics 
Network. 

 Despite the volume of theoretical work that has been done 
on these issues, however, there has been less attention to fi nd-
ing practical policy solutions; an aim of public health genomics 
is to fi ll this gap. The PHGU ’ s policy team, for example, car-
ried out detailed scrutiny of draft UK legislation governing the 
storage and use of human tissue samples for purposes including 
DNA analysis ( Liddell and Hall, 2005 ). Flaws in the draft legisla-
tion were identifi ed that could have impeded both research and 
clinical practice. Working with partner organizations in clinical 
genetics and biomedical research, PHGU was able to help infl u-
ence the political process to achieve amendments that at least 
partly resolved these problems, and was involved in initiatives to 
produce practical guidance for health professionals needing to 
comply with the new legislation. 

 PHGU ’ s mode of working on the Human Tissue Bill high-
lights another key aspect of public health genomics: the impor-
tance of forging working alliances with relevant stakeholder 
groups from research, clinical medicine, industry, patients, and 
the general public to achieve a consensus approach that is vital 
for securing  “ ownership ”  of a project and its conclusions.  

  Education and Training 
 As genomics and genomic technologies begin to have an impact 
on clinical practice, all health professionals will need to become 
 “ literate ”  in the general principles of genomics and its specifi c 
applications in their own specialist fi eld. Public health profes-
sionals and health service managers will also need a working 
knowledge of genomics in order to make sound judgments 
about the planning and evaluation of health services ( Burke, 
2005 ). 

 Public health genomics contributes to these goals by pro-
moting programs of genomic literacy for health professionals 
(as well as generally within society); specifi c training for pub-
lic health genomics specialists; and development of educational 
materials, courses, workshops, and seminars. For example, a 
set of competencies in genomics for the public health work-
force has been developed by the  National Offi ce of Public 
Health Genomics  in Atlanta. Competencies are documented 
for the public health workforce as a whole and for specifi c 
groups including leaders/administrators, clinicians, epidemiolo-
gists, health educationalists, laboratory staff, and  environmental 
health workers. For public health genomics specialists, the 
multi- disciplinary Masters and PhD programs developed at the 
Universities of Michigan and Washington offer a solid grounding 
in the fi eld: the University of  Washington Masters course, for 
example, includes core modules in genetic epidemiology; ethical 
and social issues; pharmacogenetics and toxicogenomics; genetics 
and the law; public perspectives on ethical issues; introduction 
to genetic services and bioinformatics; and economic and policy 
issues for genetic technologies and services. 
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 In the United Kingdom, the PHGU led a project to 
develop a national strategy for genetics education for health 
professionals; the project ’ s report ( Burton, 2003 ) was one of the 
infl uences that led to the establishment of a government-funded 
 NHS National Genetics Education and Development Centre  in 
Birmingham. A multi-disciplinary post-graduate course in public 
health genomics is under development at Cranfi eld University, 
based on a textbook authored by members of the Public Health 
Genetics Unit (Stewart et al., 2007).   

THE  ROLE  OF  PUBLIC  HEALTH  
IN  THE  TRANSLATION  OF  HUMAN 
GENOME  DISCOVERIES  INTO 
HEALTH APPLICATIONS
Public health has been traditionally identifi ed with state, fed-
eral and local public health agencies; however, recent reports by 
the Institute of Medicine in the United States and others have 
adopted a more inclusive view, defi ning public health professionals 
as those working on improving health from a population perspec-
tive (IOM, 2003). “Public health professionals” are those employed 
not only in government but also in health care delivery, academia, 
community organizations, and the private sector; together, they 
are actors in the “public health system” (IOM, 2002), which is 
working to assure the conditions under which a population can 
be healthy. If we adopt the expanded view of public health as 
population health, it becomes much easier to consider genom-
ics at the interface of the translational research agenda between 
medicine and public health.

Another reason to adopt an expanded view of population 
health is that future applications of genomics will occur primarily 
in the health care delivery system and not in the context of the 
national or state-mandated screening programs (traditional public 
health). Unfortunately, the sad history of eugenics will serve as 
constant reminder of horrifi cally failed applications for the per-
ceived benefi ts of population health. Furthermore, the only cur-
rent model of intersection of genetics and public health, namely 
newborn screening, should not necessarily serve as a model of 
future applications and joint partnership between medicine and 
public health. Undoubtedly, while newborn screening programs 
make important contributions to health, they continue to raise 
important ethical questions about informed consent, especially in 
the light of proposed expanded programs where health benefi ts 
are absent or less clear cut than medical emergencies provided 
by phenylketonuria (PKU) and congenital hypothyroidism. Thus, 
under the rubric of population health, collaboration between 
public health and medicine in genomics will emphasize the 
importance of an individual-oriented perspective but also the 
need for a population-based evaluation strategy and evidence-
based health care with access of validated information to all seg-
ments of the population.

Advances in genomics have also been accompanied by an 
emerging emphasis on translational research, a movement fueled 

by the NIH road map initiative (Zerhouni, 2003, 2005) to accel-
erate the translation from basic science to clinical applications. 
The translation framework is based primarily on the discovery 
of new drugs and their accelerated use in human clinical trials, 
with little or no emphasis on prevention. However, the “bench 
to bedside” paradigm covers only part of the distance from dis-
covering new knowledge to delivering health benefi ts at the 
population level (Green and Seifert, 2005; Horig and Pullman, 
2004). In 2003, Claude Lenfant (2003), the retiring director of 
the National Heart, Lung and Blood Institute, presented the 
Shattuck lecture titled “Clinical research to clinical practice – 
lost in translation?” He described many discoveries of curative 
or preventive interventions that nevertheless do not reach the 
end of the translation highway and asked, “If we can’t do it with 
aspirin, how will we do it with DNA?”

The “lost in translation” problem is complicated by the 
increasing costs of health care delivery and persistent inequities 
in access. Some have called the next stage in translation “trans-
lation type II” (Rohrbach et al., 2006), which requires more 
applied research on the best ways to deliver or disseminate inter-
ventions that work in real life settings (delivery research) and 
to evaluate health outcomes and population impact (outcomes 
research). In 2007, Westfall et al. (2007) proposed that the evalu-
ation of evidence-based interventions in practice can be called 
“type 3 translation research.” As shown in Table 21.1 we have 
also extended (Khoury et al., 2007b) the translation pathway 
to type 4 translation (T4) research, which seeks to evaluate 
the “real world” health outcomes of a genomic application in 
practice. We have reported that most human genomics research 
between 2001 and 2006, inclusive, was not translational and have 
estimated that no more than 3% of published research focuses 
on T2 and beyond. Indeed, evidence-based guidelines and T3 
and T4 research currently are rare (Khoury et al., 2007b).

As discussed below, an enhanced focus on translation and 
translation research from T1 through T4 can foster a true part-
nership between medicine and public health in the genomics 
era in four major areas (see Figure 21.3).

THE  FOCUS  ON  DISEASE 
PREVENTION  AND  HEALTH 
PROMOTION
Advances in genomics will provide new opportunities for dis-
ease prevention and health promotion – the main focus of public 
health, regardless of whether it is delivered at the individual level 
or through population-wide interventions. Understanding genetic 
effects and gene–environment interactions in disease processes 
could lead to the recommendation that certain subgroups avoid 
defi ned exposures or receive targeted interventions. Stratifi cation 
by genotype or family history already provides a means for tailor-
ing screening tests for early disease detection (e.g., colorectal can-
cer screening in genetically susceptible persons), a paradigm likely 
to be extended to early detection of other conditions.



A review of the public health implications of genomic 
research related to asthma (UWCGPH, 2004) illustrates the 
potential opportunities and challenges for translating new knowl-
edge into improved prevention and treatment of a common dis-
ease. Strong evidence supports a causal role for both genetic and 
environmental factors. Genomics research has identifi ed numer-
ous gene loci associated with asthma, and further studies of bio-
logical pathways associated with asthma, are likely to yield new 
approaches to prevention and therapy. The earliest clinical applica-
tions will be in pharmacogenomics, using genetic information to 
optimize therapy and prevent adverse events. The path for trans-
lating results of genomic research to population-level interventions 

will not always lead through genetic testing and knowledge of 
individual genotypes. For example, a study in Mexico of chil-
dren with asthma found that supplementation with the antioxi-
dant vitamins C and E improved lung function in children with a 
common polymorphism of glutathione S-transferase M1 (GSTM1) 
who are exposed to ozone (Romieu et al., 2004). These fi nd-
ings might suggest a simple intervention – antioxidant vitamin 
supple mentation – for children with asthma who are exposed to 
ozone. Without genotype-specifi c analysis, a potentially important 
 population-level intervention could have been overlooked.

New gene discoveries are reported daily and have initiated 
dialog on the value of genetic information with respect to pre-
vention. Consider, for example, the discovery in 2006 that a var-
iant of the TCFT7L2 gene is associated with increased risk of 
type 2 diabetes (Grant et al., 2006). This fi nding was noteworthy 
for several reasons. First, type 2 diabetes is a serious disease and a 
major public health problem. Family history is an important risk 
factor but until now, few genetic associations have been identi-
fi ed. The investigators replicated the association with TCF7L2 
in three independent populations and presented  molecular 
evidence that the gene product is a high mobility group 
box-containing transcription factor related to blood glucose 
homeostasis. The gene product may act through regulation of pro-
glucagon gene expression via the Wnt signaling pathway (Grant 
et al., 2006). The senior investigator commented to the New York 
Times that a practical consequence of the discovery could be a 
diagnostic test to identify people who are at increased risk of 
type 2 diabetes. He speculated that “these people, knowing their 
risk, would be motivated to exercise more and adopt a healthier 
diet” (Jannssens et al., 2006). However, a relatively simple analy-
sis is suffi cient to show that a test for TCF7L2 variants by itself 
would have very poor predictive value, adding little to the risk 

T A B L E  2 1 . 1   The continuum of translation research in human genomics: Types of research and BRCA example

Translation 
research phase

Notation Types of research Examples

TI Discovery to candidate 
health application

Phases I and II clinical trials
Observational studies

Is there an association between 
BRCA mutations and breast 
cancer?

T2 Health application to 
evidence-based practice 
guidelines

Phase III clinical trials
Observational studies
Evidence synthesis and guidelines 
development

What is the positive predictive 
value of BRCA mutations in at-risk 
women?

T3 Practice guidelines to 
health practice

Dissemination research 
Implementation research 
Diffusion research
Phase IV clinical trials

What proportion of women who 
meet the family history criteria are 
tested for BRCA and what are the 
barriers to testing?

T4 Practice to population 
health impact

Outcomes research (includes many 
disciplines)
Population monitoring of morbidity, 
mortality, benefi ts, and risks

Does BRCA testing in 
asymptomatic women reduce 
breast cancer incidence/improve 
outcomes?

Adapted from Khoury et al. (2007b). See also Chapter 14.

Focus on
prevention

Public health
sciences

Knowledge
integration

Assessment
policy

assurance
evaluation

Discovery Delivery
T1/T2/T3/T4

Figure 21.3  A framework for medicine-public health partner-
ship in the genomics era (Adapted from Khoury et al., 2007a, b).
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information already provided by family history, and would have 
limited utility for prevention (Jannssens et al., 2006). In particu-
lar, the hypothesis that genetic risk information of this kind will 
motivate behavioral change remains to be tested.

Once a genetic variant is discovered, producing a molecular 
test to detect it is theoretically straightforward. However, the clini-
cal validity of such a test is highly dependent on population char-
acteristics; these include not only prevalence of the genetic variant 
and the strength of its association with disease, but prevalence of 

the disease and interactions between this genetic variant and many 
other risk factors. Clinical utility is even more diffi cult to establish 
because it depends on the availability of a specifi c, effective inter-
vention that adds value to existing practice. Although most gene 
discoveries for common diseases are not ready for prevention 
applications, they have, nevertheless, initiated a common interest 
in medical and public health to develop a common framework for 
how such discoveries can be evaluated for their potential applica-
tions for disease prevention.

2009 UPDATE
Two major developments set the stage for genome-wide 
association studies (GWAS): the International HapMap 
Project, which produced a database of genome-wide varia-
tion, and high-throughput genotyping technology, which has 
become increasingly effi cient and accessible. Only a handful 
of GWAS appeared before 2007, when more than 100 such 
studies were published, followed by more than 120 in 2008 
(Yu et al., 2009). Already, GWAS have identifi ed more than 
100 genetic associations with a wide range of common dis-
eases and traits (Hindorff et al., 2009; Manolio et al., 2008). 
Very large study populations are required to detect the rela-
tively small associations (i.e., per-allele odds ratios from 1.1 
to 2.0) typically found in GWAS; thus, these studies have 
required unprecedented cooperation and collaboration 
among researchers in genetics, medicine, and epidemiology. 
Increasing interaction and interdependence among these dis-
ciplines is leading to a convergence in research approaches 
(McCarthy et al., 2008).

So far, most published human genomics research has 
focused on discovery: fewer than 3% of publications address 
the potential clinical validity or utility of genomic informa-
tion for improving health or preventing disease (Khoury 
et al., 2007). Efforts to bridge the “translation gap” begin with 
knowledge synthesis and evaluation. For example, a consen-
sus group has proposed grading the cumulative epidemiologic 
evidence for genetic associations as weak, moderate, or strong 
according to three criteria – amount of evidence, extent of 
replication, and protection from bias (Ioannidis et al., 2008). 
Applying this approach to evaluate all genetic associations 
with a specifi c disorder, such as schizophrenia, provides a “fi eld 
synopsis” (Allen et al., 2008). Systematic review and synthe-
sis (e.g., by meta-analysis) is indispensable for interpreting 
the burgeoning literature on genetic associations, which con-
tains many false positive results, even in the GWAS era (Attia 
et al., 2009). For example, a fi eld synopsis of DNA repair genes 
and susceptibility to cancer found that of 1123 studied associa-
tions, no more than three were supported by strong evidence 
(Vineis et al., 2009).

Increasing numbers of genetic tests are fi nding their way 
into clinical use, often before their validity and utility have 
been assessed. An initiative from the US Centers for Disease 

Control, the Evaluation of Genomic Applications for Practice 
and Prevention (EGAPP), has developed methods for evaluat-
ing the evidence for genetic tests proposed for use in a par-
ticular clinical setting (Teutsch et al., 2008). The fi rst such 
evaluation addressed testing for cytochrome P450 polymor-
phisms to guide treatment with selective serotonin reuptake 
inhibitors in depressed adults (AHRQ, 2007); several addi-
tional recommendations have been published recently (EGAPP 
Working Group, 2008a, b, c). Information about pending 
EGAPP reviews and recommendations is available from the 
EGAPP website (http://www.egappreviews.org).

Recently, several companies have begun to offer personal 
genome scans directly to individuals via the Internet. These 
tests are based on the same arrays used for GWAS, and con-
sumers are provided with summaries of research fi ndings; indi-
vidual results are most often presented as relative risks or odds 
ratios (usually less than 2.0). Although personal genome scans 
have received much popular attention, they so far provide little 
basis for medical decision-making or lifestyle advice (Hunter 
et al., 2008). It remains to be seen how consumers and/or 
healthcare providers will use such information.

Although it may seem paradoxical, the path to predic-
tive personalized medicine passes through population-based 
research, because probabilistic risk estimates for complex dis-
orders require inference from larger population samples. As 
observed before by critics of individualized preventive medi-
cine, few risk factors for common chronic diseases have suf-
fi cient predictive ability to serve as screening tools; in this 
respect, common genetic variants associated with disease sus-
ceptibility are unlikely to be different.

Information about genetic variants, when integrated with 
other clinical and epidemiologic data, may be useful for defi n-
ing groups of persons most likely to benefi t from particular 
interventions. Tests for multiple genetic variants could also be 
expected to have greater predictive value than a test for a single 
variant. For example, a recent modeling study found that a test 
for seven common breast cancer susceptibility alleles would pre-
dict risks of incident disease that varied sixfold between women 
with the most and the fewest alleles; although the test provided 
insuffi cient discrimination to be useful at the individual level, the 
authors of this study suggested that it could be used to stratify 



2009 UPDATE REFERENCES

Agency for Healthcare Research and Quality (AHRQ) (2007). 
Testing for cytochrome P450 polymorphisms in adults with non-
 psychotic depression treated with selective serotonin reuptake 
inhibitors (SSRIs), Structured Abstract. Rockville, MD. http://
www.ahrq.gov/clinic/tp/cyp450tp.htm, accessed January 18, 2009.

Allen, N.C., Bagade, S., McQueen, M.B., Ioannidis, J.P., Kavvoura, 
F.K., Khoury, M.J., Tanzi, R.E. and Bertram, L. (2008). Systematic 
meta-analyses and fi eld synopsis of genetic association studies in 
schizophrenia: The SzGene database. Nat Genet 40, 827–834.

Attia, J., Ioannidis, J.P., Thakkinstian, A., McEvoy, M., Scott, R.J., 
Minelli, C., Thompson, J., Infante-Rivard, C. Guyatt, G. (2009). 
How to use an article about genetic association: B: Are the results 
of the study valid? JAMA 301, 191–197.

Eckman, M.H., Rosand, J., Greenberg, S.M. and Gage, B.F. (2009). 
Cost-effectiveness of using pharmacogenetic information in 
warfarin dosing for patients with nonvalvular atrial fi brillation. 
Ann Intern Med 150, 73–83.

Evaluation of Genomic Applications in Practice and Prevention 
(EGAPP) Working Group. Recommendations from the EGAPP 
Working Group: Can tumor gene expression profi ling improve 
outcomes in patients with breast cancer? Genet Med 2008a 
December 31; [Epub ahead of print].

Evaluation of Genomic Applications in Practice and Prevention 
(EGAPP) Working Group. Recommendations from the 
EGAPP Working Group: Genetic testing strategies in newly 
diagnosed individuals with colorectal cancer aimed at reduc-
ing morbidity and mortality from Lynch syndrome in rela-
tives. Genet Med 2008b December 31; [Epub ahead of print].

Evaluation of Genomic Applications in Practice and Prevention 
(EGAPP) Working Group. Can UGT1A1 genotyping reduce 
morbidity and mortality in patients with metastatic colorectal 
cancer treated with irinotecan? Genet Med 2008c December 31; 
[Epub ahead of print].

Hindorff, L.A., Junkins, H.A., Mehta, J.P. and Manolio, T.A. A catalog 
of published genome-wide association studies. www.genome.
gov/26525384, accessed January 18, 2009.

Hunter, D.J., Khoury, M.J. and Drazen, J.M. (2008). Letting the genome 
out of the bottle–will we get our wish? N Engl J Med 358, 105–107.

Ioannidis, J.P., Boffetta, P., Little, J., O’Brien, T.R., Uitterlinden, 
A.G., Vineis, P., Balding, D.J., Chokkalingam, A., Dolan, S.M., 
Flanders, W.D. et al. (2008).  Assessment of cumulative evidence 
on genetic associations: Interim guidelines. Int J Epidemiol 37, 
120–132.

Ioannidis, J.P. (2009). Personalized genetic prediction: Too limited, too 
expensive, or too soon? Ann Intern Med 150, 139–141.

Khoury, M.J., Gwinn, M., Yoon, P.W., Dowling, N., Moore, C.A. and 
Bradley, L. (2007). The continuum of translation research in 
genomic medicine: how can we accelerate the appropriate inte-
gration of human genome discoveries into health care and dis-
ease prevention? Genet Med 9, 665–674.

Manolio, T.A., Brooks, L.D. and Collins, F.S. (2008). A HapMap har-
vest of insights into the genetics of common disease. J Clin Invest 
118, 1590–1605.

McCarthy, M.I., Abecasis, G.R., Cardon, L.R., Goldstein, D.B., Little, J.,
Ioannidis, J.P. and Hirschhorn, J.N. (2008). Genome-wide associ-
ation studies for complex traits: Consensus, uncertainty and chal-
lenges. Nat Rev Genet 9, 356–369.

Pharoah, P.D.P., Antoniou, A.C., Easton, D.F. and Ponder, B.A.J. (2008). 
Polygenes, risk prediction, and targeted prevention of breast can-
cer. N Eng J Med 358, 45–52.

Teutsch, S.M., Bradley, L.A., Palomaki, G.E., Haddow, J.E., Piper, M., 
Calonge, N., Dotson, W.D., Douglas, M.P. and Berg, A.O. Chair, 
on behalf of the EGAPP Working Group. The Evaluation of 
Genomic Applications in Practice and Prevention (EGAPP) ini-
tiative: Methods of the EGAPP Working Group. Genet Med 2008 
December 31; [Epub ahead of print].

Vineis, P., Manuguerra, M., Kavvoura, F.K., Guarrera, S., Allione, A., 
Rosa, F., Di Gregorio, A., Polidoro, S., Saletta, F., Ioannidis, J.P. et al. 
(2009).  A fi eld synopsis on low-penetrance variants in DNA 
repair genes and cancer susceptibility. J Natl Cancer Inst 101, 
24–36.

Yu, W., Gwinn, M., Clyne, M., Yesupriya, A. and Khoury, M.J. (2008). 
A navigator for human genome epidemiology. Nat Genet 40, 
124–125. www.hugenavigator.net, accessed January 18, 2009.

Zimmern, R.L. (2009). Testing challenges: Evaluation of novel diag-
nostics and molecular biomarkers. Clin Med 9, 68–73.

References ■  253

the population for risk-based targeting of mammographic 
screening (Pharoah et al., 2008).

Like other tests, genetic tests must be evaluated in the con-
text of their application for a specifi c purpose. In general, clini-
cal decisions hinge on the absolute risk of a particular outcome 
during a specifi ed time interval and on the relative benefi ts 
and harms of different interventions at each level of risk – the 
measures that together defi ne clinical utility (Zimmern, 2009). 
Even highly predictive tests may not be useful if their results 

have no bearing on intervention or treatment; even clinically 
useful tests, such as genotype-guided warfarin dosing, may not 
be cost-effective (Eckman et al., 2009). Some basic safeguards 
on translation of human genomic research include transparent 
reporting of study methods and results, systematic evaluation of 
cumulative evidence for association, careful assessment of clini-
cal validity and utility, and clear communication to the public 
about what a genetic test result can or cannot tell us (Ioannidis 
et al., 2009).
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 INTRODUCTION 
 One of the promises of genomics has been that it would provide 
a better understanding and improve our ability to treat com-
mon diseases that affl ict humanity. Hypertension is one of the 
most common and perhaps more important diseases that carry 
a high rate of morbidity and mortality. Hypertension, which 
is defi ned as systolic blood pressure above 140       mmHg and/or 
diastolic blood pressure above 90       mmHg, has a worldwide prev-
alence estimated at over 600 million people and in the United 
States alone at over 65 million. A wide variety of populations 
are affected worldwide, ranging over both sexes and all ethnic 
groups ( Kearney et al., 2004 ). 

 Despite decades of intensive research in human popula-
tions and in experimental animal models, the pathophysiology 
underlying hypertension remains unresolved. In the majority of 
cases, hypertension is thought to result from an interaction 
of genes with environmental factors. In only a small minority of
cases, genetic dissection of hypertension has uncovered single 
gene mutations that lead to the development of the so-called 
 “ monogenic ”  forms of the disease ( Luft, 2001 ). The pathophysi-
ology of these rare monogenic forms of hypertension has been 
elucidated during the past decade, but the pathophysiology 
underlying the common form of hypertension remains incom-
plete and elusive, hence the term  “ essential hypertension. ”  Our 

current understanding of essential hypertension is limited to 
the knowledge that a yet undetermined number of  “ causative ”  
genes encode for a probably larger number of proteins that are 
involved in a wide variety of pathophysiological pathways that 
somehow lead together to a rise in blood pressure and hyper-
tension. These causative genes interact with a multitude of envi-
ronmental factors, not all of which have yet been identifi ed, 
and an unknown number of susceptibility genes. The suscep-
tibility genes in turn modulate the response of the individual 
to the environment. Causative genes, environmental factors 
and susceptibility genes interact in a highly complex network 
( Figure 22.1   ), the outcome of which is a rise in blood pressure 
to abnormal levels that are clinically defi ned as hypertension. 
Hypertension thus belongs to the group of common multifac-
torial complex diseases. 

 The complexity of hypertension is perhaps best illus-
trated by Guyton ’ s traditional model of cardiovascular dynamics 
( Figure 22.2a   ) in which multiple circuits of physiological mech-
anisms act in conjunction with one another to cause hyperten-
sion ( Guyton and Coleman, 1969 ). The advent of genomics has 
allowed the translation of each component of Guyton ’ s model 
into its underlying genetic make-up. Instead of simplifying the 
model, however, this allegedly  “ forward ”  step only renders the 
highly complex physiological scheme into an even more com-
plicated micro-circuitry of genes and proteins that interact with 

 22 
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one another in multiple ways that eventually cause hypertension 
( Figure 22.2b ). 

 Unraveling the huge complexity of the pathophysiology 
underlying the most common form of hypertension, the so 
called  “ essential hypertension, ”  has been a daunting task which 
still remains far from being completed. The hope is that where 
traditional physiology has failed at large, genomics along with 
physiological genomics will provide more detailed insight into 
the mechanisms underlying essential hypertension, which will in 
turn facilitate a more rational therapeutic approach to the treat-
ment of the disease, as well as development of new drugs for 
hypertension. 

 In this chapter, we will focus on how genomics has affected 
our understanding of the predisposition to hypertension, on 
our ability to screen, diagnose and determine the prognosis of 
patients with hypertension, on the applicability of genom-
ics to the monitoring of hypertension and on the present and 
anticipated future impact of genomics on the treatment of 
hypertension. 

  PREDISPOSITION 
 In hypertension, two questions arise with regards to  “ predis-
position. ”  The fi rst is what factors predispose the individual to 
develop hypertension. This issue will be discussed henceforth 
in depth. The second issue, which is of no lesser importance, is 
what predisposes a hypertensive individual to develop end-organ 
damage, the clinically signifi cant and often devastating direct 
result of high blood pressure. End-organ damage, which deter-
mines the  “ clinical outcome ”  of hypertension, will be discussed 
in the section on  “ prognosis. ”  

 There is a major diffi culty in dealing with the question what 
predisposes the individual to develop hypertension if one con-
siders that if a subject lives to the age of 90, his/her likelihood 
to develop hypertension approaches 80–90% ( Table 22.1   ). Most 

human beings are therefore  “ naturally ”  inclined and genetically
predisposed to develop hypertension sometime in their life-
time, assuming that they live long enough. The incidence and 
prevalence of hypertension increase with age, and the immedi-
ate sequelae of hypertension, cardiovascular, cerebrovascular and 
renal disease indeed constitute important causes of morbidity 
and mortality in the elderly. The development of hypertension 
at an earlier age, however, perhaps  “ pre-maturely, ”  is less frequent 
but more intriguing. The real issue of interest is therefore what 
confers the susceptibility of the individual to develop hyperten-
sion at an early age. 

 The issue of predisposition to develop hypertension, as with 
other multifactorial diseases, can also be viewed in a different 
way. One can ask the question what confers resistance, as opposed 
to susceptibility, of the individual to develop hypertension,
resistance which prevents the development of hypertension at an 
early age as well as at a later age. It is possible, after all, that indi-
viduals are physiologically predisposed to hypertension and that 
blood pressure is maintained at  “ normal ”  levels through protec-
tive mechanisms, unless these fail. 

 Irrespective of whether sensitivity or resistance prevail, there 
is generalized agreement that the likelihood that an individual 
will develop hypertension sometimes along his/her lifetime is 
dependent on a multitude of factors, most likely a combination 
of genetic and environmental factors, notably  “ bad ”  genes in a 
 “ bad ”  environment ( Geller, 2004 ). 

 Researchers have used genomics in an attempt to dissect 
the predisposition of the individual to environmental factors that 
leads to the development of hypertension and identify the cul-
prit genes. A classical example has been the study of the suscep-
tibility to dietary salt that causes hypertension. It has long been 
recognized that individuals are either salt-sensitive or salt-resist-
ant. Those who are salt-sensitive develop hypertension when 
salt-intake is increased, and those who are salt-resistant remain 
normotensive, irrespective of dietary salt-intake. It has also been 
recognized that what renders individuals salt-sensitive and others 
salt-resistant is their genetic make-up. Studies in animal mod-
els such as the Dahl ( Rapp, 1982 ) and Sabra ( Yagil et al., 1996 ) 
rat models of salt-sensitivity provide unequivocal experimental 
proof that the trait of salt-susceptibility that leads to the devel-
opment of hypertension is genetically inherited. 

 Have decades of research into the genetic basis of salt-
susceptibility resulted in the detection of the genes or proteins 
that account for salt-susceptibility? Have genomics provided the 
solution to the question which mechanisms account for salt-
sensitivity? There have been major problems in dissecting the 
genetic basis of salt-susceptibility directly in human populations 
where it is next to impossible to separate and isolate the various 
modulators of hypertension, including environmental factors, and 
focus on one at a time. It is certainly even more complicated in 
humans to combine interventional studies with genomic inves-
tigation of the underlying genes. Thus, there have been only few 
genomic investigations in humans that have aimed specifi cally 
at detecting susceptibility genes, and much of the investigation 
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 Figure 22.1         The complexity of hypertension. BP, blood 
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(a)

Figure 22.2    (a) Guyton ’ s model of cardiovascular dynamics (adapted from Guyton, A.C., and Coleman, T.G. (1967). Long-term 
regulation of the circulation: interrelationships with body fl uid volumes. In:  Physical Bases of Circulatory Transport Regulation and 
Exchange . Saunders, Philadelphia, PA) and (b) after genomic annotation and translation of the model components into individual genes 
(colored boxes) .    

had to be carried out in experimental models of the disease that 
allow not only isolation but also perturbations and alterations of 
single environmental factors, one at a time. Indeed, investigations 
of the genetic basis of salt-sensitivity using genomic approaches 
such as positional cloning in the experimental animal models of 
salt-sensitivity have yielded a large number of quantitative trait 
loci (QTLs), at least one on each autosome and on chromosome 
X ( Garrett et al., 2002 ). A number of these QTLs, which alleg-
edly incorporate within them the salt-sensitivity-related genes, 
have been confi rmed through the use of genetically designed 
consomic and congenic strains ( Cowley, Jr. et al., 2004a, b ;  Yagil 

and Yagil, 2003 ). A considerable number of genes have been 
identifi ed within these QTLs as possible candidate genes for 
salt-susceptibility. Nonetheless, the investigation aiming to eluci-
date the genetic basis of salt-sensitivity or resistance is nowhere 
resolved and is actively ongoing. The search for the genetic basis 
of salt-susceptibility or the genetic basis for the predisposition 
to salt-sensitivity, however, is only one of the many directions 
that need to be investigated, as environmental factors other than 
dietary salt also predispose individuals to hypertension. What 
mechanisms predispose individuals to develop hypertension in 
face of stress? Climate? Obesity? Very little is known about these 
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other factors, and once again most of the data on susceptibility 
genes originate from studies in experimental models. 

 There have been attempts, nonetheless, to study genetic 
predisposition to hypertension directly in humans using a seem-
ingly less sophisticated alternative approach aiming to link the 
hypertensive phenotype to variations in the composition of the 
genome by focusing directly on candidate genes and polymor-
phisms within those genes. It was thought that such association 
would allow identifi cation of a predisposition of the individual 
who is not yet hypertensive but who carries the specifi c genetic 
variant to develop hypertension at a later age, the predisposition 
being expressed as  “ odds ratio. ”  The list of candidate genes is 
long and has even merited a website listing 150 such candidate 
genes for hypertension ( http://cmbi.bjmu.edu.cn/genome/can-
didates/candidates.html ). Genetic polymorphisms within these 
candidate genes have been identifi ed. Little insight has been 
gained, however, from attempts to associate these polymorphisms 
with hypertension, and no clinically useful information has been 
derived as to the ability to identify those individuals who are 
more prone to develop hypertension  “ prematurely. ”  Possible 
explanations for this failure to identify clinically useful genetic 
polymorphisms may be related to the small population size that 
have been used in many of the studies, the possibility that the 
 “ wrong ”  candidate genes were chosen, or the inability to iden-
tify the polymorphisms that actually account for the develop-
ment of hypertension. The link between genetic polymorphisms 
of candidate genes and hypertension remains thus elusive at this 
stage. Nevertheless, it is quite likely that the correct and relevant 
candidate gene variants will eventually be identifi ed and these 
will help determine who within a population is predisposed to 
hypertension. 

 When dealing with predisposition to hypertension, one can-
not overlook in this era of globalization the interesting, although 
emotionally laden, issue of ethnic/racial predisposition to hyper-
tension. There is a disparity in the prevalence of hypertension 
amongst different racial/ethnic populations worldwide. Such 
variations in the prevalence of hypertension amongst different
populations raises the question of whether there is ethnic/racial 

predisposition to hypertension and what has been the contribu-
tion of genomics to resolve the issue. The racial issue in rela-
tion to predisposition to disease in general has been diffi cult to 
deal with, as it may imply the existence of an inborn genetic 
fl aw ( Cooper and Kaufman, 1998 ). However, arguments regard-
ing the existence or absence of racial or ethnic differences must 
also consider the large body of human genetic research in rarer 
Mendelian forms of diseases, some of which have been described 
as being largely restricted to single racial or ethnic populations. 
Racial differences may be within genetic subtypes that are par-
ticularly sensitive to environmental factors that can raise blood 
pressure. Race, however, cannot be regarded as an etiological 
factor  per se , but rather as a  “ risk factor ”  for hypertension, with-
out inferring causality. In this sense, race, as is age, should be 
considered a risk factor ( O ’ Donnell and Kannel, 1998 ).  

DIAGNOSIS
 The diagnosis of hypertension at present is solely based on the 
measurement of blood pressure, using a blood pressure cuff, and 
on threshold levels above which subjects are defi ned as  “ hyper-
tensive. ”  Whether hypertension is best defi ned based on sporadic 
offi ce measurements using standard blood pressure measuring 
devices or on 24-h intermittent measurements of blood pres-
sure using an ambulatory blood pressure device ( Pickering et al., 
2006 ) is a matter that is still hotly debated and thus yet unre-
solved. The threshold values for hypertension, whether based on 
standard or ambulatory blood pressure measurements, are deter-
mined in many countries by national guidelines that base their 
decisions on observations that above a certain level, target organ 
damage occurs. 

 What is the place of genomics in the process of diagnos-
ing hypertension? Because of the simplicity in the diagnosis of 
hypertension, genomics have no place in the process of deter-
mining whether a subject is hypertensive or not. 

 Genomics may have a place though, at least theoreti-
cally and conceptually, in diagnosing what type of hyperten-
sion the subject is suffering from. If one can grossly divide 
hypertension into  “ primary ”  or  “ essential ”  hypertension, two 
terms that are used interchangeably, and  “ secondary ”  hyperten-
sion, then it is theoretically possible that genomic tools might 
help eventually determine what kind of hypertension the sub-
ject has. Unfortunately, no genomic tools are yet available that 
differentiate between primary and secondary hypertension. This 
matter is further complicated by the fact that the term  “ essen-
tial hypertension ”  is used to describe hypertension of unknown 
or  “ idiopathic ”  origin. In fact, essential hypertension is likely to 
represent several separate clinical entities, the number and nature 
of which are presently unknown. Once the pathophysiological 
mechanisms of  “ essential hypertension ”  are elucidated, however, 
it is likely that virtually all cases of hypertension will be clas-
sifi ed as  “ secondary, ”  and the term  “ essential ”  for hypertension 

 T A B L E  2 2 . 1         Prevalence of hypertension in the United 

States population during 1999–2000  

 Age (years)  Males (%)  Females (%) 

 20–34  11.8   3.1 

 35–44  19.2  18.6 

 45–54  36.9  33.4 

 55–64  50.7  57.9 

 65–74  68.3  73.4 

  � 75  70.7  84.9 

  Health United States, 2003, NCHS.  



will have become obsolete. But until that is achieved, all subjects 
with hypertension in whom a primary cause of hypertension 
has not been identifi ed continue to be labeled  “ essential hyper-
tension ”  by default, and the need to differentiate between pri-
mary and secondary hypertension prevails. 

 Genomics can be of help in identifying within the  “ sec-
ondary ”  hypertension group specifi c disease entities that are 
due to genetic alterations. This screening can be based on the 
search and identifi cation of known mutations that are known 
to be associated with disease, or of patterns of gene expression 
that are typical for the disease. By identifying known specifi c 
genetic mutations, genomics can already be useful in the diag-
nosis of specifi c genetic variants that cause hypertension, the 
rarer forms of monogenic hypertension ( Lifton et al., 2001 ). 
For example, Liddle ’ s syndrome, a disorder that is associated 
with hypertension, low plasma renin and aldosterone levels, 
and hypokalemia, is due to a mutation in the sodium chan-
nel gene, specifi cally to a deletion or missense mutations of a 
PPPxY motif in the cytoplasmic COOH terminus of either the 
beta or gamma subunit of the epithelial Na channel (ENaC). 
Type 2 pseudohypoaldosteronism or Gordon ’ s syndrome, is 
another hypertensive syndrome characterized by hypertension, 
hyperkalemia, normal renal function, and low or low-normal
plasma renin activity and aldosterone concentrations; this
clinical entity is due to mutations in WNK kinases 1 and 4 ( Wilson 
et al., 2001 ). Glucocorticoid-remediable aldosteronism is a disor-
der in which a chimeric gene formed from the 11 � -hydroxylase 
and aldosterone synthase genes ( Lifton et al., 1992 ) results in 
ACTH stimulating aldosterone synthase, leading to persistent 
hyperaldosteronism. In congenital adrenal hyperplasia with 11 � -
hydroxylase defi ciency, 10 different mutations of the  CYP11B1 
 gene have been identifi ed ( White et al., 1994 ), causing steroid 
11 � -hydroxylase defi ciency with signs of androgen excess and 
hypertension. The syndrome of apparent mineralocorticoid 
excess arises from mutations in the gene encoding the kidney 
enzyme 11 � -hydroxysteroid dehydrogenase, allowing normal 
circulating concentrations of cortisol to activate the mineralo-
corticoid receptors ( Mune and White, 1996 ). Are there readily 
available clinically useful means to diagnose these genetic muta-
tions that cause secondary hypertension? Theoretically, a spe-
cially designed DNA microarray could provide the answer. 
Unfortunately, such high-throughput genomic tools are not 
available yet to the clinician, not even for the known forms of 
monogenic hypertension. 

  PROGNOSIS 
 Hypertension constitutes a major risk factor for the develop-
ment of heart disease and stroke, end-stage renal disease, and 
peripheral vascular disease and is a chief contributor to adult 
disability. The prognosis of hypertension is solely and entirely 
dependent on the development of such target organ damage. 
Even though the rule in general is that the higher the blood 

pressure, the greater the likelihood to develop organ damage, 
clinical observations indicate that not all individuals are simi-
larly susceptible to develop organ damage. Certain individuals 
develop severe hypertension-related organ damage even when 
blood pressure levels are not high, and others are highly resistant 
to end-organ damage despite very high levels of blood pressure. 
The explanation for this interindividual variability in the sus-
ceptibility to develop end-organ damage lies in genetic determi-
nants of target organ damage. In the following sections, we will 
discuss what is known about genetic determinants of end-organ 
susceptibility in hypertension. 

 Stroke, the most dramatic expression of cerebrovascular 
accident (CVA) and one of the most common complications of 
hypertension, is a complex trait and not as a mere consequence 
of hypertension. Like other complex diseases, stroke appears to 
result from an interaction between several genetic and environ-
mental factors. The identifi cation of the genetic determinants of 
stroke, much like hypertension, is a diffi cult task in humans, due 
to the genetic heterogeneity of human populations and the con-
founding presence of other risk factors. It is nonetheless clear 
that there is a genetic predisposition to the interaction between 
stroke and hypertension. Clinical observations have shown that 
subjects with well-controlled hypertension can develop strokes, 
whereas others with severe hypertension may not develop stroke. 
What renders some individuals sensitive to hypertension-related 
stroke whereas others resistant is unclear, although individual 
genetic susceptibility must come into play. The genes that render 
susceptibility to stroke have been subject of intensive research 
over the past decade ( Rubattu et al., 2004b ). Much of the 
research has been using an animal model of stroke, the stroke-
prone spontaneously hypertensive rat ( Nagaoka et al., 1976 ; 
 Yamori et al., 1992 ). Among the genes that these studies have 
uncovered and that predispose to hypertension-related stroke is 
the gene encoding atrial natriuretic peptide (ANP) which has 
been identifi ed in the stroke-prone spontaneously hyperten-
sive rat but also in two different human populations ( Rubattu 
et al., 1999a, b ). The gene encoding fi brinogen is another stroke-
related gene. Elevated fi brinogen levels have also been suggested 
as a factor that increases the risk of stroke and carriers of the A 
allele of the fi brinogen-455G/A polymorphism have increased 
plasma fi brinogen levels. Hypertensive patients carrying the A 
allele have been found to have a four-fold increased risk for lac-
unar infarcts ( Martiskainen et al., 2003 ). The role of the renin-
angiotensin-aldosterone system (RAAS) genes in predisposing 
to hypertension-related stroke has been under intensive scrutiny, 
but the only positive association that has been detected so far 
is between ischemic stroke and the AT1 receptor C1166/AT1 
gene allelic variant ( Rubattu et al., 2004a ). No other RAAS 
gene has been identifi ed as contributing to stroke. 

 Hypertensive heart disease is a term applied generally to 
heart diseases that are caused by direct or indirect effects of ele-
vated blood pressure. Prolonged elevation of blood pressure can 
lead to a variety of changes in the myocardial structure, coro-
nary vasculature, and conduction system of the heart leading to 
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the development of left ventricular hypertrophy, coronary artery 
disease, various conduction system diseases, and systolic and 
diastolic dysfunction of the myocardium ( Diamond and Phillips, 
2005 ;  Gradman and Alfayoumi, 2006 ;  Prisant, 2005 ). The clinical 
manifestations are angina pectoris, myocardial infarction, cardiac 
arrhythmias (especially atrial fi brillation) and congestive heart 
failure. Even though hypertension predisposes to hypertensive 
heart disease, there appears not always to be a direct correlation 
between the level of blood pressure and the type and severity 
of damage to the heart. Individual predisposition, based on the 
genetic make-up, is likely to determine whether an individual 
with hypertension will develop hypertensive heart disease, the 
specifi c subtype of cardiac damage and its severity. What are the 
genes underlying the individual susceptibility to hypertensive-
induced cardiac disease? Even though there is a vast amount 
of basic and clinical research that has been carried out on the 
genes involved in left ventricular hypertrophy, coronary heart 
disease, diseases of the conduction system and dysfunction of 
the myocardium, very little if any data are available at this time 
on the individual genetic susceptibility to develop these com-
plications as result of hypertension, and certainly none is of any 
clinical usefulness. Stated otherwise, a vast amount of informa-
tion is available on the genes involved in the various forms of 
heart disease secondary to hypertension, well beyond the scope 
of this chapter, but no data are yet available that might allow 
prediction who will and who will not develop these cardiac 
complications. 

 Hypertensive nephrosclerosis, another important compli-
cation of hypertension, is characterized by long-term essential 
hypertension, minimal proteinuria and progressive renal insuf-
fi ciency ( Luke, 1999 ). This type of nephrosclerosis accounts for 
26% of patients reaching end-stage renal disease (ESRD) each 
year in the United States. Hypertension is considered the sec-
ond most common cause of ESRD in white people (24%) and 
the leading cause of ESRD in black people (33%) ( http://www.
emedicine.com/med/topic1611.htm ). Much like cerebrov-
ascular disease and hypertensive heart disease, nephrosclerosis 
develops in susceptible individuals with hypertension, at times 
irrespective of their level of blood pressure ( Rostand et al., 
1989 ). Part of the individual susceptibility to develop nephro-
sclerosis is due to genetic factors. The presence of such genetic 
factors has been demonstrated in an experimental animal model 
in which two genetically different yet histocompatible kid-
neys were chronically and simultaneously exposed to the same 
blood pressure profi le and metabolic environment within the 
same host. The kidney of the one strain was inherently much 
more susceptible to hypertension-induced damage than the 
kidney of the other strain ( Churchill et al., 1997 ). There have 
been several attempts to identify the genes that underlie the sus-
ceptibility to hypertensive nephrosclerosis in both experimen-
tal models ( Griffi n and Bidani, 2004 ) and in humans ( Griffi n 
and Bidani, 2004 ;  Hayden et al., 2003 ). Linkage studies in the 
fawn-hooded hypertensive rat followed by construction of 
congenic strains have suggested that genes infl uencing suscep-
tibility to hypertension-associated renal failure may exist on 

rat chromosome 1q ( St Lezin et al., 1999 ). In humans, several 
genes have been proposed as predisposing to hypertensive neph-
rosclerosis, including the homozygous 677TT mutation of the 
 MTHFR  gene ( Koupepidou et al., 2005 ).  A  genetic predisposi-
tion to hypertensive nephrosclerosis has also been attributed to 
ethnic\racial groups. For example, in the Multiple Risk Factor 
Intervention Trial (MRFIT), a signifi cant loss in kidney func-
tion was observed in African-American but not in Caucasian 
subjects despite similar control of blood pressure ( Flack et al., 
1993 ). Similarly, the Modifi cation of Diet in Renal Diseases 
(MDRD) study demonstrated that at equivalent blood pressure, 
African-Americans had a greater rate of reduction in glomer-
ular fi ltration rate than Caucasians ( Hebert et al., 1997 ). One 
of the possible explanations for the discrepant susceptibility of 
African-Americans and Caucasian subjects has the prevalence 
of the  DD  genotype, which is more common in former than in 
the latter population and which has been associated with a higher 
prevalence of progressive renal disease ( Duru et al., 1994 ). African-
Americans with hypertension also have increased angiotensinogen 
mutations compared with hypertensive Caucasians ( Bloem et al., 
1995 ), but whether these are related to the increased susceptibility 
to nephrosclerosis remains to be determined. 

 Although some genetic variants have been identifi ed or at 
least suggested for stroke and nephrosclerosis, the data have been 
so far derived from studies in select populations and have not 
been validated at large. Their relevance to the general population 
remains unclear, and their usefulness will have to be validated 
in future studies in well-defi ned populations before they can be 
applied to clinical practice and determination of the prognosis 
of the hypertensive patient.  

  PHARMACOGENOMICS 
 The complexity of essential hypertension and the uncertainty as 
to the underlying pathophysiology render the management of 
hypertension problematic. Currently, such management is based 
mostly on our clinical perception of high blood pressure, on our 
limited knowledge of the pathophysiology of hypertension and 
on experiments in clinical pharmacology that have successfully 
achieved a reduction in blood pressure. How does pharmaco-
genomics apply to hypertension and how can it affect our thera-
peutic approach to the disease? 

 Based on the achievements of pharmacogenomics in clin-
ical fi elds other than hypertension, it is clear that this fi eld of 
genomics has the potential to signifi cantly improve the clinical 
management of hypertension. Pharmacogenomics can be used 
to predict the targeted therapeutic response of anti-hypertensive 
drugs, the hypotensive effect, as well as the occurrence of unto-
ward side effects which may limit patient compliance and use of 
the drug. Pharmacogenomics can also be useful in the develop-
ment of new anti-hypertensive drugs. The fi rst two applications 
of pharmacogenomics will be discussed in this section. 

 The blood pressure response of individuals to any single 
drug is highly variable and clinically very diffi cult to predict. 



Ideally, pharmacogenomics could improve our ability to pre-
dict the effectiveness of an anti-hypertensive drug in any given 
patient by correlating a genetic profi le with the type of response. 
Such prediction, however, has been very diffi cult to come by, as 
hypertension is in most cases multifactorial and involves a com-
plex interaction between multiple genes and environmental fac-
tors. One should also not overlook the potential contribution 
of gender, ethnic and racial factors to the individuals ’  response 
to anti-hypertensive drugs, which complicates matters even fur-
ther. Any piece of evidence for a genomic effect may therefore 
need to be validated in each of the numerous population sub-
types before it can be applied to clinical use. This may turn out 
to be a huge cost-ineffective task, unless a major gene effect is 
discerned that heavily impacts the anti-hypertensive response of 
a wide variety of populations. 

 Investigators in the fi eld of pharmacogenomics, nonethe-
less, have made sincere efforts to try to correlate genetic vari-
ability within known candidate genes with therapeutic effects 
of anti-hypertensive drugs, hoping to utilize this information to 
improve the clinical response of patients to those drugs ( Trotta 
et al., 2004 ). Are these efforts truly relevant to the fi eld of phar-
macogenomics, or do they pertain to the much older fi eld of 
pharmacogenetics? There is a fundamental conceptual difference 
between the two terms ( Yagil and Yagil, 2002 ). Pharmacogenetics 
relates to the study of how  individual genes  affect the way 
individuals respond to medications, whereas pharmacogenomics 
refers to how  the individual ’ s genomic composition as a whole  affects 
the way individuals respond to medicines. Pharmacogenetics 
focus on how a single gene modulates the effect of drugs. 
Pharmacogenomics deals, on the other hand, with how the 
genome as a whole modulates the action of drugs, involving 
multiple genes at a time. The tasks of pharmacogenomics and 
pharmacogenetics are nonetheless similar. They consist of tailor-
ing drug therapy to the individual by developing specifi c tests 
that allow the clinician to optimize the drug regimen. These 
tests ultimately aim to identify the most suitable patient-specifi c 
therapy that can reduce adverse events and improve outcome. 
The promise of pharmacogenomics has been to use genomic 
data to achieve these goals. The published literature attests, how-
ever, to the achievements of pharmacogenetics, and only little 
if at all to those of pharmacogenomics ( Turner and Schwartz, 
2005 ). The matter is further complicated by the differentiation 
within the fi eld of pharmacogenetics between pharmacokinet-
ics and pharmacodynamics. Pharmacokinetics deal with mecha-
nisms that affect the level of the drug in blood and ultimately 
at its target and that are infl uenced by drug absorption, distri-
bution, excretion and metabolism. Pharmacodynamics deal with 
mechanisms which determine the interaction of the drug with 
its target and the subsequent events in the cells, organs and sys-
tems ( Schwartz and Turner, 2004 ). 

 Reviewing the achievements of pharmacogenetics in 
hypertension on the basis of published reports, it appears that 
the results have so far been limited mostly to the blood pres-
sure response to drugs, and even there only a limited number of 
genetic polymorphisms of a limited number of candidate genes 

have so far been successfully associated with the blood pressure 
response to drugs ( Marteau et al., 2005 ;  Turner and Schwartz, 
2005 ). Most of the data relate to genetic polymorphisms within 
the RAAS. Polymorphisms of the genes that encode for renin, 
angiotensinogen, angiotensin converting enzyme, angiotensin 
II receptor type 1, angiotensin II receptor type 2 and aldoster-
one synthase genes have all been associated with a hypotensive 
or a lack of hypotensive response to anti-hypertensive drugs 
including diuretics, beta-blockers, ACE inhibitors, angiotensin 
II receptor blockers and calcium channel blockers ( Turner 
and Schwartz, 2005 ). Additional data relate to polymorphisms
of genes involved in signal transduction pathways including the 
G-protein alpha and beta-3 subunits, the alpha-2 adrenergic and 
beta-1 and 2 adrenoreceptors, endothelin and adducin ( Turner 
and Schwartz, 2005 ). Of particular interest is the association of 
the G460W adducin polymorphism and the anti-hypertensive 
response to thiazides which appears to be valid for some but not 
all populations ( Schelleman et al., 2006 ). 

 Are these pharmacogenetic data useful in clinical practice? 
Theoretically, yes, as it should be possible to obtain the genetic 
profi le of each patient and fi nd the best matching hypotensive 
therapy for the individual patient. The diffi culty lies, however, in 
that most patients whose blood pressure is diffi cult to manage 
require more than one anti-hypertensive drug for blood pressure 
control, and very often up to three or four drugs. Much of the 
available data that associate gene polymorphisms with the mag-
nitude of the blood pressure response stem from studies that did 
not take into account drug interaction. Therefore, a gene poly-
morphism that has been associated with a lack of hypotensive 
response during monotherapy may be associated with a much 
improved response during combination therapy. An additional 
problem in applying currently available data is that the studies
that have reported positive associations have used different com-
binations and different drug doses in populations of varying 
ages, sizes and ethnicity, each and all having a potential impact 
on the resulting data ( Marteau et al., 2005 ). As a result, the clini-
cal usefulness of the currently available pharmacogenetics data 
with regard to tailoring anti-hypertensive therapy to the patient 
is at best questionable at this time. One possible exception is the 
adducin paradigm in which six linkage studies, 18 of 20 asso-
ciation studies, and four of fi ve follow-up studies that meas-
ured organ damage in hypertensive patients suggest a potential 
clinical impact of adducin polymorphism on the management 
of hypertension ( Manunta and Bianchi, 2006 ). Are patients cur-
rently being tested for the adducin polymorphism prior to being 
prescribed a diuretic? The answer lies in the fact that it is cur-
rently much simpler to prescribe the diuretic and wait 1 month 
to assess the response than to send DNA for adducin genotyp-
ing. Should patient genotyping become in the future a routine 
procedure, it is possible that clinicians might take into consider-
ation the adducin genotype prior to prescribing a thiazide diu-
retic for hypertension. 

 In addition to predicting the therapeutic response to 
drugs, an important task of pharmacogenomics would be 
to predict untoward side effects to drugs. One example is the 
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 development of cough when using angiotensin converting 
enzyme (ACE) inhibitors; another is orthostatic hypotension 
when using alpha blockers. It is likely that some individuals are 
more prone to develop such side effects than others, and that 
genetically mediated factors are involved. The task of pharmacog-
enomics is to identify the genes involved and specifi c polymor-
phisms that are associated with such side effects. Some data are 
already available, for example with respect to ACEI and cough, 
which has been associated with the I/D ACE gene polymorphism 
in some studies ( Takahashi et al., 2001 ) but not in others ( Zee 
et al., 1998 ). Attempts to associate this cough with polymorphisms 
of the genes encoding for chymase and the B2-bradykinin 

receptors have failed ( Zee et al., 1998 ). The clinical implementa-
tion of such data, however scarce they may be, has not material-
ized as yet. 

 The conclusion at this time is that genetic variants of 
candidate genes are promising tools for individualizing anti-hyper-
tensive therapy, but that they are currently of little value in the 
clinical practice of hypertension. It is nonetheless important to 
be aware of the available data, as they most likely represent early 
reports of a fi eld that is bound to break out and expand from phar-
macogenetics into pharmacogenomics. Further well- disciplined 
research is required at a global scale to produce data that will 
become useful for the clinical management of hypertension.  

Despite the increasing availability of novel technological and 
bioinformatic tools, the search for the genes that are respon-
sible for the common forms of hypertension is continuing to 
evolve into an ever-increasing challenge. The reason may lie 
in the accruing awareness of the complexity of the genome 
that bears direct relevance to the pathophysiology of hyper-
tension, including mounting evidence for pleiotropy (one 
gene accounting for multiple traits), epistasis (gene-to-gene 
interaction) and molecular heterosis (Shih and O’Connor, 
2008); for genome-environment (ecogenetic) (Franks, 2008), 
genome–sex (Cowley, 2006) and genome–ethnic interactions 
(Minor et al., 2008); as well as for the existence of genomic 
variations within protein-coding genes and within regulatory 
regions, including micro-RNAs (McBride et al., 2006) and 
copy number variations (Hamet and Seda, 2007). The task of 
unraveling the genetic basis of hypertension is further compli-
cated by our current understanding that there is need to incor-
porate into the investigation not only the nuclear genome but 
also the mitochondrial genome (Puddu et al., 2007), the tran-
scriptome, the proteome and the phenome, each representing 
a highly challenging task in itself. Nonetheless, the search for 
the genetic and pathophysiological basis of hypertension is 
relentless.

Currently, the emphasis is shifting from studies in experi-
mental models of hypertension, which are amenable to genetic 
manipulations and which continue to generate large amount 
of genomic data, to large-scale studies of human populations 
in which associations are sought with genetic loci. There 
have been multiple such studies, notable amongst which are 
attempts to perform high-resolution mapping using micro-
satellite markers by the Japanese (Yatsu et al., 2007) and by 
the US NHLBI Family Blood Pressure Program (Gu et al., 
2007), which have successfully yielded multiple additional 
 hypertension-related loci. Also notable are recent major efforts 

in the form of genome-wide association studies using SNPs, 
such as the attempt by the Wellcome Trust Case Control 
Consortium (2007) to identify genes involved in common 
human diseases, including hypertension, which unfortunately 
failed to identify genes from physiological systems previously 
implicated by clinical or experimental studies in hyperten-
sion. The Framingham Heart Study of the US NHLBI (Levy 
et al., 2007), which similarly attempted to fi nd hyperten-
sion-related genes, also failed to detect signifi cant associations 
relating to blood pressure. In both studies, however, when the 
level of stringency was reduced, associations could be detected 
between multiple genomic loci and blood pressure, some of 
which confi rmed previously identifi ed loci, but none of which 
were truly robust. Hypertension research now faces the chal-
lenge of how to proceed after such major genome-wide asso-
ciation experiments failed to provide robust candidate genes.

The question arises whether hypertension-related genes 
of major impact may ever be found, as the concept that a large 
number of genes with small effects is becoming increasingly 
entrenched in our understanding of the pathophysiology of 
hypertension (Charchar et al., 2008). A realistic view is that, 
despite the advances in genomics, biotechnology and bioinfor-
matics, a full understanding of the genetic basis of hyperten-
sion will not be quickly achieved (Cowley, 2006). Much more 
effort and investment is required both in experimental models 
of hypertension and in studies directly in humans with cross 
validation between the two, before genetic and genomic vari-
ants are found that will lead to new insights into the genes 
and regulatory pathways underlying essential hypertension. 
Applying large-scale genomic analyses combined with path-
way-centered physiological profi ling and novel computational 
approaches in animal models and in humans should enable the 
multidimensional integration that is required to further our 
understanding of the pathophysiology of hypertension.
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  INTRODUCTION 
 Plasma lipoproteins are integral to energy and cholesterol metab-
olism, but disorders involving lipoprotein metabolism can predis-
pose to atherosclerotic vascular disease (ASCVD). Genetic factors 
play an important role in infl uencing lipoprotein metabolism and 
therefore plasma levels of the major lipoproteins and risk for cardi-
ovascular disease. Molecular characterization of classic Mendelian 
monogenic lipoprotein disorders has provided major insights into 
the physiology and regulation of lipoprotein metabolism and new 
targets for therapeutic drug development. Much attention is now 
focused on greater elucidation of the genetic factors that infl u-
ence the complex lipoprotein phenotypes that are much more 
common and important in infl uencing cardiovascular risk in the 
general population. Lipoprotein metabolism is a ripe area for 
the application of genomic medicine because of frequency with 
which plasma lipids are measured in clinical practice, the quantita-
tive importance of genetics in determining their levels, the large 
number of gene products involved in lipoprotein metabolism, and 
the broad clinical relevance of the fi eld to the most important 
cause of morbidity and mortality in most of the world.  

  OVERVIEW OF LIPOPROTEIN 
METABOLISM 
 Lipoproteins are large macromolecular complexes that transport 
hydrophobic lipids (primarily triglycerides, cholesterol, and fat-
soluble vitamins) through body fl uids (plasma, interstitial fl uid, 

and lymph) to and from tissues. Lipoproteins play an essential 
role in the absorption of dietary cholesterol, long-chain fatty 
acids, and fat-soluble vitamins; the transport of triglycerides, 
cholesterol, and fat-soluble vitamins from the liver to peripheral 
tissues; and the transport of cholesterol from peripheral tissues to 
the liver. Lipoproteins contain a core of hydrophobic lipids (trig-
lycerides and cholesteryl esters) surrounded by hydrophilic lipids 
(phospholipids, unesterifi ed cholesterol) and proteins that inter-
act with body fl uids. The plasma lipoproteins are divided into 
fi ve major classes based on their relative density: chylomicrons, 
very-low-density lipoproteins (VLDL), intermediate-density 
lipoproteins (IDL), low-density lipoproteins (LDL), and high-
density lipoproteins (HDL). Each lipoprotein class comprises a 
family of particles that vary slightly in density, size, migration 
during electrophoresis, and protein composition. The density of 
a lipoprotein is determined by the amount of lipid per particle. 
HDL is the smallest and most dense lipoprotein, whereas chy-
lomicrons and VLDL are the largest and least dense lipoprotein 
particles. Most plasma triglyceride is transported in chylomi-
crons or VLDL and most plasma cholesterol is carried as choles-
teryl esters in LDL and HDL. 

 The proteins associated with lipoproteins, called apolipo-
proteins, are required for the assembly, structure, and function 
of lipoproteins. Apolipoproteins activate enzymes important in 
lipoprotein metabolism and act as ligands for cell surface recep-
tors. ApoA-I, which is synthesized in the liver and intestine, is 
found on virtually all HDL particles. ApoA-II is the second 
most abundant HDL apolipoprotein and is on approximately 
two-thirds of all HDL particles. ApoB is the major structural 
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protein of chylomicrons, VLDL, IDL, and LDL; one molecule of 
apoB, either apoB-48 (chylomicrons) or apoB-100 (VLDL, IDL, 
or LDL), is present on each lipoprotein particle. The human liver 
synthesizes apoB-100 and the intestine makes apoB-48, which is 
derived from the same gene by mRNA editing. ApoE is present 
in multiple copies on chylomicrons, VLDL and IDL and plays a 
critical role in the metabolism and clearance of triglyceride-rich 
particles. ApoC-I, apoC-II, and apoC-III also participate in the 
metabolism of triglyceride-rich lipoproteins. 

 The exogenous pathway of lipoprotein metabolism involves 
the absorption and transport of dietary lipids to appropriate sites 
within the body ( Figure 23.1   ). Dietary triglycerides are hydro-
lyzed by lipases within the intestinal lumen and emulsifi ed with 
bile acids to form micelles. Dietary cholesterol, fatty acids, and 
fat-soluble vitamins are absorbed in the proximal small intes-
tine. Cholesterol and retinol are esterifi ed (by the addition of a 
fatty acid) in the enterocyte to form cholesteryl esters and reti-
nyl esters, respectively. Longer-chain fatty acids ( � 12 carbons) 
are incorporated into triglycerides and packaged with apoB-48, 
cholesteryl esters, retinyl esters, phospholipids, and cholesterol 
to form chylomicrons. Nascent chylomicrons are secreted into 
the intestinal lymph and delivered through the thoracic duct 
directly to the systemic circulation, where they are extensively 
processed by peripheral tissues before reaching the liver. The 
particles encounter lipoprotein lipase (LPL), which is anchored 
to proteoglycans that decorate the capillary endothelial surfaces 
of adipose tissue, heart and skeletal muscle. The triglycerides of 
chylomicrons are hydrolyzed by LPL and free fatty acids (FFAs) 
are released; apoC-II, which is transferred to circulating chylom-
icrons from HDL, acts as a cofactor for LPL in this reaction. The 
released FFAs are taken up by adjacent myocytes or adipocytes 
and either oxidized to generate energy or re-esterifi ed and 
stored as triglyceride. Some of the released FFAs bind albumin 
before entering cells, and are transported to other tissues, espe-
cially the liver. The chylomicron particle progressively shrinks in 

size as the hydrophobic core is hydrolyzed and the hydrophilic 
lipids (cholesterol and phospholipids) and apolipoproteins on the 
particle surface are transferred to HDL, creating chylomicron 
remnants. Chylomicron remnants are rapidly removed from the 
circulation by the liver through a process that requires apoE as a 
ligand for receptors in the liver. 

 The endogenous pathway of lipoprotein metabolism refers 
to the hepatic secretion of apoB-containing lipoproteins and 
their metabolism ( Figure 23.2   ). VLDL particles resemble chy-
lomicrons in protein composition but contain apoB-100 rather 
than apoB-48 and have a higher ratio of cholesterol to triglyc-
eride ( ~ 1       mg of cholesterol for every 5       mg of triglyceride). The 
triglycerides of VLDL are derived predominantly from the ester-
ifi cation of long-chain fatty acids in the liver. The packaging of 
hepatic triglycerides with the other major components of the 
nascent VLDL particle (apoB-100, cholesteryl esters, phospholi-
pids, and vitamin E) requires the action of the enzyme micro-
somal triglyceride transfer protein (MTP). After secretion into 
the plasma, VLDL acquires multiple copies of apoE and apoli-
poproteins of the C series by transfer from HDL. As with chy-
lomicrons, the triglycerides of VLDL are hydrolyzed by LPL, 
especially in muscle and adipose tissue. After the VLDL remnants 
dissociate from LPL, they are referred to as IDL, which con-
tain roughly similar amounts of cholesterol and triglyceride. The 
liver removes approximately 40–60% of IDL by LDL receptor–
mediated endocytosis via binding to apoE. The remainder of 
IDL is remodeled by hepatic lipase (HL) to form LDL; during 
this process most of the triglyceride in the particle is hydrolyzed 
and all apolipoproteins except apoB-100 are transferred to other 
lipoproteins. The cholesterol in LDL accounts for over half of 
the plasma cholesterol in most individuals. Approximately 70% of 
circulating LDL is cleared by LDL receptor–mediated endocy-
tosis in the liver. Lipoprotein(a) [Lp(a)] is a lipoprotein similar to 
LDL in lipid and protein composition, but contains an additional 
protein called apolipoprotein(a) [apo(a)]. Apo(a) is synthesized
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 Figure 23.1             The exogenous pathway of apoB-containing 
lipoprotein metabolism. This pathway transports exogenous 
dietary fat from intestine to peripheral tissues and ultimately to 
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in the liver and is attached to apoB-100 by a disulfi de linkage. 
The major site of clearance of Lp(a) is the liver but the uptake 
pathway is not known. 

 HDL metabolism is complex ( Figure 23.3   ) ( Rader, 2006 ). 
Nascent HDL particles are synthesized by the intestine and the 
liver. Newly secreted apoA-I rapidly acquires phospholipids 
and unesterifi ed cholesterol from its site of synthesis (intestine 
or liver) via effl ux promoted by the membrane protein ATP-
binding cassette protein A1 (ABCA1). This process results in 
the formation of discoidal HDL particles, which then recruit 
additional unesterifi ed cholesterol from the periphery. Within the 
HDL particle, the cholesterol is esterifi ed by lecithin-cholesterol 
acyltransferase (LCAT), a plasma enzyme associated with HDL, 
and the more hydrophobic cholesteryl ester moves to the core 
of the HDL particle. As HDL acquires more cholesteryl ester it 
becomes spherical, and additional apolipoproteins and lipids are 
transferred to the particles from the surfaces of chylomicrons and 
VLDL during lipolysis. HDL cholesterol (HDL-C) is transported 
to hepatoctyes by both an indirect and a direct pathway. HDL 
cholesteryl esters can be transferred to apoB-containing lipopro-
teins in exchange for triglyceride by the cholesteryl ester transfer 
protein (CETP). The cholesteryl esters are then removed from 
the circulation by LDL receptor–mediated endocytosis. HDL-C 
can also be taken up directly by hepatocytes via the scavenger 
receptor class BI (SR-BI), a cell surface receptor that mediates 
the selective transfer of lipids to cells. HDL particles undergo 
extensive remodeling within the plasma compartment by a 
variety of lipid transfer proteins and lipases. The phospholipid 
transfer protein (PLTP) has the net effect of transferring phos-
pholipids from other lipoproteins to HDL. After CETP-mediated 
lipid exchange, the triglyceride-enriched HDL becomes a much 

better substrate for HL, which hydrolyzes the triglycerides and 
phospholipids to generate smaller HDL particles. A related 
enzyme called endothelial lipase (EL) hydrolyzes HDL phos-
pholipids, generating smaller HDL particles that are catabolized 
faster. Remodeling of HDL infl uences the metabolism, function, 
and plasma concentrations of HDL.  

  PLASMA LIPID AND LIPOPROTEIN 
LEVELS AND ATHEROSCLEROTIC 
CARDIOVASCULAR DISEASE 
 Plasma total cholesterol was fi rmly established as an independ-
ent risk factor for cardiovascular disease in 1961 after researchers 
at the Framingham Heart Study demonstrated that participants 
with total cholesterol  � 245       mg/dl had a threefold increased risk 
of future coronary heart disease (CHD) compared with partici-
pants with a total cholesterol  � 210       mg/dl ( Kannel et al., 1961 ). 
Subsequently, it was clarifi ed that the two major lipoproteins 
carrying cholesterol, LDL and HDL, are associated with opposite 
infl uences on risk for cardiovascular disease, with LDL choles-
terol (LDL-C) associated with increased risk and HDL-C with 
decreased risk. In observational studies, every 1       mg/dl increase 
in LDL-C has been shown to be associated with a 2% increased 
risk for cardiovascular disease, whereas every 1       mg/dl increase in 
HDL-C is associated with a 2–3% decreased risk ( Gordon and 
Rifkind, 1989 ). For both LDL-C and HDL-C, there is a contin-
uous, graded relationship between blood levels and subsequent 
risk for cardiovascular disease. Thus genetic factors that infl uence 
plasma levels of LDL-C and HDL-C are critically important 
to the risk of developing cardiovascular disease. The independ-
ent relationship of triglyceride levels and cardiovascular disease 
has been a topic of debate over the years, but recently a general 
consensus has developed that triglycerides are an independent 
predictor of risk for cardiovascular disease. Thus genetic factors 
that infl uence triglycerides are also important determinants of 
risk for cardiovascular disease.  

  INHERITED BASIS FOR BLOOD 
LIPID TRAITS 
 Though lipid levels are affected by many nongenetic factors, 
interindividual variability in lipids has been shown to have a 
strong inherited component. In simplest terms, an important 
role for shared genes is suggested by the fact that the correlation 
between family members for LDL-C, HDL-C, or triglycerides 
is considerably greater than that between unrelated individu-
als. Heritability, or the proportion of total phenotypic variance 
that is due to genetic variance, has been consistently estimated 
to be  ~ 50% for the major blood lipid traits. For example, in 
the Framingham Heart Study, heritability for single time-point 
measurements of LDL-C, HDL-C, and triglycerides are 0.59, 
0.52, and 0.48 ( Kathiresan et al., 2007 ). 
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 Figure 23.3         HDL metabolism and reverse cholesterol trans-
port. This pathway transports excess cholesterol from the 
periphery back to the liver for excretion in the bile and feces.    
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 Broadly, traits that have an inherited basis may display 
a simple (or Mendelian) pattern of inheritance where vari-
ation at a single genetic locus is both necessary and suffi cient 
to cause a phenotype. Alternatively, traits may depend on mul-
tiple genetic loci (or multifactorial inheritance). For blood 
lipid disorders, both patterns of inheritance are operational. 
Mendelian syndromes where LDL-C, HDL-C, or triglyceride 
levels are extremely high or low have been successfully studied 
and a number of specifi c genes have been isolated (see below). 
Knowledge derived from these genes has transformed our 
understanding of lipoprotein biology and treatment of cardio-
vascular disease ( Goldstein and Brown, 2001 ). However, each of 
these syndromes is individually rare in the population and can-
not explain the overall heritability of blood lipids. 

 Instead, blood lipid variation in the population depends 
on the additive effects of multiple loci. As initially demon-
strated by the British geneticist R.A. Fisher in 1918 and now 
widely accepted, the additive effects of alleles at multiple loci 
can lead to a continuous trait that is normally distributed in the 
population. This is likely to be the case for blood lipid levels. 
However, several aspects of the underlying genetic architecture 
for lipid levels are unknown. Important unanswered questions 
are (1) how many loci affect blood lipid variation? and (2) at 
each locus, what is the number and frequency of alleles that 
affect risk? Emerging data from large population-based sequenc-
ing and genotyping studies suggests that the number of loci 
will be large, at least greater than 20. In addition, each locus is 
likely to harbor a spectrum of alleles rare and common in the 
population.  

  SCREENING FOR LIPID DISORDERS 
 Guidelines for the screening and management of lipid disorders 
have been established by an expert Adult Treatment Panel (ATP) 
convened by the National Cholesterol Education Program 
(NCEP) of the National Heart Lung and Blood Institute. The 
NCEP ATPIII guidelines published in 2001 recommend that 
all adults over age 20 to have plasma levels of cholesterol, trig-
lyceride, LDL-C, and HDL-C measured after a 12-h overnight 
fast. In most clinical laboratories, the total cholesterol and trig-
lycerides in the plasma are measured enzymatically and then 
the cholesterol in the supernatant is measured after precipita-
tion of apoB-containing lipoproteins to determine the HDL-
C. The LDL-C is estimated using the following equation: 
LDL-C   �   Total cholesterol   	   (Triglycerides/5) – HDL-C. (The 
VLDL-C is estimated by dividing the plasma triglyceride by 
5, refl ecting the ratio of cholesterol to triglyceride in VLDL 
particles.) This formula is reasonably accurate if test results are 
obtained on fasting plasma and if the triglyceride level does not 
exceed  � 300       mg/dl, and by convention cannot be used if the TG 
are greater than 400       mg/dl. The accurate determination of LDL-
C levels in patients with triglyceride levels greater than 300       mg/
dl requires application of ultracentrifugal techniques or other 
direct assays for LDL-C. Further evaluation and treatment is based 

primarily on the plasma LDL-C level and the assessment of overall 
cardiovascular risk. The fact that screening for lipids is so 
widely performed has resulted in frequent identifi cation of 
extreme lipid phenotypes due to Mendelian syndromes as well 
as widely available data for genetic studies in populations. Thus 
the genetics and genomics of lipids is among the most widely 
studied of complex genetic traits that are broadly clinically 
important.  

  GENETICS OF LDL-C 
 Studies of the genetic basis of substantially elevated or reduced 
LDL-C levels have provided major insights into the regulation 
of LDL metabolism and novel targets for therapeutic develop-
ment. We fi rst review the Mendelian disorders of high and 
low LDL-C ( Table 23.1   ) and then review the current state of 
knowledge regarding common polymorphisms and their asso-
ciation with LDL-C levels. 

  Mendelian Disorders Primarily Causing 
Elevated LDL-C Levels 
  Familial Hypercholesterolemia (FH) 
 Familial hypercholesterolemia (FH) ( Rader et al., 2003 ) is 
caused by loss-of-function mutations in the LDL receptor. 
Homozygous FH, caused by mutations in both LDL-receptor 
alleles, is a rare (approximately 1 in 1 million persons) condi-
tion characterized by markedly elevated cholesterol (greater than 
500       mg/dl), cutaneous and tendon xanthomas, and accelerated 
atherosclerosis developing in childhood. Because they work 
through upregulation of the LDL receptor, statins, cholesterol 
absorption inhibitors, and bile acid sequestrants have only modest 
effects in reducing cholesterol. Liver transplantation is effective in 
decreasing LDL-C levels and gene therapy has been attempted. 
LDL apheresis is the therapy of choice at this time. Heterozygous 
FH is one of the most common (approximately 1 in 500 persons) 
single gene disorders. It is characterized by substantial elevations 
in LDL-C (usually 200–400       mg/dl), tendon xanthomas, and pre-
mature atherosclerotic cardiovascular disease. Treatment usually 
requires more than one drug, usually a statin plus a cholesterol 
absorption inhibitor and often a bile acid sequestrant and/or 
niacin. In some cases, LDL apheresis should be considered.  

  Familial Defective Apolipoprotein B-100 (FDB) 
 Familial defective apoB-100 (FDB) ( Tybjaerg-Hansen and 
Humphries, 1992 ) is caused by mutations in the receptor binding 
region of apoB-100, which impairs its binding to the LDL recep-
tor and delays the clearance of LDL. FDB is generally recognized 
as an autosomal dominant condition and occurs in approximately 
1 in 700 persons of European descent. Like heterozygous FH, 
FDB is associated with elevated LDL-C and normal triglycerides. 
The most common mutation causing FDB is a substitution of 
glutamine for arginine at position 3500 in apoB-100; other muta-
tions have also been reported that have a similar effect on apoB 



binding to the LDL receptor. FDB is treated with statins and often 
additional drugs, similar to the treatment of heterozygous FH.  

  Autosomal Recessive Hypercholesterolemia (ARH) 
 Autosomal recessive hypercholesterolemia (ARH) ( Garcia et al., 
2001 ) is caused by mutations in the  ARH  gene, which produces 

a protein that regulates LDL receptor–mediated endocytosis in 
hepatocytes. ARH is very rare and in some ways the clinical pres-
entation resembles homozygous FH. However, in contrast to FH, 
the condition is formally recessive and obligate heterozygotes 
have normal cholesterol levels. Statins and other LDL upregulat-
ing therapy sometimes result in partial LDL lowering response.  

 T A B L E  2 3 . 1         Mendelian disorders of lipoprotein metabolism  

 Genetic disorder  Gene   Lipoproteins affected  Clinical fi ndings  Genetic 
transmission 

  LDL cholesterol          

  Familial 
 hypercholesterolemia 

 ( LDLR )   ↑  LDL  Tendon xanthomas, CHD  ACD 

  Familial defective apoB-100  (APOB)   ↑  LDL  Tendon xanthomas, CHD  AD 

  Autosomal recessive 
 hypercholesterolemia 

 ( ARH )   ↑  LDL  Tendon xanthomas, CHD  AR 

  Sitosterolemia   ABCG5  or  ABCG8    ↑  LDL  Tendon xanthomas, CHD  AR 

  Autosomal dominant 
 hypercholesterolemia 

  PCSK9  (gain of 
function) 

  ↑  LDL  Tendon xanthomas, CHD  AD 

  Abetalipoproteinemia   MTP    ↓  LDL  Fat malabsorption, spinocerebellar 
degeneration, retinopathy, possible 
hepatic steatosis 

 AR 

  Hypobetalipoproteinemia  (APOB)   ↓  LDL  Fat malabsorption, spinocerebellar 
degeneration, retinopathy, possible 
hepatic steatosis 

 ACD 

  PCSK9 defi ciency   PCSK9  (loss of 
function) 

  ↓  LDL      ACD 

  HDL cholesterol          

   APOA-I  mutations   APOA1    ↓  HDL  AD 

  Tangier disease   ABCA1    ↓  HDL  Hepatosplenomegaly, enlarged 
orange tonsils, CHD 

 ACD 

  LCAT defi ciency   LCAT    ↓  HDL  Corneal opacifi cation, hemolytic 
anemia, progressive renal 
insuffi ciency 

   AR 

  CETP defi ciency   CETP    ↑  HDL      AR 

  Triglycerides          

  Lipoprotein lipase defi ciency  ( LPL )   ↑  Chylomicrons  Eruptive xanthomas, 
hepatosplenomegaly, pancreatitis 

 AR 

   Familial apolipoprotein C-II 
defi ciency 

 ( APOC2 )   ↑  Chylomicrons  Eruptive xanthomas, 
hepatosplenomegaly 

 AR 

   Familial hepatic lipase 
defi ciency 

 ( LIPC  )   ↑  VLDL remnants  Premature atherosclerosis, 
pancreatitis 

 AR 

   Familial 
dysbetalipoproteinemia 

 ( APOE  )   ↑  Chylomicron, and 
VLDL remnants 

 Palmar and tuberoeruptive 
xanthomas, CHD, PVD 

 AD 

AD, autosomal dominant; ACD, autosomal co-dominant; AR, autosomal recessive.
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  Autosomal Dominant Hypercholesterolemia (ADH) 
 Autosomal dominant hypercholesterolemia (ADH) is caused 
by apparent gain-of-function mutations in the proprotein con-
vertase subtilisin/kexin type 9 ( PCSK9 ) gene ( Abifadel et al., 
2003 ). PCSK9 is secreted by hepatocytes and appears to down-
regulate the density of functional LDL receptors in hepatocytes 
by promoting endosomal degradation rather than recycling of 
the receptor ( Horton et al., 2007 ). Interestingly, loss-of-function 
mutations in this gene appear to cause low LDL-C levels (see 
below). The discovery of the molecular basis of ADH ultimately 
led to the identifi cation of PCSK9 as a novel therapeutic target.  

  Sitosterolemia 
 Sitosterolemia is caused by mutations in one of two members 
of the adenosine triphosphate (ATP)-binding cassette (ABC) 
transporter family, ABCG5 and ABCG8 ( Berge et al., 2000 ). 
These genes are expressed in the intestine and liver where 
they form a functional complex to limit intestinal absorp-
tion and promote biliary excretion of plant- and animal-
derived neutral sterols. In sitosterolemia, normally the low level 
of intestinal absorption of plant sterols is markedly increased 
and biliary excretion of plant sterols is reduced, resulting in 
increased plasma levels of sitosterol and other plant sterols. 
Because the hepatic LDL receptor is downregulated, LDL-
C levels tend to be high in this condition. Patients with sito-
sterolemia often have tendon xanthomas and are at risk for 
premature cardiovascular disease. Treatment of sitosterolemia 
is focused on dietary counseling, cholesterol-absorption inhibitors, 
and bile acid sequestrants, rather than statins.   

  Mendelian Disorders Primarily Causing 
Reduced LDL-C Levels 
  Abetalipoproteinemia 
 Abetalipoproteinemia is caused by mutations in the gene 
encoding microsomal transfer protein (MTP) ( Sharp et al., 
1993 ), a protein that transfers lipids to apoB in the ER, form-
ing nascent chylomicrons and VLDL in the intestine and liver, 
respectively. It is a very rare autosomal recessive disease char-
acterized by extremely low plasma levels of cholesterol and no 
detectable apoB-containing lipoproteins in plasma ( Rader and 
Brewer, 1993 ). Abetalipoproteinemia is characterized clinically 
by fat malabsorption, spinocerebellar degeneration, pigmented 
retinopathy, and acanthocytosis. Most clinical manifestations of 
abetalipoproteinemia result from defects in the absorption and 
transport of fat-soluble vitamins, especially alpha tocopherol 
(vitamin E) which is dependent on VLDL for effi cient transport 
out of the liver. The discovery of MTP as the basis of abetali-
poproteinemia led to the concept of MTP inhibition as a novel 
therapeutic target for lowering LDL-C levels.  

  Familial Hypobetalipoproteinemia 
 Familial hypobetalipoproteinemia generically refers to low LDL-
C levels that have a genetic basis. Historically it has been used to 
refer to low LDL-C due to mutations in apoB ( Schonfeld et al., 

2005 ). There is a range of missense and nonsense mutations in 
apoB that have been shown to reduce secretion and/or acceler-
ate catabolism of apoB. Individuals heterozygous for these muta-
tions generally have LDL-C levels less than 100       mg/dl. They 
appear to be protected from the development of ASCVD. There 
are rare patients with homozygous hypobetalipoproteinemia 
who have mutations in both apoB alleles and have plasma lipids 
similar to those in abetalipoproteinemia.  

  PCSK9 Defi ciency 
 More recently, loss-of-function mutations in PCSK9 have also 
been shown to cause low LDL-C levels ( Cohen et al., 2005 ; 
 Kotowski et al., 2006 ), and therefore PCSK9 is another molecu-
lar cause of the generic phenotype of familial hypobetalipopro-
teinemia. The mechanism is uncertain, but presumably involves 
reduced PCSK9-mediated targeting of the LDL receptor to 
degradation pathways, resulting in upregulation of the hepatic 
LDL receptor and increased catabolism of LDL. This condition, 
which is more common in people of African descent, provided 
the opportunity to demonstrate that the effects of lifelong low 
LDL-C levels are a substantial reduction in CHD with no other 
adverse consequences ( Cohen et al., 2006 ). This strongly sup-
ports the concept that aggressive LDL-C reduction is associated 
with long-term substantial reduction in cardiovascular risk.   

  Common Gene Variants Segregating in 
Populations with LDL-C Levels 
 Common gene variants within at least seven loci,  APOB , 
 APOE ,   CILP2/PBX4 , HMGCR ,  LDLR ,  PCSK9 , and  SORT1 , 
have been reproducibly related to LDL-C ( Benn et al., 2005 ; 
 Boright et al., 1998 ;  Kathiresan et al., 2008a ;  Kotowski et al., 
2006 ;  Saxena et al., 2007 ;  Sing and Davignon, 1985;   Willer et al., 
2008 ). In  Table 23.2   , we present representative associations of 
single nucleotide polymorphisms (SNPs) in these genes with 
LDL-C from a single community-based cohort study in south-
ern Sweden, the Malmo Diet and Cancer Study-Cardiovascular 
Cohort ( Berglund et al., 1993 ). These variants vary in frequency 
from 1% at  PCSK9  to 48% at  APOE . These SNPs explain 
0.5–1.7% of the interindividual variability in LDL-C in the 
population  (Kathiresan et al., 2008b) . In comparisons between 
the major and minor allele homozygote classes, the difference 
in LDL-C ranges from 4       mg/dl at  HMGCR  to 51       mg/dl at 
 PCSK9 . Variants in other genes have been reported to be associ-
ated with LDL-C but have been reproduced less frequently.   

  GENETICS OF HDL-C 
 Studies of the genetic basis of substantially reduced or elevated 
HDL-C levels have also provided important insights into the 
regulation of HDL metabolism and novel targets for therapeu-
tic development. We fi rst review the Mendelian disorders of 
low and high HDL-C ( Table 23.1 ) and then review the current 
state of knowledge regarding common polymorphisms and their 
association with HDL-C levels. 



 T A B L E  2 3 . 2         Association of common single nucleotide polymorphisms and low-density lipoprotein, high-density 

lipoprotein cholesterol or triglycerides in the Malmo Diet and Cancer Study – Cardiovascular Cohort a   

 SNPS  Gene  SNP type  MAF  M/M  M/m  m/m  % of variance 
explained 

 P b  

  LDL cholesterol  
  rs693   APOB   Coding  0.48  AA c  

167  �  38 
 n   �  1349 

 AG 
160  �  37 
 n   �  2462 

 GG 
157  �  38 
 n   �  1173 

 0.9  2      �      10  	 11  

  rs4420638   APOE 
cluster  

 5� Upstream  0.20  AA 
157  �  37 
 n   �  3291 

 AG 
167  �  38 
 n   �  1621 

 GG 
173  �  38 
 n   �  224 

 1.7  3      �      10  	 21  

  rs12654264   HMGCR   Intronic  0.39  AA 
158  �  38 
1911 

 AT 
163  �  38 
2405 

 TT 
162  �  38 
764 

 0.2  0.002 

  rs688      LDLR   Coding  0.42  CC 
160  �  39 
 n   �  1717 

 CT 
161  �  38 
 n   �  2551 

 TT 
163  �  37 
 n   �  860 

 0.1  0.04 

  rs11591147   PCSK9   Coding  0.01  GG 
161  �  38 
 n   �  4885 

 GT 
146  �  30 
 n   �  114 

 TT 
89  �  22 
 n   �  2 

 0.5  7      �      10  	 7  

  HDL cholesterol  
  rs3890182   ABCA1   Intronic  0.13  GG 

54  �  15 
 n   �  3818 

 GA 
53  �  14 
 n   �  1163 

 AA 
51  �  12  
n   �  82 

 0.2  0.003 

  rs28927680   APOA5   5� Upstream  0.07  CC 
53  �  14 
 n   �  4444 

 CG 
52  �  14 
 n   �  677 

 GG 
46  �  8  
n   �  28 

 1.1  7      �      10  	 14  

  rs1800775   CETP   5� Upstream  0.49  CC 
51  �  13 
 n   �  1397 

 CA 
54  �  14 
 n   �  2456 

 AA 
56  �  15 
 n   �  1245 

 2.5  2      �      10  	 29  

  rs1800588   LIPC   5� Upstream  0.21  CC 
53  �  14 
 n   �  3157 

 CT 
54  �  14 
 n   �  1754 

 TT 
57  �  16  
n   �  247 

 0.8  4      �      10  	 10  

  rs328   LPL   Coding  0.09  CC 
53  �  14 
 n   �  4219 

 CG 
56  �  15 
 n   �  863 

 GG 
58  �  16  
n   �  49 

 0.9  3      �      10  	 12  

  Triglycerides  
  rs693   APOB   Coding  0.48  AA 

115  �  65 
 n   �  1120 

 AG 
120  �  73 
 n   �  2385 

 GG 
124  �  69 
 n   �  1303 

 0.3  7      �      10  	 5  

  rs28927680   APOA5   5� Upstream  0.07  CC 
117  �  60 
 n   �  4481 

 CG 
131  �  68 
 n   �  684 

 GG 
156  �  84  
n   �  29 

 0.4  6      �      10  	 6  

  rs780094   GCKR   Intronic  0.34  CC 
117  �  70 
 n   �  2207 

 CG 
123  �  81 
 n   �  2457 

 GG 
127  �  73 
 n   �  639 

 0.5  2      �      10  	 7  

  rs328   LPL   Coding  0.09  CC 
122  �  72 
 n   �  3996 

 CG 
111  �  58 
 n   �  832 

 GG 
91  �  34 
 n   �  46 

 0.7  9      �      10  	 9  

  SNP, single nucleotide polymorphism; MAF, minor allele frequency; M/M, major allele homozygote; M/m, heterozygote; m/m, minor allele 
homozygote.  
  a   Plus–minus values are means  �   sd . To convert values for cholesterol to millimoles per liter, multiply by 0.02586. To convert values for triglyc-
erides to millimoles per liter, multiply by 0.01129  ;  
 b   Association analyses were conducted using multivariable-adjusted lipid concentration (adjusted for age, age 2 , sex, and diabetes status) as 
the phenotype  ;   
c   Within each cell are the alleles for the SNP on the forward strand of the human genome reference sequence (from National Center for 
Biotechnology Information Build 35), the mean unadjusted cholesterol value in mg/dl plus minus standard deviation in mg/dl, and the 
number of individuals of that genotype class.  
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  Mendelian Disorders Primarily Causing 
Reduced HDL-C Levels 
  ApoA-I Defi ciency and Structural Mutations 
 A rare cause of extremely low HDL-C is complete defi ciency of 
apoA-I either from apoA-I gene deletion or nonsense mutations 
which result in virtually absent plasma HDL ( Ng et al., 1994 ; 
 Norum et al., 1982 ;  Schaefer et al., 1982 ). Most of these cases 
are associated with premature CHD, consistent with the concept 
that apoA-I is atheroprotective and supportive of the concept 
that apoA-I elevation could be a therapeutic strategy. Another 
relatively rare cause of low HDL-C are missense or nonsense 
mutations that result in structurally abnormal or truncated 
apoA-I proteins. The best known of these mutations is apoA-
I Milano , where a substitution of cysteine for arginine at position 
173 ( Chiesa and Sirtori, 2003 ) results in increased turnover of 
the mutant apoA-I Milano  protein, as well of the wild-type apoA-I 
and a substantial reduction in HDL-C. The low HDL-C levels, 
however, are not associated with an increased risk of atherosclerosis. 
Animal studies with intravenous infusion of recombinant apoA-
I Milano  show less atherosclerosis ( Chiesa and Sirtori, 2003 ), and a 
small trial of the intravenous infusion of apoA-I Milano –phosphol-
ipid complexes in humans demonstrated a reduction from base-
line in coronary atheroma volume as measured by intravascular 
ultrasound ( Nissen et al., 2003 ). There have been several other 
apoA-I structural mutations described that cause low HDL-C 
( von Eckardstein, 2005 ) but structural apoA-I mutations are rare, 
and in the general population apoA-I mutations are not a com-
mon source of variation in HDL-C levels.  

  Tangier Disease (ABCA1 Defi ciency) 
 Tangier disease is caused by loss-of-function mutations in 
both alleles encoding the gene  ABCA1  ( Bodzioch et al., 1999 ; 
 Brooks-Wilson et al., 1999 ;  Rust et al., 1999 ). It is character-
ized by cholesterol accumulation in the reticuloendothelial 
system causing enlarged orange tonsils, hepatosplenomegaly, 
intestinal mucosal abnormalities, and peripheral neuropathy, as 
well as markedly low HDL-C ( � 5       mg/dl) and apoA-I levels 
( Hobbs and Rader, 1999 ). The lack of ABCA1 results in mark-
edly impaired effl ux of cholesterol and phospholipids from cells 
to lipid-free apoA-I. The lack of intestinal and hepatic ABCA1 
is probably largely responsible for the low HDL due to impaired 
lipidation of newly secreted apoA-I by these organs. Poorly lipi-
dated apoA-I is then extremely rapidly catabolized. Impaired 
cholesterol effl ux from other tissues, particularly macrophages, 
results in cholesterol accumulation leading to many of the typi-
cal clinical characteristics of this disorder. However, Tangier dis-
ease patients do not develop rapidly accelerated atherosclerosis 
to the extent one might expect based on the cholesterol effl ux 
defect and the extremely low HDL-C levels. Heterozygotes for 
ABCA1 mutations have reduced HDL-C levels that are inter-
mediate between Tangier disease and normal but have no evi-
dence of cholesterol accumulation in tissues. However, they 
are at some increased risk for premature CHD. Mutations in 
ABCA1 have been found to cause low HDL-C levels in some 
families in which Tangier disease homozygotes are not found 

( Brooks-Wilson et al., 1999 ;  Marcil et al., 1999 ). Rare private 
mutations in the  ABCA1  gene may even be a cause of low 
HDL-C levels in the general population ( Cohen et al., 2004 ). As 
a result of the discovery of the molecular basis of Tangier disease, 
ABCA1 is now a major target for the development of new ther-
apies intended to upregulate ABCA1 expression ( Linsel-Nitschke 
and Tall, 2005 ).  

  Lecithin:Cholesterol Acyltransferase (LCAT) Defi ciency 
 LCAT defi ciency is caused by loss-of-function mutations 
in both alleles of the  LCAT  gene ( Kuivenhoven et al., 1997 ). 
LCAT is the enzyme that esterifi es the free cholesterol present 
on HDL to cholesteryl ester, creating a cholesteryl ester core 
and resulting in maturation of HDL. In the absence of functional 
LCAT and cholesterol esterifi cation, mature HDL particles are 
not formed and nascent HDL particles containing apoA-I and 
apoA-II are rapidly catabolized ( Rader et al., 1994 ). Two genetic 
forms of LCAT defi ciency have been described, complete defi -
ciency known as classic LCAT defi ciency and partial defi ciency 
known as fi sh-eye disease ( Kuivenhoven et al., 1997 ). In addition 
to extremely low HDL-C, both types of LCAT defi ciency are 
characterized by corneal opacifi cation, but only individuals with 
complete LCAT defi ciency have low-grade hemolytic anemia 
and progressive chronic kidney disease leading to end-stage renal 
disease. Interestingly, neither form of LCAT defi ciency is clearly 
associated with premature coronary disease despite the mark-
edly reduced HDL-C levels ( Kuivenhoven et al., 1997 ), raising 
questions about the importance of LCAT in protecting against 
CHD. LCAT heterozygotes have relatively normal HDL-C lev-
els. Nevertheless, promotion of LCAT activity is of therapeutic 
interest as an HDL-raising approach.   

  Mendelian Disorders Primarily Causing 
Elevated HDL-C Levels 
  Cholesteryl Ester Transfer Protein (CETP) Defi ciency 
 CETP defi ciency is caused by loss-of-function mutations in 
both alleles of the  CETP  gene ( Brown et al., 1989 ). CETP 
transfers cholesteryl esters from HDL to apoB-containing lipo-
proteins in exchange for triglycerides ( Rader, 2006 ). Lack of 
functional CETP results in markedly elevated HDL-C levels 
due to lack of HDL remodeling, accumulation of cholesteryl 
esters in HDL, and slower turnover of apoA-I and apoA-II 
( Ikewaki et al., 1993 ). LDL-C levels are also low because of 
increased catabolism of LDL and apoB with endogenous upreg-
ulation of the LDL receptor ( Ikewaki et al., 1995 ). CETP defi -
ciency is extremely rare outside Japan; among the Japanese the 
most common mutations are a 5� donor splice site intron 14 G 
to A substitution and a missense mutation in exon 15 (D442G) 
( Inazu et al., 1990 ). Heterozygous individuals for CETP defi -
ciency have 60–70% of normal CETP activity and only a mod-
est increase in HDL-C levels, and otherwise normal LDL-C 
levels. Whether homozygous or heterozygous CETP defi ciency 
is associated with increased, decreased, or unchanged cardiovas-
cular risk remains to be resolved ( Rader, 2004 ). Nevertheless, 



the identifi cation of CETP defi ciency led to the concept that 
CETP is a therapeutic target for inhibition as an HDL-raising 
strategy ( Rader, 2006 ). The current status of CETP inhibition 
is unclear due to failure of the CETP inhibitor torcetrapib, 
which caused increased mortality in a phase III outcomes trial 
( Tall et al., 2007 ).   

  Common Gene Variants Segregating in 
Populations with HDL-C Levels 
 Common gene variants within at least nine loci    ( ABCA1 ,  
 ANGPTL4 ,  APOA5 ,  cluster ,  CETP ,  GALNT2 ,  LIPC ,  LIPG , 
 MVK/MMAB  and  LPL ) have been reproducibly found to be 
associated with HDL-C ( Boekholdt et al., 2005 ;  Frikke-Schmidt 
et al., 2004 ;  Guerra et al., 1997 ;  Kathiresan et al., 2008a ;  Lai et 
al., 2004 ;  Rip et al., 2006 ;  Willer et al., 2008 ). Common genetic 
variation in the  ABCA1  gene is clearly associated with varia-
tion in HDL-C levels in the general population and may even 
be associated with CHD risk ( Brousseau et al., 2001 ;  Clee et al., 
2001 ). Common  CETP  polymorphisms are also associated with 
HDL-C levels, though the association with CHD risk is less 
clear ( Boekholdt and Thompson, 2003 ). The most commonly 
studied SNPs in  CETP  are the Taq1B polymorphism (associated 
with increased HDL-C) and the I405V SNP (also associated 
with modestly increased HDL-C) ( Boekholdt and Thompson, 
2003 ). In  Table 23.2 , we present representative associations of 
SNPs in these genes with HDL-C from a single community-
based cohort study in southern Sweden, the Malmo Diet and 
Cancer Study-Cardiovascular Cohort ( Berglund et al., 1993 ). 
The variants associated with HDL-C vary in frequency from 
7% at  APOA5  to 49% at  CETP   (Kathiresan et al., 2008b) . These 
SNPs explain 0.2–2.5% of the interindividual variability in 
HDL-C in the population. In comparisons between the major 
and minor allele homozygote classes, the difference in HDL-
C ranges from 3       mg/dl at  ABCA1  for to 7       mg/dl at  APOA5 . 
In addition to the fi ve genes in  Table 23.2 , the nonsynony-
mous variant in  ANGPTL4  (E40K) has been strongly related to 
HDL-C ( Romeo et al., 2007 ).   

  GENETICS OF TRIGLYCERIDES 
 Studies of the genetic basis of substantially elevated triglyceride 
levels have been useful in understanding the regulation of trig-
lyceride metabolism. We fi rst review the Mendelian disorders 
of high triglycerides ( Table 23.1 ) and then review the current 
state of knowledge regarding common polymorphisms and their 
association with triglyceride levels. 

  Mendelian Disorders Infl uencing Triglyceride Levels 
  Familial Chylomicronemia Syndrome (LPL Defi ciency 
and ApoC-II Defi ciency) 
 The familial hyperchylomicronemia syndrome (FCS) is caused 
by homozygosity for loss-of-function mutations in one of two 

genes, LPL and apoC-II ( Santamarina-Fojo, 1992 ). These con-
ditions are virtual phenocopies and are therefore discussed 
together. FCS is characterized by extreme hypertriglyceridemia 
(greater than 1000       mg/dl) usually presenting in childhood with 
acute pancreatitis, eruptive xanthomas, lipemia retinalis, and/or 
hepatosplenomegaly. 

 Chylomicron triglycerides are hydrolyzed in muscle and 
adipose capillary beds by LPL with apoC-II acting as a required 
cofactor, thus loss of function of either protein produces the 
phenotype of hyperchylomicronemia. Interestingly, despite the 
markedly elevated triglyceride (and cholesterol) levels, premature 
atherosclerotic cardiovascular disease is not generally a feature of 
this disease. This observation contributed to our understanding 
of the importance of the nature of lipoprotein, not just the lipid, 
in determining cardiovascular risk. Primary therapy is restriction 
of total dietary fat.  

  ApoAV Defi ciency 
 Genetic defi ciency of apoAV due to loss-of-function muta-
tions on both alleles causes late-onset hyperchylomicronemia 
( Priore Oliva et al., 2005 ). In addition, heterozygosity for muta-
tions such as Q139X can lead to the same phenotype due to 
a dominant negative effect ( Marcais et al., 2005 ). ApoAV is a 
minor apolipoprotein that promotes LPL-mediated hydrolysis of 
lipoprotein triglycerides. Subjects with apoAV defi ciency have a 
severe lipolysis defect and markedly reduced VLDL catabolism.  

  Familial Dysbetalipoproteinemia (Type III 
Hyperlipoproteinemia) 
 Familial dysbetalipoproteinemia (FD), or type III hyperlipopro-
teinemia, is caused by mutations in the gene for apolipoprotein 
E (apoE) ( Mahley et al., 1999 ). ApoE on chylomicron and VLDL 
remnants normally mediates their catabolism by binding to 
receptors in the liver. FD is usually caused by homozygosity for a 
common variant called apoE2, which differs from the wild-type 
apoE3 form by a substitution of a cysteine for an arginine at 
position 158. ApoE2 has impaired binding to lipoprotein recep-
tors such as the LDL receptor, resulting in defective removal of 
chylomicron and VLDL remnants. About 0.5% of individuals are 
homozygous for apoE2 but the prevalence of FD is only about 
1 in 10,000, indicating that other genetic or environmental fac-
tors are required for expression of the phenotype. Because rem-
nant lipoproteins are elevated and contain both triglycerides and 
cholesterol, plasma levels of both triglycerides and cholesterol 
are elevated. Palmar xanthomata and tuberoeruptive xanthomata 
on the elbows, knees, or buttocks are distinctive skin fi ndings 
in this condition. Importantly, premature atherosclerotic CVD is 
common in this disorder, an observation that helped to clarify 
that remnant lipoproteins are highly atherogenic. This disorder 
is important from a clinical genomics sense, because it is one of 
the few genetic lipid disorders in which genotyping is clinically 
indicated for diagnosis; the fi nding of the  apoE2/E2  genotype is 
diagnostic in the appropriate clinical setting.  
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  Hepatic Lipase Defi ciency 
 Hepatic lipase (HL) defi ciency is caused by loss-of-function 
mutations in both alleles of the  LIPC  gene ( Hegele et al., 1993 ). 
HL defi ciency is characterized by elevated plasma levels of cho-
lesterol and triglycerides due to the accumulation of circulating 
lipoprotein remnants as a result of lack of HL activity. HL defi -
ciency is very rare and therefore it is diffi cult to determine its 
true relationship to atherosclerotic CVD.   

  Common Gene Variants Segregating in Populations 
with Triglyceride Levels 
 Common gene variants within at least ten loci,  ANGPTL3 ,  
 ANGPTL4 ,  APOB ,  APOA5 ,  CILP2/PBX4 ,  GALNT2 ,  GCKR , 
 LPL ,  MLXIPL , and  TRIB1 , have been reproducibly related to 
triglyceride levels ( Benn et al., 2005 ;   Kathiresan et al., 2008a ; 
 Kooner et al., 2008 ; Pennacchio et al., 2001 ;  Rip et al., 2006 ; 
 Saxena et al., 2007;   Willer et al., 2008 ). In  Table 23.2 , we present 
representative associations of SNPs in these genes with triglyc-
erides from a single community-based cohort study in south-
ern Sweden, the Malmo Diet and Cancer Study-Cardiovascular 
Cohort ( Berglund et al., 1993 ). These variants vary in frequency 
from 7% at  APOA5  to 48% at  APOB . These SNPs explain 
0.3–0.7% of the interindividual variability in triglyceride in the 
population  (Kathiresan et al., 2008b) . In comparisons between 
the major and minor allele homozygote classes, the difference 
in triglycerides ranges from 9       mg/dl at  APOB  to 39       mg/dl at 
 APOA5 . In addition to these variants, the same 3% nonsynony-
mous variant in  ANGPTL4  noted above with regard to HDL-C 
has been related to triglyceride level ( Romeo et al., 2007 ).   

  GENETIC LIPID DISORDERS WITHOUT 
CURRENT PROVEN MOLECULAR 
ETIOLOGY 

  Familial Combined Hyperlipidemia (FCHL) 
 Familial combined hyperlipidemia (FCHL) is a dominantly 
inherited condition characterized by elevated triglycerides, ele-
vated cholesterol, and reduced HDL-C ( Grundy et al., 1987 ). 
Premature ASCVD is common in patients with FCHL. The 
metabolic basis of FCHL is thought to be hepatic overproduc-
tion of VLDL. It is the most common inherited lipid disor-
der, with a prevalence of approximately 1 in 200 persons. The 
genetic basis of FCHL is not well understood, and probably 
several different genes can cause a similar phenotype ( Shoulders 
et al., 2004 ;  Suviolahti et al., 2006 ). Genome-wide linkage 
studies have demonstrated a repeated linkage of FCHL to a 
locus on chromosome 1q21-q23 ( Coon et al., 2000 ;  Pajukanta 
et al., 1998 ), and association with SNPs in the gene encoding 
the upstream transcription factor 1 (USF1) has been repeat-
edly shown to be associated with the FCHL phenotype ( Coon 
et al., 2005 ;  Pajukanta et al., 2004 ). Because USF1 is a transcrip-
tion factor known to regulate the expression of genes involved 

in lipid metabolism ( Lee et al., 2006 ), it is plausible, though 
unproven, that genetic variation in USF1 expression or function 
could cause the phenotype of FCHL. However, the mechanisms 
of this association are unknown, and other genes likely contrib-
ute to the phenotype of FCHL. The molecular basis of FCHL is 
one of the most important questions in the fi eld of the genom-
ics of lipid disorders, and additional discoveries in this area are 
likely to provide important insights into the pathophysiology 
of hepatic VLDL overproduction as well as new targets for the 
development of new therapies for lipid disorders.  

  Familial Hypertriglyceridemia (FHTG) 
 Familial hypertriglyceridemia (FHTG) is an autosomal dominant 
trait characterized by elevated triglycerides with normal or only 
modestly increased total cholesterol levels, and LDL-C levels are 
usually normal. In contrast to FCHL, FHTG is often not associ-
ated with increased risk of ASCVD. Both VLDL overproduction 
and reduced VLDL catabolism have been implicated in causing 
this phenotype, but the pathophysiology is not well understood. 
The molecular basis of FHTG has not yet been elucidated.  

  Familial Hypoalphalipoproteinemia 
 Familial hypoalphalipoproteinemia is a dominantly inherited 
trait characterized by low HDL-C levels, usually in the setting 
of relatively normal TG levels. Premature CVD is often, but 
not always, associated with this condition. Accelerated catabolism 
of apoA-I is thought to be the metabolic basis of this trait ( Lewis 
and Rader, 2005 ). ABCA1 mutations can cause this phenotype, 
but this phenotype occurs in families without ABCA1 mutations 
and is likely caused by mutations in more than one other gene.  

  Familial Hyperalphalipoproteinemia 
 Familial hyperalphalipoproteinemia is a dominantly inherited 
trait characterized by high HDL-C levels. This trait is usually, but 
not always, associated with lower risk for CHD and increased 
longevity. Interestingly, while homozygous CETP defi ciency is a 
cause of hyperalphalipoproteinemia as discussed above, obligate 
heterozygotes for CETP generally do not have exceptionally 
elevated HDL-C levels. The molecular basis of this condition is 
not known, but the discovery of genes that cause this phenotype 
would increase our understanding of the regulation of HDL 
metabolism and potentially provide new targets for the develop-
ment of therapeutics for raising HDL.   

  INFLUENCE OF LIPID-
MODULATING MUTATIONS ON 
RISK OF ATHEROSCLEROTIC 
CARDIOVASCULAR DISEASE 

  Mendelian Syndromes and ASCVD 
 With regard to LDL, the recognition of FH was instrumental in 
proving that elevated LDL-C levels cause accelerated ASCVD 



without a requirement for additional traditional risk factors. 
This observation strongly supported the concept that reduction 
in LDL-C would reduce risk of ASCVD, a hypothesis subse-
quently proven with large CV outcome trials. Other Mendelian 
syndromes of elevated LDL-C, such as FDB, ARH, and ADH, 
though less common, have also been associated with early onset 
ASCVD, consistent with this concept. Mendelian syndromes of 
low LDL are generally not common enough to allow defi nitive 
demonstration of protection against ASCVD (much more dif-
fi cult to prove than accelerated disease), but studies of patients 
with hypobetalipoproteinemia due to apoB mutations are 
consistent with the concept that the risk of CVD is reduced 
( Schonfeld et al., 2005 ). Overall, the study of Mendelian disor-
ders of high and low LDL has had a major impact on the under-
standing of the role of LDL as a risk factor for atherogenesis. 

 Mendelian syndromes of HDL are generally not preva-
lent enough to allow defi nitive proof of a relationship to CVD. 
However, inability to synthesize apoA-I, while rare, has been 
consistently associated with accelerated ASCVD ( Norum et al., 
1982 ;  Schaefer et al., 1982 ). In contrast, Tangier disease, while 
associated with similarly extremely low HDL-C levels, has not 
been associated with markedly increased ASCVD ( Schaefer 
et al., 1980 ). In a similar fashion, LCAT defi ciency is also associ-
ated with extremely low HDL but is also not associated with 
increased CVD ( Kuivenhoven et al., 1997 ). Conversely, while 
CETP defi ciency is associated with extremely elevated HDL-C 
levels, its relationship to CVD still remains uncertain. 

 Finally, the sole Mendelian disorders associated with hyper-
chylomicronemia, LPL defi ciency and apoC-II defi ciency, have 
not been convincingly associated with increased cardiovascular 
risk, confi rming the relative lack of atherogenicity of chylomi-
crons. Conversely, FD (type III hyperlipoproteinemia) is also 
associated with elevated triglycerides but in this case due to 
elevated remnant lipoproteins, and causes substantially increased 
risk of ASCVD. These Mendelian disorders of elevated triglyc-
erides demonstrate that it is the nature of the lipoprotein that is 
elevated, not the plasma level of triglycerides  per se , that deter-
mines the risk of atherosclerosis.  

  Common Mutations in Aggregate Affecting 
CVD Risk 
 As common SNPs infl uence blood lipid levels and blood lip-
ids affect risk for cardiovascular disease, a natural question is 
whether lipid-modulating SNPs infl uence risk for cardiovascu-
lar disease. One of the best examples illustrating this issue is that 
of PCSK9, with relatively common variants Y142X or C679X 
causing reduced LDL-C levels and substantially reduced risk of 
CHD ( Cohen et al., 2006 ). However, for many other common 
variants that infl uence LDL-C (e.g., at the  APOB  and  APOE  
loci), the connection to cardiovascular disease has less compel-
ling evidence. Likewise, common SNPs in CETP and HL that 
reproducibly infl uence HDL-C levels have not been defi nitively 
associated with cardiovascular outcomes; the same is true for 
common SNPs that infl uence plasma triglyceride levels. A key 

limiting factor may be that each common SNP only modestly 
affects the lipid level. This raises the hypothesis that a combi-
nation of lipid-modulating SNPs might contribute to risk for 
cardiovascular disease. With the recent establishment of several 
reproducible associations for each of the three lipid traits, it is 
now feasible to test this hypothesis in prospective studies. The 
identifi cation of a panel of lipid polymorphisms that infl uence 
CVD risk could help target preventive therapies or aid in risk 
prediction at the population level.   

  FUTURE DIRECTIONS IN GENETICS 
AND GENOMICS OF LIPOPROTEINS 
 Over the next few years, the widespread application of the 
genome-wide association study (GWAS) method is expected 
to lead to substantial progress in defi ning the inherited basis 
for blood lipids. The GWAS is defi ned as an experiment in 
which a substantial set of common SNPs across the genome 
( � 300,000–500,000 SNPs) are simultaneously tested for asso-
ciation with disease or quantitative risk factors for disease 
( Hirschhorn and Daly, 2005 ). Blood lipid levels and ASCVD are 
among the phenotypes being widely studied by this approach 
and the early results are promising.  Table 23.3    summarizes the 
design features of several GWASs recently completed or in 
progress for lipid or ASCVD phenotypes. 

 For blood lipids, an early example is the Diabetes Genetics 
Initiative of Broad, Lund And Novartis. This study was designed 
to examine type 2 diabetes but 18 other phenotypes includ-
ing blood lipids were analyzed as secondary traits ( Saxena et al., 
2007 ). Patients with type 2 diabetes and controls were gen-
otyped for  � 500,000 SNPs across the genome and these 
SNPs were tested for association with blood LDL-C, HDL-C, 
triglycerides, apoB, apoA-I, and apoA-II. Several fi ndings from 
this study highlight key issues in defi ning the genetic basis for 
lipid levels. First, the largest effect size for a common SNP 
approached  � 2% of trait variance explained (e.g., an  APOE  
cluster SNP at 2.1% of LDL-C variance and a  CETP  SNP at 
2.1% for HDL-C variance). As most other common variants 
will each individually confer a more modest effect size 
( � 1% of trait variance explained), large sample sizes will be 
needed to convincingly demonstrate that a gene variant infl u-
ences lipid levels. Second, several loci with common alle-
les affecting lipid levels ( APOE ,  ABCA1 ,  APOA5 ,  CETP , 
 LIPC , and  LPL ) have also been shown to cause Mendelian 
syndromes or contain multiple rare alleles. Thus, sequenc-
ing all loci with validated common alleles will be required to 
defi ne the spectrum of common and rare alleles at each locus 
and the full impact of each locus on trait variation. Third, loci 
previously unsuspected to play a role in lipid phenotypes may 
be identifi ed using an unbiased discovery approach such as 
GWAS. For example, a highly signifi cant association with 
triglycerides was observed for rs780094 ( P  �   3.7      �      10 –8 ), 
explaining 1% of residual variance in triglyceride levels. This sin-
gle SNP was then tested in 5217 individuals from the Malmö 
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Diet and Cancer Study–Cardiovascular Cohort and the associa-
tion was replicated ( P  �   8.7      �      10 –8 ). This SNP resides within 
the gene glucokinase regulatory protein ( GCKR ), which regu-
lates glucokinase (GCK), the fi rst enzyme in the glycolytic path-
way, and has the potential to infl uence hepatic TG synthesis. 

 For ASCVD, three separate studies have identifi ed a locus 
on chromosome 9p21 as reproducibly and highly signifi cantly 
 associated with myocardial infarction (MI) or coronary artery  disease 
( Helgadottir et al., 2007 ;  McPherson et al., 2007 ;  Samani et al., 
2007 ). The risk allele at 9p21 is common at  � 47% frequency in 

 T A B L E  2 3 . 3         Selected genome-wide association studies for atherosclerotic cardiovascular disease and/or lipid phenotypes  

 Study  Ascertainment scheme  Ancestry  N  Phenotypes 

 Diabetes Genetics 
Initiative ( Saxena et al., 
2007 ) 

 Cases with type 2 diabetes, controls 
free of diabetes from Sweden and 
Finland 

 European  2931  LDL-C, HDL-
C, triglycerides, 
apolipoproteins 

 FUSION ( Scott et al., 
2007 ) 

 Cases with type 2 diabetes, controls 
free of diabetes from Finland 

 European  2457  LDL-C, HDL-C, 
triglycerides 

 SardiNIA ( Scuteri et al., 
2007 ) 

 Family-based sample from 4 towns in 
Sardinia, Italy 

 European  4305  LDL-C, HDL-C, 
triglycerides 

 Framingham Heart 
Study ( Splansky et al., 
2007 ) 

 Community-based prospective 
cohort study from single town in 
Framingham, USA 

 European   � 9000  LDL-C, HDL-C, 
triglycerides, 
apolipoproteins, 
lipoprotein subfractions, 
others 

 Atherosclerosis Risk in 
Communities 
( ARIC, 1989 ) 

 Community-based prospective 
cohort study, four communities in 
United States 

 European, 
African-
American 

  � 16,000  LDL-C, HDL-C, 
triglycerides, 
apolipoproteins, others 

 Kosrae ( Bonnen 
et al., 2006 ) 

 Founder population on island in South 
Pacifi c 

 Asian   � 3000  LDL-C, HDL-C, 
triglycerides 

 Jackson Heart Study 
( Wilson et al., 2005 ) 

 Community-based prospective 
cohort study from single town in 
United States 

 African-
American 

  � 4000  LDL-C, HDL-C, 
triglycerides 

  McPherson et al. (2007)   Hospital-based case collection; 
incident cases from two community-
based cohort studies, and prevalent 
coronary artery calcium in a 
community-based cohort study 

 European  4277 cases, 
20,054 controls 

 Coronary artery bypass 
grafting, angioplasty, 
myocardial infarction, 
coronary artery calcium 

 DeCode ( Helgadottir et al., 
2007 ) 

 Population-based registry from 
Iceland 

 European  4589 cases, 
12,768 controls 

 Myocardial infarction 

 WTCCC ( WTCCC, 2007 ; 
 Samani et al., 2007 ) 

 UK-wide ascertainment of cases 
aged  � 66 with at least one affected 
sibling 

 European  1988 cases, 
3004 controls 

 Myocardial infarction, 
coronary artery bypass 
surgery or angioplasty 

 German MI Family Study 
( Samani et al., 2007 ) 

 Premature MI and at least one fi rst-
degree relative with premature CAD; 
cases from cardiac rehabilitation 
programs 

 European  875 cases, 1644 
controls 

 Myocardial infarction 

 Myocardial Infarction 
Genetics Consortium 
(MIGen) 

 Premature MI; 3 hospital-based case 
collections, a community-based 
ascertainment of cases, and cases 
from two prospective cohort studies 

 European   � 3300 
cases, � 3300 
controls 

 Early-onset myocardial 
infarction 

 PennCath/Medstar  Cardiac cath-lab based collection of 
premature angiographic CAD with or 
without history of MI; controls older 
and free of CAD by angiography 

 European   � 1000 cases 
with MI,  � 1000 
cases without 
MI, � 1000 
controls 

 Obstructive coronary 
atherosclerosis on 
angiography, MI, LDL-C, 
HDL-C, triglycerides, 
apolipoproteins, others 



controls, and each copy of the risk allele increases risk by  � 25%. 
The associated SNPs exist in a 190-kilobase region of strong link-
age disequilibrium which contains two cyclin-dependent kinase 
inhibitors – CDKN2A and CDKN2B. Though the association is 
robust, the mechanism behind which the associated SNPs con-
fer risk for MI or coronary artery disease remains to be defi ned. 
In addition to the 9p21 variant, the study by  Samani et al. (2007)  
highlighted six other loci with either convincing or suggestive evi-
dence for association. From the three initial GWASs for ASCVD, it 
is clear that the effect sizes of common variants will be less than an 
odds ratio of 1.4 per copy of the risk allele. Several of the newly 
discovered loci, including 9p21, do not seem to be acting through 
established risk factors such as lipids. As additional studies are per-
formed, the number of loci and alleles affecting ASCVD should 
become clear.  

  PHARMACOGENETICS OF 
LIPID-MODULATING THERAPIES 
 Drug therapy to modulate lipids with the goal of preventing or 
treating atherosclerotic cardiovascular disease is well established 
clinically and commonly used in practice. The three major 
classes of drugs used to reduce LDL-C are HMG CoA reductase 
inhibitors (statins), cholesterol absorption inhibitors (currently 
ezetimibe is the only member of this class), and bile acid seques-
trants. The three major classes of drugs used to treat the HDL-
TG axis are nicotinic acid (niacin), PPAR �  agonists (fi brates), 
and omega 3 fatty acids ( “ fi sh oils ” ). Interindividual variability 
in response to all of these classes is substantial and undoubtedly 
infl uenced by genetic factors. A limited number of studies have 
investigated the genetic variation underlying response to lipid-
modifying drugs. 

 Statins inhibit 3-hydroxy-3-methylglutaryl-coenzyme A 
(HMG-CoA) reductase, the rate-limiting step in cholesterol 
biosynthesis, and in doing so alter cholesterol metabolism in 
the hepatocyte, resulting in compensatory upregulation of the 
LDL receptor, leading to increased LDL catabolism. A few stud-
ies have investigated candidate genes with regard to variability 
in LDL-lowering response to statins. In a study involving the 
treatment of 1536 healthy persons with moderate hypercho-
lesterolemia with pravastatin 40       mg for 24 weeks, 148 SNPs in 
10 candidate genes were assessed with regard to LDL-C reduc-
tion. Two common SNPs in strong linkage disequilibrium, 
rs17244841 and rs17238540, in the gene encoding HMG-CoA 
reductase were signifi cantly associated with reduced LDL-
C reduction on pravastatin ( Chasman et al., 2004 ). In another 
study in 1360 individuals on atorvastatin therapy, 43 SNPs in 16 
candidate genes were assessed with regard to LDL-C reduction. 
A signifi cant association with HMG-CoA reductase was not 
found, but a modest signifi cant association with the  apoE2  poly-
morphism was noted, whereby heterozygotes had 3.5% greater 
LDL-C reduction ( Thompson et al., 2005 ). Thus the majority 
of the variability in statin response remains unexplained by the 
existing candidate gene studies. 

 Ezetimibe inhibits cholesterol absorption in the small intes-
tine by binding to the enterocyte brush border cholesterol trans-
porter NPC1L1. This reduces cholesterol transport from intestine 
to liver and results in secondary compensatory upregulation of 
the LDL receptor, leading to increased LDL catabolism. Hegele 
and colleagues identifi ed a patient who exhibited extremely 
poor clinical response to ezetimibe with regard to LDL lower-
ing and sequenced the  NPC1L1  gene, fi nding two rare nonsyn-
onymous polymorphisms in NPC1L1, V55I and I1233N, that 
were absent in control subjects and suggesting that compound 
heterozygosity for these mutations may have caused the lack of 
response to ezetimibe ( Wang et al., 2005 ). In a follow-up study, 
101 dyslipidemic subjects were treated with ezetimibe for 12 
weeks and common  NPC1L1  SNPs and haplotype were assessed 
for association with LDL-C reduction. Subjects treated with 
ezetimibe lacking the common NPC1L1 haplotype 1735C-
25342A-27677T had signifi cantly greater reduction in LDL-
C (36%) than subjects with at least one copy of this haplotype 
(24%) ( Hegele et al., 2005 ). Thus genetic variation in NPC1L1 
appears to infl uence the response to ezetimibe treatment. 

 Nicotinic acid activates the G protein-coupled recep-
tor GPR109A on adipocytes, resulting in reduced adipocyte 
triglyceride lipolysis and FFA release and reduced fl ux of FFA 
to the liver ( Offermanns, 2006 ). This is believed to be the pri-
mary mechanism of TG-lowering of nicotinic acid; the mecha-
nism of HDL-raising remains uncertain. While polymorphisms in 
GPR109A have been described ( Zellner et al., 2005 ), no studies 
of the pharmacogenetics of niacin response have been reported to 
date. Fibrates are PPAR �  agonists that activate the transcription of 
a variety of lipid metabolism genes in multiple tissues, including 
muscle, adipose, and liver. The triglyceride lowering and modest 
HDL-raising mechanisms of fi brates are due to regulation of sev-
eral genes, including LPL, apoA-I, and apoC-III. Only a few phar-
macogenetic studies of fi brate lipid responses have been reported 
to date. In 292 hypertriglyceridemic subjects treated with fenofi -
brate for 3 months, the TG-lowering response to fenofi brate was 
reduced in carriers of the P207L mutation in LPL and greater in 
carriers of the apoE2 polymorphism and the L162V polymor-
phism in PPAR �  ( Brisson et al., 2002 ). In 791 hypertriglyceri-
demic subjects treated with fenofi brate for 3 weeks, carriers of 
the C56G tagSNP in  APOA5  had a greater decrease in TG and 
increase in HDL-C ( Lai et al., 2007 ). Interestingly, carriers of 
C56G also had a greater response to fenofi brate after a defi ned 
fat load. Thus, genetic variation clearly plays a role in determining 
fi brate response, though additional work is required.  

  IMPLICATIONS OF GENOMICS OF 
LIPOPROTEIN METABOLISM FOR 
THE DEVELOPMENT OF NOVEL 
THERAPIES 
 The study of the genetics and genomics of lipoprotein metabo-
lism has led to several novel therapeutic targets. The discovery of 
the molecular basis of FH being mutations in the LDL receptor 
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led to the concept that upregulation of the LDL receptor could 
be a strategy for reducing plasma levels of LDL-C. While stat-
ins were developed based on their ability to inhibit HMG-CoA 
reductase, the rate-limiting step in cholesterol biosynthesis, 
their physiological effect in the liver is upregulation of the LDL 
receptor with consequent reduction in LDL-C levels. Despite 
the success of statins and other LDL-lowering therapies such 
as cholesterol absorption inhibitors, there remains a need for 
additional LDL-lowering therapies. The fact that mutations that 
impair the biosynthesis of apoB cause reduced LDL-C levels 
supports the concept of targeting apoB therapeutically. While 
small molecule approaches to apoB inhibition are impracti-
cal, an approach using an antisense oligonucleotides (ASO) 
has been shown to be effective in animal models as well as in 
humans. The effi cacy of an ASO targeted to apoB (apoB-ASO) 
was demonstrated in hypercholesterolemic mice ( Crooke et al., 
2005 ). In a phase I multiple-dose study in subjects with mild 
dyslipidemia, subcutaneous injection of an apoB-ASO reduced 
plasma apoB by up to 50% and LDL-C by up to 44% ( Kastelein 
et al., 2006 ). Alternatively, small-interfering RNA (siRNA) 
molecules complementary to apoB mRNA also signifi cantly 
reduced the plasma concentration of apoB-containing lipopro-
teins in nonhuman primates ( Zimmermann et al., 2006 ). Thus 
inhibition of apoB expression using systemic administration 
of either an ASO or siRNA to apoB reduces LDL-C levels 
comparable to that seen in subjects heterozygous for familial 
hypobetalipoproteinemia. 

 As discussed above, another Mendelian disorder associated 
with low LDL-C levels is abetalipoproteinemia. The discovery 
that genetic defi ciency of MTP causes abetalipoproteinemia led 
to the concept that MTP inhibitors would disrupt VLDL assembly 
and secretion, with consequent reductions in circulating LDL 
( Burnett and Watts, 2007 ). Indeed, studies in mouse mod-
els have demonstrated that small molecule inhibitors of MTP 
effectively reduce plasma levels of total and LDL-C ( Liao et al., 
2003 ;  Spann et al., 2006 ). Furthermore, an MTP inhibitor was 
shown to be effective in substantially reducing cholesterol in the 
Watanabe heritable hyperlipidemic (WHHL) rabbit, a model of 
homozygous FH ( Wetterau et al., 1998 ). Finally, a small clinical 
trial in six subjects with homozygous FH defi nitively demon-
strated that MTP inhibition reduces LDL-C levels in humans 
by reducing hepatic apoB production (Cuchel et al., 2007). 
After titrating the dose over 4 months, LDL-C was reduced by 
51% and apoB by 55% at the highest dose of the MTP inhibi-
tor. ApoB kinetic studies demonstrated a marked reduction in 
LDL apoB production as the basis for the reduction in LDL-C and 
apoB. This trial also demonstrated the mechanism-based increase 
in hepatic steatosis associated with MTP inhibition, which 
occurred in four of the six subjects. While this clearly requires 
more study, including longer-term trials, it is possible that 
high-dose MTP inhibition could be developed as an orphan 
drug approach for homozygous FH patients and that lower 
doses of MTP inhibition could potentially have a role in treat-
ing patients who are unable to reach LDL-C goal on present 
therapies. 

 The story of PCSK9 provides the best example in the lipo-
protein fi eld of how human genetics can identify novel thera-
peutic targets. As discussed above, it was fi rst discovered that rare 
nonsynonymous variants of PCSK9 can cause a form of ADH 
(Abifadel et al., 2003). After studies of overexpression of PCSK9 
in mice unexpectedly caused elevated LDL-C levels ( Benjannet 
et al., 2004 ;  Maxwell and Breslow, 2004 ), loss-of-function muta-
tions in PCSK9 were shown to result in substantially reduced 
LDL-C levels ( Cohen et al., 2005 ). Importantly, individuals 
heterozygous for loss-of-function mutations in PCSK9 were 
subsequently shown to have markedly reduced lifetime risk of 
CHD ( Cohen et al., 2006 ;  Kathiresan et al., 2008c ). A com-
pound heterozygote with loss-of-function mutations in both 
 PCSK9  alleles has been reported to have a very low LDL-C but 
is in good health ( Zhao et al., 2006 ). Thus, inhibition of PCSK9 
is an extremely attractive target based on the human genetics. 
Because PCSK9 is upregulated by statin therapy, the addition of 
a PCSK9 inhibitor to a statin could result in additive or even 
synergistic reduction of LDL-C. 

 Investigation of the human genetics of HDL has provided 
important information regarding potential therapeutic targets. The 
fact that LCAT defi ciency is a cause of severely low HDL sup-
ported the concept that LCAT upregulation or stimulation would 
be a strategy for raising HDL. More importantly, the discovery of 
 ABCA1  as the mutated gene in Tangier disease created immedi-
ate interest in ABCA1 as a therapeutic target for upregulation as 
a strategy to raise HDL-C levels and inhibit or regress atheroscle-
rosis. Perhaps the best example of human genetics identifying a 
potential therapeutic target for HDL is that of CETP defi ciency. 
As noted above, CETP-defi cient subjects have markedly elevated 
HDL levels, directly identifying CETP as a target for inhibition 
as an approach to raising HDL. While the fi rst CETP inhibitor to 
enter phase III, torcetrapib, failed to reduce cardiovascular events, 
it has the off-target property of raising blood pressure. Thus the 
status of CETP inhibition as a therapeutic approach remains 
uncertain. Other molecular causes of high HDL could provide 
additional new targets for therapeutic development.  

  CLINICAL RECOMMENDATIONS 
FOR GENETIC TESTING FOR LIPID 
DISORDERS 
 The majority of lipid disorders are diagnosed based on the clini-
cal presentation, and genetic testing is not usually clinically indi-
cated. For example, while heterozygous FH has a prevalence of 1 
in 500 individuals, the majority of LDL-receptor mutations are 
(with the exception of a few regions in which a founder effect is 
present) private and could not be screened for short of sequenc-
ing. Furthermore, knowledge of the specifi c mutation, or even 
that the gene defect is in the LDL receptor and not, for example, 
in apoB, has no direct impact on the clinical care of the patient. 
Therefore, in FH genetic screening is not recommended. One 
exception to this might be in prenatal diagnosis of homozygous 



FH. If both parents have heterozygous FH, the chance of a 
homozygous child is one in four. Knowledge of the specifi c 
mutations in each parent (which would require sequencing) 
could permit prenatal testing for these mutations. This same 
rationale and approach could be applied to other serious lipo-
protein disorders, for example, abetalipoproteinemia in which 
knowledge of the specifi c mutation(s) through sequencing could 
be used for prenatal diagnosis. 

 The one major exception in which genetic testing is clini-
cally recommended for diagnosis of lipid disorders is in the 
defi nitive diagnosis of FD (also called type III hyperlipopro-
teinemia). If this diagnosis is suspected on clinical grounds, it 
can be confi rmed by performing apoE genotyping (with a focus 

on the apoE2 polymorphism). The fi nding of homozygosity 
for apoE2/E2 in the appropriate clinical setting is diagnostic 
for FD, and may help with clinical management decisions and 
family counseling. Interestingly, clinical apoE genotyping gener-
ally includes typing for not only the apoE2 but also the apoE4 
polymorphism. This is not associated with FD, but is associated 
with Alzheimer ’ s disease, raising the issue of providing unwanted 
genetic prognostic information that has no immediate clinical 
utility and could impact on issues such as insurability if recorded 
in the medical record. Thus, while clinically appropriate, apoE 
genotyping should be performed only after careful considera-
tion, and ideally should be limited to typing for the apoE2 poly-
morphism when being done for diagnosis of FD.  

Progress continues to be made in applying the GWAS approach 
to the discovery of novel loci associated with variation in plasma 
lipid levels. Kathiresan et al. (2009) utilized approximately 
40,000 persons assembled from cohorts, case-control studies, and 
clinical trials to identify 30 distinct loci associated with lipopro-
tein concentrations (at a genome-wide signifi cant p value of �5 
�10	8), including 11 loci that had not previously been iden-
tifi ed as genome-wide signifi cant. The 11 newly defi ned loci 
included ABCG8, MAFB, HNF1A, and TIMD4 associated with 
LDL cholesterol; ANGPTL4, FADS1-FADS2-FADS3, HNF4A, 
LCAT, PLTP, and TTC39B associated with HDL cholesterol; 
and AMAC1L2, FADS1-FADS2-FADS3, and PLTP associ-
ated with triglycerides. ABCG8 and LCAT have been shown 
to cause Mendelian forms of dyslipidemia (sitosterolemia and 
LCAT defi ciency, respectively), further strengthening the con-
nection between loci for mendelian dyslipidemic syndromes 
and those with common variants of modest effect. Indeed, at 
least 11 of the 30 loci (ABCG8, LCAT, APOB, APOE, LDLR, 
PCSK9, CETP, LPL, LIPC, APOA5, and ABCA1) not only 
harbor common variants associated with variation in plasma lip-
ids but also low-frequency variants and/or rare mutations that 
cause mendelian syndromes. Finally, the use of an allelic dosage 
score suggested that the cumulative effect of multiple common 
variants contributes to polygenic dyslipidemia.

Aulchenko et al. (2009) studied over 20,000 persons from 
16 different population-based cohorts and identifi ed 22 dis-
tinct loci associated with plasma lipids including six new loci: 
ABCG5, TMEM57, DNAH11, and FADS3-FADS2 associated 
with total and/or LDL cholesterol and the CTCF-PRMT8 
region and MADD-FOLH1 region associated with HDL. 
Sex-specifi c differences in effect size were demonstrated for 
HMGCR, NCAN, and LPL. Allelic dosage scores were associ-
ated with carotid intima media thickness and CHD incidence. 
The genetic risk score improves the screening of high-risk 
groups of dyslipidemia over classical risk factors.

Sabatti et al. (2009) used the Northern Finland Birth 
Cohort 1966 for GWAS of lipid and other metabolic traits and 
identifi ed three new lipid loci: AR and FADS1-FADS2 with 

LDL cholesterol and NR1H3 (LXRA) with HDL cholesterol. 
A low-frequency (MAF � 0.017) variant in the AR was found 
to be associated with markedly increased LDL in males, associ-
ated with a mean LDL elevation of 28 mg/dl.

Low-frequency variants (0.5–5% allele frequency) are 
likely an important source of variation in plasma lipid levels 
but are rarely captured by genome-wide genotyping platforms. 
Pollin et al. (2008) found through a GWAS that about 5% of 
the Amish in Lancaster County are heterozygous for a null 
mutation (R19X) in the gene encoding apoC-III (APOC3), 
resulting in reduced plasma apoC-III and lower triglyceride 
and LDL-C levels and higher HDL-C levels. Furthermore, 
individuals with R19X had reduced coronary artery calcifi ca-
tion compared with noncarriers, consistent with a cardiopro-
tective effect of this rare variant.

Medical resequencing studies will be required to iden-
tify the majority of the low frequency variants and all of the 
rare variants (�0.5% allele frequency) that have a quantita-
tively large effect size on plasma lipids. As one example of this 
approach, Romeo et al. (2007) resequenced the coding region 
and proximal intronic regions of ANGPTL4 in a multiethnic 
sample of 3551 individuals and found an excess of nonsyn-
onymous variants in individuals with TG levels in the lowest 
quartile. One variant, E40K, was present in 3% of Caucasians 
and was associated with signifi cantly lower plasma levels of TG 
and LDL cholesterol (LDL-C) and higher levels of HDL cho-
lesterol (HDL-C) in two other large cohorts. More recently, 
Romeo et al. (2009) reported the resequencing of coding 
regions in the genes encoding the angiopoietin-like proteins 
(ANGPTL3, -5, and -6) and identifi ed multiple rare nonsyn-
onymous variants in ANGPTL3 and ANGPTL5 associated 
with low plasma TG levels. These studies have established that 
ANGPTL3, ANGPTL4, and ANGPTL5, but not ANGPTL6, 
play nonredundant roles in TG metabolism.

Resequencing of individuals ascertained on the basis of 
extreme lipid traits, rather than those from the tails of a nor-
mal distribution, may provide a more effi cient method of 
identifying rare mutations and low-frequency variants with 
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large effect sizes on lipid phenotypes. Edmondson et al. (2009) 
resequenced the LIPG gene encoding the enzyme endothe-
lial lipase in individuals with extremely high HDL-C levels 
and controls with relatively low HDL and found a signifi cant 
excess of rare variants in the high HDL group; analysis of vari-
ants created by site-directed mutagenesis proved them to be 
loss-of-function mutations. In addition, a low-frequency vari-
ant N396S was found to be highly associated with elevated 
HDL-C in multiple cohorts and within families and was also 
proven to have reduced lipolytic activity.

One of the critical questions regarding loci that infl uence 
plasma lipids is whether they also infl uence risk of CHD. This 
question can be addressed using mendelian randomization. The 
key concept is that if a locus altering plasma lipid level is causal 
for CHD, then gene variants at that locus would also be asso-
ciated with CHD in a manner consistent with the effect on 
lipids. Willer et al. (2008) tested whether SNPs associated with 
LDL cholesterol, HDL cholesterol, or triglycerides also related 
to risk for CHD. Interestingly, they observed that nearly all 
variants related to LDL cholesterol were associated with CHD 
but that this was not the case for variants related to HDL cho-
lesterol or triglycerides. This observation raises the provoca-
tive hypothesis that only certain genetic mechanisms that alter 
plasma HDL cholesterol or triglycerides affect risk for CHD.

Testing this hypothesis for the CETP locus is of particular 
interest as drug development programs targeting this protein are 
ongoing. Thompson et al. (2008) conducted a meta-analysis of 
studies reporting on the relationship between CETP gene vari-
ants, HDL cholesterol, and risk for CHD. They observed that 
CETP variants that increase HDL cholesterol modestly reduced 
the risk for CHD. Ridker et al. (2009) reported similar fi ndings 
in a prospective cohort study. These studies are important, as they 
suggest that the HDL-raising effect of reduced CETP expression 
may reduce cardiovascular risk, albeit modestly. Even larger stud-
ies are needed to defi nitively evaluate whether genetic loci which 
affect HDL cholesterol or triglycerides in turn alter risk for CHD.

The explosion of GWAS for lipid traits and related phe-
notypes (such as response to lipid-lowering therapy) has the 
potential to impact on the evolution of “personalized medi-
cine.” For example, genetic risk score based on the counting of 
the number of “adverse” alleles infl uencing lipids may enhance 
risk prediction compared with measurement of lipids alone 
(Kathiresan et al., 2008). Furthermore, genetic information 
could infl uence treatment decisions. For example, a GWAS 
study of statin myopathy performed in the SEARCH study 
of two different doses of simvastatin revealed a highly signifi -
cant association with a locus encoding the organic ion trans-
porter SLCO1B1 responsible for transporting simvastatin into 
the liver (Link et al., 2008). Carriers of the rare allele were at 
signifi cantly increased risk of statin myopathy and also had a 
reduced response with regard to LDL lowering. In concept, 
genotyping for this allele could infl uence the choice of type or 
dose of statin to reduce the risk of myopathy. The coming year 
will see a large number of studies addressing the genetic deter-
minants of the response to lipid-altering therapy.

Finally, several GWASs focused directly on atheroscle-
rotic cardiovascular disease phenotypes have been reported 
and in sum, they have identifi ed �14 loci for MI or CHD 
(at genome-wide levels of signifi cance) (Erdmann et al., 2009; 
Gudbjartsson et al., 2009; Kathiresan et al., 2009; Ozaki et al., 
2009; Tregouet et al., 2009). For example, in the largest of these 
studies, the Myocardial Infarction Genetics Consortium found 
nine loci associated with early-onset MI with genome-wide 
signifi cance:21q22 near MRPS6-SLC5A3-KCNE2, 6p24 in 
PHACTR1, 2q33 in WDR12, 9p21, 1p13 near CELSR2-
PSRC1-SORT1, 10q11 near CXCL12, 1q41 in MIA3, 19p13 
near LDLR, and 1p32 near PCSK9. Of note, fi ve of the 14 
loci defi ned in recent studies have been previously related to 
LDL cholesterol; these include LDLR, PCSK9, 1p13 near 
CELSR2-PSRC1-SORT1, TCF1, and LPA. These results 
further strengthen the now unequivocal causal relationship 
between LDL cholesterol and CHD.
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INTRODUCTION
Despite advances in screening and treatment, coronary artery 
disease (CAD) and myocardial infarction (MI) remain the lead-
ing causes of death in the world (Bonow et al., 2002). The glo-
bal economic implications of MI are staggering, with the 2006 
estimated cost of CAD at over $142 billion in the United States 
alone (Thom et al., 2006). The economic consequences are par-
ticularly felt in developing countries which account for 80% of 
the burden of cardiovascular disease and where resources for pre-
vention and access to treatment are limited (Yusuf et al., 2004). 
Therefore, a better understanding of the molecular mechanisms 
that impart risk would have a dramatic economic effect by 
allowing earlier detection of individuals at highest risk and tar-
geting preventive therapies to individuals most likely to benefi t.

Advanced atherosclerotic disease can lead to the formation 
of large lesions that can encroach upon the lumen of the coro-
nary vasculature and result in ischemic injury and even infarction 
when myocardial oxygen demand is high. However, the cata-
strophic consequences of CAD are generally related to acute MI 
due to the rupture of vulnerable plaques and subsequent occlusive 
thrombosis. Although there is a high prevalence of atherosclerotic 
coronary disease worldwide, only a fraction of patients with this 
disease progress to having an acute MI. Although a number of 
risk factors have been shown to contribute to the development 
of cardiovascular disease, a family history of CAD remains one of 
the most powerful independent predictors of risk, which suggests 
a signifi cant genetic component to the disease. Several linkage 
studies suggest that the genes responsible for plaque rupture and 

thrombosis may differ from the genes responsible for atheroscle-
rotic disease progression, which may account for this discrepancy.

PREDISPOSITION

Genetic Infl uence on Risk of MI
Data from the Swedish Twin Registry (Lichtenstein et al., 2002) 
have been used in several studies to establish the moderate but 
signifi cant effect of genetic factors on the relative risk of death 
due to CAD. Monozygotic twins have a signifi cantly higher rel-
ative risk of death from CAD than dizygotic twins even when 
outcomes are adjusted for the effects of conventional risk factors 
associated with CAD (Marenberg et al., 1994; Zdravkovic et al., 
2004). Even among siblings who are affected by MI the angio-
graphic location of disease is remarkably concordant (Fischer 
et al., 2005). The molecular events that lead to plaque rup-
ture and acute MI are likely infl uenced by a host of intricately 
related genetic factors involved in a variety of cellular processes 
such as the infl ammatory cascade, extracellular matrix regulation, 
apoptosis and lipid metabolism. Advances in molecular biology 
have provided us with an array of tools to begin elucidating the 
genetic factors underlying these diverse mechanisms.

A signifi cant number of genes involved in the infl ammatory 
cascade are clustered on the short arm of chromosome 6p21 in 
the major histocompatibility complex region. A review of the 
available literature regarding polymorphisms of genes (TNF-
alpha, lymphotoxin-alpha, HLA-DR, heat shock protein 70-1, 
hemochromatosis gene and C4) in this region points out the 
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variability in the results to date (Porto et al., 2005). In most cases 
the strong linkage disequilibrium among these genes appears 
to point to a complex haplotypic pattern of cardiovascular risk 
rather than a single genetic variant.

Atherosclerotic plaque instability is a central concept in the 
current theories of the process of plaque rupture. The matrix 
metalloproteinase (MMP) gene family has been implicated in the 
development of unstable plaques. The proteins MMP-1, 2, 3, 7, 8, 
9, 12, 13 and 14 are all expressed in atherosclerotic plaques (Faber 
et al., 2002). Upregulation of MMP-9 by a functional polymor-
phisms in the promoter region of the gene was shown to corre-
late with an increase in angiographically signifi cant CAD (Zhang 
et al., 1999). Also expressed in plaques are the tissue inhibitors of 
metalloproteinases (TIMPs), which bind and inhibit the activ-
ity of MMPs. Upregulation of TIMP-1 and TIMP-2 expres-
sion in human saphenous vein cultures resulted in a reduction 
of neointimal thickening (George et al., 1998a, b). The balance 
between MMPs and TIMPs affects overall plaque stability such 
that derangements in the regulation of this process may lead to 
plaque rupture and MI.

Genome-wide Scans for Linkage
Several genome-wide scans have been performed on diverse 
ethnic populations in order to identify genes responsible for 
the development of CAD (Table 24.1). In a Finnish population, 
loci that correlated with CAD were identifi ed on chromosomes 
2q21.1–22 (LOD � 3.2) and Xq23-26 (LOD � 3.5) (Pajukanta 
et al., 2000). In a northeastern Indian population, a site on chro-
mosome 16p13-pter (LOD � 3.06) was suggestive for CAD 
(Francke et al., 2001). In an Australian population, a locus on 
chromosome 2q36-37.3 (LOD � 2.63) was found to signifi -
cantly correlate with the presence of CAD (Harrap et al., 2002). 

A whole genome scan of 1406 individuals from 513 German 
families with a history of early CAD or MI identifi ed a locus for 
MI on chromosome 14q12.3-13.0 (LOD � 3.9) (Broeckel et al.,
2002). The diversity in loci identifi ed by these studies may be due 
in part to the phenotypic inconsistencies, diversity of the ancestry 
of the populations, and inadequate statistical power.

The GENECARD study was a genome-wide scan for 
genetic regions linked to early-onset CAD in over 400 families 
with a history of early-onset CAD (Hauser et al., 2004). This anal-
ysis identifi ed a region on chromosome 3q13 (LOD � 3.5) that 
was associated with early-onset CAD. Other regions of chromo-
some 3q have been associated with CAD in three earlier studies 
(Broeckel et al., 2002; Francke et al., 2001; Harrap et al., 2002). 
The Diabetes Heart Study also identifi ed linkage of this region of 
chromosome 3q13 with CAD in type 2 diabetics (Bowden et al., 
2006).

A genome-wide scan for susceptibility genes for MI in a 
population of European-American ancestry from 428 multiplex 
families with familial premature CAD and MI identifi ed a sig-
nifi cant locus for MI on chromosome 1p34-36 (LOD � 11.68) 
but did not detect a signifi cant locus for CAD (Wang et al., 
2004). The chromosome 1p34-36 locus contains the gene for 
connexin-37 (CX37), which is a gap junction protein expressed 
in the arterial endothelium and is involved in vascular growth, 
aging and regeneration after injury. The C allele of the CX37 
SNP P319S has previously been shown to be associated with 
CAD in a Taiwanese population, as well as carotid intima thick-
ening in Swedish men (Boerma et al., 1999; Yeh et al., 2001). 
The T allele of this same CX37 SNP has also been associ-
ated with risk for MI in a case-control study of Japanese men 
(Yamada et al., 2002). Whether connexin-37 or another gene(s) 
accounts for the linkage peak remains unresolved.

T A B L E  2 4 . 1   Genome-wide scans for CAD/MI

Study (ref.), year Population No. of families Mean age (years) Locus/Loci Candidate gene

Pajukanta et al. (2000) Finnish 156 �55 2q21, Xq23 NTD

Francke et al. (2001) Mauritian 99 47 16p13 NTD

Broeckel et al. (2002) European 513 52 14q32 NTD

Harrap et al. (2002) Australian 61 62 2q36 NTD

Ozaki et al. (2002) Japanese 1133 62.5 6p21 LTA

Wang et al. (2004) American 428 44 1p34-36 CX37

Hauser et al. (2004); 
Connelly et al. (2006)

European-American 438 �56 3q13 GATA2

Helgadottir et al. (2004) Icelandic 296 13q12-13 ALOX5AP

WTCCC (2007); Helgadottir 
et al. (2007); McPherson 
et al. (2007); Samani et al. 
(2007)

European, Icelandic, 
American

9p21 NTD

CX37 � connexin-37; LTA � lymphotoxin alpha; GATA2 � GATA2 transcription factor; ALOX5AP � arachidonate 5-lipooxygenase-activating 
protein; NTD � none to date.
Reproduced with permission from Topol (2005) with modifi cation.



Accordingly, studies are targeting the smaller population 
of individuals with CAD who ultimately suffer MI. Evidence 
is mounting that some of the genes responsible for progression 
to MI may differ from the genes responsible for CAD. Although 
multigenetic interactions are likely responsible for the major-
ity of cardiovascular risk, some exceptions have more recently 
been described with fi ndings of signifi cant risk being directly 
attributable to variants in a single gene. The development 
of the International Haplotype Map is allowing research-
ers to utilize single nucleotide polymorphisms (SNP) to hone 
in on the areas of interest identifi ed by linkage studies and 
identify specifi c genes that are associated with CAD and MI 
(Table 24.2).

Association Studies
The GENEQUEST study was the fi rst high-throughput SNP 
study of individuals with premature MI (Topol et al., 2001). This 
study examined 72 SNPs of 62 vascular genes in 398 families 
identifi ed three members of the thrombospondin (TSP) gene 
family of matricellular proteins, TSP-1, -2 and -4, which were 
associated with familial premature MI. The fi ndings of signifi -
cant association of TSP-2 and TSP-4 with premature MI have 
subsequently been replicated in other studies and by different 
investigators (Boekholdt et al., 2002; McCarthy et al., 2004; 
Wessel et al., 2004).

The TSP-1 SNP results in a substitution of serine for asparag-
ine at residue 700 of the protein and although rare (1% frequency), 

T A B L E  2 4 . 2   Specifi c genes associated with MI risk

Study (ref.), year Gene SNP Estimated Risk

Topol et al. (2001) TSP-1
TSP-2
TSP-4

N700S
3’UTR region
A387P

OR 11.9, p � 0.041
OR 0.31, p � 0.0018
OR 1.89, p � 0.002

Wang et al. (2003) MEF2A D15S120 OR/RR/HR not 
available

Yamada et al. (2002) CX37
PAI-1 
Stromelysin-1

C1019T
4G-668/5G
5A-1171/6A

OR 1.4, p � 0.002
OR 1.6, p � 0.001
OR 4.7, p � 0.001

Ozaki et al. (2002) LTA T26N
A252G

OR 1.78, p � 0.001
OR 1.69, p � 0.001

Ozaki et al. (2004) Galectin-2 C3279T OR 1.57, p � 0.001

Helgadottir et al. (2004) ALOX5AP HapAa RR 1.8, p � 0.001

Shiffman et al. (2005) ROS1
Palladin 
TAS2R50
OR13G1

rs619203
rs12510359
rs1376251
rs1151640

OR 1.23, p � 0.012
OR 1.25, p � 0.0028
OR 1.28, p � 0.0018
OR 1.19, p � 0.013

Helgadottir et al. (2006) LTA4H HapKa European-Americans:
RR 1.31, p � 0.037 
African-Americans:
RR 4.39, p � 0.008

Ozaki et al. (2006) PSMA6 rs1048990a OR 1.36, p � 0.002

Cohen et al. (2006) PCSK9 Nonsense variant:
Y142X
C679X
Missense variant:
R46L

HR 0.11, p � 0.03
HR 0.5, p � 0.003

Connelly et al. (2006) GATA2 rs2713604a

rs3803a
OR 1.5, p � 0.011
OR 0.7, p � 0.028

Shiffman et al. (2006) VAMP8
HNRPUL1

rs1010
rs11881940

OR 1.75, p � 0.025
OR 1.92, p � 0.0043

TSP � thrombospondin; MEF2A � myocyte-enhancing factor 2A; CX37 � connexin-37; PAI-1 � plasminogen acti-
vator inhibitor type-1; LTA � lymphotoxin alpha; ALOX5AP � arachidonate 5-lipooxygenase-activating protein; 
LTA4H � leukotriene A4 hydrolase; PSMA6 � proteasome subunit  type 6; PCSK9 � proprotein convertase subtilisin/
kexin type 9 serine protease; HapA � 4 SNP HapA haplotype; HapK � 10 SNP HapK haplotype; GATA2 � GATA2 tran-
scription factor; VAMP8 � vesicle-associated membrane protein 8; HNRPUL1 � heterogeneous nuclear ribonucleo-
protein U-like 1; OR � odds ratio; RR � relative risk; HR � hazard ratio.
aIndicates validated in more than one cohort.

Predisposition ■  291



292 CHAPTER 24 ■■  Genomics of Myocardial Infarction

homozygous individuals had the highest association with MI 
(OR � 8.66). The TSP-1 SNP has been shown functionally 
to increase surface expression and platelet aggregation, which 
may account for its high association with MI (Narizhneva et al., 
2004) (Figure 24.1). The TSP-4 SNP is more common with the 
minor allele present in over 30% of individuals and confers a 
near twofold risk of MI (OR � 1.89). The TSP-4 SNP results in 
a substitution of proline for alanine, which has been correlated 
with gain-of-function, proatherogenic effects by interfering with 
endothelial cell adhesion and proliferation (Stenina et al., 2003) 
(Figure 24.2), along with activation of neutrophils (Pluskota 
et al., 2005).

Another gene that has been identifi ed as a heritable risk for 
MI is the gene for the transcription factor myocyte-enhancing 
factor 2A (MEF2A) (Wang et al., 2003). In a large pedigree 
study of a family with a history of premature CAD and MI, 
a genome-wide scan identifi ed a locus on chromosome 15q26 
that was highly associated with risk (Figure 24.3). An analysis 
of the candidate genes in this area revealed a 21-bp deletion 

mutation in exon 11 of the MEF2A gene that imparts an auto-
somal dominant inheritable risk of MI. This deletion was shown 
to prevent localization of MEF2A in the nucleus and disrupts 
transcription. A subsequent study of over 400 nonrelated MI 
cases and controls found MEF2A nonsynonymous point muta-
tions in exon 7 in MI cases but not controls (Bhagavatula et 
al., 2004). These point mutations also appear to limit the tran-
scription activity of MEF2A and provide further evidence of 
the importance of this gene in the development of CAD and 
risk for MI.

Recently, further analysis of the GENECARD data has 
identifi ed two SNPs in the 3� untranslated region of the tran-
scription factor GATA2 gene as being signifi cantly associ-
ated with early-onset CAD (Connelly et al., 2006). GATA2 
is expressed in hematopoietic stem cells but also in locations 
susceptible to the development of atherosclerosis such as aor-
tic endothelial cells and smooth muscle cells. The association 
of the GATA2 SNPs with early-onset CAD was identifi ed 
fi rst in the familial early-onset CAD cohort of GENECARD 

(A387) TSP-4 (A387) TSP-4

Figure 24.2  Effect of TSP-4 variants on adhesion of HUVECs. Cells were plated on plastic preincubated with purifi ed TSP-4 vari-
ants (50,000 cells/well of 24-well plate) and photographed after 24 h of culture. The presence of the P387 variant interferes with 
HUVEC cell binding and proliferation. (Reproduced with permission from Stenina et al., 2003.)
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Figure 24.1  TSP-1 variants and platelet aggregation: (a) Platelet aggregation in the absence (curve 1) or presence (curve 2) of TSP-1 
variant Asn-700 induced by 20 �M ADP and monitored by decreased light transmission. (b) Aggregates of ADP-stimulated platelets in 
the absence (panel 1) or presence (panel 2) of purifi ed rTSP-1 at 100 �M. (Reproduced with permission from Narizhneva et al., 2004.)
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Figure 24.3  MEF2A intragenic deletion cosegregates with CAD in kindred QW1576. The pedigree shows genetic status: �indicates 
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proband is indicated by an arrow and deceased individuals are indicated by a slash (/). (Reproduced with permission from Wang 
et al., 2003.)
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and was subsequently validated in a separate nonfamilial young 
affected CAD case-control cohort. The functional signifi cance 
of the GATA2 SNPs is unknown, but these fi ndings suggest that 
GATA2 regulated genes may be signifi cantly involved in early-
onset CAD and its progression.

A number of infl ammation-mediating molecules, such as the 
cytokine lymphotoxin-alpha (LTA), have been implicated in the 
process of plaque rupture. A massive genome-wide SNP study of 
Japanese patients analyzed over 65,000 SNPs in 13,738 genes and 
found 2 functional SNPs in the LTA gene that were highly asso-
ciated with risk of MI (Ozaki et al., 2002) (Figure 24.4). These 
SNPs were shown to increase expression of vascular cell adhe-
sion molecule and E-selectin which creates a proinfl ammatory 
environment. The PROCARDIS Consortium later confi rmed 
the association of a functional allele of LTA (N26 [804A]) with 
CAD in white Europeans (2004).

LTA protein binds to galectin-2, a member of the galactose-
binding lectin family, and this binding is critical for the extracel-
lular expression of LTA. Recently a SNP in LGALS2 encoding 
galectin-2 has been shown to be signifi cantly associated with sus-
ceptibility to MI by affecting the transcriptional level of galectin-2 
leading to altered secretion of LTA (Ozaki et al., 2004). LTA and 
galectin-2 were shown to be expressed in smooth muscle cells 
and macrophages in the intima of atherosclerotic plaques but not 
in normal medial smooth muscle cells. The TT allele of galectin-2 
was shown to confer protection while the CC allele confers sus-
ceptibility to MI (Ozaki et al., 2004).

A key regulator of the infl ammatory cascade, the 26S ubi-
quitin-proteasome system, has also recently been implicated in 
susceptibility to MI, further emphasizing the role of infl amma-
tion in the pathogenesis of MI. A SNP (exon 1-8C/G) located 
in the 5� untranslated region of exon 1 of the proteasome subu-
nit � type 6 (PSMA6) gene was identifi ed in a whole-genome 
case-control association study of Japanese patients as being sig-
nifi cantly associated with MI (OR � 1.36) (Ozaki et al., 2006). 
The exon 1 -8C/G SNP was shown to alter the transcription 
levels of the PSMA6 gene both in vitro and in vivo. The PSMA6 

gene codes for an � subunit of the 20S proteasome, which is 
the core particle for the 26S ubiquitin-proteasome system that 
degrades I�B protein. I�B inhibits the activation of the nuclear 
factor �B (NF-�B) which regulates the expression of many 
genes in the infl ammatory pathway.

A recent genome-wide association study not limited to 
candidate genes examined 11,053 SNPs in 6891 genes and 
found four gene variants that were associated with MI. These 
gene variants encode a tyrosine kinase (ROS1 [OR 1.75]), the 
cytoskeletal protein paladin (KIAA0992 [OR 1.40]), and two 
G protein–coupled receptors (TAS2R50 [OR 1.58] and 
OR13G1 [OR 1.40]). At this point, the underlying biological 
mechanism for these associations is unknown and warrants fur-
ther investigation, which could yield new therapeutic strategies 
(Shiffman et al., 2005). The same group published a genome-wide 
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Figure 24.4  Functional SNPs of LTA gene. (a) Transcriptional 
regulatory activity is affected by the SNP in Intron 1 of LTA 
(252A → G) as measured by relative luciferase activity (*p � 0.01); 
(b) Induction of adhesion molecules such as VCAM1 is differentially 
affected by 26Asn-LTA and 26Thr-LTA in HCASMC cultures 
following treatment with medium only (white) or with 20 ng/ml 
of 26Thr-LTA (gray) or 26Asn-LTA (black) for 4 h (*p � 0.01). 
(Reproduced with permission from Ozaki et al., 2002.)
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association study for early-onset MI and identifi ed a platelet 
degranulation gene – VAMP8 – as having an odds ratio of 1.75 
in 3 separate cohorts (Shiffman et al., 2006).

Adding to the complexity of the molecular landscape of 
CAD and MI is the fi nding of an untranslatable but presumably 
functional RNA transcript that has been associated with MI in 
a large case-control GWAS using 52,608 SNPs in a cohort of 
Japanese patients (Ishii et al., 2006). This functional RNA has 
been designated the myocardial infarction associated transcript 
(MIAT), and one SNP in exon 5 was shown to affect transcrip-
tional levels of the gene. The mechanism by which this RNA 
transcript contributes to susceptibility to MI remains to be 
identifi ed but examples of other noncoding functional RNA 
molecules have been demonstrated to infl uence important tran-
scriptional processes in other models of disease.

The Leukotriene Pathway
More recently, variants of the arachidonate 5-lipoxygenase-
activating protein (ALOX5AP) gene have been shown to con-
fer a signifi cant risk for MI. ALOX5AP plays a key role in the 
infl ammatory leukotriene biosynthetic pathway. A genome-wide 
scan of 296 Icelandic families identifi ed a four-SNP haplo-
type, called HapA, in the ALOX5AP gene that confers a nearly 
twofold risk of MI and stroke (Helgadottir et al., 2004). This 
association was further verifi ed in a cohort of British patients 
with another haplotype, called HapB, of the ALOX5AP gene 
which also conferred a nearly twofold risk of MI. Individuals 
with these at-risk haplotypes were shown to have a signifi cantly 
increased neutrophil production of leukotriene B4 (LTB4) sup-
porting the role of this gene in the infl ammatory process impli-
cated in atherosclerosis and plaque rupture.

Another gene in the same leukotriene biosynthetic path-
way as ALOX5AP has recently been implicated in risk of MI. 
A study of 1553 Icelandic individuals with history of MI dem-
onstrated that a haplotype, called HapK, of the leukotriene A4 
hydrolase (LTA4 H) gene was associated with a relative risk of 
1.45 (p � 0.035) for MI and additional cardiovascular disease 
(Helgadottir et al., 2006). This association was also confi rmed in 
three separate cohorts from the United States population. The 
HapK haplotype was also shown to correlate with increased 
neutrophil production of LTB4. Of further interest, in the 
United States cohorts tested the relative risk of MI for African-
American carriers of the HapK haplotype was much higher 
(RR � 3.57) although the haplotype was less frequent in this 
population. This suggests that the LTA4 H variant may interact 
with other gene variants more common in African-Americans, 
although to date these other gene variants have yet to be 
determined.

PCSK9 – A Key Player in LDL Cholesterol Receptor 
Modulation
Genetic variations in the proprotein convertase  subtilisin/kexin 
type 9 serine protease (PCSK9) gene have been shown to 

reduce LDL cholesterol levels. The results of a  massive 15 year 
 longitudinal study of nonsense and  missense genetic variants of 
PCSK9 were recently published (Cohen et al., 2006). The pres-
ence of a nonsense mutation (2.6% of the African-American 
cohort) was associated with a 28% reduction in mean LDL cho-
lesterol and an 88% reduction in risk of cardiovascular events 
(p � 0.008; HR � 0.11) (Figure 24.5). The presence of a missen-
sevariation of PCSK9 was associated with a relatively lower 15% 
reduction in LDL cholesterol and a 47% reduction in cardio-
vascular risk (p � 0.003; HR � 0.50). Nonsense mutations of 
PCSK9 were rare (6 of 9537 subjects) in the Caucasian cohort. 
This study elegantly demonstrates two important concepts. First, 
ethnic background can be used as a crude marker to identify 
patients with underlying genetic susceptibilities. Secondly, the 
benefi ts conveyed by modifi cation of known conventional risk 
factors such as LDL cholesterol levels are likely determined by 
underlying genetic mechanisms and inheritable susceptibilities.

Chromosome 9p21 Identifi ed as a Hotspot for 
Risk of MI
One of the most exciting developments in the fi eld of 
 cardiovascular genomics is the recent discovery of a strong 
 association of a region of chromosome 9p21 with MI. What 
makes this discovery so important is that it has been repli-
cated in four separate GWAS spanning multinational cohorts 
including thousands of cases and controls (Helgadottir et al., 
2007; McPherson et al., 2007; Samani et al., 2007; WTCCC, 
2007). These studies have shown that over 20% of Caucasians 
are homozygous for this genetic variation and that it carries a 
greater than 20–30% risk of MI.

The chromosome 9p21 region of interest contains the genes 
for two cyclin-dependent kinase inhibitors, CDKN2A (p16INK4a) 
and CDKN2B (p15INK4b). These genes are involved in cell cycle 
regulation, and CDKN2B expression is induced by TGF-�, which 
may play a role in the pathogenesis of atherosclerosis. Another 
gene in this region is methylthioadenosine phosphorylase, which 
is involved in adenine and methionine salvage. Further adding to 
the excitement surrounding this area is the additional fi nding of 
an association of this 9p21 region with type 2 diabetes mellitus, 
which is a strong conventional risk factor for CAD and MI and 
suggests a common mechanism of risk for these diseases (Saxena 
et al., 2007; Scott et al., 2007; Zeggini et al., 2007). However the 
SNPs which have been associated with CAD and MI are not 
within these genes, and to date it is not clear what the mechanism 
is by which these genetic variations might infl uence susceptibility 
to CAD and MI.

It is important to note that in each GWAS there were fi nd-
ings of loci of interest that were not replicated in the other stud-
ies. This demonstrates the need for cautious interpretation of the 
fi ndings from a single GWAS and the critical need for replica-
tion of fi ndings by independent validation studies. The elucida-
tion of the association between chromosome 9p21 and MI is 
an elegant example of the degree of scrutiny required for the 
investigation of other GWAS fi ndings.



Conventional Risk Factors and Environmental 
Infl uences
Although genetic factors may play a signifi cant role in the devel-
opment of CAD and MI, the fact is that 80–90% of patients 
with CAD have conventional risk factors such as hypertension, 
hyperlipidemia, diabetes mellitus or cigarette smoking (Khot 
et al., 2003). Environmental infl uences such as diet have also 
been shown to play an important role in the development of 
CAD as well. Results of the Nurse’s Health Study demonstrated 
trans-fat intake was associated with increased risk of CAD, 
whereas there was an inverse association with polyunsaturated 
fat intake (Oh et al., 2005).

What remains to be determined is to what extent the 
effect of these conventional risk factors and environmental 
infl uences is dependent upon underlying genetic interactions. 
It has been shown that increased dietary arachidonic acid sig-
nifi cantly enhanced atherogenesis in carriers of variant 5-
 lipoxygenase genotypes, whereas increased dietary intake of n-3 
fatty acids appeared to reduce atherogenesis in this population 
(Dwyer et al., 2004). As mentioned previously, carriers of non-
sense and missense mutation of the PCSK9 gene show signifi -
cantly reduced levels of LDL cholesterol and enjoy a protective 
benefi t against cardiovascular risk (Cohen et al., 2006). This 
suggests that susceptibility to conventional risk factors may 
ultimately depend upon complex genetic and environmental 
interactions.

SCREENING STRATEGIES
Currently, screening for cardiovascular risk is based on various 
models that incorporate gender, age, ethnicity and behavioral 
and disease risk factors. Obviously, risk associated with gender 
and ethnicity imply a genetic component, but it is likely that the 
susceptibility to behavioral and disease risk factors is also based 
on genetic heritability.

Ongoing whole-genome SNP association studies will lay 
the groundwork for more extensive and defi nitive identifi cation 
of SNPs and haplotypes associated with MI. These haplotypes 
will likely allow us to identify patients at increased risk for CAD 
and MI before the onset of disease and regardless of exposure to 
conventional risk factors.

The identifi cation of genetic susceptibility traits will allow 
for more accurate risk stratifi cation of patients than is achievable 
with current clinical models. The presence of a particular trait 
may carry such signifi cant risk as to directly identify patients at 
risk, as is the case for BRCA1 gene variant carriers who are at 
high risk for breast and ovarian cancer. More commonly a genetic 
trait may be integrated into the risk assessment calculation of 
more conventional models to improve the accuracy of the risk 
prediction.

Early identifi cation of patients at risk can prompt risk fac-
tor modifi cation and early genetically tailored pharmacological 
interventions, which could greatly decrease the morbidity and 
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mortality associated with these diseases. Future models of car-
diovascular risk will likely be based on these complex multige-
netic and environmental interactions. However, the technical 
diffi culties and fi nancial burden associated with genetic analysis 
must be overcome before these traits can be economically and 
effi ciently incorporated into every day clinical practice.

Although genetic variation can result in the presence or 
absence of a particular protein and thereby result in a disease 
state, it is more common that these variants result in differen-
tial expression of a particular protein. For example, a SNP in 
LGALS2 has been associated with increased risk of MI (Ozaki 
et al., 2004). The LGALS2 SNP encodes for the protein galectin-2 
and results in alterations in the transcriptional levels of galectin-2
which binds to LTA. This could result in altered levels of LTA 
secretion and intravascular infl ammation which is thought to be 
associated with CAD and MI. The expression levels of a number 
of other proteins, such as C-reactive protein, have also been 
shown to correlate with risk of MI and it is certain that these 
expression levels are similarly genetically determined. Findings 
such as these may lead to the development of protein-based 
assays, which are faster and more economical than DNA analysis 
and are more amenable to every day clinical use.

PROGNOSTIC IMPLICATIONS OF MI

Heart Failure and Ventricular Remodeling
Greater than 20% of patients treated for initial MI will develop 
acute heart failure and the incidence increases with recurrent MI. 
Post-MI heart failure conveys a three- to sixfold increase in risk 
of death and is the result of the complex processes of myocar-
dial necrosis and ventricular remodeling. Studies have shown that 
female gender as well as complex phenotypic traits, such as hyper-
tension and diabetes, is associated with increased risk of post-MI 
heart failure, which suggests a genetic component to the process. 
The incidence of post-MI heart failure has been shown to decrease 
dramatically 8 days after MI (Thomas et al., 2005). Identifi cation of 
the early molecular mechanisms responsible for the development 
of post-MI heart failure may yield targets for future therapies.

Risk for Repeat Myocardial Infarction
A recent analysis of atherosclerosis-related gene SNPs in 1586 
Japanese patients from the Osaka Acute Coronary Insuffi ciency 
Study revealed that G allele carriers at the position 252 of the 
LTA gene were independently associated with an increased risk of 
death after acute MI compared to noncarriers who also suffered 
acute MI as well as recurrent MI when (hazard ratio � 2.46; 95% 
CI � 1.24–4.86) (Mizuno et al., 2005). This study would suggest 
that although risk for MI may be a function of multiple genetic 
polymorphisms, the presence of a select group of polymorphisms 
may confer an even higher risk for carriers. A better understand-
ing of the functional infl uences of these polymorphisms as they 
are discovered will allow for more accurate risk stratifi cation.

Response to Post-MI Medical Therapy
Administration of �-blocker therapy post-MI has been shown 
to reduce infarct size and mortality, however all patients may not 
derive equivalent benefi t. A recent prospective study of response 
to �-blocker therapy in patients with two common polymor-
phisms of the � 2-adrenergic receptor demonstrated a signifi cant 
difference in 3-year survival which was genotype specifi c (Lanfear 
et al., 2005). Similar results have previously been shown for risk of 
incident coronary events (Heckbert et al., 2003). Genetic mark-
ers such as these may allow us to discriminate between treatment 
responders and nonresponders and should allow for individualized 
therapies as well as better risk stratifi cation.

PHARMACOGENOMICS OF MI

HMG-CoA Reductase Inhibitors
HMG-CoA reductase inhibitors, commonly referred to as 
“statins”, reliably lower atherogenic lipoproteins and have been 
shown to decrease the incidence of MI in numerous studies 
(Davidson, 2005; Schwartz et al., 2005). These drugs have also 
been shown to have signifi cant anti-infl ammatory effect and 
lower serum levels of infl ammatory markers such as C-reactive 
protein (Ridker et al., 1999). These effects appear to correlate 
with a reduction in the rate of atherosclerotic plaque progres-
sion and possibly even plaque regression (Ridker et al., 2005; 
Nissen et al., 2005; Nissen et al., 2006).

Studies have also suggested an effect of statin therapy on 
ventricular remodeling post-MI. Simvastatin was shown to 
reduce the incidence of heart failure in patients with CAD in 
a retrospective analysis of the Scandinavian Simvastatin Survival 
Study (4S) trial (Kjekshus et al., 1997). However, this fi nding 
was not replicated with the use of pravastatin in the CARE 
study (Lewis et al., 2003).

Although overall signifi cant benefi t has been demonstrated 
with the use of statin therapy, considerable interindividual varia-
tion exists in the response to statin therapy. It is likely that genetic 
factors are responsible for this variation in individual response. 
Multiple genes have been implicated as potential modulators of sta-
tin response but few of the fi ndings have been replicated (Kajinami 
et al., 2004). Identifi cation of genetic haplotypes that correlate with 
increased response to statin therapy will allow responsive individu-
als to be targeted for therapy while nonresponders may avoid the 
side effects of a nonbenefi cial and costly therapy.

Antiplatelet Therapies
Aspirin Resistance
Aspirin irreversibly binds cyclooxygenase, which plays a key 
role in the process of platelet aggregation. The benefi t of aspirin 
antiplatelet therapy for the reduction of all-cause mortality, non-
fatal MI and recurrent MI has been well established (Antiplatelet 
Trialists Collaboration, 2002). However, not all patients appear 
to receive equal benefi t from aspirin therapy and have been 



classifi ed as aspirin resistant. Several mechanisms of aspirin resist-
ance have been proposed but one of the most studied mecha-
nisms involves polymorphisms of the IIIa subunit of the platelet 
glycoprotein IIb–IIIa receptor, which is the fi nal common path-
way in platelet aggregation. The PLA2 polymorphism of the 
glycoprotein IIb–IIIa receptor is present in over 30% of patients 
with CAD. Heterozygous carriers of the PLA2 allele have also 
been shown to be aspirin resistant (Cooke et al., 2006; Hanjis et 
al., 2006). This polymorphism may represent a genetic compo-
nent for aspirin resistance, and there are likely others that may 
affect other steps in the platelet activation cascade. Recently a 
signifi cant association with a synonymous SNP in the platelet 
gene for the adenosine 5-diphosphate (ADP) receptor P2Y1 was 
found in an aspirin-resistant population (Jefferson et al., 2005). 
Identifi cation of patients with gene-mediated aspirin resistance 
could further reduce the incidence of MI by the use of different 
antiplatelet therapies in this population.

Clopidogrel Resistance
One of the major advances in the treatment of acute MI has 
been the use of the ADP receptor antagonist clopidogrel. ADP is 
released by activated platelets and by binding to the platelet P2X1, 
P2Y1 and P2Y12 receptors greatly accelerates platelet aggrega-
tion. Clopidogrel irreversibly binds the P2Y12 receptor and blunts 
ADP-mediated platelet aggregation. However, just as is the case 
with aspirin therapy, there is signifi cant interpatient variability in 
the response to clopidogrel. One suggested mechanism for this 
difference in response is polymorphisms of the P2Y12 recep-
tor gene. Although the known mutations of this gene have been 
shown to result in congenital bleeding disorders, one study has 
identifi ed a polymorphism in healthy subjects that was associ-
ated with increased platelet response to ADP stimulation as well as 
peripheral artery disease (Fontana et al., 2003). Also, clopidogrel is 
a prodrug that requires activation by the hepatic cytochrome P3A4 
and cytochrome P3A5 enzymes. Numerous SNPs have been 
identifi ed in these genes, which could affect clopidogrel metabo-
lism and lead to decreased activation. Polymorphisms of the P2Y12 
receptor and cytochrome P3A genes could account for some of 
the observed resistance to clopidogrel (Nguyen et al., 2005).

NOVEL AND EMERGING THERAPIES

Drug-Eluting Intracoronary Stents
Currently there is some debate regarding the use of drug-
eluting stents for the treatment of acute MI (Saia et al., 2003; 

Valgimigli et al., 2005); however numerous studies have shown 
a signifi cant reduction in the rate of in-stent restenosis with the 
introduction of this technology (Bavry et al., 2005; Hill et al., 
2004). These stents are coated with immunosuppressant or cyto-
toxic agents that reduce the incidence of restenosis. Currently, 
the two most commonly used agents in the United States are 
sirolimus and paclitaxel, but a variety of other agents are cur-
rently in development.

Sirolimus is a cytostatic macrolide antibiotic which inhib-
its smooth muscle proliferation by halting cell cycle progression. 
Smooth muscle proliferation is a key component of the neointi-
mal proliferation process which leads to restenosis. Paclitaxel 
is a cytotoxic agent which disrupts microtubule assembly and 
kills proliferating or dividing cells. In addition, these drugs may 
also inhibit apoptosis of the existing smooth muscle cells and 
contribute to the stabilization of vulnerable plaque (Faber et al., 
2002; Smith et al., 2003). As more is discovered about the 
molecular mechanisms that promote restenosis, novel therapeu-
tic agents may be developed to more specifi cally inhibit neointi-
mal proliferation while preserving the cellular mechanisms of 
healing and plaque stabilization.

Leukotriene Inhibitors
Variants in the ALOX5AP gene and the LTA4 H gene have 
been shown to be associated with risk of MI (Helgadottir et al., 
2004, 2006). Recently, in a randomized trial of 191 patients at 
risk for MI with ALOX5AP or LTA4 H gene “gain-of-function” 
haplotypes, an ALOX5AP inhibitor was studied for its effects 
on common biomarkers associated with MI risk. A 4-week 
trial of the ALOX5AP inhibitor resulted in a signifi cant and 
dose-dependent reduction in serum C-reactive protein and amy-
loid A. Also, the use of the ALOX5AP inhibitor attenuated the 
generation of leukotriene B4 and myeloperoxidase by activated 
neutrophils and the urinary metabolite of LTB4. However, there 
was a signifi cant 9% increase in serum plasma Lp-PLA2 levels 
with a corresponding 8% increase in LDL cholesterol noted at 
the highest dose of the ALOX5AP inhibitor. Currently, a clini-
cal trial is underway to determine if the use of this ALOX5AP 
inhibitor will affect the overall risk of MI in this at-risk patient 
population (Hakonarson et al., 2005). A study of dietary mod-
ifi cation in over 400 patients with ALOX5AP gene promoter 
polymorphisms demonstrated that increased intake of n-3 
fatty acids appeared to reduce atherogenesis in this population
(Dwyer et al., 2004). This suggests that in addition to gene tar-
geted pharmacological treatment, gene targeted behavioral mod-
ifi cation strategies may yield further reduction in risk of MI.
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2009 UPDATE
The number of SNPs associated with CHD and MI continues 
to grow at a steady pace. Also, SNPs associated with traditional 
risk factors for CHD such as dyslipidemia are increasingly 
being identifi ed and replicated by large GWAS (Aulchenko 
et al., 2009; Kathiresan et al., 2008, 2009; Kooner et al., 2008; 
Sabatti et al., 2009). Variants associated with increased LDL 
cholesterol have been shown to convey increased risk of CHD, 
whereas variants associated with favorable lipid profi les, such 
as the null mutation variant (R19X) of the apoC-III gene 
(APOC3), have been shown to be cardioprotective (Pollin 
et al., 2008; Willer et al., 2008).

The association of SNPs within chromosome 9p21 with 
CHD and MI were described in 2007 (Helgadottir et al., 
2007; McPherson et al., 2007; Samani et al., 2007; Wellcome 
Trust Case Control Consortium, 2007). Further studies have 
confi rmed these associations across diverse ethnic popula-
tions, and a high-risk haplotype has been identifi ed (Abdullah 
et al., 2008; Anderson et al, 2008; Hiura et al., 2008; Shen et al., 
2008; Zhou et al., 2008). These fi ndings have led to enthusiasm 
that a new susceptibility gene or genetic mechanism for CHD 
and MI may ultimately be elucidated. The 9p21 risk variants 
have also been associated with abdominal aortic aneurysm 
and intracranial aneurysm, suggesting a vascular phenotype 
that does not necessarily invoke atherosclerosis (Helgadottir 
et al., 2008); however, the specifi c role of genes near the 9p21 
region in disease susceptibility has not yet been established. Of 
interest, the high-risk haplotype identifi ed in this region does 
localize with a large antisense non-coding RNA gene known 

as ANRIL (Broadbent et al., 2008). It has been postulated that 
ANRIL may exert its effect via transcriptional regulation of 
neighboring genes or yet to be identifi ed gene(s) (Hamsten 
and Eriksson, 2008).

Another allele of interest has been the Trp719Arg poly-
morphism of the kinesin-like protein 6 (KIF6 gene). Kinesins 
are motor proteins involved in intracellular transport and their 
role in MI and CHD are unknown. A genetic analysis of patients 
enrolled in the CARE and WOSCOPS studies revealed that car-
riers of the 719Arg allele had a 50% increased risk of CHD or 
recurrent MI compared to non-carriers (Iakoubova et al., 2008b). 
This allele was also shown to be associated with increased risk of 
CHD in patients from the ARIC study and the Women’s Health 
Study (Morrison et al., 2007; Shiffman et al., 2008).

It has been recently shown that the benefi t derived 
from standard statin therapy in reduction of cardiac events 
in the CARE study and of CHD in the WOSCOPS study 
was primarily confi ned to carriers of the KIF6 719Arg allele 
(Iakoubova et al., 2008b). In addition, the 719Arg carriers 
were shown to account for the benefi ts seen from intensive 
lipid lowering therapy in the PROVE IT – TIMI 22 study 
(Iakoubova et al., 2008a). Importantly, non-carriers of the 
719Arg allele were shown not only to be at lower risk for MI 
but also do not appear to receive signifi cant benefi t from statin 
therapy. These fi ndings suggest that genetically tailored thera-
pies for heart disease may be approaching, thereby allowing for 
better allocation of limited resources to responders and limit-
ing potentially harmful side effects in non-responders. 
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  INTRODUCTION 
 At least 2 million individuals are hospitalized each year with 
acute coronary syndromes (ACS), and 1 in 5 deaths in the 
United States is a result of ischemic heart disease ( Rosamond 
et al., 2007 ). Despite its common occurrence and severe conse-
quences, the exact molecular mechanisms that trigger an ACS 
are not fully elucidated, and the prognostic tools to identify 
which individuals are at risk for a fi rst or subsequent ACS event 
are limited. Although it is clear the there is a genetic component 
to the occurrence of coronary artery disease (CAD) and acute 
coronary syndromes, most clinically applicable work thus far has 
fallen into the use of protein biomarkers measured from periph-
eral blood for use as diagnostic or prognostic tools. However, 
few examples exist of the use of these biomarkers to actually 
guide treatment. With rapid advances in technology, ACS and its 
treatment are ripe for exploration using genomics and related 
techniques such as proteomics and metabolomics. This chapter 
will briefl y review what is known of the genetics and genomics 
of ACS, examine protein-based biomarkers and their combina-
tions as an example of the forerunner of clinical proteomics, and 
conclude with an examination of the potential applications of 
 “ omic ”  techniques for refi nement of diagnosis, risk stratifi cation 
and management of ACS in the future.  

  PREDISPOSITION 

  Clinical Risk Factors and Risk Prediction 
 The development of CAD and the occurrence of myocardial 
infarction (MI) are complex processes. Although several clinical 
characteristics that predispose to these processes are now com-
monly known, including male sex, cigarette smoking, diabe-
tes, hypertension, hyperlipidemia, and obesity, it is increasingly 
recognized that these characteristics provide only a superfi cial 
understanding of what predisposes to acute coronary syndromes. 
In addition, the ability to use these characteristics to discrimi-
nate individuals at risk from those who are not is at best modest. 
For example, the most widely used instrument for prediction of 
the risk for death or MI over a 10-year time horizon among 
individuals without known coronary disease, the Framingham 
Risk Score, which considers many of these clinical factors, has 
a c-index of only 0.69 in men and 0.72 in women ( Ohman 
et al., 2000 ;  Wilson et al., 1998 ). That is, for pairs of individu-
als, one who has a death or MI event and one who does not, 
the Framingham Risk Score will correctly select the one with 
an event only 69% of the time among men and only 72% of 
the time among women. Clinical models that assess the risk of 
a second event after the occurrence of an ACS, such as Global 
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Registry of Acute Coronary Events (GRACE) model, which 
estimates the risk for in-hospital and 6-month death or MI 
( Eagle et al., 2004 ;  Granger et al., 2003 ), have somewhat bet-
ter predictive ability. The discriminative capability of the 
GRACE model (c-index 0.84) was enhanced by the addition 
of biomarker information (serum creatinine and creatine kinase 
[CK]-MB) to clinical characteristics. Still, the ability to dis-
criminate which individuals will have an ACS event could be 
improved further, opening the door for the use of omic tech-
nologies, including RNA expression, proteomics, and metabol-
omics, to better characterize disease state and risk for future 
events.  

  Genetic Predisposition 
 Consensus on the existence of genetic predisposition for CAD is 
well-established. Family history has been shown repeatedly to be 
a robust, independent risk factor for CAD ( Ciruzzi et al., 1997 ; 
 Schildkraut et al., 1989 ;  Shea et al., 1984 ), even after adjustment 
for shared environmental factors ( Schildkraut et al., 1989 ;  Zureik 
et al., 1999 ), and the heritability of CAD is particularly strong in 
early-onset forms, where the relative risk of developing early-onset 
CAD in a fi rst-degree sibling is between 3.8 and 12.1, depending 
on the age-of-onset in the proband ( Hauser et al., 2004 ). 

 Despite this, no single genetic variant has been identi-
fi ed that accounts for a major fraction of the large burden of 
CAD and cardiovascular events. Further, despite the wealth of 
published literature implicating genes in CAD, most associa-
tion studies have been plagued by low strength of association 
and lack of replication. For summaries of the body of work in 
the genetics of coronary disease and MI, the reader is referred 
to excellent reviews in references by  Ginsburg et al. (2005)  
and  Chen et al. (2007) . Most recently, variants of 2 genes in 
the 59-lipoxygenase (5-LO) pathway were associated with car-
diovascular events in an Icelandic population: 5-LO activator 
protein ( FLAP ) associated with a twofold increase in MI and 
stroke ( Helgadottir et al., 2004 ) and a haplotype ( HapK ) span-
ning the leukotriene A4 hydrolase ( LTA4       H ) gene with a relative 
risk of 1.45 for MI among patients with other vascular disease 
( Helgadottir et al., 2005 ). When HapK was validated in cohorts 
from the United States, there was an even stronger, threefold 
increase in risk among African Americans. 

 Two recent, independent case-control genome-wide asso-
ciation studies, which were replicated in multiple independ-
ent populations, provided the fi rst evidence of a common 
genetic variant (risk allele frequency ~45%) located on chro-
mosome 9p21 that is associated with substantial risk of coro-
nary heart disease or MI (Helgadottir 2007   ;  McPherson et al., 
2007 ). Homozygotes for the risk allele comprise 20–25% of 
the Caucasian population. Of note, this variant, in the region of 
tumor suppressor genes  CDKN2A  and  CDKN2B , was associ-
ated with MI with an odds ratio of 1.26 for heterozygotes for 
the risk allele, and 1.64 for homozygotes. Still, these associations 
are modest and at this point provide little useful information to 
guide contemporary clinical care.   

  SCREENING 
 There are currently no purely genomic tools that have been 
identifi ed to screen the general population for risk of future 
ACS, identifi cation of current ACS events or for risk of death 
or recurrent ischemic events after an ACS. However, early 
results with expression profi ling suggest potential applications 
for screening. RNA expression profi ling using micorarray tech-
nology has been shown to accurately classify both the presence 
and severity of atherosclerotic lesions in aortic tissue ( Seo 
et al., 2004 ) and to identify genes potentially involved in plaque 
rupture ( Faber et al., 2001 ), a pathophysiological precursor to 
the clinical syndrome of ACS. Importantly, since access to tissue 
is challenging for screening, diagnosis or prognostic testing in 
ACS, studies have shown that gene expression profi ling from 
circulating monocytes and peripheral blood leukocytes cor-
relates with the extent of carotid vascular disease ( Patino 
et al., 2005 ) and CAD ( Ma and Liew, 2003 ), suggesting that 
blood can be used as a reporter tissue for events occurring in 
the vessel wall. 

 Unbiased metabolomic profi ling of human serum by proton 
nuclear magnetic resonance (NMR) analysis also has predicted 
the presence and severity of CAD ( Brindle et al., 2002 ). In fact, 
in this study, NMR-based analysis of human serum was better 
at differentiating individuals with one-, two-, and three-vessel 
CAD than a model of traditional clinical and laboratory risk fac-
tors. In addition, in a study of 53 cases with angiographic CAD 
and 53 controls without angiographic CAD, large-scale pooled 
plasma proteomics using LC/MS/MS technology identifi ed 
differential expression of proteins and peptides between groups 
( Donahue et al., 2006 ). Of 731 proteins and peptides identifi ed, 
95 were differentially expressed in cases and controls. Among 
these were proteins involved in natural host defense mechanisms, 
growth, infl ammation, and coagulation. These results suggest the 
potential for development as biomarkers, in addition to their use 
to further explore the mechanistic underpinnings of CAD and 
ischemic events. More recently, a study using urine proteomics 
identifi ed biomarker patterns that correlated with the presence 
of angiographically severe CAD ( Zimmerli et al., 2007 ). From 
more than 1000 polypeptides characterized per sample, 15 char-
acterized a unique biosignature for CAD, which when used to 
predict CAD in a second cohort did so with a sensitivity of 98% 
and a specifi city of 83%. Interestingly, after coronary interven-
tion and increasing physical activity, the pattern reverted towards 
that of healthy controls, an observation that suggests potential 
not only for screening and diagnosis, but also for monitoring 
disease progression. 

 In summary, although genomic approaches to screen-
ing for CAD or quantifying future risk for ACS are not yet 
ready for clinical application, this is an active area of research 
with early results that suggest promise for applications to clini-
cal care, development of biomarkers of disease state and risk and 
use as research tools to enhance understanding of the molecular 
underpinnings of ACS.  



  DIAGNOSIS 

  Conventional Diagnostic Tools 
 The acute coronary syndromes encompass a spectrum of patho-
physiological processes manifest as plaque instability and plaque 
rupture or erosion, coronary thrombosis with varying degrees 
of coronary artery and microvascular occlusion and reduc-
tions in blood fl ow leading to myocardial ischemia and in some 
cases, myocardial necrosis ( Fuster et al., 1992a, b ). The diagnosis 
of ACS is largely a clinical one, relying on a patient ’ s descrip-
tion, or history, of the event that led him to seek medical atten-
tion and a small number of readily available objective diagnostic 
tools. The fi rst and most readily available objective assessment of 
a patient with suspected ACS is the 12-lead electrocardiogram 
(ECG). Based on the ECG, patients can be stratifi ed into 2 pri-
mary groups, those with ST-segment elevation MI (STEMI) and 
those with non-ST-segment elevation (NSTE) ACS. About two-
thirds of patients will have NSTE ACS and 1/3 will have STEMI 
( Figure 25.1   ;  Morrow et al., 2007 ). This electrocardiographic 
distinction is clinically important as it immediately defi nes a 
divergence in treatment strategy. Patients with STEMI generally 
have a totally occluded major coronary artery and benefi t from 
rapid reperfusion therapy with percutaneous revascularization or 
administration of intravenous fi brinolytic therapy. For an excel-
lent review and current recommendations for the management 
of STEMI, the reader is referred to the American College of 
Cardiology/American Heart Association (ACC/AHA) guidelines 
for management of patients with STEMI ( Antman et al., 2004 ). 

 In a small case-control study, platelet RNA expression anal-
ysis implicated 2 candidate proteins (CD69 and myeloid related 
protein-14) that differentiated STEMI patients from those with 
stable CAD ( Healy et al., 2006 ). However, in the context of 
STEMI, these fi ndings are mostly of interest as a research tool 
given the central role of the ECG in diagnosis and management 
of STEMI patients. This work does offer proof of principle and, 
as discussed subsequently, could have more relevance for applica-
tion to identifi cation of NSTE ACS patients. 

 Patients whose initial ECG does not reveal ST-segment ele-
vation are further subdivided into 2 groups, largely on the basis 
of measurement of levels of biomarkers released into the blood 
stream as a result of ischemic myocardial injury and necro-
sis. Although a number of markers have been used historically 
(SGOT, LDH, total CK), over the past 2 decades mass assays for 
the cardiac-specifi c isoenzyme of creatine kinase (CK-MB) and 
more recently, cardiac-specifi c isoforms of troponin T and I have 
been the recognized diagnostic gold standards for MI. With the 
publication of the joint ESC/ACC Task Force recommendations 
for MI redefi nition in 2001, troponin, because of its enhanced 
sensitivity and specifi city for myocardial necrosis, became the 
preferred diagnostic marker of MI in most clinical situations 
( Alpert et al., 2000 ). The 2007 revision of this document refi ned 
the defi nition of MI further in an attempt to achieve consensus, 
particularly on appropriate clinical situations for the use of tro-
ponins and/or CK-MB for MI diagnosis and diagnostic param-
eters of the assays, that would be applicable and practical across 
medical practice and clinical trials around the world ( Thygesen 
et al., 2007 ). Along with the National Academy of Clinical 
Biochemistry (NACB) Practice Guidelines for Laboratory 
Medicine ( Morrow et al., 2007 ), these documents summarize 
the base of evidence and recommendations for the use of bio-
chemical markers in the diagnosis of ACS. Key recommenda-
tions for the use of biochemical markers to diagnose MI are 
shown in  Table 25.1   .  

  Need for Novel Biomarkers for Diagnosis of ACS 
 While CK-MB and troponins are useful diagnostic tools for MI, 
they only become elevated after irreversible myocardial injury 
has occurred. Ideally, one would identify patients with an acute 
coronary syndrome early, at a point when therapeutic interven-
tion might mitigate myocardial damage. Further, the group of 
patients without ECG changes or biomarker elevations on pres-
entation is a particularly challenging group to manage, espe-
cially when the clinical presentation is atypical. Over 6 million 
Americans present to emergency departments each year for 
evaluation of chest pain syndromes; clearly the vast majority are 
not ultimately diagnosed with an ACS. Admitting all of these 
individuals to the hospital is not practical from the perspective 
of resource use and costs, but the medico-legal risk associated 
with missing a patient with MI and discharging him from the 
emergency department is high. Missed MI, which carries a two-
fold increased risk of death ( Pope et al., 2000 ), is the leading 
cause of malpractice claims against emergency department and 
primary care physicians ( Karcz et al., 1996 ;  Rusnak et al., 1989 ). 
Therefore, there is a tremendous need for refi ned diagnostic 
testing to identify who among this large number of patients 
with normal ECG and troponin levels at presentation is hav-
ing an ACS and to identify as early as possible those who need 
treatment or who can be safely sent home. While this is an area 
of great diagnostic need, few such tests are commercially avail-
able, making this clinical situation poised for the application of 
omic technologies to identify unique molecular signatures that 
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 Figure 25.1         Diagnostic fl ow and distribution of types of acute 
coronary syndromes.    
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distinguish patients with unstable angina or pre-infarction from 
those with non-cardiac diagnoses. 

 In current practice, serial testing of multiple necrosis mark-
ers with different release kinetics after myocardial injury (CK-
MB, troponin, and myoglobin) has been shown to identify MI 
in more patients in a general emergency department cohort 
and to do it as much as an hour earlier than conventional single 
marker testing with troponin or CK-MB ( Newby et al., 2001 ). 
However, even earlier detection, before necrosis occurs, could be 
clinically benefi cial for triage and treatment. Ischemia modifi ed 
albumin (IMA) and myeloperoxidase are FDA-approved assays 
for use as adjuncts to ECG and troponin testing in this situation, 
but each has limitations to its widespread adoption. 

 The albumin cobalt binding (ACB) test takes advantage 
of modifi cation of the  N -terminus of albumin in the setting of 
ischemia ( Bar-Or et al., 2001 ), reducing its ability to bind cobalt. 
The increased free cobalt can then be detected with special 
assays ( Bar-Or et al., 2000 ). Importantly, in human angioplasty 
models of myocardial ischemia, IMA becomes positive within a 
few minutes after the onset of ischemia ( Sinha et al., 2003 ), sug-
gesting that it could be an ideal tool for early differentiation of 
chest pain patients in the emergency department. Unfortunately, 
the sensitivity, specifi city, and positive predictive value of this 
test are far too low for use as a diagnostic tool for ischemia or 
pre-infarction or to guide treatment decisions in those with a 
positive test. However, it does have excellent negative predictive 
value, and when combined with negative troponin testing and 
non-diagnostic ECG can exclude the diagnosis of ischemia with 
a negative predictive value of over 97% ( Peacock et al., 2006 ). 

 Myleoperoxidase is an enzyme activated in and released 
by activated neutrophils and monocytes; it is believed to have a 

pathophysiological role in ACS and may be a marker of plaque 
instability ( Apple et al., 2005 ;  Malech and Naussef, 1997 ). A 
study published in 2003 suggested a potential role for myeloper-
oxidase in early emergency department diagnosis and risk strati-
fi cation ( Brennan et al., 2003 ). In this study, among 604 patients 
presenting with chest pain to the emergency room, myeloperox-
idase levels were elevated at baseline among patients who were 
initially troponin-negative, but subsequently troponin-positive, 
even when fewer than 3 hours had elapsed since the onset the 
symptoms. Further, there was a correlation of myeloperoxidase 
with both short and long-term outcomes. However, leukocyte 
and monocyte activation and myeloperoxidase release can occur 
in the setting of a number of disease states ( Apple et al., 2005 ); 
therefore, like the ACB test, the low specifi city of elevated mye-
loperoxidase levels for ACS precludes its use as a stand alone 
marker for diagnosis of ischemia. It must be interpreted in the 
context of clinical fi ndings and other laboratory data.  

  Omic Technologies in Diagnosis of ACS 
 One of the most intriguing investigations that foreshadows the 
potential application of omic technologies to diagnostic test 
development for use in management of patients with suspected 
ACS involved metabolomics. In a small case-control study of 
36 patients who underwent stress testing with nuclear myocar-
dial perfusion imaging, unbiased metabolomic profi ling of blood 
obtained pre- and post-test using LC/MS technology identi-
fi ed small molecules that changed in abundance differentially 
between patients with ischemia and those without ( Figure 25.2   ) 
( Sabatine et al., 2005 ). After statistical analysis of the output, a 
score refl ecting the presence or absence of change in the 6 most 
discordantly regulated metabolites predicted ischemia with a 

 T A B L E  2 5 . 1          Class I recommendations for use of biochemical markers for diagnosis of myocardial infarction  

 Recommendation  Level of evidence 

 Biomarkers of myocardial necrosis should be measured in all patients who present with symptoms 
consistent with ACS. 

 Level of evidence: C 

 The patient ’ s clinical presentation (history, physical exam) and ECG should be used in conjunction with 
biomarkers in the diagnostic evaluation of suspected MI. 

 Level of evidence: C 

 Cardiac troponin is the preferred marker for the diagnosis of MI. Creatine kinase MB (CK-MB) by mass 
assay is an acceptable alternative when cardiac troponin is not available. 

 Level of evidence: A 

 Blood should be obtained for testing at hospital presentation followed by serial sampling with timing of 
sampling based on the clinical circumstances. For most patients, blood should be obtained for testing at 
hospital presentation and at 6–9       h. 

 Level of evidence: C 

 In the presence of a clinical history suggestive of ACS, the following are considered indicative of myocardial 
necrosis consistent with MI 
 a.  Maximal concentration of cardiac troponin exceeding the 99th percentile of values (with optimal precision 

defi ned by total CV   �  10%) for a reference control group on at least 1 occasion during the fi rst 24       h after the 
clinical event (observation of a rise and/or fall in values is useful in discriminating the timing of injury). 

 b.  Maximal concentration of CK-MB exceeding the 99th percentile of values for a sex-specifi c reference 
control group on 2 successive samples (values for CK-MB should rise and/or fall). 

   Level of evidence: C 
  



c-index of 0.83. Much work remains to translate this fi nding to 
practical clinical utility (e.g., validation in unselected emergency 
department populations with suspected ischemia, development 
of assays that are practical for use in hospital clinical laboratories 
and in real time), but the concept highlights the possibilities for 
application of omic technologies to the early detection of ACS. 

 The use of proteomics, both candidate-based approaches and 
unbiased approaches, as a platform for discovery and development 

of novel biomarkers of cardiovascular disease has been widely 
espoused ( Anderson, 2005a, b ;  Arab et al., 2006 ;  Granger et al., 
2004 ).  Figure 25.3    shows a conceptual framework for such efforts 
proposed by the NHLBI clinical proteomics working group. 
Despite this enthusiasm, the use of proteomics to distinguish ACS 
patients from those without ACS is in its infancy. Recently, how-
ever, in a small study of 11 patients with acute MI, 8 with unsta-
ble angina and 9 age-matched controls without known coronary 
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disease, Mateos-Cáceres and colleagues published a seminal report 
on the used of 2d gel-based proteomics to identify changes in 
the protein map that discriminated patients with acute MI from 
those with unstable angina based on changes relative to controls 
( Mateos-Cáceres et al., 2004 ). These observations provide support 
that proteomics may lead to usable clinical tools to distinguish dis-
ease state in the clinical setting of suspected ACS. In an excellent 
review of the development of biomarkers in cardiovascular dis-
ease, Vasan has outlined a 5-step process that is essential to move 
from discovery fi ndings such as this to clinical utility ( Figure 25.4   ; 
 Vasan, 2006 ). 

 Finally, as mentioned above, the use of platelet RNA expres-
sion profi ling (or possibly peripheral blood RNA expression anal-
ysis), either directly or to identify candidate protein biomarkers of 
ACS, may prove to be a useful tool for differentiating diffi cult to 
diagnose NSTE ACS presentations from non-ACS presentations 
or to identify NSTE ACS earlier after presentation.   

  PROGNOSIS 
 The goals of  “ biomarker ”  testing are multifold. As described in 
previous sections screening for disease and diagnosis are important 
applications. However, equally important is the ability to use the 

information from biomarker testing to discern not only the pres-
ence or absence of disease, but more importantly to relate biomar-
ker information to prognosis or downstream meaningful clinical 
outcomes. Although the concept of using genetic and genomic, 
proteomic, and metabolomic approaches for risk stratifi cation and 
to refi ne prognosis in ACS is appealing, substantial work remains 
to bring this conceptual construct to clinical utility. 

 That there is a need for such advances to refi ne clinical 
models of risk is undenied, and numerous examples of the devel-
opment and use of biomarker assessment for prognosis or risk 
stratifi cation abound in the ACS literature. Although hundreds of 
individual proteins, in addition to routine laboratory tests, have 
been identifi ed as predicting clinical outcome, only a few have 
suffi cient evidence to support their use in routine clinical prac-
tice. Guidelines for the use of biomarker testing for risk stratifi -
cation in ACS were recently published by the NACB, and class I 
recommendations are summarized in  Table 25.2    ( Morrow et al., 
2007 ). In this regard, there is substantial evidence for use of tro-
ponin (I or T), b-type natriuretic peptide (BNP) or  N -terminal 
proBNP, and high-sensitivity c-reactive protein (hsCRP) for risk 
stratifi cation of ACS patients. Each of these biomarkers con-
tributes incremental information to that from easily assessable 
clinical and laboratory parameters and there are commercially 
available, high-quality assays for clinical use. Although many 
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other novel protein markers have been identifi ed ( Ginsburg et al.,
2005 ;  Morrow et al., 2007 ), their independent contribution 
to risk stratifi cation remains to be proved and development of 
assays for routine use in hospital laboratories remains. 

 As a forerunner to the application of proteomics (or other 
multidimensional omic technologies) to risk stratifi cation of ACS 
patients, many studies have now demonstrated the utility of com-
bining information carried by multiple markers of risk into a 
common risk prediction model. For example, in one study, a sim-
ple score based on measurement of troponin, BNP and hsCRP 
provided additive, complementary information to that from any 
marker alone in the context of clinical markers of risk ( Sabatine 
et al., 2002 ). Additionally, investigators from the CAPTURE trial 
used a candidate protein approach, to identify six proteins (hsCRP, 
troponin T, CD40 ligand, myeloperoxidase, vascular endothelial 
growth factor (VEGF), placental growth factor, and pregnancy-
associated plasma protein [PAPP]-A) that together refi ned predic-
tion of 6-month death or MI compared with use of any single 
marker in both ACS and general emergency department patients 
with suspected ACS ( Heeschen et al., 2005 ). In another report 
( Baldus et al., 2003 ), fi ve markers each had independent additive 

value, and in a multivariable model, each protein marker had more 
predictive information than any clinical variable. 

 Finally, one of the most important insights into the use of 
protein biomarkers in ACS risk stratifi cation came from investi-
gators in a substudy of the GUSTO-IV trial. They examined use 
of markers of multiple processes (necrosis, troponin; infl amma-
tion, hsCRP, and neurohormonal activation, NT-proBNP) in the 
context of clinical characteristics and routine laboratory testing 
( Westerhout et al., 2006 ), and made the important observation 
that the prognostic utility of a given marker depended on the 
outcome of interest. NT-proBNP, troponin T, and hsCRP were 
all independently associated with mortality at 1 year, in addition 
to heart rate, creatinine clearance, and ST-segment depression. 
However, only troponin T, creatinine clearance and ST-segment 
depression predicted risk for future MI. In addition, the relative 
strengths of the association of a biomarker with risk for subse-
quent events varied according to the time frame in which it was 
assessed. Thus, protein biomarkers may vary in their utility for 
short- and long-term risk stratifi cation after ACS, but protein 
biomarkers consistently comprise several of the most important 
independent predictors of risk.  

 T A B L E  2 5 . 2          Class I recommendations for use of biochemical markers for risk stratifi cation in ACS  

 Recommendation  Level of evidence 

 Patients with suspected ACS should undergo early risk stratifi cation based on an integrated 
assessment of symptoms, physical exam fi ndings, ECG fi ndings, and biomarkers. 

 Level of evidence: C 

 A cardiac troponin is the preferred marker for risk stratifi cation and, if available, should be 
measured in all patients with suspected ACS. In patients with a clinical syndrome consistent with ACS, 
a maximal (peak) concentration exceeding the 99th percentile of values for a reference control group 
should be considered indicative of increased risk of death and recurrent ischemic events. 

 Level of evidence: A 

 Blood should be obtained for testing on hospital presentation followed by serial sampling 
with timing of sampling based on the clinical circumstances. For most patients, blood should be 
obtained for testing at hospital presentation and at 6–9       h. 

 Level of evidence: B 

2009 UPDATE
The development of genomic biomarkers for use to evaluate 
clinical risk, speed development, and assess safety and effi cacy 
of therapeutics and guide treatment decisions remains a major 
focus of activity of the FDA Critical Pathway initiative, includ-
ing a specifi c focus in heart disease, and the NIH through 
multiple avenues including partnership with the FDA and oth-
ers in the Biomarker Consortium (Biomarkers Consortium, 
2009; US Department of Health and Human Services, 2008). 
However, work to establish a uniform framework for critical 
evaluation and translation of this work to practical utility in 
the clinical setting, clinical trials, or drug discovery and devel-
opment remains an ongoing process.

Although academic activity in biomarker research has 
remained high over the past year (a simple PubMed search for 

“biomarkers” in “acute coronary syndromes” yielded nearly 
400 citations for the year 2008), there persist the challenges 
of sample size, determination of independent and incremen-
tal contribution to routinely available clinical characteristics 
or laboratory tests and validation in separate cohorts. Perhaps 
the most interesting example of new research in ACS that may 
have near-term practical utility was the fi nding in 2208 French 
patients of an association between carrying more than one 
CYP2C19 loss-of-function alleles and a 2-fold higher 1-year 
rate of major adverse cardiovascular outcomes after MI (Simon 
et al., 2009). This association was particularly strong among 
patients undergoing percutaneous coronary intervention 
(nearly 4-fold increase in death, MI, or stroke). These fi ndings, 
if validated in other populations and confi rmed prospectively, 
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could have important implications for clopidogrel dosing 
or alternate selection of new, more potent antiplatelet agents 
such as prasugrel based on genetic screening. While limited to 
smaller populations and less immediately clinically applicable, 
new examples of the application of metabolomic (Vallejo et al., 
2009) and gene expression (Nakayama et al., 2008; Wingrove 
et al., 2008) profi ling in characterization of coronary disease 
and ACS populations continue to emerge.

Finally, major efforts to establish the large, longitudi-
nal clinical databases and specimen biorepositories that will 
be necessary to fuel future genomic research and confi rm 

 preliminary fi ndings such as these have been initiated and are 
well underway. For example, the UK Biobank, which has as a 
goal collecting blood and urine samples and baseline and lon-
gitudinal clinical information from 500,000 Britons between 
the ages of 40 and 69 by the end 2008, had already enrolled 
half of its target population (UK Biobank, 2009). Thus, there 
is a continually emerging confl uence of scientifi c inter-
est in and recognition of the need for genomic research in 
ACS, along with the support and growing resources that 
should be expected to lead to major advances over the coming 
years.
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  INTRODUCTION 
 Heart failure has been conveniently subdivided according to 
abnormalities in the cardiac cycle: namely, systolic heart failure 
(SHF) and diastolic heart failure (DHF). SHF is associated with 
decreased cardiac output and ventricular contractility, termed 
systolic dysfunction, and is attributed to a loss of ventricular mus-
cle cells. Dilated cardiomyopathy (DCM) is characterized by 
impaired systolic function and myocardial remodeling and enlarge-
ment of one or both ventricles. Idiopathic dilated cardiomyopathy 
(IDCM) refers to primary myocardial disease in the absence of 
coronary, valvular or systemic disease. The ventricular remodeling 
of DHF, however, is characterized by normal chamber size with 
impaired ventricular fi lling from abnormal myocardial stiffness 
during the relaxation phase. More recently, the clinical syndrome 
of heart failure with preserved ejection fraction (HFPEF) – left 
ventricular ejection fraction      �      50% – has been recognized in sev-
eral cross-sectional studies (Bhatia et al., 2006   ; Owan et al., 2006)   .  

  PREDISPOSITION (GENETIC AND 
NON-GENETIC) 
 In western societies, ischemic heart disease ( ~ 60%) and hyper-
tension are the most common causes of ventricular systolic 
dysfunction but there is now irrefutable evidence for genetic 

defects whose onset and progression occur in adulthood (e.g., 
familial cardiomyopathy) (Benjamin and Schneider, 2005   ;  Morita 
et al., 2005 ). Beginning in the late 1950s, distinct alterations in 
the size and geometry of the left ventricle, termed  “ ventricular 
remodeling, ”  were being recognized, but the ensuing debate for 
over three decades was primarily focused on morphological clas-
sifi cations. Hypertrophic cardiomyopathy (HCM) is characterized 
by predominant and marked thickening of the left circumferential 
ventricular wall (i.e., hypertrophy), small LV cavity size and hyper-
contractility. Such patients including young athletes were prone to 
sudden cardiac death attributed pathophysiologically to subaor-
tic stenosis and cavity obliteration triggering inadequate cardiac 
output and lethal arrhythmias. In contrast, dilatation of left ven-
tricular cavity and reduced systolic function are the hallmarks of 
dilated cardiomyopathy (DCM). In 1991, the Seidmans ’  laboratory 
at Harvard Medical School reported for the fi rst time that muta-
tions in the gene encoding the  � -myosin heavy chain, a major 
structural and contractile protein, was the genetic basis for famil-
ial HCM associated with sudden death, ushering in the present 
era of cardiovascular genomic medicine. This seminal discovery 
permanently shifted the paradigm from the morphological to 
the molecular, enabling basic insights into disease pathogenesis 
to be viewed from how single gene defects orchestrate pro-
found alterations at the biochemical, metabolic, hemodynamic, 
and physiological levels. In parallel, genetically engineered ani-
mals models became the state-of-the art for establishing causality 
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and, ultimately, a basis to test proof-of-concept leading to disease 
prevention. 

 Many more single genetic defects are routinely being linked 
to familial heart failure ( Figure 26.1   ) but an important future 
challenge is to establish how inherited and acquired factors con-
spire to drive the growing epidemic of heart failure. 

 Severe occlusive coronary disease is the substrate for acute 
coronary syndromes, myocardial infarctions and subsequent 
pump failure as shown in  Figure 26.2   . The high prevalence of 
heart failure in African-Americans with hypertension under-
scores potential gene–environment interactions in selected pop-
ulations. Infectious etiologies (e.g., rheumatic heart disease) are 
declining but valvular heart disease from iatrogenic causes (e.g., 
diet pills, toxins) remains an important risk factor ( Figure 26.2 ). 
Viruses (e.g., Coxsackie ’ s B3, parvovirus) are the major suspected 
culprits for idiopathic dilated cardiomyopathy (IDCM) in which 
the postviral sequalae of infl ammation and apoptosis trigger ven-
tricular remodeling and dilation ( Liu and Mason, 2001 ). IDCM 
accounts for 30% of cases of DCM. Heart failure on presentation 
in the peri-partum or post-partum period has a variable clinical 
course from severe pump failure to complete recovery. The most 
common cause of right ventricular heart failure (RVHF) is left 
ventricular systolic dysfunction. In addition, RVHF is associated 
with congenital heart disease (e.g., tetralogy of fallot), primary 
pulmonary hypertension, and arrhythmogenic right ventricular 
dysphasia and right ventricular infarction. Stress cardiomyopathy 
is a rare reversible form of left ventricular dysfunction associated 
clinically with emotional stress, angiographically with  “ apical 
ballooning, ”  and pathophysiologically with excess sympathetic 

activation (Wittstein et al., 2005)   . This entity remains a diagnosis of 
exclusion, which mimics ST segment elevation MI (STEMI) on 
presentation, has a much more favorable clinical outcome than 
STEMI. Lastly, thyrotoxicosis, Paget ’ s disease and severe chronic 
anemia are rare causes of high output heart failure. Individuals 
affl icted with HFPEF are more commonly older age, female 
gender and have a history of hypertension and atrial fi brillation.  

  SCREENING 
 The New York Heart Association (NYHA) functional classifi ca-
tion scheme, an older but widely used screening tool, assesses 
the severity of functional limitations of individuals affl icted 
with heart failure. The four classes of the NYHA classifi cation are 
linked to increasing severity of signs and symptoms and correlate 
well with prognosis. This classifi cation scheme, however, has 
important limitations since diverse pathophysiological processes 
leading to symptomatic heart failure are overlooked ( Dunselman 
et al., 1988 ). Accordingly, the American College of Cardiology 
and American Heart Association (ACC/AHA) Classifi cation of 
Chronic Heart Failure was developed to account for the mul-
tiple stages and predisposition conditions associated with the 
clinical syndrome. Designed to encompass emerging scientifi c 
evidence, an expert panel periodically assembles these updates, 
which are the most widely used and authoritative sources on the 
evaluation, management, performance measures, and outcomes 
on heart failure (Bonow et al., 2005   ; Hunt et al., 2005   ; Radford 
et al., 2005)   . In turn, these guidelines incorporating preclinical 
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stages, risk factors, pathophysiologic stages, and clinical recogni-
tion of heart failure are further subdivided into four stages. 

  Stage A  patients are at high risk for developing heart failure, but 
have had neither symptoms nor evidence of structural car-
diac abnormalities. Major risk factors include hypertension, 
diabetes mellitus, coronary artery disease and family history 
of cardiomyopathy. In selected patients, the administration 
of angio-tensin converting enzyme (ACE) inhibitor is rec-
ommended to prevent adverse ventricular remodeling. 

  Stage B  patients have structural abnormalities from previous myo-
cardial infarction, LV dysfunction or valvular heart disease 
but have remained asymptomatic. Both ACE inhibitors and 
beta-blockers are recommended. 

  Stage C  patients have evidence for structural abnormalities along 
with current or previous symptoms of dyspnea, fatigue and 
impaired exercise tolerance. In addition to ACE inhibitors 
and beta-blockers, optimal medical regimen may include 
diuretics, digoxin, and aldosterone antagonists. 

  Stage D  patients have end-stage symptoms of heart failure that 
are refractory to standard maximal medical therapy. Such 
patients are candidates for left ventricular assist devices 
(LVADs) and other sophisticated maneuvers for myocardial 
salvage or end-of-life care.  

  PATHOPHYSIOLOGY 

  Neurohumoral Mechanisms 
 Low-cardiac output and systemic hypoperfusion elicit a cas-
cade of compensatory mechanisms but predominantly activation 
of the neurohumoral pathway for augmenting fl uid retention 
( Figure 26.2 ). Sympathetic nervous system activation increases 

heart rate and peripheral vasoconstriction from the release of 
catecholamines, triggering increased afterload and myocardial 
oxygen consumption. Catecholamines also increase renin secre-
tion, cell death, fi brosis, and myocardial irritability, underlying 
substrates for lethal arrhythmias and sudden death. In contrast, 
natriuretic peptides released from specialized cells in the atria 
exert hormonal actions in distant vascular beds, stimulating 
vasodilation, and diuresis. Afterload reducing agents and beta-
adrenergic blockers have signifi cantly reduced the morbidity and 
mortality while improving the survival of patients with heart 
failure. Likewise, antagonists of aldosterone, which promotes salt 
and water retention, have proven clinical benefi ts.  

  Myocardial Remodeling 
 Left ventricular dysfunction and systolic heart failure second-
ary to myocardial infarction or ischemia are the prerequisites of 
low-ejection fraction and elevated pulmonary pressures with 
congestion. Acquired or inherited conditions that either decrease 
cardiomyocyte viability and/or increase cell death will ultimately 
trigger pump failure and symptomatic heart failure. Given the 
heart ’ s limited capacity for regeneration, terminally differentiated 
ventricular cardiomyocytes may undergo hypertrophy in response 
to increase metabolic and homodynamic demands. Activation of 
the  “ fetal gene program ”  orchestrates transcriptional upregula-
tion of genes encoding contractile and cytoskeletal proteins – the 
prerequisite for compensatory hypertrophy. Recruitment of such 
adaptive mechanisms provides a variable but stable and asymp-
tomatic interval – perhaps lasting years – before cardiac decom-
pensation. The ensuing ventricular dilatation is a pathologic 
form of adaptation, termed  “ ventricular remodeling, ”  affecting 
intrinsic cardiac mass, the extracellular matrix, collagen deposi-
tion and fi brosis as shown in    Figures 26.2 and 26.3 . Whereas low 
levels of reactive oxygen species (ROS) serve as stress signals in 
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redox-dependent regulation, elevated levels of ROS caused by 
mitochondrial dysfunction may alter myocardial energetics, car-
diac metabolism, and trigger the release of cytochrome  c , thereby 
activating cell survival/death pathways. Endothelial dysfunction 
gives rise to the aberrant release of nitric oxide, a potent vasodi-
lator, and/or reactivity with ROS to form peroxynitrite, which 
causes oxidative damage and cellular injury. Progressive remod-
eling, in attempts to maintain systolic function and homeos-
tasis (Stage B), leads to valvular regurgitation from inadequate 
apposition of the mitral leafl ets, increasing myocardial stress and, 
ultimately, decompensated heart failure (Stage C and Stage D).  

  Mechanisms of Cell Death in Heart Failure 
 Progressive loss of cardiomyocytes from either necrosis or apo-
ptosis with diverse pathogenic states contributes to the patho-
genesis of heart failure as shown in  Table 26.1    and  Figure 26.4    
(Liew and Dzau, 2004   ; Wencker et al., 2003)   . Apoptosis or pro-
grammed cell death is activated by signaling cascades, via either 
the extrinsic or intrinsic cell survival/death pathways ( Danial 
and Korsmeyer, 2004 ). Ligands such as TNF- � , which bind to 
cognate receptors at the plasma membrane, mediate cell death 
through the extrinsic pathway, whereas the Bcl-2 family – 
consisting of both pro- and anti-apoptotic proteins – regulates 
the intrinsic pathway. Mitochondria play a central role in cell 
survival/death principally from the initiation of stress signals 
(e.g., ROS) and release of mitochondrial cytochrome c, which 
initiates complex formation and the activation of apoptotic 

proteases (e.g., caspase-9) ( Danial and Korsmeyer, 2004 ). The role 
of apoptosis in chronic heart failure, which ranges between 80 and 
250 myocytes per 100,000 nuclei in failing human hearts was 
elegantly validated by Wencker and coworkers using transgenic 
mice harboring a fusion protein FKBP fused with a condition-
ally active caspase (Wencker et al., 2003). In contrast, low-level 
inhibition of apoptosis prevented DCM and death, suggesting 
possible therapeutic strategies for combating heart failure.   

  DIAGNOSIS 
 Newly diagnosed patients with heart failure most commonly 
seek medical attention for either gradual or abrupt onset of 
the classical signs and symptoms with pulmonary congestion. 
The clinical spectrum varies widely but dyspnea on exertion, 
peripheral edema, orthopnea, and paroxysmal nocturnal dyspnea 
are not uncommon. Exertional chest pain or angina at rest 
requires an immediate evaluation to determine if biochemical 
evidence of myocardial damage demands more aggressive man-
agement for acute coronary syndromes. Elevated jugular venous 
distension from right ventricular failure, ascites, and cachexia are 
more ominous signs for low-cardiac output and decompensa-
tion, requiring urgent attention, preferably, from a provider who 
specializes in heart failure management. 

 Routine diagnostic studies include an electrocardiogram, 
chest radiograph, and B-type natriuretic peptide, the latter having 
the best predictive value for distinguishing between CHF and 
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 T A B L E  2 6 . 1         The genetic basis of cardiomyopathies  

 Symbol  Chromosome  Gene product  Cardiomyopathy type 

  ACTC   15q11–14  Cardiac muscle  � -actin  Hypertrophic and dilated 

  ABCC9   12p12.1  Member 9 of the superfamify C of ATP-binding cassette (ABC) 
transporters 

 Dilated 

 CSRP3, MLP    11p15.1  Cysteine- and glycine-rich protein 3  Dilated 

  DES   2q35  Desmin  Dilated 

  DSP   6p24  Desmopfakin  Dilated 

  LMNA   1q21.2–21,3  Lamin A/C  Dilated 

  VCL   10q22.1–q23  Metavlnculin  Dilated 

 MYBPC3  11p11.2  Cardiac myosin-binding protein C  Hypertrophic and dilated 

  MYH6   14q12  Cardiac muscle a-isoform of myosin heavy chain (heavy 
polypeptide 6) 

 Hypertrophic 

  MYH7   14q12  Cardiac muscle a-isoform of myosin heavy chain (heavy 
polypeptide 7) 

 Hypertrophic and dilated 

  MYL2   12q23–24.3  Myosin regulatory light chain associated with cardiac 
myosin- � (or slow) heavy chain 

 Hypertrophic 

  MYL3   3p21.2–21.3  Myosin light chain 3  Hypertrophic 

  PLN   6q22.1  Phospholamban  Dilated 

  PRKAG2   7q35–36   � 2 non-catalytic subunit of AMP-activated protein kinase  Hypertrophic 

  SGCB   4q12   � -Sarcoglycan (43kDa dystrophin-associated glycoprotein)  Dilated 

  SGCD   5q33–34   � -Sarcoglycan (35kDa dystroph in-associated glycoprotein)  Dilated 

  TAZ, G4.5   Xq28  Tafazzin  Dilated 

  TTN   2q31  Titin  Hypertrophic and dilated 

  TCAP   17q12  Titin-cap  Dilated 

  TPM1   15q22.1  Tropomyosin 1 ( � )  Hypertrophic 

  TNNI3   19q13.4  Troponin I, a subunit of the troponin complex of the thin 
fi laments of striated muscle 

 Hypertrophic 

  TNNT2   1q32  Cardiac isoform of troponin T2, tropomyosin-binding subunit of 
the troponin complex 

 Hypertrophic and dilated 

  Adapted from Dzau et al.,  Nat Rev Genet  5, 811–825 (2004).  

non-CHF patients ( Maisel and McCullough, 2003 ). Noninvasive 
echocardiography is the most commonly used diagnostic tool 
for the assessment and follow-up of patients with heart failure 
with or without preserved ejection fraction. Coronary angiog-
raphy should be performed to exclude reversible causes for left 
ventricular dysfunction or to guide prompt revascularization. If 
the coronary vessels are widely patent in the setting of global 
dysfunction, then endomyocardial biopsy should be considered 
to assess for reversible causes including viral myocarditis ( Liu 
and Mason, 2001 ). Equilibrium radionucleotide angiography 
(ERNA) is another noninvasive diagnostic study that assesses 
both left and right ventricular systolic function. Screening 
tools such as contrast computer tomographic angiography and 

magnetic resonance imaging (MRI) are gaining attention as 
emerging technologies with equivalent sensitivity and specifi city 
as the invasive angiogram for coronary arteriography. MRI may 
also uncover unsuspected infi ltrative cardiomyopathy, arrhyth-
mogenic right ventricular dysplasia, and is superior for the 
assessment of myocardial viability before revascularization.  

  PROGNOSIS 
 Over 5 million Americans or 1.5% of the US population have 
chronic heart failure, and there is a similar prevalence at risk 
of undiagnosed left ventricular dysfunction ( Braunwald and 
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Bristow, 2000 ). With over 550,000 new cases of heart failure, the 
disproportionate health and economic burden exceeds 24 bil-
lion dollars annually ( DiBianco, 2003 ). Soon, heart failure will 
become the number one cause of death worldwide, eclips-
ing infectious disease ( Bleumink et al., 2004 ). Whereas new 
pharmacologic management and revascularization techniques 
continue to improve the survival after acute myocardial infarc-
tion, the prevalence of chronic heart failure appears to be 
increasing as the population ages ( Braunwald and Bristow, 2000 ). 
Notwithstanding, heart failure accounts for 20% of all hospital 
admissions in patients older than 65, and the hospitalization rate 
has increased by 159% in the past decade ( Jessup and Brozena, 
2003 ). Available treatments for heart failure have only modestly 
improved the morbidity and mortality ( Jessup and Brozena, 
2003 ), and, for patients with advanced heart failure, the prog-
nosis still remains grim with 1-year mortality rates between 
20% and 45%, overshadowing the worse forms of some cancers 
( Jessup and Brozena, 2003 ).  

  PHARMACOGENOMICS 
 Substantial phenotypic heterogeneity in heart failure and the 
variability of responses among individuals taking pharmaco-
logic agents have been attributed to common polymorphisms in 
the genome ( Liggett, 2001 ). A surmountable hurdle, however, 
is the robustness of the association between putative genetic 
markers and therapeutic response. Recent lessons from studies 
of human heart failure illustrate handsomely both the enormous 
potential and challenges for pharmacogenomics – a matur-
ing discipline in which an individual ’ s genetic determinants are 
used to predict drug response and outcomes (Evans and Relling, 
1999   ;  Liggett, 2001 ). Liggett and coworkers have demonstrated 
that non-synonymous single-nucleotide polymorphisms of the 

 �  1 -adrenergic receptor ( �  1 -AR), a member of the seven 
 membrane-spanning receptor superfamily, alters the therapeutic 
response to  � -blockers during heart failure (Liggett et al., 2006)   . 
Stimulatory effects between  �  1 -AR and heterotrimeric G pro-
teins G s  mediate both benefi cial and deleterious signal trans-
duction pathways during the onset and progression of heart 
failure. Because  �  1 -AR is the major subtype in cardiac myocytes, 
increased catecholamines exert potent cardiomyopathic effects, 
cardiac remodeling and abrogation of gene expression, which are 
antagonized by  �  1 -AR blockers resulting in improved outcomes. 
A single nucleotide variation at nucleotide 1165 in the gene 
encoding  �  1 -AR results in either Arg or Gly at position 389 res-
idue (Liggett et al., 2006). In response to inotropic stimulation, 
human trabeculae muscle with the  �  1 -Arg-389 residue from 
either nonfailing or failing hearts exhibited signifi cantly greater 
contractility than  �  1 -Gly-389 polymorphism. 

 As shown in the  � -Blocker Evaluation of Survival Trial 
(BEST), which evaluated the  � -blocker bucindolol for the treat-
ment of Class III/IV, insights into the mechanisms for pharma-
cogenomic phenotypes involving the Arg/Gly polymorphism 
of the  �  1 -AR owe much credit to the DNA Study Group 
(Feldman et al., 2005   ; Liggett et al., 2006). The foresight of BEST 
investigators to recognize the power of genetic haplotyping 
underscores the importance for all future well-designed human 
trials to include contingencies for pharmacogenomics in an 
era of genomic medicine. Notwithstanding the success gleaned 
from a highly penetrant single-gene trait such as Arg/Gly 
polymorphism of the  � -AR, future advances will require under-
taking the more formidable challenges related to multigene traits 
that infl uence drug metabolism and response for therapeutic 
individualization ( Evans and McLeod, 2003 ). 

 The recent African-American Heart Failure (A-HeFT) 
enrolled 1050 black patients with NYHA class III or IV to receive 
a fi xed dose of two well-established medications, isosorbide 
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dinitrate and hydralazine, in a placebo controlled ran-domized 
multicenter trial. Combination nitrates and hydralazine, termed 
BiDil, when added to standard therapy was effi cacious improv-
ing survival in blacks. But the implications of this high-profi le 
study have drawn considerable scientifi c and ethical scrutiny 
owing to the marketing strategy of this therapy, which under 
the proprietary label, was advanced as a novel approach for race-
based management. Because physical and genetic traits are not 
interchangeable, A-HeFT  per se  might prove to be poor surro-
gate for studies of pharmacogenetics since neither BiDil ’ s effi -
cacy in other racial and ethnic groups nor genetic markers for 
predicting the response of blacks to BiDil were ever tested. 

 In contrast, polymorphisms in the ACE pathway have been 
extensively studied, especially the ACE DD polymorphism, 
which had signifi cantly higher death and need for transplant 
compared to II and ID genotypes ( McNamara et al., 2001 ). 
With concurrent  � -blocker treatment, patients with ACE DD 
polymorphism showed improved survival but benefi ted with 
a higher ACE dosage ( McNamara et al., 2004 ), supporting 
the clinical utility of genetic information in clinical manage-
ment. For at-risk populations, the pace for moving bidirectional 
bench  �  bedside and bedside   �   community-based practices 
should accelerate using evidence-based strategies emerging from 
disciplines such as health outcomes.  

  MONITORING 

  Genomic Profi ling 
 Heart failure encompasses dynamic processes in which the acti-
vation or deactivation of distinct pathways at different stages in 
the pathogenesis suggest opportunities for intervention and even 
prevention before irreversible decompensation. A fundamental 
question, therefore, is how to develop improved diagnostic and 
prognostic indices that may guide improvements in treatment 
and outcomes for heart failure. A major goal of microarray-based 
analyses is to identify genes whose similar patterns of expression 
accurately represent the disease state or biological process. Such 
information, however, is often insuffi cient to identify the causal 
mechanisms but provides a comprehensive picture of the under-
lying process, which can predict responses to therapy or disease 
stage. 

 Both unsupervised and supervised approaches are applied to 
determine if previously unrecognized or unexpected patterns of 
expression exist in the datasets. Hierarchical clustering, for exam-
ple, is an unsupervised approach that may be used after gene 
expression profi ling to identify interdependent pathways before 
the onset of overt heart failure. Identifi cation and validation of 
genes or novel pathways that are activated earliest may improve 
early detection and, ultimately, will be essential for designing 
therapies that prevent the natural history and progression of dis-
ease. If individual genes have different predictive power, then a 
 “ weighted voting scheme, ”  based on the levels of gene expres-
sion, can be designed and tested before widespread application. 
Considerable caution in data interpretation is warranted, however, 

as comparisons from different laboratories may be skewed consid-
erably by patient selection, different treatments, and clinical stages. 

 While many technical details and microarrays are beyond 
the scope of this chapter, considerable attention is being paid to 
standardization of data collection, normalization, and data report-
ing. Most peer-reviewed journals have instituted policies for pri-
mary sequence databases to be deposited before publication using 
the  “ minimal information about a microarray experiment ”  or 
MIAME standards (Ball et al., 2002   ; Ball et al., 2004   ; Brazma et al., 
   2001). We predict that meta analyses of large datasets hold particu-
lar promise for fi nding universal themes for classifi cation, clinical 
staging, and predicting outcomes from gene expression profi les.  

  Transcriptional Profi ling of Heart Failure 
 Neurohumoral, hemodynamic and environmental factors par-
ticipate in remodeling the failing heart, but genetic, molecular, 
and cellular events are inscribed at the transcriptional level. 
Signaling pathways and biological processes implicated in the 
hypertrophic response of the heart are shown in  Figure 26.4 . 
Early genetic markers of cardiac hypertrophy include transcrip-
tional reprogramming of genes encoding contractile proteins, 
oncogenes, neurohumoral factors, and transcription factors have 
been identifi ed. Genes encoding proto-oncogenes c-jun, c-fos, 
c-myc, skeletal  � -actin and ANF are also activated in response to 
hypertrophic stimuli. (Izumo et al., 1988   ; Komuro et al., 1988   ;
Mulvagh et al., 1987   ; Schwartz et al., 1986)   . In angiotensin II 
receptor type 1alpha knockout mice, cardiomyocytes were capa-
ble of evoking increased protein synthesis and mitogen-activated 
protein kinase (MAPK) activation when stretched, strengthening 
the primary role of mechanical stretch in maintaining the hyper-
trophic phenotype. The mechanisms by which mechanical stress 
is converted into biological response are yet to be fully elucidated. 
High-density oligonucleotide arrays have also identifi ed multi-
ple genes, representing diverse biological process (e.g., myocar-
dial structure, myocardial assembly and degradation, metabolism, 
protein synthesis, and stress response), which were differentially 
expressed in nonfailing and failing human hearts (Yang et al., 
2000)   . Other larger studies of human heart failure have con-
fi rmed the role for MAPKs, mechanical stress and neurohumoral 
pathways in heart failure (Kudoh et al., 1998)   . Likewise, genetic 
pathways identifi ed during acute and chronic pressure overload 
refl ect differential gene expression during distinct phases may 
represent potential target for therapy. A substantial limitation, 
however, remains that lack of reproducibility and reliability in 
the sample sets owing to selection bias and differences in etiology, 
age, sex, mode of onset, treatment regimens and clinical course. 

 End-stage heart failure is associated with an increased activity 
and alterations of multiple gene products including the extracel-
lular matrix/cytoskeletal (e.g., collagen types I and III, fi bro-
modulin, fi bronectin, and connexin 43) ( Tan et al., 2002 ). When 
gene expression profi ling was applied in a transgenic model of 
tumor necrosis factor- �  overexpression, a large number of immune 
response-related genes were over-expressed, along with a IgG 
deposition in myocardium, supporting activation of immune 
system and infl ammatory mechanisms in the development and 
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progression of heart failure (Feldman and McTiernan, 2004   ; 
Kubota et al., 1997)   . 

 Gene expression profi les of heart failure caused by alcoholic 
cardiomyopathy and familial cardiomyopathy suggest that the onset 
and disease progression may involve different genetic determi-
nants. A provocative study by Blaxall and coworkers has reported 
that genomic profi ling in a murine model of heart failure reverted 
to the normal phenotype after rescue by expression  � - adrenergic 
receptor kinase and suggested mild and advanced heart failure 
maybe similar in mice and humans ( Blaxall et al., 2003 ). As previ-
ously mentioned, the conclusions must be interpreted cautiously 
owing to the complexities of heart failure related to the impreci-
sion associated with genetic, physiologic, and clinical phenotypes.  

  A Case for Biologic Reclassifi cation of Heart Failure 
 Gene expression profi ling has signifi cantly improved the diagnos-
tic classifi cation of specifi c conditions (e.g., breast cancer, chronic 
myelogenous leukemia) but remains a formidable challenge 
for deciphering meaningful insights about the biological mecha-
nisms underlying disease pathogenesis ( Quackenbush, 2006 ). 
Among inheritable forms of cardiovascular diseases, recent 
advances of single-gene disorders have fundamentally altered 
our understanding about the cellular processes, metabolic altera-
tions and transcriptional reprogramming of the diseased heart 
( Seidman and Seidman, 2001 ). Much like the success seen for 
tumor classifi cation and other improvements in cancer therapeu-
tics ( Bell, 2004 ;  Quackenbush, 2006 ), and beyond the availability 
of genetic tests for disease-causing mutations of cardiomyopa-
thy ( Morita et al., 2005 ), the development of genomic tools that 
are causally linked to disease pathogenesis, termed a  “ molecu-
lar signature, ”  will likely accelerate progress for early detection, 
targeted therapy and disease monitoring of inheritable heart 
failure ( Bell, 2004 ). We suggest that the opportunities exist for 
microarray-based profi ling, proteomics, metabolomics, and 
genome-wide technologies to propel the transition from clinico-
pathologic to clinico-genomic classifi cations for heart failure. 

 Different gene profi les for failing and nonfailing hearts have 
already permitted differentiation among heart failure with dif-
ferent etiologies, as shown recently by Donahue and colleagues 
in  Table 26.2    ( Donahue et al., 2006 ). Considerable discordance, 
however, exists as our ability to diagnose heart failure using 
genomic profi le lags substantially behind clinical management. 
Important obstacles remain, such as limitations in procuring 
tissue samples needed for genomic profi les and their transition 
from use as research tools into the realm of clinical diagnostics.  

  Biomarkers Versus Biosignatures for Heart Failure 
 Considerable biological heterogeneity of heart failure demands 
more robust tools to guide clinical outcomes. Much recent atten-
tion has focused on biological markers, or biomarkers, which 
objectively measure and evaluate normal biological processes, 
pathologic process, or pharmacological response to therapeutic 
intervention ( Vasan, 2006 ). Current enthusiasm for biomarker 
strategies, however, has also brought confusion and ambiguity 
for applications in clinical practice. Too often, highly fragmented 

information obtained from patients at different clinical stages pre-
cludes meaningful analysis and extrapolation to broader subclasses. 

 Accordingly, we propose that an integrative approach – that 
encompasses our ability to predict the onset, rate of progres-
sion, and response to therapy and/or clinical outcome with 
reproducibility and reliability may circumvent such limitation 
of biomarkers – requires the development of a molecular sig-
nature or  “ biosignature. ”  In order to circumvent existing limi-
tations of biomarkers, proof-of-concept for such biosignatures, 
however, may require tissue sampling and serial analysis for 
identifi cation and validation ( Figure 26.5   ). Among eight indi-
viduals with IDCM but with similar clinical characteristics for 
chronic heart failure at baseline, Lowes and colleagues reported 
that serial sampling was superior to cross-sectional gene expres-
sion profi ling since there was less variance in the differences 
on gene chip analysis of endomyocardial biopsies (EMB) from 
the same patient than among the different subjects with similar 
phenotypes ( Lowes et al., 2006 ). Because these biological processes 
may precede the transition into heart failure and premature 
death, future work should address the intriguing possibility that 
distinct metabolic pathways might be linked to novel molecular 
signatures in disease pathogenesis ( Figure 26.5 ). 

 Protein aggregation cardiomyopathy (PAC) (also termed 
desmin-related myopathy – DRM) is a multi-system disease, caused 
by the missense R120G mutation in the gene encoding the human 
small HSP  � B-crystallin (hR120GCryAB). To understand the path-
ogenic mechanisms by which hR120GCryAB expression causes 
cardiotoxicity and heart failure, our group has shown in recent 
genetic studies in mice that selective hR120GCryAB expression in 
the heart induces a novel toxic gain-of-function mechanism involv-
ing reductive stress, apparently emanating from increased activity 
of glucose 6-phosphate dehydrogenase (G6PD) ( Rajasekaran 
et al., 2007 ). Reductive stress refers to an abnormal increase in 
the amounts of reducing equivalents (e.g., glutathione, NADPH), 
which has been demonstrated in lower eukaryotes ( Simons 
et al., 1995 ;  Trotter and Grant, 2002 ) but has not been com-
monly shown in the mammals and/or in disease states ( Chance 
et al., 1979 ;  Gores et al., 1989 ). 

 Such genetic evidence, that dysregulation of G6PD activity 
is a causal mechanism for R120GCryAB cardiomyopathy, forms 
the rationale for ideas related to metabolic and genetic path-
ways that might codify biosignatures. What metabolic changes 
occur before the onset of detectable myopathic or pathologic 
alterations, and how does such imbalance contribute to cardio-
myopathy and heart failure? Does reductive stress exert direct 
or indirect consequences on mitochondrial (dys)function? 
Applications in redox proteomics and multiplex protein markers 
are presently being pursued to determine if glutathionylation, 
for example, of key components in mitochondrial and other 
metabolic pathways are causally linked to disease pathogenesis.  

  Molecular Diagnosis of Allograft Rejection 
 Although peripheral blood mononuclear cells (PBMCs) are 
abundant and highly accessible sources of genomic material, a 
potential for diagnostic inaccuracy and therapeutic failure exists 



 T A B L E  2 6 . 2         Discovery projects in heart failure  

 Comparison  Subjects  Platform  Finding 

 Failing versus 
non-failing 

 2 cases (1 ICM
and 1 DCM)
2 control cases 

 Affymetrix Hu 6800  Alterations of expression of cytoskeletal and
 myofi brillar genes, genes encoding stress proteins, and 
 genes involved in metabolism, protein synthesis, and
 protein degradation 

 Failing versus 
non-failing 

 7 cases (DCM)
5 control cases 

 Cardiochip (custom 
array) 

 Upregulation of genes for atrial natriuretic peptide,
 sarcomeric and cytoskeletal proteins, stress proteins,
 and transcription/translation regulators
Down-regulation of genes regulating calcium signaling
 pathways 

 Failing versus 
non-failing 

 8 cases (DCM)
7 control cases 

 Affymetrix Hu 6800  103 differentially expressed genes with most prominent
 being atrial natriuretic factor and brain natriuretic
 peptide 

 Failing versus 
non-failing 

 10 cases (DCM)
4 control cases 

 Custom arrays  364 differentially expressed genes
Up-regulation being most prominent in genes for energy 
 pathways, muscle contraction, electron transport, and 
 intracellular signaling
Down-regulation was most prominent in genes for cell
 cycle control 

 Failing versus 
non-failing 

 9 cases (5 ICM
and 4 DCM)
1 control case 

 Affymetrix HG-U95A  95 differentially expressed genes with notable up-
 regulation of atrial natriuretic peptide and brain
 natriuretic peptide
Prominent pathways up-regulated include cell
 signaling and muscle contraction 

 Failing versus 
non-failing 

 6 cases (DCM)
5 control cases 

 Affymetrix HG-U133A  165 differentially expressed genes, the most prominent
 being structural and metabolic genes 

 Failing versus 
non-failing 

 5 cases (DCM)
5 control cases 

 Custom array for 
apoptotic pathways 

 Differentially expressed genes in apoptotic pathways 

 Pre- and post-left 
ventricular assist 
device 

 6 cases (3 DCM 
and 3 ICM) 

 Affymetrix Hu 6800  530 differentially expressed genes (295 up and 235 down) 
 with prominent changes in genes for metabolism 

 Pre- and post-left 
ventricular assist 
device 

 7 cases (DCM)  Affymetrix HG-U133A  179 differentially expressed genes (130 up and 49 down
There was prominent up-regulation in nitric oxide
 pathways and down-regulation of infl ammatory genes 

 Pre- and post-left 
ventricular assist 
device 

 19 cases (8 DCM 
and 11 ICM) 

 Affymetrix HG-U133A  107 differentially regulated genes (85 up and 22 down)
Prominent was the up-regulation of genes regulating
 vascular networks and down-regulation of genes
 regulating myocyte hypertrophy 

 HCM and DCM versus 
non-failing 

 3 DCM
2 HCM
3 control cases 

 Cardiochip (custom 
array) 

 Multiple genes and pathways up- and down-regulated
 some common to DCM and HCM some distinct to each 

  DCM      �      dilated cardiomyopathy; HCM      �      hypertrophic cardiomyopathy; ICM      �      ischemic cardiomyopathy.  

if there is discordance between the information in PBMCs and 
underlying condition in the diseased tissues. Signifi cant progress 
has been made for patients after cardiac transplantation, which 
could change existing paradigms for clinical decision-making 
and management of allograft rejection. Standard protocols after 
heart transplantation requires patients to undergo serial EMB as a 
means to monitor for rejection and to guide immunosuppressive 

therapy. Such surveillance maneuvers are invasive, expensive and 
carry considerable risks such as perforation of the ventricular 
wall and hemopericardium. Analysis of the histological data by 
expert pathologists is subject to inter-observer variability and 
the diagnosis of acute rejection has been controversial (Nielsen 
et al., 1993   ; Winters and McManus, 1996)   . Horwitz and col-
leagues were among the fi rst to demonstrate that gene expression 
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profi les of PBMCs might provide an alternative approach of the 
diagnosis of allograft rejection (Horwitz et al., 2004)   . Patients who 
subsequently developed acute rejection had a distinct genomic 
profi le compared with patients without any rejection and, after 
treatment for rejection, the majority (98%) of differentially 
expressed genes returned to baseline. 

 The CARGO (Cardiac Allograft Rejection Gene Expression 
Observational) study prospectively investigated gene expression 
analysis from PMBCs as a diagnostic tool to predict transplant 
rejection ( Mehra, 2005 ). From the core group of 11 genes asso-
ciated with immune response pathways, which were identifi ed 
by quantitative real-time polymerase chain reaction (QT-PCR) 
and assigned weighted scores, CARGO investigators were able 

to predict rejection with a sensitivity and specifi city of 80% and 
60%, respectively ( Deng et al., 2006 ). Owing to reduced sensi-
tivity and specifi city immediately after transplantation, the test 
may also be unreliable for the diagnosis of low/intermediate 
grade rejection. Now commercially available (AlloMap®), this 
landmark study provides proof-of-concept that gene expression 
profi ling in PBMCs are predictive for acute rejection pathways 
in cardiac transplant patients. One important implication is that 
genomic profi ling of specifi c targets expressed in peripheral 
blood will increasingly be used as a sensitive marker for trans-
plant rejection but direct evidence that such monitoring should 
guide therapeutic management awaits further independent 
validation.   
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 Figure 26.5        New diagnostic approaches, based on information that integrates genes and molecular pathways at the onset, progression 
and end stages are needed to improve heart failure classifi cation.  “ Biosignatures ”  for heart failure – developed from microarray analysis 
technologies, proteomics and genomic technologies – are proposed here to integrate the biological processes and molecular mechanisms 
for rationale drug design and treatment in the post genomic era of personalized medicine.    

2009 UPDATE
Identifi cation and characterization of the pathways and mecha-
nisms by which common genetic variants (polymorphisms) 
contribute to the initiation and propagation of life-threatening 
conditions remain the foundations for personalized medicine 
in cardiology. Among established targets of neurohormonal 
antagonists associated with mortality benefi ts for heart failure, 
a pharmacogenomic interaction is suggested where common 

sequence variations of genes encoding neurohormonal sign-
aling alter an individual’s therapeutic response (Dorn, 2007). 
Epigenetic alterations are now being considered in light of such 
effects on the development of cardiac hypertrophy and heart 
failure. For example, recent analysis of ventricular tissue from 
both experimental and human heart failure has revealed epige-
netic changes such as trimethylation of histone H3 at lysine-4 



or lysine-9, which were present between the regions of genes 
encoding signal transduction pathways (Kaneda et al., 2009).

Autocrine and paracrine factors elaborated by the heart 
serve as key sensors that self-regulate cardiomyocyte contrac-
tion, growth, and programmed death (Dorn, 2007). For the 
irreversibly damaged myocardium, the clinical trials of adult 
stem cell therapy have suggested potential benefi t but there is 
less confi dence in the current approaches being used for regen-

eration of cardiac tissue (Mayorga et al., 2009). A recent catalog 
of proteotypic peptides in heart human has been developed to 
serve as a public reference to guide future targeted mass spec-
trometry experiments monitoring protein biomarkers (Edwards 
et al., 2008; Kline et al., 2008). The discovery of human gene 
polymorphisms and/or gene variant expression holds particu-
lar promise as therapeutic targets for ameliorating adaptive and 
maladaptive mechanisms related to stress-response pathways.
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  INTRODUCTION 
 The development of highly parallel assessment of genome-wide 
patterns of gene expression and the development of statisti-
cal and bioinformatics algorithms for evaluation of these large 
datasets have provided great insight into the molecular basis of 
physiology and disease. While less widely appreciated, it was 
apparent early on that large gene expression databases, if col-
lected in a clinically and epidemiologically appropriate fash-
ion, could provide the basis for diagnosis and monitoring tools 
capable of informing on human disease. Attention has focused 
on tissue samples obtained through biopsy for cancer profi l-
ing and monitoring and on gene expression in circulating 
leukocytes to gain information about the broad array of 
immune-associated diseases. Although technically demand-
ing with respect to reproducibility of measuring changes in 
gene expression and appropriate handling of data, gene expres-
sion measurements have nonetheless provided the basis for a 
small number of clinically useful and recognized tests that are 
now available to physicians for disease monitoring, augmenting 
more classical laboratory data to guide patient management 
decisions.  

  CARDIAC ALLOTRANSPLANTATION 
AS A DEFINITIVE THERAPY FOR 
END-STAGE HEART FAILURE 
 Heart failure (HF) is a leading cause of morbidity and mortal-
ity in the United States. In 2001, approximately fi ve million 
Americans were affected by this condition, and over half a mil-
lion new cases are diagnosed annually. The disease accounts for 
the number one cause of hospitalization for individuals aged 65 
or greater. In patients with end-stage HF and severe functional 
limitation, 1-year mortality approaches 75%, rivaling the effects 
of most cancers ( Rose et al., 2001 ). Despite major advances 
in the treatment of this disease over the past decade, a sizable 
number of patients with terminal or progressive myocardial dys-
function are fated to die or to be severely limited by symptoms. 
In these patients, biological replacement of the heart with human 
organs (allotransplantation) has become standard therapy and is 
widely accepted as a modality for prolonging life and improving 
its quality in carefully selected patients. Currently, approximately 
4000 heart transplants are performed worldwide each year with 
survival rates of 81%, 74%, and 68% at 1, 3, and 5 years, respec-
tively ( Taylor et al., 2006 ).  
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  THE PROBLEM OF ALLOGRAFT 
REJECTION 
 Heart transplantation is the defi nitive therapy for end-stage 
HF but is complicated by recipient immune responses to the 
transplanted heart (allograft), often resulting in cardiac allograft 
rejection. Different forms of rejection are recognized, including 
hyperacute rejection ( Kemnitz et al., 1991 ), acute cellular rejec-
tion (ACR) ( Billingham et al., 1990 ;  Rodriguez, 2003 ;  Stewart 
et al., 2005 ;  Winters and McManus, 1996 ;  Winters et al., 1998 ), 
acute antibody-mediated rejection (AMR), mixed rejection 
( Book et al., 2003 ;  Michaels et al., 2003a )   , and chronic rejection, 
also termed cardiac allograft vasculopathy (CAV). Hyperacute 
rejection is rare but may occur in the setting of circulating-
preformed antibodies to the ABO blood group (in cases of ABO 
blood group incompatability) or to major histocompatability 
antigens on the cardiac allograft. This form of rejection manifests 
as severe graft failure within the fi rst few minutes to hours after 
transplantation. ACR is the most common form of rejection 
and occurs in 30–50% of heart transplant recipients in the fi rst 
year following transplantation ( Hershberger et al., 2005 ). Most 
episodes occur within the fi rst 3–6 months. This type of rejec-
tion is primarily mediated by T-lymphocytes and is character-
ized by lymphocytic infi ltration within the myocardium, direct 
myocyte damage, and subsequent graft dysfunction. The sever-
ity of cellular rejection refl ects the distribution and extent of 
infl ammation and the presence or absence of myocyte damage. 
Acute AMR is mediated by B-lymphocytes and is characterized 
by antibody deposition on the cardiac allograft microvasculature, 
complement activation, and graft dysfunction. It is more likely 
to be associated with hemodynamic compromise compared 
with ACR, carries a worse prognosis, and is a strong risk factor 
for the early development of CAV ( Michaels et al., 2003b )   . The 
prevalence of AMR has been reported to be between 15% and 
20%, and it can occur independently of or in combination with 
ACR ( Hammond et al., 1989 ;  Michaels et al., 2003a ). Chronic 
rejection occurs months to years after transplantation and is 
typically manifested as CAV and late graft failure. The mecha-
nisms of chronic rejection are incompletely understood but may 
involve a proliferative response to both immunologically and 
nonimmunologically mediated endothelial injury with progres-
sive intimal thickening within the coronary vessels.  

  IMMUNOSUPPRESSION STRATEGIES 
TO PREVENT REJECTION 
 Most clinically used immunosuppressive regimens consist of a 
combination of several agents used concurrently and  utilize 
 several general principles. The fi rst general principle is that 
immune reactivity and tendency toward graft rejection are 
 highest early (within the fi rst 3–6 months) after graft implanta-
tion and decrease with time. Thus, most regimens employ the 
highest levels of immunosuppression immediately after trans-
plantation and decrease those levels over the fi rst year, eventually 

settling on the lowest maintenance levels of immune suppression 
that are compatible with preventing graft rejection and mini-
mizing drug toxicities. The second general principle is to use 
low doses of several drugs without overlapping toxicities in pref-
erence to higher (and more toxic) doses of fewer drugs when-
ever feasible. The third principle is that too much or too intense 
immunosuppression is undesirable, because it leads to a myriad 
of undesirable effects, such as susceptibility to infection and 
malignancy. Finding the right balance between over- and under-
immunosuppression in an individual patient is truly an art that 
utilizes science. 

 Most modern immunosuppressive protocols employ 
a three-drug regimen consisting of a calcineurin inhibitor 
(cyclosporine or tacrolimus), an antiproliferative agent (myco-
phenolate mofetil or azathioprine), and corticosteroids. The 
calcineurin inhibitors inhibit production of the cytokine inter-
leukin-2, therefore preventing T-lymphocyte differentiation and 
proliferation. The antiproliferative agents exert their immuno-
suppressive effects by blocking purine synthesis and inhibiting 
proliferation of both T- and B-lymphocytes. Corticosteroids 
are non-specifi c anti-infl ammatory agents that interrupt multi-
ple steps in immune activation, including antigen presentation, 
cytokine production, and proliferation of lymphocytes. They are 
used in relatively high doses in the early post-transplant period 
and are tapered to low doses or discontinued after the fi rst 6–12 
months. A new class of agents called proliferation signal inhibi-
tors (sirolimus and everolimus) work by inhibiting both T- and 
B-lymphocyte proliferation through G1 cell cycle blockade. 
These newer agents have become increasingly popular over the 
past 5 years due to their ability to prevent and retard progression 
of CAV and  calcineurin-inhibitor-associated nephrotoxicity. 

 Signifi cant advances have been made over the past two 
decades in moving from drugs that provide broad and non-
specifi c immunosuppression to newer agents that provide more 
targeted immunosuppression through inhibition of lymphocyte 
activation and proliferation. Although use of these newer agents 
has decreased the incidence of both rejection and life-threatening 
infections, modern immunosuppressive regimens are inherently 
associated with drug- and class-specifi c toxicities, including 
metabolic derangements (hypertension, dyslipidemia, diabetes 
 mellitus) and renal dysfunction. Additionally, heart transplant 
patients continue to have higher risk of developing opportun-
istic infections and malignancy compared to the general popu-
lation due to suppression of their immune system. The risk of 
infection and neoplasm is typically related to the intensity and 
duration of immunosuppression. 

 Given the continued inherent toxicity of immunosuppres-
sion regimens, the variability of immunosuppression and sus-
ceptibility to drug toxicities among different individuals, and the 
constant aim to fi nd a regimen that provides optimal immuno-
suppression with minimal side effects, there continues to be a 
great need for ways of monitoring immune suppression. Better 
tools for monitoring relative immunosuppression would allow for 
tailoring of immunosuppressive regimens to individual patients 
and aid in the development of new therapeutics ( Table 27.1   ).  
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  CURRENT STRATEGIES FOR 
MONITORING TRANSPLANT 
REJECTION 
 Most patients with acute rejection are asymptomatic and have 
no clinical fi ndings of cardiac allograft dysfunction. Additionally, 
the signs and symptoms of rejection, when present, are non-
specifi c and may only manifest in the late stages of rejection. 
Thus, close surveillance of heart transplant recipients for acute 
rejection is critical. Patients are typically monitored for rejec-
tion using a combination of clinical assessment, imaging and/or 
quantifi cation of allograft function [echocardiography, multiple 
gated acquisition (MUGA) scan, measurement of intracardiac 
pressures and fl ows], in addition to sampling of the myocardium 
via the technique of endomyocardial biopsy (EMB). Protocols 
for the timing of rejection surveillance are variable among trans-
plant programs but are generally chosen to match the observed 
frequency of rejection episodes, which is clearly highest in the 
early postoperative period. Most programs perform rejection 

surveillance on a weekly basis for the fi rst 4–6 postoperative 
weeks and then with diminishing frequency in a stable patient 
but at a minimum of every 3 months for the fi rst postoperative 
year and at 3–6 months intervals after the fi rst year. 

 The gold standard for diagnosing ACR has remained the 
EMB. In this procedure, several pieces of heart tissue from the 
inner portion (endomyocardium) of the right ventricle are 
removed with a rigid catheter advanced into the heart via a vein 
in the patient ’ s neck or groin area. The specimens are then evalu-
ated under a microscope for evidence of infl ammatory infi l-
trates and myocyte injury. A uniform and standardized grading 
scheme for grading of ACR was developed by the International 
Society of Heart and Lung Transplantation (ISHLT) in 1990 
and recently revised in 2004 ( Stewart et al., 2005 ) ( Table 27.2   ). 
Rejection therapy in the form of augmented immunosuppres-
sion is  typically given for rejection grades of 3A/2R or higher 
and for rejection episodes that are associated with allograft dys-
function. The EMB, compared to other modalities of rejection 
surveillance, has the advantage of identifying rejection prior to 
the development of cardiac allograft dysfunction. However, the 
procedure is invasive, expensive, subject to sampling error, inter-
observer variability, and causes morbidity (0.5–1.5%) ( Nielsen 

 T A B L E  2 7 . 1         Immunosuppression therapies  

 Method  Target  Selectivity 

 Total body irradiation  Bone marrow   �  

 Steroids  Lymphocytes/RES   �  

 Thoracic duct 
drainage 

 Lymphocytes   �  �  

 Antilymphocyte 
globuline 

 Lymphocytes   �  �  

 Azathioprine  Lymphocytes   �  �  

 Plasmapheresis  Antibodies   �  �  

 Cyclophosphamide  B-lymphocytes   �  �  

 Antithymocyte 
globuline 

 T-lymphocytes   �  �  

 Monoclonal CD3 
antibodies 

 CD3     �      T-lymphocytes   �  �  �  

 Monoclonal CD4 
antibodies 

 CD4     �      T-lymphocytes   �  �  �  

 Mycophelonate  De novo purine 
synthesis in 
lymphocytes 

  �  �  �  �  

 Cyclosporine  IL2 inhibition in 
T-lymphocytes 

  �  �  �  �  

 Tacrolimus  IL2 inhibition in 
T-lymphocytes 

  �  �  �  �  

 Daclizumab  IL2 receptor 
antibodies 

  �  �  �  �  

 T A B L E  2 7 . 2         Grading system for endomyocardial biopsy  

 ISHLT Standardized cardiac biopsy grading 
 Acute cellular rejection 

 Old (1990) 
Grade 

 Revised (2004) 
Grade 

 Description 

 0  0R  No rejection 

 1A 
 1B 
 2 

 1R (mild) 
  

 Interstitial and/or 
perivascular mononuclear 
cell infi ltrate with up to one 
focus of myocyte damage   

 3A  2R (moderate) 
  

 Two or more foci of 
mononuclear cell infi ltrate 
with associated myocyte 
damage   

 3B 
 4 

 3R (severe) 
  

 Diffuse mononuclear and/or 
mixed infl ammatory cell 
infi ltrates with multiple foci 
of myocyte damage, with or 
without edema, hemorrhage, 
or vasculitis   

 Antibody-mediated rejection 

 AMR 0  Negative for acute AMR 

 AMR 1  Positive immunofl uorescence 
or immunoperoxidase 
staining for AMR (positive 
CD68, C4d). 

  R denotes  “ revised ”  grade. Adapted from  Stewart et al. (2005).   



 Most of the currently employed strategies identify cellular 
rejection long after immune activation has occurred. In many 
cases, myocyte injury and allograft dysfunction have already 
occurred ( Figure 27.1   ). Despite activation of a broad range of 
immune pathways occurring in rejection, it has not been pos-
sible to identify specifi c molecular clues that inform on the 
degree of rejection in the transplanted organ. Clearly, greater 
information regarding the genes and proteins that are specifi cally 
activated in relation to transplant rejection is needed to provide 
a measure of rejection activity. Based on advances in the human 

 Figure 27.1        Progression and diagnosis of acute cellular rejection within the cardiac allograft.    

et al., 1993 ;  Winters and McManus, 1996 ;  Winters et al., 1998 ). 
Biopsy-related complications include damage to the tricuspid 
valve, myocardial perforation, and excessive bleeding. Although 
non-invasive alternatives to EMB are clearly needed, methods 
such as echocardiography, ultrasonic myocardial backscatter, radi-
onuclide imaging, magnetic resonance imaging, intra-myocardial 
electrograms, measurement of serum cardiac markers such as car-
diac troponin I and B-type natriuretic peptide, and multipara-
metric immune monitoring have been diffi cult to validate and 
implement ( Deng et al., 2005 ). 
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genome project and based on the development of microarray 
technology and related computational methodology, a group 
of clinical and molecular scientists hypothesized that periph-
eral blood leukocyte expression profi ling might refl ect differen-
tial activity in the two states of acute rejection and quiescence 
within the allotransplanted heart.  

  THE CARGO CLINICAL STUDY 
 As circulating peripheral blood mononuclear cells (PBMC) 
refl ect the status of a host immune system and responses to the 
allograft, measurement of PBMC gene expression should provide 
useful diagnostic or prognostic information for cardiac transplant 
recipients. Based on this hypothesis, studies have now been per-
formed ( Deng et al., 2006a    ;  Horwitz et al., 2004 ;  Schoels et al., 
2004 ) to identify genes and pathways predictive of rejection in 
peripheral blood and to develop a molecular test based on this 
information. To identify the correlation between gene expres-
sion in circulating mononuclear cells and the relative degree of 
cardiac allograft rejection, a multicenter prospective study called 
the Cardiac Allograft Rejection Gene Expression Observational 
(CARGO) was initiated. Based on the genes and pathways 
identifi ed as correlates of rejection, the CARGO study resulted 
in the development and validation of a peripheral blood gene 
expression test for rejection. The test was developed using DNA 
microarray technology and real-time PCR. The CARGO study 
had as a primary objective the development of a molecular diag-
nostic test from PBMC samples to discriminate between a qui-
escent state (original ISHLT Grade 0 rejection; revised ISHLT 
Grade 0R) and moderate/severe rejection (original ISHLT 
Grade  � 3A; revised ISHLT Grade  � 2R) in cardiac trans-
plant recipients. Patients at eight heart transplant centers were 

followed prospectively with blood sampling performed at the 
time of post-transplant visits. Biopsies were graded by both local 
pathologists and three independent core pathologists blinded to 
clinical data. The scheme for gene discovery, test development, 
and validation from CARGO is shown in  Figure 27.2   .  

  DEVELOPMENT OF A GENE 
EXPRESSION SIGNATURE FOR 
CARDIAC TRANSPLANT REJECTION 
 Microarrays were used to identify genes in PBMC samples 
( n   �  285) from cardiac transplant recipients that are associ-
ated with moderate/severe rejection or the absence of rejection. 
A set of 252 genes were selected for real-time PCR assay devel-
opment from the microarray data and from genes in the published 
literature with known or hypothesized roles in cardiac allograft 
rejection (knowledge-based genes). While an empirical genomic 
approach should provide a comprehensive look at the genome, 
technical limitations of microarray technologies suggested that 
additional genes from existing knowledge should also be evalu-
ated even if they were not selected from the microarray experi-
ments. The limitations of microarrays include low sensitivity for 
genes expressed at low levels or in small subsets of circulating 
cells and nonspecifi city of array probes for individual transcripts 
or splice variants. The 62 genes from the real-time PCR panel 
found to be reproducibly and differentially expressed between 
rejection and quiescence states were evaluated in a training set of 
145 PBMC samples, and a multigene algorithm was developed 
using linear discriminant analysis for the ability to classify samples 
as having no rejection (ISHLT 0R) or moderate/severe rejec-
tion (ISHLT      �     2R). The optimal number of genes required for 
best classifi cation was determined to be 11, with 9 genes being 

Algorithm development
  Highly sensitive and reproducible real-time PCR methods
  Development of a 20-gene algorithm to distinguish rejection
     from quiescence (AlloMap molecular expression testing)

Candidate gene selection
 285 CARGO samples tested with a leukocyte microarray
 Database and literature mining
 dentification of 252 candidate genes

Validation
 Prospective, blinded, statistically powered study (n � 270)
 Additional samples tested to further define performance (n � 1000)

Phase II
Development

Phase III
Clinical

validation

Phase I
Discovery

 Figure 27.2         Approach to the development of a gene expression profi ling test for cardiac transplant rejection.    



included as controls. A gene expression profi ling (GEP) test for 
detecting cardiac allograft rejection was then developed using 
PCR-based quantifi cation of expression of these genes and their 
relative contribution to a probability score, based on the classifi -
cation algorithm ( Table 27.2 ). Finally, a validation cohort of inde-
pendent samples from CARGO (63 samples from 63 patients) 
was used to validate the performance of the multigene test. These 
samples were independent from those used for the gene selec-
tion and algorithm development studies described above. This 
approach is critical for genomic studies that are fraught with false 
positive results due to the very large excess of genes to samples 
( Deng et al., 2006a ). In this study, the test was shown to accurately 
detect the absence of moderate/severe rejection and thus identify 
a state of  “ quiescence ”  in the allograft. Using a single, pre-defi ned 
threshold of 20 (scores below 20 indicating a low probability of 
rejection), the test distinguished moderate/severe biopsy-defi ned 
rejection from quiescence ( p   �  0.0018) and had an agreement of 
84% (95% CI 66–94%) with ISHLT Grade   �3A/2R rejection 
compared with EMB. Beyond 1-year post-transplant, patient-
GEP scores below the threshold also had a negative predictive 
value (NPV) for Grade �  3A/2R rejection of  � 99%. 

 Based on these data, the GEP has been commercialized by 
XDx, Inc., Brisbane, CA. Their AlloMap™ test, which became 
available in January 2005, employs quantitative PCR of the 
20 genes in triplicate and provides a score ranging from 0 to 
40, with lower scores being associated with a very low likeli-
hood of moderate/severe cardiac allograft rejection. A score of 
�  30–34 has been used by many heart transplant centers to iden-
tify patients with a low probability of acute rejection. Details on 
development and validation of the GEP test have been published 
elsewhere ( Deng et al., 2006b )   .  

  PATHWAYS MONITORED BY THE GEP 
(AlloMap™) TEST 
 A total of 62 genes were identifi ed by real-time PCR in the vali-
dation phase of the CARGO study as being able to distinguish 
quiescent cardiac transplant patients from those who had moder-
ate/severe biopsy-defi ned rejection. Study of the GeneOntology 
( http://www.geneontology.org ) annotations associated with these 
genes, and in particular the 11 GEP test genes ( Deng et al., 2006b ), 
identifi ed several different pathways ( Table 27.3   ) associated with 
the rejection process. The pathways include T-cell priming, state of 
immunosuppression, changes in platelet phenotype, and systemic 
responses to infl ammation in the allograft. T-cell receptor chains 
were upregulated. Another cluster involved hematopoiesis, refl ect-
ing an increase in erythroid progenitors, potentially  stimulated 
by circulating byproducts of immune activity in the allograft 
( Hammer et al., 1998 ). Alternatively, a certain level of hematopoi-
etic activity may be required to have or sustain an acute rejection 
response. Down-regulation of several genes was also observed. 
A number of genes of unknown function showed signifi cant 
up- or down-regulation with rejection, requiring further work 
to elucidate their roles. In the context of the phenotypic changes 

that a naive T-cell acquires when it is primed in the lymph node 
( Mempel et al., 2004 ), PDCD1, a negative costimulatory molecule 
that minimizes the autoreactivity of an aggressive effector T-cell, is 
one of those candidates in the GEP classifi er. Primed T-cells need 
to be able to traffi c into sites of infl ammation and acquire new 
traffi cking molecules including ITGA4 (another GEP classifi er 
gene).  

  VARIABILITY OF THE BIOPSY GOLD 
STANDARD AND RELATIONSHIP TO 
THE GEP (AlloMap™) SCORE 
 The CARGO study design originally assumed a  “ gold standard ”  
clinical endpoint of biopsy-based detection of ACR. However, 
results from CARGO demonstrated that this  “ gold standard ”  
was limited by considerable inter-observer variability among 
local pathologists, and use of GEP testing may help reduce the 
variability of diagnosing ACR inherent in the biopsy ( Marboe 
et al., 2005 ). Therefore, in the development and evaluation 
of the GEP test, rejection was defi ned by a local pathologist ’ s 
grading and by interpretation by a panel of three experienced, 
independent, blinded pathologists (central pathologists) who re-
read each case. GEP scores were progressively higher, on average, 
as the rate of concordance among all pathologists ’  readings 
increased for identifying Grade  � 3A/2R rejection. When 1 of 4 
pathologists diagnosed Grade  � 3A/2R, the average GEP score 
was 28.5. When 4 of 4 agreed on Grade  � 3A/2R, the average 
GEP score was 33 ( Marboe et al., 2006 ).  

  DISCORDANCE BETWEEN BIOPSY 
GRADE AND MOLECULAR SCORE 
 Certainly the situation can arise where the GEP score is dis-
cordant from the histologic grading. A  “ positive ”  biopsy (ISHLT 

 T A B L E  2 7 . 3         Genes and pathways represented in the 

fi nal GEP (AllomapTM) diagnostic test  

 Genes in AlloMap test  Corresponding pathways 

  SEMA7A   Macrophage 
activation/PMNs 

 IL1R2, FLT3, ITGAM    Steroid responsiveness 

  PF4, G6B   Platelet production 

  MIR, WDR40A   RBC production 
(hematopoiesis) 

  PDCD1, ITGA4   T-cell activation and 
regulation 

  RHOU   Cell morphology 
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Grade  �   3A/2R) and low GEP score ( � 34) are uncommon but 
may hypothetically be seen when local pathologists misdiagnose 
rejection, either overgrading or misinterpreting (e.g., Quilty 
lesions) the histology ( Marboe et al., 2005 ). Additionally, a sub-
set of focal rejection may be benign; in one study, more than 
90% of Grade 3A/2R biopsies with two foci of focal moderate 
rejection diagnosed after 1-year post-transplant, resolved with-
out therapy ( Winters et al., 1995 ). Finally, molecular testing and 
biopsy measure different processes which may be discordant 
(e.g., lagging clearance of infi ltrate in  “ resolving rejection ” ). In 
the CARGO study, rates of positive biopsy and low molecu-
lar score were low. For example, with a threshold score of 34 
beyond 1-year post-transplant, the NPV of the test for Grade 
 � 2R/3A rejection was 99.2%. Thus, a Grade  � 2R/3A would 
be expected to occur with a low GEP score in 8 of 1000 tests in 
a population similar to CARGO. Conversely, a  “ negative ”  biopsy 
and high molecular score may be observed. Several hypotheses 
may explain this phenomenon, including early or focal rejec-
tion that may not be detected on the biopsy due to sampling 
error, alloimmune activation in the absence of cellular rejection 
on the biopsy, immune activation relating to conditions other 
than ACR (e.g., AMR, CAV/chronic rejection, or infection), or 
a quiescent state in a chronic and clinically stable heart trans-
plant recipient. In the CARGO study, the rate of samples tested 
that had a negative biopsy with a high GEP score increased with 
time post-transplantation.  

  EFFECT OF TIME POST-
TRANSPLANTATION 
ON PERFORMANCE OF 
THE GEP TEST 
 Samples from CARGO were used to derive the performance 
characteristics for the GEP test across a range of scoring thresh-
olds. Since rejection rates and average GEP scores are known 
to vary with time post-transplant, performance character-
istics were reported for defi ned time intervals ( � 6, 6–12, and 
�  12 months). NPV and positive predictive value (PPV) were 
calculated for each threshold with respect to Grade  � 3A/2R 
rejection as defi ned by both local and central pathologists. The 
percent above threshold is the estimated overall rate of posi-
tive tests for an outpatient population. When interpreting the 
PPV for the GEP test for Grade  � 3A/2R rejection, it must 
be recognized that this parameter is highly dependent on the 
time-dependent prevalence of rejection in this population. In 
the fi rst 6 months post-transplant, the risk of rejection is sig-
nifi cantly higher than in later periods, and the PPV of the GEP 
test can be as high as 20–40% with high scores. Beyond 1-year 
post-transplant, the rate of Grade  � 3A/2R rejection drops to 
low levels ( � 3% of biopsies in CARGO), and the PPV of the 
test declines as well. This phenomenon is important to consider 
when interpreting high scores in patients  � 1 year post-
transplant, who are at low risk for rejection. The expecta-
tion in the majority of these patients is that they do not have 

concurrent Grade  � 3A/2R rejection on biopsy. The GEP score 
associated with quiescence also rises with time post-transplant, 
probably related to down titration of corticosteroids and over-
all immunosuppression. Since the risk of rejection decreases 
with time and the NPV of the GEP score remains high over 
the range of scores between 30 and 35, the higher GEP score 
thresholds may be used to identify patients at very low risk for 
rejection during later periods post-transplant. Thus, implemen-
tation guidelines based on early clinical experience with the 
test recommend that GEP thresholds should vary by time post-
transplant (0–6, 6–12, and  � 12 months post-transplant) ( Starling 
et al., 2006 ).  

  RELATIONSHIP OF GEP SCORE TO 
CORTICOSTEROID DOSE 
 Quiescent GEP scores rise with time post-transplant through-
out the fi rst year, with the steepest part of this rise in the fi rst 
6 months ( Figure 27.3   ). Corticosteroid dosing is the clinical var-
iable most strongly associated with this pattern ( Starling et al., 
2005 ). Expression of a number of genes in the GEP algorithm 
correlates with steroid dose ( ITGAM ,  IL1R2 ,  FLT3 ). The pat-
tern of change in expression of these genes with decreasing 
steroid dose is the same as the pattern observed with rejection. 
Steroid dosing is rapidly reduced in the fi rst 6 months and pro-
gressively lowered during the remainder of the fi rst year and 
beyond. Available data from the CARGO registry suggest that 
prednisone doses of  � 20       mg/day do not signifi cantly infl uence 
the GEP score.  

  PREDICTION OF FUTURE ACR BY 
MOLECULAR SCORE 
 Peripheral blood gene expression patterns in 104 clinically sta-
ble heart transplant patients without initial histological evidence 
of acute rejection (ISHLT Grade 0 or 1A/1R) were evaluated in 
a nested case-control study within CARGO, to assess the ability 
of the GEP test to predict rejection in the subsequent 12 weeks. 
The cases included 39 patients who developed subsequently 
moderate to severe rejection (ISHLT Grade  � 3A/2R) within 
12 weeks, and the controls included the remaining 65 patients 
who did not experience rejection during this time period. In addi-
tion, changes in individual gene expression patterns and their rela-
tionship with rejection therapy were studied. The gene expression 
score was signifi cantly higher in patients with future moderate/
severe rejection ( p   �  0.01), and the difference was more statis-
tically signifi cant within 180 days post-transplant ( p   �  0.0004). 
In this period, no patients with gene expression scores 
  20 developed moderate/severe rejection within 12 weeks, 
while 58% of patients with gene expression scores  � 30 did go 
on to develop rejection. Individual genes that most signifi cantly 
predicted future rejection included  IL1R2  and  FLT3 , both 
corticosteroid responsive genes that decreased in expression 



before rejection, and  PCD1 , a marker of T-cell activation, 
that increased prior to rejection. Anti-rejection therapy resulted 
in a signifi cant decrease in gene expression score ( p  � 0.01). These 
data suggest that peripheral blood gene expression patterns can 
anticipate future moderate/severe cardiac allograft rejection in 
advance of EMB and may allow pre-emptive augmentation of 
baseline immunosuppression ( Mehra et al., 2007 ).  

  CLINICAL USE OF THE AlloMap™ 
TEST 
 AlloMap™ is commercially available through the CLIA-certifi ed 
XDx reference laboratory for use in heart transplant recipients 
who are 2 months or beyond post-transplantation and has been 
used clinically by US transplant centers since January 2005. 
Experience with rejection surveillance protocols incorporat-
ing GEP testing has provided additional insight into the per-
formance characteristics of this test when used in a real-time 
clinical setting and across a wide spectrum of time periods post-
transplantation. To date, transplant centers have used the 
AlloMap™ test in conjunction with the biopsy or in lieu 
of the biopsy in patients who are  � 3 months post-trans-
plant. Indications for the GEP test vary according to the time 
period in which it is used. Centers have used the test within 
the fi rst year to identify individuals at future risk of rejection 
and to assist in weaning of corticosteroids and immunosup-
pression. Beyond the fi rst year post-transplantation, the test is 
typically used to identify patients at low risk of rejection that 
may safely be managed without routine biopsies. Finally, the 
AlloMap™ test has been used to noninvasively exclude rejec-
tion in patients with ambiguous signs or symptoms, in patients 

with inadequate biopsy specimens, and in patients with diffi -
cult  vascular access. 

 The pooled data from early clinical implementation of 
GEP testing at several large US transplant centers (follow-up 
date March 31, 2006) have been analyzed and reported ( Starling 
et al., 2004 ). Two hundred and forty-three clinical AlloMap™ 
measurements were included, 32 (13.2%) during the 6–12-
month period, 192 (79.0%) during the 1–5-year period, and 
19 (7.8%) during the  � 5-year period. The most important 
observation was the CARGO study confi rmation of a high 
NPV (100%) with respect to ISHLT  � 2R/3A biopsy grades. It 
should be recognized that the mean duration post-transplant in 
this cohort was longer than the 14.5 months in the CARGO 
study. The data suggest that the test characteristics, when applied 
to patients who are  � 6 months post-transplant, are similar to 
those derived from the CARGO study. However, in this patient 
population, a higher test threshold ( � 34), which still maintains 
excellent NPV of  � 99%, may be appropriate as the AlloMap™ 
scores tend to rise with time post-transplant in clinically stable 
patients with histologically confi rmed  “ quiescence ”  ( Starling 
et al., 2006 ). A second important observation derived from clini-
cal experience is that a subset of patients have consistently high 
longitudinal AlloMap™ scores but yet do not have associated 
Grade  � 3A/2R rejection on their biopsies. Therefore, some 
transplant centers have discontinued biopsies or transitioned to 
non- invasive rejection surveillance protocols in patients with 
consecutively high scores and quiescent biopsies. When used as 
part of a non-invasive strategy of rejection surveillance, the GEP 
test is typically combined with clinical and echocardiographic 
assessment of graft function to identify patients that may safely 
be managed without a heart biopsy. A clinical algorithm utilizing 
GEP testing to noninvasively manage heart transplant patients 
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who are beyond 1-year post-transplantation has been published 
( Pham et al., 2007 ). 

 While the performance of the AlloMap™ test has been val-
idated in a large number of transplant patients, the clinical out-
comes associated with using a gene expression-based strategy to 
monitor for rejection are currently unknown. A multicenter ran-
domized clinical trial is underway to evaluate a GEP-based strat-
egy, compared to a biopsy-based strategy, for assessing rejection 

in heart transplant recipients who are  � 6 months–5 years post-
transplant. The  “ Invasive Monitoring Attenuation through Gene 
Expression (IMAGE) ”  will evaluate the impact of these two 
strategies with respect to clinically meaningful outcomes, such 
as graft dysfunction, rejection with hemodynamic compromise, 
and death. Additionally, the study will evaluate the incidence of 
biopsy-related complications, quality of life, and resource utiliza-
tion among the two groups of patients  . 

  The AlloMap® Molecular Expression test received clearance 
by the US Food and Drug Administration (FDA) in August 
2008 to aid in the identifi cation of heart transplant recipients 
with stable allograft function who have a low  probability of 
moderate/severe acute cellular rejection at the time of test-
ing in conjunction with standard clinical assessment (US Food 
and Drug Administration, 2008). AlloMap® is the third in vitro 
diagnostic multivariate index assay (IVDMIA) cleared by the 
FDA. An IVDMIA is a test system that employs data from 
one or more in vitro assays, in conjunction with an algorithm, 
to generate a single, patient-specifi c result. The other FDA-
approved tests under this category include a microarray-based 
multigene expression test that provides breast cancer prog-
nostic information, as well as another microarray-based test 
that can help identify the type of cancer in a tumor sample 
by comparing the gene expression patterns within the sample 
with known gene expression patterns from malignant tumor 
types stored in a database.

Clinical studies evaluating the role of the GEP in heart 
transplantation are ongoing, and their fi ndings should provide 
additional insight into use of this technology for detecting 
cardiac allograft rejection and other transplant-related condi-
tions. In addition to detecting acute cellular rejection, small 

 single-center studies have evaluated the role of GEP in iden-
tifying antibody-mediated rejection (Cadeiras et al., 2008), 
cardiac allograft vasculopathy (Yamani et al., 2007b), and post-
transplant ischemic injury (Yamani et al., 2007a).

Additionally, the results from several large-scale observa-
tional and randomized prospective studies are expected to be 
announced in 2009–2010. The CARGO II study, involving over 
700 heart transplant recipients from 13 European and 4 North 
American centers, was recently completed. The results of this 
study, expected in 2009, should provide additional information 
on the performance characteristics of the AlloMap® test in an 
international patient population. The IMAGE study, which has 
now enrolled over 500 heart transplant recipients from 12 large 
US heart transplant centers, is also expected to be completed 
in the fourth quarter of 2009 and will directly evaluate the 
impact of GEP-based versus biopsy-based rejection surveillance 
strategies on clinical endpoints. Additionally, the combined 
genetic and clinical information gathered from these stud-
ies may help investigators identify unique genetic profi les and 
mechanisms responsible for antibody-mediated rejection and 
cardiac allograft vasculopathy, thus potentially expanding the 
future role of GEP testing in the management of heart trans-
plant recipients.
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CHAPTER

                Genetics and Genomics of 
Hypertrophic Cardiomyopathy 

   J. Martijn   Bos  ,     Steve R.   Ommen   and     Michael J.   Ackerman    

  INTRODUCTION 
 Hypertrophic cardiomyopathy (HCM) is a primary disorder of the 
myocardium associated with increase in cardiac mass and typically, 
asymmetric, predominantly left ventricular hypertrophy. Affecting 
1 in 500 people, HCM is a disease of profound phenotypic and 
genotypic heterogeneity. Clinically, HCM can be characterized by 
a completely asymptomatic course to severe cardiac symptoms or 
even sudden cardiac death (SCD). In 1989, the molecular under-
pinnings of HCM were exposed with the discovery of the fi rst 
locus of familial HCM, which was followed in 1990 with the 
identifi cation of a mutation in the  MYH7 -encoded beta myosin 
heavy chain. Since then, hundreds of mutations scattered amongst 
at least 10 myofi lament genes confer the pathogenetic substrate 
for this  “ disease of the sarcomere/myofi lament. ”  More recently, 
the genetic spectrum of HCM has expanded to encompass muta-
tions in Z-disc–associated genes (Z-disc HCM). Furthermore, 
seemingly unexplained cardiac hypertrophy mimicking HCM can 
be the (primary) feature of some syndromes or metabolic diseases. 

 However, the underlying genetic mechanism for approxi-
mately 30–50% of HCM remains to be elucidated and although 
many genotype–phenotype relationships have been observed, 
only few carry enough clinical signifi cance to aid physicians 
predicting genotype status or course and prognosis of the dis-
ease. Current treatment for HCM is mostly aimed at symptom 
relief, although studies are underway to design pharmacologic 

treatments for prevention of hypertrophy or individualized treat-
ment based on one’s genetic fi ngerprint.  

  DEFINITIONS, CLINICAL 
PRESENTATION, AND DIAGNOSIS 

  Background 
 Hypertrophic cardiomyopathy is defi ned as unexplained left 
ventricular hypertrophy (LVH) in the absence of precipitating 
factors such as hypertension or aortic stenosis. HCM is a disease 
of enormous phenotypic and genotypic heterogeneity. Affecting 
1 in 500 people, it is the most prevalent genetic cardiovascular 
disease, and more importantly the most common cause of SCD 
in young athletes ( Maron, 2002 ). HCM can manifest with neg-
ligible to extreme hypertrophy, minimal to extensive fi brosis and 
myocyte disarray, absent to severe left ventricular outfl ow tract 
obstruction (LVOTO), and distinct patterns of hypertrophy.  

  Nomenclature 
 Hypertrophic cardiomyopathy was described fully for the fi rst 
time by Teare in 1958 as  “ asymmetrical hypertrophy of the heart 
in young adults ”  ( Teare, 1958 ). Over the past half century, HCM 
has since been known by a confusing array of names, refl ecting 
its clinical heterogeneity and uncommon occurrence in daily 
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practice. In 1968, WHO defi ned cardiomyopathies as  “ diseases 
of different and often unknown etiology in which the dominant 
feature is cardiomegaly and heart failure ”  ( Abelmann, 1984 ). 
In 1980, cardiomyopathies were newly defi ned as  “ heart mus-
cle diseases of unknown cause, ”  thereby differentiating it from 
specifi c identifi ed heart muscle diseases of known cause such 
as myocarditis. Throughout the years, names such as idiopathic 
hypertrophic subaortic stenosis (IHSS), ( Braunwald et al., 1964 ), 
muscular subaortic stenosis ( Pollick et al., 1982 ), and hyper-
trophic obstructive cardiomyopathy (HOCM) ( Schoendube 
et al., 1995 ) have been used widely and interchangeably to defi ne 
the same disease. In 1995, the WHO/International Society and 
Federation of Cardiology Task Force on cardiomyopathies classi-
fi ed the different cardiomyopathies by dominant pathophysiology 
or, if possible, by etiological/pathogenetic factors ( Richardson 
et al., 1996 ). The four most important cardiomyopathies – dilated 
cardiomyopathy (DCM), restrictive cardiomyopathy (RCM), 
arrhythmogenic right ventricular cardiomyopathy (ARVC), and 
hypertrophic cardiomyopathy (HCM) – were recognized, next 
to a number of specifi c and mostly acquired cardiomyopathies, 
like ischemic- and infl ammatory cardiomyopathies ( Richardson 
et al., 1996 ). Accordingly, HCM is described as left and/or right 
ventricular hypertrophy, usually asymmetric and involving the 
interventricular septum with predominant autosomal domi-
nant inheritance that can be caused by mutations in sarcomeric 
contractile proteins ( Richardson et al., 1996 ). On a microscopic 
level, HCM is characterized by the classical triad of cardiomyo-
cyte hypertrophy, fi brosis, and myofi brillar disarray.  

  Clinical Presentation and Diagnosis 
 The clinical presentation of HCM is underscored by extreme 
variability from an asymptomatic course to that of severe heart 
failure, arrhythmias, and SCD. Many patients remain asympto-
matic or only mildly symptomatic throughout the course of 
life. HCM commonly manifests between the second and the 
fourth decades of life but can present at the extremes of age. 
Infants and young children may present with severe hypertrophy 
leading to heart failure, and these patients have poor progno-
sis. More often, SCD can be the tragic sentinel event for HCM 
in children, adolescents, and young adults. The most common 
symptoms at presentation of disease are exertional dyspnea, chest 
pain, and syncope or presyncope. Approximately 5% of patients 
with HCM progress to  “ end-stage ”  disease characterized by LV 
dilatation and heart failure. In such cases cardiac transplantation 
may be considered. Other serious life-threatening complications 
include embolic stroke and cardiac arrhythmias. 

  Echocardiography 
 Conventional two-dimensional echocardiography is the diagnostic 
modality of choice for the clinical diagnosis of HCM. The disease 
is characterized by otherwise unexplained and usually asymmetric, 
diffuse or segmental hypertrophy associated with a non-dilated left 
ventricle (LV) independent of presence or absence of LV outfl ow 
obstruction. A left ventricular wall thickness of   12       mm is typically 

regarded as normal, with measurements of 13–15       mm labeled as 
 “ borderline hypertrophy. ”  A maximal LV end-diastolic wall thick-
ness exceeding 15       mm represents the absolute dimension generally 
accepted for the clinical diagnosis of HCM in adults (in children, 
2 or more standard deviations from the mean relative to body sur-
face area) ( Maron et al., 2003 ). Echocardiography can also provide 
details of location and degree of hypertrophy. In general, while 
there are innumerable morphologic appearances of the heart, the 
following four different morphological subtypes of HCM can be 
recognized in most cases ( Table 28.1   ,  Figure 28.1   ): sigmoid septum, 
reverse septal curvature, apical-, and neutral contour variant. 

 Dynamic LVOTO is a common feature of HCM but is not 
required for the diagnosis of HCM. The existence of LVOTO is 
diagnosed by demonstration of a resting or provocable Doppler 
gradient of  � 30       mmHg. LVOTO is produced by the interac-
tion of the hypertrophied septum and systolic anterior motion 
(SAM) of the mitral valve. The latter results from abnormal 
blood fl ow vectors across the valve, and abnormal anterior posi-
tioning of the valve and its support structures. Variable severity, 
posteriorly directed mitral regurgitation is a common fi nding. 

 Most patients at presentation manifest some degree of 
impaired diastolic function ranging from abnormal relaxation to 
severe myocardial stiffness, elevated left ventricular end-diastolic 
pressure (LVEDP), elevated atrial pressure, and pulmonary con-
gestion leading to exercise intolerance and fatigue. Systolic 
cardiac function, as measured by ejection fraction, is usually pre-
served. It is notable that more elegant measures of systolic per-
formance, such as tissue velocity and strain imaging, suggest a 
decrease in systolic function in patients with HCM, and may 
even be present in gene-mutation carriers before hypertrophy 
can be detected.  “ End-stage disease ”  is characterized by LV dila-
tation, poor systolic function, and heart failure.  

  Magnetic Resonance Imaging 
 Magnetic resonance imaging (MRI) constitutes an important 
additional diagnostic tool especially in patients with suboptimal 
echocardiography or unusual segmental involvement of myocar-
dium. Delayed gadolinium enhancement in MRI is an excellent 

 T A B L E  2 8 . 1          Septal morphologies in HCM  

 Septal morphology  Description 

 Sigmoid septum –   Septum concave to cavity with 
pronounced septal bulge 

 –  Ovoid LV cavity   

 Reverse septal curvature –   Predominant mid-septal 
convexity toward LV cavity 

–   Crescent-shaped cavity 
  

 Apical variant –   Predominant apical 
distribution of hypertrophy 

 Neutral variant  –  Overall straight or variable 
convexity, predominantly 
neither convex nor concave 
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tool to identify areas of scarring, replacement fi brosis, or irreversi-
ble myocardial injury. There are some recent reports of higher risk 
of SCD associated with these fi nding. In a cohort of 42 patients, 
myocardial hyper-enhancement was found in 79%. Extent of 
hyper-enhancement was greater in patients with progressive dis-
ease (28.5% versus 8.7%,  p   �  0.001) and in patients with two or 
more risk factors for SCD (15.7% versus 8.6%,  p   �  0.02) ( Moon 
et al., 2003 ).    

  MOLECULAR GENETICS OF HCM 

  Sarcomeric/Myofi lament HCM 
 Since the sentinel discovery of the fi rst locus for familial HCM 
on chromosome 14 (1989) and fi rst mutations involving the 
 MYH7- encoded beta myosin heavy chain (1990) as the patho-
genic basis for HCM ( Geisterfer-Lowrance et al., 1990 ;  Jarcho et 
al., 1989 ), over 400 mutations scattered among at least 24 genes 
encoding various sarcomeric proteins (myofi laments and Z-disc–
associated proteins) and calcium-handling proteins have been 
identifi ed ( Table 28.2   ,  Figure 28.2   ). The most common geneti-
cally mediated form of HCM is myofi lament HCM, with hun-
dreds of disease-associated mutations in eight genes-encoding 
proteins critical to the sarcomere’s thick myofi lament (beta 
myosin heavy chain [ MYH7 ] [ Geisterfer-Lowrance et al., 1990 ]; 
regulatory myosin light chain [ MYL2 ] and essential myosin light 
chain [ MYL3 ] [ Poetter et al., 1996 ]), intermediate myofi lament 
(myosin-binding protein C [ MYBPC3 ] [ Watkins et al., 1995 ]), 
and thin myofi lament (cardiac troponin T [ TNNT2 ], alpha-
tropomyosin [ TPM1 ] [ Thierfelder et al., 1994 ], cardiac troponin I 
[ TNNI3 ] [ Kimura et al., 1997 ]), troponin C [TNNC1] 
[Landstorm et al., 2008] and actin ([ ACTC ] [ Mogensen et al., 
1999 ;  Olson et al., 2002a ]   ). Targeted screening of giant sarcom-
eric  TTN -encoded titin, which extends throughout half of the 
sarcomere, has thus far revealed only one mutation ( Satoh et al. 
1999 ). More recently, mutations have been described in the myo-
fi lament protein alpha myosin heavy chain encoded by  MYH6  

( Niimura et al., 2002 ). The prevalence of mutations in the eight 
most common myofi lament-associated genes, currently com-
prising the commercially available HCM genetic tests in differ-
ent international cohorts, ranges from 30% to 61%, leaving still 
a large number of patients with genetically unexplained disease 
( Van Driest et al., 2005a )   .  

  Z-disc and Calcium-Handling HCM 
 Over the last few years, the spectrum of HCM-associated genes 
has expanded outside the myofi lament to encompass addi-
tional subgroups that could be classifi ed as  “ Z-disc HCM ”  and 
 “ calcium-handling HCM. ”  Due to its close proximity to the 
contractile apparatus of the myofi laments and its specifi c struc-
ture–function relationship with regard to cyto-architecture, as 
well as its role in the stretch-sensor mechanism of the sarcom-
ere, recent attention has been focused on the proteins that com-
prise the cardiac Z-disc. Initial mutations were described in 
 CSRP3- encoded muscle LIM protein ( Geier et al., 2003 ) and 
 TCAP -encoded telethonin ( Hayashi et al., 2004 ), an observa-
tion replicated in a large cohort of unrelated patients with HCM 
( Bos et al., 2006 ). Recently, mutations in patients with HCM 
have been reported in  LDB3 -encoded LIM domain binding 3, 
 ACTN2 -encoded alpha-actinin-2, and  VCL -encoded vinculin/
metavinculin ( Theis et al., 2006 ). Interestingly, although the fi rst 
HCM-associated mutation in vinculin was found in the cardiac-
specifi c insert of the gene, yielding the protein called metavin-
culin ( Vasile et al., 2006a )   , the follow-up study also identifi ed a 
mutation in the ubiquitously expressed protein vinculin ( Vasile 
et al., 2006b )   . In 2007, a mutation in the Z-disc–associated 
 MYOZ2 -encoded myozenin 2 was reported as a novel gene for 
HCM ( Osio et al., 2007 ). 

 As the critical ion in the excitation–contraction coupling 
of the cardiomyocyte, calcium and proteins involved in calcium-
induced calcium release (CICR) have always been of high 
interest in the pathogenesis of HCM. Although with very low 
frequency, mutations have been described in the promoter – and
coding region of  PLN -encoded phospholamban – an important
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 Figure 28.1         Septal morphologies in HCM. Shown are the most common septal morphologies in HCM, their distribution in a large 
cohort of patients with HCM as well as the yield of genetic testing for each morphological subgroup.    



 T A B L E  2 8 . 2          Summary of HCM susceptibility genes  

   Gene  Locus  Protein  Estimated frequency (%) 

 Myofi lament HCM 

 Giant fi lament   TTN   2q24.3  Titin   � 1 

 Thick fi lament   MYH7  a   14q11.2–q12   � -myosin heavy chain  15–25 
    MYH6   14q11.2–q12   
 -myosin heavy chain   � 1 
    MYL2  a   12q23–q24.3  Ventricular regulatory myosin light chain   � 2 
    MYL3  a   3p21.2–p21.3  Ventricular essential myosin light chain   � 1 

 Intermediate fi lament   MYBPC3  a   11p11.2  Cardiac myosin-binding protein C  15–25 

 Thin fi lament   TNNT2  a   1q32  Cardiac troponin T   � 5 
    TNNI3  a   19p13.4  Cardiac troponin I   � 5 
    TPM1  a   15q22.1   
 -tropomyosin   � 5 
    ACTC  a   15q14   
 -cardiac actin   � 1 
    TNNC1  a  3p21.3–p14.3  Cardiac troponin C   � 1 

 Z-disc HCM 
    LBD3   10q22.2–q23.3  LIM binding domain 3 (alias: ZASP)  1–5 
    CSRP3   11p15.1  Muscle LIM protein   � 1 
    TCAP   17q12–q21.1  Telethonin   � 1 
    VCL   10q22.1–q23  Vinculin/metavinculin   � 1 
    ACTN2   1q42–q43 
 -actinin 2   � 1 
    MYOZ2   4q26–q27  Myozenin 2   � 1 
 Calcium-handling HCM 
    RYR2   1q42.1–q43  Cardiac ryanodine receptor   � 1 
    JPH2   20q12  Junctophilin-2   � 1 
    PLN   6q22.1  Phospholamban   � 1 

  a  Available as part of commercially available genetic test for HCM.  

inhibitor of cardiac muscle sarcoplasmic reticulum Ca(2 � )-
ATPase (SERCA) ( Haghighi et al., 2006 ;  Minamisawa et al., 
2003 ), the  RyR2 -encoded cardiac ryanodine receptor ( Fujino 
et al., 2006 ), and the  JPH2- encoded type 2 junctophilin 
( Landstrom et al., 2007 ).  

  Metabolic and Syndromal HCM-mimicry 
 The last genetic subgroup of unexplained cardiac hypertrophy is 
the one comprising metabolic and syndromal HCM-mimickers – 
in which cardiomyopathy is a sometimes sole presenting feature 
( Table 28.3   ). In 2001, the fi rst mutations in  PRKAG2 -encoded 
AMP-activated protein kinase gamma 2, a protein involved in the 
energy homeostasis of the heart, were described in two families 
with severe HCM and aberrant AV-conduction in some individ-
uals ( Blair et al., 2001 ). Further studies showed that patients with 
mutations in this gene lack the HCM characteristics of myocyte – 
and myofi brillar disarray – but show newly formed vacuoles fi lled 
with glycogen-associated granules. This glycogen storage disease 
therefore seemed to mimic HCM, distinguishing itself by electro-
physiological abnormalities, particularly ventricular pre-excitation 
( Arad et al., 2002, 2005 ). In 2005, Arad et al. described mutations 
in lysosome-associated membrane protein2 encoded by  LAMP2  
(Danon’s syndrome) and protein kinase gamma 2 encoded by 
 PRKAG2  in glycogen storage disease-associated genes mimicking 

the clinical phenotype of HCM ( Arad et al., 2005 ). A recent 
community-based study showed that in 50 healthy individuals 
with idiopathic LVH, participants with sarcomere gene protein 
and storage mutations essentially were indistinguishable clinically 
from those without mutations ( Morita et al., 2006 ). 

 In 2005, a mutation in  FXN -encoded frataxin associated 
with Friedrich ataxia was described in a patient with HCM. 
Although this patient also harbored a myofi lament mutation in 
 MYBPC3 -encoded myosin binding protein C, functional char-
acterization showed signifi cant infl uence of the FXN-mutant on 
the phenotype, suggesting that the observed alterations in ener-
getics may act in synergy with the present myofi lament muta-
tion ( Van Driest et al., 2005b )   . Akin to PRKAG2 and LAMP2, 
Fabry’s disease can express predominant cardiac features of 
seemingly unexplained LVH. Over the years, mutations in  GLA -
encoded alpha-galactosidose A have been found in patients with 
this multisystem disorder ( Nakao et al., 1995 ;  Sachdev et al., 
2002 ;  Sakuraba et al., 1990 ).  

  Genotype–Phenotype Relationships in HCM 
 For over the past decade, multiple studies have tried to iden-
tify phenotypic characteristics most indicative of myofi lament 
HCM to facilitate genetic counseling and strategically direct 
clinical genetic testing ( Ackerman et al., 2002 ;  Richard et al., 
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 Figure 28.2         Subgroups of genetic HCM. Shown are the most important functional subgroups of genetically mediated HCM. 
Blue arrows indicate the functional relationship between the different elements.    

2003 ;  Van Driest et al., 2002, 2003, 2004a, b    ;  Woo et al., 2003 ). 
Up until 2001, it was thought that specifi c mutations in these 
myofi lament genes were inherently  “ benign ”  or  “ malignant ”  
( Anan et al., 1994 ;  Coviello et al., 1997 ;  Elliott et al., 2000 ; 
 Moolman et al., 1997 ;  Niimura et al., 2002 ;  Seidman et al., 2001 ; 
 Varnava et al., 1999 ;  Watkins et al., 1992 ). However, these stud-
ies were based on highly penetrant, single families with HCM, 
and later genotype–phenotype studies involving a large cohort 
of unrelated patients have indicated that great caution must 

be exercised with assigning particular prognostic signifi cance 
to any particular mutation ( Ackerman et al., 2002 ;  Van Driest 
et al., 2002, 2004b ). Furthermore, these studies demonstrated that 
the two most common forms of genetically mediated HCM – 
MYH7-HCM and MYBPC3-HCM – were phenotypically 
indistinguishable ( Van Driest et al., 2004b ). While several phe-
notype–genotype relationships have emerged to enrich the yield 
of genetic testing, these patient profi les have not been particu-
larly clinically informative on an individual level. 



 Recently, an important discovery, linking the echocardio-
graphically determined septal morphology to the underlying 
genetic substrate, was made ( Binder et al., 2006 ). The fi rst link to 
be drawn between septal morphologies was a result of a HCM 
study by Lever and colleagues in the 1980s, where septal con-
tour ( Table 28.1 ) was found to be age-dependent with a pre-
dominance of sigmoidal-HCM noted in the elderly ( Lever et al., 
1989 ). In the early 1990s, an early genotype–phenotype obser-
vation involving a small number of patients and family members 
showed that patients with mutations in the beta myosin heavy 
chain (MYH7-HCM) generally had reversed curvature septal 
contours (reverse curve-HCM) ( Solomon et al., 1993 ). 

 Analysis of the echocardiograms of 382 previously geno-
typed and published patients ( Van Driest et al., 2003, 2004b, c ), 
revealed that sigmoidal-HCM (47% of cohort) and reverse 
curve-HCM (35% of cohort) were the two most prevalent ana-
tomical subtypes of HCM and that the septal contour was the 
strongest predictor for the presence of a myofi lament mutation, 
regardless of age ( Binder et al., 2006 ). In fact, multivariate analy-
sis in this cohort demonstrated that septal morphology was the 
only, independent predictor of myofi lament HCM with an odds 
ratio of 21 ( p   �  0.001) when reverse curve morphology was 
present ( Figure 28.1 ;  Binder et al., 2006 ). 

 The yield from the commercially equivalent HCM genetic 
research test for myofi lament HCM was 79% in reverse curve-
HCM but only 8% in patients with sigmoidal-HCM. Of the 
smaller subgroup of patients with apical HCM, 32% had a mutation 
in one of the elements of the cardiac myofi lament ( Binder et al.,

2006 ). These observations may facilitate echo-guided genetic 
testing by enabling informed genetic counseling about the  a 
priori  probability of a positive genetic test based on the patient’s 
expressed anatomical phenotype of HCM ( Figure 28.1 ). 

 With the majority of known myofi lament proteins stud-
ied, except for a complete analysis of the giant protein  TTN -
encoded titin, recent research has focused on proteins beyond the 
cardiac myofi laments, especially proteins involved in the cyto-
architecture and cardiac stretch-sensor mechanism of the car-
diomyocyte localized to the cardiac Z-disc ( Figure 28.2 ). The 
Z-disc is an intricate assembly of proteins at the Z-line of the 
cardiomyocyte sarcomere. Proteins of the Z-disc are important 
in the structural and mechanical stability of the sarcomere as 
they appear to serve as a docking station for transcription fac-
tors, Ca 2 �   signaling proteins, kinases, and phosphatases ( Frank 
et al., 2006 ;  Pyle et al., 2004 ). In addition, this assembly of 
proteins seems to serve as a way station for proteins that regu-
late transcription by aiding in their controlled translocation 
between the nucleus and the Z-disc ( Frank et al., 2006 ;  Pyle 
et al., 2004 ). 

 A main implication for the Z-disc is its involvement in 
the cardiomyocyte stretch sensing and response systems ( Knoll 
et al., 2002 ). Mutations in these proteins have been implicated as 
HCM ( Bos et al., 2006 ;  Geier et al., 2003 ;  Hayashi et al., 2004 ; 
 Vasile et al., 2006a, b ) and DCM susceptibility genes ( Bos et al., 
2006 ;  Geier et al., 2003 ;  Hayashi et al., 2004    ;  Mohapatra et al., 
2003 ;  Olson et al., 2002b ;  Vasile et al., 2006a ). Additionally, it 
has become appreciated that these divergent cardiomyopathic 
phenotypes of HCM and DCM are partially allelic disorders with 
 ACTC ,  MYH7 ,  TNNT2 ,  TPM1 ,  MYBPC3 ,  TTN ,  MLP, TCAP , 
and  VCL  established as both HCM and DCM susceptibility 
genes ( Daehmlow et al., 2002 ;  Geier et al., 2003 ;  Gerull et al., 
2002 ;  Hayashi et al., 2004 ;  Kamisago et al., 2000 ;  Mohapatra 
et al., 2003 ;  Olson et al., 2000, 2001 ;  Vasile et al., 2006a ). 

 Recently, mutations in  ACTN2 -encoded alpha-actinin-2 
(ACTN2) and  LDB3 -encoded LIM domain binding 3 (LDB3) 
as novel HCM susceptibility genes ( Theis et al., 2006 ) were 
described. Linking reverse curve-HCM to the presence of myo-
fi lament mutation, and recognizing that the Z-disc may trans-
duce multiple-signaling pathways during stress, translating into 
hypertrophic responses, cell growth and remodeling ( Frey et al., 
2004 ), it was observed that Z-disc HCM, in contrast to myo-
fi lament HCM, is preferentially sigmoidal. In fact, 11 out of 13 
patients with Z-disc HCM had a sigmoidal septal contour and 
no reverse septal curvatures were seen ( Theis et al., 2006 ). It is 
speculated that Z-disc HCM leads to a hypertrophic response 
that is expressed in the areas of highest stress (i.e., LVOT) and 
therefore predisposes to a sigmoidal septal contour.  

  New Insights and Approaches to Genomics of HCM 
 Not only in molecular genetics but also in other fi elds of  “ -omics, ”  
novel pathways underlying the pathophysiology of this heteroge-
neous disease have been identifi ed using several new techniques 
to study large-scale transcriptional changes ( Churchill, 2002 ; 
 Holland, 2002 ;  Velculescu et al., 1997 ). A transcriptomic approach 

 T A B L E  2 8 . 3          Metabolic and Syndromal-HCM-mimickers  

 Gene  Locus  Protein  Syndrome 

  PRKAG2  a   7q35-q36.36  AMP-activated 
protein kinase 

 WPW/HCM 

  LAMP2  a   Xq24  Lysosome-associated 
membrane 
protein 2 

 Danon’s 
syndrome 

  GAA   17q25.2-q25.3  Alpha-1,4-glucosidase 
defi ciency 

 Pompe’s 
disease 

  GLA  a   Xq22  Alpha-
galactosidase A 

 Fabry’s 
disease 

  FXN   9q13  Frataxin  Friedrich’s 
ataxia 

  PTPN11  b   12q24.1  Protein tyrosine 
phosphatase, non-
receptor type 11 

 Noonan’s 
syndrome 

  Note: In patients with cardiac hypertrophy secondary to Noonan’s 
syndrome,  PTPN11  mutations are quite uncommon ( � 10%) com-
pared to  � 50% yield expected for Noonan’s syndrome without LVH.  
  a  Available as part of commercially available genetic testing.  
  b   PTPN11  is also associated with LEOPARD syndrome and is allelic 
to Noonan’s syndrome.  
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using microarray, a technique that enables one to give a snapshot
view of gene expression, combined with complex analytic tools, 
can identify genes that seem to be co-regulated and thereby form 
a transcriptional network of genes and pathways. Microarray 
chips can hold over 10,000 genes and can be utilized to compare 
expression levels in certain disease states with healthy controls. In 
2002, Hwang et al. studied RNA from heart failure patients with 
either HCM or DCM and found 192 genes to be upregulated 
in both, as well as several genes differentially expressed between 
the two diseases providing information on different pathways and 
genes involved in the pathogenesis ( Hwang et al., 2002 ). More 
recently, Rajan et al. performed microarray analysis on ventricu-
lar tissue of two previously developed transgenic HCM mice car-
rying mutations in alpha-tropomyosin (TPM1). Studying 22,600 
genes, they discovered 754 differentially expressed genes between 
transgenic and non-transgenic mice, of which 266 were differen-
tially regulated between the two different mutant hearts showing 
most signifi cant changes in genes belonging to the  “ secreted/
extracellular matrix ”  (upregulation) and  “ metabolic enzymes ”  
(downregulation) ( Rajan et al., 2006 ). 

 Microarray techniques were also used by Sayed et al. when 
they studied the effect of aortic constriction on expression of 
microRNAs, fundamental regulators consisting of non-coding 
RNA molecules that silence genes through post-transcriptional 
regulation fi rst described by Lee et al. in 1993 ( Lee et al., 1993 ). 
In this recent study, they found that microRNAs, especially 

microRNA-1 (miR-1), play an important role in the develop-
ment of cardiac hypertrophy, where downregulation of miR-1 
leads to relief of its growth-related target genes, protein synthe-
sis, and increased cell size showing a completely new approach 
to the -omics of HCM ( Sayed et al., 2007 ). 

 In 2007, a novel-sensitive messenger RNA (mRNA) pro-
fi ling technology, PMAGE (polony multiplex analysis of gene 
expression), which detects mRNAs as rare as one transcript per 
three cells, was developed ( Kim et al., 2007 ). Using this new 
technique, early transcriptional changes preceding pathologi-
cal manifestations were identifi ed in mice with HCM-causing 
mutations, including low-abundance mRNA encoding signaling 
molecules and transcription factors that participate in the disease 
pathogenesis ( Kim et al., 2007 ).   

  SCREENING AND TREATMENT 
FOR HCM 

  Family Screening in HCM 
 Genetic and clinical screening of family members with HCM 
plays an important role in the early diagnosis of HCM.  Figure 
28.3    shows one possible algorithm to follow after diagnosis of a 
proband with HCM. In general, all fi rst-degree relatives and prob-
ably  “ athletic ”  second-degree relatives of an index case of HCM 

Clinic HCM proband

Genetics-based screening Echocardiography-based
screeningA priori chance of positive genetic

test based on septal contour Screen first-degree relatives and
athletic second-degree relativesReverse septal curvature

Neutral
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performed ?
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Mutation identified?

Confirm mutation in
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No Yes No
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 Figure 28.3         Genetic- and echocardiographic-based screening in HCM. Flow-chart showing decision to follow in genetic- and 
echocardiography-based screening in HCM. Noted are the  a priori  chances for a positive genetic test result based on the 
echocardiographic-scored septal contour, as well as the steps to follow if a patient chooses not to pursue genetic testing.    



should be screened by an ECG and an echocardiogram. Annual 
screenings are recommended for young persons (12–25 years) and 
athletes and thereafter every 5 years. If the HCM-causing muta-
tion is known, fi rst-degree relatives should have confi rmatory 
genetic testing of the mutation in addition to the screening ECG 
and echocardiogram. Depending on the established familial ver-
sus sporadic pattern, confi rmatory genetic testing should proceed 
in concentric circles of relatedness. For example, if the mutation 
is established in the patient’s father, the patient’s paternal grand-
parents should be tested, and if necessary, the paternal aunts and 
uncles and so forth. If the putative HCM-associated mutation is 
not found in a phenotype-negative family member, screening can 
be stopped. However, a decision to cease surveillance for HCM in 
a relative hinges critically on the certainty of the identifi ed gene/
mutation and its causative link as well as the complete absence 
of any traditional evidence used to diagnose HCM clinically 
(i.e., asymptomatic and normal echo).  

  Follow-up and Sports Participation 
 Intense physical exertion can potentially trigger SCD in indi-
viduals with HCM. According to the 2005 Bethesda Conference 
recommendations, athletes with HCM should be excluded from 
participation in contact sports as well as most organized com-
petitive sports, with the possible exception of low-intensity sports 
classifi ed as class IA sports (i.e., golf, bowling, cricket, billiards, 
and rifl ery) ( Maron et al., 2005 ). Per the guidelines, the pres-
ence of an implantable cardioverter defi brillator (ICD) does not 
alter these recommendations. This restrictive approach is loos-
ened for the patient with genotype-positive but phenotype-nega-
tive HCM. All patients with HCM should undergo, on an annual 
basis, careful personal and family history record, two-dimensional 
echocardiography, 12-lead ECG, 24–48-h ambulatory Holter elec-
trocardiogram, and exercise stress testing (for evaluation of exercise 
tolerance, blood pressure, and ventricular tachyarrhythmias).  

  Pharmacological Therapy for Obstructive HCM 
 The primary goal of pharmacologic therapy in obstructive 
HCM is to decrease symptoms. Understanding the pathophysi-
ology of the LVOTO is crucial to devising appropriate medi-
cation recommendations. The LVOTO in HCM is dynamic 
and highly load-dependent. The obstruction is augmented with 
decreases in preload (volume status) and afterload (vasodilation) 
and with increases in contractility. Simple physical exertion such 
as walking can cause all of these to occur simultaneously. As 
patients with HCM typically only have symptoms with effort, 
the goal of medical therapy is to decrease the effort-related aug-
mentation of LVOTO. 

  Beta Blockers 
 Due to negative inotropic and negative chronotropic effects, 
beta blockers are the traditional mainstay of HCM therapy. 
Beta blockers are used in symptomatic patients with or with-
out obstruction to control heart failure and anginal chest pain. 
The dose–response relationship of these medications varies 

signifi cantly from patient to patient. Commonly used beta block-
ers include propranolol, atenolol, metoprolol, and nadolol ( Elliott 
et al., 2004 ;  Spirito et al., 2006 ).  

  Calcium-Blocker Therapy 
 The calcium channel antagonist verapamil is another drug used 
in HCM for its negative inotropic effect. It should be avoided 
in infants and used with caution in patients with heart failure 
and/or very signifi cant obstruction ( Maron et al., 2003 ). While 
both verapamil and diltiazem have negative inotropic and nega-
tive chronotropic effects, in some patients, vasodilatory action 
can predominate and paradoxically increase the severity of 
symptoms. Dihydropyridine-type calcium antagonists are pure 
vasodilators that should be avoided in patients with HCM.  

  Disopyramide 
 Disopyramide is a negative inotrope and type 1-A antiarrhyth-
mic agent, which may help some patients with obstruction. It 
decreases cardiac output in nonobstructive HCM and is used 
primarily in patients not responding to beta blocker and/or cal-
cium channel blocker therapy. There are no data that beta block-
ers, calcium channel blockers, or disopyramide alter the risk of 
sudden death ( Maron et al., 2003 ).  

  Drugs to Be Used with Caution in HCM 
 Angiotensin-converting enzymes inhibitors (ACE inhibitors), 
angiotensin II blockers, nifedipine, and other pure afterload 
reducing agents should be used with caution, as afterload reduc-
tion may worsen LVOTO ( Roberts et al., 2005 ;  Spirito et al., 
2006 ). Beta adrenergic agents like dopamine, dobutamine, or 
epinephrine and agents with increased inotropic activity may 
worsen LVOTO ( Maron et al., 2003 ). Likewise, rapid or aggres-
sive diuresis can decrease preload and worsen LVOTO.  

  Pharmacogenomics 
 Currently, there is no therapy available specifi cally designed 
for specifi c gene mutations underlying the disease nor a ther-
apy that has been shown to reverse the hypertrophic process. 
Although polymorphisms in the renin-angiotensin-aldosterone 
system (RAAS) modify the phenotype of HCM, particularly 
MYBPC3-HCM ( Perkins et al., 2005 ), a direct correlation with 
genotype-specifi c drug treatment has not been shown. However, 
with growing evidence that ACE inhibitors especially combined 
with low doses of aldosterone receptor blockers can prevent the 
progression of hypertrophy and fi brosis ( Fraccarollo et al., 2003, 
2005 ;  Kalkman et al., 1999 ;  Kambara et al., 2003 ;  Monteiro de 
Resende et al., 2006 ), one can envision that, with increasing 
knowledge of the genomic background of HCM, specifi c thera-
pies will emerge in the near future. In other cases for example, 
the proper and prompt recognition of an HCM phenocopy such 
as cardiac Fabry’s disease can facilitate gene-specifi c pharmaco-
therapy including in this particular example, enzyme-replacement 
therapy. Albeit rare, such clinical sleuthing can enable early treat-
ment and prevent the progression of the disease.     
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  The Role and Impact of Non-Pharmacological 
Therapy 
  Septal Myectomy Surgery 
 Ventricular septal myectomy remains the gold standard for treat-
ing drug refractory, symptomatic obstructive HCM; a procedure 
during which a piece of hypertrophied septum is removed in 
order to relieve the obstruction ( Maron et al., 2004 ;  Nishimura 
et al., 2004 ;  Spirito et al., 2006 ). Surgery is usually indicated in 
patients with peak instantaneous LVOT Doppler gradient of 
50       mmHg or higher under rest or provocation and/or severely 
symptomatic patients (NYHA class 3 or 4, ( Maron et al., 2003, 
2004 ;  Spirito et al., 2006 ). This profi le represents approximately 
5% of patients with HCM ( Elliott et al., 2004 ). More extensive, 
extended septal myectomy involving the anterolateral papil-
lary muscle and mitral valvuloplasty may be needed in patients 
with abnormal papillary muscle apparatus and mitral valve 
abnormalities ( Ommen et al., 2005 ). The surgical mortality is 
 � 1% in most major centers ( Maron et al., 2004 ;  Poliac et al., 
2006 ). Long-term survival after surgical myectomy is equal to 
that observed in the general population ( Ommen et al., 2005 ). 
Surgery provides long-term improvement in LVOT gradi-
ent, mitral valve regurgitation, and symptomatic improvement 
( Maron et al., 2004 ;  Ommen et al., 2005 ;  Poliac et al., 2006 ).  

  Septal Ablation 
 Alcohol septal ablation technique using ethanol (95% alcohol 
1–3       ml) is injected in specifi c septal branches of the left anterior 
descending artery producing a controlled septal infarction often 

providing dramatic symptomatic improvement in some patients 
( Faber et al., 1998 ;  Gietzen et al., 1999 ;  Kimmelstiel et al., 2004 ; 
 Knight et al., 1997 ;  Lakkis et al., 1998 ). The criteria for patient 
selection for alcohol septal ablation are similar to myectomy 
with the following  caveat  – the impact of alcohol septal abla-
tion on SCD risk is unknown. Scarring associated with alcohol 
septal ablation may create a permanent arrhythmogenic substrate 
( Maron et al., 2003 ). Complications include complete atriov-
entricular block requiring permanent pacemakers (5–10% of 
patients), large myocardial infarction, acute mitral valve regurgi-
tation, ventricular fi brillation (VF), and death (2–4%,  Nishimura 
et al., 2004 ;  Roberts et al., 2005 ;  Spirito et al., 2006 ). Alcohol 
septal ablation is not suitable for patients with LVOTO second-
ary to abnormal mitral valve apparatus and unusual location of 
hypertrophy away from the area supplied by septal perforator. 
Given the unknown future risks of alcohol septal ablation, it is 
not recommended in children or young adults ( Maron et al., 
2003 ).  

  Implantable Cardioverter Defi brillator 
 The implantable cardiac defi brillator (ICD) plays an impor-
tant role in primary and secondary prevention of sudden 
death of patient with HCM. The three main functions of the 
ICD are detection of arrhythmia; delivery of appropriate elec-
trical therapy; and storage of diagnostic information, includ-
ing electrocardiograms and details of treated episodes. In a 
multicenter study of ICDs in patients with HCM, the device 
intervened appropriately, terminating VT/VF, at a rate of 

 Figure 28.4         The major indications for implantation of an ICD in HCM: secondary prevention or primary prevention, and major risk 
factors. CMR, cardiac magnetic resonance; LVOTO, left ventricular outfl ow tract obstruction; OHCA, out of hospital cardiac arrest; 
VF, ventricular fi brillation; VT, ventricular tachycardia.    
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• Extreme hypertrophy (�30 mm)

• Family history of sudden cardiac death

• Non-sustained ventricular tachycardia

• Unexplained syncope (exercise-induced)

• Gadolinium hyper-enhancement on CMR

• LVOTO



5% per year for those patients implanted as primary preven-
tion and 11% per year for secondary prevention, over an aver-
age follow-up of 3 years ( Maron et al., 2000 ). The indications 
for implantation of an ICD are listed in  Figure 28.4    and can 
be summarized as secondary prevention for all patients with a 
history of out of hospital cardiac arrest (OHCA), documented 
sustained VT or VF, or as primary prevention in patients with 
two or more major risk factors.  

  Dual-Chamber Pacing 
 There has been a great deal of debate surrounding the use of 
pacing as a means of relieving ventricular obstruction. Some 
studies have shown a benefi cial effect, while others demonstrated 
signifi cant placebo effect ( Maron et al., 2003 ). The average 
decrease in LVOTO gradient with pacing ranged from a modest 
25% to 40% and varied substantially ( Maron et al., 2003 ). There 
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With research ongoing and recognizing that approximately 
20% of reverse curve-HCM and over 80% of sigmoidal-HCM 
remains genetically unexplained, novel HCM-susceptibility 
genes have been discovered recently. In 2007, Arimura et al. 
found two mutations in one patient with HCM in OBSCN-
encoded obscurin that altered interaction with the giant myo-
fi lament protein titin (Arimura et al., 2007). In a larger study, 
3 of 384 patients with HCM were mutation-positive in the 
ANKRD1-encoded cardiac ankyrin repeat protein (Arimura 
et al., 2009).

The release of the complete human genome sequence 
and the enormity of variation in individuals show a growing 
role for modifi er genes and the search for effect by genome-
wide studies. In 2007, Daw et al. identifi ed multiple loci 
with suggestive linkage for modifying cardiac hypertro-
phy. Effect sizes on left ventricular mass on this cohort of 
100 patients ranged from an �8 g shift attributed to one 
locus for the common allele to 90 g shift for another locus’ 
uncommon allele (Daw et al., 2007). In 2008, sex hormone 
polymorphisms were shown to modify the HCM pheno-
type (Lind et al., 2008). Fewer CAG repeats in AR-encoded 
androgen receptor were associated with greater myocardial 
wall thickness in males (p�0.008), and male carriers of the 
A-allele in the promoter of ESR1-encoded estrogen recep-
tor 1 (SNP rs6915267) exhibited a 11% decrease in LV wall 
thickness (p�0.047) compared to GG-homozygote males 
(Lind et al., 2008). HCM modifi er polymorphisms like 
these could contribute to the clinical differences observed 
between men and women with HCM (Bos et al., 2008; 
Olivotto et al., 2005).

A recent longitudinal study in a large cohort of Italian 
patients with HCM has shown an increased risk of cardiovas-
cular death, nonfatal stroke, or progression to NYHA class III/
IV among patients with a positive HCM genetic test involving 
any of the myofi lament genes compared to those patients with 
a negative genetic test (25% versus 7%, respectively; p�0.002). 
Multivariate analysis showed that myofi lament positive HCM 
(i.e., a positive genetic test) was the strongest predictor of an 
adverse outcome (hazard ratio 4.27 (CI 1.43 – 12.48, p�0.008, 
Olivotto et al., 2008). Furthermore, patients with a posi-
tive genetic test had greater probability of developing severe 
LV systolic dysfunction (p�0.021) and restrictive LV fi lling 
(p�0.018, Olivotto et al., 2008).

In the emerging fi eld of microRNA’s (miR’s) and 
their role in cardiac development and (hypertrophic) heart 
disease, several new studies linking miR’s and hypertro-
phy have been published. Utilizing two mouse models 
of pathological hypertrophy – transverse aortic constric-
tion (TAC) and calcineurin transgenic mice – 6 miR’s 
were up-regulated, which in vitro, were suffi cient to induce 
hypertrophic growth of cardiomyocytes (van Rooij et al., 
2006). A transgenic mouse model over-expressing miR-
195 showed that a single miRNA could induce pathologi-
cal hypertrophy and heart failure (van Rooij et al., 2006). 
Multiple studies have since been published with miRNA 
expression profi les in different settings, in vivo and in 
vitro, of cardiac hypertrophy demonstrating the potential 
role of miR’s in (hypertrophic) heart disease and possibly 
HCM (Ikeda et al., 2007; Sayed et al., 2007; Tatsuguchi et al., 
2007; Thum et al., 2007; van Rooij et al., 2006, 2007).

is evidence to suggest that appropriately used dual-chamber 
pacing may decrease LVOT gradient and provide symptomatic 
relief ( Maron et al., 1999 ). Thus, there may be a limited role of 
dual-chamber pacing in a select group of patients, for example 
patients with advanced age ( � 65 years) and higher surgical risk. 
There is no evidence to suggest any change in SCD risk or dis-
ease progression ( Boriani et al., 2004 ).  

  Maze Procedures 
 Surgical Maze procedure combined with myectomy may be a 
feasible therapeutic option in HCM with LVOTO and atrial 
fi brillation (AF)   . There are small case series reporting low opera-
tive mortality and morbidity and a high likelihood of patients 
remaining in sinus rhythm post procedure ( Chen et al., 2004 ). 
Larger studies with longer follow-up are needed to better defi ne 
the risks and benefi ts of surgical Maze procedure in HCM.    
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                      Genetics and Genomics of Arrhythmias 
   Jeffrey A.   Towbin   and     Matteo   Vatta     

  INTRODUCTION   
 Arrhythmias typically are thought to occur due to primary or 
secondary abnormalities in cardiac electrophysiology. These 
abnormalities can include primary alterations in myocardial con-
duction and repolarization or those occurring as a result of struc-
tural heart disease. A signifi cant portion of the individuals found 
to have abnormalities of rhythm and conduction are now known 
to have a genetic basis, with familial inheritance notable. Familial 
inheritance of arrhythmias and conduction disorders indicates 
that genetic factors play an integral role in development of these 
abnormalities. Understanding the underlying genetic defects 
responsible for these disorders has indeed provided insights 
into the mechanisms leading to the clinical picture and prom-
ises to impact the therapeutic strategies used in the care of these 
patients. Over the course of the last 15 years, our understand-
ing of the genetic abnormalities in a variety of cardiomyopathies, 
long QT syndrome (LQTS), Brugada syndrome, catecholamin-
ergic polymorphic ventricular tachycardia (CPVT), and newer 
disorders has led to general concepts of cardiovascular disease. In 
this chapter, the clinical features and management of arrhythmia 
disorders and conduction disease will be discussed and the cur-
rent understanding of the genetic and genomic abnormalities 
associated with these disorders will be reviewed.  

  SPECIFIC CARDIAC ARRHYTHMIAS 
 The entire cardiac electrical system can be affected by genetic 
abnormalities, leading to atrial and ventricular tachyarrhythmias, 

sinus node dysfunction (SND), or atrioventricular block (AV 
block). Primary and secondary arrhythmias (i.e., those associated 
with structural heart disease) are discussed below.  

  PRIMARY ABNORMALITIES IN 
CARDIAC RHYTHM: VENTRICULAR 
TACHYARRHYTHMIAS 

  Long QT Syndromes 
 The long QT syndromes (LQTS) are primary disorders of car-
diac repolarization ( Schwartz et al., 2000a )   in which prolonga-
tion of the QT interval corrected for heart rate (QTc) is seen on 
the surface electrocardiogram (ECG) along with abnormalities of 
T-wave morphology and sinus bradycardia ( Figure 29.1   ). Syncope, 
seizures, and sudden death are the clinical features that are com-
monly seen, occurring due to ventricular tachycardia (VT), espe-
cially polymorphic VT or  torsades de pointes  ( Figure 29.2   ), which 
can degenerate into ventricular fi brillation (VF).  Torsades de pointes  
is common in all forms of LQTS, and is defi ned as  “ turning of 
the points ”  describing the varying axis of the QRS complex 
during VT ( Schwartz et al., 2000a ). This arrhythmia is a subset 
of polymorphic VT, to be distinguished from monomorphic VT 
which has a different morphology and mechanism of develop-
ment ( El-Sherif et al., 1997 ;  Viskin et al., 1996 ). Monomorphic 
VT usually results from reentrant mechanisms and typically can 
be induced by programmed electrical stimulation. On the other 
hand, polymorphic VT cannot be induced using programmed 
electrical stimulation, suggesting the mechanism is unlikely to be 
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primary reentry.  Torsades de pointes , in fact, is thought to be initi-
ated by abnormal automaticity and then maintained by reentrant 
mechanisms ( Antzelevitch, 1999 ). Development of early after-
depolarizations (EADs) appear to be an important mechanism 
whereby drug-induced action potential prolongation initiates 
 torsades  ( January and Riddle, 1989 ;   Verduyn et al., 1997 ). Under 
normal conditions, the ventricle is activated from subendocar-
dium to epicardium by impulses arising in the subendocardial 
Purkinje network. Mapping data in animal models support the 
idea that the initial beat in  torsades  arises in the subendocardium, 
consistent with a triggered beat arising from an EAD in the 
Purkinje system ( El-Sherif et al., 1996 ). The conditions that evoke 
EADs markedly prolong repolarization in the mid-myocardium 
(M cell region) as well, resulting in a situation where propagation 
of EAD-related triggered beats from the subendocardium may be 
blocked in regions where M cell action potentials have become 
especially long, setting up intramural reentrant excitation with a 
circuit that varies from beat to beat ( Antzelevitch et al., 1995 ). 
This perhaps accounts for the distinctive morphology of  torsades 
de pointes  ( Asano et al., 1997 ;  El-Sherif et al., 1997 ). 

 Recently, the concept has emerged that defects in currents 
important for repolarization prolong the action potential but are 
not directly arrhythmogenic. Rather, action potential duration 
creates a milieu in which genetically normal, drug-unmodifi ed 
ion channels or other electrogenic phenomena further prolong 
repolarization and precipitate arrhythmias. 

 The LQTS have been classifi ed into acquired and genetically 
inherited forms. Acquired long QT syndrome (aLQTS) is the 
most common form of LQTS, with drug-induced LQTS particu-
larly common. Drugs implicated in aLQTS include antiarrhyth-
mic agents such as quinidine or sotalol, tricyclic antidepressants, 
antibiotics (especially macrolide antibiotics such as erythromycin), 
antihistamines such as terfenidate, and inhalational anesthetics. 
Acquired LQTS has also been seen in association with meta-
bolic derangements including hypokalemia, hypomagnesemia, and 
hypercalcemia. Additionally, aLQTS has been identifi ed in patients 
with other cardiac diseases such as cardiomyopathies and myocar-
dial ischemia, as well as under circumstances of intracranial disease 
(i.e., intracranial surgery, subarachnoid hemorrhage, and increased 
intracranial pressure). 

KVLQT1

HERG
(IKr)

SCN5A
(INa)

 Figure 29.1         Electrocardiograms demonstrating LQTS associated with the three major genes causing LQTS (with permission).    

 Figure 29.2          Torsade de pointes  polymorphic ventricular tachycardia.    
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 Four forms of inherited LQTS are known: Romano-Ward 
LQTS ( Romano et al., 1963 ;  Ward, 1964 ) and Jervell and Lange-
Nielsen syndrome ( Jervell and Lange-Nielsen, 1957 ) are the 
classically described forms of LQTS. More recently, two other dis-
orders, Andersen syndrome ( Andersen et al., 1971 ) and Timothy 
syndrome ( Marks et al., 1995 ; Splawski et al., 2004)   have been 
described, studied and their underlying causes determined. 
Another disorder, sudden infant death syndrome (SIDS) has also 
been found to be  “ LQTS-like ”  in some babies ( Schwartz et al., 
1998 ). 

 Romano-Ward syndrome is characterized by autosomal 
dominant inheritance with reduced penetrance and is the most 
common inherited form of LQTS, estimated to have an inci-
dence of 1 in 10,000 live births worldwide ( Priori et al., 1999a, b ; 
 Vatta et al., 2000 ). Jervell and Lange-Nielsen syndrome is a 
seemingly rare condition, with an estimated incidence of 1 in 
1.6 million live births ( Priori et al., 1999a, b ;  Vatta et al., 2000 ). 
This disorder, which is defi ned as LQTS associated with sen-
sorineural deafness, has been described as having autosomal 
recessive inheritance since its initial description in 1957 ( Jervell 
and Lange-Nielsen, 1957 ). In the past decade, molecular genetic 
studies, have clarifi ed its inheritance, suggesting it to be auto-
somal dominant LQTS associated with autosomal recessive 
deafness. Finally, SIDS has been shown to be another presenta-
tion of inherited LQTS ( Schwartz et al., 1998 ). Supportive data 
was provided by the identifi cation of mutations in the cardiac 
sodium channel gene, SCN5A, by  Ackerman et al. (2001) , fol-
lowed by identifi cation of HERG/KCNH2 mutations in other 
infants with SIDS ( Christiansen et al., 2005 ). 

  Clinical Features of LQTS 
 LQTS is typically identifi ed in individuals presenting with 
syncope, seizures or sudden cardiac death which results from epi-
sodic ventricular tachydysrhythmias, particularly  torsades de pointes  
and VF ( Priori et al., 1999a, b ;  Schwartz et al., 2000a ;  Vatta et al., 
2000 ). Cardiac arrhythmias have been reported in up to 24% of 
cases, but the risk of sudden death has been estimated to be less 
than 1% per year. These estimates, however, are almost certainly 
inaccurate, since a signifi cant percentage of the 300,000–400,000 
sudden deaths occurring in the United States yearly ( Myerburg, 
1997 ) are likely to be the result of this disorder (which goes 
unrecognized) and many living patients are asymptomatic and can 
have normal QT intervals on screening ECGs due to reduced 
penetrance. Today, many asymptomatic family members are being 
identifi ed via screening ECGs and molecular genetic family 
screening, and, therefore, better estimates are likely in the future. 

 Since LQTS may be diffi cult to diagnose, a set of criteria 
have been developed by  Schwartz et al. (1985, 1993, 2000a) . 
These criteria use a point system in the diagnostic scheme, 
relying heavily on classic features ( Table 29.1   ). This approach 
is thought to improve diagnostic accuracy by including major 
criteria (prolonged QTc  � 440       ms; stress-induced syncope; fam-
ily history of LQTS) and minor criteria (congenital deafness; 
T-wave alternans; relative bradycardia; abnormal ventricular 
repolarization) ( Figure 29.3   ). 

 The clinical features of LQTS, which occur due to arrhyth-
mias ,  are typically associated with triggering events. The most 

 T A B L E  2 9 . 1         Diagnostic criteria in LQTS    

   Clinical fi nding  Points 

   Electrocardiographic fi ndings   a   

            QTc b   

                    � 480       ms 1/2   3 

                   460–470       ms 1/2   2 

                   450 (male)       ms 1/2   1 

            Torsades de pointes   c  2 

          T-wave alterans  1 

          Notched T wave in three leads  1 

            Low heart rate for age d  0.5 

   Clinical history   

            Syncope c   

                   With stress  2 

                   Without stress  1 

            Congenital deafness  0.5 

     Family history e   

   Family members with defi nite LQTS          f  1 

           Unexplained sudden cardiac death below 
age 30 among immediate family members 

 0.5 

  Scoring:  � 1 point  �  low probability of LQTS; 2–3 points  �  
intermediate probability of LQTS;  � 4 points  �  high probability 
of LQTS.  
  a   In the absence of medications or disorders known to affect 
these ECG features  .
  b   QTc calculated by Bazett’s formula, where QTc QT/� RR .       
  c   Mutually exclusive.  
  d   Resting heart rate below the second percentile for age.  
  e   The same family member cannot be counted twice.  
  f   Defi nite LQTS is defi ned by an LQTS score  � 4.  

 Figure 29.3         T-wave alternans in a child with LQTS.    



chromosome 21q22 ( LQT5, LQT6 ), were later identifi ed 
( Abbott et al., 1999 ;  Barhanin et al., 1996 ;  Sanguinetti et al., 
1996a ). More recently, other candidate genes and their loci 
were also identifi ed ( Table 29.2   ). Penetrance in Romano-Ward 
syndrome is reduced and in some families Romano-Ward syn-
drome appears to occur in a recessively inherited pattern ( Priori 
et al., 1998, 1999c ).  

  Gene Identifi cation in Romano-Ward Syndrome: Ion 
Channel Gene Mutations 
  KVLQT1 or KCNQ1: The LQT1 Gene 

 The fi rst of the genes mapped for LQTS, termed LQT1, 
required 5 years from the time that mapping to chromosome 
11p15.5 was fi rst reported to gene cloning ( Table 29.2 ). This 
gene, originally named KVLQT1, but more recently called 
KCNQ1, is a potassium channel gene that consists of 16 exons, 
spans approximately 400       kb, and is widely expressed in human 
tissues including heart, inner ear, kidney, lung, placenta, and pan-
creas, but not in skeletal muscle, liver, or brain. 

 Analysis of the predicted amino acid sequence of KCNQ1 
demonstrated that the gene encodes a potassium channel  
α -subunit ( Barhanin et al., 1996 ;  Sanguinetti et al., 1996a ;  Wang 
et al., 1996 ) with a conserved potassium-selective pore-signature 
sequence fl anked by six membrane-spanning segments similar to 
shaker-type channels ( Figure 29.4   ). A putative voltage sensor is 
found in the fourth membrane-spanning domains (S4) and the 
selective pore loop is between the fi fth and sixth membrane-
spanning domains (S5, S6). Biophysical characterization of the 
KCNQ1 protein confi rmed that KCNQ1 is a voltage-gated 
potassium channel protein subunit that requires coassembly 
( Barhanin et al., 1996 ;  Sanguinetti et al., 1996a ) with a  � -subunit 
called mink or KCNE1 to function properly ( Figure 29.4 ). 
Expression of either KCNQ1 or KCNE1 alone results in inef-
fi cient (or no) current development. When both subunits are 
coexpressed in either mammalian cell lines or  Xenopus  oocytes, 
however, the slowly activating potassium current ( I  Ks ) is devel-
oped in cardiac myocytes. Combination of normal and mutant 
KVLQT1 subunits forms abnormal  I  Ks  channels, and these 
mutations are believed to act through a dominant-negative 
mechanism (the mutant form of KVLQT1 interferes with the 
function of the normal wild-type form through a  “ poison pill ” -
type mechanism) or a loss-of-function mechanism (only the 
mutant form loses activity) ( Demolombe et al., 1998 ;  Shalaby 
et al., 1997 ;  Wollnick et al., 1997 ). In some cases, the protein is 
not normally traffi cked to the membrane. 

 The vast majority of mutations in KCNQ1 are het-
erozygous mutations in Romano-Ward syndrome patients 
( Chouabe et al., 1997, 2000 ;  Duggal et al., 1998 ; Li et al., 1998; 
Splawski et al., 1997a; Towbin, 2006)  , and KCNQ1 appears to 
be the most commonly mutated gene in LQTS.  

  HERG or KCNH2: The LQT2 Gene 

 After the initial localization of LQT2 to chromosome 7q35-
36 by Jiang et al. (1994)   ( Table 29.2 ), candidate gene screening 

well described triggers include exercise, anxiety or excitement, 
auditory events (i.e., telephone or alarm clock ringing), swim-
ming or diving into a pool, and being postpartum. Some patients 
have events or die during sleep, which is thought to be associ-
ated with bradycardia. 

 In most cases of LQTS, no other abnormalities occur. 
However, sensorineural deafness is associated with the Jervell 
and Lange-Nielsen form of LQTS, distinguishing it from the 
Romano-Ward syndrome. LQTS has been reported to occur in 
approximately 1% of children with congenital deafness and this 
has led to the recommendation for screening ECGs in this group 
of children. A study from Thailand demonstrated a possible prev-
alence of 0.7% of Jervell and Lange-Nielsen in children with 
sensorineural deafness at a school for the deaf ( Sopontammarak 
et al., 2003 ). These children also appear to have more severe 
ECG abnormalities than Romano-Ward syndrome patients and 
have a worse prognosis. Other associated abnormalities have 
rarely been reported in more complex patients with LQTS. 
 Marks et al., (1995)  described LQTS patients with syndactyly; 
in this patient subset, LQTS appears to be quite severe, with a 
high percentage dying in infancy. In most of these patients, the 
initial presentation included 2:1 AV block due to marked QT 
prolongation. These patients were initially found in sporadic 
cases, with both genders being represented, but more recently 
families have been identifi ed and a new syndrome termed 
Timothy syndrome (Splawski et al., 2004), has been labeled (see 
section on  “ Timothy Syndrome ” ). Other patients with LQTS 
have been described with associated diabetes mellitus or asthma 
( Bellavere et al., 1988 ;  Rosero et al., 1999 ), as well as those with 
potassium-sensitive periodic paralysis, dysmorphic features and 
skeletal abnormalities termed Andersen syndrome ( Andersen 
et al., 1971 ).  

  Genetics of LQTS 
 As previously noted, four forms of inherited LQTS have been 
described, including autosomal dominant (Romano-Ward syn-
drome), autosomal recessive (Jervell and Lange-Nielsen syn-
drome), and other complex forms (Andersen syndrome and 
Timothy syndrome), in addition to sporadic cases. Over the past 
15 years, the genetic aspects of all four forms of LQTS have 
been unraveled. In the case of the most common inherited form, 
Romano-Ward syndrome, the key genes have been identifi ed 
for all of the mapped subtypes. In 1991, Keating and colleagues 
identifi ed genetic linkage to the short arm of chromosome 11 
(11p15.5) in several families with Romano-Ward syndrome 
( Keating et al., 1991a, b ). Shortly thereafter, we demonstrated 
genetic heterogeneity and this was confi rmed by several labo-
ratories subsequently ( Benhorin et al., 1993 ;  Curran et al., 1993 ; 
 Towbin et al., 1992, 1994 ). In a collaborative effort ( Jiang et al., 
1994 ), linkage was shown for several families to two new loci, 
the long arm of chromosome 7 (7q35-36) and the short arm of 
chromosome 3 (3p21). The three loci were later termed  LQT1  
(11p15.5),  LQT2  (7q35-56), and  LQT3  (3p21). A fourth locus 
( LQT4 ) on chromosome 4q (4q25-27) was later described 
as well ( Schott et al., 1995 ). Two other genes, both located on 
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 T A B L E  2 9 . 2         Long QT and related arrhythmia syndromes    

   Gene  Locus  Syndrome  Protein and 
subunit 

 Function 
and 
abnormality 

    KCNQ1   11p15.5  LQTS1  K V 7.1  �    I  Ks↓ KvLQT1 

    KCNH2   7q35  LQTS2  K V 11.1  �    I  Kr  ↓  HERG 

    SCN5A   3p21  LQTS3  Na V 1.5  �    I  Na  ↑  

    ANKβ   4q25  LQTS4     Ankyrin-B   I  Na,K  ↓   I  NCX  ↓  

    KCNE1   21q22.1  LQTS5  minK  �    I  Ks  ↓  

    KCNE2   21q22.1  LQTS6  MiRP1  �    I  Kr  ↓  

    KCNJ2   17q23  LQTS7     Kir2.1  �    I  K1  ↓  

    CACNA1C   12p13.3  LQTS8    Ca V 1.2  �  1c    I  Ca,L  ↑  

    CAV3   3p25  LQTS9  Caveolin3   I  Na↑    

    SCN4B   11q23  LQTS10  Na V 1.5  � 4   I  Na  ↑  

    KCNQ1   11p15.5  JLNS1      K V 7.1 �   I  Ks  ↓  KvLQT1 

    KCNE1   21q22.1  JLNS2        minK  �    I  Ks↓  

    SCN5A   3p21  LQTS3, SIDS1  Na V 1.5  �    I  Na  ↑  

    KCNQ1   11p15.5  LQTS1, SIDS2  K V 7.1  �    I  Ks  ↓  ↑  KvLQT1 

    KCNH2   7q35  LQTS2, SIDS3  K V 11.1  �    I  Kr↓  HERG 

    CAV3   3p25  LQTS9, SIDS4  Caveolin3   I  Na↑    

    KCNE2   21q22.1  LQTS2, SIDS5  MiRP1  β    I  Kr  ↓  

LQT1:11p15.5

KvLQT1

LQT3:3p21-23

LQT5:21q22 LQT2:7q35-36 LQT6:21q22

LQT7:17q23

IKs

INa

IKr

IK1

minK

SCN5A

KCNJ2

HERG
MiRP1

 Figure 29.4         Chromosomal loci and genes responsible for LQTS.    



identifi ed mutations in HERG (human ether-a-go-go-related 
gene), a cardiac potassium channel gene originally cloned from 
a brain cDNA library ( Warmke and Ganetzky, 1994 ) and that 
is expressed in neural crest-derived neurons ( Arcangeli et al., 
1997 ), microglia ( Pennefather et al., 1998 ), a wide variety of 
tumor cell lines ( Bianchi et al., 1998 ), and the heart ( Curran 
et al., 1995 ). 

 The KCNH2 gene consists of 16 exons and spans 55       kb of 
genomic sequence ( Curran et al., 1995 ). The predicted topology 
of HERG is shown in  Figure 29.4  and is similar to KCNQ1 
but, unlike KCNQ1, KCNH2 has extensive intracellular amino- 
and carboxyl-termini, with a region in the carboxyl-terminal 
domain having sequence similarity to nucleotide binding 
domains (NBDs). 

 Electrophysiologic and biophysical characterization of 
KCNH2 expressed in  Xenopus  oocytes established that this pro-
tein encodes the rapidly activating delayed-rectifi er potassium 
current  I  Kr  ( Sanguinetti et al., 1995 ;  Trudeau et al., 1995 ) and 
electrophysiologic studies of LQTS-associated mutations dem-
onstrated a loss-of-function or a dominant-negative mechanism 
( Sanguinetti et al., 1996b ) of action. In addition, protein traf-
fi cking abnormalities have been shown to occur ( Furutani et al., 
1999 ;  Zhou et al., 1998 ). More recently,  Zhang et al. (2004)  
identifi ed an intronic variant in KCNH2 (T1945      �      6C) in 
which splicing assay analysis showing downstream intron reten-
tion and complementary DNA with the retained intron 7
failed to produce functional channels, consistent with potential 
disease-causing dysfunction. This fi nding potentially expands the 
disease-causing mechanisms in LQTS. This channel has been 
shown to coassemble with  � -subunits for normal function, sim-
ilar to that seen in  I  Ks .  Abbott et al. (1999)  identifi ed MiRP1 
(KCNE2) as a  � -subunit for KCNH2 (see section on  “ MiRP1: 
The LQT6 Gene ” ). The identifi cation of these initial genes 
which encoded ion channels, suggested that the  “ fi nal common 
pathway ”  of LQTS is ion channel disruption (Towbin, 2000)  .  

  SCN5A: The LQT3 Gene 

 Utilization of the candidate gene approach established that the 
gene responsible for chromosome 3-linked LQTS (LQT3) 
( George et al., 1995 ) is the cardiac sodium channel gene 
SCN5A ( Wang et al., 1995a, b ) ( Table 29.2 ). SCN5A is highly 
expressed in human myocardium and brain, but not in skele-
tal muscle, liver, or uterus ( Hartmann et al., 1999 ;  Wang et al., 
1995a ). It consists of 28 exons that span 80       kb and encodes a 
protein of 2016 amino acids with a putative structure that con-
sists of four homologous domains (DI to DIV), each of which 
contains six membrane-spanning segments (S1 to S6) similar to 
the structure of the potassium channel  α -subunits ( Figure 29.4 ) 
( Gellens et al., 1992 ). Mutation analysis identifi ed three 
mutations initially ( Wang et al 1995a, b ); and when expressed 
in  Xenopus  oocytes, all mutations generated a late phase of 
inactivation-resistant, mexiletine- and tetrodotoxin-sensitive 
whole-cell current via different mechanisms ( Bennett et al., 
1995 ;  Dumaine et al., 1996 ). Two of the three mutations showed 
dispersed reopening after the initial transient, but the other 

mutation showed both dispersed reopening and long-lasting 
bursts. These results suggested that SCN5A mutations act 
through a gain-of-function mechanism (the mutant channel 
functions normally, but with altered properties such as delayed 
inactivation) and that the mechanism of chromosome 3-linked 
LQTS is persistent nonactivated sodium current in the plateau 
phase of the action potential.  An et al. (1998)  also showed that 
not all mutations in SCN5A are associated with persistent cur-
rent and demonstrated that SCN5A interacted with  � -subunits. 
Other mutations were later identifi ed (Benhorin et al., 1998).  

  MinK or KCNE1: The LQT5 Gene 

 The minK (IsK or KCNE1) gene was initially localized to chro-
mosome 21 (21q22.1) and found to consist of three exons that 
span approximately 40       kb ( Honore et al., 1991 ). It encodes a 
short protein consisting of 130 amino acids and has only one 
transmembrane-spanning segment with small extracellular and 
intercellular regions ( Figure 29.4 ). When expressed in  Xenopus  
oocytes, it produces potassium current that closely resembles the 
slowly activating delayed-rectifi er potassium current  I  Ks  in cardiac 
cells ( Barhanin et al., 1996 ;  Sanguinetti et al., 1996a ), but requires 
coexpression cardiac slowly activating delayed-rectifi er  I  Ks  cur-
rent to develop ( Barhanin et al., 1996 ;  Sanguinetti et al., 1996a ). 
 Bianchi et al. (1999)  also showed that mutant KCNE1 results in 
abnormalities of  I  Ks  and  I  Kr  and in protein traffi cking abnormali-
ties.  McDonald et al. (1997)  showed that KCNE1 also interacts 
with KCNH 2 , regulating  I  Kr .  Splawski et al. (1997b)  demon-
strated that KCNE1 mutations cause LQT5 when they identifi ed 
mutations in two families with LQTS ( Table 29.2 ). In both cases, 
mutations were identifi ed that reduced  I  Ks  by shifting the voltage 
dependence of activation and accelerating channel deactivation. 
This was later confi rmed by others ( Chouabe et al., 2000 ;  Duggal 
et al., 1998 ) and further supported by the fact that a mouse 
model with mutant minK ( Vetter et al., 1996 ) developed a phe-
notype (that included deafness). The functional consequences of 
these mutations include delayed cardiac repolarization and hence, 
an increased risk of arrhythmias ( Chouabe et al., 2000 ; Duggal 
et al., 1998  ;  Franqueza et al., 1999;  Vatta and Towbin, 2006 ).  

  MiRP1 or KCNE2: The LQT6 Gene 

 The MiRP1 gene (the minK-related peptide 1 or KCNE2 gene) is 
a potassium channel gene encoding a small integral membrane 
subunit protein that assembles with KCNH2 (LQT2) to alter its 
function and enable full development of the  I  Kr  current ( Figure 
29.4 ). This is 123-amino acid channel protein has a single pre-
dicted transmembrane segment similar to that described for 
KCNE1. Chromosomal localization studies mapped the KCNE2 
gene to chromosome 21q22.1, within 79       kb of KCNE1 (minK) 
and arrayed in opposite orientation. The open reading frames of 
these two genes share 34% identity and both are contained in a 
single exon, suggesting that they are related through gene dupli-
cation and divergent evolution ( Abbott et al., 1999 ). 

 Three missense mutations associated with dysrhythmias 
were initially identifi ed ( Abbott et al., 1999 ) and biophysi-
cal analysis demonstrated that these mutants form channels 
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that open slowly and close rapidly, thus diminishing potassium 
currents. Therefore, like KCNE1, this channel protein acts as a 
 � -subunit but, by itself, leads to risk of ventricular arrhythmia 
when mutated ( Table 29.2 ).       

  Gene Identifi cation in Romano-Ward Syndrome: Non-Ion 
Channel-Encoding Genes 
  Ankyrin- β  or ANK β : The LQT4 Gene 

 Initially mapped in 1995 to chromosome 4q25-25 by Schott 
and colleagues in a large French family with autosomal domi-
nant LQTS associated with sinus bradycardia due to SND and 
atrial fi brillation (AF), the gene remained elusive until 2003. 
 Mohler et al. (2003)  identifi ed ankyrin- β  or ankyrin-2 (ANK β ) as 
the disease-causing gene ( Table 29.2 ). This gene encodes a pro-
tein with three major isoforms with molecular weights ranging 
from 440, 220, and 150       kDa generated by alternative splicing. 
The major isoform in the heart is the 220       kDa form. Ankyrins 
are adapter proteins that link integral membrane proteins to 
the spectrin-based cytoskeleton (Bennett and Baines, 2001)   
and contain three functional domains that consist of the mem-
brane binding domain, the spectrin binding domain, and the 
regulatory domain. These proteins bind to several ion channel 
proteins, including the voltage-sensitive sodium channel ( I  Na ), 
anion exchanger (Cl  	  /HCD 3  exchanger), sodium–potassium 
ATPase, sodium–calcium exchanger (NCX or  I  Na     ̂      Ca ), and cal-
cium release channels including those mediated by the ryano-
dine receptor (RyR2) and inositol triphosphate (IP 3 ) receptor. 
Mutations in ANK β  appear to act by a loss-of-function mecha-
nism. It is likely that mutations in this gene cause clinical pheno-
type by disrupting the cytoskeletal framework which results in 
compromise of channel function or of the traffi cking of chan-
nels to their proper locale. A murine model of mutant ANK β  
results in clinical similarities to that seen in humans and fi nd-
ings indicative of calcium handling abnormalities ( Mohler et al., 
2003 ) and sodium channel dysfunction ( Chauhan et al., 2000 ) 
have been reported.  

  Caveolin-3 or CAV3: The LQT9 Gene 

 Caveolae are 50–100-nm omega-shaped microdomains of the 
plasmalemma which are particularly abundant in the cardiovas-
cular system, including cardiomyocytes, endothelial cells, smooth 
muscle cells, macrophages, and fi broblasts. These proteins are 
involved in a variety of functions including vesicular traffi cking 
and serve as platforms to organize and regulate a variety of sig-
nal transduction pathways. Caveolins, the principal proteins in 
caveolae, are found as three different isoforms (CAV1–CAV3) 
that are encoded by separate genes. Although CAV1 and CAV2 
are expressed in most cell types, only CAV3 is specifi cally 
expressed in cardiomyocytes and skeletal muscle. Some car-
diac ion channels have been specifi cally localized to caveolae, 
including the SCN5A-encoded voltage-gated sodium channel 
(Na v 1.5), the voltage-dependent potassium channel (K v 1.5), the 
sodium-calcium exchanger, and the L-type calcium channel. In 
the heart, a variety of other signaling molecules have been found 

in caveolae, including the  � 2-adrenergic receptor.  Vatta et al. 
(2006)  identifi ed multiple mutations in familial and sporadic 
cases of LQTS ( Table 29.2 ) and electrophysiological analysis 
of these mutations demonstrated a two- to three-fold increase 
in the late sodium current compared with wild-type CAV3. In 
addition, CAV3 was shown to directly interact with SCN5A, 
the cardiac sodium channel. This gain-of-function of the cardiac 
sodium channel induced by mutations in CAV3, is similar to the 
SCN5A mechanism of disease. 

 Caveolin-3 is the second non-ion channel protein (after 
ankyrin-B) implicated in the pathogenesis of congenital LQTS. 
Consistent with the  “ fi nal common pathway ”  hypothesis 
( Bowles et al., 2000 ;  Towbin, 1998, 2000 ), genes encoding car-
diac channel-interacting proteins, which secondarily disrupt ion 
channel function, may confer genetic susceptibility for LQTS. 
Caveolin-3 represents one of a potentially large group of such 
proteins. In addition, Na V 1.5 appears to be disrupted in a vari-
ety of arrhythmia-associated disorders, including LQTS and 
Brugada syndrome ( Table 29.3   ) both possible substrates of SIDS 
( Ackerman et al., 2001 ;  Towbin and Ackerman, 2001 ) and AV 
block ( Benson et al., 2003 ).  

  SCN4B: The LQT10 Gene 

 Sodium channel  � -subunits are critical regulatory proteins, and 
four of these  � -subunits have been described,  � 1– � 4. These reg-
ulatory proteins are encoded by the sodium channel  � -subunit 
gene family known as Na v �   and the four protein subunits include 
SCN1B–SCN4B. These  � -subunits are all detectable in cardiac 
tissue and play a crucial role in cell adhesion, signal transduction, 
channel expression at the sarcolemma, and voltage dependence 

 T A B L E  2 9 . 3         Brugada and related arrhythmia syndromes    

   Gene  Locus  Syndrome  Protein 
and 
subunit 

 Function and 
abnormality 

    SCN5A   3p21  BrS1, CoD  Na V 1.5  �    I  Na  ↓  

    GPD1L   3p24  BrS2  G3PD1L       I  Na  ↓  

    SCN5A   3p21  SUND     Na V 1.5  �    I  Na  ↓  

    SCN5A   3p21  Progressive 
CoD    

 Na V 1.5  �    I  Na  ↓  

    SCN5A   3p21  BrS1, CoD, AA
(SSS) 

 Na V 1.5  �    I  Na  ↓  

    SCN5A   3p21  BrS1, LQTS3  Na V 1.5  �    I  Na  ↓  

    SCN5A   3p21  BrS1, LQTS3, 
CoD 

 Na V 1.5  �    I  Na  ↓  

    SCN5A   3p21  iVF  , CoD  Na V 1.5  �    I  Na  ↓  

    SCN5A   3p21  DCM, CoD, 
AA (AF) 

 Na V 1.5  �    I  Na  ↓  

    SCN5A   3p21  BrS1, SIDS1    Na V 1.5  �    I  Na↓  

    SCN5A   3p21  BrS1, CoD, 
SIDS1   

 Na V 1.5  �    I  Na  ↓  



of channel gating. These proteins are characterized by an extra-
cellular N-terminal cleaved region, a transmembrane segment, 
and a cytoplasmic domain with a C-terminal tail. Studies have 
shown that Na v �   subunits contain an extracellular Ig-like fold, 
often found in cell adhesion molecules that target ion channels 
to the sarcolemma and mediate interactions with signaling 
molecules. Na v �  1 and Na v �  3 are similar in sequence and asso-
ciate noncovalently with �-subunits while Na v �  2 and Na v �  4 
are related proteins that are disulfi de-linked to �-subunits. 
Immunohistochemical studies in murine hearts indicate that 
the primary cardiac sodium channel in ventricular myocytes 
is composed of Na v 1.5 (SCN5A) plus  � 2 and/or  � 4 subunits. 
The  � 4-subunit cytoplasmic tail is thought to interact with the 
S6-binding site within the inner cavity of Na v 1.5. Recently, 
 Madeiros-Domingo et al. (2007)  have identifi ed a mutation in 
the gene encoding the  � 4-subunit (SCN4B) in a multigen-
erational family with severe LQTS in several family members 
( Table 29.2 ), as well as with reduced penetrance in others. In 
addition, AV block, sudden cardiac death, and bradycardia were 
clinically apparent in this family. The authors identifi ed a mis-
sense mutation in the family (L179F) which occurred in the 
transmembrane-spanning region of the protein. Biophysical 
analysis of this mutation expressed with the SCN5A �-subunit 
demonstrated an eightfold increase in late sodium current com-
pared with SCN5A alone and threefold increase compared 
with SCN5A  �  WT- � 4. This is consistent with the LQT3 bio-
physical phenotype and is similar to that seen in CAV3-related 
LQTS. Hence, this further confi rms the  “ fi nal common path-
way hypothesis ”  that arrhythmias and conduction system disease 
occur as a consequence of ion channel dysfunction occurring 
either directly through ion channel mutations or secondar-
ily due to dysfunction resulting from abnormal binding partner 
function or other indirect channel abnormality (such as, occurs 
with drugs) (Bowles et al., 2000  ;  Towbin, 2000 ).     

  COMPLEX FORMS OF LQTS 
  Jervell and Lange-Nielsen Syndrome 
  Clinical Features 
 As noted previously, patients with Jervell and Lange-Nielsen 
syndrome ( JLNS) have severe QT interval prolongation, epi-
sodic tachydysrhythmias including  torsades de pointes , syncope 
and/or sudden death, and sensorineural deafness ( Jervell and 
Lange-Nielsen, 1957 ; Schwartz et al., 2000)  . The deafness is 
autosomal recessive and severe while the LQTS is autosomal 
dominant ( Vatta et al., 2000 ).  

  Genetics 
  Neyroud et al. (1997)  reported the fi rst molecular abnormal-
ity in patients with JLNS when they reported on two fami-
lies in which three children were affected by JLNS, fi nding a 
novel homozygous deletion–insertion mutation of KCNQ1 
( Table 29.2 ). A deletion of 7       bp and an insertion of 8       bp at the 

same location led to premature termination at the C-terminal 
end of the KVLQT1 channel. At the same time,  Splawski et al. 
(1997a)  identifi ed a homozygous insertion of a single nucleotide 
that caused a frameshift in the coding sequence after the second 
putative transmembrane domain (S2) of KCNQ1. Together, these 
data strongly suggested that at least one form of JLNS is caused 
by homozygous mutations in KCNQ1, which was confi rmed by 
others ( Chen et al., 1999 ;  Chouabe et al., 1997 ;  Schulze-Bahr 
et al., 1997 ;  Tyson et al., 1997 ;  Wollnick et al., 1997 ). 

 As a general rule, heterozygous mutations in KCNQ1 cause 
Romano-Ward syndrome (LQTS only), whereas homozygous 
(or compound heterozygous) mutations in KCNQ1 cause JLNS 
(LQTS and deafness). The hypothetical explanation suggests that 
although heterozygous KCNQ1 mutations act by a dominant-
negative mechanism ( Mohammad-Pannah et al., 1999 ), some 
functional KCNQ1 potassium channels still exist in the stria vas-
cularis of the inner ear. Therefore, congenital deafness is averted 
in patients with heterozygous KCNQ1 mutations. For patients 
with homozygous mutations, no functional KCNQ1 potas-
sium channels can be formed. It was shown by  in situ  hybridi-
zation that KCNQ1 is expressed in the inner ear ( Neyroud 
et al., 1997 ), suggesting that homozygous KCNQ1 mutations 
can cause the dysfunction of potassium secretion in the inner ear 
and lead to deafness ( Vetter et al., 1996 ). However, it should be 
noted that incomplete penetrance exists and not all heterozygous 
or homozygous mutations follow this rule ( Priori et al., 1999c ). 

 As with Romano-Ward syndrome, if KCNQ1 mutations 
can cause the phenotype, it could be expected that KCNE1 
mutations could also be causative of the phenotype (JLNS). 
 Schulze-Bahr et al. (1997) , in fact, showed that mutations in 
KCNE1 result in JLNS syndrome as well ( Table 29.2 ), and this 
was confi rmed subsequently ( Duggal et al., 1998 ;  Tyson et al., 
1997 ). Hence, abnormal  I  Ks  current, whether it occurs due to 
homozygous or compound heterozygous mutations in KCNQ1 
or KCNE1, results in LQTS and deafness.     

  Andersen-Tawil Syndrome (LQT7) 
  Clinical Aspects 
  Andersen et al. (1971)  identifi ed a complex phenotype including 
ventricular arrhythmias, potassium-sensitive periodic paralysis, and 
dysmorphic features. The dysmorphisms included hypertelorism, 
broad nasal root, defects of the soft and hard palate, as well as 
short stature. More recently, skeletal abnormalities have broadened 
the phenotype ( Andelfi nger et al., 2002 ). These skeletal features 
include micrognathia, clinodactyly, syndactyly, and scoliosis. The 
associated cardiac abnormalities include QTc prolongation, VT, 
VF, and atrial arrhythmias.  Torsades de pointes  and bidirectional VT 
have been seen. In addition, repolarization abnormalities affecting 
late repolarization and resembling giant U waves are common. 
Sudden death has not been reported as a major risk in this dis-
order.  Andelfi nger et al. (2002)  also reported sex-specifi c variable 
expression, as well as other clinical features including unilateral 
dysplastic kidney and congenital heart disease (bicusopid aortic 
valve, coarctation of the aorta, valvular pulmonic stenosis).  
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  Genetic Aspects 
  Kir 2.1 or KCNJ2: The LQT7 Gene 

 Andersen-Tawil syndrome was originally mapped to chromo-
some 17q23-q24.2 by  Plaster et al. (2001)  using genome-wide 
linkage analysis. Candidate gene mutation screening identifi ed 
mutations in KCNJ2 ( Table 29.2 ), which encodes an inward 
rectifi er potassium channel called Kir2.1 ( Tristani-Firouzi et al., 
2002 ). This channel is highly expressed in the heart and plays a 
role in phase 4 repolarization and in the resting membrane poten-
tial. Multiple gene mutations have been identifi ed to date with 
relatively high penetrance noted. Functional studies have dem-
onstrated reduction or suppression of  I  K1  by a haploinsuffi ciency 
or dominant-negative effect ( Tristani-Firouzi et al., 2002 ;  Lange 
et al., 2003 ).  Lange et al. (2003)  generated known KCNJ2 mutants 
which did not yield any measurable potassium currents in CHO 
cells consistent with failure to form functional homomultimeric 
complexes and non-functional channels. In addition,  Bendahhou 
et al. (2003)  demonstrated that defective Kir 2.1 channels may 
not traffi c to the membrane properly. This gene may play a role 
in developmental signaling pathways as well, which is believed to 
be the cause of the dysmorphisms ( Andelfi nger et al., 2002 ). 

 Analysis of a variety of KCNJ2 mutations demonstrated 
that many of these mutations included residues implicated 
in binding membrane-associated phoephatidylinositol 4,5-
biphosphate (PIP2) ( Donaldson et al., 2003 ). It should be noted 
that nearly 40% of cases do not segregate with this gene, suggest-
ing that genetic heterogeneity exists ( Donaldson et al., 2004 ).      

  Timothy Syndrome 
  Clinical 
 This complex disorder is characterized by multisystem dysfunc-
tion including webbing of fi ngers and toes (syndactyly), immune 
defi ciency, intermittent hypoglycemia, a cognitive immune 
defi ciency, intermittent hypoglycemia, cognitive abnormalities, 
autism, dysmorphic features, various forms of congenital heart 
disease, and lethal arrhythmias associated with LQTS ( Marks 
et al., 1995 ; Splawski et al., 2004).  

  Genetics 
 This autosomal dominant disorder was described initially by 
 Marks et al. (1995) , and more recently the genetic basis of this 
syndrome was described by Splawski et al. (2004). Mutations in 
Ca(V)1.2, the L-type calcium channel, which is expressed in all 
affected tissues, was shown to produce maintained inward Ca 2 �   
overload in multiple cell types and, in the heart, causes pro-
longed Ca 2 �   current delaying cardiomyocyte repolarization and 
increased arrhythmia risk ( Table 29.4   ).  

  Genotype–Phenotype Correlations in LQTS 
  Moss et al. (1995)  showed that the ECG manifestations of LQTS 
were in great part determined by which channel is mutated. 
Different T-wave patterns were clearly evident when compar-
ing tracings from patients with mutations in LQT1, LQT2, 
and LQT3. More recently,  Zareba et al. (1998)  showed that the 
mutated gene may result in a specifi c clinical phenotype with 
different triggers and may predict outcome. For instance, these 
authors suggested that mutations in LQT1 and LQT2 result 
in early symptoms (i.e., syncope) but the risk of sudden death 
was relatively low for any event. In contrast, mutations in LQT3 
resulted in a paucity of symptoms but when symptoms occurred 
they were associated with a high likelihood of sudden death. 
 Zareba et al. (2003a)    showed that the location of mutations in 
KCNQ1 plays no role in clinical course. However,  Shimizu 
et al. (2004)  showed mutation site-specifi c differences in arrhyth-
mic risk and sensitivity to sympathetic stimulation in LQT1 
patients with those having transmembrane mutations having a 
greater risk of early-onset cardiac events and greater sensitiv-
ity to sympathetic stimulation compared with patients having 
C-terminal mutations. Moss and colleagues showed that pore 
mutations in LQT2 have higher risk effects of age and gender 
based on genotype were also reported ( Zareba et al., 2003b ). In 
this case, Zareba and colleagues showed that during childhood, 
the risk of cardiac events was signifi cantly higher in LQT1 and 
LQT3 males than females with no gender-related differences in 
the risk of cardiac events among LQT2 and LQT3 carriers. In 
adulthood, LQT2 and LQT1 females had a signifi cantly higher 

 T A B L E  2 9 . 4          Ca 2 �   dependent arrhythmia syndromes    

   Gene  Locus  Syndrome  Protein and subunit  Function and 
abnormality 

    CACNA1CA   12p13.3  TS1, ASD     Ca V 1.2  �  1C    I  Ca,L  ↑  

    CACNA1C   12p13.3  TS2, ASD     Ca V 1.2  �  1C    I  Ca,L  ↑  

    RyR2   1q42  CPVT1  RyR2 �    SR Ca 2 �  leak ↑   

    CASQ2   1p13.3  CPVT2  Calsequestrin  SR Ca 2 �   leak  ↑  

    ANKβ   4q25  CPVT3  Ankyrin-B  SR Ca 2 �   leak  ↑  

    KCNJ2   17q23  CPVT4, ATS1  Kir2.1  �    I  K1↑    

    RyR2   1q42-q43  CPVT1, LQTS     RyR2  �   SR Ca 2 �   leak  ↑  

    RyR2   1q42-q43  CPVT1, ARVC2  RyR2  �   SR Ca 2 �   leak ↑ 



risk of cardiac events than respective males. The lethality of car-
diac events was highest in LQT3 males and females, and higher 
in LQT1 and LQT2 males than females. Compound mutations, 
which reportedly occurs in �8% of subjects, appears to cause 
longer QTc intervals, worse and more frequent cardiac events 
and, in general, a more severe phenotype than other mutations 
and worse disease than expected ( Westenskow et al., 2004 ). 

 Neonates appear to have gene-specifi c clinical features as 
well.  Lupoglazoff et al. (2004)  studied 23 neonate probands and 
demonstrated that 2:1 AV block is common and usually associated 
with LQT2 mutations, with a poor prognosis during the fi rst 
month of life. In contrast, LQT1 mutations in this patient sub-
group appeared correlated with sinus bradycardia and good 
short-term prognosis with  � -blocker therapy.  Ackerman et al. 
(1999)  and  Moss et al. (1999)  showed that swimming is a com-
mon trigger for symptoms in LQT1 patients while  Wilde et al. 
(1999)  have found auditory triggers to be common in LQT2. 
LQT3, on the other hand, appears to be associated with sleep-
associated symptoms. More recently,  Choi et al. (2004)  evaluated 
388 subjects with LQTS for LQT gene mutations and identifi ed 
43 individuals with swimming-related events (11%). Among this 
group, 65% had mutations in LQT1, with 21% having ryanod-
ine receptor mutations (RyR2), and 5% with LQT2 mutations. 
Coupled with the fi ndings by Moss and colleagues, it could be 
suggested that understanding the underlying cause of LQTS in 
any individual could be used to improve survival by prevention 
and gene-specifi c therapy.  

  Management of LQTS 
 At present, there are four classical modalities for treatment of 
LQTS that have withstood the test of time: (1)  � -blockers 
( Moss, 1998 ,  Moss et al., 2000 ;  Priori et al., 2004 ;  Villain et al., 
2004 ; ), (2) pacemakers ( Eldar et al., 1987 ;  Moss et al., 1991 , 
 Viskin, 2000 ), (3) left cervicothoracic sympathetic ganglionec-
tomy ( Moss and McDonald, 1970 ;  Schwartz et al., 1991, 2004 ), 
and, most recently, (4) internal cardioverter defi brillator (ICD) 
( Ten Harkel et al., 2005 ;  Zareba et al., 2003c ). The mortality 
of untreated symptomatic patients with LQTS exceeds 20% 
in the year after their fi rst syncopal episode and approaches 
50% within 10 years of initial presentation ( Schwartz, 1985 ). 
With institution of the classical therapy, this can be reduced 
to 2–4% in 5 years after initial presentation ( Moss et al., 2000 ; 
 Schwartz, 1985 ). Despite the lack of a placebo-controlled, 
randomized clinical trial, strong evidence supports the use of 
antiadrenergic interventions as the mainstay of therapy for most 
patients. The trigger for many life-threatening events appears to 
involve sudden increases in sympathetic activity (i.e., emotional 
or physical stress), and therefore, antiadrenergic therapy makes 
physiological sense. The  � -adrenergic blocking agents prevent 
new syncopal episodes in approximately 65–75% of patients 
( Moss et al., 2000 ). Suppression of complex ventricular arrhyth-
mias (i.e., couplets and VT) seems desirable.  Villain et al. (2004)  
showed that a low incidence of cardiac events occur in chil-
dren with LQTS treated with  � -blockers. In the 122 children 

studied, only 4 deaths occurred. Of these, 111 children (92%) 
were treated with  � -blockers alone, with no deaths and only 5 
non-fatal cardiac events (4.5%) noted. None of these children 
had LQT1 mutations.  Priori et al. (2004)  studied 335 patients 
treated with  � -blockers for an average of 5 years and found 10% 
of LQT1 patients, 23% of LQT2 patients, and 32% of LQT3 
patients had events while being treated with the highest risk of 
events in LQT2 and LQT3 patients.  Chatrath et al. (2004)  found 
that 25% of LQTS probands had cardiac events, with LQT1 
most prevalent. In addition, they found that the highest rate of 
events occurred during treatment with atenolol while pro-
pranolol appeared more protective. The addition of an IB agent 
(mexiletine) to  � -blocker therapy may be helpful, particularly in 
patients with the LQT3 genotype ( Schwartz et al., 1995 ). High-
risk patients with drug resistant, symptomatic VT are referred for 
left cardiac sympathetic denervation which apparently provides 
additional protection ( Moss and McDonald, 1970 ;  Schwartz et al. 
1991, 2004 ). In addition, the use of cardiac pacing as an adjunct 
to  � -blockers appears to be most rational in patients with evi-
dence of pause-dependent or bradycardia-dependent arrhythmias 
( Eldar et al., 1987 ;  Moss et al., 1991 ;  Viskin, 2000 ). Symptomatic 
bradycardia due to LQTS or induced by  � -blocker therapy, 
should also be considered an indication for elective pacing. 
Beta-blocker therapy is monitored with treadmill exercise test-
ing with the desired result a blunting of the heart rate response 
to exercise. However,  Kaltman et al. (2003)  suggested that little 
difference occurs between pretreated and treated patients regard-
ing QTc at any phase, QTc dispersion or other QTc measures. 
Unfortunately, in some patients, this comes at the expense of 
excessive sinus bradycardia at rest and with minimal levels of 
exertion. Excessive fatigue, inattentiveness and irritability may 
result in discontinuance of therapy by the patient. Compliance, 
especially in the adolescent population, may be enhanced by 
returning the patient to a relatively normal lifestyle by the elimi-
nation of chronotropic incompetence with a pacemaker. 

 Other less time-tested therapies are also available. In some 
rare cases,  torsades de pointes  persists despite therapy with the clas-
sical modalities. The ICD has been used successfully in this set-
ting ( Groh et al., 1996 ;  Platia et al., 1985 ). Up until recently, it 
had not been considered to be fi rst-line therapy because shocks 
from the device can precipitate further emotional stress and set 
off a circuitous response of persistent malignant arrhythmias. 
However, the Multicenter Automatic Defi brillator Implantation 
Trial (MADIT), which demonstrated dramatic superiority of 
therapy with automatic implantable defi brillators over  “ best con-
ventional therapy ”  in patients with coronary disease at high risk 
for ventricular arrhythmias ( Moss et al., 1996 ), has made this 
therapeutic approach somewhat appealing. Automatic implant-
able defi brillators have been used more commonly in LQTS 
patients due to the results of the MADIT trial. However, whether 
this is the best approach is still not clear as long-term data is 
needed to determine the answer to this question.  Zareba et al. 
(2003c)  has shown 3-year follow-up analysis with 1.3% death in 
ICD patients versus 16% non-ICD patients. Reports of effi cacy 
in neonates have been published as well ( Ten Harkel et al., 2005 ). 
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 Another new approach to treating patients with LQTS is 
the so-called  “ gene-specifi c ”  approach. With the identifi cation 
of the precise molecular defect in some patients with LQTS, 
specifi c mechanism-based therapies have been devised and small 
therapeutic trials performed.  Schwartz et al. (1995)  were the fi rst 
to use this approach when they used the sodium channel blocker 
mexiletine in patients with mutations in the sodium channel 
gene  SCN5A  ( LQT3 ). In these patients the QTc was dramati-
cally shortened in a statistically signifi cant manner. Patients with 
potassium channel mutations ( HERG ,  LQT2 ) treated with mex-
iletine had no change in the QTc. However, no data currently 
exists which demonstrates clinical effi cacy of this approach in 
either decreasing the number of syncopal events or improving 
survival. Other sodium channel blockers have had similar effects 
( Rosero et al., 1999 ). Recently,  Benhorin et al. (2000)  showed 
that fl ecainide shortened the QTc in patients with a D1790G 
SCN5A mutation while lidocaine was ineffective suggesting 
that allele-specifi c therapies may be needed. Although the data 
is intriguing, use of sodium channel blockers alone for patients 
with  SCN5A  mutations should still be considered experimental. 
Other gene-specifi c trials have also been performed with simi-
lar results.  Compton et al. (1996)  used intravenous potassium to 
elevate the serum potassium to  � 4.8 in patients with  LQT2  and 
found signifi cant shortening of the QTc. Again, no data on sur-
vival or symptom improvement exists for this therapy, but this 
has been confi rmed ( Choy et al., 1997 ).  Etheridge et al. (2003)  
showed that QTc reduction may be large, QT dispersion and 

T-wave morphology improved, but outcome data was not availa-
ble. Potassium channel openers may have the same effect ( Shimizu 
et al., 1998 ). Other gene-specifi c therapeutic approaches are cur-
rently being developed.     

  Brugada Syndrome 
  Clinical Features 
 This disorder is characterized by ST-segment elevation in the 
right precordial leads (V1-V3) with or without right bundle 
branch block (RBBB) ( Figure 29.5   ) and episodic VF ( Brugada 
et al., 2005 ). The fi rst identifi cation of the ECG pattern of 
RBBB with ST-elevation in leads V1-V3 was reported by  Osher 
and Wolff (1953) . Shortly thereafter,  Edeiken (1954)  identifi ed 
persistent ST-elevation without RBBB in 10 asymptomatic males 
and  Levine et al. (1956)  described ST-elevation in the right chest 
leads and conduction block in the right ventricle in patients with 
severe hyperkalemia. The fi rst association of this ECG pattern 
with sudden death was described by  Martini et al. (1989)  and 
later by  Aihara et al. (1990)  and further confi rmed in 1991 by 
Pedro and Josep  Brugada (1991)  who described four patients with 
sudden death and aborted sudden death with ECGs demonstrat-
ing RBBB and persistent ST-elevation in leads V1-V3. In 1992, 
these authors characterized what they believed to be a distinct 
clinical and ECG syndrome ( Antzelevitch et al., 2003 ; Brugada 
et al., 1992, 1997)  . In some patients the surface ECG appears 
normal, even in familial cases. Provocation studies in the cath-
eterization laboratory using ajmaline, fl ecainide, or procainamide 

 Figure 29.5         Brugada syndrome in a 4-year old. Note the right ventricular conduction delay and ST-segment elevation in leads V1, V2. 
Procainamide infusion worsened the ST-elevation.    



will result in ST-segment elevation in the right precordial leads 
in affected patients ( Brugada et al., 2000, 2003   ;  Hong et al., 2004   ; 
Priori et al., 2002a;  Rolf et al., 2003 ). Long term follow-up 
(Brugada et al., 2002) of patients and families with Brugada syn-
drome demonstrates sudden death is a persistent risk. 

 The fi nding of ST-elevation in the right chest leads has been 
observed in a variety of clinical and experimental settings and is 
not unique or diagnostic of Brugada syndrome by itself. Situations 
in which these ECG fi ndings occur include electrolyte or meta-
bolic disorders, pulmonary or infl ammatory diseases, abnormali-
ties of the central or peripheral nervous system. In the absence 
of these abnormalities, the term idiopathic ST-elevation is often 
used and may identify Brugada syndrome patients ( Antzelevitch, 
1999 ). Two consensus conferences have been held to defi ne the 
clinical signs, diagnostic approaches, therapies, and diagnostic   
studies ( Antzelevitch et al., 2005 ;  Wilde et al., 2002a,b,c ). 

 The ECG fi ndings and associated sudden and unexpected 
death has been reported as a common problem in Southeast Asia 
where it most commonly affects men during sleep ( Nademanee 
et al., 1997 ). This disorder, known as Sudden and Unexpected 
Death Syndrome (SUDS) or Sudden Unexpected Nocturnal Death 
Syndrome (SUNDS), has many names in Southeast Asia including 
bangungut (to rise and moan in sleep) in the Philippines; non-
lai-tai (sleep-death) in Laos; lai-tai (died during sleep) in Thailand; 
and pokkuri (sudden and unexpectedly ceased phenomena) in 
Japan ( Nademanee et al., 1997 ;  Sangwatanaroj et al., 2002 ). General 
characteristics of SUDS include young, healthy males in whom 
death occurs suddenly with a groan, usually during sleep late at 
night. No precipitating factors are identifi ed and autopsy fi ndings 
are generally negative ( Gotoh, 1976 ). Life-threatening ventricular 
tachydysrhythmias as a primary cause of SUDS have been demon-
strated, with VF occurring in most cases ( Hayashi et al., 1985 ).  

    SHORT QT INTERVAL SYNDROME 
  Clinical Features 
 In 2000, Gussak and colleagues identifi ed a new familial clini-
cal syndrome characterized by an abbreviated QTc interval 
( � 300       ms), predisposition to life-threatening arrhythmias and a 
high rate of sudden death. AF may occur and on electrophysio-
logic evaluation, short refractory periods may be identifi ed. Age 
of onset of symptoms may be young ( � 1 year of age) and in 
some cases may be responsible for SIDS.  

  Genetics of Short QT Syndrome 
 Short QT syndrome (SQT) was initially shown by  Gussak et 
al. (2000)  to have autosomal dominant inheritance. Multiple 
families and sporadic cases have been reported ( Bellocq et 
al., 2004 ;  Brugada et al., 2004 ;  Gaita et al., 2003 ;  Gussak et 
al., 2000 ;  Priori et al., 2004 ). Mutations in three ion channel 
genes (SQT1, HERG/KCNH2; SQT2, KvLQT1/KCNQ1; 
SQT3, Kir 2.1/KCNJ2;  Table 29.5   ) have been reported to date 
( Bellocq et al., 2004 ;  Brugada et al., 2004 ;  Priori et al., 2005 ). In 
the case of SQT1, mutations dramatically increased  I  Kr ,  leading 

to  heterogeneous abbreviation of action potential duration 
and refractoriness and reduced the affi nity of the channels to 
 I  K  blockers. Bellocq et al. performed functional studies on the 
KCNQ1 mutations which revealed a pronounced shift of the 
half-activation kinetics which led to a gain-of function of  I  Ks  
and repolarization shortening. In the case of the SQT3-caus-
ing mutations in KCNJ2, whole-cell patch-clamp studies of this 
inward rectifying potassium channel Kir2.1 ( I  K1 ) demonstrated a 
larger outward  I  K1  than wild type and shifting of peak current, 
as well as acceleration of the fi nal phase of repolarization leading 
to shortened action potential duration. Clinically, this leads to 
tall and asymmetric T waves, a fi nding that appears to be distinct 
for SQT3 ( Priori et al., 2005 ).  

  Therapy in SQT Syndrome 
 Since sudden death occurs commonly in this disorder, defi bril-
lator implantation is indicated.  Gaita et al. (2004)  evaluated the 
role of medical therapy, testing QTc interval response to fl ecain-
ide, sotalol, ibutilide, and quinidine with only quinidine produc-
ing QTc prolongation (normalization). However, no defi nitive 
treatment approaches have been described to date. Wolpert et al. 
(2005) evaluated the role of quinidine in SQTS due to HERG 
mutations as well.   

  FAMILIAL VT/CPVT 

  Clinical Features 
 This inherited form of VT was fi rst described in detail by 
 Rubin et al. (1992)  and is another form of VT that occurs in 
the absence of structural heart disease. Clinically, these patients 
present with frequent runs of nonsustained VT at rest, which 
may decrease or extinguish with exercise ( Rubin et al., 1992 ; 
 Sacks et al., 1978; Vlay, 1987 ) and may occur during childhood 
with episodes of Adams Strokes syndrome (Coumel et al., 1978; 
Leenhardt et al., 1995). In some cases, salvos of nonsustained 
VT may be incessant, causing palpitations, dizziness or syncope. 
The ECG is usually normal during sinus rhythm, with a normal 
QT interval. Electrophysiologic evaluation may not consistently 
show inducible VT in these patients, suggesting that the mecha-
nism for this dysrhythmia is not reentry, as with more common 
forms of VT. Instead, it is believed that this form of inherited 
dysrhythmia is due to enhanced automaticity (i.e., an increased 
rate of electrical fi ring of a ventricular myocyte) or triggering 
(i.e., results from secondary depolarizations that occur during or 
immediately after repolarization). 

 T A B L E  2 9 . 5         Short QT syndromes    

   Gene  Locus  Syndrome  Protein and 
subunit 

 Function and 
abnormality 

    KCNH2   7q35  SQTS1  K V 11.1  �    IKr  ↑  HERG  

    KCNQ1   11p15.5  SQTS2  K V 7.1  �    IKs  ↑  KvLQT1  

    KCNJ2   17q23  SQTS3  Kir2.1  �    IK1  ↑  
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  Sumitomo et al. (2003)  described the ECG characteristics 
of CPVT and clinical features in detail. The initial manifesta-
tions included young age of presentation (10.3 years, mean age 
of onset), syncope (79%), cardiac arrest (7%), and family history 
(14%). ECGs demonstrated sinus bradycardia and normal QTc. 
The CPVT morphology included polymorphic (62%), polymor-
phic and bidirectional (21%), bidirectional (10%) or polymor-
phic with VF (7%). Cohen et al. (1989) demonstrated a sudden 
death risk with familial bidirectional ventricular tachycardia.  

  Genetics and Management 
 This inherited tachyarrhythmia is transmitted as an autosomal 
dominant trait ( Tables 29.2 and 29.4 ; Glikson et al., 1991;  Wren 
et al., 1990 ). Mutations in the ryanodine receptor (RyR2) have 
been identifi ed as causative in CPVT ( Laitinen et al., 2001 ; 
Marks et al., 2002  ;  Priori et al., 2001, 2002b; Swan et al., 1999 ). 
In addition, mutations of the calsequestrin gene have been found 
in CPVT ( Eldar et al., 2003 ; Lahat et al., 2002  ;  Postma et al., 
2002 ) appears to be relatively uncommon but the incidence and 
prevalence are not known. The therapy of this disorder appears 
to rely on the use of  � -adrenergic blocking agents, which effec-
tively suppresses this rhythm disturbance. However, Sumitomo 
showed complete  � -blocker control in only 31% of cases (2003). 
In addition, the use of class I and class III antiarrhythmics have 
reportedly been successful in treating this disorder. Sumitomo 
and colleagues also showed calcium channel antagonists partially 
suppressed CPVT in some familial autosomal dominant cases. 
The use of ICDs have not been reported in this disorder but this 
is certainly a likely option in malignant families or diffi cult cases.   

  PRIMARY CONDUCTION 
ABNORMALITIES 
  Lev-Lenegre Progressive Cardiac Conduction Disease 
  Clinical Features 
 This syndrome, also known as progressive cardiac conduction 
defect (PCCD), is amongst the most common cardiac conduction 
disorders in the world and represents the major cause for pace-
maker implantation worldwide at 0.15 pacemaker implantations 
per 1000 inhabitants per year in developed countries ( Schott 
et al., 1999 ). PCCD is characterized by progressive worsening of 
cardiac conduction through the His-Purkinje system, resulting 
in right or left bundle branch block and widening of the QRS 
complex ( Lenegre and Moreau, 1963 ;  Lev, 1964 ;  Lev et al., 1970 ). 
Patients with this disorder ultimately develop complete AV block 
( Figure 29.6   ) and in many instances present with syncope or 

 sudden death. Etiologically, PCCD has been considered to be a 
primary degenerative disease or an exaggerated age-related proc-
ess in which sclerosis of the conduction system occurs (Gault 
et al., 1972; Gazes et al., 1965).  

  Genetics 
 The fi rst gene for PCCD was mapped to chromosome 19q13.3 
( Table 29.6   ) in families with autosomal dominantly transmitted 
disease ( Brink et al., 1995 ; Connor et al., 1959;  De Meeus et al., 
1995 ; Waxman et al., 1975). Genetic heterogeneity was identifi ed 
when  Schott et al. (1999)  demonstrated linkage to chromosome 
3p21 and identifi ed mutations in the cardiac sodium channel 
gene SCN5A ( Tables 29.3 and 29.6 ;  Figure 29.7 ). This gene had 
previously been shown to cause a form of long QT syndrome 
(LQT3) as well as Brugada syndrome ( Chen et al., 1998 ;  Wang 
et al., 1995a, b ). Other supportive evidence of SCN5A muta-
tions causing AV block have been reported.  Miura et al. (2003)  
identifi ed SCN5A mutations in congenital LQT and 2:1 AV 
block while  Shirai et al. (2002)  showed that mutations in this 
gene may cause overlapping features of Brugada syndrome and 
cardiac conduction disease. Tan and colleagues showed that 
mutations in SCN5A results in isolated conduction system 
disease as well, and this was confi rmed by  Wang et al. (2002) . 
In addition,  Viswanathan et al. (2003)  showed that a common 
 SCN5A  polymorphism (H558R) mitigates the effects of muta-
tions on channel function and its clinical response. Mechanisms 
responsible for these varying clinical features, patient sudden 
death, have been speculated to be based on the biophysical 
responses to the mutations in SCN5A (Towbin, 2001a, b).  

  Management 
 Patients with PCCD require pacemaker therapy once bradycar-
dia occurs. In cases where syncope precedes diagnosis, immedi-
ate implantation is appropriate. Prior to pacemaker implantation, 
serial ECGs and Holter monitor studies are necessary for close 
monitoring.     

  Sinus Node Dysfunction/Sick Sinus Syndrome 
  Clinical Features 
 Congenital absence of sinus rhythm ( Surawicz and Hariman, 
1988 ) or SND ( Caralis and Varghese, 1976 ;  Spellberg, 1971 ) 
occurs in familial forms. The clinical presentation is generally 
due to symptomatic bradycardia, but it also may be associated with 
paroxymal AF and other atrial tachydysrhythmias. Histologic data 
are limited, but one report of a single member of a family who 
suffered sudden death showed mononuclear cell infi ltration of the 

 Figure 29.6         Complete AV block in this individual with bradycardia.    



sinus node; fi brosis of the sinus, AV nodes, and atrial tissue; and 
atrophy of the right and left bundle branches ( Bharati et al., 1992 ).  

  Genetics and Management 
 The inheritance pattern of familial congenital absence of sinus 
node function is autosomal dominant with a high degree of pen-
etrance ( Table 29.6 ). The gene for this disorder remains unknown. 
However,  Benson et al. (2003)  identifi ed homozygous muta-
tions in the cardiac sodium channel gene SCN5A ( Figure 29.7 ) 
in individuals with SSS. 

 Treatment consists of permanent pacing for symptomatic 
bradycardia and, unlike persistent atrial standstill, in which the 
atria are unable to be paced due to inability to produce  electrical 

excitation, atrial or dual-chamber pacing may be used. If AF is a 
prominent feature, antiarrhythmic medications and/or chronic 
anticoagulation may be indicated.     

  Atrial Fibrillation 
  Clinical Aspects 
 Atrial fi brillation (AF), fi rst described in 1906, is a cardiac rhythm 
disorder characterized by rapid, irregular activation of the atria, 
resulting in loss of coordinated atrial contraction and therefore 
reduced ventricular fi lling and stasis of blood in the atria ( Fye, 
2006 ). This predisposes to heart failure and thromboembolic 
stroke ( Albers, 1994; Wang et al., 2003 ;  Wolf et al., 1991 ). It is 
currently believed to be the most common sustained  cardiac 

 T A B L E  2 9 . 6         Atrial arrhythmia syndromes    

   Gene  Locus  Syndrome  Protein and subunit  Function and 
abnormality 

    KCNQ1   11p15.5  ATFB1  , LQTS1  K V 7.1  �    I  Ks  ↑  KvLQT1 

    KCNQ1   11p15.5  ATFB1  , SQTS2  K V 7.1  �    I  Ks  ↑  KvLQT1 

    KCNE2   21q22.1  ATFB1    MiRP1  �    I  Ks  ↑  

    KCNE1   21q22.1  AF  minK  �    I  Ks  ↓  

    KCNA5   12p13  AF  K V 1.5  �    I  Kur  ↓  

    KCNJ2   17q23  ATFB1    Kir2.1  �    I  K1  ↑  

    ANKβ   4q25  AF, Bradycardia, LQTS4    Ankyrin-B   I  Na,K  ↓   I  NCX  ↓  

    KCNH2   7q35  AF, SQTS2  K V 11.1  �    I  Kr  ↑  HERG 

    SCN5A   3p21  Congenital SSS  Na V 1.5  �    I  Na  ↓  

    GJA5   1q21.1  ATFB4    Connexin 40  Coupling  ↓  

    SCN5A GJA5
GJA5  

 3p21
1q21.1 

 Atrial standstill
(Coinheritance) 

 Na V 1.5  � 
Connexin 40 

  I  Na↓    Coupling  ↓  

    RyR2   1q42  AT, CPVT1  RyR2  �   SR Ca 2 �   leak ↑   

    HCN4   15q24  SSS, AF, Bradycardia  HCN4  �    I  f  ↓  

Lev syndrome Isolatedhconduction disease BrugadaSIDS

Extracellular INa Sodium channel (SCN5A)

DomainsIVIIIIII

Intracellular

 Figure 29.7         Mutations in SCN5A in patients with Brugada syndrome (black).    
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arrhythmia worldwide, accounting for 15% of all strokes and 
over 30% of all strokes in subjects 65 years of age or older ( Wolf 
et al., 1991 ). The prevalence of AF reportedly has a age depend-
ence, ranging from  � 1% in young adults to approximately 10% 
in individuals older than 80 years of age ( Kannel et al., 1998 ). In 
the United States, more than 3 million people are estimated to 
have persistent AF ( Feinberg et al., 1995 ;  Go et al., 2001 ). AF is an 
 independent risk factor for death, as well ( Benjamin et al., 1998 ). 

 AF may be classifi ed as paroxysmal, persistent or permanent 
( Boston Area Anticoagulation Trial, 1990 ). The paroxysmal form of 
AF accounts for 35–40% of all AF, and there is a 30–50% chance 
of paroxysmal AF converting to a permanent form ( Boston Area 
Anticoagulation Trial, 1990 ). It is frequently observed as a compli-
cation of a variety of cardiovascular and systemic disorders, such as 
hypertension, coronary artery disease, valvular heart disease, vari-
ous forms of congenital heart disease, as well as cardiomyopathies. 
Thus, AF is typically considered to be a sporadic, non-genetic 
form of disease. In approximately 10–20% of cases, however, 
no underlying associated defect is identifi ed and, therefore, it is 
termed  “ idiopathic ”  or  “ lone ”  AF ( Brand et al., 1985 ). In rare 
occasion, fetal onset has been identifi ed (Tikanoja et al., 1998).  

  Electrophysiology of AF 
 Atrial conduction depends on the connections between 
cells, the structural properties of the atrial wall, and ion fl ux. 
Cardiomyocytes link in an end-to-end fashion by intercalated 
disks and therefore form a syncytium of elongated branch-
ing fi bers. The structural components of atria are required to 
function properly for normal electrical activity. Atrial electro-
physiology is a complex process which requires coordinated 
interactions between multiple ionic and structural factors in 
order to generate normal impulse formation and propagation 
( Weiss et al., 2005 ).  

  Genetics of AF 
 The fi rst case of apparent inherited AF was described in 1936 
and subsequently a small number of families have been published 
in the literature ( Arnar et al., 2006 ;  Bedi et al., 2006 ;  Beyer 
et al., 1993 ;  Darbar et al., 2003 ;  Ellinor et al., 2005 ;  Fox et al., 
2004 ;  Orgain et al., 1936 ). Over the past decade, it has become 
apparent that familial aggregation of AF is relatively common 
and, for this reason, genetic analyses were able to be pursued. 
The fi rst genetic locus for AF was reported in 1997 by Brugada 
and colleagues, identifying chromosome 10q22-q24 link-
age. A second locus was later identifi ed by  Oberti et al. (2004)  
on chromosome 5p13 in a family with neonatal-onset auto-
somal recessive AF. Later,  Chen et al. (2003)  identifi ed linkage 
in a single family with AF on chromosome 11p15 and, using 
a candidate gene screening approach, identifi ed a mutation in 
KCNQ1. This was subsequently confi rmed in a small number of 
subjects and appears to be an uncommon cause of AF ( Ellinor 
et al., 2004, 2006 ;  Otway et al., 2007 ). Another uncommon 
cause of AF includes mutations in the  � -subunits of the car-
diac  I  Ks  channel, including KCNE2 and possibly KCNE3 ( Yang 

et al., 2004 ;  Zhang et al., 2005 ). The KCNJ2 gene located on 
chromosome 17q23-q24, which encodes the Kir2.1 protein 
that forms the  α -subunit of the cardiac  I  KI , has also been iden-
tifi ed in a small number of subjects ( Xia et al., 2005 ). A novel 
and promising gene, KCNA5, an atrial-specifi c gene located on 
chromosome 12p13, has been reported to be mutated and caus-
ative of AF in a single family with AF completes the genes iden-
tifi ed to date that cause predominant AF ( Olson et al., 2006 ). An 
additional group of genes have been found to carry mutations 
in subjects with combined atrial and ventricular phenotypes, 
and these include KCNH2, SCN5A, and LMNA. In the case 
of KCNH2, an N588K missense mutation was identifi ed in one 
family with an overlapping phenotype including AF and SQT 
syndrome ( Hong et al., 2005 ). This same mutation was iden-
tifi ed in two other families only presenting with SQTS alone 
( Brugada et al., 2004 ). Similarly, another ion channel-encoding 
gene that is well known as a cause of arrhythmia disorders, 
SCN5A, has been shown to cause complex phenotypes that 
include AF, in particular those associated with dilated cardio-
myopathy and conduction system disease ( McNair et al., 2004 ; 
 Olson et al., 2005 ). Finally, another pleiomorphic gene, lamin 
A/C (LMNA), has also been shown to cause AF in patients and 
families with dilated cardiomyopathy and conduction disease 
( Fatkin et al., 1999 ;  Sebillon et al., 2003 ). 

 Another group of mutations that have been described in 
subjects are so-called  “ somatic mutations. ”  This group of abnor-
malities differs from the germline mutations described above. 
Typically, genetic-based disorders are inherited in families by 
transmission of gene mutations in the germ cells. Mutations 
can also arise  de novo  in discrete cell lineages during embry-
onic development or postnatally. Germ cell  de novo  mutations 
can be transmitted to future generations while somatic muta-
tions cannot, but in this case can give rise to mixed popula-
tions of mutant and normal cells within specifi c tissues, known 
as mosaicism. Mosaic mutations may have variable functional 
consequences and hence the clinical phenotype that develops 
may be unpredictable. In AF, somatic mutations have been asso-
ciated in a small number of studies.  Gollob et al. (2006)  iden-
tifi ed mutations in the GJA5 gene, encoding the cardiac gap 
junction protein connexin40, in DNA from atrial tissue from 
4 subjects; however, none of these variants were found in 
DNA extracted from blood. In one other subject, a mutation was 
identifi ed in DNA extracted from both atrial tissue and blood. 
Functional studies was performed on the mutations and showed 
reduction of gap junction formation and/or coupling properties.  

  Genetic Mechanisms in AF 
 The majority of mutations in subjects with AF have occurred in 
genes encoding potassium channels. Mutations in KCNQ1 and 
KCNE2 appear to increase  I  Ks  channel activation while muta-
tions in KCNJ2 and KCNH2 lead to increased activation of cardiac 
 I  KI  and  I  Kr  currents, respectively. These gain-of-function mutations 
all result in shortening of the action potential  duration and 
effective refractory period, thereby promoting AF by creating an 
electrical substrate for reentry.  



During the past year, several new discoveries have occurred in 
understanding the genetics of arrhythmias. Two new LQTS-
causing genes have been identifi ed, AKAP9 (LQT11) and 
SNTA1 (LQT12). Chen et al. (2007) reported mutations in 
AKAP9 (LQT11) that affect the KCNQ1 binding domain 
and result in functional disturbance of the KCNQ1 potas-
sium channel. Mutations in SNTA1 (LQT12) were described 
by Ueda et al. (2008), who reported an A390V variant that 
affects the SNTA1 link to the neuronal nitric oxide synthase 
(nNOS) inhibitor plasma membrane Ca-ATPase subtype 4b 
(PMCA4b), causing the release of inhibition of nNOS. This 
leads to S-nitrosylation of Nav1.5, resulting in an increase in 
late sodium current. In addition, Wu et al. (2008) identifi ed an 
A257G variant in SNTA1 that led to increased peak sodium 
currents, which negatively shifted the onset and peak currents 
of the current-voltage relationships and shifted steady-state 
activation leftward; no change in the voltage-dependent inacti-
vation kinetics and late sodium currents were observed.

In addition to the standard candidate gene approach, 
novel genetic linkage studies aimed at identifying new disease- 
causing genes have included genetic association studies (GAS) 
and genome-wide association studies (GWAS). In the case 
of GAS, these studies are a form of candidate gene screen 
that aims to assess the association between disease status and 
genetic variants (polymorphisms, single nucleotide polymor-
phisms or SNPs) in a population, while GWAS is an unbi-
ased,  hypothesis-free approach that involves large scans of the 
genome using a dense set of SNPs (up to 500,000 or more) 
aimed at identifying causal variants (Donohue and Allen, 
2005). GWAS studies generate vast datasets, leading to chal-
lenges both in primary analysis and meta-analysis (Hirschhorn 
and Daly, 2005; Visscher et al., 2008; Zintzaras and Lau, 2008).

Over the years, GAS and GWAS studies have come under 
scrutiny due to the lack of replication of data by independent 
studies. Major methodological issues that have surfaced include 
small sample size and insuffi cient power to detect minor con-
tributing roles of one or more alleles. Other confounding 
factors may include population stratifi cation and experimen-
tal design fl aws have been problematic. More recently, many 
of these challenges have been overcomed and new genes and 
pathways have been identifi ed using GWAS. However, effect 
sizes are small in these studies, with relative genotype risks 

typically �1.5. In the case of quantitative traits, the individual 
effect sizes are consistent with �1% of the phenotypic variance 
being explained by a single polymorphism. Hence, while chal-
lenges exist for this approach, successes have been forthcoming 
and excitement appears to exist in regards to the future impact 
of these methods.

Reliable information concerning the clinical, ethnic, 
and genetic background of the subjects under study is essen-
tial when performing association studies. In this regard, the 
Framingham Heart Study represents an extraordinary effort to 
collect family members throughout multiple generations and 
includes the recruitment of 5209 individuals from the fi rst gen-
eration in 1948, 5124 from the second generation in 1971, and 
4095 from the third generation in 2002. Recently, the GWAS 
approach was applied to the Framingham study population in 
an attempt to identify genetic factors associated with arrhyth-
mias. Larson et al. (2007) evaluated the Framingham study 
population and identifi ed linkage to chromosome 9p21 for 
subjects with major cardiovascular disease, as well as associat-
ing linkage of this region with AF. Gudbjartsson et al. (2007) 
identifi ed variants conferring risk of AF on chromosome 4q25. 
These and other studies (Ellinor et al., 2008) are quickly focus-
ing new studies for new targets responsible for these pheno-
types. More recently, Newton-Cheh et al. (2007) showed, using 
an Affymetrix 100K GeneChip on 1345 related Framingham 
Heart Study Original and Offspring cohort participants, that 
common variants in NOS1AP are associated with prolongation 
of the QT interval and heart rate variation.

In the case of atrial fi brillation, SNPs in several cardiac ion 
channel genes have been linked with the disease. In several reports, 
IKs channel components have been linked with atrial fi brilla-
tion, including KCNE1, KCNE2, and KCNE5 (Chen et al., 
2007; Ehrlich et al., 2005; Fatini et al., 2007; Lai et al., 2002; Ravn 
et al., 2005; Zeng et al., 2007). In addition, SNPs in genes that 
alter regulation of ion channel function (Bedi et al., 2006; Firouzi 
et al., 2007; Nyberg et al., 2007; Schreieck et al., 2004), intracel-
lular handling of calcium (Firouzi et al., 2007), gap junction for-
mation (Juang et al., 2007; Yamashita et al., 1997), and activation 
of the renin-angiotensin system (Fatini et al., 2007; Tsai et al., 
2004) have been reported. These associated genes include GNB3 
and NOS3, which regulate channel function, and GJA5, which is 
involved in the formation of gap junctions, amongst others.    
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  INTRODUCTION 
 Blood coagulation is a cell surface, biochemical event designed not 
only to stem the loss of blood following vascular injury (hemos-
tasis), but also to provide the necessary molecular, cellular, and 
protein constituents for growth and repair as well. In addition, 
coagulation occurring within medium-sized arteries and veins can 
have detrimental effects, ranging from end-organ damage to death. 
Conceptually, blood coagulation represents a complex, yet well-
coordinated series of events that involve tissue factor-bearing cells 
and platelets. The initiation and propagation phases of coagulation, 
under biological conditions are catalyzed by thrombin in small 
(nM) and large concentrations, respectively ( Figures 30.1 and 30.2     ) 
( Monroe and Hoffman, 2006 ). 

 The complex catalysts that participate in tissue factor-
mediated thrombin generation each consist of a serine protease 
interacting with a receptor and/or cofactor protein, which col-
lectively are anchored to a specifi c cellular surface. One must 
recognize, however, that coagulation is regulated tightly by stoi-
chiometric and dynamic systems of  inhibition. Specifi cally, the 
tissue factor concentration threshold for thrombin generation is 
steep, and the resulting product is dependent largely on the con-
centration of plasma proteins and surface inhibition, including 
tissue factor pathway inhibitor and antithrombin III. Thus, the 

blood coagulation proteome can be studied in biochemically 
quantifi able terms ( Mann et al., 2006 ).  

  GENETICS OF COAGULATION 
 The complex network of integrated biochemical events regulat-
ing mammalian coagulation comprises, in essence, fi ve proteases 

 30 

  Figure 30.1         Traditional (a) and contemporary (b) paradigms 
of coagulation highlighting both the biochemical and cell-based 
components required for thrombin generation. From  Monroe and 
Hoffman (2006) .       
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(fII or prothrombin, f VII, f IX, f X, and protein C) that interact 
with fi ve cofactors (tissue factor, f VIII, f V, thrombomodulin, and 
membrane proteins) to generate fi brin ( Davidson et al., 2003b ). 
Although each component of the network has unique functional 
properties, data derived from gene organizations, protein structure, 
and sequence analysis suggest that coagulation-hemostatic regu-
latory proteins may have emerged more than 400 million years 
ago from duplication and diversifi cation of only two gene struc-
tures: a vitamin K–dependent serine protease, composed of a
 � -carboxylated glutamic acid-epidermal growth factor (EGF)–
like domain structure (common to f VII, fIX, fX, and protein C), 
and the A1-A2-B-A3-C1-C2 domain structure common to f V 
and f VIII. Prothrombin is also a vitamin K–dependent serine 
protease; however, it contains kringle domains rather than EGF 
domains, suggesting a replacement during gene duplication and 
exon shuffl ing. Analysis of active-site amino acid residues reveals 
distinguishing characteristics of thrombin from other serine 
proteases, supporting its position as the ancestral blood enzyme 
( Figures 30.3 and 30.4     ) ( Davidson et al., 2003a, b ;  Krem and 
Di Cera, 2002 ;  McLysaght et al., 2002 ;  Van Hylckama Vlieg 
et al., 2003 ). 

 There is evidence that large regional or genome duplica-
tions have contributed to the overarching structure of mam-
malian coagulation genomes. Similarly, local duplication and 
translocation could have contributed to the evaluation of multi-
gene families on separate chromosomal regions ( Abi-Rached
et al., 2002 ). 

 The evolution of complex mammalian coagulation path-
ways from invertebrate and early vertebrate species is perhaps 
best illustrated in Zebrafi sh, whose cDNA/gene orthologues 
for major coagulant, anticoagulant and fi brinolytic proteins bare 
striking homology to mammalian sequences ( Hanumanthaiah 
et al., 2002 ). The only difference, which requires further inves-
tigation, is a f VII-like gene in Zebrafi sh that clusters with f VII 

and f X genes and functions as a inhibitor (f VIIi) of coagulation. 
Interestingly, the f VII, f VIIi, and f X gene cluster is homologous to 
a Drosophilia trypsin gene cluster, supporting a rapid path of evo-
lution from invertebrates to vertebrates, and ultimately, mammals.  

Intrinsic pathway occurs on activated platelets
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  Figure 30.2         The assembly of coagulation proteins on activated platelets leads to a burst of thrombin (IIa) generation – a prerequisite 
event in thrombus growth and propagations, and fi brin formation. From  Monroe and Hoffman (2006) .     
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  Figure 30.3         Chordate phylogenetic tree illustrating proposed 
genome duplication and the complement of coagulation proteins 
identifi ed to date. Reprinted, with permission, from  Davidson 
et al. (2003a, b) .     

Genetics of Coagulation ■  375



376 CHAPTER 30 ■■  Genetics and Genomics in the Management of Hemostasis and Thrombosis

  HUMAN HEMOSTATIC VARIABILITY 
 de Lange and colleagues ( de Lange et al., 2001 ) performed 
a class twin study, including 1002 female twins, 149 pairs of 
monozygotic and 352 pairs of dizygotic twins. Quantitative 
genetic model fi tting revealed that genetic factors were respon-
sible for 41–75% of the variation in fi brinogen, factor VII, factor 
VIII, plasminogen activator, factor XIII A-subunit and B-subu-
nit, and von Willebrand factor (vWF). Factor XIII activity 
showed higher (82%) and factor XII lower (38%) heritability. A 
higher monozygotic than dizygotic twin correlation was seen 
for all factors, supporting further the infl uence of genetics on 
hemostatic proteins. 

 Because the genetic contribution to cardiovascular disease 
and related thrombotic phenotypes decreases with advancing 
age, the heritability of hemostatic proteins was determined in 
130 monozygotic and 155 dizygotic same-sex twin pairs (ages 
73–94 years) participating in the Longitudinal Study of Aging of 
Danish Twins. Genetic factors accounted for 33% (D-dimer) to 
71% (Thrombin Activatable Fibrinolysis Inhibitor). In a linage 
analysis, polymorphisms explained a very small proportion of 
genetic variations in hemostatic variables ( Bladbjerg et al., 2006 ). 
Thus, age has a modest effect on hemostatic proteins, explaining 

anywhere from 1.5% to 14.5% of the variance in plasma con-
centrations ( de Lange et al., 2001 ).  

  GENOTYPE–PHENOTYPE INFLUENCES 
 The work of Rosendaal and colleagues ( Van Hylckama Vlieg 
et al., 2003 ) underscores the diversity of hemostasis as a 
biologic system. The structural homologies among coagulation 
factors suggests similarities in their biosynthesis (transcription, 
posttranslational processing) and in the mechanisms that govern 
their plasma levels and clearance. In a group of healthy subjects 
participating in the Leiden Thrombophilia Study (LETS) ( Van 
Hylckama Vlieg et al., 2003 ), clustering was found among the 
plasma concentrations of vitamin K–dependent factors (II, 
VII, IX, and X) and those of factors XI and XII. Factors V 
and VIII clustered with fi brinogen and D-dimer (a measure 
of fi brin formation and its subsequent degradation). The 
anticoagulant factors (protein C, protein S, and antithrombin III) 
clustered together, whereas f XIII remained independent. The 
identifi cation of several independent clusters within the group of 
procoagulant and anticoagulant factors suggests that the basis for 
individual fl uctuations in plasma levels may lie outside the genes 
coding for these factors. This example highlights the complexity 
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of linking genotypes to phenotypes and the relevance of 
understanding the regulation of gene expression (in particular, 
the role played by environmental factors) and posttranslational 
protein modifi cations ( Romualdi et al., 2003 ). 

 Completion of the human genome sequence, although one 
of the most important achievements in science, medicine, and 
human biology, highlights the importance of proteins in deter-
mining biological function and disease (reviewed in reference 
[ Loscalzo, 2003 ]). Indeed, gene sequences cannot fully predict 
the complex quaternary structure of proteins (nor their func-
tion or dysfunction). The regulation of proteins, in fact, escapes 
genetic control through posttranslational modifi cations and
protein–protein interactions. Proteomics is defi ned as the iden-
tifi cation and functional characterization of complete sets of
proteins expressed by complex biological systems. 

 Posttranslational modifi cations of proteins, including proteolysis, 
oxidation, phosphorylation, nitrosylation, glycation, and sulfuration 
may well participate in the development and clinical expression of 
thrombophilias. Many of these modifi cations are the consequence 
of environmental infl uences on gene expression (reviewed in refer-
ence [ Loscalzo, 2003 ]). Examples include the correlation between 
the oxidative state of plasma proteins (determined by measurement 
of carbonyl content) and several markers of thrombin generation 
and activity ( De Cristofaro et al., 2002 ); oxidation of thrombomod-
ulin at methionine 388, which reduces its capacity to down-regu-
late coagulation (through activated protein C), but not its capacity 
to inhibit fi brinolysis [through Thrombin Activatable Fibrinolysis 
Inhibitor ( Nesheim, 2001) ]; oxidation of low-density lipoprotein, 
a process that involves modifi cation of the amino acid side chain 
of apoprotein B, which changes the protein moiety’s identity, ren-
dering it prothrombotic ( Vlassara et al., 1995 ); nonenzymatic glyca-
tion of protein and lipid macromolecules and their condensation to 
advanced glycation end products (AGEs), which promote athero-
thrombosis ( Loscalzo, 2003 ); and, the mixed disulfi de-bond forma-
tion between cysteinyl side chains of proteins and homocysteine, 
which may induce protein modifi cations that favor vascular injury 
and thrombosis ( Van Hylckama Vlieg et al., 2003 ). 

 The Framingham investigators ( Wang et al., 2006 ) measured 
10 biomarkers in 3209 participants attending a routine examina-
tion cycle of the Framingham Heart Study. During a median 
follow-up of 7.4 years, 207 participants died and 169 had a fi rst 
major cardiovascular event. Neither fi brinogen, D-dimer or plas-
minogen activator inhibitor type 1 strongly predicted death or 
major cardiovascular events by Cox proportional hazards mod-
els adjusted for conventional risk factors, suggesting that protein 
modifi cations, to include their metabolic byproducts, may rep-
resent more accurately, pathobiological events and provide more 
direct links between genotype and phenotype.  

  GENE-ENVIRONMENT INFLUENCES 
ON HEMOSTASIS 
 Fibrin, as summarized previously, is the predominant pro-
tein constituent of blood clots formed from fi brinogen, a large 

glycoprotein present within the circulation. Because fi brin clot 
architecture plays an important role in hemostasis and vascular 
repair, variations have important clinical implications. In turn, vari-
ability in fi brin strand width, branch points, mass-to-length ratio, 
density and cross-linking among healthy individuals, as well as those 
with atherosclerosis, metabolic disorders, and other prothrombotic 
disease states, support both genetic and environmental infl uences 
( Table 30.1   ) ( Scott et al., 2004 ). Alterations in gene expression and 
coding function, splice variants, and posttranslational modifi cations 
each infl uence fi brin structure and functionality. 

  Vascular Bed–Specifi c Hemostasis and Thrombosis 
 A well-recognized feature of thrombophilias, whether inher-
ited or acquired (or both), is the focal and vascular bed–specifi c 

 T A B L E  3 0 . 1         Variants of fi brinogen and factor XIII  

 Variants  Function  Relation to 
disease 

  Splice variants      

 Fibrinogen  �  �   Binds thrombin and 
f XIII; reduces fi ber 
diameter 

 Increases risk for 
MI 

 Fibrinogen A 
  E C  Unknown  None? 

  Noncoding 
polymorphisms  

    

 Fibrinogen A 
  
Taq1 

 –  – 

 Fibrinogen B �  
Bcl1 

 Increases fi brinogen 
level 

 More common in 
CAD 

 Fibrinogen 
B � -148C/T 

 –  – 

 Fibrinogen 
B � -448G/A 

 Alters nuclear 
protein binding 

 More common in 
CAD 

  Coding 
polymorphisms  

    

 Fibrinogen A 
 
Thr312Ala 

 Changes fi brin 
structure/
function and FXIII 
cross-linking 

 Atrial fi brillation/
pulmonary 
embolism 

 Fibrinogen 
B � Arg448Lys 

 Changes fi brin 
structure/function 

 Macrovascular 
disease 

 Factor XIIIA 
Val34Leu 

 Changes FXIII 
activation 
rate and fi brin 
structure/function 

 MI, Deep vein 
thrombosis (DVT) 

 Factor XIIIB 
His95Arg 

 Unknown  MI 

  From  Scott et al. (2004) . 
MI � myocardial infarction; CAD � coronary artery disease. 
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expression of thrombosis. This distinct feature suggests that local 
regulatory pathways and intrinsic vessel-determined responses 
to prothrombotic stimuli are distinguishing factors ( Mackman, 
2005 ). Moreover, from the clinical perspective, it argues strongly 
in favor of a patient/vascular bed–specifi c approach to screening, 
diagnostic testing, and management rather than a more general-
ized strategy ( Table 30.2   ) ( Edelberg et al., 2001 ). 

 The regulation of platelet–vessel wall interactions, coagu-
lation proteases, and fi brinolytic factors takes place on the 
endothelial surface, suggesting strongly that overall hemostatic 
regulation and the heterogeneity of clinical expression observed 
under conditions favoring thrombosis, is based on site-specifi c
differences in endothelial cell structure, functionality, and molec-
ular responsiveness to both biologic and rheologic conditions 
( Bavendiek et al., 2002 ;  Braddock et al., 1998 ;  Chien et al., 1998 ; 
 Lin et al., 1997 ;  Sokabe et al., 2004 ). 

 Endothelial cells derived from venous, arterial, and micro-
vascular beds exhibit distinct phenotypes in mitosis rates 
( Beekhuizen and van Furth, 1994 ), growth responses ( Rupnick 
et al., 1988 ), signaling pathways ( Chang et al., 2000 ), and 
expression of nitric oxide synthase ( Guillot et al., 2000 ), vWF 
( Edelberg et al., 1998 ), and tissue-type plasminogen activator 
(Christie, 1999; Rosenberg, 1999   ). In addition, the functional 
relationship between vascular endothelial cells and surrounding 
tissues (cortex, myocardium, myometrium, connective tissue/
skeletal muscle) and hemostatic regulation, may be particularly 
important in  “ site-specifi c ”  responses to prothrombotic stimuli 
( Christie et al., 1999 ;  Le Flem et al., 1999 ;  Nishida et al., 1993 ; 
 Tabrizi et al., 1999 ). An area of considerable interest and rele-
vance to the subject of thrombophilias and vascular bed–specifi c 
thrombotic potential is endothelial cell repair and death (apop-
tosis). An ability to restore endothelial integrity (structural and 
functional) following injury and the prompt regulation of apop-
totic cell–mediated prothrombotic activity may, in fact, be the 
most critical part of the biologic equation ( Figure 30.5   ). 

 The clear distinction between vascular beds in response to 
injury, regulation of coagulation and perhaps thromboprophy-
laxis with antithrombotic drugs has implications for investiga-
tion of medical genomics in general, and the impact of disease 
predisposition attributable to traditional risk factors in particular. 
Indeed, the major risk factors for clinical atherosclerosis, includ-
ing dyslipidemia, hypertension, glucose intolerance, adiposity, 
cigarette smoking, sedentary life style, infl ammatory markers 
and, to a lesser degree, hemostatic factors accounted for 85% of 
the cardiovascular disease arising within the Framingham popu-
lation ( Kannel and Wolf, 2006 ).   

  CIRCULATING CELLULAR AND 
PROTEIN INFLUENCES ON 
HEMOSTASIS AND THROMBOSIS 
 A traditionally held view that thrombosis, particularly involv-
ing the arterial circulatory system, is governed solely by factors 
intrinsic to the vessel wall at sites of injury requires reconsid-
eration. Tissue factor is found in high concentrations within 
atherosclerotic plaques, activated endothelial cells, fi broblasts, 
macrophages, and vascular smooth muscle cells; however, tis-
sue factor antigen is also present within the circulating blood of 
patients with coronary artery disease or with hematologic dis-
orders characterized by heightened thrombogenicity ( Falciani 
et al., 1998 ). Tissue factor–containing neutrophils, monocytes, 
and microparticles ( Giesen et al., 1999 ), circulating in peripheral 
blood, can be delivered to sites of vascular injury where they con-
tribute directly to both the initiation of thrombus formation and 
its subsequent propagation. This evolving construct emphasizes an 
important interface between leukocytes and activated endothelial 
cells, activated platelets, and the vessel wall, where essential sub-
strate for thrombin generation already exists ( Giesen et al., 1999 ; 
 McEver, 2001 ). Adherent leukocytes enhance fi brin deposition by 

 T A B L E  3 0 . 2         Vascular bed–specifi c thrombosis  

 Organ bed 

 Heart  Lung  Spleen  Kidney    Brain 

 Clinical disorders/
associated 
syndromes 

 Myocardial infarction 
Acute coronary 
syndromes 

 Pulmonary 
hypertension 
Pulmonary 
embolism/infarction 

 Splenic 
infarction 

 Nephropathy
Renal thrombosis 

 Stroke 

 Clinically 
associated factors 

 Activated factor IX 
peptide,
factor XIIa 
Fibrinogen 
Plasminogen activator 
inhibitor-1 
Tissue-type plasminogen 
activator antigen 
von Willebrand factor    

 Fibrinopeptide A
Hereditary 
spherocytosis
Soluble 
thrombomodulin 

 Protein C 
Sickle cell 
anemia 

 Factor V Leiden 
Homocysteine 
Plasminogen activator 
inhibitor-1 4G/4G 

 Antithrombin III 
Factor V Leiden 
Homocysteinuria 

  From Edelberg et al. (2001) with permission.  



CD18-dependent capture of fi brin protofi brils that are fl owing in 
plasma, and by f XII–dependent thrombin generation. They also 
activate platelets, providing a fully functional platform for fi brin 
formation under fl ow conditions ( Goel and Diamond, 2001 ). 

 A blood-borne propensity for thrombosis, not entirely 
dependent on vascular pathology, provides a biology-based 
explanation for the observed disparities between  “ degree ”  or 
 “ extent ”  of atherosclerosis and risk of thrombotic events of the 
arterial vascular bed ( Karnicki et al., 2002 ), as well as for the 
propensity toward venous thrombosis with malignancy and fol-
lowing trauma or major surgery.  

  LINKAGE STUDIES IN THROMBOSIS 
 Linkage studies differ from association studies by their depen-
dence on transmission from parents to offspring (of a gene 
marker) and functional genetic variant. Accordingly, linkage 
investigation requires sibling pairs, nuclear families or extended 
families ( Souto, 2003 ). Unlike association studies that are prone 
to false positive and false negative (failure to identify the candi-
date gene despite the identifi cation of polymorphisms [unrelated 
to the phenotype in question]) results, linkage studies are more 
technically challenging but critical to uncovering new genes 
that causally infl uence the observed phenotype. 

 In the Genetic Analysis of Idiopathic Thrombosis (GAIT) 
family-based study, an additive genetic heritability of 60% for 

thrombosis was estimated, suggesting the gene mutations would 
represent the single largest causal mechanism in the pathobiol-
ogy of disease ( Blangero et al., 2003 ). 

 Genome-wide scans were carried out using 325 pedigrees 
with 1144 individuals participating in the Framingham Heart 
Study ( Lin et al., 2007 ). Using variance-component linkage 
methods, heritabilities were estimated at greater than 50% for red 
blood cell count, mean corpuscular volume and mean corpuscular 
hemoglobin. For red blood cell count, a maximum LOD score of 
3.2 on chromosome 19 was identifi ed in close proximity to sev-
eral genes known to infl uence cellular differentiation and possibly 
thrombogenicity-erythropoietin and erythroid Kruppel-like factor. 

 A variance-component linkage analysis of C-reactive pro-
tein (CRP), IL-6, MCP-1, and soluble ICAM was performed 
in 304 extended families from the Framingham Heart Study 
( Dupuis et al., 2005 ). Heritability estimates ranged from 14% 
to 44%. A signifi cant linkage to MCP-1 was found on chromo-
some 1 (LOD 4.27), in a region containing several candidate 
genes, including E-selectin, P-selectin, and CRP. The fi ndings 
suggest that genes on chromosome 1 may infl uence infl amma-
tion and may have a potential role in atherothrombosis. 

 Based on available information derived from investiga-
tions among individuals with thrombotic disorders, a preferred 
approach is to utilize linkage studies for gene identifi cation, fol-
lowed by association studies to further examine polymorphisms 
in the positional candidate genes ( Broeckel et al., 2002 ;  Cooper 
et al., 2002 ). If prior linkage studies have not been performed, 
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 Figure 30.5         Vascular bed–specifi c hemostasis and thrombosis is regulated by endothelial cell-based vascular responses to
prothrombotic stimuli involving platelets, coagulation proteases, and fi brin. Cell–cell and cell–protein interactions, coupled with
programmed cellular events, play a particularly important role in vascular repair.    
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candidate genes, at the very least, should be based on known 
functionality.  

  ASSOCIATION STUDIES IN 
THROMBOSIS 
 The study of complex diseases to include venous and, perhaps to 
an even greater extent, arterial thrombosis has taken several unique 
paths. Association studies, conducted among unrelated subjects are 
undertaken with a basic premise that genetic variants are either 
related directly to a predetermined phenotype or closely linked to 
a causative variant. Using either a cohort or case-control approach, 
the association between genotype and phenotype can be examined.
Although population admixture is a potential confounder in 
genetic association studies, careful selection of a  “ control ”  popula-
tion may address the problem ( Wacholder et al., 2000 ). In contrast, 
the generalizability and discovery of intermediate phenotypes that 
can then be used to identify candidate gene or tested in linkage 
studies is a potential strength of association studies. 

 A linkage disequilibrium-based genetic approach was uti-
lized to investigate common gene sequence variance in fi ve 
thrombosis-related genes and related plasma hemostatic proteins 
among 1811 unrelated Framingham Heart Study participants 
( Kathiresan et al., 2006 ). Forty-one tag single nucleotide poly-
morphisms (SNPs) were genotyped and revealed associations 
between a fi brinogen-beta SNPs with circulating fi brinogen 
levels and 7 f VII SNPs and plasma f VII levels. In a step-wise 
analysis, a single fi brinogen-beta variant explained 1% of the 
residual variance in fi brinogen levels, and 2 f VII SNPs together 
explained 10% of the residual variance in f VII levels. 

 The availability of genome-wide surveys of genetic variants 
and decreasing cost of genotyping provides an ideal environ-
ment for using association studies to unravel complex human 
conditions. Programs in biostatistical methods and informatics 
will undoubtedly play a critical role in realizing the full poten-
tial of this technique (Lin et al., 2006).  

  HERITABILITY AND THROMBOSIS: 
EXISTING COMPLEXITIES 
 Heritability, defi ned as the proportion of the total phenotypic 
variation within a population, is attributed to genetic variance – also 
referred to as shared variance. The challenge in complex diseases, 
including thrombotic disorders, is driven by a lack of independ-
ence for genetic and environmental components. In many cases, 
there is an interaction between the two, with one or more envi-
ronmental factors modifying the genetic effect. 

 A common illustration is an individual with an inherited 
thrombophilia who experiences trauma or undergoes major sur-
gery. Under these circumstances, an existing predisposition, cou-
pled with an acquired risk may culminate in a thrombotic event. 

 There are several subtypes of genetic variance: additive 
(variance resulting from individual alleles and best represented in 

parent–offspring studies); dominance (variance stemming from 
pairs of homologous alleles as determined in twin studies); and 
epistasis (variance from genes that affect the expression of other 
genes). Accordingly, heritability is itself complex and may be 
most suitable for detecting the presence (or absence) of genetic 
variance ( van Asselt et al., 2006 ).  

  A PERSONALIZED APPROACH TO 
HEMOSTASIS AND THROMBOSIS 
 A recognized priority area for thrombosis-related investiga-
tion is identifying patients who will ultimately experience the 
clinical phenotype. This knowledge allows a clear distinction 
between individuals in whom treatment is required to prevent 
life-altering or life-threatening events, and those who potentially 
incur undue risk from antithrombotics with little likelihood of 
benefi t. 

 Numerous studies have demonstrated the ability of gene-
expression profi les to identify subtle distinctions that defi ne 
important clinical phenotypes. In a study performed at Duke 
University Medical Center, Potti and colleagues ( Potti et al., 
2006 ) identifi ed gene-expression profi les that predicted throm-
botic events among patients with anticardiolipin antibodies 
( Figures 30.6 and 30.7     ). An analysis of 50 genes who expression 
patterns provided the power to discriminate and predict throm-
bosis included APOE, coagulation factor X, thomboxane, matrix 
metalloproteinase 19, interleukin 22 receptor, and hematopoietic 
progenitor cell antigen (CD34) precursor. 

 An ability to identify polymophisms in high-porosity genes 
may, in turn, lead to novel diagnostic tools for determining 
patients at risk, and intervening prior to a clinical event.  

  PATIENT SCREENING: A 
TRADITIONAL PARADIGM 

  Whom to Investigate 
 In patients with arterial thrombosis, the search for an underlying 
thrombophilic condition is justifi ed in the presence of at least 
one of the following: (1) recurrent thromboembolic event; (2) 
young age (  50 years if male,   55 years if female); (3) lack of 
signifi cant arterial stenosis at angiography; (4) age   55 years if 
male or   60 years if female and no apparent cause (i.e., lack 
of traditional cardiovascular risk factors, systemic illnesses, malig-
nancies, offending drugs); or (5) age   55 years if male or   60 
years if female and strong family history of thrombosis ( Table 
30.3   ) ( Figure 30.8   ) ( Andreotti and Becker, 2005 ). A venous 
thromboembolic (VTE) event should prompt further evaluation 
in the following individuals: age  � 50 years, thrombosis at unu-
sual sites (cerebral, mesenteric, hepatic, portal veins), recurrent 
venous thrombosis, venous thrombosis and a strong family his-
tory of thrombotic disease, women with recurring miscarriages 
and/or puerperal complications. A targeted approach to testing 



infl uences strongly the likelihood of detecting an inherited 
mutation with biological linkage ( Table 30.4   ) ( Seligsohn and 
Lubetsky, 2001 ). The importance of gathering a family history, a 
simple and frequently underutilized tool available to all and useful 
in assessing the risk for common complex diseases, has been 
stressed by the Centers for Disease Control and Prevention, 
Offi ce of Genomics and Disease Prevention ( Yoon et al., 2003 ). 
Selective testing for common inherited thrombophilias is more 
cost-effective than universal screening (Wu, 2006   ).  

  What and When to Investigate 
 The tests summarized in  Figure 30.8  may be performed dur-
ing hospitalization, even during the initial stages of a thrombotic 
episode. Evaluations for an acquired thrombophilia, including 
those associated with underlying malignancy, systemic disorders, 
and drug-induced prothrombotic states, should also begin with-
out delay. A defi nitive diagnosis of myeloproliferative disorder or 
the search for occult malignancy may require serial offi ce visits 
and carefully selected imaging studies.  

  Implications for Treatment 
 The approaches to inherited and acquired thrombophilias 
differ at several levels. The former raises questions of suscepti-
bility to recurrent events, treatment duration, and whether to 
perform testing among related family members (who may them-
selves carry the trait) ( Seligsohn and Lubetsky, 2001 ). The latter 
is based on concomitant illnesses and identifi cation of offend-
ing drugs or conditions in which diagnosis and treatment of the 
predisposing disorder have a major impact on the overall throm-
botic risk.   

  PATIENT SCREENING: A 
COMPREHENSIVE AND
POPULATION-BASED APPROACH 
 Individuals who have experienced an initial VTE event incur a sig-
nifi cant risk for recurrence. Traditional risk factors including stasis 
(from immobility and surgery), vascular injury and either inher-
ited or acquired thrombophilias contribute to sustained risk. In 
the last 10–15 years it has become apparent that there are number 
of genetic mutations that are present variably within populations 
that predispose some individuals to recurring events. Accordingly, 
attention to personal and family history of thrombosis, with test-
ing according to established guidelines is recommended. 

 A thrombosis risk intake system, modeled for use in a com-
munity setting, is summarized in  Figure 30.9   . The algorithm 
and targeted risk management recommendations ideally should 
be based on the ACMG and CAP consensus statements with 
respect to genetic testing for thrombophilias and expert opin-
ion. There should be shared decision made before proceed-
ing with the test, as well as education posttest. This particular 
approach is based on existing concern for patients with inher-
ited thrombophilias. A recent study specifi cally investigated the 
knowledge and education needs of individuals with the factor 
V Leiden mutation ( Hellmann et al., 2003 ). Several observa-
tions are worthy of careful consideration: 79% incorrectly esti-
mated their thrombosis risk (2–8 years posttesting); 64% stated 
that they were given little information about factor V Leiden 
(pre-or posttesting); 68% had remaining questions at the time of 
the survey; 53% believed their health care providers to be inade-
quately informed about the test implications; and 88% preferred 
knowing the results (of genetic testing).  

Controls with VTE APS
Normal aPLA

  Figure 30.6         Patterns of gene expression that characterize clinical phenotypes. Hierarchal clustering of the initial patient samples 
based on gene-expression patterns. Each gene is represented by a single row, and each sample is represented by a single column.
The color heat map represents genes in a graded fashion along a spectrum of activation, extending from strongly upregulated genes
in red to the down-regulated in blue. VTE, venous thromboembolism; APS, antiphospholipid antibody syndromes; aPLA, antiphos-
pholipid antibody. From  Potti et al. (2006)  with permission.     
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  Figure 30.7         (a) Gene-expression profi les that classify and predict APS phenotype; (b) leave- one out cross validation probabilities in 
the training cohort; (c) Validation of binary regression model in a blinded clot. APS, antiphospholipid antibody syndrome; VTE, venous 
thromboembolism. From  Potti et al. (2006).          
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  PROGNOSTIC CONSIDERATIONS 
 The most prevalent phenotype of a thrombophilia is venous 
thromboembolism – a continuum from deep vein thrombosis 
(DVT) to pulmonary embolism (PE). The annual incidence of 
venous thromboembolism is approximately 1 in 1000 patients, 
similar to the annual incidence of stroke. The mortality of PE is 
particularly high with approximately one in six cases resulting in 

death. As previously described, individuals who have experienced 
an initial VTE event have a signifi cant risk of recurrence even 
after an initial course of treatment. The declining risk over 
time suggests that concomitant illness and factors related to the 
thrombus itself contribute. 

 Recent data, based on patients with unprovoked (spontane-
ous or idiopathic) VTE, suggest a 10–15% rate of recurrence. The 
incidence is particularly high following a PE ( Gonzalez-Porras 



 T A B L E  3 0 . 3          Conditions that predispose to thromboembolism  

 Venous  Arterial 

  Inherited    Inherited  

 1. Gene polymorphisms of the hemostatic system:  1. Gene polymorphisms of the hemostatic system: b  
  –           factor V Leiden (G1691A)  
  –         G20210A prothrombin variant  
     –      gain-of-function variants of factor VIII, IX, XI    

       –      factor V Leiden (G1691A)  
     –      G20210A prothrombin variant  
     –       gain-of-function variants of fi brinogen, factor VII, 

plasminogen activator inhibitor type-1  
     –      glycoprotein IIIa (Leu33Pro)    

 2. Defi ciencis of antithrombin, protein C, protein S  2. Family history of arterial thrombosis a  

 3. Dysfi brinogenemia  3. Homocystinuria 

 4. Family history of venous thrombosis a   4. Congenital dyslipidemias 

 5. Homocystinuria and MTHF C677T   

 6. Varicose veins   

  Physiologic    Physiologic  

    1.     Pregnancy, pueperium  
  2.     Aging    

    1.     Male gender  
  2.     Aging    

  Environmental    Environmental  

    1.   Surgery, trauma, immobilization  
  2.     Oral contraceptives, HRT  
  3.     Heparin-induced thrombocytopenia  
  4.     Antifi brinolytic agents, prothrombin complex concentrates  
  5.   Endotoxemia    

    1.     Smoking, cocaine use  
  2.     Oral contraceptives, HRT  
  3.     Heparin-induced thrombocytopenia  
  4.     Antifi brinolytic agents, prothrombin complex concentrates  
  5.     Thienopyridine-related TTP    

  Other    Other  

 1. Previous venous thromboembolism
2. Obesity
3. Malignancies
4. Antiphospholipid antibodies
5. Polycythemia vera, essential thrombocytosis
6. Congestive heart failure
7. Nephrotic syndrome
8. Behcet’s disease, other vasculitides
9. Paroxysmal nocturnal hemoglobinuria 

 1. Previous arterial thrombosis
2. Atherosclerosis, vasculitis
3. Hypercholesterolemia, metabolic syndrome c 
4. Congestive heart failure, renal failure
5. Atrial fi brillation 
6. Antiphospholipid antibodies, rheumatoid arthritis
7. Polycythemia vera, essential thrombocytosis
8. Sickle cell anemia, macroglobulinemia
   9. Malignancies 

  Modifi ed from Voetsch et al. (2004) and Levine et al. (2002 )  MTHF      �      methylenetetrahydrofolate reductase; HRT      �      hormone replacement 
therapy; TTP      �      thrombotic thrombocytopenic purpura.  
  a  May be defi ned as at least 1 fi rst-degree relative affected   50 years if male and   55 years if female.  
  b  Relation between genotype and thrombosis variable in different studies.  
  c  Components of the metabolic syndrome include hypertension, diabetes or glucose intolerance, obesity, reduced HDL-cholesterol, and 
hypertriglyceridemia.  

et al., 2006 ). Although the presence of an inherited throm-
bophilia is associated with increased risk, common mutations 
such as factor V Leiden, prothrombin 20210, and methylene tet-
rahydrofolate reductase (MTHFR), pose the greatest concern 
when combined (double defects), or exist as homozygous or 
double heterozygous forms. 

 The case fatality rates for recurrent PE during anticoagu-
lant therapy vary from 8% to as high as 26%. Recurrence after a 

course of therapy, on average for 3–6 months, is fatal in approxi-
mately 5% of cases ( Gonzalez-Porras et al., 2006 ). 

 The risk of recurrent arterial thrombosis is determined by 
several factors, include age, vascular bed origin, coexisting dis-
ease in other vascular beds, concomitant risk factors, the pres-
ence of a defi ned thrombophilia, and the use and associated 
effectiveness of existing treatments (that may included percuta-
neous and/or surgical interventions).  

Prognostic Considerations ■  383



384 CHAPTER 30 ■■  Genetics and Genomics in the Management of Hemostasis and Thrombosis

  EMERGING PLATFORM FOR 
HEMOSTASIS AND THROMBOSIS 
RESEARCH 
 Scientifi c advances have provided a strong knowledge base for 
research agendas in the fi elds of hemostasis and thrombosis. 
Coupled with great strides in molecular biology, the next decade 
promises many opportunities to translate fundamental science 
to patient care. Several emerging platforms will be instrumen-
tal and include: proteomic analysis capabilities for defi ning 
signaling cascades in platelets ( Garcia, 2006 ), systems-based mod-
els of individual pro- and anticoagulant factor levels, and related 
 in silico  prediction models of thrombotic capacity (hemostatic 
proteome) ( Brummel-Ziedins et al., 2005 ), expression profi les of 
circulating blood components ( Potti et al., 2006 ) and thrombus 

modulation achieved through inhibition of cellular adhesive 
events (  Jackson et al., 2005 ). 

 A pyrosequencing-based genotype platform that analyzes 
common prothrombotic, hemostatic, and treatment-modulating 
mutations may represent an optimized diagnostic strategy for 
analysis ( Holmberg et al., 2005 ), with potential application 
in both epidemiologic studies and clinical diagnosis ( Mooser 
et al., 2003 ). 

  Pharmacogenomics 
 Antithrombotic therapy has improved patient outcomes across 
a broad range of thrombotic disorders; however, not all patients 
in all clinical settings respond favorably. Accordingly, efforts must 
be undertaken to better distinguish  “ good responders ”  from 
 “ bad responders ”  or  “ non-responders. ”  Pharmacogenomics rep-
resents an important part of an emerging paradigm for drug 

1. Previous arterial thrombosis

2. Age 50 if male or 55 if female

3. No significant artery stenoses at angiography

4. Age 55 if male or 60 if female � no apparent cause

5. Age 55 if male or 60 if female
� strong family history *

Patient with arterial thrombosis and at least one of the following:

Assess:

Additionally screen for:

– Antiphospholipid antibodies:
– lupus anticoagulant
– anticardiolipin
– anti-beta2 glycoprotein I

– ET, PV, malignancies
– Cocaine metabolites in urine (within
  36 h of onset of thrombosis)

– Factor V genotype at 1691 locus
– Prothrombin genotype at 20210 locus
– Other functional candidate gene variants
– Homocysteine in serum or plasma

Proposed pathway to search for arterial thrombophilia

 Figure 30.8         Proposed criteria for the selection of patients in whom it may be justifi ed to perform a number of nonroutine tests for 
underlying thrombophilic conditions. Asterisk denotes at least 1 fi rst-degree relative affected at age   50 years if male of   55 years if 
female. ET indicates essential thrombocytosis; PV, polycythemia vera. From  Andreotti and Becker (2005) .    

 T A B L E  3 0 . 4          The prevalence of factor V Leiden and prothrombin gene mutations in healthy, unselected and selected 

populations with venous thrombosis  

 Genetic variant  Healthy subjects  Unselected patients with venous  Selected patients with venous 
thromboembolism 

   # Examined  % with variant  # Examined  % with variant  # Examined  % with variant 

 Factor V Leiden, 
heterozygote 

 16,150  4.8  1142  18.8  162  40 

 Prothrombin 
G20210A, 
heterozygote    

 11,932  2.7  2884   7.1  551  16 

  Selected patients, age less than 50, a family history of venous thrombosis, a history of recurrent events, and the absence of acquired risk fac-
tors except pregnancy of the use of oral contraceptives.  Adapted from Seligsohn (2001 ).  



Introductory letter to patients with
scheduled well-visits 

� Phone consent and baseline survey
� Schedule study visit 40 min prior to appointment

� Voluntary refusal survey

Informed consent and completion of genetic passport 

Follow routine guidelines
(average risk)

� Patient reminded to follow
 standard of care for
 prevention/monitoring

Consider speciality referral
(high risk)

Discuss risk management
strategies (moderate risk)

Updates assessment tool
at next scheduled visit

Genetic counselor
� Counsels about risk
� Testing offered, if
 appropriate

Summary
letter to
referring
Physician

Referred to disease
specialist for:
 � Evaluation 
 � Risk-based 
      recommendations 
 � Educational
      materials

Positive
genetic

test

Negative test
 or

 refused testing
� Manages risk/offers risk-
 based recommendations
� Offers educational materials

Study coordinator contacts and assesses interest

Study visit

Not interested Interested

Physician reviews
risk assessment 

 Figure 30.9         A population-based approach to thrombophilias emphasizes family and patient history of thrombotic events, carefully 
selected tests, genetic counseling when appropriate and educated disease management.    

treatment given gene-based infl uences on enzymes, transporters, 
and receptors involved with several fundamental properties, 
including drug absorption, metabolism, excretion, mechanism 
of action, and toxicity (reviewed in reference [ Palkimas et al., 
2003 ]). An illustration of pharmacogenomics as a platform for 
patient care is well represented with the anticoagulant warfa-
rin (a vitamin K antagonists used widely in the management of 
thrombotic disorders). Genetic variations in the hepatic metab-
olism of S-warfarin, the more potent isomer that accounts for 
70% of the overall anticoagulant response, by P450 2C9 have 
important implications in drug dose requirements and risk of 

bleeding (reviewed in reference [ Aithal et al., 1999 ]) ( Table 30.5   ) 
( Dang et al., 2005 ;  Higashi et al., 2002 ;  Loebstein et al., 2001 ; 
 Tabrizi et al., 2002 ;  Taube et al., 2000 ). Although the prevalence 
of 2C9 polymorphisms varies among ethnic groups, this may not 
fully explain differences in warfarin dose requirements ( Dang 
et al., 2005 ). One must acknowledge, despite the likely impor-
tance of pharmacogenomics in clinical practice, that the role of 
genetic testing in therapy decisions must be defi ned through 
carefully designed clinical trials. 

 The Bloodomics project at Cambridge University, fi nanced 
by the European Community, has a primary objective to 
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 discover genetic markers within platelets that predict arterial 
thrombosis risk. An overarching plan is to identify and catalog 
SNPs in 300 genes, and establish a basis for population genetics 
(reviewed in reference [ Nurden, 2006 ]). 

 Polymorphisms in platelet receptors, coagulation proteins 
and fi brin; coupled with concomitant genetic polymorphisms 

 T A B L E  3 0 . 5         Genetics of warfarin metabolism  

 Author and  n   Genetic variants  Effect on dosage requirements  Increased risks    

 Higashi et al.  n   �  185  CYP2C9*1/*1( n   �  127)
CYP2C9*1/*2( n   �  28)
CYP2C9*1/*3( n   �  18)
CYP2C9*2/*2( n   �  4)
CYP2C9*2/*3( n   �  3)
CYP2C9*3/*3( n   �  5) 

 Mean dose is signifi cantly related 
to genotype being highest in 
CYP2C9*1/*1 (5.63       mg) and 
lowest for CYP2C9*3/*3 (1.60       mg) 
( p   �  0.001) 

 Increased risk of high INR,
longer time to achieve stable 
dosing, and increase serious 
bleeding events 

 Tabrizi et al.  n   �  153  CYP2C9*1/*1( n   �  107)
CYP2C9*1/*2( n   �  22)
CYP2C9*1/*3( n   �  21)
CYP2C9*2/*2( n   �  1)
CYP2C9*2/*3( n   �  1)
CYP2C9*3/*3( n   �  1) 

 Signifi cant decrease in weekly 
dose in CYP2C9*2 (28.3       mg) and 
CYP2C9*3 (27.9       mg) compared 
to wild type allele (40.1       mg) 
( p   �  3860.0021 and  p   �  0.0016, 
respectively) 

 Not available 

 Taube et al.  n   �  561  CYP2C9*1/*1( n   �  392)
CYP2C9*1/*2( n   �  107)
CYP2C9*1/*3( n   �  53)
CYP2C9*2/*2( n   �  3)
CYP2C9*2/*3( n   �  6)
CYP2C9*3/*3( n   �  0) 

 Dose is related to genotype: 
homozygous CYP2C9*2 had 
the lowest maintenance dose 
(3.04       mg) compared to the wild 
type (5.01       mg) ( p   �  0.001) 

 No increased risks found 

 Loebstein et al.  n   �  156  Age  � 65
CYP2C9*1( n   �  49)
CYP2C9*2( n   �  15)
CYP2C9*3( n   �  10)
Age      �      65
CYP2C9*1( n   �  59)
CYP2C9*2( n   �  13)
CYP2C9*3( n   �  10) 

 The dose was lowest in patients 
 � 65 years old with the 
CYP2C9*3 variant 

 Not available 

 Aithal et al.  n   �  188  Low dose patients
CYP2C9*1/*1( n   �  7)
CYP2C9*1/*2( n   �  12)
CYP2C9*1/*3( n   �  10)
CYP2C9*2/*2( n   �  2)
CYP2C9*2/*3( n   �  5)
CYP2C9*3/*3( n   �  0)

Random dose patients
CYP2C9*1/*1( n   �  32)
CYP2C9*1/*2( n   �  9)
CYP2C9*1/*3( n   �  10)
CYP2C9*2/*2( n   �  1)
CYP2C9*2/*3( n   �  0)
CYP2C9*3/*3( n   �  0) 

 A strong correlation between 
CYP2C9 and warfarin sensitivity 
was demonstrated. In addition, 
there were a higher percentage 
of variants in the low 
dose group 

 Diffi culties at initiation of warfarin 
therapy due to supratherapeutic 
INR and increased episodes of 
major bleeding 

  Adapted from Palkimas, et al. (2003) with permission.  

affecting the metabolism, disposition, transporter proteins, and 
target binding of antithrombotic drugs emphasizes the impor-
tance of ongoing pharmacogenomic research within clinical 
trials. Application of bioinformatics, genomics, and pharmacog-
enomics will play a critical role in the unraveling of complex 
interactions ( Iqbal and Fareed, 2006 ).    



2009 UPDATE
The fi eld of genomics as it relates to coagulation and thrombo-
sis is evolving rapidly in three major areas: genetic predisposition 
to venous thrombosis, genetic predisposition to drug-induced, 
malignancy-associated venous thromboembolism, and the phar-
macogenomics of antithrombotic therapy for thrombotic disor-
ders of the coronary arterial circulatory system.

While an inherited predisposition to venous thrombosis is 
detectable in upward of 50% of selected patients, the remaining 
patients lack an identifi able thrombotic mutation, even under 
conditions in which multiple family members or several gen-
erations have the clinical phenotype. The employment of large 
population data sets, including the LETS and multiple envi-
ronmental and genetic assessment (MEGA) of Risk Factors 
for Venous Thromboembolism Study provided a powerful 
resource for assessing fundamental questions of thrombotic risk 
and common inherited variations (Bezemer et al., 2008).

Malignancy is a common acquired thrombophilia that poses 
a strong risk for venous thromboembolism. In some instances, 
chemotherapy itself may heighten the inherent risk, creating 
unique challenges for both clinicians and patients. Large-scale 
clinical trials and established networks have recently provided an 
opportunity to investigate genomic associations for thrombosis. 
Using patients and controls from the Medical Research Council 
(MRC) Myeloma IX, Hovon-50, and Eastern Cooperative 
Oncology Group (ECOG) studies, Johnson and Colleagues 
identifi ed a set of SNPs, associated with thalidomide-related 
venous thromboembolism, that were enriched in genes and 
pathways important in drug transport/metabolism, DNA repair, 
and cytokine synthesis. (Johnson et al., 2008). The fundamen-
tal question that requires further investigation is whether the 
relationship exists at the tumor level, tumor-related microenvi-
ronment, or the vascular endothelium. Further studies will be 
required to identify those patients who are at increased risk for 
thromboembolism in the setting of malignancy.

The opportunity for translation of pharmacogenomics to 
patient care in coronary arterial thrombotic disorders is well 
illustrated in two recent studies (Mega et al., 2008; Simon et al., 
2008). In the Trial to Assess Improvement in Therapeutic 
Outcomes by Optimizing Platelet Inhibition with Prasugrel 
(TRITON) Study (Mega et al., 2008), 1477 subjects with 
acute coronary syndromes treated with clopidogrel – who 

were  carriers of at least one CYP2C19 reduced-function allele 
(27.1% of the study population) – were at signifi cantly higher 
risk for death from cardiovascular causes, MI, or stroke than 
noncarriers (12.1% versus 8.0%; hazard ratio, 1.53; 95% CI 
1.07–2.19; p � 0.01). The risk of stent thrombosis in carriers 
of a reduced-function allele was threefold higher than noncar-
riers (2.6% versus 0.08%; hazard ratio, 3.09; 95% CI, 1.19–8.00; 
p � 0.02). The presence of at least one copy of the *2 allele for 
CYP2C19 accounted for 95% of the subjects classifi ed as car-
riers of a reduced-function allele. In a study of healthy subjects 
with the CYP gene variant, carriers had a relative reduction of 
32.4% in plasma exposure to clopidogrel’s active metabolite, 
and a diminished pharmacodynamic response, with an absolute 
change in maximal platelet aggregation in response to clopi-
dogrel that was 9% points less than noncarriers (Mega et al., 
2008).

The French Registry of Acute ST-elevation and non 
ST-elevation Myocardial Infarction (FAST-MI) investigators 
(Simon et al., 2008) assessed the relation of allelic variants in 
genes modulating clopidogrel absorption (ABCB1), metabolic 
activation (CYP3A5, CYP2C19), and biologic activity (P2RY12, 
ITGB3) to the risk of death (all cause), MI, or nonfatal stroke 
during one year of follow-up in 2208 patients. Patients with 
two variant alleles of ABCB1 had a higher rate of cardiovas-
cular events than those with the wild-type genotype (15.5% 
versus 10.7% adjusted hazard ratio 1.72; 95% CI, 1.20–2.47). 
Patients carrying any two CYP2C19 loss-of-function alleles 
(*2,*3, *4, or *5) had a higher event rate than patients with-
out gene variants (21.5% versus 13.3%; adjusted hazard ratio 
1.98, 95% CI 1.10–3.58). The event rates were particularly high 
among patients with CYP2C19 loss-of-function alleles who 
underwent PCI during initial hospitalization (3.58fold higher; 
95% CI, 1.71–7.51). The presence of at least one ABCB1 var-
iant allele and two CYP2C19 alleles was associated with the 
highest hazard for events (5.31; 95% CI, 1.71–7.51; p � 0.005).

The CYP2C19 gene variant was also a determinant 
for prognosis in patients less than 45 years of age who were 
receiving clopidogrel after treatment for a fi rst acute myocar-
dial infarction (Collet et al., 2008). Clearly, determination of 
CYP2C19 status will soon be part of the standard evaluation of 
patients who are candidates for clopidogrel in the near future.
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              Genomics of Congenital Heart Disease 
   Jessie H.   Conta   and     Roger E.   Breitbart     

  INTRODUCTION 
 Congenital heart disease (CHD) refers to structural malforma-
tions of the heart and great vessels that result from abnormal 
embryonic and fetal development. They comprise a broad spec-
trum of anatomic and clinical severity, ranging from relatively 
simple lesions such as atrial and ventricular septal defects to 
highly complex malformations of the cardiac chambers and their 
venous and arterial connections. As a group, cardiovascular mal-
formations are the most common form of major birth defect, 
occurring at a frequency of 8 per 1000 live births (excluding 
bicuspid aortic valve, which has an estimated prevalence of 2% 
to 3%). They are also among the most frequent causes of death 
in infants beyond the neonatal period. 

 The genetic basis of CHD has been the subject of intense 
investigation and increasing understanding in the past decade.
CHD has long been recognized as a key feature of certain 
genetic syndromes, a prime example being Down syndrome 
(trisomy 21). In contrast, the importance of genetic muta-
tion in non-syndromic CHD has emerged relatively recently 
through the elucidation of single gene defects in certain families 
with inherited CHD. This work, undertaken largely before the 
completion of the Human Genome Project, has relied princi-
pally on conventional genetic approaches, that is linkage analy-
sis and positional cloning, as well as candidate gene sequencing. 
As it happens, however, families with mendelian transmission 
of CHD are actually quite rare. Non-mendelian patterns with 
variable penetrance and expressivity are more the rule in fami-
lies with manifestly inherited CHD. Furthermore, most cases of 

CHD are, or at least appear to be, sporadic, occurring in patients 
with no known family history of CHD. On this basis there is 
growing expectation that the bulk of CHD will ultimately be 
attributed to more complex genetics involving polymorphisms, 
modifying loci, and gene-gene and gene-environment interac-
tions. Ongoing investigation of these mechanisms relies neces-
sarily on genomic approaches. 

 This chapter reviews the current knowledge of the molec-
ular genetics and genomics of CHD. Future directions for this 
research, and the associated challenges, are also considered. 
Recommendations for genetic evaluation of patients and families 
with CHD are offered, including screening, molecular diagnosis, 
and counseling. Of note, the genetics of cardiac arrhythmias and 
of the cardiomyopathies, both also affecting children, are beyond 
the scope of this chapter but are addressed elsewhere in this vol-
ume (see Chapters 28 and 29).   

  CHD GENE DISCOVERY BY 
CONVENTIONAL GENETICS 
 Salient human genes with established roles in the etiology of 
CHD are summarized in  Table 31.1   . This list includes the most 
well studied and illustrative examples of CHD genes but is by 
no means exhaustive. Indeed, a search of the Online Mendelian 
Inheritance in Man database ( www.ncbi.nlm.nih.gov/omim/ ) 
yields more than 900 additional genes or loci linked to a range 
of CHD at this writing. CHD genes have been identifi ed largely 
through conventional genetic approaches including linkage 
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 T A B L E  3 1 . 1          Salient human congenital heart disease genes  

 Gene  Type a   Syndrome  Cardiac Lesions b   References 

  TBX5   TF  Holt-Oram  ASD, others   Basson et al. (1997) ;  Li et al. (1997b) ;  Bruneau 
et al. (2001)  

  TBX1   TF  DiGeorge  Conotruncal defects   Merscher et al. (2001) ;  Lindsay et al. (2001) ;  Jerome and 
Papaioannou (2001) ;  Yagi et al. (2003)  

  NKX2-5   TF  Non-syndromic  ASD, VSD, others   Schott et al. (1998) ;  Benson et al. (1999) ;  McElhinney 
et al. (2003) ;  Elliott et al. (2003)  

  GATA-4   TF  Non-syndromic  ASD, VSD, others   Garg et al. (2003)  

  ZFMP2/FOG2   TF  Non-syndromic  TOF   Pizzuti et al. (2003)  

  SALL4   TF  Okihiro  ASD, VSD, TOF   Al-Baradie et al. (2002) ;  Kohlhase et al. (2002)  

  ZIC3   TF  Heterotaxy  Complex malformations   Casey et al. (1993) ;  Gebbia et al. (1997) ;  Ware et al. (2004)  

  TFAP2B   TF  Char  PDA   Satoda et al. (1999, 2000) ;  Zhao et al. (2001)  

  JAG1   CS  Alagille  PS, TOF   Oda et al. (1997) ;  Li et al. (1997a) ;  Eldadah et al. (2001)  

  NOTCH2   CS  Alagille  PS, TOF   McDaniell et al. (2006)  

  NOTCH1   CS  Non-syndromic  BAV   Garg et al. (2005)  

  PTPN11   CS  Noonan  PS, HCM   Jamieson et al. (1994) ;  Tartaglia et al. (2001, 2002)  

  FIBRILLIN-1   EM  Marfan  MVP, AD   Kainulainen et al. (1990) ;  Magenis et al. (1991) ;  Dietz 
et al. (1991a, b) ;  Lee et al. (1991)  

  ELASTIN   EM  Williams  SVAS, others   Ewart et al. (1993)  

  a  TF, transcription factor; CS, cell signaling factor; EM, extracellular matrix protein.  

  b  ASD, atrial septal defect; VSD, ventricular septal defect; TOF, tetralogy of Fallot; PDA, patent ductus arteriosus; PS, pulmonary stenosis; HCM, 
hypertrophic cardiomyopathy; MVP, mitral valve prolapse; AD, aortic dilation; SVAS, supravalvar aortic stenosis.  

analysis, positional cloning, and candidate gene sequencing. Some 
were discovered in the context of clinical genetic syndromes 
that include CHD phenotypes while others have been found in 
families with non-syndromic CHD. Re-sequencing of candidate 
genes has also demonstrated mutations or polymorphisms associ-
ated with sporadic CHD. 

  Transcription Factor Genes 
 Among the fourteen CHD genes in  Table 31.1 , eight encode 
nuclear transcription factors. Five of these, Tbx5,  Nkx2-5 , 
 GATA4 ,  Zfpm2/Fog2 , and  Sall4 , have been demonstrated to 
interact cooperatively with each other to regulate gene expres-
sion during cardiac embryogenesis. 

   TBX5  (Holt-Oram Syndrome) 
 Holt-Oram syndrome is an autosomal dominant disorder char-
acterized by skeletal malformations of the upper extremities and 
CHD, most commonly secundum atrial septal defects but also 
ventricular septal defects and tetralogy of Fallot.  TBX5 , encod-
ing a T-box nuclear transcription factor, was identifi ed as the 
disease gene using linkage analysis and detailed positional clon-
ing, and several missense and nonsense mutations were identifi ed

in multiple affected families ( Basson et al., 1997 ;  Li et al., 
1997b ).  TBX5  was found expressed in embryonic human heart 
and limb, and targeted deletion of  Tbx5  in the mouse resulted 
in defective cardiac development, supporting the conclusion 
that human  TBX5  mutation is responsible for the CHD in 
Holt-Oram patients ( Basson et al., 1997 ;  Bruneau et al., 2001 ;  Li 
et al., 1997b ).  

   TBX1  (DiGeorge Syndrome) 
 DiGeorge syndrome, now synonymous with velo-cardio-facial 
syndrome, Shprintzen syndrome, and CATCH22, involves a 
range of variable clinical phenotypes including CHD, neonatal 
hypocalcemia, cellular immune defi ciency, palatal defects, char-
acteristic facies, and cognitive and psychiatric disorders. The 
cardiac defects are typically conotruncal or outfl ow tract malfor-
mations associated with defective neural crest migration, includ-
ing interrupted aortic arch, truncus arteriosus, and tetralogy of 
Fallot, especially tetralogy with pulmonary atresia ( McDonald-
McGinn et al., 1999 ). This is a well established contiguous gene 
syndrome caused by microdeletion of a critical region located 
at chromosome 22q11.2 (a minority of DiGeorge patients have 
an alternate deletion at 10p14–13). The human  TBX1  gene, 
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encoding another T-box transcription factor and expressed in 
neural crest and the developing cardiac outfl ow tract (conotrun-
cus), was mapped to the center of the DiGeorge critical region 
( Chieffo et al., 1997 ). Mice with targeted heterozygous  Tbx1  
deletion developed cardiac outfl ow tract malformations and cer-
tain extra-cardiac phenotypes characteristic of human DiGeorge 
syndrome ( Jerome and Papaioannou, 2001 ;  Lindsay et al., 2001 ; 
 Merscher et al., 2001 ). Furthermore, both the cardiac and extra-
cardiac phenotypes could be rescued by the introduction of an 
extrachromosomal copy of  Tbx1 . These fi ndings lend strong 
support to the hypothesis that human  TBX1  mutations may 
be suffi cient to cause the cardiac defects that are characteris-
tic DiGeorge syndrome and, indeed, similar lesions in patients 
who do not have the syndrome. However, rather surprisingly, 
isolated  TBX1  mutations or deletions have not been found in 
large numbers of non-deleted patients with conotruncal malfor-
mations ( Conti et al., 2003 ;  Gong et al., 2001 ). There is a sole 
report of  TBX1  frameshift and missense mutations in a small 
kindred and two unrelated individuals with DiGeorge-like phe-
notypes and no 22q11.2 deletion ( Yagi et al., 2003 ). Thus, a role 
for  TBX1  mutation in non-syndromic conotruncal malforma-
tions seems very likely but awaits more defi nitive proof.  

   NKX2-5  
 The mammalian homeobox transcription factor Nkx2-5 was fi rst 
identifi ed as a homolog of the Drosophila  tinman  gene, essen-
tial for specifi cation of heart muscle progenitors ( Bodmer, 1993 ; 
 Komuro and Izumo, 1993 ). Targeted disruption of  Nkx2-5  in 
the mouse was found to cause arrested cardiac development at 
the linear heart tube stage ( Lyons et al., 1995 ). Subsequent stud-
ies showed that Nkx2-5 interacts with Tbx5, the Holt-Oram fac-
tor, to promote cardiomyocyte differentiation ( Hiroi et al., 2001 ). 
Human  NKX2-5  was recognized as a likely candidate gene in 
the linked region on chromosome 5q35 following genome-wide 
scans in families with non-syndromic, multigenerational CHD 
( Schott et al., 1998 ). Direct sequencing identifi ed a series of muta-
tions that segregated with the CHD. Subsequently, re-sequencing 
in large cohorts of CHD patients has revealed an appreciable fre-
quency of  NKX2-5  mutations or polymorphisms in association 
with sporadic, apparently non-familial CHD involving a broad 
range of cardiac defects ( Benson et al., 1999 ;  Elliott et al., 2003 ; 
 Goldmuntz et al., 2001 ;  McElhinney et al., 2003 ). Somatic muta-
tions of  NKX2-5  have also been identifi ed in the hearts of 
patients with cardiac malformations although causation has not 
been established ( Reamon-Buettner et al., 2004 ).  

   GATA-4  
 GATA-4, one of a family of closely related zinc-fi nger tran-
scription factors, is expressed in the developing heart. Targeted 
homozygous deletion of  Gata4  in the mouse abrogated nor-
mal formation of the primitive heart tube in the early embryo 
( Kuo et al., 1997 ;  Molkentin et al., 1997 ), while haploinsuffi -
ciency and conditional myocardial deletion resulted in a range 
of cardiac malformations ( Pu et al., 2004 ;  Zeisberg et al., 2005 ). 

Human  GATA4  was identifi ed as a candidate gene in an inter-
val at 8p22–23 that was linked to CHD, principally atrial septal 
defects, in a genome-wide scan in a large multigenerational kin-
dred ( Garg et al., 2003 ). Direct sequencing identifi ed mutations 
that segregated with non-syndromic CHD in this and a second 
independent kindred. GATA4 interacts with Tbx5, the Holt-
Oram factor, and with Nkx2-5 to regulate cardiac gene expres-
sion, and disease-causing mutations abrogate these interactions 
( Durocher et al., 1997 ;  Garg et al., 2003 ). Somatic mutations of 
 GATA4  have also been identifi ed in the hearts of patients with 
cardiac malformations although again causation has not been 
established ( Reamon-Buettner and Borlak, 2005 ).  

   ZFPM2/FOG2  
 FOG2 or ZFPM2, one of a family of zinc fi nger transcrip-
tion factors, is expressed in the embryonic and adult heart, 
co-localizes with GATA-4, and interacts physically with GATA-
4 to downregulate its activity ( Svensson et al., 1999 ). Mice with 
targeted homozygous deletion of  Zfpm2/Fog2  develop cardiac 
lesions including tetralogy of Fallot, complete atrioventricular 
canal, and tricuspid atresia ( Svensson et al., 2000 ;  Tevosian et al., 
2000 ). In a candidate gene approach, two missense mutations in 
 ZFPM2/FOG2  were identifi ed in two of 47 patients with non-
syndromic tetralogy of Fallot ( Pizzuti et al., 2003 ). However, 
these mutations had at most a slight effect on protein function 
 in vitro  and, moreover, co-existing mutations in either  GATA-4  
or  NKX2-5  were not excluded. Additional investigation will be 
required if  ZFPM2/FOG2  is to be implicated more defi nitively 
in CHD.  

   SALL4  (Okihiro Syndrome) 
 Okihiro syndrome is an autosomal dominant disorder involv-
ing multiple congenital anomalies including a characteristic eye 
movement disorder (Duane anomaly), forelimb defects, deafness, 
and CHD, typically atrial septal defects, ventricular septal defects, 
or tetralogy of Fallot. Linkage analysis in three affected pedigrees 
mapped the disease gene to a 21.6       cM region on chromosome 
20 containing  SALL4 , a novel member of a zinc fi nger tran-
scription factor family, in which nonsense and frameshift muta-
tions were identifi ed ( Al-Baradie et al., 2002 ). Another group, 
working contemporaneously, also identifi ed  SALL4  as the 
Okihiro disease locus using a candidate gene approach when 
they recognized certain non-cardiac phenotypic similarities 
between Okihiro syndrome and another syndrome caused by 
mutations in  SALL1  ( Kohlhase et al., 2002 ). Recent work has 
shown that in the developing mouse,  Sall4  expression is regu-
lated by  Tbx5 , the Holt-Oram gene, and the two interact in car-
diac and forelimb patterning ( Koshiba-Takeuchi et al., 2006 ).  

   ZIC3  (Heterotaxy) 
 Heterotaxy refers to ambiguous visceral situs in which the posi-
tions of normally asymmetric organs such as the liver and spleen 
are disordered with respect to the midline. Cardiac lesions 
associated with heterotaxy are often among the most severe 



encountered, including complex malformations of the atria and 
ventricles and their venous and arterial connections. Many cases 
of heterotaxy appear to be sporadic but familial cases, notably 
with X-linked transmission, have been described. Linkage analy-
sis in one such family mapped the heterotaxy phenotype to a 
locus at Xq24-q27.1 ( Casey et al., 1993 ), and mutation in the 
gene  ZIC3 , a zinc fi nger transcription factor, was identifi ed by 
positional cloning ( Gebbia et al., 1997 ). Subsequently, additional 
 ZIC3  mutations have been identifi ed by re-sequencing in other 
heterotaxy kindreds and isolated individuals with similar CHD 
phenotypes ( Ware et al., 2004 ).  

   TFAP2B  (Char Syndrome) 
 Char syndrome is an autosomal dominant disorder comprising 
facial dysmorphism, hand anomalies, and patent ductus arteriosus. 
Linkage analysis in two large multigenerational kindreds mapped 
the phenotype to a 3.1       cM region on chromosome 6 ( Satoda 
et al., 1999 ). Candidate gene analysis then revealed missense 
mutations in  TFAP2B , encoding a transcription factor expressed 
in neural crest, a contributor to the embryogenesis of the ductus 
arteriosus ( Satoda et al., 2000 ). Examination of genotype–phe-
notype correlations among several  TFAP2B  mutations revealed 
that those in the DNA-binding domain of the protein pro-
duce the full Char phenotype while one in the trans-activation
domain is associated with patent ductus arteriosus but only mild 
facial and no limb abnormalities ( Zhao et al., 2001 ).   

  Cell Signaling Genes 
 Four CHD genes in  Table 31.1  encode proteins involved in cell 
signal transduction, three of which are in the Notch pathways 
that regulate cell fate decisions during embryonic development. 

   JAG1  and  NOTCH2  (Alagille Syndrome) 
 Alagille syndrome is an autosomal dominant disorder comprising 
hepatic, cardiac, ocular, and vertebral abnormalities in addition 
to a characteristic facial appearance ( Alagille et al., 1987 ). The 
cardiac defects are typically right-sided, with valvar pulmonary 
stenosis the single most common fi nding and tetralogy of Fallot 
the most common complex lesion. Linkage analysis and posi-
tional cloning in a series of affected families led to the defi nition 
of a locus on chromosome 20p12 that included  JAG1 , encod-
ing a Notch ligand, in which a series of mutations were identi-
fi ed ( Li et al., 1997a ;  Oda et al., 1997 ). Analysis of  JAG1  during 
mammalian embryogenesis showed expression in the developing 
heart and vessels, consistent with a critical role in patterning of 
the right heart and pulmonary vasculature ( Loomes et al., 1999 ). 
Subsequently, in a candidate gene approach, a  JAG1  missense 
mutation was identifi ed as the cause of non-Alagille autosomal 
dominant tetralogy of Fallot segregating in a large kindred, 
shown in  Figure 31.1    ( Eldadah et al., 2001 ). This fi nding fur-
ther validated the hypothesis that genes associated with certain 
cardiac phenotypes in genetic syndromes may also be found 
to be mutated in non-syndromic patients with similar car-
diac defects. Recently, in a candidate gene approach, mutations

in the JAG1 receptor  NOTCH2  were found to segregate with 
cardiac and other phenotypes in two rare Alagille families with-
out JAG1 mutations, strengthening the understanding that these 
phenotypes are attributable to defective Notch pathway signal-
ing ( McDaniell et al., 2006 ).  

   NOTCH1  (Bicuspid Aortic Valve) 
 Bicuspid (two-leafl et) aortic valve is the most prevalent congeni-
tal cardiac malformation, estimated to occur in as many as 2–3% 
of individuals. It is inconsequential in many children, but associ-
ated with stenosis of the valve in others. Further, bicuspid valves 
have a predilection to calcify in later life leading to progressive 
aortic stenosis and regurgitation. Although most cases appear to 
be sporadic, families with autosomal dominant bicuspid aortic 
valve have been identifi ed. Whole genome linkage analysis in 
one such family and additional studies in other kindreds led to 
the identifi cation of mutations in the  NOTCH1  transmembrane 
receptor that appear to be responsible both for the congenital 
valve deformity and later de-repression of osteoblast calcium 
deposition in these valves ( Garg et al., 2005 ).  

   PTPN11  (Noonan Syndrome) 
 Noonan syndrome is an autosomal dominant disorder comprising 
dysmorphic facial features, skeletal malformations, short stature, 
and cardiac abnormalities of which pulmonary stenosis and hyper-
trophic cardiomyopathy are most characteristic. Genome-wide 
linkage analysis in a large kindred mapped the Noonan locus to 
the long arm of chromosome 12 ( Jamieson et al., 1994 ).  PTPN11 , 
encoding the SHP-2 intracellular protein tyrosine phosphatase, 
was identifi ed in this region and, in a candidate gene approach, 
was found to be mutated in approximately 50% of Noonan cases 
( Tartaglia et al., 2001 ); a locus or loci for the remaining cases 
remains to be mapped. Genotype-phenotype analyses showed that 
pulmonary stenosis was seen more frequently, and hypertrophic 
cardiomyopathy less frequently, in Noonan patients with  PTPN11  
mutations compared to those without ( Tartaglia et al., 2002 ).   

  Extracellular Matrix Protein Genes 
 Mutations in two genes encoding extracellular matrix proteins 
cause congenital syndromes involving arteriopathies of different 
forms. 

   FIBRILLIN-1  (Marfan Syndrome) 
 Marfan syndrome is an autosomal dominant disease of connec-
tive tissue principally involving the cardiovascular, skeletal, and 
ocular systems. Cardiovascular manifestations include mitral 
valve prolapse and regurgitation, presenting in infancy in the 
most severe cases, and progressive aneurismal dilation of the 
aortic root with the potential for catastrophic aortic dissection 
and rupture. Marfan syndrome was fi rst mapped to chromosome 
15 using traditional genetic linkage analysis ( Dietz et al., 1991b ; 
 Kainulainen et al., 1990 ). At about the same time, immunohis-
tochemical studies performed on skin and dermal fi broblasts 
from Marfan patients revealed that abnormal microfi brils were 
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defi cient in the protein fi brillin ( Hollister et al., 1990 ). Then, 
taking a candidate gene approach, it was possible to localize 
 FIBRILLIN-1  to 15q21.1 ( Magenis et al., 1991 ) and to dem-
onstrate conclusively that mutations in this gene were tightly 
linked to the Marfan phenotype in several affected families 
( Dietz et al., 1991a ;  Lee et al., 1991 ). Recognizing this, fi bril-
lin has long been assumed to be critical in the aortic wall and 
other connective tissues as a structural protein. However, recent 
work has revealed that fi brillin has a regulatory role in TGF- �  
signaling and dysregulation of this pathway may instead underlie 
Marfan pathogenesis ( Habashi et al., 2006 ;  Neptune et al., 2003 ).  

   ELASTIN  (Williams Syndrome) 
 Williams or Williams-Beuren syndrome is a contiguous gene 
syndrome involving a 1.5–2       Mb microdeletion of chromosome 
7q11.23. The phenotype comprises characteristic endocrine, 
cognitive, and facial features in association with areas of arte-
rial narrowing, most typically supravalvar aortic stenosis (SVAS). 
SVAS is a constriction of the proximal aorta above the valve that 
increases the pressure work of the left ventricle, leading poten-
tially to ventricular hypertrophy and congestive heart failure. 
On histopathological examination the architecture of the aortic 
wall elastic lamina is disrupted. The specifi c gene responsible for 

SVAS in Williams syndrome remained unknown until a non-
syndromic form of autosomal dominant SVAS was recognized 
in a number of families. Linkage studies and candidate gene 
analysis in one such kindred identifi ed  ELASTIN  as the disease 
gene in non-syndromic SVAS ( Ewart et al., 1993 ). As this gene 
resides in the Williams critical region on 7q11.23,  ELASTIN  
hemizygosity appears to underlie the characteristic arteriopathy 
of Williams syndrome.  

  Chromosomal Aneuploidies Associated with CHD 
 Down syndrome (trisomy 21) is the most prevalent genetic syn-
drome causing congenital heart malformations. It is most closely 
associated with endocardial cushion defects such as complete 
atrioventricular canal. The gene or genes on chromosome 21 
that underlie the predilection for cardiac defects in Down syn-
drome are the subject of ongoing intense investigation ( Reeves, 
2006 ). Putative cardiac genes for trisomy 13 and trisomy 18, 
much less common than trisomy 21 but also involving heart 
defects, similarly remain to be elucidated. In Turner syndrome 
(45,XO), haploinsuffi ciency of one or more as yet unidentifi ed 
genes on the X chromosome is inferred to cause coarctation of 
the aorta, the cardiovascular lesion most frequently associated 
with this condition.    
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  GENOMIC STRATEGIES FOR CHD
GENE DISCOVERY 
 It is evident from the foregoing overview that conventional 
genetic methods have been effective tools in the discovery of 
CHD genes and mutations. However, these methods are limited 
to the extent that they allow, in general, for the study of only 
one or a few genes at a time. The advent of genomic technol-
ogies has afforded opportunities in CHD, as in other fi elds, to 
analyze thousands of genes if not the entire genome simulta-
neously with the promise of accelerated discovery. 

  Large Scale cDNA Sequencing 
 The fi rst systematic effort to sequence large numbers of cardiac 
cDNAs was pioneered in the early 1990s by Liew and cowork-
ers ( Hwang et al., 1994 ;  Liew et al., 1994 ). A cDNA library was 
constructed from human fetal heart and more than 3000 clones 
identifi ed, nearly half of which were novel at the time by com-
parison to existing public databases. Early experiments in array 
transcription profi ling, in the form of dot blot fi lters, demon-
strated differential fetal versus adult expression of some of these 
genes. These investigators expanded their analysis to encompass 
multiple cardiac libraries and found more than 43,000 expressed 
sequence tags using automated sequencing; an additional 41,000 
were culled  in silico  from existing databases ( Hwang et al., 1997 ). 
Further bioinformatics analyses allowed for the identifi cation 
of potential tissue-, developmental stage-, and disease-specifi c 
expression of subsets of these genes.  

  Subtractive Hybridization and Differential Display 
 Understanding that developmental stage-specifi c genes are cru-
cial to cardiac morphogenesis, additional genomic strategies have 
been brought to bear to identify them. Srivastava and coworkers 
developed a novel subtractive hybridization technique, termed 
subtractive and selective PCR amplifi cation, to select genes 
expressed specifi cally in the earliest embryonic cardiac precur-
sor cells ( Gottlieb et al., 2002 ). Among these was  Bop , a tran-
scriptional repressor that they then showed to be necessary for 
normal development of the right ventricle, potentially through 
regulation of the HAND2 transcription factor, also critical 
for formation of the right ventricle ( Srivastava et al., 1997 ). 
These and other investigators also used subtractive and differen-
tial display techniques to compare gene expression in  Hand2  	 / 	    
versus wild-type mice and elucidate cardiac molecular path-
ways downstream of HAND2 ( Yamagishi et al., 1999 ). One 
such pathway gene mapped to human chromosome 10p13-p14, 
which is deleted in patients with a variant of DiGeorge syn-
drome that also includes cardiac malformations ( Villanueva 
et al., 2002 ).  

  Microarray Transcriptional Profi ling 
 More recently microarray technology has been used to study 
gene expression patterns related to CHD. Some of these 

experiments have focused on regional differences in car-
diac gene expression in the early vertebrate embryo or in the 
adult heart ( Afrakhte and Schultheiss, 2004 ;  Zhao et al., 2002 ). 
Quertermous and coworkers undertook a comprehensive analy-
sis of gene expression patterns in the four chambers and inter-
ventricular septum of the mouse heart using a 42,300 element 
mouse cDNA microarray representing more than 25,000 unique 
genes and expressed sequence tags ( Tabibiazar et al., 2003 ). This 
strategy yielded large sets of chamber-specifi c genes, some in 
gene families well established to be involved in cardiac develop-
ment and others more novel. 

 In the fi rst genome-wide array analysis comparing normal 
and congenitally malformed human hearts, Sperling and cow-
orkers hybridized human unigene cDNA arrays with right ven-
tricular and/or right atrial RNA probes prepared from normal 
donors and from patients with simple ventricular septal defects, 
tetralogy of Fallot, and other defects leading to right ventricular 
hypertrophy ( Kaynak et al., 2003 ). As represented in  Figure 31.2   , 
the levels and probability values for the differentially expressed 
genes constitute lesion- and chamber-specifi c genomic fi nger-
prints. Similar microarray analyses of gene expression in tetral-
ogy of Fallot and other lesions producing right ventricular 
outfl ow obstruction have followed ( Konstantinov et al., 2004 ; 
 Sharma et al., 2006 ). The identifi cation of transcriptional pat-
terns associated with particular congenital malformations is 
intriguing. The extent to which these refl ect the primary genetic 
etiologies of these lesions versus secondary perturbations – due 
to cyanosis, pressure overload, volume overload, chamber inter-
actions, for example – merits further investigation. 

 Microarray analysis is an increasingly important tool for 
the elucidation of molecular pathways that lie downstream of 
key transcriptional regulators of cardiac development and CHD, 
including Nkx2-5, Tbx5, and GATA6. In a study of gene expres-
sion in the myopathic ventricles of conditional  Nkx2-5  	 / 	    
knockout mice, genes associated with myocardial cell prolifera-
tion and trabeculation were markedly dysregulated ( Pashmforoush 
et al., 2004 ). Among these was a gene previously established to 
lie downstream of  Nkx2-5 , as well as a series of others newly 
associated with this pathway. Other investigators have profi led 
gene expression in a mouse model of DiGeorge syndrome with 
 Tbx1  haploinsuffi ciency ( Prescott et al., 2005 ) and in cardiac-
derived cell lines with or without overexpression of  TBX5  
or  GATA6 , revealing multiple putative downstream target genes 
in each pathway ( Plageman and Yutzey, 2006 ;  Alexandrovich 
et al., 2006 ).  

  Mutagenesis and Phenotypic Screens 
 Genomic strategies for CHD gene discovery are comple-
mented by  “ phenomic ”  approaches in the mouse. The Jackson 
Laboratory has undertaken a phenotype-driven project to iden-
tify new murine mutations leading to the development of cardio-
vascular disease ( Svenson et al., 2003 ). In collaboration with the 
Laboratory of Developmental Biology at the National Heart Lung 
and Blood Institute, non-invasive two-dimensional and Doppler 
echocardiography was used to screen 7546 mouse fetuses from 
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262 chemically ( N -ethyl- N -nitrosourea) mutagenized families 
( Yu et al., 2004 ). Remarkably, congenital heart defects were 
identifi ed in 124 of these families, among them several with vir-
tual phenocopies of human genetic syndromes including Holt-
Oram and DiGeorge syndromes. Chromosomal localization 
of these mutations using polymorphic microsatellite markers 
revealed that they mapped to loci other than  Tbx5  and  Tbx1 , 
the genes previously linked respectively to these syndromes. 
Thus it is likely that novel CHD genes, some in established 
molecular pathways and others in entirely new pathways, will 
be discovered in these and other chemically mutagenized mouse 
models.   

  CYTOGENETIC AND MOLECULAR 
GENETIC TESTING 
 Cytogenetic and molecular techniques used in the discovery 
of genes associated with CHD also have practical utility when 
evaluating the underlying cause of CHD in a patient.  Table 31.2    
provides a comparison of available diagnostic genetic testing 
platforms and their applications in CHD. 

 Structural chromosome anomalies may explain a fi nding 
of CHD in conjunction with other congenital anomalies or 
developmental issues. A standard metaphase karyotype (450–550 
bands) is useful for identifying extra or missing chromosomes, 
whereas high-resolution banding (550–800 bands) is effective at 
identifying more subtle structural abnormalities including dele-
tions, duplications, translocations, and inversions. 

 Fluorescence  in situ  hybridization (FISH), another cytoge-
netic technique, has greater specifi city and resolution for iden-
tifi cation of microdeletions or duplications that could be missed 
in a karyotype analysis. FISH is routinely used to detect micro-
deletion syndromes that are associated with CHD including 
velocardiofacial syndrome (deletion of 22q11.2) and Williams-
Beuren syndrome (deletion of 7q11.23). 

 Array-based comparative genomic hybridization (CGH) is 
increasingly performed as an adjunct to standard high-resolution
karyotype analysis. Array-CGH can detect abnormalities as small 
as 80       kb whereas high-resolution chromosome analysis has a 
minimum resolution of 5       mb. Array-CGH typically includes 
subtelomeric evaluation to analyze the most distal ends of the 
chromosomes. Array-CGH cannot detect balanced rearrange-
ments or abnormalities in the genome that are not covered by 
the selected DNA segments in the microarray. However, array-
CGH may be a useful means of evaluating a patient with CHD 
for multiple genetic abnormalities at once. 

 Lastly, targeted mutation analysis of a known gene, whether 
by sequencing, array hybridization, or multiplex ligation-
dependent probe amplifi cation (MLPA), can be useful in con-
fi rming a clinical diagnosis in a patient whose features are highly 
suggestive of a particular genetic syndrome. Targeted mutation 
analysis is complicated by locus heterogeneity, where it is likely 
that other causal genes exist but have not been discovered. Thus, 

 Figure 31.2         Transcription profi ling. Graphic display of gene 
expression levels and probability values profi led across several car-
diac phenotypes using microarray analysis. Gene names are listed. 
Each comparison is represented by a column and each gene by a 
row. The –log 10 ( P ) for each gene in each comparison is color coded 
in yellow-to-red for upregulated and yellow-to-green for down-
regulated genes, for example a value of 2 represents  P �  0.01 and 
is color coded in red if the gene is upregulated. (Reprinted, with 
permission, from  Kaynak et al., 2003 .)    
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 T A B L E  3 1 . 2          Cytogenetic and molecular diagnostic testing in CHD  

 Assay platform  Genetic abnormality  Resolution  Examples 

 Standard metaphase 
karyotype (450–550 bands) 

 Aneuploidies (monosomies, 
trisomies) 

 5–10       Mb  Trisomy 13, 18, 21 

 Karyotype with high-
resolution banding (550–850 
bands) 

 Chromosome structural anomalies: 
duplications, translocations, 
interstitial or terminal deletions 

 3–5       Mb  Trisomy 13, 18, 21, other 
chromosome structural 
anomaly syndromes 

 Fluorescence  in situ  
hybridization (FISH) 

 Subtle chromosome structural 
anomalies: microdeletions, 
microduplications, subtle 
translocations 

 30–40       kb in clinical 
setting; as small as 
1       kb in research setting 

 Deletion syndromes such as 
Velocardiofacial Syndrome 
(del22q11.2), Williams-Beuren 
Syndrome (del7q11.23),
some instances of Noonan 
syndrome ( PTPN11 ) 

 Array comparative genomic 
hybridization (array-CGH) 

 Identifi es deletions and duplications 
in regions of the genome that are 
represented on the microarray 

  � 80       kb clinical setting,
smaller in research setting 

 Ability to evaluate multiple 
deletion/duplication
syndromes simultaneously 

 Multiplex ligation-dependent 
probe amplifi cation (MLPA) 

 Detects very small genetic 
aberrations, to the level of a single 
nucleotide change 

 Single base pair alterations  Small deletions below level of 
detection by FISH 

 Targeted DNA mutation 
detection (sequencing) 

 Single gene mutations, 
including point mutations, 
deletions, duplications within 
the gene 

 Single base pair alterations  Holt-Oram syndrome ( TBX5 ), 
Alagille syndrome ( JAG1 ), 
Char syndrome ( TFAP2B ), 
Noonan syndrome ( PTPN11 ) 

a negative test does not rule out the condition and provides lim-
ited recurrence risk information to the family.  

  MEDICAL EVALUATION AND 
COUNSELING RECOMMENDATIONS 
 A thorough medical evaluation, including family history, physi-
cal exam, and genetic testing, can aid in distinguishing isolated 
or sporadic CHD from syndromic CHD. This distinction can 
provide critical information for cardiac management as well as 
screening for extra-cardiac issues. Identifi cation of an underlying 
genetic cause provides answers to the family and aids in recur-
rence risk counseling. Lastly, given the variability in phenotypic 
expression of many of the genetic syndromes associated with 
CHD, knowing the genetic cause and inheritance pattern helps 
identify at-risk relatives who may need cardiac evaluation and 
potential intervention. The following approach is recommended 
to the treating clinician, also outlined in  Figure 31.3   . 

  Family history : A three-generation family history can help to 
direct genetic testing. Documentation of details related to CHD 
in other family members is critical. It may be useful to request 
cardiac evaluations of other family members to rule out subtle 
cardiac defects. Additionally, it is important to document any 
history of other birth defects, learning disabilities, mental retar-
dation, multiple miscarriages, and still births. 

  Physical exam and clinical imaging : During the physical exam, 
attention should be paid to subtle dysmorphic facial features, 
as well as the involvement of other organ systems. The exam 
should also focus on ear and eye abnormalities, skeletal issues 
such as limb reduction defects, gastrointestinal and urologic 
defects. Standard radiological studies may provide unique diag-
nostic clues; spine anomalies, aortic arch anomalies, and stom-
ach situs can often be seen in a routine chest radiograph. For 
example, a right aortic arch, in combination with the diagnosis 
of tetralogy of Fallot and a family history of learning disabilities 
is suggestive of velocardiofacial syndrome. 

  Genetic testing : If the diagnosis of CHD was made prenatally, 
the patient may have had a standard karyotype performed via 
amniocentesis to rule out obvious chromosomal abnormalities. 
It is reasonable to order a high-resolution chromosome analysis 
if this has not been done, particularly if the infant or child has 
dysmorphic features or other congenital anomalies. If a chromo-
some abnormality is detected, it is recommended that the family 
consult with a genetic specialist for counseling and evaluation of 
other family members. 

  Genetic counseling : In the case of syndromic CHD, the 
 clinician can provide referrals to appropriate specialists who 
can help evaluate and manage non-cardiac manifestations. A 
 discussion about the genetic cause, inheritance pattern and 
 available genetic testing for at-risk family members is imperative, 
as well as options for prenatal diagnosis in future pregnancies. 
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� Detailed family medical history
� Comprehensive physical exam

� Family history positive for CHD
� Multiple congenital anomalies
� Dysmorphic facial features
� Likely genetic syndrome

� Family history negative for CHD
� No additional anomalies/disease

� No dysmorphic features
� Apparently isolated/sporadic CHD

� Discuss empiric recurrence risks
� Consider fetal echocardiogram

for future pregnancy

� High resolution cytogenetic tests
� Specific molecular genetic tests

as clinically indicated

� Abnormal result

� Referral to genetics specialist for counseling
and possible further genetic testing

� Normal result

 Figure 31.3         Strategy for genetic evaluation of patient with CHD.    

A referral to a genetics specialist may be valuable in addressing 
the various questions and concerns of these families. If the fam-
ily history is not indicative of familial CHD and the individ-
ual does not have features that are suggestive of a syndromic 

cause, the clinician is encouraged to discuss empiric evidence 
of an increased risk of CHD in subsequent children. The family 
can also be informed about fetal echocardiography to monitor 
future pregnancies.  

2009 UPDATE

Genomic studies in humans and model organisms have contin-
ued to yield new knowledge of the genetic underpinnings of 
CHD, as well as the molecular pathways that ensue. A third T-
box transcription factor, TBX20, known for some time to play 
a key role in murine cardiac development via interaction with 
NKX2-5 and GATA-4, has now been implicated in human car-
diac malformations. Germline missense and nonsense TBX20 
mutations are associated with familial CHD, comprising a spec-
trum of septation, chamber, and valvular abnormalities (Kirk et 
al., 2007). TBX20 mutations have subsequently been identifi ed 
in sporadic cases of tetralogy of Fallot, atrial septal defect, and 
total anomalous pulmonary venous connection (Liu et al., 2008). 
TBX20 transcripts are upregulated in cardiac biopsies of patients 
with tetralogy of Fallot hearts as compared with simple ventricu-
lar septal defects and normal controls (Hammer et al., 2008).

Further studies of GATA-4 in murine models and human 
CHD have also been revealing (Rajagopal et al., 2007). Mice 
with heterozygous GATA-4 mutation developed a range of 
cardiac phenotypes including atrial and ventricular  septal 
defects, endocardial cushion defects, and right ventricular 
hypoplasia. In human candidate gene analyses, GATA-4 muta-
tions were found associated with an overlapping spectrum of 
cardiac malformations including atrial septal defects, endo-
cardial cushion defects, and right ventricular hypoplasia with 
double-inlet left ventricle. These mutations were absent in a 
large control cohort and resulted in nonconservative amino 
acid substitutions in key protein domains, strengthening the 
assertion that these are indeed causative CHD mutations.

Novel sequence variants in CFC1, encoding a cofac-
tor for NODAL-related signaling in early embryogenesis and 



previously associated with laterality defects, have recently been 
identifi ed in heterotaxy patients with associated cardiac mal-
formations including double-outlet right ventricle (Selamet 
Tierney et al., 2007). Transmission of some of these variant 
alleles from unaffected parents, and the presence of others in 
unaffected controls, indicates incomplete penetrance and sug-
gests a role for other factors in the development of these phe-
notypes. The importance of complex genetic interactions has 
been highlighted by functional genomics investigation of the 
NODAL pathway comprising FOXH1, SMAD2, GDF1, and 
TDGF1, in addition to CFC1 and NODAL itself (Roessler 
et al., 2008). Sequence variants in several of these component 
genes combine to reduce NODAL signaling strength. Further, 
loss-of-function mutations of GDF1 alone have been associ-
ated with human CHD (Karkera et al., 2007).

The discovery of chromosomal rearrangements  associated 
with CHD provides a key opportunity to identify poten-
tial new CHD genes at translocation, duplication, and dele-
tion breakpoints (Behjati et al., 2008; Mefford et al., 2008). In 

 addition to conventional cytogenetic analysis, the technique of 
array comparative genomic hybridization has revealed here-
tofore undetected submicroscopic chromosomal aberrations 
in patients with CHD and other birth defects (Erdogan et al., 
2008, Lu et al., 2008; Richards et al., 2008).

The next phase of genomic research in CHD resides 
in large measure in the elucidation of complex genetic and 
 epigenetic interactions. The effects of complex genetics are 
 evident in mice with GATA-4 mutation in which the cardiac 
phenotype is strongly infl uenced by the genetic background 
in different lines (Rajagopal et al., 2007). It is likely that such 
interactions are responsible for the incomplete penetrance 
and variable expressivity that characterize nearly all known 
CHD mutations, including TBX20, GATA-4, and CFC-
1 (Kirk et al., 2007; Rajagopal et al., 2007; Selamet Tierney 
et al., 2007).

Several informative reviews of CHD genetics have been 
published recently (Andelfi nger, 2008; Bruneau, 2008; Pierpont 
et al., 2007).

2009 UPDATE REFERENCES

Andelfi nger, G. (2008). Genetic factors in congenital heart malforma-
tion. Clin Genet 73, 516–527.

Behjati, F., Shafeghati, Y., Kahrizi, K., Firouzabadi, S.G., Najmabadi, 
H., Dixon, N. and Davies, A.F. (2008). Interstitial deletion of the 
short arm of chromosome 10 del(10)(p11.2p12.32) in a patient 
with congenital heart disease, minor dysmorphism, and mental 
retardation. Am J Med Genet A 146A, 3223–3226.

Bruneau, B. (2008). The developmental genetics of congenital heart 
disease. Nature 451, 943–948.

Erdogan, F., Larsen, L.A., Zhang, L., Tümer, Z., Tommerup, N., Chen, W., 
Jacobsen, J.R., Schubert, M., Jurkatis, J., Tzschach, A. et al. (2008). 
High frequency of submicroscopic genomic aberrations detected 
by tiling path array comparative genomic hybridization in patients 
with isolated congenital heart disease. J Med Genet 11, 704–709.

Hammer, S., Toenjes, M., Lange, M., Fischer, J.J., Dunkel, I., Mebus, 
S., Grimm, C.H., Hetzer, R., Berger, F. and Sperling, S. (2008). 
Characterization of TBX20 in human hearts and its regulation 
by TFAP2. J Cell Biochem 104, 1022–1033.

Karkera, J.D., Lee, J.S., Roessler, E., Banerjee-Basu, S., Ouspenskaia, 
M.V., Mez, J., Goldmuntz, E., Bowers, P., Towbin, J., Belmont, J.W. 
et al. (2007). Loss-of-function mutations in growth differentia-
tion factor-1 (GDF1) are associated with congenital heart defects 
in humans. Am J Hum Genet 81, 987–994.

Kirk, E.P., Sunde, M., Costa, M.W., Rankin, S.A., Wolstein, O., Castro, 
M.L., Butler, T.L., Hyun, C., Guo, G., Otway, R. et al. (2007). 
Mutations in the cardiac T-box factor gene TBX20 are associated 
with diverse cardiac pathologies, including defects of septation and 
valvulogenesis and cardiomyopathy. Am J Hum Genet 81, 280–291.

Liu, C., Shen, A., Li, X., Jiao, W., Zhang, X. and Li, Z. (2008). T-box 
transcription factor TBX20 mutations in Chinese patients with 
congenital heart disease. Eur J Med Genet 51, 580–587.

Lu, X.Y., Phung, M.T., Shaw, C.A., Pham, K., Neil, S.E., Patel, A., 
Sahoo, T., Bacino, C.A., Stankiewicz, P., Kang, S.H. et al. (2008). 
Genomic imbalances in neonates with birth defects: high detec-
tion rates by using chromosomal microarray analysis. Pediatrics 
122, 1310–1318.

Mefford, H.C., Sharp, A.J., Baker, C., Itsara, A., Jiang, Z., Buysse, K., 
Huang, S., Maloney, V.K., Crolla, J.A., Baralle, D. et al. (2008). 
Recurrent rearrangments of chromosome 1q21.1 and variable 
pediatric phenotypes. N Engl J Med 359, 1685–1699.

Pierpont, M.E., Basson, C.T., Benson, D.W., Gelb, B.D., Giglia, T.M., 
Goldmuntz, E., McGee, G., Sable, C.A., Srivastava, D. and Webb, 
C.L. (2007). Genetic basis for congenital heart defects: Current 
knowledge. Circulation 115, 3015–3038.

Rajagopal, S.K., Ma, Q., Obler, D., Shen, J., Manichaikul, A., Tomita-
Mitchell, A., Boardman, K., Briggs, C., Garg, V., Srivastava, D.,  et 
al. (2007). Spectrum of heart disease associated with murine and 
human GATA4 mutation. J Mol Cell Cardiol 43, 677–685.

Richards, A.A., Santos, L.J., Nichols, H.A., Crider, B.P., Elder, F.F., 
Hauser, N.S., Zinn, A.R. and Garg, V Cryptic chromosomal 
abnormalities identifi ed in children with congenital heart disease. 
Pediatr Res 64(4), 358–363.

Roessler, E., Ouspenskaia, M.V., Karkera, J.D., Vélez, J.I., Kantipong, 
A., Lacbawan, F., Bowers, P., Belmont, J.W., Towbin, J.A., 
Goldmuntz, E. et al. (2008). Reduced NODAL signaling strength 
via mutation of several pathway members including FOXH1 is 
linked to human heart defects and holoprosencephaly. Am J Hum 
Genet 83, 18–29.

Selamet Tierney, E.S., Marans, Z., Rutkin, M.B. and Chung, W.K. 
(2007). Variants of the CFC1 gene in patients with laterality 
defects associated with congenital heart disease. Cardiol Young 17, 
268–274.

2009 Update References ■  399



400 CHAPTER 31 ■■  Genomics of Congenital Heart Disease

  ACKNOWLEDGEMENTS 

 The authors thank Christine Seidman and Jon Seidman 
for helpful discussions and Kristin Tassinari for expert adminis-
trative assistance. This work was supported in part by NIH P50 

HL074734 and by the Boston Children ’ s Heart Foundation. 
The authors have no confl icts of interest related to this 
publication.   

   REFERENCES  

        Afrakhte ,    M.   and   Schultheiss ,    T.M.                ( 2004 ).        Construction and analysis of 
a subtracted library and microarray of cDNAs expressed specifi -
cally in chicken heart progenitor cells    .      Dev Dyn         230         ,  290  –       298   .        

        Al-Baradie ,    R.  ,   Yamada ,    K.  ,   St Hilaire ,    C.  ,   Chan ,    W.M.  ,   Andrews ,    C.  , 
  McIntosh ,    N.  ,   Nakano ,    M.  ,   Martonyi ,    E.J.  ,   Raymond ,    W.R.  , 
  Okumura ,    S.             et al.        ( 2002 ).        Duane radial ray syndrome (Okihiro 
syndrome) maps to 20q13 and results from mutations in SALL4, a 
new member of the SAL family    .      Am J Hum Genet         71         ,  1195  –       1199   .        

        Alagille ,    D.  ,   Estrada ,    A.  ,   Hadchouel ,    M.  ,   Gautier ,    M.  ,   Odievre ,    M.   and 
  Dommergues ,    J.P.                ( 1987 ).        Syndromic paucity of interlobular bile 
ducts (Alagille syndrome or arteriohepatic dysplasia): review of 80 
cases    .      J Pediatr         110         ,  195  –       200   .        

        Alexandrovich ,    A.  ,   Arno ,    M.  ,   Patient ,    R.K.  ,   Shah ,    A.M.  ,   Pizzey ,    J.A.   
and   Brewer ,    A.C.                ( 2006 ).        Wnt2 is a direct downstream target of 
GATA6 during early cardiogenesis    .      Mech Dev         123         ,  297  –       311   .        

        Basson ,    C.T.  ,   Bachinsky ,    D.R.  ,   Lin ,    R.C.  ,   Levi ,    T.  ,   Elkins ,    J.A.  ,   Soults ,    J.  , 
  Grayzel ,    D.  ,   Kroumpouzou ,    E.  ,   Traill ,    T.A.  ,   Leblanc-Straceski ,    J.             et al.        
( 1997 ).        Mutations in human TBX5 [corrected] cause limb and car-
diac malformation in Holt-Oram syndrome    .      Nat Genet         15         ,  30  –       35   .        

        Benson ,    D.W.  ,   Silberbach ,    G.M.  ,   Kavanaugh-McHugh ,    A.  ,   Cottrill ,    C.  ,
  Zhang ,    Y.  ,   Riggs ,    S.  ,   Smalls ,    O.  ,   Johnson ,    M.C.  ,   Watson ,    M.S.  , 
  Seidman ,    J.G.             et al.        ( 1999 ).        Mutations in the cardiac transcription 
factor NKX2.5 affect diverse cardiac developmental pathways    .
      J Clin Invest         104         ,  1567  –       1573   .        

        Bodmer ,    R.                ( 1993 ).        The gene tinman is required for specifi cation of 
the heart and visceral muscles in Drosophila    .      Development         118         , 
 719  –       729   .        

        Bruneau ,    B.G.  ,   Nemer ,    G.  ,   Schmitt ,    J.P.  ,   Charron ,    F.  ,   Robitaille ,    L.  , 
  Caron ,    S.  ,   Conner ,    D.A.  ,   Gessler ,    M.  ,   Nemer ,    M.  ,   Seidman ,    C.E.             
et al.        ( 2001 ).        A murine model of Holt-Oram syndrome defi nes 
roles of the T-box transcription factor Tbx5 in cardiogenesis and 
disease    .      Cell         106         ,  709  –       721   .        

        Casey ,    B.  ,   Devoto ,    M.  ,   Jones ,    K.L.   and   Ballabio ,    A.                ( 1993 ).        Mapping a 
gene for familial situs abnormalities to human chromosome Xq24-
q27.1    .      Nat Genet         5         ,  403  –       407   .        

        Chieffo ,    C.  ,   Garvey ,    N.  ,   Gong ,    W.  ,   Roe ,    B.  ,   Zhang ,    G.  ,   Silver ,    L.  , 
  Emanuel ,    B.S.   and   Budarf ,    M.L.                ( 1997 ).        Isolation and characteriza-
tion of a gene from the DiGeorge chromosomal region homolo-
gous to the mouse Tbx1 gene    .      Genomics         43         ,  267  –       277   .        

        Conti ,    E.  ,   Grifone ,    N.  ,   Sarkozy ,    A.  ,   Tandoi ,    C.  ,   Marino ,    B.  ,   Digilio ,    M.C.  , 
  Mingarelli ,    R.  ,   Pizzuti ,    A.   and   Dallapiccola ,    B.                ( 2003 ).        DiGeorge 
subtypes of nonsyndromic conotruncal defects: evidence against a 
major role of TBX1 gene    .      Eur J Hum Genet         11         ,  349  –       351   .        

        Dietz ,    H.C.  ,   Cutting ,    G.R.  ,   Pyeritz ,    R.E.  ,   Maslen ,    C.L.  ,   Sakai ,    L.Y.  ,   Corson , 
   G.M.  ,   Puffenberger ,    E.G.  ,   Hamosh ,    A.  ,   Nanthakumar ,    E.J.  ,   Curristin , 
   S.M.             et al.        ( 1991 a  ).        Marfan syndrome caused by a recurrent de novo 
missense mutation in the fi brillin gene    .      Nature         352         ,  337  –       339   .        

        Dietz ,    H.C.  ,   Pyeritz ,    R.E.  ,   Hall ,    B.D.  ,   Cadle ,    R.G.  ,   Hamosh ,    A.  , 
  Schwartz ,    J.  ,   Meyers ,    D.A.   and   Francomano ,    C.A.                ( 1991 b  ).        The 
Marfan syndrome locus: confi rmation of assignment to chromo-
some 15 and identifi cation of tightly linked markers at 15q15-
q21.3    .      Genomics         9         ,  355  –       361   .        

        Durocher ,    D.  ,   Charron ,    F.  ,   Warren ,    R.  ,   Schwartz ,    R.J.   and   Nemer ,    M.                
( 1997 ).        The cardiac transcription factors Nkx2-5 and GATA-4 are 
mutual cofactors    .      EMBO J         16         ,  5687  –       5696   .        

        Eldadah ,    Z.A.  ,   Hamosh ,    A.  ,   Biery ,    N.J.  ,   Montgomery ,    R.A.  ,   Duke ,    M.  , 
  Elkins ,    R.   and   Dietz ,    H.C.                ( 2001 ).        Familial Tetralogy of Fallot 
caused by mutation in the jagged1 gene    .      Hum Mol Genet         10         , 
 163  –       169   .        

        Elliott ,    D.A.  ,   Kirk ,    E.P.  ,   Yeoh ,    T.  ,   Chandar ,    S.  ,   McKenzie ,    F.  ,   Taylor ,    P.  , 
  Grossfeld ,    P.  ,   Fatkin ,    D.  ,   Jones ,    O.  ,   Hayes ,    P.             et al.        ( 2003 ).        Cardiac 
homeobox gene NKX2-5 mutations and congenital heart disease: 
associations with atrial septal defect and hypoplastic left heart syn-
drome    .      J Am Coll Cardiol         41         ,  2072  –       2076   .        

        Ewart ,    A.K.  ,   Morris ,    C.A.  ,   Ensing ,    G.J.  ,   Loker ,    J.  ,   Moore ,    C.  ,   Leppert ,    M.   
and   Keating ,    M.                ( 1993 ).        A human vascular disorder, supravalvular 
aortic stenosis, maps to chromosome 7    .      Proc Natl Acad Sci USA         90         , 
 3226  –       3230   .        

        Garg ,    V.  ,   Kathiriya ,    I.S.  ,   Barnes ,    R.  ,   Schluterman ,    M.K.  ,   King ,    I.N.  , 
  Butler ,    C.A.  ,   Rothrock ,    C.R.  ,   Eapen ,    R.S.  ,   Hirayama-Yamada ,    K.  , 
  Joo ,    K.             et al.        ( 2003 ).        GATA4 mutations cause human congenital 
heart defects and reveal an interaction with TBX5    .      Nature         424         , 
 443  –       447   .        

        Garg ,    V.  ,   Muth ,    A.N.  ,   Ransom ,    J.F.  ,   Schluterman ,    M.K.  ,   Barnes ,    R.  , 
  King ,    I.N.  ,   Grossfeld ,    P.D.   and   Srivastava ,    D.                ( 2005 ).        Mutations in 
NOTCH1 cause aortic valve disease    .      Nature         437         ,  270  –       274   .        

        Gebbia ,    M.  ,   Ferrero ,    G.B.  ,   Pilia ,    G.  ,   Bassi ,    M.T.  ,   Aylsworth ,    A.  ,   Penman-
Splitt ,    M.  ,   Bird ,    L.M.  ,   Bamforth ,    J.S.  ,   Burn ,    J.  ,   Schlessinger ,    D.             
et al.        ( 1997 ).        X-linked situs abnormalities result from mutations in 
ZIC3    .      Nat Genet         17         ,  305  –       308   .        

        Goldmuntz ,    E.  ,   Geiger ,    E.   and   Benson ,    D.W.                ( 2001 ).        NKX2.5 mutations 
in patients with tetralogy of fallot    .      Circulation         104         ,  2565  –       2568   .        

        Gong ,    W.  ,   Gottlieb ,    S.  ,   Collins ,    J.  ,   Blescia ,    A.  ,   Dietz ,    H.  ,   Goldmuntz ,    E.  , 
  McDonald-McGinn ,    D.M.  ,   Zackai ,    E.H.  ,   Emanuel ,    B.S.  ,   Driscoll ,    D.A.             
et al.        ( 2001 ).        Mutation analysis of TBX1 in non-deleted patients with 
features of DGS/VCFS or isolated cardiovascular defects    .      J Med Genet        
 38         ,  E45      .        

        Gottlieb ,    P.D.  ,   Pierce ,    S.A.  ,   Sims ,    R.J.  ,   Yamagishi ,    H.  ,   Weihe ,    E.K.  , 
  Harriss ,    J.V.  ,   Maika ,    S.D.  ,   Kuziel ,    W.A.  ,   King ,    H.L.  ,   Olson ,    E.N.             
et al.        ( 2002 ).        Bop encodes a muscle-restricted protein containing 
MYND and SET domains and is essential for cardiac differentia-
tion and morphogenesis    .      Nat Genet         31         ,  25  –       32   .        

        Habashi ,    J.P.  ,   Judge ,    D.P.  ,   Holm ,    T.M.  ,   Cohn ,    R.D.  ,   Loeys ,    B.L.  ,   
Cooper ,    T.K.  ,   Myers ,    L.  ,   Klein ,    E.C.  ,   Liu ,    G.  ,   Calvi ,    C.             et al.        ( 2006 ). 



       Losartan, an AT1 antagonist, prevents aortic aneurysm in a mouse 
model of Marfan syndrome    .      Science         312         ,  117  –       121   .        

        Hiroi ,    Y.  ,   Kudoh ,    S.  ,   Monzen ,    K.  ,   Ikeda ,    Y.  ,   Yazaki ,    Y.  ,   Nagai ,    R.   
and   Komuro ,    I.                ( 2001 ).        Tbx5 associates with Nkx2-5 and synergisti-
cally promotes cardiomyocyte differentiation    .      Nat Genet         28         ,  276  –       280   .        

        Hollister ,    D.W.  ,   Godfrey ,    M.  ,   Sakai ,    L.Y.   and   Pyeritz ,    R.E.                ( 1990 ). 
       Immunohistologic abnormalities of the microfi brillar-fi ber system 
in the Marfan syndrome    .      N Engl J Med         323         ,  152  –       159   .        

        Hwang ,    D.M.  ,   Dempsey ,    A.A.  ,   Wang ,    R.X.  ,   Rezvani ,    M.  ,   Barrans ,    J.
D.  ,   Dai ,    K.S.  ,   Wang ,    H.Y.  ,   Ma ,    H.  ,   Cukerman ,    E.  ,   Liu ,    Y.Q.             et al.        
( 1997 ).        A genome-based resource for molecular cardiovascu-
lar medicine: toward a compendium of cardiovascular genes    . 
     Circulation         96         ,  4146  –       4203   .        

        Hwang ,    D.M.  ,   Hwang ,    W.S.   and   Liew ,    C.C.                ( 1994 ).        Single pass sequenc-
ing of a unidirectional human fetal heart cDNA library to dis-
cover novel genes of the cardiovascular system    .      J Mol Cell Cardiol        
 26         ,  1329  –       1333   .        

        Jamieson ,    C.R.  ,   van der Burgt ,    I.  ,   Brady ,    A.F.  ,   van Reen ,    M.  ,   Elsawi ,    M.M.  ,
  Hol ,    F.  ,   Jeffery ,    S.  ,   Patton ,    M.A.   and   Mariman ,    E.                ( 1994 ).        Mapping 
a gene for Noonan syndrome to the long arm of chromosome 12    . 
     Nat Genet         8         ,  357  –       360   .        

        Jerome ,    L.A.   and   Papaioannou ,    V.E.                ( 2001 ).        DiGeorge syndrome phe-
notype in mice mutant for the T-box gene, Tbx1    .      Nat Genet         27         , 
 286  –       291   .        

        Kainulainen ,    K.  ,   Pulkkinen ,    L.  ,   Savolainen ,    A.  ,   Kaitila ,    I.   and   Peltonen ,    L.               
( 1990 ).        Location on chromosome 15 of the gene defect causing 
Marfan syndrome    .      N Engl J Med         323         ,  935  –       939   .        

        Kaynak ,    B.  ,   von Heydebreck ,    A.  ,   Mebus ,    S.  ,   Seelow ,    D.  ,   Hennig ,    S.  , 
  Vogel ,    J.  ,   Sperling ,    H.P.  ,   Pregla ,    R.  ,   Alexi-Meskishvili ,    V.  ,   Hetzer ,    R.            
et al.        ( 2003 ).        Genome-wide array analysis of normal and mal-
formed human hearts    .      Circulation         107         ,  2467  –       2474   .        

        Kohlhase ,    J.  ,   Heinrich ,    M.  ,   Schubert ,    L.  ,   Liebers ,    M.  ,   Kispert ,    A.  , 
  Laccone ,    F.  ,   Turnpenny ,    P.  ,   Winter ,    R.M.   and   Reardon ,    W.                ( 2002 ). 
       Okihiro syndrome is caused by SALL4 mutations    .      Hum Mol Genet        
 11         ,  2979  –       2987   .        

        Komuro ,    I.   and   Izumo ,    S.                ( 1993 ).        Csx: a murine homeobox-containing 
gene specifi cally expressed in the developing heart    .      Proc Natl Acad 
Sci USA         90         ,  8145  –       8149   .        

        Konstantinov ,    I.E.  ,   Coles ,    J.G.  ,   Boscarino ,    C.  ,   Takahashi ,    M.  ,   Goncalves ,    J.  ,
  Ritter ,    J.   and   Van Arsdell ,    G.S.                ( 2004 ).        Gene expression profi les in 
children undergoing cardiac surgery for right heart obstructive 
lesions    .      J Thorac Cardiovasc Surg         127         ,  746  –       754   .        

        Koshiba-Takeuchi ,    K.  ,   Takeuchi ,    J.K.  ,   Arruda ,    E.P.  ,   Kathiriya ,    I.S.  ,
  Mo ,    R.  ,   Hui ,    C.C.  ,   Srivastava ,    D.   and   Bruneau ,    B.G.                ( 2006 ). 
       Cooperative and antagonistic interactions between Sall4 and Tbx5 
pattern the mouse limb and heart    .      Nat Genet         38         ,  175  –       183   .        

        Kuo ,    C.T.  ,   Morrisey ,    E.E.  ,   Anandappa ,    R.  ,   Sigrist ,    K.  ,   Lu ,    M.M.  , 
  Parmacek ,    M.S.  ,   Soudais ,    C.   and   Leiden ,    J.M.                ( 1997 ).        GATA4 tran-
scription factor is required for ventral morphogenesis and heart 
tube formation    .      Genes Dev         11         ,  1048  –       1060   .        

        Lee ,    B.  ,   Godfrey ,    M.  ,   Vitale ,    E.  ,   Hori ,    H.  ,   Mattei ,    M.G.  ,   Sarfarazi ,    M.  , 
  Tsipouras ,    P.  ,   Ramirez ,    F.   and   Hollister ,    D.W.                ( 1991 ).        Linkage of 
Marfan syndrome and a phenotypically related disorder to two 
different fi brillin genes    .      Nature         352         ,  330  –       334   .        

        Li ,    L.  ,   Krantz ,    I.D.  ,   Deng ,    Y.  ,   Genin ,    A.  ,   Banta ,    A.B.  ,   Collins ,    C.C.  ,   Qi ,    M.  ,
  Trask ,    B.J.  ,   Kuo ,    W.L.  ,   Cochran ,    J.             et al.        ( 1997 a  ).        Alagille syndrome 
is caused by mutations in human Jagged1, which encodes a ligand 
for Notch1    .      Nat Genet         16         ,  243  –       251   .        

        Li ,    Q.Y.  ,   Newbury-Ecob ,    R.A.  ,   Terrett ,    J.A.  ,   Wilson ,    D.I.  ,   Curtis ,    A.R.  , 
  Yi ,    C.H.  ,   Gebuhr ,    T.  ,   Bullen ,    P.J.  ,   Robson ,    S.C.  ,   Strachan ,    T.             et al.        

( 1997 b  ).        Holt-Oram syndrome is caused by mutations in TBX5, a 
member of the Brachyury (T) gene family    .      Nat Genet         15         ,  21  –       29   .        

        Liew ,    C.C.  ,   Hwang ,    D.M.  ,   Fung ,    Y.W.  ,   Laurenssen ,    C.  ,   Cukerman ,    E.  , 
  Tsui ,    S.   and   Lee ,    C.Y.                ( 1994 ).        A catalogue of genes in the cardio-
vascular system as identifi ed by expressed sequence tags    .      Proc Natl 
Acad Sci USA         91         ,  10645  –       10649   .        

        Lindsay ,    E.A.  ,   Vitelli ,    F.  ,   Su ,    H.  ,   Morishima ,    M.  ,   Huynh ,    T.  ,   Pramparo ,    T.  ,
  Jurecic ,    V.  ,   Ogunrinu ,    G.  ,   Sutherland ,    H.F.  ,   Scambler ,    P.J.             et al.        
( 2001 ).        Tbx1 haploinsuffi cieny in the DiGeorge syndrome region 
causes aortic arch defects in mice    .      Nature         410         ,  97  –       101   .        

        Loomes ,    K.M.  ,   Underkoffl er ,    L.A.  ,   Morabito ,    J.  ,   Gottlieb ,    S.  ,   Piccoli , 
   D.A.  ,   Spinner ,    N.B.  ,   Baldwin ,    H.S.   and   Oakey ,    R.J.                ( 1999 ).        The 
expression of Jagged1 in the developing mammalian heart cor-
relates with cardiovascular disease in Alagille syndrome    .      Hum Mol 
Genet         8         ,  2443  –       2449   .        

        Lyons ,    I.  ,   Parsons ,    L.M.  ,   Hartley ,    L.  ,   Li ,    R.  ,   Andrews ,    J.E.  ,   Robb ,    L.   and 
  Harvey ,    R.P.                ( 1995 ).        Myogenic and morphogenetic defects in 
the heart tubes of murine embryos lacking the homeo box gene 
Nkx2-5    .      Genes Dev         9         ,  1654  –       1666   .        

        Magenis ,    R.E.  ,   Maslen ,    C.L.  ,   Smith ,    L.  ,   Allen ,    L.   and   Sakai ,    L.Y.                ( 1991 ). 
       Localization of the fi brillin (FBN) gene to chromosome 15, band 
q21.1    .      Genomics         11         ,  346  –       351   .        

        McDaniell ,    R.  ,   Warthen ,    D.M.  ,   Sanchez-Lara ,    P.A.  ,   Pai ,    A.  ,   Krantz ,    I.D.  , 
  Piccoli ,    D.A.   and   Spinner ,    N.B.                ( 2006 ).        NOTCH2 mutations cause 
Alagille syndrome, a heterogeneous disorder of the notch signaling 
pathway    .      Am J Hum Genet         79         ,  169  –       173   .        

        McDonald-McGinn ,    D.M.  ,   Kirschner ,    R.  ,   Goldmuntz ,    E.  ,   Sullivan ,    K.  ,
  Eicher ,    P.  ,   Gerdes ,    M.  ,   Moss ,    E.  ,   Solot ,    C.  ,   Wang ,    P.  ,   Jacobs ,    I.             
et al.        ( 1999 ).        The Philadelphia story: the 22q11.2 deletion: report 
on 250 patients    .      Genet Couns         10         ,  11  –       24   .        

        McElhinney ,    D.B.  ,   Geiger ,    E.  ,   Blinder ,    J.  ,   Benson ,    D.W.   and   Goldmuntz ,    E.               
( 2003 ).        NKX2.5 mutations in patients with congenital heart dis-
ease    .      J Am Coll Cardiol         42         ,  1650  –       1655   .        

        Merscher ,    S.  ,   Funke ,    B.  ,   Epstein ,    J.A.  ,   Heyer ,    J.  ,   Puech ,    A.  ,   Lu ,    M.M.  ,
  Xavier ,    R.J.  ,   Demay ,    M.B.  ,   Russell ,    R.G.  ,   Factor ,    S.             et al.        
( 2001 ).        TBX1 is responsible for cardiovascular defects in velo-
cardio-facial/DiGeorge syndrome    .      Cell         104         ,  619  –       629   .        

        Molkentin ,    J.D.  ,   Lin ,    Q.  ,   Duncan ,    S.A.   and   Olson ,    E.N.                ( 1997 ). 
       Requirement of the transcription factor GATA4 for heart tube 
formation and ventral morphogenesis    .      Genes Dev         11         ,  1061  –       1072   .        

        Neptune ,    E.R.  ,   Frischmeyer ,    P.A.  ,   Arking ,    D.E.  ,   Myers ,    L.  ,   Bunton ,    T.E.  ,
  Gayraud ,    B.  ,   Ramirez ,    F.  ,   Sakai ,    L.Y.   and   Dietz ,    H.C.                ( 2003 ). 
       Dysregulation of TGF-beta activation contributes to pathogenesis 
in Marfan syndrome    .      Nat Genet         33         ,  407  –       411   .        

        Oda ,    T.  ,   Elkahloun ,    A.G.  ,   Pike ,    B.L.  ,   Okajima ,    K.  ,   Krantz ,    I.D.  ,   Genin ,    A.  ,
  Piccoli ,    D.A.  ,   Meltzer ,    P.S.  ,   Spinner ,    N.B.  ,   Collins ,    F.S.             et al.        ( 1997 ). 
       Mutations in the human Jagged1 gene are responsible for Alagille 
syndrome    .      Nat Genet         16         ,  235  –       242   .        

        Pashmforoush ,    M.  ,   Lu ,    J.T.  ,   Chen ,    H.  ,   Amand ,    T.S.  ,   Kondo ,    R.  , 
  Pradervand ,    S.  ,   Evans ,    S.M.  ,   Clark ,    B.  ,   Feramisco ,    J.R.  ,   Giles ,    W.             
et al.        ( 2004 ).        Nkx2-5 pathways and congenital heart disease; 
loss of ventricular myocyte lineage specifi cation leads to pro-
gressive cardiomyopathy and complete heart block    .      Cell         117         ,  373  –       386   .        

        Pizzuti ,    A.  ,   Sarkozy ,    A.  ,   Newton ,    A.L.  ,   Conti ,    E.  ,   Flex ,    E.  ,   Digilio ,    M.C.  , 
  Amati ,    F.  ,   Gianni ,    D.  ,   Tandoi ,    C.  ,   Marino ,    B.             et al.        ( 2003 ).        Mutations 
of ZFPM2/FOG2 gene in sporadic cases of tetralogy of Fallot    . 
     Hum Mutat         22         ,  372  –       377   .        

        Plageman ,    T.F.   ,  Jr   and   Yutzey ,    K.E.                ( 2006 ).        Microarray analysis of Tbx5-
induced genes expressed in the developing heart    .      Dev Dyn         235         , 
 2868  –       2880   .        

References ■■  401



402 CHAPTER 31 ■■  Genomics of Congenital Heart Disease

        Prescott ,    K.  ,   Ivins ,    S.  ,   Hubank ,    M.  ,   Lindsay ,    E.  ,   Baldini ,    A.   and   Scambler ,    P.               
( 2005 ).        Microarray analysis of the Df1 mouse model of the 22q11 
deletion syndrome    .      Hum Genet         116         ,  486  –       496   .        

        Pu ,    W.T.  ,   Ishiwata ,    T.  ,   Juraszek ,    A.L.  ,   Ma ,    Q.   and   Izumo ,    S.                ( 2004 ). 
       GATA4 is a dosage-sensitive regulator of cardiac morphogenesis    . 
     Dev Biol         275         ,  235  –       244   .        

        Reamon-Buettner ,    S.M.   and   Borlak ,    J.                ( 2005 ).        GATA4 zinc fi nger 
mutations as a molecular rationale for septation defects of the 
human heart    .      J Med Genet         42         ,  e32      .        

        Reamon-Buettner ,    S.M.  ,   Hecker ,    H.  ,   Spanel-Borowski ,    K.  ,   Craatz ,    S.  , 
  Kuenzel ,    E.   and   Borlak ,    J.                ( 2004 ).        Novel NKX2-5 mutations in 
diseased heart tissues of patients with cardiac malformations    .      Am J 
Pathol         164         ,  2117  –       2125   .        

        Reeves ,    R.H.                ( 2006 ).        Down syndrome mouse models are looking up    . 
     Trends Mol Med         12         ,  237  –       240   .        

        Satoda ,    M.  ,   Pierpont ,    M.E.  ,   Diaz ,    G.A.  ,   Bornemeier ,    R.A.   and   Gelb ,    B.D.               
( 1999 ).        Char syndrome, an inherited disorder with patent duc-
tus arteriosus, maps to chromosome 6p12-p21    .      Circulation         99         , 
 3036  –       3042   .        

        Satoda ,    M.  ,   Zhao ,    F.  ,   Diaz ,    G.A.  ,   Burn ,    J.  ,   Goodship ,    J.  ,   Davidson ,    H.R.  , 
  Pierpont ,    M.E.   and   Gelb ,    B.D.                ( 2000 ).        Mutations in TFAP2B cause 
Char syndrome, a familial form of patent ductus arteriosus    .      Nat 
Genet         25         ,  42  –       46   .        

        Schott ,    J.J.  ,   Benson ,    D.W.  ,   Basson ,    C.T.  ,   Pease ,    W.  ,   Silberbach ,    G.M.  , 
  Moak ,    J.P.  ,   Maron ,    B.J.  ,   Seidman ,    C.E.   and   Seidman ,    J.G.                ( 1998 ). 
       Congenital heart disease caused by mutations in the transcription 
factor NKX2-5    .      Science         281         ,  108  –       111   .        

        Sharma ,    H.S.  ,   Peters ,    T.H.  ,   Moorhouse ,    M.J.  ,   van der Spek ,    P.J.   and 
  Bogers ,    A.J.                ( 2006 ).        DNA microarray analysis for human congeni-
tal heart disease    .      Cell Biochem Biophys         44         ,  1  –       9   .        

        Srivastava ,    D.  ,   Thomas ,    T.  ,   Lin ,    Q.  ,   Kirby ,    M.L.  ,   Brown ,    D.   and   Olson ,    E.N.               
( 1997 ).        Regulation of cardiac mesodermal and neural crest 
development by the bHLH transcription factor, dHAND    .      Nat 
Genet         16         ,  154  –       160   .        

        Svenson ,    K.L.  ,   Bogue ,    M.A.   and   Peters ,    L.L.                ( 2003 ).        Invited review: 
Identifying new mouse models of cardiovascular disease: a review 
of high-throughput screens of mutagenized and inbred strains    .
      J Appl Physiol         94         ,  1650  –       1659   .     discussion 1673.     

        Svensson ,    E.C.  ,   Huggins ,    G.S.  ,   Lin ,    H.  ,   Clendenin ,    C.  ,   Jiang ,    F.  ,   Tufts ,    R.  ,
  Dardik ,    F.B.   and   Leiden ,    J.M.                ( 2000 ).        A syndrome of tricuspid 
atresia in mice with a targeted mutation of the gene encoding 
Fog-2    .      Nat Genet         25         ,  353  –       356   .        

        Svensson ,    E.C.  ,   Tufts ,    R.L.  ,   Polk ,    C.E.   and   Leiden ,    J.M.                
( 1999 ).        Molecular cloning of FOG-2: a modulator of transcrip-
tion factor GATA-4 in cardiomyocytes    .      Proc Natl Acad Sci USA         96         , 
 956  –       961   .        

        Tabibiazar ,    R.  ,   Wagner ,    R.A.  ,   Liao ,    A.   and   Quertermous ,    T.                ( 2003 ). 
       Transcriptional profi ling of the heart reveals chamber-specifi c 
gene expression patterns    .      Circ Res         93         ,  1193  –       1201   .        

        Tartaglia ,    M.  ,   Kalidas ,    K.  ,   Shaw ,    A.  ,   Song ,    X.  ,   Musat ,    D.L.  ,   van der Burgt ,    I.  ,
  Brunner ,    H.G.  ,   Bertola ,    D.R.  ,   Crosby ,    A.  ,   Ion ,    A.             et al.        ( 2002 ). 
       PTPN11 mutations in Noonan syndrome: molecular spectrum, 
genotype-phenotype correlation, and phenotypic heterogeneity    . 
     Am J Hum Genet         70         ,  1555  –       1563   .        

        Tartaglia ,    M.  ,   Mehler ,    E.L.  ,   Goldberg ,    R.  ,   Zampino ,    G.  ,   Brunner ,    H.G.  ,
  Kremer ,    H.  ,   van der Burgt ,    I.  ,   Crosby ,    A.H.  ,   Ion ,    A.  ,   Jeffery ,    S.             et al.        
( 2001 ).        Mutations in PTPN11, encoding the protein tyrosine phos-
phatase SHP-2, cause Noonan syndrome    .      Nat Genet         29         ,  465  –       468   .        

        Tevosian ,    S.G.  ,   Deconinck ,    A.E.  ,   Tanaka ,    M.  ,   Schinke ,    M.  ,   Litovsky ,    S.H.  , 
  Izumo ,    S.  ,   Fujiwara ,    Y.   and   Orkin ,    S.H.                ( 2000 ).        FOG-2, a cofactor 
for GATA transcription factors, is essential for heart morphogen-
esis and development of coronary vessels from epicardium    .      Cell        
 101         ,  729  –       739   .        

        Villanueva ,    M.P.  ,   Aiyer ,    A.R.  ,   Muller ,    S.  ,   Pletcher ,    M.T.  ,   Liu ,    X.  , 
  Emanuel ,    B.  ,   Srivastava ,    D.   and   Reeves ,    R.H.                ( 2002 ).        Genetic and 
comparative mapping of genes dysregulated in mouse hearts lack-
ing the Hand2 transcription factor gene    .      Genomics         80         ,  593  –       600   .        

        Ware ,    S.M.  ,   Peng ,    J.  ,   Zhu ,    L.  ,   Fernbach ,    S.  ,   Colicos ,    S.  ,   Casey ,    B.  ,   Towbin ,    J.  
and   Belmont ,    J.W.                ( 2004 ).        Identifi cation and functional analysis of 
ZIC3 mutations in heterotaxy and related congenital heart defects    . 
     Am J Hum Genet         74         ,  93  –       105   .        

        Yagi ,    H.  ,   Furutani ,    Y.  ,   Hamada ,    H.  ,   Sasaki ,    T.  ,   Asakawa ,    S.  ,   Minoshima ,    S.  , 
  Ichida ,    F.  ,   Joo ,    K.  ,   Kimura ,    M.  ,   Imamura ,    S.             et al.        ( 2003 ).        Role of 
TBX1 in human del22q11.2 syndrome    .      Lancet         362         ,  1366  –       1373   .        

        Yamagishi ,    H.  ,   Garg ,    V.  ,   Matsuoka ,    R.  ,   Thomas ,    T.   and   Srivastava ,    D.                
( 1999 ).        A molecular pathway revealing a genetic basis for human 
cardiac and craniofacial defects    .      Science         283         ,  1158  –       1161   .        

        Yu ,    Q.  ,   Shen ,    Y.  ,   Chatterjee ,    B.  ,   Siegfried ,    B.H.  ,   Leatherbury ,    L.  , 
  Rosenthal ,    J.  ,   Lucas ,    J.F.  ,   Wessels ,    A.  ,   Spurney ,    C.F.  ,   Wu ,    Y.J.             et al.        
( 2004 ).        ENU induced mutations causing congenital cardiovascular 
anomalies    .      Development         131         ,  6211  –       6223   .        

        Zeisberg ,    E.M.  ,   Ma ,    Q.  ,   Juraszek ,    A.L.  ,   Moses ,    K.  ,   Schwartz ,    R.J.  , 
  Izumo ,    S.   and   Pu ,    W.T.                ( 2005 ).        Morphogenesis of the right ven-
tricle requires myocardial expression of Gata4    .      J Clin Invest         115         , 
 1522  –       1531   .        

        Zhao ,    F.  ,   Weismann ,    C.G.  ,   Satoda ,    M.  ,   Pierpont ,    M.E.  ,   Sweeney ,    E.  , 
  Thompson ,    E.M.   and   Gelb ,    B.D.                ( 2001 ).        Novel TFAP2B mutations 
that cause Char syndrome provide a genotype-phenotype correla-
tion    .      Am J Hum Genet         69         ,  695  –       703   .        

        Zhao ,    X.S.  ,   Gallardo ,    T.D.  ,   Lin ,    L.  ,   Schageman ,    J.J.   and   Shohet ,    R.V.                
( 2002 ).        Transcriptional mapping and genomic analysis of the car-
diac atria and ventricles    .      Physiol Genomics         12         ,  53  –       60   .          

  RECOMMENDED RESOURCES 

  Reviews and Texts   
  1.     Clark, K.L., Yutzey, K.E., and Benson, D.W. (2006). Transcription 

factors and congenital heart defects.  Annu Rev Physiol  68, 97–121. 
Comprehensive review of CHD genetics with a focus on the bio-
chemistry of the key transcription factors and related developmen-
tal mechanisms.  

  2.     Mandel, E.M., Callis, T.E., Wang, D.-Z., and Conlon, F.L. (2005). 
Transcriptional mechanisms of congenital heart disease.  Drug 

Discov Today  2, 33–38. Overview of cardiac transcription factors 
implicated in CHD with a discussion of potential therapeutic 
strategies based on this knowledge.  

  3.     Harper, P.S. (2004).  Practical Genetic Counseling, 6th edition . Oxford 
University Press, Oxford, 376 pp. Comprehensive overview of 
genetic testing and counseling applicable to CHD and other her-
itable diseases.     



  Websites   
  1.      www.nhlbi.nih.gov/ resources/pga – Program for Genomic 

Applications, National Heart Lung and Blood Institute, National 
Institutes of Health, main website with links to the several component 
research sites. The principal goal of this program is to develop and dis-
seminate information, tools, and resources to link genes to biological 
function and diseases, including CHD, using genomic applications.  

  2.      http://dir.nhlbi.nih.gov/labs/ldb/chd/ldbmouse.asp  – Laboratory 
of Developmental Biology, National Heart Lung and Blood 
Institute, National Institutes of Health. Program of mouse chemi-
cal mutagenesis and  in utero  ultrasound screening to recover muta-
tion causing congenital heart anomalies.  

  3.      www.ncbi.nlm.nih.gov/ omim/ – Online Mendelian Inheritance 
in Man database of human genes and genetic disorders, based at 
Johns Hopkins University and sponsored by the National Center 
for Biotechnology Information.  

  4.      www.cardiogenetics.org  – Congenital Cardiovascular Genetics 
Program, Children ’ s Hospital Boston. Links to research and clini-
cal resources related to CHD genetics.  

  5.      www.childrenshospital.org/ cfapps/research/data_admin/
Site2234/mainpageS2234P1.html – Tetralogy of Fallot Genetics 
Registry, Children ’ s Hospital Boston. Genetics resources for 
patients and families with tetralogy of Fallot and other CHD.               

Recommended Resources ■■  403



This page intentionally left blank



   Clinical 
(Oncology)          

32.  Genomics in the Management of Lymphomas

33.  Genomics in Leukemias

34.  Genomics of Lung Cancer

35.  Genomics in the Diagnosis and Management 
of Breast Cancer

36.  Colorectal Cancer

37.  Genomic Evaluation and Management of Prostate Cancer

38.  Genomic Assessment of Ovarian Cancer

39.  Genomic Evaluation of Pancreatic Neoplasms

40.  Genomic Evaluation of Head and Neck Cancer

41.  Genomic Evaluation of Brain Tumors and Gliomas

42. Targeted Therapies for Cancer

S
ec

ti
on

5



This page intentionally left blank



407

Essentials of Genomic and Personalized Medicine
by Ginsburg & Willard

Copyright © 2010, Elsevier Inc.
All rights reserved.

          Genomics in the Management 
of Lymphomas 

   Lisa   Rimsza     

  INTRODUCTION 
  “ Lymphoma ”  is not a single disease but a general term encom-
passing nearly 40 different types of lymphoid malignancies 
broadly divided into Hodgkin and non-Hodgkin categories, the 
latter including precursor B or T-cell neoplasms and mature B 
or T-cell neoplasms, as well as rare natural killer (NK) cell neo-
plasms. Each type of lymphoma has unique histogenesis. In 
other words, each type of lymphoma has been derived from a 
particular lymphocyte subset defi ned by stage of differentia-
tion, immune compartment, function, activation status, and/or 
exposure to antigens. The diversity of the immune system is 
refl ected by the many types of lymphoma ranging from indo-
lent to aggressive, highly curable to almost invariably lethal dis-
eases. Any age, race, or sex of patients can be affected, as can 
any location in the body. Lymphoid neoplasms including lym-
phoma (non-Hodgkin and Hodgkin lymphoma), chronic lym-
phocytic leukemia and multiple myeloma accounted for 93,420 
new cases and 38,000 deaths in the United States in 2005. Over 
one-half of new cases are non-Hodgkin lymphoma ( Morton 
et al., 2006 ). The incidence of lymphoma has increased 50% 
from 1970 to 1990, although the rate of increase appears to be 
slowing. Increased lymphoma incidence is partly attributable to 
the AIDS epidemic and increased numbers of immunocompro-
mised patients and partly unexplained. The cause of the increased 
incidence in non-immunocompromised patients is unknown 

but thought to be due to unidentifi ed factors in the environ-
ment such as viral or other infections, or exposure to toxins. 
 Table 32.1    contains a list of Hodgkin and non-Hodgkin lym-
phoma types according to the World Health Organization (  Jaffe 
et al., 2001 ). 

  Predisposition 
 Certain groups of patients are more likely to get lymphoma 
than others. In general, lymphoma is a disease of adults. As 
mentioned above, immunocompromised patients, either due 
to congenital immune defi ciency, HIV infection, or iatrogenic 
immunosuppression (for the purpose of preventing organ or tis-
sue rejection or for treatment of autoimmune and other types of 
disease) are at increased risk. Presumably, in immunosuppressed 
states, immunosurveillance by T-cells is compromised, allow-
ing growth of a malignant lymphoid clone. Other risk factors 
include genetic diseases that promote genomic instability, expo-
sure to ionizing radiation or chemotherapy, and exposure to cer-
tain infectious agents. Epstein-Barr virus (EBV) is particularly 
associated with Burkitt lymphoma (BL), Hodgkin lymphoma, 
and lymphomas in immunocompromised patients. Human 
T-cell leukemia virus-1 (HTLV1) is highly associated with adult 
T-cell leukemia/lymphoma. Kaposi’s Sarcoma Human Virus-8 
(KSHV8) is associated with primary effusion lymphoma (PEL). 
Chronic bacterial infections such as  Helicobacter pylori  in the 
stomach or  Borrelia burgdorferi  in the skin can create situations of 
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 T A B L E  3 2 . 1         Lymphoma disease categories, characteristic chromosomal aberrations, and involved genes  

 Lymphoma  Characteristic chromosome aberrations  Involved genes 

  B-cell      

  Lymphoplasmacytic/Waldenstrom’s 
 macroglobulinemia 

 t(9;14)(p13;q32)   PAX5, IgH  

  Splenic Marginal Zone  Loss of 7q21-32   

  Extranodal marginal zone (MALT)  t(11;18)(q21;q21)
t(14;18)(q32;q21)
t(1;14)(p22;q21) 5(1;2)(p22;p12) 

  AP12, MALT1
MALT1, IgH
BCL-10, IgH BCL-10, Ig  κ  

  Nodal marginal zone     

  Follicular  t(14;18)(q32;q21)   BCL-2, IgH  

  Mantle cell  t(11;14)(q13;q32)   CCND1  (cyclin D1),  IgH  

  Diffuse large B cell  t(14;18)(q32;q21)
t(3;14)(q27;q32)
t(3;22)(q27;q11) t(2;3)(p12;q27)
2p13–15 amplifi cation 

  BCL-2, IgH
BCL-6, IgH 
BCL-6, Ig  λ   BCL-6, Ig  κ 
 REL  amplifi cation 

  Mediastinal (thymic) large B cell  Gains at 9p   JAK  amplifi cation 

  Intravascular large B cell     

  Primary effusion     

  Burkitt  t(8;14)(q24;q32)
t(8:22) (q24;q11)
t(2;8) (p11;q24) 

  C-MYC, IgH
C-MYC, Ig  λ  
 C-MYC, Ig κ   

  Lymphomatoid granulomatosis     

  T/NK cell      

  Adult T-cell leukemia/lymphoma     

  Extranodal NK/T-cell, nasal type     

  Enteropathy-type T-cell     

  Hepatosplenic T-cell  Isochromosome 7q   

  Subcutaneous panniculitis-like T-cell     

  Blastic NK-cell     

  Mycosis fungoides/Sezary syndrome     

  Primary cutaneous CD30-positive  T-cell 
 lymphoproliferative disorders 

    

  Angioimmunoblastic T-cell     

  Peripheral T-cell, unspecifi ed     

  Anaplastic large cell  t(2;5)(p23;q35)
other translocations involving ALK 

  ALK, NPM
ALK , others 

  Hodgkin      

  Nodular lymphocyte predominant     

  Nodular sclerosis     

  Mixed cellularity     

  Lymphocyte rich     

  Lymphocyte depleted     

  Immunodefi ciency associated lymphoproliferative 
disorders  

    

  Primary immune disorder-related     

  Human immunodefi ciency virus-related     

  Post-transplant     

  Methotrexate-associated     



chronic infl ammation which in turn lead to lymphoid prolifera-
tion and an increased risk of lymphoma ( Aster, 2005 ).  

  Diagnosis 
 The diagnosis of lymphoma is a highly specialized branch of med-
icine practiced by pathologists, often with subspecialty training 
(hematopathologists). The diagnosis of lymphoma, and even lym-
phoma type, can be suspected based on clinical history, laboratory 
data, or imaging studies, but the defi nitive diagnosis can only be 
made from a tissue biopsy. The histologic appearance of the biopsy 
alone is frequently insuffi cient for current classifi cation of lym-
phoma. Additional studies to determine the lineage and subtype of 
the malignant lymphoid cells as well as any characteristic genetic 
changes are often necessary. These studies may include immu-
nophenotyping by fl ow cytometry or immunohistochemistry, 
cytogenetics, molecular studies such as Southern blot, PCR, RT-
PCR, or FISH to assess lymphoid clonality or to discover charac-
teristic chromosomal aberrations. Molecular diagnostic techniques 
are almost routine in the medical diagnosis of hematopoietic neo-
plasms.  Table 32.1  includes a description of the most common 
known genetic changes in lymphomas identifi ed by karyotyping 
or FISH, summarized from a recent review article ( Spagnolo et al., 
2004 ). Because of the extreme complexity of diagnosis in lympho-
mas and the present need to integrate information from numerous 
different testing modalities, a search for a single unifying technique 
for diagnosis is particularly appealing. Gene expression profi ling 
(GEP) is therefore being used extensively in studies aimed at estab-
lishing a precise clinical diagnosis of particular lymphoma subtypes 
based on characteristic GEP patterns or  “ signatures. ”   

  Prognosis 
 In a patient with a recent diagnosis of lymphoma, prognosis is the 
next question to be considered. It is imperative to know what 
type of clinical course the patient might be facing in order to plan 
therapy. Therapy for lymphoma can range from careful observa-
tion without treatment, to local radiation, immunomodulation, 
chemotherapy, and even hematopoietic stem cell transplant. The 
International Prognostic Index (IPI) is commonly used in patients 
with diffuse large B-cell lymphoma (DLBCL) to determine the 
likely clinical outcome of the patient ( Shipp et al., 1993 ). This 
IPI score includes age, serum lactate dehydrogenase (LDH) level, 
performance status, stage of disease, and number of extra-nodal 
sites. Patients with high IPI scores usually have a worse outcome 
and may be selected for more aggressive or alternative therapies. 
However, even within groups of patients with similar IPI scores, 
the outcome is variable (from cure to death). Thus, there are 
clearly additional factors about each patient’s tumor which infl u-
ence the course of the disease. GEP has been recently used to 
identify gene expression patterns that have additional prognostic 
information for an individual patient independent of the clinical 
IPI score ( Rosenwald et al., 2002 ;  Shipp et al., 2002 )  .

  Novel and Emerging Therapeutics 
 After the questions of diagnosis and prognosis, a search for 
 therapeutic targets has been the next information sought in 

lymphoma GEP studies. As stated previously, even within groups 
of patients with the same diagnosis and with similar IPI scores, 
there is still variability in patient outcome. Many of the known 
disease subtypes have a dismal prognosis. Therefore, a search for 
new therapeutic targets is a pressing concern. Recent studies 
have identifi ed the NF- � B pathway ( Lam et al., 2005 ), PKC � , 
MAPK ( Elenitoba-Johnson et al., 2003 ), or immune modulation 
( Dave et al., 2004 ;  Rimsza et al., 2004 ) as likely targets.  

  GEP in Lymphoma Research 
 Lymphoma and leukemia are particularly amenable to GEP 
analysis due to the relative homogeneity of tissue compared to 
solid tumors and to the lack of strong cohesion between the cells 
which makes homogenization of tissue samples relatively easy. 
Because of these factors, the early use of cytogenetics helped to 
defi ne the genetic basis of the different diseases. The cytogenetics 
of these diseases in turn led to development of PCR, RT-PCR, 
and FISH tests to identify the characteristic genomic changes 
with more sensitivity and with shorter turnaround time to test 
completion. Consequently, acquisition of fresh tissue for fl ow 
cytometry and/or snap freezing became standard practice for 
hematologic malignancies in many medical centers, which stands 
in contrast to most of the non-hematologic solid tumors for 
which tissue biopsy specimens are immediately placed in fi xatives 
to preserve tissue appearance under the microscope after paraf-
fi n embedding and staining. Therefore, when GEP was developed 
as a new technique, research groups interested in lymphoma 
had access to high quality frozen tissue. Many groups also had 
experience performing molecular techniques such as fl ow sort-
ing, RNA/DNA extraction and qualitative or quantitative PCR 
and RT-PCR for diagnostic purposes. This eased the way for 
lymphoma researchers to apply GEP in their studies. In 1998, 
after completion of the Human Genome Project with a draft 
of the entire human DNA sequence, Dr. Robert Klausner, then 
director of the National Institutes of Health (NIH), announced 
the Director’s Challenge Program to establish the molecular 
diagnosis of cancer. The Leukemia and Lymphoma Molecular 
Profi ling Project (LLMPP) got underway immediately with the 
development of the  “ LymphoChip. ”  This chip was a spotted oli-
gonucleotide microarray containing numerous elements known 
to represent genes expressed by B or T lymphoid cells, genes 
involved in the immune response, or genes expressed by lym-
phoma and leukemia cell lines. These genes included cytokines, 
chemokines, chemokine receptors, adhesion molecules, cell sur-
face differentiation molecules, signal transduction molecules, 
transcription factors, cell cycle regulators, apoptosis genes, tumor 
suppressor genes, oncogenes, viral genes, and genes induced/
repressed during the immune response ( Alizadeh et al., 1999 ). 
Under the NIH Director’s Challenge Program, this group exam-
ined a series of snap frozen lymph node biopsies from different 
types of lymphomas and benign tissues. The results demon-
strated the striking differences in GEP of the several lymphomas 
from each other and from benign tissues ( Alizadeh et al., 2000 ). 
This was the fi rst demonstration of the potential of GEP in 
the investigation of lymphoma. Other papers by the LLMPP 
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and other research groups, which will be detailed under particular 
disease subtypes in the following chapters, soon followed. 
Besides the Lymphochip, other groups have used different array 
platforms including high density oligonucleotide arrays with 
focused gene sets (sub-genomic) such as HY6800 or U95 chips 
and later on total genome chips such as U133A      �      B (all from 
the Affymetrix corporation, Santa Clara, CA). Subsequent stud-
ies have also used tumor samples (sorted, unsorted, or microdis-
sected) or cell lines representing different types of lymphomas 
with a focus on diagnosis, identifi cation of genes involved in 
lymphomagenesis, discovery of new subtypes, prognostically rel-
evant genes, and therapeutic targets. The different diseases, tech-
niques, analysis strategies, specimen sources and questions asked 
have led to an explosive amount of information over the last 
5 years. The major advances in the most common diseases or 
fi ndings illustrating a general principle will be discussed in the 
sections below.   

  DIFFUSE LARGE B-CELL LYMPHOMA 
 DLBCL is the most common of the aggressive lymphomas, 
accounting for nearly 40% of lymphomas overall. With multi-
agent chemotherapy, the overall survival is approximately 50% at 
5 years including some patients who are completely cured and 
some who die of initial or relapsed disease. The clinical IPI score 
for DLBCL, described above, helps to stratify patients into risk 
categories based on clinical features. However, even within cat-
egories, patient outcome is variable. There are three common 
chromosomal alterations in DLBCL. The fi rst involves translo-
cations of the  BCL-6  gene at the 3q27 locus with the immu-
noglobulin heavy chain ( IgH ) or light chain ( Ig  �  or  Ig  � ) genes 
(see  Table 32.1 ). Since  BCL-6  is a critical gene in germinal 
center formation, alterations in  BCL-6  fundamentally infl u-
ence the developmental program of the B-cells. Secondly, the 
t(14;18)(q32;q21) translocation places the anti-apoptotic gene 
 BCL-2  under the regulation of IgH enhancers possibly lead-
ing to increased anti-apoptosis signals. Thirdly, amplifi cation of 
chromosomal region 2p13–15 leads to amplifi cation of the  REL  
gene which is a member of the NF- � B family. DLBCL can 
occur at any anatomic location and is characterized histologi-
cally by sheets of large B-lymphocytes which may have a variety 
of cytologic appearances. Several subtypes have been described 
based on histologic appearance (centroblastic, immunoblastic, 
anaplastic) or sites of presentation (immune-privileged sites, 
intravascular) ( Jaffe et al., 2001 ). Because of the variable patient 
outcome, it has long been suspected that other biologically rel-
evant subtypes may exist. 

  Diagnosis and Histogenesis 
 In the fi rst GEP paper published on lymphoma, the investigators 
used the Lymphochip to analyze 96 samples of several subtypes 
of lymphoid malignancies including DLBCL, benign lymphoid 
cell samples, and DLBCL cell lines. They discovered that in 

otherwise histologically indistinguishable cases, there were at 
least two different subtypes of DLBCL termed the germinal 
center B-cell (GCB) and activated B-cell (ABC) subtypes with 
better and worse survival respectively. This was the fi rst docu-
mentation that DLBCL tumors with the same appearance could 
have unique gene expression signatures which yielded prognos-
tically useful information. Other researchers used Affymetrix 
HU6800 oligonucleotide arrays to differentiate DLBCL from 
follicular lymphoma (FL). DLBCL had increased expression 
of LDH and transferrin (known prognostic markers in lym-
phoma) as well as increased cellular proliferation genes, invasion 
and metastasis genes (cathep-sins B and D), myc-targeted genes, 
hematopoietic cell kinases (induced with CD44 signaling) and 
apoptosis inhibitors. The GCB subtype was later found to cor-
relate with the presence of the t(14;18)(q32;q21) translocation 
(23–35% of the cases) which made intuitive sense because the 
GCB subtype of DLBCL is of follicular cell origin and may 
share the translocation as an early pathogenic event similar to 
FL in which the t(14;18) is the characteristic genetic abnor-
mality. These fi ndings lent credence to the importance of the 
GCB and ABC distinction since these subtypes could be related 
to a previously well known prognostically important genetic 
translocation ( Huang et al., 2002 ;  Iqbal et al., 2004 ). A short 
panel of only 3 immunohistochemical stains was then devel-
oped from the GEP signatures, which was capable of dividing 
DLBCL into GCB and non-GCB subtypes yielding simi-
lar prognostic information to the GEP analysis ( Chang et al., 
2004 ;  Hans et al., 2004 ). This latter study demonstrated that the 
strength and complexity of GEP analysis is reducible into a for-
mat which can be put into immediate clinical use for patient 
diagnosis.  

  Prognosis 
 The LLMPP group then expanded on the initial set of 40 
DLBCL cases with a follow-up study of 240 cases of untreated, 
untransformed DLBCL with an emphasis on gene expression 
patterns related to prognosis. They discovered four key gene 
expression signatures that were highly related to patient survival: 
 “ germinal center, ”   “ major histocompatibility (MHC) class II, ”  
 “ lymph node, ”  and  “ proliferation. ”  Two of the four signatures, 
 “ MHC Class II ”  and  “ lymph node, ”  contain antigen present-
ing molecules, T-cell-associated genes, infl ammatory genes, and 
stromal genes, which directly refl ect the critical role of tumor 
immunosurveillance and host response in relation to patient out-
come. Representative genes from these four signatures with the 
addition of the gene  BMP6  were used to create a 17-gene out-
come predictor score, which provide additional prognostic value 
independent of the clinical IPI score. A follow-up study on the 
same cases used comparative genomic hybridization (CGH) to 
assess chromosomal losses, gains, or amplifi cations and found that 
this added prognostic information to the GEP results. In par-
ticular, chromosomal gains involving 3p11–12 correlated with 
a worse outcome and were related to decreased MHC Class II 
signature while loss at 6q21 also correlated with worse outcome 
but with increased proliferation signature ( Bea et al., 2005 ). Shipp 



and colleagues, however, found no prognostic signifi cance based 
on the cell-of-origin (GCB versus ABC) in their data using the 
HU6800 chip or in their re-analysis of the Lymphochip data. 
However, they did fi nd that the Lymphochip data confi rmed the 
prognostic signifi cance of the PKC- � 2A isoform. Since these 
two datasets appeared to have different conclusions, the LLMPP 
investigators downloaded and re-analyzed the Shipp dataset. 
Using a different analysis technique, they were able to reconcile 
somewhat the two different datasets and conclusions ( Wright 
et al., 2003 ). This exercise emphasizes the importance of making 
GEP data available to the research community for interactive 
re-analysis to validate scientifi c conclusions. It also underscores 
that different conclusions can be reached as a result of differ-
ent technology (gene arrays, samples) and analysis strategies. The 
Shipp research group then used the Affymetrix total genome chip 
(U133A      �      B) on 175 DLBCL cases and identifi ed three distinct 
GEP-defi ned subgroups termed  “ oxidative-phosphorylation 
(Ox-Phos), ”   “ B-cell receptor/proliferation ”  and  “ host response. ”  
The  “ B-cell receptor/proliferation ”  cluster is characterized by 
increased expression of genes related to not only signaling and 
proliferation but also replication, DNA repair, and transcription 
factors. The  “ host response ”  cluster showed high expression of 
T-cell, dendritic cell, macrophage, and antigen presentation genes 
which may refl ect the prominent infl ammatory background 
seen in some types of DLBCL (T-cell/histiocyte rich large 
B-cell lymphoma). The  “ Ox-Phos ”  cluster included genes 
related to oxidative-phosphorylation, mitochondrial func-
tion, and the electron transport chain ( Monti et al., 2005 ). 
Comparison of the consensus clusters identifi ed in this study 
with the GCB and ABC cell-of-origin signatures described by 
Rosenwald et al. indicated that these two classifi cation schema 
identify different aspects of tumor biology. Some overlap of gene 
expression patterns was identifi ed in that there was enrichment 
of genes from the  “ lymph node ”  signature in the  “ host response ”  
consensus cluster as well as increased  “ proliferation ”  sig-
nature genes in the  “ B-cell receptor/signaling ”  consensus 
cluster. Furthermore, the  “ B-cell receptor/signaling ”  consen-
sus cluster genes were enriched in the ABC subtype while the 
 “ Ox-Phos ”  consensus cluster genes were enriched in the GCB 
subtype. 

 The importance of the loss of the  “ MHC Class II ”  gene 
expression signature as reported by Rosenwald et al. was further 
documented by a reanalysis of the LLMPP dataset. This analysis 
revealed that for every incremental decrease in MHC Class II 
expression, there was an incremental increase in the hazard ratio 
of death and that loss of MHC Class II expression was associated 
with a decreased percentage of tumor infi ltrating lymphocytes. 
The same investigators later used GEP data to create a positional 
expressional profi ling map which used gene expression data 
organized by chromosomal position to create a  “ virtual ”  CGH 
with implications about the genetic structure of the MHC Class 
II region. These  “ virtual ”  results correlated well with actual lab-
oratory CGH results demonstrating that complete mRNA data 
can be used assess the possibility of DNA alterations ( Rimsza 
et al., 2006 ). 

 In order to create a more practical platform for outcome 
prediction in DLBCL, Lossos and co-workers analyzed 66 cases 
using quantitative real-time RT-PCR to assess mRNA levels 
of 36 genes identifi ed by univariate analysis in either the Shipp 
or LLMPP GEP data or in previous studies reported in the lit-
erature using a variety of investigational methods. These inves-
tigators identifi ed six genes ( LM02, BCL-6, FN1, CCND2, 
SCYA3 , and  BCL-2 ) as most important to overall survival. Using 
these six genes, they created a multivariate model with prognos-
tic predictive ability independent of the clinical IPI score ( Lossos 
et al., 2004 ). This work again demonstrated that GEP data can 
be reduced to a small number of gene analyses that might be 
quickly applicable in the clinical laboratory setting to determine 
patient prognosis.  

  Additional Subtypes 
 Other investigators have used GEP to investigate phenotypically 
different subtypes of DLBCL in order to determine whether these 
represent different diseases. One group focused on DLBCL which 
either does or does not express the usually T-cell associated anti-
gen CD5 ( Kobayashi et al., 2003 ). A second group of investigators 
compared site-specifi c DLBCL either involving or outside of the 
central nervous system ( Fujii et al., 2005 ). Both of these groups 
discovered GEP patterns suggesting that there were additional 
DLBCL subtypes yet to be identifi ed. Another group analyzed 
cases of DLBCL with primary involvement of the skin. There has 
been a long debate over whether those cases of cutaneous DLBCL 
which involve the lower leg were a different disease from those 
involving other areas of the skin. These investigators discovered 
that those tumors involving the leg were frequently of the ABC 
subtype while those tumors involving other areas of the skin were 
generally related to the GCB subtype ( Hoefnagel et al., 2005 ). 
Their results correlated well with the known worse outcome in 
DLBCL of the leg compared to other sites. Why the ABC subtype 
of cutaneous DLBCL would involve the lower leg more frequently 
than other skin locations is currently a matter for speculation.  

  Therapeutic Targets 
 Using the GEP data on the ABC subtype of DLBCL, the 
LLMPP group identifi ed activation of the NF � B pathway as a 
potential therapeutic target not typically seen in the GCB sub-
type of lymphoma. They then treated ABC and GCB DLBCL 
cell lines with I � B kinase inhibitors and demonstrated toxic-
ity only in the ABC cell lines. This work mined the GEP data, 
identifi ed an abnormal pathway, and demonstrated the  in vitro  
effects of targeting that pathway, illustrating the strength of GEP 
for identifi cation of new therapeutic targets.   

  PRIMARY MEDIASTINAL LARGE 
B-CELL LYMPHOMA 
 Primary Mediastinal Large B-Cell Lymphoma (PMBCL) has 
been a controversial entity that was originally thought to be 
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an otherwise typical DLBCL that happened to involve the 
mediastinum, while others described this as a unique subtype 
of DLBCL derived from thymic B-cells in the mediastinum. 
Clinical and pathologic evidence to support the latter view 
included a propensity of occurrence in young women, a charac-
teristic morphologic pattern including large lymphoid cells with 
polylobated nuclei and abundant clear cytoplasm in a back-
ground of sclerosis, and a unique immunophenotype includ-
ing lack of surface immunoglobulin and expression of FIG1 
( Copie-Bergman et al., 2003 ). Characteristic genomic changes 
included chromosomal gains at 9p and amplifi cation at 2p13–15, 
which includes the  REL  and  BCL-11A  loci ( Jaffe et al., 2001 ). 
However the relationship between DLBCL and PMBCL 
remained unclear. 

  Diagnosis and Lymphomagenesis 
 The LLMPP groups used GEP with the Lymphochip to estab-
lish a molecular signature of PMBCL. Using 35 PMBCL cases 
defi ned by a  � 6       cm mediastinal mass at clinical presentation, 
they found a GEP signature which was different from either the 
ABC or GCB subtypes of DLBCL. Characteristic genes that 
were over expressed included two genes previously described 
as over-expressed in PMBCL, MAL, and FIG1, as well as genes 
under-expressed as compared to DLBCL. 21/35 cases were true 
PMBCL while the others appeared to be ABC or GCB subtypes 
of DLBCL involving the mediastinum. Surprisingly, the GEP 
analysis also discovered similarities to Hodgkin lymphoma (HL) 
cell lines and microdissected malignant HL cells from patient 
lymph nodes. In particular, loss of expression of genes associated 
with the B-cell receptor signaling pathway were noticed in both 
lymphomas implying a similar lymphomagenic mechanism.HL is 
a different lymphoma in histologic appearance and classifi cation, 
but some overlapping clinicopathologic features with PMBCL 
are apparent. After the GEP discovery, it was reinforced that both 
lymphomas often had involvement of the  mediastinum, predom-
inance in young women for cases with mediastinal  involvement, 
frequent lack of surface immunoglobulin, genomic gains at 
9p and 2p, and expression of CD30 ( Rosenwald et al., 2003a ). 
Simultaneously, the Shipp research group, using the Affymetrix 
U133A      �      B platform described similar fi ndings: that PMBCL 
was a separate entity from DLBCL that had overlapping fea-
tures with HL. These similarities included decreased expression 
of molecules involved in B-cell receptor signaling and activation 
of the NF- � B pathway ( Savage et al., 2003 ). Excitingly, these 
landmark studies reached the same conclusions using different 
microarray platforms, samples, and analysis methods, indicating 
the strength of the conclusions. The discovery that PMBCL and 
HL may share a similar pathogenic mechanism shed light on the 
origins of the controversial cases of so-called  “ mediastinal gray 
zone ”  lymphomas. These rare lymphomas have features of both 
diseases and have been diffi cult to diagnose as either Hodgkin or 
non-Hodgkin lymphoma. Perhaps the  “ gray zone lymphomas ”  
represent the missing link between PMBCL and HL ( Calvo 
et al., 2004 ).  

  Therapeutic Targets 
 Further investigation of the NF- � B pathway as a potential 
therapeutic target in PMBCL was confi rmed by demonstra-
tion of REL protein localization to the nucleus, high levels of 
NF- � B binding activity, and NF- � B inhibition (achieved by 
transduction with a super-repressor form of I � B � ) of prolifera-
tion in a PMBCL cell line. The investigators further defi ned an 
 “ NF- � B activation ”  signature by re-analysis of the GEP data. 
This signature included increased expression of genes promot-
ing cell survival and anti-apoptotic signaling via TNF �  which 
was signifi cantly different from the NF- � B signature exhibited 
by the ABC type DLBCL. They also noted partial overlap with 
the  “ host response ”  consensus cluster in DLBCL which may 
refl ect the rich stromal background characteristic of PMBCL 
( Feuerhake et al., 2005 ). NF- � B activation is frequently but not 
invariably associated with gene amplifi cation, suggesting the 
possibility of multiple pathogenic mechanisms. Taken together, 
these data clearly identify NF- � B as a potential therapeutic tar-
get in PMBCL. Therapies lowering NF- � B activity, such as the 
proteasome inhibitor, bortezomib, which decreases degradation 
of the NF- � B inhibitor I � B � , are under development for clini-
cal use in lymphomas.   

  HODGKIN LYMPHOMA 
 HL has traditionally been kept separate from the non-Hodgkin 
lymphomas because of very characteristic clinical and patho-
logic features. HL always spreads in a contiguous fashion from 
one lymph node group to the adjacent lymph nodes on the 
same side of the diaphragm (above or below), next through 
the lymphatic system to lymph nodes on the opposite side 
of the diaphragm, then to the spleen, liver, and bone marrow. 
Involvement outside of the hematolymphoid system is therefore 
rare. Because of this predictable pattern of spread, radiotherapy 
can be curative in the early stage disease. The most common 
subtype of HL is the Nodular Sclerosis variant, which occurs 
classically in young women and involves lymph nodes above 
the diaphragm. This disease has a generally good prognosis. The 
Mixed Cellularity variant of HL is more often seen in male and 
HIV   �      patients, has less mediastinal involvement, a higher stage 
at diagnosis, and a generally less favorable outcome ( Jaffe et al., 
2001 ). Histologically, HL is also very unusual in that the malig-
nant cells, termed Reed-Sternberg cells, and their variants are 
uncommon in the tumor tissue. It is estimated that the malig-
nant cells make up fewer than 1% of all cells present with the 
remaining cells being infl ammatory cells: lymphocytes, eosin-
ophils, plasma cells, and stromal elements. To further complicate 
the diagnosis, Reed-Sternberg cells generally do not express the 
characteristic immunophenotype of any normal hematopoietic 
cells. In fact, they lack CD45 (leukocyte common antigen), spe-
cifi c T-cell antigens, and have weak or no expression of specifi c 
B-cell antigens. For a long time, the lineage of Reed-Sternberg 
cells was therefore a matter for speculation. Investigators used 
laser microdissection to isolate primary Reed-Sternberg cells 



directly from frozen tissue sections. PCR analysis of these cells 
demonstrated that they were B-cells with rearrangements of 
the immunoglobulin heavy and light chain genes ( Kanzler 
et al., 1996 ;  Marafi oti et al., 2000 ). GEP studies of HL have 
often relied on HL cell lines derived from Reed-Sternberg cells 
since the process of microdissection to obtain enough mRNA 
for complete analysis is diffi cult and time consuming. However, 
some investigators have fi rst used cell lines, which allows analysis 
of homogenous samples, then confi rmed key fi ndings using pri-
mary tissue samples ( Kuppers et al., 2003 ). Cell sorting has also 
been used to isolate primary Reed-Sternberg cells from tissues 
( Cossman, 2001 ). 

  Lymphomagenesis 
 Building on the knowledge that immunoglobulin heavy and 
light chain genes could be successfully rearranged in HL but 
the proteins were not expressed, investigators used Affymetrix 
U95 microarrays on HL cell lines and discovered a loss of the 
B-lineage specifi c expression program which was confi rmed 
by immunohistochemistry. These results agreed with those 
described by other research groups studying PMBCL previously 
described in this chapter. Interestingly, continued expression of 
the Pax-5 gene, a transcription factor essential for B-cell com-
mitment in early development and maintenance of the mature 
B-cell phenotype, was noted, although many genes known to 
be transcriptionally activated by Pax-5 (CD19, CD21, CD22, 
CD79a, BLNK) were down-regulated. No mutations in the 
Pax-5 gene were found to account for this phenomenon, indi-
cating that there must be another mechanism of loss of the 
B-cell phenotype ( Schwering et al., 2003b ). In the same year, 
the same group compared HL cell lines to GCB DLBCL cell 
lines using U95 Affymetrix microarrays and confi rmed some of 
the fi ndings with SAGE and RT-PCR on microdissected Reed-
Sternberg cells from patient lymph nodes. They found that 
Reed-Sternberg cells had an altered expression of hundreds of 
genes including potential oncogenes (rhoC, L-myc, and PTP4A) 
and transcription factors (ATF-5, ATBF1 and p21SNFT) and 
most closely resembled the ABC type of DLBCL. ( Schwering 
et al., 2003a ). Comparison of HL to NHL (non-Hodgkin lym-
phoma) cell lines identifi ed expression of the activating tran-
scription factor, ATF3, exclusively in HL. RNA interference 
assays selectively diminished growth of the HL cell lines com-
pared to the NHL lines indicating the importance of ATF3 in 
HL growth ( Janz et al., 2005 ). GEP using chemokine, chemo-
kine receptor, and cytokine DNA chips on whole lymph nodes 
of HL identifi ed a mixed T helper1/T helper2 response by the 
background T-cells and found differing chemokine expression 
profi les mainly related to presence or absence of EBV infection 
rather than histologic subtype ( Ohshima et al., 2003 ).  

  Prognosis and Subtypes 
 Another group analyzed whole lymph nodes with GEP using 
their own spotted microarrays and found 3 subtypes of HL; 
these corresponded to the known Mixed Cellularity and 
Nodular Sclerosis variants with the latter divided into good 

and poor outcome groups. The poor outcome genes related 
to angiogenesis, proliferation, cell adhesion, and growth factor 
receptors. Good outcome genes were involved with increased 
apoptosis, cell signaling, cytokines, cytokine receptors and trans-
duction molecules ( Devilard et al., 2002 ).   

  FOLLICULAR LYMPHOMA 
 FL is the most common of the low-grade lymphomas, account-
ing for nearly 40% of all NHL in the United States. This dis-
ease occurs mainly in adults and is thought to originate from 
GCB-cells. Patients present with one or multiple sites of lymph 
node involvement. The tumor cells express markers of germi-
nal center differentiation and recapitulate normal germinal 
center architecture. The genetic hallmark of the disease is the 
t(14;18)(q32;q21) that brings the anti-apoptosis gene, BCL-2, to 
the vicinity of the immunoglobulin heavy chain gene enhanc-
ers resulting in the over expression of BCL-2 protein and pro-
longed cell survival. The disease follows a variable waxing and 
waning course over several years ( Jaffe et al., 2001 ). Therapy has 
been generally reserved for those patients with discomfort or 
other symptoms related to the bulk or location of their disease. 
However, new monoclonal antibody therapies directed against 
tumor cell surface markers may be changing the treatment para-
digm ( Fisher et al., 2005 ). About 25–35% of patients ’  tumors will 
undergo  “ transformation ”  to DLBCL which will then require 
multi-agent chemotherapy ( Jaffe et al., 2001 ). Efforts to predict 
the clinical course of individual patients have relied on clinical 
features similar to the IPI score developed for DLBCL ( Solal-
Celigny et al., 2004 ). Histologic grading based on counting the 
number of large  “ centroblastic ”  cells per high power micro-
scopic fi eld has also been used, but with variable reproducibility 
( Jaffe et al., 2001 ;  The Non-Hodgkin’s Lymphoma Classifi cation 
Project, 1997 ). However, speculation has remained high regard-
ing whether there are other features of FL useful in guiding 
clinical treatment decision making. 

  Diagnosis 
 One of the fi rst papers on GEP in FL compared normal GCB-
cells to malignant B-cells, both enriched from involved lymph 
nodes by negative selection. This procedure is different from 
most previously discussed procedures because it compared cell 
types rather than complete lymph nodes. Using the Atlas cDNA 
Expression array (Clontech, Mountain View, CA) containing 588 
cDNAs and confi rming their results with quantitative RT-PCR, 
it was reported that FL, compared to benign B-cells, upregu-
lated genes related to cell cycle regulation, transcription factors 
including Pax-5, cell–cell interactions, tumor necrosis factor, 
interleukin-2 receptor, and interleukin-4 receptor while decreas-
ing expression of genes related to adhesion including MRP8 and 
MRP14. BCL-2 expression was increased as expected from the 
characteristic chromosomal translocation in FL involving BCL-2. 
Some of these genes mapped to regions previously reported 
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to be altered in FL such as 6p21.1 CIP1  and 6p21.3 TNF  ( Husson 
et al., 2002 ). Other investigators analyzed DLBCL cell lines with 
t(14;18)(q32;21) compared to mantle cell lymphoma (MCL) 
cell lines harboring the t(11;14)(q13;q32) involving the immu-
noglobulin heavy chain gene and CCND1 which encodes the 
cyclin D1 protein. Using a cDNA spotted microarray with 4364 
genes printed at their own facility, they compared the t(14;18)-
containing cell lines to purifi ed B-cells from benign tonsils 
and described increased expression of genes related to cellular 
proliferation, survival, and metabolism in the cell lines. 
Numerous under-expressed genes identifi ed in the t(14;18) con-
taining cell lines included negative regulators of cell activation 
and growth. Not surprisingly, t(11;14) and t(14;18) containing 
cell lines had distinctly different GEP profi les, with t(11;14) cell 
lines expressing increased cyclin D1 and associated downstream 
genes as expected in MCL ( Robetorye et al., 2002 ).  

  Transformation 
 In order to investigate the molecular basis for the transformation 
of low grade FL into DLBCL, investigators compared 7 paired 
tumor samples from the same patients taken pre- and post-
transformation. They found increased expression of 36 genes 
related to proliferation and metabolism and decreased expres-
sion of 66 genes including T-cell genes, dendritic and stromal cell 
genes, and transcription factors previously known to be involved 
with transformation, along with 25 novel genes ( de Vos et al., 
2003a ). Other researchers evaluated 12 matched pairs proven to be 
clonally related to each other using an in-house spotted microar-
ray and identifi ed increased expression of p38-mitogen-activated 
protein kinase (MAPK) and growth factor cytokine receptors in 
the transformed samples. Results were confi rmed with quantita-
tive RT-PCR and an independent, blinded set of FL and DLBCL 
cases yielded similar results supporting the validity of the observa-
tions. The same paper described that pharmacologic manipulation 
of phosphorylated MAPK in a t(14;18)/MAPK over-expressing 
FL cell line inhibited growth in vitro and  in vivo  in a NOD/
SCID mouse model. These results suggested MAPK as a thera-
peutic target in FL. A third group of investigators studied trans-
formed FL compared to untransformed cases using array CGH 
to assess genomic alterations and compared these results to their 
previously reported GEP results on the same cases. Interestingly, 
they described 2 different GEP signatures in transformed cases 
that were related to over- or under-expression of the oncogene, 
 c-myc . Heterogeneous acquired chromosomal aberrations were also 
observed in the transformed FL. For example, gains at 18q21.3 
were observed, but not related to BCL-2 levels, implicating other 
genes in that region as important in transformation. Gains or 
amplifi cations at the 2p16 locus implicated the REL and BCL11A 
genes. This work supported the idea that there may be more than 
one genetic mechanism for transformation to a higher grade neo-
plasm ( Lossos et al., 2002 ;  Martinez-Climent et al., 2003 ).  

  Prognosis 
 Due to the variable clinical outcome of patients with sur-
vival ranging from 1 to 20 years, there has always been a 

medical interest in identifying prognostic factors in FL. The 
LLMPP group analyzed a training set of 95 samples, using the 
Affymetrix whole genome oligonucleotide arrays (U133A      �      B) 
to defi ne a prognostic GEP signature. Two different signatures 
related to patient outcome, independent of clinical risk factors, 
were described, termed immune response 1 (IR1) and immune 
response 2 (IR2). The IR1 gene signature is enriched in tran-
scripts related to T-cell mediated immune responses including 
monocytes and cytotoxic T-cell genes while the IR2 signature 
is enriched in transcripts expressed by histiocytes and dendritic 
cells. Both signatures can be combined to create a survival pre-
dictor score. When patients were split into 4 quartiles based on 
this score, median survival varied from 3.9 to 13.6 years. Most 
interestingly, the tumor microenvironment, particularly the non-
malignant immune cells, not the tumor cells, predicted patient 
survival. Differences in IR1 and IR2 between individual patients 
may refl ect genetic variation in immune response and regulation 
between different individuals. Or, the differences in IR1 and IR2 
between different tumors may refl ect variation in the molecular 
biology of the malignant FL cells. There are 2 hypotheses about 
why IR1 and IR2 are associated with good and bad prognosis, 
respectively. In the  “ immune response ”  hypothesis, IR1 refl ects 
an effective antitumor response by the adaptive immune system. 
In contrast, IR2 refl ects genes expressed in the innate immune 
system implying that FL cases with increased IR2 signature have 
learned to evade the adaptive immune system. A second hypoth-
esis termed  “ immune cell dependence ”  suggests that the tumor-
associated immune cells supply trophic survival signals to the 
malignant cells. The malignant cells may therefore have diffi culty 
leaving the lymph node. FL cases with increased IR2 signature 
may have lost dependence on the immune cells and be able to 
grow without such requirements, resulting in a more aggressive 
tumor and poorer prognosis. Further investigation will be nec-
essary to dissect these interactions ( Staudt and Dave, 2005 ). An 
independent study compared microdissected follicles from 10 
FL and 10 lymph nodes with benign reactive follicular hyper-
plasia using a cytokine and chemokine cDNA microarray. They 
identifi ed interleukin receptor 3-alpha as increased in FL folli-
cles among several other increased and decreased genes. Since 
this receptor is derived from activated follicular dendritic cells, 
these fi ndings also imply the importance of the tumor micro-
environment in FL growth. Other investigators used paired 
samples from patients with low grade (Grade 1 or 2) FL com-
pared to aggressive disease (Grade 3b or DLBCL) based on cur-
rent histologic criteria (  Jaffe et al., 2001 ). They constructed an 
81-gene model to represent these categories. In aggressive dis-
ease, genes involved in cell cycle control, DNA synthesis, and 
metabolism are upregulated. Genes increased in indolent disease 
included T-cell and macrophage-derived genes, which could 
either implicate host immune and microenvironmental factors 
in good prognosis FL or just be a refl ection of higher abundance 
of stromal elements in low grade versus high grade lymphomas. 
This model accurately classifi ed 93% of the FL samples in an 
independent validation set of 58 cases. The authors noted that 
development of diagnostic assays to make the low versus high 



grade distinction using custom-made mini-chips or multiplex 
RT-PCR may be clinically feasible ( Glas et al., 2005 ).   

  MANTLE CELL LYMPHOMA 
 MCL is a NHL of B-lymphocytes thought to originate from 
the mantle zone surrounding the germinal center. Patients are 
middle aged to elderly, predominantly male, and have frequent 
involvement of the gastrointestinal tract. These lymphomas have 
very poor outcomes. Patient survival is variable ranging from less 
than 1 to over 10 years, with a median of approximately 3 years. 
Most patients cannot be cured (  Jaffe et al., 2001 ). Therefore in 
MCL, similar to DLBCL and FL, there is a real clinical need to 
identify patients with a poor prognosis who might be candidates 
for alternate therapy as well as patients with a good prognosis 
who may require less aggressive treatment. MCL has a charac-
teristic translocation t(11;14)(q12;q32), which brings the gene 
encoding the cell cycle protein, cyclin D1, to the vicinity of the 
immunoglobulin heavy chain enhancers leading to overexpres-
sion of cyclin D1 ( Jaffe et al., 2001 ). This deregulation of cell 
cycle control presumably confers a proliferative advantage to 
these cells. Diagnostically, the presence of the t(11;14)(q13;q32) 
translocation, high expression levels of cyclin D1, and character-
istic immunophenotype have made MCL a fairly uniform diag-
nostic category. Whether or not MCL can occur without the 
characteristic translocation and whether the sometimes variable 
nuclear cytologic appearance (blastoid variant (BV) represents 
transformation or different disease subtypes are other diagnostic 
questions. 

  Diagnosis 
 The initial two GEP papers on MCL focused on the differences 
between MCL and benign lymphoid populations. The fi rst paper 
evaluated whole MCL lymph nodes versus whole benign hyper-
plastic nodes. Differential expression of apoptotic genes were 
identifi ed and confi rmed with quantitative RT-PCR in addition 
to the expected over-expression of cyclin D1 and associated 
genes ( Hofmann et al., 2001 ). The second paper compared MCL 
to pre-germinal center (antigen-naïve) and post-germinal center 
(antigen-experienced) B-cells sorted from normal tonsils. They 
described normal levels of expression of the CCR7 receptor 
but decreased expression of other receptors that are expressed 
during transition of B-cells from primary follicles to GCB-
cells. They challenged the previous belief that MCL originates 
from antigenically naïve, pre-GCB-cells suggesting a slightly 
later functional stage. MCL was characterized by decreased traf-
fi cking and differentiation genes, deregulated growth factors 
and growth factor receptors and oncogenes ( Cyclin D1 ,  BCL-2 , 
and  MERTK ), increased metastasis and angiogenesis genes, 
defective apoptosis, and differential expression of neurotrans-
mitter receptors. Two GEP patterns were identifi ed indicating 
that there might be two different subtypes of MCL ( Ek et al., 
2002 ). Two other groups compared MCL to fl ow cytometry-
sorted normal mantle zone lymphocytes. Altered apoptosis and 

signaling pathways were identifi ed compared to normal popu-
lations. Gene expression signatures for pathologically defi ned 
subtypes included signatures for cases with somatic mutations of 
the immunoglobulin heavy chain gene, a proliferation signature, 
and a blastoid cytology signature ( Martinez et al., 2003 ;  Rizzatti 
et al., 2005 ). De Vos and colleagues investigated the BV of MCL 
and identifi ed altered progress through the G1/S and G2/M 
checkpoints along with cyclin D1-associated genes indicating 
that the BV cases may represent MCL with additional altera-
tions in the gene expression pattern related to cell cycle ( de Vos 
et al., 2003b ). A comparison of MCL with 2 other types of lym-
phoma, small lymphocytic lymphoma and marginal zone lym-
phoma, which sometimes have overlapping clinicopathologic 
variables, demonstrated that MCL had an upregulation of cell 
cycle control genes, as anticipated from the known association 
with t(11;14)(q13;q32), as well as multidrug resistance genes. 
This latter fi nding may have implications for treatment options 
( Thieblemont et al., 2004 ).  

  Prognosis 
 The LLMPP group analyzed 101 cases of MCL to identify 
a diagnostic and prognostic signature unique to this type of 
lymphoma. Genes associated with outcome were analyzed to 
develop a survival predictor model. A large proportion of the 
survival predictor genes (24/48, 58%) formed a signature related 
to proliferation. However, these proliferation genes were different 
than the proliferation signature genes that constitute an impor-
tant survival predictor in DLBCL. In MCL, the proliferation 
genes were associated with cell cycle progression and DNA syn-
thesis, but not with c-myc as seen in the DLBCL proliferation 
signature. Furthermore, the higher the expression of cyclin D1 
transcripts, the worse the patient outcome. Independent of the 
elevated cyclin D1, deletion of the  INK4a/ARF  locus encoding 
the  p16 INK4a   and  p14ARF    tumor suppressor genes related to cell 
cycle progression was more frequent in MCL with high expres-
sion of the proliferation signature. Thus, a quantitative model 
based on the proliferation signature was able to predict patient 
outcome ( Rosenwald et al., 2003b ). Interestingly, approximately 
5% of cases submitted to the study but not included in the above 
analysis, had otherwise typical clinical pathologic features but did 
not overexpress the cyclin D1 mRNA or protein. However, they 
had other diagnostic, morphologic, and immunophenotype fea-
tures of MCL as well as a characteristic MCL GEP. These cases 
expressed high levels of cyclin D2 or D3, perhaps as an alterna-
tive molecular mechanism of pathogenesis ( Fu et al., 2005 ).   

  BURKITT LYMPHOMA 
 BL is a type of B-cell NHL which is thought to originate from 
germinal center centroblasts. Classically, the malignant cells are 
medium-sized, round, and uniform with frequent mitotic fi gures 
and frequent apoptosis. The apoptotic cells and necrotic debris 
are often engulfed by macrophages resulting in the characteristic  
“ starry sky ”  effect. By immunophenotyping, the cells strongly 
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express B-cell antigens, show light chain restriction, and have 
markers of germinal center differentiation including CD10 and 
BCL-6 as well as high proliferation (Ki-67 antigen expression 
approaching 100%). BCL-2, found in many DLBCL, is typically 
negative. Genetically, BL is defi ned by a translocation between 
the  c-myc  oncogene and either the immunoglobulin heavy chain 
gene or one of the light chain genes. This translocation results 
in over expression of c-myc and dysregulated cell cycle. BL is 
a relatively common lymphoma in children, but much rarer in 
adults. BL is associated with EBV infection, particularly in the 
endemic form, which is found in children in Africa. Sporadic 
BL is less often associated with EBV and more common in 
adults. BL also occurs in immunocompromised patients (  Jaffe 
et al., 2001 ). Because of the extremely high proliferation rate, 
BL is exquisitely sensitive to chemotherapy using cell-cycle 
specifi c drugs. Intensive chemotherapy regimens can be cura-
tive, but are also diffi cult to tolerate, particularly for adults. Thus, 
the clinical distinction between BL and DLBCL, which is more 
common and receives a less intensive chemotherapy regimen, is 
critical. Currently, diagnosis is based on a combination of mor-
phologic and immunophenotypic features along with evidence 
of the characteristic c-myc translocation. Atypical Burkitt cases 
or  “ Burkitt-like ”  cases have also been recognized that have 
most features of BL but with cytologic features outside what is 
typically encountered ( Jaffe et al., 2001 ). Cases with otherwise 
typical DLBCL morphology can also harbor the c-myc trans-
location. Cases with overlapping features are not infrequent, 
particularly in adult patients, a situation that can lead to a diffi -
cult diagnostic dilemma with signifi cant clinical consequences. 

  Diagnosis 
 Because of the real-world diffi culty in accurately diagnos-
ing BL, two research groups independently pursued defi nition 
of a characteristic GEP pattern for classic BL as compared to 
DLBCL. Their results were published simultaneously in the 

same journal ( Dave et al., 2006 ;  Hummel et al., 2006 ). The fi rst 
paper was published by the LLMPP group using Affymetrix’s 
U133A      �      B chips. Their analysis of 303 cases of aggressive 
B-cell lymphomas clearly identifi ed a characteristic gene expres-
sion signature associated with classic BL cases as diagnosed by 
a panel of expert hematopathologists with morphology, immu-
nophenotyping, and FISH for the c-myc translocation. In 
addition, they found discrepant cases with either the clinico-
pathologic diagnosis of BL and GEP of DLBCL or the reverse, 
a clinicopathologic diagnosis of DLBCL or high grade DLBCL, 
but with the GEP signature of BL. Of interest, they found that 
cases with the BL GEP signature most likely benefi ted from 
more intensive chemotherapy regimens, regardless of the clinico-
pathologic classifi cation. The genes that were highly expressed 
in BL included a subset of GCB-cell associated genes and tar-
gets of c-myc, while there was diminished expression of NF-
kappa-B targets and MHC class I genes. The second study used 
Affymetrix U133A chips to study 220 aggressive B-cell lym-
phomas to develop a GEP signature for the disease. FISH and 
CGH studies were also performed. They defi ned a GEP signa-
ture for BL which was predominantly associated with Ig-c-myc 
rearrangement and low chromosomal complexity score. Other 
cases without the characteristic signature (mainly DLBCL) were 
usually without c-myc rearrangment. Intermediate cases with 
a mixture of features were also identifi ed. Both of these papers 
examined large numbers of cases and arrived at very similar con-
clusions: BL is a molecularly defi nable group of lymphoma that 
can be characterized by GEP and translocation status, that the 
classic pathologic diagnostic approach can be enhanced with the 
addition of GEP information, and that intermediate cases with 
features of both DLBCL and BL do occur. This latter group of 
cases will require further study to defi ne exact categories and 
implications for therapy. It was anticipated by both groups that 
the GEP defi nition of BL in some form will be taken forward 
and applied to clinical research and practice.   

2009 UPDATE

Additional gene expression studies on peripheral T-cell lym-
phomas (PTCL) have been reported recently, aimed at defi n-
ing the underlying mechanisms of disease (de Leval et al., 
2007; Lamant et al., 2007; Piccaluga et al., 2007a, b). While the 
number of cases in these studies is still quite limited, there are 
some interesting fi ndings, including the possible derivation of 
angioimmunoblastic T-cell lymphoma from T-follicular helper 
cells (de Leval et al., 2007; Piccaluga et al., 2007a).

There has been speculation that the originally described 
prognosticator for DLBCL may not hold with the addition of 
rituximab to the treatment regimen. A recent study provided 
evidence that the cell of origin classifi cation is still predictive of 
survival and, in addition, the stromal signature is also highly sig-
nifi cant (Lenz et al., 2008b). Other global investigations such as 

microRNA profi ling (Lu et al., 2005; Zhang et al., 2006), CGH 
including high resolution array CGH (Bea et al., 2005; Kimm et 
al., 2007; Lenz et al., 2008; Salaverria et al., 2007), methylation 
studies (Pike et al., 2008), and mutation analysis (McLendon, 
2008; Shendure and Ji, 2008; Wood et al., 2007) are being pur-
sued, and all this information can be integrated to give a better 
understanding of the pathogenesis and evolution of hemato-
logic malignancies. Interesting examples include the activation 
of the NF-kB pathway by recently discovered mutations affect-
ing CARD11 and TNFAIP3 (Lenz et al., 2008a; Pasqualucci 
et al., 2008), which partially account for the frequent upregula-
tion of the NF-kB pathway in the ABC-type of DLBCL.

It is uncertain how this information will be utilized in 
the clinical setting and with which platform. A  diagnostic 
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  INTRODUCTION 
 Recently, our understanding of the hematopoietic system has 
expanded dramatically, revealing leukemias to exhibit an extraor-
dinary biologic and clinical heterogeneity. While the broad clas-
sifi cation of leukemias is still based on the cell of origin (e.g. 
myeloid or lymphoid) and the rapidity of the clinical course 
(e.g., acute or chronic), over the past several years efforts have 
been made to characterize additional biologically and clinically 
relevant leukemia entities. At the end of the 1990’s, the World 
Health Organization (WHO) summarized consensus practices 
to formulate a revised classifi cation of tumors of hematopoi-
etic and lymphoid tissues (summarized in  Table 33.1   ) ( Harris 
et al., 1999 ). This classifi cation, for example, divides acute mye-
loid leukemias (AML) into four large subclasses (AML with 
recurrent cytogenetic abnormalities, with multilineage dyspla-
sia, therapy related, and not otherwise categorized), which are 
further subdivided into distinct AML subtypes. However, for 
many leukemia classes the genetic or pathogenic events are still 
unknown, and within well-defi ned leukemia subgroups, like 
AML cases with a t(8;21) or an inv(16), considerable clinical 
heterogeneity is observed ( Schlenk et al., 2004 ). Thus, there is 
a need for a refi ned classifi cation based on an improved under-
standing of the molecular mechanisms leading to leukemia. 

  Leukemia Cytogenetics and Molecular Genetics 
 Leukemias have a long tradition of being  “ fi rst ” , with chronic 
myelogenous leukemia (CML) being the fi rst malignancy in 
which a recurring chromosomal abnormality, the Philadelphia 

chromosome, was found to result from a translocation of genetic 
material from one chromosome to another ( Rowley, 1973 ). 
The fusion gene resulting from this translocation t(9;22),  BCR-
ABL , was then shown to be responsible for the myeloprolifera-
tion observed in CML ( Konopka et al., 1985 ;  Shtivelman et al., 
1985 ). Representing still the gold standard for the investiga-
tion of aberrations in leukemias, chromosome banding analyses 
have since led to the discovery of well over 100 chromosome 
translocations and the identifi cation of a number of recurring 
chromosomal gains and losses in leukemic cells, thereby trans-
forming our understanding of the genetic mechanisms involved 
in leukemogenesis. 

 At the molecular level, many of these chromosomal trans-
locations result in the deregulated expression of oncogenes like 
e.g.  MYC  in acute lymphoblastic leukemia (ALL). Alternatively, 
translocations can result in the creation of chimeric fusion pro-
teins, many of which alter transcriptional programs to block cell 
differentiation. For example, in AML, t(8;21) and inv(16) cre-
ate the  AML1 - ETO  and  CBFB - MYH11  fusions, respectively, 
both of which deregulate the activity of the transcription factor 
complex Core Binding Factor (CBF), altering the expression of 
genes and disrupting cell differentiation ( Frohling et al., 2005 ; 
 Licht and Sternberg, 2005 ). 

 Nevertheless, while many such aberrations like e.g. t(8;21) 
or inv(16) can block the differentiation of myeloid cells, they are 
not by themselves suffi cient to cause a myeloid leukemia. On 
the other hand, it has been shown that constitutively activated 
signaling molecules, such as FLT3 or RAS family members, can 
induce the complementary myeloproliferative phenotype. Today, 
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 T A B L E  3 3 . 1          WHO Classifi cation of Tumors of Hematopoietic and Lymphoid Tissues – Leukemias  

    “ Acute ”  clinical course   “ Chronic ”  clinical course 

  Myeloid Origin     AML with recurrent genetic abnormalities      Myeloproliferative diseases   
   AML with t(8;21)(q22;q22), ( AML1/ETO )

AML with inv(16)(p13q22), ( CBF � /MYH11 )
AML with t(15;17)(q22;q12), ( PML/RAR �  )
AML with 11q23 ( MLL ) abnormalities 

 Chronic myelomonocytic leukemia
Atypical chronic myeloid leukemia
Juvenile myelomonocytic leukemia etc. 

     AML with multilineage dysplasia      Chronic myeloproliferative diseases   
     AML, therapy related

AML not otherwise categorized   
 CML with t(9;22)(q34;q11), ( BCR/ABL )
Chronic neutrophilic leukemia 
Chronic eosinophilic leukemia, etc. 

  Lymphoid Origin     Precursor B-cell neoplasms      Mature B-cell neoplasms   
   Precursor B-ALL  CLL 
   Burkitt leukemia  B-cell prolymphocytic leukemia

Hairy cell leukemia etc. 

     Precursor T-cell neoplasms      Mature T-cell neoplasms   
   Precursor T-ALL  T-cell prolymphocytic leukemia

T-cell granular lymphocytic leukemia, etc. 

 T A B L E  3 3 . 2          Cytogenetic and Molecular Aberrations in AML  

 Risk category a   Cytogenetic fi ndings [Genes involved]  Associated molecular abnormalities 

  Favorable   t(8;21)(q22;q23) [ ETO ,  AML1/RUNX1 ]   KIT  mutations (Exon 8 and 17, codon 816)
 CEBPA  downregulation 

   inv(16) (q13q22)/t(16;16) [ MYH11 ,  CBFB ]   KIT  mutations (Exon 8 and 17, codon 816)
 NRAS  and  KRAS  mutations 
 CEBPA  downregulation 

   del(9q )   CEBPA  mutation 
   t(15;17) (q22;q11 � q21) [ PML ,  RARA ] b    FLT3  ITD and  FLT3  activating loop mutation 

  Intermediate   Normal karyotype   MLL  PTD
 FLT3  ITD and  FLT3  activating loop mutation
 CEBPA  mutation
 NPM1  mutation
 BAALC  over expression 

   Trisomy 21   RUNX1  mutation 
   Trisomy 11   MLL  PTD 

  Unfavorable   t(6;9)(p23;q34) [ DEK ,  CAN ]   FLT3  ITD 
   complex karyotype (3 or more aberrations)   TP53  mutation 

  a   Risk categories for overall survival according to the CALGB (Cancer and Leukemia Group B)  .

  b  Not included in the CALGB study, but favorable risk category in other studies  .

there are further lines of evidence implicating a multistep leuke-
mogenesis, and based on advances in molecular genetics many 
pathogenetically relevant mutations have been identifi ed both in 
myeloid ( Table 33.2   ) ( Frohling et al., 2005 ;  Licht and Sternberg, 
2005 ) and lymphoid ( Armstrong and Look, 2005 ;  Pui and Evans, 
2006 ) leukemias.  

  Leukemia Treatment 
 Regarding leukemias ’  tradition of being  “ fi rst ” , acute promyelo-
cytic leukemia (APL) was one of the fi rst malignancies to be 
successfully treated with a molecularly targeted therapy, all-trans 

retinoic acid (ATRA). ATRA specifi cally targets the transform-
ing potential of the fusion gene product, PML-RARA, that 
results from a t(15;17), which is commonly detected in APL. 
Likewise, CML was the fi rst disorder in which a small molecule 
inhibitor had been designed to specifi cally target the disease-
causing underlying molecular defect, the BCR-ABL fusion 
protein. Since then, additional novel drugs have been shown to 
be effective in leukemias, including numerous tyrosine kinase 
inhibitors (e.g. FLT3 inhibitors like PKC412), farnesyltransferase 
inhibitors (e.g. tipifarnib), demethylating agents (e.g. decitabine), 
histone deacetylase inhibitors (e.g. valproic acid), and monoclonal



antibodies (e.g. the anti-CD33 antibody gemtuzumab 
 ozogamicin) ( Tallman, 2005 ). While these agents are currently 
being investigated within clinical treatment trials, the combi-
nation therapies of cytotoxic drugs with or without stem-cell 
transplantation are still the gold standard and have increased the 
cure rate of leukemia, especially in childhood acute lymphob-
lastic leukemia (ALL) with an overall cure rate of over 80% ( Pui 
and Evans, 2006 ). However, cure rates for adults remain much 
lower, thereby signaling the need for treatment approaches 
incorporating the above mentioned novel targeted therapies. 
This should be based on an improved risk stratifi cation that 
refl ects the biological and clinical heterogeneity of leukemias in 
order to guide effi cient patient management.  

  Prognostic Factors in Leukemias 
 In AML, patients are assigned to risk-groups based on the 
underlying leukemia karyotype ( Byrd et al., 2002 ;  Grimwade 
et al., 1998 ;  Slovak et al., 2000 ), which represents one of the 
most powerful prognostic factors in this disease ( Table 33.3   ). 
However, the identifi cation of novel molecular markers has 
recently permitted to further dissect existing prognostic leuke-
mia subclasses, like for example the large group of AML patients 

presenting with normal karyotype disease ( Frohling et al., 2005 ; 
 Licht and Sternberg, 2005 ). Internal tandem duplications (ITD) 
of the  FLT3  gene, partial tandem duplications (PTD) of the 
 MLL  gene, as well as mutations of  CEBPA  and  NPM1  are of 
prognostic relevance in this AML subgroup, as is the expression 
level of  BAALC . In chronic lymphoid leukemias (CLL), cytoge-
netic aberrations also provide prognostic information in addition 
to the immunoglobulin variable heavy chain gene ( V H  ) muta-
tional status ( Seiler et al., 2006 ). Nevertheless, despite this recent 
progress there is still no commonly accepted risk stratifi cation 
for many leukemia subtypes as the mechanisms of leukemogen-
esis are not yet fully understood.   

  GENOMICS IN LEUKEMIAS: INSIGHTS 
INTO LEUKEMIA BIOLOGY 

  Genomics-Based Class Prediction in Leukemias 
 Over the past several years, genomics methods have offered a 
range of experimental approaches to capture the molecular vari-
ation underlying the biological and clinical heterogeneity of 

 T A B L E  3 3 . 3          Prognostic Factors in Leukemias  

   Clinical/Laboratory parameters  Cytogenetics  Molecular factors 

  AML   increasing age (↓)

Secondary AML/t-AML ( ↓ ) 

Abnormal organ function ( ↓ ) a 

Poor performance status ( ↓ ) a  

 t(15;17), inv(16), t(8;21) (↑  )
normal karyotype, t(9;11), others ( � )

complex karyotype, inv(3) ( ↓ )

	5/del(5q), 	7, others ( ↓ ) 

 MRD1 expression (↓  )

 NPM1 ,  CEBPA  mutations (↑  )

 FLT3 ,  MLL  mutations ( ↓ )

  ↑    BAALC ,  ERG  expression ( ↓ ) 

  CML    ↑  Sokal and Hasford prognostic scores ( ↓ )

Hematologic response ( ↑ )

MRD persistence (↓  ) 

 ↑  C50 imatinib ( ↓ ) 

 del(9q) (↓  )   OCT1  expression ( ↑ ) 

  ALL   High WBC ( ↓ )

Late achievement of CR ( ↓ )

Increasing age ( ↓ )

MRD persistence ( ↓ )

 In-vitro  resistance ( ↓ ) 
Immunophenotype: Pro-B-ALL 

 t(4;11)/ALL1-AF4 ( ↓ ) 

t(9;22)/BCR-ABL ( ↓ )

t(1;19)/PBX-E2A ( ↓ )

complex aberrant karyotype ( ↓ ) 

 MDR1 function ( ↓ ) 

  CLL   Binet/Rai stage

Response to therapy ( ↓ ) 

 ↑  lymphocyte doubling time

 ↑   � 2-microglobulin ( ↓ )

  ↑  Thymidine-kinase( ↓ )   

 del (13q14) (↑  )

del(17p13), del(11q22q23) ( ↓ ) 

 Unmutated  IgVH  statusb ( ↓ )

V3.21 expression ( ↓ )

 ↓  CD38 expression( ↓ )

 ↑ ZAP70 expression ( ↓ )

  ( ↓ ) Unfavorable;, ( ↑ ) favorable; ( � ) intermediate prognostic marker;  

  a   Applies to all leukemias  .
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leukemias. Since genome-wide gene expression profi ling (GEP) 
based on DNA microarrays represents one of the most power-
ful genomics tools, we will mainly focus on the impact of this 
technology on leukemia management, especially as it was the 
leukemias in which the utility and promise of GEP was fi rst dem-
onstrated. By analyzing AML and ALL samples, Golub  et al ., were 
able to distinguish AML and ALL without previous knowledge of 
these leukemia classes, and, by developing a supervised class pre-
dictor, new leukemia cases could be accurately assigned to one of 
these two leukemia classes ( Golub et al., 1999 ). 

 Since then, DNA microarray technology has already con-
tributed signifi cantly to the fi eld of leukemia research ( Ebert and 
Golub, 2004 ;  Staudt, 2003 ), including the identifi cation of a gen-
eral gene dosage effect for the expression of genes located in areas 
of chromosomal gains and losses ( Haslinger et al., 2004 ;  Rucker 
et al., 2006 ). Based on supervised analytical approaches, in child-
hood ALL distinct expression profi les were identifi ed to correlate 
with prognostically important leukemia subtypes like e.g. T-ALL, 
 E2A-PBX1 ,  BCR-ABL ,  TEL-AML1 ,  MLL  rearrangement, and 
ALL with a hyperdiploid karyotype ( � 50 chromosomes) ( Yeoh 
et al., 2002 ), and these fi ndings have since been confi rmed in other 
studies of both childhood and adult ALL ( Armstrong et al., 2002 ; 
 Ross et al., 2003 ). In AML, a gene expression-based discrimination 
of the cytogenetically defi ned subgroups inv(16), t(8;21), t(15;17) 
and t(11q23)/ MLL  could also be demonstrated ( Bullinger et al., 
2004 ;  Ross et al., 2004 ;  Valk et al., 2004 ) ( Figure 33.1   ). Notably, 
in acute leukemia the same classifi ers have been shown to apply 
to both pediatric and adult leukemia cases exhibiting identical 
genetic aberrations ( Kohlmann et al., 2004 ;  Ross et al., 2004 ), and 
it has been demonstrated that the respective signatures are quite 
robust ( Kohlmann et al., 2005 ;  Mitchell et al., 2004 ). Thus, gene 
expression profi ling may provide a useful alternative approach to 
classify known leukemia subgroups with high accuracy ( Haferlach 
et al., 2005 ). 

 Likewise, gene expression patterns associated with molec-
ular genetic aberrations like the  V H   mutational status in CLL 
have been demonstrated and led to the identifi cation ZAP-70 
( Rosenwald et al., 2001 ), which is now used as surrogate marker 
for the  V H   mutational status. In AML gene expression patterns 
associated with e.g.  FLT3  ITD ( Bullinger et al., 2004 ;  Valk et al., 
2004 ),  CEBPA  ( Valk et al., 2004 ), and  NPM1  mutations ( Alcalay 
et al., 2005 ) have been described. However, in contrast to trans-
locations involving the  MLL  gene ( Armstrong et al., 2002 ), no 
characteristic pattern has been identifi ed for cases with  MLL  
PTD ( Bullinger et al., 2004 ;  Ross et al., 2004 ), thereby suggest-
ing that cases with  MLL  PTD might be more heterogeneous at 
a molecular level and that not all genetic alterations in leukemia 
result in defi nably altered gene expression patterns.  

  Genomics-Based Class Discovery in Leukemias 
 By analyzing 285 AML with unsupervised analytical approaches 
Valk et al., identifi ed sixteen AML subgroups that included 
novel prognostically-relevant subtypes of leukemia ( Valk et al., 
2004 ). While cases with favorable cytogenetics generally exhib-
ited  “ homogeneous clustering ” , novel clusters were often 

characterized by specifi c molecular alterations, like for exam-
ple MLL abnormalities or increased  EVI1  expression. On the 
other hand,  “ homogenously grouped ”  classes, like cases with an 
inv(16) or a t(8;21), were also characterized by molecular varia-
tion depending on the probe sets included in the analysis ( Valk 
et al., 2004 ). Using a different unsupervised clustering approach 
this molecular heterogeneity within t(8;21) and inv(16) cases was 
also observed in a separate study ( Bullinger et al., 2004 ), thereby 
suggesting that distinct patterns of gene expression within the 
t(8;21) and inv(16) subgroups refl ect alternative cooperating 
events leading to transformation. 

 Interestingly, in this study, cases with normal karyotype also 
segregated mainly into two distinct groups ( Figure 33.2   ), each 
of which included a small number of cases from other cytoge-
netic classes ( Bullinger et al., 2004 ). While  FLT3  aberrations 
were more highly represented in one subgroup, FAB (French 
American British) M4/M5 morphologic subtypes were more 
prevalent in the other subgroup, and Kaplan-Meier analysis 
identifi ed a statistically signifi cant difference in overall survival 
between the two subclasses ( Bullinger et al., 2004 ). In agree-
ment, Valk and colleagues also identifi ed normal karyotype-
predominated clusters associated with  FLT3  ITD, as well as a 
cluster including mainly specimens from AML patients whose 
blasts displayed FAB M4 or M5 morphology ( Valk et al., 2004 ).   

  GENOMICS IN LEUKEMIAS: 
EVALUATION OF DRUG EFFECTS 

  Molecular Signatures of Anti-Leukemic Drugs 
 Leukemia was again one of the fi rst diseases in which DNA 
microarray technology was applied for monitoring drug effects 
by analyzing the effect of all-trans retinoic acid (ATRA) treat-
ment in APL-derived cell lines ( Tamayo et al., 1999 ). These 
analyses showed that ATRA-regulated genes included members 
of the tumor necrosis factor (TNF) pathway, suggesting that this 
pathway might intersect with ATRA signaling and play a role in 
regulating cell survival in response to ATRA. GEP has also been 
successfully used to evaluate the sensitivity of CML to imatinib 
mesylate ( Tipping et al., 2003 ), which targets the ABL kinase 
activity of the BCR-ABL fusion. Using a cell line model, dif-
ferentially-expressed genes correlated with imatinib mesylate 
resistance could be identifi ed, suggesting that alternative path-
ways maintain viability and promote growth independently of 
BCR-ABL. 

 Similarly, Rosenwald et al., have recently investigated the 
molecular consequences of fl udarabine treatment of CLL patient 
samples using GEP ( Rosenwald et al., 2004 ). Both  in vitro  and 
 in vivo  exposure to fl udarabine, a purine analog currently used 
in standard CLL treatment regimens, resulted in a consistent 
 “ response signature ”  characterized by p53 target genes and genes 
involved in DNA repair, thus, providing a molecular explanation 
for the drug resistance and aggressive clinical course often seen 
in p53-mutated CLL patients. This analysis further suggested 
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 Figure 33.1         Gene expression signatures of leukemia cytogenetic classes. Shown is a  “ heat map ”  representation of selected genes 
identifi ed by supervised analysis whose expression is signifi cantly correlated with specifi c AML cytogenetic aberrations, like t(11q23), 
inv(16), t(8;21), and t(15;17). Gene-expression levels are depicted in a pseudo color scale as indicated (red indicates higher expression 
levels). The analysis shown was performed using publicly available microarray data that were based on a supervised analysis (Bullinger 
et al., 2004). Gene-expression signatures such as these can be used to classify the cytogenetic group of new specimens with high accu-
racy. AML 64 was initially characterized as  “ normal karyotype ”  by cytogenetic banding analysis, but for which RT-PCR subsequently 
identifi ed the diagnostic  CBFB-MYH11  fusion transcript characteristic of inv(16) cases.    

the importance of only treating patients that warrant therapy, 
as fl udarabine treatment might select for p53 mutant CLL cells 
( Rosenwald et al., 2004 ). Another recent study sought to provide 
a better molecular understanding of resistance to L-asparaginase, 
an important component of most treatment regimens for ALL. 

 In vitro  exposure to L-asparaginase in cell lines and pediatric 
ALL samples followed by gene expression profi ling revealed 
changes that refl ect a consistent coordinated response to aspar-
agine starvation, which is independent of asparagine synthetase 
base-line expression levels ( Fine et al., 2005 ). Thus, targeting 
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particular  “ amino acid starvation response ”  genes might provide 
a novel way to overcome L-asparaginase resistance of ALL cells.  

  Drug Response Prediction in Leukemia 
 To determine whether the cellular responses provoked by 
chemotherapeutic agents can be predicted, Cheok and col-
leagues profi led gene expression in childhood ALL cells before 
and after  in vivo  treatment with methotrexate and mercap-
topurine, given either alone or in combination ( Cheok et al., 
2003 ). A gene expression pattern consisting of 124 genes, which 
included genes involved in apoptosis, mismatch repair, cell cycle 
control and stress response, accurately discriminated among the 
assigned treatments. Notably, this signature showed differences in 
cellular response to drug combinations versus single agents and 
indicated that common pathways of genomic response to the 
same treatment are shared by different ALL subtypes. Testing for 
 in vitro  sensitivity to prednisolone, vincristine, asparaginase, and 
daunorubicin, the identifi cation of differentially expressed genes 
in drug-sensitive and drug-resistant ALL leukemia cells allowed 
the creation of a combined gene-expression score of resistance, 
which was shown to be of prognostic relevance in childhood 
ALL ( Holleman et al., 2004 ).  

  Discovery of Novel Anti-Leukemic Drugs 
 Today, genomics approaches including DNA microarray tech-
nology play an important part in the drug target discovery 
process, not only by providing a valuable tool for the optimi-
zation and clinical validation of novel compounds. While at 
the beginning of the process GEP allows the identifi cation 
and prioritization of potential therapeutic targets, subsequent 
expression profi ling assists in drug discovery and toxicology. 
Then, various bioinformatics approaches are used to deduce 
from expression profi les the mechanism of action of new drugs 
as well as off-target effects. However, it is important to keep in 
mind the limitations of evaluating drug responses through meas-
urements of mRNA abundance alone. Nevertheless, GEP pro-
vides a powerful tool in pharmacogenomics that promises an 
improved prediction of prognosis and drug response ( Walgren 
et al., 2005 ). 

 In a recent example of the utility of GEP in drug discovery, 
a GEP-based high-throughput screening approach was applied 
to screen for chemical compounds with differentiation-inducing 
activity in leukemia ( Stegmaier et al., 2004 ). Following defi ni-
tion and validation of a microarray-based differentiation sig-
nature, a high throughput screening method was designed to 
detect the respective gene pattern. Using this approach, treat-
ment of a leukemia cell line with 1,739 different compounds 
revealed eight chemicals that reliably induced the differentia-
tion signature ( Stegmaier et al., 2004 ). Interestingly, one of these 
compounds inhibited epidermal growth factor receptor (EGFR) 
kinase activity, and the authors could show in a subsequent study 
that the Food and Drug Administration (FDA)–approved EGFR 
inhibitor gefi tinib similarly promoted the differentiation of 
AML cell lines and primary patient–derived AML blasts  in vitro  
( Stegmaier et al., 2005 ). Notably, the analyzed AML cells did not 
express EGFR, indicating an EGFR-independent mechanism of 
gefi tinib induced differentiation in AML, thereby suggesting the 
presence of additional yet unknown key targets.   

  GENOMICS IN LEUKEMIAS: CLINICAL 
OUTCOME PREDICTION 

  Identifi cation of Novel Surrogate Markers in 
Leukemia 
 Many groups have now demonstrated that GEP allows the 
identifi cation of specifi c signatures correlated with and the 
subsequent prediction of known  “ favorable-risk ”  cytogenetic 
aberrations in both AML like e.g. cases with inv(16), t(8;21), or 
t(15;17) ( Bullinger et al., 2004 ;  Haferlach et al., 2005 ;  Valk et al., 
2004 ), and in ALL like e.g. cases with t(12;21) or hyperdiploidy 
(more than 50 chromosomes per leukemia cell) ( Yeoh et al., 
2002 ). Similarly,  “ unfavorable-risk ”  cytogenetics subgroups can 
be predicted, as well as prognostically relevant molecular genetic 
aberrations ( Bullinger and Valk, 2005 ). Such analyses led to the 
identifi cation of novel surrogate markers among which ZAP-70 
represents the fi rst to be clinically implemented. Coding for a 
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 Figure 33.2         Discovery of new molecular subtypes of leuke-
mia. Shown are the results of an unsupervised principal com-
ponents analysis (PCA) displaying a projection of the fi rst three 
principal components of variable gene expression for AML 
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mutations and are associated with shorter overall survival. Data 
are from Bullinger et al. (2004).    



tyrosine kinase essential for T cell signaling,  ZAP-70  exhibited 
fi ve-fold higher expression levels in patients with unmutated 
 V H   genes compared to those in which the B cell clone had 
undergone the rearrangement of the immunoglobulin heavy-
chain variable region ( Rosenwald et al., 2001 ). The clinical use-
fulness of this novel marker, which can be readily measured at 
the protein level by fl ow cytometry, has recently been validated 
( Orchard et al., 2004 ). 

 Furthermore, GEP-based prediction of leukemias sensi-
tive or resistant to chemotherapeutic agents can provide sig-
nifi cant information regarding treatment outcome in leukemias. 
The fact that initial fi ndings could be confi rmed in independ-
ent sets of patients in ALL ( Holleman et al., 2004 ;  Lugthart 
et al., 2005 ) and AML ( Heuser et al., 2005 ) suggests the feasibil-
ity of an improved treatment management in leukemias based 
on GEP. Furthermore, expression profi ling might be used to 
predict leukemia cases with minimal residual disease (MRD) 
following treatment at high accuracy. Based on the hypothesis 
that this treatment resistance is refl ected by an intrinsic feature 
of leukemia cells at the time of diagnosis, a prognostic signature 
predicting the MRD load following therapy could be defi ned 
( Cario et al., 2005 ).  

  Identifi cation of Novel Prognostic Markers and 
Signatures in Leukemias 
 Using supervised approaches, many groups have tried to gen-
erate signatures correlated with good and poor outcome. 
However, in contrast to signatures correlated with resistance to 
chemotherapy, in our experience supervised signatures predic-
tive of good and poor outcome have generally not been vali-
dated in independent data sets. This might be secondary to the 
limitation of strictly supervised approaches in outcome predic-
tion as survival and survival time are impacted by many things 
other then the tumor cells themselves, and thus are likely to be 
very noisy surrogates for the underlying prognostically relevant 
tumor subclasses. In order to discover gene-expression signatures 
with prognostic value in addition to signatures correlated with 
cytogenetics, novel semi-supervised strategies combining the 
strengths of supervised and unsupervised approaches might be 
helpful in leukemia research ( Bair and Tibshirani, 2004 ). 

 Semi-supervised approaches use the subset of genes cor-
relating with survival time for supervised clustering (or super-
vised principal components analysis) of specimens to reveal the 
underlying prognostically relevant tumor subtypes, and then 
to build a predictor for these subtypes ( Figure 33.3   ). Applying 
this approach to a cohort of AML patients, a 133 gene signa-
ture could be defi ned and validated as a signifi cant independent 
outcome predictor, both across all cytogenetic classes and within 
the large subset of clinically-important AML cases with nor-
mal karyotype ( Bullinger et al., 2004 ). Recently, this signature 
has been validated by applying it to an independent set of AML 
cases with normal karyotype ( Marcucci et al., 2006 ). While these 
fi ndings are defi nitely encouraging, further validation of results 
in larger cohorts and in independent studies are required before 
clinical implementation becomes feasible in leukemias.   
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 Figure 33.3         Semi-supervised approach for leukemia outcome 
prediction.  (a)  Schematic overview of a supervised clustering 
strategy. (1) AML specimens are randomized into separate train-
ing and test sets. (2) In the training set, genes whose expres-
sion correlates with survival are used to cluster samples into 
favorable and unfavorable outcome classes. (3) An optimal gene 
expression predictor is constructed for these outcome classes. 
(4) The outcome class predictor is then validated by predicting 
outcomes in the independent test set.  (b)  Evaluation of outcome 
predictor. Kaplan-Meier survival analysis of the independent test 
set validates the gene expression classifi er (here comprising 133 
genes) as a signifi cant predictor of overall survival. Data are from 
Bullinger et al. (2004).      
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2009 UPDATE
During the last decade, microarray-based genomic approaches 
have contributed signifi cantly to leukemia research, as demon-
strated by microarray-based GEP fi ndings in AML (Baldus and 
Bullinger, 2008; Wouters et al., 2009). Since its invention, GEP 
has contributed an important new facet to the exploration of 
hematologic malignancies; recent studies have confi rmed its 
impact in leukemia classifi cation (Verhaak et al., 2009) and 
have provided evidence that GEP might improve classifi ca-
tion with regard to clinical importance (Bullinger et al., 2008). 
Furthermore, in AML, GEP-based class discovery approaches 
have identifi ed novel core binding factor leukemia subgroups 
(Bullinger et al., 2007) and CEBPA mutated/silenced sub-
groups (Wouters et al., 2007). Finally, advances in prediction 
of treatment response to the farnesyltransferase inhibitor tipi-
farnib (Raponi et al., 2008) or the immunomodulatory drug 
lenalidomide (Ebert et al., 2008), as well as advances in out-
come prediction (Metzeler et al., 2008), point to a potential 
usefulness of GEP-based molecular leukemia classifi cation in 
the future. Increasingly, microarray assays will be applied to 
adequately diagnose leukemias, predict their course, and guide 
individualized treatment approaches.

Recently, novel molecular subgroups have been identi-
fi ed both in cytogenetically normal leukemia cases (Schlenk 
et al., 2008) and in leukemia subtypes characterized by distinct 
cytogenetic aberrations (Dohner and Dohner, 2008). However, 
fi rst array CGH-based studies dissecting the genomic hetero-
geneity of leukemia by parallel analysis of global gene expres-
sion changes and copy number alterations (CNAs) provided 
not only useful information regarding novel leukemia rel-
evant candidate (Rucker et al., 2006) but also suggested that 
genomic aberrations associated with leukemogenesis are 
likely to be far more complex than initially anticipated. Novel 
genome-wide single nucleotide polymorphism microarray-
based analyses (SNP array) have not only revealed large-scale 
cryptic regions of acquired homozygosity in form of seg-
mental uniparental disomy (Fitzgibbon et al., 2005; Gupta 
et al., 2008) but also submicroscopic CNAs and numerous 
germline copy number variations (CNVs) (Maciejewski and 
Mufti, 2008). For example, in ALL, a genome-wide analy-
sis of leukemic cells using high-resolution SNP arrays and 
genomic DNA sequencing revealed deletion, amplifi cation, 
point mutation and structural rearrangement in genes involved 

in B-cell development, and differentiation in B-progenitor 
ALL cases (Mullighan et al., 2007). Besides the PAX5 gene, 
which was the most frequent target of somatic mutation being 
altered in almost one-third of cases (Mullighan et al., 2007), 
IKZF1 (encoding the transcription factor Ikaros) was deleted 
in over 80% of BCR/ABL1 positive ALL cases (Mullighan 
et al., 2008). IKZF1 deletions resulted either in the expres-
sion of a dominant-negative Ikaros isoform or the complete 
loss of Ikaros expression, thereby suggesting that genetic 
lesions resulting in the loss of Ikaros function are an important 
event in the development of BCR/ABL1 ALL (Mullighan 
et al., 2008). Thus, these data demonstrate the power of high-
 resolution, genome-wide SNP array approaches to identify 
new molecular lesions in leukemia.

In addition to genome-wide profi ling for genomic aber-
rations, recent progress in profi ling the expression of micro-
RNAs (miRNAs), small nonprotein coding RNAs that play a 
crucial role in the transcriptional and posttranscriptional regu-
lation of genes (Calin and Croce 2006), shed further light on 
the molecular heterogeneity of leukemias (Jongen-Lavrencic 
et al., 2008; Lu et al., 2005). Interestingly, distinct miRNA sig-
natures might also be associated with outcome in both chronic 
(Calin et al., 2005) as well as acute leukemia (Marcucci et al., 
2008). Next, microarrays also offer the possibility to screen for 
global epigenetic changes in leukemias (Esteller, 2007), and 
recent studies have already successfully demonstrated the power 
of this technology in investigating acute leukemia biology 
(Gebhard et al., 2006; Taylor et al., 2007). Furthermore, novel 
advances such as high-throughput sequencing technology that 
enable the timely sequence analysis of an entire genome might 
reveal novel leukemia-relevant gene aberrations, as suggested 
by the recent publication of an entire AML genome (Ley 
et al., 2008).

In the future, integrative analyses of high-dimensional 
genomics datasets, like SNP array and sequencing data, glo-
bal transcriptome and epigenome information, as well as pro-
teomics data (Kornblau et al., 2009), will allow the extraction 
of additional biological insights into leukemia pathogenesis. 
However, a prerequisite for a successful detection of leukemia 
relevant aberration will rely on additional functional analyses 
that possess the power to distinguish between driver and pas-
senger aberrations in leukemia cells (Frohling et al., 2007).
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  INTRODUCTION 
 In the early 1900s, lung cancer was a rare disease; today it is 
the most common cause of cancer death in the United States 
and in the world. Worldwide in 2006, there will be  � 1.2 mil-
lion lung cancer deaths. In the United States alone, there will be 
174,000 new cases of lung cancer in 2006, with 162,000 deaths, 
accounting for 31% of all cancer deaths in men and 26% of all 
cancer deaths in women. The incidence of lung cancer tracks, 
with a 30–40 year lag, the frequency of cigarette smoking 
in a population. Smoking incidence and lung cancer rates are 
similar to the United States in Western Europe, but are 30% 
higher in Eastern Europe and in China where 70% of men 
smoke, and an epidemic of lung cancer is predicted in the mid-
21st century. 

 The fact that only 10–15% of smokers develop lung can-
cer suggests there are genetic factors that infl uence individual 
susceptibility to the carcinogenic effects of cigarette smoke. 
However, the late age at which lung cancer usually develops lim-
its traditional genetic studies, since parents and siblings are not 
often available to study. Unfortunately, survival rates for newly 
diagnosed lung cancer remain at  � 15%, virtually unchanged in 
the past 4–5 decades, largely because the disease is most often 
diagnosed at an advanced stage and there is presently no way to 
determine which of the 10–15% of current and former smokers 
are at highest risk for developing lung cancer. 

 This chapter summarizes the progress that has been made 
in understanding the molecular mechanisms and pathogenesis 
of lung cancer and attempts to describe how gene expression 
profi ling on human lung cancer, airway, and peripheral blood 
specimens is leading to new approaches in lung cancer screen-
ing, classifi cation, diagnosis, prognosis, and treatment. This review 
focuses mainly on the genomic studies of lung cancer, including 
a brief discussion on the fi ndings of methylation and microRNA 
(miRNA) arrays in lung tumorigenesis. Studies using single 
nucleotide polymorphism (SNP) and protein arrays are beyond 
the scope of this review, as are studies of  in vitro  cell lines and 
mouse models. Although we have attempted to be as inclusive as 
possible, our list of studies reviewed is likely to be incomplete. 

 The section on  “ Early Diagnosis/Screening of Lung Cancer ”  
provides a brief overview of the hereditary factors that may 
explain susceptibility to the carcinogenic effects of smoking and 
describes the polymorphisms in genes involved in the metabo-
lism of the toxic components of cigarette smoke. This section 
also summarizes the current studies that use genomic profi ling 
to identify the subset of smokers who are at high risk for devel-
oping lung cancer and highlights the importance of developing 
biomarkers and chemoprevention strategies aimed at high-risk 
current or former smokers. Although this section briefl y discusses 
epigenetic changes that have been associated with smoking, dis-
cussions on other genetic changes, including cytogenetic changes 
and somatic mutations, are beyond the scope of this chapter. 
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 The section on  “ Classifi cation and Prognosis ”  provides 
a brief overview of the different categories of genes known to 
be involved in tumorigenesis, including oncogenes, growth fac-
tors and their receptors, and tumor suppressor genes. Given the 
complexity of lung cancer, these tumors are likely dependent on 
more than one oncogenic signaling pathway. This section sites 
examples of how genomics has advanced our ability to predict 
the dysregulation of various oncogenic pathways in lung cancer 
(both the mutated gene product itself and its downstream tar-
gets), thus potentially offering an opportunity for developing 
new therapeutic drugs that are pathway-specifi c. This section 
focuses in some detail on recent advances in understanding epi-
dermal growth factor receptor (EGFR)-mediated survival signals. 

 The section on  “ Pathogenesis and Treatment of Lung 
Cancer ”  begins by describing the tumor, node, metastases 
(TNM) tumor classifi cation system. Although tumor staging is 
currently the most important prognostic variable for predicting 
survival, some of the limitations of the current system include 
the fact that patients diagnosed with similar stage and treated 
using similar protocols, often respond quite differently and 
have varying survival rates. This section describes how genomic 
expression profi ling of lung cancer has identifi ed prognostic 
genes and identifi ed subtypes of adenocarcinomas, thus poten-
tially guiding clinical decision-making in the future by identi-
fying  “ high risk ”  lung cancer patients that would benefi t from 
improved diagnostic and treatment options. 

 Gene expression profi ling, combined with genetics, clini-
cal information, proteomics, and imaging studies can be applied 
to developing tools for risk-assessment, early diagnosis, and 
new approaches for individualized treatment. With stronger 
working relationships and collaborations between bench sci-
entists and their clinical counterparts and establishment of 
large databases with standardized methods for data collection 
and analyses, modern genomic technology promises continued 
improvement in diagnostic and therapeutic options for lung cancer 
patients.  

  EARLY DIAGNOSIS/SCREENING OF 
LUNG CANCER 

  Smoking, Lung Cancer, and Genetics 
 In the late 1920s, it was fi rst suspected that cigarette smoking 
caused lung cancer, and in the 1950s and 1960s a variety of stud-
ies linking lung cancer to cigarette smoking were published. In 
the 1960s, over 40% of men in the United States smoked until 
the Surgeon General’s report linked smoking to lung cancer. 
Since then, smoking rates in men have decreased to 20–25% with 
a subsequent leveling off and then fall in lung cancer incidence 
in the 1990s. Smoking rates in women, however, began to rise 
in the 1950s and lung cancer became the leading cause of death 
from cancer in women in the 1980s (reviewed by  Spiro and 
Silvestri, 2005 ). By 2030, it is projected that smoking incidence 
will plateau at 20% of the adult US population in both men and 

women, ensuring a constant high rate of lung cancer through-
out the fi rst half of the 21st century. 

 There is controversy about whether lung cancer is now 
occurring more frequently in never-smokers. Environmental 
tobacco exposure or second-hand smoke may cause lung can-
cer in life-long non-smokers. There have been reports of lung 
cancer in large numbers of non-smoking Chinese women who 
have been exposed to fumes from cooking with charcoal in 
poorly ventilated dwellings ( Luo et al., 1996 ;  Zhou et al., 2000 ). 
These observations raise the question of whether lung cancer in 
other never-smokers might result from a variety of unrecognized 
toxic exposures especially in genetically susceptible individuals. 

 We now know that although 80–85% of patients with lung 
cancer have a history of smoking, only 10–15% of patients who 
smoke actually develop lung cancer suggesting that hereditary 
factors may explain susceptibility to the carcinogenic effects of 
smoking. It is well established that smokers who are fi rst-degree 
relatives in families with a history of lung cancer have a two- to 
threefold increased risk of developing lung cancer ( Thun et al., 
2002 ). The risk is further increased with a family history of early 
onset lung cancer. Hereditary occurrence is also suggested since 
both smokers and non-smokers with a positive family history 
are at higher risk for developing lung cancer. 

 Epidemiological studies show that Native American and 
African American smokers are more susceptible to lung cancer 
than whites, while Latinos, and Japanese Americans are less sus-
ceptible ( Haiman et al., 2006 ). These differences are accentuated 
in those who have smoked fewer than 10 cigarettes per day and 
tend to disappear in those who have smoked more than 30 cig-
arettes per day, suggesting genetically determined carcinogenic 
susceptibility that is masked at high levels of smoke exposure 
( Haiman et al., 2006 ). The reasons for the observed racial/ethnic 
differences in response to the carcinogenic effects of cigarette 
smoke are not yet known, but it is likely that both genetic and 
environmental differences are involved. African Americans, for 
example, tend to smoke menthol cigarettes or ones with higher 
levels of nicotine and tar ( Okuyemi et al., 2004 ). 

 There have been a large number of studies that have 
attempted to defi ne heritable causes of lung cancer susceptibil-
ity. Polymorphic variants in almost 50 genes have been claimed 
to be associated with either a reduced or elevated risk of lung 
cancer (reviewed by  Cooper, 2005 ). Early studies focused on 
polymorphisms in genes involved in the metabolism of the 
toxic components of cigarette smoke. Most of the compounds 
in cigarettes are activated by phase I drug metabolizing enzymes 
(DME), such as cytochrome p450, to become active and carci-
nogenic. These phase I genes code for substances that convert 
smoke constituents to highly reactive intermediates that can 
bind to and mutate DNA. Phase II DMEs, such as  N -acetyl-
transferases, sulfotransferases, and glutathianone  S -transferases, 
detoxify carcinogenic products by conjugating these reactive 
species to less reactive, excretable products. While some stud-
ies support the importance of polymorphisms in both phase 
I and II genes, others have found no relation between poly-
morphisms in these genes and the incidence of lung cancer 

Early Diagnosis/Screening of Lung Cancer ■  433



434 CHAPTER 34 ■■  Genomics in the Diagnosis and Management of Lung Cancer

( Perera et al., 2006 ;  Raunio et al., 1999 ;  Taioli et al., 2003 ;  Wikman 
et al., 2001 ). 

 It is likely that there are a number of genes, some involved 
in interacting pathways that account for individual susceptibil-
ity to the carcinogenic effects of smoking. Recent studies have 
described polymorphisms in cell cycle checkpoint genes in 
African American smokers with lung cancer and in DNA repair 
genes in smokers both with and without lung cancer ( David-
Beabes and London, 2001 ;  Wenzlaff et al., 2005 ). A promoter 
polymorphism that increases promoter activity in caspase-9, a 
cysteine protease involved in the caspase-mediated apoptotic 
pathway, was recently found to contribute to genetic suscepti-
bility in lung cancer ( Park et al., 2006 ). In addition, a number 
of studies have demonstrated linkage to lung cancer on chro-
mosome 6q23 ( Bailey-Wilson et al., 2004 ) and on chromosome 
12q ( Sy et al., 2004 ). Mouse modeling studies have identifi ed 
similar linkage between lung cancer and chronic obstructive 
pulmonary disease (COPD), and many of the genes in the area 
of linkage are involved in infl ammation, a process that is likely 
central in the pathogenesis of both diseases ( Bauer et al., 2004 ).  

  Identifying Smokers at Risk 
 The risk for developing lung cancer increases with accumulated 
exposure to cigarette smoke, most often expressed as pack-years 
(calculated by multiplying the number of packs of cigarettes 
smoked per day by the number of years the person has smoked). 
As noted earlier, even in a high-risk population of smokers, 
however, the incidence of lung cancer is only  � 15% over a life-
time. The incidence increases slightly in those over the age of 60 
with greater than 30 pack-years, previous lung cancer, and/or 
atypia of bronchial epithelial cells in the sputum. 

 Because of the lack of effective diagnostic biomarkers that 
identify which of the current and former smokers are at the 
greatest risk for developing cancer, lung cancer is most often 
diagnosed at a late stage after it has spread. In contrast to most 
cancers, 5-year survival rates for lung cancer,  � 15%, have not 
changed appreciably over the past 4–5 decades. Previous screen-
ing trials with frequent chest x-rays and sputum cytology have 
not demonstrated an effect on lung cancer mortality (reviewed 
by  Jett and Midthun, 2004 ). Spiral computerized tomography 
(CT) scan screening can detect lung tumors at an early stage. The 
I-ELCAP study, a systematic case–control observational study 
that included more than 31,000 subjects who were at risk for 
lung cancer, found that screening by CT resulted in a diagno-
sis of lung cancer in 484 participants, of which 412 (85%) had 
clinical stage I lung cancer ( Henschke et al., 2006 ). Spiral CTs, 
however, while highly sensitive, can be non-specifi c and many 
newly detected small lesions have proven on resection to be non-
malignant scar tissue or old granulomas rather than early lung 
cancers (  Jett, 2005 ). Thus, it is not yet known if this approach will 
alter lung cancer mortality or justify the relatively high cost of 
large-scale screening. Current trials, including the National Lung 
Cancer Screening Trial (NLST), will help answer these questions. 

 Developing biomarkers that are highly sensitive, specifi c, 
and target individuals with early stages of cancer is clearly 

necessary to improve lung cancer mortality. Several groups have 
used genomic profi ling to identify the subset of smokers who 
are at higher risk for developing lung cancer.  Powell et al. (2003)  
compared the gene expression profi les of tumor and matched 
normal tissues from smokers and non-smokers. Although hier-
archical clustering did not separate tumors from smokers versus 
non-smokers, it did separate tumor and non-tumor tissue. Four 
times more genes were altered between tumor and lung in non-
smokers as compared with smokers. Their fi ndings demonstrate 
that underlying normal tissues from smokers and non-smokers dif-
fer, consistent with the concept of  “ fi eld cancerization ”  in smok-
ers where genes are altered in the entire respiratory epithelium. 

 To begin to understand the mechanisms by which some 
individuals protect themselves from the carcinogenic effects of 
smoking,  Spira et al. (2004)  used high-throughput genomic and 
bioinformatic tools to defi ne the genome-wide impact of smok-
ing and smoking cessation on bronchial airway epithelium. They 
demonstrated changes in both antioxidant and drug metaboliz-
ing genes in airway epithelial cells as well as increases in puta-
tive oncogenes and decreases in tumor suppressor genes. They 
also noted that the expression level of smoking-induced genes 
among former smokers began to resemble that of never smokers 
after 2 years of smoking cessation. Genes that reverted to nor-
mal within 2 years of cessation tended to serve metabolizing and 
antioxidant functions. In addition the authors found that several 
genes, including putative oncogenes and tumor suppressor genes, 
failed to revert to never-smoker levels years after smoking cessa-
tion, perhaps explaining the continued risk for developing lung 
cancer many years after individuals have stopped smoking ( Spira 
et al., 2004 ). This same group has reported a lung cancer-specifi c 
diagnostic gene expression profi le in histologically normal air-
way epithelial cells of patients being evaluated for the diagno-
sis of lung cancer (Spira et al., 2007)   . These genes also predicted 
lung cancer in previously published studies of normal and lung 
cancer tissue, raising the possibility that changes in airway gene 
expression of smokers might not only serve as biomarker for risk 
of developing lung cancer, but may refl ect to some extend the 
genomic changes that occur in the actual lung cancers. These 
studies support the possibility that measuring gene expression in 
easily accessible airway epithelial cells may provide a biomarker 
that identifi es smokers at high risk of developing lung cancer. 

 Detection of mutations or aberrant methylation in spu-
tum or serum is a promising approach to the early diagnosis of 
lung cancer. Detection of promoter hypermethylation in the 
CDKN2A, DAPK1, RASSF1, CDH1, GSTP1, RAB, CDH13, 
APC, MLH1, MSH2, and MGMT genes have been demon-
strated using sputum or bronchial lavage (reviewed by  Cooper, 
2005 ). Aberrant promoter hypermethylation has been shown 
to occur frequently in patients with resected lung cancers and 
concordance between methylation patterns in tumor specimens 
and bronchial epithelial cells has been demonstrated. In addition, 
recent studies demonstrated that gene promoter hypermethyla-
tion in sputum could identify people at high risk for lung cancer 
incidence. One study demonstrated FHIT methylation in pre-
neoplastic lesions from smoking-damaged bronchial epithelium 



( Zochbauer-Muller et al., 2001 ). Another study demonstrated 
hypermethylation of the CDKN2A gene promoter prior to 
clinical evidence of lung carcinoma ( Kersting et al., 2000 ). Lastly, 
 Palmisano et al. (2000)  showed that p16 and/or MGMT could 
be detected in DNA from sputum up to 3 years before clinical 
diagnosis of squamous cell cancer. 

 Reports documenting the clinical potential of detecting 
tumor-related genes, mutations, loss of heterozygosity, polymor-
phisms, and promoter hypermethylation of circulating tumor DNA 
in serum are also surfacing. In addition high-throughput methods 
for analyzing the methylation status of hundreds of genes simulta-
neously are being applied to the discovery of methylation signa-
tures that distinguish normal from cancer tissue samples ( Bibikova 
et al., 2006 ;  Wilson et al., 2006 ). However, none of these studies has 
tested the diagnostic potential in prospective multicenter trials.  

  Future Directions 
 Lung cancer is one of the few cancers for which screening is not 
recommended, even in high-risk individuals. Although spiral CT 
and autofl uorescent bronchoscopy may increase the detection 
rate of early lesions, these procedures are costly and/or relatively 
invasive, have not been shown to be specifi c for the presence of 
lung cancer, and it is not yet known if screening will alter mor-
tality. Since molecular, genetic, and epigenetic abnormalities pre-
cede morphological changes in bronchi and alveoli, biomarkers 
may help select a group of high-risk patients that would benefi t 
from spiral CT and/or fl uorescent bronchoscopy. 

 To develop screening profi les that could potentially predict 
those at risk for developing cancer and/or detect lung cancer at 
an earlier stage, profi les must be capable of identifying the few 
abnormal cells among many normal cells and samples ideally 
should be obtained in a relatively non-invasive fashion. The avail-
ability of a number of agents that might be effective in reversing 
the pre-malignant changes in airway epithelial cells (see below) 
has driven the search for biomarkers that identify individuals at 
highest risk for developing lung cancer. Genetic abnormalities 
can be detected from bronchial biopsies, respiratory cells from 
sputum, and circulating DNA, and gene expression profi les gen-
erated from these specimens offer a wide area of investigation for 
biomarker development. To be applied in a screening program, 
these biomarkers must be specifi c and cost effective with a high 
effi ciency: the focus has been on intermediate markers that indi-
cate risk but might be reversible with appropriate treatment. 

 A recent review has identifi ed the benefi ts of and require-
ments for the ideal biomarker ( Dalton and Friend, 2006 ). 
Benefi ts include (1) predict who will develop lung cancer and/
or detect cancer at an early treatable stage, (2) serve as guides 
for treatment decisions (3) and serve to identify new targets 
for drug development. The authors in this review point out 
the need to develop biomarkers that deal with the molecular 
diversity of lung cancer that monitor disease progression and 
that predict and/or monitor response to preventative therapy. A 
biomarker that meets even the majority of these requirements 
remains to be discovered but will almost certainly evolve with 
modern genomic technology. 

 A relatively new fi eld,  “ genetical genomics, ”  which attempts 
to link gene expression in affected tissues with genetic poly-
morphisms promises to provide insights into heritable factors in 
lung cancer ( Li and Burmeister, 2005 ). This fi eld is derived from 
recent technological and computational advances that allow one 
to measure levels of gene expression in the affected tissue and 
relate them to high-density SNP discovery in genomic DNA 
( Pastinen et al., 2006 ). Patterns of gene expression in smoke-
exposed tissue and linkage to SNPs in the affected genes are 
likely to lead to new insights into heritable cause of lung cancer. 

 Chemoprevention of high-risk current or former smokers 
represents one of the most important areas of current research in 
the prevention of lung cancer. It has been a topic of great inter-
est for over 20 years. Despite numerous trials beginning with 
high doses of retinoids in the 1980s, there have been no studies 
to date that have demonstrated a positive outcome in terms of 
mortality from lung cancer and few studies that have demon-
strated an effect of intermediate end points, such as sputum aty-
pia or genomic markers of epithelial cell damage. Several recent 
publications review the results of previous randomized trials and 
the rationale for use of new chemopreventative agents ( Hirsch 
and Lippman, 2005 ;  Kelloff et al., 2006 ;  Khuri and Cohen, 2004 ). 

 Chemoprevention (chemoprophylaxis) has assumed increas-
ing importance as former smokers now account for 50% of new 
lung cancer cases in the United States. Since there are approxi-
mately 45 million former smokers in the United States, identi-
fying which former smokers are at highest risk for developing 
lung cancer in the future is the most important fi rst step in any 
chemoprevention program. Many new chemopreventative agents 
are being explored using agents that fall into several broad cat-
egories: (1) anti-infl ammatory/antioxidants, (2) epigenetic mod-
ulators of methylation and/or acetylation, and (3) modulators 
of signal transduction, particularly those that affect the EGFR-
signaling pathways. A recent clinical study conducted in 10 
patients to assess the potential chemopreventive effect of myo-
inositol in smokers with bronchial dysplasia showed a signifi cant 
increase in the rate of regression of preexisting dysplastic lesions 
( Lam et al., 2006 ). The potential impact of chemoprevention is 
large, but the fi eld awaits the emergence of intermediate mark-
ers of cancer risk that must be validated in prospective studies.   

  CLASSIFICATION AND PROGNOSIS 

  Histological Classifi cation of Lung Tumors and TNM 
Staging 
 Lung cancers are classifi ed as small-cell lung carcinomas (SCLC) 
or non–small-cell carcinomas (NSCLC). Small-cell lung can-
cers have neuroendocrine features that are identifi ed by immu-
nohistochemistry and histology. NSCLC are subcategorized as 
adenocarcinomas (most common), squamous cell carcinomas, 
and large-cell carcinomas, and are clinically distinct from SCLC. 
The pathological distinction between SCLC and NSCLC is 
very important since these tumor types are treated differently 
(reviewed by  Spira and Ettinger, 2004 ). 
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 Pre-malignant lesions termed low and high-grade dyspla-
sia, carcinoma  in situ  (CIS), and atypical adenomatous hyper-
plasia (AAH) are associated with increased risk for developing 
lung cancer (reviewed by  Kerr, 2001 ). When the airways are 
exposed to carcinogens, cellular and molecular changes occur 
over broad mucosal surfaces, a concept termed  “ fi eld canceriza-
tion. ”  Accumulation of mutations and epigenic alterations ensue, 
eventually leading to invasive lung cancer, a process called  “ mul-
tistep carcinogenesis ”  (reviewed by  Cooper, 2005 ). 

 Histological analysis is currently used to identify and clas-
sify cancers, yet defi nitive diagnoses are often diffi cult to make. 
Furthermore, tumors with the same histological classifi cation 
behave differently, and morphological classifi cation has not been 
effective in predicting the aggressiveness of a cancer or how the 
cancer will respond to therapeutic agents. 

 In NSLC, tumor staging ( International System for Staging Lung 
Cancer ) is the most important prognostic variable for predicting 
survival. TNM staging takes into account the degree of spread 
of the primary tumor (T), the extent of regional lymph node 
involvement (N), and the presence or absence of metastases (M) 
(summarized by  Hoffman et al., 2000 ). Recently adopted revi-
sions to TNM staging include (1) the splitting of stage I into IA 
and IB; (2) the splitting of stage II into IIA and IIB; (3) reclassify-
ing T3N0M0 from Stage IIIA to IIB; and (4) classifying multiple 
pulmonary tumor nodules as T4 if the satellite nodule(s) are in 
the same lobe, or M1 if the ipsilateral nodules(s) are in the non-
primary lobe. Despite these changes and improvements in diagno-
sis including both non-invasive methods (CT/PET), and invasive 
methods (EUS, EBUS), patients diagnosed with similar stage and 
treated using similar protocols, often respond quite differently and 
have varying survival rates. Some tumors, though found at an early 
stage, will rapidly progress to metastatic disease. Furthermore, in 
patients who have undergone surgical resection, recurrence rates 
are high with 5-year survival rates only 40% for stage IIB NSCLC. 

 Although several combined clinical, histological, and labo-
ratory variables such as age, stage or grade of tumor, and serum 
protein levels can be used to assess a patient’s prognosis with 
variable accuracy, these criteria are not able to provide impor-
tant information about the prognostic diversity within each 
stage such as how aggressive a particular subtype will be, or how 
a patient will respond to therapy. By combining clinical variables 
and histopathology with gene expression profi ling, predicting a 
patient’s prognosis could theoretically be improved.  

  Molecular Classifi cation and Prognostic Value of 
Lung Cancer Genomics 
 Morphological tumor classifi cation does not always accurately 
predict the patient’s clinical behavior since lung cancer is genet-
ically heterogeneous. For example, patients with stage IA lung 
cancer resected for cure still have 30% mortality from local 
recurrence, distant metastases, and/or new occurrence. Within 
each clinical stage, there is variability in the presence of spe-
cifi c mutations, deletions of tumor suppressor genes, amplifi ca-
tions of oncogenes, and chromosomal abnormalities. Genomics 
is a powerful tool for classifying tumor subtypes. Lung cancer 

patients with biomarkers that predict a poor outcome could be 
selected for adjuvant chemotherapy while those that predict a 
good prognosis may be able to avoid the toxicity and cost of 
unnecessary chemotherapy. 

 Recently, microarray studies have identifi ed and validated 
specifi c genes whose expression differs between normal and 
tumor tissue. Using cDNA arrays,  Wikman et al. (2002)  com-
pared gene expression profi les of 14 pulmonary adenocarcinoma 
patients with normal lung tissue. These authors demonstrated 
marked differences in gene expression level between normal 
lung and adenocarcinomas. Another study by  Yamagata et al. 
(2003)  showed that a profi le based on gene expression could be 
used on blinded samples to differentiate primary NSCLC from 
normal lung and lung metastases. Furthermore, groups of genes 
were identifi ed that were able to identify known histological 
subgroups of NSCLCs. 

 Genomic high-throughput technologies have been used in 
many studies to identify gene expression signatures that predict 
patient survival and/or relapse rates. A considerable number of 
expression profi ling studies have been performed on clinical 
lung cancer specimens (summarized by  Granville and Dennis, 
2005 ;  Kopper and Timar, 2005 ; and  Cooper, 2005 ). Not only 
can gene expression profi les group tumor samples consistent 
with classical histology, but can also identify subgroups within 
histologic subclasses. In an attempt to discover previously unrec-
ognized subtypes of lung cancer, two microarray studies aimed 
at class discovery by hierarchical clustering using primary lung 
cancer specimens were published in 2001 (see  Figure 34.1   ). 
 Garber et al. (2001)  identifi ed gene subsets that are characteris-
tic of each of the known morphological subtype in NSCLSs. In 
addition, these authors found that these tumors could be further 
divided into subgroups with signifi cant differences in patient 
survival. Another study by  Bhattacharjee et al., (2001)  showed 
by gene expression analysis of 186 lung carcinomas that biologi-
cally distinct subclasses of lung carcinomas exist. In their study, a 
subclass of adenocarcinomas defi ned by having neuroendocrine 
gene expression had a less favorable outcome, whereas a subset 
of patients with predominantly type II pneumocyte expression, 
had a more favorable outcome. 

 In a study designed to identify whether gene expression pat-
terns could predict survival,  Beer et al. (2002)  demonstrated that 
expression profi les based on microarray analysis could be used to 
predict disease progression and clinical outcome in early-stage 
lung adenocarcinomas. Subdivision of the lung tumors based on 
gene expression patterns matched the morphological classifi ca-
tion of tumors into squamous, large-cell, adenocarcinoma, and 
small-cell lung cancer. Furthermore, adenocarcinomas could be 
further subclassifi ed based on their gene expression profi les that 
correlated with the degree of tumor differentiation and patient 
survival. They demonstrated by gene profi ling that a list of 50 
genes were most effective at dividing patients with stage I lung 
adenocarcinoma into high- and low-risk groups for mortality, 
thus potentially identifying a subset of stage I NSCLC cancer 
patients who would benefi t from adjuvant therapy. This group 
has recently extended their observations to the squamous cell 



carcinoma subset of NSCLC and have generated a similar risk of 
progression stratifi er which combined with the adenocarcinoma 
tool, will cover �80% of all NSCLC ( Raponi et al., 2006 ). 

 Recently, a clinically relevant prognostic tool that may alter 
clinical decision-making in early-stage lung cancer was devel-
oped using gene expression profi ling ( Potti et al., 2006a, b ). 
 Potti et al. (2006a, b)  identifi ed a gene expression profi le that 
predicted the risk of recurrence in 89 patients with early-stage 
lung cancer ( Figure 34.2   ). The authors then validated the model, 
termed the  “ lung metagene ”  model, in a group of 134 patients. 
The test predicted recurrence for individual patients signifi -
cantly better than did clinical prognostic factors. This predictor 
also identifi ed a subgroup of patients with stage IA lung cancer 
who were at high risk of recurrence and would potentially ben-
efi t from adjuvant therapy. Based on these fi ndings, a multicenter 
clinical trial has been initiated. This upcoming clinical trial is the 
fi rst to use a genomic test to select treatment options for indi-
vidual lung cancer patients.  

  Future Directions 
 Currently, lung cancer patients within a given clinical stage and 
tumor type receive the same treatment despite the genomic 
heterogeneity that exists between patients. Although expres-
sion profi ling of lung cancer has identifi ed prognostic genes and 
identifi ed subtypes of adenocarcinomas, until recently, these pro-
fi les have not been ready to be incorporated into clinical prac-
tice. Comparison of array studies has been diffi cult because the 
array platforms, sample preparation, and technical factors have 
been different. In addition, many molecular classifi cation studies 
do not match the classifi cation based on tumor histology, per-
haps because use of whole lungs for microarray studies may not 
accurately refl ect gene expression in the cancer cells because of 
contamination and differences in abundance of stromal and sur-
rounding normal cells. Although laser-captured microdissection 
(LCM) can be used to obtain a homogeneous population of 

epithelial cancer cells, excluding surrounding stroma may elimi-
nate cells that contribute to the tumor environment. 

 Redefi ning tumor classifi cation from strictly morphology-
based schemes to molecular-based classifi cations using a variety 
of parameters including histological patterns, gene expression 
profi les including the presence or absence of oncogenes, tumor 
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 Figure 34.1         Timeline for the development of DNA microarray technology and its application to lung cancer. The key advances in the 
fi eld of microarray technology and their clinical applications to lung cancer tissue for prognostic purposes are highlighted.    
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 Figure 34.2         Application of the gene expression model to 
determine prognosis in stage IA NSCLC. Kaplan-Meier survival 
estimates from three cohorts of patients with stage IA disease. 
The middle black Kaplan-Meier curve represents the median 
survival estimate in all cohorts. The top and bottom Kaplan-
Meier curves represent survival estimates for subjects predicted 
to have low and high risk of recurrence respectively by the gene 
expression model, demonstrating the ability of the genomic 
model to accurately predict survival in stage IA disease. Figure 
reproduced from Potti et al.  NEJM , 2006   .    
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suppressor genes, and miRNAs, and cell surface protein and 
receptor status, promises to provide clinically important infor-
mation on tumor subsets within morphological classes. A recent 
expression profi le analysis of lung adenocarcinomas, for exam-
ple, classifi ed tumors into two major subtypes, terminal respira-
tory unit (TRU) and non-TRU subtypes ( Takeuchi et al., 2006 ). 
TRU type tumors retained features of normal peripheral lung 
features and had higher frequency of EGFR mutations. The 
presence of EGFR mutations in this adenocarcinoma subtype 
predicted a shorter post-operative survival. 

 A large study is underway in which participating centers 
are pooling and analyzing lung adenocarcinoma specimens, the 
results of which will hopefully lead to a gene expression signa-
ture that will differentiate the adenocarcinoma subtypes ( Dobbin 
et al., 2005 ). Prognostic profi les and eventually, a prognostic-
specifi c gene chip, may help guide clinical decision-making by 
identifying  “ high risk ”  lung cancer patients that would benefi t 
from improved diagnostic and treatment options.   

  PATHOGENESIS AND TREATMENT 
OF LUNG CANCER 

  Molecular Alterations in Lung Cancer 
  Proto-oncogenes 
 Proto-oncogenes such as  Ras  and  Myc  were fi rst discovered 
in the 1970s and 1980s, and it was only in the 1980s and 1990s 
that these genes were integrated into signaling pathways and 
that mutations in these genes were linked to human cancers. The 
 Ras  genes ( Hras ,  Kras , and  Nras ) encode GTPase proteins that 
help transduce survival and growth-promoting signals. When 
oncogenic mutations occur, the normal abrogation of RAS sig-
naling by hydrolysis of bound GTP to GDP is impaired, result-
ing in persistent signaling (reviewed by  Singhal et al., 2005 ). 
Point mutations (found most frequently in codon 12, 13, and 
61) are detected in 20–30% of lung adenocarcinomas ( Slebos 
et al., 1990 ) and 90% of these mutations are found in Kras (see 
 Table 34.1   ). Mutations in Kras are markers for poor prognosis 
in NSCLCs ( Graziano et al., 1999 ) as mutations rarely occur in 
SCLC.  Myc  genes ( MYCL ,  MYCN , and  CMYC  ), which encode 
transcription factors that regulate genes involved in cell cycle 
regulation, DNA synthesis, and RNA metabolism, become acti-
vated by loss of transcriptional control or by gene amplifi cation, 
resulting in MYC protein overexpression. C-Myc amplifi cation 
occurs in 5–10% of NSCLCs ( Richardson and Johnson, 1993 ).  

  Growth Factors and Their Receptors 
 Lung tumors often express growth factors and their receptors, and 
the resulting regulatory loops can stimulate tumor growth. EGFR, 
also known as ERBB-1, is highly expressed in many epithelial 
tumors, including a subset of lung adenocarcinomas ( Reissman 
et al., 1999 ). When ligand (EGF or TGF- � ) binds to EGFR, there 
is receptor tyrosine kinase activation and a series of downstream 
signaling events, including the mitogen-activated protein kinase 
(MAPK), PI3/Akt, and Jak/Stat pathways (see  Figure 34.3   ) that 

can result in cellular proliferation, increased cell motility, tumor 
invasion, anti-apoptosis, and resistance to chemotherapy sum-
marized by  Baselga, 2006 ). EGFR tyrosine kinase, therefore, was 
proposed as a target for cancer therapy 20 years ago. 

 Anti-EGFR drugs approved for cancer treatment include the 
monoclonal antibodies directed against the extracellular domain 
of the receptor (anti-EGFR Mabs) and small-molecule inhibi-
tors of EGFR’s tyrosine kinase activity (TKIs). In NSCLCs, 
two trials have demonstrated that in unselected patient popu-
lations, anti-EGFR TKIs have modest levels of antitumor 
activity. In 10% of patients, however, tumor response is often 
dramatic, but responses tend to be transient. Responsive patients 
are most often non-smoking Asian woman with adenocarci-
nomas, often bronchioloalveolar carcinoma (BAC) (reviewed 
by  Baselga, 2006 ;  Dziadziuszko et al., 2006 ). Subsequent 
analyses demonstrated that lung cancers with somatic muta-
tions in EGFR correlate with a positive clinical response 
to EGFR inhibitors (reviewed by  Janne et al., 2005 ; Lynch 
et al., 2006   ; and  Thomas et al., 2006 ). Unfortunately, these ini-
tial responders often develop resistance to these drugs. A sec-
ond EGFR somatic mutation, T790M, occurs in some cases of 
NSCLC that recur after an initial response to TKIs ( Kobayashi 

 T A B L E  3 4 . 1         Common molecular alterations in lung 

cancer  

   Type of mutation  Frequency 

  Proto-oncogenes  

 k-Ras  Point mutation  NSCLC: 20–30% 
(mostly adeno) 

 MYC  Translocation 
amplifi cation 

 SCLC: 30–40% 
NSCLC: 5–10% 

 Bcl-2  Translocation  NSCLC: (30%) 
Squamous: 25%; 
Adeno: 10% 

  Growth factors  

 EGFR (ERBB-1)  Deletion/Mutation 
amplifi cation 

 SCLC: 0%
NSCLC: 10%
(BAC: 25%) 

 HER2 (erbB2)  Translocation 
amplifi cation 

 NSCLC 30–40% 

  Tumor suppressors  

 p53  Deletion/LOH  SCLC: 75%
NSCLC: 50% 

 Rb gene  Point mutation  SCLC: 90%
NSCLC: 15–30% 

 P16 (CDKN2)  Deletion/LOH  SCLC:  � 80% 
NSCLC: 30–50% 

 FHIT  Deletion/LOH  SCLC: 100% 
NSCLC: 60% 



et al., 2005 ). Germ line T790M mutations have been described 
in a family with multiple cases of lung cancer ( Bell et al., 2005 ). 

 Clinical trials using alternate EGFR inhibitors, such as irre-
versible EGFR inhibitors, are underway in NSCLC patients. 
Some centers have begun to sequence EGFR in all resected 
tumors in order to tailor drug therapy to specifi c mutations, 
although further research is needed to more completely defi ne 
the appropriate population for EGFR testing (reviewed by 
 Sequist et al., 2006 ). The complexity of EGFR mutations is 
highlighted by a recent report identifying different EGFR muta-
tions in the primary tumor versus lesions metastatic from the 
primary site ( Italiano et al., 2006 ). Furthermore,  Engelman et al.
(2006)  recently reported that allelic dilution of a biologically 
signifi cant resistance mutation in EGFR-amplifi ed lung cancer 
may be undetected by direct sequencing.  

  Tumor Suppressor Genes 
 The role of p53, a tumor suppressor gene, is to help maintain 
genomic integrity after DNA damage. When cells undergo stress, 
such as from carcinogen exposure, UV radiation, and/or hypoxia, 
p53 becomes upregulated and then acts as a transcription 

factor to increase genes such as p21 (which in turn controls 
G1/2 cell cycle transition) and induces apoptosis by activating 
genes such as BAX, PERP, and others (reviewed by  Fong et al., 
2003 ;  Singhal et al., 2005 ). In lung cancer, missense mutations 
can occur and cause loss of p53 function in  � 75% of SCLCs 
and 50% of NSCLCs ( Toyooka et al., 2003 ). 

 Decreased expression of p16 by promoter hypermethyla-
tion, mutations, or allelic loss occurs in 30–50% of NSCLCs. The 
 p16 INK4A -cyclin D1-CDK4-RB  pathway controls G1/S cell cycle 
transition, and loss of p16 releases the tumor cells from RB-medi-
ated cell cycle arrest (reviewed by  Fong et al., 2003 ). Alternatively, 
the Rb gene can be inactivated directly by deletions, point muta-
tions, or alternative splicing, and are more commonly found in 
SCLCs ( � 90%), than NSCLCs (15–30%) (see  Table 34.1 ).   

  Oncogenic Pathway Signatures 
 The malignant process is complex, involving multiple muta-
tions leading to deregulation of signaling pathways (see above). 
In addition, the role of miRNA, very small non-coding RNA 
products that play a key role in regulatory networks by regu-
lating the translation and regulation of mRNAs, are emerging 

EGF

TNF-
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Frequency

Mutations
SCLC 0%
NSCLC 10%

Adeno 6%
BAC 26%
Large 0%
Squamous 0%

1. Small-molecule TKIs
2. Monoclonal antibodies
3. Irreversible EGFR TKI
4. Combined therapy

1. Exon 19 deletions
 del E746-A750
2. Exon 20 duplication
3. Exon 21 mutation
 L858R
4. Second-point mutation
 T790M
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 Figure 34.3        When ligand (EGF or TGF- 
 ) binds to EGFR, there is receptor tyrosine kinase activation and a series of downstream 
signaling events, including the MAPK, PI3/Akt, and Jak/Stat pathways, that can result in cellular proliferation, increased cell motility, 
tumor invasion, anti-apoptosis, and resistance to chemotherapy. Receptor expression can be increased by gene duplication (*). Most of 
the tyrosine kinase domain and all activating EGFR mutations thus far are in exons 18–21. Deletions in exon 19 and substitution muta-
tions in exon 21 account for the majority of mutations. Mutations occur most frequently in bronchoalveolar carcinoma (BAC), but not 
in squamous cell carcinoma or SCLC ( Marchetti et al., 2005 ;  Shigematsu et al., 2005 ). Anti-EGFR drugs approved for cancer treat-
ment include the monoclonal antibodies directed against the extracellular domain of the receptor (anti-EGFR Mabs) and small-mol-
ecule inhibitors of EGFR’s tyrosine kinase activity (TKIs). Examples of anti-EGFR Mabs include Cetuximab (Erbitux), Panitumumab, 
and Pertuzumab. Examples of TKIs include Gefi tinib (Iressa) and Erlotinib (Tarceva).    
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(reviewed by  Calin and Croce, 2006 ). Recent studies have 
demonstrated altered miRNA gene expression in lung cancers. 
Dicer, a component of the miRNA machinery has been shown 
to be downregulated in NSCLCs ( Karube et al., 2005 ). Reduced 
expression of  let-7  miRNA family members have been found 
to correlate with shorter post-operative survival in potentially 
curative lung cancer resection (Takamizawa et al., 2004)   . 

 The feasibility and utility of monitoring miRNAs has been 
recently demonstrated in a study by  Lu et al. (2005) . These 
authors demonstrated, using a bead-based miRNA detection 
method, that a relatively small number of miRNA genes (�200 
miRNAs) may be suffi cient to classify human tumors. A study 
by  Yanaihara et al. (2006)  showed that lung cancer specimens 
have extensive alterations of miRNA expression that may dys-
regulate cancer-related genes. Furthermore, miRNA microarray 
analysis using a microchip for genome-wide miRNA profi ling 
(developed by  Liu et al., 2004 ) identifi ed a signature that could 
discriminate lung cancer from non-cancer tissue, and could also 
correlate lung cancer specimens with patient survival. In their 
study, high  miR-155  and low  let-7a-2  correlated with poor sur-
vival in lung adenocarcinomas ( Yanaihara et al., 2006 ). 

  let-7  miRNA family members have been shown to directly 
regulate Ras genes ( Johnson et al., 2005 ). These combined stud-
ies suggest that  let-7  may be a promising therapeutic agent to 
treat lung cancers caused by activating mutations in Ras genes 
(reviewed by  Esquela-Kerscher and Slack, 2006 ). 

 DNA microarray–based gene expression signatures have 
been developed that have the ability to defi ne oncogenic path-
ways. The ability to predict the deregulation of various onco-
genic pathways (both the mutated gene product itself and its 
downstream targets) offers an opportunity for new therapeutic 
drugs that are pathway-specifi c.  Sweet-Cordero et al. (2005)  
recently developed a KRAS-mutant signature from analysis of 
expression array data using the KRAS-mutant mouse model of 
lung adenocarcinoma, which was then transferred to a human 
KRAS-mutant signature. The signature accurately identifi ed 
KRAS-mutant lung tumors. These results were confi rmed using 
siRNA and real-time RT-PCR. 

 Another study by  Bild et al. (2006a, b)  demonstrated that 
DNA microarray–based gene expression signatures can not only 
predict cells expressing oncogenic activity from control cells, 
but can also predict deregulation of various oncogenic pathways 
in specifi c tumor types derived from mouse cancer models and 
human cancer specimens. These authors used multiple experi-
mental models including functional cell-based assays, mouse 
lung cancer models, and human cancer specimens to demon-
strate that the Ras pathway status clearly correlates with lung 
adenocarcinoma relative to squamous cell carcinomas subtypes. 
Furthermore, independent of tumor histology, patients dis-
playing deregulation of multiple pathways (Ras with Src, Myc,  
� -catenin) had a poor survival.  

  Future Directions 
 Molecularly targeted therapy to reduce lung cancer mortality 
biomarkers provide an opportunity to identify subpopulations of 

patients who are most likely to respond to a given therapy and 
identify new targets for drug development. A study by  Olaussen 
et al. (2006)  for example, showed that in lung tumor specimens, 
the absence of ERCC1 (an enzyme that participates in the 
repair of DNA damage caused by cisplatin) was associated with 
a survival benefi t from cisplatin-based adjuvant chemotherapy, 
whereas patients whose tumor expressed the enzyme failed to 
benefi t from chemotherapy. 

 Several clinical studies have now shown the therapeutic effi -
cacy and safety of tyrosine kinase inhibitors for specifi c tumor 
subtypes. Many of the 90 proteins with tyrosine kinase domains 
encoded by the human genome are aberrantly activated in human 
tumors. Intriguingly, after treatment with tyrosine kinase inhibi-
tors in some tumor subtypes, there is marked reduction not only 
in tumor growth, but also in tumor viability. This concept of 
dependence of the tumor mutated oncogenes and/or on EGFR-
mediated survival signals is referred to as  “ oncogene depend-
ence or oncogene addiction ”  ( Varmus, 2006 ;  Weinstein, 2002 ). 
Oncogene dependence is also demonstrated in mouse models 
overexpressing constitutively active K-ras, where the mutant 
K-ras is then silenced. In this model, lung tumors rapidly regress as 
a result of apoptosis when K-ras is silenced even in the absence 
of important tumor suppressor genes ( Fisher et al., 2001 ). An 
alternative hypothesis to explain oncogene addiction is through 
differential signal attenuation of multiple pro-apoptotic and 
pro-survival signals, a term coined  “ oncogenic shock ”  ( Sharma 
et al., 2006 ). 

 The improved survival in NSCLC patients taking EGFR 
TKIs seems not to only be limited to patients with EGFR 
mutations. Markers such as EGFR gene amplifi cation, ErbB3 
levels, and Her2 mutations may also be predictors of responsive-
ness (reviewed by  Engelman and Cantley, 2006 ). Ongoing stud-
ies to investigate EGFR TKIs as fi rst line therapy in selected 
patients with mutations in exons 18–21, increased EGFR copy 
number or protein expression, and with clinical characteris-
tics associated with response are needed (reviewed by  Johnson, 
2006 ). Although the majority of lung tumor cells acquire resist-
ance mutations during therapy with EGFR TKIs, these cells 
seem to be to be sensitive to a new group of TKIs that cova-
lently cross-link the receptor ( Carter et al., 2005 ). In addition, a 
recent study showed that microarray gene expression profi ling 
demonstrated a pattern of gene expression associated with sensi-
tivity to EGFR ( Coldren et al., 2006 ). Mouse lung models with 
inducible expression of mutations in EGFR have been gener-
ated and may help in further understanding the pathogenesis of 
human lung cancer and aid in the validation of cancer therapeu-
tics (reviewed by  Dutt and Wong, 2006 ). 

 Given the complexity of NSCLC, it is likely that these 
tumors are dependent on more than one oncogenic signaling 
pathway. Alterations in cancer-specifi c copy number and loss 
of heterozygosity (LOH) are important changes found in can-
cer cells and SNP array analyses may reveal pathways disrupted 
in tumorigenesis. SNP arrays have been used in genomic stud-
ies for detecting LOH in lung cancer and have both detected 
previously unknown regions of copy number change as well as 



known regions of both amplifi cation and homozygous deletion. 
It is likely therefore that combination targeted therapy directed 
at multiple oncogenic pathways may not only prove more effec-
tive than single agents alone, but may also prevent or delay sec-
ondary resistance. 

 Most tumors express multiple mutant genes, but the 
relative importance of mutated genes in maintaining the 
cancer phenotype is not yet known, nor is the role of growth-
promoting signals by non-cancerous stromal cells. The success 
of anti-angiogenic strategies in NSCLC suggests that targeting 
specifi c proteases and growth signals supplied by the tissue envi-
ronment may prove useful as therapeutics. 
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2009 UPDATE
Early Diagnosis/Screening of Lung Cancer
Developing biomarkers that identify smokers at high risk for 
developing lung cancer represents an important approach to 
improving lung cancer mortality. A study using DNA micro-
arrays to profi le the gene expression patterns of cytologically 
normal airway epithelial cells in current and former smokers 
undergoing bronchoscopy for the clinical suspicion of lung can-
cer found an 80-probeset lung cancer-specifi c biomarker that 
distinguishes smokers with and without lung cancer (Spira et al., 
2007). The biomarker was sensitive and specifi c when tested on 
an independent test set and on an additional prospectively col-
lected set of samples. In addition, this biomarker provides infor-
mation about the likelihood of lung cancer that is independent 
of clinical risk factors for lung cancer among patients with non-
diagnostic bronchoscopies (Beane et al., 2008). Since smok-
ing-induced cancer-specifi c alterations in gene expression may 
precede the development of lung cancer, these biomarkers may 
prove useful in identifying high-risk lung cancer patients. 

Classifi cation and Prognosis
Accurate molecular classifi cation of the subtypes of NSCLC, for 
tumor staging and prognosis, may provide a new approach to 
tumor-specifi c therapies. Chen et al. reported a 5-gene signature 
that predicts survival among patients with NSCLC (Chen et al., 
2007). Sixteen genes were found to be associated with survival 
across training and test sets using DNA microarrays measuring 
672 previously identifi ed genes associated with invasive activity 
in invasive NSCLC cell lines (Chen et al., 2001).

A meta-analysis from seven different datasets to predict 
survival in patients with stage I NSCLC identifi ed genes that 
were common to the microarray platforms used in all seven 
datasets (Lu et al., 2006). A total of 197 samples with stage I 
NSCLC from fi ve of the seven datasets were used to identify 
a gene expression signature of 64 genes predictive of survival. 
The signature had higher classifi cation power compared to 
stage and was accurately predicted survival in the two datasets 
not used to develop the signature.

Whole-genome gene expression microarrays on fro-
zen tumor samples from 172 NSCLC patients (pT1-2, N0-1, 
M0) in fi ve European institutions were used to develop a 72-
gene expression prognostic NSCLC classifi er (Roepman et al., 
2009). Based on the classifi er score, patients were classifi ed as 
either high or low risk of disease recurrence. Patients classifi ed 
as low risk showed a signifi cantly better recurrence-free sur-
vival, both in the training set and in the independent validation 
set. Genes in the prognostic signature were strongly enriched 
for genes associated with immune response.

Recently in a large retrospective, multi-site, blinded study, 
Shedden et al. analyzed the performance of several prognostic 
models in 442 lung adenocarcinoma specimens collected from 
four different institutions (Shedden et al., 2008). Eight prog-
nostic classifi ers and classifi ers based on the work of Potti et al. 
(2006) and Chen et al. (2007) were developed and evaluated 
on training and test subsets. The results varied, but the inclu-
sion of clinical covariates improved the performance of most 
classifi ers, and a small subset of the classifi ers performed well 
across both tests sets when trained across all stages or stage I 
samples. The study presents a framework for conducting 
large studies to test gene expression signatures and illustrates 
the challenges associated with developing a prognostic gene 
expression signature for clinical application.

Pathogenesis and Treatment
Chemotherapy-resistance is common in cancer and biomarkers 
that identify chemotherapeutic-specifi c lung cancer subtypes 
may improve prognosis through use of individualized treat-
ments. Hsu et al. (2007) developed predictors of cisplatin (a 
fi rst line agent) and pemetrexed (a second line agent) sensitivity 
using the NCI-60 data and data from Gyorffy et al. (2006). The 
authors found an inverse correlation between in vitro  cisplatin 
and pemetrexed sensitivity, and between the likelihood of cis-
platin and pemetrexed response in patients.

In a recent study, gene set enrichment analysis was used 
to associate pathways with chemotherapy resistance in two data 

 Establishing tumor banks to study the molecular phenotype 
of patients who are sensitive and resistant to therapy in order 
to identify the appropriate patients to treat is therefore crucial. 
Recently, gene expression signatures from tumor biopsy specimens 
have been developed that can predict sensitivity to individual 
chemotherapeutics. Furthermore, these chemotherapy response 
signatures are being integrated with signatures of oncogenic path-
way deregulation to potentially identify new therapeutic strategies 
( Potti et al., 2006a, b ). The considerable potential of using gene 
expression profi ling of tumors to defi ne causal molecular path-
ways and potential therapeutic targets for individuals is summa-
rized in a recent review from Nevins ’  group ( Bild et al., 2006a ).   
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sets: the NCI-60 cancer cell lines deemed sensitive and resist-
ant to specifi c chemotherapeutic agents and a series of 40 lung 
cancer cell lines for which sensitivity to cisplatin and docetaxel 
was determined. Analysis of the lung cancer cell lines identifi ed 
the bcl-2 pathway to be associated with cisplatin resistance and 
the AKT pathway enriched in cisplatin- and docetaxel-resistant 
cell lines. Results from Connectivity Map supported an associa-
tion between phosphatidylinositol 3-kinase/AKT and docetaxel 
resistance and targeted inhibition of the phosphatidylinositol 
3-kinase/AKT pathway, in combination with docetaxel, 
resulted in a synergistic effect in previously docetaxel-resistant 
cell lines. These results support the use of a genomic approach 
to identify drug-specifi c targets associated with the develop-
ment of chemotherapy resistance (Riedel et al., 2008).

Conclusion
The contributions of modern genomic technologies, particu-
larly those that provide measures of global gene expression, are 
depicted in Figure 34.4. Gene expression profi ling provides 
a new approach to assessing risk of developing lung cancer, 
potential tools for early diagnosis, new approaches to determin-
ing prognosis and oncogenic pathways that will lead to indi-
vidually targeted therapies. Combined with genome-wide SNP 
screens that hold the promise of determining heritable predis-
positions to developing lung cancer and defi ning pathway-based 
phamacogenomics, there is promise that lung cancer may no 
longer be the number one cause of cancer death in the world.
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have a high probability of recurrence or metastases and there-
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  INTRODUCTION    

 Patient Presentation 
 Soon after her 55th birthday Joan Smith has her fi rst screening 
mammogram. Her radiologist notes a small, 1       cm radiodensity 
associated with microcalcifi cations in the upper outer quadrant 
of her right breast. She cancels a planned vacation and spends 
her next week in and out of appointments with surgical, medi-
cal, and radiation oncologists. During the many hours she spends 
in clinic waiting rooms, she sees many women who share her 
fears and uncertainty. Some are younger, some older. Some are 
black, some white. The women she sees cover the range of size, 
shape, and race, but all share similar apprehensions about what is 
in store for them. Later, her core needle biopsy reveals an inva-
sive carcinoma. From this point, Mrs. Smith is funnelled into a 
choreographed series of steps. Her surgeon performs a lumpec-
tomy, the radiation oncologist begins planning her outpatient 
radiotherapy, and the medical oncologist initiates her chemothe-
raphy Herceptin treatments. 

 In spite of the variety of women Mrs. Smith sees in the 
clinic waiting rooms, the treatment they undergo are gener-
ally variations on a theme. For the most part, the diagnostic 
and therapeutic maneuvers they undergo are validated by large 
studies such as NSABP B-13, B-14, and B-21 or HERA (Table 
35.1). All of these studies are established  “ dogma. ”  They represent 
the best available evidence in treating women with breast can-
cer. The approach her doctors take is algorithmic; she is carried 

stepwise through a sequence of steps according to what is best 
supported in medical literature.             

 A patient support group becomes a source of great comfort for 
Mrs. Smith. There she learns of the revolutionary impact of estro-
gen blockade for hormone receptor-positive tumors, and Herceptin 
for HER2-positive tumors. Each member has a unique story 
to tell about her struggle with the disease; yet ironically, many of 
them have followed the same path in diagnosis and treatment. How 
is that, Mrs. Smith wonders? There is one woman in the group, 
Mrs. Brown, who was diagnosed with a small cancer 6 years ago, 
had a lumpectomy with clear margins and a negative axillary node 
dissection, yet she is now struggling with metastasis to her spine. She 
was initially told that her prognosis was quite good. Having been 
told the same thing, Mrs. Smith wonders what are the odds that she 
will fi nd herself in the same situation at a time she will be looking 
forward to grandchildren and retirement? If Mrs. Brown’s physicians 
could have foreseen her recurrence, how might they have used this 
information? Would they have treated her differently? In 8 cases out 
of 10, the standard treatment would have suffi ced and cured her of 
disease, but this is little comfort to Mrs. Brown who proved to be 
among the 2 out of 10 exceptional cases.  

  THE PROMISE 
 Experiences like Mrs. Smith’s are shared by more than 200,000 
women in the United States yearly. And every year more than 
40,000 of such women die from breast cancer – the second 
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leading cause of death among females ( Jemal et al., 2006 ). As the 
most common cancer diagnosis in women, one out of every six 
American women will confront breast cancer during her lifetime. 
The disease is more common in industrialized Northern America 
and Europe and is rising in developed Asia ( Cheng et al., 2000 ). 

 In the past 30 years, mortality has decreased as screening 
mammography has become common practice. Screening mam-
mography is a surveillance measure for clinically occult disease 
consisting of two views of each breast for asymptomatic women. 
Standardized criteria known as the BI-RADS (breast imag-
ing reporting and data system) implemented by the American 
College of Radiology aid clinical decisions based on identifi ed 
masses, their morphology and calcifi cations, their size, number, 
and morphology. 

 Not without some controversy, studies best support the 
notion that screening impacts mortality for women 50 years-old 
and greater, decreasing mortality by 20–30%, while strong evi-
dence suggests similar mortality reduction in 40–49-year-old 
women. Current recommendations from the National Cancer 
Institute, American Cancer Society, and the US Preventative 
Services Task Force are that women between 40 and 50 years 
seek screening every 1–2 years with annual exams after 50. 

 Concomitantly, as more women have historically sought 
screening, incidence has increased due to broader detection, 
with the largest component of this increase being early Stage I 
cancers ( Chu et al., 1996 ). 

 Risk factors include (1) Gender: 99% of breast cancers are 
found in women. (2) Age: incidence increases with age until 
menopause, when it plateaus ( Peto et al., 2000 ). (3) Race: the 
diagnosis is more common among Caucasians, followed by 
African Americans, then Hispanic and Asian Americans ( Jemal 
et al., 2006 ). (4) Family history, for which two factors domi-
nate: number of fi rst degree relatives and age. The presence of 
a fi rst degree relative diagnosed at a younger age ( � 40 years) 
essentially doubles one’s risk compared to having an elderly 
relative with breast cancer ( Collaborative Group on Hormonal 
Factors on Breast Cancer, 2001 ). Familial breast cancers are esti-
mated to comprise approximately 10% of breast cancers; hence, 
the large majority of breast cancers are sporadic events. (5) 
Hormonal status: a well-accepted risk modifi er. Patients such as 
women with early menarche and late fi rst full term pregnancy 
who have longer exposure to estrogen demonstrate higher risk, 
while those with shorter lifetime exposure are at reduced risk 
( Clemons et al., 2001 ).  

T A B L E  3 5 . 1   Large Clinical Trials for Management of Breast Cancer.

Trial Treatment Outcome

NSABP B-04 Total mastectomy versus total mastectomy with XRT versus 
radical mastectomy

No signifi cant difference in disease-free or 
overall survival rates

NSABP B-06 Total mastectomy versus lumpectomy versus lumpectomy 
with XRT

No signifi cant difference in disease-free or 
overall survival rates; addition of XRT to 
lumpectomy reduced local recurrence rate 
from 39% to 10%

NSABP B-13 Surgery alone versus surgery plus adjuvant chemotherapy in node-
negative patients with estrogen receptor-negative tumors

Improved disease-free survival rate for 
adjuvant chemotherapy group

NSABP B-14 Surgery alone versus surgery plus adjuvant tamoxifen Improved disease-free survival rate with 
adjuvant tamoxifen group

NSABP B-18 Neoadjuvant chemotherapy with doxorubicin, cyclophosphamide, 
or both for 4 cycles versus the same regimen given postoperatively

No signifi cant difference in overall survival or 
disease-free survival rates (53% and 70% at 
9 years in postoperative group and 69% and 
55% in the preoperative group)

NSABP B-21 Lumpectomy plus tamoxifen versus lumpectomy plus 
tamoxifen plus XRT versus lumpectomy plus XRT for none-
negative tumors �1 cm

Combination of XRT and tamoxifen was 
more effective than either alone in reducing 
ipsilateral breast tumor recurrence

NSABP B-27 Neoadjuvant chemotherapy comparing AC � 4 cycles then 
surgery versus AC � 4 cycles, docetaxel � 4 cycles then surgery 
versus surgery between 4 cycles of AC and 4 cycles of docetaxel

Groups I and III were combined and 
compared with group II; clinical and 
pathological complete response rates 
increased signifi cantly among patients who 
received preoperative AC and docetaxel

NSABP B-32 SLN biopsy followed by axillary dissection versus SLN biopsy 
alone for clinical node-negative patients

SLN indentifi cation rate was similar in both 
groups, accuracy was high for both, negative 
predictive value was high for both

SLN: sentinel lymph node; Reproduced from Anderson, Surgical Oncology Handbook, 4th edition, 39–40.
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  GENETIC BASES 
 Genes implicated in familial breast cancers are classically the 
BRCA1 and 2 tumor suppressors, as well as the ubiquitously 
signifi cant p53 proto-oncogene. Ashkenazi Jews, for exam-
ple, are known to have specifi c BRCA1 mutations at a much 
higher frequency than other populations. This is attributed to a 
founder effect when the population of Ashekenazim was small. 
As groundbreaking their discovery has been, the BRCA genes 
account for a narrow segment of the disease. 

 BRCA1 and 2 gene products are involved in DNA repair 
of double-stranded breaks. This normally occurs via homolo-
gous recombination. In the absence of normal BRCA1 and 2 
activity, cells demonstrate morphologically abnormal chromo-
somes attributed to impaired replication. Clinically, mutation 
of these genes is responsible for 5–6% of all breast cancers and 
a signifi cant portion of inherited breast and ovarian cancers 
( Venkitaraman, 2002 ). 

 Unfortunately, multiple mutations of these loci are implicated 
in breast cancer, and widespread testing is controversial in its cost-
effectiveness even for patients with suggestive family histories. 
With a cost of over $3000, most recommendations for primary 
care providers involve genetic counseling before ordering a test. 

 If testing is performed and a patient demonstrates a signifi -
cant mutation, the options include: (1) prophylactic mastectomy, 
which is estimated to reduce risk of developing breast cancer 
between 90% and 95% ( Hartmann et al., 1999 ;  Rebbeck et al., 
2004 ). Or (2) surveillance with yearly mammograms and MRI 
scanning. Clearly, when indicated and when providing useful 
results, BRCA testing provides information that may be acted 
upon and impacts developing breast cancer. 

 Other Mendelian disorders include mutation of the p53 
tumor suppressor. Familial mutations are associated with Li-
Fraumeni syndrome for which there is high penetrance for 
breast cancer. Epistatically related is mutatiom of an activator of 
p53, ATM, which results in Ataxia-Telangiectasia, a syndrome of 
cerebellar ataxia, immune defi ciencies, and oculocutaneous tel-
angiectasias associated with elevated propensity for malignancies, 
including breast cancer. Other germline mutations include those 
of the PTEN gene, a tumor suppressor whose mutation results 
in Cowden syndrome manifest in mucocutaneous hamartomas, 
dermatologic abnormalities and early onset thyroid and breast 
cancer. And Peutz-Jeghers syndrome, secondary to mutation of 
STK11, results in gastrointestinal hamartomatous polyps and 
mucocutaneous pigmentation and increased risk for malignan-
cies, including breast. 

 The sporadic derangements that contribute to 90% of the 
remaining breast cancer cases are little understood.  

  MOLECULAR BASES 
 Molecular characteristics of breast tumors that have accepted 
predictive and prognostic impact in breast cancer include hor-
monal status and HER2. 

 Observations of the linkage between hormonal status and 
breast cancer date back to the late 19th century. This, in com-
bination with the modern concept and discovery of the estro-
gen receptor has led to the paradigm of estrogen modulation in 
managing receptor-positive breast cancers. Hormonal status is 
predictive and arguably prognostic. Multiple studies indicate that 
the presence of estrogen receptors in breast tumors is strongly 
predictive of response to hormonal therapy, while an over-
whelming minority of receptor-negative tumors  demonstrate 
response ( Bezwoda et al., 1991 ;  Manni et al., 1980 ). Estrogen 
receptor-positive tumors tend to be more well-differentiated by 
histopathologic criteria and demonstrate lower rates of recur-
rence at 5 years. This paradigm demonstrates the profound clin-
ical impact that a single clinical marker can have on managing 
a disease. 

 The importance of molecular markers is reinforced by 
the fi nding that amplifi cation of HER2 in breast tumors has 
negative impact on survival and relapse ( Slamon et al., 1987 ). 
Approximately one-fi fth of tumors are found to overexpress 
this member of the epidermal growth factor receptor fam-
ily. Studies also suggest that such overexpression predicts 
improved response to anthracycline-based chemotherapy ( Thor 
et al., 1998 ;  Pritchard et al., 2006 ). Though there is laboratory-
based  evidence that there are intersections between hormone-
mediated pathways and HER2-based pathways, the clinical 
impact of overexpression in predicting response to hormone 
modulation is equivocal. 

 In any case, directed therapy against HER2 with 
Trastuzumab (Herceptin), a humanized monoclonal antibody to 
the receptor, represents a signifi cant advance in identifying key 
molecular characteristics of a tumor and designing a therapy 
based on these data. 

 The apprehension that Mrs. Smith feels is refl ective of the 
current state of breast cancer treatment. Accepted treatment 
modalities have gone a great distance to improve the care and 
outlook of breast cancer patients, but they do not take account 
of the heterogeneity of individual tumor biology. While AJCC 
cancer staging is undoubtedly useful for making treatment deci-
sions, there are many cases where a presumably low-risk patient 
who receives defi nitive therapy develops recurrent disease, and 
cases where patients with presumably advanced tumors survive 
longer than expected. HER2 and estrogen and progesterone 
receptor status prove that understanding molecular aspects of 
someone’s disease can dramatically impact their treatment; yet 
therapy tailored to the full spectrum of molecular biology in a 
patient’s individual tumor is still a promise rather than a real-
ity. The full complexity of biologic response to treatment does 
not stop with individual tumors, superimposed on these are the 
differences in how a patient responds to treatment. One to 4% 
of women who receive the Herceptin monoclonal antibody 
develop congestive heart failure, and 10% experience signifi cant 
decrease in cardiac function ( Chien, 2006 ). 

 The ultimate goal of all medical interventions, whether for 
cancer or essential hypertension, is to tailor therapy to the indi-
vidual patient and her manifestation of disease. The current state 



of the art is in designating a patient as being part of a popula-
tion rather than as a unique individual. Our patient Mrs. Smith, 
by St Gallen’s criteria, is a member of a low-risk population 
when using anatomic and pathologic parameters such as tumor 
size or axillary node status, but how she will fare based on the 
inherent properties of her particular manifestation of disease is 
unknown to us. As she enters a treatment system that is pro-
tocol-bound, Mrs. Smith wants desperately to feel as if she 
were being treated based on the behavior of her own can-
cer – that her treatment is calibrated according to her biology. 
Unfortunately, cancer care as it stands today is not amenable to 
fi ne gradations in biology because there are no technical means 
to identify such molecular particularities. In theory, the richness 
and diversity of information about a tumor that genome-scale 
technology provides is truly refl ective of the biology of a par-
ticular tumor. This will provide an avenue, among others such as 
proteomics, to reaching the ultimate goal of individualized can-
cer treatment.  

  PROGNOSIS AND PREDICTION 
 Oncologic therapy is an exercise in minimizing morbidity and 
maximizing effi cacy. In order to accomplish this, one needs 
to calibrate treatment, which is often morbid, with extent or 
aggressiveness of disease. Consequently, staging methods provide 
standardized criteria for measuring the anatomic extent of dis-
ease. National and international cancer organizations embrace 
these clinicopathologic yardsticks with the hope that clinicians 
can use them as universal standards for prognosis, treatment, 
and outcomes. Staging is anatomic and pathologic: tumor size, 
number of regional nodes, and the presence of metastasis are the 
sole components of the TNM system. This refl ects a historical 
understanding of cancer beginning in one location, spreading 
locally, then accessing lymphatics or invading vascular struc-
tures. Implicit in this is that anatomic extent is a surrogate for a 
tumor’s behavior. It is generally accepted as a fi rst approximation 
that more aggressive tumors will manifest themselves at the time 
of diagnosis by the presence of lymph node metastasis, invasion 
into surrounding tissues or by distant metastases; while more 
indolent tumors are likely small and restricted to their site of 
origin. 

 Obviously, the weakness of TNM staging is this very assump-
tion. While the TNM system serves admirably for allowing
clinicians to gauge how aggressive treatment should be to how 
advanced or aggressive a particular patient’s disease. Most clini-
cians acknowledge that it is a surrogate, an approximation of 
tumor behavior. For instance, modern practice has discarded 
removal of the pectoral muscle from Halsted’s radical mastec-
tomy as originally described, because this aggressive approach 
to local control ultimately does not save any more lives than 
the  “ modifi ed ”  radical procedure that spares the muscle. The 
biology of breast cancer suggests that some point of its natural 
history involves leapfrogging past adjacent tissue – that it 
becomes a systemic disease. And at the time of surgery, clinicians 

simply concede their inability to gauge whether micrometas-
tasis has already occurred when there is no gross evidence of 
invasion. Likely for this reason, while most women with cura-
tive resections of small tumors and negative axillary nodes are 
considered cured, a signifi cant fraction returns years later with 
metastatic disease.  

  MOLECULAR MARKERS 
 Hormone receptor status and presence of HER2 represent 
molecular markers that undoubtedly impact breast cancer clini-
cal management. The power of adjuvant and neo-adjuvant 
therapies directed against these entities suggests that therapies 
specifi cally directed against growth pathways, whether actu-
ated by hormones or oncogenes (or both) can provide indi-
vidualized therapy for the characteristics of a specifi c tumor. 
A natural outgrowth of this thinking is that identifying more 
molecular markers will highlight more pathways and more ave-
nues for developing specifi c therapies. Until recently, there were 
no technically facile methods to survey and identify differ-
entially expressed genes. Classical molecular biology required 
a hypothesis and painstaking analysis on a gene-by-gene basis. 
A graduate or post-doctoral fellow might spend a year assaying 
the acti-vity of a handful of genes by transferring them to nylon 
membranes and  “ blotting ”  them with radioisotopes to generate 
a hundred datapoints. With the draft completion of the Human 
Genome Project, microarrays represent a viable technology 
for analyzing the activity of several orders of magnitude more 
genes. 

 Microarrays are technological descendents of the Southern 
blot. Fixing a nucleic acid to a substrate provides a method for 
taking advantage of complimentary hybridization and various 
fl uorescent or radioactive tagging schemes to establish the pres-
ence and abundance of a particular nucleic acid sequence from 
a sample. What a Southern or Northern blot can do for a hand-
ful of sequences, a microarray can do in multiplicity. The greater 
the number of distinct nucleic acids sequences represented on 
an array, the broader the survey of the genes being expressed 
in a tissue at the time it is harvested. Therefore tagged substrate 
derived from RNA harvested from a particular tumor when 
hybridized to an array can provide an estimate of how actively 
genes are being expressed at the time of harvesting. Technology 
has merely provided a complete genome sequence and the 
means to increase the physical density of sequences to a point 
where many thousands of sequences can be assayed in a timely 
manner. 

 Current generation arrays encompass most of the human 
genome. Therefore the scale of data provided by microarray 
experiments expands by orders of magnitude from the 100s 
available with traditional molecular biology, to the hundreds of 
thousands or even millions afforded by genome-scale assays. This 
explosion of data requires methods to analyze it. Researchers are 
embracing many methodologies for contending with data on 
such a large scale.  
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  GENOMIC INSIGHTS 

  Individual Tumors are Identifi able in Principle 
 A variety of studies in the late 1990’s and early 2000’s demon-
strated that microarray data from neoplastic tissues provided suf-
fi cient information to distinguish biological differences. Work 
from investigators such as Golub or Alizadeh respectively dem-
onstrated not only that hematologic malignancies such as AML 
and ALL might be distinguished by  “ class prediction ”  tools, but 
that genome-scale microarray data could differentiate between 
chemotherapy-responsive and unresponsive large B cell lym-
phomas even if they were microscopically indistinguishable 
( Alizadeh et al., 2000; Golub et al., 1999 ). 

 Extending on this work, investigators soon realized that 
the richness and complexity of microarray data could provide 
 “ molecular portraits ”  of breast tumors. These portraits were so 
variegated and distinct that patterns of gene expression data 
from tumors after the presumed seismic changes of chemo-
therapy possessed enough of the characteristics of the tumors 
before therapy to be traced back to original patient. This fi nding 
held true when comparing a single individual’s primary tumor 
and tissue from a lymph node metastasis. When using hierarchi-
cal clustering schemes, gene expression patterns from an indi-
vidual, whether from tumor samples taken before chemotherapy 
or after, or from an individual’s primary tumor and lymph node 
metastases, were more similar to one another than to samples 
between individuals, suggesting that genome-scale expression 
data possesses enough information to characterize an individual’s 
particular tumor, even after the changes in that particular tissue’s 
biology represented by exposure to doxorubicin or metastasis to 
a new microenvironment ( Sorlie et al., 1999 ). 

 From a technical standpoint, this fi nding supports that vary-
ing expression levels of RNA even when derived from samples 
taken at different times from the same patient represent genuine 
biology about that patient. It is how to interpret these data and 
rigorously link biology with these  “ pervasive ”  gene expression 
patterns, as the authors put it, that continues to be the subject of 
active investigation.  

  Luminal and Basal Tumors 
 A follow-up study from the same investigators demonstrated the 
expression data derived from ER-positive tumors fell into two 
categories, Luminal A and B, while estrogen receptor-negative 
tumors also possessed distinct patterns and could be classifi ed as 
Normal, Basal-like and Her2-related. More importantly, these clas-
sifi cations corresponded to clinical differences between patients. 

 The term  “ luminal ”  was applied to ER-positive tumors 
because ER-responsive genes such as trefoil factor 3, LIV-1, 
and GATA-binding protein thought to typify luminal epithe-
lium were well represented. The distinction between Luminal 
A and B lay in lower expression of ER-responsive genes in 
the B subgroup. Particularly compelling were differences in 
survival between women whose breast cancers fell into either 

of these taxonomies. Women classifi ed as having Luminal A 
tumors tended to have better prognosis than those with Luminal 
B. Carrying the analysis further, patients with Basal-like and 
Her2-related tumors had poorer prognosis than either Luminal 
subtype with Her2-related tumors possessing the steepest 
Kaplan-Meier curves. 

 This type of study suggested that gene expression data could 
highlight subtle and clinically signifi cant differences between 
breast tumors in a manner that can extend on conventional his-
topathologic diagnosis. It also demonstrated that a link might be 
drawn between the clinical behavior of a tumor and the patterns 
of gene expression within it ( Sorlie et al., 2001 )  (Figure 35.1).      

  NETHERLANDS CANCER INSTITUTE 
STUDY 
 A prominent application of genome-scale expression studies 
to prognostication is a study of 78 tumors from lymph node-
negative patients younger than 55 from the Netherlands Cancer 
Institute. A 70-gene classifi cation signature was developed for 
distinguishing patients with poor prognosis defi ned as recur-
rence or metastasis within 5 years from patients with good prog-
nosis (disease-free survival up to 5 years). 

 This study was promptly followed with a validation of this 
same signature in a more diverse group of tumor samples from a 
patient group with a mixture of lymph node positive and nega-
tive stage I and II disease. The classifi er performed very well in 
patients with good prognosis; at 5 years it correctly identifi ed 
95% with distant metastasis-free disease. When taken out to 10 
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Figure 35.2  The Mammaprint 70 “prognosis classifi er genes” across 295 consecutive patients.
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years, 85% of patients were correctly classifi ed. When applied to 
poor prognosis, however, its predictive capabilities were less sat-
isfying. Five year accuracy was only 61%. By 10 years, this rate 
had declined to 51% ( van de Vijver et al., 2002 ). 

 Accordingly, an EORTC-sponsored prospective rand-
omized clinical trial based on this classifi er, titled MINDACT 
(Microarray for Node Negative Disease May Avoid 
Chemotherapy), is in accrual in Europe. Its primary focus is 
assessing whether patients with clinically high-risk disease, 
whose 70-gene classifi er suggests that they should actually 
be in a low-risk category can be  “ safely spared chemother-
apy without affecting distant metastasis-free survival. ”  Such 
a study represents the logical next step after numerous ret-
rospective studies of relatively limited numbers of patients. 
It should be noted in this particular approach is that gene 
expression data and clinical parameters are placed in opposing 
camps. 

 In the United States, the 70-gene signature is now approved 
for marketing by the Food and Drug Administration as 
MammaPrint. It is not yet available for clinical use ( Figure 35.2)   .  

  DUKE-TAIPEI STUDY 
 In a similar vein, a collaborative study involving investigators at 
Duke University and the Koo Foundation Sun Yat-Sen Cancer 
Center takes a different approach to using gene expression data 
to develop classifi ers for understanding lymph node metastasis 
and 3-year recurrence in 89 cases. Lymph node status being the 
strongest clinical predictor of prognosis in breast cancer, it was 
used as a proof-of-principle for using gene expression data in 
breast cancer. 

 Rather than utilizing a single classifi er, their analysis is based 
on multiple classifi ers or  “ metagenes ”  that are used in aggregate 
via recursive partitions of the sample set. In other words, a single 
classifi er metagene may correctly separate a large part, but not 
all of a dataset into lymph node positive or negative patients, 
and by successively  “ partitioning ”  the data with additional clas-
sifi ers, the prediction of lymph node status is sharpened. A fi nal 
predictive model is ultimately a composite of many different 
metagenes or classifi ers. An additional advantage to such an 
approach is that metagenes provide a basis to understand the dis-
parate biological processes in lymph node metastasis rather than 
attempting to compress a complex biological phenomenon into 
a single classifi er. 

 Using this methodology, appropriately identifying whether 
a patient was likely to be lymph node positive or negative was 
achieved 90% of the time. Extending the analysis to recurrence 
at 3 years after diagnosis demonstrated similar accuracy ( Huang 
et al., 2003a, b )  (Figure 35.3)   .  

  NSABP STUDY 
 Members of the NSABP focused their attention on under-
standing distant recurrence in patients with node-negative, 

0.20(a)

0.15

0.10

0.05

0

32
11

5

7

10

18 16

15

3

1

12 4
9

14
13

128
679

17

26

34
2535 31

222029
23
37
2736

30

2128

33

24

M
et

ag
en

e 
14

6

	0.05

	0.10

	0.15

	0.20

	0.2 	0.1 0

Metagene 330

0.1 0.2

0.20(b)

0.15

0.10

0.05

0

M
et

ag
en

e 
14

6

	0.05

	0.10

	0.15

	0.20

	0.2 	0.1 0

Metagene 130

0.1 0.2

223420
2535 29

31 23
37212827

30 33 32

24

36

4

19 8

13

6
12

174 15
5

10

16

3

1

18

7
14

2

11
35

9

0.20(c)

0.15

0.10

0.05

0

M
et

ag
en

e 
33

0

	0.05

	0.10

	0.15

	0.20

	0.2 	0.1 0

Metagene 130

0.1 0.2

32
26

2534
35

2833
31

24
21

37292627302022 35

1

8

16

9
19 8

13
12

6
4
1715 214

1018

5 7

11
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in red, while low risk are in blue. Note how different metagenes 
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estrogen-receptor positive breast cancers. Successfully making 
this prediction could potentially obviate chemotherapy for the 
85% of patients for whom tamoxifen after surgery is suffi cient 
for preventing 10-year distant recurrence. In a departure from 
many such studies, the investigators use RT-PCR from paraf-
fi n-embedded samples up to 10 years old. Their assay consists of 
a set of 21 genes (including 5 reference genes) derived from an 
original set of 250 genes studied across three previous investi-
gations. Their selection was based on their technical robustness 
in the process of RT-PCR and their performance as predic-
tors. Genes within this set included known proliferation and 
cell cycle entities, as well as genes linked to tissue invasion and 
estrogen. An empirically derived  “ recurrence score ”  from these 
RT-PCR data determines whether a patient is low, intermediate, 
or high risk based on data from three training studies includ-
ing samples from NSABP B-20 (Figure 35.4). Clinical data from 
this last study were used to establish the cutoff points for each 
of these recurrence categories. As applied to 668 samples in the 
NSABP collection, the investigators tested several hypotheses: 
fi rst, whether the a low recurrence score accurately anticipated 
whether a patient would be free of distant recurrence more 
than 10 years after surgery, and whether there were a statisti-
cally signifi cant relation between these two. By these criteria, in 
the setting of predicting 10-year recurrence in a population of 
node-negative, estrogen-receptor positive women, the recurrence 
score was accurate. In comparison to traditional clinical risk fac-
tors such as age and tumor size, the score demonstrated a higher 
degree of statistical signifi cance ( Paik et al., 2004 ). This predictor 
(commercialized as the Oncotype Dx assay by Genomic Health), 
is being validated in a Phase III trial (TAILORx Breast Cancer 
Trial) sponsored by the National Cancer Institute and guided by 
the Eastern Cooperative Oncology Group. 

 The trial will analyze whether patients within a low to 
intermediate risk range will benefi t from addition of chemo-
therapy to hormonal therapy; and whether a particular threshold 
recurrence score can be used to anticipate whether chemother-
apy would be benefi cial or not. Patients below the risk range will 
receive hormonal therapy alone, while patients above this range 
will receive combined chemotherapy and hormonal therapy. 
Patients in the risk range will be randomized to hormonal ther-
apy alone versus combined therapy. 

 As this trial accrues, Oncotype DX is fi nding use among 
medical oncologists on a day-to-day basis to inform the process 
of placing estrogen-receptor positive, node-negative patients on 
chemotherapy ( Figure 35.4).     

  PATHWAY PREDICTION 
 Another promising application of genome-scale information is 
for pathway prediction. Early pilot studies indicated that overex-
pression of oncogenic activities in cell culture could evoke tran-
scriptional profi les that both predicted and quantifi ed oncogenic 
pathway activation in a fashion robust enough to be applied
 in vivo  and appropriately identify the dysregulated activities 
evoking tumorigenesis in transgenic mouse models. 

 This provides a facile approach to interrogating the poten-
tially numerous growth activation, local invasion, metastatic, 
and oncogenic pathways that may be present in breast cancer. 
Analysis of the effects of chemotherapeutic drugs on lung can-
cer and breast cancer tissue culture lines suggest that this strategy 
identify metagenes that appropriately predict response to phar-
macologic intervention ( Huang et al., 2003a, b ;  Bild et al., 2006 ); 
 Potti et al., 2006 ). This line of work will potentially provide cli-
nicians tools based on tumor biology to decide whether patients 
for whom the decision to institute chemotherapy is equivocal 
by conventional clinico-pathologic criteria should undertake the 
toxicities of systemic therapy for maximal benefi t.  

 THE REALITY OF CLINICAL 
GENOMICS 
 At this point in its development, the application of gene expres-
sion analysis to clinical decision-making in breast cancer is 
promising. The studies outlined above provide good evidence 
that genomics can potentially unmask the molecular particu-
larities of a woman’s breast cancer, but until the time-tested 
standard of a randomized, prospective trial actually validates this 
possibility, it remains only a promise. 

 There is little doubt that the massively multivariate data 
provided by genome-scale expression analysis of breast tumors 
potentially revolutionizes our understanding and our clinical 
approach to breast cancer. This depends on robust and reproduc-
ible measurement of the expression of thousands of genes. Yet at this 
point in time, it is arguable that microarray data alone are neither 
robust nor reproducible. The strong movement to using RT-PCR 
data on a handful of selected genes, as with the Oncotype DX 
product from Genomic Health, Inc. is a byproduct of skepticism 
about the consistency of genome-scale expression data derived 
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from microarrays. On the other hand, 5 years of experience with 
gene expression data demonstrate that their richness and com-
plexity are concordant with the heterogeneity of cancer biology. 
Even early studies with a limited number of genes being studied–
with fi rst generation methodologies for interpreting expression 
data–show that there are pervasive expression patterns that unam-
biguously link a tumor to a single individual regardless of whether 
samples were taken before or after chemotherapy. 

 Many groups ultimately treat microarrays as a convenient 
screening tool for developing a restricted subset of genes that 
can be used as a predictor for a single outcome measure. Among 
the best known, the 70-gene predictor that is currently being 
tested in European clinical trials, and the 21-gene RT-PCR 
Oncotype DX assay that is currently commercially available to 
patients, divide patients into two to a few subgroups. Dividing 
patients into a  “ high risk ”  versus  “ low risk ”  groups, while repre-
senting a potential refi nement in clinical decision-making, does 
not do justice to the potential of gene expression data. 

 The strongest challenge to such methodology is that further 
study of the dataset that produced the 70-gene predictor by an 
independent group reveals that there are many 70-gene predic-
tors utilizing different genes that can predict risk with no less 
accuracy ( Ein-Dor et al., 2005 ). If this is the case, why choose a 
particular group of 70 genes? It is tempting to take this analysis 
as evidence that the fi eld need be reassessed and that predictors 
based on microarrays merely represent an arbitrary choice of 
what genes to include. 

 On the other hand, a new study in which data from 295 
patients were analyzed utilizing previously published prognostic 
and predictive gene expression models showed that there was a 
remarkable degree of  “ concordance ”  – similar classifi cation abil-
ity – between models even when the gene sets diverged signifi -
cantly. The authors concluded that similar biological phenotypes 
were being tracked, even if constituent genes in a particular clas-
sifi cation scheme might differ ( Fan et al., 2006 ). Such a fi nding 

suggests a different interpretation: one may approach the data by 
extending the analysis beyond making prediction on a single out-
come. Surely a group of patients can be divided into  “ high risk ”  
versus  “ low risk ” , luminal versus basal, high probability for recur-
rence or low, and surely multiple gene expression-based models 
do equally well in making such divisions. So what does the pres-
ence of so many essentially  “ indistinguishable ” predictors mean? 

 Where the answer lies is in the fact that the questions being 
asked may be extended further. If microarrays afford one a 
dataspace of thousands of patients and hundreds and thousands 
of genes, why stop at one division of the data? Does a single 
classifi cation of  “ high risk ”  versus  “ low risk ”  do justice to the 
data? Why not apply every possible predictor to subdivide this 
complex dataspace as many ways as possible? In theory, by suc-
cessively applying different predictors to a group of breast cancer 
patients, one can segregate the set down to small, homogene-
ous groups of patients with individualized prognosis. One might 
argue that  “ similar biological phenotypes ”  is an oversimplifi ca-
tion. If one only wanted to divide a group of patients in two and 
stop, different gene expression models may perform similarly, but 
if one wanted to get at the biological particularities of particular 
patients, successive partitioning with different models (what our 
group would call metagenes) might carry us to that point. 

 Taking a step in this direction, one group found that a  “ core 
serum response ”  (CSR) profi le derived from analysis of quies-
cent fi broblasts stimulated with serum appeared to be a useful 
way to study the behavior of tumors ( Chang et al., 2004 ). By 
segregating a patient population into high risk and low risk fi rst 
with the 70-gene predictor, and then applying the CSR. They 
found that patients who were high risk in addition to having an 
active CSR signature, were at much higher risk for metastatic 
disease than those with an inactive or  “ quiescent ”  profi le. This 
method of successively partitioning genome-scale data maxi-
mizes one’s opportunity for using all the useful data present in a 
dataset ( Chang et al., 2005 ). 

2009 UPDATE

At the time of this update, the two largest prospective, ran-
domized trials for the application of gene expression sig-
natures in breast cancer – the TAILORx (OncotypeDX), 
and MINDACT (Mammaprint) trials – continue to accrue 
patients. As noted in the main chapter, these trials seek to iden-
tify presumably low-risk patients with early stage, lymph node-
negative disease who are at risk for recurrence. As such, the 
OncotypeDx and Mammaprint platforms, which both inter-
rogate a small subset of genes, are prognostic tests. Their intent 
is to unveil the discordance between a clinically low-risk phe-
notype and a molecular phenotype indicative of aggressive 
 biologic behavior and thereby optimize the risk-benefi t equa-
tion for using cytotoxic chemotherapy. These trials represent 
a critically important fi rst step in developing level I data for 
the day-to-day utility of gene expression indicators in clinical 
practice.

With the goal of tailoring a specifi c therapy to a spe-
cifi c breast cancer in mind, the decision point arrived at by 
the OncotypeDX or Mammaprint platforms does not specifi -
cally address how to tailor the treatment itself to the molecular 
characteristics of an individual’s manifestation of breast cancer. 
This is particularly relevant with the growing armamentarium 
of pathway-directed therapies such as receptor-targeted bio-
logics or Tyrosine Kinase Inhibitors.

One irony of breast cancer treatment is that, while modu-
lation of the estrogen pathway and targeting of the ERBB2 
(HER2) cell surface receptor represent landmark applica-
tions of growth pathway-directed therapies, large numbers of 
patients whose markers suggest that they should respond to 
these treatments possess disease that is unresponsive.

Evidence indicates that polymorphisms in loci related 
to the oxidative metabolism of Tamoxifen may explain why 



estrogen receptor-positive breast cancers “escape” the inhibi-
tory effects of Tamoxifen—a phenomenon long attributed to 
tumor resistance to estrogen pathway blockade. Patients with 
particular CYP2D6 polymorphisms demonstrate lower levels 
of Endoxifen, a potent metabolic product of Tamoxifen (Lim, 
et al., 2005; Tan, et al., 2008). As presented at the San Antonio 
Breast Cancer Symposium in 2008, retrospective subgroup anal-
ysis of the Austrian Breast and Colorectal Study Group-8 trial 
(a prospective trial evaluating treatment of post- menopausal 
women with estrogen receptor-positive breast cancers with 5 
years of Tamoxifen, or 2 years of Tamoxifen followed by 3 years 
of Arimidex (Anastrozole), an aromatase inhibitor) showed that 
women treated with Tamoxifen alone, who were also identifi ed 
to be “poor metabolizers” of Tamoxifen, had nearly four-fold 
increased risk for recurrence over “extensive metabolizers”. 
Interestingly, poor metabolizers who were randomized to the 
switch to an aromatase inhibitor and who had not developed 
a recurrence while on Tamoxifen experienced a normalization 
of their relative risk for recurrence (Goetz, et al., 2008). This 
particular example is illustrative of metabolic polymorphisms 
rather than intrinsic characteristics of the tumor itself that can 
explain heterogeneity in response to treatment.

While the HER2-NEU marker is an important prog-
nostic marker and identifi es patients who potentially benefi t 

from Herceptin (Trastuzumab), only a third of patients who 
demonstrate either ERBB2 amplifi cation or high HER2-
NEU expression at the cell surface respond to treatment. One 
explanation lies at the receptor level where there is evidence 
to suggest that some HER2-positive tumors may possess a 
truncation at the amino terminal that corresponds to impaired 
response to trastuzumab (Scaltriti et al., 2007). Another 
explanation lies in dysregulation of a downstream pathway. 
A functional genomic RNA interference (RNAi) screen for 
determinants of trastuzumab resistance has shown that PTEN 
is a dominant modifer of trastuzumab response. While PTEN 
mutations are only observed in a small minority of clinical 
samples, activating mutations of the upstream gene PIK3CA 
are more common and confer a similar resistance phenotype  
(Berns, et al. 2007).

Such data argue that tests that assess the functional sta-
tus of cancer-related pathways may ultimately prove more 
useful in the clinical arena than individual mutations. In this 
vein, tests that only measure a restricted subset of genes can-
not provide the depth of information needed to reconstruct 
the patterns of gene expression related to pathway activation. 
Genome-scale transcriptional profi ling is one strategy to carry 
currently available transcriptome-based technologies from the 
realm of the prognostic to the predictive.
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  INTRODUCTION   
 Over the next year, approximately 112,340 new cases of colo-
rectal cancer (CRC) will be diagnosed in the United States 
and over one million cases across the globe, making CRC one 
of the most common cancers worldwide ( ACS, 2007 ;  Curado 
et al., 2007 ). Accounting for 10% of cancer-related deaths, 
CRC is the third most common cause of cancer mortality in 
both men and women in the United States ( ACS, 2007 ). CRC 
occurs in all races and all peoples, but the rates vary among 
people with different racial and ethnic backgrounds. African 
Americans have an increased incidence and mortality of CRC 
compared to European Americans in the United States, while 
Hispanic Americans and American Indian/Alaskan Natives have 
the lowest incidence rates ( Ries et al., 2007 ). Survival rates also 
differ among racial/ethnic groups and are highly dependent on 
stage of disease at diagnosis; when the cancer is diagnosed at an 
early stage the 5-year relative survival can be as high as 90%. 
However, only about a third of all CRC cases are diagnosed in 
the early stages ( Jemal et al., 2007 ). Despite this dismal statistic, 
both CRC incidence and mortality rates have steadily decreased 
over the last two decades ( Ries et al., 2007 ). The simultaneous 
decline in these rates is most likely a refl ection of an increase 
in screening practices that interrupt the development of invasive 
cancer by removing benign colon polyps or early stage disease in 
screened individuals ( Burt, 2000 ;  Vogelaar et al., 2006 ;  Winawer 
et al., 2003 ). Screening may also decrease the incidence of CRC 

by reducing the time that the colon epithelium is exposed to 
potential environmental risk factors. 

 Many studies have shown that there are both genetic and 
environmental causes for CRC, as reviewed ( Giovannucci and 
Wu, 2006 ;  Potter and Hunter, 2002 ). Several inherited genetic 
syndromes that involve a high risk for CRC have been dis-
covered such as hereditary nonpolyposis colorectal cancer 
(HNPCC), familial adenomatous polyposis (FAP), and other 
rare inherited polyposis syndromes ( Rustgi, 2007 ). However, 
these syndromes taken together only account for 5% or less 
of all CRC diagnoses ( Figure 36.1   ;  Burt and Neklason, 2005 ). 
Important for public health is the approximately 15–20% of 
CRC cases with a family history of CRC and/or polyps ( Burt, 
1996a   ;  Sandhu et al., 2001 ). The family members in this group 
have an elevated lifetime risk for CRC, implying additional, yet 
undiscovered, genetic and/or common environmental suscepti-
bility factors underlying colon neoplasia. 

 The current theory of CRC causation states that multiple 
sequential mutations in cellular regulatory genes of the colon 
epithelium occur before an invasive cancer can develop ( Figure 
36.2   ;  Fearon and Vogelstein, 1990 ;  Vogelstein et al., 1988 ). This 
multi-step model of cancer development is also infl uenced by 
environmental factors, such as diet or smoking, and modifi er 
genes, which are presumed to additionally alter key cellular func-
tions. It is notable that much of the theoretical framework for 
understanding the root causes of carcinogenesis have stemmed 
from genetic and genomic research in CRC. A wider appreciation 
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 Figure 36.1         Genetic predisposition to CRC. The risk for CRC 
increases along a continuum; risk is lowest with a sporadic/
isolated family history ( � 75% of cases), moderate with clear 
positive family history of disease ( � 20% of cases), and highest in 
known monogenic inherited CRC syndromes ( � 5% of cases).    

of the multi-step phenomena, the pathways involved, and the global
epigenetic alterations in cancer were gained using a genomic 
viewpoint of disease causation. The increasing availability and 
affordability of genetic/genomic tools will only improve the 
diagnosis, screening, treatment, and monitoring of patients in the 
future. With broader application of these technologies, genomics 
will be the mainstay of personalized medical care, rather than a 
private application for the unique patient or family. 

 This chapter will review the current understanding of 
genetic predisposition, somatic genomic alterations and environ-
mental infl uences in the development of CRC. The application 
of genomic technologies for the patients with CRC or at risk 
for CRC will also be discussed. Lastly, the emerging genomic-
based technologies that promise to personalize and improve 
healthcare will be reviewed.  

  GENOMIC MODEL OF CRC 
 Most malignant tumors of the colon arise from an adenoma-
tous polyp, a benign growth of the colon that is easily identifi ed 
and removed using colonoscopic screening and biopsy methods. 
Seminal studies of colonic karyotypes demonstrated the adenoma 
to carcinoma sequence, in which specifi c chromosomal and/or 
genetic alterations correlated with progressive growth of colon 
tumors from benign adenoma to overt cancer ( Figure 36.2 ;
 Fearon and Vogelstein, 1990 ;  Vogelstein et al., 1988 ). In fact, two 
separate progression pathways for CRC development have been 
discovered and validated: (1) the chromosomal instability (CIN) 
pathway and (2) the mismatch repair pathway (MMR) pathway. 

The multi-step process of carcinogenesis is complex, involv-
ing as many as six discrete molecular clonal alterations in the 
adenomatous tissue over a period of 20 or more years before 
transforming into an invasive carcinoma ( Knudson, 2001 ).
The earliest step in the CIN pathway is a mutation in the APC 
gene, a key factor in the WNT/ � -catenin pathway, which is 
associated with the formation of small, microscopic clusters of 
proliferating cells called an aberrant crypt which then develops 
into a benign adenoma. About 15% of CRC have underlying 
errors in the mismatch repair (MMR) mechanism, identifi ed 
by microsatellite instability (MSI), loss of MMR proteins and/
or mutations in various DNA repair genes and growth factors 
( Figure 36.2 ;  Ionov et al., 1993 ;  Thibodeau et al., 1993 ). The 
newly described CpG island methylator phenotype (CIMP) 
may constitute an additional third CRC progression pathway in 
which epigenetic alterations in promoter regions of regulatory 
genes that cause the development of polyps and cancer ( Toyota 
et al., 1999 ). 

 The key initiating event in the CIN pathway is a mutation 
in the adenomatous polyposis coli (APC; OMIM 611731) gene, 
which normally forms a stabilizing complex for  � -catenin in the 
WNT signaling pathway ( Albuquerque et al., 2002 ;  Powell et al.,
1992 ). Typically described as a tumor suppressor gene with a 
 “ gatekeeper ”  function, pathologic mutations in APC interrupt 
the normal APC– � -catenin interaction, which in turn, allows 
for unregulated nuclear signaling by  � -catenin to downstream 
messengers ( Chung, 2000 ;  Kinzler and Vogelstein, 1996 ). Even 
though germline mutations in the APC gene cause a small frac-
tion of CRC, approximately 85% of sporadic CRC harbor 
APC mutations, either by point mutations or overt 5q chromo-
some deletions ( Powell et al., 1992 ;  Rajagopalan et al., 2003 ; 
 Vogelstein et al., 1988 ). Non-random gains or losses of chromo-
somal material is a consistent feature in the CIN pathway, with 
chromosome 18q and 17p frequently altered, presumably caus-
ing haploinsuffi ciency of gene targets like deleted in colorectal 
carcinoma (DCC; OMIM 120470) and TP53 (OMIM 191170), 
respectively, that then confers a selective advantage for specifi c 
clones ( Rajagopalan et al., 2003 ). 

 The factors that initiate, promote, and favor metastasis are 
not completely understood, but most likely involve acquired 
mutations in specifi c gene targets, such as mutations in the K-ras 
oncogene and the TP53 tumor suppressor gene. Approximately 
30–50% of large adenomas and CRC have an acquired mutation 
in the K-ras gene, a member of the tyrosine kinase super family 
that links extracellular signals to targeted genes in growth and 
differentiation pathways ( Martinez et al., 1999 ;   Vogelstein et al., 
1988 ). Germline alterations in other Ras genes are often found 
in somatic tumors and are also associated with cancer develop-
ment in rare inherited developmental disorders, indicating the 
pleiomorphic nature of this transcription factor ( Schubbert et al.,
2007 ). Similarly, germline mutations in the TP53 gene cause 
the inherited Li-Fraumeni syndrome (OMIM 151623), while 
acquired mutations occur in a wide variety of cancer types. For 
CRC, acquired TP53 mutations are found to be a late event in 
the adenoma to carcinoma sequence ( Kinzler and Vogelstein, 



1996 ). As gene discovery in cancer advances, additional somatic 
mutations in other oncogenes, such as AKT1, will deepen the 
molecular understanding of CIN pathway progression in CRC 
( Carpten et al., 2007 ). 

 In contrast to CIN tumors, up to 15% of CRC has little, 
if any, evidence of aneuploidy. MMR-defi cient tumors have 
a recognizable cellular phenotype with poorly differentiated 
mucinous histopathology with a peritumoral lymphocytic infi l-
tration ( Messerini et al., 1996 ). This type of CRC that evolves 
along the described MMR pathway ( Figure 36.2 ) is thought to 
be caused by the loss of repair function of single basepair mis-
matches formed during S-phase in the epithelial colon cell, 
either through an inherited or acquired inactivation of one of 

the MMR genes. This inactivation renders the cell susceptible 
to further somatic mutations throughout the genome, increas-
ing the cellular mutation rate from 100 to 1000 fold in mono- 
and di-nucleotide sequences ( de la Chapelle, 2004 ;  Gryfe, 2006 ). 
Molecular analysis of these sequences can reveal a unique profi le 
known as MSI that correlates with cellular loss of specifi c pro-
teins encoded by the MMR genes, hMSH2, hMLH1, hMSH6, 
hPMS1, and hPMS2 (OMIM 609309, 120436, 600678, 600258, 
and 600259, respectively) ( Ionov et al., 1993 ;  Thibodeau et al., 
1993 ). The increased mutation rate in mono- or di-nucleotide 
tracts could explain the high frequency of acquired mutations in 
TGF�RII (OMIM 190182) and other genes that appear to be tar-
geted in MSI tumors, as well as the more rapid rate of adenoma 
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 Figure 36.2         Multi-step progression of CRC development. There are many interacting factors, both genomic and environmental, 
that infl uence the transformation of a normal colonic epithelial cell into a metastatic cancer. The nuclear progression of the adenoma to 
carcinoma sequence is illustrated within the cell (i.e., depicted by the oval), denoting the multiple genetic alterations that occur in the 
CIN or MMR pathways. Outside the cell, are the many environmental dietary and lifestyle factors that promote the initiation and pro-
gression of the cancer. These factors may work through the constitutional genome of the individual that encode metabolizing proteins, 
such as NAT1/2 and MTHFR, that work to modify the course of cancer development. On the edge of the cell, are genes thought to be 
modifi ers that could be involved with factors inside or outside the cell.    
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to carcinoma progression compared to the CIN pathway CRC 
( Boland et al., 2007 ). TGF � RII (OMIM 190182) is an extra-
cellular receptor and a member of the serine/threonine pro-
tein family containing a mono-tract of A 10  that is somatically 
mutated in MMR defi cient tumors, causing a loss of the natural 
inhibitory signal to the TGF � /SMAD pathway and proliferation 
of the aberrant clone ( Boland et al., 2007 ;  Ionov et al., 1993 ; 
 Markowitz et al., 1995 ;  Samowitz et al., 2005 ) .

 The CIN and MMR pathways appear to have little overlap, 
with the CIN tumors exhibiting distal location in the bowel, 
non-random chromosomal aneuploidy, and mutations in APC, 
K-ras and TP53 genes and the MSI tumors primarily exhibit-
ing a proximal location, mucinous histopathology, MSI, loss of 
MMR proteins, and acquired mutations in TGF � RII. While 
the initial observation of tumor instability was in tumors from 
patients with germline mutations in the MMR genes, it is now 
clear that the majority of MSI tumors are sporadic and may be 
due to widespread epigenetic inactivation of CpG islands in the 
promoter regions of specifi c genes, such as hMLH1 and oth-
ers. Researchers have proposed that the CIMP is an additional 
third CRC pathway, with older age of onset and tumors that 
exhibit a serrated histopathology, MSI, and increased mutations 
in specifi c oncogenes, K-ras and BRAF (OMIM 164757) ( Deng 
et al., 2004 ;  Minoo et al., 2007 ;  Samowitz et al., 2005 ). Serrated 
adenomas are a newly recognized type of polyp with cancer-
ous potential and hyperplastic and adenomatous features. When 
advanced, these lesions can develop areas of dysplasia with 
somatic CpG island methylation and mutations in the BRAF 
oncogene (OMIM 164757). BRAF mutations can be used to 
differentiate a tumor into CIMP or CIN, as a correlative study 
of 126 colon tumors using six CIMP-related markers, six tumor 
suppressor genes, MSI, and loss of heterozygosity (LOH), dem-
onstrated that the BRAF V600E mutation is highly predictive 
of the CIMP phenotype ( Minoo et al., 2007 ). Promoter meth-
ylation of MLH1 and other genes, such as p16 INK4 
  , p14 ARF  
(OMIM 600160) is also now recognized as an important mecha-
nism of colon carcinogenesis and may cause wider dysregulation 
in the cancer development process, providing further molecular 
evidence of heterogeneity in CRC carcinogenic pathways ( Goel 
et al., 2007 ;  Minoo et al., 2007 ). Nonetheless, it is not clear if 
the CIMP phenotype is a discrete and separate pathway from 
the MMR defi ciency pathway and further work will need to 
clarify whether specifi c genes underlie these genomic mecha-
nisms ( O’Brien et al., 2006 ;  Ogino et al., 2007 ;  Xu et al., 2004 ). 

 The search for the genes in the CIN, MMR and CIMP 
pathways is ongoing using the current genomic tools of com-
parative genomic hybridization (CGH) and gene expression 
microarrays on cancer tissues ( Vendrell et al., 2005 ). Ried and 
colleagues examined tissue from 14 normal colons, 12 adeno-
mas, 14 high grade adenomas, and 16 CRCs using fl orescent 
microarray probes and found increases of chromosome 20q, 13q, 
8q, 7p, 1q, and 5p and losses on chromosomes 4, 8p, 18q, and 
17p ( Ried et al., 1996 ). Advances in technology have improved 
the resolution of CGH studies for copy number variations. One 
recent study examined 42 primary CRC and 37 tumor cell 

lines, using an oligonucleotide array of 22,500 elements map-
ping to 16,097 loci. Fifty minimal common regions or MCRs, 
defi ned by the occurrence of overlapping events in two or more 
samples, were identifi ed. Of the 28 amplifi ed and the 22 deleted 
copy number MCRs, 5 regions held previously known genes, 
15 recurring MCR regions were more focal and contained less 
than 12 genes, and 10 regions contained a total of 65 identifi -
able genes linked to cancer. Importantly, this method identifi ed 
21 new candidate genes that had not previously been linked to 
CRC ( Martin et al., 2007 ). Correlating gains and losses of chro-
mosomal material with cancer transformation is important, but 
whether these copy number variants alter the expression pattern 
and activity of known cancer susceptibility genes is not known. 
For CRC, this issue has begun to be explored by analyzing 
colon biospecimens with expression arrays. For example, Nosho 
and colleagues examined 550 known susceptibility genes for at 
least a threefold elevation or threefold diminution of activity in 36 
adenomas and 14 early invasive cancers and found 13 upregulated 
and 19 downregulated genes ( Nosho et al., 2005 ). This study 
confi rms the progression of colon adenomas to carcinomas in 
CRC, but also suggests that the expression of a relatively small 
number of genes is altered in colon neoplasias. 

 In order to identify a set of susceptibility genes associated 
with acquired cancer development, an alternative approach of 
high-throughput sequencing of over 13,000 candidate genes was 
used to systematically categorize the genetic alterations in 11 
breast and 11 colon tumors. Individual tumors had on average 
a large number ( � 90) of different mutated genes even though 
a small subset of 189 genes was consistently mutated in all of 
the tumors ( Sjoblom et al., 2006 ). Using a pathway analysis of 
the global sequencing data, the team developed a  “ landscape ”  
of breast and colon tumor non-random mutational events and 
showed that, while some genes were consistently mutated in all 
tumors examined, the majority of genetic defects in cancer were 
not frequently mutated. Nonetheless, taken together, these muta-
tions caused defects in specifi c pathways that provided an over-
all fi tness advantage to that specifi c clone ( Wood et al., 2007 ). 
In the future, there will be more reliance on genomic tools in 
the discovery and delineation of cancer pathways in CRC, with 
future directions focused on developing and improving person-
alized tests and treatments.  

  PREDISPOSITION FOR CRC 
 Predisposition for CRC is a continuum of increasing risk and 
is dependent on several risk factors, including age, gender, 
nationality, existing medical conditions (i.e., previous polyps or 
infl ammatory bowel disease) and family history. From a health-
care perspective, CRC is one of the most common tumors of 
adulthood, and categorizing the cancer into inherited mono-
genic, familial and sporadic/isolated forms is useful to deter-
mine the level of risk for disease ( Figure 36.1 ). Sporadic CRC 
is a disease of aging, as the risk is low in younger individuals and 
increases later in life. The lifetime risk for CRC development in 



the United States is  � 6% compared to 80–100% in individuals 
who harbor mutations in monogenic familial syndromes ( Burt, 
1996b ;  Doxey et al., 2005 ;  Lynch and de la Chapelle, 1999 ;  Ries 
et al., 2007 ). Up to 20% of CRC cases will have a family his-
tory of the disease, which confers a moderate two- to three-fold 
elevation in risk compared to the general population. Although 
the risk increases for these individuals with earlier onset of dis-
ease and with more than one family member affected, there is 
less precision in determining the level of risk ( Fletcher et al., 
2007 ;  Sandhu et al., 2001 ;  St John et al., 1993 ;  Winawer et al., 
1996 ). Genetic researchers use these categories to identify mid- 
to high-risk kindreds for gene discovery and other genomic 
studies ( Wiesner et al., 2000, 2003 ). Further, these major catego-
ries also form the basis for clinical care for individuals at risk for 
CRC, determining the level of screening, and identifi cation of 
those patients and specifi c family members who should consider 
genetic testing ( Lynch et al., 2007 ). 

  Inherited Monogenic Syndromes 
 The characterization of the monogenic CRC syndromes ( Table 
36.1   ) has provided an essential understanding of the genomic 
natural history of cancer. Altogether, these syndromes have been 
recognized for over 100 years, even though they account for 
only 5% of all CRC cases (see  Figure 36.1 ;  Burt and Neklason, 
2005 ). Primarily divided into polyposis and nonpolyposis syn-
dromes, most monogenic forms are caused by highly penetrant 
germline alleles in genes that encode proteins in the CIN or 
MSI pathways ( Figure 36.2 ). Following the multi-hit cancer 
paradigm, cancer development arises in individuals harboring a 
germline mutation after acquired alterations of specifi c regulatory 
genes occur in the colon epithelium. Clinically, most of these syn-
dromes are inherited as autosomal dominant traits with variable 
expressivity and incomplete penetrance, with an extremely high 
risk for individuals and families who carry the mutated allele(s). 
However, because of the rarity of pathologic alleles in the general 
population, these mutations do not confer a high attributable risk 
for CRC in the general population. Thus, recognition of these 
monogenic syndromes is essential for proper risk management, 
which begins with genetic evaluation and testing ( Doxey et al., 
2005 ;  Lagerstedt et al., 2007 ;  Rustgi, 2007 ).  

  Familial Adenomatous Polyposis 
 Familial adenomatous polyposis (FAP; OMIM 175100) was the 
fi rst recognized form of monogenic inherited CRC accounting 
for about 1% of all CRC ( Rustgi, 2007 ). Inherited as an auto-
somal dominant condition, individuals typically develop multi-
ple adenomatous polyps in adolescence, which, if left untreated, 
will ultimately progress to invasive CRC ( Jo and Chung, 2005 ; 
 Kwak and Chung, 2007 ). Gastrointestinal manifestations include 
the development of hundreds to thousands of adenomatous pol-
yps, invasive CRC, gastric cancer, and peri-ampullary duodenal 
cancer. If prophylactic surgery is not performed, CRC occurs 
in nearly 100% of mutation carriers, with the average age at 
onset of initial CRC by 40 years or less ( Jo and Chung, 2005 ; 

 Kwak and Chung, 2007 ). There are several extra-gastrointestinal 
manifestations of FAP, some that are useful in diagnosis of the 
condition, like congenital hyperplasia of the pigment epithelium 
(CHRPE), and some, such as osteomas and desmoid tumors, that 
also contribute to the morbidity and mortality of the disorder. 

 FAP is caused by germline mutations in the APC gene, 
which has been shown to be a key mutational target in sporadic 
CIN CRC ( Figure 36.2 ). Karyotypic analysis of two patients 
with polyposis and developmental delay allowed researchers to 
identify the location of the gene on the long arm of chromo-
some 5, illustrating the historical impact of early genomic tech-
nology in delineating the causes of CRC ( Bodmer et al., 1987 ; 
 Herrera et al., 1986 ). After the APC gene was identifi ed using 
positional cloning, mutational analyses of families with FAP have 
shown that germline mutations occur throughout the gene, with 
most mutations causing premature stop codons and more severe 
disease ( Groden et al., 1991 ). Further genetic analysis of fami-
lies has also demonstrated several allelic variants of FAP, such as 
Gardner syndrome, Turcot syndrome, and the attenuated form of 
FAP (AFAP; OMIM 175100). AFAP is characterized by later 
onset of CRC, a lesser number of polyps termed oligopolyposis, 
and a lack of extra-gastrointestinal manifestations. Patients with 
AFAP have mutations clustering in the 5 �  or 3 �  segment of the 
APC gene, while patients with Gardner syndrome have muta-
tions primarily between codons 767 and 1513 ( Bisgaard and 
Bulow, 2006 ). Patients with profuse and extensive polyposis have 
been identifi ed with APC mutations near the  � -catenin binding 
site ( Nieuwenhuis and Vasen, 2007 ). Further, some APC alleles, 
such as the I1307K allele found in up to 28% of patients with 
Ashkenazi Jewish descent and a family history of disease, do not 
manifest a high rate of polyp formation, again emphasizing the 
need to fully explore the genomic mechanism(s) of polyp and 
cancer formation ( Laken et al., 1997, 1999 ). 

 Genotype–phenotype correlation studies have also shown 
that up to 30% of patients with polyposis have no identifi able 
mutations in the APC gene ( Moisio et al., 2002 ). Using a path-
way analysis approach, a possible autosomal recessive form of 
oligopolyposis called Mut Y Homologue gene (MYH)-associated 
polyposis (MAP; OMIM 604933) was recognized in 2002, with 
the description of a sibship with multiple adenomatous polyps 
and CRC but without detectable mutations in the APC gene. 
Candidate gene analysis of the excision repairs genes in this kin-
dred identifi ed mutations in the MYH gene located on chro-
mosome 1p ( Al-Tassan et al., 2002 ). Defects in the MYH gene 
leads to the accumulation of G:C to T:A transversions in genes 
with susceptible GAA sequences. In fact, APC is an example of 
a gene that is highly predisposed to these type of transversions 
( Al-Tassan et al., 2002 ;  Cheadle and Sampson, 2003 ;  Lipton and 
Tomlinson, 2004 ). MAP has been identifi ed in 7–8% of APC 
negative polyposis families and is associated with early-onset 
colon neoplasia, with the average polyp onset of 46 years and 
CRC of 49.7 years ( Doxey et al., 2005 ;  Jo and Chung, 2005 ). 
Interestingly, a recent population-based case control study sug-
gests that the risk for polyps and cancer may not be strictly 
recessive, as both monoallelic and biallelic mutation carriers 
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 T A B L E  3 6 . 1          Monogenic colorectal cancer syndromes  

   Syndrome  Gene  OMIM  Gene map  Major syndrome features a  

   Polyposis 

    Adenomatous
polyposis  

   FAP  APC  175100  5q21–22   � 100 Colorectal adenomatous polyps or      �      100 polyps with family 
history 

   Attenuated FAP  APC  175100  5q21–22   � 100 Colorectal adenomatous polyps; oligopolyposis 

   Gardner  APC  175100  5q21–22  Polyposis, osteoma, desmoid, CHRPE 

   Turcot  APC  175100  5q21–22  Polyposis, glioblastoma, meduloblastoma 

   MYH-associated  MYH  604933  1p32–34  Autosomal recessive adenomatous oligopolyposis and pilomatricomas 

    Hamartomatous
polyposis  

    Juvenile 
polyposis 

 SMAD4  174900  18q21.1  Juvenile polyps, pulmonary arterio-venous malformations, digital 
clubbing 

     BMPR1A  174900  10q22.3   

   Cowden  PTEN  158350  10q23.31  Papillomatous papules, acral keratoses, facial trichemommas, mucosal 
lesions breast/uterine/thyroid/brain/renal cell cancers, fi broids 

    Bannayan-
Ruvalcaba Riley 

 PTEN  153480  10q23.31  Lipomas, glans penis macules, macrocephaly,
pectus excavatum, scoliosis, hyperextensibility, mental retardation 

   Peutz-Jeghers  STK11 / LKB  175200  19p13.3  Mucosal hyperpigmentation, thyroid cancer, sex cord/gynecomastic 
tumors, ovarian cysts/cancer, breast/bladder/lung cancers 

   Basal cell nevus  PTCH  109400  9q22.3  Coarse facies, basal cell cancer, jaw keratocysts, macrocephaly, 
forehead bossing, facial milia, medulloblastoma, cardiac and ovarian 
fi bromas 

    Multiple 
endocrine 
neoplasia 2B 

 RET  162300  10q11.2  Mucosal neuromas, enlarged lips, medullary thyroid cancer, 
pheochromocytoma,  “ marfanoid ”  body habitus 

    Mixed polyposis  

    Hereditary mixed 
polyposis b  

 HMPS1  610069  15q15  Typical juvenile polyps, colonic adenomas, and colorectal carcinomas 

   Non-polyposis 

   HNPCC (Lynch)  MSH2  120435/
609309 

 2p21–22  Early-onset MSI CRC diagnosed younger than 50 years; presence of 
synchronous, metachronous CRC, gastrointestinal cancer, uterine, 
ovarian cancer. Refer to Bethesda Criteria c  

     MLH1  120436  3p21.3  As above 

     MSH6  600678  2p16  As above, with a higher rate of uterine cancer 

     MLH3  604395  14q24.3  No kindreds have been identifi ed with germline mutations to date 

     PMS1/2  600258/
600259 

 2q31/
7p22 

  

   Turcot  MLH1 or PMS2  276300    Early-onset CRC and brain cancers, primarily glioblastoma 

   Muir-Torre  MSH2 or MLH1  609309    Early-onset CRC and sebaceous skin tumor 

   Familial CRC b   CRCS1  608812  9q22–23  Early-onset MSS CRC 

     CRCS2  611469  8q24   

  a   Clinical manifestations from Online Mendelian Inheritance in Man (OMIM) ( http://www.ncbi.nlm.nih.gov/ sites/entrez?db�OMIM; Accessed 
December 2007).  

  b   Linkage analysis identifi ed chromosomal location; specifi c gene(s) not identifi ed.  

  c   Bethesda criteria for HNPCC include CRC in an individual at 50 years or less without a family history or kindreds meeting Amsterdam I or II 
guidelines (see Box 36.1,  Umar et al., 2004  and  Lindor et al., 2006 ).  



of the most common MYH Y165C or G382D variants had a
twofold increased risk compared to controls ( Croitoru et al., 
2004 ). A later population-based study found a similar result for 
the MYH Y165C variant, but not for other identifi ed variants,
suggesting that MYH variants are low-penetrant alleles 
( Balaguer et al., 2007 ).  

 Hereditary Nonpolyposis Colorectal Cancer 
 Hereditary nonpolyposis colorectal cancer (HNPCC) or Lynch 
syndrome comprises 1–3% of CRC and is characterized by 
early-onset proximal CRC exhibiting MSI ( de la Chapelle, 
2005 ;  Kwak and Chung, 2007 ). Inherited as an autosomal domi-
nant trait, HNPCC individuals face a 50–70% lifetime risk of 
developing CRC, in addition to other malignancies ( Hampel
et al., 2005 ). Other HNPCC-associated cancers include tumors 
of the gastrointestinal tract, hepatobiliary system, urinary col-
lecting system, and female reproductive system. Women with 
HNPCC have a lifetime risk for endometrial cancer as high as 
40–60% and up to a  � 12% lifetime risk of developing ovarian 
cancer ( Hampel et al., 2006 ;  Kwak and Chung, 2007 ). Clinical 
variants of HNPCC also exist ( Table 36.1 ), including Muir-Torre 
syndrome with skin keratoacanthomas and sebaceous neoplasms, 
and the Turcot syndrome with brain glioblastomas ( Kwak and 
Chung, 2007 ;  Rowley, 2005 ;  Rustgi, 2007 ). That these syn-
dromes overlap with similar phenotypes caused by APC/CIN 
pathway mutations reinforces the concept of genetic and 
genomic heterogeneity in CRC. 

HNPCC is caused by germline mutations in one of fi ve 
MMR genes, hMSH2, hMLH1, hMSH6, hPMS1, or hPMS2 
( Table 36.1 ). Several guidelines have been developed, including 
the Amsterdam I, Amsterdam II, and the Bethesda criteria, to 
assist in the recognition of kindreds with HNPCC (see Box 36.1; 
 Rodriguez-Bigas et al., 1997 ;  Vasen, 2000 ;  Vasen et al., 1991 ). 
Initially proposed as eligibility criteria for gene discovery studies, 
the Amsterdam I guidelines are the most stringent and have been 
described simply as the 3-2-1 rules, requiring the occurrence of 
three individuals with CRC in two generations, one of whom 
developed CRC less than 50 years and is an immediate rela-
tive of the other two ( Vasen et al., 1991 ). Amsterdam II family 
phenotype allows the substitution of other extracolonic tumors, 
such as endometrial cancer, renal cancer or small bowel cancer 
in assessing families ( Vasen et al., 1999 ). Because families have 
been identifi ed with MMR gene mutations who do not meet 
these criteria, the less stringent Bethesda criteria were developed 
to clinically identify individuals and families who should con-
sider germline testing ( Umar et al., 2004 ).

  Other Major CRC-Associated Genetic Syndromes 
 The inherited hamartomatous syndromes comprise an additional 
set of CRC polyposis syndromes distinct from the adenomatous 
polyposis or nonpolyposis syndromes. The hamartomatous syn-
dromes are characterized by a malformed overgrowth of meso-
dermal, endodermal, or ectodermal cellular colonic elements 
( Schreibman, 2005 ). These rare syndromes carry a large risk of 
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BOX 36.1  Criteria used for HNPCC testing

Amsterdam criteria I:

1. One member diagnosed with CRC before age 50 years.
2. Two affected generations.
3. Three affected relatives, one of them a fi rst-degree relative of 

the other two.
4. FAP should be excluded.
5. Tumors should be verifi ed by pathological examination.

Amsterdam criteria II:

1. There should be at least three relatives with a Lynch syndrome-
associated cancer (CRC or cancer of the endometrium, small 
bowel, ureter, or renal pelvis).

2. One should be a fi rst-degree relative of the other two.
3. At least two successive generations should be affected.
4. At least one should be diagnosed before age 50 years.
5. FAP should be excluded in the CRC cases.
6. Tumors should be verifi ed by pathological examination.

Revised Bethesda Guidelines for Colorectal Tumor MSI Testing:

1. CRC diagnosed in an individual younger than 50 years.
2.  Presence of synchronous, metachronous colorectal, or other 

Lynch syndrome-associated tumors (i.e., endometrial,  stomach, 

ovarian, pancreas, ureter and renal pelvis, biliary tract, and brain 
tumors; sebaceous gland adenomas and keratoacanthomas;
and carcinoma of the small bowel), in an individual regardless 
of age.

3. CRC with MSI-high pathologic associated features diagnosed 
in an individual younger than 60 years.

4. CRC or Lynch syndrome-associated tumor diagnosed in at 
least one fi rst-degree relative younger than 50 years.

5. CRC or Lynch syndrome-associated tumor diagnosed at any 
age in two fi rst- or second-degree relatives.

Reviewed in:

Umar, A., Boland, C.R., Terdiman, J.P., et al. (2004). Revised 
Bethesda Guidelines for hereditary nonpolyposis colorectal 
cancer (Lynch syndrome) and microsatellite instability. J Natl 
Cancer Inst 96(4), 261–268.

Lindor, N.M., Petersen, G.M., et al. (2006). Recommendations 
for the care of individuals with an inherited predisposi-
tion to Lynch syndrome: A systematic review. JAMA 296(12), 
1507–1517.

Genetics of Colorectal Cancer (PDQ®) (http://www.cancer.
gov/cancertopics/pdq/genetics/colorectal/healthprofessional)
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developing CRC as well as other types of cancer ( Table 36.1 ). 
Together, they occur at approximately 1/10th the frequency of 
the adenomatous syndromes and therefore account for less than 
1% of CRC ( Schreibman, 2005 ). The approximate incidence 
of each syndrome listed is 1 in 200,000 births, with the excep-
tion of juvenile polyposis syndrome, which is seen 1 in 100,000 
births ( Schreibman, 2005 ). While a comprehensive review is 
beyond the scope of this chapter, each of these syndromes have 
been associated with mutations in specifi c pathways, such as the 
PTEN pathway (OMIM 601728) in Cowden and Bannayan-
Ruvalcabe-Riley syndromes and the LKB1 pathway (OMIM 
602216) in Peutz-Jeghers syndrome, which again highlights the 
importance of a genomic approach in delineating the mecha-
nisms of CRC development ( Rustgi, 2007 ).    

  Familial CRC 
 Familial CRC accounts for about 20% of all CRC cases and is 
loosely defi ned as a positive history of at least one family mem-
ber with CRC but not meeting the criteria of any of the can-
cer syndromes discussed previously ( Figure 36.1  and  Table 36.1 ). 
However, this group is heterogeneous and includes families 
with multiple affected members as well as families with a single 
affected individual. For example, the label syndrome X has been 
used to describe kindreds with early-onset CRC and micro-
satellite stable (MSS) tumors, suggesting that there are as yet 
unidentifi ed single gene defects that account for familial clus-
tering of CRC ( Lindor et al., 2005 ;  Lipkin and Afrasiabi, 2007 ). 
Genome linkage studies scans support this notion and have 
identifi ed multiple regions of interest, including chromosome 
9q21.3 (CRCS1, OMIM 608812), chromosome 8q24 (CRCS2, 
OMIM 611469), chromosome 15 (HCRA/CRAC1, OMIM 
610069), and a variety of other loci ( Daley et al., 2008 ;  Jaeger et al.,
2003 ;  Haiman et al., 2007a ;  Tomlinson et al., 2007 ;  Wiesner
et al., 2003 ). The analysis of the HCRA/CRAC1 region is 
instructive of the improvements in genomic technology in gene 
discovery, as kindreds with oligopolyposis were fi rst linked and 
verifi ed to this region using microsatellite markers ( Daley et al., 
2008 ;  Jaeger et al., 2003 ). The region was next examined with 
single nucleotide polymorphism (SNP) variant analysis in CRC 
cases and controls and found statistical evidence for variants near 
GREM1 and SCG5 with a  P  value of 4.44      �      10  	 14  ( Jaeger
et al., 2008 ). 

 Rather than a discrete autosomal dominant or recessive 
condition, most familial forms of CRC are complex genetic 
traits involving the interaction of many variables. Risk assess-
ment is based on epidemiologic studies that show a two- to 
four-fold increase in risk for family members, depending on 
the number of close relatives affected with CRC and the age at 
onset of disease. Thus, for a person who has a single parent with 
CRC, the lifetime risk doubles that of the general population 
( Sandhu et al., 2001 ). However, the risk is fourfold the general 
population risk for individuals with three close relatives with 
CRC or if the family member developed cancer at an early age 
( Boardman et al., 2007 ;  St John et al., 1993 ). Importantly, the 

National Polyp Study demonstrated that the risk for CRC also 
increases with a family history of adenomatous polyps, indicat-
ing that there are familial risk factors in the initiation of colon 
neoplasias ( Winawer et al., 1996 ). Causes are likely to include 
undiscovered low penetrance or recessive alleles as well as unde-
fi ned gene–gene interactions and gene–environmental interac-
tions, among others. Future genome-wide association studies 
may identify links that can be then further studied.  

  Sporadic or Isolated CRC 
 Approximately 75% of all CRC occurs in individuals with no 
known genetic predisposing factors for disease and about 80% 
are caused by somatic defects in the CIN pathway as shown 
in  Figure 36.2  ( Gryfe, 2006 ). This set is often designated as the 
 “ general population ”  and includes a wide spectrum of indi-
viduals who may or may not have a combination of modifi able 
environmental factors and/or somatic genetic changes that have 
been shown to modify one’s risk for CRC or affect progno-
sis and response to treatment. Epidemiologists have also studied 
many environmental risk factors to better understand risk of 
CRC, beyond reporting of a family history of CRC. The fac-
tors that have been shown to be associated with an increased risk
of CRC include obesity (insulin resistance), limited physical 
inactivity, smoking, heavy alcohol use, a diet high in red or proc-
essed meat and low in fruits and vegetables (folate), fi ber, and 
calcium/dairy foods, non-multivitamin use, non-steroidal anti-
infl ammatory drug use (NSAIDs), and non-post-menopausal
hormone replacement therapy ( Giovannucci and Wu, 2006 ; 
 Potter and Hunter, 2002 ). In addition, other underlying colon 
infl ammatory diseases, such as Crohns disease and ulcerative 
colitis, have been shown to have a signifi cant increased risk of 
CRC development, although the lifetime estimates vary widely 
from 7% to 30% ( Eaden et al., 2001 ;  Ekbom et al., 1990 ). The 
overall risk of CRC development is similar for each of these 
infl ammatory diseases ( Gillen et al., 1994 ;  Greenstein et al., 
1981 ). After excluding inherited monogenic and familial forms 
of CRC, much of the remaining variation in genetic risk for 
CRC is most likely explained by combinations of common 
low-risk variants. This  “ common disease – common variant ”  
hypothesis is believed to hold true for most human complex 
diseases, including cancer. Several researchers have suggested 
that studying SNPs for association with CRC risk should be a 
powerful research strategy and several candidate gene and whole 
genome linkage scans have been performed seeking to identify 
these putative common variants ( Botstein and Risch, 2003 ). 

 Historically, genetic risk factor studies have focused on 
single variants in single genes involved in metabolism of het-
erocyclic amines from dietary factors and folate metabolism 
pathways ( Potter and Hunter, 2002 ). These candidate genes have 
been shown to be associated with risk of CRC when consid-
ered together with certain environmental exposures ( Potter, 
1999 ). Polymorphisms in three relevant enzymes for metabolism 
of heterocyclic amines and polycyclic aromatic hydrocarbons,
 N -acetyltransferases (NAT1; OMIM 108345 and NAT2: OMIM 



243400) and cytochrome-P1A2 (CYP1A2; OMIM 124606), 
have been studied extensively for their role in risk of CRC 
associated with meat consumption, cigarette smoking and alco-
hol use with inconsistent results ( Brockton et al., 2000 ;  Chen 
et al., 1998 ;  de Jong et al., 2002 ;  Potter et al., 1999 ;  Vineis and 
McMichael, 1996 ;   Ye and Parry, 2002 ). 

 One of the possible nutrients responsible for the associa-
tion between vegetables and multivitamin intake and reduced 
CRC risk is folic acid ( Giovannucci, 2002a )  . Therefore, the 
association between CRC risk, folate intake and variants in 
key folate metabolism genes, such as methylenetetrahydrofolate 
reduc-tase (MTHFR; OMIM 607093) and thymidylate synthase 
(TS; OMIM 188350), has been studied repeatedly ( Chen et al.,
1998 ;  Curtin et al., 2004 ;  Hubner et al., 2007 ;  Slattery et al., 
1999 ;  Ulrich et al., 2002 ). The data from the studies of MTHFR 
polymorphisms show that individuals with the TT genotype for 
the polymorphism 677C      →      T are  “ hyper-responders ”  to folate 
and to alcohol. If the diet was high in folate and low in alco-
hol, then the patients were at a signifi cantly lower risk of CRC 
compared to those individuals with the CC or CT genotype. 
Additionally, a growing body of evidence suggests that individ-
uals with higher circulating levels of IGF-1 have an increased 
risk of CRC; the association between another IGF candidate, 
IGF-binding protein 3 (IGFBP3), and CRC risk is less consist-
ent ( Giovannucci, 2001 ;  Giovannucci et al., 2000 ;  Kaaks et al., 
2000 ;  Ma et al., 1999 ). These data suggest that common vari-
ants exist in these genes, altering predisposition to CRC in the 
general population. However, genomic technology does not yet 
have the capacity to test for all such variants simultaneously and 
to determine the exact level of statistical risk for an individual. 
Thus translating these variants into clinical risk algorithms must 
wait for the complete identifi cation of variants and improved 
study designs to determine the attributable risk for each predis-
posing or protective factor. 

 With the invention of genotype microarrays and other 
high-throughput genotyping techniques, the capacity to geno-
type more than 500,000 SNPs on a single individual at one time 
is now available. Hence, many genome-wide association (GWA) 
studies of various complex diseases are utilizing this technology 
to assess genetic risk on a genome-wide global scale. CRC is no 
exception, where several case-control studies have now identifi ed 
a region on the long arm of chromosome 8 (8q24) that may 
confer increased genetic risk for CRC ( Broderick et al., 2007 ; 
 Poynter et al., 2007 ;  Tomlinson et al., 2007 ;  Zanke et al., 2007 ). 
This region has also been implicated in prostate cancer suscep-
tibility, supporting the notion that there is variability in the dis-
ease phenotype from defects in cancer pathways that overlap in 
tumor development ( Gudmundsson et al., 2007 ;  Haiman et al., 
2007b ;  Yeager et al., 2007 ). There are multiple different interest-
ing CRC candidate genes in this region that warrant further 
study. In addition, GWA studies have demonstrated that SNPs 
in the SMAD7 gene located on chromosome 18, which is part 
of the TGF � /WNT signaling pathway, is associated with CRC 
( Broderick et al., 2007 ). Key to understanding common vari-
ants and risk for CRC will be the correlation of copy number 

variants and gene expression variants on sporadic CRC within 
the context of specifi c cellular pathways. As whole-genome 
approaches become more accessible and more affordable and 
bioinformatics techniques advance, large-scale, genome-wide 
studies of gene–gene and gene–environment interactions will be 
able to better delineate factors associated with CRC risk.   

  RISK ASSESSMENT, EVALUATION, 
AND GENETIC TESTING 
 Personalized medicine will rely on improved genomic and pro-
teomic tests for diagnosis treatment, including new drugs and 
therapies. The practical application of genomic information 
in healthcare today is primarily in risk assessment and direct 
genetic testing. As knowledge of genetic susceptibility to cancers 
increases, researchers, healthcare providers, and the public are 
fi nding it increasingly diffi cult to incorporate recommendations 
for healthcare based on genomic discoveries ( Acheson et al.,
2000 ;  Burke, 2005 ). Several studies have shown that physician 
knowledge about genetic and genomic concepts is limited, even 
though a family history of cancer is among the most commonly 
encountered genetic issue encountered in primary care ( Acheson 
et al., 2000 ;  Carroll et al., 2003 ;  Giardiello et al., 1997 ). New 
tools are needed to assist clinicians to recognize at-risk individ-
uals and families with hereditary cancer susceptibility, to tailor 
cancer screening and prevention and to screen for eligibility to 
participate in cancer genetic research ( Acheson and Wiesner, 
2004 ;  Acheson et al., 2006 ). One such tool under develop-
ment will categorize families by level of risk for cancer, includ-
ing CRC, and will generate a report for patients and physicians 
with screening and genetic testing recommendations ( Acheson 
et al., 2006 ). Computerized programs have been developed for 
breast cancer and are used to assist the clinician in evaluating the 
individual’s risk and in considering genetic testing ( Berry et al., 
2002 ;  Evans et al., 2004 ;  Kelly and Sweet, 2007 ;  Lindor et al., 
2007 ). Risk algorithms similar to BRCAPRO called MMRPRO 
are based on known risk factors for colon cancer of family his-
tory and other risk factors ( Chen et al., 2006 ). 

 Genetic testing for FAP and HNPCC are conditions in 
which genomic technology has been successfully translated 
into clinical care. Various guidelines for genetic testing for 
colon cancer susceptibility have been suggested by professional 
organizations and experts in the fi eld, with the consistent rec-
ommendation that genetic counseling and evaluation should be 
provided to patients considering genetic testing ( ASCO, 2003 ; 
 Levin et al., 2006 ;  Lynch et al., 2007 ;  NCCN, 2007 ). Genetic 
evaluation includes a detailed medical history including the can-
cer and pre-neoplastic diagnoses, the construction of a three to 
four generation family tree, physical examination, risk assessment, 
and consideration of genetic testing, including a full discussion 
of possible genetic discrimination. Genetic testing is generally 
warranted if the personal or family history is suggestive of an 
inherited monogenic syndrome, the testing can be adequately 
interpreted and/or the results can be used to guide medical and 
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Individual
with CRC

Family history criteria

Multiple polyps None to few polyps
Meets AM-I, AM-II, BethesdaAdenomatous Hamartomatous

Yes No No Yes

Gene testing
APC
MYH

others
(Table 36.1)

Tumor testing with MSI and IHC

No Yes

MMR gene testing

No Yes

FAP or AAFP
Syndromic
follow-up

Familial risk
follow-up

HNPCC
follow-up

 Figure 36.3         Clinical decision tree for the systematic evaluation of suspected inherited CRC syndromes. Evaluation begins with a 
detailed family history of CRC and/or polyps for each patient and the progresses to either the appropriate long term follow-up and 
observation or genetic testing depending on the family history and polyp status of the patient.    

surgical management for the patient and other family members 
( ASCO, 2003 ). One of the most diffi cult issues in genetic testing 
for cancer is in the interpretation of results, as adequate studies 
to determine the clinical utility of the test are often not avail-
able, due to the rarity of the individual disorders and the lack 
of power in the statistical analyses needed to determine sensi-
tivity and specifi city of the tests ( Burke et al., 2002 ). Further, 
most tests based on medical sequencing can also identify variants 
with indeterminate clinical signifi cance and, thus, may not pro-
vide a diagnosis or further clarifi cation of risk for the individual 
or family. Clinicians must also recognize that locus and allelic 
genetic heterogeneity will alter the fi nal interpretation, as a neg-
ative result may be a refl ection of incomplete testing. 

 Risk assessment of the family medical tree is the fi rst step 
in deciding what test to offer a patient of family who may be 
at risk for colorectal neoplasia ( Figure 36.3   ). The family tree 
should be examined for evidence of autosomal dominant inher-
itance and any occurrences of early-onset CRC or polyposis to 
determine whether the family member represents a polyposis 

syndrome or nonpolyposis syndrome. Verifying the pathology 
of the reported CRC and colon polyps and other cancers in 
the family is often recommended (Box 36.1 and  Table 36.1 ). If 
the individual has multiple adenomatous polyps and a suggestive 
family history, genetic testing for APC mutations is warranted, 
However, the clinician should recall that up to 20–30% of FAP 
patients are affected due to spontaneous  de novo  APC muta-
tions in the germline, without a family history of the disorder 
in either parent ( Burt and Neklason, 2005 ). Thus, genetic test-
ing of the APC gene is important for any patient with multiple 
adenomatous polyps at an early age regardless of family history 
( NCCN, 2007 ). Additionally, FAP is one disorder in which the 
testing of children may be warranted because screening would 
commence by age 10, if a pathologic mutation is identifi ed 
( ASCO, 2003 ). 

 The evaluation of HNPCC begins with analysis of the fam-
ily tree using the Amsterdam I, Amsterdam II, and Bethesda cri-
teria (see Box 36.1). HNPCC testing is fi rst done with tumor 
tissue screening for loss of immunohistochemical (IHC) staining 



for proteins encoded by hMSH2, hMLH1, hMSH6, hPMS1, 
or hPMS2, and DNA polymerase chain reaction assay for MSI 
( NCCN, 2007 ). This strategy is based on the observation that a 
high level of MSI (MSI-H) in HNPCC tumors are also accom-
panied by loss of the MMR protein that corresponds to the gene 
mutation. The Bethesda guidelines recommend a standard set of 
mono- and di-nucleotide tracks that are particularly sensitive to 
MMR defi ciency, with MSI-H defi ned as instability in 30% or 
more markers ( Rodriguez-Bigas et al., 1997 ;  Umar et al., 2004 ). 
As acquired BRAF mutations are highly associated with sporadic 
MSI-H tumors, testing tumor DNA for BRAF V600E mutation 
will help to categorize the patient ( Minoo et al., 2007 ). If the 
screening tests are indicative of an inherited MMR defi ciency, 
direct sequencing of MMR genes is next performed looking for 
germline mutational error in the family ( Hendriks et al., 2006 ; 
 Kwak and Chung, 2007 ).  

  SCREENING AND SURVEILLANCE 
 Many studies have proven that screening for CRC with fecal 
occult stool testing and colonoscopy methods has reduced the 
incidence, morbidity, and mortality of the disease ( Burt, 1996b ; 
 USPSTF, 2002 ;  Winawer et al., 2003 ). Despite this, less than 35% 
of adults follow screening guidelines, and there is great inter-
est in genomic screening tools that may improve compliance 
and or clinical utility for identifying CRC in average risk and 
high-risk populations ( CDC, 1996 ). Standard recommenda-
tions for average risk individuals have been published by the 
American Cancer Society (ACS), and other professional organi-
zations, such as the National Comprehensive Cancer Network 
(NCCN) ( ACS, 1999 ;  NCCN, 2007 ;  Winawer et al., 2006 ). In 
general these recommendations suggest colonoscopic screen-
ing starting at age 50, and that occult blood testing of the stool 
with left sided endoscopic screening or double contrast barium 
enema be performed if colonoscopy is not available ( Davila
et al., 2005 ;  Smith et al., 2001 ). However, if the individual has 
a modest family history and no other risk factors, colonoscopy 
screening should commence at least a decade earlier at age 40 
( Fletcher et al., 2007 ). 

 Specifi c guidelines have been developed for FAP and 
HNPCC with screening and surveillance recommendations 
starting at a younger age for specifi c tumor manifestations of the 
condition ( Lindor et al., 2006 ;  NCCN, 2007 ). In general, at risk 
family members for FAP and HNPCC begin a screening and 
surveillance program at 10 and 20 years, respectively ( Lindor
et al., 2006 ;  Rustgi, 2007 ). While a review of these guidelines 
is beyond the scope of this chapter, the importance of identifi -
cation and screening cannot be overstated. One study demon-
strated a 70% reduction in the standardized mortality rate in 140 
HNPCC families enrolled in a large scale surveillance program 
in the Netherlands ( de Jong et al., 2006 ). 

 Newer non-invasive genetic technologies, such as stool 
and serum testing, have been developed to reduce the need for 
invasive colonoscopic screening and/or increase the sensitivity 

of the examination ( Hundt et al., 2007 ;  Levin, 2006 ). Several 
studies have shown that fecal material retains the cellular rem-
nants of the colonic epithelium and that the nuclear DNA from 
these cells remains intact. Molecular analysis of genes known to 
be altered in CRC progression were fi rst examined in patients 
with CRC fi nding that three genes, TP53, BAT26, and K-Ras, 
accurately identifi ed such patients ( Dong et al., 2001 ). Multiplex 
tests for specifi c genes and methylation signatures are now avail-
able commercially; one early study examined 21 gene muta-
tions in 80 cases compared to 212 controls and identifi ed 63% 
of CRC cases and 57% of advanced adenomas, with a calcu-
lated specifi city of 94% in individuals without colon neoplasia 
or with small adenomas ( Tagore et al., 2003 ). Aberrant methyla-
tion of three genes in stool DNA found nearly 94% sensitivity
but only 77% specifi city in a small sample of 52 patients with 
CRC, 35 patients with benign colon disease (21 with adeno-
mas), and 24 patients with negative colonoscopies ( Huang et al., 
2007 ). 

 The identifi cation of potential serum biomarkers for CRC 
diagnosis has also received some attention, given the ease of col-
lecting serum as compared to other invasive diagnostic tech-
niques for CRC. Newer approaches, mostly mass spectrometry 
(MS) based surface-enhanced laser desorption/ionizing time-of 
fl ight (SELDI-TOF) or matrix-assisted laser desorption/ion-
izing time-of fl ight (MALDI-TOF) methodologies, can pro-
duce high-throughput proteomic  “ signatures ”  from a variety of 
biospecimens. The ability of the measured protein intensities to 
distinguish cancer from non-cancerous biospecimens is assessed 
with multivariate statistical analyses. A recent proteomic study 
of CRC by  Ward and colleagues (2006)  identifi ed a combina-
tion of four proteins that were signifi cantly different between 
CRC cases and controls and then used this signature to clas-
sify serum samples from 62 CRC cases and 31 controls with a 
95% sensitivity and 91% specifi city. However, further validation 
of these proteomic techniques in sera of CRC cases compared 
to controls is necessary in order to advance CRC personalized 
medicine.  

  PROGNOSIS AND TREATMENT 
 Prognosis and treatment preferences after CRC diagnosis are 
highly dependent on stage of disease. The early stages of CRC 
(stage II or less) are treated primarily with surgery with or with-
out chemotherapy and can have a 5-year survival  � 90% ( Ries 
et al., 2007 ). However, the 5-year survival for late-stage disease 
is  � 10% and treatment can include a combination of surgery, 
chemotherapy, and/or radiotherapy. Additional signifi cant inde-
pendent predictors of survival are age at diagnosis, race/eth-
nicity, and family history of CRC. Whether a colon tumor 
develops along the CIN or MSI pathway may also have thera-
peutic implications. Sporadic MSI tumors have a signifi cantly 
improved prognosis compared to MSS tumors ( Bettstetter et al., 
2007 ;  Lim et al., 2004 ;  Popat et al., 2005 ;  Samowitz et al., 2001 ). 
Although the results are inconsistent, patients with stage II or III 
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MSI tumors may not benefi t from 5-Flouorouracil (5-FU) adju-
vant chemotherapy, a standard agent used in CRC ( Barratt et al.,
2002 ;  Jover et al., 2006 ;  Ribic et al., 2003 ). In contrast, CIN 
CRCs have been observed to be associated with poor  prognosis, 
but not as consistently as the improved prognosis fi nding for 
MSI tumors ( Bardi et al., 2004 ;  Risques et al., 2003 ;  Vendrell 
et al., 2005 ). Resolution of these inconsistencies in clinical out-
come may need to wait until genomic methodologies mature 
more fully. 

 As most sporadic colorectal tumors are MSS, progres-
sion is linked to abnormalities of chromosome number, allelic 
imbalance or LOH, which are independently associated with 
poor survival ( Bardi et al., 2004 ;  Lanza et al., 1998 ;  Risques 
et al., 2003 ;  Vendrell et al., 2005 ). Chromosomes 5q, 17p, and 
18q show the most frequent LOH in sporadic CRC, therefore, 
studies of alterations in specifi c genes in these chromosomal 
locations have been studied for an association with prognosis 
with confl icting results ( Munro et al., 2005 ;  Popat and Houlston, 
2005 ). A systematic review of TP53 abnormalities and CRC out-
come from 241 studies involving  � 19,000 individuals showed 
that the presence of a TP53 mutation conferred a 30% decrease 
in survival compared to those with no mutation ( Munro et al., 
2005 ). Another review of genetic changes and outcome focused 
on another common genetic event in CRC, 18q loss and/or loss 
of DCC expression, showing that individuals with loss of DCC 
expression have twice the risk of dying compared to individu-
als without these genetic changes ( Popat and Houlston, 2005 ). 
MSI status, p53 mutation and DCC expression are commonly 
identifi ed in CRC; however it is still not well understood 
whether the association seen with clinical outcome is indicative 
of an underlying biological pathway or a specifi c defective gene 
( Gryfe, 2006 ). 

 Promising research in breast cancer has recently shown the 
utility of gene-specifi c expression profi ling and clinical outcome, 
and this technology has been rapidly accepted by clinicians to 
guide chemotherapy ( Morris and Carey, 2007 ). Similar utility of 
whole-genome gene expression profi ling in predicting prognosis 
after CRC diagnosis has also been sought ( Barrier et al., 2007 ; 
 Eschrich et al., 2005 ;  Wang et al., 2004 ). Two studies, both 
using the Affymetrix Human U133A gene expression chips, have 
identifi ed a discrete set of expressed genes that predicted sur-
vival with 78% accuracy ( Barrier et al., 2007 ;  Wang et al., 2004 ). 
However, there was little overlap in the genes included in these 
two predictive gene sets, and only Wang and colleagues validated 
their fi ndings for prediction of recurrence. A third study, using 
gene expression information from spotted cDNA arrays, found 
an optimal gene set of 43 genes with 93% sensitivity and 84% 
specifi city in predicting CRC outcome ( Eschrich et al., 2005 ). 
Gene expression profi ling has also been shown to be able to
discriminate different histological types of CRC, different 
stages of CRC and CRC from control colon tissue ( Joyce and 
Pintzas, 2007 ). Again, there was little to no overlap in expressed
genes with the previously described gene sets, highlighting 
the signifi cant challenges faced in developing this technology. 
Differences in microarray platforms, data analysis techniques 

and, in particular, the inclusion/exclusion criteria for study sub-
jects could have contributed the observed differences. 

 Although gene expression profi ling has yielded some 
interesting prognostic candidates, many other types of genetic 
changes could also be signifi cantly associated with prognosis. 
Genome-wide analyses of copy number changes and methyla-
tion status have been used in other cancers to predict clinical 
outcomes and could also prove useful in CRC outcomes analy-
sis. Additionally, the role of environmental risk factors in prog-
nosis is poorly understood and needs further study particularly 
studying gene–environment interactions and how these might 
affect prognosis.  

  PHARMACOGENETICS/GENOMICS 
OF CHEMOPREVENTION AND 
CHEMOTHERAPY 
 Pharmacogenetics/genomics seeks to discover the genotype or 
genotypes that predict overall drug response in terms of clinical 
outcomes and toxicity and to tailor this information for patients 
who have been categorized to have good drug response and low 
toxicity to a particular treatment ( Marsh, 2007 ). These discov-
eries would also help in identifying patients at risk for adverse 
clinical outcomes or toxicities and as a result treat them with a 
different agent. Agents have been developed as chemopreventa-
tive agents for individuals at risk for CRC as well as treatment 
therapies for patients diagnosed with CRC. The multiple muta-
tional events in both sporadic and inherited forms of CRC 
( Table 36.1  and  Figure 36.2 ) have been explored for predictive 
and prognostic potential with a few showing promising results 
( Allen and Johnston, 2005 ). 

 Some of the factors that are associated with CRC, such 
as diet, are modifi able and have therefore been targets for pre-
vention and intervention studies or have been used as potential 
chemopreventative agents ( Boursi and Arber, 2007 ;  Giovannucci, 
2002b ). The most well-established agent in CRC chemopre-
vention is NSAID use, in the form of regular over-the-counter 
aspirin ( Markowitz, 2007 ;  Raju and Cruz-Correa, 2006 ). The 
molecular basis of NSAID chemoprevention is mostly due to 
the inhibition of cyclooxygenase (COX) enzymes, which have 
two isoforms COX-1 and COX-2, but NSAIDs may also inhibit 
CRC through non-COX mediated pathways ( Brown and 
DuBois, 2005 ;  Hawk and Levin, 2005 ). The strongest evidence 
for a protective effect of NSAID use on risk of CRC comes 
from two double-blind randomized trials, showing a 20–45% 
reduced risk of CRC depending on aspirin dose ( Baron et al., 
2003 ;  Sandler et al., 2003 ). Sulindac, a non-steroidal agent, has 
also been used in chemoprevention trials for high-risk patients 
with FAP, with modest success ( Keller et al., 1999 ). Other che-
mopreventative agents that show promise are calcium carbon-
ate, selenium and hormone replacement therapy; however, the 
molecular mechanisms of these agents are not well understood 
and evidence from randomized trials of these agents is inconsist-
ent ( Gryfe, 2006 ). 



 Systemic combination chemotherapy is now the mainstay of 
treatment for patients with advanced CRC, and includes the com-
bination of 5-FU with other agents, such as irinotecan or oxali-
platin ( Kelly and Goldberg, 2005 ). From a genomic standpoint, 
several genes have been identifi ed that play a role in either pre-
dicting response or side effects to specifi c drugs used for indi-
viduals with CRC. Many of these genes are specifi c drug targets 
with known variants or genes and/or enzymes involved in drug 
metabolism pathways.  Table 36.2    lists the drugs commonly used 
to treat CRC and their associated genetic target(s) ( Kruzelock 
and Short, 2007 ;  O’Dwyer et al., 2007 ). 

 The most well understood of these chemotherapy agents and 
its biological markers for drug response are 5-FU or capecitabine, 
which is metabolized to become 5-FU ( Parker and Cheng, 1990 ). 
5-FU is given intravenously, while capecitabine is dosed orally 
( Diasio, 2001 ). The four key enzymes that can infl uence the tox-
icity and/or effi cacy of 5-FU (and capecitabine) are: thymidylate 
synthetase (TS), dihydropyrimidine dehydrogenase (DPD), thymi-
dine phosphorylase (TP), and methylenetetrahydrofolate reduct-
ase (MTHFR). In general, low levels of TS, DPD, or TP have 
been shown to confer better drug response and hence better 
survival ( Kruzelock and Short, 2007 ). Interestingly, when intra-
tumoral gene expression levels of the combination of TS, DPD, 
and TP were analyzed, 92% of responders to 5-FU had very low 
levels of all three enzymes compared to non-responders, who 
had at least one enzyme expressed at above normal thresh-
old levels ( Salonga et al., 2000 ). Two specifi c SNP variants in 
MTHFR (677C      →      T and 1298A      →      C) are functionally linked 
to reduced activity of this enzyme; harboring the T allele of the 

677 variant may be associated with increased response rates to 
5-FU ( Cohen et al., 2003 ;  Etienne et al., 2004 ;  Weisberg et al., 
1998 ). 

 Newer chemotherapeutic medications for advanced CRC, 
such as the topoisomerase inhibitor, irinotecan, also appear to 
have functional variants that are associated with the development 
of serious side effects ( Table 36.2 ). The UGT1A1*28 7/7 vari-
ant was signifi cantly associated with the development of grade 
III/IV neutropenia in a study of 141 patients with advanced 
CRC treated with the combination chemotherapy FOLFIRI. In 
addition, patients who harbored both the TS 3 � -UTR 6      �      /6 
and XRCC3-241 C/C genotypes had an increased risk of dis-
ease progression compared to similar staged non-carrier patients 
( Ruzzo et al., 2007 ). 

 Most of the current knowledge in CRC predicting 
response to treatment is based on gene expression transcrip-
tional analysis (i.e., at the mRNA level only). However, it is 
the protein that plays the crucial active role in all cells in the 
body. Quantifi cation of gene expression from mRNA analysis 
is not always directly correlated with measured protein level 
as there can be translational and post-translational modifi ca-
tions that determine the amount of cellular protein. Therefore, 
proteomic profi ling has great potential to better understanding 
the relationship between protein levels and response to treat-
ment ( Nishizuka et al., 2003 ). Ma and colleagues used a well-
described panel of 60 human cancer cell lines (NCI-60), which 
includes 7 CRC cell lines, to predict response to a wide array 
of anticancer drugs using reverse-phase protein lysate microar-
rays ( Ma et al., 2006 ;  Paweletz et al., 2001 ). They were able to 
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 T A B L E  3 6 . 2          Drugs commonly used to treat CRC and their associated genetic target(s)  

   Drug  Genetic targets 

   5-FU and 
Capecitabine 

 Thymidylate synthetase (TS)  Dihydropyrimidine 
dehydrogenase (DPD) 

 Thymidine 
phosphorylase
(TP) 

 Methylenetetrahydrofolate 
reductase (MTHFR) 

   Irinotecan  Uridine 
diphosphateglucuronosyltranferase 
1A (UGT1A) 

 Cytochrome P450s 
(specifi cally the CYP3A 
family) 

 Carboxylesterases 
(CES) 

 Adenosine-triphosphate 
binding cassettes (ABC 
transporters) 

   Oxaliplatin  Excision repair cross-
complementing 1 and 2 (ERCC1
and ERCC2) 

 Glutathione-S-
transferase-P1 (GSTP1) 

    

   Bevacizumab  Vascular endothelial growth factor 
(VEGF) 

      

   Cetuximab  Epidermal growth factor receptor 
(EGFR) 

      

   Panitumumab  Epidermal growth factor receptor 
(EGFR) 

 Transforming
Growth Factor alpha 
(TGF 
 ) 
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identify eight protein markers that predicted response to 5-FU 
(CDH1, CDH2, KRT8, ERBB2, MSN, MVP, MAP2K1, and 
MGMT), where all but one of these was known to be involved 
in colon cancer development. Additionally the CRC cell lines 
clustered into two separate groups, which also differed from the 
other cell lines using these eight protein markers, showing the 
utility of this set to not only predict chemosensitivity to 5-FU, 
but to distinguish the CRC cell lines from other cancer types. 
Proteomic analysis shows tremendous promise not only as a 
diagnostic tool but also as a clinical outcome prediction tool. 

 While these studies hold the promise of profi ling patients to 
tailor the selection of drug treatment, there is a lack of consensus 

among cancer specialists as to the use of pharmacogenomic pro-
fi ling for patients with CRC. The American Society of Clinical 
Oncology guidelines currently support genetic testing for vari-
ants in TS, DPD, and TP genes for prognostic information, but 
not for selection of chemotherapeutic agents, such as 5-FU 
( Locker et al., 2006 ). Validation of additional predictive mark-
ers of response will require randomized clinical trials by tumor 
markers status, which would require large sample sizes since the 
prevalence of some of these markers is low in the population 
and the individual markers may have small effects individually 
but larger overall effects in combination with other markers 
( Sargent et al., 2005 ).   

2009 UPDATE
Several studies have examined the clinical utility of whole-
genome technologies for the early detection of colon cancer. 
Assays have been developed to detect somatic gene mutations, 
epigenetic modifi cations of specifi c genes, and gene-specifi c 
expression in fecal cells and serum; however, it is not clear 
which method, if any, will ultimately improve standard clini-
cal screening. Echoing an earlier prospective study (Imperiale 
et al., 2004), a large multisite study of 4482 average risk 
patients demonstrated that fecal DNA analysis is superior to 
standard fecal occult blood testing in identifying clinically rel-
evant advanced adenomas or colon cancers (Ahlquist et al., 
2008). This study also compared the fi rst generation 23 marker 
DNA assay to a smaller 3 marker DNA assay, which includes 
hypermethylation of the vimentin gene and showed that the 
smaller test had a twofold increased in sensitivity (40% versus 
20%) (Ahlquist et al., 2008). Hypermethylation of the vimen-
tin gene with rigorous assessment of DNA integrity in the 
stool sample may be important elements of the fecal assay, as a 
study of 82 colon cancer cases and 363 controls demonstrated 
a sensitivity and specifi city of 83% and 82%, respectively, for 
colon cancer when only these two markers were used (Chen 
et al., 2005; Itzkowitz et al., 2008). The search for noninvasive, 
early detection methods will continue, as more sensitive and 
specifi c methods for analyzing DNA from fecal and other tis-
sues are currently under development (Diehl et al., 2008; Koga 
et al., 2008).

Analysis of microRNAs (miRNA), a family of short non-
coding small RNAs, has also emerged as an area that may hold 
signifi cant diagnostic biomarker and therapeutic target poten-
tial in cancer research (Zhang et al., 2007). miRNA microarray 
expression profi ling of paired CRC tissue and normal colon 
tissue from 84 CRC patients was recently tested for an asso-
ciation with survival (Schetter et al., 2008). This study found 
that 37 miRNAs were differentially expressed in the CRC tis-
sue and that one of these, miRNA-21, was associated with a 
2.5-fold increased risk of death in both the initial set of 84 
CRC tissue/normal pairs and a validation set of 113 separate 

individuals with CRC, independent of other covariates, such 
as stage of disease, age at diagnosis, gender, race, and tumor 
location. Interestingly, miRNA-21 is expressed at high levels in 
most cancerous solid tumors and has been shown to act an as 
antiapoptotic factor (Volinia et al., 2006). Profi ling of miRNAs 
in colon cancer tissue may also provide prognostic information 
for patients. Seventeen of 315 miRNAs profi led in a set of 
49 stage II colon cancers and 10 normal mucosal tissues were 
found to correlate with metastasis in microsatellite stable can-
cers with a sensitivity of 77% and specifi city of 83% (Schepeler 
et al., 2008). Differences between primary tumor and meta-
static colon cancers may exist, as differential expression of 80 
genes were identifi ed using oligonucleotide arrays of 12 sets of 
normal, colon cancer, and metastasis from a single individual 
(Koh et al., 2008). Importantly, these types of studies may pave 
the way for chemotherapy decision strategies much like cur-
rent breast cancer care based on individual tumor expression 
profi les (Munoz et al., 2008).

The search for genetic factors that increase colon 
 neoplasia continues with whole-genome SNP association stud-
ies (Broderick et al., 2007; Joyce and Pintzas, 2007; Tomlinson 
et al., 2007; Zanke et al., 2007). Tenesa and colleagues identi-
fi ed a cancer susceptibility locus at 11q24 and confi rmed two 
previously identifi ed loci, 8q24 and 18q21, with a genome-
wide SNP analysis, fi rst analyzing 1012 early-onset colon 
cancer cases and controls and then testing the strongest associ-
ations in nearly 14,000 cases and controls (Tenesa et al., 2008). 
This population was then combined with other collections in 
a metaanalysis based on over 20,000 cases and 20,000 controls, 
which identifi ed four previously unreported loci at 14q22.2 
near the BMP4 gene, at 16q22.1 near the CDH1 gene, at 
19q13.1 near the RHPN2 gene, and at 20p12.3 (Houlston 
et al., 2008). Further study will be required to verify these 
putative susceptibility loci, as linkage has not consistently 
been verifi ed in different study populations, such as the previ-
ous linkage to 3q22 and chromosome 9q (Kemp et al., 2006; 
Papaemmanuil et al., 2008; Wiesner et al., 2003). Comparison 
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between genome-wide association studies can be diffi cult due 
to a variety of differences between studies, such as eligibility 
criteria, sample collection and storage, incomplete correlative 
demographic and clinical information, nucleic acid extraction 

methods and quantifi cation, diversity of microarrays tools used 
and hybridization techniques, and small sample sizes. Future 
studies will most likely focus on larger populations with stand-
ardized phenotypic criteria.
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INTRODUCTION
Prostate cancer is the second leading cause of cancer death in 
men living in Western countries. The management of men diag-
nosed with prostate cancer remains predicated on a combina-
tion of clinical and pathological characteristics of the individual 
and the cancer. Molecular features of prostate cancer remain 
largely of academic interest and are not used in the delivery of 
care. However, the dramatic response of metastatic prostate can-
cer to castration demonstrates the profound impact of success-
ful molecularly targeted therapy, and increasing insight into the 
molecular pathogenesis of prostate cancer undoubtedly holds 
further therapeutic promise (Balakumaran and Febbo, 2006; 
Nelson et al., 2003).

The genetic and epigenetic events that result in the trans-
formation of prostate epithelial cells are becoming better 
understood, and genomic tools have fueled many of the recent 
discoveries. The synchronous development of multiple, high-
quality models of prostate cancer, together with sophisticated 
genomic technologies, have accelerated our molecular under-
standing of prostate cancer over the past decade and have been 
instrumental in the identifi cation of key molecular events driv-
ing prostate cancer initiation, progression, and metastasis.

The molecular story of prostate cancer, however, remains 
far from complete. A comprehensive molecular characterization 
of the approximately 220,000 men diagnosed each year in the 
United States of America remains untenable. As the sequence of 

the human genome and technologies for global assessment of 
DNA, RNA, and protein patterns are now available, it is hoped 
that the many molecular insights established over the past dec-
ade will be effectively woven together into a molecular map of 
prostate cancer to characterize and defi ne therapy for each indi-
vidual diagnosed.

This chapter will highlight recent prostate cancer discover-
ies empowered by our nascent ability to perform global analysis 
on DNA variation, RNA expression, and protein expression.

GENETIC PREDISPOSITION AND 
ALTERATIONS IN PROSTATE CANCER

Highly Penetrant Prostate Cancer Genes
Despite signifi cant efforts, there have been limited gains in 
the identifi cation of germline mutations accounting for fami-
lies with a signifi cantly increased risk of prostate cancer. Likely 
due to a combination of disease heterogeneity and high disease 
prevalence, few highly penetrant prostate cancer-causing genes 
have been identifi ed to date. Genes located in regions in linkage 
disequilibrium with prostate cancer that have confi rmed muta-
tions in at least some families at increased risk include ELAC2, 
MSR1, and RNAseL (reviewed in [Schaid, 2004]), but there are 
no genes that are the equivalent to those such as BRCA1 and 
breast cancer (see Chapter 35).
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In 2002, germline mutations within the ribonuclease L gene 
(RNAseL) gene were found to account for some families with 
a high risk of prostate cancer (Carpten et al., 2002). Subsequent 
work has found that a variant of RNAseL, the non-synonymous 
change Arg462Gln, confers decreased enzymatic activity and is 
associated with an increased risk of prostate cancer (Casey et al., 
2002). While the mechanism(s) behind the association between 
prostate cancer risk and RNAseL remains unclear, a screen
for viral DNA in prostate cancers identifi ed a novel gamma-
retrovirus in prostate cancers occurring primarily in individu-
als with a variant of RNAseL associated with decreased activity 
(Urisman et al., 2006). The virus, now referred to as xenotropic 
murine leukemia virus-related virus (XMRV), has been isolated 
and shown to infect human cells (Dong et al., 2007). Further 
studies are currently underway to determine if infection with 
the virus is associated with an increased risk for prostate can-
cer. This intriguing fi nding suggests a provocative mechanism 
connecting the RNaseL variant with an increased risk of pros-
tate cancer through compromised immunity and resulting viral 
infection.

Germline Variation and Prostate Cancer Risk
Variation of many germline polymorphisms have been associ-
ated with an individual’s risk of developing prostate cancer 
(Pomerantz et al., 2007). Most early studies focused on genetic 
polymorphisms, oligonucleotide repeat (di-, tri- etc.), or sin-
gle nucleotide repeat polymorphisms, with potential functional 
impact on proteins within the androgen metabolism pathways 
(reviewed in [Singh et al., 2005]). However, as the paradigm of 
genomic assessment has shifted from single polymorphism to 
allele structure (haplotypes), more comprehensive analyses are 
now possible.

In 2006, analysis of germline polymorphisms and their 
association with prostate cancer identifi ed a region on chromo-
some 8 in signifi cant linkage disequilibrium with the  disease 
(Amundadottir et al., 2006).  Although the association was iden-
tifi ed initially in an Icelandic population, two variants were 
found to have a strong association with prostate cancer risk across 
multiple populations, with the largest population attributable 
risk observed in African-American men (Amundadottir et al., 
2006). Using an alternative approach of admixture mapping in 
order to identify prostate cancer risk alleles in African-American 
men, an independent group also identifi ed this locus (Freedman 
et al., 2006). Subsequently, multiple studies have confi rmed the 
association of this region with risk of prostate cancer and have 
determined that there are two independent loci that impact risk 
of prostate cancer located within 8q24 (Gudmundsson et al., 
2007; Haiman et al., 2007a, b; Schumacher et al., 2007; Wang 
et al., 2007; Yeager et al., 2007). While the proximity of these 
polymorphisms to the MYC oncogene (~150 KB) suggests that 
they may act through modulation of MYC expression, the spe-
cifi c markers are within non-transcribed regions of the genome 
and the mechanism underlying the association of these loci with 
prostate cancer risk remains unknown.

With the advent of technologies to rapidly assay hundreds 
of thousands of SNPs (see Chapter 4), genome-wide association 
studies are becoming more prevalent and are likely to result in 
additional insights. For example, using a 100K SNP array from 
Affymetrix, investigators looked for loci with strong association 
with prostate cancer for incident cases within men participating 
in the Framingham heart study (Murabito et al., 2007). While no 
loci met statistical criteria for genome-wide signifi cance, asso-
ciation with prostate cancer was found for two SNPs within the 
MSR1 gene (discussed above as being associated with a familial 
risk of prostate cancer). Thus, in time, more granular technol-
ogies and assessment of large cohorts with different racial and 
ethnic constitution will likely result in additional insights as to 
the genetic infl uence on the development of prostate cancer.

Mitochondrial DNA
Another compelling fi nding is the association of mutations 
within mitochondrial genes and prostate cancer risk (Petros 
et al., 2005). When the cytochrome oxidase subunit I gene 
(COI) was sequenced in patients with prostate cancer, 11–12% 
were found to have mutations that altered conserved amino 
acids compared to �2% individuals without cancer (Petros et al., 
2005). Both germline and somatic mitochondrial mutations 
have been found to contribute to the risk of prostate cancer, 
underscoring their potential importance (Gomez-Zaera et al., 
2006; Petros et al., 2005). A plausible mechanistic explanation 
involves the role these mutations may play to increase reactive 
oxygen species and oxidative stress. Increased oxidative stress is a 
commonly associated mechanism with prostate cancer develop-
ment and may explain the observed associations between pros-
tate cancer onset and NKX3.1 loss (Ouyang et al., 2005), as well 
as GST-Pi methylation (Parsons et al., 2001) in prostate cancer. 
Thus, changes in the mitochondrial genome may further high-
light the importance of oxidative stress on the development and 
progression of prostate cancer.

Epigenetic Changes in Prostate Cancer
Along with genetic changes in the DNA sequence, epigenetic 
modifi cations (see Chapters 6) have been associated with the 
development and progression of prostate cancer. Methylation 
of GST-Pi is one of the earliest and most consistent fi ndings in 
prostate cancer (Lee et al., 1994). Subsequently, many additional 
genes with CpG-rich promoters have been found to be pref-
erentially methylated with the development of prostate cancer. 
A few relatively recent examples include 14-3-3sigma (Pulukuri 
and Rao, 2006), P4501A1 (Okino et al., 2006), TIMP-2 
(Pulukuri et al., 2007), and RASFF1A (Kawamoto et al., 2007). 
Clearly, epigenetic regulation plays a role in the development 
and progression of prostate cancer, but the relative impor-
tance of the individual genes thus far identifi ed remains largely 
unknown.

Investigations using technology platforms with greater cov-
erage of the human genome are currently ongoing and are likely 
to continue to identify specifi c genomic regions altered with 



T A B L E  3 7 . 1   Common chromosomal alterations in prostate cancer

Gene Chromosomal 
location

Change observed Function Reference

ETS family 
members

21,7,others Translocation 
downstream of AR 
regulated genes 
(primarily TMPRSS2)

Transcription factors (Tomlins, 2006)

GSTPi 11 Methylation of 
promoter

Responds to oxidative stress (Nelson, 1994)

PTEN 10q23 Loss Tumor suppressor gene involved in regulation 
of the phosphatidylinositol 3-kinase pathway. 
Loss of the PTEN enzyme can lead to rapid
cell growth and proliferation.

Hughes (2005)

NKX3.1 8p21 Loss/Inactivation Tumor suppressor gene that is prostate 
specifi c and regulates epithelial growth and 
differentiation.

Hughes (2005); 
Shand (2006)

c-myc 8q Gene amplifi cation Encodes a transcription factor that regulates 
the expression of multiple genes leading to 
increased cell proliferation.

Hughes (2005); 
Jenkins (1997)

Rb 13q Loss (LOH, mutation) Tumor suppressor gene that prevents 
replication of damage DNA through the cell 
cycle.

Hughes (2005); 
Phillips (1994)

p53 17p Loss (LOH, mutation) Tumor suppressor gene that prevents
entry of damaged DNA into the cell cycle
and promotes apoptosis.

Grignon (1997); 
Hughes (2005)

AR X Amplifi cation, 
mutation in hormone 
refractory disease

Transcription factor Koivisto (1995)

prostate cancer progression (reviewed in [Nelson et al., 2007]). 
Already patterns of post-translational acetylation and dimethyla-
tion of histones H3 and H4 have been shown to identify two 
groups of low-grade prostate cancers with different risks of 
recurrence independent of tumor stage, preoperative prostate-
specifi c antigen levels, and capsular invasion (Seligson et al., 
2005). Importantly, the availability of high-throughput methods 
such as DNAse hypersensitivity that assess high-order chroma-
tin structure (Crawford et al., 2006) represents yet another out-
standing opportunity for discovery.

Somatic DNA Alterations
Genomic screens for DNA-based changes have recapitulated 
previous fi ndings from targeted analyses. In one study, a micro-
array genotyping single nucleotide polymorphisms (SNPs) 
identifi ed loss of heterozygosity in regions on chromosomes 8p 
(22%), 8q (24%), 16q (20%), 13q (18%), 10q (12%), and 4q (12%) 
(Lieberfarb et al., 2003). With the exceptions of 8q and 4q, each 
of these regions had been previously implicated in prostate can-
cer (Nelson et al., 2003). Similarly, in a recent study using array 

comparative genomic hybridization (aCGH), gains were seen at 
1q, 7, 8q, 16p and 17q and losses at 2q, 4p/q, 6q, 8p, 13q, 16q, 
17p, and 18q (Saramaki et al., 2006). With the increased resolu-
tion offered by the 16,000-feature microarray used for this study, 
smaller regions of gains or loss could be discerned.

Genomic analyses of somatic changes in prostate cancer 
have highlighted the role of specifi c oncogenes and pathways 
in prostate cancer (Table 37.1). A few are consistently associated 
with prostate cancer development and progression and deserve 
specifi c mention. Importantly, the detailed knowledge of these 
pathways in prostate cancer and specifi c details with respect to 
their role in prostate cancer provide important molecular para-
digms with which to consider the role of novel molecular alter-
ations in prostate cancer as they are identifi ed.

PTEN/PI3K/mTOR
PTEN antagonizes the growth-promoting effects of the family 
of proteins constituting the dimeric complex with PI3K activ-
ity by removing the phosphate moiety from the 3�position of 
phosphotidylinositol 3,4,5-triphosphate (PIP3) (Li et al., 1997). 
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Homozygous loss of PTEN is common in advanced pros-
tate cancer (Sansal and Sellers, 2004), and loss of one allele is 
likely to be an early event (Bello-DeOcampo and Tindall, 2003). 
Inhibition of PI3K by targeted molecules devastates prostate 
cancer cells with PTEN loss largely through pro-apoptotic 
effects (Lin et al., 1999).

It is now clear that PTEN has gene dosage effects in pros-
tate cancer that are profound. The two transgenic mice thus 
far developed with prostate-specifi c Pten knockout (Trotman 
et al., 2003; Wang et al., 2003) have provided remarkable insight 
into PTEN biology. Although complete inactivation of PTEN 
is observed in a signifi cant number of cases of advanced prostate 
cancer, only one allele is lost in many patients at presentation. 
Trotman and coworkers created a Pten hypomorphic allele to 
generate a series of Pten transgenic mice that had progressively 
decreasing levels of the PTEN protein expressed in the prostate. 
The incidence of prostate cancer, latency and progression cor-
related with Pten dose in the prostate, thus providing defi nitive 
evidence that PTEN copy number is important in prostate can-
cer and that the hemizygous state of PTEN may play a key role 
in the initiation of prostate cancer (Trotman et al., 2003).

The impact of this work has been extended with the recent 
demonstration of cooperativity between PTEN and p53 (Chen 
et al., 2005c). PTEN protects p53 protein from Mdm2-mediated 
degradation (Mayo et al., 2002), and p53 enhances PTEN trans-
cription (Stambolic et al., 2001). In transgenic mice, conditional 
inactivation of p53 fails to produce a prostate tumor pheno-
type in mice, and in the same strain complete PTEN inactiva-
tion in the prostate triggers tumor formation with a long latent 
period. However, combined inactivation of Pten and p53 leads 
to formation of invasive prostate cancer as early as 2 weeks 
after puberty and is often lethal by 7 months of age (Chen 
et al., 2005c). This work demonstrated that acute PTEN inacti-
vation induces growth arrest through the p53-dependent cellular 
senescence pathways both in vitro and in vivo, which can be fully 
rescued by combined loss of p53. This could potentially explain 
observations in human prostate cancer where evidence of cellu-
lar senescence is seen in early stages (by strong beta-gal staining 
in regions of prostatic intraepithelial neoplasia (PIN) but not in 
frank tumor) where cells presumably have lost p53. p53 appears 
to be an important checkpoint that restricts Pten-defi cient 
tumors, and lysates from pten-null mice prostates showed a 
10-fold induction of p53 (Chen et al., 2005c).

Along with major genetic modifi ers such as p53, germline 
genetic variation is also likely to impact the phenotype of PTEN 
loss in prostate epithelium. This possibility is suggested by the 
somewhat disparate phenotypes of two prostate-specifi c, com-
plete Pten knockout mice. The Pten-null C57Bl/6 � 129/Balb/c 
F2 mice developed by Wang and coworkers using a cre-lox 
knockout approach (Wang et al., 2003) exhibit a latent period 
for PIN formation of 8–10 months for heterozygotes mice and 
as short as 1.5 months for the homozygous mutant mice, which 
further supports the dose-dependent effects of PTEN. In addi-
tion, homozygous mutants develop invasive adenocarcinoma 
that progresses to metastasis and does not respond to castration. 

However, in a pure C57Bl/6 background, PTEN loss results in 
invasive cancer but not metastasis (Trotman et al., 2003).

MYC
c-Myc is a transcriptional factor that is required for expressing 
many genes involved in cell-cycle transition events and prolifer-
ation (Adhikary and Eilers, 2005). Overexpression of MYC will 
result in increased apoptosis unless there are mutations in MYC 
itself (Hemann et al., 2005) and/or defi cits in homeostatic mech-
anisms that facilitate escape from p53 and p19ARF mediated 
apoptosis (Dang et al., 2005). Frequent amplifi cation of chro-
mosome 8q24 and/or the MYC oncogene has been demon-
strated in androgen-independent prostate cancer with greater 
frequency of amplifi cation noted as prostate cancer progresses 
(Edwards et al., 2003).

p53 and Rb
While distinct in their biology, p53 and Rb have both been 
implicated in late-stage prostate cancer and have a demonstrated 
causative role in transgenic mouse models. Loss of heterozygos-
ity at the Rb loci is frequent in early prostate cancer (60% in 
[Phillips et al., 1994]). Rb loss results in dysregulation of the E2F 
transcription factors which activate genes critical for cell-cycle 
progression and proliferation. p53 is best characterized as caus-
ing cell-cycle arrest and apoptosis in the setting of DNA dam-
age. p53 mutations have been associated with prostate cancer. In 
addition, both p53 and Rb immunohistochemistry have prog-
nostic importance in prostate cancer (Theodorescu et al., 1997).

Fascinating recent work has further demonstrated signifi -
cant interaction between Rb loss and p53 signaling (Hill et al., 
2005). While the supportive role of the prostatic stroma in can-
cer development and progression has been recognized for some 
time (Cunha et al., 2002), somatic genetic changes have incon-
sistently been found and there was little direct support for proc-
esses whereby genetic or epigenetic events preferentially occur 
in stromal adjacent to malignant epithelial cells. In transgenic 
mice with Rb loss, there is paracrine selective pressure on the 
stromal fi broblasts to escape from p53 growth arrest. As a result, 
investigators found p53 mutations occurring within the stromal 
cells (Hill et al., 2005). While this specifi c model provides only a 
single example of somatic genetic changes in the stroma driven 
by epithelial malignancy, it likely represents a common phe-
nomenon that helps explain the stable phenotypic differences 
observed between stromal cells adjacent to either benign epithe-
lial glands or malignant epithelial glands (Cunha et al., 2003).

PROSTATE CANCER DETECTION
The discovery of circulating prostate-specifi c antigen (PSA) and 
its subsequent use as a screening test has resulted in earlier detec-
tion, but PSA screening has yet to demonstrate a survival bene-
fi t. Importantly, while PSA can diagnose prostate cancer earlier 
than symptoms, physical exam, or other blood chemistries, it 



remains limited as a predictive marker and provides little insight 
as to the specifi c biology of an individual’s prostate cancer. The 
goal of many genomic projects in prostate cancer is to improve 
upon the specifi city of serum PSA and to discover and develop 
biomarkers that provide additional predictive or biological 
insight (Figure 37.1).

Urine Biomarkers
Prostate cancer cells slough into the prostatic glands and ducts 
and can be found in the urine. As high-grade prostate intraepi-
thelial neoplasia often is associated with prostate cancer, the 
identifi cation and characterization of prostate cells within the 
urine may provide an opportunity. In addition, degraded pro-
teins derived from the serum and passing into the urine may 
also provide diagnostic, prognostic, or predictive information 
(M’Koma et al., 2007). Single molecular markers demonstrate 
correlation between biopsy results and urine protein levels. For 
example, there is good correlation between the presence of 

-methylmalonyl co-A racemase (AMACR) detected in the 
urine and biopsy results in men undergoing diagnostic evalua-
tion for prostate cancer (Rogers et al., 2004). When PCR-based 
promoter methylation assays were used to compare cells col-
lected in the urine to prostate biopsies, correlation was very high 

for three genes (94% for GST-pi and APC, 82% for EDNRB) 
(Rogers et al., 2006). Additional urine biomarkers of potential 
clinical utility currently under study include PCA3 (de Kok 
et al., 2002; Tinzl et al., 2004) and the TMPRSS2/ERG trans-
locations (Hessels et al., 2007). Thus, molecular events detected 
in cells or prostate-specifi c proteins present in the urine seem to 
refl ect changes within the prostate and may serve as biomarkers 
to provide a means for earlier diagnosis.

Broader proteomic approaches have demonstrated some 
early success in correlating protein patterns with prostate pathol-
ogy. Using a mass spectrometry approach (MALDI-TOF-MS), 
investigators have identifi ed calgranulin B in the urine of men 
with prostate cancer following prostatic massage (Rehman et al., 
2004). Alternatively, by adsorbing urine proteins onto a reverse-
phase resin and subsequently directly spotting them onto a spe-
cifi c matrix (
-cyano-4-hydroxycinnamic acid), another group 
demonstrated peaks that could be used to distinguish between 
individuals with benign prostatic hypertrophy (BPH), PIN, and 
prostate cancer with approximately 75% specifi city and 70% 
sensitivity (M’Koma et al., 2007). These early analyses require 
validation, but suggest that urine holds some promise as a source 
for informative biomarkers. The relative utility of urine-based 
analysis compared to serum-based analysis remains to be fully 
explored.

Urine

Blood

Nucleated WBC – Host Genomic DNA, RNA expression

Circulating tumor cells – Number, Somatic DNA, RNA and protein expression

Circulating endothelial cells – Number

Circulating
cells

Serum or
plasma

PSA – Value, status (Free, complexed, etc.), and rate of change

Molecular biomarkers – EPCA3, KLK2, other novel biomarkers

Serum proteomics – Mass spec-based, reverse-phase, others

Auto-antibodies – “Immunomics”

Prostate Cancer
Cells RNA

DNA

Protein

ETS family member translocations – FISH

AR gene alterations – FISH, sequencing, etc.

Other somatic DNA alterations – aCGH, SNP chips, sequencing

Epigenetic changes – Methylation patterns

Expression patterns or “signatures”

microRNA patterns

RNA splice variants

Molecular biomarkers – immunohistochemistry, AMACR, EZH2, others

Tissue proteomics – Mas spec-based, reverse-phase, “phosphoproteome”

Sediment
cells Molecular markers – DNA alterations, GSTPi methylation patterns

Protein
Molecular biomarkers – Calgranulin B

Urine proteomics – Mas spec-based, reverse-phase, “phosphoproteome”

RNA Molecular markers – PCA3

Figure 37.1  Biomarkers in prostate cancer.
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Serum Biomarkers
There has been great interest in improving our ability to detect 
and anticipate the behavior of prostate cancer beyond that cur-
rently enabled by serum PSA. PSA kinetics (e.g., PSA velocity 
or PSA doubling time) has been recently broadly recognized 
to improve the prognostic accuracy of PSA (D’Amico et al., 
2005; Freedland et al., 2005; Partin et al., 1994), but still pro-
vide relatively limited insight into the molecular biology of an 
individual’s cancer. To this end, multiple groups have performed 
proteomic analysis of serum samples in an attempt to identify 
more sensitive and/or specifi c markers. Comprehensive analy-
sis of circulating serum proteins in patients at risk or diagnosed 
with prostate cancer have used two-dimensional polyacryla-
mide gel electrophoresis (2D-PAGE), MS-based technologies 
(e.g., matrix assisted laser desorption ionization time-of-fl ight 
(MALDI-TOF) or surface enhanced laser desorption ionization 
time-of-fl ight (SELDI-TOF)), and reverse-phase protein arrays 
(Ornstein and Tyson, 2006).

There have been early suggestions that proteomics can dis-
tinguish patients with prostate cancer from patients with a nor-
mal PSA (Petricoin et al., 2002) and can distinguish patients 
with advanced prostate cancer from patients with advanced 
breast or bladder cancer (Villanueva et al., 2006). Signifi cant 
effort is now focused on determining the best technological 
platforms and clinical applications for use in the care of men 
diagnosed with prostate cancer. However, blood collection and 
processing remains a signifi cant challenge to open-ended pro-
teomic technologies such as MALDI-TOF or SELDI-TOF, as 
small changes in storage or protein isolation can signifi cantly 
impact proteomic profi les (Gelmann and Semmes, 2004). When 
sample processing is standardized, differential patterns have been 
identifi ed that correlate with the presence of prostate cancer 
(Villanueva et al., 2006) and the presence of bone metastasis 
(Li et al., 2005), but these fi ndings require more extensive test-
ing before their true prognostic or predictive value is known.

An alternative approach, referred to as reverse-phase pro-
teomics, has also demonstrated promise (Wang et al., 2005). In 
a specifi c example, prostate cancer cDNA library is used to cre-
ate a bacteriophage library and single clones expressing pros-
tate cancer antigens are spotted onto glass microarrays. Patient’s 
serum is labeled and hybridized to the arrays in the presence of 
an alternatively labeled “normal” serum. This technique deter-
mines differential presence of auto-antibodies directed against 
prostate cancer antigens. Investigators found that this approach 
had greater sensitivity and specifi city than PSA in men with 
serum PSA measured between 4 and 10 ng/dl (Wang et al., 
2005). These reverse-phase proteomic approaches may be less 
impacted by sample processing and be deployable clinically.

Currently, many associations between proteomic analysis 
and prostate cancer remain limited to single investigator teams, 
and no single marker or proteomic-based model has been incor-
porated into clinical practice. However, with improved stand-
ardization of processing and platforms, serum proteomics have 
great promise to improve prostate cancer care. Early studies have 
already provided proof of concept by identifying serum proteins 

that may improve upon PSA for prostate cancer diagnosis and 
treatment and prospective evaluation and clinical implemen-
tation of the best markers is likely to occur over the next few 
years.

Circulating Tumor Cells
As tumors progress, malignant cells can be found within the cir-
culation. Surrogate measures of circulating tumor cells (CTC), 
such as RT-PCR for PSA from whole blood (Seiden et al., 
1994), have been associated with prostate cancer risk (Ghossein 
et al., 1999). The development of methods to isolate CTC 
from blood has created further opportunity to determine if the 
CTC number and nature provides an emerging opportunity for 
biomarker development. Patients with prostate cancer seem to 
have a relatively heavy burden of CTC, and increased numbers 
of CTC are associated with more advanced disease (Moreno 
et al., 2001) and survival (Moreno et al., 2005). Decreases in 
CTC numbers in response to therapy have recently been found 
to be associated with survival in men treated with castration-
refractory prostate cancer (Moreno et al., 2007). However, it 
remains to be seen if the biology of an individual’s CTC signifi -
cantly refl ects that of their metastatic disease.

Given the relatively small numbers (a median of 5 CTC/
7.5 ml of blood in patients with advanced prostate cancer 
[Moreno et al., 2005]), the isolation and analysis of CTC has 
proved to be a signifi cant challenge. Thus far, analysis has been 
largely restricted to specifi c proteins or genes (PSA, PSMA, etc.) 
(Chen et al., 2005a). However, investigators have demonstrated 
the ability to detect molecular markers such as EGFR expres-
sion, DNA ploidy, and/or androgen receptor (AR) amplifi cation 
in samples with �5 CTC/7.5 ml of blood (Shaffer et al., 2007). 
As cells are more effi ciently isolated and methods of DNA or 
RNA amplifi cation improved, it is possible that genomic anal-
ysis of this compartment may provide surrogate prognostic or 
predictive biomarkers.

Imaging Prostate Cancer
Imaging of the prostate is performed routinely, but thus far has 
demonstrated limited utility in defi ning intraprostatic disease 
burden, and no imaging modality has provided strong predictive 
correlates with prostate cancer behavior. Imaging modalities that 
have been in routine use and tested for their ability to defi ne 
either intraprostatic tumor burden or histopathological correlates 
include transrectal ultrasound, pelvic CT, pelvic MR, pelvic MR 
with endorectal coils, Prostascint scans, and positron-emission 
tomography scans. A few imaging modalities are successful in 
suggesting extraprostatic disease (CT, pelvic MR �/	 endorectal 
coils) or enlarged regional lymph nodes (MR �/	 endorectal 
coil). In a recent study, MR evidence of non-organ confi ned 
disease (either extracapsular, seminal vesicle, or lymph node 
involvement) contributed to the prognostic nomograms (Kattan 
nomogram) that are frequently used in clinical practice (Wang 
et al., 2006). However, no modality has been proven to pro-
vide suffi cient clinically useful information about intraprostatic



tumor burden, pathology, or biology so as to warrant widespread 
adoption.

MR spectroscopy is an emerging technology that has yet 
to be fully evaluated for its potential to provide prognostic 
and/or predictive information about cancer (Sorensen, 2006). 
Preliminary studies focused on prostate cancer have shown con-
siderable promise (Hricak, 2005). MR spectroscopy of prostates 
after removal have demonstrated spectroscopic correlates with 
pathology (Cheng et al., 2005) and in vivo studies are underway. 
MR spectroscopy was found to contribute to the anatomical 
information provided by MR in the study by Wang and cow-
orkers although the contribution was not found to be statisti-
cally signifi cant (Wang et al., 2006). While widespread use of 
MR spectroscopy has been somewhat limited because of con-
cerns regarding technical reproducibility, emerging work has 
started to identify spectroscopic approaches that are more readily 
performed across institutions. In addition, while there has been 
relatively poor correlation between MR imaging and intrapros-
tatic tumor volume or pathology, few studies have addressed the 
correlation of MR spectroscopy and intratumor volume and/or 
pathology. Finally, there have been no studies bringing together 
MR spectroscopy and genomic analyses of prostate cancer to 
determine if there are spectroscopic fi ndings that identify pros-
tate cancer tumors with poor prognostic or specifi c predictive 
genomic signatures.

GENOMIC CHANGES ASSOCIATED 
WITH PROSTATE CANCER BEHAVIOR
The progression of the prostate epithelial cells from benign to 
malignant and from local to metastatic is associated with genetic, 
epigenetic, RNA, and protein alterations. Signifi cant effort has 
lead to our understanding how specifi c molecular events impact 
the development and progression of prostate cancer. More 
recently, global approaches of genomic interrogation have been 
applied to discover and defi ne the most important molecular 
events in prostate cancer.

Prostate Cancer Initiation
Early expression analyses of prostate cancer focused on glo-
bal differences between benign tissue (either “normal” prostate 
glands or BPH) and “cancer.” Multiple groups have demon-
strated signifi cant differential gene expression between benign 
and malignant localized prostate cancer specimens using micro-
arrays (Dhanasekaran et al., 2001; Lapointe et al., 2004; Luo 
et al., 2001; Singh et al., 2002; Welsh et al., 2001). The difference 
in global gene expression between tissue samples comprised of 
benign epithelium and those containing malignant prostate cells 
were profound and several genes (e.g., AMACR and hepsin) 
were common to multiple groups. Importantly, microarray 
analysis demonstrated that AMACR had consistently increased 
expression in prostate cancer (Luo et al., 2001). AMACR 
expression was subsequently validated by immunohistochemis-
try (Luo et al., 2002; Rubin et al., 2002) and is currently used 

clinically in some situations when the diagnosis of malignancy 
is unclear.

Perhaps one of the most signifi cant fi ndings resulting from 
microarray analysis is the identifi cation of recurrent chromo-
somal rearrangements associated with prostate cancer (Tomlins et 
al., 2005). By looking at data from gene expression microarrays, 
this group identifi ed outlier genes whose expression was unchar-
acteristically high in individual cases of prostate cancer compared 
to other cancers. This approach identifi ed the frequent aberrant 
expression of two transcription factors belonging to the ETS 
family, ERG and ETV1. When the genomic location and organ-
ization of these genes were further interrogated, they were found 
to be fused to the 5� end of the prostate-specifi c, androgen-
regulated gene TMPRSS2, with one or the other fusion present 
in a very high proportion of localized prostate cancer specimens 
(23/29) (Tomlins et al., 2005), suggesting that fusion of an ETS 
family member with TMPRSS2 may be a common initiating 
event in prostate cancer. Multiple groups have likewise identi-
fi ed these translocations in a high percentage of prostate can-
cer patients (Hermans et al., 2006; Iljin et al., 2006; Tu et al., 
2007). In addition, there have been early reports that the pres-
ence of ETS translocations are associated with more aggressive 
pathology (Mosquera et al., 2007) and higher prostate cancer 
specifi c mortality (Demichelis et al., 2007). The translocation 
between TMPRSS2 and an ETS family member appears to be 
an important early event in prostate cancer and, while it may 
have less impact on late-stage disease (Hermans et al., 2006), tar-
geting these translocations is likely to be a clinically important 
approach.

Biochemical Relapse Following Surgery
As an imperfect but feasible measure of progression, many 
groups have analyzed the difference in RNA expression pat-
terns between prostate cancers from men who were cured (or 
remained biochemically free of disease for at least 4 years) ver-
sus men who had biochemical recurrence (Glinsky et al., 2004; 
Henshall et al., 2003; Lapointe et al., 2004; Singh et al., 2002). 
Interestingly, while each independent group could consistently 
fi nd expression patterns anticipating biochemical recurrence 
using multi-gene predictive models, there was little overlap in 
the genes used in each group’s specifi c model. This can be inter-
preted in many ways, but is likely due to the consistent presence 
of expression structure associated with biochemical relapse that 
is subtle (i.e., low signal to noise ratio) yet deep (many genes). 
The consistency of such an outcome signature suggests that 
genetic events in the primary tumors do determine a propen-
sity to spread; however, the biology driving such expression pat-
terns remains far from clear, and recurrence signatures may not 
be unique to prostate cancer.

The pre-existence of genetic or epigenetic events that 
determine aggressive behavior is also supported by DNA-based 
analysis. Using aCGH, investigators have found a higher fre-
quency of DNA copy number changes associated with recurrent 
disease and specifi cally identifi ed loss of 8p being associated with 
advanced stage and gain of 11q13 with biochemical recurrence 
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(Paris et al., 2004). The specifi c regions found to be amplifi ed 
contained the MEN1 gene, and subsequent analysis confi rmed a 
difference in RNA expression.

Integrative Analysis
While preliminary genomic analysis of prostate cancer was 
largely restricted to single molecular compartments (i.e., DNA, 
RNA, etc.), there is an increasing utilization of integrative 
analysis that uses more than one molecular compartment to 
investigate tumor biology. An integrative approach using exten-
sive genomic and proteomic analysis of prostate cancer found 
that, compared to benign prostate, 64 proteins were altered in 
localized prostate cancers, and an additional 156 proteins were 
detected in metastatic cancer. Only 48–64% concordance was 
observed between the RNA and proteomic analyses but the 
genes that were correlated with outcome by either both meth-
ods served as good predictors of clinical outcome in prostate 
cancer as well as other tumors (Varambally et al., 2005). Such 
integrative analyses are likely typical of future genomic studies 
and will help to determine molecular sub-types of prostate can-
cer in order to provide a more comprehensive understanding of 
prostate cancer biology and improve prostate cancer treatment.

Another approach, while not involving more than one 
molecular compartment, is to use differential gene expres-
sion as a phenotype and to assess the similarity between gene 
expression as prostate cancer progresses with a broad range of 
expression phenotypes derived experimentally. In a recent paper, 
gene expression was assessed in prostate samples ranging from 
benign to malignant disease including a number of metastatic 
samples (Tomlins et al., 2007). Differential gene expression 
between stages of progression was used to assess similarity with 
gene expression changes associated with other expression-based 
phenotypes. For example, this process – termed the molecular 
concept map (MCM) – found that genes associated with pro-
liferation in cell lines had a coordinated increase in expression 
as prostate cancer transitioned from local to metastatic cancer. 
While somewhat limited due to their analysis of only 44 indi-
viduals were, this analytic method has started to identify the 
biology underlying prostate cancer progression and metastasis 
and suggests further analysis of larger datasets will be fruitful.

Correlates with Pathology
There are also gene expression signatures associated with pros-
tate cancer pathology (Singh et al., 2002). Genes found to have 
increased expression in tumors of increasing pathological grade 
(as measured using the Gleason grading system) were found to 
be consistent across independent sets of prostate cancer speci-
mens (Singh et al., 2002). Interestingly, a large number of these 
genes were downstream targets of TGF-beta signaling and were 
among the top genes correlated with Gleason score (Febbo and 
Sellers, 2003). Subsequent work has further supported strong 
gene expression associations with Gleason grade (Halvorsen 
et al., 2005) and found that gene expression patterns can be used 
to distinguish Gleason grade 3 from Gleason grade 4/5 with 
76% accuracy (True et al., 2006).

These analyses suggest that a biology associated with 
aggressive behavior can be found in the localized tumors and 
likely predates the spread of cancer. While genes such as MUC1 
(Lapointe et al., 2004), monoamine oxidase A (True et al., 2006) 
and many others have been associated with Gleason score, the 
specifi c biology driving prostate cancer aggressive disease is not 
fully understood.

Changes Associated with Progression to
Metastatic Prostate Cancer
An alternative approach to identifying molecular changes asso-
ciated with aggressive prostate cancer is to compare local to 
metastatic disease. By measuring gene expression in hormone-
refractory prostate cancer and comparing it to local disease, 
RNA and protein expression of enhance of zeste homologue 2 
(EZH2) was found to be elevated (Varambally et al., 2002). 
Increased expression of EZH2 in localized tumors was subse-
quently associated with recurrence.

Interestingly, the prognostic importance of genes differ-
entially expressed between local and metastatic tumors may be 
independent of tumor type. When local tumors from a variety of 
solid cancers were compared to a variety of metastatic samples, a 
17-gene signature of metastasis was derived. When this signature 
was applied to prostate, breast, and meduloblastoma, the signa-
ture could anticipate disease recurrence greater than expected 
by chance alone (Ramaswamy et al., 2003). However, when the 
prognostic importance of single genes such as EZH2 are assessed 
in independent datasets and in the context of multivariable 
models, they seldom hold greater prognostic value than estab-
lished clinical and pathological features (Rhodes et al., 2003).

Literature Mining
In another example of integrative analysis, the interpretation 
of differential gene expression between different stages of pros-
tate cancer can be aided by high-throughput annotation pro-
grams, such as those that perform text-based literature mining. 
In a recent example, genes found to have differential expression 
between local and metastatic prostate cancer were used as a set 
to fi nd pathways that cooccurred in the corpus of medical lit-
erature more frequently than expected by chance alone. This 
approach identifi ed FOSB as being associated with the genes 
differentially expressed in metastatic prostate cancer, and sub-
sequent immunohistochemistry found increased nuclear FOSB 
staining in metastatic prostate cancer compared to local prostate 
cancer (Febbo et al., 2007). Additional annotation approaches 
using Gene Ontology or Pathway membership are being used 
with increasing frequency to help interpret genomic fi ndings.

Prostate Cancer Response to Treatment
Genomics to Inform Clinical Trials
Genomics have already been incorporated into clinical trials so 
as to investigate the biological response to novel treatments in 
prostate cancer and identify potential mechanisms of resistance. 
In the setting of a phase II neoadjuvant Docetaxel (Taxotere) 



trial for high-risk localized prostate cancer, microarray-based 
gene expression was measured in tumors following docetaxel 
(Taxotere) therapy and compared to untreated prostate tumors 
matched for Gleason grade (Febbo et al., 2005). While there 
were no genes with large differences in expression (�5 fold 
between treated and untreated tumors), gene set enrichment 
analysis (GSEA) (Subramanian et al., 2005) identifi ed altered 
expression of genes involved in androgen metabolism. This fi nd-
ing further underscores the potential importance of androgen 
signaling in prostate cancer and has helped to inform the devel-
opment a large multi-center phase III trial (CALBG [cancer and 
leukemia group B] 90203) that compares neoadjuvant docetaxel 
(Taxotere) and androgen ablation followed by surgery to surgery 
alone for men with similar high-risk prostate cancer (Eastham 
et al., 2003).

In another example, patterns of gene expression were 
determined in localized prostate cancer before and after neo-
adjuvant Imatinib Mesylate (Gleevec) given to men with inter-
mediate to high-risk prostate cancer prior to prostatectomy 
(Febbo et al., 2006). Microarray analysis following laser capture 
microdissection and RNA amplifi cation was used to deter-
mine gene expression changes associated with therapy from 
nine patients. The study revealed large gene expression differ-
ences, and the gene most differentially expressed, MPK1, was 
validated by immunohistochemistry. GSEA comparing Imatinib 
Mesylate (Gleevec)-treated prostate cancer with untreated or 
pre-treatment biopsies highlighted a potential impact of treat-
ment on apoptosis of cells associated with tumor microvas-
culature. Additional studies are now underway that look to 
improve the impact of targeted therapy on microvascula-
ture by either using agents that target multiple receptor tyro-
sine kinases on the tumor vasculature (Neoadjuvant Sunitinib 
[Sutent], Duke University Medical Center, Daniel George, P.I., 
and Neoadjuvant Sorafenib (Nexavar), Fred Hutchinson Cancer 
Research Center, Evan Yu, P.I., which targets both PDGFR 
and VEGF) or combining targeted therapy with chemotherapy 
(Neoadjuvant Bevacizumab [Avastin] and Docetaxel [Taxotere], 
Dana Farber Cancer Institute, William Oh, P.I.). Further stud-
ies using laser capture microdissection and RNA amplifi cation 
with targeted agents have the potential to lead to the discovery 
of potential mechanisms of targeted therapy in cancer.

Guiding Cytotoxic or Targeted Therapy
In 2004, two pivotal trials, TAX 327 and SWOG 99-16, dem-
onstrated a survival benefi t for docetaxel in metastatic prostate 
cancer (Petrylak et al., 2004; Tannock et al., 2004). While this 
represents a signifi cant advance, fully 40% of patients treated 
with docetaxel progress by the sixth cycle of docetaxel, and 
improved therapeutic options are required. Multiple phase III 
trials testing docetaxel-doublets are underway aimed at improv-
ing the outcome for men treated with docetaxel, but an alter-
native approach remains improved selection of patients who 
receive the greatest benefi t from docetaxel. As men who nor-
malize their PSA in response to docetaxel have median life 
expectancies that reach almost 3 years, additional therapies may 

only add toxicity. Recently, in vitro data from the NCI-60 panel 
of cell lines with Affymetrix microarray data and chemotherapy 
sensitivity data have found that chemotherapy sensitivity signa-
tures can be developed that predict clinical response in patients 
with breast, lung, and ovarian cancer (Potti et al., 2006). Studies 
are now underway to determine if these genomic signatures can 
predict response to docetaxel in prostate cancer.

Along with chemotherapy sensitivity genomic signatures, 
pathway activity signatures have been published that may help 
identify patients most likely to respond to targeted therapy (Bild 
et al., 2006). Important questions remain regarding the most 
effective means of developing predictive pathway signatures to 
help guide therapy, but multiple studies are currently underway 
that use genomics to enrich for responsive patients. At Duke 
University, a single arm Phase II study of RAD001 (Everolimus – 
Novartis) in men with HRPC is underway in which CT-guided 
biopsies are performed prior to and following treatment with 
RAD001 (Everolimus) to evaluate the molecular, genetic, and 
genomic effects of RAD001 in these tumor specimens and to 
determine if response to RAD001 can be predicted based upon 
the molecular state an individual’s tumor.

GENOMIC CHANGES ASSOCIATED 
WITH HORMONE-REFRACTORY 
PROSTATE CANCER

AR Activity
Prostate cancer’s dependence on androgens has been known for 
over a half a century since Huggins and Hodges demonstrated the 
dramatic palliative effects of orchiectomy for patients with metastatic 
prostate cancer (Huggins and Hodges, 1941). Classically, androgens 
act by binding to the intracellular AR, a ~110 kD nuclear transcrip-
tion factor with a central DNA binding domain, a ligand bind-
ing domain, and both ligand-dependent and ligand-independent 
transcriptional activation domains (reviewed in [Febbo and 
Brown, 2002]). The regulation of AR activity involves a complex 
dance of protein–protein and protein–ligand binding eventually 
resulting in transcription of a subset of genes containing androgen 
response elements (AREs). While this classic mechanism of action 
remains valid, complexities including non-transcriptional effects 
of androgens, AR co-regulators and transcriptional specifi city, and 
non-autonomous AR effects have built upon the “classic” under-
standing of AR actions (Taplin and Balk, 2004).

AR Transcriptional Targets
It is clear that identifi cation of critical downstream targets of the 
AR likely holds signifi cant biological and therapeutic impor-
tance in prostate cancer. The precise identifi cation of AR targets 
is complicated by the ubiquitous presence of the degenerate AR 
response element in the genome and the complex interaction 
of AR with regulatory proteins. Of the known AR chaperones, 
Hsp90, has, perhaps, the most signifi cant impact on AR activity. 
Inhibition of Hsp90 function results in proteosomal degradation 
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of proteins that require this chaperone for stability, including 
AR (Solit et al., 2002). In prostate cancer models, inhibition 
of hsp90 has been shown to modify the effect of dihydro-
testosterone and inhibit the growth of hormone-sensitive and 
resistant tumors (Harashima et al., 2005; Solit et al., 2003). 
Interestingly, when the gene expression patterns following 
androgen exposure in LNCaP cells, an androgen sensitive pros-
tate cancer cell line, was used as a “signature” with which to 
identify small molecules with expression antagonistic expression 
profi les, inhibitors of hsp90 were among the top chemicals on 
the list (Hieronymus et al., 2006).

Recent studies have looked at the global expression changes 
induced by castration in men with prostate cancer so as to glean 
biological insight. Interestingly, many of the genes identifi ed 
in cancer cell lines were found to decrease following chemical 
castration when intraprostatic androgen levels were suffi ciently 
reduced (Mostaghel et al., 2007). However, often some AR sign-
aling was maintained as determined by the continued expression 
of putative AR target-genes and serum androgen levels did not 
correlate strongly with intraprostatic hormone levels. Thus, proac-
tive assessment of continued AR activity and more aggressive AR 
inhibition is likely to be a fruitful area of future clinical research.

AR Addiction
Androgen ablation is the fi rst line of therapy in prostate can-
cer. The signifi cant biochemical and/or symptomatic response 
by most patients to castration demonstrates oncogenic addiction 
to AR signaling. However, most patients develop resistance to 
the treatment and prostate cancer progresses to the “hormone-
refractory” stage. Importantly, it is now clear that while prostate 

cancer is progressing in the setting of low circulating levels of 
testosterone, most cancers are still dependent on AR signaling 
(reviewed in [Scher and Sawyers, 2005]). In approximately one-
third of patients with hormone-refractory prostate cancer, the 
AR gene is amplifi ed (Bubendorf et al., 1999; Koivisto et al., 
1995; Visakorpi et al., 1995). For patients treated with specifi c 
AR-inhibitors, a subset will develop mutations in the AR gene 
that enable the mutant AR to be activated by additional andro-
gens as well as progesterone and estrogen (Taplin et al., 1995, 
1999). Similarly, a prostate cancer cell line, MDA PCa, estab-
lished from a patient who had undergone castration, had two 
mutations in the AR receptor that made it more responsive to 
a sub-family of circulating steroids not effected by castration 
(Krishnan et al., 2002; Zhao et al., 1999).

Recently, in hormone-resistant prostate cancer xenografts, 
increased AR RNA expression was the most consistent RNA 
change associated with hormone-refractory growth (Chen 
et al., 2004). Subsequently, the authors demonstrated that 
increased AR expression was both suffi cient and necessary for 
“hormone-refractory” growth of the xenografts (Chen et al., 
2004). This work is supported by analysis of metastatic, androgen-
independent human tumors that have very high expression of 
the AR and upregulation of metabolic enzymes that increase 
bioactive androgens when compared to local, untreated tumors 
using microarrays (Stanbrough et al., 2006). Thus, it has become 
very clear that continued AR signaling is a critical mechanism 
of hormone-refractory prostate cancer. Ongoing investigations 
are focused on the mechanisms by which prostate epithelial cells 
can maintain AR signaling in the setting of low circulating 
androgens.

2009 UPDATE

Important progress continues to be made in the biological 
understanding of the development and progression of pros-
tate cancer.   The desire to leverage biological insight for thera-
peutic gain continues to be fueled by disappointing negative 
results from multiple promising approaches for the preven-
tion (Vitamin E and Selenium) and treatment (DN-101, 
GVAX, satraplatin) of prostate cancer (Jakobsdottir et al., 2009; 
Lippman et al., 2009). In 2008–2009, the fi eld continued to 
be focused on studies aimed at the identifi cation of additional 
prognostic and predictive genomic biomarkers, the clinical and 
biological implications of chromosomal translocations involv-
ing ETS family members, the persistent role of the AR in 
castration-resistant prostate cancer (CRPC), and overcoming 
therapeutic resistance to docetaxel.

Genome-wide association studies continue to identify 
novel regions associated with prostate cancer risk including 
loci on chromosomes 3, 6, 7, 9, 10, 11, 19, 22, and X (Duggan 
et al., 2007; Eeles et al., 2008; Hsu et al., 2009; Sun et al., 2009; 

Thomas et al., 2008). Individually, the identifi ed regions had 
relatively minor absolute impact on risk, and the ideal means to 
aggregate alleles and produce a composite score remain unclear. 
Indeed, even when additive models of aggregate risk are shown 
to have promising results using logistic regression and receiver 
operator characteristic (ROC) curves, these may not translate 
into a clinically useful test (Jakobsdottir et al., 2009).

Expression-based prognostic and predictive models have 
also continued to be developed in order to improve upon 
risk stratifi cation and to identify men at high risk for recur-
rence following defi nitive local therapy. Over the past 2 years, 
this work has transitioned from analysis of frozen prostate tis-
sue to paraffi n-embedded prostate tissue. Incorporating genes 
differentially expressed between prostate cancers with a high 
(4 or 5) or low (3) Gleason grade, investigators developed a 
model with an area under the curve of 0.81 in ROC analysis 
(Cheville et al., 2008). In the largest study of its kind, inves-
tigators at the Mayo Clinic were able to distinguish patients 
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who only had biochemical recurrence following prostatectomy 
(n � 200) from those who progressed to clinically metastatic 
disease (n � 200) (Nakagawa et al., 2008). While these mod-
els still seldom outperform multivariate predictive nomograms 
that use only clinical and pathological features (i.e., the Kattan 
nomograms and/or Partin tables), they offer the promise of 
molecular insight so as to guide the most appropriate treat-
ment to those in greatest need.

Finally, new molecular compartments have been shown to 
be prognostically important in prostate cancer. First, the meta-
bolic profi ling has associated sarcosine levels with aggressive 
prostate cancer (Sreekumar et al., 2009). Using mass spectrom-
etry, investigators from Michigan investigated the association 
between approximately 1100 metabolites in over 200 samples 
representing a range of prostate cancer progression. They found 
that, similar to RNA-based analysis, the different stages of 
prostate cancer could be differentiated based upon metabolic 
profi le and that sarcosine was markedly elevated in advanced 
prostate cancer. Inhibition of the metabolic pathway generat-
ing sarcosine reduced invasive behavior of prostate cancer. In 
addition, micro-RNA 101 has been found to be a target of 
chromosomal loss resulting in increased expression of EZH2 
and increased invasive behavior of prostate cancer (Varambally 
et al., 2008). While the particular implications of these fi nd-
ings for the diagnosis and treatment of prostate cancer remain 
unclear, additional work in blood, urine, and semen is likely to 
provide additional prognostic information.

The identifi cation of translocations in prostate can-
cer has been expanded beyond the originally described ones 
(TMPRSS2:ERG1 and TMPRSS2:ETV1) (Tomlins et al., 
2005). Indeed, additional translocations resulting in the juxtapo-
sition of ETS family members with constitutively active regions 
have been identifi ed (Tomlins et al., 2007). Most recently, a 
transcriptome resequencing effort has identifi ed additional 
translocations (Maher et al., 2009). While general statements 
regarding the prognostic impact of these translocations have not 
held up, their frequency in prostate cancer continues to suggest 
their fundamental role and high potential as therapeutic targets.

Finally, there continues to be great enthusiasm for  targeting 
AR in what was previously called androgen-independent or 
hormone-refractory prostate cancer. This stage is now com-
monly referred to as CRPC due to a number of independent 
groups fi nding persistent dependence on AR activity despite 
castrate levels of circulating testosterone. De novo, local synthe-
sis of androgens has been identifi ed as a common mechanism 
(Mostaghel et al., 2007; Stanbrough et al., 2006). The selective 
pressure of a low androgen state also results in a variety of AR 
mutations including those previously described in the ligand-
binding domain (Taplin et al., 1999) as well as novel mutations 
impacting protein–protein interactions (AR and E3 ubiquitin 
ligase) and protein–DNA interactions (Steinkamp et al., 2009). 
These and many other fi ndings continue to underscore the AR 
as a critical therapeutic target and are generating great enthusi-
asm for the novel AR-targeting agents, aberaterone (Haidar et 
al., 2003) and MDV3100 (Tran et al., 2009). These agents are 
in mid- to late-stage clinical trials and are likely to represent 
future therapies for men with CRPC.

It has also become clear that while most prostate cancers 
continue to have an active AR, the extent of AR activity is 
heterogeneous within and between individuals. Using a gene 
expression-based signature for AR, investigators have demon-
strated that while activity of the AR decreases with progression 
to CRPC, some individuals maintain levels as high as those 
in patients with treatment naïve prostate cancer (Mendiratta 
et al., 2009). While the novel AR-targeting therapies are likely 
to represent a signifi cant advance for patients with persistent 
AR activity, there are few promising treatment approaches for 
individuals who are found to have tumors with little to no 
AR production (i.e., AR-null tumors). It is likely that these 
AR-null tumors will become more important as more effec-
tive AR-targeting therapies select for cells that have become 
truly androgen independent. Using tissue-based, serum-based, 
or circulating tumor cell-based assays to distinguish between 
patients affl icted with tumors with high or low AR activity is 
likely to impact care by providing the most appropriate ther-
apy for each man with CRPC.

2009 UPDATE REFERENCES

Cheville, J. C., Karnes, R. J.,Therneau, T. M., Kosari, F., Munz, J.M, 
Tillmans, L., Basal, E., Rangel, L.J., Bergstralh, E., Kovtun, I.V. 
et al. (2008). Gene panel model predictive of outcome in men at 
high-risk of systemic progression and death from prostate can-
cer after radical retropubic prostatectomy. J Clin Oncol 26(24), 
3930–3936.

Duggan, D., Zheng, S.L., Knowlton, M., Benitez, D., Dimitrov, L., 
Wiklund, F., Robbins, C., Isaacs, S.D., Cheng, Y., Li, G. et al. 
(2007). Two genome-wide association studies of aggressive 

prostate cancer implicate putative prostate tumor suppressor gene 
DAB2IP. J Natl Cancer Inst 99(24), 1836–1844.

Eeles, R.A., Kote-Jarai, Z., Giles, G.G., Olama, A.A., Guy, M., 
Jugurnauth, S.K., Mulholland, S., Leongamornlert, D.A., 
Edwards, S.M., Morrison, J. et al. (2008). Multiple newly identi-
fi ed loci associated with prostate cancer susceptibility. Nat Genet 
40(3), 316–321.

Haidar, S., Ehmer, P.B., Barassin, S., Batzi-Hartmann, C. and 
Hartmann, R.W. (2003). Effects of novel 17alpha- hydroxylase/



488 CHAPTER 37 ■■  Genomic Evaluation and Management of Prostate Cancer

Adhikary, S. and Eilers, M. (2005). Transcriptional regulation and trans-
formation by Myc proteins. Nat Rev Mol Cell Biol 6(8), 635–645. 

Amundadottir, L.T., Sulem, P., Gudmundsson, J., Helgason, A., Baker, A., 
Agnarsson, B.A., Sigurdsson, A., Benediktsdottir, K.R., Cazier, J.B., 
Sainz, J. et al. (2006). A common variant associated with prostate 
cancer in European and African populations. Nat Genet 38(6), 
652–658. 

Balakumaran, B.S. and Febbo, P.G. (2006). New insights into prostate 
cancer biology. Hematol Oncol Clin North Am 20(4), 773–796. 

Bello-DeOcampo, D. and Tindall, D.J. (2003). TGF-betal/Smad signal-
ing in prostate cancer. Curr Drug Targets 4(3), 197–207. 

Bild, A.H., Yao, G., Chang, J.T., Wang, Q., Potti, A., Chasse, D., Joshi, M.B.,
Harpole, D., Lancaster, J.M., Berchuck, A. et al. (2006). Oncogenic 

pathway signatures in human cancers as a guide to targeted thera-
pies. Nature 439(7074), 353–357. 

Bubendorf, L., Kononen, J., Koivisto, P., Schraml, P., Moch, H., 
Gasser, T.C., Willi, N., Mihatsch, M.J., Sauter, G. and Kallioniemi, 
O.P. (1999). Survey of gene amplifi cations during prostate cancer 
progression by high-throughout fl uorescence in situ hybridization 
on tissue microarrays. Cancer Res 59(4), 803–806. 

Carpten, J., Nupponen, N., Isaacs, S., Sood, R., Robbins, C., Xu, J., 
Faruque, M., Moses, T., Ewing, C., Gillanders, E. et al. (2002). 
Germline mutations in the ribonuclease L gene in families show-
ing linkage with HPC1. Nat Genet 30(2), 181–184. 

Casey, G., Neville, P.J., Plummer, S.J., Xiang, Y., Krumroy, L.M., Klein, E.A., 
Catalona, W.J., Nupponen, N., Carpten, J.D., Trent, J.M. et al. 

REFERENCES

C17, 20-lyase (P450 17, CYP 17) inhibitors on androgen 
 biosynthesis in vitro and in vivo. J Steroid Biochem Mol Biol 84(5), 
555–562.

Hsu, F.C.,Sun, J.,Wiklund, F., Isaacs, S.D.,Wiley, K.E., Purcell, L.D., 
Gao, Z., Stattin, P., Zhu, Y., Kim, S.T. et al. (2009). A novel 
prostate cancer susceptibility locus at 19q13. Cancer Res 69(7), 
2720–2723.

Jakobsdottir, J., Gorin, M.B., Conley, Y.P., Ferrell, R.E. and Weeks, D.E. 
(2009). Interpretation of genetic association studies: Markers 
with replicated highly signifi cant odds ratios may be poor classi-
fi ers. PLoS Genet 5(2), e1000337.

Lippman, S.M., Klein, E.A., Goodman, P.J., Lucia, M.S., Thompson, 
I.M., Ford, L.G., Parnes, H.L., Minasian, L.M., Gaziano, J.M., 
Hartline, J.A. et al. (2009). Effect of selenium and vitamin E 
on risk of prostate cancer and other cancers: The Selenium and 
Vitamin E Cancer Prevention Trial (SELECT). JAMA 301(1), 
39–51.

Maher, C.A., Kumar-Sinha, C., Cao, X., Kalyana-Sundaram, S., Han, B., 
Jing, X., Sam, L., Barrette, T., Palanisamy, N. and Chinnaiyan, A. M. 
(2009). Transcriptome sequencing to detect gene fusions in cancer. 
Nature 458(7234), 97–101.

Mendiratta, P., Mostaghel, E., Guinney, J.,Tewari, A.K., Porrello, A., 
Barry, W.T., Nelson, P.S. and Febbo, P.G. (2009). Genomic strat-
egy for targeting therapy in castration-resistant prostate cancer. J 
Clin Oncol 27(12), 2022–2029.

Mostaghel, E.A., Page, S.T., Lin, D.W., Fazli, L., Coleman, I.M., True, 
L.D., Knudsen, B., Hess, D.L., Nelson, C.C., Matsumoto, A.M. 
et al. (2007). Intraprostatic androgens and androgen-regulated 
gene expression persist after testosterone suppression: Therapeutic 
implications for castration-resistant prostate cancer. Cancer Res 
67(10), 5033–5041.

Nakagawa, T., Kollmeyer, T.M., Morlan, B.W., Anderson, S.K., 
Bergstralh, E.J., Davis, B.J., Asmann, Y.W., Klee, G.G., Ballman, 
K.V. and Jenkins, R.B. (2008). A tissue biomarker panel predict-
ing systemic progression after PSA recurrence post-defi nitive 
prostate cancer therapy. PLoS ONE 3(5), e2318.

Sreekumar, A., Poisson, L.M., Rajendiran, T.M., Khan, A.P., Cao, Q., 
Yu, J.,Laxman, B., Mehra, R., Lonigro, R.J., Li, Y. et al. (2009). 
Metabolomic profi les delineate potential role for sarcosine in 
prostate cancer progression. Nature 457(7231), 910–914.

Stanbrough, M., Bubley, G.J., Ross, K., Golub, T.R., Rubin, M.A., 
Penning, T.M., Febbo, P.G. and Balk, S.P. (2006). Increased 
expression of genes converting adrenal androgens to testoster-
one in androgen-independent prostate cancer. Cancer Res 66(5), 
2815–2825.

Steinkamp, M.P., O’Mahony, O.A., Brogley, M., Rehman, H., 
Lapensee, E.W., Dhanasekaran, S., Hofer, M.D.,Kuefer, R., 
Chinnaiyan, A., Rubin, M. A. et al. (2009). Treatment-dependent 
androgen receptor mutations in prostate cancer exploit multiple 
mechanisms to evade therapy. Cancer Res 69(10), 4434–4442.

Sun, J., Zheng, S.L., Wiklund, F., Isaacs, S.D., Li, G., Wiley, K.E., Kim, 
S.T., Zhu, Y., Zhang, Z., Hsu, F.C. et al. (2009). Sequence vari-
ants at 22q13 are associated with prostate cancer risk. Cancer Res 
69(1), 10–15.

Taplin, M.E., Bubley, G.J., Ko, Y.J., Small, E.J., Upton, M., 
Rajeshkumar, B. and Balk, S.P. (1999). Selection for androgen 
receptor mutations in prostate cancers treated with androgen 
antagonist. Cancer Res 59(11), 2511–2515.

Thomas, G.K., Jacobs, B.,Yeager, M., Kraft, P.,Wacholder, S., Orr, N., 
Yu, K., Chatterjee, N., Welch, R., Hutchinson, A. et al. (2008). 
Multiple loci identifi ed in a genome-wide association study of 
prostate cancer. Nat Genet 40(3), 310–315.

Tomlins, S.A., Laxman, B., Dhanasekaran, S.M., Helgeson, B.E.,
Cao, X., Morris, D.S., Menon, A., Jing, X., Cao, Q., Han, B. 
et al. (2007). Distinct classes of chromosomal rearrangements 
create oncogenic ETS gene fusions in prostate cancer. Nature 
448(7153), 595–599.

Tomlins, S.A., Rhodes, D.R., Perner, S., Dhanasejkaran, S.M.,Mehra, R., 
Sun, X.W.,Varambally, S., Cao, X., Tchinda, J., Kuefer, R. et al. (2005). 
Recurrent fusion of TMPRSS2 and ETS transcription factor genes 
in prostate cancer. Science 310(5748), 644–648.

Tran, C., Ouk, S., Clegg, N.J., Chen, Y., Watson, P.A., Arora, V., Wongvipat, J., 
Smith-Jones, P.M., Yoo, D., Kwon, A. et al. Development of a second-
generation antiandrogen for treatment of advanced prostate cancer. 
Science 2009 April 9; [Epub ahead of print].

Varambally, S., Cao, Q., Mani, R.S., Shankar, S., Wang, X., Ateeq, B., 
Laxman, B., Cao, X., Jing, X., Ramnarayanan, K. et al. (2008). 
Genomic loss of microRNA-101 leads to overexpression of 
histone methyltransferase EZH2 in cancer. Science 322(5908), 
1695–1699.



(2002). RNASEL Arg462Gln variant is implicated in up to 13% 
of prostate cancer cases. Nat Genet 32(4), 581–583. 

Chen, C.D., Welsbie, D.S., Tran, C., Baek, S.H., Chen, R., Vessella, R., 
Rosenfeld, M.G. and Sawyers, C.L. (2004). Molecular determi-
nants of resistance to antiandrogen therapy. Nat Med 10(1), 33–39. 

Chen, B.T., Loberg, R.D., Neeley, C.K., O’Hara, S.M., Gross, S., 
Doyle, G., Dunn, R.L., Kalikin, L.M. and Pienta, K.J. (2005a). 
Preliminary study of immunomagnetic quantifi cation of circulating 
tumor cells in patients with advanced disease. Urology 65(3), 616–621. 

Chen, W.W., Chan, D.C., Donald, C., Lilly, M.B. and Kraft, A.S. (2005b). 
Pim family kinases enhance tumor growth of prostate cancer cells. 
Mol Cancer Res 3(8), 443–451. 

Chen, Z., Trotman, L.C., Shaffer, D., Lin, H.K., Dotan, Z.A., Niki, M., 
Koutcher, J.A., Scher, H.I., Ludwig, T., Gerald, W. et al. 
(2005c). Crucial role of p53-dependent cellular senescence in 
suppression of Pten-defi cient tumorigenesis. Nature 436(7051), 
725–730. 

Cheng, L.L., Burns, M.A., Taylor, J.L., He, W., Halpern, E.F., 
McDougal, W.S. and Wu, C.L. (2005). Metabolic characterization 
of human prostate cancer with tissue magnetic resonance spectros-
copy. Cancer Res 65(8), 3030–3034. 

Crawford, G.E., Holt, I.E., Whittle, J., Webb, B.D., Tai, D., Davis, S., 
Margulies, E.H., Chen, Y., Bernat, J.A., Ginsburg, D. et al. (2006). 
Genome-wide mapping of DNase hypersensitive sites using mas-
sively parallel signature sequencing (MPSS). Genome Res 16(1), 
123–131. 

Cunha, G.R., Hayward, S.W. and Wang, Y.Z. (2002). Role of stroma in 
carcinogenesis of the prostate. Differentiation 70(9–10), 473–485. 

Cunha, G.R., Hayward, S.W., Wang, Y.Z. and Ricke, W.A. (2003). Role 
of the stromal microenvironment in carcinogenesis of the prostate. 
Int J Cancer 107(1), 1–10. 

D’Amico, A.V., Renshaw, A.A., Sussman, B. and Chen, M.H. (2005). 
Pretreatment PSA velocity and risk of death from prostate can-
cer following external beam radiation therapy. JAMA 294(4), 
440–447. 

Dang, C.V., O’Donnell, A. and Juopperi, K.T. (2005). The great MYC 
escape in tumorigenesis. Cancer Cell 8(3), 177–178. 

de Kok, J.B., Verhaegh, G.W., Roelofs, R.W., Hessels, D., Kiemeney, L.A.,
Aalders, T.W., Swinkels, D.W. and Schalken, J.A. (2002). 
DD3(PCA3), a very sensitive and specifi c marker to detect pros-
tate tumors. Cancer Res 62(9), 2695–2698. 

Demichelis, F., Fall, K., Perner, S., Andren, O., Schmidt, F., Setlur, S.R., 
Hoshida, Y., Mosquera, J.M., Pawitan, Y., Lee, C. et al. (2007). 
TMPRSS2:ERG gene fusion associated with lethal prostate 
cancer in a watchful waiting cohort. Oncogene 26(31), 
4596–4599. 

Dhanasekaran, S.M., Barrette, T.R., Ghosh, D., Shah, R., Varambally, S., 
Kurachi, K., Pienta, K.J., Rubin, M.A. and Chinnaiyan, A.M. 
(2001). Delineation of prognostic biomarkers in prostate cancer. 
Nature 412(6849), 822–826. 

Dong, B., Kim, S., Hong, S., Das Gupta, J., Malathi, K., Klein, E.A., 
Ganem, D., Derisi, J.L., Chow, S.A. and Silverman, R.H. (2007). 
An infectious retrovirus susceptible to an IFN antiviral pathway 
from human prostate tumors. Proc Natl Acad Sci USA 104(5), 
1655–1660. 

Eastham, J.A., Kelly, W.K., Grossfeld, G.D. and Small, E.J. (2003). Cancer 
and Leukemia Group B (CALGB) 90203: A randomized phase 
3 study of radical prostatectomy alone versus estramustine and 
docetaxel before radical prostatectomy for patients with high-risk 
localized disease. Urology 62(Suppl 1), 55–62. 

Edwards, J., Krishna, N.S., Witton, C.J. and Bartlett, J.M. (2003). Gene 
amplifi cations associated with the development of hormone-resistant
prostate cancer. Clin Cancer Res 9(14), 5271–5281. 

Febbo, P.G., Brown, M.A. (2002). Nuclear receptors in normal pros-
tatic growth and disease. In Prostate Cancer: Principles and Practice 
(P.W. Kantoff, P.R. Carroll and A.V. D’Amico, eds), Williams, & 
Wilkins, Philadelphia, Lippincott, 1, 29–52.

Febbo, P.G. and Sellers, W.R. (2003). Use of expression analysis to pre-
dict outcome after radical prostatectomy. J Urol 170(6 Pt 2), S11–
S19. discussion S19–20.

Febbo, P.G., Mulligan M.G., Slonina, D.A., Stegmaier, K., Di Vizio, D., 
Martinez, P.R., Loda, M. and Taylor, S.c. (2007). Literature Lab: 
A method of automated literature interrogation to infer biology 
from microarray analysis, BMC Genomics 8, 461.

Febbo, P.G., Richie, J.P., George, D.J., Loda, M., Manola, J., Shankar, S., 
Barnes, A.S., Tempany, C., Catalona, W., Kantoff, P.W. et al. (2005). 
Neoadjuvant docetaxel before radical prostatectomy in patients 
with high-risk localized prostate cancer. Clin Cancer Res 11(14), 
5233–5240. 

Febbo, P.G., Thorner, A., Rubin, M.A., Loda, M., Kantoff, P.W., Oh, W.K.,
Golub, T. and George, D. (2006). Application of oligonucleotide 
microarrays to assess the biological effects of neoadjuvant imatinib 
mesylate treatment for localized prostate cancer. Clin Cancer Res 
12(1), 152–158. 

Freedland, S.J., Humphreys, E.B., Mangold, L.A., Eisenberger, M., 
Dorey, F.J., Walsh, P.C. and Partin, A.W. (2005). Risk of prostate 
cancer-specifi c mortality following biochemical recurrence after 
radical prostatectomy. JAMA 294(4), 433–439. 

Freedman, M.L., Haiman, C.A., Patterson, N., McDonald, G.J., 
Tandon, A., Waliszewska, A., Penney, K., Steen, R.G., Ardlie, K., 
John, E.M. et al.  (2006). Admixture mapping identifi es 8q24 as a 
prostate cancer risk locus in African-American men. Proc Natl Acad 
Sci USA 103(38), 14068–14073. 

Gelmann, E.P. and Semmes, O.J. (2004). Expression of genes and pro-
teins specifi c for prostate cancer. J Urol 172(5 Pt 2), S23–S26, dis-
cussion S26-7.

Ghossein, R.A., Carusone, L. and Bhattacharya, S. (1999). Review: 
Polymerase chain reaction detection of micrometastases and circu-
lating tumor cells: Application to melanoma, prostate, and thyroid 
carcinomas. Diagn Mol Pathol 8(4), 165–175. 

Glinsky, G.V., Glinskii, A.B., Stephenson, A.J., Hoffman, R.M. and 
Gerald, W.L. (2004). Gene expression profi ling predicts clinical 
outcome of prostate cancer. J Clin Invest 113(6), 913–923. 

Gomez-Zaera, M., Abril, J., Gonzalez, L., Aguilo, F., Condom, E., 
Nadal, M. and Nunes, V. (2006). Identifi cation of somatic and 
germline mitochondrial DNA sequence variants in prostate cancer 
patients. Mutat Res 595(1–2), 42–51. 

Gudmundsson, J., Sulem, P., Manolescu, A., Amundadottir, L.T., 
Gudbjartsson, D., Helgason, A., Rafnar, T., Bergthorsson, J.T., 
Agnarsson, B.A., Baker, A. et al. (2007). Genome-wide association 
study identifi es a second prostate cancer susceptibility variant at 
8q24. Nat Genet 39(5), 631–637. 

Haiman, C.A., Le Marchand, L., Yamamato, J., Stram, D.O., Sheng, X., 
Kolonel, L.N., Wu, A.H., Reich, D. and Henderson, B.E. (2007a). 
A common genetic risk factor for colorectal and prostate cancer. 
Nat Genet. 

Haiman, C.A., Patterson, N., Freedman, M.L., Myers, S.R., Pike, M.C.,
Waliszewska, A., Neubauer, J., Tandon, A., Schirmer, C., 
McDonald, G.J. et al. (2007b). Multiple regions within 8q24 inde-
pendently affect risk for prostate cancer. Nat Genet 39(5), 638–644. 

References ■■  489



490 CHAPTER 37 ■■  Genomic Evaluation and Management of Prostate Cancer

Halvorsen, O.J., Oyan, A.M., Bo, T.H., Olsen, S., Rostad, K., Haukaas, 
S.A., Bakke, A.M., Marzolf, B., Dimitrov, K., Stordrange, L. et al. 
(2005). Gene expression profi les in prostate cancer: Association 
with patient subgroups and tumour differentiation. Int J Oncol 
26(2), 329–336. 

Harashima, K., Akimoto, T., Nonaka, T., Tsuzuki, K., Mitsuhashi, N. and 
Nakano, T. (2005). Heat shock protein 90 (Hsp90) chaperone com-
plex inhibitor, radicicol, potentiated radiation-induced cell killing 
in a hormone-sensitive prostate cancer cell line through degrada-
tion of the androgen receptor. Int J Radiat Biol 81(1), 63–76. 

Hemann, M.T., Bric, A., Teruya-Feldstein, J., Herbst, A., Nilsson, J.A., 
Cordon-Cardo, C., Cleveland, J.L., Tansey, W.P. and Lowe, S.W.
(2005). Evasion of the p53 tumour surveillance network by 
tumour-derived MYC mutants. Nature 436(7052), 807–811. 

Henshall, S.M., Afar, D.E., Hiller, J., Horvath, L.G., Quinn, D.I., 
Rasiah, K.K., Gish, K., Willhite, D., Kench, J.G., Gardiner-Garden, M. 
et al. (2003). Survival analysis of genome-wide gene expression 
profi les of prostate cancers identifi es new prognostic targets of dis-
ease relapse. Cancer Res 63(14), 4196–4203. 

Hermans, K.G., van Marion, R., van Dekken, H., Jenster, G., van 
Weerden, W.M. and rapman, J. (2006). TMPRSS2:ERG fusion by 
translocation or interstitial deletion is highly relevant in  androgen-
dependent prostate cancer, but is bypassed in late-stage andro-
gen receptor-negative prostate cancer. Cancer Res 66(22), 
10658–10663. 

Hessels, D., Smit, F.P., Verhaegh, G.W., Witjes, J.A., Cornel, E.B. and 
Schalken, J.A. (2007). Detection of TMPRSS2-ERG fusion tran-
scripts and prostate cancer antigen 3 in urinary sediments may 
improve diagnosis of prostate cancer. Clin Cancer Res 13(17), 
5103–5108. 

Hieronymus, H., Lamb, J., Ross, K.N., Peng, X.P., Clement, C., Rodina, A., 
Nieto, M., Du, J., Stegmaier, K., Raj, S.M. et al. (2006). Gene 
expression signature-based chemical genomic prediction identi-
fi es a novel class of HSP90 pathway modulators. Cancer Cell 10(4), 
321–330. 

Hill, R., Song, Y., Cardiff, R.D. and Van Dyke, T. (2005). Selective evolu-
tion of stromal mesenchyme with p53 loss in response to epithelial 
tumorigenesis. Cell 123(6), 1001–1011. 

Hricak, H. (2005). MR imaging and MR spectroscopic imaging in the 
pre-treatment evaluation of prostate cancer. Br J Radiol 78(Spec 
No 2), S103–S111. 

Huggins, C. and Hodges, C.V. (1941). Studies on prostatic cancer. I. 
The effect of castration, of estrogen and of androgen injection on 
serum phosphatases in metastatic carcinoma of the prostate. Cancer 
Res 1, 293–297. 

Iljin, K., Wolf, M., Edgren, H., Gupta, S., Kilpinen, S., Skotheim, R.I.,
Peltola, M., Smit, F., Verhaegh, G., Schalken, J. et al. (2006). 
TMPRSS2 fusions with oncogenic ETS factors in prostate cancer 
involve unbalanced genomic rearrangements and are associated 
with HDAC1 and epigenetic reprogramming. Cancer Res 66(21), 
10242–10246. 

Kawamoto, K., Okino, S.T., Place, R.F., Urakami, S., Hirata, H., 
Kikuno, N., Kawakami, T., Tanaka, Y., Pookot, D., Chen, Z. et al. 
(2007). Epigenetic modifi cations of RASSF1A gene through chroma-
tin remodeling in prostate cancer. Clin Cancer Res 13(9), 2541–2548. 

Koivisto, P., Hyytinen, E., Palmberg, C., Tammela, T., Visakorpi, T., Isola, J.
and Kallioniemi, O.P. (1995). Analysis of genetic changes underly-
ing local recurrence of prostate carcinoma during androgen depri-
vation therapy. Am J Pathol 147(6), 1608–1614. 

Krishnan, A.V., Zhao, X.Y., Swami, S., Brive, L., Peehl, D.M., Ely, K.R.
and Feldman, D. (2002). A glucocorticoid-responsive mutant 

androgen receptor exhibits unique ligand specifi city: Therapeutic 
implications for androgen-independent prostate cancer. Endocrinology 
143(5), 1889–1900. 

Lapointe, J., Li, C., Higgins, J.P., van de Rijn, M., Bair, E., Montgomery, K.,
Ferrari, M., Egevad, L., Rayford, W., Bergerheim, U. et al. (2004). 
Gene expression profi ling identifi es clinically relevant subtypes of 
prostate cancer. Proc Natl Acad Sci USA 101(3), 811–816. 

Lee, W.H., Morton, R.A., Epstein, J.I., Brooks, J.D., Campbell, P.A., 
Bova, G.S., Hsieh, W.S., Isaacs, W.B. and Nelson, W.G. (1994). 
Cytidine methylation of regulatory sequences near the pi-class 
glutathione S-transferase gene accompanies human prostatic car-
cinogenesis. Proc Natl Acad Sci USA 91(24), 11733–11737. 

Li, J., Yen, C., Liaw, D., Podsypanina, K., Bose, S., Wang, S.I., Puc, J., 
Miliaresis, C., Rodgers, L., McCombie, R. et al. (1997). PTEN, 
a putative protein tyrosine phosphatase gene mutated in human 
brain, breast, and prostate cancer. Science 275(5308), 1943–1947. 

Li, L.C., Carroll, P.R. and Dahiya, R. (2005). Epigenetic changes in 
prostate cancer: Implication for diagnosis and treatment. J Natl 
Cancer Inst 97(2), 103–115. 

Lieberfarb, M.E., Lin, M., Lechpammer, M., Li, C., Tanenbaum, D.M., 
Febbo, P.G., Wright, R.L., Shim, J., Kantoff, P.W., Loda, M. et al. 
(2003). Genome-wide loss of heterozygosity analysis from laser 
capture microdissected prostate cancer using single nucleotide pol-
ymorphic allele (SNP) arrays and a novel bioinformatics platform 
dChipSNP. Cancer Res 63(16), 4781–4785. 

Lin, J., Adam, R.M., Santiestevan, E. and Freeman, M.R. (1999). The 
phosphatidylinositol 3�-kinase pathway is a dominant growth 
factor-activated cell survival pathway in LNCaP human prostate 
carcinoma cells. Cancer Res 59(12), 2891–2897. 

Luo, J., Duggan, D.J., Chen, Y., Sauvageot, J., Ewing, C.M., Bittner, M.L., 
Trent, J.M. and Isaacs, W.B. (2001). Human prostate cancer and 
benign prostatic hyperplasia: Molecular dissection by gene expres-
sion profi ling. Cancer Res 61(12), 4683–4688. 

Luo, J., Zha, S., Gage, W.R., Dunn, T.A., Hicks, J.L., Bennett, C.J., 
Ewing, C.M., Platz, E.A., Ferdinandusse, S., Wanders, R.J. et al. 
(2002). Alpha-methylacyl-CoA racemase: A new molecular marker 
for prostate cancer. Cancer Res 62(8), 2220–2226. 

M’Koma, A.E., Blum, D.L., Norris, J.L., Koyama, T., Billheimer, D., 
Motley, S., Ghiassi, M., Ferdowsi, N., Bhowmick, I., Chang, S.S.
et al. (2007). Detection of pre-neoplastic and neoplastic prostate 
disease by MADI profi ling of urine. Biochem Biophys Research 
Commun 353, 829–834. 

Mayo, L.D., Dixon, J.E., Durden, D.L., Tonks, N.K. and Donner, D.B. 
(2002). PTEN protects p53 from Mdm2 and sensitizes cancer cells 
to chemotherapy. J Biol Chem 277(7), 5484–5489. 

Moreno, J., DeBono, J.S., Shaffer, D.R., Montgomery, B., Miller, M.C., 
Tissing, H., Doyle, G., Terstappen, L.W., Pienta, K.J. and 
Raghavan, D. (2007). Multi-center study evaluating circulating tumor 
cells (CTCs) as a surrogate for surivial in men treated for castration refractory 
prostate cancer (CRPC). ASCO 2007 Annual Meeting, Chicago, IL. 

Moreno, J.G., O’Hara, S.M., Gross, S., Doyle, G., Fritsche, H., 
Gomella, L.G. and Terstappen, L.W. (2001). Changes in circulating 
carcinoma cells in patients with metastatic prostate cancer corre-
late with disease status. Urology 58(3), 386–392. 

Moreno, J.G., Miller, M.C., Gross, S., Allard, W.J., Gomella, L.G. and 
Terstappen, L.W. (2005). Circulating tumor cells predict survival in 
patients with metastatic prostate cancer. Urology 65(4), 713–718. 

Mosquera, J.M., Perner, S., Demichelis, F., Kim, R., Hofer, M.D., 
Mertz, K.D., Paris, P.L., Simko, J., Collins, C., Bismar, T.A. et al. 
(2007). Morphological features of TMPRSS2-ERG gene fusion 
prostate cancer. J Pathol 212(1), 91–101. 



Mostaghel, E.A., Page, S.T., Lin, D.W., Fazli, L., Coleman, I.M., 
True, L.D., Knudsen, B., Hess, D.L., Nelson, C.C., Matsumoto, A.M. 
et al. (2007). Intraprostatic androgens and androgen-regulated gene 
expression persist after testosterone suppression: Therapeutic impli-
cations for castration-resistant prostate cancer. Cancer Res 67(10), 
5033–5041. 

Murabito, J.M., Rosenberg, C.L., Finger, D., Kreger, B.E., Levy, D., 
Splansky, G.L., Antman, K. and Hwang, S.J. (2007). A genome-wide 
association study of breast and prostate cancer in the NHLBI’s 
Framingham Heart Study. BMC Med Genet 8(Suppl 1), S6. 

Nelson, W.G., De Marzo, A.M. and Isaacs, W.B. (2003). Prostate cancer. 
N Engl J Med 349(4), 366–381. 

Nelson, W.G., Yegnasubramanian, S., Agoston, A.T., Bastian, P.J., Lee, B.H., 
Nakayama, M. and De Marzo, A.M. (2007). Abnormal DNA meth-
ylation, epigenetics, and prostate cancer. Front Biosci 12, 4254–4266. 

Okino, S.T., Pookot, D., Li, L.C., Zhao, H., Urakami, S., Shiina, H., 
Igawa, M. and Dahiya, R. (2006). Epigenetic inactivation of the 
dioxin-responsive cytochrome P4501A1 gene in human prostate 
cancer. Cancer Res 66(15), 7420–7428. 

Ornstein, D.K. and Tyson, D.R. (2006). Proteomics for the identifi ca-
tion of new prostate cancer biomarkers. Urol Oncol 24(3), 231–236. 

Ouyang, X., DeWeese, T.L., Nelson, W.G. and Abate-Shen, C. (2005). 
Loss-of-function of Nkx3.1 promotes increased oxidative damage 
in prostate carcinogenesis. Cancer Res 65(15), 6773–6779. 

Paris, P.L., Andaya, A., Fridlyand, J., Jain, A.N., Weinberg, V., Kowbel, D., 
Brebner, J.H., Simko, J., Watson, J.E., Volik, S. et al. (2004). Whole 
genome scanning identifi es genotypes associated with recur-
rence and metastasis in prostate tumors. Hum Mol Genet 13(13), 
1303–1313. 

Parsons, J.K., Nelson, C.P., Gage, W.R., Nelson, W.G., Kensler, T.W. and 
De Marzo, A.M. (2001). GSTA1 expression in normal, preneoplas-
tic, and neoplastic human prostate tissue. Prostate 49(1), 30–37. 

Partin, A.W., Pearson, J.D., Landis, P.K., Carter, H.B., Pound, C.R., 
Clemens, J.Q., Epstein, J.I. and Walsh, P.C. (1994). Evaluation of serum 
prostate-specifi c antigen velocity after radical prostatectomy to distin-
guish local recurrence from distant metastases. Urology 43(5), 649–659. 

Petricoin, E.F., 3rd, Hackett, J.L., Lesko, L.J., Puri, R.K., Gutman, S.I., 
Chumakov, K., Woodcock, J., Feigal, D.W., Jr, Zoon, K.C. and 
Sistare, F.D. (2002). Medical applications of microarray technologies: 
A regulatory science perspective. Nat Genet 32(Suppl), 474–479. 

Petros, J.A., Baumann, A.K., Ruiz-Pesini, E., Amin, M.B., Sun, C.Q., 
Hall, J., Lim, S., Issa, M.M., Flanders, W.D., Hosseini, S.H. et al. 
(2005). mtDNA mutations increase tumorigenicity in prostate 
cancer. Proc Natl Acad Sci USA 102(3), 719–724. 

Petrylak, D.P., Tangen, C.M., Hussain, M.H., Lara, P.N., Jr, Jones, J.A., 
Taplin, M.E., Burch, P.A., Berry, D., Moinpour, C., Kohli, M. et al. 
(2004). Docetaxel and estramustine compared with mitoxantrone 
and prednisone for advanced refractory prostate cancer. N Engl J 
Med 351(15), 1513–1520. 

Phillips, S.M., Barton, C.M., Lee, S.J., Morton, D.G., Wallace, D.M., 
Lemoine, N.R. and Neoptolemos, J.P. (1994). Loss of the retino-
blastoma susceptibility gene (RB1) is a frequent and early event in 
prostatic tumorigenesis. Br J Cancer 70(6), 1252–1257. 

Pomerantz, M.M., Freedman, M.L. and Kantoff, P.W. (2007). Genetic 
determinants of prostate cancer risk. BJU Int 100(2), 241–243. 

Potti, A., Dressman, H.K., Bild, A., Riedel, R.F., Chan, G., Sayer, R., 
Cragun, J., Cottrill, H., Kelley, M.J., Petersen, R. et al. (2006). 
Genomic signatures to guide the use of chemotherapeutics. Nat 
Med 12(11), 1294–1300. 

Pulukuri, S.M. and Rao, J.S. (2006). CpG island promoter methyla-
tion and silencing of 14-3-3sigma gene expression in LNCaP and 

Tramp-C1 prostate cancer cell lines is associated with methyl-
CpG-binding protein MBD2. Oncogene 25(33), 4559–4572. 

Pulukuri, S.M., Patibandla, S., Patel, J., Estes, N. and Rao, J.S. (2007). 
Epigenetic inactivation of the tissue inhibitor of metalloproteinase-2 
(TIMP-2) gene in human prostate tumors. Oncogene 26(36), 
5229–5237. 

Ramaswamy, S., K. Ross, N., Lander, E.S. and Golub, T.R. (2003). 
A molecular signature of metastasis in primary solid tumors. Nat 
Genet 33(1), 49–54. 

Rehman, I., Azzouzi, A.R., Catto, J.W., Allen, S., Cross, S.S., Feeley, K., 
Meuth, M. and Hamdy, F.C. (2004). Proteomic analysis of voided 
urine after prostatic massage from patients with prostate cancer: 
A pilot study. Urology 64(6), 1238–1243. 

Rhodes, D.R., Sanda, M.G., Otte, A.P., Chinnaiyan, A.M. and Rubin, 
M.A. (2003). Multiplex biomarker approach for determining risk 
of prostate-specifi c antigen-defi ned recurrence of prostate cancer. 
J Natl Cancer Inst 95(9), 661–668. 

Rogers, C.G., Yan, G., Zha, S., Gonzalgo, M.L., Isaacs, W.B., Luo, J., 
De Marzo, A.M., Nelson, W.G. and Pavlovich, C.P. (2004). Prostate 
cancer detection on urinalysis for alpha methylacyl coenzyme a 
racemase protein. J Urol 172(4 Pt 1), 1501–1503. 

Rogers, C.G., Gonzalgo, M.L., Yan, G., Bastian, P.J., Chan, D.Y., 
Nelson, W.G. and Pavlovich, C.P. (2006). High concordance of gene 
methylation in post-digital rectal examination and post-biopsy urine 
samples for prostate cancer detection. J Urol 176(5), 2280–2284. 

Rubin, M.A., Zhou, M., Dhanasekaran, S.M., Varambally, S., 
Barrette, T.R., Sanda, M.G., Pienta, K.J., Ghosh, D. and 
Chinnaiyan, A.M. (2002). alpha-Methylacyl coenzyme A racemase as 
a tissue biomarker for prostate cancer. JAMA 287(13), 1662–1670. 

Sansal, I. and Sellers, W.R. (2004). The biology and clinical relevance 
of the PTEN tumor suppressor pathway. J Clin Oncol 22(14), 
2954–2963. 

Saramaki, O.R., Porkka, K.P., Vessella, R.L. and Visakorpi, T. (2006). 
Genetic aberrations in prostate cancer by microarray analysis. Int J 
Cancer 119(6), 1322–1329. 

Schaid, D.J. (2004). The complex genetic epidemiology of prostate 
cancer. Hum Mol Genet 13(Spec No 1), R103–R121. 

Scher, H.I. and Sawyers, C.L. (2005). Biology of progressive, castration-
resistant prostate cancer: Directed therapies targeting the androgen-
receptor signaling axis. J Clin Oncol 23(32), 8253–8261. 

Schumacher, F.R., Feigelson, H.S., Cox, D.G., Haiman, C.A., Albanes, D.,
Buring, J., Calle, E.E., Chanock, S.J., Colditz, G.A., Diver, W.R.
et al. (2007). A common 8q24 variant in prostate and breast can-
cer from a large nested case-control study. Cancer Res 67(7), 
2951–2956. 

Seiden, M.V., Kantoff, P.W., Krithivas, K., Propert, K., Bryant, M., 
Haltom, E., Gaynes, L., Kaplan, I., Bubley, G., DeWolf, W. et al. 
(1994). Detection of circulating tumor cells in men with localized 
prostate cancer. J Clin Oncol 12(12), 2634–2639. 

Seligson, D.B., Horvath, S., Shi, T., Yu, H., Tze, S., Grunstein, M. and 
Kurdistani, S.K. (2005). Global histone modifi cation patterns 
predict risk of prostate cancer recurrence. Nature 435(7046), 
1262–1266. 

Shaffer, D.R., Leversha, M.A., Danila, D.C., Lin, O., Gonzalez-
Espinoza, R., Gu, B., Anand, A., Smith, K., Maslak, P., Doyle, G.V. 
et al. (2007). Circulating tumor cell analysis in patients with pro-
gressive castration-resistant prostate cancer. Clin Cancer Res 13(7), 
2023–2029. 

Singh, A.S., Chau, C.H., Price, D.K. and Figg, W.D. (2005). Mechanisms 
of disease: Polymorphisms of androgen regulatory genes in the 
development of prostate cancer. Nat Clin Pract Urol 2(2), 101–107. 

References ■■  491



492 CHAPTER 37 ■■  Genomic Evaluation and Management of Prostate Cancer

Singh, D., Febbo, P.G., Ross, K., Jackson, D.G., Manola, J., Ladd, C., 
Tamayo, P., Renshaw, A.A., D’Amico, A.V., Richie, J.P. et al. (2002). 
Gene expression correlates of clinical prostate cancer behavior. 
Cancer Cell 1(2), 203–209. 

Solit, D.B., Zheng, F.F., Drobnjak, M., Munster, P.N., Higgins, B., 
Verbel, D., Heller, G., Tong, W., Cordon-Cardo, C., Agus, D.B. 
et al. (2002). 17-Allylamino-17-demethoxygeldanamycin induces 
the degradation of androgen receptor and HER-2/neu and inhib-
its the growth of prostate cancer xenografts. Clin Cancer Res 8(5), 
986–993. 

Solit, D.B., Scher, H.I. and Rosen, N. (2003). Hsp90 as a therapeutic 
target in prostate cancer. Semin Oncol 30(5), 709–716. 

Sorensen, A.G. (2006). Magnetic resonance as a cancer imaging biomar-
ker. J Clin Oncol 24(20), 3274–3281. 

Stambolic, V., MacPherson, D., Sas, D., Lin, Y., Snow, B., Jang, Y., 
Benchimol, S. and Mak, T.W. (2001). Regulation of PTEN tran-
scription by p53. Mol Cell 8(2), 317–325. 

Stanbrough, M., Bubley, G.J., Ross, K., Golub, T.R., Rubin, M.A.,
Penning, T.M., Febbo, P.G. and Balk, S.P. (2006). Increased expression 
of genes converting adrenal androgens to testosterone in androgen-
independent prostate cancer. Cancer Res 66(5), 2815–2825. 

Subramanian, A., Tanayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., 
Gillette, M.A., Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S.
et al. (2005). Gene set enrichment analysis: A knowledge-based 
approach for interpreting genome-wide expression profi les. Proc 
Natl Acad Sci USA. (in press).

Tannock, I.F., de Wit, R., Berry, W.R., Horti, J., Pluzanska, A., Chi, K.N.,
Oudard, S., Theodore, C., James, N.D., Turesson, I. et al. (2004). 
Docetaxel plus prednisone or mitoxantrone plus prednisone for 
advanced prostate cancer. N Engl J Med 351(15), 1502–1512. 

Taplin, M.E. and Balk, S.P. (2004). Androgen receptor: A key molecule 
in the progression of prostate cancer to hormone independence. 
J Cell Biochem 91(3), 483–490. 

Taplin, M.E., Bubley, G.J., Shuster, T.D., Frantz, M.E., Spooner, A.E., 
Ogata, G.K., Keer, H.N. and Balk, S.P. (1995). Mutation of the 
androgen-receptor gene in metastatic androgen-independent pros-
tate cancer. N Engl J Med 332(21), 1393–1398. 

Taplin, M.E., Bubley, G.J., Ko, Y.J., Small, E.J., Upton, M., 
Rajeshkumar, B. and Balk, S.P. (1999). Selection for androgen 
receptor mutations in prostate cancers treated with androgen 
antagonist. Cancer Res 59(11), 2511–2515. 

Theodorescu, D., Broder, S.R., Boyd, J.C., Mills, S.E. and Frierson, H.F., 
Jr (1997). p53, bcl-2 and retinoblastoma proteins as long-term 
prognostic markers in localized carcinoma of the prostate. J Urol 
158(1), 131–137. 

Tinzl, M., Marberger, M., Horvath, S. and Chypre, C. (2004). 
DD3PCA3 RNA analysis in urine – a new perspective for detect-
ing prostate cancer. Eur Urol 46(2), 182–186. discussion 187.

Tomlins, S.A., Rhodes, D.R., Perner, S., Dhanasekaran, S.M., Mehra, R.,
Sun, X.W., Varambally, S., Cao, X., Tchinda, J., Kuefer, R. et al. 
(2005). Recurrent fusion of TMPRSS2 and ETS transcription 
factor genes in prostate cancer. Science 310(5748), 644–648. 

Tomlins, S.A., Mehra, R., Rhodes, D.R., Cao, X., Wang, L., 
Dhanasekaran, S.M., Kalyana-Sundaram, S., Wei, J.T., Rubin, M.A., 
Pienta, K.J. et al. (2007). Integrative molecular concept modeling 
of prostate cancer progression. Nat Genet 39(1), 41–51. 

Trotman, L.C., Niki, M., Dotan, Z.A., Koutcher, J.A., Di Cristofano, A., 
Xiao, A., Khoo, A.S., Roy-Burman, P., Greenberg, N.M., Van 
Dyke, T. et al. (2003). Pten dose dictates cancer progression in the 
prostate. PLoS Biol 1(3), E59. 

True, L., Coleman, I., Hawley, S., Huang, C.Y., Gifford, D., Coleman, R.,
Beer, T.M., Gelmann, E., Datta, M., Mostaghel, E. et al. (2006). A 
molecular correlate to the Gleason grading system for prostate 
adenocarcinoma. Proc Natl Acad Sci USA 103(29), 10991–10996. 

Tu, J.J., Rohan, S., Kao, J., Kitabayashi, N., Mathew, S. and Chen, Y.T. 
(2007). Gene fusions between TMPRSS2 and ETS family genes in 
prostate cancer: frequency and transcript variant analysis by RT-PCR 
and FISH on paraffi n-embedded tissues. Mod Pathol 20, 921–928.

Urisman, A., Molinaro, R.J., Fischer, N., Plummer, S.J., Casey, G., 
Klein, E.A., Malathi, K., Magi-Galluzzi, C., Tubbs, R.R., Ganem, D.
et al. (2006). Identifi cation of a novel Gammaretrovirus in pros-
tate tumors of patients homozygous for R462Q RNASEL variant. 
PLoS Pathog 2(3), e25. 

Varambally, S., Dhanasekaran, S.M., Zhou, M., Barrette, T.R., Kumar-
Sinha, C., Sanda, M.G., Ghosh, D., Pienta, K.J., Sewalt, R.G., 
Otte, A.P. et al. (2002). The polycomb group protein EZH2 is 
involved in progression of prostate cancer. Nature 419(6907), 624–629. 

Varambally, S., Yu, J., Laxman, B., Rhodes, D.R., Mehra, R., Tomlins, S.A.,
Shah, R.B., Chandran, U., Monzon, F.A., Becich, M.J. et al. (2005). 
Integrative genomic and proteomic analysis of prostate can-
cer reveals signatures of metastatic progression. Cancer Cell 8(5), 
393–406. 

Villanueva, J., Shaffer, D.R., Philip, J., Chaparro, C.A., Erdjument-Bromage, 
H., Olshen, A.B., Fleisher, M., Lilja, H., Brogi, E., Boyd, J. et al. (2006). 
Differential exoprotease activities confer tumor-specifi c serum 
 peptidome patterns. J Clin Invest 116(1), 271–284. 

Visakorpi, T., Hyytinen, E., Koivisto, P., Tanner, M., Keinanen, R., 
Palmberg, C., Palotie, A., Tammela, T., Isola, J. and Kallioniemi, O.P.
(1995). In vivo amplifi cation of the androgen receptor gene and 
progression of human prostate cancer. Nat Genet 9(4), 401–406. 

Wang, L., Hricak, H., Kattan, M.W., Chen, H.N., Scardino, P.T. and 
Kuroiwa, K. (2006). Prediction of organ-confi ned prostate cancer: 
Incremental value of MR imaging and MR spectroscopic imaging 
to staging nomograms. Radiology 238(2), 597–603. 

Wang, L., McDonnell, S.K., Slusser, J.P., Hebbring, S.J., Cunningham, J.M.,
Jacobsen, S.J., Cerhan, J.R., Blute, M.L., Schaid, D.J. and 
Thibodeau, S.N. (2007). Two common chromosome 8q24 variants 
are associated with increased risk for prostate cancer. Cancer Res 
67(7), 2944–2950. 

Wang, S., Gao, J., Lei, Q., Rozengurt, N., Pritchard, C., Jiao, J., 
Thomas, G.V., Li, G., Roy-Burman, P., Nelson, P.S. et al. (2003). 
Prostate-specifi c deletion of the murine Pten tumor suppressor 
gene leads to metastatic prostate cancer. Cancer Cell 4(3), 209–221. 

Wang, X., Yu, J., Sreekumar, A., Varambally, S., Shen, R., Giacherio, D., 
Mehra, R., Montie, J.E., Pienta, K.J., Sanda, M.G. et al. (2005). 
Autoantibody signatures in prostate cancer. N Engl J Med 353(12), 
1224–1235. 

Welsh, J.B., Sapinoso, L.M., Su, A.I., Kern, S.G., Wang-Rodriguez, J., 
Moskaluk, C.A., Frierson, H.F., Jr and Hampton, G.M. (2001). 
Analysis of gene expression identifi es candidate markers and 
pharmacological targets in prostate cancer. Cancer Res 61(16), 
5974–5978. 

Yeager, M., Orr, N., Hayes, R.B., Jacobs, K.B., Kraft, P., Wacholder, S., 
Minichiello, M.J., Fearnhead, P., Yu, K., Chatterjee, N. et al. (2007). 
Genome-wide association study of prostate cancer identifi es a sec-
ond risk locus at 8q24. Nat Genet 39(5), 645–649. 

Zhao, X.Y., Boyle, B., Krishnan, A.V., Navone, N.M., Peehl, D.M. and 
Feldman, D. (1999). Two mutations identifi ed in the androgen 
receptor of the new human prostate cancer cell line MDA PCa 2a. 
J Urol 162(6), 2192–2199. 



493

CHAPTER

Essentials of Genomic and Personalized Medicine
by Ginsburg & Willard

Copyright © 2010, Elsevier Inc.
All rights reserved.

           Genomic Assessment of Ovarian Cancer 
   Tanja   Pejovic  ,     Matthew L.   Anderson   and     Kunle   Odunsi     

  INTRODUCTION 
 The normal human ovary is lined by a cuboidal epithelium. 
These cells remain quiescent for most of their lifespan, pro-
liferating only to repair the ovarian surface after ovulation. 
Epidemiologic evidence demonstrates a clear correlation 
between the frequency of ovulation and the incidence of epithe-
lial ovarian cancer. As a result, particular attention in the search 
for precursors to ovarian cancer has focused on small inclusion 
clefts that persist after repair of the ovarian surface. The molecu-
lar environment infl uencing these clefts is unique, the epithe-
lia lining these clefts express specifi c cell adhesion molecules, 
including cadherins, not normally observed in other areas of the 
ovarian surface epithelium. 

 While in other organs, such as colon, distinct pre-malig-
nant lesions have been identifi ed and found to accumulate, 
genetic defects that ultimately result in the pre-malignant ovar-
ian change has not yet been clearly identifi ed. Histologic fi nd-
ings consistent with a pre-invasive lesion for ovarian cancer have 
been described by a number of investigators in ovaries from 
high-risk women undergoing prophylactic oophorectomy and 
in areas of ovarian epithelium adjacent to early stage ovarian 
cancers that demonstrate a transition from normal to malignant 
cells ( Schlosshauer et al., 2003 ). The hypothesis that these lesions 
are pre-malignant is strengthened by observations that regions 
of epithelial irregularity express levels of p53 and Ki-67 inter-
mediate between those found in normal ovary epithelium and 
ovarian cancers. Each of these observations is consistent with the 
hypothesis that, similar to cancers originating in other organs, 

ovarian cancer evolves from an intraepithelial precursor. If so, 
improved means to detect and/or eradicate these lesions may 
prove fruitful for preventing ovarian cancer. Research efforts, 
designed to improve the early detection of ovarian cancer or 
optimize its clinical management at later stages, are likely to be 
more successful based on the understanding of molecular events 
responsible for this disease.  

  INHERITED OVARIAN CANCER 
SYNDROMES 
 Linkage analysis of familial breast and ovarian cancers provided 
some of the fi rst insights into the molecular basis of ovarian can-
cer. These efforts ultimately identifi ed two genes,  BRCA1  and 
 BRCA2 , each clearly associated with an increased incidence of 
ovarian cancer ( Miki et al., 1994 ;  Wooster et al., 1994 ). Although 
only a minority (8–10%) of diagnosed ovarian cancers are famil-
ial, about 60% of familial ovarian cancers are associated with 
mutations at the  BRCA1  locus, located on 17q21 ( Easton et al., 
1995 ). Hundreds of mutations in  BRCA1  have been identifi ed, 
most commonly loss of function nonsense or frameshift muta-
tions. Two of the three specifi c founder mutations, 185delAG and 
5382insC, are found in 1% and 0.1% of Ashkenazi Jewish women. 
The population-based studies have suggested that the lifetime risk 
of ovarian cancer in  BRCA1  mutation carriers is about 20–30%, 
but this increased risk is not manifest until the age of 40. 

 The functional consequences of loss of function mutations 
in  BRCA1  are potentially profound.  BRCA1  regulates p53, an 
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oncogene frequently implicated in ovarian cancer. Thus, loss 
of BRCA1 function allows DNA damage to accumulate via 
a loss of its activation of p53 check point. Other mechanisms of 
BRCA1-associated ovarian carcinogenesis such as site-specifi c 
dysregulation of X-linked gene expression in BRCA1- associated 
epithelial ovarian malignancies have been described. 

  BRCA2  gene plays a role in DNA repair by homologous 
recombination. About 35% of hereditary ovarian cancers may be 
attributed to  BRCA2  mutations and both female and male carri-
ers of the mutation are at risk for breast cancer. The third founder 
mutation 6174delT occurs in  BRCA2 . Mutations in  BRCA1  
and  BRCA2  are only rarely observed in sporadic, non-familial 
ovarian cancers. Characterization of genome-wide patterns of 
gene expression in sporadic breast cancers has allowed investiga-
tors to classify these tumors as either  BRCA1 -like or  BRCA2  
like in the patterns of their gene expression. These observations 
implicate alterations in other components of the BRCA1/2-
regulated pathways that contribute to sporadic ovarian cancer.  

  OPTIONS FOR SCREENING AND 
PREVENTION 
 The standard recommendations for women at increased risk for 
ovarian cancer include pelvic examination, serum tumor mark-
ers, and pelvic ultrasound. Unfortunately, none of these strate-
gies have proven effective as a screening modality. Most cancers 
detected in high-risk populations are detected at an advanced 
stage. The high risk combined with the ineffectiveness of current 
screening methods has led to the recommendation that women 
with high risk undergo risk-reducing salpingo-oophorectomy 
(RRSO) after completion of child-bearing. 

 To be considered at high-risk for ovarian cancer, subjects 
must satisfy one of the following criteria ( Table 38.1   ) ( US 
Preventive Services Task Force recommendations, 2005 ). 

 Unfortunately risk-reducing surgery is not fail-safe. Cases 
of peritoneal surface serous carcinoma have been described in 
2% of cases occurring from 1 to 27 years after risk reducing 
oophorectomy (Offi t, 1998)   .  

  GENOMIC INSTABILITY AND 
OVARIAN CANCER 
 Genomic instability is a hallmark of all cancer, including epi-
thelial ovarian cancers. In order to become genetically unstable 
the cell has to become intolerant to DNA damage. The cell can 
achieve this by inactivating in any of the six major DNA repair 
pathways: base excision repair (BER), mismatch repair (MRM), 
nucleotide excision repair (NER), homologous recombination 
(HR), non-homologous recombination (NHR), and translesion 
DNA synthesis (TLS). The specifi c DNA pathway affected often 
predicts the specifi c type of mutations observed in particular can-
cers, its sensitivity to drugs, as well as clinical outcome of affected 
patients.  

  SOMATIC MUTATIONS IN OVARIAN 
CANCER 
 Ovarian carcinoma is a monoclonal disease that progresses 
through a series of genetic alterations that successively accumu-
late and transform a normal to a neoplastic cell. The molecular 
complexity of ovarian cancer has become apparent through the 
use of novel technologies that explore the genome, transcrip-
tome, and proteome. These novel high throughput technologies 
are expected to provide information that allows for earlier diag-
nosis and individualized treatment of ovarian cancer. Biomarkers 
could be also used to stratify ovarian cancer into disease groups 
of varying aggressiveness. Stage III and IV ovarian cancer has a 
consistently high mortality rate, while Stage I and II ovarian can-
cer has a widely variable rate of mortality. It may be possible to 

 T A B L E  3 8 . 1         Criteria for high-risk for ovarian cancer 

population  

 1.  The family of the subject has a documented deleterious 
 BRCA1  or  BRCA2  mutation – in either the subject 
herself, or a fi rst- or second-degree relative. 

 OR 

 2.  For non-Ashkenazi Jewish women: The family of the 
subject contains at least two ovarian and/or breast 
cancers among the fi rst- or second-degree relatives 
within the same lineage. This condition can be satisfi ed 
by multiple primary cancers in the same person. Where 
breast cancer is required to meet this criterion, at least 
one breast cancer must have been diagnosed at the age 
of 50 years or younger. 

 OR 

 3.  For non-Ashkenazi Jewish women: A combination of 
three or more fi rst- or second-degree relatives with 
breast cancer regardless of age at diagnosis. 

 OR 

 4.  For non-Ashkenazi Jewish women: A fi rst-degree 
relative with bilateral breast cancer. 

 OR 

 5.  For non-Ashkenazi Jewish women: A history of breast 
cancer in a male relative. 

 OR 

 6.  For women of Ashkenazi Jewish heritage: Any fi rst-
degree relative or two second-degree relatives within 
the same lineage with breast or ovarian cancer. 

 OR 

 7.  The subject is of Ashkenazi Jewish heritage and has had 
breast cancer herself. To meet this criterion, her breast 
cancer must have been diagnosed at the age of 50 years 
or younger. 



stratify ovarian cancer in its earliest stages into groups of cancer 
with varying degrees of aggressiveness and subsequent mortality. 

  Gene Expression Profi ling of Ovarian Cancer 
 Ovarian cancers have been subjected to transcriptional profi ling 
using  complementary DNA  ( cDNA ) or  oligonucleotide  array types. 
Alterations in gene expression have been suggested as useful 
markers of histologic differentiation in ovarian cancer.  Marquez 
and coworkers (2005)  showed distinct expression profi les of dif-
ferent ovarian cancer histologic subtypes and identifi ed several 
markers of mucinous tumors, including  TFF1 ,  AGR2 ,  LGALS4 , 
 CEACAM6 , and  CTSE . Several of these genes are also upreg-
ulated in normal colon and are important for protection and 
healing of the human gastrointestinal tract ( Devine et al., 2000 ). 
In addition,  Wamunyokoli et al. (2006)  identifi ed upregulation of 
 NET1  and  ERBB3  in low-malignant potential mucinous ovar-
ian tumors and invasive mucinous carcinoma of the ovary lead-
ing to the hypothesis that these two genes may participate in 
the initiation of the transformation process in mucinous ovarian 
cancer.  ERB-B2/HER-2/NEU  was also found to be differen-
tially upregulated in clear cell ovarian cancer. This gene encodes 
the target for the humanized anti-HER2/neu antibody, tras-
tuzumab (Herceptin), that is showing promise for treatment of 
patients with ovarian cancers showing overexpression of Her-
2/neu protein ( Wang et al., 2006 ). 

 Recently, gene expressing profi ling has successfully been 
used to predict response to platinum-based chemotherapy 
( Dressman et al., 2007 ). The accuracy of detecting platinum 
resistant disease based on expression profi ling was 89%. Within 
this group expression signatures consistent with SRC and Rb/
E2F pathways were identifi ed and successfully targeted  in vitro .  

  Proteomics 
 Proteomics is the study of the proteome of a population of 
cells. The proteome is a result of many factors including DNA 
alterations, mRNA splicing, post-translational modifi cations, 
and functional regulation of gene expression ( An et al., 2006 ; 
 Banderal et al., 2003 ). Technology platforms incorporating mass 
spectrometry (MS) for proteomic biomarker discovery include 
both pattern-based methods that produce MS-derived protein 
pattern via SELDI (surface-enhanced laser desorption and ioni-
zation), MALDI, or electrospray and identity-based methods 
that yield lists of sequence-identifi ed peptides from LC-MS/MS 
analysis of proteolytically digested proteins ( Zhang et al., 2006 ). 
Pattern and identity combine in MS/MS analysis of selected 
spots from differential protein displays such as two-dimensional 
polyacrylamide gel electrophoresis (2D-PAGE). Each method 
has strengths and limitations. The SELDI technique was used by 
 Petricoin et al. (2002)  for the search for ovarian cancer detection 
markers. This group studied serum samples of 50 ovarian cancer 
patients and 50 unaffected women. A protein pattern specifi c to 
ovarian cancer was identifi ed and applied to a set of 116 serum 
samples from 50 women with cancer and 66 unaffected women. 
The proteomic pattern correctly identifi ed all patients including 

18 Stage I cancers. Only 3 of the 66 unaffected women were 
wrongly diagnosed as having ovarian cancer. This study awaits 
further validation.   

  ONCOGENES AND GROWTH 
FACTORS 
 Increased mutagenic signaling by receptor tyrosine kinases play a 
major role in ovarian carcinogenesis. Overexpression of  ERBB1 , 
 ERBB2/HER2/neu , and  c-FMS  has been reported repeatedly in 
ovarian cancer. One of the major downstream mediators of sig-
naling initiated by these receptors is the phosphatidylinositiol 3-
kinase (PIK3K)-AKT/mammalian target of rapamycin (mTOR) 
pathway. This pathway is activated by multiple genomic aberra-
tions in up to 70% of ovarian carcinomas. For example, with the 
 PIK3CA  gene at chromosome 3q26 being amplifi ed in 25–40% 
of the cases. This proto-oncogene encodes the p110 �  catalytic 
subunit of PI3K and, when amplifi ed or mutated, activates sig-
naling through the PI3K/AKT/mTOR pathway. This pathway 
is thought to be a critical target for therapy of ovarian cancer. 
Indeed PI3K inhibitor molecules decrease ovarian cancer pro-
liferation and ascites formation and increase chemotherapy 
induced apoptosis ( Table 38.2   ). 

 It has been reported that  � 75% of ovarian carcinomas are 
resistant to transforming growth factor- �  (TGF- � ) ( Hu et al., 
2000 ), and the loss of TGF- �  responsiveness may play an impor-
tant role in the pathogenesis and/or progression of ovarian can-
cer. In addition, it has been shown that TGF- �  1 , the TGF- �  
receptors (T � R-II and T � R-I), and the TGF- � -signaling com-
ponent Smad2 are altered in ovarian cancer ( Wang et al., 2006 ). 

 T A B L E  3 8 . 2         Genetic alterations in sporadic ovarian 

carcinoma  

 Gene  Function  Mechanism  Frequency 
(%) 

  HER2/neu   Tyrosine kinase  Amplifi cation/
overexpression 

 20–30 

  EGFR   Tyrosine kinase  Amplifi cation/
overexpression 

 12–17 

  KRAS   G-protein  Mutation  15–60 

  CMYC   Transcription 
factor 

 Overexpression  30 

  PIK3CA   Kinase  Amplifi cation  25–40 

  AKT2   Kinase  Amplifi cation  10 

 p53  Tumor 
suppressor 

 Mutation/
deletion 
Overexpression 

 30–60 

 p16  Tumor 
suppressor 

 Homozygous 
deletion 

 15 
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Alterations in T � R-II have been identifi ed in 25% of ovarian 
carcinomas ( Lynch et al., 1998 ) whereas mutations in T � R-I 
were reported in 33% of such cancers ( Chen et al., 2001 ). Loss 
of function mutations of TGF- � 1, T � R-I, and T � R-II can lead 
to disruption of TGF- � -signaling pathways and subsequent loss 
of cell cycle control novel TGF- � -signaling component, termed 
km23. Sequence alterations in human km23 in epithelial ovarian 
cancer were found in 42% of ovarian carcinomas ( Ding et al., 
2005 ). The expression of IGF-II and IGFBP-3 also vary sub-
stantially by clinical and pathologic features of ovarian cancer. 
High levels of IGF-II expression are associated with unfavora-
ble prognostic indicators of the disease, whereas high expression 
of IGFBP-3 is related to favorable prognostic variables. Patients 
with high IGF-II expression tend to have higher risk of disease 
progression and death regardless of the level of IGFBP-3 expres-
sion ( Lu et al., 2006 ). However, the IGF-II does not seem to be 
an independent marker for ovarian cancer prognosis. 

 Ras pathway also appears to be activated in ovarian can-
cers. The KRAS is mutated in 15% of borderline serous ovar-
ian tumors and 47% of mucinous neoplasm. While the mutation 
rate is higher in borderline mucinous (30–60%) than in invasive 
mucinous cancers (19%), it appears that these mutations play a 
role in the progression of the mucinous adenoma to borderline 
tumor to invasive mucinous carcinoma ( Ren et al., 2006 ). 

 KRAS activates PKCi on 3q26.2, a key regulator of a com-
plex required for localization of E-cadherin to cell junctions, 
for maintenance of tight junctions and for cell polarity, loss of 
which would allow aberrant interactions of cell signaling mol-
ecules and autocrine cell activation ( Macara, 2004 ). In ovarian 
cancer PKCi is associated with cyclin E induction. Amplifi cation 
of the CMYC oncogene also occurs in about 30% of ovarian 
cancers, however the functional signifi cance of this amplifi cation 
is unclear if overexpression of the corresponding protein occurs 
at the same time.  

  TUMOR SUPPRESSOR GENES 
 Loss of tumor suppressor gene function plays a major role in the 
development of most cancers. This involves a two-step process 
in which both copies of tumor suppressor gene allele are inac-
tivated. In most cases there is mutation of one allele of the gene 
and loss of the other allele due to deletion of the large region 
of the chromosome where the gene localizes. Some tumor sup-
pressor genes are inactivated via epigenetic changes, such as 
hypermethylation of GpC islands in the promoter area, while 
the gene structure remains intact. 

 Aberrations of p53 tumor suppressor gene are the most 
frequent genetic event in ovarian carcinoma ( Berchuck et al., 
1994 ). The frequency of p53 mutations is higher in advanced 
versus early ovarian carcinomas (50–60% versus 10–20%) and is 
uncommon in borderline ovarian tumors. 

 While in most cases of ovarian cancer, single amino acid 
change in the DNA binding domain of p53 (missense muta-
tion) result in overexpression of non-functional protein, 20% of 

advanced stage ovarian carcinoma contain mutations that result 
in a truncated protein that is not over-expressed. 

 Other tumor suppressor genes known to be inactivated in 
ovarian cancer include  PTEN  and p16 ( Table 38.2 ).  PTEN  is 
inactivated in some endometrioid ovarian carcinomas ( Obata 
et al., 1998 ). In addition p16, an inhibitor of cyclin-dependent 
kinases, may be inactivated via homozygous deletion or pro-
moter methylation in a small fraction of ovarian cancer 
( Havrilesky et al., 2001 ).  

  EPIGENETICS IN OVARIAN 
CARCINOGENESIS 
 It has become increasingly apparent that epigenetic events can 
lead to cancer as frequently as loss of gene function due to muta-
tions or loss of heterozygosity. The overall level of genomic 
methylation is reduced in cancer (global hypomethylation), but 
hypermethylation of promoter regions of specifi c genes is a 
common event ( Jones and Baylin, 2002 ) that is often associated 
with transcriptional inactivation of specifi c genes ( Costello et al., 
2000 ). This is critical because the silenced genes are often tumor 
suppressor genes and their loss of function can be evident in early 
stages of cancer, and can also drive neoplastic progression and 
metastasis. Epigenetic gene silencing is a complex series of events 
that includes DNA hypermethylation of CpG-islands within 
gene promoter regions, histone deacetylation, methylation or 
phosphorylation, recruitment of methyl-binding domain proteins 
and other chromatin remodeling factors to suppress gene tran-
scription. Global hypermethylation of CpG islands appears to be 
prevalent but highly variable in ovarian cancer tissue ( Ahluwalia 
et al., 2001 ). Specifi c aberrant methylation of cancer-associated 
genes such as  p16INK4A ,  RASSF1A ,  BRCA1 , and  hMLH1  have 
been reported for ovarian tumors or cell lines, albeit in various 
degrees and in a non-tumor type-dependent fashion ( Esteller 
et al., 2000 ;  Rathi et al., 2002 ). While a higher degree of DNA 
methylation is associated with drug resistance and believed to 
be the reason for treatment failure and death of 90% of patients 
with metastatic disease, the demethylation activity of chemo-
therapeutic drugs can elevate the expression of proteins such as 
MDR1 ( Bell et al., 1985 ) that lead to a more frequent disease 
recurrence after chemotherapy ( Wei et al., 2002 ). Thus, the spe-
cifi city of demethylation of select genes is important to ensure 
the success of treatment and prevent disease recurrence.  

  OVARIAN CANCER METASTASES 
 Metastasis is the functional hallmark of all cancer. In contrast 
to cancers where metastasis clearly depends on the ability of cells to 
invade blood or lymphatic vessels, direct dissemination within the 
peritoneal cavity plays a critical role in the progression of ovar-
ian cancer. A wide variety of gene products have been implicated 
in the metastasis of ovarian cancer. These include growth factor 
receptors such as epidermal growth factor  receptor (EGFR), 
 insulin-like growth factor receptors (IGFRs) and kinases, such as 



jak/stat, focal adhesion kinase, PI-3 kinase and c-met. Comparisons 
of primary and metastatic ovarian cancers by transcriptional profi l-
ing have failed to reveal signifi cant differences in the expression of 
gene products likely related to the metastatic process. 

 Particular attention has recently focused on the role of lys-
ophospatidic acid (LPA) in promoting the metastasis of ovarian 
cancers. LPA is constitutively produced by mesothelial cells lin-
ing the peritoneal cavity; its levels are increased in the ascites 
of women with both early and late stage ovarian cancers ( Ren 
et al., 2006 ). At a molecular level, exogenous LPA enhances 
ovarian cancer invasiveness both by activating matrix metallo-
proteinase-2 via membrane-type-1-matrix metalloproteinase 
(MT1-MMP) and downregulating the expression of specifi c tis-
sue inhibitors of metalloproteinases (TIMP-2 and -3) ( Sengupta 
et al., 2006 ). LPA also promotes dissemination of ovarian cancer 
by loss of cell adhesion ( Do et al., 2007 ). However, LPA has also 
been shown to promote the invasiveness of ovarian cancers by 
additional mechanisms dependent on interleukin-8 (IL-8) ( So 
et al., 2004 ). The G12/13-RhoA and cyclooxygenase pathways 
have also been implicated in the LPA – induced migration of 
ovarian cancers. These mechanisms appear to be independent of 
the ability of LPA to induce changes in MMP2 expression. 

 Until recently, the metastasis of ovarian cancer has been 
almost exclusively studied as a process involving individual cells. 
However, multicellular clusters of self-adherent cells, known 
as spheroids, can be isolated from the ascitic fl uid of women 
with ovarian cancer. Spheroids readily adhere to both extra-
cellular matrix proteins, such as collagen IV, and mesothelial 
cells in monolayer culture using beta1 integrins. Once adher-
ent, the cells contained in spheroids disaggregate, allowing them 
to invade underlying mesothelial cells and create invasive foci. 
These observations are consistent with the hypothesis that 
 ovarian cancer spheroids play an important role in the metastasis 

of ovarian cancer. Recent evidence has shown that a loss of cir-
culating gonadotropins result in a dose-dependent decrease in 
the expression of VEGF in their outer proliferating cells of ovar-
ian cancer spheroids, that these cell cluster remain responsive 
to signals in their microenvironment that may further promote 
metastasis ( Schiffenbauer et al., 1997 ). 

 The presence of spheroids in ascites may also help to explain 
the frequent persistence and frequent recurrence of ovarian can-
cer after treatment. Spheroids express high levels of p27 and 
P-glycoprotein which contribute, at least in part, to their rela-
tive resistance to the cytotoxic effects of paclitaxel when com-
pared to ovarian cancer cells in monolayer culture ( Xing et al., 
2007 ). However, the mechanisms by which the aggregation of 
malignant cells promote or enhance cell survival remain unclear. 
However, these observations are consistent with  in vitro  stud-
ies that demonstrate that the signals generated by adhesion to 
specifi c components of the extracellular matrix, such as col-
lagen IV, can modify the sensitivity of ovarian cancers to 
chemotherapy. 

 It is also unclear, at present, how the aggregation of these 
malignant cells might promote or enhance the migration, attach-
ment or invasion of ovarian cancer cells. However, insight into 
these questions is likely to come from genetic models, such as 
the migration of the border cell cluster in  Drosophila . Analyses of 
border cell migration indicate specifi c shifts in epithelial polar-
ity and changes in the patterns of signals arising at junctional 
proteins are necessary for the invasion and migration of epithe-
lial clusters. Signals arising from these junctional proteins appear 
to be integrated by specifi c steroid receptor coactivators, known 
as AIB1 (SRC3). Overexpression of AIB1 is a frequent feature 
of ovarian cancers suggesting that the pathways regulated by this 
transcriptional coactivators may indeed play a critical role in 
promoting ovarian cancer metastasis.  

2009 UPDATE
MicroRNAs (miRNAs) and short interfering RNAs (siRNAs) 
are classes of regulatory small RNA molecules, ranging from 
18 to 24 nucleotides in length, whose roles in cancer are becom-
ing increasingly recognized. They function by altering the sta-
bility or translational effi ciency of messenger RNAs (mRNAs) 
with which they share sequence complementarities and are pre-
dicted to affect about one-third of all human genes.

MicroRNAs
miRNAs represent a class of small, 22 nucleotide long, non-
coding RNAs that control gene expression by targeting 
mRNAs and triggering either translation repression or RNA 
degradation in the cell (Lagos-Qintana et al., 2001). They dif-
fer from siRNA in that they are processed from single-stranded 
RNA precursors and show only partial complementarities 
to mRNA targets. The human genome contains about 1000 
miRNAs (Zamore and Haley, 2005). Each miRNA may target 

several different genes simultaneously or in sequence (Pillai 
et al., 2007; Wang et al., 2006). Recent evidence clearly sug-
gests that miRNAs may participate in key cellular proc-
esses such as proliferation, apoptosis, and stem cell division 
(Brennecke et al., 2003; Hatfi eld et al., 2005; Xu et al., 2003). 
Therefore, any aberration in miRNAs may contribute to car-
cinogenesis by changing the fi nal protein profi le of cells.

Comparison between ovarian cancers and its normal 
counterparts have revealed distinct miRNA expression pro-
fi les (Iorio et al., 2007). Most prominently overexpressed miR-
NAs were miR-200a, miR-141, miR-200c, and miR-200b, 
whereas miR-199a, miR-140, miR-145, and miR-125b1 were 
underexpressed. In ovarian cancer, miRNA is deregulated by 
both genetic and epigenetic mechanisms. In 2006, Zhang et 
al., showed a high frequency of DNA copy number aberra-
tions in regions containing miRNA in 109 ovarian cancer 
cases. In addition, they showed that miRNA copy number 
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changes directly correlated with the levels of miRNA expres-
sion (Zhang et al., 2006). Using miRNA microarrays, Dahyia 
et al. identifi ed several miRNAs aberrantly expressed in human 
ovarian cancer tissues and cell lines. For example, miR-221 was 
found to be highly elevated in ovarian cancer, whereas miR-
21 and several members of the let-7 family were downregu-
lated (Dahiya et al., 2008).

The expression of miRNAs may be altered by mecha-
nisms such as imprinting or via different epigenetic processes 
including methylation. Experimental and computer-assisted 
approaches have led to the identifi cation of hundreds of 
imprinted small RNA genes, mainly clustered in two chromo-
somal domains (human 15q11→q13 and 14q32 loci) (Royo 
et al., 2006). Also, many miRNA genes, including let-7a-3, are 
located in CpG islands, suggesting possible epigenetic regula-
tion of their expression.

Investigations into the miRNA expression profi les and 
interaction of miRNA and their targets may provide novel 
therapeutic options where miRNA are therapeutic targets.

Short interfering RNAs
Small interfering RNA (siRNA) has a well-defi ned struc-
ture: a short (usually 21-nt) double strand of RNA (dsRNA) 
with 2-nucleotide 3' overhangs on both the ends (Elbashir 
et al., 2001; Fire et al., 1998). The siRNA are produced in 
vivo by the action of the enzyme Dicer and can complex with 
complementary sequences on an mRNA activating a post-
transcriptional destruction cascade spearheaded by RNA-induced 

silencing complex (RISC), hence rendering it non-viable 
(McManus and Sharp, 2002). Inducing destruction of specifi c 
mRNA using siRNA is a powerful tool in analysis of protein 
function, but until recently its use as a therapeutic modal-
ity has been limited. Landen et al. have used effi cient siRNA 
incorporated into the neutral liposome 1, 2-dioleoyl-sn-glyc-
ero-3-phosphatidylcholine (DOPC) for effi cient in vivo siRNA 
delivery. DOPC-encapsulated siRNA targeting the oncopro-
tein EphA2 was highly effective in reducing in vivo EphA2 
expression in Nu/nu mice. Therapy experiments in an ortho-
topic mouse model of ovarian cancer with EphA2-targeting 
siRNA-DOPC reduced tumor growth when compared with a 
nonsilencing siRNA. When EphA2-targeting siRNA-DOPC 
was combined with paclitaxel, tumor growth was dramatically 
reduced compared with treatment with paclitaxel and a nonsi-
lencing siRNA (Landen et al., 2005).

Most recently, Merritt et al. examined the effect of IL-8 
gene silencing with siRNAs incorporated into neutral lipo-
somes alone and in combination with docetaxel, on in vivo 
tumor growth, angiogenesis (microvessel density), and tumor 
cell proliferation and found that in this mouse model, siRNA-
mediated IL-8 gene silencing decreased tumor growth through 
antiangiogenic mechanisms (Merritt et al., 2008).

The emerging therapies of ovarian cancer hint at exploit-
ing these mechanisms to target signaling proteins, their lig-
ands, and their pathways. Used alone or in combination with 
existing chemotherapy, these biologics have potential for more 
robust tumor response and less toxicity.
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  INTRODUCTION 
 Pancreatic cancer is a lethal disease, where yearly prevalence 
equals mortality. It currently is the fourth leading cause of 
cancer-related death in the United States (  Jemal et al., 2006 ). 
Unfortunately, despite medical and surgical advances, overall 
survival has not changed over the last several decades. Owing to 
the insidious onset of non-specifi c symptoms, pancreatic cancer 
generally presents in an advanced state, where the overall 5-year 
survival rate remains at 5% (  Jemal et al., 2006 ). 

 Since detection at the earliest stage provides the best chance 
for cure, recent research efforts have focused on the improved 
diagnosis, early detection and screening for pancreatic can-
cer. There is abundant literature supporting the development 
of pancreatic cancer in parallel with accumulation of genetic 
alterations. As such, molecular analysis has emerged as an area 
of intense interest in this regard. Pancreatic intraductal precursor 
lesions have been re-classifi ed as pancreatic intraepithelial neo-
plasia (PanIN) based on degree of cellular atypia ( Hruban et al., 
2001 ). The prevalence of genetic mutations appears to increase 
with increasing atypia of these precursor lesions, temporally cor-
relating to PanIN grade progression ( Figure 39.1   ) ( Hruban et al., 
2000 ). Understanding the genetic basis of the pancreatic cancer 
progression model will hopefully provide targets for innovative 
molecular-based screening and diagnostic testing. 

 Oncogene activation (e.g., K-ras), tumor-suppressor gene losses 
(e.g., p53, p16, DPC4, HER-2/neu) and genome-maintenance 

gene mutations (e.g., BRCA2, microsatellite instability, tel-
omerase) appear to parallel the cellular evolution of pancre-
atic cancer. Histologically, these changes progress through the 
PanIN classifi cation, where PanIN-1A is characterized by fl at 
mucinous epithelium, PanIN-1B by papillary change, PanIN-2 
by atypical papillary change, and PanIN-3 by carcinoma-
 in-situ . K-ras oncogene point mutations and over-expression 
of the HER-2/neu gene product appear to be early events in 
pancreatic carcinogenesis, as these are prevalent in lower grade 
PanIN lesions ( Day et al., 1996 ;  Hruban et al., 1993 ). p16/INK4a 
tumor-suppressor gene inactivation is found more frequently in 
higher grade PanIN lesions, suggesting it is an intermediate event 
( Wilentz et al., 1998 ). Inactivation of p53, DPC4/SMAD4 and 
BRCA2 is prevalent in PanIN-3 lesions and rarely found in low-
grade lesions, representing late molecular events ( Goggins et al., 
2000 ;  Luttges et al., 1999 ;  Wilentz et al., 2000 ; ). Thus, this tem-
poral model of molecular carcinogenesis can serve as a  template 
to allow integration of histologic or cytologic information with 
that derived from mutational analysis of DNA present in cellular 
samples, cyst fl uid and pancreatic juice with the ultimate goal of 
increasing early detection rates and diagnostic accuracy. 

 There is a wealth of information rapidly accumulating 
regarding the role of molecular analysis in the early detection and 
diagnosis of pancreatic cancer. This chapter will discuss current 
molecular capabilities for screening, early detection and improved 
diagnosis of pancreatic cancer. The focus will be on direct 
clinical applicability in this rapidly evolving fi eld, amounting 
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to translational research in motion. Diagnosis and evaluation 
of mucinous cystic neoplasms (MCN), which are premalignant 
pancreatic cysts, will also be discussed, along with new insights 
into molecular prognostication and tumor-directed gene 
therapy.  

  PREDISPOSITION (GENETIC AND 
NON-GENETIC) 
 It is estimated that up to 10% of pancreatic cancers may be 
linked to an inherited component ( Lynch et al., 1996 ). Two 
distinct groups of patients are considered to be at risk for pan-
creatic cancer: (1) familial pancreatic cancer, requiring at least 
two fi rst-degree relatives to be affl icted with the disease in the 
absence of other familial cancers, and (2) hereditary tumor 
syndromes carrying an increased incidence of pancreatic can-
cer. Unfortunately, there has been no defi nitively identifi ed 
gene responsible for familial pancreatic cancer, and there is 
likely phenotypic infl uence in addition to genetic predispo-
sition. Additionally, the absolute risk is unknown. In the latter 
group of hereditary tumor syndromes, genetic alterations have 
been discovered, therefore at-risk patients can be readily iden-
tifi ed based on genetic testing. Hereditary syndromes with an 
increased incidence of pancreatic cancer include familial atypical 
multiple mole melanoma (FAMMM), Peutz-Jeghers syndrome 
(PJS), hereditary non- polyposis colorectal carcinoma (HNPCC), 
familial breast and ovarian cancer (FOBC), cystic fi brosis (CF), 
ataxia-telangiectasia (AT) and familial adenomatous polyposis 
(FAP) ( Hahn and Bartsch, 2004 ). 

 The vast majority of pancreatic cancers are sporadic, with-
out an apparent genetic linkage. Risk factors for sporadic pan-
creatic cancer include increasing age, tobacco use, chronic 
pancreatitis and long-standing diabetes mellitus. Additionally, 
dietary factors such as high intake of meat and fats appear to 
increase the risk.  

  SCREENING 

  Pancreatic Cancer 
 The ability to reliably screen patients for pancreatic cancer 
would be a major clinical advance. As with other clinical screen-
ing tests, the goal is early detection of disease, ideally in the 
premalignant stage, as only early detection offers any chance of 
curative treatment with this deadly disease. Given the relatively 
low prevalence of pancreatic cancer (33,700 cases estimated for 
2006) ( Jemal et al., 2006 ), screening of the general population is 
not practical. However, secondary screening of high-risk patients, 
such as those with hereditary pancreatic carcinoma syndromes 
(up to 10% of cases) may prove feasible. Current screening strat-
egies employ various imaging modalities (computed tomogra-
phy [CT], endoscopic retrograde cholangiopancreatography 
[ERCP], endoscopic ultrasound [EUS]) in high-risk patients, 
such as those with hereditary pancreatic carcinoma syndromes. 

 An early experience using EUS in high-risk families histo-
logically correlated subtle EUS and ERCP fi ndings suggestive of 
chronic pancreatitis with dysplasia, or PanIN lesions. Twelve patients 
from high-risk families were referred for pancreatic resection 
based on EUS and ERCP fi ndings. Ten had total pancreatectomy 
and two had distal pancreatectomy; all had widespread dysplasia 
by surgical pathology, mostly involving small- and medium-sized 
ducts. CT and serum markers (CEA, CA19-9) had low sensitiv-
ity for pancreatic dysplasia ( Brentnall et al., 1999 ;  Kimmey et al., 
2002 ). The Seattle group’s current screening protocol employs 
EUS beginning 10 years before the earliest age of cancer develop-
ment in the affected relative. Normal EUS fi ndings are followed up 
every 2–3 years; an abnormal EUS is evaluated with ERCP. As the 
age of the surveyed patient approaches that of the affected relative, 
the surveillance interval increases to yearly. It is acknowledged that 
the ideal surveillance interval remains unknown. Given the high 
prevalence of PanIN lesions in pancreata ( Stelow et al., 2006 ), this 
aggressive surgical strategy should only be reserved for those high-
risk individuals with hereditary pancreatic carcinoma syndromes. 

PanIN-1A PanIN-1B PanIN-2 PanIN-3
Her-2/neu
K-ras

p16 p53
DPC4
BRCA2

Normal

 Figure 39.1         The pancreatic carcinogenesis model of PanIN progression. From Hruban, R.H., Goggins, M., Parsons, J., Kern, S.E. 
(2000). Progression model for pancreatic cancer.  Clin Cancer Res  6, 2969–2972, with permission.    



 In a larger prospective controlled series, 78 asymptomatic 
high-risk patients were evaluated with both CT and EUS at 
baseline and 12 months ( Canto et al., 2006 ). ERCP was per-
formed if EUS detected an abnormality. To date, eight patients 
have undergone surgery with a confi rmed diagnosis of pancreatic 
neoplasia: six benign Intraductal papillary mucinous neoplasm  
(IPMN), one malignant IPMN and one focal PanIN. Thus, there 
was a 10% yield in screening this high-risk population. EUS 
fi ndings of chronic pancreatitis were more commonly seen in 
the study group as compared to matched controls. EUS detected 
more pancreatic lesions than multidetector CT; however, CT 
scan discovered extra-pancreatic neoplasms not evident on EUS. 
Hence, the Johns Hopkins group currently recommends both 
CT and EUS for screening these high-risk patients, as the tests 
appear to be complementary. Surveillance intervals for lesions 
detected but not resected are not currently defi ned, however 
three patients in this study had IPMN enlargement over the 
course of 1 year ( Canto et al., 2006 ). 

 Screening programs for pancreatic cancer, such as the above 
mentioned, currently depend on imaging modalities to detect 
radiographic abnormalities. Ideally, molecular analysis of pancre-
atic juice to detect key mutations involved in pancreatic carcino-
genesis could serve as a stand-alone screening test or an adjunct to 
EUS examination. To this end, the oncogene K-ras has been the 
most thoroughly studied in pancreatic juice. Studies to date report 
a widely variable sensitivity and specifi city for detection in juice 
of pancreatic cancer patients, ranging from 30% to 100% ( Furuya 
et al., 1997 ;  Kondo et al., 1994 ;  Kondoh et al., 1998 ;  Matsubayashi 
et al., 2006 ;  Tada et al., 1993 ;  Trumper et al., 2002 ;  Watanabe et al., 
1998 ;  Yamashita et al., 1999 ). Further troubling has been the 
detection of K-ras in pancreatic juice of control patients and 
those with chronic pancreatitis ( Furuya et al., 1997 ;  Trumper 
et al., 2002 ), where it may refl ect the existence of PanIN lesions. 
Mutational and methylation status analysis of p16 and p53 have 
also been performed; however, in isolation, these have a low sen-
sitivity for detecting pancreatic cancer (  42%) ( Fukushima et al., 
2003 ;  Klump et al., 2003 ;  Matsubayashi et al., 2003 ;  Yamaguchi 
et al.,1999 ). It therefore seems unlikely that any one marker will 
have a future role as a stand-alone screening or diagnostic test. 

 A recent study evaluated a combination of K-ras, p16 and 
p53 mutations for predicting the presence of pancreatic cancer 
( Yan et al., 2005 ). Pancreatic juice was aspirated at the time of 
ERCP in 48 patients with pancreatic cancer, 49 patients with 
chronic pancreatitis and 49 patients with biliary stone disease. 
p53 mutations were detected in 42% of cancer cases, 4% of 
patients with chronic pancreatitis, and 0% of controls. K-ras 
mutations were detected in 54%, 34% and 21% of these cohorts, 
respectively. Sixty-two percent of cancer patients had p16 pro-
moter methylation levels  � 12%, compared to 8% of those with 
chronic pancreatitis and 13% of controls. Although individual 
mutational analysis lacked sensitivity and specifi city, combina-
tion analysis increased the discrimination between benign and 
malignant disease. The authors concluded that the level of dis-
crimination would allow high-risk patients to be stratifi ed from a 
negligible risk to over a 50% probability of harboring malignancy 

( Yan et al., 2005 ). Although case-controlled, the above study was 
conducted in symptomatic pancreatic cancer patients. The level 
of discrimination was modeled for screening high-risk patients; 
however, it remains unproven in asymptomatic patients at risk. 

 The Johns Hopkins group analyzed pancreatic juice to detect 
aberrantly methylated DNA for use as a marker of pancreatic 
neoplasia, as promoter methylation is a common mechanism for 
gene silencing during carcinogenesis ( Matsubayashi et al., 2006 ). 
Patients with known pancreatic cancer, IPMN, chronic pancrea-
titis and controls were evaluated, where juice was obtained via 
pre-operative ERCP or at surgical resection. Pancreatic juice 
DNA was analyzed for promoter methylation using  methylation-
specifi c PCR assays for 17 genes. There was a signifi cantly higher 
percentage of genes methylated in the juice of pancreatic cancer 
patients as compared to the controls and those with chronic pan-
creatitis. Additionally, a higher percentage of genes were meth-
ylated in pancreatic juice obtained at ERCP as compared to 
surgically obtained juice. Reasoning for this is unclear, but may 
refl ect the use of secretin to stimulate juice production during 
ERCP ( Matsubayashi et al., 2006 ). Deserving of further study, 
this analysis may serve as an adjunct to aid in the diagnosis of 
pancreatic cancer, and may also have screening applications. 

 Molecular analysis of pancreatic juice for pancreatic cancer 
screening is currently an intense area of translational research. 
It is likely that broad-based molecular panels targeting multiple 
mutations commonly involved in pancreatic carcinogenesis will 
have the highest yield, and results of ongoing studies are anx-
iously awaited. It is presumed that these analyses will be per-
formed on pancreatic juice collected at the time of screening 
EUS examinations.   

  DIAGNOSIS 

  Pancreatic Cancer 
 Short of surgery, pancreatic cancer can prove diffi cult to diagnose 
in a subset of patients. Current modalities for diagnosing pan-
creatic cancer include ERCP with bile duct or pancreatic duct 
brush cytology, percutaneous ultrasound- (US) or CT-guided 
fi ne needle aspiration (FNA) and endoscopic ultrasound-guided 
FNA (EUS-FNA). Defi nitive pre-operative diagnosis of pan-
creatic malignancy is thus dependent on morphologic cellu-
lar criteria of cytologic specimens. Cytology-based diagnosis 
of pancreatic cancer from bile duct brushings has a diagnos-
tic sensitivity of  � 60% ( Farrell et al., 2001 ;  Glasbrenner et al., 
1999 ;  Macken et al., 2000 ;  Pugliese et al., 2001 ;  Stewart et al., 
2001 ), where EUS-FNA has a diagnostic sensitivity of 60–95% 
based on precise targeting of the tumor ( Brandwein et al., 2001 ; 
 Eloubeidi et al., 2003 ;  Shin et al., 2002 ;  Wiersema et al., 1997 ). 
In a percentage of cases, sampling error, paucicellular samples, 
confounding infl ammation and desmoplasia and cell drying arti-
fact can result in an indeterminate diagnosis, necessitating repeat 
invasive procedures which may result in the delay of a defi nitive 
diagnosis and ultimately treatment for several months. Molecular 
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applications applied to indeterminate cytology have potential to 
increase the diagnostic accuracy for pancreatic cancer. 

  Microdissection-Based Genotyping 
 Khalid and colleagues developed an innovative method to evalu-
ate indeterminate cytologic specimens to increase diagnostic 
yield ( Khalid et al., 2004, 2006 )   . Microdissection-based genotyp-
ing (MBG) coupled with loss of heterozygosity (LOH) analysis 
was used to evaluate for a broad panel of tumor-suppressor gene-
linked microsatellite markers and k-ras point mutations. This 
application involves dissecting individual cell aggregates from 
existing slides and subjecting them to polymerase chain reaction 
(PCR) to generate DNA for broad panel genotyping of micro-
satellite allele loss markers. Tumor-suppressor gene loss is based 
on determination of LOH for informative loci situated within or 
adjacent to specifi c genes of interest using fl uorescent capillary 
electrophoresis. Fractional allelic loss (FAL) or fractional muta-
tional rate (FMR), defi ned as the number of mutations (k-ras-2 
point mutation  � / 	  signifi cant allelic imbalance) divided by 
the total number of informative microsatellite markers plus 1 for 
k-ras status, is used to measure overall mutation accumulation. As 
each individual possesses a unique panel of informative polymor-
phic microsatellite markers, the FAL or FMR allows comparison 
across cohorts with respect to cumulative acquired LOH. 

 This technique was fi rst applied to biliary stricture brush 
cytology obtained at ERCP, which has an overall sensitivity 
 � 60% for diagnosing pancreatic cancer. LOH and k-ras codon 
12 mutational analysis of PCR amplifi ed DNA from brush cytol-
ogy specimens discriminated reactive from malignant cells with 
100% sensitivity, specifi city and accuracy ( Khalid et al., 2004 ). 

 MBG has since been applied to EUS-FNA cytology samples 
from pancreatic mass lesions. Benign infl ammatory pseudotumors, 
due to focal chronic pancreatitis or autoimmune pancreatitis, can 
be impossible to differentiate from malignancy based on imaging 
alone. All too frequently, EUS-FNA cytology samples are indeter-
minate due to cellular atypia, and patients are subjected to surgical 
resection for a defi nitive diagnosis. Indeed, approximately 10% of 
pancreaticoduodenectomies performed for presumed malignancy 
reveal benign disease on pathological evaluation ( Abraham et al., 
2003 ;  Weber et al., 2003 ). If surgical pathology proves a benign 
entity, resection in retrospect is considered unnecessary. LOH 
analysis of FNA samples shows promise in accurately differentiat-
ing benign from malignant pancreatic masses and increasing the 
diagnostic sensitivity of inconclusive cytologic samples ( Khalid 
et al., 2006 )   . Based on comparison to fi nal surgical pathology, 
LOH analysis of indeterminate cytology specimens, as compared 
to positive controls, accurately differentiated benign pseudotu-
mors from pancreatic cancer with high-statistical signifi cance. It 
additionally improved diagnostic accuracy (100%) for suspicious 
but inconclusive samples. The FMR for cases ultimately proven 
malignant was signifi cantly higher than benign cases. Five of six 
benign cases carried no mutations, where one case of autoim-
mune pancreatitis harbored a k-ras mutation in the setting of 
coexisting PanIN lesions ( Khalid et al., 2006 )   . Although a cur-
rently small experience in this regard, the adjunct genomic analysis 

will prove to be a powerful tool in the clinical evaluation and 
management of these diffi cult cases.  

  Proteomics 
 Proteomics is an emerging fi eld incorporating large-scale analy-
sis of proteins in biologic fl uids or cells by biochemical tech-
niques. This is an attractive arena for pancreatic cancer research, 
specifi cally early detection and diagnosis. Candidate biomark-
ers have been discovered by analyzing resected pancreatic can-
cer, pancreatic juice and serum. Analysis of pancreatic juice 
seems the appropriate strategy when screening high-risk patient 
groups, whereas serum analysis would be most appropriate for 
wide-based screening. Although still in its early stage, the use of 
proteomic profi ling for pancreatic cancer biomarker discovery is 
encouraging. 

 Two-dimensional electrophoresis for protein separation fol-
lowed by mass spectrometric identifi cation of proteins has been 
utilized in analysis of pancreatic cancer and pancreatic juice. 
However, this method is limited to a relatively low-throughput 
scale of research (Chen et al., 2005)   . A more appealing approach 
for disease biomarker development uses proteomic pattern 
analysis. This approach uses the pattern of signals within a 
mass spectrum to identify differentially abundant peaks within 
normal and disease samples for distinguishing the two groups. 
Surface-enhanced laser desorption/ionization time-of-fl ight 
(SELDI-TOF) mass spectrometry (MS) has been employed in 
this regard, whereby MS is used to generate proteomic patterns 
in biological fl uids and then pattern recognition algorithms are 
applied to distinguish cancer patients from normal controls. This 
technique is suited for high-throughput research and can be 
applied to body fl uids such as pancreatic juice or serum using 
biochip    technology and antibody microarrays to enable multi-
plexed and rapid protein measurements (Chen et al., 2005). 

 SELDI-TOF has also been applied to pancreatic tissue to 
identify protein peaks to differentiate benign from malignant 
states. In one study, a training model was developed that could 
accurately distinguish pancreatic cancer from benign pancreatic 
tissue based on the protein peak pattern (Scarlett et al., 2006)   . 
A similar study found a large number of proteins differentially 
expressed in chronic pancreatitis and pancreatic cancer as com-
pared to normal pancreatic tissue (Crnogorac-Jurcevic    et al., 
2005). It is unclear whether this technology will enhance pre-
operative diagnostic accuracy in this regard, as these methodolo-
gies have yet to be applied to EUS-FNA cytology samples. More 
importantly, these protein profi les may potentially be applied to 
pancreatic juice or serum to screen high-risk patients. 

 As such, the fi rst comprehensive study of the pancreatic 
juice proteome revealed numerous proteins associated with 
pancreatic cancer (Chen et al., 2006)   . This study identifi ed can-
didate biomarkers differentially expressed in cancer patients as 
compared to normal controls. This group has since evaluated 
pancreatic juice proteins in the setting of pancreatitis, in hopes 
of eliminating false-positive results for cancer given the poten-
tial for overlapping biomarkers (Chen et al., 2007)   . Similar pre-
liminary work has also been applied to serum via plasma protein 



profi ling. Honda and colleagues compared plasma proteomes 
between pancreatic cancer patients and matched controls using 
SELDI-TOF MS. A learning algorithm was applied to discrimi-
nate proteomic patterns, identifying a set of four mass peaks 
that differentiated sera from pancreatic cancer patients with 
high accuracy rates (Honda et al., 2005)   . Although exciting, this 
work will need to be confi rmed in a large-scale multi-center 
trial to truly determine clinical utility. There is also a potential 
role for proteomics to monitor for disease recurrence in patients 
who have undergone pancreatic cancer resection. An innovative 
study using two-dimensional electrophoresis identifi ed a group 
of plasma proteins that consistently change following resection. 
Furthermore, this group identifi ed proteins that correlated with 
recurrence of disease (Lin et al., 2006)   . Although a small study, 
the clinical applications of this type of technology could revolu-
tionize post-operative monitoring and surveillance.   

  Pancreatic Cystic Neoplasms 
 Incidental pancreatic cystic lesions are being detected with 
increasing frequency due to the widespread use of high-quality 
abdominal imaging. Contrary to previous belief, the majority of 
cysts detected today are MCN ( Fernandez-del Castillo et al., 2003 ). 
MCN are considered premalignant and encompass IPMN and 
MCN. Surgical resection of mucinous pancreatic cysts is gener-
ally recommended given the concern for malignant degeneration. 
However, the natural history regarding the frequency and timing 
of malignant change of MCN remains unknown. 

 Evaluation of pancreatic cysts involve cross-sectional imag-
ing (CT or MRI) and EUS-FNA with cyst aspirate analysis. 
Unfortunately, in the absence of an associated solid mass, imag-
ing modalities cannot reliably differentiate benign from malig-
nant cysts ( Ahmad et al., 2001, 2003 ;  Brugge et al., 2004 ). Given 
the paucicellular nature of the cyst aspirate, the sensitivity of 
cytologic analysis has proven suboptimal. Currently, an elevated 
cyst fl uid CEA level is considered the most reliable indicator of 
a mucinous cyst; however it does not distinguish premalignant 
from malignant state ( Brugge et al., 2004 ). Given the unknown 
natural history of MCN and associated morbidity of pancreatic 
resection, better tools to assess presence of malignancy are desir-
able. This is especially important in marginal surgical candidates 
with small incidental cystic neoplasms. 

 As the cellular content of pancreatic cyst aspirates is fre-
quently suboptimal, molecular analysis of the cyst fl uid itself is 
attractive in hopes of detecting mutations that correlate with 
malignant degeneration. It is hypothesized that cyst epithelial 
cells undergoing malignant change would have a higher turn-
over rate, thereby releasing more DNA into the fl uid that bathes 
the cells. PCR amplifi cation of DNA from these whole or lysed 
cells shed into the fl uid from the cyst lining may therefore be 
predictive of the cyst pathology, where a high level of accumu-
lated mutational damage would refl ect an underlying malig-
nancy, and similar alterations would not be seen in benign cysts. 

 To investigate this hypothesis, a single center study was 
conducted, applying LOH and K-ras mutational analysis 
to pancreatic cyst aspirates targeting markers for pancreatic 

 carcinogenesis ( Khalid et al., 2005 ). Based on comparison to 
surgical pathology of the resected cyst, LOH analysis of the 
cyst fl uid aspirate accurately predicted the existence of malig-
nancy. Thirty-six cysts with confi rmed histology were ana-
lyzed: 11 malignant, 15 premalignant and 10 benign cysts. The 
malignant cysts could be differentiated from premalignant cysts 
based on the number of mutations and the temporal sequence 
in which the mutations were acquired ( p   �  0.001). Early K-ras 
mutation followed by allelic loss was the most predictive of 
a malignant cyst (sensitivity 91%, specifi city 93%) ( Khalid 
et al., 2005 ). Thus, it appears that pancreatic cyst fl uid contains 
adequate DNA to allow mutational analysis that can serve as 
an ancillary tool to the conventional workup of pancreatic 
cysts. A multi-center trial to further evaluate this technology 
has been completed, with the interim analysis showing that 
the quantity of DNA and temporal sequence of mutations 
continue to predict cyst pathology ( Khalid et al., 2006a, b )   . 

 Several studies have also investigated whether telomerase 
activity can serve as a marker for malignancy in cystic neoplasms. 
In one small study evaluating IPMN, pancreatic juice aspirated 
at the time of ERCP was analyzed. Cytology alone diagnosed 
malignancy in 4/13 patients, but when combined with analysis 
for telomerase activity, the yield increased to 11 of 13 patients 
being correctly diagnosed with malignant IPMN. As telomerase 
activity was not detected in benign tumors, the authors suggest 
telomerase may be a useful adjunct to standard cytologic analysis 
( Inoue et al., 2001 ). 

 In another study analyzing a spectrum of cystic lesions, Yeh 
and colleagues found expression of telomerase activity in malignant 
and borderline malignant cysts, but not in benign cysts (mucinous 
or serous) or pseudocysts. The sensitivity of telomerase for predict-
ing at least borderline malignant change was 67% with a specifi city 
of 100% ( Yeh et al., 1999 ). Thus, it appears that telomerase activity 
takes part in malignant transformation and may be a useful marker 
to distinguish malignant from benign cystic neoplasms. 

 The Johns Hopkins group has evaluated gene expression 
profi les to help differentiate invasive from non-invasive IPMNs. 
Employing RT-PCR and oligonucleotide microarrays, they 
were able to identify genes that were overexpressed in IPMNs 
associated with invasive carcinoma. Immunohistochemical vali-
dation revealed that claudin 4, CXCR4, S100A4 and mesothelin 
were associated with the invasive phenotype. This analysis was 
performed on resected specimens; thus further work is required 
to see if these results can be reproduced pre-operatively on aspi-
rated cyst fl uid, as they could be used to guide management 
regarding surgery or observation ( Sato et al., 2004 ).   

  PROGNOSIS 

  Pancreatic Cancer 
 Pre-operative prognostication for malignant disease is currently 
based on the cancer stage and grade. Prognostic markers are 
desired to stratify treatment protocols, to enable  individualized 
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therapy, and to develop new treatment strategies. For pancreatic 
adenocarcinoma, in which the majority of cases present with 
locally advanced and unresectable disease, prognostication unfor-
tunately has not been of signifi cant clinical importance to date 
given the high-mortality rate with only few long-term survivors 
( Jemal et al., 2006 ). However, gene expression profi ling of the 
tumor may predict clinical course and outcome in select patients 
with potentially resectable disease. 

 In a recent study from MD Anderson Cancer Center, single 
nucleotide polymorphisms (SNPs) in DNA repair genes were 
evaluated to see if they affected clinical prognosis. Previous stud-
ies have shown that individual variation in DNA repair capacity 
can affect response to therapy and overall survival. All patients 
underwent neoadjuvant therapy with gemcitabine and radio-
therapy after gene expression was determined from whole blood. 
Genotypes  RecQ1  A159C,  RAD54L  C157T,  XRCC1  R194W 
and  ATM  T77C had a signifi cant effect on overall survival. The 
overall mean survival of the group was 20.2 months. However, 
patients with none of the adverse genotypes had a mean survival 
of 62.1 months. Those with one, two or three or more at risk 
alleles had median survival times of 27.5, 14.4 and 9.9 months, 
respectively ( Li et al., 2006 ). Thus, for these earlier stage tumors, 
it appears that polymorphic variants of DNA repair genes affect 
the clinical course of disease, which hopefully will translate to 
novel targeted therapy in the future. 

 Other studies have been performed  ex vivo , where 
resected pancreatic cancer has been profi led and compared to 
the outcome of the patient. Cytokeratins (CK) 7 and 20 were 
found to be overexpressed in pancreatic cancer, where CK 20 
expression defi ned a subset of tumors with a worse prognosis 
(Matros et al., 2006)   . Peroxisome proliferator-activated recep-
tor gamma (PPARgamma) is a ligand-activated transcription 
factor shown to be overexpressed and associated with a higher 
tumor stage and grade, thus correlating to a worse progno-
sis (Kristiansen et al., 2006)   . Secreted protein acidic and rich 
in cysteine (SPARC), a protein involved in cell migration and 
cell matrix interactions, is frequently silenced in pancreatic can-
cer but expressed in stromal fi broblasts. Peritumoral SPARC 
expression has also been associated with a poor clinical progno-
sis (Infante et al., 2007)   . 

 Thus, many genes have been identifi ed that are differentially 
expressed in pancreatic cancer, some of which are predictive of 
clinical outcome. If this could be determined routinely in a pre-
operative fashion, a patient could be counseled as to the true 
benefi t of major pancreatic surgery. A study evaluating EUS-
FNA cytology samples revealed that RT-PCR detected increased 
expression of lipocalin 2 (LCN 2) and tissue-type plasminogen 
activator (PLAT) in pancreatic cancer (Laurell et al., 2006)   . Not 
only could this technology increase diagnostic accuracy, but more 
importantly, could provide pre-operative prognostic information. 
The fi eld of gene expression profi ling is expanding quickly in 
the pancreatic cancer arena and will continue to evolve rapidly. 
Not only is it anticipated to provide reliable prognostic informa-
tion, it may also give insight into the pancreatic carcinogenesis 
pathway and provide novel targets for therapy.  

  Pancreatic Endocrine Tumors 
 In less aggressive pancreatic tumors, the ability to pre-operatively 
prognosticate may be very signifi cant, especially for marginal 
surgical candidates given the morbidity associated with pan-
creatic surgery. Pancreatic endocrine tumors (PET) have been 
reported to occur with an incidence of 1 per 100,000 persons 
per year ( Barakat et al., 2004 ); however, it is expected that inci-
dental PETs will be discovered with increasing frequency given 
widespread use of cross-sectional imaging, much like the phe-
nomenon occurring with incidental pancreatic cystic lesions 
( Warner, 2005 ). The biological behavior of PETs can vary 
widely from clinically indolent to highly aggressive. Elevated 
Ki-67 proliferative index  � 2%, mitotic rate  � 2, size �  4       cm, 
nuclear atypia, capsular penetration with local invasion, and/or 
metastatic disease defi ne a malignant PET. The Ki-67 index and 
mitotic rate also correlate with survival ( La Rosa et al., 1996 ; 
 Panzuto et al., 2005 ). Unfortunately, these indices and histologic 
assessment come from surgical resection specimens. 

 Similar to pancreatic adenocarcinoma, the developmental 
progression and malignant transformation of PET also appear to 
correlate with accumulation of genetic alterations. Recent stud-
ies indicate that chromosomal losses occur more commonly than 
gains or amplifi cations, and the LOH profi le correlates with tumor 
size, extent and malignant phenotype ( Barghorn et al., 2001a, 
b ;  Guo et al., 2002a, b ;  Hessman et al., 1999, 2001 ;  Speel et al., 
1999, 2001 ;  Stumpf et al., 2000 ;  Zhao et al., 2001 ). Furthermore, 
molecular markers such as telomerase activity, Her-2/neu over-
expression, hMLH1 methylation and microsatelliteinstability may 
predict PET behavior independent of the tumor’s functional sta-
tus or histopathologic features ( Furlan et al., 2004 ;  Goebel et al., 
2002 ;  House et al., 2003 ;  Lam et al., 2000 ). These data suggest 
that molecular analysis of PET may provide relevant information 
of clinical and prognostic utility. To date, however, these analyses 
have only been performed on surgically resected specimens. The 
molecular investigation of pre-operative EUS-FNA samples from 
PET are very appealing for predicting the clinical course specifi -
cally in an era where more incidental lesions are being detected. 

 To that effect, the Pittsburgh group performed broad panel 
microsatellite loss analysis on pre-operative cytologic samples 
obtained via EUS-FNA. Twenty-fi ve patients were studied; 
13 with  “ benign ”  or indolent and 12 with malignant disease, 
respectively, based on pathologic assessment and clinical course. 
As previously reported, tumor size greater than 3       cm and high 
Ki-67 index and mitotic rate correlated well with disease pro-
gression. However, FAL appeared to be the strongest factor 
associated with disease progression. Four of 13  “ benign ”  PETs 
contained a single microsatellite loss; the other nine were with-
out mutation (mean FAL 0.028). All 12 malignant PETs har-
bored multiple allelic losses (mean FAL 0.37). The LOH profi le 
not only differentiated benign from malignant PET (FAL 0.2, 
sensitivity 83%, specifi city 100%), but also correlated best with 
disease progression and survival. Thus, for the fi rst time, this 
molecular information can be used for clinical decision-making 
and prognostication  pre-operatively , especially in those patients 
who are marginal surgical candidates ( Nodit et al., 2006 ).   
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Pancreatic Cancer Development
The role of microRNA (miRNA) in various aspects of can-
cer pathogenesis, including cell growth and apoptosis, has 
become an area of intense interest. A recent study analyz-
ing the differential expression of 95 miRNA by real time 
RT-PCR found that the expression of most miRNA was 
substantially changed in pancreatic cancer specimens and pan-
creatic cancer cell lines compared to normal pancreatic tissue. 
Additionally each pancreatic cancer specimen or cell line had 
a substantially different profi ling pattern. A detailed analysis 
on 10 pancreatic cancer cell lines and 17 pairs of pancreatic 
cancer and normal tissues revealed eight miRNAs (miR-
196a, miR-190, miR-186, miR-221, miR-222, miR-200b, 
miR-15b, and miR-95) that were signifi cantly up regulated 
(70-100%) in most pancreatic cancer specimens and cell lines 
(Zhang et al., 2008).  

Pancreatic Cancer Diagnosis
In a study from Johns Hopkins Hospital, ERCP brush DNA 
concentrations of methylated Cyclin D2, NPTX2, and TFPI2 
promoter DNA were measured in 130 individuals with bil-
iary tract strictures (64 malignant; 41 pancreatic cancer and 10 
bile duct cancer, 66 benign) by real time quantitative PCR. A 
signifi cantly higher number of pancreatic cancer (73.2%) and 
bile duct cancer (80%) samples had at least 1 gene positive for 
methylation compared with 13.6% of patients with a benign 
stricture (Parsi et al., 2008).  This study adds to the existing 
literature on the incremental yield of molecular techniques on 
routine cytology.

There have been two studies that provide promising data 
that, although in its infancy, may serve as a platform for the 
development of a “screening test” for pancreatic cancer. In the 
fi rst study, serum-based LOH analysis of 12 microsatellites on 

chromosomal arms 2p, 5q, 9p, 13q, 17p and 17q was performed 
in 35 pancreatic cancer patients, 22 patients with chronic pan-
creatitis and 20 healthy individuals. Thirty-two patients mani-
fested LOH with the majority (30) with two or more regions of 
LOH. Single LOH was observed in 7/22 patients with chronic 
pancreatitis and none in the healthy individuals (Wachowiak 
et al., 2007).  In the second study, differential methylation pro-
fi les of plasma DNA utilizing multiplexed array-mediated anal-
ysis in 30 pancreatic cancer patients and an equal number of 
matched controls could identify cancer, albeit with a sensitivity 
of 76% and specifi city of only 59% (Melnikov et al., 2008). 

Pancreatic Cancer Prognosis
In a study correlating the presence of k-ras mutation and LOH 
affecting 5q, 6q, 9p, 10q, 12q, 17p and 18q in resected pancre-
atic cancer with postoperative survival, once again the impor-
tance of genetic events on tumor biology is illustrated. In this 
study with a median f/u of 18 months, tumor stage, nodal and 
margin status were not predictive of survival. However, the 
presence of LOH and k-ras and the combination of both were 
signifi cantly associated with shorter median survival (Franko 
et al., 2008). 

Pancreatic Endocrine Tumors
The clinical course of endocrine pancreatic tumors (PET) is 
often diffi cult to predict as previously alluded to. As further 
evidence for the key role specifi c DNA alterations play in this 
context, a study of 47 insulinomas and 24 non-insulinoma 
PET revealed that chromosomal alterations affecting 3p, 6q and 
12q were most signifi cantly associated with a poor outcome 
in insulinomas, and 7q gain in non-insulinoma PET. CK19 
expression was the most optimal predictor of tumor-specifi c 
death (Jonkers et al., 2007). 
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  INTRODUCTION 
 Head and neck squamous cell carcinoma (HNSCC) of the 
upper aerodigestive tract (UADT) represent approximately 4% 
of all cancers, with an estimated 40,500 new cases of oral cav-
ity, pharynx and larynx cancer and 12,000 expected deaths in 
the United States in 2006 ( Ries et al., 2006 ). Approximately half 
of all patients with HNSCC have advanced stage disease at the 
time of diagnosis, with an expected 5-year survival rate between 
10% and 40%. Despite treatments that may consist of mutilating 
surgery, radiotherapy, and/or chemotherapy, overall long-term 
survival remains low due to uncontrollable persistent or recur-
rent HNSCC. The low rate of survival of patients with locore-
gional and distant recurrences has highlighted the need for new 
approaches for diagnosis and treatment. 

 As a result of exposure to carcinogens, molecular analyses of 
normal, precancerous, and head and neck cancers have revealed 
over-time accumulation of specifi c genetic alterations in proto-
oncogenes and tumor suppressor genes (TSG) that are associated 
with potential for locoregional spread, time to recurrence, and 
overall survival. 

 Several experimental models of molecular epithelial car-
cinogenesis have been proposed. However, there are certain 
genetic alterations common to these models. 

 Epithelial carcinogenesis and progression has been charac-
terized by promoter hypermethylation or loss of heterozygosity 
(LOH) at 9p21 leading to loss of TSG  p16 , mutation at 17p13 

leading to loss of  TP53  TSG function, and gene amplifi cation 
at 11q13 leading to overexpression of cyclin-D1. Importantly, 
changes in expression levels of EGFR and VEGF have also been 
associated with malignant progression. DNA microarray tech-
nology has been useful in identifying a specifi c pattern of dereg-
ulated network of genes and proteins that may provide a means 
for early detection, a unique target therapeutic intervention or 
used to monitor HNSCC disease progression. 

 In this chapter, we summarize and discuss recent advances in 
our knowledge concerning the pathogenesis, diagnosis, monitor-
ing, prognosis, and treatment of head and neck cancer obtained 
by using modern molecular biological tools to study gene expres-
sion and chromosomal aberrations. In addition, we discuss novel 
molecular targeting strategies in the treatment of HNSCC and 
suggest where future progress may occur.  

  HEAD AND NECK SQUAMOUS CELL 
CARCINOMA 

  Predisposition 
 The predominant environmental risk factors for developing 
HNSCC identifi ed to date are the use of alcohol and tobacco, 
immunosuppression, chewing betel quid nuts, and exposure to high-
risk human papilloma virus (HPV). However, not all smokers and 
drinkers develop cancers; therefore, genetic predisposition and other 
host factors may play an equally important role in tumorigenesis. 

 40 
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 Benzo(a)pyrene diol epoxide (BPDE) is a toxic metabolite 
of benzo(a)pyrene, the main carcinogenic component of tobacco 
smoke. BPDE has been shown to exert its mutagenic effect 
mostly by irreversibly binding to DNA, forming BPDE-DNA 
adducts, or by DNA oxidation. Other components of tobacco 
smoke such as catechols and nitrosamines produce free radical 
compounds known to cause DNA fragmentation. The individ-
ual capacity for nucleotide excision and repair of normal DNA 
after BPDE-induced damage has been shown to correlate with 
HNSCC development independent of age, sex, ethnicity, smok-
ing status, or alcohol use in a case-control study ( Cheng et al., 
1998 ). 

 Mutagen hypersensitivity or individual’s capacity of DNA 
repair against free radical damage and its relevance to the devel-
opment of HNSCC was examined by  Schantz et al. (1997 ). 
The relationship between the risk of HNSCC, nutrition, and 
mutagen hypersensitivity as determined by the quantity of bleo-
mycin-induced chromosomal breaks within peripheral blood 
lymphocytes was examined in HNSCC patients and controls. 
Dietary intake of some antioxidants such as vitamins C, E, and 
carotenoids; cigarette smoking; alcohol drinking; and body mass 
index (BMI) were also examined. The study found that muta-
gen hypersensitivity was strongly associated with increased risk 
of HNSCC. Also, high intakes of vitamins C and E and some 
carotenoids were independently related to a decreased risk of 
HNSCC. 

 The role of genomic instability on the development of 
HNSCC was further elucidated in a study of patients with 
Fanconi anemia, a rare autosomal recessive disorder characterized 
by a high degree of spontaneous chromosomal aberrations ( Kutler 
et al., 2003 ). The overall incidence of HNSCC in Fanconi anemia 
patients was 3% as compared to the incidence of 0.038% in gen-
eral population, and median age of these patients with HNSCC 
was 31. The cumulative rate of disease recurrence after treatment 
by the age of 40 was 50% in this patient population. 

 In recent years, there has been mounting epidemiologic and 
experimental evidence of a role for HPV as the etiologic agent 
in a small proportion of HNSCC, mostly in non-drinkers and 
non-smokers. A recent study identifi ed high-risk HPV16 DNA 
inside the nuclei of cancer cells of 90% of HPV-positive oropha-
ryngeal HNSCC specimens by  in situ  hybridization ( Gillison 
et al., 2000 ). These cancers, as compared to non-HPV- associated 
oropharyngeal HNSCC, tended to be in non-drinkers, non-
smokers, have basaloid features on histology, not associated 
with p53 mutation, and have a 59% reduction in risk of dying 
from cancer, after adjustment for stage of disease, morbidity, and 
other confounding factors. In addition, the association between 
HPV16 infection and HNSCC in specifi c sites suggests the 
strongest and most consistent association is with tonsil cancer, 
and the magnitude of this association is consistent with an infec-
tious etiology ( Hobbs et al., 2006 ).  

  Screening 
 The multistep carcinogenesis process results in epigenetic 
and metabolic changes that give rise to histologically distinct 

precursor phenotypes that harbor specifi c genetic alterations. 
Pre-malignant lesions of the UADT can present as leukoplakia 
(white patch) or erythroplakia (red patch). Histologically, leu-
koplakia may demonstrate benign hyperkeratosis of the surface 
epithelium, epithelial hyperplasia, dysplasia, or invasive carci-
noma. Up to 8% of leukoplastic lesions may demonstrate inva-
sive squamous cell carcinoma (SCC), whereas erythroplakia has 
a much greater potential for malignancy. Approximately 90% of 
erythroplastic lesions may demonstrate severe dysplasia, carci-
noma  in situ  or invasive SCC. The transformation rate of dyspla-
sia to cancer has been reported as high as 36.4%. 

 Improvements in overall survival in patients with HNSCC 
rests on early identifi cation of pre-malignant lesions and inter-
vention in patients at risk prior to development of advanced 
stage disease. Since epithelial carcinogenesis is a multistep pro-
cess directed by complex molecular events that involve specifi c 
genetic defects in proto-oncogenes and TSG, early identifi cation 
of genetic alterations that may represent early transition into 
malignant phenotype may be possible through various measures 
recently described. 

 Early detection of oral and oropharyngeal SCC using brush 
biopsies to detect exfoliated cytology and DNA cytometry have 
been investigated. Cytologic diagnosis combined with DNA-
image cytometry to measure DNA aneuploidy has proven to have 
high specifi city and sensitivity for malignancy in studies of patients 
evaluated with pre-malignant lesions in the oral cavity ( Maraki 
et al., 2004 ;  Remmerbach et al., 2001 ). In fact, these investigators 
have shown that cytology combined with DNA-image cytometry 
may predict malignant transformation up to 15 months before its 
histologic confi rmation. 

 The measurement of DNA ploidy in epithelial cells of 
oral leukoplakia has been studied by Sudbo and colleagues 
(reviewed in  Sudbo and Reith, 2005 ). These investigators have 
shown that patients with aneuploid dysplastic oral lesions had 
a 96% rate of oral cancer with 70% rate within 3 years, an 81% 
rate of subsequent cancer, and 74% rate of death from cancer. 
Moreover, newer molecular methods such as microsatellite anal-
ysis to detect genetic alterations in exfoliated oral mucosal cells 
( Spafford et al., 2001 ) or in serum ( Nawroz-Danish et al., 2004 ) 
also suggest that this approach is feasible to detect occult carci-
noma in patients at risks for developing HNSCC. These studies 
suggest that biomarkers of genomic instability, such as aneu-
ploidy and allelic imbalance, can accurately measure the cancer 
risk of oral pre-malignant lesions. 

 The use of molecular imaging studies for detection of 
HNSCC is still in the very early pre-clinical stages. Less than 
a handful of studies have addressed this potential method for 
detection of HNSCC.  Hsu et al. (2005)  using a simple fl uo-
rescence spectroscopy system developed a molecular-specifi c 
contrast agent targeted against EGFR as a screening technique 
for oral cancer. The system was tested in four  in vitro  models 
including fresh tissue slices from normal and abnormal oral cav-
ity biopsies and whole normal and abnormal oral cavity biop-
sies. These investigators proved that an inexpensive and simple 
spectroscopy system can be used in biological models of living 



systems to detect the optical signal from a contrast agent tar-
geted toward a cancer-related biomarker with good signal-to-
noise ratios. This system has the potential to improve the early 
detection of oral neoplasia by providing a low-cost screening 
tool.  Scher (2007)  analyzed whether  in vivo  videomicroscopy 
(IVVM) is useful for the study of distant metastasis and studied 
the possible role of nitric oxide in the development of metastasis 
from HNSCC. Videomicroscopic images of a human squamous 
cell carcinoma cell line (FaDu) labeled with an intracytoplasmic 
fl uorescent marker were analyzed in the microcirculation for 
cell adhesion, morphology, deformation, circulation, location of 
adhesion within the microcirculation, and alteration of micro-
vascular circulation. He concluded that IVVM allows direct 
assessment of circulating HNSCC with the microcirculation and 
is a powerful model for the study of distant metastasis. In addi-
tion, he found that nitric oxide and IL-1 play a role in increas-
ing the arrest of HNSCC in the liver and are important in the 
generation of distant metastasis in patients with HNSCC. 

 In a study by  El-Sayed et al. (2005) , nanoparticle technology 
was used as potential biosensors in malignant oral epithelial cells. 
These investigators used a simple and inexpensive technique to 
record surface plasmon resonance (SPR) scattering images and 
SPR absorption spectra from both colloidal gold nanoparticles 
and from gold nanoparticles conjugated to monoclonal anti-
 epidermal growth factor receptor (anti-EGFR) antibodies after 
incubation in cell cultures with a nonmalignant epithelial cell line 
(HaCaT) and two malignant oral epithelial cell lines (HOC 313 
clone 8 and HSC 3). They showed that the anti-EGFR antibody 
conjugated nanoparticles specifi cally and homogeneously bind 
to the surface of the cancer type cells with 600% greater affi n-
ity than to the noncancerous cells and suggested that SPR scat-
tering imaging or SPR absorption spectroscopy generated from 
antibody conjugated gold nanoparticles can be useful in molecu-
lar biosensor techniques for the diagnosis and investigation of oral 
epithelial living cancer cells  in vivo  and  in vitro .  

  Diagnosis 
 Because the probability of curing patients with HNSCC is 
related to the stage of disease, the importance of diagnosing 
HNSCC at an early stage cannot be overemphasized. Visual 
inspection is the most common method of detecting oral and 
oropharyngeal squamous carcinoma. The diagnosis of HNSCC, 
however, is frequently delayed because symptoms for which 
patients will seek medical attention such as pain, dysphagia, and 
shortness of breath occur late in the stage of disease. Laryngeal 
squamous cell carcinoma remains one of a few subsite that 
is likely to be detected at earlier stages due to the presenting 
symptom of persistent hoarseness, which can occur with mild 
alterations of the vibratory surfaces of the true vocal cords. 

 Radiologic imaging modalities such as computed tom-
ography (CT), magnetic resonance imaging, positron-emission 
tomography (PET), combined PET/CT, ultrasound, and lym-
phoscintigraphy are critical tools that provide information on 
extent of tissue invasion, involvement of regional lymph nodes, 
and presence of distant metastatic disease. The information 

provided by imaging modalities is critical for staging and subse-
quent treatment planning. However, there remains signifi cant 
variability in outcomes for patients within the same tumor-
node-metastasis (TNM) stage. Therefore, many attempts have been 
made to identify high-risk patients through molecular markers. 

 Exposure to carcinogens such as tobacco and alcohol may 
result in pre-malignant epithelial changes over a wide fi eld of 
epithelial surface within the aerodigestive tract. This clinical 
phenomenon has been called  “ fi eld cancerization ”  and may lead 
to frequent occurrence of multiple primary tumors in epithelial 
areas affected by widespread pre-malignant disease and possibil-
ity of distant-related primary tumors in UADT. For this reason, 
it is imperative to evaluate mucosa of the UADT including the 
esophagus and trachea with directed biopsies of suspicious areas 
during endoscopic examination. 

 By identifying patients at risk for cervical lymph node 
metastasis and extracapsular spread without the need for surgical 
node dissection, tissue or serum biomarkers can play a vital role 
in clinical decision-making. The molecular profi ling of primary 
tumors from HNSCC has been investigated for the potential of 
predicting the presence of lymph node metastasis at the time of 
diagnosis. DNA microarray gene expression of primary tumors 
of the oral cavity and oropharynx found that signature or pre-
dictor gene sets can detect local lymph node metastases using 
material from primary HNSCC with better performance than 
current clinical diagnosis ( O’Donnell et al., 2005 ;  Roepman 
et al., 2005 ). Additionally, the gene expression profi le of 53 genes 
with roles in cell differentiation, adhesion, signal transduction, 
and transcription regulation have been associated with depth of 
invasion in patients with oral SCC ( Toruner et al., 2004 ). 

 A large number of genes that are abnormally expressed 
compared to control have been found in tumors from patients 
with oral SCC. A large percentage of these were upregulated 
proteins including metalloproteinases (MMPs), proteins involved 
in regulation of cell adhesion and cell-cycle-related proteins; and 
downregulation of potential tumor suppressors, suggesting that 
oral SCC show aberrant expression of genes involved in pro-
liferation, apoptosis, extracellular matrix degradation, and other 
cellular pathways ( Kornberg et al., 2005 ). 

 Although expression signatures may potentially be able to 
accurately identify subjects harboring HNSCC and may repre-
sent an advance in the classifi cation of these tumors, application 
of this methodology to the clinical setting has not yet been suc-
cessfully put to practice.  

  Prognosis 
 The most important factor correlating with prognosis of 
HNSCC currently remains TNM staging. Large primary tumor 
size, presence of lymph node metastasis, positive margins after 
surgical excision, and perineural invasion have been reliable 
indicators of poor clinical outcome in patients with HNSCC. 
However, the single most important factor that determines 
survival is the metastatic status of the cervical lymph nodes at 
the time of diagnosis. Particularly, the presence of extracapsu-
lar spread in cervical lymph node metastasis remains the most 
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 T A B L E  4 0 . 1          Prognostic markers in HNSCC  

 Marker  Chromosome  Function  Mutation in 
HNSCC 

 Result of 
mutation 

 Method of 
study in 
HNSCC 
tumors 

 Correlation 
with: 

 Possible clinical
 applications 

 References 

 p53  17p13  Tumor 
suppressor 
 

 50–69%  Overexpression  IHC  Decreased 
disease-free 
survival, 
overall 
survival in 
larynx SCC 

 Cisplatin resistance: 
consider other agents 
Increased radiosensitivity 

 Cabelquenne 
et al. (2000)   ;
  Ogawa et al. 
(1998)  

 EGFR    Transmembrane 
tyrosine kinase 

 34–80%  Overexpression  IHC  Short disease 
free survival 
and overall 
survival 

 New chemotherapy agents:
1. Inhibitors of tyrosine 
kinase (Gefi tinib, Erlotinib),
2. Antibodies against EGFR 
(Cetuximab) 

  Grandis and 
Tweardy (1993);  
 Bonner et al. 
(2006)  

 VEGF    Angiogenic factor    Overexpression  IHC  Poor overall 
survival 

 Antibodies against VEGF-A 
(Bevacizumab) 

  Teknos 
et al. (2002);  
 Caponigro 
et al. (2005)  

 Cyclin 
D1 

 11q13  Proto-oncogene  17–79%  Gene amplifi cation 
Overexpression 

 IHC
FISH
RT-PCR 

 Tumor extension, 
regional lymph 
node metastases, 
advanced clinical 
stage 

    Capaccio et al. 
(2000);   Bova 
et al. (1999)  

 P16  9p21  Tumor suppressor  52–82%  Loss of expression  IHC
RT-PCR 

 Disease relapse 
 

    Bazan et al. 
(2002);  Yuen 
et al. (2002)    



signifi cant clinical prognostic indicator of survival, local–regional 
recurrence and distant metastasis in patients with HNSCC. 
Although these clinical prognostic parameters provide the best 
possible criteria for deciding treatment modalities, they are lim-
ited in discerning future behavior of aggressive HNSCC. 

 The search for novel molecular prognostic markers with 
potentially signifi cant predictive value for biological aggressive-
ness of HNSCC has exploded in the recent years. Better pre-
diction of the risk of developing distant metastases would help 
introduce a more selective treatment approach according to the 
biological aggressiveness of the tumor. Several molecular media-
tors of tumor progression, invasion, and metastasis, which func-
tion in growth factor signaling, metastasis, and suppressor genes 
have been well investigated in HNSCC ( Table 40.1   ) and will be 
described below   . 

  TP53  is a tumor suppressor gene located on 17p13 and 
consists of 11 exons that encode a protein, p53, and function 
in carcinogenesis by initiating G1 arrest in response to certain 
DNA damage and apoptosis. The prevalence of  TP53  muta-
tions is 50–69% in HNSCC. A number of studies have shown 
that  TP53  gene mutations are associated with increased risk for 
locoregional recurrence and poor outcome ( Erber et al., 1998 ; 
 Mineta et al., 1998 ). Mutated p53 protein overexpression has 
also been associated with tumor recurrence, poor disease-free 
survival rate, poor overall survival rate, increased rates of local 
control, and decreased disease-free survival in HNSCC. A sig-
nifi cant correlation between p53 expression and clinical out-
come appears to be the strongest in the subsite of patients with 
laryngeal SCC. In these patients, overexpression of mutated p53 
predicts poor disease-free and poor overall survival rates. 

 Epidermal growth factor receptor (EGFR) is a transmem-
brane tyrosine kinase capable of promoting neoplastic transfor-
mation. The downstream signaling events upon ligand binding 
include activation of tyrosine kinase and activation of intracel-
lular Ras, Raf, and mitogen-activated protein kinase (MAPK) 
cascades. EGFR expression has been extensively studied in 
HNSCC and its overexpression reported in 34–80% of HNSCC 
using IHC ( Beckhardt et al., 1995 ;  Grandis and Tweardy, 1993 ). 
This marker has been signifi cantly associated with short disease-
free survival, overall survival, and poor prognosis in patients with 
HNSCC. The EGFR family includes EGFR ( c-erbB1 or Her1 ), 
 c-erbB2  (Her2- neu ),  c-erbB3  (Her3), and  c-erbB4  (Her4), which 
have the ability to form receptor heterodimers and crosstalk 
between them. Both EGF and transforming-growth factor-alpha 
(TGF- � ) are ligands that bind to EGFR. Co-expression of Her2 
and Her3, which do not have intrinsic tyrosine kinase activity, 
is reported to increase transforming activity and their expres-
sion has been strongly associated with shortened patient survival. 
In addition, the co-expression of Her2 and Her3 signifi cantly 
improved the predictive power in patients with oral SCC and 
suggest a common regulatory mechanism. 

 Vascular endothelial growth factor (VEGF) induces pro-
liferation, migration, and survival of endothelial cells during 
tumor growth by binding to specifi c tyrosine receptor kinases. 

Thus far, six members of the VEGF family have been identifi ed; 
VEGF-A/vascular permeability factor (four isoforms), VEGF-B/ 
VEGF-related factor (VRF), VEGF-C/VEGF-related protein 
(VRP), VEGF-D/c-fos-induced growth factor (FIGF), VEGF-E 
and placenta growth factor (PlGF) and abnormal regulation of 
angiogenic factors have been implicated in the pathogenesis of 
cancer. Overexpression of VEGF-A and VEGF-C has been cor-
related to poor overall survival in patients with advanced stage 
HNSCC ( Teknos et al., 2002 ). Furthermore, pre-treatment  levels 
of VEGF-A and/or VEGF-C in early stage disease appear to 
be independent predictors of presence of cervical lymph node 
metastasis ( O-Charoenrat et al., 2001 ). 

 Cyclin D1 ( CCND1 ) is a proto-oncogene located on 
chromosome 11q13 that modulates a critical step in cell cycle 
control progression. Amplifi cation and/or overexpression of 
 CCND1  have been demonstrated in 17–79% of tumor speci-
mens from patients with HNSCC with immunohistochemistry, 
FISH, or RT-PCR.  CCND1  amplifi cation and/or overexpres-
sion of the structurally normal protein has been shown to cor-
relate signifi cantly with tumor extension, regional lymph node 
metastases and advanced clinical stage of HNSCC ( Capaccio 
et al., 2000 ). In addition, many recent studies show convincing 
data of  CCND1  aberration as a prognostic marker for disease-
free survival and overall survival in patients with this disease 
( Bova et al., 1999 ;  Michalides et al., 1995 ). 

 The role of  P16  in HNSCC carcinogenesis and progres-
sion has not been clearly established. The p16 protein, which is 
encoded by the  CDKN2A  ( MTS1 ,  INK4A ) tumor suppressor 
gene on chromosome 9p21, inactivates the function of cdk4-
cdk6-cyclin D complexes. Using fl uorescence  in situ  hybridiza-
tion (FISH) or PCR-based techniques,  P16  deletion or mutation 
was detected in 48–52% of tumor specimens from patients with 
HNSCC and has been signifi cantly associated with decreased 
survival, development of distant metastases, and as an independ-
ent predictive factor for disease relapse and death ( Bazan et al., 
2002 ). However, downregulation of p16, although found in 48% 
of tumors and associated with a more locally advanced tumor, 
had no prognostic signifi cance for nodal metastasis and survival 
in studies examining p16 expression by immunohistochemical 
techniques or  P16  gene alterations by RT-PCR in specimens of 
patients with HNSCC (Danahey et al., 1999; Yuen et al., 2002)   . 
The contrast in these study outcomes may not only refl ect dif-
ferences in the type of tissue and methods used for examination, 
but also depend on differences in treatment protocols. 

 In larger studies of patients with HNSCC, DNA microar-
ray analysis has been used to identify distinct gene expression 
signatures associated with clinical outcome in HNSCC. Distinct 
subtypes of HNSCC with different clinical outcomes based on 
gene expression patterns obtained from tumor samples from 
patients with HNSCC were recently described. These subtypes 
had signifi cant differences in clinical outcomes including recur-
rence-free survival and overall survival, and were able to identify 
patterns of expression that could predict the presence of lymph 
node metastases in HNSCC tumors ( Chung et al., 2004 ).  
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  Pharmacogenomics 
 The response to chemotherapy, radiation and their side effects in 
patients with head and neck cancer is dependent on several fac-
tors including pharmacogenetics (see Chapter 15). 

 Organ preservation therapy using chemotherapy with cis-
platin-based chemotherapy and 5-fl uorouracil combined with 
radiotherapy have been used effectively in patients with advanced 
HNSCC. In addition, studies have shown that patients that 
achieve a complete response to chemotherapy have a better prog-
nosis than those that do not. Ideally, molecular markers could be 
used to determine individual pharmacogenetic profi les to identify 
patients most likely to have chemotherapeutic benefi t and patients 
with the highest risk of suffering genotoxic side effects. These 
profi les will ideally lead to individualized therapies, improved 
treatment outcomes, and a movement toward clinically applied 
pharmacogenetics. 

 Cisplatin ( cis -diamminedichloroplatinum [CDDP])-based 
chemotherapy as part of multimodality treatment has shown 
signifi cant activity against HNSCC, as a DNA-damaging agent. 
However, its effectiveness in the treatment of recurrent HNSCC 
has been limited due to acquired or intrinsic resistance. The 
mechanisms of resistance to cisplatin-based chemotherapy are 
not well understood. Molecular markers involved in cisplatin 
resistance phenotype has been investigated by various groups in 
cisplatin resistant and sensitive HNSCC cell lines using cDNA 
microarray analysis. Upregulation of the gene expression of 
glycoprotein hormone alpha subunit and downregulation of 
human folate receptor and tumor-associated antigen L6 were 
described ( Higuchi et al., 2003 ). Decreased expression of caveo-
lin-1, a novel TSG correlated with cisplatin resistance in patients 
with oral SCC ( Nakatani et al., 2005 ). 

 Resistance to cisplatin chemotherapy has also been shown 
to be signifi cantly correlated to expression of mutant p53 
( Bradford et al., 2003 ), which is frequently present in head and 
neck cancer. Tumor cell lines from patients with HNSCC with 
mutant p53 have shown signifi cantly more sensitivity to cispla-
tin than those that do not contain these mutations. The authors 
of these studies state that tumors that are resistant to cisplatin 
also overexpress anti-apoptotic proteins Bcl-2 and Bcl-x L.  Other 
studies have shown that p53 mutated tumors was higher in the 
group of patients with nonresponse to cisplatin-fl uorouracil 
neoadjuvant chemotherapy than in the group of responders 
(Cabelquenne et al., 2000)   . Overexpression of mutant-type p53 
expression in HNSCC was also shown to be associated with 
increased sensitivity to ionizing radiation ( Ogawa et al., 1998 ; 
 Servomaa et al., 1996 ). 

 Recently, low expression of the apoptosis-blocking pro-
tein family members has been shown to be a good predictor 
of chemotherapy response in patients with head and neck can-
cer. Low expression of Bcl-x L  in tumor specimens from patients 
with HNSCC enrolled in the Department of Veterans Affairs 
Laryngeal Cancer Group Study correlated with response to 
induction chemotherapy ( Bradford et al., 2003 ). In addition, it was 
shown that induction of mutant p53 in HNSCC lines resulted 
in decreased expression of Bcl-2 and increased susceptibility to 

cisplatin-induced apoptosis and implicates Bcl-2 in the deregula-
tion of p53-induced apoptosis ( Andrews et al., 2004 ). 

 Increased tumor resistance to cytotoxic agents, includ-
ing radiotherapy ( Milas et al., 2003, 2004 ;  Baumann and Krause, 
2004 ) has been associated with EGFR overexpression in HNSCC 
in addition to its association with more aggressive tumor behav-
ior. This suggest that evaluation of EGFR status at the time of 
diagnosis may help identify subset of patient who are at increased 
risk of neck node metastasis, may have an unfavorable treatment 
outcome with radiotherapy and may, therefore, benefi t from more 
aggressive treatments.  

  Monitoring 
 Patients treated for HNSCC are followed clinically for evidence of 
recurrent disease, development of second primary lesions or dis-
tant metastasis. The chance of developing a second primary tumor 
has been estimated at 2–3% per year in patients with HNSCC. 
In addition, 20–30% of patients treated for HNSCC will develop 
recurrent disease at primary site and is the most common cause 
of treatment failure. Because prognosis of late stage recurrent 
disease is dismal, early detection is imperative. Distant metastatic 
disease occurs in 11–15% of patients treated for HNSCC and, at 
this stage, treatment is palliative. Identifying molecular markers in 
primary tumors that are associated with locoregional relapse may 
allow for early identifi cation of patients needing additional sur-
veillance and treatment and may have the potential of decreasing 
probability of distant disease. For example, EGFR overexpression 
has been shown to be an independent prognostic factor for neck 
node relapse in primary specimens of patients with laryngeal SCC 
undergoing primary resection ( Almadori et al., 1999 ). In addition, 
when surgical margins of primary HNSCC are examined for 
mutational changes, there is an increased risk of local recurrence 
when positive margins demonstrating clonal alterations in  TP53  
are observed ( van Houten et al., 2004 ). 

 Promoter hypermethylation is an important mechanism to 
silence TSG in cancer. Aberrant DNA methylation of  P16 , O6-
methylguanine-DNA-methyltransferase, glutathione S-transferase 
P1, and death-associated protein kinase (DAP-kinase), key genes 
involved in critical pathways in head and neck tumor progres-
sion, have been detected in the serum and in the saliva of patients 
with HNSCC ( Sanchez-Cespedes et al., 2000 ;  Rosas et al., 2001 ). 
Thus, promoter hypermethylation of key genes may be prom-
ising serum and saliva markers for monitoring affected patients 
with HNSCC. 

 Gene expression signatures using DNA microarray tech-
nology have potential utility as biomarkers to predict patients at 
risk for locoregional recurrence. Several gene expression signa-
tures from HNSCC tumors from various anatomical sites in the 
head and neck have been identifi ed. In one study, deregulated 
gene expression of the met-proto-oncogene and its ligand hepa-
tocyte growth factor/scatter factor; snail homologue 2 (SNA12/
SLUG), a transcriptional repressor involved in epithelial/mes-
enchymal transitions; and genes important for tumor cell/ 
extracellular matrix interactions such as laminins and integrins 
were associated with risk of local treatment failure ( Ginos et al., 



2004 ). In addition, six novel poorly characterized differentially 
genes potentially involved in acquisition of metastatic potential 
were identifi ed when tumors from patients with SCC of the 
hypopharynx were studied for identifi cation of biomarkers of 
aggressive clinical behavior ( Cromer et al., 2004 ). These stud-
ies show the feasibility of monitoring HNSCC patients at risk 
for developing locoregional recurrence by molecular charac-
terization of genes in primary tumors or in serum and saliva of 
patients with HNSCC. 

 Because surgical salvage rates are greatly diminished when 
occult nodal disease becomes clinically manifest, planned post-
treatment neck dissection is advocated but may not be neces-
sary in all patients. The role of PET-CT in this scenario remains 
unproven but holds promise in being able to identify which 
patients with advanced nodal disease prior to treatment may be 
harboring residual disease in the neck after chemoradiotherapy. 
These patients may then go on to planned post-treatment neck 
dissection. The implementation of as yet unidentifi ed molecu-
lar tumor markers in combination with PET-CT may ultimately 
prove to be effective in identifying patients who will best ben-
efi t from post-therapy neck dissection.  

  Proteomics and Metabolomics of Head and 
Neck Cancer 
 Whereas genomics offers the opportunity to examine gene 
expression or variation in gene sequence, proteomics encom-
passes evaluation of protein expression, activation, modifi cation, 
and degradation and targets protein function. Likely both pro-
teomics and genomics will provide clinically useful and comple-
mentary information that will speed scientifi c understanding of 
HNSCC. Proteomic profi ling of serum using surface-enhanced 
laser desorption/ionization time-of-fl ight mass spectrometry 
(SELDI-TOF-MS) is an emerging technique to identify new 
biomarkers in biological fl uids and to establish clinically useful 
diagnostic computational models. 

 Proteomics of HNSCC have revealed signifi cant fi ndings. 
 Baker et al. (2005)  combined laser-capture microdissection (LCM) 
with liquid chromatography-tandem mass spectrometry (LC-
MS/MS) to identify proteins expressed in histologically normal 
squamous epithelium and matching SCC. Immunohistochemical 
analysis of HNSCC tissues revealed lack of keratin 13 in tumor 
tissues and strong staining in normal epithelia, and high expres-
sion of Hsp90 in tumors. Likewise, cellular proteomes of 30 
matched normal squamous epithelial cells and carcinoma speci-
mens were analyzed after tissue microdissection using microar-
ray composed of 83 different antibodies by  Weber et al. (2007) . 
Of the 83 proteins examined, 14 showed differential expression 
between HNSCCs and normal epithelium. The protein micro-
array approach revealed an upregulation of eight proteins and a 
downregulation of six proteins. Bag-1, Cox-2, Hsp-70, Stat3, pes-
cadillo, MMP-7 (matrilysin), IGF-2, and cyclin D1 were identifi ed 
to be signifi cantly upregulated, whereas suppressor of cytokine 
signaling 1, thrombospondin, TGF-beta1, Jun, Fos, and Fra-2 
were downregulated. Upon correlation of differentially regulated 

 proteins with the clinicopathologic data of their patients, MMP-7 
(matrilysin) was found to be associated with survival in univariate, 
but not multivariate, analysis. 

 Protein expression profi les from two laryngeal carcinoma 
specimens and corresponding adjacent normal tissue were recently 
investigated as potential biomarkers which may contribute to the 
pathogenesis of laryngeal carcinoma using two-dimensional differ-
ential in-gel electrophoresis and mass spectroscopy. Differentially 
expressed proteins were identifi ed, and they included stratifi n, 
S100 calcium-binding protein A9, p21-ARC, stathmin, and eno-
lase ( Sewell et al., 2007 ). Protein expression profi les were also ana-
lyzed by  Roesch-Ely et al. (2007)  in 113 HNSCCs and 73 healthy, 
99 tumor-distant, and 18 tumor-adjacent squamous mucosa by 
SELDI-TOF-MS on IMAC30 ProteinChip Arrays. Calgizarrin 
(S100A11), the Cystein proteinase inhibitor Cystatin A, Acyl-
CoA-binding protein, Stratifi n (14-3-3 sigma), Histone H4, alpha- 
and beta-Hemoglobin, a C-terminal fragment of beta-hemoglobin 
and the alpha-defensins 1-3 were identifi ed by mass spectrometry. 
Comparison of the protein profi les in the tumor-distant-samples 
with clinical outcome of 32 patients revealed a signifi cant associa-
tion between aberrant profi les with tumor relapse events. 

  Zhou et al. (2006)  studied 100 serum samples including 48 
from HSCC patients and 52 from normal controls by SELDI-
TOF-MS. They found that 45 potential biomarkers could dif-
ferentiate HSCC patients from normal controls. 

 Metabolomics, the study of metabolite changes in a biolog-
ical system, is believed to be a good refl ection of the phenotype 
of any cell or tissue, and studies have reported that tumoral tis-
sue differ in metabolic content from their benign counterpart. 
Proton nuclear magnetic resonance (HNMR) spectroscopy is 
emerging as a rapid and noninvasive method in identifying new 
markers potentially useful for clinical diagnosis in biofl uids, such 
as urine and plasma. However, this new -omic science has not 
yet been signifi cantly evaluated in clinical studies in HNSCC. 
Although, metabolomics may be a complimentary tool to 
genomics and proteonomics in diagnosing cancer, refi ning the 
process of targeted drug discovery, defi ning surrogate markers 
that may predict response, toxicity, and prognosis, several years of 
study will be necessary before the impact of this new technol-
ogy in HNSCC can be truly assessed.  

  GENOMICS OF HNSCC: CLINICAL 
APPLICATIONS 
 Genomic technologies have the potential to change the basis of 
clinical oncologic practice in various ways. Information on the 
disease pathology of HNSCC generated from genomic technol-
ogies could be translated into: (1) diagnostic tests of biomark-
ers of cellular proliferation, cell damage or death, and cellular 
metabolism, and (2) therapeutic products, as is seen with the 
development of EGFR antagonists, which are presently in clini-
cal practice for treatment of HNSCC. 

 Genomic approaches are also changing the conduct of clini-
cal trials. Many clinical trials of HNSCC are now being designed 
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with genomic testing in mind. Importantly, biomarkers in tissue 
or body fl uids identifi ed by genomics offer a means for detecting 
early or recurrent disease in patients that are at risk for HNSCC. 
This technology has the added potential to characterize individu-
als that are likely to have a response to chemotherapy and/or 
radiotherapy, so that treatment can be tailored to the individual 
patient. As a preventive approach, genome-based information of 
the potential risk for HNSCC may allow early intervention with 
preventive measures, which may ultimately reduce healthcare costs. 

 The economic value of using genomic technology in clini-
cal setting and in clinical trials have not been fully addressed. 
However, because of the potential advantages in targeted drug 
development and drug-safety concerns, signifi cant growth 
of molecular approaches to clinical medicine will continue. 
Therefore, the combination of genomic, proteomic, and metab-
olomic technologies may allow us to monitor a large number of 
key cellular pathways simultaneously and may provide a better 
understanding of HNSCC.     

2009 UPDATE
Recent data continue to support a strong etiologic role for 
HPV in the pathogenesis of HNSCC (D’Souza et al., 2007; 
Ernster et al., 2007). Studies have further defi ned distinct clini-
cal behavior between HPV-positive and HPV-negative cancers. 
HPV-positive cancers arise mainly from the lingual and pala-
tine tonsils (oropharynx), are associated with distinct risk factor 
profi le of sexual behavior and marijuana use, typically occur in 
patients younger than 60 years of age, and are associated with an 
improved prognosis when compared to HPV-negative patients 
(Charfi  et al., 2008; Chaturvedi et al., 2008; Dahlstrand et al., 
2008; Fakhry et al., 2008; Gillison et al., 2008; Hafkamp et al., 
2008). Presence of antibodies to HPV-16 E6 and E7 oncogenes 
in serum has also been associated with better clinical outcomes 
(Smith et al., 2008), suggesting their role as potential  biomarkers 

for diagnosis and response to treatment for HPV-associated 
tumors. The p73 variant and p53 codon 72 variant genotypes 
show promise as potential markers of genetic susceptibility to 
HPV-16-associated HNSCC of the oropharynx, particularly in 
never smokers and never drinkers (Chen et al., 2008; Ji et al., 
2008), suggesting that p73 and p53 polymorphism may modu-
late the risk of HPV-16-associated HNSCC of the oropharynx.

To summarize, recent molecular studies suggest that 
two distinct pathways may be involved in the pathogenesis 
of HNSCC of the oropharynx: one driven by alcohol and 
tobacco and associated with cytogenetic changes, such as p53 
mutations, loss of p16, cyclin D1 overexpression, and increased 
numbers of EGFR; and the other driven by HPV-induced 
genomic instability with minimal molecular alterations.
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  INTRODUCTION 
 Approximately 20,000 new patients with primary brain tumors 
are diagnosed in the United States each year ( De Angelis, 2001 ). 
These constitute the most common solid tumors in children, 
and rank fi rst among all cancer types in average years lost. They 
rarely metastasize outside the central nervous system; however, 
more than 100,000 patients per year die with symptomatic 
intracranial metastases due to systemic primary cancer. 

 Tumor type is currently determined by histopathologic 
analysis of biopsy samples and graded on a scale of I (benign) 
to IV (highly malignant) based on a range of histological tumor 
features (frequency of mitotic fi gures, necrosis, nuclear atypia 
and vascularity) according to the WHO classifi cation of nervous 
system tumors ( Kleihues and Cavenee, 2000 ;  Louis et al., 2007 ). 
The various brain tumor types show similarities in clinical pres-
entation, diagnosis and treatment. Most are treated by aggres-
sive surgical resection when possible, followed by chemo and/or 
radiotherapy. Brain tumors are especially challenging, because 
they are often resistant to therapies, progress rapidly, and infi l-
trate normal brain tissue. Even a benign brain tumor may seri-
ously compromise normal brain function, and surgical tumor 
excision must be carried out without damaging vital brain 
structures. Delivery of drugs to the central nervous system, and 
therapy induced neurotoxicity present further obstacles to effec-
tive treatment. 

 This article will focus on gliomas, the best studied and most 
common primary brain tumor type, accounting for approxi-
mately half of all cases. Gliomas are usually classifi ed as either 
astrocytic or oligodendroglial (summarized in  Table 41.1   ). 
Low-grade gliomas such as pilocytic astrocytomas are benign 
and have a good prognosis. Survival range for Grade II and III 
astrocytomas is broad, and these usually progress to higher-grade 
tumors. The most common and most aggressive astrocytic tumor 
is the Grade IV glioblastoma multiforme, among the deadliest 
of human cancers with a median survival of around 12 months, 
even with aggressive treatment. Oligodendrogliomas and the 
mixed oligoastrocytomas are less common than pure astrocyto-
mas, and typically have longer survival times. Most low-grade 
oligodendrogliomas progress to a higher-grade tumor. With 
early diagnosis by MRI and chemotherapy, the mean survival is 
16 years. 

 There are several well established molecular alterations com-
monly seen in gliomas, which are also observed in many other 
cancer types (reviewed in  Louis, 2006 ;  Schwartzbaum et al., 
2006 ). Gliomas are typically characterized by increased tyrosine 
kinase receptor activation through activation of platelet-derived 
growth factor receptor (PDGFR) or epidermal growth factor 
receptor (EGFR) signaling. This is refl ected in amplifi ed levels 
of receptors and/or their ligands, or the presence of mutated 
constitutively active receptors such as EGFRVIII. This leads to 
activation of downstream intracellular signaling pathways, the 

 41 



PI3K/Akt pathway being considered as extremely important 
by promoting cell survival. High-grade gliomas are also associ-
ated with loss of the tumor suppressor phosphatase and tensin 
homolog (PTEN), which acts by further activating PI3K sig-
naling. The cell cycle is deregulated through disruption of p53 
(alterations in p53, HDM2, and p14 ARF ) and RB (through 
alterations in p16 and RB) pathways. Based on age of onset and 
pathology, two different kinds of glioblastoma exist, with char-
acteristic genetic alterations, although they are clinically similar 
( Kleihues and Cavenee, 2000 ). Glioblastoma in older patients 
shows no sign of previous low-grade tumors, and is known as 
either  de novo  or primary glioblastoma (95%). Typically these 
tumors show EGFR amplifi cation, p16 deletions and PTEN 
deletions. Secondary glioblastoma occurs in younger patients 
(5%) and is due to progression from lower-grade astrocytoma. 
These are characterized by p53 mutation and amplifi cation of 
PDGF signaling. In contrast to astrocytomas, oligodendrogliomas 
are characterized by allelic loss of 1p and 19q. However, tumor 
progression is associated with changes similar to those seen in 
astrocytomas (see  Figure 41.1   ). Emerging data from the use of 
high-throughput, chip-based global molecular profi ling tech-
niques such as array-CGH and gene expression profi ling suggest 
that these changes represent only a fraction of the alterations in 
gliomas, as described in the following sections.  

  PREDISPOSITION 
 Relatively few genetic and environmental factors that infl uence 
brain tumor development have been clearly identifi ed (reviewed 
in  Schwartzbaum et al., 2006 ), and only a small minority of 
tumors can be attributed to inherited predisposition. For example, 

a shared susceptibility to breast cancer, brain tumors, and 
Fanconi anemia was reported in four families with germline 
BRCA2 mutations ( Offi t et al., 2003 ). In addition, genetic pre-
disposition is associated with various familial cancer syndromes 
(Turcot’s, NF1, NF2, and Li-Fraumeni), accounting for 1–2% 
of all brain tumors. Inherited polymorphisms that may infl u-
ence brain tumor formation involve oxidation, DNA repair, and 
immune function. For example, the DNA repair gene XRCC7 
G7621T variant, leads to a 1.8-fold increased risk of glioblast-
oma ( Wang et al., 2004 ) and the hTERT MNS16A allele results 
in a twofold increase in survival, due to higher expression  levels 
of this allele ( Wang et al., 2006 ). A consistent inverse association 
between self-reported allergic conditions and glioma has been 
observed. Asthma-associated polymorphisms in IL-4RA and 
IL-13 were inversely associated with glioblastoma incidence. 
This is a provocative observation because these factors have 
also been shown to inhibit glioma growth, and suggests a link 
between glioblastoma and immune function ( Schwartzbaum 
et al., 2005 ). 

 Epidemiological studies have shown that glioblastoma has 
higher incidence in the white population and is more common 
in men than women (ratio 3:2), for unknown reasons. Many 
environmental risk factors have been investigated, including the 
use of cell phones, electromagnetic fi elds, viral infection, diet, 
tobacco, and previous head trauma/injury ( Schwartzbaum et al., 
2006 ). Gamma-radiation is the most widely accepted risk factor 
for gliomas. Indeed, genetic sensitivity to radiation or environ-
mental carcinogens may play a role in brain tumor pathogen-
esis ( Bondy et al., 2001 ). The limited fi ndings on genetic and 
environmental factors involved in brain tumor development may 
refl ect the complexity of genetic interactions with environmental 
factors. In addition, there is a need for studies to be carried out 

 T A B L E  4 1 . 1        Common subtypes of glioma and their basic characteristics  

   Tumor type  Characteristics  Peak incidence  Survival 

    Astrocytic  

  Pilocytic Astrocyoma (I) 

  Diffuse Astrocytoma (II) 

    Anaplastic Astrocytoma (III) 

  Glioblastoma (IV) 

 Slow growing, often cystic 

 Slow growing, invasive tendency 
to progress 

 tendency to progress 

 De novo , or secondary mitotic fi gures,
anaplasia, necrosis, vascularity

 Children 

 Young adults 

 40–60 years 

 45–70 years 

 Infrequently fatal 

 Mean 6–8 years 
highly variable 

 Mean TTP 2 years 

 12 months 

   Oligodendroglial 
  Oligodendroglioma (II)
 and Anaplastic oligodendroglioma (III) 

Grow diffusely in cortex
and white matter

 50–60 years 3–15 years

   Mixed 
  Oligoastrocytoma (II)
 and anaplastic
 oligoastrocytoma (III) 

 Oligodendrocytic and
astrocytic characteristics 

 35–50 years  4–7 years 
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in large sample groups to confi rm many preliminary fi ndings, 
that have been reported in small studies. A brain tumor epide-
miology consortium has recently been established in order to 
further understanding in this area ( Schwartzbaum et al., 2006 ).        

  DIAGNOSIS AND PROGNOSIS 
 Brain tumor diagnosis is currently based largely on histologic 
analysis of tumor biopsies, according to WHO guidelines. Major 
prognostic factors in gliomas are tumor type and grade, patient 
age, symptom duration, degree of surgery and neurological defi -
cit. The few long-term survivors of glioblastoma are young, in 
otherwise good health, and able to undergo gross total resection 
followed by chemo and radiotherapy. The current WHO tumor 
classifi cation system suffers from well recognized problems due 
to interobserver variability, tumor heterogeneity and ambigu-
ous tumor types ( Louis et al., 2001 ). Very few further molecu-
lar markers are in common use at present, although codeletion 
of 1p and 19q is useful in predicting clinical responsiveness in 
oligodendroglioma, as described below. The incorporation of 
molecular information would allow less subjective diagnosis, and 
more precise prognostic information. 

  Chromosomal Alterations in Brain Tumors 
 A range of characteristic genetic changes have been observed, 
which in high-grade gliomas are variable and complex (reviewed 
by  Bayani et al., 2005 ). Benign tumor types are character-
ized by fewer changes, the most prominent being alteration of 

chromosome 22. Cytogenetic analysis often reveals a normal 
karyotype for grade I astrocytomas, whereas grade II gliomas 
often have mutations in the  TP53  gene and overexpression of 
 PDGFRA.  The most commonly observed genetic alteration 
in glioblastoma is loss of chromosome 10 (60–80%), resulting 
in reduced  PTEN  expression, although it is possible that other 
genes on chromosome 10 are important. Gain of chromosome 
7 (EGFR), and loss of 9p (p16 and P14 ARF ), are also consistently 
observed (shown in  Figure 41.1 ). Other consistently observed 
chromosomal alterations are shown in  Table 41.2   . 

 Recent, detailed microarray-based high-resolution genomic 
mapping studies have confi rmed the presence of the commonly 
observed genetic changes in brain tumors and are revealing many 
more alterations whose signifi cance is not yet understood, which 
may also eventually become useful diagnostic tools.  Kotliarov 
et al. (2006)  reported the use of Affymetrix high density 100       K 
SNP arrays to analyze genomic alterations in 178 glioma samples 
at an unprecedented resolution of 25       Kb. Array-CGH analysis 
of glioblastoma has uncovered numerous novel changes and can 
easily distinguish primary from secondary glioblastoma, and also 
showed that secondary glioblastoma falls into two distinct groups 
( Maher et al., 2006 ). Each tumor group had many more unique 
events than shared and therefore may benefi t from quite different 
therapeutic approaches. cDNA microarray-based CGH was able 
to predict tumor type successfully based on common genetic 
alterations ( Bredel et al., 2005 ). All these studies revealed large 
numbers of previously unidentifi ed alterations. Other studies 
have reported deletions in chromosomes 6, 21, and 22 ( Lassman 
et al., 2005 ). Two regions in 6q26 were found to be commonly 

Tumor originating cell – Astrocyte, Oligodendrocyte, Glial progenitor

LOH 1p/19q (70%)

Oligodendroglioma
(grade II)

CDKN2A loss

Oligodendroglioma
(grade III)

Secondary glioblastoma

LOH 10q
PTEN mutation (5%)

LOH 19q (50%)
RB alteration (25%)

PDGFRA overexpression
(60%)

EGFR ampification
(40%)

MDM2 increase
(50%)

p53 mutation (65%)

Astrocytoma
(grade II)

Astrocytoma
(grade III)

Primary glioblastoma
De novo

CDKN2 loss (40%)

LOH10p

PTEN mutation (30%)

RB alteration

 Figure 41.1       Pathways to glioma formation. Three pathways of genetic alteration are currently known that defi ne Oligodendroglioma, 
primary glioblastoma and secondary glioblastoma. The major genetic alterations associated with tumor progression are shown, with 
their approximate frequency. 



deleted, containing three novel genes, which may have tumor 
suppressor functions ( Ichimura et al., 2006 ). Furthermore, the 
NIH Cancer Genome Atlas Project (CGA) promises to carry 
out large-scale genomic sequencing to fully understand genetic 
alterations in cancer. Glioblastoma is one of the initial three can-
cer types that will be analyzed in this project ( http://cancerg-
enome.nih.gov ). This analysis promises to revolutionize the level 
of understanding of this cancer. 

 The most commonly used molecular diagnostic tool based 
on chromosomal alterations at present is in oligodendroglioma. 
Oligodendrogliomas frequently show a remarkable sensitivity 
to PCV chemotherapy, (procarbazine, CCNU, and vincristine), 
with a response rate of approximately 75%. Thus, within a his-
tologically indistinguishable entity, there exist subgroups which 
show different biological behavior. Molecular genetic stud-
ies revealed that LOH of chromosome 1p which is found in 
60–80% of oligodendrogliomas, and often accompanied by 
LOH of 19q ( Cairncross et al., 1998 ), was the underlying reason 
for the increase in sensitivity. This occurs in both high and low-
grade oligodendrogliomas and also applies to radiotherapy and 
temozolomide ( Hoang-Xuan et al., 2004 ), the current chemo-
therapeutic drug of choice in glioma. Combined loss of 1p 
and 19q are strong correlates of longer survival in oligodendro-
glioma ( Cairncross et al., 1998 ) and has been associated with 
increased survival in glioblastoma patients ( Ino et al., 2000 ). 

Therefore genetic analysis for 1p and 19q is now commonly 
performed for oligodendroglioma and can be used to deter-
mine the most suitable therapeutic strategy. The prognostic
signifi cance of 1p/19q was confi rmed in large recent trials
( Van den Bent et al., 2006 ). 

 Identifi cation of the key genes involved at 1p and 19q may 
lead to novel treatment strategies broadly applicable to gliomas in 
general. It has recently been shown that 1p/19q co-deletion is a 
result of an imbalanced translocation. This fi nding may lead to a 
better understanding of the functional importance of 1p/19q 
co-deletion ( Jenkins et al., 2006 ). Studies also show that oli-
godendrogliomas and oligoastrocytomas may be further sub-
grouped on the basis of distinct genetic changes in addition to 
1p and 19q alterations. CGH revealed a hemizygous deletion in 
500       kb region in 11q13 and 300       kb region in 13q12 in virtually 
all low-grade oligodendrogliomas, regardless of 1p/19q status 
( Rossi et al., 2005 ), suggesting that further markers exist. 

 Other molecular diagnostic tools include analysis of EGFR 
amplifi cation, seen commonly in gliomas. Glioblastomas with 
amplifi ed EGFR often occur in older patients and can be dif-
fi cult to distinguish from anaplastic oligodendroglioma due to 
their small cell appearance. Assessment of EGFR along with 1p 
and 19q can therefore be helpful in this situation ( Burger et al., 
2001 ). In summary, at present, to distinguish between different 
glioma groups, the following changes are the most typical and 
some are used diagnostically. Loss of chromosomes 1p/19q is 
typical of oligodendrogliomas, whereas gains of chromosome 7 
in the setting of intact 1p/19q are more typical of astrocytomas. 
The detection of amplifi ed EGFR favors the diagnosis of high-
grade astrocytomas over anaplastic oligodendroglioma, which is 
especially relevant for small cell astrocytomas.  

  Transcriptional Alterations in Brain Tumors 
 Global transcriptional profi ling using microarrays has revealed 
many novel changes in brain tumors (reviewed by  Mischel et al., 
2004 ). This initial burst of studies has revealed many alterations 
of potential utility. However, the vast majority of this data has 
not been replicated in independent patient cohorts. Expression 
profi les can readily distinguish different histologically classi-
fi ed tumor types. For example, microarray data could separate 
glioblastoma from oligodendroglioma on the basis of a 170 
( Shai et al., 2003 ) or a 70 gene signature ( Nutt et al., 2003 ). 
EGFR amplifi ed glioblastoma was distinguished from non-
amplifi ed EGFR tumors using a 90 gene signature ( Mischel 
et al., 2003 ), grade II and grade III oligodendrogliomas by a 200 
gene subset ( Watson et al., 2001 ) and also oligodendrogliomas 
with and without 1p loss ( Mukasa et al., 2002 ). Gene expression 
analysis has also identifi ed tumor subgroups that are indistin-
guishable histologically. For example, clustering analysis separated 
oligodendrogliomas into two survival groups based on gene 
expression ( Huang et al., 2004 ). Two microarray studies of gliob-
lastoma identifi ed gene signatures corresponding to different sur-
vival groups, and suggest that increased expression of genes that 
promote infi ltration can lead to a poor prognosis ( Liang et al., 
2005 ,  Rich et al., 2005 ). Furthermore, microarrays were better 

 T A B L E  4 1 . 2        Common genetic alterations seen in glial 

tumors  

   Region  Alterations  Candidate 
glioma genes 

   1p (34-pter)
(various) 

 Gains and
deletions 

 Unknown 

   1q32  Gains  RIPK5, MDM4, 
PIK3C2B   

   4q  Deletions  NEK1, NIMA   

   7p11.2 – p12  Amplifi cation/gain   EGFR  

   9p21 – p24  Deletions   CDKN2  

   10q23  Deletions   PTEN  

   10q25 – q26  Deletions   MGMT  

   12q13.3 – q15  Amplifi cation   MDM2, CDK4  

   13p11 – p13  Loss   RB  

   19q13  Loss  GLTSCR1, 
GLTSCR2, LIG1, 
PSCD2   

   22q11.2 – q12.2  Loss  28 genes 
including   INI1 

   22q13.1 – 13.3  Loss  Not known 

  Adapted from Schwartzbaum et al. (2006).  
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predictors of survival than histological grading for oligodendro-
gliomas ( Nutt et al., 2003 ). Gene expression profi ling therefore 
may provide useful diagnostic and prognostic information. 

 In a comprehensive study, gene expression profi les were 
obtained from 76 resected astrocytomas with known survival 
data ( Phillips et al., 2006 ). Tumors were separated into either 
short or relatively long survival groups, and cluster analysis then 
segregated tumors into 3 distinct discrete sample sets based on 
35 signature genes. These were defi ned by the predominant class 
of gene expressed, as either proneural ( PN ), proliferative ( Prolif ), 
or mesenchymal ( Mes ). The  PN  subset was associated with 
substantially longer survival, was more prominent in younger 
patients, and showed activated Notch signaling as seen by ele-
vated delta-like protein 3 (DLL3) expression. Poor prognosis 
was associated with upregulation of proliferative markers such 
as proliferating cell nuclear antigen (PCNA), topoisomerase 
2 a  (TOP2A), and angiogenesis markers such as vascular 
endothelial growth factor (VEGF) and its receptors, and plate-
let endothelial cell adhesion molecule 1 (PECAM1). Markers 
of neural stem cells were also associated with poor progno-
sis. All WHO classifi ed grade II tumors were  PN , whereas for 
grade IV tumors 31% were  PN , 20% were  Prolif  and 49% were 
 Mes , with expression profi les shifting toward the  Mes  class after 
recurrence. This suggests that the identifi ed subtypes represent 
stages of tumorigenesis rather than different tumors. This study 
also correlated gene expression profi les with genetic abnormali-
ties demonstrating that losses of chromosome 10 and gains on 
chromosome 7 are associated with  Prolif  and  Mes  phenotypes 
(around 80%), compared with 20% for the  PN  class. The authors 
therefore propose a model in which  PN  phenotype progresses to 
a  Prolif  phenotype, and ultimately the  Mes  phenotype, with the 
poorest prognosis. This kind of study demonstrates that useful 
information could be obtained from a small subset of signature 
genes. A similar study identifi ed a 44 gene expression signature 
to classify gliomas into previously unrecognized biological and 
prognostic groups which outperformed histology-based classifi -
cation in survival prediction ( Freije et al., 2004 ). In agreement 
with Phillips et al. key genes identifi ed include DLL3 (good 
prognosis), TOP2A (poor) leukemia inhibitory factor (LIF) 
(poor), S100A4 (poor), and VEGF (poor). 

 The most common alterations seen in gene expression pro-
fi ling studies of gliomas are in genes involved in immune system 
regulation, hypoxia, cell proliferation, angiogenesis, neurogenesis, 
and cell motility. Ten of the most commonly reported upregu-
lated genes in glioblastoma are summarized in  Table 41.3   . Many 
of these changes were not predicted by analysis of chromosomal 
alterations. Of these highly upregulated genes, the transmem-
brane glycoprotein GPNMB ( Kuan et al., 2006 ) and YKL40 
(also known as chitinase 3 like-1 (CHI3L1)) ( Hormigo et al., 
2006 ), have been proposed as prognostic markers. YKL-40 has 
emerged from gene screening studies as one of the most robust 
and consistently observed markers in glioblastoma ( Freije et al., 
2004 ;  Phillips et al., 2006 ). YKL-40 mRNA was on average 82-
fold higher in glioblastoma than anaplastic oligodendrogliomas
( Nutt et al., 2003 ). A further study showed that that YKL-40 may 

be a better marker than glial fi brillary acidic protein (GFAP) 
which is currently the standard in distinguishing diagnosti-
cally challenging gliomas, and suggests that combining YKL-40 
and GFAP staining is the best approach at present ( Nutt et al., 
2005 ). YKL-40 expression is also associated with radioresistance 
( Pelloski et al., 2005 ). Serial analysis of gene expression (SAGE) 
analysis of glioma samples revealed that it is the most upregulated 
gene compared with normal brain ( Boon et al., 2004 ). Taken 
together the data described shows that gene expression profi ling 
may predict tumor type, patient outcome, and is providing the 
data to identify new therapeutic targets ( Horvath et al., 2006 ). 
However, there are a large number of potential markers, and it is 
not yet clear which of these will fi nally be used clinically. 

 A potential drawback of transcriptional profi ling is that 
mRNA levels in a given sample may not be representative of 
the whole tumor, and also that they do not provide an accu-
rate indication of the translation into protein. mRNA must be 
bound to polysomes in order to be translated, and a study of 
polysomal RNA in glioma cell lines revealed marked differences 
to global RNA in the same sample ( Rajasekhar et al., 2003 ). 
In addition, the recently discovered non-protein coding RNA 

 T A B L E  4 1 . 3          The  “ top ten ”  overexpressed genes in 

glioma as judged by their reported appearance in 

microarray studies cited in this chapter  

   Gene  Symbol(s)  Function 

    Fibronectin 1   FN1  ECM – angiogenesis, 
invasion 

    Insulin like growth 
factor binding
protein 2  

 IGFBP2  Promotes invasion   

    Collagens
(IV and VI)  

 COL6A/ COL4A  ECM, promotes 
invasion 

    Topoisomerase 2A   TOP2A  DNA replication and 
transcription 

    Biglycan   BGN  ECM proteoglycan. 
Role in glioma 
unknown 

    Chitinase 3-like-1   CHI3LI  ECM, invasion, 
angiogenesis, 
survival 

    Vascular endothelial 
growth factor  

 VEGF  Angiogenesis, 
invasion 

    Vimentin   VIM  Intermediate 
fi lament, invasion 

    Epidermal growth
factor receptor  

 EGFR  Survival, growth, 
invasion 

    TGF- � 1   TGFB1  Proliferation, 
differentiation, 
invasion 



molecules such as microRNAs can have a profound impact on 
gene expression by either causing degradation of specifi c tran-
scripts, or by preventing translation of the mRNA. MicroRNA 
expression is altered in many cancers ( Volinia et al., 2006 ), 
including brain tumors, with mir-21 being particularly over-rep-
resented in glioblastoma ( Chan et al., 2005 ;  Ciafre et al., 2005 ). 
This also has functional importance because knockdown of mir-
21 leads to apoptosis in glioma cells ( Chan et al., 2005 ).  

  Proteomic Studies in Brain Tumors 
 Proteomic studies on brain tumors typically have used the 
2-dimensional gel electrophoresis and mass spectrometry 
approach. Comparison of glioblastoma with non-tumor tissue 
identifi ed 11 upregulated and 4 down-regulated proteins includ-
ing the fatty acid binding protein FABP7 – also identifi ed as a 
prognostic marker in microarrays ( Hiratsuka et al., 2003 ,  Liang
et al., 2005 ). The study closely examined SIRT2, a tubulin 
deacetylase, downregulated in 12 out of 17 gliomas, and sug-
gested it may act as a tumor suppressor. Another study used 
2d-gel-based proteomics to molecularly classify and predict sur-
vival in 85 samples including various tumors and normal brain. 
Expression patterns were identifi ed that could distinguish tumor 
types and predict survival ( Iwadate et al., 2004 ). Proteomics 
may fi nd utility in the identifi cation of serum biomarkers that 
could lead to much simpler diagnosis and monitoring. Few studies 
have yet been performed in this area, although cathepsin D was 
found to be elevated in the serum of glioblastoma patients, and
associated with poor prognosis ( Fukuda et al., 2005 ). Matrix 
metalloprotease-9 (MMP-9) and YKL-40 have also been 
detected in the serum of glioblastoma patients ( Hormigo
et al., 2006 ). However, like other studies in this area, independ-
ent analysis on further patient groups is not yet available. 

 Direct mass spectrometry of tissue samples is emerging as 
a powerful tool and may become increasingly infl uential in the 
diagnostic arena ( Caprioli, 2005 ). Analysis of 162 patient biopsies 
from glioma patients using this approach, known as direct tis-
sue matrix-assisted laser desorption ionization mass spectroscopy 
(MALDI-MS), was used to generate a novel classifi cation scheme 
based on protein expression profi les, which segregated long-term 
and short-term survivors ( Schwartz et al., 2005 ). The authors 
were able to distinguish normal brain from glioma biopsies and 
also to distinguish various grades of tumor by protein expression 
in these samples. MALDI-MS technology is also amenable to 
high-throughput tissue screening in a clinical setting. Signifi cant 
developments can be expected in this area in the near future.   

  PHARMACOGENOMICS 
 At present, many brain tumors are treated in a similar way regard-
less of their classifi cation, but this situation is changing as patient 
responsiveness to various therapies is correlated with genetic 
changes in the tumor. For example patients with combined 1p 
and 19q loss may opt for chemotherapy but withhold radiation 
until recurrence, therefore avoiding the problematic effects of 

extensive radiation to the brain in long surviving patients. On 
the other hand, a patient with intact chromosome 1p and EGFR 
amplifi cation may opt to forego PCV chemotherapy, and have 
radiation and a novel therapy, thereby avoiding the myelotoxic 
effects of PCV ( Louis, 2006 ). 

 The benefi t of chemotherapy in glioblastoma and anaplastic 
astrocytoma is small, with response plus stabilization in 20–50% 
of patients, because these tumors have intrinsic chemoresistance. 
 Esteller et al. (2000)  fi rst described the mechanism by which 
some gliomas are resistant to nitrosourea alkylating agents such 
as carmustine (BCNU). These agents kill by alkylation of the 
O6 position of guanine, thereby crosslinking adjacent DNA 
strands. These crosslinks can be repaired by the DNA repair 
enzyme O6-methylguanine-DNA methyltransferase (MGMT), 
which rapidly reverses alkylation. Around 30% of gliomas 
lack MGMT, and this correlates closely with chemosensitivity. 
However, mutations in MGMT are rare, and it was found that 
methylation of the promoter region of the gene, leading to tran-
scriptional silencing, accounts for the variation. 12 of 19 high-
grade glioma patients with methylated MGMT promoters had 
a partial or complete response to treatment, whereas only one 
of 28 patients with an unmethylated promoter had a response. 
MGMT promoter methylation also is linked to responsiveness 
to temozolomide ( Hegi et al., 2005 ). 

 A second example of pharmacogenomics is in the use of 
EGFR kinase inhibitors for glioma treatment. Molecularly tar-
geted therapeutics such as EGFR inhibitors are an attractive 
option for glioma because of the frequently observed amplifi ca-
tion of EGFR in these tumors. However, trials so far have shown 
only a 20% response rate ( Mellinghoff et al., 2005 ). Molecular 
determinants of responsiveness were analyzed, and it was found 
that combined EGFRVIII mutation and the presence of PTEN 
sensitizes tumor, suggesting that secondarily targeting PI3K 
signaling may improve this kind of therapy, and that patients with 
the appropriate profi le should be enlisted in further trials for these 
drugs. As glioma treatment becomes increasingly sophisticated 
further details and examples of chemoresistance mechanisms, 
which can affect therapeutic decision making are sure to emerge.      

  SUMMARY 
 The prognosis for many brain tumors remains dismal. However, 
the wealth of data currently being generated by microarray-based 
studies in particular should have a profound effect on brain tumor 
management. Headway is currently being made in four main areas: 

  1.      Identifi cation of robust molecular markers and signatures that defi ne 
tumor types : Recent studies have revealed that molecular signa-
tures readily distinguish tumor types, and can also further sub-
divide histologically similar tumors into previously unknown 
groups. This opens up the possibility that molecular informa-
tion will be increasingly useful in brain tumor diagnosis.  

  2.      Correlation of molecular signatures with patient prognosis : 
Molecular information may provide the ability to predict 
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patient survival more reliably than at present. Recent studies 
show that molecular classifi cation can improve prediction of 
patient outcome compared with histology in some cases.  

  3.      Correlation of molecular data with therapeutic response : Molecular 
alterations play a role in drug responsiveness. The identifi cation 
of these alterations is beginning to impact clinical decision 
making; 1p/19q is now widely used, and MGMT and EGFR 
status may be used in the near future. These represent the fi rst 
steps towards the development of patient-tailored therapies.  

  4.      Identifi cation of novel therapeutic targets : Improved understand-
ing of brain tumor biology is allowing the development of 
new therapeutic strategies based on novel molecular targets 
revealed by global genetic analyses.    

 The most promising approaches so far may involve tumor 
classifi cation by gene expression profi ling using a panel of rele-
vant genes. The identifi cation of the  PN, Mes  and  Prolif  tumor 
subgroups ( Phillips et al., 2006 ) provides a strong foundation for 

such an approach. Microarray studies have identifi ed many candi
dates that could be of use in prognosis and monitoring – the most 
promising of these so far may be YKL-40, which can differentiate 
astrocytic from oligodendroglial tumors and is associated with 
poor prognosis. The association between MGMT promoter 
methylation and improved treatment response in glioblastoma 
patients has provoked much interest in this area. The incorpora-
tion of MGMT expression analysis may therefore soon emerge 
as a useful predictive clinical tool. 

 The list of molecular alterations is growing, but is still far 
from complete. In addition the role of epigenetic changes has 
barely been studied as yet in gliomas. The major challenge at this 
point is to translate this increasingly large amount of data into 
clinically useful tools. This should lead to the development of 
a new genomic approach to glioma treatment, using molecular 
signatures to provide accurate diagnosis, and to stratify patients 
for the most effective therapy, or for targeted therapies. This 
should fi nally lead to a better outlook for these cancers.   

2009 UPDATE
The most signifi cant recent development in brain tumor 
genomics is the development of TCGA (Cancer Genome Atlas 
Research Network, 2008). This freely available resource con-
tains DNA copy number, gene expression, microRNA, and 
methylation data on 206 glioblastomas so far. Some 600 can-
didate genes are also being sequenced. In another study, next-
generation sequencing as well as profi ling was performed on 
20,661 genes in 22 glioblastomas (Parsons et al., 2008). These 
studies identifi ed mutations and alterations in core pathways 
and mark the beginning of a new era in glioblastoma research 
and discovery.

Little is known about genetic factors predisposing to gli-
oma. Previous data established a potential inverse relationship 
between allergy and glioma incidence. This is supported by the 
demonstration that polymorphisms in the IL4-receptor gene 
are signifi cantly associated with improved survival (Scheurer 
et al., 2008a). Effects of combined SNPs in multiple DNA 
repair genes increases glioma risk (Liu et al., 2008). Evidence is 
beginning to accumulate suggesting a role of CMV in glioma 
progression and awaits further investigation (Cobbs et al., 2008; 
Prins et al., 2008; Scheurer et al., 2008b).

Several groups have reported that high levels of the stem 
cell marker CD133 are associated with poor prognosis in glio-
mas (Beier et al., 2008; Rebetz et al., 2008; Zeppernick et al., 
2008). Resistance to temozolomide chemotherapy also appears 
to be linked to a stem cell signature (Murat et al., 2008). Co-
deletion of chromosomes 1p and 19q is the major molecular 
marker currently in wide use. MGMT is still under close study, 
but some diffi culties have been reported in relating immunos-
taining to patient response (Preusser et al., 2008).

Efforts to classify gliomas based on transcriptional profi l-
ing have continued (Petalidis et al., 2008). As described in ear-
lier studies, this data reveals three distinct molecular classes of 
glioma and suggests that grading based on molecular features 
can outperform traditional histologic methods. It is increasingly 
recognized that personalized therapies may be necessary for 
the effective treatment of glioblastoma. An example of this was 
outlined in a study describing an oncogenic role for STAT3 
by association with EGFRVIII, and a tumor suppressor role for 
STAT3 in response to PTEN deletion (de la Iglesia, 2008).

An increasing number of microRNAs have been charac-
terized in glioblastoma. MiR-21 antagonism and re-expression 
of weakly expressed microRNAs, such as miR-7, miR124, and 
miR-128 all have effects on glioma cell proliferation and/or 
invasion, and target important genes, such as EGFR (miR-7) 
(Kefas et al., 2008), CDK6 (miR-124) (Silber et al., 2008), and 
Bmi1 (miR-128) (Godlewski et al., 2008). Also, miR-296 was 
identifi ed in endothelial cells as a pro-angiogenic microRNA 
(Wurdinger et al., 2008).

Anti-angiogenic approaches show promise in early trials. 
These include the VEGFR inhibitor Cediranib (AZD2171) 
(Batchelor et al., 2007) and the integrin inhibitor cilengitide 
(Reardon et al., 2008). The anti-VEGF monoclonal anti-
body Avastin showed excellent radiographic responses in tri-
als for recurrent glioblastoma in combination with CPT11 
(Vredenburgh et al., 2007). It is not yet clear whether these 
impressive responses will translate into improved survival 
(Norden et al., 2008). Avastin will now be investigated in 
newly diagnosed glioblastoma in combination with temozolo-
mide and radiation.
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CHAPTER

               Targeted Therapies for Cancer 
   Jeffrey S.   Ross     

  INTRODUCTION 
 The regulatory approvals in the United States and Europe of 
trastuzumab (Herceptin ® ) for the treatment of HER2 over-
expressing metastatic breast cancer and imatinib mesylate 
(Gleevec ® ) for the treatment of patients with  bcr/abl  translocation 
positive chronic myelogenous leukemia and gastrointestinal stro-
mal tumors (GISTs) featuring an activating c- kit  growth factor 
receptor mutation has created enthusiasm for anticancer targeted 
therapy in both the scientifi c and public communities ( Mauro 
and Druker, 2001 ;  O’Dwyer and Druker, 2001 ). Recent major 
news magazines and other public media have highlighted inter-
est in new anticancer drugs that exploit disease-specifi c genetic 
defects as the target of their mechanism of action ( Brown, et al., 
2001 ;  Lemonick and Parl, 2001 ). It is now widely held that the 
integration of molecular oncology and molecular diagnostics 
will further revolutionize oncology drug discovery and devel-
opment; customize the selection, dosing, and route of adminis-
tration of both previously approved traditional agents and new 
therapeutics in clinical trials, and individualize medical care for 
the cancer patient ( Amos and Patnaik, 2002 ;  Bottles, 2001 ;  Evans 
and McLeod, 2003 ;  Weinshilboum, 2003 ).  

  TARGETED THERAPIES FOR CANCER 
 From the regulatory perspective, “targeted therapy” has been 
defi ned as a drug in whose approval label there is a specifi c 
reference to a simultaneously or previously approved diagnostic 
test that must be performed before the patient can be consid-
ered eligible to receive that specifi c drug. The co-approvals of 

the anti-breast cancer antibody trastuzumab (Herceptin ® ) and 
the required tissue-based tests for patient eligibility (Herceptest ® , 
Pathway ® , InSite ® , and Pathvysion ® ) are examples of this strict 
defi nition of targeted therapy. However, for many scientists 
and oncologists, anticancer drugs are considered to  “ targeted ”  
when they feature a focused mechanism that specifi cally acts 
on a well-defi ned target or biologic pathway that, when inac-
tivated, causes regression or destruction of the malignant proc-
ess. Examples of this less rigorous defi nition of targeted therapy 
include hormonal-based therapies for breast cancer, small-
molecule inhibitors of the epidermal growth factor receptor 
(EGFR), blockers of invasion and metastasis enabling proteins 
and enzymes, antiangiogenesis agents, proapoptotic drugs and 
proteasome inhibitors. Finally, another defi nition of targeted 
therapy involves anticancer antibody therapeutics that seek out 
and kill malignant cells bearing the target antigen.  

  THE IDEAL TARGET 
 The ideal cancer target ( Table 42.1   ) can be defi ned as a mac-
romolecule that is crucial to the malignant phenotype and is 
not signifi cantly expressed in vital organs and tissues; that has 
biologic relevance that can be reproducibly measured in readily 
obtained clinical samples; that is defi nably correlated with clinical 
outcome; and that interruption, interference, or inhibition of 
such a macromolecule yields a clinical response in a signifi cant 
proportion of patients whose tumors express the target with 
minimal to absent responses in patients whose tumors do not 
express the target. For antibody therapeutics, additional impor-
tant criteria include the use of cell surface targets that when 
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complexed with the therapeutic naked or conjugated antibody, 
internalize the antigen–antibody complex by reverse pinocyto-
sis, thus facilitating tumor cell killing.  

  THE FIRST DIAGNOSTIC-
THERAPEUTIC COMBINATION IN 
CANCER THERAPY: HORMONAL 
THERAPY FOR BREAST CANCER 
 Targeted therapy for cancer began in the early 1970s with the 
introduction of the estrogen receptor (ER) biochemical assay 
to select patients with painful metastatic breast cancer for sur-
gical ablation of estrogen producing organs (ovaries, adrenals) 
( Figure 42.1   ) ( Osborne, 1998 ). The ER assay was followed by a 
similar dextran coated charcoal biochemical assay for the proges-
terone receptor (PR) and subsequently converted to an immu-
nohistochemistry (IHC) platform when the decreased size of 
primary tumors associated with self-examination and mammogra-
phy-based screening programs prevented the use of the biochem-
ical test ( Wilbur et al., 1992 ). The drug tamoxifen (Nolvadex ® ), 
which has both hormonal and nonhormonal mechanisms of 
action, has been the most widely prescribed antiestrogen for the 
treatment of metastatic breast cancer and chemoprevention of the 
disease in high risk women ( Ciocca and Elledge, 2000 ;  Jordan, 
2003a, b, c ). Although, ER and PR testing is the front line for 
predicting tamoxifen response, additional biomarkers, including 
HER-2/neu (HER-2) and cathepsin D testing, have been used to 
further refi ne therapy selection ( Locker, 1998 ). The introductions 
of specifi c estrogen response modulators and aromatase inhibi-
tors such as anastrozole (Arimidex ® ), letrozole (Femara ® ), and the 
combination chemotherapeutic, estramustine (Emcyt ® ) ( Buzdar 
et al., 2006 ;  Ibrahim and Hortobagyi, 1999 ;  Jordan, 2003a, b, c ; 
 Miller et al., 2002 )    have added new strategies for evaluating 
tumors for hormonal therapy. 

 Most recently, the Oncotype Dx ®  (Genomic Health, 
Redwood City, CA) multigene RT-PCR multiplex assay using 
a 21-gene probe set and mRNA extracted from paraffi n blocks 
of stored breast cancer tissues was introduced as a new guide to 
the use of tamoxifen in ER positive node negative breast cancer 
patients ( Paik et al., 2004 ). The assay features 16 cancer-related 
genes and 5 reference genes that were selected based on a series 
of transcriptional profi ling experiments. The cancer-related 
genes include markers of proliferation including Ki-67, mark-
ers of apoptosis including survivin, invasion-associated protease 
genes including MMP11 and cathepsin L2, ER and HER2/ neu  
gene family members, the glutathione-S-transferase genotype 
M1, CD68, a lysosomal monocyte/macrophage marker and 
BAG1, a co-chaperone glucocorticoid receptor associated with 
bcl-2 and apoptosis. Using a cohort of 688 lymph node nega-
tive, ER �  tumors obtained from patients enrolled in the NSABP
B-14 clinical trial treated with tamoxifen alone, the 21-gene 
assay produced three prognosis scores of low, intermediate and 
high risk. The recurrence rates for these patients at 10 years 
follow-up was 7% for the low risk, 14% for the intermediate risk 
and 31% for the high risk groups. The difference in relapse rates 
between the low risk and high risk patients was highly signifi cant 
( p   �  0.001). On multivariate analysis this assay predicted adverse 
outcome independent of tumor size and also predicted overall 
survival ( Paik et al., 2004 ). Although not currently approved by 
the FDA, the interest in this new assay has been intense and it 
has become commercially available in a centralized format for 
new patients. Recent data presented at the 2005 ASCO Meeting 
showed that the Oncotype Dx ®  is also capable of performing 
as a stand-alone prognostic test based on the test results in an 
untreated patient population ( Paik et al., 2005 ). Detailed evalu-
ation of the gene set in the Oncotype Dx ®  assay indicates that 
the mRNA levels of ER appear to be the most signifi cant pre-
dictors in the node-negative ER-positive population (by IHC). 
Further studies are needed to validate the assay, learn its best 
uses and limitations given the evolving approach to hormonal 
therapy with non-tamoxifen drugs, the wide use of cytotoxic 
agents in the adjuvant setting for node-negative patients and the 
availability of both RT-PCR based and non-RT-PCR approaches 
to predicting breast cancer response to anti-estrogen and other 
anti-neoplastic agents used for treatment of the disease ( Bast 
and Hortobagyi, 2004 ). In current practice the routine testing of 
tumor samples for androgen receptor status has not been incor-
porated into the selection of hormonal therapy for the disease.  

  DIAGNOSTIC-THERAPEUTIC 
COMBINATIONS FOR LEUKEMIA 
AND LYMPHOMA 
 The introduction of immunophenotyping for leukemia and lym-
phoma was followed by the fi rst applications of DNA-based assays, 
the polymerase chain reaction, and RNA-based molecular tech-
nologies in these diseases that complemented continuing advances 
in tumor cytogenetics ( Gleissner and Thiel, 2001 ;  Rubnitz et al., 

 T A B L E  4 2 . 1          Features of the ideal anti-cancer target  

   ■      Crucial to the malignant phenotype    

    ■     Not signifi cantly expressed in vital organs and tissues    

    ■     A biologically-relevant molecular feature    

    ■      Reproducibly measurable in readily obtained clinical 
samples    

   ■      Correlated with clinical outcome    

    ■      When interrupted, interfered with or inhibited, the result 
is a clinical response in a signifi cant proportion of patients 
whose tumors express the target    

    ■      Responses in patients whose tumors do not express the 
target are minimal    

  Reprinted from Ross, J.S. and Hortobagyi, G.H. eds.  The Molecular 
Oncology of Breast Cancer . Jones and Bartlett, Inc., Sudbury, MA 
with permission by the publisher.  
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1999 ). In addition to the imatinib (Gleevec ® ) targeted therapy for 
chronic myelogenous leukemia, other molecular targeted therapies 
in hematologic malignancies includes the use of all- trans -retinoic 
acid (ATRA) for the treatment of acute promyelocytic leukemia 
( Grimwade and Lo Coco, 2002 ); anti-CD20 antibody therapeutics 
targeting non-Hodgkin lymphomas, including rituximab (Rituxan ® ) 
( Kiyoi and Naoe, 2005 ); and the emerging Flt-3 target for a subset of 
acute myelogenous leukemia patients (see below) ( Ross et al., 2003a ).  

  HER-2 POSITIVE BREAST CANCER 
AND TRASTUZUMAB (HERCEPTIN ® ) 
 After the introduction of hormone receptor testing, some 
30 years then elapsed before the next major targeted cancer 

 Figure 42.1         ER status determination. (a) Biochemical competitive binding assay for ER status determination. (b) Comparison of ER 
messenger RNA expression detected by microarray profi ling and corresponding ER protein expression measured by IHC. The concord-
ance between ER levels determined by IHC and ER levels determined by gene expression profi ling was about 95%. Reprinted from 
Ross, J.S, Hortobagyi, G.H. eds.  The Molecular Oncology of Breast Cancer . Jones and Bartlett, Inc., Sudbury, MA with 
permission by the publisher.      
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chemotherapy program for a solid tumor was developed. In 
the mid-1980s, the discovery of the  HER-2  (c- erb B2) gene 
and protein and subsequent association with an adverse out-
come in breast cancer provided clinicians with a new biomar-
ker that could be used to guide adjuvant chemotherapy ( Slamon 
et al., 2001 ). The development of trastuzumab (Herceptin ® ), 
a humanized monoclonal antibody designed to treat advanced 
metastatic breast cancer that had failed fi rst- and second-line 
chemotherapy, caused a rapid wide adoption of HER-2 test-
ing of the patients ’  primary tumors ( Schnitt and Jacobs, 2001 ). 
However, soon after its approval, widespread confusion concern-
ing the most appropriate diagnostic test to determine HER-2 
status in formalin-fi xed paraffi n-embedded breast cancer tissues 
substantially impacted trastuzumab use ( Hayes and Thor, 2002 ; 
 Hortobagyi, 2001 ;  Masood and Bui, 2002 ,  Paik et al., 2002 ; 



 Tanner et al., 2000 ;  Wang et al., 2000, 2001 ;  Zhao et al., 2002 ). 
Since its launch in 1998, trastuzumab has become an impor-
tant therapeutic option for patients with HER-2-positive breast 
cancer ( Bast et al., 2000 ;  Ligibel and Winer, 2002 ;  McKeage and 
Perry, 2002 ,  Shawver et al., 2002 ). 

 In general, when specimens have been carefully fi xed, 
processed and embedded, there has been excellent cor-
relation between  HER-2  gene copy status determined by 
Fluorescence  In Situ  Hybridization (FISH) and HER-2 pro-
tein expression levels determined by IHC ( Slamon et al., 
2001 ). The main use of either method in current clinical 
practice is focused on the negative prediction of response 
to trastuzumab. Currently, both the American Society of 
Clinical Oncology and the College of American Pathologists 
consider HER-2 testing to be part of the standard work-up 
and management of breast cancer ( Hammond et al., 2000 ; 
 Pawlowski et al., 2000 ). Recently, the chromogenic (non-
fl uorescent)  in situ  hybridization technique has been used to 
determine the  HER-2  gene amplifi cation status with prom-
ising results ( Hortobagyi, 2001 ;  Zhao et al., 2002 ). Non-
morphologic approaches for determining HER-2 status have 
also been developed. The RT-PCR technique which has been 
predominantly used to detect HER-2 mRNA in peripheral 
blood and bone marrow samples, has correlated more with 
gene amplifi cation status than IHC levels of primary tumors, 
but has been less successful as a predictor of survival ( Bieche 
et al., 1999 ;  Dressman et al., 2003 ;  Tubbs et al., 2001 ). With 
the advent of laser capture microscopy and the acceptance of 
RT-PCR as a routine and reproducible laboratory technique, 
the use of RT-PCR for the determination of HER-2 sta-
tus may increase in the future. The cDNA microarray-based 
method of detecting HER-2 mRNA expression levels has 
recently received interest as an alternative method for measuring 
HER-2/neu status in breast cancer ( Fornier et al., 2005 ;  Pusztai 
et al., 2003 ). Finally, the serum HER-2/ELISA test measuring 
circulating HER-2 (p185neu) protein is an FDA-approved test 
that has seen increased clinical use as a method for monitoring 
the response to trastuzumab (Ross et al., 2005)   . A summary of 
HER-2 testing methods in breast cancer is shown in  Table 42.2   .  

  OTHER TARGETED ANTICANCER 
THERAPIES USING ANTIBODIES 
 An unprecedented number and variety of targeted small mol-
ecule and antibody-based therapeutics are currently in early 
development and clinical trials for the treatment of cancer. 
Therapeutic antibodies have become a major strategy in clinical 
oncology because of their ability to specifi cally bind to primary 
and metastatic cancer cells with high affi nity and create antitu-
mor effects by complement-mediated cytolysis and antibody-
dependent cell-mediated cytotoxicity (naked antibodies) or by 
the focused delivery of radiation or cellular toxins (conjugated 
antibodies) (Carter, 2001;  Goldenberg, 2002 ;  Hemminki, 2002 ; 
 Milenic, 2002 ;  Reichert, 2002 ;  Ross et al., 2003b , ). Currently, 

there are eight anticancer therapeutic antibodies approved by 
the US Food and Drug Administration (FDA) for sale in the 
United States ( Table 42.3   ). Therapeutic monoclonal antibodies 
are typically of the IgG class containing two heavy and two light 
chains. The heavy chains form a fused  “ Y ”  structure with two 
light chains running in parallel to the open portion of the heavy 
chain. The tips of the heavy-light chain pairs form the antigen 
binding sites, with the primary antigen recognition regions 
known as the complementarity determining regions. 

 The early promise of mouse monoclonal antibodies for the 
treatment of human cancers was not realized because (1) unfocused 
target selection led to the identifi cation of target antigens that were 
not critical for cancer cell survival and progression, (2) there was a 
low overall potency of naked mouse antibodies as anticancer drugs, 
(3) antibodies penetrated tumor cells poorly, (4) there was limited 
success in producing radioisotope and toxin conjugates, and (5) the 
development of human antimouse antibodies (HAMA) prevented 
the use of multiple dosing schedules ( Reilly et al., 1995 ). 

 The next advance in antibody therapeutics began in the 
early 1980s when recombinant DNA technology was applied to 
antibody design to reduce the antigenicity of murine and other 
rodent-derived monoclonal antibodies. Chimeric antibodies were 
developed where the constant domains of the human IgG mole-
cule were combined with the murine variable regions by transgenic 
fusion of the immunoglobulin genes; the chimeric monoclonal anti-
bodies were produced from engineered hybridomas and Chinese 
Hamster Ovary (CHO) cells ( Merluzzi et al., 2000 ;  Winter and 
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 T A B L E  4 2 . 2          Methods of detection of HER-2/neu 

status in breast cancer  

 Method  Target  FDA-approved  Slide-based 

 IHC  Protein  Yes a   Yes 

 FISH  Gene  Yes a   Yes 

 CISH  Gene  No  Yes 

 Southern blot  Gene  No  No 

 RT-PCR  mRNA  No  No 

 Microarray TP  mRNA  No  No 

 Tumor ELISA  Protein  No  No 

 Serum ELISA  Protein  Yes b   No 

  Reprinted from Ross, J.S. and Hortobagyi, G.H. eds.  The Molecular 
Oncology of Breast Cancer . Jones and Bartlett, Inc., Sudbury, MA 
with permission by the publisher.  
IHC      �      immunohistochemistry  
FISH      �      fl uorescence  in situ  hybridization
  CISH      �      chromogenic  in situ  hybridization
  RT-PCR      �      reverse transcriptase polymerase chain reaction  
TP      �      transcriptional profi ling  
ELISA      �      enzyme-linked immunosorbent assay  
  a  For prognosis and prediction of response and eligibility to receive 
trastuzumab therapy  
  b  For monitoring response of breast cancer to treatment  
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 T A B L E  4 2 . 3          Antibody therapeutics for cancer  

 Name  FDA approval 
date 

 Source 
 Partners  

 Type  Target  Indication(s) (both approved and 
investigational) 

 Alemtuzumab 
 Campath  ®  

 05/01  BTG 

 ILEX Oncology 
Schering AG  

 Monoclonal antibody, humanized
Anticancer, immunological
Multiple sclerosis treatment
Immunosuppressant 

 CD52  Cancer, leukemia, chronic lymphocytic 
Cancer, leukemia, chronic myelogenous 
Multiple sclerosis, chronic progressive 

 Daclizumab 
 Zenapax  ®  

 03/02  Protein 
Design Labs 

 Hoffmann-La Roche  

 Monoclonal IgG 1  
Chimeric 
Immunosuppressant 
Antipsoriasis
Antidiabetic 
Ophthalmological
Multiple sclerosis treatment 

  IL2R  Transplant rejection, general
Transplant rejection, bone marrow
Uveitis
Multiple sclerosis, relapsing-remitting
Multiple sclerosis, chronic progressive
Cancer, leukemia, general 
Psoriasis 
Diabetes, type I 
Asthma 
Colitis, ulcerative 

 Rituximab 
 Rituxan  ®  

 11/97  IDEC 

 Genentech  Hoffmann-
La  Roche  Zenyaku 
Kogyo  

 Monoclonal IgG 1  
Chimeric 
Anticancer, immunological
Antiarthritic, immunological
Immunosuppressant 

 CD20  Cancer, lymphoma, non-Hodgkin’s
Cancer, lymphoma, B-cell
Arthritis, rheumatoid
Cancer, leukaemia, chronic lymphocytic 
Thrombocytopenic purpura 

 Trastuzumab 
 Herceptin  ®  

 09/98  Genentech 

 Hoffmann-La  Roche 
ImmunoGen  

 Monoclonal IgG 1  
Humanized 
Anticancer, immunological 

 p185neu  Cancer, breast
Cancer, lung, non-small cell
Cancer, pancreatic 

 Gemtuzumab 
 Mylotarg  ®  

 05/00  Wyeth/AHP  Monoclonal IgG 4  
Humanized 

 CD33 / 
coleacheamycin 

 Cancer, leukemia, AML (patients older than 
60 years) 

 Ibritumomab 
 Zevalin  ®  

 02/02  IDEC  Monoclonal IgG 1  
Murine 
Anticancer 

 CD20 / 
 90 Yttrium 

 Cancer, lymphoma, low grade, follicular, 
Transformed non-Hodgkin’s (relapsed or refractory) 

 Tositomumab 
 Bexxar  ®  

 06/03  Corixa  Anti-CD 20 Murine
Monocolonal antibody 
with  131 I conjugation 

 CD20  Cancer, lymphoma, non-Hodgkin’s 

 Cetuximab 
 Erbitux  ®  

 02/04  Imclone 
Bristol 
Myers 
Squibb 

 Anti-EGFR monoclonal 
antibody 

 EGFR  Approved for third line treatment of metatstatic 
colorectal cancer that has failed primary 
chemotherapy 

 Bevacizumab 
 Avastin  ®  

 02/04  Genentech  Anti-VEGF (ligand)  VEGF  Avastin is approved for use in combination with 
intravenous 5-fl uorouracil-based chemotherapy 
as a treatment for patients with fi rst-line – or 
previously untreated – metastatic colorectal cancer. 

 Edrecolomab 
 Panorex TM   

 01/95 (Europe 
Only, nut 
FDA-approved) 

 Glaxo-Smith-
Kline 

 Monoclonal IgG 2A  
Murine 
Anticancer 

 Epithelial cell 
adhesion  
molecule (EpCAM) 

 Cancer, colorectal 

  Adapted from Ross, J.S. and Hortobagyi, G.H. eds.  The Molecular Oncology of Breast Cancer . Jones and Bartlett, Inc., Sudbury, MA with permission by the publisher.  



Harris, 1993 ). The use of chimeric antibodies signifi cantly reduced 
the HAMA responses but did notcompletely eliminate them 
( Kuus-Reichel et al., 1994 ;  Merluzzi et al., 2000 ). Although sev-
eral chimeric antibodies achieved regulatory approval, certain tar-
gets required humanized antibodies to achieve appropriate dosing. 
Partially humanized antibodies were then developed where the six 
complementarity determining regions of the heavy and light chains 
and a limited number of structural amino acids of the murine mon-
oclonal antibody were grafted by recombinant technology to the 
complementarity determining region depleted human IgG scaffold 
( Milenic, 2002 ). Although this process further reduced or eliminated 
the HAMA responses, in many cases signifi cant further antibody 
design procedures were needed to reestablish the required specifi -
city and affi nity of the original murine antibody ( Jones et al., 1986 , 
 Isaacs, 2001 ;  Pimm, 1994 ;  Watkins and Ouwehand, 2000 ). 

 A second approach to reducing the immunogenicity of mon-
oclonal antibodies has been to replace immunogenic epitopes in 
the murine variable domains with benign amino acid sequences, 
resulting in a deimmunized variable domain. The deimmunized 
variable domains are genetically linked to human IgG constant 
domains to yield a deimmunized antibody (Biovation, Aberdeen, 
Scotland). Additionally, primatized antibodies were subsequently 
developed that featured a chimeric antibody structure of human 
and monkey that, as a near exact copy of a human antibody, fur-
ther reduced immunogenicity and enabled the capability for 
continuous repeat dosing and chronic therapy ( Reff et al., 2002 ). 
Finally, fully human antibodies have now been developed using 
murine sources and transgenic techniques ( Reff et al., 2002 ). 

 Using modern antibody design and deimmunization tech-
nologies, scientists and clinicians have attempted to improve the 
effi cacy and reduce the toxicity of anticancer antibody thera-
peutics (Carter, 2001;  Chester and Hawkins, 1995 ;  Reff Heard, 
2001 ;  Reilly et al., 1995 ;  Nielsen and Marks, 2000 ). The bac-
teriophage antibody design system has facilitated the develop-
ment of high affi nity antibodies by increasing antigen binding 
rates and reducing corresponding detachment rates ( Nielsen 
and Marks, 2000 ). Increased antigen binding is also achieved 
in bivalent antibodies with multiple attachment sites, a feature 
known as avidity. Modern antibody design has endeavored to 
create small antibodies that can penetrate to cancerous sites but 
maintain their affi nity and avidity. A variety of approaches has 
been used to increase antibody effi cacy (Carter, 2001). Clinical 
trials have recently combined anticancer antibodies with con-
ventional cytotoxic drugs, yielding promising results (Carter, 
2001;  Goldenberg, 2002 ;  Hemminki, 2002 ;  Milenic, 2002 ; 
 Reichert, 2002 ;  Ross et al., 2003b ). The applications of radio-
isotope, small molecule cytotoxic drug, and protein toxin con-
jugation have resulted in promising results in clinical trials and 
achieved regulatory approval for several drugs now on the mar-
ket (see below). Antibodies have also been designed to increase 
their enhancement of effector functions of antibody-depend-
ent cellular cytotoxicity. Another cause of toxicity of conju-
gated antibodies has been the limitations of the conjugation 
technology, which can restrict the ratio of the number of toxin 
molecules per antibody molecule (Carter, 2001;  Goldenberg, 

2002 ;  Watkins and Ouwehand, 2000 ). Methods designed to 
overcome the toxicity of conjugated antibodies include the use 
of antibody targeted liposomal small molecule drug conjugates 
and the use antibody conjugates with drugs in nanoparticle 
formats to enhance bonding strength that enable controlled 
release of the cytotoxic agent. Another technique that uses site 
selective prodrug activation to reduce bystander tissue toxicity 
is the antibody directed enzyme prodrug therapy. An antibody-
bound enzyme is targeted to tumor cells. This allows for selec-
tive activation of a nontoxic prodrug to a cytotoxic agent at 
the tumor site for cancer therapy. 

 A variety of factors can reduce antibody effi cacy ( Reilly
et al., 1995 ): (1) limited penetration of the antibody into a large 
solid tumor or into vital regions such as the brain, (2) reduced 
extravasations of antibodies into target sites due to decreased 
vascular permeability, (3) cross-reactivity and nonspecifi c bind-
ing of antibody to normal tissues reduces targeting effect,
(4) heterogeneous tumor uptake results in untreated zones,
(5) increased metabolism of injected antibodies reduces thera-
peutic effects, and (6) HAMA and human antihuman antibodies 
form rapidly and inactivate the therapeutic antibody. 

 Toxicity has been a major obstacle in the development of 
therapeutic antibodies for cancer [Carter, 2001;  Goldenberg, 
2002 ;  Ross et al., 2003b ;  Watkins and Ouwehand, (2000) ]. Cross-
reactivity with normal tissues can cause signifi cant side effects 
for unconjugated (naked) antibodies, which can be enhanced 
when the antibodies are conjugated with toxins or radioisotopes. 
Immune-mediated complications can include dyspnea from pul-
monary toxicity, occasional central and peripheral nervous sys-
tem complications, and decreased liver and renal function. On 
occasion, unexpected toxic complications can be seen, such as 
the cardiotoxicity associated with the HER-2 targeting antibody 
trastuzumab. Radioimmunotherapy with isotopic-conjugated 
antibodies can also cause bone marrow suppression (see below). 

 Unconjugated or naked antibodies include a variety of 
targeting molecules both on the market and in early and late 
clinical development. A variety of mechanisms have been cited 
to explain the therapeutic benefi t of these drugs, including 
enhanced immune effector functions and direct inactivation 
of the targeted pathways as seen in the antibodies directed at 
surface receptors such as HER-1 (EGFR) and HER-2 ( Amos 
and Patnaik, 2002 ;  Brown et al., 2001 ;  Lemonick and Parl, 2001 ; 
 Mauro and Druker, 2001 ). Surface receptor targeting can reduce 
intracellular signaling, resulting in decreased cell growth and 
increased apoptosis ( Reff et al., 2002 ). 

 As seen in  Table 42.3 , of the nine anticancer antibod-
ies on the market in the United States, two are conjugated 
with a radioisotope  90 Y-ibritumomab tiuxetan (Zevalin ® ) and
 131 I-tositomumab (Bexxar ® ) and one is conjugated to a complex 
natural product toxin gemtuzumab ozogamicin (Mylotarg ® ). 
Conjugation procedures have been designed to improve anti-
body therapy effi cacy and have used a variety of methods to 
complex the isotope, toxin, or cytotoxic agent to the antibody 
(Carter, 2001;  Goldenberg, 2002 ). Cytotoxic small molecule 
drug conjugates have been widely tested, but enthusiasm for this 
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approach has been limited by the relatively low potency of these 
compounds (Carter, 2001). Fungal derived potent toxins have 
yielded greater success with the calicheamicin conjugated anti-
CD33 antibody gemtuzumab ozogamicin approved for the treat-
ment of acute myelogenous leukemia and a variety of antibodies 
conjugated with the fungal toxin maytansanoid (DM-1) in pre-
clinical development and early clinical trials. The interest in radi-
oimmunotherapy increased signifi cantly in 2001 with the FDA 
approvals of the  90 Y-conjugated anti-CD20 antibody  90 Y-ibri-
tumomab tiuxetan and the  131 I-conjugated anti-CD20 antibody 
 131 I-tositumomab. A variety of isotopes are under investigation in 
addition to  90 Y as potential conjugates for anticancer antibodies
( Goldenberg, 2002 ). Radioimmunotherapy features the phe-
nomenon of the bystander effect, in which if antigen expression 
is heterogeneous, extensive tumor cell killing can still take place, 
even on nonexpressing cells, but can also lead to signifi cant tox-
icity when the neighboring cells are vital non-neoplastic tissues 
such as the bone marrow and liver. 

  Antibody Therapeutics for Hematologic 
Malignancies 
 The earliest and most successful clinical use of antibodies in 
oncology has been for the treatment of hematologic malig-
nancies ( Burke et al., 2002 ; Carter, 2001;  Goldenberg, 2002 ; 
 Linenberger et al., 2002 ;  Reff et al., 2002 ;  Ross et al., 2003b ; 
 Stevenson et al., 2002 ;  Watkins and Ouwehand, 2000 ;  Wiseman 
et al., 2002 ). By taking advantage of improved recombinant tech-
nologies generating more specifi c and higher affi nity monoclonal 
antibodies with reduced immunogenicity after humanization or 
deimmunization and the emerging conjugation capabilities, anti-
body therapeutics have become a major weapon in the treatment 
of leukemias and lymphomas ( Burke et al., 2002 ;  Linenberger
et al., 2002 ;  Stevenson et al., 2002 ;  Wiseman et al., 2002 ). 

  Rituximab (Rituxan ® ) 
 Approved in 1997, rituximab (Rituxan ® ) is arguably the most 
commercially successful anticancer drug of any type since the 
introduction of taxanes. Rituximab sales exceeded  $  700 million 
in sales in the United States in 2001 ( Reichert, 2002 ). Targeting 
the CD20 surface receptor common to many B cell non-
Hodgkin lymphoma subtypes, rituximab is a chimeric mono-
clonal IgG 1  antibody that induces apoptosis, antibody-dependent 
cell cytotoxicity, and complement-mediated cytotoxicity ( Reff 
et al., 2002 ) and has achieved signifi cantly improved disease-free 
survival rates compared with patients receiving cytotoxic agents 
alone ( Dillman, 2001 ;  Coiffi er, 2002 ;  Grillo-Lopez, 2002 ;  Grillo-
Lopez et al., 2002 ).  

   90 Y-ibritumomab Tiuxetan (Zevalin ® ) 
  90 Y-ibritumomab tiuxetan (Zevalin ® ) consists of the murine version 
of the anti-CD20 chimeric monoclonal antibody, rituximab, which 
has been covalently linked to the metal chelator, MD-DTPA, per-
mitting stable binding of  111 In when used for radionucleotide 
tumor imaging and  90 Y when used to produce enhanced targeted 
cytotoxicity ( Dillman, 2002 ;  Gordon et al., 2002 ;  Krasner and 

Joyce, 2001 ;  Wagner et al., 2002 ). In early 2002,  90 Y-ibritumomab 
tiuxetan became the fi rst radioconjugated antibody therapeutic 
for cancer approved by the FDA. Since its FDA approval, numer-
ous patients who have received  90 Y-ibritumomab tiuxetan after 
becoming refractory to a rituximab-based regimen have achieved 
signifi cant responses ( Dillman, 2001 ;  Gordon et al., 2002 ).  

  Gemtuzumab ozogamicin (Mylotarg ® ) 
 The approval of gemtuzumab ozogamicin (Mylotarg ® ) by the 
FDA in 2000 marked the fi rst introduction of a plant toxin 
conjugated antibody therapeutic ( Bross et al., 2001 ;  Larson et al., 
2002 ;  Nabhan and Tallman, 2002 ;  Sievers and Linenberger, 2001 ; 
 Stadtmauer, 2002 ). Gemtuzumab ozogamicin is targeted against 
CD33, a surface marker expressed by 90% of myeloid leukemic 
blasts but absent from stem cells, armed with calicheamicin, a 
potent cytotoxic antibiotic that inhibits DNA synthesis and 
induces apoptosis ( Stadtmauer, 2002 ). The current indication 
for use of gemtuzumab ozogamicin is in acute myelogenous 
leukemia patients older than 60 years with the recommendation 
that before the initiation of therapy, the leukemic blast count 
is below 30,000/mL ( Bross et al., 2001 ;  Nabhan and Tallman, 
2002 ;  Sievers and Linenberger, 2001 ).  

  Alemtuzumab (Campath ® ) 
 Alemtuzumab (Campath ® ), a humanized monoclonal antibody, 
was approved in mid-2001 for the treatment of B-cell chronic 
lymphocytic leukemia in patients who have been treated with 
alkylating agents and who have failed fl udarabine therapy 
( Dumont, 2002 ;  Pangalis et al., 2001 ).  

  Daclizumab (Zenapax ® ) 
 Daclizumab (Zenapax ® ) is a chimeric monoclonal antibody that 
targets the interleukin-2 receptor. This antibody is primarily 
used to prevent and treat patients with organ transplant rejection 
but has also been used in a wide variety of chronic infl amma-
tory conditions, including psoriasis, multiple sclerosis, ulcerative 
colitis, asthma, type I diabetes mellitus, uveitis, and also in a vari-
ety of leukemias ( Carswell et al., 2001 ,  Kreitman et al., 1992 ).  

   131 I-tositumomab (Bexxar ® ) 
  131 I-tositumomab (Bexxar ® ) is a radiolabeled anti-CD20 murine 
monoclonal antibody approved in 2003 for the treatment of 
relapsed and refractory follicular/low grade and transformed 
non-Hodgkin lymphoma ( Cheson, 2002 ;  Zelenetz, 2003 ).     

  Antibody Therapeutics for Solid Tumors 
 Interest in the development of antibody therapeutics for solid 
tumors among many commercial organizations and universities 
has been signifi cantly impacted by the technologic advances in 
antibody engineering and the approval and recent clinical and 
commercial success of trastuzumab, the only therapeutic antibody 
approved by the FDA for the treatment of solid tumors (edreco-
lomab is approved in Germany, but not in the United States). 



  Trastuzumab (Herceptin ® ) 
 Trastuzumab (Herceptin ® ) has been described above. During the 
6 years since the FDA approval of trastuzumab, two additional 
antibodies have been approved for the treatment of solid tumors 
(cetuximab and bevacizumab). In addition, continuing progress 
has been made in this fi eld, and there are a number of both late 
stage and early stage products in development which show sub-
stantial promise.  

  Cetuximab (Erbitux ® ) 
 The epidermal growth factor receptor (EGFR), also known 
as HER-1, is the target of two FDA-approved small mol-
ecule drugs (see below) and one FDA-approved antibody 
( Mendelsohn and Baselga, 2000 ). Cetuximab (Erbitux ® ) is a 
chimeric monoclonal antibody that binds to the EGFR with 
high affi nity, blocking growth factor binding, receptor activa-
tion, and subsequent signal transduction events and leading to 
cell proliferation ( Baselga, 2001 ). Cetuximab enhanced the anti-
tumor effects of chemotherapy and radiotherapy in preclinical 
models by inhibiting cell proliferation, angiogenesis, and metas-
tasis and by promoting apoptosis ( Baselga, 2001 ). Cetuximab has 
been evaluated both alone and in combination with radiother-
apy and various cytotoxic chemotherapeutic agents in a series 
of phase II/III studies that primarily treated patients with either 
head and neck or colorectal cancer ( Baselga, 2001 ,  Herbst and 
Langer, 2002 ). Breast cancer trials are also underway ( Leonard 
et al., 2002 ). Although the FDA approval process for cetuxi-
mab was initially slowed because of concerns over clinical trial 
design and outcome data management ( Reynolds, 2002 ), the 
antibody was approved for use in the treatment of advanced 
metastatic colorectal cancer in February 2004. Similar to trastu-
zumab, the development of cetuximab also included an immu-
nohistochemical test for determining EGFR overexpression to 
defi ne patient eligibility to receive the antibody ( Wong, 2005 ). 
Thus, cetuximab has joined trastuzumab as an FDA-approved 
targeted therapy featuring an unconjugated antibody. However, 
there have been confl icting reports suggesting that the use of a 
pharmacodiagnostic test (EGFR immunostaining) is unneces-
sary for the selection of cetuximab in colorectal cancer therapy 
( Saltz, 2005 ). Recent clinical trials have found signifi cant effi cacy 
for cetuximab in the treatment of head and neck squamous cell 
cancers often in combination with radiation treatment ( Harari 
and Huang, 2006 ).  

  Bevacizumab (Avastin ® ) 
 Bevacizumab (rhuMAb-VEGF) is a humanized murine mono-
clonal antibody targeting the vascular endothelial growth factor 
ligand (VEGF) approved by the FDA in 2004 for the front line 
or fi rst line treatment in combination with chemotherapy of 
metatstatic colorectal cancer. VEGF regulates both vascular pro-
liferation and permeability and functions as an antiapoptotic fac-
tor for newly formed blood vessels ( Chen et al., 2000 ;  Ferrara, 
2005 ;  Rosen, 2002 ). In addition to its approved indication in 
colorectal cancer, bevacizumab has shown promising effi cacy in 

combination with cytotoxic drugs for the treatment of non-small 
cell lung cancer ( Wakelee and Belani, 2005 ), renal cell carci-
noma ( Stadler, 2005 ), pancreatic cancer ( Bruckner et al., 2005 ), 
breast cancer ( de Gramont and Van Cutsem, 2005 ) and prostate 
cancer ( Berry and Eisenberger, 2005 ). Unlike cetuximab, the 
development of bevacizumab has not included a diagnostic eli-
gibility test. Neither direct measurement of VEGF expression in 
tumor, circulating VEGF levels in serum or urine or assessment 
of tumor microvessel density have been incorporated into the 
clinical trials or linked to the response rates to the antibody. To 
date a number of theories have been proposed as to the actual 
mechanism of action of bevacizumab and the relative contribu-
tions of direct anti-angiogenesis and other tumor vasculature 
stabilization and cytotoxic chemotherapy potentiation effects 
of the antibody ( Blagosklonny, 2005 ;  Hurwitz and Kabbinavar, 
2005 ). In summary, currently used without an integrated diag-
nostic eligibility test, bevacizumab cannot be considered a true 
targeted therapy, and further development of this agent for use 
in prostatic, breast, lung, renal, and other cancers may will be 
inhibited by the inability to individually select patients who will 
be more likely to benefi t from its use, either alone or in com-
bination with other traditional cytotoxic drugs, antibodies and 
novel drugs.  

  Edrecolomab (Panorex ® ) 
 Edrecolomab is a murine IgG 2A  monoclonal antibody that tar-
gets the human tumor-associated antigen Ep-CAM (17-1A). 
Edrecolomab has been approved in Europe (Germany) since 
1995 to date has not been approved by the FDA. In a study of 
189 patients with resected stage III colorectal cancer, treatment 
with edrecolomab resulted in a 32% increase in overall survival 
compared with no treatment ( P  �   0.01) ( Schwartzberg, 2001 ). 
Edrecolomab’s antitumor effects are mediated through antibody-
dependent cellular cytotoxicity, complement-mediated cytoly-
sis, and the induction of an antiidiotypic network ( Haller, 2001 ). 
Edrecolomab is also currently being tested in large multicenter 
adjuvant phase III studies in stage II/III rectal cancer and stage 
II colon cancer. Edrecolomab was well tolerated when used 
as monotherapy and added little to chemotherapy-related side 
effects when used in combination. Sequential treatment of 
patients with metastatic breast cancer with edrecolomab after 
adjuvant chemotherapy reduced levels of disseminated tumor 
cells in the bone marrow and eliminated Ep-CAM-positive 
micrometastases ( Kirchner et al., 2002 ).  

  huJ-591 (Anti-PSMA EXT ) 
 Prostate-specifi c membrane antigen (PSMA) is a membrane-
bound glycoprotein restricted to normal prostatic epithelial cells, 
prostate cancer, and the endothelium of the neovasculature of a 
wide variety of non-prostatic carcinomas and other solid tumors 
( Figure 42.2   ) ( Israeli et al., 1994 ;  Liu et al., 1997 ;  Ross, 2005 )   .
PSMA expression per cell progressively increases in primary 
prostate cancer, metastatic hormone sensitive prostate cancer, 
and hormone refractory metastatic disease. PSMA expression is 
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increased further in association with clinically advanced prostatic 
cancer, particularly in hormone refractory disease, and appears to 
be an ideal molecule for use in targeting prostatic cancer cells. 
Increasing expression levels of PSMA in resected primary pros-
tate cancer is associated with increased rates of subsequent dis-
ease recurrence ( Ross et al., 2003c ). Humanized and fully human 
antibodies specifi c for the extracellular domain of PSMA have 
been developed. A phase I clinical trial of one these antibod-
ies, huJ591 conjugated with  90 Y, has yielded promising results 
( Milowsky et al., 2004 ). Programs using toxin conjugates with 
anti-PSMA antibodies have completed preclinical development 
( Fracasso et al., 2002 ) and are currently showing promising results 
in early stage clinical trials for hormone-refractory advanced 
metastatic prostate cancer ( Milowsky et al., 2005 ). Finally, anti-
bodies to PSMA have been used as diagnostic imaging agents 
( Figure 42.2 ), including the commercially available Prostascint ®  
 Freeman et al., 2002 ).    

  SELECTED TARGETED ANTICANCER 
THERAPIES USING SMALL 
MOLECULES 
  Table 42.4    lists selected small molecule drugs designed to target 
specifi c genetic events and biologic pathways critical to cancer 
growth, invasion, and metastasis. 

  Targeted Small Molecule Drugs for Hematologic 
Malignancies 
  ATRA 
 Arguably the fi rst truly targeted therapy after the development 
of hormonal therapy for breast cancer was the development of 
ATRA for the treatment of acute promyelocytic leukemia, a 
subset of acute nonlymphocytic leukemia featuring a disease-
defi ning retinoic acid receptor activating t(15:17) reciprocal 
translocation ( Fang et al., 2002 ;  Parmar and Tallman, 2003 ). For 
these selected patients, direct targeting of the retinoic acid recep-
tor with ATRA has resulted in very high response rates, delay in 
disease progression, and long-term cures for these patients ( Fang 
et al., 2002 ;  Parmar and Tallman, 2003 ).  

  Imatinib (Gleevec ® ) 
 The development of imatinib for patients with chronic myel-
ogenous leukemia in 2001 ushered in a new excitement both 
in the scientifi c and public communities for targeted antican-
cer therapy. Imatinib received fast-track approval by the FDA 
as an ATP-competitive selective inhibitor of  bcr-abl  and has 
unprecedented effi cacy for the treatment of early stage chronic 
myelogenous leukemia typically achieving durable complete 
hematologic and complete cytogenetic remissions, with mini-
mal toxicity ( Druker, 2003 ;  Goldman and Melo, 2003 ;  O’Brien 
et al., 2003 ). Imatinib is a true targeted therapy for leukemia in 
that a test for the  bcr/abl  translocation must be performed before 
a patient will be considered as eligible to receive the drug. The 
prediction of resistance to imatinib in early phase Chronic 
Myeloid Leukemia (CML) has been the subject of numerous 
studies ( Lange et al., 2005 ;  O’hare et al., 2005 ). It is the current 
goal to predict resistance emergence with gene mutation testing 
and employ novel tyrosine kinase inhibitors to attempt to over-
come blast cells that have lost the ability to bind imatinib to 
the ATP binding pocket of the fusion gene ( Lange et al., 2005 ; 
 O’hare et al., 2005 ). 

 Imatinib has also achieved regulatory approval for the 
treatment of relapsed and metastatic GISTs, which character-
istically feature an activating point mutation in the c -kit  recep-
tor tyrosine kinase gene ( von Mehren, 2003 ). For GISTs, the 
response to imatinib treatment appears to be predictable based 
on the location of the c -kit  mutation ( Verweij et al., 2003 ). The 
use of imatinib in GIST is also an example of targeted ther-
apy as a measurement of c- kit  expression usually performed by 
IHC, required to confi rm the diagnosis and render the patient 
eligible for treatment. Interestingly, most commercially available 

(a)

(b)

 Figure 42.2         PSMA expression in non-prostate cancer. (a) 
Traditional bone scan demonstrating bilateral activity in the 
femur indirectly indicating the presence of metastatic renal cell 
carcinoma. (b)  111 I-huJ591 EXT  diagnostic immunoscintiscan of 
the same patient showing direct localization of the anti-PSMA 
antibody conjugate to the sites of metastatic renal cell carcinoma 
that feature PSMA expression in the tumor neovasculature. 
Reprinted from Ross, J.S. and Foster, C.S. eds.  The Molecular 
Oncology of Prostate Cancer . 2006. Sudbury, MA: Jones and 
Bartlett, Inc. with permission by the publisher.    
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 T A B L E  4 2 . 4          Selected small molecule dugs designed to target specifi c genetic events and biologic pathways critical to cancer growth and progression  

 Target  Drug  Source  Clinical development 
status 

 Comment 

  PML-RAR - 
  in PML  ATRA  Promega  Approved  First true targeted therapy since the introduction 
of ER testing and hormonal therapy for breast 
cancer 

  Bcr/abl  in CML  Imatinib  Novartis  Approved  Has emerged as standard of care for early stage 
CML 

  c-Kit  in GIST PDGF- 
   Imatinib  Novartis  Approved  Responses in relapsed/metastatic GIST can be 
predicted by the location of the activating c-kit 
mutation 

  Flt-3  in AML  SU5416
PKC412
MLN-518 

 Pfi zer
Novartis 
Millennium 

 Early Stage Clinical Trials  Small molecule drugs that target the fl t-3
internal tandem duplication seen in 30%
of AML 

 EGFR in NSCLC  Gefi tinib  Astra Zeneca  Approved/withdrawn  No survival benefi t. Returned to clinical trials. 

 EGFR in NSCLC and
pancreatic cancer 

 Erlotinib  Genentech/OSI  Approved  Survival benefi t demonstrated. No diagnostic 
test current used to select patients. 

 Anti-angiogenesis in
renal cell carcinoma 

 BAY 43-9006  Bayer  Approved  Raf kinase inhibitor also targets PDGFR and 
VEGFR. 

 Anti-angiogenesis in 
Myelodysplastic Syndrome 

 Lenolidamide  Celgene  Approved  Also in clinical trials for the treatment of
multiple myeloma 

 Other anti-angiogenesis  Thalidomide
Sunitinib 

 Celgene
Pfi zer/Sugen 

 Approved
Approved 

 Multiple myeloma
Gastrointestinal tumor 

 Bcl-2  G3135  Genta  Pending  Anti-sense oligonucleotide targets the anti-
apoptotic gene,  bcl-2  

 Proteasome in multiple
myeloma 

 Bortezomib  Millennium  Approved  Proteasome inhibition effective in hematologic 
malignancies, but of uncertain potential for the 
treatment of solid tumors 

  Adapted from Ross, J.S. and Hortobagyi, G.H. eds.  The Molecular Oncology of Breast Cancer . Jones and Bartlett, Inc., Sudbury, MA with permission by the publisher.  
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antibodies for c- kit  recognize the total c- kit  and do not dis-
tinguish the activated or phosphorylated version, which is the 
actual target of imatinib. Currently, the high treatment fail-
ure rate is directly linked to the test used to characterize the 
patients. It is anticipated that either the use of specifi c anti-
bodies designed to identify the activated c- kit  gene or directed 
sequencing of the c- kit  gene may be required before imatinib 
is prescribed for patients with recurrent or metastatic GIST. An 
alternative to  c-kit  mutation testing for the prediction of resist-
ance to imatinib, functional imaging after initial dosing of the 
drugs has been employed for patients with metastatic GIST 
( Heinicke et al., 2005 ). In early 2006, the anti-angiogenesis 
agent sunitinib was approved by the FDA for the treatment of 
advanced GIST that has become resistant to imatinib therapy.  

  Flt-3 Targeted Therapy 
 In approximately 30% of cases of acute myelogenous leuke-
mia and less frequently in other forms of leukemia, a  fl t-3  gene 
mutation creates an internal tandem duplication that creates an 
abnormal FLT3 receptor that promotes the growth and sur-
vival of the leukemic cells ( Advani, 2005 ;  Gilliland and Griffi n, 
2002 ;  Kelly et al., 2002 ;  Sawyers, 2002 ). Three small molecule 
compounds are in clinical trials for the treatment of acute myel-
ogenous leukemia by targeting the fl t-3 internal tandem dupli-
cation. These drugs are also examples of potential true targeted 
therapies in that a test for detecting an internal tandem duplica-
tion that causes the  fl t-3  gene activation will likely be required 
and incorporated into the FDA drug approval label should these 
agents be successful in future clinical trials.   

  Targeted Small Molecule Drugs for Solid Tumors 
  Gefi tinib (Iressa ® ) 
 Gefi tinib was originally approved by the FDA in 2003 as a mon-
otherapy for the treatment of patients with locally advanced or 
metastatic non-small cell lung cancer after failure of both plati-
num based and docetaxel chemotherapies ( Ranson, 2002 ;  Schiller, 
2003 ). Gefi tinib is a small molecule drug that targets the EGFR. 
In contrast with the approval of trastuzumab, this approval of 
gefi tinib did not include an eligibility requirement reference to a 
specifi c tumor diagnostic test designed to select patients that were 
more likely to respond to the drug. Overexpression of EGFR 
typically identifi ed by IHC is extremely common in both lung 
and breast cancers ( Campiglio et al., 2004 ;  Ranson, 2002 ;  Schiller, 
2003 ), but in contrast with HER-2 overexpression, which is vir-
tually limited to cases with gene amplifi cation, multiple mecha-
nisms of dysregulation of EGFR and associated activation of 
signaling pathways have been described for both of these tumors 
( Campiglio et al., 2004 ;  Ranson, 2002 ;  Schiller, 2003 ). Thus, it has 
been diffi cult to develop this drug for expanded indications or 
combination therapies in the absence of a well-defi ned effi cacy 
test. However, more recently, two independent groups reported 
their similar discovery of a specifi c activating mutation in the 
tyrosine kinase domain of the EGFR receptor that was associated 
with a high response of patients with non-small cell lung cancer 

to gefi tinib ( Lynch et al., 2004 ;  Paez et al., 2004 ). Of interest have 
been the consistent observations that both a bronchioloalveolar 
histology and a persistent skin rash have been the best clinical 
signals of gefi tinib response in lung cancer ( Dudek et al., 2005 ). 
In addition, although specifi c activating mutations in the EGFR 
gene have been reproduced in a number of studies ( Chan et al., 
2006 ), some studies have failed to demonstrate this association and 
other biomarkers including EGFR gene amplifi cation have also 
been found to be predictive of tumor response ( Carbone, 2004 ; 
 Kobayashi et al., 2005 ). Most recently, follow-on studies of gefi t-
inib in lung revealed that the increased response rates that led to 
the approval of the drug were not accompanied by a clinical sur-
vival advantage ( Twombly, 2005 ). This has led to a current with-
drawal of the drug while further research and clinical trials are 
performed. It is possible the gefi tinib will reappear on the market 
for the treatment of lung cancer with an integrated diagnostic test 
designed to boost the response rates by limiting the treatment to 
tumors with specifi c histologic and molecular features.  

  Erlotinib (Tarceva ® ) 
 Erlotinib is another targeted small molecule inhibitor of EGFR 
that was approved by the FDA in 2005 for the treatment of 
non-small cell lung cancer and pancreatic cancer ( Moore, 2005 ; 
 Smith, 2005 ). To date, similar to gefi tinib, the clinical trials and 
FDA approval for erlotinib have not included an assessment of 
the EGFR status or other diagnostic test for eligibility to receive 
the drug. In lung cancer the predictors of tumor response 
including skin rash and brochioloalveolar histology have also 
applied to erlotinib as have the somewhat confl icting asso-
ciations of both activating EGFR mutations and EGFR gene 
amplifi cation as predictors of drug response ( Chan et al., 2006 ; 
 Silvestri and Rivera, 2005 ). Clinical trials have demonstrated that 
erlotinib does add a survival benefi t to the treatment of both 
lung and pancreatic cancers and the drug remains on the market 
currently without an integrated diagnostic eligibility test.  

  BAY 43-9006 (Sorafenib ® ) 
 BAY 43-9006 is a RAF kinase inhibitor that also inhibits the 
VEGFR and PDGFR growth factor receptors. It is thus con-
sidered to be an anti-angiogenesis drug. This oral agent was 
approved in late 2005 by the FDA for the treatment of meta-
static renal cell carcinoma ( Staehler et al., 2005 ). Currently, there 
are no diagnostic tests associated with the selection of this agent 
and clinical trials for other types of cancer are on-going.  

  Other Small Molecule Antiangiogenesis Agents (SU5416, 
Thalidomide [Thalomid ® ], Lenalidamide [Revlimid ® ], 
Endostatin/Angiostatin, and Marimastat) 
 A variety of small molecule drugs are currently in clinical trials 
for the treatment of solid tumors that target the establishment and 
growth of tumor blood vessels ( Khalil et al., 2003 ;  Mendel et al., 
2000 ;  Thomas and Kantarjian, 2000 ;  Zogakis and Libutti, 2001 ). 
Additional compounds that target matrix metalloproteases, such 
as the drug marimastat, are also considered to be angiogenesis 



inhibitors ( Brown, 2000 ;  Dell’Eva et al., 2002 ;  Miller et al., 
2002 ). The anti-angiogenesis drug, lenalidomide (Revlimid ® ) 
was approved by the FDA in late 2005 for the treatment of mye-
lodysplastic syndrome ( List, 2005 ). To date, none of these com-
pounds has a linked diagnostic test such as tumor microvessel 
density or the expression of an angiogenesis promoting gene or 
protein in their clinical development plans.  

  G3139 (Genasense ® ) 
 Another strategy in anticancer therapy is the targeting of chem-
otherapy resistance by overcoming the antiapoptosis mecha-
nisms of cancer cells. An example of this approach is the novel 
antisense oligonucleotide G3139, which targets the antiapop-
totic gene  bcl-2  ( Tamm et al., 2001 ;  Tolcher, 2002 ). This agent 
has been the most widely tested antisense therapy and has been 
mostly focused in hematologic malignancies ( Stein et al., 2005 ).  

  Bortezomib (Velcade ® ) 
 Recently, drugs targeting the proteasome have been developed 
that are designed to impact downstream pathways regulating 
angiogenesis, tumor growth, adhesion, and resistance to apopto-
sis ( Adams, 2002 ;  Elliott and Ross, 2001 ). One of these agents, 
bortezomib (PS-341), has recently been approved for the treat-
ment of advanced refractory multiple myeloma ( Richardson et al., 
2003 ). Bortezomib has shown both preclinical activity in animal
studies and biologic activity in early clinical trials involving patients 
with a variety of solid tumors, but, to date, no trials using this 
agent alone or in combination with other drugs has progressed to 
Phase III. Although pharmacogenomic studies of bortezomib use 
in multiple myeloma have been conducted, to date, no specifi c 
pattern of gene expression or other specifi c test has emerged that 
could be a guide to the selection of patients for treatment.    
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2009 UPDATE

In the past year, targeted therapies featuring combinations of 
drugs and diagnostics tests have become the standard of care in 
several approved indications. The resulting high level of uptake, 
coupled with their premium prices, make targeted therapies the 
leading therapy class in the oncology market with, according to 
Datamonitor, global sales growing at a near 33% rate and reach-
ing $17.3 billion in 2007. A number of targeted therapy cancer 
brands have achieved blockbuster sales and have become impor-
tant sources of revenue for some of the leading pharmaceutical 
and biotech companies such as Roche, Genentech, and Novartis. 
Of note has been the introduction of the anti-HER1/2 tyro-
sine kinase inhibitor lapatinib in HER2 positive breast can-
cer; additional indications for use of the antibody therapeutic 
Trastuzumab in earlier stages of the disease; expansion in the use 
of the tyrosine kinase inhibitors Gleevec and Dasatinib in chronic 
myelogenous leukemia; additional indications for use of the anti-
EGFR antibody therapies Erbitux and Panitumab; expansion of 
use of the anti-VEGF ligand antibody Bevacizumab in multiple 
solid tumors including colon, lung, and breast cancers; and the 
clinical use of small molecule antiangiogenesis inhibitors such as 
Sunitinib and Sorafenib (Dy and Adjei, 2008).

During the last year, several signifi cant developments 
in the clinical management of breast and colorectal cancer 

 featured further refi nements in the use of integrated diagnos-
tics. In breast cancer, continued improvement in HER2 test 
accuracy has been achieved with the widespread adoption of 
the ASCO-CAP HER2 testing guidelines (Wolff et al., 2007). 
There has also been continued interest in the preliminary 
results from HER2 testing of circulating tumor cells, sug-
gesting that HER2-negative primary tumors may evolve into 
HER2-positive metastatic disease more often than previously 
believed (Ignatiatis et al., 2008). Finally, testing was reported 
for the 2D6 haplotype in the cytochrome P450 gene as a 
means of predicting the failure of a subset of estrogen recep-
tor positive breast cancer patients to activate and subsequently 
respond to the antiestrogen receptor drug, tamoxifen (Jin et al., 
2005).

In colorectal cancer, clinical trial-based data indicated that 
the presence of a mutation in the K-ras oncogene predicted 
resistance to the anti-EGFR antibody therapeutics Erbitux and 
Panitumab independent of the original tumor EGFR protein 
expression, gene copy number, or presence of gene sequence 
mutations (Karapetis et al., 2008). Widespread testing of color-
ectal cancer for K-ras mutations has now commenced, and it 
is anticipated that this will also be applied to newly diagnosed 
non-small cell lung cancers as well  .  
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              Genomics in the Evaluation and 
Management of Rheumatoid Arthritis 

   Robert M.   Plenge   and     Michael E.   Weinblatt     

  INTRODUCTION 
 Rheumatoid arthritis (RA) is a systemic, chronic infl ammatory 
disorder whose root cause is unclear. The clinical hallmark of 
RA is an infl ammatory arthritis with a predilection for specifi c 
diarthrodial (freely movable) joints. It is the most common form 
of infl ammatory arthritis, with an estimated prevalence of up to 
�1% in the adult population. Females are at greater risk than 
males for developing the disease, with a female:male ratio of 
�  2.5:1. While the disease can occur at any age, the peak age on 
onset is in the 40s, with an increasing incident with age. 

 As with many complex diseases – those infl uenced by mul-
tiple genes and environmental exposures – there is substantial 
clinical heterogeneity. The clinical features of new-onset RA 
are highlighted in  Table 43.1   . With longstanding disease, articu-
lar erosions and joint deformities occur. Autoantibodies (RF and 
CCP) have important diagnostic and prognostic features, and have 
proven very useful in clinical management of RA. Most efforts 
aimed at understanding the molecular basis of RA have focused of 
genetic studies of disease susceptibility. To date, there are only two 
genes that have been convincingly demonstrated to infl uence risk 
of RA ( PTPN22  and  HLA-DRB1 ), although only a small frac-
tion of the genome has been adequately interrogated using avail-
able molecular genetic techniques. Other genomic technologies 
such as large-scale expression and proteomic profi ling in RA are 
less mature, but offer promise in understanding disease etiology. 

  “ Genomic medicine ”  – translating genomic information 
into prediction of disease susceptibility, characterization of gene–

environment interactions, identifi cation of new therapeutic 
targets, and development of novel gene-based diagnostics – has 
had very little impact thus for on the clinical management of 
patients with RA. The association of susceptibility to  HLA-DRB1  

 43 

 T A B L E  4 3 . 1         Common clinical features of new-onset 

rheumatoid arthritis  

  Symptoms  

     ●      Joint swelling  
   ●       Pain/stiffness (commonly in morning and lasting  � 1       h)  
   ●      Fatigue  
   ●      Malaise    

  Articular characteristics  

     ●      Palpation tenderness  
   ●      Synovial thickening  
   ●      Effusion  
   ●      Erythema    

  Distribution  

     ●      Symmetrical  
   ●       Distal (e.g., hands and feet) more commonly than 

proximal (e.g., spine)  
   ●       PIP, MCP/MTP, wrist/ankle more commonly than elbow/

knee, shoulder/hip    

  PIP      �      proximal interphalangeal joint, MCP      �      metacarpophalangeal 
joint, MTP      �      metatarsophalangeal joint  .
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alleles has been known since the 1970s, yet has not translated 
into novel diagnostics or therapeutic treatments. The most 
remarkable advancement in the clinical management of RA, 
which emerged from intense basic science research, is the devel-
opment of inhibitors of an important cytokine, tumor necro-
sis factor-alpha (TNF
). Advances in genomic medicine hope 
to parallel the success of TNF
-inhibitors, thus leading to 
improved patient care for this debilitating disease.  

  PREDISPOSITION 
 Despite decades of research, the root cause of RA is unclear 
( Firestein, 2003 ). Genes and environment together contrib-
ute to development of RA, although only two genes ( PTPN22  
and  HLA-DRB1 ), and one environmental factor (smoking), 
have been associated with RA susceptibility across multiple, 
independent studies. Antibodies directed against cyclic citrulli-
nated peptides (anti-CCP antibodies) have emerged as a specifi c 
marker for RA. That anti-CCP antibodies predate the diagnosis 
of RA by years suggests that these autoantibodies are pathogenic 
rather than simply a marker of chronic infl ammation. Together, 
these risk factors suggest a hypothetical model that an environ-
ment trigger (e.g., smoking) invokes a generalized infl ammatory 
response in genetically susceptible hosts, which leads to the for-
mation of autoantibodies and eventually RA. 

  Genetic Basis of RA 
 The genetic contribution to RA susceptibility in humans has 
been demonstrated through twin studies ( MacGregor et al., 
2000 ), family studies ( Bali et al., 1999 ), and genome-wide link-
age scans ( Amos et al., 2006 ;  Cornelis et al., 1998 ;  Etzel et al., 
2006 ;  Jawaheer et al., 2001, 2003 ;  MacKay et al., 2002 ;  Shiozawa 
et al., 1998 ). Heritability refers to the amount of phenotypic 
variation due to additive genetic factors, rather than common 
environmental factors, stochastic variation, gene–environment 
interactions, and gene–gene interactions. One such study demon-
strated that approximately 60% of disease variability is inherited 
( MacGregor et al., 2000 ). Another measure of genetic contri-
bution to disease activity is to compare prevalence of disease in 
family members compared to the general population. Whereas 
the population risk of RA is �1%, the monozygotic (MZ) 
twin of a patient with RA has a risk of �15% ( Aho et al., 1986 ; 
 Jarvinen and Aho, 1994 ;  Silman et al., 1993 ). Moreover, the rela-
tive risk (RR) to the sibling of a proband with RA is �  5 for 
RA ( Deighton et al., 1989 ;  Hasstedt et al., 1994 ;  Wolfe et al., 
1988 ), although the number varies depending on the population 
studied ( Jawaheer et al., 2001 ). 

  The MHC-Region and HLA-DRB1 Susceptibility Alleles 
 The major histocompatibility complex (MHC) region spans 
�  3.6 megabases (Mb) on the short arm of human chromosome 
6, and contains hundreds of genes, including many involved in 
immune function ( Horton et al., 2004 ;  Stewart et al., 2004 ). 

It has been estimated that the MHC-region of the human 
genome accounts for approximately one-third of the overall 
genetic component of RA risk ( Deighton et al., 1989 ;  Rigby 
et al., 1991 ). Genome-wide linkage scans using both microsatel-
lite ( Cornelis et al., 1998 ;  Jawaheer et al., 2001 ;  MacKay et al., 
2002 ;  Shiozawa et al., 1998 ) and single nucleotide polymorphism 
(SNP) markers ( Amos et al., 2006 ) have identifi ed consistently 
this region as important in RA pathogenesis. These genome-
wide scans have demonstrated that the MHC region has the 
largest genetic contribution in RA, and the relative contribution 
of MHC genes ( � MHC) was found to be �  1.75 ( Cornelis 
et al., 1998 ;  Jawaheer et al., 2001 ). 

 Much, but probably not all, of the risk attributable to the 
MHC-region is associated with alleles within the  HLA-DRB1  
gene. An association between RA and the Class II HLA proteins 
was fi rst noted in the 1970s, when the mixed lymphocyte cul-
ture (MCL) type Dw4 (related to the serological subtype DR4) 
was observed to be more common among patients with RA 
compared to controls ( Stastny, 1978 ;  Stastny and Fink, 1977 ). 
Subsequently, investigation of the molecular diversity of Class 
II proteins (subunits of HLA-DR, -DQ and -DP) localized the 
serological Dw4 subtype to the  HLA-DRB1  gene ( Gregersen 
et al., 1986a, b ). When the susceptible DR subtypes were con-
sidered as a group, Gregersen et al., noted a shared amino acid 
(a.a.) sequence at positions 70–74 of the HLA-DRB1 protein 
( Gregersen et al., 1987 ). These residues are important in peptide 
binding, and thus it was hypothesized that RA-associated alleles 
bind specifi c peptides, which in turn facilitates the development 
of auto-reactive T cells. These alleles are now known collectively 
as  “ shared epitope ”  alleles due to the related sequence composi-
tion in the third hypervariable region ( Table 43.2   ): the suscep-
tibility alleles result in missense a.a. changes, where the shared 
susceptibility a.a. motif is  70 Q/R-K/R-R-A-A 74 . 

 The  HLA-DRB1  gene encodes for a protein that is part 
of MHC Class II molecules. These molecules, heterodimers 
of alpha and beta proteins, are found on professional antigen-
presenting cells (APCs), and display peptides derived from extra-
cellular proteins to CD4 �  T cells (T  “ helper ”  cells). The genes 
that encode the Class II molecules are found in three subre-
gions (DR, DQ, and DP) spanning �1       Mb within the MHC 
region. Within the DR subregion, one alpha- and three beta-
chain genes have been described; the a-chain gene and two 
beta-chain genes, DRB1 and DRB2, are clearly expressed. The 
DQ subregion contains two sets of alpha and beta-chain genes, 
DX and DQ-alpha and beta. With the exception of DR-alpha, 
all of the expressed genes display considerable allelic diversity. 
Classifi cation of HLA-DRB1 molecules includes serological 
nomenclature (e.g., DR1, DR4, and DR10), MCL nomen-
clature (e.g., Dw4) and DNA-sequence based nomenclature 
(see below). 

 Since the initial observation, a large number of population 
studies have confi rmed the association between RA and allelic 
variants at  HLA-DRB1  ( Ollier and Thomson, 1992 ). At the 
level of DNA, the most common ( � 5% population frequency) 
 HLA-DRB1  shared epitope susceptibility alleles include *0101, 



 T A B L E  4 3 . 2           RA HLA-DRB1 “shared epitope” alleles

   DRB1 alleles      Low-resolution   a.a (location)    

      70 71 72 73 74

Q R R A A

DRB1*0101 DR1 Q R R A A

  DRB1*0102   DR1 – – – – –

 DRB1*0103  DR1 D E – – –

 DRB1*03  DR3 – K – G R

  DRB1*0401   DR4 – K – – –

 DRB1*0402  DR4 D E – – –

 DRB1*0403  DR4 – – – – E

  DRB1*0404   DR4 – – – – –

  DRB1*0405   DR4 – – – – –

 DRB1*0407  DR4 – – – – E

  DRB1*0408   DR4 – – – – –

 DRB1*0411  DR4 – – – – E

 DRB1*07  DR7 D – – G Q

 DRB1*08  DR8 D – – – L

  DRB1*0901   DR9 R – – –  E

  DRB1*1001   DR10 R – – – –

 DRB1*1101  DR11 D – – – –

 DRB1*1102  DR11 D E  –  –  –

 DRB1*1103  DR11 D E – – – 

 DRB1*1104  DR11 D – – – –

 DRB1*12  DR12 D – – – –

 DRB1*1301  DR13 D E – – –

 DRB1*1302  DR13 D E – – –

 DRB1*1303  DR13 D K – – –

 DRB1*1323  DR13 D E – – – 

 DRB1*1401  DR14 R – – – –

  DRB1*1402   DR14 – – – – – 

 DRB1*1404  DR14 R – – – E 

 DRB1*15  DR2 – A – – –

 DRB1*16  DR16 D – – – –

Genes associated with RA HLA-DRB1 “ shared epitope ”  alleles are 
classifi ed by amino acid (a.a.) sequence at positions 70–74. The 
consensus a.a. sequence (QRRAA) is shown at the top; the identi-
cal a.a. is indicated by a dash (-) and variable a.a. indicated by 
appropriate nomenclature. Alleles in bold are associated with RA 
susceptibility.
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*0401, and *0404 in individuals of European ancestry, and 
*0405 and *0901 in individuals of Asian ancestry; less com-
mon shared epitope alleles include *0102, *0104, *0408, *0413, 
*0416, *1001, and *1402. Of note, the *0901 allele observed 
among Asian populations does not strictly conform to the SE 
a.a. sequence motif ( 70 R-R-R-A-E 74 , see  Table 43.3   ), and the 
classic SE alleles may not contribute to risk in African-American 
and Hispanic-American RA populations ( McDaniel et al., 1995 ; 
 Teller et al., 1996 ). Thus, additional exploration of the molecular 
basis of  HLA-DRB1  susceptibility alleles is needed in the future. 

 While  HLA-DRB1  susceptibility alleles are often considered 
as a group, the strength of the genetic association to RA suscepti-
bility differs across the  DRB1  alleles. There are at least two classes 
of  HLA-DRB1  risk alleles (high and moderate). In general, 
DRB1*0401 and *0405 alleles exhibit a high level or risk, with 
a RR of approximately 3. The DRB1*0101, *0404, *0901, and 
*1001 alleles exhibit a more moderate RR in the range of 1.5. 

 It is becoming increasingly clear that  HLA-DRB1  shared 
epitope alleles only infl uence the development of seroposi-
tive RA, and more specifi cally anti-CCP �  RA (see below for 
discussion on autoantibodies) ( Huizinga et al., 2005 ;  Irigoyen 
et al., 2005 ). Collectively, the shared epitope alleles have an odds 
ratio (OR) of over 5 if CCP �  RA patients are compared to 
matched healthy controls. Because these alleles are quite com-
mon in the general population (collectively, allele frequency 
 � 40% in individuals of European ancestry), the attributable risk 
for SE alleles is quite high. 

 Several investigators have proposed a refi ned classifi cation 
of shared epitope alleles, as this hypothesis alone cannot explain 
all of the genetic risk attributable to the  HLA-DRB1  locus ( de 
Vries et al., 2002 ;  Gao et al., 1991 ;  Michou et al., 2006 ;  Zanelli 
et al., 1998 ). No consensus has emerged, however. Some of these 
studies suggest that a protective allele may be in linkage disequi-
librium with the  HLA-DRB1  alleles. It has been hypothesized 
that the presence of an asparagine amino acid at position 70 of 
the HLA-DRB1 protein (D70) may be associated with protec-
tion from the development of RA (once the effect of the shared 
epitope alleles has been taking into consideration) ( Mattey et al., 
2001a ;  Ruiz-Morales et al., 2004 ). 

 Numerous studies have shown that  HLA-DRB1  susceptibil-
ity alleles infl uence disease severity in longstanding disease, partic-
ularly the development of bony erosions (e.g.,  Chen et al., 2002 ; 
 Gorman et al. 2004 ;  Moxley and Cohen, 2002 ). More recently, 
however, it has been suggested that this association is primarily 
due to the presence of CCP autoantibodies ( Huizinga et al., 
2005 ). It remains to be determined whether  HLA-DRB1  alle-
les contribute additional risk of developing erosive disease inde-
pendent of CCP autoantibodies ( van der Helm-van Mil et al., 
2006 ). This more recent observation may be an important expla-
nation for why some studies have demonstrated that SE alleles 
predict erosive changes, but only in RF- patients ( El-Gabalawy 
et al., 1999 ;  Mattey et al., 2001b ). One hypothesis to explain this 
observation is that RF- patients in these older studies are actu-
ally CCP �  [and it is known that SE alleles have a stronger asso-
ciation with CCP �  than RF �  RA ( Irigoyen et al., 2005 )]. In 
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the future, it will be important to assess the relationship between 
 HLA-DRB1  alleles and clinical outcome, controlling for the 
effect of CCP as well as other important clinical variables. 

 Despite decades of research, it is not fully known how the 
 HLA-DRB1  alleles cause risk of RA, and direct functional proof 
has been diffi cult ( Goronzy and Weyand, 1993 ;  Nepom, 2001 ). 
Hypotheses include that the SE alleles infl uence (1) thresholds 
for T-cell activation [based on avidity between the T-cell receptor, 
MHC, and peptide, especially in the context of post-translational 
modifi cation events important in RA pathogenesis ( Hill et al., 
2003 )]; (2) thymic selection of high-affi nity self-reactive T cells 
(based on the T-cell synovial repertoire) ( Yang et al., 1999 ); 
and (3) molecular mimicry of microbial antigens ( Albani et al., 
1992 ). It is worthwhile noting that the third hypervariable 
region of the protein (location of SE allelic variants) contains a 
peptide-binding groove that serves to present peptides to CD4 �  
T cells ( Seyfried et al., 1988 ), and that citrullination of certain 
peptides triggers a strong immune response to citrullinated pep-
tides in  HLA-DRB1  *0401 transgenic mice ( Hill et al., 2003 ).  

  Other MHC-Region Genes 
 Several studies suggest that additional genes within the MHC 
likely contribute to disease susceptibility, once the effect of  HLA-
DRB1  has been taken into consideration ( Jawaheer et al., 2002 ; 
 Kochi et al., 2004 ;  Mulcahy et al., 1996 ;  Singal et al., 1999 ;  Zanelli 
et al., 2001 ). For example, an extended haplotype that includes 
 HLA-DRB1  DR3 alleles may be associated with RA ( Jawaheer 
et al., 2002 ). The associated haplotype spans �500       kb, and con-
tains Class III MHC genes, including the TNF-alpha region 
implicated in other studies ( Mulcahy et al., 1996 ;  Ota et al., 2001 ; 
 Waldron-Lynch et al., 2001 ). One study suggests that this associa-
tion is restricted to CCP- patients ( Irigoyen et al., 2005 ). 

 No single study has tested comprehensively DNA variants 
within the MHC in a patient population large enough to detect 
subtle effects beyond  HLA-DRB1  alleles. Only recently have 
genetic linkage disequilibrium maps become available to thor-
oughly test the hypothesis that non- HLA-DRB1  alleles infl u-
ence the risk of developing RA ( Miretti et al., 2005 ;  Walsh et al., 
2003 ). Application of high-density SNP genotyping in large 
patient collections should provide additional insight into the 
role of the MHC region in susceptibility and severity of RA.  

  Non-MHC Genes 
 The identity of genes contributing to RA that lie outside the 
MHC region has been more elusive. A sizeable portion of 
genetic variation is attributable to such non-HLA genes – up to 
two-thirds in some studies. The gene with the most convincing 
evidence of replication,  PTPN22 , infl uences threshold of T-cell 
activation ( Begovich et al., 2004 ;  Vang et al., 2005 ). The statistical 
evidence of association for other genes (e.g.,  CTLA4 ,  PADI4 , 
and  SLC22A4 ) is not yet conclusive, and therefore it is not pos-
sible to draw broader conclusions on functional classifi cation of 
genes associated with RA beyond  HLA-DRB1  and  PTPN22  
(which implicate class II presentation and T-cell activation). 

 The most convincing non-HLA gene associated with RA 
is  PTPN22  ( Begovich et al., 2004 ), a fi nding that has been rep-
licated across multiple independent studies (e.g.,  Dieude et al., 
2005 ;  Harrison et al., 2006 ;  Hinks et al., 2005 ;  Lee et al., 2005 ; 
 Orozco et al., 2005 ;  Plenge et al., 2005 ;  Steer et al., 2005 ;  Viken 
et al., 2005 ;  Zhernakova et al., 2005 ). The susceptibility allele 
is a missense variant that changes an arginine to tryptophan 
amino acid (R620W), resulting in alteration of T-cell activation 
( Begovich et al., 2004 ;  Vang et al., 2005 ). The magnitude of the 
genetic effect, as measured by the OR, is substantially less than 
for HLA-DRB1*0401 but similar to other SE alleles ( PTPN22  
OR  � 1.75). Interestingly, this allele is absent in East Asians, and 
thus not associated with susceptibility in Japanese populations 
( Ikari et al., 2006 ). 

 Extensive genotype-phenotype correlations have not been 
conducted for  PTPN22  (as they have for  HLA-DRB1 ). Like 
 HLA-DRB1  alleles,  PTPN22  only associates with seroposi-
tive RA. There is some evidence that  PTPN22  infl uences age 
of onset ( Plenge et al., 2005 ), and may have a more signifi cant 
effect in males compared to females ( Pierer et al. 2006 ;  Plenge 
et al., 2005 ), but no evidence that it infl uences disease activity or 
radiographic erosions ( Harrison et al., 2006 ;  Wesoly et al., 2005 ). 

 Additional genes have been implicated in genetic associa-
tion studies of RA, but have not yet reached the level of sta-
tistical signifi cance required to solidify their position as true 
RA-susceptibility genes (see  Table 43.3 ). Some encouraging can-
didate genes include  CTLA4 ,  PADI4 , and  SLC22A4 .  

  1.     The association between variants with  CTLA4  and sus-
ceptibility to autoimmunity is most convincing in type 
1 diabetes and autoimmune thyroiditis ( Ueda et al., 
2003 ). CTLA4 is a negative regulator of T-cell activation. In 
these diseases, an allele in the 3� untranslated region (UTR) 
of the gene causes a modest increase in disease risk (OR 
�1.2–1.5). Several studies have extended these fi ndings to 
RA ( Lei et al., 2005 ;  Plenge et al., 2005 ), where the magni-
tude of the genetic effect is again modest (�1.20).  

  2.      PADI4  encodes for an enzyme that post-translationally 
modifi es arginine to citrulline, and may therefore be impor-
tant in generating anti-CCP autoantibodies. An initial 
report in Japanese patients implicated a common variant 
(population allele frequency �  35%) in disease risk ( Suzuki 
et al., 2003 ); subsequent reports have been less convincing 

 T A B L E  4 3 . 3         Non-MHC associations in RA  

 Gene  OR  Comments 

   PTPN22     1.75    Clear association with missense SNP 
(rs2476601) and CCP �  RA  

  CTLA4   1.20  Possible association with CT60 SNP 
(rs3087243) and RA 

  PADI4   1.20  Possible association with haplotype 
tagged by SNP (rs2240340) and RA 

  SLC22A4   1.25  Possible association with SNP 
(rs2073838) and RA 



statistically, but nonetheless support an association with RA 
susceptibility ( Iwamoto et al., 2006 ).  

  3.     Finally, a common allele within the  SLC22A4  gene may be 
associated with RA susceptibility in East Asian populations 
( Tokuhiro et al., 2003 ), but this result has not been repli-
cated in RA patients of European ancestry ( Plenge et al., 
2005 ). The protein product of  SLC22A4  is an organic 
cation transporter expressed in hematological and immu-
nological tissues. Of note, the putative causal allele, which 
disrupts a RUNX1-binding site, is at reduced population 
frequency in RA patients of European ancestry compared 
to East Asian ancestry (0.08 versus 0.30 minor allele fre-
quency), thus limiting power to detect an association in RA 
patients with European ancestry.    

 Candidate gene studies in RA, as with many other com-
plex diseases, highlight the current challenge of genetic associa-
tion studies ( Plenge and Rioux, 2006 ). First, most studies to date 
have tested a small fraction of genetic variation in the human 
genome. It is estimated that over 10 million common variants 
(population allele frequency  � 1%) exist in the human genome, 
yet most studies test a vanishingly small fraction of these vari-
ants. Second, the expected genetic effect for most disease alle-
les is quite modest (OR  � 1.5). Therefore, thousands of patients 
are required to detect the genetic effect – and most studies have 
been conducted on far fewer, limiting power to detect a true 
positive association. 

 In the immediate future, genome-wide association stud-
ies, which test the majority of common genetic variants in the 
human genome, will be conducted in RA and other autoim-
mune diseases. If appropriately designed and interpreted 
( Hirschhorn and Daly, 2005 ), it is expected that these studies 
will greatly expand the list of RA-susceptibility genes. Several 
genome-wide association studies are underway with genotyping 
platforms that capture  � 60% of common genetic variants (as 
estimated by Phase II HapMap).   

  Non-Genetic Risk Factors 
  Sex Bias and Hormonal Factors 
 Perhaps the strongest non-genetic risk factor for the development 
of RA is female sex: females are more than twice as likely to 
develop RA compared to males, and this disparity is even greater 
at a younger age ( Linos et al., 1980 ;  Symmons et al., 1994 ). In 
females, the risk of developing RA increases with age and peaks 
around the time of menopause ( Doran et al., 2002 ;  Goemaere 
et al., 1990 ;  Karlson et al., 2004 ). These observations have lead to 
considerable effort in examining the role of hormonal and preg-
nancy factors in disease occurrence. These studies include: 

  1.     Conditions associated with excess estrogen and/or proges-
terone may be protective against developing RA. The risk 
of developing RA is increased in the 12-month postpartum 
period (when serum hormone levels fall) ( Silman et al., 1992 ), 
and symptoms are less severe during the post-ovulatory phase 
of the menstrual cycle and during pregnancy (when levels are 
elevated) ( Latman, 1983 ;  Ostensen et al., 1983 ).  

  2.     Duration of breast-feeding may be associated with risk 
of developing RA. Women with  � 24 total months of 
breast-feeding have a twofold reduced risk of developing 
RA ( Karlson et al., 2004 ).  

  3.     Cross-sectional studies of serum androgen levels consistently 
demonstrate lower serum testosterone levels in RA patients 
( Cutolo and Accardo, 1991 ;  Masi et al., 1995 ).  

  4.     The hypothalamic-pituitary axis (HPA) is altered in RA 
patients ( Chikanza et al., 1992 ), and conditions leading to 
panhypopituitarism and hypoadrenalism are associated with 
the onset of RA ( Wilder, 1996 ).  

  5.     Castration of female mice exaggerates arthritis ( Holmdahl 
et al., 1986 ), and estrogen replacement therapy suppresses 
arthritis in the collagen-induced mouse model of arthritis 
( Holmdahl et al., 1987 ) and in adjuvant arthritis in the rat 
( Kappas et al., 1963 ), consistent with the role of estrogen in 
the human.  

  6.     Finally, a subset of RA patients undergoes striking remission 
during pregnancy. Although fetal-maternal genetic rela-
tionships have been invoked to explain this phenomenon 
( Nelson et al., 1993 ), other data fails to fully support this 
hypothesis ( Brennan et al., 2000 ;  Gregersen, 2000 ), and thus 
it is likely that hormonal changes during pregnancy at least 
partially explain disease remission in pregnancy.  

 While it has been proposed that genes within sex steroid hor-
mone pathways may contribute to RA inherited risk, no gene 
has been conclusively identifi ed to date.    

  Environmental Factors 
 Smoking is the environmental risk factor with strongest asso-
ciation with developing RA. Over the past 20 years, many 
studies have convincingly shown that smoking increases risk 
of developing RA in both males and females by a factor of 
�2.0 ( Gorman, 2006 ;  Stolt et al., 2003 ). Most of these stud-
ies demonstrate that the increase risk is in developing autoan-
tibody positive RA, and that the risk is greatest for heavy, 
current smokers; the risk remains, however, for  � 10 years fol-
lowing smoking cessation. Because the link between smoking 
and autoantibody positive RA is reminiscent of the genetic 
association between  HLA-DRB1   “ shared epitope ”  alleles and 
autoantibody positive RA, Padyukov et al. investigated the 
risk of developing disease in carriers of these two established 
risk factors: a 16-fold risk of developing RF �  RA in smokers 
who carry two copies of the SE alleles was observed ( Padyukov 
et al., 2004 ). 

 Other putative environmental risk factors that have not 
been as widely replicated as smoking include blood transfusions, 
obesity, occupational silica and mineral oil exposure, and socio-
economic class ( Silman and Pearson, 2002 ;  Symmons, 2003 ). It 
is interesting that several of these putative environmental factors 
are inhaled through the lungs. Silica dust and mineral oil expo-
sure, similar to exposure to cigarette smoke, was a risk factor 
only for seropositive RA. Mineral oil can also act as an adjuvant 
capable of inducing experimental arthritis in rodent models.  
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  Infectious Agents 
 There is indirect, but certainly not conclusive evidence that 
exposure to an infectious agent(s) may trigger the development of 
RA ( Silman and Pearson, 2002 ). Despite decades of investigation, 
however, no single infectious agent has emerged as infl uencing 
risk of RA. 

 Support for an infectious etiology contributing to RA risk 
include: (a) certain forms of arthritides in humans are triggered 
by bacteria, including enterogenic and urogenic infections (e.g., 
reactive arthritis, rheumatic fever, Lyme disease, and Whipple’s 
disease); (b) bacterial components are able to induce chronic 
arthritis closely resembling RA in animal models; (c) antibod-
ies, T-cell clones, or cellular immune responses specifi c to cer-
tain bacteria as well as bacterial components have been observed 
in synovial fl uid or peripheral blood in patients with RA; and 
(d) and paleontological ( Rothschild et al., 1988 ) and epidemi-
ological data ( Doran et al., 2002 ;  Kaipiainen-Seppanen et al., 
1996 ;  Shichikawa et al., 1999 ) demonstrating the fi rst appear-
ance of RA in modern man, yet with a decrease in incidence 
over the last 40 years (with the improvement in public health 
measures and the widespread use of antimicrobial therapy). 

 If an infectious agent is causal, one could imagine different 
mechanisms by which it might lead to RA. Exposure might lead 
to a generalized over-active immune system, thus clearing the 
infection but resulting in autoimmunity later in life. A more spe-
cifi c response to a single infectious agent might induce an immu-
nological response against the infection, yet lead to cross-reactivity 
with antigens in human synovial tissue ( “ molecular mimcry ” ).   

  Autoantibodies 
  RF and CCP Autoantibodies 
 Autoantibodies have proven useful in the diagnosis and progno-
sis of RA patients. Autoantibodies are detected in approximately 
two-thirds of patients with RA and predict severe disease. The 
two major types of autoantibodies used clinically to create RA 
subsets are RF, which is an immunoglobulin specifi c to the Fc 
region of IgG, and anti-cyclic citrullinated peptide (CCP) anti-
bodies, which are antibodies directed against peptides that have 
arginine posttranslationally modifi ed to citrulline ( Schellekens 
et al., 2000 ). These autoantibodies are strongly correlated but 
may represent distinct clinical subsets of RA. 

 RF autoantibodies are part of the diagnostic criteria for RA 
( Arnett et al., 1988 ). The RF assay, however, remains suboptimal 
as a diagnostic test, as it lacks sensitivity (50–90%) and specifi -
city (50–90%) ( Shmerling and Delbanco, 1991 ). Furthermore, 
it is present in many other disease states (including those that 
mimic RA) and patients that smoke, and its incidence increases 
with age. In contrast, anti-CCP antibodies have moderate sen-
sitivity (60–80%) but increased specifi city for RA ( � 90%), and 
predict functional status and radiographic erosions in patients 
with early-onset RA ( van Jaarsveld et al., 1999 ;  van Zeben et al., 
1992 ;  Kroot et al., 2000 ). 

 There has been much debate about whether these autoan-
tibodies are causal or whether they represent a non-specifi c 

response to systemic infl ammation. Several lines of evidence 
suggest that these autoantibodies – and CCP in particular – 
are pathogenic: (1) anti-CCP antibodies appear before dis-
ease onset ( Rantapaa-Dahlqvist et al., 2003 ;  Schellekens et al., 
2000 ); (2) the presence of CCP is very specifi c to RA; (3) anti-
bodies against citrullinated proteins enhance tissue injury in a 
murine model of arthritis (collagen-induced arthritis) ( Kuhn 
et al., 2006 ); and (4) genetic variation in an enzyme,  PADI4 , 
involved in the citrullination pathway appears associated with 
RA susceptibility ( Suzuki et al., 2003 ) and see  “  Non-MHC 
genes  ”  above). 

 Finally, presence of RF and CCP antibodies may facili-
tate the identifi cation of genes in RA. As with other complex 
human diseases, substantial clinical heterogeneity exists. Because 
presence or absence of RF and CCP antibodies provides a 
rationale clinical subset, these have been used to subset patients 
in the search for RA genes. Indeed, the two genes with a clear 
association to RA ( HLA-DRB1  and  PTPN22 ) are both associa-
tion with CCP �  patients, but not CCP- patients.   

  Hypothetical Model of RA Predisposition 
 Based upon the above information, it is tempting to speculate 
about a hypothetical model of RA pathogenesis. One model, put 
forth by Klareskog et al ( Klareskog et al., 2006 ), is that smoking 
or other air pollutants lead to infl ammation and citrullination of 
proteins in the lungs in genetically susceptible individuals. This 
event leads to the formation of anti-CCP antibodies, which 
have a direct pathogenic role in the joint. Under this hypothesis, 
citrullinated proteins are presented in class II MHC molecules 
to induce an immune response, and  HLA-DRB1  variants aug-
ment the autoimmune response. The  PTPN22  missense allele 
may also augment the autoimmune response, or may allow auto-
reactive T-cells to escape selection in the thymus. 

 While aspects of this model may be correct, it almost 
certainly does not explain RA pathogenesis in all patients. 
Continued integration of clinical and basic science research is 
necessary to revise, or refi ne, models of RA pathogenesis. The 
advent of genome-wide association studies should facilitate 
identifi cation of new RA-related genes, facilitating our under-
standing of disease pathogenesis.  

  Other Genomic Studies 
 Other genomic resources are available to study predisposition to 
RA, including mRNA expression profi ling and examination of 
serum protein levels, although neither has been widely imple-
mented in large patient collections. The fi eld of proteomics is 
still limited by the availability of cost-effective, high-throughput 
assays. The search for auto-antigens that predispose to RA has 
also been challenging. The goals of these efforts include iden-
tifying novel biomarkers that allow early and specifi c disease 
diagnosis or predict severe disease, or biomarkers that may serve 
as therapeutic targets. The success of RF and anti-CCP auto-
antibodies provide proof-of-concept that a novel biomarker 
might have direct clinical utility. 



  mRNA Expression Profi ling 
 Genome-wide analysis of mRNA expression patterns has been 
performed in peripheral blood and synovial fl uid derived from 
RA patients. This approach has proven insightful in the peripheral 
blood of patients with systemic lupus erythematosis (SLE) 
( Baechler et al., 2003 ), but has been less fruitful to date in RA. 
Studies in peripheral blood have compared RA patients versus 
normal controls ( Batliwalla et al., 2005 ;  van der Pouw Kraan 
et al., 2007 ), RF �  versus RF- patients ( Bovin et al., 2004 ), and 
early versus chronic RA ( Olsen et al., 2004 ). Similar techniques 
have been applied to synvovial tissue, where infl ammatory RA 
synovium is compared to non-infl ammatory OA synovium 
( Devauchelle et al., 2004 ;  van der Pouw Kraan et al., 2003a, b ). 
No clear consensus has emerged from these studies, but there is 
some evidence that there may be an alteration in the number or 
activation state of monocytes ( Batliwalla et al., 2005 ) or a type I 
interferon signature (similar to SLE, [ van der Pouw Kraan et al., 
2007] ). Many studies are too small (e.g.,  � 15 patients) to draw 
any signifi cant conclusions given the large number of hypothe-
ses (i.e., expressed genes) tested ( Bovin et al., 2004 ;  Devauchelle 
et al., 2004 ;  Haas et al., 2006 ;  Szodoray et al., 2006 ).  

  Proteomics 
 Genome-wide genetic association studies and mRNA expres-
sion profi ling allow for exploration of novel hypotheses, effec-
tively exploring hundreds of thousands of genes for infl uence 
on disease risk. These platforms are becoming increasingly cost-
effective and robust. In contrast, the fi eld of proteomics has been 
hampered by equivalent technical capacity. Mass spectrometry 
offers such a platform, but is not yet widely in use ( Domon and 
Aebersold, 2006 ). Consequently, most  “ proteomics ”  research in 
RA and other complex diseases has been limited to ELISA-
based methodologies that are not capable of high-throughput 
multiplexing – and thus limited to a small number (hundreds 
not thousands) of proteins of known relevance. 

 It is clear that cytokines play a crucial role in RA patho-
genesis ( Lee and Weinblatt, 2001 ). Cytokines are small soluble 
proteins that mediate intercellular communication within the 
immune system. Important examples include the proinfl am-
matory cytokines interleukin 1 (IL1) and tumor necrosis fac-
tor alpha (TNF-alpha), as well as their soluble receptors (p55 
and p75 for TNF; IL1R1, IL1R2, and IL1Ra for IL1). These 
cytokines are secreted primarily by macrophages within the 
synovium, and lead to infl ammation and stimulation of synovial 
tissue effector functions (e.g., cellular proliferation, expression 
of metalloproteinases and adhesion-molecules, and secretion of 
prostaglandins and other cytokines). Perhaps the most incrimi-
nating evidence for the role of cytokines in RA pathogenesis 
is in neutralizing therapies directed at the proteins themselves 
in patients with active RA: antibodies directed against TNF-
alpha (or its soluble receptor) have been remarkably useful in 
the treatment of RA; anti-IL1 therapies are somewhat effective, 
but not to the same degree as anti-TNF-alpha therapies. 

 While cytokines are important in RA, what is not clear 
is whether alterations in cytokine secretion  per se  leads to the 

development of RA, or whether dysfunction is simply the 
result of an over-active immune system. No longitudinal cohort 
study has yet demonstrated alterations in these molecules prior 
to the development of RA – evidence that would be necessary 
to establish causality. An alternate strategy to establish causal-
ity would be to demonstrate that genetic variation within a 
cytokine gene leads to the development of RA. Numerous stud-
ies have suggested that alleles within the  TNF  gene infl uence 
RA risk, but it has yet to be conclusively shown that this effect 
is independent of linkage disequilibrium with  HLA-DRB1  or 
neighboring genes within the 3.6       Mb MHC region. In theory, 
all alleles that infl uence secretion of a given cytokine could be 
mapped and then tested to determine whether these alleles also 
infl uence the development of RA. To date, no such comprehen-
sive list of alleles exists. 

 It is worth highlighting studies that have implemented 
newer proteomic techniques such as mass spectrometry ( Saulot 
et al., 2002 ;  de Seny et al., 2005 ;  Liao et al., 2004 ;  Uchida et al., 
2002 ), multiplex cytokine arrays ( Hueber et al., 2006 ) and anti-
gen microarrays ( Hueber et al., 2005 ) to analyze synovial fl uid 
and serum in RA patients. A study by Liao et al. used a two-
step mass spectrometry approach to generate protein profi les of 
synovial fl uid from patients with either erosive or non-erosive 
RA ( Liao et al., 2004 ). Among 33 proteins elevated in the syno-
vial fl uid of patients with erosive RA were C-reactive protein 
(CRP) and 6 members of the S100 protein family of calcium-
binding proteins. The authors demonstrated that levels of CRP, 
S100A8 (calgranulin A), S100A9 (calgranulin B), and S100A12 
(calgranulin C) proteins were also elevated in the serum of 
patients with erosive RA. A different study by de Seny et al., 
which included 34 patients with longstanding disease, identi-
fi ed 5 proteins elevated in the serum of patients with CCP �  
RA (compared to patients with other infl ammatory diseases), 
one of which was hypothesized to be myeloid-related protein 
8 (MRP8) ( de Seny et al., 2005 ). The MRP8 protein may be 
enriched in the synovial fl uid of RA compared to osteoar-
thritis patients ( Uchida et al., 2002 ). Finally, Hueber et al. used 
microarrays in a set of early RA patients to show that autoan-
tibody reactivity against citrullinated epitopes is more common 
in patients with high-serum levels of TNF 
 , IL-1 � , IL-6, IL-13, 
IL-15, and GM-CSF ( Hueber et al., 2006 ).    

  SCREENING 
 No reliable methods to screen a population prior to disease 
onset exist for RA. It may be that the presence of CCP autoan-
tibodies together with genetic susceptibility variants ( PTPN22  
and  HLA-DRB1 ) will increase risk substantially to the point 
where screening the healthy population because cost-effective 
( Berglin et al., 2004 ;  Johansson et al., 2005 ). Under this scenario, 
it remains to be determined whether effective intervention to 
prevent RA will emerge – currently, RA therapies are directed 
at symptoms rather than a cure. Moreover, this simple approach 
does nothing to screen the 1/3 of RA patients who develop 
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autoantibody negative disease. Overall, no clear paradigm has 
emerged as to how screening the population would infl uence 
clinical decision-making, and additional attention should be paid 
to this area in the future.  

  DIAGNOSIS, PROGNOSIS, AND 
MONITORING 
 The diagnosis of RA is based on established clinical crite-
ria ( Arnett et al., 1988 ). The clinical course for any individual 
patient is highly variable. Extent of synovial infl ammation and 
presence of autoantibodies at the time of initial diagnosis por-
tend a poor prognosis, but cannot alone predict prognosis in any 
individual patient. Similarly, the presence of  HLA-DRB1  SE 
alleles predicts more severe disease, but does not routinely enter 
into decision-making in clinical patient care. Because treatment 
strategies have improved dramatically over the last decade with 
the advent of TNF-alpha inhibitors, prognosis is more infl uenced 

by response to treatment rather than aggressiveness of the under-
lying disease in an untreated patient. 

 A major goal of therapy is early institution of  d isease-
 m odifying  a nti- r heumatic  d rugs, or DMARDs. The most popu-
lar disease-modifying therapy is low dose weekly methotrexate 
(MTX). This drug is used as a mono-therapy or in combination 
with other synthetic molecules (antimalarials, sulfasalazine, lefl u-
nomide) or with biologic response modifi ers. Biologics that neu-
tralize the pro-infl ammatory cytokine TNF-alpha have been a 
major advance in the therapy of RA. Monoclonal antibodies (inf-
liximab and adalimumab) or the p75 TNF-alpha soluble receptor 
fusion protein (etanercept) are effective as a mono-therapy or in 
combination with MTX in reducing the signs and symptoms of 
the disease, as well as improving quality of life and slowing the 
rate of radiographic progression. These therapies are very effective 
when combined with MTX. Newer biologics recently approved 
for use in RA include abatacept (blocks the CTLA4 co-stimula-
tion pathway) and rituximab (a B-cell depleting strategy). Early 
intervention with MTX and combination therapy (including 
anti-TNF-alpha therapy) have had a major impact on this disease.  

2009 UPDATE

The last two years has observed a dramatic increase in the 
number of validated risk alleles for complex traits, in large part 
due to the implementation of genome-wide association stud-
ies and related methodologies (Altshuler  et al., 2008). In RA 
genetics, the greatest recent advance has been the discovery and 
validation of RA risk alleles outside of the MHC (Barton  et 
al., 2008a, b; Chang  et al., 2008; Consortium, 2007; Kurreeman  
et al., 2007; Plenge  et al., 2007a, b; Raychaudhuri  et al., 2008; 
Remmers  et al., 2007; Suzuki  et al., 2008; Thomson  et al., 
2007; Zhernakova  et al., 2007). In addition, large-scale SNP 
genotyping across the MHC provides continued support for 
additional alleles, including alleles that are found on the con-
served A1-B8-DR3 (8.1) haplotype and alleles near the HLA-
DPB1 gene (Lee  et al., 2008).

There are six new validated non-MHC RA risk loci (over-
all p �5�10	8 with independent replication), including 2q32/
STAT4 (Barton et al., 2008a; Kobayashi  et al., 2008; Lee  et al., 
2007; Martinez  et al., 2008; Orozco  et al., 2008; Palomino-
Morales  et al., 2008; Remmers et al., 2007; Zervou  et al., 
2008), 9q33/TRAF1-C5 (Barton et al., 2008a; Chang et al., 
2008; Kurreeman  et al., 2008; Plenge et al., 2007b; Zervou 
et al., 2008), 6q23/TNFAIP3 (Plenge et al., 2007a; Thomson 
et al., 2007), 20q13/CD40 (Raychaudhuri et al., 2008), 10p15/
PRKCQ (Barton et al., 2008b; Raychaudhuri et al., 2008), 
and 12q13/PIP4K2C (Barton et al., 2008b; Raychaudhuri 
et al., 2008). There are at least six “highly suggestive” RA 
risk loci (10	6 � p � 5 � 10	8), which require additional 

replication before they can be considered validated RA risk 
loci: 2q33/CTLA4 (Raychaudhuri et al., 2008), 4q27/IL2-
IL21 (Raychaudhuri et al., 2008; Zhernakova et al., 2007), 
9p13/CCL21 (Raychaudhuri et al., 2008), 1p36/TNFRSF14 
(Barton et al., 2008b; Raychaudhuri et al., 2008), 22q13/
IL2RB (Barton et al., 2008b), and 1q22/CD244 (Suzuki et 
al., 2008). For each of these loci, the causal allele and causal 
gene has not yet been defi nitively identifi ed, indicating the 
need for fi ne-mapping and functional studies. The non-MHC 
risk alleles contribute between 3–5% of the genetic burden of 
RA (Raychaudhuri et al., 2008), compared to approximately 
one-third for the MHC (Cornelis  et al., 1998; Deighton  et 
al., 1989; Jawaheer  et al., 2001; Rigby  et al., 1991). Among 
individuals of European ancestry, the PTPN22 locus (Begovich  
et al., 2004) continues to be the non-MHC region with the 
strongest effect, as estimated by the OR. All other non-MHC 
risk alleles are common in the general population and have 
modest effect on disease risk (OR � 1.10).

The success in mapping RA risk loci has been paralleled 
by the success in other autoimmune and infl ammatory dis-
eases, including type 1 diabetes (Smyth  et al., 2008; Todd  et al., 
2007), celiac disease (Smyth et al., 2008; van Heel  et al., 2007), 
SLE (Graham  et al., 2008; Harley  et al., 2008; Hom  et al., 
2008), infl ammatory bowel disease (Barrett  et al., 2008), and 
multiple sclerosis (Hafl er  et al., 2007). An emerging theme 
is that many of the validated autoimmune risk loci predis-
pose to more than one autoimmune disease (Behrens  et al., 
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2008; Consortium, 2008; Fung  et al., 2008; Plenge, 2008; 
Raychaudhuri et al., 2008; Remmers et al., 2007; Smyth et al., 
2008; Zhernakova et al., 2007). In RA, up to half of the known 
non-MHC risk loci also appear to confer risk to at least one 
additional autoimmune disease. In most examples, it is the same 
allele that is associated with risk in both diseases (e.g., a com-
mon allele at the STAT4 gene locus and risk of both RA and 
SLE [Remmers et al., 2007]). There are gene loci, however, that 
appear to have multiple autoimmune alleles (e.g., the 6q23/
TNFAIP3 locus and risk of both RA and SLE [Graham et al., 
2008; Musone  et al., 2008; Plenge et al., 2007a; Thomson et al., 
2007]). Finally, there are loci, such as PTPN22, in which an 
allele predisposes to one autoimmune disease (e.g., RA [Begovich 

et al., 2004]), but the same allele is protective in another autoim-
mune disease (e.g., Crohn’s disease [Barrett et al., 2008]).

These human genetic discoveries have identifi ed pathways 
that are important in RA pathogenesis. One is the nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NF-�B) 
signaling pathway (Hammaker  et al., 2003; Sen and Baltimore, 
1986). NF-�B, a protein complex that acts as a transcription 
factor, is found in almost all cell types and is involved in a vari-
ety of cellular responses to stimuli. Both TNF and CD40 signal 
through NF-�B to exert their effects on the immune system. 
Several of the RA risk loci contain genes that are involved 
in NF-�B signaling, including CD40, TRAF1, TNFAIP3, 
PRKCQ, and TNFRSF14.
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  INTRODUCTION 
 Multiple sclerosis (MS) is an autoimmune disorder in which 
the central nervous system (CNS) is targeted by the dysregu-
lated activity of the immune system, resulting in focal lesions 
and progressive neurological dysfunction. MS is heterogene-
ous in its clinical symptoms, rate of progression and response 
to therapy, probably refl ecting the existence of several patho-
genic mechanisms that make different contributions to the dis-
ease. MS is a T cell-mediated autoimmune disease thought to 
result from a combination of genetic and environmental factors 
( Weiner, 2004 ). In this chapter we will analyze the contribu-
tion of genomics, transcriptomics, immunomics and proteomics 
in delineating these factors, as well as their utility for monitor-
ing disease progression and response to therapy, identifying new 
targets for therapeutic intervention and detecting individuals at 
risk of developing the disease later on in life.  

  GENOMICS IN MS 
 The fi rst observation suggesting a genetic contribution to MS 
susceptibility was the identifi cation of familial aggregation: fi rst, 
second and third degree relatives of MS patients have an increased 
risk of developing the disease ( Mackay, 1950 ); a sibling of an 
MS patient, for example, has a 20-times greater lifetime risk of 
developing MS than an individual from the general population 
( Sawcer et al., 2005 ). Further studies have showed that famil-
ial aggregation in MS results from sharing predisposing genetic 

elements and not from the exposure to environmental factors 
( Dyment et al., 2004 ). 

 MS is considered a complex genetic disease in which 
many polymorphic genes have small or at most moderate 
effects on the overall MS risk, disease severity, rate of pro-
gression and age of onset among several clinical outcomes. To 
date, the major histocompatibility complex (MHC) locus on 
chromosome 6p21 MHC remains the strongest and most con-
vincingly chromosomal region linked to MS: The DRB1*15 
and the CRB1*17 alleles increase the risk for MS while the 
CRB1*14 has a disease-protective effect ( Games, 2003 ;  Jersild 
et al., 1972 ;  Oksenberg and Barcellos, 2005 ). Several non-
MHC candidate loci have also been linked to MS ( Oksenberg 
and Barcellos, 2005 ), but it has proven diffi cult to validate their 
association in independent studies. The diffi culty in the iden-
tifi cation of non-MHC genes associated to MS might result 
from the genetic heterogeneity existing among MS patients, 
meaning that different combinations of genes might lead to the 
same end phenotype: MS. In this scenario, methods like link-
age analysis might not be sensitive enough for the detection 
of genes bearing only modest effects on MS susceptibility, and 
thus association studies in large cohorts of patients and controls 
might be needed. 

 Briefl y, two approaches are used for the identifi cation of 
genes linked to MS pathogenesis and progression: linkage and 
association mapping. 

  Linkage mapping  is based on the study of the co- inheritance 
of genetic markers and phenotypes in families over several gen-
erations. Linkage mapping is successful in fi nding genes for rare 
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Mendelian monogenic diseases inherited in a dominant fashion. 
However, in diseases like MS where several loci have a small 
contribution to the phenotype under study, linkage studies only 
identify those loci that have the strongest infl uence. In addi-
tion, one of the premises implicit in linkage studies is that all 
the families studied have their susceptibility determined by 
the same genes, an assumption at odds with mounting evi-
dence suggesting that the susceptibility to MS is genetically 
heterogeneous. 

 A recent study used 4506 genetic markers to ana-
lyze 2692 individuals in 730 families of Northern European 
descent looking for the co-inheritance of genetic markers and 
MS ( Sawcer et al., 2005 ). Multipoint non-parametric linkage 
analysis could only fi nd one signifi cant linkage, which unsur-
prisingly pointed to the MHC locus on chromosome 6p21. 
This study therefore confi rms the identifi cation of the MHC 
locus as a genetic determinant of the susceptibility to MS, but 
it also highlights two limitations of linkage mapping. First, 
linkage mapping tends to identify large chromosomal frag-
ments because of the small number of recombination events 
analyzed in familial pedigrees; the MHC locus, for example, 
contains more than 200 genes. Second, the authors also found 
suggestive linkage on chromosomes 17q23 and 5q33 and 
19p13, but the data were inconclusive about these loci even 
when a high density of genetic markers was used. Other map-
ping strategies are needed to identify loci with modest effects 
on MS. 

  Association mapping  looks for genetic markers with higher 
frequencies in MS patients than controls, suggesting an associa-
tion between a disease phenotype and allelic variation ( Hafl er 
and De Jager, 2005 ). 

 Although genetic susceptibility to MS has been linked to 
the MHC locus, the particular gene or genes underlying sus-
ceptibility to MS within this locus are a matter of discussion, 
particularly because of the punctuated pattern of linkage dis-
equilibrium observed for this chromosomal location ( Jeffreys 
et al., 2001 ). As a result, other genes within the MHC locus 
besides HLA-DRB1 might be associated with MS;  tnf  and 
other loci in HLA class III and HLA class I are logical candi-
dates. Lincoln and coworkers genotyped 4203 individuals from 
Finland and Canada with a high-density SNP panel to iden-
tify the gene or genes in the MHC locus responsible for the 
increased susceptibility to MS ( Lincoln et al., 2005 ). Their 
results identifi ed the DRB1 allele in the HLA class II region 
as the single major susceptibility locus in the MHC region, 
although there is still a small chance that a closely adjacent locus 
contains the true susceptibility variant. Thus, association map-
ping confi ned the MS susceptibility to the approximately 100       kb 
of sequence fl anking HLA-DRB1. On the one hand, this work 
illustrates the increased power of association over linkage map-
ping studies. On the other hand, it highlights the dependency 
of association mapping on linkage disequilibrium: the uneven 
distribution of recombination events in this region leads to the 
identifi cation of a locus for MS susceptibility big enough to 
contain several genes. 

  Admixture mapping  is an association mapping strategy based 
on: (a) a difference on the prevalence of a disease between two 
ethnic groups and (b) the existence of a third admixed population 
( Smith and O’Brien, 2005 ). Northern Europeans and Africans 
have different susceptibilities to many autoimmune, circulatory 
and metabolic disorders, among them MS ( Smith and O’Brien, 
2005 ). This differential susceptibility is also refl ected in North 
America where MS is more prevalent in European Americans 
than African Americans. On average, there have been only six gen-
erations since African and European populations came into con-
tact in North America, resulting in little recombination between 
chromosomes of African and European ancestry in the history of 
African American populations. Thus, the chromosomal segments 
of one or the other ancestry are long in the admixed population, 
and few genetic markers can be used to classify the genome of 
an African American into sections with African or European ori-
gins. It is therefore possible to study African Americans to iden-
tify genomic regions where individuals with MS tend to have an 
unusually high proportion of ancestry from either Europeans or 
Africans, indicative of the presence of an MS variant that differs in 
frequency between the two ancestral populations. This mapping 
strategy was initially suggested several years ago ( Chakraborty and 
Weiss, 1988 ), but it could only be fully implemented with the 
recent advent of genetic markers that identify human populations 
of different ancestry ( Sachidanandam et al., 2001 ). 

 Admixture mapping led to the identifi cation of a new locus 
associated with MS risk around the chromosome 1 centromere 
as a result of the analysis of 1166 genetic markers in 1648 sam-
ples (605 MS patients and 1043 controls) ( Reich et al., 2005 ). 
Notably, this linkage could not be replicated using an independ-
ent set of 143 African Caribbeans with MS from Martinique 
and the United Kingdom, suggesting that either the locus in 
chromosome 1 does not have a role in African Caribbean pop-
ulations or that the African Caribbean cohort was not large 
enough. Future studies should attempt to clone the susceptibil-
ity gene on chromosome 1. 

 Genome scans aimed at identifying non-MHC genes linked 
to MS usually fail when initial promising candidates cannot be 
validated on independent populations. New experimental tech-
niques and analytical methods, however, are trying to change this 
trend. A recently published study combined the results of whole 
genome screens for linkage or association in 18 populations 
and superimposed them in a combined genomic map ( Abdeen 
et al., 2006 ). The regions identifi ed by this meta-analysis 
were then verifi ed in a different set of samples ( Abdeen et al., 
2006 ), leading to the identifi cation of several non-MHC can-
didate genes that modify the risk for MS. The list of candidates 
includes genes involved in CNS development and regeneration 
(NTN1, NCAM1, ADAM22 and ADAMTS10) in addition to 
genes directly linked to infl ammation (TGFA, TGFBR, IL18 
and IL10RA) ( Abdeen et al., 2006 ). Although these new gene 
candidates are still awaiting independent validation, the meta-
analysis used for their identifi cation might constitute a new 
method for shortlisting new candidates to be targeted in inde-
pendent replication studies.  
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  TRANSCRIPTOMICS IN MS 
 Large-scale studies of mRNA expression in MS have been 
directed at characterizing the two main components of the dis-
ease: the lesion and the immune response. 

  Characterization of the Lesion 
 The hallmark of MS is the presence of demyelinated plaques 
in the white matter area of the CNS ( Lassmann, 1998 ). These 
lesions are heterogeneous, refl ecting the contribution of diverse 
mechanisms to disease progression ( Lassmann et al., 2001 ). 
The study of the transcriptional activity in the lesions is there-
fore of importance for the characterization of the processes that 
drive MS, and for the identifi cation of new targets of immune 
intervention. 

 Lindberg and coworkers studied the transcriptional activ-
ity of lesions and normal appearing white matter (NAWM) 
in samples taken from 6 secondary progressive MS (SPMS) 
patients and 12 matched controls ( Lindberg et al., 2004 ). Within 
the lesion, only 21% of the upregulated genes were associated 
to the immune response; 77% of those immune-related tran-
scripts corresponded to the cellular response. However, the 
Four most signifi cant immune upregulated genes were linked 
to humoral immunity (immunoglobulins). Notably, tertiary 
lymph nodes that support the maturation of antibody-secreting 
plasma cells within the CNS have been identifi ed in SPMS brains 
( Aloisi and Pujol-Borrell, 2006 ;  Corcione et al., 2005 ). In addi-
tion, those genes that showed a decreased expression mainly 
belonged to one of two categories: genes with well-known 
anti-infl ammatory activities (pointing to a defi cit in immuno-
regulatory mechanisms), and genes involved in neural homeostasis. 
Interestingly, the NAWM showed a signifi cant upregulation in 
immune-related genes, mainly involved in signaling and effector 
functions like blood–brain barrier (BBB) disruption and lym-
phocyte activation. These data provide a molecular insight into the 
pathological mechanisms driving MS and confi rm the presence 
of physiological abnormalities on NAWM. 

 The study of the transcriptional profi le in the MS lesion can 
lead to the identifi cation of new targets for immuno intervention. 
Lock and coworkers studied the expression profi le in the acute 
MS lesions (with signs of infl ammation) and in silent lesions 
(without infl ammation but showing clear signs of demyelination 
and scarring) ( Lock et al., 2002 ). Both types of lesions showed 
an upregulated expression of genes associated with MHC class II 
antigen presentation, immunoglobulin synthesis, complement and 
pro-infl ammatory cytokines. Neuron-associated genes and those 
associated with myelin production were underexpressed. 

 Different expression profi les were found in active and silent 
lesions.  � -integrin was found to be elevated in chronic silent MS 
lesions; notably antibodies to  � 4-integrin reverse and reduce the 
rate of relapse in relapsing-remitting experimental autoimmune 
encephalomyelitis (EAE) ( Yednock et al., 1992 ), and a human-
ized version of this antibody showed promising effects in the 
treatment of human MS ( Polman et al., 2006 ). 

 The expression of IgE and IgG Fc receptors was upreg-
ulated in chronic silent MS lesions ( Lock et al., 2002 ). 
Accordingly, mice harboring impaired IgE and IgG Fc receptors 
develop a milder EAE than their wild type counterparts ( Lock 
et al., 2002 ). These effects were stronger from day 20 onwards 
following the induction of the disease, in accordance with 
microarray data showing that Fc receptor transcripts are  elevated 
in chronic but not acute MS lesions. Granulocyte colony-
 stimulating factor (GCSF) was found to be upregulated in acute 
active lesions; its administration to mice before challenge with 
an encephalopathogenic peptide also leads to an amelioration of 
the disease, suggesting that endogenous GCSF might participate 
of the natural regulation of acute attacks ( Lock et al., 2002 ). 

 In a separate study, the large-scale sequencing of non-
normalized cDNA libraries derived from plaques dissected from 
brains of patients with MS showed an increased frequency of tran-
scripts coding for osteopontin (OPN), a Th1 cytokine involved in 
the immune response to infectious diseases ( Chabas et al., 2001 ). 
OPN transcripts were detected exclusively in the MS mRNA 
population but not in control brain mRNA. The upregulated 
expression of OPN was confi rmed by immuno-histochemistry in 
human MS plaques, which showed OPN expression in microvas-
cular endothelial cells and macrophages, and in the white matter 
areas adjacent to plaques. Similar patterns of expression were seen 
in mice and rats representing a model of relapsing remitting and 
monophasic EAE, respectively. To test the relevance of OPN in MS, 
OPN-defi cient mice were generated.  These mice showed a reduced 
severity in EAE. Moreover, neutralization of OPN with neutral-
izing antibodies also led to an amelioration of EAE ( Blom et al., 
2003 ), validating the use of cDNA microarrays in the search for 
new therapeutic targets for MS.  The upregulation of OPN levels in 
MS plaques ( Tajouri et al., 2005 ) and in the circulation ( Comabella 
et al., 2005 ;   Vogt et al., 2003, 2004 ) of MS patients was replicated 
in independent studies, prompting the search for polymorphisms 
in the  opn  gene associated with MS. Although some controversy 
still remains ( Caillier et al., 2003 ) polymorphisms in the  opn  locus 
have been associated with increased levels of circulating OPN 
and disease course ( Chiocchetti et al., 2005 ). OPN is therefore an 
example of how results obtained in transcriptomics studies might 
lead to the identifi cation of genetic polymorphisms linked to MS.  

  Characterization of the Immune Response 
 The analysis of the transcriptional profi le could also be applied 
to study the immune response in MS, to monitor the progres-
sion of the disease and the response to therapy. Two points, 
however, should be kept in mind when considering the use of 
cDNA arrays for the analysis of the immune response in MS 
patients: First, these studies assume that changes in the periphery 
somehow refl ect the ongoing situation within the CNS. Second, 
these studies are limited by the normal  “ noise ”  that exists in basal 
gene expression, originated from diverse factors such as the rela-
tive proportion of different blood cell subsets, gender, age and 
the time of day at which the sample was taken ( Whitney et al., 
2003 ). This variation is likely to impose severe limitations for the 
use of cDNA microarrays in a clinical setting. 



  Follow up of Disease Activity 
 A recent study by Achiron and co-workers followed the transcrip-
tional activity of peripheral blood mononuclear cells (PBMC) 
prepared from relapsing-remitting MS (RRMS) patients dur-
ing the relapses and remission of MS ( Achiron et al., 2004 ). 
The authors identifi ed a transcriptional signature associated to 
the relapse, that included genes involved in the recruitment of 
immune cells, epitope spreading and escape from immune-regu-
lation. Although encouraging, these results should be validated 
using an independent set of samples and in longitudinal studies to 
asses their predictive value.  

  Response to Therapy 
 Gene expression profi ling can also be used to classify patients 
according to different clinical criteria, such as responder or non-
responders to therapy.  �  	 Interferon ( �  	 IFN) is widely used 
for the treatment of MS ( Kappos and Hartung, 2005 ), however, 
its precise mechanism of action is not known, and neither are 
biomarkers that would allow the identifi cation of patients that will 
benefi t from it. Weinstock-Guttman and colleagues used cDNA 
microarrays to study the effects of IFN �  therapy on the transcrip-
tional activity of monocyte-depleted PBMC ( Weinstock-Guttman 
et al., 2003 ).  This pharmaco-dynamic study found that upon 1       h 
of IFN �  administration, signifi cant changes are detected in the 
expression of genes involved in the antiviral response,  �  	 IFN sig-
naling and markers of lymphocyte activation. These studies pro-
vided a molecular description of the effects of  �  	 IFN on RRMS 
patients and were later on extended to identify transcriptional 
signatures associated with a favorable response to treatment with 
IFN �  ( Sturzebecher et al., 2003 ). Moreover, they demonstrated 
that MS patients showing a positive response to treatment with 
 �  	 IFN, as assessed by longitudinal gadolinium-enhanced MRI 
scans and clinical disease activity, are characterized by specifi c 
patterns of gene expression ( Sturzebecher et al., 2003 ). Based on 
these observations, Oksenberg and coworkers identifi ed groups of 
genes whose expression has a prognostic value for the identifi ca-
tion of MS patients likely to respond to treatment with  �  	 IFN 
( Baranzini et al., 2005 ). The work of Oksenberg and coworkers is 
remarkable for two reasons: First, it demonstrates that gene expres-
sion profi ling can be used in the management of MS to select a 
therapeutic regime suited to the patient’s metabolism. Second, it 
used a methodology (RT-PCR) accessible to clinical laborato-
ries, facilitating the translation of their results into daily medical 
practice. 

 The combination of the data generated in transcriptomics 
and genomics studies can be an invaluable source of informa-
tion and new hypotheses. Aune et al. compared the genes differ-
entially expressed by lymphocytes in rheumatoid arthritis (RA), 
systemic lupus erythematosus (SLE), insulin-dependent dia-
betes mellitus (IDDM) and MS, concluding that they are clus-
tered within chromosomal domains in the genome ( Aune et al., 
2004 ). Strikingly, they found that the chromosomal domains 
containing the genes differentially expressed in autoimmune dis-
orders could be mapped to disease susceptibility loci associated 
to those diseases by genetic linkage studies ( Aune et al., 2004 ). 

These results suggest that the expression of disease-associated 
genes is co-regulated as a result of shared genetic regulatory ele-
ments or local patterns of chromatin condensation. Recently 
Baranzini and coworkers studied the genetic concordance 
between gene expression and genetic linkage in MS ( Fernald 
et al., 2005 ). They fi rst compiled the data on gene expression 
available for MS and EAE, and superimposed it with the all the 
known susceptibility loci identifi ed in MS and EAE. In their 
study, Baranzini and coworkers identifi ed the MS susceptibility 
genes located in the MHC locus as overlapping with clusters of 
differentially expressed genes in MS and murine EAE. However, 
they could also identify an interesting region on chromosome X 
that might contribute to the sexual dimorphism observed in MS. 
The integration of the data generated by different platforms, like 
transcriptomics, genomics and proteomics, is therefore likely to 
deepen our understanding of the mechanisms driving MS.    

  IMMUNOMICS IN MS 
 The autoimmune nature of MS suggests that the study of the 
immune response should be useful for the early diagnosis, prog-
nosis and monitoring of MS patients. With this aim, new tools 
have been developed, allowing a high-throughput analysis of the 
T cell- and antibody-mediated immune response. 

  T Cell Response 
  MHC arrays  have been recently developed based on the immo-
bilization of peptide/MHC tetramers used to activate peptide-
specifi c T cells and follow cytokine secretion or adhesion ( Chen 
et al., 2005 ;  Soen et al., 2003 ). Their use for the study of human 
immunology is limited by the high frequency of polymorphisms 
existing on the MHC locus. Nevertheless, these arrays have 
been recently used to characterize the cellular response in 
tumor-vaccinated humans ( Chen et al., 2005 ). 

  Reverse phase arrays  consist of arrays of spotted lysates pre-
pared from primary cells, which are interrogated with antibod-
ies specifi c for phosphorylated or de-phosphorylated proteins 
involved in signaling transduction pathways of interest ( Chan 
et al., 2004 ). By combining different antibodies and inhibitors 
of specifi c signal transduction pathways, detailed signaling maps 
can be constructed describing the molecular events that lead to 
the activation of a specifi c cell population.  This approach have 
been recently be used to study CD4  �  CD25  �   regulatory T cells 
(Treg) ( Chan et al., 2004 ). Since defects in Treg function have 
been described in MS patients ( Viglietta et al., 2004 ), these 
arrays could be useful in the identifi cation of signaling defects in 
the immune system of MS patients, and how these pathways are 
modifi ed in immuno-modulatory regimes. 

  Multidimensional FACS  is based on the simultaneous com-
putation of the signals produced by more than 16 colors, and 
their analysis using advance mathematical algorithms ( Perfetto 
et al., 2004 ). This technique could be useful to interrogate the 
immune response to specifi c antigens using a combination of 
tetramers, intracellular cytokine staining and surface markers 
( Chattopadhyay et al., 2005 ). 
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  Cell migration arrays  (Kuschel et al., 2006). To reach the CNS 
and cause tissue destruction, autoimmune T-cells have to express 
surface molecules that allow them to cross the BBB and initiate 
infl ammation ( Luster et al., 2005 ). The importance of this proc-
ess for MS progression is shown by the benefi cial effects that 
natalizumab, a humanized antibody to  � 4 integrin that interferes 
with T cell extravasation to the CNS and has showed promising 
preliminary results in the treatment of MS ( Polman et al., 2006 ). 
Thus, the characterization of the adhesion properties exhibited 
by the different cell populations in MS patients might be of help 
to predict and monitor response to treatment and predict and 
prevent the development of relapses.  

  B Cell Response 
 Antibodies are of interest in MS because they might have a path-
ological role in MS ( Genain et al., 1995 ), and more importantly, 
because antibody responses are thought to refl ect the activity of 
the T cell compartment ( Robinson et al., 2002b ). These antibod-
ies can be produced by B cells in the periphery and make their 
way to the infl amed CNS via the disrupted BBB, but they are 
also produced by intrathecal germinal centers that seem to form 
tertiary lymph nodes ( Aloisi and Pujol-Borrell, 2006 ;  Corcione 
et al., 2005 ). It is easier to assay antibody reactivity than to fol-
low antigen-specifi c T-cell responses, thus new efforts have been 
invested in the development of new technologies for monitor-
ing the humoral response in MS patients and autoimmunity 
( Quintana et al., 2004 ;  Robinson et al., 2002a ). 

 Antigen arrays can be used to detect changes in the rep-
ertoire of antibodies refl ecting the antigen spreading that 
accompanies EAE progression ( Robinson et al., 2003 ). The 
information obtained about the degree of antigen spreading 
observed in each mouse was used to design tailored immuno-
modulatory vaccines to control EAE ( Robinson et al., 2003 ). In 
humans, have been used to identify new lipid targets of antibod-
ies present in the CSF of MS patients; some of the new lipid 
targets found were also validated on EAE ( Kanter et al., 2006 ). 
Future experiments should study the antibody response in the 
serum of MS patients, searching for patterns of antibody reactiv-
ity that predict the progression of MS or the response to therapy, 
as has been shown for other autoimmune disorders, such as RA 
( Hueber et al., 2005 ), autoimmune diabetes ( Quintana et al., 
2004 ) and SLE ( Li et al., 2005 ). Antigen arrays have also been 
shown to identify the individual mice that will develop autoim-
mune diabetes later in life by studying an experimental model 
that shows incomplete penetrance. Thus, antigen arrays might be 
useful for the identifi cation of patients at risk of developing MS, 
before the overt onset of the symptoms ( Quintana et al., 2004 ). 
In addition, antigen arrays might be used to interrogate the anti-
body repertoire in the search of new targets of the MS autoim-
mune attack and therefore, new targets for immuno-modulation. 
Indeed, we have preliminary data suggesting that antigen arrays 
might be used to identify antibody patterns linked to the dif-
ferent forms of MS and the pathology at the site of the lesion 
(Quintana and Weiner, unpublished results).   

  PROTEOMICS IN MS 
 Proteomic studies in MS can identify new targets of the autoim-
mune process complementing the information provided by anti-
gen array; they can also identify new processes contributing to 
disease pathology, and biomarkers for the early diagnosis and 
monitoring of MS patients. 

  Identifi cation of New Targets of Autoimmunity 
 Using 2D gels on brain extracts, Almeras and coworkers iden-
tifi ed 14 new targets recognized by antibodies present in CSF 
( Almeras et al., 2004 ). The targets identifi ed by this study 
included heat shock proteins, structural proteins and enzymes 
involved in glucose metabolism ( Almeras et al., 2004 ); although 
these results have been partially validated in the experimental 
model of MS EAE ( Zephir et al., 2006 ), they are still waiting 
validation in an independent patient cohort.  

  Identifi cation of New Pathogenic Processes 
 Proteomic studies have also identifi ed new mechanisms that con-
tribute to MS pathology. The existence of a link between Epstein-
Barr Virus infection (EBV) and MS has been recently strengthened 
by the work of Cepok and co-workers, who used protein expres-
sion arrays to characterize the reactivity of antibodies in the CSF 
of MS patients, most of those antibodies recognized EBV epitopes 
( Cepok et al., 2005 ). These results suggest that EBV reactivation 
might elicit and abnormal immune response in susceptible indi-
viduals that contributes to MS ( Sundstrom et al., 2004 ). 

 Brinkmeier and coworkers analyzed the CSF of MS and 
Guillain-Barre Syndrome (GBS) patients to characterize mol-
ecules that might affect ion-channel function ( Brinkmeier et al., 
2000 ). They identifi ed and endogenous pentapetide (QYNAD) 
that works as a reversible Na  �   channel blocker ( Brinkmeier et al., 
2000 ). This pentapetide is present in the CSF of healthy indi-
viduals, but its levels are upregulated 3–14-fold in MS and GBS 
patients. This blocking peptide might be involved in the fast exac-
erbations and relapses commonly seen in demyelinating autoim-
mune diseases. Moreover, it might become a valuable marker of 
disease activity, and the target of future therapeutic interventions. 
These observations, however, could not be replicated by inde-
pendent researchers ( Cummins et al., 2003 ), highlighting the 
need for independent validation of proteomic fi ndings.  

  Identifi cation of Biomarkers 
 Proteomics can identify biomarkers useful in the monitoring of 
the different processes that contribute to MS pathology. In this 
direction, several studies have suggested that cytokines, chemok-
ines, complement and adhesion molecules can be used as indi-
cators of the infl ammatory process in MS; while the levels of 
actin, tubulin, neurofi laments, tau, GFAP and S-100 proteins 
can be takes as indicators of axonal loss and gliosis (reviewed in 
 Bielekova and Martin, 2004 ;  Miller, 2004 ;  Teunissen et al., 2005 ). 
However, for these to be of widespread clinical use, these markers 
should be easy to collect and provide reproducible results. This 



motivation has boosted efforts aimed at fi nding markers of infl am-
mation and neurodegeneration detectable in blood ( Bielekova 
and Martin, 2004 ), urine ( Bielekova and Martin, 2004 ) and tears 

2009 Update ■■  571

( Devos et al., 2001 ); and simultaneously it has fostered the devel-
opment of new technologies aimed at detecting minute amounts 
of proteins in body fl uids ( Zhang et al., 2006 ).   

2009 UPDATE
Polymorphisms in the α chain of the IL-7 receptor (IL-7Ra) 
have been recently associated with MS (Gregory et al., 2007; 
Hafl er et al., 2007; Lundmark et al., 2007). Although these 
polymorphisms make only a small contribution to the overall 
genetic susceptibility to MS, they are a signifi cant step towards 
the identifi cation of genetic determinants for MS outside the 
MHC locus. The IL-7Ra allele associated with MS favors a 
relative decrease in the membrane-bound IL-7Ra (Gregory 
et al., 2007). IL-7 is produced by stromal cells in lymphoid 
tissues and its availability is controlled through its uptake by 
the membrane-bound IL-7R on T cells (Mazzucchelli and 
Durum, 2007). Thus, considering the positive effects that IL-
7 has on lymphocyte survival and proliferation (Mazzucchelli 
and Durum, 2007), the decrease in membrane IL-7R might 
result in increased levels of IL-7 available to fuel the infl amma-
tory T cell response in MS. 

The α chain IL-2 receptor (IL-2Ra) gene has also been 
recently linked to MS (Hafl er et al., 2007). IL-2Ra allelic vari-
ation has been previously associated to other autoimmune dis-
eases such as type I diabetes, but at a different genomic position 
(Lowe et al., 2007). IL-2 is required for the development of 
regulatory T cells (Treg) (Malek, 2008; Suzuki et al., 1995) and, 
indeed, defi cits in Treg activity characterize relapsing–remit-
ting MS (Viglietta et al., 2004); thus the IL2Ra polymorphisms 
might be related to the immune dysregulation observed in MS. 
Notably, IL2Ra-specifi c antibodies have shown promising ben-
efi cial effects for the treatment of MS on phase 2 clinical tri-
als (Bielekova et al., 2004; Rose et al., 2004). Although the link 
between IL-2Rapolymorphisms and MS is still awaiting further 
validation, the association of IL-7Raand IL-2Ra variants to MS 
supports the use of genome-wide studies to delineate pathways 
contributing to disease pathogenesis.

The transcriptional profi ling of CD4� T cells in MS has 
been recently used to predict the conversion of clinically iso-
lated syndrome (CIS) patients to defi nite MS (Corvol et al., 
2008). Baranzini and coworkers identifi ed a set of genes whose 
expression is linked to the conversion to defi nite MS in less 
than a year. One of those genes is TOB1, a critical regulator 
of cell proliferation as a potential player in MS pathogenesis. 
Decreased TOB1 expression at the RNA and protein lev-
els was found in MS patients and also in EAE. Moreover, a 
genetic association was observed between TOB1 variation and 
MS progression. All in all, these results link alterations in the 
regulation of CD4�T cell quiescence to the progression of MS 
(Corvol et al., 2008).

A large proteomic study of MS lesions by Steinman and 
coworkers has recently identifi ed the dysregulation of the clot-
ting cascade as a new player in MS pathogenesis (Han et al., 
2008). In vivo administration of hirudin or recombinant acti-
vated protein C reduced disease severity in EAE and sup-
pressed TH1 and TH17 cytokines in astrocytes and immune 
cells (Han et al., 2008). Administration of mutant forms of 
recombinant activated protein C showed that both its antico-
agulant and its signaling functions were essential for optimal 
amelioration of EAE (Han et al., 2008). Thus, the coagulation 
cascade might constitute a new therapeutic target for MS.

Using antigen arrays, we characterized patterns of antibody 
reactivity in MS serum against a panel of CNS protein, and lipid 
autoantigens, and heat shock proteins (Quintana et al., 2008b). 
We found unique autoantibody patterns that distinguished 
RRMS, SPMS and primary progressive (PPMS) MS from both 
healthy controls and other neurologic or autoimmune driven 
diseases, including Alzheimer’s disease, adrenoleukodystropy and 
lupus erythematosus. RRMS was characterized by autoantibod-
ies to heat shock proteins that were not observed in PPMS or 
SPMS. In addition, RRMS, SPMS and PPMS were character-
ized by unique patterns of reactivity to CNS antigens (Quintana 
et al., 2008b). Furthermore, we examined sera from patients with 
different immunopathologic patterns of MS as determined by 
brain biopsy, and we identifi ed unique antibody patterns to lip-
ids and CNS-derived peptides that were linked to each type of 
pathology (Quintana et al., 2008b). A further characterization of 
the role of these lipids in EAE identifi ed them as direct effec-
tors in MS pathogenesis by the activation of the innate immune 
system in the CNS (Quintana et al., 2008b). The demonstration 
of unique serum immune signatures linked to different stages and 
pathologic processes in MS provides an avenue to monitor MS 
and to characterize immunopathogenic mechanisms and thera-
peutic targets in the disease.

Screenings aimed at identifying genes or drugs control-
ling the immune response cannot be easily undertaken in mice 
because they are based on crossing, maintaining and screen-
ing large numbers of animals, an expensive time-, space- and 
labor-intensive task; new experimental models are needed. The 
zebrafi sh (Daniorerio) harbors an adaptive immune system that 
resembles the mammalian immune system (Langenau and Zon, 
2005) and offers several experimental advantages for the study 
of pathways controlling vertebrate processes of interest. As part 
of our work on the zebrafi sh to identify pathways controlling 
immunity, we have identifi ed the ligand-activated  transcription 
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CHAPTER

          Genomic Assessment of Infl ammatory 
Bowel Disease 

   Ad A.   van Bodegraven and Cisca Wijmenga      

  INTRODUCTION 
 Infl ammatory bowel diseases (IBD) are a group of chronic 
infl ammatory disorders of the gastrointestinal tract of unknown 
origin; they comprise three main entities: ulcerative colitis (UC), 
Crohn’s disease (CD), and indeterminate colitis. Indeterminate 
colitis represents a patient group that cannot be classifi ed as 
either UC or CD, but which constitutes about 10% of IBD 
patients. Follow-up studies have shown that the majority of 
these patients eventually develop the features of UC. In addition, 
collagenous colitis and microscopic colitis have been described, 
although they will not be discussed in this chapter. Celiac dis-
ease is also a chronic infl ammatory disorder of the gastrointesti-
nal tract, but this disease is not usually included in IBD. 

 The incidence of CD has increased 8- to 10-fold over 
the past 50 years ( Bach, 2002 ), whereas the incidence of UC 
has remained stable. CD is mainly seen in urbanized, devel-
oped countries and the change in incidence is associated with 
improved hygiene or social standards in Western societies. In 
contrast, UC is a more global disease ( Karlinger et al., 2000 ). The 
median age of patients with IBD at diagnosis has increased over 
time, partly due to a higher proportion of elderly patients ( � 65 
years of age), especially in UC. However, the incidence of CD is 
also increasing in patients younger than 17 years of age. The life-
time risk for Caucasians to develop UC is twice that of devel-
oping CD (0.15%) ( Schreiber et al., 2005 ). Hence, the incidence 
of IBD varies with geographic location, industrialization and the 
availability of diagnostic means. It ranges from 0.5 to 24.5 per 

100,000 people per year for UC, and from 0.1 to 10 per 100,000 
per year for CD ( Gallop et al., 1988 ;  Moum et al., 1996 ;  Russel 
et al., 1998 ). There is an evident north–south gradient, with the 
highest incidence of IBD occurring in northern countries, such 
as Scandinavia and Scotland, followed by Northwest Europe 
(the Netherlands, United Kingdom) and the United States, and 
with the lowest reported incidences in southern, Mediterranean 
Europe (Greece, Crete, Italy). Recent data from developing 
countries show similar trends ( Jiang et al., 2006 ). Apart from the 
differences in incidence rates of IBD around the world, national, 
and regional differences have also been observed ( Ekbom et al., 
1991 ;  Latour et al., 1998 ;  Timmer and Goebell, 1999 ;  Timmer 
et al., 1999 ). Reported prevalence rates of UC and CD also vary 
widely in different studies, ranging from 21 to 234 per 100,000 
for UC and from 12 to 146 per 100,000 for CD. Colorectal CD 
seems to be increasing, and in UC, proctitis and left-sided UC 
seem to be becoming more prevalent. 

 Both diseases show variation in the individual clinical pres-
entation and outcome that is most likely due to differences in 
genetic susceptibility, exposure to environmental factors, the 
commensal bacteria in the intestine, and the intestinal immune 
system. Even though CD and UC share some features, they also 
show major differences and it is still not clear whether both dis-
orders are related at the molecular level, which would justify 
lumping them together as IBD. However, more and more evi-
dence is emerging that a dysregulated mucosal immune response 
underlies the chronic intestinal infl ammation, potentially initi-
ated by a dysfunctional (immunological) intestinal barrier.  

 45 
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  PREDISPOSITION (GENETIC AND 
NON-GENETIC) 

 Current theories suggest that multiple factors, each of relatively 
weak effect, may act together to infl uence disease risk in IBD. 
Apart from genetic factors, there is evidence that supports an 
association between IBD and a large number of seemingly unre-
lated environmental factors, including smoking, oral contracep-
tion, diet, breastfeeding, drugs, geographical and social status, 
stress, microbial agents, intestinal permeability, and appendec-
tomy ( Corrao et al., 1998 ;  Danese et al., 2004 ;  Garcia Rodriguez 
et al., 2005 ;  Loftus, 2004 ). However, only smoking has been 
confi rmed as a clear environmental risk factor for IBD, protect-
ing against UC but increasing the risk for CD (Cosnes, 2004). 

 In addition, IBD has a strong genetic component, although 
this seems to be more pronounced in CD than in UC. The 
derived heritability in CD is higher than for many other com-
mon complex diseases. Evidence for a strong inherited predispo-
sition to IBD susceptibility comes from twin studies and studies 
of familial aggregation ( Peeters et al., 1996 ;  Satsangi et al., 1994 ; 
 Tysk et al., 1988 ). There is, however, no discernable Mendelian 
inheritance pattern; thus we must assume a complex pattern of 
inheritance in which both susceptibility genes and environmen-
tal factors may contribute to IBD pathogenesis. 

 Twin studies provide a powerful means of assessing the 
contribution of both genetic and environmental factors to dis-
ease susceptibility ( Martin et al., 1997 ). There are different 
measures of concordance used in such studies, but those based 
on National Twin Registries allow the individual twins to 
be selected independently of disease, so that they can then be 
assessed separately. In a recent study based on 38,507 identifi ed 
twins born in Denmark from 1953 to 1982, the proband-wise 
concordance rates for UC and CD among monozygotic and 
dizygotic twins were estimated and found to be 58.3% for CD 
and 18.2% for UC among the monozygotic pairs, and 0% and 
4.5%, respectively among the dizygotic pairs ( Halfvarson et al., 
2003 ;  Orholm et al., 2000 ). 

 The sibling relative risk provides a further measure of the her-
itability of IBD and is defi ned as the risk to an affected patient’s 
sibling divided by the population risk (prevalence). Estimates 
from German ( Kuster et al., 1989 ) and northern France/Belgium 
( Laharie et al., 2001 ) populations suggest sibling relative risks for 
CD of 15–35. For a sibling of an UC patient, this risk is substantially 
lower: a Danish ( Orholm et al., 1991 ) and Italian ( Meucci et al., 
1992 ) study showed relative sibling risks of 6–9 for UC. Another 
argument for a genetic contribution to IBD pathogenesis stems 
from differences in prevalence among different ethnic groups, with 
the highest rates found amongst Caucasians and people with an 
Ashkenazi Jewish background ( Roth et al., 1989 ;  Yang et al., 1993 ). 

 Over the past 10 years substantial progress has been made in 
identifying susceptibility genes for IBD, using both genome-wide 
linkage scans in affected sibling pairs and genetic association 
studies. To date, 14 genome-wide linkage scans have been con-
ducted that have resulted in the identifi cation of at least 9 loci 

( IBD1-IBD9 ). A recent meta-analysis on data from 10 genome-
wide scans also revealed the  IBD1 ,  IBD3 ,  IBD5 , and  IBD6  loci, 
as well as many novel loci ( Van Heel et al., 2004 ). Unfortunately 
not all IBD susceptibility loci have been replicated consist-
ently. Silverberg and colleagues showed that IBD is frequently 
misdiagnosed, thereby reducing the ability to detect linkage 
( Silverberg et al., 2001 ). A recent study using a phenotyped 
cohort of 904 affected relative pairs uncovered novel loci and 
also demonstrated that the  IBD2  locus is an extensive UC locus 
( Achkar et al., 2006 ). The next step, to go from a linkage region 
to a disease susceptibility gene, has also proved to be diffi cult. 
The usual course is to switch from a family-based linkage design 
to a population-based genetic association design ( Wild and 
Rioux, 2004 ). The latter requires large numbers of case/control 
pairs and polymorphic markers able to capture all the genetic 
variation. The identifi cation of the vast majority of common 
( � 1%) single nucleotide polymorphisms (SNP) and the corre-
lation between them ( “ HapMap ” ) ( Altshuler et al., 2005 ) will 
revolutionize such studies in future. From the established IBD 
linkage regions, only the disease susceptibility genes from  IBD1  
( CARD15/NOD2 ) and  IBD5  ( SLC22A4/SLC22A5 ) have 
been uncovered ( Table 45.1   )   . Both these genes confer risk of 
CD. The current status of genetic research in IBD has been dis-
cussed in excellent reviews by  Bonen and Cho (2003) ,  Wild and 
Rioux (2004) ,  Newman and Siminovitch (2005) , and  Vermeire 
and Rutgeerts (2005) . 

 The  CARD15/NOD2  gene was identifi ed through both 
a classical positional cloning strategy ( Hugot et al., 2001 ) and a 
positional and functional candidate gene approach ( Hampe et al., 
2001 ;  Ogura et al., 2001 ). Mutations in  CARD15/NOD2  are 
found in approximately 30% of CD patients. Although multiple 
variants in the gene can increase susceptibility only to CD, the 
most commonly identifi ed mutations are the R702W, G908R, 
and L1007fsinsC. The increased risk conferred by mutations 
in the  CARD15/NOD2  gene depends on the number of 
mutant alleles: heterozygosity increases the risk 2- to 3-fold, 
whereas homozygosity is associated with a 20- to 40-fold higher 
risk of developing CD. However, the frequencies of mutant 
 CARD15/NOD2  alleles vary considerably across European 
populations ( Arnott et al., 2004 ) and show low frequencies in 
northern European countries ( Arnott et al., 2004 ;  Helio et al., 
2003 ;  Medici et al., 2006 ;  Thjodleifsson et al., 2003 ).  CARD15/
NOD2  mutations are associated with a more severe form of the 
disease, an early age at onset, and ileal lesions ( Abreu et al., 2002 ; 
 Hampe et al., 2002 ;  Lesage et al., 2002 ).  CARD15 , the caspase 
recruitment domain (CARD) family member 15 protein, is a 
member of the Nod1/Apaf-1 family and encodes a protein with 
two CARDs and six leucine-rich repeats (LRRs). The protein is 
primarily expressed in the peripheral blood leukocytes, but also 
in the intestinal epithelial layer, in particular in Paneth cells and 
associated with mucosal alpha-defensin expression ( Ogura et al., 
2003 ;  Wehkamp et al., 2004 ). It plays also a role in the immune 
response to intracellular bacterial lipopolysaccharides (LPS) by 
recognizing the muramyl dipeptide (MDP) derived from them 
and activating the NF-kB protein. Although its role in CD is 



 T A B L E  4 5 . 1         Genes known or suspected of being involved in IBD pathogenesis  

 Replicated IBD 
genes/loci 

 Chromosomal 
location 

 Disease  Relative risk 
heterozygote/
homozygote 

 Alleged mechanism of 
action 

 Genotype/ phenotype 
correlation 

  CARD15/NOD2  
(IBD1) 

 16q13  CD  2–4 versus 20–40  Innate immunity, balance of 
immunological response 

 Ileal involvement and 
earlier clinical presentation 

 DLG5  10q23  CD   � 1.5  Maintenance of epithelial 
barrier integrity 

 Ileal (combined with 
peri-anal) 

  SLC22A4/OCTN1, 
SLC22A5/OCTN2  
(IBD5) 

 5q31–q33  CD  2.5 versus 4  Epithelial barrier  Multi-site, more severe 
phenotype 

  MYO9B    19p13  UC  1.2  Epithelial barrier   

  IL23R   1p31  IBD  0.26  Innate immunity  Both small intestinal (ileal 
CD) and large intestinal 
(UC) infl ammation 

  ATG16L1   2q37.1  CD  1.45  Mediating innate immune 
response to bacteria, 
interaction with NOD2 

  

 Suggested IBD 
genes/loci 

          

  IBD2   12q14  UC    ?  Extensive UC 

  IBD3   6p21      MHC associated 
immunological responses 

 Both small intestine and 
colonic disease locations 

  IBD4   14q11–12  CD      Interaction with smoking 

  MDR1/ABCB1   7q22  IBD?    Membrane transporter 
(xenobiotic handling) 

 Refractory (and extensive) 
disease 

  PXR     IBD    Response to xenobiotics   

  NOD1/CARD4   7p14  IBD    Innate immunity  Early age at onset ( � 25 y) 

  TLR-9   3p21      Mediating innate response, 
interaction with NOD2 

  

  TLR-4     IBD    Mediating innate immune 
response to gram-negative 
bacteria. Interaction with 
NOD2 

  

  TLR-5         Mediating innate immune 
response to fl agellin 

  

  NF-kB1   4q  IBD    Pivotal mediator of 
generation pro-
infl ammatory cytokines 

  

  ICAM-1 (IBD6?)   19p13  IBD    Function of pivotal adhesion 
molecule 

 In CD: fi stulizing disease. 
In UC: limited disease extent 

  PPARg  (IBD9?)    IBD    Innate response to intestinal 
bacteria 

  

  COX2     IBD    Infl ammatory response   

  TNFSF15         Pivotal pro-infl ammatory 
cytokine 
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not entirely elucidated, many leads point at involvement with 
the innate immune response. 

 Fine-mapping of the  IBD5  locus initially led to the iden-
tifi cation of a unique haplotype of 250       kb ( Rioux et al., 2001 ). 
Since the SNPs within the haplotype were in strong linkage dis-
equilibrium, they all conferred risk to CD. The association to the 
250       kb haplotype has been replicated extensively, thereby con-
fi rming the importance of the  IBD5  locus. Subsequently, exten-
sive sequence analysis revealed two variants within the organic 
cation transport genes  SLC22A4/OCTN1  and  SLC22A5/
OCTN2,  which have been proposed to alter the gene function 
and expression and to form a haplotype associated with CD risk 
( Peltekova et al., 2004 ). Because of the strong linkage disequilib-
rium across the entire 250       kb haplotype, it remains to be proven 
if the two identifi ed variants act independently of the surround-
ing SNPs (reviewed in  Reinhard and Rioux, 2006 ).  SLC22A4/
OCTN1  and  SLC22A5/OCTN2  are involved in the active cel-
lular uptake of carnitine across the intestinal epithelial layer. The 
role of the  SLC22A4/OCTN1  and  SLC22A5/OCTN2  genes 
in CD pathology is not clear, but they are thought to act through 
an inappropriate infl ammatory host response to commensal fl ora. 

 The fi ne-mapping of an IBD locus on 10q23 ( Hampe 
et al., 1999 ) resulted in the identifi cation of the  DLG5  gene, 
a member of the family of discs large (DLG) homologs ( Stoll 
et al., 2004 ) and the membrane-associated guanylate kinase 
(MAGUK) superfamily. DLG5 localizes to the plasma mem-
brane and cytoplasm and interacts with components of adherens 
junctions and the cytoskeleton. A function in the transmission 
of extracellular signals to the cytoskeleton and in maintaining 
epithelial cell structure has been proposed. The association with 
 DLG5  varies signifi cantly across populations ( Buning et al., 2006 ; 
 Daly et al., 2005 ;  Ferraris et al., 2006 ;  Gazouli et al., 2005 ;  Medici
et al., 2006 ;  Newman et al., 2006 ;  Noble et al., 2000a ;  Tenesa et al.,
2006 ;  Torok et al., 2005 ;  Tremelling et al., 2006 ;  Vermeire et al., 
2005 ;  Yamazaki et al., 2004 ). 

 More recently, the celiac disease-associated gene  MYO9B  
( Monsuur et al., 2005 ), which localizes to the  IBD6  locus, was 
shown to be associated with IBD in four different populations 
( Van Bodegraven et al., 2006 ).  Table 45.1  gives an overview 
of the different genes known or suspected of being involved 
in IBD pathogenesis. The picture that is emerging suggests 
that genes involved in IBD are either important in the innate 
immune response to commensal bacteria or involved in the 
maintenance of the epithelial barrier. 

 More recently it has become possible to perform genome-
wide genetic association studies. Using 300,000 SNPs a highly 
signifi cant association was found between CD and SNPs in the 
gene encoding a subunit of the proinfl ammatory cytokine IL23 
( IL-23R)  ( Duerr et al., 2006 ). An uncommon coding variant 
within the  IL-23R  gene strongly protects against CD. The proin-
fl ammatory cytokine IL23 is considered to be a driver of innate 
immune pathology in the intestine. A second genome-wide study 
using nearly 20,000 nonsynonymous SNPs, found a strong asso-
ciation between CD and the autophagy-related 16-like 1 gene 
( ATG16L1 ) encoding a protein in the autophagosome pathway 

that processes intracellular bacteria ( Hampe et al., 2007 ). The 
association of both IL23R and  ATG16L1  to CD fi ts in the 
emerging picture that genes involved in IBD are important in 
the innate immune response to commensal bacteria.  

  SCREENING 
 Screening for IBD can either be performed in high-risk fami-
lies, or in the population at large. Apart from the general remarks 
on screening in a specifi c cohort, in particular for a disease with 
no known cure, risk factors have to be available. In affected 
families we can use the genetic risk factors to identify people at 
risk of developing IBD. A number of potential genetic risk fac-
tors have already been described that predispose to IBD, with 
 CARD15/NOD2  being the most commonly-associated gene. 
Unfortunately, the three common  CARD15/NOD2  risk variants 
have low sensitivity (38.5%) and rather low specifi city (88.6%) for 
preventive screening of CD ( Chamaillard et al., 2006 ). As there 
are no strategies for infl uencing the risk profi le to attract disease, 
screening for this or any other risk gene does not yet contribute 
to diagnostic or treatment strategies for a (potential) patient. 

 In addition, several biomarkers have been described that are 
present in both IBD patients and in unaffected family members; 
these include increased intestinal permeability, anti- Saccharomyces 
cerevisiae  antibodies (ASCA), and perinuclear antineutrophil cyto-
plasmatic antibodies (pANCA). In addition to these three mark-
ers, antibodies against microbial substances such as anaerobic 
coccoid rods,  Pseudomonas fl uorescens  (I2), fl agellins, and the outer 
membrane porin C of  Escherichia coli  (OmpC) have also been 
described in affected IBD patients ( Bouma et al., 1999 ;  Oudkerk 
Pool et al., 1993 ;  Shanahan et al., 1992 ;  Vermeire et al., 2001 ). It 
is interesting that these markers all point to the underlying etio-
pathogenetic hypothesis of IBD, namely a dysfunctional intestinal 
barrier function, leading to a dysfunctional handling of macro-
molecules and (intestinal) bacterial antigens, fi nally leading to an 
exaggerated immunological intestinal mucosal response, whether 
at the level of antigen-presenting cells or of cells involved in 
acquired immunological reactions ( Fasano et al., 2005 ;  Schreiber 
et al., 2005 ). Whereas serum pANCAs are mainly associated 
with UC ( Oudkerk Pool et al., 1993 ), ASCA have particularly 
been associated with CD.  S. cerevisiae , present in baker’s yeast, is 
found in a wide variety of foods, and thus are an antigenic chal-
lenge to most people. Although it has been hypothesized that 
individuals characterized by an increased leakage of  S. cerevisiae  
antigens generate ASCA, this hypothesis does not hold true for 
other commonly present, similar antigens, such as  Candida albi-
cans , which are not regularly found in CD patients. 

 Although these markers can be used in combination for 
some degree of differentiation between UC and CD (see also 
the Diagnosis section below ) , the presence of these types of 
markers has not been associated with a particular course of the 
disease, nor do they have enough sensitivity and specifi city to 
help delineate non-affected people at risk of developing IBD 
( Yang et al., 1995 ).  



  DIAGNOSIS 
 UC and CD are clinically distinct disorders that are also dif-
ferentially diagnosed. Recent research is aimed at genotype–
phenotype associations in order to improve clinical assessment and 
treatment of patients. To interpret these genotype–phenotype data, 
phenotypical assessment has to be of outstanding and reproduc-
ible quality. Efforts to clearly defi ne different subtypes of IBD have 
been undertaken by a group of IBD-experts at the World Congress 
of Gastroenterology 2005, Montreal, leading to the Montreal clas-
sifi cation ( Silverberg et al., 2005 ). 

  Ulcerative Colitis 
 UC is clinically characterized by urgency, bloody stools, a 
high-defecation frequency and abdominal discomfort, and it 
is commonly associated with fever and weight loss. In general, 
the severity of symptoms parallels the intensity and extent of 
infl ammation. The infl ammatory reaction primarily involves the 
mucosa of the large bowel, characteristically appearing as a con-
tinuous infl ammation from the anal verge to the more proximal 
colon with a sharp demarcation to apparently normal mucosa. 
Microscopic examination reveals erosions, ulcerations, cryptitis, 
crypt abscesses, and infi ltration of polymorphonuclear granulo-
cytes, plasma cells, lymphocytes, and eosinophils in the lamina 
propria, accompanied by mucin depletion. 

 UC can be diagnosed by a combination of character-
istic clinical, endoscopic, and pathohistological fi ndings. 
Corroborating fi ndings may be observed in blood chemistry 
(infl ammatory response, iron-defi ciency or chronic-disease asso-
ciated anemia), in feces analysis (markers of infl ammation, such 
as calprotectin), in the absence of microbial pathogens, and in 
serological fi ndings, in particular the presence of pANCA. 
Endoscopic fi ndings are invaluable for the subclassifi cation of the 
disease, because this depends on disease extent. The role of radi-
ological examination is limited in UC patients ( Hanauer, 2004 ). 

 Classifi cation of UC depends on disease extent, with sub-
classes of distal disease confi ned to the rectum (proctitis) or rec-
tum and sigmoid colon (proctosigmoiditis), left-sided disease 
(from anal verge to splenic fl exure), and universal or pancolitis, 
referring to disease proximal to the splenic fl exure and usually 
involving the complete colon (pancolitis), in the new Montreal 
classifi cation referred as E1-3. Severity of disease is classically 
assessed by the Truelove and Witts score, but several other com-
bined scores are available.  

  Crohn’s Disease 
 CD is an infl ammatory disease of the whole intestinal tract, thus 
leading to a broad spectrum of clinical presentations. Its most 
classical course is a localized infl ammation of the terminal ileum, 
causing periods of relapsing abdominal pain with gradual weight 
loss, followed after months to years by postprandrial pain with 
colitis due to intestinal obstruction. Involvement is limited to the 
colon, which was only acknowledged in the middle of the 20th 
century, although it presents with the same symptoms as UC, 

except that rectal bleeding is less pronounced. Increasingly, colo-
rectal disease has been reported over time in several epidemio-
logical studies. Furthermore, oral (granulomatous) ulceration or 
cheilitis, esophageal infl ammation with diffi culty of food passage 
and retrosternal pain, epigastrial pain and nausea due to gastri-
tis or duodenal infl ammation may all occur. Infl ammation due 
to CD may extend over the whole bowel wall, but is frequently 
discontinuous, with alternating normal and affected areas. The 
transmural infl ammation may lead to fi stula formation between 
bowel segments, or between bowel and skin, bladder, or vagina. 
Peri-anal fi stulas are relatively common. The macroscopic appear-
ance encompasses areas of infl ammation with erythema, exudate 
and aphtoid ulceration that may confl uence and form large, deep 
tramline ulcers, or – when ulcers fuse transversely – cobblestones. 
Subsequent healing may lead to strictures. Characteristically, 
these areas of infl ammation are patchy, whereas continuous 
infl ammation, especially of the colon, may occur. The hallmark 
early microscopic lesion is an aphtoid ulcer; histopathologic ulcer 
features in a surrounding with unaffected, adjacent crypts. Focal 
mucosal disease is a pivotal histopathologic fi nding: focal crypti-
tis, focal chronic infl ammation, isolated (acute) terminal ileitis all 
fi t in with CD. Granulomas, localized well-formed aggregates of 
epitheloid histiocytes preferably in the presence of giant cells or 
a surrounding cuff of lymphocytes, are regularly found. 

 CD can be diagnosed by the combination of characteristic 
clinical, endoscopic, and pathohistological fi ndings. Again, addi-
tional fi ndings may be found in blood chemistry (infl ammatory 
response, iron defi ciency or chronic disease-associated anemia), 
in feces (calprotectin), in the absence of microbial pathogens, and 
in serological fi ndings, in particular the presence of ASCA. The 
role of radiological examination is complimentary to endoscopic 
fi ndings in CD patients. Small bowel diagnostics still rely on clas-
sical radiological methods such as small bowel follow-through and 
enteroclysis. Recently, newer techniques have begun replacing the 
old ones. These new techniques include CT scans and MRI scans, 
preferentially enhanced by intra-intestinal and vascular contrast. In 
addition, a video capsule has been developed, introducing visual 
assessment of the small bowel and leading to a more accurate 
small bowel assessment, while double-balloon endoscopy has 
provided endoscopic access to the complete small bowel since 
2001, allowing sampling for biopsy specimens as well as visual 
assessment. 

 CD is usually classifi ed by a combination of age, disease 
localization, and disease behavior, detailed in the Vienna classifi -
cation ( Gasche et al., 2000 ). In 2005 the Vienna classifi cation was 
updated to become the Montreal classifi cation ( Silverberg et al., 
2005 ). Severity of CD is most commonly assessed by the CD 
activity index (CDAI), a score that calculates disease activity for 
eight components, some of which are monitored over 7 days: stool 
frequency, general well-being, abdominal discomfort, erythrocyte 
sedimentation rate (ESR), weight, extra intestinal symptoms, use 
of antidiarrheal drugs, and fever. The validity of such a subjective, 
7 days ’  score has been discussed extensively. An instant bedside or 
bureau-side method is the Harvey-Bradshaw (HB) score that is 
highly related with CDAI, comprising frequency of liquid stools, 
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general well-being, abdominal pain, complications (extra-intestinal 
symptoms), and presence of an abdominal mass. This handy score is 
less widely used than CDAI in clinical (scientifi c) practice, partly 
due to EMEA and FDA regulations on drug registration. In order 
to avoid any subjective measure in a severity assessment score, a 
Disease activity score (DAI)    of laboratory values and calculable 
physical signs was drawn up. The main problem with this score 
is its cumbersome calculation. CDAI and DAI are only related to 
a small extent. It is of interest that in recent clinical trials with 
biologicals patients were stratifi ed for elevated CDAI score as 
well as an increased C-reactive protein (CRP) concentration as 
an indicator the acute phase response. Apparently, CDAI calcula-
tion underscores infl ammatory variables. A solely subjective score 
refl ecting the quality of life of IBD patients has been validated 
with the same purpose; assessment of disease activity and response 
to therapy. The most regularly used score is the Infl ammatory 
Bowel Disease Questionnaire (IBDQ) a 32-item questionnaire 
that evaluates quality of life using four dimensions: bowel com-
plaints, general malaise, social impact, and emotional burden. 

 Serological markers may be helpful in identifying patients 
with IBD. pANCA is expressed in the majority of UC patients, 
varying from 30–85%, whereas only 4–30% of CD patients show 
this profi le, and then, particularly, in patients with CD confi ned 
to the colon, making differentiation between UC and CD more 
diffi cult. Patients suffering from concurrent primary sclerosing 
cholangitis (PSC) have a higher prevalence of pANCA. Positive 
reactions against ASCA, identifying antibodies against yeast cell 
wall phosphopeptidomains, are more commonly found in CD 
patients (50–70%) than in UC patients (6–14%), and healthy 
controls (0–5%). IgA type antibodies appear to have a higher spe-
cifi city for CD, but ASCA is also present in celiac disease (up to 
30%), ankylosing spondylitis, autoimmune hepatitis, and others. 

 The presence in various IBD populations – and their fam-
ily members – of other detected microbial antibodies, such as 
against the outer membrane porin C of  E. coli  (OmpC), anti-
bodies against  P. fl uorescens  (I2) and several more has not been 
studied suffi ciently to be of use in diagnosing disease. The origin 
and signifi cance of these antibodies are yet unknown. 

 The genetic background of IBD patients varies greatly, 
making the presence of the susceptibility genes already described 
insuffi cient to diagnose IBD, even in cohorts of people at risk, 
such as family members. Two well-described examples of these 
risk genes that are (as yet) unsuitable for establishing a diagnosis 
are  HLA-DRB1*0103  for UC in Caucasians,  HLA-DRB1*1502  
in Japanese and  CARD15/NOD2  in CD. Genetic markers are 
therefore not currently used in the diagnostic process of IBD. 

 Despite the differences in clinical characteristics between 
CD and UC, some 10% of patients are diagnosed as unclassi-
fi ed or indeterminate colitis (depending on whether surgery, i.e., 
proctocolectomy, has been performed) as they cannot be classifi ed 
as either CD or UC. Up till now, no serological, genetic or other 
characteristics can distinguish with enough accuracy between the 
three IBD-diagnoses, UC, CD, and unclassifi ed colitis. A recent 
study showed that gene expression on peripheral blood mono-
cytes can provide biomarkers to distinguish CD and UC patients 

    

( Burczynski et al., 2006 ). Although these results need to be vali-
dated and replicated in independent and prospective cohorts, this 
type of diagnostic tools holds great promise for the future.   

  PROGNOSIS 
 The course of UC is usually relapsing, a disease pattern occur-
ring in about 90% ( Langholz et al., 1994 ). About 10% will have 
only one period of active disease in a 25-year time span and the 
probability of chronic active UC is also low ( � 20%) ( Langholz 
et al., 1994 ;  Witte et al., 2000 ). Risk factors precipitating relapses 
are use of aspirin or NSAID, enteric infection, and seasonal vari-
ation, possibly related to stimulation of the (eosinophils-mediated) 
immune system. Smoking and appendectomy appear to be protec-
tive ( Andres and Friedman, 1999 ). About 25–40% of UC patients 
will require surgery in the short- or long-term ( Turner et al., 
2007 ). Chronic active, medical-therapy refractory UC is consid-
ered to be a proper indication for surgery, usually proctocolec-
tomy in combination with an ileo-anal pouch reconstruction. 
Prior to surgery, high-dose intravenous corticosteroid therapy 
up to 60       mg prednisolone-equivalents daily is usual and well-
documented to be effective in about two-third of patients ( Turner 
et al., 2007 ). Predictors of surgical intervention are disease extent, 
clinical signs of severe systemic disease involvement (such as stool 
frequency, temperature, heart rate), and infl ammatory variables like 
serum CRP and albumin concentration, whereas fecal calprotectin 
concentration holds promise for the future ( Turner et al., 2007 ). 
In addition, fulminant active disease, concurrent development of 
colonic adenocarcinoma, and complications due to active disease 
such as intractable colonic bleeding or stenosis are other indica-
tions for surgery. Although observed in large cohorts, the increased 
risk of developing colonic adenocarcinoma is relatively limited. 
Risk factors for colonic adenocarcinoma comprise the presence of 
primary sclerosing cholangitis (PSC), and non-responsive disease 
of the universal colon. This increased risk comes on top of general 
markers of an increased risk for the development of colonic carci-
noma, such as a positive family history. The debate of an increased 
risk of lymphoma in IBD patients is still ongoing, with confound-
ing factors of chronic disease, use of immunosuppressive and other 
methodological diffi culties. 

 Markers for the course of UC comprise both serologi-
cal and genetic markers. Although the presence of pANCA has 
neither been associated with disease localization, disease sever-
ity, nor response to therapy, it is more commonly found in 
patients with concurrent PSC. The latter has been associated 
with development of colonic (and cholangio-) adenocarcinoma. 
Genetic markers of disease severity include  HLA DRB1*0103 , 
 IKBL  �  738 , and  hMLH1  655A      �      G. The  HLA DRB1*0103 -
allele has been associated with a severe course of UC, includ-
ing non-response to corticosteroids and necessity of surgery 
( Satsangi et al., 1996 ;  Roussomoustakaki et al., 1997 ), and similar 
fi ndings were reported in a Spanish UC cohort for the presence 
of  IKBL  �  738  ( de la Concha et al., 2000 ). The  hMLH1  gene 



might be involved in genetic susceptibility to refractory UC 
as the GG genotype at position 655 of the  hMLH1  gene was 
almost 5 times more frequent in refractory UC patients com-
pared with nonrefractory patients ( Bagnoli et al., 2004 ). These 
and other combinations of genes have been associated with 
clinical course; however most studies could not be reproduced 
or concerned rather small patient cohorts, limiting the clinical 
signifi cance in daily practice. 

 The course and prognosis of CD has been described exten-
sively by Munkholm et al., based on large population-based 
cohorts from Denmark ( Munkholm et al., 1994, 1997 ;  Langholz 
et al., 1997 ). These population studies are excellent for extracting 
data on disease course, but refer mainly to this particular Nordic 
population so that extrapolation to other populations remains 
diffi cult. Nevertheless, these data reveal that the course of dis-
ease during the fi rst year after diagnosis predicts the course in 
the following 5 years. Being quiescent in the fi rst year gives rise 
to a quiescent disease course in subsequent years in 44% of CD 
patients; only 8% have an active course of disease. The remaining 
48% suffers from a relapsing disease course. In patients with an 
active disease in the fi rst year following diagnosis, these numbers 
are 5% and 45%, with 50% having a relapsing course. A second 
approach is to subclassify according to the proposals from a work-
ing group of IBD experts in Vienna, the so-called Vienna classifi -
cation ( Gasche et al., 2000 ), later updated in Montreal ( Silverberg 
et al., 2005 ). In particular, patients with a diagnosis at young age 
and those suffering from penetrating disease have a worse dis-
ease outcome. Surgery, as a measure of failure of medical therapy, 
and thus of a disadvantageous course of CD, is still necessary in 
about 70% of patients. This high percentage has not yet dropped,
notwithstanding new therapies, showing that truly disease-
modifying treatment approaches still need to be developed. 

 Many efforts have been undertaken to identify predictors of 
disease course allowing for adapted therapeutic approaches. Most, 
however, have restricted clinical value. ASCA positivity is associ-
ated with small intestinal localization of disease (terminal ileum), 
and correlated with young age of diagnosis of CD. Presence of IgG 
and IgA antibodies is associated with a stenotizing or penetrating 
type of disease behavior and less often with a chronic infl amma-
tory colonic type of CD ( Abreu et al., 2002 ;  Mow et al., 2004 ). 

 In phenotype-genotype studies, the course of CD is usu-
ally classifi ed according to anatomic localization, disease behav-
ior, and age of onset (according to the Vienna classifi cation). 
There is no evidence, however, that this subclassifi cation con-
stitutes nosologic entities. In addition, the Vienna classifi cation 
varies over time due to the developing course of disease ( Louis 
et al., 2001 ). However, the validity and rigor of phenotyping 
are major factors in the adequate interpretation of correlations 
with an alleged genetic background. Thus interpretation of gen-
otype studies to predict disease course is proving diffi cult, and 
fi xed time spans have been suggested in the Montreal classifi ca-
tion before a phenotype can be reliably assessed. Immediately 
following the description of  CARD15/NOD2 , several groups 
reported a phenotypic correlation of one of the major mutated 
 CARD15/NOD2  alleles with localization of CD in the ileum, 

a fi nding that has been corroborated repeatedly. Surgery and a 
stricturing phenotype of CD have also been reported in several 
series ( Alvarez-Lobos et al., 2005 ;  Russell et al., 2005 ), whereas, 
interestingly, the  CARD15/NOD2  genotype did not predict 
response to the potent anti-TNF-alpha drug infl iximab. Other 
genes reported to be associated with CD, including the infre-
quent  HLA-DRB1*03 ,  SLC22A4/OTCN1  and  SLC22A5/
OCTN2  ( Noble et al., 2005 ;  Vermeire et al., 2005 ), and the  IBD 
5  ( Latiano et al., 2006 ) locus, have been related to a variety of 
phenotypes, including earlier age of disease onset, peri-anal (fi s-
tulizing) disease, ileal or colonic disease, or reduced need of sur-
gery; there are no corroborating data from large cohorts. 

 Extra-intestinal manifestations have been reported since 
the very beginning that IBD has been recognized as a disease 
entity. Extra-intestinal complications comprise infl ammatory 
changes of joints, eyes, cutis, and liver, but also thrombo-embolic 
manifestations and osteoporosis. Several studies have reported an 
overall incidence in 25–35% of IBD patients. Symptoms may be 
confi ned to any single organ system, although combinations of 
organ systems can also occur. A wide variety of rare manifesta-
tions have been reported. Most frequently the joints are affected 
with arthralgia and peripheral or axial arthritis. Other regular 
manifestations involve the skin, showing erythema nodosum or 
pyoderma gangrenosum, the eyes with infl ammatory reactions 
such as (epi)scleritis and uveitis, the bone with osteopenia or 
even osteoporosis, the liver with PSC, leading to an increased 
risk of cholangiocarcinoma, the hematological tract with ane-
mia and thrombocytopenia, and fi nally the vascular system with 
thrombo-embolic events. In addition, many autoimmune disor-
ders may be associated with IBD. Some of these manifestations 
or concurrent diseases may refl ect a common intestinal pathol-
ogy, with a common pathway immunological response. Hence, 
IBD might be considered a systemic disorder disease, which may 
have implications for the proper recognition of patients at risk 
for IBD, especially when the extra-intestinal manifestations or 
concurrent diseases precede the development of IBD. 

 It is likely that genetic factors contribute to expression of 
this highly variable clinical picture, but few studies have been 
published. A correlation between the phenotype of IBD-associated 
arthropathy and HLA alleles has been reported, with  HLA-B27  
and  HLA-B35  related to complaints of large joints and  HLA-
B44  to small joints ( Orchard et al., 2000 ). The same group of 
investigators ascribed a role for HLA alleles in the occurrence 
of ocular and cutaneous symptoms ( Orchard et al., 2002 ). Other 
genetic factors have been associated with bone loss in IBD 
patients. Non-carriage of the 240-base pair allele of the  IL-1ra  
gene and carriage of the 130-base pair allele of  IL-6  were inde-
pendent of clinical severity of disease and application of corti-
costeroids associated with increased bone loss in a group of 83 
IBD patients ( Schulte et al., 2000 ). 

 It is likely that larger, well-phenotyped cohorts of IBD 
patients will allow for better study of genetic markers for extrain-
testinal manifestations, as may be deduced from efforts with spe-
cifi c IBD-associated containing chips, the so-called “IBDChip” 
( Sans et al., 2006 ). The IBDchip is the world’s fi rst diagnostic 
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DNA chip and is currently being validated in the European 
community. The chip contains 61 known polymorphic alleles, 
with alleged association with diagnosis and course of IBD and 
is aimed at a better prediction of prognosis and response to ther-
apy of patients suffering from IBD.  

  PHARMACOGENOMICS 
 A broader understanding of the IBD disease pathology will 
deliver novel drug targets for disease intervention. It is antici-
pated that genomics and proteomics technologies will assist in 
compound identifi cation in drug discovery. Infl iximab, a chi-
meric monoclonal antibody against TNF-alpha, is such a tar-
get that neutralizes one of the critical infl ammatory mediators 
in IBD. Nevertheless, the drug is only effective in 40–66% of 
patients after 2 years of treatment ( Hanauer et al., 2002 ;  Present 
et al., 1999 ;  Sands et al., 2004 ). It is clear that drug response, in 
general, is partly genetically determined. Carriage of  CARD15/
NOD2  seems to play no role in response to infl iximab 
( Mascheretti et al., 2002 ;  Vermeire et al., 2002 ), whereas another 
study on CD patients who had received infl iximab showed that 
patients homozygous for the V allele of the  FcgammaRIIIa-158  
polymorphism had a better biological and possibly better clinical 
response to infl iximab ( Louis et al., 2004 ). In addition, there has 
been a suggestion that the  IBD5  locus is involved in response to 
infl iximab ( Urcelay et al., 2005 ). Recently there has also been 
a report suggesting that the lack of response to infl iximab can, 
in part, be attributed to certain genetic polymorphisms in two 
apoptosis genes, Fas ligand and caspase-9 ( Hlavaty et al., 2005 ). 
Additional studies are needed to corroborate these fi ndings. 

 IBD patients homozygous for the methylenetetrahydro-
folate reductase ( MTHFR ) 1298C allele are more likely to 
experience side effects than patients homozygous for the wild-
type A allele (21.0% versus 6.3%, P  � 0.05) when treated with 
the immunosuppressor methotrexate (MTX) ( Herrlinger et al., 
2005 ). This is in contrast to what was found in patients with 
rheumatoid arthritis where the  MTHFR  1298A allele was asso-
ciated with MTX-related adverse events in both Caucasians and 
African-Americans (Odds Ratio [OR] 15.86, 95% CI 1.51-
167.01; p      �      0.021) ( Hughes et al., 2006 ). Similar results were 
observed in a Japanese study on rheumatoid arthritis, which 
showed that subjects with the 1298A allele had a higher fre-
quency of side effects from MTX (P  � 0.05, RR      �      1.42, 95% 
CI 1.11-1.82) ( Urano et al., 2002 ). These confl icting results raise 
some concern and require additional validation studies as well as 
a better understanding of how MTX works. 

 A more well-established polymorphism infl uencing drug 
response is the thiopurine methyl transferase gene ( TPMT ) in 
relation to the outcome of therapy with thiopurines, of which 
azathioprine and 6-mercaptopurine are frequently used in IBD 
patients. The metabolism of azathioprine or 6-mercaptopu-
rine is rather complicated, involving various enzymatic steps 
with interindividual differences in genotype and phenotype. 

Essentially, the therapeutic activity of thiopurines is related to 
the concentration of the metabolite 6-thioguanine nucleosides 
(6-TGN), probably mediated by the phosphorylated forms 
of this metabolite ( Neurath et al., 2005 ;  Poppe et al., 2006 ). 
The pivotal enzyme TPMT methylates 6-mercaptopurine and 
its metabolite 6-thioinosinemonophosphate (6-TIMP) into 
6-methylmercaptopurine (6-MMP) and 6-methyl-thioinos-
inemonophosphate (6-MTIMP), respectively. The activity of 
TPMT is genetically regulated ( Krynetski et al., 1996 ;  Yates 
et al., 1997 ). Approximately 1 in 9 patients is heterozygous 
for the common polymorphisms, and 1 in 300 patients is 
homozygous. Patients with one mutant (dysfunctional) TPMT 
allele have a diminished TPMT activity and patients with two 
non-functional mutant alleles have no TPMT activity. Low 
TPMT activity will result in an increased amount of azathio-
prine or 6-mercaptopurine being metabolized by hypoxanthine 
phosphoribosyl transferase (HGPRT), resulting in high levels 
of 6TGN. Hence, TPMT defi ciency leads to a potentially life-
threatening myelo-suppression as 6-TGN accumulates. TPMT 
with a higher than average activity leads to generation of high 
levels of 6-MMP, which has been associated with hepatotoxic-
ity in one study in a specifi c group of children suffering from 
CD ( Dubinsky et al., 2000 ), and 6-MTIMP, and low levels of 
6TGN. This is associated with therapeutic ineffi cacy. Taken 
together, determination of the TPMT alleles may be helpful 
in predicting response to thiopurine therapy and in assessment 
of risk of myelotoxicity or hepatotoxicity. Its determination 
prior to treatment with thiopurines has therefore been advo-
cated. Nevertheless, other factors contribute to adverse events 
of thiopurines, as has been shown by retrospective analysis of 
more than 40 IBD patients in whom thiopurines had to be 
withdrawn due to myelotoxicity. Of these the majority had 
wild-type TPMT alleles, although most patients with myelode-
pression in the fi rst weeks of treatment were homozygous for 
mutant alleles ( Colombel et al., 2000 ). 

 The response to glucocorticosteroids also seems to be 
partly genetically determined. Polymorphisms in the multidrug-
resistance gene 1 ( MDR-1 ) are excellent candidates to affect the 
absorption and concentrations of MDR-1 substrates ( Farrell 
et al., 2000 ;  Hoffmeyer et al., 2000 ). In a study in Hungarian 
patients it has been suggested that the  DLG5  113A allele – which 
was shown not to be associated with disease susceptibility – may 
confer resistance to steroids ( Lakatos et al., 2006 ). 

 With the advanced understanding of human genetic 
variation, it is now possible to perform genome-wide asso-
ciation studies (GWAS) in large cohorts of responders and 
non-responders to identify genetic risk and effi cacy factors that 
are related to the effects of such drugs; this is similar to what is 
being done to identify disease susceptibility genes. Such research 
may have broad implications since it is likely that the response 
to a particular drug will not be restricted to the IBD phenotype. 
Hence, in future, these genetic profi les may help tailor disease 
treatment and patient care by increasing effi cacy and preventing 
adverse drug reactions ( Egan et al., 2006 ).  



2009 UPDATE
  With improved genotyping technologies and the completion 
of the human genome sequence, GWAS have recently become 
possible and were declared the breakthrough of the year in 
2007 (Pennisi, 2007). Not only has the fi rst successful GWAS 
been performed in CD (Duerr et al., 2006), but infl ammatory 
bowel disease (IBD) has been studied very extensively and also 
very successfully with nine GWAS for CD (Duerr et al., 2006; 
Franke et al., 2007; Hampe et al., 2007; Kugathasan et al., 2008; 
Libioulle et al., 2007; Raelson et al., 2007; Rioux et al., 2007; 
Wellcome Trust Case Control Consortium, 2007; Yamazaki 
et al., 2005) and a subsequent meta-analysis of three of these 
studies (Barrett et al., 2008). There are currently more than 30 
CD-associated loci. To date three GWAS for UC have been 
performed in addition, revealing more than 10 UC-associated 
loci (Fisher et al., 2008; Franke et al., 2008; Silverberg et al., 
2009). This has put IBD at the forefront of complex disease 
genetic research.

The fi rst GWAS (Duerr et al., 2006) identifi ed the gene 
encoding a subunit of the interleukin 23 receptor (IL23R) on 
chromosome 1p31 as a susceptibility gene for CD in a popu-
lation of non-Jewish patients of European ancestry with ileal 
CD. An uncommon variant, Arg381Gln, was shown to have a 
strong protective effect for CD, and other noncoding IL23R 
variants were independently associated. This association was 
confi rmed in independent cohorts and, although less strongly, 
is also associated with UC susceptibility (Weersma et al., 
2008c). Since the proinfl ammatory cytokine IL23 is increas-
ingly being recognized as involved in gut infl ammation, this 
fi nding is of great importance in elucidating the pathogenetic 
background of IBD.

The second study (Hampe et al, 2007) found a strong 
association between CD and the autophagy-related 16-like 1 
gene (ATG16L1) encoding a protein in the autophagosome 
pathway, which processes intracellular bacteria. A coding SNP 
(Thr300Ala) was strongly associated with susceptibility for 
CD. A third GWAS by the US NIDDK consortium in CD 
identifi ed the same SNP in ATG16L1 to be associated with 
CD and demonstrated that functional knockdown of the 
gene abrogates autophagy of Salmonella typhimurium, sug-
gesting that autophagy and host cell responses to intracellu-
lar microbes are involved in the pathogenesis of CD (Rioux 
et al., 2007). A large GWAS including 14,000 cases (including 
2000 CD patients) and 3000 controls by the Wellcome Trust 
Case Control Consortium (WTCCC, 2007) and a follow-up 
study (Parkes et al., 2007) identifi ed variants in IRGM, which, 
like ATG16L1, is also involved in autophagy, to be associated 
with CD susceptibility. The fi nding that autophagy is involved 
in CD pathogenesis is compatible with the reported therapeu-
tically benefi cial administration of the autophagy-inducing 
mTOR inhibitors sirolimus and everolimus to refractory IBD-
patients (Dumortier et al., 2008; Massey et al., 2008).

The WTCCC study and the follow-up study identifi ed 12 
loci, including IRGM that met the criteria for genome-wide 
signifi cance. These included SNPs at 1q24, 1q31, 3p21 (har-
boring the macrophage stimulating-1 MST-1 gene), IL12B, 
NKX2-3, and 21q22. Furthermore, the previously known 
IBD5 locus at 5q31 and the gene desert on 5p13, identifi ed 
by a French–Belgian GWAS, were confi rmed (Libioulle, et al., 
2007; Parkes et al., 2007; Rioux, 2001; WTCCC, 2007). Of 
interest is that the Protein Tyrosine Phosphatase 2 (PTPN2) 
gene is not only associated with CD, but also with type 1 dia-
betes, which refl ects the partly shared pathogenesis of these 
distinct immune-related diseases (Zhernakova et al., 2009). 
Furthermore it is interesting that in the WTCCC study, CD 
was by far the most informative disease with regard to asso-
ciated genes when compared to the other diseases that were 
studied, such as hypertension, bipolar disorder, and coronary 
heart disease. 

Additional loci that were identifi ed by GWAS were the 
nel-like precursor encoding gene (NELL1), paired-like home-
obox 2B (PHOX2B), 10q21, and 16q24 (Franke et al., 2007; 
Rioux et al., 2007). Furthermore, an extensive three-stage anal-
ysis of genes involved in innate immunity identifi ed two loci 
harboring CARD9 and IL18RAP to be associated with both 
CD and UC (Zhernakova et al., 2008). Two loci on 20q13 and 
21q22 were found to be associated with pediatric onset IBD 
in yet another GWAS (Kugathasan et al., 2008). A candidate 
gene study identifi ed SNPs located in a predicted regulatory 
region on chromosome 1q44 downstream of NLRP3 (Villani 
et al., 2008).

In 2008 a meta-analysis was performed, combining data 
from the UK–WTCCC, French–Belgian, and US–NIDDK 
studies. This has been a tremendously successful effort with 19 
newly identifi ed loci, which were replicated in an independ-
ent cohort, and confi rmation of 11 previously published loci. 
These new loci included, amongst others, PTPN22, JAK2, 
STAT3, and CDKAL1 (Barrett et al, 2008).

Despite the fact that many novel genes were identifi ed to 
be involved in CD pathogenesis, until recently relatively lit-
tle was known about UC. Most studies so far in UC focused 
on known CD risk variants. These studies showed that several 
risk loci are common to both CD and UC, while others – such 
as ATG16L1, IRGM, and CARD15 – were specifi c for CD. 
Confi rmed common CD–UC risk factors include variants in 
MST1, NKX2-3, IL23R, IL12B, and CCNY (Fisher et al., 2008; 
Franke et al., 2008). A genome-wide candidate gene experiment 
investigating 10,886 nonsynonymous SNPs in 905 British UC 
patients and 1465 controls identifi ed the Extracellular Matrix 
Protein 1 (ECM1) on 1q21.2 as a UC-specifi c susceptibil-
ity gene (Fisher et al., 2008). ECM1 is known to strongly acti-
vate NF-� B signaling which is a recognized key mediator in 
IBD. Another comprehensive genetic association analysis of 41 

2009 Update ■  583



584 CHAPTER 45 ■■  Genomic Assessment of Infl ammatory Bowel Disease

Barrett, J.C., Hansoul, S., Nicolae, D.L., Cho, J.H., Duerr, R.H., 
Rioux, J.D., Brant, S.R., Silverberg, M.S., Taylor, K.D., Barmada, 
M.M. et al. (2008). Genome-wide association defi nes more than 
30 distinct susceptibility loci for Crohn’s disease. Nat Genet 40(8), 
955–962.

Duerr, R.H., Taylor, K.D., Brant, S.R., Rioux, J.D., Silverberg, M.S., 
Daly, M.J., Steinhart, A.H., Abraham, C., Regueiro, M., Griffi ths, A. 
et al. (2006). A genome-wide association study identifi es IL23R as 
an infl ammatory bowel disease gene Science 314(5804), 1461–1463.

Dumortier, J., Lapalus, M.G., Guillaud, O., Poncet, G., Gagnieu, M.C., 
Partensky, C. and Scoazec, J.Y. (2008). Everolimus for refractory 
Crohn’s disease: A case report. Infl amm Bowel Dis 14(6), 874–877.

Festen, E.A., Zhernakova, A., Wijmenga, C. and Weersma, R.K. (2008). 
Association of DLG5 variants with gluten-sensitive enteropathy. 
Gut 57(7), 1027–1028.

Fisher, S.A., Tremelling, M., Anderson, C.A., Gwilliam, R., Bumpstead, 
S., Prescott, N.J., Nimmo, E.R., Massey, D., Berzuini, C., Johnson, 
C. et al. (2008). Genetic determinants of ulcerative colitis include 
the ECM1 locus and fi ve loci implicated in Crohn’s disease. Nat 
Genet 40(6), 710–712.

Franke, A., Balschun, T., Karlsen, T.H., Sventoraityte, J., Nikolaus, 
S., Mayr, G., Domingues, F.S., Albrecht, M., Nothnagel, M., 
Ellinghaus, D. et al. (2008). Sequence variants in IL10, ARPC2 
and multiple other loci contribute to ulcerative colitis suscepti-
bility. Nat Genet 40(11), 1319–1323.

Franke, A., Hampe, J., Rosenstiel, P., Becker, C., Wagner, F., Häsler, 
R., Little, R.D., Huse, K., Ruether, A., Balschun, T. et al. (2007). 
Systematic association mapping identifi es NELL1 as a novel IBD 
disease gene. PLoS ONE 2(1), e691.

Hampe, J., Franke, A., Rosenstiel, P., Till, A., Teuber, M., Huse, K., 
Albrecht, M., Mayr, G., De La Vega, F.M., Briggs, J. et al. (2007). 
A genome-wide association scan of nonsynonymous SNPs iden-
tifi es a susceptibility variant for Crohn disease in ATG16L1. Nat 
Genet 39(2), 207–211.

Kugathasan, S., Baldassano, R.N., Bradfi eld, J.P., Sleiman, P.M., 
Imielinski, M., Guthery, S.L., Cucchiara, S., Kim, C.E., 
Frackelton, E.C., Annaiah, K. et al. (2008). Loci on 20q13 and 
21q22 are associated with pediatric-onset infl ammatory bowel 
disease. Nat Genet 40(10), 1211–1215.

Libioulle, C., Louis, E., Hansoul, S., Sandor, C., Farnir, F., Franchimont, 
D., Vermeire, S., Dewit, O., de Vos, M., Dixon, A. et al. (2007). 
Novel Crohn disease locus identifi ed by genome-wide associa-
tion maps to a gene desert on 5p13.1 and modulates expression 
of PTGER4. PLoS Genet 3(4), e58.

Massey, D.C., Bredin, F. and Parkes, M. (2008). Use of sirolimus (rapamy-
cin) to treat refractory Crohn’s disease. Gut 57(9), 1294–1296.

Parkes, M., Barrett, J.C., Prescott, N.J., Tremelling, M., Anderson, C.A., 
Fisher, S.A., Roberts, R.G., Nimmo, E.R., Cummings, F.R., 
Soars, D., et al. (2007). Sequence variants in the autophagy gene 
IRGM and multiple other replicating loci contribute to Crohn’s 
disease susceptibility. Nat Genet 39(7), 830–832.

Pennisi, E. (2007). Breakthrough of the year. Human genetic variation. 
Science 318(5858), 1842–1843.

Raelson, J.V., Little, R.D., Ruether, A., Fournier, H., Paquin, B., 
Van Eerdewegh, P., Bradley, W.E., Croteau, P., Nguyen-Huu, 
Q., Segal, J. et al. (2007). Genome-wide association study for 
Crohn’s disease in the Quebec Founder Population identifi es 
multiple validated disease loci. Proc Natl Acad Sci U S A 104(37), 
14747–14752.

Rioux, J.D., Daly, M.J., Silverberg, M.S., Lindblad, K., Steinhart, H., 
Cohen, Z., Delmonte, T., Kocher, K., Miller, K., Guschwan, S. 
et al. (2001). Genetic variation in the 5q31 cytokine gene cluster 
confers susceptibility to Crohn disease. Nat Genet 29(2), 223–228.

Rioux, J.D., Xavier, R.J., Taylor, K.D., Silverberg, M.S., Goyette, P., 
Huett, A., Green, T., Kuballa, P., Barmada, M.M., Datta, L.W. 
et  al. (2007). Genome-wide association study identifi es new 
susceptibility loci for Crohn disease and implicates autophagy in 
disease pathogenesis. Nat Genet 39(5), 596–604.

Silverberg, M.S., Cho, J.H., Rioux, J.D., McGovern, D.P., Wu, J., 
Annese, V., Achkar, J.P., Goyette, P., Scott, R., Xu, W. et al. 
Ulcerative colitis-risk loci on chromosomes 1p36 and 12q15 
found by genome-wide association study. Nat Genet 2009 
January 4; [Epub ahead of print].

van Bodegraven, A.A., Curley, C.R., Hunt, K.A., Monsuur, A.J., 
Linskens, R.K., Onnie, C.M., Crusius, J.B., Annese, V., Latiano, 
A., Silverberg, M.S. et al. (2006). Genetic variation in myosin 
IXB is associated with ulcerative colitis. Gastroenterology 131, 
1768–1774.

genes from the tight junction pathway, represented by 197 tag 
SNPs, showed association with PARD3 (involved in cell polar-
ity) and MAGI2 (a scaffolding protein) for both UC and celiac 
disease, delineating the apparently shared genetic background of 
these diseases (Festen et al., 2008; Van Bodegraven et al., 2006; 
Wapenaar et al., 2008; Zhernakova et al., 2009).

In 2008, a European GWAS in UC was performed that 
identifi ed several novel genetic variants that contribute to UC 
susceptibility. The most strongly replicated signals showed asso-
ciation to IL10, ARPC2, and the HLA-BTNL2 region. IL10 
is an immune-response inhibiting cytokine which has been 

investigated for many years in IBD. Notably, IL10-/- mice are 
known to develop a spontaneous colitis, indicating the probable 
important role of IL10 in UC (Franke et al., 2008). Another 
GWAS in UC from the United States confi rmed IL23R and 
the HLA-BTNL2 region and identifi ed two additional loci on 
chromosomes 1p36 and 12q15 (Silverberg et al., 2009).

Although the genetics of IBD is only scratching the surface 
and many more variants remain to be identifi ed, the fi rst stud-
ies have been initiated to look at predictive value of molecu-
lar markers for disease diagnosis and prognosis (Weersma et al., 
2008a, b).      
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  INTRODUCTION 
 Asthma is a complex disease affecting over 300 million indi-
viduals in the developed world ( Palmer and Cookson, 2000 ). 
Ninety percent of all asthma cases, including asthma in adults, 
have their origin in childhood. Of concern are the increases in 
asthma prevalence ( CDC, 1995 ) and hospitalization rates ( Weiss 
et al., 1993 ). Between 1980 and 1994, the self-reported preva-
lence of asthma in the United States of America increased from 
30.7 to 53.8 per 1000, an increase of 75% ( CDC, 1995 ). This 
increase has been accompanied by a similar increase in health 
care utilization and mortality over the same time period ( CDC, 
1995 ). An estimated 12.6 billion dollars were spent on the diag-
nosis and management of asthma in the United States in 1998, 
of which 58% were direct medical expenditures ( Sullivan and 
Strassels, 2002 ). Despite the availability of several classes of ther-
apeutic agents for asthma, it has been estimated that as many as 
one-half of asthmatic patients do not respond to treatment with 
 �  2 -agonists, leukotriene antagonists, or inhaled corticosteroids 
( Drazen et al., 2000 ;  Liggett, 2001 ;  Silverman et al., 2002 ). It is 
quite likely that genetics and genomics will signifi cantly impact 
asthma in the next 5 years particularly in the area of prediction 
of clinical events.  

  ASTHMA: BASIC PATHOBIOLOGY 
 Asthma is a clinical syndrome of unknown etiology charac-
terized by reversible episodes of airfl ow obstruction, airway 

hyperresponsiveness, and a chronic infl ammatory process of the 
airways of which mast cells, eosinophils, T-lymphocytes, epithe-
lial cells, and airway smooth muscle cells play a prominent role 
( Elias et al., 2003 ).  Figure 46.1    shows important pathobiologic 
features of asthma. CD4  �   lymphocytes produce IL-3, IL-4, IL-5, 
IL-13, and GM-CSF and thereby promote the synthesis of IgE, 
an important allergic effector molecule. Chemokines, such as 
eotaxin, RANTES, and IL-8 produced by epithelial and infl am-
matory cells, serve to amplify and perpetuate the infl ammatory 
events. Several bronchoactive mediators, such as histamine, leu-
kotrienes, and neuropeptides are released into the airways and 
precipitate an asthma attack by causing airway smooth mus-
cle constriction, mucus secretion, and edema. Over time, there 
is smooth muscle growth and the deposition of subepithelial 
connective tissue, a process referred to as airway remodeling. 
Clinically, asthmatics have diffi culty exhaling air because of an 
increase in airway resistance that is a consequence of smooth 
muscle contraction, infl ammation, and remodeling ( Figure 46.2   ). 
Physiological impairment is quantitated most commonly by the 
forced expiratory volume in 1       s (FEV 1 ) ( Figure 46.2 ). FEV 1  is 
the volume of air a person can  “ blow out ”  in 1       s and is very 
useful as a measurement of lung function because it is easily 
obtained, reproducible, and correlated with asthma severity and 
therapeutic responses ( ATS, 1987 ). While it is diffi cult to be pre-
cise, it is reasonable to estimate that although there is general 
agreement on the physiology described above, the actual genetic 
and genomic architecture of these events is just beginning to be 
described. The above description of events, while true, is likely 

46



to only represent 15–20% of the total pathobiology that will be 
ultimately elucidated by genomic methods.  

  PREDISPOSITION (GENETIC AND 
NON-GENETIC) TO ASTHMA 

  Non-Genetic Predisposition 
 Eighty percent of childhood asthmatics exhibit hypersensitivity 
to indoor aeroallergens ( Sears et al., 1991 ), and high concentra-
tions of indoor allergens can worsen asthma symptoms in sensi-
tized individuals ( Rosenstreich et al., 1997 ). In a small follow-up 
study of atopic children of atopic parents, exposure to high con-
centrations of dust mite allergen in the fi rst year of life was asso-
ciated with higher risk for sensitization and asthma at age 11 
( Sporik et al., 1990 ). Although certain home characteristics are 
signifi cant predictors of dust mite, cat, and cockroach allergen 

exposure, they may be poor at predicting whether low levels of 
allergen are present in a home ( Chew et al., 1998 ). Since  “ low 
levels ”  of indoor allergens may lead to sensitization in suscep-
tible individuals, direct measurement of allergen concentrations 
in house dust have been recommended for use in epidemiologic 
studies ( Chew et al., 1998 ). Viral respiratory infections are a cause 
of asthma exacerbations but not a proven cause of disease onset. 
Passive (primarily  in utero ) and active cigarette smoking are the 
other major environmental cause of the disease. It is likely that 
the response to these environmental exposures has a genetic and 
or genomic basis; however, virtually nothing is known about the 
important genetic predictors of adverse response to these envi-
ronmental agents. Polymorphisms in IL13 and ADRB2 seem to 
predict response to passive and active cigarette smoking, respec-
tively, but nothing is known about the relationship of genetic 
polymorphisms to other important environmental exposures.  

  Genetic Predisposition 
 Data from a signifi cant number of studies indicate familial aggre-
gation of asthma ( Jenkins et al., 1997 ;  Van Arsdel and Motulsky, 
1959 ). A method frequently used to establish the existence of 
familial aggregation of a trait is to calculate the recurrence risk 
to relatives of type R ( � ). Using data from  Sibbald et al. (1980)  
resulted in a  �  of 3.3 for asthma. Familial aggregation, how-
ever, could result from genetic factors or a shared environment. 
Estimates of the heritability of asthma in several twin stud-
ies conducted around the world have ranged from 36% to 79% 
( Duffy et al., 1990 ;  Edfors-Lubs, 1971 ;  Hopp et al., 1984 ;  Lubs, 
1972 ;  Nieminen et al., 1991 ;  Sibbald et al., 1980 ), with the high-
est values coming from studies that had a more comprehensive 
phenotypic assessment of asthma ( Sandford et al., 1996 ).   

  GENOME-WIDE LINKAGE ANALYSES 
OF ASTHMA AND ITS INTERMEDIATE 
PHENOTYPES 
 To date, 16 groups have reported results of genome-wide link-
age analysis for asthma phenotypes ( Table 46.1   ) ( Bleecker 
et al., 1999 ;  Celedon et al., 2007 ;  CSGA, 1997 ;  Daniels et al.,
1996 ;  Dizier et al., 2000 ;  Evans et al., 2004 ;  Ferreira et al., 2005 ; 
 Haagerup et al., 2002 ;  Hakonarson et al., 2002 ;  Hersh et al., 
2007b   ;  Koppelman et al., 2002 ;  Laitinen et al., 2001 ;  Ober et al., 
1998 ;  Pillai et al., 2006 ;  Wjst et al., 1999 ;  Xu et al., 2000, 2001a, 
b   ;  Yokouchi et al., 2000 ). Several of these groups have published 
second-generation surveys with larger numbers of subjects and/
or markers ( Blumenthal et al., 2004 ;  Brasch-Andersen et al., 
2006 ;  Dizier et al., 2005 ;  Huang et al., 2003 ;  Meyers et al., 2005 ; 
 Ober et al., 2000a, b   ;  Xu et al., 2001a, b ). In spite of obvious het-
erogeneity in the design of these studies, 13 regions have shown 
signifi cant evidence of linkage to asthma or its intermediate 
phenotypes: chromosomes 2p16 (to airway hyperresponsive-
ness (AHR), in families from Europe, Australia, and the United 
States) ( Pillai et al., 2006 ), 2p25 (to AHR, in Chinese families) 
( Xu et al., 2001a, b ), 2q33 (to eosinophil count in Australian 
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 T A B L E  4 6 . 1         Results of genome-wide linkage analyses of asthma and/or its intermediate phenotypes a   

   Reference  Population  Number of families 
(subjects) 

 Linkage to asthma**  Linkage to intermediate 
phenotypes of asthma 

    Daniels et al. (1996)   Australian  80 (363)  Not assessed  Skin test index �  11q12 ; 
AHR b       �      4q, 7p; eosinophil 
count      �      6p; atopy      �      6p, 13q; 
total serum IgE �  16q 

    Xu et al. (2001a, b) ; 
 Huang et al. (2003) ; 
 Blumenthal et al. 
(2004)  

 North American
(white, Hispanic, 
African American) 

 266–287
(885–1931) 

 6p (whites), 1p (Hispanics), 
 11q13  (African Americans) 

 Dust mite allergy �  19p13  
(whites); atopy      �      21q 
(Hispanics) 

    Ober et al. (2000)   Hutterites  1 (693) c   1p, 3p, 5q, 8p  AHR      �      5p, 19p; dust mite 
allergy      �      2q; mold allergy      �      
3q, 11p 

    Wjst et al. (1999)   German and Swedish  97 (415)     

    Xu et al. (2000) ; 
 Koppelman et al. 2002 ; 
 Meyers et al. (2005)  

 Dutch  200 (1174)  3p, 5q  AHR      �      3p, 5q; total serum 
IgE: 2q, 3q, 5q,  7q21 , 12q, 13q; 
eosinophil count: 2q, 15q, 17q 

    Yokouchi et al. (2000)   Japanese  47 (197)  4q,  5q31-q33 , 6p, 12q, 13q  Not assessed 

    Dizier M et al. (2000, 
2005)  

 French  107–295
(not available) 

 1p (asthma and allergic 
rhinitis) 

 Eosinophil count: 12q 

    Laitinen et al. (2001)   Finnish  86 (443)  4q, 7p14-p15 (asthma and 
increased total serum IgE) 

 Total serum IgE �  7p14-p15  

    Xu et al. (2001a, b)   Chinese  533 (2551)  Not assessed  AHR �  2p25 , 19q; total serum 
IgE: 1q; cockroach allergy      �      4q 

    Haagerup et al. (2002) ; 
 Brasch-Andersen et al. 
(2006)  

 Danish  100 (424)  1p, 5q, 6p,  12q24   Total serum IgE: 3q, 5q, 6p; 
atopy      �      6p 

    Hakonarson et al. 
(2002)  

 Icelandic  175 (1134)   14q24   Not assessed 

    Van Eerdewegh et al. 
(2002)  

 North American
and British 

 460 (920)   20p13   Not assessed (results for AHR 
not presented separately from 
asthma) 

    Ferreira et al. (2005)   Australian  202 (591)  1q, 4p, 11p, 17q, 18p, 19p  AHR      �      6p, 20q; atopy      �      2q, 
3q, 6p, 17q, 20q; dust mite 
allergy �  20q13 ; total serum 
IgE      �      10q 

    Evans et al. (2004)   Australian  539 (2360)  Not assessed  Eosinophil count �  2q33 , 8q 

    Pillai et al. (2006)   North American, 
European, Australian 

 414 (1555)    AHR �  2p16 , 4p 

    Celedon et al. (2007) ; 
 Raby et al. (2007)  

 Costa Rican  8 (638)  12q  AHR �  12q24  (nonsmokers); 
total serum IgE �  20p12  (males) 

  ** Complete linkage results for all chromosomes not published  .  

  a   Only regions showing suggestive or signifi cant evidence of linkage (as defi ned by Lander and Kruglyak) to asthma and/or its intermediate 
phenotypes (other than measures of lung function) are shown. Regions with signifi cant evidence of linkage to asthma and/or its intermediate 
phenotypes are  bold .  

  b   AHR      �      airway hyperresponsiveness.  

  c   Large pedigree divided into 10–20 sub-pedigrees for data analysis.  



twins) ( Evans et al., 2004 ), 5q31-q33 (to mite-sensitive asthma 
in a Japanese population) ( Yokouchi et al., 2000 ), 7p14-p15 (to 
total serum IgE in a Finnish population) ( Laitinen et al., 2004 ), 
7q21 (to total serum IgE in a Dutch population) ( Xu et al., 
2000 ), 11q12-q13 (to atopy in Australians and asthma in African 
Americans) ( Huang et al., 2003 ;  Laitinen et al., 2004 ), 12q24 (to 
asthma in Denmark ( Brasch-Andersen et al., 2006 ) and AHR 
in Costa Rica ( Celedon et al., 2007 ), 14q24 (to asthma in an 
Icelandic population) ( Hakonarson et al., 2002 ), 19p13 (to dust 
mite allergy in whites in the United States) ( Blumenthal et al., 
2004 ), 20p12 (to total IgE among Costa Rican males) ( Raby 
et al., 2007 ), 20p13 (to asthma in families from the United States 
and United Kingdom) ( Van Eerdewegh et al., 2002 ), and 20q13 
(to dust mite allergy in Australians) ( Ferreira et al., 2005 ). 

 In spite of the relatively large number of genomic regions 
linked to asthma-related phenotypes, only fi ve potential asthma-
susceptibility genes (PDH fi nger protein 11 [ PHF11 ], dipep-
tidylpeptidase 10 [ DPP10 ], disintegrin and metalloprotease 33 
[ ADAM 33 ], G protein-coupled receptor for asthma suscepti-
bility [ GPR154  or  NPSR1 ], and human leukocyte antigen G 
[ HLA-G ]) have been identifi ed by a positional cloning approach 
( Allen et al., 2003 ;  Laitinen et al., 2004 ;  Nicolae et al., 2005 ;  Van 
Eerdewegh et al., 2002 ;  Zhang et al., 2003 ). In all cases, signifi -
cant linkage between a chromosomal region and asthma phe-
notypes in a genome-wide linkage analysis was followed by 
fi ne-mapping studies of linkage and association in the linked 
region. Replication studies of the association between asthma 
phenotypes and these potential asthma-susceptibility genes have 
yielded inconsistent results, and no specifi c asthma-susceptibility 
variants have been identifi ed within these genes ( Hersh et al., 
2007a, b ). However, results of multiple association studies ( Hersh 
et al., 2007a, b ), as well as functional data in rodents and humans 
provide strong support for a signifi cant role of GPR154 in 
asthma pathogenesis ( Laitinen et al., 2004 ).  

  CANDIDATE-GENE ASSOCIATION 
STUDIES OF ASTHMA 
 Although there are more than 500 genetic association studies 
for asthma, most suffer from methodological problems including 
small sample size, non-comprehensive coverage of the gene(s) 
of interest, failure to correct for multiple testing, and (for case-
control studies) lack of adjustment for population stratifi cation. 
To date, there have been reports of positive associations between 
variants in over 100 genes and asthma phenotypes ( Ober and 
Hoffjan, 2006 ). Using the gene as the unit of replication (a very 
liberal criterion), more than 40 associations were replicated in 
at least two populations and 17 associations were replicated in 
at least 5 populations ( Allen et al., 2003 ;  Hersh et al., 2007a, b ; 
 Ober and Hoffjan, 2006 ). On the other hand, few associations 
have been replicated for specifi c polymorphisms in genes for a 
particular phenotype and in the same direction, suggesting that 
LD with adjacent variants and/or bias explains a signifi cant pro-
portion of these fi ndings. 

 Variants in nine positional candidate genes (IL4, IL4RA, 
IL13, ADRB2, CD14, TNFA, HLA-DRB1, HLA-DQB1, and 
FCERIB) have been associated with asthma phenotypes in at 
least ten populations ( Ober and Hoffjan, 2006 ). Through acti-
vation of its receptor, interleukin 4 (IL4) stimulates produc-
tion of total serum IgE. The IL4 and IL4 receptor  α  chain 
(IL4RA) loci are on genomic regions linked to asthma pheno-
types (5q31 for IL4 and 16p12 for ILRA). A functional SNP 
in the promoter of IL4 has been associated with total serum 
IgE ( Rosenwasser et al., 1995 ), asthma ( Rosenwasser et al., 
1995 ), rhinitis ( Zhu et al., 2000 ), asthma severity ( Sandford 
et al., 2000 ), and atopic dermatitis ( Novak et al., 2002 ). SNPs in 
exons of IL4RA have been associated with asthma ( Mitsuyasu 
et al., 1998 ), total serum IgE ( Howard et al., 2002 ), atopic der-
matitis ( Hershey et al., 1997 ), and asthma severity ( Rosa-Rosa 
et al., 1999 ). The interleukin 13 (IL13) and monocyte differ-
entiation antigen CD14 (CD14) genes are on chromosome 
5q31-33, a region linked to asthma phenotypes. Experiments 
in rodents and humans support a critical role of interleukin 
13 in asthma pathogenesis ( Grunig et al., 1998 ). Functional 
SNPs in the promoter and coding regions of IL13 have been 
associated with asthma ( Heinzmann et al., 2003 ;  Howard 
et al., 2001 ;  van der Pouw Kraan et al., 1999 ), airway responsive-
ness ( Howard et al., 2001 ), atopy ( DeMeo et al.,2002 ;  Howard 
et al., 2001 ), eosinophilia ( Hunninghake et al., 2007 ), and total 
serum IgE ( Graves et al., 2000 ;  Hunninghake et al., 2007 ). 
CD14 is a receptor for bacterial cell wall components that may 
infl uence immune responses ( Guerra et al., 2004 ). A functional 
SNP in the promoter of CD14 has been associated with total 
serum IgE ( Baldini et al., 1999 ), atopy ( Ober et al., 2000a, b ),
food allergy and non-atopic asthma ( Woo et al., 2003 ), and air-
way responsiveness ( O’Donnell et al., 2004 ). Tumor necrosis fac-
tor alpha (TNFA) is a proinfl ammatory cytokine ( Wang et al., 
2004 ), and HLA class II molecules are candidates for controlling 
immune responses to allergens. The TNFA and human leukocyte 
antigen DRB1 (HLA-DRB1) genes are on chromosome 6p21, a 
genomic region linked to asthma phenotypes. A functional vari-
ant in the promoter of TNFA has been associated with asthma 
( Moffatt and Cookson, 1997 ), airway responsiveness ( Moffatt 
and Cookson, 1997 ), atopy ( Castro et al., 2000 ), and total serum 
IgE ( Shin et al., 2004 ). Functional SNPs and/or haplotypes in 
HLA-DRB1 have been associated with sensitization to specifi c 
allergens ( Ansari et al., 1989 ), atopy ( Aron et al., 1996 ), asthma 
( Di Somma et al., 2003 ), and total serum IgE ( Moffatt et al., 
2001 ). The gene for the beta chain of the high affi nity receptor 
for IgE (FCERIB) is on chromosome 11q13, a genomic region 
linked to atopy. SNPs and/or haplotypes in FCERIB have been 
associated with asthma ( Cox et al., 1998 ;  Green et al., 1998 ), 
total serum IgE ( Li and Hopkin, 1997 ;  Shirakawa et al., 1994 ), 
and atopy ( Shirakawa et al., 1994 ). Although there are studies 
refuting the association between each of these nine positional 
candidate genes and asthma phenotypes, many of these nega-
tive studies lacked adequate statistical power to exclude weak-
to-moderate genetic effects. In addition, multiple studies have 
found an association between known functional SNPs in seven 

Candidate-Gene Association Studies of Asthma ■  593



594 CHAPTER 46 ■■  Asthma Genomics

of these genes (IL4, IL4RA, CD14, IL13, TNFA, ADRB2, and 
HLA-DRB1) and asthma phenotypes. Thus, current evidence 
suggests that these genes infl uence asthma pathogenesis.  

  GENOME-WIDE ASSOCIATION 
STUDIES OF ASTHMA 
 To date, only one genome-wide association study of asthma has 
been published (Moffatt et al., 2007)   After testing for association 
between a panel of 317,000 SNPs and asthma in subjects with 
and without asthma, Cookson and coworkers identifi ed a gene 
on chromosome 17q21 (ORMDL3) as a potential susceptibil-
ity gene for asthma. These fi ndings were then replicated in two 
independent cohorts. Other genome-wide association studies of 
asthma and its intermediate phenotypes are ongoing.  

  ASTHMA GENOMICS 
 Complementing these genetic surveys are a handful of stud-
ies examining global gene expression patterns in experimen-
tal models of asthma and allergic infl ammation, in addition to 
several clinical studies ( Brutsche et al., 2002 ;  Guajardo et al., 
2005 ;  Hansel et al., 2005 ;  Karp et al., 2000 ;  Laprise et al., 2004 ; 
 Lilly et al., 2005 ;  Zimmermann et al., 2003 ;  Zou et al., 2002a, 
b ). Akin to genome-wide SNP association studies, the pri-
mary strength of genome-wide microarray surveys of gene 
expression is that they are hypothesis-free in that no assump-
tions regarding the underlying pathobiology of the conditions 
under study are placed on data gathering, analysis or interpreta-
tion. As such, these approaches have the potential to reveal pre-
viously unsuspected molecules or pathways relating to asthma 
and allergy.  Table 46.2    summarizes microarray studies in asthma 
assessing  in vivo  gene expression (studies of cultured asthma-
relevant cells, transgenic mouse models of asthma, or pharma-
cogenetics are not included). In one of the fi rst studies, Karp 
and colleagues combined pulmonary tissue gene expression data 
with SNP genotypes (an example of integrative genomics) in 
segregating backcross mice to identify C5 as a primary media-
tor of allergic response ( Karp et al., 2000 ). They demonstrated 
that: (1) C5 was the only differentially expressed gene follow-
ing allergen challenge among high- (A/J) and low- (C3H/
HeJ) responder mice that also mapped to an AHR locus on 
chromosome 2; (2) C5 expression is strain dependent and cor-
relates with a 2-bp missense mutation; and (3) blockade of C5 
signaling inhibits allergen-mediated responses. Human studies 
suggest that C5 expression is increased in allergic airway infl am-
mation ( Krug et al., 2001 ) and that C5 genetic variation infl u-
ences asthma susceptibility ( Hasegawa et al., 2004 ). In a second 
study,  Zimmermann and colleagues (2003)  studied patterns of 
differential gene expression in two models of allergic pulmo-
nary infl ammation and identifi ed a common set of differentially 
expressed genes relating to arginine metabolism, thus implicat-
ing this previously unsuspected pathway in the pathogenesis of 

allergic infl ammation. It is interesting that initial genetic associa-
tion studies of arginase I and II suggest that genetic variants in this 
pathway are also related to asthma susceptibility ( Li et al., 2006 ). 

 In contrast to the studies in mouse models, the results from 
six published studies of gene expression in human populations 
of asthmatics have been somewhat less exciting in that few truly 
novel biologic pathways have been reported. We note that these 
studies evaluated relatively small number of individuals and var-
ied greatly in the tissues studied, analytic methods used, and def-
initions of signifi cant differential gene expression. It is, therefore, 
not surprising that the gene signatures identifi ed have little in 
common with each other. However, it is notable that each of 
these studies identifi ed genes previously implicated in asthma 
pathobiology, and several of these genes harbor genetic variation 
previously associated with asthma-susceptibility and severity (see 
 Table 46.2 ). It is therefore likely that many of the other genes 
identifi ed in these studies play previously unrecognized roles in 
the pathogenesis of asthma. The challenge remains separating 
the wheat from the chaff. Given the size of these differentially 
expressed asthma gene sets – as many as 324 genes in one study 
of nasal epithelium ( Guajardo et al., 2005 ) – experimental vali-
dation using animal models is not feasible on a large scale. One 
approach would be to test all of the identifi ed genes for evi-
dence of genetic association in asthma cohorts. As an example, 
Laprise and colleagues have demonstrated association to asthma 
with fi ve polymorphisms (including one non-synonymous 
variant) in the CX3CR1 fractalkine receptor ( Tremblay et al., 
2006 ). This gene was among those demonstrating greatest differ-
ential expression in bronchial epithelium derived from asthmat-
ics ( Laprise et al., 2004 ). 

 The most important cumulative result of these early studies 
is that together they demonstrate the feasibility of using expres-
sion profi ling for the study of asthma, and should prompt a sec-
ond generation of genomic epidemiologic studies. We suggest 
that the fi rst step include repeating some of these earlier study 
designs but using considerably larger sample size, with a focus 
on identifying gene expression signatures and global patterns 
of gene expression (rather than specifi c genes). These studies 
should be large enough to enable splitting of the cohort in two 
to allow follow-up validation studies of the predictive accuracy 
of any identifi ed signatures – such as assessment of the predictive 
power of identifi ed sets in differentiating asthma affection status, 
atopic status, or disease severity. In addition, these studies should 
include collection of DNA from all subjects to enable integra-
tion of gene expression data with SNP genotype data for the 
identifi cation of asthma-associated regulatory variation. In this 
way, investigators will not only have a catalog of differentially 
expressed asthma genes, but also a set of putative functional vari-
ants for follow-up in well-designed genetic association studies.  

      PHARMACOGENETICS 
 The two main types of asthma drugs are the so-called “reliever” 
drugs that target the acute bronchoconstriction and the so-called 



 T A B L E  4 6 . 2         Published expression microarray studies in asthma **   

   Study  Organism  Tissue/cell type  Phenotype assessed  Sample size  Major fi ndings 

    Karp et al. 
(2000)  

 A/J and C3H/HeJ
mice 

 Lung tissue  Ovalbumin
challenge 

 4 A/J, C3H/HeJ, F1 8 
F1xA/J backcross 

 21 genes overlapping 
all cross-strain 
comparisons, 
including C5, on 
chromosome 2 
(airways 
responsiveness QTL) 

    Zou et al. 
(2002a, b)  

 Cynomolgus
monkeys 

 Lung tissue  IL4 or Ascaris suum 
inhalational challenge 

 Controls      �      6 
IL4      �      1, 
Ascaris      �      6 

 149 genes (2.5-fold 
change), including 
eotaxin, MCP-1, PARC, 
COL2A1 

    Zimmermann 
et al. (2003) ; 
 Munitz et al. 
(2007)  

 Balb/c mice  Lung tissue  Allergen challenge with 
ovalbumin or 
A. Fumigatus 

 Ova      �      3 
A. Fumigatus      �      3 
Control      �      5 

 291 genes overlapping. 
 l -arginine metabolism 
genes identifi ed: 
CAT2, Arginase I 
and Arginase II. 
CD48 antigen later 
implicated following 
allergen challenge 

    Brutsche et al. 
(2002)  

 Human  Peripheral blood 
mononuclear cells 

 Atopic status  Atopy and Asthma      �      18 
Atopy, no asthma      �      8 
Controls      �      14 

 Developed composite 
score (10 genes) 
with 96% sensitivity 
and 92% specifi city 
for differentiating 
atopy from controls. 
Included IL1RA1, IL6, 
RET, CD71 

    Laprise et al. 
(2004)  

 Human  Bronchial wall  Asthma versus normal 
pre- and post-ICS 

 Asthma      �      4 
Normal      �      4 

 79 genes, including 21 
previously implicated 
in asthma, including 
ALOX15, NOS2A, 
TRA a , MUC5A, 
COL2A1 

    Hansel et al. 
(2005)  

 Human  Peripheral blood 
CD4 �  lymphocytes 

 Asthma severity  Mild, no ICS      �      5 
Mild, ICS      �      5 
Severe      �      5 

 40 genes, including 
TGFB1, UTS2, TRD a @, 
JUND 

    Guajardo et al. 
(2005)  

 Human  Nasal epithelium  Asthma exacerbation  Control      �      10 
Stable      �      10 
Exacerbation      �      10 

 324 genes (2-fold 
change) including IL1 b , 
Defensin b 1, IL1R1, 
retinoic acid receptor 

    Lilly et al. 
(2005)  

 Human  Bronchial 
epithelium 

 Segmental airway 
allergen challenge 

 5 asthmatics pre- and 
post- challenge 

 149 genes (2-fold 
change) including 
IL1RN, IL1 b , PTGFR, 
MCP-1, NFKB, MIP1 b  

    Youssef et al. 
(2007)  

 Human  Peripheral blood 
basophils 

 Response to IgE
receptor cross-linking 

 3 nonreleasers and 
5 releasers, pre- and 
post- cross-linking 

 253 differentially 
expressed genes 
following  “ releaser ”  
basophil stimulation, 
including RANTES, 
MIP1 � , VEGF, heat-
shock proteins 

  **   Studies of cultured asthma-relevant cells, transgenic mouse models of asthma, or pharmacogenetics are not included.  
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“controller” drugs that are used to reduce the severity of air-
way infl ammation and the severity and frequency of obstruction 
( CSGA, 1997 ). The main reliever drugs are rapid-acting  β  2 -ago-
nists (e.g., albuterol, metaproterenol, pirbuterol, levalbuterol), 
which relax the bronchial smooth muscle by activating  β  2 -adren-
ergic receptors. This is the treatment of choice for very mild 
asthma. For moderate and severe asthma, the reliever treatment is 
usually combined with controller treatment. The two commonly 
used classes of controller agents are the inhaled glucocorticoids 
and the leukotriene inhibitors. Inhaled glucocorticoids (e.g., 
budesonide, beclomethasone, fl unisolide, and fl uticasone) and 
leukotriene inhibitors (e.g., montelukast and zafi rlukast) modify 
the infl ammatory micro-environment of the airway to reduce 
airway obstruction and hyperresponsiveness. 

 There is large interindividual variation in the treatment 
response to asthma medications ( Drazen et al., 2000 ;  Szefl er 
et al., 2002 ). For example, in a study by Malmstrom and col-
leagues comparing the effi cacy of the inhaled steroid beclometh-
asone (200ug bid) with the leukotriene antagonist montelukast 
(10       mg/qd), it is clear that both drugs are effective over a 12-
week course of treatment with a mean increase in FEV 1  of 
13.1% for the beclomethasone group and 7.4 % for the monte-
lukast group ( Figure 46.3a   ) ( Malmstrom et al., 1999 ). However, 
when these same data are viewed from a different perspective, 
focusing on the number of individuals as a function of percent 
change in FEV 1  from baseline, it is clear that many patients had 
little response ( Figure 46.3b   ). In fact, 22% of patients appear 
to have had an adverse response to treatment with a decline in 
FEV 1  at 12 weeks compared with baseline. The mean therapeu-
tic improvement in FEV 1  for all patients is driven by a dramatic 
increase in FEV 1  in a minority of trial subjects. In a similar study, 
38% of patients randomized to inhaled budesonide or fl utica-
sone demonstrated improvements in FEV 1  of under 5% over the 
course of 24 weeks ( Szefl er et al., 2002 ). A unique subset of up 
to 25% of the non-responders can be classifi ed as having gluco-
corticoid-resistant asthma ( Chan et al., 1998 ). These patients are 
non-responsive to even high doses of oral steroids. Furthermore, 
a careful analysis of these studies indicates that individuals 
responsive to one class of asthma drug may not necessarily be 
the individuals responsive to a different class of asthma drug. 
Despite these studies, there is no universally accepted defi nition 
of a steroid (or  β  2 -agonist) non-responder. These types of data 
illustrating variable drug effi cacy are not limited to asthma drug 
trials but can be found for almost all classes of drugs. The degree 
to which this interindividual variability is genetic remains 
uncertain and probably differs with each class of asthma drug. 
Moreover, interindividual variability may depend on the par-
ticular preparation within a class of asthma drug. Calculations of 
the repeatability (r) of the treatment response for all three classes 
of asthma drugs, defi ned as the fraction of the total population 
variance that results from within individual differences, show 
values for r between 60% and 80% indicating the upper limit 
of the genetic component and suggesting that a substantial frac-
tion of the variance of the treatment response could be genetic 
( Drazen et al., 2000 ). 

 The leukotrienes (LT) are a family of lipoxygenated eico-
satetraenoic acids derived from arachidonic acid and produced 
in the airways of asthmatics that are potent bronchoconstric-
tors. Of the many enzymes involved in the formation of the 
leukotrienes, polymorphisms in two, ALOX5 and LTC4S have 
been associated with altered response to LT inhibitors. ALOX5 
catalyzes the conversion of arachidonic acid to LTA4, which is 
a rate limiting step involved in the synthesis of all leukotrienes 
( Silverman and Drazen, 1999 ). In 221 patients with asthma 
who received either high-dose ABT-761, an ALOX5 inhibitor 
similar to zileuton, ( n  � 114) or placebo ( n  � 107) treatment, we 
found that approximately 6% of asthmatic patients had no wild-
type allele at the ALOX5 promoter locus and had a diminished 
response to ABT-761 treatment ( Drazen et al., 1999 ). These 
fi ndings were consistent with the hypothesis that repeats of the 
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–GGGCGG- sequence other than the wild type are associated 
with decreased gene transcription and ALOX5 product produc-
tion. This has recently been confi rmed in cells obtained from 
patients with asthma ( Kalayci et al., 2003, 2006 ). 

 Another enzyme of the leukotriene pathway, LTC4S, is 
responsible for the adduction of glutathione at the C-6 posi-
tion of the arachidonic acid backbone to form LTC4, a potent 
bronchoconstrictor. There is a known SNP in the LTC4S 
promoter, A-444C, with a C allele frequency of 0.19 in nor-
mal subjects and of 0.27 in patients with severe asthma ( Sayers 
et al., 2003 ). The  	 444C allele creates an activator protein-
2 binding sequence that appears to be functional ( Sayers et al., 
2003 ), suggesting that the  	 444C variant is associated with 
enhanced cysteinyl leukotriene production. Sampson and col-
leagues found that, among asthmatic subjects treated with 
zafi rlukast (20       mg bid), those homozygous for the A allele 
( n  � 10) at the  	 444 locus had a lower FEV 1  response than those 

with the C/C or C/A ( n  � 13) genotype (Sampson et al., 2000)  . 
These fi ndings provide possible evidence of a second pharmaco-
genetic locus in addition to the ALOX5 promoter locus modu-
lating the leukotriene pathway. 

 Studies evaluating the  �  2 -agonist pathway have focused 
largely on the  �  2 -adrenergic receptor gene (ADRB2). Numerous 
clinical ( Israel et al., 2000, 2001 ;  Reihsaus et al., 1993 ) and cel-
lular ( Liggett, 2000 ) studies, including one recent prospective, 
genotype-stratifi ed, clinical trial ( Israel et al., 2004 ), support the 
association of variation in this gene with response to inhaled  �  2 -
agonist therapy. Other genes in the  �  2 -agonist pathway are now 
being actively investigated ( Tantisira et al., 2005 ). 

 Genetic associations have also been reported for response to 
corticosteroids in asthma with the following phenotypes: lung 
function change ( Tantisira et al., 2004b )  , airway constriction 
( Tantisira et al., 2004a ) and relaxation ( Tantisira et al., 2005 ), severe 
exacerbations ( Tantisira et al., 2005 ), and steroid resistance.  
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  2009 UPDATE
In 2008, substantial additional evidence emerged implicating 
fi laggrin as an important gene in atipic eczema and in asthma 
associated with this disease. There is, however, no evidence that 
fi laggrin is a risk factor for asthma in the absence of its associa-
tion with atopic dermatitis (Brown et al., 2008; de Jongh et al., 
2008; Henderson et al., 2008; Weidinger et al., 2008a, b).

Confi rmation emerged for ORMDL3 as an asthma locus, 
although there is controversy as to the importance of its near-
est neighbor GSDML (Gasmin-like), which is in linkage 

 disequilibrium with ORMDL3 and may be coexpressed with 
it (Galanter et al., 2008; Wu et al., 2009). There is likely more 
to this story, and it will take some time to sort out.

A number of candidate genes have been initially associ-
ated with asthma including IL17RB, LKX1, IL1RL1, IL18R1, 
and IL18RAP.

Arginase 1 was identifi ed as a gene determining the phar-
macogenetic trait of short-acting response to bronchodilator, 
moving the focus away from ADRB2 (Litonjua et al., 2008).  
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  INTRODUCTION 
 Chronic obstructive pulmonary disease (COPD) is character-
ized by progressive development of airfl ow limitation that is not 
fully reversible ( Barnes, 2000a ). The term COPD encompasses 
chronic obstructive bronchiolitis with obstruction of small air-
ways and emphysema with enlargement of airspaces and destruc-
tion of lung parenchyma, loss of lung elasticity and closure of 
small airways ( Hogg, 2004 ). Chronic bronchitis, by contrast, is 
defi ned by a productive cough of more than 3 months duration 
for more than 2 successive years; this refl ects mucous hyperse-
cretion and is not necessarily associated with airfl ow limitation. 

 COPD is common and is increasing globally. It is now the 
fourth leading cause of death in the United States and the only 
common cause of death that is increasing. This is likely to be an 
underestimate as COPD is likely to be contributory to other 
common causes of death. It is predicted to become the third 
most common cause of death and the fi fth most common cause 
of chronic disability worldwide in the next few years ( Lopez 
et al., 2006 ). It currently affects more than 5% of the adult popu-
lation and is underdiagnosed in the community ( Chapman et al., 
2006 ). COPD consumes an increasing proportion of health care 
resources, which currently exceed those devoted to asthma by 
more than threefold. 

 There is persuasive evidence that the susceptibility to develop 
COPD is genetically determined, although the genes have not 
yet been identifi ed. Genomics and proteomics are currently in 
use to understand the abnormal protein expression in this disease 
as a way of understanding its complex pathophysiology. There 
are clearly different phenotypes of COPD that need to be bet-
ter defi ned. Finally pharmacogenomics may have an impact on 
COPD therapy in the future. This chapter gives an overview of 
COPD and highlights where genomic medicine is relevant to the 
future understanding and management of this common disease.  

  PREDISPOSITION 
 Several environmental and endogenous factors, including genes, 
increase the risk of developing COPD ( Table 47.1   ). 

  Environmental Factors 
 In industrialized countries, cigarette smoking accounts for most 
cases of COPD, but in developing countries other environ-
mental pollutants, such as particulates associated with cooking 
in confi ned spaces, are important causes. It is likely that there 
are important interactions between environmental factors and 
a genetic predisposition to develop the disease. Air pollution 
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(particularly sulfur dioxide and particulates), exposure to certain 
occupational chemicals such as cadmium and passive smoking 
may all be additional risk factors. The role of airway hyperrespon-
siveness and allergy as risk factors for COPD is still uncertain. 
Atopy, serum IgE and blood eosinophilia are not important risk 
factors. However, this is not necessarily the same type of abnor-
mal airway responsiveness that is seen in asthma. Low birth 
weight is also a risk factor for COPD, probably because poor 
nutrition in fetal life results in small lungs, so that decline in 
lung function with age starts from a lower peak value.  

  Genetic Factors 
 Longitudinal monitoring of lung function in cigarette smokers 
reveals that only a minority (15–40% depending on defi nition) 
develop signifi cant airfl ow obstruction due to an accelerated 
decline in lung function (2- to 5-fold higher than the nor-
mal decline of 15–30       ml FEV 1 /year) compared to the normal 
population and the remainder of smokers who have consumed 
an equivalent number of cigarettes ( Figure 47.1   ). The rate of 
decline in lung function in the general population (Framingham 
Study) has a heritability of about 50% ( Gottlieb et al., 2001 ). 
This strongly suggests that genetic factors may determine which 
smokers are susceptible and develop airfl ow limitation. Further 
evidence that genetic factors are important is the familial clus-
tering of patients with early onset COPD and the differences 
in COPD prevalence between different ethnic groups ( Sandford 
and Silverman, 2002 ). Patients with � 1 -antitrypsin defi ciency 
(proteinase inhibitor (Pi) ZZ phenotype with � 1 -antitrypsin 
levels  � 10% of normal values) develop early emphysema that 
is exacerbated by smoking, indicating a clear genetic predisposi-
tion to COPD ( Carrell and Lomas, 2002 ). However, � 1 -antit-
rypsin defi ciency accounts for  � 1% of patients with COPD, and 
many other genetic variants of � 1 -antitrypsin that are associated 
with lower than normal serum levels of this proteinase inhibi-
tor have not been clearly associated with an increased risk of 
COPD, although analysis of several studies indicates a small risk, 
with an odds ratio from COPD in Pi MZ versus Pi MM indi-
viduals of approximately two ( Hersh et al., 2004 ). 

 This has lead to a search for associations between COPD 
and single nucleotide polymorphisms (SNPs) of other candidate 
genes that may be involved in its pathophysiology ( Cookson, 
2006 ). Various SNPs have been associated with COPD, as defi ned 
by a reduced FEV 1 , but there is emerging evidence that differ-
ent aspects of COPD may relate to different genotypes ( Demeo 
et al., 2007 ;  Hersh et al., 2006a ). For example, a reduction in gas 
diffusion is correlated with SNPs of the microsomal epoxide 
hydrolase gene, reduced exercise performance is correlated with 
SNPs of the latent transforming growth factor-beta binding 
protein-4 (LTBP4), whereas dyspnea was linked to three SNPs 
in transforming growth factor  � 1 (TGF- � 1). This suggests that 
more careful phenotyping is required in the future to sort out 
susceptibility genes. A 10-fold increased risk of COPD in indi-
viduals who have a polymorphism in the promoter region of the 
gene for tumor necrosis factor- �  (TNF- � ) that is associated with 
increased TNF- �  production has been reported in a Taiwanese 
population but not confi rmed in Caucasian populations. So far, 
few signifi cant associations have been detected between SNPs 
and disease, and even those reported have not usually been rep-
licated in other studies or have no obvious functional effects. 
Several other genes have been implicated in COPD, but few 
have been replicated in different populations. One SNP that has 
been replicated is heme oxygenase-1 (HMOX1), which is linked 
to protection against oxidative stress ( Hersh et al., 2005 ) ( Table 
47.2   ). In addition to candidate genes that have been linked to 
the progressive lung disease, genetic factors are also important 
in addictive behavior, such as the nicotine addition of smokers, 
which has a high degree of heritability ( Goldman et al., 2005 ). 
For example, SNPs of the dopamine transporter gene  SLC6A3  
and the dopamine receptor 2 gene have been associated with 
nicotine addiction and inability to quit ( Erblich et al., 2005 ). 

 Positional cloning is more likely to identify novel genes, 
and genome-wide linkage studies have identifi ed some areas of 
weak linkage. The most convincing evidence is for linkage on 
chromosome 2q in the region of the  SERPINE2  gene, which 
encodes an antiprotease ( Demeo et al., 2006 ). Several SNPs of 
the  SERPINE2  gene have been associated with increased sus-
ceptibility to COPD. Various high density genome-wide screens 
are currently in progress, with the aim of identifying novel genes 
involved in COPD susceptibility. This approach is now possible 
with high throughput genotyping of thousands of SNPs in very 
large populations.   

  PATHOPHYSIOLOGY 
 COPD includes chronic obstructive bronchiolitis with fi brosis and 
obstruction of small airways, and emphysema with enlargement of 
airspaces and destruction of lung parenchyma, loss of lung elastic-
ity and closure of small airways. Chronic bronchitis, by contrast, is 
defi ned by a productive cough of more than 3 months duration 
for more than 2 successive years; this refl ects mucous hypersecre-
tion and is not necessarily associated with airfl ow limitation. Most 
patients with COPD have all three pathological mechanisms 

 T A B L E  4 7 . 1         Risk factors for COPD  

   Environmental factors  Endogenous (host) factors 

   Cigarette smoking   �  1 -Antitrypsin defi ciency 
    Active  Other genetic factors 
    Passive  Ethnic factors 
    Maternal   
   Air pollution  Airway hyperresponsiveness? 
   Outdoor   
    Indoor: biomass fuels   
    Occupational exposure  Low birth weight 
   Dietary factors   
    High salt   
    Low antioxidant vitamins   
    Low unsaturated fatty acids   
   Infections   



suggest that is closely related to the degree of infl ammation, 
narrowing and fi brosis in small airways ( Barnes, 2004c ;  Hogg 
et al., 2004 ). Emphysema may contribute to the airway narrowing 
in the more advanced stages of the disease, with disruption of alve-
olar attachments facilitating small airway closure and gas trapping. 
This combined effect of small airway disease and early closure on 
expiration results in lung hyperinfl ation, which results in progres-
sive exertional dyspnea, the predominant symptom of COPD.  

  Emphysema 
 Emphysema describes loss of alveolar walls due to destruction of 
matrix proteins (predominantly elastin) and loss of type 1 pneu-
mocytes as a result of apoptosis. Several patterns of emphysema 
are recognized: centriacinar emphysema radiates from the termi-
nal bronchiole; panacinar emphysema involves more widespread 
destruction and bullae are large airspaces. Emphysema results in 
airway obstruction by loss of elastic recoil so that intrapulmo-
nary airways close more readily during expiration. Emphysema 
with loss of gas-exchanging surface also leads to progressive 
hypoxia and eventually to respiratory failure.  

  Pulmonary Hypertension 
 Chronic hypoxia may lead to hypoxic vasoconstriction, 
with structural changes in pulmonary vessels that eventu-
ally lead to secondary pulmonary hypertension ( Naeije, 2005 ). 
Infl ammatory changes similar to those seen in small airways are 
also seen in pulmonary arterioles. Only a small proportion of 
COPD patients develop pulmonary hypertension, and it is likely 
that genetic susceptibility may play a role.  

 T A B L E  4 7 . 2         Some of the genes associated with COPD 

susceptibility  

   Candidate genes  Risk 

   � 1 -Antitrypsin  ZZ genotype high risk 

     MZ, SZ genotypes small risk 

�  1 -Chymptrypsin  Associated in some 
populations 

   Matrix metalloproteinase-1, 
	2, 	9, 	12 

 Associated in some studies 

   Microsomal epoxide hydrolase  Increased risk 

   Glutathione S-transferase  Increased risk 

   Heme oxygenase-1  Small risk but consistent 

   Interleukin-13  Small risk 

   Vitamin D binding protein  Inconsistent 

   TNF-� promoter  Inconsistent 

   TGF-� promoter  Inconsistent 
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Figure 47.1   Natural history of COPD. Annual decline in airway function showing accelerated decline in susceptible smokers and 
effects of smoking cessation. Patients with COPD usually show an accelerated annual decline in forced expiratory volume in 1 second 
(FEV 1 ), often greater than 50       ml/year, compared to the normal decline of approximately 20       ml/year, although this is variable between 
patients. The classic studies of Fletcher and Peto established that 10–20% of cigarette smokers are susceptible to this rapid decline. 
However, with longer follow-up more smokers may develop COPD. The propensity to develop COPD amongst smokers is only weakly 
related to the amount of cigarettes smoked and this suggests that other factors play an important role in determining susceptibility. 
Most evidence points toward genetic factors, although the genes determining susceptibility have not yet been determined. 

(chronic obstructive bronchitis, emphysema and mucus plugging) 
as all are induced by smoking, but may differ in the proportion of 
emphysema and obstructive bronchitis ( Figure 47.2   ). 

  Small Airways 
 There has been debate about the predominant mechanism of 
progressive airfl ow limitation and recent pathological studies 
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  Systemic Features 
 Patients with severe COPD also develop systemic features, 
which may have an adverse effect on prognosis ( Agusti et al., 
2003 ). The most common systemic feature is weight loss due 
to loss of skeletal muscle bulk. This may contribute to the mus-
cle weaknesses as a result of impaired mobility due to dyspnea. 
Other systemic features include osteoporosis and depression. 
These systemic features may be due to overspill of infl amma-
tory mediators from the lung into the systemic circulation. 
There appears to be a difference in susceptibility to systemic 
features between patients as they do not always correlate with 
disease severity and this may be genetically determined. Patients 
with COPD also have comorbidities, particularly cardiovascular 
diseases. Smoking is a common risk factor for ischemic heart 
disease and COPD, but there may be shared genetic susceptibili-
ties. There may be common genetic predispositions to COPD 
and cardiovascular diseases. COPD patients with coexisting car-
diovascular disease have increased circulating levels of C-reactive 
protein (CRP) ( Gan et al., 2004 ). There is evidence for genetic 
determinants of plasma CRP concentrations in COPD patients 
( Hersh et al., 2006b ).  

  Exacerbations 
 An important feature of COPD are exacerbations, with wors-
ening of dyspnea and an increase in sputum production. This 
may lead to hospitalization and accounts for a high proportion 
of the costs of COPD. Exacerbations are usually due to infec-
tions, either due to bacteria (especially  Haemophilus infl uenzae  
or  Steptococcus pneumoniae  ) or to upper respiratory tract virus 

 infections (especially rhinovirus or respiratory syncytial virus) 
( Papi et al., 2006 ). Exacerbations of COPD tend to increase as 
the disease progresses, but some patients appear to have more 
frequent exacerbations than others, which may suggest genetic 
predisposing factors.   

  CELLULAR AND MOLECULAR 
MECHANISMS 
 There is chronic infl ammation predominantly in small airways 
and the lung parenchyma, with an increase in numbers of mac-
rophages and neutrophils in early stages of the disease indicat-
ing an enhanced innate immune response, but in more advanced 
stages of the disease there is an increase in lymphocytes (particu-
larly cytotoxic CD8  �   T cells), including lymphoid follicles that 
contain B- and T-lymphocytes, indicating acquired immunity 
( Hogg et al., 2004 ) ( Figure 47.3   ). 

  Macrophages 
 Alveolar macrophages play a critical role in the orchestration 
of this pulmonary infl ammation, since they are activated by 
inhaled irritants such as cigarette smoke and release chemokines 
that attract infl ammatory cells, such as monocytes, neutrophils 
and T cells, into the lungs ( Barnes, 2004a ;  Barnes et al., 2003 ). 
Monocytes are attracted into the lung to differentiate into tissue 
and alveolar macrophages, the number of which are increased 
more than 20-fold in COPD compared to cigarette smok-
ers without COPD ( Retamales et al., 2001 ). These cells then 
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Figure 47.2    Mechanisms of airfl ow limitation in COPD. The airway in normal subjects is distended by alveolar attachments during 
expiration, allowing alveolar emptying and lung defl ation. In COPD these attachments are disrupted because of emphysema thus con-
tributing to airway closure during expiration, trapping gas in the alveoli and resulting in hyperinfl ation ( Hogg, 2001 ). Peripheral airways 
are also obstructed and distorted by airways infl ammation and fi brosis (chronic obstructive bronchiolitis) and by occlusion of the airway 
lumen by mucous secretions which may be trapped in the airways because of poor mucociliary clearance.  



all release a variety of infl ammatory mediators and proteases, 
which collectively result in the typical pathology of COPD 
( Barnes, 2004b ).  

  Mediators 
 Prominent mediators are those that amplify infl ammation, such 
as TNF- � , interleukin(IL)-1 �  (IL-1 � ) and IL-6, and chemok-
ines which attract infl ammatory cells such as CXCL8 (IL-8), 
CXCL1 (GRO � ), CXCL10 (IP-10), CCL1 (MCP) and CCL5 
(RANTES) ( Donnelly and Barnes, 2006 ). Elastolytic enzymes 
account for the tissue destruction of emphysema and include 
neutrophil elastase and matrix metalloproteinase-9 (MMP-9). 
There is an imbalance between increased production of elastases 
and a defi ciency of endogenous antiproteases, such as  �  1 -antri-
trypin, secretory leukoprotease inhibitor and tissue inhibitors of 
MMPs. MMP-9 may be the predominantly elastolytic enzyme 
causing emphysema and also activates TGF- � , a cytokine that 
is expressed particularly in small airways that may result in the 
characteristic peribronchiolar fi brosis. 

 Oxidative stress is a prominent feature of COPD and is 
due to exogenous oxidants in cigarette smoke and endogenous 
oxidants release from activated infl ammatory cells, such as neu-
trophils and macrophages ( Bowler et al., 2004 ). Endogenous 
antioxidants may also be defective. Oxidative stress enhances 
infl ammation and may lead to corticosteroid resistance. There is 
also increase production of nitric oxide (NO) in peripheral lung 
of COPD patients, with increased formation of peroxynitrite 
( Brindicci et al., 2005 ;  Ricciardolo et al., 2005 ).  

  Differences from Asthma 
 Although both COPD and asthma involve chronic infl amma-
tion of the respiratory tract, there are marked differences in the 
infl ammatory process between these diseases, which are sum-
marized in  Table 47.3    ( Barnes, 2000b ). While there are strik-
ing differences between the infl ammation in mild asthma and 
COPD, patients with severe asthma become much more similar 
to patients with COPD, with involvement of neutrophils, mac-
rophages, TNF- � , CXCL8, oxidative stress and a poor response 
to corticosteroids ( Barnes, 2006a ). This has suggested that there 
may be similarities in genetic predisposition to COPD in smok-
ers and severe asthma. Several novel susceptibility genes, includ-
ing DPP10, GPRA, PHF11 and ADAM33, that have been 
identifi ed in severe asthma have now also been identifi ed in 
COPD patients ( van Diemen et al., 2005 ).  

  Gene Regulation 
 Proinfl ammatory mediators, such as TNF- �  and IL-1 � , activate 
the transcription factor nuclear factor- � B (NF- � B), which is 
activated in the airways and lung parenchyma of COPD patients, 
particularly in epithelial cells and macrophages ( Di Stefano 
et al., 2002 ). There is further activation of NF-�  B during exacer-
bations ( Caramori et al., 2003 ). NF-�  B switches on many of the 
infl ammatory genes that are activated in COPD lungs, including 
chemokines, adhesion molecules such as ICAM-1 and E-selectin, 
infl ammatory enzymes such as cyclo-oxygenase-2 and  inducible 
nitric oxide synthase, elastolytic enzymes such as MMP-9 and 

Figure 47.3    Infl ammatory mechanisms in COPD. Cigarette smoke (and other irritants) activate macrophages in the respiratory tract 
that release neutrophil chemotactic factors, including interleukin-8 (IL-8) and leukotriene B4 (LTB4). These cells then release proteases 
that break down connective tissue in the lung parenchyma, resulting in emphysema, and also stimulate mucus hypersecretion. These 
enzymes are normally counteracted by protease inhibitors, including  � 1-antitrypsin, secretory leukoprotease inhibitor (SLPI) and tissue 
inhibitor of matrix metalloproteinases (TIMP). Cytotoxic T cells (CD8  �  ) may also be recruited and may be involved in alveolar wall 
destruction.  
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proinfl ammatory mediators such as TNF- �  and IL-1 �  which 
themselves activate NF- � B. NF- � B-activated genes result in 
acetylation of core histones (particularly histone-4), which 
is necessary for activation of infl ammatory genes and this is 
reversed by histone deacetylase-2 (HDAC2) ( Barnes et al., 2005 ). 
There is a marked reduction in HDAC2 activity and expression 
in lung parenchyma, airways and alveolar macrophages of COPD 
patients ( Ito et al., 2005 ). This is a mechanism that can account 
for the amplifi ed pulmonary infl ammation seen in COPD com-
pared to smokers with normal lung function and also explains 
why COPD patients are not responsive to corticosteroids, since 
HDAC2 is the mechanism whereby corticosteroids switch off 
activated infl ammatory genes ( Barnes, 2006b ) ( Figure 47.4   ).
The reduction in HDAC2 expression in COPD appears to be 
secondary to increased oxidative and nitrative stress and the 
formation of peroxynitrite, which nitrates tyrosine residues on 
HDAC2.  

  Genomics 
 Better knowledge of the complex underlying pathophysiology 
has identifi ed many candidate genes that appear to be involved in 
the molecular mechanisms of COPD, and polymorphisms of sev-
eral of these have been investigated for association with COPD. 
With gene microarrays it is now possible to study the global 
expression of all human genes in cells and tissues (transcriptom-
ics). Few studies of global gene expression have been conducted 
in COPD, but several laboratories are now looking at the differ-
ences in gene expression between COPD patients and smokers 
exposed to similar numbers of cigarettes who have normal lung 
function. These studies are using alveolar macrophages, circulat-
ing monocytes, airway epithelial cells and peripheral lung. Serial 
analysis of gene expression and microarray analysis in periph-
eral lung from mild to moderate COPD patients versus nor-
mal smokers has demonstrated that a total of 261 genes showed 
differential expression ( Ning et al., 2004 ). Many of these genes 
encode infl ammatory transcription factors and growth factors. 
The transcription factor Egr-1 was notably upregulated and 
shown to increase the activity of mitogen-activated protein 
kinase pathways (MAPK), which regulate multiple infl amma-
tory genes. A microarray study of human bronchial epithelial 
cells exposed to nicotine has identifi ed upregulation of several 
genes in the MAPK pathway ( Tsai et al., 2006 ). Gene expres-
sion profi ling of alveolar macrophages has demonstrated 40 
genes upregulated and 35 downregulated in smokers compared 
to nonsmokers. Most of these genes belong to the functional 
categories of immune/infl ammatory response, cell adhesion and 
extracellular matrix, proteases/antiproteases, antioxidants, sig-
nal transduction and regulation of transcription ( Heguy et al., 
2006 ). The amplifi cation of infl ammation in COPD patients 
compared to equivalent smokers with normal lung function 
may be genetically determined, through amplifi cation of infl am-
matory genes or defective expression of anti-infl ammatory or 
protective mechanisms. Studies looking at susceptibility to the 
effects of cigarette smoke in different strains of mice may also 
be informative. For example, the susceptible strain AKR/J shows 
increased expression of cytokines linked to T helper 1 cells 
after exposure to tobacco smoke compared to non-susceptible 
strains (C57BL/6/J and NZWlac/J) ( Guerassimov et al., 2004 ). 
Molecular genomics may identify markers of risk, but may also 
reveal novel molecular targets for the development of treatments 
of the future. 

 A whole genome-wide linkage scan in relatives of patients 
with familial early-onset COPD found evidence for linkage of 
airway obstruction with chromosome 2 (LOD 2.60 at 216       cM). 
In a smokers-only analysis, evidence for linkage was also observed 
with chromosome 12 (LOD 5.03 at 35       cM) and chromosome 
2 (LOD 4.13 at 229       cM), but the specifi c genes involved have 
not been identifi ed ( Demeo et al., 2004 ).  

  Proteomics 
 While gene microarray analysis gives considerable informa-
tion about proteins that are transcriptionally regulated it is 

 T A B L E  4 7 . 3         Differences between infl ammation in 

COPD and asthma  

   Infl ammation  COPD  Asthma 

   Infl ammatory cells  Neutrophils  Eosinophils 

     CD8 �  T cells �  �  �   Mast cells 

     CD4 �  T cells �   CD4 �  T cells 

     Macrophages �  �  �   Macrophages �  

   Infl ammatory 
mediators 

 LTB 4   LTD 4 , histamine 

     TNF- �   IL-4, IL-5, IL-13 

     CXCL1, CXCL8  CCL11 

     Oxidative 
stress �  �  �  

 Oxidative stress �  

   Infl ammatory 
effects 

 Epithelial 
metaplasia 

 Epithelial shedding 

     Fibrosis �  �   Fibrosis �  

     Mucus 
secretion �  �  �  

 Mucus secretion �  

     AHR �   AHR �  �  �  

   Location  Peripheral airways  All airways 

     Predominantly  No parenchymal 
effects 

     Parenchymal 
destruction 

  

   Response to 
corticosteroids 

  �    �  �  �  

  LT, leukotriene; TNF, tumor necrosis factor; IL, interleukin; GRO, 
growth-related oncogene; AHR, airway hyperresponsiveness.  



now  recognized that many genes involved in infl ammation are 
 regulated post-transcriptionally and that it is necessary to meas-
ure protein expression using proteomic approaches ( Bowler 
et al., 2006 ). A recent study used a proteomic approach to inves-
tigate the plasma concentrations of multiple infl ammatory and 
immune proteins during COPD exacerbations compared to 
baseline measurements ( Hurst et al., 2006 ). CRP was found to 
be the most discriminant marker and was linked to various pro-
teins associated with monocytic and lymphocytic infl ammatory 
pathways. In another study 143 plasma proteins were assayed in 
COPD patients compared to control subjects and 25 found to 
show some correlation with clinical parameters in the COPD 
patients ( Pinto-Plata et al., 2006 ). Proteomic analysis may also be 
applied to cells, lung tissue or sputum ( Barnes et al., 2006 ).   

  DIAGNOSIS AND SCREENING 

  Diagnosis 
 Diagnosis is commonly made from the history of progressive 
dyspnea in a chronic smoker and is confi rmed by spirometry, 
which shows an FEV 1 /VC ratio of  � 70% and FEV 1  � 80% pre-
dicted. Staging of severity is made on the basis of FEV 1 , but exer-
cise capacity and the presence of systemic features may be more 

important determinants of clinical outcome ( Celli et al., 2004 ). 
Measurement of lung volumes by body plethysmography shows 
an increase in total lung capacity, residual volume and functional 
residual capacity, with consequent reduction in inspiratory capac-
ity, representing hyperinfl ation as a result of small airway closure. 
This results in dyspnea which may be measured by dyspnea 
scales and reduced exercise tolerance, which may be measured by 
a 6       min or shuttle walking test ( Figure 47.5   ). Carbon monoxide 
diffusion is reduced in proportion to the extent of emphysema. 

 A chest X-ray is rarely useful but may show hyperinfl ation 
of the lungs and the presence of bullae. High resolution compu-
terized tomography demonstrates emphysema, but is not used as 
a routing diagnostic test. Blood tests are rarely useful; a normo-
cytic normochromic anemia is more commonly seen in patients 
with severe disease than polycythemia due to chronic hypoxia. 
Arterial blood gases demonstrate hypoxia and in some patients 
hypercapnia.  

  Screening 
 COPD is grossly underdiagnosed, as symptoms present late in 
the progression of disease ( Chapman et al., 2006 ). Population 
screening with measurement of FEV 1  and FEV 1 /VC ratio 
would pick up early COPD in smokers over 40 years. However, 
this would not identify COPD due to nonsmoking causes, 
which constitute 10–20% of the total. This would require 
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Figure 47.4    Proposed mechanism of corticosteroid resistance in COPD patients. Stimulation of normal alveolar macrophages acti-
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matory response to NF- � B activation, but also reduces the anti-infl ammatory effect of corticosteroids as HDAC2 is now unable to 
reverse histone acetylation.    
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screening spirometry of all individuals over 40 years in addition 
to the 20–40% of the population who smoke. It is hoped that 
gene expression studies might result in a biomarker that is cor-
related with COPD susceptibility, but this is unlikely as so many 
genes are likely to be involved ( Barnes et al., 2006 ).   

  PROGNOSIS 
 COPD is slowly progressive with an accelerated decline in FEV 1 , 
leading to slowly increasing symptoms, fall in lung function and 
eventually to respiratory failure ( Figure 47.1 ). The only strat-
egy to reduce disease progression is smoking cessation, although 
this is relatively ineffective once FEV 1  has fallen below 50% 
predicted and the patient is symptomatic. Patients with more 
severe exacerbations develop acute exacerbations, which have a 
prolonged effect on quality of life for many months. There is 
still debate about the role of acute exacerbations on disease pro-
gression, but the decline in lung function may be accelerated 
further following an acute exacerbation ( Donaldson et al., 2002 ). 
Factors other than FEV 1  are important in the prognosis of the 
disease, including exercise performance and muscle weakness, 
which signal a greater mortality ( Celli et al., 2004 ). Patients who 
develop right heart failure ( cor pulmonale ) also have poor survival, 

although this may be improved by long-term oxygen therapy. 
It is hoped in the future that genetic approaches will help to 
improve the prediction of prognosis and identify what the most 
effective management strategies may be.  

  MANAGEMENT 
 COPD is managed according to the severity of the disease, 
with a progressive escalation of therapy as the disease progresses 
( Barnes and Stockley, 2005 ;  Rennard, 2004 ). 

  Anti-Smoking Measures 
 Smoking cessation is the only measure so far shown to slow the 
progression of COPD, but in advanced disease stopping smoking 
has little effect and the chronic infl ammation persists. Nicotine 
replacement therapy (gum, transdermal patch, inhaler) helps in 
quitting smoking, but bupropion, a noradrenergic antidepressant, 
is more effective. More effective anti-smoking therapies, includ-
ing partial nicotinic agonists and cannabinoid receptor antago-
nists are currently being evaluated. As discussed above, there may 
be genetic determinants of smoking cessation that make it very 
diffi cult for some patients to quit.  

  Bronchodilators 
 Bronchodilators are the mainstay of current drug therapy for 
COPD. The bronchodilator response measured by an increase 
in FEV 1  is limited in COPD, but bronchodilators may improve 
symptoms by reducing hyperinfl ation and therefore dyspnea, 
and may improve exercise tolerance, despite the fact that there 
is little improvement in spirometric measurements. Previously 
short-acting bronchodilators, including  �  2 -agonists and anti-
cholinergics, were most widely used, but more recently long-
acting bronchodilators have been introduced. These include the 
inhaled long-acting  �  2 -agonists (LABA) salmeterol and for-
moterol and the once daily inhaled anticholinergic tiotropium 
bromide. In patients with more severe disease, these therapies 
appear to be additive. Theophylline is also used as an add-on 
bronchodilator in patients with very severe disease, but systemic 
side effects may limit its value.  

  Antibiotics 
 Acute exacerbations of COPD are commonly assumed to be 
due to bacterial infections, since they may be associated with 
increased volume and purulence of the sputum. However, it is 
increasingly recognized that exacerbations may be due to upper 
respiratory tract viral infections or may be non-infective, ques-
tioning the place of antibiotic treatment in many patients. 
Controlled trials of antibiotics in COPD show a relatively minor 
benefi t of antibiotics in terms of clinical outcomes and lung func-
tion. Although antibiotics are still widely used in exacerbations of 
COPD, methods that can reliably diagnose bacterial infection in 
the respiratory tract are needed so that antibiotics are not used 
inappropriately. There is no evidence that prophylactic antibiot-
ics prevent acute exacerbations.  

Lung hyperinflation
↑ Trapped gas

Dyspnea

↓ Exercise tolerance

Deconditioning

Emphysema + Small airway
obstruction

Poor health status

Mucus hypersecretion

Cough and sputum

Figure 47.5    Symptoms of COPD. The most prominent symp-
tom of COPD is dyspnea, which is largely due to hyperinfl ation 
of the lungs as a result of small airways collapse due to emphy-
sema and narrowing due to fi brosis, so that the alveoli are not 
able to empty. Hyperinfl ation induces an uncomfortable sensa-
tion and reduces exercise tolerance. This leads to immobility and 
deconditioning and results in poor health status. Other common 
symptoms of COPD are cough and sputum production as a 
result of mucus hypersecretion, but not all patients have these 
symptoms and many smokers with these symptoms do not have 
airfl ow obstruction (simple chronic bronchitis).    



  Oxygen 
 Home oxygen accounts for a large proportion (over 30% in the 
United States) of health care spending on COPD. Long-term 
oxygen therapy was justifi ed by two large trials showing reduced 
mortality and improvement in quality of life in patients with 
severe COPD and chronic hypoxemia (PaO 2   �  55       mmHg). 
More recent studies have demonstrated that patients with less 
severe hypoxemia do not appear to benefi t in terms of increased 
survival, so that selection of patients is important in prescrib-
ing this expensive therapy. Similarly, nocturnal treatment with 
oxygen does not appear to be benefi cial in terms of survival 
or delaying the prescription of long-term oxygen therapy in 
patients with COPD who have nocturnal hypoxemia.  

  Corticosteroids 
 Inhaled corticosteroids are now the mainstay of chronic asthma 
therapy and the recognition that chronic infl ammation is also 
present in COPD provided a rationale for their use in COPD. 
Indeed, inhaled corticosteroids are now widely prescribed in 
the treatment of COPD. However, the infl ammation in COPD 
shows little or no suppression even by high doses of inhaled or 
oral corticosteroids. This may refl ect the fact that neutrophilic 
infl ammation is not suppressible by corticosteroids as neu-
trophil survival is prolonged by steroids. There is also evidence 
for an active cellular resistance to corticosteroids, with no evi-
dence that even high doses of corticosteroids suppress the syn-
thesis of infl ammatory mediators or enzymes. This is related to 
a decreased activity and expression of HDAC2 ( Barnes, 2006b ). 
Approximately 10% of patients with stable COPD show some 
symptomatic and objective improvement with oral corticoster-
oids, and it is likely that these patients have concomitant asthma, 
as both diseases are very common. Furthermore, these patients 
have elevated sputum eosinophils and exhaled NO, which are 
features of asthmatic infl ammation. Long-term treatment with 
high doses of inhaled corticosteroids fails to reduce disease pro-
gression, even at the early stages of the disease. However, there 
is a small protective effect against acute exacerbations (approxi-
mately 20% reduction) in patients with severe disease. In view 
of the risk of systemic side effects in this susceptible population, 
inhaled corticosteroid are only recommended in patients with 
FEV 1   �  50% predicted who have two or more severe exacerba-
tions a year. 

 There is a small benefi cial effect of systemic corticoster-
oids in treating acute exacerbations of COPD, with improved 
clinical outcome and reduced length of hospital admission. The 
reasons for this discrepancy between steroid responses in acute 
versus chronic COPD may relate to differences in the infl am-
matory response (increased eosinophils) or airway edema in 
exacerbations.  

  Other Drug Therapies 
 Systematic reviews show that mucolytic therapies reduce exac-
erbation by about 20%, but most of the benefi t appears to derive 
from  N -acetylcysteine which is also an antioxidant. A  controlled 

trial, however, did not show any overall benefi t in reducing 
exacerbations or disease progression ( Decramer et al., 2005 ).  

  Pulmonary Rehabilitation 
 Pulmonary rehabilitation consists of a structured program of 
education, exercises and physiotherapy and has been shown in 
controlled trials to improve the exercise capacity and quality of 
life of patients with severe COPD, with a reduction in health 
care utilization. Pulmonary rehabilitation is now an important 
part of the management plan in patients with severe COPD. 
There is debate about the duration and frequency of pulmo-
nary rehabilitation ( Troosters et al., 2005 ). Most of the benefi ts 
appear to relate to exercise so that modifi ed simplifi ed programs 
are now often used.  

  Lung Volume Reduction 
 Surgical removal of emphysematous lung improves ventila-
tory function in carefully selected patients ( Wouters, 2004 ). The 
reduction in hyperinfl ation improves the mechanical effi ciency of 
the inspiratory muscles. Careful patient selection after a period 
of pulmonary rehabilitation is essential. Patients with localized 
upper lobe emphysema with poor exercise capacity do best, but 
there is a relatively high operative mortality, particularly with 
patients who have a low diffusing capac ity. Signifi cant functional 
improvements include increased FEV 1 , reduced total lung capac-
ity and functional residual capacity, improved function of respira-
tory muscles, improved exercise capacity and improved quality of 
life. Benefi ts persist for at least a year in most patients, but careful 
long-term follow-up is needed in order to evaluate the long-term 
benefi ts of this therapy. More recently nonsurgical bronchoscopic 
lung volume reduction has been achieved by insertion of one-
way valves by fi beroptic bronchoscopy. This gives signifi cant 
improvement in some patients and appears to be safe, but col-
lateral ventilation reduces the effi cacy of this treatment so that 
signifi cant defl ation of affected lung may not be achieved.  

  Management of Acute Exacerbations 
 Acute exacerbations of COPD should be managed by supplemen-
tary oxygen therapy, initially 24% oxygen and checking that there 
is no depression of ventilation. Antibiotics should be given if the 
sputum is purulent or there are other signs of bacterial infection, 
High doses of corticosteroids reduce hospital stay and are routinely 
given. Chest physiotherapy is usually given, but there is little objec-
tive evidence for benefi t. Noninvasive ventilation is indicated for 
incipient respiratory failure and reduces the need for intubation.  

  Pharmacogenomics 
 There is no information about the impact of pharmacogenomics 
on COPD therapy. Polymorphism of the  �  2 -receptor affect the 
bronchodilator response to short- and long-acting  �  2 -agonists 
in asthma, with reduce responses seen in patients with the 
Arg–Arg 16  polymorphism ( Liggett, 2002 ). However this is not 
a large effect and is unlikely to have a major clinical impact. It 
is possible that polymorphism in corticosteroids signaling path-
ways may contribute to the corticosteroids resistance in COPD 
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but this has not yet been investigated. Using genomics to better 
defi ne the clinical phenotypes may lead to a more rational use 
of specifi c therapies in the future.        

  Impacts of Genomics on Therapy 
 As indicated above, molecular genetics and genomics may 
identify novel targets for the development of new therapies. 
Pharmacogenomics might have an impact on choice of  therapy 

in the future. It is unlikely that gene-based therapies will be 
useful, but silencing of infl ammatory genes by inhaled inter-
fering RNAs and antisense oligonucleotides might be a feasi-
ble approach in the future ( Ulanova et al., 2006 ). Micro-RNAs 
(miRNA) are small regulatory RNAs that inhibit the transla-
tion of several activated genes and may have application to the 
suppression of multiple infl ammatory genes in the future ( Ying 
et al., 2006 ).   

2009 UPDATE

  Gene Polymorphism Studies
Several new associations between COPD and SNPs in can-
didate genes have recently been described. Stratifi ed link-
age analysis in early onset COPD patients with emphysema 
identifi ed an association with an intronic SNP of transform-
ing growth factor receptor-3 (TGFR3, betaglycan), and this 
was confi rmed in an independent COPD population (Hersh 
et al., 2009). Studies in mice and microarray studies in COPD 
have also identifi ed this target, consistent with the previously 
demonstrated SNP of TGFβ1, indicating an abnormality in the 
TGF signaling pathway that may be relevant to the small air-
way fi brosis that is a key component of COPD. The association 
between SNPs of TGFβ in emphysema patients has also been 
confi rmed in a Japanese population (Ito et al., 2008).

One of the problems in the genetics of COPD is the 
clinical heterogeneity of the disease. There is now an effort to 
link different aspects of the disease to specifi c genetic associa-
tions in order to classify disease subtypes that might be use-
ful in selecting patients for different types of therapy in the 
future. Several SNPs were reported to be associated with severe 
COPD in almost 400 patients who participated in the National 
Emphysema Treatment Trial (NETT). Two of these genes – 
microsomal epoxide hydrolase (EPHX1) and SERPINE2 – 
were found to be signifi cantly associated with hypoxema. In 
a separate population of early onset COPD patients, the same 
SNPs were associated with the requirement of domiciliary 
oxygen (Castaldi et al., 2008). Another SNP in the surfactant 
protein B (SFTPB) gene was associated with pulmonary 
hypertension. The same research group has also linked bron-
chodilator responsiveness to the inhaled β2-agonist albuterol 
with SNPs in the SERPINE2 and EPHX1 genes, as well as in 
the β2-adrenergic receptor (ADRB2) gene (Kim et al., 2008). 
Extracellular superoxide dismutase (SOD3) is an important 
antioxidant enzyme in the lungs, and two novel SNPs of SOD3 
have been linked to reduced FEV1 values in a Danish popula-
tion study and these polymorphisms were associated with hos-
pitalization and mortality from COPD (Dahl et al., 2008).

Matrix metalloproteinases appear to play an important 
role in the remodeling of COPD lungs and MMP-9 is the 

predominant elastolytic enzyme in the lung periphery. There 
is a signifi cant association between a genetic variant of MMP-
9, Gln279Arg, which is associated with the increased substrate 
binding that is increased in COPD patients (Tesfaigzi et al., 
2006).

Genome-Wide Association Studies
Although genome-wide association studies (GWAS) are now 
widely applied to complex diseases, this approach has not 
yet been applied successfully in COPD patients. The GWAS 
approach has been applied to over 70,000 samples from the 
Framingham Heart Study, and reduced lung function (lower 
FEV1 and FEV1/FVC ratio) was signifi cantly associated with 
SNPs in the IL-6 receptor and glutathione S-transferase 
omega-2 genes, as well as SOD3 (Wilk et al., 2007). Several 
GWAS in COPD are currently underway.

Biomarker Studies
There is continued search for novel biomarkers in COPD 
that might predict disease progression and response to therapy. 
Desmosine and isodesmosine are amino acids that are unique 
to elastin fi bers and may therefore have potential as markers of 
elastin degradation in COPD lungs. However, they have previ-
ously proved to be of little value because of the high back-
ground levels. Novel separation methods and more sensitive 
detection methods are now being applied and indicate that 
these biomarkers are increased in urine, plasma and sputum of 
COPD patients (Luisetti et al., 2008).

Gene Expression Studies
There is increasing use of microarrays to study abnormal pat-
terns of gene expression in cells from COPD patients. Airway 
epithelial cells from COPD patients show downregulation 
of the Notch signaling pathway, which is involved in epi-
thelial regeneration (Tilley et al., 2009). Microarray analysis 
of  peripheral lung from COPD patients also shows abnormal 
expression of genes involved in epithelial repair and matrix 
synthesis and degradation (Wang et al., 2008). However, there 
appears to be enormous variability in the expression of cytokine 



and chemokine genes in small airway epithelial cells and mac-
rophages in response to cigarette smokers, which is greater in 
COPD patients than in normal smokers and nonsmokers 
(Ammous et al., 2008; Howrylak and Choi, 2008). This variabil-
ity means that large numbers of samples are likely to be needed 
to characterize the COPD transcriptome (Zeskind et al., 2008).

Disease Mechanisms
Increased oxidative stress is important in the pathophysiology 
of COPD and may be an important driver of chronic infl am-
mation and corticosteroid resistance. As well as an increase in 
oxidants from cigarette smoke and other inhaled particles and 
from activated infl ammatory cells, there may also be a defect 
in antioxidant defenses in the lung, which may be genetically 
determined. The transcription factor nuclear  erythroid- 2 
related factor 2 (Nrf2) is important in regulating the 

 transcription of many antioxidant and detoxifying genes. A 
recent study has demonstrated that Nrf2 activity is reduced in 
the lungs and epithelial cells of COPD patients and that this is 
associated with reduced expression of several antioxidant genes 
(Malhotra et al., 2008). Nrf2 activity has also been found to be 
reduced in alveolar macrophages from COPD patients (Suzuki 
et al., 2008) This defect is related to reduced nuclear transloca-
tion of Nrf2 in response to oxidative stress as a result of defect 
in the protein DJ1, which normally stabilizes Nrf2 in the cyto-
plasm. There is no obvious association between SNPs of Nrf2 
and COPD, but other genes in the pathway such as DJ1 have 
not yet been studied. This defect in Nrf2 may be reversed using 
drugs, such as sulforaphane, which occurs naturally in broc-
coli (Barnes, 2008). A more potent and selective Nrf2 activator 
triterpenoid CDDO-imidazolide prevents cigarette smoke-
induced emphysema in mice (Sussan et al., 2009).     
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  INTRODUCTION 
 Interstitial lung diseases (ILDs), also referred to as diffuse paren-
chymal lung diseases (DPLDs), are a diverse group of lung dis-
eases that can be classifi ed according to clinical, radiologic, 
physiologic, or pathologic criteria that result in fi brosis of the 
alveolar interstitium and impairment of gas exchange. The term 
DPLD more accurately describes these entities, since among the 
ILDs there is substantial variation in the degree of involvement 
of lung structures other than the alveolar interstitium, including 
capillaries, terminal and respiratory bronchioles, and lymphat-
ics along the bronchovascular bundle and interlobular septae. 
A general classifi cation scheme of ILD/DPLD categorizes 
DPLD related to connective tissue diseases, drug-induced dis-
eases, occupational and environmental exposures, granulomatous 
diseases, inherited conditions such as familial interstitial pneu-
monia (FIP) and Hermansky-Pudlak syndrome, unique condi-
tions such as eosinophilic granuloma and amyloidosis, and the 
idiopathic interstitial pneumonias (IIPs). While the pathogenic 
mechanisms are known or inferred in some of the DPLDs such 
as those related to environmental exposure, drug exposure, or 
autoimmune mechanisms, the pathogenesis of most of these 
entities is poorly understood. Furthermore, it is well recog-
nized that there is considerable individual variation in the natu-
ral history of DPLD, particularly regarding the susceptibility to 
agents known to cause pulmonary fi brosis, such as radiation or 

asbestos. Since the lung responds to these injuries in a limited 
fashion, when using standard radiologic and pathologic evalua-
tion, there is signifi cant overlap and diagnostic uncertainty with 
DPLD. Consequently, there is considerable interest in the study 
of the genetics, genomics, and proteomics of ILD/DPLD to 
better understand the pathogenesis of these diseases and indi-
vidual disease susceptibility, to discover biomarkers for disease 
diagnosis and prognosis, as well as to develop effective treatment 
interventions. 

 Four lines of evidence suggest that the development of 
pulmonary fi brosis is, at least in part, determined by genetic 
factors. First, clustering of pulmonary fi brosis, an uncommon 
disease, has been reported in monozygotic twins raised in dif-
ferent environments ( Bonanni et al., 1965 ;  Javaheri et al., 1980 ; 
 Solliday et al., 1973 ), in genetically related members of several 
families ( Bitterman et al., 1986 ;  Bonanni et al., 1965 ;  Hughes, 
1964 ;  Swaye et al., 1969 ), in consecutive generations of the 
same families ( Bonanni et al., 1965 ;  Hodgson et al., 2002 ;  Lee 
et al., 2005 ), and in family members separated at an early age 
( Swaye et al., 1969 ). While a single report suggests that FIP is 
inherited as an autosomal recessive trait ( Tsukahara and Kajii, 
1983 ), other pedigrees demonstrate an autosomal dominant pat-
tern of inheritance ( Adelman et al., 1966 ;  McKusick and Fisher, 
1958 ;  Swaye et al., 1969 ), perhaps with reduced penetrance 
( Adelman et al., 1966 ;  Bitterman et al., 1986 ;  Hughes, 1964 ; 
 Javaheri et al., 1980 ;  Marshall et al., 2000 ;  Musk et al., 1986a, b ; 
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 Solliday et al., 1973 ;  Swaye et al., 1969 ). Second, pulmonary 
fi brosis is observed in genetic disorders with pleiotropic pres-
entation, including Hermansky-Pudlak syndrome ( Depinho 
and Kaplan, 1985 ), neurofi bromatosis ( Riccardi, 1981 ), tuberous 
sclerosis ( Harris et al., 1969 ;  Makle et al., 1970 ), Neimann-Pick 
disease ( Terry et al., 1954 ), Gaucher disease ( Schneider et al., 
1977 ), familial hypocalciuric hypercalcemia ( Auwerx et al., 
1985 ), and familial surfactant protein C mutation ( Thomas 
et al., 2002 ). Third, considerable variability exists in the devel-
opment of pulmonary fi brosis among workers exposed to simi-
lar concentrations of fi brogenic dusts or organic antigens. For 
instance, following exposure to asbestos, similarly exposed indi-
viduals may experience very different outcomes ( Polakoff et al., 
1979 ;  Selikoff et al., 1979 ). Fourth, inbred strains of mice dif-
fer in their susceptibility to fi brogenic agents. In comparison to 
BALB/c or 129 mice, C57BL/6 mice develop more lung fi bro-
sis when challenged with either bleomycin ( Ortiz et al., 1998 ; 
 Rossi et al., 1987 ) or asbestos ( Corsini et al., 1994 ;  Warshamana 
et al., 2002 ). 

 This review will focus on the genetic, genomic, and pro-
teomic approaches to identify disease susceptibility genes that 
predispose to DPLD or to aid in the diagnostic classifi cation of 
DPLD. To better understand the pathogenesis of pulmonary sar-
coidosis, both candidate gene and genome-wide linkage strat-
egies have been utilized, as well as proteomic approaches to 
identify pathogenic antigens causing granulomatous infl amma-
tion. Surfactant protein C defi ciency has been linked to familial 
cases of pediatric and adult interstitial pneumonia and represents 
the most successful candidate gene approach to studying genetic 
susceptibility to DPLD. Microarray-based expression profi ling is 
being successfully utilized to aid in the classifi cation of DPLDs 
and to identify novel disease-susceptibility genes. Recombinant 
inbred and congenic mouse strains have been successfully used 
to map susceptibility loci related to radiation-, bleomycin-, and 
asbestos-induced pulmonary fi brosis. Finally, genome-wide scans 
are being utilized to identify susceptibility loci that predispose 
to the development of IIPs.  

  GENETIC DETERMINANTS OF 
SARCOIDOSIS 

  Evidence for Genetic Basis 
 Sarcoidosis represents a complex disease with racial and eth-
nic differences in disease prevalence, an association with envi-
ronmental exposures, and a genetic predisposition. A genetic 
basis for pulmonary sarcoidosis is suggested by familial cluster-
ing of sarcoidosis ( Buck and Mc, 1961 ;  Harrington et al., 1994 ; 
 Headings et al., 1976 ;  Moura et al., 1990 ;  Wiman, 1972 ) and 
racial differences in disease prevalence ( Rybicki et al., 2001a, b ). 
A large multicenter case control study investigating the famil-
ial aggregation of sarcoidosis in the United States demonstrated 
a 5.8-fold increase in the relative risk of developing sarcoidosis 
among fi rst degree relatives ( Rybicki et al., 2001a, 2005a ).  

  Candidate Gene Studies 
 Sarcoidosis demonstrates characteristic granulomatous infl am-
mation with morphologic features of the granuloma hav-
ing a concentration of CD4 positive T cells at the central core, 
CD8 positive T cells at the periphery, and a host of associated 
immunologic abnormalities ( Statement on sarcoidosis, 1999 )  . 
Immunologic abnormalities observed in patients with sar-
coidosis include expansion of T cells bearing restricted T cell 
receptor suggesting oligoclonality; increased expression of mem-
bers of the TNF-ligand and TNF-receptor superfamilies by T 
cells; B cell hyperactivity and spontaneous  in situ  production of 
immunoglobulin; and accumulation of monocytes/macrophages 
with antigen presenting capacity associated with increased release 
of macrophage-derived cytokines (IL-1, IL-6, IL-8, IL-15, TNF- � , 
IFN- � , GM-CSF), chemokines (RANTES, MIP-1 � , IL-16), and 
fi brogenic cytokines (TGF- � , PDGF). Genes involved in these 
pathways are plausible biologic candidate genes. 

 Given the known racial and ethnic differences in disease prev-
alence, the characteristic immunologic features of the disease, atten-
tion has been directed to HLA region genes that predispose to the 
development of sarcoidosis. HLA class II alleles have been most fre-
quently reported to be associated with the risk of developing sar-
coidosis. Studies performed in different populations have produced 
confl icting results demonstrating either increased risk or protection 
from various HLA alleles. There is a consistent association with 
HLA-DR3 haplotypes and a more favorable prognosis in Czech, 
German, Italian, Japanese, Polish, and Scandinavian populations 
( Berlin et al., 1997 ;  Bogunia-Kubik et al., 2001 ;  Foley et al., 2001 ; 
 Gardner et al., 1984 ;  Ina et al., 1989 ;  Ishihara et al., 1994 ;  Martinetti 
et al., 1995 ;  Swider et al., 1999 ). The HLA-DRB1 and HLA-
DQB1 alleles have been associated with milder forms of the disease 
(erythema nodosum, Löfgren’s syndrome, stage 0/1 CXR fi ndings) 
in patients from Scandinavia, UK, and the Netherlands ( Berlin 
et al., 1997 ;  Sato et al., 2002 ). Of note, HLA-DQB1 is in link-
age disequilibrium (LD) with HLA-DRB1, which is in close 
proximity to non-HLA-related genes such as TNF that may 
be similarly infl uencing outcomes in sarcoidosis ( Mrazek et al., 
2005 ). The favorable outcome associated with increased TNF- �  
production based on the A2 promoter allele may be related to a 
common haplotype shared by HLA-DR3 ( Seitzer et al., 2002 ). 
Other HLA loci that confer disease susceptibility include HLA-
A1, -B8, -B22, -B13, -DR15, and -DR16, whereas protection 
from disease or milder forms of the disease have been associated 
with HLA-DR17 and -DRw52 ( Berlin et al., 1997 ;  Grunewald 
et al., 2004 ;  Maliarik et al., 1998a ;  Martinetti et al., 1995 ;  Rossman 
et al., 2003 ). 

 A number of non-HLA genes have been investigated for an 
association with sarcoidosis. The most heavily investigated is an 
insertion/deletion located in intron 16 of the gene for angio-
tensin converting enzyme (ACE), which is known to affect 
serum ACE levels. While this mutation affects serum ACE levels, 
there appears to be no relationship to disease susceptibility ( Alia 
et al., 2005 ;  Maliarik et al., 1998b ;  McGrath et al., 2001 ). Other 
non-HLA candidate genes studied in sarcoidosis and their asso-
ciations are summarized in  Table 48.1   . In interpreting these data, 
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it is important to look closely at the method of choosing control 
populations to avoid spurious associations due to population 
stratifi cation, as well as statistical genetic methods such as verifi -
cation that genetic markers are in Hardy–Weinberg equilibrium, 
and correction for multiple comparisons. It is also important 
to look for evidence of linkage disequilibrium (LD) fl anking 
putative disease susceptibility single nucleotide polymorphisms 
(SNPs) since unknown mutations in LD with the putative dis-
ease susceptibility SNP may be responsible for the apparent asso-
ciation. In general, replication studies in multiple populations are 
necessary before a candidate gene SNP is unequivocally linked 
as a sarcoidosis susceptibility gene. Currently, utilizing mutation 
screening in candidate genes, only HLA alleles have been vali-
dated unequivocally as susceptibility genes for sarcoidosis.  

  Genetic Epidemiology 
 Evidence that sarcoidosis aggregates in some families, and the 
ability to accurately identify and phenotype these families, is 
critical to the successful completion of family-based linkage 
studies. The most comprehensive study of the familial aggrega-
tion of sarcoidosis comes from A Case Control Etiologic Study 
of Sarcoidosis (ACCESS) ( Rybicki et al., 2001a ). The study 
 population was drawn from 10,862 fi rst-degree and 17,047 sec-
ond-degree relatives identifi ed by 706 sarcoidosis case- control 
pairs. Controls were matched to cases on race, sex, age, and 
three-digit phone numbers. The familial relative risk of sarcoido-
sis was 5.8 (OR      �      5.8, [2.1, 15.9]) for sibs, and 3.8 (OR      �      3.8, 
[1.2, 11.3]) for parents.  

  Linkage Analysis 
 The fi rst published genome-wide linkage study in sarcoidosis was 
from 63 German families consisting mostly of affected sibling 
pairs having 138 affected siblings and 95 fi rst-degree relatives 
( Schurmann et al., 2001 ). This genome-wide scan utilized 
225 microsatellite markers, and was analyzed using the NPL 

score (Genehunter 2.0), a nonparametric, model-free approach 
where modes of inheritance and penetrance values are not 
required. The highest NPL score was 2.99,  p  � 0.001, obtained 
with marker D6S1666, which resides in the MHC class II 
gene. The genome-wide signifi cant NPL score is approximately 
3.6,  p  � 0.001. Therefore, the NPL score of 2.99 is very sug-
gestive but not conclusive evidence for linkage to the MHC 
class II gene. Other chromosome regions showing minor peaks 
( p  � 0.05) include NPL scores of 2.39 on chromosome 3p21, 
1.87 on chromosome 1p22, 1.82 for chromosome 9q33, 1.64 
on chromosome X, and 1.92 on chromosomes 7q22 and 7q36. 
The second linkage study in sarcoidosis is from the Sarcoidosis 
Genetic Analysis Consortium (SAGA) reporting linkage analy-
sis of sibling pairs from 229 African American families utiliz-
ing 380 microsatellite markers. These investigators reported 
 p -values based on Haseman-Elston regression. The smallest 
 p -value was 0.0005 on chromosome 5 at marker D5S2500. 
Interestingly, despite using a higher density of markers in the 
MHC class II region, the SAGA investigators did not fi nd evi-
dence for linkage in the MHC class II region. The different 
linkage results in the German and African American popula-
tions would be consistent with ethnicity-related locus hetero-
geneity. Also, the sample sizes in these two studies are relatively 
small for a complex disease, and may account for the different 
results. Nevertheless, these studies indicate that genome-wide 
linkage studies can be utilized to identify disease susceptibility 
genes in sarcoidosis. 

 Based on the initial linkage analysis of the 63 German fami-
lies demonstrating linkage to chromosome 6p21, SNP-based 
fi ne mapping of the region was performed using extended fami-
lies and trios to conduct transmission disequilibrium test (TDT), 
and case-control association analysis ( Valentonyte et al., 2005 ). 
The results demonstrated an association with SNP rs2076530 
( P  TDT   �  3      �      10  	 6 ,  P  case     	   control   �  1.1      �      10  	 8 ) located in the 
butyrophilin-like2 gene (BTNL2) located adjacent to HLA-DR1.
Additional analysis demonstrated G to A transition in BTNL2 
that leads to the use of a cryptic slice site resulting in a 4       bp 

 T A B L E  4 8 . 1         Non-HLA candidate gene polymorphisms in sarcoidosis  

   Candidate gene  Polymorphism  Result  Reference 

      ACE  

  Vitamin D receptor  

  IL-1 cluster  

  TGF  � 3  

  HSP-70 hom  

  BTNL2  

  TLR4  

  Nod2/Card15    

    Intron 16 in/del  

  BsmI RFLP  

  IL- � -889  

  4785A  

  2763, 2437  

  10 intron/exon 5 SNP  

  A299G, T399I  

  R702W, G908R, 1007FsinC    

    Population specifi c  

  Increased risk  

  Increase risk 2X  

  Fibrotic sarcoid  

  Löfgren’s syndrome  

  Increased risk  

  Increased in chronic sarcoid  

  No effect    

     Berlin et al. (1997) ;  McGrath et al. (2001)   

   Niimi et al. (2000b)   

   Niimi et al. (2000a)   

   Kruit et al. (2006)   

   Bogunia-Kubik et al. (2006)   

   Rybicki et al. (2005b)   

   Pabst et al. (2006)   

   Kanazawa et al. (2005) ;  Martin et al. (2003)     

      TNF �   

  CCR5  

  BTNL2  

  HSP70-hom  

  TGF �     

    A2 promoter allele  

  HHC haplotype  

  3 locus haplotype  

  C2437T  

  4875A    

    Favorable prognosis  

  Persistent lung disease  

  Increased risk  

  Lofgren’s syndrome  

  Fibrotic sarcoid    

     Sabounchi-Schutt et al. (2003)   

   Spagnolo et al. (2005)   

   Akahoshi et al. (2004)   

   Zorzetto et al. (2002)   

   Takada et al. (2001)     



 Rottoli et al., 2005 ;  Sabounchi-Schutt et al., 2003 ). The larg-
est study to date compared alveolar proteins in patients with 
acute forms of sarcoidosis with chest radiographs having only 
bilateral hilar adenopathy to those with more chronic forms of 
sarcoidosis ( Kriegova et al., 2006 ). Forty differentially expressed 
proteins were seen and some were identifi ed as albumin, alpha-
1- antitrypsin, and protocadherin-2 precursor. These data dem-
onstrate that BALF analyzed by SELDI-TOF or MALDI-TOF 
mass spectroscopy can identify unique disease-related protein 
profi les, and that these protein profi les may change with the 
stage of the disease or disease progression. 

 Epidemiologic studies suggest an association between infec-
tive agents and sarcoidosis based on seasonal variations and 
case clustering ( Baughman et al., 2003 ). Several lines of evi-
dence suggest mycobacteria as a candidate organism. First, while 
mycobacteria in general cannot be isolated from sarcoid tissue 
using conventional microbiologic techniques, cell wall defi cient 
L forms persisting as an intracellular organism can be identifi ed. 
Second, several PCR-based studies have identifi ed mycobacte-
rium DNA in sarcoid tissue homogenates ( Song et al., 2005 ). 
Utilizing biochemical techniques similar to that used to isolate 
the Kveim reagent and immunoblotting using immunoglobulin 
obtained from the serum of sarcoid patients, investigators identi-
fi ed immunoreactive proteins unique to sarcoid tissue homoge-
nates. These antigenic bands were excised from gels, subjected 
to trypsin digestion, and analyzed by MALDI-TOF mass spec-
troscopy. The peptide fi ngerprints were identifi ed as mycobacte-
rium tuberculosis catalase–peroxidase.  These authors hypothesize 
that insoluble aggregates of mycobacteria-derived catalase–
peroxidase drive the sarcoid immune response in genetically 
predisposed individuals.   

  SURFACTANT PROTEINS AND DPLD 

  Pulmonary surfactant 
 Pulmonary surfactant is a complex mixture of phospholipids and 
proteins that functions to reduce surface tension at the alveolar air 
interface preventing atelectasis. Defi ciency of pulmonary surfactant 
is the principal cause of respiratory distress syndrome in premature 
infants ( Whitsett and Weaver, 2002 ). Four surfactant-associated 
proteins, surfactant proteins A, B, C, and D, have been described, 
and two have been associated with DPLD. Surfactant protein C 
(SP-C) is a highly hydrophobic protein that enhances the surface 
tension lowering properties of pulmonary surfactant. Familial cases 
of neonatal respiratory distress have been associated with surfactant 
protein B defi ciency, but respiratory distress of neonates is not 
considered a form of DPLD/ILD ( Nogee et al., 2000 ). Genetic 
variants of SP-A have been associated with increased risk of idi-
opathic pulmonary fi brosis (IPF;  Lawson et al., 2004 ).  

  Family Studies with SP-C 
  Nogee et al. (2001)  reported a full-term baby girl born to a 
woman who had desquamative interstitial pneumonia, a type of 
IIP, at 1-year of age. The infant’s maternal grandfather died of an 

deletion that generates a premature stop codon, and the result-
ing protein lacks the C-terminal immunoglobulin-like constant 
domain and transmembrane domain. The authors demonstrate 
that the disease allele encodes for a protein that is located in the 
cytoplasm rather than on the plasma membrane. The odds ratio 
(OR) for developing sarcoidosis when heterozygous for the sus-
ceptibility allele is 1.6, and 2.75 in homozygotes. The authors did 
not comment on the overall frequency of the susceptibility allele 
in their population. Given the complexity of sarcoidosis, and the 
modest OR in the range of 1.6–2.75, one would expect that 
BTNL2 is one of the several sarcoid susceptibility genes, and fur-
ther investigations of BTNL2 in other non-German populations 
will be important. Additional studies of the role of the BTNL2 
gene in sarcoidosis may identify novel mechanisms predisposing 
individuals to sarcoidosis, or other granulomatous infl ammation.  

  Genomic Medicine and Sarcoidosis 
 The identifi cation of BTNL2 mutations, or mutations in other 
genes that lead to the susceptibility of sarcoidosis, will likely aid 
several aspects of the clinical approach to patients with sarcoido-
sis. A very clinically relevant application of sarcoid susceptibility 
alleles would be the development of a diagnostic test that distin-
guishes chronic progressive forms of sarcoidosis from spontane-
ous remitting disease. Another useful risk allele would be one 
that identifi es risk for extra-pulmonary sarcoidosis such as car-
diac or central nervous system involvement since involvement of 
these organs results in substantial morbidity and mortality. The 
identifi cation of risk alleles that distinguish progressive forms 
of the disease, or forms of the disease associated with higher 
morbidity would identify a group of patients needing aggres-
sive anti-infl ammatory therapy while sparing those with milder, 
self-limited disease the toxicity of these therapies. In addition, 
the identifi cation of sarcoid susceptibility genes might provide 
insight into development of new pharmacologic therapies.  

  Proteomics in Sarcoidosis 
 Sarcoidosis is characterized by granulomatous infl ammation 
with expansion of T cells bearing restricted T cell receptor 
 suggesting oligoclonality, and polyclonal antibody production. 
The  intradermal injection of the Kveim reagent, homogenates 
of diseased sarcoid tissue obtained from spleen, or lymph nodes, 
induces characteristic granulomatous infl ammation known 
as the Kveim reaction ( Siltzbach, 1961 ). The biochemical fea-
tures of the Kveim reagent include neutral detergent insolubil-
ity; heat, acid, and protease resistance; and sensitivity to potent 
 denaturants, suggesting a poorly soluble protein or  protein 
aggregate ( Chase and Siltzbach, 1967 ;  Lyons et al., 1992 ). 
Proteomic approaches have been applied to better characterize 
the infl ammatory response of sarcoidosis, and to identify poten-
tial antigenic proteins present in the Kveim reagent. 

 Several studies have analyzed sarcoid bronchoalveolar lav-
age fl uid (BALF) protein by 2-D gel electrophoresis and mass 
spectroscopy. These studies demonstrate increased  concentrations 
of many plasma proteins in sarcoid BALF ( Magi et al., 2002 ; 
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unknown lung disease. The infant developed respiratory distress 
at the age of 6 weeks, and surgical lung biopsy demonstrated 
non-specifi c interstitial pneumonia (NSIP). Both the infant and 
the mother had minimal SP-C by either immunohistochemical 
staining, or immunoblotting of lung tissue. DNA sequence anal-
ysis of the SP-C gene demonstrated a heterozygous substitution 
of A to G at the fi rst base of intron 4 that abolished the normal 
donor splice site resulting in a truncated mRNA. Subsequently, 
there have been several other similar families with SP-C muta-
tions and interstitial pneumonia ( Chibbar et al., 2004 ;  Thomas 
et al., 2002 ). In the largest kindred, a heterozygous T to A sub-
stitution was identifi ed in exon 5 causing glutamine for threo-
nine substitution. In this pedigree, there was both adult-onset 
interstitial pneumonia of the usual interstitial pneumonia (UIP) 
histology and children with the cellular NSIP ( Thomas et al., 
2002 ). Immunohistochemical analysis of these patients demon-
strated intracellular aggregates of SP-C and  in vitro  expression 
studies demonstrated abnormal intracellular processing of SP-C 
in alveolar type II cells.  

  SP-B and SP-C Genetic Variants Associated with IPF 
 In a single study by Selman and colleagues, the SP-A1 6A 4  
haplotype is associated with a substitution of 3 amino acids 
at positions 19, 50, and 219, with the 219 variant being a 
tryptophan for arginine substitution ( Lawson et al., 2004 ; 
 Selman et al., 2003 ). The amino acid 219 variant is associated 
with IPF in smokers and nonsmokers (OR      �      3.67 [1.34, 10.07], 
 p   �  0.01).   

  GENETIC DETERMINANTS OF 
PULMONARY FIBROSIS IDENTIFIED 
IN RARE INHERITED DISORDERS 
 Pulmonary fi brosis is observed in genetic disorders with pleio-
tropic presentation, including Hermansky-Pudlak syndrome, 
neurofi bromatosis, tuberous sclerosis, Neimann-Pick disease, 
Gaucher disease, familial hypocalciuric hypercalcemia, familial 
SP-C mutation, and most recently in dyskeratosis congenital. 
Recently, mutations associated with the dyskeratosis congenita 
syndrome have been in a small percentage of FIP ( Armanios 
et al., 2007 )  . Specifi cally, 8% of 73 families with more than 
one case of IIP were found to have heterozygous mutations in 
 telomerase reverse transcriptase, resulting in shortening of tel-
omeres. These authors suggest that telomere shortening may 
cause apoptosis of the alveolar epithelium. 

  Emerging Concepts from Genomic Studies of 
Associated DPLD 
 An interesting feature of these studies is the variable histopatho-
logic features among family members sharing the identical SP-C 
mutation, suggesting modifi cation of disease phenotype by other 
unknown factors. Mutations in SP-C and telomerase reverse 

transcriptase also suggest that abnormalities of the alveolar epi-
thelium, particularly alveolar type II epithelial cells, the major 
source of pulmonary surfactant and also the progenitor cell for 
alveolar type I epithelial cell, are critical for the development of 
pulmonary fi brosis and interstitial pneumonia. In the instance 
of SP-C mutations, intracellular aggregates of abnormally proc-
essed SP-C may induce functional abnormalities of alveolar epi-
thelial cells. These studies have resulted in a paradigm shift in the 
mechanism and the pathogenesis of IIP, away from an infl am-
matory hypothesis, toward one of abnormal injury and repair of 
the alveolar epithelium and the fi broproliferative response. These 
data support the lack of effi cacy of glucocorticoid and cytotoxic 
treatments of IPF.   

  GENETIC DETERMINANTS OF FIP 

  Clinical Features 
 The interstitial pneumonias can be classifi ed as sporadic or idio-
pathic (IIP), in which no positive family history can be identifi ed, 
or FIP. There are no data on the relative proportion of interstitial 
pneumonias that are familial, but estimates are in the range of 5%. 
Familial aggregation has been reported in a variety of studies in 
twins, siblings raised apart, and multigenerational families.  Steele 
et al. (2005)  reported the largest collection of families, identifying 
111 families from the United States, and 20 multigenerational 
pedigrees were consistent with autosomal dominant inherit-
ance. Forty-fi ve percent of the families demonstrated phenotypic 
heterogeneity with some families having bronchiolitis obliterans 
or NSIP and UIP within the same pedigree. Cigarette smoking 
was associated with affection status among siblings (OR      �      3.6, 
[1.3, 9.8],  p   �  0.01). The histopathologic heterogeneity in these 
families has been confi rmed in a subsequent study with multiple 
independent pathologists. UIP is found in 40% of these families, 
but the predominant histopathologic pattern (60%) for the FIP 
cohort was diffi cult to classify pattern characterized by advanced 
fi brosis with a high incidence of microscopic honeycombing, 
smooth muscle proliferation and fi brosis, and variable diffuse 
alveolar septal and airway-centered scarring. Similar to the fi nd-
ings with SP-C mutations, these data suggest that histologically 
distinct forms of pulmonary fi brosis may have common patho-
genic mechanisms, and that cigarette smoking may contribute to 
the development of pulmonary fi brosis in individuals who are 
genetically prone to this disease.  

  Candidate Genes Identifi ed by Microarray Analysis 
in Familial Pulmonary Fibrosis 
 Yang and colleagues performed microarray analysis of 16 cases 
of sporadic IIP (14 UIP, 2 NSIP), and 10 cases of familial IIP (6 
UIP, 4 NSIP), compared to 9 normal lung controls. RNA was 
extracted from diseased lung tissue (specimens from surgical lung 
biopsy, autopsy, or explanted lung at the time of lung transplant), 
or normal controls (9 lung samples taken from donor lung at the 
time of lung transplant). cRNA was synthesized and hybridized 



onto whole human genome arrays modifi ed with an additional 
657 probes for genes/ESTs that would be potentially informative 
based on preliminary linkage data ( Yang et al., 2005 )  . Expression 
profi ling was performed using standard protocols (co- hybridized 
with human universal cell line reference RNA; replicates with 
the two dyes swapped; Lowess-normalized intensities; analysis 
using the TGR MIDAS and MeV software), and differentially 
expressed genes were identifi ed using signifi cance analysis of 

microarrays (SAM) with 100 permutations. 558 differentially 
expressed transcripts between cases compared to controls were 
identifi ed, with 135 genes being up- or down-regulated greater 
than 1.8-fold. When hierarchical clustering was applied to the set 
of 135 genes, all but two samples clustered according to disease 
versus no disease, and familial disease segregated from sporadic 
disease ( Figure 48.1   ). Sixty-nine differentially expressed genes 
were identifi ed that distinguish sporadic and familial IP, and these 
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Figure 48.1   Hierarchical clustering of 35 cases and 16 controls  . Hierarchical clustering of 35 samples based on 135 transcripts that 
best differentiate patients with pulmonary fi brosis from normal controls. Samples are color-coded according to the disease inheritance 
status (orange – normal, blue – sporadic IIP, magenta – familial IIP) or histological features (orange – normal, green – NSIP, red – UIP, 
gray – no histological evaluation). Average linkage clustering with Euclidian distance metric was used. 
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are broadly grouped into functional classes ( Figure 48.2   ), with a 
wide variety of chemokines, extracellular matrix, and growth-
related genes that are differentially expressed. These data indicate 
that familial and sporadic IIP are transcriptionally distinct and 
also suggest many similarities between the histologic subtypes 
of UIP and NSIP. This study indicates that additional candidate 
genes that may be important in the pathogenesis of IIP, or that 
might be useful as biomarkers of disease activity, can be identi-
fi ed using whole-genome microarray analysis.  

  Relevance of Genomics and Microarrary Studies 
to DPLD/ILD 
 A number of clinical challenges exist that impede better under-
standing of disease mechanisms in DPLD and are potentially 
addressed using expression profi ling, proteomic, and genomic 
approaches. First, even in the hands of expert clinicians, 
radiologists, and pathologists specializing in DPLD, a defi ni-
tive consensus diagnosis is achievable in about 85% of patients 
due to the clinical, radiologic, and pathologic overlap of these 

Figure 48.2    Mean Expression Ratios in normal, sporadic IIP, and familial IIP.  Groups of 69 genes with known function that best differ-
entiate familial IIP from sporadic IIP.   Genes are arranged and color-coded according to their function: dark green – calcium/potassium 
ion binding and transport; yellow – cell adhesion; orange – cell proliferation and death; red – coagulation cascade; blue – cytokines, 
chemokines, and their receptors; purple – ECM degradation; gray – ECM structural component; bright green – growth factors and their 
receptors; magenta – immune response; turquoise – metabolism; navy – motor activity; lavender – proteases and inhibitors; brown – 
regulation of I-kappaB/NF-kappaB cascade; and black – other.    



 entities. Microarray-based expression profi ling has the capability 
to improve diagnostic accuracy. A recent study by Selman and 
colleagues demonstrates that a distinct microarray expression 
signature exists for hypersensitivity pneumonitis, a clinical entity 
with well-recognized radiologic and pathologic overlap with IIP, 
when compared to IPF ( Selman et al., 2006 ).  

  Linkage Studies in Pulmonary Fibrosis 
 The only published study performing genome-wide link-
age analysis in FIP comes from Finland ( Hodgson et al., 
2006 ). Using 6 pedigrees, NPL scores of 1.7 on chromosome 
3 (marker D3S1278) and chromosome 4 (marker D4S424), 

and NPL score of 1.6 on chromosome 13 (D13S265) were 
obtained. On chromosome 4, a shared haplotype was iden-
tifi ed among 8 of 24 multiplex families. A candidate gene 
located in the region of interest, ELMOD2, was further inves-
tigated by resequencing of exons and exon/intron boundaries. 
No mutations in ELMOD2 in these locations were identifi ed. 
RT-PCR and  in situ  hybridization demonstrated decreased 
levels of ELMOD2 mRNA in six cases of sporadic IPF com-
pared to controls. Genome-wide linkage analysis of the 111 US 
families is in progress, and preliminary results indicate linkage 
(LOD score  � 3.0) on chromosome 11p15 not identifi ed in the 
Finland study (unpublished data).   
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2009 UPDATE
IPF is the most common of the IIPs and continues to be a dev-
astating and poorly understood disease. While IIPs most often 
occur as sporadic cases, familial forms represent about 5–10% 
of IPF cases. Genetic studies of both familial and sporadic IPF 
are providing new insights into potential disease mechanisms. 
Recently, both sporadic and familial IPF have been associated 
with telomere shortening and mutations in telomerase genes.

Two groups independently reported an association with 
mutations in TERT, the reverse transcriptase component of 
telomerase, in both familial and sporadic IPF (Armanios et al., 
2007; Tsakiri et al., 2007). Variants in TERTC, the gene encod-
ing the RNA component of telomerase, have also been identi-
fi ed. These studies were from a relatively small number of cases 
in the United States. Recently, abnormalities in TERT have 
been associated with sporadic IPF from a genome-wide asso-
ciation study (GWAS) in larger cohort of patients from Japan. 
A GWAS using 159 patients with IPF and 934 controls tested 
214,508 tagged SNPs and showed that SNP rs2736100, located 
in intron 2 of TERT, had a p value of 2.8 � 10	6. In a replica-
tion set of 83 IPF patients and 535 controls, a p value of 3.6 � 
10	3 was obtained (Mushiroda et al, 2008). This TERT intron 
2 SNP is located within a LD block (D� and r2 � 0.8) within 
TERT, suggesting that rs2736100 may be associated with some 
other unidentifi ed variation within TERT in this population 
of IPF patients from Japan.

Novel missense mutations were identifi ed in TERT in 
patients from the United States with dyskeratosis congenita 
who had pulmonary fi brosis (Armanios et al., 2007). These 
investigators also sequenced TERT in 73 kindreds with famil-
ial IPF and identifi ed 8% of probands heterozygous for TERT 
mutations and one proband heterozygous for a mutation in 
TERTC. Telomere length in these affected individuals was 
reduced to below the 10th percentile in lymphocytes. Whole-
genome linkage analysis was performed in two large families 
with pulmonary fi brosis that showed evidence for linkage to 
chromosome 5 in a region containing TERT, and variants 

in TERT were found in these families as well (Taskiri et al., 
2007).

Recently, the possible role of telomere shortening has 
been generalized to sporadic and familial IPF patients without 
identifi ed mutations in TERT/TERTC (Cronkhite et al., 
2008). Using a modifi ed Southern blot technique, restric-
tion fragment length methods and a quantitative polymerase 
chain reaction method to measure telomere length of genomic 
DNA, these investigators found telomere length less than the 
10th percentile (p � 2.6 � 10	8) in a signifi cantly higher pro-
portion of probands with familial pulmonary fi brosis (24%) 
and sporadic cases (23%) in which no coding mutations in 
TERT or TERTC had been found. Pulmonary affected status 
was signifi cantly associated with telomerase restriction frag-
ment lengths even after controlling for age, sex and ethnicity 
(p � 6.1 � 10	11). Overall, 25% of sporadic IPF and 37% of 
familial IPF had telomere lengths below the 10th percentile. 
These studies were performed in circulating lymphocytes, and 
it will be important to replicate these results in future studies 
in lung cells, particularly in the alveolar epithelium.

To date, studies of the genetics of pulmonary fi brosis 
have identifi ed mutations in surfactant proteins and more 
recently in telomerase, as susceptibility alleles for the devel-
opment of pulmonary fi brosis. Multiple lines of evidence – 
including GWAS in sporadic IPF, family linkage studies and 
measurements of telomere length in sporadic IPF – all sug-
gest a role for telomere shortening and susceptibility to pul-
monary fi brosis. The association of the risk of developing 
pulmonary fi brosis and telomere shortening may explain in 
part the late onset of these diseases. In addition, there are 
environmental infl uences in pulmonary fi brosis, such as ciga-
rette smoking, that are known to cause telomere shortening, 
thus providing a potential gene–environment connection. 
These data also provide additional support for the hypothesis 
that apoptosis of the alveolar epithelium predisposes to the 
development of pulmonary fi brosis.     
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  INTRODUCTION 
 Peptic ulcer disease (PUD) comprises both duodenal ulcer 
(DU) and gastric ulcer (GU). Duodenal ulcers occur most often 
in the fi rst part of the duodenum or in the pre-pyloric region 
of the stomach (antrum). Gastric ulcers are most frequently 
seen on the lesser curve of the stomach at the junction of the 
body and antrum (angularis) ( Figure 49.1   ). Acute stress ulcers 
involve the body of the stomach and are often multifocal and 
transient. Histologically, the ulcer is a break in the mucosa with 
loss of epithelial cells, exposure of the basement membrane and 
involvement of the muscularis mucosae. 

 Ulcers develop because of an imbalance between the nor-
mal protective attributes of the stomach and the potentially 
damaging secretions in the lumen of the stomach. This imbal-
ance may be caused by a number of factors, the principal one 
being colonization by  Helicobacter pylori  ( Figure 49.2   ). Ulceration 
may also occur associated with a number of other conditions 
such as Crohns disease, vascular insuffi ciency, hypersecretory 
states such as gastrinoma (Zollinger Ellison syndrome), antral 
G cell hyperplasia, mastocytosis and multiple endocrine neo-
plasms (MEN-1). Acute stress ulcers are caused by excess alcohol 
use, non-steroidal anti-infl ammatory agents (NSAIDS), burns, 
trauma to the central nervous system, cirrhosis, chronic pulmo-
nary disease, renal failure, radiation and chemotherapy. 

  Pre- Helicobacter  Management of PUD 
 Prior to the isolation of  H. pylori , ulceration was thought to 
be caused by psychological stress and excess spicy foods. It was 

recognized that smoking was a contributory factor and that 
excess acid in the stomach was the primary pathology. The treat-
ment was mainly surgical. The fi rst operation was carried out in 
1882 with antral resection and duodenogastrostomy (Billroth I) 
followed a few years later by antral resection and gastrojejunos-
tomy (Billroth II). The aim of these surgical procedures was to 
reduce the antral phase of acid production. In 1943, Dragstedt 
introduced truncal vagotomy to reduce the cephalic phase of 
acid production. However, vagotomy also reduced the drainage 
from the stomach and had to be combined with a pyloroplasty 
in order to allow free drainage from the stomach. Frequently 
both these procedures (antral resection, either Billroth I or II; 
vagotomy with pyloroplasty) were combined. In the 1970s 
highly selective vagotomy was introduced, which specifi cally 
reduced acid secretion. Side effects of these surgical procedures 
included diarrhea, a dumping syndrome and anemia. In addi-
tion to surgical procedures, in 1976 long-term pharmacological 
acid suppression with H 2 -receptor antagonists was introduced to 
ameliorate symptoms and allow ulcer healing. However, if the 
medication was stopped, the ulcer frequently recurred.  

  Isolation of  H. pylori  and Post- Helicobacter  
Management 
 Curved or spiral shaped bacteria had been seen in the stom-
ach of various animals and humans as far back as 1888 and had 
been thought of as commensals and of no signifi cance. Since 
this period, however, two technical advances set the ground for 
the subsequent isolation of  H. pylori : in the 1970s the develop-
ment of endoscopes allow stomach biopsies to be taken, and the 
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Figure 49.1   This diagram shows the usual location of gastric 
and duodenal ulcers. Duodenal ulcers are found in the antrum of 
the stomach or the fi rst part of the duodenum. Gastric ulcers are 
located at the junction of the antrum and fundus or body of the 
stomach.   
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recognition of cultural conditions necessary for the isolation of 
microaerophilic bacteria. In 1982–1983, Warren, a histopatholo-
gist from Perth, Australia, had noted an association between the 
presence of these organisms and gastritis. He and his colleague 
Marshall, a gastroenterologist, studied a large series of endo-
scopic biopsies demonstrating the almost perfect association 
between gastritis and the presence of this curved bacterium 
( Warren and Marshall, 1983 )   that was initially called a campy-
lobacter-like organism. Additionally, they were successful in 

isolating the organism on artifi cial media by culturing it under 
microaerobic conditions similar to that used to isolate the gas-
trointestinal pathogen  Campylobacter jejuni . The organism was 
initially called  Campylobacter pylori  but in 1989 was transferred 
to a separate Genus called  Helicobacter  ( Goodwin, 1994 ). The ini-
tial suggestion that gastritis and ulceration may be caused by this 
organism was met with scepticism, leading both Marshall and 
Morris to separately swallow a culture of the organism in order 
to fulfi ll Koch’s Postulates. Both individuals developed gastri-
tis, which resolved on eradication of the organism. In 1997 the 
genome sequence of one strain of the organism was determined 
( Tomb et al., 1997 ). Eventually, the causal nature of at least 
90% of cases of PUD as being  H. pylori  was widely accepted, 
and both Warren and Marshall received the Nobel Prize for 
Medicine and Physiology in 2005 ( Megraud, 2005 ). 

 The recognition that  H. pylori  is the principal cause of PUD 
has led to a dramatic change in the management of disease: from 
surgery or lifelong H 2 -receptor antagonists to a short course of 
an acid suppressive (usually a proton pump inhibitor, PPI) com-
bined with two antibiotics – usually amoxycillin and clarithro-
mycin or amoxicillin and metronidazole ( European Helicobacter 
Study Group, 2005 ).   

  PATHOPHYSIOLOGY OF ULCER 
FORMATION 
 The two most common causes of PUD are infection with 
 H. pylori  and taking NSAIDS. 

   Helicobacter -Induced Ulcers 
  H. pylori  causes damage to the host by fi ve principal mechanisms: 

  1.      H. pylori  causes direct damage to the protective mucus bar-
rier and the epithelial cell layer by inhibiting mucus secre-
tion, secreting phospholipase A (which disrupts the micellar 
structure of the mucus) and generating ammonium which, 
in addition to disrupting the protective mucus layer, is also 
directly cytotoxic for the gastric epithelial cells.  H. pylori  
also secretes a vacuolating cytotoxin which is directly cyto-
toxic ( Harris et al., 1996 ;  Kubota et al., 2004 ) and injects 
the cagA protein (see later) into the epithelial cell by means 
of a type IV secretion apparatus. This latter protein disrupts 
intracellular signaling pathways in the epithelial cell which 
in part leads to secretion of the chemokine (IL-8).  

  2.      H. pylori  induces a Th-1 mediated acute infl ammatory 
response by stimulating IL-8 secretion from the epithelial 
cells and recruiting granulocytes into the lamina propria. 
Products from  H. pylori  induce the release of free oxygen 
radicals from the granulocytes, thus causing bystander dam-
age to the epithelial cells ( Brisslert et al., 2005 ).  

  3.      H. pylori  inhibits the negative feedback loop in the control 
of acid regulation by means of its lipopolysaccharide inhib-
iting the production of somatostatin. This leads to continu-
ous production of gastrin (and thus acid) and a characteristic 
hypergastrinaemia ( Moss et al., 1992 ).  

Figure 49.2   This is a Giemsa stained section of stomach show-
ing  Helicobacter pylori  located within a gastric gland, Some of the 
bacteria are located on the surface of the epithelial cells. 



  4.      H. pylori  affects the balance of cell division/apoptosis, thus 
affecting ulcer development and healing as well as having 
pathological implications for the long-term complication 
of colonization by  H. pylori  – gastric adenocarcinoma ( Cai 
et al., 2005 ).  

  5.     During infection with  Helicobacter pylori  auto-antibodies are 
produced, which target the acid secreting mechanism of the 
parietal cells and eventually may lead to loss of parietal cells 
and thus loss of the ability to produce acid ( Lo et al., 2005 ).     

  NSAIDS-Induced Ulcers 
 Non-steroidal anti-infl ammatory agents damage the stomach 
by two mechanisms, a local mechanism and a systemic effect on 
mucus production. 

  1.     NSAIDS are both weak acids and lipophilic, and as such 
the hydrophobic surfactant layer on the apical surface of 
the epithelial cells and in the mucus does not present such 
a barrier to penetration. Once they have penetrated the 
protective mucus, NSAIDs cause direct damage to the epi-
thelial cell by altering cell permeability and damaging mito-
chondria, leading to apoptosis ( Nagano et al., 2005 ).  

  2.     When absorbed into the blood, NSAIDS inhibit the 
enzyme cyclo-oxygenase 1 (COX-1), which produces pros-
taglandins from arachidonic acid metabolism. The effect 
of prostaglandins is to increase blood fl ow in the stomach, 
increase mucus and bicarbonate production and inhibit acid 
production. Reduction in prostaglandin secretion dimin-
ishes three of the major defense mechanisms of the stom-
ach: bicarbonate and mucus production and blood fl ow 
( Gambero et al., 2005 ).     

  Ulcer Formation 
 The net effect of these various insults is the loss of protective 
mucus and death of the epithelial barrier, resulting in exposure 
of the damaged epithelium and underlying lamina propria to 
the effects of acid and proteolytic enzymes resulting in an ulcer 
( Figures 49.3 and 49.4     ). If  Helicobacter  spreads from the antrum to 
give a pan-gastritis, the acid-producing cells suffer damage, and 
eventually an atrophic gastritis develops with a decrease in acid 
production and an increase in intraluminal  p H. Atrophic gastritis 
and the subsequent intestinal metaplasia that develops are pre-
malignant risk factors that in a percentage of individuals will lead 
onto the development of gastric adenocarcinoma. Similar dam-
age results from NSAID usage but by a different mechanism.   

  THE HELICOBACTER GENOME 

  Genome Structure and Diversity 
 In 1997, the genome sequence of  H. pylori  26695 was sequenced 
by The Institute for Genomic Research (TIGR) ( Tomb et al., 
1997 ) and 2 years later that of another strain, J99, was sequenced 
by AstraZeneca in collaboration with Genome Therapeutics 
Corporation, United States of America. 

 Strain 26695 has 1667867 base pairs (bp) an average GC 
content of 39% and 1590 predicted coding sequences, of which 
1091 were annotated. Well developed systems for motility, iron 
scavenging, restriction and modifi cation and outer mem-
brane proteins (OMPs)/adhesions were noted with a relatively 
restricted repertoire of metabolic and biosynthetic systems or 
regulatory networks. An abundance of homopolymeric tracts 
was found, underscoring the potential for antigenic variation by 
slipped strand mispairing. In this strain there were fi ve areas with 
a different GC ratio, one of which has been identifi ed as a path-
ogenicity island (PAI), and two others in relation to the presence 
of insertion sequences (IS). Two ISs were identifi ed with 13 cop-
ies of one (IS605) and 4 copies of the other (IS606). In all 95 
paralogous gene families (16% of the total genome) are present, 
the largest family with 32 members related to porins/OMP. 
Three secretion pathways are present: the SecA-dependent 
one found in many bacteria, a Type IV secretion system asso-
ciated with the PAI and related to that of  Agrobacterium  and a 
fl agellar export pathway. The large number of homopolymeric 
tracts, dinucleotide repeats and paralogous families explains the 
potential for the high degree of variation known to occur in 
the  H. pylori  genome, refl ecting its ability to survive and evolve 
in its restricted ecological niche. Although placed in the gamma 
Proteobacteria it also carries genes more closely related to non-
Proteobacteria testifying to lateral gene transfer at some point in 
the organism’s evolutionary history. 

 The second  H. pylori  isolate to be sequenced allowed a 
comparison of both J99 and 26695 ( Alm et al., 1999 ).  H. pylori  
J99 has 1643831       bp, which is smaller than that of 26695 by 
24036       bp. The number of predicted coding sequences in J99 is 
1495, which is fewer than the revised number of predicted cod-
ing sequences in 26695 (now estimated to be 1552 rather than 
the original 1590). Each strain has unique genes not found in 
the other strain. J99 has 89 unique genes, of which 56 are of 
unknown function whilst 26695 has 117 unique genes with 91 
of unknown function. There are a predicted 1406 genes com-
mon to both strains. J99 has fewer complete ISs. Like 26695, 
J99 carries a complete PAI and also like strain 26695 has a 
large number of paralogous gene families. One region of both 
genomes carries 46–48% of the strain-specifi c genes and has 
been termed the plasticity zone (PZ). In J99 this PZ is continu-
ous but in strain 26695 it is split into two sections separated by 
about 600       kb. Allelic variation occurs in both strains with dif-
ferences found mainly at the third codon position. Moderate 
macrogenome diversity also exists between the strains, with 
about 85% of orthologs having the same neighbor at both sides, 
10% with the same neighbor on one side and a strain- specifi c 
gene on the other and about 3% fl anked by strain- specifi c 
genes. Despite these genomic variations the proteome of both 
strains are very similar. Following the sequencing of the second 
 H. pylori  genome ( J99), it was necessary to re-annotate both 
genomes to a common classifi cation ( Boneca et al., 2003 ). 

  H. pylori  has one of the highest allelic diversity of any organ-
ism, and comparison of both sequenced genomes indicates a high 
degree of size variation between orthologs due to a variety of 
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mechanisms. The diversity is generated by frequent recombina-
tion, a high mutation rate, slipped strand mispairing, frame shifts 
and the presence of pseudogenes ( Tomb et al., 1997 ;  Suerbaum 
et al., 1998 ;  Wang et al., 1999 ). Much of the diversity is localized 
within the PAI or PZ. On a macrogenomic scale, however, the 
sequences of the two genomes indicate a similar organization. 

 The population genomic structure of  H. pylori  is regarded 
as panmictic rather than clonal ( Go et al., 1996 ) although iso-
lates from an individual or family group are clonal ( Han et al., 

2000 ). A study of 23 isolates using electrophoresis of 16 enzymes 
indicated an allelic diversity ranging from 2–11 alleles with no 
obvious clustering of disease-related strains ( Hazell et al., 1997 ). 
A whole-genome microarray analysis of 15 strains utilizing 
1660 unique sequences derived from the strains J99 and 26695 
showed a high degree of genetic diversity between the strains 
( Salama et al., 2000 ). One thousand two hundred and eighty 
one sequences were common to all the strains and 362 were 
missing from at least one of the isolates. At a conservative esti-
mate, about 12–18% of the genes of an individual isolate were 
strain-specifi c. This genetic diversity is probably a reason for the 
ability of  H. pylori  to become a chronic pathogen in the stom-
ach despite a vigorous local and systemic immune response. In 
part, it explains the different clinical outcomes of infection with 
 H. pylori , and it also refl ects the continuing evolution of the 
organism over decades within the human stomach of an indi-
vidual. Several studies ( Han et al., 2000 ;  Israel et al., 2001 ; 
 Lundin et al., 2005 ) have demonstrated the presence of related 
sub-strains of  H. pylori  within the stomach of a single individ-
ual. In one study the person who was infected with the origi-
nal sequenced isolate, J99, remained infected despite appropriate 
therapy, and after 6 years additional cultures were isolated from 
the same patient. The new isolates were subjected to random 
amplifi ed polymorphic DNA-PCR (RAPD-PCR), sequenc-
ing of unlinked genes and micro-array analysis. The results dem-
onstrated that all the isolates were related to the original strain, 
although the isolates varied in genetic content from the origi-
nal strain and co-isolates by about 3%. Current isolates did not 
hybridize with some open reading frames (ORFs) from the 
original strain with a loss of 0.28–1.52% ORFs and yet some 
ORF sequences from current isolates hybridized with specifi c 
sequences from the other strain,  H. pylori  26695, of which the 
whole genome sequence is known. A second study confi rmed 
the presence of closely related sub-clones isolated from a single 
individual ( Bjorkholm et al., 2001 ) and additionally went on to 
demonstrate the genetic and phenotypic stability of these two 
clones in an experimental system using transgenic mice express-
ing human Lewis b, the ligand for the BabA adhesion on the 
organism. Of the two original isolates, one had lost the PAI and, 
although this isolate could colonize germ-free transgenic mice 
along with the PAI positive isolate, only the PAI positive iso-
late could colonize conventional mice harboring a normal fl ora. 
Over a 3- or 10-month period of study, no nucleotide substitu-
tions or deletions were detected in either strain indicating that 
in this model system either there was insuffi cient selective pres-
sure or time for divergence to occur.  

  Allelic Diversity and Disease 
  H. pylori  colonizes over half the population of the world. In 
some countries the colonization rate is as high as 90% even by 
the age of 10 years. In others it is about 30% overall, with only 
5% being colonized within the fi rst decade. This geographical 
difference in prevalence is caused principally by variation in 
availability of a good public health infrastructure and prevail-
ing social conditions. Of those colonized, the vast majority are 

Figure 49.3    This is a photograph of the macroscopic appear-
ance of a duodenal ulcer in the antrum of the stomach.    

Figure 49.4    This is a photomicrograph of a hematoxylin and 
eosin stained section of stomach illustrating an ulcer that has 
eroded the epithelium exposing the underlying tissues.    
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without symptoms although they do have gastritis. A small pro-
portion, about 5–20%, will develop PUD and an even smaller 
percentage, about 1%, which develop gastric cancer. The differ-
ence in clinical outcome is the results of the interaction of three 
factors: environmental, host susceptibility and strain variation. 

  Strain Variation and Virulence 
 As mentioned,  H. pylori  possesses a number of virulence charac-
teristics that are not present or not expressed in all strains. Some 
strains have acquired a PAI that carries 31 different genes, some 
of which relate to the synthesis of a Type IV secretion system, 
and a gene ( cagA ) coding for a protein that the Type IV secre-
tion system transfers to gastric epithelial cells – the cytotoxin 
associated gene product (CagA). Nearly all strains carry another 
locus  vacA , separate from the PAI, that secretes a vacuolating 
cytotoxin (VacA). This latter product, however, is secreted in 
varying amounts depending on the presence of allelic diversity 
within the  vacA  gene and possibly the presence of the cagA PAI. 
Strains can thus be broadly divided into two main types: Type I
that co-express  cagA  and  vacA  and Type II that do not ( Xiang 
et al., 1995 ). The clinical signifi cance of this is that Type I strains 
are more often isolated from patients with serious gastroduode-
nal disease such as PUD and gastric cancer. 

  Vacuolating Cytotoxin 

 About 50% of isolates produce a vacuolating cytotoxin. The  vacA  
gene encodes a 139–140       kDa protein which is cleaved into a 33 
amino acid signal sequence and a 90       kDa toxin. The  C -terminal 
domain of the toxin comprises 14–16  �  strands that inserts into 
the bacterial membrane and acts as an autotransporter (Type 
V secretion system) for the toxin ( Fischer et al., 2001 ) that is 
secreted. After secretion, the toxin is further cleaved into a 
34       kDa  N -terminal region and a 58       kDa  C -terminal region that 
nevertheless remain associated. The toxin monomer is activated 
by acid, undergoing a conformational change and then oli-
gomerizes to form a   900       kDa protein, as it associates with lipid 
rafts in the cytoplasmic membrane of epithelial cells ( Lupetti 
et al., 1996 ). In the cytoplasm of the epithelial cell, its mode of 
action is to disrupt the endocytic pathway leading to enlarge-
ment of late endosomes. The toxin forms anion-selective chan-
nels in membranes allowing the accumulation of weak bases, 
stimulated by the acidifi cation of the vacuole by V-ATPase. 
Additionally, transfection experiments show that the p34 peptide 
becomes associated with the mitochondria releasing cytochrome 
C from the mitochondria and thus activating the caspase cas-
cade ( Galmich et al., 2000 ). When given directly onto gastric 
epithelium, the cytotoxin induces damage causing necrosis and 
ulceration. A further consequence of the action of the toxin is 
the inhibition of processing of antigens in antigen-presenting 
cells, thus affecting T-cell responses. 

 Although most strains carry the  vacA  gene, there is a large 
diversity in the sequence of the mid region (MR) and the leader 
sequence (LS). This diversity has consequences in relation to 
secretion of toxin, binding to cell types and geographical dis-
tribution of strains. The general structure of the VacA  protein is 

illustrated in  Figure 49.5   .  There are four variations of the LS 
designated S1a,S1b,S1c and S2 and several variations of the 
MR designated m1a, m1b, m1T, m2a m2b and chimeric types, 
for example, m1b-m2 ( Atherton et al., 1995 ;  Pan et al., 1998 ; 
 Strobel et al., 1998 ;  van Doorn et al., 1998 ;  van Doorn et al., 
1999 ; Wang et al., 1998)  . The primers used to detect these varia-
tions are given in  Table 49.1   . 

 Strains with an S1 LS have a different cleavage site from 
that of S2, and these strains are more often found associated 
with PUD than S2-containing strains. They produce high lev-
els of cytotoxin and are more frequently found in cagA posi-
tive strains ( Atherton, 1997 ). The MR is also an independent 
marker for cytotoxin activity  in vitro  with m1 stains being more 
cytotoxic than m2 strains. The MRs are responsible for binding 
to cells and depending upon the cell type m2 strains are just as 
toxic as m1 strains ( Ji et al., 2000 ;  Pagliaccia et al., 1998 ). Various 
combinations of the LS and MR alleles have been isolated from 
patients, giving strains with different phenotypes of cytotoxin 
activity. Strains with the S1/m1 alleles appear to produce more 
cytotoxin compared to S2/m2 strains, which apparently do 
not produce detectable cytotoxin activity, although the gene is 
transcribed. This lack of association between  H. pylori  S1/m2 
strains in countries with high levels of PUD and gastric cancer 
is explicable by the lack of binding of m2 strains to cell types 
used in testing cytotoxic activity. However, there may also be a 
modulation of toxin production based on levels of transcription 
of the vacA gene ( Forsyth et al., 1998 ), which could affect the 
phenotype of the strain and clinical outcomes.  
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Figure 49.5    This diagram illustrates the polymorphisms found 
in the  vac A  gene in the LS and mid region (MR) of the gene. 
It also illustrates the secretion and oligomerization of the vacA 
 protein and its action on the epithelial/immune cell to disrupt 
normal endosomal traffi cking leading to the production of large 
vacuoles and its effect on the mitochondria leading to apoptosis.    
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  Cag PAI and the CagA Gene Product 

 CagA is a marker for the cag PAI: a 40       Kb DNA fragment con-
taining 31 genes, of which 6 encode a Type IV secretion sys-
tem, by which the CagA protein is injected into host cells. Once 
inside the gastric epithelial cell, it is phosphorylated at a tyro-
sine residue, present in EPIYA motifs, by Src-family kinases and 
binds to the SH2 domain of SHP-2 phosphatase, thus deregu-
lating its activity ( Hatakeyama, 2003 ). The immediate result of 
this is the alteration of cell morphology, with the prolonged 
activation of Erk signaling and the production of the  ‘ humming 
bird ’  phenotype. The cell cycle is also interfered with, caused by 
an increasing expression of cyclin D3, the phosphorylation of 
the tumor suppressor Rb and the expression of the transcrip-
tion factor c-jun, leading to the increase in cell proliferation 
of gastric epithelial cells, probably caused by a deregulation of 

the G1/S checkpoint of the cell cycle ( De Luca et al., 2003 ). 
These effects may have long-term consequences in relation to 
gastric carcinogenesis. Additionally, CagA recruits both scaffold-
ing protein ZO-1 and the junctional adhesion protein to its site 
of attachment (inducing loss of villi and pedestal formation) and 
affects epithelial barrier functions ( Amieva et al., 2003 ). Finally, 
engagement of the Type IV secretion apparatus leads to secretion 
of IL-8 from the epithelial cell with consequent recruitment of 
granulocytes ( Fischer et al., 2001 ). 

 The presence of the cag PAI is not an  “ all or none ”  phe-
nomenon. Several studies have shown that the PAI can exist as 
a single contiguous entity or can be divided by an insertion ele-
ment (IS 605) or chromosomal DNA into two parts; cag I and 
cag II. Various deletions of the cag PAI have also been recog-
nized ( Censini et al., 1996 ;  Covacci et al., 1997 ). The insertion 

 T A B L E  4 9 . 1         Primers for some polymorphic regions of  Helicobacter pylori   

   Primer  Polymorphic locus  References 

   5 � GTCAGCATCACACCGCAAC3 �  
5 � CTGCTTGAATGCGCCAAAC3 �  

 vacA s1aSS1-F VA1-R   Atherton et al. (1995)  

   5 � AGCGCCATACCGCAAGAG3 �   vacAs1bSS3-F/VA1-R   Atherton et al. (1995)  

   5 � CTCTCGCTTTAGTGGGGYT3 �   vacA s1c S1C-F/VA1-R   Yamazaki et al. (2005)  

   5 � ATGGAAATACAACAAACACAC3 �   vacA s2 VA1-F/VA1-R   Atherton et al. (1995)  

   5 � GGTCAAAATGCGGTCATGG3 �  
5 � CCATTGGTACCTGTAGAAAC3 �  

 vacA m1aVA3-F VA3-R   Atherton et al. (1995)  

   5 � GGAGCCCCAGGAAACATTG3 �  
5 � CTGCTTGAATGCGCCAAAC3 �  

 vacA m2 VA4-F VA4-R   Atherton et al. (1995)  

   5 � CAATCTGTCCAATCAAGCGAG3 �  
5 � GCGTCAAAATAATTCCAAGG3 �  

 vacA m1/m2 VAG-F VAG-R   Atherton et al. (1999)  

   5 � GGCCCCAATGCAGTCATGGAT 3 �  
5 � GCTGTTAGTGCCTAAAGAAGCAT3 �  

 vacA m1b VAm-F3 Vam-R3   Pan et al. (1998)  

   5 � GTGTTTTTAACCAAAGTATC3 �  
5 � CTATAGCCASTYTCTTTGCA3 �  

 IceA1 iceA1F iceA1R   van Doorn et al. (1998)  

   5 � CAACGATAATGGCACAAACT3 �  
5 � GTCGTATCAATAACAGAAGTTG3 �  

 Type I hopQ OP5136 OP4829  Cao et al. (2002)   

   5 � GATAACAGGCAAGCTTTTGAGG3 �  
5 � CTGCAAAAGATTGTTTGGCAGA3 �  

 cagA CAGAF CAGAR   van Doorn et al. (1998)  

   5 � GGCAATGGTGGTCCTGGAGCTAGGC3 �  
5 � GGAAATCTTTAATCTCAGTTCGG3 �  

 5 � end cagA cagA5 cagA2   Mukhopadhyay et al. (2000)  

   5 � AGGATTTCAGCAAGGTAACGCAAGC3 �  
5 � TAAGATTTTTGGAAACCACCTTTTGTAT3 �  

 3 � end cagA cagA-F40481 cagA-R41660   Mukhopadhyay et al. (2000)  

   5 � ACCCTAGTCGGTAATGGGTTA3 �  
5 � GTAATTGTCTAGTTTCGC3 �  

 3 � end cagA CAG1 CAG2   Yamaoka et al. (1998b)  

   5 � AATCCAAAAAGGAGGAAAAACATGAAA3 �  
5 � TGTTAGTGATTTCGGTGTAGGACA3 �  

 BabA2   Rad et al. (2002)  



element is an additional variable as it may be completely absent 
or it may be present in variable numbers located in different 
parts of the genome ( Figure 49.6   ). 

 The cagA protein is also variable in size (120–140       kDa) 
due to a different number of repeats of sequences present in 
the 3 � -end of the gene. Analysis of this region of the cagA gene 
revealed four types designated A-D based on the nucleotide 
sequence and organization of the locus ( Yamaoka et al., 1999 ). 
These repeats are illustrated in  Figure 49.6 . Geographic differ-
ences can also be found in the 3 �  region of the genome. Studies 
of European strains compared to East Asian strains have identi-
fi ed nucleotide differences leading to two amino acid sequences 
denoted as (1) Western cagA specifi c Sequence (WSS) and (2) 
East Asian cagA specifi c sequence (EASS) ( Azuma et al., 2002 ; 
 Yamaoka et al., 1999 ), namely: 

  1.     FPLKRHDKVDDLSKVGRSVSPEPIYATIDDLG  
  2.     ESSAINRKIDRINKIASAGKGVGGFSGAGRSASPEPIY

ATIDFDEANQAG    

 Differences of nucleotide sequence also exist in the less 
variable, 5 �  end, of the  cagA  gene. Two types have been identi-
fi ed, cagA1 and cagA2, the former found in Europe, America 
and Australia whilst the latter was found in isolates from East 
Asia. Isolates with the cagA2 strains were principally vacA S1c, 
and cagA1 was more commonly linked to vacA m1 strains ( van 
Doorn et al., 1999b ). Potential additional complexity is provided 
by the presence of EPIYA motifs in the cagA protein, whose 
number and phosphorylation status may vary.  

  Other Virulence Markers 

 Several other virulence characteristics have also been identifi ed. 
Some of these characteristics, such as the urease enzyme and the 
fl agella, are important for establishing colonization. Urease also 
acts as a toxin by hydrolyzing urea to produce ammonia, which 
is cytotoxic, and by diminishing the viscous nature of the mucus 
layer, which is protective. 

 Several adhesins have been identifi ed, the best characterized 
one being BabA, which binds the Lewis b blood group antigen 
expressed on gastric epithelial cells. Some strains have a non-
functional pseudogene (BabA1) whilst other strains only have 
one functional gene, BabA2, and others have a separate func-
tional allele, BabB. BabA has several polymorphisms located in 
the MR of the protein leading to variation in degree of binding 
to Lewis b. Strains expressing a chimeric protein BabA2/BabA1 
have also been identifi ed that show phase variation of expression 
of the protein, and this reported heterogeneity may have clinical 
implications ( Backstrom et al., 2004 ;  Hennig et al., 2004 ). Other 
adhesins are SabA (which binds sialyl Lewis x and which is 
found in infl amed tissue), AlpA and AlpB, HpA and HopZ. Less 
information is available concerning the other adhesions. The 
ligands for AlpA/B are unknown. HpA is the coding sequence 
for an hemaglutinin that binds  N -acetylneuraminyl-lactose and 
HopZ exists as two alleles and its expression is possible regulated 
by slipped strand mispairing. 

 Other virulence factors that have been identifi ed are: an 
OMP HopQ that is present as two alleles Type I and Type II, 
an outer infl ammatory protein OipA associated with increased 
expression of IL-8, and a locus called  ice A ( i nduced by  c ontact 
with  e pithelium), which has two alleles  ice A1 and  ice A2, the 
former encoding a putative restriction endonuclease ( Peek et al., 
1998 ;   Yamaoka et al., 2000 ).   

  Whole Genome Expression Studies 
 In order to understand the changes in genome expression fol-
lowing infection, analysis of genome expression by microarrays 
have been performed. In one study, the effects of  in vitro  acid 
stress were investigated ( Ang et al., 2001 ). A microarray contain-
ing 1534 ORFs from strain 26695 was prepared and the genome 
expression at  p H 7.2 and 5.5 analyzed. Four hundred and forty 
fi ve ORFs were expressed under both  p H conditions, 80 had 
increased expression under acid conditions and 4 had reduced 
expression. Of those that had increased expression, one group 
coded for proteins recognized to be involved in the acid-stress 
response, one group had no obvious connection to acid stress 
and one group was of unknown function. 

 A second study ( Graham et al., 2002 ) investigated the  in vivo  
whole genome expression from the human stomach. In order to 
overcome the instability of RNA isolated from tissue and the 
comparatively low numbers of bacteria found in the stomach, the 
method of selective capture of transcribed sequences (SCOTS) 

Figure 49.6    This diagram illustrates the PAI and its deletions 
and the polymorphisms found with in the  cagA  gene based 
upon the variation in the number of repeats of sequences A, 
B and C. The diagram also illustrates the inoculation of both 
bacterial  peptidoglycan from the cell wall of  Helicobacter pylori  
and the cagA protein into a gastric cell leading to disruption of 
 intercellular signaling. The materials are transferred into the 
eukaryotic cell by a Type IV secretion system which is coded for 
by genes on the pathogenicity island.    
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combined with microarray analysis was used. In all, 14 genes 
were differentially expressed  in vivo  compared to  in vitro  grown 
bacteria, including the VirB4 homolog (part of the Type IV 
secretion apparatus). The majority of the genes expressed in the 
human stomach encoded  H. pylori -specifi c proteins of unknown 
function. 

 This approach of analyzing  in vivo  gene expression is likely 
to be valuable in identifying disease-related genes, and these 
results encourage further studies in this area.  

  Geographic Distribution and PUD 
 Studies of the genome sequence of the hypervariable regions 
of the  H. pylori  genome isolated in different geographical loca-
tions show that different strains have geographical predominance. 
These differences can be used to analyze population migrations 
and also suggest that  H. pylori  may have been transmitted to the 
New World from European invaders. In Northern and Eastern 
Europe S1a alleles predominate; in France and North America 
S1a and S1b are equal in number; in Iberia and South America 
S1b predominate; and in East Asia S1c is the major strain type. 
The MR alleles are equally distributed in these regions except 
for South America where m1 predominates. These studies also 
confi rm that East Asian strains are quite distinct from European 
isolates ( Kersulyte et al., 2000 ;  van der Ende et al., 1998 ; 
 Yamaoka et al., 2000b ).  

  Markers for PUD 
  Genome Analysis 

 The high level of genetic variation within the genome of 
 H. pylori  explains, in part, the variation in clinical outcome of 
infection and why the majority of individuals colonized by the 
organism remain asymptomatic whilst other will develop serious 
gastroduodenal disease including PUD. Type I strains (presence of 
S1  vacA  alleles and production of the vacuolating cytotoxin and 
presence of the cag PAI) are more often isolated from patients 
with PUD compared to Type II strains, which do not have the 
cag PAI and are not phenotypically cytotoxic but possess the vacA 
S2 allele. Similarly the presence of BabA2, oipA, iceA1 and Type I 
HopQ alleles have all been linked to PUD in some studies. 

 In Europe and North America, S1a/m1, cagA positive strains 
are more common in patients with PUD compared to non-
ulcer dyspepsia (NUD), but in China nearly all strains are vacA 
and cagA positive and are equally distributed between PUD and 
NUD ( Pan et al., 1998 ). In Korea, S1c strains are more common 
in PUD ( Choe et al., 2002 ), and in a Japanese study the S1a/
m1a WSS 3 �  cag region was signifi cantly associated with PUD 
whereas the S1c/m1b ESS 3 �  cag region were not ( Yamazaki 
et al., 2005 ). The Far East genotype, however, was correlated 
with gastric atrophy in a study in Japan ( Azuma et al., 2004 ). In 
Brazil, cagA was correlated with DU but the subtypes of the 3 �  
cagA region were not correlated with disease groups ( Rota et al., 
2001 ). On the other hand, in Malaysia in a study of the three dif-
ferent ethnic groups (Malay, Chinese, Indian) no correlation could 
be found between cagA, or vacA and PUD ( Tan et al., 2005 ). 

 In Europe, the association of VacA (s1), cagA, BabA2 or 
Lewis expression by Hp ( Thoreson et al., 2000 ) is correlated 
with PUD. The association is more so in strains that are positive 
for all three alleles ( Olfat et al., 2005 ), but in Brazil a study could 
not show any correlation between BabA2 and PUD although 
the locus was more common in chronic gastritis ( Gatti et al., 
2005 ). A large study of 827 strains from four countries, however, 
found that of the three loci, only BabA2 could be considered as 
a marker for separating PUD from gastritis although none were 
particularly valuable as predictive markers ( Yamaoka et al., 1999 ; 
 Yamaoka et al., 2002 ). A further locus identifi ed as a marker for 
PUD is iceA ( van Doorn et al., 1998 ), although once again a 
study from Japan could not confi rm this ( Ito et al., 2000 ). These 
confl icting results demonstrate that other bacterial markers may 
be important and that interaction with host factors are also 
important in disease outcome. 

 A study of two strains (both caA  �  vacAs1, iceA1) iso-
lated from either DU (G1.1) or GU (B128) were investigated 
by microarray and for the induction of infl ammation in a ger-
bil model ( Israel et al., 2001 ). The GU isolate induced more 
infl ammation, IL-8 secretion and apoptosis compared to the 
DU isolate. The microarray analysis demonstrated that the DU-
inducing strain had a large deletion covering cag6-cag23 (which 
includes cagE). This study emphasizes both the importance of 
the cag PAI in pathogenesis of serious disease and also the utility 
of microarray analysis in identifying potential markers for spe-
cifi c clinical outcomes. 

 A study of three genes in the PZ (JHP940; JHP947; 
HP986) from 200 Brazilian patients identifi ed JHP947 as being 
associated more strongly with DU and gastric carcinoma (99%) 
as opposed to gastritis (44%) ( Santos et al., 2003 ), but again, as 
with other studies, it was not specifi c for PUD.  

  Proteome Analysis 

 An immunoproteomic approach using the strain 26695 and sera 
from 24  H. pylori  positive patients ( Haas et al., 2002 ) yielded 310 
antigenic protein spots, of which some were differentially recog-
nized in patients with gastritis or PUD. Further work by this 
group ( Krah et al., 2003 ) identifi ed peptides within a subset of 
spots using MALDI-TOF. The protein GroEL was identifi ed as a 
component in 15 of the spots and was recognized antigenically. 

 A proteome analysis of  H. pylori  isolates from two patients 
( Pereira et al., 2006 ), one with gastritis and the other with DU 
showed that four spots were uniquely associated with each con-
dition and six spots had variable expression. Further work is 
required to confi rm this study and to identify the proteins.  

  Serological Markers of PUD 

 A number of serological studies have identifi ed low molecu-
lar weight proteins as possible markers of PUD. A study of 108 
patients with gastric cancer, PUD or NUD showed that anti-
bodies to a 26       kDa protein were more common in PUD and 
that when combined with sero-prevalence to the cagA protein 
the sensitivity and specifi city was 76% and 62% respectively 
( Kuo et al., 2003 ). A similar study of 156 patients from Thailand 



( Vilaichone et al., 2003 ) showed that antibodies to a 35       kDa 
protein were associated with GU. A study of 80 Japanese patients 
with different clinical conditions showed the 35       kDa antigen was 
more common (97%) in GU or DU compared to gastritis (70%) 
( Yamaoka et al., 1998 ).     

  HUMAN POLYMORPHISM AND PUD 
 The fi rst demonstration that polymorphisms in the human 
genome could affect the clinical outcome of  Helicobacter  infec-
tion was provided by the increases risk of developing gastric 
adenocarcinoma in patients who had certain polymorphisms in 
IL-1 ( El-Omar et al., 2000 ). It was subsequently shown that a 
synergistic effect was seen between bacterial and human poly-
morphisms ( Rad et al., 2003 ). Thus, the VacA s1 genotype was 
linked to a greater risk of developing severe gastroduodenal 
disease, especially if in combination with other  ‘ high risk ’  host 
markers such as the host IL-1 �  genotype IL-1 � –511T/-31C 
and the genotype of its receptor IL-1RN*2. 

 When examined singly, in relation to the development of 
DU in 278 individuals, the alleles IL-1B      �      3954 and IL-RN*2 
were not associated with the development of DU; however, 
there was a strong allelic link between the two loci in patients 
with DU ( Garcia-Gonzales et al., 2001 ). On the other hand, a 
study of 315 individuals showed that the presence of IL-1RN*2 
was a risk factor, with an odds ratio (OR) of 22.6 in the pres-
ence of colonization by  Helicobacter  ( Hsu et al., 2004 ). A smaller 
study of 215 individuals could not confi rm that any polymor-
phisms in IL-1B, IL-1RN, TNF-A TNF-B were related to the 
development of DU ( Garcia-Gonzales et al., 2005 ). However, 
when looked at in combination: IL-1RN*2; IL-1B-31; IL-
1B-511C; IL-1B      �      3954C; TNF-haplotypeE was found with 
a slight (non-signifi cant) increase in the patients with DU. An 
earlier study by the same group showed that genotype LTA 
(lymphotoxin, TNF-B) NcoI 2.2 and TNF-I were both more 
common in GU than DU ( Lanas et al., 2001 ). Further confi r-
mation of tumor necrosis factor (TNF) polymorphisms associ-
ated with PUD was provided ( Lu et al., 2005 ), showing that the 
alleles TNF-A-1031C and TNF-A -863A have an OR of 2.4 
for the loci individually and 6.0 in combination. 

 A signifi cant association between IL-8 A/T heterozygote 
and duodenal ulceration ( Gyulai et al., 2004 ) or gastric ulceration 
( Ohyauchi et al., 2005 ) has been identifi ed compared to the wild 
type T/T allele. Studies of polymorphisms in IL-6, IL-12 and 
CD14 have not shown any association ( Garcia-Gonzales et al.,
2005 ;  Gyulai et al., 2004 ;  Lobo Gatti et al., 2005 )  . Finally, 
associations between CD11c exon 15 and intron 31 G/A in 
combination show an OR of 2.4 for GU disease ( Hellmig et al.,
2005 ) and polymorphisms in the myloperoxidase ( 	 468 A/A)
locus show an OR of 8.7 for DU when infected with  H. pylori  
( Hsu et al., 2005 ). An inability to mount an effective immune 
response may be more likely to lead to chronic infection and 
thus indirectly to PUD. A study of microsatellite polymorphisms 
in the T-cell receptor V  � 6 locus has identifi ed a  genotype 

(TCRBV6S1B/B) that is not able to eliminate  Helicobacter  and 
thus is more susceptible to chronic infection although in the 
cohort studied this genotype did not correlate with clinical out-
come ( Kunstmann et al., 2000 ). A study of 20 single nucleotide 
polymorphisms (SNPs) in the genes for matrix metallopro-
teases 1, 3, 7 and 9 in 599 isolates from infected patients showed 
a strong association between GU and a promoter variants of 
MMP 7 and 9 ( Hellmig et al., 2006 ). 

 Polymorphisms in genes related to the action of NSAIDS 
have been identifi ed although relationships to clinical outcome 
and ulcer formation have not been so far linked. Cyclo-oxygenase 
1 (COX-1) converts arachidonic acid to prostaglandin H2, and 
heterozygosity for the polymorphisms A-842G/C50T are more 
likely to show a greater inhibition of prostaglandin synthesis by 
aspirin than is the homozygous ( Halushka et al., 2003 ).  

  GENOMICS IN THE MANAGEMENT 
OF DISEASE 
 Cytochrome P450 (CYP) represents a group of enzymes 
involved in metabolism of drugs, which are found principally in 
the liver. The enzymes are coded for by at least 50 genes with 
a number of pseudogenes identifi ed. In one study it was found 
that nearly 60% of over 300 drugs were metabolized by CYP 
( Bertz and Granneman, 1997).    Polymorphisms in these enzymes 
are recognized to be important in treatment of diseases, as some 
polymorphisms may metabolize different drugs at different 
rates thus having different clinical outcomes, that is, success or 
failure.  H. pylori  is treated with PPI, for example, omeprazole, 
and a combination of clarithromycin and metronidazole (or 
amoxicillin). CYP2C19 is important in metabolism of PPIs and 
CYP3A4 in metabolism of clarithromycin. In one study ( Sapone 
et al., 2003 ) of 143 patients with  H. pylori  infection, lack of 
eradication was correlated with homozygous extensive metab-
olizers (HomEM) (CYP2C19*1/*1) or heterozygous exten-
sive metabolizers (HetEM) (CYP2C19*1/*2 or *1/*3). All 
patients with CYP2C19*2/*2 had their organism successfully 
eradicated. Those individuals who were HetEM in CYP2C19 
and carried the polymorphisms CYP3A4*1B and CYP3A4*2 
were more likely to have  Helicobacter  eradicated compared to 
the wild type CYP3A4, suggesting some synergistic action 
between the two cytochrome P450s. A cost analysis of genotyp-
ing patients for CYP2C19 polymorphisms prior to commenc-
ing eradication therapy in the United States showed a savings 
ranging from $495–$2125 for every ulcer prevented ( Lehmann 
et al., 2003 ). 

 Interleukin-1beta is also an important determinant of suc-
cessful eradication of  Helicobacter  using triple therapy ( Furtura 
et al., 2004 ;  Take et al., 2003 ). In a study of 336 patients, IL-1B-
511T/T had the highest eradication rate (94.7%) compared to 
IL-1B-511C/C with 77.3%, with the heterozygote C/T having 
an intermediate eradication rate. This is mediated by the intra-
gastric  p H (related to the IL-1 polymorphism) as this affects the 
activity of particularly clarithromycin in the stomach. 
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 An additional  Helicobacter -associated factor that affects the 
eradication rate is resistance to clarithromycin. Resistance is 
related to polymorphisms within the 23S ribosome subunit to 
which clarithromycin binds. Resistant isolates have A2124G or 
A2143G polymorphisms, and, if present, the eradication rate is 
only 48% compared to 87% in the absence of these polymor-
phisms (Furtura et al., 2005)  . 

  Results of a study including 684 subjects showed a reduced 
risk of developing DU if they carried the TGF b   �  869C/C 
polymorphism and that the T/C polymorphism was involved in 
susceptibility to developing DU ( Garcia-Gonzalez et al., 2006 ). 
A correlation between susceptibility to developing DU and 
NOD1 A796A was present in 20% of patients with DU com-
pared to 6% in controls ( Hofner et al., 2007 ). In children with 
DU, the G238A of the TNF �  gene was present in 31% of cases 
also carrying the strain marker iceA1, compared to 1.6% in con-
trols ( Wilschanski et al., 2007 ). In adults, iceA1 compared to 
iceA2 was also more frequent in DU cases ( Caner et al., 2007 ). 
In rats, real-time PCR and RT-PCR were used to show that of 
8000 genes studied in relation to cysteamine-induced ulceration, 
40 genes had marked changes in expression, suggesting the inter-
action of many genes in the development of ulceration ( Deng 
et al., 2007 ). 

 The effect of host polymorphisms on eradication of 
 H. pylori  showed that MDR1 T3435T polymorphism had an 
eradication rate of 67% when given lansoprazole  �  amoxicillin  �  

clarithromycin, compared to C/C or C/T which had eradication 
rates of 81–82% ( Furtura et al., 2007 ). 

 The effects of host polymorphisms in the cytochrome P450 
2C9 (CYP2C9) locus on ulceration and bleeding in association 
with NSAID use were shown in a study of 26 patients com-
pared to 52 controls, all of the study population being  H. pylori  
negative. Higher frequencies of bleeding were found in patients 
with CYP2C9*1/*3 (34/5.8%) and CYP2C9*1/*2 (27/15.4%) 
compared to controls ( Pilotto et al., 2007 ).  

  Genomics in Relation to Diagnosis 
 A number of molecular techniques have been applied to the 
detection, typing and assessment of eradication of  H. pylori . 
Detection of markers of virulence and antibiotic resistance has 
been achieved largely by the polymerase chain reaction (PCR) 
with appropriate primers. The use of real-time PCR allows 
direct detection and quantifi cation of the target of interest and 
the development of robotic workstations can increase throughput 
of analytes. Specimens used for the detection and genotyping 
of  Helicobacter  has largely been gastric biopsies although stool 
specimens have also been used. A number of different meth-
ods of typing  H. pylori  have been used such as ribotyping, 
RAPD-PCR, PCR-RFLP and pulse fi eld gel electrophoresis 
(PFGE) ( Ge and Taylor, 1998 )   in both coding and non-coding 
areas ( Bereswell et al., 2000 ).   

2009 UPDATE
Host–pathogen interaction in Helicobacter pylori-related dis-
ease continues to be investigated by genomic techniques for 
polymorphisms in both bacterial and host loci that may act 
as biomarkers for specifi c clinical outcomes. Ongoing studies 
using proteomic analysis of host–pathogen interactions (Wu 
et al., 2008) and sequence analysis of H. pylori isolates (Mcclain 
et al., 2009) are likely to lead to the identifi cation of disease-
related biomarkers.

Microbial Polymorphisms
The role of the VacA locus continues to be investigated in vari-
ous geographical locations. In Italy, the incidence of the VacA 
s1m1 genotype is increasing despite the falling incidence of 
PUD, raising questions of the relevance of s1m1 as a biomar-
ker for PUD (De Francesco et al., 2009). In Iran, VacA s1m2 
is predominant in PUD (Selehi et al., 2008), although another 
study from Iran could fi nd no correlation between VacA geno-
types and clinical outcome (Hussein et al., 2008). In Iraq, the 
vacA i1 locus and the dupA locus were both correlated with 
PUD, but this was not the case in Iran (Hussein et al., 2008). 
Similarly, in Italy the vacA i1 locus was associated with PUD 
(Basso et al., 2008). In Iran and Iraq (Selehi et al., 2008), Egypt 
(Said Essa et al., 2008), and Italy (Basso et al., 2008), the cagA 
locus was correlated with PUD. In Brazil, a study of restriction 

fragment length polymorphism in the ureC and ureB loci in H. 
pylori could demonstrate no differences in the patterns between 
PUD or gastritis (Roesler et al., 2008). In a Chinese population, 
the dupA locus was positively associated with DU and inversely 
with GU and gastric cancer (Zhang et al., 2008).

Host Polymorphisms
Various studies of polymorphisms in genes associated with gas-
tric physiology, antigen processing and infl ammation have been 
reported. A study from India has demonstrated that a certain 
Cox-2 polymorphism is positively associated with PUD (and 
gastric cancer) (Saxena et al., 2008) and a subsequent study has 
confi rmed this and that other Cox-2 polymorphisms are associ-
ated with gastritis or with a lower risk of gastric atrophy (Achyut 
et al., 2009). A study from the same group on PPARγ demon-
strated that carriage of the G allele was associated with PUD 
and gastric cancer compared to NUD (Prasad et al., 2008). In 
Brazil, polymorphisms with TLR2, 4 and 5 were not found to 
be associated with DU in children, although a TLR4 polymor-
phism was associated with higher levels of IL-8 and IL-10 and 
col onization by cagA strains (Moura et al., 2008). A study 
from Korea of polymorphisms in IL-10, IL-8 and IL-6 demon-
strated they were signifi cantly associated with GU (and gastric 
cancer) and that a synergistic effect on the development of either 



of these conditions occurred with some of the polymorphisms 
and others were less frequent than controls in patients with DU 
(Kang et al., 2008b). A study from Mexico demonstrated that a 
TLR4 polymorphism was found more often in patients with 
DU compared to gastritis and expressed lower levels of IL-1β, 
IL-6, IL-8 and Groα, yet higher levels of TNFα, IL-10, MCP-1 
and MIP-1α (Trejo-de la et al., 2008). In Turkey, the role of pol-
ymorphisms in IL-1β and IL-1RN was investigated showing as 
association with PUD and gastric cancer or NUD depending 
on the polymorphism (Erzin et al., 2008). A study from Japan 
(Tahara et al., 2008) on the role of a polymorphism in NADPH 
oxidase did not show any relationship between PUD and 
 controls, although it was associated with less intestinal metapla-
sia. In Chinese patients, a study of a polymorphism of histamine 
N-methyltransferase did not show any signifi cant difference in 
allele frequency between DU patients and controls (Hailong 
et al., 2008). A study of the multidrug resistant transporter 
(MDR1) polymorphism in patients with PUD or gastric can-
cer compared to controls could not demonstrate any associa-
tion (Sugimoto et al., 2008). In patients with PUD, the role of 
the SHP-2 gene in relation to gastric atrophy was investigated. 
Previous studies in Japanese subjects demonstrated that the AA 
genotype was associated with a lower risk of gastric atrophy, 
whereas in the current study in Uzbekistan, the GG genotype 
was linked to a lower risk of atrophy (Hamijima et al., 2008).

Management of H. pylori
Polymorphisms within CYP2C19 affect the plasma levels 
of PPIs being lower in normal homozygotes and heterozy-
gotes (fast metabolizer) compared to mutant homozygotes 
(slow metabolizer) (Chaudry et al., 2008). The role of MDR1 
C3435T and CYP2C19 genotypes on the eradication of 
H. pylori was investigated in Korean patients treated with pan-
toprazole � clarithromycin � amoxycillin (Oh et al., 2008). 
No effect on the eradication rates was noted. In a further study 
from Korea, however, the eradication rates were higher in the 
slow metabolizer groups compared to the fast metabolizer 
group (Kang et al., 2008a). A new oligonucleotide array was 
reported for the investigation of clarithromycin resistance in 
H. pylori. The technique was reported to be both rapid and 
accurate compared to conventional methods (Chen et al., 2008).

PUD and NSAIDS
The role of polymorphisms in CYP2C9 and NSAID-induced 
gastropathy has been investigated, but could not show that 
CYP2C9*2 and CYP2C9*3 are involved (Ma et al., 2008). 
Polymorphisms of endothelial nitric oxide synthase have been 
investigated in relation to gastric bleeding in persons taking 
low-dose aspirin. The results demonstrate that persons with a 
lower frequency of GPIIIa A2 have a reduced risk of bleeding 
(Piazuelo et al., 2008).
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 RECOMMENDED RESOURCES 

  Websites 
  http://www.tigr.org/tigr-scripts/CMR2gene_table.spl?db �   ghp  
  As given on the website : The Comprehensive Microbial Resource (CMR) 

is a free website used to display information on all of the publicly 
available, complete prokaryotic genomes. 

 http://www.helicobacter.org  
 The website of the European Helicobacter Study Group

 http://genolist.pasteur.fr/PyloriGene  
  As given on the website : The purpose is to collate and integrate various 

aspects of the genomic information from  H. pylori . PyloriGene 
provides a complete dataset of DNA and protein sequences 
derived from two different strains: 26695 and J99, linked to the 
relevant annotations and functional assignments. 

  http://ecocyc.org:1555/HPY/organism-summary?object�  HPY  
  As given on the website : EcoCyc is a bioinformatics database that describes 

the genome and the biochemical machinery of  E. coli  K-12 

MG1655. The long-term goal of the project is to describe the 
molecular catalog of the  E. coli  cell, as well as the functions of each 
of its molecular parts, to facilitate a system-level understanding of 
 E. coli . EcoCyc is an electronic reference source for  E. coli  biolo-
gists, and for biologists who work with related microorganisms. 

  http://www.histopathology-india.net/PepUlc.htm  
 The gastroenterology website of Prof Sampurna Roy.  

  Book 
 Axon, A. (ed).  Best Practice  &  Research: Clinical gastroenterology . vol. 21(2) 

 Helicobacter pylori , Elsevier  . 
  Description from the Elsevier website : In practical paperback format, 

each 200 page topic-based issue of  Best Practice  &  Research 
Clinical Gastroenterology  will provide a comprehensive review 
of current clinical practice and thinking within the specialty of 
gastroenterology.  
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              Genomics in Pathogenesis of Cirrhosis 
   N.A.   Shackel  ,     K.   Patel   and     J.   McHutchison     

  INTRODUCTION   
 The liver has been called the  “ the custodian of the milieu 
interieur. ”  Consistent with its many varied metabolic functions, 
the liver has a complex transcriptome and proteome. The nor-
mal liver has many diverse functions including synthesis of vita-
mins and proteins, bile production, immune defense, as well as 
metabolism of carbohydrates, lipids and toxins. Despite being 
only 2.5% of body weight, the liver receives 25% of the cardiac 
output that is essential for maintaining its metabolic and syn-
thetic functions. The functional unit of the liver is the hepatic 
lobule, which is arranged in an organized repeating fashion 
around a central venule to form the intact organ. Liver injury is 
characterized by progressive fi brosis tissue deposition within the 
lobule, leading to eventual disruption of normal lobular archi-
tecture that is characteristic of cirrhosis ( Figure 50.1   ) ( Friedman, 
2000 ). In the genomic era, the molecular classifi cation of fi bro-
sis and cirrhosis development is predominantly characterized by 
morphological changes. 

 Cirrhosis is the pathogenic hallmark of advanced liver 
injury. Cirrhosis is morphologically defi ned by distortion of 
hepatic architecture by dense bands of fi brosis  “ scar ”  leading 
to  “ islands ”  or nodules of hepatocytes ( Friedman, 2000 ). The 
causes of cirrhosis are varied with many etiologies ( Table 50.1   ). 
The development of cirrhosis is a premalignant condition, with 
virtually all cases of liver cancer (also known as hepatocellular 
carcinoma [HCC]) developing in individuals with prior cirrho-
sis. Various intrahepatic cell populations are essential in under-
standing the development of cirrhosis. The pivotal cell involved 
in fi brosis leading to cirrhosis is the hepatic stellate cell (HSC). 

However, the functional unit of the liver is the hepatocyte, 
which is the cell type from which HCC develops. The mech-
anisms of fi brosis leading to cirrhosis will be discussed in the 
context of understanding the pathogenic mechanisms by which 
this process evolves. Genomic medicine promises new insights 
into the pathogenesis of fi brosis and the promise of individu-
alized predictive medicine aiming to prevent cirrhosis and the 
sequelae of liver failure and HCC.  

  FIBROSIS AND CIRRHOSIS 
 Despite the adoption of genomic medicine approaches in recent 
years, the hallmark of liver injury remain the morphological 
changes. In end-stage fi brosis there is  “ encapsulation ”  of islands 
of hepatocytes by bands of fi brosis, known as cirrhosis ( Figure 
50.1 ). The hepatic fi brotic response represents a wound heal-
ing response with morphological features of matrix remodeling, 
contraction and  “ scaring ”  ( Eng and Friedman, 2000 ). The HSC 
is central to this fi brogenic process ( Figure 50.1 ). The fi brogenic 
process can be regarded in stages based on morphology or on 
molecular pathogenic events ( Friedman, 2000 ). Fibrosis of the 
liver has classically been regarded as an irreversible disease proc-
ess. However, it is now clear that advanced fi brosis, possibly even 
cirrhosis, can signifi cantly improve and possibly resolve com-
pletely in some cases ( Benyon and Iredale, 2000 ;  Corbett et al., 
1993 ;  Dufour et al., 1998 ;  Tsushima, et al., 1999 ). Molecular 
studies of intrahepatic fi brogenesis in progressive injury indicated 
that this process is dynamic and characterized by distinct events 
associated with initiation, perpetuation and regression ( Bataller 
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 Figure 50.1         Liver fi brogenesis.  In liver fi brosis development the quiescent stellate cell is transformed into an activated phenotype with 
ECM changes characterized by the deposition of a scar-like matrix within the space of Disse. This change is accompanied by a loss of 
hepatocyte microvilli and endothelial fenestration.    

and Brenner, 2005 ). The remodeling of the ECM in fi brogen-
esis is clearly a dynamic process, and an improved understanding 
of the molecular pathways involved in this process will help in 
developing future targeted therapeutic agents. 

 Liver injury characterized by fi brosis is extremely rare in 
the absence of intrahepatic infl ammatory changes. The evolution 
of both innate and adaptive immune response in chronic liver 
injury is an essential factor perpetuating and driving intrahepatic 
injury resulting in liver fi brogenesis. Therefore, the separate study 
of fi brogenic pathways characterized by ECM remodeling and 
intrahepatic infl ammatory response is often completely arbitrary.  

  DIAGNOSIS OF CIRRHOSIS 
 An accurate assessment of cirrhosis and the preceding evolu-
tion of intrahepatic fi brosis is a frequent diagnostic challenge. 
Routine biochemical analysis, as well as clinical signs, are at 
best suggestive but not diagnostic of the grade of fi brosis or the 
development of cirrhosis. To-date, liver biopsy has been the prin-
cipal approach to the assessment of fi brosis. However, liver biopsy 
is an invasive procedure that is prone to sampling error, signifi -
cant observer variability and may be associated with morbidity 
and mortality ( Siegel et al., 2005 ). This has led to the develop-
ment of non-invasive measures of fi brosis including the appraisal 
of panels of profi brogenic serum markers and assessment of 
intrahepatic elasticity or ‘stiffness’ changes using modifi ed ultra-
sonography (elastometry). Other imaging techniques of the liver 
with ultrasound, computer tomography or magnetic resonance 

imaging can provide indicators of cirrhosis, but interpretation is 
often operator-dependent and lacks sensitivity for accurate stag-
ing of advanced disease. However, imaging and biochemistry 
may be useful in providing indicators of worsening hepatic func-
tion from cirrhosis, such as ascites or the development of HCC. 
To-date there are no established molecular markers of fi brosis 
progression or cirrhosis.  

  GENETICS OF CIRRHOSIS 
 Cirrhosis pathogenesis is characterized by many conserved as well 
as divergent pathways involved in the development of progressive 
fi brosis. There are clearly a number of important host genetic 
factors that infl uence the development of fi brosis, rate of progres-
sion and the subsequent development of complications ( Bataller 
et al., 2003 ). Older individuals and males are known to have sig-
nifi cantly greater rates of liver fi brogenesis and subsequent devel-
opment of cirrhosis ( Poynard et al., 2005 ). Multiple candidate 
genes thought to be central to cirrhosis development have been 
identifi ed using rodent models, and many human gene polymor-
phisms are likewise associated with fi brosis development ( Table 
50.2   ) ( Bataller et al., 2003 ). Genetic polymorphisms have been 
implicated at all stages of fi brosis development including disease 
susceptibility (i.e., HCV and haptoglogin), injury (i.e., LPS inter-
action with CD14), immune responses (i.e., HLA-II alleles), activ-
ation of HSC (i.e., angiotensinogen) and increase in fi brogenic 
ECM (i.e., plasminogen and TGF- � ) ( Bataller et al., 2003 ). The 
single most comprehensive analysis of genetic polymorphisms 



in fi brosis analyzed 24,832 putative functional, single nucleotide 
polymorphisms (SNPs) in 916 individuals with HCV infection. 
This study identifi ed a missense mutation in the DEAD box 
polypeptide 5 (DDX5) gene associated with two POLG2 SNPs 
that are linked with an increased risk of advanced fi brosis ( Huang 
et al., 2006 ). The same study identifi ed another missense SNP 
in carnitine palmitoyltransferase 1A (CPT1A) associated with a 
decreased risk of fi brosis. The fi brosis association of these poly-
morphisms was validated in a separate cohort of 483 individuals 
( Huang et al., 2006 ). However, it is unclear what the function of 
these genes is in HCV induced liver injury. Further, it is unclear 
if the identifi ed polymorphisms are important only in HCV liver 
injury or more generally in other types of liver injury. 
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 T A B L E  5 0 . 1         Causes of cirrhosis and/or chronic liver 

disease  

    Infectious diseases  

    Brucellosis 

    Capillariasis 

    Echinococcosis 

    Schistosomiasis 

    Toxoplasmosis 

     Viral hepatitis (hepatitis B, C, D; cytomegalovirus; 
Epstein–Barr virus) 

    Inherited and metabolic disorders  

     � 1-Antitrypsin defi ciency 

    Alagille’s syndrome 

    Biliary atresia 

    Familial intrahepatic cholestasis (FIC) types 1–3 

    Fanconi’s syndrome 

    Galactosemia 

    Gaucher’s disease 

    Glycogen storage disease 

    Hemochromatosis 

    Hereditary fructose intolerance 

    Hereditary tyrosinemia 

    Wilson’s disease 

    Drugs and toxins  

    Alcohol 

    Amiodarone 

    Arsenicals 

    Oral contraceptives (Budd-Chiari) 

    Pyrrolidizine alkaloids (Veno-occlusive disease) 

    Other causes  

    Biliary obstruction (chronic) 

    Cystic fi brosis 

    Graft-versus-host disease 

    Jejunoileal bypass 

    Non-alcoholic steatohepatitis (NASH) 

    Primary biliary cirrhosis 

    Primary sclerosing cholangitis 

    Sarcoidosis 

    Causes of non-cirrhotic hepatic fi brosis  

     Idiopathic portal hypertension (Non-cirrhotic portal 
fi brosis, Banti’s syndrome); three variants: Intrahepatic 
phlebosclerosis and fi brosis; Portal and splenic vein sclerosis 
and Portal and splenic vein thrombosis 

     Schistosomiasis ( “  pipe-stem  ”  fi brosis with pre-sinusoidal 
portal hypertension) 

     Congenital hepatic fi brosis (may be associated with polycystic 
disease of liver and kidneys) 

 T A B L E  5 0 . 2         Candidate gene and polymorphisms 

involved in cirrhosis  

   Gene  Candidate 
gene 

 Gene 
polymorphism 

 Effect of 
protein on 
fi brosis 

    ADH      �   Unknown 

    ALDH      �   Unknown 

    Angiotensinogen      �   Increases 

    ApoE      �   Increases 

    CD14    �     Increases 

    CPT1A    �     Decreases 

   CTLA-4       �   Increases 

    CYP2E1      �   Unknown 

    DDX5      �   Increases 

    Fas    �     Increases 

    HFE      �   Unknown 

    HLA-II Haplotypes      �   Variable 

   IFN  - �    �     Decreases 

   IL-1 receptor     �   Increases 

   IL-10   �    �   Decreases 

   IL-13   �     Unknown 

   IL-1 �      �   Increases 

   IL-6   �     Unknown 

   Leptin   �     Increases 

   MnSOD     �   Increases 

   NOS-2   �     Decreases 

   OB-R   �     Increases 

   Plasminogen   �     Decreases 

   SMAD-3   �     Increases 

   TAP2     �   Unknown 

   Telomerase   �     Decreases 

   TGF- � 1   �    �   Increases 

   TIMP-1   �     Increases 

   TNF   �     Unknown 
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approximately 20–25,000 protein-encoding genes in the human 
genome. Further, there are an unknown number of function-
ally signifi cant alternately spliced transcripts arising from these 
genes that may exceed 100,000 in number. How many of 
these mRNA transcripts are expressed in the liver is unknown. 
Methods of identifying and comparing organ transcriptomes 
are also uncommon. One method of inferring complexity is to 
examine GenBank human UniGene clusters of non-redundant 
gene sets ( Yuan et al., 2001 ). These UniGene clusters are com-
piled from annotated and uncharacterized mRNA sequences 
and as a group represent a species ’  transcriptome ( Yuan et al., 
2001 ). Currently the human UniGene assembly of clusters 
(Build 196) has approximately 7 million sequences representing 
83,896 non-redundant transcripts. Parsing key word searches      1   , 
approximately 20% of transcripts (representing 16,950 clusters) 
were identifi ed in liver tissue; this compares to brain (37%), lung 
(31%), kidney (25%), colon (22%) and heart (16%).  Coulouarn 
et al. (2004)  used a similar approach and identifi ed 12,638 non-
redundant clusters from liver tissue (UniGene Build 129). An 
alternate approach in which Serial Analysis of Gene Expression 
(SAGE) libraries were examined can also provide insights into 
the complexity of the liver transcriptome ( Yamashita et al., 
2000, 2004a, b ). Two normal human liver SAGE libraries identi-
fi ed 15,496 and 18,081 unique transcripts from a total number 
of 66,308 and 125,700 tags, respectively ( Yamashita et al., 2000, 
2004a, b ). However, in a SAGE comparison of multiple organs, 
32,131 unique tags were identifi ed (from a total of 455,325 tags) 
of which 56% were expressed in the liver compared to brain 
(75%), breast (81%) and colon (91%) ( Yamashita et al., 2004a, b ). 
Therefore, it is clear that the normal liver has a complex tran-
scriptome expressing many thousands of mRNA transcripts. 

 Normal liver transcriptome expression varies to account for 
phenotype differences such as sex and age variation ( Cao et al., 
2001 ;  Tadic et al., 2002 ;  Yang et al., 2006 ). Microarray analysis 
of normal human liver by  Yano et al. (2001)  highlights the vari-
ability of the non-diseased liver transcriptome. A total of 2418 
genes were examined in fi ve normal patients, with only half 
of these transcripts being detected in four out of fi ve patients. 
Further, only 27% of genes had co-ordinate expression in these 
non-diseased, apparently normal patients. Therefore, in addition 
to the liver having a complex transcriptome, there appears to be 
signifi cant individual variability in transcript expression. This is 
further highlighted by the observation of  Enard et al. (2002)  that 
duplicate liver samples from the same individual differed by 12% 
(technical variation) but that intraspecies variation was as pro-
nounced as interspecies variation in hepatic mRNA transcript 
expression when comparing chimpanzees and humans. Focused 
specialized arrays such as the Liverpool nylon array targeting the 
liver transcriptome have now been synthesized and include in 
excess of 10,000 target genes ( Coulouarn et al., 2004 ). However, 
such approaches fail to detect differential gene expression for 
transcripts not expressed in normal liver that are subsequently 

 The identifi cation of candidate genes and polymorphisms 
has seen a number of novel molecular approaches adopted in 
an attempt to treat liver disease ( Prosser et al., 2006 ). These have 
included the use of caspase inhibitors, TGF- �  blockade, TNF 
blockade, PDGF blockade and inhibition of Kupffer cell activ-
ity ( Prosser et al., 2006 ). Further approaches have attempted to 
change the ECM composition in fi brosis via the administration 
of matrix metalloproteinases and plasminogen activator ( Prosser 
et al., 2006 ). Although modern molecular approaches have iden-
tifi ed multiple genes involved in the pathogenesis of cirrhosis, 
most of these fi ndings have yet to lead to therapeutic agents in 
the clinical trial setting. 

 The identifi cation of genetic loci associated with the devel-
opment of progressive liver injury has focused on the under-
lying disease rather than the common pathway leading to the 
development of fi brosis and eventual cirrhosis ( Table 50.3   ). The 
immunogenetics of autoimmune liver disease and viral hepatitis 
are partially characterized with a number of genetic loci being 
associated with disease severity and/or progression ( Donaldson, 
2004 ). However, the immunogenetics of other forms of liver 
injury is poorly characterized. To-date the precise association 
of many of these markers with liver disease severity remains to 
be determined. However, in the future the determination of the 
genetic haplotypes conferring susceptibility to fi brosis or pre-
dicting the progression of liver disease is likely to be incorpo-
rated into routine clinical practice.  

  THE LIVER TRANSCRIPTOME 
 Evolving genomic medicine approaches to liver disease require 
an understanding of the complexity of genome expression 
within the normal and diseased liver. There are estimated to be 

 T A B L E  5 0 . 3         Immunogenetics of liver disease  

   Disease  Dominant haplotype 

   Autoimmune liver disease 

    AIH  DRB1*0301, DRB1*0401, 
DRB1*1501, DRB1*0405, 
DRB1*1301 

    PSC  MICA*008, DRB1*0301, 
DBQ1*0603, DBQ1*0602, 
DBQ1*0302, 
DBQ1*0303, MICA*002 

    PBC  DRB1*0803, DRB1*0801 

   Viral hepatitis 

    HAV  DRB1*1301 

    HBV  DRB1*1301, DRB1*1302 

    HCV  DRB1*0101, DRB1*0301 

AIH: auto-immune hepatitis; PSC: primary sclerosing cholangitis; 
PBC: primary biliary cirrhosis; HAV: hepatitis A virus; HBV: hepatitis 
B virus; HCV: hepatitis C virus.

1Parsing string used ( “ liver ”  or  “ hepatic ” ) and  “ human ”  for UniGene 
Build 180.



expressed with the development of liver pathobiology. This is 
a particularly important consideration in genomic medicine, as 
transcriptomes in disease can markedly increase in complex-
ity, especially in the presence of neoplastic transformation and 
infl ammation ( Feezor et al., 2005 ;  Scriver, 2004 ).  

  THE LIVER PROTEOME 
 The human proteome is complex and variable depending on 
the organ or cell population being studied. Proteins can be 
subject to in excess of 100 different types of post-translational 
modifi cations ( Cantin and Yates, 2004 ). Therefore, the estimated 
25,000 genes in the human genome may give rise to greater 
than a million distinct proteins ( Neverova et al., 2005 ;  Righetti 
et al., 2005 ). Utilizing an approach of parsing GenBank with 
key words, we can gain insight into human organ proteome 
complexity      2   . Proteomes from human brain, liver, lung, kidney, 
bowel/colon, heart and serum express 40%, 13%, 10%, 18%, 
6%, 7% and 6% respectively, of the proteins found in all of these 
organs. The number of GenBank human protein entries for each 
organ was: brain (53,091), liver (17,610), lung (12,770), kidney 
(23,283), bowel/colon (7749), heart (8961) and serum (8122). 
This highlights the complexity of the proteome within the liver 
and other solid organs. 

 Contained within a cell, approximately 90% of the cellular 
protein mass is due to the 100 most abundant proteins and a fur-
ther 1200 proteins account for another 7% of the protein mass 
( Lefkovits et al., 2000, 2001 ). However, the remaining 3% of the 
protein mass includes 2800 proteins (over 50% of the different 
protein species) and frequently is below the detection limit of 
most proteomic detection methods ( Lefkovits et al., 2000, 2001 ). 
Therefore, it is important to consider the frequency of pro-
tein expression within a homogeneous cellular sample (i.e., cell 
lines) compared to heterogeneous cellular sample (i.e., organs). 
This is an especially important consideration in genomic medi-
cine, as the non-parenchymal cell subpopulation abundance in 
biopsy specimens is low and sample representation of the whole 
organ is often inaccurate, a problem known to occur in upward 
of 15% of liver biopsy samples ( Ratziu et al., 2005 ;  Regev 
et al., 2002 ). 

 Genomic medicine approaches often assume that changes 
in gene/mRNA expression refl ect changes in correspond-
ing protein expression. However, there are multiple exam-
ples where protein expression or function is not controlled 
by mRNA expression. Indeed, in the intact non-diseased liver 
tissue, approximately 25% of the changes in the mRNA tran-
script expression are not accompanied by changes in protein 

expression ( Anderson and Seilhamer, 1997 ). Studies comparing 
mRNA and protein expression are rare in all organs, includ-
ing the liver. Anderson et al showed a poor correlation of the 
liver tissue abundance of 19 proteins and corresponding mRNA 
transcripts (correlation coeffi cient of only 0.48) ( Anderson and 
Seilhamer, 1997 ). Additionally, they isolated 50 abundant mRNA 
transcripts, of which 29 encoded secreted proteins ( Anderson 
and Seilhamer, 1997 ). However, this result contrasted with the 
50 most abundant proteins they isolated, as none were secreted 
( Anderson and Seilhamer, 1997 ). Overall, within mRNA 
transcriptomes compared to the corresponding proteomes, 
there is a bias in expression toward an over-representation of 
mRNA transcripts encoding secreted proteins, and high abun-
dance mRNA transcripts such as G3PDH have been repeat-
edly demonstrated ( Anderson and Seilhamer, 1997 ;  Jansen and 
Gerstein, 2000 ;  Miklos and Maleszka, 2001a, b ;  ter Kuile and 
Westerhoff, 2001 ). However, it is salient to remember that the 
protein expression in every cell is controlled by the transcrip-
tome, although the relationship between individual gene tran-
scripts and the corresponding protein expression may not at fi rst 
be apparent.  

  DEVELOPMENT OF LIVER FIBROSIS 
 Liver fi brosis is characterized by activation of the HSC. 
Invariably, there is associated infl ammation and an intrahepatic 
immune response driving the perpetuation of the pro-fi brogenic 
phenotype of the HSC. Therefore, fi brosis development can be 
examined by focusing on the pro-fi brogenic HSC or alterna-
tively by studying the various types of liver injury, associated 
infl ammatory response and the pathways of HSC activation. 

  Hepatic Stellate Cell 
 The HSC is the principal cell type mediating the matrix remod-
eling and degradation of fi brosis ( Figure 50.2   ). The HSC nor-
mally constitutes approximately 5% of the intrahepatic cell mass 
in the non-diseased liver and increases to 10–15% in the diseased 
liver ( Friedman, 2000 ;  Mehal et al., 2001 ). The HSC is likely 
to have evolved from the neural crest origin in contrast to the 
endoderm origin of hepatic parenchymal cells, as suggested by 
the presence of markers such as glial fi brillary acidic protein, nes-
tin and N-CAM ( Levy et al., 1999 ;  Nakatani et al., 1996 ;  Niki 
et al., 1999 ;  Vogel et al., 2000 ). The use of gene array analysis has 
led to the identifi cation of a number of additional neural mark-
ers in cirrhosis including BDNF, GDNF and neuromodoluin, 
which are now thought to be previously unrecognized mark-
ers of HSC ( Shackel et al., 2002 ). However, heterogeneity in the 
intrahepatic HSC population suggests that the intrahepatic stel-
late cells may not derive from a single embryonic source ( Levy 
et al., 1999 ;  Nakatani et al., 1996 ;  Sell, 2001 ). The normal stellate 
cell exists in a quiescent state, and with injury it is transformed 
into a proliferative, fi brogenic and contractile myofi broblast, 
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     2  In November 2006, the GenBank protein entries were parsed with 
the key word  human  and one of the following:  brain, liver, lung, kid-
ney, bowel or colon, heart, kidney and serum . A total of 131,586 protein 
entries across all of these organs were identifi ed. The percentage for 
each organ was then calculated to give an estimate of relative protein 
abundance.     
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a response known as stellate cell activation ( Friedman, 2000 ). 
The activation of the HSC involves both an initiation and per-
petuation of the activated cell phenotype. Additionally, the acti-
vated phenotype can resolve in the liver with cessation of injury. 
It is now clear that distinct molecular pathways are involved in 
the process of initiation, perpetuation and resolution of the acti-
vated HSC ( Friedman, 2000 ). 

 Overall, fi brosis is characterized by a three- to six-fold 
increase in collagen and non-collagenous components of the 
ECM ( Gressner, 1998 ). Activated stellate cells produce hyaluro-
nan, fi bronectin, entactin, tenescin, undulin, elastin and laminin 
( Gressner, 1998 ). The quiescent stellate cell produces predomi-
nantly type IV collagen, whereas the activated myofi broblast 
produces predominantly collagen type I as well as collagen 
type IV and III ( Friedman, 2000 ;  Gressner, 1998 ). Additionally, 
myofi broblasts produce proteoglycan, with chondroitin sulfate 
being the predominant proteoglycan, as well as LTBP sulfate and 
heparin sulfate ( Gressner, 1998 ). 

 The phenotypic changes associated with HSC activa-
tion include matrix remodeling, proliferation and contractility. 
Upon activation the morphology of the HSC changes with a 
loss of intracellular vitamin A stores, development of more 
pronounced cytoplasmic processes and fl attening of the cell 
( Friedman, 2000 ;  Gressner, 1998 ). This is accompanied by 
increased HSC contractility, especially due to the production of 
NO and endothelin-1, which is an important determinant of 
the increased portal venous pressure during liver injury ( Rockey, 
1997 ). Proliferation of the activated HSC occurs in response to a 
number of growth factors, most of which signal through recep-
tor tyrosine kinases ( Ankoma Sey et al., 1998 ;  Friedman, 2000 ). 

Growth factors such as PDGF, TGF- �  and EGF are initially 
secreted from adjacent Kupffer cells, hepatocytes and cells of the 
infl ammatory infi ltrate ( Callahan et al., 1985 ;  Marra et al., 1994 ; 
 Pinzani et al., 1996 ). Subsequently, an autocrine loop is estab-
lished by the activated HSC that produces these growth factors, 
especially PDGF and TGF- �  ( Friedman, 2000 ;  Callahan et al., 
1985 ;  Marra et al., 1994 ). 

 The dynamic nature of the fi brotic response is apparent 
given the documented resolution seen in many animal models 
of fi brosis and the improvement seen with treatment of some 
causes of human liver disease. The resolution of the activated 
HSC is unlikely to involve the  “ retrodifferentiation ”  or transi-
tion back to the quiescent phenotype but appears to involve 
activated HSC elimination by apoptosis ( Benyon and Iredale, 
2000 ). In animal models of fi brosis, there is a signifi cant increase 
in the rate of activated HSC apoptosis. Activated HSC are more 
sensitive to Fas-ligand-induced apoptosis compared to quies-
cent HSC. Intrahepatic natural killer (NK) cells in response to 
liver injury upregulate Fas-ligand (FasL) expression ( Benyon 
and Iredale, 2000 ;  Moroda et al., 1997 ;  Tsutsui et al., 1996 ). 
Persistence of the activated HSC despite increased Fas-ligand 
and Fas-ligand sensitivity seems to be due to the concurrent 
increase in proliferative factors, especially PDGF, that are anti-
apoptotic ( Benyon and Iredale, 2000 ;  Simakajornboon et al., 
2001 ;  Staiger and Loffl er, 1998 ). Similarly other autocrine factors 
may act to enhance activated HSC apoptosis including expres-
sion of IL-10 and members of the Bcl-2 family ( Galle, 1997 ; 
 Kanzler and Galle, 2000 ;  Ockner, 2001 ). This pro- and anti-
apoptotic response seen with HSC activation may be a means of 
autocrine regulation limiting  “ scar ”  formation.  

Quiescent Stellate Cell Acitvated Stellate Cell Resolution
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 Figure 50.2        HSC activation.  Intrahepatic injury is accompanied by activation of the HSC. This transformation sees the quiescent stel-
late cell, which stores retinoid, transformed into a profi brogenic cell that actively remodels the ECM leading to cirrhosis. Activation of 
the stellate cell leads to state in which the activated cell phenotype is perpetuated by both the initial injurious insult and also by auto-
crine cell activation. Resolution of fi brosis is due to removal of the activated stellate cell through the process of apoptosis.    



  Genomic Studies of HSCs 
 Genomic studies of HSC have led to the development of  ex 
vivo  cell culture systems and a better understanding of  in vivo  
injury attributable to HSC. Microarray analysis has been uti-
lized to identify differential gene expression in activated HSCs 
from  in vitro  culture models ( Lee et al., 2004 ;  Liu et al., 2004 ). In 
one study, a number of novel and previously recognized genes 
were identifi ed, including MAPK pathway genes, osteopontin
and ERK-1 ( Lee et al., 2004 ;  Qiang et al., 2006 ). Further, ERK-
1 was subsequently shown in RNA interference experiments to 
be necessary for HSC proliferation as well as being anti-apoptotic 
with expression maintaining the activated cell phenotype ( Qiang 
et al., 2006 ). Differentially expressed genes in murine-activated 
HSC included those involved in protein synthesis (RP16), 
cell-cycle regulation (Cdc7), apoptosis (Nip3) and DNA dam-
age response (MAT1) ( Liu et al., 2004 ). Further, genomic stud-
ies addressing the perpetuation of the activated HSC phenotype 
identifi ed expression of the telomerase catalytic subunit (human 
telomerase reverse transcriptase [hTERT]) in human activated 
HSCs, which immortalizes these cells and maintains an activated 
HSC phenotype ( Schnabl et al., 2002 ). Senescent HSCs expressed 
reduced levels of ECM proteins, including collagens, tenascin and 
fi bronectin. Furthermore, maintenance of telomere length rep-
resents an important survival factor for activated human HSCs 
( Schnabl et al., 2003 ). Therefore, an immortalized human HSC 
line has been generated by infecting primary human HSCs with 
a retrovirus over-expressing hTERT ( Schnabl et al., 2002 ). The 
hTERT positive HSCs do not undergo oncogenic transforma-
tion and exhibit morphologic and functional characteristics of  in 
vivo  activated HSCs. Subsequent Genechip TM  and RT-PCR anal-
ysis showed that mRNA expression patterns in telomerase-posi-
tive HSCs are similar to those in primary  in vivo  activated human 
HSCs ( Schnabl et al., 2002 ). Similarly, another two immortalized 
HSC lines LX-1 and LX-2 were characterized by microarray 
analysis and determined to have a gene expression profi le simi-
lar to that of  in vivo  activated human primary HSC ( Xu et al., 
2005 ). These newly developed cell lines are proving to be val-
uable tools to study the biology of human HSCs. Importantly, 
although microarray and Genechip TM  studies have demonstrated 
that these  ex vivo  HSC are similar to  in vivo  activated HSC with 
a greater than 70% similarity in transcript expression, a number 
of differences have been identifi ed. Therefore,  ex vivo  cell culture 
of stable HSC may not be completely representative of  in vivo  
injury highlighting the importance of intracellular interactions 
within the liver in determining transcriptome expression.   

  TRANSCRIPTOME ANALYSIS OF 
LIVER DISEASE 
 Presently there are hundreds of published gene array studies of 
human liver disease or studies that utilize human liver tissue. 
Most of these studies attempt to understand liver by examin-
ing mRNA transcript expression. There are few publications in 

human liver disease where gene expression is correlated with 
clinical outcome. Two of the most common causes of liver injury 
globally, viral hepatitis B and C, are discussed in more detail in 
Chapter 112. Unfortunately, many forms of liver injury cannot 
be studied in commonly used laboratory animal models and most 
animal studies focus on the pathways of fi brosis development. 

  Hepatitis B Virus Infection 
 Functional genomics studies of acute hepatitis B virus (HBV) 
infection in the chimpanzees has led to unique insights into how 
this virus evades the immune response and causes injury ( Wieland 
et al., 2004 ). Initially, there is no apparent signifi cant immune/
infl ammation-associated differential gene expression during the 
early phase of HBV infection and viral replication. Therefore, 
HBV infection acts in the initial phase as a  “ stealth virus ”  fail-
ing to induce a signifi cant innate immune response ( Wieland 
and Chisari, 2005 ;  Wieland et al., 2004 ). Intrahepatic gene induc-
tion is fi rst seen during the phase of attempted viral clearance. 
Gene expression during the early phase of infection was associ-
ated with T cell receptor and antigen presentation. Following this 
T cell effector function (granzymes), T cell recruitment (chem-
okines) and monocyte activation-associated gene expression has 
been demonstrated. A later phase of clearance was associated with 
the expression of B cell-related genes. Chronic HBV infection is 
characterized by gene expression profi les consistent with active 
infl ammatory response (increased IRF-6 and CCL16), cell prolif-
eration (increased cyclin-H and p53) and cellular apoptosis (14-3-3 
interacting gene increased) ( Honda et al., 2001, 2006 ).  

  Hepatitis C Virus Infection 
 Acute and chronic hepatitis C virus (HCV) infection has been 
studied using functional genomics techniques. These experi-
ments have examined acute HCV infection in primates, as well 
as the sequelae of chronic infection. The results from microarray 
studies of acute HCV infection in the chimpanzee are intrigu-
ing. Acute HCV infection is characterized by a rapid (within 2 
weeks) as well as a delayed induction (up to 6 weeks) of genes 
involved associated with the innate immune response ( Bigger 
et al., 2001 ). Most of these genes are associated with interferon 
gene expression and are known as interferon response genes 
(IRG’s; including ISG15, ISG16, CXCL9, CXCL10, Mx-1, stat-
1, 2 � 5 � -oligoadenylate synthetase and p27). Viral clearance appears 
to be associated with rapid induction of these IRG’s. Overall 
HCV persistence appears to be associated with comparatively less 
induction of IRG’s compared to viral clearance. Further, chronic 
HCV-related liver injury appears to be characterized by an IRG-
associated chronic Th1 immune response, which is insuffi cient to 
clear the virus but is chronic and responsible for ongoing liver 
injury. The situation with interferon treatment of HCV infected 
individuals, which is aimed at viral eradication, is similar to acute 
infection as an immune response, characterized by a signifi cant 
increase in IRG expression following treatment, is associated with 
a greater likelihood of a sustained long-term therapy response. 
Clearly, the immune response to HCV drives fi brogenesis, 
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as interferon administration is associated with a reduction intra-
hepatic infl ammation and fi brosis even in the absence of a long-
term virological clearance following treatment.  

  Alcoholic Liver Disease 
 Globally, alcohol is a leading cause of progressive liver fi brosis 
leading to cirrhosis. Intrahepatic gene profi ling using microarrays 
in ethanol-fed baboons has identifi ed increased expression of mul-
tiple annexin-related genes (including A1 and A2) that were not 
previously implicated in the progression of fi brosis in alcoholic 
liver disease (ALD;  Seth et al., 2003 ). Further, the intrahepatic 
transcriptome profi le in alcohol-associated liver injury is signifi -
cantly different from other forms of liver disease ( Deaciuc et al., 
2004 ;  Seth et al., 2003 ). Transcriptome profi ling has allowed dif-
ferentiation of alcoholic hepatitis from alcoholic steatosis. Genes 
known to be involved in alcohol injury such as alcohol dehydro-
genases, acetaldehyde dehydrogenases, interleukin-8,  S -adenosyl 
methionine synthetase, phosphatidylethanolamine  N -transferase 
and several solute carriers have been shown to be differentially 
expressed in alcoholic hepatitis versus alcoholic steatosis. In alco-
holic hepatitis, many novel differentially expressed genes have 
been identifi ed, including claudins, osteopontin, CD209, seleno-
protein, annexin A2 and genes related to bile duct prolifera-
tion ( Seth et al., 2003 ). Differentially expressed genes involved 
cell adhesion, ECM proteins, oxidative stress and coagulation 
that were common to alcoholic hepatitis and end-stage ALD. 
Importantly, genes associated with fi brosis, cell adhesion, ECM 
remodeling are increased in human advanced ALD, consistent 
with the fi brotic nature of ALD. However, many of these genes 
are not specifi c to alcohol-induced liver injury and have been 
reported in other forms of liver cirrhosis such as primary biliary 
cirrhosis (PBC) ( Shackel et al., 2001, 2002 ).  

  Non-Alcoholic Fatty Liver Disease 
 Non-alcoholic fatty liver disease (NAFLD) is the  “ western ”  liver 
disease related to obesity and form part of the metabolic syn-
drome characterized by increased BMI, hypertension and insulin 
resistance. Non-alcoholic steatohepatitis (NASH) is the clinico-
pathological syndrome in NAFLD in which lipid deposition 
within the liver is accompanied by infl ammation and is widely 
studied using gene array analysis of mRNA transcript expres-
sion. The infl ammation in NAFLD that results in NASH is of 
considerable importance as NASH, not NAFLD, is character-
ized by progressive injury and eventual cirrhosis. Studies have 
identifi ed differentially expressed genes in end-stage NASH cir-
rhosis compared to other disease states ( Sreekumar et al., 2003 ; 
 Younossi et al., 2005a, b ). Decreased expression of genes asso-
ciated with mitochondrial function and increased expression 
of genes associated with the acute phase response are observed 
( Sreekumar et al., 2003 ). The latter increases were speculated 
to be associated with insulin resistance, a feature of NAFLD 
( Sreekumar et al., 2003 ). Further differential expression of genes 
involved in lipid metabolism, ECM remodeling, regeneration, 
apoptosis and detoxicifi cation have all been observed in NASH 
following microarray analysis ( Younossi, et al., 2005a, b ).  

  Autoimmune Hepatitis 
 Autoimmune hepatitis (AIH) is an uncommon autoimmune dis-
ease affecting the hepatic lobule with a number of morphologi-
cal similarities to the injury caused by HBV and HCV. The only 
available data on AIH are a comparison between HCV- and 
AIH-associated cirrhosis ( Shackel et al., 2002 ). One of the key 
fi ndings in this study was the observation that three inhibitors 
of apoptosis (IAP) genes were selectively differentially expressed 
in AIH. This is an intriguing fi nding. If this gene expression 
was identifi ed to be in the intrahepatic lymphocyte population, 
then lack of apoptosis of such cells may be an important patho-
genic pathway in the perpetuation of AIH. In this comparison 
to HCV, AIH was associated with an infl ammatory gene path-
way that consisted of a mix of Th1- and Th2-associated genes. 
Therefore, an intrahepatic Th1 immune response appears to be 
more fi brogenic, as evident from this work, HCV liver injury 
and animal models of liver injury ( Shi et al., 1997 ).  

  Biliary Liver Injury 
 Viral hepatitis and alcoholic liver injury typically affect the 
hepatic lobule within the liver and are referred to classically 
 “ hepatitic ”  or  “ lobular ”  liver injury. However, a number of other 
types of liver injury are characterized by insults primarily to 
the bile ducts and are commonly referred to a  “ biliary ”  disease. 
Classically, biliary diseases include autoimmune-mediated bile 
duct injury of PBC and the poorly understood condition of bile 
ducts known as primary sclerosing cholangitis (PSC) in which 
infl ammation, infection and fi brosis initially affects the bile ducts 
and then the liver parenchyma. 

 One of the major fi ndings in a gene array examination of 
PBC end-stage liver disease was the identifi cation of a subset of 
genes associated with the Wnt pathway ( Shackel et al., 2001 ). In 
particular, Wnt13, Wnt5A and Wnt12 were shown to be differ-
entially expressed. Other genes particularly upregulated in PBC 
included transcription initiation factor 250       kDa subunit (TAFII 
250), PAX3/forkhead transcription factor and patched homolog 
(PTC). A consistent feature of the gene array analysis of PBC 
was the repeated identifi cation of  Drosophila  genes homologs 
that were differentially expressed (Wnt genes, hedgehog path-
way, notch pathway) ( Shackel et al., 2001 ). 

 The only available data on PSC come in a comparison with 
PBC ( Shackel et al., 2001 ). Compared with PBC, there were a 
far greater number of genes showing differential expression in 
PSC versus non-diseased liver (compared with PBC, and non-
diseased liver). These include genes associated with epithelial 
biology (amphiregulin, bullous pemphigoid antigen), infl amma-
tion (T cell Secreted Protein P I-309, CTLA4), apoptosis-related 
genes (Bcl-2 interacting killer, Bcl-x, Death associated protein 3) 
and intracellular kinases such as CDK7 and JAK1. 

 A disease in which bile ducts are absent, biliary atresia (BA), 
has been studied comparing gene expression in embryonic versus 
perinatal forms of the disease ( Zhang et al., 2004 ). Gene profi l-
ing clearly separated these two conditions. The most remarkable 
difference was in the expression of so-called regulatory genes. 



In embryonic BA, 45% of differentially expressed genes were 
in this category versus 15% in the perinatal form. Included in 
these genes were imprinting genes, genes associated with RNA 
processing and cell cycle regulation that were not present in the 
perinatal form of BA. Overall, the results from genomic stud-
ies of biliary liver disease are consistent with distinct patterns of 
injury each associated with unique gene signatures. 

 The fi rst clinically adopted genomic medicine approach 
in liver disease arose from the development of a gene array 
resquencing chip capable of diagnosis of a number of rare inher-
ited inborn errors of metabolism resulting in neonatal hyperbi-
lirubinemia ( Liu et al., 2007 ;  Watchko et al., 2002 ).  

  Hepatocellular Carcinoma 
 Liver injury characterized by cirrhosis is a premalignant 
condition. Despite the many diverse causes of liver injury, the 
development of HCC invariably occurs in the setting of cir-
rhosis. Indeed, the development of HCC without cirrhosis is 
extremely rare. Functional genomics methodologies are advanc-
ing the understanding of how fi brosis progression to cirrhosis is 
required for malignancy development. However, this sequence 
of events is still poorly understood. 

 Neoplastic proliferation in HCV-associated HCCs has been 
studied by microarray analysis. A plethora of potential novel 
tumor markers have been identifi ed. These include the serine/
threonine kinase 15 (STK15) and phospholipase A2 (PLA2G13 
and PLA2G7) that were found to be increased in over half of 
the tumors identifi ed ( Smith et al., 2003 ). However, different 
studies identify different gene groups in HCV-associated HCC 
such as: cytoplasmic dynein light chain, hepatoma derived 
growth factor, ribosomal protein L6, TR3 orphan receptor 
and c-myc ( Shirota et al., 2001 ). The clustering analysis in this 
study showed that the expression of 22 genes in HCC related 
to differentiation of the malignancy, with over half of these 
genes being transcription factors or related to cell develop-
ment or differentiation ( Shirota et al., 2001 ). Although many of 
these genes can be implicated in HCC development, they are 
often identifi ed in gene sets obtained from end-stage diseased 
tissue. Therefore, whether these genes represent cause or effect 
is unknown. HBV-associated HCC has been studied by several 
groups ( Iizuka et al., 2002, 2004 ;  Kim et al., 2004a, b ). Genes 
associated with cell proliferation, cell cycle, apoptosis and angio-
genesis were dysregulated in HCC tissues. Increased expres-
sion of cyclin-dependent kinases was seen whilst several cell 
cycle negative regulators were decreased. Metastatic develop-
ment has also been studied using gene arrays ( Pan et al., 2003 ; 
 Qin and Tang, 2004 ;  Tang et al., 2004 ;  Ye et al., 2003 ). Genes 
identifi ed with metastatic development include osteopontin, 
and  in vivo  neutralizing antibodies to osteopontin block tumor 
invasion ( Ye et al., 2003 ). A study of unsupervised gene pro-
fi ling of patients with HCC revealed a set of genes associated 
with decreased survival including RhoC ( Wang et al., 2004 ). 
These genes include a subset of pro-proliferative, anti-apoptotic 
genes as well as genes involved in ubiquitination and histone 
modifi cation. Gene profi les in HCC have also demonstrated 

patterns of gene expression associated with tumor differentia-
tion, vascular invasion as well as recurrence after surgery ( Tang 
et al., 2004 ).         

  PROTEOMIC STUDIES OF LIVER 
DISEASE 
 Proteomic studies of liver disease have fallen into the following 
four groups: (1) discovery of previously unrecognized proteins 
in a cell population or disease state ( Eng and Friedman, 2000 ; 
 Kawada et al., 2001 ;  Kristensen et al., 2000 ), (2) biomarker dis-
covery ( Schwegler et al., 2005 ;  Seow et al., 2001 ), (3) hepatic 
toxicological prediction/profi ling ( Fella et al., 2005 ;  Fountoulakis 
and Suter, 2002 ;  Gao et al., 2004 ;  Guzey and Spigset, 2002 ; 
 Kaplowitz, 2004 ;  Low et al., 2004 ;  Meneses-Lorente et al., 2004 ; 
 Merrick and Bruno, 2004 ;  Nordvarg et al., 2004 ;  Roelofsen 
et al., 2004 ) and (4) studies of known proteins or classes pro-
teins ( Greenbaum et al., 2002 ;  Joyce et al., 2004 ) (see  Tables 
50.1 and 50.2 ). Proteomics has successfully been used in 
biodiscovery of proteins in hepatocytes, HSCs ( Eng and Friedman, 
2000 ;  Kawada et al., 2001 ;  Kristensen et al., 2000 ), HCC ( Seow 
et al., 2001 ) and viral hepatitis ( Comunale et al., 2004 ;  Garry and 
Dash, 2003 ;  Kim et al., 2003 ;  Lu et al., 2004 ;  Rosenberg, 2001 ; 
 Scholle et al., 2004 ). In these studies tens to hundreds of proteins 
were identifi ed. However, these studies are limited as they sam-
ple rather than profi le the proteome. Further observed changes 
in protein expression may refl ect weak associations rather than a 
direct role in the development of pathobiology. The biodiscov-
ery approach has been successfully used in toxicological models 
and used to develop characteristic profi les of protein expres-
sion that may predict intrahepatic toxicology responses ( Fella et 
al.,2005 ;  Fountoulakis and Suter, 2002 ;  Gao et al., 2004 ;  Guzey 
and Spigset, 2002 ;  Kaplowitz, 2004 ;  Low et al., 2004 ;  Merrick 
and Bruno, 2004 ;  Meneses-Lorente et al., 2004 ;  Nordvarg et al., 
2004 ;  Roelofsen et al., 2004 ).

This is an area of intense research focus for pharmaceuti-
cal companies as they strive to reduce development cost and 
aim to predict drug toxicity earlier in the drug development 
cycle. Biomarker discovery is another area receiving atten-
tion using proteomic methods. However, for years there has 
not been a newly FDA-approved serum marker as this is an 
immense research challenge. Biological sample protein con-
centrations vary by 12–15 orders of magnitude, and specifi c 
serum markers are likely to be expressed at nanomolar or 
lower concentrations. One approach to overcome these limi-
tations is to use a combination of potential markers that are 
easier to detect but with each protein marker alone having a 
lower specifi city but high sensitivity. This is an approach cur-
rently used in serum tests of hepatic fi brosis, and proteomic 
methods are being used to try and identify new serum mark-
ers of hepatic fi brogenesis ( Henkel et al., 2005 ;  Poon et al., 
2005 ;  Xu et al., 2004 ). One of the most promising approaches is 
the use of accurate mass tags (AMT) or suicide substrates that 
selectively and reproducibly target a sub-proteome ( Bogdanov 
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and Smith, 2005 ;  Greenbaum et al., 2002 ;  Joyce et al., 2004 ; 
 Pasa-Tolic et al., 2004 ). This has the added advantage of aiding 
prefractionation and increasing resolution of proteins as the tag 
can be captured on an affi nity surface ( Greenbaum et al., 2002 ; 
 Joyce et al., 2004 ). 

  Hepatitis B Virus Infection 
 In contrast to gene array experiments, there are a number of 
studies that use proteomics on sera to examine different stages of 
chronic HBV infection. In one study, altered proteomic profi les 
were identifi ed for haptoglobin beta and alpha 2 chain, apoli-
poprotein A-1 and A-1V, alpha-1 antitrypsin, transthyretin and 
DNA topisomerase 11 beta ( He et al., 2003 ). Some of these pro-
teins are amongst the most abundant serum proteins secreted by 
the liver and are generally associated with acute phase infl amma-
tory responses. What was apparent in this study was that different 
isoforms of some of these proteins showed distinct changes in 
HBV infection itself and differed at times between patients with 
low infl ammatory scores versus high infl ammatory scores. Some 
examples include a decrease in cleaved haptoglobin beta pep-
tides and ApoA-1 fragments in patients with higher infl amma-
tory scores. In comparison, some alpha-1-antitrypsin fragments 
were increased in patients with higher infl ammatory scores. An 
alternate approach studied serum protein profi les and correlated 
this with disease severity using a SELDI Protein Chip analysis 
and artifi cial neural network (ANN) models ( Poon et al., 2005 ). 
They found 6 fragments with a positive and 24 with a negative 
prediction of fi brosis stage and subsequently developed a fi brosis 
index with excellent precise values for signifi cant fi brosis and cir-
rhosis based on the Ishak fi brosis score. The inclusion of clinical 
biochemical parameters such as ALT, bilirubin, total protein, 
hemoglobin and INR strengthened the accuracy of their pre-
dictive model (see Chapter 112).  

  Hepatitis C Virus Infection 
 Proteomic methodologies have been applied to a number of 
aspects of HCV-related liver injury. These include the study 
of HCV-related HCC development in which overexpression of 
alpha enolase was identifi ed and correlated with poorly differen-
tiated HCC ( Kuramitsu and Nakamura, 2005 ;  Takashima et al., 
2005 ). The response of hepatocyte cell lines to IFN gamma 
treatment has uncovered over 54 IFN response genes including 
many novel targets, an approach that may pave the way for novel 
therapies. Examination of protein extracts that bind to the HCV 
IRES has identifi ed a number of novel protein targets such as 
Ewing Sarcoma breakpoint 1 region protein EWS and TRAF-3.
The fi nal aspect of HCV liver injury receiving attention is 
the study of potential biomarkers such as heat shock protein 
HSP-70 associated with HCV infection progression to HCC 
( Takashima et al., 2003 ) (see Chapter 112).  

  AIH, PBC and PSC Associated Liver Disease 
 There are few published proteomic studies addressing the patho-
physiology of these diseases. Cholangiocarcinoma that is asso-
ciated with PSC has been studied using proteomics techniques 

( Koopmann et al., 2004 ). Using tandem mass spectroscopy, 
Koopman and colleagues identifi ed Mac-2-binding protein 
(Mac-2BP) as a diagnostic marker in biliary carcinoma. The 
diagnostic accuracy of serum Mac-2BP expression in biliary 
carcinoma was superior to the established marker CA19-9. This 
study highlights the progression of proteomic research in liver 
disease; a focus initially on malignancy and biomarker discovery 
is followed by studies of pathophysiology.  

  ALD and NAFLD 
 Proteomic studies of alcoholism have, like the gene array stud-
ies, been an eclectic mix of research examining HCC develop-
ment associated with alcohol, studies of hepatocyte alcohol-related 
biology and neural aspects of alcohol addiction. Studies of the 
intrahepatic toxic effects using proteomics have helped outline 
toxicology profi les that can be used for screening as well as try-
ing to understand the alcohol-associated liver injury. Mitochondrial 
ethanol hepatoxicity is thought to involve modifi cation of protein 
thiol redox state. Using 2D gel proteomic studies,  Venkatraman 
et al. (2004)  were able to demonstrate a decrease in the reduced 
thiols on aldehyde dehydrogenase and glucose regulated protein 
78 ( Venkatraman et al., 2004 ). The change in aldehyde dehydroge-
nase-reduced thiols was accompanied by a reduction in specifi c 
activity of the enzyme. The term  “ alcoholomics ”  has been coined 
to refer to the study of those proteins (i.e., the sub-proteome) 
that are directly or indirectly affected by alcohol. 

 There has been to date only a single study evaluating pro-
teomic profi ling in NAFLD ( Younossi et al., 2005a, b ). This 
study used SELDI-TOF MS to profi le serum samples from 
91 patients with NAFLD and 7 obese controls. Twelve unique 
protein peaks were identifi ed that associated with NALFD 
(4 associated with steatosis, 4 with steatosis with non-specifi c 
infl ammation and 4 with NASH). Unfortunately, although 
the peak mass was shown, SELDI-TOF MS lacks the accuracy 
required to give mass determination enabling equivocal protein 
identifi cation.  

  Hepatocellular Carcinoma 
 To date, biomarker profi ling has predominantly focused on stud-
ies of malignant tissue ( Liu et al., 2005 ;  Wiesner, 2004 ;  Wong 
et al., 2004 ). In one study, HCC development in chronic HBV 
infection was characterized by a signifi cant decrease in a frag-
ment of complement-3 and an isoform of apolipoprotein A-1 
( Steel et al., 2003 ). In tissue studies, expression of variants of 
aldehyde dehydrogenase and tissue ferritin light chain has been 
identifi ed in HCC, but not surrounding tissues. Similar studies 
have also identifi ed fructose-bisphosphatase arginosuccinate syn-
thetase and cathepsin B pre-protein as downregulated in HCC 
tissues. In an extensive study using laser capture microscopy, 
 Li et al. (2004)  identifi ed 261 proteins differentially expressed 
between HCC and non-HCC hepatocytes. Kinases in the Eph 
family were identifi ed along the Ras-like family of Rho pro-
teins. In addition a DEAD box polypeptide was downregulated 
whilst three members of the spliceosome and heterogeneous 



nuclear ribonucleoprotein K were upregulated. Also SELDI-
TOF MS has examined the sera of 82 patients with cirrhosis 
(38 without and 44 with HCC). An algorithm including the six 
highest scoring peaks allow the prediction of HCC in over 90% 
of cases ( Paradis et al., 2005 ). The highest discriminating peak 
was a C terminal peptide of vitronectin.  

  Proteomic Analysis of Blood As a Marker of Liver 
Disease:  “ Next Generation ”  Liver Function Tests? 
 Several studies have evaluated proteomic analysis of serum pro-
tein as a diagnostic test to assess the severity of liver disease and 
in particular for non-invasive assessment of liver fi brosis. These 
studies are in their infancy, with basic methodologies still unre-
solved. However, the early studies show the technique has prom-
ise. In a pilot study of 46 patients with chronic hepatitis B, an 
ANN model was derived from the proteomic fi ngerprint and 
used to derive a fi brosis index ( Poon et al., 2005 ). The ANN 
fi brosis index strongly correlated with Ishak scores and stages 
of fi brosis. The area under the ROC curve for signifi cant fi bro-
sis (Ishak score  � 2) and cirrhosis (Ishak score  � 4) were both 
 � 0.90. Inclusion of International Normalized Ratio (INR), 
total protein, bilirubin, alanine aminotransferase and hemoglobin 
in the ANN model improved the predictive power, giving 
accuracies  � 90% for the prediction of fi brosis and cirrho-
sis. Another study found that pre-treatment of serum proteins 
to remove  N -glycosylation enhanced the resolution of serum 
polypeptide profi les ( Comunale et al., 2004 ). This technique has 
the potential to improve diagnostic serum proteomics. 

  Chen et al. (2004)  developed a method of glycoproteomic 
analysis in an attempt to discover serum markers that can assist 
in the early detection of HBV-induced liver cancer. The authors 
showed that woodchucks diagnosed with HCC have dramati-
cally higher levels of serum-associated core alpha-1,6-linked 
fucose. One glycoprotein, Golgi Protein 73 (GP73), was found 
to be elevated and hyper-fucosylated in the serum of animals 
and humans with a diagnosis of HCC. Serum profi ling was used 
to distinguish HCC from earlier stages of HCV-related liver dis-
ease ( Schwegler et al., 2005 ). The proteomic model distinguished 
chronic HCV from HCV to HCC with moderate sensitivity 

and specifi city. Inclusion of known serum markers alpha feto-
protein, des-gamma carboxyprothrombin, along with GP73, sig-
nifi cantly improved the diagnostic accuracy of detecting HCC.   

  PROTEOMICS IN OTHER LIVER 
DISEASE 
 The metalloproteome is defi ned as the set of proteins that have 
metal-binding capacity by being metalloproteins or having 
metal-binding sites. The copper and zinc metalloproteomes were 
defi ned in human hepatoma lines ( She et al., 2003 ). Although 
the gene for Wilson disease has been identifi ed, the mechanisms 
by which excess copper leads to oxidative stress, acute liver fail-
ure or cirrhosis are not fully understood. Using an  in vitro  model 
of copper loading, novel copper-binding proteins were isolated 
using proteomic techniques ( Roelofsen et al., 2004 ). 

 Although there has been limited proteomic analysis of liver 
tissue in models of disease, liver-associated pathobiological proc-
esses have been examined. One study of the liver aging proc-
ess identifi ed 85 differentially expressed proteins comprised of 
antioxidation glucose/amino acid metabolism signal transduc-
tion and cell cycle systems ( Cho et al., 2003 ). In aging, the 
antioxidation system showed a large increase in glutathione per-
oxidase and a decrease in glutathione- S -transferase. Similarly, 
levels of t-glycludic enzymes were decreased in the aging animal. 
Furthermore, levels of proteins associated in signal transduction/
apoptosis, for example, cathepsin B, were decreased in the aging 
process. However, it is unclear if the identifi ed genes explain the 
increased rate of fi brosis progression seen with increasing age. 

 Proteomics has been used to also identify genes associated 
with LPS-induced liver injury. Proteins such as TRAIL receptor 
2 were downregulated in the liver of LPS treated mice, whilst 
TNFAIP1 was signifi cantly upregulated. Four different pro-
teins were novel in the fatty liver proteome (aconitase succinate 
dehydrogenase, propanol Co-A carboxylase alpha chain and 
3-hydroxyanthrilate 3-4-dioxygenase). LPS is thought to be an 
important mediator of injury in a number of conditions such as 
alcohol-related liver injury.           
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Recent advances in high-throughput genotyping technology 
have led to an increasing number of genome-wide associa-
tion studies to assess disease progression and determine risks for 
development of HCC in chronic liver disease. The importance of 
selection of adequate samples and controls for functional genomic 
studies was highlighted by a study that noted differential gene 
expression patterns in infl ammatory response pathways among 
28 histologically normal liver tissue samples obtained by either 
percutaenous or surgical techniques (Asselah et al., 2008). Emerg-
ing data indicate that changes in hepatic miRNA expression 

may occur during fi brosis progression and development of 
cirrhosis, and miRNAs that represent targets of cell divi-
sion, mitosis, and G1-S transition may determine outcomes in 
HCC (Jiang et al., 2008). Liver tumors appear to have distinct 
miRNA expression profi les dependent on malignancy, risk fac-
tors, and oncogene/tumor suppressor gene alterations (Ladeiro 
et al., 2008). Emerging tools for large-scale epigenetic analysis 
have also been applied in relation to development of HCC. A 
study using methylated CpG island amplifi cation microarray 
techniques identifi ed 719 prominent genes of hypermethylation 
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Libermann, T.A. et al. (2008). Serum proteomics and biomarkers 
in hepatocellular carcinoma and chronic liver disease. Clin Cancer 
Res 14, 470–477.

in HCC tissue, with distinct patterns of gene methylation noted 
in progression from adjacent normal liver tissue to HCC (Gao 
et al., 2008). Another study using real-time PCR for quantita-
tive DNA methylation in 77 matched HCC and noncancerous 
liver tissues noted higher levels of methylation in HCC cor-
responding noncancerous liver tissues compared to 22 normal 
liver tissue samples. Methylation causes disruption of a variety of 
genes and pathways during hepatocarcinogenesis, such as RB-
related (p16, RIZ1), p53-related (HIC-1, Reprimo), WNT/APC 
(APC, SFRP2, CDH1), receptor-tyrosine kinase-associated 
(RASSF1A, RASSF2, SOCS-1), transforming growth factor beta 
signaling (RUNX3), and apoptosis-related pathways (CASP8). 
This study indicates that chronic HCV infection may act as a 
powerful epimutagen based on fi ndings of signifi cant associa-
tion with the progression of age-related methylation compared 
to HBV infection (Nishida et al., 2008). At this stage, there are 
no epigenomic data available in relation to fi brosis or responses 
to antiviral therapy.

A DNA-mediated annealing, selection, extension, and 
ligation (DASL) 6000-gene expression profi ling method 
applied to paraffi n-embedded tissue from patients with HCC 
has been shown to yield high quality data, even in tissue stored 
for up to 24 years. A 186-gene expression signature from adja-
cent noncancerous tissue was noted to correlate with increased 
survival in a validation cohort. In this study, the poor-prognosis 

gene signature included infl ammatory pathway genes related to 
IFN signaling and activation of nuclear factor-κB and tumor 
necrosis factor-α (Hoshida et al., 2008).

Proteomic profi ling using 2D-gel electrophoresis or 
SELDI-TOF has been evaluated in relation to developing 
biomarkers of fi brosis in HCV infection, and demonstrate dif-
ferential protein expression for advanced stage fi brosis (White 
et al., 2007), with only minimal incremental diagnostic benefi t 
compared to validated serum marker panels of fi brosis (Morra 
et al., 2007). Quantitative proteomic profi ling using iTRAQ in 
liver tissues from HCC patients indicated differential expres-
sion of newly identifi ed proteins in this disease state, includ-
ing fi broleukin, interferon induced 56 kDa protein, milk fat 
globule-EGF factor 8, and myeloid-associated differentiation 
marker (Chaerkady et al., 2008). Serum protein peaks identi-
fi ed using SELDI-TOF MS may also accurately detect HCC 
compared to established tumor markers such as α-fetoprotein 
(AFP), AFP-L3, and prothrombin induced by vitamin K 
absence-II (PIVKA-II) (Zinkin et al., 2008).

There is minimal, reproducible data using “omics” plat-
forms in nonviral mediated chronic liver disease such as non-
alcoholic fatty liver disease. Advances in high-throughput 
functional genomic and quantitative proteomic techniques will 
likely result in enhanced biomarker and target discovery efforts 
in other chronic liver disease.
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  INTRODUCTION 
 Genetics of obesity have only achieved quantitative standards in 
the last decades ( Marti et al., 2008 ). However, the fi rst attempts to 
link the genetic inheritance to body composition were reported 
in the early 1920s by Davenport, in  “ Body built and its herit-
ance ” , which were pursued by Vague and coworkers in the 1940s 
when they hypothesized about the occurrence of different obes-
ity subtypes associated to sexual dimorphisms. Also, the  “ thrifty 
gene ”  theory raised in the paper by  Neel (1962) , outlining the 
fact that genes that predispose to diabetes and obesity would have 
relative advantage in populations that often experienced starva-
tions, contributed to establish a relationships between genetics 
and body weight control ( Bell et al., 2005 ). However, the classic 
books published in the 1970s about  Energy Balance and Obesity in 
Man  by  Garrow (1974)  and  The Obese Patient  by  Bray (1976)  only 
made minor references concerning monogenic forms of obesity. 
In 1977, the Nutritional Heart, Lung and Blood Twins Study fi rst 
indicated the possibility that the observed aggregation for obesity 
was due to genetic factors rather than environment ( Feinleib et al., 
1977 ). Indeed, only in the International Congress of Obesity 
held at Jerusalem in 1986, the pioneering works by Bouchard 
et al  . concerning the role of genetic predisposition on obesity onset 
were debated, which was continued with the recognized study 
concerning weight gain in overfed twins ( Bouchard and Tremblay, 
1997 ). Later, other classic textbooks about obesity by  Bjorntorp 
(2001) , as well as by Bouchard, Bray, and James (1998 and 
2004),   reinforced the fundamentals to characterize the role of 

inheritance, contributions and gene–lifestyle interactions on obes-
ity. More recently the impact of Biomics, particularly genomics 
and transcriptomics, on obesity research is producing new and 
challenging breakthroughs by using specifi c tools and methodolo-
gies such a microarrays ( Ommen, 2004 ). Up to 2006, 12 editions 
of the human obesity map have been published showing the con-
tinuous advances in the fi eld ( Rankinen et al., 2006 ).  

  OBESITY: CAUSES AND GENETIC 
PREDISPOSITION 
 Obesity is a multifactorial disorder characterized by dispropor-
tionately high adipose tissue content in the body, accompany-
ing a disequilibrium in the energy balance equation: energy 
intake      �      energy expenditure ( Bray, 2003 ). A fat content higher 
than 25% of the body weight in men and 33% in women are 
often arbitrarily considered as cut-off points to identify a subject 
as obese (Seidell and Flegal, 1998)  , which is commonly associ-
ated with excessive weight-for-height. However, very muscular 
individuals or pregnant women may have a greater weight than 
expected for height according to the standards, without showing 
an increased adiposity ( Kasper et al., 2005 ). Another aspect to be 
ascertained is the regional distribution of the weight as fat, since 
the abdominal fat deposition or  “ android obesity ”  is an increased 
risk factor for disease as compared to  “ gynoid obesity ” , in which 
fat is more evenly and peripherally distributed around the body 
and upper regions of the legs ( Lean, 1998 ). 

51
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 A positive energy balance between the amounts of energy 
consumed over the energy spent in everyday life underlies weight 
gain. Indeed, the excessive fat accumulation in adipose tissue lead-
ing to obesity is the result of a chronic overconsumption of foods 
and drinks over the energy expenditure requirements, in which 
dietary and lifestyle habits, sociological factors, metabolic and 
neuroendocrine alterations as well as hereditary components are 
involved ( Martínez, 2000 ). Actually, environmental and lifestyle 
infl uences promoting excessive caloric intake and sedentary pat-
terns are known to induce a positive energy balance leading to 
weight gain ( Marti et al., 2004 ). Indeed, the availability of energy-
dense meals, and sedentary patterns facilitated by motorized trans-
port and other common physically inactive pursuits (TV viewing, 
computer work, etc.) have markedly risen in the last decades 
( Martínez et al., 1999 ). On the other hand, cross-sectional data 
show a strong association between unhealthy eating habits and 
physical inactivity, which have contributed to explain the observed 
obesity pandemic ( OMS Report, 2000 ). In this context, a high 
intake of non-starch polysaccharides/fi ber has been considered as 
a protective factor against obesity, while a high consumption of fast 
food and sweetened sugar drinks or fruit juices is viewed as a obes-
ity risk factor ( Bes-Rastrollo et al., 2006 ). Furthermore, prospec-
tive studies provide additional evidence suggesting that an increase 
in physical activity and small changes in dietary behavior may help 
to prevent a disproportionate weight gain ( Hill et al., 2003 ). 

 Body weight stability and the associated regulatory proc-
esses depend upon nutrient intake and physical activity patterns, 
but are also infl uenced by compensatory genetic-dependent 
metabolic and neuroendocrine mechanisms ( Martinez and 
Frühbeck, 1996 ). Thus, despite the daily fl uctuations in both 
components of the energy balance equation (energy intake ver-
sus energy expenditure), body weight and adiposity remain in 
a dynamic steady state for long periods of time (often within 
 �  1% variation over many years), which has been attributed to 
the participation of a powerful control system to fi ne tune the 
dietary macronutrient supply to body fuel oxidation demands 
( Jequier and Tappy, 1999 ). The control of the maintenance of 
body composition has been the subject of a number of theories 
or hypotheses such as the occurrence of a physiological set point 
for body weight, glucostatic or glycogen drives for feeding, 
metabolic/nutrient partitioning approaches, the participation of 
the nervous system, an adipostat mediated by signals from the 
adipose tissue, all of which might be under genetic control and 
explain individual variability ( Martínez, 2000 ). In this context, 
it has been hypothesized that the stability of body weight and 
composition depends upon an axis with three inter-related and 
self-controlled components: (1) food intake, (2) nutrient turn-
over and thermogenesis and (3) body fat stores ( Figure 51.1   ). 
All three elements underlie complex inter-related feedback 
mechanisms, which are affected by the individual’s genetic back-
ground. Indeed, obesity is caused by perturbations of the balance 
between food intake and energy expenditure, which is regulated 
by a complex physiological system that requires the integration of 
several peripheral signals and controls coordination in the brain, 
( Solomon and Martínez, 2006 ) basically through hypothalamic 

nuclei and different orexigenic or anorexigenic neuropeptides 
(NPY, AGRP, orexins, leptin, POMC, etc). 

 Genes may determine afferent and efferent signals, as well 
as central mechanisms involved in body weight regulation ( Bell 
et al., 2005 ). Thus, the transferable genetic information involved 
in short- and long-term stable body weight regulation and com-
position maintenance is acting via: (1) different peptides and 
monoamines involved in the regulation of the appetite, (2) vari-
ations in energy and nutrient utilization, resting metabolic rate or 
response to physical activity and (3) individual differences in adi-
pocyte metabolism ( Palou et al., 2003 ). The possible mechanisms 
through which the genetic susceptibility ( Figure 51.2   ) could be 
acting include reduced rates of basal metabolism and macronu-
trients oxidation, alterations of adipogenesis and quantitative and 
qualitative deviations of food intake ( Moreno et al., 2005 ). 

 Obesity, similar to other chronic diseases with a recognized 
monogenic or polygenic origin, is associated with a number 
of pathological dysfunctions and disturbances with important 
implications for the individual’s and community health (hyper-
insulinaemia, diabetes, hypertension, immunological alterations, 
certain cancer types, etc.), which is further worsened by the 
growing rates of obesity prevalence (20–40% of the EU popu-
lation are overweight or obese and more than 50% of US sub-
jects have problems of excessive weight gain) ( OMS Report, 
2000 ). Indeed, the health consequences of obesity are serious 
and diverse, ranging from premature death to different morbid-
ities affecting quality of life ( Kasper et al., 2005 ). Despite that 
relative risk estimations of the health problems associated with 
obesity are founded on a limited number of countries, some 
studies have refl ected that the risk of suffering from NIDDM, 
gallbladder disease, dyslipemia, insulin resistance and sleep apnea 
are increased at least three times in the obese, while the risk of 
cardiovascular diseases and hypertension is moderately increased 
in the obese, and the risks of certain cancer and hormonal 
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disturbances as well as back pain associated with obesity show 
relative risks ranging between 1 and 2 ( OMS Report, 2000 ). 
Also, severe obesity has been found to produce a 12-fold 
increase in mortality in 25–35 years old obese individuals when 
compared to lean subjects. 

 The rapid increase in obesity incidence over recent years 
suggests that environmental and lifestyle infl uences in addition 
to other psychopathological or genetic determinants are inde-
pendently affecting the energy balance equation adjustment 
( Bray and Bouchard, 2004 ). Actually, the growing prevalence of 
obesity around the world is mainly attributed to changes in life-
style (increase of the consumption of high-energy-yielding foods 
enriched with carbohydrates and fats or reductions of the physi-
cal activity, etc.) that specifi cally may impact genetic suscepti-
bility. Also, from an evolutionary point of view, the individuals 
with thrifty genes are more resistant to malnutrition, explain-
ing why large proportions of diverse populations are suscepti-
ble to become obese ( Bell et al., 2005 ). The mutual interactions 
between the genetic make-up and the environment undoubt-
edly complicate the understanding of the specifi c roles of genes 
and external infl uences in obesity (Schuldiner and Munir, 2003)  .  

  SEARCH FOR GENES INVOLVED
IN OBESITY 
 The interaction of genetic, environmental, physiological and 
psychosocial factors is involved in body weight homeostasis 
( Tremblay et al., 2004 ). Thus, the specifi c distribution of energy 
expenditure requirements and individual substrate partitioning 
are known to infl uence the energy balance equation depending 
on the genetic make-up ( Moreno-Aliaga et al., 2005 ). In this 
context, the risk of excessive weight gain in children of some 
families with obese parents is increased two- to three-fold for 
moderate obesity and up to eight times for severe obesity ( Marti 
et al., 2004 ). Moreover, twin and adoption studies substanti-
ate a role for genetics in obesity ( Bray and Bouchard, 2004 ). 
The discovery of populations such as Pima Indians with shared 

alterations in basal metabolism rates or in fat oxidation after food 
intake corroborates such hypothesis, as well as the fact that genetic 
factors can modulate the effects of physical activity and diet on 
weight and body composition ( Bray et al., 1998 ). Furthermore, 
several studies carried out in large numbers of families encom-
passing members of different degrees of relatedness have 
allowed the quantifi cation of the statistical association regard-
ing objective indicators of obesity (body mass index (BMI) or 
percentage of fat) depending on the degree of the familial rela-
tionship ( Bell et al., 2005 ;  Marti et al., 2004 ). The heritability 
of BMI is lower between husband and wife (0.10–0.19) and 
between uncle/aunt and nephews (0.08–0.14), and increases 
between parents and children (0.15–0.23) and among siblings 
(0.24–0.34). The concordance for BMI is higher in monozy-
gotic (0.70–0.88) than in dizygotic twins (0.15–0.42). Also, 
studies of dietary intervention, based on positive and nega-
tive energy balances in identical twins, convincingly pointed 
out that the differences in the susceptibility to overfeeding or 
periods of semi-starvation seem to be partially explained by 
genetic factors ( Bouchard and Tremblay, 1997 ). Family stud-
ies have largely revealed that the heritability of the Quetelet 
index is about 25–50%, while twin studies have mostly esti-
mated the contribution of genetic factors at 70–80% ( Bell et al., 
2005 ;  Comuzzie and Allison, 1998 ). However, this information is 
not enough to prove unequivocally the genetic origin of obesity, 
since the families share, besides genes, other factors implied in 
obesity such as lifestyle, dietary habits and environmental fac-
tors. In this context, genetic association studies search for sta-
tistical relationships among a gene polymorphism with a given 
phenotype, generally among non-related individuals ( Rosmond, 
2003 ). This research strategy can consider the comparison 
between cases and controls, analysis of the variability for spe-
cifi c loci or the discrimination between mutation carriers and 
non-carriers regarding a given character. On the other hand, 
genetic linkage studies imply the persistence or co- segregation 
of a genetic marker or locus and a phenotypical character 
within a family ( Bouchard, 1997 ). Furthermore, quantitative 
genetics allow assessing the infl uence of environmental factors 
on the hereditary variability, which can be based on diverse 
genes (polygenic interaction). The studies of gene expression 
as affected by dietary and activity patterns constitute another 
approach to relate the specifi c participation, both quantitative 
and qualitative, of different genes in energy homeostasis proc-
esses ( Viguerie et al., 2005a ). A salient feature of a study con-
cerning the role of the lipid/carbohydrate content or the calorie 
restriction in affecting the mRNA levels is that the energy 
intake is more important than the macronutrient distribution 
( Viguerie et al., 2005b ). Additionally, animal models have been 
able to characterize the impact of fat intake on gene expres-
sion ( Lopez et al., 2005 ), which have evidenced that a number 
of genes controlling many different metabolic pathways such as 
lipogenesis, thermogenesis, lipolysis, adipogenesis, differentiation, 
oxidative stress, infl ammation, etc. are affected by lipid consump-
tion, which may help in the future to defi ne molecular phenotypes 
or subsets of obesity. 
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 Obesity as a complex syndrome with a multiple etiology may 
be explained in some circumstances by monogenic mutations, 
but in most cases appears as a polygenic condition, which may 
be additionally affected by a myriad of environmental infl uences 
( Guy-Grand, 2003 ). A widely accepted hypothesis assumes that 
complex diseases such as obesity are likely to be based on a limited 
number of predisposing alleles, each conferring a small increase in 
the risk to the individual. Heterogeneity in complex phenotypes 
implies that the genetic predisposition may also result from any one 
of several rare variants in a number of genes ( Marti et al., 2004 ). 

 The role of a genetic predisposition in obesity has long 
been assumed to affect both sides (intake/expenditure) of the 
energy equation ( Figure 51.2 ). In this context, evidence from 
human single-gene mutations (leptin: LEP; leptin receptor: 
LEPR; pro-opiomelanocortin: POMC; melanocortin 4 receptor: 
MCR4; protein convertase 1: PC1; etc) has solely implicated 
energy intake ( Rankinen et al., 2006 ). However, Mendelian syn-
dromes with obesity as a clinical feature (e.g., Prader–Willi syn-
drome) have also revealed reductions in energy expenditure as a 
contributing factor to obesity ( Lyon and Hirschhorn 2005 ). 

 In this context, evidence from single-gene muta-
tion obesity cases, Mendelian disorders exhibiting obes-
ity as a clinical feature, transgenic and knockout murine 
models relevant to obesity, quantitative trait loci (QTL) 
screening from animal cross-breeding experiments, asso-
ciation studies with candidate genes, and linkage stud-
ies from genome scans have been reported ( Table 51.1   ). 
So far, at least, 176 human obesity cases due to single-gene 
mutations in 11 different genes have been reported, 50 loci 
related to Mendelian syndromes relevant to human obesity have 
been mapped to a genomic region, and causal genes or strong 
candidates have been identifi ed for most of these syndromes. 
There are about 250 genes that, when mutated or expressed as 
transgenes in the mouse, result in phenotypes that affect body 
weight and adiposity. The number of QTLs reported from ani-
mal models currently reaches more than 450 markers. The 
description of human obesity QTLs derived from genome scans 
continues to grow, and at least 250 QTLs for obesity-related 
phenotypes from genome-wide scans have been reported. More 

than 50 genomic regions harbor QTLs supported by two or 
more investigations. The number of studies reporting associations 
between DNA sequence variation in specifi c genes and obesity 
phenotypes has also increased considerably, with more than 400 
fi ndings of positive associations with 127 candidate genes. A 
promising observation is that 22 genes are each supported by 
at least fi ve positive studies ( Tables 51.2 and 51.3     ). The obesity 
gene map shows putative loci on all chromosomes except Y.  The 
latest electronic version of the map with links to useful publica-
tions and relevant sites can be found at  http://obesitygene.pbrc.
edu . Overall more than 600 genes, markers or chromosomal 
regions have been associated with human obesity phenotypes 
( Rankinen et al., 2006 ). 

 In this context, genetic epidemiology of obesity aims to 
screen and assess the phenotype traits associated to the genetic 
make-up and their relationships with lifestyle factors ( Hill et al., 
2003 ). The research strategies to identify the genetic determinants 
of obesity are multiple ( Table 51.1 ). Indeed, the process of ascrib-
ing a gene to a phenotype is complex due to the low density 
of coded DNA ( � 5%), the potential interactions of genes with 
environmental factors and the diversity of methods and tools to 
assess body fat and energy metabolism phenotypes, which have 
hampered the advances in this area ( Marti et al., 2004 ). The 
identifi cation of genes may follow ascending strategies from the 
genotype to the phenotype, in which a gene or genes are investi-
gated to fi nd out a relation with a given obesity marker, but also 
descending strategies in which from a clinical feature of exces-
sive fat accumulation, the genetic determinant is searched con-
cerning the heritability of BMI, skinfolds and waist circumference 
( Bray et al., 1998 ). In Caucasian families, an estimate of 0.45–0.60 
for measures of fat men such as BMI and 0.29–0.48 for measures 
of fat distribution has been calculated, which fi t in well with the 
estimate from twin studies, where a minimum 0.40 for fatness or 
obesity was reported ( Bell et al., 2005 ). The co-existence of obes-
ity manifestations on various members of a family corroborates 
that the genetic make-up can play a role in obesity, which is rein-
forced by the fact that impairments in the thermogenesis, basal 
metabolic rate and sympathetic activity as well as specifi c effects 
on hyperphagia or physical activity performances are genetically 
controlled ( Palou et al., 2003 ). However, these investigations do 
not discard a role for the shared environment conditioning dietary 
habits and physical activity patterns. Another aspect is that genetic 
predisposition may infl uence the android/gynecoid fat distribu-
tion (central or gluteo–femoral phenotypes), as has been proven 
in familial obesity risks studies ( Katzmarzyk et al., 1999 ), which 
may be mediated in some cases by sexual gene-dependent differ-
entiation of the adipose tissue muscle ratio ( Vague et al., 1989 ).  

  DIAGNOSIS AND 
CHARACTERIZATION OF GENES 
ASSOCIATED WITH OBESITY 
 Genetic diseases are usually categorized as chromosomal altera-
tion, monogenic or mendelian and multifactorial syndromes 

 T A B L E  5 1 . 1          Approaches to study the genetics of 

obesity  

       ●      Studies within families, adoptions and twins  
   ●      Mendelian syndromes with obesity manifestations 
    Autosomal recessive  
    Autosomal dominant  
    X-linked     
   ●      Animal models 
    Spontaneous genetically obese animals  
    Transgenics and KO animals  
    Quantitative trait loci (QTL) studies     
   ●      Association and linkage studies 
    Candidate genes  
    Genome-wide scans       



( Kasper et al., 2005 ). The chromosome alterations involve 
absence, duplication or abnormal distribution of one of sev-
eral chromosomes related to excessive or faulty material, which 
may affect body fat content as occurs in Down Syndrome 
(trisomy 21) or Turner syndrome (X monosomy), which are 
often accompanied by obesity and other abnormal anatomical 
manifestations. 

 Obesity-related Mendelian disorders can be classifi ed as 
autosomal dominant, autosomal recessive or X-linked ( Table 
51.4   ). Thus, a search (July 2006) in the obesity heading of the 
OMIM database produced 75 entries concerning autosomal 
dominant transmission, 74 entries concerning autosomal recessive 

 transmission and 40 X-linked. Most of these syndromes have been 
already assigned to a specifi c locus. The clinical features of some 
of these metabolic disorders include, in addition to obesity, mental 
retardation and some craniofacial/ anatomical deformations as well 
as insulin resistance, hypertension, etc. Interestingly, 11 single-gene 
mutations with a specifi c obesity phenotype have been identi-
fi ed so far (CRH1, CRH2, GPR24, LEP, LEPR, MC3R, MC4R, 
NRTK2, POMC, PCSK1 and SIM1). The majority of the mono-
genic obesity cases reported in the literature remain those with a 
genetic defect in the MC4R gene ( Hebebrand et al., 2003 ). 

 The fundamental requirements for the candidate gene 
approach are the identifi cation of a gene that is involved in 

 T A B L E  5 1 . 2          Selected list of genes that have been associated with obesity phenotypes  

   Gene  Name/Function  Associated phenotype 

    ACE   Angiotensin 1-converting enzyme  BMI, waist circumference, body fat 

    ADIPOQ   Adiponectin, C1Q and collagen containing domain  BMI, waist circumference 

    ADRB2   Adrenergic, beta 2 receptor  BMI, waist-to-hip ratio, body fat, skinfolds, lipolysis 

    ADBR3   Adrenergic, beta 3 receptor  BMI, abdominal visceral fat, waist-to-hip ratio 

    DRD2   Dopamine receptor D2  Body weight, reduced energy expenditure, skinfolds 

    GNB3   Guanine nucleotide-binding protein 3(G-protein)  BMI, reduced lypolysis, body fat 

    HTR2C   5-Hydroxtryptamine (serotonin) receptor 2C  BMI, weight change 

    IL-6   Interleukin 6  BMI (in men) waist circumference (in men) reduced, 
fasting energy expenditure 

    INS   Insulin  BMI, body weight, leptin 

    LDLR   Low-density lipoprotein receptor  BMI 

    LEP   Leptin  BMI, body weight 

    LEPR   Leptin receptor  BMI, fat-free mass, fat-free mass, body fat (%), leptin, 
abdominal total fat 

    LIPE   Lipase  BMI, body fat, skinfolds, waist-to-hip ratio, reduced 
lipolysis 

    MC4R   Melanocortin 4 receptor  BMI, body fat (%), resting energy expenditure 

    NR3CI   Nuclear receptor 3C 1 (glucocorticoid receptor)  BMI, waist-to-hip ratio (in men), leptin, skinfolds 

    PPARG   Peroxisome proliferative-activated receptor gamma  BMI, leptin, waist circumference, body fat (%), leptin, 
lipid oxidation 

    RETN   Resistin  BMI, waist circumference 

    TNFA   Tumor necrosis factor alfa  BMI, body fat (%), waist circumference 

    UCP1   Uncoupling protein 1  BMI, waist-to-hip ratio, body fat (%) 

    UCP2   Uncoupling protein 2  BMI, energy expenditure, macronutrient oxidation, 
body fat, skinfolds 

    UCP3   Uncoupling protein 3  BMI, waist-to-hip ratio, body fat (%), resting energy 
expenditure, leptin, skinfolds 

    VDR   Vitamin D (1,2,5-dihydroxyvitamin D3) receptor  Fat mass 
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the disease phenotype, a polymorphic maker within that gene 
and a suitable set of subjects to genotype for that marker ( Bray 
et al., 1998 ). Association studies seek to establish statistical rela-
tions between a genetic polymorphism and a given phenotype. 
The statistical approach may search the comparison between 
cases and controls, the analysis of variations between cases and 
controls, the analysis of variations between specifi c loci and dis-
crimination study between carriers and non-carriers for a trait 
( Rosmond, 2003 ). The association studies provide informa-
tion in order to identify genes with low involvement, but they 

require establishing high statistical cut-offs (usually  p   �  0.001) 
to avoid random or biased fi ndings. Evidence for associa-
tion between markers of candidate genes with obesity-related 
phenotypes (BMI, skinfolds, waist circumference, LEP, etc.) 
has been reported for at least 125 genes ( Perusse et al., 2005 ). 
Thus, statistical relationships with  p   �  0.0001 have been found 
for the following genes: ADA, ADBR2 and ADBR3, ATP1A2, 
ENPP1, GNB3, MRT2C, IL6R, INS, LEPR, MC3R, NR3C1, 
PPARG, PYY, RETN, UCP1, UCP2 and UCP3. ( Tables 51.2 
and 51.3 ). 

 Linkage studies are designed to investigate the persist-
ence or co-segregation during generations of a genetic marker 
or locus within a family ( Bray et al., 1998 ). This approach can 
be applied with candidate genes or genetic markers concern-
ing specifi c polymorphisms. This protocol is commonly used 
on nuclear families or pedigrees in order to investigate the 
role of new genes through genome-wide scans ( Bosse et al., 
2004 ;  Rankinen and Tiwari, 2004 ). Linkage studies with obes-
ity phenotypes have been able to identify more than 200 QTLs 
related to excessive weight gain ( Rankinen et al., 2006 ). Thus, 
linkage with obesity-related phenotypes (LOD      �      2.0) has 
been reported for different genes or markers including the fol-
lowing: LEPR, AMPD1, ACP1, ISL1, NR3C1, BF, NPY, LEP, 
KEL, IGF1, MC5R, LDLR y ADA ( Table 51.3 ). Genome-wide 
linkage scans involve the typing of family using polymorphic 
markers that are positioned across the whole genome followed 
by calculating the degree of linkage of the marker to a disease 
trait ( Rankinen and Tiwari, 2004 ). In obesity, the sample sets are 
families representative of the general population and families 
that include at least an obese proband. 

 The 2005 update of the human obesity gene map revealed 
that the number of genes or markers that have been directly and 
indirectly linked with human obesity are increasing rapidly and 
now are higher than 625 ( Figure 51.3   ). Some of these genes or 
chromosomal regions, such as the uncoupling proteins (UCPs), 
LEP, LEPR, adrenergic receptors (ADRB2, ADRB3), peroxi-
some proliferator-activated receptors (PPARs), fatty acid bind-
ing protein (FABP), etc. have been related to energy metabolism 
control and may be specifi cally affected by dietary intake and 
composition, and also by physical activity. Other genes are spe-
cifi cally involved in control of food intake (NPY, POMC, CCK, 
MCH, etc.), while some others infl uence different metabolic 
and signaling pathways, adipogenesis, etc. (PPAR, FABP, PKA, 
c/EBP, etc.), affecting the energy equation and, consequently, 
body weights of those individuals who are carriers of specifi c 
defective gene mutations/polymorphisms with an infl uence on 
fat deposition ( Rankinen et al., 2006 ). 

 The studies of interactions of the genotype with environ-
mental factors constitute a new challenge to establish the role 
of diet and physical activity in the genetics of obesity as well 
as those investigations devoted to evaluate the impact of life-
style on gene expression ( Cheung and Spielman, 2002 ). Indeed, 
genes predisposing to obesity potentially have an impact on 
dietary intake as well as on physical activity performance, while 
gender and age have been also reported as effect modifi ers on 

 T A B L E  5 1 . 3          Chromosomal location of selected 

candidate genes with more than three positive association 

studies and two positive linkage studies  

   Chromosome  Association studies  Linkage studies 

     1  AGT, ATP1A2, LEPR, 
LMNA, NROB2   

 LEPR, ATP1A2, 
LEPR   

     2  IRS1, POMC     ACP1  

     3  ADPQ, GHRL, PPARG     

     4  FABP2, PPAGC1A, UPC1     

     5  ADRAB2, NR3C1     

     6  ENPP1, ESR1, TNF-   �    SE30  

     7  IL-6, LEP, NPY, 
SERPINE1   

  LEP  

     8  ADRAB3, LPL     

     9     

   10  ADRA2A; GAD2     

   11  AD0A4; DRD2, IGF2, 
INS, UCP2,UCP3 

  ATA34 E8  

   12  GNB3, VDR     IGF-1  

   13     

   14     

   15  CYP19A1; PLIN   

   16  AGRP, FOXC2     

   17   ACE    

   18   MC4R    

   19  APOE, LDLR, LIPE, 
RETN   

  

   20     

   21     

   22   PPARA    

   X  AR, HTR2C, SLC6A14     

   Y     



obesity risk in subjects carrying different gene polymorphisms, 
respectively ( Marti et al., 2004 ). Several association studies have 
described interactions between macronutrient intake and differ-
ent polymorphisms in candidate genes affecting the obesity trait 
in predisposed subjects ( Martínez et al., 2003 ;  Moreno-Aliaga 
et al., 2005 ;  Nieters et al., 2002 ). 

  Genes Involved in Appetite Regulation 
 A number of genes and chromosomal regions have involved in 
the regulation of the food intake through association or linkage 
studies such as leptin, neuropeptide Y, ghrelin, AGRP, orexins, 
CART, etc. ( Riccardi et al., 2004 ). In this context, a monogenic 
form of obesity in humans occurs as a consequence of very rare 
mutations of the leptin gene, which lead to undetectable levels of 
serum leptin ( Clement, 2005 ). Also, members of a consanguine-
ous family with a rare LEPR defi ciency were identifi ed, exhibit-
ing severe early-onset obesity with several metabolic disturbances. 
Affected individuals were homozygous for a mutation that trun-
cates the receptor before the transmembrane domain, and the 
mutated receptor circulates bound to leptin. Additionally, several 
more common mutations at the LEPR gene have been described, 
but only some of the studies have been able to show an associa-
tion with overweight and fat mass excess ( Perusse et al., 2005 ). 

 Much attention has been focused on the role of the 
hypothalamic LEP–melanocortin system in body weight 
regulation and obesity ( Hebebrand et al., 2003 ). The importance 
of the melanocortin signaling pathway in humans has been sug-
gested by a number of monogenic polymorphisms identifi ed in 
genes involved in the synthesis or processing of the glycoprotein 
POMC or in mutations leading to defects in POMC signaling 

via melanocortin receptors. All mutations result in profound 
obesity; however, specifi c gene mutations in the LEP/POMC 
pathway account for 5% of cases of obesity. In this context, 
dominant inheritance of obesity conferred by different missense, 
nonsense and frame-shift mutations in the MC4R gene has been 
extensively reported in many populations including European 
and American individuals ( Hebebrand et al., 2003 ). Genetic var-
iation in serotonin receptors, NPY, orexins and other neuropep-
tides, has also been widely studied in obesity given its potential 
involvement on food intake and body weight gain ( Solomon 
and Martínez, 2006 ).  

  Genes Involved in Energy Expenditure Regulation 
 There are a number of studies that have evaluated the role of 
specifi c polymorphisms in relation to the control of the energy 
expenditure ( Bastarrachea et al., 2004 ). Thus, adrenergic recep-
tor genes mediate the rate of lipolysis in response to endogenous 
and exogenous catecholamines. The Trp64Arg variant of the 
 �  3 -adrenergic receptor have been associated in some studies to 
lipid accumulation in the adipose tissue and also there are studies 
concerning the  �  2  and  �  2  adrenoceptors in the same direction 
concerning different polymorphisms ( Bray and Bouchard, 2004 ). 
Also genes controlling the expression of the inner mitochon-
drial uncoupling proteins (UCP1, UCP2 and UCP3) have been 
related to obesity phenotypes ( Moreno et al., 2005 ). A number 
of human’s studies have found relationships between UCP poly-
morphisms and exercise effi ciency resting energy expenditure, 
substrate oxidation, energy metabolism, BMI, fat accumulation 
and body weight changes ( Macho et al., 2000 ).  

 T A B L E  5 1 . 4          Some Mendelian syndromes with obesity manifestations  

     Prader Willi  Bardet-Biedel  Alstrom  Borjesson Forssman 
Lenhman 

 Simpson Golabi 
Behmel 

    Inheritance   Dominant 15q11.2  Recessive ( �  8 loci)  Recessive 
2p13.1 

 X-linked Xq26.3  X-linked (2 loci) 

    Craniofacies 
abnormalities  

 Frequent  No distinctive  No distinctive  Frequent  Frequent 

    Limbs/hands 
abnormalities  

 Swell hands and limbs 
short stature 

 Polydactily
Brachidactily
Syndactyly 

 No distinctive  Short stature
Short toes 

 Big hands and short 
fi nger
Very tall 
syndachtyly 

    Obesity   Generalized onset (1–3 
years) 

 Mild obesity onset 
(1–2 years) 

 Truncal onset 
(1–2 years) 

 Truncal obesity  Slight obesity 

    Mental 
retardation  

 Mild to moderate  Not always  No  Severe  Psychosocial 
impairment 

    Other common 
features  

 Hypogonadism 
Muscular hypotonia 
Depigmentation 

 Hypertension 
diabetes mellitus
Hypogonadism
Renal abnormalities
Retina dystrophy 

 Diabetes 
blindness 
deafness 

 Hypometabolism 
epilepsy 

 Cardiac arrhythmias 
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 Figure 51.3         Evolution of the genes and chromosomal regions 
related to obesity between 1994–2005.    

  Genes Involved in Adipocyte Metabolism 
 Some genes involved in the regulation of adipocyte growth and 
differentiation have been associated with regulation of metabolism 
and body weight control ( Bray and Bouchard, 2004 ). Thus, 
PPAR �  particularly the adipose specifi c isoform (PPAR � 2) 
is a key transcription factor implicated in adipogenesis as well 
as glucose and lipid homeostasis. A higher BMI for Ala carri-
ers was also observed compared to non-carriers in 3-year and 
10-year follow-up studies ( Moreno-Aliaga et al., 2005 ). Another 
example is adiponectin, which is an adipocyte expressed pro-
tein that participates in the homeostatic control of glucose, lipid, 
and energy metabolism. Adiponectin gene polymorphisms have 
been associated with obesity, insulin sensitivity and type 2 dia-
betes in some cross-sectional studies ( Rubio, 2006 ). Also, PGC1 
is a cofactor regulating the expression of UCPs, the mito-
chondrial biogenesis, and other processes related to adipocyte 
energy homeostasis, whose variants are being related to exces-
sive weight gain ( Bray and Bouchard, 2004 ). Furthermore, the 
renin-angiotensin system is involved in adipocyte growth and 
differentiation.  

  Other Genes Related to Obesity 
 Common allelic variants of genes related to the insulin signal-
ing pathway have been evaluated in relation to energy metab-
olism control such as the insulin gene, insulin-like growth 
factor 1 receptor (IGF-1R), plasma cell membrane glycopro-
tein 1, insulin receptor substrates 1 and 2 (IRS-1 and IRS-
2), and the phosphatidylinositol 3-kinase p85 gene. Also, 
resistin, PAI, and different genes involved in lipid metabolism 
have been shown to potentially play a role in energy home-
ostasis and obesity such those codifying hepatic lipase (HL), 
lipoprotein lipase (LPL) and several lipoproteins ( Rubio, 
2006 ). Polymorphism of angiotensin converting enzyme 
(ACE) gene has been associated with overweight and abdomi-
nal adiposity, insulin resistance and hypertension in humans. 
Moreover, heterotrimeric guanine nucleotide-binding proteins 
(G proteins) mediate many pathways including the  � -adrenergic 
signaling pathway. The C825T polymorphism in the gene coding 

for the  �  3  subunit of G proteins (GNB3) has been shown to be 
associated with several phenotypes such as hypertension, obes-
ity, and diabetes mellitus comprising the metabolic syndrome, 
although the conclusions have been inconsistent ( Moreno et 
al., 2005 ). The fat mass and obesity gene (FTO) has also shown 
to contribute to common forms of human obesity (Loos and 
Bouchard, 2008).   

  SCREENING AND DIAGNOSIS 
 Epidemiologic, genetic and molecular studies suggest that there 
are people who are most susceptible than other to becoming 
overweight or obese (Bray and Bouchard, 1998)  . The degree 
of excess of fat, its distribution within the body and the asso-
ciated health consequences depends on the genetic back-
ground ( Moreno et al., 2005 ). Therefore, it is important to 
adequately assess the obesity phenotype not only for diagnosis, 
but also for therapeutic purposes. Thus, the graded classifi ca-
tion of overweight and obesity aims for meaningful compari-
son of weight status among populations and identifi cation of 
individuals/groups at risk, which helps to set up the interven-
tion. Body weight for height and BMI (Kg/m 2 ) are common 
measures to defi ne the obesity situation, which are suitable 
for general population samples, despite being relatively crude 
( OMS Report, 2000 ). In this context, other anthropomet-
ric or body composition determinations can be used such 
as the waist–hip ratio, percentage body fat, circulating leptin 
levels, etc. Other tools to characterize the obesity phenotype are 
based on the application of methods to assess food intake such 
as 72-h recall, food frequency questionnaires, dietary records, 
etc. Additional screening/diagnostic protocols aiming to iden-
tify the etiology of excessive weight gain are focused to estimate 
the energy expenditure (macronutrient oxidation and BMR) 
on the energy devoted to physical activity, through pedometers 
or calorimetry techniques, heart rate monitoring, sedentarism 
questionnaires, etc. ( Table 51.5   ). Indeed, both appetite and phys-
ical activity patterns are potentially involved in obesity onset and 
complications, which must be adequately assessed. 

 Genomic medicine, aiming to improve the quality of medi-
cal care, is benefi tting from the use of genotypic testing (DNA 
analysis) to identify genetic predisposition markers of obes-
ity and to design individualized medical therapy based on the 
genotype ( Challis and Yeo, 2002 ). Also, clinically oriented tran-
scriptomics, focusing on the analysis of RNA by measuring the 
level of all or selected subset of genes based on the amount of 
mRNA in a given sample, are helping to understand and screen 
the causes of obesity ( Moreno-Aliaga et al., 2001 ). 

 DNA sequence analysis is increasingly used as a diagnos-
tic tool for determining carrier status and prenatal testing in 
monogenic disorders ( Kasper et al., 2005 ). A number of tech-
niques described in this textbook are available for the detection 
of mutations in monogenic disorders, which include cytogenet-
ics, fl uorescence in situ hybridization (FISH), Southern blotting, 
polymerase chain reaction based methods (PCR and RT-PCR), 



DNA sequencing and restriction fragment length polymor-
phisms (RFLP). Other approaches that have been used to iden-
tify mutations related to obesity are simple-strand conformational 
polymorphism (SSCP), gradient gel electrophoresis (DGGE) 
RNAse cleavage and protein truncated test (PTT). Novel 
technologies for the analysis of mutations, genetic mapping 
and mRNA expression profi les are rapidly developing (Ross, 
1998  ;  Ommen, 2004 ). Thus, microarray-based methods allowing 
the hybridization of thousands of genes simultaneous are being 
clinically used for mutational analysis and, characterizations of 
gene expression patterns in both obesity screens/diagnosis and 
research in humans and animals models ( Kasper et al., 2005 ; 
 Moreno-Aliaga et al., 2001 ). 

 The application of complex analytical techniques to encom-
pass all the types of studies has led to the conclusion that the 
heritability estimate for BMI in large sample sizes was likely to 
be from 25 to 40%, while the amount of abdominal fat was infl u-
enced by a genetic component attaining about 50% of the indi-
vidual differences ( Bell et al., 2005 ;  Comuzzie and Allison, 1998 ). 
Also, it should be stressed that the current epidemic of obesity is 
not really a consequence of the sudden appearance of mutations 
in genes regulating weight homeostasis, but the lack of adapta-
tion in gene expression to environmental factors, such as the 
consumption of high-energy-yielding foods and sedentary habits. 

 Possible mechanisms through which a genetic susceptibility 
may be operating is the low body metabolism rate, low levels of 
macronutrient oxidation rates, low fat-free mass, low appetite con-
trol or low RQ post-prandial adjustments to intake or low oxida-
tive process associated to physical activity ( OMS Report, 2000 ). 
Other factors involved in the development of obesity thought to 
be genetically modulated are associated to impairments on adi-
pose tissue, lipid metabolism, adipogenesis, on nutrient partition-
ing as well as endocrine/neural disturbances related to energy 
homeostasis such as insulin sensitivity, GH status, leptin action, 
hypothalamic neuropeptides, etc. ( Martinez et al., 2002 ). Indeed, 
it is envisaged that genetic analyses, specifi cally in high-risk indi-
viduals, may be used for gene-based diagnosis and more interest-
ingly for gene-founded therapies concerning genotypes affecting 
food intake, thermogenesis, adipogenesis, etc. In this context, gene 

polymorphism analysis could orient clinical recommendations to 
high-risk patients, since physical activity programs may be more 
suitable for some genotypes ( Corbalan et al., 2002 ) or changes in 
carbohydrate or lipid intake may be more convenient for some 
specifi c gene variants ( Luan et al., 2001 ;  Martínez et al., 2003 ).  

  PROGNOSIS AND GENE-BASED 
TREATMENTS 
 The health consequences of obesity are diverse and serious, rang-
ing from an increased risk of premature death to higher associ-
ated risks of suffering for diabetes, hypertension, infl ammatory 
disturbances, cancer, etc. ( Bray and Bouchard, 2004 ). The obesity 
prognosis depends upon a number of anatomical-linked phe-
notypical characteristics, such as the number of fat cells and fat 
distribution as well the causal factors, such a neuroendocrine 
disorders, drug-induced, weight gain sedentary lifestyles, psycho-
logical misbehaviors, which may be genetically dependent ( Bray, 
2003 ). Indeed, the prognosis and the treatments are affected by 
the genetic make-up, since genetic predisposition may infl uence 
the associated clinical manifestations and complications com-
monly found in obese subjects ( Lean, 1998 ). This situation envis-
ages that genetically based diagnosis and therapeutical approaches 
will be routinely applied in the obesity area as is occurring in 
some others diseases such as inborn errors of metabolism or dis-
eases related to lipid metabolism (Basse et al., 2004  ;  Kasper et al., 
2005 ). Actually, it is of current interest to identify the involvement 
of some genetic polymorphism in relation to the ability of los-
ing weight induced by different types of interventions commonly 
prescribed to obese patients such as diet therapy, pharmacotherapy 
and surgical approaches. Indeed, on the horizon is the possibility 
to individually treat obesity subjects depending on the genotype 
( Table 51.6   ) as reviewed by  Moreno-Aliaga et al. (2005) ; a role 
for pharmacogenomics is not immediately clear since not many 
specifi c drugs to fi ght against obesity are currently in the market 
( Moreno et al., 2005 ). 

 In this context, congenital leptin defi ciency is an extreme 
case of genetic obesity, whose deleterious effects can be restored 
by the administration of exogenous recombinant human leptin. 
In this special situation, the success of the pharmacological 
treatment with leptin would completely depend on the genetic 
make-up of the patient ( O’Rahilly et al., 2003 ). By contrast, 
initial trials in obese patients with no leptin defi ciency showed 
no signifi cant benefi ts in terms of weight reduction unless 
substantially high doses were given. Using patients with poly-
genic (common) obesity, the response to low-calorie diet in 
relation with genetic polymorphisms in the promoter region 
of the LEP gene was studied ( Mammes et al., 1998 ). At position 
C-2549A of the LEP gene, a weaker BMI reduction was found 
for –2549A allele carriers than the observed for homozygotes 
for the –2549C allele. 

 Some attention has been paid to the potential effects of 
Trp64Arg polymorphism in the ADBR3 gene in weight reduc-
tion programs ( Table 51.6 ). Initially, resistance to lose weight 

 T A B L E  5 1 . 5          Methods to phenotypically characterize 

obesity  

       ●        Body composition : BMI, waist/hip circumferences, isotope 
dilution, bioelectrical impendence, skinfolds, etc.  

   ●        Anatomical distribution of fat : Imaging techniques (CT, NMR, 
DEXA, etc.)  

   ●        Energy expenditure : Stable isotopes, indirect/direct 
calorimetry, respiratory quotient, physical activity 
questionnaires, pedometers, heart rate, etc.  

   ●        Energy intake : Dietary records and recall, diaries, food 
frequency questionnaires, etc.  

   ●        Molecular phenotypes : Hormone levels, DNA, mRNA, and 
protein measurements    
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in homozygotes for the Arg64 allele compared with higher 
reductions either in heterozygotes or Trp64 homozygotes 
have been reported. On the contrary, other investigations did 
not fi nd differences in weight loss by Trp64Arg genotypes in 
women submitted to a low-calorie diet. It is worth mention-
ing the differences on design in these studies according to the 
selection of participants (obese versus non-obese, diabetic ver-
sus non-diabetic) or the characteristics of the weight loss pro-
tocol ( Moreno-Aliaga et al., 2005 ). Additionally, a lower ratio 
of visceral to subcutaneous fat has been reported in Arg64 car-
riers compared to non-carriers, especially in pre-menopausal 
women after a 3-month reduction period. Interestingly, a loss of 

visceral tissue has been found in Arg64 carriers compared with 
non-carriers after the intervention, but no differences in either 
body composition or energy expenditure by genotype groups 
were found. The response to exercise as a weight-lowering strat-
egy appears to be affected by polymorphisms in the  �  2 -adrenergic 
receptor gene (Macho-Azcarate et al., 2003)  . A high initial 
degree of body fat mass determined by the Gly16 allele for the 
 �  2 -adrenoceptor polymorphisms predict those individuals who 
will have a rebound weight gain after their initial successful 
weight loss (Masuo et al., 2005)  . 

 The effect of uncoupling proteins on weight loss has been 
assessed in different studies ( Riccardi et al., 2004 ). Thus, a relevant 

 T A B L E  5 1 . 6          Candidate genes and prognosis of weight loss response to dietary programs  

   Gene  Polymorphism *   Comments 

    Genes related to appetite control      

    Leptin  C-2549 A (5-region)  Potential infl uence of BMI reduction 

    POMC  R236G  Weight loss is apparently unaffected 

    HTR2C  759C/T  Lower resistance to weight loss 

    Genes related to energy expenditure      

    ADB3R  Trp64Arg  Potential infl uence in weight and fat distribution 
losses 

    ADB2R  Gln27Glu  Participation in rebound weight gain 

    UCP1  A-3826G  Potential impact on the magnitude of weight loss 

    UCP3  	55C → T (promoter)  Potential role on body fat distribution loss 

    Adipogenesis      

    PPARG2  Pro12Ala  Potential involvement in maintenance after weight 
loss 

    Genes related to insulin resistance insulin 
signaling pathway    

    

    IRS-1  Gly972Arg  No apparent role 

    IRS-2  G1057D  No apparent role 

    IGF-1R  GAA1013GAA  No apparent role 

    Genes related to lipid metabolism      

    LIPC  G-250G (Promoter)  Weight loss dependent on the genotype 

    LPL  Hind III polymorphism  Weight loss dependent on the genotype 

    Apolipoproteins  ApoE e4  Possible relation with responsiveness 
to diet 

     ApoB/VNTR  Possible relation with responsiveness to diet 

     ApoA-IV-1/2  Potential involvement in food intake 

    Other genes potentially related to obesity      

    PAI-1  4G/5G (promoter)  Genotype dependent reduction in BMI 

    IL6  	174 G      �      C  Potential involvement in maintenance after weight 
loss 

  *  Modifi ed from  Moreno-Aliaga et al. (2005) and Martinez et al. (2008) . Polymorphism nomenclature is shown as reported by the authors.  



role for the A-3826G polymorphism of the UCP1 gene in the 
magnitude of weight loss has been suggested ( Table 51.6 ). In 
opposition to these results, no differences by genotype in weight 
loss of obese patients submitted to a gastroplasty were found. On 
the other hand, comparing proton leak and UCP2 and UCP3 
expression in skeletal muscle of diet-resistant and diet-respon-
sive overweight women, it was found that weight loss, mito-
chondrial proton leak-dependent respiration, and expression of 
UCP3 mRNA was greater in diet-responsive than in diet-resist-
ant subjects, while no changes were found in UCP2 mRNA 
levels. Also, some UCP3 polymorphisms were associated with 
the changes in mRNA levels and body weight loss ( Cha et al., 
2006 ). 

 Other studies have reported a possible synergistic effect of 
UCP1 and ADBR3 gene polymorphisms on obesity and body 
weight changes ( Sivenius et al., 2000 ). Thus, subjects with muta-
tions in ADBR3 and UCP1 genes lost less weight than either 
those with the Trp64Arg variant alone (ADRB3) or the GG gen-
otype of the UCP1 gene. Other researchers found a lower weight 
reduction in subjects with both mutations compared with sub-
jects with no mutations, and a faster weight gain after the ending 
of the very-low-calorie diet intervention, while similar weight 
reductions after a clinical intervention for the four defi ned genetic 
categories concerning the Trp64Arg polymorphism (ADRB3 
gene) and a promoter polymorphism ( 	 55C → T) of the UCP3 
gene in overweight-obese subjects with coronary artery dis-
ease or metabolic syndrome. However, a benefi cial effect of the 
wild-type genotype for both variants was suggested for body fat 
distribution and glycemic control ( Table 51.6 ). 

 Also, some genotype-dependent food intake control related 
cases have been studied. A recent trial to compensate for the 
genetic lack of hypothalamic melanocortin function was con-
ducted by the administration of adrenocorticotropic hormone 
4–10 (ACTH4-10), a melanocortin fragment with anorexic 
effect. However, after 3 months of treatment with increasing 
doses of ACTH4-10, no change of body weight or metabolic 
rate was observed. On the other hand, it has been reported 
that the individual ability to lose weight was not hampered 
in three children heterozygous for the R236G variant of the 
POMC gene that underwent a weight reduction program dur-
ing 11 months ( Santoro et al., 2004 ). Also, the serotonin recep-
tor HTR2C genotype ( 	 759C/T polymorphism) on weight 
loss program, was involved in the resistance to weight loss in 
the heterozygous genotype compared with either CC or TT 
homozygous genotypes and attributed such observation to a 
heterosis effect. 

 Moreover, several intervention studies were aimed to 
explore the relationship between PPAR � 2 genotypes and weight 
loss ( Nieters et al., 2002 ). Thus a 3-year study showed that sub-
jects with the Ala12 allele lost more weight than subjects with 
the other genotypes, although a signifi cant higher weight regain 
was achieved during subsequent follow-up (12 months) in car-
riers of the Ala12 allele in comparison with the Pro12 homozy-
gotes (Lindi et al., 2002)  . 

 These observations suggest that a general distinction should 
be made between genetic factors affecting weight loss  per se  and 
weight loss maintenance. Thus, also, it has been shown that a 
IL-6 polymorphism ( 	 174 G      �      C) may infl uence weight regain 
after a weight-lowering program based on a energy-restricted 
diet, which may interact the Pro12Ala polymorphism of the 
PPAR �  gene ( Goyenechea et al., 2006 ). On the other hand, no 
signifi cant differences in weight reductions linked to the geno-
type were detected, in the subjects carrying risk genotypes in 
the IGF-1R, IRS-1 and IRS-2 genes after lifestyle interventions 
( Moreno-Aliaga et al., 2005 ). However, a reinforced effect on 
weight loss with the presence of both the Gly972Arg polymor-
phism of the IRS-1 gene and Trp64Arg polymorphism in the 
ADRB3 gene in women who underwent a formal weight-loss 
program was described ( Benecke et al., 2000 ). 

 In the Finnish DPS, it was found that subjects with the 
G-250G promoter polymorphism of the HL gene (LIPC) 
tended to loss less weight than subjects with the  	 250A allele 
both in the control and in the intervention group (Todorova 
et al., 2004)  . In addition, having the G-250G genotype predicted 
the conversion from impaired glucose tolerance to Type 2 dia-
betes independently of weight at baseline and weight change. 
Furthermore, numerous polymorphisms of the apolipoprotein 
B gene have been described, which have been accompanied by 
alterations in lipid metabolism ( Bosse et al., 2004 ). A meta-analysis 
indicated that the apoB EcoRI and MspI polymorphisms are 
associated with responsiveness to diet. A study investigating the 
effects of apoA-IV genotype during weight loss found that sub-
jects with apoA-IV-1/2 lost more weight than apoA-IV-1/1 
subjects. On the contrary, it was found by others no signifi cant 
differences in weight loss between both genotypes, although 
subjects with the apoA-IV-1/1 genotype showed a higher 
increase in HDL-C after in response to weight loss compared 
to the apoA-IV-1/2 subjects. Also the potential relationship 
between the PAI-1 promoter 4G/5G genotype and weight loss 
on the fi brinolytic system and lipid parameters in obese children 
was assessed and after a 3-month period of treatment (nutri-
tional counseling and physical activity). A decrease in PAI-1 lev-
els was observed in obese children, who have reduced their BMI 
in comparison with those obese children who did not decrease 
their BMI ( Estelles et al., 2001 ). On the other hand, a behavioral 
interventional activity in obese carriers of the Trp64Arg poly-
morphism of the ADBR3 gene demonstrated diffi culties in 
losing weight ( Shiwaku et al., 2003 ). 

 Additionally, a large scale European intervention trial 
(NUGENOB) concerning the comparison of the impact of 
more than 40 genetic polymorphisms on weight loss revealed 
that much work is required to be performed in this area 
( Sorensen et al., 2006 ). Other studies have been reported, by 
using microarrays, that mRNA levels (gene expression) could 
be affected by the energy restriction, but not apparently by the 
composition of the hypocaloric diet (low versus moderate fat 
content), suggesting that more research is needed in this fi eld 
( Viguerie et al., 2005b ).  
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110
           Diabetes 

   Maggie   Ng   and     Nancy J.   Cox     

  INTRODUCTION 
 Diabetes mellitus is a group of metabolic disorders  characterized 
by high blood glucose levels resulting from defects in insulin 
secretion, insulin action or both. Chronic high blood glucose 
levels are associated with long-term tissue damage, dysfunction 
and failure of various organs especially the eyes, kidneys, nerves, 
heart and blood vessels. The most common forms of diabetes are 
type 1 diabetes, in which autoimmune destruction of the insu-
lin-secreting pancreatic  � -cells leads to an absolute insulin defi -
ciency (or complete absence of endogenous insulin), and type 2 
diabetes, which is characterized by a relative defi ciency of insu-
lin attributable to defects leading to insulin resistance, defects in 
insulin secretion, or both. Type 1 diabetes commonly arises in 
childhood or adolescence, and the lifetime risk of type 1 diabe-
tes in US populations of European descent is about one in 250 
(0.004), but lower in US populations of recent Asian, African or 
Native American ancestry. Type 2 diabetes is more frequently 
diagnosed in late adulthood and is far more common, with 
8–10% of Americans of European descent diagnosed with type 2 
diabetes by age 60. Age-specifi c rates of type 2 diabetes are even 
higher in some US populations, including African Americans, 
Mexican Americans and Native Americans, and there are alarm-
ing increases in the incidence of type 2 diabetes in younger 
Americans, due at least in part to increasing levels of obesity in 
the United States coupled with increasingly sedentary lifestyles 
( Narayan et al., 2003 ). 

 Some 1.6 million Americans have been diagnosed with 
type 1 diabetes and more than 16 million Americans with type 2 

 diabetes. And for many of these individuals, their family  members 
are at a substantially increased risk relative to the population 
average; for example, sibs of a patient with type 1 diabetes have a 
15-fold increased risk of disease (i.e.,  �  s  � 15), while sibs of a 
patient with type 2 diabetes have a 1.8–2.8-fold increased risk 
of disease (i.e.,  �  s  � 1.8–2.8) ( Rich, 1990 ).  Thus, because it is easy 
and inexpensive to diagnose, common and familial, diabetes has 
long been a model for exploring the genetic basis of complex 
disorders – those that cluster in families but do not have simple 
patterns of transmission ( Florez et al., 2003 ). In addition, given 
especially the incidence of type 2 diabetes in the general adult 
population and the expectation that one or more genetic variants 
could alter individual risk of disease, it has become an attractive 
candidate for early thinking about the introduction of genetic 
and genomic concepts into medical practice. 

 Despite the efforts of many investigators over many years, 
though, association studies at candidate genes and genome-wide 
linkage studies have, until very recently, yielded only a small 
number of loci having genetic variation reproducibly shown to 
affect risk of either type 1 or type 2 diabetes. Prior to recent 
GWAS (see Chapter 4), susceptibility loci for type 1 diabe-
tes with broad support over multiple studies included the HLA 
region, with primary determinants thought to be variation at 
the  HLA-DRB1 ,  -DQA1  and - DQB1  loci ( Davies et al., 1994 ), 
the insulin gene ( INS ) ( Bell et al., 1984 ), the gene for cytotoxic 
T- lymphocyte associated protein 4 ( CTLA4 ) ( Ueda et al., 2003 ) 
and the protein tyrosine phosphatase-22 gene ( PTPN22 ) ( Bottini 
et al., 2004 ). All of these were originally identifi ed through candi-
date gene studies. With respect to linkage, in a large type 1 diabetes 
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consortium dataset with 1435 multiplex families (Concannon 
et al., 2005)  , the signifi cance of the evidence for linkage at the 
HLA region was quite dramatic, at  p  �   2      �      10  	 52 , with the next 
best region located near  CTLA4 , with  p   �  9      �      10  	 5 . Two other 
regions with notable evidence for linkage were 10p14-q11 with 
 p   �  1.2      �      10  	 4 , and 16q22-q24 with  p   �  4.9      �      10  	 4 . In con-
trast, there was only modest evidence for linkage at  INS , and loci 
with relatively modest sibling risk ratios could be excluded from 
much of the rest of the genome ( �  s   �  1.3 excluded from 82% of 
the genome;  �  s   �  1.5 excluded from 95% of the genome). 

 Results of early candidate gene association studies as well 
as linkage and positional cloning studies in type 2 diabetes 
had yielded a similar paucity of genes and regions with widely 
reproducible linkage or association (for a recent review, see 
 Permutt et al., 2005 ). Although a number of candidate genes, 
including candidates derived on the basis of effective treatments 
for type 2 diabetes such as  KCNJ11  and  PPARG , had been vali-
dated through large-scale meta-analysis ( Altshuler et al., 2000 ; 
 Gloyn et al., 2003 ), the vast majority of candidate gene stud-
ies in type 2 diabetes had not yielded reproducible associations. 
Similarly, while a few linkage studies yielded positionally cloned 
genes with at least some support from other studies, including 
 CAPN10  (Horikawa et al., 2000)   and  HNF4A  ( Love-Gregory 
et al., 2004 ;  Silander et al., 2004 ), only  TCF7L2  (identifi ed by 
investigators at deCode in Iceland in positional cloning stud-
ies based on one of their best conditional linkage signals [ Grant 
et al., 2006 ]) has been widely replicated in multiple populations 
( Cauchi et al., 2006 ;  Groves et al., 2006 ). 

 As predicted by Risch and Merikangas (1997)  , GWAS 
have allowed identifi cation of genetic risk factors with relatively 
modest effects while preserving the utility of the genome-wide 
context. The fi rst of the GWAS in diabetes were published in 
2007, and to date, some 10 such studies have been published for 
type 2 diabetes ( Diabetes Genetics Initiative, 2007 ;  Florez et al., 
2007 ;  Hanson et al., 2007 ;  Hayes et al., 2007 ;  Rampersaud et al., 
2007 ;  Salonen et al., 2007 ;  Scott et al., 2007 ;  Sladek et al., 2007 ; 
 Steinthorsdottir et al., 2007 ;  Zeggini et al., 2007 ), while three 
GWAS ( Hakonarson et al., 2007 ; Smyth et al., 2007  ;  WTCCC, 
2007 ) and a follow-up study ( Todd et al., 2007 ) have been pub-
lished for type 1 diabetes. 

 These studies have enabled the identifi cation of new genetic 
risk factors for both disorders and have provided valuable addi-
tional context for understanding the relative importance of some 
of the previously identifi ed risk factors. For example,  TCF7L2 , 
identifi ed originally through positional cloning studies in an 
Icelandic sample ( Grant et al., 2006 ), is clearly the largest indi-
vidual genetic risk factor for type 2 diabetes, at least in type 2 
diabetes cases from northern Europe. Similarly, HLA remains 
the undisputed major genetic risk factor for type 1 diabetes 
( WTCCC, 2007 ); as with the linkage studies, no other associa-
tion comes close to the magnitude of effect detected at HLA. For 
both disorders, outside the locus with the largest individual effect, 
the remaining genetic risk factors have quite modest odds ratios 
(OR), with a few for type 1 diabetes being near 2.0, but most in 
the range of 1.1–1.2. Moreover, there are clearly many additional 

genetic risk factors to be identifi ed, as the established genetic risk 
factors account for only a small proportion (2.3%) of the inter-
individual variation in genetic risk for type 2 diabetes and just over 
half of the variation in genetic risk for type 1 diabetes (due mostly 
to the large effects in the HLA region). Given that the genetic risk 
factors yet to be identifi ed are unlikely to have much larger effects 
than those already identifi ed, but rather are likely to be of similar 
magnitude or smaller, it is clear that more studies, larger studies, or 
more sophisticated or novel approaches will be needed to iden-
tify additional loci and allow us to achieve a more comprehensive 
understanding of the genetic risk factors for diabetes. 

 Indeed, it could be argued that the loci identifi ed to date 
have added little to our fundamental understanding of the 
genetic component to either type 1 or type 2 diabetes. That is, 
type 1 diabetes was already known to be an autoimmune dis-
ease, and genetic risk factors identifi ed to date merely confi rm 
the importance of genes involved in T-lymphocyte develop-
ment, regulation of the immune system and tolerance. Similarly, 
genetic risk factors identifi ed to date for type 2 diabetes have 
provided no more insight than we have ever had toward a com-
prehensive understanding of its fundamental biological basis. 
Indeed, the more pessimistic viewer might reasonably argue that 
the modest effect sizes observed to date are the  “ big ”  ones – that 
whatever additional genetic risk factors are identifi ed will have 
such modest effects as to be nearly indistinguishable from back-
ground loci and thus of limited scientifi c or clinical value. 

 So, is the glass already half full and fi lling fast with diabetes 
susceptibility genes that will provide us that elusive and compre-
hensive understanding of the genetic component to diabetes? Or 
is the glass, at best, half empty, with little likelihood of fi lling no 
matter how much money we spend at the tap? As with almost 
all of the earlier genetic research in complex disorders, includ-
ing candidate gene and linkage mapping studies, the GWAS in 
diabetes have been among the fi rst, and are certainly among 
the most numerous with large sample sizes, to be conducted on 
complex traits; thus, the answers to these questions have implica-
tions not only for type 1 and type 2 diabetes, but for other com-
plex disorders as well. In order to address these questions, it is 
important to examine critically the studies that have been con-
ducted to date and to review what we have learned from them.  

  GWAS IN TYPE 2 DIABETES 
 The GWAS for type 2 diabetes have been conducted in a vari-
ety of populations, using a variety of study designs and high-
throughput platforms. Studies on type 2 diabetes using the fi rst 
generation GWAS platforms (e.g., the Affymetrix 100K single 
nucleotide polymorphism [SNP] platform) were quite expensive 
and consequently included relatively modest numbers of samples. 
The low sample sizes coupled with the low density and high 
redundancy of the 100K platform precluded any of the studies 
on the 100K platform from identifying loci with genome-wide 
signifi cant associations ( Florez et al., 2007 ;  Hanson et al., 2007 ; 
 Hayes et al., 2007 ;  Rampersaud et al., 2007 ). 
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 This situation changed dramatically with the availability of 
higher density SNP platforms, and  Table 52.1    summarizes popu-
lation, sample size and study design information for the studies 
published in 2007 and conducted using the denser SNP geno-
typing platforms on type 2 diabetes. The scans conducted using 
suffi ciently dense platforms to be considered truly genome-
wide have been focused exclusively on populations of recent 
European descent, primarily northern European populations, 
and it is only in these dense scans on very large samples that loci 
meeting genome-wide criteria for signifi cance have been iden-
tifi ed and confi rmed ( Table 52.2   ). Some studies utilized only 
lean cases ( Sladek et al., 2007 ), matched cases to controls on the 
basis of body mass index (BMI) ( Diabetes Genetics Initiative, 
2007 ), or conducted analyses separately in lean and obese cases 
( Steinthorsdottir et al., 2007 ). Many of the studies enhanced 
power by utilizing cases with a family history of disease in their 
primary screen, their follow-up studies, or both. 

 The varying designs have led to intriguing differences in 
results that help to extend the observed associations. For  example, 
although most studies have reported the OR for  TCF7L2  to 
be in the range of 1.35–1.4 even within studies in which cases 
were chosen to have a positive family history of type 2 diabetes, 
 Sladek et al. (2007)  estimated the OR for  TCFL2  to be 1.65. 
This higher estimate may be attributable to the use of lean cases, 
as the allele at  TCF7L2  increasing risk of type 2 diabetes is asso-
ciated with lower BMI in both cases and controls; thus lean cases 
are likely to be particularly enriched for individuals carrying the 
high-risk allele for type 2 diabetes at  TCF7L2 . Similarly, while 
the  FTO  locus was easily detected in the WTCCC study and 

was also apparent in the FUSION study, it had little signal in 
the DGI study, largely because the DGI study matched cases and 
controls on BMI. As  FTO  appears to affect risk of type 2 diabe-
tes primarily through its effects on obesity and BMI, the failure 
to detect the effects of  FTO  in the DGI sample is easily under-
stood; conditioning on BMI similarly reduced the  FTO  effects 
in the WTCCC samples ( Frayling et al., 2007 ). 

 The confi rmed loci for type 2 diabetes listed in  Table 52.2  
have little in common with respect to known function, although 
the risk allele at several of the susceptibility loci ( TCF7L2 , 
 CDKAL1 ,  SLC30A8 ) has been shown to be associated with 
reduced insulin secretion. Clearly, however, considerable addi-
tional research into the physiological basis of the risk imparted by 
the genetic variation at these loci is necessary. Moreover, it is clear 
we have barely begun to identify genetic risk factors for type 2 
diabetes. The WTCCC group noted that the combined effects of 
all of the risk factors identifi ed in the combined samples of the 
DGI, FUSION and WTCCC studies together would yield an 
estimate of  �  s  of 1.07 ( WTCCC, 2007 ), which contrasts substan-
tially with the overall  �  s  value for type 2 diabetes estimated to be 
in the range of 1.8–2.8. Investigators from the DGI study noted 
that the eight loci identifi ed in the combined DGI, FUSION and 
WTCCC studies account for only about 2.3% of the overall vari-
ance in type 2 diabetes risk among individuals ( Diabetes Genetics 
Initiative, 2007 ). In addition, OR are modest overall and can be 
quite low within any individual study.   As indicated in  Table 52.2 , 
the maximum OR for most loci is less than 1.2 and most of these 
loci have suffi ciently low OR in at least one study that the locus 
did not meet the study’s threshold for reporting the result. 

 T A B L E  5 2 . 1         Samples, study designs and SNP genotyping platforms used in dense GWAS for type 2 diabetes published 

in 2007  

   Study  Samples  Design  Platform  Follow-up 

    Sladek et al. (2007)           French 690 
cases 660 
controls     

 Case/control 
Lean cases     

 Illumina 300K      �      100K      57 SNPs 
 2617 cases 
 2894 controls 

    Steinthorsdottir et al. 
(2007)          

 Icelandic 
1399 cases 
5275 controls     

 Case/control      Illumina 300K      47 SNPs 
 1110 cases 
 2272 controls 

    Scott et al. (2007)           Finns 
1161 cases 
1174 controls     

 Case/control      Illumina 300K      80 SNPs 
 1215 cases 
 1258 controls 

    Diabetes Genetics 
Initiative (2007)      
    

 Finns 
1464 cases 
1467 controls     

 Case/control and family 
BMI matched     

 Affymetrix 500K      107 SNPs 
 5065 cases 
 5785 controls 

    WTCCC (2007)      
    

 English 
1924 cases 
2934 controls     

 Case/control      Affymetrix 500K      21      �      56 SNPs 
 2022 cases 
 2037 controls 

    Salonen et al. (2007)           European 
500 cases 
497 controls     

 Case/control      Illumina 300K      10 SNPs 
 2573 cases 
 2776 controls 



 As has been found in GWAS for other complex traits, most 
of the alleles associated with increased risk of type 2 diabetes are 
located in non-coding sequence without obvious function (some-
times between genes, sometimes within introns), a notable excep-
tion being an amino acid polymorphism in  SLC30A8 . Even 
when the associated allele is within an intron of a gene, however, 
we should be cautious about ascribing risk to the gene in which 
the SNP resides, and it is clearly premature to ascribe the function 
of a SNP between genes to the closest gene based only on physical 
proximity. It is possible that at least some of the risk alleles affect 
expression of genes outside the one in which they are located or 
near and may well exert their effects through a gene or genes on 
other chromosomes. Thus, it may be prudent to continue to refer 
to these as susceptibility loci rather than as susceptibility genes. 

 It is also notable that many of the loci with confi rmed asso-
ciations have very common risk alleles (i.e., the frequency of the 
risk allele is greater than 0.5). While no one has claimed that 
the polymorphisms identifi ed to date are the actual causal alleles 
driving the observed associations, it is unlikely that the true sus-
ceptibility alleles will be very different in frequency from those 
already identifi ed. Even with D �  of 1.0 between the tag SNP 
and the causal variant, differences in allele frequencies of the 
causal and associated alleles would reduce the  r  2  value between 
them suffi ciently to degrade the power to detect the association. 

 The observation that the risk allele is the more common 
allele for several of the confi rmed associations raises the possi-
bility that it is the ancestral allele (i.e., the allele fi xed in other 
primate species) at the causal site that increases risk of dis-
ease, with a more recent mutation at that site (i.e., the derived 
allele) reducing risk relative to the ancestral state. As noted by 
 Di Rienzo and Hudson (2005) , quite a number of the poly-
morphisms confi rmed to affect risk to common disorders have 
ancestral susceptibility alleles. For any biallelic polymorphism 
there is always one allele that increases and one allele that 

decreases risk relative to the other, and thus characterization of 
a susceptibility locus as a  “ risk ”  locus or a  “ protective ”  locus is 
often made in arbitrary ways. Considering risk versus protection 
in the context of ancestral versus derived alleles can substantially 
improve our understanding of associations. Patterns of variation 
in the vicinity of susceptibility loci with ancestral susceptibility 
alleles can be quite different from expectations shaped by the 
more familiar Mendelian paradigm in which alleles increasing 
risk of disease are the rare, recent mutations. Accordingly, genet-
icists may need to revamp their thinking to correctly interpret 
results of association studies involving such loci. 

 While it is undeniably exciting to have identifi ed so many 
susceptibility loci for type 2 diabetes, what we have is still far 
from the comprehensive understanding of the genetic com-
ponent to type 2 diabetes that we seek. Given the sample sizes 
(on the order of 40,000 cases and 40,000 controls for all dense-
 platform studies combined) and total resources necessary to make 
the discoveries summarized in  Table 52.2 , it is daunting to con-
sider what it might take to identify additional susceptibility loci.  

  FUTURE RESEARCH IN TYPE 2 
DIABETES GENETICS 
 There would clearly be value in combining results across 
all of the dense GWAS carried out to date. Fortunately, the 
long-standing collegiality of the diabetes genetics commu-
nity continues to fl ourish, with the early collaboration of the 
DGI, FUSION and WTCCC groups providing an outstanding 
 example of the value of collaborative science in the GWAS era, 
and it is likely that combined results from all available GWAS 
in type 2 diabetes will be completed in the near future. In addi-
tion to those that have been published, dense GWAS have been 
conducted in the Framingham cohort ( � 9000 samples), and in 
smaller Chinese and Korean samples, and are underway in Pima 
Indian, Mexican American and African American samples, as 
well as a variety of additional populations of European descent. 
If combined analyses can be conducted with even the GWAS 
that will be available in 2008, it is likely that additional suscepti-
bility loci for type 2 diabetes can be identifi ed. 

 Notably, studies completed by mid-2008 will provide addi-
tional context for the susceptibility loci that have been identifi ed 
largely in northern European populations, as GWAS in many 
other populations will be available.  Among these additional 
populations are some in which cases are likely to be leaner than 
those in northern European populations (e.g., Chinese, Korean), 
as well as some in which cases are likely to be more obese and 
insulin resistant than those in northern European populations 
(e.g., Mexican Americans, African Americans, Pima Indians).  The 
similarities and differences in susceptibility loci detected in these 
populations may provide more insight into the genetic compo-
nent of diabetes by highlighting different pathways or parts of 
pathways in different populations. For example, it is unlikely that 
 TCF7L2  will be the most signifi cantly associated susceptibility 
locus in the Chinese, Korean, Pima or Mexican Americans pop-
ulations, because the allele increasing risk at  TCF7L2  has much 

 T A B L E  5 2 . 2         Confi rmed susceptibility loci/regions for 

type 2 diabetes  

   Locus  Chromosome  Odds ratio (range 
across studies) 

 Risk allele 
frequency 
(controls) 

    TCF7L2   10  1.34–1.71  0.30 

    SLC30A8    8  1.01 a –1.18  0.70 

    CDKAL1    6  1.16 a –1.20  0.32 

    HHEX   10  1.15 a –1.13  0.58 

    PPARG    3  1.02 a –1.20  0.86 

    CDKN2A/B    9  1.12 a –1.17  0.83 

    KCNJ11   11  1.14 a –1.15  0.45 

    IGF2BP2    3  1.12 a –1.18  0.32 

    FTO   16  1.03 a –1.23  0.40 

  a  Lowest value found, but the lowest OR could not be determined 
because some studies did not report all results, and the locus indi-
cated did not have OR greater than the threshold for reporting in at 
least one study.  
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lower frequency in Asian and Native American populations. In 
addition, as summarized in  Table 52.2 , only very modest num-
bers of SNPs have been included in follow-up studies conducted 
in GWAS on type 2 diabetes to date. Deeper follow-up may well 
lead to the identifi cation of additional susceptibility loci as well. 

 But it should not be necessary to rely solely on more stud-
ies in more samples to identify additional susceptibility loci 
for type 2 diabetes. It may be possible to use various types of 
 “ enrichment ”  analyses to determine whether the top signals are 
enriched for SNPs within genes in certain pathways or within 
genes associated with particular biological processes. Such analy-
ses are challenging for a number of reasons. While our signals 
come as SNPs, these bioinformatics analyses require gene lists. 
As noted above, it may be perilous to annotate SNPs to genes 
without knowing what the causal polymorphisms actually 
are. Moreover, even if causal SNPs have been identifi ed, those 
SNPs may lie outside genes and/or may affect the expression of 
genes outside the gene in which they are located. Additional 
studies on the association of genetic variation to expression 
phenotypes in tissues relevant to type 2 diabetes may help to 
annotate SNPs to genes for downstream bioinformatics stud-
ies. Regardless, enrichment analyses should be conducted in a 
way that explicitly allows for the uneven interrogation of genes 
that inevitably occurs even with dense SNP genotyping plat-
forms. For example, genes might be weighted for bioinformatics 
enrichment studies according to the proportion of known vari-
ation that is interrogated on the platform used for analysis. 

 Potential Clinical Utility 
 Ideally, the accumulation of additional dense GWAS and the 
thoughtful application of bioinformatics approaches to these 
data will enable the identifi cation of a suffi cient number of type 
2 diabetes susceptibility loci to obtain a better understanding of 
the nature of the genetic component to type 2 diabetes in all 
populations. What will the clinical utility of this information be? 
Type 2 diabetes is one of the few disorders in which there are 
confi rmed associations in genes relevant to the mechanism of 
drug action for some of the drug therapies used to treat dia-
betes. This certainly raises the possibility that the identifi cation 
of additional susceptibility loci will lead to discovery of new 
drug therapies for this disorder. It has also been argued that if 
we identify enough of the genetic risk factors, we may be able 
to develop suffi ciently accurate predictive models to permit risk 
reduction (through behavior modifi cation or even drug thera-
pies) in those with the highest risk of disease. 

 The problem with that idea is that we already have good 
models for predicting the risk of type 2 diabetes, and it is unclear 
that the inclusion of genetic risk factors will improve risk predic-
tion any time soon, if at all ( Wilson et al., 2007 ). These mod-
els use a variety of inexpensively measured complex traits (lipid 
levels, BMI, family history) that are likely to share some of both 
their genetic and their non-genetic determinants with type 2 dia-
betes. Thus, knowing the  overall  genetic risk is not really  necessary 
to develop accurate predictions of risk for type 2  diabetes. 
Nonetheless, it is certainly possible that knowing  specifi c  genetic 
risk factors that an individual carries may help determine the 

most appropriate therapy for that individual. Thus, clinical  trials 
of diabetes therapies should be incorporating information on 
genetic risk factors as quickly as associations become replicated. It 
is also possible that knowledge of the specifi c genetic risk factors 
will allow us to conduct more targeted epidemiological studies 
to identify non-genetic risk factors more specifi c than  “ Western 
diet and lifestyle ”  that increase risk of type 2 diabetes. These more 
specifi c non-genetic risk factors may be cost-effective targets for 
interventions that could prevent, or at least delay onset of disease.  

  GWAS IN TYPE 1 DIABETES 
 The fi rst GWAS to be published for type 1 diabetes was a survey 
of 6500 non-synonymous SNPs conducted in 2029 cases and 1755 
controls ( Smyth et al., 2006 ). In addition to confi rming the previ-
ously known association at  PTPN22 , a SNP at the gene  interferon 
induced with helicase C domain 1 ,  IFIH1,  was found to be strongly 
associated with type 1 diabetes in both the original and the repli-
cation samples of 2471 cases, 4593 controls and 2134 parent–child 
trios. Subsequent GWAS used dense SNP genotyping platforms 
to assess the entire genome for type 1 diabetes susceptibility loci. 
 Hakonarson et al. (2007)  reported results of a GWAS for type 1 
diabetes conducted using the Illumina 550K SNP set on 563 cases, 
1163 controls and 483 complete trios for primary analysis and 939 
families including at least a trio for follow-up studies. Their studies 
confi rmed associations at HLA,  INS  and  PTPN22 , and identifi ed 
variation at KIAA0350 as contributing risk to type 1 diabetes. 

 The initial genome-wide screen in the  WTCCC (2007)  
included ~2000 cases with type 1 diabetes and ~3000 controls 
unphenotyped with respect to type 1 diabetes. These studies also 
confi rmed the previous associations at HLA and  PTPN22 , and 
provided independent support for recent reports implicating var-
iation at  CD25 . Subsequent studies reported on both follow-up 
to the fi ndings in the WTCCC studies and follow-up to a study 
of 13,378 non-synonymous SNPs in 3400 cases and 3300 con-
trols, with the follow-up being conducted in 4000 cases, 5000 
controls and 2997 trios ( Todd et al., 2007 ). Based on the ini-
tial WTCCC genome-wide studies, 11 SNPs from regions with 
 p   �  1.64      �      10  	 5  and not previously implicated in type 1 diabe-
tes were genotyped in all of the follow-up samples. Four of these 
regions yielded compelling replication of association: a region on 
18p11 in which  PTPN2  was the only gene, a region on 12q24 in 
which a single non-synonymous SNP in  SH2B3  was suffi cient 
to model the observed association, the 16p13 region containing 
KIAA0350, and the 12q13 region, in which a SNP near  ERBB3  
was the most strongly associated SNP. They also followed up 14 
SNPs from the non-synonymous screen, which provided replica-
tion for a SNP in the T-lymphocyte co-stimulation gene  CD226  
as well as for SNPs in  CAPSL, C20orf168 ,  IL7R  and  CFTR . 

 The results of genetic studies in type 1 diabetes provide a more 
cohesive picture of the genetic risk factors for this autoimmune 
disease. Genes involved in T-cell development, immune regulation 
and recognition of pancreatic autoantigens all appear to play a role 
in the development of type 1 diabetes. As with type 2 diabetes, 
very large samples were required to identify and confi rm these 



susceptibility loci. OR for HLA approach 7, and for  INS  and 
 PTPN22  are around 2.0, but are between 1.2 and 1.3 for many 
of the other loci that have been identifi ed. Thus, the initial screens 
were only modestly powered to detect effects at these loci.  

  FUTURE STUDIES IN TYPE 1 
DIABETES 
 The clinical utility of genetic risk factors identifi ed for type 1 
diabetes rises considerably if it becomes possible to reduce the 
likelihood that individuals with high risk of developing type 
1 diabetes actually develop the disease. Good predictive mod-
els for type 1 diabetes risk remain elusive, however, and we still 
lack understanding of the non-genetic triggers for type 1 diabe-
tes. Thus, one may also harness genetic risk factors to improve 
epidemiological studies targeting identifi cation of specifi c non-
genetic risk factors for type 1 diabetes. While gene–environment 
interaction complicates the identifi cation of genetic risk factors, 
it can be an ally for clinical studies, as only one element of the 
interaction need be disrupted to reduce the entire risk due to 
the interaction. Thus, prevention strategies might also focus on 
non-genetic risk factors that interact with genetic risk factors.  

  CLINICAL UTILITY OF GENETIC 
RESEARCH IN DIABETES 
 The most immediate clinical utility of the genetic research 
in diabetes relates to the ability to use genetic information to 
improve the quality of diagnosis with respect to the particular 

subtype of diabetes, which in turn can have profound impli-
cations for how patients should be treated. The most dramatic 
examples of altered diagnosis and treatment regimens relate to 
the subset of individuals who have been diagnosed with type 1 
diabetes at a very early age (usually before 6 months of age), and 
therefore treated with insulin. Individuals diagnosed with dia-
betes at this early age are more likely to have a rare Mendelian 
form of diabetes called permanent neonatal diabetes (PND). The 
most common cause for PND is mutation at  KCNJ11  within 
Kir6.2, the inwardly rectifying ATP-sensitive potassium channel. 
These patients can be safely and more effectively treated with 
sulfonylureas (taken orally) than with insulin ( Pearson et al., 
2006 ), and this change in treatment regimen dramatically alters 
the lifestyle of patients for the better. 

 As with the rare monogenic forms of diabetes, we expect 
that better understanding of the genetic risk factors for diabe-
tes will ultimately lead to new drugs targeting the new genes 
and pathways that are identifi ed, ultimately leading to more 
individualized therapies based on primary etiology of disease. 
Pharmacogenetic studies are providing insights into other ways 
of individualizing therapies. For example, recent studies ( Shu 
et al., 2006 ) indicate that genetic variation at  OCT1  may con-
tribute to interindividual variation in response to metformin, 
a commonly used agent for treatment of diabetes.  OCT1  
(organic cation transporter 1) has a role in hepatic uptake of 
metformin and thus was a candidate gene for generating such 
effects. The coming years are likely to see more direct investi-
gation of pharmacogenetic effects for drugs used to treat dia-
betes, and translation of these fi ndings will also personalize 
diabetes treatment.  

2009 UPDATE

The past year has seen continuing advances in efforts to iden-
tify and better understand the genes and variants that contrib-
ute to the development of diabetes.

Genetics of Type I Diabetes
On the basis of linkage studies and candidate gene studies, at 
least two dozen genes have now been implicated in type I dia-
betes (Concannon et al., 2009). Overwhelming evidence sup-
ports a clear role for genes in the HLA region on chromosome 6 
(notably HLA-DR and –DQ, but also the gene for insulin, INS), 
with only modest effects on individual risk reported for genes 
elsewhere in the genome. While the odds ratio reported for 
HLA is nearly 7 and variants at INS and PNPN22 have odds 
ratios near 2, the rest of the variants implicated in type I diabetes 
have reported only modest odds ratios in the range of 1.1–1.3. 
Nonetheless, most of the implicated genes have reported func-
tions in immunity, suggesting potential pathways for further func-
tional analysis (Concannon et al., 2009).

A large genome-wide association study involving over 
7500 cases and 9000 controls raised the estimate to some 41 
genetic loci with evidence for association (Barrett et al., 2009). 
In addition to confi rming known susceptibility loci, 18 regions 
were newly replicated in a further study of 4200 cases and 
4500 controls. Among the new candidate genes implicated by 
this study were IL10, IL19, LGIS3, CD69 and IL27. As in pre-
vious studies, odds ratios were reported to be modest.

In a landmark study for identifying causal variants, Todd 
and colleagues took a candidate gene resequencing approach 
to search for sequence variants that are rare in the general 
population, but that reside close to SNP variants implicated by 
association studies (Nejentsev et al., 2009). They resequenced 
exons and splice sites from 10 candidate genes in DNA from 
nearly 500 patients with type 1 diabetes. They reported four 
rare variants in the IFIH1 gene, a gene located in a genomic 
region previously implicated by genome-wide association 
studies.
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Genetics of Type 2 Diabetes
As compiled by Florez (2008), at least 17 genetic loci have now 
been implicated in type 2 diabetes on the basis of genome-
wide association studies involving more than 10,000 individu-
als. While the associated SNPs are relatively common in those 
of European ancestry, the reported contributions to risk are, 
as in type 1 diabetes, quite modest, in the range of �1.1–1.2 
(Florez, 2008; Zeggini et al., 2008). The one confi rmed excep-
tion to this is variation in the TCF7L2 gene, with a reported 
odds ratio of �1.5. Several other useful reviews of genome-
wide association studies have also appeared in the last year 
(Prokopenko et al., 2008; Ridderstrale and Groop, 2009).

Several large cohort studies have explored the ability of 
such variants to predict diabetes in a clinical setting. To exam-
ine the combined effect of multiple variants, Cornelis et al. 
(2009) carried out a nested case-control study of over 2800 
patients and 3500 healthy controls, all of European ancestry, 
studying a total of 10 polymorphisms in 9 loci known to be 
associated with type 2 diabetes. The combined “genetic risk 
score” resulted in odds ratios ranging from �0.5 to �2.0 for 
different groups of patients, but such scores improved indi-
vidual risk prediction only slightly beyond conventional risk 
factors such as BMI, family history, smoking and physical 

(in)activity. Nonetheless, for the 20% of the population with 
the highest genetic risk score, the authors conclude this score 
may be useful for identifying those at highest risk (Cornelis et 
al., 2009).

In addition, Lyssenko et al. (2008) studied 16 SNPs associ-
ated with type 2 diabetes risk, together with clinical  factors, in 
a prospective cohort of over 16,000 Swedish and 2779 Finnish 
subjects. Over 2200 subjects developed diabetes over a  follow-
up period of about two decades. Variants in 11 genes were 
associated with risk of progression to diabetes, with 8 of the 
genes known to be involved in beta-cell function.   Again, how-
ever, the addition of specifi c SNP information only modestly 
improved the prediction of future diabetes over conventional 
clinical risk factors (Lyssenko et al., 2008).

All of these variants are likely to contribute to our under-
standing of the biological underpinnings of this complex dis-
ease and may even help to stratify populations into different 
subtypes beyond simply “type 1” and “type 2”. However, it 
still remains unclear how these variants will contribute to the 
clinical evaluation and treatment of patients who are at risk. 
The clinical utility of genetic variation that predisposes to (or 
protects from) diabetes remains to be fully established. (Update 
prepared by editors)
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  INTRODUCTION 
 Dementia is a serious and growing problem as the average age 
of the population increases. As one example, the over-65 popu-
lation of Canada has more than doubled over the past 70 years, 
from 5% to 12% of the population, while the fraction of the 
population over age 85 has quadrupled, from 0.2% to 0.8% 
( Hogan and Hogan, 2003 ); a similarly aging population is found 
throughout the developed world. The number of dementia 
patients is rising proportionately to the aging of the population, 
placing a tremendous economic and emotional burden on their 
families and society. Dementia is a serious problem in younger 
individuals as well, with an estimated half-million individuals 
under age 65 affl icted in the United States alone ( Maslow, 2006 ). 
There is a clear need to understand the causes of dementia, to 
determine their pathogenetic pathways, and to develop methods 
to intervene to prevent or delay the onset. 

 Dementia is a clinical syndrome, defi ned as a progres-
sive impairment of cognitive function, particularly in the areas 
of memory, judgment, decision-making, attentiveness when 
communicating with others, orientation to familiar surround-
ings, and language ( Dugue et al., 2003 ). Many different diseases 
with different pathological processes cause dementia. In 30% 
of cases, the dementia is secondary to systemic disease such 
as hypertension or atherosclerosis, leading to vascular-occlu-
sive dementia with multiple small infarcts ( Barker et al., 2002 ). 

Other secondary causes include paraneoplastic syndromes, alco-
holism, and AIDS ( Dugue et al., 2003 ). The majority of cases, 
however, refl ect primary dementia; among these, the different 
forms can be roughly divided into two general categories based 
on pathological appearance of the postmortem brain: those with 
neurodegeneration and aggregates of protein, and those with 
vascular-occlusive disease and infarction. Many elderly individu-
als who die with dementia, however, have both vascular pathol-
ogy and protein aggregation fi ndings at autopsy. 

 More than half of all primary dementia is due to Alzheimer 
disease (AD). Another 10% of dementia is due to diffuse Lewy 
body disease (DLBD), which presents as a dementia clinically 
similar to AD but is associated with the characteristic intra-
cellular protein aggregates referred to as Lewy bodies ( Lippa 
et al., 2007 ). Finally, there are a number of early-onset, auto-
somal dominant hereditary dementias, ranging from the rela-
tively common, such as frontotemporal dementia (FTD), to the 
rare, such as CADASIL and the prion diseases ( Figure 53.1   ). 

 Minimal cognitive impairment (MCI) is a term used to 
describe individuals with mild diffi culty with one component 
of cognition, such as short-term memory ( “ amnestic MCI ” ) 
( Dugue et al., 2003 ). Between 10% and 15% of amnestic MCI 
patients progress each year to true dementia, usually of the 
AD-type, which is fi ve- to seven-times greater than the rate at 
which dementia occurs in a group of age-matched elderly with-
out MCI ( Petersen et al., 1995 ). 

 53 
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cell death is not completely understood for any of the primary 
dementias, but protein aggregation in or around neurons is 
a striking feature that is in common among nearly all the pri-
mary dementias (CADASIL being the exception, where protein 
aggregates occur in blood vessels, leading to micro-infarcts).  

  INCIDENCE OF DEMENTIA 
 Over 95–98% of all dementias occur after age 65, an age that 
is often cited as the arbitrary dividing line between early- and 
late-onset diseases. Early-onset dementias (i.e., those that occur 
before the age of 65) are rare and have an incidence of approxi-
mately 2–5 per 1000 person-years in the age group 55–64 
( Knopman et al., 2006 ;  Maslow, 2006 ), whereas the incidence 
of dementia over the age of 65 is approximately 20 per 1000 
person-years. The incidence of dementia increases steadily with 
increasing age, from nearly 5 per 1000 in the 65–69-year-old 
group to over 84 per 1000 person-years in individuals over 90 
( Kukull and Ganguli, 2000 ;  Kukull et al., 2002 ) ( Figure 53.2   ). 
Over age 65, well over 95% of dementia is primary, caused by 
one of the neurodegenerations (principally AD) described in this 
chapter, or is secondary to vascular-occlusive disease of the brain 
( McMurtray et al., 2006 ). In contrast, below age 65, only 70% of 
dementia is either neurodegenerative or vascular in origin.  

LOAD
15–25% Familial

Secondary

FTD

DLBD

EOAD
15% Autosomal dominant
40% Familial

SE

CADASIL

 Figure 53.1         Relative contributions of various causes of demen-
tia to the overall population burden of disease. LOAD: late-onset 
Alzheimer disease; EOAD: early-onset Alzheimer disease; FTD: 
frontotemporal dementia; DLBD: diffuse Lewy body disease; 
SE: spongy encephalopathy (prion disease); CADASIL: cerebral 
autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy. Figures are approximate.    
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 Figure 53.2        Incidence per 1000 person-years of dementia of all types as a function of age (red line). Yellow and blue lines are the 95% 
confi dence limits.   Data from  Dugue et al. (2003) .    

 In this chapter, we focus on the various forms of primary 
dementia. We will describe the clinical features, incidence, and 
what is known about the underlying genetic bases for these 
diseases. The underlying pathophysiology leading to neuronal 



  PRIMARY DEMENTIAS 

  Alzheimer Disease 
 AD is a disorder of slowly progressive dementia associated with 
extracellular aggregates of beta-amyloid ( “ amyloid plaques ” ) 
and intracellular aggregates of the cytoskeletal protein tau 
( “ neurofi brillary tangles ” ) ( Figure 53.3   ). At autopsy, AD patients 
have plaques and tangles throughout the cortex, but most par-
ticularly in the entorhinal cortex and hippocampal CA1 layer. 
Approximately 5–7% of all AD has an early age of onset; among 
these early-onset cases, approximately one-sixth are inherited in 
an autosomal dominant manner while another 40% show some 
familial recurrence without a clear mendelian inheritance pat-
tern ( Ertekin-Taner, 2007 ;  Rao et al., 1994 ). The majority of 
late-onset AD (LOAD) is sporadic (i.e., a single individual is 
affected in the family) although 15–25% do have other affected 
individuals in their families. Even when there are multiple AD 
patients in a family, however, the disease usually lacks a clear-cut 
mendelian inheritance pattern ( Nussbaum et al., 2007 ). 

  Early-Onset AD 
 The majority of all of the autosomal dominant, early-onset 
forms of AD are caused by mutations in one of three genes: 
the amyloid precursor protein gene ( APP ) located on human 
chromosome 21, the presenilin 1 gene ( PSEN1 ), and the prese-
nilin 2 gene ( PSEN2 ) ( Rogaeva et al., 2006 ). Mutations in  APP  
and  PSEN1  cause a highly penetrant, predominantly early-onset 
disease. In contrast,  PSEN2  mutations have more variable pen-
etrance and an older age of onset ( Rogaeva et al., 2006 ). 

  APP ,  PSEN1 , and  PSEN2  mutations cause AD through 
their effect on the processing of the protein encoded by  APP , 
the amyloid precursor protein. This protein is a single-pass 

transmembrane protein located at the cell surface. It can be 
cleaved by one of two pathways: either via an  a -secretase or a 
 b -secretase ( Figure 53.4   ) ( Nussbaum and Ellis, 2003 ). Further 
cleavage by  c -secretase following  b -secretase cleavage creates pep-
tide fragments containing 40 or 42 amino acid residues, referred 
to as the A b 40 and A b 42 peptides. A large body of evidence 
implicates the A b 42 fragment, a highly amyloidogenic peptide, 
as a major toxic agent in the pathogenesis of AD ( Eckman and 
Eckman, 2007 ). First, of the nearly two dozen missense mutations 
in  APP  that cause autosomal dominant, early-onset AD (EOAD), 
all result in amino acid substitutions near the  a -,  b - or  c -secre-
tase cleavage sites. Through mechanisms that are not completely 
understood, these mutations promote cleavage via the  b - and  c -
secretase pathways and generate relatively or absolutely increased 
amounts of A b 42. Second, copy number mutations of the  APP  
gene, ranging in size from a few hundreds of kilobases to the entire 
chromosome 21 (as in Down syndrome) lead to EOAD and also 
cause an increased production of the A b 42 peptide ( Cabrejo et al., 
2006 ;  Lai and Williams, 1989 ;  Rovelet-Lecrux et al., 2006, 2007 ; 
 Schupf et al., 2007 ). Finally, elevated production of A b 42 also 
occurs in association with mutations in the  PSEN1  and  PSEN2  
genes in families with autosomal dominant EOAD ( Citron et al., 
1997 ). Hundreds of different missense mutations have been found 
throughout the  PSEN1  gene; in contrast, only a few mutations 
have been described in the much rarer families with  PSEN2  
mutations. How these mutations affect the activity of the various 
secretases and cause increased A b 42 production is not known.  

  Late Age of Onset AD 
 Genetics also contributes substantially to the risk for late age of 
onset AD, as documented in twin and family epidemiological 
studies. For example, in a large Swedish twin registry with long-
term follow-up, a typical concordance rate for AD was 59% for 
monozygotic twins ( Gatz et al., 2005 ). In contrast, concord-
ance for dizygotic twins was typically between 24%, for unlike-
sexed, and 32%, for like-sexed twins. Such twin studies suggest 
that about half of the liability to develop AD is genetic in origin 
( Pedersen et al., 2004 ). 

 Comparing the frequency of AD in the family members of 
AD patients versus the relatives of unaffected controls is a com-
plementary approach to estimating the genetic contribution to 
LOAD. Among fi rst-degree relatives of patients affected with 
AD, the average lifetime risk for AD is 40% up to age 96, with 
a somewhat higher risk applying to women, as compared to a 
lifetime risk of 15–20% in individuals without affected relatives 
( Lautenschlager et al., 1996 ;  Seshadri et al., 1995 ). Based on fam-
ily data, it is estimated that about half of the liability to develop 
late age of onset AD is genetic in origin ( Martinez et al., 1998 ). 
A similar heritability was noted when MRI scans were used 
to detect AD endophenotypes in the relatives of AD patients 
( Lunetta et al., 2007 ). 

 Although twin and family studies clearly support a major 
genetic contribution to LOAD, only one gene variant has so far 
been incontrovertibly shown to contribute signifi cantly to AD 
disease risk, the  � 4 allele at the apolipoprotein E ( APOE ) gene. 

 Figure 53.3        Pathology in AD. The large circular plaque in the 
lower left-hand corner is an extracellular amyloid plaque. The 
dark triangular shaped bodies are neurons fi lled with intracel-
lular neurofi brillary tangles of tau protein. (Formalin-fi xed brain 
treated with silver stain.)    
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There are three alleles at  APOE ,  � 2,  � 3, and  � 4, and the risk 
for AD increases substantially and additively with each  � 4 allele 
an individual carries ( Corder et al., 1993 ;  Saunders et al., 1993 ). 
Among Caucasians, the risk for AD increases approximately 
threefold in carriers of one  � 4 allele and approximately eight-
fold in  � 4/ � 4 homozygotes. The impact of the  � 4 allele appears 
to be predominantly through its effect on the average age of 
onset: each  � 4 allele lowers the average age of onset of AD by 
approximately 10 years. 

 The effect of the  � 4 alleles at the  APOE  locus appears to 
be the strongest in populations of European and Japanese origin. 
The data are much more equivocal for African American pop-
ulations, with some studies suggesting an association between 
 � 4 alleles and AD and others showing no association ( Murrell 
et al., 2006 ;   Tang et al., 1998 ).  The controversies surrounding 
the association between  APOE   � 4 and AD in different ethnic or 
racial groups has been recently reviewed ( Ertekin-Taner, 2007 ). 

 The mechanism by which the  APOE   � 4 allele increases the 
risk for AD has not been clearly determined. However, it is clear 

that the apolipoprotein E is synthesized in neurons in response 
to injury and undergoes proteolytic cleavage ( Mahley et al., 
2006 ).   The product of the  � 4 allele appears to be cytotoxic 
through an effect on the cytoskeleton and on mitochondrial 
function. Further work needs to be done to elucidate the role of 
APOE, and the  � 4 allele in particular, in neurodegeneration. 

 It should be stressed, however, that the  APOE  genotype 
alone does not explain the entire genetic contribution to LOAD 
( Martinez et al., 1998 ). A large number of linkage and associa-
tion studies have been performed in an attempt to fi nd addi-
tional loci at which variants increase the risk for AD. Studies in 
many populations in the United States and Europe have identi-
fi ed more than 75 different loci with signifi cant linkage (LOD 
scores) or statistically signifi cant association ( Ertekin-Taner, 
2007 ). Unfortunately, some of these studies used overlapping 
sample sets and cannot be considered independently confi rmed. 
Others have not been replicated, and there is some persistent 
skepticism as to whether these loci represent real linkage or 
association fi ndings or false positive signals ( Finckh, 2003 ). For 

 Figure 53.4        Pathways of APP cleavage by the  a -,  b -, and  c -secretases, demonstrating the steps by which the amyloidogenic, toxic 
A b 42 peptide is generated (Panel A). Panels B and C depict the effect of various missense mutations in the  APP  gene that lead to 
increased A b 42 production.   Reproduced from  Nussbaum and Ellis (2003)  with permission.    
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example, one large genome-wide scan using over 500,000 SNP 
markers in over 1000 autopsy-proven AD patients and controls 
confi rmed that  APOE  itself is contributing to LOAD, but failed 
to fi nd any other loci in which variants are signifi cantly asso-
ciated with AD ( Coon et al., 2007 ). Nevertheless, a number of 
chromosomal regions stand out as possible locations for genes 
involved in AD risk because they have suggestive LOD scores or 
demonstrate signifi cant association that appear to have been rep-
licated in multiple, different studies that analyzed independent 
samples: chromosome 6 (regions 6p21-2 and 6q27), chromo-
some 10 (region 10q21.3), chromosome 12 (regions 12p11.23 
and 12q13.2) and chromosome 9 (regions 9p21.2-p22.2 and 
9q22.2) ( Ertekin-Taner, 2007 ). Positional candidate genes within 
these regions have been analyzed for association to AD, and 
some genes demonstrate an association with AD that has been 
replicated in multiple studies. A database of such associations is 
available at the AlzGene website ( Bertram et al., 2007 ). These 
genes and regions of the genome are, therefore, attractive candi-
dates for further genetic and functional studies. 

 Clues from the cell biology of A b 42 production have also 
been used to identify potential functional candidate genes in 
which variants might be associated with a risk for AD. Variants 
in one interesting class of genes, those that encode proteins 
involved in APP sorting and delivery to the various secretase 
pathways, have been analyzed for association. The sortilin-related 
receptor gene  SORL1  has emerged from these studies as a can-
didate contributor to AD risk ( Lee et al., 2007 ;  Rogaeva et al., 
2007 ). In cell culture systems, loss of SORL1 function causes 
an increase in the amount of APP that is sorted to the  b - and 
 c -secretase pathways, thereby increasing the production of A b 42. 
Variants in the non-coding regions upstream and downstream 
of the gene constitute two independent haplotypes that show 
signifi cant association to AD in three independent populations. 
These same risk haplotypes were associated with a decreased 
expression of  SORL1  mRNA in white blood cells, thereby pro-
viding a functional link to the genetic association. 

 Despite extensive genetic analysis, much remains to be 
done to identify the genetic contributors to AD. The fi eld of 
AD genetics is represented in the current deluge of genome-
wide association studies being carried out in many complex dis-
eases (see Chapter 4). One hopes that the pathogenic variants in 
most of the genes, even those associated with modest increases 
or decreases in AD risk, will be discovered and confi rmed. With 
these genes in hand, novel therapeutic targets will become evi-
dent for the potential development of interventions to combat 
the disease.   

  Frontotemporal Dementia 
 FTD is an early-onset form of dementia that is nearly as com-
mon a cause of early-onset dementia as is EOAD ( Ratnavalli 
et al., 2002 ). The disease may, however, occur even after age 65 
and may account for up to 5–10% of dementia in the elderly. 
The disease is often familial and can be inherited as an autosomal 
dominant trait with very high, age-dependent penetrance. FTD 
is clinically heterogeneous, and the dementia seen in FTD differs 

in some respect from that seen in AD ( Haugarvoll et al., 2007 ). 
For example, early in the course of FTD, the dementia is often 
associated with diffi culties with social interactions that result 
from behavioral and personality changes, disinhibition, and 
neglect of personal hygiene. Disorientation to familiar sur-
roundings and short-term memory loss are less prominent fea-
tures early in FTD compared to AD. A Parkinsonian movement 
disorder is very common, as is occasional lower motor neuron 
dysfunction reminiscent of amyotrophic lateral sclerosis. 

 FTD results from mutations in four different genes 
( Haugarvoll et al., 2007 ). The loci most commonly found 
mutated in FTD are the progranulin gene ( GRN ) and the gene 
encoding the microtubular-associated protein tau ( MAPT ), each 
accounting for an approximately equal number of cases of FTD. 
Together, they are responsible for just over half of all cases of 
FTD. At autopsy, FTD brains show loss of large cortical neu-
rons in the prefrontal and anterior temporal lobes. In cases of 
FTD that are due to mutations in  MAPT , there are aggregates 
of the microtubular protein tau associated with gliosis. In other 
FTD patients, those with mutations in  GRN , neuronal inclu-
sions contain ubiquitin-positive protein aggregates containing 
the TAR DNA binding protein-43, seen with microvacuoliza-
tion of the neuropil and scant gliosis. 

 The types of mutations causing FTD are very different in 
the cases due to  GRN  and those due to  MAPT  mutations.   The 
mutations in  GRN  are overwhelmingly loss-of-function muta-
tions, implying that haploinsuffi ciency is the dominant genetic 
mechanism ( Haugarvoll et al., 2007 ). The precise biological role 
of progranulin and the mechanism by which haploinsuffi ciency 
of this gene causes highly penetrant FTD are unknown. In 
contrast, mutations in  MAPT  are toxic gain-of-function muta-
tions ( Hutton, 2001 ). The  MAPT  gene has four exons (exons 
9 through 12) that contain copies of a microtubular-binding 
domain.  MAPT  undergoes extensive alternative splicing that 
generates at least six isoforms. These six  MAPT  isoforms can be 
grouped into two classes, those that include exon 10 and have 
four copies of the repeat and those that skip exon 10 and have 
only three copies of the repeat ( Figure 53.5   ). Many of the muta-
tions in  MAPT  that cause FTD interfere with the skipping of 
exon 10 and generate an excess of tau protein containing four 
microtubular binding domain repeats. Tau with four microtubu-
lar binding domains is much more prone to undergo fi brilliza-
tion and aggregation. There are other  MAPT  mutations that do 
not affect splicing of exon 10 but alter the properties of the tau 
protein, rendering it more prone to aggregation and, presumably, 
lead to FTD that way. 

 In addition to mutations in  GRN  or  MAPT , rare missense 
mutations in the gene for the chromatin-modifying 2B pro-
tein ( CHMP2B ) can cause FTD associated with amyotrophic 
lateral sclerosis; nuclear inclusions are seen at autopsy. Another 
rare form of FTD results from missense mutations in the val-
osin-containing protein gene ( VCP ), often in association with 
an inclusion-body myopathy or Paget disease of bone. The path-
ogenic mechanism by which missense mutations in  CHMP2B  
or  VCP  cause FTD is unknown.  
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  DLBD and Parkinson Disease with Dementia 
 DLBD is another form of neurodegeneration, accounting 
for �10% of cases of dementia, although some estimates sug-
gest it is nearly as frequent as AD as a cause of dementia in the 
elderly ( Lippa et al., 2007 ). DLBD is clinically similar to AD but 
characteristically shows a higher frequency of psychosis with 
auditory and visual hallucinations and is often accompanied 
by the symptoms and signs of Parkinsonism ( Lippa et al., 2007 ; 
 McKeith et al., 2005 ;  Walker et al., 2002 ). At autopsy, brains of 
DLBD patients have the characteristic  a -synuclein aggregates 
known as Lewy bodies throughout the cerebral cortex as well 
as in the olfactory bulb/anterior olfactory nucleus and in sub-
cortical regions such as the substantia nigra, locus coeruleus, and 
dorsal motor nucleus of the vagus ( Figure 53.6   ).  The Lewy bod-
ies seen in DLBD are similar to the aggregates found in clas-
sic Parkinson disease (PD), although their distribution is more 
cortical in DLBD, while in PD they are concentrated more in 
subcortical areas, at least during early stages of the disease ( Braak 
et al., 2003, 2004 ). 

 A longstanding controversy exists over the relation-
ship between DLBD and the dementia seen in PD patients 
(Parkinson disease with dementia or PDD). Dementia develops 
in 20–40% of patients with PD ( Mayeux et al., 1992 ;  Mindham 
et al., 1993 ) while clinical or subclinical abnormalities involving

the dopaminergic system of the substantia nigra are frequent 
in patients with DLBD ( Walker et al., 2002 ). An arbitrary dis-
tinction used by clinicians to separate PDD from DLBD is the  
“ 1-year ”  rule. If dementia occurs before or up to 1 year follow-
ing the onset of the Parkinsonian movement disorder, the patient 
is said to have DLBD. If dementia occurs more than 1 year after 
the onset of the movement abnormality, the diagnosis of PDD 
is made instead. Although there are some subtle differences in 
the dementia seen in PDD and DLBD, both disorders have simi-
lar  a -synuclein aggregates. Furthermore, the occurrence of PDD 
and DLBD in different members of the same family carrying a 
duplication or a triplication of the  a -synuclein gene ( Chartier-
Harlin et al., 2004 ;  Farrer et al., 2004 ;  Singleton et al., 2003 ) sug-
gest that the underlying pathogenic mechanism is the same in 
both disorders, even if the clinical features and distribution of 
the Lewy body pathology is somewhat different. 

 Mendelian DLBD is rare but does occur in families with 
autosomal dominant forms of PD. Families with mutations 
( Kruger et al., 1998 ;  Polymeropoulos et al., 1997 ;  Zarranz et al., 
2004 ) or copy number changes ( Chartier-Harlin et al., 2004 ; 
 Farrer et al., 2004 ;  Singleton et al., 2003 ) in the  a -synuclein gene 
have early-onset, autosomal dominant disease, presenting clini-
cally as PDD in some family members, but as DLBD in others. 
Patients with mutations in the  LRRK2  gene, which is responsible
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for a form of autosomal dominant PD with variable penetrance, 
can also present with DLBD ( Ross et al., 2006 ). 

 The vast majority of DLBD and PDD cases, however, are 
sporadic, with a late age at onset. Far less is known about the 
genetic contributions to Lewy body dementia than is known 
about AD. There is some suggestive evidence that the  APOE   � 4
allele is increased in individuals with DLBD, as it clearly is in 
AD, but the evidence is less clear and somewhat contradictory 
( Jasinska-Myga et al., 2007 ). One confounding factor is that 
many patients have a mixed pathological picture at autopsy, with 
both diffuse cortical Lewy bodies and Alzheimer pathology of 
amyloid plaques and neurofi brillary tangles. The possible role of 
the  APOE   � 4 allele in DLBD is diffi cult to determine when 
there is mixed pathology and when AD, in which the  APOE   � 4 
clearly plays a role, is also present.  

  Prion Diseases 
 Prion diseases (spongiform encephalopathies) are a rare cause of 
dementia, occurring in approximately one in a million individu-
als ( Eggenberger, 2007 ). About 15% of all spongiform encepha-
lopathy is familial and is referred to as familial Creutzfeldt–Jakob 
disease (fCJD). In this disorder, patients suffer a general loss of 
their sense of well being and undergo vague personality changes, 
confusion, and a form of dementia characterized by diffi cul-
ties with judgment, memory, and reasoning. Ataxia, myoclonic 
jerking, and choreo-athetosis appear soon after the initial signs 
and symptoms. At autopsy, there is widespread neuronal loss 
with diffuse spongiform change; deposition of amyloid plaques 
that stain positive with antibodies against the prion protein may 
also be present. Although classical fCJD has a different clinical 
presentation and course than early-onset familial AD, there is 
enough diffi culty in making the clinical distinction antemortem 
that the prion protein gene should be considered for sequencing 
along with  APPl ,  PSEN1 , and  PSEN2  in all cases of early-onset, 
familial AD ( Finckh et al., 2000 ). 

 Other rarer variants of familial prion disease are known that 
differ in their phenotypic manifestations from fCJD. These dis-
orders, known as fatal familial insomnia (FFI) ( Gambetti et al., 
1995 ) and Gerstmann–Sträussler–Scheinker syndrome (GSSs) 
( Ghetti et al., 1996 ), occur in patients carrying different missense 
or frameshift mutations in the prion protein gene. In these dis-
orders, severe autonomic and brainstem dysfunction (in FFI) or 
cerebellar and basal ganglia dysfunction (in GSSs) are far more 
prominent than is dementia, although cognition is generally not 
spared in these familial prion disease variants, especially late in 
the course. 

 Prion diseases are caused by aggregation of the prion pro-
tein, a naturally occurring neuronal protein that, upon adop-
tion of an abnormal conformation, has a very high propensity 
to aggregate. This conformational change is induced in normal 
prion protein molecules by prion molecules that have already 
adopted the aggregation-prone conformation, thus allowing for 
propagation of the abnormal conformation and acceleration of 
the protein aggregation. In familial prion diseases, mutations in 
the prion gene increase its propensity to adopt an aggregation-
prone conformation.  

  Cerebral Autosomal Dominant Arteriopathy with 
Subcortical Infarcts and Leukoencephalopathy 
 Cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy (CADASIL) is a rare form 
of early-onset dementia inherited in an autosomal dominant 
manner. The disorder has a prevalence of approximately 1 per 
50,000 and most commonly presents between age 20 and 60, 
with a peak in the fi fth decade ( Opherk et al., 2004 ;  Razvi 
et al., 2005 ). Migraine headache is a frequent early symptom 
of CADASIL patients as are transient ischemic attacks, neu-
ropsychiatric abnormalities, seizures, and, later, a progres-
sive dementia with prominent defects in executive function, 
judgment, and language ( Dichgans et al., 1998 ;  Opherk et al., 
2004 ). Patients generally survive 5–10 years after diagnosis 
with progressive dementia and neurological disability leading 
to death. 

 As opposed to all the other hereditary forms of primary 
dementia discussed previously in this chapter, CADASIL is not 
a primary neurodegenerative disorder with protein aggrega-
tion in or around neurons. Instead, CADASIL is characterized 
by an angiopathy in which there is degeneration of vascular 
smooth muscle cells in association with electron-dense, extra-
cellular particles, visible with the electron microscope, in and 
around degenerating smooth muscle cells in the media of arte-
rioles. This characteristic fi nding can be seen in tissue obtained 
at autopsy or in biopsy material from skin. The angiopathy in 
CADASIL leads to a progressive, occlusive disease of small 
blood vessels, resulting in multiple small infarcts, called lacu-
nae, throughout the brain. The neurological defects seen with 
lacunar infarcts are usually more circumscribed both clinically 
and pathologically than those seen with the typical large cer-
ebral artery occlusive stroke ( Mohr, 1983 ;  van den Boom et al., 
2002 ). Lacunar infarcts in the cortex may result in a  clinical 

 Figure 53.6         Pathology in DLBD. The large circular structure 
in the center of the fi eld is a Lewy body. (Formalin-fi xed human 
brain section stained with hematoxylin and eosin.)    
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picture of a pure motor stroke, a pure sensory stroke, or a 
mixed stroke, while the classic syndrome of dysarthria/clumsy 
hand is seen with deep pontine lacunae. The accumulation 
of lacunar infarcts throughout the cortex is the likely cause of 
the progressive dementia seen in three-quarters of patients with 
CADASIL ( Dichgans et al., 1998 ;  Opherk et al., 2004 ). 

 The only molecular lesions known to cause CADASIL are 
mutations in  NOTCH3 , which encodes the cell surface recep-
tor NOTC3 ( Dotti et al., 2005 ;  Federico et al., 2005 ;  Joutel 
and Tournier-Lasserve, 1998 ). Most  NOTCH3  mutations in 
CADASIL are missense or splicing mutations that result in an 
odd number, instead of the normal even number, of cysteine 
residues in the extracellular epidermal growth factor-like repeats 
of NOTC3. The abnormal conformation caused by having an 
odd number of cysteine residues in the NOTC3 extracellular 
domain leads to the accumulation of misfolded NOTC3 frag-
ments that form the deposits in the arteriolar walls that are vis-
ible on electron microscopy ( Joutel and Tournier-Lasserve, 1998 ; 
 Schroder et al., 1995 ). How these mutations lead to the aggrega-
tion of NOTC3 fragments is not understood. 

 CADASIL is inherited as an autosomal dominant disorder, 
nearly always from a carrier parent (i.e., new mutations are rare). 
CADASIL is one of the few human autosomal dominant dis-
eases that is a true dominant rather than a semidominant condi-
tion, in that homozygotes and heterozygotes have a very similar 
clinical phenotype ( Tuominen et al., 2001 ).   

  CLINICAL APPROACH TO THE 
DEMENTIAS 
 The clinical approach to the dementias relies on careful history 
and neurological examination, neuropsychological testing, family 
history, brain imaging, and molecular diagnostics when appro-
priate. The rapidity of disease progression, the presence of neu-
rological signs besides dementia, such as Parkinsonism as seen 
with DLBD or FTD, or ataxia, dysarthria and myoclonus as in 
fCJD, the pattern of cognitive losses (language, short-term mem-
ory, judgment or executive function), which differ among the 
FTDs and AD, the degree of atrophy of frontal versus tempo-
ral or hippocampal structures seen on brain MRI, the presence 
of vascular-occlusive lacunae on brain MRI, may all be help-
ful in making an antemortem diagnosis ( Grossman et al., 2007 ; 
 Mastrianni and Roos, 2000 ;  van den Boom et al., 2002, 2003 ). 
Unfortunately, defi nitive diagnosis of the cause of dementia is 
not always clear prior to death and requires postmortem exami-
nation at autopsy. 

 When the clinical presentation, family history, neurologi-
cal examination, and neuropsychological profi le are suggestive 

of one of the dementias in which the gene is known, testing 
the affected patient by DNA sequencing of the appropriate 
genes can provide a defi nitive diagnosis. Physicians who sub-
mit DNA for testing should be aware, however, that the test 
may show a gene variant that has not been seen before and is 
of unknown pathogenic signifi cance. It is also possible that the 
sequencing will be normal in a patient with EOAD or FTD 
because the disease is due to mutations in a yet to be discov-
ered gene. 

 It is important to distinguish between diagnostic testing in 
an affected individual and presymptomatic testing of asympto-
matic relatives of a patient shown to have a pathogenic mutation 
in a known gene. At-risk, asymptomatic relatives may choose to 
have testing to help with decision-making with regard to having 
more children or for the purposes of career or fi nancial plan-
ning. For some of these disorders, such as CADASIL, FTD, or 
AD due to  APP  or  PSEN1  mutations, penetrance is very high, 
although age-dependent. A positive test result in these diseases 
has high predictive value for development of the disease, but 
not necessarily for when it will develop. In another familial 
dementia, such as AD due to  PSEN2  mutations or DLBD/PDD 
due to  LRRK2  mutations, penetrance is much lower and, as a 
consequence, a positive test has much lower positive predictive 
value. Because of the risk for serious psychological and poten-
tial fi nancial (life or disability insurance) damage from receiving 
a positive test, pre-test counseling and post-test psychological 
and social support are mandatory. Most adults who choose such 
testing and test positive seem able to handle and use the infor-
mation ( Steinbart et al., 2001 ). Genetic professionals universally 
recommend against testing children for these disorders. 

 The role of testing for the  � 4 allele at the  APOE  locus 
in AD is more controversial. In an affected individual in the 
65–75 age range with suspected AD, the presence of one or 
two  � 4  APOE  alleles has a positive predictive value for AD of 
�75% and �  98% respectively and, therefore, may help to con-
fi rm a diagnosis of AD ( Nussbaum et al., 2007 ). Most physi-
cians, however, would still make sure to rule out one of the rare 
but treatable causes of dementia, such as depression or endo-
crine imbalance, regardless of  APOE  genotype. Predictive test-
ing using  APOE  genotype is currently considered to be of little 
value because no intervention is currently available to prevent 
or delay the disease process. In the over 65 age group, when 
�  1 in 50 individuals would be expected to develop demen-
tia each year, the vast majority of people with one  � 4 allele 
and most of those with two  � 4 alleles will still not develop 
AD. However, it should be noted that the utility of identifying 
individuals at increased risk for AD through  APOE  genotyp-
ing would increase dramatically once a preventive intervention 
becomes available.   



2009 UPDATE
Genetic Association Studies
Whole-genome association studies continued apace in an 
attempt to confi rm, narrow, or disprove the association of 
various regions of the genome with late-onset AD. The results 
reinforce once more how diffi cult it can be to pin down real 
genetic associations in a complex disease. For example, there 
were four regions that were noted in the original version of this 
chapter to have support from more than one association study, 
that is, regions on chromosome 6, 10, 12, and 9. In the interim, 
no specifi c gene and gene variant has been identifi ed and con-
fi rmed to be associated with the risk for late-onset AD in any 
of these regions. In the meantime, additional large genome-
wide associations have been reported that suggest there may 
be other loci that will now need further study and replication 
(Bertram et al., 2008; Li et al., 2008a; Zuchner et al., 2008).

New association analyses with the sortilin-related recep-
tor gene, SORL1, have been published as follow-up to the 
original report of an association between variants at this gene 
and AD (Rogaeva et al., 2007). Variants at the SORL1 locus 
were initially chosen for association analysis with late-onset 
AD because of the role of SORL1 in the biology of intracel-
lular traffi cking of APP. This association has undergone further 
evaluation with confl icting results. Meng et al. (2007) mined 
the large genome-wide association study from Reiman et al. 
(2007) for any evidence of association with SORL1. They 
reported a positive replication with SORL1 without applying a 
multiple testing correction (Bonferroni), arguing it was unnec-
essary to do so since they used the dataset specifi cally to ask 
about this one locus and not to do a genome-wide association. 
The very same dataset was interpreted differently by Webster 
et al. (2008), who reported only nominally signifi cant associa-
tion with some, but not other, SNPs in the linkage disequilib-
rium block around SORL1. In particular, they did not replicate 
the association with the specifi c SNPs that showed the initial 
association reported by Rogaeva et al. (2007). Other studies 
have either replicated the SORL1 association (Lee et al., 2007, 
2008), found the association to be marginal (Li et al., 2008b), or 
failed to replicate it (Minster et al., 2008; Shibata et al., 2008).

Reiman et al. (2007) reported a potential gene–gene inter-
action in their association study of late-onset AD. They per-
formed a genome-wide association using �500,000 SNPs in a 
well-designed case-control study consisting of three Caucasian 
cohorts, one an autopsy-proven group of AD patients serving 
as “discovery” cohort, a second autopsy-proven group of AD 
patients serving as “replication” cohort, and a third group of 
living patients with clinically-diagnosed AD patients serving as 
a second replication cohort. They reported a highly signifi cant 
association between SNPs in a 189 kb linkage disequilibrium 
block containing GAB2, which encodes a GRB-binding part-
ner involved in PI3-kinase signaling and late-onset AD based 
on Bonferroni-corrected p values to correct for multiple test-
ing. Notably, the association was found only in individuals 

who carried at least one ε4 allele at the APOE locus. Among 
individuals homozygous for APOE ε4, being homozygous as 
well for the GAB2 risk haplotype increased the risk of devel-
oping AD (odds ratio � 4) as compared to those who did not 
have the GAB2 risk haplotype. The GAB2 haplotype had no 
effect on disease risk in the absence of an ε4 allele. As is often 
the case with genome-wide association studies, replicating a 
fi nding in one ethnic group failed in another ethnic group. 
A study in Japanese cohorts failed to fi nd any effect of GAB2 
haplotype on the risk for AD in individuals who were ε4ε4 
homozygotes (Miyashita et al., 2008). Thus, additional cohorts 
will need to be studied.

Proteomics in the Diagnosis of Dementia
Although the rapidity of the disease process, the specifi c neu-
ropsychiatric signs exhibited, and the fi ndings on brain MRI 
are all very helpful in distinguishing among the various forms 
of dementia, it still remains diffi cult to make a defi nitive diag-
nosis prior to death and autopsy study of the brain. Attempts 
to improve the diagnostic capabilities have recently focused on 
proteomic analysis of serum or CSF to fi nd distinguishing pro-
tein markers for the different disorders discussed in this chapter 
(Aluise et al., 2008; Roche et al., 2008). Methods that rely on 
two-dimensional protein electrophoresis or surface-enhanced 
laser desorption and ionization mass time-of-fl ight mass spec-
troscopy (SELDI-TOF MS) to separate proteins and look for 
differences among the different clinical entities have begun to 
show success, although their wide-spread clinical use awaits 
further validation. For example, the presence of certain spe-
cifi c protein biomarkers in serum analysis by SELDI-TOF MS 
can distinguish diffuse Lewy body disease patients from AD 
patients, with positive predictive values of 91% and negative 
predictive value of 92% (Wada-Isoe et al., 2007). In another 
application, CSF analysis by two-dimensional electrophore-
sis identifi es biomarkers that are far more sensitive and spe-
cifi c for Creutzfeldt–Jacob disease than the analysis of 14-3-3 
chaperone protein currently used in clinical practice (Cepek 
et al., 2007).

Another major clinical challenge in the dementias is iden-
tifying those patients with MCI who will go on to develop 
progressive AD. For example, CSF fi ndings such as reduced 
levels of Aβ42, increased levels of tau, the ratio of Aβ42 to 
Aβ40, and the ratio of various phosphorylated species of tau to 
Abeta42 together provide a sensitivity of 90–95% and specifi -
city of 78–87% for the transition from MCI to AD in patients 
followed from 4–6 years after CSF testing (Hansson et al., 
2006, 2007). A number of additional components of CSF and 
serum have been studied for their predictive value for MCI 
patients going on to develop AD. However, to date, there is no 
evidence that there is substantial improvement over currently 
used biomarkers (reviewed in Frankfort et al., 2008 and Craig-
Schapiro et al., 2008).
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by Ginsburg & Willard

         Genetics and Genomics of 
Parkinson’s Disease 
   Shushant   Jain   and     Andrew B.   Singleton    

  INTRODUCTION 
 Parkinson’s disease (PD) is the second most common neurode-
generative disease with at least 5 million people affected globally 
( Twelves et al., 2003 ). PD was fi rst described in 1817 by James 
Parkinson in the  Essay of Shaking Palsy . Subsequently Brissaud 
noted lesions within the substantia nigra (SN) and, together 
with Meynerts previous observation that the basal ganglia is 
involved in movement, concluded that injury of this region was 
responsible for the symptoms in PD. 

 Nearly half a century later, dopamine was identifi ed as a 
neurotransmitter in the basal ganglia and individuals with PD 
showed a defi ciency in dopamine. This subsequently led to the 
administration of levodopa ( L -dopa, metabolic precursor of 
dopamine) which remains the most effective symptomatic treat-
ment for PD ( Birkmayer and Hornykiewicz, 1962 )  . 

 Although the underlying physiological cause of the major 
movement symptoms of PD had been exposed, the explana-
tion for specifi c nigral degeneration remains unclear. For many 
years it was believed that PD was primarily the effect of envi-
ronmental insult as studies had recognized that individuals with 
exposure to certain chemicals such as 1-methyl-4-phenyl-1, 2, 3, 
6-tetrahydropyridine (MPTP) could lead to a disease with par-
kinsonism features. Further studies showed that a PD phenotype 
could arise from multiple different etiologies including vascular 
insults, infections (post-encephalitic Parkinsonism caused by the 
infl uenza virus) and frontal lobe tumors. 

 Research into PD was revolutionized when a genetic basis 
for PD was established with the identifi cation of monogenic 
forms ( Table 54.1   ). Elucidating the genetics and environmen-
tal causes of PD has highlighted biological pathways critical in 
disease pathogenesis. This in turn could allow the subdivision of 
the disease based on genetic rather than phenotypic informa-
tion which could help explain the wide variation in this disease, 
including differences in clinical course, and response to treat-
ment, and it might help clarify the role of environmental factors 
in disease cause or susceptibility.  

  CLINICAL CHARACTERISTICS OF PD 
 PD belongs to a heterogeneous family of diseases referred to as 
parkinsonism syndromes. Within this group there are many dis-
eases such as progressive supranuclear palsy (PSP), diffuse Lewy 
body disease (DLB) and environmentally induced parkinson-
ism, such as exposure to MPTP or other environmental insults. 
A clinical diagnosis of PD as opposed to other parkinsonism syn-
dromes requires the presence of tremor, rigidity, and akinesia. In 
addition, there are inclusion and exclusion criteria which also 
must be fulfi lled: (1) no detectable cause, (2) no cerebella defi cits, 
(3) limited pyramidal signs, (4) no lower motor dysfunction, (5) 
limited gaze palsy, and (6) minor autonomic defi cits. A pathologi-
cal diagnosis dictates loss of dopaminergic cells in the SN and also 
the presence of intracytoplasmic eosinophilic inclusions called 
Lewy bodies (LB) in surviving neurons ( Hardy and Lees, 2005 )  . 
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no clear family history of PD are classifi ed as sporadic PD. The 
early symptoms of PD are usually non-specifi c and may be seen 
in many other neurological syndromes or as a part of normal 
aging. To begin with, there is a general lethargy with possible 

 T A B L E  5 4 . 1         Genetic loci implicated in Parkinson’s disease  

   Locus  Protein name  Inheritance pattern  Phenotype 

         AOO � 40–50 years 

   PARK1 PARK4    � -SYNUCLEIN   AD  Features of dementia with Lewy bodies 

         AOO � 35 years 

   PARK2   PARKIN   AR  Slow disease progression 

          L -dopa responsive 

         No Lewy bodies 

         AOO � 50 years 

   PARK3  Unknown  AD with reduced penetrance  Typical PD 

          L -dopa responsive 

         No pathology available 

         AOO � 50 years 

   PARK5   UCHL-1   AD  Typical PD 

          L -dopa responsive 

         No pathology available 

         AOO � 35–45 years 

   PARK6   PINK1   AR  Slow disease progression 

          L -dopa responsive
No pathology available 

         AOO � 30–40 years 

   PARK7   DJ-l   AR  Slow disease progression 

          L -dopa responsive
No pathology available 

         AOO � 50 years 

   PARK8   LRRK2   AD  Typical PD L -dopa responsive
Variable pathology 

         AOO � 16 years 

   PARK9  ATP13A2  AR  Levodopa-responsive parkinsonism with pyramidal 
degeneration, supranuclear gaze palsy, and dementia 

         AOO � 50–60 years 

   PARK10  Unknown  Risk factor  Typical PD
No pathology available 

         AOO � 50–60 years 

   PARK11  Unknown  Risk factor  Typical PD
 No pathology available 

         AOO � 50–60 years 

   PARK12  Unknown  Risk factor  Typical PD
No pathology available 

         AOO � 50–60 years 

   Chromosome 5 (5q23)  Unknown  Risk factor  Typical PD
 No pathology available 

  Abbreviations: AOO: Average age of onset, AD: Autosomal dominant, AR: Autosomal recessive.  

 PD is a late-onset disease, primarily occurring in the fi fth 
or sixth decades, although some forms, particularly the recessive 
genetic diseases, can begin in childhood. Disease in individu-
als where a specifi c etiology is not known and where there is 
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mood and mild  cognitive impairment. Subsequently, an inter-
mittent tremor often present only under stress can develop with 
asymmetrical rigidity moving to the other side of the body 
within 3–5 years. Within 5 years bradykinesia and postural insta-
bility ensue ( Hughes et al., 1993 ). 

 The average mortality rate in PD is approximately 1.5 
above the general population. On average disease duration is 13 
years, and the mean age at death has been reported at 73 years. 
The most common causes of death in PD patients is pneumonia 
through lack of activity, cardiovascular disease, or severe injury 
through falling ( Hughes et al., 1993 ).  

  GENETICS OF PD 
 Many diseases have a genetic component, whether it is due to 
inherited mutations or as a result of genetic variation controlling 
the response to environmental stresses such as viruses or toxins. 
The identifi cation of the genetic causes of a disease allows one to 
isolate the primary pathogenic mechanism and/or contributors to 
a disease. The ultimate goal is to use this information to identify 
and develop new ways to treat, cure, or even prevent the disease. 

 A common methodology used in the determination of the 
relative contribution of genetics to disease is the twin study, this 
is performed by comparing concordance of disease in monozy-
gotic (MZ) twins (who share all genes) and dizygotic (DZ) twins 
(who share, on average, 50% of autosomal genes). Recent data 
from twin studies using the uptake of  18 F-dopa and positron 
emission tomography (PET) imaging have suggested that genet-
ics does play a role in disease ( Piccini et al., 1997 ) but also sug-
gest genetics is not the sole determinant of disease. These data 
are consistent with the most widely held hypothesis, that the 
majority of typical PD cases are a result of a complex interplay 
between genetic variability and environmental exposures. 

 Many genes have been implicated in PD but the analysis of 
multiple nuclear families or isolated populations has led to the 
identifi cation of multiple genes and loci that cause mendelian 
PD or increase risk for PD ( Table 54.1 ). 

   SNCA  ( PARK1 ;  PARK4 ;  � - SYNUCLEIN ) 
  � -synuclein was previously cloned as the non-Abeta ( � ) com-
ponent of Alzheimer’s disease (AD) amyloid plaques. However, 
its role in PD became evident in 1997 when a mutation (A53T) 
within a Greek kindred was shown to cause autosomal domi-
nant PD ( Polymeropoulos et al., 1997 ). Subsequently, a further 
two additional missense mutations (A30P and E64K) have been 
identifi ed as rare causes of disease as it has multiplication of the 
genomic segment containing the gene encoding �  -synuclein 
( SNCA ) ( Singleton et al., 2003 ). 

 Soon after the discovery of mutations in the gene encod-
ing  � -synuclein as the fi rst genetic cause of PD, this protein 
was found to be the major component of LB, the pathological 
hallmark of PD ( Spillantini et al., 1997 ). However, the pathol-
ogy in individuals with  � -synuclein mutations is not typical of 
idiopathic PD; the pathology is usually more extensive with LB 
not only in the SN but also throughput the cortex, striatum and 
locus ceruleus; additionally �  -synuclein pathology may also be 

seen outside of neuronal cells, within glia, somewhat similar to 
the glial cytoplasmic inclusions noted in multiple system atrophy 
( Mukaetova-Ladinska and McKeith, 2006 )  . The parkinsonism 
associated with �  -synuclein mutations presents at a relatively 
early age (30s to 50s) and is rapidly progressive, in many cases 
the disease in patients with  � -synuclein mutations progresses to 
include a prominent dementia, likely a refl ection of the extensive 
cortical pathology noted in these patients ( Kruger et al., 2001 ). 

�   -synuclein is part of a gene family including  �  and  �  synu-
clein. The function of  � -synuclein is not well understood but 
many hypothesizes exist regarding its role in PD pathogenesis.  � -
 synuclein is primarily located at synaptic membranes and therefore 
may have a role in maintaining synaptic function which in part 
has been supported by animal modeling; analysis of  � -synuclein 
knockout mice has suggested a role for  � -synuclein of long-term 
regulation and/or maintenance of presynaptic function ( Kaplan et 
al., 2003 ). 

 Because  SNCA  was the fi rst gene implicated in PD and 
because its protein product is the major deposited species in the 
hallmark lesion of this disease, considerable resources have been 
used in an attempt to understand the pathophysiological proc-
ess that results from  � -synuclein mutation. Firstly  � -synuclein 
can aggregate under a number of different conditions, the cen-
tral hydrophobic region, where the missense mutations reside, 
tends to self-aggregate. The end product of  � -synuclein aggrega-
tion is the formation of heavily insoluble polymers of protein 
known as fi brils, which is promoted by both the A53T muta-
tion and overexpression of  � -synuclein ( Figure 54.1   ) ( Volles and 
Lansbury, 2003 )  . Conversely, A30P slows the rate of fi bril accu-
mulation but increases the rate of  � -synuclein protofi bril forma-
tion. Because of this and other data it is now believed that the 
protofi bril species of  � -synuclein are the toxic species ( Cookson, 
2005 ).  � -synuclein protofi brils have the ability to form pores-
like structures ( Volles and Lansbury, 2003 ) which can cause 
leakage of vesicles. Furthermore, PD associated mutations are 
able to increase the permeabilizing activity of  � -synuclein by 
increasing protofi bril formation. The subsequent binding and 
formation of pores in the mitochondrial or vesicular membranes 
( Volles and Lansbury, 2003 ) or at the cell surface, could lead to 
disruption of numerous cellular activities and cell death. 

 Another mechanism of �  -synuclein toxicity could be medi-
ated in part by its post-translational modifi cation.  � -synuclein 
is phosphorylated at Ser-129 and it is this form that is prima-
rily deposited in LB. In addition, altering this residue to either 
prevent or mimic phosphorylation suppresses or enhances  � -
synuclein toxicity respectively in Drosophila transgenic models 
( Chen and Feany, 2005 )  . If phosphorylation of  � -synuclein is a 
necessary event in its pathogenesis then inhibiting the kinases 
responsible would be a good target. Numerous studies are also 
underway to determine if synuclein levels are a good correlate 
for disease status and hence a biomarker for pre-symptomatic 
individuals ( Miller et al., 2004 ).  

   PRKN  ( PARK2 ;  PARKIN ) 
 The gene encoding  PARKIN  ( PRKN ) was the fi rst gene to be 
identifi ed with mutations that underlie autosomal recessive PD 
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and represents the most common known cause of early-onset 
parkinsonism ( Kitada et al., 1998 ).  PRKN  mutations account 
for nearly 50% familial cases where the age of onset is below 
40 years and the probability of a patients having  PRKN -linked 
disease increases as age of onset decreases. The clinical picture 
of  PRKN -linked disease is not that of typical PD patients com-
monly present with dystonia, other atypical features include 
hyperrefl exia, slow progression, and early compilations from 
 L -dopa treatment. Patients survive an average of 10 to 20 years 
and have a more symmetrical onset ( Lohmann et al., 2003 ). 

 Despite the relative abundance of  PRKN -linked disease 
there remains a paucity of neuropathological analysis in patients 
with disease unequivocally caused by  PRKN  mutation. The 
majority of reports indicate a lack of LB pathology and because 
the presence of nigral LB is a hallmark pathological feature of 
PD and a large amount of resources have been invested in an 
attempt to determine the molecular pathway of disease related 
to  PRKN  mutation, there has been considerable debate over the 

relevance of  PRKN -linked parkinsonism to typical PD ( Hardy 
and Lees, 2005 ). However, while the nature of LB pathology in this 
form of parkinsonism is unclear, there is certainly degeneration and 
dysfunction of the dopaminergic neurons and as such establishing 
the mechanism of the preferential vulnerability of this neuronal sys-
tem in  PRKN  disease is likely to be directly relevant to typical PD. 

 There are multiple types of mutations that cause loss of 
function mutations within  PRKN : point mutations to large scale 
deletions spanning multiple exons, multiplications, frameshift 
(alters reading frame), truncating, and splice-site mutations. The 
scale and assortment of mutations within  PRKN  makes genetic 
diagnosis diffi cult as extensive screening has to be performed. 
Furthermore, there are several point mutations where patho-
genicity is currently equivocal ( von Coelln et al., 2004 ). 

  PRKN  encodes an E3 ubiquitin ligase which is responsible 
for the addition of ubiquitin molecules to specifi c target pro-
teins that are subsequently recognized by the proteasome and 
degraded ( Figure 54.1 ). As a consequence of the large deletions 
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  Figure 54.1         A proposed model for mechanisms of cellular toxicity in PD.  PRKN  mutations and oxidative stress can inhibit PARKIN 
mediated ubiquitination of specifi c substrates leading to their accumulation. These substrates may inhibit both the proteasome and 
mitochondria. The formation of  � -synuclein protofi brils and aggregates can be toxic to both the mitochondria and proteasome. PINK1 
and DJ-1 promote cell survival, either directly or indirectly by protecting mitochondria from oxidative stress.     
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and multiple mutations throughout the gene, lack of  PARKIN  
may lead to the accumulation of one or more of its substrates 
and subsequently to cell death. In support of this hypothesis, 
when suspected substrates of  PARKIN  are overexpressed they 
can lead to dopaminergic cell loss which can subsequently be 
rescued by  PARKIN  but not its mutants ( Kahle and Haass, 
2004 )  . As the accumulation of proteasomal substrates or protea-
some inhibition is implicated in PD pathogenesis ( McNaught 
and Olanow, 2006 )  , individuals involved in small molecule pro-
teasome inhibitor clinical trials (e.g. NPI-0052; Chauhan et al., 
2006)  , will have to be carefully monitored to ensure they do not 
develop parkinsonism features. 

 Another hypothesis suggests that loss of  PARKIN  may 
result in mitochondrial damage and apoptosis, as knockout of 
 PARKIN  homologs from both mice and Drosophila cause 
decreases in mitochondrial respiratory capacity demonstrated by 
reduced lifespan, locomotor defects due to apoptotic cell death 
and male sterility due to spermatid individualization defects; 
this hypothesis is gaining impetus as the genes mutated in other 
recessive Mendelian PD cases appear to link mitochondria to 
neuronal cell loss ( Shen and Cookson, 2004 )  .  

   DJ1  ( PARK7 ;  DJ-1 ) 
  DJ-1  mutations are found in young-onset autosomal recessive 
parkinsonism but are the rarest known genetic cause of parkin-
sonism ( � 1–2% of familial PD;  Bonifati et al., 2003 ); however, 
mutation of  DJ-1  remains the rarest known genetic cause of 
parkinsonism. Given the rarity of  DJ-1  mutations there is lim-
ited clinical data and to date no pathological data available in 
 DJ-1 -linked patients. Patients with  DJ-1  mutations present with 
a young-onset disorder (mid-30s) and follows a relatively benign 
course ( Bonifati et al., 2003 ). Consistent with loss of func-
tion,  DJ-1  is recessively inherited and one of the original fami-
lies possessed a large deletion encompassing the start codon of  
DJ-1 . Subsequently, multiple point and splice mutations have been 
described within  DJ-1 . Although the current function of  DJ-1  is 
unclear, some mutations (e.g. L166P) destabilize  DJ-1  thus lead-
ing to increased degradation by the proteasome. As a consequence 
there is insuffi cient  DJ-1  which is hypothesized to increase neu-
ronal vulnerability to toxic insult and apoptosis ( Figure 54.1 ). 

 Several hypothesis exist as to how  DJ-1  protects cells from 
toxic insult.  DJ-1  is a 189 amino acid member of the ThiJ/PfpI/
DJ1 superfamily, ubiquitously expressed and localizes to the cytosol 
and mitochondria as well as the nucleus in dividing cells. Under 
oxidative stress conditions, such as exposure to paraquat or MPTP, 
 DJ-1  undergoes an acidic shift in pI by modifying the side chain 
of cysteine 106 to form a sulfi nic acid. This is correlated with the 
protein relocating from the cytosol to the outer mitochondria 
membrane. Overexpression of  DJ-1  in culture can decrease sen-
sitivity to specifi c stressors, such as paraquat and MPTP ( Canet-
Aviles et al., 2004 ). Conversely, loss of  DJ-1  in mice, cell culture, 
and Drosophila models leads to increased sensitivity to oxidative 
stresses ( Cookson, 2005 ;  Shen and Cookson, 2004 ). 

  DJ-1  only has a weak ability to scavenge free radicals and 
thus,  DJ-1  is unlikely to primarily function as an anti-oxidant 

protein. Consequently, a role for  DJ-1  as an oxidative stress 
sensor has been suggested.  DJ-1  may have an analogous role to the 
DNA damage sensing enzymes (e.g. ATM, ATR, and RAD pro-
teins) where specifi c enzymes recognize different types of DNA 
damage and are able to mediate the appropriate response (e.g. 
apoptosis, cell cycle arrest, and transcription). As  DJ-1  was cloned as 
part of a RNA protein-binding complex, it is postulated that  DJ-1  
may control transcription and/or translation of particular RNA 
species in response to oxidative stress ( Abou-Sleiman et al., 2003 ). 

 Alternatively,  DJ-1  has been shown to bind to numerous 
proteins such as DAXX, preventing it from activating the apop-
totic pathway and decreasing cell sensitivity to oxidative stresses. 
However, many of these  DJ-1  interactors still require validation 
 in vivo , both to confi rm the interaction and to establish that they 
play specifi c roles in  DJ-1  mediated cell survival ( Abou-Sleiman 
et al., 2003 ).  

   PINK1  ( PARK6 ; Pten Induced Kinase 1) 
 Mutations in the gene  PINK1  were identifi ed in four Italian fami-
lies with recessive early-onset PD ( Valente et al., 2004 ). Initial 
screens for  PINK1  mutations in early-onset familial cases reveals 
that  PINK1  mutations are a more common cause of young-onset 
PD than  DJ-1  mutation, but not as prevalent as  PRKN  mutation. 
 PINK1  mutations are estimated to cause 4% of familial reces-
sive PD. The clinical course of individuals with  PINK1  mutations 
resembles that of sporadic PD except the age of onset is ear-
lier (approximately 35–45 years of age) and disease progression is 
slower. Similar to  PRKN  disease dystonia at onset appears to be 
more frequent in individuals with  PINK1  mutations. No pathology 
data is available from any affected individuals ( Healy et al., 2004a ). 

  PINK1  is predicted to be a serine-threonine kinase that is 
targeted to the mitochondria. Once  PINK1  enters the mito-
chondria, the  N -terminal mitochondrial targeting motif is 
cleaved. Although no substrates of  PINK1  have been identifi ed, 
the recessive nature of the disease and the presence of truncating 
mutations in  PINK1 -linked cases, suggest loss of kinase activ-
ity may result in cell loss. As  PINK1  is a mitochondrial kinase 
and can protect cells against oxidative stresses such as paraquat 
and MPTP ( Figure 54.1 ) ( Beilina et al., 2005 ;  Valente et al., 
2004 ). PINK1 may phosphorylate multiple proteins to maintain 
mitochondrial function and inhibit apoptosis. In support of this 
observation, knockout of Drosophila  PINK1  results in male ste-
rility, apoptotic muscle degeneration, defects in mitochondrial 
morphology, and increased sensitivity to oxidative stress. 

 As mutations within  PINK1  were only recently identifi ed 
in PD, more work is needed to determine what the endogenous 
function of  PINK1  is and how mutations within  PINK1  can 
cause selective degeneration of the SN.  

   LRRK2  ( PARK8 ; DARDARIN) 
 In 2002, autosomal dominant PD within a large Japanese kin-
dred from Sagamihara was linked to the pericentromeric 
region of chromosome 12 ( Funayama et al., 2002 ). Affected 
members of this family presented with a clinically typical  
L -dopa responsive PD with an age at onset of approximately 
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50 years. Neuropathologically, individuals exhibited pure nigral 
degeneration in the absence of LB. In addition the disease asso-
ciated haplotype was carried by many unaffected individuals 
suggesting incomplete penetrance of the mutation ( Funayama 
et al., 2002 ). 

 Further linkage of multiple families to the region con-
fi rmed the locus and suggested that the gene could be a com-
mon cause of PD. However, the pathology of these families was 
heterogeneous with some individuals presenting with LB pathol-
ogy while others presented with  TAU  pathology. In 2004, the 
gene for PARK8-linked PD was identifi ed,  LRRK2  was origi-
nally identifi ed as part of the kinome project and the protein 
(DARDARIN-the Basque word for tremor) is predicted to be a 
tyrosine kinase ( Paisan-Ruiz et al., 2004 ;  Zimprich et al., 2004 ). 

 DARDARIN is a very large protein (2527 amino acids) 
with multiple functional motifs. DARDARIN primarily 
belongs to a newly identifi ed family of proteins referred to as 
ROCO that contains two conserved domains (1) a ROC (Ras 
in complex proteins) domain that belongs to the Ras GTPase 
superfamily and (2) a COR domain ( C -terminal of ROC). In 
addition DARDARIN contains multiple protein interaction 
motifs such as WD40, armadillo, and a leucine rich repeat ( Jain 
et al., 2005 ). 

 The wild-type function of DARDARIN is unknown but 
from preliminary functional studies it appears that mutations 
within DARDARIN alter kinase activity and it is required with 
the formation of intracellular aggregates as well as with toxicity. 

 In terms of genetic testing,  LRRK2  is arguably the most 
important gene linked to PD as one single mutation (G2019S) 
accounts for 1–2% of sporadic PD and 5–6% of familial 
European PD ( Jain et al., 2005 ). However, there is considerable 
variability associated with  LRRK2 -linked disease; this includes 
not only the pathological variability noted above but also varia-
bility in clinical presentation, age at onset and penetrance. Initial 
estimates of penetrance suggested that carrying a G2019S muta-
tion resulted in an 80% chance of having disease; however, the 
bias of family based recruitment means that this estimate was 
high and it appears that the penetrance of the G2019S mutation 
is closer to 30%. This variability in the disease occurrence, pres-
entation, progression, and endpoint suggests that there are other 
genetic, environmental or stochastic events that modulate the 
disease process. Unlike mutations in other genes that cause PD, 
the frequency with which mutations in  LRRK2  occur affords us 
the opportunity to investigate these specifi c modulators of the 
disease, and one would hope these will also be relevant to idi-
opathic PD ( Singleton, 2005 ). 

 As common as  LRRK2  mutations may be, one has to 
question the utility of clinical genetic testing in PD. Multiple 
mutations within  LRRK2  ( Brice, 2005 ) and several other genes 
implicated in PD have been described where the pathogenicity 
of the variants remain in doubt. Furthermore, identifi cation of a 
mutation does not necessitate an individual will develop disease, 
or alter its prognosis or clinical treatment. At present, genetic 
testing in PD should only be used to confi rm a clinical diagno-
sis of PD ( McInerney-Leo et al., 2005 ).   

  GENETICS OF SPORADIC PD 
 Mutations in known genes account for less than 10% of all PD 
thus research has been aimed at identifying genes associated with 
typical PD and has focused on the role of common genetic varia-
tion in modulating lifetime risk for disease. As many of the genes 
identifi ed in mendelian forms of PD implicate the mitochon-
dria in disease pathogenesis ( Shen and Cookson, 2004 ), numer-
ous studies have questioned if mutation of the mitochondrial 
genome (mtDNA) or the various components encoded by the 
nuclear genome, contribute to PD development or progression. 

 Many lines of evidence support a role of mitochon-
drial damage in the pathogenesis of PD ( Muqit et al., 2006 ). 
Mitochondrial complex I activity is systematically decreased 
in human PD brains and administration of complex I inhibi-
tors (MPTP and rotenone) to rats, mice, and monkeys recapitu-
lates many aspects of PD, including selective neurodegeneration 
of the SN and formation of LB type pathology ( Betarbet et al., 
2000 ). Recently two studies implicated specifi c mutation of 
SN mitochondria as causes for impairment of cellular respira-
tion, specifi c neuronal vulnerability, and age-dependent risk 
associated with PD ( Bender et al., 2006 ;  Kraytsberg et al., 2006 ). 
Amplifi cation of mitochondrial DNA revealed more somatic 
deletions within SN mitochondria than mitochondria from 
other brain regions and that deletions in SN mitochondria were 
higher in PD cases than controls, although this difference did 
not reach statistical signifi cance. By the age 70, nearly all the SN 
neurons had elevated levels of mtDNA deletions, implying that 
these types of deletions might contribute to the age-dependent 
pathogenic processes seen in PD. 

 It is feasible that mutation and damage of mitochondria con-
tribute to the preferential vulnerability of SN neurons and disease 
progression, but it remains unclear if accumulation of mito-
chondrial mutations is the fundamental pathogenic event in the 
majority of PD. It is probable that genetic variability at different 
loci contributes and predisposes some individuals to accumulating 
higher levels of mitochondrial mutations and damage, thus lead-
ing to suffi cient neuronal loss and clinical manifestation of disease. 

 More traditional approaches have identifi ed risk factors for 
PD. This involves a candidate gene association analysis, where 
typically a gene is chosen based on its function, expression or 
genomic position, common variants are assayed within the gene, 
and the frequency of these variants are compared between cases 
and controls. The ease and low cost of this approach has resulted 
in hundreds of candidate gene association studies being published 
in PD. The well-characterized genes in terms of genetic asso-
ciation with typical PD are likely those encoding  � -synuclein 
and  TAU . 

 When the  SNCA  triplication was discovered, not only 
did it validate many overexpression studies but also asked the 
question if smaller increases in  SNCA  could increase the risk 
for sporadic disease. Many studies have attempted to address 
this question but as with most studies looking at risk factors 
in complex diseases, they have been largely inconclusive. Even 
though a polymorphic multi-allelic repeat in the promoter of 
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 SNCA  (Rep1) can negatively regulate  � -synuclein expression, 
genetic analysis of this marker has not determined if more subtle 
increases in  � -synuclein expression can increase risk for sporadic 
PD. Examination of common variability in other genes involved 
in monogenic forms of PD has failed to reveal a consistent asso-
ciation with sporadic PD ( Jain et al., 2005 ). 

 Perhaps the most robust genetic association with increased 
risk for PD comes from analysis of the microtubule associ-
ated protein  TAU . Mutations in this gene cause frontotemporal 
dementia and Parkinsonism linked to chromosome 17 (FTDP-17) 
( Hutton et al., 1998 ).  TAU  forms intraneuronal inclusion referred 
to neurofi brillary tangles (NFTs) in many diseases pathologi-
cally referred to as tauopathies such as AD, PSP and corticobasal 
degeneration (CBD) ( Rademakers et al., 2004 ). Consequently 
 TAU  was considered as a candidate gene for these diseases and 
a specifi c haplotype (referred to as the H1 haplotype) has been 
consistently associated with increased risk for PSP and CBD. As 
a common feature of both PSP and CBD is an initial presenta-
tion of parkinsonism, a role for  TAU  in PD has been evaluated. 
Thus far, numerous studies demonstrate that individuals that are 
homozygous for the H1 haplotype are approximately 1.5 times 
at greater risk of developing PD ( Healy et al., 2004b ). 

 Although  TAU  and  SNCA  have been extensively investi-
gated, the role of common genetic variability in these genes in 
risk for PD is still arguable. There are many reasons why eluci-
dating the genetics of typical PD has been problematic; some of 
these lie in study design, many studies are often underpowered, 
there may be poor selection of control populations and lack of 
correction for population stratifi cation or multiple testing. All 
these problems result in the publication of positive association 
that is usually followed by failure to replicate papers ( Botstein 
and Risch, 2003 )  . Although statistical power will always be a 
problem, the advent of the HapMap project ( www.hapmap.org )
and the availability of technology for genome-wide associa-
tion studies promise a more complete genetic analysis of PD 
( Maraganore et al., 2005 ). These data should reveal common 
genetic variability underlying disease and, in the absence of asso-
ciation, give a reasonable indication of single common genetic 
variants not underlying disease ( Farrall and Morris, 2005 )  . 

  Therapeutics 
 Currently the most effective non-surgical treatment for PD is the 
administration of  L -dopa. The metabolic precursor to dopamine 
was fi rst administered in 1960s to a group of individuals affected 
with post-encephalitic Parkinsonism ( Birkmayer and Hornykiewicz, 
1962 ). Within a short period of time individuals improved from 
a near catatonic state to relatively normal lives. This drug initially 
offers a remarkable treatment option to most patients with PD; 
however, as effective as  L -dopa is in the early stages of PD, with 
continued use, approximately 60% of patients develop response 
fl uctuations and dyskinesias. The half life of  L -dopa and therefore 
the therapeutic benefi t can be improved by the co-administration 
of inhibitors that break down  L -dopa to non-useful, potentially 
harmful metabolites such as 3-MT or dopa quinine (COMT and 
MAO (monoamine oxidase) inhibitors,  Figure 54.2   ). 

 An alternative to dopamine replacement has been surgical 
intervention. The loss of dopaminergic cells causes the general 
deregulation of neurotransmission. The over activation of the 
subthalamic nucleus (STN) leads to an excessive inhibitory out-
put from the globus pallidus interna (GPi) and SN to the cortex 
and motor systems ( Figure 54.3   ). As a consequence bradyki-
nesia, tremor, and rigidity arise. The aim of surgical intervention 
is to disrupt the striatum and other areas to allow increased sig-
naling from the SN. This treatment can be effective at treating 
 L -dopa induced dyskinesias, tremor, and rigidity. A more recent 
advancement in surgical intervention is deep brain stimulation 
(DBS). This is essentially the same as disrupting the STN and 
GPi, but as an alternative to ablation, electrodes are implanted 
to block the signaling via a high-frequency electrical current 
( Garcia et al., 2005 ). As a consequence, there is more fl exibility 
in controlling neurotransmission. Current treatments only tem-
porarily manage the symptoms of PD and do not halt or slow 
down the progression of dopaminergic cell loss. 

 Since the primary movement disorder associated with PD 
involves the relative loss of a specifi c neuronal population, this 
aspect of the disease represents an excellent target for cell-based 
therapies. Transplantation of fetal mesencephilic dopamin-
ergic neurons into the STN of PD patients has proven clini-
cal effective with sustained relief from the symptoms ( Correia 
et al., 2005 ). This therapy has the potential to cure PD if the 
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  Figure 54.2         Mechanisms of dopamine synthesis and metabo-
lism. 3-MT: 3-methoxytyramine, DOPAC: 3, 4-dihydroxyphe-
nylacetic acid, COMT: Catechol-o-methyltransferase, MAO: 
Monoamine oxidase.     



Genetics of Sporadic PD ■■  707

transplanted cells are not affl icted by the same mechanism of 
neuronal death as the patient’s neurons. However, at present a 
prohibitive number of neurons are required (3–6 fetuses per 
patient) per patient and current methods of delivery do not lend 
themselves to treatment of large numbers of patients. Research 
is underway to grow and differentiate and stem cells into 
dopamine cells but problems remain. The population of cells 
produced are not of a pure cell type (i.e. dopaminergic cells) 
and therefore when implanted into the striatum may actually be 
detrimental. Studies into creating a pure enriched population of 
dopamine neurons  ex vivo  and targeting endogenous stem cells 
for differentiation into dopaminergic neurons are advancing at a 
signifi cant pace and represent a realistic therapeutic goal for PD.  

  The Role of Genetics in the Development of Future 
Therapeutic Strategies 
 In the near future it will become practical to analyze a person’s 
genome, in a high throughput standardized manner. As a result, 
identifying genetic variability that alters response to a drug 
and thus identifying markers that are likely predictors of drug 
response will gain momentum. Based on this information an 
individual’s drug regime can be tailored to their biological char-
acteristics. This avenue of research should eventually be able to 
optimize the dose of a drug but also prevent the administration 
of drugs to individuals who would normally have an adverse 
potentially lethal reaction. From the opposite side, individuals 
that respond better to certain drugs may help elucidate biologi-
cal components of a disease process and identify other potential 

drug targets. As  L -dopa is such an effective treatment for PD 
many of the preliminary pharmacogenomic approaches have 
aimed to identify biological factors which augment and prolong 
its result. Accordingly, genes involved in dopamine metabolism 
have been assessed for their genetic contribution to  L -dopa effi -
cacy, most notably including analysis of genetic variability within 
the genes encoding MAO, dopa decarboxylase and COMT 
among others ( Figure 54.2 ;  Maimone et al., 2001 ). While the 
initial results of these studies are inconclusive, the application 
of genome-wide genotyping techniques holds the promise of 
identifying easily assayable variants that offer predictive value in 
terms of response to treatment. 

 The most successful strategies for treating PD will be those 
that aim to stop or signifi cantly delay the underlying molecu-
lar disease processes. Etiology-based treatment will require not 
only the elucidation of these processes and identifi cation of 
viable targets but also early diagnosis of the disease. This latter 
point ensures that protective therapy can be applied before too 
much irreversible damage has occurred and in the event that the 
successful therapy is one that slows down but does not halt the 
pathological process, the therapy can be applied early enough 
to ensure there is little effect on quality of life for the patient in 
later years of treatment. 

 Numerous studies have sought to identify biological or genetic 
markers that may aid in the pre-symptomatic diagnosis or progno-
sis of PD sufferer’s. As yet no such genetic factors have been identi-
fi ed but  18 F-dopa uptake with PET imaging ( Khan et al., 2005 ) 
and levels of phospho-synuclein have the potential to be used as 
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pre-symptomatic diagnostic aids ( Miller et al., 2004 ). However, 
before both can be put into clinical practice, they have to be put to 
rigorous and extensive testing in large patient cohorts to determine 
if they are truly diagnostic for disease development and prognosis. 

 As noted above, it is hoped that highlighting genes involved 
in the pathogenesis of PD will allow effective modeling of disease 
in both cell and animal based systems. This in turn will provide a 
greater understanding of the underlying molecular mechanisms 
of the disease process and highlight pathways for therapeutic 
intervention. When these models produce a readily quantifi able 
endpoint believed to be related to the pathological processes 
of the disease, they also allow high-throughput screening of 

 molecular libraries of compounds for inhibitors of pathogenic 
processes. Importantly, the recent discovery of  LRRK2  mutations 
as a cause of PD has not only provided us with another tool 
to create model systems of disease, but has also provided clini-
cal researchers with a large patient pool to study disease onset, 
progression, and response to treatment. Large cohorts of asymp-
tomatic subjects will be relatively easy to identify by assessing 
siblings and children of patients with G2019S linked disease. This 
group of subjects affords us the opportunity to not only identify 
signs and symptoms of disease that may be used as specifi c early 
indicators of PD, but also provide a cohort of patients in whom 
the effi cacy of neuroprotective agents can be tested.   

2009 UPDATE

Genetic Approaches to PD
A large follow-up study on LRRK2 (PARK8) by the International 
LRRK2 Consortium found six pathogenic mutations with fre-
quencies of 1% and 4% in sporadic and hereditary PD, respectively 
(Healy et al., 2008). This consortium recommended that muta-
tions in LRRK2 merit testing in patients with hereditary PD.

Genome-wide linkage analysis using a 500K SNP 
resulted in linkage to chromosome 22 in a large pedigree with 
Parkinsonian-pyramidal syndrome (PPS). Sequencing of candi-
date genes revealed a variant (R378G) in FBX07, a gene that 
encodes an F-box protein implicated in protein degradation by 
the ubitquitin proteosome pathway – a pathway that has been 
implicated in a variety of neurodegenerative diseases (Shojaee 
et al., 2008). The role of FBX07 in neurons is currently not 
known. Following up on these results, two additional families 
with early onset, progressive parkinsonism with pyramidal tract 
signs were assessed for FBX07. In one family, a homozygous 
truncating mutation (A498Stop) was found, whereas in another 
a variety of compound heterozygous mutations were found. 
FBX07 was designated as PARK15 (Di Fonzo et al., 2009).

Copy number variation (CNV) is becoming a more com-
mon fi nding underlying complex disease. At least two studies 
reported CNV in α-synuclein (SCNA) in sporadic PD (Ahn 
et al., 2008; Ross et al., 2008). Ross et al. (2008) character-
ized fi ve families and found that SCNA dosage was responsi-
ble for the severity of clinical presentation of PD, autonomic 
dysfunction, and dementia. They screened over 1100 patients 
and found evidence for SCNA multiplication in sporadic PD, 
suggesting that CNV at this locus should be considered as part 
of screening for PD.

At least one study investigated the statistical interaction 
between variants associated with PD. Gao et al. (2008) found a 
joint effect between polymorphisms in the FGF20 and MAOB 
genes on PD, suggesting that interactions between FGF20 and 
MAOB should be considered in investigating PD risk. These 
genes may interact in regulating dopamine levels in the brain.

The biological interaction of genes may provide another 
way to defi ne groups of gene variants that may provide greater 
effect sizes or attributable risk than single gene variants alone. 
Lesnick et al. (2007) mined large datasets of DNA variations 
in persons with and without PD and identifi ed SNPs related 
to axon-guidance pathway genes. The effect sizes and statistical 
signifi cance for the pathway in predicting disease susceptibility 
to PD, survival free of PD, and age of onset of PD was greater 
than any single gene. This approach may have implications not 
only for studies designed to determine genetic risk for PD but 
also for the design and analysis of studies of other complex 
diseases.

Genomic Approaches to PD
An important pilot study was published in 2007 that used 
gene expression analysis of peripheral blood mononuclear cells 
to develop “noninvasive” biomarkers of PD (Scherzer et al., 
2007). Using a training set of 66 patients and health controls 
and an independent validation set of 39 patients and controls, 
a 22 gene model was built that could classify PD (or de novo 
PD) versus a number of other neurodegenerative diseases. A 
follow-up study of these data showed that a number of neu-
roimmune signaling pathways were expressed in early PD 
(Soreq et al., 2008).

Finally, a number of reviews pointed to the potential of 
neuroproteomics and blood-based proteomic analyses to 
defi ne novel biomarkers for PD (Goldknopf, 2008; Pienaar 
et al., 2008). Proteomics provides a “systems approach” that 
allows for the identifi cation of key proteins and signaling cas-
cades. Examination of disease tissue using this approach can 
give rise to targets that can be sought in blood that can be 
used to distinguish PD from other neurodegenerative diseases 
such as Alzheimers and ALS, provides information that can be 
used to monitor patients’ response to therapy and/or progres-
sive disease, and fi nally offers the potential to tailor therapies 
for personalized treatment of PD. (Update prepared by editors)
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  RECOMMENDED RESOURCES   

  1.      http://www.alzforum.org/  – A website primarily for current 
research in Alzheimer’s disease, it also discusses the most important 
current fi ndings in many other neurological disorders including 
Parkinson’s disease  

  2.      http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD � search
 & DB � omim  – A link to the Online Mendelian Inheritance 
in Man based on the NCBI website. This website gives brief 

descriptions of various diseases including Parkinson’s disease 
( # 168600). From this, one can access all genetic factors associated 
with a specifi c disease.  

  3.     Healy, D.G., Abou-Sleiman, P.M. and Wood, N.W. (2004c). PINK, 
PANK, or PARK? A clinicians ’  guide to familial parkinsonism. 
 Lancet Neurol , 3, 652–662 – An excellent review on the impact of 
genetics on the clinical diagnosis of Parkinson’s disease.         
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   Genomic Considerations 
in Ophthalmology 
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  INTRODUCTION 
 The function of the eye is to transduce light into an electri-
cal signal and then transmit the electrical signal to the brain. 
A variety of tissues and specialized cells carry out these com-
plex processes. The ocular globe is divided into two fl uid-fi lled 
compartments, called the anterior and posterior chambers 
( Figure 55.1   ). The anterior chamber is fi lled with an aqueous 
fl uid called aqueous humor and the posterior chamber is fi lled 
with a viscous substance called the vitreous humor. The globe 
is supported by a tough outer shell, the sclera, that also supports 
the optic nerve as it exits the eye. 

 The cornea is a transparent tissue located on the anterior 
ocular surface that allows light to enter the eye and also helps 
focus the light on the retina. Inside the eye are a number of 
structures including the iris and pupil (regulates the amount 
of light entering the eye), the lens (focuses light on the retina), 
the ciliary body (makes aqueous humor) and trabecular mesh-
work (drains aqueous humor). Under normal circumstances 
the rate of production of aqueous humor equals the rate of 
removal. 

 Light traveling through the cornea, pupil and lens is focused 
on the retina, which carries out the phototransduction of light 
to produce an electrical signal that is transmitted through the 
optic nerve to the brain. The retina is a complex tissue made 
up of 10 distinct layers ( Figure 55.2   ). The most external cell
layer is the retinal pigment epithelium, which provides meta-
bolic support and is attached to a basement membrane (Bruch’s

membrane). Next to the retinal pigment epithelium are the 
rod and cone photoreceptors, which are the cells where pho-
totransduction occurs. Connected to the photoreceptors are the 
amacrine, bipolar and horizontal cells that modulate the signal 
output from the rods (dim light) and cones (bright light). The 
signal from the photoreceptor goes through the bipolar cells 
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    Figure 55.1         Vertical sagittal section of the adult human eye.     



to the ganglion cells. The axons of the ganglion cells form the 
optic nerve and send the signal to their fi rst synapse at the lat-
eral geniculate body. The signal from the retina eventually forms 
an image in the occipital lobe of the brain. 

 Eye movements are controlled by six muscles located on the 
outside of the globe (extraocular muscles) that are innervated by 
cranial nerves III, IV and VI. 

 Inherited disorders causing visual disabilities have been 
described for all of the ocular structures. A comprehensive dis-
cussion of each of these diseases would not be within the scope 
of this chapter. Selected inherited ocular disorders that are rep-
resentative of genetic eye diseases will be discussed in the fol-
lowing sections and are listed in Table 55.1. For the majority of 
these conditions, screening for mutations in causative genes will 
help defi ne the diagnosis and in some cases will give insight into 
the prognosis and help assist therapeutic decisions.  

  EXTRAOCULAR MUSCLES 
 Strabismus is the general term for ocular misalignment that 
results from dysfunction of one or more extraocular muscles. 
Strabismus can be inherited as a Mendelian trait, and there is 
at least one common disorder, esotropia, that exhibits com-
plex inheritance (for review see  Engle, 2006 ). Recent studies 
have demonstrated that mutations in genes necessary for the 
normal development and connectivity of the brainstem ocu-
lar motoneurons (cranial nerves III, IV, VI) are associated with 
these disorders, including  PHOX2A  ( Nakano et al., 2001 ), 
 SALL4  ( Al-Baradie et al., 2002 ),  KIF21A  ( Yamada et al., 2003 ), 
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  Figure 55.2      Schematic diagram of the human retina. 
Abbreviations: PE: pigment epithelium; OS: outer segments; IS: 
inner segment; ONL: outer nuclear layer; OPL: outer plexiform 
layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: 
ganglion cell layer; NFL: nerve fi ber layer.  

 ROBO3  ( Chan et al., 2006 ) and  HOXA1  ( Tischfi eld et al., 
2005 ). A number of chromosomal syndromes are also associ-
ated with strabismus, including Rubenstein–Taybi syndrome 
( Allanson and Hennekam, 1997 ), Cornelia de Lange syndrome 
( Nallasamy et al., 2006 ) and Down’s syndrome ( Yurdakul et al., 
2006 ). Screening patients with eye movement disorders for 
mutations in these genes will help defi ne the diagnosis. 

 Duane’s syndrome is a congenital eye movement disorder 
characterized by abnormalities of horizontal eye movements, 
and indicates a problem with cranial nerve VI, the abducens 
nerve ( Bagheri and Repka, 2005 ).  The syndrome can be inher-
ited as an autosomal dominant trait, and using three affected 
pedigrees a genome-wide scan identifi ed a locus for the syn-
drome on chromosome 20q13 ( Al-Baradie et al., 2002 ). A novel 
gene,  LOC57167 , subsequently identifi ed as a new member of 
the SAL family ( SALL4 ) was identifi ed as the causative gene. 
 SALL4  is a zinc fi nger protein that shares signifi cant homology 
with  SALL1  coding for a transcriptional repressor and respon-
sible for a related developmental disorder  Towne–Brocke syn-
drome ( Botzenhart et al., 2005 ).  SALL4  mutations causing 
Duane’s syndrome mainly result in truncated protein products 
and cause a loss-of-function of the protein ( Terhal et al., 2006 ). 
The Duane’s phenotype suggests that this protein is likely to 
have an important role in abducens motor neuron development. 

 A related condition, congenital fi brosis of the extraocular 
muscles type 1 (CFEOM1) is associated with absence of the 
superior division of the oculomotor nerve (cranial nerve III) and 
corresponding midbrain motoneurons and profound atrophy of 
the two muscles normally innervated by this nerve, the levator 
palpebrae superioris and superior rectus ( Traboulsi, 2004 ). These 
two muscles elevate the eyelid and the globe, and their dysfunc-
tion accounts for the primary features of the CFEOM1 phe-
notype. Mutations in KIF21A, a kinesin, have been identifi ed 
in patients affected with this condition ( Yamada et al., 2003 ). 
Kinesins are molecular motors responsible for  microtubule-
dependent transport of cargo; in neurons, they are responsi-
ble for anterograde and retrograde axonal transport. CFEOM1 
probably results from the inability of mutated KIF21A to suc-
cessfully deliver a cargo essential to the development of the ocu-
lomotor axons, neuromuscular junction or extraocular muscles.  

  CORNEA 
 The function of the cornea is dependent on the transparency 
of the tissue. Any process that causes opacifi cation of the cor-
nea results in a decrease in vision. The cornea can lose its trans-
parency as a consequence of infection (both bacterial and viral), 
trauma (scar tissue formation) and inherited corneal dystrophies. 
Genetic causes of corneal disease can be inherited as autosomal 
dominant and autosomal recessive traits and are caused by muta-
tions in at least nine genes ( ARSC1 ,  CHST6 ,  COL8A2 ,  GLA , 
 GSN ,  KRT3 ,  KRT12 ,  M1S1  and  TGFBI  [ BIGH3 ]). Three of 
these genes ( GSN ,  M1S1 ,  TGFBI ) are associated with amy-
loid deposition in the cornea (review see  Klintworth, 2003 ). 
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Screening patients with inherited corneal opacities for muta-
tions in this panel of genes will help defi ne the diagnosis and 
the prognosis. Because some of these disorders are inherited as 
dominant traits and others as recessive traits, defi ning the causa-
tive gene in an affected individual will also defi ne the disease 
risk in other family members. 

 The four most common autosomal dominant corneal 
dystrophies are: Groenouw’s (granular) type 1 ( Moller, 1989 ), 
lattice type 1 ( Klintworth, 1967 ), Avellino’s (combined  granular-
lattice) ( Folberg et al., 1988 ;  Rosenwasser et al., 1993 ), and 
Reis–Bückler’s ( Kuchle et al., 1995 ). Although all four of these 
corneal dystrophies affect the anterior stromal layer of the cor-
nea and cause the formation of discrete white localized depos-
its that progressively obscure vision, the detailed clinical and 

T A B L E  5 5 . 1   Selected ocular disorders and associated genes discussed in this chapter

Ocular tissue Specifi c disorder Inheritance Gene – function

Ocular motor
(eye movement)

Duane’s syndrome AD  SALL4  – zinc fi nger protein; 
transcriptional regulator

CFEOM1 (congenital fi brosis of extraocular
eye muscles type 1)

AD  KIF21A  – kinesin; axonal transport

Cornea
(dystrophy)

Groenouw’s (granular) dystrophy AD  TGFB1/BIGH3  – keratoepithelin; 
extracellular matrix protein

Lattice type 1 dystrophy AD

Avellino’s (combined granular-lattice) 
dystrophy

AD

ReisBückler’s dystrophy AD

Lens (cataract) Pulverulent cataract AD Alpha3 (C � 46) and Alpha8 (C � 50) –
connexins; gap junctions

Zonular cataract Posterior polar cataract AD Alpha A- and alpha B-crystallins – lens 
proteins

Iris Abnormal development: Peter’s Anomaly 
Corneal keratitis Aniridia

AD  PAX6  – transcriptional regulator; gene 
expression

Trabecular 
meshwork

Early-onset glaucoma AD  MYOC  – Myocilin; extracelluar matrix

Optic nerve Leber’s Hereditary Optic neuropathy Mitochondrial Missense mutations in complex I of the 
respiratory chain (mitochondrial DNA)

Kjer’s optic neuropathy AD  OPA1  – dynamin-related GTPase

Retina Retinitis pigmentosa AD*  RHO  – rhodopsin; rod photoreceptor 
pigment

Leber’s congenital amaurosis AR  RPE65  – enzyme responsible for 
regeneration of 11-cis retinal

Retinoblastoma AD  RB1  – tumor suppressor protein

Age-related macular degeneration (AMD) Complex  CFH  – complement factor H; 
 LOC387715 / HTRA1  – unknown function

*Retinitis pigmentosa may also exhibit autosomal recessive, X-linked and digenic inheritance patterns.

pathologic features differ. All four dystrophies had been geneti-
cally mapped to a common interval on chromosome 5q31 
( Eiberg et al., 1994 ;  Gregory et al., 1995 ;  Small et al., 1996 ;  Stone 
et al., 1994 ), and mutations in a single gene,  TGFB1 / BIGH3 , 
were subsequently identifi ed in individuals affected with one of 
the four conditions ( Munier et al., 1997 ). An abnormal protein 
product of this gene, keratoepithelin, accumulates in patients 
carrying mutations. The normal protein product is probably an 
extracellular matrix protein that modulates cell adhesion. Four 
different missense mutations occurring at two different arginine 
codons, R124 and R555 have been found. Interestingly, differ-
ent mutations at the codon R124 cause lattice dystrophy type I 
or Avellino’s dystrophy, the two dystrophies characterized 
by amyloid deposits ( Korvatska et al., 1998 ). The mutations 



that cause Avellino’s and lattice dystrophies abolish a putative 
phosphorylation site that is probably required for the normal 
structure of keratoepithelin. Destruction of this aspect of the 
protein structure leads to the formation of the amyloid deposits 
that cause opacifi cation of the cornea. As a result, the mutant
protein is destructive to the normal tissue. Mutations at the 
R555 appear to result in either granular dystrophy or Reis–
Bücklers dystrophy. These phenotype–genotype correlations 
demonstrate the variable expressivity of mutations in this gene 
and the signifi cance of alteration of the arginine residues 124 
and 555. Of interest, pathologic deposits caused by keratoepi-
thelin accumulation have only been observed in the cornea and 
not in other tissues or organs ( El Kochairi et al., 2006 ). Because 
the  TGFB1 / BIGH3  gene is expressed in other tissues ( Sandgren 
et al., 1990 ), these results suggest a cornea-specifi c mechanism 
causing the accumulation of mutant keratoepithelin.  

  LENS 
 The ocular lens is transparent and focuses the light coming into 
the eye from the cornea and pupil onto the retina. Cataract is 
an opacifi cation of the lens that causes a loss of vision and can 
develop congenitally during childhood and most commonly as 
an adult (age-related cataract). Congenital cataract is a leading 
cause of visual disability in children and recently many causa-
tive genetic mutations have been identifi ed. Inherited cataract 
is clinically and genetically heterogeneous with at least 11 dif-
ferent defi ned phenotypes. Cataracts may be inherited as auto-
somal dominant, autosomal recessive, or X-linked recessive traits, 
and at least 12 loci and 15 specifi c genes are currently identi-
fi ed, with more genes remaining to be discovered (for reviews 
see  Hejtmancik and Kantorow, 2004 ;  Reddy et al., 2004 ). Two 
general classes of proteins, the crystallins and the connexins have 
been associated with early onset cataracts. Screening for muta-
tions in the causative genes will help defi ne the diagnosis in 
affected individuals. Some forms of early onset cataract severely 
interfere with vision while others do not. Because of this spec-
trum of disease severity, in addition to clarifi cation of the diag-
nosis, genetic screening could help establish a prognosis and also 
cataract-risk in family members. 

 Intercellular gap junction channels, consisting of alpha3 
(C      �      46), alpha8 (C      �      50) and alpha6 (C      �      43) connexin 
subunits have been implicated in lens development and mainte-
nance. These channels probably transport metabolites, secondary 
messages and ions between lens cells ( Krutovskikh and Yamasaki, 
2000 ;  Xia et al., 2006 ). Missense changes in these genes have 
been associated with cataract phenotypes, with changes in the 
alpha3 (C      �      46) and alpha8 (C      �      50) associated with a central 
pulverulent cataract than can have a better prognosis for vision 
( Berry et al., 1999 ;  Li et al., 2004 ). 

 Alpha A- and alpha B-crystallins are the major components 
of the lens. These proteins are also members of the small heat-
shock protein family, and they possess chaperone-like function. 
Interestingly, mutations in these genes can cause cataract and 

also various forms of myopathy ( Horwitz, 2003 ). For example, 
missense and frame-shift mutations in alpha B-crystallin cause 
autosomal dominant congenital lamellar cataract ( Liu et al.,
2006 ), while other missense mutations have been associated
with dilated cardiomyopathy ( Inagaki et al., 2006 ). The under-
lying mechanism appears to be a dominant negative effect that 
interferes with the normal chaperone-like function of these 
proteins.  

  IRIS 
 The iris contains the pupil, which functions as an aperture regu-
lating the amount of light entering the eye. Disorders causing 
iris and pupil dysfunction are typically ocular developmen-
tal syndromes that lead to abnormal formation of the iris and 
pupil. These developmental abnormalities can lead to an eleva-
tion of intraocular pressure and glaucoma (see below) and also 
cataract. Most of the genes responsible for these conditions are 
transcriptional regulatory factors and other proteins that play 
regulatory roles in ocular developmental processes including 
 PAX6 ,  FOXC1 ,  PITX2  and  LMX1B  (for review see  Gould et al., 
2004 ;  Idrees et al., 2006 ). Most of the developmental syndromes 
resulting from mutations in these genes are inherited as auto-
somal dominant traits. Mutations in these genes are associ-
ated with variable expressivity, and there is extensive overlap 
between the phenotypes associated with the different causative 
genes. Screening a panel of these genes for mutations in affected 
patients will defi ne the diagnosis and help identify other family 
members at risk. 

 The  PAX6  gene is a transcription factor essential for the 
development of tissues including the eyes, central nervous sys-
tem and endocrine glands of vertebrates and invertebrates. It 
regulates the expression of a broad range of molecules, includ-
ing other transcription factors, cell adhesion and short-range 
cell–cell signaling molecules, hormones and structural proteins. 
It has been implicated in a number of key biological processes 
including other cell proliferation, migration, adhesion and sign-
aling both in normal development and in oncogenesis ( Simpson 
and Price, 2002 ). Mutations in  PAX6  are associated with a range 
of human phenotypes including aniridia (absence of the iris) 
( Tzoulaki et al., 2005 ), Peter’s anomaly ( Singh et al., 1998 ) and 
corneal keratitis ( Sale et al., 2002 ). Most mutations cause a trun-
cated polypeptide or disruption of the critical paired box home-
odomain ( van Heyningen and Williamson, 2002 ).  

  TRABECULAR MESHWORK 
 The trabecular meshwork and related outfl ow pathways remove 
aqueous humor from the anterior chamber of the eye. The 
intraocular pressure is dependent on the rate of fl uid removal 
by the trabecular meshwork which under normal conditions 
matches the rate of formation. The intraocular pressure can 
become elevated when the trabecular meshwork no longer 
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keeps pace with the rate of fl uid formation and an elevation of 
intraocular pressure is a major risk factor for glaucoma ( Gordon 
et al., 2002 ). Glaucoma is a common blinding disease that results 
in an irreversible degeneration of the optic nerve (see below). 
Despite the important function of the trabecular meshwork, 
very little is known about the molecular pathways involved
in fl uid removal. A number of genes have been associated
with trabecular meshwork dysfunction and elevated intraocu-
lar pressure including those that cause abnormal development 
of the iris and anterior segment (see above and  Wiggs, 2005  for 
review). 

 The degeneration of the optic nerve associated with high 
intraocular pressure is an insidious process and signifi cant vision 
can be irreversibly lost before the patient is aware of the symp-
toms. Screening for risk factors, including genetic risk factors, is 
necessary to identify individuals at risk so that pressure- lowering 
treatment can be initiated before irreversible damage to the 
optic nerve occurs. Although a major genetic risk factor for 
glaucoma or elevated intraocular pressure has yet to be discov-
ered, genes that can confer risk in a small number of patients 
have been described. Missense mutations in the gene coding for 
myocilin ( MYOC ) are associated with an early onset of elevated 
intraocular pressure and severe glaucoma ( Fingert et al., 2002 ). 
Some mutations cause more signifi cant disease than others and 
probably cause a gain-of-function resulting in retention of the 
mutant protein in the cell and subsequent cell death ( Liu and 
Vollrath, 2004 ). Mutations in another gene,  WDR36  are insuf-
fi cient to cause glaucoma, but patients who have glaucoma and 
also have changes in this gene have a more severe phenotype 
( Hauser et al., 2006 ). The function of the WDR36 protein is 
not known but may infl uence immune mechanisms suggesting 
a possible role for immune response in elevated intraocular pres-
sure ( Monemi et al., 2005 ).  

  OPTIC NERVE 
 The optic nerve is the only path for communication between 
the eye and the brain. When the optic nerve is damaged, irre-
versible blindness occurs. The optic nerve contains the axons 
from the retinal ganglion cells that travel through a supporting 
structure, the lamina cribrosa, before reaching their fi rst syn-
apse in the lateral geniculate body. Inherited disorders of the 
optic nerve include degenerative processes (primarily glaucoma 
described above) as well as primary disorders causing optic nerve 
atrophy (for review see  Newman, 2005 ). Mitochondrial function 
is a critical element in optic nerve disease: Leber’s hereditary 
optic neuropathy is caused by missense mutations in mitochon-
drial DNA ( Valentino et al., 2004 ), while Kjer’s autosomal dom-
inant optic atrophy is caused by mutations in  OPA1  that also 
affect mitochondrial function ( Olichon et al., 2006 ). Screening 
for mutations in genes known to contribute to optic nerve dis-
ease can identify individuals at risk, but therapeutic options are 
currently limited ( Johns and Colby, 2002 ).  

  RETINA 
 The phototransduction of light is carried out by the retina. 
Phototransduction occurs in the rod and cone photorecep-
tors and is dependent on rhodopsin and the cone opsins. The 
photoreceptors signal a cascade of retinal neural cells with the 
terminal axons of the retinal ganglion cells forming the optic 
nerve. Inherited blinding disorders that affect the structure and 
physiology of retinal cells participating in this complex proc-
ess include: retinitis pigmentosa and other retinal degenerations 
(for review see  Kennan et al., 2005 ); retinoblastoma (for review 
see  Knudson, 2001 ); and age-related macular degeneration (for 
review see  Tuo et al., 2004 ;  Wiggs, 2006 ). The role of selected 
genetic factors in these retinal disorders will be discussed below. 

 The fi rst gene to be recognized as a cause of retinitis pig-
mentosa was the gene coding for rhodopsin, the primary pig-
ment in rod photoreceptors. Missense mutations in rhodopsin 
cause an autosomal dominant form of retinitis pigmentosa 
( Dryja et al., 1991 ). In general the rhodopsin mutations associ-
ated with retinitis pigmentosa can be placed into two groups: 
those that affect rhodopsin synthesis, folding, or transport from 
the rod cell, and those that have detrimental effects on rho-
dopsin’s functions, such as photobleaching, photoactivation and 
deactivation ( Kisselev, 2005 ). P23H, is the most common muta-
tion associated with autosomal dominant retinitis pigmentosa, 
and this mutation causes protein misfolding or missorting in the 
endoplasmic reticulum ( Olsson et al., 1992 ). Missense mutations 
that affect rhodopsin function, such as K296E cause congeni-
tal night blindness in addition to autosomal dominant retinitis 
pigmentosa ( Robinson et al., 1992 ). Although defi nitive treat-
ment for these conditions is not currently possible, screening for 
mutations will help identify individuals at risk. 

 Leber’s congenital amaurosis is a severe blinding condition 
that leaves infants and children without any useful vision. The 
most common cause of this condition are mutations in  RPE65  
coding for a protein located in the retinal pigment epithelium 
that is a critical enzyme responsible for regeneration of 11-cis 
retinal, the chromophore needed for visual pigments ( Galvin
et al., 2005 ;   Takahashi et al., 2005 ). Mutations in the gene cause 
a loss of function of the protein, and restoration of vision has 
been accomplished in both a canine model and a mouse model 
of the disease using an rAAV vector containing the normal 
 RPE65  gene ( Acland et al., 2005 ;  Chen et al., 2006 ). Clinical 
trials are underway to evaluate the effi cacy of injecting  RPE65  
viral constructs into human eyes. 

 Retinoblastoma is the most common primary intraocular 
malignancy of childhood. Predisposition to the disease can be 
inherited as an autosomal dominant trait, and the mean age of 
diagnosis for inherited cases is 12 months of age. Affected children 
can present with a visible white refl ex at the pupil (leukokoria) 
but tumors can also be located in the retina such that they are not 
detected by a typical clinical exam. If the tumors are not treated, 
nearly all patients die of intracranial extension and dissemi-
nated disease within 2 years. Careful examination of the retina is 



 diffi cult in young children, and usually requires general anesthe-
sia. Children at risk must be examined every 3 months until they 
have reached an age where tumor development is unlikely (about 
age 5). The discovery of the  RB1  gene as the causative gene for 
retinoblastoma made it possible to develop molecular diagnostic 
tests to detect carriers of mutant forms of the gene ( Wiggs et al., 
1988 ). Current methods include the protein truncation test ( Tsai 
et al., 2004 ) and sequence detection strategies ( Houdayer et al., 
2004 ). Individuals identifi ed as carriers of mutant forms of the 
gene can undergo increased surveillance and timely treatment 
which involves removal of the eye or treatment of the tumor with 
proton beam radiation ( Abramson and Schefl er, 2004 ). 

 Age-related macular degeneration (AMD) affects over 10 
million Americans and is the leading cause of blindness among 
the elderly. AMD is a complex disease that results from interac-
tions between genetic and environmental factors. Studies have 
shown that the risk of macular degeneration increases with age, 
smoking and excess dietary lipids ( Hyman and Neborsky, 2002 ). 
Signifi cant genetic contributions have been demonstrated by 
increased concordance between identical twins, familial clus-
tering and increased risk to fi rst-degree relatives ( Stone et al., 
2001 ). Recently variants of two genes, complement factor H 
( Edwards et al., 2005 ;  Haines et al., 2005 ;  Klein et al., 2005 ) and 
a novel gene  LOC387715  ( Rivera et al., 2005 ) have been shown 
to substantially increase the risk of macular degeneration. These 
risks are further increased in individuals who smoke ( Schmidt 
et al., 2006 ). These important results suggest that screening for 
these genetic factors can identify individuals at risk for the 
disease and identify individuals who can reduce their risk by 
behavior modifi cation.  

  GENETIC TESTING FOR OCULAR 
DISORDERS 
 The identifi cation of genes responsible for inherited eye dis-
ease and the development of powerful molecular techniques 
for detecting genetic defects makes it likely that genetic test-
ing for inherited ocular disorders will become commonplace 
over the next decade. Current genetic tests are available for 
many ocular disorders, including those discussed in this chapter. 
A number of CLIA-certifi ed laboratories perform genetic test-
ing for eye diseases in the United States ( Stone, 2007 ), and a 
group of CLIA laboratories are participating in a genotype/
phenotype project sponsored by the National Eye Institute 
(eyeGENE;  http://www.nei.nih.gov ). Current tests mainly pro-
vide diagnostic information, however, future testing is expected 
to provide prognostic information. With the additional devel-
opment of pharmacogenomic tests predicting therapeutic 
responsiveness, gene-based tests could become an increasingly 
important component of an individualized treatment plan. 

 Genetic testing is currently most useful for the numerous 
rare Mendelian ocular disorders. Recent advances have iden-
tifi ed genetic risk factors for two common complex ocular 
conditions, macular degeneration and one form of glaucoma, 
pseudoexfoliation syndrome ( Edwards et al., 2005 ;  Fan et al., 
2007 ;  Haines et al., 2005 ;  Klein et al., 2005 ;  Rivera et al., 2005 ; 
 Thorleifsson et al., 2007 ). As more genetic and environmental 
risk factors for complex diseases are identifi ed, genetic testing 
will become an important part of establishing risk estimates for 
these common blinding conditions.  
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2009 UPDATE
A recent genome-wide association study using Icelandic glau-
coma patients and controls demonstrated a very signifi cant 
association between SNPs in the LOXL1 gene and pseudoex-
foliation glaucoma – one type of age-related, late-onset glau-
coma (Thorleifsson et al., 2007). The association in the Icelandic 
patients has been confi rmed in more heterogeneous popu-
lations from the United States (Challa et al., 2008; Fan et al., 
2008b; Fingert et al., 2007; Yang et al., 2008) and other popula-
tions throughout the world, including Australia (Hewitt et al., 
2007), Germany (Pasutto et al., 2008), Italy (Pasutto et al., 2008), 
China (Gong et al., 2008), Japan (Ozaki et al., 2008), and India 
(Ramprasad et al., 2008). In all the populations studied, the risk 
genotype at rs3825942 (G153D) accounts for over 90% of the 
population attributable risk. However, use of this genotype for 
screening purposes is not yet practical, as the risk genotype is 
also prevalent in unaffected individuals, signifi cantly lowering 
the specifi city of the test. The high frequency of the risk geno-
type in controls also suggests that additional factors, both genetic 
and environmental, are likely to contribute to this disease.

Pseudoexfoliation glaucoma is a specifi c type of glau-
coma characterized by the deposition of microfi brillar mate-
rial throughout the eye. The composition of the PXFS-related 
material, although not completely defi ned, appears to be a 
complex glycoprotein structure containing elements of base-
ment membranes and the elastic fi ber system (Martone et al., 
2007). The biological processes that cause this material to accu-
mulate in ocular structures are not known, although recent 
studies indicate that vascular compromise may be a contrib-
uting factor (Parodi et al., 2008). The product of the LOXL1 
gene, lysyl oxidase like 1, is a member of the lysyl oxidase fam-
ily of proteins that catalyze the polymerization of tropoelas-
tin to form the mature elastin polymer. Mice lacking LOXL1 
have abnormal elastic tissues including the basement mem-
branes of blood vessels (Liu et al., 2004). Several studies have 
suggested that pseudoexfoliation patients have modest eleva-
tions of serum homocysteine, which could add further vascu-
lature insult in affected tissues (Altinta et al., 2005; Roedl et al., 
2007). Genes coding for proteins that regulate homocysteine 
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metabolism do not appear to contribute to this syndrome (Fan 
et al., 2008a), suggesting that the homocysteine elevation seen 
in these patients may be environmental in origin.

In addition to homocysteine, other candidates for sec-
ondary factors infl uencing the disease have been investigated 
including clusterin (Burdon et al., 2008) and most recently 
elastin (Fan et al., 2009). Variants in these genes were not sig-
nifi cantly associated with the disease and did not show any 
evidence for gene–gene interactions with LOXL1, arguing that 
these genes do not signifi cantly contribute to the condition. 
Further studies evaluating genes coding for other proteins that 
interact with LOXL1 or function in elastic tissues could help 

identify additional genetic factors contributing to this form of 
glaucoma.

The LOXL1 glycine allele specifi ed by rs3825942 is sig-
nifi cantly associated with disease in all populations studied; 
however, it is not yet known if this amino acid substitution is 
directly responsible for the disease or if it is in linkage dise-
quilibrium with other causal variants. Initial studies have sug-
gested that the condition results from a loss of lyslyl oxidase 1 
function, and the glycine at position 153 could affect the cata-
lytic activity of the protein through modifi cations of propep-
tide cleavage and binding to substrates such as tropoelastin and 
fi bulin-5 (Schlötzer-Schrehardt et al., 2008).
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  INTRODUCTION 
 Depression is a highly prevalent, potentially life-threatening 
condition that affects hundreds of millions of people all over the 
world. It can occur at any age from childhood to late life and 
exerts a tremendous cost upon society. The psychopathological 
state involves a triad of symptoms with low or depressed mood, 
anhedonia and low energy or fatigue. Other symptoms, such as 
sleep and psychomotor disturbances, feelings of guilt, low self-
esteem, suicidal tendencies as well as autonomous and gastroin-
testinal disturbances are also often present. 

 Depression is not a homogenous disorder but a complex phe-
nomenon with many subtypes. The differences in symptomatology 
range from mild symptoms to severe symptoms with or without 
psychotic features. Interactions with other psychiatric and somatic 
disorders are quite common. An interaction between depression 
and cardiovascular disease, with worsened prognosis after myo-
cardial infarction and increased mortality rates, is especially well 
documented. 

 The etiology of depression is multi-factorial, including 
non-genetic and genetic factors. As with most human complex 
disorders, the relationship between genes and the disorder is not 
straightforward but the result of complicated interactions between 

multiple genes and the environment. Similarly, the response to 
antidepressant medication varies among patients and is also at least 
partly infl uenced by genetic variants.  

  DIAGNOSIS, PREVALENCE AND 
COURSE OF DEPRESSION 
 The clinical course of major depression (formerly unipo-
lar depression) is characterized by one or more major depres-
sive episodes without a history of manic, mixed or hypomanic 
episodes. According to the diagnostic criteria of DSMS-IV 
( American Psychiatric Association, 1994 ), fi ve of the follow-
ing symptoms have to be present for a minimum of two weeks: 
depressed mood, loss of interest or pleasure, signifi cant alteration 
in weight and appetite, insomnia or hyposomnia, disturbances in 
psychomotor activity with either agitation or retardation, fatigue 
or loss of energy, feelings of worthlessness, diminished ability to 
think or concentrate and, last but not least, recurrent thoughts 
of death and suicidal ideation or acts. Recurrent episodes of 
major depressive disorders may differ in symptomatology and 
thus show pleomorphic manifestations within one individual 
( Oquendo et al., 2004 ). 
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 The lifetime prevalence of depression is between 10% and 
20% in the general population worldwide, with a female to male 
ratio of about 5:2. Typically, the course of the disease is recur-
rent and most patients recover from major depressive episodes. 
However, a substantial proportion of the patients become chronic, 
and after 5 or 10 years of prospective follow-up, 12% and 7%, 
respectively, are still depressed ( Keller et al., 1997 ). But patients 
who recover also have a high rate of recurrence, as approximately 
75% of patients experience more than one episode of major 
depression within 10 years. There is a high level of comorbidity 
between anxiety and depressive disorders, with co-occurrence 
rates up to 60% ( Gorman, 1996 ). This suggests that comor-
bid anxiety and depression are the rule rather than exception. 
Furthermore, there is high co-occurrence of neuroticism, which 
is characterized by dysphoria, tension and emotional reactivity 
and is often a premorbid personality structure and a robust pre-
dictor for future onset of depression. It is estimated that both anx-
iety and neuroticism share about 50% of the genetic factors with 
depression.  

  PATHOPHYSIOLOGICAL 
MECHANISMS 
 Depressive disorders are complex phenomena in terms of symp-
tomatology and multi-factorial in etiopathogenesis. Although 
the specifi c causes have not been elucidated in detail, there is 
overwhelming evidence that depression is caused by the inter-
action of multiple genetic risk factors and environmental and 
neurobiological factors ( Mann and Currier, 2006 ) ( Figure 56.1   ). 
Cross-infl uences can be seen between all these pathways, and 
genes contribute to all of them ( Kendler et al., 2006 ). 

  The Neurobiological Basis of Depression 
 Most theories about the neurobiology of depression involve 
functional defi ciencies of the brain monoaminergic transmit-
ters, especially serotonin (5-HT) and norepinephrine (NE). Both 

neurotransmitters modulate many behavioral symptoms that 
are disturbed in depression, such as mood, vigilance, motivation, 
fatigue and psychomotor agitation or retardation. Abnormal func-
tion may arise from altered synthesis, storage or release of the 
neurotransmitters as well as from disturbed sensitivity of their 
receptors or sub-cellular messenger functions within the synapse 
( Figure 56.2   ). Transport proteins play a crucial role in neural trans-
mission, as they reduce the availability of the neurotransmitters in 
the synaptic cleft and thus terminate their effect on pre- and post-
synaptic receptors. It is also noteworthy that most of the available 
antidepressants have an impact on the 5-HT transporter. On 
the basis of recent evidence, which showed that the proteins of the 
postsynapse are involved in long-term adaptive mechanisms in 
response to altered transmission during disease or when drugs take 
effect, these proteins are now considered to be the main modula-
tors of neuronal activity and pathophysiology of mental disorders 
( Manji and Duman, 2001 ). Newer hypotheses stress the impor-
tance of this adaptation or plasticity of neuronal systems and pro-
pose that depression could result from an inability to make the 
appropriate adaptive responses to stress or other aversive stimuli, 
and that antidepressants may act by correcting this dysfunction or 
by directly inducing the appropriate adaptive responses ( Duman, 
2004 ). Neurotrophic factors (e.g., the brain-derived neurotrophic 
factor (BDNF), and the BDNF receptor (trkB)) are involved in 
these processes and promote the function and growth of neurones 
in the adult brain that contain 5-HT. 
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Figure 56.1      Hypothetical model for the etiology of depression.
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             Figure 56.2       The signal transduction cascade in the synapse. 
All compartments may be disturbed, beginning with neurotrans-
mitter production, storage and release within the presynapse, 
down to postsynaptic events, mediated via neurotransmitter–
receptor coupling and the activation of postsynaptic effectors. 
According to recent knowledge, the long-term adaptation proc-
esses with regulation of gene expression are crucially involved in 
pathophysiology of disorders and drug response.
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 Despite these transmission processes within neurones, the stress-
response system involving the hypothalamus-pituitary-adrenal 
(HPA) axis is of paramount importance in the development of 
depression. One of the consistent fi ndings in psychiatry is that a 
signifi cant proportion of depressed patients hypersecretes hypoth-
alamic-corticotropin-releasing hormone (CRH), which stimu-
lates adrenocorticotropin (ACTH) secretion from the pituitary 
and fi nally leads to increased cortisol levels and inadequate gluco-
corticoid feedback ( Holsboer, 2000 ). Furthermore, various stress 
hormones interact with the serotonergic system on several levels, 
as sustained CRH or cortisol overdrive down-regulate the sero-
tonergic system in terms of turnover, activity of the neurons and 
alterations on the receptor basis ( van Praag, 2005 ). Thus, a possi-
ble conclusion might be that disturbances of the 5-HT and stress 
hormone systems are of pathophysiological relevance in depres-
sion and are not merely an epiphenomenon of the condition.  

  Genetic Basis of Major Depression 
 It is well known that depression runs in families. Numerous stud-
ies have documented that fi rst-degree relatives of mood disorder 
patients have an approximately threefold risk of developing depres-
sion. There is further evidence that these relatives are also more sus-
ceptible to anxiety, substance abuse or social impairment compared 
to the offspring of non-depressed parents ( Weissman et al., 2006 ). 
However, the familial loading could also be the result of shared 
environmental factors, thus suggesting that the vulnerability to 
depression could be due to nurture rather than nature. A number 
of studies comparing the prevalence of depression among mono- 
and dizygotic twins gave suffi cient evidence that major depression 
(as a disease) is moderately heritable, and on the basis of these twin 
studies, estimated that heritability may be 40–50% ( Malhi et al., 
2000 ). Furthermore, there is no doubt that more than one single 
gene is responsible for the increased vulnerability and that consid-
erable gene–gene and gene–environment interactions complicate 
the identifi cation of relevant susceptibility genes ( Levinson, 2005 ). 

  Genetic Linkage Analyses 
 As heritability of depression does not follow the Mendelian pat-
tern, the available linkage analyses that investigated a major gene 
effect are less convincing, and genome scan results are not yet avail-
able. Nevertheless, in the last decade a number of different results 
were obtained for depression and related traits. Selected regions on 
chromosomes 3, 4, 6, 12, 15 and 18 (for review see  Levinson, 2005 ), 
especially in combination with depression-related personality traits 
such as neuroticism and harm avoidance, have received support 
from more than one study. However, as is the case for all linkage 
analyses for complex disorders, one cannot predict which will be 
true positives in the long run and thus until now none of these 
chromosomal regions has really been accepted as a susceptibility 
gene for depression. As statistical power is one of the fundamental 
problems of most studies, the full impact of genetic linkage fi nd-
ings on the search for depression susceptibility genes might come 
from combined analyses of multiple datasets ( Levinson, 2005 ). 

 As major depression is such a complex disorder, association 
studies, despite all their well-known pitfalls, appeared to be more 

suitable than linkage analyses and it was hoped that this method 
might unravel minor effects of genes. The selection of candidate 
genes followed the neurobiological hypotheses of depression, 
which will be summarized briefl y here.  

  Association Studies with Different Candidate Genes 
 Due to the prominent importance of the serotonergic system, 
association studies have so far focused on polymorphisms in genes 
encoding for the rate-limiting synthesizing enzyme tryptophan 
hydroxylase (TPH), the serotonin transporter (5-HTT), the differ-
ent 5-HT receptors and the degrading enzyme, monoamine oxi-
dase-A (MAOA). 

 The majority of studies were carried out with the  serotonin 
transporter, which is a crucial protein within the synapse as it 
cleaves 5-HT from the synaptic cleft and is the target protein 
of the selective 5-HT reuptake inhibitors and other antidepres-
sants (see section: Psychopharmacogenetics). A polymorphism 
within the promoter region of the 5-HTT (5-HTTLPR), com-
prising a 44-base-pair insertion/deletion resulting in short (S) 
and long (L) alleles, was shown to affect the transcription and 
thus the function of the gene ( Heils et al., 1995 ). Many stud-
ies followed the fi rst fi ndings that the S-allele is associated with 
anxiety ( Lesch et al., 1996 ), but the results were discrepant and 
even meta-analyses yielded inconclusive results as to whether 
the S-allele confers a risk for depression. Methodological issues 
might be one explanation for the failure to fi nd such an asso-
ciation, because in most studies the samples were small and 
clinically heterogeneous. In this respect it is remarkable that a 
recent study, which investigated a large and clinically well char-
acterized sample, clearly demonstrated that the S-allele of the 
5-HTTLPR was signifi cantly more frequent in depressed 
patients than in controls ( Hoefgen et al., 2005 ). This fi nd-
ing could be independently replicated in a large cohort of the 
Spanish population ( Cervilla et al., 2006 ). On the basis of these 
new and methodologically subtle studies, one might be tempted 
to speculate that the S-allele of the 5-HTTLPR might have a 
small but independent effect on the vulnerability for depression. 

 A further interesting and promising gene of the serotoner-
gic pathway is the recently identifi ed, brain-specifi c TPH2 gene 
( Walther et al., 2003 ), which is the limiting enzyme in serot-
onin synthesis of the central nervous system (CNS). There is 
now evidence that a region in or around introns 5 of the TPH2 
gene might be a susceptibility locus for depression. Zill and col-
leagues were the fi rst to associate a haplotype in intron 5 with 
major depression ( Zill et al., 2004a ) and completed suicide ( Zill 
et al., 2004b ). Although the exact location and characterization 
of the relevant mutations have yet to be established, there are 
now three independent studies showing that haplotype blocks 
in regions overlapping with that reported by Zill et al. are asso-
ciated with major depression, suicidality and bipolar disorder 
patients of different ethnic groups ( Harvey et al., 2004 ;  Van Den 
et al., 2006 ;  Zhou et al., 2005 ). 

 Many other genes of the serotonergic pathway were inves-
tigated by several groups, but although some positive results 
emerged the data were contradictory and even some meta-analyses 



did not give convincing evidence for a signifi cant interaction 
between any of these investigated genes and the genetic liability 
for major depression (for review see  Leonardo and Hen, 2006 ; 
 Levinson, 2005 ). A summary of fi ndings of genetic association 
studies is listed in  Table 56.1   . Genome-wide association studies 
could be very valuable and are currently being carried out, but 
the results are not yet available. 

 Evaluating the results of both linkage and association studies 
it emerges that, besides the established heritability for depression, 
a susceptibility gene or set of genes could not be identifi ed so 
far. Beyond the fact that mood disorders are complex in nature, 
may represent a family of related but distinct conditions and are 
probably polygenic, the defi nition of the clinical phenotype of 
depression is a serious problem in molecular genetic studies. 
Although the diagnostic criteria seem to be clearly defi ned by 
the DSM-IV criteria, the co-occurrence of other psychiatric 
disorders, such as anxiety or alcohol/drug constitutes a major 
challenge in genetic studies.   

  Genetics of Emotional Regulation and the 
Response to Stress 
 The identifi cation of biological mechanisms through which 
genes lead to differences in emotional behavior is paramount 
to understanding how genes confer risk for psychiatric disor-
ders such as depression ( Hariri and Holmes, 2006 ). As 5-HT 
is a key modulator of emotional behavior sub-serving anxiety 
and depression, the effects of gene variations in the serotonin 
transporter gene were investigated for their infl uence on tem-
perament, character, and the regulation of emotion. After the 
fi rst observation almost a decade ago ( Lesch et al., 1996 ) that 
individuals carrying at least one S-allele of the 5-HTTLPR 
displayed higher levels of anxiety, neuroticism and harm avoid-
ance, many studies were performed to confi rm this observation. 
Although the results of the various studies were not consist-
ent, meta-analyses have demonstrated a signifi cant association 

between the S-allele and these personality traits (for review see 
 Hariri and Holmes, 2006 ;  Munafo et al., 2005 ). 

 Emerging evidence from human and animal studies indi-
cates that a relative loss in the 5-HTT gene function not only 
increases anxiety but also exerts a negative infl uence on the 
capacity to cope with stress, which further increases the risk for 
mood disorders. This was underlined by a study by Caspi et al., 
who investigated a representative cohort in a prospective, lon-
gitudinal study ( Caspi et al., 2003 ). They could show that indi-
viduals with one or two copies of the S-allele exhibited more 
depressive symptoms, more diagnosable depression and more 
suicidality in relation to stressful life events than individuals who 
were homozygous for the L allele. This fi nding suggests that 
genetic variants may act to promote one’s resistance to environ-
mental pathogens and that the S-allele moderates the “depressio-
genic” infl uence of stressful life events. Similar studies followed 
and replicated these fi ndings about an increased vulnerability 
to stress in S-allele carriers, and were further extended to the 
impact of the dopamine D4 receptor gene ( Ebstein, 2006 ;  Hariri 
and Holmes, 2006 ). In addition, the study by  Grabe et al. (2005)  
demonstrated this gene–environment interaction in relation to 
the 5-HTTLPR genotypes in a cohort with severe mental and 
physical distress (e.g., myocardial infarction, stroke, diabetes and 
degenerative diseases). They found an interaction between the 
5-HTTLPR S-allele and unemployment or chronic disease, but 
only in females. This fi nding goes beyond those of the previ-
ous studies, and indicates a higher mental vulnerability to social 
stressors and chronic disease. All these recent fi ndings dem-
onstrate that the 5-HTTLPR affects not only central 5-HTT 
function, but as a consequence seems also to be involved in the 
regulation of bio-behavioral characteristics. 

 Recent studies have begun to investigate how the 
5-HTTLPR S-allele might mediate stress reactivity at the level of 
the neural pathway regulating emotion. The non-invasive method 
of neuroimaging was used to determine the effects of 5-HTTLPR 

 T A B L E  5 6 . 1          Important association studies in major depression  

   Gene symbol  Gene  Result 

   BDNF  Brain derived neurotrophic factor  270CT, negative result 

   CRHR1  CRH receptor  One positive result, not replicated 

   DRD4  Dopamine receptor D4  48 bp repeat, questionable association 

   GNB3  G-protein  � 3  Questionable, partly replicated 

   5-HT1A  Serotonin receptor 1A   	 1019CG polymorphism affect serotonin system 
Predispose depression 

   5-HT2A  Serotonin receptor 2A  No association 

   5-HTTLPR 
    

 Serotonin transporter 
  

 S-allele associated with anxiety, neuroticism 
 S-allele associated with depression in response 
to stress 

   TPH2  Tryptophan hydroxylase, brain specifi c  SNPs in introns 5 associated with depression 

Adapted from  Levinson, 2005. 
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on reactivity of the amygdala, a brain region that is crucial in 
mediating emotion, to stress. An amygdala hyper-reactivity to 
stress was shown in S-allele carriers in several ethnically different 
cohorts ( Hariri and Holmes, 2006 ). Thus, these fi ndings identify 
a possible neuroanatomical substrate for the negative affect associ-
ated with the S-allele in healthy volunteers.   

  PHARMACOGENOMICS OF 
ANTIDEPRESSANTS 
 There is substantial unexplained interindividual variability in 
the response to treatment with psychoactive drugs, as a pro-
portion of patients who receive a regular dose do not respond 
adequately or experience limiting side effects. Despite the avail-
ability of a vast variety of drugs, about 30–50% of patients are 
non-responders. The nature of drug response is a highly com-
plex phenomenon involving genetic and non-genetic factors, 
the latter including age, gender, hepatic and renal status, nutri-
tion, smoking and alcohol intake. Within the last decade, the 
concept of individualized drug therapy on the basis of genetic 
investigations has become a major issue in psychopharmacology. 
After early positive results there was much enthusiasm about the 
identifi cation of a genetic make-up that would be ideal to opti-
mally tailor drug treatment in psychiatry. 

 Numerous association studies have been carried out since 
then, with genes coding for either the pharmacokinetic (i.e., the 
processes that infl uence bioavailability) or pharmacodynamic 
(targets of drug action) pathways. Most pharmacodynamic stud-
ies investigated candidate genes that were proposed either by the 
etiopathology of depression or by the putative pharmacologi-
cal mechanisms of the drugs ( Reynolds et al., 2006 ). However, 
despite some advances in various fi elds, the fi nal goal of an opti-
mally tailored therapy still remains elusive. 

  Polymorphic Drug Metabolizing Enzymes and 
Pharmacokinetic Aspects 
 All antipsychotics are subject to extensive metabolism by various 
enzymes of the cytochrome P-450 (CYP) family, which play a 
pivotal role in the elimination of these drugs and therefore infl u-
ence their effi cacy and toxicity. Factors that affect CYP function 
and expression, such as CYP pharmacogenetics and the processes 
of inhibition and induction, all infl uence the  in vivo  rates of drug 
elimination ( Murray, 2006 ). Genetic variants in CYP enzymes 
constitute multi-allelic systems that express a variety of pheno-
types. Patients with these phenotypes can be distinguished as 
poor (PM), intermediate (IM), extensive (EM) or ultrafast metab-
olizers (UM) ( Brosen, 2004 ). The PMs lack an active form of the 
expressed enzyme due to an inactivating allelic variant, IMs have 
at least one copy of an active gene and UMs contain duplicated 
or amplifi ed gene copies, thus leading to either increased, maybe 
toxic, or decreased, maybe ineffective, concentrations of the drug 
( Oscarson, 2003 ). Although many CYP enzymes are known, 
only a few of them are  relevant for metabolism of psychoactive 
drugs, mainly the CYP1A2, CYP2D6, CYP2C19 and CYP3A4. 

 Earlier studies focused on the interaction between CYP 
genotype, the plasma concentration of the drugs and the 
response to treatment. Although a relation between the CYP 
genotype and plasma concentration could be shown, a clear 
effect on drug response is missing. The processes of CYP induc-
tion and inhibition may have tremendous effects on drug elimi-
nation and thus on the incidence of adverse drug effects. Thus, 
inhibition of the metabolizing enzyme might convert an EM to 
a PM type. Since many if not most depressives are on a multi-
drug regimen, there is a large potential for enzyme inhibitory 
reactions and an increased rate of adverse drug effects. Especially 
co-medication with antidepressants, but also with some anti-
biotics or  � -blockers, might considerably increase the plasma 
concentrations of the main drug ( Table 56.2   ); this interaction is 

 T A B L E  5 6 . 2          Major cytochrome P450 isoenyzmes (CYP), their substrates, enzyme inhibitors and inductors  

   Enzyme  Substrate  Inhibitor  Inducer 

   CYP1A2  TCAs (e.g., amitriptyline, clomipramine, 
imipramine), duloxetin, fl uvoxamine, mirtazapine 

 Fluvoxamine, grapefruit juice, 
antibiotics 

 Carbamazepine, hyperforin, 
nicotine 

   CYP2C19  TCAs (e.g., amitriptyline, clomipramine, doxepin, 
imipramine, trimipramine); SSRIs (e.g., citalopram, 
fl uoxetine, sertraline), moclobemide, venlafaxin, 

 Fluoxetine, valproic acid, 
fl uvoxamine 

 Carbamazepine, phenytoin 

   CYP2D6  TCAs (e.g., amitriptyline, clomipramine, 
desipramine, imipramine, nortriptyline); SSRIs (e.g., 
fl uoxetine, fl uvoxamine, paroxetine),duloxetin, 
mianserin, venlafaxine, 

 Fluoxetine, paroxetine, 
citalopram, duloxetin, 
fl uvoxamine, fl uphenazine, 
moclobemide, haloperidol, 
perphenazin, propranolol, 
antibiotics 

 No inducer known 

   CYP3A4  TCAs (e.g., amitriptylin, clomipramin, imipramin), 
citalopram, reboxetine, venlafaxin, 

 Fluoxetine, fl uvoxamine, 
olanzapine, grapefruit juice 
nicotine 

 Carbamazepine, hyperforin, 
phenytoin 



extremely important in those patients who are already PMs due 
to genetic variants ( Grasmader et al., 2004 ). 

 On the other hand, some drugs such as carbamazepine, 
phenytoin or hyperforin are known to up-regulate CYP expres-
sion in the liver; the respective substrates are then eliminated 
more rapidly via this enzyme induction ( Grasmader et al., 2004 ). 
Together with environmental factors such as smoking and/or 
alcohol consumption, both of which are inducers of CYP activity, 
genetic factors might lead to different metabolism of a given drug.  

  Pharmacodynamic Aspects: Response to Treatment 
 The term pharmacodynamics encompasses all processes infl u-
encing the resulting effect, such as the interaction with target 
proteins or with mechanisms that are modulated by this inter-
action. The primary targets of antidepressants are known and 
are congruent with the etiological hypotheses. For this reason, 
mostly candidate genes from the monoaminergic pathway have 
so far been investigated. 

 One of the most consistent fi ndings in pharmacogenetics is 
the involvement of the serotonin transporter (5-HTT), which is 
not only the initial target of the selective serotonin reuptake inhib-
itors (SSRIs), but is also affected by most of the other antidepres-
sants. The functional variant in the 5 ' -regulatory region of this it 
was repeatedly shown in independent that the S-allele is associated 
with slower response to SSRIs such as paroxetine, citalopram and 
fl uvoxamine, as demonstrated in more than two independent stud-
ies (for review see ( Serretti et al., 2005 ). Interestingly, this polymor-
phism also seems to be involved in response to drugs beyond the 
SSRIs, for example lithium ions, which are widely used as a mood 
stabilizer (review ( Binder and Holsboer, 2006 ). Other possible can-
didate genes of the serotonergic system were those coding for the 
different 5-HT receptors, the rate-limiting enzyme for the syn-
thesis of tryptophan hydroxylase (TPH1), or monoamine oxidase 
(MAO), the degrading enzyme. Further investigated genes were 
of the norepinephrine and dopamine systems ( Serretti and Artioli, 
2004 ;  Serretti et al., 2005 ), however, only a few consistent and rep-
licated studies are available (Lefebvre et al., 2006)   (see Table 56.3)      .

  GENE AND PROTEIN EXPRESSION 
STUDIES 
 New techniques such as proteomics and the cDNA micro-arrays 
represent prominent expression profi ling techniques to investigate 
multi-factorial and polygenic complex traits. These  techniques 
allow to study the expression of thousands of genes or proteins 
in one experiment and are thus powerful instruments for the 
analysis of pathophysiological mechanisms and for the search 
for new drug targets ( Bertilsson et al., 2002 ). Most of the work 
currently carried out covered pharmacogenomic aspects and 
a recent review demonstrated certain novel candidate genes 
that may underlie the mechanism of action of antidepressants. 
Among them are genes affecting neurogenesis (via the HPA 
axis and related neuroendocrine systems, the cAMP messenger 
system as well as phopshorylation   of CREB), neurotransmitter 
release and neurite outgrowth via cysteine string protein, as well 

as several neural cell adhesion molecules (for review see ( Yamada 
et al., 2005 )). These fi ndings support the hypothesis that plas-
ticity represents the mechanism of action of drugs. Concerning 
pathophysiological mechanisms of depression alteration of sig-
naling-, oligodendroglial- and GABA-related genes have been 
observed and opened up new aspects for studying the patho-
physiologic mechanisms and the treatment of the disorder (for 
review ( Sequeira and Turecki, 2006 ). 

 Proteomic analyses uses two-dimensional electrophoreses 
and subsequent mass spectrometric sequencing of proteins to 
investigate protein changes in relation to the disorder or drug 
treatment. Due to limited accessibility of postmortem brain 
samples and several technical problems (as e.g., postmortem 
delay), only few studies have been carried out with this tech-
nique, but they may be seen as a non-hypothesis driven screen-
ing method for the detection of new candidates genes in 
neurobiological research ( Johnston-Wilson et al., 2000 ;  Schlicht 
et al., 2006 ).  

  FUTURE CONSIDERATIONS 
 Although the fi ndings described above are important, none of the 
positive results can fully account for the heterogeneity in depres-
sion or in response to antidepressant treatment. Despite the fact 

 T A B L E  5 6 . 3          Important genes tested for association 

with antidepressants drug response  

   Gene symbol  Gene  Association with 
response 

   ACE  Angiotensin 
converting enzyme 

 Yes, not independently 
replicated 

   COMT  Catechol-O-
methyltransferase 

 Yes, not independently 
replicated 

   CYP2D6  Cytochrome P450, 
family2, subfamily 6 

 Yes, independently 
replicated 

   DRD2  Dopamine receptor 
D2 

 No 

   FKBP5  FK506 binding 
protein 

 Yes, independently 
replicated 

   GNB3  G-protein  � 3  Yes, independently 
replicated 

   HTR1A  Serotonin receptor 
1A 

 Yes, not independently 
replicated 

   HTR2A  Serotonin receptor 
2A 

 Yes, independently 
replicated 

   MAOA  Monoamine 
oxidase A 

 No 

   HTT  Serotonin 
transporter 

 Yes, independently 
replicated 

Adapted from  Binder and Holsboer, 2006 .
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that most of the genetic studies evaluated small samples and only 
one or a few genetic variants, it appears almost impossible to 
identify a susceptibility gene for  “ depression ”  as a disorder. One of 
the main reasons for this is the involvement of complex emergent 
phenomena, including character, temperament and several 
neurobiological factors, all of which underlie a genetic contribu-
tion. The well-known comorbidity between anxiety, depression 
and neuroticism, with their interacting genetic contributions, fur-
ther complicates the identifi cation of a disease susceptibility gene 
as genes infl uence all levels of cognitive and emotional behaviors 
and all levels of biology, and thus transcend phenomenological 
diagnoses ( Hariri and Holmes, 2006 ). 

 After years of limited success the fi eld is now conceptu-
ally evolving from trying to fi nd a gene or genes that confer a 
risk for the development of depression or are involved in treat-
ment response. Our increasing knowledge of the basic neuro-
biology and of the complex interactions and functional circuits 
will have an increasing impact on the search for relevant genes. 
Newer hypotheses about depression beyond the monoaminergic 
theory will produce new sets of candidate genes. According to 
recent hypotheses about the neurobiology of depression these 
candidates will emerge from the processes of brain development, 
the long-term response to stress, regulation of the HPA axis 
and cortisol secretion as well as from neurotrophic, neurotoxic 
or infl ammatory processes, each of which are also genetically 
infl uenced. 

 Similarly, it is still unclear which neurotransmitter systems 
are the ultimate target via which drugs produce a clinical effect. 
This means that the majority of genes responsible for drug 
response are still unknown. The pharmacogenomic approach uses 
the recent advances in experimental genomics and proteomics, 
together with the available sequence information of the Human 
Genome Project. These developments will not only enable 

genome-wide screens of several millions of SNPs without the 
use of a candidate gene strategy, but also functional investigations 
of gene and/or protein expression on the whole genome or 
proteome level. The goal of pharmacogenomics is to study the 
mechanisms by which different genetic factors affect the organ-
ism’s drug response. This will help to fi nd the most effi cacious 
treatment for patients with specifi c genetic profi les ( Paez-Pereda, 
2005 ). 

 Although there is no doubt that large-scale gene and/or 
protein expression analyses or whole genome analyses will pro-
vide new insight into the pathophysiology of depression and the 
mechanisms of therapeutic effects and adverse drug reactions, we 
are presently lacking a serious impact of genomics in daily clinical 
management. Considering the well-documented increased familial 
vulnerability for the disorder, an identifi cation of persons at risk is 
highly warranted. However, as the vulnerability for the disorder 
might not directly be caused by a mutant gene but by an altered 
interaction between the mutant gene and other predisposing 
factors, future research will be directed toward these interactions. 
To give an example: the serotonin system plays an important 
mood mediating role, alterations in genes and their functional 
consequences on the protein might be among the fi rst to be rec-
ognized as vulnerability markers. Although this serotonin innate 
vulnerability, by itself, is not suffi cient to cause a depressive epi-
sode ( Firk and Markus, 2007 ), it was shown that additional factors, 
such as environment might trigger the outburst of the disorder. 
Thus, healthy individuals with a positive family history of depres-
sion and a genetic susceptibility that may be due to a polymor-
phism in the 5-HT transporter which deteriorates stress coping 
mechanisms, are more prone to develop depression. This example 
is the beginning of current and future research and thus opens up 
interesting options in the future management of depression and 
the identifi cation of high-risk subjects.  

2009 UPDATE

Recent advances in genetic and pharmacogenomic 
studies
A recent meta-analysis summarized about two hundred papers 
that met the criteria for statistical evaluation (Lopez-Leon et al., 
2008). Investigated were the already known candidate genes for 
depression, but also several new data were available. The authors 
concluded that six genes might be relevant for the genetic sus-
ceptibility for depression. Among them were those previously 
discussed, including the serotonin transporter (5-HTTLPR and 
the 40 bp VNTR), the G-protein-ß3 subunit GNB3, as well as 
the DRD4 receptor polymorphisms. But also other alleles, such 
as the APOE ε2 allele and the 677T-allele of the methylenetet-
rahydrofolate reductase (MTHFR) gene, were shown to have 
some relevance in the susceptibility for major depression. 

New pharmacogenomic data are now available that has 
been obtained with a sample of 4000 patients being treated 
with selective serotonin reuptake inhibitors (STAR*D study; 
Sequenced Treatment Alternatives to Relieve Depression). 

According to these results, some of the previously discussed 
genes, such as genes for the  FK506 binding protein (FKBP5), 
the 5-HT2A- and the 5-HT1A-receptors as well as the serot-
onin-transporter, are now confi rmed, at least in the treatment 
with serotonin reuptake inhibitors. But also some other, so far 
sparsely investigated genes, entered the focus of interest, such 
as those for the glutamate receptors or the potassium channels 
(Lekman et al., 2008, Lin and Chen, 2008). 

As pharmacogenomics is a rapidly evolving fi eld, some 
methodological guidelines have recently been proposed 
in order to reveal more reliable results (Serretti et al., 2008).  
Specifi cation of sampling source (inpatients versus outpatients, 
primary versus tertiary settings), standardization of diagnos-
tic systems and treatments, adequate monitoring of compli-
ance through plasma levels, suffi cient length of observation (at 
least 6 weeks for acute antidepressant treatments, though 3-6 
months are preferable), the use of a range of response crite-
ria and the inclusion of possible environmental  confounding 



 variables (life events, social support, temperament) are all 
potentially important issues when planning pharmacogenetic 
studies. 

Epigenetic mechanisms may explain heterogeneity
Considering the diversity of results in genetic studies, 
heterogeneity of both mechanisms of disease and response to 
treatment might be a plausible cause.  Recently it was recog-
nized that epigenetic mechanisms may be a potential major 
complication in genetic and pharmacogenomic studies of 
depression, as they can produce long-lasting changes in pro-
tein availability and function. Epigenetic mechanisms, such 
as DNA methylation, might ultimately abolish gene func-
tion, even without a DNA sequence change, and have thus 

long-lasting effects within mature neurons (Tsankova et al., 
2007). Given that these changes may considerably infl uence 
gene-environment interactions, epigenetics can explain several 
aspects of depression, including the high concordance rates 
among monozygotic twins or the greater prevalence of 
depression in women (Krishnan and Nestler, 2008). 

Although human data in depression are still lacking and 
most of our knowledge concerning this concept derives from 
animal studies, the data and the hypotheses are convincing. 
According to the fi rst studies with animals, signifi cant stress 
or primary experiences can infl uence supporting structures 
of DNA like chromatin in several regions of the brain, being 
relevant for developing depression, and these changes in DNA 
might be directly related to behavioral abnormalities.
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  INTRODUCTION 
 Following a period of relative disinterest in infectious disease 
research due to the enormous impact of vaccines and antibiotics 
on the spread of and mortality from these diseases, there is now 
renewed and growing interest in this area of research. This has 
been driven by several recent worldwide developments includ-
ing: (i) the rising incidence of diseases such as Acquired Immune 
Defi ciency Syndrome (AIDS) and antibiotic-resistant tubercu-
losis; (ii) antibiotic-resistant bacterial strains presenting a severe 
health threat in hospitals; (iii) the rapid spread of new pathogens 
such as Severe Acute Respiratory Syndrome (SARS); and (iv) 
the threat of bioterrorism. Indeed, nearly 25% of annual deaths 
worldwide are due to infectious disease ( Morens et al., 2004 ). 
Thus, the need to develop new diagnostic methods, more effec-
tive vaccines and better therapeutic strategies is urgent. 

 In order to effectively deal with infectious disease threats, it 
is important to understand both the pathogen and the response 
of the host, since the outcome of infection is determined by 
complex host–pathogen interactions. Pathogens are initially 
detected by the surveillance cells of the innate immune system 
using cell surface receptors known as Toll-like receptors (TLRs) 
(reviewed in [ Cook et al., 2004 ]). These TLRs recognize specifi c 
components of the pathogen, for example, bacterial lipopolysac-
charide (LPS) or double-stranded (ds) RNA from viruses. While 
many cell types express TLRs, cells of the innate immune system 

such as dendritic cells (DCs) and macrophages play particularly 
important roles in detecting and responding to pathogens. The 
response of these cells to a pathogen is determined by the specifi c 
pathogen component that interacts with the TLR and the specifi c 
TLR family member that is activated. Widespread changes in gene 
expression are detected following TLR activation and the acti-
vated cells produce a plethora of cytokines and chemokines that 
then activate the adaptive arm of the immune system. The specifi c 
cytokines and chemokines produced by the TLR-activated cells 
tailor the response of the adaptive immune system to deal with 
the specifi c pathogen ( Cook et al., 2004 ). Thus, the initial host 
response to a pathogen through the TLRs determines the outcome 
of the infection. Host response to infection can be a double-edged 
sword in that sometimes the response itself can create an adverse 
outcome for the host. In addition, the aberrant response of the 
host to self instead of foreign pathogens can create severe patholo-
gies involving chronic infl ammatory and autoimmune diseases. 

 The urgent need to better understand host–pathogen inter-
actions has come at a time when genomics and related technolo-
gies are expanding rapidly. The availability of complete genomic 
sequences of an expanding number of pathogens, the human 
and mouse genome sequences and the advent of genome-wide 
genotyping and gene expression profi ling has opened up new 
avenues of investigation in the fi eld. 

 The genotype of the pathogen plays a major role in the 
response of the host to infection with more virulent pathogenic 
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strains often possessing the capability to interfere with the host 
immune response ( Fitzgerald and Musser, 2001 ;  Kato-Maeda 
et al., 2001 ;  Schoolnik, 2002 ). In addition, different individuals 
in a population can have very different responses to a genetically 
identical pathogen. While there are many complex reasons for 
this, it is clear that part of the differential response is governed 
by underlying genetic differences between individuals ( Clementi 
and Di Gianantonio, 2006 ;  Zhang and Zhang, 2006 ). Studies in 
mouse models of infection have clearly demonstrated that these 
genetic differences are complex and may involve more than one 
genetic locus for a given susceptibility or resistance trait (e.g., 
[ Delahaye et al., 2006 ]). While there are some classic examples of 
genetic mutations affecting the response of the host to a path-
ogen (e.g., malaria and sickle cell mutations) there is much 
to be learned before the genetics of host susceptibility is fully 
understood. The advent of genome-wide genotyping using sin-
gle nucleotide polymorphisms (SNPs) or microsatellite mark-
ers, leading to major advances in molecular epidemiology, will 
revolutionize our ability to determine the complexities of the 
genetic component of pathogen–host interactions ( Weiss and 
Terwilliger, 2000 ). 

 It is well known that the cells of the host immune system 
are activated upon detection of a pathogen by TLRs as described 
above. This activation process includes widespread changes in 
the gene expression profi le of the cells with hundreds of genes 
being either switched on or off in response to signals gener-
ated from the pathogen-detecting TLRs. The response of indi-
vidual genes has been studied in minute detail for a handful of 
genes and while this has produced an understanding of some 
aspects of host response to infection it by no means gives us 
the total picture. Understanding the molecular response of the 
host to infection has been greatly improved by using microar-
ray-based technologies and these technologies are opening up 
new diagnostic possibilities as well as presenting new therapeu-
tic options ( Aderem and Smith, 2004 ;  Bryant et al., 2004 ;  Feezor 
et al., 2005 ;  Hedeler et al., 2006 ;  Korth and Katze, 2002 ;  Ng 
et al., 2006 ;  Ricciardi-Castagnoli, 2005 ;  Ricciardi-Castagnoli 
and Granucci, 2002 ;  Smith and Bolouri, 2005 ). 

 This chapter will focus on two aspects of the host response 
to pathogens where major advances are being made using 
genomics approaches and will describe the future impact of 
these approaches on the development of diagnostics and thera-
peutics for infectious disease. These are (i) defi ning the basis of 
genetic susceptibility to infection and (ii) the defi nition of the 
system-wide molecular response to a pathogen.  

  GENETIC SUSCEPTIBILITY TO 
PATHOGENS 
 It is now relatively easy to map genes associated with genetic 
diseases that show a Mendelian pattern of inheritance. However, 
these diseases account for only a very small proportion of the 
human disease burden and many of the more common and 
fatal diseases have a complex etiology with many genetic and 

environmental contributions. While it is clear that most complex 
disease has a genetic component, defi ning that genetic com-
ponent has been diffi cult to date since many complex diseases 
such as coronary heart disease, diabetes and others are polygenic 
with different genetic loci contributing in major or minor ways 
to disease susceptibility. In addition, in different populations or 
under different environmental conditions, distinct but overlap-
ping sets of genetic loci are likely to contribute. The sequencing 
of the human genome and the genome-wide genetic and func-
tional mapping that has followed have raised hopes of mapping 
the genetic component of complex disease and there are many 
large efforts around the world with this aim. 

 Studies in both animal models and human populations 
have shown that infectious disease and the response of the 
host to a specifi c infection also has a complex genetic com-
ponent ( Clementi and Di Gianantonio, 2006 ;  Lipoldova and 
Demant, 2006 ;  Marquet et al., 1996 ;  Mira et al., 2004 ). Thus, 
inbred mouse models have been developed that clearly show a 
genetic component to susceptibility for specifi c pathogens and 
in some cases at least part of the underlying genetic reason has 
been defi ned ( Beck et al., 2000 ;  Mak et al., 2001 ;  Rogner and 
Avner, 2003 ). Mapping the genetic components of susceptibility 
to infection in human populations has been much more diffi -
cult due to the large natural variation in humans, the polygenic 
nature of this trait and the low penetrance of many of the sus-
ceptibility alleles. For infectious disease, this is complicated even 
more by the complex nature of the environmental infl uences 
particularly the fact that these diseases, unlike other complex 
diseases, are transmissible in populations. However, a combina-
tion of animal and human population studies, combined with 
the latest genomic technologies, is beginning to unravel the 
issues of genetic susceptibility to infection. 

 The use of inbred and congenic strains of mice are well 
established systems for identifying susceptibility loci ( Beck 
et al., 2000 ;  Rogner and Avner, 2003 ). In recent years genetic 
manipulation of specifi c loci by deletion or mutation has pro-
vided many mouse models for screening ( Mak et al., 2001 ). 
The use of ethylnitrosourea (ENU) mutagenesis to randomly 
create point mutations in the mouse genome has opened up a 
new forward genetics approach to identifying susceptibility loci 
( Papathanasiou and Goodnow, 2005 ). This chemical mutagen, 
when used at appropriate doses and at the correct stage of devel-
opment, can introduce single point mutations into the mouse 
genome. By screening libraries of mutant mice for susceptibility 
to specifi c pathogens, it should be possible to identify genetic 
loci that dictate susceptibility or resistance to a range of patho-
gens on a large scale. It is relatively straightforward to identify a 
chromosomal region involved in susceptibility in these mouse 
strains by genotyping with microsatellite markers, but identify-
ing the specifi c gene that is mutated is still very time-consum-
ing. The speed with which this can be achieved depends on the 
presence of candidate genes within the chromosomal interval 
or the ability to resequence large amounts of DNA. The latter 
is becoming achievable with the advent of new rapid sequenc-
ing technologies and is set to revolutionize forward genetic 



approaches to disease understanding ( Bennett et al., 2005 ;  Serre 
and Hudson, 2006 ). 

 The recent explosion in genetic information for the human 
genome including the complete genome sequence and detailed 
genetic and physical maps has increased our ability to fi nd varia-
tion in the human genome and correlate it with disease. Family 
studies, especially twin studies, and population studies have 
clearly shown a genetic component to susceptibility to infec-
tious disease ( Frodsham and Hill, 2004 ;  Lipoldova and Demant, 
2006 ;  Strunk and Burgner, 2006 ). Susceptibility generally follows 
a complex pattern of inheritance and there are two main meth-
ods of mapping and identifying genetic loci involved in such 
complex heredity. These are either association studies or link-
age studies. Association studies involve screening populations for 
specifi c mutations in a candidate gene(s) in case–control studies 
or in family studies. This type of approach identifi ed the link 
between Human Immunodefi ciency Virus (HIV) resistance and 
the chemokine receptor, CCR5 described below ( Dean et al., 
1996 ;  Samson et al., 1996 ). Genome-wide association studies 
although still quite expensive are now becoming feasible and 
being used to defi ne linkage between specifi c markers and sus-
ceptibility. These linkage studies depend on the availability of 
markers and the density of these markers is rapidly increasing 

 T A B L E  5 7 . 1         List of well-described susceptibility loci for resistance or susceptibility to infectious disease.   

   Pathogen  Genes  References 

    HIV  CCR5     Dean et al. (1996) ;  Samson et al. (1996)  

     HLA Class I   Hendel et al. (1999) ;  Li et al. (2007) ;  Selvaraj et al. (2006)  

       CCR2     Magierowska et al. (1999) ; Su et al. (1999)   

    Malaria  Globin locus  Reviewed in  Patrinos et al. (2005)  

     HLA Class I   Migot-Nabias et al. (2001) ;  Young et al. (2005) ; Reviewed in  
Hill (1996, 1999)  

      TNF-  α  promoter   McGuire et al., (1994) ;  Ubalee et al. (2001)  

    Leprosy   TLR2    Kang and Lee (2002) ;  Bochud et al. (2003)  

     HLA Class II   Shaw et al. (2001) ;  Mehra et al. (1995)  

      TNF-  α  promoter   Roy et al. (1997) ;  Shaw et al. (2001)  

     Legionella     TLR5   Hawn et al. (2003) ;  Merx et al. (2006)  

    Tuberculosis  HLA Class I   Lombard et al. (2006) ; Vijaya Lakshmi et al. (2006)   

       NRAMP1/Slc11a1   Kusuhara et al. (2007) ;  Li et al. (2006)  

    Typhoid fever  HLA Class II   Dunstan et al. (2001) ;  Dharmana et al. (2002)  

     Leishmania    NRAMP1/Slc11a1    Bucheton et al. (2003) ;  Mohamed et al. (2004)  

      HLA   Reviewed in  Lipoldova and Demant (2006)  

        TNF    Bucheton et al. (2003)  

       IFNgR1   Mohamed et al. (2003)  

       IL-4   Mohamed et al. (2003)  

     Salmonella     NRAMP1/Slc11a1   Sebastiani et al. (1998)  

    Inhaled  E. coli  LPS   TLR4    Arbour et al. (2000) ;  Feterowski et al. (2003)  

    Pyogenic bacteria    IRAK4   Picard et al. (2003)  

This lists includes genes identifi ed in both mouse and human studies.

with the large scale identifi cation of new SNPs across the 
human genome. The selection of which SNPs to use and the 
large numbers of samples needed to generate statistically signifi -
cant associations for low penetrance alleles are still challenges. 
The Haplotype MAP (HapMap) project is starting to identify 
haplotypes within different population groups and together 
with improvements in large scale genotyping technology and 
bioinformatics should be useful in studies of complex disease 
inheritance.  Table 57.1    summarizes the best studied genetic sus-
ceptibility loci for response to different infectious agents in both 
mouse models and human studies. 

 One of the classical examples of genetic susceptibility to 
infection is the role of the hemaglobinopathies in the outcome 
of malaria infection ( Patrinos et al., 2005 ). There are also certain 
chromosomal regions and families of genes that have attracted 
attention in terms of searching for susceptibility alleles or poly-
morphisms. Because the TLR family of receptors plays a major 
role in recognizing pathogens, it was speculated that genetic 
variation in these receptors or their signaling pathways might 
be responsible for some susceptibility phenotypes (reviewed in 
[ Schroder and Schumann, 2005 ]). One of the best examples to 
date is the occurrence of a single polymorphism in the region of 
the human TLR4 gene encoding the extracellular domain of the 
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receptor which confers reduced sensitivity to inhaled  Escherichia 
coli  ( E. coli ) LPS ( Arbour et al., 2000 ). Interestingly, when sep-
tic shock patients were compared with a control group, these 
lower-responding alleles were found only in the septic shock 
group and these individuals had a higher incidence of Gram-
negative bacterial infection ( Feterowski et al., 2003 ). Such stud-
ies need further confi rmation since there are also a number of 
studies that failed to fi nd any linkage between TLR4 mutations 
and response to various infections ( Schroder and Schumann, 
2005 ). There is also enormous variation in the response of indi-
viduals to LPS even in the absence of TLR4 mutations imply-
ing that variation may occur in other components of the TLR4 
signaling system. An example of this is the link between IRAK4 
mutations and increased susceptibility to infection with pyo-
genic bacteria ( Picard et al., 2003 ). Variation in other TLR genes 
has also been associated with disease susceptibility. For exam-
ple, a mutation in the extracellular domain of TLR2 is linked to 
susceptibility to leprosy ( Alcais et al., 2005 ) and a mutation in 
TLR5 increases susceptibility to  Legionella  ( Hawn et al., 2003 ). 
Taken together these data support the idea that variation in the 
innate immune recognition of pathogens play an important part 
in governing susceptibility to an array of infectious diseases. 
However, caution needs to be exercised until larger population 
groups have been studied. 

 The extensive polymorphism at the chromosomal regions 
encoding major histocompatibility complex (MHC) proteins is 
thought to have arisen through natural selection in response to 
selective pressure from infectious disease. Although human leu-
kocyte antigen (HLA) association with resistance or suscepti-
bility to infectious disease has been diffi cult to identify because 
of the complex array of antigenic epitopes involved, a number 
of studies have implicated this locus in genetic susceptibility to 
infectious disease ( Ghodke et al., 2005 ;  Little and Parham, 1999 ). 
MHC molecules fall into two classes, Class I that present for-
eign antigens to CD8 �  cytotoxic T cells and Class II that play a 
similar role for CD4 �  helper T cells. Variation in specifi c Class 
I genes has been shown to confer susceptibility to pulmonary 
tuberculosis and to HIV whereas mutations in other Class I 
genes confer resistance to HIV and to severe malaria. Class II 
mutations that confer resistance to hepatitis B or hepatitis C 
have been identifi ed and susceptibility to typhoid fever and lep-
rosy are also associated with specifi c Class II mutations. Further 
molecular analysis of these and other associations may in the 
future have an impact on the development of new vaccines and 
immunotherapeutics. 

 To date the most successful manner of identifying sus-
ceptibility genes in human populations has been the candi-
date gene approach. Candidate genes have emerged from many 
sources including mouse genetic studies as well as biochemical 
and function dissection of the immune system. Once a candi-
date gene is identifi ed, the chromosomal region spanning this 
gene in the human genome is then scanned for the occurrence 
of specifi c mutations or for functional polymorphisms in case–
control studies across populations or in linkage studies in family 
groups. Such studies have identifi ed a number of well described 

susceptibility loci for infection with various pathogens. One 
of the most heralded example was the identifi cation of a dele-
tion in the chemokine receptor, CCR5, which was shown to 
confer resistance to HIV infection ( Dean et al., 1996 ;  Samson 
et al., 1996 ). Biochemically, this can be explained by the fact 
that CCR5 is a co-receptor for HIV on the surface of T cells 
( Dragic et al., 1996 ). A mutation in another chemokine receptor, 
CCR2, has also been shown to confer HIV resistance in certain 
Caucasian populations ( O’Brien and Moore, 2000 ). 

 Some genes have been associated with susceptibility or 
resistance to multiple pathogens. For example, variation in the 
 NRAMP1/Slc11a1  gene is associated with susceptibility to 
 Leishmania  and to specifi c intracellular bacteria such as tuber-
culosis ( Barton et al., 1999 ;  Govoni et al., 1996 ;  Lipoldova and 
Demant, 2006 ;  Sebastiani et al., 1998 ). Mutations in the tumor 
necrosis factor (TNF) locus, mainly gene promoter muta-
tions, have been linked with malaria and leprosy susceptibil-
ity ( Lipoldova and Demant, 2006 ). Gene promoter or control 
region mutations have an impact on the level of protein pro-
duced from the gene rather than the function of the protein. 
This is an area of great interest but more diffi cult to study for 
several reasons, including the inability to identify control regions 
simply from sequence information and the complexity and 
fl exibility of transcriptional control. A recent review detailing 
the genes associated with  Leishmania  susceptibility describes 
a number of genes that can affect disease outcome including the 
 interferon-gamma receptor type 1  ( IFNGR1 ), the  interleukin-4 (IL-4 ) 
gene and the  NRAMP-1/Slc11a1  gene ( Lipoldova and Demant, 
2006 ). These genes and others such as  interleukin-12  ( IL-12 ) and 
its receptor are also linked with  Salmonella  and certain myco-
bacterial infections ( Lipoldova and Demant, 2006 ). Thus, it is 
likely that variation in many genes can contribute to disturbing 
the fi nely balanced tuning of the immune system and lead to 
an altered response to a pathogen. It is clear from such studies 
that the same genes may be involved in susceptibility to an array 
of pathogens indicating a core immune response critical for any 
pathogen. 

 The identifi cation of susceptibility loci for infection with 
various pathogens will aid in developing new diagnostic screens 
based on the detection of genetic variants in these loci. It could 
be envisaged that a person’s susceptibility or resistance to a path-
ogen could be defi ned by a simple genotyping screen either 
prior to exposure to any pathogen or upon presentation with 
an infection. It may also be possible to determine the likely out-
come of the infection through a genotyping screen. The defi ni-
tion of susceptibility loci will also contribute to our ability to 
develop new vaccines and therapeutics.  

  EXPLORING THE HOST RESPONSE 
THROUGH EXPRESSION PROFILING 
 The use of microarray technology to generate expression pro-
fi ling data is becoming common place in biomedical research 
(reviewed in [ Quackenbush, 2002 ;  Sherlock, 2000 ]). This 



technology allows the documentation of mRNA levels for 
thousands of genes from total RNA prepared from cells or tis-
sue samples. The data obtained can be compared from sample to 
sample allowing the changes between samples to be documented 
and quantifi ed. The  “ expression profi le ”  for any cell or tissue is 
simply the list of genes whose expression can be detected using 
microarrays. The differences in the expression profi le from one 
cell or tissue to the next or in cells treated in a specifi c manner 
is a surrogate measure of the cell/tissue phenotype and shows 
how that phenotype responds to its environment. Expression 
profi ling is most useful when large datasets become available and 
when the data is combined with other data types and detailed 
bioinformatics studies. For example, using functional clustering 
of expression profi ling data can help identify pathways that are 
important for a particular process and co-expression clustering 
combined with other technologies can help defi ne regulatory 
networks within the cell. 

 Over the last 5–6 years, this technology has been applied to 
identifying the changes in gene expression that occur in response 
to infection by various pathogens ( Aderem and Smith, 2004 ; 
 Boyce et al., 2004 ;  Bryant et al., 2004 ;  Feezor et al., 2005 ;  Foti 
et al., 2006 ;  Jenner and Young, 2005 ;  Korth and Katze, 2002 ; 
 Korth et al., 2005 ;  Ricciardi-Castagnoli and Granucci, 2002 ). 
To date there are more than 150 papers in the literature that 
describe gene expression changes that occur in response to 
infection with a plethora of pathogens and in many cell types 
(reviewed in [ Jenner and Young, 2005 ]). Many of these are  in 
vitro  studies, taking specifi c cell types and infecting them with 
specifi c agents including bacteria, viruses, parasites and yeasts. 
In addition, cellular responses to bacterial components have 
also been documented, helping to identify pathogen-specifi c 
responses as well as determining the pathogenic component 
responsible for the major gene expression effects. Virulent or 
non-virulent strains of specifi c pathogens as well as mutant 
organisms have been used to determine the gene expression 
profi le associated with a negative or positive clinical outcome. 
Few  in vivo  studies have been carried out and have shed light on 
the more complex responses seen in whole animals and helped 
to validate the  in vitro  data. 

  Identifying a Common Host Response to Infection 
 Several pioneering studies demonstrated that microarrays could 
be used to determine changes in the gene expression profi le of 
cells in response to virus or bacterial infection ( Boldrick et al., 
2002 ;  Gao et al., 2002 ;  Huang et al., 2001 ;  Nau et al., 2002 ). 
These studies paved the way for the analysis of the host response 
to a wide variety of infectious agents. The most signifi cant of 
these studies compared the response of macrophages or DCs to 
a variety of infectious agents in a single study. In these studies 
a strong shared response to all infections, be they bacterial, viral 
or parasitic in nature, was identifi ed. Not only was there com-
monality from one infectious agent to another but there was 
also some commonality across cell types. This expression signa-
ture has been interpreted as a general  “ alarm signal ”  for infec-
tion (reviewed in [ Jenner and Young, 2005 ]). Studies of infection 

with Gram-positive and Gram-negative bacteria also revealed 
a common expression signature in peripheral blood mononu-
clear cells. Recently, the Young lab has interrogated all of the 
publicly available expression profi ling data related to the host 
response to infection ( Jenner and Young, 2005 ). The dataset 
includes 785 experiments in cells ranging from macrophages and 
DCs to cells of the adaptive immune response, endothelial and 
epithelial cells and spanning a wide range of infecting agents. 
This meta-analysis revealed that a  “ common host response ”  can 
be detected across all of these cell types and infectious agents 
and show that although cells such as macrophages and DCs spe-
cialize in detecting infection, other cells of the body can mount 
the same  “ alarm response ”  as described above ( Figure 57.1   ). 

 Not surprisingly this expression signature contains many 
genes associated with the immune system particularly those 
encoding infl ammatory cytokines, chemokines and their recep-
tors. However, some more surprising patterns of expression 
were also detected. It has been long known that interferon-stim-
ulated genes (ISGs) are regulated by virus infection, but it has 
only recently been recognized that bacteria and other infecting 
agents can also illicit the interferon response. This was borne 
out in these meta-analyses where upregulation of an ISG set is 
observed across a broad range of infecting agents and cell types. 

 Not only do these cells change the expression of secreted 
factors and their receptors during infection but the intracellu-
lar milieu is also modifi ed. Once again, there is a common pat-
tern of change observed in all of these studies. The upregulation 
of signaling and transcription pathways that both augment and 
attenuate the immune response are observed leading to the 
interpretation that both positive and negative feedback loops 
operate within the cell to heighten or dampen the immune 
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  Figure 57.1         Summary of the common host response to infec-
tion. This fi gure is adapted from  Jenner and Young (2005)  and 
summarizes their meta-analysis of gene expression changes in 
response to infection with various pathogens or activation of 
a variety of cells with agents that mimic infection. Genes are 
grouped into general functional categories.     
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response. Temporal profi ling can reveal extra layers of complex-
ity and in one study a pro-infl ammatory profi le followed by an 
anti-infl ammatory profi le was identifi ed in macrophages acti-
vated with LPS ( Wells et al., 2005 ). Meta-analysis of temporal 
studies of activation through different TLRs also revealed that 
the infl ammatory chemokines/cytokine signature was an early 
response while the ISG response was later, presumably refl ecting 
the need for an indirect activation of the ISGs through interferon 
production ( Jenner and Young, 2005 ). Changes in the expression 
level of genes involved in both activation and repression of apop-
tosis also fall under the  “ common signature ”  banner and this is 
interpreted as sending the cells into a state of high alert where 
apoptosis can be either initiated to eliminate infected cells or 
terminated if the infection resolves ( Jenner and Young, 2005 ). 

 Although these  in vitro  studies have provided an overview of 
the response of isolated cell types to pathogenic infection,  in vivo  
studies are needed to validate any of these results before applica-
tion to clinical medicine. A number of animal models have been 
used to profi le the host response to infection with a variety of 
agents. These studies are complicated especially if whole tissue 
samples are used in that changes in gene expression can result 
not only from genuine changes within the cells of the tissue but 
also from the recruitment especially of immune cells into the 
infected or infl amed tissue. Nevertheless,  in vivo  studies have, in 
some cases, shown good correlation with the expression profi les 
found from  in vitro  studies. For example, profi ling the brains of 
mice infected with virulent Sindbis virus revealed that ISGs as 
well as infl ammatory chemokines were upregulated ( Johnston et 
al., 2001 ) and in terms of diagnosis or treatment the exact reason 
behind these changes in expression signature may be irrelevant. 
 In vivo  studies also have some advantages in that the gene expres-
sion profi les detected in infected tissues will often make more 
sense when combined with other physiological or cell biology 
data from studies of the infected host. Thus an  “ infection sig-
nature ”  would not only describe the altered gene expression of 
the immune cells that are recruited to the sites of infection but 
also would include changes in the gene expression of the resi-
dent cells of the tissue and may provide a more robust profi le of 
the infection process for use in diagnostic applications. 

 What can be applied to clinical medicine from these stud-
ies? The ability to detect an  “ infection signature ”  using focused 
microarrays could potentially be used as a diagnostic tool. There 
would be an immediate need to identify a core set of genes 
with suffi ciently robust changes in gene expression to form the 
basis of a diagnostic array. Arraying technology would need to 
be priced for diagnostic use and the technology would have 
to be deemed suffi ciently robust to pass all the quality control 
requirements of a diagnostic laboratory. No doubt progress will 
be made toward these goals in the near future.  

  Pathogen-Specifi c Responses 
 In addition to the  “ common host response ”  described above, 
microarray studies have revealed that pathogen-specifi c responses 
also exist. This is not surprising since it has long been known 
that different pathogens induce distinct arms of the adaptive 

immune response. For example, distinct types of helper T cells 
are activated in response to bacterial and viral infection com-
pared to parasite infection and DC products such as cytokines 
and chemokines control the differentiation of T helper cell into 
the correct response type ( Mosmann et al., 2005 ). Thus, the 
fact that cells of the innate immune system display a pathogen-
specifi c transcriptional response as well as a general alarm signal 
helps to dictate the subsequent immune response. 

 Different TLRs are involved in recognizing and respond-
ing to different pathogens. For example, TLR2 is responsi-
ble for activation in response to Gram-positive bacteria while 
TLR4 responds to LPS, a component of Gram-negative bacteria 
( Beutler and Rietschel, 2003 ;  Cook et al., 2004 ). TLR3 responds 
to dsRNA and thus dictates the viral immune response for many 
dsRNA viruses ( Beutler and Rietschel, 2003 ;  Cook et al., 2004 ). 
Studies using bacterial components such as LPS and fl agellin as 
well as dsRNA have revealed that each TLR induces a specifi c 
as well as general transcriptional response. The transcriptional 
response of macrophages and peripheral blood mononuclear 
cells is more robust in response to Gram-negative (TLR4) com-
pared with Gram-positive (TLR2) bacteria and the ISG response 
is considerably reduced for the Gram-positive expression signa-
ture ( Boldrick et al., 2002 ;  Nau et al., 2002 ). These differences 
are further observed when bacterial components are used to 
activate cells. For example, LPS from Gram-negative bacte-
ria, a specifi c ligand for TLR4, can activate the ISG profi le but 
TLR2 ligands such as LTA and MDP cannot ( Jenner and Young, 
2005 ). Not only the activation of specifi c gene sets but also the 
strength of the specifi c response signature may be important for 
the immune detection of the type of pathogen involved.  E. coli  
infection of DCs strongly upregulates the chemokines/cytokine 
infl ammatory cluster whereas infection with infl uenza or other 
single stranded (ss) RNA viruses (through TLR7) has a weaker 
ability to regulate this cluster but a stronger ability to regulate 
the ISG signature ( Huang et al., 2001 ;  Lund et al., 2004 ). 

 These types of results raise the possibility that the diagnosis 
of the type of pathogen involved in an infection would be helped 
by the development of customized microarrays that could distin-
guish the gene expression profi les elicited by particular patho-
gens. Additionally, arrays that also detect RNAs produced by the 
pathogen may be even more signifi cant as a diagnostic tool.  

  Determining the Outcome of the Infection 
 An infecting agent can either be cleared from the body by the 
immune system mounting an appropriate response or cause 
severe or terminal pathology. The outcome depends on a multi-
plicity of events ranging from the genotype of the host, that is, 
whether the host displays a resistant or susceptible phenotype, 
the genotype of the infectious agent, that is, virulent or non-
virulent strains and many other less defi ned environmental 
factors. Can genomic approaches be used to determine the out-
come of infection? Clearly, as discussed above, the technology 
is developing to defi ne susceptible and resistant host genotypes 
especially in animal models of infection but the ability to do 
this routinely in human populations is some way into the future. 



Given the smaller genomes of pathogenic organisms, defi ning 
virulence genotypes is progressing at a faster rate ( Chan, 2003 ; 
 Dorrell et al., 2005 ;  Fitzgerald and Musser, 2001 ;  Kato-Maeda 
et al., 2001 ;  MacFarlane et al., 2005 ;  Schoolnik, 2002 ;  Zhang and 
Zhang, 2006 ). 

 Expression profi ling studies have been used to investigate 
the differences in the host response to pathogenic and non-
pathogenic strains of specifi c infectious agents. In one example, 

mice infected with a pathogenic strain of pneumonia virus 
upregulated the expected infl ammatory chemokines/cytokine 
profi le as well as the ISG profi le but an attenuated strain of the 
same virus could not, although the virus replicated in the lungs 
of these mice to the same degree ( Domachowske et al., 2001 ). 
Temporal profi ling of the infection process in animals will also 
help to defi ne the expression signatures associated with the abil-
ity of the host to clear specifi c pathogens.           

2009 UPDATE
With the ongoing threat of new or reemerging pathogens, the 
use of genomic approaches to understand the host response to 
infectious agents continues to gain momentum. The sequenc-
ing of viral pathogens has become routine and there are now 
more than 800 bacterial genome sequences publicly available 
(http://www.ncbi.nlm.nih.gov/genomes). This combined with 
the availability of the human genome and that of an increas-
ing number of model organisms is allowing deeper insight into 
genomic aspects of host–pathogen interactions.

Genetic susceptibility or resistance to pathogens is still an 
area of interest with new genetic associations being routinely 
identifi ed. A number of new studies have again focused on the 
TLR gene family and their role in susceptibility to infection 
as well as disease progression. An excellent analysis of all the 
previous genetic association and functional studies on TLR4 
has recently been published (Ferwerda et al., 2008). Some 
but not all of the association studies indicate a role for TLR4 
polymorphisms in pathogen susceptibility (strongest for RSV 
infection), but many of these studies are small and lack statisti-
cal power and the larger studies tend not to fi nd strong asso-
ciations (Ferwerda et al., 2008). Similarly, functional studies do 
not always support an important role for TLR4 polymorphisms 
in controlling cellular responses such as cytokine production 
(Ferwerda et al., 2008). There are a number of recent associa-
tion studies that have shown a link between polymorphisms 
in other TLRs, including TLRs 7, 8 and 9, and HIV suscep-
tibility or disease progression (Bochud et al., 2007; Oh et al., 
2007; Soriano-Sarabia et al., 2008). However, these studies 
will require further verifi cation with larger genetic association 
studies and more detailed functional studies. Similarly, poly-
morphisms in the TLR genes continue to emerge as poten-
tial players in susceptibility to other pathogens such as TB (Ma 
et al., 2007). A relatively large association study (1312 individu-
als) combined with some functional studies revealed a correla-
tion between polymorphisms in the TLR6, TLR1 and TLR10 
genes, and the occurrence of TB in certain ethnic populations 
(Ma et al., 2007). Recent studies of the TLR adaptor protein, 
TIRAP/MAL, suggest genetic associations between polymor-
phisms in this protein and TB susceptibility (Hawn et al., 2006; 
Khor et al., 2007), again implicating the innate immune rec-
ognition system in controlling infectious disease responses. For 

a summary of the literature on genetic association and TB, the 
reader is referred to a recent review by Berrington and Hawn 
(Berrington and Hawn, 2007) and for a similar summary of 
TLR genetic association studies with various pathogens to 
Misch and Hawn (Misch and Hawn, 2008). It will be very 
important to clarify the role of the TLR recognition system in 
pathogen susceptibility and disease progression before any of 
this information can be applied to clinical screening or drug/
vaccine development. 

Of particular note, the fi rst whole genome association 
study to identify the host determinants of HIV-1 infection was 
recently published (Fellay et al., 2007). Two polymorphisms 
associated with viral load during the asymptomatic period of 
infection were located near major histocompatibility allele 
human leukocyte antigen loci. A second component of the 
study, examining the time of HIV disease progression, impli-
cated two genes one of which encoded an RNA polymerase 
I subunit (Fellay et al., 2007). It will be important to follow 
up these genetic association studies with functional studies of 
the genes or loci implicated. Given the current availability of 
genomics resources, we are likely to see many more genome-
wide association studies published in this area, a welcome addi-
tion to the candidate gene approach.

The recently identifi ed SARS virus has already been the 
subject of several small scale genetic association studies, espe-
cially in relation to the HLA loci. While some associations 
have been identifi ed, they have not been replicated in different 
populations and so remain tentative (reviewed in Yang et al., 
2008). SNP associations in other genes such as that encoding 
low serum mannose binding lectin (MBL) and the promoter 
of the RANTES gene have been replicated in different popu-
lations and may stand the test of time (Ng et al., 2007; Zhang 
et al., 2005).

Expression profi ling continues to be a useful tool in the 
analysis of the host–pathogen interaction. Some examples 
include a study of in vivo human rhinovirus infection (Proud 
et al., 2008), innate host reponses to Ebola virus and the con-
sequences of a mutation in the virus VP35 protein (Hartman 
et al., 2008 ) and Leishmania infection of human macrophages 
(Guerfali et al., 2008 ). These and many other studies are lead-
ing to the identifi cation of general molecular consequences 
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of infection as well as the specifi c consequences of individual 
pathogens. A recent review outlines the many insights gained 
into virus–host interaction using functional genomics as well 
as the use of these approaches in developing and evaluating 
vaccines (Katze et al., 2008). Studies in model organisms such 
as C elegans support many of the fi ndings in humans (Wong 
et al., 2007) and provide a useful tool for detailed functional 
investigation. The “systems biology” approach to study infec-
tious disease is being extended by the use of proteomic profi l-
ing. Two recent articles illustrate the usefulness of this approach 

in examining the response of a human cell line to the avian 
H9N2 infl uenza virus (Liu et al., 2008) and of human mac-
rophages to M tuberculosis lipids (Shui et al., 2009). Systems 
biology approaches are moving rapidly in this and other bio-
medical fi elds and no doubt the next few years, given the 
advent of deep sequencing, will see enormous new strides in 
understanding host–pathogen interactions (for a recent review 
in relation to virus infection see Tan et al., 2007). Other devel-
opments will undoubtedly lead to easier application of these 
technologies to the clinic in the foreseeable future.
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Infections 
   Melissa D.   Johnson   and     Mihai   Netea     

  INTRODUCTION 
 Bacterial pathogens have been known to cause infectious diseases 
in humans for centuries. Many of these pathogens are commen-
sal organisms that are ubiquitous in the environment or colo-
nize tissues within the host. Despite near constant contact with 
bacteria, only few of the exposed individuals actually develop 
clinical signs and symptoms associated with infection. The inter-
play between host and pathogen is complex, and infection may 
depend on genetically determined factors such as host immunity 
or virulence of the pathogen. Despite the long history of infec-
tious diseases, genetic investigations of bacteria and host immunity 
have only recently been advanced to improve our understanding 
of the complex host–pathogen relationship. This area of study has 
experienced great advances since information from the Human 
Genome Project became available. Recent technologies such 
as genetic screening and expression analysis may help to better 
defi ne the role of key features predisposing to infection, transition 
of a commensal microorganism into a pathogen, or response to 
infection once the pathogen has invaded normally sterile body tis-
sue. Such advancements have been used to identify new therapeu-
tic modalities, targeting overexpressed or defi cient host immune 
factors, as well as components of pathogens that are critical for 
the development of resistance or survival. Collectively  “ omic ”  
approaches to the study of microbial infections have been termed 
 “ infectomics ”  ( Huang et al., 2007 ). Approaches may be centered 
on the pathogen, the host, or chemical gene or protein targets 

in an organism for potential therapeutic benefi t. In this chapter, 
we will focus on host genomics, highlighting examples of stud-
ies aimed at unraveling the complex nature of immune response 
to infection. In the future, better understanding of genomics will 
hopefully enable us to better prevent and/or treat infections. 

GENOMICS AND THE STUDY 
OF BACTERIAL INFECTIONS

  Bacterial Genomics 
 Functional genomics of bacterial pathogens has been the focus 
of basic science research for some time. Scientists have long 
wondered what differentiates a commensal organism from an 
invading one, how some organisms develop resistance to various 
antibiotic treatments, and how organisms can so rapidly express 
the Darwinian extreme of  “ survival of the fi ttest ” . At the heart 
of this is genetic makeup and expression within bacteria or 
fungi. On recent review, complete genomes have been mapped 
for more than several hundred species of bacteria, including 
 Streptococcus pneumoniae ,  Staphylococcus aureus ,  Pseudomonas aeru-
ginosa ,  Escherichia coli , and  Neisseria meningitidis  ( Celestino et al., 
2004 ;  J. Craig Venter Institute, 2006 ). These data are valuable in 
developing new targets for antibiotics, new diagnostic meth-
ods, and potential vaccination strategies as well as furthering 
our understanding of bacterial resistance mechanisms, bacte-
rial pathogenicity and virulence, bacterial niche adaptation, and 
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contribution of bacteria to certain chronic disease states ( Fritz 
and Raczniak, 2002 ;  Monaghan and Barrett, 2006 ). A discussion 
of microbial genomics is outside the scope of this text and will 
thus not be further considered. Nonetheless, many of the meth-
ods and procedures discussed in this text are applicable to the 
fi eld of microbial genomics.  

  Host Genomics 
 The study of the association between the role of genes in sus-
ceptibility or outcome of infections is still in its infancy. Recent 
technological advancements have resulted in a surge of studies in 
this area. These advances include the availability of a large array 
of candidate genes that can be studied for association, as well as 
more affordable and fast technology to perform genome-wide 
screens to identify new genes that may have a role ( Hill, 1998 ). 

 Briefl y, host defense to infectious pathogens depends upon 
both innate and acquired immunity ( Emonts et al., 2003 ). 
Phagocytosis is an important fi rst line of defense for some patho-
gens, particularly those that enter via mucosal surfaces. Cell types 
such as neutrophils, macrophages, dendritic cells, and monocytes 
are important components of response to invading pathogens, 
and CD4 �  expressing T lymphocytes differentiate into TH1, 

TH2, or TH17 cells that modulate the infl ammatory process. 
Monocytes express a number of molecules that are important 
for antigen presentation and cell signaling, including FC recep-
tors for IgG, complement receptors, and MHC Class II molecules. 
Complement is a critical part of the innate immune response. 
Three pathways are activated by either antibody–antigen and 
C-reactive protein (classical pathway), the interaction of C3 with 
factors B and D resulting in C3b (alternative pathway) or man-
nose-binding lectin (MBL) (innate activation pathway). Proteins 
important for cellular response to infection are depicted in  Figure 
58.1    ( Jenner and Young, 2005 ). 

 Pathogen recognition receptors (PRRs) are cell membrane 
receptors that recognize structures from pathogenic microor-
ganisms called pathogen-associated molecular patterns (PAMPs). 
Four major classes of PRRs have been described to date: Toll-
like receptors (TLRs), NOD-like receptors (NLRs), C-type lec-
tin receptors (CLRs) and RigI-helicases: PRR members of the 
fi rst three families are involved in the recognition of bacteria, 
and are involved in the triggering and activation of the innate 
host defense ( Cambi and Figdor, 2005 ;  Kawai and Akira, 2005 ; 
 Murray, 2005 ). MBL is part of the collectin group of C-type 
lectins, which recognizes sugars, differentiating between foreign 
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   Figure 58.1       Cellular responses to infection (Jenner and Young, 2005)  . Gene products of the common host response and their func-
tions inside and outside the cell. Arrows represent activatory connections between proteins in signaling pathways; lines ending in bars 
represent inhibitory connections. This fi gure does not indicate that these proteins are present in all cells at the same time.
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 T A B L E  5 8 . 1         TLR family ligands  

   TLR  Ligand  Entity commonly bearing ligand 

   TLR1  Triacyl lipopeptides  Numerous bacteria, mycobacteria 

     Soluble factors   Neisseria  species 

   TLR2  Lipoprotein/lipopeptides  Numerous pathogens 

     Peptidoglycan  Gram-positive bacteria 

     Lipoteichoic acid  Gram-positive bacteria 

     Lipoarabinomannan  Mycobacteria 

     A phenol-soluble modulin   Staphylococcus  species 

     Glycoinositolphospholipids   Trypanosoma cruzi  

     Glycolipids   Treponema maltophilum  

     Porins   Neisseria  spp.,  Shigella  spp.,  Haemophilus infl uenzae  

     Zymosan  Fungi 

     Atypical LPS   Leptospira interrogans, Porphyromonas gingivalis  

     HSP70  Host 

   TLR3  Double-stranded RNA  Viruses 

   TLR4  LPS  Gram-negative bacteria 

     Taxol  Plants 

     Fusion protein  Respiratory syncytial virus 

     Envelope proteins  MMTV 

     HSP60   Chlamydia pneumoniae  

     F-protein  Cytomegalovirus 

     HSP60, HSP70, Type III repeat extra domain A of 
fi bronectin, oligosaccharides of hyaluronic acid, 
polysaccharide fragments of heparin sulfate, fi brinogen 

 Host 

   TLR5  Flagellin  Numerous bacteria (i.e.,  Legionella ) 

   TLR6  Diacyl lipopeptides   Mycoplasma  species 

   TLR7  Imidazoquinoline  Synthetic compounds 

     Loxoribine   

     Bropirimine   

     Guanine nucleoside analogues   

   TLR8  R848/resiquimod  Single-stranded RNA 

   TLR9  CpG rich motifs of DNA  Bacteria 

     Chromatin: IgG complexes  Host 

   TLR10  Unknown  Unknown 

   TLR11  Profi lin   T. gondii  

     Not determined  Uropathogenic bacteria 

   TLR12  Unknown  Unknown 

   TLR13  Unknown  Unknown 

Based on  Akira et al., 2006 ;  Brikos and O’Neill, 2008 ;  Dieffenbach and Tramont, 2005 .
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and self, and subsequently activates complement upon binding 
to foreign molecules. More than 10 TLRs have been identi-
fi ed, and of these TLR1, TLR2, TLR4, TLR5, TLR6, and TLR9 
have proposed roles in recognition of certain bacteria ( Table 
58.1   ). Binding of a ligand to a TLR triggers two signaling path-
ways which differentiate on the basis of MyD88 involvement 
( Albiger et al., 2007a ). MyD88 and another adaptor protein, 
TIR-associated protein (TIRAP or Mal) lead to induction of 
a pro-infl ammatory cytokine response. With the exception of 
TLR3, MyD88-dependent pathways are activated by all TLRs. 
The MyD88-independent pathways are triggered by TLR3 and 
TLR4; TRIF (TIR domain containing adaptor protein inducing 
IFN- � ) and TRAM (TRIF-related adaptor molecules) activate 

type I interferons. TRAM is only required in TLR-4 mediated 
signaling ( Turvey and Hawn, 2006 ). These pathways are depicted 
in  Figure 58.2   . NLRs are related molecules that are more 
specifi c in their recognition of bacterial organisms in cytoplasm 
( Elson et al., 2007 ;  Hill, 2006 ). CLRs are receptors for polysac-
charide components such as glucans or mannans, especially in 
fungi, but they have also been involved in recognition of myco-
bacteria. CD14 is another pattern recognition receptor and may 
be important in recognition of both Gram-positive and Gram-
negative bacteria. Additional mediators that aid in recruitment, 
activation or suppression of immune cells include cytokines 
such as IL-10, IL-6, interferon gamma, TNF, IL-12, and IL-4. 
Alterations in production or expression of these components 
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can lead to changes in susceptibility to an infecting pathogen or 
host response once actually infected. 

 Based on investigations of various pathogens, it seems that 
there is not one standard panel of factors which predisposes to all 
infections. Rather, immunity to a given pathogen may depend on 
the nature of the infecting organism, site of entry, its growth char-
acteristics and/or morphology, and its biochemical composition. 
Thus, it seems logical that in studies to date, varying host genetic 
factors have been implicated in either susceptibility to or progno-
sis with different infectious pathogens. Given that there have been 
numerous studies in host susceptibility to infections, this chapter 
will focus on the most common and well-studied Gram- positive 
and Gram-negative bacterial infections as well as mycobacterial 
infections. We will compare and contrast the available data for 
genetic associations and infection with selected pathogens, and 
highlight potential areas for future exploration.  

  Methods of Study 
 Much has been written regarding the different approaches to 
study host genomics as it relates to infectious diseases, and the 
limitations of certain study designs are well-recognized. Most 
infectious diseases can be classifi ed as complex, with multifac-
torial contributions from environment, biological factors, and 
inheritance. Susceptibility to an infectious disease may follow 
a Mendelian pattern of inheritance, but the majority of infec-
tious diseases are due to polygenic factors. It may be diffi cult 
to distinguish between these two origins, because other genes 
can infl uence expression of a Mendelian trait and expression 
of a polygenic trait may be heavily infl uenced by a single gene. 
While both linkage and association are important, association 
studies are more commonly employed in studies of genetics and 
infectious diseases susceptibility ( Bochud et al., 2007 ). While 
powerful, linkage studies of infectious diseases are relatively 
uncommon for a number of reasons. First, it is challenging to 
identify and recruit affected sibling pairs or family members to 
establish well-characterized pedigrees during the time frame that 
the study is conducted. The rapid mortality associated with many 
infectious diseases also makes it diffi cult to identify affected per-
sons and recruit them for study participation. In addition to 
these issues, most infectious diseases are expected to have a small 
contribution from individual genetic regions which would not 
necessarily be apparent given the limited sample size and power 
of such studies ( Burgner et al., 2006 ). Thus, case–control asso-
ciation studies including unrelated affected versus non-affected 
persons are more common than linkage and association studies 
which might more closely explore genetics among family mem-
bers. Association studies are not without problems, however. The 
biggest problem with these study designs is power, and almost all 
published data for genetic association and infectious diseases are 
based on underpowered studies. One group has suggested that 
at least 1500 case–control diads or case–parent triads are neces-
sary for a suffi ciently powered association study using a candi-
date-gene approach. A genome-wide association study could be 
suffi ciently powered with 1000 cases and 1000 controls; how-
ever, studies of this kind are subject to a high false discovery rate. 

New technologies are making such studies more feasible, both 
from a technical and fi nancial perspective. Given the issues with 
power and the potential for spurious fi ndings, association stud-
ies should be validated in subsequent studies using independent 
cohorts (see Chapter 4). 

 In addition to candidate-gene and genome-wide analyses, 
newer technologies are used to profi le host-gene expression in 
response to different pathogens of interest ( Campbell and Ghazal, 
2004 ;  Hossain et al., 2006 ). This approach can create a wealth of 
information about the functional and dynamic response to infec-
tion. For example, in a recent study murine liver cells were stud-
ied in response to challenge with  E. coli  or  S. aureus . Seventeen 
genes were differentially expressed in response to these two differ-
ent pathogens, including GBP-2, C-type lectin, adenylate cyclase, 
and genes involved in vesicle traffi cking ( Yu et al., 2004 ). The 
data suggested that sepsis due to these two pathogens may involve 
a common late host response, but initial responses to each of 
these bacteria were quite different. Studies such as this can yield 
a wealth of new information about pathways that might be 
important in susceptibility or response to infection. However, 
since they analyze so many data points, the statistical analysis 
must be carefully performed to minimize spurious fi ndings. Since 
expression is a dynamic phenomenon, timing of the sampling and 
processing procedures used in the laboratory for these specimens 
are critical elements for this kind of research. Also, many such 
studies use only one particular cell line and study response of that 
line to challenge with the pathogen of interest  in vitro . For many 
of these infections, multiple cell lines are involved in defense. 
Thus, incubation with only one kind of cell may not yield a com-
plete picture of what is involved in susceptibility and response to 
infection  in vivo . For these reasons, although studies such as these 
produce a tremendous amount of information, they should be 
considered hypothesis generating and generally require further 
validation ( Modlin and Bloom, 2001 ).   

  HOST GENOMICS AND GRAM-POSITIVE, 
GRAM-NEGATIVE AND MYCOBACTERIAL 
INFECTIONS 

  Gram-Positive Organisms 
 A few Gram-positive infections have been investigated in 
human studies for genetic associations and immunity ( Table 
58.2   ). Importantly, these organisms lack lipopolysaccharides 
(LPS), so other mechanisms are responsible for host recognition 
and defense against these pathogens. In Gram positives, lipotei-
choic acid (LTA) is a prominent player in triggering host recog-
nition of the bacteria. LTA and peptidoglycan in Gram positives 
have been noted to be recognized by TLR2. Gene expression 
studies have suggested that the initial response to Gram-positive 
pathogens involves recognition by TLR2, which leads to a NF-
 � B mediated response with release of cytokines including IL-1 
and TNF as well as IL-6 and IL-8. Subsequently, a later TLR-
independent response arises in response to the pathogen or its 
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metabolites inside the host cell. These responses appear to be 
quite pathogen-specifi c, and differ among various microorgan-
isms. Studies investigating host genomics and  Streptococcus pneu-
moniae ,  Staphylococcus aureus , and  Listeria monocytogenes  have been 
completed and help further defi ne the role of candidate genes 
for each of these infections. 

 Of the Gram-positive pathogens,  S. pneumoniae  has been 
the most studied in regards to host immunity and susceptibility 
to infection.  S. pneumoniae  is a common cause of pneumonia, 
bacteremia, meningitis, and otitis media. TLR1, TLR2, TLR4, 
TLR6, and TLR9 have been associated with recognition and 
immune response to the pneumococcus ( Albiger et al., 2007b ; 
 Echchannaoui et al., 2002 ;  Echchannaoui et al., 2005 ;  Knapp 
et al., 2004 ;  Koedel et al., 2003 ;  Malley et al., 2003 ;  Schroder 
et al., 2003b ;  Srivastava et al., 2005 ;  Yoshimura et al., 1999 ). 
Much of this evidence comes from animal models of pneumo-
coccal infection. Knockout mice defi cient in TLR2 appear to be 
more susceptible to  S. pneumoniae  meningitis. Reduced survival 
has also been reported among TLR2 knockout mice with intra-
peritoneal  S. pneumoniae  infection ( Khan et al., 2005 ). However, 
in another study, knockout mice defi cient in TLR2 did not 
appear to be at increased risk of pneumococcal pneumonia fol-
lowing intranasal infection. TLR4 has been suggested to have 
protective effects through its recognition of bacterial pneumo-
lysin, which can potentially reduce colonization and subsequent 
infection. These benefi ts may also extend to pneumonia, as 
evidenced by experimental models in mice with pneumococ-
cal pneumonia. Knockout mice defi cient in TLR4 had higher 

colony counts, although this did not result in increased mortality 
in this model ( Branger et al., 2004 ). In a model of intravenous 
infection, TLR4 defi ciency did not result in reduced survival or 
increased colony counts in infected mice ( Benton et al., 1997 ), 
further suggesting that the role of TLR4 on immunity to  S. pneu-
moniae  may be limited to the airways. A recent study in human, 
however, did not fi nd any signifi cant associations between muta-
tions in TLR2 or TLR4 and invasive pneumococcal infection 
( Moens et al., 2007 ). In this cohort, neither Caucasian Belgians 
with invasive pneumococcal disease nor healthy controls were 
homozygous for mutations in TLR2 R753Q, TLR2 P631H, or 
TLR2 R579H. Heterozygotes were identifi ed in TLR2 R753Q 
(6.1% cases, 5% controls,  p  � 0.94) and TLR2 P631H (5.1% 
cases, 8.9% controls,  p  � 0.34), but were not signifi cantly differ-
ent between cases and controls. Similarly, there were no differ-
ences in either homozygous or heterozygous mutations in TLR4 
D299G between cases and controls. Clinical outcomes were not 
different among those who were heterozygous or homozygous 
for TLR2 and TLR4 mutations at these sites, compared to those 
that had homozygous wild-type genotypes. In this cohort, cases 
and controls were not matched for gender or age, and the small 
number of subjects with homozygous mutations in TLR2 and 
TLR4 limited the power of the study. Additional studies in 
a larger, more well-defi ned population with carefully selected 
controls may be necessary to establish the role of TLR2 and 
TLR4 mutations and susceptibility to pneumococcal infection. 

 Other factors such as myeloid differentiation factor 88 
(MyD88) and CD14 have also been shown to increase risk of 

 T A B L E  5 8 . 2         Examples of host genetic factors implicated in association with select bacterial pathogens in the  in vitro , 

animal model, or human studies  

   Disease  Factors 

    Gram-positive organisms  

     S. pneumoniae   TLR1, TLR2, TLR4, TLR6, TLR9, MyD88, CD14, LBP, NOD1, NOD2, I � B, NF � B-1 A, NF � B-1E, 
MBL, FC- � RIIA 

     S. aureus   TLR1, TLR2, TLR6, MyD88, CD14, CD36, NOD2, TNF- �  R1, peptidoglycan-recognition 
proteins 

     Listeria monocytogenes   TLR2, MyD88, NOD2 

    Gram-negative organisms  

    Gram-negative sepsis/infections  TLR1, TLR2, TLR4, LPB, CD14, MyD88 

     Legionella   TLR2, TLR4, TLR5, MyD88, Naip5 

     Neisseria meningitidis   TLR4, MBL, properidin, ACE, FC- � R, TNF � , TNF � , IL10, IL6, IL1, IL1-R antagonist 

    Mycobacteria  

     M. tuberculosis   TLR1, TLR2, SLC11A1(NRAMP1), Class I and II HLA, MBL2, SP-A, SP-D, P2X7, DC-SIGN, 
DRB1, HLA-DR, INF- � , VDR, IL12, IL-12R, IL-10, IL-1R antagonist, TNF- � , TNF- � R1, STAT-1 

     M. leprae   TLR1, TLR2, TAP-2, HSPA 1 A, DC-SIGN, TNF, VDR, MHC region 6p21, 10p13, HLA-DR, 
PARK2/PACRG 

Based on  Hirschhorn et al., 2002 ;  Mira et al., 2004 ;  Mira, 2006 ;  Roy et al., 1997 ;  Roy et al., 1999 .
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 S. pneumoniae  infection in animal models ( Albiger et al., 2005 ). 
MyD88 is important in the cell signaling cascade triggered 
by TLR or IL-1 family receptors, while CD14 serves as a co-
 receptor for LPS. Other proteins may also play a role in recog-
nition and response to pneumococcus, including LPS-binding 
protein (LBP) and the nucleotide-binding oligomerization 
domains (Nod) Nod1 and Nod2 ( Opitz et al., 2004 ). The role 
of these proteins in defense against pneumococcus, particularly 
in the context of other signaling pathways, has yet to be fully 
elucidated in animal models and humans. 

 Recently, mutations in the I � B family of receptors has been 
associated with invasive pneumococcal disease among hospital-
ized patients in the United Kingdom ( Chapman et al., 2007a ). 
This study included a large cohort of Caucasian UK residents 
with invasive pneumococcal disease who were identifi ed as part 
of two other studies ( Maskell et al., 2005 ;  Roy et al., 2002 ) and 
one control group identifi ed as part of a previous study as well 
as an independently collected cohort of 370 healthy adult volun-
teers from the United Kingdom. SNPs were identifi ed in the fi rst 
cohort of infected patients (including bacteremia, pneumonia, and 
meningitis) and controls, and then confi rmed in the second set 
of Gram-positive infection (limited to empyema) cases and con-
trols. The investigators identifi ed 43 SNPs in three I � B genes for 
analysis. Of these, six SNPs in NF- � B-IA or NF- � B-IE appeared 
to be associated with pneumococcal infection in the fi rst analy-
sis. In the second group of those with Gram-positive empyema 
(not limited to pneumococcus), the investigators did not fi nd any 
association between the three most common SNPs and thoracic 
empyema. When this analysis was limited to the small number of 
subjects with pneumococcal empyema (42 subjects), mutations in 
NF- � B-IA (rs3138053 and rs2233406) appeared to be protective, 
and were similar to that found in the fi rst study cohort with inva-
sive pneumococcal infection. Mutations in NF- � B-IE (rs529948) 
were signifi cant in the fi rst invasive pneumococcal cohort, but did 
not appear so in the group of pneumococcal empyema subjects. 
These data are considered preliminary and should be validated in 
subsequent studies. 

 MBL has been suggested to play a role in host defense against 
 S. pneumoniae.  This protein can phagocytose some bacteria by 
binding oligosaccharides on the bacterial cell surface ( Bocchino 
et al., 2005 ). Homozygous mutations in the MBL gene on chro-
mosome 10 have been associated with an increase in invasive 
pneumococcal infection ( Garred et al., 2003 ;  Kronborg et al., 
2002 ;  Moens et al., 2006a ). In a large study of 225 white adults 
and children from the United Kingdom with invasive pneumo-
coccal disease (blood, cerebrospinal fl uid, joint fl uid, etc.) and 353 
white adult blood and transplant donors, homozygous mutations 
for MBL at codons 52, 54, or 57 occurred in 28 infected persons 
(12%) versus 18 controls (5%) (OR 2.59, 95% CI: 1.39–4.83). This 
fi nding was validated in a second cohort of 108 additional cases of 
invasive pneumococcal infection and 679 healthy neonates from 
the United Kingdom matched for ethnicity and geographical area 
of residence. Homozygotes among cases and controls were 10% 
and 5%, respectively ( p   �  0.046). Frequency of heterozygotes as 
well as a functional promoter polymorphism at position  	 221 

in both cohorts were similar, and not different between cases and 
controls. In addition, homozygotes did not have signifi cantly dif-
ferent sites of infection, lengths of stay, disease severity, or survival 
from those heterozygous for these mutations. The results of this 
study have been confi rmed in two smaller studies. One limitation 
of this particular study is that cases and controls were not matched 
for age, despite the fact that the infected cohorts included both 
children and adults with a wide age range. Age was more closely 
matched in one of the subsequent studies. In addition, those with 
concomitant illnesses which would contribute to the risk of inva-
sive pneumococcal disease were not excluded from some of the 
early studies. Such patients were excluded from the later confi rm-
atory study. Vaccination status of study subjects with pneumococ-
cal vaccine was not described by the investigators of these studies, 
and could potentially confound the study results. Given the time 
frame of the study, vaccination among children was probably rare, 
but from the time period of 1993 to 2003 uptake of pneumococ-
cal vaccination was more than 20% among those 65 years of age 
and older ( Noakes et al., 2006 ). However, the effi cacy of pneumo-
coccal vaccination in those with MBL defi ciency is unknown. 

 In a more recent study using samples from the same cohort 
of UK residents with invasive pneumococcal infection and 
non-infected controls, polymorphisms in the FCN2 gene were 
not found to be associated with this infection ( Chapman et al., 
2007b ). FNC2 encodes for  L -fi colin, which has been shown to 
bind Gram - positive organisms, and activates the lectin-comple-
ment pathway as well as working directly as an opsonin. 

 Other studies in humans have investigated mutations in 
Fc � -receptor IIA and pneumococcal disease, with confl ict-
ing results ( Moens et al., 2006b ). Fc � -receptor IIA is thought 
to play an important role in phagocytosis of bacteria once 
they have been bound by IgG2. In very small studies, patients 
who were homozygous for Fc � -receptor IIA polymorphisms 
at amino acid 131 appeared to be at increased risk of invasive 
pneumococcal infection (i.e., bacteremia) than controls ( Yee et 
al., 1997 ;  Yee et al., 2000 ;  Yuan et al., 2003 ). In a more recent 
study of 55 Belgians with invasive pneumococcal disease and 
100 gender and geographical matched non-infected controls of 
a wide age distribution, there was no difference in prevalence 
of Fc � -receptor IIA genotypes between cases and controls (Fc � -
RIIA–R/R131 genotype 21.8% versus 31% in cases and 
 controls, respectively ( p   �  0.047)). In general, all of these studies 
were limited by very small sample sizes. 

 Although  S. aureus  also has LTA in its cell wall, lipoproteins 
and peptidoglycans may be even more important in its recog-
nition by host TLR2 ( Hashimoto et al., 2006 ). For  S. aureus , 
knockout mice defi cient in TLR2 experienced greater rates 
of mortality compared to wild-type mice with  S. aureus  infec-
tion. Similarly, mice defi cient in MyD88, a downstream adap-
tor molecule involved in cell signaling, had substantially reduced 
survival which was even more pronounced than the TLR2 defi -
cient mice. Colony counts in the organs of the Myd88 defi cient 
mice indicated that these mutants were even more susceptible to 
 S. aureus  infection than the TLR2 defi cient mice ( Takeuchi et al., 
2000 ). A study in 91 white French patients who had participated 
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in a study of the role of TNF-alpha in septic shock found that 2 
of 22 patients (9%) with Gram-positive septic shock had a muta-
tion in TLR2 (Arg753Gln) while this mutation was not identi-
fi ed among 69 subjects with other causes of septic shock. Both 
subjects were heterozygous for Arg753Gln mutation, and had 
shock due to  S. aureus  infection. Allelic frequency of this muta-
tion among non-infected controls was 3% ( Lorenz et al., 2000 ). 
This fi nding has yet to be confi rmed from other studies to date 
( Moore et al., 2004 ). Other important elements of host recogni-
tion and response to  S. aureus  may include TLR1, TLR6, CD14, 
CD36, NOD2, TNF-alpha receptor 1 (TNFR1), and peptidog-
lycan recognition proteins ( Fournier and Philpott, 2005 ). The 
specifi c role and association of these molecules with  S. aureus  
infection has yet to be established or studied in humans. 

  Listeria monocytogenes  may also be recognized by TLR2, and 
in animal models knockout mice defi cient in TLR2 and MyD88 
were more susceptible to this infection ( Seki et al., 2002 ;  Torres 
et al., 2004 ). In addition, NOD2 may play a role in defense 
against  Listeria , as evidenced by knockout mice who were more 
susceptible to oral  Listeria  infection ( Kobayashi et al., 2005 ). 
A number of other factors may be important to defense against 
 L. monocytogenes  and have been explored in animal models, but 
all of these fi ndings have yet been validated in human studies of 
 Listeria  infection ( Pamer, 2004 ).  

  Gram-Negative Organisms 
  Enterobacteriaceae and Other Gram-Negative Rods 
 LPS in the cell wall of Gram-negative bacteria are responsible, 
once recognized by host-cell receptors, for triggering a cascade 
of events leading to adhesion of neutrophils to endothelial cells, 
clotting, and activation of secondary infl ammatory mediators such 
as interleukins and leukotrienes. LPS is recognized by TLR4, LBP, 
and CD14. Some Gram-negative organisms also contain mem-
brane proteins in the cytoplasm or outer cell membrane that 
are recognized by host-cell receptors such as TLR2 and TLR1. 
Several studies in mice have demonstrated that MyD88 signaling 
may be critical for the early host response to  Ps. aeruginosa  lung 
infections ( Power et al., 2004 ;  Skerrett et al., 2004 ). 

 TLR4 may be important for a number of Gram- negative 
pathogens; however, results in human studies have yielded con-
fl icting results. In one  in vitro  study using human cell lines, 
TLR4 but not TLR2 was the major factor mediating host-
cell activation in response to  Salmonella minnesota - and  E. coli -
derived LPS ( Tapping et al., 1993 ). This was recently validated 
in a study where TLR4 ligands seemed to predominate for 
Enterobacteriaceae. In contrast, responses to  Ps. aeruginosa  were 
dependent on both TLR4 and TLR2. 

 Several small studies in humans have explored the role of 
TLR4 in Gram-negative infections. Among Europeans, TLR4 
Asp299Gly and Thr399Ile SNPs have been found to cosegre-
gate in 98% of individuals, while in African populations both an 
Asp299Gly and an Asp299Gly/Thr399Ile haplotype is present 
( Schroder and Schumann, 2005 ). In a case–control study of 
91 Caucasian patients with septic shock and 73 healthy non-
infected blood donors in France, a TLR4 Asp299Gly mutation 

occurred exclusively among those with septic shock (5/91 cases 
(5.5%) versus 0/73 controls (0%)) ( Lorenz et al., 2002 ). There was 
a similar rate of dual mutations at the 299 and 399 position (i.e., 
TLR4 Asp299Gly/Thr399Ile) in both cases and controls, 6/91 
(6.6%) and 8/73 (11%) respectively. Among those with septic 
shock, solo mutations in 299 were present exclusively in those 
with Gram-negative infections ( n   �  4) or polymicrobial infections 
( n   �  1). Survival and SAPS II scores of these subjects were similar 
to those with wild-type or dual mutation genotypes at the 299 
and 399 position. Only one subject in this study was homozygous 
for the 299 mutation, and she died of rapidly progressive urosepsis 
and  E. coli  bacteremia. Based on these fi ndings, the authors con-
cluded that risk of Gram-negative septic shock may be higher 
among those with TLR4 299 mutations. Additional studies in a 
larger study population with more carefully selected controls 
should be performed to confi rm these fi ndings. 

 In another study of 80 Spanish hospital inpatients with either 
acute ( n   �  24) or chronic ( n   �  56) osteomyelitis due to Gram-
negative ( n   �  23) or Gram-positive ( n   �  57) organisms and 155 
healthy blood donors matched by age and gender, polymorphisms 
in TLR4 Asp299Gly appeared to be associated with Gram-neg-
ative infections ( Montes et al., 2006 ). In this cohort, three cases 
were homozygotes for polymorphisms at this site (Asp299Gly 
G/G) and two of these had Gram-negative infections. No con-
trols were found to have homozygous polymorphisms in TLR4 
Asp299Gly ( p   �  0.038). Allelic frequencies did not suggest that 
patients with osteomyelitis had higher frequency of mutant carrier 
alleles for this site than controls ( p   �  0.08). Similar results were 
found for TLR4 Thr399Ile. Polymorphisms in TLR2 (Arg753Gln) 
were not signifi cantly different between cases and controls. Those 
with TLR4 Asp299Gly heterozygous or homozygous polymor-
phisms had higher rates of Gram-negative infections (60% versus 
21.5% respectively,  p   �  0.0086), higher incidence of hematog-
enous osteomyelitis (40% versus 11% respectively,  p   �  0.013) 
and chronic osteomyelitis more frequently (93.3% versus 64.6% 
respectively,  p   �  0.031) than those who did not have these mutant 
alleles. Functional signifi cance of these polymorphisms in TLR4 
Asp299Gly were explored, and the investigators observed reduced 
apoptosis of neutrophils after incubation with LPS among those 
with osteomyelitis compared to non-infected controls, and among 
those with mutant alleles. In addition, phosphorylation of I � B 
after incubation with LPS was reduced among those homozygous 
for the Asp299Gly mutant alleles. Furthermore, neutrophils from 
those with these mutant alleles did not demonstrate increases in 
IL-6 secretion, as was observed in non-infected controls and those 
homozygous for the wild-type alleles. As with previous studies, 
there was a very low number of subjects who were homozygous 
for the TLR4 Asp299Gly mutation in this study, which limits its 
ability to make powerful statistical comparisons. Also, the authors 
did not apparently control statistically for the large number of 
comparisons used in this study. This may bias the study fi ndings, 
especially considering its small sample size and rather heteroge-
nous population. 

 Thus, the Asp299Gly/Thr399Ile haplotype of TLR4 does 
not conclusively appear to increase risk of Gram-negative 
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 infections. While several studies have implicated TLR4 haplo-
types containing only the Asp299Gly (or Thr399Ile) SNPs, the 
small number of patients with these haplotypes in each of these 
studies limits our ability to make conclusions about these haplo-
types and their role in Gram-negative infections.  

  Legionella 
 A few studies have investigated immunogenetic factors specifi c to 
 Legionella  spp. infections.  Legionella  is a fl agellated Gram- negative 
rod, and  in vitro  TLR2, TLR4, and TLR5 have been shown to 
recognize this pathogen ( Akamine et al., 2005 ;  Girard et al., 
2003 ;  Hawn et al., 2003 ;  Hawn et al., 2005 ;  Kikuchi et al., 
2004 ). In murine models TLR2 and MyD88 have been shown 
to be important ( Hawn et al., 2006b ). However, studies in ani-
mals have produced confl icting evidence regarding the role of 
TLR4 and  Legionella . TLR4 polymorphisms have been sug-
gested to play a protective role in a human cohort exposed to 
 Legionella  at a fl ower show in the Netherlands. In a study of 108 
subjects who contracted Legionnaire’s disease following this 
exposure and 508 controls that were exposed but not clinically 
ill, Legionella pneumonia was signifi cantly less common among 
those with the Asp299Gly SNP. In this study, only heterozygotes 
for Asp299Gly were found, and Thr399Ile cosegregated with 
Asp299Gly in this European population. As the authors note, it 
is not clear why TLR4 polymorphisms are associated with a pro-
tective effect against  Legionella , especially since these polymor-
phisms have been associated with no effect or increased risk of 
infection due to other Gram-negative pathogens. This phenom-
enon may be due to the unique LPS structure of  Legionella  that 
results in differential cell recognition and signaling. However, 
additional studies are needed to validate these fi ndings. 

 Recently Naip5, which is important for intracellular sig-
naling and the apoptosis mechanism of macrophages, has been 
suggested to play a role in the intracellular pathogenicity of 
 Legionella  ( Wright et al., 2003 ). Naip5 can activate macrophages 
via TLR5 and MyD88-independent mechanisms ( Delbridge and 
O’Riordan, 2007 ). Mice with polymorphisms in Naip5 have 
been shown to be at increased susceptibility to  Legionella  infec-
tion ( Diez et al., 2003 ). No human studies to date have investi-
gated Naip5 and Legionnaire’s Disease.  

   Neisseria meningitidis  
  Neisseria meningitidis  is an encapsulated Gram-negative diplococ-
cus that is a common cause of meningitis and sepsis. A study of 
siblings in the United Kingdom suggested that genetic factors 
in the host accounted for approximately 33% of risk of menin-
gococcal disease among siblings of those with meningococ-
cal infection ( Haralambous et al., 2003 ). Multiple mechanisms 
appear to be involved with recognition and host immunity to 
meningococcus. Innate and adaptive immunity mechanisms have 
been demonstrated in response to meningococcal challenge, as 
well as complement activation and subsequent shock/coagulopa-
thy. Studies of genetics and meningococcal disease have suggested 
that polymorphisms in key molecules can result in increased sus-
ceptibility to this infection or more severe phenotypes. 

 Inherited complement defi ciencies have been reported in 
association with meningococcal disease, but these are relatively 
rare in the general population and probably not the primary 
reason for susceptibility to this infection. 

 Among candidate genes, polymorphisms in TLR4 have 
not been strongly associated with either increased susceptibility 
to or severity of infection ( Read et al., 2001 ;  Smirnova et al., 
2003 ). A study of UK residents with meningococcal infec-
tion found no association between the TLR4 polymorphism 
Asp299Gly and meningococcal infection. Although most of 
the subjects with meningococcal infection ( n   �  1047) were  � 1 
year of age, the investigators used a control population consist-
ing of 879 healthy adult blood donors. However, the investiga-
tors also stratifi ed the infected cohort by age group and serotype 
and found no associations between TLR4 Asp299Gly polymor-
phism among these strata and fatality. A recent study suggested 
that polymorphisms in TLR4 Asp299Gly and The399Ile were 
associated with increased susceptibility to meningococcal disease 
among European Caucasian children less than 12 months of age. 
There was no signifi cant difference in the rate of meningococcal 
disease among those 3 years of age and older who were hetero-
zygotes or homozygotes for the Asp299Gly and The399Ile SNPs 
compared to healthy controls, however ( Faber et al., 2006 ). The 
authors suggest these mutations may be particularly relevant 
among infants who have an immature immune system. 

 Polymorphisms in TLR2 have not appeared to increase sus-
ceptibility to meningococcal disease, but have not been exten-
sively studied. 

 Studies of MBL polymorphisms have yielded more sub-
stantial associations for meningococcal infection ( Hibberd et al., 
1999 ). Heterozygotes and homozygotes for variant alleles of MBL 
have been shown to have substantially lower circulating MBL 
concentrations. Several reports have suggested that those with var-
iant alleles are at increased risk for meningococcal infection ( Bax 
et al., 1999 ;  Salimans et al., 2004 ). A recent study also suggested 
that combined polymorphisms in properidin and MBL results in 
an increase risk of  N. meningitidis  meningitis ( Bathum et al., 2006 ). 
Three properidin defi ciency variant types have been identifi ed 
and have been associated with increase severity of meningococcal 
infection and clinical outcome. However, additional genetic fac-
tors may infl uence mortality and severity of disease among indi-
viduals with properidin defi ciencies ( Densen et al., 1987 ;  Fijen 
et al., 1999 ;  Spath et al., 1999 ;  Westberg et al., 1995 ). 

 Angiotensin-converting enzyme (ACE)  has  pro-infl ammatory 
properties and in one study, the DD genotype that imparts 
higher circulating levels of ACE was associated with increased 
severity of meningococcal disease ( Harding et al., 2002 ). 

 Other elements of acquired immunity may be important 
for susceptibility to and severity of meningococcal disease. For 
example, mutations in FC �  receptors have been associated with 
meningococcal sepsis and were more frequent in those with 
meningococcal disease than controls in some studies ( Bredius 
et al., 1994 ;  Platonov et al., 1998 ;  van der Pol et al., 2001 ). 
However, these results were not consistent across investigations 
( Domingo et al., 2002 ;  Fijen et al., 2000 ). 
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 Polymorphisms in cytokines such as TNF � , TNF � , IL10, 
IL6, IL1, and IL1 receptor antagonist may be important but have 
produced inconsistent results in human studies of meningococ-
cal disease.   

  Mycobacteria 
 There are several indicators that TB infection might be associ-
ated with genetic susceptibility ( Bellamy, 2005 ). These include a 
potential role of innate immunity of the disease, whereby only 
30–40% of close contacts of an infected individual contract TB 
infection ( National Center for HIV SATPC, 2005 ). In addition, 
numerous animal models and human investigations have demon-
strated the potential role of interferon- � , TNF- � , reactive nitrogen 
intermediates, and other immunomodulators as well as CD4 �  
and CD8 �  T cells in controlling the disease ( Stead, 1992 ). 

 Numerous reports provide supportive data for genetic sus-
ceptibility to tuberculosis. Some of the most convincing data 
come from a tragic accident involving BCG (Bacilli Calmette-
Guerin) vaccine in Germany to 249 infants in 1926 ( Dubos 
and Dubos, 1952 ). Unfortunately, one strain of live  M. tubercu-
losis  was administered to all of these children, resulting in sub-
sequent death of 76 babies within 1 year. Since only one strain 
was involved, this incident suggested that there was a differen-
tial response to tuberculosis infection in this population. Other 
factors that could have impacted response to infection were 
rather limited in this population due to age and disease expo-
sure. Other evidence comes from selective pressure within a 
relatively homogenous population of Qu’Appelle Indians who 
experienced an annual death rate of 10% of their population 
from tuberculosis infection in 1890. This rate declined to less 
than 0.2% after two generations, suggesting a selective advantage 
among families with the ability to fi ght  M. tuberculosis  ( Motulsky, 
1960 ). Further evidence for the role of genetics in TB comes 
from a study of more than 25,000 residents of racially integrated 
nursing home in Arkansas ( Stead et al., 1990 ). Development of a 
new TB infection (as evidenced by skin test conversion with 60 
days of a negative test) while in the nursing home was approxi-
mately twice as likely among blacks and whites, with 13.8 ver-
sus 7.2% experiencing new infections, respectively (relative risk 
1.9, 95% CI: 1.7–2.1). Even when the source patient was white, 
blacks became infected more frequently. However, once infected, 
individuals from both races appeared to be at similar risk of pro-
gressing to clinical infection. Finally, other studies in monozy-
gotic twins compared to dizygotic twins in older studies found 
TB concordance rates twice as high among monozygotic twins, 
further suggesting a genetic role in susceptibility to disease. 

 Subsequent investigations in the genomic era have furthered 
our understanding of genetic factors and susceptibility to tuber-
culosis.  In vitro  studies and animal models of infection have been 
established to help describe the role of innate immunity against 
mycobacteria. Studies in humans have included analysis of indi-
vidual patients with disastrous consequences following vaccina-
tion with other mycobacterial species, candidate-gene approaches 
using case–control designs, and genome-wide scans using fami-
lies. The populations included in these various studies of genetic 

association and linkages have mostly included African (Gambian or 
South African) and Asian (Japanese, Chinese, Koreans,  Taiw anese, 
and Hong Kong) populations. Only a few have included 
Europeans, Indians, or Mexicans ( Fernando and Britton, 2006 ). 

 Based on these studies, a number of genes have been iden-
tifi ed that may have a role in increased or decreased risk of 
mycobacterial diseases ( Table 58.2 ). These include: interferon- � , 
IL-10 and IL-12 receptor, TNF- �  receptor 1, STAT-1, vitamin 
D receptor (VDR), solute carrier 11a1 protein (SLC11A1) (for-
merly known as natural resistance-associated macrophage pro-
tein (NRAMP1)), Class I and Class II HLA, mannose-binding 
lectin (MBL2), pulmonary surfactant proteins SP-A and SP-D, 
the purinergic receptor P2X7, TLR2, IL-1 receptor antagonist, 
and TNF- �  ( Soborg et al., 2007 ;  Stein et al., 2007 ). To date, asso-
ciations with heat shock protein 1A (HSPA1A) and transporter 
associated with antigen processing-2 (TAP-2) have only been 
reported in association with  M. leprae  infections. In addition to 
loci, microsatellite markers have been identifi ed on the X chro-
mosome, as well as chromosome 15 which suggest association 
with TB in Gambians ( Bellamy et al., 2000 ). Genome-wide scan 
approaches in  M. leprae  infections identifi ed other microsatellite 
markers on chromosome 6, 10, and 20 that may be important. 

 A study in Turkish patients with tuberculosis and non-
infected controls suggested that the Arg753Gln polymorphism 
of TLR2 was associated with increased susceptibility to TB. 
Homozygotes for the AA genotype were more frequent among 
those with TB (OR 6.04 (95% CI: 2.01–20.08)), and this 
remained signifi cant when the analysis was restricted to those 
with pulmonary TB. Heterozygotes were also more frequent 
among those with TB, although this fi nding was less substantial 
(OR 1.6 (95% CI: 1.01–2.55)) ( Ogus et al., 2004 ). A recent study 
also suggested that TLR2 genotype 597CC were associated with 
susceptibility to tuberculous meningitis in Vietnamese subjects 
( Thuong et al., 2007 ). This association was not found for pulmo-
nary tuberculosis in this case–control study. Another analysis of 
this cohort suggested that a SNP in the TLR1 receptor domain 
(C558T) was associated with tuberculosis, and more strongly with 
tuberculous meningitis ( Hawn et al., 2006a ). 

 In those with lepromatous leprosy, the Arg677Trp mutation 
of TLR2 was found in 10 of 45 subjects, but was absent in those 
with tuberculoid leprosy and healthy controls ( Kang and Chae, 
2001 ). This mutation was later shown to eliminate activation 
of NF- � B mediated by TLR2, in response to challenge with 
 M. leprae  ( Bochud et al., 2003 ). Subsequent studies have not rep-
licated the fi ndings of the Arg677Trp mutation in other cohorts, 
however, and additional studies are necessary to establish the role 
of this TLR2 mutation ( Alcais et al., 2005 ;  Sanchez et al., 2004 ; 
 Schroder et al., 2003a ). 

 Another study has suggested that the isoleucine to serine 
mutation at position 602 on TLR1 was protective against lep-
rosy among Turkish Caucasians ( Johnson et al., 2007 ). TLR1 
has been suggested to be an important co-receptor for TLR2. 
The 602S mutation was quite common among Caucasians and 
substantially more frequent than in those of African or East 
Asian descent. The authors suggest that these differences may 
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contribute to the increased and unexplained risk of tuberculosis 
among African Americans in previous studies. 

 Several recent studies have also investigated variation in 
the C-type lectin DC-SIGN and mycobacterial diseases such 
as tuberculosis and leprosy. Numerous studies indicate that 
 variation in repeats in the neck region of DC-SIGN had no 
association with susceptibility to tuberculosis infection among 
South African Coloureds, Colombians, and Tunisians ( Barreiro 
et al., 2007 ;  Ben-Ali et al., 2007 ;  Gomez et al., 2006 ). Variations 
in the neck region of  L -SIGN (or DC-SIGNR) were also 
not associated with susceptibility to tuberculosis among South 
Africans. Promoter polymorphisms in DC-SIGN have been 
implicated in tuberculosis susceptibility among South Africans 
in one study ( Barreiro et al., 2006a ) but not other studies of 

Tunisians and West Africans ( Olesen et al., 2007 ). The correla-
tion among South Africans may refl ect Eurasian descent of the 
population, in contrast to the other populations studied. 

 DC-SIGN variations were also recently studied in association 
with leprosy in a cohort of 194 infected Pakistanis and 78 non-
infected controls ( Barreiro et al., 2006b ). 109 patients had lepro-
matous disease, while 85 had tuberculoid leprosy. In a cold binding 
assay, DC-SIGN expressing cells showed substantial binding to 
 M. leprae,  and the proportion was similar to binding of  M. tuberculosis . 
However, there was no association between SNPs in DC-SIGN 
and susceptibility to leprosy. Since the number of cases/controls 
was relatively small, the study was potentially limited in its power 
to detect these differences. Future studies may be helpful to deter-
mine if DC-SIGN has a role in susceptibility to leprosy.   

2009 UPDATE
The promise of genomic approaches for the identifi cation and 
diagnosis of bacterial infections continues to be explored with 
fervor. Several recent reviews discuss the many approaches that 
can be taken to the design and conduction of genomic stud-
ies (Farber et al., 2008, Polpitiya et al., 2009; Yang et al., 2008). 
Additional methods such as transcriptomic (RNA) and pro-
teomic (protein) analyses may provide further insight as novel 
diagnostics are applied to infectious diseases (Polpitiya et al., 
2009). Clinical studies demonstrating these concepts are still 
somewhat limited, which refl ects the substantial challenges 
that still face investigators in this area. These challenges include 
(1) establishing communication and uniform methods among 
researchers from various backgrounds and with disparate skill 
sets; (2) having both the experience and the necessary techni-
cal profi ciency to produce reliable data; and (3) developing and 
implementing novel applications to facilitate data management 
and analysis (Polpitiya et al., 2009).

One recent microarray study performed using neu-
trophilic RNA from septic Australian ICU patients identifi ed 
a unique expression profi le for sepsis (Tang et al. 2008). This 
method did not distinguish between gram-positive and gram-
negative bacterial sepsis using a rather large gene expression 
analysis of 18,664 genes involved in infl ammation, immune 
regulation and mitochondrial function, but did distinguish 
infected (n � 55) from non-infected (n � 17) patients. The 
authors suggest that the lack of discrimination between gram-
positive and gram-negative sepsis in this investigation and oth-
ers (Nau et al., 2002; Boldrick et al. 2002) may be due to a 
common general response of gene expression when the host is 
challenged with these pathogens. 

Genetic associations and immunity to bacterial infec-
tions continue to be explored as well. A recent case series of 
nine children with invasive pyrogenic bacterial infections pro-
vided human evidence for the role of Myd88 defi ciency in 
susceptibility to infection (von Bernuth et al. 2008). Myd88 

defi ciency in these children appeared to be the result of an 
autosomal recessive trait, which resulted in loss of Myd88 
function. However, unlike phenotypes observed with this defi -
ciency in mouse models of infection, these children were not 
universally vulnerable to all pathogens and retained immunity 
to most bacteria, viruses, and parasites. These patients appeared 
to be particularly susceptible to bacteria such as S. pneumoniae, 
S. aureus, and Ps. aeruginosa. These data suggest that the role of 
Myd88-dependent signaling in TLRs may be especially impor-
tant among infants, before other adaptive or TLR-independent 
innate immune mechanisms fully develop. 

Another recent paper suggested an independent associa-
tion between donor polymorphisms in mannose-binding lectin 
2 (MBL2) and the rate of clinically signifi cant infections among 
orthotopic liver transplant recipients following transplantation 
(Worthley et al. 2009). In this study, donor MBL2 polymor-
phisms were associated with low MBL serum concentrations 
in transplant recipients, who experienced a variety of post-
transplant infections such as pneumonia, bacteremia and peri-
tonitis due to numerous pathogens, including cytomegalovirus, 
gram-positive bacteria such as S. aureus and Enterococcus spp. and 
gram-negative bacteria such as Ps. aeruginosa, K. pneumoniae and 
Enterobacter cloacae. When controlling for other clinical factors 
such as CMV infection, donor/recipient CMV serostatus, organ 
rejection, age, and MELD score, donor MBL2 genotype (haz-
ard ratio � 2.8, p � 0.002) and the receipt of CMV prophylaxis 
(hazard ratio � 2.6, p � 0.005) were independent predictors 
of clinically signifi cant infection in the post-transplant period. 
These results confi rm the fi ndings of a smaller study that was 
previously performed in liver transplant recipients (Bouwman 
et al. 2005), but remain to be validated in other populations.

An association between NOD2 and TLR4 polymor-
phisms and acquisition of bacteremia was recently demon-
strated in a study of 774 medical intensive care unit patients 
of Western European descent (Henckaerts et al., 2009). Data 
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  INTRODUCTION 
  An 18-year-old female college freshman who lives in a dormi-
tory with 50 other women presents to her local acute care center 
with 12       h of fever and headache. She is referred to the emer-
gency department and develops a petechial rash while in tran-
sit. In the emergency department she becomes hypotensive and 
lethargic. She is admitted to the intensive care unit (ICU). Blood 
and cerebrospinal fl uid cultures taken at the time of admis-
sion grow Neisseria meningitidis, serogroup C. She dies 2 days 
later with multi-organ failure despite aggressive attempts at 
resuscitation and support. No other students in her dormitory 
become ill after prophylaxis is provided. Her devastated parents 
wish to know if her two siblings are at high risk of bad outcome 
with a similar infection.  

  A 64-year-old hospitalized, African American veteran is 
admitted to the ICU after developing fever and hypotension 
subsequent to aortobifemoral bypass graft procedure. Blood cul-
tures grow enteric Gram-negative rods. His fever persists and he 
develops disseminated intravascular coagulopathy, acute renal fail-
ure, acute lung injury, and succumbs to his illness after 3 weeks. 
His physicians considered drotrecogin alfa, but chose not to give 
it in the setting of recent surgery.  

  A 52-year-old woman with a several month history of fever 
with negative evaluation including blood cultures presents with 
acute renal failure and severe aortic regurgitation. A transtho-
racic echocardiogram reveals vegetations on her aortic valve 
leafl et. Immunohistochemistry at the time of valve replacement 

confi rms Bartonella henselae. The patient raises feral cats. Her pri-
mary care physician is frustrated that he was unable to diagnose 
the infection earlier.  

 Each of these cases represents extremes of the heterogene-
ity of the sepsis spectrum and, yet, each highlights the potential 
benefi ts of the genomic revolution in the way we identify and 
care for patients presenting with the sepsis syndrome. In the past 
decade new techniques have been developed to investigate the 
causes of complex diseases. In this chapter, we will review the 
relevant literature and look toward the future. 

 Sepsis is a common, heterogeneous clinical entity that is 
defi ned by the physiological changes known collectively as the 
systemic infl ammatory response syndrome (SIRS) that occur in 
response to a presumed infectious etiology ( Table 59.1   ) ( Bone 
et al., 1989, 1992 ;  Sands et al., 1997 ). The insulting agent may 
be bacterial, viral, fungal, or parasitic with more than 80% of 
cases originating from a pulmonary, genitourinary, or abdominal 
source ( Opal and Cohen, 1999 ). However, sepsis is not a single 
disease, but rather a heterogeneous syndrome that is expressed 
through the interaction of networks of biochemical mediators 
and infl ammatory cascades. Clinical expression is variable and 
its severity is infl uenced by the infectious etiology, the genetic 
background of the patient, comorbid conditions, the time to 
clinical intervention, and the supportive care provided by the 
physician. 

 Patients with coincident acute organ dysfunction are 
considered to have severe sepsis. Patients with sepsis who fail 
to maintain their blood pressure despite adequate hydration 
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are considered to have septic shock. Severe sepsis is a major 
cause of morbidity and mortality with an annual incidence of 
50–100 cases per 100,000 persons in several industrial-
ized nations ( Martin et al., 2003 ). In the United States, there 
are approximately 750,000 new cases of severe sepsis annually 
with an economic impact approaching $17 billion ( Angus and 
Wax, 2001 ). Despite an enormous investment in critical care 
resources, 20–50% of patients with sepsis died; it is the third 
leading cause of infectious death and tenth leading cause of 
death overall. 

 The incidence of severe sepsis is increasing by approxi-
mately 9% annually. Between 1979 and 2000, the incidence 
increased from 82.7/100,000 to 240.4/100,000 ( Martin, 2003 ). 
This increase is multifactorial, resulting from increased aware-
ness and documentation of sepsis,  “ graying ”  of the population, 
greater use of invasive procedures for the diagnosis and moni-
toring of critically ill patients, emergence of antibiotic-resistant 
organisms, and increasing prevalence of immunocompromised 
patients (e.g., malignancy, AIDS, transplant recipients, diabetes 
mellitus, alcoholism, and malnutrition) ( Parrillo et al., 1990 ). 
Furthermore, the relative contribution of etiological organisms 
has changed substantially over time. Gram-positive organisms 
superseded Gram-negative organisms in predominance in 1987, 
and fungal sepsis has increased by more than 200% since 1980 
( Martin, 2003 ). 

 Genomic medicine appears well situated to assist in the iden-
tifi cation of individuals at substantial risk for certain infections, 
to stratify subsets of individuals who are likely to progress to 
adverse outcomes or most benefi t from therapeutic intervention, 
and to facilitate the rapid identifi cation of etiological organisms. 
However, the complex physiology and epidemiology of sep-
sis, together with the diversity of physicians confronted by this 

illness, have slowed progress. Much of the literature focuses on 
the tremendous achievements in describing the genomes of var-
ious bacterial, viral, and fungal pathogens; however, this chapter 
focuses on the human genome and its response to the infectious 
perturbations that result in sepsis.  

  GENETIC POLYMORPHISMS 
ASSOCIATED WITH SEPSIS 
 Microbiological infections and their complications, such as sepsis 
and severe sepsis, occur at the interface of host genes, microbial 
genes, and the environment. While exposure to a microbial 
agent is necessary, it is not suffi cient to cause sepsis in the host. 
Regardless of etiology, sepsis stimulates the host’s immune, 
infl ammatory, and coagulation responses ( Figure 59.1   ). Although 
the general direction of activation is similar between persons, 
there are notable differences in response to infection that may 
have important clinical implications ( Bellamy and Hill, 1998 ; 
 Burgner and Levin, 2003 ;  Choi et al., 2001 ). Therefore, sep-
sis progression depends on the relative weight of host defense 
versus microbe virulence. Several recent studies have shown evi-
dence that host and pathogen molecular interactions drive adap-
tive evolution of the immune system – a host:pathogen genetic 
arms race ( Hughes and Nei, 1988 ;  Sackton et al., 2007 ;  Schlenke 
and Begun, 2003 ). Accordingly, it is useful to evaluate how the 
genotype of patients determines their individual susceptibility 
and response to infection. 

 Family and twin studies have demonstrated familial or 
twin aggregation of some, but not all sepsis outcomes and clinical 
presentations on a common genetic basis ( Härtel et al., 2007 ; 
 Jepson et al., 1995 ). There are several dramatic examples of lack 

 T A B L E  5 9 . 1          Criteria for systemic infl ammatory response syndrome and sepsis  

   SIRS      ●      Temp  � 38 C or  � 36 C  
   ●      Heart rate  � 90 beats per minute  
   ●      White Blood Cell count  � 12,000 cell/cc,  � 4000 cells/cc, or  � 10% band forms  
   ●      Respiratory rate  � 20 breaths per minute or PaCO 2   �  32 torr    

   Sepsis  SIRS criteria and evidence of infection, or: 

   ●      White cells in normally sterile body fl uid  
   ●      Perforated viscus  
   ●      Radiographic evidence of pneumonia  
   ●      Syndrome associated with high risk of infection    

   Severe Sepsis  Sepsis criteria and evidence of organ dysfunction including: 

   ●       Cardiovascular: SBP    90       mmHg, MAP            70       mmHg for at least 1 hour despite adequate volume resuscitation or 
the use of vasopressors  

   ●      Renal: urine output  � 0.5       mL/kg body weight/hour for 1 hour despite adequate volume resuscitation  
   ●       Pulmonary: PaO 2 /FiO2   250 if other organ dysfunction present or   200 if the lung is the only dysfunctional 

organ  
   ●      Hematologic: platelet count  � 80,000/cc or decreased by 50% within 3 days  
   ●      Metabolic: pH   7.3 or base defi cit  � 5.0       mmol/L and plasma lactate  � 1.5 x upper limit of normal    
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of host defense factors resulting from Mendelian mutations. For 
example, autosomal dominant inheritance in meningococcal 
meningitis susceptibility in a few large families due to a defective 
properdin gene in the alternative complement pathway ( Densen 
et al., 1987 ). Mutations in ATP-sensitive K  �   channels expressed in 
murine endothelial cells and coronary artery smooth muscle may 
cause profound susceptibility to mouse cytomegalovirus ( Croker 
et al., 2007 ). Other examples of susceptibility alleles are variants 
in immune response genes, including the MHC, CCR5 in HIV 
infection, and Toll receptor 2 in Mycobacteria and non-immune 
response genes such as Nramp in Mycobacteria ( Drennan et al., 
2004 ;  Liu et al., 1996 ;  Samson et al., 1996 ;  Skamene et al., 1998 ). 
Linkage-based methods and candidate gene-based association 
studies are being extensively applied to microbial infection out-
comes and sepsis but, to date, have met with limited success in 
the identifi cation of risk alleles for host gene:pathogen interaction 
( Botstein and Risch, 2003 ;  Freimer and Sabatti, 2004 ;  Hill, 2006 ). 
In sepsis, most studies have investigated candidate genes that are 
involved in pathogen detection (e.g., toll-like receptors, TLRs), 
the infl ammatory response (e.g., tumor necrosis factor, TNF- � ) 
or coagulation (e.g., plasminogen activator inhibitor, PAI). Several 

reviews of the associations between candidate gene polymor-
phisms and the risk and outcome of sepsis have been published 
( Arcaroli et al., 2005 ;  Lin and Albertson, 2004 ;  Majetschak et al., 
2002 ;  Mira et al., 1999 ). However, ultimately, complex diseases like 
sepsis represent the cumulative effect of many minor susceptibil-
ity alleles and/or a small number of alleles of large effect. Several 
of those alleles of potential large effect are discussed briefl y in this 
chapter and in more detail in adjoining chapters in this volume. 

  Limitations of Sepsis Gene-Association Studies 
 The analysis of single nucleotide polymorphisms (SNPs) among 
various susceptibility genes, such as those coding for pro- and 
anti-infl ammatory mediators, in the response to sepsis has the 
potential to nominate prediction tools that will permit the clini-
cian to more precisely determine the type of therapy a particular 
patient should receive. In fact, early identifi cation of a genotypic 
risk may even help guide the introduction of prophylactic ther-
apy. However, unraveling the genetic variation in sepsis is com-
plicated and close attention must be paid to study design issues, 
including the selection of an appropriate study population and 
sample size and understanding gene–environment interactions. 
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   Figure 59 .1       Time course and intensity of host immune infl ammatory and coagulation responses during sepsis (reproduced with per-
mission from Riedemann, N.C., Guo, P.-F. and Ward, P.A. (2003)  “ Novel Strategies for the treatment of sepsis ” .  Nat. Med.  9: 517–524). 
Microbiologic antigens and factors cause activation of the innate and cognate immune system, infl ammatory response and coagulation 
system in sepsis, leading to production of proinfl ammatory cytokines, activation of the alternate pathway of complement and upregu-
lation of adhesion and signaling molecules on white blood cells and blood vessel endothelium. ROS: Reactive oxygen species. DIC: 
Disseminated intracascular coagulation.



 A lack of replication among studies provides considerable 
concern in the interpretation of results. For example, an initial 
study may identify an allele with large estimated genetic effects, 
but subsequent studies fail to corroborate the results ( Goring 
et al., 2001 ;  Hirschhorn et al., 2002 ;  Ioannidis et al., 2001 ; 
 Lander and Kruglyak, 1995 ). Biological explanations of incon-
sistent results include unacknowledged confounding heteroge-
neity, such as poorly defi ned phenotypes, heterogeneous genetic 
sources for the phenotype (genocopies), population diversity 
(ethnic ancestry), population-specifi c linkage disequilibrium 
(LD), heterogeneous genetic and epigenetic backgrounds, or 
heterogeneous environmental infl uences (phenocopies). Analytic 
reasons for problems with reproducibility include failure to con-
trol the rate of false discoveries, lack of power, model misspecifi -
cation, and heterogeneous bias in estimated effects among studies 
( Cardon and Bell, 2001 ;  Cardon and Palmer, 2003 ;  Redden and 
Allison, 2003 ;  Sillanpaa and Auranen, 2004 ). Among these, the 
most frequent source of non-replication has been lack of power 
due to the limited number of individuals genotyped and pheno-
typed ( Lohmueller et al., 2003 ;  Risch, 2000 ).  

  Pathogen Recognition/Signaling 
  Toll-Like Receptors 
 There has been substantial progress in defi ning variants of sev-
eral genes and pathways implicated in infectious disease sus-
ceptibility; however, none have caused more excitement than 
investigation of genes affecting innate immunity, particularly 
newly discovered pattern recognition receptors and their associ-
ated signaling pathways. The TLRs have captured the attention 
of most investigators in this fi eld. 

 Innate immunity, recognition of invading microorganisms, is 
mediated by a set of soluble and membrane receptors that recog-
nize conserved, pathogen-associated molecular patterns (PAMPs) 
shared among each class of infectious agents but absent in higher 
eukaryotes. Having a cytoplasmic domain that bears homology 
to the interleukin (IL)-1 receptor, TLRs have been conserved 
throughout diverse life forms including plants, insects, and mam-
mals. Thus far, 10 human TLRs have been identifi ed that play 
a role in sensing pathogens. Activation of TLRs stimulates macro-
phages resulting in the elaboration of proinfl ammatory cytokines 
and antimicrobial molecules such as nitric oxide and defensins. 
Concurrently, stimulated dendritic cells migrate to lymph nodes 
and over-express antigen MHC and costimulatory molecules 
(CD80/CD86). Therefore, TLRs are an essential link between 
innate and adaptive immunity. 

 The discovery and characterization of   TLRs as a key pat-
tern recognition molecules for pathogens (or PAMPs,  Beutler and 
Reitschel, 2003 ) and initiators of the innate immune responses 
( Akira et al., 2001 ;  Creagh and O’Neill, 2006 ) stimulated many 
investigators to further characterize the relevance of polymor-
phisms in these receptors and susceptibility to infectious disease. 
Sepsis was an early target for characterization of the relevance of 
polymorphisms in TLRs. The TLR4 protein activated NF-kappa B 
and increased expression of the pro-infl ammatory cytokines, IL-
1, IL-6, and IL-8 in cultured human cells. and TLR4 defi cient 

mice were resistant to systemic  endotoxin exposure, but remained 
susceptible to Gram-negative infections ( Oureshi et al., 1999 ). 
Asp229Gly and Thr399Ile are common TLR4 missense muta-
tions that affect the extracellular domain and some reports suggest 
an association with varied human responses to inhaled endotoxin 
( Arbour et al., 2000 ). A number of small studies associated the 
Asp299Gly variant of the  TLR4  gene with increased susceptibil-
ity to either Gram-negative infections ( Agnese et al., 2002 ;  Lorenz 
et al., 2002 ) or SIRS  (Child et al., 2003 ). However, an evalua-
tion of an intravenous lipopolysaccharide (LPS) challenge did not 
reveal an association with TLR4 mutations ( Calvano et al., 2006 ). 
In addition, Smirnova et al. found an excess of rare TLR4 cod-
ing changes in meningococcal cases compared with controls 
( Smirnova et al., 2003 ). However, the study did not support an 
association with the functional Asp299Gly or Thr399Ile poly-
morphisms of  TLR4 . The absence of an association was also sup-
ported by a much larger case–control study ( Read et al., 2001 ). 
Together, these studies of TLR4 polymorphisms suggest that indi-
viduals with the 299/399 polymorphisms may have an aberrant 
response to certain, but not all, Gram-negative bacterial diseases, 
resulting in an increased susceptibility to infection and severity of 
disease. 

 TLR2 and TLR5 have also been targets of interest. TLR2 
is most notable for detecting a wide repertoire of pathogens, 
including Gram-positive or Gram-negative bacteria, mycobacte-
ria, fungi, viruses, and parasites. Largely this results from an abil-
ity to recognize ligands as a heterodimer with TLR1 or TLR6 
( Lorenz, 2006 ). Of particular importance, TLR2 has been linked 
to the recognition of Gram-positive bacteria, which are now the 
leading cause of sepsis ( Martin, 2003 ). TLR2 accomplishes this 
via response to peptidoglycan, lipoteichoic acid, and a variety 
of macromolecules in Gram-positive bacteria such as  S. aureus . 
The relationship between TLR2 polymorphisms (primarily 
Arg753Gln) and  S. aureus  infection has been examined in several 
studies with contradictory results ( Lorenz et al., 2000 ;  Moore 
et al., 2004 ).  Therefore, additional investigations are warranted 
to confi rm this association. 

 TLR5, which recognizes bacterial fl agellin from both Gram-
positive and Gram-negative bacteria, activates NF-kappa B and 
the release of pro-infl ammatory cytokines in response to this bac-
terial antigen ( Hayashi et al., 2001 ). A stop codon polymorphism 
(Arg392TER) has been identifi ed in the TLR5 gene and is asso-
ciated with an increased susceptibility to  Legionella pneumophila  
( Hawn et al., 2003 ). suggesting that this allele may increase sus-
ceptibility to pneumonia associated with fl agellated organisms.  

  NOD-Like and RIG-Like Receptors 
 TLRs are involved in the recognition of all types of pathogens 
regardless of location. In contrast, NOD-like receptors (NLRs) 
primarily recognize cytoplasmic bacterial pathogens ( Inohara and 
Nunez, 2003 ). Many NLRs have caspase recruitment domains 
(CARD). These domains are involved in the assembly of 
protein complexes that promote apoptosis. These CARD pro-
teins may also participate in NF-kappa B signaling pathways. 
Hill  et al.  have studied a truncation variant of the human 
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CARD8 gene and found that African children homozygous 
for this inactivating mutation are susceptible to non-typhoidal 
Salmonella bacteremia ( Hill, 2006 ). 

 A third family of pattern recognition receptors described 
more recently is the DExD/H Box RNA helicase family of 
RIG-I-like receptor (RLR) genes, which includes MDA5 as 
well as RIG-1 ( Creagh et al., 2006 ). These receptors appear to 
differentially recognize double-stranded RNA from various 
viruses ( Kato et al., 2006 ). An amino acid change in MDA5 has 
been associated with susceptibility to type 1 diabetes lending 
support to a viral etiology for this disease ( Smyth et al., 2006 ).  

  Mannose-Binding Lectin 
 Mannose-binding lectin (MBL) is an acute-phase protein that can 
opsonize many bacterial and fungal pathogens and activate com-
plement ( Kuhlman et al., 1989 ). Approximately one-third of most 
human populations are heterozygous for one of the variants in the 
coding region of exon 1 that lead to lower MBL concentrations. 
Individuals with 2 copies of low MBL haplotypes have a higher 
risk of pneumococcal sepsis ( Kronborg and Garred, 2002 ;  Roy 
et al., 2002 ), and there is less well-replicated evidence for suscepti-
bility to other bacterial pathogens and candidiasis. 

 Although multiple studies indicate that MBL plays a role in 
mitigating certain pathogens, the high rates of haplotypes that 
specify low MBL levels in certain ethnic groups suggest that a 
relative lack of MBL might be benefi cial to the host under other 
circumstances. In particular, studies of the MBL-MASP pathway 
suggest that it may play a role in reducing reperfusion injury in 
the heart and resulting in relative protection against the compli-
cations of myocardial infarction ( Walsh et al., 2005 ).  

  CD 14 
 CD14 functions as an anchor protein and is a ubiquitous pat-
tern recognition receptor, specifi c for LPS and other ligands. 
Performing as a co-receptor for TLR4, it is shed by monocytes 
to facilitate LPS signaling for all other cells. Two polymorphisms 
at the promoter region of the CD14 gene have been widely 
explored. The -159        T allele has been associated with increased 
prevalence of Gram-negative infections and sepsis, but not with 
shock or survival ( Gibot et al., 2002 ;  Sutherland et al., 2005 ). 
However, other studies have yielded contradictory results. More 
recently, the -260        T allele has been linked to increased survival 
in a Brazilian sepsis population ( D’Avila et al., 2006 ).  

  Intracellular Signaling Molecules 
 The IL1 receptor-associated kinase-4 (IRAK4) is an intracellu-
lar kinase that transduces intracellular signals conveyed by the 
TLRs and IL1 receptors. Patients with IRAK4 defi ciency are 
at increased risk for invasive bacterial disease ( Von Bernuth 
et al., 2005 ). Homozygous individuals for either of the two known 
variant alleles appear to have completely inhibited expression 
of IRAK4, thereby inhibiting activation of NF-kappa B and 
NF-kappa B-dependent pro-infl ammatory mediators ( Lasker 
et al., 2005 ).   

  Cytokine Polymorphisms 
 Genetic variation in the pro-infl ammatory cytokines TNF- � , 
TNF- � , IL-6, IL-8 and macrophage migration inhibitory factor 
(MIF) and the anti-infl ammatory cytokines IL-10 and IL-1 RA 
are the most extensively studied in relation to sepsis. Patients 
predisposed to a balanced anti-, pro-infl ammatory response 
appear to have better chances for survival ( Figure 59.1 ). Defects 
in regulation occur when the balance is shifted and allows for 
unmitigated infl ammation causing tissue and organ damage or 
the inability to extirpate invading pathogens. 

  Pro-infl ammatory Cytokines 
 TNF- �  is a primary mediator in sepsis and an initial trigger of 
the immune response. Most studies have investigated the sig-
nifi cance of the -308        A allele of the promoter region and have 
yielded mixed results on outcome of sepsis and no association 
with the expression of TNF- �  ( Mira et al., 1999 ;  Stüber et al., 
1996 ). Potential associations with polymorphisms at  	 376 and 
position  	 238 are also not convincing. Bayley et al. reviewed 
the functional impact of genomic variations within the TNF-  �  
locus and showed that most of the variation had no impact on 
the expression of TNF- �  or had contradictory results ( Bayley 
et al., 2004 ). 

 TNF- �  binds to the same receptor as TNF- �  and a number 
of polymorphisms have also been described. In particular, the 
TNF- �  250 SNP has been the target of multiple investigations. 
However, LD with heat shock protein 70 alleles confounds 
interpretation and more advanced models will be necessary 
before inferences of   TNF- �  variability in sepsis can be made. 

 Both IL-1 �  and IL-1 �  engage the same receptor and are 
potent pro-infl ammatory cytokines released by macrophages 
involved in the systemic infl ammatory response and are capa-
ble of inducing the symptoms of septic shock and organ failure 
in animal models ( Leon et al., 1992 ). Despite the fi nding that a 
homozygous TaqI genotype ( 	 511) correlates with expression 
of IL-1 � , no association with incidence or outcome of sepsis has 
been determined ( Ma et al., 2002 ;  Pociot et al., 1992 ). 

 IL-6 plays a role in lymphocyte stimulation and its lev-
els consistently associate with severity and mortality in sepsis 
( van der Poll and van Deventer, 1999 ). Allelic variation has been 
described in the promoter region (-174 G/C). A German study 
demonstrated improved survival with the -174 G/C SNP, but not 
incidence of sepsis ( Schluter et al., 2002 ). It is possible that vari-
ation at the IL-6 gene may contribute to the outcome of sepsis, 
but variable association of specifi c SNPs with IL-6 levels and the 
potential for LD with several alleles obscure the clinical signifi -
cance of these results. 

 Similar studies for the identifi cation of polymorphisms in 
IL-8 and MIF promoter regions and genes are ongoing.  

  Anti-infl ammatory Cytokines 
 IL-10 is an integral part of the body’s anti-infl ammatory proc-
esses and is involved in the suppression of innate and adaptive 
immune responses. Its expression is stimulated by  infl ammation, 



and it is a potent inhibitor of non-specifi c infl ammatory response. 
In sepsis, high IL-10 levels have been consistently associated with 
disease severity ( Wunder et al., 2004 ). This cytokine has sev-
eral promoter variants with SNPs at  	 592,  	 819, and  	 1082. 
Several studies investigating the association of the promoter pol-
ymorphisms and sepsis severity, and survival found a higher fre-
quency of the  	 1082 allele in patients with sepsis (particularly 
pneumococcal) and community-acquired pneumonia, but more 
well-designed studies are needed. 

 The IL-1 receptor antagonist (IL1RN) inhibits the pro-
infl ammatory actions of IL-1 by binding to their receptor. 
Polymorphisms in IL1RN may be promising candidates for 
genetic associations, but should be explored in relation to the 
rest of IL-1 peptides.   

  Coagulation 
 Activation of the coagulation cascade is a key event in the 
pathogenesis of sepsis. As a result, abnormalities in the anti-
thrombin III, protein C, and tissue-factor inhibitor pathways 
have been implicated in the pathogenesis of sepsis. Recombinant 
human activated protein C (APC) is the only pharmacotherapy 
shown to be effective in the treatment of a subset of patients 
with severe sepsis ( Bernard et al., 2001 ). Protein C  	 1641 AA 
genotype is associated with decreased survival, more organ dys-
function, and more systemic infl ammation in patients having 
severe sepsis ( Walley and Russell, 2007 ). APC not only inhibits 
factors Va, Xa, and PAI-1, but also neutrophil adherence, chem-
otaxis, and cytokine release. In animal models of septic shock 
genetic defi ciency of tissue factor reduces mortality ( Texereau 
et al., 2004 ). In contrast, genetic defi ciencies of the anticoagu-
lants thrombomodulin, antithrombin II, and protein C increase 
mortality. Several SNPs and other genetic polymorphisms 
have been described in genes of hemostatic factors, including 
thrombin fi brinogen, factor V, PAI-1, protein C, and endothelial 
protein C receptor. 

  Factor V and the Protein C Pathway 
 Factor V infl uences protein C activation by promoting thrombin 
generation. Three independent SNPs of factor V have been 
described that all make factor Va partially resistant to inactiva-
tion by APC, resulting in a pro-thrombotic state ( Nicolaes and 
Dahlback, 2003 ). The frequency of this polymorphism in cer-
tain populations suggests that it confers some evolutionary 
advantage. In a large study of children with meningococcal 
disease, factor V Leiden heterozygosity was not only associated 
with increased incidence of purpura fulminans, but also a trend 
toward reduced mortality ( Kondaveeti et al., 1999 ). In a sub-
study of PROWESS, factor V Leiden carrier status was associ-
ated with lower 28-day mortality and with less vasopressor use 
( Bernard et al., 2001 ). However, it did not determine respon-
siveness to recombinant human APC infusion. Biomarker stud-
ies have demonstrated, however, that plasma protein C levels do 
predict usefulness of recombinant human APC infusion ( Shorr 
et al., 2006 ).  

  Plasminogen Activator Inhibitor-1 and the Fibrinolytic 
System 
 PAI-1 not only promotes clot stability, extension, and resist-
ance to lysis, but also acts as an acute-phase reactant ( Hoekstra 
et al., 2004 ). Increased PAI-1 is a risk factor for cardiovascular 
disease, but may confer a survival benefi t in meningococcal sep-
sis ( Kornelisse et al., 1996 ). A common PAI-1 promoter SNP is 
characterized by 4G and 5G alleles. 4G homozygosity is not only 
associated with an increase in PAI-1 transcription and higher rates 
of myocardial infarction, but also a higher risk for mortality and 
vascular complications among patients with sepsis ( Haralambous 
et al., 2003 ;  Hermans and Hazelzet, 2005 ;  Zhan et al., 2005 ). 
Genetic polymorphisms of other constituents of the fi brin forma-
tion and degradation pathways also deserve further study.   

  Future Investigations 
 To address the complexity of the sepsis response and to predict its 
outcome, multiple surrogate markers that refl ect the nature and 
severity of the infl ammatory response, the status of the coagula-
tion and fi brinolysis systems, and the magnitude of organ injury 
are likely to be more effective in identifying patients at risk of 
an adverse outcome and those who may benefi t from interven-
tional therapies. Such strategies will inherently require the use of 
multiplex approaches that have suffi ciently high throughput to be 
cost effective ( Kingsmore, 2006 ). An example of the use of mul-
tivariable models for prediction of sepsis is shown in  Figure 59.2.    
A combination of measurements of fi ve serum or plasma 
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         Figure 59 .2       Multiple serum biomarkers effectively distinguish 
patients with sepsis from ill, non-septic patients  (Kingsmore et al., 
2005) . Individual host protein biomarkers, such as IL6, demon-
strate good diagnostic sensitivity for sepsis, but poor specifi city. 
Principal component analysis with a quadratic decision surface 
(green curved surface) is shown for values of fi ve serum protein 
biomarkers measured in 235 patients with sepsis (yellow spheres) 
and 56 patients without sepsis (red spheres), but with severe ill-
ness necessitating ICU admission. Multiplexed serum biomarkers 
exhibited a sensitivity of 100% and specifi city of 99% (positive 
predictive value of 96%).
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cytokines showed high sensitivity and specifi city in distinguishing 
between acutely ill, septic and non-septic patients, whereas indi-
vidual cytokine measurements lacked specifi city. Therefore, iso-
lated, candidate gene-by-gene, or protein-by-protein approaches, 
may be rendered obsolete by these constraints.   

  MOLECULAR SIGNATURES AND 
SEPSIS 
 The recognition and treatment of sepsis have posed a daunting 
challenge for clinicians despite the improvements in technol-
ogy and the principles of critical care medicine. In addition to 
a broad array of infectious etiologies, many of the clinical signs 
of overwhelming sepsis such as fever, tachycardia, and leukocy-
tosis are non-specifi c and can also be seen with systemic infl am-
mation that is induced by non-infectious causes like mesenteric 
ischemia-reperfusion, pulmonary embolus, pancreatitis, or trauma. 
Regardless, empirical broad spectrum antibiotic use is the rule as 
a component of early goal-directed therapy ( Rivers et al., 2001 ). 

 The characterization of the human genome has provided 
a mechanism to study infection at the molecular level. Whereas 
former techniques have focused on obtaining fl uid or tissue 
from a body compartment and incubating the sample to deter-
mine the cause of infection (if any), the study of genomics pro-
vides another means. The discovery of surface receptors that 
recognize microbial invasion and transmit signals to the immune 
system has led scientists to try to characterize the molecular and 
genetic changes in the host organism as it is invaded by exog-
enous infections. From as little as 100       ng of total cellular RNA 
isolated from whole blood or any tissue, the relative expression 
of all known genes, expressed sequence tags, and open- reading 
frames can be evaluated simultaneously. More importantly, 
the global interaction among these thousands of genes can be 
studied without any specifi c selection bias. By studying global 
expression, one can devise methods of class prediction based on 
global gene expression activity and this can be done without 
prior knowledge of the function of any of the genes. 

 Functional genomics relates these technologies to clini-
cal medicine. Although most investigations have focused on the 
changes in one or relatively few genes in response to a disease or 
treatment, these newer technologies are exploring the changes 
in gene expression of the entire genome. This has resulted in 
functional genomics offering two unique perspectives on sepsis 
biology: the ability to use  “ patterns ”  of gene, protein or metabo-
lite expression to class predict or classify tissue responses (i.e., 
to develop a  “ signature ”  or  “ fi ngerprint ”  for a specifi c tissue, 
pathogen, or outcome) and to explore the underlying biological 
changes that occur in health and disease while not being limited 
to a subset of selected genes, proteins, or metabolites. 

 Similarly, during the past year, a novel genetic approach – 
genome-wide association (GWA) – has demonstrated its 
potential to identify common genetic variants associated with 
complex diseases such as diabetes, infl ammatory bowel disease, 

and cancer ( Kingsmore et al., 2008 ). GWA studies seek statistically 
signifi cant associations between a disease phenotype and genotypes 
of hundreds of thousands of common single nucleotide variants 
distributed throughout the genome in hundreds or thousands of 
affected individuals and matched controls. GWA studies are antici-
pated to have broad impact on drug discovery and development 
by providing molecular understanding of common diseases and 
tools for molecular stratifi cation of patients. As yet, no GWA stud-
ies of sepsis have been published, although several are underway. 

  Challenges Associated with Applying Genomic 
Science to Sepsis 
 Data acquisition from microarray analyses is not problematic; 
however, quality control, data analysis, and information extraction 
remain particularly challenging. Traditional statistical and bioin-
formational approaches are not appropriate for the simultaneous 
analyses of the large number of analytes on most microarrays. 
In addition to using probabilities to defi ne confi dence intervals 
among groups, false discovery rates are often applied ( Steinmetz 
and Davis, 2004 ;  Storey and Tibshirani, 2003 ). Equally problematic 
are the issues of how such vast quantities of data are analyzed or 
presented in a manner that can be readily understood. Heat maps, 
dendrograms, cluster, and principal component analyses, and net-
work analyses are generally used to extract meaningful informa-
tion ( Eisen et al., 1998 ). 

 As methods for accruing and analyzing data are improved, 
investigators can turn to other important issues to maximize 
the utility of genomic methodologies. The correlation between 
transcript abundance patterns in the peripheral blood and those 
within local cells at the site of infection is unclear. Clearly, the 
boundaries are not distinct. Furthermore, human clinical sam-
ples other than blood, cells, and tissue from the primary site of 
infection might be useful for genomic analysis.  

  Pathogen Signatures 
 Recognition of microbial invasion is one of the hallmarks of 
innate immunity. Antigen-presenting cells, as well as cells of epi-
thelial and endothelial origin, express surface receptors that can 
recognize PAMPs. With the recent description of TLRs, consid-
erable effort has been directed at examining the genome-wide 
expression response to different microbial pathogens. Nau  et al.  
found that human macrophages have a profound genetic perturba-
tion that is demonstrated following infection by any of a number 
of exogenous bacteria ( Nau et al., 2002 ). The shared responses 
alter the baseline expression of genes that encode for other cell 
surface receptors, signal transduction proteins, and transcription 
factors. Other investigators have examined the genomic responses 
to exogenous microbial stimuli using varying populations of cells. 
Calvano  et al.  examined the genome-wide response of leuko-
cytes from healthy volunteers inoculated with endotoxin. Out 
of 44,000 genes studied, there were 3714 genes whose expres-
sion signal changed signifi cantly with  in vivo  stimulation ( Calvano 
et al., 2005 ). This proved, on a genomic level, that the systemic 
perturbations of infection were more vast than clinically evident. 



 Even with proof of the vast alterations in gene expression 
that infection can induce, genomic technology has been used to 
discriminate among types of infections. Huang  et al.  not only 
confi rmed a large shared response among dendritic cells exposed 
to  E. coli ,  Candida albicans , and infl uenza virus, but they also 
showed a differential response based on the pathogen ( Huang 
et al., 2001 ). Feezor  et al.  stimulated whole blood from human 
volunteers with  E. coli  LPS or heat-killed  Staphylococcus aureus  
(SAC) and found that there were 758 distinct genes whose 
expression level differentiated between the Gram-negative and 
Gram-positive exposures ( Feezor et al., 2003 ). These investiga-
tors demonstrated that the families of genes affected by differ-
ent pathogenic stimuli were strikingly unique (Figure 59.3). For 
instance, Gram-negative infection tended to alter the expression 
of genes involved in global immune response, signal transduc-
tion, and plasma membrane function while Gram-positive infec-
tion altered the expression of genes that are believed to control 
ribosomal proteins and cell cycle regulation. 

 Chung  et al.  sought to characterize a genomic profi le that 
would indeed distinguish between sepsis and presumably sterile 
systemic infl ammation ( Chung et al., 2006 ). In parallel analyses 
of murine and human models, they compared these two cohorts. 
Genomic data from spleens of septic and injured patients were 
used to create a septic profi le, the accuracy of which was 67.1%; 
in the murine model, the accuracy of the genomic predictor 
profi le was as high as 96%. 

 Most recently, Ramilo and colleagues have demonstrated 
distinctive gene expression patterns in peripheral blood leuko-
cytes from patients with confi rmed systemic bacterial ( E. coli, S. 
aureus, S. pneumoniae ) and viral (infl uenza A) infections ( Ramilo 
et al., 2007 ). Furthermore, distinctive gene expression patterns 
were observed in patients with respiratory infections of different 
etiologies demonstrating the utility of blood in the evaluation of 
infections of different organ systems. Similar results were docu-
mented in a cohort of military trainees with febrile respiratory 
illness ( Thach et al., 2005 ). 

 These studies are the fi rst to show that molecular charac-
terization can be performed to distinguish between the infected 
and non-infected states, even in the face of very similar clini-
cal presentations. These data also serve to highlight the grossly 
insensitive criteria used in clinical medicine to determine infec-
tion or sepsis, and the power of genomic science to provide 
a molecular characterization of a clinical dilemma. On a macro-
system level, the whole body response to either stimuli has been 
well established: fever, leukocytosis, tachycardia, with the poten-
tial of devolving into multi-system organ failure. Functional 
genomics is a better test of the cause of the patient’s global dys-
function and may one day be used to guide initial therapy or to 
tailor ongoing therapy.  

  Progression Signatures 
 The need for rapid, accurate identifi cation of disease progression 
in sepsis has increased dramatically with the upcoming avail-
ability of several novel treatment regimens. While novel sepsis 

therapies are improving sepsis outcomes, they are creating new 
patient management and diagnostic challenges for physicians. 
In 2001, the Food and Drug Administration (FDA) approved 
APC (Xigris, Eli Lilly and Company, Indianapolis, IN) for treat-
ment of patients with severe sepsis (SS) and Acute Physiology 
and Chronic Health Evaluation II score of  � 25 — one of the 
fi rst examples of inclusion of a biomarker in the indication for a 
therapy. In the pivotal phase III trial of APC in SS (PROWESS), 
28-day mortality was decreased by 6% ( Bernard et al., 2001 ). The 
greatest reduction in mortality (13%) and cost effectiveness was 
observed in the most seriously ill patients (those with APACHE 
II score  � 25). APC benefi t was also observed in patients with 
pneumonia. In contrast, APC exhibited modest survival benefi t 
and cost-ineffectiveness in patients with APACHE II score  � 25. 
However, APC therapy is associated with a 1–2% incidence of 
major bleeding. For these reasons, appropriate use of APC is 
most likely to occur following development of an objective, 
accurate, rapid diagnostic test for progression to severe sepsis. 
Diminution of protein C activity in citrated plasma was recently 
shown to be a surrogate marker for APC effi cacy in patients 
with severe sepsis ( Shorr et al., 2006 ). 

 Prompt and accurate diagnosis is especially important for 
effective sepsis management and contributes signifi cantly to posi-
tive outcomes ( Rivers et al., 2001 ). Rates of progression of severe 
sepsis to organ failure, septic shock and death heterogeneous are 
largely independent of the specifi c underlying infectious  disease 
process. For example, case-fatality rates in those with  culture-
negative severe sepsis are similar to those with positive cultures 
( Rangel-Frausto et al., 1995 ). Case-fatality rates in sepsis are, 
however, critically dependent upon disease staging. Current dif-
ferentiation of SIRS, sepsis, severe sepsis, and septic shock relies 
exclusively on clinical assessment ( Balk, 2000 ). Thus, a key unmet 
diagnostic need is for rapid, quantitative, objective determination 
of the stage of sepsis development and likelihood of progression 
to severe. 

 Several currently available clinical indices do provide quan-
titative assessment of staging and severity of sepsis, but with 
limitations. They include sequential organ failure assessment 
(SOFA) score, APACHE II score, and blood lactate level ( Pacelli 
et al., 1996 ). APACHE II score, although quantitative, is largely 
subjective, complex, cumbersome, and has a relatively narrow 
dynamic range. Blood lactate levels are quantitative, but lim-
ited by false negative normal values in elderly patients and by 
confounding comorbidities such as liver failure, diabetes melli-
tus, and the use of certain medications. The clinical picture in 
sepsis patients is highly dynamic, and assessment of such indices 
tends to be subjective and to occur with insuffi cient frequency. 
Furthermore, sepsis is very heterogeneous in terms of patho-
gen, source of infection, associated comorbidity, course and 
complications. Delayed or errant diagnosis of severe sepsis may 
result in failure of timely treatment. Thus, an early, rapid, objec-
tive diagnostic of severe sepsis would be a signifi cant adjunct to 
these clinical indices and would signifi cantly advance patient 
management. 
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 Elevations of IL-6, IL-8, IGFBP1, IL-2sR and MIF in sep-
sis have been widely documented. Furthermore, levels of IL-6, 
IL-8 and IL-2sR have variously shown correlation with sepsis 
severity, progression to septic shock, organ failure, and mortality. 
However, many other conditions elevate blood levels of these 
analytes, and diagnostic sensitivity and specifi city of individual 
analyte levels has been insuffi cient for diagnosis of sepsis or 
severe sepsis ( Delogu et al., 1995 ;  Martin et al., 1994 ;  Selberg 
et al., 2000 ). 

 Using an antibody microarray on specimens from patients 
from the PROWESS study ( Bernard et al., 2001 ;  Perlee et al., 
2004 ), including sepsis non-survivors, 133 analytes were meas-
ured in 139 matched serum and plasma samples (between day 
0 and 28) from 12 severe sepsis patients (7 survivors and 5 who 
died) and 8 normal individuals. Sixty-three candidate sepsis 
biomarkers were identifi ed (35 in serum and 48 in plasma); each 
exhibited greater than twofold change between severe sepsis 
patients and controls on day zero. The top biomarker was IL-6 
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         Figure 59.3        Heat map and gene ontologies of leukocytes when ex vivo whole blood is stimulated with either LPS or heat-killed  S. 
aureus . (a) K-means cluster analysis on 780 genes whose expression signifi cantly changed in response to ex vivo stimulation. Patterns 
of gene expression could be classifi ed into bins on the basis of the similar and disparate responses to Gram-negative and Gram-positive 
pathogens. CON, control. (b) Differences in gene expression between the two stimuli based on the ontologies for the 780 genes.  Gram-
positive (Gram � ) stimulus (heat-killed  S. aureus ) preferentially altered the expression of ribosomal and mitochondrial proteins and cell 
cycle proteins, whereas the Gram-negative (Gram) stimulus altered the expression of genes involved in signal transduction and the 
immune response. Figure is from  Feezor et al. (2003) .



(26-fold increase) ( Kingsmore et al., 2005 ). Multivariable models 
were more effective than single analytes in prediction of sepsis 
( Figure 59.2 ). A combination of measurements of fi ve serum or 
plasma cytokines showed high sensitivity and specifi city in dis-
tinguishing between acutely ill, septic, and non-septic patients, 
whereas individual cytokine measurements lacked specifi city. 

 In an additional study, biomarkers predictive of sepsis death 
were identifi ed by at least a twofold difference in average level 
between sepsis survivors and non-survivors in the days imme-
diately preceding death (days 0–4). A total of 10 candidate  sepsis 
mortality biomarkers were identifi ed. The top biomarker was 
follistatin (15-fold difference). 

 DNA microarray-based gene transcript profi ling of the 
responses of primates to infection has begun to yield new 

insights into host–pathogen interactions; however, this approach 
remains plagued by challenges and complexities that have yet to 
be adequately addressed. The rapidly changing nature over time 
of acute infectious diseases in a host, and the genetic diversity of 
microbial pathogens present unique problems for the design and 
interpretation of functional-genomic studies in this fi eld. In addi-
tion, there are more common problems related to heterogeneity 
within clinical samples, the complex non-standardized confound-
ing variables associated with human subjects and the complexi-
ties posed by the analysis and validation of highly parallel data. 
Various approaches have been developed to address each of these 
issues, but there are still signifi cant limitations that need to be 
overcome. The resolution of these problems should lead to a bet-
ter understanding of the dialog between the host and pathogen.   
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2009 UPDATE
As noted throughout this chapter, the genome revolution holds 
great promise for both scientifi c and therapeutic advances 
related to sepsis. Although we anxiously await genomic break-
throughs in the ability to identify patients at high risk for cer-
tain infections, to stratify those at risk for progression, or to 
rapidly determine etiology, investigators are still early in devel-
oping the cohorts and technological innovations needed for 
validation of initial fi ndings. Regardless, a number of tempting 
observations have been recently reported.

Due to its heterogeneity, the absence of a clear genetic 
“cause” of sepsis is not surprising. Though we continually 
add to our nuanced understanding of the impact of a grow-
ing array of SNPs, the genetic risk is likely polygenic with a 
strong environmental component affecting likelihood of expo-
sure to certain pathogens. Among the best-understood pat-
tern recognition pathway genes, the Toll-like receptors remain 
the focus of attention. The previously described association 
with sepsis susceptibility for polymorphisms in innate immu-
nity genes was further evaluated in a large cohort (n � 774) 
intensive care unit patients. The study analyzed genes involved 
in infection, infl ammation, and coagulation. The combina-
tion of at least one variant in both NOD2 (which synergizes 
with TLR2) and TLR4 that occurs in 5% of the population 
was associated with bacteremia. However, the variants did 
not affect the type of infection (e.g., gram negative or posi-
tive) or the source of infection (pulmonary, catheter, etc.). 
Furthermore, the presence of variants of MASP2 gene (9% 
of population) or the NOD2/TLR4 combination both pre-
dispose to death (Henckaerts et al., 2009). In addition to the 
longstanding interest in NOD2 and TLR4, TLR9 has recently 
been described as having a dual role as a potent proinfl amma-
tory stimulator as well as bactericidal activity related to bacte-
rial clearance (Sjolinder et al., 2008). Continued advances in 
the analysis of gene expression profi ling via microarrays and 
proteomics not only reveal how pathogens affect the host’s 

gene expression patterns but also a wealth of candidate genes 
for genetic susceptibility studies. To more accurately identify 
novel genes with different clinical outcomes, genome wide 
expression analyses are now being combined with genetic 
studies (Thuong et al., 2008).

Gene expression changes can indicate both general 
infection and disease-specifi c responses. Investigators are 
increasingly interested in the dynamics of gene expression 
over the course of infection, beginning with the presympto-
matic period in high risk patients, through recovery or death. 
McDunn and colleagues recently defi ned the concept of the 
“Riboleukogram” (McDunn et al., 2008). The authors focused 
on ventilator associated pneumonia (VAP) and, in a mouse 
model, were able to develop RNA profi les capable of distin-
guishing the severity of the insult and the type of infectious 
agent. Using principal components analysis on gene expression 
data from a group of mechanically ventilated patients, they 
examined the behavior of the human orthologs to the genes 
identifi ed in the mouse study and although there was a con-
served peripheral leukocyte transcriptional response, the infor-
mation did not appear to be more useful than current clinical 
criteria. However, by explicitly accounting for variance over 
time, a set of 85 genes could identify a subset of patients whose 
expression levels changed before the clinical diagnosis of VAP. 
Although numerous mouse studies suggest distinct signatures 
for different bacterial pathogens, a defi nitive clinical study 
demonstrating that capacity in humans remains elusive (Tang 
et al., 2008). The fact that these studies are typically small and 
use different analytic techniques highlights the importance of 
study design and methods.

Transcriptional profi les may also be expected to aid prog-
nosis and response to treatment as is now the case in oncology. 
However, most studies in sepsis and infectious diseases have 
just begun to classify patients with clinical phenotypes that 
may benefi t from genomic directed therapy.
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  INTRODUCTION   
 Viral hepatitis is a signifi cant global health problem with hep-
atitis B (HBV) and hepatitis C (HCV) infecting in excess of 
300 million people. HBV and HCV are complicated by chronic 
persistent infection characterized in a proportion of patients 
by progressive hepatic injury leading to complications of end-
stage liver disease including hepatocellular carcinoma (HCC). 
HCC is the fi fth most prevalent human malignancy, and 
the majority of cases can be directly attributed to liver injury 
secondary to chronic HBV and/or HCV infection. Although 
both HAV and HEV are signifi cant health problems they 
are typically characterized by a self-limiting course and are not 
complicated by signifi cant clinical sequelae in the majority 
of cases. Therefore, research into infectious hepatitis has 
focused mainly on HBV and HCV pathogenesis, includ-
ing the development of liver fi brosis, the immune response in 
acute infection, mechanisms of viral persistence and the devel-
opment of HCC. The use of functional genomics approaches 
has signifi cantly advanced our understanding of viral hepatitis 
pathogenesis and as well as our understanding of therapeutic 
strategies.  

  VIROLOGY OF HEPATITIS VIRUSES 
 The hepatitis viruses are characterized by specifi city for the liver 
and in particular the hepatocyte ( Figure 60.1   ). However, the 
mechanism by which these viruses are specifi c for the liver is 
largely unknown but is thought to involve hepatocyte receptor 
and co-receptor interactions and possible involvement of liver-
specifi c pathways such as lipoprotein traffi cking and synthesis. 

 Hepatitis A (HAV) is an RNA virus of the  Hepatovirus  genus 
belonging to  Picornaviridae  family ( Flehmig, 1990 ;  Lee, 2003 ; 
 Martin and Lemon, 2006 ). HAV is a positive strand RNA virus 
that has a 7.5       kb genome that is translated into a 2225 to 2227 
polyprotein that gives rise to a number of structural and non-
structural proteins. The viral particles are 27–32       nm in diameter 
and there are distinct genotypes and sub-genotypes of HAV. In 
contrast to another hepatotrophic RNA virus, HCV, HAV has 
a high degree of genomic and resultant antigenic conservation. 
The spontaneous mutation rate of HAV is low and antibody-
mediated immunity from previous exposure or vaccination is 
effective in preventing HAV infection. HAV is characterized by 
slow replication, and it is rarely cytopathic and is stable in the 
environment for at least a month. 

 60 



 HBV is a circular DNA virus that belongs to the  hepadnavi-
ruses  that include woodchuck hepatitis virus and ground squirrel 
hepatitis virus ( Chisari, 1992 ;  Lee, 1997 ;  Lok, 2000 ). The par-
tially double stranded HBV genome is 3.2       kb in length and is 
organized with multiple overlapping open reading frames (ORF) 
( Chisari, 1992 ;  Lee, 1997 ;  Lok, 2000 ) ( Figure 60.1 ). Greater than 
half of the genome is translated in more than one ORF and 
this limits the viral mutations that will be tolerated. HBV DNA 
incorporates into the host genome ( Lau and Wright, 1993 ; 
 Moyer and Mast, 1994 ). The viral proteins include the surface 
(envelope) protein, core, polymerase and X-proteins. Variations 

of the nucleotide sequence and corresponding amino acids that 
constitute the HBV surface protein give rise to 8 common HBV 
genotypes (A–H). 

 HCV is a positive strand RNA virus, a member of the 
 Flaviviridae  family that includes fl aviviruses and pestiviruses 
( Shimotohno, 2000 ). There is considerable diversity in the HCV 
genome with at least 6 distinct genotypes, more than 50 subtypes 
and a propensity of the virus to mutate giving rise to  “  quasi spe-
cies  ”  ( Forns and Bukh, 1999 ;  Forns et al., 1999 ). The virus genome 
is 9.5       kb that encodes a large single polyprotein of 3010 to 3033 
amino acids ( Forns and Bukh, 1999 ) ( Figure 60.1 ). The 5 �  and 3 �  

Figure 60.1      Hepatitis virus virology. (a) The virology of viral hepatitis (HAV to HEV) is summarized. (b) The HBV circular DNA and 
the multiple overlapping reading frames. (c) In contrast to HBV the HCV has a linear RNA genome encoding viral proteins. The HCV 
5 �  and 3 �  internal ribosome re-entry site (IRES) are important viral regulatory elements.
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untranslated regions are important for the replication of the virus 
and translation of the polyprotein. The HCV proteins comprise 
the structural proteins; core protein and the envelope glycopro-
teins E1, E2 and p7 followed by the non-structural proteins; pro-
teases, helicase (NS2 and NS3), protease cofactor (NS4A), NS4B, 
replication associated phosphoprotein (NS5A) and the RNA-
dependent polymerase (NS5B) ( Shimotohno, 2000 ;  Simmonds, 
1996 ). Possible receptors for HCV have been identifi ed and these 
include CD-81, SRB-1 and Claudin-1. 

 Hepatitis D (HDV also known as delta hepatitis) is unlike 
any other transmissible agent in animals ( Taylor, 2006a, b ). This 
minus strand circular RNA virus requires the hepatitis B surface 
antigen (HBsAg) for encapsulation and entry into hepatocytes. 
HDV only co-infects up to 5% individuals with HBV infection. 
Importantly, the prognosis of HDV co-infection is worse than 
with HBV alone. 

 Hepatitis E (HEV) is related to  Calciviradie  but now has 
been classifi ed into a separate genus of  hepatitis E-like viruses  
( Krawczynski et al. 2000 ;  Worm et al., 2002 ). The HEV genome 
consists of a single positive RNA strand of 7.5       kb that is trans-
lated into three polyproteins as there are three overlapping ORF. 
Consequently HEV has stable genome sequence and exists as a 
single serotype and at least four unique genotypes. HEV is stable 
in the environment and is common waterborne pathogen espe-
cially in developing countries.  

  ACQUISITION AND PREDISPOSITION 
TO VIRAL HEPATITIS 
 HAV is characterized by an enteric route of infection and classi-
cally is transmitted via personal contact, illicit drug use or inges-
tion of contaminated food or water ( Martin and Lemon, 2006 ). 
The incubation period following exposure can be up to 90 days. 
HAV infection typically occurs in sporadic outbreaks as well as 
isolated cases and can be endemic in poorly developed coun-
tries with poor sanitation. Although molecular phenotyping of 
the virus helps trace outbreaks, there is very little known about 
individual genetic factors that may predispose to HAV infection. 
Host genetic factors may not be that important as indicated by 
the epidemiologic studies showing that HAV infection is often 
transmitted to persons with similar risk factors. HEV is similarly 
transmitted to HAV and is characterized by a great propensity 
for waterborne transmission. Like HAV, HEV is endemic in 
many poorly developed countries. HEV has the propensity to be 
associated with miscarriage and an increased mortality in preg-
nant women especially during the third trimester. The basis for 
this is unclear, but a number of host factors are clearly important 
in determining susceptibility to infection. 

 HBV or HCV enter the host through blood contact by direct 
inoculation (i.e., needle or transfusion) or via a disrupted percuta-
neous barrier (i.e., sexual or perinatal transmission) ( Shimotohno, 
2000 ;  Simmonds, 1996 ). Entry of HBV or HCV into liver hepa-
tocytes is not understood, and there are extra-hepatic reservoirs of 
infection in peripheral blood leukocytes ( Cabrerizo et al., 2000 ; 

 Yoffe et al., 1990 ). Receptor-based cell entry has been implicated 
in the both HBV and HCV pathogenesis ( Cocquerel et al., 2006 ; 
 Pileri et al., 1998 ;  Yerly et al., 2006 ). The immunopathogenesis of 
both HBV and HCV infection is characterized by both an innate 
and adaptive immune response to the virus resulting in predomi-
nantly non-specifi c infl ammation. Typically, neither HBV nor 
HCV are directly cytopathic as viral load does not correlate with 
organ damage and the level of antigen expression in hepatocytes 
does not correlate with hepatocyte injury ( Chisari and Ferrari, 
1995 ). Importantly, both HBV and HCV  in vivo  infectivity is lim-
ited to higher primates (chimpanzees and humans). 

 Predisposing factors to viral hepatitis include a number 
of non-genetic and genetic factors ( Thomas, 2000 ;  Wasley and 
Alter, 2000 ;  Yee, 2004 ) (see  Table 60.1   ). HBV and HCV are 
more prevalent in communities with increased rates of intrave-
nous drug use, unsafe therapeutic injections and with the use of 
unscreened blood products ( Maddrey, 2000 ;  Merican et al., 2000 ; 
 Wasley and Alter, 2000 ). Fortunately, the recognition of routes of 
transmission, the use of safe injecting practices and the adoption 
of volunteer donor blood transfusion services are widely insti-
gated global public health measures used to control the spread of 
viral hepatitis. Vertical transmission of HBV is dependent on the 
stage of maternal HBV infection and the viral antigen expres-
sion. Approximately, 10–20% of surface antigen positive mothers 
transmit the virus to their offspring. However, both surface and 
HBeAg expression is associated with a 90% rate of transmission. 
Maternal acute HBV infection results in a 10% neonatal rate 
of infection in the fi rst trimester, which increases to 80–90% if 
acute infection occurs in the third trimester. HCV infection is 
characterized by lower rates of vertical transmission with only 
2.7–8.4% of offspring being infected. The presence of HIV 
co-infection increases the rate of vertical transmission of both 
HBV and HCV. Transmission via sexual activity with mucosal 
disruption is more prevalent in HBV than HCV infection. 

 Genetic factors predispose to persistence of HBV infec-
tion given the rate of concordance for surface antigen expres-
sion is greater in monozygotic compared to dizygotic twins 
( Table 60.1 ). The twin concordance data in HCV infection are 
not as convincing. There are a number of HLA alleles which 
are associated with both the persistence and the clearance of 
both HBV and HCV ( Wang, 2003 ;  Yee, 2004 ). Interestingly, in 
contrast to HIV progression homozygosity for HLA class II 
locus increases the risk of HBV persistence. The HLA class II 
locus DRB1*1302 is associated with HBV clearance and the 
DQB1*0301 locus is associated with a self-limiting course of 
HCV infection. Non-HLA immunogenic is also implicated 
in viral hepatitis with TNF promoter polymorphisms result-
ing in higher TNF secretion being associated with HBV clear-
ance. The killer cell immunoglobulin-like receptors (KIR) 
genes interact with HLA class I molecules and specifi c KIR 
heliotypes are associated with HCV clearance ( Martin and 
Carrington, 2005 ;  Williams et al., 2005 ). Importantly, the major-
ity of genetic predispositions identifi ed in viral hepatitis is 
linked to viral persistence or clearance and can be directly 
implicated in the adaptive immune response. The current 



 documented genetic disease associations with viral hepatitis are 
of limited use in clinical practice. Presently genome-wide asso-
ciation studies are being undertaken to comprehensively charac-
terized hepatitis genetic susceptibility. Therefore, future clinical 
practice is likely to see panels of genetic susceptibility markers 
being screened to determine prognosis and the likelihood of a 
treatment response.  

 SCREENING AND DIAGNOSIS OF 
VIRAL HEPATITIS 
 HAV and HEV are characterized by jaundice, fever and a 
diarrhea illness. Given the propensity for epidemic outbreaks 
and known endemic regions of the globe (mainly developing 
countries) establishing the diagnosis is not diffi cult. HAV and 
HEV are readily diagnosed using serology with acute infection 
distinguished by the presence of antiviral IgM ( Acharya and 
Panda, 2006 ;  Panda et al., 2006 ). The diagnosis of HDV is also 
made on serology and anti-HDV IgM is detectable by 30 days 
following infection ( Fiedler and Roggendorf, 2006 ;  Weston and 
Martin, 2001 ). 

 HBV and HCV infections results in a comparatively 
non-specifi c cluster of symptoms ranging from asymptomatic 
viral infection (most common in HCV), jaundice and fever 
(30–50% of HBV infections) to fulminant hepatic failure and 
death ( � 1% of HBV and exceedingly rare in HCV). Import-
antly, both HBV and HCV viral replication can be associated 
with a normal liver panel. Although routine liver tests such as 
transaminases are used to monitor disease effects on the liver, 
they do not provide prognostic information and cannot be used 
for the diagnosis of viral hepatitis. The cornerstone of screening 
and diagnosis is serology for viral-specifi c antibodies and anti-
gens. The commonly available serology of HBV is complex with 
the pattern of antibody and antigen expression determining the 
nature and timing of infection ( Table 60.2   ). 

 HCV antibody production is a simpler test of exposure 
which becomes positive within 4 weeks of exposure ( Bhandari 
and Wright, 1995 ). The commonly used HCV antibody screen-
ing is performed with using an enzyme immunoassay (EIA) 
and is prone to false positive readings. Specifi city of the EIA has 
improved with successive generations of test but confi rmation of 
a positive result with supplemental methodology is considered 
mandatory. A positive HCV EIA is routinely confi rmed using a 

 T A B L E  6 0 . 1          Viral hepatitis genetic susceptibility associations  

   Allele/Polymorphism  Hepatitis C  Hepatitis B  Comment 

   HLA-DRB1*1302 and 
HLA-DRB1*0301 

   Spontaneous elimination of 
infection 

  

   HLA-DQA1*0501, DQB1*301, 
HLA-DRB1*1102 and 
HLA-DRB1*0301 

   Persistence of infection   

   HLA-DRB1*0101, HLA-
DRB1*0401, HLA-DRB1*15, 
HLA-DRB1*1101, HLA-
DRB1*0301, HLA-A*2301, HLA-
A*1101, HLA-A*03, HLA-B*57 
and HLA-Cw*0102 

 Spontaneous elimination of 
infection 

    

   HLA-DRB1*0701, HLA-A*01-
B*08-Cw*07-DRB1*0301-
DBQ1*0201, HLA-Cw*04, 
HLA-Cw*04-B*53 

 Persistence of infection     

   TNF promoter  Viral replication and clearance  Viral replication and clearance  Polymorphisms at -308 and 
-238 best characterized 

   Interleukin-10    Spontaneous elimination of 
infection 

  

   Vitamin D receptor    Control of viral replication  Expressed on monocytes and 
lymphocytes 

   GDNF family receptor alpha 1  At risk of HCC in HCV     

   Chemokine (C-X-C motif) 
ligand 14 

 At risk of HCC in HCV    Previously known as SCYB14 

HCC: Hepatocellular carcinoma.

Screening and Diagnosis of Viral Hepatitis ■  777



778 CHAPTER 60 ■■  Genomics and the Management of Hepatitis

recombinant immunoblot assay in which serum reactivity to a 
number of HCV recombinant viral proteins is assessed. 

 Detection of HBV DNA and HCV RNA is not rec-
ommended routinely to establish the diagnosis ( Acharya and 
Panda, 2006 ;  Mondelli et al., 2005 ;  Patel et al.,  2006 ;  Servoss 
and Friedman, 2004 ). However, as viral replication can occur 
with normal biochemistry and antibody titers do not dem-
onstrate viral replication quantitative assessment of viral 
nucleotide presence is used in many centers as the fi nal con-
fi rmatory diagnostic test for active HBV or HCV infection. 
Quantitation of HBV DNA or HCV RNA is used in plan-
ning and following treatment of the infection. HBV DNA 
can be quantitated using an approach of capturing HBV 
DNA on a full length HBV RNA transcript and using anti-
bodies to detect the RNA:DNA hybrid (known as capture 
assays or  “ Digene ”  TM ). An alternative approach uses quantita-
tive PCR methodologies to amplify the HBV DNA (COBAS 
Amplior TM ) or a variation of the capture approach using 
branched DNA ( “ Versant ”  TM ). 

 HBV and HCV viral levels are typically determined once 
the infection has been confi rmed as they carry prognostic signifi -
cance as well as being used to monitor treatment responses. HBV 
genotyping is not routinely performed in the clinical setting 
unless the patient is being considered for interferon-alpha therapy. 

 An important aspect of screening and diagnosis of viral 
hepatitis involves an assessment of the extent of liver injury 
attributable to the virus. In particular the extent of hepatic 
infl ammation and fi brosis has implications for the progression 
and the likely response to treatment. Routine biochemistry 
gives only limited  information about the extent of infl amma-
tion or fi brosis, and most centers will use imaging of the liver 
with ultrasound or other modalities combined with a liver 
biopsy in assessing virus induced liver injury. However, biopsy is 
an invasive procedure prone to signifi cant sampling and observer 
error ( Siegel et al., 2005 ). This has led to the development of 
a number of new non-invasive screening modalities. The most 

promising approaches use multiple variables to assess for liver 
injury, and these methods are likely to become commonplace in 
the next decade. 

  PATHOGENESIS OF VIRAL HEPATITIS 
 It is clear from the natural history and prognosis that the aim of 
chronic HBV and/or HCV treatment is to stop the development 
of cirrhosis and the sequelae of hepatic decompensation and 
HCC. Genomic medicine is likely to have a signifi cant impact 
in the future determination of viral hepatitis outcomes and iden-
tifi cation of at risk individuals for development of cirrhosis and 
sequelae such as HCC. Genomic studies have made signifi cant 
contributions to our understanding of HBV and HCV patho-
genesis and treatment responses (see Table 60.3). The patho-
genesis of viral hepatitis is unique for HBV and HCV ( Chisari 
and Ferrari, 1995 ;  Lee and Locarnini, 2004 ;  Tanikawa, 2004 ). 
However, there are similarities in the mechanisms of HBV and 
HCV clearance and persistence. The initial innate immune 
response characterized by interferon (IFN) and IFN stimulated 
gene (ISG) expression. Chronic infection with either virus is 
characterized by both antigen-specifi c and non-specifi c CD4 �  
and CD8 �  T-cell responses that are pivotal in virus clearance 
or in chronic infection responsible for ongoing infl ammation 
resulting in liver injury. Further, both HBV and HCV employ 
the strategy of mutational escape to evade the adaptive immune 
response. The mode of entry of HBV or HCV into the hepa-
tocytes is unknown. Receptor-mediated viral entry is thought 
likely, given the restricted cell population infected ( Cocquerel 
et al., 2006 ;  Pileri et al., 1998 ;  Yerly et al., 2006 ). In HBV car-
boxypeptidase D (gp180) has been shown to interact with the 
preS portion of the large viral surface protein ( Yerly et al., 2006 ). 
In HCV CD-81, scavenger receptor class B type 1 and clau-
din-1 have all been implicated in viral entry ( Cocquerel et al., 
2006 ;  Pileri et al., 1998 ). Currently, no conclusive evidence of a 

 T A B L E  6 0 . 2          Hepatitis B virus serology and DNA quantitation  

   Serologic markers  Defi nition/clinical use 

    HBsAg  – Hepatitis B surface antigen      ●      General marker of infection  
   ●      First serologic marker to appear after infection  
   ●      Persistence for  � 6 months  �  chronic infection    

    HBeAg  – Hepatitis B e antigen      ●      Indicates active replication of virus    

    Anti-HBs  – Antibody to hepatitis B s antigen      ●      Documents recovery and/or immunity to HBV   
   ●      Detectable after immunity conferred by HBV vaccination    

    Anti-HBe  – Antibody to hepatitis B e antigen      ●      Marker of reduced level of replication    

    Anti-HBc (IgM)  – Antibody to hepatitis B core antigen      ●      Marker of acute HBV    

    Anti-HBc (IgG)  – Antibody to hepatitis B core antigen      ●      Marker of current or past infection    

    HBV DNA  – Hepatitis B virus genomic DNA      ●      Marker of HBV replication  
   ●       Used for monitoring response to therapy    



 single receptor or the presence of a receptor complex has been 
demonstrated for either HBV or HCV ( Cocquerel et al., 2006 ; 
 Yerly et al., 2006 ). 

 There are marked differences in the pathogenesis of both 
HBV and HCV. Innate immune responses are blunted and 
do not appear to play an important role in HBV clearance. 
In contrast a strong innate immune response is thought to be 
important in HCV clearance. Finally, antibody-derived immu-
nity is present in HBV infection whilst it appears to be of no 
importance in HCV infection. 

 HBV Pathogenesis 
 HBV infection results in the formation of a double-stranded 
HBV genome in the nucleus that is converted into a cova-
lently closed circular double-stranded DNA (cccDNA). Further, 
HBV DNA integrates into the host genome and this has sig-
nifi cant implications in the long-term management of HBV, as 
the complete elimination of the virus is not possible and viral 
reactivation characterized by active replication is possible in 
the future. The cccDNA acts as a template for the formation 
of an RNA replicative intermediate, which is prone to a high 
rate of  mutation of 1 in 105 bases. However, HBV replication 
after infection is characterized by low level replication reach-
ing levels of 102–104 genome equivalents per ml for up to 6 
weeks after infection. Once established HBV is associated with 
extremely high viral titers of 108–1013 genome equivalents per 
ml. This has led to the assertion that HBV initially evades the 
immune response before becoming established. Importantly, 

once  established, active HBV replication can result in infection 
of 100% of the intrahepatic hepatocytes. 

 The innate immune activation in HBV infection is abro-
gated. However, HBV clearance can occur prior to the induction 
of an adaptive immune response. This is thought to be mediated 
by IFN- �  and - �  (type I IFN) in a non-classical manner that 
is proteosome dependent. Further antigen independent natural 
killer (NK) cell activation is thought to be responsible for IFN- �  
induction and induction of an adaptive immune response. 

 Adaptive immunity in HBV is characterized by CD8 �  
T-cell response to surface antigen epitopes with secretion of IFN- �  
and TNF which have direct antiviral effects principally by con-
trolling HBV replication at the stage of formation of the RNA 
replicative intermediate. In contrast to HCV, HBV antibody-
mediated humoral immunity effectively neutralizes the virus. 
However, antibody production is often absent in chronic HBV 
infection by mechanisms that are poorly understood. Viral pro-
tein such as the X-protein inhibit proteosome dependent control 
of virus replication also both surface antigen and precore protein 
act as tolerogens abrogating the T-cell response to the virus. 

  HCV Pathogenesis 
 HCV replication involves formation of a negative sense replica-
tive RNA strand and the subsequent formation of dsRNA. This 
has several important implications for HCV pathogenesis. First, 
the formation of RNA intermediates means that there is no stable 
genomic replicative form of the virus and as a result HCV must 
produce new viral RNA and proteins to maintain persistence. 

 T A B L E  6 0 . 3          Key fi ndings arising from genomic studies of viral hepatitis  

     Hepatitis C  Hepatitis B  Comments 

   Acute infection  Interferon stimulated gene 
expression (Mx1, ISG15) correlated 
with viral clearance 

  “ Stealth virus ” 
Innate immune response is 
abrogated
Immune evasion 

 Acute HBV or HCV infection 
is poorly characterized by 
genomic studies 

   Chronic infection  Th1 immuno-phenotype 
perpetuating chronic injury 

 T-cell effector function 
activated and latter B-cell 
related gene expression 
observed 

  

   Treatment responses  Interferon stimulated gene 
induction correlate with treatment 
responses 

   HBV treatment response have 
been poorly characterized by 
genomic studies 

   Hepatocellular carcinoma  HCV core protein oncogenic  HBV x (HBx) protein oncogenic   

   Bio-markers  A number of non-specifi c 
infl ammatory markers identifi ed 
Potential tumor markers identifi ed 

 A number of non-specifi c 
infl ammatory markers 
identifi ed 

  

   Future studies  Predicting HCV IFN treatment 
responses 

 Predicting HBV IFN and 
nucleotide/nucleoside 
treatment responses 

 Determining the pathogenesis 
of and predicting chronicity, 
disease progression and 
development of sequelae such 
as HCC 
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Secondly, the formation of dsRNA associated with HCV 
replication is a target for endogenous RNA interference and elicits 
the endogenous IFN response ( Yu et al., 2000 ). Further, the NS5B 
RNA polymerase of HCV lacks proof reading activity and as a 
result virus replication is highly error prone (1 in 103 bases) result-
ing in remarkable genetic diversity. HCV is currently divided into 
six major genotypes with many subtypes that differ by up to 35% 
in their nucleotide sequence. HCV infection is characterized by a 
rapid increase in circulating levels to 105–107 equivalents per ml. 
The rapid induction of an immune response means that not all 
hepatocytes are infected although the true proportion of hepato-
cytes infected is unknown. 

 The innate immune response is characterized by induc-
tion of type I IFN, interferon-stimulted genes (ISGs) and a NK 
response. The IFN gene expression is induced by the induc-
tion of endogenous RNA interference pathways, the forma-
tion of dsRNA that binds to the RNA helicases RIG-1 and 
MDA5 and binding of the phagocytosed infected cell fragments 
to toll-like receptor (TLR)-3 ( Honda et al., 2006 ;  Kato et al., 
2006 ;  Yoneyama et al., 2005 ). These upstream events then signal 
through IRF-3 phosphorylation resulting in IFN gene transcrip-
tion. The IFN gene expression then signals via  cognate receptors 
and activates the JAK/stat pathway resulting in the induction 
of ISGs including protein kinase R, RNA–specifi c adenosine 
deamsinase-1 (ADAR-1), P56 and 2 � -5 �  oligoadenylate syn-
thetase. Most of these ISGs act on the formation of the nega-
tive replicative strand of HCV. The cellular innate immune 
response is characterized by induction of an NK cell response. 
NK cells destroy infected cells in an antigen independent man-
ner via cytotoxic cell lysis. These activated NK cells secrete large 
amounts of IFN- � , which activates and maintains a cellular 
adaptive immune response. 

 Adaptive immune responses in HCV infection is charac-
terized by the virus-specifi c CD4 �  and CD8 �  T-cell response 
to multiple HCV epitopes, including many highly promiscu-
ous epitopes formed due to the high spontaneous rate nucle-
otide mutation rate associated with HCV replication ( Bowen 
and Walker, 2005a, b ). This T-cell response is accompanied and 
maintained by induction of IFN- �  and TNF, both of which can 
directly inhibit viral replication without killing an infected cell. 
Although HCV antibody production is universal in immuno-
competent individuals, it does not prevent infection or corre-
late with outcome. Further the virus-specifi c T-cell response is 
maintained for decades after HCV clearance in contrast to the 
antibody responses which can become undetectable. 

Genomic Analyses of HCV Infection
  Gene array analysis of HCV recurrence in liver transplant allo-
grafts has provided novel insights into the molecular mechanisms 
of viral recurrence ( Mansfi eld and Sarwal, 2004 ;  McCaughan 
and Zekry, 2004 ). HCV recurrence in the liver graft is associated 
with expression of IFN- �  associated genes such as CXCL10 
(IP-10), CXCL9 (HuMIG) and RANTES ( McCaughan and 
Zekry, 2004 ). Further, antiviral IFN- �  associated gene expression 

is seen in chronic HCV recurrence and during acute rejection 
associated with HCV recurrence ( McCaughan and Zekry, 
2004 ). Additionally, upregulation of NF-kappa  �  pathway 
during acute rejection in association with HCV recurrence 
appears to alter cellular apoptosis via changes in the expression 
of  TRIAL- associated genes ( McCaughan and Zekry, 2004 ). 
Importantly chronic HCV recurrence in grafts is associated with 
Th1 associated gene expression similar to that seen in chroni-
cally HCV infected individuals that have not been transplanted 
( McCaughan and Zekry, 2004 ). In contrast  cholestatic HCV 
recurrence, which follows an aggressive course, is associated 
with a Th2 cytokine profi le ( McCaughan and Zekry, 2004 ). This 
suggests that the Th1 immune response suppresses viral replica-
tion whilst being profi brogenic ( McCaughan and Zekry, 2000, 
2004 ;  Shackel et al., 2002 ). In cholestatic HCV recurrence, the 
unchecked viral replication is directly fi brogenic ( McCaughan 
and Zekry, 2004 ;  McCaughan and Zekry, 2000 ). 

 A particular challenge in the study of the effect of viruses 
on liver cells is the diffi culty in infecting liver cells with virus. 
The studies described below have involved models in which 
cultured cells are infected with viral proteins or viral genome. 
Progress in this fi eld has been rapid and most recently, a cel-
lular model of HCV infection has been reported that is likely 
to stimulate further study ( Heller et al., 2005 ;  Lindenbach et al., 
2005 ). 

 Proteomic methodologies have been applied to a number 
of aspects of HCV-related liver injury. However, to date most 
proteomic studies have focused on the identifi cation of a 
number of biomarkers of disease rather than trying to unravel 
aspects of HCV pathobiology. Proteomic studies have defi ned 
potential protein therapeutic targets that interact with HCV in 
detail. Large-scale proteome analysis of a full-length HCV repli-
con revealed prominent expression of proteins involved in lipid 
metabolism ( Jacobs et al., 2005 ). Several  in vitro  proteomic stud-
ies have identifi ed proteins that interact with specifi c HCV pro-
teins. Heat shock protein 27 (Hsp27) was shown to specifi cally 
interact with NS5A via the N-terminal regions ( Choi et al., 
2004 ). Fourteen cellular proteins binding to the core protein 
were identifi ed by proteomics ( Kang et al., 2005 ). These pro-
teins include DEAD-box polypeptide 5 (DDX5) and interme-
diate microfi lament proteins, including cytokeratins (cytokeratin 
8, cytokeratin 19 and cytokeratin 18) and vimentin. Interestingly, 
DDX5 gene polymorphisms are associated with accelerated 
fi brosis development in HCV infected individuals (see Chapter 
50) ( Huang et al., 2006 ). 

 The development of HCC and IFN treatment response are 
two further aspects of HCV infection studied using proteomics. 
In the study of HCV-related HCC development, over- expression 
of alpha enolase was identifi ed and correlated with poorly differ-
entiated HCC ( Kuramitsu and Nakamura, 2005 ;  Takashima et al., 
2005 ). The response of hepatocyte cell lines to IFN- �  treatment 
has uncovered over 54 IFN response genes, including many novel 
targets an approach that may pave the way for novel therapies. 
Examination of protein extracts that bind to the HCV IRES 



has identifi ed a number of novel protein targets such as Ewing 
Sarcoma breakpoint 1 region protein EWS and TRAF-3. The 
fi nal aspect of HCV liver injury receiving attention is the study 
of potential biomarkers such as heat shock protein 70 Hsp-70 
associated with HCV infection progression to HCC ( Takashima 
et al., 2003 ).    

  THERAPEUTICS AND 
PHARMACOGENOMICS 
 The principal treatment goal in viral hepatitis is clearance of the 
virus with a secondary goal of averting or delaying the onset 
of cirrhosis, hepatic decomposition and HCC. Immune modu-
lators in the form of IFN treatment have been the mainstay of 
treatment for years (see  Table 60.4   ). Antiviral therapy has now 
become an effective treatment option in HBV, but in HCV is 
useful only when combined with IFN treatment. Finally, HAV 
and HBV infection are reliably protected against by immuniza-
tion. There is no prospect in the foreseeable future of a vaccine 
for HCV. The treatment options for viral hepatitis are summa-
rized in  Table 60.4 . Predicting individual’s treatment responses 
based on gene expression is likely to be an area in which 
genomic medicine will enable highly directed individual therapy 
in treatment of viral hepatitis. 

  Treatment of HBV Infection 
 IFN is the only treatment shown to clear HBV infection in 
chronically infected individuals without the development of 
drug resistance. In both HBeAG positive and negative individuals 
with chronic HBV infection, IFN treatment for 4–6 months has 
been shown to normalize liver function abnormalities, result in 
clearance of HBsAg and HBeAg and result in a sustained loss 
of HBV DNA. In a meta-analysis of 15 studies, suppression of 
HBV DNA was seen in 37% of patient’s loss of HBeAg was seen 
in 33% of subjects and HBeAg seroconversion was seen in 18% 
of patients. Subjects responded to treatment if they had lower 

pretreatment HBV DNA levels and higher pretreatment liver 
transaminase levels. The advent of long-lasting IFN preparations 
using pegylated IFN has been shown to have an additional ben-
efi t over conventional IFN in treating HBV infection resulting 
in improved HBsAg and HBeAg seroconversion. However, the 
current meta-analysis of the treatment outcomes with IFN in 
HBV does not support its use in preventing HCC. Compared to 
nucleoside analogs, discussed below, one principle advantage of 
IFN therapy for HBV is the durability of the treatment response 
with  � 10% of individuals having a relapse in HBeAg expression 
up to 8 years latter. 

 Nucleoside analogs are now being increasingly used to treat 
HBV infection and these agents target the HBV DNA polymer-
ase. Lamivudine is the most widely used nucleoside analog and 
effectively suppresses HBV replication as evident by a greater than 
two log decline in HBV viral DNA titers. Lamivudine results in 
16–18% HBeAg seroconversion in 1 year and 50% after 5 years. 
The durability of the response is 77% at 3 years. However, the sus-
tained virological response in other studies has been reported as 
39% at 4 years, and sustained response to lamivudine following 
cessation of therapy is signifi cantly less than IFN. Continued treat-
ment with lamivudine results in sustained suppression of HBV viral 
replication but is limited by the appearance of mutant forms of the 
HBV polymerase typically in a conserved YMDD motif at meth-
oine 204 of the enzyme. After 1 year resistance develops in 14–32% 
of cases and this increase to 50% at 2 years and 74% at 5 years. 

 Other approved nucleoside analogs include adefovir, tenofo-
vir, telbirudine and entecavir. All have signifi cant activity against 
HBV replication although both tenofovir and entecavir would 
appear to have greater activity against HBV. Importantly resist-
ance with all of these newer agents is uncommon, with entecavir 
resistance being less than 5% at 2 years. Unfortunately resistance 
to these newer agents appears inevitable. In a situation analogous 
to HAART treatment of HIV-1 infection, combination therapy 
is now being studied in HBV infection. The conclusive out-
come of these studies is not yet available but the initial results 
are promising especially in cases of lamivudine resistance.  

 T A B L E  6 0 . 4          Treatment of viral hepatitis  

   Virus  Chronicity  Treatment  Vaccine  Comments 

   HAV  No  Immune globulin  Yes   

   HBV  Yes  Immune globulin 
Nucleoside 
Analogues (target DNA polymerase) 
Immune mediators (i.e., IFN- � ) 

 Yes  Viral resistance to nucleoside 
analogues common 

   HCV  Yes  Immune mediators (i.e., IFN- �  and 
Ribavirin) 

 No  Small molecular inhibitors in 
clinical trials 

   HDV  Yes  Treatment of HBV  No   

   HEV  No  None  No  No specifi c treatment
Avoidance 
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  Treatment of HCV Infection 
 IFN treatment is the only effective antiviral therapy available for 
the treatment of HCV. The current recommendations are for a 
24–48 week course of treatment using pegylated IFN combined 
with the antiviral ribavirin. Ribavirin is a guanasine analog able 
to inhibit the replication of viruses but in the absence of IFN has 
no signifi cant effect on HCV RNA levels. The overall chance of 
a sustained virological response (SVR) varies according to HCV 
genotype. In genotype 1 infection, SVR can be achieved in 
42–46% of patients, with better response rates of 76–88% for 
those with genotype 2 or 3 infection. Virologic response to 
treatment can be predicted from the decline in HCV RNA at 
12 weeks; The absence of a 2 log drop or undetectable HCV 
RNA at week 12 has a high negative predictive value for the 
absence of SVR in genotype 1 patients with continued therapy. 
In genotype 2 and 3 the decline in viral load at 4 weeks may be 
predictive of achieving SVR with only 12–16 weeks of ther-
apy. The treatment of patients with cirrhosis is controversial but 
there appears to be a benefi t in avoiding progression of disease, 
decompensation, and the development of HCC. However, in 
the presence of hepatic decompensation, IFN-based treatment 
is contraindicated and patients should be referred for transplant 
evaluation. 

  Genomic Studies Related to the Treatment of 
Viral Hepatitis 
 IFN- �  is currently part of the standard of care treatment for 
HCV infection. Several studies have used microarray analysis 
to identify the mechanisms by which IFN- �  acts on hepato-
cytes and the HCV. IFN- �  activated the multiple signal trans-
ducer and activator of transcription factors (STAT) 1, 2, 3, 5 
in cultured hepatocytes ( Radaeva et al., 2002 ). Other upregu-
lated genes include a variety of antiviral and tumor suppres-
sors/pro-apoptotic genes. Downregulated genes include c-myc 
and c-Met and the hepatocyte growth factor (HGF) recep-
tor ( Radaeva et al., 2002 ). In a second and comparable study, 
IFN- �  antiviral effi cacy was associated with 6–16 (G1P3) 
expression. Involvement of STAT3 in IFN- �  signaling was con-
fi rmed ( Zhu et al., 2003 ). Resistance to IFN- �  antiviral activ-
ity may be mediated the HCV viral protein, NS5A. To identify 
the mechanisms through which NS5A blocks IFN activ-
ity, gene expression profi le was studied in IFN-treated Huh7 
cells expressing NS5A. The strongest effect of NS5A on IFN 
response was observed for the OAS-p69 gene ( Girard et al., 
2002 ). Another key response of hepatocytes to the HCV virus 
is cellular proliferation. Gene array studies identifi ed upregula-
tion of growth-related genes, in particular wnt-1 and its down-
stream target gene WISP ( Fukutomi et al., 2005 ). In another 
study, CDK activity, hyperphosphorylation of Rb, and E2F 
activation was shown to be associated with hepatocyte prolifer-
ation induced by a full-length HCV clone ( Tsukiyama-Kohara 
et al., 2004 ). 

 Global quantitative proteomic analysis in a human 
hepatoma cell line (Huh7) in the presence and absence of IFN 

was performed to examine liver-specifi c responses to IFN and 
the mechanisms of IFN inhibition of virus replication ( Yan et al., 
2004 ). Fifty-four proteins were induced by IFN and 24 were 
repressed, representing several novel and liver-specifi c key regu-
latory components of the IFN response. 

 Molecular markers used on an individual patient basis 
might improve prediction of treatment responses prior to com-
mencement of therapy. Previously Chen and colleagues exam-
ined liver biopsies prior to IFN- �  and ribavirin therapy from 
16 responders, 15 non-responders and 20 normal individuals by 
gene array analysis and determined that 18 genes were predic-
tive of an SVR ( Chen et al., 2005 ). These investigators identifi ed 
a gene expression signature of 8 genes that could predict the 
likelihood to achieve an SVR in 30 of 31 individuals (GIP2/
IFI15/ISG15, ATF5, IFIT1, MX1, USP18/UBP43, DUSP1, 
CEB1, and RPS28) ( Chen et al., 2005 ). The striking outcome 
from this study was that these genes, known to be involved in 
IFN responsiveness, were  overexpressed in non-responders and 
formed part of the predictive gene  signature profi le. Additionally, 
two genes (ISG15/IFI15 and USP18/UBP43) were identifi ed as 
part of a previously unrecognized novel IFN regulatory pathway 
( Chen et al., 2005 ;  Randall et al., 2006 ). In a further study of 
peripheral blood mononuclear cells (PBMC), a relative lack of 
ISG expression was associated with a poor response to antiviral 
therapy with pegylated IFN ( Taylor et al., 2007 ) and Feld and 
colleagues present work demonstrating unique patterns of liver 
gene expression that correlate with IFN and ribavirin treatment 
responses in HCV genotype 1 infection ( Feld et al., 2007 ).   

  Pharmacogenomics of  Viral Hepatitis 
 Pharmacogenomic studies of viral hepatitis are currently 
evolving as the treatment options become better and the 
understanding of the disease pathobiology improves. In HBV 
infection a group of 82 chronic active carriers received stand-
ard IFN- �  treatment for 6 months ( King et al., 2002 ;  Randall 
et al., 2006 ). These patients were concurrently studied for sin-
gle nucleotide polymorphisms (SNPs) in genes involved in the 
JAK/stat signaling of IFN and in genes leading to the expres-
sion of ISGs ( King et al., 2002 ;  Randall et al., 2006 ). Two 
SNPs were identifi ed that appeared to predict response; one 
in the promoter region of the ISG MxA and the other in the 
IFN regulated eIF-2 �  gene. This study is signifi cant in dem-
onstrating that host polymorphisms may correlate with treat-
ment response in HBV infection ( King et al., 2002 ;  Randall 
et al., 2006 ). In HCV infection the non-structural protein 
NS5a is known to bind viral RNA and alter HCV replica-
tion ( Feld et al., 2007 ;  Goyal et al., 2006 ;  Kohashi et al., 2006 ; 
 Taylor et al., 2007 ). Amino acid substitutions within the inter-
feron sensitivity-determining region (ISDR) of NS5A corre-
lates with IFN- �  treatment responses ( Feld et al., 2007 ;  Goyal 
et al., 2006 ;  King et al., 2002 ;  Kohashi et al., 2006 ;  Taylor et al., 
2007 ;  Watanabe et al., 2005 ). A meta-analysis of ISDR NS5a 
mutations demonstrates a relative risk of 4.66 to 5.73 of 
IFN- �  treatment response compared to non-mutant ISDR 
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2009 UPDATE
There has been renewed interest in adopting emerging high-
throughput technologies for large-scale gene expression profi l-
ing to predict antiviral treatment response in chronic hepatitis 
C (CHC) patients. A hepatic gene expression study in biopsies 
from 69 CHC patients identifi ed a two-gene signature (IFI27 
and CXCL9) that could predict treatment response in 79% of 
patients (Asselah et al., 2008). This confi rms prior observations 
in studies using both PBMC and liver tissues (ISG) appear to be 
upregulated in pre-treatment liver tissues from patients that do 
not respond to current standard-of-care antiviral therapy with 
pegylated IFN-alpha and ribavirin. A defective hepatic response 
to IFN may be mediated through activation of suppressor of 
cytokine signaling 3 (SOCS3) (Huang et al., 2007). An associa-
tion study that evaluated three SNPs of SOCS3 in 162 CHC 
genotype-1 nonresponder and 184 CHC sustained responder 
patients noted that SOCS3-4874 AA genotype was strongly asso-
ciated with nonresponse to IFN-based therapy, and these patients 

had signifi cantly higher SOCS3 mRNA and protein levels 
(Persico et al., 2008). The IFN-gamma promoter SNP -764G/C 
also appears functionally important in determining viral clearance 
and treatment response in HCV infection (Huang et al., 2007).

Emerging specifi c targeted antiviral therapies for HCV 
will continue to be combined with IFN and there is likely 
to be continued interest in determining mechanisms of IFN 
resistance and predictors of virologic response to therapy 
through SNP associations of cytokine and other host signal-
ing pathways (Selzner et al., 2008). Plasma proteome profi ling 
studies incorporating emerging quantitative and identifi ca-
tion bioinformatics tools to assess CHC virologic responses to 
IFN-based therapy are ongoing. In contrast, the availabil-
ity of several oral nucleoside and nucleotide analogs that are 
effective against HBV may explain the absence of functional 
genomic or plasma protein profi ling studies to assess therapeu-
tic responses in chronic hepatitis B infection.

HCV ( Goyal et al., 2006 ;  Schinkel et al., 2004 ). However, this 
effect is more  pronounced in Japanese compared to European 
patients ( Goyal et al., 2006 ;  Kohashi et al., 2006 ;  Pascu et al., 
2004 ;  Schinkel et al., 2004 ). These studies highlight the gaps 

in our knowledge of disease pathogenesis and host genomics 
that infl uence disease and the lack of high-specifi c treatment 
options means that pharamacogenomic measures are still in 
their infancy.   
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mutation, familial hypobetalipoproteinemia, 
274

therapeutic targeting, 281
antisense oligonucleotides, 281–282

variants, 277, 278, 279
low-density lipoprotein C interindividual 

variation, 274
obesity, 671

ApoB-48, 270
ApoB-100, 270

mutation (familial defective apolipoprotein 
B-100), 272

ApoC-I, 270
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ApoC-II, 270
mutation, familial chylomicronemia 

syndrome, 277, 279
ApoC-III, 270
ApoE, 270
ApoE4, 198
APOE (apolipoprotein E), 30

blood lipid genome-wide association 
studies, 279

E4 allele see APOE4
mutations, hyperlipoproteinemia type III 

(familial dysbetalipoproteinemia), 277
thrombotic event prediction with 

anticardiolipin antibodies, 380
variants

LDL cholesterol interindividual variation, 
274

ApoE2, 277, 283
ApoE3, 277
APOE4, 191, 283

Alzheimer’s disease association, 689–690, 
691

diffuse Lewy body dementia, 693
Apolipoprotein(a), 270
Apolipoproteins, 269
Apoptosis

cardiomyocytes in heart failure, 316–317, 
318f

APP mutations, Alzheimer’s disease, 689
Appetite regulation, genetic factors, 667
AR methylation status, tumor treatment 

response prediction, 67
AR-targeting therapies, 487
Arachidonate 5-lipoxygenase-activating 

protein see ALOX5AP
ARF, protate cancer methylation markers, 67
Arg381Gln, 583
Arginase 1, 597
ARH mutations, autosomal recessive 

hypercholesterolemia, 272
Arimidex, 455
Array comparative genomic hybridization, 50

congenital heart disease, 396
copy number variation (CNVs) detection, 

46, 53
clinical cytogenetic diagnostics, 54, 55f

gliomas, 523, 524
prostate cancer biochemical relapse after 

surgery, 483
Array Express, 119, 120
Arrhythmias, 350–366

atrial arrhythmia syndromes, 363t
familail ventricular tachycardia/

catecholaminergic polymorphic 
ventricular tachycardia (CPVT), 350, 
361–362

primary conduction abnormalities, 362–364
short QT interval syndrome, 361
see also Long QT syndromes; Short QT 

interval syndrome

Arrhythmogenic right ventricular 
cardiomyopathy, 314, 337

ARSC1, corneal disease, 713
Arterial thrombosis

recurrence risk, 397
risk factors, 383t
risk prediction (Bloodomics project), 

385–386
screening investigations, 380–381

Arthropathy, infl ammatory bowel disease 
association, 581

Artifi cial neural networks, 76, 118
proteomics

hepatitis B infection, 654
liver function, 655

Aryl hydrocarbon receptor (AHR), 572
Asbestos exposure
L-Asparaginase, 425

pharmacogenomics, 425–426
response prediction, 426

Aspirin
colorectal cancer chemoprevention, 468
pharmacogenomics, 296–297
resistance, 296–297

Assembly (genome assembler software), 30
Association studies

Alzheimer’s disease (late onset), 690
asthma, 593–594
copy number variation (CNVs), 54
depression, 724–725, 725t
hypertension, 262
infectious diseases susceptibility, 735, 748
multiple sclerosis, 567
myocardial infarction, 291–294
obesity, 664, 666
replicability, 763
sepsis, 762–763
single nucleotide polymorphisms (SNPs), 27
thrombosis, 379–380
translation into medical practice, 164
see also Genome-wide association studies; 

Linkage studies (genome scans)
Asthma, 27, 590

allergen hypersensitivity, 591
family history, 591
gene–environment interactions, 591
genomics, 594, 595t

candidate-gene association studies, 593–594
genome-wide association studies, 594
linkage analysis, 591–593, 592t
susceptibility genes, 593

IL-4RA/IL-13 polymorphism, 523
pathobiology, 590–591, 591f

chronic obstructive pulmonary disease 
comparison, 607, 608t

pharmacogenomics, 594–597
pharmacotherapy, 594–597

Astrocytoma, 522, 523t
anaplastic, alkylating agent chemoresistance, 

527

cytogenetics, 524
gene expression profi les, 526
genetic alterations, 523, 524f
progression, 523

Ataxia-telangiectasia
breast cancer association, 448
pancreatic cancer association, 502

ATBF1, Hodgkin lymphoma/Reed-Sternberg 
cells, 413

ATG16L1, Crohn’s disease, 578
ATG16L1 gene, 583
Atherosclerosis

DNA methylation in pathogenesis, 65
fi brin variation, 377
leukotriene pathway associations, 294
plaque rupture risk, 290

biomarkers, 297
genetic infl uence, 289, 290, 294, 304
matrix metalloproteinases, 290
tissue inhibitors of metalloproteinases 

(TIMPs), 290
vascular-occlusive dementia, 687

Atherosclerosis Risk In Communities (ARIC) 
study, 298

Athletes, hypertrophic cardiomyopathy, 343
Atlas assembler, 30
Atlas cDNA Expression array, follicular 

lymphoma, 413
ATM mutations, breast cancer, 448
Atomoxitine, 230
ATP1A2, obesity, 666
ATP-binding cassette protein A1 see ABCA1
ATP-binding cassette protein B1 see ABCB1
ATP-binding cassette protein G5 see ABCG5 

mutations
ATP-binding cassette protein G8 see ABCG8 

mutations
Atrial arrhythmia syndromes, 363t
Atrial fi brillation, 363

clinical features, 363–364
electrophysiology, 364
genetics, 364

mechanisms, 364
Atrial natriurteic peptide gene, hypertension-

related stroke association, 263
Atrial septal defects, 391
Atrial tachyarrhythmias, 350
Atrioventricular block, 350

Lev-Lenegre progressive cardiac conduction 
disease, 362, 363t

Attenuated familial adenomatous polyposis, 461
Autism

copy number variation (CNVs), 194
Autism spectrum disorder (ASD), 56
Autoimmune disease

DNA methylation alterations, 65
Autoimmune liver disease

immunogenetics, 648, 648t
proteomics, 653–655
transcriptomics, 651–653



Autosomal dominant congenital lamellar 
cataract, 715

Autosomal dominant hypercholesterolemia, 
273, 278, 282

Autosomal recessive hypercholesterolemia, 
272–273, 278

Avastin, 528
see also Bevacizumab

Avellino’s (combined granular-lattice) corneal 
dystrophy, 714, 715

Azathioprine, 327
infl ammatory bowel disease

pharmacogenomics, 582
response biomarkers, 185

B
B cells

chronic obstructive pulmonary disease, 606
multiple sclerosis immune response, 570
sarcoidosis, 617
transplant rejection

heart, 327
kidney, 116

B-type natriuretic peptide
acute coronary syndromes risk stratifi cation, 

308, 309
heart failure diagnosis, 317–318

BAALC, acute myeloid leukemia prognosis, 423
BabA1, 633
BabA2, Helicobacter pylori adhesins, 633, 634

peptic ulcer disease correlations, 634, 636
Bacteria, 29, 101, 194, 556, 606, 631
Bacterial infections, 610, 744–754

genomics
bacterial, 744–745
host, 745–748

host susceptibility
Gram-negative organisms, 751–753
Gram-positive organisms, 748–751
IRAK4 mutations, 736
study methods, 748

see also Infectious disease
BAG1/Bag-1

head and neck cancer, 517
Oncotype Dx assay, 533

Bannyan-Ruvalcabe-Riley syndrome, PTEN 
pathway mutations, 464

BAT26, colorectal cancer, 467
Bayesian methods, 118
Bayesian networks, 118
Bcl-2

cardiomyocyte apoptosis in heart failure, 316
diffuse large B-cell lymphoma, 411
follicular lymphoma, 413, 414
head and neck cancer, 516
pathway, 442
therapeutic targeting, 543

Bcl-6, diffuse large B-cell lymphoma, 410, 
411

Bcl-Xl, head and neck cancer, 516

BCR-ABL fusions gene
acute lymphoblastic leukemia, 424
Philadelphia chromosome (chronic 

myelogenous leukemia), 421
BCR-ABL tyrosine kinase

chronic myelogenous leukemia, 422, 424
imatinib mesylate inhibition, 422, 424, 534

BDNF see Brain-derived neurotrophic factor
Beclomethasone, asthma management, 596, 596f
Bengin prostatic hypertrophy, urine 

biomarkers, 481
Benzo(a)pyrene carcinogenesis

head and neck cancer, 512
Benzo(a)pyrene diol epoxide, 512
β1-adrenergic receptor, pharmacogenomics

antihypertensive agents, 265
beta blocker response in heart failure, 319

β2 adrenergic receptor
heart, 357
pharmacogenomics

antihypertensive agents, 265
β2-agonists, 596

post-myocardial infarction therapy response, 
296

β2-agonists
asthma, 594

non-responsers, 596
chronic obstructive pulmonary disease, 610
pharmacogenomics, 594–597

β myosin heavy cain mutations (MYH7), 
hypertrophic cardiomyopathy, 313, 336, 
338, 340, 341

β-Blocker Evaluation of Survival Trial (BEST), 
319

Beta-blockers
catecholaminergic polymorphic ventricular 

tachycardia (CPVT), 350
hypertrophic cardiomyopathy, 343
long QT syndromes, 359–360
pharmacogenomics, 265

heart failure, 319
post-myocardial infarction response, 296

β-defensins, 52
11β-hydroxylase/aldosterone synthase fusion 

gene, glucocorticoid-remediable 
aldosteronism, 263

11β-hydroxysteroid dehydrogenase 
mutations, syndrome of apparent 
mineralocorticoid excess, 263

β-interferon, multiple sclerosis treatment, 569
Betet quid chewing, 511
Bevacizumab, 539, 545

prostate cancer trials, 485
BF, obesity, 666
Bias

case–control studies, 177
Bicuspid aortic valve (NOTCH1), 393
BiDil (nitrate/hydralazine combination), 

heart failure management in African-
Americans, 175, 319

Bile acid sequestrants, 281
familial hypercholesterolemia, 272

Bile ducts, 652
Biliary atresia, 652
Biliary disease transcriptomics, 652–653
Biobanks, 145, 146, 165–166

electronic medical records, 146
policy issues, 210, 211–213
public consultation approaches, 212
public health applications, 249

Bioconductor, 123
Bioinformatics, 111–126, 167

analytic methods, 118–119
challenges, 167
medical applications, 112–117

diagnosis, 112–113
histopathology, 116
nosology, 116–117
sepsis studies, 766
therapeutics, 114–116

proteomics, 92–94
modifi ed peptide identifi cation, 93

public health genomics, 245
software tools (free), 121–124

analytic, 122–123
interpretation, 123–124

vocabularies/ontologies, 120–121, 120t
Biological processes, Gene Ontology (GO), 

121
The Biomarker Consortium, 171, 309
Biomarker studies, 612
Biomarkers, 167

applications, 203
clinical event prediction, 203
clinical trial populations

genome-based trial design, 167–168
colorectal cancer, 467
coronary artery disease

acute coronary syndromes, 303, 305, 
307–308, 308f

myocardial infarction, 296
prognostic stratifi cation, 308–309, 309t
screening, 304

early disease, 133
FDA Critical Path Initiative, 309
head and neck cancer, 513, 515

locoregional recurrence prediction, 
516–517

heart failure, 320–322, 322f
infl ammatory bowel disease, 578, 579
leukemia outcome prediction, 426–427
liver disease, 654, 655
lung cancer diagnosis, 434, 435
multiple sclerosis, 570–571
prostate cancer, 481f

circulating tumor cells, 482
serum, 482
urine, 481

sepsis, 765, 766f
staging/severity assessment, 767–769
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Biomarkers, (Continued)
systems biology approach, 131

emerging quantitative techniques, 
134–136

in vitro measurement technology, 134–136
in vivo techniques, 136
nanotechnology, 134
organ-specifi c fi ngerprints, 133–134
proteomics, 135

validation
economic aspects, 238

Biorepositories see Biobanks
Biospecimen respiratory, nationwide, 171
Birth defects, copy number variation (CNVs), 

194
Bisulfi te DNA conversion, methylation 

analysis, 61, 61f, 62, 63, 64
Bladder cancer

serum protein antibody microarrays, 134
Bleomycin-induced pulmonary fi brosis, 617
Blood-based gene expression profi ling, 3
Blood coagulation, 374, 374f, 375f, 765

genetics, 374–375
proteins, 374–375

phylogenetic analysis, 375, 375f, 376f
vitamin K-dependent, 375, 376

Blood lipids
genome-wide association studies, 279, 280t
screening, 272
variation, 271–272

Blood pressure, hypertension
diagnosis, 262–263

Blood samples, DNA methylation assessment, 
64–65, 67

Bloodomics project, 385–386
Bmi1 (miR-128), 528
BMP4 gene, 470
Body mass index, data extraction from 

electronic medical records, 147–148, 
148t

Body weight regulation, 662, 662f
genetic factors, 662, 662f

Boolean networks, 118
Bop, ventricular development regulation, 395
Borrelia burgdorferi, 407

cutaneous lymphomas, 401
BRAC1/BRAC2 testing, 1
BRAF

colorectal cancer, 65, 460, 467
Brain tumor stem cells, therapeutic targeting, 527
Brain tumors, 522–527

chromosomal alterations, 524–525
diagnosis, 524–528
epidemiology, 523–524
gene expression profi les, 526, 526t
genomic mapping, 524
microRNAs, 527
pharmacogenomics, 527
predisposition, 523–524
prognosis, 524–527

gene expression signatures, 525
molecular signatures, 137, 527

proteomics, 527
transcriptional alterations, 525–527

Brain-derived neurotrophic factor (BDNF)
antidepressant effects, 726
depression, 723
hepatic stellate cells, 649

Brain-derived neurotrophic factor receptor 
(trkB), 723

Branched-chain α-ketoacid dehydrogenase 
complex defect, newborn screening, 102

BRCA1
breast cancer, 196, 448

risk of second primary cancer, 191–192
DNA methylation status, 496

tumor treatment response prediction, 67
DNA sequence data, electronic medical 

records, 143–144
genetic testing, 164, 214

costs, 196
direct-to-consumer marketing, 214
family history criteria for referral, 215

ovarian cancer, 195, 493–494
aberrant methylation, 496
DNA repair defects, 494

BRCA1/2 mutations, 242
BRCA2

brain tumor predisposition, 523
breast cancer, 196, 214, 448

risk of second primary cancer, 191–192
DNA sequence data, electronic medical 

records, 143–144
genetic testing, 196, 213

costs, 196
direct-to-consumer marketing, 214, 214
family history criteria for referral

ovarian cancer, 196, 493, 494
DNA repair defects, 494
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see β2-adrenergic receptor
Breast cancer, 191, 446–454
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management options, 448
risk of second primary cancer, 191–192

cell line microarrays, drug response 
investigations, 115–116

DNA methylation analysis, 67
estrogen/progesterone-receptor status, 448, 

449
luminal A/B subgroups, 450
targeted hormonal therapy, 533, 534f
treatment responsiveness, 448

familial risk, 447–448
gene expression assay
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451f, 452t, 542–543
cost-effectiveness, 236–237, 237t
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Duke-Taipei study, 452
lymph node status, 452, 453f
Netherlands Cancer Institute study, 450
NSABP study, 452–453
pathway prediction, 453–454
prognostic applications, 80, 82, 114, 450, 

452
risk stratifi cation, 454
subtype differentiation, 450, 453f
tissue sampling, 75
treatment planning, 82, 210

genetic factors, 164, 448
genetic testing, 213–214, 448

access/reimbursement issues, 214–215
diagnostic-therapeutic combinations, 533
prognosis, 226

genomics applications, 454
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diagnostic tests, 532, 533t, 535
pharmacogenomics, 183, 185
trastuzumab therapy, 183, 185, 194, 448, 

532, 535
treatment approach, 165
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molecular basis, 448–449
prognosis, 80, 82, 114, 449

molecular signature analysis, 137
receptor negative tumor subgroups, 450
recurrence risk, 235, 236, 237
risk assessment, 447–448
screening, 447
systems medicine approach, 133
TAILORx, 210, 236
TNM staging, 449
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clinical trials, 447t
Brugada syndrome, 350, 360–362

clinical features, 360–361
genetics

clinical, 360–361
molecular, 357t, 360–361
mutations, 357t

therapy, 361
BTNL2 (butyrophilin-like 2), sarcoidosis, 619
Bucindolol, 319
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Burkitt lymphoma, 415–416

Epstein–Barr virus association, 401
gene expression profi le, 416

C
C4, systemic lupus erythematosis-related copy 

number variation, 53
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asthma, 594
gene polymorphism, 289
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C-reactive protein



acute coronary syndrome risk stratifi cation, 
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complement activation, 745
Crohn’s disease, 579–580
rheumatoid arthritis, 557
thrombosis gene linkage studies, 379

C-type lectin receptors (CLRs), 745, 747
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arteriopathy with subcortical infarctas 
and leucoencephalopathy), 687, 688f, 
693–694

Cag A (Helicobacter pylori cytotoxin associated 
gene product), 633, 633f

peptic ulcer disease correlations, 633
CALBG trial, 485
Calcium channel antagonists

catecholaminergic polymorphic ventricular 
tachycardia (CPVT), 350

hypertrophic cardiomyopathy, 343
pharmacogenomics, 265

Calcium-dependent arrhythmia syndromes, 
359t

Calcium-handling hypertrophic 
cardiomyopathy, 338–339

Calgranulin A see MRP8
Calgranulin B

prostate cancer urine biomarker, 481
Calsequestrin mutations, catecholaminergic 

polymorphic ventricular tachycardia 
(CPVT), 350

Canadian Agency for Drugs and Technologies 
in Health (CADTH), 235

Cancer, 94, 224
cost-effectiveness of genetic tests, 214
diagnostic-therapeutic combinations, 

532–543
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early detection/diagnosis, 65, 67
prognosis, 67
treatment response predicition, 67–69

epigenetic gene silencing, 16, 496
gene expression profi les, 80

oncogene expression signatures, 117, 117f
prognostic applications, 78–79, 82, 114
subgroups identifi caiton, 78, 167
treatment otpimization, 194

microarray experiments, 73
data analysis, 76–77
tumor tissue samples, 75

microRNAs (miRNAs)
expression profi ling, 82

molecular signature analysis, 164
outcome predicition, 136

obesity association, 663
pharmacogenomics, 542–543
single cell analysis, DNA-encoded antibody 

libraries (DEAL), 136
spread see Metastasis
systems medicine approach to diagnosis, 133

targeted therapies, 532–543
antibody-based, 535–540, 536t
defi nitions, 532
ideal target, 532–533, 533t
small molecule-based, 542–543t

Cancer cells
microarray experiments, 78
single cell analysis, DNA-encoded antibody 

libraries (DEAL), 136
The Cancer Genome Atlas (TCGA), 35, 171, 

528
glioblastoma, 525

Cancer Outlier Profi le Analysis (COPA), 76, 77
Candida albicans infection, dendritic cell gene 

expression response, 767
Candidate genes, 691

asthma, 593–594
chronic obstructive pulmonary disease, 604, 

605t, 608
cirrhosis, 646, 647t
colorectal cancer, 464–465
depression, 724–725
diabetes type 1, 676
diabetes type 2, 677
drug response biomarkers, 179–180
familial pulmonary fi brosis, 620–621
hypertension, 262

salt-sensitivity, 261
infectious disease susceptibility, 736, 748
infl ammatory bowel disease, 576
multiple sclerosis, 567
obesity, 665t, 666t, 666
Parkinson’s disease, 705
rheumatoid arthritis, 554
sarcoidosis, 617–618, 618t
sepsis, 762

Capecitabine, 469
CAPN10, diabetes type 2, 677
CAPSL, diabetes type 1, 680
CAPTURE, 309
Capture assay, hepatitis B DNA quantitation, 

778
Carbamazepine, 186

metabolism, 727
Carcinogenesis

colorectal cancer, 457–458
adenoma to carcinoma sequence, 458–

460, 459f
DNA methylation patterns, 61, 65

CARD8, Salmonella infection susceptibility, 
764

CARD11, 416
CARD15, 583
CARD15/NOD2

Crohn’s disease, 1045
phenotype relationship, 579
infl ammatory bowel disease association, 576, 

578
Cardiac calcium ion channel mutations, 359t
Cardiac ion channels

interacting protein gene mutations, long 
QT syndromes, 357, 357t

mutations
long QT syndrome ECG manifestation 

correlations, 359
Romano-Ward syndrome, 354–356
see also Cardiac potassium ion channel 

mutations; Cardiac sodium channel 
gene (SCN5A; LQT3) mutations

Cardiac potassium ion channel mutations, 357
Andersen-Tawil syndrome, 358
atrial fi brillation, 363–364
Jervell and Lange-Nielsen syndrome, 358
Romano-Ward syndrome, 354–355, 356
short QT interval syndrome, 361, 361t

Cardiac ryanodine receptor mutations see 
RyR2 mutations

Cardiac sodium channel gene (SCN5A; 
LQT3) mutations, 353, 355–356, 357, 
359, 360

atrial fi brillation, 363–364
Brugada syndrome, 360f, 361
gene-specifi c treatment approach, 360
Lev-Lenegre progressive cardiac conduction 

disease, 362
Romano-Ward syndrome, 353, 355–356
sinus node dysfunction/sick sinus syndrome, 

362–363
sudden infant death syndrome, 352

Cardiac transplantation, 326–334
heart failure, 326, 337
immunosuppressive regimens, 327, 328t
monitoring, 328, 329f
rejection, 205

acute antibody-mediated, 327
acute cellular, 327, 328, 329f
chronic (cardiac allograft vasculopathy), 

327
gene expression network studies, 331
gene expression signature test see 

AlloMap test
grading system, 328, 331t
molecular diagnosis in peripheral blood 

mononuclear cells (CARGO study), 
322, 330, 331, 332, 333

prevention, 327
Cardiac troponin I (TNNT13) mutations, 

hypertrophic cardiomyopathy, 338
Cardiac troponin T (TNNT2) mutations, 

hypertrophic cardiomyopathy, 338
Cardiomyocytes

apoptosis in heart failure, 316–317, 318f
β1-adrenergic receptor polymorphism, 319

Cardiomyopathy, microarray experiments, 78
Cardiovascular disease

chronic obstructive pulmonary disease 
comorbidity, 606

DNA methylation profi les, 65
genome-wide association studies, 279–280, 

280t
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Cardiovascular disease (Continued)
hypertension association, 264
metabolic profi ling, 103
obesity association, 663
risk factors see Cardiovascular risk
see also Atherosclerosis

Cardiovascular dynamics, 259–260, 261f
Cardiovascular risk, 303–304, 378

cholesterol plasma level, 271
PCSK9 nonsense/missense variant effects, 

294, 295f
chromosome 9p21 region of interest, 294, 

304
clinical decision support using electronic 

medical records, 145, 145f
environmental factors, 295
family history, 289
genetic factors, 289–290, 304
genetic lipid disorders, 269, 278–279

high-density lipoprotein cholesterol, 274, 
277

low-density lipoprotein cholesterol, 272, 
274, 278

triglycerides, 277
genetic lipid variants, 279
hypertension, 264
screening, 295–296

CARE study, 296
CARGO (Cardiac Allograft Rejection Gene 

Expression Observational) study, 322, 
328–330, 331, 332, 333

CARGO II, 334
Carmustine

oligodendroglioma, 524
tumor response prediction, 67

CART, obesity, 667
Case-control studies

bias, 177
computational analysis, 118
genome-wide association studies, 38–39, 

146
control genotyping databases, 38
population stratifi cation, 40
sample size, 39, 39t

infectious diseases susceptibility, 748
pharmacogenetics, 177–178, 179f
thrombosis, 379–380

Caspases, cardiomyocyte apoptosis, 316–317
Caspase-9, lung cancer, 434
Caspase inhibitors, cirrhosis, 648
Cataract, inherited forms, 715
CATCH22, 391
Catechol-O-methyltransferase see COMT
Catecholaminergic polymorphic ventricular 

tachycardia (CPVT), 350, 361–362
genetics, 361–362
management, 362

Cathepsin D
breast cancer, 533
glioblastoma, 527

Cathepsin L2, Oncotype Dx assay, 533
Ca(V)1.2 (L-type calcium channel) mutations, 

Timothy syndrome, 358
Caveolae, 356

cardiac ion channels, 357
Caveolin-3 (LQT9; CAV3), Romano-Ward 

syndrome, 356–357
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CBF (core binding factor), acute myeloid 

leukemia, 421
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leukemia, 421
CCL1 see MCP-1
CCL3L1 copy number variation, HIV/AIDS, 

53–54
CCL5 see RANTES
CCL16, hepatitis B infection, 651
CCND1 see Cyclin D1
CCND2, diffuse large B-cell lymphoma 

prognosis, 411
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human immunodefi ciency virus (HIV) 
resistance, 736

CCNY, 583
CCR5

HIV infection/AIDS, 53–54, 762
CD4, 54, 552, 569, 590
CD4 T cells, 571

asthma, 590
hepatitis C, 778, 779
response to infection, 745
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CD8 T cells
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hepatitis B, 778, 779
hepatitis C, 778, 779
sarcoidosis, 617

CD14, 747
host pathogen recognition/signaling, 764

Enterobacteriacea, 751
Staphylococcus aureus, 751
Streptococcus pneumoniae, 749, 750

promoter polymorphism
asthma, 593, 594

CD25, diabetes type 1, 680
CD36, host response to Staphylococcus aureus, 
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CD40 ligand, acute coronary syndromes risk 

stratifi cation, 309
CD81, hepatitis C receptor, 776, 778
CD133, 528
CD209, alcoholic liver disease, 652
CD226, diabetes type 1, 680
Cdc7, hepatic stellate cells, 651
CDH1 gene, 470
CDH1 DNA methylation

breast cancer, 67
lung cancer, 434

CDH3 DNA methylation, breast cancer, 67
CDH13 DNA methylation, lung cancer, 434

CDK6, 528
CDKAL1, 583

diabetes type 2, 678
CDKN2A

cardiovascular risk, 294, 304
DNA methylation

lung cancer, 434, 435
protate cancer, 67

CDKN2B
cardiovascular risk, 294, 304

cDNA microarrays, 73, 74f, 75
disease diagnosis/classifi cation, 78
multiple sclerosis immune response, 568
ovarian cancer, 495

cDNA-mediated anneling selection extension 
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CEACAM6, ovarian cancer, 495
CEBPA, acute myeloid leukemia, 423, 424
Cediranib (AZD2171), 528
Cell-based therapy

Parkinson’s disease, 706–707
Cellular components, Gene Ontology (GO), 121
Center for Devices and Radiological Health 

(CDRH), 225
Centers for Medicare and Medicaid Services 

(CMS)
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administration, 227

genomic medicine regulation, 223
Centre de recherche en droit public (CRDP), 
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Ceramides, targeted metabolic profi ling, 102
CETP

blood lipid genome-wide association 
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mutations, 276
variants, 276, 277, 279, 284

Cetuximab, 231, 539
CFTR (cystic fi brosis transmembrane 

conductance regulator) mutations, 27
diabetes type 1, 680

Char syndrome (TFAP2B), congenital heart 
disease, 393

CHD, 284, 297, 398–399
Chemical Genomics project, 210
Chemical individuality, 13
Chemokines

asthma, 590
host response to infection, 733
sarcoidosis, 617

Chemoprevention, lung cancer, 435
Chemotherapy-resistance, 441
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CHFR methylation status, tumor treatment 

response prediction, 67
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CHMP2B mutations, frontotemporal 

dementia, 691
Cholangiocarcinoma, 654
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Chromosomal aberrations
brain tumors, 524–525, 525t
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leukemia, 421–422
lymphoma, 407, 408t

diffuse large B-cell, 409
obesity, 664
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see also Cytogenetics
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hybridization, 34
Chromosome Abnormality Database, 48
Chromosomes

gene distribution, 14–16
human genome, 14t, 15f

variation, 14t
study methods, 14

Chronic bronchitis, 603
see also Chronic obstructive pulmonary 

disease
Chronic disease

pharmacogenetic research targets, 176
see also Complex disease

Chronic hepatitis C (CHC) patients, 783
Chronic lymphocytic leukemia, 401

alemtuzumab treatment, 538
fl udarabine treatment, 424–425
gene expression profi ling, 424
prognostic factors, 423

ZAP-70 marker, 424, 426–427
Chronic myelogenous leukemia

imatinib mesylate, 194, 534
diagnostic test of patient eligibility, 532
targeted therapy, 532, 537

Philadelphia chromosome, 421
treatment, 422

pharmacogenomics, 424
Chronic obstructive bronchiolitis, 603

see also Chronic obstructive pulmonary 
disease

Chronic obstructive pulmonary disease, 
603–613

clinical features, 610f
systemic, 606

corticosteroid resistance, 609, 611
diagnosis, 609–610, 610f
environmental factors, 603–604, 604t
exacerbations, 604, 606

treatment, 608
familial clustering, 604
genetic factors, 604, 604t, 605t
genomics, 603
infl amatory mechanisms, 606–609, 607f

asthma comparison, 607, 608t
macrophages, 606–608
mediators, 607
NK-κB activation, 607

management, 610
anti-smoking measures, 610
antibiotics, 610
bronchodilators, 610
corticosteroids, 611
lung volume reduction, 611
mucolytics, 611
oxygen, 611
pumonary rehabilitation, 611

natural history, 605f
pathophysiology, 604–606, 606f

emphysema, 605
pulmonary hypertension, 605
small airways, 605

pharmacogenomics, 611–612
prognosis, 610
proteomics, 608–609
screening, 609–610

CHST6, corneal disease, 713
Chylomicrons, 269

apolipoproteins, 270
metabolism, 270, 271

Cigarette smoke
carcinogenic components, 512
metabolising enzyme gene polymorphisms, 433

Cigarette smoking
asthma associations, 591
chronic obstructive pulmonary disease, 603, 

604, 605f, 607
colorectal cancer risk, 464, 465
familial interstitial pneumonia, 616
gene expression profi les, 608
head and neck cancer risk, 511, 512
incidence in USA, 433
infl ammatory bowel disease association, 576
lung cancer association, 432

at-risk smoker identifi cation, 434–435
genetic infl uences, 432, 433–435
preventive approaches, 441

nicotine addiction-related genes, 604
pancreatic cancer risk, 502

rheumatoid arthritis association, 555
Cigarette smoking cessation

chronic obstructive pulmonary disease 
management, 603

gene expression profi les, 434
Cilengitide, 528
Cirrhosis, 645–655

causes, 647t
diagnosis, 646
genetics, 646–648

candidate genes, 646, 647t
hepatitis B, 778, 779
hepatitis C, 778, 779
liver structural changes, 649, 650f
progression to hepatocellular carcinoma, 

645, 653
see also Liver disease

Cisplatin
head and neck cancer, 516
resistance, 516
tumor response prediction, 67

Citrate/isocitrate carrier (CIC), 102
CK19 expression, 507
Clarithromycin

Helicobacter pylori eradication, 628, 635
resistance, 636

pharmacogenomics, 636
Classifi cation of disease, 120–121, 120t
Claudin-1, hepatitis C receptor, 776, 778
Claudin-4, pancreatic mucinous cystic 

neoplasms, 505
Claudins, alcoholic liver disease, 652
Clinical decision support

electronic medical records, 144–145, 145f
Clinical event prediction, 203
Clinical Laboratory Improvement 

Amendments (CLIA), 195, 227
laboratory certifi cation, 223, 226, 227

Clinical laboratory services, 213
Clinical Molecular Genetics Society, genetic 

testing audits, 214
Clinical practice guidelines (CPGs), 144
Clinical trials

cost-effectiveness analysis, 234
diagnostic biomarkers/in vitro diagnostics, 

226
drug-diagnostic test combinations, 229
genome-based, 167–168

patient randomization, 164
genotype-guided, 182
results disclosure to participants, 212–213
surrogate endpoints, 300t

Clinical utility, building evidence for, 7
Clinical utility of genomic tests, 196
Clopidogrel, 297
Cluster analysis, 118, 737

disease sub-type discovery, 119
Cocaine, 383t
Cohort studies, 81

pharmacogenetics, 179
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COL8A2, corneal disease, 713
Collagens

hepatic stellate cell production, 645, 
649–650

Colorectal adenoma
adenoma to carcinoma sequence, 458–460, 

459f
chromosomal instability pathway, 458–

459, 460
mismatch repair pathway, 458, 459–460, 

467, 468
Colorectal cancer, 457–470

bevacizumab treatment, 539
biomarkers, 467
candidate genes, 464–465
causation, 457
chemoprevention, 468–470
chemotherapy, 467, 468

genetic targets, 469, 469t
response prediction, 469–470

copy number variation (CNVs), 460, 465
DNA methylation analysis, 65, 67, 458, 460
early diagnosis, 457
edrecolomab treatment, 541
epidemiology, 457
family history/familial forms, 215, 457, 461, 

464, 466
inherited monogenic syndromes, 457, 

461–464, 462t
gene expression profi les, 460, 468
genetic predisposition, 457, 458f, 460–465
genetic testing, 164, 465–467
genome-wide association studies, 465
genomic model, 458–460
infl ammatory bowel disease association

ulcerative colitis, 575, 579
K-ras mutations, 503, 505, 507
metastasis, 458
microsatellite instability, 459–460
pharmacogenomics, 468–470
plasma methylation markers, 67
prognosis, 467–468

molecular signatures, 137
risk assessment, 465–467, 466f
risk factors, 460–461, 464
screening, 457, 467
sporadic/isolated, 460, 464–465, 467

Colorectal polyps see Colorectal adenoma
CombiMatrix microarrays, 81
Common allele common disease hypothesis, 4

colorectal cancer, 464
Common host response to infection, 737–738, 

737f, 745f
Comparative genomic hybridization, 194, 410, 

460
colorectal cancer, 460
diffuse large B-cell lymphoma, 411
prostate cancer, 479
see also Array comparative genomic 

hybridization

Complement, 745
Complete atrioventricular canal, 391
Complex disease, 201, 202f

ancestral susceptibility alleles, 679
association studies, 27–28
clinical utility of genetic testing, 195–196
copy number variation (CNVs), 54
genome-wide association studies see 

Genome-wide association studies
genomic approaches, 164–165

data integration, 167, 167f
metabolomics, 97
pharmacogenetic research targets, 176
predictive factors, 203–205

healthcare approaches, 164–165
Computational analysis, 111–125

methods, 118–119
molecular signature classifi ers, 137

Computerized tomography (CT)
cirrhosis, 647
Crohn’s disease, 579–580
head and neck cancer, 513
heart failure, 318
lung cancer screening, 434, 435
pancreatic cancer screening, 502–503
pancreatic mucinous cystic neoplasms, 505
prostate cancer, 482
see also Positron emission tomography-

computerized tomography (PET-CT)
Computerized tomography (CT)-guided fi ne-

needle aspiration, pancreatic cancer 
diagnosis, 503

COMT (catechol-O-methyltransferase), 706, 
707

Confi dentiality of data
biobanking, 212
public health genomics, 249

Confoundings factors
case–control studies, 177

Congenital adrenal hyperplasia
11β-hydroxylase defi ciency, 263
CYP11B1 mutations, 263
hypertension, 263
newborn screening, 193

Congenital fi brosis of extraocular muscles type 
1 (CFEOM1), 713

Congenital heart disease, 390–398
cytogenetic/molecular genetic testing, 

396–397, 397t
family history, 397
gene discovery

conventional genetics, 390–394
large scale cDNA sequencing, 395
microarray transcriptional profi ling, 395, 

396f
mutagenesis and phenotypic screens, 

395–396
subtractive hybridization/differential 

display, 395
genetic counseling, 397–398

genetic factors, 390–391, 391t
cell signaling genes, 393
chromosomal aneuploidies, 394
extracellular matrix protein genes, 

393–394
transcription factor genes, 391–393

imaging investigations, 397
medical evaluation approach, 397–398, 398f
physical examination, 397
right ventricular heart failure, 314

Congenital night blindness, rhodopsin 
mutations, 716

Connective tissue growth factor (CTGF), 607
Connectivity Map, 83
Connexins, early onset cataract, 715
Consent

access to genetic information, 216
biobanking, 212
genetic testing, 196
investigatory in vitro diagnostic studies, 226
public health genomics, 249

Conserved sequences, 19
Consumer education, 196
Consumer health literacy, 152
Consumer online health information retrieval, 

152–155
Consumer revolution, 6
Control groups, 179, 750
COPD, 612
Copy number variation (CNVs), 17, 22, 43, 

46–55, 56, 194, 428, 708
biallelic, 46, 47f
causal genomic rearrangements, 46–47

non-allelic homologous recombination, 
46–47, 48, 48f

non-homologous end joining, 47–48, 49f
clinical cytogenetic diagnostics, 54, 55f
colorectal cancer, 460, 465
databases, 48, 50
defi nition, 46
detection, 50–52

array-based comparative genomic 
hybridization, 50, 51f

genotyping arrays, 42, 50–52
whole-genome sequence comparisons, 

52
disease susceptibility associations, 52–54
functional impact, 50
generation, during DNA replication, 56
genomic distribution, 48, 50, 51f
HuRef genome analysis, 15f
within individual and between identical 

twin pairs, 56
local regulatory variants, 20
multiallelic, 46, 47f
neurodevelopmental disorders, 48, 52, 54
new associations with, 56
pharmacogenetics, 54
prostate cancer biochemical relapse after 

surgery, 483



role, in schizophrenia and autism, 56
single nucleotide polymorphisms (SNPs) 

tagging, 54
Cornea, 712

genetic disorders, 713–715
Corneal dystrophies, 713, 714–715
Corneal keratitis, PAX6 mutation, 712
Cornelia de Lange syndrome, 713
Coronary artery disease, 289

genetic predisposition, 304
genome-wide association studies, 290–291, 

290t
heart failure, 313, 314, 315f
metabolic profi ling, 101
twin studies, 289
see also Acute coronary syndromes; 

Myocardial infarction
Corticosteroids

asthma management, 594–597
glucocorticoid resistance, 596
non-responsers, 596

cardiac transplantation rejection prevention, 
327

AlloMap test performance, 332, 333f
chronic obstructive pulmonary disease, 

607
unresponsiveness, 604, 608f

pharmacogenomics, 582, 597
ulcerative colitis, 579

Corticotrophin-releasing hormone, depression, 
724

Cortisol metabolism, depression, 724, 728
Cost-benefi t analysis, 234
Cost-consequence analysis, 234
Cost-effectiveness analysis, 233–235

genomic medicine, 233, 234t
genomic testing, 234t, 236

access/reimbursement issues, 214–215
pharmacogenetics, 224
resource allocation decision-making, 

234–235
Cost issues, in genomic testing, 7
Cost-minimization, 234
Cost-utility analysis, 234, 235
Costs

genetic/genomic tests, 196
third-party payments, 196

genomic medicine, 167
pharmacogenetic test clinical utility, 183

Cowden syndrome
breast cancer, 448
PTEN mutations, 464

Cox Proportional Hazards Model, 119
Coxsackie B3 virus, idiopathic dilated 

cardiomyopathy, 314
CpG islands, 60

DNA methylation, 60
colorectal cancer, 65, 458, 460
ovarian cancer, 496
see also DNA methylation

CpG methylation-sensitive restriction 
enzymes, 61

Creatine kinase cardiac-specifi c isoenzyme, 
acute coronary syndrome diagnosis, 
305

CREB (cAMP response element binding 
protein)

antidepressant effects, 727
CRH1/2, obesity, 665
Crohn’s disease, 56, 57, 198, 575

anti-Saccharomyces cerevisiae antibodies 
(ASCA), 578, 579, 580, 581

CARD15/NOD2, 576, 578
phenotype relationship, 579

classifi cation, 575, 579
clinical features, 579
colorectal cancer risk, 464
DEFB4 copy number variation, 52
diagnosis, 579–580
gene expression profi ling, 78
genetic factors, 576, 577t, 581

disease course prediction, 581
genome-wide association studies, 582
incidence, 581
infl iximab treatment, 581

pharmacogenomics, 582
peptic ulceration, 627
prognosis, 580–582
severity assessment, 579
surgical management, 580
twin studies, 576
see also Infl ammatory bowel disease

Crystallins, early onset cataract, 715
CSRP3 mutations (LIM protein), hypertrophic 

cardiomyopathy, 338
CTLA4

diabetes type 1, 676, 677
rheumatoid arthritis, 554, 555

CTSE, ovarian cancer, 495
Cutaneous diffuse large B-cell lymphoma, 411
CX3CR1 polymorphism, asthma, 594
CX37 polymorphism, coronary artery disease, 

290
CXCL1 (GROα), chronic obstructive 

pulmonary disease, 607
CXCL8, chronic obstructive pulmonary 

disease, 607
CXCL9 (MIG), hepatitis C infection, 651, 780
CXCL10 (IP10)

chronic obstructive pulmonary disease, 607
hepatitis C infection, 651, 780

CXCR4
pancreatic mucinous cystic neoplasms, 505

Cyclic citrullinated peptide antibodies, 
rheumatoid arthritis, 552, 556

Cyclin D1 (CCND1)
gene expression profi ling in cancer 

progression, 80
head and neck cancer, 511, 515, 517
mantle cell lymphoma, 415

Cyclin-dependent kinase inhibitor genes, 
cardiovascular risk, 294, 304

Cyclin-H, hepatitis B infection, 651
Cyclooxygenase pathway, ovarian cancer 

metastasis, 497
Cyclooxygenase-2 (Cox-2)

chronic obstructive pulmonary disease, 606
head and neck cancer, 517

Cyclophosphamide
pharmacogenomics, 542–543

Cyclosporine, 327
CYP gene variant387
CYP1A1

promoter methylation, prostate cancer, 
478

CYP1A2 polymorphism
antidepressants pharmacogenomics, 726
colorectal cancer risk, 465

CYP2C9, 186
CYP2C9 polymorphism

non-steroidal anti-infl ammatory agent 
(NSAID)-induced peptic ulcer disease, 
636

pharmacogenomics
antidepressants, 637
phenytoin, 181
warfarin response variability, 180, 183, 

385, 386t
CYP2C19 genetic variants, 187, 387
CYP2C19 genotype, 637
CYP2C19 polymorphism

AmpliChip test, 185, 195
pharmacogenomics

proton pump inhibitors, 628
CYP2D6 polymorphism

AmpliChip test, 185, 195
copy number variation (CNVs), 54
pharmacogenomics

antidepressants, 637
atomoxitine, 230
healthy volunteer studies, 179
paroxetine, 181

CYP3A4 polymorphism
pharmacogenomics

antidepressants, 637
clarithromycin, 628

CYP11B1 mutations, congenital adrenal 
hyperplasia, 263

CYPs (cytochrome P450 isoenzymes), 180
AmpliChip, 185, 195
antidepressants metabolism, 726, 726t
cigarette smoke metabolism, 433
pharmacogenomics

Helicobacter pylori eradication, 628
Cystatin A, head and neck cancer, 517
Cystic fi brosis, 27, 246

newborn screening, 193
pancreatic cancer association, 502
see also CFTR (cystic fi brosis transmembrane 

conductance regulator) mutations
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Cystic fi brosis transmembrane conductance 
regulator see CFTR mutations

Cytochrome oxidase subunit I, prostate cancer 
association, 478

Cytochrome P450s
see also CYPs

Cytogenetic assays
copy number variation (CNVs), 53f, 54

Cytogenetics
acute lymphoblastic leukemia, 421, 426
acute myeloid leukemia, 421, 426
leukemia, 421–422, 422t
lymphoma, 408t
see also Chromosomal aberrations

Cytokines
asthma, 590
infectious disease response, 733, 747

common host response, 737, 738
Gram-positive organisms, 748
polymorphisms, 764–765

rheumatoid arthritis proteomics, 557
sarcoidosis, 617

Cytomegalovirus
cardiac transplantation rejection AlloMap 

test performance, 332
susceptibility genes, 762

Cytotoxic T cells, 607f, 736

D
Dacarbazine

tumor response prediction, 67
Daclizumab, 538
Danon’s syndrome, hypertrophic 

cardiomyopathy, 339
DAPK1, promoter hypermethylation in lung 

cancer, 434
DASL 6000-gene expression profi ling method, 

656
Dasatinib, 545
Data access, 169

policy issues, 211–213
public health genomics, 249
see also Confi dentiality of data

Data acquisition, 167
Data analysis

microarray information, 76–77
mining, 76–77
supervised learning, 76, 77f
unsupervised learning, 76, 77f

Data repositories, 119–120
search problems, 120

Data standards, 167
Data-sharing policies, 213
Data-withholding practices, 213
Database of Genomic Variants, 48
Databases

access policies, 213
Daunorubicin pharmacogenomics, 426
DC-SIGN, host response to mycobacteria, 

754

DCC (deleted in colorectal carcinoma), 458, 
468

DDX5 (DEAD-box polypeptide-5)
cirrhosis, 343
hepatitis C proteomics, 780

De novo CNVs, 56
Death-associated protein kinase (DAP-kinase), 

head and neck cancer monitoring, 516
DECIPHER, 48, 55
Decision analysis, economic evaluation, 234
Decision trees, 118
Decitabine, 422
deCode Genetics Inc., 145, 212
deCODEme, 198
Deep brain stimulation, Parkinson’s disease, 

706
Deep vein thrombosis, 382
DEFB genes, 56
DEFB4, Crohn’s disease-related copy number 

variation, 52
Deleted in colorectal carcinoma (DCC), 458, 

468
Deletions, 14, 17

see also Insertion/deletion (in/del) 
polymorphism

Delta hepatitis see Hepatitis D
Delta-like protein 3 (DLL3), astrocytomas, 526
Dementia, 687

antemortem diagnosis, 693, 694
causes, 687, 688f
clinical approach, 694
genetic testing, 694
incidence, 688, 688f
primary, 687, 689–694

pathophysiology, 688
secondary, 687

Dendritic cells
innate immune response, 745, 763
pathogen-specifi c responses, 733, 738
response to infection, gene expression 

profi les, 737, 767
Depression, 722–728

anxiety comorbidity, 723
causes, 723, 723f
clinical course, 722
diagnosis, 722–723
environmental factors, 724

5-HTT gene interactions, 725
gene expression studies, 727
genetic factors, 724

association studies, 724–725, 725t
emotional regulation/stress response, 

725–726
linkage analysis, 724

hypothalamus-pituitary-adrenal axis 
involvement, 724

neurobiology, 723–724, 723f
signal transduction, 723
stress response system, 724

pharmacogenomics, 726–727

cytochrome P450 polymorphisms, 726–
727, 726t

prevalence, 723
proteomics, 727
response to antidepressants, 727, 727t

DIA1, 56
Diabetes, 156, 191, 676–681

epidemiology, 676
family history, 678
pancreatic cancer risk, 502

Diabetes Heart Study, 290
Diabetes type 1, 676

applications of genetic research, 681
candidate gene studies, 676
gene expression profi le comparison with 

other autoimmune disorders, 569
gene-environmental factor interactions, 681
genetic risk, 676, 677, 681
genome-wide association studies, 677, 

680–681
linkage studies, 676–677
permanent neonatal diabetes, 681
prospective health care, 205

Diabetes type 2, 27, 676
applications of genetic research, 682
candidate gene studies, 677
cardiovascular risk, chromosome 9p21 

region of interest, 294
epidemiology, 676
future genetic research, 679–680
gene expression data analysis, 76
genetic risk, 677, 678
genome-wide association studies, 677–680, 

678t
blood lipids, 279, 280t

obesity association, 662, 676, 678
Diagnostic applications, 112–113, 164–165
Diagnostic markers see Biomarkers
Diagnostic tests

clinical utility, 196
clinical validation, 196, 246
costs, 196

third-party reimbursement, 196
value-based reimbursement, 239–240

economic incentives for development, 
237–239

laboratory standards, 194–195
performance

predictive values, 182
quality control, 182
sensitivity, 182
specifi city, 182

pharmacogenomics, 182–183
drug combinations development, 228–

230, 238
regulatory issues, 229

policy issues, 211
pre-analytical variation effects, 182
public health genomics, 248, 249
regulatory issues, 223–224, 225, 238



results communication, 196
targeted therapies, 532
translational challenges, 211
see also In vitro diagnostics

Dietary factors
cardiovascular risk, 295
colorectal cancer, 464, 465

preventive strategies, 468
head and neck cancer, 512
obesity, 662
pancreatic cancer, 502
see also Nutrition

Differential display, 73
Differential hybridization, 73
Differential methylation hybridization (DMH), 

62
Diffuse large B-cell lymphoma, 410–411

activated B-cell subtype, 410
chromosomal aberrations, 410
diagnosis, 410
gene expression profi les

prognostic applications, 78, 80, 410–411
skin locations, 411
subtypes discrimination, 114, 114f, 167, 

411
therapeutic target identifi cation, 411

germinal center B-cell subtype, 410
histogenesis, 410
International Prognostic Index (IPI), 410

Diffuse Lewy body dementia, 687, 692–693, 700
Lewy bodies (α-synuclein aggregates), 687, 

692, 693f
Diffuse parenchymal lung disease, 619–620

classifi cation, 616
genetic factors, 617–618

inbred mouse studies, 617
surfactant protein C mutations, 619–620

genomics, 620
microarray studies, 620–623

pathogenesis, 620
sarcoidosis see Sarcoidosis
surfactant proteins, 619–620
see also Familial interstitial pneumonia

DiGeorge syndrome, 395, 396
congenital heart disease, 391–392

Dihydropyrimidine dehydrogenase, 
pharmacogenomics, 469

5-fl uorouracil, 469, 516
Dilated cardiomyopathy, 313, 337, 341

alpha B-crystallin, 715
Diltiazem, hypertrophic cardiomyopathy, 343
Dipeptidylpeptidase 10 see DPP10
Direct-to-consumer (DTC) genetic tests, 187
Direct-to-consumer genetic test marketing, 

214
BRCA1 testing, 213
policy issues, 214

Discrimination, genetic
policy issues, 209
public health genomics, 245

Disease, 4
Disease mechanisms, 613
Disease sub-type discovery, bioinformatics, 

118–119
Disease tracking, 203, 205

predictive models, 203
Disease-modifying anti-rheumatic drugs 

(DMARDS)
rheumatoid arthritis, 558

Disopyramide, hypertrophic cardiomyopathy, 
343

Diuretics, pharmacogenomics, 265
DJ-1 (PARK7), Parkinson’s disease, 704
DLBCL, RT-PCR gene expression profi ling, 

82
DLG5, infl ammatory bowel disease, 578

corticosteroid pharmacogenomics, 582
DNA methylation, 20, 68–69, 62f, 63–171, 729

assessment technology, 61–65, 61t
clinical applications, 65
methylation “content”/”pattern”/”level”, 

62, 63f
methylation-sensitive restriction enzymes, 

61, 62
methylation-specifi c antibodies/proteins, 

61–62
methylation-specifi c bisulfi te 

modifi cation, 61, 62, 63, 64
screening sample analysis, 64–65
tissue sample anaylsis, 62–64

chromatin structure correlations, 60
colorectal cancer, 458, 460

screening/surveillance, 467
disease

associations, 65, 66t
early detection/diagnosis, 65, 67
prognosis, 67
treatment response prediction, 67–68

genome-wide epigenetic analysis, 62, 63t
head and neck cancer monitoring, 516
lung cancer early diagnosis, 434–435
marker discovery methods, 62
ovarian cancer, 493
pancreatic cancer screening, 502–503
pattern, 62
prostate cancer, 478

DNA methyltransferase 1 (DNMT1), 60
DNA methyltransferase 3b (DNMT3b), 60

gene mutations, 60
DNA methyltransferases (DNMTs), 60

de novo activities, 60
maintenance activities, 60

DNA repair enzyme genes
defects

brain tumors, 523
head and neck cancer, 512
ovarian cancer, 494, 495

methylation status, 68
polymorphisms

pancreatic cancer diagnosis, 503–504

DNA sequencing, 28–34
by synthesis, 33–34
congenital heart disease gene discovery, 

395
copy number variation (CNVs) detection, 

50–52
electronic medical records, 143–144
future goals, 35
hybridization on microarrays, 34
methodologies, 28, 30
PCR amplicon re-sequencing, 31–33
polymorphisms detection, 28
whole genome shotgun method see Whole 

genome shotgun sequencing
see also Comparative sequence analysis; 

Genome sequencing;  Viral sequence 
determination

DNA-encoded antibody libraries (DEAL), 
blood biomarker analysis, 136

DNMT3B mutations, ICF disorder, 60
Docetaxel, prostate cancer, 484–485
Domains, 16
Dopa decarboxylase, 707
Dopamine metabolism

Parkinson’s disease therapeutics, 706, 706f
pharmacogenomics, 707

Down syndrome see Trisomy 21
Doxorubicin, pharmacogenomics, 450
DPC4/SMAD4, pancreatic cancer, 501
DPP10 (dipeptidylpeptidase 10)

asthma, 593
chronic obstructive pulmonary disease, 607

DRD2 see Dopamine-2 receptor
DRD4 see Dopamine-4 receptor
Drug development, 210, 227–228

economics, 235, 238
incentives, 237–239

monoclonal antibody anti-cancer agents, 
535

pharmacogenomics, 224, 238
applications, 183
drug-diagnostic test combinations, 228–

229, 238
regulatory issues, 224, 227–230, 238
Voluntary Genomic Data Submission, 228

Drug discovery
gene expression profi ling, 87
genomics applications, 169–170

target identifi cation, 168
pharmacogenomics, 168
process, 168

Drug pricing, 238
Drug response biomarkers, 168
candidate gene approaches, 179–180

whole-genome association studies, 179–180
Drug response pathways, pharmacogenetic 

studies, 181
Drug therapy

bioinformatics applications, 114–115
anti-cancer agent susceptibility, 114–115
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Drug therapy (Continued)
cancer cell line drug responses, 115–116, 

116f
side-effects prediction, 115

Drug-eluting intracoronary stents, 297
Drug-induced long QT syndromes, 352
Drug-metabolizing enzymes, 235

cigarette smoke metabolism, 433
genetic tests

clinical acceptance, 228
drug labels, 224, 227
regulatory issues, 224, 225

pharmacogenetic studies, 180
DTC genomics, 156
Duane’s syndrome, SALL4 mutations, 713
Duodenal ulcer, 627, 627f

susceptibility, 631, 636
see also Peptic ulcer disease

Duplications, 14
segmental, 17

Dyskeratosis congenital, pulmonary fi brosis, 620

E
E2A-PBX1, acute lymphoblastic leukemia, 

424
E40K variant, 283
E-cadherin, 496
E-selectin, 293

chronic obstructive pulmonary disease, 607
Early disease detection, 164–165

colorectal cancer, 457
lung cancer, 434–435
population genomic screening, 193

Echocardiography
cardiac allograft rejection monitoring, 328
heart failure, 318
hypertrophic cardiomyopathy, 337, 341

screening, 342f, 343
septal morphology, 337, 337t, 338f, 341

Economic evaluation, 233–235
genomic medicine, 233, 235–239
genomic technologies, 235–237

breast cancer, 236–237
cost-effectiveness framework, 234t, 236
disease risk testing, 235
pharmacogenomics, 235

methodological approaches, 234
Edrecolomab, 539
Education

genomic literacy, 197–198
health professionals, 196

competencies, 209
policy issues, 214, 215

EGFR, 528
see also Epidermal growth factor receptor

EGFR pharmacogenomic testing, 242
Egr-1, chronic obstructive pulmonary disease, 

608
Eicosanoids, targeted metabolic profi ling, 102
ELAC2, prostate cancer, 477

Elastin
hepatic stellate cell production, 650

ELASTIN (Williams syndrome), congenital 
heart disease, 394

Electrocardiogram
acute coronary syndrome diagnosis, 305
Brugada syndrome, 360, 361, 361f
catecholaminergic polymorphic ventricular 

tachycardia (CPVT), 361–362
heart failure, 317
hypertrophic cardiomyopathy screening, 343
Lev-Lenegre progressive cardiac conduction 

disease, 363f
long QT syndromes, 350, 351f, 353f

cardiac ion channel mutation 
correlations, 359

Electron transfer dissociation (ETD), 95
Electronic medical records, 142–149

biorespositories, 145, 146
clinical decision support, 144–145, 145f
data sources, 143
family history, 144
genomic data integration, 143–144, 144t
genomic medicine, 143–144, 144t
genomic research applications, 145–149

data extraction, 147–148
genome-wide association studies, 

145–146
patient information, 143

Electrophoresis see Gel electrophoresis, two-
dimensional; Polyacrylamide gel 
electrophoresis, two-dimensional 
(2D-PAGE)

Electrospray ionization-tandem mass 
spectrometry, metabolic profi ling, 98, 
100

ELISA, 135
ELMOD2, familial interstitial pneumonia, 623
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Endoscopic ultrasound-guided fi ne-needle 

aspiration
pancreatic cancer diagnosis, 503–505
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Endothelin, antihypertensive agent 
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targeted therapy, 539
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False discovery rate, 118
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pharmacogenetic tests, 182
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pharmacogenetics
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Familial adenomatous polyposis, 1, 457, 461, 463
allelic variants, 461
APC gene mutations, 461
APC mutation-negative, 461, 463
clinical features, 461
colorectal cancer
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two-dimensional (2D-PAGE)
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pathogen signatures, 766–767, 768f
leukemias, 423–424
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thrombotic event prediction with 
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Environment–gene interactions
Gene polymorphism studies, 612
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see also Genomic medicine
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economic evaluation, 235
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169t
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defi nition, 2
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Index ■■  803



804 ■■  Index

Genome assembler software, 30
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systems medicine applications, 135
whole genome shotgun method see Whole 

genome shotgun sequencing
see also DNA sequencing
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study focus, 38–39
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raw data quality control, 42–43
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defi nition, 2
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translation into medical practice see 
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see also Imatinib mesylate
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glioma prognosis, 526
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alkylating agent chemoresistance, 527
chromosomal alterations, 524–525
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Gln279Arg, 612
Global Registry of Acute Coronary Events 

(GRACE), 303–304
Glomerulonephritis, Fcgr3 copy number 

variation, 52
Glucocorticoid resistant asthma, 596
Glucocorticoid-remediable aldosteronism, 
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HapMap project, 27, 38, 180, 181, 205, 209, 
211, 252, 706, 735

coronary artery disease studies, 290
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locoregional recurrence prediction, 

516–517
lymph node metastasis, 513

genomic instability/DNA repair defects, 512
human papilloma virus association, 511, 512
metabolomics, 517
monitoring, 516–517
pharmacogenomics, 516
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hypertrophic cardiomyopathy, 337
monitoring, 319
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HeavyMethyl (HM) assays, methylation 
assessment in disease screening samples, 65
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Hemostasis, 374–387

circulating cellular/protein infl uences, 
378–379

coagulation protein genotype–phenotype 
relationships, 376–377

gene–environment interactions, 377–378
instrumentation research, 384
personalized approach, 380
pharmacogenomics, 384–386
twin studies, 376
vascular bed-specifi c, 377–378

Hepatic lipase (LIPC)
defi ciency, 277
lipoprotein metabolism, 270, 271

genome-wide associations, 279
obesity association, 668, 671

Hepatic steatosis, metabolic profi ling, 101
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Hepatic stellate cells, 645
activation, 649–650
genomic studies, 651
liver fi brosis, 649–651
proteomics, 653

Hepatitis A, 774
diagnosis, 777
predisposition, 776
transmission, 776
virology, 774, 775f

Hepatitis B, 774
adaptive immune response/antibody 

production, 779
chronic persistent infection, 774
diagnosis, 777

DNA quantitation, 778
serology, 777, 778t

environmental factors, 776
gene expression profi les, 651
genetic susceptibility, 776–777, 777t

HLA Class II genes, 736
genome, 775, 775f
genomic studies, 779t
genotypes A-H, 775
hepatitis D (delta hepatitis) co-infection, 

776
hepatocellular carcinoma, 653, 654–655, 

774, 779t
hepatocyte entry, 778
HIV co-infection, 776
innate immune response, 778, 779
pathogenesis, 776, 778, 779
proteomics, 654, 779–780
screening, 777, 778
transmission, 776

vertical, 776
treatment, 781

interferon, 782
nucleoside analogs, 781
pharmacogenomics, 782

virology, 775, 775f
Hepatitis C, 774

chronic persistent infection, 774, 778
diagnosis, 777

RNA quantitation, 778
serology, 777

environmental factors, 776
gene expression profi les, 651, 780
genetic susceptibility, 776–777, 777t

HLA Class II genes, 736
genome, 775–776, 775f
genomic studies, 779t
genotypes/subtypes, 775, 780
hepatocellular carcinoma, 653, 774, 779t
hepatocyte entry, 778
HIV co-infection, 776
immune response evasion, 780
innate immune response, 778, 780
liver fi brosis, 780

assessment, 778

susceptibility genes, 646
pathogenesis, 776
prognosis, 778
proteomics, 654, 655, 780
receptors, 776
recurrence in liver transplants, 780
screening, 777, 778
transmission, 776–777

vertical, 776
treatment, 782

interferon, 781
resistance, 781

virology, 775–776, 775f
Hepatitis D (delta hepatitis)

diagnosis, 777
hepatitis B co-infection, 776
virology, 775f, 776

Hepatitis E, 774
diagnosis, 777
genome, 776
predisposition, 776
transmission, 776
virology, 775f, 776

Hepatobiliary tumors, hereditary nonpolyposis 
colorectal cancer, 463

Hepatocellular carcinoma, 774
cirrhosis relationship, 645, 653
gene expression profi les, 653
hepatitis B, 654, 778
hepatitis C, 778, 780

proteomics, 780
proteomics, 654, 655

Hepatocytes, 645
hepatitis B/C virus entry, 776, 778
hepatitis virus infection, 774
interferon-α response, functional genomic 

studies, 782
proteomics, 653

Hepsin, gene expression in prostate cancer, 483
HER2 testing, 545
HER2-NEU marker, 455
HER2-positive tumors, 455
HER-2/neu

breast cancer see Breast cancer, HER2/neu 
positive

head and neck cancer, 515
monoclonal antibody treatment see 

Trastuzumab
Oncotype Dx assay, 533
ovarian cancer, 495
pancreatic cancer, 501

Her3, head and neck cancer, 515
HERA, 446
Herceptin, 455

see also Trastuzumab
Hereditary hemochromatosis (HFE)

population screening, 193, 249
Hereditary nonpolyposis colorectal cancer 

(Lynch syndrome), 457, 463
clinical variants, 463

colorectal cancer screening, 467
gene mutations, 463
genetic testing, 164, 465, 466–467

indications, 463
non-colorectal malignancy risk, 463
pancreatic cancer risk, 502

Heredity, defi nition, 2
HERG/KCNH2 (LQT2), 353, 355, 359

short QT interval syndrome, 361
sudden infant death syndrome, 352

Hermansky-Pudlak syndrome, pulmonary 
fi brosis, 616, 617, 620

Heterocyclic amine-metabolising enzyme 
polymorphisms, colorectal cancer risk, 
464–465

Heterotaxy (ZIC3), congenital heart disease, 
392–393

Heterozygosity, 18
HuRef genome analysis, 18

HFE mutations see Hereditary 
hemochromatosis

Hierarchical clustering, 118
B-cell mediated kidney transplant rejection, 

116
disease sub-type discovery, 119

diffuse large B-cell lymphoma, 114
familial pulmonary fi brosis candidate genes, 

620–622
gene expression profi les

data analysis, 76
heart failure, 319
lung cancer, 434

High-density lipoprotein cholesterol, 271
cardiovascular risk, 271, 278–279
genetic disorders

elevation, 276
reduction, 274, 276

genetic infl uences, 271
common variants, 275t, 276–277

novel therapeutic targets, 282
screening, 272

High-density lipoproteins (HDL), 269
apolipoproteins, 269
metabolism, 270–271, 271f
remodeling, 271

High-throughput techniques, 111
DNA methylation patterns, lung cancer 

early diagnosis, 434, 435
gene discovery

colorectal cancer, 460
Histone deacetylase 2 (HDAC2)

chronic obstructive pulmonary disease, 608
Histone deacetylase inhibitors, 422
Histones, 19, 20

Acetylation
chronic obstructive pulmonary disease, 

608
prostate cancer, 478

methylation
prostate cancer, 478



N-terminal modifi cations
ovarian cancer, 496

Histopathology, bioinformatics applications, 
116

HIV disease, 739
HLA alleles

diabetes type 1, 676, 677, 680, 681
infectious disease susceptibility, 736

hepatitis B, 776
hepatitis C, 776
HIV infection/AIDS, 762
mycobacterial disease, 753, 754

pharmacogenomics, 182
sarcoidosis, 617

HLA-B*5701, 172, 242
HLA-B*1502, 172, 186
HLA Class I genes

HIV infection
susceptibility, 736

malaria susceptibility, 736
tuberculosis susceptibility, 736

HLA Class II genes
hepatitis B persistence, 776
hepatitis B/C susceptibility, 736
leprosy susceptibility, 736
typhoid fever susceptibility, 736

HLA-A1, sarcoidosis, 617
HLA-B*5701, abacavir hypersensitivity 

reactions, 182
HLA-B8

sarcoidosis, 617
HLA-B13, sarcoidosis, 617
HLA-B22, sarcoidosis, 617
HLA-B27

spondyloarthropathies
infl ammatory bowel disease association, 581

HLA-B35
arthropathy, infl ammatory bowel disease 

association, 581
HLA-B44, arthropathy, infl ammatory bowel 

disease association, 581
HLA-CRB1*14, multiple sclerosis association, 

566
HLA-CRB1*17, multiple sclerosis association, 

566
HLA-DP, 552
HLA-DQ, 552
HLA-DQA1, diabetes type 1, 676
HLA-DQB1

asthma, 593
diabetes type 1, 676
sarcoidosis, 617

HLA-DQB1*0301, hepatitis C, 776
HLA-DR, 289, 552
HLA-DR3, sarcoidosis, 617
HLA-DR15, sarcoidosis, 617
HLA-DR16, sarcoidosis, 617
HLA-DR17, sarcoidosis, 617
HLA-DRB1

asthma, 593, 594

diabetes type 1, 676
rheumatoid arthritis, 551, 552–554, 556, 557

shared epitope alleles, 553, 553t, 554
sarcoidosis, 617

HLA-DRB1*0103, ulcerative colitis, 580
HLA-DRB1*03, Crohn’s disease, 581
HLA-DRB1*1302, hepatitis B clearance, 776
HLA-DRB1*1502, ulcerative colitis, 580
HLA-DRw52, sarcoidosis, 617
HLA-G, asthma, 593
HMG-CoA lyase defect, newborn screening, 

101–102
HMG-CoA reductase inhibitors see Statins
HMGCR, low-density lipoprotein cholesterol 

interindividual variation, 274
HMP database, 100
HNF4A, diabetes type 2, 677
HNPCC, 1
HNSCC, 518
Hodgkin lymphoma, 401, 412–413

gene expression profi les, 412, 413
prognosis, 413
treatment, 534

Holt-Oram syndrome (TBX5), congenital 
heart disease, 391, 396

HopQ, Helicobacter pylori virulence factors, 633
HopZ, Helicobacter pylori adhesins, 633
Host polymorphisms, 636–637
HpA, Helicobacter pylori adhesins, 633
HPV-positive cancers, 518
Hsp27, hepatitis C proteomics, 780
Hsp70

head and neck cancer, 517
polymorphism, 289

Hsp90
androgen receptor regulatory activity, 

485–486
head and neck cancer, 517
prostate cancer, 486

Hsp90 inhibitors
prostate cancer treatment, 83

HSPA1A, Mycobacterium leprae susceptibility, 
753

HTR2C, obesity, 671
huJ-591 (anti-PSMAEXT), 539–540, 540f
Human Epigenome Project, 62, 63t
Human genome, 14–16

conserved regions, 16
expression, 19
genes, 14–16
“reference sequence”, 16, 52
sequencing, 27
variation, 17–19

HuRef genome analysis, 18
Human Genome Epidemiology Network 

(HuGE Net), 248
Human immunodefi ciency virus (HIV) see 

Human immunodefi ciency virus-1 
(HIV-1); Human immunodefi ciency 
virus-2 (HIV-2); Human 

immunodefi ciency virus (HIV) 
infection/AIDS

Human Genome Project, 1
Human immunodefi ciency virus-1 (HIV-1)

drug resistance mutations, 224
Human immunodefi ciency virus (HIV) 

infection/AIDS
abacavir hypersensitivity reaction

HLA-B*5701 genotyoing, 182
CCL3L1 copy number variation, 53–54
hepatitis B/C co-infection, 776
lymphomas association, 401
secondary dementia, 687
susceptibility genetics, 762

CCR2 mutations, 736
CCR5 deletion-related resistance, 735, 

736
HLA Class I gene, 736

treatment
viral resistance mutations in selection, 

224
Human papillomavirus

head and neck cancer, 511, 512
Human parology database, 48
Human T-cell leukemia virus-1 (HTLV1), 

adult T-cell leukemia/lymphoma, 401
Human Tissue Bill, 249
Human tissues use, public health genomics, 

249
HumGen database, 248
Huntington’s disease, 246
HuRef genome, 5, 6

analysis of variation, 18
Hyaluronan, hepatic stellate cell production, 

650
Hydralazine, pharmacogenomics, 319
5-Hydroxytryptamine transporter (5-HTT; 

SLC6A4)
antidepressant drug response, 723, 727t

Hyperforin metabolism, 727
Hyperlipoproteinemia type III (familial 

dysbetalipoproteinemia), 277, 278, 279
genetic testing, 282–283

Hypertension, 19, 259–266
age associations, 260, 262t
cardiovascular risk, 264
diagnosis, 262–263
end-organ damage, 260, 263
environment–gene interactions, 259, 260, 

260f
epidemiology, 259
essential (common form), 259, 260
heart failure, 313
monogenic forms, 259, 263
nephrosclerosis, 264
obesity association, 663
pharmacogenomics, 264–266
predisposition, 260–262

candidate gene approach, 262
salt-sensitivity, 260–261
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Hypertension, (Continued)
primary/secondary, 262
prognosis, 263–264
stroke, 263
vascular-occlusive dementia, 687

Hypertrophic cardiomyopathy, 313, 336–345
calcium-handling, 338–339
clinical presentation, 337–338

septal morphology, 337, 337t, 338f, 341
defi nition, 336
diagnostic imaging, 337–338
dual-chamber pacing, 345
family screening, 342–343, 342f
follow-up, 343
genetic couseling/echocardiography-guided 

genetic testing, 341
genotype–phenotype relationships, 339–341
genotypic/phenotypic heterogeneity, 336, 

337
implantable cardiverter defi brillators, 

344–345
indications, 344f

Maze procedure, 345
metabolic/syndromal, 339, 341t

Noonan syndrome (PTPM11), 393
molecular genetics, 338–342, 339t, 340f
MYH7 (beta myosin heavy chain) 

mutations, 313, 336, 338, 340, 341
nomenclature, 336–337
pharmacogenomics, 343
pharmacological therapy, 343
sarcomeric/myofi lament, 337, 338, 340f
septal ablation, 344
septal myectomy surgery, 344
sports participation, 343
transcriptomics, 341–342
Z-disk, 336, 338–339, 341

Hypothalamus, body weight regulation, 662
Hypothalamus-pituitary-adrenal axis, 

depression, 724, 727, 728

I
I-ELCAP study, 434
131I-tositumomab, 538

non-Hodgkin lymphoma treatment, 538
IBD1, 576
IBD1-IBD9, 576
IBD2, 576
IBD3, 576
IBD5, 576, 578

infl iximab pharmacogenomics, 582
IBD6, 576, 578
IBDCHip, 581–582
ICAM-1 (intercelluler cell adhesion molecule 

1)
chronic obstructive pulmonary disease, 607
thrombosis, 379

ICD see International Classifi cation of Diseases 
(ICD)

iceA, Helicobacter pylori virulence factors, 634

Iceland
biobanking policy issues, 212

ICF disorder, DNMT3B mutations, 60
Idiopathic dilated cardiomyopathy, 313

biomarkers from serial samples, 320
infectious etiologies, 314

Idiopathic generalized eplilepsy, 57
Idiopathic hypertrophic subaortic stenosis, 337
Idiopathic interstitial pneumonia, 616
Idiopathic pulmonary fi brosis

surfactant protein A variants, 619
surfactant protein B variants, 619

Idiopathic ST-elevation, 361
see also Brugada syndrome

IFIH1, diabetes type 1, 680
IFIH1 gene, 681
IgE receptor expression, multiple sclerosis 

lesions, 568
IGF-1 (insulin-like growth factor)

colorectal cancer, 465
obesity, 666, 668

IGF-2
genomic imprinting, 61
head and neck cancer, 517
ovarian cancer, 496

IGF-binding protein 1, sepsis, 767
IGF-binding protein 3

colorectal cancer, 465
ovarian cancer, 496

IκB
host response to Streptococcus pneumoniae, 

750
IκB kinase inhibitors, diffuse large B-cell 

lymphoma, 411
IKBL�738, ulcerative colitis severity marker, 

580
IKZF1 deletions, 428
IKZF1 gene, 428
IL1RL1, 597
IL-2 receptor (IL-2Ra) gene, 571
IL-7 receptor (IL-7Ra), 571
IL10, 583
IL12B, 583
IL17RB, 597
IL18R1, 597
IL18RAP, 597
IL23R, 198, 583
Illumina

control genotyping databases, 38
Illumina arrays, 40–41, 40f, 41f

BeadChip, 81
comparative aspects, 42
copy number variation (CNVs) detection, 

42, 50–52
diabetes type 1, 680
probe length, 42
whole genome amplifi ed DNA, 43

Illumina Human1M-Duo BeadChip, 43
Illumina HumanHap300 array, 40, 42
Illumina HumanHap550 BeadChip, 42

Illumina Infi nium assay, 40–41, 40f, 41f
BeadChip, 40, 40f, 42
processing steps, 41
type I, 40
type II, 40, 41

Illumina-Solexa GA (Genome Analyzer), 34, 
35

IMAGE (Invasive Monitoring Attenuation 
through Gene Expression), 334

Imaging investigations
congenital heart disease, 397
head and neck cancer, 513
prostate cancer, 482–483

IMAGE study, 334
Imatinib mesylate, 194, 224, 229

BCR-ABL tyrosine kinase inhibition, 540
chronic myelogenous leukemia, 532, 534, 

540
diagnostic test of patient eligibility, 532
gastrointestinal stromal tumors, 542
pharmacogenomics, 424

prostate cancer trials, 485
Immune response

follicular lymphoma gene signatures, 414
multiple sclerosis high-throughput analysis, 

569–570
Immunophenotyping, lymphoma, 409
Immunosuppression

head and neck cancer risk, 511
lymphoma risk, 401

Implantable cardioverter defi brillators
hypertrophic cardiomyopathy, 344–345
long QT syndromes, 359, 360
short QT interval syndrome, 361

In utero exposure see Intrauterine 
environmental exposure

In vitro diagnostic multivariate index assay 
(IVDMIA), 334

In vitro diagnostics, 223
clinical studies, 226
defi nition, 225
investigational device exemptions (IDEs), 226
multivariate index assays (IVDMIAs), 226, 

227
Premarket Approval Application, 225–226
Premarket Notifi cation Submission/510(k) 

application, 225, 226
regulatory issues, 225–226, 225f

regulation as medical devices, 225
risk-related classifi cation, 225–226

In vivo videomicroscopy, head and neck cancer 
screening, 513

Inborn errors of metabolism
neonatal hyperbilirubinemia, 653

Incidental genomic fi ndings, 155
Incremental cost-effectiveness ratio (ICER), 234
Infectious agents, rheumatoid arthritis, 556
Infectious disease, 733

adaptive immune response, 733, 745
cytokine polymorphisms, 764–765



gene expression profi ling, 736–739
common host response, 737–738, 737f, 

745f
outcome of infection, 738–739
pathogen-specifi c responses, 738
progression signatures, 767

host genetic susceptibility, 734–736, 735t, 
749t

candidate gene studies, 736
Gram-negative organisms, 751–753
Gram-positive organisms, 748–751
mouse models, 734
mycobacteria, 753–754

host susceptibility study methods, 748
innate immune response, 733, 745, 763, 766
pathogen recognition/signaling, 763–764, 

766
CD14, 764
intracellular signaling molecules, 764
mannose-binding lectin, 764
NOD-like receptors, 763–764
RIG-like receptors, 763–764
Toll-like receptors (TLRs), 733, 734, 763

see also Bacterial infections; Sepsis; Viral 
infections

INFGR1 (interferon-gamma receptor type 1), 
Leishmania infection susceptibility, 736

Infl ammatory bowel disease (IBD), 191, 575, 
583

anti-microbial antibodies, 578, 580
biomarkers, 578, 580
diagnosis, 579–580
environmental factors, 576
epidemiology, 575
genetic factors, 576, 578

extra-intestinal manifestations, 581–582
genome-wide association studies, 578
intestinal barrier dysfunction, 578
lymphoma association, 580
pharmacogenomics, 582
prognosis, 580–582
screening, 578
treatment

infl iximab, 582
see also Crohn’s disease; Ulcerative colitis

Infl iximab
infl ammatory bowel disease, 582
pharmacogenomics, 582
rheumatoid arthritis, 558

Infl uenza
host gene expression in response to 

infection, 767
Ingenuity, 94
Inhibitors of apoptosis (IAP genes), 

autoimmune hepatitis, 652
Inkjet printing

oligonucleotide microarray fabrication, 75
Innate immune response, 763

hepatitis B, 779
hepatitis C, 779

infectious disease, 733, 745, 763, 766
Toll-like receptor (TLR) signaling, 763

INS (insulin gene)
diabetes type 1, 676, 680, 681
obesity, 666

INS-1 cells, glucose-stimulated insulin 
secretion, 102–103

Insertion/deletion (in/del) polymorphism, 17
complex disease association studies, 27
HuRef genome analysis, 18
resequencing process, 33
whole genome shotgun sequencing, 31, 31f

Insertions, 17
see also Insertion/deletion (in/del) 

polymorphism
InSNP, 33
Institute for Genome Sciences & Policy, 172
Institute of Medicine Committee for the 

Study of the Future of Public Health, 
248

Insulin gene see INS
Insulin receptor substrate 1/2 (IRS-1/2), 

obesity, 668
Insulin resistance

metabolic profi ling
nuclear magnetic resonance spectroscopy, 

101
obesity, 103

Insulin-like growth factor receptors (IGFRs), 
ovarian cancer metastasis, 496

Insulin-like growth factors see IGF-1; IGF-2
Intellectual property rights, 238

biobanking, 212
data-sharing policies, 213

14-13-3 Interacting gene, hepatitis B infection, 
651

Interactome (protein–protein interactions)
systems biology approach, 137

Intercelluler cell adhesion molecule 1 see 
ICAM-1

InterDom, 121
Interferon response genes

hepatitis C infection, 651, 654
Interferon therapy

genomics studies, 782
hepatitis B, 781
hepatitis C, 782
pharmacogenomics, 782–783
proteomics, 782

Interferon-stimulating genes (ISGs)
common host response to infection, 737, 738
hepatitis B/C infection response, 779
pathogen-specifi c activation, 738

Interferonγ, 747
hepatitis B response, 779
hepatitis C response, 779–780
mycobacterial disease, 754

Interferons
hepatitis B response, 779
hepatitis C response, 779–781

infectious disease response, 747
Interleukin-1 (IL-1)

Gram-positive organism infection response, 
748

polymorphism
sepsis, 764

rheumatoid arthritis pathogenesis, 557
Interleukin-1β

chronic obstructive pulmonary disease, 607
gastic cancer susceptibility, 635
gastric acid secretion regulation, 628
peptic ulcer disease, 635

polymorphism-related Helicobacter pylori 
eradication rate, 636

Interleukin-1 receptor (IL-R) polymorphism
gastic cancer susceptibility, 635
sepsis, 765

Interleukin-2 (IL-2) therapy, 327, 413, 538
Interleukin-2 receptor (IL-2R)

follicular lymphoma, 413
sepsis, 767, 768

Interleukin-4 (IL-4)
host response to pathogens, 747
polymorphism

asthma, 593, 594
Leishmania susceptibility, 736

Interleukin-4 receptor (IL-4R)
asthma-related polymorphism, 593, 594

brain tumor associations, 523
follicular lymphoma, 413

Interleukin-6 (IL-6)
chronic obstructive pulmonary disease, 607
host response to pathogens, 747, 748
obesity, 671
polymorphism

infl ammatory bowel disease, 581–582
sepsis, 764

sepsis severity biomarker, 767, 768
thrombosis gene linkage studies, 379

Interleukin-6 receptor (IL-6R), obesity, 666
Interleukin-7 (IL-7), 571
Interleukin-7 receptor (IL-7R) polymorphism, 

diabetes type 1, 571
Interleukin-8 (IL-8)

alcoholic liver disease, 652
chronic obstructive pulmonary disease, 607
Gram-positive organism response, 748
Helicobacter pylori infection, 632, 633
ovarian cancer angiogenesis, 497
peptic ulcer disease, 634
sepsis, 764

severity biomarker, 767, 768
Interleukin-10 (IL-10)

host response to pathogens, 747
polymorphism

sepsis, 764–765
Interleukin-10 receptor (IL-10R) 

polymorphism
multiple sclerosis, 567
mycobacterial disease susceptibility, 754
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Interleukin-12 (IL-12)
host response to pathogens, 747
polymorphism, Salmonella infection 

susceptibility, 736
Interleukin-12 receptor (IL-12R) 

polymorphism, mycobacterial disease 
susceptibility, 749

Interleukin-13 (IL-13)
asthma-related polymorphism, 591, 593, 594

brain tumor associations, 523
Interleukin-18 (IL-18) polymorphism, 

multiple sclerosis, 567
Interleukin-22 receptor (IL-22R) 

polymorphism, thrombotic event 
prediction with anticardiolipin 
antibodies, 380

Interleukin-23 receptor (IL-23R) 
polymorphism, Crohn’s disease, 578

Indeterminate colitis, 575, 582
see also Infl ammatory bowel disease

Intermediate-density lipoproteins (IDL), 269
apolipoproteins, 270
metabolism, 270

International Classifi cation of Diseases (ICD)
with Clinical Modifi cation, 121
ICD-9, 152
ICD-9-CM, 121
ICD-10-CM, 121

International HapMap Project, 252
International Prognostic Index (IPI), diffuse 

large B-cell lymphoma, 409
Internet health information, 152

consumer health vocabularies, 152
consumer search characteristics, 151–152
information sites, 152–154
personalized genomics, 154–155
quality assurance, 154

InterPro, 121
Interrupted aortic arch, 391
Interstitial cystitis, diagnostic marker, 94
Interstitial lung disease see Diffuse 

parenchymal lung disease
Intraocular pressure elevation, 715–716
Intrauterine environmental exposure

cigarette smoke
asthma associations, 591

inv(16), acute myeloid leukemia, 421, 424
Investigational device exemptions (IDEs), 226
Ion channel function, multiple sclerosis/

Guillain-Barre syndrome, 570
IP10 see CXCL10
IPF, 623
IRAK4 (IL-1 receptor-associated kinase-4)

pyogenic bacterial infection susceptibility, 736
sepsis-related intracellular signaling, 764

IRF-6, hepatitis B infection, 651
IRGM, 583
Irinotecan

adverse reactions, 469
colorectal cancer, 469

pharmacogenetics, 469
drug labels, 230
genotype-guided clinical cancer trial, 182

Iris, 712
genetic disorders, 712

Ischemia modifi ed albumin, acute coronary 
syndrome biomarker, 306

ISG15, hepatitis C infection, 651
ISG16, hepatitis C infection, 651
ISGs see Interferon-stimulating genes
ISL1, obesity, 666
Isochores, 16
Isosorbide dinitrate pharmacogenomics, 319
Isotope-coded affi nity tags (ICAT), 

quantitative proteomics, 91, 91f
Isotopic tagging for relative and absolute 

quantifi cation (iTRAQ), blood protein 
biomarkers, 92t, 136

J
JAG1 (Alagille syndrome), congenital heart 

disease, 393
Jak/stat kinases

lung cancer, 438
ovarian cancer metastasis, 496–497

JAK2, 583
Jervell and Lange-Nielsen syndrome, 352, 

357–358
clinical features, 357

sensorineural deafness, 353, 357
genetics, 353, 354t, 358

KCNE1 mutations, 358
KCNQ1 mutations, 358

join technique for database management, 115
JPH2 mutations (junctophilin type 2), 

hypertrophic cardiomyopathy, 339
Jun, head and neck cancer, 517
Junctophilin type 2 (JPH2) mutations, 

hypertrophic cardiomyopathy, 339
Juvenile polyposis syndrome, colorectal cancer 

risk, 464

K
k-means clustering, 118

gene expression data analysis, 76
k-nearest neighbors

microarray data analysis, 76
K-ras, 543

colorectal cancer, 65, 458, 460, 467
lung cancer, 438, 440
ovarian cancer, 496–497
pancreatic cancer, 501, 503
pancreatic cystic neoplasms, 505

Kaplan–Meier analysis, 114, 119
Kaposi’s sarcoma human herpes virus-8

primary effusion lymphoma (PEL) 
association, 401

Karyotyping, 14, 15f
congenital heart disease, 381

KCNA5, atrial fi brillation, 363, 364

KCNE1
atrial fi brillation, 363
Jervell and Lange-Nielsen syndrome, 358

KCNE5, atrial fi brillation, 365
KCNH2, atrial fi brillation, 363, 364
KCNJ2

atrial fi brillation, 363, 364
LQT7, 358

KCNJ11
diabetes type 2, 677
permanent neonatal diabetes, 681

KCNQ1, 359
atrial fi brillation, 364
Jervell and Lange-Nielsen syndrome, 358

KEGG see Kyoto Encyclopedia of Genes and 
Genomes

KEL, obesity, 666
KIF6 719Arg allele, 298
KIF6 gene, 298
KIF21A mutations, congenital fi brosis 

of extraocular muscles type 1 
(CFEOM1), 713

Kir 2.1/KCNJ2 mutations
atrial fi brillation, 364
LQT7, 358
short QT interval syndrome, 361

KIR 6.2, 198
KIRs (killing inhibitory receptors)

hepatitis C clearance, 776
c-kit therapeutic targets

gastrointestinal stromal tumors, imatinib 
mesylate responsiveness, 540–542

Kjer’s autosomal dominant optic atrophy, 
OPA1 mutations, 716

Kolmogorov–Smirnov test statistic, 76, 116
KORA study, 104
Kosmix, 155
Krabbe disease, newborn screening, 193
KRAS testing, 186
KRT3, corneal disease, 713
Kuppfer cells

therapeutic inhibition in cirrhosis, 648
Kveim reaction, 619
KvLQT1/KCNQI mutations

Jervell and Lange-Nielsen syndrome, 358
LQT1, 353, 354, 359
short QT interval syndrome, 361

Kyoto Encyclopedia of Genes and Genomes 
(KEGG), 100, 124

L
L-myc, Hodgkin lymphoma/Reed-Sternberg 

cells, 413
L-type calcium channel (Ca(V)1.2) mutations, 

Timothy syndrome, 358
Laboratory-developed tests

regulation, 223, 226–227
Laboratory standards, 194–195
Lactate levels, sepsis staging/severity 

assessment, 767



Lamin mutations
atrial fi brillation, 364

Laminin
hepatic stellate cell production, 650

Lamivudine
hepatitis B treatment, 781

LAMP2 mutations, hypertrophic 
cardiomyopathy, 339

Laryngeal squamous cell carcinoma
diagnosis, 513
protein expression profi les, 517
see also Head and neck cancer

Laser capture microdissection
head and neck cancer proteomics, 517
tissue sampling

DNA methylation assessment, 62
microarray experiments, 75

LATS1/LATS2 DNA methylation, breast 
cancer prognosis, 67

Lattice type 1 corneal dystrophy, 714, 715
LCAT gene mutations, 276, 283
LDB3 mutations, hypertrophic 

cardiomyopathy, 338, 341
Lead optimization, 227
Learning disability see Mental retardation
Leber’s congenital amaurosis, RPE65 

mutations, 716
Leber’s hereditary optic neuropathy, 716
Lecithin-cholesterol acyltransferase (LCAT), 

271
defi ciency, 276, 279
therapeutic upregulation, 282

Lefl unomide
rheumatoid arthritis, 558

Left cervicothoracic sympathetic gang-
lionectomy, long QT syndromes, 359

Left ventricular dysfunction (LVD), 104
Legal issues

genetic discrimination, 216
genomics research policy, 210
public health genomics, 246, 249

Legionella
genetics of host response, 752, 763
infection susceptibility, TLR5 mutations, 

736
Leiden Thrombophilia Study, 376
Leishmania infection susceptibility, 736
Lenalidomide, 428, 543
Lens, 712

genetic disorders, 715
LEP see Leptin
Leprosy susceptibility, 736

HLA Class II genes, 736
TLR2 mutations, 736
TNF gene mutations, 736

Leptin (LEP)
body weight regulation, 662
obesity, 664, 665, 666, 667, 669

Leptin receptor (LEPR) mutations, obesity, 
664, 665

let-7 microRNAs, lung cancer, 440
Letrozole, 533
Leukemia, 421–428

biomarkers identifi cation, 426–427
classifi cation, 113, 421, 422t
copy number variation (CNVs), 428
cytogenetics, 421–422, 422t
diagnostic-therapeutic combinations, 

533–534
gene expression profi ling, 78, 79f, 423–424, 

425f, 428
genomics applications

class prediction, 423–424, 426f
molecular genetics, 421–422, 422t
pharmacogenomics, 424–426

drug discovery, 426
drug response prediction, 426

prognostic factors, 423, 423t, 426–427
treatment, 422–423

Leukemia and Lymphoma Molecular Profi ling 
Project (LLMPP), 409

Leukemia inhibitory factor (LIF), glioma 
prognosis, 526

Leukotriene A4 hydrolase (LTA4H)
myocardial infarction risk, 297

HapK haplotype association, 294, 304
Leukotriene B4, myocardial infarction risk, 

294
Leukotriene inhibitors

asthma, 596
chronic obstructive pulmonary disease, 

611
myocardial infarction, 297
pharmacogenomics, 596

Leukotriene pathway, myocardial infarction, 
294

Lev-Lenegre progressive cardiac conduction 
disease

clinical features, 326
genetics, 326, 327
management, 326

Levalbuterol, asthma, 596
Levodopa

Parkinson’s disease, 700, 706
pharmacogenomics, 707

Lewy bodies, 687
α-synuclein, 692, 693f, 702
Parkinson’s disease, 700, 703

LGALS2 polymorphism, myocardial infarction, 
293, 296

LGALS4 polymorphism, ovarian cancer, 495
Li-Fraumeni syndrome

brain tumors, 523
breast cancer, 448
p53 gene mutations, 458

Licensing fees, 196
Liddle’s syndrome, hypertension, 263
LIF (leukemia inhibitory factor), glioma 

prognosis, 526
Life insurance discrimination, 216

LIM domain binding 3 (LDB3 mutations), 
hypertrophic cardiomyopathy), 338, 
341

LIM protein (CSRP3 mutations), hypertrophic 
cardiomyopathy, 338

Linkage disequilibrium, 17
pharmacogenetic candidate gene 

approaches, 180
prostate cancer studies, 477
sarcoidosis, 618
thrombosis-related genes, 380

Linkage studies (genome scans)
Alzheimer’s disease (late onset), 690
asthma, 591–593, 592t
chronic obstructive pulmonary disease, 608
depression, 724
diabetes type 1, 676
diabetes type 2, 677
familial colorectal cancer, 464
familial interstitial pneumonia, 623
infectious diseases susceptibility, 735, 748
infl ammatory bowel disease, 576
multiple sclerosis, 566
obesity, 664, 666
rheumatoid arthritis, 552
sarcoidosis, 618–619
thrombosis, 379–380

LIPC see Hepatic lipase
LIPG gene, 284
Lipid disorders, 269

cardiovascular risk, 269, 272, 274, 277, 
278–279

common genetic variants, 274, 275t, 276–
277, 278

genetic disorders, 273t
genetic testing, 282–283
genome-wide association studies, 279, 280t
high-density lipoprotein, 274, 276–277
low-density lipoprotein, 272–274
screening, 272
triglycerides, 277–278

Lipid-modulating therapies, 
pharmacogenomics, 281

Lipocalin 2, pancreatic cancer, 506
Lipopolysaccharide

gene expression response, 767
host Gram-negative bacteria recognition, 751
TLR4 response, 738

sepsis-related signaling, 764
Lipopolysaccharide-binding protein (LBP), 

host response to infection
Enterobacteriacea, 751
Streptococcus pneumoniae, 750

Lipoprotein lipase (LPL)
chylomicrons metabolism, 270
mutations, familial chylomicronemia 

syndrome, 277, 279
polymorphism, 276

blood lipid genome-wide association 
studies, 279
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Lipoprotein lipase (LPL) (Continued)
common variants, 277
obesity association, 668

very-low-density lipoprotein metabolism, 270
Lipoprotein(a), 270
Lipoproteins

classes, 269
genetic factors in phenotypic variance, 

271–272
metabolism, 269–271

endogenous pathway, 270, 270f
exogenous pathway, 270, 270f
therapeutic targets, 281–282

Lipoteichoic acid, 748
5-Lipoxygenase activator protein (FLAP), 

cardiovascular risk, 304
5-Lipoxygenase pathway genes, cardiovascular 

risk, 304
Liquid chromatography–mass spectrometry

acute coronary syndrome metabolomics, 
306

quantitative proteomics, 92
Liquid chromatography–tandem mass 

spectrometry (LC-MS/MS), 
proteomics

head and neck cancer, 517
ovarian cancer, 495

Listeria monocytogenes
genetics of host response, 751

Literature mining, prostate cancer, 484
Liver

aging process, 655
lipopolysaccharide-induced injury, 655
lipoprotein metabolism, 270, 271
proteome, 649
transcriptome expression, 648–649

Liver cancer
see also Hepatocellular carcinoma

Liver disease
biomarkers, 653, 654
proteomics, 653–654

metalloproteome, 655
transcriptomics, 651–655

Liver fi brosis, 645
development, 646, 649–651
hepatitis C, 781
proteomic index development, 655
see also Cirrhosis

Liver function tests, proteomics, 655
LKB1 pathway mutations, Peutz-Jeghers 

syndrome, 464
LKX1, 597
LM02, diffuse large B-cell lymphoma 

prognosis, 411
LMNA mutations see Lamin mutations
LMX1B, ocular development, 712
Long-chain L-3-hydroxyacyl CoA 

dehydrogenase (LCHAD) defect, 
newborn screening, 102

Long QT syndromes, 350–357

acquired/drug-induced forms, 352
clinical features, 352–353, 353f
complex forms, 357
costs of testing, 196
diagnostic criteria, 352, 352t
genetics, 353–356, 354t, 355f

see also Romano-Ward syndrome
genotype–phenotype correlations, 359
inherited forms, 352
management, 359–360

gene-specifi c approach, 192, 360
torsade de pointes, 350, 351–352, 351f

Longitudinal Study of Aging of Danish Twins, 
376

Lou Gehrig’s disease see Amyotrophic lateral 
sclerosis

Low birth weight, chronic obstructive 
pulmonary disease association, 604

Low-density lipoprotein cholesterol
cardiovascular risk, 271

genetic factors modulating, 278, 294
genetic common variants, 274, 275t
genetic disorders, 278

elevation, 272–274
reduction, 274

genetic infl uences, 271
PCSK9 polymorphism, 294, 295, 295f

lipid-modulating therapies, 281
novel therapeutic targets, 281–282
screening, 272

Low-density lipoprotein receptor (LDLR)
loss of function mutations, 282

familial hypercholesterolemia, 272
low-density lipoprotein cholesterol 

interindividual variation, 274
obesity, 666
therapeutic targeting, 281

Low-density lipoprotein receptor-mediated 
endocytosis, 270, 271

Low-density lipoproteins (LDL), 269
apolipoproteins, 270
metabolism, 270
oxidation, 377

LOXL1 gene, 198, 717
LPL see Lipoprotein lipase
LQT1 (KVLQT1/KCNQ1), 353, 354, 
359, 360
LQT2 (HERG/KCNH2), 353, 355, 359, 360
LQT3 see Cardiac sodium channel gene 

(SCN5A) mutations
LQT4 (ankryn-β), 353, 356
LQT5 (minK/KCNE1), 353, 354, 356
LQT6 (MiRP1), 353, 355, 356
LQT7 (Kir 2.1; KCNJ2), 358
LQT9 (caveolin-3), 356–357
LQT10 (SCN4B), 357
LRRK2 (PARK8; dardarin)

diffuse Lewy body dementia, 692–693, 694
Parkinson’s disease, 704–705, 708

LTA4H see Leukotriene A4 hydrolase

LTBP4 (latent transforming growth factor-β 
binding protein-4), chronic obstructive 
pulmonary disease, 604

LTC4S, leukotriene inhibitor 
pharmacogenomics, 596

Lumera Nanocapture Gold, 135
Lung cancer, 432–442

biomarkers, 434, 435
cigarette smoking association, 432

at-risk smoker identifi cation, 434–435
genetic infl uences, 432, 433–435

classifi cation, 435–438
histological, 435–436
molecular, 436–437

early diagnosis, 434, 441
epidemiology, 432, 433, 434

never smokers, 433
family history, 433
fi eld cancerization, 434, 436
gene expression profi les, 434, 435, 436, 438, 

440–441
“lung metagene” model, 437
prognostic value, 114, 436–437, 437f
subset identifi cation, 436, 437f

gene polymorphism studies, 433–434
growth factors/growth factor receptor 

alterations, 438–439, 439f
microRNA alterations, 439–440
molecular alterations, 438–439, 438t
oncogene activation, 438

pathway signatures, 439–440
pathogenesis, 438–441
pre-malignant lesions, 436
prevention/chemoprevention, 435
screening, 434, 435
serum protein antibody microarrays, 135
small molecule-targeted therapy

erlotinib, 542
gefi tinib, 542

stage at diagnosis, 432, 434
staging

TNM, 436
therapeutic targets, 438–439, 440–441
tumor suppressor gene mutations, 439

Lymph node status
breast cancer gene expression profi les, 452, 

453f
LymphoChip, 78, 409, 410, 411, 412
Lymphocyte cytosolic protein-1 (LCP1), NSC 

624004 anti-cancer agent susceptibility, 
115

Lymphoma, 401
chromosome aberrations, 408t, 409
diagnosis, 409
diagnostic-therapeutic combinations
gene expression profi ling, 409–410

data analysis, 76
infl ammatory bowel disease association, 

580
novel therapeutics, 409



predisposition, 407
prognosis, 409
types, 401, 408t

Lymphoscintigraphy, head and neck cancer 
diagnosis, 513

Lymphotoxin-α
galectin-2 binding, 293, 296
polymorphism, 289

Lynch syndrome, 1
See also Hereditary nonpolyposis colorectal 

cancer
Lysophosphatidic acid (LPA), ovarian cancer 

metastasis, 497
Lysosome-associated membrane protein 2 

(LAMP2) mutations, hypertrophic 
cardiomyopathy, 339

M
M1S1, corneal disease, 713
Mac-2BP (Mac-2-binding protein), 

cholangiocarcinoma, 654
Machine learning, 118

see also Supervised learning; Unsupervised 
learning

Macrophage migration inhibitory factor 
(MIF), sepsis, 764

Macrophages
chronic obstructive pulmonary disease, 

606–607
pathogen responses, 733

gene expression profi les, 737, 738, 766
innate immune response, 745, 763

sarcoidosis, 617–618
TLR-mediated responses, 738

Macular degeneration, 27, 191, 716
MAGI2, 584
Magnetic resonance imaging (MRI)

Alzheimer’s disease, 689
Crohn’s disease, 579–580
head and neck cancer diagnosis, 513
heart failure, 318
hypertrophic cardiomyopathy, 337–338
pancreatic mucinous cystic neoplasms, 505
prostate cancer, 482

Magnetic resonance spectroscopy (MRS)
head and neck cancer, 517
prostate cancer, 483

Major histocompatibility region, 552–554
microarrays, T cell response analysis in 

multiple sclerosis, 569
Malaria

role of hemoglobinopathies in outcome, 735
susceptibility

HLA Class I genes, 736
TNF gene mutation, 736

Malmo Diet and Cancer Study–Cardiovascular 
Cohort, 274, 275t, 277, 278, 279

MammaHealth search service, 155
MammaPrint, 82, 226, 236, 451f, 452, 454

economic evaluation, 236

Managed care, 235
Mannose-binding lectin (MBL), 745

complement activation, 745
mycobacterial disease susceptibility, 754
pathogen recognition/signaling, 764

response to Neisseria meningitidis, 752
response to Streptococcus pneumoniae, 750

Mantle cell lymphoma, 415
diagnosis, 415
gene expression profi les, 415
prognosis, 415

Manual microdissection, tissue sampling for 
microarray experiments, 75

MAOA see Monoamine oxidase
MAOB gene, 708
MAPK see Mitogen-activated protein kinase
Maple syrup urine disease, newborn screening, 

102
MAPT see Microtubular-associated protein tau
Marfan syndrome (FIBRILLIN-1), congenital 

heart disease, 393–394
Marimastat, 544
MASCOT, 92
MASP2 gene, 769
Mass spectrometry

biomarker identifi cation
glycopeptide capture, 136
isotopic tagging for relative and absolute 

quantifi cation (iTRAQ), 136
protein mixture analysis, 135

instruments, 92, 93t
metabolic profi ling, 98, 99–100, 99t

cultured cell regulatory/signaling 
mechanisms, 102–103

disease mechanisms, 101–102
targeted profi ling methods, 100, 101–105

newborn screening, 193
proteomics, 89, 90, 91–92, 93f, 94

brain tumors, 527
colorectal cancer, 467
ovarian cancer, 495
pancreatic cancer, 504–505
prostate cancer, 481, 482
rheumatoid arthritis, 557

software packages, 92–93
modifi ed peptide identifi cation, 93–94

see also Tandem mass spectrometry 
(MS/MS)

Massively parallel sequencing-by-synthesis, 
33–34

Mastocytosis, peptic ulceration, 627
MAT1, hepatic stellate cells, 651
Matrix-assisted laser desorption ionization 

(MALDI), proteomics
brain tumors, 527
ovarian cancer, 495

Matrix-assisted laser desorption ionization 
time-of-fl ight mass spectrometry 
(MALDI-TOF MS)

proteomics

colorectal cancer, 467
Helicobacter pylori infection markers, 634
prostate cancer, 481, 482

sarcoid bronchoalveolar fl uid, 619
tumor-specifi c blood biomarkers, 94

Matrix-comparative genomic hybridization 
see Array comparative genomic 
hybridization

Matrix metalloproteinase 2 (MMP-2), ovarian 
cancer metastasis, 497

Matrix metalloproteinase 7 (MMP-7; 
matrilysin)

head and neck cancer, 517
peptic ulcer disease, 635

Matrix metalloproteinase 9 (MMP-9)
chronic obstructive pulmonary disease, 607, 

608
glioblastoma, 527
peptic ulcer disease, 635

Matrix metalloproteinase 11 (MMP-11), 
Oncotype Dx assay, 533

Matrix metalloproteinase 19 (MMP-19), 
thrombotic event prediction with 
anticardiolipin antibodies, 380

Matrix metalloproteinases, 612
atherosclerosis

plaque rupture risk, 290
head and neck cancer, 513

Maturity onset diabetes of the young 
(MODY), molecular subtype diagnosis, 
192

Maturity onset diabetes of the young type 2 
(MODY2), glucokinase mutations, 192

Maytansanoid (DM-1), 538
Maze procedure, hypertrophic cardiomyopathy, 

345
MCH, obesity, 666
MCP-1 (monocyte chemoattractant protein-1; 

CCL1)
chronic obstructive pulmonary disease, 607
thrombosis gene linkage studies, 379–380

MDA5, 764
MDR-1 (multidrug-resistance gene 1), 

corticosteroid pharmacogenomics, 582
MDR1 C3435T genotype, 637
Medical device regulations

analyte-specifi c reagents (ASR), 227
in vitro diagnostics, 225
laboratory-developed tests, 226
risk-related classifi cation, 225–226

Medical geneticists, 196, 197
Medical genetics

defi nition, 2
Medical history-taking, 112
Medical Sequencing Project, 210
Medical Subject Headings (MeSH), 121
Medium-chain acyl-CoA dehydrogenase 

defi ciency
newborn screening, 193

MEDLINE searches, 153
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MedlinePlus, 153
MedStory, 155
MEF2A (myocyte-enhancing factor 2A), 

myocardial infarction, 292
Melanoma

gene expression profi les, 80, 114
Membrame-type-1 matrix metalloproteinase 

(MT1-MMP), ovarian cancer 
metastasis, 497

Meningococcus see Neisseria meningitidis
Mental retardation (learning disability)

copy number variation (CNVs) associations, 
194

DNA sequencing, 34
public health genomics, 248

6-Mercaptopurine
acute lymphoblastic leukemia, 185
infl ammatory bowel disease, 582
pharmacogenomics, 185, 582

dose adjustment, 224
drug labels, 230
response prediction, 426

Mesothelin, pancreatic mucinous cystic 
neoplasms, 505

Messenger RNA (mRNA), 16
amplifi cation for microarray experiments, 

75–76
Mestizo population, 211
c-Met, ovarian cancer metastasis, 497
Metabolic disorders

see also Inborn errors of metabolism
Metabolic profi ling, 97–105

targeted, 98
disease mechanisms, 101–104
human disease pathogenesis, 103–104
mass spectrometry, 100, 101–104

unbiased, 98
comparison of methods, 99–100

see also Metabolomics
Metabolites, 98

targeted mass spectrometry-based assay 
modules, 102

Metabolomics, 2, 104
acute coronary syndromes, 306, 307f
advantages in disease research, 97
complex disease, 166
coronary artery disease, 304
cultured cell regulatory/signaling 

mechanisms, 102–103
diagnostic applications, 114
electronic medical records, 143
head and neck cancer, 517
impact on health–disease continuum, 165
mass spectrometry, 98, 99–100, 99t
measurement technology, 98–99, 99t
newborn screening, 193
nuclear magnetic resonance spectroscopy, 

98, 99–100
disease research, 101

public health genomics, 246

stable isotope-labeled internal standards, 
98–99, 98f

see also Metabolic profi ling
Metagenomics, 4
Metalloproteome, liver disease, 655
Metaproterenol, asthma management, 596
Metastasis

colorectal cancer, 458
genomics

gene expression profi les, 80
17-gene expression signature, 484

ovarian cancer, 496–497
primary diagnosis, 116, 117f

Metavinculin (VCL) mutations, hypertrophic 
cardiomyopathy, 338

Metformin, pharmacogenomics, 681
Methotrexate

pharmacogenomics, 582
response prediction, 426

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) exposure, 700

Methyl-CpG-binding domain (MBD) 
proteins, 60

Methylation-sensitive restriction enzymes, 61
DNA methylation marker discovery, 62

Methylation-specifi c antibodies, 61–62
Methylation-specifi c polymerase chain 

reaction (MSP), methylation 
assessment in tissue samples, 64

Methylation-specifi c single nucleotide primer 
extension (MS-SNuPE), tissue sample 
DNA methylation assessment, 63–64

Methylenetetrahydrofolate reductase 
(MTHFR) polymorphism

colorectal cancer, 465
hypertension/nephrosclerosis, 264
pharmacogenomics

5-fl uorouracil, 469
O6-Methylguanine-DNA methyltransferase 

(MGMT), 69, 528
cancer-related hypermethylation

head and neck cancer, 516
lung cancer, 434, 435
protate cancer, 67
tumor treatment response prediction, 68

glioblastoma
chemoresistance, 527

MethyLight assay, methylation assessment
disease screening samples, 65
protate cancer, 67
tissue samples, 64, 64f

Methylthioadenosine phosphorylase gene, 
cardiovascular risk, 294

Metronidazole, Helicobacter pylori eradication, 
628, 635

Mexican Genome Project, 211
Mexiletine, gene-specifi c long QT syndrome 

treatment, 360
MGMT see O6-Methylguanine-DNA 

methyltransferase

MIAT (myocardial infarction associated 
transcript), 294

MicroArray Quality Control (MAQC) project, 
81

Microarrays, 73–84, 449–450
brain tumor genomic mapping, 524–525
clinical expression profi ling, 82–83

see also Gene expression profi les
data analysis, 76–77

bioinformatics, 113, 114
mining, 76–77
supervised/unsupervised learning, 76, 77f

data repositories, 76, 119–120
diagnostic applications, 78, 112, 113–114
diffuse large B-cell lymphoma subtype 

differentiation, 410
disease classifi cation, 78, 114, 117
DNA methylation marker discovery, 62
DNA sequencing by hybridization, 34
drug target discovery, 83
heart failure monitoring, 319
Helicobacter pylori genomics, 629
hepatic stellate cell studies, 651
histopathology applications, 116
hypertrophic cardiomyopathy, 341–342
limitations, 80
MIAME data standards, 76
normal tissue taxonomy, 77–78
platforms, 73–75, 74f

new technologies, 81
prognostic applications, 78–79, 114
prostate cancer, 479
reproducibility, 81
sample preparation, 75–76

RNA isolation, 75–76
tissue sampling, 75

transcriptomics see Transcriptomics
Microbial polymorphisms, 636
Microbiome, 4
Microdissection-based genotyping, pancreatic 

cancer diagnosis, 504
Microfl uidic cell sorting techniques, 134
Microfl uidic chips, 135
MicroRNAs (miRNAs), 16, 428, 470, 497–

498, 507, 528, 655
brain tumors, 527
chronic obstructive pulmonary disease, 

611–612
expression profi ling, 82
hypertrophic cardiomyopathy, 342
leukemia, 428
lung cancer, 439–440

Microsatellite instability
colorectal cancer, 65, 458, 459–460, 468

hereditary nonpolyposis colorectal cancer, 
463, 467

pancreatic cancer, 501
pancreatic endocrine tumors, 506

Microsatellite markers, 266, 464, 504
head and neck cancer screening, 512



rheumatoid arthritis, 552
Microsoft Live Search, 155
Microsomal expoxide hydrolase 

polymorphism, chronic obstructive 
pulmonary disease, 604

Microsomal transfer protein (MTP)
inhibitors, 282
mutations, abetalipoproteinemia, 274

Microsomal triglyceride transfer protein 
(MTO), 270

Microtubular-associated protein tau (MAPT)
frontotemporal dementia, 691, 692f

MIF (macrophage migration inhibitory 
factor), sepsis, 764, 767

MIG (CXCL9), hepatitis C infection, 780
MINDACT (Microarray in Node negative 

Disease may Avoid ChemoTherapy), 2, 
82, 450, 454

Mineral oil exposure, rheumatoid arthritis risk, 
555

Minimal cognitive impairment, 687
Minimum Information About a Microarray 

Experiment (MIAME) standards, 76, 319
Mining, gene expression data analysis, 76–77
minK/KCNE1 (LQT5), 353, 354, 356
MiR-7, 528
MiR-21, 528
MiR124, 528
MiR-128, 528
MiR-296, 528
MiRNA-21, 470
MiRP1 (LQT6), 355, 356
Mitochips, mitochondrial genome sequencing, 

194
Mitochondrial cytochrome c, cardiomyocyte 

apoptosis in heart failure, 316
Mitochondrial DNA mutations, optic nerve 

disorders, 716
Mitochondrial genome

damage, Parkinson’s disease, 705
sequencing, 194
variation, 194

Mitochondrial trifunctional protein (MTP) 
defect, newborn screening, 102

Mitogen-activated protein kinase (MAPK)
cardiomyocytes in heart failure, 320
chronic obstructive pulmonary disease, 608
hepatic stellate cells, 650
lung cancer, 438
see also p38 MAPK

Mitral valve prolapse/regurgitation, 393
Mitrazapine, pharmacogenetic studies, 179
MLH1

colorectal cancer, 459
methylation aberrations, 65, 460
mutations, 65

hereditary nonpolyposis colorectal cancer, 
463, 467

lung cancer, promoter hypermethylation, 
434

promotor methylation status, tumor 
treatment response prediction, 67

ulcerative colitis severity associations, 
580–581

MLL
acute lymphoblastic leukemia, 424
acute myeloid leukemia, 423, 424

MMP-9, 612
MMRPRO, 465
Modifi cation of Diet in Renal Disease 

(MDRD), 264
Modifi ers, pharmacogenetic test clinical 

validity, 182
Modular data analysis, 76
Molecular concept map, prostate cancer, 484
Molecular function, Gene Ontology (GO), 

121
Molecular signature classifi ers

systems medicine, 137
Monoallelic gene expression, 20
Monoamine oxidase (MAOA), 706, 707

depression, 724
prostate cancer, 484

antidepressant drug response effects, 727t
Monoclonal antibody therapy, cancer, 535–

540, 536t
hematologic malignancies, 538
solid tumors, 538–540

Monocrystalline iron-oxide nanoparticle 
(MION) contrast agents

cell surface receptor imaging, 227
Monocyte chemoattractant protein-1 see 

MCP-1
Montelukast, asthma management, 596
MPTP exposure, Parkinson’s disease, 704
MRP8 (calgranulin A)

follicular lymphoma, 413
rheumatoid arthritis, 557

MRP14
follicular lymphoma, 413

MRT2C, obesity, 666
MSH2

colorectal cancer, 459
hereditary non-polyposis colorectal cancer, 

463, 467
promoter hypermethylation in lung cancer, 

434
MSH6

colorectal cancer, 459
hereditary nonpolyposis colorectal cancer, 

463, 467
MSR1, prostate cancer, 477, 478
MST1, 583
MTHFR see Methylenetetrahydrofolate 

reductase polymorphism
MUC1, prostate cancer, 484
MudPIT (multidimensional protein 

identifi cation technology), quantitative 
proteomics, 91

Muir-Torre syndrome, 463

Multicenter Automatic Defi brillator 
Implantation Trial (MADIT), 360

Multidimensional protein identifi cation 
technology (MudPIT), 95

Multiexperiment Viewer (MeV), 122, 122f
Multifactor Dimensionality Reduction 

(MDR), 181
Multiparameter blood-borne biomarkers, 137
Multiple endocrine neoplasia type 1 (MEN1), 

484
peptic ulceration, 627

Multiple myeloma, 401
bortezomib therapy, 543

Multiple Risk Factor Intervention Trial 
(MRFIT), 264

Multiple sclerosis, 566–572
biomarkers

identifi cation, 570–571
Epstein–Barr virus association, 570
gene expression profi les, 78, 568–569

autoimmune disorder comparisons, 569
lesion characterization, 568
relapse, 569
reponse to therapy, 569

genomics, 566
admixture mapping, 567
association studies, 567
linkage mapping, 567
whole genome scans, 567

immune response high-throughput analysis, 
568, 569–570

B cell response, 570
T cell response, 569–570

ion channel function, 570
pharmacogenetic research, 177
proteomics, 570–571
transcriptomics, 568–569

Multiplex ligation-dependent probe 
amplication (MLPA), congenital heart 
disease, 396

Muscle
lipoprotein metabolism, 270

Muscular dystrophies
newborn screening, 193

Muscular subaortic stenosis, 337
Mut Y Homologue gene (MYH)-associated 

polyposis, 461, 463
Mutagenesis and phenotypic screens, 

congenital heart disease gene discovery, 
395–396

Mutation Surveyor, 32
Mx-1, hepatitis C infection, 651–652
MYBPC3 mutations (myosin-binding protein 

C), hypertrophic cardiomyopathy, 338, 
340, 341

MYC
acute lymphoblastic leukemia, 421
lung cancer, 438
ovarian cancer, 496
prostate cancer, 480

Index ■■  815



816 ■■  Index

Mycobacteria
genetics of host response, 753–754
host genetic susceptibility, 749t, 762
host recognition, 747

Mycobacterium leprae infection see Leprosy 
susceptibility

Mycobacterium tuberculosis
catalase-peroxidase, sarcoidosis involvement, 

619
see also Tuberculosis

MyCode biorespository, 146–147, 147f
Mycophenolate mofetil, 327
Mycoplasma genitalium genome, 33
MyD88, 747, 749

host infection response
Legionella, 752
Listeria monocytogenes, 751
Pseudomonas aeruginosa, 751
Staphylococcus aureus, 750
Streptococcus pneumoniae, 749, 750

Myeloid-related protein 8 see MRP8 
(calgranulin A)

Myeloperoxidase
acute coronary syndromes

diagnostic biomarker, 306
risk stratifi cation, 309

peptic ulcer disease, 634
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ST-segment/non-ST-segment elevation, 

305
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NUGENOB, 671
Number of genes, 14
Nurse geneticists, 216
Nurses’ Health Study, 295
Nutritional genomics, 671

O
Obesity, 191, 661, 672

animal models, 663
causes, 661–663
colorectal cancer risk, 464
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Opt-out model, 148–149
Ophthalmology, 712
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obesity, 667
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alcoholic liver disease, 652
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multiple sclerosis lesions, 568
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chemotherapy response prediction, 495
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genetic alterations, 494, 495t
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496, 516
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mantle cell lymphoma, 415
ovarian cancer, 496
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p38 MAPK
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fl udarabine pharmacogenomics, 424–425
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362
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PAD14, rheumatoid arthritis, 554, 556
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PAI-1 see Plasminogen activator inhibitor-1
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secretion, 102–103
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carcinogenesis/progression, 501, 502f
development, 507
diagnosis, 503–505, 507
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proteomics, 504–505
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Panitumab, 543
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Paraquat exposure, Parkinson’s disease, 704
PARD3, 584
PARK1 (SNCA α-synuclein), 702
PARK2 (PRKN; PARKIN), 702–704, 703f
PARK4, 702
PARK6 (PINK1; Pten induced kinase 1), 704
PARK7 (DJ-1), 704
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Parkinson’s disease, 700–701
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host genetic susceptibility see Infectious 
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Pathogen recognition/signaling, 763–764, 766
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NOD-like receptors, 763–764
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Toll-like receptors, 763

Pathogen virulence, 733–734
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PAX5, 428

follicular lymphoma, 413
Hodgkin lymphoma, 413
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pharmacogenomics, 525, 527
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molecule 1)
astrocytomas, 526
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Peptic ulcer disease, 627–636
applications of genomics, 633–635
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genomic markers, 634
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serological markers, 634–635

historical management, 627–628
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susceptibility polymorphisms, 635
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Peptidoglycans, TLR2 recognition of 
pathogens, 750

Perinuclear antineutrophil cytoplasmic 
antibodies (pANCA)

infl ammatory bowel disease, 578, 579, 560
primary sclerosing cholangitis, 560

Peripheral blood mononuclear cells, 
microarray analyses

cardiac allograft rejection, 322, 328–330, 
330f

Peripheral T-cell lymphomas (PTCL), 416
Permanent neonatal diabetes, 681
Peroxisome proliferator-activated receptor α 

(PPARα) agonists see Fibrates
Peroxisome proliferator-activated receptors 

(PPARs)
pancreatic cancer, 505, 506

Personal genomics, 6, 170, 172
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154–155
direct-to-consumer initiatives, 154
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online information, 155t

Personalized Health Care, 205, 217
Personalized medicine, 2

colorectal cancer risk assessment, 465, 466f
genetic stratifi cation of disease, 191–192
health risk assessment, 203
hemostasis, 380
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genomics
thrombosis, 380
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Peter’s anomaly, PAX6 mutation, 712
Peutz-Jeghers syndrome

breast cancer, 448
LKB1 pathway mutations, 464
pancreatic cancer, 502

PGx testing, 186–187
Pharmaceutical Benefi ts Advisory Committee 

(PBAC), 235
Pharmacodynamics

pharmacogenetic markers, 180–181
Pharmacogenetics, 114, 175–176, 728

candidate gene approaches, 179–180
case–control studies, 177–178, 179f
clinical utility of analytic testing, 182–183
cohort multiple dosing studies, 179
copy number variation (CNVs), 54
defi nition, 168, 175
epistatic associations, 181
familial studies, 178–179
FDA approved biomarkers, 184t
future developments, 185–186, 186t
HapMap markers, 181–182
health professionals’ role, 215
healthy volunteer challenge studies, 179
objectives, 175, 177
pathway-based analyses, 181

pharmacokinetic versus pharmacodynamic 
markers, 180–181

placebo response effects, 179
prospective analyses, 182
regulatory requirements, 183
research study design, 177–179, 178f

phenotype defi nition, 177
research question defi nition, 177

research targets, 176–177, 176t
test validity, 182
validation of associations, 182
whole-genome association studies, 

179–180
see also Pharmacogenomics

Pharmacogenomics, 168, 175–176
antidepressants, 726–727, 727t

drug interactions, 726
asthma, 594, 596–597
brain tumors, 527
chronic obstructive pulmonary disease, 

611–612
colorectal cancer, 468–469
corticosteroids, 597
defi nition, 168
diabetes, 681
dopamine metabolism, 707
drug-diagnostic test combinations

clinical trial design, 229
diagnostic test development, 229
dosing adjustments, 229–230
drug labels, 229
economic value, 238
patient selection/monitoring, 228–229
safety/effectiveness demonstration, 229, 

230
economic evaluation, 224, 235, 236
economic incentives, 237–239
gliomas, 525
head and neck cancer, 516
heart failure, 318–319
Helicobacter pylori eradication, 635
hemostasis, 384
hypertension, 264–266
hypertrophic cardiomyopathy, 343
impact on health–disease continuum, 164
infl ammatory bowel disease, 582
leukemias, 424–426
myocardial infarction, 296–297
oligodendrogliomas, 525
population genomic screening, 193
principles, 175–176
prostate cancer, 484–485
regulatory issues, 183, 224, 227–230, 238
rheumatoid arthritis, 557
thrombosis, 381
translational barriers, 228
viral hepatitis, 782
Voluntary Genomic Data Submission 

(VGDS), 183, 224
see also Pharmacogenetics
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markers, 180–181
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drug-diagnostic test combinations, 229
Phase III trials

drug-diagnostic test combinations, 229
Phenotypic plasticity, 20
Phenylalanine hydroxylase defi ciency,

newborn screening, 102
Phenylketonuria, 246

newborn screening, 102, 193
Phenytoin

metabolism, 726
pharmacogenomics, 181

PHF11 (PDH fi nger protein 11)
asthma, 593
chronic obstructive pulmonary disease, 607

Philadelphia chromosome, 421
Phosphatidylethanolamine N-transferase, 

alcoholic liver disease, 652
Phosphatidylinositol 3-kinase/AKT pathway, 

442
Phospholamban (PLN) mutations, 

hypertrophic cardiomyopathy, 338
Phospholipase A2, hepatocellular carcinoma, 

653
Phospholipid transfer protein (PLTP), 271
Phospholipids, targeted metabolic profi ling, 
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oligonucleotide microarrays, 74, 74f
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PHOX2B, 583
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Phylogenetic analysis, blood coagulation 

proteins, 375f, 376f
Pilot trials, pharmacogenetic tests, 183
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PINK1 (PARK6; Pten induced kinase 1), 704
Pirbuterol, asthma, 596
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DNA methylation, breast cancer prognosis, 67
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PLA2 polymorphism, aspirin resistance, 297
Placebo response, pharmacogenetic studies, 179
Placental growth factor, acute coronary 
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Plasminogen activator, genetic variation, 376
Plasminogen activator inhibitor-1 (PAI-1)
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obesity, 668, 671

sepsis, 765
Platelet ADP receptor (P2Y12) polymorphism

aspirin resistance, 296, 297
clopidogrel resistance, 297

Platelet-derived growth factor (PDGF)
hepatic stellate cell production, 650

ovarian cancer angiogenesis, 497
Platelet-derived growth factor (PDGF) 

antagonists, cirrhosis, 648
Platelet-derived growth factor receptor (PDGFR)

gliomas, 522, 524
sorafenib inhibition, 542
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see PECAM-1

Platelet glycoprotein IIb–IIIa receptor 
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aspirin resistance, 296, 297
Platelets

activation, 378
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arterial thrombosis risk (Bloodomics 
project), 383

RNA expression profi ling, acute coronary 
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Platinum compounds, DNA methylation 
profi les in tumor response prediction, 
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PLAU-promoter DNA methylation, breast 
cancer prognosis, 67
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hypertrophic cardiomyopathy, 338
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hereditary nonpolyposis colorectal cancer 

(Lynch syndrome), 463, 467
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data disclosure, 212–213
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genetic discrimination, 216–217
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genomic medicine

access, 214–215
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intellectual property, 217
medical privacy, 216
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ovarian cancer, 495
prostate cancer, 482
quantitative, 90, 90f

Polymerase chain reaction
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31–33
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hepatitis B DNA quantitation, 778t
lymphoma, 409
microdissection-based genotyping, 
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mRNA amplifi cation for microarray 
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see also Biobanks
Population-based studies

genomic screening, 193
Population genomics, 18, 19

public health approaches, 245
Population sampling

electronic medical records utilization, 146
Population structure, 146

genome-wide association studies, 40
Positional cloning

diabetes type 2, 677
infl ammatory bowel disease, 576

Positron emission tomography (PET)
head and neck cancer diagnosis, 513
in vivo molecular diagnostics, 137
Parkinson’s disease, 702, 707–708

Positron emission tomography-computerized 
tomography (PET-CT)

head and neck cancer
diagnosis, 513
post-treatment neck dissection planning, 
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Post-translational modifi cation, 89, 377
Posterior chamber, 712
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genome-wide association studies, 39
PPARα agonists see Fibrates
PPARG

diabetes type 2, 677
obesity, 666

PPARs see Peroxisome proliferator-activated 
receptors
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prospective health care, 203–205
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pharmacogenetic tests, 182
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public health approaches, 245
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Primary biliary cirrhosis, 652
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transcriptomics, 652
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Primary mediastinal large B-cell lymphoma, 411

diagnosis, 412
therapeutic targets, 412

Primary pulmonary hypertension, 314
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transcriptomics, 652
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policy, 216
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PRKN (PARK2; PARKIN), Parkinson’s 
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targeted therapy, 533
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dementia, 691
Progressive cardiac conduction defect see 

Lev-Lenegre progressive cardiac 
conduction disease

Progressive supranuclear palsy, 700
Proliferating cell nuclear antigen (PCNA), 

astrocytomas, 526
Promoters, 19

aberrant methylation
head and neck cancer, 516
ovarian cancer, 496
pancreatic cancer, 503

local regulatory variants, 20
Pro-opiomelanocortin (POMC)

body weight regulation, 662
gene mutations, obesity, 664, 665, 666

Properidin gene mutation, Neisseria meningitidis 
susceptibility, 762

Proprotein convertase subtilisin/kexin type 9 
(PCSK9)

defi ciency, 274
mutation

autosomal dominant 
hypercholesterolemia, 273

familial hypobetalipoproteinemia, 274
polymorphism

low-density lipoprotein cholesterol 
reduction, 274, 294, 295 295f

myocardial infarction risk, 279, 294, 295f
nonsense/missense variants, 294, 295f

therapeutic inhibition, 282
Prospective health care, 201, 202f, 203f

baseline risk assessment, 205
key features, 203
predictive factors, 203–205
predictive models, 203, 204f

Prostaglandin E2
ovarian cancer angiogenesis, 497

Prostaglandins, targeted metabolic profi ling, 
102

Prostate cancer, 19, 477–486
androgen ablation therapy, 486
androgen signaling, 485
biomarkers, 481f

circulating tumor cells, 482
serum, 482
urine, 481

chromosomal rearrangements, 483
detection, 480–483

systems medicine approach, 132, 134
epigenetic changes, 478–479

histones acetylation/demethylation, 478

promoter methylation, 67, 478
gene expression profi les

androgen receptor target-genes, 486
biochemical relapse after surgery, 

483–484
cancer initiation, 483
correlates with pathology/aggressive 

disease, 484
literature mining, 484
metastatic progression, 484
response to treatment, 484–485
targeted cytotoxic therapy, 485

genome-wide association studies, 478
genomic changes, 483–484

integrative analysis, 484
response to treatment, 484–485

germline polymorphisms, 478
highly penetrant genes, 477–478
hormone-refractory disease, 485–486
imaging, 482–483
mitochondrial gene mutations, 478
pharmacogenomics, clinical trials, 484–485
prognostic molecular signatures, 137
proteomics, 484

serum protein profi ling, 135
screening, 480–481
somatic DNA alterations, 479–480, 479f

Myc, 480
p53, 480
PTEN/P13K/mTOR, 479–480
Rb, 480

therapeutic HSP90 inhibition, 83
TMPR22–ERG/ETV1 gene fusion, 77
UGT2B17 copy number variation, 52–53, 53f
xenotropic murine leukemia virus-related 

virus (XMRV) association, 478
Prostate-specifi c antigen (PSA), 480–481

prostate cancer, 482
Prostate-specifi c membrane antigen (PSMA), 

monoclonal antibody targeted therapy, 
539, 540f

Prostatic intraepithelial neoplasia (PIN), 67
urine biomarkers, 481

Proteasome subunit α type 6 (PSMA6) poly-
morphism, myocardial infarction, 293

Protein aggregation cardiomyopathy (PAC; 
desmin-related myopathy), 321–322

Protein C, 375
factor V polymorphism effects, 765
sepsis, 765

Protein convertase 1 (PC1) mutations, obesity, 
664

Protein microarrays
blood biomarker analysis, 135
head and neck cancer, 517
multiple sclerosis antibody reactivity, 570

Protein–protein interactions
systems biology approach, 131

Protein Tyrosine Phosphatase 2 (PTPN2) gene, 
583
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Proteins
molecular function, Gene Ontology (GO), 

121
post-translational modifi cation, 377

Proteomics, 89–90
acute coronary syndromes

diagnosis, 307–308, 307f, 308f
alcoholic liver disease, 654
autoimmune hepatitis, 654
bioinformatics, 92–94

data display, 94
modifi ed peptide identifi cation, 93

biomarkers, 94
blood coagulation proteins, 377
brain tumors, 527
cholangiocarcinoma, 654
chronic obstructive pulmonary disease, 609
colorectal cancer

screening/surveillance, 467
treatment response prediction, 469–470

complex disease, 166
coronary artery disease screening, 304
data repositories, 120
depression, 727–728
diagnostic applications, 114
electronic medical records, 143
gel-based techniques, 90–91
head and neck cancer, 517
hepatitis B, 654
hepatitis C, 654, 655, 781
hepatocellular carcinoma, 654, 781
liver, 649

disease, 653–655
interferon therapy specifi c response, 781

mass spectrometry, 89, 90, 91–92, 93f
multiple sclerosis, 570–571
non-alcoholic fatty liver disease, 656
ovarian cancer, 495
pancreatic cancer diagnosis, 504–505
primary biliary cirrhosis, 654
primary sclerosing cholangitis, 654
prognostic applications, 114
prostate cancer, 484

serum biomarkers, 482
urine biomarkers, 481

public health genomics, 245
rheumatoid arthritis, 556
sample preparation methods, 92t
sarcoid bronchoalveolar fl uid, 619
solution-based techniques, 90–91
systems medicine applications, 135–136
undersampling issues, 90

Proteomics Identifi cations Database (PRIDE), 
120

Prothrombin (factor II), 375
polymorphism, 379

cerebral venous thrombosis risk, 380
targeted screening, 384t

Protocadherin-2 precursor, sarcoid 
bronchoalveolar fl uid, 619

Proton pump inhibitors
Helicobacter pylori eradication, 628, 635
pharmacogenomics, 628, 635

PROWESS, 767, 768
PSEN1/2 (presenilin 1/2) mutations, 

Alzheimer’s disease, 689, 694
Pseudoexfoliation glaucoma, 717
Pseudohypoaldosteronism type 2 (Gordon’s 

syndrome), hypertension, 263
Pseudomonas aeruginosa

genetics of host response, 751
genome mapping, 66

Pseudomonas fl uorescens antibodies, 
infl ammatory bowel disease, 578

PSMA6 (proteasome subunit α type 6) 
polymorphism, myocardial infarction, 
293

Psoriasis, 56–57
PTEN

Bannyan-Ruvalcabe-Riley syndrome, 464
breast cancer, 448
Cowden syndrome, 464
gliomas, 523, 524
ovarian cancer, 496
p53 cooperative interactions, 480
prostate cancer, 479–480

PTP4A, Hodgkin lymphoma/Reed-Sternberg 
cells, 413

PTPN11 (Noonan syndrome), congenital 
heart disease, 393

PTPN22, 583
diabetes type 1, 676, 680, 681
rheumatoid arthritis, 551, 552, 554–555, 

556, 557
Public Health Genetics Unit, 248, 250
Public health genomics, 245

communication, 248
core activities, 248–250
defi nition, 245
gene–environment interactions as 

deteminants of health, 246, 247f
genetic exceptionalism avoidance, 247
health professional education, 249
information sharing, 249
key concepts, 246–247
knowledge base

basic research, 247
knowledge integration, 248
policy issues, 249
service development/evaluation, 248–249
societal attitudes, 248
stakeholder engagement, 248
translational strategy, 247, 247f, 248
workforce training, 249

Public health professionals
genomics specialist training, 249

Public Population Project In Genomics (P3G) 
Consortium, 248

PubMed, 153
PUD, 637

Pulmonary embolism, 382
Pulmonary fi brosis, 616–617

genetic determinants in inherited disorders, 
620

see also Diffuse parenchymal lung disease
Pulmonary hypertension, chronic obstructive 

pulmonary disease, 605
Pulmonary stenosis, 393
Pulmonary surfactant proteins, 619
Pupil, developmental abnormalities, 712
Pyrosequencing

tissue sample DNA methylation assessment, 
64

Pyruvate cycling pathways, glucose-stimulated 
insulin secretion, 102–103, 103f

PYY, obesity, 666

Q
19q chromosome, 528
20q13/CD40, 558
22q13/IL2RB, 558
12q13/PIP4K2C, 558
10q21, 583
1q22/CD244, 558
6q23/TNFAIP3, 558
16q24, 583
4q27/IL2-IL21, 558
2q32/STAT4, 558
2q33/CTLA4, 558
9q33/TRAF1-C5, 558
Quality-adjusted life years (QALYs), 242

cost-utility analysis, 234, 235
Quality assurance

diagnostic assays, 194, 195
pharmacogenetics test validity, 182

Quantitative proteomics, 95
Quantitative trait loci (QTLs)

obesity, 664
salt-sensitivity, 261

Quinidine
Brugada syndrome, 363f
drug-induced long QT syndromes, 352
short QT interval syndrome, 361

R
R, 122–123
RA genetics, 558
RAB, promoter hypermethylation in lung 

cancer, 434
Race see Ethnic/racial variation
RAD001 (Everolimus)

prostate cancer targeted therapy, 485
Radioimmunotherapy, 537
RANTES (CCL5), 739

chronic obstructive pulmonary disease, 607
Rapamycin (FK506; sirolimus), 83

acute lymphoblastic leukemia, 116
drug-eluting intracoronary stents, 297

RARB methylation status, tumor treatment 
response prediction, 67



Rare variant hypothesis, 4
Rare variants search, medical resequencing in, 5
Ras

colorectal cancer, 458
leukemias, 421
lung cancer, 438, 440
ovarian cancer, 496

RASSF1 methylation status
lung cancer, 434
tumor treatment response prediction, 67

RASSF1A methylation status
breast cancer, 67
ovarian cancer, 496
prostate cancer, 478

Rb
mutations

gliomas, 523
lung cancer, 439
prostate cancer, 480

RBP1 methylation status, tumor treatment 
response prediction, 67

Reactive oxygen species
chronic obstructive pulmonary disease, 607
endothelial cells, 762
head and neck cancer, 512
prostate cancer associations, 478

Real-time polymerase chain reaction
cardiac allograft rejection gene expression 

profi les, 329, 330
Helicobacter pylori diagnosis/monitoring, 636

Recombination
non-allelic homologous, copy number 

variation (CNV) generation, 46–47, 
48, 48f

Rectal cancer
irinotecan treatment, genotype-guided 

clinical trial, 182
see also Colorectal cancer

Reductionist approach to disease, 201, 202f
Reed-Sternberg cells, 836
Regulatory issues, 223

genomic tests, 225–227
laboratory-developed tests, 226–227
pharmacogenetic tests, 183
public health genomics, 248
targeted therapies, co-approval of diagnostic 

test, 532
Regulatory myosin light chain (MYL2) 

mutations, hypertrophic 
cardiomyopathy, 338

Regulatory T cell (Tregs), 569, 571
Reimbursement

genomic tests, 239–240, 240f
policy issues, 215

Reis–Bückler’s corneal dystrophy, 714, 715
REL

diffuse large B-cell lymphoma, 410
primary mediastinal large B-cell lymphoma, 

411, 412
Relative expression reversals, 137

Relevance networks, 118
Renin-angiotensin system

hypertension, 263
pharmacogenomics, 264

hypertrophic cardiomyopathy, 343
therapeutic targeting in cirrhosis, 646

Renal cell carcinoma
sorafenib therapy, 542

Renal disease
hypertension association, 263

Renal transplant rejection, 116
Repeatability see Reproducibility
Reproducibility

association studies, 763
pharmacogenetics, 182

Research policy, 210–211
Re-sequencing

polymorphisms detection, 30
process, 31, 31f

electrophoresis, 32–33
PCR set-up and clean-up, 32
primer design, 31–32, 32f
sequencing reaction set-up and clean-up, 32
trace analysis, 32–33, 33f

Resistin, obesity, 668
Respiratory distress syndrome, 619
Respiratory syncytial virus, 606
Restriction fragment length polymorphisms 

(RFLPs), 636
Restrictive cardiomyopathy, 337
Retina, 712–713, 713f

disorders, 716
Retinitis pigentosa, 716
Retinoblastoma, 716
Retinoic acid metabolism
Retinoids

DNA methylation profi les, tumor response 
prediction, 67

RETN, obesity, 666
Rett syndrome, 66t
Reverse phase arrays, 569

prostate cancer serum proteomics, 482
T cell response in multiple sclerosis, 569

Reverse transcription–polymerase chain 
reaction

breast cancer, 452, 453
expression profi ling clinical applications, 82
follicular lymphoma, 413, 414
lymphoma diagnosis, 409
mantle cell lymphoma, 415

Reversed phase high-performance liquid 
chromatography (RPLC), quantitative 
proteomics, 91

mass spectrometry coupling, 92
Rheumatic heart disease, 314
Rheumatoid arthritis, 551

auto-antibodies, 551, 552, 556
anti-cyclic citrullinated peptide (anti-

CCP), 551, 552, 556
rheumatoid factor (RF), 551, 552, 556

clinical features, 551t, 552
diagnosis, 558
diagnostic criteria, 552
disease-modifying anti-rheumatic drugs 

(DMARDS), 558
environmental risk factors, 552, 555
gender-related risk/hormonal factors, 

555–556
gene expression profi les, 78, 557

comparison with other autoimmune 
disorders, 569

genetic factors, 551, 552
HLA-DRB1 association, 552–554, 556, 557

shared epitope alleles, 552, 553t, 555
infectious agent associations, 556
monitoring, 558
non-HLA-DRB1 MHC genes, 556
non-MHC genes, 554, 554t

candidate genes, 554
predisposition model, 556
prognosis, 558
proteomics, 557
PTPN22 associations, 551, 552, 554, 556
screening, 557–558
tumor necrosis factor-α inhibitors in 

management, 552, 557
Rheumatoid factor (RF), 553, 556
RhoA, ovarian cancer metastasis, 497
RhoC

Hodgkin lymphoma/Reed-Sternberg cells, 
413

Rhodopsin mutations
congenital night blindness, 716
retinitis pigentosa, 716

Ribavirin
hepatitis C, 782

Ribosomal RNAs (rRNAs), 16
RIG-like receptors, pathogen recognition/

signaling, 763–764
RigI-helicases, 745
Rituximab, 538

Hodgkin’s lymphoma, 534
rheumatoid arthritis, 558

RNA interference
gene expression profi ling studies, 81

RNA interference (RNAi) screen, 455
RNA isolation, microarray experiments, 75–76
RNA-seq, 83
RNAseL polymorphism, prostate cancer, 477, 

478
Roadmap Epigenomics Initiative program, 68
ROBO3, strabsimus, 713
Roche, 545
Roche-454 GS (Genome Sequencer), 34, 35
Romano-Ward syndrome, 352, 353

genetics, 353
ion channel mutations, 354–356
LQT1 (KVLQT1/KCNQ1), 353, 354
LQT2 (HERG/KCNH2), 353, 355
LQT3 (SCN5A), 353, 355–356

Index ■■  823



824 ■■  Index

Romano-Ward syndrome, (Continued)
LQT4 (ankryn-β), 353, 356
LQT5 (minK/KCNE1), 353, 354, 356
LQT6 (MiRP1), 355, 356
LQT9 (caveolin-3), 356–357
LQT10 (SCN4B), 357
non-ion channel-encoding genes, 

356–357
RP16, hepatic stellate cells, 651
RPE65 mutations, Leber’s congenital 

amaurosis, 716
RRMS, 571
Rubenstein–Taybi syndrome, 713
RyR2 mutations (cardiac ryanodine receptor)

catecholaminergic polymorphic ventricular 
tachycardia (CPVT), 362

hypertrophic cardiomyopathy, 339

S
S, 122, 123
S-100 proteins

glioma prognosis, 526
head and neck cancer, 517
multiple sclerosis, 570
pancreatic mucinous cystic neoplasms, 505
rheumatoid arthritis, 557

SabA, Helicobacter pylori adhesins, 633
Salivary biomarkers, head and neck cancer 

locoregional recurrence, 516–517
SALL1, Towne–Brocke syndrome, 713
SALL4 mutations

congenital heart disease, 391, 392
Duane’s syndrome, 713
strabsimus, 713

Salmeterol, chronic obstructive pulmonary 
disease, 610

Salmonella infection, susceptibility genes, 736
Salmonella typhimurium, 583
Salt-sensitivity/resistance, 261

genetic basis, 260–261
hypertension predisposition, 260

Sanger sequencing technique, 28
resequencing, 31
whole genome shotgun sequencing, 28

Sarcoidosis, 617–619
candidate gene studies, 617–618, 618t
familial clustering, 617, 618
genetic factors, 617
Kveim reaction, 619
linkage analysis, 618–619
Mycobacterium tuberculosis catalase-peroxidase 

involvement, 619
prognostic applications of genomics, 619
proteomics, 619

Sarcomas, systems medicine approach to 
diagnosis, 133

SARS virus, 739
Scandanavian Simvastatin Survival Study (4S), 

296
Scavenger receptor class BI (SR-BI), 271

Schizophrenia
microarray experiments, 78

SCN1A polymorphism
phenytoin response infl uence, 181

SCN4B (LQT10), 357
SCN5A (LQT3) see Cardiac sodium channel 

gene mutations
Scoring ALgorithm for Spectral Analysis 

(SALSA), 93
Screening, 165

acute coronary syndromes, 304
asthma, 594
brain tumors, 524
breast cancer, 447
cardiovascular risk, 296–297
chronic obstructive pulmonary disease, 

609–610
colorectal cancer, 457, 467
genomic, 193
germline, 193
head and neck cancer, 512–513
hepatitis B, 777–778
hepatitis C, 777–778
hereditary hemochromatosis, 249
hypertension, 262
hypertrophic cardiomyopathy, 342–343, 342f
infl ammatory bowel disease, 579
intraocular pressure elevation, 716
lipid disorders, 272
lung cancer, 434, 435
lymphoma, 409
newborn see Newborn screening
obesity, 668
ovarian cancer, 494
pancreatic cancer, 502–503
prostate cancer, 480–481
public health genomics, 248
rheumatoid arthritis, 557
thrombophilias, 380–381, 384f

population-based, 381, 385f
viral hepatitis, 777–778

SCYA3, diffuse large B-cell lymphoma 
prognosis, 411

SELDI ProteinChip, hepatitis B infection 
proteomics, 654

SELDI-TOF MS, 695
Selective serotonin reuptake inhibitors, 

pharmacogenomics, 727
Self-organizing maps, 118

disease sub-type discovery, 119
Sensorineural deafness, Jervell and Lange-

Nielsen syndrome, 353, 357
Sepsis, 760–761

applications of genomics, 766
associated genetic polymorphisms, 761–765
association studies, 762–763
candidate gene studies, 762
clinical critera, 760t
clinical staging/severity indices, 767
coagulation, 765

cytokine polymorphisms, 764–765
diagnosis, 767
gene expression profi les

pathogen signatures, 766–767, 768f
progression signatures, 767–769

host response, 761, 762f
multiple serum biomarkers, 765, 766f
pathogen recognition/signaling, 763–764

CD14, 764
intracellular signaling molecules, 764
mannose-binding lectin, 764
NOD-like receptors, 763–764
RIG-like receptors, 763–764
Toll-like receptors, 763

severe (with acute organ dysfunction), 760
therapeutics

activated protein C, 765, 767
Septic shock, TLR4 polymorphism infl uence, 

736
Sequential organ failure assessment (SOFA), 

767
SEQUEST, 93
SeqWright, 156
Serial analysis of gene expression (SAGE), 73

liver tissue, 648
Serine/threonine kinase 15 (STK15), 

hepatocellular carcinoma biomarker, 
653

Serotonin (5-HT) neurotransmission
depression, 723, 724–725, 725t
emotional behavior regulation, 725
stress hormone interactions, 724

Serotonin transporter gene polymorphism see 
5-Hydroxytryptamine transporter (5-
HTT; SLC6A4)

SERPINE2, 612
Serum biomarkers

head and neck cancer recurrence prediction, 
516–517

prostate cancer, 482
SFTPB, 612
SH2B3, diabetes type 1, 680
SHANK3, 56
Short interfering RNAs (siRNA), 497, 498

therapy
apoB targeting, 282
chronic obstructive pulmonary disease, 

611
Short QT interval syndrome, 361

clinical features, 361
genetics, 362, 362t
treatment, 361

Shprintzen syndrome, 391
Shrimp alkaline phosphatase/exonuclease I 

(SAP/Exo I) mix, 32
Sickle-cell anemia, 201
14-13-3Sigma promoter methylation, prostate 

cancer, 478
Signifi cance Analysis of Microarrays (SAM), 
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familial pulmonary fi brosis, 620
Signifi cance measures, 118
Silica exposure, rheumatoid arthritis, 555
SIM1 mutations, obesity, 665
Simvastatin, 296
Single-base extension (SBE), Illumina 

Infi nium II assay, 40
Single cell analysis

DNA-encoded antibody libraries (DEAL), 
136

systems medicine applications, 135
Single nucleotide polymorphisms (SNPs), 4–5, 

17, 21–22, 38, 194, 297, 365, 528, 612, 
682

blood lipid variation, 279
high-density lipoprotein cholesterol, 275t
low-density lipoprotein cholesterol, 274, 

275t
triglycerides, 275t

complex disease association studies, 27–28, 
164

coronary artery disease/myocardial 
infarction studies, 290, 291, 291t

genetic susceptibility biomarkers, 205
genome-wide association studies, 40
genotyping technologies, 38, 40

raw data quality control, 42–43
HuRef genome analysis, 18
local regulatory variants, 20
population studies

heterozygosity estimates, 18
rheumatoid arthritis, 552
tagging, 38, 40

copy number variation (CNVs) 
characterization, 54

HapMap project, 181
pharmacogenetic studies, 180
thrombosis-related gene studies, 380

whole genome shotgun sequencing, 29–30, 
30f

Sinus node dysfunction/sick sinus syndrome, 
350, 362

clinical features, 362–363
genetics, 363

Sirolimus see Rapamycin
SIRT2, glioblastomas, 527
Sitosterolemia, 273–274
Skills for Health Service, 216
SLC6A3, nicotine addiction, 604
SLC6A4 see 5-Hydroxytryptamine transporter
SLC11A1 (NRAMP)

Leishmania infection susceptibility, 736
mycobacterial infection susceptibility, 736, 

754, 762
SLC22A4/OCTN1

infl ammatory bowel disease, 576, 578, 581
rheumatoid arthritis, 554, 555

SLC22A5/OCTN2, infl ammatory bowel 
disease, 576, 578, 581

SLC30A8, diabetes type 2, 678, 679

SLCO1B1 gene, 186
Slow acetylator phenotype see N-

Acetyltransferase 2 (NAT2) 
polymorphism

SMAD2, ovarian cancer, 495
SMAD7, colorectal cancer, 465
Small-cell lung cancer, 435

gefi tinib treatment, 194
Small interfering RNAs see Short interfering 

RNAs (siRNA)
Small nucleolar RNAs (snoRNAs), 16
SNCA (PARK1; PARK4; α-synuclein), 

Parkinson’s disease, 702, 705–706
SNOMED Clinical terms, 121
SNPdetector, 32
SNPedia, 158
SNTA1 (LQT12), 365
Social issues

genomics research policy, 210
public health genomics, 246, 249

Software, bioinformatics
free tools, 121–124

SOLAR, metabolic profi ling in cardiovascular 
disease, 104

Solid tumors
monoclonal antibody therapy, 540–542
small molecule-targeted therapy, 544–545

Somatic mutation, 5, 194
Somatostatin, gastric acid secretion regulation, 

628
Somatostatin receptor type 2 (SSTR2), 

positron emission tomography (PET) 
reporter Sorafenib (BAY 43-9006), 544

prostate cancer trials, 485
Sorafenib, 545
SORL1, Alzheimer’s disease, 691, 695
Sotalol

Brugada syndrome, 363
drug-induced long QT syndromes, 352

Sphingolipids, targeted metabolic profi ling, 
102

Spinal muscular atrophy
newborn screening, 193

SPIO, cell surface receptor imaging, 227
Spliceosome

RNAs, 16
SPMS, 571
Spongiform encephalopathies see Prion disease
Spotted cDNA microarrays, 73, 75
SRBP-1, hepatitis C receptor, 776
SRC3 see AIB1
Stanford Microarray Database (SMD), 

119–120
Staphylococcus aureus, 4

genetics of host response, 748, 750–751, 
763, 767

genome mapping, 744
Starch diet, 57
STAT signaling pathways, 57
STAT1

hepatitis C persistent infection, 779
mycobacterial disease susceptibility, 754

STAT3, 583
head and neck cancer, 517

STAT4, 559
Stathmin, laryngeal carcinoma, 517
Statins, 281

familial hypercholesterolemia, 272
pharmacogenomics, 281, 296–297

post-myocardial infarction ventricular 
remodeling, 296

STATS, interferon-α activation, 782
Stevens-Johnson syndrome, 230
STK11 mutations

breast cancer, 448
STK15, hepatocellular carcinoma, 653
Strabsimus, 713
Strategic health planning, 165
Stratifi n, head and neck cancer, 517
Streptococcus pneumoniae

chronic obstructive pulmonary disease 
exacerbations, 606

genetics of host susceptibility, 749–750, 767
genome, 33

mapping, 744
Stress cardiomyopathy, 314
Stroke

hypertension association, 263
Strong cation exchange (SCX), quantitative 

proteomics, 91
Subtractive hybridization/differential display, 

73
congenital heart disease gene discovery, 395

Sudden infant death syndrome, long QT 
syndrome-like, 352, 357

Sudden and Unexpected Death Syndrome 
(SUDS), 361

Sudden Unexpected Nocturnal Death 
Syndrome (SUNDS), 361

Sulfasalazine
rheumatoid arthritis, 558

Sulfotransferases, cigarette smoke metabolism, 
433

Sulindac, colorectal cancer chemoprevention, 
468

Sunitinib, 545
gastrointestinal stromal tumors, 542
prostate cancer trials, 485

Superoxide dismutase (SOD3), 612
Supervised learning, 118

acute leukemias classifi cation, 113
gene expression data analysis, 76, 77f

acute lymphoblastic leukemia, 424
heart failure, 319

methods, 118
prognostic marker identifi cation in 

leukemia, 427, 427f
Support vector machines, 137, 118

cancer metastates primary diagnosis, 116, 117f
microarray data analysis, 76
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Supravalvular aortic valve stenosis, 394
Surface-enhanced laser desorption/ionizing 

time-of-fl ight mass spectrometry 
(SELDI-TOF-MS)

colorectal cancer, 467
head and neck cancer, 517
non-alcoholic fatty liver disease, 655
ovarian cancer, 495
pancreatic cancer, 504
prostate cancer, 482
sarcoid bronchoalveolar fl uid, 619

Surface plasmon resonance imaging
blood biomarker analysis, 135–136
head and neck cancer screening, 513

Surfactant protein A variants
idiopathic pulmonary fi brosis, 619
mycobacterial disease susceptibility, 754

Surfactant protein B defi ciency, neonatal 
respiratory distress, 619–620

Surfactant protein B variants, 619
Surfactant protein C variants, 619

diffuse parenchymal lung disease, 620
familial pulmonary fi brosis, 620
family interstitial pneumonia/neonatal 

respiratory distress, 619
Surfactant protein D variants, 619

mycobacterial disease susceptibility, 754
Susceptibility genes

asthma, 593
infectious disease, 734–736, 735t, 762
public health genomics, 246, 247f

SWOG 99-16, 485
Syndrome of apparent mineralocorticoid 

excess, hypertension, 263
Syndrome X, colorectal cancer, 464
Systemic infl ammatory response syndrome 

(SIRS), 760
clinical critera, 760t

Systemic lupus erythematosus
complement component C4 gene copy 

number variation, 53
DNA methylation aberrations, 65
gene expression profi les

comparison with other autoimmune 
disorders, 569

Systemized Nomenclature of Medical-Clinical 
Term (SNOMED-CT), 120, 121, 
153

Systems biology, 131–138
biological networks, 159, 166
blood protein diagnostic markers, 133–134

organ-specifi c fi ngerprints, 134
computational/mathematical challenges, 

137
defi ning features, 131
emerging technologies, 134–136
in vitro measurements, 134–135
infectious disease, 739
medical applications, 132–133
molecular signature classifi ers, 137

T
t(8;21), acute myeloid leukemia, 421, 424
t(9;22), chronic myelogenous leukemia, 421
t(11;14)(q12;q32), mantle cell lymphoma, 415
t(11;14)(q13;q32), mantle cell lymphoma, 414
t(11;q23), acute myeloid leukemia, 424
t(14;18)(q32;q21), diffuse large B-cell 

lymphoma, 410
t(14;18)(q32;q21), follicular lymphoma, 413, 

414
t(15;17)

acute myeloid leukemia, 424
acute promyelocytic leukemia, 422, 542

T cells
cardiac allograft acute rejection, 327
chronic obstructive pulmonary disease, 606
cytotoxic see Cytotoxic T cells
helper see Helper T cells
multiple sclerosis immune response, 

569–570
sarcoidosis, 617, 619
see also CD4 T cells, CD8 T cells

t-tests, 118
Tacrolimus, 327
TAFII, primary biliary cirrhosis, 652
TAILORx (Trial Assigning Individualized 

Options for Treatment), 2, 83, 82, 210, 
236, 453, 454

Tamoxifen, 67, 454–455
biomarkers of response, 535
breast cancer targeted therapy, 535

Tandem mass spectrometry (MS/MS)
metabolic profi ling, 98, 100, 102, 103, 104
newborn screening, 101–102, 738
proteomics, 89, 90, 92, 93f

Tangier disease, 276, 279, 282
TAP2

Mycobacterium leprae susceptibility, 754
TAS2R50 gene polymorphism, myocardial 

infarction, 293
Tau (microtubule associated protein)

multiple sclerosis, 570
Parkinson’s disease, 706

TAX 327, 485
Taxanes, DNA methylation profi les in tumor 

response prediction, 67
Taxonomy, 116–117
TBX1, congenital heart disease, 391–392
TBX5

cardiac gene expression interactions, 392
congenital heart disease, 391
microarray analysis, 395
SALL4 regulation, 392

TBX20, 398
TCAP mutations (telothonin), hypertrophic 

cardiomyopathy, 338, 341
TCF2, 198
TCF7L2, 682

diabetes type 2 susceptibility, 677, 678, 679
TCGA, 528

TEL-AML1, acute lymphoblastic leukemia, 
424

Telomerase
activated hepatic stellate cells, 651
pancreatic cancer, 501
pancreatic cystic neoplasms, 505
pancreatic endocrine tumors, 506

Telothonin (TCAP) mutations, hypertrophic 
cardiomyopathy, 338, 341

Temozolomide
oligodendrogliomas, 525
tumor response prediction, 67

Tenascin
hepatic stellate cell production, 649, 651

Tenofovir, hepatitis B treatment, 781
N-Terminal pro-B-type natriuretic peptide, 

acute coronary syndrome risk 
stratifi cation, 308

TERT/TERTC, 623
Tetralogy of Fallot, 391, 392, 393, 395
TFAP2B (Char syndrome), congenital heart 

disease, 393
TFF1, ovarian cancer, 495
TGFB1/BIGH3 (keratoepithelin), corneal 

dystrophies, 713, 714, 715
Theophylline, chronic obstructive pulmonary 

disease, 610
Therapeutic index, 176
Thiazide diuretics, pharmacogenomics, 265
Thiopurine methyltransferase (TPMT)

haplotypes, 181–182
polymorphism, thiopurines metabolism, 230

acute lymphoblastic leukemia, 185
infl ammatory bowel disease, 582

Thiopurines
pharmacogenomics

infl ammatory bowel disease, 582
Third-party reimbursement for genetic/

genomic tests, 196
Thrombin, 374, 375, 378, 379

activation, 377
sepsis, 765

Thrombomodulin, 375
oxidation, 377
sepsis, 765

Thrombophilias
acquired, 381
coagulation protein posttranslational 

modifi cation, 377
prognosis, 382–383
screening, 380–381, 384f

population-based, 381, 385f
vascular bed-specifi c thrombosis, 377–378

Thrombosis, 374–387
circulating cellular/protein infl uences, 

378–379
family history, 380–381
gene association studies, 380
gene linkage studies, 379–380
heritability, 380



instrumentation research, 384
personalized approach, 380

gene expression profi les, 380, 381f, 382f
pharmacogenomics, 384–386
screening, 380–381

population-based, 381
targeted approach, 380–381, 384f, 384t

vascular bed-specifi c, 377–378, 378t
Thrombospondin

head and neck cancer, 517
polymorphism, myocardial infarction, 291

Thromboxane, thrombotic event prediction 
with anticardiolipin antibodies, 380

Thymidine phosphorylase, 5-fl uorouracil 
pharmacogenomics, 469, 469–470

Thymidylate synthase polymorphism
colorectal cancer, 465
5-fl uorouracil pharmacogenomics, 469, 470

Thyroid cancer
radioiodine therapy
see also Papillary thyroid carcinoma

Thyrotoxicosis, heart failure, 314
Timothy syndrome, 352, 353, 358

clinical features, 358
genetics, 353, 358, 359t

tinman, 391
Tiotropium bromide, chronic obstructive 

pulmonary disease, 610
Tipifarnib, 422
TIR-associated protein (TIRAP; Mal), 747
Tissue factor, 374, 378
Tissue factor pathway inhibitor (TFPI), 374
Tissue inhibitor of metalloproteinases 1 

(TIMP-1)
atherosclerotic plaque, 290

Tissue inhibitor of metalloproteinases 2 
(TIMP-2)

atherosclerotic plaque, 290
ovarian cancer metastasis, 497
promoter methylation, prostate cancer, 478

Tissue inhibitor of metalloproteinases 3 
(TIMP-3), ovarian cancer metastasis, 
497

Tissue inhibitors of metalloproteinases 
(TIMPs)

atherosclerotic plaque, 290
cancer-related hypermethylation, 478

Tissue-type plasminogen activator, pancreatic 
cancer, 506

Titin (TTN mutation), hypertrophic 
cardiomyopathy, 338, 341

TLR gene, 739
TLR1, 745

host response to infection
Enterobacteriacea, 751
mycobacteria, 753–754
Staphylococcus aureus, 751
Streptococcus pneumoniae, 749

TLR2, 738, 745
genetics of infection susceptibility, 763

leprosy, 736
Gram-negative bacteria detection, 763
Gram-positive bacteria detection, 748, 763
host response to infection

Enterobacteriacea, 751
Legionella, 752
Listeria monocytogenes, 751
mycobacteria, 753, 762
Neisseria meningitidis, 752
Staphylococcus aureus, 750, 751
Streptococcus pneumoniae, 749

ligand
lipoteichoic acid, 748

TLR3, 738, 747
TLR4, 738, 739, 745, 747

genetics of infection susceptibility, 763
lipopolysaccharide response variation, 

735–736
Gram-negative bacteria detection, 763
host response to infection

Enterobacteriacea, 751–752
Legionella, 752
Neisseria meningitidis, 752
Streptococcus pneumoniae, 749

lipopolysaccharide co-receptor, 764
TLR5, 745

genetics of infection susceptibility, 736, 763
Gram-negative bacteria detection, 763
Gram-positive bacteria detection, 763
host response to Legionella, 736, 752

TLR6, 745
host response to infection

Staphylococcus aureus, 751
Streptococcus pneumoniae, 749

TLR7, 738
TLR8
TLR9, 745

host response to Streptococcus pneumoniae 
infection, 749

TLRs (Toll-like receptors), 745
common host response to infection, 738
infectious diseases susceptibility associations, 

735–736
ligands, 746t
pathogen recognition, 733, 734, 745, 747, 

763, 766
pathogen-specifi c response to infection, 738
signaling, 747, 747f

TMPRSS2/ERG translocation
prostate cancer, 483
urine biomarker, 481

TNF see Tumor necrosis factor-α, 
polymorphism

TNFAIP3, 416
TNNT2 mutations (cardiac troponin T), 

hypertrophic cardiomyopathy, 338, 341
TNNT13 mutations (cardiac troponin I), 

hypertrophic cardiomyopathy, 338
TOB1 gene, 571
Toll-like receptors see TLRs

Topoisomerase 2a (TOP2A), astrocytomas, 
526

Topoisomerase 2beta, hepatitis B, 654
Torsades de pointes

Andersen-Tawil syndrome, 358
Jervell and Lange-Nielsen syndrome, 357
long QT syndromes, 350, 351, 351f

Towne–Brocke syndrome, SALL1, 713
Toxicogenomics, 224, 230
TP53 see p53
TPH2 see Tryptophan hydrolase
TPM1 mutations (alpha-tropomyosin), 

hypertrophic cardiomyopathy, 338, 
341, 342

TPMT polymorphism see Thiopurine 
methyltransferase

Trabecular meshwork, 715–716
TRAF-3, hepatitis C, 654
TRAG3 methylation status, tumor treatment 

response prediction, 67
TRAM (TRIF-related adaptor molecules), 

747
Transcription factors

congenital heart disease susceptibility genes, 
391–393

follicular lymphoma, 413
Hodgkin lymphoma/Reed-Sternberg cells, 

412
prostate cancer-related rearrangements, 

483
Transcriptomics, 2, 81–82

alcoholic liver disease, 652
applications, 135
autoimmune hepatitis, 652
biliary disease, 652–653
congenital heart disease gene discovery, 395, 

396f
gene expression microarrays, 81
heart failure monitoring, 319–320
hepatitis B infection, 651
hepatitis C infection, 651
hepatocellular carcinoma, 653
hypertrophic cardiomyopathy, 341–342
liver, 648

disease, 651–652
multiple sclerosis, 568–569
non-alcoholic fatty liver disease, 652
primary biliary cirrhosis, 652
primary sclerosing cholangitis, 652
systems medicine, 135

Transfer RNAs (tRNAs), 16
Transforming growth factor-β

chronic obstructive pulmonary disease, 604, 
607

colorectal cancer, 460
head and neck cancer, 517
hepatic stellate cell production, 650
ovarian cancer, 495–496

Transforming growth factor-β antagonists
cirrhosis, 646
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Transforming growth factor-β receptor 
mutations

colorectal cancer, 459, 460
ovarian cancer, 495

Translational diagnostics, 168
defi nition, 168

Translational genomics, 163–172
candidate health applications, 164
challenges, 165
clinical implementation, 191–198, 192f
economic incentives, 237–239
enabling competencies/capabilities, 

165–169
evidence-based guidelines development, 

164
genomic testing, 164
impact on health-disease continuum, 

164–165, 165f
implementation strategies, 169–170, 170f
pharmacogenomics, 228
public health aspects, 164
research framework, 164, 164t

Translational research
access/reimbursement issues, 214–215
policy issues, 211
public health genomics, 247

Translocations, 14
Transthyretin, hepatitis B infection proteomics, 

654
Trastuzumab, 224, 229, 455, 534, 541

adverse effects, 449
breast cancer treatment, 194, 448, 536

pharmacogenetics, 183, 185
diagnostic tests of patient eligibility, 534, 

537
ovarian cancer treatment, 495

Tregs see Regulatory T cells
Tricuspid atresia, 391
Tricyclic antidepressants, drug-induced long 

QT syndromes, 352
TRIF (TIR domain containing adaptor 

protein inducing interferonβ), 747
Triglycerides

cardiovascular risk, 271
genetic disorders, 277
genetic variants, 275t, 277–278, 279
intestinal absorption, 270
lipid-modulating therapies, 281
lipoprotein transport, 269
metabolism, 270, 271
plasma levels

genetic factors, 271
screening, 272

transport/clearance, 270
Trisomy 13, congential heart disease, 394
Trisomy 18, congential heart disease, 394
Trisomy 21 (Down syndrome)

APP (amyloid precursor protein gene) copy 
number variation, 689

congenital heart disease, 390, 394

obesity association, 665
strabismus, 713

TRITON Study, 387
trkB see Brain-derived neurotrophic factor 

receptor
Troponin I

acute coronary syndromes
diagnosis, 305
risk stratifi cation, 308, 309

TNNT13 mutations, hypertrophic 
cardiomyopathy, 338

Troponin T
acute coronary syndromes

diagnosis, 305
risk stratifi cation, 308, 309

TNNT2 mutations, hypertrophic 
cardiomyopathy, 338, 341

Trp719Arg polymorphism298
Truncus arteriosus, 391
Tryptophan hydrolase (TPH2), psychiatric 

disorder associations
antidepressant drug response effects, 727, 

727t
depression, 724, 725

TSC1/2 DNA methylation, breast cancer 
prognosis, 67

TSP-1 polymorphism, myocardial infarction, 
291–292, 292f

TSP-2 polymorphism, myocardial infarction, 
291

TSP-4 polymorphism, myocardial infarction, 
291, 292, 292f

TTN mutation (titin), hypertrophic 
cardiomyopathy, 338, 341

Tuberculosis, 201
genetic susceptibility, 753–754

HLA Class I genes, 736
NRAMP1/Slc11a1, 736

see also Mycobacterium tuberculosis
Tuberous sclerosis, pulmonary fi brosis, 617, 

620
Tubulin, multiple sclerosis biomarker, 570
Tumor DNA sequencing, 33
Tumor necrosis factor-α

asthma, 593
cardiomyocyte apoptosis in heart failure, 

316
chronic obstructive pulmonary disease, 607, 

608
follicular lymphoma, 413
hepatitis C infection, 780
host response to pathogens, 747

Gram-positive organisms, 748
polymorphism, 289

asthma, 593, 594
chronic obstructive pulmonary disease, 

604
hepatitis B clearance, 776
malaria/leprosy susceptibility, 736
multiple sclerosis studies, 568

peptic ulcer disease, 635
sepsis, 764

rheumatoid arthritis, 557, 558
sarcoidosis, 617

Tumor necrosis factor-α inhibitors
cirrhosis, 647
rheumatoid arthritis, 552, 558
see also Infl iximab

Tumor necrosis factor-α receptor
host response to Staphylococcus aureus, 751
mycobacterial disease susceptibility, 754
head and neck cancer, 511, 516
local CpG island hypermethylation, 61
lung cancer, 434, 439
ovarian cancer, 496
pancreatic cancer, 501

Tumor-specifi c biomarkers, 94
Tumor-specifi c EGFRvIII mutation, 137
Turcot syndrome, 461, 463

brain tumor predisposition, 523
Turner syndrome

congential heart disease, 394
obesity association, 665

23andMe, 156, 198
Twin studies

Alzheimer’s disease, late onset, 689
hemostasis, 376
hepatitis B/C susceptibility, 776
infectious diseases susceptibility, 735
infl ammatory bowel disease, 576
major depression, 724
obesity, 661, 663
Parkinson’s disease, 702
pharmacogenetics, 178–179
pulmonary fi brosis, 616
rheumatoid arthritis, 552
sepsis outcome, 762
tuberculosis susceptibility, 753–754

Two-dimensional polyacrylamide gel 
electrophoresis (2D-PAGE), 95

Type 1 diabetes, genetics of, 681
Type 2 diabetes, genetics of, 681
Typhoid fever susceptibility, HLA Class II 

genes, 736
Tyrosine kinase inhibitors

leukemia, 422
lung cancer, 438, 440

Tyrosine kinase receptors
gliomas, 522
lung cancer pathogenesis, 438
ovarian cancer, 495

U
UCP1

obesity, 666, 667, 670, 671
UCP2

obesity, 666, 667, 671
UCP3, obesity, 666, 667, 670, 671
UGT1A1 polymorphism

irinotecan metabolism, 230



UGT2B17, 57
prostate cancer-related copy number 

variation, 52–53, 52f
UK Biobank, 145, 212
UK Genetic Testing Network, 249, 298
Ulcerative colitis, 575

classifi cation, 579
clinical features, 579
colorectal cancer risk, 464, 580
corticosteroid therapy, 580
diagnosis, 579
disease severity genetic markers, 580–581
genetic factors, 576, 577t

HLA-DRB1 alleles, 580
incidence, 575
perinuclear antineutrophil cytoplasmic 

antibodies (pANCA), 578, 579, 580
prognosis, 580–581
surgery

indications, 581
twin studies, 576
see also Infl ammatory bowel disease

Ultrasound
head and neck cancer, 513
prostate cancer, 482

UMLS Metathesaurus, 153
Undulin, hepatic stellate cell production, 650
Unifi ed Medical Language System (UMLS), 

121
UniGene identifi er, 121, 648
Unsupervised learning, 118

disease sub-type discovery, 119
gene expression data analysis, 76, 77f

acute myeloid leukemia, 424
heart failure, 319

methods, 118
Urea cycle intermediates, targeted metabolic 

profi ling, 102
Urinary colecting system tumors, hereditary 

nonpolyposis colorectal cancer (Lynch 
syndrome), 463

Urine biomarkers
prostate cancer, 67, 481

Urokinase-type plasminogen activator, breast 
cancer metastasis, 67

V
VacA (Helicobacter pylori vacuolating cytotoxin), 

631, 631f
peptic ulcer disease correlations, 634

VacA s1m1 genotype, 636
VacA s1m2 genotype, 636
Validation

biomarkers, 238
diagnostic tests, 195
gene expression profi le data, 264
genomic tests, 195, 235
pharmacogenetic associations, 182

Valosin-containing protein (VCP) mutations, 
frontotemporal dementia, 691

Valproic acid, 422
Valvular heart disease, 314
VAMP8 polymorphism, myocardial infarction, 

294
Variant detection

whole genome shotgun sequencing, 30, 
30f, 31f

Variation
copy number see Copy number variation 

(CNVs)
human populations, 16–19
HuRef genome analysis, 18
types, 17, 18f, 17t

Vascular endothelial growth factor (VEGF)
acute coronary syndrome risk stratifi cation, 

309
astrocytomas, 526
cancer therapeutic targeting, 517
head and neck cancer, 511, 515, 517
monoclonal antibody targeted therapy, 541
ovarian cancer angiogenesis, 497

Vascular endothelial growth factor receptor 
(VEGFR)

sorafenin inhibition, 544
Vascular-occlusive dementia, 687, 688
VCL mutations (vinculin/metavinculin), 

hypertrophic cardiomyopathy, 338, 
|341

VCP mutations, frontotemporal dementia, 691
Vectibix, 231
Velocardiofacial syndrome, 391, 396, 397
Venous thromboembolism

family history, 380–381
prognosis, 382–383
recurrence, 381, 382
risk factors, 383t
screening investigations, 380
see also Deep vein thrombosis; Pulmonary 

embolism
Ventilator associated pneumonia (VAP), 769
Ventricular development genes, 395
Ventricular remodeling, heart failure, 313, 316, 

316f
Ventricular septal defects, 391, 395
Ventricular tachyarrhythmias, 350
Verapamil, hypertrophic cardiomyopathy, 343
Very low-density lipoproteins (VLDL), 269

apolipoproteins, 270
metabolism, 270, 271

VH mutational status, chronic lymphocytic 
leukemia, 424, 427

VKORC1, 186
Vincristine

oligodendrogliomas, 525
pharmacogenomics, 426

Vinculin (VCL) mutations, hypertrophic 
cardiomyopathy, 338, 341

Viral hepatitis, 774–775
diagnosis, 777–778
immunogenetics, 648, 648t

pathogenesis, 778–781
pharmacogenomics, 782–783
predisposition, 776–777
proteomics, 654
screening, 777–778
transmission, 776–777
treatment, 781–783, 781t

genomics studies, 782
response prediction markers, 782

virology, 763f, 774–776
Viral infections

immune response, 733
TLR3 response, 738

Viral load assessment
HIV infection/AIDS see Human 

immunodefi ciency virus (HIV) 
infection/AIDS

Viral myocarditis
diagnosis, 318
heart failure, 314, 318

Vitamin D receptor (VDR), mycobacterial 
disease susceptibility, 754

VKORC1 polymorphism, warfarin response 
variability, 180, 181, 183

Vocabularies, 167
consumer online health information 

retrieval, 153
Voluntary Genomic Data Submission, 228

goals, 228
pharmacogenomics, 183, 224

Von Willebrand factor
genetic variation, 376

W
Warfarin

dose adjustment, 224
genotype-guided, 182, 230

pharmacogenomics, 180–181, 183, 384–385, 
386t

WDR36, glaucoma, 716
Wellcome Trust Case Control Consortium 

(WTCCC), 678, 679
Western blot analysis, 135
WFS1, 198
Whole genome amplifi ed DNA, genotyping 

technologies, 43
Whole-genome association studies see 

Genome-wide association studies
Whole genome association study (WGAS), 

186
Whole-genome gene expression microarrays, 

441
Whole genome microarray analysis

Helicobacter pylori, 629, 634
Whole-genome sequence comparisons, copy 

number variation (CNVs) detection, 
52

Whole genome shotgun sequencing, 28–31
colony plating/picking, 28–29
library construction, 28
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Whole genome shotgun sequencing, 
(Continued)

process automation, 28, 29f
sequence detection, 29
sequencing reactions, 29
template preparation, 29
variant detection, 30–31, 30f, 31f
whole genome assembly process, 29–30

Williams-Beuren syndrome see Williams 
syndrome

Williams syndrome
congenital heart disease, 394
cytogenetics, 396

Wilson disease, 655

WNK kinase 1/4 mutations, 
pseudohypoaldosteonism type 2 
(Gordon’s syndrome), 263

Wnt pathway genes
colorectal cancer, 458
primary biliary cirrhosis, 652

X
X chromosome inactivation, 60
XIST noncoding genes, 22

Y
90Y-ibirtumomab tiuxetan, 529–530
YKL-40

glioblastoma, 527
glioma prognosis, 526–527, 528

Z
Z-disk hypertrophic cardiomyopathy, 338–339, 

341
ZAP-70, chronic lymphocytic leukemia, 424, 

426–427
Zebrafi sh, 571
ZFPM2/FOG2, congenital heart disease, 391, 

392
ZIC3 (heterotaxy), congenital heart disease, 

392–393
Zollinger-Ellison syndrome (gastrinoma), 627
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