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   Preface   

 This book attempts to address the complexity of biomarker identi fi cation, develop-
ment, and clinical relevance in solid tumors and hematological malignancies. 
It  provides an overview on validated biomarkers, which already impact treatment, 
decisions, and shed some light onto the future development of new biomarkers. We 
also address the challenges and limitations of biomarker validation and diagnostic 
test development. We include novel and cutting-edge technologies, which in the 
future will be increasingly utilized, such as circulating tumor cells. This book gives 
hematologists, oncologists, basic scientists, and physician scientists an overview on 
the status of biomarker integration into the clinical practices. We are fortunate to 
have bene fi ted from the expertise of the internationally renowned authors and 
experts with clinical and basic science background who contributed to this book. 
Our hope is that this book can stimulate innovative translational research collabora-
tions by providing insights into how biomarkers in different diseases using different 
technologies were identi fi ed and validated.   

Los Angeles, CA, USA Heinz-Josef Lenz, M.D., F.A.C.P.



           



ix

  Acknowledgements  

 I would like to thank all of my coauthors, who worked diligently on their contribu-
tions to the book. Many of them reviewed and provided invaluable feedback 
 regarding chapters in the book. 

 My editor, Michael D. Sova, deserves a special thank you for his essential and 
calm guidance throughout the process of preparing this book. 

 Finally, I would like to acknowledge my wife, Maria, and my children, Felicitas, 
Cosima, Annika, and Daria for their support and understanding throughout the pro-
cess of writing this book, which all too frequently necessitated my absence from 
family activities.   



           



xi

Contents

 1 Predictive Markers in Colon Cancer.................................................... 1
Armin Gerger, Melissa J. LaBonte, and Heinz-Josef Lenz

 2 Prognostic Markers in Breast Cancer .................................................. 25
Agustin A. Garcia and Nazish Ahmad

 3 Predictive Markers in Lung Cancer ..................................................... 43
Stephen V. Liu and Barbara J. Gitlitz

 4 Prostate Cancer: Predictive Markers 
in Clinical Development......................................................................... 69
Courtney K. Phillips and Daniel P. Petrylak

 5 Biomarkers in GIST .............................................................................. 105
Howard J. Lim and Charles D. Blanke

 6 Cytogenetic and Molecular Aberrations as Predictive 
Biomarkers in Acute Myeloid Leukemia ............................................. 119
Steffen Heeg and Cornelius F. Waller

 7 Prognostic Markers in Colon Cancer ................................................... 131
Janine M. Davies and Howard L. McLeod

 8 Markers in Lung Cancer ....................................................................... 163
Edwin Y. Lin, Ravin Rupani, and Barbara J. Gitlitz

 9 Molecular Markers of Prostate Cancer Outcome ............................... 189
David Ian Quinn and Gregory P. Swanson

10 Prediction of Chemotherapy Toxicities ................................................ 249
Pierre Laurent-Puig, Thierry Lecomte, 
Marie-Anne Loriot, Valerie Boige, and Helene Blons



xii Contents

11 Surrogate Markers: The Role of Positron Emission 
Tomography Scanning ........................................................................... 275
Derek G. Power and David H. Ilson

12 Circulating Tumor Cells as Biomarkers .............................................. 297
Stephen V. Liu, Tong Xu, and Amir Goldkorn

13 Focus on Personalized Molecular Based Medicine ............................. 319
Lex H.T. Van der Ploeg, Bud Mishra, Casimir P. Eitner, 
Jon Burrows, Thomas Wray Tombler Jr., Vladimir Poponin, 
Daniel J. Knauer, Ilia Ichetovkin, Richard M. Pinnola, 
Gregory A. Endress, and Patrick Soon-Shiong

14 Clinical Validation of Biomarkers ........................................................ 353
Sumithra J. Mandrekar and Daniel J. Sargent 

15 Regulatory Issues ................................................................................... 369
Maxwell T. Vergo and Al B. Benson III

16 Biomarkers for Safety Assessment 
and Clinical Pharmacology ................................................................... 381
Stan Louie and Jared Russell

17 Biomarkers Discovery Strategies: DNA, RNA, and Protein .............. 401
Eduardo Vilar and Josep Tabernero 

18 Biomarkers for Go/No Go Decisions .................................................... 417
Ben Markman and Josep Tabernero

Index ................................................................................................................ 437



xiii

  Contributors 

     Nazish   Ahmad ,  B.A., D.O.       Department of Medicine ,  University of Southern 
California ,   Los Angeles ,  CA ,  USA      

     Al   B.   Benson   III  , M.D., F.A.C.O.       Department of Hematology and Oncology , 
 Department of Medicine, Feinberg School of Medicine, Robert H. Lurie 
Comprehensive Cancer Center, Northwestern Memorial Hospital ,   Chicago ,  IL ,  USA      

     Charles   D.   Blanke ,  M.D.       Division of Medical Oncology ,  British Columbia Cancer 
Agency ,   Vancouver ,  BC ,  Canada      

     Helene   Blons ,  M.D., Ph.D.       Department of Biology ,  Hôpital Européen Georges-
Pompidou ,   Paris ,  France      

     Valerie   Boige ,  M.D., Ph.D.       Department of Medicine ,  Institut Gustave Roussy , 
  Villejuif ,  France      

     Jon   Burrows ,  Ph.D.       OncoPlex Diagnostics ,     Rockville ,  MD ,  USA      

     Janine   M.   Davies ,  M.D., B.N., M.Sc.       Division of Hematology/Oncology, 
Lineberger Comprehensive Cancer Center ,  University of North Carolina at Chapel 
Hill ,   Chapel Hill ,  NC ,  USA      

     Casimir   P.   Eitner ,  B.Sc.       OncoPlex Diagnostics ,   Rockville ,  MS ,  USA      

     Gregory   A.   Endress       NeoDiagnostix, Inc. ,   Rockville ,  MD ,  USA      

     Agustin   A.   Garcia ,  M.D.       Division of Medical Oncology ,  University of Southern 
California ,   Los Angeles ,  CA ,  USA      

     Armin   Gerger ,  M.D.       Division of Medical Oncology ,  Norris Comprehensive 
Cancer Center, Keck School of Medicine, University of Southern California ,   Los 
Angeles ,  CA ,  USA      

     Barbara   J.   Gitlitz ,  M.D.       Division of Medical Oncology, Department of Internal 
Medicine ,  Norris Comprehensive Cancer Center, Keck School of Medicine, 
University of Southern California ,   Los Angeles ,  CA ,  USA      



xiv Contributors

     Amir   Goldkorn ,  M.D.       Division of Medical Oncology, Department of Internal 
Medicine ,  Norris Comprehensive Cancer Center, Keck School of Medicine, 
University of Southern California ,   Los Angeles ,  CA ,  USA      

     Steffen   Heeg ,  M.D.       Department of Hematology and Oncology ,  University of 
Freiburg Medical Center ,   Freiburg ,  Germany      

     Ilia   Ichetovkin ,  Ph.D.       Head of Oncology, Vela Diagnostics, Fairfi eld, NJ, USA         

     David   H.   Ilson ,  M.D., Ph.D.       Department of Medical Oncology Solid Tumor GI , 
 Memorial Sloan-Kettering Cancer Center ,   New York ,  NY ,  USA      

     Daniel   J.   Knauer ,  Ph.D.          Manager, Oncology R&D, Vela Diagnostics, Fairfi eld , 
    NJ ,  USA      

     Melissa   J.   LaBonte ,  Ph.D.       Division of Medical Oncology ,  Norris Comprehensive 
Cancer Center, Keck School of Medicine, University of Southern California ,   Los 
Angeles ,  CA ,  USA      

     Pierre   Laurent-Puig ,  M.D., Ph.D.       Department of Biochemistry ,  Hôpital Européen 
Georges-Pompidou ,   Paris ,  France      

     Thierry   Lecomte ,  M.D., Ph.D.       Department of Hepato-Gastroenterology ,  CHRU 
of Tours, CHU Trousseau ,   Chambray-lès-Tours ,  France      

     Heinz-Josef   Lenz ,  M.D., F.A.C.P.       Division of Medical Oncology ,  Norris 
Comprehensive Cancer Center, Keck School of Medicine, University of Southern 
California ,   Los Angeles ,  CA ,  USA      

     Howard   J.   Lim ,  M.D., Ph.D., F.R.C.P.C.       Department of Medical Oncology , 
 British Columbia Cancer Agency ,   Vancouver ,  BC ,  Canada      

     Edwin   Y.   Lin ,  M.D.       Department of Medical Oncology ,  Norris Comprehensive 
Cancer Center, Keck School of Medicine, University of Southern California ,   Los 
Angeles ,  CA ,  USA      

     Stephen   V.   Liu ,  M.D.       Division of Medical Oncology, Department of Internal 
Medicine ,  Norris Comprehensive Cancer Center, Keck School of Medicine, 
University of Southern California ,   Los Angeles ,  CA ,  USA      

     Marie-Anne   Loriot ,  M.D., Ph.D.       Department of Biology ,  Hôpital Européen 
Georges-Pompidou ,   Paris ,  France      

     Stan   Louie ,  Ph.D.       Clinical Pharmacy and Pharmaceutical Economics and Policies , 
 University of Southern California ,   Los Angeles ,  CA ,  USA      

     Sumithra   J.   Mandrekar ,  Ph.D.       Department of Health Sciences Research ,  Mayo 
Clinic ,   Rochester ,  MN ,  USA      

     Ben   Markman ,  M.B.B.S., F.R.A.C.P.       Monash Institute of Medical Research , 
 Monash University ,   Victoria ,  Australia      



xvContributors

     Howard   L.   McLeod ,  Pharm.D.       Department of Pharmacy ,  Eshelman School of 
Pharmacy, University of North Carolina at Chapel Hill ,   Chapel Hill ,  NC ,  USA      

     Bud   Mishra ,  Ph.D.       Department of Computer Science and Mathematics ,  Courant 
Institute of Mathematical Sciences, New York University ,   New York ,  NY ,  USA      

     Daniel   P.   Petrylak ,  M.D.       Signal Transduction Program, Cedar Street, New Haven, 
CT, USA         

     Courtney   K.   Phillips ,  M.D.       Department of Urology ,  Mount Sinai School of 
Medicine ,   New York ,  NY ,  USA      

     Richard   M.   Pinnola ,  B.S.       NeoDiagnostix, Inc. ,   Rockville ,  MD ,  USA      

     Vladimir   Poponin ,  Ph.D.       Nant Holdings, LLC ,   Costa Mesa ,  CA ,  USA      

     Derek   G.   Power ,  M.D.       Department of Medicine, Gastrointestinal Oncology 
Service ,  Memorial Sloan Kettering Cancer Center ,   New York ,  NY ,  USA      

     David   Ian   Quinn ,  M.B.B.S.(Hons), Ph.D., F.R.A.C.P., F.A.C.P.       Department of 
Oncology ,  Norris Comprehensive Cancer Center, Keck School of Medicine, 
University of Southern California ,   Los Angeles ,  CA ,  USA      

     Ravin   Rupani ,  M.D.       Department of Hematology and Oncology ,  Norris 
Comprehensive Cancer Center, University of South California ,   Los Angeles , 
 CA ,  USA      

     Jared   Russell ,  B.S.       Pharmacology and Pharmaceutical Sciences ,  University of 
Southern California ,   Los Angeles ,  CA ,  USA      

     Daniel J.   Sargent ,  Ph.D.       Department of Health Sciences Research ,  Mayo Clinic , 
  Rochester ,  MN ,  USA      

     Patrick   Soon-Shiong ,  M.D.       Departments of Microbiology, Immunology, and 
Molecular Genetics, Bioengineering ,  University of California, Los Angeles ,   Los 
Angeles ,  CA ,  USA      

     Gregory   P.   Swanson ,  M.D.       Department of Radiation Oncology, Radiology 
and Urology ,  University of Texas Health Science Center at San Antonio ,   San 
Antonio ,  TX ,  USA      

     Josep   Tabernero ,  M.D.       Department of Medical Oncology Service ,  Vall d’Hebron 
University Hospital ,   Barcelona ,  Spain      

     Thomas   Wray   Tombler   Jr.,   Ph.D.       ADD Biosensors ,   Somerset ,  NJ ,  USA      

     Lex   H.T. Van der   Ploeg ,  Ph.D.       Rhythm Pharmaceuticals, Managing Director 
VDP ,  LLC ,   Rhythm, Boston ,  MA ,  USA      

     Maxwell   T.   Vergo ,  B.S., M.D.       Division of Hematology and Oncology, Department 
of Medicine ,  Feinberg School of Medicine, Robert H. Lurie Comprehensive Cancer 
Center, Northwestern Memorial Hospital ,   Chicago ,  IL ,  USA      



xvi Contributors

     Eduardo   Vilar ,  M.D., Ph.D.       Department of Internal Medicine ,  University of 
Michigan Comprehensive Cancer Center ,   Ann Arbor ,  MI ,  USA      

     Cornelius   F.   Waller ,  M.D.       Department of Hematology and Oncology ,  University 
of Freiburg Medical Center ,   Freiburg ,  Germany      

     Tong   Xu ,  Ph.D.       Division of Medical Oncology, Department of Internal Medicine , 
 Norris Comprehensive Cancer Center, Keck School of Medicine, University of 
Southern California ,   Los Angeles ,  CA ,  USA              



1H.-J. Lenz (ed.), Biomarkers in Oncology: Prediction and Prognosis, 
DOI 10.1007/978-1-4419-9755-5_1, © Springer Science+Business Media New York 2013

    Introduction 

 Over the past several decades, signi fi cant progress has been made towards improving 
survival outcome of patients with colorectal cancer (CRC), which is due in part to 
the approval and incorporation of multiple new chemotherapeutic agents including 
irinotecan, oxaliplatin, and the biologically targeted agents, bevacizumab, cetux-
imab, and panitumumab  [  1  ] . However, the prognosis for patients with metastatic 
colorectal cancer (mCRC) remains poor, with a 5-year survival rate of about 8% and 
>50% of CRC patients demonstrating recurrent or metastatic disease regardless of 
curative operations  [  2  ] . The antimetabolite 5- fl uorouracil (5-FU) and the oral 5-FU 
pro-drug, capecitabine, remain the backbone in CRC treatment regimens. The sin-
gle agent response rates (RR) of 5-FU had been shown to range from 20 to 25% in 
patients with mCRC  [  3  ] . In addition, it has further been demonstrated that 5-FU can 
be safely substituted for capecitabine when combined with oxaliplatin without any 
loss of ef fi cacy  [  4  ] . Combining 5-FU with DNA-damaging agents, oxaliplatin or 
irinotecan, increases tumor RR to 40–50% and prolongs overall survival (OS)  [  5,   6  ] . 
In recent years, the biologically targeted agents such as bevacizumab, a recombi-
nant monoclonal antibody (mAb) against the pro-angiogenic vascular endothelial 
growth factor (VEGF), cetuximab, a chimeric mAb against the epidermal growth 
factor receptor (EGFR), and panitumumab, a fully humanized EGFR mAb have 
emerged as key components in mCRC management demonstrating additional 
clinical bene fi t  [  7  ] . 

 While there have been many advances in new drug development for CRC, 
several key questions remain: Why is the bene fi t from therapeutic agents seen only 
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in selected patient populations? Why do some patients develop severe toxicities 
from these drugs? How can we individualize cancer treatment by preselecting 
patients for the most appropriate treatment strategies? Currently, a lack of validated 
predictive biomarkers for almost all therapeutic agents and patient screening restricts 
our ability to tailor speci fi c drugs to speci fi c patient cohorts, and may be viewed as 
one of the largest barriers and challenges to the success of individualized CRC 
therapy. The “one size  fi ts all” approach to CRC therapy has been replaced with the 
realization that treatment strategies need to be tailored on an individual patient-
speci fi c basis due to the multitude of factors that have been shown to contribute to 
the outcome of therapy  [  8  ] . With the knowledge of both the molecular biology of 
the patient and the cancer expanding at an exponential rate, the signi fi cant heteroge-
neity within both has become more apparent. In recent years, major efforts have 
been made on the identi fi cation of predictive biomarkers in CRC, which in turn 
would allow the identi fi cation of the patients who will bene fi t from therapy, while 
sparing others of needless toxicity and the  fi nancial burden of a treatment that will 
fail to demonstrate any bene fi t  [  9  ] . Biomarkers are de fi ned as measurable molecu-
lar, cellular, or functional parameters indicative of a particular genetic, epigenetic, 
or functional status of a biological system. Effective biomarkers are reproducible, 
repeatable, and measurable through a minimally invasive procedure, can be prog-
nostic when they are indicative of the natural course and outcome of the disease, 
regardless of the treatment, and become predictive when they can be signi fi cantly 
correlated with the clinical response to a particular treatment regimen  [  10  ] . 

 Despite extensive research into biomarkers in CRC, progress to date on the 
identi fi cation, validation, and integration of predictive biomarkers into routine clini-
cal practice has been slow and unsatisfactory, resulting in the need to address several 
critical questions: can single markers suf fi ciently describe the impact of a given 
treatment on a prede fi ned subset of CRC patients? Would a more comprehensive 
pathway approach to categorize CRC patients for treatment bene fi t yield more prom-
ising results? At least, in part, these questions are currently being addressed with the 
introduction of tumoral  KRAS  status as a predictive biomarker for the anti-EGFR 
mAbs, cetuximab and panitumumab  [  11  ] . Recent evidence suggests that the bene fi t 
of cetuximab is limited to mCRC patients carrying a  KRAS  wild-type tumor status. 
Results from several clinical trials demonstrated RR of up to 60% with cetuximab 
plus chemotherapy in the  KRAS  wild-type patient populations, indicating a valuable 
and robust biomarker predicting increased response to a given regimen  [  12  ] . 
However, it has further been shown that the presence of a  KRAS  wild-type tumor 
does not exclusively dictate that EGFR-targeting mAbs will be effective. This is 
evidenced in the reported RR, which indicates that 40% of  KRAS  wild-type patients 
also do not bene fi t from EGFR mAb-targeted treatment. The 40% of mCRC patients 
with  KRAS  mutant tumors simply failed to respond to treatment. Within the patients 
harboring  KRAS  mutant tumors additional factors, such as mutation of  BRAF ,  NRAS , 
and loss of PTEN or  PIK3CA  activation, might contribute to the resistance to EGFR-
targeting mAbs and need to undergo further testing  [  13  ] . While  KRAS  mutational 
status represents a signi fi cant step forward in the concept of individualized treatment 
in mCRC, this success ultimately poses further challenges. 
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 It is now widely recognized that even patients with similar clinicopathological 
characteristics can demonstrate signi fi cant variability in their treatment responses 
and clinical outcome. It is becoming increasingly apparent that disease progression 
is not a linear chain of events, but largely driven by a multitude of signaling net-
works and the analysis of a single marker may fail to predict treatment ef fi cacy with 
a high degree of accuracy and reproducibility. Therefore, it is critical to adopt and 
implement a more global pathway-based approach whereby analysis of multiple 
components within the molecular networks being targeted can be evaluated. 
Moreover, it is now well characterized that many of the pathways that are currently 
the focus of novel therapeutic development are highly complex with multiple down-
stream effectors, which can determine drug ef fi cacy. The goal of treatment on an 
individualized basis should  fi nally involve a simultaneous patient-speci fi c analysis 
of clinical and pathologic characteristics and analysis of a patient’s germline genetic 
and tumor biomarker pro fi le.  

   Predictive Markers and Anti-EGFR Therapy 

 Anti-EGFR mAbs represent an important treatment option in the management of 
mCRC. Two FDA-approved anti-EGFR mAbs, cetuximab and panitumumab, func-
tion through blockade of ligand-induced EGFR tyrosine-kinase activation and pre-
vent activation of downstream intracellular signaling pathways including the 
phosphatidylinositol 3-kinase (PI3K)/AKT, mitogen-activated protein kinase 
(MAPK), and signal transducer and activator of transcription 3 (STAT3) pathways 
 [  14  ] . This inhibition ultimately results in a decrease in cellular proliferation and 
induction of apoptosis. It has been shown that 50–70% of CRCs exhibit EGFR 
expression. A subset of tumor cells develop dependence or addiction to continuous 
EGFR signaling that drives their proliferation and survival, and subsequent inhibi-
tion of EGFR and therefore rapid withdrawal of pro-survival signaling can lead to 
catastrophic events within the cell that result in cell-cycle arrest and programmed 
cell death. It has therefore been hypothesized that increased EGFR dependency 
might be associated with the increased ef fi cacy of anti-EGFR mAbs. However, 
EGFR expression, primarily measured by immunohistochemistry (IHC), has failed 
to provide any de fi nitive correlation with response to cetuximab  [  8  ] . In contrast, 
increased  EGFR  copy number has been associated with tumor responses to anti-
EGFR mAbs and the level of sensitivity to cetuximab was proportional to the level 
of mRNA expression of two EGFR ligands: epiregulin and amphiregulin  [  15–  17  ] . 

 Not surprisingly given that EGFR is strongly expressed in skin cells, patients 
treated with anti-EGFR mAbs experience skin reactions with various degrees of 
severity. This raised the question whether skin toxicity could be used as a surrogate 
marker for anti-EGFR therapies. In the NCIC CTG CO.17 clinical trial that investi-
gated single-agent cetuximab ef fi cacy in heavily pretreated mCRC patients, a rash 
of grade 2 or higher was strongly associated with improved OS (hazard ratio (HR) 
for death 0.33; 95% con fi dence interval (CI) 0.22–0.50;  P  < 0.001)  [  18  ] . Preliminary 
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data from the Evaluation of Various Erbitux REgimens by means of Skin and Tumour 
biopsies (EVEREST) trial suggests that in patients with tumors expressing wild-type 
 KRAS  who had no or mild skin reactions, dose escalation of cetuximab in combina-
tion with irinotecan may improve RR compared with standard-dose cetuximab, 
although this result did not reach statistical signi fi cance. Similar to what is observed 
with bevacizumab-induced hypertension, the utility of skin toxicity as a predictive 
marker for anti-EGFR therapy is limited in its use as it cannot be assessed a priori. 
A larger body of evidence is available for predictive biomarkers to anti-EGFR treat-
ment, with the ability to identify patients that will fail to respond to anti-EGFR 
treatment. More comprehensive data suggests that oncogenic mutations in genes of 
the intracellular signaling pathways of the EGFR-signaling cascade are responsible 
for primary intrinsic resistance to anti-EGFR treatment in mCRC patients. 

   KRAS 

 The  fi rst identi fi ed biomarker for response to anti-EGFR therapies was  KRAS .  KRAS  
is a GTPase protein and an oncogene that has been shown to be mutated in 30–40% 
of CRC patients  [  12  ] . Under normal cellular conditions, wild-type  KRAS  activity is 
tightly regulated and only transiently activated. However, the activating mutation 
in  KRAS  renders the RAS/RAF/MEK/MAPK and PI3K/AKT pathways constitu-
tively active, even in the presence of EGFR inhibition. Of the  KRAS -mutant CRC 
patients, 85–90% harbor mutations in codon 12 or 13 and 5% in both codons 61 and 
146  [  19  ] . 

 A large body of evidence con fi rmed the preliminary  fi ndings by Lievre and col-
leagues that  KRAS -mutated tumors in patients with mCRC lacked response to 
cetuximab treatment  [  11  ] . In an updated analysis of the randomized CRYSTAL trial 
in 540 mCRC patients treated with  fi rst-line FOLFIRI ± cetuximab, there was a 
statistically signi fi cant difference in favor of  KRAS  wild-type compared to  KRAS -
mutant tumors for RR, progression-free survival (PFS), and overall survival. The 
OPUS trial of 233 patients also demonstrated that a bene fi t from the addition of 
cetuximab to FOLFOX-4 therapy was restricted to the  KRAS  wild-type population 
 [  12  ] . To date, almost all studies investigating cetuximab and panitumumab ef fi cacy 
have demonstrated that patients harboring  KRAS -mutant mCRC fail to bene fi t from 
these EGFR-targeted agents. 

 All patients with mCRC are now tested for seven mutations in  KRAS  codons 12 
and 13 before receiving anti-EGFR mAbs. In the majority of the translational  KRAS  
studies that have been conducted, codon 12 and 13 mutations have been grouped 
together, without speci fi c subgroup analyses. However, reports now indicate that 
not all  KRAS  mutant tumors respond equally to EGFR-targeted treatment, with a 
small subset of patients with  KRAS -mutated tumors responding to anti-EGFR ther-
apy. In these tumors, codon 13 mutations were overrepresented when compared 
with the overall  KRAS -mutated tumor population. In vitro data support this  fi nding 
with  KRAS  codon 13 mutations exhibiting weaker transforming activity than  KRAS  
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codon 12 mutations  [  20  ] . Based on these observations, De Roock and colleagues 
conducted a large exploratory retrospective pooled analysis of chemotherapy-
refractory mCRC patients treated with cetuximab and chemotherapy investigating 
the association of  KRAS  G13D mutation in relation to outcome. The authors found 
an association between longer PFS and OS among patients with  KRAS  G13D-
mutated tumors compared to other  KRAS -mutated tumor types. However, these pre-
liminary data need to be further validated in prospective randomized trials before 
drawing any conclusions about treating  KRAS  G13D-mutated tumors with anti-
EGFR therapy  [  21  ] . 

 Further evidence supports that not all  KRAS  mutations respond equally to treat-
ment and need to be evaluated on an individual basis. A retrospective European 
consortium study showed that  KRAS  codon 61 mutant tumors have a lower RR than 
wild-type tumors and, because the mutation incidence is similar to some  KRAS  codon 
12 mutations, suggested that  KRAS  codon 61 should be included in the  KRAS  
mutation testing. By contrast with a previous report,  KRAS  codon 146 mutations did 
not affect cetuximab ef fi cacy. The co-occurrence of  KRAS  codon 146 mutations 
with other  KRAS  mutations is an additional indication that this might not be an 
important oncogenic codon  [  19  ] . 

 Despite the ability to utilize  KRAS  mutational status in determining patient sen-
sitivity to EGFR-mAbs, not all  KRAS  wild-type patients respond to these mAbs. 
Approximately 40–60% of  KRAS  wild-type patients fail to respond to EGFR target-
ing mAbs, which may indicate other molecular determinants within the downstream 
signaling pathways that may mediate sensitivity to this family of targeted agents.  

   BRAF 

  BRAF , v-raf murine sarcoma viral oncogene homolog B1, is located immediately 
downstream of  KRAS  in the signaling cascade. While several mutations in  BRAF  
have been identi fi ed, the best-described and most prevalent mutation is the activat-
ing  V600E  mutation located in exon 15 that results in constitutive activation of the 
RAF/MEK/ERK pathway. Analysis of both  KRAS  and  BRAF  mutations in the same 
patient population has demonstrated that mutations in these two genes are mutually 
exclusive. The mutation frequency for  BRAF  has been shown signi fi cantly lower, 
with its identi fi cation in only 5–10% of CRC patients  [  22  ] . This frequency has been 
shown to be dependent on the patient population investigated, since  BRAF  muta-
tions confer poor prognosis.  BRAF  mutations are associated with the CpG island 
methylator phenotype (CIMP) and microsatellite instability, whereas  KRAS  muta-
tions are more common in CIMP-low and microsatellite-stable tumors  [  13  ] . 

 A number of studies to date have reported that the  V600E  mutation in  BRAF  
precludes response to anti-EGFR therapy. Di Nicolantonio and colleagues reported 
that patients with  BRAF  mutations failed to respond to cetuximab therapy  [  22  ] . 
In support of this, a recent study by Loupakis and colleagues reported similar 
 fi ndings with lack of response and shorter PFS and OS in  BRAF- mutated tumors 
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 [  23  ] . Further evidence in support of these  fi ndings comes from two recent studies 
which noted lower RR and shorter PFS and OS in  BRAF -mutated tumors  [  19,   24  ] . 
In contrast, pooled analysis of the OPUS and CRYSTAL trials demonstrated that 
 BRAF  mutation status does not appear to be a strong predictive biomarker for the 
addition of cetuximab to chemotherapy; however, the sample size of  BRAF -mutated 
tumors was too small to draw de fi nitive conclusions  [  25  ] . While the clinical data 
supports the importance of mutations in  BRAF  in association with resistance to anti-
EGFR therapies, future trials of large cohorts of  KRAS  wild-type patients treated 
with anti-EGFR therapies are required to fully explore the predictive role of  BRAF  
mutations in determining response.  

   NRAS 

  NRAS  represents another downstream effector of the EGFR-signaling pathway and 
mutations in  NRAS  might also have negative effects on response to anti-EGFR ther-
apies.  NRAS  and  KRAS  are very closely related, having 85% amino acid sequence 
identity.  NRAS  mutations occur in a smaller percentage, approximately 2–5% of 
CRC, than  KRAS  or  BRAF  mutations and seem to arise at a later stage in the devel-
opment of CRC, similar to the stage at which mutations in p53 appear to arise  [  10  ] . 

 In a recent retrospective European consortium analysis, patients with  NRAS -
mutant mCRC showed a signi fi cantly lower RR (7.7% vs. 38.1%, odds ratio (OR) 
0.14, 95% CI 0.007–0.70;  P  = 0.013) than did patients with  NRAS  wild-type tumors. 
There was no signi fi cant difference between  NRAS  wild-type vs. mutants in disease 
control, median PFS, and    OS. However,  NRAS  mutations were signi fi cantly associ-
ated with lower response and disease control rates in a multivariate analysis (includ-
ing mutation status of  KRAS ,  PIK3CA  exon 20,  PIK3CA  exon 9,  BRAF , and  NRAS , 
and age, sex, number of previous chemotherapy lines, and center as covariates) and 
retained in the conditional inference trees  [  19  ] .  NRAS  status in mCRC therefore 
represents a promising predictive biomarker and warrants further exploration and 
validation in prospective trials.  

   PI3K 

 PI3Ks belong to a family of heterodimeric lipid kinases. PI3K isoforms have been 
grouped into three classes based on their structural features and lipid substrate pref-
erences  [  26  ] . The PI3K class IA molecules are heterodimers, composed of regula-
tory (p85) and catalytic (p110) subunits. Activation of class I PI3Ks is initiated by 
growth factor receptors, such as insulin and insulin-like growth-factor-1 receptors 
(IGFR1), platelet-derived growth-factor receptors (PDGFRs), and members of the 
HER-family  [  13  ] . It was originally hypothesized that  PIK3CA  mutations could 
 constitutively activate the PI3K/AKT axis and may render the inhibition of the 
upstream EGFR ineffective to its oncogenic signaling. In CRC, mutations in the 
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p110 a  (encoded by  PIK3CA ) isoform roughly occur in 15–20% of patients  [  27  ] . 
More than 80% of  PIK3CA  mutations in CRC occur in exon 9 (60–65%; E542K, 
E545K) or exon 20 (20–25%; H1047R)  [  13,   19  ] . In vitro studies have demonstrated 
that the gain-of-function induced by  PIK3CA  exon 20 mutations (coding for the 
kinase domain) is independent of RAS binding, whereas the mutations in exon 9 
(coding for the helical domain) require the RAS–GTP interaction  [  28  ] . 

 Sartore-Bianchi and colleagues demonstrated a lack of response to anti-EGFR 
therapy in mCRC patients harboring  PIK3CA  mutations  [  29  ] . In contrast, in a cohort 
of 200 patients, Prenen and colleagues reported no strong rationale for the use of 
 PIK3CA  mutations as a single predictive marker for response to anti-EGFR treat-
ment  [  30  ] . One reason for the con fl icting data could be the apparent differences 
between the mutations in exon 9 and exon 20, which ultimately represent different 
biological subgroups that were not separately analyzed in both studies. In addition, 
different proportions of exon 9 and exon 20 mutations in the patient cohorts might 
explain the results, at least in part. Recently, De Roock and colleagues reported for 
the  fi rst time an association between  KRAS  mutations and  PIK3CA  exon 9 (not exon 
20) mutations in mCRC. These results are in line with the  fi nding that the gain-
of-function induced by  PIK3CA  exon 9 mutations (helical domain) requires the 
RAS–GTP interaction. Moreover, their data suggest that only  PIK3CA  exon 20 
mutations are associated with worse outcome after cetuximab treatment  [  19  ] . These 
data holds promise for further translational investigations and biological studies. 
However, because of the low number of  PIK3CA  exon 20 mutations, these results 
should be regarded as both preliminary and explorative.  

   PTEN 

 PTEN, phosphatase and tensin homologue, is a tyrosine phosphatase enzyme that 
functions as negative regulator of the PI3K/AKT pathway, thereby attenuating its 
downstream signaling. Essentially, PTEN functions to maintain equilibrium in PI3K 
signaling by dephosphorylating PI3K’s product, thereby converting it from an active 
to inactive state. The COOH-terminal region of the PTEN protein has been shown 
to be required for its tumor suppressor function. Mutations in  PTEN  produce trun-
cated proteins lacking the COOH-terminal region, which then are rapidly degraded, 
resulting in loss of PTEN protein expression. While  PTEN  mutations are infrequent 
in CRC, they may be more common in MSI-High (MSI-H) tumors. Also allelic 
losses at chromosome 10q23 or hypermethylation of the  PTEN  promoter region can 
result in loss of PTEN activity. It has been observed that  PTEN  promoter hyperm-
ethylation is a frequent occurrence in MSI-H tumors (19.1%) compared to 2.2% of 
MSI-Low/microsatellite stable tumors  [  13,   31  ] . Loss of PTEN, as measured by IHC 
in mCRC, has been reported to predict lack of bene fi t from cetuximab treatment 
 [  32,   33  ] . Interestingly, PTEN expression was shown to be inconsistent between the 
primary tumor and distant metastases site(s). Distant metastases often showed loss 
of PTEN, whereas the primary tumor retained normal functioning PTEN  [  33  ] . Since 
there are numerous differences in translational PTEN studies, including PTEN 
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antibodies, IHC scoring algorithms, and whether PTEN expression was measured in 
the primary or metastatic tumor tissue, future studies are needed to determine the 
role of PTEN as a predictive marker for anti-EGFR therapy (Table  1.1 ).    

   Predictive Markers and Bevacizumab 

 Angiogenesis, the sprouting or intussusception of preexistent blood vessels to form 
new vessels, is a crucial component for the delivery of oxygen, nutrients, growth 
factors, and hormones that are essential for tumor growth and disease progression 
 [  34  ] . Several key signaling pathways have been implicated in angiogenesis; how-
ever the current understanding and research place greater importance on the VEGF 
pathway. VEGF is a ligand produced by tumor cells and the associated stroma that 
stimulates angiogenesis by binding to either one of the two highly related receptor 
tyrosine kinases (RTKs), VEGF receptor 1 [VEGFR-1, also known as fms-like 
tyrosine kinase (FLT-1)] and VEGF receptor 2 [VEGFR-2, also known as kinase 
insert domain receptor (KDR)]. Ligand binding activates multiple downstream sig-
naling pathways including the PI3K/AKT, MAPK, and focal adhesion pathways, 
which ultimately results in the increased proliferation, migration, and survival of 
endothelial cells  [  35  ] . The hypothesis that tumor progression may be driven in part 
through increased angiogenesis and therefore be arrested by angiogenesis inhibitors 
has been con fi rmed experimentally by a large body of evidence  [  36  ] . Bevacizumab, 
a recombinant humanized anti-VEGF mAb, prevents VEGF-A from binding to its 
receptors and activating downstream signaling networks. The addition of bevaci-
zumab to standard chemotherapy has proven ef fi cacious in multiple advanced can-
cers such as mCRC. The approval of bevacizumab for use in mCRC was based on 
the results of the pivotal phase III AVF2107 trial, which demonstrated improved 
ef fi cacy in chemotherapy-naive patients with the combination of bolus 5-FU and 
irinotecan plus bevacizumab in comparison to chemotherapy alone (RR 44.8 vs. 
34.8%,  P  = 0.004; median PFS 10.6 vs. 6.2 months, HR 0.54,  P  < 0.001; median OS 
20.3 vs. 15.6 months, HR 0.66,  P  < 0.001)  [  37,   38  ] . The large phase III trials, NO 
16966 and ECOG 3200, provided further support for the bene fi t of bevacizumab 
when added to conventional chemotherapeutic regimens in mCRC  [  38,   39  ] . 

 While there is a reported bene fi t of the addition of bevacizumab to chemotherapy 
in mCRC, the clinical bene fi t has been limited to a subset of patients resulting in the 
need for the identi fi cation of biomarkers that may be used in determining which 
patients will bene fi t from its incorporation into their treatment regimen. Despite the 
effects of bevacizumab in unselected mCRC patients, the ability to target therapy 
towards a well-selected subgroup of patients would increase the likelihood of bene fi t 
and would improve its cost-effectiveness and therapeutic outcomes. Although sev-
eral biomarkers associated with angiogenesis measured before treatments have been 
shown to provide potential prognostic value, there is limited information on bio-
markers for clinical response and outcome to bevacizumab treatment in CRC 
patients. While no one biomarker has been widely agreed upon, several studies have 
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shown promising data. Another challenge is establishing adequate criteria for 
measurement of response to bevacizumab in CRC. Bevacizumab has been shown to 
act predominately as a cytostatic agent, thereby increasing the time to show effec-
tive bene fi t, making objective response measurements such as tumor shrinkage less 
useful for determining its ef fi cacy  [  40,   41  ] .  

   VEGF Expression and Circulating Biomarkers 

 There is a biological rationale to suggest that the level of VEGF expression by a 
tumor would determine its responsiveness to bevacizumab. However, the examina-
tion of VEGF expression in a retrospective analysis of 278 mCRC patients failed to 
identify a patient subgroup with a differential response to bevacizumab therapy 
 [  42  ] . Intuitively, one would suggest that baseline or dynamic plasma concentration 
of VEGF would be helpful in predicting response to VEGF inhibitors. Baseline 
VEGF levels as predictive biomarkers and VEGF modulation after bevacizumab 
therapy are still a matter of debate with contrasting results and requires further vali-
dation. In a recently published study, Kopetz and colleagues found no association 
between bevacizumab therapy and VEGF modulations in mCRC patients. However, 
elevated interleukin (IL)-8 levels at baseline were associated with decreased PFS 
 [  43  ] . IL-8 is a member of the chemokine family that has been implicated to play an 
important role in CRC growth, angiogenesis, and metastasis. This raises the ques-
tion of whether alternative angiogenic factors are potentially involved in resistance 
to anti-VEGF treatment, and sustained tumor angiogenesis through VEGF-
independent    mechanisms occurs.  

   VEGF Germline Polymorphisms 

 Angiogenesis is largely a host-mediated event  [  44  ] . Will therefore germline genetic 
variability be the key to predicting angiogenesis inhibitor effects? In a pioneering 
study, Schneider and colleagues investigated the association of  VEGF  and  VEGFR-
2  polymorphisms with ef fi cacy and toxicity in the ECOG 2100 phase III trial (pacli-
taxel versus paclitaxel plus bevacizumab as  fi rst-line therapy in metastatic breast 
cancer) and found that the  VEGF-2578 AA  and  VEGF-1154 AA  genotypes predicted 
a superior OS for patients treated with the combination, but not in patients in the 
control arm, thus supporting its potential use as a predictive (not prognostic) marker. 
Two additional genotypes,  VEGF-634 CC  and  VEGF-1498 TT , were associated 
with a signi fi cantly less grade 3 or 4 hypertension in the combination arm when 
compared with the alternate genotypes combined. All candidate genotypes in the 
study were compared with primary tumor expression of  VEGF  and  VEGFR-2 , but 
there was no statistically signi fi cant association found  [  45  ] . In mCRC, a small study 
reported an association between the minor allele of  VEGF-1154  and increased PFS 
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and the  VEGF-634  wild-type and higher RR; however no signi fi cant in fl uence on 
OS and toxicity was found by the investigated  VEGF  polymorphisms  [  46  ] . Although 
these data need to be con fi rmed in larger clinical trials, investigation of host-related 
germline polymorphisms may assist in the identi fi cation of patients who are more 
sensitive to bevacizumab containing regimens. 

 Interestingly, hypertension might be a useful surrogate marker of VEGF activity 
and predicts the ef fi cacy of bevacizumab as VEGF signaling leads to local vasodi-
latation and reduced blood pressure by upregulating the production of nitric oxide 
and other vasodilatators. Bevacizumab inhibits VEGF signaling, which leads to a 
rapid increase in blood pressure. Preliminary data from small, single-arm studies in 
mCRC have demonstrated that hypertension induced by bevacizumab treatment 
was associated with increased RR and extended PFS and OS  [  47  ] . Although hyper-
tension may represent an early marker of response in some patients treated with 
bevacizumab, its utility as a predictor of response remains limited as it cannot be 
used a priori to select patients who may derive bene fi t. 

 Predictive biomarker research in angiogenesis inhibitors is an actively growing 
 fi eld. Although current data are promising, it is still uncertain which biomarker can 
reliably predict bevacizumab ef fi cacy. With increasing numbers of angiogenesis 
inhibitors being developed, the need for predictive biomarkers is more critical than 
ever. Such efforts should be diligently pursued due to the early phases of angiogen-
esis inhibitor drug development, to move from demonstrating small advantages in 
unselected populations to the use in selection for individualized therapy. In addition, 
as preliminary biomarkers are developed, their continued development in large, 
well-designed prospective clinical trials will be imperative to guide their success 
and direct the ef fi cacy, safety, and cost considerations associated with these agents.  

   Predictive Markers and Oxaliplatin 

 Oxaliplatin is a third-generation platinum compound used in combination with 
5-FU and leucovorin (LV) in CRC treatment regimens. It functions through genera-
tion of platinum-DNA cross-links that inhibits DNA replication and transcription, 
which ultimately results in DNA damage and cell death  [  48  ] . There have been sev-
eral key phase III trials establishing the ef fi cacy of combination therapy with oxali-
platin in CRC, in both the adjuvant and metastatic settings. Oxaliplatin activity as a 
single agent in CRC is not reported  [  49  ] . The primary toxicity observed following 
oxaliplatin treatment is neurotoxicity, presenting as acute or chronic sensory neu-
ropathy. Although many patients recover from neuropathy rapidly after drug dis-
continuation, not all patients recover completely and even worsen after oxaliplatin 
withdrawal  [  1  ] . 

 Oxaliplatin binds irreversibly to erythrocytes and/or forms complexes with albu-
min and other plasma proteins. The remaining free fraction of oxaliplatin is biotrans-
formed non-enzymatically and subsequently forms complexes with chloride, 
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glutathione, methionine, and cysteine. The cytotoxicity of oxaliplatin is thought to 
occur through the formation of DNA adducts which ultimately results in DNA dam-
age and    apoptosis. Intracellular oxaliplatin is activated by nonenzymatic hydrolysis 
and displacement of the oxalate group. Extracellular conjugation of oxaliplatin to 
albumin results in renal excretion of inactive drug species. Removal of the oxalipla-
tin-induced DNA cross-link formation by the nucleotide excision repair (NER) path-
way might impair oxaliplatin ef fi cacy, although there is no evidence that the mismatch 
repair complex is involved in resistance to oxaliplatin  [  48  ] . Excision repair cross-
complementing gene (ERCC1) is an excision nuclease within the NER pathway 
which plays an important role in repairing DNA cross-link formations. ERCC1 
forms a heterodimer with xeroderma pigmentosum group F (XPF), which stabilizes 
this endonuclease. The protein ERCC1 is responsible for the rate-limiting process of 
NER, with higher expression levels and/or activity resulting in increased DNA repair. 
Based on the biological function of the NER pathway and the mode of action of 
oxaliplatin, low ERCC1 level and/or activity may increase oxaliplatin ef fi cacy 
through induction of apoptosis. Additional components of the NER pathway that 
have been implicated in mediated response to oxaliplatin include xeroderma pig-
mentosum group D (XPD) and X-ray repair cross-complementing 1 (XRCC1)  [  50  ] .  

   Excision Repair Cross-Complementing Group 1 

 In mCRC, a small number of published reports have investigated ERCC1 as a pre-
dictive biomarker for oxaliplatin. Shirota and colleagues reported an association 
between low  ERCC1  gene expression and increased OS in mCRC patients treated 
with oxaliplatin-based chemotherapy  [  51  ] . A retrospective analysis of the phase III 
randomized CAIRO study that included 506 patients investigated several biomark-
ers with putative predictive and/or prognostic functions and found no association 
between ERCC1 protein expression and outcome in mCRC patients treated with 
oxaliplatin plus capecitabine in second- and third-line treatment  [  52  ] . The in fl uence 
of functional germline polymorphisms in drug target genes on outcome was exam-
ined in 166 patients with mCRC receiving  fi rst-line therapy with FOLFOX-4 using 
peripheral blood samples for genotyping. In the multivariate model,  ERCC1-118 TT  
genotype,  XPD-751 AC  genotype, and  XPD-751 CC  genotype were signi fi cantly 
associated with an increased risk of tumor progression. In combination analyses, the 
median PFS was 11.2 months for patients without any of the 3 genotypes, 9.8 
months for those with 1 of the high-risk genotypes, and 8 months for those with 
both the  ERCC1-118 TT  and either  XPD-751 AC  or  CC  genotypes (HR = 2.84; 
 P  = 0.002)  [  53  ] . In experimental models, the  ERCC1-118 T  allele variants showed 
potential functional consequences with a trend to higher  ERCC1 mRNA  levels than 
those observed in the presence of the  ERCC1-118 C  allele, which supports the bio-
logical mechanism of oxaliplatin resistance.  
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   Glutathione S-Transferase pi 1 

 Variable chemosensitivity to oxaliplatin may also depend on detoxi fi cation 
pathways, including the glutathione S-transferase (GST) family of isoenzymes. 
A single nucleotide polymorphism (SNP) in  GSTP1  causing an isoleucine to valine 
substitution signi fi cantly reduces GSTP1 activity. Inherited homozygous deletions 
in either  GST Theta 1  ( GSTT1 ) or  GST Mu 1  ( GSTM1 ) lead to the absence of enzy-
matic activity. In a recent study of FOLFOX-4-treated mCRC patients, neurotoxic-
ity was signi fi cantly associated with the  GSTP1-105 A/G  polymorphism. Carriers of 
the  GSTP1-105 GG  genotype demonstrated a higher probability to develop grade 3 
neurotoxicity than carriers of  GSTP1-105 AG  and  GSTP1-105 AA  genotypes  [  53  ] . 
Germline polymorphisms in the genes of NER pathway therefore represent promis-
ing predictive biomarkers for oxaliplatin ef fi cacy and toxicity; however, their clini-
cal signi fi cance remains to be further established and validated.  

   Predictive Markers and Irinotecan 

 Irinotecan is a topoisomerase I (TOPO1) inhibitor. Irinotecan has demonstrated 
ef fi cacy in patients with mCRC as a single agent, in combination with the mAbs 
cetuximab and panitumumab in the  KRAS  wild-type population, and in combination 
with 5-FU and LV  [  1,   49  ] . However, no role for irinotecan in the adjuvant setting of 
CRC has been established yet. In the randomized phase III BICC-C trial comparing 
the safety and ef fi cacy of three different irinotecan-containing regimens in the  fi rst-
line treatment of mCRC, irinotecan plus oral capecitabine (CapeIRI) had to be pre-
maturely discontinued because of safety concerns including a remarkable amount of 
grade 4 toxicities with diarrhea as the most common grade 3 or 4 toxicity  [  54  ] . 

 Irinotecan acts as a pro-drug of SN-38 (7-ethyl-10-hydroxycamptothecin), which 
once inside the cell is 100- to 1,000-fold more cytotoxic  [  55  ] . Irinotecan functions 
through inhibition of TOPO1, which ultimately leads to single- and double-strand 
DNA breaks, DNA fragmentation, cell-cycle arrest, and cell death. TOPO1 plays a 
critical role in the uncoiling DNA for replication and transcription. TOPO1 is over-
expressed in about 40–50% of CRC patients  [  56  ] . Intracellularly, irinotecan is con-
verted to its active metabolite SN-38 by the enzyme carboxylesterase (CES). CES 
is an enzyme found in serum, liver, and intestine among other tissues. SN-38 is 
further conjugated to an inactive glucuronide (SN-38G) by uridine diphosphate 
glucuronosyltransferases (UGT) and excreted in the bile and, to a lesser extent, in 
the urine. The major isozyme in this conjugation is UGT1A1, but others (e.g., 
UGT1A 6, 7, and 9) also have been found to be important  [  57  ] . Irinotecan inactiva-
tion can also be mediated by cytochrome P-450 isoform 3A (CYP3A4) and CYP3A5, 
although the latter enzyme has shown only weak catalytic activity  [  58  ] . Investigations 
in heritable familial hyperbilirubinemia syndromes (Gilbert’s- and Crigler–Najjar 
syndrome type I and II) led to the  fi ndings of genetic variants in UGT1A, associated 
with enzyme activity  [  59  ] . 



14 A. Gerger et al.

 In colon cancer, one report suggested that the enzymatic activity of CES is 
correlated with an increased toxicity in the form of neutropenia and diarrhea in 
patients treated with irinotecan-based chemotherapy  [  60  ] . It would be biologically 
plausible that a high expression of CES in tumor tissue may be correlated with a 
better response to irinotecan; however, to date, there is no data supporting this 
hypothesis.  

   Topoisomerase I 

 In human CRC cell lines, it was shown that increased levels and activity of the target 
enzyme TOPO1 were correlated with response to irinotecan treatment  [  61  ] . The 
randomized phase III FOCUS trial evaluated the clinical bene fi t of 5-FU alone ver-
sus 5-FU plus oxaliplatin or 5-FU plus irinotecan and attempted to identify bio-
markers of ef fi cacy and toxicity to these treatments. Patients with high TOPO1 
protein expression bene fi ted from the addition of either drug (HR 0.48–0.70 in all 
categories; interaction  P  = 0.005; overall  P  = 0.001 for irinotecan;  P  = 0.05 for oxali-
platin). High TOPO1 expression was associated with a major OS bene fi t with  fi rst-
line combination chemotherapy (HR 0.60; median bene fi t 5.3 months); patients 
with moderate or low TOPO1 did not bene fi t (HR = 0.92 and 1.09, respectively; 
interaction  P  = 0.005). With increasing expression of TOPO1, the outcome with 
5-FU alone was worse, but the addition of a second drug became worthwhile, with 
a major improvement in survival for the highest expressing patients. While the pre-
dictive association of TOPO1 with oxaliplatin was interesting, it was unexpected 
and statistically weaker than with irinotecan, so should be interpreted with caution 
 [  62  ] . Despite the promising results of this large biomarker analysis, the results of an 
independent validation in 545 patients from the CAIRO clinical trial treated with 
capecitabine, irinotecan, and oxaliplatin did not corroborate these  fi ndings, report-
ing no associations between TOPO1 and PFS or OS with  fi rst-line combination 
chemotherapy  [  52  ] .  

   UDP-Glucuronyltransferase 1A1 Germline Polymorphisms 

  UGT1A1*28  is a common allele with seven TA repeats in a TATA box of the pro-
moter of  UGT1A1  compared with the wild-type allele ( UGT1A1*1 ) ,  which has six 
TA repeats. The seven TA repeats are associated with decreased gene transcription 
and expression of  UGT1A1  and reduced enzymatic activity compared with the six 
TA repeats. Patients homozygous for  UGT1A1*28  have reduced glucuronidation of 
SN-38 and an elevated risk of neutropenia compared with patients with one or two 
wild-type alleles  [  10  ] . The US Food and Drug Administration amended the irinote-
can label to include  UGT1A1*28  as a risk factor for severe neutropenia in 2005 
based on the  fi ndings of 4 pharmacogenetic studies. The warning recommended that 
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these patients should receive a reduction in their starting dose of irinotecan. A recent 
meta-analysis of ten irinotecan pharmacogenetic studies enrolling a total of 825 
patients assessed the correlation between irinotecan-induced hematologic toxicities 
in  UGT1A1*28  patients, irinotecan dose and overall toxicity  [  63  ] . The clinical 
action for the  UGT1A1  genotype status cannot be utilized in a simple as treat or do 
not treat manner. The association between genotype and hematologic toxicity is 
in fl uenced by the dose of irinotecan administered. The  UGT1A1*28  genotype seems 
to be strongly predictive when high doses of irinotecan (>250 mg/m 2 ) are given, but 
only moderately or not predictive in intermediate or low doses, respectively. Also, 
there is a lack of empirical evidence if dosing irinotecan on the basis of genotypes 
in fl uences the ef fi cacy of the drug  [  64  ] . In a recent study, Cecchin and colleagues 
investigated the contribution of other members of the UGT1A family to irinotecan 
toxicity in 250 patients with mCRC and found that  UGT1A7*3  is the only marker 
predicting severe hematologic toxicity after the  fi rst cycle of irinotecan-based che-
motherapy. A speci fi c haplotype and gender together predicted severe hematologic 
toxicity during the entire course of therapy. In addition,  UGT1A1*28/*28  was a 
signi fi cant predictor of RR  [  65  ] . These data again highlight that a combination of 
biomarkers, rather than single biomarker, may better predict ef fi cacy and/or toxicity 
of a given treatment regimen.  

   Predictive Markers and 5-FU 

 Although 5-FU has been in clinical use for over 40 years, it remains the backbone 
of treatment for both early and advanced CRC. The majority of the chemotherapeu-
tic regimens in CRC incorporate 5-FU or its oral pro-drug, capecitabine, in both the 
adjuvant and palliative setting. 5-FU functions through inhibition of the enzyme 
thymidylate synthase (TS), resulting in inhibition of the de novo synthesis of thymi-
dylate, an essential component for DNA synthesis, thereby preventing viable thy-
mine nucleosides from being incorporated into DNA and RNA  [  66  ] . More than 80% 
of the administered 5-FU is primarily catabolized in the liver by the enzyme dihy-
dropyrimidine dehydrogenase (DPD), which is a rate-limiting step for 5-FU catabo-
lism  [  50,   67  ] .  

   Thymidylate Synthase 

 Signi fi cant effort has been directed at the evaluation of the differences in expression 
and activity of several key enzymes in the 5-FU pathway that have been suggested 
to be responsible for resistance to 5-FU, including TS, thymidine phosphorylase 
(TP), and DPD. Preclinical models showed increased TS gene expression or gain of 
gene copy number as indicators for 5-FU resistance  [  68  ] . Although con fl icting 
results for TS mRNA and protein expression have been reported, several  independent 
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trials consistently reported that low levels of intra-tumoral TS expression are a 
strong predictive marker for response to 5-FU-based regimes in patients with 
mCRC. A large meta-analysis of over 3,000 patients by Popat and colleagues ana-
lyzed 20 independent studies stratifying OS and/or PFS in CRC patients by TS 
expression status. The authors concluded that tumors expressing high levels of TS 
appeared to have reduced OS compared with tumors expressing low TS levels  [  69  ] . 
Several genetic determinants for TS expression have been previously described. 
A variable number tandem repeat polymorphism in the TS promoter–enhancer 
region (TSER) leads to double (2R) or triple (3R) tandem repeat of a 28 bp sequence. 
This tandem repeat polymorphism has been demonstrated to alter the transcriptional 
and/or translational ef fi cacy of the  TS  gene, with a 3.6-fold increase in  TS  mRNA 
expression of the homozygous 3R variant compared with the 2R allele  [  70,   71  ] . As 
a result, patients with CRC that are homozygous 3R/3R may demonstrate a lower 
RR to 5-FU-based regimens. However, a substantial proportion of homozygous 
3R/3R patients were identi fi ed to have low TS expression levels. An SNP resulting 
in a G>C exchange has been described within the 3R variant of the  TS  gene. Whereas 
the G allele of this SNP has been linked to increased gene expression and protein 
levels, the 3RC polymorphism was found to lead to signi fi cantly decreased TS 
expression compared to the 3RG variant. These  fi ndings may explain the observa-
tion that patients with the 3R/3R polymorphism have low TS gene expression levels 
and therefore might bene fi t from 5-FU-based chemotherapy  [  10,   72  ] . However, a 
signi fi cant population of patients with low TS gene expression levels fail to respond 
to 5-FU-based therapy resulting in the critical need to evaluate in prospective stud-
ies with consistent methodology the precise predictive value for both intra-tumoral 
TS expression and germline gene variants before successful clinical implementa-
tion. In addition to evaluation of TS, evaluation of other candidate biomarkers 
involved in 5-FU metabolism must be diligently pursued.  

   Dihydropyrimidine Dehydrogenase 

 In CRC, low DPD expression theoretically leads to decreased degradation of 5-FU 
and thus higher 5-FU availability. Levels of DPD activity can vary widely between 
individuals: 3–5% of the population is partially de fi cient and 0.2% completely 
de fi cient  [  73  ] . A number of polymorphisms in  DPD  can cause enzyme de fi ciency, 
leading to severe toxicity after 5-FU treatment  [  74  ] . In addition, intra-tumoral  DPD  
mRNA expression has been found to in fl uence response to capecitabine, suggesting 
a predictive role in mCRC  [  75  ] . However, translational data do not unequivocally 
support a predictive effect of DPD on 5-FU response, toxicity, and clinical outcome 
 [  52  ] . Despite extensive investigation, the pharmacogenetic basis of varied DPD 
activity remains to be fully elucidated and prospective studies are needed to fully 
explore the role of DPD to predict 5-FU ef fi cacy and toxicity before clinical 
implementation.  
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   Microsatellite Instability 

 Microsatellite instability (MSI) corresponds to an alteration in the length of highly 
repeated DNA sequences termed microsatellites, resulting in a de fi cient mismatch 
repair (dMMR) system. A panel of 5–10 microsatellite loci is used to diagnose MSI 
cases, for which three categories have been de fi ned: MSI-H, MSI-Low (MSI-L), 
and microsatellite stable (MSS) for cases without MSI. MSI-H can be found in 
approximately 15% of sporadic CRC, which is largely due to  MLH1 -promoter 
hypermethylation. MSI rates have been shown to vary between tumor stages, with 
22, 12, and 2% reported in stage II, III, and IV colon cancer, respectively  [  9,   76  ] . 
Because of the low MSI frequency in stage IV, most of the translational studies have 
been performed in the adjuvant setting. MSI represents a strong and well-validated 
prognostic factor in adjuvant colon cancer. In a meta-analysis including 32 studies 
it was con fi rmed that patients with MSI-H tumors have higher survival rates than 
those with MSS tumors  [  77  ] . Supporting in vitro data, MSI-H was also suggested as 
predictive biomarker for lack of response to adjuvant 5-FU-based chemotherapy. 
The CALGB-89803 study reported a predictive effect of MSI-H with improved 
outcome in stage III CRC patients treated with 5-FU, LV, and irinotecan compared 
with those receiving 5-FU/LV alone  [  78  ] . However, the PETACC-3 study, including 
1,327 colon cancer patients, failed to con fi rm these  fi ndings. In a recent study, 
Sargent and colleagues showed that only patients with stage III MSS colon cancer 
bene fi t from adjuvant 5-FU chemotherapy (DFS: HR 0.64;  P  = 0.001). In contrast, 
patients with stage II MSI colon cancer showed a trend to decreased DFS (HR 2.30; 
 P  = 0.09) and a signi fi cantly lower OS (HR = 2.95;  P  = 0.04) when given 5-FU  [  79  ] . 
Although the study by Sargent and colleagues provides evidence that colon cancer 
patients with dMMR do not bene fi t from 5-FU/LV therapy, the current standard for 
stage III disease remains FOLFOX. To date, there are no data showing how the 
MSI-H results would apply to oxaliplatin-based chemotherapy, thus not justifying 
excluding patients based on MSI tumor status from the FOLFOX regimen. However, 
in the appropriate clinical setting, it may be reasonable to include MSI tumor status 
in the clinical decision-making process, in particular in stage II colon cancer based 
on the good prognosis and a putative detrimental effect of 5-FU in MSI-H tumors 
(Table  1.2 ).   

   Conclusions 

 Given the growing number of therapeutic options and the complexity of treatment 
planning for patients with CRC, treatment options and selection have demonstrated 
incremental improvements. However, there are no clearly de fi ned guidelines on the 
best method to best incorporate the new active drugs and regimens into the treatment 
plans for individual patients. Despite a plethora of promising predictive biomarkers 
developed,  KRAS  status remains the only marker with suf fi cient evidence to justify 
routine clinical assessment for selection of anti-EGFR therapy in mCRC patients. 



18 A. Gerger et al.

   Ta
bl

e 
1.

2  
  Pr

ed
ic

tiv
e 

bi
om

ar
ke

rs
 o

f 
ch

em
ot

he
ra

py
 a

ge
nt

s 
in

 c
ol

or
ec

ta
l c

an
ce

r   

 D
ru

g 
 B

io
m

ar
ke

r 
 B

io
lo

gi
ca

l f
un

ct
io

n 
 Pr

ed
ic

tiv
e 

fu
nc

tio
n 

 O
xa

lip
la

tin
 

 E
R

C
C

1 
ge

ne
 e

xp
re

ss
io

n 
 [  5

1  ]
  

 H
ig

h 
E

R
C

C
1 

in
cr

ea
se

s 
D

N
A

 r
ep

ai
r 

 D
ec

re
as

ed
 O

S 
w

ith
 o

xa
lip

la
tin

-b
as

ed
 

ch
em

ot
he

ra
py

 
 E

R
C

C
1-

11
8 

C
/T

 p
ol

ym
or

ph
is

m
  [

  53
  ]  

 T
 a

lle
le

 h
ig

he
r 

E
R

C
C

1 
m

R
N

A
 le

ve
ls

 
 In

cr
ea

se
d 

ri
sk

 f
or

 tu
m

or
 p

ro
gr

es
si

on
 w

ith
 

ox
al

ip
la

tin
-b

as
ed

 c
he

m
ot

he
ra

py
 

 G
ST

P1
-1

05
 A

/G
 p

ol
ym

or
ph

is
m

  [
  53

  ]  
 G

 a
lle

le
 lo

w
er

 e
nz

ym
e 

ac
tiv

ity
 

(d
et

ox
i fi

 ca
tio

n)
 

 G
G

 h
ig

he
r 

ne
ur

ot
ox

ic
ity

 

 Ir
in

ot
ec

an
 

 C
ar

bo
xy

le
st

er
as

e 
m

R
N

A
 e

xp
re

ss
io

n 
in

 
PB

M
C

  [
  60

  ]  
 C

on
ve

rt
s 

ir
in

ot
ec

an
 to

 it
s 

ac
tiv

e 
m

et
ab

ol
ite

 
 H

ig
h 

ex
pr

es
si

on
 p

re
di

ct
iv

e 
fo

r 
in

cr
ea

se
d 

to
xi

ci
ty

 
(n

eu
tr

op
en

ia
, d

ia
rr

he
a)

 
 To

po
is

om
er

as
e 

I 
(T

O
PO

1)
  [

  62
  ]  

 U
nc

oi
lin

g 
D

N
A

 f
or

 r
ep

lic
at

io
n 

an
d 

tr
an

sc
ri

pt
io

n 
 H

ig
h 

T
O

PO
1 

pr
ot

ei
n 

ex
pr

es
si

on
 p

re
di

ct
iv

e 
fo

r 
ir

in
ot

ec
an

 r
es

po
ns

e 
 U

G
T

1A
1*

28
 T

A
 r

ep
ea

t p
ol

ym
or

ph
is

m
  [

  63
,   6

4  ]
  

 *2
8 

(7
) 

TA
 r

ep
ea

ts
 a

ss
oc

ia
te

d 
w

ith
 r

ed
uc

ed
 g

lu
cu

ro
ni

da
tio

n 
of

 a
ct

iv
e 

m
et

ab
ol

ite
 

 *2
8/

*2
8 

pr
ed

ic
ts

 e
le

va
te

d 
ri

sk
 o

f 
ne

ut
ro

pe
ni

a 

 5-
FU

 
 T

S 
m

R
N

A
 a

nd
 p

ro
te

in
 e

xp
re

ss
io

n 
 [  6

9  ]
  

 D
e 

no
vo

 s
yn

th
es

is
 o

f 
th

ym
id

yl
at

e 
 H

ig
h 

T
S 

pr
ed

ic
ts

 5
-F

U
 r

es
is

ta
nc

e 
 T

SE
R

 2
8-

bp
 2

R
/3

R
 r

ep
ea

t p
ol

ym
or

ph
is

m
  [

  71
  ]  

 3R
/3

R
 h

ig
he

r 
T

S 
m

R
N

A
 e

xp
re

ss
io

n 
 3R

/3
R

 p
re

di
ct

s 
5-

FU
 r

es
is

ta
nc

e 
 T

SE
R

 3
R

 G
/C

  [
  72

  ]  
 3R

C
 a

ss
oc

ia
te

d 
w

ith
 d

ec
re

as
ed

 T
S 

ex
pr

es
si

on
 

 3R
C

 p
re

di
ct

s 
hi

gh
er

 5
-F

U
 r

es
po

ns
e 

 D
PD

 m
R

N
A

 e
xp

re
ss

io
n 

 [  7
5  ]

  
 C

at
ab

ol
iz

es
 5

-F
U

 
 L

ow
 e

xp
re

ss
io

n 
pr

ed
ic

ts
 h

ig
he

r c
ap

ec
ita

bi
ne

 
ef

 fi c
ac

y 
 V

ar
ie

ty
 o

f 
D

PD
 p

ol
ym

or
ph

is
m

s 
 [  7

4  ]
  

 D
PD

 e
nz

ym
e 

de
 fi c

ie
nc

y 
 H

ig
he

r 
ri

sk
 f

or
 to

xi
ci

ty
 

 M
SI

-H
ig

h 
 [  7

9  ]
  

 D
e fi

 ci
en

t M
M

R
 s

ys
te

m
 

 M
SI

-H
ig

h 
pr

ed
ic

ts
 5

-F
U

 r
es

is
ta

nc
e 

in
 s

ta
ge

 I
I 

co
lo

n 
ca

nc
er

 

   E
R

C
C

1  
ex

ci
si

on
 r

ep
ai

r 
cr

os
s-

co
m

pl
em

en
tin

g 
ro

de
nt

 r
ep

ai
r 

de
 fi c

ie
nc

y,
 c

om
pl

em
en

ta
tio

n 
gr

ou
p 

1;
  O

S  
ov

er
al

l 
su

rv
iv

al
; 

 G
ST

1  
gl

ut
at

hi
on

e 
S-

tr
an

sf
er

as
e 

pi
 1

; 
 P

B
M

C
  p

er
ip

he
ra

l 
bl

oo
d 

m
on

on
uc

le
ar

 c
el

ls
; 

 TS
  t

hy
m

id
yl

at
e 

sy
nt

ha
se

; 
 TS

E
R

  t
hy

m
id

yl
at

e 
sy

nt
ha

se
 e

nh
an

ce
r 

re
gi

on
; 

 D
P

D
  d

ih
yd

ro
py

ri
m

id
in

e 
de

hy
dr

og
en

as
e;

 
 M

SI
  m

ic
ro

sa
te

lli
te

 in
st

ab
ili

ty
;  M

M
R

  M
SI

 a
nd

 m
is

m
at

ch
 r

ep
ai

r;
  5

-F
U

  5
-F

lu
or

ou
ra

ci
l  



191 Predictive Markers in Colon Cancer

 Challenges in  fi nding strong and reliable predictive biomarkers include biological 
issues inherent to the complexity and redundancy of pathways regulating tumor 
proliferation, progression, survival, and drug metabolism. A more comprehensive 
pro fi le of biomarkers describing the biological mechanisms than a single marker is 
suggested to increase the ability to predict the ef fi cacy and toxicity of a given ther-
apy. Many putative predictive biomarkers have been described in small, limited 
studies; however, there has to be considerably better validation pursued before any 
can be thought of as being associated with therapy outcome and therefore incorpo-
rated into routine clinical testing. Once a biomarker pattern is identi fi ed, standard-
ized techniques will be required for measurements to ensure both inter- and 
intra-observer reliability. An integrated, collaborative effort among laboratory sci-
entists, clinical oncologists, and pharmaceutical companies is critically needed to 
successfully incorporate mechanism-based predictive biomarkers for CRC thera-
pies into routine practice within the clinical setting.      
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         Introduction 

 Selection and identi fi cation of appropriate therapy for breast cancer patients require 
the use of validated and clinically relevant prognostic and predictive factors. 
A prognostic indicator may be de fi ned as any factor that provides information on 
clinical outcome independent of treatment and separates poor from favorable groups 
 [  1  ] . Prognostic factors are associated with expression of biologic characteristic, 
which is involved in either the metastatic and or growth rate potential of the primary 
tumor  [  1,   2  ] . A useful prognostic factor has the following characteristics  [  3  ] .

    1.    It has signi fi cant and independent value, validated by clinical testing.  
    2.    Its determination must be feasible, reproducible, and widely available with qual-

ity control.  
    3.    It must be readily interpretable by the clinician and have therapeutic implications.     

 Prognostic factors can help better quantify the risk of recurrence in breast cancer. 
Their value lies in de fi ning patients at low risk, for whom adjuvant therapy is not 
indicated, and identifying high risk groups who would most bene fi t from treatment 
 [  4  ] . The availability of intensive chemotherapy for the worst prognostic groups as 
well as ef fi cacious, low-toxicity adjuvant chemotherapy and hormonotherapy has 
made prognostication mandatory  [  5  ] . 
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 A predictive factor, on the other hand, is able to provide information on the 
likelihood of response to a given therapy  [  1,   2  ] . In the case of a pure predictive fac-
tor, patient outcomes in the absence of the speci fi c treatment are the same regardless 
of whether marker results are “positive” or “negative”  [  2  ] . In clinical practice many 
of the factors used frequently have both prognostic and predictive values.  

   Pathologic Evaluation 

 The most important prognostic indicators that should be determined for every breast 
cancer are size, histologic type, histologic grade, and lymph node status  [  4–  6  ] . 
Tumor size is the simplest to measure and is the most reliable and clinically useful 
tool for assessing short-term and long-term prognosis in node negative breast can-
cer. Histologic grade of tumor is assigned according to size and shape of nuclei and 
the number of mitoses seen  [  4  ] . Histologic type de fi ned as tubular, papillary, medul-
lary, mucinous, cribiform, ductal, or lobular is a valuable marker as they predict the 
probability of recurrence and survival  [  4,   5  ] . Tubular, mucinous, and, to a lesser 
extent, medullary tumors, are associated with a better prognosis. Histologic grade 
has also strong prognostic value  [  6  ] . The histologic involvement and number of 
axillary lymph node metastases is the strongest single prognostic factor in breast 
cancer  [  1,   7,   8  ] . 

   Estrogen and Progesterone Receptors 

 Estrogen and progesterone receptor positivity offer a favorable prognosis and also 
predict good response to endocrine therapy in both adjuvant and metastatic settings 
 [  9,   10  ] . Estrogen mediates its functions through two speci fi c intracellular receptors, 
the ER alpha and ER beta, which act as hormonal dependent transcriptional regula-
tors  [  11,   12  ] . Overexpression of the PR serves as a functional assay because it indi-
cates that the ER pathway is intact, even if the tumor is reported ER negative  [  13  ] . 
The ER and PR status can be measured using immunohistochemistry (IHC). About 
50–85 % of breast cancers contain measurable amount of ER with concentrations of 
at least 10 fmol/mg of cytosol protein. The presence of ER implies that normal cel-
lular mechanisms for processing estrogen have been maintained despite malignant 
change, particularly if PR is present. The clinical importance of ER relates princi-
pally to the fact that its presence identi fi es hormone-sensitive tumors. Roughly 
50–60 % of patients with signi fi cant amount of ER in their tumors respond favor-
ably to hormone or endocrine therapy  [  10  ] . Patients with ER positive tumors have 
prolonged disease free survival after primary treatment, superior overall survival, 
and longer survival after recurrence compared with patients with ER negative 
tumors, and this advantage is independent of axillary node status  [  14  ] . ER and PgR 
should be evaluated on every primary invasive breast cancer and metastatic lesions 
if the results would in fl uence treatment  [  15  ] . 
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 Ductal carcinoma in situ (DCIS) constitutes a spectrum of noninvasive proliferative 
epithelial lesions with a predilection for the terminal duct- lobular units of the breast 
and represents up to one fourth of the breast cancer diagnoses  [  16  ] . ER and PR do not 
represent strong prognostic factors in patients with DCIS.  

   Markers of Proliferation 

 In general, markers of an elevated proliferative rate correlate with a worse prognosis 
in untreated patients  [  17  ] . One of the markers of proliferative rate in breast tumor 
specimens is DNA  fl ow cytometry by S-phase. Many studies suggest that high pro-
liferative rate as determined by S phase analysis is an independent predictor of 
prognosis. In many studies S phase was signi fi cant in univariate but not multivariate 
analyses  [  18–  26  ] . The implementation of DNA  fl ow cytometry as a marker for pro-
liferative rate is complicated by variations in method of tissue preparations and 
difference in instrumentations and method for converting information on to the his-
tograms to the S phase estimate. In addition, interpretation of individual studies is 
complicated by the fact that many are too small to have statistical power, cut offs 
have not been prospectively de fi ned, and study populations have not been controlled 
for adjuvant systemic treatments  [  27  ] . 

 Immunohistochemical staining is used to measure prognostic and predictive 
value of proliferation markers like Ki 67, TK, Cyclin E, Cyclin D, cyclin inhibitors 
p27 and p21, and topoisomerase II  [  27  ] . 160,000 patients with invasive breast car-
cinoma in 132 studies were analyzed to determine the prognostic and predictive role 
of each marker. The authors concluded that prognostic and predictive value remains 
unde fi ned because the majority of the studies on these markers had level of evidence 
III or IV and literature reviewed is not standardized in terms of reagents, procedure, 
and scoring  [  17  ] . 

 The routine use of these markers of cell proliferation is not justi fi ed based on the 
available published data.  

   HER2 

 The HER2/neu oncogene is a member of the erb-like oncogene family and is related 
to epidermal growth factor receptor. The gene has been shown to be ampli fi ed in 
15–30 % of breast cancers and is associated with more aggressive behavior  [  28  ] . In 
most studies, the overexpression of HER2 in primary tumor tissue is associated with 
worse survival  [  28,   29  ] . Other studies conclude that overexpression is associated with 
other factors such as negative hormone status, high grade, and young age  [  30  ] . HER2 
ampli fi cation in tumor tissue of both node positive and node negative disease has been 
shown to be a poor prognostic marker in some studies  [  31,   32  ] . Trastuzumab is a 
humanized monoclonal antibody that binds to the extracellular domain of HER2  [  33  ] . 
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Like many other studies, one clinical trial demonstrated that trastuzumab was associ-
ated with a longer time to disease progression, a higher rate and longer duration of 
response, a lower rate of death, and longer survival  [  34  ] . Her2 expression and/or 
ampli fi cation should be evaluated in every primary invasive breast cancer either at 
time of diagnosis or at recurrence to guide selection of trastuzumab in adjuvant and 
or metastatic setting. 

 There is considerable interest in biologic markers able to predict response of 
cancer patients to therapy. Studies have shown that both groups (HER2 positive and 
negative) of patients bene fi t from CMF based regimens. However, the use of anthra-
cycline based regimens appears to be bene fi cial only for HER2 positive patients 
 [  35–  37  ] . This may be related to coexpression or coampli fi cation of topoisomerase 
II in the presence of HER2  [  38  ] . 

 Whether taxane based therapy is of any use in patient with HER2 positive tumor 
is controversial  [  27  ] . In one study of 474 women with advanced stage breast cancer, 
three different doses of paclitaxel monotherapy were given and there was no asso-
ciation of HER2 status with response rate, disease free survival, or overall survival 
 [  39  ] . Yet in another study of 297 patients with metastatic breast cancer, HER2 posi-
tive patients bene fi ted from paclitaxel and doxorubicin as supposed to cyclophosph-
amide and doxorubicin  [  40  ] . Therefore, Her2 status should not be used as the sole 
criteria to administer a taxane in the adjuvant setting. 

 Complex interactions exist between HER2 and ER pathways and HER2 overex-
pression promotes estrogen-independent growth and is associated with resistance to 
tamoxifen in vitro and in animal models  [  27  ] . Multiple studies have shown that 
overexpression of HER2 in early stage breast cancer or metastatic cancer is associ-
ated with lack of ef fi cacy of adjuvant tamoxifen  [  41,   42  ] . The interaction of HER2 
with endocrine therapy may vary depending on the type of hormonal agent in ques-
tion. In a trial of 324 primary breast cancer patients not eligible for surgery received 
either letrozole or tamoxifen. The study concluded that HER2 positive and ER posi-
tive patients were more likely to respond to letrozole than tamoxifen  [  43  ] . In con-
trast, another trial comparing anastrazole vs. tamoxifen vs. the combination of the 
two failed to show be fi ts from Aromatase inhibitors for HER2 positive tumors  [  44,   45  ] . 
HER2 status should not be used to withhold endocrine therapy for a patient with 
hormone-receptor positive breast cancer, nor should it be used to select one speci fi c 
type of endocrine therapy over another.   

   Tumor Markers 

   CA 15-3, CA 27.29 and CEA 

 CA 15-3 and CA 27.29 are well-characterized assays that allow the detection of 
circulating MUC-I antigen in peripheral blood. Several studies support the rele-
vance of this circulating marker in early stage breast cancer  [  46–  48  ] . In one study 
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of 1,046 women with breast cancer without metastases at time of diagnosis, elevated 
preoperative serum marker of cancer antigen 15-3 was correlated with worse prog-
nosis  [  46  ] . In another study of 362 node negative patients, prognostic contribution 
of CA 15-3 was highly signi fi cant and its relationship with prognosis is continuous 
with the risk of relapse increasing progressively from approximately 10 U/ml  [  47  ] . 
However, the use of MUC I antigen in peripheral blood to make treatment decisions 
on early breast cancer is unclear. Therefore, routine measurement of CA 15-3 and 
27.29 at diagnosis or for monitoring patient is not recommended  [  27,   49,   50  ] . 

 On the other hand, these tumor markers may be used for monitoring patients with 
metastatic disease during active therapy, along with history, physical, and diagnos-
tic imaging. The markers alone are not recommended for monitoring response to 
treatment but may be used to indicate treatment failure in the absence of readily 
measurable disease. 

 The routine use of carcinoembryonic antigen (CEA) for screening, diagnosing, 
staging, routine surveillance of breast cancer patients after primary therapy is not 
recommended  [  27  ] . However, in absence of readily measurable disease, an increas-
ing CEA may be used to indicate treatment failure.  

   uPA/PAI-1 

 Urokinase plasminogen activator and plasminogen activator inhibitor are part of the 
plasminogen activating system, which plays an important role in invasion, angio-
genesis, and metastasis  [  51  ] . High levels of both uPA and PAI-1 are associated with 
poor prognosis and therefore the data provided by the European Organization for 
Research and Treatment of Cancer-Receptor and Biomaker Group (EORTC) was 
analyzed to con fi rm prognostic value of the markers. The dataset included 8,377 
breast cancer patients followed for 79 months and the authors concluded that apart 
from lymph node status, high levels of uPA and PAI-1 were the strongest predictors 
of relapse and survival  [  52  ] . A prospective trial of 556 patients in a follow-up of 32 
months con fi rmed strong and independent prognostic importance of uPA and PAI-1 
for patients with node-negative breast cancer  [  53  ] . The authors concluded that 
patients with low tumor levels had statistically signi fi cantly lower risk of disease 
recurrence and adjuvant chemotherapy can be avoided as supposed to patients with 
high tumor levels whom bene fi ted from adjuvant chemotherapy (Fig.  2.1 ).   

   p53 Expression 

 High tissue p53 protein expression appears to be univariate predictor of poor out-
come in many studies  [  54–  57  ] . Yet, other studies have failed to  fi nd an association 
between p53 and clinical outcomes  [  58,   59  ] . In addition, IHC for p53 detects both 
mutated p53 and stabilized wild type p53 but misses p53 deletions. Therefore, in 
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order for p53 to be used as a prognostic factor or a predictor of bene fi t from sys-
temic therapies, genetic abnormalities in p53 need to be more clearly de fi ned. The 
routine use of p53 as prognostic marker is not recommended since most studies 
analyzing p53 have not taken therapy into consideration and the results may be 
strongly biased in one direction or another.  

   Cathepsin D 

 Cathepsin D is a lysosomal aspartyl protease expressed in all tissues and involved in 
protein catabolism and tissue remodeling. In the literature, there is controversy 
regarding the prognostic role of cathepsin D in primary breast cancer. In one study 
of 2,810 patients with follow-up of 88 months, cytosolic extracts from primary 
breast tumors were analyzed for cathepsin D. The authors concluded that high levels 
of Cathepsin D are strongly associated with poor prognosis in patients with primary 
breast cancer. In addition, there is a weak relationship with no clinical signi fi cance 
between cathepsin D and classical prognostic factors such as older age, postmeno-
pausal status, tumor size, lymph node status and hormone receptor positivity  [  60  ] . 
In general, the studies on cathepsin D are variable with no assay standardization and 

  Fig. 2.1    Kaplan–Meier curves showing the impact of tumor levels of urokinase-type plasminogen 
activator (uPA) and plasminogen activator inhibitor type 1 (PAI-1) on the probability of disease-
free survival (DFS) (reprinted from  [  53  ] , with permission from Oxford University Press)       
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inconsistent associations with outcome and with little regard to confounding effects 
of systemic therapy. Therefore, the routine use of cathepsin D measurements for 
management of patients with breast cancer is not recommended  [  27  ] .  

   Cyclin E 

 Cycling E is a 50-kDa protein expressed in the late G1 phase of the cell cycle. 
Cyclin E/CDK complex promotes transition of cells to the S phase promoting DNA 
synthesis. The complex activity is inhibited by p21 and p27 proteins  [  61  ] . 
Ampli fi cation of cyclin E gene leads to cleaving of cyclin E protein to low molecu-
lar weight (LMW) fragments which is seen in breast cancer  [  62  ] . LMW fragments 
have greater af fi nity for CDK2 hence more effective in inducing cell cycle progres-
sion and resisting inhibition by p21 and p27  [  63  ] . Due to methodological differ-
ences in the assays, con fl icting results and lack of high level studies, the routine 
measurements of cycling E for management of patients with breast cancer is not 
recommended  [  27,   64–  67  ] .  

   Multiparameter Gene Expression Analysis 

 The use of multiparameter gene expression analysis represents the most exciting 
recent development in developing prognostic and predictive markers in breast can-
cer  [  68  ] . Research indicates that gene expression pro fi ling may provide information 
about tumor behavior and that it can be used as a prognostic marker in a subset of 
patients that have received uniform therapy (Figs.  2.2  and  2.3 ). Several technologies 
have been developed to generate molecular signatures, including cDNA and oligo-
nucleotide arrays and multiplex PCR technologies. Few assays have been subjected 
to rigorous assay quality control and clinical validation. These include Onco type  
DX, MammaPrint test, the Breast Cancer Gene Expression Ratio and the Rotterdam 
Signature. The  fi rst three are commercially available.    

   Oncotype DX 

 Onco type  DX is an RT-PCR assay that measures the expression of 21 genes in RNA 
extracted from FFPE tissue  [  69  ] . The 21 gene panel includes gene involved in tumor 
cell proliferation and hormonal response, characteristics that have been reported to 
be associated with chemotherapy response in general  [  70  ] . The 21 genes in Onco type  
DX were selected from a much larger set of genes following the analysis of retro-
spective test sets of clinical material from several sources, including specimens from 
a cooperative group trial in which patients with ER positive, node negative breast 
cancer received tamoxifen vs. tamoxifen plus chemotherapy (NSABP B-20). After 
the prognostic algorithm was developed, the assay was validated by the analysis of 
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specimens and data from a second set of patients with node negative, ER positive 
breast cancer treated only with tamoxifen, who were enrolled in the NSABP clinical 
trial B14  [  9  ] . Patient are assigned to either low, intermediate, or high risk group 
depending on an empirically derived, prospectively de fi ned mathematical formula 
from the levels of expression of the 21 genes  [  69  ]  (Figs.  2.4  and  2.5 ). An analysis of 
data collected from NSABP trial B20 reported that patients with high recurrence 
score assay had a large bene fi t from chemotherapy as supposed to patients with low 

  Fig. 2.2    Gene expression patters of breast cancer dividing tumors into subtypes based on differences 
in gene expression (reprinted from  [  68  ] , ©2001 National Academy of Sciences, USA)       
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  Fig. 2.3    Overall and relapse-free survival analysis based on different gene expression (reprinted 
from  [  68  ] , ©2001 National Academy of Sciences, USA)       

  Fig. 2.4    Panel of 21 genes and the recurrence-score algorithm (reprinted from  [  69  ]  with permission 
from the Massachusetts Medical Society)       

recurrence score  [  70  ] . The NSABP 14 trial reproduced the results and concluded that 
the test is a signi fi cant predictor of recurrence independent of age and tumor size and 
a signi fi cant predictor of overall survival  [  71  ] . A cost utility analysis applying a 
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Markov decision analytic model concluded that Onco type  DX would result in an 
average increase in quality adjusted survival of 8.6 years and a reduction in overall 
costs of $202,828  [  72  ] . Therefore, the American Society of Clinical Oncology rec-
ommends the use on Onco type  DX to identify patients who are predicted to obtain 
the most therapeutic bene fi t from adjuvant tamoxifen and may not require adjuvant 
chemotherapy. In addition, patients with high recurrence scores appear to obtain 
marked bene fi t from adjuvant chemotherapy possibly even higher than that from 
tamoxifen  [  27  ] . Emerging data suggests that this assay may provide also prognostic 
information in patients with lymph node involvement  [  73  ] .    

   MammaPrint 

 MammaPrint is a gene expression pro fi ling platform marketed by Agendia. The test 
requires a fresh sample of tissue that is composed of a minimum of 30 % malignant 
cells and must be received by the company in their kit within 5 days of obtaining 
material  [  27  ] . The MammaPrint assay has recently received clearance by the US 
Food and Drug Administration as a class 2, 510(k) product, which ensures indepen-
dent review of data and labeling, conformance of the device sponsor to good manu-
facturing practices, and post marketing surveillance and reporting to US Food and 
Drug Administration  [  27  ] . A number of studies were conducted in order to validate 
this assay. Initially, 78 patients with node negative breast cancer were analyzed on 
oligonucleotide microarrays. The data collected from these patients was then sub-
jected to supervised classi fi cation to establish a 70 gene RNA expression pro fi le that 
correlated with a relatively short interval to distant metastases  [  74  ] . The signature 
was then tested on 295 patients with stage I or II primary breast cancer younger than 
53 years of age in both node positive and node negative patients  [  75  ] . The authors 

  Fig. 2.5    Likelihood of distant recurrence, according to recurrence-score categories (reprinted 
from  [  69  ]  with permission from the Massachusetts Medical Society)       
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concluded that gene expression pro fi le studied is a more powerful predictor of the 
outcome of disease in young patients with breast cancer than standard systems 
(Fig.  2.6 ). Another validation trial was completed by TRANSBIG research network 
and con fi rmed that the 70 gene signature added independent prognostic information 
to conventional clinical and histological risk factors  [  76  ] . Therefore, Mammaprint 
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  Fig. 2.6    Kaplan–Meier Analysis of the Probability of patients remaining free of Distant Metastases 
According to Whether They Had a Good-Prognosis or a Poor-Prognosis Signature (reprinted from 
van de Vijver MJ, He YD, van’t Veer LJ et al. A gene expression signature as a predictor of survival 
in breast cancer. N Eng J Med 2002; 347(25):1999–2009 with permission from the Massachusetts 
Medical Society)       
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pro fi ling appears to identify groups of patients with very good or very poor prognosis 
but it is dif fi cult to assess whether these results are affected by therapy or not. 
Furthermore, the tissue handling requirements as stated above make it challenging 
in current clinical practice  [  27  ] .   

   Breast Cancer Gene Expression Ratio Assay 

 Breast cancer gene expression ratio assay looks at 2 genes and their association 
between tumor recurrences. In initial study, the authors identi fi ed 3 genes, 
HOXBOX13 (a homeodomain-containing protein), IL17BR (interleukin 17 recep-
tor B), and CHDH (choline dehydrogenase, GenBank accession number A1240933) 
that were signi fi cantly associated with clinical outcome  [  77  ] . They then hypothe-
sized that a two gene expression index (HOXBOX13:IL17BR) might be a novel 
biomarker for predicting treatment outcome in tamoxifen monotherapy. This tumor 
bank study enrolled 852 patients and demonstrated that HOXBOX13:IL17BR index 
is a strong independent prognostic factor for ER+ node-negative patients irrespec-
tive of tamoxifen therapy  [  78  ] . In another study, 206 postmenopausal women with 
ER+ breast cancer from a randomized adjuvant tamoxifen trial demonstrated that 
the two gene index was predictive of both early relapse and death in node negative 
patients, but not in node positive patients  [  78  ] . This test in now commercially avail-
able and developed by Quest laboratories called Quest H:I ratio test. Results are 
reported as normalized H:I expression ratio along with categorization of low or high 
risk for breast cancer at 5 years  [  79  ] . The routine use of this assay is not recom-
mended since no published studies have evaluated its ability to predict chemother-
apy bene fi t in comparison with conventional criteria  [  27  ] .  

   Rotterdam Signature 

 The Rotterdam Signature is a gene expression test that consists of 76 gene microar-
ray. In one validation study of 180 lymph node negative patients of all ages and 
tumor size groups, the authors con fi rmed that the 76 gene signature is a strong prog-
nostic factor in subgroups of estrogen receptor positive patients, pre- and postmeno-
pausal patients, and patients with tumor size 20 mm or smaller  [  80  ] . The routine use 
of this microarray is not recommend in clinical practice since the tissue collection 
and preparation requirements are problematic and since the results of this assay 
have not been validated in core biopsy specimens or whole sections  [  27  ] .  

   Bone Marrow Micrometastases 

 Bone marrow micrometastases in breast cancer patients is de fi ned as epithelial cells 
found within a bone marrow aspirate that may or may not be breast derived, malignant, 
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or viable  [  27  ] . Although many methods can be used, IHC staining of bone marrow 
epithelial cells from aspirates is the most frequently used method to detect microme-
tastases. Many studies have showed that bone marrow micrometastases predict higher 
risk of relapse and worse survival in univariate analysis but not multivariate analysis. 
In addition, the studies show that metastases are linked to tumor size, grade, or nodal 
status. Therefore, these patients will already be treated with adjuvant therapy regard-
less of bone marrow micrometastasis  [  79,   81–  91  ] .  

   Circulating Tumor Cells 

 Circulating tumor cells are those cells present in the blood that possess antigenic or 
genetic characteristics of a speci fi c tumor type. The presence of these cells in breast 
cancer patients may predict for the presence of a micrometastasis of an aggressive 
primary tumor. There have been several approaches for detection of these cells. The 
most frequent used method is immunomagnetic beads that are coated with an anti-
body speci fi c for a cell surface, epithelial, or cancer-related antigen. After cell selec-
tion, the isolated cells are then characterized by immunocytochemistry or by gene 
expression analysis for the presence of cytokeratins and tumor antigens. Another 
method of circulating tumor cell detection is to remove leukocytes from the blood 
sample by positive selection of those cells, and then to interrogate the remaining 
cells by immunocytochemistry or gene expression analysis using RT-PCR method-
ology. Yet another method is RT-PCR that can be applied directly to whole blood to 
assess gene expression  [  27  ] . 

 The most compelling evidence to support the use of CTC comes from an initial 
study of 177 patients with metastatic breast cancer where it was found that the pres-
ence of CTC’s at baseline and follow-up represented a strong independent prognos-
tic factor for progression free and overall survival  [  92,   93  ] .   

   Summary and Recommendations 

 Table  2.1  summarizes the prognostic and predictive markers for breast cancer that 
have been well validated and have demonstrated clinical value. The guidelines and 
recommendations from the American Society of Clinical Oncology (ASCO) for the 
use of makers in breast cancer are  [  27  ] : 

   ER, PR, should be evaluated on every primary breast cancer and used to guide • 
endocrine therapy decisions.  
  HER2 overexpression should be evaluated on every primary breast cancer and • 
used to guide trastuzumab in metastatic and adjuvant setting. In addition, it can 
be used to guide anthracycline containing therapy. However, it should not be 
used for determining prognosis in patients with early breast cancer.  
  Multiparameter gene expression analysis (Onco • type  DX assay) can be used to 
predict the risk of recurrence in women with newly diagnosed, node negative, 
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ER+ breast cancer who will be receiving tamoxifen. Patients with low recurrence 
risk score can obtain most bene fi t from tamoxifen alone while patients with high 
risk recurrence score bene fi t more from chemotherapy then tamoxifen. The use 
of other assays is not recommended.  
  Measurement of Urokinase plasminogen activator and plasminogen activator • 
inhibitor-1 by ELISA on at least 300 mg of fresh or frozen tissue may be used for 
determination of prognosis in patients with newly diagnosed, node-negative 
breast cancer. Low levels of both markers are associated with low risk of recur-
rence in ER/PR positive disease who will receive adjuvant hormone therapy that 
additional bene fi t of chemotherapy is minimal.  
  S-phase or other  fl ow cytometry or IHC based markers of proliferation in breast • 
tissue are not recommended for prognostic strati fi cation.  
  P53 and cathepsin D is not recommended for management of patients with breast • 
cancer.  
  Bone marrow micrometastases or assay for circulating tumor cells in not recom-• 
mended for management of patients with breast cancer.         
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            Introduction 

 Non-small-cell lung cancer (NSCLC) is the leading cause of cancer related death in 
the United States  [  1  ] . Chemotherapy has been shown to prolong survival in patients 
with advanced NSCLC and improve patients’ quality of life  [  2,   3  ] . Unfortunately, 
the balance between bene fi t and toxicity can be dif fi cult to manage and traditional 
cytotoxic chemotherapy has offered only a modest improvement in outcomes. The 
development of novel therapeutic agents has provided additional treatment options 
for these patients, but enthusiasm for their use is tempered by a lack reliable predic-
tive markers. A landmark randomized trial comparing four common platinum dou-
blets (cisplatin and paclitaxel, cisplatin and gemcitabine, cisplatin and docetaxel, or 
carboplatin and paclitaxel) showed no signi fi cant difference between these regi-
mens  [  4  ] . As a result, standard  fi rst-line chemotherapy often varies by physician and 
institution. Recently, the development of targeted agents has fueled the search for 
predictive markers to guide treatment decisions. This strategy has met with early 
success, particularly with regard to the tyrosine-kinase inhibitors (TKI) erlotinib, 
ge fi tinib, and crizotinib. In addition, recent studies have revisited the use of tradi-
tional cytotoxic agents and uncovered several promising predictive markers. Several 
clinicopathologic features have also shown predictive power, though closer study 
may reveal these as surrogates for molecular markers. 
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 The rapid identi fi cation of novel therapeutic targets and the ef fi cient development 
of targeted agents promise to improve the outcomes for patients with NSCLC, but 
without reliable predictive markers, these bene fi ts will be diluted and potentially 
hidden. The paradigm of personalized medicine demands that these markers be 
uncovered and exploited to rationally employ the agents at hand. While there are 
few validated predictive markers at this time, there is both great promise and rapid 
advancement in this evolving  fi eld.  

   Bevacizumab and Anti-VEGF Antibody Therapy 

 Several trials have validated VEGF as a viable target in the treatment of advanced 
NSCLC. Bevacizumab is a monoclonal antibody targeting VEGF that has demon-
strated bene fi t in patients with nonsquamous NSCLC. Eastern Cooperative Oncology 
Group (ECOG) study E4599 randomized 878 patients with advanced, nonsquamous 
NSCLC to receive six cycles of carboplatin and paclitaxel with either bevacizumab 
or placebo  [  5  ] . Bevacizumab was continued until progression or toxicity. This trial 
met its primary endpoint of OS with a median survival of 12.3 months in the beva-
cizumab arm and 10.3 months in the placebo arm ( p  = 0.003). PFS was also improved 
in the bevacizumab arm (6.2 vs. 4.5 months,  p  < 0.001). The phase III AVAiL trial 
compared six cycles of cisplatin and gemcitabine alone with the same combination 
plus bevacizumab until progression or toxicity  [  6  ] . While the primary endpoint of 
PFS was met, this did not translate into a signi fi cant OS bene fi t. However, based on 
the con fi rmed PFS bene fi t and the OS bene fi t seen in E4599, bevacizumab has 
become a common addition to  fi rst-line therapy of NSCLC. 

 Most clinicians would agree that a speci fi c subpopulation exists in whom beva-
cizumab and anti-VEGF therapy is more ef fi cacious. Unfortunately, predicting this 
subpopulation has proven dif fi cult. Baseline plasma VEGF levels were measured in 
E4599 but did not correlate with outcome. The signi fi cance of plasma VEGF levels 
was further explored in a study of 45 patients with advanced NSCLC treated with 
platinum-based chemotherapy and bevacizumab  [  7  ] . In this analysis, baseline VEGF 
levels as measured by ELISA did not correlate with outcome. However, low post-
treatment VEGF levels, drawn 6 weeks after therapy, were associated with a longer 
median OS. These  fi ndings have not yet been validated. While VEGF is a rational 
biomarker, its study raises several concerns regarding the proper cutoff for high 
versus low levels, the speci fi city for response to anti-VEGF based therapy and its 
overall clinical utility. Currently, plasma VEGF has no established utility as a pre-
dictive marker for bevacizumab in NSCLC. 

 Certain clinical characteristics have been explored as potential biomarkers of 
bene fi t from bevacizumab. An unplanned analysis of E4599 suggested that females 
did not derive a survival bene fi t from bevacizumab. Closer analysis of gender in this 
study revealed several demographic differences between males and females and 
controlling for these factors eliminated any signi fi cant differences by sex, suggest-
ing that gender is not a negative predictive marker in this setting  [  8  ] . Other subset 
analyses showed that age was also not a predictive marker  [  9  ] . While there was a 
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higher likelihood of grade 3 and higher toxicity for patients 70 years of age and 
older, there was no statistically signi fi cant difference in response or survival when 
compared to younger patients. Histology may help predict response. Patients with 
squamous cell NSCLC are not eligible to receive bevacizumab, largely due to the 
increased toxicity. Early studies identi fi ed squamous cell histology as a predictive 
marker for hemorrhage. In the phase II study which included squamous histology, 
the incidence of grade 3 or greater pulmonary hemorrhage was 9.1% whereas the 
phase III E4599, which excluded patients with squamous histology, noted an inci-
dence of only 2.3%  [  10  ] . While other histology subtypes are eligible to receive 
bevacizumab, one analysis suggested that patients with adenocarcinoma derived 
greater bene fi t than patients with large cell undifferentiated, bronchoalveolar, “not 
otherwise speci fi ed” or “other” histologies  [  11  ] . The lack of central pathology 
review and the retrospective nature of this analysis warrant caution in interpreting 
these  fi ndings. While interesting and hypothesis-generating, clinical features are 
likely surrogates for other molecular markers that have yet to be described. 

 There is some promise in the study of genetic variation in predicting response to 
bevacizumab. An analysis of the patients treated on E4599 explored the association 
between clinical outcome and single nucleotide polymorphisms (SNPs) in genes 
involved in angiogenesis and DNA repair  [  12  ] . Only 133 samples were available from 
eligible patients, but analysis did demonstrate a treatment effect that differed by geno-
type for polymorphisms in VEGF, ICAM1, WNK1, EGF, and CXCR2. Prospective 
analysis will offer further insight into the potential of SNPs as predictive markers for 
bevacizumab. Another potential predictive marker is the presence of hypertension 
after initiation of therapy. While this marker cannot be evaluated before starting ther-
apy, it does seem to correlate with outcomes. Retrospective analysis of patients on 
E4599 demonstrated that high blood pressure (de fi ned as > 150/100 or at least a 
20 mmHg increase in diastolic blood pressure) did correlate with outcomes  [  13  ] . The 
improvement in OS with bevacizumab was greater in patients with high blood pres-
sure (HR 0.60, 95% CI 0.43–0.81) compared to those who did not have high blood 
pressure (HR 0.86, 95% CI 0.74–1.00). This is felt to represent an effect of the reduc-
tion in nitric oxide synthesis seen with bevacizumab. While there does seem to be an 
association with bene fi t from bevacizumab, prospective validation is lacking and 
high blood pressure should not be considered a predictive marker at this time. 

 While bevacizumab does provide bene fi t to some patients, our ability to prospec-
tively identify those patients is limited. As a result, bevacizumab is often adminis-
tered empirically to all eligible patients, though only a fraction will derive bene fi t. 
Predictive markers for bevacizumab and VEGF-targeted therapy remain an unmet 
need and the search for a reliable biomarker in this area continues.  

   EGFR Targeted Agents 

 Epidermal growth factor receptor (EGFR) plays an essential role in NSCLC. EGFR 
activation leads to homodimerization with another EGFR or heterodimerization 
with a different receptor from the HER family  [  14  ] . Different ligands can induce 
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different dimerization patterns and this allows for a diverse series of downstream 
events resulting in the various signals required for survival and proliferation. Agents 
targeting EGFR have secured a prominent role in the management of advanced 
NSCLC. There are two major classes of agents targeting EGFR: monoclonal anti-
bodies such as cetuximab and TKIs such as erlotinib and ge fi tinib. While the target 
of these agents is the same, the mechanisms are quite different, as are their effects 
and the predictive biomarkers that accompany them. These classes will be discussed 
separately.  

   Anti-EGFR Antibody Therapy 

 Cetuximab is an IgG1 monoclonal antibody that targets EGFR and has demon-
strated ef fi cacy in the treatment of colorectal and head and neck cancers  [  15,   16  ] . A 
phase II study of cetuximab monotherapy in patients with pretreated NSCLC yielded 
a response rate of only 4.5%  [  17  ] . More impressive outcomes were seen when 
cetuximab was combined with chemotherapy. Two phase III trials compared che-
motherapy with and without cetuximab in previously untreated NSCLC. The FLEX 
trial, randomized patients to receive six cycles of cisplatin and vinorelbine either 
alone or in combination with cetuximab  [  18  ] . Cetuximab was continued until pro-
gression or toxicity. Patients who received cetuximab had a longer median OS (11.3 
vs. 10.1 months,  p  = 0.044). The other phase III study, BMS099, used a chemother-
apy backbone of carboplatin with either paclitaxel or docetaxel and randomized 
patients to receive cetuximab, which was administered until progression or toxicity 
 [  19  ] . This trial did not meet its primary endpoint of an improvement in PFS though 
cetuximab was associated with a higher response rate (25.7 vs. 17.2%,  p  = 0.007) 
and a trend toward an increase in median OS. These studies demonstrate the poten-
tial ef fi cacy of cetuximab in the treatment of NSCLC, though this agent is not yet 
approved in this setting by the FDA. Efforts to identify patient subsets with a higher 
likelihood of bene fi t have not met with great success. 

 In the treatment of colon cancer, a powerful negative predictive marker for 
bene fi t from cetuximab is KRAS mutation status  [  20  ] . In NSCLC, however, KRAS 
mutation status does not have the same predictive power. Analysis of the 225 avail-
able tumor specimens from patients treated on BMS099 demonstrated a KRAS 
mutation rate of 17% but there was no signi fi cant association between the presence 
of a KRAS mutation and outcome  [  21  ] . This analysis also explored EGFR expres-
sion by IHC (present in 89% of samples), EGFR copy number by FISH (positive in 
51.9% of samples), and EGFR mutations (present in 10% of samples). Unfortunately, 
none of these biomarkers correlated with PFS, OS or RR in this study. The FLEX 
trial required EGFR expression by IHC in at least one tumor cell and conducted 
analysis of KRAS mutation and EGFR copy number by FISH. The KRAS mutation 
rate was 19% in both arms of this study but the presence of a KRAS mutation did 
not negatively predict a difference in OS, PFS or RR by treatment. This also held 
true for EGFR copy number by FISH status  [  18  ] . These data echo the results of two 
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phase II studies conducted by the Southwest Oncology Group (SWOG). The  fi rst of 
these studies, SWOG S0342, randomized patients to receive either concurrent che-
motherapy and cetuximab or sequential chemotherapy and cetuximab, both fol-
lowed by maintenance cetuximab  [  22  ] . The other study was SWOG S0536, which 
explored the addition of bevacizumab to chemotherapy plus cetuximab  [  23  ] . 
A combined analysis of these studies examined the predictive role of KRAS muta-
tions and bene fi t from cetuximab  [  24  ] . There was no signi fi cant negative associa-
tion between KRAS mutation and outcome. Based on the lack of compelling data to 
suggest otherwise, there is currently no predictive role for KRAS mutation and 
cetuximab therapy in patients with NSCLC. 

 One potential clinical biomarker is the development of an acne-like rash during 
therapy. The FLEX trial included a prospective analysis of patients who developed 
a rash during the  fi rst cycle of therapy  [  25  ] . Among the 518 patients included for 
analysis, 290 (56%) developed a rash (grade 1–3) during the  fi rst 21 days. Patients 
who developed a rash had a median OS of 15.0 months while those who did not 
develop a rash had a median OS of 8.8 months ( p  < 0.001). Patients who did not 
receive cetuximab had a median OS of 10.3 months. Intensity of rash did not cor-
relate with outcomes. The optimal management of patients who do not develop a 
rash is unclear. In the FLEX study, all patients continued therapy and while their 
outcomes were worse compared to patients who developed a rash, one cannot deter-
mine if continuation of cetuximab provided bene fi t in this subgroup since there is 
no comparator arm. This could be addressed in a study that randomized patients 
who did not develop a rash to either continue or stop cetuximab. In the absence of 
these data, the development of a rash should not be considered a true predictive 
biomarker, though these associations are interesting and hypothesis-generating. A 
reliable predictive marker to guide the use of EGFR monoclonal antibodies like 
cetuximab is still lacking but efforts continue.  

   EGFR TKI Therapy 

   Clinical Predictors 

 Erlotinib and ge fi tinib are oral EGFR TKIs that competitively bind the ATP binding 
site. While early studies have shown bene fi t from these agents in unselected popula-
tions, ef fi cacy is far greater in speci fi c subsets of patients. There have been many 
efforts to identify these enriched subsets and they have met with variable amounts 
of success  [  26  ] . Several clinicopathologic characteristics were identi fi ed in early 
trials. The IDEAL 1 trial was a phase II study of two different doses of ge fi tinib in 
patients with pretreated NSCLC  [  27  ] . Both doses demonstrated similar ef fi cacy, 
with a RR of 18.4–19.0% and a median OS of 7.6–8.0 months. Subset analysis of 
this study demonstrated a greater response rate in Japanese patients (27.5 vs. 10.4%, 
 p  = 0.0023). Gender and histology also correlated with outcomes; females were 2.5 
times more likely to respond than men and patients with adenocarcinoma were 
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almost 3.5 times more likely to respond than patients with other histologies. 
Histology also correlated with outcome in the WJTOG0203 and the BR.21 trials. 
WJTOG0203 randomized patients with advanced, untreated NSCLC to either six 
cycles of platinum-doublet therapy or three cycles of platinum-doublet therapy fol-
lowed by ge fi tinib until progression  [  28  ] . This trial failed to meet its primary out-
come of OS, however the subset of patients with adenocarcinoma did derive bene fi t 
from ge fi tinib, with a longer median OS (HR 0.79; 0.65–0.98,  p  = 0.03). The BR.21 
study demonstrated a survival bene fi t to erlotinib compared to placebo in the sec-
ond-line setting for NSCLC  [  29  ] . Subset analysis showed a greater bene fi t to erlo-
tinib in patients who had never smoked  [  30  ] . Smoking history has repeatedly been 
shown to correlate with EGFR TKI response. The TALENT trial randomized 1,172 
patients to receive six cycles of gemcitabine plus cisplatin with either placebo or 
erlotinib  [  31  ] . The addition of erlotinib did not improve outcomes, though the small 
subset of patients that never smoked did have an increased OS and PFS with erlo-
tinib. Many trials have also con fi rmed the predictive nature of ethnicity. The ISEL 
trial compared ge fi tinib with placebo in 1,692 patients with pretreated NSCLC  [  32  ] . 
In this unselected population, median OS did not differ between the two arms (5.6 
vs. 5.1 months,  p  = 0.087). However, in a preplanned subset analysis, median OS 
was greater for patients of Asian origin (9.5 vs. 5.5 months,  p  = 0.01)  [  33  ] . These 
clinical and pathologic features had the potential to serve as predictive markers for 
EGFR TKIs in NSCLC and indeed, have guided therapy for many treating physi-
cians. Subsequent studies, however, revealed the importance and reliability of 
molecular markers in predicting outcome.  

   KRAS Mutation 

 As further clinical studies consistently demonstrated small subsets of patients who 
displayed rapid and dramatic response to EGFR TKIs, the search for molecular cor-
relates intensi fi ed. Based largely on its predictive power with cetuximab in other 
tumors, KRAS mutation status was explored in this setting. Analysis of samples 
from the BR.21 trial demonstrated a 15% incidence of KRAS mutations. In this 
trial, patients with KRAS mutations did not demonstrate a survival bene fi t from 
erlotinib while patients with wild-type KRAS did derive bene fi t (HR 0.69,  p  = 0.03) 
 [  34  ] . While this relationship did not persist on multivariate analysis, other studies 
have demonstrated similar  fi ndings. A small retrospective analysis of patients treated 
with ge fi tinib noted the absence of KRAS mutations in any responders while muta-
tions were noted in 30% of patients with progressive disease on ge fi tinib  [  35  ] . 
Another retrospective review analyzed 60 specimens from patients with adenocar-
cinoma who were treated with either ge fi tinib or erlotinib  [  36  ] . Of the 60 specimens, 
nine KRAS mutations were noted and none of these patients demonstrated a 
response to ge fi tinib or erlotinib. Many similar studies support the negative predic-
tive value of KRAS mutations for response to EGFR TKI therapy. These have been 
summarized in a meta-analysis that included 1,008 patients from 17 studies of 
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patients with advanced NSCLC treated with either single agent ge fi tinib or erlotinib 
 [  37  ] . Of the 1,008 patients included, 165 had KRAS mutations and the presence of 
a KRAS mutation was strongly associated with a lack of response to EGFR TKIs 
(speci fi city 94%, sensitivity 21%). The presence of a KRAS mutation is a negative 
predictive marker to bene fi t from EGFR TKI therapy, though the absence of this 
mutation does not predict EGFR TKI ef fi cacy.  

   EGFR Expression 

 EGFR protein expression, as measured by IHC, was an early candidate predictive 
marker for EGFR TKIs. In an analysis of patients treated on the BR.21 trial, expres-
sion of EGFR did correlate with response  [  29  ] . Patients whose tumor was found to 
overexpress EGFR had a higher response rate than those with EGFR negative tumors 
( p  = 0.03), but EGFR expression was not a predictor of survival. Analysis of the 
ISEL trial did reveal a correlation between EGFR overexpression and survival  [  38  ] . 
Patients with EGFR overexpression had a decreased risk of death with ge fi tinib (HR 
0.77; 0.56–1.08) compared to patients with an EGFR-negative tumor (HR 1.57; 
0.86–2.87). In the SATURN trial studying maintenance erlotinib following  fi rst-line 
platinum doublet chemotherapy, erlotinib prolonged PFS when compared to pla-
cebo  [  39  ] . The subset of patients with EGFR overexpression by IHC had superior 
outcomes with erlotinib  [  40  ] . Unfortunately, EGFR IHC has not been a consistent 
predictive marker. Analysis of 50 patients treated with ge fi tinib found EGFR expres-
sion was more common in squamous cell carcinoma, though none of these patients 
achieved a response  [  41  ] . Among patients with adenocarcinoma, there was a weak 
correlation between EGFR expression and response but not disease control. Overall, 
EGFR expression did not correlate with response or survival with ge fi tinib and in 
light of other more consistent markers, the predictive role of IHC remains 
unde fi ned.  

   EGFR Copy Number 

 EGFR copy number, as measured by FISH, has also been an inconsistent predictive 
marker in this setting. In multivariate analysis of the BR.21 trial, EGFR ampli fi cation 
was predictive of survival bene fi t from erlotinib ( p  = 0.005)  [  34  ] . EGFR ampli fi cation 
also correlated with OS with ge fi tinib in the ISEL trial  [  38  ] . The INTEREST trial, 
however, did not demonstrate a bene fi t from ge fi tinib in patients with a high EGFR 
gene copy number. This open-label phase III study randomized patients with pre-
treated, advanced NSCLC to receive either docetaxel or ge fi tinib  [  42  ] . This study 
established a noninferior survival of ge fi tinib to docetaxel, but the subset of patients 
with a high EGFR copy number did not demonstrate superior outcomes with 
ge fi tinib compared to docetaxel. The INVITE trial compared  fi rst-line ge fi tinib with 
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vinorelbine in elderly patients (age  ³  70 years) and interestingly, patients with a high 
EGFR copy number had inferior outcomes with ge fi tinib and derived greater bene fi t 
from vinorelbine  [  43  ] . The IPASS study, discussed in detail below, compared 
ge fi nitib to chemotherapy in untreated patients. While EGFR copy number appeared 
to correlate with PFS, this association was abrogated when EGFR mutation status 
was considered  [  44  ] . EGFR copy number does not yield consistent predictive power 
in this setting and has been replaced with EGFR mutation analysis.  

   EGFR Mutations 

 Somatic mutations in the tyrosine kinase domain of the EGFR gene have emerged 
as the most promising predictive marker for EGFR TKIs. These mutations typically 
reside near the ATP binding pocket of the EGFR which is targeted by these agents. 
Most of these mutations are in-frame deletions in exon 19 including codons 746 to 
750 (E746 to A750) or amino acid substitutions in exon 21 at codon 858 (L858R), 
though amino acid substitutions in exon 18 are also encountered. In the initial report, 
EGFR mutations were identi fi ed in eight of the nine patients who achieved a 
response with ge fi tinib  [  45  ] . Four of the eight mutations were exon 19 deletions and 
the remaining mutations were point mutations, three in exon 21 and one in exon 18. 
EGFR mutations were absent in all of the seven patients that did not achieve a 
response with ge fi tinib. This group then conducted in vitro functional analysis of 
these mutations. EGFR with an exon 19 deletion and EGFR with the L858R exon 
21 missense mutation were expressed in cultured cells and compared to cells bear-
ing wild type EGFR. The mutations did not affect protein stability and neither 
mutated nor wild-type EGFR demonstrated autophosphorylation in the absence of 
serum growth factors. The effect of the mutations was only seen when EGF was 
added, as activation of both mutant EGFRs was two- to threefold greater than wild-
type EGFR. Furthermore, wild-type EGFR was downregulated after 15 min but the 
mutant receptors showed continued activation for up to 3 h. Importantly, this height-
ened activation translated to a greater in vitro sensitivity to ge fi tinib when compared 
to wild-type EGFR. For wild-type EGFR, 50% inhibition was achieved at a concen-
tration of 0.1  m M whereas the same inhibition was achieved in the mutant EGFR at 
the much lower concentration of 0.015  m M. Studies of KRAS and EGFR mutations 
consistently show a lack of overlap between these two markers. In a small series of 
41 patients, none of the samples with EGFR mutations contained KRAS mutations, 
and these  fi ndings have been observed in several trials  [  35  ] . 

 Multiple studies have since con fi rmed the association between EGFR mutation 
status and response to EGFR TKI monotherapy. The initial data were in pretreated 
patients. One retrospective review included 60 adenocarcinoma specimens from 
patients treated with either ge fi tinib or erlotinib  [  36  ] . In this study, 17 specimens 
harbored EGFR mutations and all 17 demonstrated a response to ge fi tinib or erlo-
tinib. In the BR.21 trial, the response rate to second line erlotinib was signi fi cantly 
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higher for patients with a mutant EGFR as compared to wild type (27 vs. 7%, 
 p  = 0.03)  [  34  ] . Analysis of patients treated on the INTEREST trial showed that 
patients with an EGFR mutation had an improved PFS and response rate with 
ge fi tinib compared to docetaxel in the second line setting  [  46  ] . Analysis of samples 
from the IDEAL-1 and IDEAL-2 trials also con fi rmed the relationship between 
EGFR mutation and response to ge fi tinib. These studies tested two different doses 
of ge fi tinib in patients with pretreated NSCLC. IDEAL-1 was a European and 
Japanese study that described a 19% PR rate and IDEAL-2 was conducted in the 
United States and described a 10% PR rate  [  27,   47  ] . Pooled analysis of available 
samples from these studies showed that patients with an EGFR mutation had a bet-
ter response to ge fi tinib with an odds ratio of 6 of 13 (46%), compared to 6 of 61 
(10%) for those with no mutation  [  48  ] . 

 The predictive nature of an activating EGFR mutation was then con fi rmed in 
 fi rst-line trials (Table  3.1 ). The OPTIMAL trial included 165 patients with untreated 
NSCLC that carried an activating EGFR mutation and randomized patients to either 
erlotinib monotherapy or up to four cycles of carboplatin plus gemcitabine (Fig.  3.1 ) 
 [  49  ] . The RR was superior in the erlotinib arm (83 vs. 36%) as was the median PFS 
(13.1 months vs. 4.6 months).   

 WJTOG 3405 was an open label, phase III study of ge fi tinib compared to cispla-
tin plus docetaxel limited to patients with untreated NSCLC that harbored an EGFR 
mutation  [  50  ] . In these patients, PFS favored the ge fi tinib group (HR 0.49, 95% CI 
0.34–0.71). The First-SIGNAL trial also examined the ef fi cacy of  fi rst-line ge fi tinib, 
comparing it to the doublet of cisplatin and gemcitabine in nonsmokers with adeno-
carcinoma. Overall, the ge fi tinib arm had a superior PFS (HR 0.737, 95% CI 0.58–
0.94)  [  51  ] . However, this was much more pronounced in those patients with an 
EGFR mutation (HR 0.385, 95% CI 0.208–0.711) and was not evident in patients 
without an EGFR mutation (HR 1.223, 95% CI 0.65–2.31). The NEJ002 trial ran-
domized patients with advanced, untreated NSCLC that had an EGFR mutation to 
receive either ge fi tinib or chemotherapy with carboplatin and paclitaxel  [  52  ] . 
Though the study was designed to accrue 320 patients, an interim analysis per-
formed 4 months after the  fi rst 200 patients were entered led to early termination of 
this study. This was due to a signi fi cantly longer PFS in the ge fi tinib arm (HR 0.30, 
95% CI 0.22–0.41). Final analyses showed a 1 year PFS rate favoring ge fi tinib (42.1 
vs. 3.2%) and a response rate favoring ge fi tinib (73.7 vs. 30.7%,  p  < 0.0001) but 
there was no difference in median OS (30.5 months vs. 23.6 months,  p  = 0.31), likely 
due to high cross-over rates. This trial con fi rmed the bene fi t to EGFR TKI therapy 
in patients with EGFR mutations. 

 The phase III IPASS trial was essential in securing EGFR mutation status as a 
powerful predictive marker for EGFR TKI therapy  [  53  ] . IPASS was limited to 
patients with advanced, untreated NSCLC and only included light ex-smokers or 
never-smokers in Asia. This study randomized 1,217 patients to either ge fi tinib or 
the combination of carboplatin plus paclitaxel. Demographic analysis shows that 
79% of the patients were female and 94% were never-smokers. The ge fi tinib arm 
was superior, with a 12-month PFS rate of 24.9%, compared to 6.7% with carboplatin 
and paclitaxel. In this study, 85.3% of patients were included in biomarker analyses. 
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EGFR mutation status was available for 35.9% of the patients enrolled and of these 
437 samples, 59.7% harbored an EGFR mutation. Analysis by type of mutation 
revealed that 53.6% had exon 19 deletions, 42.5% had the L858R mutation at exon 
21, 4.2% had a T790M mutation (discussed below) at exon 20 and 3.8% had other 
mutations. There was a signi fi cant association between EGFR mutation status and 
outcome. Patients with an EGFR mutation had a signi fi cantly longer PFS with 
ge fi tinib compared to carboplatin plus paclitaxel (HR 0.48; 95% CI 0.36–0.64, 
 p  < 0.001). In addition, patients without an EGFR mutation who received ge fi tinib 
compared to carboplatin plus paclitaxel had a shorter PFS (HR 2.85; 2.05–3.98, 
 p  < 0.001). Similar trends were seen in analysis of response and OS. This study 
solidi fi ed the principle that the presence of an activating EGFR mutation predicts 
response to EGFR TKI monotherapy. 

 A meta-analysis of IPASS, WJTOG 3405, NEJ002 and First-SIGNAL con fi rmed 
these results  [  54  ] . These studies, however, had been largely limited to Asian patients. 
The phase II trial conducted by the Spanish Lung Cancer Group explored the use of 
 fi rst-line erlotinib in European patients with EGFR mutations and noted a robust 
90% response rate  [  55  ] . The phase III EURTAC trial compared erlotinib with plati-
num based chemotherapy in patients with EGFR mutated NSCLC but in a Caucasian 
population  [  56  ] . Interim results demonstrate a superior response rate with erlotinib 
(54.5 vs. 10.5%,  p  < 0.0001) and a superior PFS (HR 0.37, 95% CI 0.25–0.54). 
These data are assuring and help con fi rm the predictive nature of EGFR mutation, 
regardless of ethnicity. 

 EGFR mutations may also predict outcomes in patients receiving EGFR TKIs in 
combination with chemotherapy. The phase III TRIBUTE trial treated 1,059 patients 
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with untreated, advanced NSCLC with six cycles of carboplatin and paclitaxel and 
randomized patients to receive concurrent erlotinib or placebo, with continuation of 
erlotinib maintenance until toxicity or progression  [  57  ] . In an unselected popula-
tion, erlotinib did not confer a survival advantage. Specimens were available for 
analysis in 274 of these patients. Activating EGFR mutations were detected in 13% 
of the specimens and were associated with a better prognosis and predicted a higher 
response rate with erlotinib  [  58  ] . This is in contrast to analysis of the INTACT trials. 
INTACT-1 and INTACT-2 were phase III studies that compared chemotherapy 
(cisplatin plus gemcitabine or carboplatin plus paclitaxel, respectively) with and 
without ge fi tinib  [  59,   60  ] . Neither of these studies described a difference in survival 
between chemotherapy alone and chemotherapy with ge fi tinib. In patients with 
EGFR mutations, the addition of ge fi tinib did not serve as a predictive marker for 
ge fi tinib therapy. A study of erlotinib with and without chemotherapy (CALGB 
20406) did not show a signi fi cant difference in ef fi cacy between these regimens and 
while patients with EGFR mutations had better outcomes than those without muta-
tions, the lack of a nonerlotinib arm precludes comment on any predictive power in 
this study  [  61  ] . While many studies show the predictive power of EGFR mutations 
for EGFR TKI monotherapy, their role in combination therapy remains unclear. 

 Maintenance therapy with erlotinib has been explored as well. The aforemen-
tioned SATURN trial included 889 patients who did not have progressive disease 
after four cycles of platinum based chemotherapy and randomized patients to receive 
continuous erlotinib maintenance therapy or placebo  [  39  ] . In the entire cohort, the 
erlotinib arm had a longer median PFS (HR 0.71, 95% CI 0.62–0.82) and a longer 
median OS (HR 0.81, 95% CI 0.70–0.95). Analysis by EGFR mutation status was 
performed. Erlotinib prolonged PFS in both mutant and wild-type cases however 
the impact in patients with EGFR mutations (HR 0.10, 95% CI 0.04–0.25) was more 
noticeable than in patients with wild-type EGFR (HR 0.78, 95% CI 0.63–0.96). 

 Some studies suggest that the different EGFR mutations confer different sensitiv-
ity to EGFR TKIs. In the phase II Spanish Lung Cancer Group trial, 297 patients 
were screened and 37 (12.5%) had EGFR mutations: 25 were exon 19 deletions and 
the remainder were exon 21 point mutations (L858R)  [  55  ] . Analysis by mutation 
showed that all 25 patients with exon 19 mutations demonstrated a response (100%) 
compared to the 75% response rate seen in patients with the L858R mutation. Another 
small series of 41 patients detected EGFR mutations in 13 samples (32%)  [  35  ] . Nine 
of the 13 mutations were in-frame deletions in exon 19, most frequently a 15-base 
pair deletion. The remaining mutations were point mutations in either exon 21 or 18. 
All of the patients with an exon 19 mutation had either a complete or partial response, 
though most of the patients with any mutation derived bene fi t. However, not all stud-
ies show a difference in response by type of EGFR mutation. A Japanese study of 16 
patients with EGFR mutations receiving  fi rst-line ge fi tinib did not observe differ-
ences in survival by type of EGFR mutation  [  62  ] . Again, EGFR mutations were more 
likely in female patients and never or light smokers. In this population, ge fi tinib had 
a high ef fi cacy, with a response rate of 75%, though no difference was noted between 
the nine patients with exon 19 deletions and the seven patients with the L858R muta-
tion in exon 21. In the NEJ002 trial, analysis by type of mutation revealed no 



553 Predictive Markers in Lung Cancer

signi fi cant difference between patients harboring an exon 19 deletion and those with 
the L858R mutation with median PFS of 11.5 and 10.8 months, respectively, and 
response rates of 82.8% and 67.3%, respectively  [  52  ] . Based on the current evidence, 
EGFR mutation is a positive predictive marker for EGFR TKI therapy but the type 
of mutation may not offer additional predictive information. 

 Not all EGFR mutations are positive predictive markers. One mutation in exon 
20 (T790M) has been frequently identi fi ed in patients that develop resistance to 
ge fi tinib or erlotinib  [  63  ] . Position 790 is located in the catalytic cleft of the EGFR 
tyrosine kinase domain and is critical for proper TKI binding. This mutation has 
been elegantly explored with in vitro studies in cells with either wild type or mutated 
EGFR (exon 19 deletion or L858R)  [  64  ] . Introduction of the T790M mutation into 
these cells does not alter EGFR expression or phosphorylation. However, the sensi-
tivity to ge fi tinib and erlotinib was signi fi cantly inhibited with this mutation. While 
this is often seen in patients who develop resistance during TKI therapy, the muta-
tion can occur de novo, prior to therapy. In the IPASS trial, which included only 
untreated patients, 4.2% of patients with an EGFR mutation harbored a T790M 
mutation. 

 After initiation of therapy, another potential predictive marker may emerge. 
Though not quite as clinically useful, the development of an acneiform-like rash 
after initiation of EGFR TKI therapy appears to be an early sign of ef fi cacy. In a 
study of patients with pretreated EGFR-positive NSCLC, administration of erlo-
tinib resulted in an overall response rate of 12.3%  [  65  ] . All of the patients who 
achieved an objective response experienced a rash, as did 95% of the patients with 
stable disease. Among patients who had progressive disease, only 54% of patients 
experienced a rash. Analysis of patients on the BR.21 trial demonstrated an associa-
tion between the presence of any rash and longer OS and PFS  [  66  ] . The association 
was stronger with a higher grade of rash. Patients who developed a grade 1 rash 
survived 144% longer than those with no rash and those with at least a grade 2 rash 
survived 245% longer. In the TRIBUTE study, patients in the erlotinib arm who 
experienced a grade 2 rash had a median OS of 13.2 months, compared to 10.8 months 
for patients with a grade 1 rash and 8.4 months for patients with no rash  [  67  ] . Similar 
 fi ndings were noted in the TALENT study. While these  fi ndings are interesting, 
further study is needed to de fi ne the role of rash development in guiding the use of 
EGFR TKIs.  

   Proteomics 

 Serum proteomics have emerged as a potential predictive marker for EGFR-TKI 
therapy. Reproducible proteomic signatures can be obtained from pretreatment 
patient serum and classi fi ed based on laser desorption ionization times for  fl ight 
mass spectrometry  [  68  ] . Mass spectrum analysis identi fi es various peaks which cor-
respond to ions which are predominantly peptides and proteins. A prediction algo-
rithm was generated using a training set of 139 patients with NSCLC treated with 
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ge fi tinib. This classi fi cation algorithm generates a VeriStrat score that is reported as 
either “good” or “poor.” This technique was then validated using samples from 
ECOG 3503, a trial that studied the bene fi t of erlotinib in patients with advanced, 
untreated NSCLC  [  69  ] . The trial included 137 patients but only 102 patients had 
analyzable serum samples and only 43 had analyzable biopsy specimens. Median 
survival in this unselected population was 7.9 months with a response rate of only 
6.9%. Analysis of the biopsy specimens revealed that only three patients (7%) had 
EGFR mutations, all of which were located in exon 21. These three patients all 
achieved SD. Thus, in this small study, no difference in RR was noted but presence 
of the mutation did correlate with a higher disease control rate (100 vs. 34%,  p  = 0.05) 
and trended toward a longer median OS (33 vs. 6 months,  p  = 0.054) with erlotinib. 
In the same study, VeriStrat score was found to correlate with survival. Patients with 
a good VeriStrat score had a risk of death that was 36% of that for patients with a 
poor VeriStrat score. Furthermore, VeriStrat score was found to predict outcomes 
with erlotinib therapy independent of EGFR mutation. While the lack of a proper 
comparator arm precludes establishing this score as a true predictive marker, these 
early data are encouraging and prospective, con fi rmatory trials are underway. 

 In summary, many clinical features have been shown to predict response to 
EGFR TKIs including histology, gender, ethnicity and smoking status. Molecular 
analysis suggests that these may actually be surrogate markers for EGFR mutations. 
In an analysis that included 617 NSCLC specimens, mutation status was compared 
with several clinicopathologic variables  [  70  ] . In this unselected population, EGFR 
mutations were detected in 21% of cases, as compared to nearly 60% in the enriched 
IPASS population. EGFR mutation status was not associated with age or stage. As 
expected, though, EGFR mutations were far more common in never smokers com-
pared to ever smokers (51 vs. 10%), in adenocarcinoma compared to other histolo-
gies (40 vs. 3%), in East Asian ethnicity compared to other ethnicities (30 vs. 8%) 
and in females compared to males (42 vs. 14%, all  p  < 0.001) but not all patients 
with EGFR mutations will fall into these categories. When available, EGFR muta-
tion status should be used to guide  fi rst-line therapy over other features including 
EGFR expression, EGFR copy number and any clinical characteristics. While 
female patients, Asian patients, and patients who have never smoked may be more 
likely to harbor an EGFR mutation, a signi fi cant proportion of patients who do not 
match this clinical pro fi le will still have an activating EGFR mutation and testing of 
patients who do not  fi t the classic pro fi le, including men and smokers, is still war-
ranted in the  fi rst-line setting.   

   Crizotinib 

 The development of crizotinib and its predictive biomarker, the EML4-ALK translo-
cation, is a prime demonstration of the potential of personalized medicine. The cre-
ation of a viral complementary DNA library from a resected NSCLC specimen aided 
in the discovery of an inversion in chromosome 2 that fuses the echinoderm 
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 microtubule-associated protein-like 4 (EML4) with the kinase domain of the 
anaplastic lymphoma kinase (ALK)  [  71  ] . The resulting fusion protein (EML4-ALK) 
was then expressed in vitro and led to the transformation of cells in culture and the 
development of tumors in mouse models. These data, published in 2007, had suc-
cessfully identi fi ed a therapeutic target with a potential predictive biomarker that 
was under clinical study only 2 years later. 

 Subsequent studies showed that EML4-ALK is not a common  fi nding in NSCLC. 
In a population of Chinese patients with resected NSCLC that was primarily adeno-
carcinoma, 4.9% were found to have EML4-ALK  [  72  ] . This population was similar 
to the population studied in IPASS and indeed, the rate of EGFR mutation was simi-
lar (58%). It is worth noting that there was no overlap between EML4-ALK and 
EGFR mutation detection. Since 91% of these patients were found to be never or 
light smokers, another study used these clinical characteristics to further enrich a 
population. A study examined outcomes of patients with EML4-ALK in a popula-
tion of patients with NSCLC that had at least two of the following characteristics: 
female sex, Asian ethnicity, never or light smoking history and adenocarcinoma 
histology  [  73  ] . In this population, the incidence of EGFR mutation was 22% and the 
incidence of EML4-ALK was 13%. Analysis demonstrated that patients with 
EML4-ALK tumors were more likely to be younger and more likely to be men. In 
addition, EML4-ALK was associated with a resistance to EGFR TKIs. This is con-
sistent with the observation that EML4-ALK and EGFR mutations appear to be 
mutually exclusive  [  74  ] . 

 The main relevance of EML4-ALK is its ability to serve as a therapeutic target. 
Preclinical studies that demonstrated the ef fi cacy of ALK inhibition in cell lines 
with ALK mutations led to the development of the oral ALK inhibitor crizotinib. 
The phase I/II study of crizotinib has produced encouraging and exciting results. 
Out of 1,500 patients with NSCLC, 82 eligible patients were identi fi ed that had 
ALK rearrangements in their tumor  [  75  ] . Patients with these rearrangements were 
more likely to be younger, to be never or light smokers and to have adenocarcinoma 
histology. Treatment was well tolerated and the overall RR in this largely pretreated 
population was 57% with an additional 33% achieving stable disease. While there 
was no placebo comparator arm in this study, a recent comparison between these 
patients and matched historical controls offers some insight into the impact of cri-
zotinib on survival and the role of ALK rearrangement as a predictive marker  [  76  ] . 
The 82 ALK + patients who received crizotinib had a 2-year OS of 64% while 37 
patients with the ALK rearrangement who did not receive crizotinib had a 2-year 
OS of 33%. This treatment effect would surely have been missed in an unselected 
population, but the use of the ALK rearrangement as a predictive marker has allowed 
the potential bene fi t of crizotinib to be realized. 

 There are several variants of the EML4-ALK inversion. Analysis of 8 variants 
demonstrated a constant ALK and tyrosine kinase domain but each EML4 transcript 
was unique  [  77  ] . This is a potential challenge in screening patients for ALK rear-
rangements and the heterogeneity warrants technical expertise and standardization 
 [  78  ] . With the vast majority of patients with EML4-ALK NSCLC deriving bene fi t 
from crizotinib, this agent has quickly moved into randomized studies and is likely to 
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be incorporated into the standard treatment algorithm for these patients. While not 
yet approved, the journey from identifying a potential target to developing and 
implementing a targeted agent with a predictive biomarker has been exempli fi ed by 
crizotinib in EML4-ALK-positive NSCLC and has established a template for future 
drug development.  

   Cytotoxic Chemotherapy 

 Targeted agents often have rational predictive markers that can guide their use. 
Recent studies have suggested that a similar paradigm can be applied to traditional 
cytotoxic chemotherapy. While their original ef fi cacy was based on empiric use, 
identi fi cation of patient subsets may further improve outcomes and the likelihood of 
bene fi t from  fi rst-line therapy. While ongoing studies promise to deliver novel tar-
gets and agents, important work is also reshaping our use of existing agents. 

   Platinum-Based Therapy 

 Standard  fi rst-line chemotherapy consists of a platinum doublet, including either 
cisplatin or carboplatin. Platinum agents mediate their cytotoxicity through the for-
mation of DNA adducts. Cells can repair this type of DNA damage through the 
activity of excision repair cross-complementation 1 (ERCC1), a DNA repair endo-
nuclease. There appears to be an inverse relationship between pretreatment ERCC1 
expression and platinum sensitivity. A retrospective study of 70 patients with 
advanced NSCLC showed that low levels of ERCC1 gene expression correlated 
with a longer survival among patients treated with cisplatin  [  79  ] . Analysis of patients 
on the International Adjuvant Lung Trial (IALT) who received platinum-doublet 
adjuvant therapy also demonstrated an association between ERCC1 expression and 
outcomes  [  80  ] . The survival bene fi t to adjuvant therapy was noted in patients with 
ERCC1-negative tumors (HR 0.65, 95% CI 0.50–0.86) but was not evident in 
ERCC1-positive patients (HR 1.14, 95% CI 0.84–1.55). Another study of 56 patients 
with advanced NSCLC treated with gemcitabine and cisplatin demonstrated a 
signi fi cant association between survival and ERCC1 expression  [  81  ] . Median OS in 
patients with low ERCC1 expression was 61.6 weeks compared to 20.4 weeks in 
patients with high ERCC1 expression. Prospective use of ERCC1 has shown prom-
ise. In the Genotypic International Lung Trial (GILT), 346 patients with advanced 
NSCLC were randomized to standard cisplatin plus docetaxel or to receive treat-
ment based on ERCC1 status: patients with low ERCC1 expression received cispla-
tin and docetaxel but patients with high ERCC1 expression received docetaxel and 
gemcitabine  [  82  ] . While there was no difference in median OS, response was 
signi fi cantly higher in the group guided by ERCC1 expression. These studies are 
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encouraging and additional study will further de fi ne the role of ERCC1 in guiding 
platinum therapy for NSCLC.  

   Gemcitabine Therapy 

 Gemcitabine is an agent often used in the empiric therapy of NSCLC. High expres-
sion of one of the targets of gemcitabine, ribonucleotide reductase M1 (RRM1) has 
been associated with gemcitabine resistance and has the potential to serve as a pre-
dictive marker for gemcitabine therapy. Retrospective analysis has demonstrated an 
association between high RRM1 expression and poor survival with cisplatin and 
gemcitabine  [  79  ] . A study of patients with locally advanced NSCLC correlated pre-
treatment RRM1 levels with response after two cycles of gemcitabine with carbo-
platin  [  83  ] . RRM1 expression was inversely associated with response ( p  = 0.002). 

 The use of these biomarkers in combination to guide chemotherapy selection is 
appealing. One study that demonstrates the feasibility of this approach is the 
Molecular Analysis-Directed Individualized Therapy (MADeIT) trial  [  84  ] . This 
prospective phase II study of patients with advanced NSCLC required a dedicated 
biopsy for ERCC1 and RRM1 expression. These data were used to select the  fi rst-
line chemotherapy regimen. If ERCC1 was overexpressed, platinum was withheld 
and patients received docetaxel plus gemcitabine (if RRM1 was low) or vinorelbine 
(if RRM1 was high). If ERCC1 was not overexpressed, patients received cisplatin 
with either gemcitabine or vinorelbine, based on RRM1 expression. Outcomes were 
encouraging, with a median OS of 13.3 months. This led to the phase III study that 
randomized patients to a standard approach or this biomarker driven strategy  [  85  ] . 
Preliminary results demonstrate a longer median OS in patients treated with the 
personalized approach (12.3 vs. 8.1 months) but longer follow-up in this study and 
additional validation are needed.  

   Pemetrexed Therapy 

 Pemetrexed inhibits several enzymes involved in folate metabolism, including thy-
midylate synthase (TS) and dihydrofolate reductase (DHFR). Pemetrexed has dem-
onstrated ef fi cacy in the treatment of mesothelioma when combined with cisplatin 
 [  86  ]  and as a single agent in the second-line treatment of NSCLC  [  87  ] . The phase 
III trial of cisplatin with either pemetrexed or gemcitabine in the  fi rst-line setting 
demonstrated a comparable ef fi cacy between the two regimens  [  88  ] . Prespeci fi ed 
subset analyses, however, demonstrated superior outcomes with pemetrexed for 
patients with nonsquamous histology. Patients with adenocarcinoma had a longer 
median OS with pemetrexed compared to gemcitabine (12.6 vs. 10.9 months) as did 
patients with large cell carcinoma (10.4 vs. 6.7 months). In addition, squamous his-
tology predicted inferior outcomes with pemetrexed. Patients with squamous cell 
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histology had a decreased survival with pemetrexed compared to gemcitabine 
(10.8 vs. 9.4 months). These data support the role of squamous and nonsquamous 
histologies as predictive markers for pemetrexed use in NSCLC. Further subset 
analyses were conducted in an attempt to identify additional clinicopathologic pre-
dictors of outcome. While the predictive power of histology was con fi rmed, other 
factors including gender, ethnicity, disease stage, smoking history, and performance 
status were not found to be predictive of bene fi t in either arm, though they did dem-
onstrate prognostic potential  [  89  ] . Histology also predicted bene fi t from pemetrexed 
maintenance therapy. This was demonstrated in the phase III trial of maintenance 
pemetrexed versus placebo in patients with advanced NSCLC treated with four 
cycles of platinum-based chemotherapy  [  90  ] . Maintenance therapy with pemetrexed 
improved both PFS (4.3 vs. 2.6 months,  p  < 0.0001) and OS (13.4 vs. 10.6 months, 
 p  = 0.012) when compared to placebo. Prespeci fi ed analyses by histology revealed 
an OS bene fi t for patients with nonsquamous histology (15.5 vs. 10.3 months, 
 p  = 0.002) but no bene fi t over placebo for patients with squamous histology (9.9 vs. 
10.8 months,  p  = 0.678). 

 One hypothesis addressing the predictive impact of histology is that squamous 
cell tumors are more likely to overexpress TS and histology is actually a surrogate 
for TS expression. In vitro analysis demonstrated that cells sensitive to pemetrexed 
had decreased expression of TS and DHFR while the least sensitive cell lines over-
expressed TS and DHFR  [  91  ] . Analysis of 56 specimens from patients with NSCLC 
revealed that TS expression, as measured by both messenger RNA and protein lev-
els, was much higher in squamous cell carcinoma compared with adenocarcinoma 
 [  92  ] . The potential role of TS was further explored in a retrospective analysis of 
pretreatment biopsies from patients treated on the phase III study of cisplatin with 
either pemetrexed or gemcitabine  [  93  ] . In this study, 232 patients had tissue sam-
ples, with gene expression available in 69 patients and immunohistochemistry 
(IHC) available in 181 patients. In this limited analysis, there was a signi fi cant inter-
action between low TS expression and pemetrexed treatment effect. TS expression 
has signi fi cant potential as a predictive marker for pemetrexed bene fi t, though stan-
dardized methods of assessment as well as prospective validation are required 
before the clinical applicability of TS in this setting can be properly de fi ned.   

   Conclusion 

 The heterogeneity of lung cancer is clearly demonstrated by the unique molecular 
signatures of the various subsets already described and the countless more awaiting 
discovery. The paradigm shift throughout oncology is the personalization of cancer 
care and chemotherapy delivery to account for these important differences. This 
approach can improve the likelihood of response and minimize the use of inef fi cient 
therapies that would otherwise offer toxicity without bene fi t and delay initiation of 
effective therapy. It is only by employing reliable predictive biomarkers that person-
alized medicine can reach its potential in the treatment of NSCLC. While the 
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 development of novel agents is always welcome, their appeal is much greater if they 
are accompanied by a predictive marker. Novel MET-inhibitors, like the oral agent 
ARQ 197, have shown ef fi cacy in early studies, but their emergence is more excit-
ing with the discovery that MET ampli fi cation can identify a subset of patients more 
likely to derive bene fi t from these agents  [  94  ] . 

 When considering the role of predictive biomarkers, one must bear in mind the 
source of these markers. In patients with recurrent or refractory disease, biomarker 
testing is often performed on archived tissue specimens. It is possible that the active 
tumor pro fi le bears little resemblance to the original biopsy sample due in part to the 
selective pressure of prior therapy. While it is unlikely that a tumor that originally 
harbored an EGFR mutation would mutate to wild type EGFR, the inverse is cer-
tainly possible as is the possibility of acquiring additional mutations that may impact 
therapeutic decisions. Since repeat biopsies are often impractical and occasionally 
not possible, other means of detection are being actively sought. One area of intense 
research is in the  fi eld of circulating tumor cells (CTC). Studies have shown that 
these cells can be captured and early studies of KRAS mutation detection and EGFR 
expression on CTC have been successful  [  95  ] . Whether the biomarkers found on 
these cells retain their predictive power has yet to be determined but these advances 
have the potential to improve the accuracy, accessibility, and clinical utility of these 
biomarkers. Predictive biomarkers have radically changed the use of available 
agents in NSCLC, and more importantly, they have changed the approach to devel-
oping the novel agents this  fi eld so desperately needs.      
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         Introduction 

 Prostate cancer is the most common cancer in men and is the second most common 
cause of male cancer-related deaths. When prostate speci fi c antigen (PSA) was 
described and came into general use for screening, it was seen as a huge achieve-
ment in cancer detection. But since the early 1980s when this marker came into 
widespread use, several of its shortcomings have become apparent. Despite the fact 
that PSA is produced almost entirely in the prostate, elevation of this marker can 
occur in both benign and malignant conditions. Additionally, even though higher 
PSA values correlate with more aggressive and advanced disease, lower values fail 
to differentiate clinically indolent disease from clinically signi fi cant disease. In 
short, PSA screening has been a double edged sword: it has increased the numbers 
of patients diagnosed with prostate cancer, but has led to the overtreatment of 
patients. Additionally, whether its use has affected cancer-related mortality is a sub-
ject of heated debate. Among governing bodies such as the American Cancer 
Society, the American Urologic Association, and the United States Preventive 
Services Task Force, there has never been a consensus whether PSA screening 
should be performed regularly. Two large, multi-center, randomized studies have 
recently looked at the impact of PSA screening on survival  [  1,   2  ] . The results of 
both studies showed similar death rates in screening and control groups and under-
scored the large number of patients who need to be screened before a life is saved. 
This has led the United States Preventative Task Force recommending against rou-
tine PSA screening for men 
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 With all of the shortcomings of PSA and its adjuncts such as PSA velocity, 
density, and free PSA, the need for additional markers to diagnose prostate cancer 
and predict its clinical course is evident. Much work has been done in this area. This 
chapter focuses on many of the newest serum and urinary markers of prostate can-
cer. While biomarkers used to predict prognosis are covered in another chapter, in 
many cases markers are being used for both purposes.  

   Sarcosine and the TMPRSS2:ERG Translocation 

 High-throughput technology has allowed scientists to quickly evaluate the entire 
genetic, gene transcript, and protein milieus of different cells. And while gene array 
technology has produced a plethora of information, use of this technology often 
leads to proli fi c amounts of dead-end data. One of the newer approaches being uti-
lized to identify interesting molecular targets is metabolomics. Metabolomics allows 
scientists to survey the cells’ metabolites, which are, ultimately, the end-products of 
genes and their transcripts  [  3  ] . Additionally, these metabolites give a more complete 
picture of the active physiology and biochemistry of the cell. 

 Metabolome pro fi ling of serum and urine in patients with and without prostate 
cancer has thus far been low yield  [  4  ] . In serum, only 20 of 478 metabolites were 
differentially expressed, with 99% of the 20 being deemed false discoveries. 
Similarly in urine, 36 of 583 metabolites were either up or down-regulated in cancer 
patients; but again, the false discovery rate was high: 67%. Tissue metabolomes 
produced the most interesting results on pro fi ling. Sixteen adjacent benign tissues, 
12 localized cancers, and 14 metastatic lesions were pro fi led. A total of 626 metabo-
lites were identi fi ed and 60 of these were present in cancer and metastatic lesions 
but not in benign tissue. Not unexpectedly metastatic lesions exhibited more meta-
bolic alterations than localized lesions. After analysis, six metabolites were found 
to be increasingly produced with disease progression: sarcosine, uracil, kynurenine, 
glycerol-3-phosphate, leucine, and proline. When the metabolic pathways of these 
substances were analyzed, the overall physiologic picture produced was one of 
increased nitrogen breakdown and amino acid metabolism. In particular, metastatic 
lesions demonstrated upregulation of metabolites involved with methyltransferase 
activity. 

 Because of these  fi ndings, sarcosine became the primary focus for follow-up 
studies. Sarcosine is produced when glycine  N -methyl transferase (GNMT) methy-
lates glycine and is converted back to glycine by sarcosine dehydrogenase (SARDH). 
Sarcosine can also be produced when dimethylglycine dehydrogenase (DMGDH) 
acts on dimethylglycine. Researchers had already demonstrated that blocking 
 sarcosine production via knockdown of GNMT slowed prostate cancer progression. 
Similarly, increasing sarcosine, either by addition of exogenous sarcosine or knock-
down of SARDH, transformed benign prostate epithelial cells into invasive 
phenotypes. 
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 Sarcosine was detected in 79% of metastatic lesions and 42% of localized lesions. 
It was not detected in benign tissue nor was it measurable in the benign tissue next 
to metastatic lesions. Sarcosine was measurable in urine supernatants and sediments 
and was signi fi cantly higher in both in prostate cancer patients. Despite this, sar-
cosine’s ability to predict prostate cancer was modest, with its area under the ROC 
(AUC) being 0.71 in urine sediment and 0.67 in urine supernatant. For patients with 
PSA values of 2–10 ng/ml, sarcosine did perform better than PSA (AUC = 0.69 vs. 
0.53, respectively). 

 In cell culture, sarcosine concentrations were signi fi cantly higher in cancer cell 
lines than in benign cell lines ( p  = 0.0218). Additionally when sarcosine was added 
to noninvasive benign epithelial cells, it imparted an invasive phenotype and 
increased cell motility. There were no changes in cell cycle progression or prolifera-
tion. When RNA interference was used to knock down the enzymes involved in 
sarcosine production, GNMT and DMGDH, sarcosine levels and cell invasiveness 
declined. In contrast, when the enzyme responsible for sarcosine catabolism, 
SARDH, was knocked down, sarcosine concentration increased three times and cell 
invasion increased over 3.5-fold. 

 Genetic translocations, such as the Philadelphia chromosome, have been 
identi fi ed in patients with chronic myelogenous leukemia. The fusion protein that 
resulted from this translocation has oncogenic potential, and is a therapeutic target. 
Similarly, gene translocation has also been identi fi ed in prostate cancer.  [  5  ]  This 
translocation fuses a member of the E26 transformation speci fi c (ETS) family of 
transcription factors, usually ERG, or less commonly ETV1, to the promoter region 
of TMPRSS2. ERG and ETV1 have already been implicated in Ewing’s sarcoma 
and myeloid leukemias, and a recent study demonstrated that up to 72% of prostate 
cancers overexpress ERG  [  6  ] . TMPRSS2, which is expressed in both normal and 
neoplastic prostate tissue, is androgen sensitive. This fusion translocation, which is 
found in 40% of primary prostate tumors, initiates androgen induced production of 
the ETS transcription factor involved in the translocation. This change was theo-
rized by the original researchers to be suf fi cient enough to initiate malignant trans-
formation, but a follow-up study in a murine model with prostate speci fi c 
overexpression of ERG did not produce neoplasia  [  7  ] . A malignant phenotype was, 
however, produced when ERG was overexpressed in the presence of 
haploinsuf fi ciency of PTEN  [  8,   9  ] . 

 Interestingly, there is an intimate link between the ETS family of transcription 
factors and sarcosine metabolism. When VCaP cells, which express ERG, and 
LNCaP cells, which are ETV1 positive, were each incubated with androgen for 
48 h, GNMT expression was up-regulated while SARDH expression was down-
regulated. Chromatin immunoprecipitation sequencing of the VCaP cells revealed 
that ERG and androgen receptor were bound to the promoter of GNMT, while ERG 
alone was bound to the SARDH promoter. In LNCaP cells, AR was bound to the 
promoter of both GNMT and SARDH. 

 Studies characterizing sarcosine’s role in prostate cancer progression and as a bio-
marker are in their infancy. Sarcosine appears to play a critical role in prostate cancer 
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progression and is found in the urine, however, the heterogeneity of mechanisms 
which initiate malignant transformation and cause disease progression may limit its 
role as a diagnostic marker. But, much like HER2 in breast cancer, sarcosine may 
eventually play a role in select subsets of patients.  

   Prostate Speci fi c Membrane Antigen 

 Prostate speci fi c membrane antigen (PSMA) is a membrane bound glycoprotein 
which was initially discovered in 1987 during antibody characterization of LNCaP 
cell membranes  [  10  ] . It is found in both benign and hyperplastic prostate tissue as 
well as HGPIN and malignant prostate epithelial cells, though its expression is 
higher in malignant cells. It is also found in small quantities in other extraprostatic 
tissues and other types of tumors  [  11,   12  ] . PSMA’s early clinical use was plagued 
by the fact that standard ELISA and Western Blot analysis of this marker was 
dif fi cult to reliably reproduce. As such, many of the initial reports examining 
PSMA’s function as a prognostic marker yielded con fl icting results  [  13–  16  ] . 

 In the late 1990s, an antibody, 7E11C5.3, which detects the intracellular portion 
of PSMA was tagged with Indium  [  17  ] . This radiolabeled antibody became known 
as Prostascint©. Because this antibody binds to the intracellular portion of PSMA, 
it cannot be used as a serum or urine biomarker. When  fi rst introduced, Prostascint’s 
utility was limited by both clinician experience and the single photon emission 
computed tomography being used. But with the advent of dual head gamma cam-
eras, bowel preps, longer delays between injection and imaging, and red blood cell 
pooling and fusion, Prostascint scanning has found a small but growing niche in 
detecting soft tissue metastasis in prostate cancer patients. But because of its limita-
tions, PSMA has not found a role as a widely used biomarker.  

   Human Kallikrein Related Peptidase 2 

 Like PSA, human kallikrein-related peptidase 2 (KLK2), also known as human 
glandular kallikrein 2, is a secreted serine protease  [  18  ] . KLK2 is from the same 
family of genes as PSA and is largely expressed in the prostate  [  19  ] . But unlike 
PSA, KLK2 is often expressed at such low levels in healthy men that it is undetect-
able  [  20  ] . In men with cancer, KLK2 is expressed at signi fi cantly higher levels than 
in those with BPH. Several studies demonstrated that, when added to PSA or fPSA, 
KLK2 can increase the sensitivity and speci fi city of prostate cancer detection  [  21–
  23  ] . In 740 men undergoing biopsy during the  fi rst round of the European 
Randomized Study for the Screening of Prostate Cancer, multiple combinations of 
age, PSA, digital rectal exam, and KLK2 levels were used to predict the risk of 
prostate cancer on biopsy. A total of 192 men were diagnosed with prostate cancer 
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in this round of biopsies. Patients with cancer had signi fi cantly higher levels of 
tPSA and KLK2 than those without cancer; however there was no signi fi cant differ-
ence in free or intact PSA between those two groups. Two multivariate analyses 
were performed. One compared age and total PSA (AUC 0.68) to age, tPSA, fPSA, 
intact PSA, and KLK2 (AUC 0.83,  p  < 0.0005). The second analysis added DRE to 
both arms. The area under the ROC curves for age, tPSA and DRE was 0.72 vs. 0.84 
when DRE was added to the full panel of serine proteases ( p  < 0.0005). 

 Despite its promise, the addition of KLK2 did not improve risk assessment. In 
one study 461 men underwent radical prostatectomy for localized prostate cancer. 
Preoperative KLK2 did not improve the predictive accuracy of biochemical recur-
rence (BCR) over standard Kattan nomogram parameters  [  24  ] . Three years later the 
same group published follow-up data  [  25  ] . They restructured their study as a case–
control study and identi fi ed 146 patients who experienced BCR out of 1,356 in the 
total cohort. Biochemical recurrence was de fi ned as having a tPSA  ³  0.40. They 
compared these 146 patients to 436 control patients who were matched by age and 
year of surgery. The median follow-up for patients who did not experience BCR 
was 3.2 years. Clinical stage and Gleason sums were signi fi cantly worse in the 
group experiencing BCR. Additionally, median levels of all markers (tPSA, fPSA 
and KLK2) were signi fi cantly higher in those patients who experienced a BCR than 
in those who did not. In a univariate analysis, all variables were signi fi cantly associ-
ated with BCR. However in a multivariate analysis, stage, grade and tPSA had an 
impressive AUC of 0.786. Addition of both fPSA and KLK2 produced an insigni fi cant 
increase in AUC to 0.798 ( p  = 0.053), the majority of this effect contributed by fPSA 
and not KLK2. A similar trend was seen in patients with tPSA  £  10 ng/ml. A second 
base analysis model was created using pathologic parameters, including surgical 
Gleason score as well as the presence of extracapsular extension, seminal vesicle 
invasion, lymph node involvement, and surgical margin status. Again, when fPSA 
and KLK2 were added to this baseline prediction model, there was no signi fi cant 
addition to predictive accuracy. 

 KLK2 may be a useful adjunct to PSA in the diagnosis of prostate cancer, but, 
like other markers, KLK2 does not appear to provide valuable prognostic informa-
tion or differentiate between clinically signi fi cant and insigni fi cant disease. A large, 
randomized study is needed to compare the utility of KLK2 with other novel mark-
ers in this setting.  

   Prostate Cancer Antigen 3 (PCA3) 

 Prostate Cancer Antigen 3 (PCA3), also known as Differential Display 3 (DD3), is 
a noncoding segment of RNA which is expressed almost entirely in the prostate and 
is upregulated in prostate cancer and its metastatic lesions  [  18  ] . In radical prostate-
ctomy specimens, RT-PCR of normal, BPH and cancer specimens revealed that 
human prostate cancer cells had a median of 66 times, and up to a 1,487 times, the 
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amount of PCA3 mRNA copies of normal prostate cells from the same patient. 
Normal and BPH prostate samples had similar copy numbers of PCA3  [  26  ] . A sub-
sequent pilot study was then performed on patients’ urine sediment. A total of 108 
consecutive patients who were referred for prostate biopsy due to a serum PSA of 
>3 ng/ml were recruited into the study. Each patient underwent a prostatic massage 
and voided urine samples were tested for both PCA3 and PSA transcripts in the 
urine sediment. Patients were then biopsied, and a total of 24 were found to have 
cancer, while the remaining 84 patients had negative biopsy results. The resulting 
area under the ROC curve calculated for PCA3 transcripts in urine sediment was 
0.72, with a speci fi city of 83% and sensitivity of 67%. In a larger multicenter trial 
these results were validated. A similar methodology was employed in 583 men with 
a PSA of 3–15. Of the usable samples (92%), the area under the ROC curve for 
PCA3 was 0.66 while that of PSA was only 0.57  [  27  ] . 

 Another prospective, multicenter study was done in 570 men undergoing pros-
tate biopsy for serum PSA  ³  2.5 ng/ml, family history of prostate cancer, abnormal 
digital rectal exam or another risk factor. This study used a PCA3 score in lieu of 
absolute mRNA copy numbers  [  28  ] . This PCA3 score was the number of PCA3 
mRNA copies normalized to PSA mRNA copies in the same sample [(PCA3 mRNA/
PSA mRNA) × 1,000]. Of the 570 men, 206 (or 36%) were found to have prostate 
cancer. There was a direct correlation with PCA3 score and positive biopsy. In this 
study, 277 subjects were undergoing an initial biopsy while another 280 were under-
going a repeat biopsy after a prior negative biopsy. For  fi rst-time biopsy patients, 
the AUC was 0.703 while the AUC for men undergoing repeat biopsy was 0.684. 
Patients were then strati fi ed according to pathology. Men with no disease or BPH 
had a median score of 15, while patients with in fl ammation had a median score of 
13. Patients with PIN and/or atypical small acinar proliferation (ASAP) had median 
scores of 23–27, while the median score for men with cancer was 38. An analysis of 
variance revealed that men diagnosed with cancer had signi fi cantly higher PCA3 
scores than men with either no pathology or PIN/ASAP ( p  < 0.0001 in both cases). 
These results were consistent among men undergoing  fi rst or repeat biopsy. There 
was, however, no signi fi cant difference in PCA3 score between men with Gleason 
sum 6 or Gleason sum  ³ 7 cancers (median PCA3 score 38 and 41, respectively). 

 Of the 570 men in this study, prostate volume data was available for 552 patients. 
Not surprisingly, PSA was directly related to volume in both men with and without 
cancer ( p  < 0.0001). PCA3 score did not, however, correlate with prostate volume 
( p  = 0.54). When strati fi ed by serum PSA (<4 ng/ml, 4–10 ng/ml and >10 ng/ml), 
PCA3 scores had a 50–61% sensitivity and a 71–80% speci fi city (overall sensitiv-
ity 54% and speci fi city 74%). Within each PSA group, the 95% con fi dence inter-
vals were similar, indicating similar accuracy of PCA3 score at all serum PSA 
levels. In a logistic regression model, the combination of prostate volume, digital 
rectal exam, log of serum PSA, and log of PCA3 score led to the highest AUC 
(0.752). The AUC for PCA3 score was similar to the AUC for prostate volume, 
DRE and log of serum PSA, which was 0.672. The AUC for PSA alone was only 
0.547 in this model. 
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 Even though PCA3 copy numbers or scores did not appear to correlate with 
prognosis in biopsy studies, a prostatectomy study showed otherwise. Post-DRE 
urine samples were collected from 72 men prior to undergoing radical prostatec-
tomy for con fi rmed prostate cancer  [  29  ] . PCA3 scores were calculated as previously 
described and tumors were Gleason graded, staged and strati fi ed by size (<0.5, 0.5–
2, >2.0 cm). PCA3 scores were then correlated with pathologic outcomes. Of the 72 
men in the study, 70.9% had pT2 disease while 20.8% had pT3a disease. The 
remainder (8.3%) had pT3b disease. The majority (58.3%) of lesions were Gleason 
3 + 3 = 6/10 prostate cancer while 27.8% were Gleason 3 + 4 and only 4.1% were 
Gleason 4 + 3. The remaining 9.7% were either Gleason 8 or 9 out of 10. In a 
 univariate analysis, PCA3 score was signi fi cantly associated with tumor vol-
ume. Additionally, patients with extracapsular extension had signi fi cantly higher 
PCA3 scores than those who did not (48.8 vs. 18.7,  p  = 0.02). A multivariate logistic 
analysis was constructed, and Gleason sum ( £ 6 or >6), PCA3 score and PSA were 
all predictive of extracapsular extension (AUC = 0.90). The AUC of PCA3 alone 
was 0.732. 

 These  fi ndings were not duplicated, however, in a similar study published that 
same year. This study included 62 men about to undergo radical prostatectomy, and 
it did not  fi nd any signi fi cant correlation between PCA3 score and Gleason score, 
tumor volume, pathologic stage or clinical “signi fi cance” (de fi ned by stage, grade 
and volume)  [  30  ] . 

 In 2009, a small study of 96 men referred for prostate biopsy was reported  [  31  ] . Of 
these patients, 26 were diagnosed with BPH on biopsy while 70 were found to have 
cancer. Levels of PCA3 and PSA were measured in post-rectal exam urinary sedi-
ment prior to biopsy. In this study, cancer patients had normalized PCA3 scores which 
were 37 times that of BPH patients ( p  < 0.0001). PSA was signi fi cantly up-regulated 
in cancer patients as well, though only by a factor of 7 ( p  < 0.0001). Not surprisingly, 
when the two parameters were combined in a logistic regression model, the two 
markers together had a diagnostic sensitivity of 80.2% and speci fi city of 100%. 

 Though PCA3 studies in patients receiving androgen deprivation therapy (ADT) 
or in those with hormone refractory disease have not yet been done, in vitro studies 
suggest that PCA3 is androgen inducible. Real-time PCR of both androgen depen-
dent LnCaP cells and androgen independent PC3 cells’ expression of PCA3 and 
PSA revealed that PC3 cells expressed neither marker, while LnCaP cells expressed 
both. When androgen was added to culture medium, PSA mRNA transcripts 
increased 36–58 times in a dose dependent manner. PCA3 transcripts were also 
upregulated up to 56 times by androgen. 

 PCA3 is a relatively sensitive and speci fi c marker, which has the added bene fi t 
of not being affected by prostate volume or in fl ammation. Further studies have 
demonstrated that it may be an androgen inducible gene product. While early stud-
ies indicate that it may be useful in risk strati fi cation, these results have not been 
consistent. A larger, randomized study is needed to determine whether PCA3 can be 
used to differentiate indolent disease from aggressive disease and predict progres-
sion and recurrence in both hormone sensitive and hormone refractory disease.  
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    a  Methylacyl CoA Racemase 

 Originally called P504S,  a -methylacyl-coenzyme A (AMACR) is a mitochondrial 
and peroxisomal enzyme that is involved in the metabolism of branched chain fatty 
acids and bile acids. Like many other potential biomarkers, AMACR was  fi rst 
identi fi ed as a potential biomarker via high-throughput analysis. In an early study, 
increased expression of AMACR in prostate cancer specimens was found in three 
out of four DNA microarrays  [  32  ] . This  fi nding was con fi rmed with RT-PCR as well 
as immunohistochemistry. Immunohistochemistry studies revealed that while 108 
benign prostate cancer specimens had a mean staining intensity (SI) of only 1.31, 
PIN’s SI was 2.67, and localized cancer and metastatic cancer had mean SI’s of 3.2 
and 2.5, respectively ( p  < 0.001). In an immunohistochemistry survey of 263 cancer 
specimens, including 38 prostate cancers, Nassar and colleagues found that 34 out 
of 38 (89.5%) stained positively for AMACR  [  33  ] . 

 One of the unfortunate aspects of AMACR is that assays have not detected it 
appreciable amounts of this enzyme in serum  [  34  ] . To circumvent this obstacle, 
Sreekumar and colleagues analyzed sera for a humoral response to AMACR and 
PSA. Sera from 46 men with biopsy proven prostate cancer and 28 healthy controls 
were analyzed with protein microarrays and immunoblots. After incubation with 
patient sera, it was found that all control patients’ sera and 42 of the cancer patients’ 
sera tested positive for PSA autoantibodies and there were no statistically signi fi cant 
differences in immunoreactivity between control and cancer patients. For AMACR, 
however, patients with cancer had signi fi cantly higher immunoreactivity than con-
trol patients (mean 2602.1 relative units versus 1116.3 relative units, respectively, 
 p  < 0.009). These results were validated in a larger study set using both high-
throughput immunoblot analysis and ELISA. When results were correlated with 
PSA, Gleason score, pathologic stage and risk of recurrence, no signi fi cant relation-
ships between AMACR immunoreactivity and these parameters were found. When 
ROC curves were constructed for AMACR and PSA, AMACR was found to have 
71.8% speci fi city at a 61.6% sensitivity (AUC 0.663,  p  < 0.001). AMACR could 
also discriminate cancer from benign pathology in patients with intermediate PSA’s 
of 4–10 ng/ml ( p  < 0.001), while PSA could not ( p  = 0.888). For this subset, the AUC 
for a humoral response to AMACR was 0.789, while PSA’s was 0.492. 

 In 2006, Zehentner and coworkers used a different method to approach measur-
ing AMACR in human blood  [  35  ] . Instead of measuring whole blood or an immune 
response, they used cell surface antibodies to isolate circulating tumor cells and 
then measured AMACR transcripts in this fraction with RT-PCR. They collected 
blood from 76 healthy male controls as well as 69 patients with lung cancer, 23 with 
breast cancer, and 24 with ovarian cancer. Another group of 28 men had benign 
prostatic or genitourinary diseases including two with prostatitis,  fi ve with urethritis 
and nine with BPH. Among the 163 prostate cancer patients, 88 had localized dis-
ease and 58 had metastatic disease and were receiving chemotherapy. A third group 
of 17 patients was categorized as “in remission” and had undergone either prostate-
ctomy or had a response to chemotherapy. 
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 In this study, a distribution of AMACR copies in the blood of healthy controls was 
analyzed and a cutoff value of 73.6 copies, which was 3 standard deviations above 
the mean, was used for the remainder of the study. Based on in vitro cell culture stud-
ies, this copy number was theorized to be equivalent to 1 tumor cell per 10 cc of 
blood. None of the patients with breast, ovarian or lung cancer had were positive for 
AMACR and only 2 of the 76 normal healthy controls (2.6%) tested positive. In men 
with benign prostatic diseases, 37% had positive values. 44.5 and 48.2% of patients 
with organ con fi ned and metastatic prostate cancer, respectively, tested positive. 
And, though this study was not correlated with long-term outcomes, only one of 17 
patients (5.9%) who were clinically considered to be in remission had a positive 
AMACR level. Unfortunately, this small study assumed a normal distribution and 
used the chi-squared test which makes the signi fi cance of their statistical results 
unclear, but their novel technique to detect AMACR in peripheral blood was 
interesting. 

 Other groups developed different methods to circumvent the lack of AMACR in 
human serum. One study examined the post prostate biopsy voided urines of 26 men 
 [  36  ] . AMACR was detected with Western blot analysis. In this small pilot study, 18 
out of the 26 men had AMACR in their urine. All 12 of the patients diagnosed with 
prostate cancer tested positive for AMACR, while 5 of 12 patients without cancer 
did as well. One of the two patients with atypia also tested positive, yielding an 
overall sensitivity of 100% and speci fi city of 58%. 

 Zielie and colleagues assessed the presence of AMACR in post-prostatic mas-
sage urinary prostatic secretions  [  37  ] . This small study included a total of 21 
patients: 10 had biopsy proven cancer, 2 had high-grade PIN, and 9 were benign. 
Total RNA was extracted from urine sediment and quantitative RT-PCR was used to 
detect both PSA and AMACR. A relative value score (RVS) for AMACR was cre-
ated by normalizing AMACR transcripts to PSA transcripts. In this study, the abso-
lute value of PSA and AMACR transcripts did not correlate with the presence of 
cancer. However when the RVS for AMACR was calculated, the mean RVS for 
cancer patients was much higher than the RVS for control patients (189.6 ± 253.2 vs. 
15.2 ± 8.5). When a cutoff point of 32, which is 2 standard deviations above the 
mean control RVS was used, all nine healthy controls fell below the cutoff point. Of 
the ten cancer patients, seven had prostatic secretion AMACR RVS above the cut-
off. Two of the patients with cancer who had AMACR RVS below 32 had, at time 
of prostatectomy, what the authors considered clinically insigni fi cant disease: one 
focus of Gleason 6 disease involving less than 5% of the entire prostate. Both 
HGPIN patients were above the cutoff. 

 With several novel markers in development, utilization of combinations of these 
markers, preferably from the same body  fl uid, may potentially provide improved 
diagnostic or prognostic utility over one marker alone. In 2009, Ouyang and cowork-
ers measured AMACR and PCA3 (see prior section) in urine sediment and com-
pared these tests’ ef fi cacy to that of serum PSA  [  38  ] . The study cohort included 92 
patients: 43 patients with prostate cancer and 49 patients without prostate cancer. 
Quantitative real time PCR was used to calculate transcript levels of AMACR and 



78 C.K. Phillips and D.P. Petrylak

PCA3 in the sediment of urine collected after digital rectal exam. Transcript levels 
were normalized to PSA transcript levels, resulting in AMACR and PCA3 scores. 

 In a univariate analysis, both AMACR and PCA3 were able to discern patients 
with prostate cancer, from those without prostate cancer ( p  = 0.006 and 0.014, 
respectively), while serum PSA could not ( p  = 0.306). Based upon an ROC curve for 
AMACR and PCA3, cutoff points of 10.7 for AMACR and 19.9 for PCA3 were 
established. These cutoff points resulted in a sensitivity and speci fi city of 70 and 
71% for AMACR and 72 and 59% for PCA3. The AUC for AMACR was 0.67 
( p  < 0.01) and 0.65 for PCA3 ( p  < 0.01), while the AUC for PSA was only 0.59 
( p  > 0.05). When elevation of at least one of the two (AMACR or PCA3) markers 
was the criteria for a positive test, the sensitivity and speci fi city of the combination 
was 81 and 84%. 

 Serum testing of AMACR is technically dif fi cult and urine analysis can be per-
formed in a number of different ways. Despite this, these early tests indicate that 
AMACR may have a role in diagnosis and prognosis. Assay standardization, inter-
operator variability studies and further randomized studies are going to be needed 
before this marker can be used in widespread practice.  

   Urokinase Plasminogen Activator and Receptor 

 Urokinase Plasminogen Activator Receptor (uPAR) is a membrane receptor that is 
critical in degrading the extracellular matrix allowing cancer to spread  [  39  ] . 
Increasing levels of serum uPAR have been related to poor prognosis in breast colon 
and non-small-cell lung cancer  [  40,   41  ] , and overexpression of uPAR has been dem-
onstrated in prostate cancer as well  [  42,   43  ] . Early studies failed to show any 
signi fi cant difference between levels of soluble uPAR in benign and cancerous pros-
tate conditions  [  44  ] , but as improved assays for detecting the various isotypes of 
uPAR were developed  [  45  ] , signi fi cant differences were detected. In one study, 
uPAR fragments were measured in 355 patients referred for prostate biopsy  [  46  ] . In 
univariate and multivariate analyses, uPAR levels were a signi fi cant predictor of 
prostate cancer diagnosis. 

 In another study by Milanese and coworkers, serum was taken from 79 consecu-
tive patients prior to prostate biopsy and tested for full length and cleaved forms of 
uPAR with ELISA  [  47  ] . Out of 79 patients, 30 (38%) were diagnosed with prostate 
cancer. Patients with prostate cancer were found to have signi fi cantly higher levels 
of uPAR than those without cancer (median 2.6 ng/ml vs. 1.5 ng/ml, respectively, 
 p  < 0.0001). Almost half (46.9%) of patients with negative biopsies had some evi-
dence of prostatitis on biopsy. Patients with prostatitis and no evidence of cancer 
had signi fi cantly higher PSA’s than patients without cancer and prostatitis; prostati-
tis did not, however, increase uPAR levels. On a multivariate analysis, uPAR was 
not an independent predictor of prostate cancer ( p  = 0.163), but did have a 90% 
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sensitivity and 63% speci fi city when a 1.54 ng/ml cutoff was used. All 30 patients 
with prostate cancer underwent radical prostatectomy. In a multivariate analysis, 
uPAR levels were closely correlated to the presence of extra-prostatic extension, 
seminal vesicle invasion and perineural invasion ( p  = 0.027, 0.048 and 0.040, 
respectively). 

 uPAR appears to be an interesting marker for prostate cancer diagnosis and prog-
nosis. While Milanese’s study did not demonstrate that uPAR was a signi fi cant pre-
dictor of prostate cancer, it did demonstrate that uPAR was helpful in predicting the 
presence of poor pathologic characteristics at prostatectomy. Additionally uPAR 
was not elevated in prostatitis, a condition that frequently produces falsely elevated 
PSA levels. Additional studies are warranted to further characterize this marker.  

   EGF Receptor 

 Endothelial growth factor receptor (EGF-r) is a 170 kDa transmembrane glycopro-
tein which is part of the erbB protooncogene family  [  47  ] . It plays a critical role in 
several cellular pathways, including those which regulate angiogenesis, motility, 
and apoptosis  [  48  ] . EGF-r is overexpressed in many malignancies, including pros-
tate cancer, and appears to be closely linked to uPAR (see prior section). Multiple 
in vitro and in vivo models have shown that EGF-r can regulate prostate cancer 
progression if uPAR is expressed  [  49–  51  ] . In prostate cancer cells, EGF-r inhibitors 
can inhibit cell growth and decrease metastatic potential  [  49,   50,   52  ] . 

 Because of this close relationship, Milanese and coworkers also characterized 
serum EGF-r levels in their uPAR study  [  47  ] . In the 79 consecutive patients who 
had undergone prostate biopsy, patients with biopsy proven prostate cancer had 
signi fi cantly higher serum levels of EGF-r ( p   £  0.0001) and there was a signi fi cant 
correlation between uPAR and EGF-r levels (  r   0.628,  p   £  0.0001). Neither of these 
markers correlated with PSA. Additionally, patients without cancer but with biopsy 
proven prostatitis did not have elevated EGF-r levels. On a multivariate analysis, 
EGF-r was the only signi fi cant independent predictor of prostate cancer, conferring 
a 1.9-fold increase in relative risk when elevated (95% CI 1.235–2.991). When a 
cutoff of 67.84 ng/ml was used, EGF-r’s sensitivity and speci fi city for diagnosing 
prostate cancer were 93.3% and 98%, respectively. 

 Thirty of the original 79 patients biopsied had prostate cancer and all underwent 
radical prostatectomy. Like uPAR, EGF-r correlated with pathologic stage 
( p   £  0.0001) while PSA did not. EGF-r levels were also signi fi cantly higher in 
patients with extraprostatic extension ( p  = 0.001), seminal vesicle invasion 
( p   £  0.0001), Gleason > 6 ( p  = 0.013), more positive cores at time of biopsy 
( p   £  0.0001), and lymphovascular invasion ( p  = 0.005). 

 EGF-r may be a promising marker for both prostate cancer diagnosis and prog-
nosis however the literature on this biomarker is very limited. Larger, randomized 
studies are necessary to determine if this marker has true clinical utility, if it is 
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useful in all ethnic groups, and if it can be used in the post-treatment setting to 
monitor for recurrence.  

   Huntingtin Interacting Protein-1 

 Identi fi ed in 1997, Huntingtin Interacting Protein-1 (HIP-1) was initially characterized 
during studies with the Huntingtin protein, which, when mutated, produces 
Huntington’s disease  [  53  ] . HIP-1 is a 116 kDa protein which plays a role in clathrin 
mediated endocytosis and traf fi cking  [  54  ] . Subsequent evidence demonstrated that 
a chromosomal translocation producing a fusion of HIP-1 and platelet-derived 
growth factor  b  receptor was a common mutation in chronic myelomonocytic leu-
kemia  [  55  ] . In a subsequent Western Blot survey of 60 different cancer cell lines, 
HIP-1 was found to be overexpressed in the majority of solid tumors. 
Immunohistochemistry in malignant and nonmalignant human tissue demonstrated 
that HIP-1 was expressed in normal small vessel endothelium, many secretory epi-
thelia, and distal renal tubular epithelium. In tumor microarrays, there was signi fi cant 
staining in central nervous system, breast, lung, colon, ovarian, melanoma and pros-
tate cancers. When comparing normal and benign tissues from these organs, the 
majority of benign tissues stained HIP-1 positive while their malignant counterparts 
did not; the notable exceptions to this being prostate and colon cancer. Both normal 
colonic and prostatic epithelium did not stain for HIP-1. In fact, when benign tissue, 
HGPIN, and prostate cancer tissue were surveyed, 95% of all benign epithelium did 
not stain for HIP-1, and the remaining 5% only exhibited weak staining. Only 25% 
of HGPIN samples demonstrated moderate or strong staining, while 51% of clini-
cally localized prostate cancer samples stained positive. Among samples from 
patients with hormone refractory prostate cancer, there was a 70% staining rate. 

 The prior arrays were constructed from multiple samples from the same patients. 
A second survey in multiple patients demonstrated that primary tumors from patients 
with metastatic prostate cancer stained positive for HIP-1 100% of the time, while 
88% of localized prostate cancer tumor samples stained positively. Only 50% of 
HGPIN samples stained HIP-1 positive. These results were then correlated with 
progression, which was de fi ned as PSA > 0.2 ng/ml after radical prostatectomy. 
None of the patients with negative HIP-1 staining developed a PSA recurrence, 
whereas 28% of the HIP-1 positive patients did ( p  = 0.05). In a multivariate Cox 
regression analysis which also included PSA, Gleason score and pathologic stage, 
HIP-1 expression was an independent predictor of PSA recurrence. Additionally, 
even though pretreatment PSA (<4.0 ng/ml) was a signi fi cant predictor of PSA 
recurrence, pretreatment PSA did not correlate with HIP-1 expression. 

 Three years later, the same group described a serum antibody test to HIP-1  [  56  ] . 
They  fi rst demonstrated the importance of HIP-1 to tumorigenesis in the TRAMP 
(transgenic adenocarcinomas of the mouse prostate) model. HIP-1 knockout 
TRAMP mice developed fewer prostate tumors than their wild-type TRAMP 
counterparts. They then examined the sera of TRAMP mice. Because HIP-1 is a 
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cytoplasmic protein, the antigen itself was not detected in serum. They then created 
recombinant HIP-1 to test for serum antibodies to HIP-1 and found that HIP-1 +/+  
TRAMP mice had anti-HIP-1 antibodies while TRAMP/HIP-1 −/−  mice did not. In 
chronologic studies, it was found that HIP-1 antibodies developed at 4 months of 
age, prior to tumor development which usually occurred at 6.5 months of age. None 
of the control (normal) mice developed HIP-1 antibodies. 

 When the sera of 97 prostate cancer patients and 211 age matched controls were 
assayed by Western blot, 46% of prostate cancer patients and 27% of controls tested 
positive for HIP-1 autoantibodies. Similar results were attained when ELISA was 
used to assay for antibodies. When the two tests were combined, only 24% of pros-
tate cancer patients’ sera and 12% of controls were positive for HIP-1 antibodies on 
both assays, resulting in a low sensitivity, but a speci fi city of 88%. There was no 
correlation between a positive test result and poorer clinical parameters. When com-
pared to the anti- a -methylacyl CoA racemase (AMACR) serum assay, the HIP-1 
assay had similar sensitivity and speci fi city for prostate cancer. When AMACR and 
HIP-1 were used in combination with PSA, speci fi city increased to 97%. 

 As a molecular and pathologic marker, HIP-1 is interesting because its expres-
sion correlates with both the presence and severity of prostate cancer. Its prognostic 
ability did not appear to persist in serum assays, and, despite its high speci fi city, its 
sensitivity was very low. Perhaps with improved assays or larger studies, HIP-1 will 
live up to its original promise, but currently it suffers from many of the limitations 
of other serum biomarkers.  

   Chromogranin A and Neuron-Speci fi c Enolase 

 Because prostatic adenocarcinoma is a result of the malignant transformation of 
prostatic epithelial cells, the vast majority of research has focused on these cells. 
Recently, however, the role of the cell’s milieu, or microenvironment, has been cited 
as an increasingly important factor in tumorigenesis and progression. Prostate tissue 
is comprised of stroma and three types of cells: basal cells, secretory epithelial cells 
and neuroendocrine cells  [  57  ] . Neuroendocrine cells have sparked particular inter-
est because they are not androgen dependent and recent studies have revealed that 
this subset of cells is resistant to apoptosis, potentially via overexpression of sur-
vivin  [  58,   59  ] . Though the proportion of prostate cells which are neuroendocrine 
changes over a male’s lifetime, neuroendocrine cells within the prostate always 
produce Chromogranin A (CgA) and Neuron-speci fi c Enolase (NSE). CgA is a 
49 kDa protein coded on chromosome 14 that is measurable in plasma with either 
ELISA or radioimmunoassay and is stable at room temperature  [  60  ] . After undergo-
ing tissue-speci fi c proteolysis, CgA becomes peptides that act as autocrine or para-
crine  hormones. Though stable in serum, CgA levels can be arti fi cially increased 
by renal and hepatic failure, type A gastritis, essential hypertension and proton 
pump inhibitors. 
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 NSE is an isomer of enolase found in the neurons. Like CgA, NSE is a marker of 
neuroendocrine tissues and tumors and is used as a marker for Merkel-cell tumors 
and non-small-cell lung cancers. It is measurable in the serum and is also used as an 
immunohistochemistry marker. 

 In 2006, Tropea and colleagues published a small pilot study measuring 
serum levels of CgA in patients with a variety of nonneuroendocrine tumors  [  60  ] . 
Several groups had already noted that serum CgA levels are elevated in prostate 
cancer patients  [  61–  63  ] . Serum was collected from 151 patients with metastatic 
nonneuroendocrine tumors. Of these, nine patients were classi fi ed as having “geni-
tourinary” tumors:  fi ve prostate, three bladder and one kidney. Two thirds of this 
group of patients had elevated serum CgA levels, though the investigators did not 
specify what type of tumors these six patients had. There were eight patients with 
extreme CgA elevations (>150  m /l), two of whom had prostate cancer. Both of these 
patients had positive Indium  [  17  ]  labeled Octreotide scans (somatostatin receptor 
scintigraphy, OctreoScan©). All  fi ve of the patients who tested positive for soma-
tostatin receptor tumors, including the two with prostate cancer, were given long 
acting Octreotide. Though the authors hint at somewhat positive results, they do not 
give enough details or have suf fi cient objective measures to adequately describe 
outcomes after treatment. 

 A second study published in the same year examined three groups of males: 57 
had biopsy con fi rmed prostatic adenocarcinoma, 61 had BPH and 44 were other-
wise healthy control patients  [  57  ] . CgA and NSE were measured in the serum of all 
study participants and clinical parameters were recorded. Among the three groups, 
there were no signi fi cant differences between age, blood pressure, heart rate, and 
body weight. Patients with prostate cancer did have signi fi cantly higher levels of 
CgA than BPH and control patients (mean CgA 140.1 ± 53.2 ng/ml vs. 77 ± 32 ng/ml 
vs. 45.8 ± 23.2 ng/ml, respectively,  p  < 0.0001). PSA’s were also signi fi cantly higher 
in the prostate cancer group ( p  < 0.0001). For NSE, while the differences between 
the groups were statistically signi fi cant, the results were harder to interpret in the 
clinical setting because patients with BPH had the highest levels of NSE, and 
patients with cancer had NSE levels which fell between BPH and control patients 
(4.8 ± 1.7  m g/l vs. 3.8 ± 2.1  m g/l and 2.4 ± 0.9  m g/l, respectively). 

 Among the cancer patients, the 19 patients with high grade (Gleason grade 7–10) 
disease had signi fi cantly higher levels of CgA than the 15 patients with intermediate 
(Gleason 5–6) disease or the 23 patients with low grade (Gleason Grade 2–4) dis-
ease (mean CgA 174.63 ± 42.9 vs. 140.7 ± 34.5 vs. 111.0 ± 54 ng/ml, respectively, 
 p  < 0.001 and  p  < 0.0001). There was also a statistically signi fi cant difference in PSA 
levels between these three groups ( p  < 0.01 and  p  < 0.0001), however NSE did not 
vary with Gleason grade ( p  = 0.408 and  p  = 0.313 and  p  = 0.880). 

 Results were also correlated with clinical stage (T1, T2, T3 or Tx). There were 
signi fi cantly higher levels of serum CgA, PSA and NSE in patients with T2 vs. T1 
disease ( p  < 0.01,  p  = 0.032 and  p  < 0.0001, respectively). When patients with T2 vs. 
T3 disease were compared, there were signi fi cantly higher levels of CgA and NSE 
in T3 patients ( p  = 0.003 and  p  = 0.028), but PSA levels were not signi fi cantly differ-
ent ( p  = 0.769). 
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 One aspect that makes CgA particularly compelling as a marker is its link to 
neuroendocrine cells instead of epithelial cells. Patients treated with androgen 
deprivation therapy (ADT) often have a marked initial decrease in androgen sensi-
tive tissue, however neuroendocrine cells are not androgen sensitive and are not 
ablated during ADT. This increase in the relative amount of neuroendocrine cells is 
believed by many to play a role in progression to hormone refractory disease. 

 Supporting this theory is a 2005 study by Berruti and colleagues in which serum 
CgA levels were measured in 108 consecutive patients with newly diagnosed HRPC 
 [  61  ] . Hormone refractory disease was de fi ned as having two consecutive rises in 
serum PSA levels or the development of a new bone or soft tissue lesion in the pres-
ence of castrate levels of testosterone. Of these patients, 97% had bone metastases 
and 10% had soft tissue metastases. Median survival was 16.7 months and, at the 
time of last follow-up, 74.1% of the patients had died. Upon development of hor-
mone refractory disease, 41.7% of patients had elevated serum CgA levels while 
84.2% had elevated PSA’s. A univariate analysis of these patients revealed that ele-
vated serum CgA levels were correlated with poorer survival (10.2 months in 
patients with elevated serum CgA versus 22.6 months in patients with normal serum 
CgA,  p  = 0.0002). The negative impact that serum CgA levels had on survival was 
only signi fi cant for those patients with serum PSA’s below the median PSA level of 
97 ng/ml. On multivariate analysis, serum CgA levels were again a signi fi cant nega-
tive prognostic factor when performance status, Gleason score, hemoglobin, and 
serum alkaline phosphate, albumin and LDH were adjusted for ( p  = 0.05). 

 Serial serum CgA and PSA levels were also measured at 3, 6, and 9 months in a 
subset of 50 patients who underwent chemotherapy. The article does not specify 
how these patients were chosen or if these patients had baseline clinical and patho-
logic characteristics similar to the initial group of 108 patients. Because these 
patients were recruited in 1998–2003, prior to the publication of SWOG 99-16  [  64  ]  
and TAX327  [  65  ]  in 2004, they received a variety of chemotherapy regimens: 20 
patients received docetaxel and estramustine, 15 patients received epirubicin, and 
15 received estramustine only. All patients were continued on LHRH agonists and 
none were on antiandrogens, as this was part of the initial inclusion criteria for the 
study. Only 36% of these 50 patients had a PSA response. Median serum CgA levels 
were 13.3 U/l at baseline, 19.1 U/l at 3 months, 20.8 U/l at 6 months and 39.4 U/l at 
9 months ( p  < 0.01). Additionally, the proportion of patients with elevated CgA lev-
els increased as well. At baseline, 3, 6, and 9 months, the proportion of patients with 
elevated CgA levels were 34, 46, 52, and 68% ( p  < 0.005). Strati fi cation by PSA 
response did not affect these results. 

 These results were further supported by data from the Cancer and Leukemia 
Group B 9480 Study (CALGB 9480)  [  66  ] . This study, performed in patients with 
HRPC, was a Phase III study of suramin, a polysulphonated naphthylurea which is 
a multicytokine receptor blocker. As an ancillary metric, the investigators also mea-
sured the pretreatment levels of CgA in 321 of the 390 subjects. This study had a 
median follow-up of 35.23 months, and 96% of study participants died. Among 
patients who died, the median level of CgA was 12 U/l. When this was used as a 
cut-off in a univariate analysis, elevated levels of CgA had an inverse correlation 
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with survival (17 months for patients with CgA < 12 U/l and 11 months for patients 
with CgA  ³  12 U/l,  p  = 0.014). A CgA cutoff of 9.5 U/l also yielded a statistically 
signi fi cant difference in survival as well ( p  = 0.021) in a univariate analysis. In a 
multivariate analysis adjusting for serum CgA, PSA, LDH and performance status, 
CgA was again signi fi cantly correlated with poor survival when a cutoff of 9.5 U/l 
was used ( p  = 0.0203); however, performance status, PSA and serum LDH were all 
stronger predictors of survival than CgA, though. 

 Subsequently, the Berruti group reported a study of 211 intermediate to high risk 
prostate cancer patients who underwent androgen deprivation therapy (ADT) alone 
or in combination as  fi rst line treatment  [  67  ] . Prostate biopsy specimens were tested 
for CgA expression and serum CgA levels were measured at the time of diagnosis 
and at 12 and 24 months after diagnosis. All of these patients had  ³ T2b cancer, 
Gleason sum  ³ 7 or PSA  ³ 10. Patients were excluded if they were taking medication 
or had any condition which could alter serum CgA levels. Patients enrolled in the 
study received LHRH agonists as  fi rst line treatment and an antiandrogen was added 
if PSA increased. If, after second line hormonal manipulation, patients had >25% 
increase in PSA on two consecutive tests at least 2 weeks apart or if they developed 
a bone or measurable lesion in the presence of castrate levels of testosterone, the 
patient was de fi ned as hormone refractory. 

 Of the 211 patients, 46% demonstrated evidence of neuroendocrine differentia-
tion on immunohistochemistry, with 41% demonstrating CgA expression in <30% 
of tumor cells. Only 175 patients underwent serum CgA analysis because the 
remaining 36 took medications or had medical conditions which could affect serum 
CgA levels. Sixty percent of patients with elevated serum CgA had evidence of CgA 
expression on immunohistochemistry, while only 30% of patients with normal 
serum CgA showed evidence of tissue CgA expression. The remaining 10% showed 
no evidence of tissue CgA expression but did have increased levels of serum CgA. 

 The patients received one of three types of treatment: 35% underwent ADT 
alone, 23% underwent prostatectomy and adjuvant ADT, while the remaining 42% 
underwent external beam radiation with adjuvant ADT. At a median follow-up of 
55 months, 112 (53%) patients had developed hormone refractory disease and 81 
(38%) had died of their disease. In a univariate analysis, tissue expression of CgA 
was signi fi cantly related to shorter survival and decreased time to the development 
of hormone refractory disease ( p  = 0.007 and  p  = 0.0003, respectively). When 
patients were strati fi ed by treatment type, tissue CgA expression still correlated 
with the development of hormone refractory disease. In a multivariate model which 
included serum PSA, stage and Gleason score, any tissue CgA expression was still 
signi fi cantly associated with time to develop hormone refractory disease ( p  = 0.03 
for CgA in <30%,  p  = 0.001 for CgA in >30%). Having >30% of cells stain posi-
tively for CgA was signi fi cantly related to poor survival ( p  = 0.01). 

 After primary treatment, serum CgA levels were measured in 129 patients after 
1 year and 93 patients after 2 years. Between 0 and 1 years, 14 patients developed 
HRPC and another 10 patients developed hormone refractory disease between years 
1 and 2. At each time point there were increasing numbers of patients with elevated 
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serum CgA levels: 23% of patients at baseline had elevations, while 32 and 33% 
were elevated at 1 and 2 years, respectively. Elevation of baseline serum CgA was 
signi fi cantly related to time to the development of hormone refractory disease (HR 
3.0, 95% CI 1.8–5.2,  p  = 0.000) and overall survival (HR 2.4, 95% CI 14-3.9, 
 p  = 0.000). These signi fi cant relationships were seen at all time points, with elevated 
serum CgA producing the highest hazard ratios for survival and hormone refractory 
disease at year one (HR 5.8, 95% CI 3.1–10.8,  p  = 0.000 and HR 4.8, 95% CI 2.9–
7.9,  p  = 0.000). 

 CgA is a promising biomarker for prostate cancer, however its utility appears to 
be time sensitive. Its relatively low sensitivity in early stage disease may limit its 
value in prostate cancer diagnosis. As was demonstrated by Sciarra and colleagues, 
 [  68  ]  35% of patients with localized disease had serum CgA levels >60 ng/ml while 
100% of patients with metastatic cancer had elevated serum CgA levels. Its utility 
is also limited by a number of extraprostatic conditions and medications which can 
alter serum CgA levels. Its bene fi t may be greater at later stages of disease progres-
sion or after androgen deprivation therapy. Its utility in all treatment settings is 
unclear, however. A small study of 40 HRPC patients who received carboplatin and 
etoposide after failing  fi rst-line docetaxel treatment failed to demonstrate any 
signi fi cant prognostic value for serum CgA or NSE  [  69  ] . Further studies are neces-
sary to determine in what clinical setting, if any, CgA is a useful marker.  

   Prostate Secretory Protein 94 (PSP94) and Prostat 
Secretory Protein 94 Binding Protein 

 Prostate secretory protein of 94 amino acids (PSP94) is a secreted 10.7 kDa protein 
found in high levels in semen  [  70  ] . Although the exact role of PSP94 is unclear, it 
has been implicated in a number of diverse roles. Studies have linked it to the regu-
lation of sperm motility, apoptosis and growth of prostate cancer cells, and circulat-
ing FSH levels  [  71–  73  ] . It also binds to immunoglobulins in the female reproductive 
tract  [  74  ] . Thus far, binding sites for PSP94 have been identi fi ed in the testes, pitu-
itary gland and prostate, however a receptor has yet to be characterized  [  70  ] . 

 In normal control male patients, circulating levels of PSP94 are usually 0–20 ng/
ml and only slightly higher in urine  [  75  ] . A 1988 study by Teni and coworkers found 
that serum levels of PSP94 were signi fi cantly higher in patients with BPH and pros-
tate cancer, while urine levels were lower in cancer patients and higher in BPH and 
control patients. In a separate study published 5 years later by Huang and colleagues, 
circulating PSP94 was elevated in several men with prostate cancer, but its sensitiv-
ity for the disease was lower than PSA’s  [  76  ] . With low sensitivity and con fl icting 
results, PSP94 lost some momentum as a biomarker. Subsequent studies, however, 
discovered that prostate cancer patients largely express a different isoform of PSP94 
that has a higher molecular weight of 60–150 kDa, due to either aggregation or 
serum protein binding. Once this isoform was characterized, scientists realized that 
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the antibodies used in earlier studies did not have high avidity for the higher molecular 
weight version of PSP94  [  75–  79  ] . 

 Molecular studies reported the same year, demonstrated that PSP94 expression is 
downregulated in prostate cancer,  [  80  ]  and in 2005 when a new sandwich ELISA 
designed to detect both the free and complexed PSP94 isoforms was developed 
 [  70  ] , Nam and colleagues performed a study looking for the high molecular weight 
form of the protein. The study looked at 1,212 men who were referred for either an 
abnormal digital rectal exam or a PSA of 4.0 ng/ml or greater. In this cohort of men, 
with a mean age of 65.4 years and mean PSA of 12.0 ng/ml (median 8.1 ng/ml), 
49.2% (596 patients) were diagnosed with prostate cancer. Of these men, 3.7% had 
Gleason grade 2–5 disease while 31.4, 49.7 and 8.7% had Gleason grade 6, 7, and 8 
disease, respectively. The remaining 6.5% had Gleason 9 or 10 disease, and 7.4% of 
patients presented with locally advanced or metastatic prostate cancer. 

 Sandwich ELISA revealed that patients with prostate cancer had signi fi cantly 
lower levels of serum PSP94 than control patients (2.6 ng/ml, rage 0.5–26 ng/ml vs. 
3.4 ng/ml, range 0.5–35.6, respectively,  p  < 0.0001). In a multivariate logistic regres-
sion, the AUC of PSA, rectal exam, ethnicity and age was 0.66. Adding the ratio of 
free to total PSA or PSP94 increased the AUC to 0.72 in both instances, while the 
combination of all three serum parameters increased the AUC to 0.74. When PSP94 
was correlated with Gleason sum and stage, it was found that patients with Gleason 
sums of 7 or more or those with metastatic disease had signi fi cantly lower levels of 
PSP94 ( p  = 0.007 and 0.04, respectively). PSA and free to total PSA values were not 
signi fi cantly different between these groups. Additionally, after stratifying patients 
into aggressive (Gleason sum  ³ 7 and/or locally advanced/metastatic disease) and 
nonaggressive groups, it was found that a PSP cutoff of 4.5 ng/ml (which provided 
an 85% sensitivity) had an odds ratio of 2.74 while a cutoff <5.2 ng/ml (90% sensi-
tivity) had an odds ratio of 3.33, both of which were statistically signi fi cant. Neither 
PSA nor free to total PSA ratio were able to signi fi cantly predict increased risk of 
aggressive or advanced disease. 

 A smaller study done in 185 prostate cancer patients treated with radical pros-
tatectomy was reported the same year  [  81  ] . Though smaller, this study correlated 
clinical variables such as total PSA, Gleason score, surgical margin status, clinical 
stage, total PSP94, free PSP94, the ratio of bound to free PSP94 and PSP94 binding 
protein (PSPBP) with time to recurrence over a median follow-up time of 48 months. 
There was no correlation between age or family history and any serum marker. 
PSP94 (free, total and ratio) levels were signi fi cantly lower in the black patients in 
the study, while PSA showed no difference. Unlike the prior study, none of the 
PSP94 measurements was correlated with advanced clinical stage or high Gleason 
sum, though total PSA was. Of the 185 patients enrolled in the study, 31 patients 
showed evidence of biochemical recurrence in the follow-up period. Clinical stage, 
pretreatment PSA, Gleason sum, margin status, and a high PSP94 bound to free 
ratio were signi fi cantly associated with risk of recurrence. PSPBP was negatively 
associated with recurrence, and had a stronger correlation with recurrence than the 
ratio (PSPBP  p  = 0.005 and bound to free PSP94 ratio  p  = 0.008). In a multivariate 
Cox proportional hazards analysis, PSPBP was a signi fi cant independent predictor 
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of recurrence in models which also included PSA, Gleason score and a combination 
of the two. The ratio of bound to free PSP94 was also an independent marker of 
recurrence in this model, but PSPBP had stronger signi fi cance. 

 PSP94, its isoforms, and PSPBP may potentially play a role in risk strati fi cation 
as well as prostate cancer diagnosis. Early studies’ failure to detect high molecular 
weight isoforms and bound versions resulted in initial underestimation of this 
 biomarker, highlighting the role a faulty assay plays in characterization of any 
 biomarker. While the two largest studies to date show some con fl icting results, a 
large randomized clinical trial is warranted to determine this marker’s utility in 
diagnosis and risk strati fi cation.  

   Cysteine Rich Secretory Protein 3 

 Initially identi fi ed in neutrophils, Cysteine Rich Secretory Protein 3 (CRISP-3), 
was  fi rst reported by the name Speci fi c-granule protein of 28 kDa (SGP28) in 1996 
 [  82  ] . Like many other markers, CRISP-3 was initially identi fi ed as a potential bio-
marker in prostate cancer using high-throughput technology. One early report exam-
ined a library of expressed sequence tags (EST) in normal and prostate cancer 
specimens and found that the gene with the most up-regulated expression in pros-
tate cancer is CRISP-3  [  83  ] . CRISP-3 belongs to a large family of highly conserved 
proteins that is found in fungi, plants, insects and vertebrates  [  83  ] . Its name comes 
from the fact that its COOH terminus region contains a cysteine-rich domain. In 
humans, the three genes in the CRISP family are found on chromosome 6, with the 
majority of the CRISP-3 being expressed in prostate, pancreas and salivary glands. 
Smaller amounts are also found in the thymus, ovary, testes, colon, epididymis, and 
lacrimal glands  [  83,   84  ] . 

 In an initial study to establish CRISP-3’s possible role as a biomarker, an analy-
sis of prostate cancer libraries identi fi ed 37 EST’s from prostate  [  83  ] . Of these 37, 
32 were found in libraries from microdissected prostate cancer specimens. The 
remaining  fi ve were from normal bulk prostate tissue libraries. In studies normal-
izing the amount of CRISP-3 mRNA to total mRNA expression, CRISP-3 was 
found to represent approximately 0.2% of all mRNA transcripts in prostate cancer 
libraries. Because noninvasive biomarkers must be secreted, the group then sought 
to con fi rm whether CRISP-3 was secreted. Sequence analysis subsequently 
revealed that the  fi rst 20 residues were a secretory signal. A tagged CRISP-3 vector 
was then created and transfected into HEK293 cells. The cell culture supernatant 
was analyzed with Western Blot 60 h after transfection, and CRISP-3 was detected 
in the  fl uid. 

 Using in situ hybridization, prostate cancer specimens of Gleason patterns 3 and 
5 were then analyzed and both were found to have strong staining for CRISP-3. 
Normal and BPH tissues had variable but weak signal patterns. Several benign and 
Gleason 3 pattern epithelial cells were subsequently laser capture microdissected. 
RT-PCR on these samples demonstrated that CRISP-3 expression was much higher 
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in malignant epithelium than normal epithelium. These  fi ndings were con fi rmed 
using real-time RT-PCR. 

 Using a similar microdissection technique, Ernst and colleagues analyzed the 
mRNA of 17 untreated prostate cancer specimens and 9 normal specimens adjacent 
to cancer  [  85  ] . Quantitative real-time RT-PCR was used to analyze 12,600 mRNA 
sequences and a validation set was also analyzed. A total of 63 genes were 
upregulated at least 2.5 times in cancer as compared to benign tissue while 153 
genes were down-regulated at least 2.5 times. The most upregulated gene, speci fi c 
granule protein 28, or CRISP-3, exhibited a 21.1-fold increase in expression. 

 Bjartell and coworkers con fi rmed these results  [  86  ] . They performed immuno-
histochemistry on 20 prostatectomy specimens, 150 TURP specimens (many of 
which were from patients with hormone refractory disease), 15 malignant pelvic 
lymph nodes and 15 metastatic bone lesions obtained from laminectomy. Serum 
collected prior to biopsy from 152 patients with prostate cancer and another 81 with 
BPH was also analyzed. Twenty of the patients diagnosed with cancer underwent 
orchiectomy as  fi rst line therapy and serum CRISP-3 levels were measured 
2–5 months post-operatively. In whole mount prostatectomy specimens, CRISP-3 
was detected in the majority of HGPIN and malignant lesions, but not in benign tis-
sues. In microarrays constructed from TURP, lymph node and bone metastasis spec-
imens, CRISP-3 staining was strongest in areas of high grade (Gleason grade 4 and 
5) disease. PSA staining was not more intense in these areas. Out of the metastatic 
lesions, 11/15 lymph nodes and 12/15 bone lesions stained positively for CRISP-3. 
Unlike tissue samples, serum CRISP-3 levels were not signi fi cantly different 
between cancer and BPH patients. 

 Interestingly, immunoprecipitation studies of seminal  fl uid identi fi ed a bound 
form of CRISP-3. These complexes are formed by a strong noncovalent bond 
between CRISP-3 and PSP94, also known as  b -microseminoprotein (MSP). Because 
of this, the Bjartell group expanded their initial study and stained prostatectomy 
tissue from 945 patients for both of these markers. They correlated these results 
with biochemical recurrence. Biochemical recurrence was de fi ned as a PSA >0.2 ng/
ml, con fi rmed at least once. In this study, with a median follow-up time of 6 years 
for survivors, 224 of the 945 patients developed a biochemical recurrence. Initial 
analysis indicated that staining intensity alone was not correlated to recurrence, and 
ultimately positive staining de fi nitions for both markers included both staining 
intensity and percentage of positively staining tumor cells. For CRISP-3 positive 
staining was de fi ned by staining intensity  ³ 1.5 and  ³ 80% of tumor cells staining 
positive. For PSP94, the cutoff was staining intensity  ³ 1 and  ³ 20% of tumor cells 
staining positive. 

 Utilizing these de fi nitions in a univariate analysis, patients staining positive for 
CRISP-3 were more likely to experience biochemical recurrence, with a hazard 
ratio of 1.53 ( p  = 0.010), while patients staining positive for PSP94 were less likely 
to experience a recurrence (HR 0.63,  p  = 0.004). In a multivariate model including 
pretreatment PSA, Gleason grade, pathologic stage, extracapsular extension, semi-
nal vesicle invasion, positive margins, lymph node involvement and marker stain-
ing, both CRISP-3 and PSP94 staining were signi fi cantly associated with biochemical 
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recurrence. CRISP-3 staining, however, did not increase predictive accuracy of bio-
chemical recurrence while PSP94 staining did. Based on the apparent inverse 
expression patterns of PSP94 and CRISP-3 in prostate cancer, the two markers were 
examined in all specimens, but there was no association between staining patterns 
of the two markers. Additionally, neither CRISP-3 nor PSP94 staining were corre-
lated with Gleason score ( p  = 0.3 and 0.6, respectively). 

 Thus far, CRISP-3’s limited utility lies as a molecular, rather than as a serum or 
urine, biomarker. Studies examining its ability to improve diagnostic accuracy are 
lacking. And, while CRISP-3 immunohistochemistry is associated with risk of 
recurrence, the scoring technique is cumbersome, subject to signi fi cant interopera-
tor variability, and ultimately did not improve accuracy above and beyond the 
parameters already currently used. As it stands now, the data does not support 
CRISP-3’s utility in diagnosis or risk strati fi cation though, these studies do add 
further support to the use of PSP94 in post-treatment risk strati fi cation.  

   Annexin A3 

 Annexin A3 is a calcium and phospholipid binding protein which functions in cel-
lular differentiation, migration, bone metabolism and immune response  [  87  ] . 
Though the exact role of Annexin A3 in the biology and progression of prostate 
cancer has not been fully characterized, it is clear that unlike most markers, Annexin 
A3 has an inverse relationship to prostate cancer. In an initial differential expression 
study, Wozny and coworkers found that benign tissue had signi fi cantly higher levels 
of Annexin A3 expression than cancer specimens  [  88  ] . A follow-up study by the 
same group looking at a tissue microarray of 1,589 prostate cancer specimens as 
well as benign and HGPIN specimens con fi rmed these results  [  89  ] . In a subsequent 
multi-center blinded clinical trial of 591 patients who were scheduled to undergo 
prostate biopsy  [  90  ] , the group examined serum complexed, free and total PSA 
prior to digital rectal exam (DRE) as well as density normalized post-DRE urinary 
Annexin A3 levels. Of the 591 patients recruited into the study, 368 (62.3%) were 
subsequently diagnosed with prostate cancer, while 223 were not. Of the 223 
patients without demonstrable cancer, 13 had PIN. The addition of density normal-
ized Annexin A-3 to total PSA, free PSA, complexed PSA, percent free PSA and 
percent total PSA had signi fi cantly higher AUC’s than each of the PSA parameters 
alone ( p  < 0.001–0.0013). In the sub-group of patients with intermediate total PSA 
levels of 2–6 ng/ml, the combination of density normalized Annexin A3, and PSA 
had an AUC of 0.812 while Annexin A3 itself had an AUC of 0.725 and PSA alone 
was 0.679. In those patients with dif fi cult to interpret PSA levels of 4–10 ng/ml, 
Annexin A3 also had signi fi cant diagnostic value. In these patients, a combination 
of density normalized Annexin A3 and free PSA resulted in an AUC of 0.832. This 
value was again higher than any of the PSA parameters alone in this subgroup (total 
PSA 0.587, complexed PSA 0.582, percent complexed PSA 0.641, and percent free 
PSA 0.716,  p  < 0.0001). 
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 The highest AUC in this study was seen in patients with a normal DRE and PSA 
levels of 4–10 ng/ml. In these patients, the combination of density normalized 
Annexin A3 and complexed PSA was 0.844. 

 The authors of this study only performed 10-core prostate biopsies and 
acknowledged that the lower detection rate of this method, as opposed to 12-core 
biopsies, could have potentially deteriorated their results. Additionally, again lack-
ing is evidence that this marker can reliably distinguish clinically relevant from 
indolent disease. At this time, Annexin A3 appears to warrant further testing and 
may be particularly useful in those patients with low PSA levels or negative DRE 
results.  

   Leptin, Adiponectin, Insulin-Like Growth Factor 1, 
Interleukin-6, Tumor Necrosis Factor- a  and Adiposity 
Related Genes 

 The profound and devastating impact of obesity on health has been known for 
decades. A major breakthrough in the study of this condition occurred in 1995, 
when two groups described an obesity gene, whose protein product appeared to 
increase metabolic rate and body temperature while decreasing body weight, body 
fat percentage, food intake and serum glucose and insulin levels  [  91,   92  ] . The prod-
uct of the  obese  gene, which was named leptin, was later identi fi ed to be a hormone 
which plays a key role in food intake. The discovery of this gene, in conjunction 
with anecdotal and epidemiologic evidence linking obesity and prostate cancer led 
to a the hypothesis that leptin and other obesity related hormones could potentially 
be markers of prostate cancer. 

 For years, evidence had indicated that obesity increased prostate cancer preva-
lence and that populations with burgeoning rates of obesity often times had increas-
ing rates of prostate cancer. Adding to this anecdotal and epidemiologic evidence 
was basic science evidence linking leptin to the reproductive tract: leptin and its 
receptors were found in reproductive tissue and were characterized as important to 
the development of these tissues as well as angiogenesis  [  93–  98  ] . Additional studies 
continued to link obesity to prostate cancer. In China, a country which historically 
has always had one of the lowest incidences of prostate cancer, increased rates of 
prostate cancer have coincided with increasing rates of obesity, Western diet habits 
and waist to hip ratios  [  99–  101  ] . In 2001, the group which reported many of these 
trends in men from Shanghai, China reported their  fi ndings on obesity associated 
markers and prostate cancer  [  102  ] . In this study, which included 128 Shanghaiese 
men with prostate cancer and 306 healthy Shanghaiese controls, anthropomorphic 
measurements as well as serum leptin, insulin, sex hormones and insulin-like growth 
factor-1 (IGF-1) were measured and correlated with prostate cancer risk. In a mul-
tivariate analysis, when body mass index (BMI), waist to hip ratio (WHR), IGF-1 
and sex hormone levels were adjusted for, elevated serum insulin levels were 
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signi fi cantly associated with increased risk of prostate cancer ( p  < 0.001). There was 
no statistically signi fi cant correlation between serum leptin and prostate cancer. 

 In that same year, a second group compared the serum leptin concentrations in 
men who had low volume ( £  0.5 cc) tumors with men who had nonmetastatic, high 
volume disease (>0.5 cc tumors or extraprostatic extension)  [  103  ] . There were 48 
men with low volume disease and 151 men with high volume disease. The two 
groups were matched by age (±5 years) and year of diagnosis (±1 year). As would 
be expected, leptin levels correlated closely with weight and BMI in all groups. In a 
univariate analysis, the median leptin level for low volume cases was 4.65 while the 
median for high volume cases was 7.04 ( p  = 0.008). In a multivariate analysis, which 
adjusted for BMI and testosterone, men with high plasma leptin levels had a greater 
risk of having high volume disease. When the model strati fi ed men by height, obe-
sity, and testosterone, it was found that having either elevated serum leptin or serum 
testosterone levels increased the risk of high volume disease (high leptin only 
OR = 2.59, 95% CI 1.01–6.61 versus high testosterone only OR = 2.49, 95% CI 
1.00–6.21). In men with both high leptin and high testosterone, the risk of being 
diagnosed with high volume prostate cancer was even greater (OR = 9.73, 95% CI 
2.05–46.24). 

 Though the trends in these studies were interesting, not all studies supported 
these  fi ndings. Freedland and colleagues did not  fi nd a correlation between serum 
leptin and pathologic stage in 225 men who were undergoing radical prostatectomy 
 [  104  ] . And many other factors appear to play a role in weight and fat homeostasis. 
Both interleukin-6 (IL-6) and tumor necrosis factor- a  (TNF- a ) are proin fl ammatory 
adipokines  [  105  ] . Adiponectin is another cytokine which was characterized after 
leptin. Unlike leptin, which appears to promote obesity,  adiponectin is secreted by 
adipocytes and increases sensitivity to insulin and increases fat catabolism; but 
similar to leptin, adiponectin has not demonstrated a consistent relationship with the 
development or progression of prostate cancer  [  106–  110  ] . 

 As an alternative approach, one group hypothesized that the lack of a high pen-
etrance genetic alteration in familial cases of prostate cancer suggests that prostate 
cancer is caused by the accumulation of multiple low penetrance mutations. They 
felt that it was not the absolute serum concentrations of these adipokines that affected 
prostate cancer risk and progression, but it was alleles of each of the markers which 
may be more critical. In an effort to address these controversies, a large genetic 
study was conducted using the serum of 1,053 Finnish men with prostate cancer and 
1,053 age-matched Finnish controls to examine the distribution of relatively preva-
lent (>5% prevalence in Caucasian males) and functional (e.g., located in coding 
exons) single nucleotide polymorphisms (SNP) found in the genes coding for leptin 
( LEP ), the leptin receptor ( LEPR ), TNF- a  ( TNF ), and adiponectin ( ADIPOQ ). 
Additionally, in a smaller subset of 196 control patients, these allelic variations were 
correlated to serum levels of adiposity markers such as serum insulin, serum glu-
cose, IGF binding protein-3 (IGFBP-3) and IGF-1  [  105  ] . After analysis, three of six 
SNP’s in  LEP  were signi fi cantly correlated with an approximate 20% reduction in 
prostate cancer risk. Homyozogosity of a fourth allele in the  LEP  gene was associated 
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with an increase in prostate cancer risk which was on the borderline of statistical 
signi fi cance. There were no allelic variations in any of the other genes studied that 
appeared to impact prostate cancer risk positively or negatively. In the smaller sub-
set of 196 controls whose serum markers were quanti fi ed, there were no signi fi cant 
relationships between serum markers or BMI and genotype. 

 A second more comprehensive study examined 17 common SNP’s in multiple 
classes of genes  [  111  ] . These included adiposity related genes:  LEP  and  ADIPOQ  
as well as genes involved in the immune response: RNase-L ( RNASEL ) and toll-like 
receptor-4 ( TLR4 ). The in fl ammation modulators interleukin-1B, interleukin-6, 
interleukin-8, TNF, and interleukin-10 ( IL10 ) were also included. The patient cohort 
was extracted from a prospective study (CLUE II) based in Washington County, 
Maryland. Similar to the Finnish study, the cohort was predominantly Caucasian 
(98%). Out of all of the alleles examined, only the -1,082G>A allele of  IL10  was 
signi fi cantly associated with an increased risk of prostate cancer ( p  = 0.02), though 
the hazard ratios for men carrying one A allele (OR 1.69, 95% CI 1.10–2.60) or two 
A alleles (OR 1.81, 95% CI 1.11–2.96) were low. 

 Despite tremendous amounts of resources being placed into obesity research, the 
mechanisms behind obesity are complex and still not well understood. The epide-
miologic research linking prostate cancer and obesity is compelling, but may be due 
to other factors including increased screening and socioeconomic class.  

   Golgi Protein GOLM1 

 Golgi Membrane Protein 1 (GOLM1) is a Golgi membrane protein originally shown 
to be up-regulated in patients with acute or chronic hepatitis or hepatocellular car-
cinoma  [  17  ] . To date, GOLM1’s function is not entirely understood. Subsequent 
studies have demonstrated that GOLM1 expression was increased in prostate cancer 
 [  112  ]  and GOLM1 was also detectable in the urine of patients with prostate cancer 
 [  113  ] . Quantitative PCR on the cDNA of 11 benign, 27 localized and eight meta-
static prostate cancer specimens demonstrated marked upregulation of GOLM1 in 
localized prostate cancer and only moderate up-regulation in metastatic prostate 
cancer specimens  [  114  ] . These  fi ndings were con fi rmed via Western blot on laser 
capture microdissected samples of BPH, HGPIN, localized prostate cancer and 
metastatic hormone refractory prostate cancer. Immuno fl uorescence staining on tis-
sue microarrays further characterized high grade PIN as having intermediate up-
regulation of GOLM1. When the urine of patients both with and without prostate 
cancer was immunoblotted for GOLM1 protein, it was found that patients with 
prostate cancer had signi fi cantly higher GOLM1 reactivity than those without can-
cer (2.77 vs. 0.96,  p  < 0.0001). The AUC for urinary GOLM1 was 0.785 ( p  < 0.0001) 
and had a sensitivity of 75% and a speci fi city of 72%. Additionally, the urine of 333 
patients was analyzed via quantitative RT-PCR for GOLM1 transcripts. GOLM1 
transcript detection had an AUC of 0.622, which was higher than that of PSA 
(AUC = 0.495). 
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 There is very little research on GOLM1 as a biomarker for prostate cancer. Until 
the results of this study are validated and additional randomized studies are done, 
GOLM1 should be used on an experimental basis only.  

   Endoglin CD105 

 In 2008 Pavlovich and coworkers used a cytokine array to examine cytokine con-
tent in the prostatic  fl uid of men with prostate cancer  [  115  ] . One of the cytokines 
most upregulated in high volume prostate cancer was a type I transmembrane gly-
coprotein named endoglin, or CD105  [  116  ] . CD105 acts as an accessory TGF- b  
receptor that is usually expressed in vascular endothelial cells during in fl ammation 
and tumor neovascularization. Immunohistochemical studies con fi rmed that endo-
glin can also be found in the endothelial cells associated with prostate cancer, as 
well as the epithelial cells and stroma associated with PIN and prostate cancer  [  117  ] . 
That same year, a different group found that serum endoglin levels correlated with 
risk of lymph node metastases at time of prostatectomy and biochemical recurrence 
after prostatectomy  [  118,   119  ] . 

 The Pavlovich group subsequently examined the urine of 99 patients who were 
either at high risk for prostate cancer or who had been previously diagnosed with the 
disease. They also examined the serum of 89 patients: 20 low risk patients with 
negative biopsy results and 69 preprostatectomy patients with biopsy proven cancer. 
As assessed by ELISA, there was no difference in serum endoglin levels between 
men with and without biopsy proven prostate cancer (16.9 ± 2.6 ng/ml vs. 
18.1 ± 2.6 ng/ml, respectively). Among biopsy proven prostate cancer patients, 
however, patients with non-organ-con fi ned disease ( ³  pT3) did have signi fi cantly 
higher serum endoglin levels than their organ con fi ned (< pT2) counterparts 
(18.0 ± 3.6 nl/ml vs. 15.4 ± 2.3 ng/ml, respectively,  p  < 0.01). 

 Among the patients from whom urine was collected, 67.7% had prostate cancer. 
Urinary endoglin levels were normalized to both urinary protein and creatinine con-
centrations. With both normalization methods, urinary endoglin was signi fi cantly 
higher in patients with cancer than those without. Mean urinary endoglin was 
73.2 ± 77 pg/ml for patients without cancer and 132.4 ± 121.4 pg/ml for patients 
with cancer. When normalized to total urinary protein, urinary endoglin was 
13.4 ± 14.4 pg/ml and 5.18 ± 6.8 pg/ml for cancer and noncancer patients, respec-
tively. Among the 67 men who had prostate cancer, 34 underwent radical prostate-
ctomy. Levels of urinary endoglin were signi fi cantly higher in patients with high 
volume tumors than in those with low volume tumors (9.73 ± 7.35 pg/ug vs. 
3.25 ± 5.05 pg/ug, respectively,  p  = 0.008). Urinary endoglin did not correlate with 
Gleason score, cancer stage, PSA or age. For all patients, the AUC was 0.72 (95% 
CI 0.61–0.82) for urinary endoglin and only 0.5 (95% CI 0.37–0.63) for PSA 
( p  < 0.01). 

 The authors acknowledge that there is no standardized method for detecting 
endoglin and that serum endoglin is of limited utility in localized disease. Urinary 
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endoglin, while valuable, must be performed immediately after DRE, which results 
in a certain degree of intervention bias. For now, urinary endoglin appears to be 
potential marker in prostate cancer diagnosis, while serum endoglin, is more likely 
useful for prognosis.  

   Prostate Stem Cell Antigen 

 Prostate stem cell antigen (PSCA) was initially reported in 1998 after being identi fi ed 
as a cell surface marker which was overexpressed in a murine prostate cancer xeno-
graft model, LAPC-4  [  120  ] . PSCA is a 123 amino acid protein coded for on 
chromosome 8. Its 30% homology to stem cell antigen-2 led to its misleading name: 
PSCA is not expressed solely in the prostate and it is not a marker of stem cells. 
Though it is known that PSCA is a member of the Thy-1/Ly-6 family of glyco-
sylphosphatidylinositol anchored cell surface proteins, its exact function is unclear. 
PSCA does not appear to be critical for reproductive or genitourinary development 
or function. Homozygous PSCA knockout mice are fertile and have normal repro-
ductive capabilities. Additionally they do not have an increased risk of prostate 
cancer, even after exposure to gamma-irradiation  [  121  ] . PSCA is predominantly 
expressed in the prostate, however its mRNA has also been detected in placenta, 
bladder, stomach, colon, kidney and small intestine.  [  120,   122,   123  ]  Within the 
prostate, PSCA is expressed in basal and secretory epithelial cells as well as neu-
roendocrine cells  [  122  ] . 

 One of the  fi rst studies of PSCA and prostate cancer found that 81% of prostate 
tumors expressed PSCA  [  120  ] . Immunohistochemical analysis showed that only 
6% of tumors did not stain positively for PSCA, while 21% exhibited strong stain-
ing and 63% stained moderately  [  122  ] . PSCA is also detectable by immunohis-
tochemistry in metastatic lesions  [  122,   124  ] . Additional studies have demonstrated 
a signi fi cant relationship between PSCA expression and Gleason score, tumor stage, 
disease progression as well as seminal vesicle and capsular invasion  [  125  ] . Another 
study in patients with advanced prostate cancer, noted that patients who expressed 
PSCA transcripts had a worse disease-free survival than their PSCA negative coun-
terparts  [  126  ] . Supporting this was a second study which examined the prostate 
chips obtained after transurethral resection of prostate for BPH  [  127  ] . Of the 288 
patients in the study, 32.3% expressed PSCA. Of PSCA positive patients, 23.7% 
were diagnosed with prostate cancer in the follow-up period, versus only 1% of 
PSCA negative patients. Among the patients expressing PSCA who developed pros-
tate cancer, a signi fi cant relationship between PSCA expression and Gleason score 
and clinical stage was noted. Interest in PSCA naturally proceeded to detection in 
body  fl uids. Unfortunately only 13.8% of prostate cancer patients in one study had 
PSCA transcripts detectable in blood  [  128  ] . 

 The extremely low sensitivity of serum PSCA may ultimately undermine its role 
as a noninvasive, diagnostic biomarker. Certainly indirect and alternative methods 
could be tested for serum detection. Like other markers, its sensitivity, speci fi city 
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and prognostic accuracy may be more useful when it is used as a tissue based marker. 
Further studies are needed to examine PSCA’s potential role in prostate cancer diag-
nosis and risk strati fi cation. (Table  4.1 )   

   Conclusion 

 The search for a novel, noninvasive biomarker for prostate cancer which does not 
have the same pitfalls as PSA has been heavily studied. While many markers have 
been characterized, lack of standardized methods of detection, interoperator vari-
ability, lack of secretion into the serum or urine, and small study cohorts continue to 
plague this area of study. Certainly many of the marker described may add to the 
sensitivity and speci fi city of PSA when used as part of a diagnostic panel, prefera-
bly from the same body  fl uid. However the silver bullet markers that would diag-
nose prostate cancer and/or differentiate clinically indolent disease from clinically 
signi fi cant disease, has not yet been characterized.      
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         Introduction 

 Gastrointestinal Stromal Tumors’ (GISTs) represent a speci fi c mesenchymal 
neoplasm arising from the GI tract. Advances in molecular techniques and research 
have dramatically changed the treatment paradigm for this disease in two speci fi c 
ways. First, the strategy of investigating the speci fi c molecular pathogenesis under-
lying the disease, and the subsequent development of therapy targeted against the 
malignant process has become a model for future solid tumor research. Next, molec-
ular analysis has provided predictive biomarkers that have helped re fi ne the use of 
the  fi rst effective therapy, imatinib mesylate, in this disease. Both of these steps 
have furthered the ultimate goal of individualizing treatment for those with solid 
tumors. 

 With the advent of newer targeted medications and biotechnology, biomarkers 
are increasingly being utilized not only to determine the potential odds of response 
to therapy, but to select that therapy itself. For example, with breast cancer, markers 
such as estrogen receptor and HER2 neu allow for the selection of antiestrogen 
therapy and trastuzumab. This goal has not yet been achieved in GIST; however, 
molecular studies looking at the mutational status of the  KIT  gene have identi fi ed 
biomarkers allowing treating physicians to select the optimal dose of imatinib. 
Further studies should enable clinicians to determine which patients would derive 
bene fi t from different drugs. The following section reviews the identi fi cation and 
development of clinical use of biomarkers and targeted therapies in GIST.  
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   Molecular Markers in Gastrointestinal Stromal Tumors 

 KIT (CD 117) is a transmembrane glycoprotein tyrosine kinase receptor coded by 
the  KIT  gene, a homolog of the viral oncogene v- KIT . It is a type III receptor kinase 
and is part of the normal functioning in mast cells, hematopoietic cells, germ cells, 
interstitial cell of Cajal, ductal breast epithelium, and melanocytes  [  1–  5  ] . KIT is 
expressed in numerous human malignancies such as GIST, small-cell lung cancer, 
breast cancer, melanoma, ovarian cancer, and leukemia. Several mechanisms of KIT 
activation have been investigated  [  6–  17  ] : (1) autocrine and/or paracrine activation 
of the receptor by its ligand, cytokine stem cell factor, or steel factor, (2) cross-
activation via other receptor kinases, and (3) the presence of activating mutations. 

 Genotyping analysis for  KIT  and  PDGFRA  has evolved substantially. Currently 
pathologic review of the tumor material is required to ensure that suf fi cient material 
has been obtained. Extraction of the DNA from frozen or paraf fi n-embedded tissue 
using standard methodology is then performed and genes of interest are ampli fi ed 
via polymerase chain reaction. Screening for mutations can occur via a variety of 
methods. These include the use of direct sequencing, denaturing HPLC, mutation 
speci fi c PCR and melting analysis. Previous technology limited analysis to a select 
number of genes or exons; however, with recent advances, sequencing is now done 
at a faster rate allowing for greater innovation. Gene expression pro fi ling, use of 
single nucleotide polymorphisms (SNPs), micro-RNA (miRNA) pro fi ling, and the 
use of mass spectrometry to detect changes in protein or even DNA have re fi ned and 
expanded the biomarker  fi eld. Newer methodologies have made the screening of 
tumor for predictive biomarkers affordable and accessible. 

 There are several mutations of the  KIT  gene that lead to tyrosine kinase activity 
and GIST oncogenesis (see Fig.  5.1 ). The most common are exon 11 mutations 
(70–75% of mutations), which affect the juxtamembrane region. Several mutations 
exist. The most common is an in-frame deletion which can be associated with point 
mutations or small insertions affecting the amino acids before or after the deletion 
or both. This portion of the receptor serves as an antidimerization domain, so muta-
tions within this region lead to increased kinase activity due to ligand-independent 
receptor coupling  [  18–  21  ] . Exon 9 mutations (15–20% of mutations) occur within 
the extracellular portion of KIT, leading to ligand independent activation  [  22–  24  ] . 
The exon 13 K462E mutation (5% of mutations) occurs within the KIT tyrosine 
kinase domain, also allowing ligand-independent activation of the receptor has been 
described in tumor formation in nude mice  [  25  ] . Point mutations in exon 17 (2% of 
mutations) occur in the cytoplasmic tyrosine kinase 2 domain are also responsible 
for gain of function  [  20  ] .  

 Platelet derived growth factor receptor A ( PDGFRA ) activation is an alternative 
mechanism for malignant potential in GIST  [  26,   27  ] .  KIT  and  PDGFRA  mutation 
are mutually exclusive in GIST.  PDGFRA  activate the signaling pathway involving 
protein kinase B, mitogen-activated protein kinase and signal transducers and acti-
vators of transcription proteins.  PDGFRA  mutants tend to occur in non-KIT express-
ing tumors and represent approximately 8% of the GIST population. Missense 
mutations (D842V) are the most common (62.6%). In frame deletions resulting in 
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the loss of amino acid residues 842–845 (DIMH) that occur within the activation 
loop (exon 18) or IMHD 843–846 are the next most common (14.9%). Mutations 
also occur within the juxtamembrane region (exon 12) with insertion (ER 561–562) 
and deletion type mutations (RVIES560-564) or (SPDGHE566-571R). In vitro 
studies using  PDGFRA  isoforms in Chinese hamster ovary cells as well as trans-
fected BA/F3 cells demonstrated that the D842 mutants (with exception to D842Y) 
are signi fi cantly resistance to imatinib at levels that achieved in patients  [  26  ] . 

 Newer markers have been recently been described  [  28  ] . DOG-1, a protein with 
unknown function, was discovered using GIST cDNA microarrays. The genes 
FLJ10261 encodes this protein and speci fi cally is expressed in GIST with immuno-
reactivity recently described in 136 of 139 cases of scorable GIST. This novel 
marker may play a role in diagnosis, especially in  KIT  negative tumors but its pre-
dictive role is unde fi ned. Insulin-like growth factor 1 and 2 may also be useful bio-
markers. These ligands bind to the IGF family, composed of 2 insulin growth factor 
receptors and 6 binding proteins. This triggers activation of PI3K and MAPK path-
ways responsible for cellular proliferation and antiapoptosis. In 94 patients with 
GIST, strong IGF1 expression was seen in 40 cases, correlating with a higher mitotic 
index, larger, higher risk, metastatic and relapsed GISTs  [  29  ] . Strong IGF2 expression 

  Fig. 5.1    KIT and PDGFRA mutations in GIST       
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was present in 30 cases and correlated with higher mitotic index and higher risk 
GIST. Disease free survival (DFS) was measured in the high risk groups and IGF1 
negative patients trended towards improved outcomes versus IGF1 positive patients 
(median DFS not reached versus 5.4 years). This was similar with IGF2 (median 
DFS 10.6 vs. 3.8 years).  

   Additional Clinical Evidence 

 Mutations in  KIT  resulting in gain of function and implication in GIST were 
described by Hirota et al. in 1998  [  11  ] . Using in vitro assays, the c-kit mutations that 
were found in GIST wild type  c-kit  cDNA were transfected into interleukin 3 (IL-3) 
dependent Ba/F3 murine lymphoid cell lines. While wild type transfected cells grew 
only when exposed to IL-3, the Ba/F3 cells with mutated c-kit grew autonomously 
without IL-3. This indicated the constitutive activation of the tyrosine kinase recep-
tor leading to the pathogenesis of GIST. The involvement of  KIT  mutations in the 
pathogenesis of GIST, make  KIT  a rationale target. 

 However, the development of many of drugs useful in GIST was not primarily 
designed to exploit  KIT  inhibition. For example, imatinib mesylate (see below) was 
initially developed as a BCR-ABL inhibitor for use in chronic myelogenous leukemia. 
This myeloproliferative disease is associated with a translocation (t(9;22)(q34;q11)), 
also known as the Philadelphia chromosome. Due to this abnormality, the gene 
fusion product BCR-ABL, a constitutively active tyrosine kinase, is formed and is 
responsible for the pathogenesis of this disease. However, in addition to blocking 
BCR-ABL, imatinib also inhibited c-kit and PDGFRA. The initial patient with rap-
idly progressive GIST who was treated with imatinib was reported in 2001  [  30  ] . 
The diagnosis was con fi rmed with CD117 immunostaining and was found to have 
an exon 11 mutation. There was a dramatic response with the liver lesions decreasing 
in size from 112.5 to 28 cm 2  at 8 months with 400 mg of imatinib. This changed the 
landscape for the treatment of GIST. 

 The realization that speci fi c  KIT  and  PDGFRA  mutations might affect GIST 
responses to small-molecule TK inhibitors has subsequently been extensively 
explored. Tumors from 127 patients who were enrolled in a multicenter, open-label 
randomized phase II study of imatinib treatment for metastatic GIST (400 vs. 
600 mg daily) were analyzed for  KIT  and  PDGFRA  mutations and correlated to 
response  [  31  ] . Of the enrolled patients, 88.2% had an activating mutation in KIT, 
most commonly in exon 11(66.9%), followed by exon 9 (18.1%).  PDGFRA  muta-
tions were found in 4.7% of patients. Wild type patients were 11.8%. Patients with 
wild type disease or with a  PDGFRA  mutation exhibited a PR 47.8% ( p  = 0.006) 
vs. 0.0%, ( p  < 0.0001), stable disease 33.3 vs. 0% and progressive disease in 55.6% 
vs. 66.7% respectively. Patients with exon 11 mutations experienced partial response 
rates of 83.5 vs. 47.8% for patients with exon 9 mutations ( p  =0.0006), stable disease 
of 8.2 vs. 26.1%, event free survival of 687 vs. 200 days. Wild type patients had 
event free survival of 82 days. Overall survival was improved in exon 11 mutations 
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versus exon 9 ( p  =0.0034) or wild type ( p  < 0.0001). Based on the proportional 
hazards model, exon 11 mutation was a strong prognostic factor reducing the risk of 
death by more than 95%. 

 The EORTC also conducted a phase I/II study with patients receiving imatinib 
400 mg twice daily. Of the 51 patients in the phase II portion, 27 had GIST while 
the remaining had soft tissue sarcomas  [  32  ] . Of the patients with GIST, 4% had a 
CR, 67% a PR, 18% SD and 11% PD. The median TTP was 58 days. A smaller cor-
relative sub-study from the EORTC phase I/II study of imatinib in advanced GIST 
was also performed  [  33  ] . Tumors from 37 patients were analyzed.  KIT  and  PDGFRA  
mutations were found in 78 and 6% of the samples, respectively. Exon 11 and 9 
mutations were most common (83% and 14% respectively). The majority of exon 
11 mutations were in-frame deletions; the exon 9 mutations were AY502-503 dupli-
cation and exon 13 Lys-Glu missense mutation. PDGFRA demonstrated Asp-Glu 
substitution. Patients with exon 11 mutations: 83% achieved a partial response, 13% 
stable disease, and 4% progressive disease. Patients with Exon 9 mutations: 25% 
had a partial response, 75% stable disease. Wild type patients: 33% had partial 
response, 33% had stable disease, and 33% progressive disease. Event free survival 
was longer in patients with exon 11 mutations versus other mutations (849 vs. 
327 days). 

 More data supporting the predictive role for  KIT  and  PDGFRA  mutations came 
from two phase III trials, plus their combined meta-analysis. Seven hundred forty 
six patients with metastatic GIST were enrolled in the North American CALGB 
150105 study of imatinib in advanced GIST, were treated with either 400 mg or 
800 mg of imatinib daily  [  34  ] . After a median follow-up of 4.5 years, progression 
free survival was 18 and 20 months for patients on the 400 vs. 800 mg doses respec-
tively. Tumors from 397 patients were analyzed for  KIT  and  PDGFRA  mutations 
 [  35  ] . Exon 11 mutations were the most common (71.3%), while exon 9 and  PDGFRA  
mutations were seen in 8.2% and 1.2% respectively. Patients were more likely to 
achieve a CR/PR with an exon 11 mutation versus an exon 9 mutation (71.7 vs. 
44.4%;  p  =0.007) versus those whose tumors were wild type (71.7 vs. 44.6%; 
 p  =0.0002). There was no difference comparing wild-type to exon 9 (44.6 vs. 
44.4%). The improvement in response rates also translated to a signi fi cant increase 
in time to progression. Patients whose tumors contained an exon 11 mutation had an 
increased time to progression of 24.7 months versus exon 9 (16.7 months) and 
12.8 months for wild type (    p  = 0.0013 and  p  =0.005 respectively). Overall survival 
was also improved: 60 vs. 38.4 months and 49 months for the  KIT  exon 11 mutation, 
exon 9 and wild type ( p  =0.011 and  p  =0.49 respectively). 

 The dose of imatinib had differential importance in subsets of GIST patients on 
this trial. Response rates were higher for those with exon 9 mutations when given 
800 vs. 400 mg (CR/PR 17 vs. 67%,  p  =0.02). Wild type and exon 11 mutants did 
not demonstrate any objective differences (42 vs. 50% and 71 vs. 72% respectively) 
between higher and lower dose. The increased response rate in exon 9 patients did 
not translate to a statistically signi fi cant difference in time to progression (9.4 vs. 
18 months,  p  = 0.97), though that may have been an artifact related to the low 
number of samples. Overall survival was nearly identical (38.6 vs. 38.4 months) 
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likely due to salvage with the increase in imatinib dosing. Additionally, there was 
no signi fi cant difference in time to progression or overall survival between the 400 
and 800 mg doses for the exon 11 mutant and wild type tumors. 

 In the EORTC-ISG-AGITG phase III imatinib dosing trial for those with incurable 
GIST, 946 patients were treated with 400 mg or 800 mg of imatinib  [  36  ] . With a 
median follow-up of 760 days, Progression occurred in 56% of the low dose versus 
50% of the high dose group ( p  =0.026) and a 2 year overall survival of 69 and 74% 
in the low versus high dose groups (p = NS). Samples from 377 patients, treated 
with either 400 mg or 800 mg on imatinib were analyzed  [  37  ] .  KIT  mutations were 
seen in 83.6% of the patient population, of which 65.8% of the total population were 
exon 11, 15.4% exon 9, 1.6% exon 13 and 0.8% exon 17), 15.4% were wild type 
and 2.6% were  PDGFRA  mutants. In patients who expressed an exon 9 mutation, 
had a signi fi cantly worse progression free survival and overall survival than exon 11 
mutant with a relative risk increase of 171 and 190% ( p  0.0001 for both end points). 
However, exon 9 mutants demonstrated an improved progression-free survival with 
a 61% relative risk reduction ( p  =0.0013) when treated with 800 vs. 400 mg. Time 
to progression was not different between the two dose groups in the exon 11 muta-
tion or wild type. 

 Within the EORTC-ISG-AGITG study, of the 248 patients that expressed the 
exon 11 mutation an exploratory prognostic factor analysis was also conducted to 
determine the mechanism of response and resistance to imatinib. Mutations and/or 
deletion of codons 562, 565, 566, 567, and 579 demonstrated signi fi cant prognostic 
value ( p  0.01) in the univariate analysis. Speci fi cally mutation or deletion of codon 
579 was an independent prognostic factor. 

 A meta-analysis of these two trials was conducted  [  38  ] . Overall, although there 
was a small progression free survival advantage for the high dose group (HR = 0.89, 
 p  =0.04), this did not translate into an overall survival (HR 1.00,  p  =0.97). In the 
combined mutational analysis, those with exon 11 mutants demonstrated a more 
favorable prognosis than exon 9 mutations, other mutations or wild type ( p  < 0.0001). 
An analysis of predictive factors showed that PFS was signi fi cantly longer 
( p  =0.017) with exon 9 mutations however this did not translate in to an overall 
survival advantage ( p  =0.15). 

 The suggestion that mutations in  KIT  may be prognostic has also been demon-
strated in patients who underwent surgical resection for localized GIST  [  39  ] . Of 
the 48 patients 8.3% were wild type, 12.5% had exon 9 mutation, 52.1% had a 
deletion or insertion in exon 11, 18% had a missense in exon 11, 4.2% exon 13, and 
4.2% had an exon 176 mutation. Patients with missense exon 11 mutations had a 
5-year recurrence free survival of 89 ± 10% compared to 40 ± 8% for GISTs with 
other mutations types, while wild type patients had a 5 year recurrence-free sur-
vival of 100%. 

 This was further explored in the intergroup phase III trial ACOSOG Z9001 ran-
domizing patients with resected primary GIST to 1 year of 400 mg imatinib versus 
placebo. Seven hundred and thirteen patients with KIT-expressing, >3 cm GIST 
tumors were enrolled. After a median follow-up of 20 months 2 year recurrence free 
survival (RFS) was 74% (placebo) versus 91% (imatinib). KIT and PDGFRA 
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mutations analysis was performed centrally. KIT exon 11 mutation was the most 
common at 68%. On multivariate analysis of the placebo arm, exon 11 mutation 
was associated with a worse RFS (HR 3.0  p  < 0.05). Two year RFS was 65 vs. 91% 
( p  < 0.0001) for placebo and imatinib respectively in the exon 11 mutation analysis. 
In the PDGFRA mutation analysis, RFS was 76 vs. 100% ( p  < 0.01) for placebo and 
imatinib respectively. Patient with exon 9 mutations had a 1 year RFS of 80 vs. 
100% for placebo and imatinib respectively. 

 In summary, exon 9 and11 mutations offer both prognostic and predictive 
value. In the metastatic setting, untreated exon 11 mutations are associated with 
worse survival; however, treated exon 11 patients enjoy the best responses and 
survival. Exon 9 mutations are useful in guiding dosing of imatinib (longer PFS 
with 800 vs. 400 mg dosing). Table  5.1  summarizes and outlines the various muta-
tions in comparison to wild type. This information helps guide treatment decision 
making with respect to proper dosing, as well as estimation of prognostic time-
lines for the patient.  

   Table 5.1    Summary of trials of unresectable GIST treated with imatinib and mutation status   
 Study  Exon 11  Exon 9  PDGFRA  Wild type 

 Heinrich et al.  [  31  ]  
Phase II 127 pt 
samples 

 Percentage of 
patients 

 66.9  18.1  4.7  11.8 

 PR  83.5%  47.8%  33.3%  0 
 Event free 

survival 
 687 days  200 days  Not reported  82 days 

 Debiec-Rychter 
et al.  [  33  ]  Phase 
I/II 37 pt 
samples 

 Percentage of 
patients 

 83  14  5  3 

 PR  83%  23%  Not reported  33% 
 Progression free 

at week 104 
 75%  6%  0%  12% 

 Event free 
survival 

 849 days  327 days 
(included 
as other) 

 Heinrich et al.  [  35  ]  
Phase III/
CALGB 
150105—overall 
397 pt samples 
(400 mg 
subgroup) 
(800 mg 
subgroup) 

 Percentage of 
patients 

 71.3  8.2  1.2 

 CR/PR  71.7%  44.4%  40%  44.6% 
 TTP months  24.7  16.7  Not reported  12.8 
 OS months  60  38.4  Not reported  49 
 CR/PR  71%  17%  Not reported  42% 
 TTP months  27.2  9.4  Not reported  15.6 
 OS months  60.0  38.6  Not reported  49.0 
 CR/PR  72%  67%  Not reported  50% 
 TTP months  23.9  18.0  Not reported  9.8 
 OS months  Not reached  38.4  Not reported  39.5 

 Debiec-Rychter  [  37  ]  
Phase III/
EORTC-ISG-
AGITG 377 pt 
samples 

 Percentage of 
patients 

 65.8  15.4  2.6  15.4 

 CR/PR  67.74%  34.48%  30%  23.08% 
 Hazard Ratio 400 

vs. 800 mg 
 0.821  0.392  Not reported  1.823 
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   Table 5.2    Small molecules currently investigated in GIST   
 Drug  Target  Phase 

 Nilotinib  BCR-ABL, PDGFR,  KIT   Phase II/III 
 Masitinib   KIT , stem cell factor receptor, PDGFR, 

 fi broblast growth factor, focal adhesion 
kinase 

 Phase III 

 Sorafenib  RAF kinase, VEGFR-2/PDGFR-beta  Phase II 
 Dasatinib  BCR-ABL, SRC kinase  Phase II 
 STA-9090  Heat Shock protein 90 inhibitor  Phase II 
 BIIB021  Heat Shock protein 90 inihibitor  Phase II 

 Sunitinib malate is less speci fi c than imatinib, targeting KIT, PDGFRA, vascular 
endothelial growth factor (VEGF), FMS-like tyrosine kinase 3 (FLT3), and colony-
stimulating factor 1 receptor (CSF-1R). This is now approved for imatinib-
refractory or intolerant GIST. Samples from 78 of 97 incurable patients from an 
early phase I/II trial were analyzed  [  40,   41  ] . Patients who were resistant or intoler-
ant to imatinib, received sunitinib 50 mg/day for 4 weeks with a 2 week break. 
Overall, 32 patients had a continued clinical bene fi t as de fi ned as partial response 
or stable disease for greater than 6 months. After a median treatment of 1 year, six 
patients had progressive disease. Clinical bene fi t was demonstrated in exon 9 
mutant (58%), exon 11 mutant (34%) and wild type tumors (56%). Progression free 
survival was longer in the exon 9 mutants and wild type versus exon 11 mutants 
(19.4 months and 19.0 vs. 5.1 months  p  =0.0005 and 0.0356 respectively). Overall 
survival bene fi ts were also seen with exon 9 mutants (26.9 months) or wild-type 
(30.5 months) versus exon 11 (12.3 months,  p  =0.12 and 0.0132 respectively). 
Several other agents are being investigated in clinical trials (see Table  5.2 ) exploiting 
the pathogenesis of GIST.  

 The lack of sensitivity of imatinib in tumors with exon 9 mutations may be 
explained by the structural differences due to the mutation. Exon 9 mutations upreg-
ulate activity via ligand-mediated receptor dimerization  [  42  ] , while exon 11 muta-
tions affect the intracellular juxtamembrane domain  [  43  ] . Analysis of in vitro 
models using an isogenic BaF3 model, the IC50 in exon 9 mutations was almost 
eight times higher than that of exon 11 V559D mutations  [  44  ] . This is con fi rmed in 
in vitro studies with Chinese hamster ovary cells, exon 11 V560D mutations dem-
onstrated an IC50 that was ten times less than that of those with an exon 9 mutation 22. 
However, these exon 9 mutants were more sensitive to sunitinib both in vitro and 
in vivo whereas patients with acquired secondary kinase mutations resulting in ima-
tinib resistance were less sensitive to sunitinib. This demonstrates a clear difference 
in the mechanism of the mutations and the binding pockets of these drugs. 

 The use of circulating levels of soluble  KIT  (s KIT ) has also been evaluated in a 
phase III trial of sunitinib after imatinib failure in advanced gastrointestinal stromal 
tumors  [  45  ] . Three hundred and twelve patients were randomized in a 2:1 fashion to 
receive sunitinib ( n  = 207) or placebo  [  46  ] . The median TTP was 27.3 vs. 6.4 weeks 
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in favor of sunitinib ( p  < 0.0001). Progression free survival at 26 weeks was 16 vs. 
1% in favor sunitinib and overall survival had not been reached at the time of the 
analysis. Of the patients in the sunitinib group 7% had a partial response, 58% had 
stable disease and 19% had progressive disease versus within the placebo the rate 
were 0%, 48%, and 37% respectively. Plasma s KIT  levels were sampled every 
2 weeks in cycle 1 and on days 1 and 28 and analyzed by ELISA. Decreases in s KIT  
levels at the end of cycle 2 had a median time to progression of 34.3 vs. 16.0 weeks 
in patients with elevated levels. The median overall survival was also increased in 
patients with reduced s KIT  on Cycle 1 day 28, cycle 2 day 28 and cycle 3 day 1 were 
80.6, 99.3 and 92.4 weeks versus 44.3, 40.3, 41.4 weeks with patients with increased 
s KIT  levels ( p  =0.0001,  p  < 0.0001, and  p  =0.0016 respectively). This suggests that 
s KIT  may also be a predictive marker for sunitinib and future study would be 
warranted.  

   Functional Imaging 

 During monitoring of treatment response, conventional CT scans sometimes can be 
misleading, as GISTs can increase in size due to intratumoral bleeding or necrosis. 
The changes in the densities of  fl uid seen on CT scan are more important but are 
dif fi cult to interpret. In general, the use of Response Evaluation Criteria in Solid 
Tumors (RECIST) in the use of GIST has been debated. Another method (the MD 
Anderson criteria) combines the use of a 10% decrease in tumor size or more than 
15% decrease in tumor density at 2 months of treatment). This method was studied 
comparing CT  fi ndings with PET, a total 172 lesions were evaluated in 40 patients 
with metastatic GIST treated with imatinib  [  47  ] . This method resulted in a sensitiv-
ity of 97% and speci fi city of 100% in identifying PET responders versus 52 and 
100% by RECIST. Use of the MDACC criteria also correlated with TTP ( p  =0.0002) 
and disease speci fi c survival ( p  =0.04) better than RECIST  [  48  ] . 

 Positive Electron Transmission imaging (PET) with the use of F18-
 fl udoxyglucose (FDG) has become a useful tool in predicting response. PET scan-
ning has increased the accuracy of determining the response of GISTs to treatment. 
A decrease in FDG activity is clearly seen with successful therapy, even within 
24 h of starting therapy  [  49  ] . PET was used to follow the response of 64 patients 
with advanced GIST to imatinib over a 16 month period. At 21–40 days 79% of the 
patients demonstrated a decrease in SUV to <2.0 and were still in remission at 
16 months. Patients with an SUV >2.0 were deemed as progression (15%) or pro-
gressed after a temporary response (6%) (see Fig.  5.2 ). This is in contrast to con-
ventional CT scanning, which take weeks or months to determine a demonstrable 
response. A comparison of PET/CT to PET and CT for monitoring of imatinib 
therapy in advanced GIST  [  50  ] . Tumor response was correctly assessed in 95% of 
patients at 1 month, 100% at 3 and 6 months, versus 85, 100, and 100% for PET 
and 44, 60 and 57% for CT scanning respectively. It should noted that the study 
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progression via RECIST versus the MDACC criteria. PET also predicts response 
to sunitinib. PET was performed in 23 patients who received at least 1 cycle of 
sunitinib, before and after the  fi rst 4 weeks of sunitinib therapy. PFS correlated 
with early PET metabolic response with 29 weeks for metabolic partial response, 
16 weeks for metabolically stable disease and 4 weeks with metabolically progres-
sive disease. Patients who had metabolically progressive disease subsequently pro-
gressed according to RECIST criteria  [  51  ] .   

   Conclusions 

 Tyrosine kinase therapy for GISTs represents rational drug design developed 
through an understanding of the molecular pathogenesis of the disease. Within this 
framework, both prognostic and predictive biomarkers have been identi fi ed.  KIT  
exon 9 and 11 mutations are of particular importance, and their best utilization in 
clinical care of patients with GIST is still evolving. Timing and patterns of drug 
resistance, in addition to this molecular classi fi cation, will also help guide therapy, 
particularly with respect to changing to a new second or third line therapy versus 
dose escalating imatinib. This is signi fi cantly different than the current treatments 
with traditional cytotoxics, where therapy is changed based on progression. 

 Advances in biotechnology have also changed GIST clinical trial design to 
essentially mandate tissue collection, to prospectively validate potential future bio-
markers. Built-in functional imaging requirements should also help clarify timing 
and choice of best treatment. Hopefully future GIST therapies will be designed 
based on sophisticated tumor analysis, enabling oncologists to spare patients poten-
tial side effects and select the best treatment for the individual with cancer.      

  Fig. 5.2    18F-FDG-PET/CT images demonstrating a hypermetabolic left lobe metastasis ( left ). 
The  right  scan was performed after 1 month of treatment of imatinib therapy showing complete 
resolution       
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         Introduction 

 Persistent scienti fi c efforts over the last decades have led to a better understanding 
of the biology of human cancer and the development of new therapeutic options, 
which signi fi cantly improved survival of cancer patients. With the dissection of the 
cellular pathways and molecular changes involved in malignant transformation of 
cells, human cancer has been characterized as a highly individual disease that 
signi fi cantly differs among patients. 

 Acute myeloid leukemia (AML) is a genetically heterogeneous clonal disorder 
of hematopoietic progenitor cells in which the physiologic mechanisms of self-
renewal, proliferation, and differentiation are altered by the accumulation of genetic 
aberrations  [  1  ] . In recent years, several genetic alterations have been identi fi ed as 
potential therapeutic targets and as prognostic parameters for survival of AML 
patients. A prognostic biomarker provides information about the patients overall 
outcome, regardless of the therapy  [  2  ] . In contrast, the presence or absence of a 
predictive biomarker can be used to project a patient’s response to a certain thera-
peutic intervention. Predictive biomarkers are therefore helpful tools to indentify 
the most bene fi cial treatment regimen for an individual patient and are an important 
step towards tailored anti-cancer strategies. 

 Prognostic markers in AML have been identi fi ed in numerous studies over the 
last decade. Marcucci et al. provided a very detailed review on the prognostic and 
therapeutic implications of genetic alterations in AML in which they accurately 
integrate the extensive and in part con fl icting data published on prognostic markers 
in AML (Table  6.1 )  [  3  ] .  
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 By contrast, the role of predictive biomarkers in AML is less clear. This chapter 
provides an overview of the current level of knowledge about the value of cytoge-
netic changes and molecular aberrations in the prediction of response to AML 
treatment. 

   Cytogenetics 

 Clonal chromosomal aberrations can be detected in the majority of patients 
(55–60%) with acute myeloid leukemia. In recent years the role of different cytoge-
netic changes in AML has been extensively studied and recognized as the most 
important prognostic factor for the achievement of complete remission, risk of 
relapse and overall survival  [  4,   5  ] . This led to the classi fi cation of AML into three 
cytogenetic risk groups (Fig.  6.1 ).  

 Nevertheless, little is known about the role of cytogenetic abnormalities for the 
prediction of response to certain AML therapy regimens. The  fi rst evidence for a 
potential role of cytogenetics in response prediction came from a prospective, ran-
domized clinical trial conducted by the Cancer and Leukemia Group B (CALGB)  [  6  ] , 

   Table 6.1    Selected genetic aberrations with prognostic and/or predictive signi fi cance in AML   

 Marker  Prognostic signi fi cance (according to  [  52  ] )  Predictive signi fi cance 

 NPM1  Mutated NPM1 without FLT3-ITD 
predicts a higher CR rate, favorable 
RFS and OS in younger patients 

 Mutated NPM1 without 
FLT3-ITD predicts sensitivity 
to ATRA in older AML 
patients  [  20  ]   Favorable impact of NPM1 mutations 

in older patients 
 FLT3 

 ITD  Associated with inferior outcome, 
allogeneic HSCT should be 
considered 

 Absence of FLT3-ITD together 
with NPM1 mutation predicts 
ATRA sensitivity in older 
AML patients  [  20  ]  

 Controversial data on the 
signi fi cance of FLT3-ITD in 
the prediction of response to 
FLT3-tyrosine kinase 
inhibitors  [  48–  50  ]  

 TKD  Prognostic signi fi cance controversial  No data available 
 CEBPA  Double mutations associated with higher 

CR rate and favorable RFS and OS 
 No data available 

 RAS  No prognostic signi fi cance shown  Mutant NRAS may predict 
sensitivity to cytarabine  [  40  ]  

 IDH1, IDH2  IDH1 and possibly IDH2 mutations 
confer higher risk of relapse and 
inferior OS in molecular low-risk 
cytogenetically normal AML 

 No data available 

 KIT  Mutations associated with inferior 
outcome in CBF-AML 

 No data available 
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evaluating the role of cytarabine dose escalation in postremission therapy of AML. 
In this trial patients aged 16 years or older with newly diagnosed AML were treated 
with 3 days of daunorubicin and 7 days of cytarabine. Patients who reached a com-
plete remission were randomly assigned to receive four courses of cytarabine at one 
of three doses: 100 mg/m 2  of body-surface area per day for 5 days by continuous infu-
sion (group A), 400 mg/m 2  per day for 5 days by continuous infusion (group B), or 
3 g/m 2  in a 3-h infusion every 12 h (twice daily) on days 1, 3, and 5 (group C). Indeed, 
the duration of complete remission for all patients was related to the cytarabine dose. 
The probability of remaining in continuous complete remission after 4 years for 
patients 60 years of age or younger was 24% in group A, 29% in group B, and 44% 
group C, respectively. Bloom fi eld et al. consecutively assessed the response duration 
to the various cytarabine regimens by cytogenetic subtype  [  7  ] . Patients were catego-
rized to one of three cytogenetic groups:

    1.    CBF-karyotypes: t(8;21)(q22;q22), t(16;16)(p13;q22), del(16)(q22), or inv(16)
(p13q22)) karyotypes.  

    2.    Normal karyotype.  
    3.    Other abnormal karyotype.     

 It could be demonstrated that not all cytogenetic subgroups bene fi t from an increased 
dose of cytarabine. In patients with CBF-karyotypes remission duration was 
extended with increasing doses of cytarabine with 78% of the patients still in com-
plete remission after 5 years in group C. In group B 57% of the patients were still in 
complete remission after 5 years compared to only 16% in the low dose AraC group 

  Fig. 6.1    Cytogenetic risk groups in AML (based on data from  [  5,   51  ] )       
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( p  < 0.001). Interestingly, this bene fi t of cytarabine intensi fi cation was less obvious 
in patients with normal karyotypes (40% versus 37% versus 20%;  p  = 0.01) and was 
absent in patients with other cytogenetic abnormalities ( p  = 0.10). The authors there-
fore concluded that dose escalation of cytarabine in AML patients with CBF-
karyotypes and, to a lesser extent, in patients with normal karyotypes signi fi cantly 
increases the duration of prolonged remission. These  fi ndings are supported by non-
randomized studies that also report a favorable outcome after high-dose cytarabine 
treatment for patients with CBF-karyotypes compared to other cytogenetic groups 
 [  8,   9  ] . In conclusion, CBF as well as normal karyotypes in AML blasts are useful 
markers to predict response to high-dose cytarabine treatment. However, additional 
investigation of the biological basis for the increased sensitivity as well as further 
validation in larger randomized prospective trials is warranted. 

 The development of new therapeutic agents for the treatment of AML will inevi-
tably lead to the question which subgroup of patients might bene fi t from these mod-
ern drugs. One of the questions addressed by the MRC AML15 trial was whether 
patients bene fi t from the addition of the immuno-conjugate gemtuzumab ozogami-
cin (GO) to induction or consolidation therapy regimens. Preliminary results sup-
port the application of 3 mg/m 2  gemtuzumab ozogamicin with standard- and 
high-dose cytarabine and anthracyclines for the treatment of de novo AML. While 
the rate of complete remission showed no signi fi cant difference, the risk for relapse 
could be signi fi cantly reduced, resulting in an improved disease-free survival. In 
particular, favorable and intermediate risk groups bene fi t from the addition of gem-
tuzumab ozogamicin with regard to relapse risk and disease free survival, respec-
tively  [  10,   11  ] . These promising but rather preliminary results need to be further 
validated with further follow up of the study as well as in other randomized clinical 
trials before de fi nitive conclusions can be drawn.  

   Molecular Markers    

   Nucleophosmin1 (NPM1) 

 Nucleophosmin1 (NPM1) is a nucleolar phosphoprotein encoded in the chromo-
somal region 5q35 with pleiotropic cellular functions. Besides its interaction with 
the tumor suppressors p53 and p19(Arf) it is thought to be indispensable for ribo-
genesis, intracellular traf fi cking of proteins, cell proliferation, and survival after 
DNA damage. Several alterations of the NPM1 gene such as mutations and dele-
tions have been described in hematologic neoplasms. NPM1 is also involved in 
chromosomal translocations, e.g., t(5;17) (q35;q21) present in a rare variant of acute 
promyelocytic leukemia (APL) and resulting in the expression of the NPM1-RARA 
fusion protein. The fusion protein exhibits abnormal transcriptional activity and has 
been shown to be sensitive to treatment with all-trans retinoic acid (ATRA)  [  12,   13  ] . 
NPM1 mutations are the most frequent genetic alteration in adult AML but occur 



1236 Cytogenetic and Molecular Aberrations as Predictive...

less frequently in pediatric AML  [  1  ] . They can be found in 45–64% of cytogenetically 
normal AML. 

 In 2005, Falini et al. were able to show that NPM1 exon 12 mutations lead to the 
creation of a new nuclear export signal motif and consecutive cytoplasmic translo-
cation of NPM1  [  14  ] . The loss of nuclear NPM1 is assumed to in fl uence the func-
tion of the tumor suppressor p53 leading to genetic instability  [  15  ] . 

 It has been demonstrated that NPM1 mutations are associated with a better prog-
nosis in patients with AML  [  16–  18  ] . However, the advantage of NPM1 mutations is 
restricted to the subgroup of patients without an additional FLT3-ITD mutation. In 
a large, retrospective study published by Thiede et al. the rate of cumulative relapse 
in patients with a normal karyotype harboring a NPM1 mutation was signi fi cantly 
lower compared to NPM1 wild type (25% versus 33%,  p  = 0,004). In contrast, no 
signi fi cant difference could be observed in the presence of an additional internal 
tandem duplication within the FLT3-Gene (FLT3-ITD) constitutively activating the 
FLT3-receptor tyrosine kinase  [  16  ] . 

 While the prognostic value of NPM1 mutations has been shown unanimously in 
large clinical studies, the role of NPM1 mutations as a marker to predict response to 
a certain therapy is less clear. The  fi rst evidence that NPM1 mutations might also be 
of predictive value came from the AML 98B trial (German-Austrian AML Study 
Group). This study demonstrated that administration of ATRA in addition to inten-
sive chemotherapy improved the outcome of patients 61 years of age and older  [  19  ] . 
Furthermore, it could be shown that patients treated with ATRA had a signi fi cantly 
higher rate of complete remission and a better event-free and overall survival, respec-
tively, with a 4-year relapse free survival of 20.9% ( p  = 0.006) and an overall survival 
rate of 10.8% ( p  = 0.003) compared to 4.8% and 5% in the standard treatment arm. 
The authors hypothesized that the bene fi cial effect of ATRA may be restricted to a 
speci fi c biological subgroup of AML. To prove that hypothesis data from mutation 
analyses of the NPM1, CEBPA, FLT3, and MLL genes were correlated with outcome 
in patients 61 years of age and older treated within the AML HD98B trial. Response 
was assessed after the second course of induction chemotherapy. 114 (47%) of the 
242 patients randomized for ATRA achieved a complete remission. Logistic regres-
sion analysis revealed that mutant NPM1 was signi fi cantly associated with achieve-
ment of complete remission (odds ratio 3.17; 95% CI 1.37–7.35;  p  = 0.02). No 
signi fi cant impact was found for the molecular aberrations FLT3-ITD, FLT3-TDK 
and MLL-PTD. The median follow up for survival was 68.5 months. Survival analy-
ses and evaluation of potential predictive factors for treatment outcome were per-
formed on an intention-to-treat basis and revealed a signi fi cant difference in both 
relapse-free (HR 0.27; CI 0.07–0.95;  p  = 0.04) and overall survival (HR 0.28; CI 
0.11–0.75;  p  = 0.01), respectively in favor of the experimental ATRA arm in patients 
harboring mutant NPM1 in the absence of a FLT3-ITD  [  20  ] . 

 The molecular mechanisms of the ATRA-induced and NPM1-dependent effects 
in AML remain elusive. Potential explanations imply the role of NPM1 as a tran-
scriptional corepressor during ATRA-induced cell differentiation and a selective 
downregulation of the mutant NPM1 protein by ATRA  [  21,   22  ] . 
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 Interestingly, other trials evaluating a potential bene fi cial effect of ATRA in 
addition to intensive chemotherapy in AML treatment did not show a positive effect 
 [  23–  25  ] . One reason for the discrepant trial results might be the differing schedules 
of ATRA administration. As suggested by in vitro experimental data, a synergistic 
effect of ATRA might be only observed when ATRA is administered after exposure 
to cytotoxic drugs  [  26,   27  ] . In these studies the administration of ATRA started 
prior or simultaneously with chemotherapy. In contrast, in the AML HD98B trial, 
ATRA was started on the third day of chemotherapy, a time point when a signi fi cant 
proportion of cytotoxic drugs had already been administered. The  fi ndings of this 
study are currently being validated prospectively in patients treated in the AMLSG 
07-04 trial protocol to further evaluate the role of mutant NPM1 and other biomark-
ers as predictive factors for therapy response. 

 Chevallier et al. investigated the in fl uence of the NPM1/FLT3-ITD status on 
outcome in relapsed and refractory AML patients with normal karyotype, who 
received a salvage regimen using gemtuzumab ozogamicin as monotherapy or in 
combination with other agents. In this smaller series of 57 patients overall survival 
was increased (78% versus 36% at 2 years,  p  = 0.026) in patients with mutant NPM1 
in the absence of a FLT3-ITD, indicating a potential role of NPM1 in the prediction 
of response to treatment with gemtuzumab ozogamicin. However, the differences in 
rates of complete remission and relapse were not signi fi cant and further evaluation 
in larger studies will be mandatory  [  28  ] .  

   Ras Mutations 

 Alterations in the Ras oncogene family are frequent and well-characterized genetic 
changes in myeloid disorders  [  29,   30  ] . Three human Ras genes encode four differ-
ent proteins, namely, H-Ras, N-Ras, and the 2 K-Ras splicing variants K-Ras4A and 
K-Ras4B. Ras functions as a regulatory GTP-hydrolase switching back and forth 
between its activated and inactivated state. Ras takes the center stage within the 
Ras-dependent cellular signaling pathways involved in the complex regulation of 
proliferation, differentiation, and survival. Ras mutations can result in the inactiva-
tion of the GTPase reaction leaving Ras in its active GTP-bound state  [  31,   32  ] . In 
this constitutively active state Ras contributes to proliferative and antiapoptotic sig-
nals critical for myeloid leukemogenesis. 

 In AML activating point mutations could be shown to affect almost exclusively 
N-Ras and K-Ras at codons 12, 13 and 6  [  33  ] . Ras mutations can be found in vary-
ing frequencies of about 20% (some authors report more than 48%) of AML being 
one of the most common genetic alterations in AML  [  34  ] . 

 Despite the frequent occurrence of Ras mutations in AML the prognostic 
signi fi cance of Ras mutations has not been  fi rmly established, as existing data 
remain con fl icting. While several studies indicate poor clinical outcomes  [  35  ]  for 
patients with Ras mutations other authors reported a similar  [  36  ]  or even better 
prognosis  [  33  ]  compared to patients with wild type Ras. While data on the prognos-
tic signi fi cance of Ras mutations remain con fl icting, even less is known about its 
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role in the prediction of response to a speci fi c AML therapy. The  fi rst line of evidence 
that activated or mutated Ras may sensitize leukemia and other tumor cells to the 
treatment with chemotherapeutic agents came from Koo et al. almost 20 years ago. 
These in vitro-analyses revealed a striking correlation with cytarabine sensitivity in 
the cell lines harboring Ras mutations compared to tumor lines with wild-type Ras 
alleles  [  37  ] . Later studies showed that Ras mutations indicate poor prognosis in 
untreated non-small-cell lung cancer (NSCLC), whereas in NSCLC or AML treated 
with chemotherapy, Ras mutations were associated with a better outcome  [  33,   38  ] , 
indicating a role of Ras mutations in sensitization to chemotherapy. The constitutive 
activation of Ras signaling is not restricted to activating mutations of Ras alone and 
can also be induced by alterations in receptor tyrosine kinases or other members of 
the signaling pathway upstream of Ras. In a study correlating Ras mutations and 
Ras activation with outcome in 191 AML patients treated with chemotherapy includ-
ing cytarabine, only 22.2% of the patients with Ras mutations showed activated Ras 
signaling. In this context, Ras mutations also were not associated with treatment 
response. In contrast, patients with strong Ras activity were more likely to achieve 
a complete remission than their Ras-inactive counterparts, with the strongest asso-
ciation found in younger patients treated with high-dose cytarabine (89.5% versus 
55.6%;  p  < 0.05). While an increased overall survival could be observed in this 
group disease-free survival and relapse rate were not affected  [  39  ] . The strong posi-
tive correlation of Ras activity and induction of remission in younger AML patients 
might be explained by the fact that in this study, patients younger than 61 years of 
age received far higher doses of cytarabine than older patients. 

 These results demonstrate that higher levels of Ras activity might confer increased 
sensitivity to the treatment with cytarabine and these patients might bene fi t from 
higher doses. 

 More compelling evidence is coming from a retrospective study by Neubauer 
et al. that correlates Ras mutation status and outcome in 185 AML patients treated 
with cytarabine as postremission therapy  [  40  ] . Patients were enrolled into the 
CALGB trial 8525 comparing the duration of complete remission and overall sur-
vival after postremission treatment with high (3 g/m 2  or 400 mg/m 2 ) or standard 
doses of cytarabine (100 mg/m 2 ), respectively. While there was no signi fi cant differ-
ence in outcome between patients who had Ras mutations compared to those with 
wild-type Ras, results were considerably different when Ras mutation status and 
cytarabine dosage where taken into account. Although therapy with high-dose 
cytarabine resulted in a lower rate of relapse both in patients with and without Ras 
mutations, the dose of cytarabine for consolidation therapy had greater impact on 
patients with Ras mutations (hazard ratio for high dose versus low dose cytara-
bine = 0.28;  p  = 0.002) than on those with wild-type Ras (HR = 0.67;  p  = 0.044). 
Notably, more than 50% of patients with mutated Ras treated with high-dose cytara-
bine remained in remission. The authors claim that this result might be explained by 
the  fi ndings of Koo et al., who demonstrated that cells harboring an activated Ras 
oncogene fail to arrest in the S-phase of the cell cycle in response to cytarabine 
treatment which results in their apoptotic death. In contrast, tumor cells with wild-
type  RAS  genes undergo marked S-phase growth arrest on exposure to cytarabine 
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that is reversible once the drug is removed. Thus, the presence of Ras mutations 
may change cellular response to cytarabine from cytostatic to cytotoxic, most likely 
because of altered cellular checkpoint functions in response to cytarabine  [  41  ] . 

 In summary, alterations of the Ras signaling pathway by Ras mutations itself or 
activation of receptor tyrosine kinases upstream of Ras might constitute a novel 
molecular marker useful to identify AML patients that would bene fi t from treatment 
with high-dose cytarabine. As present data came from retrospective analyses, a 
large prospective randomized trial will be needed to con fi rm these promising results 
and further evaluate the clinical use of Ras as a prognostic as well as a predictive 
molecular biomarker.  

   FLT3 Mutations 

 Mutations in the fms-related tyrosine kinase 3 gene (FLT3) can be found in approxi-
mately 40% of patients with cytogenetically normal acute myeloid leukemia (AML), 
being one of the most frequently affected genes in AML  [  20  ] . 

 The FLT3 gene is located in the chromosomal region 13q12, coding for a class 
III receptor tyrosine kinase, which is mainly involved in differentiation and prolif-
eration of hematopoietic stem cells. 

 To date, three clusters of activating mutations have been identi fi ed:  FLT3  inter-
nal tandem duplications ( FLT3 -ITDs) in approximately 30%, point mutations 
within the activation loop of the second tyrosine kinase domain ( FLT3 -TKD) in 
7–10% and, in a very low frequency (~2%), point mutations in the juxtamembrane 
domain (JMD) as well as in the extracellular domain  [  42  ] . In recent years, the prog-
nostic value of FLT3-mutations has been extensively studied. In these studies 
FLT3-ITDs were associated with a higher risk of relapse and shorter overall and 
progression-free survival, respectively  [  43–  45  ] . In contrast, the role of FLT3 muta-
tions as predictive markers for response to certain therapeutic regimens or agents is 
less clear. 

 As described earlier in this chapter the absence of a FLT3-ITD in combination 
with a mutated NPM1 gene is associated with a signi fi cantly improved relapse free 
and overall survival in older patients treated with all-trans retinoic acid (ATRA) 
 [  20  ] . This is the  fi rst study on the predictive value of FLT3-ITD indicating that 
FLT3-ITD might be a useful tool in the prediction of therapy response to ATRA. 
Data from the AMLSG 07-04 trial in which patients younger than 61 years of age 
were recruited will help to further characterize the role of FLT3-ITD and NPM1 
mutations as predictive biomarkers in that subgroup of patients. 

 More evidence that FLT3-ITDs alter chemotherapy response and therefore may 
be a useful predictive biomarker comes from a genetically de fi ned mouse model of 
AML in which Pardee and coworkers examined the effects of the FLT3-ITDs on 
response to cytarabine and doxorubicin in vitro and in vivo. In this model FLT3-
ITDs conferred resistance to treatment with doxorubicin alone and doxorubicine 
plus cytarabine, but sensitivity to cytarabine alone. The resistance could be reverted 
by the treatment with the FLT3-inhibitor sorafenib underlining the role of the FLT3 



1276 Cytogenetic and Molecular Aberrations as Predictive...

aberration in that setting  [  46  ] . The authors speculate that patients with FLT3-ITD 
positive AML may not bene fi t from the treatment with an anthracycline in the 
absence of a FLT3-inhibitor. Further studies in human in vitro and xenograft models 
will be needed to prove these  fi ndings in human AML and  fi nally warrant clinical 
trials that analyze the role of FLT3-ITD and FLT3-inhibition in resistance to 
anthracyclines. 

 The important role of FLT3 in the development of AML and its association with 
inferior therapy outcome have made it an attractive molecular target for the develop-
ment of new therapeutics. In recent years FLT3-inhibitors have been tested in vari-
ous clinical trials both alone and in combination with chemotherapy. Several studies 
aimed to analyze the role of FLT3 mutations in the response to treatment with 
FLT3-inhibitors. Midostaurin is an orally available potent inhibitor of the FLT3-
tyrosine kinase that inhibits both wild-type FLT3 and FLT3 with a mutated tyrosine 
kinase domain or an internal tandem duplication  [  47  ] . As FLT3 is overexpressed in 
many patients with AML, it is possible that inhibition of FLT3 could have therapeu-
tic bene fi t in patients with either mutant or wild-type FLT3. In a phase-IIb trial 
Fischer et al. investigated the role of midostaurin in patients with AML and high-
risk myelodysplastic (MDS) syndrome with either wild-type or mutated FLT3. 
Ninety- fi ve patients with AML or MDS with either wild-type ( n  = 60) or mutated 
( n  = 35) FLT3 were randomly assigned to receive oral midostaurin at 50 mg or 
100 mg twice daily. Both patients with FLT3-mutant and wild-type responded to 
midostaurin, but only one patient (1%) showed a partial response and no complete 
remission has been achieved. In contrast, reduction of blasts (BR) was frequently 
observed, occurring in 71% of patients with FLT3-mutant and 42% of patients with 
FLT3 wild-type  [  48  ] .   Biological responses also occurred in patients with no docu-
mented mutation of FLT3, although in a lower frequency compared to the FLT3-
mutant population, indicating a role for midostaurin especially in the treatment of 
FLT3-mutated AML. Interestingly, the investigators observed no differences in the 
blast responses according to type of FLT3 mutation. In contrast, a previous study 
demonstrated that the response of blast cells from 11 patients with a mutation in the 
FLT3-tyrosine kinase domain to the FLT3-inhibitor lestaurtinib was signi fi cantly 
less than that of FLT3/ITD positive cells but similar to FLT3 wild-type cells  [  49  ] . 
Furthermore, Pratz and coworkers demonstrated that ex vivo samples of patients 
with a high mutant allelic burden were more likely to be responsive to FLT3 inhibi-
tion compared to the samples with a low mutant allelic burden  [  50  ] . 

 These results have important implications for the potential therapeutic use of 
FLT3 inhibitors in patients with FLT3-mutant AML and suggest a potential role for 
FLT3-aberrations in the prediction of response to FLT3-inhibition. The controver-
sial data from preclinical and clinical studies indicate the importance of further 
investigation to ultimately clarify in which setting FLT3-aberrations can be used as 
predictive biomarker. 

 In conclusion, the prognostic signi fi cance of several cytogenetic as well as 
molecular aberrations in AML has been well established. However, their predictive 
value is less well characterized as summarized in Table  6.1 . 
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 The current knowledge has led to the development of the  fi rst targeted therapies 
and predictive information to guide therapeutic decisions is needed to further indi-
vidualize the treatment of AML patients. The development of new molecular bio-
logical techniques such as gene- and micro-RNA-expression pro fi ling or next 
generation sequencing will provide further insight into the mechanisms of disease 
and identify new genetic pro fi les that might be potential candidates in the prediction 
of treatment response. The translation of this new information into the clinical situ-
ation will be a major future challenge that needs to be addressed in collaborative 
prospective multicenter studies.        
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         Introduction 

 Colorectal cancers (CRC) are the fourth most common cancers in the USA and the 
second most common cause of death from cancer  [  1  ] . In 2009, an expected 146,970 
new patients will be diagnosed with CRC, of which more than two-thirds will be 
colon cancers. In this same year, 49,920 will die of this disease  [  2  ] . While dramatic 
improvements have been made in the management of colon cancers including che-
motherapy and targeted therapies, surgical resection of primary and metastatic 
lesions, and the palliation of incurable disease, means to more accurately assess 
prognosis beyond the standard staging systems have been elusive. 

 Overall, 5 year survival (OS) with CRC is 68%. However, prognosis is highly 
dependent on the stage at diagnosis. Among local cancers, i.e., the cancer does not 
extend beyond the bowel wall, the 5 year survival is 90%, but when lymph nodes 
are involved, it decreases to 70%, and survival further worsens with metastases, in 
which only 11% of patients are alive 5 years from diagnosis  [  2  ] . 
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 Data regarding survival following recurrence in colon cancer can be dif fi cult to 
elicit due to limitations on collected registry data. The Adjuvant Colon Cancer End 
Points (ACCENT) data set is a compilation of data from stage II and III patients 
randomized to clinical trials using    5- fl uorouracil (5FU)-based therapy  [  3  ] . Among 
patients initially diagnosed with stage II CRC whose disease eventually recurred, 
median OS was 18.2 months compared with 12.5 months for patients initially diag-
nosed with stage III disease (HR 0.70,  p  < 0.0001)  [  3  ] . This is informative, but does 
not re fl ect newer therapies including oxaliplatin, irinotecan, or targeted therapies. 

 This chapter focuses on prognostic markers, including histologic, molecular, and 
genetic markers and reviews the data on the most clinically relevant markers and 
selected markers that may have potential to provide clinical guidance with further 
evaluation.  

   Prognostic Markers in Colon Cancer 

 An independent prognostic marker is one that, in the absence of treatment effects, is 
able to predict a patient’s clinical outcome. An independent prognostic marker must 
provide additional information to that provided by stage and histologic information 
and cannot be an intermediary between clinical prognostic factors and outcome  [  4  ] . 
Its effects are best assessed in untreated patients as treatment is prognostic in and of 
itself and can bias the assessment. The best known prognostic marker in CRC at this 
time is the AJCC TNM staging system. Independent of treatment, each stage is 
predictive of prognosis. 

 In contrast to prognostic biomarkers, a predictive biomarker is one that can pre-
dict the clinical bene fi t of a given treatment in a given context. For example, k-ras 
mutational status is predictive of bene fi t from anti-EGFR therapies, but does not 
otherwise de fi ne clinical outcome. Predictive markers are discussed separately. 

 In the context of CRC, ideal prognostic markers will help guide the clinical man-
agement of patients. Based on TNM staging, physicians currently have crude oppor-
tunities to individualize treatment options depending on the stage at diagnosis. 
A prognostic marker developed for use in the preoperative setting may be less impor-
tant when surgical resectability is technically possible. But postoperatively in stage 
II and III CRC, prognostic markers would be particularly important to identify those 
patients at higher risk of recurrence, and potentially determine those for whom adju-
vant treatment options may be most relevant. Ideally, prognostic markers in this 
context would provide a clear distinction between people that do or do not require 
adjuvant therapy. In unresectable metastatic disease, identi fi cation of indolent ver-
sus more aggressive behaving phenotypes would be particularly important from 
both treatment and quality of life perspectives. With potentially resectable meta-
static disease, identi fi cation of aggressive disease, in which the burden of resection 
may outweigh the potential bene fi t of treatment, would be important. Each prognos-
tic biomarker should be tailored to a speci fi c clinical setting during development to 
ensure rational implementation.  
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   Established Prognostic Markers in Colon Cancers 

 Currently, established prognostic markers include TNM stage, certain pathologic 
features, and the number of evaluated lymph nodes (LNs). Other markers have been 
well evaluated, such as p53, but due to inconsistent  fi ndings, the prognostic role of 
such markers has yet to be elucidated. Lastly, certain markers are promising but 
have had insuf fi cient evaluation, such as 18qLOH, CIN, and k-ras. 

   AJCC TNM Staging 

 Cancer staging is currently the best marker of prognosis in CRC. The TNM staging 
system by the AJCC provides a four stage classi fi cation in which outcome clearly 
worsens with increasing tumor dissemination, as re fl ected by increasing stage of 
disease  [  5  ] . The AJCC TNM staging system assesses three factors: (1) the depth of 
tumor invasion into the bowel wall; (2) the presence or absence of LN invasion and 
the number of involved nodes; and (3) the presence or absence of distant metasta-
ses. A T1 tumor re fl ects the least amount of tumor invasion (invading the submu-
cosal layer only), and are progressively more invasive up to a T4 tumor in which the 
tumor penetrates the entire thickness of the bowel wall and invades nearby 
tissues and/or perforates the visceral peritoneum. LN status evaluation includes 
metastases in 0 (N0) versus 1–3 (N1) versus 4 or more lymph nodes (N2). Distant 
metastases are classi fi ed dichotomously, present (M1) or absent (M0). The TNM 
evaluations are then used to determine the stage of disease  [  5  ] . Survival is clearly 
better with lower stage of disease; however, even within stages there remain 
signi fi cant differences in outcomes. 

 In an evaluation of the AJCC 6th edition staging criteria based on SEER national 
cancer registry data of 119,363 colon cancer patients from 1991 to 2000, survival 
worsened with increasing stage of disease  [  6  ] . Additionally, within a given stage, 
outcomes varied signi fi cantly based on tumor or nodal status (Fig.  7.1 ). In fact, 
5 year OS for stage IIb and IIIa was not signi fi cantly different, although there was a 
trend to better survival among the stage IIIa patients (i.e., among those with T1/
T2 N1 disease vs. T3/4 N0 disease), suggesting that tumor depth of invasion was 
more important than LN involvement. Within stage III, 5 year OS worsened with 
increasing nodal status by approximately 20%  [  6  ] . This data highlights the impor-
tance of staging and nodal status as prognostic markers in colon cancer. This evalu-
ation has not been repeated in the era of the use of adjuvant therapy, but would be 
particularly informative to evaluate stage II and III patients.  

 Colon cancer survival is better than that for rectal cancer in a stage for stage 
comparison. Survival for rectal cancer was evaluated using the National Cancer 
Data Base which compiled data from US cancer registries of 5,850,000 cancer diag-
noses between 1985 and 1995  [  7  ] . Five year survival by stage was 72% for stage I, 
52% for stage II, 37% for stage III, and 4% for stage IV  [  7  ] , all of which are 
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dramatically worse than for colon cancer. Again, this has not been reassessed with 
the use of adjuvant chemotherapy nor with newer treatments for metastatic disease. 

 More recently, the MOSAIC study compared adjuvant 5FU/leucovorin (LV) ver-
sus FOLFOX chemotherapy in stage II and III colon cancer patients  [  8  ] . Number of 
involved LNs was a prespeci fi ed prognostic factor. The improvement in the rate of 
relapse with the use of adjuvant FOLFOX was similar in patients with 0–3 versus 4 
or more involved LNs  [  8  ] . 

 While the TNM staging system is highly prognostic, it fails to identify a signi fi cant 
proportion of patients within each stage that recur. The identi fi cation of prognostic 
markers in early stage CRC would help to identify patients that have an increased 
risk of recurrence that could be further assessed in clinical trials of adjuvant therapy, 
and those for whom the risk of recurrence does not warrant further therapy.  

   Number of Evaluated Lymph Nodes 

 The negative prognostic implication of LNs with metastases has been noted at least 
since its initial description by Dr. Cuthbert Dukes in 1932 with regards to rectal 
cancer  [  9  ] . Most recently, this was demonstrated in the previously described SEER 
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data evaluation of the AJCC 6th edition staging classi fi cation for colon cancer  [  6  ] . 
An analysis was performed in which the number of involved LNs was subdivided 
beyond that outlined in the 6th edition: no LN involvement (stages I and II) were 
compared with 1–3, versus 4 or 5, versus 6–8, and 9 or more metastatic LNs, and 
with metastatic disease. There was a clear worsening of survival with greater num-
bers of involved LNs  [  6  ] . Interestingly, survival among patients with 1–3 involved 
LNs was better than that of stage IIb patients, again re fl ecting the impact of tumor 
depth of invasion. 

 The INT 0089 clinical trial assessed adjuvant therapy for stage II and III colon 
cancer and retrospectively assessed prognostic factors including both the actual 
number of LNs involved and the overall number of surgically recovered LNs  [  10  ] . 
This was based on retrospective data suggesting a survival bene fi t from a more 
thorough lymphadenectomy. Overall, the authors demonstrated that both the num-
ber of involved LNs and the number of recovered LNs were independent predictors 
of survival, and this bene fi t was present even among LN negative patients (Table  7.1 ) 
 [  10,   11  ] . However, some retrospective studies have not supported an extended 
lymphadenectomy to improve survival  [  12,   13  ] .  

 Proposed reasons for improved survival with lymphadenectomy include better 
surgical technique among surgeons that perform a more complete lymphadenec-
tomy, more thorough pathologic LN analysis, and a potential therapeutic bene fi t of 
the procedure itself. Additionally, because therapeutic decisions are made based on 
this information, understaged patients may not have the opportunity to consider 
adjuvant therapy. On the other hand, the in fl ammatory reaction may facilitate 
identi fi cation of LNs and in fl ammation itself may portend a better prognosis. While 
the Working Party Report to the World Congresses of Gastroenterology determined 
that a minimum sampling of 12 LNs is required to adequately stage a cancer  [  14  ] , it 
is clear from the INT 0089 study that a lymphadenectomy of at least 20 LN is of 
bene fi t  [  10  ] . Other studies have validated that recovery of 14 or fewer LNs is prog-
nostically negative in T3 and T4 LN negative tumors  [  15  ] . 

 As such, the National Cancer Institute panel of experts in oncologic resections 
recommends that a minimum of 12 LNs should be pathologically examined to 
ensure that the nodes are not involved, with accuracy in excess of 90%  [  14  ] .  

   Table 7.1    Colon cancer survival statistics based on stage and number of recovered lymph nodes, 
from the INT 0089 clinical trial   

 Stage 
 No. of 
lymph nodes 

 Overall 
survival (%)   P  

 Cause-speci fi c 
survival (%)   P  

 Disease-free 
survival (%)   P  

 II  <11  73  <0.001  80  0.015  72  0.11 
 11–20  80  85  79 
 >20  87  92  83 

 IIIA–IIIB  <11  67  <0.001  74  0.002  65  <0.001 
 11–40  74  78  70 
 >40  90  93  93 

 IIIC  1–35  51  0.002  55  0.018  48  0.014 
 >35  71  71  69 

  (Based on data from refs.  [  10,   11  ] )  
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   Histologic and Pathologic Features 

 Certain histologic features have demonstrated important prognostic bene fi ts in 
colon cancer. 

 An evaluation of SEER data demonstrated a statistically better 5 year survival 
with adenocarcinoma (66%,  p  < 0.001) and mucinous adenocarcinoma histologies 
(62%,  p  < 0.001) than with signet ring cell carcinoma (36%) among stage II, III, and 
IV colon cancer patients, but no difference for stage I patients  [  6  ] . 

 By location, survival with colon cancer was better for lesions in the sigmoid 
colon (5 year OS 70%) than for other tumor locations (right colon 64%,  p  < 0.001; 
transverse colon 65%,  p  < 0.001; and left colon 65%,  p  < 0.001), which was similarly 
found by stage in all but stage II colon cancers  [  6  ] . This may re fl ect the better prognosis 
afforded patients with MSI-H tumors that are more likely to be right-sided lesions 
and earlier stage. 

 While the majority of stage II colon cancers will not recur, attempts have been 
made to identify features that would identify tumors at high risk for recurrence. 
Pathologic features that are prognostically negative include: tumor penetration of 
the serosal layer surrounding the colon (T4)  [  15–  17  ] , perforation of the colonic wall 
 [  15,   16  ] , bowel obstruction  [  15,   16  ] , and lymphovascular invasion or perineural 
invasion  [  17  ] . As noted previously, lymphadenectomy of less than 12 LNs is also 
associated with a higher risk of recurrence.  

   Carcinoembryonic Antigen 

 Carcinoembryonic Antigen (CEA) is an oncofetal antigen in a family of related 
glycoproteins detectable in the serum that is overexpressed by many adenocarcino-
mas of the colon and rectum  [  18  ] . It is an imperfect marker of recurrence as approx-
imately 30% of tumors do not express CEA, particularly among poorly differentiated 
tumors  [  18  ] . Additionally, CEA elevations can also occur with other factors such as 
smoking, in fl ammation, hepatitis, and colitis. CEA has an established role in sur-
veillance monitoring following curative therapies for stage II and III CRC, and is 
re fl ected in various guidelines including ASCO and EGTM. However, its role as a 
prognostic factor is more limited. 

 In the preoperative setting with no detectable metastases, serum CEA levels are 
prognostic. Independent of stage, CEA levels above 2.5 ng/mL, and more so above 
10 ng/mL, portend a poorer prognosis  [  19  ] . CEA levels in excess of 2.5 ng/mL were 
found in 28% of patients with Dukes’ A disease, 45% with Dukes’ B, 75% with 
Dukes’ C, and 84% with Dukes’ D disease  [  20  ] . Another early prospective study 
demonstrated that CEA levels less than 2.5 ng/mL and greater than 10 ng/mL are 
prognostic  [  21  ] . 

 The use of perioperative CEA measurement in the prediction of cure among 
patients undergoing hepatic resection is a topic of signi fi cant interest as surgical 
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techniques and chemotherapeutic agents have evolved. The best prognostic factors 
in the setting of liver resection, based on an analysis of 1,001 cases, were negative 
resection margins and the absence of extrahepatic disease  [  22  ] , although a subse-
quent study of over 500 patients found that tumor size of less than 5 cm and three or 
fewer liver metastases were prognostically better, and that tumor margin was not an 
independent predictor  [  23  ] . In the setting of potentially curable metastatic disease, 
CEA measurement prior to resection is also advisable  [  24,   25  ] . 

 In a prospective evaluation of CEA levels pre- and postcurative liver resections 
(including complete resection of all other known extrahepatic disease), 5 year OS 
was 36%, with a 5 year DFS rate of 18%  [  26  ] . Independent prognostic factors for 
OS in multivariate analyses were perioperative changes in CEA (RR 3.0, 95% CI 
1.4–6.3,  p  = 0.003), hepatic pedicle LN metastases (RR 3.9, 95% CI 1.9–8.2, 
 p  < 0.001), and the number and size of liver metastases (RR 2.0, 95% CI 1.2–3.3, 
 p  = 0.008, and RR 1.9, 95% CI 1.1–3.1,  p  = 0.02, respectively). These factors were 
also signi fi cant for DFS, in addition to gender. Among initially resectable liver 
metastases, 5 year OS among patients with normal pre and post operative CEA 
levels (group A), elevated preoperative and normal postoperative CEA (group B), 
and elevated pre and post operative CEA levels (group C) were 55, 37, and 0% in 
groups A, B, and C respectively. Signi fi cant differences were noted between groups 
A and C ( p  < 0.001) and groups B and C ( p  < 0.001), but not between groups A and 
B ( p  = 0.24). Among patients undergoing a staged hepatectomy, 5 year survival was 
not reached in group A, was 46% in group B, and 0% in group C, with a signi fi cant 
difference noted between groups B and C ( p  = 0.007)  [  26  ] . This analysis was ham-
pered by small patient numbers. This study clari fi es the role of CEA as a prognostic 
factor for initially resectable liver metastases, particularly the bene fi t realized with 
normalization of postoperative CEA. 

 The prognostic bene fi t of preoperative CEA levels prior to colonic and hepatic 
resection is clear. Overall, the ASCO and EGTM guidelines recommend using a 
preoperative CEA level as a prognostic marker, including prior to liver resection 
 [  24,   25  ] . The EGTM guidelines specify using this in conjunction with standard 
prognostic factors.   

   Inconsistent or Contradictory Evidence 

   Microsatellite Instability 

 The mismatch repair (MMR) pathway is one proposed pathway of carcinogenesis. 
Microsatellites are repeating units of short DNA nucleotide segments that occur 
throughout the germline. Losses or gains of microsatellites can occur when the 
MMR enzyme is not functioning or is inactivated, resulting in DNA replication 
errors, with a consequent loss of function of the associated proteins which then 
allows malignant growth  [  27,   28  ] . An accumulation of mutations of single nucleotides 
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and changes in microsatellite lengths are found in the tumor tissue as compared to 
adjacent normal tissue. High levels of microsatellite instability are labeled MSI-H; 
low levels are MSI-L or microsatellite stable (MSS). MSI-H is de fi ned as instability 
of at least 30% of screened loci, MSI-L as less than 30% instability, and MSS as no 
evidence of instability at any of the loci, as per the NCI concensus de fi nitions  [  29  ] . 
Since biologically MSI-L and MSS are similar, these categories are generally 
grouped together for assessment. 

 Germline mutations of MMR enzymes, predominantly MLH-1, MSH-2, and 
MSH-6, are found in a familial CRC condition associated with MSI called heredi-
tary nonpolyposis colorectal cancer (HNPCC) or Lynch Syndrome  [  28  ] , which 
accounts for 2–5% of CRC diagnoses  [  27  ] . Additionally, approximately 15–20% of 
sporadic colon cancers have a nonhereditary mutation of one of the MMR genes 
 [  27  ] . MSI-H status has been associated with increased OS in several retrospective 
studies  [  30–  32  ] , although not always as an independent prognostic indicator  [  33  ] , 
and not consistently  [  34,   35  ] . 

 Characteristic features of MSI-H tumors include right-sided colon cancers  [  27, 
  36  ] ; mucinous, signet ring, or medullary histologic type; a pushing tumor border (as 
opposed to in fi ltrating); and with lymphocytic or in fl ammatory in fi ltration  [  27,   37–
  40  ] . HNPCC is often identi fi ed by younger age at diagnosis and a family history of 
CRC or other associated malignancies  [  36  ] . 

 Population-based registry data from Ontario, Canada, was used to assess MSI 
status with regard to outcomes in patients aged 50 years or less  [  30  ] . MSI-L patients 
(3% of the study sample) were excluded due to insuf fi cient patient numbers. Of 607 
specimens, 17% were MSI-H and characterized by the expected features: increased 
depth of invasion, lower stage, poorly differentiated histology, proximal location, 
multiple synchronous or metachronous tumors, and younger age. By multivariate 
analyses, MSI-H and lower tumor depth were independently associated with 
decreased chance of metastases to LNs or distant organs. Five year OS among 
MSI-H patients was 76% (± 4% SE) compared to 54% (± 2% SE,  p  < 0.001) for 
MSS, independent of stage. Prognosis was poorer among mucinous, signet ring, or 
undifferentiated histology, greater degree of dedifferentiation with increased stage, 
and MSS. Of note, the high incidence of MSI-H was likely re fl ective of the young 
population examined  [  30  ] . 

 In a systematic review and meta-analysis of 32 studies reporting MSI status from 
7,642 patients with CRC, of which 1,277 had MSI, a survival bene fi t for patients 
with MSI-H in comparison to MSS tumors was found (HR 0.65, 95% CI 0.59–0.71, 
 p  for heterogeneity = 0.16,  p  for publication bias >0.1)  [  41  ] . This effect was main-
tained when the data was analyzed by stage (HR 0.67, 95% CI 0.58–0.78,  p  for 
heterogeneity = 0.31)  [  41  ] . However, to con fi rm these  fi ndings, a prospective vali-
dation with a randomized control trial is required. 

 In the  fi rst prospective assessment of MSI status, based on randomized clinical 
trials for stage II and III CRC that compared adjuvant 5FU-based chemotherapy to 
no chemotherapy, data was used from  fi ve clinical trials: National Cancer Institute 
of Canada C.03, North Central Cancer Treatment Group protocols 784852 and 
874651, Gastrointestinal Intergroup trial 0035 of the National Cancer Institute, and 



1397 Prognostic Markers in Colon Cancer

la Fondation Française de Cancérologie Digestive  [  42  ] . Overall, 570 specimens 
were tested, representing almost 30% of the patients on the various trials. Five year 
OS was 88% for MSI-H (95% CI 78.7–98.4) and 68% for MSS (95% CI 62.7–74.6, 
 p  = 0.004); these patients were not treated with adjuvant chemotherapy (Fig.  7.2a ). 
Multivariate analysis adjusted for stage and grade among patients not treated with 
adjuvant chemotherapy revealed that MSI-H was associated with improved survival 
(HR 0.32, 95% CI 0.14–0.75,  p  = 0.008)  [  42  ] . Interestingly, when treatment effects 
were assessed, MSI-H patients did not derive bene fi t from the chemotherapy, 
whereas patients with MSS tumors seemed to bene fi t (Fig.  7.2b ). This example 
highlights MSI as a prognostic factor, such that MSI-H tumors have a better 

  Fig. 7.2    Overall survival of patients with stage II and III CRC by MSI status. ( a ) No adjuvant 
chemotherapy. ( b ) Adjuvant chemotherapy. [Reprinted from Ribic CM, Sargent DJ, Moore MJ, 
et al. Tumor microsatellite-instability status as a predictor of bene fi t from  fl uorouracil-based adju-
vant chemotherapy for colon cancer. N Engl J Med. 2003;349(3):247–257. With permission from 
Massachusetts Medical Society]       
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prognosis, but as a predictive factor, only MSS tumors fared better with adjuvant 
chemotherapy.  

 MSI seems to have a stage associated prognostic bene fi t. MSI-H tumors have 
generally, but not entirely consistently, been associated with a better prognosis than 
MSS tumors, and with con fl icting evidence with regards to its predictive ability for 
bene fi t from 5FU-based chemotherapy. Among Dukes stage B2 and C patients in 
one study, MSI-H was found in 26 and 14% of tumors respectively, but only found 
a survival bene fi t in the stage C tumors  [  32  ] . In mCRC, MSI-H has been identi fi ed 
in a minority of patients including less than 3% of patients with potentially resect-
able liver metastases  [  43  ] . In an evaluation of stage and MSI status, MSI-H tumors 
made up 14% of advanced cases compared to 53% of stages I through III disease 
( p  < 0.001), possibly re fl ecting a lower metastatic potential of these tumors  [  27  ] . 
The authors also hypothesized that the better prognostic outcomes with MSI was 
related to lymphocytic in fi ltration which may result in improved surveillance for 
cancer  [  27  ] . 

 Among resectable liver metastases, there is some evidence to suggest that there 
is a low frequency of MSI-H tumors  [  43  ] . In patients with CRC, up to 40% will 
develop hepatic metastases, either at initial diagnosis or at the time of recurrence 
 [  43  ] . If resectable, a signi fi cant proportion of patients experience long term survival 
or cure, with 3, 5, and 10 year survival of 57, 37, and 22% respectively, based on a 
consecutive series of 1,001 patients  [  22  ] . Among 190 consecutive patients with 
resected liver metastases, only 5 patients (2.7%) had MSI-H tumors by RT-PCR, all 
of which were hMLH1 de fi cient  [  43  ] . A trend to improved survival was seen among 
MSI-H patients compared to MSS, although the study was hampered by small num-
bers  [  43  ] . However, this study suggests that with such a small rate of MSI-H tumors, 
that MSI status is not a good marker with which to prognosticate in the setting of 
resectable liver metastases. It is not clear if the low frequency of MSI-H resectable 
tumors truly re fl ects a lower rate of metastasis to the liver, versus a re fl ection of 
resectability, versus other factors to explain this difference  [  43  ] . 

 Overall, as an independent prognostic factor, the evidence suggesting a prognos-
tic bene fi t of MSI-H tumors is somewhat inconsistent and therefore has not been 
accepted as a prognostic marker by ASCO  [  25  ] , the EGTM  [  24  ] , nor the National 
Cancer Institute  [  29  ] . However, it may be that as a prognostic marker, it is particu-
larly bene fi cial among lower stage patients.  

   Lymphocytic In fi ltration 

 Features re fl ecting a host immune response, including Crohns disease-like peritu-
moral reaction and intratumoral lymphocytic in fi ltrate, have been seen in many 
MSI-H tumors  [  44  ] . It has been hypothesized that this immunogenic response may 
protect against the malignancy  [  27,   44  ] . 

 MSI status and lymphocytic in fi ltration have been evaluated in several studies. 
One study evaluated the number of tumor-in fi ltrating lymphocytes (TILs) and 
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compared this to MSI status  [  39  ] . MSI-H tumors had increased numbers of TILS 
compared with MSI-L and MSS tumors ( p  < 0.0001)  [  39  ] . Another study was a ret-
rospective assessment of MSI and lymphocytic in fi ltrate (LI) status that suggested 
MSI-H with presence of LI (LI+) were associated with better 5 year OS (89%) than 
absence of both features (55%,  p  = 0.06)  [  44  ] . Multivariate analyses only identi fi ed 
MSI status as an independent predictor of survival, but the analysis was limited by 
a small number of cases. By stage, improved DFS was notable in the stage II patients 
with LI + tumors  [  44  ] . 

 In a prospective assessment of patients with at least two Amsterdam or Bethesda 
criteria (re fl ecting a suspicion of, but not diagnostic for, HNPCC), MSI-H patients 
were characterized by proximal lesions, earlier stage of disease, and fewer distant 
metastases  [  27  ] . Crohn’s-like (lymphocytic) reaction (CLR) was more frequently 
present and survival was better in MSI-H patients than MSS (Fig.  7.3 ). In a propor-
tional hazards model to assess the prognostic value of MSI status with regards to 

  Fig. 7.3    Overall survival for all stages by MSI status ( a ) and Crohn’s like reaction ( b ). Overall 
survival for patients with T3 tumors by MSI status ( c ) and Crohn’s like reaction ( d ). [Reprinted 
from Buckowitz A, Knaebel HP, Benner A, et al. Microsatellite instability in colorectal cancer is 
associated with local lymphocyte in fi ltration and low frequency of distant metastases. Br J Cancer. 
2005;92(9):1746–1753. With permission from Nature Publishing Group]       

 



142 J.M. Davies and H.L. McLeod

stage, presence of CLR, age at diagnosis, and use of 5FU, only age at diagnosis and 
stage were statistically signi fi cant for OS  [  27  ] . This may represent a protective 
effect of lymphocytic invasion.  

 These  fi ndings are intriguing, but require further evaluation prior to considering 
LI as a prognostic factor.  

   Clinical Scoring Methods 

 Clinical scoring methods can help predict which patients may be at higher or lower 
risk with a given procedure. One such example is a clinical risk score (CRS) for 
tumor recurrence used to predict 5 year OS of patients with liver metastases based 
on the number of clinical risk factors  [  22  ] . One point is assigned for each of the fol-
lowing negative risk factors: LN positive primary tumor, disease free interval less 
than 12 months, multiple liver metastases, largest liver metastasis greater than 5 cm, 
and CEA above 200 ng/mL, with the  fi nal CRS ranging from 0 to 5. Survival with 
no risk factors (CRS 0) was 60% at 5 years, with a median OS of 74 months. 
However, for the worst prognosis patients with a CRS of 5, the 5 year survival rate 
of 14% and median OS of 22 months  [  22  ]  are similar to the prognosis of patients 
with metastatic disease at initial diagnosis. This scoring system has been validated 
with retrospective data, demonstrating that a CRS of 0, 1 and 2 had better survival 
than a CRS of 3 or 4 (HR 2.1, 95% CI 1.2–3.6,  p  = 0.006)  [  45  ] . Additionally, in 
comparison to other scoring systems, the CRS differentiated patients by risk score 
at various survival time points, with 5 year OS for a CRS of 0 through 5 constantly 
decreasing (5 year OS for CRS 0 = 42%, CRS 1 = 39%, CRS 2 = 36%, CRS 3 = 25%, 
CRS 4 = 13%, and CRS 5 = 0%,  p  = 0.006)  [  46  ] . Similarly, a scoring system by 
Iwatsuki et al. also demonstrated prognostic bene fi t  [  46  ] . These scoring systems now 
require prospective validation.  

   Lymph Node Micrometastases 

 LN micrometastases have been explored as a potential prognostic marker in stage II 
CRC. LN micrometastases are de fi ned as a solitary or group of tumor cells measur-
ing less than 2 mm within an otherwise negative LN  [  47  ] . These cells are thought to 
herald risk of future tumor spread. 

 In one study, 192 LNs were assessed from 26 consecutive patients with resected 
stage II CRC  [  48  ] . None of these patients received adjuvant therapy. Overall, half 
the patients with evidence of LN micrometastases, as assessed by RT-PCR 
ampli fi cation of CEA mRNA, had cancer related deaths compared to 8% in the 
group without micrometastases. This represented a 5 year OS of 36% versus 75% 
respectively ( p  = 0.03). These differences were attributable to micrometastases when 
adjusted for pathologic tumor staging, age, and presence or absence of lymphatic 
invasion  [  48  ] . 
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 A subsequent study of Dukes’ B patients that were not treated with adjuvant 
chemotherapy found no correlation between the presence of LN micrometastases 
and survival nor death with disease  [  47  ] . Evaluation of LN micrometastases requires 
further evaluation.  

   18q Loss of Heterozygosity and Deleted in Colon Cancer 

 Chromosome 18 contains several important genes involved in carcinogenesis, 
including Deleted in Colon Cancer (DCC) and SMAD-4  [  49  ] . Loss of chromosome 
18q (18qLOH) is associated with chromosomal instability and infrequently associ-
ated with MSI  [  50  ] . Measurement of loss of chromosome 18q can be done by methods 
including LOH/allelic imbalance (AI) and DCC gene expression  [  51  ] . 

 DCC is a gene at 18q21 that encodes for a protein  [  52  ]  linked to cell proliferation 
and differentiation  [  53  ] . Decreased expression has been associated with carcinoma 
 [  52,   54  ] , and LOH of DCC in malignancies suggests this gene has a tumor suppressor 
function  [  52  ] . In fact, approximately 70% of CRCs have 18q LOH  [  50,   55,   56  ] . 
However, not all in vitro and animal data support the tumor suppressor gene function 
of DCC  [  53  ] . 

 The role of 18qLOH has been assessed in various studies. The prognostic 
signi fi cance of 18qLOH was demonstrated among stage II and III patients  [  57  ] . 
This retrospective study found that 18q allelic loss was more common in stage III 
than stage II tumors ( p  = 0.007). However, only among stage II patients did allelic 
loss portend a worse prognosis (5 year OS 54% vs. 93%) and was an independent 
prognostic factor (HR death 2.46, 95% CI 1.06–5.71,  p  = 0.036)  [  57  ] . With IHC 
evaluation of DCC in stage II and III CRC, a prognostic bene fi t to DCC expression 
was found  [  58  ] . Five year OS for DCC stage II positive tumors was 94% versus 
62% for DCC negative tumors ( p  < 0.001), and among stage III patients, 59% versus 
33% respectively ( p  = 0.03)  [  58  ] . Among sporadic CRCs, 18qLOH was correlated 
with metastatic potential and speci fi cally hepatic metastasis  [  59  ] . 

 A systematic review and meta-analysis of 17 published studies of 2,189 patients 
assessed the prognostic value of 18qLOH/AI and loss of DCC expression  [  51  ] . 
While this analysis is very limited in the conclusions as they did not include indi-
vidual patient data, used only published studies, and found signi fi cant heterogeneity 
between the studies, it did provide pooled data to support the hypothesis that 18q 
LOH has a poor prognostic role (HR 2.0, 95% CI 1.49–2.69,  p  for heterogeneity 
<0.0001). There was evidence of publication bias ( p  = 0.05, Egger’s test), but the 
bene fi t remained after adjustment (HR 1.63, CI 1.21–2.20). Loss of chromosome 
18q occurred in just over half the patients by any method of analysis. In stages II 
and III CRC, 18q loss still conferred a poorer prognosis (pooled HR 1.69, 95% CI 
1.13–2.54,  p  for heterogeneity = 0.001) but could not be assessed in stage IV disease 
for lack of patient numbers  [  51  ] . 

 An evaluation of multiple molecular predictors of survival in colon cancer used 
data from adjuvant 5FU-based therapy trials of stage II and III patients in two NCI 
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GI Intergroup clinical trials  [  60  ] . Forty-nine percent had 18qLOH evaluated by 
PCR. P53 mutations (assessed by high labeling index) were found in 71% of tumors. 
Intact 18q had increased survival compared to 18qLOH (5 year OS 69% vs. 50%, 
 p  = 0.005). Patients with MSS and intact 18q tumors had similarly improved sur-
vival over 18qLOH. Patients were treated with adjuvant 5FU based chemotherapy 
which may therefore confound the prognostic effect of the factor. 18qLOH was 
associated with a poorer survival and DFS among stage III patients treated with 
adjuvant chemotherapy, but this was not found in stage II patients  [  60  ] . However, 
other retrospective studies have not replicated this  fi nding  [  32  ] . 

 Most recently, the  fi rst prospective evaluation of 18qLOH in untreated stage II 
colon cancer patients reported that intact 18q was associated with a better survival 
than for 18q LOH (5 year OS HR 0.98 vs. 0.86,  p  = 0.01; 5 year DFS HR 0.92 vs. 
0.78,  p  = 0.03)  [  61  ] . 

 Based on the available data, there is insuf fi cient evidence to support the use of 
18qLOH or DCC for determining prognosis. Neither the ASCO nor EGTM guide-
lines recommend using these as prognostic indicators in operable CRC  [  24,   25  ] . 
However, it seems likely that these factors will be prognostically relevant, although 
the role of 18qLOH vis-à-vis DCC and other genomic regions in carcinogenesis 
remains unclear.  

   Chromosomal Instability or Aneuploidy/Polyploidy 

 Chromosomal instability (CIN), found in at least 50% of CRCs  [  62  ] , was described 
initially by Fearon and Vogelstein  [  52  ] . It describes genetic processes that occur at 
various times in the development of an adenoma to carcinoma to metastases  [  52  ]  
that results in a number of structural or numerical chromosomal changes  [  63  ] . CINs 
include MSS, aneuploidy and/or polyploidy, and genetic mutations of genes such as 
k-ras, APC, and TP53  [  52,   64  ] . Tumors can, although infrequently, have genomic 
instability of both the chromosomal and microsatellite pathways (3.4% in one 
series) while 38% have neither  [  50,   63  ] . At this point, inconsistent prognostic impli-
cations have been found  [  65–  67  ] . Complicating matters, measurement of CIN is 
inconsistent, as  fl ow cytometry can identify multiple chromosomal abnormalities, 
but not differentiate stable from unstable or simple from complex changes, and 
more speci fi c assessments of CIN are not feasible in such studies  [  63  ] . 

 A meta-analysis evaluating CIN as a prognostic factor found that presence of 
CIN (CIN+) conferred a worse prognosis than when CIN was not present (CIN−) 
 [  63  ] . CIN was measured by  fl ow or image cytometry, and identi fi ed by two peaks 
on the DNA histogram, the  fi rst of which represents the diploid cells. CIN+ was 
found in 60% of tumors from 10,126 patients, 91% of which were stages II and III. 
Overall, CIN+ was associated with a worse survival (HR 1.45, 95% CI 1.35–1.55, 
 p  < 0.001) and PFS, with no evidence of heterogeneity, and similarly worse in both 
the colon and rectal subgroups and stage II and III subgroups. Stages I and IV could 
not be evaluated due to insuf fi cient data. In patients that did not receive adjuvant 
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treatment, CIN+ was again associated with a worse prognosis  [  63  ] . The effect of 
MSI was not assessed. 

 Overall, a meta-analysis suggests that CIN has a negative prognostic effect in 
stage II and III disease. The assessment of MSI and CIN should be further evaluated 
to determine if these are independent prognostic factors, to determine the role of 
CIN in stage I and IV disease, and to prospectively evaluate the role of CIN. Due to 
the current uncertainties, neither ASCO nor EGTM guidelines recommend the use 
of CIN as a prognostic factor.  

   K-ras 

 Ras is a family of genes with homologous members (k-, h-, and n-ras) that transduce, 
and likely integrate, messages from growth factor receptors  [  68  ] . K-ras is an intrac-
ellular signaling protein from the RAS family. Mutation of k-ras is an early event in 
the adenoma–carcinoma sequence. K-ras mutations are found in 30–40% of patients 
with mCRC, in which the protein is constitutively “on,” such that the cells can evade 
apoptosis and continue to proliferate and invade. Ninety percent of k-ras activating 
mutations in CRC have been found on exon 1 codons 12, 13, and 61  [  68,   69  ] . 

 The potential prognostic signi fi cance was assessed with a compilation of data 
from researchers that had published data on k-ras gene mutations (The Kirsten ras 
in-colorectal-cancer collaborative group, RASCAL), representing 2,721 patients 
from 22 centers in 13 countries  [  70  ] . Multivariate analyses demonstrated that 
failure-free survival (FFS) and OS were worse with higher Dukes’ stage and any 
mutation. Figure  7.4  demonstrates the deleterious mutation effects on OS by stage. 
Any mutation was associated with a 22% increased risk of death (HR 1.22, 95% CI 
1.07–1.40,  p  = 0.004). This identi fi ed that G to T mutations, and particularly glycine 
to valine codon 12 mutations, were worse prognostically (HR for OS = 1.44, 95% CI 
1.18–1.75,  p  < 0.001; HR for OS = 1.43, 95% CI = 1.13–1.82,  p  = 0.004, respec-
tively). None of the other mutations had a prognostic signi fi cance for FFS or OS. 
Interpretation of the data by histologic grade was limited by missing data  [  70  ] .  

 In a follow-up analysis (RASCAL II) to assess speci fi c k-ras mutations at differ-
ent stages of disease, data from 3,439 patients were analyzed  [  71  ] . This con fi rmed 
that valine mutations on codon 12 were deleterious in terms of FFS (HR 1.30, 95% 
CI 1.09–1.54,  p  = 0.004) and OS (HR 1.29, 95% CI 1.08–1.55,  p  = 0.008), and that 
guanine to thymidine (G to T) mutations were associated with worse FFS (HR 1.27, 
95% CI 1.10–1.47,  p  = 0.002) and OS (HR 1.28, 95% CI 1.10–1.50,  p  = 0.002), when 
controlling for stage, age, and center. By stage, valine mutations were neither associ-
ated with FFS or OS in Dukes’ B carcinoma, but in Dukes’ C were associated with 
worse FFS (HR 1.5, 95% CI 1.13–1.98,  p  = 0.008), yet only a trend to signi fi cance for 
OS (HR 1.45, 95% CI 1.07–1.96,  p  = 0.02, [signi fi cant  p  value for multiple testing 
<0.01]). Overall, 8.9% of the patients harbored the codon 12 valine mutation  [  71  ] . 

 K-ras status has been evaluated in a number of large clinical trials, although 
those in which an untreated group was used for comparison are more limited. 
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  Fig. 7.4    Overall survival by k-ras status, strati fi ed by stage from the RASCAL study.  Bold  = k-ras 
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In a large randomized phase III clinical trial evaluating panitumumab versus best 
supportive care (BSC) in refractory mCRC, a secondary analysis was performed to 
determine responses by k-ras status  [  72  ] . While k-ras WT status was predictive of 
ef fi cacy, k-ras WT was prognostic for survival in the untreated patients among all 
BSC patients (mOS 7.6 months vs. 4.4 months, HR 0.68,  p  = 0.007) with no differ-
ence in PFS, but when restricted to patients that did not cross over to panitumumab 
therapy, there was no difference in survival  [  72  ] . A similar study that evaluated 
cetuximab in the refractory setting found no difference in survival by k-ras status 
among those in the best supportive care arms (k-ras WT 4.8 vs. k-ras mutant 
4.6 months, HR for death 1.01,  p  = 0.97)  [  73  ] . Prospective specimen collection in 
the PETACC-3 clinical trial, in which stage II and III patients were randomized to 
adjuvant 5FU/LV with or without irinotecan, allowed assessment of the prognostic 
value of k-ras in these two treated groups  [  74  ] . There was no difference in recur-
rence free survival (RFS) or OS by k-ras mutation status  [  74  ] . Overall, these reveal 
inconsistencies in the prognostic effect of k-ras. 

 The role of k-ras status in the primary tumor and in the histologically negative 
LNs has also been evaluated. However, these studies have reached mixed conclusions. 
Two studies found no association between k-ras mutation and LN micrometastases, 
and no survival difference based on LN k-ras status  [  47,   75  ] , while another found 
that codon 12 k-ras mutations in histologically negative LNs were associated with a 
worse prognosis than k-ras negative tumors (5 year risk of death 57% vs. 17%, 
 p  = 0.036)  [  76  ] . 

 In mCRC, it is more dif fi cult to ascertain the role of k-ras due to con fl icting 
results and many recent studies have evaluated k-ras in conjunction with other 
genes. Additionally, the presence of treatment effects, such as treatment with EGFR 
inhibitors cetuximab and panitumumab, makes the determination of k-ras muta-
tional status as an independent prognostic factor in mCRC more dif fi cult  [  77  ] . 

 The 2006 ASCO recommendations for the use of tumor markers in GI tumors 
concluded that there was insuf fi cient evidence to recommend ras oncogene testing 
in the management of CRC patients  [  26  ] . Similarly, the 2007 EGTM cited insuf fi cient 
evidence for the use of k-ras in predicting prognosis  [  24  ] . Certainly, based on the 
RASCAL data, the negative prognostic effect of speci fi c k-ras mutations is quite 
possible but requires further evaluation. However, clear clinical signi fi cance has not 
been demonstrated to date.  

   B-raf 

 With the understanding of k-ras as a potential prognostic and predictive tool in 
mCRC, further understanding has developed regarding the role of b-raf in confer-
ring an effect on prognosis, and potentially in predicting effect of EGFR antibody 
therapies. 

 K-ras and b-raf mutations are mutually exclusive, that is, tumors do not harbor 
both mutations, and b-raf mutations are only found in k-ras WT tumors  [  78–  81  ] . 
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 Di Nicolantonio et al.  [  79  ]  assessed b-raf mutational status among k-ras WT 
patients treated with an anti-EGFR antibody, representing 70% of all patients with 
mCRC in their retrospective study. B-raf mutations were found in 14% of k-ras WT 
patients (11 of 79 patients), all of which were the V600E substitution. OS and PFS 
were better in the b-raf WT patients as compared to the b-raf mutated patients in all 
patients (k-ras WT and mutant) and speci fi cally in the subset of k-ras WT patients 
(Fig.  7.5 ). Further, MSI was not detected in any of the b-raf mutant tumors. In fact, 
only one of the 75 samples tested was MSI-H (k-ras and b-raf WT)  [  79  ] ; this cer-
tainly corroborates the evidence that MSI is prognostically better and found in ear-
lier disease stage.  

 A shorter median PFS and OS were also found retrospectively among patients 
with b-raf mutated tumors compared to WT, whether treated with an anti-EGFR 
therapy or not  [  81  ] . 

 In the previously mentioned PETACC-3 clinical trial, b-raf mutations were asso-
ciated with worse OS, but there was no difference in RFS  [  74  ] . In multivariate 
analyses, b-raf mutations were statistically signi fi cantly associated with right sided 
tumors, females, age over 60, histological grade 3 or 4, and MSI-H tumors. Treatment 
effects may be in part responsible for the difference in survival but this argues for 
continued evaluation of the mutational status of b-raf  [  74  ] . 

 These results are intriguing; prospective studies need to continue to evaluate the 
predictive and prognostic nature of b-raf.  

  Fig. 7.5    Progression free survival and overall survival of patients with k-ras WT tumors ( a ,  b ) and 
all patients ( c ,  d ), based on b-raf mutation status. [Reprinted from Di Nicolantonio F, Martini M, 
Molinari F, et al. Wild-type BRAF is required for response to panitumumab or cetuximab in meta-
static colorectal cancer. J Clin Oncol. 2008;26(35):5705–5712. With permission from American 
Society of Clinical Oncology]       
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   TP53 

 Under normal circumstances, the tumor suppressor gene p53 is “off”  [  82  ] . With cell 
damage or stress, the p53 protein can initiate cell cycle arrest, allow repair, or initi-
ate apoptosis  [  53  ] . It is the most frequent genetic mutation found in cancers  [  82  ] , 
present in 30–76% of tumors  [  53  ] . However, the prognostic role of p53 has been 
inconsistently reported. 

 Loss of function of TP53 is a late event in the adenoma–carcinoma sequence of 
events  [  52  ] . It has been inconsistently reported as a prognostic factor in CRC; how-
ever, mutations of exon 7, codon 245, conserved areas, and L3 structural domains 
have been reported to affect prognosis  [  83  ] . Overall, 40–50% of CRC tumors harbor 
TP53 mutations, the majority of which are GC to AT missense mutations  [  83  ] . 

 In a study of patients with resected primary colon cancers, none of whom received 
adjuvant chemotherapy, p53 positivity was correlated with left sided and higher 
grade tumors (versus poorly differentiated), but its expression was not associated 
with OS or DFS in univariate or multivariate analyses  [  53  ] . 

 In an analysis of P53 abnormalities detected by IHC or DNA sequence analysis, 
p53 abnormalities increased the risk of death for patients otherwise predicted to 
have a good outcome  [  84  ] . 

 The TP53-CRC Collaborative Study Group evaluated data on 3,583 CRC patients 
to assess TP53 as a prognostic tool in CRC, based on tumor site, stage, type of TP53 
mutation, and use of adjuvant treatment  [  83  ] . Overall, TP53 mutations were found 
in 42% of patients, more commonly in distal and rectal cancers (45% each) than 
proximal colon cancers (34%,  p  < 0.001). There were no signi fi cant differences 
between types of mutation and tumor sites. There was no evidence of a prognostic 
signi fi cance of TP53 on its own or by tumor site. While there were worse outcomes 
with certain types of mutations, in multivariate analyses only TP53 mutations with 
amino acid loss in distal colon tumors was independently associated with worse 
survival (RR 2.52, 95% CI 1.03–1.79,  p  = 0.03) when adjusted for Dukes’ stage, LN 
status, histologic grade, and lymphatic invasion. There was a trend to worse survival 
with exon 5 mutations in proximal colon tumors  [  83  ] . This evidence suggests that 
TP53 mutations may not all have the same prognostic impact, or tumor site may be 
an important differentiating factor. However, given the numerous studies assessing 
TP53, it seems unlikely that a strong effect will be found. 

 Problems with the data collected to date on P53 include retrospective studies 
with insuf fi cient power to detect a meaningful prognostic impact, inconsistent 
methodology, clinical heterogeneity, and interpretation challenges  [  24,   84  ] . At this 
point, given that the evidence is not very strong, p53 status is not recommended as 
a prognostic marker in CRC.  

   PIK3CA Gene Mutation 

 Downstream of Ras, phosphatidylinositol 3-kinase (PI3K) phosphorylates and activates 
AKT  [  85  ] , creating a cell survival, proliferation, and metastasis pathway  [  86–  88  ] , 
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and additionally regulates the mTOR pathway  [  86,   87  ] . Ten to thirty percent of 
colon cancers have mutations of PIK3CA  [  88–  90  ] . Mutations are thought to arise 
late in the adenoma to carcinoma sequence given the low frequency of PIK3CA 
mutations found in adenomas  [  90  ] . 

 PIK3CA mutations have been associated with inferior survival. In a study of 
resected CRC cases, PIK3CA mutations of exons 9 and 20 were found in 11.4% 
( n  = 18) of untreated stage I, II and III patients  [  89  ] . In this small sample, there was 
no correlation between k-ras mutations and PIK3CA mutations. PIK3CA mutations 
were associated with shorter disease-speci fi c survival than WT. However, when 
considering only the stage II and III patients in multivariate analyses, only PIK3CA 
mutation was an independent prognostic factor for relapse free survival (HR = 2.478, 
95% CI 1.028–5.973,  p  = 0.0433)  [  89  ] . 

 In an analysis of 450 resected stage I to III colon cancers from two prospective 
cohort studies, the Nurses’ Health Study and the Health Professionals Follow-Up 
Study, 18% had PIK3CA mutations  [  85  ] . There was a trend towards worse colon 
cancer-speci fi c survival among PIK3CA mutated tumors (HR 1.64, 95% CI 0.95–
2.86) but was signi fi cant in multivariate analyses (HR 2.23, 95% CI 1.21–4.11), 
mostly from adjusting for tumor stage, p53 status, and BMI. Overall survival was 
not different for PIK3CA mutational status. Lack of p53 expression was associated 
with PIK3CA mutations ( p  = 0.01). Strati fi ed analyses of clinical factors, including 
age, sex, stage, and other genetic abnormalities, including MSI, b-raf, and p53 sta-
tus, did not modify the PIK3CA mutation effect. However, PIK3CA mutations were 
highly associated with k-ras mutations ( p  < 0.0001) compared to PIK3CA WT 
tumors. Cancer-speci fi c mortality was worse among k-ras WT tumors with PIK3CA 
mutation (multivariate HR 3.80, 95% CI 1.56–9.27) but was not signi fi cant among 
the k-ras mutated patients or for OS. The test for interaction was not signi fi cant 
( p  = 0.13), suggesting that the effect was not modulated by k-ras  [  85  ] . 

 Mutational activation of the RAS-MAPK and PI3K pathways was assessed to 
determine the relationship with prognosis  [  91  ] . As such, they did not assess the 
speci fi c gene mutations with prognosis, but rather the impact of any mutation on 
prognosis. Over half the cases had a mutation in at least one of k-ras, PIK3CA, or 
b-raf. Activation of the network (i.e., at least one mutation present) was associated 
with worse 3 year survival than WT tumors (59% vs. 69%,  p  = 0.009), which per-
sisted for multivariate analyses adjusting for age and tumor stage (HR = 1.48, 95% 
CI 1.07–2.04,  p  = 0.017)  [  91  ] . 

 To date, the data for PI3K and mutations of PIK3CA remain insuf fi ciently 
assessed and will require prospective evaluation to determine the prognostic value 
of this biomarker.  

   GUCY2C Expression 

 A newer strategy of molecular nodal examination is to assess the expression of gua-
nylyl cyclase 2C (GUCY2C), an intestinal tumor suppressor that may be lost early 
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in carcinogenic transformation  [  92  ] . Expression of GUCY2C may represent occult 
metastases. A recent study demonstrated the prognostic ability of the presence or 
absence of GUCY2C expression in histologically negative LNs, with 21% of 
patients with GUCY2C expression developing recurrent disease compared to 6% of 
those without (adjusted HR 4.66, 95% CI 1.11–19.57,  p  = 0.04)  [  92  ] . This requires 
further prospective evaluation.  

   TS, TP, and DPD 

 In the metabolism of  fl uoropyrimidines, the enzymes TS, TP, and DPD have funda-
mental roles. 

 The thymidylate synthase gene (TYMS) encodes for a protein whose product, 
thymidylate synthase (TS), catalyzes 5FU metabolism, but is also required for DNA 
synthesis  [  53,   93  ] . TS is an enzyme required for conversion of dUMP to dTMP 
which results in DNA synthesis. TS is inhibited by the chemotherapeutic agent 
5- fl uorouracil (5FU), a backbone in the treatment of CRC. 

 Expression of TS may be discordant between the primary tumor and metastatic 
lesions  [  94  ]  and may be higher in pulmonary than hepatic metastases  [  95  ] . In con-
trast, among patients undergoing curative resections, high TS levels in the primary 
tumor were correlated with improved OS  [  96  ] . 

 Evaluation of TYMS gene copies has also been conducted. A high versus low 
number of TYMS genes per nucleus was associated with both recurrence and worse 
survival, particularly with stage III disease  [  97  ] . This was also found in multivariate 
analyses when adjusted for stage, vascular tumor invasion, and bowel obstruction at 
resection, with an increased risk of recurrence (HR 1.6, 95% CI 1.1–2.2,  p  = 0.02) 
and death (HR = 1.6, 95% CI 1.1–2.3,  p  = 0.01) with high TYMS gene per nucleus 
 [  97  ] . In a systematic review and pooled analysis of published trials assessing TS 
expression and OS, increased TS levels were associated with decreased survival in 
both advanced and adjuvant settings (HR 1.74, 95% CI 1.34–2.26, and HR 1.35, 
95% CI 1.07–1.80, respectively), with evidence of heterogeneity in both analyses 
 [  93  ] . Of note, in the metastatic setting, all patients received TS inhibitor therapy 
while in the adjuvant setting, some patients were untreated. Among the advanced 
disease patients, TS levels assessed from metastatic lesions were more predictive 
than from the primary tumor  [  93  ] . Three studies in the adjuvant setting assessed the 
role of surgery alone, representing 562 patients. The survival bene fi t was main-
tained with low TS levels (HR 1.92, 95% CI 1.12–3.32) and similarly for PFS, but 
the small number of studies in these analyses requires cautious interpretation  [  93  ] . 
Given the heterogeneity between studies, the use of TS as a prognostic marker is not 
recommended. Additionally, the lack of standardized methodology for TS assess-
ment limits our current evaluation of the data. 

 Other enzymes such as thymidine phosphorylase (TP) and dihydropyrimidine 
dehydrogenase (DPD) have been assessed as potential prognostic markers, but there 
is insuf fi cient evidence to use these as prognostic markers in CRC.   
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   Gene Signatures in Colon Cancer 

 With the limited success of intracellular factors to predict outcomes, attention has 
turned to the molecular  fi ngerprints of the cell, the DNA. DNA is akin to the control 
center of the cell, which transcribes mRNA, the machinery, in order to produce 
proteins that are required to perform speci fi c actions. Analyses of RNA are under-
way to identify means to identify speci fi c tumors and to differentiate tumors with 
varying characteristics, such as prognostic and predictive signatures. Additionally, 
microanalysis of RNA can re fl ect the amount of protein that is made, although RNA 
and protein levels do not necessarily correlate. Microarray analyses are used to 
develop gene expression pro fi les. Current microarray chips can examine over 
20,000 genes at once. Identi fi cation of these genes and patterns of gene expression 
(e.g., up and down-regulated genes) can be used to identify features speci fi c to par-
ticular cancers, like a picture of a cell at a given point in time. This process requires 
complex statistical programs to analyze the large volume of data created by such 
arrays. DNA microarray technology affords the opportunity to identify previously 
unknown or unassessed genes and their expression to better understand their 
in fl uence on both prognosis and the prediction of bene fi t from therapy. 

 In evaluating gene expression pro fi les, one of two types of analysis is generally 
used. Cluster analyses identify genes with similar patterns of expression. With 
grouping of these genes, a supervised analysis can be performed in which known 
characteristics are used to prede fi ne groups to develop a signature to differentiate 
based on those factors. In an unsupervised analysis, similar samples cluster together 
and are identi fi ed in the gene array. Both methods of analysis can be done in order 
to verify the selected genes and to select the best signature. Both analyses require an 
initial group of patients (training set) to develop the signature, and a separate group 
of patients for validation (validation set). 

   23-Gene Prognostic Signature 

 A 23-gene prognostic signature was developed for stage II colon cancer patients that 
were not treated with adjuvant chemotherapy  [  98  ] . An unsupervised clustering anal-
ysis developed a microarray-based prognosis predictor using the 74 patients, result-
ing in a group of 54 patients of which 33% relapsed within 3 years compared to the 
remaining 20 patients, of which 65% relapsed (  c   2   p  = 0.028). Thereafter, two meth-
ods were analyzed to determine the gene signature. In one, using the two groups 
identi fi ed from the unsupervised clustering, 23 genes were selected from the lower 
and higher risk of recurrence groups. In the other, a training set of 38 patients were 
used to identify genes to predict recurrence; this resulted in a 60 gene set. Finally, 
the 23 and 60 gene signatures were compared using the 36 patients from the valida-
tion set. The 23-gene signature was found to predict poor versus good outcome 
(Fig.  7.6 ), with a predictive accuracy of 78%, sensitivity of 72%, and speci fi city of 
83%. The risk of recurrence based on this 23-gene signature was most predictive in 
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multivariate analyses (RR 0.17, 95% CI 0.06–0.51,  p  = 0.001)  [  98  ] . This is a very 
promising development in the prognostication of stage II colon cancer patients.   

   30-Gene Prognostic Predictor 

 Also using gene expression pro fi ling, a 30-gene prognosis predictor (PP) was devel-
oped for stage II MSS colon cancer  [  99  ] . Fifty tumors were used, of which 25 
patients developed distant metastases. A PP was developed based on whether the 
disease recurred or not using half the patients, resulting in a 30-gene PP that was 
validated with the remaining patients, demonstrating 80% accuracy, 75% sensitiv-
ity, and 85% speci fi city. Cross-validation was then performed. Finally, this study 
validated the 23-gene signature by Wang et al.  [  98  ] , but found that the 30-gene sig-
nature was superior in prognostic prediction accuracy than the 23-gene signature 
(76% vs. 67% respectively)  [  99  ] .  

   26 Gene Signature to Identify Good Versus Poor 
Prognosis for Dukes’ Stage B and C Patients 

 One method to determine a gene expression signature for CRC was to differentiate 
poor versus good prognosis patients, based on apriori de fi nitions of survival of less 
than and greater than 36 months respectively  [  100  ] . Seventy-eight tumor samples 

  Fig. 7.6    Risk of recurrence based on high versus low risk groups as determined by the 23 gene 
prognostic signature for stage II colon cancer patients. [Reprinted from Wang Y, Jatkoe T, Zhang Y, 
et al. Gene expression pro fi les and molecular markers to predict recurrence of Dukes’ B colon 
cancer. J Clin Oncol. 2004;22(9):1564–1571. With permission from American Society of Clinical 
Oncology]       
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were evaluated using a 32,000 cDNA microarray, including Dukes’ Stage B, C, and 
D cases, as well as three adenomas. Overall, a cluster analysis using 53 genes delin-
eated two groups (Fig.  7.7a ) with different outcomes (Fig.  7.7c ), which similarly 
differentiates the good versus poor prognosis patients (Fig.  7.7e ,  p  < 0.001). 
Evaluation by Dukes stage demonstrated that the gene clustering was not simply 
identifying stage-speci fi c prognosis (Fig.  7.7b , d)  [  100  ] .  

 Based on a gene ranking approach called leave-one-out cross-validation, 43 
genes were consistently identi fi ed statistically. At 36 months, the overall accuracy 
of this 43 gene set was 90%, with 93% sensitivity, and 84% speci fi city  [  100  ] . 

 In order to validate this signature, an independent set of 95 tumors was evaluated. 
However, due to methodological differences, only 26 of the 43 gene signature could 
be used. This signature was able to differentiate good versus poor prognostic patients 
(Fig.  7.8a ), independent of Dukes’ stage (Fig.  7.8b ), and among Dukes’ stage B and 
C patients, good and poor prognosis groups were identi fi ed (Fig.  7.8c )  [  100  ] .  

 This 26 gene expression signature requires further validation in other indepen-
dent data sets. Additionally, only two biologically signi fi cant genes were included 
in the signature, osteopontin and neuregulin. However, while the in fl uence of other 
genes in CRC may not yet be known, it behooves us to perform adequate validation 
when a set of genes does not clearly re fl ect what we currently know about CRC 
biology. It is interesting that this gene signature did not identify any genes in com-
mon with the 23-gene signature determined by Wang et al.  [  98  ]  for stage II colon 
cancer. This may represent biologic differences based on the populations studied, 
speci fi cally Wang et al.  [  98  ]  assessed stage II disease and colon cancer only, whereas 
Eschrich et al.  [  100  ]  assessed Dukes stage B and C and both colon and rectal cancer, 
but further evaluations will help to clarify these differences.  

   Recurrence Score Based on Seven Genes for Stage II Colon 
Cancer 

 A multigene RT-PCR colon cancer assay demonstrated the predictive validity of 
these genes for stage II patients  [  101  ] . Patients treated with surgery alone from the 
NSABP CO1 and CO2 trials and from a Cleveland Clinic follow-up study were 
used to identify the 44 genes (from 761 candidate genes in 1,851 patients) that 
predicted recurrence. In the end, seven genes predicted recurrence based on a 
score of 0–100. These 7 genes were biologically plausible as they included stromal 

Fig. 7.7 (continued) discrimination between Dukes’ B and C, demonstrating that these genes are 
not just surrogates for stage. ( c ) When gene clusters were evaluated, survival differed between 
cluster 1 versus cluster 2. ( d ) Survival curves based on stage. ( e ) Survival curves of the validation 
set demonstrate a clear distinction between those with a good prognosis gene signature versus 
those with a poor gene signature. [Reprinted from Eschrich S, Yang I, Bloom G, et al. Molecular 
staging for survival prediction of colorectal cancer patients. J Clin Oncol. 2005;23(15):3526–3535. 
With permission from American Society of Clinical Oncology]       



1557 Prognostic Markers in Colon Cancer

  Fig. 7.7    Demonstration of a gene signature distinguishing good from poor prognosis Dukes’ stage 
B and C patients. ( a ) In a cluster analysis, overexpressed genes ( red ) and underexpressed genes 
( green ) are depicted from 53 signi fi cance analysis of microarrays-selected (SAM) genes. This 
demonstrates that there is an ability to distinguish patients with a good prognosis from those with 
a poor prognosis. ( b ) Importantly, when SAM selected genes were clustered by stage, there was no 
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genes (FAP, INHBA, and BGN), cell cycle genes (Ki-67, c-MYC, MYBL2), and 
a DNA repair gene (GAPD45B), and were compared to 5 reference genes. This 
was then validated using evaluable stage II patients from the QUASAR study 
population  [  101  ] . 

 When risk groups were created, the high risk patients [recurrence score (RS) > 40] 
had a 22% risk of recurrence at 3 years (95% CI 16–29) compared to 18% for the 
intermediate group (95% CI 13–24%), and 12% for the low risk group (95% CI 
9–16%)  [  101  ] . The colon cancer RS predicted the risk of recurrence among low 
versus high risk groups (HR = 1.47,  p  = 0.046). In multivariate analyses, MSS, T4 
(vs. T3), and RS (a continuous score per 25 units) were all independent predictors 
of recurrence  [  101  ] . This RS demonstrated that the prediction of recurrence is 
possible based on a de fi ned set of genes. 

 At this time, prospective validation of gene signatures must be undertaken to 
determine their clinical relevance. This will be most appropriate through large clinical 
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  Fig. 7.8    Validation test set for the 26 gene signature. ( a ) Survival curves based on good versus 
poor prognosis derived from the gene signature ( p  < 0.001). ( b ) Survival curves based on Dukes’ 
staging ( p  = 0.118). ( c ) Survival curves combining the gene signature with Dukes’ staging information 
provides further differentiation of prognosis. [Reprinted from Eschrich S, Yang I, Bloom G, et al. 
Molecular staging for survival prediction of colorectal cancer patients. J Clin Oncol. 
2005;23(15):3526–3535. With permission from American Society of Clinical Oncology]       
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trials group(s) in order to have suf fi cient numbers of patients and adequate resources 
to conduct the relevant tests.   

   Conclusions and Future Challenges 

 New prognostic markers in CRC are being developed and validated. Recurrent limi-
tations with prognostic studies include small numbers of patients, heterogeneous 
populations, methodologic inconsistencies, including initial sample processing, and 
differences in the assessment of primary versus metastatic lesions. Attention to 
these details will be important when evaluating the relevance of studies aimed to 
validate initial  fi ndings. Molecular heterogeneity is likely responsible for the prog-
nostic differences seen in otherwise clinically and pathologically similar tumors. 

 By far, the most important marker of prognosis is stage of disease, but other 
important prognostic information is derived from lymph node status, histologic fea-
tures, and CEA levels (Table  7.2 ). Other prognostic markers are encouraging in 
certain subsets of patients with colon cancer, such as MSI status and lymphocytic 
in fi ltration. However, it is anticipated that the most clinically relevant prognostic 
information will be derived from gene signatures, of which several are in develop-
ment and are very promising.       
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         Introduction 

 Lung cancer remains the most common cause of cancer death in both men and 
women in the United States with an estimated incidence of 219,440 for 2009 with 
159,390 deaths  [  1  ] . Despite newer drugs and improved supportive care, the improve-
ment in survival over the past decade has been small. In one review of prior studies, 
5 year overall survival for patients with pathologic stage I disease was 64.6% (range 
55–72%) and 41.2% for patients with stage II disease (range, 29–51%)  [  2  ] . 
Pathological stage IIIA patients do signi fi cantly worse with 77% dying within 
5 years  [  3  ] . Patient with advanced NSCLC stage IIIB and IV do even worse, with a 
median overall survival of 10–12 months in recent trials  [  4,   5  ] . Thus, overall, prognosis 
remains poor for the majority of patients with only about 15% alive 5 years after 
diagnosis. Of note, there appears to be a great amount of variability in survival 
differences within a particular stage, indicating the presence of modifying factors. 

 For early stage disease, surgery represents the only current possibility for cure 
with adjuvant chemotherapy recently showing some bene fi t in selected populations. 
There have been multiple trials evaluating the effect of adjuvant chemotherapy 
following complete surgical resection of NSCLC  [  6–  9  ] . Although overall there 
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appears to be bene fi t with adjuvant chemotherapy, the bene fi t is largely seen in 
those patients with stage II and III disease with small to no bene fi t in stage I disease. 
Given this data, it can be inferred that if all patients with stage IB to stage III tumors 
are treated with adjuvant chemotherapy, there will be many patients that receive 
adjuvant chemotherapy who may not gain any bene fi t. Conversely if patients with 
stage I disease do not receive adjuvant chemotherapy, there may be some who may 
have actually bene fi ted from the additional therapy. Thus the need for improved 
prognostic factors is apparent. With the side effects of treatment and rising costs of 
newer medications, it would be of considerable interest to identify those patients 
who are unlikely to gain bene fi t from adjuvant treatment as well as capture those 
with early stage cancers that may bene fi t. 

 The outcome in metastatic disease is even more dismal. Various doublets chemo-
therapy regimens were shown to be roughly equivocal with median survivals around 
10 months. Newer agents such as pemetrexed, bevacizumab, and tyrosine kinase 
inhibitors have shown improved bene fi t, but long-term survival remains rare. In this 
setting, prognostic information can help guide patients and physicians in the decision 
to pursue therapy. 

 In this section, we review the promising prognostic molecular markers that have 
been studied in lung cancer followed by data on combining markers and gene 
pro fi ling. Finally, we evaluate some of the clinical trials currently in process. 
Although the majority of data is focused on non-small-cell lung cancer, we also 
touch brie fl y on some of the data in small-cell lung cancer.  

   ERCC1 

 The ERCC1 gene, located on chromosome 19q, produces a rate-limiting protein 
essential for nucleotide excision repair (NER)  [  10  ] . The importance of NER is in the 
repair of bulky covalent lesions within the DNA and thus provides a mechanism by 
which tumors can generate genomic instability as well as a potential mechanism for 
resistance to platinum-based chemotherapy. ERCC1 helps in the recognition/excision 
repair of DNA damage. Its importance is underscored by the observations that 
defective cells have a severe DNA repair de fi cient phenotype  [  11  ]  and that ERCC1 
knockout mice die before weaning (Fig.  8.1 )  [  12  ] .  

 Signi fi cant focus on the predictive value of ERCC1 in guiding chemotherapy 
options has resulted from the multiple studies showing resistance to platinum agents 
with high levels of ERCC1  [  13–  15  ] , but there have also been many studies showing 
that ERCC1 carries signi fi cant prognostic implications independent of its predictive 
nature. The evaluation of ERCC1 as a prognostic marker was  fi rst described by 
Simon et al., who utilized quantitative-RT PCT in the specimens of 51 patients who 
had undergone curative surgical resection for stage IA–IIIB NSCLC  [  16  ] . The 
expression of ERCC1 was found to be greater in nonsmokers and adenocarcinomas 
in comparison to prior smokers and other NSCLC subtypes. In this study, patients 
were subdivided by amount of ERCC1 expression with higher expression associ-
ated with a statistically signi fi cant longer survival (94.6 months vs. 35.5 months, 
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 P  = 0.01) (Fig.  8.2 ). More recently, expression of ERCC1 by immunohistochemistry 
(IHC) has been correlated to survival in patients with resected NSCLC who had 
been enrolled in the International Adjuvant Lung Cancer Trial (IALT)  [  15  ] . Positive 
ERCC1 expression was demonstrated in 335 out of 761 patients (44%). Among 
those patients who received adjuvant cisplatin-based chemotherapy, ERCC1-negative 

  Fig. 8.1    Excision repair modulated by ERCC1 and RRM1. ( a ) Cisplatin binds covalently to form 
a DNA adduct. In chemoresistant cells with high nucleotide excision repair activity, the adduct 
may be excised and the DNA repaired. ( b )Recognition of DNA adducts by the nucleotide excision 
repair complex. ( c ) Endonucleases create incisions  fl anking the damaged bases. ( d ) Repair of the 
excised segment by polymerases, accessory replication proteins, and DNA ligase. The protein 
RRM1 catalyzes the biosynthesis of the building blocks necessary for repair. ( e ) Repaired DNA. 
(Reprinted from Gazdar AF. DNA repair and survival in lung cancer—The two faces of Janus. 
N Eng J Med 2007;356:771–773. With permission from the Massachusetts Medical Society)       
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tumors correlated with a signi fi cantly longer survival. However, in the observation 
arm, they found that those patients with ERCC1-positive tumors survived longer 
than those with ERCC1-negative tumors (adjusted HR for death 0.66,  P  = 0.009). 
These results indicate both a predictive and prognostic effect of ERCC1 expression.  

 Despite the results of these studies, the validation of ERCC1 as a prognostic 
marker in early stage disease is challenged by studies with con fl icting results. In an 
analysis of 126 tumors from patients who underwent curative pulmonary resection, 
one study found no statistical difference in survival when comparing tumors with 
high mRNA ERCC1 expression by quantitative RT-PCR versus tumors with low 
mRNA ERCC1 expression  [  17  ] . Those with low ERCC1 expression had a median 
survival that was not reached, where those with high ERCC1 expression had a 
median survival of 39.5 months ( P  = 0.89). 

 Although the majority of studies have focused on ERCC1 as a prognostic factor in 
the adjuvant setting, there have also been a number of smaller studies in the metastatic 
setting. Lord et al. evaluated ERCC1 mRNA expression by RT-PCR in samples from 
56 patients with stage IIIB and IV disease who had received gemcitabine and cisplatin 
as part of a 3-arm randomized trial  [  18  ] . In this analysis, mRNA expression relative to 
an internal control housekeeping gene  b (beta)-actin was determined for each sample 
with the median expression found to be 6.7 × 10 −3 . The median overall survival for 
patients with tumors expressing ERCC1 below the median level of 6.7 × 10 −3  was 
signi fi cantly prolonged in comparison to those with high ERCC1 expressing tumors 
(median survival 62 weeks vs. 20 weeks  P  = 0.009). Given that there was no evalua-
tion of patients who had not received treatment, this difference may in large part 
re fl ect the predictive nature or ERCC1 in patients receiving a cisplatin-containing 
regimen. In another study, ERCC1 expression was evaluated by IHC in samples from 
32 patients with NSCLC that had participated in a trial comparing cisplatin/gemcitabine 
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  Fig. 8.2    Median survival of patients with ERCC1 of >50 (94.6 months) versus  £ 50 (35.5 months) 
( P  = 0.01). (Reprinted from Simon GR, Sharma S, Cantor A et al. ERCC1 Expression is a predictor 
of survival in resected patients with non-small-cell lung cancer. Chest 2005;127:978–983. With 
permission from American College of Chest Physicians)       
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and epirubicin/gemcitabine  [  19  ] . Patients were preselected according to survival so 
that only patients who survived <26 weeks or >78 weeks were included in the analysis. 
Overall, 14/32 patients showed positive nuclear staining for ERCC1. There was no 
signi fi cant association between ERCC1 expression and survival or response rates. 

 Overall, the majority of data suggest a positive correlation between high ERCC1 
levels and improved prognosis in early stage NSCLC.  

   RRM1 

 RRM1, located on chromosome 11p15.5, is a highly conserved gene that encodes 
the regulatory subunit of ribonucleotide reductase. The discovery of the importance 
of RRM1 in lung cancer was initiated with the observation of a loss of genetic 
material in the short arm of chromosome 11 in a variety of tumor types including 
lung cancer  [  20  ] . It was later noted that a large proportion of lung cancers show loss 
of heterozygosity (LOH) in this region with 88% of small-cell, 57% of squamous-
cell, and 40% of adenocarcinomas showing LOH at this site. Clinical correlation 
with stage was also found in subsequent studies with a trend towards metastatic 
disease  [  21  ] . The structural gene for RRM1 had previously been located in the short 
arm of chromosome 11 and thus was identi fi ed as a key potential regulatory gene in 
the pathogenesis of a variety of cancers  [  22  ] . The activity of ribonucleotide reductase 
is cell cycle-dependent, reaching its maximum activity during S phase, though levels 
of the M1 subunit appears constant throughout the cell cycle in contrast to the M2 
subunit  [  23  ] . In addition to its role in DNA synthesis, data suggests that its interac-
tion with RRM2 and PTEN effects signaling in the regulation of various cell 
functions such as cellular differentiation and migration (Fig.  8.3 )  [  24–  26  ] .  

 As a prognostic factor in NSCLC, RRM1 gene expression has been evaluated 
using RT-PCR on tumor specimens from patients with resected NSCLC with valida-
tion of results using an additional set of patients  [  27  ] . The majority of the 77 patients 
in the validation set of the study had stage I disease (84.4%) with only one patient 
in the cohort receiving either neoadjuvant or adjuvant therapy. There were no 
signi fi cant differences in RRM1 expression in the various subsets examined including 
smoking status, sex, ECOG, pathologic stage, or histopathology. Median survival 
was not reached in the patients with high expression of RRM1 ( n  = 39) and was 
signi fi cantly longer in comparison to those patients with lower expression of RRM1 
( P  = 0.011). Using Cox regression analysis RRM1 was found to be a signi fi cant 
independent predictor of survival independent of tumor stage, performance status, 
and weight loss ( P  = 0.05). To further validate this data, a follow-up study by the 
same group evaluated 187 patients with completely resected, stage I non-small-cell 
lung cancer for RRM1 protein expression using AQUA scoring (immuno fl uorescence 
combined with automated quantitative analysis)  [  28  ] . Median disease-free survival 
for patients with low levels of RRM1 was 54.5 months versus 120 months for those 
with high levels of RRM1 ( P  = 0.004, HR 2.2). Similarly the median overall 
survival was 60.2 months versus >120 months for those patients with high levels of 
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RRM1 ( P  = 0.02, HR 1.6). In multivariate analysis including RRM1 expression, 
stage, ECOG status, sex, and smoking status, RRM1 was the only variable that carried 
statistical signi fi cance for disease-free survival ( P  = 0.03). However, association 
with overall survival did not reach statistical signi fi cance ( P  = 0.11) (Fig.  8.4 ).  

 Overall, high RRM1 expression appears to correlate with improved prognosis in 
NSCLC both in early stage disease.  

   BRCA1 

 BRCA1 mutations have long been known by their relationship to inherited breast 
and ovarian cancer syndromes. Located on the long arm of chromosome 17, the 
BRCA1 protein works with other proteins to repair strand breaks in DNA and is 
considered a key protein participating in cell cycle  [  29  ] . 

  Fig. 8.3    Confocal microscopy of RRM1, ERCC1, and PTEN expression in cell lin NCI-H23. 
( a ,  b ) show nuclei labeled with 4 ,6-diamidine-2-phenylindole (DAPI,  blue ). RRM1 was visualized 
with the use of R1AS-6 labeled with Alexa 488 ( green ). ERCC1 and PTEN were visualized with 
the use of commercial antibodies labeled with Alexa 555 ( red ). During the interphase, RRM1 
is only nuclear, ERCC1 is predominantly nuclear, and PTEN is predominantly cytoplasmic. 
( c ) shows multitarget immuno fl uorescence labeling of formaldehyde- fi xed and paraf fi n-embedded 
histologic sections of lung cancer. The nuclei are  blue , RRM1 is  green , and the tumor cytoplasm is 
 red . RRM1 is located in the nucleus and displays a granular pattern. (Reprinted from Zheng Z, 
Chen T, Li X et al. DNA synthesis and repair genes  RRM1  and  ERCC1  in lung cancer. N Eng J Med 
2007;356:800–808. With permission from the Massachusetts Medical Society)       
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 BRCA1 gene expression as evaluated by RT-PCR has been strongly associated 
with poor survival in NSCLC patients who have undergone surgical resection  [  17  ] . 
The identi fi cation of BRCA1 expression as a prognostic marker was  fi rst examined 
using samples from an initial cohort of 126 patients. BRCA1 expression was found 
to be signi fi cantly higher in squamous cell cancers in comparison to adenocarcino-
mas (median value 4.26 vs. 1.50,  P  = 0.0001). With a median follow-up of 30 months, 
the analysis of both event free survival and overall survival demonstrated that high 
levels of BRCA1 expression correlated with shortened survival (median survival 
not reached with low expression of BRCA1 vs. 29 months with high expression, 
 P  = 0.04). This  fi nding held in a subset analysis of only stage I patients. Additionally, 
the prognostic value of BRCA1 was further validated in a second cohort of 58 
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  Fig. 8.4    Kaplan–Meier 
estimates of disease-free 
survival and overall survival 
among 187 patients with 
completely resected, stage I 
non-small-cell lung cancer, 
according to rrm1 expression 
level. The median value for 
RRM1 protein expression 
(determined with R1AS-6 
and AQUA scoring) was 
used to divide the patients 
into high-expression and 
low-expression groups. 
(Reprinted from Zheng Z, 
Chen T, Li X et al. DNA 
synthesis and repair genes 
 RRM1  and  ERCC1  in lung 
cancer. N Eng J Med 
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patients with stage IB–IIB NSCLC patients who had also undergone surgical resection. 
With a median follow-up of 40 months survival was signi fi cantly shorter in patients 
with high expression of BRCA1 (HR 2.4, 95% CI: 1.01–5.92,  P  = 0.04). 

 Thus, current data demonstrates that high expression of BRCA1 by RT-PCR is 
associated with a poor prognosis in NSCLC. Data is limited in volume, and there-
fore this correlation requires further validation in future studies. 

   p53 

 The p53 tumor suppressor gene, located on chromosome 17p, has been implicated 
in the development of numerous tumor types, most commonly breast cancer and 
sarcoma. It is thought to play a number of roles in various cellular pathways 
including apoptosis, cell cycle checkpoints, and DNA repair. The frequency of 
p53 mutations in lung cancer has been estimated at 45%. In one study of NSCLC 
patients, p53 mutations were found in higher frequency in patients with a history 
of smoking  [  30  ] . 

 The effect of p53 mutations and overexpression has been extensively studied in 
NSCLC with con fl icting results. In one study of 156 patients, tumors that stained 
50% or more cells with p53 were associated with signi fi cantly longer survivals than 
those with low or negative staining (65 months vs. 26 months for low staining and 
33 months for negative staining,  P  = 0.002)  [  31  ] . Since the presence of a p53 muta-
tion and overexpression do not necessarily correlate, other studies have attempted 
to evaluate the prognostic effect of p53 with respect to both mutations and over-
expression  [  32  ] . Eighty- fi ve patients with NSCLC who had undergone curative 
resection as part of the Lung Cancer Study Group (LCSG) study 871 were evaluated 
for p53 using IHC for overexpression as well as single-strand conformation poly-
morphism analysis and DNA sequencing for p53 mutational analysis. Of the studied 
patients, 64% showed p53 overexpression and 51% had mutant p53 sequences, but 
there was only 67% concordance. When looking speci fi cally at p53 mutations, there 
was no signi fi cant difference in survival in comparison to patients with wild-type 
p53. With respect to IHC, there was a trend towards shortened survival for those 
patients with positive staining by IHC ( P  = 0.057). Following stepwise multivariate 
analysis, neither p53 mutations nor IHC expression was independently predictive of 
survival. Likewise, Schiller et al. evaluated 197 tumors from patients who had 
undergone either adjuvant radiation or chemoradiation for stage II or IIIa NSCLC 
 [  33  ] . They found similar incidences of p53 mutations (45%) and IHC overexpres-
sion (55%), but no correlation could be made between p53 expression or p53 
mutation status and prognosis. 

 At least two studies commented speci fi cally on stage I NSCLC patients who had 
undergone curative resection and found a statistically signi fi cant difference in survival 
with respect to p53. Tomizawa et al. evaluated p53 mutations of exons 2–11 and 
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overexpression via IHC  [  34  ] . Similar to other studies, p53 mutations were found in 
49/103 (48%) of tumors. Overexpression by IHC was found in 41/103 (40%) and 
concordance between p53 mutations and expression was found in 69%. They found 
that p53 mutations but not overexpression were associated with poor prognosis 
( P  < 0.001) and that missense mutations rather than null mutations were associated 
with poor prognosis ( P  < 0.001 for missense and  P  = 0.243 for null mutations). 
In another study by Ahrendt et al., the effect of p53 mutations on patients with stage 
I–IIIA NSCLC was evaluated  [  35  ] . They found a statistically signi fi cant prognostic 
effect of p53 mutation that was limited to patients with stage I NSCLC (HR for 
death 2.8, 95% CI = 1.4–5.6). Four-year survival for those patients with stage I 
NSCLC with wild-type p53 was 78% versus 52% for mutant p53 (26% difference 
in survival, 95% CI = 6–46%,  P  = 0.009). 

 More recently, Tsao et al. have evaluated 253 patients who had participated in the 
NCI Canada JBR.10 trial, which assigned patients with resected stage IB and II 
NSCLC to adjuvant cisplatin/vinorelbine or observation  [  36  ] . Tumors were assessed 
for p53 by IHC with those showing at least 15% staining designated as overexpress-
ing p53. Samples were also evaluated for p53 mutations via PCR. p53 overexpres-
sion was 52% and more frequent in males and squamous cell carcinomas. Patients 
with p53 overexpression had signi fi cantly shorter survival in the observation arm 
than those with p53-negative tumors (HR = 1.89, 95% CI: 1.07–3.34;  P  = 0.03) and 
was maintained even after multivariate adjustment ( P  = 0.02). However, the presence 
of a p53 mutation did not appear to have any prognostic value in the observation arm 
(HR for mutant vs. wild type = 1.15; 95% CI: 0.75–1.77,  P  = 0.45). 

 Other studies of the value of p53 in evaluating the prognosis of lung cancer 
include two meta-analyses. In a meta-analysis by Mitsudomi looking at both p53 
mutations and overexpression in surgically resected patients  [  37  ] , the group found 
that both the 3-year and 5-year survivals for patients with adenocarcinomas were 
decreased similarly by 21.8% ( P  < 0.001) in tumors overexpressing p53 by IHC 
versus tumors with normal expression. When analyzing p53 by DNA mutation stud-
ies, the differences in patients with adenocarcinomas were more striking with a 
decrease in 3-year and 5-year survival of 41.0% ( P  < 0.001) and 48.0% ( P  < 0.001) 
respectively for those with mutations. However, in their analysis of squamous cell 
carcinomas, although there were trends towards shorter survival, these values were 
not statistically signi fi cant. In another meta-analysis by Steels published in 2001, 
the analysis was applied to NSCLC at various stages, but looked at combined muta-
tions and overexpression data  [  38  ] . In any stage the HR was 1.44 (95% CI: 1.20–
1.72), stage I–II 1.50 (95% CI: 1.32–1.70), stage III–IV 1.68 (95% CI: 1.30–2.18). 
When the data was subdivided by overexpression and p53 mutational analysis, the 
results remained statistically signi fi cant. 

 Although the majority of prior studies appear to show that p53 mutations corre-
late with poor overall survival in NSCLC, there are con fl icting results perhaps 
re fl ecting the methodology of detection, effects of different mutations, and retro-
spective nature of the majority of the studies.   
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   Thyroid Transcription Factor-1 

 Thyroid transcription factor-1 (TTF-1), also known as Nkx2.1 or thyroid-speci fi c 
enhancer-binding protein, has long been used as a marker for NSCLC. TTF-1, 
located on chromosome 14q13, plays a crucial role in normal lung function and 
morphogenesis. It is a homeodomain-containing transcription factor that regulates 
tissue-speci fi c expression of various surfactant proteins and is initiated at a very 
early stage of lung development  [  39,   40  ] . Expression of TTF-1 has been found in 
higher frequency in both small-cell lung cancer and adenocarcinoma as compared 
to squamous cell lung cancer  [  41  ] . In a study evaluating normal fetal and adult lung 
tissue along with lung adenocarcinomas, TTF-1 was expressed consistently in both 
the fetal and adult stages of lung development and uniformly in pneumocytes and 
epithelium of small-sized bronchioles.  [  42  ] . In adenocarcinomas, >50% TTF-1 
expression was found in 46/64 cases (72%). Adenocarcinomas positive for TTF-1 
were also noted to have a statistically signi fi cant prevalence of females, nonsmokers, 
and negative p53 staining. 

 As a prognostic marker, Perner et al. retrospectively evaluated a cohort of 538 
patients with NSCLC who underwent curative resection using IHC for TTF-1 expres-
sion and FISH for assessment of TTF-1 ampli fi cation  [  43  ] . Ampli fi cation by FISH was 
found in 29 adenocarcinomas (12.9%) and 23 squamous cell carcinomas (9.4%) with 
no ampli fi cation found in adjacent normal lung tissue. However, there was no correla-
tion found between stage, grade, or survival. For adenocarcinomas, although TTF-1 
ampli fi cation was not associated with any speci fi c patient or tumor characteristics, 
high TTF-1 expression by IHC was associated with female gender, smaller tumor 
size, and lower pathological tumor stage. When adenocarcinomas were strati fi ed by 
quartiles based on the level of TTF-1 protein expression, patients with tumors in the 
highest quartile showed a signi fi cantly improved survival (82 months vs. 28 months; 
 P  = 0.002). On multivariate analysis, high TTF-1 expression was shown to be an inde-
pendent predictor of favorable prognosis among adenocarcinomas (HR 0.56; 95% 
CI = 0.38–0.83;  P  = 0.008). Ampli fi cation of TTF-1 also demonstrated a trend toward 
improved survival in adenocarcinomas, but this was not statistically signi fi cant 
(63 months vs. 43 months;  P  = 0.15). None of the clinical correlations for TTF-1 over-
expression and ampli fi cation in the adenocarcinomas were found in the squamous cell 
carcinoma cohort. Additionally, squamous cell carcinomas were found to have 
decreased levels of TTF-1 expression in comparison to the adenocarcinomas. 

 A meta-analysis was performed in 2006 by Berghmans et al. identifying 10 pub-
lications between 1999 and 2005  [  44  ] . Out of the 10 publications, 4 found a statisti-
cally signi fi cant improvement in survival with those patients with TTF-1 positive 
tumors and 1 with a signi fi cant decrease in survival. The remaining publications did 
not  fi nd a statistically different outcome in favor or against TTF-1 positive tumors. 
This effect was demonstrated in the subset of patients with adenocarcinomas, but 
the lack of data in other histologies precluded the drawing of de fi nite conclusions. 
Additionally, there was signi fi cant variability in methodology such as the cutoff for 
TTF-1 positivity. 
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 Overall, TTF-1 expression appears to correlate with improved survival, 
speci fi cally in adenocarcinomas. However, varying methodologies and small sample 
sizes make a combined interpretation of the data dif fi cult and would require further 
validation in prospective studies.  

   K-ras Mutations/P21 Overexpression 

 Ras mutations appear to play vital roles in the oncogenesis of a variety of cancers. 
K-ras is one of a few well-characterized human ras genes, including H-ras and N-ras 
that were initially discovered in the 1960s as the main components in rat sarcomas 
viruses that drove carcinogenesis. They belong to a superfamily of genes coding for 
highly homologous small monomeric GTP-binding proteins (p21 ras ). K-ras mutations 
have gained recent attention secondary to their effect as a potential predictive 
marker in both NSCLC and colon cancer for the use of EGFR targeted agents. Prior 
studies show that k-ras oncogene mutations can be found in about 30% of adenocar-
cinomas of the lung. The K-ras gene encodes a protein that binds guanine nucle-
otides and is involved in signal transduction  [  45  ] . Eighty percent of K-ras mutations 
occur in codon 12, with a smaller percentage in codons 13 and 61  [  46  ] . 

 The prognostic effect of K-ras mutations and p21 overexpression is controver-
sial, much like many other of the single molecular prognostic markers. However, 
there have been many studies showing that K-ras mutations are associated with a 
poor prognosis. Mascaux et al. performed a meta-analysis regarding the prognostic 
indication of having a mutant K-ras gene or p21 ras  overexpression in NSCLC  [  47  ] . 
Overall RAS mutation was associated with a worse survival (HR 1.30; 95% CI: 
1.20–1.49,  P  = 0.01). In a subgroup analysis, RAS/p21 was not a statistically 
signi fi cant prognostic factor for survival in SCCA, but was for adenocarcinoma 
with a HR of 1.59 (CI 95%: 1.26–2.02,  P  = 0.02). When evaluating by stage, RAS 
mutations/p21 overexpression did not show any signi fi cant impact on survival. 
Additionally, the group attempted to ascertain whether using different methods of 
detecting the abnormalities in K-ras expression had an effect on results. When looking 
at those studies that utilized IHC for p21 overexpression, the HR for overexpression 
was 1.08 with a CI 95% of 0.86–1.34. In contrast, studies utilizing PCR to detect 
K-ras mutations, had a HR of 1.40; CI 95% of 1.18–1.65. Huncharek et al. per-
formed another separate meta-analysis evaluating eight published studies looking 
speci fi cally at the K-ras mutation (not overexpression) in NSCLC  [  48  ] . Stage of the 
patients involved in the various studies included stages I–IV, but the majority of 
patients had prior resection. All of the studies utilized PCR for the detection of 
K-ras mutations. In total, 881 tumor samples were analyzed, with 217 positive for 
K-ras mutations (25%). 4/8 studies evaluated K-ras mutation outside of codon 12 
(codons 13 and 61). Although the majority of studies included in the meta-analysis 
speci fi ed the various K-ras mutations evaluated, survival data for each mutation 
was generally not performed. In combination, the RR of death at 2 years is 2.35 with 
a 95% CI of 1.61–3.22. However, a great deal of heterogeneity in the effect of the 
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K-ras mutation existed. Four of the 8 studies had con fi dence intervals including the 
null value, whereas 3 studies had CIs exceeding 20. They noted that grouping studies 
that only evaluated mutations in similar codons or similar histologic subtypes 
decreased the heterogeneity. Additional causes for heterogeneity include the method 
of sampling, the speci fi c mutation evaluated, and the variation in the stages included 
in the different studies. 

 Despite this data supporting a negative correlation with K-ras mutations, more 
recent data utilizing data from patients who participated in the JBR.10 trial did not 
show a prognostic effect of either Kras mutations or p21 overexpression  [  17  ] . This 
trial included resected stage IB and II NSCLC who were randomized to chemo-
therapy with cisplatin/navelbine versus observation alone. RAS gene mutation 
analysis was successfully performed via PCR in 450 samples looking for mutations 
on codons 12, 13, and 61 of H-ras, K-ras, and N-ras. One hundred and nineteen 
mutations were identi fi ed in 117 out of 450 patients (26%). More mutations were 
found in adenocarcinomas and in tumors from female patients. The RAS mutation 
was not found to be a signi fi cant prognostic marker for survival in univariate or 
multivariate analyses. In the observation arm, the HR for death was 1.23 in favor of 
the RAS mutant tumors with a 95% CI of 0.76–1.97,  P  = 0.40. The primary differ-
ence in survival between RAS mutant and RAS wild-type tumors occurred in the 
chemotherapy arm, where only those with wild type RAS had an improvement of 
survival. However, on univariate and multivariate analysis, this difference was not 
signi fi cant. These results were similar to results reported previously by Schiller in 
another prospective study involving patients with stage II and IIIA NSCLC who had 
received XRT with and without chemotherapy  [  33  ] . 

 Thus, despite many reports of RAS mutations being a poor prognostic factor, 
there is still considerable doubt. Comparison of results between groups is con-
founded by the different techniques used for detection, the different mutations 
detected, and the heterogeneous population.  

    b (beta) Tubulin 

 Microtubules are important for a number of important cellular functions such as 
chemotaxis and migration. Composed of heterodimers of alpha and  b (beta)-tubulin, 
they are the cellular targets for taxane chemotherapeutic agents. In addition to being 
a possible mechanism for tumor resistance to taxane chemotherapy, overexpression 
of  b (beta)-tubulin has been shown to be a individual prognostic marker for patients 
with NSCLC. 

 Seve et al. evaluated the effect of class III  b (beta)-tubulin (bTubIII) overexpres-
sion on the prognosis of patients with NSCLC involved in the JBR.10 clinical trial 
 [  49  ] . JBR.10 was a North American Intergroup trial that accrued 482 patients with 
stage IB and II NSCLC who had undergone curative surgical resection and random-
ized them to observation versus adjuvant treatment with vinorelbine/cisplatin. 
Evaluation of the expression of bTubIII by IHC for 265 of the 482 study patients was 



1758 Markers in Lung Cancer

performed. The characteristics of the patients with tubulin data were similar to the 
overall study group except for a higher percentage of patients with T2 tumors and a 
lower percentage of N1 disease. In comparing those patients with tumors having 
high tubulin expression there was a statistically higher number of females, fewer 
with squamous histology, and a trend toward older patients and worse performance 
status. In assessing prognosis, the combined data for both observation and chemo-
therapy arms demonstrated a statistically signi fi cant shortening in recurrence free 
survival (RFS) for patients with high tubulin expression (HR 1.52; 95% CI: 1.05–2.22; 
 P  = 0.03) and a trend for shortened survival (HR 1.39; 95% CI: 0.96–2.01;  P  = 0.08). 
However, in analyzing each arm separately, the difference in RFS and OS was 
signi fi cant only in the observation arm (RFS: HR 1.92; 95% CI: 1.16–3.18;  P  = 0.01; 
OS: HR 1.72; 95% CI: 1.02–2.88;  P  = 0.04). High tubulin expression in the patients 
who had received chemotherapy did not correlate with a signi fi cant difference in 
survival in comparison to those with low expression (RFS: HR 1.10; 95% CI: 0.62–
1.95;  P  = 0.75; OS: HR 1.11; 95% CI: 0.65–1.88;  P  = 0.7). Corroborating this data 
was an analysis showing that patients with low tubulin expression did not appear to 
gain bene fi t in survival with the use of adjuvant chemotherapy whereas those patients 
with high expression had a signi fi cant increase in RFS with the use of adjuvant che-
motherapy (HR 0.45; 95% CI: 0.27–0.75;  P  = 0.002). This bene fi t, however, did not 
persist following Cox regression analysis. These  fi ndings suggest that high tubulin 
III expression in resected NSCLCs is associated with poorer survival, but adjuvant 
chemotherapy may overcome the adverse biology of these tumors (Fig.  8.5 ).  

 In the advanced setting, bTubIII has demonstrated a similar correlation with prog-
nosis. Two studies by the same group evaluating the effect of bTubIII expression on 
response to chemotherapy targeting microtubules noted that high levels of bTubIII 
was associated with a poorer prognosis  [  50,   51  ] . In the  fi rst study, two groups of 
patients were analyzed using IHC on tumor biopsy specimens. The  fi rst group con-
tained 47 patients who had received paclitaxel-based regimens and the second group 
contained 44 patients who had received gemcitabine-based regimens. Although no 
difference in overall survival between patients with high expressing tumors and 
patients with low expression tumors was found in those treated with gemcitabine-
based chemotherapy, there was a signi fi cant difference in overall survival in those 
patients treated with paclitaxel-based chemotherapy (median OS 525 days in patients 
with low level of bTubIII vs. 206 days,  P  = 0.0023). It is important to note that there 
did appear to be a higher response rate to paclitaxel-based chemotherapy in the 
patients with low bTubIII expressing tumors, which may account for the difference 
in survival. In the second study, 93 patients treated with navelbine-based chemo-
therapy were assessed in similar fashion to the prior study. Although no statistically 
signi fi cant difference was found in response rates, the percentage of progression on 
therapy was signi fi cantly higher in the patients with high bTubIII expression and 
correspondingly had a worse PFS and OS (OS: 162 days vs. 306 days,  P  = 0.001). 

 Thus, bTubIII expression appears to be a prognostic marker in both early and late 
stage NSCLC. Whether the prognostic effect in the advanced setting is in large part 
due to its predictive effect of chemotherapy effecting microtubule function remains 
to be determined.  
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  Fig. 8.5    The RFS and OS curves for patients assigned to observation alone according to bTubIII 
expression. (Reprinted from Sève P, Lai R, Ding K et al. Class III  b -tubulin expression and 
bene fi t from adjuvant cisplatin/vinorelbine chemotherapy in operable non-small-cell lung cancer: 
analysis of NCIC JBR.10. Clin Cancer Res 2007;13:994–999. With permission from the American 
Association for Cancer Research)       
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   EGFR 

 EGFR, also known as ErbB-1 and HER-1, is a 170 kDa tyrosine kinase receptor that 
signals multiple downstream pathways including Ras/Raf/MAPK, JAK-STAT, and 
PI3K/AKT pathways  [  52  ] . The importance of the EGFR pathway in NSCLC has 
been highlighted in the recent IPASS trial that demonstrated patients with EGFR 
mutations have higher response rates to both EGFR tyrosine kinase inhibitors and 
chemotherapy  [  53  ] . 

   EGFR Overexpression 

 To evaluate the importance of the EGFR pathway, Jeon et al. assessed 262 Korean 
NSCLC patients for the prevalence of EGFR overexpression by both FISH and IHC 
and its effect on prognosis  [  54  ] . All of the study patients had surgically resected 
NSCLC and none had received treatment with an EGFR inhibitor. EGFR overex-
pression by IHC was observed in 53% of cases and 66% of squamous cell carcino-
mas and 38% of adenocarcinomas. FISH positivity was found in about 30% of the 
total studied patients. These numbers appear concordant with the rates found in 
studies evaluating Western populations. A high EGFR gene copy number was 
signi fi cantly more common in nonsmokers. There was a trend for patients with 
NSCLC and a high EGFR gene copy number to have a poorer prognosis. However, 
this did not reach statistical signi fi cance except for those patients with SCC, 
speci fi cally stage I patients. 

 A meta-analysis was performed to evaluate the prognostic implications of EGFR 
overexpression by Nakamura et al.  [  55  ] . They evaluated studies published between 
1990 and 2004 that had evaluated EGFR expression in NSCLC by either quanti fi cation 
of protein or mRNA expression. Eighteen studies were included in total with 15 stud-
ies including stages I–IIIB and 3 studies including stage IV disease. Only 50 patients 
out of a total of 2,972 patients were treated with ge fi nitib. Of the 18 studies, 6 studies 
had found a signi fi cant negative association (shorter survival) between EGFR expres-
sion and survival while 2 studies found a positive association. Overall, the combined 
HR for all 18 studies was 1.14 (95% CI: 0.97–1.34,  P  = 0.103). When evaluating 
those studies using IHC only, the HR was 1.08 (95% CI: 0.92–1.28,  P  = 0.356). 
Separating the studies by those dealing mostly with squamous cell carcinomas 
(>50%), the combined HR was 1.40 (95% CI: 0.98–2,  P  = 0.07) while those with 
mostly adenocarcinomas had a HR of 0.90 (95% CI: 0.63–1.28,  P  = 0.55).  

   EGFR Mutations 

 The TRIBUTE trial was a phase III randomized trial with 1,079 chemotherapy-naïve 
patients with stage IIIB or IV NSCLC who were randomized to chemotherapy 
(carboplatin/taxol) with or without erlotinib as  fi rst line therapy. As part of the trial, 
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the effect of mutations in the EGFR gene in regards to patient outcome was 
determined  [  56  ] . Exons 18 through 21 of the EGFR gene were evaluated for 228 
patients and 29 mutations found (12.7%, 95% CI: 8–17%). Although 17% of the 
patients with EGFR mutations were never smokers compared to 8% of wild-type 
patients, the majority of patients had a prior smoking history and the overall differ-
ences in smoking histories was not statistically signi fi cant. However, there was a 
correlation between EGFR mutations and younger age (median age 59 and 64 years 
for patients with mutant versus wild-type tumors respectively,  P  < 0.1). When looking 
at the survival curves published, it appears that the EGFR mutant patients, regard-
less of treatment, had improved overall survival in comparison to the EGFR wild-
type patients. It was also noted that ORR and TTP were also signi fi cantly better in 
the patients with EGFR mutations in comparison to those patients with EGFR wild-
type (Fig.  8.6 ). These  fi ndings were similar to  fi ndings seen in an analysis of the 
INTACT trial published simultaneously, which had evaluated chemotherapy with 
and without ge fi tinib  [  57  ] . In this study, overall survival was not affected by the 
addition of ge fi tinib to chemotherapy in patients with EGFR mutations (HR 1.77; 
95% CI: 0.50–6.23). However, EGFR-mutant patients treated with chemotherapy 
alone had a better OS compared with mutation negative patients (Median OS 
19.4 months vs. 9.2 months; HR 0.48; 95% CI: 0.29–0.82). Improved survival was also 
seen with ampli fi cation of EGFR as well. Finally, in the IPASS trial, which had assessed 
the use of ge fi nitib versus carboplatin/taxol in  fi rst line unresectable NSCLC in non-
smoking Asians, both chemotherapy and ge fi nitib arms displayed higher response 
rates with EGFR mutant tumors. It is unclear whether this improved response trans-
lated into an improved overall survival in these patients and whether any differences 
in survival could be associated with a prognostic effect of EGFR mutations or solely 
from the predictive nature of EGFR mutations to response to treatment.  

 Thus, it is still unclear as to the prognostic affect of both EGFR overexpression 
and EGFR mutations. Improved survival in this group of patients may be re fl ective 
of its predictive value of treatment from both chemotherapy and EGFR-targeted 
agents.   

   Thymidylate Synthase 

 Thymidylate synthase (TS) catalyzes the conversion of deoxyuridine monophos-
phate (dUMP) to deoxythmidine monophosphate (dTMP). Following phosphoryla-
tion dTMP produces TTP, which is required for multiple cell functions including 
DNA synthesis and repair. Both older agents such as 5- fl uorouracil and newer agents 
such as pemetrexed target TMP synthesis to inhibit rapidly dividing cells. High 
expression of TS in squamous cell lung cancers is one of the proposed mechanisms 
by which these cancers have resistance to these drugs. Supporting this mechanism 
is data from Ceppi et al. showing that expression of TS is signi fi cantly higher in 
squamous cell carcinomas, which show an inherent resistance to pemetrexed, 
as opposed to adenocarcinomas of the lung  [  58  ] . 
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 Independent of its predictive effect on treatment, however, TS may also serve as 
a marker of prognosis. Zheng et al.  [  59  ]  evaluated patients with completely resected 
stage I NSCLC of various histologies that did not receive adjuvant chemotherapy or 
radiation. Cytoplasmic TS was determined by IHC and automated in situ protein 
quanti fi cation (AQUA) in the tumors of 160 patients and by quantitative reverse-
transcriptase polymerase chain reaction (RT-PCR) in the tumors of 85 patients. 
There were 32 patients that overlapped between the two datasets. The authors found 

  Fig. 8.6    Kaplan–Meier curves by epidermal growth factor receptor (EGFR) mutation status. 
 P  values refer to log-rank tests. ( Top ) Survival, by EGFR mutation status. The  P  value for patients 
with EGFR-mutant versus wild-type tumors is <0.001. ( Bottom ) Survival by treatment received 
and EGFR mutation status. There was no statistically signi fi cant difference between treatment 
arms for either wild type or mutant EGFR status. (Reprinted from Eberhand DA, Johnson BE, 
Amler LC et al. Mutations in the epidermal growth factor receptor and in KRAS are predictive and 
prognostic indicators in patients with non-small-cell lung cancer treated with chemotherapy alone 
and in combination with erlotinib. J Clin Oncol 2005;23:5900–5909. With permission from 
American Society of Clinical Oncology)       
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that high TS expression as detected by AQUA correlated with an increased overall 
survival (81.3 months vs. 51.7 months for those with low TS expression,  P  = 0.0013). 
In the  fi nal multivariate model, which included TS protein expression and tumor 
stage, TS remained signi fi cantly associated with OS ( P  = 0.0013, adjusted  P  = 0.032). 
The HR for death for high versus low TS protein expression was 0.45. Additionally, 
TS expression was not found to be correlated with either RRM1 or ERCC1 expres-
sion, indicating that it may act as an independent prognostic factor from these 
molecular markers. Finally, the authors did not  fi nd any correlation between TS 
expression by IHC and TS mRNA quantitation, although there was only a small 
sample of patients that had data for both datasets. 

 Thus, TS shows some promise both as a predictive marker and prognostic marker 
in NSCLC, but will need to be evaluated further in larger prospective studies 
(Table  8.1 ).   

   Table 8.1    Overview of Prognostic Markers in Lung Cancer   
 Marker  Function/Pathway  Correlation  References 

 ERCC1  DNA excision repair  Higher expression correlates with 
longer survival in early stage 
NSCLC. 

  [  15–  19  ]  

 RRM1  Regulatory subunit of 
ribonucleotide reductase 

 Higher expression correlates with 
longer survival in early stage 
NSCLC. 

  [  27,   28  ]  

 TTF-1  Lung morphogenesis  High TTF-1 expression correlates 
with improved survival, 
especially in adenocarcinomas. 

  [  43,   44  ]  

 P53  Apoptotic and cell cycle 
check points, DNA 
repair 

 Presence of mutations correlates 
with shorter survival. 

 High protein expression shows 
con fl icting data. 

  [  31–  38  ]  

 BRCA1  DNA strand break repair, 
cell cycle check points 

 Higher expression correlates with 
shorter survival. 

  [  17  ]  

 B-Tubulin  Subunits for microtubule 
formation 

 High expression has correlated to 
worse prognosis in both early 
and advanced disease in a few 
studies. 

  [  50–  52  ]  

 Thymidylate 
Synthase 

 Catalyzes the conversion 
of dUMP to dTMP for 
DNA synthesis and 
repair 

 High expression correlates with 
improved survival. 

  [  60  ]  

 Kras  GTP-binding protein 
involved in signaling 
pathways 

 Con fl icting results. Variable 
techniques and methodology 
confound results. 

  [  17,   47–  49  ]  

 EGFR  Receptor tyrosine kinase 
with multiple down-
stream targets 

 Data still unclear as to prognostic 
effect of both mutations and 
overexpression. 

 Some data links mutations with 
improved survival. 

  [  55–  58  ]  
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   Gene Expression Pro fi ling 

 With advancing technology and improved analytical modeling, one of the most 
actively studied areas in the prognostication of lung cancer has been the develop-
ment of gene signatures. Gene signatures refer to a speci fi c pattern of gene expres-
sion that confers a speci fi c behavior or phenotype to a tumor. By using newer 
technologies, a vast number of genes can be analyzed relatively quickly and asso-
ciations with individual clinical outcomes or phenotypes can be predicted. Since the 
 fi rst gene expression pro fi ling papers on NSCLC appeared in 2001, a number of 
studies have been published  [  60,   61  ] . These studies have underscored the immense 
genetic heterogeneity that exists in lung cancer, thus partly explaining the variability 
in how different tumors behave and respond to chemotherapy. The potential uses of 
these gene expression pro fi les in the literature have been numerous, including 
improved classi fi cation of lung cancer, creation of prognostic gene signatures, and 
the identi fi cation of new genes molecular pathways important in lung cancer. 

 Despite the vast potential for gene pro fi ling as a prognostic tool, there remain a 
number of questions and obstacles. First, is the enormous genetic heterogeneity that 
exists in each tumor. Underscoring this fact is the lack of overlap between the various 
published studies in the genes selected for pro fi ling. In theory, this heterogeneity 
would require thousands of samples to be analyzed to produce robust and reproduc-
ible datasets  [  62  ] . Furthermore, the creation of these gene datasets requires compli-
cated analytical processes that are still being evaluated. There is still question as to 
whether its use can offer signi fi cantly more information than already established 
methods such as IHC and whether the analysis of a multitude of genes is signi fi cantly 
better than analyzing a few key markers. Finally, the practicality in terms of cost, 
accuracy, and reproducibility of utilizing this technology in the community will 
need to be evaluated.  

   Subclassifying Lung Cancer 

 One of the possible utilities of gene expression pro fi ling is creating subclasses of 
lung cancer that better predicts their behavior and thus the prognosis of the patients. 
In a study by Bhattacharjee et al. the group evaluated the RNA of 186 lung cancer 
and 17 normal lung specimens in order to molecularly classify the tumors into vari-
ous subtypes. The dataset included adenocarcinomas ( n  = 127), squamous cell lung 
carcinomas ( n  = 21), pulmonary carcinoids ( n  = 20), SCLC ( n  = 6), and adenocarci-
nomas suspected to be metastatic from other sites ( n  = 12). After applying hierarchical 
clustering using the most variably expressed transcripts, they generated clusters to 
capture the distinctions between the established histologic classes. Concentrating 
only on the adenocarcinomas, four subclasses were distinguished based on gene 
expression clusters, noting that some adenocarcinomas shared characteristic 
gene expression with neuroendocrine and squamous cell lung cancers. In correlating 
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with patient outcome, the neuroendocrine-like adenocarcinomas were associated 
with a less favorable survival outcome with a median survival of 21 months versus 
40.5 months ( P  = 0.00476). The difference was more pronounced with stage I tumors 
where median survival was 20 months compared with 47.8 months ( P  = 0.0753). 
On the other side of the spectrum, the subclass of tumors that shared gene character-
istics with bronchioalveolar tumors had a more favorable survival of 49.7 months 
versus 33.2 months ( P  = 0.049). Another study published simultaneously by Garber 
et al. similarly used gene expression analysis to generate subclassi fi cation of adeno-
carcinomas in 67 patients. Similar to the Bhattacharjee group, they found that the 
different subclassi fi cations were associated with signi fi cant differences in survival. 

 Further studies attempted to build on prior work by utilizing three different 
cohorts to generate the subclassi fi cations of adenocarcinoma: bronchioid, squamoid, 
and magnoid  [  63  ] . Each subtype was correlated with not only a speci fi c overall 
prognosis, but was also associated with stage-speci fi c mortality and different meta-
static patterns. Bronchioid tumors were associated with improved survival in early-
stage disease, but squamoid tumors were associated with better survival in advanced 
disease. In terms of metastatic patterns, the bronchioid tumors tended to metastasize 
to the bones, whereas both squamoid and magnoid subtypes had a predilection for 
brain metastasis. Finally, in further analyzing the genetic signatures of each subtype, 
bronchioid tumors were noted to have a correlation with biologic pathways domi-
nated by genes associated with growth, differentiation and development, squamoid 
tumors with genes involved with angiogenesis, and magnoid tumors with genes 
associated with in fl ammation, cytoskeleton, metabolism, and proliferation.  

   Gene Expression Signatures 

 Chen et al. developed a 5 gene signature model to determine prognosis by utilizing 
both microarray analysis and RT-PCR in 125 surgically removed NSCLC speci-
mens  [  64  ] . Although 16 genes were found to correlate with survival after initial 
analysis, the  fi ve genes with the highest correlation with prognosis were selected to 
be included in the signature (DUSP6, MMD, STAT1, ERBB3, LCK). The  fi ve gene 
signature was validated in an independent cohort of 60 patients and another set of 
published microarray from 86 patients. In the validation cohort, patients with stage 
I disease and a low-risk gene signature had a longer overall survival than those with 
a high-risk gene signature ( P  = 0.02). Although overall survival in patients with 
stage II did not differ signi fi cantly, this was attributed to the small number of 
patients. In multivariate cox regression analysis, the high-risk  fi ve gene signature 
was found to have statistically signi fi cant hazard ratios in all three cohorts studied 
(range 2.82–4.36) 

 Likewise, the results of a 15-gene expression signature study using patients 
enrolled in the JBR.10 adjuvant trial was has been presented  [  65  ] . Gene expression 
pro fi ling was performed on RNA from frozen specimens of 62 patients in the obser-
vation only arm of the study resulting in a 15-gene expression signature separating 
high risk versus low risk for death. The signature included various genes previously 
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implicated in other cancers, but few previously studied in NSCLC. In the training set, 
those patients with high risk as de fi ned by the gene signature had a HR for death of 
15.02 (95% CI: 5.12–44.04,  P  < 0.0001). This separation was seen in both stage IB 
and stage II patients. The signature was then applied to 71 patients on the adjuvant 
chemotherapy arm and further validated in stage I and II patients of  fi ve independent 
public gene expression datasets that were used in prior studies (Director’s Challenge 
Consortium study, Duke microarray study, University of Michigan squamous-cell 
microarray study). Following multivariate analysis, the gene signature was found to 
be statistically signi fi cant independent predictor of survival in all the datasets except 
the Duke dataset. Interestingly, in addition to the prognostic value of the 15 gene 
expression pro fi le, they were also able to show that the high-risk patients showed 
bene fi t from chemotherapy in comparison to the low-risk patients.  

   Progressing Towards Clinical Application 

 Although the advances in prognostic models based on gene expression have been 
signi fi cant there remain a number obstacles and unanswered questions that need to 
be addressed prior to regular clinical use. Prior studies have utilized small numbers 
of subjects with heterogeneous tumor types, variable sample processing, and often 
lacked validation using multiple datasets. In an attempt to address some of the con-
cerns, a retrospective, multicenter, blinded study was performed to not only validate 
some of the prior models used but also create a large microarray database of NSCLC 
samples using a common protocol  [  66  ] . Four hundred and forty-two lung adenocar-
cinoma samples and relevant clinical data were collected using cohorts from six 
lung-cancer treatment sites with gene expression data generated using a common 
protocol. Four datasets were created with two serving as a training set and the 
remaining two as validation sets. The authors then utilized eight different methods 
of calculating risk based on prior methods reported in the literature such as gene 
clustering, univariate testing, and on a mechanistic basis. In this study, use of gene 
clustering appeared to be the most consistently predictive of prognosis, whereas the 
majority of the other methods showed good performance in one setting that was 
offset by poor performance in a different setting. One of the other  fi ndings was that 
the use of clinical predictors in addition to gene expression data improved outcome 
prediction in most instances. 

 Although use of prognostic markers to determine the use of chemotherapy is 
steadily progressing towards practical use, further evaluation in large randomized 
clinical trials are still ongoing. The Southwest Oncology Group study 0720 will eval-
uate patients with surgically resected stage I NSCLC and administer adjuvant chemo-
therapy with gemcitabine and cisplatin based on ERCC1 or RRM1 expression 
determined at a central laboratory. Those patients with tumors expressing low levels 
of either ERCC1 or RRM1 will receive adjuvant chemotherapy, whereas patients 
with tumors expressing high levels of both markers will undergo active monitoring 
only. This trial utilizes a couple of concepts previously studied. The  fi rst is that high 
tumor expression of both ERCC1 and RRM1 portends a good prognosis in these 
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patients. Additionally, it utilizes the previous  fi nding that tumors with high expression 
of these molecules have a tendency towards decreased responsiveness to gemcitabine 
and platinum agents. This trial will thus combine both the prognostic and predictive 
values of these two molecular markers in making clinical decisions (Fig.  8.7 ).       
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 The molecular biology of prostate cancer and its progression is characterized by 
aberrant activity of multiple regulatory pathways both within the prostate cells and 
in the surrounding milieu. These pathways can be broadly grouped into: apoptosis, 
androgen receptor signaling, signal transduction, cell cycle regulation, cell adhesion 
and cohesion, and angiogenesis (see Table  9.1 ). Variations at the DNA, RNA, and/
or protein levels of molecules involved in these pathways are all potential candidate 
markers of prognosis and therapeutic response. Detailed cohort studies have delin-
eated the clinical and pathological factors that predict outcome for men diagnosed 
with prostate cancer on biopsy and after a variety of treatments for clinically localized 
disease. On this basis, any new prognostic marker must be measured in the context 
of established predictors of prostate cancer recurrence and death. These are clinical 
or pathological disease stage, surgical margin involvement, Gleason score or grade, 
and serum PSA concentration at diagnosis  [  1–  10  ] . For a prognostic marker to be of 
utility it must provide value additional to and possibly independent of that provided 
by these factors. However, molecular markers are not only important because of 
potential relationships with outcome; rather they provide putative targets for molec-
ular based intervention in the cancer type concerned. From this perspective, while 
an association with adverse outcome might suggest a key role for a given molecule 
in the disease state, it does not mean that markers that are not prognostic are of no 
utility. For example, a marker that is present in a large number of prostate cancers 
and might be therapeutically targeted is likely to be of considerable interest and 
utility, even if it is not prognostically signi fi cant. Unfortunately, to date, targeting a 
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single marker or pathway is only modestly successful, and it will be the identi fi cation 
of multiple pathways that can be targeted that likely will yield the greatest success. 
This review focuses on molecular markers of outcome for largely clinically local-
ized prostate cancer and presents data predominantly from series of patients treated 
with radical prostatectomy with supplemental data from series involving patients 
treated with other modalities and with advanced disease where relevant.  

 In taking a translational research approach to study cancer outcome, one can take 
a candidate gene approach in which known genes of putative importance in a par-
ticular cancer are assessed in a series of tumor samples and compared with clinico-
pathological factors including outcome. Alternatively, one can use a variety of 
techniques in an attempt to discover new genes that may be important in the cancer 
concerned. Techniques designed to detect chromosomal abnormalities in prostate 
cancer have identi fi ed a number of potential candidate molecules for evaluation in 
prostate cancer (Tables  9.2  and  9.3 ). More recently the ability to assay tumor tissue 
using cDNA and oligonucleotide arrays with identi fi ed sequences for many thou-
sands of molecules has expanded the scope and number of such markers inestima-
bly  [  11,   12  ] . Candidate molecules identi fi ed in these ways can then be evaluated in 
tumor samples. The construction of tumor tissue microarrays in which cores of 
multiple different cancers are assembled in one paraf fi n block and can be stained for 
protein expression on a single slide allows rapid assessment and validation of these 
markers  [  13  ] . In addition, selection of overexpressed molecules by cellular localiza-
tion and function can lead to the development of new markers for cancer in blood 
and other body  fl uids  [  14  ] . The search for prognostic tissue markers is not an end 
itself because apart from providing information on outcome they may also lead to 
advances in diagnostic methods, delineate therapeutic targets and identify other 
related molecules important in cancer development and progression.   

   Cellular Proliferation and Death in Prostate Cancer 

 The essential elements in the progression of any hormone-dependent cancer are 
deregulated proliferation, avoidance of apoptosis, resistance to hormonal control 
and metastasis. Each of these important biological events has important clinical 
correlates (see Table  9.4 ).  

   Table 9.1    Summary of molecular aberration in prostate cancer   

 Process  Key molecules/markers  Selected references 

 Apoptosis  p53, Bcl-2   [  144–  149,   190  ]  
 Androgen receptor 

signaling 
 AR, possible alternate signal transduction 

pathways 
  [  211,   216,   222,   238,   253, 

  254,   260,   423  ]  
 Signal transduction  Epidermal growth factor receptor family   [  285,   286  ]  
 Cell cycle regulation  C-myc, p16 INK4A , p27 KIP1 , pRb, apoptotic 

index, Ki67 
  [  55,   60,   61,   67,   132,   135  ]  

 Cell adhesion and 
cohesion 

 E-cadherin,  a (alpha)-catenin, metallo-
proteinase, chondroitin sulfate 

  [  335–  337,   339,   368,   369, 
  382,   424–  428  ]  

 Angiogenesis  VEGF, VEGF receptors, nitric oxide   [  155,   157,   373,   374,   377  ]  
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 Increased proliferation index, whether measured by Ki67 (MIB1), PCNA 
(proliferating cell nuclear antigen), S phase fraction on  fl ow cytometry, thymidine 
labeling, or bromo-deoxyuridine incorporation, correlates with the presence of 
advanced stage disease  [  15,   16  ]  or increased tumor grade  [  16–  18  ] . Ki67 index is 
independently predictive of outcome in patients with clinically localized disease 
treated with radical prostatectomy  [  16,   17,   19–  22  ]  with radiation therapy (RT)  [  23  ]  
and in patients being observed  [  24  ] . Recurrent tumors have Ki67 indices approxi-
mately double that of the primary tumor  [  25,   26  ]  Recent work suggests that a high 
Ki67 index predicts relapse in patients classi fi ed as low risk by other parameters and 
that neuroendocrine differentiation (as measured by tissue chromogranin expression) 
and mini chromosomal maintenance protein 7 (MCM-7) overexpression may add to 
risk in high Ki67 tumors  [  27–  29  ] . MCM-7 is a DNA replication licensing gene, 
which when ampli fi ed and overexpressed is associated with increased proliferation 
and size of xenograft tumors in preclinical models and with biochemical relapse in 
one RP series  [  30  ] . In several series increased expression of the polycomb cell cycle 
regulatory molecule, enhancer of zeste homolog 2 (EZH2), which is a histone meth-
yltransferase regulated by microRNA 101, is associated with increased prolifera-
tion, decreased survival and castrate resistant phenotype as well as clinical castrate 
resistance  [  29,   31–  33  ] . Subsequent work has shown that the global level of histone 
modi fi cation (acetylation or methylation) in tumor tissue is prognostic in a number 
of tumors including prostate cancer  [  34  ] . As with the marker panels used in breast 
cancer  [  35  ] , most of the predictive markers in the panels under development for 

   Table 9.4    Summary of sequential proliferative and apoptotic changes in prostate carcinogenesis 
and prostate cancer progression   
 Normal prostate tissue  500  NA  NA 

 Low grade prostatic intraepi-
thelial neoplasia 

 150  Increased  Unchanged 

 High grade prostatic intraepi-
thelial neoplasia 

 56  Increased  Increased 

 Localized prostate cancer  50  No changed  Decreased 
 Metastatic prostate cancer: 

lymph nodes 
 33  Increased  Increased 

 Metastatic prostate cancer: 
bone 

 54  Increased  Increased 

 Hormone responsive prostate 
cancer 

 NA  Decreased  Increased 

 Prostate cancer—at onset 
of hormone resistance 

 NA  No change compared to 
untreated but increased 
compared to hormone 
responsive 

 Increased compared to 
untreated but decreased a  
compared to hormone 
responsive 

 Prostate cancer—hormone 
resistant—agonal 

 NA  No change  Decreased a  

   a Decrease may relate to local or general nutrient delivery 
 Based on data from refs.  [  121,   464–  466  ]   
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prostate cancer are proliferative markers. In a recent series, a 31-gene panel of 
proliferative markers (called cell cycle progression or CCP signature) was one of 
the most signi fi cant variables on multivariate analysis for failure after radical 
prostatectomy. Although only 12 patients died of cancer, the panel was predictive of 
death. In a separate cohort of patients that had undergone TURP and were followed, 
35 % died of cancer and the CCP was more informative than any other variable in 
predicting prostate cancer death  [  36  ] . 

 Several studies  [  37–  39  ]  have identi fi ed increased apoptotic index, (ApI), a mea-
sure of the number of apoptosing cells within a PC, as adversely prognostic. Counter 
intuitively, one study found increased ApI was independently predictive of outcome 
following RP whereas in the same set p53 and bcl-2 were not  [  39  ] . Unfortunately, 
these studies have been undertaken in relatively small groups making the wider 
application of reported results problematic but nonetheless pointing to the potential 
importance of apoptosis in PC.  

   Cell Cycle Regulation 

 Genetic aberrations in the control of G 
1
  to S phase progression in the cell cycle are 

present in virtually all human cancers (see Fig.  9.1 ). Progression through the G 
1
 /S 

phase checkpoint is controlled by the sequential transcriptional activation of 
cyclin genes, and the consequent transient accumulation and activation of a 
sequence of cyclin/cyclin-dependent kinases (CDK) complexes resulting in 
hyperphosphorylation of the retinoblastoma gene product pRb  [  40  ]  (Fig.  9.1 ). 
There have been signi fi cant recent advances in knowledge of the molecular basis 
of cell cycle control due to the discovery and functional analysis of the cell cycle 
regulatory cyclins, CDKs and CDK inhibitors  [  41,   42  ] . A number of endogenous 
inhibitors of CDK catalytic activity (CDIs) exist with varying but overlapping 
speci fi cities  [  42–  44  ] . p27 Kip1  inhibits cyclin E/Cdk-2 activity but also binds to 
 d -type cyclins. p21 WAF1/CIP1  is, in part, p53-regulated, and binds to a range of 
cyclin/CDK complexes including those with cyclins D1 and E and acts as an 
inhibitor in some settings but also act as an adaptor protein for cyclin/cdk assembly 
in others  [  45–  47  ] . p16 INK4A  inhibits Cdk-4 and Cdk-6 catalytic activity  [  48,   49  ] . 
c-Myc has stimulatory effects on cell cycle progression at least in part through 
interaction with components of the p27 Kip1 /cyclin E/Cdk-2 complex  [  50  ] . A series 
of molecules regulate the physiological effect of c-Myc: Mad, Max and Mxi1, 
which through heterodimer interaction regulates the transcription and cell cycle 
regulatory activity of c-Myc  [  51  ] . Interestingly, c-Myc and Mad interact to regu-
late AR-mediated transcription  [  52,   53  ] .  

 These CDIs and the functionally associated pRb genes are all tumor suppressor 
genes of potential signi fi cance in PC. Each of the cyclins as well as c-myc is a 
potential oncogene in PC. 
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   Retinoblastoma Protein 

 When retinoblastoma protein (pRb), is present in a hypophosphorylated form 
during G 

0
  and G 

1
  phases it serves to inhibit cell cycle progression into S-phase  [  40  ] . 

Phosphorylation of pRB by cyclin D/CDK complexes in G 
1
  phase inactivates pRb 

and is essential for progression through the cell cycle. Hence, pRb has a central role 
in cell cycle regulation (see Fig.  9.1 .). 

 Retinoblastoma gene mutations correlate closely with loss of retinoblastoma 
protein expression as measured by immunohistochemistry  [  54–  56  ] . Loss of pRb 
expression as measured by immunohistochemistry is prognostic in endometrial, 
non-small-cell lung and bladder cancer  [  57–  59  ] . Despite this there are few sizeable 
series of PC in which role of pRb expression as a prognostic indicator has been 
examined. Loss of pRb expression has been reported in as many as 100 % and as 
few as 1 % of PC while loss of at least one  Rb  allele is reported in between 20 and 
60 % of tumors  [  54,   60–  64  ] . Generally, there is progressive loss of pRb expression 
with increasing prostate cancer grade and stage. Localized PCs show loss of pRb 
expression in 1–45 % of cases  [  60,   62,   65  ]  while the number rises to 20–60 % in 
advanced prostate cancer  [  62,   66  ] . Whether pRb expression portents relapse and 

DNA damage

Hypoxia
Free radicals /

Nitric oxide

Altered cell adhesion
eg integrin signalling

+ accessory proteins

Mdm2

Inactive
p53

Mdm2
(inhibitory)

Active
p53

DifferentiationAngiogenesisApoptosisG1 phase arrest

Radiation:
ionising or UV

Oncogenes eg p19ARF

  Fig. 9.1    Summary diagram of p53 interaction and function. P53 can be activated by a number of 
genotoxic and epigenetic stimuli and in turn inhibits cell cycle progression, apoptosis and angio-
genesis and induce differentiation       
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predicts survival is a matter of debate (see Table  9.5 ). Data from the St. Vincent’s 
Campus Prostate Cancer Group suggests pRb expression has limited prognostic 
value but may warrant further study  [  67  ] .   

   Cyclins 

 The  d -type cyclins include three known variants (D1, D2 and D3) with 57 % total 
homology and 78 % homology in the functional region known as the “cyclin box” 
 [  68  ] . Despite this close homology, each is encoded by distinct genes:  CCND1 : 
11q13,  CCND2 : 12p13 and  CCND3 : 6q21  [  68  ] . Functionally, the three subtypes of 
D cyclin behave similarly. Cyclin D1 overexpression is a common molecular aber-
ration in many human cancers. However, in localized PC the presence of CCND1 
ampli fi cation and cyclin D1 overexpression is reported as being rare and probably 
occurs in less than 5 % of cases ( [  69  ] , Henshall et al., unpublished data). However, 
several authors have reported a higher rate of cyclin D1 or overall cyclin D expression 
in localized PC with apparent prognostic effect  [  70  ]  (see Table  9.5 ). There are cur-
rently no reported studies of cyclin D2 or D3 expression and outcome in PC in the 
literature. Two studies have addressed cyclin A overexpression with one  fi nding it 
to have independent prognostic effect  [  70,   71  ]  (see Table  9.5 ). Cyclin E overexpres-
sion is prognostic in a number of tumors either in concert with decreased p27 
expression or alone  [  47,   72,   73  ] . Work on cyclin E expression in PC is very limited 
with a single reported study in the literature  [  74  ]  (see Table  9.5 ). Further study of 
cyclin expression as a prognostic parameter in PC is warranted.  

   p16 INK4A  

 The tumor suppressor gene INK4A located at 9q21 is frequently inactivated in 
human cancers, including melanoma, pancreatic cancer and squamous cell carci-
noma of the head and neck  [  49  ] . The product of INK4A was  fi rst identi fi ed as a 
16 kDa molecule that  in hibited the effect of CD K4  and hence the designation 
p16 INK4A   [  75  ] . By inhibiting CDK4, it at least partially prevents the phosphorylation 
of pRb (see Fig.  9.1 .). The two most common mechanisms for loss of p16 INK4A  func-
tion are homozygous deletion and loss of transcription due to hypermethylation of 
the p16 INK4A  promoter  [  76  ] . Hypermethylation of p16 INK4A  was detected in the androgen-
independent PC cell line PC-3  [  76  ] , and biallelic inactivation of p16 INK4A  by a com-
bination of gene deletion and methylation have been reported in a small subset of 
tumors  [  77–  80  ] . Others studies have failed to detect p16 INK4A  gene mutations in small 
series of primary PCs  [  81–  83  ] . Mechanistically, p16 INK4A overexpression should 
result in enhanced cell cycle regulation by limiting the phosphorylation of pRb. 

 The available data on INK4A gene status and/or p16 INK4A  expression in relation 
to PC outcome are limited to three studies, which despite some methodological 
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differences deliver the same conclusion: p16 INK4A  overexpression is adversely 
prognostic. These case series are summarized in Table  9.5   [  67,   84,   85  ] . The studies 
to  fi nd p16 INK4A  overexpression adversely prognostic in PC have done so in the pres-
ence of elevated INK4A exon 1 a  transcripts  [  84  ] , in the absence of a concurrent 
elevation of CDK4 expression in transition from benign to malignant prostate tissue 
 [  85  ]  and without correlation with loss in retinoblastoma protein expression  [  67  ]  
(Fig.  9.2 ). Overexpression of p16 INK4A  in these tumors may indicate the presence of 
an inactive pRB as in several other human cancers  [  48  ]  and elevated INK4A exon 
1 a (alpha) transcript expression is consistent with a downstream feedback effect on 
p16 INK4A  gene transcription  [  86  ] . The question as to how prostate cancer cells escape 
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  Fig. 9.2    Summary diagram of cell cycle progression during G 
1
  phase. A simpli fi ed model of 

interactions between some of the molecules involved in G 
1
  phase of the cell cycle. Progression 

through G 
1
  phase of the cell cycle requires the activity of cyclin D1 and cyclin E and their catalytic 

partners cyclin dependent kinase subunits, Cdk-4/6 and Cdk-2 respectively. The active cyclin-Cdk 
complexes bind to and phosphorylate pRb. In its unphosphorylated form pRb sequesters transcrip-
tion factors of the E2F family and pRb phosphorylation releases E2F. This allows transcription of 
essential E2F responsive genes and cell cycle progression from G 

1
  to S phase. The cell cycle is 

further regulated by two families of cyclin dependent kinase inhibitors, the INK4 family (such as 
p16 INK4A ) and the Cip/Kip family (p21 WAF1/CIP1 , p27 Kip1 ). C-myc exerts a positive effect on cell cycle 
progression through cyclin E and p27       
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the effects of increased p16 INK4A  expression in braking cell cycle progression is 
important. In vitro studies suggest increased levels of p16 INK4A  are important in 
inducing prostate epithelial cell senescence and that abrogation of the p16 INK4A /Rb 
pathway is required for these cells to bypass senescence and undergo immortaliza-
tion as part of tumourigenesis  [  87  ] . Hence, elevation of p16 INK4A  expression as the 
result of pRb loss is an attractive hypothesis to explain this. However, if this is cor-
rect then one might expect pRb loss to be prognostic by itself (see above) and the 
apparent loss of a de fi ned relationship between p16 INK4A  and CDK4 between benign 
and malignant prostate tissue is left unexplained. In a PC xenograft model, examining 
cell cycle changes with androgen withdrawal and development of androgen inde-
pendence, p16 INK4A  expression increased progressively after androgen withdrawal 
and plateaued but was then unchanged with development of androgen indepen-
dence. These  fl uctuations occurred in the presence of easily detectable pRb expres-
sion suggesting that the development of resistance to the inhibitory effect of p16 INK4A  
may occur independent of pRb status.  

 p16 INK4A  overexpression appears to be prognostic in PC treated with RP but this 
needs con fi rmation in other cohorts and, ideally, in patients treated with other 
modalities apart from surgery. The status of other components of the p16 INK4A /Rb 
pathway, particularly pRb expression, needs to be evaluated concurrently so that the 
underlying mechanisms that result in p16 INK4A  overexpression being prognostic can 
be understood.  

   p21 WAF1/CIP1  

 The use of p21 WAF1/CIP1  as prognostic biomarker in a range of tumors has yielded 
con fl icting results with studies reporting that reduced or increased expression of 
p21 WAF1/CIP1  can be adversely prognostic within the same tumor type, breast cancer 
being the prime example  [  88  ] . One would expect that it would act as a tumor 
suppressor though the inhibition of CDKs 2 and 4 (see Fig.  9.1 .). The causes of 
variation of p21 WAF1/CIP1  expression in tumors are still to be fully elucidated. p21 WAF1/

CIP1  is rarely mutated in human cancers although several PCs containing point muta-
tions have been reported  [  89  ] . Reduced p21 WAF1/CIP1  expression might be expected in 
the presence of p53 dysfunction given the original proposal that it was a primary 
regulator by which p53 asserts cell cycle inhibition (p21 WAF1/CIP1 /p53 concordance). 
However, it has subsequently become clear that p21 WAF1/CIP1  is also regulated by 
other factors and can exert inhibitory effects on the cell cycle and apoptosis inde-
pendent of p53 effect in both settings of development and cancer  [  45,   90,   91  ] . 
Several investigators have demonstrated that p21 WAF1/CIP1  expression does not correlate 
with p53 status in a variety of cancer types  [  88,   92  ] . The reasons for this are complex 
but include alternative regulation of p21 WAF1/CIP1  by other molecules particularly those 
involved in cell cycle regulation, altered degradation or p53 mutation that alters its 
effect on apoptosis but not on p21 WAF1/CIP1  and the cell cycle  [  90,   93  ] . One further 
possible explanation in PC, is that androgens may directly stimulate p21 WAF1/CIP1  
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transcription  [  94  ] . It is likely that p21 WAF1/CIP1  expression is the result of an epigenetic 
response to several cellular regulators and that either reduced or increased expres-
sion could be prognostic in certain environments. Generally, clinical studies suggest 
that increased p21 WAF1/CIP1  expression is adversely prognostic in patients treated with 
radical prostatectomy (see Table  9.5 ). Recent work suggests that p21 WAF1/CIP1  over-
expression may predict resistance to radiation therapy for local recurrence after RP 
 [  95  ]  and with the development of hormone-refractory prostate cancer  [  96  ] . 

 Hence, p21 WAF1/CIP1  overexpression is prognostic in localized PC independent of 
p53 status. Its interrelationship with other cell cycle regulators and various p53 
alterations in predicting outcome requires further evaluation.  

   p27 Kip1  

 p27 Kip1  is encoded by a gene at 12p12-12p13.1  [  97  ] . p27 Kip1  null are characterized by 
diffuse hyperplasia or hypertrophy of glandular organs including the prostate  [  98, 
  99  ] . p27 Kip1  acts as a tumor suppressor by inhibiting some of the CDK complexes 
(see Fig.  9.1 ). Despite the fact that no or reduced p27 Kip1  expression is adversely 
prognostic in several cancers  [  72,   88,   100–  106  ] , mutation is a rare event in early 
human tumors  [  97,   107,   108  ] . An interesting recent  fi nding is that homozygous dele-
tion at 12p12-12p13.1 was present in 47 % of patients dying of metastatic PC [  109  ] , 
suggesting that this genetic change might be a signi fi cant late event in the progression 
of PC  [  109  ] . Reduction in p27 Kip1  expression in localized tumors comes about through 
post-transcriptional regulation, predominantly through a proteasome-associated 
ubiquitin-mediated degradation mechanism  [  99,   105,   110–  112  ] . In transition from 
benign prostate to prostate cancer, as well as other tumors, this degradation mecha-
nism is turned on without compensatory increase in protein production  [  99,   113  ] . 
There are also examples of p27 Kip1  overexpression being adversely prognostic  [  114  ] , 
presumably as an epigenetic regulatory response to other cell cycle molecular aber-
rations  [  103  ] . p27 Kip1  function and expression is complementary to that of cyclin E in 
some systems while its inhibitory effect may also be abrogated by c-Myc overex-
pression  [  115–  118  ] . Studies of in vitro and xenograft systems show that the expres-
sion and cell cycle inhibitory effect of p27 Kip1  are reduced by androgen stimulation 
 [  119–  121  ] . Castration or androgen depletion results in an increase in p27 Kip1  expres-
sion with concurrent cell cycle arrest. Reintroduction of androgen or the develop-
ment of androgen independence results in reduced p27 Kip1  expression to levels lower 
than before castration. The implication from this work is that p27 Kip1  plays an impor-
tant role in maintenance of cell cycle arrest in androgen dependent tumors and that 
reduced expression, particularly in the setting of androgen deprivation, may indicate 
the presence of androgen-independent prostate cancer cells  [  120,   121  ] . 

 Several studies have examined the relationship between p27 Kip1  expression and 
clinical outcome and found that low or undetectable p27 Kip1  protein is associated 
with increased tumor grade and stage and remains an independent predictor of 
treatment failure after prostatectomy de fi ned by PSA and/or clinical recurrence 
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(see Table  9.5 )  [  99,   122–  128  ] . p27 Kip1  expression appears not to correlate with 
preoperative serum PSA  [  124  ] . Different studies use different percentages of cancer 
nuclei staining ranging from 10 to 50 % to dichotomize cohorts. In one of these 
studies, neoadjuvant hormonal therapy (NHT) was administered preoperatively to 
24 of 113 patients in a variable manner  [  123  ] . Tumors from patients who received 
NHT tended to express higher levels of p27 Kip1  than did those from untreated 
patients. Patients whose tumor p27 Kip1  remained low after NHT had a shorter relapse-
free survival. Together this suggests that p27 Kip1  is a key molecule in prostate cancer 
cell response to androgen. 

 Hence, reduced p27 Kip1  expression predicts a shorter disease free survival in 
patients with localized prostate cancer in most reported series. The predictive impor-
tance of p27 Kip1  in patients treated with NHT requires evaluation in other cohorts. 
The interrelation of p27 Kip1  with other components of the cell cycle and the predictive 
potential of p27 Kip1  in prostate biopsies and with treatment modalities apart from 
surgery should also bear further investigation.  

   c-Myc 

 Chromosome 8 is often subject to alteration in PC with loss on 8p and gain on 8q 
being common (see Tables  9.2  and  9.3 )  [  129–  131  ] . While a series of potential tumor 
suppressor genes are postulated in the region commonly lost at 8q21-22, ampli fi cation 
at the 8q24 locus which includes  C-MYC  has attracted more attention because of its 
prognostic utility in PC  [  132  ] . C-Myc serves as a transcription factor, the upregula-
tion of which results in cell proliferation. A series of investigators report that  C-MYC  
ampli fi cation is present in up to 50 % of HGPIN and 73 % of primary PC  [  133–  135  ]  
and that  C-MYC  ampli fi cation increases with transition through PIN to localized PC 
to metastases  [  135,   136  ]  and with increasing Gleason score  [  137,   138  ] . In a report 
on 144 patients with high-grade, locally advanced (pT3) PC, Sato et al.  [  132  ]  found 
that increased copy number for  C-MYC  using  fl uorescence in situ hybridization 
strongly predicted systemic progression and patient death. In addition, aberrations 
elsewhere on chromosome 8 appear to occur in sequence with  C-MYC  ampli fi cation 
and in fl uence outcome in a cumulative manner that requires further study. 

  C-MYC  ampli fi cation is a feature of increasing grade and stage in PC and pre-
dicts adverse outcome in locally advanced disease. The technical demands of FISH 
make it dif fi cult to apply in routine practice. While some studies report a good cor-
relation between ampli fi cation on FISH and c-Myc overexpression by IHC, this has 
not been universal and furthermore c-Myc overexpression detected by IHC has not 
been demonstrated to be of prognostic signi fi cance  [  139  ] . A recent report using 
RNA expression controlled for by matching with benign epithelium for c-myc dem-
onstrates that overexpression is associated with recurrence  [  140  ] , a result described 
by other investigators with novel antibodies to c-myc  [  141  ] .  C-MYC  is an important 
oncogene in PC but more research is required to determine its relationship with 
other biomarkers and its prognostic role in subsets of PC patients.   
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   Apoptosis (Programmed Cell Death) 

 The major apoptotic regulators, p53  [  142  ]  and Bcl-2  [  143  ]  both demonstrate 
abnormal function and expression as prostate cancer progresses and are mechanisti-
cally implicated in hormone resistance  [  144–  149  ] . Following therapy with andro-
gen ablation, p53 and Bcl-2 expression as well as the apoptotic index increases in a 
large proportion of cases  [  150  ] . Failure of apoptotic response as measured by the 
apoptotic index correlates with relapse  [  150  ] . In addition, the mean increase in 
Bcl-2 expression is greater in cases that do not respond to hormone therapy or 
progress early after its commencement  [  150  ] . In vitro and animal tumor xenograft 
experiments demonstrate resistance to spontaneous as well as androgen deprivation-, 
radiation- or chemotherapy-induced apoptosis mediated, at least in part, by Bcl-2 
overexpression  [  145,   151  ] . 

   p53 

 p53 functions by regulating the transcription of genes involved in G 
1
 -phase growth 

arrest of cells in response to DNA damage (see Fig.  9.2 ). In normal cells, in response 
to cellular stress, p53 is upregulated. p53 also has roles in the regulation of the 
spindle checkpoint, centrosome homeostasis and G 

2
 -M phase transition  [  152  ] . p53 

regulates apoptosis  [  142,   152,   153  ]  and tumor angiogenesis in benign and malignant 
cells  [  142,   154–  157  ] . Hence, the effects of p53 related to cancer can be summarized 
into three processes: cell cycle regulation, apoptosis and angiogenesis/metastasis. 

 Nuclear accumulation of p53 detected by immunohistochemistry (IHC) typically 
indicates the presence of p53 gene mutations  [  158,   159  ]  although the correlation 
between nuclear accumulation of p53 and the presence of p53 gene mutation can 
vary  [  160  ] . Lack of p53 accumulation may occur in the presence of p53 mutations 
particularly nonsense mutations with truncated p53, single-base mutations not caus-
ing any change in the amino acid sequence and mutations outside of exons 5 to 8 
 [  161,   162  ] . Mutations that limit the ability of p53 to interact with regulatory pro-
teins such as Mdm-2 may cause p53 nuclear accumulation but that such mecha-
nisms are dependent on other cellular factors such as DNA integrity  [  163  ] . Regardless 
of the mechanisms involved, nuclear accumulation of p53 is a prognostic indicator 
in several human cancers including breast  [  155,   164,   165  ] , lung  [  166  ]  and colorectal 
carcinoma  [  167  ] . Mutations can cause accumulation of poorly functioning p53 or 
the loss of p53, either of which results in a loss of p53 function and a potentially 
poorer outcome  [  168  ]  (see below). 

 The value of p53 nuclear accumulation as a prognostic factor in localized pros-
tate cancer has been debated. A number of studies have shown that p53 nuclear 
accumulation detected by IHC is prognostic at a variety of dichotomizing cut off 
points based on number of p53-positive nuclei. These studies either describe a poor 
prognosis group of patients with  ³ 20 % p53-positive nuclei  [  92,   144,   169,   170  ]  or a 
group of patients with lower percentages of positive cells in a heterogeneous, 
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focal staining pattern where either the presence of any nuclear accumulation or the 
presence of clusters of cells showing nuclear accumulation is adversely prognostic 
 [  146,   171,   172  ] . However, other studies comparing p53 nuclear accumulation with 
assessment of p53 gene mutations have failed to provide conclusive evidence for 
the importance of p53 in localized prostate cancer or a strong correlation between 
nuclear accumulation and p53 gene mutation  [  173–  176  ] . In studying other cancers, 
several authors have suggested that assessment of p53 gene mutation and p53 
expression in combination may more accurately de fi ne prognostically important 
p53 dysfunction  [  160,   177,   178  ] . 

 Comparison of prostate cancer metastases with primary prostate cancers in the 
same patients suggest that foci with p53 mutations are clonally expanded in metas-
tases  [  148,   179–  181  ] , perhaps explaining the high frequency of IHC positivity and 
presence of gene mutations in hormone refractory and metastatic prostate cancer 
 [  26,   174–  176,   182–  185  ] . Two studies have demonstrated signi fi cant heterogeneity 
in the distribution of  p53  mutations between and within foci of carcinoma in the 
same prostate  [  186,   187  ] . Other studies document heterogeneity for other genes and 
suggest that clones responsible for metastases do not always originate from within 
the dominant tumor focus  [  135,   188,   189  ] . Recent work demonstrates the focal 
presence of p53 mutations within areas of p53 protein accumulation detected by 
immunohistochemistry  [  168  ] . The likelihood exists that in localized prostate 
cancer, p53 overexpression and mutation as well as other genetic aberrations may 
be limited to subgroups of prognostically important malignant cells. These studies 
add to others that demonstrate increased p53 nuclear accumulation in metastatic, 
recurrent and/or androgen insensitive prostate cancer compared to clinically local-
ized disease  [  26,   174–  176,   183–  185  ] . Borre et al. reported on a population observed 
with no treatment after prostate diagnosis and found p53 nuclear accumulation to be 
predictive of prostate cancer related death  [  190  ] . In work done at the Garvan 
Institute, Quinn et al. demonstrated the increasingly adverse prognostic effect of an 
increased percentage of cell with p53 nuclear accumulation that was independent of 
PSA, Gleason score and pathological stage  [  149  ]  (Fig.  9.3 ). Interestingly, at low 
levels of p53 expression, the presence of clusters of 12 or more p53 positive cells 
was adversely prognostic (Fig.  9.2 )  [  149  ] . Taken together, these studies suggest that 
prostate tumor cells harboring p53 mutations and perhaps other genetic aberrations 
are clonally expanded in metastases.  

 There are more than one hundred studies reporting series of patients with PC 
evaluated for p53 nuclear accumulation. No attempt will be made to recapitulate 
this expansive literature here. Essentially this literature demonstrates increasing p53 
expression with increasing grade and stage with a prognostic effect that may or may 
not be independent of these two variables. However, several studies examine the 
issue of clinical utility of p53 in pretreatment biopsy material in particular therapeu-
tic settings that deserve further scrutiny and are summarized in Table  9.6 . p53 is a 
prognostic marker in prostate cancer, however, because of the heterogeneity of 
aberration on localized disease and a surfeit in therapeutic agents with potential to 
abrogate its effect. it has practical and clinical limitations.   
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   Bcl-2 

 The bcl-2 gene was initially identi fi ed as the proto-oncogene Tran located to the 
immunoglobulin (Ig) heavy-chain locus in follicular B-cell lymphoma. It is the 
prototype of a novel class of oncogenes that inhibit apoptosis or programmed cell 
death  [  191,   192  ] . Therefore, an increase in Bcl-2 can result in increased cell sur-
vival. Bcl-2 is part of an expanding family of apoptosis-regulatory molecules, which 
may act as either death antagonists (Bcl-2, Bcl-xL, and Mcl-1) or death agonists 
(Bax, Bak, Bcl-xS, Bad, and Bid). The selective and competitive dimerization 
between pairs of antagonists and agonists determines how a cell will respond to a 
given signal  [  143  ] . 

 Within the prostate, bcl-2 expression is commonly seen in the basal layer of 
benign glands, PIN and some cancer, whereas expression in epithelial cells is abnor-
mal. Several studies  [  145–  147,   193–  196  ]  demonstrate that increased expression of 
Bcl-2 in PC confers androgen resistance, particularly in advanced disease, and may 
facilitate progression to androgen independence. Stattin et al. studied bcl-2 expres-
sion in two similar sets of patients treated with castration for locally advanced PC 
and found that bcl-2 increased in both responders and nonresponders but that the 
increase was far greater in responders and correlated with apoptotic index  [  150  ] . 
Recent work suggests that Bcl-2 overexpression has a role in resistance to RT in PC  [  197  ] . 
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  Fig. 9.3    Androgen receptor signaling including prostate speci fi c antigen and TMPRSS/ERG 
products       
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A number of studies have proposed that increased Bcl-2 expression is adversely 
prognostic in localized prostate cancer and a selection of these is presented in 
Table  9.6 . 

 These studies suggest that bcl-2 expression increases with grade and stage. For 
this reason, bcl-2 overexpression may be useful prognostically in relatively more 
advanced tumors such as those selected to have RT or hormonal therapy rather than 
RP. This is one potential reason that bcl-2 expression on biopsy may be indepen-
dently prognostic in RT cohorts and not those treated with RP. Another is that 
patients with bcl-2 overexpression do better with RT because the cells are more 
sensitive to its effects. A prospective trial of RT with cases strati fi ed for normal 
against bcl-2 overexpression in PC on biopsy and matched for clinical stage and 
Gleason score could test this hypothesis in a clinical setting.   

   Androgen Receptor Signaling 

 The expression of the steroid hormone receptors is prognostic in a number of 
hormone-dependent tumors. The best example is the estrogen receptor (ER) in breast 
cancer where loss of expression of ER predicts a more aggressive disease course 
independent of treatment given and resistance to hormonal therapies such as 
tamoxifen. While estrogen receptor expression is altered with PC progression  [  198  ] , 
AR expression represents a more obvious potential marker of prognosis and hor-
monal responsiveness in prostate cancer (see Fig.  9.3 ). Early studies or AR expres-
sion provided con fl icting results and only served to demonstrate that heterogeneity 
markedly increases with progression from benign through PIN to localized PC and 
metastases  [  199–  206  ] . In examining tumor material from 30 patients with prostate 
cancer, Tilley et al. used anti-peptide antibodies to the amino- and carboxyl-termini 
of the AR and demonstrated differential expression as the disease progressed from 
early stage to bone metastases  [  207  ] . More advanced disease had increased expres-
sion of amino-terminus epitopes. The prognostic signi fi cance of carboxy-terminus 
epitope expression remains to be determined but it has been suggested that differen-
tial expression between amino and carboxy epitopes may correlate with AR mutation 
and/or ampli fi cation  [  208  ] . Recent studies using commercially available antibodies 
directed at either the amino-terminus or the whole AR molecule  [  209  ]  suggest that 
AR overexpression is a feature of progression, recurrence, LN metastases and/or 
anti-androgen resistance in human prostate cancer  [  207,   210–  216  ] . A recent study 
failed to  fi nd an association between AR expression in the primary PC and outcome 
but did  fi nd that AR expression in >70 % of LN metastases predicted for a poorer 
cancer speci fi c survival in the subset of patients with LN involvement after control-
ling for Gleason score and preoperative PSA in multivariate analysis  [  216,   217  ] . 

 The relationship between AR expression and mutation or ampli fi cation of the 
AR gene is poorly understood. However, several studies suggest that overexpression 
may correlate with mutation and/or ampli fi cation and with androgen resistance 
 [  218–  220  ] . High-level AR ampli fi cation has been described in more than 30 % of 
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PC recurring after androgen ablation  [  219,   221  ] . A report linked AR overexpression 
in prostate cancer epithelial cells in combination with reduced AR expression in the 
surrounding stromal cells with increasing tumor grade  [  214  ] . Further work at 
the Garvan Institute demonstrated that the combination of high AR expression in 
the epithelium and reduced expression in the adjacent stroma is adversely prognostic. 
This suggested the presence of aberrant stromal signaling through a paracrine 
mechanism  [  222  ]  and provides supporting evidence for paracrine stromal-epithelial 
regulation of AR expression as PC progresses  [  220  ] . Work from other investigators 
has con fi rmed this  fi nding  [  223  ] . It is possible that overexpression of AR results in 
part from lack of response to homeostatic degradation mechanisms  [  224  ]  in cells 
with a mutated or ampli fi ed AR gene while adjacent stromal cells have normal AR 
which is downregulated. Recent work has demonstrated an association between the 
level of AR expression in the malignant epithelial nuclei of diagnostic biopsy or 
prostatectomy specimens and prostate cancer speci fi c mortality from castrate-
resistant cancer  [  225  ] . 

 In addition, a number of growth factors have been implicated in PC stromal-
epithelial interaction including TGF b (beta)  [  226,   227  ] , yet to be identi fi ed TGF 
analogues  [  228  ] , the FGF family including keratinocyte growth factor (KGF, FGF7) 
and FGF10  [  229–  232  ] , MCM7  [  233  ]  and a variety of cytokines including IL-6 
 [  234  ] . TGF b (beta) is progressively overexpressed in epithelial cells with prostate 
cancer progression with corresponding loss of TGF b (beta) cell cycle inhibition 
 [  227  ] . In prostate stromal cell models, TGF b (beta) blocks androgen-induced prolif-
eration and results in redistribution of AR from the nucleus to the cytoplasm  [  235, 
  236  ] . Recent work demonstrates that increased preoperative serum TGF b (beta) 
levels predict relapse after radical prostatectomy  [  237  ] . 

 A complex picture has emerged with the evaluation of recurrent or metastatic PC 
for AR mutation and ampli fi cation. In evaluating material from ten bone marrow 
metastases from clinically hormone-independent prostate cancers, Taplin et al. 
found that AR was highly expressed  [  238  ] . Fifty percent (5/10) of these PCs con-
tained AR mutations associated with promiscuous receptor stimulation by a variety 
of hormones including progesterone, adrenal androgens and estrogen as well as 
paradoxical stimulation by the antiandrogen, hydroxy- fl utamide. Subsequent stud-
ies by the same group and others  [  210–  219,   239–  244  ]  demonstrated a high propen-
sity for mutation at a single site (codon 877) in patients treated with  fl utamide and 
for these mutations to predict  fl utamide withdrawal response in androgen-insensi-
tive disease. It has since become evident that biclutamide therapy is associated with 
AR mutation and ampli fi cation in metastases suggesting that the effect is at least 
class speci fi c to nonsteroidal antiandrogens  [  244,   245  ] . Tilley et al. identi fi ed a 
series of different androgen receptor point mutations in 44 % of 25 hormonally 
naïve patients with the incidence of mutation increasing with disease stage  [  246  ] . 
Individual AR mutants had differential binding af fi nity for different hormones and 
different downstream effects  [  244,   246–  252  ] . It has been suggested that pathways 
downstream of the AR can be stimulated by aberrant activation of the erbB2 (HER-2/
neu receptor tyrosine kinase) pathway  [  253  ] . The cellular model used in this system 
also suggests that activation of the AR pathway can be synergistically mediated 
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through effect of both erbB2 and AR  [  253,   254  ] . There is experimental and human 
PC tissue evidence for retinoblastoma protein, c-Myc, interleukin-4 and 6, ETS 
gene and p53 regulation of AR expression  [  52,   255–  259  ] . 

 Hence, it is possible that in selected prostate cancer cells, AR may be ampli fi ed, 
overexpressed through epigenetic regulation and/or contain mutations that allow 
stimulation by a range of hormones and anti-androgens  [  260  ] . It is likely that therapy, 
particularly with nonsteroidal antiandrogens, may provide selective pressure that 
leads to preferential expression of cells with AR mutations or ampli fi cation. In addi-
tion, autocrine or paracrine mechanisms may, in lieu of, or in concert with AR, 
activate pathways to produce downstream AR responses  [  260  ] . Determining which 
mechanisms are active at various stages of prostate cancer progression and how they 
might interact with other molecular markers of PC virulence is clearly important. 

   5- a  Reductase 

 The expression of 5- a  (alpha) reductase is increased in high grade and androgen 
insensitive PC  [  261  ] . There may also be a cancer progression related shift in local-
ization of 5- a  reductase from the nucleus to the cytoplasm  [  261  ] . The prognostic 
implications of these observed changes require further evaluation.   

   Signal Transduction 

   Transmembrane Serine Protease 2: Erythoblastosis Virus E26 
Transformation Speci fi c Family Fusion 

 Recent work has identi fi ed fusion between the 5 ¢ -untranslated regions of transmem-
brane serine protease 2 (TMPRSS2) (Chromosome 21q22.3) with the erythoblastosis 
virus E26 transformation speci fi c (ETS) transcription factor family members as an 
early event in prostate cancer tumorigenesis  [  262–  266  ]  (Table  9.2 ). The ETS family 
member involved can be either ERG (21q22.2), ETV1 (7p21.2), or ETV4 (17q21), 
suggests a mechanism for overexpression of the ETS genes in a large number of 
prostate cancers  [  263,   267–  269  ] . The fusion most often results in the placing of 
ERG transcriptional activity under the androgen-regulated transcriptional control of 
TMPRSS2 and is present in between 35 and 65 % of invasive prostate cancers  [  270, 
  271  ]  (see Fig.  9.3 ). The presence of this gene as measured by FISH or RT-PCR has 
been associated with clinical and pathological factors associated with progression 
and early progression in some series but not others  [  271–  278  ] . Whether the differences 
in prognostic effect of TMPRSS2:ETS fusion in different cohorts re fl ects variation 
in biology, hereditary, treatment or other factors such as aneuploidy or interstitial 
deletion is not clear  [  271,   274,   277,   279,   280  ] . The presence of TMPRSS2:ERG 
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fusion is more common in Caucasian men  [  281,   282  ] . ETS-related gene expression 
in urine or prostatic massage  fl uid from men undergoing prostate biopsy was associ-
ated with cancer in the biopsy specimen especially in men with a screening serum 
PSA less than 4 ng/ml  [  283,   284  ] .  

   Epidermal Growth Factor Receptor Family 

 Aberrant expression of the epidermal growth factor receptor (EGFr) family is common 
in prostate cancer  [  285–  287  ]  although the extent and prevalence of this varies depend-
ing upon techniques used to demonstrate it and the population studied. Convergent 
signaling between androgen regulated processes and the pathway by which signal is 
transduced from cell surface receptor through Raf-1, MEK, MAP kinase and 
p27KIP1 have been mechanistically delineated in cell culture models, although the 
clinical relevance of these  fi ndings is still unclear  [  288  ] . A recent study has demon-
strated overexpression of EGFr in 18 % of prostate cancer patients with increased 
EGFr gene copy number in 3.3 %, with each of these associated with higher Gleason 
grade and stage and, in the case of EGFr expression, PSA recurrence  [  289  ] . 

 HER-2/neu is a candidate marker for predicting prostate cancer progression. 
Varying rates of HER-2/neu overexpression ranging from 9 to 64 % of PCs has been 
reported depending on the investigative method employed and the speci fi city of 
reagents used  [  290–  296  ] . Overexpression of HER-2/neu correlated with increasing 
grade and increasing stage in separate series  [  285,   290  ] . Fox et al. found that over-
expression of HER-2/neu by IHC predicted outcome in T1A PCs  [  292  ] . HER-2/neu 
ampli fi cation assessed by FISH was associated with disease recurrence in a series of 
106 primary tumors  [  293  ] . Within the California Cancer Consortium, patients were 
screened prospectively for shed serum Her2 antigen, immunohistochemistry and 
FISH but demonstrated a very low rate of abnormal expression and no response to 
trastuzumab, a therapeutic monoclonal antibody directed at Her2/neu  [  297  ] . 
Activation speci fi c antibodies for HER-2/neu may permit the delineation of a group 
of PC patients with functional over activity as distinct from overexpression. Other 
members of the erbB family including EGF-R, c-erbB3, and c-erbB4 may warrant 
evaluation as prognostic markers  [  298–  300  ] .  

   Ras 

 C-RAS was one of the  fi rst oncogenes identi fi ed and point mutations that correlate 
with increased ex vivo activity were an important part of models of prostate cancer 
in rodents  [  226,   301,   302  ] . Early studies in human tumors showed that activated Ras 
was increasingly evident as the disease progressed into the metastases  [  303  ] . 
However, detection of activating mutations of C-RAS in localized tumors proved 
variable and it soon became clear that their measurement was not likely to be of 
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important prognostic signi fi cance  [  304–  306  ] . Studies using antibodies to Ras peptide 
sequence have failed to demonstrate a relationship with clinicopathological or 
outcome parameters  [  307  ] . Most of the studies undertaken on Ras have occurred 
in North American Caucasians populations. There is signi fi cant racial variation in 
C-RAS point mutation type and frequency and therefore Ras activity and expression 
may warrant further investigation as a prognostic marker in other racial groups  [  308, 
  309  ] . Recent work shows that ETS gene fusion involves several elements of the ras/
raf-signaling pathway including BRAF and RAF1, although the importance of these 
uncommon fusions for therapy in selected patients is unclear  [  310  ] .  

   Phosphoinositide 3-Kinase/Akt Pathway 

 The phosphoinositide 3-kinase (PI3K)/Akt pathway is an important signal transduc-
tion pathway in many cell types and in fl uences cycle kinetics via p27 Kip1  regulation 
 [  311–  314  ] . Within this pathway there are several molecules that demonstrate altered 
expression in a variety of cancers  [  315  ] . In murine prostate carcinogenesis models, 
prostate-speci fi c deletion of PTEN (phosphatase and tensin homologue), which 
modulates the PI3K/Akt pathway, resulted in metastatic prostate cancer while AKT 
activation saw the development of PIN  [  316,   317  ] . PTEN is a tumor suppressor 
phosphatase that is commonly altered in lethal metastatic prostate cancer  [  181, 
  318–  322  ] . In vitro work shows that reconstitution of PTEN suppresses androgen 
receptor transcription and increases sensitivity to cytotoxic drugs  [  323,   324  ] . This 
may have clinical relevance since the PI3K/Akt and MAP kinase pathways becomes 
hyperactive with development of androgen independence in paired tumor samples 
 [  325  ] . While loss of PTEN expression correlates with increased Gleason score and 
increased pathological stage in patients with clinically localized PC, evidence of an 
effect on outcome has been lacking  [  322,   326  ] . However, recent data from a Japanese 
cohort does suggest that the presence of a deletion in PTEN is associated with PSA 
recurrence after controlling for other factors  [  327  ] , while data from a US cohort 
suggests that an index incorporating PTEN and Akt expression may have potential 
 [  328  ] . Similarly, increased Akt expression is reported to correlate with increased 
Gleason score and pretherapy PSA concentration >10 ng/ml in localized prostate 
cancer but a link to outcome has not been delineated  [  329,   330  ] .   

   Cellular Adhesion/Cohesion 

   E-Cadherin and Related Molecules 

 E-cadherin is involved the regulation of cell-cell adhesion and cell morphology 
 [  331,   332  ] . Functionally, cadherins form a complex with other molecules of impor-
tance in this process, particularly catenins  [  333,   334  ] . Reduced expression of one or 
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more component of this complex has generally been associated with a more aggressive 
cancer phenotype, as measured by a number of parameters, as well as a poorer out-
come in a number of cancers including prostate cancer  [  335–  339  ] . Downregulation 
of E-cadherin expression in localized prostate cancer is associated with increased 
expression of other cadherin family members, particularly N-cadherin  [  340  ] . It has 
been suggested that while E-cadherin promotes epithelial cell–epithelial cell 
adhesion, N-cadherin promotes epithelial cell–stromal cell adhesion  [  341  ] . In an 
apparent paradox, E-cadherin is overexpressed in metastases  [  342,   343  ] . This sug-
gests that E-cadherin expression is transiently turned off through an epigenetic 
mechanism during invasion and diapedesis into vessel walls only to be reactivated 
at the site of established metastases  [  342  ] . Other cadherins may play a role in this 
switching. “Reexpression” of E-cadherin has also recently been described in the 
transition from primary to metastases in breast cancer  [  344  ] . Recent work has 
focused on interaction of the cadherins with other molecules that modulate their 
function by truncation of the cadherin protein or stoichiometrically  [  345–  350  ] . The 
impact of these modulators on clinical prognostication and therapeutics requires 
further delineation. 

 There are several studies evaluating E-cadherin expression and prostate cancer out-
come. These are summarized in Table  9.7 . Overall, they suggest a signi fi cant prognos-
tic effect for E-Cadherin expression in prostate cancer. Clinical utility of E-cadherin 
expression is limited by heterogeneous expression in prostate cancer so that biopsy 
results may not be predictive  [  351,   352  ] . In addition, this area is further complicated 
by the observation that there is a switch in expression from E-cadherin to N-cadherin 
as part of epithelial–mesenchymal transition (EMT) as prostate cancer progresses and 
that EMT and this switch speci fi cally is associated with outcome  [  353  ] . Hence, 
E-cadherin and related molecules have potential as prognostic markers in prostate 
cancer but require further testing in large cohorts to determine whether they are inde-
pendent markers of outcome and if the effects are related to speci fi c subgroups.  

 The Wnt signaling pathway mediates a variety of cellular functions including 
cell polarity, tissue patterning, control of cellular proliferation, and development of 
neoplasia  [  354–  356  ] . This pathway is initially activated by a Wnt ligand binding to 
a Frizzled receptor which subsequently transduces a signal through activation of 
 b (beta)-catenin  [  356  ] . Although expression of Wnt ligands  [  357,   358  ] , Frizzled 
receptors  [  358,   359  ]  and  b (beta)-catenin  [  360–  362  ]  in prostate cancer has been 
established for many years, recent studies have demonstrated that Wnt-1  [  362  ] , 
nuclear  b (beta)-catenin  [  363  ]  and the Wnt-pathway inhibitor, secreted frizzled-
related protein 4 (sFRP4)  [  364  ] , have an association with prostate cancer outcome. 
Increased Wnt-1 expression correlates with increased Gleason score and serum 
PSA levels which is consistent with its role as an oncogene  [  362  ] . Conversely, 
increased expression of sFRP4 in a membranous pattern of immunostaining in 
>20 % of malignant epithelial cells independently predicts for a longer biochemical 
relapse-free survival in patients with localized prostate cancer ( p  = 0.02)  [  364  ] . 
Interestingly, loss of  b (beta)-catenin expression in the nucleus of malignant epithe-
lial cells is associated with both prostate cancer progression and an increased risk 
of relapse in localized prostate cancer in particular in the low-risk subgroup of 
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patients with preoperative PSA levels <10 ng/ml  [  363  ] . In vitro studies suggest that 
 b (beta)-catenin signaling in the nucleus can promote or repress tumor growth and 
development depending on the cofactors present  [  360,   365–  367  ] , and it may be the 
balance of these effects towards tumor repression in prostate cancer that accounts 
for higher levels of nuclear  b (beta)-catenin predicting for a better prognosis. 

 Altered expression of molecules in the prostatic stroma including chondroitin 
sulfate  [  368–  370  ]  and hevin  [  371  ]  as well as cell surface markers such as CD44 
 [  293,   372  ]  also have prognostic impact and represent potential therapeutic targets.  

   Angiogenesis 

 Neoangiogenesis is essential for the growth and metastatic propagation of cancer. 
Increased micro vessel formation is a feature of many cancers including prostate 
cancer where quanti fi cation of micro vessel density correlates with disease stage 
and outcome  [  155,   157,   373–  377  ] . Aberrant blood vessel formation is associated 
with anomalies in pathways involved in apoptosis, androgen receptor signaling, sig-
nal transduction, cytokine function, and cellular adhesion  [  156,   256,   378–  381  ] . 
Blood vessel formation is regulated by molecules involved in adhesion as well as 
vascular endothelial growth factor (VEGF)  [  382  ] , nitric oxide, and cyclooxyge-
nases. VEGF is crucial for the development of tumor masses exceeding a diameter 
of 3–5 mm  [  383  ] . 

 Preclinical data with prostate cancer cell lines demonstrate that VEGF is a poten-
tially important factor in stimulating cell proliferation as well as angiogenesis and 
lymphagenesis  [  380  ] . In experimental prostate cancer models, VEGF expression is 
upregulated in prostate and prostate cancer tissue by androgens and castration 
results in an initial fall in VEGF  [  384–  386  ] . The expression and effect of VEGF is 
regulated by a series of heterogeneous molecules. These include necropolis, activa-
tor protein 2 a (alpha), angiopoietins, ephrins, and interleukin 6 and 8  [  387–  391  ] . 

 VEGF is highly expressed in most prostate cancers  [  373,   377,   392  ] . The distribu-
tion of VEGF within prostate cancers is interesting. As expected, there are signi fi cant 
levels in endothelial cells and in the cytoplasm of cancer cells, with parallel increase 
with Gleason grade  [  393  ] . Neuroendocrine cells are highly expressive of VEGF 
isoform A and, in contradistinction to endothelial and adenocarcinoma cells where 
levels are androgen dependent, there is no fall in expression with androgen blockade 
 [  377,   393–  396  ] . This  fi nding may have therapeutic implications for hormone resis-
tant disease and VEGF targeting. Higher VEGF tissue expression predicts biochem-
ical PSA relapse following prostatectomy in one series  [  378  ]  and death from prostate 
cancer in a cohort that underwent observation for clinically localized disease  [  377  ]  
and two other cohorts with castrate-resistant PC  [  397,   398  ] . Others, however, have 
found tissue VEGF expression not to be predictive of recurrence  [  22  ] . In patients 
undergoing radical prostatectomy, elevated preoperative serum or urine VEGF 
levels are predictive of earlier disease progression  [  399,   400  ] . Serum VEGF falls 
after prostatectomy  [  401  ] . Patients with metastatic prostate cancer have serum 
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VEGF concentrations signi fi cantly higher than normal populations  [  402,   403  ] . 
There are at least four isoforms of VEGF (A, B, C and D) each with different roles 
and receptor af fi nities, but without clear differential prognostic or predictive ability 
at this time  [  404,   405  ] . A recent study using prostate cancer specimens from a variety 
of disease states found that vascular proliferation was predictive of prostate cancer 
speci fi c survival in localized, hormone naïve and castrate-resistant disease, even 
though VEGF expression was not prognostic  [  406  ] . Interestingly, castrate-resistant 
PC was characterized by decreased VEGF-A and increased hypoxia inducible factor 
alpha expression  [  406  ] . 

 VEGF receptor expression occurs diffusely through prostate carcinoma  [  407  ] . 
Each of the receptors has different physiological roles  [  404  ] . VEGFR1 (Flt-1) promotes 
vessel sprouting and branching while inhibiting tubular elongation possibly through 
release of soluble component that negatively modulates VEGF and VEGFR2 (Flk-1/
KDR)  [  408,   409  ] . VEGFR2 promotes tubular elongation of blood vessels while 
VEGFR3 (Flt-4) is directed at lymphangiogenesis and possibly lymph node metas-
tasis  [  410  ] . VEGFR2 signaling is responsible for increased prostate cancer cellular 
proliferation as well as neoangiogenesis  [  411,   412  ] . In prostate cancer progressive 
disease is associated with decreased VEGFR1 and increased VEGFR2  [  413  ] . Recent 
work suggests that VEGF and VEGFR2 may have a role in the development of 
osteoblastic bone metastases that are characteristic of advanced prostate cancer  [  414  ] . 
The mechanism postulated for this involves preferential expression of integrins on the 
cell surface. Higher VEGF receptor 3 expression predicts early tumor progression 
after RP  [  415  ] . Increased VEGFR3 expression in lymphatic endothelial cells predicts 
increasing disease stage and particularly lymph node involvement at RP  [  416  ] . 

 Hence, VEGF expression is prognostic in PC while varied expression of VEGFR2 
and VEGFR3 may have respective roles in bone and lymph node metastases.   

   Gene Expression Pro fi ling to Delineate Markers of Outcome 

 A contemporary approach to discover new genes of prognostic signi fi cance is to 
utilize microarray analysis to de fi ne gene expression pro fi les that cosegregate with 
poor clinical outcome  [  12,   417–  420  ] . The most advanced published data on the util-
ity of such an assay is currently in breast cancer where the Netherlands Cancer 
Institute and Antoni van Leewenhoek Hospital have pioneered the use of microarray 
pro fi le analysis based on 70 genes, in conjunction with conventional prognostic 
tests to determine which women will receive adjuvant treatment after surgery 
 [  418,   419  ] . The use of a microarray-based prognostic tool in the treatment of pros-
tate cancer remains in development. Three prostate cancer gene expression datasets 
have utilized primary prostate cancers with outcome data in an attempt to de fi ne 
gene expression pro fi les associated with prostate cancer recurrence  [  12,   420,   421  ]  
(Table  9.8 ). While a comprehensive meta-analysis of these data is still to be 
performed, commonalities do exist. Lapointe et al. reported that while there was no 
overlap between the 23 genes associated with early recurrence in their cohort and 
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those identi fi ed by Singh et al., their set of genes predicted recurrence for patients 
included in the latter study. Similarly, none of the probesets identi fi ed by Henshall 
et al. overlapped with the probesets selected by Singh et al. However, a potential 
functional link was noted between the TRP channel trp-p8 and calnexin, both pre-
dictors of outcome in the Henshall et al. study, and chromogranin A and inositol 
triphosphate receptor identi fi ed by Singh et al., because TRP ion channels are linked 
to the phosphatidylinositol signal transduction pathway. Importantly, the data from 
all three studies provide strong evidence for a gene expression pro fi le of poor prog-
nosis in localized prostate cancer. The critical next steps in developing a clinically 
useful gene expression panel for prostate cancer is to assure the  fi delity of sample 
preparation (e.g., laser captured populations of malignant epithelial cells), adapt a 
widely-available array platform, and translate the approach for application to  fi xed 
tissues to enable analysis of larger cohorts of patients with longer follow-up.  

 An increasing number of potential prognostic markers identi fi ed by gene expres-
sion pro fi ling are being validated using immunohistochemistry on tissue microar-
rays comprised of large cohorts of patients treated for localized disease with radical 
prostatectomy (Table  9.9 ). The clinical utility of these molecules in identifying 
patients with aggressive prostate cancer will ultimately need to be analyzed for their 
ability to improve preoperative prediction of prostate cancer recurrence  [  5  ] .   

   Conclusion 

 A limited number of molecular markers in prostate cancer tissue are of clinical 
utility in predicting outcome or response to therapy. Current markers with potential 
include p53, Bcl-2, p16 INK4A , p27 Kip1 . c-myc, androgen receptor, E-cadherin and 

   Table 9.9    Selected studies of validated prognostic markers identi fi ed by gene expression pro fi ling 
of prostate cancers   

 Molecule  Treatment 
 Cohort 
size 

 Effect on prostate 
cancer outcome  Special notes  References 

 Hepsin  RP  78  Absent or low expres-
sion is prognostic 

  [  483,   484  ]  

 PIM1  RP  78  Decreased expression 
is prognostic 

  [  484  ]  

 EZH2  RP  64  Moderate to strong 
expression is 
prognostic 

 Increased expression 
in metastatic PC a  

  [  31,   350  ]  

 MTA1  RP  108  Decreased expression 
is prognostic 

 Increased expression 
in metastatic PC a  

  [  485  ]  

 MUC1  RP  225  Increased expression 
is prognostic 

  [  421  ]  

 AZGP1  RP  225  Decreased expression 
is prognostic 

  [  421  ]  

   a Relative to localized prostate cancer and benign prostate  [  31,   485  ]   
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VEGF. Recent techniques for high volume assessment of gene expression will 
accelerate the discovery of new predictive and prognostic molecules. The test of 
these and other markers of outcome will be not only their predictive potential but 
also their ability to change the natural history of prostate cancer through directed 
intervention. 

 To  fi nd a useful marker or signature in prostate cancer, we have many challenges. 
Our current classi fi cation of prostate cancer even at the very rudimentary molecular 
level is lacking. The estrogen, progesterone and Her2-neu receptor status of breast 
cancer has allowed strati fi cation of a complex disease for clinical trials and as a 
paradigm for molecular signature generation. To date this has not been possible in 
prostate cancer, although recent work suggests the imprinting of the TMPRSS2-
ERG, PTEN and androgen receptor con fi gurational status may be important  [  422  ] . 
Similarly, basic molecular predictors of outcome in the adjuvant, hormone naïve 
and castrate resistant settings have been slow to develop in a disease that at its most 
aggressive evolves over a decade. Finally, predictors of response to standard thera-
pies have been dif fi cult to characterize in the absence of a single dominant gene or 
the ability to sub-segment the disease. To move forward, markers or gene signatures 
will need to have strong biological base, be linked to a therapeutic intervention and 
have enough strength to add to the formidable triad of stage, Gleason score and 
serum PSA in prostate cancer.      
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         Introduction 

 Predicting responses to a medicinal product (therapeutic response or toxic effect) is 
becoming an increasingly important issue in patient care. The response to drugs 
varies from one individual to another, and this has important consequences for drug 
ef fi cacy and drug toxicity  [  1  ] . Genetic factors affecting the metabolism and trans-
port of drugs account for some of this interindividual variability; pharmacogenetics 
is the study of the in fl uence of differences in DNA sequences on the response to 
drugs (European Medicines Agency, EMEA), and its ultimate goal is to optimize 
medicinal treatments in terms of ef fi cacy and safety of use. Pharmacogenetics is a 
rapidly expanding  fi eld because it makes possible to predict, inexpensively and 
using relatively simple tools, the potential ef fi cacy and/or the risk of toxicity of a 
drug in any particular patient. 

 Identifying markers that predict responses to chemotherapy is an important 
challenge in oncology  [  2  ] . By de fi nition, the drugs used to treat cancer are toxic 
and, in view of the seriousness of the illness being treated, some degree of toxicity 
is acceptable. This means that these drugs have a narrow therapeutic window. 
Therefore, it is essential to identify the factors that can alter drug response and 
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modify the ef fi cacy/toxicity equilibrium. Because a variety of different effective 
agents may now be available for any given type of cancer, deciding which treatment 
regimen is likely to be the most appropriate—in other words, the least toxic and the 
most effective—is more complicated than ever, and characterizing factors that are 
predictive of toxicity and ef fi cacy could lead to signi fi cant improvement in both the 
quality of treatment and outcomes. At least two different classes of markers to pre-
dict ef fi cacy and toxicity can be studied: those related to the target and those related 
to metabolic pathways involve chemotherapeutic agents. Such markers can be 
 analyzed at either the somatic level (i.e., in the tumor cells themselves) or at the 
constitutional level. In the former case, the markers identi fi ed would tend to 
be predictive of responsiveness, whereas in the latter, they would likely be predic-
tive of toxicity as well as ef fi cacy. 

 Drugs are for most xenobiotics, i.e., chemicals foreign to the body. They are usually 
lipophilic molecules that must be metabolized to hydrophilic compounds to increase 
their solubility to be more easily eliminated in bile and/or urine. 

 Xenobiotics are often hydrophobic and/or chemically reactive. The body has to 
render them hydrophilic and/or neutralize the reactive chemical functions  [  3  ] . This 
means that the body needs an armory of enzymes capable of carrying out these 
functions against compounds whose the chemical structure is, a priori, unknown. In 
addition, these xenobiotics must be transported by membrane proteins to penetrate 
into the body, and then to be distributed within it and eliminated  [  4  ] . 

 The  fi rst step in the metabolism of a drug (called phase “0” metabolism) admin-
istered, for example, orally is crossing the intestinal barrier to enter the vascular 
compartment. At the intestinal barrier, there are carriers (ef fl ux transporters) 
intended to expel them, represented, for example, by P-glycoprotein (P-gp), codes 
by MDR1 or ABCB1 gene. The various steps of drug metabolism are mainly hepatic 
and then divided into two groups: the reactions of phase I and phase II  [  5  ] . The 
phase I reactions are functionalization reactions catalyzed mainly by enzymes of the 
superfamily of cytochrome P450 monooxygenases (CYP). Other phase I enzymes 
include dehydrogenases, reductases, and hydrolases. The phase II reactions are for 
the most part conjugation reactions that make the metabolites generated by phase I 
reactions even more hydrophilic. Among the enzymes of phase II reactions, we  fi nd 
the N-acetlytransferases (NAT), glutathione S-transferase (GST) or sulfotransferases 
(SULT), and UDP-glucuronosyltransferases (UGT). 

 Finally, to be removed from the cell, these conjugated metabolites must be trans-
ported across the membrane proteins (phase III), which belong to the same family 
as the P-gp: the ABC protein (ATP-binding cassette, e.g., ABCC1 or MRP1 in the 
old nomenclature, ABCC2, etc.). 

 Some enzyme and transport proteins belong to the same functional class corre-
sponding to superfamilies (e.g., CYP, NATs) with many isoforms encoded by different 
genes but with a strong homology in their amino acid sequences. Within a single 
superfamily, the isoforms have an overlapping substrate speci fi city. The expression 
or activity of proteins involved in transport, metabolism and pharmacodynamics of 
drugs varies depending on physiopathological, environmental and genetic (poly-
morphisms) factors. These variations can have signi fi cant impact on the effect of 
drugs (ef fi cacy and/or tolerance). 
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 As with all body proteins, the expression and activity of enzymes that catalyze 
reactions of biotransformation of drugs depend predominantly on the information 
carried by genes. Sequence of these genes can be altered by point mutations or SNPs 
(Single Nucleotide Polymorphism), partial or total deletions, or duplications or 
ampli fi cations. These different versions of gene sequences de fi ne alleles and each 
individual has two allelic versions of the same gene, identical or different identifying 
a genotype. A genetic polymorphism is de fi ned by the existence of at least two 
different alleles for a given gene (one allele is considered as the reference allele), 
present at a frequency of at least 1% in a population  [  6  ] . The threshold of 1% is arbi-
trary. The number of alleles varies greatly from one gene to another one (from 2 to 
over 50) and variants whose frequency is less than 1% are numerous. Furthermore, 
the frequency and nature of the variants are variable according to the ethnicity. 
Genetic polymorphisms can be responsible for variations in gene expression and/or 
activity of proteins they encode; however, the functional signi fi cance of numerous 
allelic variants is still unknown. A large number of xenobiotic metabolism enzymes 
(XME) of phase I and II, as well as targets and drug transporters have polymorphic 
genes  [  7,   8  ] . In the case of drug enzyme metabolism, allelic variants of their genes 
cause a decrease or an increase in activity or a complete absence of the enzyme pro-
tein  [  7,   8  ] . The genetic polymorphisms of enzymes of drug metabolism are expressed 
in the general population in the form of distinct metabolic phenotypes, de fi ning, in 
the most general case, two groups of individuals called poor metabolizers (lack of 
enzyme activity) and fast metabolizers (normal enzyme activity). The existence of 
so-called ultrarapid metabolizers (increased enzyme activity) or intermediate (partial 
de fi cient activity) is also known for some polymorphic enzymes  [  7,   8  ] . 

 Family studies have shown that the poor metabolizer phenotype is usually 
transmitted as an autosomal recessive trait, poor metabolizers, are homozygous or 
compound heterozygous for nonfunctional alleles. The frequency of these pheno-
types varies in the population according to the polymorphism and, for the same 
enzyme, varies according to ethnic or geographic origins of populations studied  [  9  ] . 
For example, there are currently more than 70 allelic variants of the gene that codes 
for cytochrome P450 2D6 (CYP2D6) with 20 known as nonfunctional and respon-
sible for a lack of enzyme activity. The mutations that characterize these nonfunc-
tional alleles are diverse (nonsense, missense, frameshift or reading frameshift 
microdeletion, or insertion mutations affecting the consensus splice sites). In addi-
tion to these, microlesions were also described as macrolesions—complete gene 
deletions, causing a complete lack of activity of CYP2D6, or gene ampli fi cations 
(from 2 to 13 copies of the gene), causing overexpression of the CYP2D6 gene 
associated with an ultrafast phenotype. 

 The methods to be implemented to determine the metabolic capacity of an 
enzyme are based either on the determination of phenotype (direct measurement of 
enzyme activity or indirectly based on the administration of a test substrate 
followed by a measurement of residual amounts of substrates and their metabo-
lites), or the genotype-based identi fi cation of genetic polymorphisms at the origin 
of the variability of expression and activity of the enzyme studied. 

 In this chapter we focus on  fi ve different enzymes: thiopurine  S -methyltransferase 
(TPMT) because it is one of the  fi rst example anticancer agents toxicity prediction; 
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dihydropyrimidine dehydrogenase (DYPD), thymidylate syntase (TYMS), and 
methylenetetrahydrofolate reductase (MTHFR) because of their potential implica-
tions in the adverse effect prediction of the most widely anticancer agent used 
(i.e., 5-Fluorouracil 5-FU); UDP glucuronosyltransferase 1 family, polypeptide A1 
because of the recommendation of the FDA to genotype UGT1A1 before to treat 
patients with irinotecan and  fi nally two targets of new anticancer agents vascular 
endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR) for 
illustrate the role of polymorphism in the target of new anticancer agents in predic-
tion of their toxicity.  

   Thiopurine  S -Methyltransferase 

 The 6-mercaptopurine (6MP) and its prodrug, azathioprine (AZA) belong to the 
family of drugs known as the thiopurines, in use for decades either as immuno-
suppressive or anticancer drugs. The metabolism of these drugs is schematized 
in Fig.  10.1 . The active metabolites are the 6-thioguanine nucleotides (6TGNs), 
but they may also be toxic at high concentrations  [  10–  13  ] . The principal cyto-
toxic mechanism of these agents is generally considered to be mediated via 

  Fig. 10.1    Metabolism of thiopurine  S -methyltransferase       
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incorporation of TGN into DNA and RNA. These metabolites are formed by a 
multistep pathway that is initiated by hypoxanthine phosphoribosyltransferase. 
Alternatively, these agents can undergo S-methylation catalyzed by the thiopu-
rine  S -methyl transferase (TPMT) or oxidation into thiouric acid via xanthine 
oxidase (Fig.  10.1 ). Metabolism via either xanthine oxidase or TPMT reduces 
formation of active TGN. Interindividual differences in TGN accumulation have 
been shown to be a signi fi cant determinant of hematotoxicity and antileukemic 
or immunomodulator effects of thiopurines  [  14,   15  ] . Indeed, the cellular accu-
mulation of TGN is inversely related to TPMT activity. This enzyme was shown 
to be genetically polymorphic many years ago  [  16–  19  ] . The molecular basis for 
altered TPMT activity has now been de fi ned for the majority of the patients. To 
date, the most frequent de fi cient alleles, including TPMT*2, TPMT*3A, and 
TPMT*3C alleles, account for 80–95% of intermediate or low enzyme activity 
cases  [  20  ] . Of the total population, 89% have a normal level of enzyme activity 
(homozygous wild-type TPMT), 10.7% have intermediate (heterozygous), and 
0.3% (1/300) have low or no enzyme activity (homozygous mutant TPMT)  [  21  ] . 
The a priori knowledge of an individual’s TPMT activity can identify those 
patients prone to early leukopenic events when treated with standard doses of 
thiopurines as a result of intermediate or low TPMT activity. The consequences 
of TPMT variations are important for the toxicity of the thiopurines as well as for 
their ef fi cacy. Indeed, these drugs were shown to be myelotoxic, at therapeutic 
doses, in some patients. Although not all of the myelotoxic effect could be 
explained by the TPMT defect  [  22,   23  ] , a close relation between TPMT activity, 
6TGN erythrocyte concentration, and myelotoxicity was clearly proven  [  13,   24,   25  ] . 
Among intolerant patients developing dose-limiting hematopoietic toxicity 
from therapy containing thiopurines, the prevalence of TPMT de fi cient and 
heterozygous individuals was sixfold higher when compared with the general 
population  [  26  ] . However, with appropriate dosage adjustments, TPMT de fi cient 
patients can be treated with thiopurines without acute limiting toxicity. Moreover, 
it has also been shown that the variations in TPMT activity could be responsible 
for variations in the ef fi cacy of 6MP. Among acute leukemia children, a high 
activity of TPMT is associated with a lower therapeutic ef fi cacy  [  27–  29  ] ; TPMT 
pharmacogenetics highlights the potential clinical importance of the translation 
of pharmacogenetics from bench to bedside. The determination of either the 
TPMT phenotype by determining its activity in erythrocytes  [  16,   30,   31  ]  or the 
TPMT genotype  [  17,   18,   32  ]  is quite easy and will be helpful to adjust drug 
dosage  [  33–  35  ] . Prior knowledge of TPMT status avoids exposure of individuals 
with no TPMT activity to potentially fatal treatment with AZA or 6-MP and pro-
vides one of the best examples of predictive pharmacogenetics in therapeutics. 
Finally, a cost-effectiveness study of TMPT genotyping, prior to thiopurine 
treatment in children with acute lymphoblastic leukemia, indicated that TPMT 
genotyping should be seriously considered as an integral part of healthcare prior 
to the initiation of therapy with thiopurine drugs  [  35  ] .   
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   Dihydropyrimidine Dehydrogenase 

 5-Fluorouracil (5-FU) and orally available 5-FU prodrugs are prescribed for the 
treatment of many cancers such as colorectal cancer and breast cancer. The cytoso-
lic enzyme dihydropyrimidine dehydrogenase DPD plays an important role in 5-FU 
degradation  [  36  ] . It catalyses the  fi rst step in the degradation pathway of 5- fl uorouracil 
to 5- fl uoro-dihydrouracil, which is degraded further to  fl uoroalanine and  fl uoroacetate 
(Fig.  10.2 ). Extensive degradation of 5-FU may limit its metabolism to active 
metabolites, such as FdUMP, which may result in clinical resistance to 5-FU  [  36  ] . 
There is an association between the DPD activity in lymphocytes, which is subject 
to a wide variability in human population mainly due to genetic polymorphism, and 
the systemic clearance of 5-FU  [  37  ] . A weak DPD activity leads to a decrease of 
5-FU catabolism associated with an increase of 5-FU active metabolites and an 
increase risk of severe toxicities, which can ultimately lead to death. DPD is found 
in nearly every organ but is mostly expressed in the liver, kidney, and lungs  [  38  ] . 
The role of DPD is an important factor of availability of 5-FU and the DPD activity 
was show to be inversely related to the plasma concentration of 5-FU in cancer 
patients receiving continuous infusion of 5-FU  [  39  ] . DPD activity shows a wide 
range of individual variation (up to 20-fold differences) among individuals  [  40, 
  41  ] . Complete or near-complete enzyme de fi ciency occurs in one patient out of 
10,000, and it is associated with potentially life-threatening toxicity after adminis-
tration of 5-FU or related drug  [  42  ] . Although total DPD de fi ciency is rare, 3–5% 

  Fig. 10.2    Catabolism 
of 5- fl uorouracil       

 



25510 Prediction of Chemotherapy Toxicities

of the population has low enzyme activity that is associated with an increased risk 
of toxicity in patient treated with pyrimidine-based antimetabolite analogues, such 
as 5-FU and capecitabine  [  43–  46  ] . Patients who had from partial to complete loss 
of DPD activity are exposed to excessive accumulation of active 5-FU metabolites 
following treatment with 5-FU and related drug and, consequently, exhibit 
signi fi cantly greater risk of hematopoietic, neurological, and gastrointestinal 
5-FU-induced toxicity, which can be fatal  [  47  ] . Approximately, a decreased DPD 
activity has been detected in half of patients suffering from severe 5-FU toxicity 
 [  42,   48–  50  ] , and patients with a partial DPD de fi ciency have a 3.4-fold higher risk 
of developing grade IV neutropenia than patients with a normal DPD activity  [  49  ] . 
Furthermore, the occurrence of toxicity is twice as fast in patients with low DPD 
activity compared with patient with normal DPD activity  [  37,   51  ] . The clinical pre-
sentation of DPD de fi ciency is similar to that of an accidental overdose of 5-FU. 
Estimating this frequency of patients harboring at least a partial DPD de fi ciency, the 
pretherapeutic detection of this metabolic dysfunction could prevent severe and 
unwanted side effects due to  fl uoropyrimidine drugs.  

 The human gene coding for DPD (DPYD) is located on chromosome 1 at position 
1p22 and comprises 23 exons. Families studies with DPD-de fi cient subjects (absence 
of DPD activity in  fi broblasts) were used to characterize many DPYD gene variants 
associated with decreased activity of DPD. To date, more than 30 genetic polymor-
phisms in the DPYD gene have been reported  [  52  ] . Of these, more than half might 
be associated with decreased activity of DPD  [  48,   49,   53  ] . In the Western popula-
tion, the frequency of all these variants associated with a decreased activity of 
DPYD was approximately 3% in the heterozygous and 0.1% in the homozygous 
state  [  41,   54,   55  ] . Among these, the most common polymorphism, accounting for 
40–50% of all DPYD variants, is the splice site variant of exon 14 (IVS14 +1G>A, 
DPYD allele * 2A), resulting in the total excision of exon 14  [  56  ]  and the deletion 
of a segment of 165 amino acids corresponding to the binding site of pyrimidine 
substrate  [  57  ] . Homozygous patients for this polymorphism have a null DPD activ-
ity, and heterozygous patients have a strong reduced DPD activity  [  54  ] . The clinical 
relevance of DPYD gene single nucleotide polymorphism on 5-FU tolerance was 
recently evaluated on a prospective series. A set of nine DPYD SNPs was prospec-
tively determined by pyrosequencing on 487 patients, among them the presence of 
the one of the three following polymorphisms (IVS14 +1G>A, 2846A>T or 
1679T>G) was associated with severe toxicity. These three polymorphisms were 
studied in an extended population of 1,200 patients receiving 5-FU and the presence 
of one of them was highly correlated with severe toxicity ( P  = 2.8 × 10 −10 )  [  54  ] . 
Sensitivity, speci fi city, and positive and negative predictive values of the detection 
of these three polymorphism as predictive factors for toxic side effects were 0.31, 
0.98, 0.62, 0.94 respectively. Another study that included 683 patients with various 
types of cancers treated prospectively by several 5-FU regimen has shown that 
detection of the IVS14 +1G>A polymorphism had a sensitivity of 0.055 and a predic-
tive positive value of 0.46 for predicting severe toxicity. The inclusion of additional 
DPYD variants improved prediction only marginally. The toxicities signi fi cantly 
associated with mutants were mucositis and leucopenia. Surprisingly, an interaction 
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between IVS14 +1G>A polymorphism and sex was highlighted as the prediction of 
toxicity for this polymorphism was higher among men than in women (odds ratio of 
39.9 for men and 0.62 in women)  [  58  ] . The impact of determination of DYPD 
de fi ciency in terms of cost effectiveness should be studied, in order to convince the 
oncologists to use the different tools available to measure it.  

   Methylenetetrahydrofolate Reductase 

 The 5–10 methylenetetrahydrofolate reductase (MTHFR) catalyzes the irreversible 
conversion of the 5,10 methylenetetrahydrofolate, required for purine and thymi-
dine synthesis, to 5-methyltetrahydrofolate the primary methyl donor for the rem-
ethylation of homocysteine to methionine, which is indispensable for nucleic acid 
methylation  [  59  ]  (Fig.  10.3 ). Reduced enzyme activity is associated with elevated 
homocysteine, an established risk factor for occlusive heart disease  [  60  ] , and low 
serum folate  [  61  ] . Two nonsynonymous C677T (A222V) (NM_005957.3:c.665C>T; 
NP_005948.3:p.Ala222Val; in former nomenclature this variant is numbered 
C677T, we kept this former nomenclature to be coherent with the literature) and 
A1298C (E429A) (NM_005957.3:c.1286A>C; NP_005948.3:p.Glu429Ala; in former 

  Fig. 10.3    Metabolism of 5- fl uorouracil       
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nomenclature this variant is numbered A1298C, we kept this former nomenclature 
be coherent with the literature) variants have been shown to modify the activity of 
MTHFR enzyme. The variants have been associated with a reduced activity of 
MTHFR, more important for the C677T than for the A1298C, an increased plasma 
level of homocyteine and an altered distribution of folates mainly for the C677T 
allele  [  62–  66  ] . Haplotype analyses showed a strong linkage disequilibrium between 
the two variants ( D  ¢  estimate of −0.95; personal data) suggesting functional interfer-
ence between these two polymorphisms  [  67,   68  ] . The haplotype 665T/1286C is 
very rare and patients homozygous for both variants are even not present in differ-
ent studies suggesting that such genotypes could result in severe de fi cient pheno-
type. Moreover the functional impact of C665T and A1286T polymorphism is 
affected by folates status  [  67,   69  ] . Some cancer drugs antifolates and  fl uoropyrimidine, 
methotrexate (MTX), 5-FU and raltitrexed (RTX), interfere with folate metabolism, 
and drug ef fi cacies are dependent of the folate pool in cancer cells  [  70  ] . Therefore 
it has been suggested that MTHFR polymorphism could play a role in toxicity and 
ef fi cacy of these compounds. Numerous studies try to explore a possible association 
between C665T, A1286V or the combination of two by haplotype analysis and a 
toxic effect of MTX both in cancer and in anti-in fl ammatory treatment. At least 35 
studies explore this association in different human population (Caucasian, Japanese, 
Asian, Indian, African-American, Jewish, and Hispanic) in different association of 
treatment (MTX alone or in combination with anticancer agents or with immuno-
suppressive drug) (for review see  [  66  ] ). The side effects investigated were heteroge-
neous from one series to another. A positive association between 677T allele and 
adverse effect of MTX has been found in approximately half of the series, in one 
series a lower rate of haematologic toxicity was observed in patients carrying 677T 
allele  [  71  ] , and no correlation was found in the remaining series  [  66  ] . The effect of 
the A1298C allele was less studied, but the results are even more discordant with 
positive and negative association between 1286C allele and adverse effect of MTX. 
Therefore, no clinical conclusion can be drawn from these series, and we need a 
large prospective series to measure the clinical impact of the determination these 
polymorphisms in predicting side effects of MTX.  

 The pharmacological target of 5-FU is the thymidilate synthase (TS), and the 
drug exerts its effect by forming a ternary complex between its active compound the 
5- fl uoro-2 deoxyuridine-5 monophosphate (5FUMP), thymidylate synthase, and 
5–10 methylene tetrahydrofolate (CH2FH4) thereby inhibiting TS activity  [  72  ] . 
Since a loss in MTHFR enzymatic activity may favor an increase in intracellular 
CH2FH4 concentrations stabilizing the binding of 5- fl uorodeoxyuridine monophos-
phate to TS, it can be hypothesized that tumors exhibiting mutated MTHFR geno-
types may be more sensitive to 5-FU cytotoxicity (adverse side effects or tumor 
response)  [  73,   74  ] . If the 677T allele has been reported initially associated with 
ef fi cacy of 5-FU in patient treated in monotherapy in advanced colorectal cancer 
 [  75–  77  ] , the more recent published series failed to con fi rm such association when 
the 5-FU is associated with irinotecan or oxaliplatin  [  78–  80  ] . Concerning the 
association between the MTHFR polymorphism and 5-FU toxicity, Table  10.1  
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summarizes the different results observed  [  58,   77,   78,   81–  83  ] . Based on the different 
series published up to now and also taking into account the largest prospective study 
 [  58  ] , the impact of MTHFR polymorphisms on severe FU related toxicity seems 
to be negligible  [  58  ] .  

 The quinazoline antifolate Raltitrexed is a potent and speci fi c inhibitor of TS. 
This compound is polyglutamated by folylpolyglutamate synthase into cells; the 
increased availability of 5,10-methylentetrahydrofolate, as a result of impaired 
MTHFR activity, could compete with Raltitrexed for polyglutamation and binding 
to TS and therefore interfering Raltitrexed cytotoxicity (adverse side effect or tumor 
response). Only one series reported that homozygotes for the MTHFR 677 TT poly-
morphism incurred signi fi cantly less Raltitrexed-associated toxicity than those with 
either wild-type or heterozygous genotypes  [  84  ] .  

   Thymidylate Synthase 

 Thymidylate synthase (TS) is the main intracellular target of  fl uoropyrimidines 
 [  85  ] . The uracil analogue 5-FU is a prodrug, which is metabolized to 5- fl uoro-2-
deoxyuridine monophosphate (5-FdUMP) (Fig.  10.3 ). This active metabolite inhibits 
the thymidylate synthase that is a crucial enzyme for de novo synthesis of pyrimi-
dine, required DNA synthesis. 5-FdUMP forms stable complexes with TS and folate 
as a cofactor, thus blocking the conversion of dUMP to dTMP. 

 The interpatient variability in TS expression is a factor in fl uencing pharmacody-
namic effects of  fl uoropyrimidines. Several studies have underlined the relationship 
between intratumoral TS protein expression and response to 5-FU-based chemo-
therapy. Patients with low TS levels have better clinical outcome than those with 
high TS levels  [  86–  89  ] . TS protein expression is affected by different underlying 
functional polymorphisms  [  90–  94  ] . 

 The TYMS gene is located on the short arm of chromosome 18. The TYMS 
promoter enhancer region is polymorphic, and several polymorphisms in fl uence the 
translation ef fi ciency of TYMS mRNA  [  90,   95,   96  ] . TYMS promoter comprises a 
28-bp sequence, usually presented as a double-tandem repeat (TSER*2 allele) or a 
triple-tandem repeat (TSER*3 allele), and it was demonstrated that homozygous 
TSER*3/TSER*3 cells over-expressed  TYMS  mRNA compared with homozygous 
TSER*2/TSER*2 cells  [  90,   96  ] . A single nucleotide polymorphism G>C has been 
described at the twelfth nucleotide of the second repeat of the TSER*3 allele, lead-
ing to a tri-allelic locus (TSER*2, TSER*3G, and TSER*3C). This polymorphism 
changes a critical residue in the USF E-box consensus element. The TSER*3C 
allele showed transcriptional activity that was similar to that of the TSER*2 allele 
 [  92  ] . More recently, a novel nucleotide G>C change in the  fi rst tandem repeat of the 
TSER*2 allele has been reported  [  97,   98  ] . The discovery of this novel polymor-
phism raises the possibility of nucleotide change occurring in other tandem repeats. 
Furthermore, a common polymorphism in the 3 ¢ -untranslated region (3 ¢ -UTR) of 
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the TYMS gene has been identi fi ed, usually presented as a deletion of 6 bp at position 
1,494  [  94  ] . A signi fi cant association between the 6-bp deletion and low TYMS 
mRNA expression in colorectal tumor tissue has been described  [  99  ] . 

 A combined analysis of functional polymorphisms affecting TS activity has been 
reported. Patients possessing genetic changes in the 5 ¢ -UTR and 3 ¢ -UTR associated 
with low TS activity were the most likely to respond to chemotherapy  [  100  ] . 
Interestingly, a linkage disequilibrium was observed between the number of tandem 
repeats and insertion/deletion polymorphisms  [  99  ] . 

 Ethnic variations of the TS genotypes have been reported in the literature. The 
number of tandem repeats differs widely according to patients’ ethnicity. Indeed the 
frequency of homozygous TSER*3/TSER*3 genotype varies from 40% in 
Caucasians to 70% in Chinese population  [  101,   102  ] . The four and nine repeat 
alleles are found at higher frequencies in Africans (2–7%) compared to Caucasians 
or Asians (0–1%)  [  103  ] . 

 Controversial data have been reported concerning the relation between poly-
morphisms of  TYMS  gene alleles and tumor response or survival of patients treated 
by  fl uoropyrimidines. In one hand, homozygous TSER*3/TSER*3 genotype has 
been shown to be associated with higher TS expression, leading to lower  fl uorouracil 
ef fi cacy, while homozygous double repeat genotype (TSER*2/TSER*2) has been 
associated with preferable clinical outcomes after 5-FU-based chemotherapy 
 [  100,   104–  106  ] . 

 In another hand, survival or response to 5-FU treatment in patients with TSER*3/
TSER*3 genotype was better than or equal to that with TSER*2/TSER*2 genotype 
 [  75,   107,   108  ] . These results suggest that the whole transcriptional activity of TYMS 
is not only dependent of the number of tandem repeats. The single nucleotide 
polymorphisms in the tandem repeats, which modify the transcriptional activity of 
TYMS, can possibly explain these inconclusive data. Moreover, the 6-bp insertion/
deletion polymorphism was shown to be associated with survival in colorectal 
cancer patients treated with adjuvant 5-FU  [  109  ] . 

 As with  fl uoropyrimidines ef fi cacy, TYMS polymorphisms have been evaluated 
in pharmacogenetic studies examining  fl uoropyrimidines toxicity. The low TYMS 
mRNA expression level in normal tissue is supposed to be associated with a higher 
risk of the cytotoxic effects of 5-FU. The decrease in TYMS mRNA expression in 
normal tissue of TSER*2/TSER*2 patients is supposed to sensitize the normal cells 
against damage by 5-FU-based chemotherapy. 

 Several studies on TYMS polymorphisms showed a signi fi cant inverse association 
between the number of 28-bp tandem repeats in the TYMS promoter region and the 
severity of 5-FU toxicity  [  58,   104,   110–  112  ] . In the  fi rst reported study, which 
included 50 colorectal patients who received 5-FU chemotherapy, patients homozy-
gous and heterozygous for TSER*3 allele experienced a signi fi cant lower incidence 
of severe 5-FU toxicity than patient homozygous for TSER*3 (27% and 32% versus 
63%;  p  = 0.008)  [  104  ] . In our own published study, patients with TSER*2/TSER*2 
genotype were 20 times more likely to have severe toxicity to 5-FU compared with 
TSER*3/TSER*3 carriers  [  111  ] . However, this association was not constantly 
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found  [  83,   113,   114  ] . Consideration of the G>C SNP in the TSER*3 allele is not a 
better determinant of toxicity during 5-FU-based treatment  [  83  ] . The polymorphism 
3 ¢ UTR indel of  TYMS  has not been as extensively studied as TSER polymorphism 
and no relation was observed in two series  [  83–  111  ] . 

 Therefore, the value of TYMS polymorphisms in predicting toxicity to 
5-FU-based therapy is not clearly established and requires further investigation. 
These apparent contradictory data illustrate the complexity and dif fi culty to demon-
strate the utility of the pharmacogenetic concept into routine clinical practice. 
Heterogeneity in clinical features in patients treated with 5-FU-based chemotherapy 
may represent a major limitation for observing actual pharmacogenetic effects of 
functional germ-line polymorphisms. Despite the large number of studies attempt-
ing to identify useful molecular predictors of response to 5-FU in terms of ef fi cacy 
and toxicity, no reliable TYMS polymorphisms of 5-FU toxicity have been vali-
dated to permit their use as a standard of care for the management of patients with 
cancer treated with 5-FU-based chemotherapy. 

 Combining polymorphisms of DPYD, MTHFR, and TYMS with the mode of 
administration of 5-FU bolus versus infusional, the supplementation by folinic acid 
and the gender, Schwab et al.  [  58  ]  have proposed a nomogram based on the multi-
factorial model, for estimating individual 5-FU toxicity risk. (Fig.  10.4 )   

  Fig. 10.4    Metabolism of SN-38       
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   UDP Glucuronosyltransferase 1 Family, Polypeptide A1 

 Glucuronidation are the most frequent phase II modi fi cation in drug metabolism. 
These reactions lead to more hydrophilic compounds, which can be more easily 
excreted in biological ef fl uents like bile  [  115,   116  ] . 

 For example Irinotecan is a prodrug that is converted by carboxylesterase to an 
active metabolite 7-ethyl-10-hydroxycamptothecin (SN-38), which has a 100–
1,000-fold higher cytotoxicity than irinotecan. SN-38 is then further metabolized in 
the liver by uridine diphosphateglucuronosyltransferases (UGTs) to an inactive 
metabolite, SN-38 glucuronide (SN-38G)  [  117,   118  ] . 

 Among the UGT enzymes, two families have been identi fi ed UGT1 and UGT2, 
which are divided into three subgroups, UGT1A, UGT2A and UGT2B  [  116,   119  ] . 
Altogether 17 human enzymes have been identi fi ed thus far  [  120  ] . Contrary to 
observations for the UGT2 family, for which each isoform is coded by a speci fi c 
gene clustered on chromosome 4 (4q13), the UGT1A family is coded by a unique 
gene located on chromosome 2 (2q37) encompassing a 290 kilobase region. The 
N-terminal end of UGT1A isoforms is the substrate-binding site and is coded by a 
speci fi c exon 1 alternatively spliced from a  fi rst group of 13 potential exons located 
upstream to a group of four exons (exon 2 to exon 5), which are common to the 
different isoforms  [  120–  122  ] . UGT1A1 is responsible for the glucuronidation of 
bilirubin, and serum level of total bilirubin. Several polymorphisms have been 
identi fi ed in the promoter region and in the coding sequences of UGT1A family. 
Some of them are associated with a UGT1A1 de fi ciency leading to three syndromes 
of unconjugated hyperbilirubinemia Crigler–Najjar type I and type II and the Gilbert 
syndrome  [  123–  126  ] . The latter one is owing to a polymorphism located in the 
TATA box. The number of TA repeats (5, 6, 7, or 8) in the TATA box is indeed 
inversely correlated with gene transcriptional ef fi ciency. In Gilbert’s syndrome, 
patients are homozygous for seven TA repeats (*28 allele). Several cases of irinote-
can severe toxicity were reported in such patients leading to hypothesize the role of 
UGT1A1 in the glucuronidation of SN-38  [  127  ] . The suspected role of UGT1A1 
was also reinforced by pharmacokinetic results demonstrating that SN-38 is 
glucuronidated primarily by UGT1A1  [  117,   128–  131  ]  and that the *28 allele 
affected, in vitro, the SN-38 glucuronidation rate in human livers  [  130  ] . The rate of 
SN-38 glucuronidation decreased by 50% in patients homozygous for the *28 
allele, and by 25% for heterozygous patients  [  130  ] . Several studies have shown a 
signi fi cant association between UGT1A1 *28 polymorphism and the occurrence of 
severe neutropenia occurring usually within 2 months after initiation of treatment 
 [  132–  135  ] . These  fi rst results led the US Food and Drug Administration (FDA) to 
advise P fi zer Pharmaceuticals, the manufacturer of irinotecan, to amend the prod-
uct information for the drug to include the association between the UGT1A1*28 
genotype and hematologic toxicity and to recommend that patients with the 
UGT1A1*28/*28 genotype receive a lower starting dose of irinotecan. From that 
date some series do not con fi rm these initial reported results  [  136–  138  ] . A recent 
meta-analysis  [  139  ]  compiling data from nine studies, including 821 patients 
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treated with different regimens of irinotecan, was performed. The results showed 
that the risk of hematologic toxicity between patients with a UGT1A1*28/*28 
genotype and those with a UGT1A1*1/*1 or UGT1A1*1/*28 genotype increased 
statistically signi fi cantly as irinotecan dose increased (slope = 0.012;  P  = .028) 
(Fig.  10.4 ) and was signi fi cant from an irinotecan dose of 150 mg/m 2 . This meta-
analysis also con fi rmed the absence of a link between this allele and the occurrence 
of severe diarrhea  [  139  ] . Recently, 1,405 patients included in the European trial 
comparing 3 PETACC in the adjuvant chemotherapy with 5-FU chemotherapy 
with 5-FU and irinotecan according to the scheme FOLFIRI in CRC stage II and 
III, the risk of severe or febrile neutropenia was signi fi cantly increased in patients 
homozygous for UGT1A1*28 allele. However, in multivariate analysis, female 
gender was more discriminating than the genotype to predict the risk of neutrope-
nia in the FOLFIRI experimental arm  [  140  ] . 

 Two other variants alleles (UGT1A1 - 3156G>A and UGT1A1 - 3279G>T) 
located in the promoter region of UGT1A1 gene, in linkage disequilibrium with 
UGT1A1*28 allele, modify the capacity of SN-38 glucuronidation by UGT1A 
 [  141,   142  ] . Innocenti et al. reported that the SNP -3156G>A was also associated 
with neutropenia induced by irinotecan  [  132  ] . Based on the bilirubin level of indi-
vidual patients, the authors concluded that this variant -3156G>A would explain in 
part why patients with the same genotype at the TATA box may present different 
toxicities. The -3156G/A or A/A genotypes, would increase the de fi cit in glucuroni-
dation compared to G/G genotype. In a recent study, we investigated the relation-
ship between polymorphisms UGT1A1*28 and UGT1A1 - 3156G>A and the risk 
of toxicity of the association of 5-FU and irinotecan in adjuvant setting in 93 patients 
with colon cancer stage III  [  143  ] . The occurrence of neutropenia grade 3 or 4 was 
signi fi cantly more frequent in patients with UGT1A1*28/*28 genotype compared 
to patients with *1/*28 or *1/*1 genotypes (50% versus 23% versus 14% respec-
tively,  p  = 0.035). A signi fi cant difference was also observed according to UGT1A1 
polymorphism -3156G>A (57% neutropenia grade 3 or 4 in case of A/A genotype 
versus 28% for G/A genotype and 10% for G/G genotype,  p  = 0.008). For the 
authors, the -3156G>A polymorphism seems to be a better predictor than the 
UGT1A1 TA repeats polymorphism to predict the occurrence of severe neutropenia 
due to irinotecan treatment. A link between the severity of the toxicity induced by 
irinotecan and UGT1A1 polymorphism -3279T>G has also been reported  [  144  ] . 
The sequencing of UGT1A1 gene among 195 Japanese patients, 85 had been treated 
with chemotherapy based on irinotecan for CRC, has con fi rmed the existence of 
linkage disequilibrium between different UGT1A1 promoter polymorphisms, 
including the frequent association of -3156A, 7TA and -3279G allele  [  145  ] . A phar-
macokinetic study in the 85 patients treated with irinotecan has shown that the ratio 
SN-38G/AUC AUC SN-38 varied depending on different haplotypes. Two other 
UGT1A family members, the UGT1A7 and UGT1A9, could play a role in the 
glucuronidation of SN-38. 

 The two most common variant alleles of UGT1A7 gene (UGT1A7*2 and 
UGT1A7*3) exhibited much lower SN-38 glucuronidation activities compared with 
UGT1A7*1 allele  [  146–  148  ]  suggesting that these variants could play a role in the 
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occurrence irinotecan toxicity. A fraction of SN-38G excreted into the bile and into 
the digestive tract, is deglucuronided in SN-38 under the action of bacterial  b (beta)-
glucuronidase, probably contributing to the occurrence irinotecan-delayed induced 
diarrhea  [  149  ] . It is possible that UGT1A7, expressed mainly in the digestive tract 
converts SN-38 into SN-38G. This could explain why the occurrence of diarrhea 
was more frequently observed in carriers of variant UGT1A7*2 and UGT1A7*3 in 
a series of 81 patients receiving the association of irinotecan and cispaltin for lung 
cancer  [  150  ]  However, this relation was not retrieved in another Asian series of 
Ando et al.  [  146  ] , and even an inverse relation was observed in a third series  [  136  ] . 
Genotypes UGT1A7*2/UGT1A7*2 and UGT1A7*3/UGT1A7*3 were associated 
with a lower risk of diarrhea and improved effectiveness of chemotherapy. 

 Another polymorphism of UGT1A9 gene, corresponding to a thymidine insertion 
in the promoter region at position −118 (T) 

10
  allele or UGT1A9*22 allele is associ-

ated with a 2.6-fold higher transcriptional activity compared with the −118 (T) 
9
  

allele, based on in vitro transcriptional reporter assays  [  151  ] . An association between 
UGT1A9*22 allele and an unanticipated higher risk of toxic side effect had been 
reported including diarrhea  [  136  ] . 

 These unexpected results between individual genotypes and toxicity of irinotecan-
based chemotherapy could be due to the existence of strong linkage disequilibrium 
occurring between all these polymorphisms. The most common haplotype, correspond-
ing to the combination of UGT1A1*1, UGT1A6*1, UGT1A7*1 and UGT1A9*22 
alleles, appears to be associated with a lower response rate and a higher risk gastro-
intestinal toxicity when treated with irinotecan  [  136  ] . 

 From all these studies, the clinical relevance of the prediction of irinotecan side 
effect remains to be clearly determined. The polymorphism corresponding to the 
variant allele UGT1A1*28 is associated, in dose dependant manner, with irinotecan-
induced neutropenia. However, the results of ongoing clinical trials taking into 
account the genotype of UGT1A1 to determine the dose of irinotecan administered 
to patients are impatiently awaited to con fi rm or not the interest of the systematic 
genotyping before the initiation of treatment.  

   Targets of New Therapies 

 With increasing success of targeted anticancer agents including monoclonal anti-
body therapeutics and inhibitor tyrosine kinase, it is important to evaluate the impact 
of pharmacogenetics on toxicity of these new therapies. Genetic polymorphism 
could not only in fl uence ef fi cacy of this new agent as monoclonal antibody but may 
also contribute to toxicity. We will focus on two targets vascular endothelial growth 
factor and epidermal growth factor receptor. 

 With the use of bevacizumab, a monoclonal antibody against vascular endothelial 
growth factor (VEGF), evaluation of VEGF genotype has been recently evaluated as 
a predictive biomarker candidate of effects of bevacizumab-based chemo therapy. In 
patients with metastatic breast cancer receiving bevacizumab-based chemotherapy, 
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two genotypes, VEGF-634 CC and VEGF-1498 TT, were associated with signi fi cantly 
less grade 3 or 4 hypertension when compared with the combined alternate geno-
types  [  152  ] . Although the level of circulating VEGF as a biomarker remains unclear, 
baseline plasma levels of VEGF were not available in this study, the polymorphisms 
could not be compared with the circulating level of VEGF in these patients. 

 The hypothesis that polymorphisms of EGFR gene are associated with adverse 
effects of EGFR inhibitors in particular skin toxicity, which is most frequent adverse 
effect, has been evaluated. The EGFR gene, in intron 1, contains a highly polymor-
phic sequence which affects transcription ef fi ciency of the gene  [  153  ] . It consists of 
a variable number of CA dinucleotide repeats ranging from 9 to 21. Two others 
functional EGFR variants associated with EGFR regulation have been reported: 
a G>A  SNP  in codon 497 (extracellular subdomain IV) and the -216G>T EGFR 
promoter SNP within the Sp-1 binding site  [  154,   155  ] . 

 The intron 1 CA repeat polymorphism of EGFR gene has been evaluated in 
pharmacogenetic studies examining anti-EGFR drugs and related skin toxicity. 
In several clinical studies with patient who received EGFR inhibitor tyrosine 
kinase as erlotinib or ge fi tinib, the occurrence of skin toxicity was found to be 
associated with the presence of the EGFR intron-1 short (CA)n allele  [  156  ] . 
Furthermore, the homozygous EGFR intron-1 short (CA)n allele is associated 
with increased grade 2–3 skin toxicity in colorectal cancer patients who received 
cetuximab  [  157  ] . Ge fi tinib and erlotinib are substrates for the ef fl ux transporter 
 ABCG2   [  158  ] . One study suggests that patients with reduced ABCG2 activity due 
to a common genetic variant (ABCG2 421C>A) are at increased risk for ge fi tinib-
induced diarrhea  [  159  ] . In another study correlation between ABCG2 polymor-
phisms and high concentration of ge fi tinib in patients treated with ge fi tinib was 
reported  [  156  ] . Investigations in the pharmacogenetics area will likely have an 
impact on attempts to further optimize and individualize treatment regimens 
involving new therapies.      
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         Introduction 

 Individualization of cancer treatment resulting in optimization of outcomes is a 
priority of modern oncology research. Cancer treatment is increasingly multidisci-
plinary. Trimodality therapy of surgery, radiation, and chemotherapy has resulted in 
better outcomes for many solid tumor malignancies. Multimodal strategies are now 
commonly used in gastrointestinal cancers. The use of concurrent chemotherapy 
and radiation is an accepted approach in localized rectal, esophagogastric, and pan-
creatic cancers, although the role of radiotherapy remains controversial  [  1–  3  ] . There 
have been recent and signi fi cant developments in the understanding of cancer patho-
genesis at the molecular level. Targeted therapies acting on key elements of cancer 
pathways have modestly improved outcomes in advanced solid tumor malignancies. 
Vascular endothelial growth factor inhibitors, e.g., bevacizumab, and epidermal 
growth factor receptor inhibitors, e.g., cetuximab, are now commonly combined 
with chemotherapy in the treatment of metastatic colorectal cancer  [  4,   5  ] . 

 The identi fi cation of those patients destined to fail to respond to therapy is a 
challenge. There is often a wide differential in response to multimodal treatment. 
The timing and the decision to operate on localized disease often depend on response 
to preoperative treatment. The early identi fi cation of responding patients may provide 
reassurance as to ef fi cacy of the current treatment, and could potentially avoid need-
less toxicity and expense from a presumably ineffective regimen. Much work has 
been done studying the genetic heterogeneity of gastrointestinal cancers in an 
attempt to identify biomarkers and genetic/protein signatures that predict response 
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to treatment and favorable outcome  [  6,   7  ] . To date, the lack of validation and clinical 
applicability of candidate biomarkers has limited their ability to predict those 
patients who will respond to treatment or to serve as prognostic markers for better 
outcome. The use of metabolic imaging with  fl uorodeoxyglucose (FDG)-positron 
emission tomography (PET) scanning has become a valuable tool in oncology and, 
with combined CT technology, can play an important role in diagnosis and staging 
of the disease. The Biomarkers De fi nitions Working Group includes the use of 
imaging techniques for detection and staging of cancer  [  8  ] . This review will focus 
on the role of PET as a surrogate marker in assessing tumor response to therapy and 
tumor control in prognosis. Gastroesophageal cancer has provided a paradigm for 
PET response assessment strategies. Our review will deal primarily with upper 
gastrointestinal cancers.  

   Gastroesophageal Cancer 

 Globally both gastric and esophageal cancers are signi fi cant health problems and 
account for approximately 1.4 million new cases per year with 1.1 million cancer-
related deaths  [  9  ] . The last three decades have seen a dramatic epidemiologic shift 
in the location of both gastric and esophageal cancers as well as the histologic 
subtype of esophageal cancers. Tumors of the lower esophagus and proximal 
stomach are classi fi ed as gastro-esophageal junction (GEJ) cancers and this cancer 
has been increasing by 5–10% per year since the mid 1970s and is the most rapidly 
increasing cancer in many Western countries  [  10  ] . Distal esophageal and GEJ ade-
nocarcinoma are now the predominant esophageal cancer subtype, and the majority 
of gastric cancers are now located in the proximal stomach  [  11  ] . The 5 year survival 
of gastro-esophageal cancers (distal esophagus, GEJ, and proximal stomach being 
the majority of cases) has not changed signi fi cantly over the last 25–30 years. 
Approximately 50–60% of patients present with distant metastatic disease and the 
median overall survival with systemic chemotherapy have remained at less than 
1 year  [  12  ] . However, progress has been made in the treatment of localized disease. 
While surgery is the cornerstone of treatment for localized disease, local and distant 
recurrence is commonplace  [  13  ] . It is now accepted that neoadjuvant treatment with 
chemotherapy (including perioperative treatment) or chemoradiotherapy can 
improve outcome compared with surgery alone in locally advanced esophagogastric 
cancer  [  14  ] . Adjuvant chemoradiation  [  15  ]  or adjuvant chemotherapy (in an Asian 
population)  [  16  ]  may also play a role. Treatment is generally better tolerated prior 
to surgery and neoadjuvant strategies are increasingly being accepted as a standard 
for localized disease  [  3,   17–  19  ] . Outcomes still remain poor however. The median 
overall survival for localized gastroesophageal cancer is 18–22 months and 5 year 
survival rates rarely exceed 20–40%  [  20  ] . 

 The challenge has been to identify patients who respond to neoadjuvant 
therapy as it has been shown that these patients have superior outcomes. Pathologic 
complete response (pCR) after neoadjuvant therapy is associated with an increased 
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chance, of long term survival, of up to 50–60% at 5 years  [  21  ] . However, only 
40–50% of patients have any response (partial or complete) to therapy. Biomarkers 
to identify these patients have been evaluated mostly in the context of single arm, 
phase II studies, but without validation in controlled trials they have limited clinical 
applicability to date  [  7,   22  ] . Metabolic imaging with PET/CT scanning for potential 
response assessment is proving to be more readily applicable to the clinic, and many 
studies have reported promising results.  

   PET Scanning 

 A PET scan provides unique information about metabolic changes associated with 
disease in a noninvasive way and can visualize the whole tumor  [  23  ] . This over-
comes the problem of intratumoral heterogeneity which has been a signi fi cant issue 
with biomarker analysis derived from tumor biopsies. FDG-PET exploits the 
increased use of glucose by the cancer cell. There are many molecular probes that 
can be labeled with positron emitters (Table  11.1 ), however the vast majority of 
clinical experience with PET scanning has been amassed using the glucose ana-
logue, FDG, labeled with the positron emitter  fl uorine-18 ( 18 F). FDG accumulates 
markedly in the majority of human cancer cells and PET scanning using the radio-
labeled tracer  18 F-FDG can therefore assess the preferentially high rate of glucose 
turnover in cancer cells. In recent years  18 F-FDG PET has become a valuable imaging 
modality in a wide variety of malignancies. The main use has been in cancer diag-
nosis and staging.  18 F-FDG PET has its limitations however. False positives are seen 
in infectious or in fl ammatory tissue  [  24  ] . This can be of particular importance if one 
is assessing response in irradiated tissue. A time-dependent “metabolic- fl are” 
phenomenon due to energy dependent cellular repair mechanisms can result after 

   Table 11.1    PET-tracers used in oncology   
 Tracer  Measured effect 

  18 F-FDG  Glucose metabolism 
  18 F-FLT  DNA synthesis 
  11 C-Methionine  Protein synthesis 
  11 C-Tyrosine  Amino acid transport 
  11 C-Fluorotyrosine  Amino acid transport 
  11 C-Fluoroethyltyrosine  Amino acid transport 
  11 C-Fluorohydroxyphenylalanine  Amino acid transport 

 Dopamine synthesis 
  11 C-Choline  Cell membrane metabolism 
  18 F-Fluorocholine  Cell membrane metabolism 
  18 F-Fluoro-17 b (beta)-estradiol  Estrogen receptor status 
  18 F-Fluorodihydrotestosterone  Androgen receptor status 
  18 F-Octreotide(analogues)  Somatostatin receptor status 
  15 O-Water  Perfusion 
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treatment with chemoradiation and can lead to confusing PET  fi ndings. Weaknesses 
of PET include the following: (1) if a tumor is sub 5 mm the resolution of  18 F-FDG 
PET is poor; (2) tumors with a low metabolic rate, e.g., gastric mucinous adenocar-
cinoma, may not pick up the radiolabeled tracer; and (3) if the tumor is located in a 
region of the body with high metabolic activity, e.g., brain, it may be missed. The 
latter can be of relevance if one is following up a patient with brain metastases.  18 F-
FDG PET is now approved for use in the baseline staging of many malignancies and 
is included as level 2A evidence in National Comprehensive Cancer Network 
Guidelines (NCCN ®  Practice Guidelines in Oncology-v1.2009). The main role of 
PET in staging of solid tumor malignancies is to rule out distant metastatic disease 
in those cases where the staging CT scan does not show metastatic disease and a 
surgical strategy is being considered. Figure  11.1  shows an F18-FDG PET scan 
showing increased FDG uptake in the distal esophagus/GEJ (SUV = 6.9) representing 

  Fig. 11.1    F18-FDG PET scan 
showing increased FDG 
uptake in the distal 
esophagus/GEJ (SUV = 6.9) 
representing malignancy ( red 
arrow ). Another abnormal 
focus of FDG uptake is seen 
in the sternum (SUV = 6.0) 
representing a lytic bone 
metastasis ( red arrow ). 
The remainder of the tracer 
distribution is within 
normal limits       
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malignancy (red arrow). Another abnormal focus of FDG uptake is seen in the sternum 
(SUV = 6.0) representing a lytic bone metastasis (red arrow). The remainder of the 
tracer distribution is within normal limits. In recent times PET scans have been 
integrated with CT scans to provide concurrent fused metabolic and structural 
images. This allows for both the accurate localization of metabolically active lesions 
and an assessment of indeterminate CT masses  [  23,   25  ] .   

 PET has been found to have a useful role in many other aspects of cancer care, 
including planning of radiotherapy treatment  fi elds. PET imaging of radiolabeled 
anticancer drugs has been useful to noninvasively study tissue pharmacokinetics 
 [  26  ] . The identi fi cation of therapeutic targets and monitoring their inhibition has 
been studied in antiestrogen therapy and ER-positive breast cancer, antiandrogen 
therapy in prostate cancer, and octreotide therapy in neuroendocrine tumors  [  27–  29  ] . 
Imaging of brain tumors has been studied by amino-acid PET and has lead to 
improved radiotherapy planning  [  30  ] . Monitoring cancer processes such as tumor 
cell proliferation, apoptosis, and perfusion using a variety of positron emitting 
molecular probes, e.g.,  18 F-Thymidine,  15 O-Water, amino acids, and choline, have 
also been investigated  [  31  ] . 

 Monitoring effectiveness of cancer treatment has highlighted a potential role for 
PET as an imaging biomarker that may be easily transferable to the clinical setting. 
Many studies have shown that a persistently abnormal  18 F-FDG PET scan after 
completion of chemotherapy or chemoradiation is directly associated with a high 
risk of recurrence and a poor prognosis  [  31  ] . Much of the data have been reported 
in malignant lymphoma, but gastrointestinal, breast, and lung cancer studies have 
shown similar data. Early PET imaging (within 2–4 weeks of starting treatment) 
compared to a baseline scan can show a favorable or unfavorable response and may 
warrant a change in therapy prior to surgical intervention. The rationale for this 
strategy is that metabolic changes, as seen on PET scan, precede structural changes 
seen on CT scan  [  32,   33  ] . Such a strategy is particularly attractive in localized gas-
troesophageal cancer as the optimal timing of major surgery is of critical impor-
tance. The post-treatment T and N stage predicts survival and therefore accurate 
early assessment of response to preoperative therapy, not feasible by conventional 
CT scan imaging, may be most useful. 

 Many different methods have been used to assess tumor uptake of PET tracers, 
e.g., Tumor to Liver Ratios (TLR) and Tumor to Non-Tumor Ratios. However, the 
Standardized Uptake Value (SUV) has proven to be the most reproducible  [  34,   35  ] . 
Attempting to extrapolate SUV data analogous to WHO and RECIST responses 
reported in CT imaging is likely to be suboptimal, as threshold SUV is likely to be 
disease speci fi c. For optimal therapeutic response assessment, changes of the SUV 
relative to baseline have been shown to be the most reliable parameter  [  34  ] . Several 
studies have looked at methodological variations in the acquisition of PET data, 
which could result in nonstandardized reporting of data. These included imaging 
time after FDG injection, acquisition protocol, reconstruction algorithm, PET versus 
PET/CT, and SUV normalization. In these studies, the prediction of response to 
chemotherapy as assessed by SUV changes was not in fl uenced by any of these factors, 
thus demonstrating the robustness of FDG-PET across institutions and protocols 
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 [  36,   37  ] . The European Organization of Research and Treatment of Cancer (EORTC) 
have endorsed changes in SUV during therapy as assessed by PET or PET/CT as a 
methodologically reliable and validated response parameter  [  34  ] .  

   Gastroesophageal Cancer and PET 

  18 F-FDG PET and  18 F-FDG PET/CT can be used to assess response to therapy in 
localized gastroesophageal cancers in two different ways: early in therapy, or after 
completion of therapy prior to surgery. Most studies have evaluated PET response 
after completion of preoperative therapy. In this setting, residual  18 F-FDG uptake on 
the post-therapy scan is correlated with the initial PET/CT scan, with histopatho-
logic response, and with survival. The hypothesis is that an FDG-avid tumor that 
returns to background FDG level after treatment should not contain residual cancer, 
and those tumors that maintain residual FDG activity contain viable tumor and will 
have a worse outcome. 

 A few studies have examined the role of  18 F-FDG PET and  18 F-FDG PET/CT 
earlier on in the course of therapy, prior to therapy completion, i.e., after 2–6 weeks. 
Changes in the pretreatment and early follow-up scan are assessed by percentage 
SUV drop. If this drop is above a prede fi ned threshold, then this may re fl ect response 
to treatment, which can be used to predict  fi nal histopathologic response and ulti-
mately patient survival. Early PET response may act as a surrogate biomarker for 
response to treatment and outcome prior to a major surgical intervention. Treatment 
could potentially be changed or surgery performed earlier in nonresponding patients. 

   PET Response After Completion of Therapy 

 There are 22 studies examining PET response after completion of preoperative 
therapy for gastroesophageal cancer (four of these studies also look at early response 
assessment) (Tables  11.2  and  11.3 )  [  33,   38–  58  ] . Most of the studies use combined 
chemoradiation prior to surgery. One of the earliest studies is by Brucher and colleagues 
who reported a prospective study of 27 patients with squamous cell carcinoma of 
the esophagus who underwent concurrent chemoradiation with 5- fl uorouracil. They 
de fi ned a PET response as  ³ 52% reduction in SUV. This threshold for response was 
strongly associated with median overall survival compared with PET nonresponders 
(22.5 months versus 8.8 months for responders and nonresponders respectively, 
 p  = 0.0001)  [  40  ] . The threshold for response also differentiated histopathologic 
responders from nonresponders with a sensitivity of 100% and a speci fi city of 55%. 
Flamen and colleagues showed in 36 patients with esophageal cancer (27 cases 
were squamous cell carcinoma and 9 were adenocarcinoma of the GEJ) that a >80% 
reduction of the tumor to liver tracer uptake ratio (TLR) strongly correlated with a 
major response to preoperative chemoradiation. Sensitivity was 71% and speci fi city 
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was 82%. The concordance between response by PET, as de fi ned above, and histo-
pathology was 78%. The median overall survival for PET responders compared 
with nonresponders was 16.3 months versus 6.4 months, respectively,  p  = 0.002 
 [  44  ] . Downey and colleagues from our institution enrolled 39 patients with esopha-
geal cancer (adenocarcinoma and squamous cell carcinoma) in a prospective study 
assessing baseline PET, PET response after treatment with induction chemoradia-
tion, and then surgery. PET response was de fi ned as  ³ 60% reduction in SUV. Two 
year overall survival for responders was 89% compared with 63% for nonresponders 
( p  = 0.088). Disease free survival at 2 years trended towards signi fi cance (63% ver-
sus 38% respectively,  p  = 0.055)  [  42  ] . Only 17 patients in this study underwent 
esophagectomy. Normalization of the PET scan after chemoradiation did not cor-
relate with the achievement of a pathologic complete response.   

 One of the largest retrospective data series is reported by Swisher et al. The best 
prognosticator of survival was an SUV of <4 after completion of preoperative chemo-
radiation. The survival at 18 months for PET responders was 77% compared with 
34% for nonresponders ( p  = 0.01). Histopathologic response, with an accuracy of 
76% and corresponding sensitivity and speci fi city of 62% and 84% respectively, was 
also associated with PET response ( p  = 0.01)  [  54  ] . Notably, in this series PET response 
also could not rule out residual disease found at surgery as  18 F-FDG uptake in the 
tumor bed was the same in patients with a pCR and those with <10% viable cells. 
Swisher and colleagues also recently reported an updated series of 151 patients with 
gastroesophageal adenocarcinoma who received preoperative chemoradiation. In 
multivariate analysis, the percentage SUV decrease (as a continuous variable) was 
the only prognosticator of overall survival, OR 0.99 (95% CI 0.987–0.998),  p  = 0.01. 
There was no signi fi cant association between pathologic complete response and per-
centage SUV decrease  [  55  ] . Another retrospective study of 81 patients by McLoughlin 
and colleagues reported that complete PET response could not differentiate pCR 
from those who still had residual disease. The authors recommend that all patients 
should still be referred for surgical resection in the absence of distant metastatic dis-
ease  [  48  ] . In a prospective study of 48 patients with adenocarcinoma (85%) or 
squamous carcinoma (15%) of the esophagus, Cerfolio et al. reported that  18 F-FDG 
PET/CT was more accurate than EUS/FNA and CT in predicting a pCR. The accu-
racy, sensitivity and speci fi city of PET were 88%, 87%, and 88% respectively  [  41  ] . 
Port et al. reported a retrospective series of 62 patients with esophageal cancer (51 
cases of adenocarcinoma). Similar to the studies by Swisher and Javeri, complete 
PET response was not associated with pCR. However patients with a  ³ 50% reduc-
tion in SUV had a signi fi cantly superior disease free survival than PET nonresponders 
(35.5 months versus 17.9 months, respectively,  p  = 0.03)  [  50  ] . A recent prospective 
study by Kim et al. using platinum-based chemoradiation de fi ned complete response 
by  18 F-FDG PET as >80% reduction in SUV. On multivariate analysis complete PET 
response was independently associated with better disease free survival and overall 
survival ( p  = 0.006, and  p  = 0.033, respectively). At a median follow-up of 19.3 months 
(range, 3.9–57.1 months), median overall survival (OS) was not reached in patients 
with complete metabolic response, compared to 22.4 months in patients who did not 
achieve complete metabolic response  [  46  ] . 



284 D.G. Power and D.H. Ilson

 In the majority of these studies (Tables  11.2  and  11.3 ), improvement in SUV 
levels is positively correlated with histopathologic response and better outcome 
(DFS and OS). However, it is dif fi cult to draw de fi nitive conclusions from small 
studies and retrospective data. Also, many of the studies assessing late PET response 
differ in the timing of the second PET scan after completion of chemoradiation 
(2–7 weeks), which results in nonstandardized reporting of the second SUV. The 
optimal time to obtain the posttreatment PET scan is not known with certainty  [  56  ] . 
It is possible that posttreatment in fl ammation could falsely elevate the posttreat-
ment SUV if the scan is obtained too soon after treatment. A long interval between 
treatment completion and the second scan could result in a larger percent SUV 
reduction as seen in the Levine study  [  58  ] . As therapy is completed prior to the 
second PET scan, it is almost academic what this scan shows, as we will know the 
pathologic stage when the patient has surgery, and it is the pT and N  fi ndings which 
will determine overall survival. A posttherapy PET scan, therefore, may have no 
impact on therapeutic decision making. 

 Konski and colleagues were the  fi rst to report the use of PET in after chemora-
diation in patients with esophageal cancer who did not undergo surgery. In a total of 
81 patients, 44 underwent esophagectomy (95% adenocarcinoma). Univariate-
analysis revealed posttreatment SUV predicted disease free survival in the de fi nitive, 
non surgical chemoradiation group. Twenty- fi ve of 37 patients had performance of 
a posttreatment PET scan. The median decrease in SUV was 65%, and a 1 unit 
increase in the posttreatment SUV increased disease-speci fi c mortality by 30% 
( p  = 0.01). SUV, however, was not signi fi cant on multivariate analysis  [  56  ] . Thus the 
use of PET scans to decide whether or not esophagectomy is warranted is not 
validated.  

   Early PET Response During Therapy 

 There is a clear rationale to perform a PET scan earlier in the course of treatment to 
assess response (i.e., at 2–4 weeks). Early PET response may indicate that the 
current treatment is working and justi fi es continuing therapy. Figure  11.2 , on the 
left-hand side shows an F18-FDG PET scan showing abnormal FDG uptake, con-
sistent with malignancy, in the esophagus at the level of the thoracic inlet (red 
arrow). On the right-hand side is a negative F18-FDG PET scan showing interval 
resolution of disease in the proximal esophagus at the thoracic inlet after induction 
chemotherapy (red arrow). No new disease identi fi ed. If the PET response were not 
favorable, the treatment could be changed, or discontinued with earlier referral for 
surgery. Nine studies have looked at early PET response in localized esophageal 
cancer (for looking at both early and late PET response) (Table  11.4 )  [  59–  64  ] . Work 
by Weber and colleagues showed that measurement of early changes in  18 F-FDG 
uptake by the tumor was easily reproducible, and useful for predicting clinical and 
pathological response after neoadjuvant chemotherapy. In a prospective study of 37 
patients with locally advanced adenocarcinoma of the gastroesophageal junction 
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(GEJ),  18 F-FDG PET was performed at baseline and repeated on day 14 after the 
 fi rst cycle of cisplatin-based chemotherapy. PET response was de fi ned as >35% 
reduction in SUV compared with baseline. Pathologic response was de fi ned as a 
Manard tumor regression grade of 1–2. PET response was signi fi cantly associated 
with histopathologic response ( p  = 0.001). PET response also predicted clinical 
response with a sensitivity and speci fi city of 93% and 95%, respectively. Metabolic 
response was also signi fi cantly associated with longer time to progression and 
overall survival ( p  = 0.001 and  p  = 0.04, respectively). Wieder et al. reported a 
prospective study in 38 patients with squamous cell carcinoma of the esophagus 
assessing early and late PET response to neoadjuvant 5-FU and radiation  [  65  ] . Early 
PET response was de fi ned as >30% reduction in SUV and late metabolic response 
was >52% reduction in SUV. Pathologic response was de fi ned as <10% viable 
tumor cells. In 23 patients who underwent esophagectomy, early PET response was 
better able to discriminate between histopathologic response and nonresponse, and 
there was a strong correlation with overall survival ( p  < 0.011). In contrast, a prospective 

  Fig. 11.2    On the left-hand side is an F18-FDG PET scan showing abnormal FDG uptake, consistent 
with malignancy, in the esophagus at the level of the thoracic inlet ( red arrow ). On the right-hand side 
is a negative F18-FDG PET scan showing interval resolution of disease in the proximal esophagus at 
the thoracic inlet after induction chemotherapy ( red arrow ). No new disease identi fi ed       
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study by Gillham et al. in 32 patients reported that  18 F-FDG PET failed to predict 
histopathologic response. In this study the early PET scan was performed 1 week 
after cisplatin-based chemoradiation  [  59  ] . Ribi et al. reported a 66 patient study in 
abstract form and found that a 40% reduction in SUV was associated with a favor-
able histopathologic response. PET was preformed at baseline and after the second 
cycle of chemotherapy with docetaxel and cisplatin  [  63  ] . Treatment then continued 
weekly for 5 weeks with docetaxel/cisplatin and radiation.   

 It is important to note a number of methodological differences in some of these 
studies. The Weber and Ribi studies performed early PET response after chemo-
therapy (after 1 and 2 cycles respectively). The Ribi study then proceeded to use 
chemoradiation prior to surgery. The Gillham study performed an early PET 
response after 1 week of chemoradiation. As cited above (PET scanning section), 
the interpretation of PET scans in previously irradiated tissue may be dif fi cult and 
may result in overestimation of glucose uptake. 

 The data from Weber was validated in a more recent study performed by Ott and 
colleagues. Ott reported a prospective study of 65 patients with untreated locally 
advanced GEJ adenocarcinoma  [  62  ] . Early PET response was de fi ned, as in the 
Weber study, as >35% decrease in SUV compared with baseline. This threshold 
predicted histopathologic response with high sensitivity and speci fi city (80% and 
78% respectively), and after a median of 42 months follow-up there was a signi fi cant 
difference in median survival between responders and nonresponders (not reached 
and 18 months respectively,  p  = 0.01). In a multivariate analysis metabolic response 
was the only predictor for recurrence ( p  < 0.018). 

 The pivotal study suggesting a role for early PET response in tailoring individual 
patient treatment was reported by the group in the MUNICON (Metabolic response 
evalUatioN for Individualisation of neoadjuvant Chemotherapy in oesOphageal and 
oesophagogastric adeNocarcinoma) study. This was the  fi rst study where a PET 
response resulted in a treatment change. On this prospective phase II trial, 110 
patients with locally advanced adenocarcinoma of the esophagus and GEJ (Siewert 
I and II) received platinum and 5-FU based chemotherapy.  18 F-FDG PET was per-
formed at baseline and after 2 weeks of induction treatment. Metabolic response 
was de fi ned as in the Weber and Ott studies. The response rate (>35% decrease in 
SUV) was 49% and 104 patients underwent esophagectomy (50 in the responder 
group and 54 in the nonresponder group). Prior to surgery, metabolic responders 
continued to receive platinum-based chemotherapy for a total of 12 weeks. 
Nonresponders, however, proceeded to immediate surgery after only 2 weeks of 
chemotherapy. After a median follow-up of 2.3 years there was a signi fi cant differ-
ence in median overall survival between the responders and nonresponders (not yet 
reached versus 25.8 months, respectively,  p  = 0.015). Median event free survival 
was also signi fi cantly different between the two groups (29.7 months versus 
14.1 months, respectively,  p  = 0.002). Major histopathologic response (<10% residual 
tumor) was noted in 58% of the PET responders and no histological response was 
noted in metabolic nonresponders. Those patients who were PET nonresponders, 
who terminated chemotherapy early and underwent surgery had a similar outcome 
compared to those patients in the prior study from this group who were metabolic 
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nonresponders yet completed 12 weeks of preoperative chemotherapy, that is, 
patients proceeding to earlier surgery without completion of chemotherapy did not 
have an inferior outcome. Comparing the two study groups of nonresponding 
patients in the MUICON trial and in the prior trial, the median recurrence free 
period (14.1 months versus 10 months, respectively), and the median overall sur-
vival (25.8 months versus 14.1 months) were not inferior. Early discontinuation of 
preoperative treatment based on PET response did not negatively impact outcome in 
those patients who proceeded to earlier surgery  [  60  ] . 

 Should patients who are metabolic nonresponders receive an alternate treatment 
prior to surgical resection? Ott, Lordick, and colleagues reported in abstract from a 
32-patient study in which 13 metabolic nonresponders to induction chemotherapy 
alone (41%) were treated with salvage therapy, essentially adding concurrent radio-
therapy while continuing the same chemotherapy. After 1 year follow-up 54% of the 
nonresponder group had developed distant metastatic disease compared with 37% in 
the responding group. Median overall survival was not reached for the responders and 
was 14 months for the nonresponders. The authors concluded that salvage chemora-
diation continuing the same chemotherapy used during induction for PET nonre-
sponders after induction chemotherapy provided no clear bene fi t  [  66  ] . Given the prior 
nonresponse in these patients, it is not altogether surprising that adding radiation 
therapy to a demonstrated inactive chemotherapy regimen had a poor outcome. 

 Our phase II study of cisplatin/irinotecan induction followed by cisplatin/irinotecan/
radiation and then surgery for locally advanced esophageal cancer (75% adenocar-
cinoma) has been reported in abstract form in 53 evaluable patients  [  67  ] . Early PET 
response was assessed retrospectively after 6 weeks of induction therapy (cisplatin/
irinotecan given for two, 3-week cycles), prior to the addition of concurrent radio-
therapy to two additional cycles of cisplatin/irintoecan, followed by surgery. 
Metabolic response was de fi ned as per the MUNICON trial. Time to progression 
was signi fi cantly superior in the PET responders and nonresponders (40.8 months 
versus 8.8 months,  p  = 0.002). Three of four patients who had actual disease pro-
gression on PET scan after induction chemotherapy were taken off protocol, and 
were successfully salvaged when switched to radiation combined with either 
paclitaxel/5-FU or cisplatin (1 pathologic CR, 1 near pathologic CR, and 1 clinical 
CR—all 3 patients remain alive and without disease at more than 4 years after 
treatment). This strategy highlights the potential for early PET response assess-
ment during induction chemotherapy to identify early treatment failures, and may 
direct patients to alternative chemotherapy during radiation. 

 Another signi fi cant  fi nding in the MUNICON study is those patients who are 
PET responders but histopathologic nonresponders (20%) have survival outcomes 
similar to PET and histopathologic nonresponders (52%). Therefore, histopathologic 
response is still the most important prognosticator and is superior to metabolic 
response  [  60  ] . Reasons for the lack of histopathologic response in those patients 
who are metabolic responders are as yet unclear. However, it is noteworthy that PET 
responders can identify histopathologic responders early (after 2 weeks of induction 
chemotherapy) in 58% of cases (MUNICON data). Recent data have shown that 
serial endoscopic biopsies are unlikely to predict pathologic response in patients 
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undergoing chemoradiation for esophageal cancer  [  68  ] . There is also much debate 
on SUV thresholds that are used to de fi ne PET response. The MUNICON group 
deemed a >35% decrease in SUV to be the most appropriate cut off. However, in 
squamous cell carcinoma of the esophagus and in rectal cancer different cut-offs 
may be more accurate  [  40,   69  ] . Baseline SUVmax was thought to predict worse 
outcome after chemoradiation in line with the data in surgery only studies  [  70  ] . 
However, recent data from our institution have not borne this out. Pretreatment 
SUVmax does stratify patients into high and low response groups to chemoradiation, 
but overall survival is similar  [  71  ] . Data from series employing surgery alone have 
further complicated this issue. Kato and colleagues report their retrospective experience 
with 184 consecutive esophageal cancer patients imaged preoperatively using  18 F-
FDG PET. On multivariate analysis peak SUV and the number of PET-positive 
lymph nodes were found to be independent predictive factors for overall survival 
 [  72  ] . Other series have indicated that the greater number of baseline positive lesions 
identi fi ed on PET scan (including the primary tumor and discrete nodal sites) was 
an independent predictor of overall survival,  p  = 0.03  [  73  ] .  

   Future Strategies 

 Based on the promising data from the MUNICON study, there now exists the possi-
bility of tailoring multimodal treatment using PET scan as a marker of therapy 
response. The EUROCON study is a large randomized multicenter effort currently 
recruiting patients with distal esophageal and GEJ tumors. Figure  11.3  shows the 
algorithm for this trial. PET scan metabolic responders will continue and complete 
induction chemotherapy and metabolic nonresponders will be randomized to either 
immediate surgical resection, or salvage chemoradiation employing a different 
chemotherapy followed by surgery. The induction chemotherapy will be epirubicin–
platinum and  fl uoropyrimidine, and chemoradiation in the nonresponding patients 
will be taxane-based. Other multicenter randomized trials are investigating the role 
of early PET in neoadjuvant chemoradiation strategies for localized esophageal 
cancer (NEOPEC—Neoadjuvant Therapy Monitoring with PET and CT in 
Esophageal Cancer). As yet there is no PET-guided tailored therapy for squamous 
cell carcinoma of the esophagus.  

 New molecular imaging probes are also being studied.  18 F-FLT PET has been 
compared with  18 F-FDG PET in the detection of esophageal cancer, but results so 
far have been disappointing  [  74  ] . Work is underway combining  18 F-FDG PET with 
serum and tissue biomarkers, e.g., VEGF, Ki-67, glucose transporter-1, and apoptosis 
markers (cleaved caspase-3)  [  75  ] . The incorporation of targeted agents, e.g., cetux-
imab and bevacizumab, into early PET response strategies is also being studied in 
metastatic and localized gastroesophageal cancers  [  76,   77  ] . Di Fabio et al. reported 
a metabolic response (no SUV reported) in 60% of patients with metastatic gastric 
and GEJ cancer after treatment with FOLFIRI + Cetuximab. Median progression 
free survival (11 month follow-up) was signi fi cantly longer in metabolic responders 
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(11 months versus 5 months,  p  = 0.0016)  [  76  ] . Metabolic response with targeted 
therapy has been studied in gastrointestinal stromal tumors (GIST)  [  78  ] . Data 
suggest that FDG-PET is a valuable tool in monitoring response to imatinib and has 
the potential to monitor response in other diseases treated with tyrosine kinase 
inhibitors  [  31  ] .   

   PET and Gastric Cancer 

 The use of PET in true gastric cancer is not as well de fi ned as in esophageal or GEJ 
cancers. Approximately one-third of gastric cancers are not  18 F-FDG PET avid. 
These tumors are usually diffuse Laurens-subtype, well differentiated,  fi lled with 
mucin, and localized to the distal third of the stomach  [  61,   79–  81  ] . The German 
group of Ott and Lordick has reported early PET response as de fi ned by >35% 
reduction in SUV 2 weeks after initiation of cisplatin-based preoperative chemo-
therapy in gastric cancer  [  82  ] . At 2-years, median survival for metabolic responders 
was not reached and median survival for nonresponders was 18.9 months ( p  = 0.002). 
Early PET response also correctly predicted histopathologic response in 10 (77%) 
of 13 responders, and 19 (86%) of 22 nonresponders. Histopathologic response was 
de fi ned as <10% viable tumor cells in the resected specimen. Shah and colleagues 
from our institution, in a retrospective study of 41 patients, identi fi ed a decrease of 

  Fig. 11.3    Design of the EUROCON study.  CTx  chemotherapy,  CRTx  chemoradiotherapy,  X 3  3 
cycles,  d14  day 14       
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45% SUV when the PET scan was performed at day 35 after preoperative cisplatin/
irinotecan, as the best criterion for predicting response and prognosis. Median 
disease free survival was not reached for the PET responders and was 14.4 months 
for the nonresponders  [  80  ] . SUV response was signi fi cantly associated with histo-
pathologic response (<50% residual tumor,  p  = 0.07). Ott and colleagues have 
reported that the prognosis of FDG nonavid gastric cancer is similar to that of FDG-
avid gastric cancers that do not display an early PET response to chemotherapy 
 [  61  ] . Thus, PET nonavidity may be a subgroup of biologically unfavorable tumors 
 [  79  ] . To date other groups have not validated this  fi nding  [  80  ] . Ott has also reported 
that  18 F-FLT PET may be more sensitive than  18 F-FDG PET in detecting gastric 
cancer. Thus, the addition of FLT-PET to FDG-PET may improve early PET evalu-
ation of response to neoadjuvant treatment of gastric cancer  [  83  ] . There are no data 
as yet on early metabolic response in patients with gastric/GEJ cancer treated with 
preoperative chemoradiation.  

   PET-Guided Therapy 

 The early identi fi cation of patients who are responding to therapy is imperative to 
optimize potential bene fi ts from therapy and minimize exposure and toxicity to 
potentially ineffective therapy. More importantly, a potential change to a more effec-
tive alternative therapy may be achieved. Our increased understanding of tumor 
biology at the molecular level has revealed the complex heterogenous nature of 
cancer. Molecular signatures using DNA array, which evaluates a whole spectrum 
of genes, and proteomic technology, which evaluates circulating polypeptide 
pro fi les, hold promise in predicting tumor behavior, prognosis, and response to 
treatment. However, these techniques have largely not been validated and the data 
reported are not easily applicable to clinical practice. In contrast, molecular imag-
ing, primarily with  18 F-FDG PET, is now commonly used in clinical practice for 
staging of esophagogastric cancer. The potential for FDG-PET to provide a mean-
ingful role in assessment of treatment response and tailoring of therapy has been 
shown in prospective and retrospective nonrandomized studies mainly in upper gas-
trointestinal cancers. Validation in multicenter randomized studies is now under 
way. The search for validated biomarkers that accurately predict tumor response to 
treatment and outcome is one of the main goals of modern oncology research.      
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         Introduction 

 When a tumor disseminates beyond the primary site, the negative impact on survival 
is profound. The pathophysiology underlying this process has naturally been of 
great interest and has led to a search for the tumor cell in-transit. With recent technical 
advancements, detection and capture of tumor cells in peripheral blood is now 
possible. These circulating tumor cells (CTC) have quickly been established as 
viable biomarkers and promise to greatly expand our understanding of tumor biology 
and impact our approach to treating cancer. The presence of CTC in the blood has 
important clinical signi fi cance for patients with various types of cancer, and serial 
measurements have shown that CTC are a dynamic variable that may re fl ect the 
complicated clinical course of cancer. Therefore, CTC constitute an invaluable 
clinical resource for planning and modifying therapeutic maneuvers, because they 
offer a real-time, readily accessible window into the developing disease process. 
Furthermore, studies of CTC biology may help to elucidate the basic mechanisms 
governing cancer dissemination and metastasis. 

 For the purpose of this discussion, it is important to draw a distinction between 
CTC and disseminated tumor cells (DTC). Prior to the emergence of more recent 
technologies, the search for early evidence of disseminated cancer focused on the 
bone marrow, where these cells are particularly abundant. Cells found in this niche 
were termed DTC, and studying this reservoir site  [  1–  3  ]  has provided valuable clinical 
information, particularly in breast cancer  [  4  ] . However, the invasive nature of DTC 
sampling makes serial monitoring impractical. With the advent of new technologies 
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to isolate tumor cells from circulating blood, the preponderance of recent studies 
has focused on CTC monitoring and analysis. DTC have been reviewed elsewhere 
 [  5  ]  and a comparison between the two is beyond the scope of this discussion. 
Instead, this chapter will review the capture and analysis of CTC as well as their 
clinical utility.  

   Capture of Circulating Tumor Cells 

 The absolute number of CTC in circulation at a given time is quite variable and 
depends on multiple factors such as the underlying biology of the tumor and host, 
any ongoing treatments, and the method of measurement. It is generally accepted 
that in relative terms CTC are quite rare, comprising at most only a few cells for 
every 10 8  leukocytes and 10 10 –10 11  erythrocytes. It is only with sophisticated enrich-
ment and identi fi cation techniques that CTC can be detected with any regularity. 
CTC enrichment can be approached using any of several strategies, described in 
detail below (Fig.  12.1 ). The strategies can be grouped into four general categories: 
(1) density gradient centrifugation, which enriches CTC by separating blood into 
fractions based on relative density, (2) membrane micro fi ltration, which separates 
CTC based on their large relative size, (3) immunomagnetic separation, which iso-
lates CTC by binding speci fi c antigens on their cell surface, and (4) whole blood 
polymerase chain reaction (PCR), which detects DNA mutations or the expression 
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  Fig. 12.1    General strategies for CTC capture include density gradient enrichment, membrane 
 fi ltration, immunomagnetic separation and whole blood PCR       
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of genes common in CTC. Any combination of the available enrichment and detection 
modalities can be used to identify and quantify CTC, but each strategy has its own 
unique advantages and limitations. While each may be effective, the available 
techniques are inherently different and comparing results must be done cautiously. 
The methods used for enrichment and identi fi cation in any CTC study are central to 
interpretation of its results and a discussion of these methods needs to frame all 
further dialogue.  

   Density Gradient Centrifugation 

 This CTC enrichment strategy takes advantage of the fact that whole blood can be 
reliably separated into fractions containing different cell types based on their relative 
densities. Using this approach, CTC predictably settle into a small fraction of blood 
that can be carefully removed, reducing the testing volume and greatly increasing 
the concentration of any CTC. Several density gradient liquids are commercially 
available, including Ficoll (Amersham Biosciences, Pittsburgh, PA) and Lymphoprep 
(Axis-Shield, Norton, MA). The density gradient liquid is combined with whole 
blood and subject to centrifugation, layering groups of cells based on their density. 
Erythrocytes have the highest density and will collect at the bottom of the centrifu-
gation tube. Neutrophils will collect above the erythrocytes, followed by the stan-
dardized density gradient liquid. Above this liquid, the mononuclear cells will 
collect and plasma, which has the lowest density, will accumulate at the top. The 
mononuclear cell layer is the fraction of interest and will include monocytes, lym-
phocytes, epithelial cells, and any CTC, now present in a much higher concentration 
and accessible to identi fi cation assays. 

 The density gradient enrichment process was used with great frequency, due to 
its early re fi nement and relative accessibility. Unlike other assays, it does not require 
highly specialized equipment or techniques. However, its major limitation is loss of 
sensitivity due to intermixing of blood layers, especially if separation is not imme-
diate. CTC often migrate into the lower density plasma fraction, excluding them-
selves from subsequent identi fi cation assays; alternatively, CTC may cluster with 
erythrocytes or leukocytes and are then lost in the higher density fractions. One 
remedy is a membrane placed above the density gradient, which is commercially 
available as OncoQuick (Greiner Bio One, Monroe, NC). Nevertheless, comparison 
with other assays has shown an inferior sensitivity with the density enrichment 
approach, though it is still frequently encountered today  [  6  ] .  

   Membrane Micro fi ltration 

 A completely different strategy enriches whole blood via  fi ltration, exploiting the 
larger relative size of CTC. While blood cells have a size of 5–10  m m, CTC are 
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typically >15  m m and often much larger, with one group showing a mean CTC size 
of 29.8–33.9  m m  [  7  ] . Polycarbonate membranes are laced with 8  m m pores that 
permit erythrocytes and the vast majority of leukocytes to pass through while trap-
ping CTC on the  fi lter surface. A more recent improvement upon the polycarbonate 
membranes is the microelectromechanical system (MEMS), a membrane that is 
micromachined from parylene-C rather than polycarbonate, allowing pore size, 
shape and spacing to be dictated on a micron level, thus “customizing” the micro fi lter 
for optimal cell capture. MEMS has the additional bene fi t of allowing “on-mem-
brane” electrical lysis of captured cells for molecular analysis of DNA, RNA, or 
protein  [  8  ] . After the cells are captured on a micro fi lter, additional assays such as 
immunolabeling or RT-PCR can then be performed on the captured cells. The sen-
sitivity of this approach has been validated by Zabaglo et al. who noted retention of 
nearly 100% of spiked breast cancer cells  [  9  ] . Occasional leukocytes will be trapped 
on the membrane as well but these are easily excluded based on their different mor-
phology or expression of CD45, a leukocyte antigen absent on CTC and other epi-
thelium-derived cells. A newer MEMS micro fi lter designed with slots instead of 
pores is capable of ef fi ciently capturing viable CTC which can be further assayed 
for live-cell phenotypes (e.g., enzymatic reactions) and potentially expanded in cul-
ture  [  10  ] . The Isolation by Size of Epithelial Tumor cells (ISET) method applies the 
same principles but uses a commercially available buffer (for  fi xation) and a 
Metablock device for vacuum  fi ltration. Cells are still retained on the membrane for 
further analysis. Validation studies by Vona et al. demonstrated the ability of ISET 
to isolate a single tumor cell transferred to 1 ml of whole blood  [  11  ]  

 As with the density gradient approach,  fi ltration simply enriches for a population 
of cells that includes CTC but still requires a subsequent assay to identify which of 
the captured cells are actually CTC. The most common approach is  fi xation on  fi lter 
followed by immunolabeling using antibodies that target epithelial surface antigens. 
The antigens of choice are typically cytokeratins, which are cytoskeletal proteins 
speci fi cally expressed in epithelial cells. When these antibodies are conjugated to 
 fl uorescent dyes, automated digital microscopy systems can excite the labeled cells. 
Fiber-optic array scanning technology (FAST) and laser scanning cytometry (LSC) 
are systems that quantify the labeled cells and detect their position, allowing subse-
quent relocation and direct visualization of the cells for cytopathologic con fi rmation. 
Automated scanning microscopes now offer rapid and reliable identi fi cation of CTC 
and are much more practical than manual identi fi cation  [  12  ] . 

 The  fi ltration approach has several advantages over other enrichment strategies. 
It is relatively inexpensive and largely due to its simplicity, is fairly easy to perform. 
Filtration offers a high sensitivity, attributable to the few steps involved, which 
means fewer CTC are lost in processing; moreover, it allows further characterization 
of captured cells, by various subsequent assays. However, there is a striking lack of 
standardization. Questions regarding the speci fi cs of the equipment and the protocol 
persist, including the ideal features of the  fi lter itself and the proper quantity of 
blood to be subject to  fi ltration. And while the process itself is straightforward, it 
still requires a subsequent identi fi cation step as described above.  
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   Immunomagnetic Separation 

 This enrichment strategy employs magnetically labeled antibodies to bind epithelial 
antigens on the cell membrane of CTC. The cells are then exposed to a magnetic 
 fi eld that retains the magnetically immunolabeled cells, while all other cells are 
washed away. Isolated cells consist of a mixed population of CTC, noncancerous 
epithelial cells and inadvertently captured leukocytes. Therefore, as with 
micro fi ltration, immunomagnetic enrichment necessitates a second “identi fi cation” 
step using additional immuno fl uorescent (IF) staining with antibodies that allow 
more speci fi c identi fi cation of CTC. Cells expressing CD45, a common leukocyte 
antigen, are negatively selected while the epithelial markers CK8, CK18 and CK19 
are used for positive selection. One study by Witzig et al. used an antibody directed 
toward epithelial adhesion molecule (EpCAM), which is expressed on the surface 
of epithelial cells  [  13  ] . The EpCAM antibody was conjugated to immunomagnetic 
beads to capture the targeted cells. Blood from 75 breast cancer patients was subjected 
to analysis: 25 had no lymph node involvement, 25 had lymph node involvement, 
and 25 had metastatic breast cancer. In addition, 25 samples from healthy individuals 
served as negative controls and 15 samples were spiked with carcinoma cells to 
serve as positive controls. None of the negative controls produced any CTC, while 
all of the positive controls did. Of the 75 patients with breast cancer, 21 (28%) dem-
onstrated CTC, and all of these were within the node positive or metastatic disease 
groups. Several other protocols demonstrated ef fi cient identi fi cation of CTC with 
immunomagnetic separation  [  14,   15  ] . 

 The CellSearch assay (Veridex, USA) is a standardized, FDA-approved com-
mercial assay that employs EpCAM antibodies coupled to magnetic ferro fl uids to 
bind and magnetically separate CTC, followed by further positive and negative 
selection with IF. Analysis is semiautomated and requires specialized, standardized 
equipment. The CellSearch assay offers superior sensitivity to the density gradient 
enrichment approach and its standardization facilitates translation to the clinical 
setting  [  6  ] . However, the equipment can be cost-prohibitive and its use is time-intense 
and operator-dependent for cell by cell “judging” of CTC positivity based on stains. 
In addition, the cells themselves, which are  fi xed in cuvettes, are not amenable to 
further molecular analysis. 

 Perhaps the most important limitation of CellSearch, like all immunolabeling 
techniques, is its reliance on antigen expression. Antibodies used in this process 
should ideally target an antigen overexpressed on the surface of tumor cells and not 
expressed on any other circulating cell. Unfortunately, such speci fi c antigens have 
yet to be de fi ned. Currently, epithelial cell surface antigens such as EpCam and CKs 
are targeted. While these are frequently expressed on carcinoma cells, which are 
epithelium-derived, it is important to acknowledge that these assays detect epithe-
lial cells and not necessarily CTC. Benign epithelial cells can circulate and will be 
labeled by these assays as CTC, constituting false positive results. Since CTC exist 
in such small numbers, any false positive results can have a signi fi cant impact. 
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 Perhaps more concerning is the possibility of false negative results: as tumor 
cells enter the circulation, presumably as precursors to metastatic disease, they are 
observed to undergo several important biologic changes  [  16,   17  ] . This can include 
a change in phenotype termed epithelial to mesenchymal transition (EMT) accom-
panied by a loss of adhesion molecules and other epithelial cell surface antigens to 
permit cell migration  [  18–  20  ] . Depending on which antigens are lost in the transi-
tion (and which are targeted by immunolabeling), a signi fi cant portion of CTC may 
not express typical epithelial markers and thus escape detection by any immunolabeling 
assay. This is particularly troubling since these are potentially the most critical cells 
to detect and may offer the most potent glimpse into the metastatic process.  

   Whole Blood PCR 

 This strategy employs PCR or reverse transcription PCR (RT-PCR) to detect speci fi c 
DNA mutations or speci fi c gene expression, respectively. Higher levels of circulat-
ing DNA had been described in cancer patients as early as 1977, and tumor related 
DNA was more frequently seen in patients with disseminated disease than in patients 
with local disease  [  21  ] . Use of circulating DNA as a biomarker was limited, how-
ever, as it was not possible to distinguish DNA of a dying cell from that of a viable 
tumor cell. This led to the use of tumor RNA detection, and while free RNA analysis 
is an area of ongoing research, targeting RNA from CTC by RT-PCR has emerged 
as a practical and highly sensitive assay which more accurately re fl ects the presence 
of live CTC in the blood. Enrichment of whole blood can be performed prior to 
RT-PCR using modalities such as micro fi ltration described earlier, and spiking stud-
ies using MEMS con fi rm ef fi cient CTC recovery  [  8,   22  ] , however RT-PCR can be 
performed on whole blood without prior enrichment. Blood cells are lysed, either 
chemically or electrically. Once the cells are lysed, RNA is isolated and used as a 
template for complementary DNA synthesis. Selected primers are then used to 
amplify speci fi c genes, and the product can then be analyzed by gel electrophoresis. 
RT-PCR offers the highest sensitivity of any CTC quanti fi cation assay, and it circum-
vents the technical challenge of actually capturing the CTC; therefore, RT-PCR has 
been the most widely used CTC detection method to date. 

 While sensitivity is high, there are several drawbacks to the RT-PCR approach. 
The most striking disadvantage to RT-PCR is the uncertainty regarding target gene 
and primer selection. As with immunolabeling, the gene to be ampli fi ed should be 
overexpressed in tumor cells and not in any other cells present. Again, perfectly 
“tumor-speci fi c” genes have not been described. For example, the use of genes for 
epithelial markers such as CK19 is commonly described. Unfortunately, these genes 
are expressed in normal cells as well and have been detected in samples from healthy 
donors. On occasion, cells will transcribe low levels of genes in a nonspeci fi c man-
ner, referred to as “illegitimate transcription.” RT-PCR is so highly sensitive that it 
can detect illegitimate transcription, which detracts from the speci fi city of the assay. 
Combinations of genes can improve the speci fi city  [  23,   24  ] , but the optimal combination 
is still being explored. Some groups have used organ speci fi c marker genes in lieu 
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of the epithelial markers such as prostate speci fi c antigen (PSA)  [  25  ]  or prostate 
speci fi c membrane antigen (PSMA)  [  26  ]  in the setting of prostate cancer, and alpha 
fetoprotein (AFP)  [  27  ]  for hepatocellular cancer. 

 Nevertheless, false positive results were still seen, as benign tissue expressed 
these markers and transcripts were subsequently identi fi ed in the circulation. To 
address the false positive signal generated by benign tissue, more recent studies 
have increasingly relied on quantitative real-time PCR, which allows measurement 
of absolute transcript amounts in cancer versus normal patient samples, thus estab-
lishing a cutoff value that distinguishes CTC transcripts from benign transcripts. 
Last but not least, it is important to remember what RT-PCR actually measures. The 
CTC themselves are neither visualized nor counted, and the assay only quanti fi es 
gene expression, which is essentially a surrogate for CTC. For example, an increase 
in a particular RT-PCR transcript could signify increase in CTC number, but it could 
also be the result of elevated gene expression per cell. RT-PCR would not easily 
distinguish between the two scenarios.   

   Analysis of Circulating Tumor Cells 

 The methodologies described above allow capture, enrichment and/or quanti fi cation 
of CTC in some manner and each method provides unique information. Useful data 
include the presence or absence of CTC, the absolute number of CTC, and the 
increase or decrease in CTC burden over time (Fig.  12.2 ). While such measures may 
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seem simplistic, they provide a real-time re fl ection of changes occurring at the 
cellular level of the cancer. This is a vast improvement over current radiographic 
imaging, which documents gross changes in tumor size that necessarily lag far 
behind any molecular or cellular disease changes. Such improved prognostic and 
predictive power is particularly relevant with the increasing use of biologic thera-
pies, where disease response may manifest as tumor stabilization or necrosis which 
can be dif fi cult to assess radiographically. Monitoring CTC numbers may also sup-
plant various chemical serum tumor markers in use today, such as CEA and CA-125, 
which lack sensitivity and speci fi city, are often not predictive, or simply do not exist 
for many tumors  [  28,   29  ] .  

 In addition to quanti fi cation of CTC and the trends of those values over times, 
capture of CTC also provides an opportunity for speci fi c molecular characteriza-
tion. Historically, immunohistochemical (IHC) or IF analysis of antigens on the 
surface of tumors has provided vital information about a malignancy’s identity, out-
come, and potential response to therapeutic intervention. However, tissue from pri-
mary tumors, tumor recurrences, or metastases often is not accessibly for biopsy, 
and repeating such biopsies over time is even more impractical due to technical 
limitations, cost, and patient safety and comfort. Study of captured CTC with IHC 
or IF provides an immensely powerful alternative which can be obtained cheaply, 
safely, and repeatedly throughout the course of disease and treatment. One expects 
that the pro fi le of these cells may differ from that of the original tumor, perhaps 
re fl ecting phenotypic changes such as EMT discussed earlier, additional mutations 
that lead to dissemination, or changes induced by selective pressure from systemic 
therapy. Such highly informative “real-time” tumor biopsies in the form of CTC 
identi fi cation and molecular analysis are already being performed: Shaffer et al. 
successfully analyzed CellSearch-captured CTC from patients with prostate cancer 
for epidermal growth factor receptor (EGFR) expression, chromosome ploidy, and 
androgen receptor (AR) gene ampli fi cation  [  30  ] . Wul fi ng et al. analyzed HER2 
expression on CTC from patients with breast cancer after density gradient enrich-
ment and immunomagnetic separation  [  31  ] . Of note, 12 patients in this small study 
had CTC that expressed HER2 when the primary tumor did not. The expression of 
HER2 on CTC correlated with a decreased disease free survival and a shorter over-
all survival. Yen et al. compared the KRAS genotype of the primary tumor and of 
CTC in patients with metastatic colorectal cancer  [  32  ] . Of the 33 patients that har-
bored KRAS mutations in the primary tumor, analysis of CTC noted KRAS muta-
tions in only 28 patients and a potential discordance between the primary site and 
metastatic lesions has already been established  [  33  ] . 

 As with CTC enrichment strategies, CTC analysis techniques should be inter-
preted cautiously in light of their technical limitations. One example already cited 
is the dif fi culty when using RT-PCR in determining whether elevation of a particu-
lar transcript is caused by an increase in overall CTC number or increased per-cell 
expression of the gene. Another factor is the timing of sample collection. Interventions 
such as biopsies or surgical procedures can result in a transient release of epithelial 
cells into the circulation. This was described by Pachmann et al. who noted a 1,000-fold 
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increase in circulating epithelial cells during the  fi rst 3 days after surgery for breast 
cancer that resolved after 2–4 days  [  34  ] . Depending on the assay and when it was 
performed, these transient epithelial cells could give the impression of a rise in 
CTC, underscoring the complexity of these assays and our still-evolving under-
standing of the information they provide.  

   Clinical Application of Circulating Tumor Cells 

 Although various methods of CTC quanti fi cation are still evolving and competing 
for mainstream use, there is already a sizable body of evidence supporting the 
clinical relevance of each modality (Table  12.1 ).  

   Density Gradient Centrifugation 

 Many studies have successfully employed the density gradient enrichment approach 
prior to CTC identi fi cation  [  35–  37  ] . Early efforts that employed a density gradient 
alone proved too cumbersome and the advent of porous membrane enhancement 
improved outcomes and ease of use. A comparison between standard Ficoll density 
gradient separation and the OncoQuick membrane centrifugation method showed a 
higher sensitivity with OncoQuick in spiking assays (87% yield vs. 84%) with 
signi fi cantly fewer non-CTC mononuclear cells coenriched by the process (9.5 × 10 4  
vs. 1.6 × 10 7 )  [  38  ] . 

 A study using the OncoQuick membrane density gradient system was applied to 
60 women with resected breast cancer and 63 women with metastatic breast cancer 
 [  39  ] . Following density gradient enrichment, cells underwent positive selection with 
an anti-cytokeratin monoclonal antibody and negative selection with the leukocyte 
antigen CD45. Using this method, CTC were detected in 38.7% of women with 
metastatic breast cancer, compared to 8.3% of women with operable breast cancer 
who did not have overt metastases. In the latter group, there was a correlation between 
detectable CTC and the presence of DTC in the bone marrow. Serial CTC measure-
ments were obtained in a subset of 25 women with metastatic disease after initiation 
of systemic therapy. CTC were found more frequently in patients with progressive 
disease than in those with stable disease or remission (87.5% vs. 43.8%).  

   Membrane Micro fi ltration 

 Vona et al. used ISET to analyze blood samples from 44 patients with newly diag-
nosed, untreated primary liver cancer but no overt metastases, as well as 30 patients 
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with hepatitis, 39 with cirrhosis, and 38 healthy individuals  [  40  ] . CTC were detected 
in 23 of the 44 patients with liver cancer and none of the other cohorts analyzed. In 
this study, the presence of CTC was associated with a shorter overall survival. Wong 
et al. studied 43 patients with metastatic breast cancer and initially used density 
gradient enrichment, then passed the isolated fraction of blood through a polycar-
bonate  fi lter to capture CTC  [  41  ] . This study found that the presence of CTC prior 
to therapy was associated with a shorter overall survival, and an absolute value of 
 ³ 13 CTC was associated with a shorter time to progression.  

   Immunomagnetic Labeling 

 Immunomagnetic separation has been successfully applied to various clinical settings. 
Gaforio et al. captured CTC using the immunomagnetic strategy and correlated 
their presence with progression-free survival (PFS) and overall survival (OS)  [  42  ] . 
Peripheral blood was obtained from 92 patients with breast cancer in various stages 
prior to initiation of chemotherapy. Blood from 16 healthy patients served as nega-
tive controls and no CTC were isolated from these patients, however CTC were 
detected in 62% of the breast cancer patients. The presence of CTC correlated with 
expression of estrogen receptors and the presence of lymph node metastases. In 
addition, detection of CTC correlated with shorter median OS and PFS. CTC were 
detected in all 11 of the patients who died. Immunomagnetic enrichment was used 
by Chen et al. to capture CTC from 84 patients with advanced prostate cancer, 69 of 
whom had metastatic disease  [  43  ] . A group of 39 healthy donors served as negative 
controls. CTC were detected in 62% of the samples and none of the controls. CTC 
correlated well with PSA and were more prevalent in patients receiving chemo-
therapy than in those receiving hormonal therapy. Soria et al. used immunomag-
netic beads coated with an epithelial-speci fi c antibody (BerEP4) to capture CTC 
from women with metastatic breast cancer with healthy patients serving as negative 
controls  [  44  ] . The captured cells were then used to assay telomerase activity, in an 
attempt to establish a molecular marker for cancer. Of the 25 samples, 21 demon-
strated telomerase activity (84%) while none of the controls were positive. 

 An alternative enrichment-free immunolabeling approach has been employed 
as well. Luttgen et al. isolated CTC from patients with non-small-cell lung cancer 
by lysing erythrocytes and labeling CTC using antibodies directed against nine 
cytokeratins  [  45  ] . FAST was employed to detect the position of the labeled cells. 
In their prospective analysis, changes in CTC were correlated with response to 
chemotherapy. Of the 20 patients with data at time 0, 3, 6, and 9 months, 95% 
demonstrated a direct correlation between change in CTC count and clinical 
response to chemotherapy. 

 The CellSearch assay has been validated and FDA approved in breast, colon, and 
prostates cancers, and as such has recently become the de facto gold standard for 
CTC quanti fi cation in the clinical setting. A prospective study in breast cancer by 
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Cristofanilli et al. led to the  fi rst FDA approval for the CellSearch system  [  46  ] . 
In this study, 177 women with metastatic breast cancer underwent CTC testing 
using the CellSearch assay. High CTC burden was de fi ned as  fi ve or more CTC per 
7.5 ml of peripheral blood while low CTC burden included women with less than 
 fi ve CTC, a cutoff based on a training set analysis that was subsequently con fi rmed 
with a validation set. High CTC was associated with a shorter median progression-
free survival (2.7 months vs. 7.0 months,  p  < 0.001) and a shorter overall survival 
(10.1 months vs. >18 months,  p  < 0.001). Several years later, this assay was validated 
in patients with colon cancer. In a large, prospective, multicenter study, Cohen et al. 
measured CTC in 430 patients with metastatic colorectal cancer and in this case, 
high CTC burden was de fi ned as three or more CTC per 7.5 ml of peripheral blood 
based on training and validation set analyses  [  47  ] . Patients with high CTC at base-
line had a shorter median progression-free survival (4.5 months vs. 7.9 months, 
 p  = 0.0002) and overall survival (9.4 months vs. 18.5 months,  p  = 0.0001). Conversion 
from a high CTC to a low CTC was associated with better outcomes when com-
pared to patients whose CTC remained high. More recently, the CellSearch assay 
has been tested in men with prostate cancer. Using the same de fi nition of high CTC 
burden as the breast study ( fi ve or more CTC per 7.5 ml of peripheral blood), de 
Bono et al. prospectively studied 231 men with metastatic castration-resistant pros-
tate cancer (CRPC)  [  48  ] . Men with high CTC prior to initiating therapy had a shorter 
median overall survival than men with low CTC (11.5 months vs. 21.7 months). 
This correlation held true for posttreatment CTC as well. Men who started with high 
CTC but converted to low CTC with treatment had a longer survival than men 
whose CTC remained elevated. The converse held true as well; men whose CTC 
started low but rose during treatment fared worse than those whose CTC remained 
low (Fig.  12.3 ). Thus, because of its greater sensitivity and speci fi city as well as 
technical feasibility, such serial CTC measurement has the potential to augment or 
even replace other biologic markers, such as PSA measurements in prostate cancer 
 [  49  ] . It is important to note that CTC are not necessarily indicative of disease burden. 
CTC studies reported to date have not cited any direct correlation between CTC 
number and tumor burden. For example, in one study of patients with prostate can-
cer, CTC number had only a modest association with baseline PSA and correlated 
more with sites of metastasis and prior treatment, suggesting that the presence of 
CTC depends more on the biology of the cancer (e.g., pattern of spread) than the 
burden of disease  [  50  ] .   

   Whole Blood PCR 

 Numerous small studies using RT-PCR have demonstrated clinical signi fi cance 
with this indirect CTC assessment. Stathopoulou et al. used RT-PCR to detect CK19 
mRNA in women with stage I and II breast cancer. Detection of CK19 mRNA 
before initiation of adjuvant therapy was an independent poor prognostic factor 
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 [  51  ] . In men with prostate cancer, Ross et al.  [  52  ]  and Ghossein et al.  [  37  ]  indepen-
dently quanti fi ed mRNA transcripts for PSA. These groups found PSA mRNA to be 
an independent prognostic factor for time to progression and overall survival, 
respectively. CEA mRNA was detected in patients with colorectal cancer undergo-
ing curative resection. CEA mRNA detection correlated with stage at diagnosis and 
was found to be an independent predictor of postoperative metastasis  [  53  ] . RT-PCR 
continues to be employed in CTC quanti fi cation studies, using various target genes 
(Table  12.1 ).   
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  Fig. 12.3    Kaplan-Meier estimates of probability of overall survival (OS) of patients with castration-
resistant prostate cancer based on the presence of favorable (<5) or unfavorable (>5) CTC prior to 
treatment and over the course of treatment. Patients whose CTC were always favorable had 
the longest OS and those whose CTC were always unfavorable had the shortest OS. Patients 
whose CTC converted from the unfavorable to the favorable group had a longer survival than those 
who converted from the favorable to the unfavorable (Reprinted from de Bono JS, Scher HI, 
Montgomery RB, et al. Circulating tumor cells predict survival bene fi t from treatment in meta-
static castration-resistant prostate cancer. Clin Cancer Res. 2008;14(19):6302–6309. With permis-
sion from the American Association for Cancer Research)       
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   Biology of Circulating Tumor Cells 

 While the clinical utility of CTC measurement has been demonstrated in a multitude 
of studies, the precise role of CTC in cancer biology is less clear. Many have specu-
lated that CTC represent the critical dissemination step from a primary tumor to distant 
metastasis. Dramatic changes in phenotype are necessary as cancer cells transition 
from the environment of the primary tumor, to circulation, to possible “sanctuary 
niches.” and  fi nally to new metastatic sites. For example, the primary tumor environ-
ment favors cellular adhesion and angiogenesis in order to promote growth through 
access to nutrients and oxygen. In contrast, dissemination requires loss of cellular 
adhesion to facilitate migration into and through the circulation as well as evasion of 
immune surveillance  [  54,   55  ] . It is not clear what triggers this change, in part described 
as EMT, though some factor such as the transcription factor Twist, have been identi fi ed 
 [  56  ] . Once disseminated tumor cells establish metastatic sites, they may need to 
change yet again, reverting back to their epithelial state (MET) which favors growth 
and proliferation (Fig.  12.4 ).  

 Preliminary  fi ndings in these areas have raised more questions than they have 
answered: Multiple studies have documented the presence of CTC and DTC in the 
bone marrow of early stage cancers, including breast  [  57  ]  and prostate  [  25  ] . Others 
have shown that DTC possess a cell surface antigen pro fi le similar to that of so-
called cancer stem cells (CSC), a highly tumorigenic and therapy resistant subset of 
tumor cell thought to promote cancer recurrence and metastasis  [  58  ] ; still others 
have shown that CTC have a low Ki67 proliferative index, another characteristic in 
common with CSC  [  59  ] . 

  Fig. 12.4    Hypothetical CTC model based on preliminary biologic data. The epithelial to mesenchymal 
transition (EMT) is induced by the transcriptional factor Twist and this phenotypic change neces-
sary for migration of tumor cells may be more likely to occur in cells with a certain progenitor or 
“cancer stem cell” phenotype. From the periphery, CTC may seek an intermediary niche such as 
the bone marrow, or may establish distant metastases, which may require a mesenchymal to 
epithelial transition (MET) to regain a phenotype necessary for implantation and/or growth       
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 These preliminary  fi ndings offer tantalizing glimpses of a complex biology 
which has yet to be deciphered; does the presence of CTC necessarily portend meta-
static disease, or are CTC a common epiphenomenon of primary tumors, and are 
additional steps necessary for those CTC to become clinical metastases? If so, what 
are those steps, and are they dependent on changes within the CTC themselves or a 
subset of CTC (those with a CSC phenotype), or perhaps on signals from the primary 
tumor or from an enabling niche such as the bone marrow, or maybe alterations in 
the metastatic target site (the so-called seed versus soil dilemma), or some combina-
tion of these factors? It is likely that cells enter the periphery without developing 
overt metastases and this transition may be necessary but not suf fi cient. The signals 
responsible for these multiple steps are largely unknown, and the study of CTC may 
shed light on the process.  

   Future Directions 

   The Technology of CTC Quanti fi cation 

 The most pressing question in regards to CTC analysis involves the best method by 
which to quantify these cells. Cross-comparison of clinical data obtained from 
studies employing different methods is imprudent because of the very different pros 
and cons of these methods already described. A comparison between the OncoQuick 
and CellSearch assays has been described  [  6  ] . In healthy patients, neither assay 
detected any CTC but in patients with metastatic carcinoma, OncoQuick revealed 
CTC in 23% of patients compared to 54% detected by the CellSearch assay. The 
absolute number of CTC detected was also greater with the CellSearch approach. 
A different study compared immunomagnetic separation (followed by laser scanning 
cytometry),  fi ltration and RT-PCR in samples from patients with metastatic breast 
cancer  [  60  ] . Apparent sensitivity was lowest in the  fi ltration approach, which 
revealed CTC in 30% of patients tested, compared to 48% identi fi ed with immuno-
magnetic separation. The highest sensitivity was with multimarker real-time 
RT-PCR, which found that 83% of patients were positive for at least one of the three 
PCR markers used (cytokeratin 19, mammaglobin, and prolactin-inducible peptide). 
The  fi ltration strategy was compared to direct RT-PCR in a study by Pinzani et al. 
 [  61  ]  who obtained peripheral blood from 44 women with operable breast cancer 
prior to curative resection (19 stage I, 20 stage II, 5 stage III) and from 40 healthy 
women, who served as controls. Peripheral blood was analyzed with ISET and 
blood from the same sample was also subject to RT-PCR targeting CK19. Neither 
method detected CTC in the control samples. Both ISET and RT-PCR detected CTC 
in 12 of the 44 samples from patients with breast cancer. There was concordance 
between ten of the samples but two samples were only positive by ISET and another 
two were only positive by RT-PCR. The authors concluded that the two methods 
could be considered equivalent. Additional studies comparing the different 
methodologies are warranted, but at this time, all of the available methods continue 
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to be used and each has its own niche and utility. The burden of selecting a method 
lies with each investigator, and the study results should be interpreted with an 
understanding of the advantages and limitations of the techniques used. 

 Newer techniques hold the potential to increase the sensitivity and speci fi city of 
CTC detection. Micro fl uidic devices have been developed and show early promise. 
The “CTC-chip” was  fi rst described by Nagrath et al. and consists of an array of 
EpCAM antibody-coated microposts exposed to a patient’s peripheral blood under 
precisely de fi ned laminar  fl ow conditions (Fig.  12.5 )  [  62  ] . The system ensures max-
imum interaction between any CTC and the labeled microposts and allows 
quanti fi cation without any prelabeling. This system was ef fi cacious in spiking 
assays and in 116 peripheral blood samples, most of which were from patients with 
metastatic disease, 115 samples (>99%) demonstrated some degree of CTC. These 
data were highly reproducible and in a smaller subgroup, the changes in CTC 
correlated well with clinical course. New equipment and technological advances 
promise improvement in existing strategies as well. In another approach, a parylene-
C membrane slot micro fi lter has been developed in combination with a constant 
pressure driving  fl uid delivery system. This system has demonstrated high ef fi ciency 
for live cell capture, thus eliminating the need for  fi xation and permitting extensive 
analysis of the captured cells  [  63  ] .   

   The Biology of CTC 

 As described earlier, many questions remain about the role of CTC in cancer 
dissemination, and emerging capture technologies may provide improved opportunities 
to study these cells. One area of active investigation is the expansion in culture of 

  Fig. 12.5    Development of membrane  fi lters used in CTC capture. ( a ) Electron micrograph of 
CTC captured on a parylene-C pore micro fi lter (MEMS); ( b ) Scanning electron micrograph of 
CTC captured with micro fl uidic device (Reprinted from Nagrath S, Sequist LV, Maheswaran S, 
et al. Isolation of rare circulating tumour cells in cancer patients by microchip technology. Nature. 
2007;450:1235–1238. With permission from Nature Publishing Group)       
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live captured CTC in order to facilitate further characterization. Current techniques 
necessitate cell  fi xation, but analysis of live cells would expand our understanding 
of the biology of CTC and perhaps allow for as says testing sensitivity to various 
therapies. A promising model has been described by Talasaz et al. involving acti-
vated micropores coated with probes to antigens such as EpCAM  [  64  ] . The slot 
 fi lters described above have also been successfully used to capture live cells and 
subsequently culture these cells directly on the  fi lter for further study  [  63  ] . 

 Further molecular characterization will help to elucidate the pathways involved 
in tumor dissemination and may offer new therapeutic targets that would dramati-
cally alter treatment strategies in both the adjuvant and metastatic settings.  

   Clinical Applications of CTC 

 The majority of clinical data exists in patients with metastatic disease, but there may 
be even greater utility to CTC analysis in early stage cancer. Many cancer patients 
who undergo curative therapy for so-called localized tumors eventually suffer disease 
recurrence and metastasis, caused by early microscopic dissemination of their 
primary tumor which was not clinically detectable at the time of primary therapy. 
Such dissemination may be mediated by CTC, and our increasing ability to detect 
these cells may lead to more accurate prognostic guidelines and better directed ther-
apeutic maneuvers. Speci fi cally, the presence of CTC may indicate which patients 
with early stage cancer will suffer distant recurrence, allowing administration of 
aggressive adjuvant therapy to the population most likely to bene fi t. CTC may also 
allow early assessment of response to therapy and may expedite changes in ineffec-
tive regimens. After completion of indicated therapy, CTC may serve a prominent 
role in cancer surveillance. 

 CTC studies in early disease are ongoing and preliminary results are promising. 
In one study of 70 patients with local breast cancer receiving primary systemic 
therapy, peripheral blood was tested for CTC at the start of every cycle of neoadju-
vant chemotherapy and before and after surgery  [  65  ] . Nearly all patients had 
detectable CTC and the number of CTC correlated with primary tumor size. Of the 
patients whose CTC burden improved signi fi cantly (at least tenfold) with adjuvant 
therapy, none had experienced a relapse of disease with a posttherapy observation 
period of 4.5 years. Patients that suffered an increase in CTC burden during therapy 
had an 11–16-fold hazard ratio for relapse. The larger SUCCESS trial ongoing in 
Germany seeks to validate these data  [  66  ] . In this study, 1,767 patients with node-
positive or high risk node-negative breast cancer submitted blood for CTC analysis 
(using the CellSearch system) after resection but before any systemic treatment. 
Nearly half of the participants submitted blood at the completion of chemotherapy 
for further analysis. This study noted CTC in 10% of all patients before the start of 
systemic treatment. The presence of CTC correlated with the presence of lymph 
node metastases at the time of surgery. Outcome analysis is not yet mature, but this 
study may guide the future role of CTC in early cancer therapy. 
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 In advanced disease, one ongoing trial sponsored by the Southwest Oncology 
Group (SWOG S0421), CTC are collected from men with metastatic castration resis-
tant prostate cancer before and during treatment in a Phase III multi-center thera-
peutic trial. Specimens in this correlative study are analyzed for CTC number as 
well as expression of several markers associated with aggressive disease and ther-
apy response  [  67  ] . Another ongoing SWOG trial (SWOG S0500) is investigating 
whether CTC data can be used to guide therapy in real time  [  68  ] . Breast cancer 
patients receiving treatment will undergo CTC analysis using the CellSearch assay 
in order to quickly identify nonresponders. Patients with elevated CTC prior to 
therapy will undergo a second analysis after 21 days of therapy. Should CTC fall, 
therapy will continue, but if CTC rise or remain elevated, patients will be random-
ized to change therapy, based on CTC alone, or to continue therapy until clinical 
progression is noted. The results of this study may impact our assessment of ongoing 
therapy. It could decrease the need for serial imaging and prevent ongoing use of 
ineffective regimens, preventing unnecessary adverse effects and facilitating initia-
tion of a regimen with proper antitumor activity. 

 Yet another exciting application of CTC with enormous clinical potential would 
be in the early diagnosis of cancers. With improvements in capture and analysis, 
CTC may ultimately replace many less effective screening tests currently available. 
Though there is scant data to support its current use in that arena, CTC technology 
is rapidly evolving and may yet prove invaluable for early detection and eradication 
of occult malignancy.       
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  Abbreviations  

  BCC    Basal cell carcinoma   
  BRCA    Breast cancer susceptibility protein   
  BRAF    A raf family kinase   
  cfBRAF    Cell free BRAF   
  Cone biopsy    Conization   
  C-Kit    Oncogene   
  CGH    Comparative genomic hybridization   
  Cox2    Cyclooxygenase 2   
  FISH    Fluorescent in situ hybridization   
  Her2     Human epidermal growth factor 

receptor 2   
  KRAS    Kirsten ras   
  LEEP     Loop electrosurgical excision 

procedure   
  miRNA    microRNA   
  PDAC    Pancreatic duct adenocarcinoma   
  PARP    Poly ADP ribose polymerase   
  PDGFR    Platelet derived growth factor receptor   
  PI3K    Phosphoinositol 3 kinase   
  SKY    Spectral karyotyping   
  TCGA    The cancer genome atlas   
  TGF-B    Transforming growth factor Beta   
  VEGF    Vascular endothelial growth factor   
  SCC    Cutaneous squamous cell carcinoma   
  siRNA    Small interfering RNA   
  SRM/MRM triple quad mass spectrometry     Selected reaction monitoring triple 

quad mass spectrometry, multiple 
reaction monitoring triple quad mass 
spectrometry     

       Introduction 

 While diverse ’Omics capabilities have been applied in academic and industry set-
tings for target identi fi cation, target validation, and systems biology advances, their 
impact to health care delivery has trailed their promise. As is often the case, access 
to new tools leads believers to pronounce that their ultimate wonders will change 
the world. These promised technology revolutions often end up as slow technology 
evolutions that are anticipated to pay off, eventually. We now enter a period of 
change, where these diverse ’Omics technologies may be applied to improve deliv-
ery of health care. Speci fi cally, molecular diagnostic biomarker technologies are 
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gaining stronger inroads in guiding the treatment of cancer. Several success stories 
apply where prognostic and predictive outcomes allow a calculation of the likelihood 
of progression to metastatic breast cancer allowing clinicians to modify a given 
therapeutic approach to alter the disease course  [  1–  4  ] . Excellent examples include 
molecular diagnostic markers that predict risk for breast cancer (BRCA1, 2)  [  5  ]  or 
those that have power to indicate a suitable treatment based on companion diagnos-
tics (e.g., PARP, BRAF, Her2, Cisplatin in CRC, KRAS mutations)  [  6  ] . Markers of 
toxicity and metabolism, such as CYP enzymes isoforms, have also been identi fi ed 
and are being applied in guiding treatment decisions. These initial successes are 
supported by a rapidly expanding set of clinical and ’Omics basic research data-
bases (SAGE, BROAD Inst, Karolinska, TCGA, etc.) that—it is hoped—will pro-
vide novel, critical insights into disease pathways and networks thereby leading to 
the development and application of pathway/network-speci fi c treatment decisions 
individualized for each patient’s speci fi c condition. The  fi rst clinical applications of 
these newly gained insights will likely include predictions for the development of 
improved prognostic and predictive diagnostic tests. The promise of these high content 
databases is that causal analysis of coordinately regulated genes, other cellular 
parameters, and clinical traits will herald a reclassi fi cation of disease, through its 
molecular de fi nition, and the discovery of novel clinical trait associations with 
disease mechanisms. We project that the  fi eld of molecular diagnostics in cancer 
and other indications will eventually lead to a close alliance between the clinical 
oncologist, pathologist, molecular diagnostic specialist and patient, through which 
personalized treatment guidance reports will be created. Based on these reports, 
clinical oncologists and pathologists will be enabled with precise disease 
classi fi cations and associated treatment regimens. 

 To accomplish these goals, we are developing a unique biomarker and genomics 
infrastructure through which we will perform patient strati fi cation by measurement 
of diverse analytes, including protein analytes and genomics information. Our 
personalized medicine approach has the following strategic components:

    1.    Standardize, assemble, interpret patient ’Omics and clinical data and build 
comprehensive standardized clinical and basic databases.  

    2.    Integrate patient data with data from basic- and drug-discovery research to 
enhance our systems biology understanding of disease.  

    3.    Pursue discovery and development of diagnostic platform technologies.  
    4.    Apply genetics, proteomics, and high-content patient data capture platforms 

developed, to inform the clinical databases.  
    5.    Mature and prioritize these data through the application of diagnostic tests to 

create an integrated, patient-speci fi c treatment guidance report.     

 The ultimate product will include delivery of a comprehensive report to the physician, 
aimed at patient-speci fi c diagnostic and prognostic guidance and treatment predic-
tions. In parallel with these efforts, commercially available primary diagnostic 
platforms will create a menu of diagnostic tests that must be applied to optimally 
implement patient treatment guidance. Validation and clinical application of 
next-generation diagnostics and therapeutics, tailored to speci fi c molecular pro fi ling 
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of patient blood and other tissues, will offer safer and more effective treatments for 
critical illnesses, with an initial focus to oncology. Changing current classi fi cation 
methods of critical illnesses, such as cancer, to a more heavily molecular classi fi cation 
will result in improved patient treatment decisions. In the  fi rst section of this 
chapter, we will discuss examples of our genetics and platform technology develop-
ments. The last section of this chapter provides examples of diagnostic tests we 
developed, aimed at optimal patient guidance for selected cancers. Our initial focus 
has been in cervical cancer, melanoma and colorectal cancer.  

   Health Economics 

 The application of biomarkers can have a positive impact for both patients and 
payers, due to the converging action on patient-health and health-economics. 
While many molecular diagnostic tests are developed in a manner that allows one 
to quantitatively measure sensitivity and speci fi city, the large numbers of new 
molecular diagnostic tests that are being developed are creating a challenge for 
appropriate judicious regulatory approval processes of tests  [  7  ] . 

 Numerous risks and concerns regarding development and adoption of biomarkers 
in medicine have been raised. These include the overall less favorable economics of 
biomarker products when method classi fi cations (Current Procedural Terminology 
[CPT code]) are applied to determine reimbursement value, rather than the impact 
of the test on overall patient health and health economics. This arrangement may 
hinder development investments in suitable trials, whether retrospective or prospec-
tive and can hamper progress. As a result, biomarkers are often developed based on 
retrospective trial designs, with only a small proportion having the bene fi t of being 
an integral part of Phase II and III clinical trials or being supported by insightful 
health economic data. The advantages of prospective design during Phase II and III 
of a clinical trial are signi fi cant, as the combination of therapeutic and companion 
diagnostics eventually represents a product that cannot easily be rivaled by second-
generation compound and biomarker pairs. While the economic bene fi ts of provid-
ing treatment to those that are best matched with a therapeutic is recognized from a 
payer’s perspective, it has taken time for those that develop therapeutics to recog-
nize the inevitable wisdom of this approach. 

 Numerous regulatory challenges lie ahead, including the need to rede fi ne regulatory 
oversight for clinical biomarker applications. In this regard, it seems critical to 
recognize the clinical utility of biomarkers and the value this represents to patients 
and payers. Making clinical utility the driver will lead clinical and basic researchers 
to focus on those areas where clinical impact is most profound. Like many European 
countries, even the US population will eventually be held accountable for the cost 
of its healthcare system; at that point, the  fi nancial justi fi cation of biomarker 
applications will become inescapable.  
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   Personal Genomics and Cancer 

 Personal individualized genomics is an emerging branch of genomics, where 
individual genomes are genotyped/haplotyped and deployed to provide the context 
for analysis of phenotypes, classi fi cation of diseases, discovery of disease biomark-
ers, and interpretation of electronic health records. Naturally, the tools and techniques 
in this  fi eld are intimately related to traditional population genetics, as they strive to 
uncover how genotypes are associated with phenotypes, building upon the statisti-
cal theories of association studies. Several recent developments have now brought 
this  fi eld to the forefront of biomedical and information technology research, as 
genotype and phenotype data are about to undergo a quantum leap, both in quality 
and quantity. In addition, the infrastructure needed to manage and interpret the data 
is being developed. 

 With the underlying genomics sequencing platforms and software pipelines 
continuing to improve along a biotechnological Moore’s Law, it seems imminent 
that one will be able to haplotypically sequence (along with their epigenomic anno-
tations) any single-cell in a heterogeneous cell-population. Such a technology, for 
instance, could be easily devised using single-molecule optical-mapping and a 
short-read next-generation sequencing platform, integrated with the help of sophis-
ticated map- and sequence-assembly algorithms, e.g., SUTTA  [  8,   9  ] . A biomedical 
tipping point is expected as soon as approximately 10,000 globally sampled, haplo-
typic reference genomes become available (possibly assimilated with detailed 
electronic medical records) and ubiquitously accessible via fast hardware that is 
capable of calling well-interpreted genetic variants in real time. The opportunities 
created by personalization of translational biomedicine appear limitless; however, 
the challenges for this emerging  fi eld are also countless, even when considered for 
instance in the narrow context of personal oncogenomics. 

   Personalized Genomics in Oncology 

 Personal genomic and bioinformatic analyses have a critical role in the study of 
tumorigenesis, and in shaping cancer diagnosis, prognosis, and therapies. These 
analyses build on our assumptions that cancer is a disease of the genome (and 
epigenome), driven by an un-programmed somatic evolution, which leads to the 
abnormal activation or inhibition of pathways and networks in the transformed cell 
and its neighboring tissues. However, cancer progression also exhibits many broad, 
heterogeneous and nuanced variations that remain poorly modeled and largely 
unpredictable. A failure to appreciate these variations has been a major hurdle for 
cancer research, as it single-mindedly pursued its goals with an emphatic, unshak-
able faith in the underlying singularity of cancer more than its pluralities: Oncologists 
of the 60s were on a quest for a universal cure. That assumption—that a monolithic 
hammer would eventually demolish a monolithic disease has, however, been futile. 
During the last three decades, different models of cancer have been proposed, 
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and pursued: cancer has been variously categorized as viral disease, disease of the 
genome, disease of the somatic evolution, disease of the aberrant signaling, response 
to multicellularity (controlled by proliferation, apoptosis, repair, and autophagy), 
price of repair/regeneration (stem cells), disease of metabolism (Warburg-effect), 
response to external stress and microenvironment. However, none of the approaches 
based upon any single characterization seems to have led to uniformly effective 
therapeutics. 

 A personalized data-driven and phenomenological-model-based approach  [  10  ]  
may come to the rescue. This approach promises to select diagnostic tests and thera-
peutic interventions without getting bogged down by the variability, heterogeneity 
and complexity of the disease and its progression. Crudely speaking, the approach 
may be thought of as based on the following premises: (1) Carcinogenesis is 
triggered by “stress” conditions and requires the tumor cells to acquire speci fi c 
characteristics, denoted by “cancer hallmarks (see below).” (2) Although initiation 
and progression of cancer is largely stochastic, the carcinogenesis process exhibits 
well-orchestrated state-transitions, each state roughly corresponding to a “hall-
mark.” (3) Transition from state-to-state is coordinated by perturbation to pathways, 
networks and complex signaling processes (that control cellular proliferation, motility, 
apoptosis or anoikis) among cells, which can be interfered with by small-molecules 
such as kinase inhibitors. (4) The hallmarks of a cancer cell can be characterized 
directly (chemically) by genomics and transcriptomic assays (e.g., copy-number 
and mutational pro fi les) and biomarkers, or indirectly by a state-observer algorithm, 
which can inform a “supervisory controller” on how to make suitable therapeutic 
choices (constrained by certain “cost functions” related to toxicity, discomfort to the 
patient, etc.) by using ideas from mathematical game theory (e.g., “games against 
nature”). For instance, one wishing to address a “sustained angiogenesis hallmark” 
may target a receptor for a related growth factor (e.g., TGF-beta through an anti-
sense oligo such as AP 12009 or VEGF through an antibody such as Bevacizumab), 
a kinase (e.g., a multiple kinase inhibitor for VEGFR, RAF, PDGFR, c-Kit through 
Sorafenib or Sunitinib), a pathway or network (e.g., PI3K pathway controlling 
angiogenesis through a small molecule such as BEZ235), and/or the immune 
system (e.g., a COX2 inhibitor such as Celecoxib). 

 The targets of this algorithm are cancer phenotypes, often described in terms of 
“cancer hallmarks”: (1) limitless replicative potential, (2) insensitivity to anti-growth 
signals, (3) self-suf fi ciency in growth signals, (4) evading apoptosis, (5) tissue inva-
sion and metastasis, (6) sustained angiogenesis, (7) evading immune surveillance, 
and (8) in fl uencing the microenvironment to sustain the cancer phenotype. 

 The discrete dynamics that describe the evolution of cancer are often depicted by 
cancer biologists using “cancer subway maps,” in which various states (“subway 
stations”) are labeled by a particular hallmark: a loss-of-function (mutation to a 
tumor suppressor gene), or a gain-of-function (mutation to an oncogene), and these 
states are deterministically connected by labeled edges (“colored subway lines”). 
Thus, a good abstract representation of such a subway map can be provided as a 
disjoint union of (“colored”) Kripke models whose states are labeled by an extended 
ontology.  
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   Computational Efforts in Cancer Genomics 

 The computational work leading to informative personalized genomics in cancer 
must then focus on: (1) characterization, classi fi cation, and discovery of hallmarks 
from tumor-progression data and their description via stable genomic signatures 
and a list of related diagnostic tests; (2) extraction of the underlying model that 
describes the discrete dynamics of a particular cancer (which may also depend on 
the patient’s genomics as well as site and stage of the tumor); (3) a database of 
small-molecules, oligos, or peptides acting as signaling-pathway- or kinase-inhibitor 
that can control state-dynamics; (4) design of monitors and supervisory controllers 
such that the modi fi ed system satis fi es appropriate temporal logic properties. The 
resulting complete scheme is rather ambitious and not immediately technologically 
feasible; however, it can be simpli fi ed signi fi cantly to an initial scheme using bio-
marker based cancer classi fi cation, from which it can further progress. 

 A simpler approach, as described below, can be used immediately and will not 
require inference of a more data-intensive temporal dynamic model. It will start 
with a straightforward static model of the statistical distribution of various tumor-
related—’Omics data, constrained by patient’s genotype, history and demographics 
(derived from electronic medical records), and known theories of DNA-protein or 
protein-protein interactions, and regulatory, metabolic and signaling pathways. 
A representation of the statistical model could be in the form of a graphical model 
(a factoring of the joint distributions in terms of conditional probabilities representing 
the edges of a graph), which could then be used for cancer classi fi cation, discovery 
of biomarkers, or causal structures to identify pathways and genes involved in the 
tumor  [  11  ] . The results of the static model can then be optimally matched to diag-
nostic tests and therapies and recommended to an oncologist. However, as the 
results of these tests and therapies accumulate over the lifetime of many cancer 
patients, the resulting data will be a source of information leading to a phenomeno-
logical temporal model with states representing various hallmarks and transitions 
among them. For a more detailed perspective, we return to the discussion of cur-
rently available genomics and transcriptomic pro fi ling for cancer.  

   Genomics and Transcriptome Data 

 Cancer, modeled as a genetic disease, involves point mutations, translocations, 
segmental ampli fi cations, and deletions in the genome that alter speci fi c vulnerable 
molecular points in cellular regulatory pathways, and thus confer particular 
cancer-phenotypes (or hallmarks) to the tumor cells. As disease progresses, the 
tumor cells can acquire further mutations, proliferate or commit apoptosis, thus 
changing the population-wide genomic pro fi le of a tumor and its cancer-hallmark. 
Analysis of chromosomal changes by  fl uorescent in situ hybridization (FISH)-based 
cytogenetic approaches including comparative genomic hybridization (CGH), 
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spectral karyotyping (SKY), and multiplex-FISH (M-FISH) have mapped various 
chromosomal regions involved in various cancers  [  12–  16  ] . Recently, microarray 
techniques (e.g., array-CGH or matrix-CGH), and next-generation sequencing tech-
nologies (e.g., Illumina, 454, ABI-Solid) have become widely available, hastening 
the speed and improving the resolution at which an oncologist can map regions of 
DNA sequence from the cancer tissue that are ampli fi ed or reduced compared to 
normal tissue. In addition, genome-wide measurements of single nucleotide poly-
morphisms (SNPs)  [  8,   9  ]  can provide detailed diagnostic, prognostic or predictive 
tumor information. With the advent of single-molecule technologies, which will be 
able to analyze the base-pair content (at various resolutions) of any individual 
genomic DNA from a single normal or tumor cell and work with minute amounts of 
material (e.g., single cell), it will be possible to understand the genetic and epige-
netic  [  10  ]  heterogeneity of a tumor. Epigenetic changes such as DNA methylation, 
histone modi fi cation, and RNA silencing can be involved in regulating many cellular 
processes, including development, via gene silencing (chromatin structure and 
transcriptional regulation) and genetic imprinting  [  17  ] . 

 Global gene expression pro fi ling with DNA microarrays have been used for over 
a decade for cancer phenotyping/classi fi cation  [  18–  23  ] . It has furthered our knowl-
edge and state of the art of the regulation of biological processes and has become a 
tool in the study and classi fi cation of human tumors. Semi-quantitative pro fi les of 
gene expression have been measured for many cancer types and subtypes and can 
relate to various cancer classi fi cations and hallmarks  [  22,   24  ] . Through unbiased 
comparative analysis of these pro fi les, a subset of genes can be found that correlate 
with tumor phenotype and can serve as diagnostic and prognostic markers of disease, 
which can be incorporated into cancer pathway analysis or cancer hallmark models. 
Disease-speci fi c regulatory programs have been studied and combined using tech-
niques such as chromatin immunoprecipitation (ChIP) of tumor biopsies  [  25  ] . 

 Nonetheless, for several reasons, the analysis of the cancer genomic data, in 
isolation, is rather challenging: as cancer progresses, the tumor accumulates many 
noncausal bystander mutations, thus making the genomic data noisy; ampli fi cations 
and deletions affect many genes in synteny, which introduce many spurious correla-
tions; clonal ampli fi cations and collapses in a heterogeneous tumor population 
introducing dif fi cult-to-handle nonstationarity; heterogeneity and variability within 
the tumor and among the cancer patients; variability due to subjectivity in many 
current diagnostic tools, tests and pathology review outcomes; all make the analysis 
very susceptible to Yule-Simpson effects; and  fi nally, for certain groups of cancer 
(e.g., pancreatic cancer), lack of suf fi cient patient data and well-preserved bio-
samples (collected at different stages of the disease progression) weakens the power 
of statistical inference, since the complexity, dimensionality and multiplicity of 
hypotheses testing in a typical oncogenomic analysis are huge. 

 A typical approach to enhance the power of statistical analysis and tame the false 
discovery rate, involves a Bayesian scheme that combines the genomic data with 
other ’Omics data, pathway models and patient-speci fi c information, although the 
issues related to small-sample, heterogeneity and nonstationarity are left to other 
independent treatments. For this purpose, epigenomic and transcriptomic pro fi ling 
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have received intense attention, though small-RNA, proteomics, and metabolomics 
are also thought to be no less important. As mentioned earlier, pathway information 
can be important for understanding biological processes and how they can be 
disrupted or reprogrammed in disease. However, collecting complex pathway infor-
mation in a usable form from diverse and heterogeneous sources, including more 
than 220 pathway databases (  http://pathguide.org    ), can be a major challenge. Thus, 
a major computational systems biology effort will be a fundamental ingredient 
needed to improve our personalized analyses of cancers.   

   Multiplexed Tissue Protein Analysis by Mass Spectrometry 

 One of the next steps in technology evolution to improve personalized medicine 
diagnostics is the analysis of functional proteins, pathways and networks. Systematic 
sequencing studies performed on gene families involved in signal transduction have 
been extended to include the majority of protein-coding genes in cancer. These 
analyses have identi fi ed many genes and pathways that are linked to human cancer, 
and mutation analysis has enabled the development of a handful of important diag-
nostic tests such as the BRCA, KRAS, BRAF, and EGFR mutation assays. As out-
lined above, while these advances are useful they are not suf fi cient to fully exploit 
personalized medicine opportunities for the future. As much as these genomic studies 
provide a window into the genetic landscape of human cancer and help indicate new 
targets for personalized diagnostic and therapeutic intervention, the link to func-
tional proteins is often missing. Linking the functional proteins involved in the 
cellular biochemistry that drives cancer, the activation of these proteins, and their 
interplay is essential if we are to unlock the true potential of this wealth of genetic 
information. Developing techniques and strategies to deliver multiplexed protein 
assays in patient tumors will allow us to understand the nuances of the protein net-
works that drive cancer, sensitize tumors, or result in treatment resistance. 

 Current diagnostic tests in routine use for the measurement of protein expression 
in tissue rely on immunohistochemistry (IHC). Because IHC is antibody based it is 
subject to the idiosyncrasies of antibody speci fi city and sensitivity. In the best of cases 
it is semi-quantitative, hard to reproduce, not easily applied to phosphoproteins, and 
tissue-intensive due to dif fi culty of multiplexing. AQUA immuno fl uorescence tech-
niques have overcome some of the limitations of multiplexing and quantitation, but 
are still based on antibody binding and staining  [  26  ] . The challenge has been to build 
diagnostic panels for protein analysis that are  fi t for clinical practice. In order to inter-
rogate complex tissues for speci fi c proteins quantitatively, we developed a diagnostic 
platform that is capable of multiplexing quantitative protein expression and activation 
analysis from formalin- fi xed-paraf fi n-embedded FFPE tissue based on mass spec-
trometry. The goal is to  fi t these in with clinical practice. Currently we are in the 
process of distilling down the existing wealth of genomic and proteomic information 
to assemble rationally designed protein and phosphoprotein markers of clinical inter-
est, thus creating a menu of multiplexed protein test panels to achieve this end. 

http://pathguide.org
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   Targeted Selected Reaction Monitoring (SRM) by Mass 
Spectrometry as a Diagnostic Tool in Fixed Human Tissues 

 The majority of human clinical tissue biopsies are formalin- fi xed and paraf fi n-
embedded (FFPE). It was recently shown that diagnostically relevant proteins and 
their phosphorylation status can be targeted and accurately quantitated in FFPE 
tissues  [  27,   28  ]  by Selected Reaction Monitoring (SRM) triple quadrupole mass 
spectrometry  [  29  ] . The key to this new use of mass spectrometry is the invention of 
a process, termed Liquid Tissue, which allows FFPE tissue to be completely dissolved 
and digested into a mixture of tryptic peptides suitable for quantitative mass spec-
trometry  [  30,   31  ] . The major advantages of using a mass spectrometry approach 
with tissue are that multiple proteins and their phosphorylation status can be detected 
and measured from the same cells populations. In addition, the multiplex capability 
of quantitative SRM and the minute amounts of tissue specimen required, make it 
practical to employ these capabilities in the clinical setting. In order to successfully 
detect and quantify the target proteins (analytes) and their phosphorylation status, 
SRM assays for each analyte of interest can be built and validated. This involves a 
multistep process where the recombinant human protein for each target is formalin 
 fi xed and Liquid Tissue processed. The resultant peptide mixture is then analyzed to 
identify peptides representative of the target protein. Target peptides are selected 
which ionize well and are reproducibly detected and quanti fi ed. Once suitable pep-
tides have been identi fi ed for a protein analyte, the corresponding isotopically 
labeled synthetic peptides are generated. These peptides are substituted for N15 and 
C13 on one amino acid and hence are biochemically equivalent, but biophysically 
distinct from the native peptide because they are a few atomic mass units heavier 
than the endogenous peptides being measured. Since elemental analysis of the 
synthetic peptides allows their accurate quanti fi cation, a spike of a known amount 
can be added into an unknown sample and simultaneous detection of the endoge-
nous and spiked peptide (their mass-to-charge is slightly different, enabling resolu-
tion) allows absolute quantitation of the endogenous peptide. Once this basic assay 
has been built, it is further re fi ned and validated in cell lines and xenografts that are 
known to express the target of interest at differential levels, and  fi nally the tests are 
performed with human clinical tissues. The re fi nement of the peptide analyte assays 
through cell lines and into relevant tissue backgrounds is essential to determine that 
the representative peptides being tracked are robust in the most complex biological 
milieu where they will be applied. Individual peptide analyte assays can be run 
simultaneously in a single tissue sample and multiplex information on large panels 
of proteins can be generated by adding the appropriate cocktail of heavy control 
peptides into the sample. In addition to heavy peptides for quantitation of the 
peptides/proteins of interest, heavy peptides that aid in the determination of quality 
control parameters and dynamic range control for the assays can also be included 
(analyzed by LC/MS/MS using a nano-HPLC (Waters, NanoAcquity)) coupled to a 
triple quadrupole mass spectrometer (Thermo, TSQ Vantage). 
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 Phosphorylation of target proteins can also be measured using the same 
techniques; however, a phosphoenrichment step is incorporated. A peptide mix-
ture resulting from the sample preparation is split into two fractions. Ten percent of 
the fraction is used for analysis of nonphosphorylated protein analytes and the 
remainder of the fraction is used for phosphoenrichment and analysis of phospho-
rylated protein analytes. Phosphoenrichment is achieved by capturing the phos-
phopeptides on TiO 

2
  beads (Pierce) and eluting only the phosphopeptide fraction 

for analysis  [  32  ] . An expanding menu of robust and speci fi c diagnostic assays for 
protein analytes of interest in oncology has already been developed, which can be 
run individually, or in multiplex on a small sample of tumor tissue. Although the 
current focus is on oncology, this technology is just as applicable to other therapeutic 
areas. This technology has been successfully reduced to practice as a clinical diag-
nostic assay for the determination of a panel of plaque proteins to aid in the diagnosis 
of systemic amyloidosis  [  33  ] . In the remaining sections speci fi c examples of the 
application of SRM technology to targets in oncology are presented.  

   Expression Pathology’s Platform: LMD-Director/
Liquid Tissue/SRM MS and Work fl ow 

 A Liquid Tissue ® -SRM technology platform has been developed that makes practical 
multiplexed protein quantitation by SRM mass spectrometry. This allows minute 
amounts of FFPE tissue to be laser microdissected using Director ®  slides, processed 
using the patented Liquid Tissue ®  reagents and technology, and analyzed by SRM 
mass spectrometry (Fig.  13.1 ).  

  Fig. 13.1    Liquid Tissue ® -SRM mass spec work fl ow       
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 In this work fl ow FFPE tissue is cut at 10 microns onto a Director slide. Director 
slides are regular microscope slides that are coated with an energy transfer coating 
that is inert until it is activated by UV light from the microdissector’s laser. This 
allows the slides to be processed using standard histological staining (e.g., H&E) or 
IHC with no loss of functionality as needed. The cellular areas of interest on the 
section can be identi fi ed by a pathologist and these regions are microdissected into 
a collection tube, without the limitations on speed and automation imposed by 
adhesives or plastic  fi lms employed by standard microdissection methods.  

   EGFR Case Study Oncology 

 The epidermal growth factor receptor (EGFR) is a drug target for both small molecule 
(Ge fi tinb, Erlotinib) and antibody therapeutics (Cetuximab, Panitumamb); these ther-
apies have been approved in non small-cell lung carcinoma (NSCLC) and colorectal 
carcinoma (CRC), respectively. The small molecule drugs block receptor signaling 
though blockade of the tyrosine kinase domain, while the antibody therapies block 
receptor signaling through inhibition of ligand binding. Unfortunately, direct non-
quantitative assessment of the EGFR protein expression level by IHC in tumors has 
not been shown to correlate with response or outcome in patients. Also current 
genomic tests are indirect in that they measure receptor ampli fi cation, RNA levels, the 
mutation status of receptor or pathway molecules (EGFR or KRAS mutations) but no 
current assay can directly and quantitatively measure the EGFR target, resistance 
markers, and the activation state (phosphorylation) of EGFR or its downstream sig-
naling pathway components. Indeed KRAS mutant positive status rules a patient out 
of receiving EGFR therapy for colon cancer and is thus a negative predictor. There is 
currently no diagnostic test to positively predict response in the KRAS wild type 
population. By comparison, the EGFR mutation positive NSCLC tumors (thought to 
be constitutively active) do show a high response rate to TKI therapy, though there are 
many nonresponders, thus demonstrating that this genomic test also has limited util-
ity, highlighting the need for other diagnostic tests that can help direct the therapy 
decision. Since inhibition of EGFR is necessary for the response to these targeted 
agents, it is critical to measure what levels of receptor activation and downstream 
signaling determines tumor responsiveness to EGFR targeted therapies in patients. 

 The currently described approach enables absolute quanti fi cation of proteins and 
their phosphorylation status directly in FFPE tissue. Based on these test character-
istics, we developed a panel of new diagnostic assays which measure in a multiplex 
manner (in selected cells from a tissue sample) the expression and activation of 
EGFR, plus other receptors and key downstream signaling proteins through quanti-
tation of the total protein and phosphorylation state of these proteins where appro-
priate (Fig.  13.2 ).  

 Quantitative SRM assays were built to measure the nonphosphorylated EGFR, 
HER2, HER3, IGF1R, cMET, cSRC, and BIM proteins. This protein target multi-
plex was initially preclinically validated on the A431 tumor cell line (which harbors 
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an ampli fi cation of the EGFR gene)  [  34  ]  and HCC827 cells (harboring mutant 
ampli fi ed EGFR, constitutively active cMET and AKT)  [  35  ] . In addition, quantita-
tive SRM assays to measure the phosphorylated forms of EGFR, HER3, IGF1R, 
MET, SRC, ERK, AKT, and p70S6K proteins have been described. This phospho-
peptide multiplex assay was initially validated preclinically on the A431 tumor cell 
line mentioned above. These cells were stimulated with a dose range of EGF (50–
200 ng/ml) or in a time course study (EGF 50 ng/ml for 5–30 min). Con fl uent, EGF 
stimulated cells were then formalin  fi xed, subjected to Liquid Tissue ®  processing, 
and then phosphoenriched using TiO 

2
  magnetic beads. The resulting enriched phos-

phopeptides were then analyzed by mass spectrometry. This method demonstrated 
the feasibility, and reproducibility of this method for quantitating EGFR pY1197, 
EGFR pT693, AKT pS473, p-p70S6K pS447, ERK pT202/pY204. In addition to 
in vitro studies, experiments with phospho-SRM analysis of FFPE NSCLC xeno-
graft explants with extensive independent histopathologic and molecular character-
ization have been performed, allowing a benchmark to be made for phospho-SRM 
analysis with standard diagnostic analyses. 

 Validation studies are currently being extended by using this EGFR Rx panel to 
measure protein expression and activation in FFPE tissues obtained from relevant 
human clinical trial cohorts—Ge fi tinib treated NSCLC and Cetuximab treated CRC. It 
may be that such studies will correlate EGFR pathway expression, activation and 
signaling in these tumors with responsiveness to EGFR targeted therapy, and validate 
this assay for use as a companion diagnostic to guide therapy in both NSCLC and CRC.  

  Fig. 13.2    Design of EGFR Rx SRM assay panel       
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   Future Application 

 The applications described above demonstrate how these targeted assays can be 
multiplexed and reduced to practice to generate a next generation of diagnostic 
tools for tissue.SRM Triple Quad Mass Spectrometry combined with Liquid Tissue 
sample processing is emerging as a tool for building diagnostic multiplex assays 
that use less tissue, and overcome many of the limitations of IHC. The output reli-
ably quantitates both the targets of interest and their activation levels in a single 
small sample. The assays can be quickly built and validated, opening up a path to 
ef fi ciently translate biomarker discovery to patient bene fi t. Developing this diag-
nostic tool to provide a multiplex assay format in formalin  fi xed tissue that can be 
applied from preclinical to clinical studies will impact both targeted drug develop-
ment and patient strati fi cation needs in this era of personalized healthcare.   

   BioSensors: Plasmonics 

 A major goal in biosensor development is the creation and commercialization of a 
new, molecular, high-data-content diagnostic platform for the detection of bio-
markers for individual patient care and personalized disease treatment. The  fi eld 
of plasmonics offers the potential for creating such biosensors. Plasmonic substrate 
design for speci fi c biomarker applications, relies on nanoscale- precise substrate 
fabrication creating biosensor devices for the ultra-sensitive detection of target 
analytes in biological media, e.g., blood, plasma, and other bodily  fl uids. 

 The  fi eld of plasmonics captures the physics of the interaction of light with plas-
monic oscillations of electrons in materials. Raman spectroscopy is a technique 
based on the inelastic Raman scattering of incident light to give unique frequency 
shifted  fi ngerprints for molecules and information on their vibrational, rotational, 
and electronic energies. Raman spectroscopy can take advantage of plasmonic struc-
tures and often works over the visible or near IR range of incident light. While stan-
dard Raman spectroscopy has a relatively low occurrence of Raman scattering 
events, substrates can be created that enhance the occurrence of the Raman events 
many orders of magnitude and result in high levels of sensitivity, down to the single 
molecule detection regime. Surfaces, and nanosize features therein, play a main role 
in what is known as Surface Enhanced Raman Spectroscopy (SERS)  [  36,   37  ] . In 
addition to surface features such as surface roughness, it has been shown that several 
nano- and microengineered architectures have similar or signi fi cantly greater Raman 
enhancement ability. As these substrates utilize plasmonic mechanisms to achieve 
extreme enhancement abilities, they are often referred to as Plasmonic Enhanced 
Raman Spectroscopy (PERS) substrates. Examples include plasmonic architectures 
that have nanometer scale gaps between materials that support plasmons (generally 
silver and gold)  [  38  ] , micron or submicron periodicity of features, nanoparticle 
systems  [  39  ] , nanorings  [  40  ] , nanocrescents  [  41  ] , nanorods  [  42  ] , and many others. 



33313 Focus on Personalized Molecular Based Medicine

 Extensive simulation capabilities based on plasmonic and material principles can 
be used to de fi ne and optimize designs for PERS nanostructures. The effects of local 
and/or periodic feature effects can be thoroughly investigated in simulation space 
over relevant bands of incident light wavelengths. Importantly, this guidance can 
highlight key parameters relevant during actual fabrication and how to optimize for 
biomarkers of interest. In the discovery phase of building PERS devices, simulation 
coupled with experimental results may also be utilized to attain a deep understanding 
of what needs to be built. 

 Creation of optimal PERS substrates for reliable biomarker detection requires 
controlled and reproducible methods for achieving consistently high enhancement of 
the Raman signal. The interaction of metal features within random or periodic arrays 
or individually with incident light for the PERS substrates is critical. Individual 
effects may include feature size, shape, presence of sharp edges, and roughness. The 
effect of coupled systems of arrays of metal features is determined by type, distance, 
spacing/gap sizes, and periodicity. It is known that nanogaps, such as gaps less than 
100 nm and preferably less than 10 nm  [  43,   44  ] , have very high local Raman enhance-
ment factors, often referred to as “hot spots,” representing localized plasmons. For 
example, a traditional nanogap is the particle-particle gap seen in silver or gold nano-
particle dimers, trimers and agglomerates. A high local Raman enhancement factor 
has also been shown in features with sharp edges or points on the nanometer scale, 
such as diamond, triangle, prism  [  45  ] , star  [  46  ] , and similar shapes. Periodic struc-
tures utilize the coupling of features to result in enhancement which can often be 
tuned based on the periodicity, for example, structures can be created that result in 
ef fi cient absorption of incident light at certain wavelength or wavelength ranges that 
are generally used in Raman spectroscopy  [  47  ] . 

 One example of a controlled PERS substrate that incorporates nanogaps and 
highly periodic features is a gold coated one-dimensional Nanograting array, shown 
in Fig.  13.3 . The Nanograting array can extend across long distances relative to the 
grating height and width. The periodicity is shown in a submicron pitch which is 
approximately 330 nm in the example in Fig.  13.3 . The most active areas, referred to 
as “hot-spots” in enhanced Raman spectroscopy, occurs within the sub-10 nm gaps. 
Figure  13.3  (top) shows simulation results for the local electric  fi eld intensity, which 
shows the hotspot location in and near the gaps. The pitch of the grating features 
results in a critical-coupling with the incident light as shown in Fig.  13.4 , where the 
re fl ectance of the gold coated PERS substrate when the light is correctly polarized 
relative to the gratings can go to nearly zero. This is impressive as it should be 
emphasized that gold in the visible range is generally a highly re fl ective mirror.   

 A PERS architecture with a two-dimensional array of nanodots is shown in 
Fig.  13.5 . The substrate has gold nanodots of approximately 90 nm in diameter and 
a square pattern with an X&Y pitch of 330 nm. This structure has controlled period-
icity and nanoscale features. The nanodot array can be modi fi ed in array layout 
(e.g., rectangular, hexagonal, or other pattern) and pitches. The duty cycle, which is 
described by the feature size divided by the pitch, can vary from low duty cycles as 
in Fig.  13.5  (roughly 27% duty cycle) to nearly touching or touching features. When 
the features approach touching distances, nanogaps are formed and can result in 
dramatically increased Raman enhancement.  
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 Important characteristics of the PERS substrates to be considered in their rational 
design and fabrication are high enhancement, accessible hot-spots, reproducibility, 
and consistency. For integration into medical devices for biomarker detection, they 
will be coupled with analyte delivery systems, electronics, Raman spectroscopy 
equipment and data analysis software. The target biomarkers will be biological 
analytes in complex mixtures present in biological  fl uids such as blood or plasma. 

  Fig. 13.3    PERS substrate with nanogaps between gold features and submicron periodicity       

  Fig. 13.4    Re fl ection versus wavelength for the gold coated one-dimensional grating array       
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The biomarkers will need to reach the vicinity of the hotspots in order to be detected, 
therefore a thorough understanding of the surface chemistry of the substrate and 
 fl uid medium will be essential. The data analysis software is required to identify the 
Raman spectrum of the biomarkers within a matrix of signals from multiple species. 
A general type of software for this purpose is chemometric software that is used to 
extract speci fi c signals out of multivariate data using chemical databases. As each 
biomarker will have a unique Raman signature, the software can be loaded with the 
biomarker data in order to extract the biomarker signal when present and above the 
level of detection. 

 An example of using a PERS substrate for the detection of a controlled substance 
is presented in Fig.  13.6 . In this example, a one-dimensional Nanograting PERS 
substrate is exposed to a solution of cocaine (concentration of 100  m (mu)M), brie fl y 
rinsed and then dried. The red curve is the optimal operating condition, i.e., incident 
light polarization state relative to the grating array, and the blue curve is the pure 
cocaine Raman signal for reference. Comparable results were obtained for measuring 
cocaine in saliva (not shown).  

 The rational design and controlled fabrication of highly enhancing PERS 
substrates can result in the creation of a variety of stable biosensing devices for next 
generation clinical bio-diagnostics and personalized medicine. Unique biomarker 
 fi ngerprints can potentially be detected at concentrations as low as few or single 
molecule levels and extracted from multivariate chemical data in a quanti fi able and 
reliable manner, which can lead to patient-speci fi c diagnostic guidance.  

  Fig. 13.5    Two-dimensional nanodot array       
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   Examples of Companion Diagnostics and Prognostic Markers: 
BRAF, KRAS, Predictive and Prognostic Biomarkers 

 The highest value biomarkers in patient management are those that either stratify 
patients to a particular therapy or predict disease outcome. The classic example is 
Her2, where overexpression of Her2 determined by either FISH or IHC analysis, 
selects a subpopulation of patients for anti-Her2 monoclonal antibody therapy 
(Herceptin)  [  48  ] . Recent advances in technology that have led to the development 
of more selective and more sensitive tests have vastly expanded diagnostic capabil-
ity and clinical utility. Below are two emerging examples of biomarkers that have 
recently entered the therapeutic arena. 

   BRAF V600E Mutant Allele in Melanoma 

 It is estimated that at least 50% of all stage IV malignant melanoma patients carry a 
speci fi c somatic mutation in the BRAF gene. This mutation, V600E, which results in 
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an amino acid change from Valine to Glutamic acid at position 600 in the BRAF 
kinase, renders the kinase constitutively activated. Phase I/II trial data show more 
than 80% of late stage melanoma patients who carry this mutation are highly respon-
sive to a speci fi c BRAF inhibitor (RG7204/PLX4032), and go into remission for 
variable lengths of time  [  49  ] . Thus, the presence of BRAF V600E allele is a compan-
ion biomarker for BRAF inhibitor therapy. The discovery that this mutation can be 
detected not only in metastatic tumor biopsies, but as cell-free DNA released from 
tumors into the circulatory system of these patients  [  50  ] , has led to the development 
of a recently available clinical diagnostic assay that uses a MALDI-TOF genotyping 
platform (MassARRAY Analyzer, Sequenom Inc. San Diego, CA). This test is capa-
ble of detecting a few copies of the cfBRAF V600E mutant DNA in 1 ml of plasma 
or serum. The uniquely high selectivity of this test is in part due to the higher sensi-
tivity of the MALDI-TOF platform, as well as end stage PCR reaction and the inclu-
sion into the reaction mix of a thermostable restriction enzyme speci fi c for the wild 
type allele of BRAF. In the analytical validation experiments, samples with ratios of 
wild-type to mutant BRAF alleles up to 100,000:1 were reliably analyzed with just 
35 PCR cycles (Fig.  13.7 ). Speci fi c allelotypes in this approach are determined by 
single nucleotide extensions of primers designed to interrogate the SNP site. The two 
peaks, clearly separated by 9 Da on the MALDI-TOF spectrogram corresponding to 
the A (V600E) or T (wild type), allow reliable detection of the V600E allele when it 
comprises 5% or more of the sample BRAF DNA. However, the inclusion of the 
TspRI restriction enzyme allows for the detection of a rare BRAF V600E mutant 
allele (A), in a background of more than 100,000× excess of wild type BRAF 
alleles (T).  

 The high value of this biomarker is several fold: (1) the test immediately identi fi es 
a population of melanoma patients that would bene fi t most from BRAF inhibitor 
therapy, (2) requires only a blood sample and is thus relatively noninvasive and 
economical compared to costly and invasive biopsies, (3) the test is analytically 

  Fig. 13.7    cfBRAF V600E assay       
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very selective and sensitive. The pilot study of plasma from 31 stage IV melanoma 
patients revealed 78% sensitivity and 100% speci fi city. This test is currently under-
going intensive development in both retrospective and prospective melanoma 
clinical trials to mature its clinical utility.  

   RNA Markers of Melanoma in Circulating Tumor Cells (CTC) 
and Sentinel Lymph Node(SLN) Evaluation 

 The gated isolation of CTC’s in different indications has proven to be dif fi cult and 
unreliable. This lack of reliability is largely due to apparently very low numbers of 
CTC’s (<10 per 8 cm 3  of blood) in some cases and or poor performing identi fi cation 
markers. In the case of melanoma, this problem has been overcome by the ability to 
detect melanoma CTC’s without intact cell isolation on a platform such as CellSearch 
(Veridex LLC, Raritan, NJ). Using four highly speci fi c melanoma RNA cell 
markers: melanoma antigen recognized by T-cells(MART-1), melanoma antigen 
gene-A3 family member (MAGE-A3), beta1,4- N -acetylgalactosaminyl-transferase 
(GalNAc-T), and paired box homeotic gene transcription factor 3 (PAX-3), feasibil-
ity of accurately detecting melanoma CTC’s has been clearly demonstrated in mela-
noma patients. Using RNA isolated from the PBMC’s derived from 5 cm 3  of whole 
blood, changes in the levels of these markers detected by qRT-PCR have been shown 
to directly correlate with patient response to biochemotherapy  [  51  ] . The potential 
for these markers to be used to follow treatment response, and as early indicators of 
relapse, is currently under investigation in multiple prospective clinical trials. 

 Sentinel lymph node (SLN) status with respect to the presence of metastatic lesions 
is a pivotal point in the care of early stage melanoma patients. Using FFPE specimens, 
patients scored negative by standard H&E staining and immunohistochemistry (IHC) 
using HMB-45 and S-100 as markers, are currently followed by watchful waiting with-
out aggressive follow-up treatment. However, approximately 20% of the patients 
scored as SLN negative relapse within the  fi rst 10 years. A retrospective study of 215 
patients was undertaken to evaluate the potential clinical utility of the molecular SLN 
evaluation utilizing the same four melanoma RNA markers as in the case of CTC 
detection. Out of 215 patients, 54 were scored positive using a combination of H&E 
staining and the HMB-45 and S-100 IHC biomarkers. Of the remaining 162 patients 
that were scored SLN negative by H&E and IHC, 39 progressed to metastatic disease, 
and were found to carry one or more of the four melanoma RNA markers. The detec-
tion of more than one marker correlated with shortened survival time  [  52,   53  ] . These 
statistics indicate that in fact 39 of the patients had occult micrometastases in the SLN 
that were not detected using H&E and the IHC markers. Another large retrospective 
trial with 250–500 patients is in progress where the node sampling method is also 
being evaluated. In the study cited above, sections for IHC evaluation and for qRT-
PCR came from a very small and spatially close sampling of the SLN’s. It may be that 
a more comprehensive sampling scheme, where multiple node regions are included, 
will improve the sensitivity of the 4-marker assay.  
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   KRAS in PDAC Surgical Margins 

 Our ability to detect exceedingly rare somatic mutant alleles within the background 
of prevalent wild-type DNA allows for genotyping of the tumor using nontraditional 
sources of DNA, such as plasma circulating cell-free DNA in case of BRAF V600E. 
Furthermore, if such a technique is applied to the cancers with well de fi ned somatic 
mutation widely represented among patients, it may lead to development of sensi-
tive and highly speci fi c assays for detection of occult tumor cells. Unlike RNA or 
protein markers, where baseline expression level plays a pivotal role, most of the 
disease-driving somatic mutations (SNP, translocation, deletion, or ampli fi cation) 
are binary (i.e., discrete) by nature and unaffected cells contain no such change. 
That leaves only technical limitations of the methodology in use as a challenge in 
detecting of the affected cell. 

 An excellent example where this approach worked well is the molecular analysis 
of surgical margins in Pancreatic Duct Adenocarcinoma (PDAC). Pancreatic adeno-
carcinoma is one of the most aggressive diseases, being the tenth most frequent 
cancer, and the fourth most common cause of cancer death, with 5-year survival 
rates well below 10%. Compounding the aggressive nature of this disease, 
nonspeci fi c and late presentation of symptoms makes less than 20% of diagnosed 
individuals  fi t for surgical resection  [  54  ] . Margins of surgical resection have long 
been graded by pathologists microscopically in order to evaluate success of the 
surgery and provide oncologists with a prognostic marker. However, the subjective 
nature of the analysis, inherently low sensitivity of microscopic approach and often 
distorted shape of the tissue specimen result in a relatively weak prognostic value. 
A 2003 analysis by Lim et al. of 396 patients with resectable pancreatic adenocar-
cinoma indicates only a mild increase in median survival from 12 months to 
19 months for a patient with negative margins  [  55  ] . A comparative review by 
Verbeke and Manon of 13 published data sets  [  56  ]  show an incongruent relationship 
between microscopic margin status and clinical outcomes. Lack of standardization 
of pathological assessment leads to a seemingly counterintuitive observation: two 
studies with highest proportion of R1 margins also have the best clinical outcomes 
after resection (Table  13.1 )  [  56  ] .  

 One of the hallmarks of pancreatic cancer is extremely high involvement of 
somatic KRAS mutations. Recent search of the COSMIC database indicates that out 
of 3,760 recorded pancreatic carcinoma cases where KRAS was analyzed, nearly 
70% contain one or more mutated RAS alleles More than 99% of those alleles are 
represented by just three key activating mutations within codon 12 (G12D, G12R, 
and G12V)  [  57  ] . Most of the pancreatic samples in the database did not undergo 
complete sequencing of the KRAS gene, and as a result there is a possibility of addi-
tional mutations outside of codon 12 that was not detected by the methods in use. 

 The methodology of preferential ampli fi cation of mutant KRAS alleles was 
developed and applied to pancreatic margin analysis by Dr. Hoon’s group at the 
John Wayne Cancer Institute. First, PCR ampli fi cation is clamped with a PNA oli-
gomer complementary to the wtKRAS sequence as developed by Thiede et al.  [  58  ] , 
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   Table 13.1       Survival and margin involvement in pancreatic cancer   

 Study 
 Number 
of patients 

 Percentage of 
patients with R1 

 Median survival (months) 

 R1/R2 patients  R0 patients 

 Menon et al.  [  56  ]   27  82  14  >55 
 Westgaard et al.  [  99 ]  40  45  11  16 
 Raut et al.  [  100 ]  360  17  22  28 
 Verbeke et al.  [  101 ]  26  85  11  37 
 Neoptolemos et al.  [  59  ]   541  19  11  17 
 Benassai et al.  [  102 ]  75  20  9  17 
 Sohn et al.  [  103 ]  616  30  12  19 
 Millikan et al.  [  104 ]  84  29  8  17 
 Nishimura et al.  [  105 ]  157  45  6  12 
 Sperti et al.  [  106 ]  113  17  7  14 
 Nitecki et al.  [  107 ]  174  16  9  − 
 Yeo et al.  [  108 ]  201  29  10  18 
 Willett et al.  [  109 ]  72  51  12  20 

  [Based on data from Verbeke CS, Menon KV. Rede fi ning resection margin status in pancreatic 
cancer.  HPB . 2009;11(4):282–89]  

and then the product is detected utilizing RT-PCR. Results from a representative set 
of samples were also con fi rmed using a nested PCR approach with bidirectional 
sequencing. 70 patients with PDAC in two cohorts underwent surgery with intent to 
cure pancreatic cancer (68 pancreaticoduodenectomy and 2 distal pancreatomy). 
Pancreatic transection and retroperitoneal margins were identi fi ed by ink, suture or 
in relation to the location of the primary tumor. Paraf fi n embedded sections included 
the tumor and margin as a single block. Slides prepared from the block were sub-
jected to H&E staining and microscopic examination by a pathologist to ensure no 
traces of cancer cells present in the margins submitted for molecular investigation. 
Primary tumors were typed for KRAS mutations and 81% were found to contain an 
allele of KRAS with a mutation in codon 12, which is within the statistically 
expected range. Mutant KRAS alleles were detected in pancreatic transection (17 
patients), in retroperitoneal margins (27 patients) and for seven patients—in both. 
Comparison of overall survival between margin positive and margin negative groups 
produced signi fi cant difference (median 15 months versus 55 months), with a hazard 
ratio of 2.8 and  p  = 0.004. These results would rank KRAS presence in the margins 
as one of the most signi fi cant prognostic markers for PDAC, on par with tumor 
grade and more robust than KRAS status in primary tumor or perineural invasion. 

 However, the aggressive nature of the PDAC may lead to questions of clinical 
utility of such a marker—with metastatic disease recurring in the vast majority of 
patients within 2 years after resection. Physicians would not likely make a decision on 
withholding the chemotherapeutic treatment solely based on the predicted statistically 
signi fi cant increase in expected survival time. At the present time the only therapeutic 
modality that may be driven by such a result is the use of follow-up radiotherapy. The 
results of a large prospective study of the 541 resections (ESPAC-1) indicate that for 
the subgroup with microscopically positive margins (R1) chemoradiotherapy did 



34113 Focus on Personalized Molecular Based Medicine

not provide additional bene fi t. The same study con fi rmed that margin status ceased to 
have independent prognostic signi fi cance in the presence of tumor grade and nodal 
status  [  59  ] , indicating that other parameters may have comparable prognostic value. 

 Utilization of molecular margin analysis by Dr. Hoon’s laboratory appears to 
perform better than traditional microscopy at stratifying patients into the group with 
less biologically aggressive cancer. It is only logical to envision that molecular 
approaches with superior performance may lead to the robust selection of the 
patients with less aggressive disease who will bene fi t from chemoradiotherapy. The 
higher sensitivity KRAS assay developed at the Nant Networks, LLC, combines 
PNA clamping of wild type allele, end stage PCR and mass spectrometry based 
product detection. That allows for approximately 100-fold increase in assay selectivity 
as compared to the original approach employed by Kim et al.  [  60  ] . Ongoing retro-
spective analysis of the samples from several clinical studies will clarify the poten-
tial role of the molecular detection of occult tumor cells in the selection of candidates 
for neoadjuvant or postoperative radiotherapy.   

   The Application of Genomics to Cervical Cancer: 
Dtex a Case Study 

 Cervical cancer is the third most commonly diagnosed cancer and the fourth leading 
cause of cancer death in females worldwide, accounting for 9% (529,800) of the 
total new cancer cases and 8% (275,100) of the total cancer deaths among females 
in 2008. More than 85% of these cases and deaths occur in developing countries. 
India, the second most populous country in the world, accounts for 27% (77,100) of 
the total cervical cancer deaths each year. Worldwide, the highest incidence rates 
are in Eastern, Western, and Southern Africa, as well as South-Central Asia and 
South America  [  61  ] . 

 In countries where adequate resources exist to implement screening programs 
the incidence of cervical cancer deaths has been greatly reduced, primarily through 
the widespread availability and use of the Papanicolaou (Pap) test. However, robust 
cervical cancer screening programs are costly and can be very complex. Cytologic 
screening alone has reduced the burden of cervical cancer in the US by an estimated 
70%, albeit at a cost of $6 billion per annum for screening and intervention  [  62  ] . A 
substantial portion of this cost is attributable to the estimated 10% of women with 
abnormal test results that require additional follow-up and management  [  63  ] . 
Despite the relatively low incidence of cervical carcinogenesis in this group, these 
women are subjected to repeated diagnostic testing, invasive procedures, and, when 
appropriate, surgical treatment  [  64,   65  ] . 

 The discovery of the human papillomavirus (HPV) and the incorporation of 
testing for high-risk, oncogenic HPV types into the management of women with 
cytological abnormalities have been moderately bene fi cial. An infection from an 
oncogenic HPV subtype is required for the development of cervical cancer  [  66,   67  ] . 
Many women with mild cytologic abnormalities do not have HPV infections and, 
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therefore, may be spared needless follow up and invasive procedures because their 
risk of cervical cancer is considered no greater than those in the general population. 
The clinical use of HPV testing, however, has its limitations. Studies have shown 
the vast majority of women (an estimated 80%) will have at least one HPV infection 
in their lifetime  [  68  ] . In addition, the HPV infection rate in young women is very 
high, i.e., an estimated 45% of women aged 20–24 have been shown to harbor the 
infection  [  69  ] . The high prevalence of HPV infection limits the impact of such test-
ing which is why the use of HPV screening has been con fi ned only to women aged 
30 years or older  [  70  ] . However, care and follow-up of younger women is particu-
larly critical since their surgical treatment is known to have signi fi cant negative 
consequences and harm  [  63,   71,   72  ] . 

 Despite these limitations, the development of high risk HPV testing is consid-
ered an improvement over Pap testing alone. Infection with a high risk HPV subtype 
is widely considered to be a necessary condition for the development of virtually all 
squamous cell cervical carcinomas. Testing for HPV was initially incorporated into 
patient management as a triage test for women with Atypical Squamous Cells of 
Undetermined Signi fi cance (ASCUS) Pap results to determine which women should 
go to colposcopy (direct inspection of the cervix). Its utility in populations with 
more severe cytologic abnormalities, like Low-grade Squamous Intraepithelial 
Lesions (LSIL) and High-grade Squamous Intraepithelial Lesions (HSIL), is lim-
ited by the high prevalence of HPV infections in these populations. Simply, HPV 
testing is not able to distinguish women whose abnormalities would progress from 
those that would regress. Within the last 5 years, the guidelines have been modi fi ed 
to provide practicing physicians with an option to screen older women for high-risk 
HPV in conjunction with the Pap test. Due to the high prevalence of HPV infection, 
especially in younger women, screening recommendations have been limited to 
those women >30 years of age. Whereas a small percentage of HPV positive women 
may be diagnosed with disease earlier, many more undergo needless follow up testing 
until carcinogenesis can be ruled out. 

 The biological complexity of cervical disease development plus the large number 
of women with either cytological abnormalities and/or oncogenic HPV infections 
require comprehensive guidelines for clinical management. Both The American 
College of Obstetricians and Gynecologists (ACOG) and The American Society for 
Colposcopy and Cervical Pathology (ASCCP) have developed consensus practice 
recommendations for cytology screening and management of women with abnor-
mal cervical cytology  [  63,   73–  77  ] . These guidelines were developed to enable clini-
cians to better distinguish true cervical precancers from benign abnormalities  [  64  ] . 
The recommendations indicate the use of Pap testing, HPV testing, colposcopy, and 
surgical intervention in various combinations and frequencies depending on the 
severity of the abnormalities identi fi ed by the screening tests. The practice guide-
lines identify a number of areas for improvement to address unmet medical needs. 
Most of these opportunities focus on addressing the poor speci fi city of PAP and 
HPV testing as a measure of cervical lesions with oncogenic potential. 

 Histology results from colposcopy-directed biopsy are considered the gold stan-
dard in the assessment of cervical cancer development. A histology result of Within 
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Normal Limits (WNL) con fi rms the absence of dysplasia. Cervical Intraepithelial 
Neoplasia grade 1 (CIN-1) lesions indicate only slightly greater risk over normal 
histology and are therefore not treated. CIN-3 lesions are considered “high grade” and 
carry a signi fi cant risk of cancer development. CIN-2 designations are highly subjec-
tive and are the least reproducible. Many physicians  fi nd CIN-2 to be the most dif fi cult 
to manage since such lesions have a higher risk of carcinogenesis, yet a signi fi cant 
proportion have been shown to regress without intervention. Complicating the matter 
even further is the variability of CIN scoring among the pathology community. 

 Colposcopy with directed biopsy is used to detect disease and make treatment 
decisions, but its utility is limited because it has also been shown to have sensitivity 
challenges  [  75  ] . The sensitivity of these tools (Pap, HPV, and colposcopy) enables a 
larger pool of at-risk women to be identi fi ed, but create a situation where the risk of 
disease development for any speci fi c patient within the pool cannot be determined. 
Therefore, the guidelines outline an effective method to manage patients based on 
population disease risks and high frequency testing. The introduction of new tech-
niques could provide greater accuracy and ef fi ciency in the identi fi cation of early 
stage disease development. Utilization of diagnostic tools that provide greater 
speci fi city in detecting early cervical carcinogenesis would enable a shift away from 
population-based management tools to more individualized patient care. 

 The detection of abnormalities in chromosomal DNA has been shown to be an 
effective tool for the detection and diagnosis of cancers  [  78  ] . Identi fi cation of 
speci fi c DNA ampli fi cations, deletions, translocations, and rearrangements are used 
to diagnose and guide treatment of a range of hematologic cancers  [  79  ] . The com-
plexity of genetic abnormalities in epithelial cell cancers is much greater and has 
only been utilized for disease detection more recently. The introduction of 
Fluorescence In Situ Hybridization (FISH) testing for the diagnosis of bladder 
cancer, or its recurrence, by aneuploidy (abnormal chromosomal number) repre-
sents the  fi rst major clinical application of cytogenetic abnormalities within epithe-
lial cancers  [  80,   81  ] . The potential to employ FISH-based diagnostic tests exists for 
a wide range of epithelial cancers, including cervical cancer. Molecular and cytoge-
netic research studies have identi fi ed a number of chromosomal abnormalities that 
are associated with cervical carcinogenesis  [  82–  86  ] . Both cervical squamous cell 
carcinomas and adenocarcinomas have representative chromosomal aberrations, 
including ampli fi cation of 1q, 3q, 5p, 8q, 9p, 11q, and 20q along with deletions of 
2q, 6p, 8q, 9p, 10q, and 13q among others  [  87–  89  ] . A small number of these abnor-
malities, predominantly the ampli fi cation of 3q26 and 5p15, have been shown to be 
involved in the progression of the carcinogenic process and the transition from 
dysplasia to invasive disease  [  90–  92  ] . The incorporation of a FISH-based test into 
current practice to identify these critical events during cervical carcinogenesis 
would provide clinicians the opportunity for more cost-effective utilization of costly 
healthcare resources for patients with early disease development as determined by 
their chromosomal pro fi le. 

 The role of chromosomal abnormalities in the development of cervical cancer is 
not surprising. Carcinogenesis is driven by HPV infection. The expression of the 
viral oncoproteins E6 and E7 results in deregulation of the p53 and Rb tumor 
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suppression pathways and leads to genomic instability  [  93,   94  ] . The subsequent 
development of multiple DNA abnormalities occurs within the unstable cervical 
cell genome, some of which drive the development of a tumor  [  87,   89  ] . The follow-
ing diagram (Fig.  13.8 ) illustrates the cervical carcinogenic process.  

 The ability to detect the damage to the DNA caused by the HPV oncoproteins E6 
and E7 complements current practice and would enable the identi fi cation of early 
stage carcinogenesis within speci fi c patients. The Cervical DNA Dtex™ test was 
developed to address this unmet need. The Cervical DNA Dtex test is designed to 
identify and enumerate chromosomes 3, 5, and 7 via FISH in cervical specimens 
from women with mild cytologic abnormalities or high–risk HPV infections. 
Abnormalities in these chromosomes are associated with high–grade dysplasia and/
or cervical cancer. The test results, together with the physician’s assessment of the 
patient’s history, other risk factors, and professional guidelines, may be used to 
guide patient management. Since the Cervical DNA Dtex test is performed using 
liquid-based cytology it is run out of the same vial from which the Pap and HPV 
tests are performed. The primary target population for the Cervical DNA Dtex test 
are patients identi fi ed with mild cytological abnormalities and/or high-risk HPV 
infections that have elevated, but low, risk of developing cervical precancers or 
cancers that require surgical treatment. This group includes two patient types 
(a) ASCUS/HPV+ or (b) LSIL. More than 50% of patients treated today present 
with these clinical indications. Medical research shows these two patient subgroups 
have identical risk of developing disease (~11%) and are, therefore, clinically equiv-
alent. This means, however, that 8 of every 9 women in these subgroups are over-
treated due to the lack of a speci fi c disease marker. 

 The utility of the Cervical DNA Dtex test was recently con fi rmed in a clinical 
study performed at The University of Florida Shands Medical Center  [  95  ] . This 
IRB-approved study was designed to evaluate the use of the Cervical DNA Dtex test 
to detect cervical cancer within current clinical practice. Within the 26 enrolled 
subjects, the Cervical DNA Dtex was shown to have 100% sensitivity and 100% 
speci fi city for the detection of invasive cervical cancer, outperforming Pap testing, 
HPV testing, and directed biopsy. 

 In a recent case study, the clinical bene fi t of the Cervical DNA Dtex test to detect 
DNA damage and early cervical carcinogenesis was demonstrated by a clinician in 
Tennessee earlier this year. A new patient, age 42, visited the clinician’s of fi ce for a 

  Fig. 13.8    Cervical carcinogenesis processes       
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routine exam. The Pap result was reported as ASCUS/HPV+. The clinician scheduled 
a 6-month follow-up visit for repeat cytology screening at which time the Pap test 
showed Atypical Endocervical Cells; the patient retested as positive for high-risk HPV. 
At the physician’s request the residual cytology specimen was sent for Cervical DNA 
Dtex testing which revealed extensive DNA damage. The clinician then performed 
a colposcopic exam with directed biopsy and endocervical curettage (ECC). The 
histology diagnosis was mild dysplasia and the ECC was negative suggesting that 
the patient was disease-free. The clinician requested the patient return for follow up 
testing within 3 months at which time another Cervical DNA Dtex test was ordered. 
Results showed extensive DNA damage (see images below). The clinician performed 
a conization based upon the recurrent cytological abnormalities, con fi rmed persis-
tent high-risk HPV infection, and the identi fi cation of chromosomal abnormalities 
associated with carcinogenesis. The histological diagnosis of the cone biopsy 
specimen revealed cervical adenocarcinoma. The patient subsequently had a hyster-
ectomy performed. Fortunately for this patient, the clinician’s diligence uncovered 
a potentially life-threatening condition at a stage where it could be effectively 
treated (Fig.  13.9 ).  

 While screening test results of ASCUS/HPV+ are common (about 6% of patients) 
and more than two-thirds of them do not require treatment, these patients represent 
a dif fi cult population to manage for clinicians  [  64,   96,   97  ] . The prevalence of HPV 
infection, the frequent regression of mild abnormalities, and imperfections with col-
poscopy make it dif fi cult to assess disease risk patient-by-patient and make indi-
vidualized management plans. The use of Cervical DNA Dtex to provide a snapshot 
of disease development at the DNA level is complementary to standard techniques 
that provide cellular and tissue morphological information. 

 As the scienti fi c and medical communities advance, the creation of tools and 
techniques to assess a patient’s risk of disease development will lead to more 
accurate and ef fi cient healthcare. Individualized risk pro fi ling is critical to the early 
detection and diagnosis of cancer. Risk assessment has been proposed previously 
for the prevention of cervical cancer but has limited adoption due to the complexity 
of clinical practice guidelines  [  98  ] . The incorporation of Cervical DNA Dtex testing 
into clinical practice would provide practicing clinicians with valuable insight 

  Fig. 13.9    Damaged DNA identi fi ed using FISH by Cervical DNA Dtex test. Normal diploid cells 
would have two copies of each 3q26 ( red ), 5p15 ( green ) and CEN7 ( yellow ) (left panel ). Aneuploid 
cells have extra copies of these loci (middle and right panel )       
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into the underlying carcinogenesis process and guide clinical practice toward 
risk-appropriate patient management. In those women presenting with HPV infec-
tion and/or a cytologic abnormality, an independent, noninvasive, speci fi c marker 
of disease from the same sample used for both the Pap and HPV testing has speci fi c 
implications regarding the likelihood of progression. The ability to detect the same 
biomarkers within tissue also offers the promise of con fi rming that the target lesion(s) 
are excised. In addition, patients without the requisite DNA damage—and therefore 
at lesser risk—can be spared needless follow up testing and interventions based 
upon the reliance on nonspeci fi c and highly subjective methodologies. In fact, it is 
envisioned that testing methods such as the Cervical DNA Dtex test may in fact 
supplant traditional histology assessment as the gold standard in the diagnosis and 
classi fi cation of disease. It is our belief that only in understanding and measuring the 
underlying biological mechanisms of disease can one truly realize the promise of 
personalized medicine leading to more cost-effective healthcare management.  

   Conclusions 

 High content patient data capture, whether through genomics, transcriptomics, protein-
based methods or other routes, will result in association studies that tie these data to 
clinical outcomes and result in effective, personalized patient management tools. 
Managing these large data sets in a controlled manner and developing the algo-
rithms for their in-depth clinical epidemiological evaluations will form the founda-
tion of our efforts to move molecular diagnostics to the forefront in the prevention 
and management of disease. The outcome of these efforts will result in rational 
methods for the cost effective individualized treatment and management of diseases 
in large populations. Their implementation will heavily depend on the development 
of an array of molecular diagnostic tests employed in conjunction with detailed 
patient data from centralized data centers. In the US this will require strong support 
from patient advocacy groups, to help bring this about.      
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         Introduction 

 Medical treatment for patients is driven by the combination of the expected outcome 
for the patient (prognosis), and the ability for treatment to improve the expected 
outcome (prediction). Traditionally, anatomic staging systems have been used to 
provide predictions of individual patient’s outcome, and to a lesser extent, guide the 
choice of treatment by de fi ning a set of patients who may bene fi t from therapy. With 
the introduction of novel agents and “targeted” therapies, biomarkers have the 
potential to supplement existing anatomic and/or pathologic information in patient 
strati fi cation (risk assessment), treatment response identi fi cation (surrogate markers), 
and/or in differential diagnosis (identifying which patient is likely to respond to 
which drug[s]). There are several challenges in the translation of biomarker infor-
mation from preliminary, hypothesis generating studies into well-controlled clinical 
studies, which are critical for determining their clinical utility. This is evident from 
the multitude of reports of promising biomarker activity from early studies in vari-
ous disease settings; however, reports of the successful validation of these markers 
in prospective large-scale randomized clinical trials are far less frequent. 

 Biomarkers have been (and are being) developed for various diseases to estimate 
disease-related patient trajectories (i.e., prognostic signatures) and to predict patient-
speci fi c outcome to different treatments (i.e., predictive tools)  [  1–  10  ] . A prognostic 
marker is a single trait or signature of traits that separates a population with respect 
to the outcome of interest in the absence of treatment, or despite nontargeted “stan-
dard” treatment. Prognostic marker validation is relatively straightforward, as it is 
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associated with the disease or the patient, and not with a speci fi c therapy. Therefore, 
it can be established (at least in theory) using the marker and outcome data from a 
series of patients (with adequate follow-up) treated uniformly with placebo or with 
standard treatment  [  10–  12  ] . A predictive marker, on the other hand, is a single trait 
or signature of traits that separates a population with respect to the outcome of inter-
est in response to a particular (targeted) treatment. Designs for predictive marker 
validation are therefore inherently more complex and require at a fundamental level 
data from a randomized study  [  12  ] . 

 Two critical issues in the clinical validation of biomarkers are the choice of the 
clinical trial design and logistical issues surrounding the biomarker assays. In this 
chapter we  fi rst discuss the technical feasibility, assay performance metrics and the 
logistics of specimen collection for biomarker assays. Next, we review the various 
trial designs for predictive marker validation and discuss the relative merits and 
limitations of each design based on the strength of the preclinical evidence, and the 
prevalence of a marker. These designs rest on the assumption that the technical fea-
sibility, assay performance metrics and the logistics of specimen collection are well 
established and that initial results demonstrate promise with regard to the predictive 
ability of the marker(s). A careful consideration of the design and logistics is essen-
tial in the determination of the clinical utility of a biomarker, and its successful 
integration into routine clinical practice.  

   Biomarker Assays 

 The clinical validation of biomarkers is challenging given the multitude of marker 
assessment methods and the possibility that one drug can impact several molecular 
pathways. The accessibility of the marker status using the specimens obtained/avail-
able from a patient versus the specimens that are needed in theory (i.e., the concept 
of what you need versus what you get) poses another important but real challenge. 
The cost and feasibility of obtaining the specimens in a real world setting also needs 
careful consideration in determining the clinical utility and viability of testing the 
biomarker in clinical practice. Two trials, I-SPY (investigation of serial studies to 
predict therapeutic response with imaging and molecular analysis) and BATTLE 
(biomarker integrated approaches of targeted therapy of lung cancer elimination 
trial), have attempted to address these issues by using diverse data types, in the case 
of I-SPY to identify biomarkers predictive of response to therapy, and in BATTLE, 
by randomizing patients to treatment choices based on multiple biomarker pro fi les 
 [  13,   14  ] . In this section, we provide a broad overview of the specimen collection 
logistics, and the assay performance criteria for biomarker assessment. 

 Procedures for specimen collection including the time points of collection, pro-
cessing, shipment, and storage (taking into account the longevity) of specimens for 
future research must be clearly outlined prior to launching a marker validation trial. 
The type of specimen, tissue versus serum for example, required for the biomarker 
assessment is an important component in assessing the logistics issues. While this is 
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biologically and scienti fi cally driven, serum based biomarkers are usually preferred 
for their simplicity, lesser cost, better feasibility in a clinical setting (if validated) 
and fewer ethical issues in case of multiple blood draws from a patient. The assay 
performance, which in fl uences the association between the biomarker status and 
therapeutic activity, is impacted by all of these factors. 

 The technical protocol for the assay has to be well developed and validated prior 
to launching a marker validation trial. This includes the performance characteristics 
of the assay, such as the optimal assay methodology, the assay reproducibility and 
validity, assay failure rates, and local versus central testing. Whether a local labora-
tory (an on-site laboratory where the patient is treated) or a central laboratory (where 
all testing is done in one central facility determined at the start of the study) is 
required for testing of a biomarker depends on many factors, with the intended ulti-
mate clinical use of the biomarker and the assay methodology being the two key 
components. For example, is the biomarker status determined based on immunohis-
tochemistry (IHC),  fl uorescent in situ hybridization (FISH), or other microarray 
based high dimensional classi fi ers? The sophistication of some of these techniques 
makes a local assessment of the marker status infeasible, expensive, and/or unreli-
able. The use of commercially available kits might be a solution, but again the 
acceptance of this for routine clinical use is dependent on the simplicity of the kit, 
timeliness of the results, and the cost to the patient. 

 The determination of whether within the conduct of a prospective clinical trial, 
local or central testing of a possible predictive biomarker should be allowed depends 
on many factors as noted above. A key driver of the decision is intended ultimate 
clinical use of the biomarker. If it is envisioned that central testing of the marker will 
always be required, then the choice is clear. Similarly, if the assay technique is well 
established, the results unambiguous (such as presence or absence of a speci fi c 
mutation), and biospecimens readily suitable for assay without signi fi cant prepro-
cessing, then local biomarker determination for trial eligibility is likely preferred. In 
many cases the situation is usually less clear: the assay may be most optimally cen-
trally performed at the present time, but with the intention of local testing if the 
biomarker is validated. In this case, when feasible, local testing may be acceptable 
to allow patients to enter the trial, with central con fi rmation required for the patient 
to be included in the trial’s primary analysis. In this way, data can be generated on 
the concordance rate between local and central testing, which may help guide the 
future use of the biomarker. An example of where the central testing was done after 
the fact, and was discordant in a high proportion of cases compared to the local test-
ing results is described below. 

 Trastuzumab (Herceptin), a human monoclonal antibody, is approved for treat-
ment of human epidermal growth factor receptor 2 (HER2)-positive breast cancer 
patients in the advanced as well as the adjuvant setting  [  15  ] . Subsequent analyses, 
however, have raised the possibility of a bene fi cial effect of Herceptin in a more 
broadly de fi ned patient population than that de fi ned in the two trials. Speci fi cally, 
post-hoc central testing for HER2 expression from the available tumor tissue blocks 
has demonstrated that patients with tumors that were negative for FISH and had less 
than immunohistochemical (IHC) 3+ staining by central testing also derived bene fi t 



356 S.J. Mandrekar and D.J. Sargent

from Herceptin, thus suggesting that the de fi nition for HER2 positivity based on 
FISH or IHC for the adjuvant disease setting may need to be re fi ned  [  16–  19  ] . 
Additionally, questions regarding the reproducibility and the validity of the assay 
due to a high degree of discordance (approximately 25%) in the HER2 results 
between central and local testing remain relevant  [  18  ] . Since patients deemed HER2 
negative based on the local evaluation were not enrolled onto the trials, the validity 
of HER2 as a predictive marker could not be fully established, and the question 
remains open whether Herceptin therapy may bene fi t a potentially larger group than 
the approximately 20% of patients de fi ned as HER2 positive by central testing in 
these two trials. This raises two important questions: (1) choice of using a central 
facility versus local laboratories for patient selection for therapeutic intervention 
trials, which clearly depends on the reliability and reproducibility of the assay and 
the complexity of the assay; and (2) a potential need for a repeat assessment of the 
patient’s marker status on a second sample, when feasible and ethically appropriate, 
if the  fi rst assessment deems the patient as ineligible for the trial in question.  

   Clinical Trial Designs for Predictive Marker Validation 

 The ultimate goal of developing and validating a predictive marker is that the marker 
will be useful in clinical practice to dictate the choice of therapy for an individual 
patient. Thus, the same level of rigor required for the validation of a new therapy is 
appropriate for a predictive marker validation, which is to conduct a prospectively 
designed randomized controlled trial (RCT) to test for a differential effect of treat-
ment depending on the marker status i.e., a marker by treatment interaction. In some 
instances, where a prospective RCT is not possible due to ethical and/or logistical 
(large trial and long time to complete) considerations, a well conducted, prospec-
tively speci fi ed retrospective validation can also aid in bringing forward effective 
treatments to marker de fi ned patient subgroups in a timely manner  [  10  ] . 

 Data from an RCT and availability of specimens from a large number of patients 
are both essential for a sound retrospective validation, as otherwise it would be 
impossible to isolate any causal effect of the marker on therapeutic ef fi cacy from 
the multitude of other factors arising from a nonrandomized design and/or selected 
samples. For example, the marker of tumor microsatellite instability has been pro-
posed to be a predictive marker for the ef fi cacy of 5- fl uorouracil (5-FU) based che-
motherapy in colon cancer. Data from cohorts of patients treated and untreated with 
5-FU, but not randomized between the treatments, have been used for this analysis 
 [  20,   21  ] . Speci fi cally, data came from a cohort of nonrandomized patients where the 
median age of the treated patients was 13 years younger than those of the nontreated 
patients was utilized, thus rendering any meaningful statements about the predictive 
value of the marker impossibly confounded  [  20,   21  ] . 

 Several designs have been proposed and utilized in the  fi eld of biomarkers 
for validation of predictive markers. Broadly speaking, these designs can be either 
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 retrospective or prospective, where prospective designs can be further classi fi ed 
into the following:

   Enrichment or targeted designs  • 
  Unselected or all-comers designs• 

   Sequential testing strategy   –
  Marker based designs      –

  Hybrid designs  • 
  Adaptive designs    • 

 We discuss the salient features of these designs, along with pertinent examples 
below. 

   Retrospective Designs 

 In this approach, patient specimens from two or more arms of a previously con-
ducted randomized clinical trial are assessed. The treatment effect (comparing one 
treatment to another) is then tested separately within the two (or more) marker-
de fi ned groups. Ideally, this approach also includes a test for a marker by treatment 
interaction effect, which if signi fi cant, implies that the effect of treatment differs 
between patients with different marker values. This approach of testing for the pre-
dictive effect of a marker through the use of data collected from a previously con-
ducted randomized controlled trial (RCT) comparing therapies for which a marker 
is proposed to be predictive is particularly effective in settings where a prospective 
RCT might be impossible due to ethical and logistical considerations. A summary 
of the essential elements for a successful retrospective validation utilizing data from 
a previously well conducted RCT is provided below  [  10,   12  ] :

   Availability of samples on a large majority of patients to avoid selection bias in • 
the patients who have/do not have the samples  
  Precisely stated algorithm for assay techniques and scoring system  • 
  Prospectively stated hypothesis, analysis techniques, and patient population  • 
  Upfront sample size and power justi fi cation for all subgroup analyses    • 

 An example of a marker that has been successfully validated using data collected 
from previous RCTs is KRAS as a predictor of ef fi cacy of panitumumab and cetux-
imab in advanced colorectal cancer, where it was demonstrated that the bene fi t is 
restricted to patients with wild type KRAS status  [  22–  28  ] . In a prospectively 
speci fi ed analysis of data from a previously conducted randomized Phase III trial of 
panitumumab versus best supportive care (BSC), KRAS status was assessed on 
92% (427/463) of the patients enrolled, with 43% having the KRAS mutation  [  22  ] . 
The hazard ratio for treatment effect comparing panitumumab versus BSC on pro-
gression free survival (PFS) in the wild type and mutant subgroups was 0.45 and 
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0.99 respectively, with a signi fi cant treatment by  KRAS  status interaction ( p  < 0.0001). 
Similarly, retrospective data on KRAS status and cetuximab from Phase III and 
Phase II trials have demonstrated a statistically signi fi cant advantage in the progres-
sion-free and/or overall survival for patients with wild type KRAS, with no survival 
bene fi t in patients with  KRAS  mutant status  [  24–  28  ] . Based on these data, all ongo-
ing clinical trials sponsored by the US National Cancer Institute (NCI) with these 
agents in colorectal cancer have been or are being modi fi ed to only include KRAS 
wild type patients and the label for panitumumab monotherapy has been restricted 
to KRAS wild type patients. 

 In summary, this prospective-retrospective strategy maybe a reasonable alterna-
tive to a prospective trial when (1) a prospective RCT is ethically impossible based 
on results from previous trials, and/or (2) a prospective RCT is not logistically fea-
sible (large trial and long time to complete). If two or more  fi ndings from large well 
designed retrospective analyses (that meet all of the above mentioned criteria) of 
data from prospective RCT trials demonstrate consistent  fi ndings regarding the pre-
dictive validity of a marker, this may be suf fi cient to establish the predictive utility 
of the marker and possibly move it into routine clinical practice  [  12  ] .  

   Prospective Designs 

 While prospectively speci fi ed analyses from retrospective cohorts (i.e., using 
banked biospecimens from a previously conducted RCT) may provide strong evi-
dence for a predictive marker effect in some cases, there remains no substitute for a 
well-conducted prospective RCT. One key issue that drives the design of a marker 
validation trial is the hypothesized effectiveness of the new treatment regimen: is it 
effective in all patients regardless of the marker status, or only within certain 
marker-de fi ned subgroups? A comparison of the performance of the targeted versus 
the all-comers designs demonstrated that the targeted design required fewer ran-
domized (and screened) patients compared to the all-comers design in cases where 
there is an underlying true predictive marker and the cut-point for determining the 
marker status is well established  [  29–  31  ] . The strength of the preliminary evidence, 
accuracy of the assay and the prevalence of the marker under consideration are 
important factors in the trial design determination. In this section, we discuss the 
different trial designs using speci fi c clinical trials as examples where possible.   

   Enrichment or Targeted Designs 

 An enrichment design screens patients for the presence or absence of a marker or a 
panel of markers, and then only includes patients in the clinical trial who either have 
or do not have a certain marker characteristic or pro fi le. The enrichment design 
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results in a strati fi cation of the study population, with a goal of understanding the 
safety, tolerability, and clinical bene fi t of a treatment in the subgroup of the patient 
population de fi ned by a speci fi c marker status. This design is based on the paradigm 
that not all patients will bene fi t from the study treatment under consideration, but 
rather that the bene fi t will be restricted to a subgroup of patients who either express 
or do not express a speci fi c molecular feature. 

 An enrichment design strategy of enrolling only HER2 positive patients was 
used in two national intergroup adjuvant breast cancer trials: the National Surgical 
Adjuvant Breast and Bowel Project trial (NSABP B-31) comparing doxorubicin 
and cyclophosphamide followed by paclitaxel every 3 weeks with the same regimen 
plus 52 weeks of trastuzumab beginning with the  fi rst dose of paclitaxel, and the 
North Central Cancer Treatment Group trial (NCCTG N9831) comparing three 
regimens: doxorubicin and cyclophosphamide followed by weekly paclitaxel, the 
same regimen followed by 52 weeks of trastuzumab after paclitaxel, and the same 
regimen plus 52 weeks of trastuzumab initiated concomitantly with paclitaxel. 
A combined analysis of these two trials demonstrated that Trastuzumab combined 
with paclitaxel after doxorubicin and cyclophosphamide signi fi cantly improves dis-
ease free survival among women with surgically removed HER2-positive breast 
cancer  [  15  ] . In this case, the enrichment strategy seems to have been successful: 
only approximately 20% of women are HER2 positive, and if there truly were no 
bene fi t from Herceptin in 80% of women that are deemed HER2 negative, a much 
larger sample size would have been required to establish statistically signi fi cant 
results in an unselected study. Subsequent analyses of the data, however, have raised 
the possibility of a bene fi cial effect of Herceptin in a more broadly de fi ned patient 
population, details of which were discussed in the previous section on biomarker 
assays pertaining to the trade-offs relating to local versus central testing  [  16–  19  ] . 
Thus, while the enrichment strategy did clearly and quickly de fi ne an effective 
treatment for a subset of patients, several other questions regarding the predictive 
utility of HER2 were left unanswered due to the issues of assay reproducibility and 
inclusion of only biomarker de fi ned subgroups. An unselected design, allowing for 
both HER2 positive and negative patients, may have helped provide these answers 
in a de fi nitive and ultimately timelier manner. 

 In general, an enrichment design is appropriate when (1) therapies have modest 
absolute bene fi t in the unselected population, but cause signi fi cant toxicity, (2) in 
the absence of selection, therapeutic results are similar whereby a selection design 
(even if incorrect) would not hurt, (3) an unselected design is ethically impossible 
based on previous studies, (4) there is compelling preliminary evidence to suggest 
that patients with or without that marker pro fi le do not bene fi t from the treatments 
in question, and (5) assay reproducibility and accuracy is well-established. In sum-
mary, unless there is compelling preliminary evidence that not all patients will 
bene fi t from the study treatment under consideration (such as the case with KRAS 
gene status in colorectal cancer)  [  22,   25  ] , it is prudent to include and collect speci-
mens and follow-up information from all patients (since all patients are screened 
anyway) in the trial to allow for future testing for other potential prognostic markers 
in this population, as well as other marker assessment techniques  [  10,   12,   32,   33  ] .  
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   Unselected or All-Comers Designs 

 In the all-comers design strategy, all patients meeting the eligibility criteria are 
entered into the trial. The ability to provide adequate tissue may be an eligibility 
criterion for these designs, but not the speci fi c biomarker result or the status of a 
biomarker characteristic. These designs are differentiated from each other by the 
protocol speci fi ed approach to the prespeci fi ed type I and type II error rates 
(in fl uencing sample size), analysis plans (including a single hypothesis test, multi-
ple tests, or sequential tests), and randomization schema.  

   Sequential Testing Strategy Designs 

 These designs utilize a single primary hypothesis that is either tested in the overall 
population  fi rst and then in a prospectively planned subset or in the marker-de fi ned 
subgroup  fi rst, and then tested in the entire population if the subgroup analysis is 
statistically signi fi cant  [  34,   35  ] . The  fi rst is recommended in cases where the experi-
mental treatment is hypothesized to be broadly effective, and the subset analysis is 
ancillary. The latter (also known as the closed testing procedure) is recommended 
when there is strong preliminary data to support that the treatment effect is strongest 
in the marker-de fi ned subgroup, and that the marker has suf fi cient prevalence that 
the power for testing the treatment effect in the subgroup is adequate. Both these 
approaches appropriately control for the type I error rates associated with multiple 
testing. A modi fi cation to this approach, taking into account potential correlation 
arising from testing the overall treatment effect and the treatment effect within the 
marker de fi ned subgroup has also been proposed  [  36  ] .  

   Marker Based Designs 

 The marker by treatment interaction design uses the marker status as a strati fi cation 
factor (i.e., assumes that the overall population can be split into marker de fi ned 
subgroups) and randomizes patients to treatments within each marker subgroup (see 
Fig.  14.1 )  [  12,   37–  39  ] . The fundamental difference between this design and a single 
large RCT is that the marker by treatment interaction design is clearly a prospective 
(and a de fi nitive) markers validation trial, where (1) only patients with a valid 
markers result are allowed to be randomized, (2) the sample size is prospectively 
speci fi ed separately within each marker-based subgroup, and (3) the randomization 
is strati fi ed by marker status  [  12  ] .  

 In contrast, the marker based strategy design randomizes patients to have their 
treatment either based on or independent of the marker status (see Figs.  14.2  and 
 14.3 )  [  12,   37–  39  ] . A limitation of the design presented in Fig.  14.2  is that it cannot 
examine the true interaction between a treatment regimen and marker status as 



  Fig. 14.1    Marker by Treatment Interaction Design (upfront strati fi cation by marker status)       

  Fig. 14.2    Marker Based Strategy Design (no randomization in the non-marker-based strategy 
arm;  M+  marker positive,  M−  marker negative)       
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patients with a certain marker status never receive the alternative treatment. A design 
to evaluate the true interaction between a treatment and marker status requires 
patients in the different marker groups to receive both therapies. This can be accom-
plished by including a second randomization in the non-marker-based strategy arm 
of Fig.  14.2 , wherein the non-marker-based arm patients are randomized to regi-
mens A, or B regardless of marker status (Fig.  14.3 )  [  12,   27–  29  ] . Both these design 
options include patients treated with the same regimen on both the marker based 
and the non-marker-based arms resulting in a signi fi cant overlap (driven by the 
prevalence of the marker) in the number of patients receiving the same treatment 
regimen in both arms. As a consequence, the overall detectable difference in out-
comes between the arms is reduced (depending on the marker prevalence), thus 
resulting in a comparatively larger trial  [  12,   37–  39  ] .   

 A head-to-head comparison of the marker based designs (in the setting of a 
marker or markers that can be distilled to a single binary measure) suggested that 
the marker by treatment interaction design may be superior to the marker based 
strategy design in terms of the number of events (and hence the total sample size) 
required (while keeping all the parameters the same for both designs) under speci fi c 
clinical settings  [  12,   37  ] . While the impact of the error in measurement of the bio-
marker on the ef fi ciency of these designs needs to be explored further, it is likely 
that it will have a similar effect on both designs by in fl ating the required sample size 
due to patient misclassi fi cation  [  12  ] .  

  Fig. 14.3    Marker Based Strategy Design (second randomization in the non-marker-based strategy 
arm;  M+  marker positive,  M−  marker negative)       
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   Hybrid Designs 

 In this design, only a certain marker de fi ned subgroup of patients is randomized to 
have their treatment based on their marker status, whereas patients in the other 
marker de fi ned subgroups are assigned the standard of care treatment(s)  [  12  ]  (see 
Fig.  14.4  for an illustration). This design is an appropriate choice when there is com-
pelling prior evidence demonstrating the ef fi cacy of a certain treatment(s) for a 
marker de fi ned subgroup, thereby making it unethical to randomize patients with 
that particular marker status to other treatment options. This design is powered to 
detect differences in outcomes only in the marker de fi ned subgroup that is random-
ized to treatment choices based on the marker status (marker positive subgroup in 
Fig.  14.4 ), similar to an enrichment design strategy. However, unlike the enrichment 
design, the hybrid design provides additional value: since all patients are screened 
for marker status to determine whether they are randomized or assigned the standard 
of care treatment(s), it seems prudent to include and collect specimens and follow-up 

  Fig. 14.4    Hybrid Design       
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from “all” patients in the trial to allow for future testing for other potential prognostic 
markers in this population.   

   Adaptive Designs 

 A number of innovative designs have been proposed recently that use an adaptive 
strategy for analysis. They differ on the type and degree of adaptation allowed. The 
biomarker adaptive threshold design is similar to the sequential testing strategy 
designs discussed earlier and can be implemented one of two ways: (1) the new 
treatment is compared to the control in all patients at a prespeci fi ed signi fi cance 
level, and if not signi fi cant, a second stage analysis involving  fi nding an “optimal” 
cut-point for the predictive marker is performed using the remaining alpha; or (2) 
under the assumption that the treatment is effective only for a marker driven subset, 
no overall treatment to control comparisons are made, instead, the analysis focuses 
on the identi fi cation of optimal cut-points  [  40  ] . Both these approaches were con-
cluded to be superior (in terms of the power and number of events required to detect 
an effect at a prespeci fi ed overall type I error rate) to the classic nonadaptive design 
approaches in the simulation studies. Two issues need further consideration: (1) the 
added cost of a somewhat larger sample size and/or redundant power dictated by the 
strategy of partitioning the overall type I error rate and (2) use of data from the same 
trial to both de fi ne and validate a marker cut-point. 

 The adaptive accrual design outlines a strategy to adaptively modify accrual to 
two prede fi ned marker de fi ned subgroups based on an interim futility analysis  [  41  ] . 
Speci fi cally, the trial follows the following scheme: (1) begin with accrual to both 
marker de fi ned subgroups; (2) if the treatment effect in one of the subgroups fails to 
satisfy a futility boundary at the interim analysis, terminate accrual to that sub-
group, and (3) continue accrual to the other subgroup until the planned total sample 
size is reached, including accruing subjects that had planned to be included from the 
terminated subgroup. This design demonstrated greater power than a nonadaptive 
trial in simulation settings; however, this strategy might lead to a substantial increase 
in the accrual duration depending on the prevalence of the marker. In addition, the 
futility boundary is somewhat conservative and less than optimal as it is set to be in 
the region where the observed ef fi cacy is greater for the control arm than the experi-
mental regimen. 

 The outcome based adaptive randomization design uses a Bayesian hierarchical 
framework to adaptively (based on outcome from the accumulated data in the trial) 
randomize patients to treatments based on the biomarker status  [  13  ] . The design is 
extensively described in the context of the phase II BATTLE (biomarker-integrated 
approaches of targeted therapy of lung cancer elimination trial) trial in advanced 
non-small-cell lung cancer. Patients are classi fi ed into  fi ve biomarker subgroups 
based on their biomarker pro fi le, and subsequently adaptively randomized. The 
adaptive accrual and adaptive randomization designs require a rapid and reliable 
endpoint, which is somewhat challenging as most oncology trials use time to event 
endpoints as the gold standard for validation trials.  
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   Conclusion 

 Biomarkers are becoming increasingly common in cancer treatment to provide a 
patient-speci fi c prediction of outcome to different treatments. The goal of a predic-
tive biomarker is to select the optimal therapy from among multiple treatment options, 
and deliver individualized treatment regimens to patients, thereby increasing the 
potential for a favorable clinical outcome such as improved survival and/or decreased 
toxicity. The ultimate clinical utility of a biomarker depends on the following:

    1.    What is the added value of marker assessment in every patient in relation to the 
prevalence of the marker?  

    2.    Is the incremental bene fi t of treatment selection based on the marker worthwhile 
when considering the added costs and complexity induced by the marker 
measurement?  

    3.    Is the new treatment option effective in all patients regardless of the marker 
 status (the magnitude of bene fi t may differ within the marker-de fi ned subgroups) 
or just within the marker-de fi ned subgroup(s)?     

 A careful consideration of the issues outlined in this chapter is essential to determine 
the clinical utility of a biomarker, and its routine integration into clinical practice to 
guide treatment selection and inform patient management.      
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         Introduction 

 It is critical that biomarker tests are held to certain standards of safety and ef fi cacy 
prior to widespread use in the medical community. This regulation process consists of 
thorough examination of the biomarker test’s full history including its analytical per-
formance, its manufacturing under accepted standards, its adequate preclinical and 
clinical data for ef fi cacy and safety, its ability to add to current medical decision mak-
ing, and  fi nally its post-approval monitoring all as pertains to the intended use of the 
biomarker test. The Food and Drug Administration (FDA) is the government body 
that regulates and approves biomarkers tests and therefore this section will focus on 
the process needed for a biomarker test to move from development to clinical use. In 
the FDA, laboratory test systems sold by a manufacturer or developed by a lab for 
commercial use are known as “in vitro diagnostic” (IVD) devices. The laboratory test 
systems developed to detect important biomarkers would  fi t under this category. 

 For example, the gene chip and analytes needed to look at tumor gene expression 
in stage II colon cancer or the reagents needed in order to stain for HER2 expression 
on breast cancer cells would both be classi fi ed as IVD devices and are subject to 
FDA regulation. The Of fi ce of In Vitro Diagnostic Device Evaluation and Safety 
(OIVD) is the speci fi c of fi ce within the FDA which handles these matters. This 
chapter aims to explain how the FDA accomplishes its task so that medical develop-
ers will be better equipped to develop biomarker tests without unnecessary delays 
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and with proper safety and ef fi cacy standards in mind. In this terminology, safety 
requires that the probable bene fi t from its intended use outweighs any probable risk 
and ef fi cacy requires that a signi fi cant portion of the target population will derive 
clinically signi fi cant results. 

 Much of the information contained in this chapter is taken from the FDA OIVD 
website  [  1  ]  as well as a review article  [  2  ] . Other sources will be speci fi cally refer-
enced. Examples were added by the authors to solidify concepts for the readers.  

   IVD Device Risk Pro fi les 

 One of the most important initial considerations is the risk classi fi cation of an IVD 
device. There are three categories including Class I (lowest risk), Class II (moderate 
risk), and Class III (greatest risk). The decisions to place an IVD device into one of 
these three categories derives from both the intended use of the device and the indi-
cation for use of the device. Intended use refers to what is being tested (i.e., HER2 
immunohistochemistry on tumor cells) while indication for use refers to why the 
patient is being tested (to determine candidacy for trastuzumab as therapy). The 
intended use combined with the indications for use will determine the class of the 
device and subsequently the process it must undergo for premarket authorization. In 
the context of IVD tests, risk can be conceptualized as the severity or likelihood of 
harm to the patient if the test gave an undetected incorrect result. 

 Class I devices are those which present low risk to the patient both as de fi ned by 
its intended use and its indication for use. In terms of biomarker tests, since they 
usually require only a peripheral blood measurement or tumor sample processing the 
testing process would pose minimal risk by itself to the patient. On the other hand, 
biomarker tests would only be classi fi ed as Class I if their indication for use was low 
risk, meaning that the risk to the patient of an incorrect result would be minimal. 
Biomarker tests which are used to determine therapy or even prognosis would not 
generally be Class I devices since erroneous results in these categories could be quite 
harmful to the patient. An example of a Class I device may be an immunohistochem-
istry test system to detect a marker which is used adjunctively with other information 
for diagnosis of colorectal cancer. In this case, an incorrect result would most likely 
be detected in conjunction with other adjunctive clinical or biomarker information. 
In addition, analyte-speci fi c reagents (ASRs) which are single reagents used for the 
purpose of quantifying or identifying a speci fi c substance, ligand, or biologic target 
are in this risk classi fi cation as long as they are not indicated for screening blood 
bank samples (Class II) or donor screening (Class III). 

 Class II devices are those which present moderate risk to the patient. These bio-
marker tests may be used in order to determine prognosis or monitor a patient 
already diagnosed with cancer but would not be indicated for making treatment 
decisions, which would put the patient at high risk. For example, a testing system 
for measuring loss of heterogeneity at 18q (18qLOH) in stage II and III colon can-
cer which portends a worse prognosis but does not predict response to adjuvant 
chemotherapy may be considered a class II IVD device. Since retrospective data 
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have been inconsistent on 18qLOH its role is under investigation in a current large 
prospective study. 

 Class III devices are those which pose the highest risk to the patient and most 
biomarker tests used in oncology fall under this category due to their indication of 
use which tend to be focused around diagnosis, use of therapy, choice of appropriate 
therapy, and response to therapy. In addition, any device testing for a new analyte 
(i.e., novel tumor surface marker) or for any existing analyte being considered for an 
intended use for which no other submission has previously been cleared for (i.e., 
same device used to measure thymidylate synthase expression in colon cancer now 
being considered in breast cancer to assess tumor sensitivity to chemotherapy), then 
this device becomes Class III regardless of its indication of use. The risk pro fi le may, 
however, allow down-classi fi cation to class II or I under certain circumstances. 

 We will see in the sections to come how the risk pro fi le of the IVD device impacts 
its approval process.  

   Investigational Device Exemption 

 In order to accumulate enough preclinical (Class II and Class III) and clinical data 
(Class III mostly) on a device for approval by the FDA, a laboratory or manufacturer 
may need to apply for an IDE. It is critically important to emphasize that the FDA 
offers a pre-IDE service which it likens to a “free FDA consulting service.” The 
purpose is to allow the manufacturer a chance to plan ahead by anticipating what the 
FDA will likely require in terms of a submission mechanism and subsequent 
approval in an informal and nonbinding agreement. This allows the manufacturer to 
better hone their preclinical and clinical data collection. 

 The FDA distinguishes “research” from “investigational” use of IVD devices. 
Research use is de fi ned as basic science or animal based studies. IVD devices used 
for this purpose are not required to comply with most device regulations but must 
carry the label “For Research Use Only. Not for use in diagnostic procedures.” On 
the other hand, investigational use is for clinical investigation in humans and its 
regulation by the FDA is determined by whether it is determined to have 
“nonsigni fi cant risk” as opposed to “signi fi cant risk.” An investigational use only 
(IUO), IDE exempt IVD device must be judged to have a nonsigni fi cant risk, which 
would include being noninvasive, requiring noninvasive sampling (phlebotomy 
acceptable risk), not introducing a source of energy into the subject, and having an 
accepted gold standard for which to compare to. Nonsigni fi cant risk IUO IVD 
device uses are monitored by local institutional review boards (IRBs) but generally 
are not reviewed by the FDA. An example would be assessing a new hepatocellular 
carcinoma (HCC) marker in patients with this disease and comparing this with the 
traditional AFP marker. Of note, an IVD device may be appropriate for IUO 
(nonsigni fi cant risk) if the results are not returned for patient care or decision mak-
ing. If there is a signi fi cant risk, such as a novel HCC marker that will be used 
to determine progression of disease while on sorafenib therapy, then this requires 
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compliance with FDA’s Investigational Device Exemption (IDE) regulations and 
IDE approval is required prior to initiating the clinical investigation with the device. 
Of course, in the case of an IDE the local IRB continues to monitor the device’s use 
in addition to the FDA. An IDE should describe the nature of the proposed study, 
how the risks associated with participation of the study will be clearly communi-
cated to individuals, and details of informed consent  [  3  ] . 

 We will brie fl y review some of the important measures the FDA requires in 
 preclinical data in the next section.  

   Analytical Performance Measures 

 Biomarker tests require some speci fi c rigors in their preclinical studies in order to 
assure the FDA approval process is as expedited as possible without unnecessary 
delays. This section summarizes some important points to take into account during 
the preapproval process from a publication by Dr. Mans fi eld et al. in 2007  [  4  ] . 

 Measurement of the accuracy and trueness of the device is important. The true-
ness is how close the average value is to the “true” value and measures the bias of 
the device. Accuracy is how close each measurement is to the “true” value and mea-
sures bias as well as imprecision of the device. The “true” value is usually some 
comparison test or standard appropriate as a reference and ideally should be the 
same specimen type as being used in the device’s measurement as well as the same 
type of data (qualitative, semiqualitative, or quantitative). 

 Precision and reproducibility deal with the closeness of agreement between mea-
surements under stipulated controlled conditions. This can yield a standard devia-
tion or coef fi cient of variation. Repeatability is measured within a given run and 
reproducibility is measured between different laboratories/manufacturing plants. 
The precision around medical decision points is most important to include. 

 Linearity and the reportable range are other important analytic measures to 
include. This has to do with assuring over what range the response is linear, or 
monotonic. Especially important is assuring this linearity is tested at the highest and 
lowest ranges and at medical decision points. 

 Traceability involves assuring there is adequate calibration and controls for the 
device as well as a measurement of how stable the testing materials are over time 
(i.e., expiration dates, calibration intervals, etc.). 

 For quantitative tests, it is important to establish the limits of detection and limits 
of quanti fi cation. These are critical to report so that medical professionals using the 
device can understand how to assess a low quantitative value and what a negative 
result means. 

 Analytical speci fi city is used to report potential interfering substances, which 
could cause false positives or negatives, or to detect cross reacting substances in the 
patient sample. This involves measuring the speci fi c quantity of substance the 
device is testing and then assessing the magnitude of potential interference or cross 
reactivity from substances that may be present in the sample. 
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 Assay cutoffs are critical to determine and further assure the cutoffs represent 
clinically valuable information. Qualitative cutoffs are usually designated at a value 
above or below which the chance of a false result approaches that of a true result. In 
a quantitative cutoff, three standard deviations are frequently used (or 95–99% for 
non-Gaussian curves). 

 Lastly, quality control samples must be developed so the device is able to be 
challenged at regular intervals to assure it is still operating as intended. 

 An extensive literature search was performed on appropriate conduct and report-
ing of diagnostic tests and was synthesized into the Standards for Reporting of 
Diagnostic Accuracy (STARD) initiative  [  5  ] . The result was a checklist and  fl ow 
diagram which can be used by journals, researchers, and authors alike to assure all 
relevant information is included when reporting on diagnostic tests. A similar review 
from the UK on REporting on tumour MARKer prognostic studies (REMARK) 
resulted in a summary table creating a rigorous reporting standard for both prognos-
tic and predictive tumor marker studies  [  6  ] .  

   Approval Processes 

 As stated earlier, the approval process the FDA uses depends on the risk pro fi le of 
the IVD device. In general, most class I devices are exempt from premarket review. 
Class II devices are reviewed relatively rapidly (given that all data needed are pro-
vided). On the other hand, Class III IVD devices can take the longest to receive 
approval and involve the most comprehensive review. We aim to summarize the 
pathways possible for each class of IVD device in this section. 

 Class I IVD devices can either achieve an exempt status or a reserved status. 
Most devices in this class will be exempt from submission to the FDA. Exempt 
Class I IVD devices must still comply with “general controls,” which includes being 
manufactured according to Quality System Regulation (QSR), labeling require-
ments, manufacturer and device registration with the FDA, post-marketing regula-
tion, noti fi cation of the FDA with changes to the device, and record keeping. 
Reserved Class I IVD devices generally have a substantially important intended use 
for preventing human illness or a potential unreasonable risk and must undergo a 
process referred to as Premarket Noti fi cation [510(k)], which will be described in 
more detail shortly. 

 Class II IVD devices in the moderate risk category undergo a clearance process 
based on if there is a predicate (previously cleared) device for the same intended use 
to compare with the new device. If the FDA decides that the new Class II IVD 
device is “substantially equivalent” to the predicate device, then the appropriate 
review process is called Premarket Noti fi cation [510(k)]. The 510(k) process 
involves evaluation of the preclinical data as well as assuring substantial equiva-
lence and often also “special controls” are met. Special controls are controls set up 
by the FDA to assure safety and ef fi cacy are met by the given device including 
performance speci fi cations, labeling recommendations, mandatory performance 
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standards, and postmarket surveillance. The 510(k) may or may not require clinical 
data to support the application depending on the intended use. This process usually 
takes approximately 3 months to complete. 

 If the Class II IVD device is not considered substantially equivalent, then it tech-
nically is considered a Class III IVD device. In this case, it may be possible to 
undergo a De Novo Review which is more comprehensive then a 510(k) but less 
administratively burdensome then the process for other Class III devices. 

 Class III IVD devices (other than Class I or II devices without a predicate analyte 
or intended use) are approved by a process called Premarket Approval (PMA). This 
process is the most comprehensive and labor intensive in order to match the high 
risk of the device. As opposed to the 510(k) process which allows comparison of 
one device to another as part of the approval process, the PMA mechanism requires 
a complete review of the device design, manufacturing, and both preclinical and 
clinical studies as well as inspection of the laboratory or manufacturing process 
physically. Often times the FDA statisticians will process the raw data on their own 
to assure accuracy of reporting and summarize potential biases affecting the data. 
The FDA examines the preclinical data looking for accuracy and reproducibility of 
the measured analyte under controlled conditions as well as clinical data looking at 
the performance at outside laboratories/institutions. The clinical data must also add 
value to decision making in some way in order to gain approval. The PMA process 
on average takes about 8.5 months for approval. 

 Figure  15.1  summarizes this approval process based on the risk pro fi le of the 
IVD device.  

 Of note, there is an expedited review for 501(k) or PMA submissions that exists 
for devices which help diagnose or treat a life-threatening or irreversibly debilitat-
ing condition and which  fi ll an unmet medical need in one of the following ways: 
breakthrough technology, no approved alternative, signi fi cantly clinically meaning-
ful advantage, or in the best interest of patients. The manufacturer must request this 
review and approval will put the submission to the head of the line in its respective 
approval process. 

 For example, a new technology for measuring her2 gene ampli fi cation using 
chromogenicity instead of  fl uorescence, called SPOT-Light ®  HER2 CISH™, was 
submitted for a PMA review on March 11, 2005 and was approved on January 7, 
2008. This required the highest level of review due to the fact that it would be used 
for important decision making (i.e., use of trastuzumab in breast cancer) and did not 
have a predicate device with which to compare. The approval required data col-
lected in regards to the analytical performance of the device as well as satisfactory 
agreement rates with current standards such as FISH and immunohistochemistry 
staining for her2 expression. On the other hand, Ikoniscope ®  oncoFISH™ her2 Test 
System was simply using a new automated system for enumerating FISH signals 
with use of already approved her2 FISH DNA probes, which allowed them to apply 
through the 510(k) process. This required they prove their new automated system 
performed substantially equivalent with an already approved automated her2 FISH 
system (BioView Duet™ System) and was approved in a mere 6.5 months.  
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   Combination Products 

 A combination product involves the combination of two or more single-entity prod-
ucts. In the emerging age of personalized oncology care, these tend to be drug-
device, biologic-device, or biologic-drug-device combinations. These accompanying 
devices could be as simple as a delivery system for a drug or biologic, but can be 
biomarker tests which help determine who is a potential candidate (or not a poten-
tial candidate) for the drug or biologic. 

 The FDA Of fi ce of Combination Products (OCP) is charged with assigning a 
primary mode of action (PMOA) to combination products. The PMOA is deter-
mined by which entity of the combination provides the most important therapeutic 
action or greatest overall contribution to the overall intended effect. With this deter-
mination made, which is not always straight forward, the request for FDA approval 
is triaged to the most appropriate branch including the Center for Biologic Evaluation 
& Research (CBER), the Center for Drug Evaluation & Research (CDER), or the 
Center for Devices and Radiologic Health (CDRH)  [  7  ] . 

 The future of oncology care is the co-development of companion devices which 
help select patients who would bene fi t most (or exclusively) from a therapeutic drug 
option. The other possibility is to have identi fi ed a known biomarker which 
signi fi cantly effects prognosis and then design a therapeutic drug option, which 

  Fig. 15.1    FDA approval process based on risk pro fi le of IVD device       
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would target the biomarker. In either of these settings, it is essential that the IVD 
device be appropriately analytically validated prior to being used in a large thera-
peutic drug trial. 

 A caution should be taken if the IVD device has not undergone rigorous valida-
tion prior to use in a large therapeutic clinical trial with the potential for achieving 
a combination product. For example, the TOGA trial found the addition of trastu-
zumab to chemotherapy in HER2 positive (HER2 immunohistochemistry [IHC] 
with 3+ staining or  fl uorescence in situ hybridization [FISH] positivity) metastatic 
gastric carcinoma improved overall survival  [  8  ] . Although an initial validation study 
showed a 93.5% concordance between FISH positivity by PharmDx kit (Dako 
Denmark A/S) and IHC 3+ staining by HercepTest (Dako)  [  9  ] , analysis of the TOGA 
data revealed a 23–26% rate of FISH positivity with patients who were IHC 0/1+ or 
2+ staining (negative) which is a signi fi cantly higher false negative rate then as 
determined in breast cancer patients for which the HercepTest was FDA approved 
 [  10  ] . Further evaluation will need to be undertaken to assure the proper biomarker 
device is approved for use in combination with trastuzumab in advanced gastric 
cancer patients. 

 These combination products are not always synchronous though. For example, in 
2004 the FDA approved the use of cetuximab in metastatic EGFR expressing col-
orectal cancer patients as monotherapy in patients refractory to oxaliplatin-based or 
irinotecan-based regimens as well as in combination with irinotecan for patients 
refractory to irinotecan-based regimens. The combination IVD device approved at 
the same time was a qualitative immunohistochemical kit system called 
Dakocytomation EGFR PharmDx ® , which measures the relative expression of 
EGFR on neoplastic cells compared to normal cells. With the identi fi cation of 
KRAS mutations in codons 12 and 13 leading to a downstream resistance to anti-
EGFR monoclonal antibody antagonism  [  11  ] , the FDA reviewed retrospective data 
available for KRAS mutant versus wild-type patients from seven large prospective 
randomized controlled trials utilizing an anti-EGFR monoclonal antibody with or 
without chemotherapy. Based on these retrospective data, the FDA approved a drug 
label change to add the recommendation that cetuximab not be used in patients with 
KRAS mutations in codons 12 or 13. Despite this, currently the FDA has not 
approved an IVD device for diagnosing KRAS mutations in codon 12 or 13. This 
highlights the challenges of regulating combination products. Ideally, a prospective 
study randomized by KRAS mutational status (measured by an FDA approved IVD 
device) would have been undertaken to accomplish the approval by the FDA but 
clearly this is not always possible and feasible as it may delay implementation of 
emerging clinical data, which has an important critical impact on patient care. Use 
of retrospective data to gain test marketing authorization can be acceptable, but 
requires careful attention to sample bias, analyte stability in stored samples, and 
assuring informed consent issues have been addressed  [  12  ] . This also emphasizes 
the utility of building tissue banks with well-annotated samples linked to high qual-
ity clinical data, such as the National Cancer Institute and the Cooperative Group 
repositories, so that future retrospective studies may be feasible. 

 More information is available at the website  [  13  ] .  
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   Multivariate Index Assays 

 These are a subset of IVD devices that are emerging on the market which are unique 
and are being classi fi ed as multivariate index assays (IVDMIAs)  [  14  ] . These devices 
are de fi ned as combining values of multiple variables using an interpretation func-
tion to yield a single, patient-speci fi c result and provide a result whose derivation is 
nontransparent and cannot be independently derived or veri fi ed by the end user. For 
example, calculating creatinine clearance by the Cockcroft method by inputting the 
patient’s sex, age, height, weight, and serum creatinine results in a single, patient-
speci fi c result but the process is veri fi able and transparent since the equation is given. 
On the other hand, consider gene expression pro fi ling devices, which measure 
expression of a large number of genes and then calculate a patient score via an algo-
rithm with no transparency or reproducibility for the general oncologist to double 
check the device. In addition to this dif fi culty, IVDMIAs are often times being used 
for calculating recurrence risk or predicting response to therapeutic agents making 
them moderate to high risk devices. The  fi rst IVDMIA approved by the FDA for 
breast cancer was MammaPrint ®  which is a gene expression pro fi ling device to 
assess the risk of recurrence. Other gene expression pro fi le systems are being inves-
tigated actively in stage II colon cancer patients to help with selecting a population 
who may bene fi t more robustly from chemotherapy. Kato recently published an 
explanation of the preferred diagnostic algorithm, called linear classi fi er, for 
IVDMIAs with the hope of creating an accepted standard for this new class of 
devices  [  15  ] .  

   Postmarket Interventions 

 There are two mechanisms for assuring safety after an IVD device is approved by 
the FDA. The  fi rst is the Quality System regulation. This regulation requires the 
manufacturer or laboratory to have incorporated appropriate design, manufacturing, 
and change control processes, as well as a number of other controls. Second, there 
is a requirement that manufacturers or laboratories report adverse events to the FDA 
(see ref.  [  16  ]  for the website). These reports are monitored by the FDA technical 
analysts. This assures corrective actions can be taken in a timely fashion when prob-
lems are identi fi ed and has the advantage to be able to identify rare adverse events 
since it is a centralized reporting mechanism.  

   Conclusion 

 As the development of biomarker tests for oncologic care accelerates, it is critical 
to balance scienti fi c advancement with scienti fi c prudence by assuring a standard-
ized comprehensive review of ef fi cacy and safety for these biomarker tests by the 
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FDA prior to commercial availability. In order to assure these standards are met and 
biomarker tests are able to be approved without delay, pre-IDE consultation is 
encouraged to help guide the preclinical and clinical studies that will be needed to 
support an application. Researchers, manufacturers, and laboratories should become 
familiar with published standards for reporting speci fi c results, such as diagnostic 
accuracy or prognostic and predictive biomarkers. Emphasis is placed on the quality 
and solid validation of an IVD device especially if it may be used as a combination 
product for selecting appropriate populations of patients for therapeutic manage-
ment. Increasingly complicated devices, IVDMIAs, are becoming more common 
but require special attention prior to being approved for commercial use. Since 
innovative biologically driven clinical trial designs are becoming a cornerstone in 
oncology with the advent of targeted therapies, new biomarkers, and emerging tech-
nologies it is also critical that the FDA remains  fl exible and open to accepting data 
from varied novel clinical study designs for commercial use without signi fi cantly 
delaying use in patient care. Large tumor repositories linked to high quality ran-
domized clinical trials are critical to advancing personalized oncology care and 
assuring there is robust safety and ef fi cacy data available readily as new therapies 
or biomarkers emerge. Lastly, the postmarket interventions are just as important as 
the preclinical and clinical data collected prior to approval for an IVD device and 
must be planned prior to approval.      
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   Background 

 The drug development landscape has changed dramatically in the last few decades. 
New methods for the identi fi cation of novel targets have lead to the development of 
new and unique classes of anticancer compounds. Recent advances have been 
sparked by the deployment of computerized modeling and in silico screening, where 
“hit” candidates are quickly validated using high throughput screening (HTS) 
greatly accelerating the advancement of lead candidates. As a result, a more rapid 
development cycle from bench top to bedside is being realized. 

 Despite these advances, the cost for developing new pharmaceutical agents is 
rapidly approaching $900 million per drug. A large proportion of this cost is attrib-
uted to drugs that fail to reach the market, which accounts for approximately 75% 
of all drugs tested. One strategy to reduce drug development cost is to improve the 
ability to predict for potential failure. This includes identifying suboptimal agents 
while in early stages of development. Equally important is the ability to detect, 
manage or mitigate potential toxicities. A major drawback of current strategies is 
that preclinical animals models are heavily relied on for toxicokinetic studies, how-
ever, these animal models are not completely re fl ective of human speci fi c metabo-
lism. In addition, the types of animal models used are often genetically homogeneous 
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and thus restrict the types of toxicities that may be observed. Currently, most safety 
biomarkers or biomarkers of toxicity are only effective when signi fi cant toxicities 
are either present or the injury has already occurred. 

 Despite technological advances, drug failures continue to occur in the late stages 
of clinical trials, where promising agents with targeted pharmacologic activity were 
found to have signi fi cant and even potentially lethal adverse events. A number of 
these agents are found to have life-threatening adverse events after they have already 
received FDA approval and been on market. Examples include nonsedating antihis-
tamines and cyclooxygenase-2 (COX-2) inhibitors, where both cases were found to 
cause an increased risk for life-threatening cardiac events in otherwise healthy indi-
viduals  [  1  ] . Despite increased pharmacovigilance efforts, it is still very dif fi cult to 
develop methods and models that can comprehensively predict for all potential drug 
toxicities. An important consideration is the low incidence of these types of events 
in toxicologic studies, where acute toxicity is more often the emphasis. Compounding 
the problem, clinical trials are often designed to restrict patient ages and limit the 
types of comorbid conditions that may increase the risk for drug-related toxicities. 
These exclusionary criteria contribute to the problem of early toxicity detection. 
A restrictive strategy permits agents to progress further into clinical trials without 
detection. This is one of the reasons why the FDA mandates postmarketing surveil-
lance studies. 

 A number of methods have been employed to determine pharmacokinetics and 
pharmacodynamics (PK/PD) in relation to pharmacologic and toxicologic responses. 
In these types of assessments, the premise is that there is correlation between phar-
macologic exposure and the manifestation of drug toxicity. To establish this type of 
relationship, dose escalations are necessary to identify and characterize potential 
adverse events. This can be accomplished by administering a dose that is ten times 
higher than the targeted dosing. A more important factor is the length of observation 
periods, where long-term exposure may reveal a different adverse event pro fi le than 
those seen in acute dose escalation studies. 

 These issues put into question the reliability and capability of present strategies 
to project safety margins. Other issues include developing strategies to accurately 
identify at risk populations, such as elderly or pediatric patients, who often have 
signi fi cantly different clearance as compared to adults. 

 Biomarker development to determine pharmacodynamics and safety have been 
deployed to predict disease response to drug therapy and safety pro fi le in both ani-
mals and humans. Drug failure is often associated with lower drug exposure, 
whereas toxicities are attributed to higher intensity of exposure. Despite new tech-
nologies and increased vigilance, the ability to comprehensively de fi ne disease 
response to drug therapy still requires years to optimize. However, if a speci fi c drug 
utilizes a particular pathway, it stands to reason that previous experience can be use 
to model or even predict for drug responses. In addition, the identi fi cation of poten-
tial toxicities continues to be a challenge since comprehensive insights into the 
mechanism(s) dictating the desired effect and toxicity have not often been fully 
elucidated. Without a comprehensive understanding, it is dif fi cult to develop a strat-
egy for using biomarkers to predict ef fi cacy and toxicity. This chapter will review 
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the various methods used to identify a reliable biomarker and examples showing 
how they have been employed.  

   Biomarkers 

 The strategy of using biomarkers in drug development dramatically changed fol-
lowing Food and Drug Administration (FDA) endorsement of employing these 
measures to screen, diagnosis, and monitor disease responses. To put things into 
perspective, it is necessary to de fi ne terms. Previously, the term “biomarkers” referred 
to the analysis of tissues and body  fl uids for chemicals, metabolites of chemicals, 
enzymes, and other biochemical substances. More recently, biomarker has been 
more precisely de fi ned as an objective measure or indicator of normal biological 
properties, pathogenic processes, or pharmacologic responses in reaction to thera-
peutic intervention  [  2  ] . Biomarkers can be circulating endogenous proteins (e.g., 
cytokines, peptides), genes, RNA, carbohydrates, chemicals, or metabolites. 

 Identifying biomarkers capable of predicting pharmacologic responses or antici-
pating toxic manifestation either in animal or earlier in human trials continues to be 
a high priority. Unlike clinical end points, which can be de fi ned as how a patient 
may feel, function, response or survive, biomarkers cannot be subjective indicators. 
Rather these objective measures must correlate closely with the amount of toxic 
metabolites interacting with macromolecules where the level of reactive metabo-
lites correlates with the emergence of toxic manifestations. Similarly, biomarkers 
can be employed as surrogate endpoints in determining pharmacologic responses. 

 When assessing potential risks towards drug-related toxicities, biomarkers can 
be useful in identifying hazards, quantifying exposure and the associated response 
with the probability of drug-induced injury. There are three classes of biomarkers, 
which include biomarkers of exposure, effect, and susceptibility. When discussing 
exposure biomarkers, it is often referring to exogenous substances or metabolites 
that are found within an organism where changes in biomarker levels correlate with 
toxic exposure. Biomarkers of effect often are referring to a measurable biochemi-
cal, physiological, or behavioral change within the organism. In contrast, biomarkers 
of susceptibility are an indicator of inherent or acquired ability of an organism to 
respond to xenobiotic challenges. These types of biomarkers are used to identify at 
risk populations who may be more susceptible to encounter adverse events. 

 When assessing risks in relation to chemical exposure, it is necessary to take a 
multifaceted approach to adequately incorporate the following components: 
identi fi cation of toxic component(s) and con fi rmation of the incriminating chemical 
causing an adverse effect. Following this assessment, a dose–response relationship 
should be established for whether drug exposure correlates with pharmacologic 
effect or the emergence of toxicity. Although more dif fi cult, it may be necessary to 
determine whether reactive drugs or their metabolites can produce protein adducts 
that can serve as haptens or immunogens, which can promote immune-mediated 
toxicities.  
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   Safety Biomarkers 

 The successful implementation of a safety biomarker must able to detect the presence 
or absence of clinical toxicity. This has been the “Holy Grail” of drug toxicity. One 
key characteristic of a predictive safety biomarker includes the ability to predict for 
individual toxicity or identifying at risk populations. Such is the case in using HLA 
B5701 for genetic testing, where the absence of this gene will indicate that an HIV 
patient can safely receive abacavir without encountering serious hypersensitivity 
reactions. Alternatively, patients with a polymorphism along the uridine diphos-
phate glucuronosyltransferase (UGT) gene may have an increased risk for develop-
ing irinotecan-induced toxicities. 

 The ability to identify drug safety early in the development cycle will provide 
important input as to whether the particular agent should be advanced along the 
development process. This plays an important role in the Go/No Go decision analy-
sis. These types of technology can also be used for risk assessment and the mitiga-
tion of potential risks. How these biomarkers will be employed will depend largely 
on the sensitivity and speci fi city of the particular test. 

 The right type of safety biomarkers should have a balance between sensitivity 
and speci fi city. When the sensitivity of the test is set too high, this may compromise 
the speci fi city, where frequent high false positives may arise. These types of results 
can reject an otherwise safe and potentially useful drug. Conversely when the sen-
sitivity is set lower to increase speci fi city; it may lead to a higher number of false 
negatives. In this situation, agents that may be unsafe can advance deeper into the 
development process, wasting time and resources that could be spent on the devel-
opment of other drugs. 

   Attributes of Ideal Safety Biomarkers 

 The features of an ideal biomarker for detecting drug-induced toxicities should 
include the following: (1) the ability to detect injury prior to clinical manifestation or 
exhausting compensatory reserves, (2) reproducible results across various species of 
animals, (3) quanti fi able to determine the degree or intensity of injury, and (4) uses a 
sample source that is easily procured (e.g., blood or  fl uids). As one of the criteria of 
an ideal biomarker, the ability to translate results from animals over to humans is a 
critical feature. Having this ability will allow rigorous testing and standardization to 
establish well-de fi ned relationships between the level of a biomarker and the degree 
of tissue injury consistent with histological  fi ndings within the tested animals. 

 When the mechanism leading to toxicity is known, the ability to predict toxicity 
and determine the threshold where risk of toxicity will be increased greatly. Key 
insights into these mechanism(s) will enhance decision-making to either stop drug 
development or redesign the compound to circumvent the generation of toxic 
metabolites. Oftentimes, the parent drug is not the incriminating agent responsible 
for drug toxicity; rather it is often a reactive metabolite that is the causal agent. 
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In these types of situation, it may be very dif fi cult to dissect the mechanism leading 
to toxicity. When the underlying mechanism for how toxicities occur is known, 
“positive array” data is often used to initiate biomarker development. 

 Currently, safety pro fi ling monitors the emergence of toxicity manifestations or 
aberrations found in laboratory values. Available biochemical markers can only 
detect the presence of ongoing toxicologic process or a toxicologic injury that has 
already occurred. Presently there are no good predictors for toxicities except for 
genetic biomarkers to predict for potential toxicities or identify individuals at risk 
for drug-related toxicities. To address some of these issues, new technology is being 
employed in biomarker development. This includes using methods such as pro-
teomics, metabolomics, and lipidomics to identify and evaluate subtle changes that 
may indicate the emergence of toxicities. 

 Since high drug concentration or rapid formation of toxic metabolites are often 
good determinants for adverse events potential, it is not surprising that individuals 
who are unable to eliminate the speci fi c agents are more likely to encounter adverse 
events. Most genetic biomarkers evaluate the polymorphism along metabolic gene 
enzymes, where carriers of the variant gene often have a lower capacity to eliminate 
the speci fi c compound or metabolite.   

   Technology Integration in Biomarker Development 

 Prior to addressing the elements of biomarker assay development, it is important to 
recognize that a number of new technologic platforms are currently available. In 
addition, there are a number of techniques where biomarker development will 
evolve in the next few years. Once the platform is chosen, the biomarker target must 
be veri fi ed in terms of its ability to predict drug exposure in relation to the degree of 
tissue injury.  

   Proteomic 

   Tumor Detection 

 The ability to detect the presence of a disease infers that the condition have speci fi c 
characteristics that distinguish it from normal cellular proliferation. This biochemi-
cal alteration is often the consequence of disease, which can be compared to pro fi les 
of samples from healthy individuals. It is critical to note that early detection is not 
synonymous with disease diagnosis. Disease diagnosis is often accompanied by 
symptoms and presence of tumor mass that is later con fi rmed to be malignancy. 
In contrast, early detection can occur in individuals who are asymptomatic, where 
screening assays are able to identify individuals who have evolving diseases. 
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The ability to identify patients who are in early stages of disease can dramatically 
improve treatment success, often resulting in complete remission. 

 In the case of malignancies, it is surmised that the tumor produces a signi fi cantly 
different protein pattern as compared to normal cells. This supposition is derived 
from the  fi nding that tumor tissues have aberrant gene(s) leading to the production 
of speci fi c aberrant protein(s) that are found only in the tumor proteome. Therefore, 
tumor tissues are thought to be a rich source for cancer proteins where these differ-
ences could serve as biomarkers. This can be analyzed by detecting for one speci fi c 
protein, or an array of proteins, where pattern changes may infer the presence of 
malignancies. Pro fi ling the tumor tissue proteome can lead to the identi fi cation 
of proteomic signatures corresponding to clinicopathological features. When a 
distinctive signature is identi fi ed and the results are reproducible, these are charac-
teristics of a good biomarker candidate. 

 Proteins expressed in an individual with tumors may have subtle differences 
when compared with a healthy individual. This may include difference in protein 
expression levels and/or difference in the level of posttranslational processing of the 
proteins. To distinguish these subtle differences will require sensitive and robust 
instrumentation such as liquid chromatography mass spectrometry (LC-MS). More 
speci fi cally, the type of mass spectrometry (MS) that is most used in proteomic 
biomarker development is an ion trap or matrix-assisted laser desorption ionization 
time of  fl ight MS (MALDI-TOF). The major advantages of using LC-MS are that 
only a small sample size is required to distinguish differences, with high precision 
and low variability. 

 Samples obtained from a suspected tumor mass often require a technologically 
challenging procedure to accurately procure the sample. The advantage of using 
samples procured from the mass is that only a small amount of tissue is required to 
de fi nitively determine whether it is malignant or not. At  fi rst glance, this approach 
does not appear to be advantageous over the currently employed method of deter-
mining malignancies using histological analyses. However, using proteomic 
pro fi ling, this method may allow for de fi nitive diagnosis by pro fi ling protein(s) 
found in the tissue. 

 As stated earlier the acquisition of sample is challenging and thus alternative 
sampling strategies using circulating peptides found in the blood (e.g., whole blood, 
plasma, or serum) or biological  fl uids are easier to obtain. However, the level of 
protein expression found in the circulation must be high enough for detection, even 
when using sensitive instrumentation such as LC-MS. In addition, samples from the 
blood may be susceptible to degradation and thus positive detection may only occur 
in subjects with a more advanced disease state.  

   Toxicity Detection 

 Proteomic analysis has also been used to detect potential toxicity. The principal 
premise is that reactive species can interact with proteins, therefore, detecting pro-
tein adducts may be a good surrogate marker of chemical exposure. Quantifying 
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protein adducts has been employed as biomarker for increased risk of toxicities or 
carcinogenesis. 

 Similarly, drug metabolism often produces reactive metabolites that can react 
nonspeci fi cally to proteins. These protein-metabolite adducts can be used to deter-
mine the level of exposure. When adducts react with critical enzymes, they can 
inactivate enzymes and reduce the clearance of xenobiotics or toxic endobiotics. 
Alternatively, protein adducts that are not eliminated in a timely fashion may pro-
mote hapten formation, and possibly initiate immunological-mediated or hypersen-
sitivity reactions. 

 Although the detection of protein adducts is not a new concept to evaluate poten-
tial carcinogenesis, new methods to determine the abundance of these adducts are 
dramatically enhanced when using LC-MS. In the past, adducts were detected in 
either hemoglobin or albumin using gas chromatography mass spectrometry (GC-
MS). This method often required chemical derivatization to volatilize the sample 
for GC-MS analysis. However, the chemical modi fi cation can also potentially alter 
the target protein during the sample processing. In contrast, no chemical derivation 
is often necessary for proteomic analysis using LC-MS. A major drawback of using 
ion trap LC-MS is that this method cannot easily quantify the signature protein. 
Using ion trap LC-MS can only provide information as to the presence or absence 
of the targeted protein. However, the level of protein adducts may be quanti fi ed 
when using tandem triple quadrupole MS. Using this technique, it is possible to 
quantify the level of protein adducts found in a sample. However, this approach is 
more often referred as metabolomic analyses.   

   Metabolomics 

 Metabolomics is a biological systems approach that complements genomic, tran-
scriptomic, and proteomic investigation. Since metabolites represent the byproducts 
of the genome and proteome, metabolomics analysis is physiological phenotyping 
where measuring metabolites can establish the wellness or disease evolution in 
an individual. Metabolomic analysis can detect the accumulation of metabolites, 
which may indicate a defect in the enzyme that catalyzes the production of the next 
metabolite. This technology utilizes triple quadrupole LC-MS, which is able to 
quantify multiple analytes simultaneously or what is more commonly referred to as 
multiplexing. 

 To validate the presence of mechanistic defects, the use of RNA or protein arrays 
may be used for con fi rmation. This is an example as how metabolomic analysis can 
provide insights into the metabolic pathways and networks downstream of gene 
expression and enzymatic pathways. When metabolites found in a particular path-
way can be quanti fi ed reproducibly, they may indicate a good metabolomic candi-
date has been found. 

 Metabolomics is ideally suited for diagnostic development, especially since bio-
chemical substances are proven effective biomarkers for disease. Moreover, metab-
olomics can be employed in a wide array of diseases. This technology can pro fi le 
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endogenous metabolites in a myriad of biomatrices to characterize the various 
metabolites. More importantly, this technology allows multianalyte determination 
simultaneously, and thus, the output is a pro fi le and not just a single signal. Presently, 
two analytic platforms are intensely being developed, which is based on nuclear 
magnetic resonance (NMR) spectroscopy and the combination of LC-MS. Currently 
NMR has a lower sensitivity when compared to LC-MS, but it has the advantage 
that analysis is more rapid and requires less sample preparation. In contrast, LC-MS, 
the current standard instrumentation for metabolomic analysis, is reproducible and 
has high sensitivity; however, the sample preparation can be complex. 

 Metabolomic analysis is powerful in that it will allow investigators to compare 
the normal metabolism of endogenous substrates and the rate by which these anabo-
lites or catabolites are formed. Alterations in the levels of the metabolites may indi-
cate aberration from normal physiological function. A change in this normal pro fi le 
can indicate a change in enzyme expression and thus allow for accumulation of 
metabolites. Metabolite accumulation may utilize alternative pathways or mecha-
nisms for systemic clearance, which can lead to the formation of toxic metabolites 
and thus the evolution of disease or drug-related toxicities. 

 Currently metabolomic analysis is limited by the lack of comprehensive metabo-
lite databases to distinguish between wellness and disease. Another drawback is 
validating the sample processing procedures, which can oftentimes be complex and 
technically challenging. This is due to the number of components that are found in 
a speci fi c pathway, where extraction ef fi ciency may not be equal across all metabo-
lites, and thus there are many complications to consider for the analyses. When 
metabolomic analysis is combined with either transcriptomics or genomics data, 
this technology can provide a comprehensive analysis of the proximity of an aber-
ration that leads to disease etiology.  

   Genetic Biomarkers for Ef fi cacy and Drug Safety 

 Genetic biomarkers can be used to identify individuals at risk for drug-related adverse 
effects. Examples include the ability to identify patients at risk for irinotecan (CPT-
11) or 6-mercaptopurine (6MP) related drug toxicities; two prime examples of pre-
dictive biomarkers. To successfully develop predictive biomarkers, it is necessary 
to comprehensively understand the disposition and elimination pathways. In addi-
tion, these tests must be veri fi ed using large cohorts to test their ability to predict 
and discriminate patients at risk. In both cases described, speci fi c polymorphisms 
have identify individuals who may have a compromised capacity to eliminate either 
the parental or active metabolite, and thus an increased risk for drug-related toxici-
ties. These genetic biomarkers are surrogate markers correlating drug disposition 
with genetic polymorphism, where reduced ability to eliminate a speci fi c compound 
will their increase their risk for drug-related toxicities. A number of polymorphic 
enzymes have been determined, where the predominant enzymes that have been 



38916 Biomarkers for Safety Assessment and Clinical Pharmacology

identi fi ed include intracellular enzymes, such as the cytochrome P450 enzymes and 
UDP-glucuronosyl transferase. 

   Uridine Diphosphate Glucuronosyltransferase 
(UGT) Polymorphism 

 Irinotecan (CPT-11) is a topoisomerase inhibitor used for the treatment of colon and 
lung cancer. Both severe diarrhea and myelosuppression are toxicities that have 
been associated with CPT-11. Pharmacokinetic analysis has demonstrated that sub-
jects who are unable to adequately eliminate SN-38, the active metabolite of CPT-
11, are most likely to encounter CPT-11-mediated toxicities. CPT-11 is predominantly 
metabolized to form SN-38 through biotransformation mediated by hepatic carbox-
ylesterase I and II (Fig.  16.1 ). CPT-11 can also be inactivated through metabolism 
mediated by CYP3A4 to form inactive metabolites 7-ethyl-10-[4- N -(5-aminopen-
tanoic acid)-1-piperidino]carbonyloxycamptothecin (APC) and 7-ethyl-10-(4-
amino-1-piperidino) carbonyloxycamptothecin (NPC)  [  3  ] .  

 SN-38 is an active metabolite with topoisomerase inhibitory activity that is 100- 
to 1,000-fold more potent than its parent compound. Not only is SN-38 toxic towards 
tumor cells but cytotoxic towards susceptible cells found in the bone marrow and 
the intestinal tract. SN-38 is primarily eliminated through metabolism catalyzed by 
uridine diphosphate glucuronosyltransferase (UGT) 1A1 to form SN-38 glucuronide 
(SN-38G), an inactive metabolite that is excreted in the urine and bile. SN-38G 
excreted in the bile and into the intestines can be hydrolyzed by intestinal micro fl ora 
to liberate SN-38  [  4  ] . 

 UGT 1A1 is a highly polymorphic enzyme that is predominantly expressed in 
the liver. CPT-11 toxicity was found to be inversely related to the rate of glucuroni-
dating SN-38, where patients expressing low levels of UGT 1A1 experience severe 
toxicity  [  5  ] . Initially this was found in Japanese subjects who were either heterozy-
gous or homozygous for UGT 1A1*28. These individuals were at signi fi cantly 
higher risk for developing severe CPT-11-related toxicities. It was later found that 
individuals, regardless of ethnicity, who are homozygous UGT1A1*28 are less able 
to form the SN-38G and thus are at increased risk for hematologic toxicity such as 
neutropenia  [  5  ] . An accumulation of SN-38 in the gut can also increase the risk for 
intractable diarrhea events as well as myelosuppression; however, no biomarker is 
commercially available to predict this adverse event.  

   Thiopurine Methyl Transferase (TPMT) Polymorphism 

 Pharmacogenetic tests have also been developed and are commercially available to 
identify patients who may be at increased risk for developing thiopurine-induced 
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  Fig. 16.1    Irinotecan (CPT11) is metabolized either by cytochrome p450 3A4 (CYP3A4) or carboxy-
lesterase. CYP3A4 mediated metabolism forms two inactive metabolites 7-ethyl-10-[4- N -(5-amino-
pentanoic acid)-1-piperidino]carbonyloxycamptothecin (APC) and 7-ethyl-10-(4-amino-1-piperidino) 
carbonyloxycamptothecin (NPC). In contrast carboxylesterase mediated metabolism forms SN38, a 
biologically active metabolite that is more cytotoxic as compare to CPT11. SN38 can be further 
biotransformed to SN38-glucuronidate (SN38G), an in active metabolite, where the reaction is cata-
lyzed by UDP-glucuronyl transferase (Panel ( a )). In Panel ( b ), the hepatic biotransformation of 
CPT11 is overviewed, where the SN38 and SN38G are cleared from the hepatocytes through export 
mediated by ATP binding cassettes (ABCs)       
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toxicities. Thiopurine is a class of drugs that includes 6-mercaptopurine (6MP), 
6-thioguanine, and azathiopurine, which is used to treat acute lymphoblastic leuke-
mia, autoimmune disorders, in fl ammatory bowel disease, and in the prevention of 
organ transplant rejections. Although they have a broad spectrum of pharmacologic 
activity, thiopurines have a relatively narrow therapeutic index where individuals 
who are unable to eliminate these agents may be at increased risk for developing 
life-threatening myelosuppression. 

 Thiopurine-induced toxicity has been associated with a polymorphism along the 
gene coding for thiopurine methyl transferase (TPMT). TPMT is a critical enzyme 
catalyzing the s-methylation of 6MP to form 6-methylmercaptopurine (MeMP), an 
inactive metabolite (Fig.  16.2 ). In this reaction, the methyl group is donated by 
s-adenosyl-methioine (SAMe), where MeMP can be further metabolized by xan-
thine oxidase to form 2,8-dihydroxy-6-methylmercatopurine. Alternative metabo-
lism of 6MP can be initially metabolized by xanithine oxidase, where the 
s-methylation is the second step, where both xanthine oxidase and TPMT will lead 
to the formation of 2,8-dihydroxy-6-methylmercatopurine  [  6  ] .  

 The clearance of thiopurines is dependent on TPMT activity, which correlates 
with intracellular 6-thiopurine triphosphate concentrations in red blood cells. 
Polymorphisms along TPMT have been shown to reduce expression of the enzyme 
and/or have reduce the capacity to eliminate thiopurines. Low TPMT activity cor-
related with increased potential for thiopurine-induced toxicities. In contrast, high 
levels of TPMT correlate with decreased therapeutic effectiveness. 

 A number of variants have been identi fi ed along the TPMT gene, and are desig-
nated as *1 (wild type), *2, *3A and *3C. In patients who are carriers of the variant, 
intracellular thiopurines are less likely to undergo S-methylation and thus have 
reduced clearance. Decreased metabolism will allow the thiopurine to be anabolized 
to form 6-thioguanine triphosphate, the active moiety, where increased levels can 
potentially lead to profound myelosuppression. 

 Approximately 89% of a Caucasian population that was studied was found to be 
homozygous for the wild-type gene and have high TPMT enzymatic activity. Eleven 
percent (11%) of the study subjects were found to be heterozygous with intermedi-
ate TPMT enzymatic activity. However, 1 out of 300 subjects were found to be 
homozygous for low TPMT enzymatic activity and were at high risk for developing 
severe myelosuppression  [  7–  9  ] . In patients with low TPMT activity, dosage attenu-
ation was able to maintain clinical outcomes with reduced severity and incidence of 
thiopurine-induced toxicities as comparable to subjects with normal TPMT activity 
receiving normal dosages.  

   Dihyrdropyrimidien Dehydrogenase and Thymidylate 
Synthetase Polymorphism 

 5-Fluorouracil (5FU) is  fl uoropyrimidine that has been the cornerstone for the 
 treatment of gastroesophageal, colorectal, and breast cancers. Unfortunately, severe 
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toxicity occurs in approximately 30% of patients treated with 5FU-based regimens. 
5FU has a narrow therapeutic window, where the drug concentration required for 
tumor response is within the general range where toxicity may also occur. Inherited 
genetic variability in a number of key metabolic enzymes involved in the 5FU meta-
bolic pathway has been associated with drug-related toxicities  [  9  ] . 

 5FU is a prodrug that requires biotransformation into its active moieties, 
which include several active metabolites able to inhibit thymidylate synthase (TS), 

  Fig. 16.2    Biotransformation of 6-mercaptopurine (6MP) is summarized, where thiopurine 
methyltransferase (TPMT) methylates the conversion of 6MP to 6-methylmercaptopurine (MeMP), an 
inactive metabolite. In this reaction, the methyl group is donated by s-adenosyl-methioine (SAMe). 
MeMP can be further metabolized by xanthine oxidase to form 2,8-dihydroxy-6-methylmercatopu-
rine. Alternative metabolism of 6MP can be mediated by xanithine oxidase, where the s-methyla-
tion is the second step. The combination of xanthine oxidase- and TPMT-mediated metabolism will 
lead to the formation of 2,8-dihydroxy-6-methylmercatopurine, inactive metabolite       
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a critical enzyme in normal and tumor DNA synthesis. In the catabolic pathway, 
dihydropyrimidine dehydrogenase (DPD) is a rate-limiting catabolic enzyme impor-
tant to inactivate 5FU (Fig.  16.3 ). Genetic polymorphisms in TS and DPD may 
predict for clinical response and accumulation of 5FU and its anabolic products, 
respectively.  

  Fig. 16.3    5FU is a prodrug that requires intracellular biotransformation to form the active moieties, 
5-FdUMP. Initially 5FU is initially converted FUDr, which is catalyzed by thymidine phosphory-
lase (TP). FUDR is then converted to 5-FdUMP, one of the active moieties, where this reaction is 
catalyzed by thymidine kinase. 5-FdUMP inhibits thymidylate synthase (TS), a critical enzyme in 
normal and tumor DNA synthesis. Both, 5FU and its anabolite, 5- fl uorodeoxyuridylate (5FdUMP), 
can bind tightly onto TS to form a stable ternary complex resulting in enzymatic inhibition. 
Alternatively, 5FU can also under metabolism mediated by dihydropyrimidine dehydrogenase 
(DPD), which biotransforms 5FU into DHFU, an inactive metabolite       
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 5FU inhibits TS, a critical enzyme that catalyzes the conversion of deoxyuridylate 
to deoxythymidylate representing an important source for de novo thymidylate 
synthesis, which is required for DNA synthesis. 5FU and its anabolite, 
5- fl uorodeoxyuridylate (5FdUMP), can bind tightly onto TS to form a stable ternary 
complex resulting in enzymatic inhibition  [  9–  11  ] . One polymorphism involves the 
5 ¢  regulatory region of the TS gene promoter and consists of either double (2R) or 
triple (3R) repeats of a 28 bp sequence, where these mutations in fl uenced TS expres-
sion. Studies have shown that 3R had activity that was 2.6 times higher than 2R, 
where elevated levels of TS expression or enzymatic activity correlated with resis-
tance towards 5FU. The role of TS in predicting for antitumor response was clini-
cally veri fi ed where the mRNA expression level was predictive for tumor response 
and overall survival  [  11  ] . 

 In contrast to TS, DPD is responsible for deactivating more than 80% of 5FU 
that is administered, where 5–20% is excreted unchanged in the urine. Structurally 
DPD has two FAD, two FMN and eight [4Fe-4S] clusters that are arranged in two 
electron transfer chains. Impairment of this catabolic pathway can lead to 5FU 
accumulation resulting in severe toxicities. Patients with DPD de fi ciency encounter 
intense 5FU-related toxicities including mucositis, alopecia, diarrhea, neutropenia, 
skin rash and neurologic toxicities. It is estimated that 3–5% of the population has 
partial DPD de fi ciency, where the detection of this genetic variation may prevent 
severe drug related adverse events  [  12  ] . 5FU-induced toxicity has led to almost 
100% mortality in patients with complete DPD de fi ciency, even cases where topical 
5FU exposure has resulted in fatality. This test would also be an important test for 
patients receiving capecitabine, an oral prodrug of 5FU, where the active moiety 
will utilize the same pathways. 

 There are rapid genetic tests that can identify individuals with DPD de fi ciency. 
The incidence of partial DPD de fi ciency was estimated to be 3–5% in the Caucasian 
population. However, the incidence in the African American population is estimated 
to be as high as 8%  [  13  ] . Speci fi c DPD variants produce a truncated protein; how-
ever, these mutations have only explained a limited number of adverse effects 
attributed to DPD de fi ciency.   

   Cytochrome P450 Polymorphism as Biomarkers 

 Cytochrome P450 (CYP) is a superfamily of enzymes critical in metabolizing a 
wide spectrum of xenobiotics and endobiotics with varying physicochemical prop-
erties. CYP enzymes involved in the metabolism of anticancer agents have been 
reported in 2C8, 2C9, 2C19, 2D6, and 3A4. The predominant isotype found in the 
liver is CYP3A4 which metabolizes hydrophobic substance including cancer thera-
peutic drugs, accounting for approximately 60% of all cytochrome P450 enzymatic 
activity found in the human liver and about 70% of the activity in enterocytes  [  14  ] . 
However, other isotypes are also important as alternative, primary or secondary 
metabolic pathways for numerous anticancer agents. 



39516 Biomarkers for Safety Assessment and Clinical Pharmacology

   CYP3A4 Polymorphism 

 CYP3A4 metabolizes a wide array of therapeutic agents and endogenous substrates. 
This may explain why agents utilizing this metabolic pathway are associated with a 
number of drug–drug interactions. One example of this is a two-way drug–drug 
interaction between paclitaxel and doxorubicin. Drug–drug interactions can lead to 
altered metabolism and disposition of a drug when coadministered. Since both pacli-
taxel and doxorubicin are critical components in breast cancer regimens, coadminis-
tering these two agents together is a strong possibility. Paclitaxel is metabolized by 
CYP3A4 and CYP2C8, both with known polymorphisms, to form 6 a -hydroxypacli-
taxel and 3 ¢ p-hydroxypaclitaxel, respectively  [  15–  17  ] . When doxorubicin was 
administered in combination with paclitaxel, response rates in breast cancer patients 
signi fi cantly increased. However, this combination was also associated with higher 
rate of congestive heart failure. Both clinical responses and cardiotoxicity were 
attributed to paclitaxel-mediated inhibition of doxorubicin metabolism, allowing for 
doxorubicin accumulation and increasing the incidence in cardiotoxicity. When doc-
etaxel is substituted for paclitaxel, similar interaction with doxorubicin was found, 
further supporting the concept of drug–drug interaction.  [  15  ] . As has been previously 
mentioned, paclitaxel and doxorubicin have a two-way interaction, where doxorubi-
cin can also inhibit the formation of 3 ¢ p-hydroxypaclitaxel, indicating that it can 
inhibit CYP2C8. More recently, polymorphisms along CYP2B8 have demonstrated 
a reduced conversion of paclitaxel to 3 ¢ -p-hydroxypaclitaxel; however, there is no 
data con fi rming whether this polymorphism impacts clinical outcome  [  15–  18  ] .  

   CYP2B6 Polymorphism 

 Genetic polymorphisms along the CYP2B6 gene have been shown to in fl uence the 
pharmacokinetics for substrates metabolized by this enzyme. Unlike other polymor-
phisms where the variants were found to have decreased metabolism as compared 
to the wild-type enzyme, this polymorphism is associated with increased drug clear-
ance. Normally, polymorphisms associated with increased drug clearance are 
accompanied by a decreased risk of toxicities. However, subjects carrying these 
types of variants are more likely to encounter disease relapse due to decreased drug 
exposures. Patients with the variant CYP2B6*6 (Q172H and K262R) were found 
to eliminate cyclophosphamide faster which corresponded with a shorter 
plasma cyclophosphamide half-life when compared to either homozygous or 
heterozygous CYP2B6*1 (wild-type). As expected, subjects with the polymorphism 
CYP2B6*6 were less lightly to develop leukocytopenia as compared to carriers of 
CYP2B6*1  [  19  ] . 

 However, other CYP2B6 polymorphism (G516T) was shown to have the oppo-
site effect, where TT carriers were found to be poor metabolizers of CYP2B6 sub-
strates. Patients with this polymorphism had increased plasma concentrations of 
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efavirenz and nevirapine, nonnucleoside reverse transcriptase inhibitors (NNRTI) 
used for HIV, with the TT genotype as compared to patients who are homozygous 
for GG. Drug level corresponded to the increased incidence of toxicities. For NVP, 
altered pharmacokinetics and immunologic response to NVP containing regimens 
were observed  [  20  ] . For patients receiving EFV, patients with G516T were more 
likely to experience CNS toxicities, which included headaches, hallucination, and 
vivid dreams  [  21  ] .  

   CYP2D6 Polymorphism 

 Tamoxifen is an antagonist of estrogen receptor (ER) and is employed in treating 
patients with early and advanced breast cancers that are positive for ER. Other uses 
for tamoxifen include in situ ductal carcinoma and as primary chemoprevention in 
women who are identi fi ed as high-risk for the development of breast cancer. 
Although the dosage of tamoxifen is standardized, there is considerable interindi-
vidual variation for tamoxifen and its metabolites. 

 Tamoxifen is eliminated by CYP-mediated metabolism to form several primary 
and secondary metabolites. When using CYP3A4/5,  N -desmethyl-tamoxifen is the 
primary metabolite accounting for approximately 90% metabolites. Alternatively, 
tamoxifen can undergo CYP2D6 mediated metabolism forming 4-hydroxy-tamox-
ifen. However, both  N -desmethyl-tamoxifen (via CYP2D6) and 4-hydroxy-tamox-
ifen (via CYP3A4/5) are further metabolized to form 4-hydroxy- N -desmethyl-tamoxifen 
(endoxifen), where both 4-hydroxy-tamoxifen and endoxifen are important active 
metabolites exhibiting similar potencies  [  9  ] . The plasma level of endoxifen can be up 
to 14-fold higher than 4-hydroxyl-tamoxifen. Currently there are more than 80 allelic 
variants found in CYP2D6 where a large number are associated with increased, 
decreased, or an absence of enzymatic activity. 

 The FDA has approved a microarray-based pharmacogenetic CYP2D6 test 
(AmpliChip CYP450 Test) that can evaluate 27 variants of CYP2D6. This include 
identifying variants with lower enzymatic capacity such as those found in CYP2D6*3, 
*4, *5, and *6 variants. These types of variants are most commonly seen in subjects 
who are of Asian or African descent  [  9  ] . In contrast, ultrarapid variants have also 
been identi fi ed, CYP2D6 2XN, which can also be identi fi ed using this microarray 
system. Individuals of Middle Eastern and Ethiopian descent are most commonly 
associated with CYP2D6 2XN. Despite these  fi ndings, there is currently no recom-
mendation for individuals who are found to be either intermediate or poor metabo-
lizers with regards to tamoxifen dosing. This may be due to the role of CYP3A4/5 
and other as yet unidenti fi ed mediated pathways, which metabolites can use for 
systemic clearance. In addition, the role of ef fl ux transporters has not been 
de fi nitively characterized, which may play a role in biliary excretion of tamoxifen 
and its metabolites. When all of the elimination pathways are integrated into this 
model, these types of testing will be able to guide in the optimal dosing of 
individuals.  
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   Genetic Test to Identify Drug-Related Hypersensitivity Reactions 

 Very recently, a genetic test has been developed that is able to predict for subjects 
who are at risk for developing hypersensitivity reactions towards abacavir. 
Approximately 3–8% of patients receiving abacavir will develop hypersensitivity 
towards this antiretroviral agent. This is dependent on the ethnicity, where 8% of 
Caucasians encounter hypersensitivity reactions, and only 2% of Africans will 
encounter hypersensitivity reactions. The incidence in African Americans is approx-
imately 4%. 

 This potentially severe allergic reaction is characterized by skin rash, gastroin-
testinal, and respiratory symptoms, where the reactions become more intense with 
subsequent dosing. When the reaction is encountered, it normally occurs in the  fi rst 
6 weeks of therapy. When a patient with suspected hypersensitivity reaction is 
rechallenged, fatal events have been reported. To eliminate this adverse reaction, a 
genetic test has been developed and is now commercially available to identify indi-
viduals who may at risk for drug-related hypersensitivity reactions. It was found 
that patients who are positive for HLA B5701 were found to have an increased risk 
for abacavir-mediated hypersensitive reaction. In contrast, patients who test nega-
tive for this polymorphism were found to have no risk for the developing this immu-
nologically related reaction  [  22  ] . In the PREDICT study, patients testing negative 
for HLA B5701 had no reported incidence of hypersensitivity reactions, which was 
con fi rmed by skin patch testing.   

   ABC Polymorphism in Relations to Toxicities 

 Currently, cellular transporter polymorphisms are being investigated as potential 
biomarkers to predict for drug-related toxicities. Since a number of these transport-
ers are key factors in regulating intracellular levels of drugs, it is understandable 
that polymorphisms along ATP binding cassettes (ABCs) such as ABCB1 
(P-glycoprotein), ABCC1 (MRP1), ABCC2 (MRP2), ABCC4 (MRP4), and ABCG2 
(BCRP) will play a role in clinical response and toxicity. All of these transporters 
are ef fl ux transporters that pump their substrates into the extracellular space. 

   Polymorphisms and Clinical Outcomes to EGFR Antibodies 

 ATP binding cassette G2 (ABCG2) or breast cancer resistance protein (BCRP) is a 
cellular ef fl ux transporter. This is a highly polymorphic cellular ef fl ux transporter 
protein that is expressed at high levels in the blood brain barrier, kidneys, intes-
tines and liver. Increased expression of ABCG2 on cancer cells was associated with 
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resistance to anthracycline and camptothecin analogs. Interestingly, polymorphisms 
in ABCG2 were also found to be associated with adverse effects in relations with 
the EGFR inhibitor, ge fi tinib  [  23  ] . An association between allelic variants found 
along EGFR, ABCG2, and ABCB1 correlating with an increased incidence of diar-
rhea and skin toxicity were found in ge fi tinib-treated patients. One single-nucleotide 
polymorphism (SNP) in the ABCG2 gene was found to be associated with diarrhea 
in 124 patients receiving oral ge fi tinib. Forty-four percent (44%) of patients who are 
heterozygous ABCG2 421C>A (Q141K) developed diarrhea, compared to only 
12% of wild-type patients reporting diarrhea. Patients carrying the 421C>A variant 
have been shown to have signi fi cantly higher drug accumulation, which may be 
attributed to low ABCG2 protein expression and an increased risk for diarrhea  [  24–
  26  ] . More interestingly is that this SNP was not associated with skin toxicity sug-
gesting that an alternative drug action may be the cause of this adverse effect. 

 Polymorphism in EGFR was associated with responsiveness to EGFR inhibitor 
therapy in lung cancer. A variant along exon 13 in EGFR (R421K) was associated 
with increased progression free survival and overall survival in colorectal cancer 
patients receiving cetuximab and CPT-11-based therapy  [  27  ] . Another polymor-
phism along EGFR showed short allele carriers were more prone to have grade 2–3 
skin toxicity compared with those who carried the long alleles. In the same study a 
polymorphism in EGFR 61G/G genotypes was associated with improved overall 
survival  [  27  ] . 

 A prospective trial was undertaken to investigate pharmacogenomic and pharma-
cokinetic determinants of skin rash and diarrhea in 80 patients treated with erlotinib 
 [  28  ] . The polymorphisms along ABCG2, EGFR, CYP3A4 and 3A5 were all inter-
rogated to assess for association with erlotinib toxicity. Skin toxicity was associated 
with trough erlotinib concentration, which was associated with a polymorphism in 
the EGFR intron 1. Diarrhea was linked to two polymorphisms in the EGFR pro-
moter, -216G/T and -191C/A. The newly identi fi ed ABCG2 polymorphisms, 
1143C/T and -15622C/T, are associated with differential erlotinib concentrations, 
but there has not been a de fi nitive association with toxicity.   

   Conclusion 

 Although the ultimate goal is to develop biomarkers that can predict both outcomes 
and potential toxicities for drug development, it is obvious that the development of 
biomarkers will trail drug development. This is particularly the case for the develop-
ment of safety biomarkers where comprehensive pharmacologic understanding of 
how the speci fi c drug is metabolized and eliminated is compulsory. Currently there 
are predictive biomarkers that are able to identify subjects who may be at risk for the 
development of toxicities. In the future, it is very conceivable that biomarkers using 
different technologies will complement each other. This is certainly the case when 
using genetics or microarrays with biomarkers that employ metabolomic technology. 
With the advances in technology, the types of data will not come from a single source 
but will be a comprehensive evaluation, or more simply a systemic approach.      
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   The Long and Winding Road of Biomarker Discovery 

 During the last two decades the medical community has steadily increased its inter-
est in the  fi eld of biomarkers. This may be explained by to the outburst of the appli-
cation of molecular biology techniques to medical sciences and the ability for 
translating faster these discoveries into the clinical setting. As the number of basic 
and clinical investigators involved in this common effort grows, there is a necessity 
to clearly establish concepts and basic de fi nitions regarding the process of biomarker 
development and validation. The Biomarkers De fi nition Working Group has helped 
to improve the terminological accuracy in this  fi eld and has de fi ned unequivocally 
the terms  clinical endpoint, biomarker, and surrogate endpoint   [  1  ] . Following its 
recommendations a  clinical endpoint  would be de fi ned as a “ characteristic or a vari-
able that re fl ects how a patient feels, functions or survives .” Then a  biological marker  
would be a “ characteristic that is objectively measured and evaluated as an indica-
tor of normal biological process, pathogenic process or pharmacologic responses to 
a therapeutic intervention .” Therefore, a biomarker may be implemented for diagno-
sis, staging, prognosis, prediction of response to treatment, or  fi nal monitoring of 
clinical response. But it is obvious that the  fi nal goal would be to establish a  surro-
gate endpoint , which is a “ biomarker intended to substitute for a clinical endpoint .” 
Therefore, a surrogate endpoint is expected to predict clinical bene fi t based on epi-
demiologic, therapeutic, pathophysiologic, or other scienti fi c evidence. It is impor-
tant to understand that only a subset of biomarkers will  fi nally qualify as surrogate 
markers, although all surrogate endpoints are technically biomarkers. 

 Furthermore, de fi nition of a pipeline for biomarker studies is needed if we want 
to improve the standardization of biomarker validation. Due to the fact that many 
clinical investigators have already started to conduct biomarker studies a parallel 
model that resembles the steps of drug development process is being incorporated 
in this scenario. This pathway has been strati fi ed in six sequential steps: (1) discov-
ery, (2) quali fi cation, (3) veri fi cation, (4) research assay optimization, (5) clinical 
validation, and (6) commercialization. The terms such as  validation ,  quali fi cation , 
and  evaluation  have introduced a high degree of confusion in the literature as they 
have been used interchangeably. Therefore, we think that the term  quali fi cation  
should make reference to the process of linking a biomarker to a biologic entity and 
then establishing a surrogate endpoint when this association is demonstrated; this 
speci fi c process would include the  fi nal part of the discovery, quali fi cation and 
veri fi cation steps  [  2  ] . At the same time  validation  is commonly seen as the process 
to test the performance of an assay and de fi ne the most optimal conditions to be 
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applied. In this way a particular analytical procedure to measure a biomarker can be 
considered precise (the measurements are reproducible) and accurate (a correlation 
between the measure of the biomarker and the clinical endpoint exists). In general, 
the steps of research assay optimization and clinical validation integrate into the 
term of  validation . Finally,  evaluation  would refer to the process of determining the 
surrogate endpoint status under a clinical point of view and therefore is also linked 
to the last phases of the clinical validation. 

 In the present chapter we focus in the initial step of the biomarker discovery 
process. As this phase is truly embracing the concept of discovery is conceptually 
and technologically very far from the  fi nal steps meant for clinical validation. In the 
last years high-throughput analysis have became the mainstay in the discovery pro-
cess taking advantage of cutting-edge technologies. These techniques generate a 
large amount of data, but many candidates will not reach the last stages of the bio-
marker discovery process. Here we describe the biologic principles behind these 
techniques and provide the principal applications as well as the major advantages 
and disadvantages of each one. Finally bioinformatics and system biology tools will 
be discussed.  

   Strategies for Discovering Cancer Biomarkers 

 In the current research scenario we are constantly challenged by new techniques and 
methodological resources that offer data analyzed under very different scopes. 
Genomics, transcriptomics, proteomics, and epigenetics are now becoming classi-
cal  fi elds as new disciplines such as peptidomics, metabolomics, and many others 
continue emerging. All of them are potential sources of cancer biomarker and prob-
ably the future success of this  fi eld will be on combining this multilayered informa-
tion. Here we present the most signi fi cant strategies involved in biomarkers discovery 
by their source of biologic material: (1) DNA, (2) RNA, and (3) protein strategies 
(Table  17.1 ). This classi fi cation is arbitrary in many aspects but helps to classify 
these techniques. Although it could be argued that metabolomics or epigenetics can 
be considered to fall into one of these categories, we have decided to place them 
apart due to the fact that we are using several techniques at the same time to analyze 
a speci fi c biological question.  

   DNA Biomarkers Discovering Strategies 

   DNA Sequencing 

 The implementation and designing of DNA sequencing protocols have greatly 
impacted our knowledge of the molecular biology of cancer and deeply changed the 
landscape of basic and clinical research in oncology  [  3  ] . At the present time molecular 
characterization of tumors by DNA sequencing is rede fi ning the way that therapies 
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are implemented in the clinical setting. There are several examples of well-established 
genetic alterations used to predict response versus resistance to targeted therapies 
such as  KRAS  and  BRAF  mutations for anti-EGFR therapies in colorectal cancer 
 [  4,   5  ] ,  EGFR  mutations for tyrosine kinase inhibitors in lung cancer,  c-KIT  ampli fi cation 
for the tyrosine kinase inhibitor imatinib in GIST, the fusion protein  BCR-ABL  for 
imatinib in chronic myeloid leukemia and  ERB-B2  ampli fi cation for the antibody 
against ERB-B2 receptor Trastuzumab in breast cancer  [  6,   7  ] . Dideoxy enzymatic 
sequencing, also known as Sanger protocol, is currently the most extended option for 
molecular characterization of tumors and continues to be the gold standard for 
sequencing  [  8  ] . However, in the last decade a general perception that there was no 
more room for improvement of this protocol has been growing. Therefore, different 
research groups started to developed new methods to characterize sequences in a 
high-throughput way and at a lower cost. These new techniques have been generally 
named as  Next Generation Sequencing (NGS)  as all of them shared the common prin-
ciple of sequencing-by-synthesis, although differences in the methodology to gener-
ate sequences and the biochemistry of cycling exist. 

 Dideoxy sequencing is a polymerase-driven synthesis of DNA strands comple-
mentary to the template whose sequence wants to be determined. Template is pre-
pared from an initial polymerase chain reaction (PCR) followed by a cleanup 
process or from a miniprep of a plasmid vector used to cloned the DNA fragment of 

   Table 17.1    Biomarker 
discovery strategies as 
developed in this chapter   

  DNA strategies  
 DNA sequencing 
 SNP arrays 
 CGH arrays 
 SAGE 
  RNA strategies  
 Gene expression pro fi ling 
 qRT-PCR 
  Protein strategies  
 Mass spectrometry (MALDI-TOF, SELDI) 
 2D-PAGE, DIGE 
 FISH 
 Immunohistochemistry 
 TMA, CMA, XMA 
 Multiplex ELISA 
 Multiplex Western Blot 
 Protein microarrays 
  Others  
 Epigenetics 
 Metabolomics 
 Integromics 
 Magnetic resonance spectroscopy 
 Circulating tumor cells 
 Pharmacogenomic markers 
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interest. Sanger protocols consist in a single primer extension reaction including the 
four species of dideoxynucleotides (ddNTPs) labeled with  fl uorescent dyes that 
have different emission wavelengths. The products of sequencing reactions are ana-
lyzed by electrophoresis in a capillary that will separate them by denaturalization 
allowing a single-base-pair resolution. At the end of the capillary a single wave-
length will excite the  fl uorochromes linked to the ddNTPs and then recognized by 
 fl uorescent energy software resonance transfer (FRET). Therefore, the identity of 
every nucleotide is recognized and computers algorithms will translate these signals 
to DNA sequences. These techniques have been re fi ned after introducing major 
advances in the automation of the process by using capillary electrophoresis, in the 
high-throughput implementation by being able to analyze 96–384 sequencing reac-
tions simultaneously, in template preparation, in development of ddNTP by labeling 
them with  fl uorescent dyes, in the use of engineered thermostable polymerases that 
are highly ef fi cient incorporating ddNTPs thus increasing the amount of template 
linearly, and  fi nally in the establishment of core facilities at research centers. At the 
present time Sanger capillary-based sequencers such as ABI3730XL are able to 
generate 1–2 million base-pair (bp) per 24 h with an average of 550–800 bp of read 
length and an accuracy of 99.9%  [  8,   9  ] . It has been successfully applied for cancer 
biomarker discovery even in a high-throughput context. A complete genomic land-
scape of breast, colorectal  [  10  ] , pancreatic  [  11  ] , and brain tumors  [  12  ]  has been 
published by a research group in a tremendous comprehensive effort to provide us 
with a complete overlook of the mutational spectrum behind these tumors. However, 
the application of dideoxy sequencing to mammalian-sized genomes such as those 
coming from human tumors has been restricted to large genome centers with high 
levels of technical experience, and sophisticated bioinformatic support available in 
order to handle this amount of information, so a clear distinction between real 
genomic signals and noise could be established. It is also important to bear in mind 
that the cost of these experiments is exceedingly high, so it was only achievable to 
collaborations among large research groups. Finally, another disadvantage is that 
the analogic output displayed by the Sanger protocol makes dif fi cult to identify 
those mutations coming from nonabundant cell populations within tumors. Probably 
the desire of increasing the high-throughput organization and reducing the cost have 
been the main triggers for developing a new generation of sequencing tools  [  13  ] . 

 Several biotechnology companies have established partnerships with research 
laboratories that have been the pioneers in the development of NGS. At the present 
time the principal platforms that are commercially available are 454/Roche, Solexa/
Illumina, and SOLiD/Applied. All of them are based on the concept of cyclic array 
sequencing although important differences among these platforms exist. NGS would 
be able to decrease the costs of sequencing by analyzing in a physical two-dimen-
sional array millions of distinct sequencing features at the same time. Every one of 
these features is an unknown sequence of DNA that can share the same well with 
other features because they are physically immobilized on the surface of the array. 
This sequencing process is cyclic in nature because in each cycle the identity of a 
single base position is interrogated for all features in a parallel way. Brie fl y, an enzy-
matic reaction is coupled to either light emission or  fl uorescent incorporation and is 



406 E. Vilar and J. Tabernero

 fi nally detected by imaging techniques leading a base call for all of the features after 
every cycle. Although this is the basic principle behind NGS, every platform is 
remarkably different in the two fundamental aspects: (1) the methodology used to 
generate the DNA features, and (2) the biochemistry implemented for performing 
the cyclic sequencing. In Table  17.2  we have summarized these differences between 
the main platforms and compared their performance to the Sanger method.  

 In general, the ampli fi cation approach for handling and generating the DNA fea-
tures is based on either emulsion PCR or bridge PCR. Emulsion PCR implies that 
DNA features are prepared by fragmentation of the genomic DNA and then ligated 
to adaptor sequences. Multiple PCRs of these DNA features will be performed in a 
water-in-oil emulsion located in a single PCR compartment facilitating a clonal 
ampli fi cation. Those amplicons generated in the emulsion PCR compartments are 
captured by 1  m (mu)m paramagnetic beads bearing one of the two primers (forward 
or reverse) and then all beads are recovered by immobilization on a glass substrate. 
In contrast to this in the bridge PCR approach a set of universal primers that have 
been designed to target universal adaptors are immobilized on a two-dimensional 
glass slide. So PCR reagents and DNA features are located in the aqueous phase 
where the PCR will take place and  fi nal DNA clones derived from these PCR will 
be physically retained by primers attached to the surface. The biochemistry of the 
reactions is also a differential feature between platforms. 454/Roche is taking advan-
tage of the principle of sequencing-by-synthesis based on pyrosequencing reactions, 
so addition of a single nucleotide species involves the release of a pyrophosphate 
that is detected in luciferase reaction. Solexa/Illumina use a dye terminator chemis-
try that requires a reengineered DNA polymerase and modi fi ed dye labeled nucle-
otides as substrates. SOLiD/ABI uses a ligase instead of a polymerase, so labeled 
nonamers are introduced and the identity of every position within each nonamer is 
correlated with the identity of the  fl uorochrome. Finally there is a fourth platform 
different to the three previous that follows the idea on single-molecule sequencing. 
Helicos BioSciences is the proprietary of this technology that obviates the initial 
clonal ampli fi cation of the template. Sample DNA is initially fragmented and dis-
perse in single DNA molecules thorough an array. Successive sequence cycles with 
 fl uorescent labeled nucleotides will resolve the complete sequence  [  9,   14  ] .  

   Table 17.2    Sequencing platforms   

 Platform 
 Cycle sequencing 
method 

 Ampli fi cation 
approach 

 Read 
length (bp) 

 Throughput 
(million bp/day) 

 Time/
run 

 3730XL  Polymerase  PCR  >800  1–2  3 h 
 Dye terminators 

 Roche 454 FLX  Polymerase  Emulsion PCR  400  200  10 h 
 Pyrosequencing 

 Solexa/Illumina  Polymerase  Bridge PCR  25–35  >200  2.5 day 
 Reversible dye 

terminators 
 SOLiD/ABI  Ligase  Emulsion PCR  25–35  200–300  6 day 
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   Genome-Wide Single Nucleotide Polymorphism (SNP) Arrays 

 SNPs are the most common source of genetic variation in the human genome. 
A single nucleotide change can be considered as a SNP when the frequency of the 
minor allele is higher than 1% in a population, otherwise is either a variation or a 
mutation. The International Haplotype Project (also known as HapMap Project) 
revealed the presence of limited haplotype diversity within small chromosomal seg-
ments and the tendency of all of the SNPs in these segments to be transmitted by 
blocks  [  15  ] . This concept is known as linkage disequilibrium and subsequently the 
HapMap project de fi ned the patterns of linkage disequilibrium throughout the whole 
genome  [  16  ] . This fact has had tremendous consequences in the way that whole 
genome-wide molecular epidemiology and biology studies are conducted because 
the identi fi cation of tagging SNPs in this blocks gives the opportunity to perform 
this massive genotyping projects using only the most informative SNPs. 

 For those studies focusing in SNP identi fi cation the source of DNA (genomic or 
tumor) is crucial to answer the questions proposed. Therefore, population studies 
using germ-line DNA of cases and controls from a speci fi c population will inform 
about genetic variation predisposing for cancer development. This particular design 
has reported the association of a 8q24 variant in prostate  [  17  ]  and colorectal cancer 
 [  18  ] , and has led to the identi fi cation of  MYC  as a putative responsible for this asso-
ciation in colorectal cancer  [  19  ] . In addition the combination of SNP arrays studies 
using germ-line and tumor DNA gives the opportunity to detect copy number varia-
tion (CNV) and loss of heterozygosity (LOH) even with more resolution than com-
parative genomic hybridization (CGH) arrays  [  15  ] . 

 There are two main vendors of SNP arrays technology. Although both platforms 
are involving the use of oligonucleotide probes one is spotting them on gene chips 
(Affymetrix) and the other absorbing them on beads (Illumina). In addition both 
platforms need to decrease the complexity of the genome and generate whole 
genome ampli fi ed DNA before starting the genotyping process. In general this is 
carried through sequential steps that cleave the genomic DNA using restriction 
enzymes, ligate common adaptor sequences to restriction sites and eventually extend 
these fragments using single or dual universal PCR primers able to recognize the 
adaptor sequences (in Affymetrix SNPs) or allele-speci fi c designed primers (in 
Illumina chips). This process is crucial as it allows the ampli fi cation on thousands 
of DNA fragments simultaneously  [  16  ] .Another important difference between these 
platforms strives in the hybridization technologies that they use: Affymetrix arrays 
are using an allele-speci fi c approach and Illumina a tag-speci fi c array. Affymetrix 
SNP arrays are manufactured using a photolithographic process and 40 different 
25-mer oligonucleotide probes for each SNP locus are tiled, including perfect match 
and mismatch probes. On the other side Illumina is using speci fi c oligonucleotide 
tags that are linked to particular SNPs. Therefore, Affymetrix presents a platform 
with a  fi xed set of SNPs arrayed and Illumina is more amenable for customization. 

 These platforms require the use of high-quality DNA that is obtained from fresh 
or frozen samples. Genotyping of DNA obtained from formalin  fi xed paraf fi n 
embedded (FFPE) tissue has also been reported although fewer chances exist to 
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scale up the number of SNPs at the same level of those experiments performed with 
fresh material. This is especially relevant for the study of LOH and CNV in tumors 
samples using SNPs arrays. On the contrary, germ-line DNA is easily extracted 
from fresh or frozen lymphocytes.   

   RNA Biomarkers Discovering Strategies 

   Gene Expression Pro fi ling 

 Gene expression can be assessed using many different approaches and technologies 
whose selection may depend on the ultimate goal of the researcher. Those interested 
on biomarker discovery will certainly decide to consider the use of DNA chips also 
known as DNA microarrays  [  20,   21  ] . However, other technologies are emerging 
again with renewed forces in the gene expression arena such as serial analysis of 
gene expression (SAGE)  [  22,   23  ] , which is especially true after the appearance of a 
new wave of sequencing methods. Finally, a very popular platform used to interro-
gate gene expression at a smaller scale is quantitative reverse transcriptase PCR 
(qRT-PCR) which has gained popularity to validate those biomarkers coming from 
“ fi shing expeditions” with DNA microarrays. 

 DNA microarrays will allow the determination of mRNA levels of thousands of 
genes simultaneously. The choice of using standard chips from the different com-
mercially available providers or building a custom spotted microarray in house has 
to be made depending again on scienti fi c goals, availability of resources and budget 
considerations. This large-scale platform is based on the stable characteristics that 
are ruling the chemical relations between mRNA and cDNA species. There are two 
options for designing microarray probes: full-length cDNAs and oligonucleotides. 
The  fi rst is based on our knowledge of the genome sequence that has enabled 
researchers to design primers and amplify probe sequences by PCR that will be 
subsequently printed on the array. The advantage of using long PCR products as 
probes is that they result in stronger signals. This implies an extra effort preparing 
probes, assuring their quality and also provides a poor distinction among gene fami-
lies and splice variants. The second option is short single-stranded DNA segments, 
oligonucleotides, or oligos that can be synthesized and then printed or directly syn-
thesized on a substrate (in situ synthesis). Oligos are probably the most popular 
option because are standardized, so the majority of commercial platforms are based 
on them but also researchers building their own custom in-house microarrays can 
purchase them to be printed. Oligonucleotide probes can be short (25-mer) or long 
(50 to 70-mer). Although long probes are better in terms of hybridization they offer 
poorer discrimination than short ones, which is secondary to cross-hybridization. 
Therefore, multiple independent probes that target different regions of the same 
RNA have to be incorporated in these arrays to enhance hybridization speci fi city. 
This problem has turned into an opportunity because commercial platforms will 
provide in the same array mismatch (MM) probes which are identical to perfect 
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match (PM) probes with the exception of a single base located in the middle of the 
oligonucleotide in order to measure the signal-to-noise ratio, thus controlling the 
hybridization problems at the same time. Detection systems are optimized to work 
in a single- or dual-color mode. In single color arrays one sample is hybridized per 
array and in dual-color (also known as two-channel or two-colors) two mRNA sam-
ples will be labeled with two different  fl uorescent dyes such as Cy3 (green) or Cy5 
(red). Then samples labeled with these dyes are competitively hybridized thus com-
paring transcript abundance between two different biological samples being one a 
reference sample (normal tissue) and the other an mRNA sample coming from an 
experimental setting or tumor cells. This method provides with a direct comparison 
between samples but will require complex normalization algorithms when samples 
assayed in different arrays needs to be compared. 

 Different companies are producing microarray platforms as shown in Table  17.3 . 
They have differences regarding probes format, starting amount of RNA, detection 
method and also number of genes and transcript variants that are able to assess. 
Selection of a particular platform has to be guided by the nature of the study and the 
goals. Many academic institutions have established core facilities that provide 
researchers with the opportunity not only to access these platforms from different 
companies but also to produce their own customized arrays. Therefore, the option 
of spotted cDNA is still reasonable for those researchers whose are towards a more 
restricted number of genes.  

 There are two major concerns that were raised earlier in the application of DNA 
microarrays and are still object of debate: the most optimal way to extract meaning-
ful biological conclusions from large amounts of data and how to appropriately 
establish comparisons between different experiments and laboratories. Soon after 
microarray experiments started to be a frequent approach in research projects and 
publications, a working group of experts de fi ne guidelines for the submission of 
microarray data and the minimal amount of information that have to be publicly 
available before publishing a microarray experiment (MIAME)  [  24  ] . In addition it 

   Table 17.3    Microarray platforms comparison   

 Array  Format 
 Total 
RNA ( m g)  Detection method  Sensitivity 

 No. human 
genes 

  Agilent  
 Human 1A (V2) 
 Human 1B 

 60-mer  5–50  Two-channel 
 Cy3 and Cy5 

 1:1,000,000  18,000 
 19,000 

  Amersham/Codelink  
 Human whole genome 

bioarray 

 30-mer  0.2–2  Single-channel 
 Streptavidin-Alexa 

Fluor 647 

 1:900,000  45,000 

  Affymetrix  
 Human Genome 

U133 Plus 2.0 

 25-mer  5  Single-channel 
 Streptavidin-

phycoerythrin 

 1:100,000  39,500 

  NimbleGen   24-mer  15  Single-channel 
 Streptavidin-Cy3 

  Spotted cDNA   5–10  Two-channel 
 Cy3 and Cy5 

 1:300,000  Customized 
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became obvious that statistical thresholds in microarray need to follow the concept 
of multiple test correction and multiple comparisons. Therefore, researchers 
involved in expression studies started to became familiar with Bonferroni correc-
tion to adapt the level of signi fi cance to the actual number of probes tested in every 
experiment. However, these stringent P-value cutt-offs are increasing the number of 
false negatives, so Benjamini and Hochberg introduced the concept of False 
Discovery Rate (FDR) which basically tells us how many of the selected genes from 
a pro fi le or signature could be false positives  [  25  ] . Even applying this methodology 
the reproducibility of the data from several laboratories analyzing the same biologic 
context is low and when direct comparison of signatures de fi ning the same biologic 
state are compared one realized that there is an evident lack of reproducibility  [  26  ] . 
Probably in the following years a consensus will be adopted to establish the rules 
and optimal approaches to metaanalyze expression data sets.   

   Protein Biomarkers Discovering Strategies 

 The cancer proteome refers to a collection of proteins expressed by a given cancer 
cell and this may be assessed not only by studying directly from the primary tumor 
but also from plasma and other body  fl uids such as urine, cerebrospinal  fl uid, nipple 
aspirate, pancreatic and bile  fl uids, saliva and bronchoalveolar lavage and many oth-
ers. Although at the present time genomics are at the center of the stage of biomarker 
discovery, the vast majority of biomarkers that have been approved by the US Food 
and Drug Administration are protein biomarkers such as CA-125, PSA, CA-19–9, 
CEA, and many others  [  27  ] . In addition there is a central argument to claim the 
importance of protein biomarkers over RNA-based ones related with the fact that 
some mRNA changes have low correlation with their corresponding proteins. This 
may be the re fl ection of cotranslational and posttranscriptional events, protein-pro-
tein interactions and differences in the distribution among cellular compartments 
 [  28  ] . There are two main strategies for studying the proteome: targeted and untar-
geted. In targeted techniques the proteins studied are previously known and experi-
ments are designed for assessing a number of protein analytes determined a priori. 
Examples of targeted techniques are protein microarrays, tissue microarrays and 
multiplex western blots. On the contrary untargeted approaches are meant for iden-
tifying a relative low number of novel and unknown proteins that exhibit differences 
in abundance between tumor and normal tissues or different tumor subtypes. 
Untargeted technologies include two-dimensional polyacrylamide gel electrophore-
sis (2D-PAGE) and different methods based on mass spectrometry (MS)  [  29  ] . 

 The technology involved in proteomic studies has greatly evolved in the last 
years. 2D-PAGE was the  fi rst tool introduced in this  fi eld and generates proteins 
maps based on the use of immobilize pH gel gradients to separate them  fi rstly by 
isoelectric points, followed by sodium dodecyl sulphate polyacrylamide electropho-
resis to perform a second separation by molecular weights. A map of hundreds of 
spots where everyone represents different proteins, different isoforms of the same 
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protein or posttranscriptional variants help to identify these spots using MS  [  30  ] . 
The drawbacks of this technique are related with the fact that it requires a large 
amount of starting material, has low sensitivity for less-abundant proteins, has a 
relatively complex and time-consuming protocol, and  fi nally has dif fi culties to 
resolve hydrophobic, very large, and very small proteins  [  30,   31  ] . Differential in-gel 
electrophoresis (DIGE) represents a step further in the development of 2D-PAGE 
and is essentially based on labeling protein extracts with  fl uorescent dyes. It is phys-
ically resolved in the same way as 2D-PAGE but after scanning the gel a map with 
dots of different colors corresponding to each labeled protein pool can be compared 
for assessing differences, thus improving its sensitivity, reproducibility and quanti-
tative resolution. The second wave of proteomic technologies has brought the pos-
sibility to implement high-throughput dynamics to the  fi eld. Matrix-assisted laser 
desorption ionization (MALDI) coupled to a time-of- fl ight (TOF) mass spectrom-
eter and its more re fi ned version named surface-enhanced laser desorption and ion-
ization (SELDI) TOF are the principal techniques. In brief, SELDI-TOF starts with 
a sample of unfractioned proteins that is applied to the surface of a protein-binding 
chip. Then the chip is rinsed in order to remove the unbound proteins and subse-
quently the bound proteins are treated with a chemical compound that absorbs laser 
energy and transfers it to molecules present in the sample protonating and ionizing 
them. Then the chip is introduced in a vacuum chamber, irradiated with a laser 
launching the proteins as charged ions that will be detected by an electrode. 
Molecular weights are calculated based on their time of  fl ight and the identi fi cation 
of peptides or proteins is based on matches with theoretical spectra obtained from 
publicly available protein databases. An obvious advantage of this technique is that 
is high-throughput and the amount of starting material is much more reduced com-
pared to 2D-PAGE. However, it requires extensive upfront fractionation of protein 
mixtures and puri fi cation to obtain absolute protein quanti fi cation  [  30,   31  ] . DIGE 
and SELDI-TOF are able to generate a protein pro fi le from a tumor cell or tissue in 
comparison with normal samples or other tumor subtype counterparts. 

 The majority of the time subsequent proteomic studies require further detailed 
analyses of protein to protein interactions and dynamics within a pathway. In this 
context the most appropriate platforms are targeted proteomic studies such as pro-
tein microarrays. Protein microarrays allow combining the quanti fi cation of several 
proteins from the same pathway and also different cellular subsets from the same 
tissue or different tissues simultaneously. Basically a protein microarray is a minia-
turized ligand-binding assay where antibodies are captured and immobilize in a 
membrane. Then lysates are hybridized to the array providing a way to quantify and 
interpret signals associated. 

 Finally, tissue microarrays (TMA) will represent the latest technical step in vali-
dating protein biomarkers that have been suggested from mRNA or proteomic 
pro fi ling. TMA is a technology that displays arrayed histopathology samples coming 
from tissues or cell lines on a single microscope slide  [  32  ] . The most common source 
of tissue is FFPE samples, but also arrays including panels of well-established cell 
lines as the panel of the NCI60 (cell line microarray, CMA), xenografts (xenograft 
microarray, XMA), and fresh frozen samples have been reported previously. 
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The integration of cell lines in TMAs provides with the possibility to introduce 
 positive and negative controls. XMA is a strong platform to integrate the discovery 
and validation process of candidate biomarkers earlier in the drug development set-
ting. TMA has been frequently applied to validation studies, especially to assess the 
expression of candidate biomarkers derived from gene expression arrays. However, 
it is starting to be implemented in the discovery step as this resource combined with 
automated quanti fi cation instruments are becoming more available 

 TMA are frequently generated from FFPE. Therefore, large pathologic reposito-
ries of tumor samples with high quality clinical annotation and long follow up could 
be used for validation studies. It is also possible to construct TMAs from frozen 
samples, although the technical complexity of using a cryostat has limited its appli-
cation. TMAs are able to combine 40–800 samples in the same slide allowing to 
multiplex the detection of different biomarkers at the same. This fact also has impli-
cations related with standardization of antibody concentrations and processing of 
samples, so TMA are reducing the variability observed in former large pathologic 
studies due to batch effects. Initially samples have to be inspected by an expert 
pathologist to determine which areas of interest from the tissue block will be 
included in the TMA. Then cores of tissue are extracted from a donor paraf fi n block 
and placed in a recipient paraf fi n block. This block is subsequently sectioned on a 
microtome generating a tissue slide. Therefore, a complete and correct annotation 
of the samples arrayed is essential for a successful interpretation. Finally, a major 
challenge for pathologist has been generating an accurate quanti fi cation of a marker 
from TMA histospots that can be correlated with expression values in a continuous 
scale. Automated systems recently developed such as the AQUA platform that uses 
multicolor immuno fl uorescent histochemistry generates a value for histospot that is 
being stained. A critical point in the automated reading of TMAs is that antibody 
titers could have profound effects on the association between the expression of a 
biomarker and a clinical outcome. This resource will improve the interpretation and 
the application of immunohistochemistry to larger cohort of samples. 

 TMA technology has several major advantages  [  33  ] . First, TMAs provide a pro-
spective assessment of hundreds of samples at the same time as pathologists select 
representative tumor areas without an a priori knowledge of the distribution of the 
staining or antibodies that will be used later. Second, this technology is high-
throughput, so a large number of samples can be handled and assayed simultane-
ously. Third, the reduction of variability and the increase of reproducibility are 
notorious; all samples are probed against antibodies or other hybridization methods 
at the same time using the same concentrations and sharing the exact same experi-
mental setting. Likewise, visualization of staining, results and data recording are 
performed in parallel. Fourth, this process allows multiple validation studies com-
ing from the same TMA, thus saving time and reducing costs compared to the same 
study performed with conventional whole-sections. This technology obviously has 
several pitfalls. TMAs depend largely in the quality of the tissue of origin, so factors 
such as sample processing, storage and retrieval of tissues are important. Other 
weakness depend on the use of appropriated validated antibodies, the establishment 
of standard laboratory procedures for handling TMAs and appropriately trained per-
sonnel with technical skills required to built the TMAs. 
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 Finally, MALDI-TOF and these related techniques have been mainly applied to 
the study of peptides or proteins. However, recently it has also been implemented to 
study nucleic acids. This has been possible due to the improvement in sample prepa-
ration procedures that avoid the formation of adducts in the negatively charged 
backbone structure of nucleic acids. In addition, implementation of these techniques 
using a high-throughput power fl ow has leaded to commercial development and 
increasing interest among the scienti fi c community, There are commercial platforms 
based on this principle such as Sequenom that are now enabling researchers to per-
form SNP genotyping, DNA sequencing, gene expression studies and microsatellite 
analysis using the same resource  [  34  ]  (a complete description on the technical 
aspects behind these platforms can be found in ref.  [  34  ] ).   

   Integration of Data Generated from Different Experimental 
Platforms: The Challenge for Bioinformatics 

 All of these technological advances would not have impacted so decisively in the 
molecular biology of cancer without the concurrent development of bioinformatic 
tools and also without the appearance of a new discipline called integromics. Tumor 
samples can now be characterized for changes in gene expression and CNVs, the 
presence of SNP variants, and for comprehensive mutational panel. The future of 
cancer biology rests on the integration of all these layers of information in an ade-
quate way and the development of tools to mine this vast amount of information. 

 The  fi rst example about how to mine information successfully appeared after the 
generalization of expression array studies. It was obvious since the beginning that 
mRNA expression arrays were dealing with a large amount of expression informa-
tion generated from a relative low number of samples  [  26  ] . A part from the chal-
lenges behind a correct biostatistical interpretation that we have outlined previously, 
it is also notorious the fact that simple observation of upregulated and downregu-
lated probes do not provide enough insights about the identi fi cation of deregulated 
pathway in tumor subtypes or phenotypes. Therefore, systems biology tools such as 
gene set enrichment analysis (GSEA) enable us to cross-match this information 
with data describing the behavior of protein “actors” in different pathways  [  35  ]  and 
also providing a quanti fi cation of the level of con fi dence of these assessment. In 
addition a huge effort updating the annotation of the pathways deposited in public 
repositories has been recently accomplished. Therefore, public databases like GO, 
KEGG, Biocarta, and others have been improved with new entries and documented 
more solidly to verify the information provided by them. All together has helped to 
reinforce the process of pathway analysis  [  36  ] . 

 There are many other systems biology tools that have appeared on the scene. Here 
we highlight the “Connectivity Map” because it is a resource that may be important 
in developmental therapeutics. Brie fl y it helps to relate the expression data from cell 
lines treated with more than 1,500 compounds with gene pro fi les de fi ning a tumor 
subtype, phenotype, or other query signature using the GSEA  [  37  ] . We are now start-
ing to see new studies arising based on this tools that have successfully identi fi ed 
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pathways and new drugs to be investigated in new tumor contexts. One example is 
the development of a clinical trial assessing the effect of Cytarabine in Ewing 
Sarcoma patients based on the results obtained from the application of the principle 
of the “Connectivity Map.” Cytarabine was found to modulate in vitro the expres-
sion patterns of the EWS/FLI1 fusion protein which is present in approximately 95% 
of Ewing Sarcoma cases  [  38  ] . Although the phase I/II based on this  fi nding was 
negative, it represents the  fi rst fast transition of a concept derived from the integra-
tion of expression data in silico to in vitro/in vivo and then to clinical investigation 
 [  39  ] . Also it remind us that more work needs to be done before  fi nding the best way 
to interpret and apply gene expression data strati fi ed by molecular tumor subtype to 
the  fi eld of developmental therapeutics. Other platform that is able to relate gene 
expression information in order to discover new relations between tumor subtypes 
and targeted therapies or between tumor subtypes and new mutational events that 
may be mechanistically related is the Oncomine platform  [  40  ] . This systems biology 
tools has been developed by the group led by Arul Chinnaiyan at the University of 
Michigan which has also pioneered the discovery of protein fusions in epithelial 
tumors. Starting from the study of gene outliers in expression data and developing 
algorithms in silico to  fi nd candidate genes to be rearranged, this group identi fi ed 
successfully protein fusions in prostate cancer such as those between  TMPRSS2  and 
 ERG  or  ETV1   [  41  ] . The initial bioinformatic approach was further validated by using 
other techniques such as FISH and qPCR. This study has revitalized the search of 
protein fusions in epithelial cancers and it is a demonstration that chromosomal 
aberrations could be a major genetic event in solid tumors  [  42  ] . In addition this 
example illustrate how bioinformatic data is useful for hypothesis generation and 
how validation studies are performed with technologies that are different to the ones 
used in the discovery step.  

   Conclusions 

 Despite of the increasing number of biomarker studies published in the literature in 
the last years very few of them have been approved by the FDA  [  27  ] . This concept 
has been called the “biomarker paradox” and gives a clear picture of the current 
situation of research in this  fi eld: a highly active research community with poor 
translation in the clinical arena. Furthermore as we have detailed in Table  17.1  many 
new molecular biology tools have been developed and may be the source for new 
biomarker studies such as epigenetics, metabolomics, circulating tumor cells and 
pharmacogenomic markers. Therefore, a more profound knowledge of discovery 
techniques by clinical investigators may help to develop new studies to be per-
formed in parallel to drug development initiatives. This fact is especially relevant 
for clinical investigation in oncology where molecular subclassi fi cation is demon-
strating everyday that better selection of patients may render improvements in 
 survival for patients. This concept constitutes the “pharmaceutical industry night-
mare” which restricts the number of patients that are being treated with a drug to 
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only those that will derive a clear bene fi t based on new predictive biomarkers  [  28  ] . 
The level of technical complexity of these technologies is substantially high, so 
clinicians need to collaborate closely with molecular biologists involved in these 
 fi eld and have clear idea of the biology principles behind every of these tools. In 
addition, large-scale arrays need to be complemented with complex bioinformatics 
development to distinguish those candidates among thousands of signals. Therefore, 
an exciting future is now open in the biomarker discovery arena with many chal-
lenges but also opportunities in the horizon.      
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   Background 

 Drug discovery and development in medical oncology is a process that was developed 
primarily for traditional cytotoxic agents that have formed the backbone of systemic 
cancer therapies for several decades. It is based on the premise that more is better, 
at least in terms of antineoplastic effect, and therefore toxicity is the factor setting 
the ceiling on administrable dose. 

 The process deserves more detailed explanation because it is still the framework 
that is used as a standard even though the playing  fi eld has shifted somewhat. Drug 
discovery begins with the identi fi cation and assessment of lead compounds from a 
larger pool of candidates. This laboratory phase is based on physiological and phar-
macological parameters. Preclinical evaluation then follows in studies conducted in 
cell lines and animal models, including toxicity studies, in an attempt to match as 
closely as possible the conditions to be encountered when the drug enters human 
trials. Unfortunately, despite best intentions, these models are not a perfect  fi t and 
often interspecies differences can lead to unexpected or idiosyncratic reactions. 

 A compound that ticks all the necessary boxes through the discovery process 
progresses to clinical evaluation in human subjects. This typically involves three 
core phases. Phase I trials seek to answer the question “is the drug safe.” The primary 
objectives are to determine the maximum tolerated dose (MTD), the dose limiting 
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toxicities (DLTs) and the recommended phase II dose (RP2D). Phase II trials seek 
to answer the question “does the drug work.” The primary objective is to show pre-
liminary antitumor activity, together with ongoing safety analyses. Phase III trials 
seek to answer the question “does the drug perform better than the current standard-
of-care.” The primary objective is to demonstrate an improvement in a prede fi ned 
survival parameter when compared to what is considered to be the current gold 
standard. If this can be objectively shown, then application for drug registration is 
submitted with the intention of achieving regulatory approval by the relevant gov-
ernment bodies, otherwise known as the approval phase. Postmarketing surveil-
lance, a less stringently de fi ned phase IV, exists to monitor for and report any rare 
but important toxicities that may have gone undetected during the initial three 
phases of clinical development.  

   Flaws in the System 

 This process of sequential phases is lengthy, costly and inef fi cient. At the start of 
this decade, the mean clinical and approval phase length for all small molecule 
drugs approved in the United States (US) was 82 months (having peaked in the late 
1980s at 122 months), with antineoplastic agents amongst the slowest  [  1  ] . This is 
not taking into consideration the discovery and preclinical phases that invariably 
add many more years to the duration, implying a total requirement of some 
8–12 years. Monetary costs are also high. It has been estimated that approximately 
US$700–1,700 million is required to complete a drug development program  [  2  ] . 

 Signi fi cant investment of time and resources is readily justi fi ed from an industry 
perspective when returns are adequate and secure. A major dif fi culty in drug discov-
ery is the inef fi ciency and hence risk inherent to the process. The US Food and Drug 
Administration (FDA) estimated that the likelihood of a new compound entering 
phase I clinical evaluation has only an 8% chance of reaching the market  [  3  ] . This 
compares with 14% in 1985. In other words, despite all our innovations and 
advances, the success rate for drug approval in no greater now than 25 years ago. 
Other analyses are similarly disappointing. The success rates for compounds pass-
ing from  fi rst-in-man studies to registration during 1991–2000 for ten big pharma-
ceutical companies in the US and Europe was 11% for all therapeutic areas  [  4  ] . 
Attrition rates in oncology were particularly poor with a miserly success rate of 5%. 
Failure occurred at all stages of development. Attrition of compounds entering 
phase I and II assessment in oncology is approximately 60% and more than 70%, 
respectively. Even in the more advanced settings these  fi gures are disturbingly high. 
Of new compounds entering phase III, 45% overall and 59% in oncology fail. And 
for drugs successfully completing all three phases of clinical development, a stag-
gering 23% overall and 30% in oncology fail to be registered, despite the invest-
ment of the magnitude previously described by the sponsoring companies. 
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 These unsettling  fi gures beg an important question: why are the attrition rates so 
high? In the early 1990s, the primary causes for drug failure centered on adverse 
pharmacokinetics (PK) and bioavailability results (~40%). Recognition of these 
problems allowed effective solutions—by 2000 they accounted for less than 10%. 
The major causes of the last 10 years have been lack of ef fi cacy (30%) and safety 
issues (30%)  [  4  ] . Another important consideration is the type of agents entering 
development, which in recent times has re fl ected the rise of targeted therapies.  

   Targeted Therapies 

 Targeted therapies are drugs or other substances that block the growth and spread of 
cancer by interfering with speci fi c molecules involved in tumor growth and pro-
gression. We now have a far more advanced understanding of the complex cellular 
biology of cancer and the multiple signaling pathways that play a crucial role in the 
malignant process. This enables the identi fi cation of key switches or nodes, poten-
tially druggable, in pathways contributing to traits considered the hallmarks of can-
cer. Often these are either not present in normal cells or are altered or functioning at 
a subnormal or supranormal level. By exploiting such differences between malig-
nant and nonmalignant cells, targeted therapies seek to maximize bene fi ts whilst 
minimizing toxicities. This contrasts with the more traditional cytotoxic chemo-
therapy that damages DNA and therefore nonspeci fi cally targets all dividing cells, 
narrows the therapeutic index, and increases the side effect pro fi le. 

 Though the use of targeted agents is not new, there is an undoubted boom in 
research and development that has been and continues to be invested in this arena. 
Categories include tyrosine kinase inhibitors, small molecules, monoclonal anti-
bodies, and antisense oligonucleotides, amongst others. A number of these have 
now found their place in the therapeutic armamentarium available to the medical 
oncologist (see Table  18.1 ).  

 But despite all their promise, few novel agents have achieved registration to date. 
One study examined the likelihood of transition through the various stages of devel-
opment for 137 kinase inhibitors for use in oncology over the period 1995–2007  [  5  ] . 
The probability rates were 0.80, 0.69 and 0.85 for phase I–II, phase II–III, and phase 
III-market, indicating a 53% overall attrition rate. This compared favorably to the 
total cohort of 974 oncology drugs (attrition rate 82%), but clearly leaves consider-
able room for improvement. This study also demonstrated that kinase inhibitors had 
improved timelines, reaching the market about 21 months faster. The causes sug-
gested for these improvements with kinase inhibitors related to clinical trial design, 
patient strati fi cation, representative animal models and the use of biomarkers. However, 
targeted agents not classi fi ed as kinase inhibitors were not included in this analysis. 
Irrespective, it demonstrates how new classes of drugs with novel mechanisms-of-
action can impact the drug development process. The next question is how.  
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   Reducing Attrition 

 Other than questioning why attrition rates are so high, the other key concern is how 
to reduce failure rates in oncology drug development. Each step of the process has 
potential for improvements. But ideally, weeding out the good from the bad earlier 
rather than later will be of greater bene fi t. 

 In the discovery phase focused in the laboratory, we need to demonstrate strong 
proof-of-concept (PoC). Speci fi cally, the intended target must be demonstrable, 
shown to be relevant to the signaling pathway of interest, and the tumor needs a 
degree of dependency upon the target. If pathway crosstalk and feedback exists then 
pharmacological inhibition of a redundant target is likely to be ineffective. In the 
transition from the basic science to preclinical phases of development, early attempts 

   Table 18.1    Targeted therapies approved for clinical use*   

 Drug  Type of agents  Target/s  Indication 

 Cetuximab  Monoclonal antibody  EGFR  Metastatic CRC, SCCHN 
 Panitumumab  Monoclonal antibody  EGFR  Metastatic CRC 
 Erlotinib  Tyrosine kinase inhibitor  EGFR  Advanced NSCLC, 

advanced pancreatic 
cancer 

 Ge fi tinib  Tyrosine kinase inhibitor  EGFR  Advanced NSCLC a  
 Trastuzumab  Monoclonal antibody  HER2  Breast cancer 
 Lapatanib  Tyrosine kinase inhibitor  EGFR, HER2  Advanced breast cancer 
 Bevacizumab  Monoclonal antibody  VEGF  Metastatic CRC, advanced 

NSCLC, metastatic 
breast cancer, metastatic 
RCC, glioblastoma b  

 Rituximab  Monoclonal antibody  CD20  NHL, CLL a  
 Imatinib  Tyrosine kinase inhibitor  KIT, BCR-ABL, PDGFR  GIST, Ph + CML, Ph + ALL 
 Sunitinib  Tyrosine kinase inhibitor  VEGFR 1,2,3, PDGFR 

 a (alpha)/ b (beta), 
KIT, FLT-3, RET 

 GIST, advanced RCC 

 Sorafenib  Tyrosine kinase inhibitor  CRAF, BRAF, VEGFR 
1,2,3, KIT, FLT-3, 
PDGFR b (beta), RET 

 Advanced RCC, 
unresectable HCC 

 Temsirolimus  Small molecule  mTOR  Advanced RCC 
 Everolimus  Small molecule  mTOR  Advanced RCC b  
 Dasatinib  Tyrosine kinase inhibitor  BCR-ABL, SRC family, 

KIT, PDGFR b (beta) 
 Ph + CML, Ph + ALL 

 Bortezomib  Small molecule  26S Proteasome  Multiple myeloma, mantle 
cell lymphoma b  

 Alemtuzumab  Monoclonal antibody  CD52  B-CLL 

   a only EMEA 
  b only FDA
CRC - colorectal cancer, SCCHN - squamous cell cancer of the head and neck, NSCLC - non-small cell 
lung cancer, RCC- renal cell carncimona, NHL - non-Hodgkins lymphoma, CLL - chronic lymphocytic 
leukemia, GIST - gastrointestinal stromal tumor, Ph+ - Philadelphia chromosome (bcr-abl) positive, 
HCC - hepatocellular carcinoma
*Approvals as of late 2009  
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to identify potential toxicity are important. This can involve techniques such as gene 
knockouts and RNA interference to assess to impact on the health of cells, and pre-
clinical toxicology studies are imperative prior to human testing. For improved 
physiologic relevance, the animal models chosen to study tumor biology and drug 
ef fi cacy need to be as representative as possible. Despite their relative ease, xeno-
graft models provide a comparatively arti fi cial platform. Though more time-
consuming and technically challenging, genetic animal models (transgenic or 
knockout animals) are an improvement. Unfortunately, oncology is one of the areas 
where animal models of ef fi cacy are notoriously unpredictable  [  6  ] . 

 In an attempt to overcome some of the limitations of animal models, recently 
designated phase 0 trials have emerged. Otherwise known as human microdosing 
studies, these exploratory,  fi rst-in-man studies are intended to speed up the develop-
ment process by establishing very early on whether the new agent behaves in human 
subjects as was expected from animal studies. Phase 0 studies involve the administra-
tion of a single subtherapeutic dose to a limited number of patients. Endpoints include 
extensive agent characterization, especially PK parameters, and target-assay devel-
opment, including molecular imaging studies. They give no data on safety or ef fi cacy, 
being by de fi nition a dose too low to cause therapeutic effect. Such studies may be 
carried out to rank promising new candidate molecules according to those which 
have the best PK pro fi les in humans. They therefore enable go/no-go decisions based 
on relevant human models instead of relying on inconsistent animal data  [  7  ] . 

 Biomarkers are also playing an increasing role as new drugs under investigation 
enter the early phases of clinical development. Biomarker objectives include assist-
ing in PoC and dosing issues in phase I, and in target population selection in phase 
I and II (discussed below). The large and costly phase III studies need appropriate 
designs, including relevant statistical considerations, prior to initiation. And early 
discontinuation of development for commercial reasons must also be factored into 
this complex equation. We will now turn our attention to biomarkers.  

   Biomarkers 

 The US National Institutes of Health Biomarkers De fi nitions Working Group 
de fi ned a biomarker as “a characteristic that is objectively measured and evaluated 
as an indicator of normal biological processes, pathogenic processes, or pharmaco-
logic responses to a therapeutic intervention”  [  8  ] . This broad de fi nition provides a 
starting point but little framework for practical use. Subtypes of biomarkers are 
therefore described to improve utility and clarity. These are not mutually exclusive 
as any given biomarker can serve multiple purposes simultaneously. They can be 
de fi ned as prognostic, predictive/resistance, pharmacodynamic (PD) and surrogate 
biomarkers (summarized in Table  18.2 ).  

 Prognostic biomarkers are implicated in mechanisms of disease causality or the 
oncologic process, such as the risk of developing a disease, its spread or aggressive-
ness, or survival rates. They are usually not modulated or in fl uenced by treatment 
intervention. Predictive biomarkers predict the ef fi cacy (or lack thereof for the case 
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of resistance biomarkers) of a particular treatment in a given clinical scenario. They 
thus can improve patient selection for a treatment based on the likelihood of bene fi t 
or alternatively minimize the chance of a patient being exposed to toxicities when 
there is little chance the therapy will be of value. In addition, the capacity to predict 
can also refer to toxicities, in which case a drug may either be withheld or adminis-
tered at a reduced dose (without insinuating that the individual is resistant). 
Pharmacodynamic (PD) biomarkers are markers of drug effect. They imply assess-
ment prior to and following an intervention to detect a change from baseline. They 
characterize molecular and functional effects of a drug. A correlation with clinical 
activity is not implied. Surrogate markers similarly demonstrate treatment modula-
tion but in nontumor tissue. If a strong correlation between PD effects in the tumor 
and surrogate material can be shown then the latter may serve as an effective alterna-
tive to monitor for drug effect. As for PD biomarkers, a relation between surrogate 
markers and clinical endpoints is not necessarily found but this is the ultimate goal. 

 Current techniques employed to identify potential biomarkers are enormous and 
varied. They can assess chromosomes (cytogenetics), DNA (direct sequencing), 
RNA (gene expression signatures generated using high throughput microarray 
analyses), and proteins (proteomics, crystallography, immunohistochemistry). 
Whereas these biomarkers look at speci fi c changes at a cellular or molecular level, 
imaging techniques can be considered to evaluate a more physiological composite 
endpoint (positron emission tomography (PET) scans and dynamic magnetic reso-
nance imaging are examples). Finally, clinical endpoints are also potentially useful 
as biomarkers. 

 Criteria that make a biomarker valuable include a sound scienti fi c base such that 
it is mechanistically understood, can be measured reproducibly with high sensitivity 
and speci fi city in the desired tissue type, and has a clinically relevant impact on 
treatment or outcomes. In oncology, there have been a few important wins that serve 
to illustrate their desired utility and lead to considerable optimism for their use. The 
earliest example extends back 30 years to the biochemical detection of the estrogen 
receptor (ER) on breast tumors; assessment of hormone receptor status has long 
since been an integral part of the pathologic description of this type of cancer as it is 
the primary determinant for response to tamoxifen and other hormonal treatments. 
Similarly in breast cancer, measurement of the HER2 status (also known as erbB2) 

   Table 18.2    Types of biomarkers and their functions   

 Type  Function 

 Pharmacodynamic  Target inhibition, cellular effects 
 Evaluate MoA 
 PK/PD modelling: schedule/dose 
 OBD 

 Surrogate  Registrational endpoints 
 Prognostic  Predicts course of disease independent of treatment 
 Predictive  Identi fi cation of patients likely to respond 

 Identi fi cation of patients likely to suffer adverse events 
 Resistance  Identi fi cation of patients with resistance: primary or acquired 

   MoA  mechanism of action,  PK  pharmacokinetic,  PD  pharmacodynamic,  OBD  optimal biologic 
dose  
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by immunohistochemistry or in situ hybridization techniques is routine, as positivity 
predicts for response to anti-HER2 therapies such as the monoclonal antibody 
 trastuzumab. In chronic myeloid leukemia, demonstration of the Philadelphia chro-
mosome (cytogenetics) or BCR-ABL (quantitative real time polymerase chain reac-
tion) predicts for response to imatinib mesylate, a potent and speci fi c inhibitor of the 
bcr-abl tyrosine kinase. PET scans are now employed as a PD biomarker of response 
in lymphoma, such that a failure to achieve a complete metabolic response can result 
in a change of therapy. And most recently, determination of KRAS status, in particu-
lar codon 12 and 13 mutations, has been recommended prior to initiation of mono-
clonal antibodies targeting EGFR (cetuximab, panitumumab) in metastatic colorectal 
cancer, as the presence of mutations predicts for resistance to these therapies. 

 On face value, these examples afford much reason for optimism and support for 
the use of biomarkers in drug development. After all, they have had a permanent 
impact on treatment decisions for these disease entities that ultimately translates 
into patient bene fi ts. In reality, the road to successful biomarker identi fi cation, vali-
dation, and implementation is fraught with dif fi culties and uncertainties.  

   The Biomarker Hypothesis 

 The theory is that early investment (phase I–II) in biomarkers will accelerate devel-
opment time lines and reduce costs for novel agents entering the system. It will 
increase the probability of registrational success through increased scienti fi c under-
standing of the drug, target and pathway by demonstrating proof of mechanism-of-
action, proof of mechanism-of-resistance (primary and secondary), and by PD 
exploration to assist in choosing the right schedule and dose. Additionally, it will 
permit focused clinical studies with higher probability of establishing bene fi t 
through adaptive study designs and prospective screening of patients for enrolment. 
But taking this theory further, it suggests that effective use of biomarkers can assist 
those involved in drug development to make go/no-go decisions. In other words, 
biomarkers can lead to early rational choices as to the value of pursuing a drug 
along its maturation process or admitting defeat where an agent is destined to fail. 

 So are biomarkers indeed assisting us with such go/no go decisions? Goulart 
et al. performed a comprehensive assessment of the trends in biomarker usage in 
phase I trials  [  9  ] . Of all phase I abstracts submitted during the period 1991–2002 to 
the American Society of Clinical Oncology (ASCO), 20% (503 of 2,458) included 
biomarker studies, a proportion that signi fi cantly increased over time. The strongest 
determinant for inclusion of biomarker studies was drug class, with trials of targeted 
therapies far more likely to incorporate these elements than those of cytotoxic treat-
ments. Of these abstracts, only the 87 that were subsequently published as peer-
reviewed articles were subject to further scrutiny. The authors found that biomarker 
studies contributed to dose selection and schedule selection for phase II studies in 
13 and 8%, respectively. However, in 86 of the 87 trials, endpoints for safety/toxic-
ity (MTDs, DLTs) and ef fi cacy (responses) were the de fi ning factors for dose and 
schedule selection. Therefore, in only one study was information from biomarkers 
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used directly to reach these goals. Additionally, in 39% of trials the biomarkers 
provided evidence of mechanism-of-action, in 13% they were used to select a 
patient population for phase I enrolment and in 19% they were considered to be 
potentially useful for selecting a patient population for subsequent studies. 

 Though this study does not include studies beyond 2002, a period in which bio-
marker usage has continued to rise, and the authors de fi nition of biomarkers is 
tighter than the standard (where clinical criteria are included), the  fi ndings provide 
some initial insights in that we are not hitting the mark with biomarkers as optimally 
as desired.  

   Functions of Biomarker Use 

   Mechanism of Action 

 It would appear logical that providing evidence that a drug is performing its intended 
function on a molecular level is a basic requirement; should it fail to do so, a “no go” 
decision would be imminent. However, this is based on the assumption that we truly 
understand the target and the pathway and thus effects that any pharmacological 
intervention would incur. 

 Unfortunately, for all our progress, our knowledge is far from complete. In addi-
tion, mechanistic proof of drug action can be dif fi cult to convincingly determine. 
Consider the epidermal growth factor (EGFR), a target rationally selected for use in 
colorectal cancer based on sound preclinical data relating to its role in tumorigensis 
and its association with aggressive disease and poor prognosis. Many trials of anti-
EGFR antibodies therefore used EGFR positivity by immunohistochemistry (IHC) 
as a criterion for patient selection. However, it has been consistently reported from 
clinical studies that EGFR protein expression levels by IHC correlate poorly with 
response to these antibodies  [  10,   11  ] . Others have demonstrated clinical response 
rates of up to 25% in patients whose tumors do not express EGFR by IHC  [  12  ] . 
Therefore, should signal have been weak in early studies, this may have led to pre-
mature and inappropriate curtailment of development. Results were strong enough 
to achieve registration; however, drugs such as cetuximab are likely being withheld 
in patients who could still bene fi t. 

 Subsequent research points to other biomarkers, such as  KRAS  and  BRAF  gene 
status as well as the expression levels of some of the naturally occurring EGFR 
ligands, as genuine predictors of response or resistance  [  13–  15  ] . To understand this, 
consider that under normal circumstances, the membrane-bound EGFR is activated 
by endogenous ligands, signaling sequentially through RAS to RAF, which passes 
signal to MEK and ultimately to ERK, which enters the nucleus to activated transcrip-
tion factors, altering the regulation of key genes. The EGFR monoclonal antibodies 
cetuximab and panitumumab target the extracellular domain of the receptor tyrosine 
kinase. In the presence of mutations affecting downstream RAS or RAF, these 
 elements become constitutively activated, implying ongoing signal transduction 
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 irrespective of pharmacological inhibition of the upstream receptor. This improved 
understanding has been practice changing. 

 Targeting EGFR has run into similar uncertainties with the use of tyrosine kinase 
inhibitors, speci fi cally erlotinib and ge fi tinib, in non-small-cell lung cancer 
(NSCLC). EGFR is a critical tumorigenic factor in the development and progres-
sion of NSCLC and is overexpressed in a majority of patients with this cancer. 
However, in studies of unselected patients the overall response rate is only about 
10%  [  16  ] . Certain characteristics have been associated with higher response rates, 
in particular female patients, non-smokers, East Asian ethnicity and adenocarci-
noma histology. It was subsequently determined that two activating mutations (dele-
tion in exon 19 and L858R substitution) have a striking correlation with EGFR-TKI 
sensitivity. They are also more commonly detected in patients with the characteris-
tics described above. Prospective phase II studies con fi rmed clinical bene fi t rates of 
about 90% when patients were selected based on the presence of these mutations 
 [  17,   18  ] . More recently, phase III data have demonstrated superior progression free 
survival with ge fi tinib over chemotherapy for the  fi rst-line treatment of NSCLC 
when patients entered were nonsmokers or light ex-smokers with adenocarcinoma, 
with even more striking bene fi ts for those with EGFR activating mutations  [  19  ] . 
This improved understanding of the mechanism of action (MoA) of these agents has 
led to the European Medical Agency (EMEA) to approve ge fi tinib for use in locally 
advanced or metastatic NSCLC with activating mutations of EGFR. 

 In both of these examples—monoclonal antibodies and TKIs targeting EGFR—
ongoing translational research efforts have continued to enlighten us about impor-
tant mechanistic details. This highly credible work has ultimately led to better 
patient selection and improved outcomes.  

   Proof of Concept 

 Biomarkers can also be used to demonstrate PoC in cases where new drugs or drug 
classes are administered in new clinical settings to provide evidence of the desired 
biologic consequence or activity, not only to reassure investigators but also to pro-
vide impetus to the development process. It does not imply ascertainment of, but 
can be associated with, MoA. In common with MoA biomarkers, they principally 
fall into the PD biomarker category. 

 Despite preclinical support for targeting the mammalian target of rapamycin 
(mTOR) as cancer therapy, monotherapy with mTOR inhibitors has not reaped the 
expected rewards. Based on laboratory work indicating that tumors with functional 
loss of the tumor suppressor PTEN should be sensitized to mTOR inhibition, a PoC 
study was designed to demonstrate activity of rapamycin in PTEN null glioblasto-
mas  [  20  ] . Paired tumor samples were obtained pre- and post-treatment. They found 
reduced tumor cell proliferation, the magnitude of which was associated with the 
degree of mTOR inhibition (measured by levels of activation of the downstream 
biomarker S6 ribosomal protein) more so than PK parameters. Increased activation 
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of the upstream biomarker Akt (due to the loss of negative feedback) was seen in 
about half of the patients; this was associated with a signi fi cantly shorter time to 
progression. Thus biomarker studies contributed to demonstrating activity of this 
agent and to the recommendation that mTOR inhibition could be combined with 
agents targeting upstream elements to prevent potentially undesirable effects of 
feedback loops. 

 A phase I study of AZD0530, an oral potent inhibitor of Src kinase, likewise 
sought to demonstrate PoC  [  21  ] . The PD biomarkers pFAK and p-paxillin were 
selected because their phosphorylation by Src is critical for the migratory pheno-
type typically induced by pathway activity and had previously been seen in preclini-
cal models. With the demonstration that these biomarkers were inhibited in tumor 
tissue following AZD0530 administration, the authors concluded that inhibition of 
Src activity had been effectively shown in human cancers for the  fi rst time.  

   Dose and Schedule Selection 

 Dose and schedule selection are typical study objectives from phase I trials. They 
are traditionally linked to the MTD and safety data as well as PK parameters. 
Antitumor effects can also contribute although the absence of signal at this early 
stage does not rule out further development. For cytotoxic agents, the choice is 
tightly linked with the highest dose that has acceptable toxicity. But targeted thera-
pies have substantially different and unique side effect pro fi les, which are often 
milder and with little dose-dependent organ toxicity. Consequent to their good toler-
ability, an MTD based on DLTs may not be reached. Therefore, targeted, noncyto-
toxic anticancer agents pose challenges to the current phase I paradigm of dose 
selection based on toxicity and alternative measures are required. Despite this need, 
a recent study found that the majority of phase I studies continue to use traditional 
endpoints of toxicity and PK data for selection of the recommended phase II dose 
 [  22  ] . Novel endpoints were not routinely incorporated into the study design and 
rarely formed the primary basis for dose selection. 

 More research is needed to de fi ne suitable molecular measures of drug effect and 
the means to incorporate them in the early drug development process. Researchers 
in the  fi eld now speak of the “optimal biologic dose,” which is a dose that reliably 
achieves a target plasma concentration or inhibits a drug target. PK parameters can 
shed light on the former, while PD biomarker studies help determine the latter; a 
combination of both PK and PD data is likely to provide the most robust solution. A 
phase I study of the mTOR rapalog everolimus (also known as RAD001) provides a 
pertinent example  [  23  ] . The authors collected pre- and on-treatment steady-state 
tumor and skin biopsies for all patients and evaluated a selection of tissue biomarkers. 
They reported dose- and schedule-dependent inhibition of the mTOR pathway with 
near complete and sustained inhibition of the downstream pathway elements pS6K1 
and peIF-4G at 10 mg/day and  ³ 50 mg/week, with good concordance between 
changes seen in tumor and skin. These doses were also tolerable. With lower doses 
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failing to achieve complete mTOR inhibition, the investigators concluded that 
these two dose/schedules could be recommended for future study.  

   Patient Selection 

 Use of unselected patient populations in the early phases of drug development is 
common. However, the target of a therapy is often limited to a subset of individuals 
(which may or may not be linked to a tumor type). Ignoring this is likely to dilute 
any potential bene fi ts of the agent under investigation. The presence of HER2 over-
expression was an entry criterion for trials of trastuzumab in women with breast 
cancer. Should this not have been requisite, the response rates in an unselected 
population may not have been suf fi ciently high to warrant further drug development 
of an agent that has ultimately impacted enormously on the survival of women with 
HER2 overexpressing breast cancer. 

 Despite the clear success of trastuzumab in this selected population, a signi fi cant 
proportion of women fail to respond to the monoclonal antibody. One described 
mechanism of resistance in a subset of these patients is the presence of a truncated 
form of the HER2 protein that has lost most of its extracellular domain. Named 
p95HER2, it is unable to be bound by trastuzumab yet it retains kinase activity and 
can thus continue to propagate tumor promoting growth signals. On the other hand, 
lapatinib retains activity against p95HER2 as it targets the intact tyrosine kinase 
domain of the receptor. In one study of 46 women with metastatic HER2 overex-
pressing breast cancer treated with trastuzumab, only one of nine patients with 
p95HER2 achieved a response, whereas 19 of 37 (51%) with the full length protein 
responded  [  24  ] . This demonstrates that greater awareness of resistance mechanisms 
may help to further improve patient selection. 

 If we do not understand the target and pathway correctly, limiting treatment to 
speci fi c subgroups may entirely inappropriate. At present, there is huge interest in the 
development of inhibitors targeting the PI3K/Akt pathway. This signaling cascade 
plays a vital role in many aspects of the malignant process, genetic aberration of key 
pathway elements is frequent in human cancer, and pathway activation leads to resis-
tance to many traditional anticancer agents. Preclinical studies suggest that tumors 
with constitutive pathway activation—due to genetic changes especially mutations of 
PI3K and functional loss of PTEN—are most susceptible to PI3K inhibitors. It may 
therefore appear tempting to limit patient enrolment to only those patients who 
tumors harbor one of these key aberrations. A number of early phase trials of PI3K 
inhibitors are presently enrolling many of which have strong biomarker components. 
To date, clinical responses rates have been disappointing. Interestingly, there is no 
clear signal that these drugs bene fi t only those patients with genetic aberration 
 [  25,   26  ] . There are many potential reasons for this—combination therapy may be 
more effective than the current monotherapy trials, many of the patients are heavily 
pretreated, the biomarker assays are not validated, not all genetic aberrations are 
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being assessed, and pathway inhibition is incomplete. However, the important point 
in this context is whether pathway mutations truly predict for response, or conversely, 
whether the absence of a mutation predicts for resistance. If the former line of think-
ing is pursued, selection criteria may be re fi ned to improve the likelihood of detecting 
signal and thus handing investigators the con fi dence to proceed with development, 
but at the risk of denying others from a treatment to which they may yet respond. We 
need to be con fi dent that our understanding of the molecular biology is accurate, but 
we must also remain vigilant that there may be alternate explanations and that what 
we encounter in the laboratory may not be re fl ected in the clinic.  

   Surrogate Endpoints 

 Traditional endpoints for anticancer therapies include response rates and survival 
times. Changes in the anatomical measurement of tumor lesions provide the basis 
for response criteria. Improved overall survival times are the ultimate goal of anti-
cancer therapy. But survival times are scrutinized more in the later stages of drug 
development. And because many targeted therapies are cytostatic, response rate is 
not necessarily the optimal manner to assess success. Investigators are therefore 
looking for alternate, surrogate endpoints to provide useful measures of drug effect 
or bene fi t, and therefore help meet registrational endpoints. Blood, plasma or serum, 
skin, hair follicles, buccal mucosa, and urine can all provide tissue as a source for 
surrogate biomarker investigations, as can imaging techniques and clinical mea-
sures. These have the advantage that they are relatively easy and noninvasive to 
acquire. Importantly, if a nontumor tissue or test is going to serve as a surrogate, a 
strong correlation with intratumoral changes (for drug effect) or with traditional 
endpoints (for treatment bene fi t) needs to be demonstrated. 

 Treatment-induced skin toxicity is common with anti-EGFR antibodies in mul-
tiple tumor types, leading to the hypothesis that the presence and severity of skin 
rash could potentially serve as a surrogate biomarker of treatment ef fi cacy  [  27,   28  ] . 
This was evaluated in the EVEREST trial, a dose-escalation study of cetuximab in 
mCRC. The investigators found that increasing the treatment dose until rash was at 
least of moderate severity led to improved outcomes compared to those whose rash 
was mild or absent  [  29  ] . However, it is important to note that even patients without 
skin toxicity may still achieve clinical bene fi t. 

 Agents targeting the vascular endothelial growth factor pathway have been asso-
ciated with treatment-induced hypertension. Although the precise mechanism lead-
ing to an increase in blood pressure is unclear, it has been proposed that the 
magnitude of the elevation could act as a surrogate of ef fi cacy. This has been inves-
tigated in various settings, including with bevacizumab (a VEGF speci fi c blocking 
monoclonal antibody) in colorectal and breast cancer, and sunitinib (an anti-VEGF 
receptor TKI, amongst other targets) in metastatic renal cell cancer, and warrants 
ongoing study  [  30–  32  ] . 
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 Finally, ABT-263 is a novel inhibitor of the antiapoptotic Bcl-2 family proteins. 
Preclinical toxicities observed decreased circulating platelet survival times that is 
believed to be mediated by Bcl-XL inhibition. During phase I evaluation, transient 
and dose-related thrombocytopenia was again documented, consistent with the pre-
clinical models. Because this change was predictable and manageable, the authors 
concluded that not only was the reduced platelet count providing MoA con fi rmation, 
but it was also a PD surrogate of drug effect that could be used to guide adaptive 
dose-escalation study designs  [  33  ] .   

   Answering the Question 

 Substantial overlap is evident between these various objectives to which biomarker 
studies can contribute. But what may appear suspicious from the above discussion 
is that a de fi nite “go” or “no go” decision based on such biomarkers seems lacking. 
So at present, are biomarkers really answering key questions in the development 
process? 

 One dif fi culty when formulating a response is that the “no go” side of the equa-
tion is less transparent in the literature. That is, there is a publication bias towards 
positive studies (irrespective of biomarker status). If biomarkers have provided 
some indication that a given drug is not hitting the mark, the wider community may 
not have the opportunity to learn about why. A negative corollary of this tendency 
is that due to the inherent competitiveness of the industry, knowledge is frequently 
not shared. A new biomarker may be under investigation simultaneously at multiple 
sites. The potentially expensive lesson that it is not of value may need to be learnt 
many times over due to this secretive nature when time and money could have been 
redirected to other promising options. 

 “Go” decisions, on the other hand, may be more reportable, but as discussed, it 
is rare that a biomarker study is the sole determinant of a drugs fate. They often 
contribute to important trial objectives. They may have a key role in selecting a dose 
and schedule in the absence of DLTs and when PK pro fi les are adequate. Providing 
evidence of MoA or PoC is reassuring, but is neither necessary nor suf fi cient. In 
addition, safety and toxicity will never be ignored in the decision making process. It 
is true that targeted therapies as a heterogeneous group are considered more tolera-
ble than cytotoxics, but they have brought with them unique side effects that are no 
less relevant, such as trastuzumab-induced cardiotoxicity or the hypertension, gas-
trointestinal perforation or thrombotic complications associated with use of bevaci-
zumab. Finally, if a novel compound shows early indications of antitumor activity, 
ongoing development will ensue irrespective of biomarker data emerging from the 
trial, even if they are contrary to expectation. They may spur further translational 
investigations that may ultimately assist in, for example, better selecting a popula-
tion or help de fi ne resistance mechanisms, so they are far from obsolete. But they 
do not categorically de fi ne the “go” decision.  



430 B. Markman and J. Tabernero

   Biomarkers Not Hitting the Mark 

 Currently, biomarkers are not being extensively developed, though exploration of 
their use is on the rise. There is, however, substantial potential utility if they are 
used correctly. It is worth asking why they are underused. The reasons extend 
beyond questions of “go/no go,” as we have seen that they can and do contribute to 
important decision making, even if more in an ancillary role. Drug development is 
driven by the pharmaceutical industry. This required enormous investment that 
needs to be offset by pro fi tability, which in turn depends on drug registration. There 
is a clear clinical regulatory pathway. A biomarker regulatory pathway is far less 
certain. Industry is going to continue take the conservative approach and walk the 
former path simply because it is known and established. 

 Consider also some of the limitations of early biomarker development. The link 
between those responsible for drug and biomarker discovery and those in clinical 
development departments is currently inadequate. Early studies tend to have a much 
shorter follow up than later phase studies; this in turn caps the information that can 
be gleaned from biomarker data. The transition through each phase of development 
through to registration occurs as rapidly as is feasible. Including biomarker studies 
adds complexity that inevitably slows this process and adds cost. A single institu-
tion study conducted over a recent 7 year period showed that the budget cost per 
subject enrolled onto trials that included biomarkers compared to those that did not 
was almost double (an additional US$6,675 was required per subject on average) 
 [  34  ] . In addition, early clinical trials are frequently not powered to discover or 
develop promising biomarkers. Finally, not all drugs necessarily need biomarkers. 
If a compound has high ef fi cacy, limited resistance and low toxicity, some of the 
reasons why we might desire a useful biomarker are negated. This is not a negative 
but may limit further biomarker development. 

 A key consideration is the lack of standardization and validation of biomarkers. 
There are multiple agents in various stages of development targeting the insulin-like 
growth factor receptor (IGF-R) pathway, yet to date strategies to improve patient 
selection based on biomarker studies have provided confusing data, in part due to 
the multitude of techniques explored. Perhaps the most promising use for biomark-
ers with these therapies is the case for Ewing sarcoma. The genetic hallmark of this 
tumor, present in 85% of patients, is the t(11;22) chromosomal translocation. The 
resulting EWS-FLI-1 fusion protein is transforming only in the presence of IGF-1R, 
achieved either by downregulating IGFBP-3, increasing IGF-1 promoter, or both 
 [  35  ] . This dependence on IGF-R pathway elements provides the rationale for treat-
ing Ewing sarcoma with this drug class; indeed, multiple responses have been 
observed in early clinical trials  [  36  ] . Despite these encouraging signs of activity, 
multiple methods are employed to evaluate the presence of the translocation or its 
resultant protein, including IHC,  fl uorescence in situ hybridization and polymerase 
chain reaction techniques. 

 The case for PTEN assessment is similarly unsatisfactory. It is recognized that 
mutations of PTEN account for only a proportion of cases leading to functional 
loss; loss of heterozygozity occurs due to other mechanisms including promoter 
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methylation. Ultimately, researchers need a tool to demonstrate the end result—
PTEN functional loss—regardless of the mechanism, for which there is no validated 
technique. Presently, IHC is widely used to serve this purpose. But cut-offs have not 
been set for what is considered to be functional loss (complete loss, low level 
expression?) nor have the choice of antibodies been standardized. Considering 
PTEN is frequently lost in a broad range of tumor types and that its loss may 
in fl uence the effectiveness of agents targeting not only PI3K but also HER2 and 
EGFR, the need for improvement is substantial. 

 Importantly, acquisition of biological samples restricts biomarker development. 
Although biomarkers can be sourced from many tissue, drug effects in tumor tissue 
are of most interest, at least until a genuine surrogate can be found. But tumor biop-
sies are often technically dif fi cult to obtain and are not without risk. Often, there is 
a need for two or possibly more biopsies for optimal evaluation of a biomarker of 
interest. This leaves many patients understandably reluctant to provide consent for 
what ultimately are exploratory studies. 

 Others hold a more pessimistic view towards biomarkers. Critical of the paucity 
of evidence for their utility, they claim the investment of capital and resources is not 
justi fi ed in its current form. Consider for example therapies targeting VEGF, of 
which there are multiple agents either under evaluation or approved for use. Despite 
extensive studies to date of a plethora of potential options, there are currently no 
validated biomarkers for selecting patients who will respond to antiangiogenic ther-
apy. Quoting published studies demonstrating that biomarkers have not contributed 
to go/no go decisions, some biomarker skeptics believe sponsors of phase I studies 
should reconsider the value of including any biomarker evaluations. Furthermore, 
trials that add anything more than minimal risk from biomarker studies, especially 
invasive tumor biopsies, without a strong scienti fi c basis and a testable hypothesis 
could be considered unethical  [  37  ] .  

   A Way Forward 

 The limitations to effective biomarker use do not imply a lack of potential. On the 
contrary, they hold great promise for improving aspects of drug development and 
ultimately patient care. But these obstacles need to be tackled. The heterogeneity of 
how biomarkers are employed in development at present is a core problem. Just as 
a phased drug development process has provided a useful framework for cytotoxic 
agents for many years, a similar approach should improve ef fi ciency of the develop-
ment process for biomarkers and in turn targeted therapies. 

 One group proposed a “pharmacological audit trail” designed to link molecular 
target status with PK parameters and PD endpoints of drug effects on target, path-
way and downstream biological processes in order to answer key questions in pre-
clinical and clinical phases of drug development  [  2,   38  ] . As a drug successfully 
passes the sequential, connected questions proposed in the audit, each with an 
increasing degree of dif fi culty, the probability of successful development increases. 
First, investigators need to assess the expression of the molecular target and/
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or determine if the corresponding signaling pathway involved is activated. Next, 
achievement of active concentrations of drug in plasma, blood and tumor tissue 
needs to be ascertained. Activity against the desired target must be shown. Then 
modulation of the pathway needs to be achieved. In turn, achievement of the desired 
biologic effect is critical. Finally, if this checklist of PK and PD criteria can be suc-
cessfully completed, the key question is whether or not these  fi ndings translate into 
a clinically relevant response. 

 A second group put forward a comprehensive set of guidelines for study design for 
biomarker evaluation  [  39  ] . Dividing biomarker development into discovery, evalua-
tion of classi fi cation accuracy and impact on clinical outcomes, they focused on the 
intermediate stage. Their proposal, relevant for biomarkers used for classi fi cation and 
prediction, hinges on prospective specimen collection and retrospective blinded eval-
uation (labeled PRoBE design). In other words, biologic specimens and clinical data 
are collected in the absence of knowledge of patient outcome. After outcome is 
known, randomly selected case and control subjects have their specimens assayed. 
By doing so, they hope to generate biomarkers with that can discriminate reliably and 
reproducibly and not due to artifact or bias. This is achieved through  fi ve phases ask-
ing more than 20 questions about the level of evidence in favor of the biomarker, 
from weakest to strongest, with the earlier phases generally necessary to design later 
phases. This design is not without its limitations. For example, this quantity of ques-
tions implies a large number of studies. The authors concede it may not be necessary 
to answer all of them or to perform them in strict order. Also, should the biomarker 
discovery phase be weak or  fl awed, the PRoBE study will simply con fi rm that the 
discovery did not work. However, the authors are to be commended on their attempts 
to provide a structure for biomarker evaluation and validation. Future proposals and 
discussion in time will re fi ne the biomarker development process. 

 Further to the need for guidelines for biomarker discovery and development, 
these processes also need to occur at appropriate points in the drug approval time-
lines (see Fig.  18.1 ). For PD biomarkers, optimal timing for validation and standard-
ization should take place during the preclinical phase, prior to entry into phase I 
evaluation. If this is not done, as so often is the case, spurious results can lead to 
inadequate trial design for subsequent phases in addition to substantial expense. This 
holds true for predictive biomarkers, though the rigorous scrutiny for this type takes 
place later, ideally between phases I and II. This is because phase II provides the  fi rst 
opportunity for correlative studies with a suf fi cient number of patients treated at the 
recommended dose. Novel markers discovered in late phase II trials would delay 
entry into phase III. In reality, idealized timelines are not pragmatic in many 
instances. The nature of translational research implies a clichéd cycle of knowledge 
from the bench to bedside to bench again that does not adhere to unidirectional 
development, and nor should it. Investigators at all stages of drug development need 
to remain open to possibility and to continue to ask questions. Only in this way will 
progress ensue. It is perhaps indicative of the need for a change to the current para-
digm of drug development where the divisions between the traditional phases of 
development are becoming increasingly blurred. Nevertheless, it should still be con-
cluded that the earlier that biomarker validation and standardization occurs, the more 
pertinent any  fi ndings or decisions based on these biomarkers will become.   
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   Conclusion 

 Biomarker development is an expanding area. Its importance parallels the rise of 
new, targeted therapies with novel mechanisms of action as anticancer treatments. 
These agents are providing the medical oncologist with an improved armamentar-
ium with which to treat cancer patients. 

 The drug development process remains lengthy and costly with high attrition 
rates an ongoing cause for concern. Therefore, one of the objectives of biomarkers 
is to assist in important “go/no go” decisions for investigators at all stages of this 
process. Though at times they make a signi fi cant and relevant contribution to rec-
ommendations if and how a new agent should progress through to the next phase of 
development, at present this occurs relatively infrequently. 

 There are several reasons as to why the theoretical bene fi ts of biomarker use not 
being attained to the full potential. From additional expense, to uncertain regulatory 
pathways, dif fi culties in tissue acquisition and doubts over reproducibility and 
interpretation, there is undeniable room for improvement for how biomarkers can 
be utilized. Further, drug response is multifactorial and prospective biomarkers are 
innumerable, and therefore random associations that reach statistical signi fi cance 
will occur, erroneously encouraging more investment. 

 Despite these shortcomings, biomarkers hold much promise. Validation and stan-
dardization will add enormously to the scienti fi c robustness of identi fi ed biomarkers. 
Further, guidelines integrating biomarker with drug development will be advanta-
geous. By doing so, biomarkers will continue providing evidence for PoC and MoA, 

  Fig. 18.1    Biomarker development in drug approval timelines       
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they will help identify patients at high risk of toxicity, those more likely to respond 
to a treatment and predict those who will be resistant to a therapy, and provide reli-
able surrogates for clinical endpoints. In turn, investigators should have greater 
con fi dence not only to incorporate biomarker studies into drug development, but 
also to use biomarker data in key decision-making processes.      
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