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New technology, for better or for worse, will be used, as that is our nature.

Lewis Thomas

You have been given the key that opens the gates of heaven; the same key opens the 
gates of hell.

Writing at the entrance to a Buddhist temple
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Preface

This volume presents a detailed survey 
of various methodologies related to diag-
nosis, therapy, and prognosis of ovar-
ian cancer, renal cancer, urinary bladder 
cancer, and cervical uterine cancer, while 
the already published Volumes 1–5 detail 
similar aspects of breast, lung, prostate, 
liver, gastrointestinal, colorectal, and bil-
iary tract carcinomas.

It is well established that cancer is the 
deadliest of human diseases. The follow-
ing estimated global incidence of seven 
types of cancers discussed in this volume 
indicated the seriousness of this malig-
nancy.

Cervical uterine cancer 493,342

Urinary bladder cancer 357,000

Leukemia 300,522

Renal cancer 208,480

Ovarian cancer 204,499

Melanoma of skin 160,177

Multiple Myeloma 85,704

As in the previous five volumes of this 
series, each chapter is written by distin-
guished, practicing clinicians/surgeons/
pathologists who provide methodologies 
for diagnosis and treatment of eight types 

of cancers. This volume was written by 
94 oncologists representing 13 countries. 
Their practical experience highlights their 
writings, which should build and further 
the endeavors of the readers in this impor-
tant area of disease. The text of each can-
cer type is divided into subheadings for 
the convenience of the readers. It is my 
hope that the current volume will join the 
preceding volumes of this series for assist-
ing in the more complete understanding 
of globally relevant cancer syndromes. 
There exists a tremendous, urgent demand 
by the public on the scientific community 
to address cancer prevention, diagnosis, 
treatment, and hopefully cures.

I am grateful to the contributors for their 
promptness accepting my suggestions. I 
respect their dedication and diligent work 
in sharing their invaluable knowledge with 
the public through this series. Each chap-
ter provides unique individual, practical 
knowledge based on the expertise and 
practical experience of the authors. The 
chapters contain the most up-to-date prac-
tical and theoretical information. I hope 
that these handbooks will assist the prac-
ticing readers in their clinical work.

I am thankful to Dr. Dawood Farahi and Dr. 
Kristie Reilly for recognizing the  importance 

xv



of scholarship (research, writing, and pub-
lishing) in an institution of higher education 
and for providing the resources for complet-
ing this project. I appreciate receiving expert 

help from Myrna Ortiz and Erin McNally in 
preparing this volume.

M.A. Hayat
March 2009
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The enormous burden of liver cancer on society becomes clear by considering the fact 
that approximately 625,000 new cases of this cancer are diagnosed globally each year. 
Distressingly, the number of deaths is approximately the same at 598,000 per year. Liver 
cancer, therefore, is the third most common cause of death from cancer. Survival rates 
for liver cancer are only 3–5% globally. In the United States, 19,160 new cases of liver 
cancer and 16,780 deaths were reported for 2007. The major risk factors for this cancer 
include prior infection with hepatitis B and C viruses, with the former more prevalent. 
Dietary exposure to fungus Aspergillus fumigatus (aflatoxins) also contributes to the 
incidence of liver cancer in many parts of the world. Tobacco use is the most serious 
preventable cause of cancer, as its use causes cancer of the lung, throat, mouth, liver, 
pancreas, urinary bladder, stomach, kidney, as well as other types. Alcohol-induced liver 
injury is another major risk factor for hepatocellular carcinoma (HCC).

In view of these devastating statistics, the urgency of deciphering the molecular mecha-
nism underlying this disease, perfecting reliable diagnostic methods, understanding 
risk factors, developing effective targeted drugs, improving other treatments, assessing 
the effectiveness of therapies, and providing improved care for post-treatment patients, 
becomes apparent. This volume provides up-to-date information on the above-mentioned 
aspects of liver cancer; specifically, details of the methodologies used are included. The 
other seven volumes in this series provide similar information on other types of can-
cers.

This series of handbooks has taken the unique approach of discussing cancer diagno-
sis, treatment, and prognosis in the same volume. It is pointed out that this vast subject 
cannot be fully discussed by only one author. This is the primary reason for inviting a 
large number of oncologists/clinicians/surgeons to write each of the eight volumes of 
this series of handbooks. Another advantage of involving more than one author is to 
present different points of view on a specific controversial aspect of cancer. I hope these 
goals were accomplished in this and other published  volumes of this series.

Introduction
M.A. Hayat
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 1
Role of RNA Interference  
in Understanding the Molecular  
Basis of Cancer
Jeffrey P. MacKeigan and L. Alex Gaither

MeChANIsM Of RNA 
INteRfeReNCe

the mechanism of RNA interference 
(RNAi) has been clearly established in 
mammalian cells since RNAi was discov-
ered in Caenorhabditis elegans in 1998  
(figure. 1.1) (fire et al. 1998). RNAi is  
a process of sequence specific post- 
transcriptional gene silencing which 
evolved as a host defense from viral entry 
and regulation of transposable genetic  
elements (Waterhouse et al. 2001). 
the double stranded RNA (dsRNA) from 
a transposon, virus, or plasmid is proc-
essed into short dsRNAs which initiate a 
series of molecular events in the cell to 
suppress target mRNA expression. the 
first event involves the binding to a ribonu-
clease III like protein called Dicer which 
cleaves the dsRNA into short interfering 
RNAs (siRNAs) of 19–25 base pairs long 
with characteristic 3¢-dinucleotide over-
hangs. the siRNAs become incorporated 
into a large multiprotein complex known 
as the RNA-induced silencing complex 
(RIsC) that directs the antisense siRNAs 
to their respective target genes and induces 
mRNA cleavage or translational repression.  

Cleavage is enabled after an AtP-helicase 
unwinds the RNAi duplex and the degree  
of complementarity between the sequences 
determines the efficacy of binding. A sig-
nificant sequence match will result in  
a site-specific cleavage event, while 
mismatches in the sequences will prevent 
efficient cleavage. In some cases a weak 
RNAi interaction is necessary if complete 
loss of a protein is toxic to cells while its 
partial knock down is required for a par-
ticular phenotype.

Long dsRNA molecules (>500 bp) 
can be added directly to C. elegans or 
Drosophila by injection, soaking in a solu-
tion of dsRNA, or feeding them bacteria 
carrying dsRNA. In contrast, the direct 
use of siRNA in mammalian cells can 
only be achieved with 19–25 base pair 
oligonucleotides because siRNAs longer 
than 30 base pairs induces a significant 
interferon response (elbashir et al. 2001).  
the siRNAs are produced by either chem-
ical synthesis, enzymatic cleavage in vitro, 
or expression of a plasmid backbone. these 
siRNA molecules are Dicer products and 
enter the RNAi pathway at the level of the 
RIsC complex. there are concerns that 
while this process does work effectively, it 
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is suggested to be an inefficient process to 
achieve knock down (siolas et al. 2005). 
Because Dicer is tethered directly to the 
activation of the RIsC complex, bypassing 
Dicer could result in fewer siRNAs being 
taken up by RIsC (Miyagishi and taira 
2003). It remains to be determined if a 
Dicer activated RIsC is better at targeting 
mRNA knock down than siRNAs alone, in 
particular for RNAi resistant transcripts.

the structure of effective siRNAs has 
been defined to include features of a 
2-nucleotide overhang on both the 3¢ ends, 
phosphorothiolates, and sequence specific 
algorithms that filter for certain bases  
(3¢seed regions) siRNAs are introduced into 
mammalian cells by lipid-based formu-
lations, electroporation, or peptide linkage. 

there are several reports describing the 
efficacy of siRNA delivery into mammalian 
cells including using lipid based transfec-
tion in small multiwell formats (Borawski 
et al. 2007). A major drawback of siR-
NAs is that they transiently knock down 
gene expression, but despite this, siRNAs 
have been used effectively in many differ-
ent mammalian cells, primary cells, stem 
cells, and even in vivo.

Because RNAi mediated knock down in 
mammalian cells is transient and directly 
related to the proliferation rate of the cells, 
viral vector-based RNAi reagents were 
engineered to stably integrate into the 
genome. the initial vectors were designed 
with RNA polymerase III promoters that 
express sense and antisense strands in 

Figure 1.1. Mechanism of RNAi (siRNA versus 
shRNA). shRNAs must be packaged into a virus, 
infect a population of cells, integrate into the host 
genome, express, anneal into the hairpin structure, 
cleaved by Drosha, exported from the nucleus to 

the cytoplasm, cleaved by Dicer into the active 
21mer siRNA molecule. these two processes 
merge with the siRNA being loaded into RIsC, 
allowing targeted degradation of the mRNA 
template
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tandem or in a single short hairpin RNAs 
(shRNA). these shRNAs are processed 
by Dicer to produce 21 bp siRNAs. Both 
tandem and single hairpin vector systems 
are functional in mammalian cells, but the 
shRNA vectors are more efficient than the 
tandem system at maintaining stable knock 
down (Mittal 2004). the shRNA expres-
sion system is a potent inducer of RNAi 
and can efficiently enter hard to transfect 
cell lines. this is likely due to the use of 
Dicer to process the shRNA and directly 
incorporate the siRNAs into RIsC. Initial 
screens used plasmid based delivery sys-
tems, but the plasmid alone approach has 
been rapidly replaced with lenti-, retro-, or 
adenoviral based vectors. Viral mediated 
transduction is much more efficient than 
plasmid based transfection and can infect a 
wider variety of cell types, such as primary 
cells (Brummelkamp et al. 2002b).

RNAI As A CeLL BAseD 
sCReeNING tOOL

RNAi regulates gene expression at the 
transcriptional and translational level(s) 
by binding to mRNA and either induc-
ing mRNA degradation or translation sup-
pression by ribosomal drop off. RNAi is  
a sequence specific process and can selec-
tively target mRNAs. the ability of RNAi 
to reduce gene expression in a selective 
manner makes its use in cell based assays 
a powerful tool for the study of genetic 
loss-of-function phenotypes. the algo-
rithms for RNAi generation have dramati-
cally improved in the past several years, 
so has the ability to obtain potent and 
specific RNAi reagents from various 
commercial sources. Currently, genome-
wide RNAi tools have been developed and 

used successfully in cell based assays for 
novel target discovery, pathways analysis,  
and compound mechanism of action experi-
ments. the ability to screen genome scale 
libraries in disease relevant cell based sys-
tems can lead to rapid target discovery. 
Loss of enzymatic activity is the primary 
effect of most small molecules and RNAi 
approaches essentially phenocopy phar-
macological target inhibition. Although a 
compound screen can identify a phenotype, 
it will not always deliver the cellular target. 
In contrast, the target from a RNAi screen 
is typically known, for which a compound 
could then be directly synthesized. A major 
liability of compound screens is lack of 
knowledge regarding the targets the mol-
ecules interact within a cell. RNAi cell-
based screens have a clear advantage over 
compound screens because the phenotype 
being measured is tethered directly to a tar-
get, and suppression of the target is a proof-
of-principle that a target is validated.

the introduction of long dsRNA (>30 bp) 
in mammalian cells induces an interferon 
response which results in global changes 
in gene expression, and can be cytotoxic in 
some cell types (elbashir et al. 2001). One 
way in which the interferon response can 
be avoided is by using siRNA as duplexes 
introduced into cells by transfection or of 
plasmids in the form of short-hairpin RNA 
(shRNA). shRNA is processed by Dicer 
to generate siRNAs in the cell, which 
are incorporated into the RIsC complex. 
the antisense strand is then directed to 
its cognate mRNA in a sequence specific 
fashion. Using these RNAi approaches 
several proteins have been identified that 
directly mediate tumorigenesis. some 
examples include the role of Aurora B 
kinase in RAs-transformed cell lines and 
mutant K-RAs in the pancreatic carcinomas 
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(Brummelkamp et al. 2002a; Kanda et al. 
2005). the systematic and parallel analy-
sis of all human genes across tumor cells 
or neoplastic models of cancer provides a 
significant opportunity to identify new tar-
gets that regulate tumor cell growth. RNAi 
libraries are not only valuable in cell based 
screens, but can also be taken in vivo using 
viral based plasmids expressing shRNAs 
or complex lipid formulations carrying 
modified siRNA duplexes.

RNAi reagents can be made syntheti-
cally, purchased from commercial sources, 
or obtained from academic institutions. 
RNAi screening libraries are available as 
siRNAs, either as individual duplexes or 
combinations of four siRNAs, and shRNA 
vectors as nonviral plasmids or viruses (ret-
roviral, adenoviral, or lentiviral). siRNA 
reagents can be synthesized or generated 
from cDNAs by RNase III digestion, pur-
chased, and/or cloned by the investigator 
(Yang et al. 2002). for short term acute 
phase assays, siRNAs are the reagent of 
choice given that they are easy to use 
across a wide range of cell lines and pro-
vide significant knock down for up to 120 
h. As cells divide, siRNAs are diluted upon 
each successive cell division as they are not 
replicated, and eventually lose their activity 
in rapidly proliferating cells. When stable 
knock down is required shRNAs are used 
for the reason that the plasmid backbones 
contain selectable markers and integrate 
into the genomes that are copied with the 
cellular DNA. shRNAs are also useful to 
transduce hard to transfect primary cells. 
Because more immortalized cell lines are 
not likely representative of organically 
derived tumors, the ability to introduce 
shRNAs in primary tumors may reflect a 
phenotype more closely associated with 
physiologically relevant tumor cells.

screening RNAi libraries can be done 
in several distinct ways. the first is by 
screening one reagent per well with more 
than one reagent targeting the same gene 
(gene-by-gene screens). these formats are 
typically set as four or more independent 
reagents targeting each gene and arrayed 
in 96 or 384 well plates (fig. 1.2). Plasmid 
based shRNAs, viral expressed shRNAs, 
and siRNAs have all been set up using 
this format. there are several ways in 
which the RNAi reagents are screened 
using the multiwell approach. first, for-
ward transfection is where the reagents 
are added to cells previously plated in the 
multiwell plates. this was the method of 
choice until several groups demonstrated 
that a “reverse” transfection procedure 
provides significantly higher transfec-
tion efficiencies across multiple cell types 
(Amarzguioui 2004; Ovcharenko et al. 
2005). the reverse procedure is distinct 
from the forward approach in that the 
lipid and RNAi reagent are mixed and 
plated on tissue culture plates, and cells 
are dispensed down on top of the siRNA-
lipid mixture. for viral particle transduc-
tions, lipid mediated transfection is not 
necessary and the forward method is used 
because viral uptake is a very efficient 
process in mammalian cells.

the second way in which RNAi screens 
are performed is using a pooling approach. 
siRNAs or shRNA viral particles, typically 
not plasmids, are mixed together where the 
multiple independent RNAi reagents are 
mixed in a single well. this is done for sev-
eral reasons: (1) pooling reagents and gene 
targets dramatically reduces the number of 
wells that need to be screened; reducing 
the amount of wells screened saves both 
time and screen costs; (2) pooling siRNAs 
has been shown to improve the efficacy 



91. Role of RNA Interference in Understanding the Molecular Basis of Cancer

and reduce the off-target effects associated 
with using a single siRNA to knock down a 
gene. Pooling is not limited to mixing rea-
gents where they all target the same gene. 
It has been shown that pooling can be done 
with entire shRNA libraries (Brummelkamp 
et al. 2006). the libraries are transfected 
into cells that can be selected for a phe-
notype of interest. subsequently, the wells 
that score a phenotype are followed up and 
the unique genes targeted in the well can 
be further analyzed. the individual gene 
that contributes to the phenotype will be 
identified using PCR against the gene-
specific shRNA. An alternative approach to 
pooled screens is the use of oligonucleotide 
microarrays and referred to as barcode 

screening (Paddison et al. 2004). Pooled 
shRNAs each carrying a unique DNA 
sequence, or barcode, are transfected into 
cells and divided into populations across 
many plates. the transfected cells contain-
ing different barcodes are PCR amplified, 
labeled with different fluorochromes, and 
hybridized to microarrays containing bar-
code specific probes. the difference in the 
ratios of fluorochromes predicts the shR-
NAs with altered frequencies and identi-
fies genes that contribute to the phenotype 
understudy. Because the relative abundance 
of the individual shRNAs is determined, it 
allows for the barcode screens to be used 
for both positive (selected for) and negative 
(selected against) selection.

Figure 1.2. RNAi approaches for screening. Arrayed 
RNAi libraries in 96 (or 384) well format are trans-
fected (siRNA or plasmid shRNA) or transduced 
(shRNA virus) into cells. After a period of time 

the assay is scored for observable phenotypes 
that score significantly above the plate (or plates) 
median (red wells). Lower panels display a series 
of assays previously reported in the literature
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the utility of high throughput RNAi 
based screens is the flexibility of cell based 
assays available for this technology. 
from the simple cell death assays, such 
as AtP measurement, to complex high 
content screens, if a cell based assay 
has been effectively scaled into a 96 or 
384 well format the assay can be screened 
using RNAi knockdown. there have been 
several reports of genome scale screens 
being run using reporter genes, eLIsA, 
AtP quantification, and cell viability 
(Aza-Blanc et al. 2003; Kittler et al. 2004; 
Zheng et al. 2004). for complex high 
content assays, several microscopy based 
screens have also been reported (Kittler 
et al. 2004; Moffat et al. 2006). the com-
plexity of the cell based assay used is only 
limited by the ability to miniaturize the 
format. for drug discovery in oncology, 
RNAi based screens can provide a system 
for target validation, target identification, 
compound mechanism of action (MOA), 
and lead optimization of compounds (Bartz 
et al. 2006). A constant challenge for drug 
development in oncology is identifying 
novel drug targets that are genetically rele-
vant to the disease state. Until RNAi based 
screening became available, target disco-
very relied on exploiting changes in gene 
expression, chromosomal abnormalities, 
mutational analysis, or genetic variation of 
tumors. Although these approaches have 
historically been successful, they do not 
select for targets that are always amenable 
for drug development. By design, RNAi 
based screens reduce the protein levels 
of a specific protein, which mimics the 
pharmacological inhibition provided by a 
compound or small molecule inhibitor. It 
should be noted that reduction of protein 
levels in the cell is not the same as small 
molecular weight binding by a compound.  

A compound typically inhibits its enzymatic 
activity. thus, a protein bound by a com-
pound could remain in its native context or 
bind additional proteins (dominant gain of 
function, i.e.-cyclosporine A) which might 
lead to unexpected phenotypes in the cell 
(Liu et al. 1991).

Critical to the identification of new drug-
gable targets in oncology is the identifica-
tion of the major oncogenic events that 
lead to tumor progression. the challenge 
with this approach is finding the genes 
that directly drive neoplastic phenotypes 
without affecting the surrounding normal 
cells. RNAi screens can be of consider-
able use for identifying targets that exploit 
oncogene addiction, that kill cancer cells 
without affecting normal cells, finding syn-
thetic lethal targets, and looking for second 
targets and/or pathways that can sensitize or 
cause resistance in response to targeted or 
cytotoxic therapies. Because RNAi screens 
can be run in an automated high-throughput 
fashion, many different cell lines can be 
screened in parallel. thus, the causality of a 
gene which is toxic in a specific tumor line-
age can be more easily exploited.

RNAI tO UNDeRstAND 
COMPOUND MeChANIsM  
Of ACtION

One of the advantages of RNAi based 
screens is the ability to study pathway-
based gene knockdown in the presence 
of a small molecular inhibitor. for exam-
ple, small molecular inhibitors that target 
IAP (inhibitor of apoptosis) proteins com-
bined with a siRNA based screen revealed 
the compounds mechanism of action 
(Gaither et al. 2007). the IAP proteins are 
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overexpressed in a wide variety of cancers 
and function in several ways to maintain 
uncontrolled cell growth. It has been shown 
that when a cancer cell is dependant on the 
overexpression of IAP proteins to sup-
press apoptosis, then knockdown of IAP 
proteins sensitized the cells to apoptotic 
triggers (Crnkovic-Mertens et al. 2003). 
Novartis has developed a peptidomimetic 
molecule, LBW242, which binds to XIAP 
and cIAP1 with nM affinities (Chauhan 
et al. 2007). however, as a single agent 
the compound only induces apoptosis in a 
narrow range of tumor cells. In the pres-
ence of an apoptotic trigger such as a 
cytotoxic, only then do the cells undergo 
programmed cell death. In an attempt to 
determine why LBW242 functions poorly 
as a single agent cell killer, a pathway-
based siRNA screen was run to find genes 
that when knocked down could sensitize 
or reduce the activity of the compound. 
the goal of this approach was to identify 
if a gene(s) and or pathway(s) when knock 
downed could predict why LBW242 was 
not as effective as single agent therapy 
(Gaither et al. 2007).

to run a compound based RNAi screen, 
significant effort needs to be put on assay 
development and optimization. Parameters 
associated with an siRNA screen are altered 
by the presence of a compound, thus all 
transfection conditions (lipid, concentra-
tion, dilutions, etc.), growth conditions 
(cell density, timing, media, plate type, 
etc.), and assay conditions (type of assay, 
reagent used, etc) need to be determined on 
a per screen basis (Borawski et al. 2007). 
As each assay is distinct in its readout, 
time of the assay, and cell lines used, it 
is essential that every assay be optimized 
independently. Another critical parameter 
is determining the order of siRNA trans-

fection and compound addition prior to 
running the assay. for the LBW242 siRNA 
screen, a dose response of LBW242 was 
tested over a time course in the pres-
ence of a siRNA transfection cocktail, and 
cytotoxicity was determined using AtP 
quantification. the point at which a given 
concentration of LBW242 could kill >90% 
of the cells was determined and defined 
as the eC90 concentration for the screen 
(20 mM), although it is not a true eC90 on 
naïve cells (1 mM) (Gaither et al. 2007). 
the 20 fold difference in eC90 concen-
tration speaks to the importance of defin-
ing the screening conditions over a dose 
response of the molecule understudy. the 
reason for this effect could be the combi-
natorial effects of the siRNAs, the lipids, 
or the siRNA:lipid complex on the com-
pounds activity.

the siRNA apoptosis repressor (or 
rescue) screen was run in the presence or 
absence of LBW242 in the sKOV3 ovar-
ian carcinoma cell line. Notably, in the 
absence of IAP compound one siRNA 
could kill the cells on its own. this siRNA 
was cfLIP which is a negative regulator 
of caspase 8, downstream of the tNf 
receptor. If loss of cfLIP kills sKOV3 
cells, it suggests that the tNf receptor is 
in a sensitized state, and the negative regu-
lator cfLIP is preventing tNf mediated 
caspase 8 activation. When the repressor 
(cfLIP) is knocked down using RNAi, 
the cells are now permissible to activate 
extrinsic apoptosis. In contrast, in the 
presence of 20 mM LBW242, a popula-
tion of siRNAs could confer complete 
resistance to LBW242 mediated killing. 
Interestingly, the siRNAs that caused the 
resistance phenotype were in the tNf 
pathway: tNfR, MADD, tNfa, and cas-
pase 8. Also, another RNAi hit was the 
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target of the compound, XIAP itself. for 
XIAP to come up as a hit is surprising 
because the model for how LBW242 func-
tions is to knockdown IAP proteins. It is 
expected that knockdown of IAP proteins 
would sensitize the cells to LBW242. the 
fact that XIAP knockdown rescues cells 
from LBW24 cell death reveals that the 
mechanism of LBW242 is more complex 
than simply XIAP.

As a follow up to the primary siRNA 
screen, shRNAs were used to generate sta-
ble sKOV3 cell lines with XIAP knocked 
down. similar to the siRNA screen, the 
XIAP knockdown cell lines were resist-
ant to LBW242 treatment. Because other 
genes in the tNf pathway were found in 
the screen, the logical connection is that 
XIAP and the tNf pathways are function-
ally linked to the MOA of LBW242. to test 
this hypothesis, the XIAP-KD cell line was 
treated with a dose response of LBW242 
and 20 ng/mL of tNfa was spiked onto 
the cells. the addition of the compound 
and tNfa, but not tNfa alone, was suf-
ficient to restore sensitivity to LBW242. 
the LBW242-tNfa treated XIAP-KD 
cells were not only sensitive to the com-
pound but were also tenfold more sensitive 
to compound than sKOV3 wild type cells. 
this striking result indicates that the ability 
of LBW242 to kill cells directly depending 
on the cellular response to tNfa medi-
ated signaling. the loss of XIAP is clearly 
required for LBW242 mediated killing 
and the XIAP-KD cells are hypersensitive 
to compound and tNfa, indicating the 
compound must have a dual role and hit 
more than one cellular target.

to determine the second target for 
LBW242, the XIAP-KD cells were trans-
fected with siRNAs directed against 
cIAP1 and cIAP2 because these are closely 

related IAPs, and possibly a target for 
LBW242. A likely hypothesis is that the 
XIAP-KD cells have another IAP protein 
that compensates for the loss of XIAP 
and is upregulated to protect the cells from 
apoptosis. the XIAP-KD cells were treated 
with the siRNAs with or without tNfa as 
the sensitizing agent. If the compound is 
binding one or both of these IAP proteins, 
the siRNA transfection should phenocopy 
the activity of LBW242. the loss of cIAP1 
in the XIAP-KD cells treated with tNfa 
was as toxic as LBW242 treatment under 
the same conditions. the knockdown of 
cIAP2 had no observable phenotype and 
a combined cIAP1-cIAP2 knock down 
was not anymore effective at cell killing 
than cIAP1 knock down alone. Western 
blot analysis found that LBW242 treat-
ment could induce rapid degradation of 
cIAP1, consistent with the loss of cIAP1 
as essential to LBW242 mediated cell 
death. these results solidified the second 
target for LBW242 as cIAP1. It should 
also be noted that LBW242 treatment in 
sKOV3 cells induced tNfa secretion in 
an XIAP dependent manner. thus, in the 
XIAP-KD cells, LBW242 treatment is not 
only ineffective at cell killing, but also at 
inducing tNfa. together these data dem-
onstrated a dual mechanism of action for 
the peptidomimetic LBW242. first is the 
binding to XIAP, which is required for the 
induction of tNfa, second is the binding 
and degradation of cIAP1.

this work is a remarkable example of 
the power of siRNA screens to deconvolute 
a compound’s mechanism of action, even 
when the target of the compound is known. 
LBW242 was designed and optimized for 
binding to XIAP and cIAP1, but the activ-
ity of the peptidomimetic compound was 
not as simple as binding to the target and 
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inhibiting its activity. the lack of a single 
agent activity for LBW242 was related to 
its ability to induce tNfa production and 
secretion from the cell. In most cases, when 
tNfa was not induced, LBW242 could 
not efficiently kill cells. A still unanswered  
question is the status of XIAP and cIAP1 
in the cell lines where LBW242 has no 
activity. It is possible that the MOA of 
LBW242 is specific to the ovarian carci-
noma lineage and might be the first insight 
into a novel biological phenomenon of 
sKOV3 cells. so although the original 
goal of the screen was achieved, several 
new insights regarding how to determine 
a compound MOA were uncovered using a 
siRNA screening approach.

COMPOUND seNsItIZAtION, 
COMBINAtION stRAteGIes 
AND sYNthetIC LethAL  
RNAI sCReeNs

the first oncology combination chemo-
therapies led to the remission of child-
hood acute lymphoblastic leukemia 
(ALL), with the concurrent treatment of 
methotrexate, vincristine, mercaptopu-
rine, and prednisone (frei et al. 1965). 
the same could be said for the combina-
tions of nitrogen mustard, vincristine, pro-
carbazine, and prednisone for lymphoma 
(Moxley et al. 1967). these studies along 
with other examples led to a paradigm 
shift that combinations of conventional 
chemotherapuetics and molecularly tar-
geted therapies is a rationale approach to 
drug discovery. the microtubule inhibi-
tor, paclitaxel (taxol); the platinum-based 
compounds (cisplatin); and the topoi-
somerase II inhibitors (etoposide) are each  

conventional chemotherapuetic agents 
that promote microtubule polymerization, 
cause DNA-damage, or inhibit DNA syn-
thesis. A well known targeted therapy 
is imatinib (Gleevec), which targets the 
kinase responsible for chronic myeloid 
leukaemia (CML), known for a chromo-
somal translocation defect that creates an 
abnormal fusion protein between BCR 
and the kinase ABL (Druker et al. 2001; 
Kantarjian et al. 2002). Based on the suc-
cess with imatinib it is hoped that molecu-
lar targeting of similar signaling defects 
in other cancers will have the same effect. 
therefore, using RNAi molecules (as a 
molecularly targeted inhibitors) in com-
bination with conventional chemothera-
peutics is a rational approach to cancer 
therapy and at the very least effective in 
synthetic lethal target identification.

Using a cell-based assay and an eLIsA 
specific for apoptosis, >600 known and 
putative kinases, along with >200 phos-
phatases were screened, to first assess 
their roles in programmed cell death 
(MacKeigan et al. 2005). this approach 
identified specific kinases and phosphatases 
that alone led to a dramatic increase in 
cell death. In subsequent siRNA screens, 
cells were sensitized with conventional 
chemotherapeutics (paclitaxel, cisplatin, 
etoposide) each with different mecha-
nisms of action. this was effective in not 
only identifying kinases that enhance cell 
death, but also the thirteen phosphatases 
that led to drug resistance regardless of 
apoptotic stimuli. Although several known 
targets were identified, the most interest-
ing aspect was the identification of previ-
ously unrecognized targets, such as the 
Akt-related kinase, sGK, or the mitochon-
drial kinase (PINK1/PARK6). this sensi-
tized siRNA study illustrates a synthetic 
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lethal relationship between kinases and 
phosphatases, which can render tumor 
cells sensitive to chemotherapeutic agents. 
similar synthetic lethality screens in mam-
malian cells in the coming years will no 
doubt uncover important second targets  
to known oncogenes (such as KRAs, sRC, 
MYC, and WNt), growth factor receptors 
(eGfR/eRBB2, PDGfR, and VeGfR) 
and molecular pathways (PI3K/AKt, 
mtOR/s6K, MKK/MAPK, hIf1a, BCL-2).  
the first tumor suppressor genes, Rb 
identified in retinoblastoma, or the tumor 
suppressor p53 each were discovered 
based on their dramatic effects on the cell 
cycle or promoting apoptosis. Likewise 
RNAi is a powerful approach to uncover 
potential tumor suppressor genes. Using 
this approach, groups have identified 
Rest, PItX1, and 13 phosphatases with 
no known previous function and without 
using a high throughput RNAi screen 
(Kolfschoten et al. 2005; MacKeigan et al. 
2005; Westbrook et al. 2005).

In 2007 three independent studies were 
reported where siRNA screening was used 
as a tool for identifying synthetic lethal 
interactions with chemotherapeutic com-
pounds (Berns et al. 2007; swanton et al. 
2007; Whitehurst et al. 2007). the identifi-
cation of genes that predict the efficacy of 
a chemotherapeutic agent is important in 
several ways. first, it predicts the pathway 
and possibly the mechanism of a com-
pound beyond its known target. It is well 
established that compounds have off target 
effects and pharmacological inhibition of 
a target is known to induce distinct gene 
expression profiles in cells. these two 
effects either combined or in isolation can 
dramatically affect how a cell responds 
to compound treatment. Using siRNA 
screening, a common gene or pathway can 

be identified that would alter the activity 
of the compound in cells. second, siRNA 
screens can identify biomarkers that pre-
dict compound efficacy and elucidate the 
molecular mechanism of drug resistance 
in patients. the two main problems asso-
ciated with chemotherapy treatments are 
nonresponsive patients and acquired drug 
resistance. RNAi screens are a valuable 
tool to identify the genes associated with 
compound responsiveness through chemi-
cal synthetic lethality screens.

In contrast to the chemical lethality 
rescue screen is the chemical lethality sen-
sitization screen. Whitehurst et al. (2007) 
reported a siRNA screen identifying the 
molecular mechanisms of chemorespon-
sivness using a lung cancer model cell 
line NCI-h1155. Paclitaxel is a common 
chemotherapy for epithelial cancers such 
as non-small-cell lung cancers. Although 
some patients show a significant response 
to paclitaxel, most do not. so predicting 
how patients respond to paclitaxel and 
what genes are involved in its primary 
resistance could not only identify markers 
for patient stratification but provide sec-
ond targets that could be used in combi-
nation therapeutic regimens. this screen 
identified the proteasome as an important 
component of paclitaxel efficacy in lung 
cancer cells. this is consistent with previ-
ous reports of bortezomib showing synergy 
with paclitaxel in the clinic. In addition to 
proteasome components, the screen also 
identified microtubule related genes, cell 
adhesion molecules, genes involved in 
posttranslational modification, and mem-
bers of the Ras family. As bortezomib-
paclitaxel has been validated in the clinic, 
it suggests that other classes of targets 
could also show sensitization in the clinic. 
In addition, the under- or overexpression 
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of these genes would predict how a tumor 
would respond to paclitaxel in vivo. In 
addition to an expression profile analysis, 
a siRNA screen validates the relevance of 
an under expressed gene in response to a 
compound treatment.

Another study examined paclitaxel drug 
resistance in several distinct cancer lin-
eages (colon, lung, and breast) across 
kinome and ceramidome siRNA librar-
ies (swanton et al. 2007). A set of genes 
targeting the spindle assembly checkpoint 
caused resistance to paclitaxel, while 
genes targeting ceramide transport sensi-
tize to the presence of drug. In particular, 
a ceramide transport protein CeRt, when 
knocked down could sensitize to sev-
eral cytotoxic compounds in addition to 
paclitaxel. CeRt is upregulated in drug-
resistant cells and in refractory ovarian 
cancer tumors treated with paclitaxel. the 
identification of CeRt not only implicates 
this gene as a target for chemotherapy-
resistant tumors, but also suggests that 
ceramide metabolism could be a pre-
dictor for chemotherapy efficacy in the 
clinic. Although most tumors arise from 
a unique set of mutations, it is plausible 
that common biochemical pathways will 
be required for tumorigenesis in distinct 
tumor lineages. Whether a tumor is intrin-
sically resistant or develops resistance in 
response to drug treatment, the reversal 
of the resistance might be defined solely 
by a metabolic process such as ceramide 
transport. the implication of this study 
is that there are tools available to mecha-
nistically determine the genetic basis of 
drug resistance. this provides hope that 
through combination therapies or genetic 
stratification analysis, patients can directly 
benefit from siRNA based screens in cell 
based assays.

In the third report, a genome scale 
shRNA retroviral screen was run in Bt-474 
cells (heR-2 overexpressing breast cancer 
cells) to examine which genes could confer 
resistance to trastuzumab treatment (Berns 
et al. 2007). trastuzumab is thought to 
mediate antibody-dependent cellular cyto-
toxicity, but its mechanism of action in 
tumor cells is not entirely understood 
(Clynes et al. 2000). It has been shown 
that trastuzumab can inhibit heR-2 cleav-
age and inhibit PI3K signaling, resulting 
in a decline of proliferation (Nagata et al. 
2004). In spite of this activity, greater than 
half of all breast cancer patients are refrac-
tory to trastuzumab therapy and do not 
show an improved response to combina-
tion therapy with standard of care chemo-
therapies (Cobleigh et al. 1999). to better 
understand how and why patients become 
resistant to trastuzumab therapy is a sig-
nificant unmet medical need. In addition, 
identifying biomarkers that would better 
predict a patient’s response to trastuzumab 
could improve treatment regimens and 
patient response in the clinic.

Using an shRNA barcode screening 
approach the authors only identified a sin-
gle gene that when knocked down could 
confer resistance to trastuzumab, that gene 
was PteN. this result suggested that 
loss of PteN plays a dominant role in 
transtuzumab resistance because it was 
the only hit out of 8,000 genes analyzed. 
It is established that decreased PteN 
expression results in hyperactivation of 
the PI3K pathway and can predict 25% of 
primary breast cancers (saal et al. 2005). 
to confirm the RNAi screen, samples 
from heR-2 overexpression breast cancer 
patients receiving trastuzumab monotherapy 
or in combination with chemotherapy were 
analyzed for PteN expression and PI3K 



16 J.P. MacKeigan and L.A. Gaither

mutation status. It was determined that 
PI3K mutations and PteN expression 
were able to predict trastuzumab resist-
ance in the clinic. PteN low tumors had 
a worse response to therapy and predicted 
resistance. Although PteN loss and PI3K 
mutations were not seen in the same cells, 
PI3K activating mutations could also pre-
dict treatment outcome. the activating 
PI3K mutated tumors also showed worse 
progression-free survival than wild type 
counter parts. this study has uncovered 
the importance of PI3K signaling and 
PteN expression status for predicting the 
outcome of trastuzumab therapy in breast 
cancer patients. RNAi based screens have 
now been established as a tool for identify-
ing genes that could be used as biomarkers 
to determine efficacy of cancer therapies 
in the clinic.

for the many synthetic lethal screens 
run in model organisms, many new essen-
tial genes have been identified; however, 
these genes are not always suitable tar-
gets for drug discovery. synthetic lethal 
mutants provide an important genetic 
tool to choose the best drug targets and 
with the advent of RNAi now possible 
in mammalian cells by simply measur-
ing apoptosis, viability or specific signal 
transduction pathways. each of these 
RNAi screens has identified high-priority 
targets, even if partial inhibition with 
RNAi leads to a phenotype. the difficulty 
arises in that further analysis of each gene 
target requires a return to a reductionist 
approach to biology and years of mecha-
nistic analysis on each RNAi target. the 
next step is to functionalize and provide 
direct evidence of the molecular or bio-
chemical pathway that is altered with 
interference or inhibition of the gene. the 
importance of follow-up on RNAi results 

cannot be overemphasized because in the 
absence of mechanistic studies the targets 
cannot be prioritized. thus, providing 
the means to include genes important 
for mitochondrial biology or cell death 
and exclude genes that are rendered non-
selective for normal cells.

PROBLeMs AssOCIAteD  
WIth RNAI BAseD 
APPROAChes

Unintended gene silencing caused by 
non-specific mRNA targeting is one of 
the greatest concerns in the RNAi field. 
this unintended gene silencing is referred 
to as off-target effects, and though a 
real concern, is not considered to be 
insurmountable (Qiu et al. 2005). snove 
and holen (2004) investigated published 
siRNA sequences and found that a large 
percentage of published oligonucleotides 
had the potential to have off-target effects. 
this was due to the use of inappropriate 
programs, such as Basic Local Alignment 
search tool (BLAst), to design oligonu-
cleotides. BLAst searching alone caused 
numerous examples of unintended silenc-
ing due to a homologous stretch of 6–7 base 
pairs being required for BLAst detection 
(snove and holen 2004). sequences of 
5–10 base pairs that could have 1 or 2 
mismatches are missed by BLAst, allow-
ing moderate but substantial hybridiza-
tion to off-target sequences. Although the 
use of this database can detect extremely 
obvious sequence similarities, a signifi-
cant portion of off target alignments will 
not be detected, rendering BLAst too 
insensitive.

Many sequence-associated off-target 
effects associated with RNAi are not caused 
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by homology to the coding sequences 
of other genes. Jackson et al. (2006) 
showed that seed regions, short stretches 
of 6–7 base pairs within the 5¢ end of the 
guide strand, perfectly align with regions 
in the 3¢ untranslated regions of other 
mRNA molecules. therefore siRNAs that 
impart off-target effects do so in a manner 
analogous to that of endogenous micro-
RNAs. siRNA sequences are known to 
non- specifically degrade mRNA, show-
ing a bias for complementation to 3¢ 
UtR regions within positions 2–7 of their 
guide strands (Jackson et al. 2006). these 
off-target effects were not abrogated by 
decreasing the concentration of siRNA 
and were observed with both siRNAs 
and shRNAs. these sequence-specific off-
target effects can be overcome and current 
algorithms must identify and eliminate 
off-target effects from seed regions.

Qiu et al. (2005) estimated that ~83% of 
the possible 21 bp oligonucleotides within 
the coding sequences of the genome are 
unique. In contrast, this implies that 20% 
of siRNA sequences show homology to 
more than one mRNA transcript. this 
potential for off-target effects presents 
itself with a set of guidelines that research-
ers must follow to recapitulate phenotypes 
observed within an RNAi experiment. 
the two major validation approaches are 
through repetition, more than two potent 
siRNA sequences give the same pheno-
type, and through rescue, the phenotype 
can be restored by re-expression of the 
gene of interest.

While using RNAi to screen for novel 
modulators of a particular signal trans-
duction pathway, it is paramount to vali-
date the assay by demonstrating that 
known components of the pathway return 
the expected phenotype. for instance, 

when looking for novel negative regula-
tors of the PI3K/AKt pathway, a crucial 
step would be the demonstration that 
knockdown of the phosphatase PteN 
behaves similar to the RNAi screen hits. 
Although dramatic positive results will 
provide a rather convincing set of data, 
the same cannot be said for the interpreta-
tion of negative results. Negative results 
most commonly arise from insufficient 
knockdown; however, negative results 
could potentially arise from screening 
errors therefore each siRNA hit should be 
followed up individually.

Overall, two approaches should be uti-
lized to follow-up any hits within a RNAi 
screen so as to validate that the pheno-
type of interest is a product of specific 
gene knockdown and not simply an off-
target effect. first is to use multiple siRNA 
sequences to confirm the phenotype to the 
gene target. Use of at least two or three, 
unique RNAi sequences that give identi-
cal knockdown and identical phenotypes 
is strong evidence that the knockdown 
and phenotype correlate with each other. 
second is to validate each RNAi hit using 
cDNA or 3¢ UtR siRNA for a phenotypic 
rescue experiment. the latter approach 
entails designing siRNAs that align to the 3¢ 
UtR of the target gene. the 3¢ UtR siRNA 
will degrade the endogenous mRNA of 
the target gene, but not target exogenously 
expressed cDNA. the challenge with this 
approach is finding siRNAs targeted to the 
3¢ UtR that generate a significant knock-
down as many 3¢ UtR siRNAs are not 
as effective as coding sequence directed  
siRNAs. Validation of RNAi screen hits 
requires the phenotypes observed are 
not false-positives, false-negatives, nor off-
target effects. through validation by repeti-
tion and rescue, the RNAi screen hits from 
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the primary, secondary, and tertiary assays, 
one can be confident that the knockdown 
of the specific gene is on target. As RNAi-
based screens are a large investment of both 
resources and time, follow-up of the RNAi 
screen hits found stands as a crucial step in 
the success of any large scale genome-wide 
screen.

In conclusion, RNAi is an excellent 
tool, when used skillfully, to perform 
compound sensitization screens to iden-
tify new combination strategies for 
cancer treatment. the promise of this 
approach is that one can easily identify 
novel drug targets based on the precise 
complementary approach of RNAi with 
either conventional chemotherapeutics 
or targeted drugs to identify the sec-
ond dimensional hit, and with that, a 
new family of highly effective drug 
targets. therefore, the combination of 
RNAi identified oncology targets and 
new tools for delivery in the next decade 
will combine to have a dramatic impact 
on new cancer therapies.
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2
Cancer Biomarkers (An Overview)
William C.S. Cho

IntrODuCtIOn

Many cancer patients are diagnosed at 
a stage in which the cancer is too far 
advanced to be cured, and most can-
cer treatments are effective in only a 
minority of patients undergoing therapy. 
there is thus a tremendous opportunity to 
improve the outcome for people with can-
cer by enhancing detection and treatment 
approaches, and biomarker is instrumental 
in making that transition. A biomarker is 
defined as any characteristic that can be 
objectively measured and evaluated as an 
indicator of normal biological processes, 
pathogenic processes or pharmacological 
response to a therapeutic intervention. A 
cancer biomarker is any substance that is 
measured biologically and associated with 
an increased risk of cancer. these indicators 
could include a broad range of biochemi-
cal entities, such as nucleic acids, proteins, 
carbohydrates, lipids, small metabolites, 
whole cells or biophysical characteristics 
of tissues. Because of the heterogeneity 
among diseases and patients, recharacteri-
zation of cancer in pathophysiological 
terms via biomarker is a key to the future of 
medicine. Detection of cancer biomarkers  

can be accomplished by a wide variety of 
methods, ranging from biochemical anal-
ysis of blood or tissue samples to biomedi-
cal imaging. there has been much interest 
in biomarkers of cancer risk in predicting 
future patterns of neoplasm, especially as 
cancer treatment has made such positive 
strides in the last few years. Successful 
development of cost effective tests has a 
profound impact on how cancer is detected, 
diagnosed, and treated; thus, could reduce 
the economic burden of cancer.

EMErgIng tEChnOlOgIES 
fOr CAnCEr BIOMArkEr 
DISCOvEry

In pace with the successful completion of 
the human genome Project, the wave of 
proteomics has raised the curtain on the 
postgenome era. the study of oncogenom-
ics and oncoproteomics provide mankind 
with a better understanding of neoplasia 
which has the potential to revolutionize 
clinical practice, including cancer diagno-
sis and screening, individualized selection 
of therapeutic combinations that target the 
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oncogene or cancer-specific protein, real-
time assessment of therapeutic efficacy 
and toxicity, as well as rational modula-
tion of therapy based on changes in the 
cancer genetic or protein network associ-
ated with prognosis and drug resistance. 
Besides, oncogenomics and oncoproteom-
ics are also applied to the discovery of new 
therapeutic targets and to the study of drug 
effects (Cho 2007a).

recent technological advances in bio-
medical research, especially in oncog-
enomics and oncoproteomics, have made 
it easier to identify many new cancer 
biomarkers that can potentially improve 
cancer screening and detection, to improve 
the drug development process, as well as 
to enhance the effectiveness and safety of 
cancer care by allowing physicians to tailor 
treatment for individual patients. A brief 
overview of some contemporary and rap-
idly evolving technologies are described 
below (table 2.1).

DnA Microarray

DnA microarray is a collection of micro-
scopic DnA spots, commonly representing 
single genes, arrayed on a solid surface by 
covalent attachment to chemically suitable 
matrices. It is a high capacity system com-
monly used for monitoring the expression 
of many genes in parallel or for compara-
tive genomic hybridization. Microarrays 
prepared by high speed robotic printing of 
complementary DnAs on glass are used 
for quantitative expression measurements 
of the corresponding genes. Qualitative 
or quantitative measurement with DnA 
microarray utilizes the selective nature 
of DnA–DnA or DnA–rnA hybridiza-
tion under high stringency conditions and 
fluorophore-based detection. Because of 
the small format and high density of the 
arrays, microliter level of hybridization 
volumes can enable detection of rare tran-
scripts in probe mixtures derived from 
total cellular messenger rnA.

Table 2.1. Emerging technologies for cancer biomarker discovery

Molecular type Method of analysis

genome DnA microarray
Quantitative real-time polymerase chain reaction

transcriptome Serial analysis of gene expression
MicrornA microarray

Proteome Electrophoresis
• two dimensional polyacrylamide gel electrophoresis
• free flow electrophoresis
• Capillary electrophoresis
X-ray crystallography and nuclear magnetic resonance
Surface plasmon resonance
Mass spectrometry
• Matrix-assisted laser desorption/ionization time-of-flight
• Surface-enhanced laser desorption/ionization time-of-flight
• liquid chromatography coupled with tandem mass spectrometry
• linear ion trap quadrupole-Orbitrap
Isotope-coded affinity tags
Multiple reaction monitoring
Absolute quantification of proteins
Protein microarray
tissue array
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Serial Analysis of gene Expression

Serial analysis of gene expression (SAgE) is 
a technique that allows the quantitative and 
simultaneous analysis of a large number of 
transcripts. A small sequence of nucleotides 
from the transcript, called a tag, can effec-
tively identify the original transcript from 
whence it came. linking these tags allows 
for rapid sequencing analysis of multiple 
transcripts. By linking the tags together, 
only one sequencing event is required to 
sequence every transcript within the cell, 
making the task of DnA expression profil-
ing a much less daunting one. recently, 
conventional SAgE (14 bp) has been devel-
oped further to increase the tag size, such as 
longSAgE (21 bp) and SuperSAgE (26 
bp) (Matsumura et al. 2006).

MicrornA Microarray

MicrornA (mirnA) microarray is a high-
throughput approach to study the expres-
sion of mirnAs in cultured cells or tissues. 
unlike the traditional cDnA microarray 
expression profiling, rnA samples used 
for mirnA microarray hybridization need 
to be enriched for small rnAs. usually, the 
first step of a mirnA microarray experi-
ment is the isolation of total rnA and 
the enrichment or direct isolation of small 
rnA. the mirnAs are then labeled and 
cleaned-up, following with mirnA hybrid-
ization to arrays spotted with mirnA 
probes. After washes and scanning, the 
differential expressions of mirnAs in the 
samples are identified. the recent develop-
ment of highly efficient labeling method 
and novel microarray probe design enables 
direct label as low as 100 ng of total rnA 
using Cy3 or Cy5, without fractionation 
or amplification, to produce precise and 
accurate measurements that span a linear 

dynamic range from 0.2 amol to 2 fmol of 
input mirnA. the assay is also applica-
ble for formalin-fixed paraffin-embedded 
samples.

two Dimensional Polyacrylamide gel 
Electrophoresis

two dimensional polyacrylamide gel 
elec trophoresis (2D-PAgE) has been the 
mainstay of electrophoretic technology 
for decades and is the most widely used 
tool for separating proteins based on mass 
and charge. It can achieve the separa-
tion of thousands of different proteins in 
one gel. high resolution 2D-PAgE can 
resolve up to 10,000 protein spots per 
gel. however, 2D-PAgE technique is a 
time-consuming and labor-intensive proc-
ess. It implies some inherent limitations 
especially concerning hydrophobic and 
basic proteins, and therefore they are often 
underrepresented in 2D-PAgE. Besides, 
the limitations of the technique have been 
low dynamic range and gel-to-gel vari-
ability. fluorescence-based differential gel 
electrophoresis overcomes the problems 
associated with traditional 2D-PAgE and 
allows more accurate and sensitive quan-
titative proteomics studies. the 2D-PAgE 
with immobilized ph gradient has provided 
higher resolution, improved reprodu-
cibility and higher loading capacity for 
preparative purposes with the intent of 
subsequent spot identification by the high 
speed, automated and high-throughput 
mass spectrometry (MS).

free flow Electrophoresis

free flow electrophoresis is a liquid-based 
isoelectrofocusing method working con-
tinuously in the absence of a stationary 
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phase or solid support material such as  
a gel. It separates preparatively charged 
particles ranging in size from molecular to 
cellular dimensions according to their elec-
trophoretic mobilities or isoelectric points. 
Samples are injected continuously into a 
thin buffer film, which may be segmented 
or uniform, flowing through a chamber 
formed by two narrowly spaced glass plates. 
Perpendicularly to the electrolyte and sam-
ple flow, current may be applied while the 
fluid is flowing or while the fluid flow is 
transiently stopped. In any case the applied 
electric field leads to movement of charged 
sample components towards the respective 
counter electrode according to their elec-
trophoretic mobilities or isoelectric points. 
the sample and the electrolyte used for a 
separation enter the separation chamber 
at one end and the electrolyte containing 
different sample components as separated 
bands is fractionated at the other side.

Capillary Electrophoresis

Among the variety of methods so far used for 
cancer screening, capillary electrophoresis 
(CE) represents a robust, reliable and widely 
used analytical tool. the visualization of 
CE-MS data in simplified two dimensional 
format allows an easy and simultaneous 
visual inspection of large datasets, an imme-
diate perception of relevant differences in 
closely related samples, a rapid monitoring 
of data quality levels in different samples, 
as well as a fast discrimination between 
comigrating polypeptides and electrospray 
ionization-MS fragmentation ions. Around 
550 ~ 1,000 fold sensitivity enhancement 
has been achieved recently in terms of peak 
intensity by online sample preconcentration 
technique based on dynamic ph junction in 
CE-MS (Imami et al. 2007).

Matrix-Assisted laser Desorption/
Ionization time-of-flight Mass 
Spectrometry

the basis of matrix-assisted laser desorp-
tion/ionization time-of-flight (MAlDI-
tOf) MS technology is the absorption of 
short pulses of laser light by a chromo-
phoric matrix resulting in volatilization 
of the sample molecules dispersed in the 
matrix. the matrix isolates sample mol-
ecules in a chemical environment that 
enhances the probability of ionization 
without fragmentation. the ions formed 
are accelerated by a high voltage supply 
and then allowed to drift down a flight 
tube where they separate according to 
mass. Arrival at the end of the flight tube 
is detected and recorded by a high speed 
recording device. the MAlDI-tOf MS 
has developed into a valuable tool in 
proteomics, it is envisioned to be most 
useful in conjunction with conventional 
biochemical techniques such as protein 
digests. they can be applicable to iden-
tify blocked amino termini, posttransla-
tional modifications and mutation sites 
in known proteins. A significant amount 
of preliminary structure determination is 
possible on very small amounts of analyte 
(<10 pmol). Detailed protein characteri-
zation using the latest MAlDI-tOf/tOf 
tandem MS (MS/MS) technology enables 
ultra sensitive protein identification. But 
for ladder sequencing and in-source 
fragmentation studies, it is important to 
minimize potential peptide impurities. 
Careful attention must also be given to 
synthetic peptide samples so as not to 
confuse the fragment ion signals with 
protonated molecular ions originating 
from low levels of incomplete synthesis 
impurities.
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Surface-Enhanced laser Desorption/
Ionization time-of-flight Mass 
Spectrometry

Surface-enhanced laser desorption/ioniza-
tion (SElDI)-tOf MS is an affinity-based 
MS technology developed in the 1990s, 
which brings to the field of proteomics 
a user-friendly methodology. SElDI has 
several advantages, such as high-throughput 
screening because of its versatility, ease 
of use and speed. It is rapid, reproducible, 
highly sensitive (detection limit in the 
femtomolar range) and readily adaptable 
to a diagnostic format. Additionally, mol-
ecules that have been traditionally difficult 
to identify have been detected easily by the 
SElDI platform. using addressable protein 
binding sites, SElDI platform provides a 
layer of specificity when one is probing for 
biomarkers along defined signaling path-
ways or specific posttranslationally modi-
fied protein species (Cho 2006).

liquid Chromatography Coupled with 
tandem Mass Spectrometry

the strength of the MS/MS lies in the abil-
ity to sequence information for a specific 
peptide in the presence of multiple peptides 
in the sample. liquid chromatography 
(lC) is used to concentrate and separate 
peptides from extremely complex mixtures 
before sequencing by MS. Its resolving 
power can be dramatically enhanced by 
multidimensional lC separation proce-
dures, such as multidimensional protein 
identification technology. lC-MS/MS has 
been demonstrated to enhance separation 
and identification of analytes in the low 
femtomolar range. the lC-MS/MS system 
integrates conventional high performance 
liquid chromatography pumps and columns 
coupled to a tandem mass spectrometer 

which allow efficient coupling of chro-
matography and ion detection. the frag-
mented ions allow for identification of the 
respective amino acids through a protein 
or translated nucleotide database search. 
A single lC-MS/MS analysis thus offers 
the possibility of isolating and sequencing 
hundreds of selected peptides from one 
sample. An additional advantage of this 
technique is the ability to identify protein 
targets of reactive electrophiles and map 
adducts to the specific amino acid.

linear Ion trap Quadrupole-Orbitrap

the quantitative analysis of complex biolog-
ical samples has emerged as a key research 
area in the field of proteomics. Although 
quantitative proteomic experiments remain 
challenging, these strategies have been 
greatly facilitated by the development of 
newer high performance mass spectro-
meters. Mass accuracy is a key parameter  
of mass spectrometric performance. A new 
method of phase-enhanced selective ion 
ejection based on broadband dipolar exci-
tation and ion ejection applicable to the 
Orbitrap has been developed in recent years. 
the method allows an isolation resolution 
of 28,400, which is estimated to provide a 
mass resolution for ion ejection of more 
than 100,000 (hu et al. 2007). When a lin-
ear ion trap quadrupole (ltQ) is coupled to 
an Orbitrap mass analyzer, the number and 
quality of the peptide ratio measurements 
can be improved by 4- to 5-fold in compared 
to similar analyses done on the ltQ. the 
ltQ-Orbitrap can be applied for top-down 
proteomics (the analysis of intact proteins 
instead of first digesting them to peptides), 
in which the absolute mass accuracies for 
intact proteins better than 1 ppm (Makarov 
and Denisov 2009). there are also other 
mass spectrometers utilizing ltQ and 
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fourier-transform ion cyclotron resonance 
(ft-ICr) to analyze the proteins/peptides. 
A substantial improvement in quantitative 
analysis has been reported using a ltQ-ft-
ICr mass spectrometer and novel quantifi-
cation software (Everley et al. 2006).

Imaging Mass Spectrometry

Cell is spatially highly organized, MS 
using laser to ionize the sample takes 
imaging MS measurements directly from 
tissue sections. By combining mass infor-
mation with spatial resolution, imaging 
MS takes advantage of the molecular sen-
sitivity of MS to analyze protein expres-
sion profiles from target tissues. It allows 
for direct mapping of peptides and pro-
teins present on the surface of tissue 
sections and individual cells. In a typical 
procedure, steel plates coated with matrix 
solution are used to mount tissue sections. 
they are then dried and introduced into a 
mass spectrometer controlled by tailored 
imaging software. Molecular images are 
then generated from a raster over the 
sample surface with the aid of laser spots. 
laser positions are fixed, and the sample 
plate is repositioned for consecutive spots. 
Mass spectral data are acquired for each 
spot from the molecules present on the 
irradiated area. A typical data array may 
contain thousands of spots, depending on 
the desired image resolution and a speci-
fied molecular weight range. A composite 
of >200 protein peaks can be detected in 
the mass spectrum from each spot ablated 
by the laser (Stoeckli et al. 2001). It is pos-
sible to generate hundreds of image maps 
at distinct molecular weights from a single 
raster. Imaging MS may help enhance 
biomarker discovery by shedding light 
on the importance of spatial localization 
of specific proteins during carcinogenesis 

and neoplasia which adds a new dimen-
sion to histopathological analysis.

Isotope-Coded Affinity tags

utilizing the power of MS, a high-through-
put technique has been developed that 
facilitates direct qualitative and quantitative 
comparisons of complex protein mixtures, 
isotope-coded affinity tags analogous to 
the microarray approach for assessing dif-
ferential gene expression between two cell 
states use a chemical group or label made 
in two different isotopic forms: heavy 
and light. these labels coupled to all the 
cysteine residues in a protein mixture. 
the heavy isotope is added to one sample, 
whereas the lighter isotope is added to the 
second sample. the samples are then com-
bined, the proteins are digested, and the 
peptides are analyzed in a mass spectrome-
ter. the isotopic substitutions do not affect 
the behavior of peptides during separa-
tions. thus, peptides derived from the two 
different samples enter the spectrometer 
at the same time. the mass spectrometer 
measures the relative abundance of heavy 
and light peptide forms in each sample and 
identifies each peptide by generating and 
analyzing the peptide fingerprints. In this 
manner, a global view of protein abundance 
in cells or tissues in two different states can 
be determined. this is especially important 
to biomarker discovery because expression 
analysis of all proteins and identification of 
the changes that are a function of a disease 
process give us molecular handles to target 
intervention strategies.

Multiple reaction Monitoring

the huge dynamic range of protein concen-
trations in body fluids exceeds 11 orders 
of magnitude; MS also has limitations to 
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identify proteins of low abundance without 
any prior pre-fractionation. the MS-based 
targeted approaches such as multiple reac-
tion monitoring (MrM) can enable the 
detection of selected proteins of low abun-
dance, but the analyzed protein/peptide 
mixture may not be of high complexity. 
On the other hand, the activity of many 
transcriptional regulators is significantly 
altered by post-translational modifications 
of specific sites, which can be identified 
by using the highly sensitive MrM experi-
ments to trigger dependent product ion 
scans on a hybrid ltQ instrument. the 
application of MAlDI triple-quadrupole 
MS for targeted proteomics employing an 
amine-specific isotopic labeling approach 
has an indirect benefit of the isotopic labe-
ling technique with a significant enhance-
ment of the a1 ion in tandem mass spectra 
of all peptides. the a1 ion is selected as the 
fragment ion for MrM to eliminate tedi-
ous method development and optimization 
(Melanson et al. 2006).

Absolute Quantification of Proteins

While relative quantification provides 
infor mation regarding specific protein 
abundance changes between two condi-
tions caused by an induced perturbation 
(environment-, drug- and disease-induced), 
the absolute quantification of proteins 
(AQuA) present within a complex protein 
mixture is valuable for the understand-
ing of the underlying molecular biol-
ogy guiding the response to an applied 
perturbation. the AQuA permits direct 
quantification of proteins and their modi-
fication states through the use of synthetic 
peptides which are chemically identical 
to their naturally occurring counterparts. 
the internal standard peptides, synthe-
sized with stable isotopes, are identified 

by selected reaction monitoring and MS/
MS, and then used to precisely quantify 
naturally occurring levels of the corre-
sponding proteins and their modification 
states (Mayya et al. 2006).

Protein Microarray

Protein microarray is a small size planar 
analytical proteinchip with probes arranged 
in high density on which different mol-
ecules of protein are affixed at separate 
locations in an ordered manner to form a 
microscopic array. the recent development 
of protein microarray offers the possibil-
ity to simultaneously analyze the expres-
sion of hundreds of proteins. It is used to 
identify protein–protein interactions, the 
substrates of protein kinases or the targets 
of biologically active small molecules. the 
most common functional proteinchip is the 
antibody microarray, where antibodies are 
spotted onto the proteinchip and are used 
as capture molecules to detect proteins 
from biological samples. the innovative 
reverse-phase protein microarray has the 
potential to provide information about the 
state of cellular circuitry from minute sam-
ples (Wulfkuhle et al. 2006).

tissue Array

tissue array enables high-throughput mole-
cular analysis of large numbers of specimens. 
A typical tissue array is constructed by 
arranging cylindrical biopsies from mul-
tiple individual tumor tissues into a tissue 
array block, which is then sliced into ³200 
identical slides for probing rnA or protein 
targets. A single immunohistochemistry 
or in situ hybridization experiment pro-
vides information on all specimens on the 
slides, whereas subsequent sections can be 
analyzed with other probes or antibodies. 
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Cancer-specific tissue arrays with various 
kinds of subsets can be generated (such  
as subsequent cancer cases, preneoplastic 
lesions, metastatic lesions, synchronous 
cancers, metachronous cancers, young 
patients and familial cases) for further anal-
ysis. tissue array has expanded the scope 
of high-throughput molecular analysis of 
archival tissue specimens with multiple 
probes for specific genes or proteins for 
functional and clinical applications.

Bioinformatics

Bioinformatics is an interdisciplinary 
field that blends computer science and 
biostatistics with biological and biomedi-
cal sciences such as biochemistry, cell 
biology, developmental biology, genetics, 
genomics and physiology. genomic and 
proteomic analysis generates expression 
information for hundreds and thousands of 
genes or proteins, which have to be organ-
ized, stored, analyzed and interpreted with 

the aid of bioinformatics. the significance 
of bioinformatics is increasing because the 
advent of high-throughput methods relies 
on powerful data analysis. Artificial intel-
ligence-based systems that learn, adapt 
and gain experience over time are uniquely 
suited to genomic and proteomic data 
analysis because of the huge dimensional-
ity of the genome or proteome itself. the 
application of these artificial intelligence 
systems to analyze mass spectral data 
derived from the genome or proteome has 
given rise to a new analytical paradigm.

CurrEntly uSED CAnCEr 
BIOMArkErS (tABlE 2.2)

Carcinoembryonic antigen (CEA) is a cancer 
biomarker that is elevated in the blood of  
patients with ovarian, lung, breast, pancreas,  
rectal and gastrointestinal tract cancers 
(fleuren and nap 1988; Molina et al. 2003;  

Table 2.2. Currently used cancer biomarkers

Cancer type Primary use Biomarker reference

hepatocellular Diagnosis Alpha-fetoprotein Saffroy et al. 2007
Diagnosis Cancer antigen 125 lopez 2005

Colon treatment Estrogen receptor harris et al. 2003
rectal Diagnosis Carcinoembryonic antigen grossmann et al. 2007
lung Diagnosis neuron specific enolase Schneider et al. 2003

Diagnosis Carcinoembryonic antigen Molina et al. 2003
gastrointestinal tract Diagnosis Carcinoembryonic antigen locker et al. 2006
Breast Diagnosis Carcinoembryonic antigen lee et al. 2004

treatment Estrogen receptor harris et al. 2003
Prognosis Carbohydrate antigen 15.3 Martin et al. 2006

Prostate Diagnosis Prostate specific antigen vukotic et al. 2005
treatment Estrogen receptor harris et al. 2003

Pancreatic Diagnosis Carcinoembryonic antigen Shami et al. 2007
Diagnosis Carbohydrate antigen 19.9 ni et al. 2005

gallbladder Diagnosis Carbohydrate antigen 19.9 Strom et al. 1990
Ovarian Diagnosis Carcinoembryonic antigen fleuren and nap 1988

treatment Estrogen receptor harris et al. 2003
Prognosis Cancer antigen 125 Markmann et al. 2007

nasopharyngeal Diagnosis Epstein-Barr virus immunoglobulins Wong et al. 2005
Cervical Diagnosis human papillomavirus E6  

and E7
yim and Park 2006

Endometrial treatment Estrogen receptor harris et al. 2003
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lee et al. 2004; locker et al. 2006; 
grossmann et al. 2007; Shami et al. 2007; 
Cho 2007b). As a screening test, it can be 
elevated by many other factors than cancer; 
smoking for instance raises CEA levels. 
however, the level of CEA is an effective 
preoperative biomarker that can predict 
survival in postsurgery patients with color-
ectal cancer (Munoz llarena et al. 2007).

for hepatocellular carcinoma (hCC), 
the common method of screening high risk 
patients by alpha-fetoprotein (AfP) and 
ultrasonography has been shown to result 
in earlier detection and consequently more 
easily treatable tumors and longer sur-
vival. Of the other cancer biomarkers, the 
newer high sensitive des-gamma-carboxy-
prothrombin has been found to be useful. 
In addition, the AfP fractions l3, P4/5 
and the +II band are highly specific for 
hCC (Saffroy et al. 2007).

Among routinely assayed cancer biomar-
kers in the laboratory, cancer antigen 125 
(CA 125) is more sensitive for hCC than 
AfP but less specific (lopez 2005). CA 
125 can be a biomarker of ovarian can-
cer risk or an indicator of malignancy. 
Currently available screening tests for ovar-
ian cancer include CA 125, transvaginal 
ultrasound, or a combination of both. But 
the levels of these cancer biomarkers can 
be high in people who have pancreatitis, 
kidney or liver disease, making their accu-
racy as cancer diagnostic tool very limited. 
however, CA 125 has provided a useful 
cancer biomarker for monitoring response 
to chemotherapy. It can be used to follow 
the progress of treatment of cancer and 
predict a treatment failure when levels rise 
despite the use of chemotherapeutic agents. 
A rapid fall in CA 125 during chemotherapy 
predicts a favorable prognosis and can be 
used to redistribute patients on multiarmed 

randomized clinical trials (Markmann et al. 
2007). On the other hand, high carbohy-
drate antigen 19.9 in the blood can be a sign 
of gallbladder or pancreatic cancer (Strom 
et al. 1990; ni et al. 2005).

Early diagnosis of cancer is difficult 
because of the lack of specific symptoms 
in early disease and the limited understand-
ing of etiology and oncogenesis. there is 
no single biomarker sensitive enough for 
the early detection of breast cancer; there-
fore, measurement of CEA and hEr-2 
in abnormal nipple discharge has been 
approved for diagnosis of breast cancer in 
some countries (kurebayashi 2004). On 
the other hand, it has been reported that 
high pre-operative carbohydrate antigen 
15.3 (CA 15.3) levels correlate with large 
size tumors and the presence of lymph 
node metastases, which suggests that CA 
15.3 can be used as a prognostic biomar-
ker for breast cancer (Martin et al. 2006).

the estrogen receptor (Er) status is also 
one of the cancer biomarkers that are rou-
tinely used to guide treatment decisions. 
It is overexpressed in about 70% of breast 
cancer. Estrogen and the Ers have also 
been implicated in ovarian, colon, prostate 
and endometrial cancers. Advanced colon 
cancer is associated with a loss of Erb, 
the predominant Er in colon tissue, and 
colon cancer is treated with Erb specific 
agonists (harris et al. 2003).

Another cancer biomarker in wide use 
is prostate specific antigen (PSA). It is the 
most important cancer biomarker in all 
solid tumors, indispensable in the man-
agement of prostate cancer. the higher 
the PSA in blood, the greater the correlation 
is toward the existence of prostate cancer. 
however, other reasons besides cancer 
can also cause rises in PSA, such as 
benign prostatic hyperplasia or prostatitis.  
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nevertheless, PSA is a serum cancer 
biomarker currently used consistently in 
primary care. Although no treatment is 
based solely on PSA, alterations above 
normal can spur further diagnostic testing 
to catch the disease at an early stage. the 
degree of elevation, the rapidity of increase 
and the fraction of free non-bound PSA 
(higher in benign causes) are all factors to 
determine the next management procedure 
(vukotic et al. 2005).

numerous studies have supported the use 
of neuron specific enolase (nSE) as an aid in 
the diagnosis of small cell lung cancer. high 
serum levels of nSE (>100 µg/l) in patients 
with suspicion of malignancy suggest the 
presence of small cell lung cancer with high 
probability, but moderate elevations of nSE 
are also found in patients with benign lung 
diseases (Schneider et al. 2003).

Assessment of immunoglobulin A (IgA) 
and immunoglobulin g (Igg) antibodies 
responses to various Epstein-Barr virus 
(EBv) antigen complexes, usually involving 
multiple serological assays, is important 
for the early diagnosis of nasopharyngeal 
carcinoma (nPC). the use of EBv immu-

noglobulin assay as diagnostic biomarker 
for nPC is considered to be feasible and 
effective (Wong et al. 2005; Cho 2007c).

On the other hand, more than 98% of 
cervical cancer is related to human papillo-
mavirus (hPv) infection. the identification 
and functional verification of host proteins 
associated with hPv E6 and E7 oncopro-
teins may provide useful information for 
the understanding of cervical carcinogene-
sis and the development of cervical cancer-
specific markers (yim and Park 2006).

BIOMArkErS fOr thE 
DIAgnOSIS Of CAnCErS 
(tABlE 2.3)

genomic-Based Biomarkers in Cancer

Pleural effusions from 59 patients with breast, 
lung, ovarian or colorectal cancers and 12 
patients with benign diseases as a control 
were subjected to reverse transcription–
polymerase chain reaction (rt-PCr) for 
detection of MN/CA9 gene expression. 
the sensitivity and specificity were 89.8% 

Table 2.3. Selected cancer biomarkers identified by molecular analysis

Cancer type Primary use Molecular type Biomarker reference

lung Diagnosis genome MN/CA9x li et al. 2007
Prognosis genome RASSF1A, RUNX3 yanagawa et al. 2007
Prognosis transcriptome let-7 takamizawa et al. 2004
Prognosis transcriptome hsa-let-7a-2, hsa-miR-155 yanaihara et al. 2006
Prognosis Proteome Alphavbeta6 Elayadi et al. 2007

hepatocellular Diagnosis genome Alpha 7 ren et al. 2007
Colorectal Diagnosis genome MN/CA9 li et al. 2007
Breast Diagnosis genome MN/CA9 li et al. 2007

Prognosis genome PAI-1 lei et al. 2007
treatment Proteome Cytokeratin-18 Olofsson et al. 2007
Prognosis Proteome ubiquitin, ferritin light chain ricolleau et al. 2006

head and neck treatment genome Epidermal growth factor receptor Agulnik et al. 2007
Prognosis genome krüppel-like transcription factor 6 teixeira et al. 2007

Pancreatic Diagnosis transcriptome miR-221, miR-301, miR-376a lee et al. 2007
Prognosis transcriptome miR-21 roldo et al. 2006
Prognosis transcriptome miR-196a-2 Bloomston et al. 2007
Diagnosis Proteome Annexin II, OgfBP-2 Chen et al. 2007

(continued)
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Cancer type Primary use Molecular type Biomarker reference

leukemia treatment transcriptome miR-15, miR-16 Cimmino et al. 2005
Prognosis Proteome CD27, Interleukin-8, Interleukin-10 kara et al. 2007

Prostate Diagnosis genome Alpha 7 ren et al. 2007
Diagnosis Proteome Annexin II yee et al. 2007

lymphoma Prognosis genome Epstein–Barr virus DnA ngan et al. 2004
Prognosis genome TP53, RB1, P16, CCND1, ATM, P27, 

BMI, MYC, MDM2, EZH2
kienle et al. 2007

treatment transcriptome miR-17-92 Woods et al. 2007
glioblastoma Diagnosis genome Alpha 7 ren et al. 2007

treatment Proteome galectin-1 Puchades et al. 2007
neuroblastoma treatment transcriptome miR-34a Welch et al. 2007
Ovarian Prognosis genome fibroblast growth factor 1 Birrer et al. 2007

Diagnosis genome MN/CA9 li et al. 2007
Diagnosis Proteome Eosinophil-derived neurotoxin, 

Osteopontin COOh-terminal  
fragments

ye et al. 2006

Melanoma Prognosis Proteome ki-67 Pearl et al. 2007
nasopharyngeal treatment genome EBEr-1 ngan et al. 2001

treatment Proteome Platelet factor-4 Cho et al. 2007
Prognosis Proteome Serum amyloid A, Inter-a-trypsin 

inhibitor
Cho et al. 2004, 2007

leiomyosarcoma Diagnosis genome Alpha 7 ren et al. 2007
Cholangio treatment transcriptome miR-21 Meng et al. 2006

Table 2.3. (continued)

and 91.7% respectively, suggesting that 
MN/CA9 might be a potential marker for 
the detection of malignant cells in effu-
sions (li et al. 2007).

Mutations in integrin alpha7 were iden-
tified by sequencing genomic DnAs and 
cDnAs from 62 primary human tumor 
samples (including prostate cancer, liver 
cancer, glioblastoma multiforme and leio-
myosarcoma), 4 cell lines and 56 matched 
normal tissues. A meta-analysis of integrin 
alpha7 mrnA microarray data from 4 
studies was performed. kaplan-Meier anal-
yses were used to assess survival. Integrin 
alpha7 appeared to be a tumor suppressor 
that operated by suppressing tumor growth 
and retarding migration (ren et al. 2007).

transcriptomic-Based Biomarkers  
in Cancer

With the application of in situ rt-PCr, it 
was shown that the aberrantly expressed 
miR-221, miR-301 and miR-376a were 

localized to pancreatic cancer cells but not 
to stroma or normal acini or ducts. Aberrant 
micrornA (mirnA) expression offered 
new clues to pancreatic tumorigenesis and 
might provide diagnostic biomarkers for 
pancreatic cancer (lee et al. 2007).

Proteomic-Based Biomarkers in Cancer

genomic changes are relatively static, 
whereas the proteome is dynamic, reflect-
ing physiological and pathological changes 
much more acutely and accurately. Dysre-
gulation of annexin I was associated with 
esophageal squamous cell carcinoma 
(hu et al. 2004) and prostate cancer 
(Smitherman et al. 2004), while loss 
of annexin A1 expression was detected in 
head and neck cancer (garcia Pedrero et al. 
2004) and human breast cancer (Shen et al. 
2005). urine samples collected preopera-
tively from postmenopausal women of 128 
ovarian cancer, 52 benign conditions, 44 
other cancers and 188 healthy controls were   
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analyzed by SElDI-tOf MS and 2D- 
PAgE. Specific elevated posttranslationally 
modified urinary eosinophil-derived neu-
rotoxin and osteopontin COOh-terminal 
fragments in ovarian cancer might lead to 
potential noninvasive screening tests for 
early diagnosis (ye et al. 2006).

A semi-quantitative assessment of 
annexin II expression was performed in 
radical prostatectomy specimens from 74 
patients and prostate needle core biopsy 
specimens from 13 patients. In high-grade 
prostatic intraepithelial neoplasia, annexin 
II staining was markedly reduced in epi-
thelial cells but not in basal cells. reduced 
annexin II expression might be a useful 
diagnostic biomarker to help identify small 
foci of moderately differentiated adeno-
carcinoma on needle core biopsy speci-
mens since it was consistently expressed in 
benign prostatic glands (yee et al. 2007).

the ICAt technology and MS/MS were 
employed to systematically study protein 
expression in 10 pancreatic cancers and 
10 chronic pancreatitis. Annexin A2 and 
IgfBP-2 were overexpressed in cancer, 
but not in chronic pancreatitis, making 
them promising biomarker candidates for 
pancreatic cancer (Chen et al. 2007).

BIOMArkErS fOr thE 
trEAtMEnt AnD 
PrOgrESSIOn  
Of CAnCErS (tABlE 2.3)

genomic-Based Biomarkers in Cancer

Pharmacodynamic tissue studies were con-
ducted on a phase I/II trial of erlotinib and 
cisplatin in 37 patients with recurrent or 
metastatic head and neck squamous cell 
carcinomas. high epidermal growth factor 

receptor (EGFR) gene copy in tumor speci-
mens might predict which patients had an 
increased likelihood of response to erlotinib, 
and decreased phosphorylated-Egfr level in 
skin biopsies during therapy might represent 
a potential surrogate marker for improved 
clinical outcome (Agulnik et al. 2007).

nasopharyngeal carcinoma is an EBv 
associated malignancy with a remarkable 
racial and geographical distribution (Cho 
2007c). Profile of EBEr-1 (EBv-encoded 
rnA) showed concordance with clinical 
course of either continuous remission or 
later progression, which suggested that 
EBEr-1 in serum could become a useful 
adjunctive surrogate marker to monitor 
chemotherapeutic response in nPC patients 
with distant metastasis or advanced local 
recurrence (ngan et al. 2001).

transcriptomic-Based Biomarkers  
in Cancer

mirnAs are deemed to play a crucial role 
in the initiation and progression of human 
cancer. for example, miR-15 and miR-16 
induce apoptosis by targeting Bcl-2 in 
chronic lymphocytic leukemia (Cimmino 
et al. 2005). mirnAs from the miR-17–92 
cluster modulate tumor formation and 
function as oncogenes by influencing the 
translation of E2F1 mrnA in lymphoma 
(Woods et al. 2007). miR-21 modulates 
gemcitabine-induced apoptosis by phos-
phatase and tensin homolog deleted on 
chromosome 10-dependent activation of 
PI 3-kinase signaling in cholangiocarci-
noma (Meng et al. 2006). miR-34a acts 
as a suppressor of neuroblastoma tumori-
genesis by targeting the mrnA encoding 
E2f3 and reducing E2f3 protein levels 
(Welch et al. 2007). restoration of tumor 
suppressor hsa-miR-145 inhibits cancer 
cell growth in EGFR mutant lung adeno-
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carcinoma (Cho et al. 2009). the chro-
mosomal translocations associating with 
human tumors disrupt the repression of 
high mobility group A2 by let-7 mirnA 
in mammalian cells (Cho 2007d).

Proteomic-Based Biomarkers in Cancer

Cytokeratin-18 levels were determined in 
serum from 61 breast cancer patients during 
docetaxel or cyclophosphamide/epirubicin/5-
fluorouracil therapy. Cytokeratin-18 was 
found to be useful biomarker for early pre-
diction of the response to cyclophosphamide/
epirubicin/5-fluorouracil therapy in breast 
cancer (Olofsson et al. 2007). galectin-1 
was found to be negatively regulated by 
the treatment with wild-type tP53 and fur-
ther downregulated by the cytotoxic chemo-
therapy Sn38 in glioblastoma cell lines. 
further examination of galectin-1 expression 
through microarray analysis in tumors from 
patients confirmed galectin-1 as a valuable 
biomarker and possible therapeutic target 
(Puchades et al. 2007).

BIOMArkErS fOr thE 
PrOgnOSIS Of CAnCErS 
(tABlE 2.3)

genomic-Based Biomarkers in Cancer

nineteen Chinese patients with lymphoep-
ithelioma-like carcinoma of the lung were 
tested for EBv DnA in their serum samples 
by a quantitative real-time PCr technique. 
Patients with a pretherapy serum EBv DnA 
>10,000 copies/ml had significantly inferior 
overall survival, which suggested that circu-
lating serum EBv DnA could be used as a 
tumor marker in the clinical management of 
patients with lymphoepithelioma-like carci-
noma of the lung (ngan et al. 2004).

In the methylation study of 10 genes in 
101 non-small cell lung cancer (nSClC) 
cases by methylation-specific PCr, pro-
moter hypermethylation of RASSF1A and 
RUNX3 genes were found to be independ-
ent biomarkers to predict the prognosis 
in nSClC, particularly RASSF1A due to 
squamous cell carcinoma and RUNX3 due 
to adenocarcinoma (yanagawa et al. 2007). 
Eight potentially functional single nucle-
otide polymorphisms in 6 genes of the 
urokinase plasminogen activation system in 
959 breast cancer patients together with 952 
matched controls were genotyped and up to 
15 years of follow-up. the -675 4g/5g 
polymorphism in the PAI-1 gene was iden-
tified as a promising prognostic biomarker 
for breast cancer (lei et al. 2007).

Oligonucleotide array comparative 
genomic hybridization was performed 
on 42 microdissected high-grade serous 
ovarian tumor samples. Amplification of 
fibroblast growth factor 1 at 5q31 in 
ovarian cancer tissues led to increased 
angiogenesis and autocrine stimulation 
of cancer cells, which might result in 
poorer overall survival in patients with 
high-grade advanced stage serous ovarian 
cancer (Birrer et al. 2007).

Quantitative expression of 20 genes in 65 
mantle-cell lymphoma samples was ana-
lyzed using real-time rt-PCr. genomic 
losses at the loci of TP53, RB1 and p16 
were associated with reduced transcript 
levels of the respective genes. Several 
genes were correlated closely with the 
ki-67 index, including the short CCND1 
variant (positive correlation), as well as 
RB1, ATM, p27 and BMI (negative corre-
lation). Expression levels of Myc, MDM2, 
EZH2 and CCND1 were the strongest 
prognostic factors independently of tumor 
proliferation and clinical factors (kienle 
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et al. 2007). A collection of 81 well-charac-
terized oral and oropharyngeal head and 
neck squamous cell carcinomas samples 
were analyzed against normal tissues. the 
krüppel-like transcription factor 6 gene 
allelic loss was found to be associated with 
tumor recurrence and markedly decreased 
survival in head and neck squamous cell 
carcinomas (teixeira et al. 2007).

transcriptomic-Based Biomarkers  
in Cancer

the expression of let-7 mirnA was 
reported to be frequently reduced in human 
lung cancers, and the reduced let-7 mirnA 
expression was significantly associated with 
shorter postoperative survival. In addition, 
overexpression of let-7 mirnA in A549 
lung adenocarcinoma cell line inhibited lung 
cancer cell growth in vitro (takamizawa 
et al. 2004). On the other hand, low hsa-
let-7a-2 and high hsa-miR-155 precursor 
mirnA expression were found to be cor-
related with poor survival of lung adeno-
carcinomas (yanaihara et al. 2006). the 
overexpression of miR-21 in pancreatic 
tumors was shown to be strongly associated 
with both high ki-67 proliferation index 
and the presence of liver metastasis. the 
alteration in mirnA expression was related 
to progression of malignancy (roldo et al. 
2006). high expression of miR-196a-2 was 
found to predict poor survival in pancreatic 
cancer (Bloomston et al. 2007).

In 2007, the u.S. food and Drug 
Administration has approved MammaPrint, 
a gene expression profiling service to 
assess the risk of recurrence in the rnA 
of breast cancer patients that examines 70 
genes via a focused microarray (glas et al. 
2006). this approval represents a regula-
tory milestone as the first in vitro diag-
nostic multivariate index assay to acquire 

market clearance in the united States and 
is viewed as the first step toward standard-
izing multigene expression tests.

Proteomic-Based Biomarkers in Cancer

Expression of alphavbeta6 was assessed on 
311 human lung cancer samples. log-rank 
test and Cox regression analyses showed 
that expression of this integrin was sig-
nificantly associated with poor patient out-
come. results indicated that alphavbeta6 
was a prognostic biomarker for nSClC 
and might serve as a receptor for targeted 
therapies (Elayadi et al. 2007).

A proteomic approach of SElDI-tOf 
MS screening was used to identify differ-
entially cytosolic expressed proteins with 
a prognostic impact in 30 node-negative 
breast cancer patients with no relapse 
versus 30 patients with metastatic relapse. 
the protein profiling clearly showed that a 
high level of cytosolic ubiquitin and a low 
level of ferritin light chain were associated 
with a good prognosis in breast cancer 
(ricolleau et al. 2006).

Plasma soluble CD27, interleukin (Il)-8 
and Il-10 levels were assessed with enzyme-
linked immunosorbent assay tests in 70 
patients with B-cell chronic lymphocytic 
leukemia and 22 healthy donors. Soluble 
CD27, Il-8 and Il-10 were found to be sig-
nificant prognostic factors for B-cell chronic 
lymphocytic leukemia (kara et al. 2007).

tissue arrays of 79 primary melanoma 
and 92 lymph node metastases were con-
structed from paraffin embedded tissue 
and ki-67 expression examined by immu-
nohistochemistry. high ki-67 expression 
was associated with melanoma progres-
sion and multiple lymph node involve-
ment, which might potentially form the 
basis of a risk analysis for patients with 
positive sentinel nodes (Pearl et al. 2007).
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using proteinchip profiling analysis, two 
isoforms of serum amyloid A (SAA) pro-
tein were identified as useful biomarkers 
to monitor relapse of nPC. Monitoring 
the patients longitudinally for SAA level 
by proteinchip and validated by immu-
noassay showed a dramatic SAA increase, 
which correlated with relapse and a drastic 
fall correlated with response to salvage 
chemotherapy (Cho et al. 2004). further 
examination was conducted to find other 
serum biomarkers that were associated with 
active disease or chemotherapy response in 
nPC patients treated by two different drug 
combinations. using tandem MS sequenc-
ing and immunoaffinity capture assay, two 
potential biomarkers were identified as a 
fragment of inter-a-trypsin inhibitor pre-
cursor and platelet factor-4. these disease 
and treatment-associated serum biomark-
ers might serve to diagnose and triage 
nPC patients for appropriate chemotherapy 
treatment respectively (Cho et al. 2007).

ChAllEngES AnD 
PErSPECtIvES

Biomarker research faces several big chal-
lenges. One is the biological variability of 
patients’ samples, which reflect the com-
pound picture of variables stemming from 
differences in age, sex, exercise, diet and 
circadian rhythm. Although cutting-edge 
technologies are utilized to develop and 
implement cancer biomarkers for clinical 
use, only a handful are actually translated  
into fully validated diagnostic tools (Cho 
2007f). Despite considerable effort and 
investment, most of the currently used  
cancer biomarkers lack high sensitivity and 
specificity to be useful in screening the 
general population, so the differentiation  

between some benign and malignant 
tumors is still a clinical challenge. Most 
cancer biomarkers never advance beyond 
the discovery phase, and the number of 
biomarkers validated for use in drug devel-
opment or qualified for clinical applica-
tions is still very small.

While PSA is used in insurance testing 
to assess the risk of underlying prostate 
cancer, other cancer biomarkers are neither 
specific enough nor cost effective to use. 
there are also questions with PSA, as some 
prostate cancer may be so slow growing as 
to never affect eventual mortality or be 
unlikely to progress. genetic testing is still 
not robust and accurate enough on which to 
forecast risk, and is not part of the testing 
required by insurers. On the other hand, it 
is recognized that many protein biomarkers 
may be specific protein isoforms or modi-
fied proteins, further technical develop-
ments for more effective identification and 
quantitation of protein isoforms and modi-
fications would be greatly desirable.

In recent decades, knowledge about the 
basic biology and biochemical pathways 
underlying cancers has increased tremen-
dously, but translation of that knowledge 
to more effective patient care and better 
outcomes remains a challenge. Although 
advances in technology have made it easier 
to examine many potential biomarkers in a 
single experiment, discovery efforts are still 
hampered by the limited sensitivity, spe-
cificity and capacity of current technology. 
there are still many obstacles to develop 
clinically useful cancer biomarkers, includ-
ing technical challenges associated with val-
idating potential cancer biomarkers, as well 
as challenges associated with developing, 
evaluating and incorporating the screening 
or diagnostic tests that make use of those 
cancer biomarkers into clinical practice.



36 W.C.S. Cho

Despite some notable achievements, 
only a few biomarkers are routinely used 
in oncology. Obstacles to progress could 
be overcome or minimized by developing 
different strategies to foster the work from 
discovery through development. Improved 
approaches may lead to better biomarkers 
for the entire spectrum of cancer health 
care, from chemoprevention, early detec-
tion and disease classification to drug 
development, treatment planning and 
monitoring (Cho 2007e).

the advances in oncogenomics and 
oncoproteomics has provided the hope of 
discovering novel biomarkers for use in the 
screening, early diagnosis and prediction 
of response to therapy (Cho and Cheng 
2007; Cho 2009a). the current focus on 
cancer biomarker discovery is a result of 
an improved understanding of the bio-
logic basis for carcinogenesis (Cho 2009b). 
Some promising strides have been made in 
classifying tumors at the molecular level 
and in selecting patients who are more 
likely to respond to some targeted drugs, 
such as trastuzumab, cetuximab, bevacizu-
mab, gefitinib, erlotinib, imatinib, sunitinib 
and so on. the increasing number of poten-
tial drug targets and a plethora of diverse, 
new developmental agents have stimulated 
the search for cancer biomarkers that can 
reduce the time, cost and attrition rates 
prevalent in cancer drug development. It is 
hoped that the increased adoption of cancer 
biomarkers used in oncology will enable 
early proof-of-concept studies for novel 
therapeutic targets; accelerate the adop-
tion of population-enrichment strategies for 
clinical trial recruitment; and increase the 
use of cancer biomarker endpoints as sur-
rogates for clinical benefit in clinical trials.

the development of new bioinformatics 
tools may extract biomarker patterns with 

sensitivity and specificity superior to single 
biomarkers. however, most results needed 
validation by larger-scale multicentre stud-
ies. On the other hand, there is an increas-
ing interest in complementing conventional 
histopathological evaluation with molecu-
lar tools that can increase the sensitivity 
and specificity of cancer staging for diag-
nostic and prognostic of locoregional or 
systemic recurrence. Effective use of cancer 
biomarkers at each stage of research and 
development can improve decision-making, 
increase clinical trial success rates and pro-
ductivity, allow earlier stop/go decisions to 
be made and eliminating waste of resources 
which can otherwise be redeployed.
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Tumor Angiogenesis in Cancers: 
Expression of CD105 Marker
Osamu Tokunaga, Rahmawati Minhajat, and Daisuke Mori

InTRODuCTIOn

Angiogenesis is an important step in the 
process of cancer growth and wound healing 
(Folkman 1971). Cancer is always accom-
panied by angiogenesis. Angiogenesis 
is a complex of endothelial cell growth 
through an interaction of growth factors and 
their ligands and of sustaining matrices. 
Several sources of vascular endothelium 
are thought to participate in angiogenesis: 
sprouting from the preexisting blood 
vessel or mobilization from the bone mar-
row and circulation in the blood stream,  
and anchoring and colonization at the lesion 
(Asahara et al. 1999; Gunsilius et al. 
2000). Whatever the source of angiogenic 
cells, endothelial cells express specific 
molecules and proliferate through an inter-
action with their ligands. In this chapter,  
the morphologic features of tumor angio-
genesis, general endothelial markers of 
endothelium, and proliferation specific 
molecule CD105 are discussed.

MORPhOlOGICAl FEATuRES 
OF TuMOR AnGIOGEnESIS

The detailed structure of the newly formed 
blood vessel is not yet understood, although 
studies of the expression of marker molecules 
have been reported by many investigators. 
In normal tissue, capillaries are lined by a 
thin layer of tightly contiguous endothe-
lial cells without fenestration and pores or 
gaps. This structure allows neither plasma 
leakage nor hemorrhage under physiologi-
cal conditions, but they are very common in 
the wound healing and cancer tissue, where 
neoangiogenesis develops so rapidly that 
the structure may reflect the time lapse  
between vascular endothelial cell prolifera-
tion and maturation to sustain the vascular 
complex stability, resulting in an immature 
endothelial structure and vascular network 
(Figure. 3.1). Although the fenestration 
of endothelial cells is normally seen in 
endothelial cells of the renal glomeruli 
and intestinal villi, fenestration-like pores 
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and gaps or holes are common in tumor 
angiogenesis as seen in the discontinuous 
endothelium of sinusoids in normal liver 
and spleen. A blunt end or outpouch-

ing, and disordered vascular network are 
common in neoangiogenesis as observed 
in the freeze fracture sections of colon 
cancer tissue using transmission electron 

Figure 3.1. normal and cancer vasculature. (a) Capillaries arranged orderly in the normal colon mucosa. 
(b) Disordered irregular network of the vasculature is apparent in cancer tissue. Resin cast angiography

Figure 3.2. View of the freeze fracture in normal and 
cancer tissue. (a) Contiguous endothelial lining is 
smooth in normal capillaries. (b) higher magnification 

at the short arrow. (c) In contrast, fenestration-like pore 
or gaps are common in angiogenic endothelial cells in 
cancer. (d) higher magnification at the long arrow
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microscopy (Fig. 3.2, Ogawa et al. 1999).  
Therefore, immature vascular structure 
causes easy bleeding from the cancer 
lesion. This disadvantage is utilized for 
occult blood test in stool in mass screening 
for colon cancer.

DETECTIOn  
OF ThE EnDOThElIuM  
By IMMunOhISTOlOGy

 Antigenecity Retrieval

Conventional formalin-fixed and paraffin-
embedded sections are widely used in a  
routine examination for immunohisto-
logical studies: immunofluorescence and 
immunohistochemistry in most labora-
tories. With formalin-fixed and paraffin-
embedded sections, the antigenecity is 
always displaced or masked to some extent 
by unknown mechanisms (Shia et al. 1997). 
In order to obtain the best high contrast 
images, preliminary determination of the 
antibody dilution with the appropriate 
buffer and selection of the antigen retrieval 
method are essential. Several methods for 
performing successful antigen retrieval 
have been proposed. The recommended 
retrieval methods and antigen dilutions 
are shown in Table 3.1. A wide variety of 
antigen retrieval methods are discussed by 
hayat (2002, 2004–2006).

Immunohistology

Once the specificity of the antibody is 
assessed, the following quantitative immu-
nohistological study is recommended. For 
immunofluorescence, 4 µm thick sections 
are deparaffinized and soaked in 0.01 
M citrate buffer (ph 6.0) at 90°C for 40 
min for antigen retrieval. The sections 
are treated with 10 mg/ml bovine serum 

albumin (BSA) to inhibit nonspecific 
antibody binding, and then incubated with 
the primary antibody for 1 h at 37°C or 
at 4°C overnight. After washing three 
times with PBS (ph 7.2), the sections are 
incubated with an FITC- or rhodamine (or 
Cy3) labeled secondary antibody raised 
against immunoglobulin of the primary 
antibody for 30 min at 37°C. If double 
immunofluorescence staining is desired, 
then a second antibody (raised in a dif-
ferent species) is applied and then the 
corresponding secondary antibody labeled 
with either rhodamine (or Cy3) or FITC is 
applied. Double FITC- and rhodamine (or 
Cy3) labeled samples are examined using 
either a fluorescence microscope or a laser 
microscope. To rule out a nonspecific 
antigen-antibody reaction, control sections 
are incubated with either normal murine or 
rabbit serum or PBS instead of the primary 
antibody.

For immunohistochemistry, the basic 
technique is the same as that of immun-
ofluorescence. After incubation with the 
first primary antibody and then washing 
with PBS, an alkaline phosphathase labeled 
secondary antibody is reacted for 30 min 
at 37°C and visualized using BCIP/nBT 
substrate system that produces a blue-purple 
color. If double immunohistochemistry 

Table 3.1. The antibodies used, antigen retrieval method, 
and antibody dilution

Antibody Clone Pretreatment Dilution Company

CD31 Mono Proteinase K 20X Dako
CD105 Mono MW – EDTA 50X novocastra
CD34 Mono AC – EDTA 50X MBl
VEGF Mono AC – EDTA 100X Santa Cruz
Flt-1 Poly AC – EDTA 200X Santa Cruz

Flk-1 Poly AC – EDTA 200X Santa Cruz
TGF-b1 Poly AC – EDTA 100X Santa Cruz
TGF-bRII Poly AC – EDTA 200X Santa Cruz

Antigen retrieval method for immunohistochemistry. MW  
microwave, AC autoclave.
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is required, follow the same procedure as 
that of immunofluorescence. The second 
immunoreaction endproduct is visualized 
using the new Fuchsin Substrate Kit that 
produces a red color. Different substrates 
for other types of color development are 
also commercially available.

SIMulTAnEOuS MASS  
AnD COMPARATIVE STuDy: 
TISSuE ARRAy

To compare the level of expression simul-
taneously from many cases, a tissue micro-
array is useful and convenient (Minhajat 
et al. 2006a). The target area on each h and  
E stained slide from the representative cancer 
case is marked and the corresponding par-
affin block is also marked. using a tissue 
microarrayer (Beecher Instruments Inc., 
Sun Prairie, WI, uSA), cylindrical cores 
1.5 mm in diameter are punched out from 
the donor block and placed in the recipient  
block. As many as 250 samples can be 
examined simultaneously on a single micro-
slide. The array blocks are then incubated 
for 30 min at 37°C to improve the adhesion  
between the cores and the recipient paraffin 
blocks. Once the microarray block is pre-
pared, the following procedure is the same  
as conventional immunohistochemistry.

SPECIFIC MARKERS FOR 
VASCulAR EnDOThElIuM 
In TuMOR

 Angiogenesis

The vascular endotheium of tumor and 
normal tissue is heterogeneous (Chi et al. 
2003). Recent advances in immunohis-
tological and biochemical technologies 

have made it possible to detect the 
heterogeneous endothelium. Among those 
markers with low specificity are lectin, 
vimentin, integrin, and alkaline phos-
phatase, which are expressed not only in 
endothelium but also in perivascular ele-
ments (Fox and harris 2004).

Vascular endothelial growth factor 
(VEGF) is a potent mitogen in angiogen-
esis. It plays a central role in both normal 
vascular development and tumor neovas-
cularization (Ferrara 2002). The VEGF 
family is composed of seven proteins with 
a common VEGF homology domain. The 
angiogenic actions of VEGF are mainly 
mediated through two closely related 
endothelium-specific receptor tyrosine 
kinases: Flt-1 (VEGFR-1) and Flk-1/KDR 
(VEGFR-2)(Faviana et al. 2002; hicklin 
and Ellis 2005). Both are largely restricted 
to vascular endothelial cells and are over-
expressed on the endothelium of tumor 
vasculature. All of the VEGF-A isoforms 
bind to both VEGFR-1 and VEGFR-2.

von Willebrand Factor (vWF) is the 
most familiar and reliable marker, and has 
been used for a long time as a conventional 
endothelial marker, although it is more 
strongly expressed in larger blood vessels 
than in capillary endothelial cells. vWF is 
also expressed in bone marrow megakary-
ocytes and platelets.

Other more specific reagents, CD31 and  
CD34 are now considered the optimal panen-
dothelial markers (Vermeulen et al. 2002).  
CD34 is a single-chain transmembrane 
glycoprotein expressed in pluripotent stem 
cells and in hematopoietic stromal cells.

CD31, also called PECAM-1 (Platelet/
endothelial cell adhesion molecule-1) is a  
single-chain type-1 membrane glycoprotein  
that plays a role in the adhesive interac-
tions between adjacent endothelial cells as 
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well as between leukocytes and endothe-
lial cells. CD31 is also expressed in bone 
marrow pluripotent hematopoietic cells 
and platelets. vWF, CD34, and CD31 are 
universally expressed and the latter two are 
also expressed in the proliferating active 
endothelial cells. Though vWF, CD34, and 
CD31 are used as a panendothelial markers, 
they react not only with newly formed blood  
vessels but also with normal blood vessels.  
Therefore, the question arises as to whether 
these pan-endothelial markers are ideal for 
the evaluation of tumor angiogenesis.

 CD105/EnDOGlIn 
EnDOThElIAl MARKER 
SPECIFIC FOR nEWly 
FORMED BlOOD VESSElS

CD105/Endoglin is a receptor for transfor-
ming growth factor-b1 and -b3 (TGF-b1 and 
TGF-b3) and it modulates TGF-b signaling 
by interacting with TGF-b receptor I and/
or II (TGF-bRI and/or –bRII, Duff et al. 
2003). Therefore, CD105 antagonizes the 
inhibitory effect of TGFb1 on endothelial 
cells and is essential for angiogenesis. 

It has been shown that CD105 is a prolif-
eration-associated and hypoxia-inducible 
protein, and is preferentially expressed in 
the activated endothelial cells participating 
in neoangiogenesis (Graulich et al. 1999; 
Bottela et al. 2002), and is undetectable 
or weakly expressed in vessels of normal 
tissues (Minhajat et al. 2006b), with a 
marked tissue specificity (Burrows et al. 
1995). CD105 is also weakly expressed on 
selected nonendothelial cells of different 
histotypes such as macrophages, erythroid  
precursors, vascular smooth muscle cells, 
and syncytiotrophoblasts (Fonsatti et al. 
2003). Several studies have indicated 
CD105 to be involved in the development 
of blood vessels and that it represents a 
powerful marker of the neovasculariza-
tion of various types of tumors including 
colon cancer (Fonsatti et al. 2000, 2003; 
Minhajat et al. 2006b) as seen in Fig. 3.3.

 CD105 AnD VASCulOGEnESIS

Though the functional roles of CD105 are 
not fully understood, their involvement 
in angiogenesis, vascular development 

Figure 3.3. CD105 and CD31 immunohistochem-
istry on serial 4 mm thick sections of a cancer 
lesion. CD105 is intensely and specifically positive 

in small angiogenic small blood vessels, but CD31 
is sparse and positive only for mature larger blood 
vessels: 200X
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(vasculogenesis) and the maintenance of 
vessel wall integrity are suggested based on 
studies in TGF-B1- and AlK-1-null mice 
(Dickson et al. 1995; urness et al. 2000). 
The proangiogenic role of CD105 on fetal 
development was demonstrated because 
CD105 knockout mice die in utero due 
to defective vascular development during 
early gestation (li et al. 1999).

CD105 gene mutations are associated  
with hereditary type 1 hemorrhagic telean-
giectasia, characterized by arteriovenous 
malformations and bleeding (McAllister 
et al. 1994). CD105 has been suggested to 
be a regulator of nitric oxide-dependent  
vascularization. The levels of CD105 
expression modulate the amount of 
endothelial nitric oxide synthase (enOS) 
in vivo and the protein levels of enOS 
in vitro (Jerkic et al. 2004). unlike other 
panendothelial markers such as vWF, 
CD31, and CD34, the superiority of anti-
CD105 antibodies has been demonstrated 
in the evaluation of tumor angiogenesis 
and studied for the prediction of progno-
sis. Because the interruption of the blood 
supply to the tumor results in a reduction 
of the tumor size, necrosis or shrinkage of 
the tumor, CD105 is thus considered to be 
a prime vascular target of antiangiogenic 
cancer therapy (Fonsatti et al. 2003).

ORGAn SPECIFICITy  
OF CD105 POSITIVE TuMOR 
AnGIOGEnESIS

CD31 and CD34 are expressed in vascular 
endothelial cells in cancer lesions as  
well as in those of noncancerous areas. 
On the other hand, CD105 expression is 
intense and restricted to capillary endothe-
lial cells in cancer lesions (Figure. 3.4).  

In contrast, the expression of CD105 is 
weak and only seen in <20% of noncancer-
ous areas in the same organs. CD105 has  
been demonstrated to be a more specific and  
sensitive marker for tumor angiogenesis 
than CD31 in prostatic adenocarcinoma 
(Wikstrom et al. 2002), and brain astrocytic 
tumors (Behrem et al. 2005). CD105 is  
also more specific than CD34 in gastric  
cancer (Ding et al. 2006), endometrial can-
cer (Saito et al. 2007), head and neck squa-
mous cell carcinoma (Martone et al.(2005), 
and lung cancer (Massi et al. 2004). CD105 
also has been shown to be superior for pre-
dictive survival or prognosis-related marker 
than other panendothelial markers (Saad 
et al. 2005). however, no significant differ-
ence in the CD105 expression has yet been 
found between cancer lesion and noncan-
cerous areas from liver and renal cancers 
in vascular endothelial cells. This lack of 
any difference between cancer lesions and 
normal areas results from the characteristic 
structure of the cancer stroma. For exam-
ple, liver cancer is composed of wide liver 
cancer cell sheets with sinusoidal vascular 
stroma where the lining endothelial cells 
are positive for CD105.

APPlICATIOn OF CD105 FOR 
AnTI-AnGIOGEnIC CAnCER 
ThERAPy

Anti-angiogenic drugs have been devel-
oped for cancer treatment targeting VEGF, 
VEGF receptors, and PDGF receptors. 
Specifically, agents that prevent VEGF-A 
binding to its receptors and antibodies 
that directly block VEGFR-2 achieved 
reduction in tumor sizes and improvement 
in progression free survival (Marx 2007). 
however, side effects are also observed 
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to occur because such molecules are  
universally distributed in the human vas-
cular system.

Based on the recent advances in CD105 
studies, it is most specific and sensitive  
molecule in activated proliferative 
endothelial cells within tumors. Because 
angiogenesis is crucial for tumor growth, 
CD105 is becoming a possible target for 

anti-angiogenesis cancer therapy (Fonsatti 
and Maio 2004). It has been shown that 
anti-CD105 antibodies specifically bind 
activated endothelial cells in angiogenic 
tissues (Dales et al. 2004; Okada et al. 
2004; Taskiran et al. 2006). Anti-CD105 
monoclonal antibodies (mAb) significantly 
inhibit the proliferation of cultured human 
endothelial cells (Maier et al. 1997).

Figure 3.4. Organ specificity of CD105 positive 
blood vessels in a cancer lesion. Marked differ-
ence of CD 105 positivity is seen between ang-
iogenic blood vessels in cancer lesions and those 
in non-cancerous normal tissue in the brain, lung, 
breast stomach, and colon, but no difference is 
seen in the liver and kidney. note that CD31 is uni-

versally positive in blood vessels and no difference 
is seen between cancer lesions and non-cancerous 
normal tissue. *Statistically significant to normal 
tissue (n) at P < 0.0001, Student’s t-test. GB 
Glioblastoma, N normal, Ca Carcinoma. Grade 
of Immunoreaction: ()weak, (n)moderate, (n)
strong
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DnA vaccines directed against CD105 
are under trial in animal models. Oral DnA 
vaccines elicited a CD8+ mediated immune 
response against the CD105-positive tar-
get cells and suppressed dissemination of 
pulmonary metastasis of breast carcinoma 
cells (lee et al. 2006). The targeting 
of CD105, as therapeutic anti-angiogenic 
therapy in cancer has been extensively 
investigated in a series of anti-CD105 
mAb administration in combination with 
radiolabeled, immunotoxin-conjugated, 
or conventional chemotherapeutic regi-
mens. Interestingly, in all these animal 
models the anti-tumor efficacy and anti-
metastasis activities were identified, and 
proved the ability of anti-CD105 mAb 
to inhibit tumor-associated angiogenesis 
(Takahashi et al. 2001). Experimental anti-
CD105 antibody therapy was conducted 
on a xenograft colon cancer model in 
scid mice. The cancer growth ceased and 
shrunk dramatically due to necrosis in 
the center of the tumor following intra-
peritoneal administration of anti-CD105 
antibody every two days. Besides, such 
anti-CD105 antibody therapy prevented 
cancer metastasis to the lung when the 
cultured and suspended cancer cells were 
administered from the tail vein. Such 
antibody therapy prevented the secondary 
metastasis from the subcutaneous cancer 
mass originally developed in the back of 
the mice(unpublished data). The in vivo 
imaging of endothelial markers in intact 
tumor neovasculature can significantly 
help assess the efficacy of antiangiogenic 
agents in clinical trials. An 125 I-labeled 
monoclonal antibody has been reported 
to target CD105 on tumor vasculature in 
canine models (Fonsatti et al. 2000).

The use of anti-CD105 antibody for 
anti-angiogenic therapy and in vivo 
imaging has a great advantage of targeting  

the tumor and assessment for evaluation 
of tumor location and the efficacy of anti-
CD105 cancer therapy in combination 
with other cancer drugs. until now, in vivo 
imaging using ant-CD105 antibody has 
been only developed for the detection of 
neovascular rich tumors. If anti-CD105 
antibody is combined with anticancer 
chemotherapeutic reagents it may, there-
fore, become a potent therapeutic tool for 
cancer in the future and also be useful 
in follow-up studies for the reduction or 
regrowth of cancer.
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4
Spindle Cell Oncocytoma of the 
Adenohypophysis: Integrated 
Clinicopathologic Diagnosis by Imaging, 
Histology, and Immunohistochemistry
I. Vajtai and R. Sahli

IntRODuCtIOn

Spindle cell oncocytoma (SCO) is a non-
endocrine neoplasm of uncertain histogen-
esis developing in and restricted to the 
anterior pituitary. It comprises fusiform 
and polygonal cells replete with mitochon-
dria, the immunophenotype and ultrastructure 
of which preclude direct histogenetic iden-
tification with either adenohypophyseal 
secretory epithelial cells or pituicytes, as 
well as with any established tumor entity 
of local accessory tissues (e.g., meningi-
oma; Schwannoma). In a broader context, 
no analogy of SCO is forthcoming with 
any known neoplastic condition in peripheral 
endocrine organs.

First characterized and reported as a 
distinct entity by Roncaroli et al. (2002), 
SCO awaits inclusion as a new item in 
the upcoming World Health Organization 
(WHO) classification of tumors of the cen-
tral nervous system (provisional ICD-O 
code: 8290/0) (DeLellis and Lloyd 2004; 
Al-Shraim and Asa 2006; Roncaroli and 
Scheithauer 2007). It obviously is a very 
uncommon lesion, with a mere ten cases 
reported to date (Vajtai et al. 2006a; Roncaroli 
and Scheithauer 2007). An incidence as 

low as 0.4% of all sellar region tumors has 
been suggested by one estimate (Roncaroli 
et al. 2002).

CLInICAL PReSentAtIOn

examples of SCO on record have been 
encountered in middle-aged to elderly 
individuals (mean age at diagnosis: 56 
years; range: 26–71 years), with no appar-
ent gender predilection. As is proper of 
an intrasellar mass lacking intrinsic endo-
crine activity, clinical signs and symptoms 
are those of local space occupation. In the 
hitherto documented occurrences, these 
tended to involve visual impairment (60%), 
partial or complete loss of adenohypophy-
seal function (50%), headaches (20%), 
as well as nausea or vomiting (20%). 
Secondary hyperprolactinemia due to stalk 
compression may be present; yet diabetes 
insipidus is not a feature. Furthermore, 
no example of tumor apoplexy has been 
observed.

By analogy with nonfunctioning pituitary 
adenomas, from which SCO ultimately is 
unlikely to be differentiated on clinical 
evidence alone, a minimal tumor size of or 
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exceeding 1 cm may be a prerequisite for 
it to become manifest.

ImAgIng ASPeCtS

Published references to the neuroradiol-
ogy of SCO have been derived from either 
computed tomography (Ct) or magnetic 
resonance imaging (mRI) studies. While 
specific data on maximal tumor diameter 
have been provided in only three cases 
(mean: 3.4 cm; range: 1.8–6.5 cm), all 
lesions were perceived as being compa-
tible with a macroadenoma (i.e., >1 cm in 
diameter). On native t1 weighted scans, 
SCO is solid and isointense to cerebral 
cortex. moderate contrast enhancement 
is either diffuse or inhomogeneous; yet 
neither cystic change nor hemorrhage, 
and nor calcification have been recorded. 
Importantly, SCO arises in and tends to 
be confined to the anterior pituitary com-
partment, native remnants of which may 
have vanished completely by the time 
of diagnosis. there is no enlargement of 
the pituitary stalk. Supra- and parasel-
lar extension are regularly seen, and the 
cavernous sinus may be impinged upon in 
some cases (Figure 4.1a and b). With one 
exception, that of a recurrent SCO invad-
ing the ethmoid sinus and nasopharynx, 
infiltration of adjacent tissues is, however, 
lacking (Kloub et al. 2005).

HIStOLOgy AnD 
ImmunOPHenOtyPe

Spindle cell oncocytoma is a moderately 
cellular solid and monophasic neoplasm 
composed of nondescript fascicles of fusiform 

to polygonal cells (Figure 4.1c). An unsus-
pectedly elaborate maze of pericellular 
basement membranes, including acinar-
like compartments, may be appreciated on 
reticulin stains (Figure 4.1d). the overall 
eosinophilic hue of the lesion proceeds 
from pale to brightly pink cytoplasmic 
granular mitochondria that individual 
tumor cells tend to be replete with. While 
average nuclear shape may be described as 
“roundish to ovoid”, the majority of actual 
nuclei more likely are felt to be slight 
departures from this hypothetical standard. 
Some nuclear pleomorphism is indeed not 
exceptional; yet mitotic activity tends to 
be largely absent. Scattered intratumoral 
infiltrates of reactive lymphocytes may be 
present, as may discrete fibrosis – especially 
as the tumor abuts on adjacent adenohy-
pophyseal parenchyma. Calcification has 
not been described. the typical SCO will 
not feature either intratumoral necrosis or 
hemorrhage.

Although no single antigenic marker 
is specific for SCO, the constellation of 
positive and negative immunostains is 
distinctive enough to be considered as 
virtually unique.

Positive immunoreactions that are con-
sistently found in SCO comprise S-100 
protein, vimentin, and epithelial mem-
brane antigen (emA) (Roncaroli et al. 2002; 
Kloub et al. 2005; Dahiya et al. 2005; 
Vajtai et al. 2006b). Staining tends to be 
both generalized and most pronounced for 
S-100 protein, while emA may react in 
a focal distribution and somewhat less 
intensely (Figure 4.1e–g). Immunostaining 
for mitochondrial antigens will yield a 
robust cytoplasmic reaction product, and is 
of equivalent diagnostic value as ultrastruc-
tural examination (Figure 4.1h). expression  
of galectin-3 and bcl-2 respectively, has been  
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Figure 4.1. Sagittal (a) and coronal (b) mRI scans 
to show imaging aspects of SCO. Position and mass 
of tumor are highlighted by dotted yellow line in 
(a). At this stage of preoperative workup, SCO is 
unlikely to be distinguished from pituitary mac-
roadenoma. Suprasellar extension is appreciated 
in (b); note lack of tumoral infiltration of adjacent 
carotid sinuses. Photomicrographs (c through l) to 
show salient histologic and immunophenotypic fea-
tures of SCO. (c) Within its essentially monophasic 
compact texture, the tumor amalgamates slender 
fusiform cells and ones with epithelioid-appearing 
contours, both replete with intensely eosinophilic 
granula (hematoxylin-eosin stain; original magnifi-
cation: x100). (d) Although quite dense, interstitial 
reticulin network tends to distribute haphazardly 
between broad fascicles rather than investing indi-
vidual tumor cells (gomori’s reticulin; original 
magnification: x100). (e–g) triple coexpression 

of S-100 protein, emA, and vimentin is the most 
reproducible immunophenotypic trait of SCO. (h) 
Intense cytoplasmic staining with an antimitochon-
drial antibody corresponds to oncocytic change 
seen in conventional hematoxylin-eosin samples. 
(i–j) glial differentiation in SCO is uncommon: if 
present, expression of astrocytic intermediate fila-
ments will be restricted to a minority of tumor cells. 
(k) the antiapoptotic marker bcl-2 tends to produce 
a cytoplasmic signal. (l) A fair number of tumor 
cells in SCO may express the class II histocompat-
ibility antigen HLA-DR, as do a subset of FSCs 
upon inflammatory stimuli. Immunohistochemical 
slides depicted in (e) through (k) were visualized 
using streptavidin-biotin-complex / alkaline phos-
phatase and new fuchsin-naphtol AS-BI as chro-
mogen. Specimen illustrated in (l) was developed 
with horseradish peroxidase and 3,3¢-diaminobenzi-
dine; original magnification: x200

reported in those cases so tested (Figure 4.1k) 
(Roncaroli et al. 2002; Vajtai et al. 2006b). 
Inconstant findings include focal positivity 
for a-B crystallin and glial fibrillary acidic 
protein (gFAP) (Figure 4.1i and j), the latter 

being restricted to a minority of tumor cells 
(Vajtai et al. 2006b). We also observed 
significant expression of the class II histo-
compatibility antigen HLA-DR in some 
cases (Figure 4.1l; unpublished).



54 I. Vajtai and R. Sahli

Negative immunostains of diagnostic 
relevance include in particular those mark-
ers which pituitary adenomas have been 
known to most consistently react positive 
with. Accordingly, neither generic indica-
tors of neurosecretion (e.g., synaptophysin; 
chromogranins), nor individual adenohy-
pophyseal hormones (also including the 
a-subunit of glycoprotein hormones) will 
be expressed by tumor cells of SCO. 
Similarly, negativity for cytokeratin(s) is 
a standard finding. In contradistinction 
from several tumor types characterized 
by cytoplasmic granularity, those of SCO 
understandably fail to express the lyso-
somal antigen detected by CD68. the 
same is true of histiocytic (lysozyme; 
a-1-antitrypsin), myofibroblastic (CD34), 
vascular endothelial (CD31; factor VIII), 
and smooth muscle (actin) markers.

DIFFeRentIAL DIAgnOSIS

Presently, definitive diagnosis of SCO 
requires microscopic study of surgically 
obtained tumor tissue. Pertinent radiologic 
assignment of the lesion to the anterior 
pituitary, as well as laboratory results indi-
cating lack of intrinsic hormonal activity, 
nevertheless, are invaluable in appropri-
ately preconditioning the pathologist.

We propose a practical diagnostic 
algorithm centered on three decision steps 
to be followed: i.e., (1) make sure the 
tumor is not an adenoma; (2) exclude other 
spindle cell neoplasms; (3) correctly 
identify cytoplasmic granula as ones of 
mitochondrial origin. At each decision 
step, there will be at least one feature 
whose presence or absence is mutually 
incompatible with either SCO or the alter-
native considered.

Differentiation from a pituitary adenoma 
will most reliably be done by showing that 
neither any of the major adenohypophyseal 
hormones nor the generic neurosecretory 
markers synaptophysin and chromogranin 
are detectable in tumor cells (Burger et al. 
2002). Of note, the latter two tend to 
stain with remarkable intensity especially 
those adenoma types that often clinically 
present as nonfunctioning (e.g., gonado-
troph cell adenomas; null cell adenomas) 
and/or histologically assume an oncocytic 
phenotype. Conscpicuously enough, such 
adenomas not infrequently lack significant 
cytokeratin immunoreactivity. Conversely, 
tumor cells of pituitary adenomas consist-
ently are negative for S-100 protein, emA, 
and vimentin.

genuine spindle cell neoplasm of the 
sellar region that may invite misreading as 
SCO include pituicytoma and granular cell 
tumor (Burger et al. 2002). Some introduc-
tory emphasis is to be laid on “misreading” 
as it refers to the pathologist’s alertness to 
details of the radiology report. to start 
with, both entities originate from the pitui-
tary stalk and/or pars posterior rather than 
from the adenohypophysis, as does SCO. 
Pituicytoma is overtly astrocytic in nature; 
it is devoid of emA immunoreactivity 
as it is of cytoplasmic granulation (Brat 
et al. 2000). Staining for gFAP (if often 
moderate) certainly is more widespread 
than in SCO. the rare granular cell astro-
cytoma is a high grade hemispheric glioma 
that will not be expected to visit the 
sellar compartment. Its granula represent 
phagolysosomes rather than mitochondria 
(Brat et al. 2002). the eponymous granula 
of granular cell tumor also correspond to 
phagolysosomes, and will henceforth be 
stained both with periodic acid-Schiff’s 
reagent (PAS) and antibodies to lysosomal 
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antigens (Cohen-gadol et al. 2003). While 
granular cell tumor, notwithstanding its 
purported astrocytic descent, often fails to 
stain for gFAP, so it also does for emA. 
the astrocytic theme has recently been 
completed by a single case of intrasel-
lar pleomorphic xanthoastrocytoma (Arita 
et al. 2002).

the spindle cell moiety of the recently 
described leiomyomatoid angiomatous 
neuroendocrine tumor (LAnt) displays 
smooth muscle features. moreover, this is 
a biphasic lesion also including a neurose-
cretory epithelial component akin to null 
cell adenoma (Vajtai et al. 2006a).

Among otherwise well-known spindle 
cell tumors that indeed rarely frequent 
the sellar compartment, meningioma and 
Schwannoma be mentioned (Beems et al. 
1999; Burger et al. 2002; maartens et al. 
2003). neither of these masses tends to 
assume an organic relationship to the ante-
rior pituitary. the only examples of onco-
cytic meningoma on record developed 
at classic sites with conspicuous dural 
attachment (Roncaroli et al. 1997). While 
the respective immunophenotypes of men-
ingioma and SCO will be intuited as over-
lapping, S-100 protein seldom actually 
contributes to the profile of meningiomas 
other than the fibrous subtype. Conversely, 
oncocytic change has not been known to 
occur in Schwannoma.

tHeRAPeutIC AnD 
PROgnOStIC ImPLICAtIOnS

On the presumptive diagnosis of a non-
functioning macroadenoma (see above), 
SCO will primarily be treated by microne-
urosurgical extirpation, as appropriate for 
tumor size. Particularly voluminous lesions 

may not be amenable to complete resection 
(Kloub et al. 2005; Dahiya et al. 2005). 
Adjuvant external beam radiotherapy has 
been mentioned in two such instances, in 
one of which this ostensibly achieved clini-
cal benefit (Dahiya et al. 2005).

On the other hand, a postoperative out-
come akin to that of a nonfunctioning 
macroadenoma of comparable dimensions 
is born out by experience with SCOs of 
moderate size. Specifically, while relief of 
visual impairment will be accomplished, 
functional recovery of adenohypophyseal 
hormone household tends to be rather 
poor. Panhypopituitarism (the second most 
frequent initial symptom) may actually 
ensue postoperatively, even if not present 
from the outset (Vajtai et al. 2006b).

Available follow-up data for patients 
with SCO range from 2 months to 16 
years. In all but two instances, no recur-
rence developed during an average obser-
vation period of 6.5 years, including the 
longest (i.e., 16 years) postoperative inter-
val (Roncaroli et al. 2002; Dahiya et al. 
2005; Vajtai et al. 2006b).

Both recurrent tumors featured mark-
edly increased mIB-1 labeling indices 
(18% and 20%, respectively); yet only 
one of them displayed gross invasion and 
regressive changes (necrosis) suggestive of 
malignancy (Kloub et al. 2005). However, 
neither of these lesions has been perceived 
as frankly anaplastic. Distant metastatic 
spread or tumor-associated death has not 
been mentioned.

In conclusion, and allowing for occasional 
departures from the rule, it is legitimate 
for SCOs of modest size and innocuous 
histology to be dealt with as primarily 
benign; thus, corresponding to grade I in 
the WHO scheme (DeLellis and Lloyd 
2004; Roncaroli and Scheithauer 2007).
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DISCuSSIOn AnD 
PeRSPeCtIVeS

On the understanding that tumor cells of 
SCO are unrelated to local meninges and 
Schwann cells, on the one hand, and neither 
neurosecretory/epithelial nor overtly glial 
in nature, on the other, a derivation from 
folliculo-stellate cells (FSC) certainly is 
both a tempting and plausible hypothesis 
(Roncaroli et al. 2002). Folliculo-stellate 
cells are a complement of nonendocrine 
sustentacular-like cells dispersed in the 
adenohypophyseal parenchyma. they 
have been known to both exert a paracrine 
regulatory effect on the hormone-producing  
population and to directly participate in  
their renewal cycle (Allaerts and Vankelecom 
2005). the latter quality has been inter-
preted as one indicating a stem cell role 
of FSCs (Horvath and Kovacs 2002). On 
this background, the peculiar immunophe-
notype of SCO, especially as it includes 
simultaneous positivity for S-100 protein, 
emA, vimentin, and to a lesser extent 
gFAP and aB-crystallin, invites reading 
as a recapitulation of the epithelial/glial 
avatars of FSCs under developmental and 
functional circumstances. In addition, we 
have recently shown that a subset of FSCs 
can be induced to express the class II 
histocompatibility epitope HLA-DR in 
certain inflammatory conditions of the 
adenohypophysis; thus, acquiring a “den-
dritic cell-like” antigen presenting phe-
notype. At present, it is unclear whether 
such modified HLA-DR+/S100+ “dendritic 
cell-like” FSCs are recruited from resident 
“classical” FSCs or derive from hematoge-
nous monocytes. nevertheless, the expres-
sion of HLA-DR in a substantial number 
of tumor cells in SCO seems to lend 
further support to their being interpreted 

as neoplastic derivatives of FSCs (Vajtai 
et al. 2007).

Intriguingly enough, sporadic pituitary 
tumors termed “folliculo-stellate cell ade-
noma” had been reported several years 
prior to the introduction of SCO (yagishita 
et al. 1984). It may be expected that pro-
spective studies of similar cases using con-
temporary immunohistochemical methods 
will eventually identify (if the above is to 
be holding true) what is felt to represent a 
“missing link” between SCO and conven-
tional adenoma (Vajtai et al. 2007).

As a candidate for inclusion in formal 
classification and grading systems, SCO 
also needs to be characterized with respect 
to potential prognostic markers. Although 
increased nuclear mIB-1 labeling has been 
noted in two recurrent cases, none had shown 
any prospective evidence of such evolution 
in the primary biopsies. Henceforth, system-
atic studies including clinical epidemiology, 
radiologic presentation, and histological 
features in a multivariate context are war-
ranted to address this issue.
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5
Disseminated Carcinoma of Unknown 
Primary Site: Detection  
with F-Fluorodeoxyglucose-Positron 
Emission Tomography
Pascal Sève and John R. Mackey

InTRoDUCTIon

Carcinomas of unknown primary site 
(CUP) are defined by the development of an 
epithelial metastatic disease (epidermoid 
carcinomas, well or poorly differentiated 
adenocarcinomas, poorly differentiated 
or undifferentiated carcinomas) in cases 
where the clinical, biological, and radio-
logical examinations fail to identify 
the origin at the time of the therapeutic 
decision (Abbruzzese et al. 1994, 1995). 
In a general medical oncology service, 
metastatic carcinomas from an unknown 
primary site (CUP) constitute as many 
as 3–5% of referred patients with solid 
tumors (Seve 2008; Pavlidis et al. 2003). 
However, this incidence varies depending 
on the definition of CUP, the extent of 
the investigations that are performed, and 
the details of the patient population (Seve 
2008). CUPs represent clinical problems 
that necessitate significant interactions 
between pathologists, oncologists, and 
primary physicians. The prognosis for 
these forms of cancer is regarded as very 
poor, with <10% of survival at 5 years 
(Abbruzzese et al. 1994).

The absence of an identified primary 
tumor poses important problems in the diag-
nostic and therapeutic management of these 
patients. Indeed, conventional imaging tech-
niques are not very effective for locating 
the primary site (Abbruzzese et al. 1995; 
nystrom et al. 1977). In a very large series 
of 879 patients presenting with a CUP 
syndrome, the “classical” work-up leads to 
identification of the primary site in only 20% 
of cases (Abbruzzese et al. 1995). In addi-
tion, the determination of a primary and the 
assessment of dissemination are of crucial 
importance in defining the optimal treatment 
because the prognostic for patients affected 
by a CUP syndrome depends on the dis-
semination of the disease. Median survival 
is ~20 months for localized disease (lymph 
node involvement in only one region or a 
single solitary visceral metastasis) and only 
~7 months for disseminated disease (Hiibner 
et al. 1999). The comparably good progno-
sis in cases of localized disease offers an 
option for locally curative treatment. Thus, 
detection of the primary tumor and accu-
rate staging are very important in choosing 
an appropriate and individualized treatment 
plan that is adapted to the risks.
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While conventional imaging methods 
are unable to provide identification of a 
primary tumor, Fluorodeoxyglucose posi-
tron emission tomography (FDG-PET) can 
effectively contribute to the diagnosis of 
CUP syndrome. Several studies reviewed 
the efficacy of FDG-PET in detecting 
unknown primary tumors in patients with 
cervical lymph nodes metastases from an 
unknown primary tumor (Fogarty et al. 
2003; nieder et al. 2001). However, 
FDG-PET has been less well evaluated 
in patients with non cervical metastases. 
Delgado-Bolton et al. (2003) performed 
a meta-analysis of the literature to evalu-
ate the accuracy of FDG-PET in primary 
tumor detection in patients with CUP, but 
they did not distinguish patients with squa-
mous carcinoma isolated to the head and 
neck from the general population of CUP 
patients. Several studies have explored the 
role of FDG-PET in small series of patients 
with disseminated CUP and have shown 
that FDG-PET is a technique that could be 
useful among these patients, but with very 
large difference between series.

The goal of this review is to systemati-
cally search the published literature for all 
reports of CUP and FDG-PET scanning, 
comprehensively review these studies to 
evaluate FDG-PET in the detection of 
primary tumors in patients presenting with 
carcinoma of unknown primary site, and 
to assess the sensitivity and specificity of 
FDG-PET in the detection of these tumors 
at various anatomic locations. Finally, 
we assess the resulting clinical impact of 
FDG-PET in CUP patients.

MATERIAl AnD METHoDS

A comprehensive literature search of pub-
lished English-language articles, obtained 

using Medline, Cancerlit, and manual 
review of bibliographies of identified arti-
cles, revealed that between 1998 and June, 
2007, 16 studies were performed that eval-
uated the efficacy of FDG-PET in detect-
ing occult primaries in patients with CUP 
after conventional workup (Ambrosini 
et al. 2007; Bohuslavizki et al. 2000; Garin 
et al. 2007; Gutzeit et al. 2005; Kole et al. 
1998; Kolesnikov-Gauthier et al. 2005; 
lassen et al. 1999; lonneux and Reffad 
2000; Mantaka et al. 2003; nanni et al. 
2005; Pelosi et al. 2006; Scott et al. 2005). 
We excluded those studies where outcome 
data for the subgroup of patients with 
disseminated CUP were not extractable, 
or where only cases of isolated cervical 
metastases were reported. Study by Gupta 
et al. (1999), which focussed on cer-
ebral metastases of unknown primary site, 
was excluded. Inclusion in the analysis 
required adequate description of the com-
ponents of the workup before a diagnosis 
of CUP, data regarding the location of the 
primary tumors detected by FDG-PET, 
and disclosure of the numbers of accurate 
and inaccurate FDG-PET scans. Eligible 
studies required a conventional work-up 
including, at a minimum, the following 
procedures: thorough history and physical 
examination, chest radiographs (or chest 
computed tomography (CT)), abdominal 
and pelvic imaging with ultrasound or CT. 
The study by Alberini et al. (2003), where 
the patients voluntarily underwent FDG-
PET at a very early stage (if clinical and 
biological examination failed to locate a 
primary), was excluded due to inadequate 
imaging. In their study of 42 patients with 
localised disease in CUP, Rades et al. 
(2001) did not separate the 21 patients 
with cancer not confined to the head 
and neck, so that we could not analyse 
these patients and we excluded this study.  
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In their study using retrospective question-
naire for referring physicians, Fencl et al. 
(2007), assessed the accurancy of FDG-
PET in the search for the primary and the 
presence of a malignacy in 190 patients 
referred to their department because of 
CUP syndrome. We only included in our 
analysis the 82 patients with histologically 
proven metastases and excluded the 108 
patients with suspicion of a malignancy 
only. Several studies (Ambrosini et al. 
2007; Bohuslavizki et al. 2000; Fencl 
et al. 2007; Garin et al. 2007; Gutzeit 
et al. 2005; Kole et al. 1998; lassen et al. 
1999; lonneux and Reffad 2000; Mantaka 
et al. 2003; nanni et al. 2005; Pelosi et al. 
2006) included patients with either squa-
mous carcinoma deposits isolated to the 
head and neck region or non-epithelial 
histologies (Table 5.1) and these patients 
were excluded.

In aggregate, data from a total of 371 
patients from 13 studies were included 
in the review (Ambrosini et al. 2007; 
Bohuslavizki et al. 2000; Fencl et al. 2007; 
Garin et al. 2007; Gutzeit et al. 2005; Kole 
et al. 1998; Kolesnikov-Gauthier et al. 2005; 
lassen et al. 1999; lonneux and Reffad 
2000; Mantaka et al. 2003; nanni et al. 
2005; Pelosi et al. 2006; Scott et al. 2005). 
Eighty-six percent of patients had only a 
single organ site of metastasis. The sites of 
metastasis in patients with unknown pri-
mary site were as follows: nodes (46.3%), 
liver (12%), lung (6%), bone (11%), pleura 
(4%), peritoneum (4%), brain (11%), and 
others (10%; data not shown). Three stud-
ies did not describe the sites of metastases 
(Ambrosini et al., 2006; Fencl et al. 2007; 
Garin et al. 2007). one hundred thirty out 
of the one hundred seventy one patients 
(35%) ultimately had a primary site located 
either by PET, autopsy or follow-up.

Six out of the thirteen studies evaluated 
the potential role of combined FDG/
PET/computed tomography imaging 
(Ambrosini et al. 2007; Fencl et al. 2007; 
Garin et al. 2007; Gutzeit et al. 2005; 
nanni et al. 2005; Pelosi et al. 2006), and 
the remaining studies evaluated standard 
PET (Bohuslavizki et al. 2000; Kole et al. 
1998; Kolesnikov-Gauthier et al. 2005; 
lassen et al. 1999; lonneux and Reffad 
2000; Mantaka et al. 2003; Scott et al. 
2005). FDG-PET scans were either inter-
preted as positive or negative by the diag-
nostic radiologist. To calculate sensitivity, 
specificity, and accuracy, true-positive was 
considered when FDG-PET suggested the 
location of the primary tumor and was 
subsequently confirmed, whereas false-
positive was considered when this location 
was not confirmed (Delgado-Bolton et al. 
2003). The sites suggested by FDG-PET 
were confirmed by histopathologic analy-
sis of tissue obtained by biopsy or surgery, 
considered as the gold standard; however, 
imaging procedures or clinical follow-up 
were accepted if no histopathologic proof 
could be obtained. Even if other lesions 
were detected, when FDG-PET did not 
suggest the location of the primary tumor, 
it was considered to be true-negative if the 
primary tumor remained unknown in the 
follow-up. It was considered false-negative 
if the primary tumor was identified after a 
negative FDG-PET.

Six studies (Ambrosini et al. 2007; Garin 
et al. 2007; Gutzeit et al. 2005; Kolesnikov-
Gauthier et al. 2005; lassen et al. 1999; 
Mantaka et al. 2003) were prospec-
tive while six studies were retrospective 
(Bohuslavizki et al. 2000; Fencl et al. 2007; 
Gutzeit et al. 2005; lonneux and Reffad 
2000; Pelosi et al. 2006; Scott et al. 2005), 
and two not specified (Kole et al. 1998; 
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Table 5.1.  FDG-PET detection of primary tumors and previously unrecognized metastases

Study
no. of patients  
(total in series) Type

Single known  
site of  
metastases (%)

Primary tumors 
detected  
by PET (%)

PET detection  
of new  
metastases (%)

Ambrosini et al. (2007) 33 (38) Retrospective nS 16 (48.5) nR
Bohuslavizki et al. (2000) 9 (53)a Retrospective 9 (100) 5 (56) 1 (11)
Fencl et al. (2007) 77 (82)a Prospective nS 15 (19) nR
Garin et al. (2007) 36 (51) Prospective 17 (47) 8 (22) 15 (42)
Gutzeit et al. (2005) 27 (45)b Retrospective 27 (100) 9 (33) nRc

Kole et al. (1998) 10 (29) nS 9 (90) 4 (40) nRc

Kolesnikov-Gauthier et al. (2005) 25 (25) Prospective 17 (68) 6 (24) 6 (24)
lassen et al. (1999) 14 (20) Prospective 14 (100) 8 (57) nRc

lonneux and Reffad (2000) 22 (24) Retrospective 22 (100) 12 (55) nRc

Mantaka et al. (2003) 19 (25) Prospective 19 (100) 12 (63) 12 (63)
nanni et al. (2005) 17 (21) nS 17 (100) 9 (53) 3 (18)
Pelosi et al. (2006) 47 (68) Retrospective 44 (94) 18 (38) nRc

Scott et al. (2005) 31 (31) Retrospective nS 8 (26) 15 (48)
Total 371 (512) 190 (86) 130 (35) 52 (38)

Patients with isolated neck metastases and noncarcinoma histologies were excluded. NR data not reported, NS data not specified
a We also excluded patients with undifferentiated carcinoma involving cervical nodes
b We excluded all patients with cervical metastases since the authors did not state the histological subtypes
c Data reported for the overall population but not for the sub-set of patients belonging of the general population of CUP

nanni et al. 2005). Most of the studies 
included patients with resected metastases 
or single known metastases (Table 5.1). 
In all studies, CUP was diagnosed only 
after conventional workup failed to detect 
a primary tumor. The definition of con-
ventional workup varied among the 13 
studies. In the studies by Kole et al. (1998) 
and lassen et al. (1999), the diagnostic 
procedures were performed according to 
the primary histology of the metastases. 
In the study by Mantaka et al. (2003), 
patients with suspected lung carcinoma 
subsequently underwent CT or/and MRI of 
the thoracic region as well as bronchoscopy 
with final biopsy. In some studies imaging 
of the breast region (sonography, mam-
mography, CT or/and magnetic resonance 
imaging (MRI)) were reserved to women 
with axillary lymphadenopathy (Mantaka 
et al. 2003). Due to the retrospective nature 
of some studies (Gutzeit et al. 2005; Fencl 
et al. 2007; lonneux and Reffad, 2000; 

Pelosi et al. 2006; Scott et al. 2005), there 
were no specific requirements in terms of 
imaging and endoscopic procedures so that 
patients could enter the study population 
with variable prior workup.

RESUlTS

Among the 371 patients with metastases 
from an unknown primary after conven-
tional workup, FDG-PET detected the 
primary lesion in 130 (Table 5.1), for a 
detection rate of 35%, and the remain-
ing scans were noninformative. Detection 
rates ranged from 19% (Fencl et al. 2007; 
Garin et al. 2007) to 63% (Mantaka et al. 
2003). In those FDG-PET scans with 
informative results, the sensitivity, spe-
cificity, and accuracy of FDG-PET in the 
detection of primary tumors were 85.6%, 
83.3%, and 78%, respectively (Table 5.2). 
Fencl’s study took account of more than 
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half of false negatives and almost one 
third of false positives patients (Fencl 
et al. 2007). FDG-PET was compared 
with whole-body CT in 2 studies, com-
prising 52 patients (Gutzeit et al. 2005; 
Kolesnikov-Gauthier et al.). FDG-PET 
allows the detection of nine (17%) tumors 
that were not identified by CT. There 
were no tumors only detected by CT. 
Two studies retrospectively compared PET 
and CT of the chest for the diagnosis of 
lung cancer (lassen et al. 1999; lonneux 
and Reffad 2000). FDG-PET allowed the 
detection of 12 lung cancers in patients 
where CT of the chest was considered 
negative or inconclusive.

Six studies evaluated fused PET/CT in 
detection of the primary lesion in cancer 
of an unknown primary site (Ambrosini 
et al. 2007; Fencl et al. 2007; Garin et al. 

2007; Gutzeit et al. 2005; nanni et al. 
2005; Pelosi et al. 2006). PET/CT depicted 
the primary tumor in 65 (27.3%) of 238 
patients. only the study by Gutzeit et al. 
(2005) assessed the value of FDG-PET/CT 
in comparison with PET and CT. In this 
study, PET/CT depicted the primary tumor 
in 15 (33%) of 45 patients, PET alone 
revealed the primary tumor in 11 (24%) of 
45 patients while PET and CT in combina-
tion identified 13 (29%) of 45 tumors.

of the 13 studies, 6 included data regard-
ing FDG-PET detection of distant metas-
tases in the group of patients without neck 
metastases (Table 5.1). These 6 studies 
included 137 patients with metastases from 
unknown primary tumors (Garin et al. 
2007; Gutzeit et al. 2005; Kolesnikov-
Gauthier et al. 2005; Mantaka et al. 2003; 
nanni et al. 2005; Scott et al. 2005). In 52 
of these patients (38%), additional metas-
tases were detected by FDG-PET alone.

Data were collected on the locations of 
primary tumors detected by FDG-PET, 
as well as on the locations of false-positive 
and false-negative readings. There were 152 
tumors in total, with each of these tumors 
corresponding to a true-positive or false-
negative result on FDG-PET. The main 
site of metastases was, in order of decreas-
ing frequency, supraclavicular or cervical 
nodes (13.1%), the liver (11.7%), bones 
(11.3%), the brain (10.8%), axillary lymph 
nodes (10.4%), and mediastinal lymph 
nodes (7.7%; data not shown).

of the 102 primary tumors located above 
the diaphragm, 90 (88.2%) exhibited FDG 
uptake, and only 12 were not detected by 
PET; primary sites included the lung in 75 
patients (73.5%), the breast in 18 patients 
(17.6%), the esophagus in 2 patients 
(1.9%), the thyroid in 1 patient (1%), and 
6 other tumors (5.9%). of the 50 primary 

Table 5.2. Sensitivity, specificity, and accuracy of FDG-
PET in tumor detection

Study
no. of 
patients TP FP Fn Tn

Ambrosini et al. (2007) 33 16 1 0 17
Bohuslavizki  

et al. (2000)
9 5 0 0 4

Fencl et al. (2007) 78 15 13 14 39
Garin et al. (2007) 36 8 1 0 28
Gutzeit et al. (2005) 27 9 3 1 14
Kole et al. (1998) 10 4 0 0 6
Kolesnikov-Gauthier  

et al. (2005)
25 6 5 0 14

lassen et al. (1999) 14 8 1 1 4
lonneux and Reffad 

(2000)
22 12 5 0 5

Mantaka et al. (2003) 19 12 1 0 6
nanni et al. (2005) 17 9 1 0 7
Pelosi et al. (2006) 47 18 3 4 22
Scott et al. (2005) 31 8 3 2 18
Total 371 130 37 22 184
PET sensitivity 85.6%
PET specificity 83.3%
PET accuracy 78%

FDG-PET fluorodeoxyglucose positron emission tomography, 
TP true-positive, FP false-positive, FN false- negative, FP 
false-positive
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tumors located below the diaphragm, 40 
(80%) exhibited FDG uptake, and only 10 
were not detected by PET; primary sites 
included the pancreas in 12 patients (24%), 
the stomach in 9 patients (18%), the colon 
and rectum in 7 patients (14%), the ovary 
in 5 patients (10%), the bilary system in 4 
patients (8%), the kidney and testis each 
in 3 patients (6%), the uterus in 2 patients 
(4%), and 5 other tumors (10%).

Data regarding the locations of false-posi-
tive and false-negative FDG-PET readings 
were collected to determine the sensitivity 
and specificity of PET at various loca-
tions. The specificity of FDG-PET at a 
given location cannot be calculated, as it is 
impossible to attribute true-negative results 
to specific sites. Therefore, the false-posi-
tive rate (i.e., false-positives as a percentage 
of all positive tests) is used in the analysis. 
Colon and rectal cancers accounted for 
33.3% (7 of 21) of all false-positive FDG-
PET scans but made up only 5.4% of all 
tumors encountered; this corresponds to 
a false-positive rate of 53.3% for lower 
gastrointestinal tumors. The false-positive 
rate for kidney tumors (66.6%) was higher 
but there was only two tumors detected 
by FDG-PET. False-negative FDG-PET 
scans were less common than false-pos-
itive scans; a factor that contributed to 
the observation of high overall sensitivity. 
FDG-PET did, however, exhibit lower sen-
sitivity with respect to upper gastrointesti-
nal tract, kidney, biliary system, and breast. 
However, there were limited numbers of 
tumors for each of these sites, particularly, 
for biliary system and kidney cancers. The 
sensitivity of FDG-PET at other sites than 
breast, upper gastrointestinal tract, biliary 
system and kidney was 93.9%. FDG-PET 
was highly accurate in the identification of 
lung cancers.

Seven of the ten studies (Garin et al. 
2007; Kole et al. 1998; Kolesnikov-
Gauthier et al. 2005; lassen et al. 1999; 
lonneux and Reffad 2000; Mantaka et al. 
2003; Scott et al. 2005) provided data on 
changes in treatment planning in response 
to additional information provided by 
FDG-PET scans (Table 5.3). In 51 of the 
157 patients in these 7 studies (32.5%), 
a therapeutic change was attributed to 
FDG-PET findings. Changes in treatment 
were attributable either to the detection 
of a primary tumor and/or to the detec-
tion of previously unknown metastases. 
In patients in whom an unknown primary 
was identified, the treatment strategy was 
mostly changed from CUP chemotherapy 
to specific therapy for the tumor site. 
Among these 38 patients, 26 (68%) had 
confirmed lung or pancreas cancers (24 and 
2, respectively) whereas only 5 (13.1%) 
had breast, 3 had ovary (7.9%), and each 
1 had esophagus, peritoneum and prostate 
cancers (2.6%). Six patients had surgery 
with curative intent including one patient 
with brain metastasis and a lung primary 
(Kolesnikov-Gauthier et al. 2005), one 
patient with peritoneal carcinomatosis and 
an ovarian primary (Kolesnikov-Gauthier 
et al. 2005), one patient with liver metas-
tases and a colon primary (lonneux and 
Reffad 2000), one patient with involved 
axillary lymph nodes and breast cancer 
(lonneux and Reffad 2000), one patient 
with involved cervical lymph nodes and 
breast cancer (Mantaka et al. 2003), and 
one patient who presented with an isolated 
lung metastasis that subsequently was 
confirmed to be a primary bronchoalveolar 
carcinoma (Scott et al. 2005). Detection 
of unknown distant metastases led to a 
transition from curative to palliative intent 
in some patients. These data were explicit 
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in only the study by Garin et al. (2007). 
In this work, FDG-PET led to a therapeu-
tic modification by revealing additional 
metastases in three cases.

only Fencl et al. (2007) evaluated the 
prognostic value of the FDG-PET/CT 
findings. In their analysis of 82 patients 
with histologically proven metastasis, they 
found a significantly shorter survival in 
patients with FDG/PET findings compared 
with patients with negative findings. Garin 
et al. (2007) compared the diagnostic per-
formances and therapeutic impact of FDG-
PET between the localized and multifocal 
forms of CUP. They found significant 
differences in the detection of additional 
metastases in the group with multifocal 
forms, but no difference in the detection 
of the primary. The therapeutic impact 
seemed greater in the localized than in the 

multifocal forms but this difference was 
not statistically significant. However, these 
authors did not separate for this analysis 
the 15 patients with cervical lymphatic 
metastasis of epidermoid carcinoma and the 
36 patients with other localizations, so that 
we could not generalize these data to the 
disseminated CUP patients.

DISCUSSIon

The detection of primary tumors in patients 
with CUP may be important for several 
reasons, including finding a potentially 
treatable tumor and allowing therapy to 
be targeted as appropriately as possi-
ble. Moreover, FDG-PET allows better 
definition of prognosis, because progno-
sis depends on the stage of the disease. 

Table 5.3. Impact of PET on treatment strategy

Studies
no. of 
patients

Tumors 
detected

Therapeutic 
impact (%) Surgery

Radio 
therapy

Chemo 
therapy

Ambrosini et al. (2007) 33 16 nS nS nS nS
Bohuslavizki et al. (2000) 9 5 nS nS nS nS
Fencl et al. (2007) 78 15 nS nS nS nS
Garin et al. (2007) 36 8 9 (25) 0a 2 6
Gutzeit et al. (2005) 27 9 nS nS nS nS
Kole et al. (1998) 10 4 1 (10) 0 0 1
Kolesnikov-Gauthier et al. (2005) 25 6 6 (24) 2 0 4
lassen et al. (1999) 14 8 3 (21.4) 0 0 3
lonneux and Reffad (2000) 22 12 9 (40.9) 2 0 7
Mantaka et al. (2003) 19 12 11 (57.9) 6b 3 7
nanni et al. (2005) 17 11 nS nS nS nS
Pelosi et al. (2006) 47 18 nSc nS nS nS
Scott et al. (2005) 31 8 12d,e (38.7) 1 nS 10
Total 371 99 51 (32.5) 6f (11.7) 5 (9.8) 38 (74.5)

NS data not specified
aIn one patient, the initial anticipated treatment was surgery and chemotherapy and discovery of celiac axis nodes 
a led to contraindicate surgery.
b,fout of these patients, five underwent surgery for diagnosis at a disseminated stage. These patients were excluded 
for the final analysis
cData reported for the overall population but not for the sub-set of patients belonging of the general population of 
CUP
done patient in whom a pattern of disease has been identified by PET consistent with prostate cancer was managed 
accordingly
ePET altered clinical management of respectively, eight confirmed and four unconfirmed, putative primary sites
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Thus, detection of the primary tumor and 
accurate staging are very important to 
select appropriate risk-adapted individual-
ized treatment. Several reports in the lit-
erature describe the efficacy of FDG-PET 
in detecting unknown primary tumors in 
patients with CUP. Most of these stud-
ies, however, are limited in size and have 
reported varying results. our objective 
in the current review was to compile all 
existing literature on this topic to help 
guide clinical decision-making regarding 
the use of FDG-PET in CUP, excluding 
patients with squamous carcinoma depos-
its isolated to the head and neck region and 
histologies other than carcinoma. Several 
previous reviews of this topic have been 
conducted (Scott et al. 2005; Seve et al. 
2007). Scott et al. (2005) reviewed, in their 
retrospective analysis of the use of FDG-
PET in 31 patients with CUP, 6 studies 
involving a total of 85 patients with dis-
seminated CUP. Their analysis revealed, 
in contrast with the current review, a 
higher primary detection rate (62% vs. 
34.7% in our study) and a reduced spe-
cificity (69.2% vs. 83.3% in our study), 
whereas the sensitivity and the accuracy 
were close (83.3% and 84.9%, respec-
tively, vs. 85.6% and 78% in our study). 
These discrepancies can be attributed to : 
(1) the inclusion of the studies by Alberini 
et al. (2003) and by Scott et al. (2005), in 
which FDG-PET was carried out early in 
the search for metastases, and where the 
database for the patients does not allow 
the distinction for the patients with metas-
tases other than cervical ; (2) the report 
of four false-negative cases in the study 
by Bohuslavizki et al. (2000), although 
these authors reported that primary tumors 
were not found in these patients at clini-
cal follow-up. Moreover, we included in 

our study patients with adenocarcinoma 
involving cervical nodes, whereas these 
patients were excluded in the review by 
Scott et al. (2005). We have published a 
comprehensive review of the efficacy of 
FDG-PET in CUP (Seve et al. 2007). This 
audit went beyond the review by Scott 
et al. (2005) by excluding inappropriate 
studies and including a larger data set 
with four further studies. Furthermore, we 
included unique data regarding and the 
sensitivity and specificity of FDG-PET at 
various anatomic locations and the effects 
of FDG-PET on patient management. In 
this work, we analyzed three additional 
recent studies including 147 supplemen-
tary patients.

Data from this review regarding primary 
tumor location are not fully concordant 
with those made in previous studies that 
did not necessarily use PET imaging. In 
their report of 879 patients referred with a 
diagnosis of CUP, Abbruzzese et al. (1995) 
found that imaging studies provided the 
diagnosis in 132 patients. For patients 
with carcinomas, the six most common 
diagnoses were lung (20.4%), pancreas 
(15.9%), and colorectal (8.3%), followed 
by kidney (6.8%), breast (6.1%), and stom-
ach (6.1%). In the current study, 56.2% of 
all primary tumors in patients with dis-
seminated CUP were found in the lung. 
lung cancer is probably overrepresented 
in our review because thoracic scans were 
not performed for all patients, and are 
more sensitive than chest radiography for 
the detection of lung cancer (Seve 2008). 
In comparison to autopsy evaluations, 
data from the current series also suggest a 
lower incidence of primary tumors of the 
pancreas (8.5% in our study vs. 20–26% at 
autopsy) and a higher incidence of primary 
tumors of the breast (8.5% in our study 
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vs. 2% at autopsy) (Seve 2008). The high 
rate of patients with axillary, supraclavicu-
lar, brain metastases and the low rate of 
patients with liver metastases may explain 
these results.

Moreover, our findings also show a high 
rate of single metastasic sites in com-
parison to the main published series of 
CUP patients. In the current study, 86% 
of patients had only one single metasta-
sis site while the rate, in the literature, 
ranges from 29% to 43% (Abbruzzese 
et al. 1995; Culine et al. 2002; Hess et al. 
1999; Seve et al. 2006). These data indi-
cate that patients enrolled in PET studies 
are selected patients and do not reflect the 
overall population of patients with CUP. 
only Garin et al. (2007) compared the 
diagnostic performances and therapeutic 
impact of FDG-PET between the localized 
and multifocal forms of CUP. They found 
significant differences in the detection of 
additional metastases in the group with 
multifocal forms but no difference in the 
detection of the primary and the therapeu-
tic impact seemed greater in the localized 
than in the multifocal forms. However, 
these authors did not separate for this 
analysis patients with cervical lymphatic 
metastasis to disseminated CUP patients.

FDG-PET imaging clearly was able to 
detect new metastases. overall, the data 
from the current review indicated that PET 
imaging detected unsuspected additional 
sites of metastasic disease in 38% of all 
patients. While it is likely that this new infor-
mation may have altered management in 
some cases, these data were only explicit 
in the study by Garin et al. (2007).

Six studies assessed the value of FDG-
PET-CT for the diagnosis of dissemi-
nated CUP, while one study compared 
FDG-CT and FDG. Hybrid imaging by 

FDG-PET-CT eliminates the drawback of 
FDG-PET imaging, i.e the lack of ana-
tomical information, and may enhance 
the diagnostic capacity of the method. 
The overall sensitivity (79.8%), specificity 
(85%), and accuracy (75.6%) in these six 
studies were not different from the other 
studies. However, the high rate of false-
positive and false-negative in the study by 
Fencl et al. (2007) could underestimate the 
impact of FDG-PET-CT. This study using 
retrospective questionnaire of the refer-
ring physicians should be interpreted cau-
tiously. By excluding this study, the overall 
sensitivity, specificity, and accuracy rates 
of FDG-PET-CT in detecting unknown 
primary tumors were, 91.3%, 90.7%, and 
86.9%, respectively. In the comparative 
study by Gutzeit et al. (2005), PET/CT was 
able to depict more primary tumors, though 
not significantly, than either of the other 
imaging modalities. larger comparative 
studies are required to definitively evaluate 
the relative value of PET/CT and PET for 
identifying a primary site tumor site.

In our audit, FDG-PET exhibited its 
highest accuracy for tumors of the lung 
and pancreas. The high sensitivity and 
low false-positive rates that were observed 
indicate that FDG-PET is a valuable sup-
plement to conventional imaging in these 
locations. Conversely to our first review, 
we found a lower sensitivity of FDG-PET 
for breast cancer. As discussed before, the 
high rate of false-negative in the study by 
Fencl et al. (2007) led to these results. As 
there were few reports of GI, ovary, uterus, 
and kidney cancers, conclusions regarding 
the sensitivity and accuracy of FDG-PET 
for these settings are uncertain.

FDG-PET had a low false-positive rate 
for tumors located in the lungs, in the 
breast and in the pancreas even if, for these 
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two last tumors, the number of patients 
was limited. The low false-positive rate 
that was observed corresponds to a high 
specificity and positive predictive value 
for FDG-PET detection of tumors at lung 
and pancreas sites. At anatomic locations 
other than the lung, pancreas and breast, 
false-positive rates were higher, but the 
limited number of patients does not allow 
definitive conclusions. The lower gastroin-
testinal tract was the most common site of 
false-positive FDG uptake. False-positive 
FDG-PET findings subject the patient 
to further diagnostic endoscopies, which 
have associated costs and morbidities.

Therapeutic impact was evaluated in 
seven studies. PET-FDG examinations 
modified therapy in 10% to 57.9% of the 
patients, according to the series in ques-
tion. Again, the variability of the results 
obtained in these studies can largely be 
explained by variable patient selection. 
By collating the results of these 7 studies, 
we find that FDG-PET modified the care 
of 51 patients out of 157 (32.5%). The 
majority of primary tumors diagnosed in 
the 42 patients were cancers of the lung 
and cancers of the pancreas, and the most 
commonly encountered modifications 
involve a change of the initially considered 
chemotherapy. Treatment for both of these 
cancers has undergone a significant shift 
during the last 5–10 years, with standard 
of care for patients with a good perform-
ance status now being chemotherapy. The 
treatment of advanced non-small-cell lung 
cancer (nSClC) is based on the combi-
nation of platin and one of the following 
agents: taxanes, gemcitabine, vinorelbine, 
or irinotecan (Pfister et al. 2004). In the 
case of pancreatic cancer, gemcitabine 
has become standard of care (Burris et al. 
1997). Although evidence-based medicine 

does not define a standard for the systemic 
treatment of CUP site not belonging to a 
specific anatomoclinical entity, chemother-
apy is considered for patients with a good 
general health status. Standard therapy 
includes one of the newer cytotoxics alone 
or in combinations including platinum 
salts, taxanes, and gemcitabine (Culine 
et al. 2003; Greco et al. 2001). Given 
these regimens, it is probable that change 
in management plan of patients with lung 
and pancreatic cancer did not consistently 
modify the type of chemotherapy and the 
prognosis. However, one fourth of patients 
received specific therapy for breast, ovary 
and prostate cancers or had surgery with 
curative intent. Therefore, we think that the 
primary indications for PET in unknown 
primary are clinical presentations sugges-
tive of CUP syndrome that may benefit 
from specific treatment, as women with 
axillary-lymph-node metastasis, women 
with peritoneal adenocarcinomatosis, and 
in the setting of a single metastasis when 
a curative treatment is planned. no study 
formally assessed the contribution of FDG-
PET for survival in CUP patients, although 
Mantaka et al. (2003) reported a better sur-
vival in patients diagnosed by PET, while 
survival was not altered by discovery of the 
primary tumor in the study by Kole’s et al. 
(1998). only Fencl et al. (2007) evaluated 
the prognostic value of the FDG-PET/CT 
findings and found a significantly shorter 
survival in patients with FDG/PET find-
ings compared with patients with negative 
findings. However, because of the design 
of their study and the short follow-up, 
these data require confirmation in large 
and prospectives studies.

While the role of routine FDG-PET early 
in the workup of CUP remains unproven, 
it may have several practical advantages. 
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only Alberini et al. (2003) retrospectively 
assessed the value of FDG-PET prior to 
conventional imaging in 41 CUP patients. 
PET was superior to conventional diagno-
sis in 11 patients and prompted treatment 
modifications in 11 patients. Sensitivity of 
PET was markedly superior to CT in detec-
ting lung cancers and abdominal primary 
tumours. PET scanning in the setting of 
CUP is likely to be beneficial for a number 
of reasons. Earlier diagnosis of the primary 
may allow more appropriate therapy at a 
time when the performance status is good. 
The majority of patients presenting with 
metastatic disease in the setting of CUP 
undergo a rapidly progressive course and 
if diagnosis has been delayed, for example, 
by multiple investigations, patients may no 
longer be fit enough to tolerate treatment. 
In addition, a reduction in the number and 
cost of investigations, the time require-
ments for the intensive investigation phase 
to be completed, and the number of inva-
sive procedures with concomitant risk of 
complications would be advantageous for 
the patient and may well be cost-effective. 
For example, Erasmus and Patz (1999) 
showed that PET can replace conventional 
strategy and save money for the staging of 
nSClC (Erasmus and Patz 1999). Further 
evaluation of PET with large and prospec-
tive studies, as well as cost-benefit analy-
ses, are now warranted to confirm these 
hypothesis.

We acknowledge the limitations of the 
current review, including the possibility of 
publication bias, and heterogeneity among 
studies with regard to patient selection and 
diagnostic workup. Moreover, almost all 
patients a solitary site of metastasis and 
there were few patients with liver metas-
tases. These data show that patients included 
in PET studies were selected and that the 

conclusions cannot necessarily be genera-
lized to the overall population of patients 
with CUP. Despite these limitations, our 
findings do allow us to draw several impor-
tant conclusions. In the investigations of 
patients with CUP, FDG-PET was found to 
provide information beyond that obtained 
by conventional workup. FDG-PET was 
sensitive in the detection of primary tumors 
and, in ~35% of cases, revealed tumors 
that had gone undetected by other modali-
ties. Whole-body FDG-PET also detected 
previously unrecognized regional or distant 
metastases in ~38% of patients. FDG-PET 
exhibited high overall sensitivity in the 
detection of unknown primaries. In con-
trast, however, FDG-PET had low overall 
specificity and a high false-positive rate for 
lower gastrointestinal tract tumors. overall, 
subsequent cancer treatment was influenced 
by the PET in one third of patients, particu- 
larly in those with lung and pancreatic 
cancer, while some patients received spe-
cific treatment for breast, ovary and prostate 
cancers or had surgery with curative intent.  
In conclusion, the review of the available 
evidence confirms FDG-PET to be a valu-
able imaging modality in the workup of 
patients with single site metastasis and when 
curative-intent therapy is planned.
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6
Unknown Lymphadenopathy: Diagnosing 
Using an Endoscopic Ultrasound-Guided 
Fine-Needle Aspiration Biopsy
Ichiro. Yasuda

 INtroDUCtIoN

the diagnosis of mediastinal and intra-
abdominal lymphadenopathy is sometimes 
difficult, especially in patients without 
any other primary lesions and without any 
specific serological findings. this may 
be caused by primary lymph proliferative 
disorders, metastasis, sarcoidosis, tubercu-
losis, and so on. In cases with superficial 
lymph node swelling, an excisional biopsy 
of the superficial lymph nodes can be per-
formed relatively easily. otherwise, open 
thoracic surgery, laparotomy, or another 
invasive procedure such as mediastinos-
copy or laparoscopy is often required, but 
these procedures are performed under gen-
eral anesthesia, and therefore they require 
much time, manpower, and expense. they 
are also associated with higher rates of 
morbidity, and the tissue damage caused 
by the procedure may delay the start 
of therapy. Patients who are in serious 
medical conditions will also be exposed to 
higher anesthetic and surgical risks.

Endoscopic ultrasound-guided fine nee-
dle aspiration (EUS-FNA) is now widely 
used as a safe and accurate procedure for  
sampling intra- and extramural lesions of 
the gastrointestinal tract. this procedure 

can also be attempted for mediastinal 
and intra-abdominal lymphadenopathy of 
unknown origin. It is considered to be a 
useful procedure that should be attempted 
before performing more invasive procedures  
such as mediastinoscopy and open surgery.

 APPLICAtIoN

Mediastinal and intra-abdominal lymph 
nodes that are located at sites capable 
of being approached from the esopha-
gus, stomach, or duodenum on the basis 
of computed tomography (Ct) can be a 
target. A pelvic lymphadenopathy is also 
included if it is accessible from the rec-
tum. Contraindications are similar to those 
for routine endoscopy, but patients with 
coagulopathy and thrombocytopenia are 
also generally excluded from the subject.

 EqUIPMENt

 Echoendoscopes and Endoscopic 
Ultrasound Processors

A linear (or convex array) echoendoscope 
is necessary for this procedure. Currently, 
four companies (olympus, Pentax, toshiba 
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and Fujinon) produce this type of echo -
endoscope, but the models from olympus 
and Pentax are used most frequently. the 
EUS transducer is set distal to the oblique-
forward- viewing lens, and it is similar in 
shape to those used for transabdomi nal stud-
ies. It has a 120° (Pentax) or 180° (olympus) 
field of ultrasonic view, and is equipped 
with an elevator and a working channel 
range in size from 2.4 to 3.8 mm (Pentax; 
EG-363oU [2.4 mm], EG-383oUt [3.8 
mm], olympus; GF-UC240P/140P-AL5 
[2.8 mm], GF-UCt240/140-AL5 [3.7 
mm]; Figure. 6.1).

the echoendoscope is connected to a 
processor with a color Doppler function. 
the Pentax echoendoscope is run by a 
Hitachi processor (EUB-405plus, -525, 
-2000, -5000, -6000, or -8000), and the 
processor for the olympus echoendo-
scope is the Aloka processor (SSD-5000, 
-5500, a5, or a10) or their own proces-
sor (EU-ME1). Another olympus unit, 

EU-C2000/-C60 is also available for EUS-
FNA. It is diminutive and very mobile, but 
the image quality is somewhat reduced.

 Needles

Fully disposable needles ranging from 
25-gauge to 19-gauge distributed by Wilson-
Cook, olympus, and GIP/Mediglobe are 
used for this procedure. In general, the larger 
needle improves the tissue yield and allows 
histological assessment, but increased stiff-
ness of the needle makes its maneuverabil-
ity more restrictive and difficult. A 22-gauge 
needle is used most frequently for conven-
tional EUS-FNA. If the aim is to differentiate 
whether the lesion was benign or malignant, 
cytological examination is sufficient, and a 
22-gauge or even 25-gauge needle can be 
used. However, a histological assessment is 
often required in the diagnosis of an unknown 
lymphadenopathy. Lymphoma is a fre-
quent cause of unknown  lymphadenopathy, 

Figure 6.1. olympus linear echoendoscope (GF-UC240P-AL5) with a 22-gauge FNA needle (EZ-shot; 
NA-200H-8022, olympus)
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and histopathological findings are essential 
for its accurate diagnosis and subclassifi-
cations of the tumor. this is because the 
optimal treatment strategy is determined 
by the subclass of lymphoma. therefore, 
a larger needle such as a 19-gauge needle 
is preferable in that situation. A tru-Cut 
needle, which has a 20 mm tissue tray 
with a 19-gauge outer cutting needle and a 
spring-loaded mechanism built into the han-
dle that permits automated specimen pro-
curement, may be another option to obtain 
core samples as Varadarajulu et al. (2004)) 
reported. However, its ability to puncture is 
compromised by the increased stiffness and 
the blind tip. this needle system also seems 
to be unsuitable for relatively small lesions 
(probably <2 cm) due to the automatic 
puncture system.

 ProCEDUrE

 Preparations

the procedure is performed on an out-
patient basis unless the patient is already 
hospitalized for other medical conditions. 
the necessary preparations are similar to 
those for routine endoscopy, but heavier 
sedation may be required because of the 
longer procedure time and need to mini-
mize patient movement. Careful moni-
toring of blood pressure, and pulse and 
oxygen saturation is necessary throughout 
the procedure. on the other hand, routine 
antibiotic prophylaxis is generally consid-
ered unnecessary because the rate of bac-
teremia after EUS-FNA is extremely low, 
according to Levy et al. (2003, 2007).

 Fine Needle Apiration Biopsy

the echoendoscope is advanced into the 
esophagus, stomach, and if necessary into 

the duodenum after sedation of the patient. 
the target lesion is observed carefully and  
color Doppler imaging is used to ensure 
that there are no major interposed ves-
sels in the puncture path. the puncture is 
achieved with guidance from the real-time 
EUS image, after the optimal puncture 
site is determined (Figure. 6.2). the inner 
stylet is pulled back for ~1 cm to expose 
the sharp tip of the needle just before 
the puncture. After the lymph node is 
punctured, the stylet is pushed in again 
beyond the tip to prevent contamination 
of the gastrointestinal wall before it is 
completely removed. Several to-and-fro 
movements are made within the lymph 
node under continuous negative suction 
using a syringe. the suction is slowly 
released after the completion of this step. 
the needle is then withdrawn into the 
sheath followed by the withdrawal of the 
entire system from the biopsy channel of 
the echoendoscope.

 treatment of Sampled Material

the aspirated material is then expelled 
onto glass slides by carefully reinserting  
the stylet. this material is thereafter 
assessed macroscopically, and whitish 
parts of the material are removed and 
collected on small pieces of filter paper. 
the material is then put into formalin solu-
tion (3%) for pathological examination. 
A pathological diagnosis is made based on 
the findings of hematoxylin-eosin stain-
ing (Figure. 6.3) and immunopathological 
stains. the use of specific monoclonal 
antibodies is tailored to each case based on 
the information obtained from hematoxy-
lin-eosin staining.

Some tissue is also smeared onto glass 
slides for cytological examination. the glass  
slides are fixed immediately in absolute  



76 I. Yasuda

Figure 6.2. the left image is a fundamental 
ultrasound image and the right image is the 
simultaneous image with Color Doppler func-
tion. the needle was inserted into a mediastinal 

lymph node (left paratracheal lymph node) with 
guidance of a real-time ultrasound image to 
avoid interposing vessels (r-PA, right pulmonary 
artery)

Figure 6.3. Low-power histological microscopic image of an entire biopsy specimen obtained by 
EUS-FNA biopsy (hematoxylin-eosin stain, 8×)

ethanol, and/or are left to dry in air. the choice 
of the fixation method depends on the pref-
erence of the institutional pathologist.  

Air-dried smears can be used for an 
immediate cytologic evaluation using 
Diff-quik stain (Harleco, Gibbstown, NJ), 
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and also for May-Grünwald-Gimsa stain. 
on the other hand, alcohol-fixed smears 
are used for Papanicolau stain.

A microbiological examination and flow 
cytometry are also helpful in the diagnosis  
of unknown lymphadenopathy. For this 
purpose, additional aspirate specimens 
are put into saline solution and a cytologi-
cal preservative solution such as rPMI and 
phosphate-buffered saline. Microbiological 
examination can differentiate bacterial 
infections such as tuberculosis. Itaba et al. 
(2007) reported that polymerase chain 
reaction (PCr) analysis and culture are 
helpful to diagnose tuberculous lymphad-
enitis. the efficacy of flow cytometry on the 
diagnosis of lymphoma by investigating 
cellular surface antigens has also been 
reported by ribeiro et al. (2001) and 
Mehra et al. (2005).

the presence of an on-site cytopatholo-
gist is generally considered to be helpful  
to improve the diagnostic yield of EUS-
FNA as Klapman et al. (2003) has reported. 
It may reduce the incidence of sam-
pling error and unsatisfactory specimens. 
Unnecessary repeated procedures can also 
be prevented by an immediate evaluation 
of the specimens.

 Management After the Procedure

the outpatients are observed for immedi-
ate complications in the recovery room at 
least for 2 h, and contact should be main-
tained after the procedure to monitor for 
any complications.

 DIAGNoStIC YIELD

the diagnostic ability of EUS-FNA for 
unknown lymphadenopathy is very high 
as described below. For a mediastinal 

lymphadenopathy of unknown etiology, 
Catalano et al. (2002) reported that EUS-
FNA successfully established a diagnosis 
in 90% of 62 patients, whose final diag-
noses were lung cancer (24), adenocarci-
noma of unknown origin (6), lymphoma 
(3), breast cancer (2), ovarian cancer (1), 
histoplasmosis (15), sarcoidosis (6), and 
inflammatory/reactive (5). EUS-FNA 
influenced the subsequent therapy in 87% 
of those patients.

Devereaux et al. (2002) also assessed 
the clinical utility of EUS-FNA of medi-
astinal masses in the absence of known 
pulmonary malignancy. According to their 
data, an accurate diagnosis was made in 
46 of the 49 patients (94%). their FNA 
diagnosis was metastatic in 22 patients, 
histoplasmosis in 8 patients, sarcoidosis 
in 1 patient, other benign diseases in 15 
patients, and nondiagnostic in 3 patients.

Yasuda et al. (2006) evaluated the diag-
nostic yield of EUS-FNA biopsies in 
104 patients with mediastinal and intra-
abdominal lymphadenopathy of unknown 
origin. the locations of the lymph nodes 
were mediastinal in 50 patients, intra-
abdominal in 48 patients, and both medi-
astinal and intra-abdominal in 6 patients. 
the diagnoses made using EUS-FNA 
biopsy were lymphoma (48), metastasis 
(16), and benign/reactive (40) including 
23 sarcoidosis and 2 tuberculosis. their 
overall accuracy was 98%, and the his-
topathological results influenced the treat-
ment strategy in 96% of the patients. the 
sensitivity, specificity, positive and nega-
tive predictive value for diagnosis of lym-
phoma was 96.0% (95% CI, 86.5–98.9), 
100% (93.4–100), 100% (92.6–100), and 
96.4% (87.9–99.0), respectively. of the 50 
patients with final diagnosis of lymphoma, 
96% were diagnosed by EUS-FNA biopsy 
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alone, and it was possible to classify the 
lymphomas in accordance with World 
Health organization (WHo) classifica-
tions in 88% of cases. Ninety-four percent 
of the patients were treated based on the 
results of the biopsy findings alone.

 Complications

Possible complications related to this pro-
cedure are bleeding, infection, perforation, 
and needle track seeding of malignant 
cells. However, the incidence of these 
adverse events is extremely low. Indeed, 
in the initial two reports mentioned above, 
there were no complications. In addition, 
according to a study by Yasuda et al. 
(2006), the incidence of early procedural 
complication related to this procedure was 
only 1% (one patient). For example, only 
one patient with lymphoma had abdominal 
pain without bleeding and inflammation 
after the procedure.
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7
Pretargeted Radioimmunotherapy  
in Cancer: An Overview
Stefano Papi, Chiara Maria Grana, Mirco Bartolomei, Laura Ravasi,  
Marta Cremonesi, Mahila Ferrari, Luigi Martano, Lucia Garaboldi,  
Marco Chinol, and Giovanni Paganelli

 InTRODuCTIOn

The concept of tumour targeting began 
at the turn of the twentieth century when 
Ehrlich (1907) postulated the idea of the 
“Magic Bullet” to target abnormal cells 
selectively on the basis of antigenic differ-
ences between normal and abnormal cells. 
no clinical application of this concept took 
place until Pressman and Keighley (1948) 
utilized labeled antibodies for cancer detec-
tion. Pressman et al. (1957) showed that 
monoclonal antibodies (MoAbs) labeled 
with radioactive iodine could be used in 
animals on a diagnostic basis. Later, Bale 
et al. (1960) demonstrated that tumour 
localizing antibodies could be used as a 
therapeutic agent for treating experimental 
neoplasms by means of the radioactivity. 
The modern era of targeted cancer therapy 
did not start until 1975, upon the publi-
cation of Kohler and Milstein’s (1975) 
work describing the technology for the 
production of MoAbs, also referred to as 
the “hybridoma technology”. This method 
allowed the production of a large amount 
of different MoAbs with high specificity 
towards tumour-associated antigens and 
opened the door to the preclinical and 
clinical research in the targeted radiotherapy 

of cancer using MoAbs, referred to as 
radioimmunotherapy (RIT).

Radioimmunotherapy is an area of 
extensive investigation at both the experi-
mental and clinical levels (Goldenberg and 
Sharkey 2007). The inherent appeal of this  
therapy modality is its potential to specifi-
cally irradiate tumours while sparing 
healthy tissues. With fractionated external 
beam irradiation (XRT), precise focusing 
of the beam specifically to a tumour, espe-
cially metastatic cancers, without affecting 
proximal healthy organs, is impractical. 
On the contrary, RIT involves continuous,  
low-dose irradiation from tumour-targeted 
radionuclides. Biological effect is facili-
tated through energy absorption from the 
radionuclide’s emissions. The tissue range 
of the nuclide’s emissions, which are several 
millimeters when using b-particle emitters,  
can have a “crossfire” effect, in that even 
antigen negative cells in a tumour can be 
treated.

Radiolabeled MoAbs for therapeutic  
applications have two components: a 
tumour-targeting vector, MoAb, and the 
radiolabel. The science of MoAbs, includ-
ing humanized and human MoAbs, 
radiolabeling aspects, preclinical RIT, and 
models for absorbed-dose calculations 
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have been reviewed by different groups. 
Most therapeutic applications of radiola-
beled MoAbs have involved intact anti-
bodies to maximize uptake and retention 
in the tumour. Tumour response depends 
on several factors that include tumour radi-
osensitivity, cumulative radiation dose, 
and dose rate.

The application of these monoclonal 
antibodies labeled with radionuclides 
has been extensively investigated for the 
in vivo detection and therapy of tumours. 
The results of experimental studies in  
animal models are very promising and  
radiolabeled monoclonal antibodies (such 
as 90Y-Zevalin® and 131I-Bexxar®) have been 
approved and are now commercially avail-
able as therapeutic agents of cancer. Many 
clinical trials of therapy with radiolabeled 
antibodies are in progress. Especially for 
very radiosensitive tumours, systemic irra-
diation based on 90Y-immunoconjugates 
has proven to be very effective. Success in 
achieving significant remissions in patients 
with non-Hodgkin’s lymphoma (nHL) 
has encouraged investigators to continue 
exploiting this field. In patients with nHL, 
complete response rates vary from 50% 
to 80%, particularly for high-dose stud-
ies in conjunction with myeloablation 
(Goldenberg and Sharkey 2006; Goldenberg 
et al. 2006; Sharkey et al. 2005).

Although RIT showed promising results in 
radiosensitive and easily accessible tumours, 
like nHL, in the case of radioresistant, 
poorly-vascolarized tumours, the limited 
results prompted the scientific community 
to develop other therapeutic strategies. Here 
we try to give an overview of the develop-
ment of RIT by the pretargeting approach, 
intended to enhance its therapeutic efficacy, 
which is currently under investigation in dif-
ferent preclinical and clinical settings.

 THERAPEuTIC 
RADIOISOTOPES

Linear energy transfer (LET) and relative 
biologic effectiveness (RBE) are essential  
radiobiologic concepts guiding the choice 
of the therapeutic radioisotope. In particu-
lar, LET refers to the number of ionizations 
caused by that radiation per unit of distance 
traveled. Being helium nuclei, a-particles 
have a high LET (~100 keV/mm), whereas 
b-particles (electrons) have a far lower 
LET (0.2 keV/mm). The different physi-
cal properties of a- and b-particles confer 
theoretic advantages and disadvantages to 
each, depending on the clinical situation 
(Waldmann 2003). Because the range of 
b-emissions extends for several millime-
ters, therapy with isotopes such as 131I, 90Y, 
and 188Re can create a “crossfire effect,” 
destroying tumour cells to which the radi-
oimmunoconjugate is not directly bound. 
In this way b-emitters can potentially 
overcome resistance due to antigen-negative 
tumour cells. Conversely, longer-range 
b-emissions may also produce nonspecific 
cytotoxic effects by destroying surround-
ing normal cells. These characteristics 
make b-particle therapy better suited for 
bulky tumours or large-volume diseases. 
In contrast, a-particles may be better 
suited for the treatment of microscopic 
or small-volume diseases, because their 
short range and high energies potentially 
offer more efficient and specific killing of 
tumour cells.

Aside from the quality of radiation, such 
as low or high LET emission, the suitabil-
ity of any specific radionuclide for RIT 
depends on the nuclide’s radiophysical 
properties (such as half-life, abundances, 
etc.), the target tumour morphology and 
physiology, the MoAb’s targeting kinetics,  



837. Pretargeted Radioimmunotherapy in Cancer: An Overview

the fate of the nuclide after antibody 
metabolism in vivo, the nuclide’s ready 
availability (preferably in a carrier-free 
form), and finally the development of 
simple and efficient clinical-scale radiola-
beling methods. There are several poten-
tially useful radionuclides, although those 
of practical utility comprise a short-list of 
a few b-particle emitters and even fewer 
a-particle emitters (Table 7.1). The ques-
tion of whether low-energy, high-LET, 
Auger emitters (which require transloca-
tion of the antibody-bound radionuclide to 
the vicinity of the cell nucleus for cytotox-
icity) can be clinically efficacious remains 
partially open.

131I and 90Y are now the two most widely 
used b-particle emitters. A large number 
of clinical RIT trials have utilized 131I 
because of its ready availability, low cost, 
its imageable gamma emissions (albeit 
of high energy), an advantageous 8-day 
half-life, and a simple protein radiolabe-
ling chemistry. However, the use of 131I 
with internalizing MoAbs is less attrac-
tive. Lysosomal processing of internal-
ized MoAbs and the subsequent release 
of the [131I]-iodotyrosine catabolite from 
the tumour cell reduces the residence time 
of 131I in the tumour, and thus diminishes 

the achievable tumour dose. One approach 
to overcoming the loss of radioiodine 
from internalizing MoAbs is labeling with 
radioiodinated entities which are intracel-
lularly trapped or “residualized”.

Radionuclides such as 111In and 90Y have 
been of particular interest respectively in 
radioimmunoscintigraphy (RIS) and RIT, 
respectively, due to their nuclear emissions. 
Among the radionuclides for therapy, 90Y 
is of particular interest due to its superior 
properties, including pure b-emission and 
the high-dose yield per nanomole (~1.8 
GBq/nmol). The maximum energy of the 
b particle is 2.28 MeV, which is much 
higher than that of 131I. The 64-h physical 
half-life of 90Y is suitable for radioimmu-
notherapy. Another isotope recently dis-
covered and used often in therapy trials is 
177Lu. Its lower beta energy (0.5 MeV) and 
the combination of g-emissions make it the 
90Y complementary choice, especially for 
dosimetric evaluations in the case of small 
tumours. Another potential metallic b-par-
ticle emitting radionuclide for therapy is 
67Cu, which has been studied clinically. 
Consistent production of 67Cu at high spe-
cific activity has been a problem; moreover,  
its chemistry and radiolabel stability are 
not as good as those of 90Y and 177Lu; thus,  

Table 7.1. Different therapeutic radionuclides potentially useful in radioimmunotherapy

Isotope Half-life (h)
Emission and Max 
Energy (keV)

Max particle range 
(mm) useful g (keV) Production mode

Iodine-131 (131I) 193 b (610) 2.0 364 Fission product
Yttrium-90 (90Y) 64 b (2280) 12.0 90Sr/90Y generator
Lutetium-177 (177Lu) 161 b (496) 1.5 113, 208 176Lu(n,g)
Copper-67 (67Cu) 62 b (577) 1.8 184 67Zn(n,p)
Rhenium-186 (186Re) 91 b (1080) 5.0 137 185Re(n,g)
Rhenium-188 (188Re) 17 b (2120) 11.0 155 188W/188Re generator
Bismuth-212 (212Bi) 1 a (8780) 0.09 224Ra/212Pb generator
Bismuth-213 (213Bi) 0.77 a (>6000) <0.1 225Ac/213Bi generator
Astatine-211 (211At) 7.2 a (7450) 0.08 207Bi(a,2n)
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hampering the development of suitable 
candidates. Rhenium isotopes (186Re and 
188Re) have also been used for RIT, and 
have sufficient g-energies for external 
scintigraphy, similar to 131I. Encouraging 
tumour responses have been achieved with 
antibodies labeled with either one of these 
radionuclides in vitro.

Recently, a-particle therapy has received 
renewed interest, especially with bismuth 
nuclides, such as 212Bi and 213Bi as eluates 
from 234Ra and 225Ac generators, respec-
tively. The cyclotron-produced radiohalo-
gen 211At has also been developed for RIT.  
These radionuclides have energies in the 
several MeV range, resulting in high LET 
emissions (100 keV/mm) compared with 
the b-emission of 90Y, with a 0.2 keV/mm  
LETmean. Such high LET radiation has pro-
found effects on DnA, causing strand breaks,  
if targeted selectively to the tumour 
because of the a-particles’ short range. 
Hence, a-particle RIT is best used when 
there are micrometastases or circulating 
tumour cells, not bulky disease; this is 
the case, for example, of haematological 
malignancies.

It has even been suggested that combina-
tions of radionuclides with different ener-
gies may prove more beneficial than using 
a single radionuclide. For example, a radi-
onuclide with a higher energy and longer 
tissue range could be combined with a 
radionuclide of medium energy and shorter 
range; thus, destroying both bulky disease 
and micrometastases. A key requirement 
is a highly stable binding of the radio-
metal to MoAbs, because unbound radi-
oyttrium ion accretes in bone. Because 
of novel chemistries developed during the 
last decade, chelating agents that form 
stable 90Y complexes are now available 
as bifunctional reagents. The macrocyclic 

chelator 1,4,7,10-tetraazacyclododecane-
n,n¢,n¢,n¢¢¢-tetraacetic acid (DOTA) is  
known to form exceptionally stable metal 
chelates, even when one of its side-chain 
carboxyl groups is tied up as an amide 
bond, which is in contrast to the monoamide 
derivative for diethylenetriaminepentaace-
tic acid (DTPA).

Bifunctional chelating agents, such as 
DOTA and DTPA, complex these metal 
ions and are currently used in the routine 
practice to link the chelated radionuclide 
to a peptide, protein or MoAb. These 
conjugates act as carriers of radiometals 
for tumour targeting and radiotherapy. 
Chelates that hold radiometals with high 
stability under physiological conditions 
are essential to avoid excessive radiation 
damage to nontarget cells.

 LIMITATIOnS OF CLASSICAL 
RADIOIMMunOTHERAPY  
In SOLID TuMOuRS

One of the problems in radio-immuno-
targeting relates to adverse intrinsic tumour 
characteristics. Tumours often display 
intrinsic heterogeneity in antigen density. 
This factor, together with the non uniform-
ity of tumour vascularization, capillary per-
meability, degree of tumour necrosis and  
difference in interstitial pressure, account 
for the heterogeneous distribution of anti-
bodies in targeted tumours (Strand et al. 
1993). Hence, results of clinical RIT tri-
als in solid tumours have been relatively 
disappointing. The efficacy of RIT in solid 
tumours using directly labeled MoAbs 
has been limited by a number of factors  
including: (1) relatively low level and heter-
ogeneous deposition of MoAb in tumours; 
(2) relatively low and heterogeneous 
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distribution of absorbed radiation dose in 
tumours; and (3) radioresistance of many 
solid tumours, resulting in the inability 
to deliver sufficient tumour doses with 
acceptable toxicity.

One of the major problems of using 
radiolabeled monoclonal antibodies is a 
low tumour/nontumour ratio of radioac-
tivity resulting from slow diffusion into 
tumours, and a prolonged period of time 
of 5–12 days post-injection is required 
before ratios rise to a sufficient level at 
which these can be used for specific imag-
ing techniques. The distribution kinetics 
of directly labeled antibodies is less than 
optimal for diagnosis or specific delivery of 
cytotoxic radionuclides to tumour. Another 
problem with such procedures is the small 
dose of radioactivity which consequently 
reaches the target tumour. Accumulation 
of up to 20–30% of the injected dose/g 
of tumour has been observed in mouse 
tumour models; nevertheless, pharmacoki-
netic studies showed that only a very small 
dose, in the order of 0.001–0.1% injected 
dose/g, is more common in humans (Mann 
et al. 1984).

Despite the fact that MoAbs are supe-
rior to conventional polyclonal sera, these 
results are disappointing. A low tumour 
to background ratio remains the main 
problem of RIS and RIT today. Larger 
doses of injected antibodies can increase 
the amount delivered to the target, but this 
raises the potentially serious problem of 
intrinsic immunogenicity of the mono-
clonal antibodies. unfortunately, the use 
of fragments displaying a faster blood 
clearance has not improved tumour locali-
sation and, therefore, limited their use in 
RIT. Further investigations to solve the 
problem of high tumour/nontumour ratios 
led to the use of clearing agents, the so 

called “chasers”, to lower the background 
radioactivity. Although the radioactivity 
associated with the tumour is also reduced 
after the use of a “chase”, tumour/non-
tumour ratios have been improved. This 
approach opened the way to the develop-
ment of the pretargeting practice.

 PRE-TARGETInG APPROACH

In an attempt to overcome the low uptake of 
label by a tumour and improve the tumour 
to blood ratio, various groups have inves-
tigated the concept of tumour pretargeting. 
The principle behind pretargeting was ini-
tially described by Reardon et al. (1985), 
who suggested that antibodies could be  
composed of dual binding specificity,  
one to a particular target and the other 
capable of binding a chelate. This group 
subsequently showed that the accumulation 
of an antichelate antibody in mice bearing 
the transplantable KHJJ tumour could be 
used to target a radiolabeled chelate. A 
“chase” step using transferrin-conjugated 
chelate was introduced prior to administer-
ing the radiolabeled chelate as a means of 
reducing the anti-chelate antibody in the  
blood. More recently, this same targeting  
model was published by Lubic et al. (2001) 
to show the feasibility of pretargeting 90Y 
labeled chelate for therapy.

The essence of pretargeting involves the 
use of a macromolecule that is capable of 
binding with a high affinity to a radioactive 
agent of low molecular weight (usually  
Mr < 10,000) and can also selectively target  
a tumour antigen. Antibodies are modi-
fied so that the radiolabel in the follow-
ing step can bind to the antibody. The 
modified antibody is administered first 
and is allowed to distribute throughout the 
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body to bind tumour cells expressing the 
antigen and to clear from the blood and 
normal tissues. Then, the radiolabeled 
agent (the “effector”), which is much 
smaller than antibody, is administered at a  
later time, ideally when the concentration 
of the macromolecule in the tumour is 
greater than in other tissues. It localizes at 
sites where the antibody has accumulated. 
If the radiolabel has higher permeation 
and faster clearance than the radiolabeled 
antibody, more rapid localization in the 
tumour with higher tumour-to-nontumour 
ratios is possible. The modified antibody or  
antibody-conjugate should have the same 
specificity and affinity for the antigen on 
tumour cells as the original antibody.

This sequence of events is commonly 
referred to as the two-step pretargeting 
protocol (Paganelli et al. 1992). The key 
for the success of the two-step method is 
that the macromolecule must be cleared 
sufficiently from the blood and normal 
tissues, otherwise the radioactive effector 
molecule will be retained wherever the 
macromolecule is distributed. The phar-
macokinetics of the antibody-conjugate 
should be carefully examined to determine 
the optimal timing of the administration 
of the clearing agent or the radiolabel. 
To achieve the best pretargeting results, 
radiolabels also must have several chemi-
cal and physiological properties, such as 
rapid diffusion into extracellular space, 
rapid renal excretion, high specific activity,  

hydrophilicity, no protein binding in the 
blood, and nonimmunogenicity. Most 
important properties are rapid diffusion 
into the extracellular fluid and rapid excre-
tion through the kidneys. To remove the 
residual macromolecule from the blood-
stream before giving the radioactive agent 
at an appropriate time, administration of 
chasers can be important for effective 
tumour localization by the radiolabel. 
With this approach, favorable tumour to 
normal tissue ratios of radioactivity are 
achievable, because the small size of the 
nontargeted radioactive agent permits its 
rapid elimination from the body.

An alternative to the two-step protocol 
is the three-step protocol, in which a spe-
cific molecule recognizing the antibody- 
conjugate is injected after its accumulation 
into the tumour (Cremonesi et al. 1999). 
In this way it is possible to enhance the 
tumour/blood ratios of radioactivity and 
the dose deposited at the tumour site 
when the radiolabeled effector is injected. 
The most common example of three-step 
protocols is the avidin–biotin system, 
described later.

To date, the potential value of applying 
pretargeting strategies to cancer imaging  
and therapy has been demonstrated in ani-
mal models, as well as in clinical trials for 
many macromolecule/effector systems, with 
or without the chase step, using radioac-
tive or nonradioactive effectors (Table 7.2, 
Fig. 7.1). Moreover, short-lived isotopes 

Table 7.2. Different pretargeting methods for radionuclide delivery

Pretargeting method Step 1 Step 2 Step 3

Avidin–biotin MoAb-Biotin Avidin followed by StAv Radiolabeled biotin
StAv-biotin MoAb-StAv Clearing agent Radiolabeled biotin
Bispecific antibody bsMoAb Radiolabeled hapten –
Complementary oligonucleotides MoAb-Oligo Complementary oligo Radiolabeled oligo

StAv streptavidin
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can be used for imaging of tumours 
by recognising already localised MoAbs. 
Their injection time can be delayed to a 
time when most of the primary MoAb has 
been cleared from the blood and normal  
tissues, therefore decreasing nontumour 
binding and achieving, with the use of this  
strategy, higher tumour to nontumour ratios.

 AVIDIn–BIOTIn SYSTEM

The avidin–biotin system is widely used 
for in vitro applications in immunohisto-
chemistry, ELISA, and molecular biology. 
Avidins are a family of proteins func-
tionally defined by their ability to bind 
biotin with high affinity and specificity: no 

Figure 7.1. Mechanisms and examples of pretargeting 
approaches. (a) “Two-step” pretargeting by means  
of Streptavidin-IgG and radiolabeled biotin; 

(b) “three-step” pretargeting with biotinylated IgG, 
Avidin and radiolabeled biotin; (c) bi-specific MoAb 
pretargeting; (d) oligonucleotide pretargeting
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physiological compound other than biotin 
is recognized and bound with any strength 
by avidins. The molecular properties of 
avidins are summarized in Table 7.3. They 
are small oligomeric proteins, made up 
of four identical subunits, each bearing a 
single binding site for biotin. Each mole 
of avidin can, therefore, bind up to four 
moles of biotin and their binding affinity 
is very high. The dissociation constant of 
the avidin–biotin complex is of the order 
of 10−15 M. For practical purposes, the 
binding of biotin to avidin can be regarded 
as an irreversible process. Avidins include 
proteins produced by amphibians, reptiles 
and avians which are present in their eggs, 
currently indicated as avidins, as well as a 
protein produced by streptomyces avidinii, 
known as streptavidin. They are identical 
in their binding properties, but show the 
following differences: (1) avian avidins are 
glycoproteins, bearing a single-branched 
oligosaccharide unit of mannose and glu-
cosamine per subunit, while streptavidin is  
not a glycoprotein; (2) avian avidins are  
very basic proteins with isoelectric points 
of ~10.5; being fully dissociated as cations at 
physiological pH, they can interact strongly 
with negatively charged compounds such 
as acidic mucopolysaccharides or nucleic 
acids; in contrast, streptavidin displays 
isoelectric points in the range 5–8.

These differences affect their phar-
macokinetics and biodistribution when 

administered in vivo. Avidin is rapidly 
cleared from the circulation and accumu-
lates in the liver. Streptavidin shows less 
nonspecific binding to normal tissues and 
remains in the blood longer than avidin. For 
avidin, deglycosylation or neutralization 
increases its circulation time. When galac-
tose is bound to streptavidin, the blood  
clearance is accelerated and liver accumu-
lation increases with the correlation to the 
amount of galactose bound to streptavidin. 
Based on the different characteristics of 
in vivo behaviour of avidin and streptavi-
din, the selection of avidin or streptavidin 
depends on the intended use. Avidin is usu-
ally used as a clearing agent of circulating 
biotinylated antibodies. On the other hand, 
streptavidin is used in the form of streptavidin 
-conjugated antibodies for pretargeting or 
as a radiolabeled ligand of the final step. 
Both avidin and streptavidin can be used 
in the second step of the three-step pro-
tocol involving biotinylated antibody and  
radiolabeled biotin (Paganelli et al. 1991).

Biotin (cis-hexahydro-2-oxo-1-H-
thieno-[3,4]-imidazoline-4-valeric acid) 
is a 244 Da molecule commonly known 
as vitamin H involved in the metabo-
lism of amino acids and carbohydrates 
in organisms. In the preparation of biotin 
labeled with radiometal, biotin is deri-
vatized with an appropriate spacer car-
rying a specific chelating agent for the 
radiometal. Chelate stability differs for 
different chelating agents and for differ-
ent radionuclides. For example, a sig-
nificant improvement in stability for 90Y 
was achieved by using DOTA instead of 
DTPA. Other biotin derivatives, carrying 
radioiodine bound to an aromatic ring in 
place of the radiometal-chelator moiety, 
should be examined for stability against 
deiodination. Biotinidase cleavage is also 

Table 7.3. Molecular properties of avidin and streptavidin

Avidin Streptavidin

Molecular weight 66 kDa 60 kDa
Subunits 4 4
Binding sites for biotin/mol 4 4
Isoelectric point 10.5 5–8
Carbohydrate residue Rich Absent
Tyrosine 6/subunit 1/subunit
Affinity for biotin 10−15 M 10−15 M
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critical for the stability of radiolabeled 
biotins. Biotinidase is the enzyme respon-
sible for the recycling of the vitamin 
biotin. Human serum contains large quan-
tities of biotinidase, with the concentra-
tion being 12 times higher than both free 
and bound biotin. Although most radi-
olabeled biotins maintain a high affinity 
for avidin or streptavidin and are stable 
in serum-free buffers, most of them are 
cleaved after exposure to biological fluids 
in vitro or administration in vivo.

The structural elements of biotin involved 
in binding to avidin or streptavidin are the 
urea moiety and nonoxidized thioether; 
thus, leaving the carboxylic group avail-
able for modification. For this reason, 
radiolabeled biotin derivatives generally 
have been prepared by direct function-
alization of the carboxyl group of the vita-
min, resulting in a CO–nH amido bond 
(first generation). The enzyme biotinidase 
specifically cleaves the CO–nH amido 
bond between the vitamin and the amino 
group of e-lysyl residues. The most impor-
tant aspect of the design of new biotin 
derivatives is modification such that serum 
biotinidase does not cleave biotin from the 
rest of the molecule (Wilbur et al. 2001, 
2006). The new biotin derivatives could 
not be used for in vivo applications unless 
stable in the presence of biotinidase. To 
obtain more stable radiolabeled biotin 
derivatives, there have been attempts to 
generate steric hindrance at the level of 
the amido bond (second generation) or to 
reverse the amido bond between biotin and 
the labeled prosthetic group (third genera-
tion). In Figure. 7.2a these different biotin 
evolutions are depicted.

A novel stable biotin derivative conju-
gated to DOTA, devoid of the amide target 
site for the biotinidase, has been reported 

(Sabatino et al. 2003; urbano et al. 2007) 
and is depicted in Figure. 7.2b. The nov-
elty of this conjugate was that the amide 
carboxylic group was reduced to a methyl-
ene one, thus generating the n-aminohexyl 
biotinamido derivative (r-BHD) in which 
the amide is transformed into a secondary 
amine without affecting the length of the 
biotin side-arm involved in Av/Sav bind-
ing. The DOTA ligand in this compound 
was directly linked to the amino group of 
the reduced biotin-hexamethylenediamine 
derivative through one of the four n-acetic 
side arms. Moreover, the synthetic flexibil-
ity of r-BHD allows the synthesis of a vari-
ety of new biotin derivatives, for example, 
with two DOTA chelators conjugated to 
the side-chain of biotin, with the purpose 
of increasing the efficacy of targeted radi-
onuclide therapy by delivering a higher 
radiation dose to the tumour. Both 90Y- and 
177Lu-r-BHD were prepared at high SAs 
(5.3 and 1.3 × 102 MBq/nmol, respectively, 
with RCP >99%). Even though r-BHD is  
devoid of the primary amide target site of  
enzyme biotinidase, assessment of the bioti-
nidase degradation action on 90Y- and 177Lu- 
r-BHD was evaluated in serum, showing 
no significant degradation. The binding 
affinities of 90Y- and 177Lu-r-BHD for Av  
have been evaluated by size exclusion FPLC 
and colorimetric HABA assay method, 
resulting in 85% affinity at 1:4 molar ratio.

 Avidin–Biotin Pretargeting in Glioma

High grade gliomas, which constitute 
>40% of malignant brain tumours, remain 
a therapeutic challenge for which no 
satisfactory treatment exists. Despite sur-
gical treatment and external-beam radio-
therapy (EBRT), the prognosis is very 
poor. Median survival times are 6–12 
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Figure 7.2. Different biotin-chelator generations for radiolabeling with therapeutic radionuclides

months for glioblastoma (GBM) and 
15–27 months for anaplastic astrocytoma 
(AA). Although EBRT has been shown to 
prolong survival, doses >60 Gy cannot be 
delivered without marked neurotoxicity to 
the normal brain.

Tenascin-C is an extracellular matrix 
protein which constitutes a tumour 
associated antigen which is extremely 
abundant in high grade astrocytoma (grade 
III and glioblastoma), therefore, it is an 
appropriate antigenic target, being the 
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most constant feature of these tumours. 
It is a hexameric glycoprotein that can 
undergo alternative splicing resulting in 
large (up to 320 kDa monomer) or small 
(220 kDa monomer) isoforms. The large 
tenascin variant, which is preferentially 
expressed in malignant tissues, has been 
shown to exert anti-adhesive effects; thus, 
favoring tumour metastasis. Moreover, the 
enhanced tenascin expression in brain 
tumours, especially in glioblastoma mul-
tiforme, should have a critical role in 
microvascular cell migration and, as a 
consequence, in brain tumour angiogen-
esis. An immunosuppressive activity has 
also been reported for the large tenascin 
domain FnIIIA1A2 on activation-induced 
T lymphocyte proliferation and cytokine 
production in vitro. These features of 
tumour-associated tenascin make this pro-
tein a good candidate for tumour targeting. 
Moreover, the targeting of extracellular  
matrix, compared to the targeting of tumour 
cell surface antigens, exhibits the advan-
tage of being unaffected by antigen modu-
lation of tumour cells; thus, representing 
an ideal way for anti-tumour therapy.

using a three-step technique our group 
has treated 45 eligible patients with histo-
logically defined grade III and IV gliomas 
documented by CT or MRI scan prior 
to therapy. The first step of the proto-
col consisted of biotinylated antitenascin 
monoclonal antibodies in 100 mL of physi-
ological saline, injected i.v., over a period 
of 20 min at a dose of 35 mg/m2. Avidin 
and streptavidin were then administered 
i.v., 24–36 h after the antibody as follows: 
20–30 mg of avidin as a rapid bolus (first 
chase) and 50 mg of streptavidin in 100 
mL of saline with 2% human albumin, 
30 min after the avidin. DOTA-biotin was 
labeled with 90YCl3 and administered 24 

h after streptavidin infusion (third step) 
in a dose ranging between 2.22 and 2.97 
GBq/m2 per cycle. To allow scintigraphic 
monitoring of radiolabel localization, the 
therapeutic dose was mixed with 74–111 
MBq of 111In-DOTA-biotin. Ten minutes 
before the injection of radioactive biotin, 20 
mg of biotinylated human serum albumin 
was administered i.v., to reduce circulating 
levels of streptavidin (second chase). The 
activity of 111In was used to predict the bio-
distribution of 90Y based on the assumption 
that they share the same in vivo behaviour.

The clinical evaluation of all patients 
began 2 months after treatment. At this 
stage, tumour mass reduction occurred in 
9/45 (20%) patients (MR + PR + CR); 55% 
of them had a stabilisation of the disease 
(SD) and 25% did not respond to therapy. 
Of the nine patients with reduced tumour 
mass at 2 months, six had grade IV glioma 
and three had grade III glioma The propor-
tion of patients with a decrease of tumour 
mass remained stable at 2 and 6 months 
of follow-up (respectively, 20% and 18%), 
while the percentage of those in progres-
sion increased from 25% to 52%. At 12 
months follow-up, all three patients with 
anaplastic glioma were still in good condi-
tion, while one glioblastoma patient had a 
minor response at 9 months and another 
was still in excellent condition more than 
2 years after the first treatment (total 
of 11% MR + PR + CR). After dosimetric 
evaluations the absorbed doses, obtained 
in the group of patients with gliomas 
treated according to a systemic three-step 
protocol, were as follows: 0.7 ± 0.4 mGy/
MBq in kidneys, 0.4 ± 0.3 mGy/MBq in 
liver and 0.2 ± 0.1 mGy/MBq in the brain, 
while the dose delivered to the tumour 
was 4.1 ± 2.4 mGy/MBq. An explanatory 
image is given in Figure 7.3.
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Another pretargeting-based RIT approach 
has been investigated on a locoregional 
regimen (LR). The principal advantages 
of a locally delivered compound (chemo-
therapeutic agent or radiopharmaceutical) 
consist mainly in bypassing the blood-brain 
barrier, minimising systemic toxicity,  
and in achieving prolonged local drugs 
concentration. Several studies demon-
strated that the LR infusion of 131I or  
90Y-labeled anti-Tenascin MoAbs in gli-
oma patients provided a safety profile  
and the possibility to control the growth 
of the tumour in the long-term. However, 
radiolabeled MoAbs diffuse slowly through 

the tumour being further hampered by 
poor tumour vascularity and capillary 
impermeability.

In a phase I–II study we investigated the 
safety profile and antitumour efficacy of 
the three-step method employing 90Y-biotin 
in the locoregional therapy of recurrent 
high grade glioma (Paganelli et al. 2001). 
Twenty-four patients with recurrent glioma 
(8 anaplastic astrocytoma and 16 GBM) 
underwent second surgical debulking with 
implantation of an indwelling catheter 
(connected with a subcutaneous reservoir) 
into the surgical cavity in order to receive 
the radioimmunotherapeutic agents.

Figure 7.3. An example of three-step pretargeting with 90Y-Biotin in a glioblastoma patient
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Biotinylated anti-tenascin MoAbs (BC2 
or BC4), avidin and, finally, 90Y-biotin were  
subsequently injected through the catheter. 
Each patient received two of these treat-
ments 8–10 weeks apart and the injected 
activity ranged from 0.5 to 1.1 GBq. 
Dosage was escalated by 0.2 GBq in four 
consecutive groups. The treatment was well 
tolerated without acute side effects up to 
0.7 GBq. The maximum tolerated activity  
was 1.1 GBq limited by neurologic toxicity. 
none of the patients developed haemato-
logical toxicity. In three patients infection 
occurred around the catheter, and was 
promptly treated. The average absorbed 
dose to the normal brain was minimal 
compared with that received at the surgi-
cal resection cavity interface. This study 
assessed that with activity ranging from 
0.7 to 0.9 GBq per cycle, three-step locore-
gional radioimmunotherapy was safe and  
produced an objective response (partial 
and stable disease in 75% of patients).

One drawback, albeit transient, was the 
humoral response to streptavidin. The prob-
lem of the immunogenicity of streptavidin 
has also been reported by other groups.  
Although in the three-step approach 
(Paganelli et al. 1997) the HAMA response 
was observed in only ~10% of the patients 
treated, >80% of them developed severe 
immune responses to streptavidin (HASA). 
In this system, 24 h after the injection of 
biotinylated antitumour MoAbs, avidin 
is given as a chase and then streptavidin 
is administered instead of avidin for its 
longer residence time in circulation. The 
“avidinisation” of the tumour is indeed the 
critical step; once a high concentration of 
avidin is localized on the tumour cells, the 
third step, consisting in the administra-
tion of radioactive biotin or another bioti-
nylated cytotoxic agent, will achieve the 

therapeutic effects. Recent studies have 
shown that streptavidin may be replaced 
by avidin conjugated with high molecu-
lar weight poly(ethylene glycol) polymer 
chains (PEG), which generated biocon-
jugates with prolonged residence in the 
circulation and reduced immunogenicity.

Another phase I/II study was conducted 
in 48 patients with histologically con-
firmed grade III or IV glioma to evaluate 
the toxicity and therapeutic efficacy of 
90Y-biotin using the three-step Pretargeted 
Antibody-Guided RadioImmunoTherapy 
(PAGRIT®) approach (Paganelli et al. 
1999). 90Y-biotin activities of 2.22–2.96 
GBq/m2 were administered and the maxi-
mum tolerated dose per cycle was deter-
mined at 2.96 GBq/m2, which is five-fold 
higher than the amount of 90Y injectable 
with radiolabeled MoAbs. The treatment 
was well tolerated by all patients. Seventy-
five percent of them showed low haema-
tological toxicity (grades 0–II) consisting 
of thrombocytopenia plus neutropenia. 
Two months after treatment, 12 out of 48 
patients (25%) showed objective reduc-
tion of tumour mass (partial or complete 
response) and another 25 of them (52%) 
had stable disease. Even 12 months after 
treatment, 8 out of 48 patients (17%) still 
showed tumour reduction.

These results encouraged us to begin 
a study in which the same approach was 
used in an adjuvant setting soon after 
surgery and radiotherapy with the aim of 
determining the time to relapse and the 
overall survival in this always fatal brain 
tumour with an average duration of sur-
vival of 1 year (Grana et al. 2002). Thirty-
seven patients with high-grade glioma 
were enrolled in a controlled open non-
randomized study. The estimated median 
disease-free interval for grade III glioma 
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patients was more than 56 months. More 
remarkable were the outcomes in the  
treated glioblastoma patients, in whom 
the disease-free interval and consequently 
the life expectancy was much improved 
relative to that in the control group (P 
value of 0.01). The survival time in treated 
glioblastoma patients was 33.5 months, 
which was significantly longer than the 
8 months estimated in the corresponding 
controls.

The versatility of the system allowed 
application of the avidin–biotin approach 
to the treatment of other solid tumours. 
Studies conducted in patients with ovar-
ian carcinoma in relapse have involved the 
administration of a mixture of biotinylated 
MoAbs directly in the peritoneal cavity, 
followed by intracavitary or intravenous 
administration of the other components 
of the treatment (avidin/biotin). The pos-
sibility of using a wide variety of MoAbs, 
including in combination, in order to 
enhance tumour targeting is one of the 
main features of the three-step approach, 
as reported in a patient with oropharyngeal 
carcinoma in relapse after surgery, chemo-
therapy, and radiotherapy. After a cocktail 
of biotinylated MoAbs, avidin and strepta-
vidin, 2.59 GBq of 90Y-DOTA-biotin was 
injected i.v., and the MRI control showed 
a complete response lasting for more than 
1 year (Chinol et al. 2000).

In the case of early breast cancer, breast 
conservative surgery followed by senti-
nel node biopsy (SnB) and postoperative 
regional radiotherapy represents the treat-
ment of choice. External-beam radiation 
therapy (EBRT) accompanied with a boost 
to the tumour bed generally requires 6–8 
weeks to be completed. This can represent 
a logistical problem for many patients, 
particularly the elderly and those who live 

a considerable distance from a radiation 
treatment facility. A radionuclide pretar-
geting strategy in this field is proving 
to be surely advantageous to deliver a 
radiation dose to the operated breast. This 
new procedure, known as Intraoperative 
Avidination for Radionuclide Therapy 
(IART,

® Paganelli et al. 2007) consists of 
two steps as follows: (1) “avidination” of 
the anatomical area of the tumour with 
native avidin, directly injected by the 
surgeon into and around the tumour bed; 
(2) targeting the anatomical area of the 
tumour by intravenous (IV) injection of 
90Y-radiolabeled biotin, 1 day later. Due 
to the very well known cation-exchanging 
properties of the inflammatory reaction, 
avidin is expected to be retained at the 
tumour bed site after surgery for several 
days and to act as “a new receptor” for 
radio-labeled biotin. A dosimetric and 
pharmacokinetic study with 111In-DOTA-
biotin has been published by Paganelli 
et al. (2007) showing successful prelimi-
nary results. The scintigraphic images at 
different time points provided evidence of 
a fast and stable uptake of labeled DOTA-
biotin at the site of the operated breast. 
The radiation dose released to the tumour 
bed was 5.5 ± 1.1 Gy/GBq, consistent with 
an anticipated boost of a radionuclide 
targeted therapy. The fast blood clearance 
(<1% IA in blood 10 h p.i.) and elimination 
by the urine (>80%IA within 24 h) con-
firmed that the pharmacokinetic character-
istics of 90Y-DOTA-biotin are particularly 
favourable for radionuclide therapy and  
imply that total body irradiation will not be 
protracted. The absorbed doses to the most 
involved normal organs (urinary bladder, 
kidneys) were far from the threshold doses 
of tissue side effects reported in the litera-
ture (Cassady 1995; Emami et al. 1991).  
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In particular, for an injection of 3.7 GBq of 
90Y-biotin, the absorbed dose to the kidney 
resulted to be 4.5 ± 1.5 Gy, corresponding 
to a kidney BED of 4.9 ± 1.8 Gy, clearly 
lower than the threshold dose for kidney 
toxicity (Barone et al. 2005).

 OTHER DEVELOPMEnTS

Another pretargeting approach relies on 
the use of bispecific MoAb (bsMoAb). 
Tumour-targeting specificity has been 
achieved with bsMoAbs directed against 
tumour markers and, for the most part for 
the targeting of radionuclides by means of 
antibodies to metal chelators. Bispecific 
antibodies can be conveniently produced 
by chemically combining Fab’ fragments 
of one antibody with specificity to a tumour 
antigen with another antibody specific for 
the effector molecule. Effector molecules 
initially were monovalent metal-binding 
chelates, but then it was shown that a diva-
lent effector molecule greatly enhances the 
residence time of the effector molecule at 
the site. This method was called an affinity 
enhancement system (AES), because the 
bivalent effector molecule bridges two bis-
pecific antibodies on the tumour cell sur-
face, thereby increasing their functionally 
affinity. Others have subsequently verified 
the advantage of a divalent effector mol-
ecule over a monovalent form (Goodwin 
and Meares 2001; Karacay et al. 2002; 
Boerman et al. 2003).

The bsMoAb and avidin–biotin pre-
targeting approaches have their advan-
tages and disadvantages (Goldenberg et al. 
2003; Paganelli 2003). For example, the 
avidin–biotin system is subject to poten-
tial blockade by endogenous biotin. This 
is especially problematic when testing in 

mouse models, since mice have ~10 times 
more amount of biotin in their serum than 
that in humans. using a biotin-deficient 
diet, the stores of biotin in their bodies 
can be minimized. Antibodies to avidin 
and streptavidin can develop, which could 
affect the subsequent use of these agents 
after an initial exposure. The greatest 
advantage of the avidin–biotin approach is 
the strength of the binding between avidin 
or streptavidin and biotin, such that once 
biotin is bound to avidin or streptavidin, 
these complexes are highly stable. In con-
trast, the bsMoAb approach combined 
with a monovalent effector molecule has a 
higher dissociation rate. using a divalent 
effector molecule greatly enhances the cell 
binding but, still, antibody dissociation 
rates are typically several log units higher 
than that of the avidin–biotin complex 
(e.g., KD ): 10−15 M for biotin with strept-
avidin/avidin vs. 10−9 M most typically 
found for antigen-antibody complexes). 
In this regard it is important to emphasize 
that the residence time in the tumour for 
both bsMoAb and avidin/biotin pretarget-
ing approaches is limited by the agent 
bound to the cell target, i.e. the affinity of 
an antibody.

The success of receptor targeting by pep-
tides, as demonstrated by the regulatory 
approval of peptide imaging agents, such 
as 111In-DTPA-pentatreotide for human 
neuroendocrine tumours, has prompted 
the adaptation of peptides for pretargeting 
approaches. One possible system involves 
the conjugation of receptor-specific pep-
tides to long-circulating PEG, which is 
also derived with an avidin or streptavi-
din for the recognition by a radiolabeled 
DOTA-biotin dimer (Caliceti et al. 2002). 
By using PEG with branched structures, 
multiple peptides and other optional agents 
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can be attached, along with avidin or 
streptavidin, thereby yielding a targeting 
macromolecule with many of the desirable 
features, including multivalency for the 
target (through multiple peptide), multi-
valency for the effector (through multiple 
binding sites on avidin/streptavidin for 
biotin), reduced immunogenicity (through 
PEG), prolonged circulation to reach high 
target concentration (with PEG of suitable 
molecular size), and the option of rapid 
clearance with the use of a biotin-PEG 
conjugate, which should be nonimmuno-
genic. The trend at using smaller antibody 
fragments for in vivo applications has 
spurred the development of bispecific dia-
body or bispecific tetrabodies suitable for 
pretargeting approaches.

 COnCLuSIOn

Pretargeted therapy has clearly shown its 
advantages over classical RIT, especially in  
the treatment of solid tumours. Among the  
pretargeting systems the avidin–biotin sys-
tem is at a more advanced stage of develop-
ment and has so far produced encouraging 
clinical results. Moreover, the high affinity 
between the two molecules has generated 
a variety of other therapeutic approaches, 
which do not involve use of radioactivity to  
kill the tumour cells. The system is con-
stantly developing and high expectations 
are expected. For example, a new target-
specific delivery system based on avidin–
biotin may become a reality in the near 
future with the advances in gene therapy 
technology. It has been proposed that target 
tumoural tissues may be transfected with 
a new fusion gene containing intracellular  
and membrane-spanning domains of scav-
enger receptor ligated to avidin, which will 

form the extracellular domain of the fusion  
protein (Lehtolainen et al. 2002). At this 
point only the tumour target cells will express 
avidin on their surface, thus allowing the  
homing of biotinylated cytotoxic/radio-
active compounds on the tumour cells. 
Theoretically, very low concentrations of 
biotinylated compounds will be necessary to 
achieve therapeutic effects, thus reducing  
their systemic side-effects dramatically.

It is emphasized that, for each pretar-
geting system, the optimal amount of the 
targeting macromolecule, the best timing 
of the second injection with the effector 
(“two-step protocol”) or the chaser (“three-
step protocol”), the maximum tolerated 
dose and the therapeutic efficacy for a 
certain indication need to be carefully and 
experimentally investigated and should 
serve as a basis of future trials. using the 
avidin–biotin system, the goal of develop-
ing a truly targeted tumour therapy with 
minimal side-effects seems within reach.
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ABBrevIAtIoNS

CIPN  chemotherapy-induced periph-
eral neuropathy

CMAP  compound muscle action 
potential

CNS central nervous system
DrG dorsal root ganglia
eCoG  eastern Cooperative onco logy 

Group
eMG electromyography
eortC  european organization for 

research and treatment of 
Cancer

FACt/GoG  Functional Assessment of  
Cancer/Gynecologic oncol-
ogy Group

GSt  glutathione s-transferase 
genes

Ih  hyperpolarization activated 
cation conductance

Kf
+ fast potassium channels

Ks
+ slow potassium channels

Nap
+  persistent sodium channels

Nat
+ transient sodium channels

NCI-CtC  National Cancer Institute – 
Common toxicity Criteria

NCI-CtCAe  National Cancer Institute – 
Common terminology Criteria 
for Adverse events

NCS nerve conduction studies

oSNS  oxaliplatin Specific Neuro-
toxicity Scale

PNS peripheral nervous system
QSt quantitative sensory testing
rrP relative refractory period
SNAP  sensory nerve action  

potential
vPt  vibration perception  

threshold
WHo  World Health organization

INtroDuCtIoN

Chemotherapy-induced neurotoxicity is 
a common and dose-limiting side effect 
of many cancer treatments. While other 
dose-limiting toxicities such as myelosu-
pression and hypersensitivity reactions are 
largely amenable to treatment, chemother-
apy-induced neurotoxicity remains a sig-
nificant problem, with limited treatment 
options and no standardized diagnostic 
or management criteria. receiving a full 
course of chemotherapy on schedule is 
a critical factor that determines patient 
survival. Neurotoxicity may necessitate 
changes to dosage level, scheduling or 
intensity, and thereby interfere with the 
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ability to complete a full treatment regi-
men, even if therapy is proving effective.

With the majority of chemotherapies, 
the pathophysiological mechanisms of 
neurotoxicity remain unknown (Hausheer 
et al. 2006). Neurotoxicity may occur as 
a consequence of treatment with platinum 
agents (cisplatin, carboplatin, oxaliplatin), 
taxanes (paclitaxel, docetaxel) and vinca 
alkaloids (vincristine). other therapies such 
as suramin, thalidomide, and bortezomib 
can also produce significant neurotoxicity 
(Quasthoff and Hartung 2002; Hausheer 
et al. 2006). Previous or coincident admin-
istration of neurotoxic chemotherapy or 
preexisting neuropathy may serve to accel-
erate the severity of symptoms (Chaudhry 
et al. 2003). While neuropathy may be 
regarded as an acceptable outcome if dis-
ease progression has been arrested, neuro-
toxicity becomes more problematic in the 
setting of adjuvant therapy.

this chapter will examine the spectrum 
of chemotherapy-induced neurotoxicity, 
with a focus on recent developments in 
clinical assessment and management. In 
addition, pathophysiological mechanisms 
of neurotoxicity will be explored with a 
focus on oxaliplatin, a novel platinum-
based chemotherapy that exhibits signifi-
cant dose-limiting neurotoxicity.

ClINICAl PreSeNtAtIoNS  
oF NeurotoxICIty

the most common neurotoxicity syn-
drome induced by chemotherapy is a pre-
dominantly sensory or mixed sensorimotor 
peripheral neuropathy. Symptoms include 
symmetrical paresthesias, dysesthesias, 
numbness, and pain involving the dis-

tal limbs (Quasthoff and Hartung 2002; 
Hausheer et al. 2006). Sensory symp-
toms predominate and the perception of 
touch, vibration and proprioception are 
typically impaired (Dougherty et al. 2004; 
Hausheer et al. 2006). Sensory loss in 
a ‘glove-and-stocking’ type distribution 
may be associated with a lower motor 
neurone pattern weakness and deep tendon 
areflexia (Quasthoff and Hartung 2002; 
Hausheer et al. 2006). Depending on the 
chemotherapy involved, motor and auto-
nomic neuropathic symptoms may also 
develop. In some cases fasciculations, 
reflecting ectopic activity in motor axons, 
may be observed. Symptoms such as sen-
sory ataxia, pain, and severe numbness 
can be disabling, in addition to interfering 
with normal daily functioning and quality 
of life.

With some therapies, neuropathic symp-
toms may continue to increase in severity 
after cessation of treatment. this ‘coast-
ing’ phenomenon has been documented 
with cisplatin (loMonaco et al. 1992), 
vincristine (verstappen et al. 2005), and 
oxaliplatin (lehky et al. 2004). Symptoms 
may also persist in the long term after com-
plete cessation of treatment. A follow-up 
study in cisplatin-treated patients revealed 
mild symptoms persisting up to 17 years 
(Strumberg et al. 2002).

toxicity involving the central nervous 
system (CNS) is relatively uncommon, 
as most chemotherapies do not cross the 
blood brain barrier. the most common 
CNS manifestation is sporadic encepha-
lopathy, often following intrathecal admin- 
istration (Nicolao and Giometto 2003). 
A variety of chemotherapies have been 
linked to encephalopathy, character-
ized by somnolescence, confusion and 
in some cases generalized seizures. 
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Ifosfamide induces severe acute encepha-
lopathy in up to 30% of patients and may 
produce hallucinations, extrapyramidal 
symptoms, and rarely coma (Nicolao 
and Giometto 2003). While cisplatin has 
also been reported to cause encephalopa-
thy with seizures and cortical blindness, 
such presentations remain extremely rare 
(loMonaco et al. 1992).

INCIDeNCe oF 
NeurotoxICIty

the incidence of chemotherapy-induced 
neurotoxicity is strongly dependent on dos-
age and infusion duration. Neurotoxicity 
is typically cumulative and dose-dependent  
for chemotherapies such as cisplatin 
(loMonaco et al. 1992; Strumberg et al. 
2002), oxaliplatin (Gamelin et al. 2002), 
paclitaxel (Winer et al. 2004) and vinc-
ristine (verstappen et al. 2005). However, 
neurotoxicity may also relate to single 
dose intensity, with higher single dosage 
and increased dose density resulting in 
greater toxicity (Petrioli et al. 2007).

Patient specific risk factors may also 
influence the incidence and severity of neu-
rotoxic symptoms. Pre-existing neuropathy, 
particularly related to diabetes or excessive 
alcohol consumption, may increase the risk 
of developing chemotherapy-induced neu-
ropathic symptoms at lower dosage levels 
(Chaudhry et al. 2003). Neurotoxic chemo-
therapy can also unmask a sub-clinical neu-
ropathy. For instance, vincristine has been 
reported to reveal previously undiagnosed 
and asymptomatic Charcot-Marie-tooth 
disease, a hereditary sensorimotor neuropa-
thy (Naumann et al. 2001).

Previous or simultaneous administration 
of multiple neurotoxic chemotherapeutic 

agents may serve to intensify symptoms. 
the use of taxanes in conjunction with 
platinum agents to treat ovarian cancer and 
other cancer types exacerbates neurotoxic-
ity (Chaudhry et al. 1994). In addition, 
previous treatment with neurotoxic chem-
otherapy may also predispose patients 
treated with even low doses of paclitaxel 
to develop severe neuropathic symptoms 
(Forsyth et al. 1997).

PAtHoPHySIoloGy  
oF NeurotoxICIty

the mechanisms underlying nerve damage 
following chemotherapy remain largely 
unknown. the peripheral nervous system 
(PNS), and especially the dorsal root gan-
glion (DrG), are not effectively protected 
by a blood barrier, and are therefore sus-
ceptible to neurotoxic damage. the simi-
larity in symptoms induced by different 
chemotherapeutic agents may suggest a 
common mechanism of toxicity, but there 
is no consensus on the primary method or 
origin of toxicity. Clearly, a more complete 
understanding of the pathophysiological 
mechanisms involved in chemotherapy-
induced peripheral neuropathy (CIPN) 
will assist in the development of future 
neuroprotective strategies.

Chemotherapy-induced neuropathy is 
most often described as a distal axonopa-
thy, with retrograde or ‘dying back’ axonal 
degeneration (Figure 8.1). However, the 
initial damage may occur at the level of 
the neuronal cell body in the DrG, with 
some chemotherapies resulting in neuron-
opathy and subsequent anterograde axonal 
degeneration (Figure 8.1). the distinction 
between axonal and neuronal origin of tox-
icity may have important implications for 
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the design of neuroprotective strategies, as 
axonal damage would theoretically seem 
more amenable to treatment.

Both small (unmyelinated) and large 
(myelinated) fiber nerve damage may be 
induced by chemotherapy. Nerve biopsies 
have revealed loss of large fibers alone with 
platinum analogues (Krarup-Hansen et al. 
1999; Krarup-Hansen et al. 2007) or loss 
of both small and large fibers with taxanes 
(Sahenk et al. 1994). However, others have 
suggested that taxanes mainly affect large 
fibers (Dougherty et al. 2004). Differences 
in small and large fiber involvement may  
underlie the variability in symptoms between 
different chemotherapies, with large myeli-
nated fiber damage causing deficits in 
sensation, vibration perception and propri-
oception, and small thinly or unmyelinated 
fiber damage resulting in pain (Hausheer 
et al. 2006).

At a molecular level, a range of poten-
tial mechanisms have been demonstrated 
including microtubule-associated interfer-
ence with axonal transport, direct axonal 

toxicity involving mitochondrial dysfunc-
tion, damage to neuronal cell bodies in the 
DrG, and axonal ion channel dysfunction 
(Hausheer et al. 2006; Krarup-Hansen 
et al. 2007). essentially, however, there 
remains no conclusive evidence to estab-
lish which mechanisms are predominant 
in vivo.

ClINICAl evAluAtIoN  
AND ASSeSSMeNt

Currently there is no standardized approach 
to the assessment of chemotherapy-
induced neurotoxicity. Clinical evaluation 
continues to rely on subjective analysis of 
symptoms and their significance, typi-
cally established by means of a clinical 
history combined with neurological exam-
ination. A number of clinical grading 
scales currently in use grade the sever-
ity of symptoms using a combination of 
subjective and objective criteria (Postma 
et al. 1998). Interscale and interobserver 

Figure 8.1. Pathophysiology of neurotoxicity. the 
pathophysiology and site of onset of chemotherapy-
induced neurotoxicity may include either axonal or 
neuronal damage. Axonopathy results from injury 
to the distal axon with subsequent retrograde or 

‘dying back’ axonal degeneration towards the neu-
ronal cell body. Neuronopathy results from initial 
damage at the neuronal cell body in the dorsal root 
ganglion (for sensory neurons) and anterograde 
degeneration of the axon
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variability may, however, hamper the reli-
ability and interpretation of these different 
scales (Postma et al. 1998).

Commonly used scales include the 
National Cancer Institute – Common 
toxicity Criteria (NCI-CtC) versions 1 
and 2, which have recently been updated 
by the National Cancer Institute – Common 
terminology Criteria for Adverse events 
(CtCAe) version 3 (Hausheer et al. 
2006). the NCI-CtCAe uses the follow-
ing grading system for sensory neuropathy: 
Grade 1 – loss of deep tendon reflexes or 
paresthesia not interfering with function; 
Grade 2 – sensory alteration or paresthesia 
interfering with function but not activities 
of daily living; Grade 3 – sensory alteration 
or paresthesia interfering with activities of 
daily living; Grade 4 – disabling. other 
commonly used scales include the eastern 
Cooperative oncology Group (eCoG) 
scale, World Health organization (WHo) 
criteria, and Ajani criteria (for a review 
see Postma et al. 1998). While most scales 
include objective measures of neuropathic 
symptoms, such as deep tendon areflexia, 
the primary focus remains the subjective 
assessment of symptom severity as graded 
by clinicians.

Quality of life assessments are now 
becoming an important tool in the assess-
ment of chemotherapy-induced neuropathic 
symptoms. the european organization 
for research and treatment of Cancer 
(eortC) QlQ-CIPN20 questionnaire is a 
newly developed method to assess quality 
of life issues in CIPN (Postma et al. 1998). 
using patient self-reporting of sensory, 
motor and autonomic symptoms, the ques-
tionnaire attempts to obtain insight into the 
subjective experience of CIPN. Another 
such tool is the Functional Assessment 
of Cancer/Gynecologic oncology Group-

Neurotoxicity (Fact/GoG-Ntx) ques-
tionnaire. this questionnaire has been 
developed and validated to evaluate the 
impact of CIPN on quality of life, par-
ticularly in patients with gynecological 
cancers where combination paclitaxel/ 
cisplatin treatment is often used (Hausheer 
et al. 2006).

the development of questionnaires 
assessing the impact of CIPN symptoms 
on quality of life may aid in better under-
standing the significance of symptoms 
from a patient perspective. As patients 
often grade their symptoms more severely 
than clinicians, it is critical to include 
information from a patient perspective, par-
ticularly when making decisions regarding 
management. Ideally, the preferred method 
of CIPN evaluation should involve both 
qualitative and quantitative measurements, 
with both clinician and patient evaluation 
of symptom significance.

NeuroPHySIoloGICAl 
ASSeSSMeNt

the gold standard for neurophysiologi-
cal assessment of CIPN remains nerve 
conduction studies (NCS), which measure 
the amplitude and conduction velocity of 
compound nerve action potentials to yield 
information regarding the number of con-
ducting fibers and the conduction veloc-
ity of the fastest fibers (lin et al. 2006). 
Measurements are typically obtained from 
the distal limbs, closest to the areas of 
greatest symptom severity in CIPN, includ-
ing the median, radial and ulnar nerves in 
the upper limbs; and the sural and peroneal 
nerves in the lower limbs.

reduction of sensory nerve action poten-
tial (SNAP) amplitude is a common finding 
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in CIPN induced by oxaliplatin (lehky 
et al. 2004; Krishnan et al. 2005; Kiernan 
and Krishnan 2006; Pietrangeli et al. 2006), 
paclitaxel (Sahenk et al. 1994), cisplatin 
(loMonaco et al. 1992), and cisplatin/
paclitaxel combination therapy (Chaudhry 
et al. 1994). Compound muscle action 
potential (CMAP) amplitude is often pre-
served (lehky et al. 2004; Krishnan et al. 
2005), although may be reduced with 
some chemotherapies including paclit-
axel and combination cisplatin/paclitaxel 
(Chaudhry et al. 1994). Although minor 
changes in nerve conduction velocity may 
occur, they are not a primary feature 
and often occur late in CIPN progression 
(Quasthoff and Hartung 2002; Krishnan 
et al. 2005; Pietrangeli et al. 2006; Krarup-
Hansen et al. 2007).

Measurements from NCS may, how-
ever, not correlate to changes in symptom 
expression. typically, changes in SNAP 
amplitude occur well after the onset of 
symptoms (Kiernan and Krishnan 2006). 
Measurements from NCS may also show 
abnormalities while clinical symptoms are 
not severe, or remain normal in sympto-
matic patients (Sahenk et al. 1994). these 
assessments lack sensitivity to clinical 
symptom expression in part because NCS 
measure remaining, intact nerve fibers 
and provide little information regarding 
fibers that can no longer function, or are 
nerve dead.

electromyography (eMG), involving 
needle sampling of muscle activity, does 
not typically demonstrate abnormal find-
ings in CIPN, with the exception of oxali-
platin (Quasthoff and Hartung 2002). 
electromyography undertaken directly 
after oxaliplatin infusion has revealed 
marked hyperexcitability of motor neu-
rons, with evidence of repetitive, spon-

taneous discharges (Wilson et al. 2002; 
lehky et al. 2004). However, eMG does 
not generally provide additional infor-
mation in the diagnosis or assessment of 
CIPN.

Quantitative sensory testing (QSt) 
involves determination of the detection 
threshold for sensory stimuli to quantify 
changes in sensory perception (Forsyth 
et al. 1997; Hausheer et al. 2006). Such 
testing involves a range of testing proce-
dures including vibration threshold detec-
tion, thermal detection, two-point touch 
discrimination and sharpness detection. 
vibration perception threshold (vPt) 
measured in the large toe appears to be 
the most sensitive QSt method for the 
assessment of CIPN (Chaudhry et al. 
1994; Forsyth et al. 1997; Hausheer et al. 
2006). the vPt is typically increased 
in cisplatin (Krarup-Hansen et al. 2007), 
paclitaxel (Forsyth et al. 1997) and cis-
platin/paclitaxel neuropathy (Chaudhry 
et al. 1994). Although vPt is the most  
sensitive QSt test for chemotherapy-
induced neurotoxicity (Forsyth et al. 1997; 
Hausheer et al. 2006), it does not correlate 
with symptom severity or enable pre-
symptomatic identification of early CIPN 
(Forsyth et al. 1997).

Increased touch, sharpness, and ther-
mal detection thresholds have also been 
demonstrated in vincristine neuropathy 
(Dougherty et al. 2007). thermal thresh-
old and pin sensibility are also altered 
in some patients treated with paclitaxel 
(Forsyth et al. 1997) and cisplatin/pacli-
taxel (Chaudhry et al. 1994). However, 
these measurements are less sensitive than 
vPt in predicting onset and progression 
of symptoms.

While vPt in combination with other 
assessments may assist in predicting the 
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final severity of symptoms, QSt alone 
cannot reliably predict or evaluate CIPN 
severity (Hausheer et al. 2006). In fact, 
QSt is less sensitive than clinical exami-
nation at detecting CIPN (Forsyth et al. 
1997). In addition, the sensitivity of QSt 
in assessing long term sensory dysfunc-
tion may be limited (Strumberg et al. 
2002).

It would seem that the best method 
to currently assess CIPN is by means 
of a combination of clinical and neu-
rophysiological examination (Krishnan 
et al. 2005). objective measures such as 
deep tendon areflexia, elevated vibration 
threshold, and significantly reduced sural 
SNAP amplitude are common features 
in most chemotherapy-induced neuro-
pathic syndromes and typically correlate 
with the final severity of neuropathy 
(Chaudhry et al. 1994). unfortunately, 
however, no currently available method 
is able to determine optimal dosing regi-
mens to maximize therapeutic efficacy 
while reducing neurotoxicity. the devel-
opment of better quantitative assessment 
techniques would seem invaluable in the 
future diagnosis, management and treat-
ment of CIPN.

Nerve excitability methods have recently 
been adapted for clinical use (Burke et al. 
2001; Kiernan et al. 2005; lin et al. 2006). 
In contrast to NCS, nerve excitability 
studies elicit indirect information regard-
ing axonal ion channel properties and 
resting membrane potential. Given that 
acute changes in nerve excitability may 
be involved in several CIPN syndromes, 
including oxaliplatin (Adelsberger et al. 
2000; Gamelin et al. 2002; Wilson et al. 
2002), nerve excitability studies may yet 
prove to have a unique ability to assess 
CIPN associated changes.

CHArACterIStICS 
oF NeurotoxIC 
CHeMotHerAPIeS

taxanes

Paclitaxel (taxol) is a taxoid class chemo-
therapy used to treat a variety of solid 
tumors, particularly ovarian, breast, non-
small cell lung, and head and neck cancer 
(rowinsky and Donehower 1995; Winer 
et al. 2004). taxanes act to interrupt normal 
microtubule processing and lead to the for-
mation of cytotoxic structures (rowinsky 
and Donehower 1995). Another commonly 
used taxane is docetaxel (taxotere), a sem-
isynthetic paclitaxel analogue.

the main adverse side effects of pacli-
taxel are hypersensitivity reactions, neu-
tropenia and neurotoxicity (rowinsky and 
Donehower 1995). However, the use of 
granulocyte colony stimulating factor to 
prevent myelosupression and new vehicle 
preparations to diminish hypersensitivity  
reactions have reduced the impact of 
these adverse events (einzig et al. 1998). 
Neurotoxicity remains one of the most 
significant paclitaxel-associated toxicities. 
Paclitaxel typically induces a distal sensory 
neuropathy with prominent paresthesias in 
a ‘glove-and-stocking’ pattern, numbness, 
distal pain, loss of deep tendon reflexes, 
as well as gait and fine manipulation dif-
ficulties (Sahenk et al. 1994; rowinsky 
and Donehower 1995; Forsyth et al. 1997; 
einzig et al. 1998; Dougherty et al. 2004). 
Motor and autonomic symptoms may also 
occur, including myalgia and orthostatic 
hypotension (rowinsky and Donehower 
1995; Forsyth et al. 1997) .

Neurotoxic symptoms may arise acutely 
after the first paclitaxel dose but typically 
neuropathy develops with cumulative 



106 S.B. Park and M.C. Kiernan

dosing (Sahenk et al. 1994; rowinsky 
and Donehower 1995; Forsyth et al. 1997). 
the neuropathy is dose-dependent, with 
symptoms typically occurring at doses 
>300 mg/m2 (Chaudhry et al. 1994; 
Forsyth et al. 1997; Winer et al. 2004). 
However, mild symptoms may occur at 
lower doses (200–250 mg/m2) (Forsyth 
et al. 1997; Winer et al. 2004). At higher 
doses (350 mg/m2), dose reductions or 
treatment cessation may become neces-
sary (einzig et al. 1998). Motor symptoms 
are relatively less common than sensory 
presentations, but may occur in up to 
30% of patients at high doses (Winer 
et al. 2004).

the most common explanation for pacl-
itaxel-induced neuropathy is a “dying 
back” distal axonopathy with subse-
quent damage to cell bodies in the DrG 
(Sahenk et al. 1994). Sural nerve biopsies 
in patients treated with paclitaxel have 
revealed a reduction in both myelinated 
and unmyelinated fibers (Sahenk et al. 1994). 
Because the antineoplastic activity of tax-
anes is mediated via alterations in cellular 
microtubule processing, it was initially 
anticipated that interference with efficient 
axonal transport could underlie neuro-
toxicity (Hausheer et al. 2006). However, 
nerve biopsies have not revealed micro-
tubule abnormalities in paclitaxel treated 
axons from patient biopsies, while in vivo 
animal studies have suggested that any 
microtubule changes may not be function-
ally significant (Sahenk et al. 1994).

Cisplatin

Platinum-based agents have been used 
for many years to treat a variety of cancer 
types. Cisplatin (cis-diamine-dichloro-plat-
inum) is the earliest platinum compound, 
in use since the 1970s to treat ovarian 
and testicular cancers, as well as small 

cell lung, urethral, gastric, and head and 
neck cancers (Krarup-Hansen et al. 1999). 
More recently, second and third generation 
platinum analogues have been developed 
to improve efficacy and reduce toxicity. 
Newer platinum derivatives such as carbo-
platin and oxaliplatin are commonly used 
compounds with activity against a range of 
cancer types. Neurotoxicity is a common 
consequence of all platinum based treat-
ments, although it is rarely seen with car-
boplatin, as myelosuppression may limit 
dosing (Cassidy and Misset 2002).

Cisplatin induces a long lasting and 
dose-dependent cumulative sensory 
neuropathy (loMonaco et al. 1992). 
Symptoms include distal paresthesias, 
reduced vibration and proprioceptive 
sensation, sensory ataxia, and absent 
deep tendon reflexes (loMonaco et al. 
1992). ototoxicity and lhermitte's phe-
nomena may also occur (loMonaco et al. 
1992). While symptoms are predominately 
sensory, some motor involvement has 
been reported (loMonaco et al. 1992). 
Neuropathy typically occurs at cumu-
lative doses >250–350 mg/m2 and is 
dependent on single as well as cumulative 
dose intensity. Neuropathy may continue 
to worsen after treatment cessation and 
recovery is often incomplete (loMonaco 
et al. 1992). Mild neuropathic symptoms 
have been shown to persist for up to 17 
years after cisplatin treatment in a minority 
of patients (Strumberg et al. 2002).

the underlying mechanism of cisplatin-
induced peripheral neuropathy is consid-
ered to involve platinum accumulation 
in the DrG and subsequent cell death. 
Assessment of platinum levels in postmor-
tem neural tissue of patients treated with 
cisplatin has revealed high concentrations 
in DrG and peripheral nerves, as well 
as loss of large neuronal cell bodies in 
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the DrG (Krarup-Hansen et al. 1999). 
Correspondingly, sural nerve biopsies 
have revealed loss of large fibers, while 
small fibers have appeared relatively 
spared (Krarup-Hansen et al. 1999). Nerve 
conduction studies of the sural, ulnar, and 
median nerves have shown progressive 
reduction in sensory response amplitudes 
(loMonaco et al. 1992; Krarup-Hansen 
et al. 2007). However, the SNAP ampli-
tude reduced simultaneously in both distal 
and proximal regions, perhaps suggesting 
a neuronal rather than distal axonal origin 
of toxicity (Krarup-Hansen et al. 2007).

Many neuroprotective strategies designed 
to ameliorate cisplatin associated neuro-
pathy have been tested. of these, trials of 
acetyl-l-carnitine and glutathione have 
shown limited success and vitamin e sup-
plementation (300 mg/d) has been shown 
to reduce cisplatin neurotoxicity (Hausheer 
et al. 2006).

vinca Alkaloids

vinca alkaloids such as vincristine are 
used to treat hematological malignan-
cies, particularly lymphomas and leuke-
mias (Dougherty et al. 2007). vincristine 
induces a ‘glove-and-stocking’ distribu-
tion sensory neuropathy with paresthesia, 
numbness and pain as well as difficulties 
in fine motor tasks (verstappen et al. 2005; 
Dougherty et al. 2007). Although sensory 
symptoms are prominent, motor and auto-
nomic symptoms may occur including 
ataxia, orthostatic hypotension, urinary 
retention, bowel dysfunction, and cra-
nial nerve involvement (verstappen et al. 
2005). Symptoms may induce persistent 
pain and gait difficulties due to proprio-
ceptive changes (Dougherty et al. 2007).

Neuropathic symptoms correlate strongly 
to dosage and typically develop at a cumu-

lative dose of 4–8 mg (verstappen et al. 
2005). Symptoms may be long-lasting and 
increase in severity after cessation of treat-
ment, with a quarter of patients reporting 
the most severe symptoms 4 weeks after 
cessation of treatment (verstappen et al. 
2005). Given that vincristine has been 
reported to unmask asymptomatic undi-
agnosed hereditary neuropathies such as 
Charcot-Marie-tooth disease (Naumann 
et al. 2001), care should be taken to 
establish the presence of sub-clinical neu-
ropathies prior to vincristine treatment, to 
avoid the rapid onset of severe symptoms.

other Neurotoxic Chemotherapies

A number of other chemotherapies can 
induce peripheral neuropathy. Suramin, 
an investigational chemotherapeutic agent 
used in the treatment of metastatic prostate 
cancer, induces two types of neurotoxicity 
at blood plasma concentrations exceeding 
350 µg/ml (Chaudhry et al. 1996). In up 
to 55% of patients, a distal sensorimotor  
axonopathy affecting both large and 
small fibers develops (Chaudhry et al. 
1996). In 18% of patients, an inflam-
matory demyelinating neuropathy may 
develop, clinically similar to Guillain-Barré 
syndrome, involving weakness and sen-
sory symptoms in lower extremities, which 
typically improves with plasma transfer 
(Chaudhry et al. 1996).

Although thalidomide has been in thera-
peutic use for a number of years, it has 
only recently been used in the treatment of 
multiple myeloma (Cavaletti et al. 2004). 
thalidomide induces a dose-dependent 
sensory neuropathy with dosage >20 g 
inducing neuropathy in up to 72% of 
patients (Cavaletti et al. 2004). Symptoms 
include ‘glove-and-stocking’ distribution 
paresthesias, numbness and weakness, 
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with nerve conduction studies demonstrat-
ing reduction in both sensory and motor 
amplitudes (Cavaletti et al. 2004).

Bortezomib is a novel proteasome inhib-
itor designed to treat relapsed or refractory 
multiple myeloma. the most significant 
adverse effect of treatment is a cumula-
tive dose-dependent sensory neuropathy 
(richardson et al. 2006). Because bort-
ezomib is used to treat relapsed or refrac-
tory multiple myeloma, patients have often 
been exposed to prior neurotoxic chemo-
therapeutic treatment. In a recent study, 
80% of patients had pre-existing neuro-
pathic symptoms which worsened with 
bortezomib treatment (richardson et al. 
2006). Fortunately, the majority of patients 
showed some reversibility of their neuro-
pathic symptoms.

Combination taxane/platinum therapy 
utilizing paclitaxel and cisplatin is often 
used in the treatment of ovarian cancer 
(Chaudhry et al. 1994). As both cisplatin 
and paclitaxel have neurotoxic effects, neu-
rotoxicity is dose-limiting in this regimen 
with rapid onset at higher doses (Chaudhry 
et al. 1994). Symptoms include paresthe-
sias, numbness, gait and fine motor manip-
ulation difficulties. Again, symptoms can 
continue to progress after the cessation 
of therapy, with some patients developing 
severe neuropathy three months after treat-
ment cessation (Chaudhry et al. 1994).

Paclitaxel is also often combined with 
another platinum analogue, carboplatin. A 
combined regimen of paclitaxel and car-
boplatin in ovarian cancer induces neuro-
toxicity in the majority of patients (Pignata 
et al. 2006). While these patients may 
show recovery from symptoms within six 
months, use of paclitaxel/carboplatin ther-
apy as first line therapy in ovarian cancer 
often results in significant long-term neu-

ropathy, which may limit the ability to use 
alternative neurotoxic agents in recurrent 
disease (Pignata et al. 2006).

oxAlIPlAtIN-INDuCeD 
NeurotoxICIty

oxaliplatin (trans-1-diaminocyclohexane 
oxaliplatinum) is a third generation plati-
num analogue developed to overcome the 
problem of cross resistance that occurs 
between other platinum analogues, such as 
cisplatin and carboplatin (Grothey 2003). 
oxaliplatin is composed of a cyclic, rigid 
(1,2-diaminocyclohexane) group and is 
structurally distinct from other platinum 
analogues. oxaliplatin acts through the 
formation of cytotoxic crosslinked DNA 
complexes, and may be more effective 
at inhibiting DNA synthesis than earlier 
platinum based agents (Grothey 2003).

oxaliplatin is an effective treatment for 
metastatic colorectal cancer, and is often 
combined with fluorouracil and folinic 
acid (leucovorin) in the FolFox regimen 
(de Gramont et al. 2000). More recently, 
efficacy has also been demonstrated in 
the adjuvant setting (Petrioli et al. 2007). 
the major dose limiting toxicities of 
oxaliplatin are neurotoxicity and neutro-
penia. Although various methods have 
been trialed to reduce toxicity, neuro-
toxicity remains the significant adverse 
effect of oxaliplatin treatment (Hausheer 
et al. 2006).

oxaliplatin produces two distinct neu-
ropathic syndromes - an acute neuropathy 
and a cumulative dose-limiting sensory 
neuropathy (Grothey 2003). the risk of 
neurotoxicity is strongly dose related, with  
severe neuropathy occurring at cumulative 
doses over 540 mg/m2 (Cassidy and Misset 
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2002). the majority of patients receiv-
ing oxaliplatin will develop neuropathic 
symptoms at some point during treatment, 
but the severity and functional significance 
of symptoms will vary.

Acute neuropathic symptoms occur in 
most (85–95%) patients receiving oxali-
platin but are not seen with other platinum 
agents (de Gramont et al. 2000; Grothey 
2003; Hausheer et al. 2006). Symptoms 
are both motor and sensory, although sen-
sory symptoms are typically more promi-
nent (Cassidy and Misset 2002). the most 
common acute neuropathic symptoms 
include distal and perioral paresthesias and 
dysesthesias that are exacerbated by cold 
exposure (de Gramont et al. 2000; Wilson 
et al. 2002; Grothey 2003), oral pain with 
biting, and mouth numbness (Wilson et al. 
2002). Motor symptoms include muscular 
spasm-like contractions causing stiffness 
and cramps in hands, feet, jaw, and legs 
(Gamelin et al. 2002). tetanic jaw tight-
ness is a less common side effect (Grothey 
2003). Pharyngolaryngeal dysesthesia, a 
sensation of the inability to sense breath-
ing and swallowing, is a distressing but 
rare side effect (Gamelin et al. 2002; 
Grothey 2003). Acute symptoms often 
develop during oxaliplatin infusion and 
resolve within a week, with the duration 
of symptoms increasing at higher cumula-
tive dosages (Gamelin et al. 2002; Grothey 
2003). Acute symptoms do not typically 
warrant dose reduction.

At a higher cumulative dose, oxali-
platin induces a dose-limiting sensory 
neuropathy (Cassidy and Misset 2002). 
Cumulative neurotoxicity is predominately 
sensory and symptoms include continu-
ous distal paresthesias and dysesthesias 
which may lead to functional impairment,  
sensory ataxia, and disability (de Gramont 

et al. 2000; Gamelin et al. 2002). unusual 
presentations include lhermitte's sign 
and urinary retention perhaps reflec- 
 ting autonomic involvement (Pietrangeli 
et al. 2006).

Chronic oxaliplatin-induced sensory 
neuropathy is dose-dependent with severe 
neuropathy typically occurring in 10–20% 
of patients at a cumulative dose of 750–
850 mg/m2 (de Gramont et al. 2000). 
However, severe neuropathy may develop 
in up to 50% of patients at higher than 850 
mg/m2 cumulative dosages (de Gramont 
et al. 2000). Dose reduction or cessation of 
treatment may become necessary if severe 
neurotoxic symptoms cause functional 
impairment or pain (Gamelin et al. 2002).

While some studies have suggested that 
neurotoxic symptoms are largely revers-
ible (de Gramont et al. 2000), others have 
established that oxaliplatin can induce 
significant, long-lasting neurotoxicity 
(Krishnan et al. 2005; land et al. 2007). 
the median recovery time for oxalipla-
tin-induced neuropathic symptoms is 13 
weeks (de Gramont et al. 2000), although 
symptoms can persist for 2 years or more 
in up to 10% of patients (land et al. 
2007). At cumulative dosages >1,000 mg/
m2, neuropathic symptoms may persist 
indefinitely (Pietrangeli et al. 2006). In 
addition, the ‘coasting’ phenomenon has 
been reported with high-dose oxaliplatin 
treatment (130 mg/m2) inducing the most 
severe neuropathic symptoms weeks after 
cessation of treatment (lehky et al. 2004). 
oxaliplatin-induced neuropathy is a seri-
ous concern in clinical oncology. Given 
the increasing application of oxaliplatin 
based treatment in the adjuvant setting, 
persistent neurotoxicity will continue 
to represent a significant dose-limiting 
adverse event.
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Pathophysiological Mechanisms  
of oxaliplatin Neuropathy

the etiology of oxaliplatin-induced neuro-
toxicity is not clearly understood. the acute 
neurotoxicity experienced by the major-
ity of patients receiving oxaliplatin has 
been associated with significant peripheral 
nerve hyperexcitability (Wilson et al. 2002; 
lehky et al. 2004). electromyography has 
revealed spontaneous activity and repetitive 
motor discharges immediately following 
oxaliplatin treatment, even following the 
first dose (Wilson et al. 2002; lehky et al. 
2004). the immediate onset of symptoms 
may suggest a pharmacological rather than 
morphological basis for acute symptoms, 
such as a direct effect on nerve excitability 
caused by an axonal channelopathy.

In support of this hypothesis, several  
recent in vitro studies have suggested that  
oxaliplatin acts directly on voltage-gated 
sodium (Na+) channel kinetics (Adelsberger 
et al. 2000; Gamelin et al. 2002; Wilson 
et al. 2002). In vitro experiments in rat 
nerve preparations have indicated that 
oxaliplatin markedly increases the refrac-
tory period of excitability, suggesting 
changes in the kinetics of voltage-gated 
Na+ channels (Adelsberger et al. 2000).  
However, the exact mechanisms underlying  
Na+ channel dysfunction remain unclear. 
In contrast, others have suggested that 
acute effects on voltage-gated potassium 
channels, also important in modula ting 
axonal excitability, may be involved in 
oxaliplatin-induced neurotoxicity. Peri-
pheral nerve hyperexcitability is a known 
feature of neuromyotonia, an acquired, 
autoimmune channelopathy of voltage-gated 
potassium channels (Kiernan et al. 2001; 
Hart et al. 2002).

While direct effects on axonal excit-
ability have been implicated in the acute 

neurotoxicity of oxaliplatin, it is unknown 
if they influence the development of the 
more chronic neuropathy. Chronic oxali-
platin-induced neuropathy is symptomati-
cally similar to the syndrome induced by 
cisplatin and other platinum agents and 
may be similarly associated with plati-
num accumulation in the DrG (Gamelin 
et al. 2002). the chronic neuropathy is 
characterized by reduced sensory com-
pound amplitudes, with relatively pre-
served motor amplitudes and conduction 
velocities, suggestive of sensory axonal 
degeneration (Gamelin et al. 2002; lehky 
et al. 2004; Krishnan et al. 2005).

Assessment of oxaliplatin-Induced 
Neurotoxicity

the optimum evaluation of oxaliplatin-
induced neurotoxicity involves the com-
bination of clinical history, neurological 
examination with neurophysiological 
measures. As with other neurotoxic chem-
otherapies, several grading scales may 
be used to rate symptoms. Because of 
the unique pattern of symptoms induced 
by oxaliplatin, the oxaliplatin Specific 
Neurotoxicity Scale (oSNS) has been 
developed to assess the development and 
progression of symptoms more accurately 
(de Gramont et al. 2000; Cassidy and 
Misset 2002; Gamelin et al. 2002). the 
oSNS includes three grades: Grade 1 – 
dysesthesia or paresthesia that completely 
regresses before the next cycle of therapy; 
Grade 2 – dysesthesia or paresthesia per-
sisting between courses of therapy; and 
Grade 3 – dysesthesia or paresthesia caus-
ing functional impairment.

As indicated previously, oxaliplatin-
induced neuropathy may be associated 
with changes on neurophysiological tests, 
particularly nerve conduction studies and 
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electromyography. Nerve conduction 
studies have revealed reduced ampli-
tudes of sensory compound potentials 
in both upper limbs (radial nerve) and 
lower limbs (sural nerve) (Krishnan et al. 
2005; Kiernan and Krishnan 2006). these 
changes in SNAP amplitude appear to cor-
relate with grades of clinical severity using 
the National Cancer Institute Common 
toxicity Criteria scale (Figure 8.2a and b), 
oxaliplatin Specific Neurotoxicity Score 
(Figure 8.2c and d) and total Neuropathy 

Symptom Score (Figure 8.2e and f), indi-
cating that SNAP amplitude may be a 
useful measure in the assessment of sever-
ity of symptoms (Krishnan et al. 2005). 
Measurements from the lower limb also 
correlated most strongly with symptom 
severity, suggesting a length-dependent 
process (Figure 8.2). However, while sural 
nerve SNAP amplitude correlated more 
strongly to symptom severity, it was also 
most sensitive to amplitude reduction and 
complete loss, and therefore would seem 

Figure 8.2. Correlation between clinical grading 
scales and electrophysiological measures in oxalipl-
atin-induced neuropathy. Correlation of sural (a, c, 
e) and radial (b, d, f) sensory nerve action potentials 
with commonly used rating scales: National Cancer 
Institute (a, b), oxaliplatin-Specific Neurotoxicity 

Scale (c, d) and total Neuropathy Symptom Score 
(e, f). Filled triangles represent symptomatic patients 
and open triangles represent patients without symp-
toms. All correlations were statistically significant 
at p < 0.001 (reproduced from Krishnan et al. 2005. 
With permission from John Wiley & Sons, Inc.)
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to be less suited to long term or prospec-
tive monitoring (Krishnan et al. 2005).

Nerve excitability Studies in oxaliplatin-
Induced Neuropathy

Nerve excitability is determined by the 
activity of ion channels, pumps and 
exchangers activated during the con-
duction of nerve impulses (Burke et al. 
2001; lin et al. 2006). Nerve excitability 
techniques have been recently applied to 
investigate oxaliplatin-induced neurotox-
icity (Krishnan et al. 2005; Kiernan and 
Krishnan 2006; Krishnan et al. 2006). 
Such studies may yield new insights into 
the pathophysiology of oxaliplatin-induced 
neurotoxicity, particularly as direct effects 
on ion channels have been proposed as 
a pathological mechanism (Adelsberger 
et al. 2000).

Briefly, assessment of nerve excitability 
relies on an understanding of the many ion 
channels involved in modulating resting 
membrane potential and axonal excitabil-
ity (For a review, see Burke et al. 2001; 
Kiernan et al. 2005; Krishnan et al. 2008; 
lin et al. 2006; Figure 8.3a). the major 
channels responsible for impulse genera-
tion are transient sodium channels (Nat

+) 
that exist in high densities at the nodes 
of ranvier. the Nat

+ channels are rapidly 
activated by membrane depolarization to 
generate the upstroke of the action poten-
tial and subsequently quickly inactivate. 
Slow K+ channels (Ks

+) are also highly 
expressed at the node but activate too 
slowly to be affected by a single action 
potential directly. the Ks channels con-
tribute to resting membrane potential and 
produce accommodation to depolarization, 
particularly following conduction of trains 
of impulses as occurs with repetitive dis-

charges. Persistent sodium channels (Nap
+) 

are present at low density at the node, but 
affect resting membrane potential through 
generation of a persistent sodium cur-
rent into the axon. Although not directly 
involved in impulse generation, the inter-
nodal region acts as a membrane capacitor 
to influence excitability. the initial section 
of the internode, the paranodal region, 
contains a high density of fast K+ channels 
(Kf

+) which control current flow between 
the node and internode. Hyperpolarization 
activated cation conductances (Ih) and 
voltage-independent leak conductances 
(lk) also affect axonal excitability in the 
internode (Figure 8.3a).

Following conduction of a single 
impulse, axons undergoes a series of char-
acteristic changes in excitability, known 
as the recovery cycle of excitability. the 
recovery cycle can be assessed in vivo 
through a paired stimuli protocol deliv-
ered with varied interstimulus intervals 
(Figure 8.3b). After an absolute refractory 
period due to the inactivation of transient 
Na+ channels, a relative refractory period 
(rrP) occurs due to gradual recovery of 
Na+ channels from their inactivated state 
(Figure 8.3b). During the rrP, a greater 
than normal stimulus is required to gen-
erate an action potential. Subsequently, 
a period of superexcitability or greater 
than normal excitability occurs, followed 
by a late subexcitable period before the 
membrane potential repolarizes to base-
line (Figure 8.3b). Another measure of 
nerve excitability, known as ‘threshold 
electrotonus’, assesses the influence of 
internodal conductances on axonal excit-
ability. threshold electrotonus measures 
the changes in excitability following long 
subthreshold conditioning pulses which 
alter the potential difference between the 
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Figure 8.3. Changes in sensory axonal excitabil-
ity induced by oxaliplatin. (a) voltage-dependent 
conductances responsible for modulation of axonal 
excitability in myelinated axons. At the node, a high 
density of transient Na+ channels (Nat

+) provide the 
main impetus for the salutatory induction of the 
action potential. Persistent Na+ channels (Nap

+) 
at the node are activated at rest and affect resting 
membrane potential and subthreshold excitability. 
the internodal region under the myelin sheath 
acts as a capacitor to influence axonal excitability. 
Slow K+ channels (Ks

+) at the node are prohib-
ited by slow kinetics from participating in the 
generation and saltatory conduction of the action 
potential but contribute to accommodation to 
depolarization. Fast K+ channels (Kf

+) are present 
in the paranodal region and control internodal 
depolarization. In the internode, the hyperpolari-
zation activated cation conductance (Ih) may also 
affect excitability. the electrogenic pump (Na+/
K+-AtPase) activates in response to impulse trains 
and exchanges 3 Na+ ions for every 2 K+ ions 

passed into the axon, leading to axonal hyper-
polarization. Several voltage-independent ‘leak’ 
conductances (lk) also contribute to internodal 
excitability. (b) Illustrative recovery cycle of excit-
ability measurement, demonstrating characteristic 
changes in threshold with increasing interstimulus 
intervals and major phases: the relative refractory 
period (rrP), superexcitability and late subexcit-
ability. threshold change measures the change in 
current required to produce the target potential. (c) 
Characteristic changes in sensory nerve recovery 
cycle measurements demonstrating reduction in 
superexcitability after oxaliplatin infusion. Data 
from one patient, pre- (black circles) and post-
infusion (white circles) at the fifth cycle of 
oxaliplatin treatment. (d) threshold electrotonus 
measured from sensory axons in a single patient 
demonstrating changes with increasing cumula-
tive oxaliplatin dosage. the threshold electrotonus 
measurements demonstrate marked fanning out 
of hyperpolarization curves with each cycle, from 
cycle 4 (squares) to cycle 10 (triangles)
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node and internode via effects mediated by 
K+ channels and inward rectification (Ih)
(Figure 8.3d).

Preliminary studies of sensory nerve 
excitability have demonstrated marked 
changes immediately following infusion 
of oxaliplatin. Specifically, sensory nerve 
excitability studies conducted directly 
before and after oxaliplatin treatment have 
revealed displacement of superexcitability 
and a shift of the recovery cycle suggestive 
of alteration of Na+ currents (Park et al. 
2009a; Figure 8.3c). Additionally, distinctive 
cumulative changes in sensory nerve excit-
ability have been demonstrated with pro-
gressive oxaliplatin cycles. Assessment of 
axonal excitability taken prior to oxaliplatin 
infusions from cycles 4–10 have revealed 
marked ‘fanning out’ of threshold electro-
tonus curves with each cycle (Figure 8.3d). 
these preliminary studies of sensory nerve 
excitability indicate that oxaliplatin induces 
significant changes both acutely after each 
infusion and with increasing cumulative 
dosage (Park et al. 2009b).

Studies in motor axons have also revealed 
significant changes in recovery cycle 
measurements following oxaliplatin. In 
particular, the pre-infusion recordings of 
the recovery cycle from motor axons have 
demonstrated a high ratio of subexcitabil-
ity to superexcitability, with disappearance 
of superexcitability (Figure 8.4a), instead 
replaced by refractoriness, a property deter-
mined by transient Na+ conductances (Burke 
et al. 2001; Kiernan and Krishnan 2006).

these findings were supported by post-
infusion recordings in 13 patients over a 
series of 52 cycles of treatment demon-
strating increases in the relative refract- 
ory period (rrP) from 3.4 ± 0.1 ms to 4.3 
± 0.2 ms following infusion (P< 0.0005), 
consistent with increased Na+ channel 

inactivation (Kiernan and Krishnan 2006). 
these excitability studies suggest a selec-
tive effect of oxaliplatin on voltage-gated 
Na+ channels causing prolongation of the 
refractory period, in agreement with the 
previous in vitro rat studies (Adelsberger 
et al. 2000).

Importantly, these acute alterations in 
axonal membrane Na+ channel parameters 
appear to relate to the development of 
oxaliplatin-induced cumulative neuropa-
thy. Preinfusion relative refractory period 
(rrP) has been found to predict chronic 
neuropathy development, with readings of 
rrP > 4 ms (Figure 8.4b) in almost 90% 
of patients who subsequently developed 
chronic neuropathic symptoms (Kiernan 
and Krishnan 2006). the rrP value never 
exceeded 4 ms in any patient that remained 
without features of a cumulative neuropa-
thy at the completion of oxaliplatin therapy 
(Figure 8.4b and c). typically, elevated rrP 
recordings occurred an average of seven 
cycles before the development of chronic 
symptoms and remained elevated in sub-
sequent cycles, while changes in patients 
who did not develop chronic neuro pathy 
resolved before the next treatment cycle 
(Krishnan et al. 2005).

In total, these nerve excitability studies in 
oncology patients treated with oxaliplatin 
have established acute and chronic abnor-
malities of motor and sensory nerve excit-
ability in vivo. Specifically, the changes in 
axonal Na+ channel dependent-parameters, 
such as rrP duration, suggest that acute 
oxaliplatin-induced neurotoxicity may be 
mediated through an effect on axonal 
voltage-gated transient Na+ channels. 
Importantly, motor excitability abnormali-
ties preceded the onset of clinical symptoms 
by an average of seven cycles, which may 
allow sufficient time for prophylactic  
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Figure 8.4.  Changes in motor axonal excitability 
induced by oxaliplatin. (a) recovery cycle of 
excitability for motor axonal measurements in a 
single patient before and after oxaliplatin treat-
ment demonstrating post-infusion increases in 
refractoriness and decrease in superexcitability. 
(b) Scatterplot of the relative refractory period 
(rrP) duration both pre- and post-oxaliplatin infu-
sion in patients who developed neuropathy (filled 

diamonds) and those who did not develop symp-
toms (open diamonds), demonstrating increased 
rrP duration in symptomatic patients. (c) Plot of 
pre-infusion maximal rrP in 13 patients treated 
with oxaliplatin illustrating the difference in rrP 
duration between symptomatic (black) and non-
symptomatic (white) patients. No neuropathy-free 
patient displayed an rrP of greater than 4 ms at 
any cycle

therapy to be initiated. However, as oxali-
platin-induced chronic neuropathy exhibits 
predominately sensory symptoms, sen-
sory nerve excitability measurements may 
prove to be even more sensitive in predict-
ing the development of neuropathy. these 
results also lend support to an association 
between acute excitability changes and the 
subsequent development of chronic neu-
ropathy. Specifically, acute alterations in 

axonal Na+ channel function may produce 
axonal degeneration, leading to chronic 
neuropathy (Krishnan et al. 2005).

Future Directions and Neuroprotection

Several strategies have been recently 
trialed to lower the incidence and severity 
of oxaliplatin-induced neurotoxicity. Neuro -
protective strategies such as xali proden 
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(Susman 2006), glutamine (Wang et al. 
2007), and calcium and magnesium 
infusions (Gamelin et al. 2004) have 
shown promising preliminary results, but 
larger scale, controlled trials are awaited. 
Modulations of infusion time or dose 
intensity may also assist in lowering the 
likelihood of severe neuropathy (Petrioli 
et al. 2007).

Confirmation of a link between the 
acute and chronic forms of neurotoxicity 
would have important implications for the 
development of neuroprotective strategies. 
Neuroprotective agents could be developed 
to target acute neuropathic symptoms, 
while also acting to reduce the develop-
ment of chronic neuropathy in the long 
term. there is some preliminary evidence  
that amelioration of acute symptoms may 
reduce the incidence of chronic neuro-
pathy. A study of glutamine supplemen-
tation designed to reduce the incidence 
of severe chronic oxaliplatin-induced 
neuropathy has recently been shown to 
be effective in reducing acute symptoms 
(Wang et al. 2007).

Calcium and magnesium infusions given 
before and after oxaliplatin have demon-
strated some benefit in reducing neuro-
toxicity and improving the reversibility 
of neuropathic symptoms (Gamelin et al. 
2004). recent studies have suggested that 
Ca2+/Mg2+ infusions reduce the percentage 
of patients that develop severe chronic neu-
ropathic symptoms (Gamelin et al. 2004). 
these effects may be related to alterations 
in nerve excitability. Specifically, altera-
tions in axonal Na+ concentration may 
trigger reversal of the Na+/Ca2+ exchanger, 
leading to a cascade of Ca2+ related proc-
esses and axonal degeneration (loPachin 
and lehning 1997; Krishnan et al. 2006). 
reductions in membrane-bound Ca2+ may 

also contribute to axonal nerve hyper-
polarization which commonly develops 
immediately following oxaliplatin infu-
sion. However, while promising, Ca2+/
Mg2+ infusions have not been shown to 
completely prevent oxaliplatin-induced 
neurotoxicity.

Because Na+ channel dysfunction has 
been implicated in oxaliplatin-induced neu-
rotoxicity, carbamezepine, an anticonvulsant 
with Na+ channel blocking properties, has 
been trialed as a neuroprotective agent. 
Although carbamazepine has shown some 
promising results in reducing the severity 
of neuropathic symptoms in oxaliplatin 
patients (Gamelin et al. 2002); other studies 
have concluded that carbamazepine does 
not reduce oxaliplatin-induced neurotoxi-
city (Wilson et al. 2002).

A number of other agents have been 
investigated in regards to their neuro-
protective efficacy. oral glutamine sup-
plementation has recently been shown to 
reduce the incidence and severity of oxali-
platin-induced cumulative neuropathy and 
reduce the need for oxaliplatin dose reduc-
tions (Wang et al. 2007). xaliproden has 
also been shown to reduce the risk of 
severe neuropathy by ~40% in oxaliplatin 
treated patients (Susman 2006). there are 
also limited positive results for gabapen-
tin, glutathione and acetyl-l-carnitine in 
the treatment of oxaliplatin-induced neu-
ropathy (Gamelin et al. 2002).

early identification of at-risk patients 
will be critically important in any attempt 
to minimize neurotoxicity. once early 
identification is possible, prophylactic 
treatment with neuroprotective agents may 
then provide the best way of prevent-
ing severe long-lasting chronic symptoms. 
the use of a predictive test (potentially 
such as measurement of nerve excitability)  
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may assist in identifying patients who 
will benefit most from intervention. 
Additionally, genetic factors have been 
identified that may confer susceptibility or 
resistance to oxaliplatin-induced neuropa-
thy. Several polymorphisms in the glutath-
ione s-transferase (GSt) genes, which are 
involved in detoxification pathways, have 
been associated with an increased risk 
of developing severe oxaliplatin-induced 
neuropathy (lecomte et al. 2006). Further 
examination of genetic predisposition to 
severe neuropathy may assist in targeting 
at-risk patients.

Modulations of infusion time may also 
assist in reducing the incidence of neuro-
toxicity. A longer 6 h infusion significantly 
reduced the percentage of patients with 
neuropathic symptoms as compared to the 
standard 2 h infusion time (Petrioli et al. 
2007). Additionally, recent studies such as 
the oPtIMox1 trial suggest that the ‘stop 
and go’ strategy of recycling the oxalipla-
tin regimen at regular intervals for a fixed 
duration may somewhat reduce severe neu-
rotoxicity (Hausheer et al. 2006). Data 
from the excitability studies detailed earlier 
would also suggest that it may be possible 
to identify which patients can be safely re-
exposed to an oxaliplatin-based regimen in 
a recycling strategy, to thereby maximize 
the benefit of each line of therapy.

In conclusion, chemotherapy-induced 
neurotoxicity remains a significant problem 
in clinical oncology, potentially limiting the 
efficacy and tolerability of the most com-
monly used chemotherapeutic treatments. A 
combination of clinical assessment, quanti-
tative measures and quality of life evalua-
tion will most likely yield the best current 
assessment of CIPN symptoms. Future 
research will need to focus on the develop-
ment of better assessment techniques, to 

predict the onset of severe neuropathy prior 
to symptomatic expression. Such quantita-
tive and predictive tests will also provide 
appropriate end points for future trials of 
potential neuroprotective strategies.
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Chemotherapy was introduced into clini-
cal practice at the end of the Second World 
War when Gilman and colleagues used 
nitrogen mustard to treat a patient with 
advanced malignant lymphoma (Goodman 
et al. 1946). Although there are some types 
of cancer such as colon cancer which 
respond poorly, most cancers respond well 
to first-line chemotherapy. However, after a 
cancer-free period, in a percentage of cases 
cancer reappears and is termed relapse or 
progressive disease. Scientists refer to 
this phenomenon as acquired resistance, 
in contrast to the intrinsic resistance of 
other cancers. Another frequently used 
term is multidrug resistance, which refers 
to the phenomenon by which cells treated 
with a drug become cross-resistant to the 
cytotoxic effect of a variety of other struc-
turally and functionally unrelated drugs, is 
rarely used in the clinical setting, although 
its use is widespread among non-clinical 
scientists.

InfluEnCE  
of PHARMAColoGICAl  
AnD PHYSIoloGICAl 
fACtoRS

two main types of factors contribute to the 
development of drug resistance. the first 
group include pharmacological and physi-
ological factors such as inadequate access 
of the drug to the tumour, inadequate infu-
sion rate, inadequate route of delivery, drug 
metabolism or drug excretion. these are 
extremely important issues not only in clin-
ical practice but also fundamental in drug 
development and excellent recent reviews 
have covered those topics (Garattini 2007).

the importance of the tumour microen-
vironment has implications not only for 
the delivery of the therapeutic agent. one 
observation that rarely escapes the clinician 
is the association between metastatic invasion 
and chemotherapy failure and in many cellu-
lar models of drug resistance a remodelling 
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of the extracellular matrix has been reported 
(Sherman-Baust et al. 2003).

MolECulAR MECHAnISMS 
of RESIStAnCE 
to tRADItIonAl 
CHEMotHERAPY

Intracellular Drug Activation

Some drugs, such as the analogues of 
DnA precursors 5-fluorouracil and ara-C 
(cytosine arabinoside) require further bio-
chemical modification before they are able 
to function (e.g. conversion to 5-fluorode-
oxyuradine monophosphate in the former 
or to its triphosphate derivative, ara-CtP, 
in the latter). Resistance to 5-fu has tradi-
tionally involved inhibition of the enzyme 
thymidylate synthase which catalyzes the 
final step in the synthesis of thymidine from 
precursor molecules (ooyama et al. 2007). 
Resistance to ara-C has often been associ-
ated with lack of deoxycytidine kinase 
(catalyzing the first step in its conversion 
to ara-CtP) expression both in vitro and 
in vivo (Galmarini et al. 2003).

Detoxifying Systems

the cytochromes P450 are a multi-gene 
family of constitutive and inducible haem-
containing oxidative enzymes with an 
important role in the metabolism of a 
diverse range of xenobiotics. Although pri-
marily expressed in the liver, they are often 
over-expressed in a variety of solid tumors 
where they can contribute to drug resist-
ance (fujita 2006). Another detoxifying 
mechanism is the glutathione (GSH) system, 
which includes at least two enzymes: GSH 
S-transferase and GSH peroxidase, has the 

capacity to detoxify drugs that contain 
very reactive chemical groups (such as 
alkylating agents) or to break down the 
active oxidizing compounds (such as 
hydrogen peroxide) which are produced 
by the action of a variety of cytotoxic 
agents (townsend and tew 2003).

DnA Repair

Many anticancer drugs (such as platinum 
compounds, alkylating agents, and nitro-
soureas) cause direct damage to the struc-
tural integrity of the DnA, leading to the 
formation of covalent adducts on cellular 
DnA. the formation of crosslinks requires 
an initial reaction to form a monoadduct. 
for many drugs the second reaction is 
slow, and only a fraction of monoadducts 
go on to form crosslinks. It is these inter-
strand crosslinks that are the critical cyto-
toxic lesion for most bifunctional drugs. 
these crosslinks distort the DnA structure 
resulting in catastrophic consequences for 
a cell if unrepaired. Importantly, repair 
of DnA interstrand crosslinks has been 
demonstrated to be a mechanism of clinical 
resistance to melphalan (a nitrogen mus-
tard) in multiple myeloma (Spanswick 
et al. 2002).

topoisomerases are involved in main-
taining the three-dimensional structure of 
DnA during RnA synthesis and DnA 
replication. A variety of drugs bind to 
the topoisomerase-DnA complex, stabiliz-
ing it and preventing the broken strands 
from being joined. these include doxo-
rubicin and etoposide for topoisomerase 
II and camptothecin for topoisomerase I. 
Although the effect of these drugs onto the 
topoisomerase system is very clear in vitro, 
its relevance with the chemotherapy clinical 
outcome is less clear (uggla et al. 2007).
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Cell Death Regulation

An important aspect of carcinogenesis 
is resistance to cell death, in particular 
apoptotic cell death. Apoptosis in mam-
malian cells is mediated by a family of 
cysteine proteases, named caspases, which 
can be divided into two groups: initiator 
and effector caspases. Caspase induction 
can be mediated through two principal 
pathways. the extrinsic pathway is acti-
vated by the stimulation of death receptors 
on the cell surface. However, antineo-
plastic agents used the intrinsic pathway, 
which is activated in response to several 
extracellular and intracellular stress sig-
nals, converging in the mitochondria. this 
results in the permeabilization of the outer 
mitochondrial membrane, and the subse-
quent release of cytochrome c and other 
proapoptotic molecules, with the forma-
tion a large protein complex, the apopto-
some, containing cytochrome c, apoptotic 
protease activating factor 1 (APAf 1) 
and caspase-9. Regulation of these proc-
esses occurs through the activity of anti-
apoptotic members of the BCl-2 family 
of proteins (Elmore 2007). up-regulation 
of antiapoptotic proteins such as BCl-2, 
BCl-Xl, and IAP family, inactivating 
mutations in pro-apoptotic proteins Bax 
and Bak, or p53 have been described, and 
the restoration of p53-mediated apoptosis 
in cancer cells has been sought for some 
time so far without a clinical application.

Membrane Proteins

Drug resistance can also result from 
decreased activity / expression of the uptake 
transporters, or alternatively, from enhanced 
efflux. Water-soluble drugs, such as cispla-
tin, nucleoside analogues and antifolates, 
cannot cross the plasma membrane unless 

they ‘piggy-back’ onto membrane transport-
ers, or enter through hydrophilic channels 
in the membrane. An excellent review 
about the influence of solute carriers and 
channels in chemosensitivity has been pub-
lished recently (Huang et al. 2004).

Hydrophobic drugs, such as doxorubicin, 
vinblastine, or paclitaxel, enter the cell 
largely by diffusion across the membrane, 
although this process can also be enhanced 
by transport proteins. Many types of drug 
resistant cells have increased drug efflux 
such that the intracellular drug concentra-
tion remains below cytotoxic levels. these 
cells often express one or several AtP-
binding cassette (ABC) transporters. these 
membrane proteins, from which there are 
49 different genes in the human genome, 
transport a variety of substrates across the 
membrane against a concentration gradient 
with the energy provided by AtP hydrolysis. 
their mechanisms of action, structure, and 
classification has been reviewed recently 
(Higgins 2007). Depending of their archi-
tecture and mechanism of transport, ABC 
proteins are classified in seven subfamilies 
(A–G), although not all of them have been 
associated with drug resistance (Gottesman 
and ling 2006). the most studied, ABCB1 
(MDR1, P-glycoprotein), ABCC1 (MRP1), 
and ABCG2 (BCRP, breast cancer resistance 
protein), have been associated with the term 
multi-drug resistance (MDR, see above), due 
to the variety of compounds that these pro-
teins can transport across the membrane.

CEllulAR MoDElS to 
StuDY DRuG RESIStAnCE

the use of drug resistant derivatives from 
human and other mammalian cell lines 
has been of paramount importance for the 
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unraveling of many of the mechanisms of 
cancer drug resistance highlighted above. 
Although the use of cell lines has tremendous 
advantages, its use has also disadvantages. 
Apart from the genotypic and phenotypic 
drift during years of continuos culture, the 
most common problem encountered is their 
false identity. Single nucleotide polymor-
phisms and karyotypic analyses indicate 
that one of the most studied drug resistant 
cell lines, MCf-7/AdrR, an adriamycin 
resistant derivative from the breast cancer 
cell line MCf-7, was actually derived from 
ovarian adenocarcinoma oVCAR-8 cells 
(liscovitch and Ravid 2007).

In the early days of the study of drug 
resistance, cell lines were exposed to 
increasing concentration of the chemo-
therapeutic agent in a step-wise fashion, 
generating drug resistant derivatives with 
several-hundred-fold greater resistance to 
the drug relative to the parental cell line. 
Many of the traditional drug resistant lines, 
such as the above described MCf-7/AdrR 
or KB derivatives resistant to vinblastine, 
colchicine and adriamycin, were generated 
in this way, and is a method that is still in 
use these days (Chauvier et al. 2002). these 
drug resistant lines were very important 
before the techniques to ectopically express 
foreign DnA were of routine used, since 
they over-expressed one or several of the 
molecular effectors conferring drug resist-
ance, such as P-glycoprotein, and biochem-
ical assays could be easily performed with 
them. However, such drug resistant cell 
lines are far from ideal when studying regu-
latory mechanisms controlling drug resistance 
since the concentration of drug used vastly 
exceeds that found by cancer cells.

Another protocol to generate drug resist-
ant derivatives involves the use of single 
lower doses of drug than those used in the 

above studies. Resistance to doxorubicin and 
microtubule interfering agents in leukemic 
K562 cells (Yague et al. 2003) and to 
doxorubicin in experimentally transformed 
fibroblasts (Yague et al. 2007), for exam-
ple, has been generated in such a way. the 
advantage of such drug resistant cells is 
that since the concentration of drug used 
to generate them resembles closely the one 
found in the serum of chemotherapy-treated 
patients, they represent a good approxima-
tion to the physiological situation.

A third, less common, approach is to 
treat with single, or repeated, doses of 
drug for a very short period (hours), mim-
icking the burst of drug in the serum of 
chemotherapy-treated patients (Agarwal 
and Kaye 2003), and doxorubicin resistant 
derivatives of breast cancer MCf-7 cells 
have been generated in this way (Elmore 
et al. 2005). However, working with leuke-
mic K562 cells we have not seen a differ-
ence between the last two methods, since 
after the initial addition of drug most of the 
cells undergoe apoptosis, even after with-
drawal of the drug and replenishment with 
drug-free medium (Randle et al. 2007).

It has been argued that the protocol used 
in the generation of resistant cells influ-
ences the mechanisms of resistance selected 
in such cells (Agarwal and Kaye 2003). In 
our experience, we have not found that to 
be the case. for instance, using continu-
ous exposure to low drug doses, we have 
generated doxorubicin resistant deriva-
tives from leukemic K562, experimentally 
transformed fibroblasts, and breast cancer 
MCf-7 and CAl51 cells. P-glycoprotein is 
responsible for the drug resistant phenotype 
in the former two (Yague et al. 2004; Yague 
et al. 2007), whereas is P-glycoprotein-
independent in the last two cells (S. Raguz 
and E. Yagüe, unpublished observation).
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leukemic K562 Cells as a Model  
to Study Multi-drug Resistance

A variety of drug resistant derivatives of 
K562 cells can be selected by continuous 
exposure to low concentration of drugs 
(160 ng/ml doxorubicin, colchicine 20 
ng/ml, or 25 mM cytosine arabinoside) 
(Yague et al. 2003, 2004). Drug resistant 
derivatives generated by step-wise selec-
tion to much higher drug concentrations 
have also been described (Raguz et al. 
2004). Although leukemic cells generally 
transfect poorly, the development of nucle-
ofection technologies (www.amaxa.com) 
permits transient transfection efficiencies 
of around 90%, expanding the possibili-
ties for genetic manipulation. Resistance 
to doxorubicin and colchicine in these 
cells is mediated by P-glycoprotein, since 
stably expression of small interfering 
RnAs targeting MDR1 mRnA completely 
reverses the multi-drug resistant pheno-
type to that of the drug-sensitive K562 
parental cell line (Yague et al. 2004). this 
is important since there are published few 
examples where the MDR phenotype is 
fully knocked down, either because of a 
poor expression of the siRnAs or due to 
multifactorial drug resistance (Xu et al. 
2004). Although traditional mechanisms 
of P-glycoprotein-mediated drug resist-
ance involve MDR1 gene amplification 
and transcriptional activation, in these 
cells the MDR1 gene is neither amplified 
nor transcriptionally activated. the MDR1 
mRnA half-life in K562 cells is increased 
from 1 h in the drug sensitive to 18–24 h 
in the drug resistant derivatives (Yague 
et al. 2003). Changes in MDR1 mRnA 
turnover have been previously described, 
although this is the first example of its asso-
ciation with the drug resistant phenotype. 

More importantly, a novel mechanism 
regulating P-glycoprotein expression at 
the level of translational initiation has 
been described (Randle et al. 2007). A highly 
folded loop structure at the 5¢-end of the 
message renders MDR1 transcripts dif-
ficult to translate because they compete 
inefficiently for the cap binding protein 
eIf(eukaryotic initiation factor)4E. Drug 
resistant cells arise from a small subpopu-
lation of cells able to up-regulate MDR1 
mRnA levels above a critical threshold, 
making the transcript competitive for the 
translational machinery, and translating 
P-glycoprotein. Importantly, since the levels 
of available eIf4E are determined by 
the phosphorylation status of a family of 
translational repressors, the eIf4E bind-
ing proteins (4E-BP), we have specu-
lated that compounds interfering with 
the PI3K-Akt-mtoR pathway (control-
ling the phosporylation of 4E-BP), might 
be used to avoid the generation of drug 
resistance (Randle et al. 2007).

the method for the generation of K562 
drug resistant cells and methodology for 
detection of P-glycoprotein expression is 
described below:

Method for the generation of colchicine-
resistant K562 cells

1. Prepare RPMI 1640 medium with 2 mM 
l-glutamine and 10% foetal calf serum 
(RPMI culture medium), and a stock of 
colchicine at 2 mg/ml.

2. In a 175 cm2 culture flask seed K562 
cells in 50 ml RPMI at a density of 
5 × 105 cells/ml. Add colchicine to a 
final concentration of 20 ng/ml.

3. At day 3, add 50 ml RPMI culture 
medium.

4. At day 10, add again another 50 ml 
RPMI culture medium.
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 5.  By this time approximately 50% of 
cells have died, and by day 12 some 
small clones (bunches of 8–16 cells) 
are visible after careful observation 
under the microscope.

 6.  At day 14, add another 50 ml RPMI 
culture medium.

 7.  At day 18, transfer the whole culture 
to 50-ml falcon tubes and spin down 
the cells for 5 min at 500 × g. Resus-
pend the cell pellet in 160 ml RPMI 
medium with colchine (20 ng/ml 
final concentration).

 8.  this last step is the most critical. 
Although the few drug resistant cells 
that have started to grow in the last 
steps normally continue growing, in 
some instances due to insufficient 
resistance, all cells die.

 9.  Monitor the culture daily under the 
microscope.

10.  By days 20–25 clones should be very 
clear and cells in culture would start 
to proliferate.

11.  It may be necessary to change the 
culture medium (when the phenol red 
indicator becomes yellowish). In this 
case split the culture 1:2. Add colchi-
cine at 20 ng/ml final concentration.

12.  By day 30–35 the culture should 
consist mainly of colchicine-resistant 
K562 cells.

13.  these cells express P-glycoprotein 
and its appearance can be easily mon-
itored by flow cytometry (see meth-
ods below). they can be expanded by 
splitting the cultures 1:5 twice a week 
in medium containing colchicine.

14.  Growth of the cells in the presence 
of drug is important to maintain 
P-glycoprotein expression in these 
cells. We have determined that drug-

resistant K562 cells start to loose 
P-glycoprotein expression (see below) 
after a few weeks without drug and 
revert to the original drug sensitive 
phenotype after 4–5 months in the 
absence of drug selection.

Detection of plasma membrane 
P-glycoprotein by flow cytometry with 
monoclonal antibody uIC2

1. the assay uses 2.5–5 × 105 cells (a total 
of twice that number of cells will be 
needed in order to use a control).

2. Suspension cells can be counted using a 
hemocytometer after tryptan blue stain-
ing. for attached cells we have found 
that the trypsin used to release cells 
from the dish damages P-glycoprotein, 
so after washing off the medium ex-
tensively with phosphate buffer saline 
(PBS) detach cells with 10 mM EDtA 
and count them.

3. Prepare two tubes (small 5 ml tubes 
used in flow cytometry such as BD 
falcon #352054) each with 2.5–5 × 
105 cells and wash twice (2–3 min spin 
at ~100 g) with PBS-BSA (PBS with 
0.1% bovine serum albumin).

4. Resuspend cells in a final volume of 
100 ml PBS-BSA.

5. In one tube the phycoerythrin-conjugated 
P-glycoprotein-specific antibody uIC2 
(#2370, Immunotech, Marseille, france) 
will be added. In the other, a phycoeryth-
rin-conjugated mouse IgG2a isotype 
control (#P4810, Sigma, St. louis, Mo) 
to correct for unspecific binding.

6. the amounts per tube are

a. IgG: 250 ng IgG + 0.2 ml 20 mM 
cyclosporin A + PBS-BSA to 100 ml

b. uIC2: 250 ng uIC2 + 0.2 ml 20 mM 
cyclosporin A + PBS-BSA to 100 ml
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7. It is better to do a master mix because 
the amount of cyclosporine (which 
is used to block P-glycoprotein and 
make it more easily recognizable by 
the antibody) is too low to measure. 
Mix and incubate at 37°C for 30 min.

 8. Wash twice with PBS-BSA as above.
 9. Resuspend in 300 ml PBS-BSA and 

protect from light.
10. Add 3 ml 1 mM toto3 to stain dead 

cells.
11. In the flow cytometer gate cells  

according to size (fSC), morphology 

(SSC), and toto3 exclusion (blue 
channel) before recording events in 
the red channel (phycoerythrin fluores-
cence). figure 9.1 shows P-glycoprotein 
expression in drug resistant K562 cells.

BoDIPY-taxol efflux assay

the enzymatic activity of P-glycoprotein 
(and other ABC transporters) can also be 
easily measured by flow cytometry using 
a fluorescent substrate such as BoDIPY-
taxol (Bt) or rhodamine 123.

figure 9.1. Detection of P-glycoprotein by flow 
cytometry in drug resistant K562 cells. Left panels: 
Representative flow cytometric analysis of sur-
face P-glycoprotein expression using the uIC2-
phycoerythrin-conjugated antibody (filled peak) 
and the corresponding IgG isotype control (clear 
peak). for drug sensitive cells, the IgG and uIC2 
peaks overlap, showing that active P-glycoprotein 
is not present at the cell surface. Right pan-
els: Representative flow cytometric analysis of 

P-glycoprotein function by efflux of the fluorescent 
substrate BoDIPY-taxol (Bt). the presence of 
cyclosporin A (a P-glycoprotein inhibitor) makes 
the fluorescent Bt accumulate inside the cell (dot-
ted peak). Absence of the inhibitor (clear peak) 
permits efflux and a decrease in the fluorescence 
of the cell. Drug sensitive cells show an overlap of 
the peaks with and without cyclosporin A, indicat-
ing no efflux activity. the cell autofluorescence is 
indicated (grey peaks)
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1. obtain cells as for uIC2 binding. Prepare 
three tubes, each with 1 x 106 cells.

2. Wash cells twice (spin at 100 × g for 
2–3 min) with phenol-red-free DMEM 
containing 0.1% BSA.

3. Resuspend cells in the corresponding 
volume of DMEM-BSA and add the 
substrate and inhibitor as follows:

a. tube 1 (autofluorescence): 200 ml 
DMEM-BSA

b. tube 2 (Bt efflux): 150 ml DMEM-
BSA + 50 ml 0.05 nM Bt (1 ml of 
0.02 mM Bt-prepared in DMSo- 
dissolved in 399 ml DMEM-BSA)

c. tube 3 (blocked efflux): 100 ml 
DMEM-BSA + 50 ml 0.05 nM Bt (1 
ml of 0.02 mM Bt-prepared in DMSo- 
dissolved in 399 ml DMEM-BSA) + 
50 ml 80 mM cyclosporin A (1 ml 20 mM  
cyclosporin A-prepared in ethanol-
dissolved in 249 ml DMEM-BSA)

4. Incubate between 10 and 30 min at 37°C.
5. Wash twice with DMEM-BSA.
6. Resuspend in 300 ml cold DMEM-BSA 

or PBS-BSA and keep in the dark.
7. Add 3 ml 1 mM toto3 to stain dead 

cells.
8. Keep on ice and in the dark.
9. In the flow cytometer gate cells according 

to size (fSC), morphology (SSC), and  
toto3 exclusion (blue channel) before 
recording events in the green channel 
(BoDIPY fluorescence). figure 9.1 shows 
BoDIPY-taxol efflux by P-glycoprotein 
in drug resistant K562 cells.

AnIMAl MoDElS to StuDY 
DRuG RESIStAnCE

Different animal models used in experi-
mental oncology include spontaneous, 
transplantable, and inducible tumours in 

animals, xenografts of human cancer cells, 
and transgenic mice.

Inducible tumours in animals adequately 
reflect tumorigenic processes. However, the 
number of compounds able to induce a defined 
type of tumour is limited. In addition, some 
carcinogens are species specific, which 
restricts the area of application of inducible 
animal neoplasias. Spontaneous tumours 
arise with low frequency in laboratory ani-
mals and in various age periods, which 
are the major disadvantages of this model. 
Carcinogenesis in transgenic animals is gen-
erated by over-expression of oncogenes and/
or silencing to tumour suppressor genes, and 
the high level of expression of the transgenes 
argues against the physiological relevance of 
this model. We must not forget that human 
cells require more genetic changes for neo-
plastic transformation than do their murine 
counterparts. the perturbation of just two 
signalling pathways, involving p53 and Raf, 
suffices for the tumorigenic conversion of 
normal murine fibroblasts, while perturba-
tion of six pathways, involving p53, pRb, 
PP2A, telomerase, Raf, and Ral-GEfs, is 
needed for human fibroblasts (Rangarajan 
et al. 2004). In addition, animal allografted 
tumours reveal some dissimilarity between 
this animal model and human cancers. All 
this makes these models of little advantage 
in their use to study drug resistance.

Xenografted human tumours in immu-
nodeficient mice have two main advan-
tages: human origin of the tumour and 
desired pathological type, although one of 
their main disadvantages is that the tumour 
is mainly ectopic. In addition, these mod-
els are unable to model the host-tumour 
interaction, due to the need for immuno-
deficient mice, although this limitation has 
been overcome with the development of 
three immunocompetent syngenic mouse 
models; for a further discussion and 
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references therein see Agarwal and Kaye 
2003. Since the early days of drug resist-
ance, melanoma, lung, gastric and colon 
carcinoma as well as t-cell leukaemia 
drug-resistant xenograft models were soon 
developed, and have played an impor-
tant role in deciphering, together with 
cellular models, many of the molecular 
mechanisms involved in the drug resistant 
phenotype. they continue to be of par-
ticular interest for studying the physiology 
and pharmacokinetics of novel compounds 
aimed at reverting drug resistance (Chou 
et al. 2005). More recently, an experimen-
tal animal model of tumour progression 
based on naive and resistant lymphosar-
coma has been developed which can be 
useful for testing conventional therapy 
alone or together with newly developed 
gene-targeted therapeutics (Mironova 
et al. 2006).

CAnCER StEM CEllS  
AnD DRuG RESIStAnCE

the cancer stem cell hypothesis states that 
many, if not all, cancers contain a minority 
population of transformed self-renewing 
stem cells, the cancer stem cells (CSCs), 
which are entirely responsible for sustaining 
the tumour as well as giving rise to prolif-
erating but progressively differentiating cells 
constituting the tumor mass. Excellent 
reviews have recently dealt with this topic 
(Burkert et al. 2006; li and neaves 2006). 
this CSCs retain the essential property 
of self-protection through the activity 
of multiple drug resistance transporters 
such as ABCB1 (P-glycoprotein) and / or  
ABCG2 (Breast Cancer Resistance 
Protein 1, BCRP1). the latter is respon-
sible of the side-population (SP) phe-
notype early detected in both normal 

and acute myeologenous leukemia (AMl) 
hematopoietic stem cells. Since Mdr1a/1b-/- 
(P-glycoprotein-deficient) mice are able to 
display a normal SP phenotype that disap-
pears when Abcg1 is knocked-down (Zhou 
et al. 2002), expression of ABCG2 and 
Hoechst 33342 efflux are two of the best 
markers of these cells. to date, the existence 
of CSCs has been demonstrated in AMl 
and CMl, in brain and gastrointestinal 
tumors, and in lung and breast cancer (de 
Jonge-Peeters et al. 2007).

It is chiefly because of the expression of 
many of the membrane transporters that a 
connection between CSCs and drug resist-
ance is thought to exist. In fact the whole 
concept of multidrug resistance has been 
revised incorporating the CSC paradigm 
and new hypotheses for the old concepts 
of intrinsic and acquired drug resistance 
have been proposed (Dean et al. 2005). 
According to the acquired resistance stem-
cell model, the CSCs, which express drug 
transporters, and are present in the original 
tumor mass, survive chemotherapy, whereas 
the committed but variably differentiated 
cells are killed. these cells reform the now 
drug resistant tumor, resulting in a het-
erogeneous tumor composed of CSCs and 
committed but variably differentiated off-
spring. In addition, mutation in the surviving 
CSCs can arise expanding the drug-resistant 
phenotype. Whether these hypotheses will 
be confirmed by further experimentation 
and/or will be useful in the design of thera-
peutic strategies, remains to be seen.

DRuG RESIStAnCE  
In tHE ClInIC

Cell culture systems and animal models 
have been of pivotal in the definition of the 
main molecular and cellular mechanisms 
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responsible for the drug resistance phe-
notype. With them it has been relatively 
straight forward to demonstrate that a par-
ticular molecule (i.e. P-glycoprotein or p53) 
is the effector of drug resistance, due to the 
ease of performing knock-out or ectopic 
expression experiments. However, the situ-
ation in the clinic is far more complicated.

first of all, the amount of biological 
material, normally from a tumor biopsy, is 
small (leukemias are the only exception) 
and special care has to be taken at the 
operating theatre to conserve the integrity 
of the tissue for future analysis. this is 
imperative when analyzing RnA expres-
sion. Secondly, many of the techniques 
used routinely in the laboratory setting are 
not suitable for the small amount of tumour 
material available. for instance, one of the 
best methods to detect the expression of 
P-glycoprotein is by flow cytometry with 
the uIC2 monoclonal antibody. Although 
this technique is ideally suited for the study 
in leukemias, it is unsuitable when dealing 
with a tissue biopsy. In this case, immuno-
histochemical methods are routinely used 
in the pathology laboratory. However, 
and continuing with our P-glycoprotein 
example, the uIC2 monoclonal antibody 
is not suitable for such methodologies. 
unfortunately, many of the other common 
antibodies used for P-glycoprotein detection 
in paraffin sections are not as good as 
uIC2 and show certain cross-reaction with 
other ABC transporters. An additional caveat 
in clinical studies associating a particular 
effector with resistance to chemothera-
peutics is the lack of common methodolo-
gies in different clinical laboratories. this 
has already been addressed in the case of 
P-glycoprotein detection, where a series of 
recommendations have been agreed between 
participating centers (Huet et al. 2005).

Another important point to consider is 
that the association of a particular drug 
resistance effector in clinical samples does 
not necessarily correlate with an alteration 
in the chemotherapy response. As such, a 
negative correlation has been unequivo-
cally demonstrated between P-glycoprotein 
expression and chemotherapy response in 
AMl (Mahadevan and list 2004). Although 
similar evidence in breast cancer seems 
quite convincing (Clarke et al. 2005), it has 
not been wholly accepted in the medical 
community. to our knowledge, no other 
meta-analysis has been performed associat-
ing any of the multidrug resistance effectors 
with chemotherapy response.

REVERSAl of DRuG 
RESIStAnCE In tHE 
ClInICAl SEttInG

Since the discovery of P-glycoprotein in 
the early 1980s most agents tested for the 
reversal of multidrug resistance in the clinic 
have aimed at inhibiting P-glycoprotein func-
tion. the first generation of P-glycoprotein 
inhibitors included verapamil, quinine and 
cyclosporine, which were already approved 
for other medical purposes. Although 
these compounds proved to be ineffective 
or toxic at the doses required to attenuate 
P-glycoprotein function, some clinical trials 
indicated that modulation of P-glycoprotein 
function could be achieved (Gottesman 
et al. 2002). this encouraged the develop-
ment of a second generation of modulators, 
such as the cyclosporine analogue PSC-833 
(Valspodar), aimed at avoiding the toxic 
side effects of those of the first generation. 
Development of second-generation inhibitors 
has now been discontinued, mainly due to 
their little success in clinical trials (PSC-833 
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induced pharmacological interactions that 
limited drug clearance and metabolism of the 
chemotherapeutic agent, thereby elevating 
plasma concentrations beyond acceptable 
toxicity). third-generation inhibitors have 
been designed for low pharmacokinetic inter-
action, and inhibition of cytochrome P450 
3A has been avoided with compounds such 
as laniquidar (R101933), oc144-093 (ont-
093), zosuquidar (lY335979), elacridar (Gf-
120918) and tariquidar (XR9576). A further 
generation of inhibitors act on a broader 
range of ABC transporters such as biricodar 
(VX-710) and Gf-120918, that modulate, 
in addition to P-glycoprotein, MRP1 and 
ABCG2, respectively. Most clinical trials 
endpoints have not been analyzed yet; for an 
extended discussion of P-glycoprotein inhibi-
tors in the clinic see Szakacs et al. 2006.

there are many different possible rea-
sons for the failure of Phase III clini-
cal trial targeting P-glycoprotein such as 
multifactorial mechanisms of resistance, 
toxicity of the inhibitors and unfavourable 
pharmacological interactions, as well as 
a poor clinical trial design (Szakacs et al. 
2006). the latter is exemplified by the 
Phase III clinical trial using tariquidar as 
an adjunctive treatment in combination 
with first-line chemotherapy for patients 
with non-small cell lung carcinoma, where 
there is no strong evidence to suggests that 
in this type of cancer P-glycoprotein is 
expressed to a significant extent (Szakacs 
et al. 2006). Even AMl patients, in which 
P-glycoprotein expression affects the out-
come of chemotherapy, are not routinely 
phenotyped and current efforts to develop 
simple, inter-centre reproducible protocols 
to detect P-glycoprotein in AMl blasts 
have been developed (Pallis et al. 2005). 
In such a way, trials organizers can have the 
choice of whether to give P-glycoprotein 

modulators to an unsorted cohort or to 
P-glycoprotein-positive patients only.

other alternative approaches to target 
MDR could involve the development of 
agents interfering with one of several of the 
many regulatory steps in P-glycoprotein 
expression: transcription, mRnA turnover, 
translation, protein processing and turnover. 
of these, the only one under trials (currently 
Phase II) is ecteinascidin 743 (Et-743), a 
natural product isolated from the marine 
organism Ecteinascidia turbinata (Scotto 
and Johnson 2001), in soft tissue sarcomas 
(le Cesne et al. 2005). Et-743 is a (tris)-
tetrahydroisoquinoline, related to members 
of the saframycin family of compounds that 
interferes with the activation of MDR1 via 
the stress-responsive enhanceosome com-
plex (Jin et al. 2000).
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 10
Role of Antibodies in Cancer Treatment 
(An Overview)
Huguette Albrecht

 InTRODuCTIOn

Drugs that target cancer cells more 
selectively than chemotherapeutics have 
spawned a revolution in cancer treatment 
(nathan 2007). These so-called smart drugs 
are more effective and less toxic because 
they discriminate better between normal 
and malignant cells. A naturally occurring 
smart drug is an antibody that has an exqui-
site specificity for its target antigen. The 
foundations for passive immunotherapy 
were laid at the end of the nineteenth 
century, when Von Behring and Kitasato 
injected small doses of the diphteria toxin 
into animals, to produce serum that on 
administration to other animals provided 
passive immunity to diptheria. In 1908, 
Ehrlich grasped the potential of thera-
peutic antibodies when he formulated the 
magic bullet concept.

Therapeutic antibodies became a reality 
several decades later, with the advent of 
mouse hybridoma technology (a hybridoma  
is a hybrid cell produced by fusion of an 
antibody producing lymphocyte with a 
cancer cell) (Kohler and Milstein 1975). 
Murine monoclonal antibodies (MAbs) 
entered clinical studies in the early 1980s,  
but their inefficiency and rapid clearance 

due to patient’s production of human 
anti-mouse antibodies (HAMA) quickly 
became apparent (Mirick et al. 2004). The  
combination of hybridoma and recom-
binant DnA technologies progressively 
overcame the early therapeutic setbacks of  
murine MAbs. now, advances in molecular 
immunology and genetics enable engineer-
ing of fully human MAbs (Weiner 2006).  
The modular structure of an antibody 
facilitates the engineering of antibodies 
(Figure. 10.1a). Recombinant antibodies  
can be tailored for specific applications and 
linked to cytotoxic agents. The approval in 
1997 by the uS Federal Drug Administration 
(FDA) of the first therapeutic antibody for 
use in oncology (rituximab) boosted the 
development of therapeutic MAbs, which 
now form one of the fastest growing seg-
ments of the pharmaceutical market. This 
overview summarizes the current status of 
antibodies as they apply to passive immu-
notherapy for the treatment of cancer.

 STRuCTuRE OF An AnTIBODy

Antibodies are immunoglobulins (Igs) 
produced naturally by B-lymphocytes in 
response to an antigenic stimulus. Among 
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the five classes of Igs (M, D, E, A, and G) 
present in human serum, Igs of class G (IgG) 
are the most abundant (~75%). Therefore, 
for recombinant antibodies, unless other-
wise defined, the term antibody refers to 
an IgG. The y-shaped IgG molecule is 
an assembly of two light chains (23 Kilo 
Dalton (KD) each) with two heavy chains  
(50–70 KD each) held together through 
both, non-covalent interactions and covalent 
disulfide bridges (Figure. 10.1a). Variable 
regions (Fv), located in the upper part of  
the V, contain the antigen binding sites. 
An Fv is comprised of two variable domains 
(VH and VL), each of which contains three 
hypervariable regions or complementarity 
determining regions (CDRs). The CDRs 

form the antigen-binding pocket and 
constitute the unique binding properties of 
each antibody. The presence of two iden-
tical antigen-binding sites per molecule 
confers bivalency and monospecificity to 
an antibody. The valency determines the 
functional affinity (also called avidity) 
of an antibody. Constant regions, present 
in the lower V and I portions determine 
the IgG subclass or isotype (IgG1- IgG4). 
The light chain determines the IgG type 
(k or l) and subtype (l1–l4). The heavy 
chain constant region is comprised of three  
domains, CH1, CH2, and CH3. A proline 
rich hinge region, between CH1 and CH2 
domains, confers flexibility to the molecule 
(Fig. 10.1a). The CH2 and CH3 domains 

Figure 10.1. IgG and antibody fragments. (a) Structure 
of an IgG. Proteolytic cleavage with papain gener-
ates two monovalent Fab antibody fragments and 
the Fc fragment. Digestion with pepsin leads to a 
bivalent F(ab¢)2 antibody fragment. (b) Structure of 
recombinant antibody fragments. Monovalent scFv 

(25 KD) with VH and VL domains stabilized with 
a linker longer than 12 amino acids (aa); bivalent 
diabody (50 KD) formed by non-covalent associa-
tion of two scFvs with short (£8 aa) inter-domain 
linkers; monovalent Fab (55 KD); and monovalent 
single domain antibody or nanobody (15 KD)
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form the Fc region which upon antigen 
binding by the Fv region, recruits effec-
tor functions by binding to Fc receptors 
(FcgRs) and/or the complement. FcgRs are 
widely distributed on cells of the immune 
system and their binding to the Fc region 
couples the humoral with the cellular 
immune response. n-glycosylation, cru-
cial for effector functions, takes place in 
the CH2 domain. The composition and 
overall structure of antibodies is conserved 
among mammals.

 RECOMBInAnT AnTIBODIES

 Chimeric and Humanized Monoclonal 
Antibodies

Chimeric and humanized MAbs are the 
most common genetically engineered vari-
ants of murine MAbs. Chimeric MAbs 
have variable regions of mouse origin 
and constant regions that are human. 
Humanized MAbs have mouse sequences 
that are limited to the CDRs within the 
variable regions.

 Human Monoclonal Antibodies

There are currently two main routes for 
generating fully human MAbs. One con-
sists of either genetic assembly of human 
Fvs, selected from antibody fragment 
combinatorial libraries, with human IgG 
constant regions or direct selection of 
full length human IgGs displayed on 
bacteria (Mazor et al. 2007). In the other, 
full length human MAbs are developed 
through hybridoma technology, following 
immunization of transgenic mice, geneti-
cally engineered to express human IgGs 
of a given isotype (usually IgG1 and IgG2) 
(Weiner 2006).

 Antibody Fragments

In vitro proteolytic cleavage of an IgG 
with papain results in three fragments: 
two identical fragments of binding antigen 
(Fab) and a crystalizable fragment (Fc). 
The proteolytic action of pepsin leads to 
one bivalent antibody fragment F(ab¢)2 
(Figure. 10.1a). The modular structure of 
antibodies (Figure. 10.1a) facilitates recom-
binant expression of the variable, antigen- 
binding, region independently of the 
constant regions. Recombinant antibody 
fragments may have a variety of different 
sizes and valencies (Holliger and Hudson 
2005). The most widely used fragments 
include: the monovalent single-chain Fv  
(scFv) (25 KD); the monovalent Fab 
(55 KD); the bivalent diabody, a noncova-
lent scFv dimer (50 KD); and the monovalent 
single domain antibody fragment (15 KD) 
(Figure. 10.1b).

The first antibody fragment cloned and 
expressed in E. coli was a single chain Fv  
(scFv) (Skerra and Pluckthun 1988). The 
scFv molecule is typically stabilized by 
joining VH and VL domains with a 15 
amino acids flexible linker ([Gly4Ser]3). 
ScFvs and Fabs are used as building blocks 
to engineer multivalent and/or multispecific 
antibodies (Holliger and Hudson 2005).

 Antibody Fragments Combinatorial 
Libraries

Antibody fragment combinatorial libraries 
provide a way to recreate natural antibody 
repertoires (Hoogenboom 2005). Cloning 
of V genes isolated from B lymphocytes 
of immunized animals, by means of PCR-
based technologies, led to immune combi-
natorial libraries with up to 107 different 
scFvs (diversity) and binding affinities in  
the mM range. naïve combinatorial libraries 
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were subsequently developed by cloning 
of V genes isolated from peripheral blood 
lymphocytes of nonimmunized human 
donors.

Advances in human molecular immu-
nology and recombinant DnA technology  
led initially to the construction of semi-syn-
thetic and eventually fully synthetic antibody 
libraries of larger size: 109–1010; and with 
binding affinities in the nM range. The direct 
linkage between genotype and phenotype, 
via display of scFv on the surface of bacteri-
ophages, was a major breakthrough in recom-
binant antibody technology (McCafferty  
et al. 1990). Phage display is a powerful and  
versatile method that enables the display 
of large collections of antigen-binding 
fragments (scFv, Fab) for the selection 
of antigens of interest specific antibody 
fragments. Display technologies have been 
expanded to display on yeast, ribosome and  
bacteria and adapted to high-throughput 
screening of antibody fragment combinato-
rial libraries. Display methods, particu-
larly ribosomal display, are also used for 
affinity maturation of antibodies. Antibody 
fragment combinatorial libraries are plat-
forms for the discovery of new antibodies  
(Hoogenboom 2005). Another recent break-
through in recombinant antibody technol-
ogy is the display of full length human IgGs 
on bacteria (Mazor et al. 2007).

 PHARMACOKInETICS  
OF AnTIBODIES

The structure of antibodies determines 
their pharmacokinetics. MAbs licensed for 
use in oncology are usually administered 
intravenously for rapid and systemic deliv-
ery into the blood circulation at high con-
centrations and in relatively large volumes.  
Oral delivery of therapeutic proteins is 

more challenging because of acidic pH and 
proteolysis encountered in the gastrointes-
tinal tract, and the limited diffusion of large 
molecules through the gastrointestinal epi-
thelium. A prerequisite for a therapeutic 
antibody is a prolonged (several days to 
weeks) circulation time in the blood. IgGs, 
that have a substantial longer serum half-
life (23 days) than other classes of Igs, 
meet that condition naturally. While all Igs 
are large molecules (³150 KD) and, there-
fore, are not eliminated through glomerular 
filtration in the kidneys, only IgGs can be 
recycled following endocytosis. The CH2 
domain of the Fc region of IgGs carries the 
binding site for the neonatal Fc receptor 
(FcRn), primarily expressed on vascular 
endothelial cells. Following endocytosis, 
FcRn bound IgGs are exported into the 
interstitial space of tissues, while free Igs 
undergo degradation.

There are two major factors that influence 
blood clearance of IgGs: the affinity for  
FcRn and the nature of and the affinity  
for their specific target antigens. Additional 
factors include their immunogenicity, the 
degree and nature of their glycosylation 
and their susceptibility to proteolysis. 
Recombinant antibody fragments, such as 
scFvs (25 KD) and Fab (55 KD), that lack 
a FcRn binding site and have molecular  
weights below the glomerular filtration 
threshold (~70 KD), are eliminated from 
the blood, usually within hours. Serum 
half-lives of antibody fragments can be  
increased through PEGylation. The hydro-
philic nature of polyethylene glycol (PEG) 
is exploited to enlarge the size of cova-
lently attached small molecules (Chapman 
2002).

The distribution of antibodies within 
tissues is dependent on their extravasation, 
which occurs primarily via convective 
transport and pinocytosis (Lobo et al. 2004).  
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The blood-tissue hydrostatic gradient drives  
convective transport, resulting in fluid 
movement from the blood to the interstitial 
space of tissues. Antibodies penetrate 
cells via pinocytosis by one of two mecha-
nisms: binding to a receptor (FcgRs and 
antibody bound membrane antigen) or 
fluid phase endocytosis, believed to be the 
main route for internalization of antibod-
ies into vascular endothelial cells.

Size, affinity, and valency are major 
parameters that influence the distribution 
of antibodies within tissues. An scFv,  
~ sixfold smaller than an IgG, is more 
readily transported by convection. But 
because valency prevails over size for tar-
geting solid tumors (Adams et al. 2006b), 
for therapeutic applications a large biva-
lent MAb is a better choice over a small 
monospecific antibody fragment.

 TuMOR AnTIGEnS

Tumor antigens are usually proteins or 
polysaccharides. Initially, tumor antigens 
were called tumor specific transplantation 
antigens because mice pre-exposed to irra-
diated cancer cells from a transplantable 
cell line were immune to transplanted tumor 
cells from that same line. Subsequently, tumor 
antigens were called tumor-associated 
antigens (TAAs) to account for the fact that 
they were not necessarily tumor specific 
but that their expression, overexpression or 
modification is associated with cancer. The 
identification of TAAs boomed following 
the development of the mouse hybridoma 
technology (Kohler and Milstein 1975). 
TAAs were often named after the MAbs 
that led to their identification, for exam-
ple: CA15-3, CA19-9, DF3 and 17-1A 
antigens. Therefore, the same TAA has  
sometimes multiple names because each 

laboratory was using its own murine MAb.  
The best example for this is mucin 1 (MuC1) 
also known as polymorphic epithelial 
mucin (PEM), polymorphic urinary mucin 
(PuM), episialin, DF3 antigen, epithelial 
membrane antigen (EMA), and CA15-3.

The development of molecular biology led 
to the molecular characterization of TAAs 
and the discovery of new target antigens 
for MAbs present on malignant or vascular 
endothelial cells. Tumor antigens are now 
referred to as tumor specific antigens (TSA). 
The national Institute for Health (nIH) 
defines a TSA as a protein or other molecule 
that is unique to cancer cells, or is much more 
abundant in them. These molecules are usu-
ally found on the outer plasma membrane, 
and are thought to be potential targets for 
immunotherapy or other types of anticancer 
treatment. Examples of TSAs include glyco-
proteins such as MuC1, MuC16 (CA19-
9), prostate membrane specific antigen 
(PMSA), carcinoembryonic antigen (CEA), 
alpha-fetoprotein (AFP), epithelial cell adhe-
sion molecule (17-1A antigen or Ep-CAM), 
CD20, and receptors such as HER-2 and the 
epidermal growth factor receptor (EGFR). 
Expression of TSAs on normal cell can be 
specific to a developmental stage (CEA and 
AFP are expressed in the developing fetus) 
or to a certain level of cell differentiation 
(CDs on cells of lymphoid origin). The 
search for new cancer biomarkers may lead 
to TSAs strictly expressed on cancer cells 
(Shoshan and Admon 2007).

 MAnuFACTuRInG 
OF THERAPEuTIC 
MOnOCLOnAL AnTIBODIES

Monoclonal antibody therapies usually 
require high doses over a long period 
of time, necessitating large amounts of 
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purified product per patient. Therapeutic 
MAbs are produced in mammalian cell 
lines in order to best reproduce the gly-
cosylation pattern of natural IgGs, that 
is critical for effector functions, and for 
avoiding wrong sugar motifs that could 
be immunogenic. Chinese hamster ovar-
ian (CHO) and murine myeloma (nSO, 
SP2/0), are the most widely used cell lines. 
Protein production in mammalian cells has 
a number of drawbacks including low titer 
protein, long fermentation times, hetero-
geneous glycoproteins, viral contamina-
tion issues, and high cost. An individual 
MAb may cost up to uS$100–1000/g 
to manufacture, compared to as little as 
uS$5 for a small molecule kinase inhibitor 
(Tanner 2005).

Cost effective production alternatives 
are being explored. Potential bioreactors 
include milk and eggs of transgenic ani-
mals, and plants. Conservation of gly-
cosylation patterns between birds and 
humans is an advantage in the use of 
transgenic hens. unfavorable glycosyla-
tion patterns prevent the use of robust 
industrial fermentation organisms, such as 
yeast and filamentous fungi, even though 
they have the advantage of growth to high 
cell density in chemically defined media. 
This hurdle is fading with the genetic 
engineering of human-like glycosylation 
pathways into lower eukaryotes. IgG mol-
ecules with specific and homogeneous 
human n-linked glycans were recently 
produced in engineered strains of the yeast 
Pichia Pastoris (Lazar et al. 2006).

Therapeutic MAbs are purified from cell 
culture supernatants. The purity of each 
MAb product is subject to strict regula-
tions. Purification processes are designed 
to remove viruses, endotoxins, aggregates, 
host cell proteins, and DnA from the MAb 

product. Typically three chromatography 
steps are involved in the purification proc-
ess of a MAb. Viral inactivation, using low 
pH or detergents, is an additional step in 
that process. The first step usually consists 
of affinity chromatography on protein A. 
However protein A, an immunotoxin that 
binds to the Fc region of MAbs, tends to  
leach into the product and, therefore, must  
be removed during the downstream pro-
cessing. The second step depends on 
the MAb and can include hydrophobic 
interaction, hydroxyapatite, and cation 
exchange chromatography. The third step 
is anion exchange chromatography for  
removal of endotoxins, DnA and retro-
viruses. Licensed MAbs are produced 
in amounts of hundreds of kilograms 
(Carson 2005).

 MECHAnISMS OF ACTIOn 
OF THERAPEuTIC 
MOnOCLOnAL AnTIBODIES 
(PHARMACODynAMICS)

unconjugated or naked MAbs promote 
cell death by two basic mechanisms 
involving different parts of their structure. 
Cell death can be triggered upon binding 
of the Fv region to a cell membrane anti-
gen. Therapeutic MAbs can block ligand-
receptor interactions that result in the 
disruption of a signaling cascade or trigger 
an intracellular signal such as apoptosis 
(Figure. 10.2). Alternatively, the Fc region 
of a MAb with a bound Ag can induce cell 
death by activation of other components 
of the immune system through antibody 
dependent cellular cytotoxicity (ADCC) 
and complement dependent cytotoxicity 
(CDC) (Figure. 10.2a).
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Figure 10.2. Mechanisms of action of therapeutic 
MAbs. (a) Rituximab. This anti-CD20 chimeric IgG1 
kills cells by mediating effector functions and trig-
gering apoptotic cell death upon binding with its Fv 
to multiple CD20 antigens present on the surface of 
B lymphocytes. Binding of natural killer (nK) cells 
and the C1q protein to its Fc region activate ADCC 
and CDC respectively. (b) Bevacizumab. By bind-

ing VEGF with higher affinity, this humanized IgG1 
prevents the binding of VEGF, produced by hypoxic 
tumor cells, to VEGF receptors (VEGFRs) present 
on the surface of vascular endothelial cells. In the 
absence of bevacizumab, VEGF binds to VEGFRs 
and stimulates the formation of new blood vessels 
(a). In the presence of bevacizumab, the formation 
of new blood vessels is inhibited (b)
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In ADCC, the antigen–antibody complex 
binds to Fc gamma receptors (FcgRs) present 
on effector cells, such as macrophages and 
natural killer cells, which eliminate the tar-
get cells through lysis or opsonization.

Humans have three classes of FcgRs. 
FcgRI (CD64), FcgRII (CD32) and FcgRIII 
(CD16) that differ in their affinity for 
IgGs. FcgRI is a high affinity receptor that 
preferably binds to IgG1 and IgG3, while 
FcgRII and FcgRIII are medium to low 
affinity receptors. FcgRII and FcgRIII have 
subtypes A and B; FcgRIIA and FcgRIIIA 
have two and three allotypes respectively. 
The different FcgRs allotypes vary in their 
ability to bind IgGs and to trigger ADCC. 
FcgRI, FcgRIIA, FcgRIIIA, and FcgRIIIB 
are stimulatory receptors and promote 
ADCC, while FcgRIIB is an inhibitory 
receptor and downregulates ADCC. FcgRs 
are expressed differentially on effector 
cells: natural killer cells, believed to be the 
main effector cells in ADCC, express only 
FcgRIIIA; macrophages express FcgRI, 
FcgRIIA, FcgRIIIA, and FcgRIIB; neu-
trophils express FcgRI, FcgRIIA, FcgRIIIb, 
and FcgRIIB (Clark 1997).

In CDC, the antigen–antibody complex 
activates the complement system that leads 
to lysis of the target cells (Fig. 10.2a). IgG 
isotypes 1 and 3 are the most effective in 
activating complement while isotype 4 is 
inactive. Glycosylation at the highly con-
served Asn 297 within the CH2 domain of 
IgGs (Fig. 10.1) is critical for ADCC and 
CDC (Clark 1997). The IgG1 is the best 
choice of IgG isotype for a therapeutic 
MAb expected to promote cell death via 
ADCC and CDC in humans. Conversely, 
IgG2 and IgG4 are best when effector 
functions are unwanted. In humans, the 
occurrence of ADCC and CDC requires a 
minimum level of antigen on target cells 

and the presence of FcgRs with good affinity 
for the Fc region of the MAb. The demon-
stration that the engagement of FcgRs on 
effectors cells is a dominant component of 
the in vivo activity of antibodies against 
tumors prompted the genetic engineer-
ing of the Fc region of MAbs in order to 
improve their efficacy (Presta 2006).

The payload of MAbs chemically or 
genetically engineered into immunocon-
jugates with killing functions determines 
their mechanisms of action (Wu and Senter 
2005). Radioimmunoconjugates formed by 
chemical attachment of radionuclides with 
high linear energies such as beta (131I, 90y) 
or alpha (213Bi, 211At) emitters can cause 
DnA strand breaks and other effects result-
ing in cell death. Radioimmunoconjugates 
are attractive for their “bystander” effect 
that kills cells nearby targeted cells, but 
the systemic exposure of normal tissue to 
radiation is not.

Drug and toxin immunoconjugates are 
highly potent inhibitors of vital intracel-
lular processes and ultimately lead to cell  
death. However, unlike radioimmunocon-
jugates, drug or toxin immunoconjugates 
have to deliver their lethal cargo inside 
tumor cells for activation of the drug or toxin 
through release from its carrier. Therefore, 
the targeting MAbs of these conjugates 
should be efficiently internalized into the 
targeted cells. Drug immunoconjugates 
include chemical conjugation of MAbs 
with inhibitors of tubulin depolymeriza-
tion (maytansinoids and auristatin) and 
catalyst of DnA double strand breaks (cal-
cheamicin). Toxins of plant (ricin) or bac-
teria (Pseudomonas exotoxin A), which 
are very potent inhibitors of protein syn-
thesis, have been used for the production 
of immunotoxins as fusion proteins that 
have variable degrees of immunogenicity.
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 TOxICITIES ASSOCIATED 
WITH THERAPEuTIC 
MOnOCLOnAL AnTIBODIES

For FDA approval, efficacy and limited 
toxicity of a MAb must be demonstrated 
in patients during consecutive clinical trial 
phases (i.e., I–III and sometimes IV). 
usually, phase I addresses tolerated dose 
and pharmacokinetics in 30–40 healthy 
volunteers or patients; phase II evaluates 
efficacy in 100–300 patients at multiple 
clinical sites; and phase III further evalu-
ates efficacy and safety in 1,000–3,000 
patients. Toxicity of therapeutic MAbs can 
have multiple causes. For unconjugated 
MAbs, primary causes are immunogenic-
ity of recombinant MAbs and presence 
of the target antigen on normal cells and 
tissues. Because immune responses of 
patients against murine, chimeric, and 
humanized MAbs are more likely to occur 
after repeated administrations, these MAbs 
are usually subjected to a treatment time 
limit in patients who show benefit. This is 
no longer the case for panitumumab, the 
only fully human MAb currently approved 
for cancer treatment, on the condition 
that no other unacceptable toxicities arise. 
Toxicities associated with the presence of  
the target epitope on normal cells or tissues  
are exemplified by trastuzumab. Clinical 
trials showed that the major toxicity asso-
ciated with this MAb is an increased risk  
of developing cardiac dysfunction, enhanced 
in patients concurrently treated with anthra-
cycline, a known cardiotoxic drug. An 
understanding of the cardiac toxicity asso-
ciated with trastuzumab was gained from 
studies in HER-2, HER-4 and neuregulin 
knockout mice; neuregulin activation of 
the HER-4/HER-2 receptor complex is 
a crucial step in cardiac development. 

Radioimmunoconjugates are subject to 
dose limitation imposed by the radiation 
toxicity to the bone marrow. Pretargeting 
approaches, that consist of dissociation of 
the targeting and toxicity delivery phases 
in order to reduce the toxicity to normal 
tissues, are under preclinical and clinical 
investigation (Goldenberg and Sharkey 
2007).

Adverse events associated with cur-
rently approved MAbs include skin toxic-
ity (rituximab, cetuximab, panitumumab), 
bleeding, thromboembolic events, pro-
teinuria and hypertension (bevacizumab),  
neutropenia, thrombocytopenia and 
hepatic toxicity (90y-ibritumomab tiuxetan, 
131I-tositumomab, gemtuzumab ozogamicin) 
and myelosuppression (90y-ibritumomab 
tiuxetan, 131I-tositumomab).

The development of more potent, fully 
human MAbs against target antigens that 
are well characterized molecularly and 
functionally should contribute to toxicity 
reduction. Further reduction of toxicity 
could be achieved through the applica-
tion of personalized medicine, where the 
selection of a treatment is based on geno-
typic and/or proteomic information of 
each patient (Simon 2006). Currently, 
mandatory screenings are in place only 
for patients considered for radioimmuno-
therapy and trastuzumab therapy.

 THERAPEuTIC MOnOCLOnAL 
AnTIBODIES CuRREnTLy 
LICEnSED

As of July 2007, a total of nine MAbs have 
FDA approval for the treatment of cancer: 
five of them are directed toward hemato-logic 
malignant neoplasms. Passive immuno- 
therapy of solid tumor malignancies, 
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which represent ~90% of cancers, is more 
challenging because the ability of a sys-
temically delivered MAb to reach its target 
antigen is influenced by its extravasa-
tion from the vasculature, tumor vascu-
larization, lymphatic drainage, and tumor 
interstitial pressure. Because an estimated 
0.001–0.001% of a systemically adminis-
tered dose of MAb accumulates in solid 
tumors, higher doses of MAb, potentially 
leading to increased toxicity, are required 
for the treatment of solid tumors.

 Anti-CD20 Monoclonal Antibodies

The CD20 antigen is expressed on the 
surface of normal B-lymphocytes and on 
95% of B-cell lymphomas. Rituximab 
(Mabthera®/Rituxan®; IDEC/Genentech/
Roche) is the first anticancer MAb to 
receive FDA approval. In 1997 rituxi-
mab, a chimeric IgG1, was approved for 
the treatment of patients with relapsed or 
refractory B-cell lymphoma, low grade 
or follicular, non-Hodgkin’s lymphoma 
(nHL). This was based on a phase II trial 
where 166 patients who had relapsed low 
grade lymphoma after many previous treat-
ments were given rituximab once a week 
for 4 weeks: 48% of patients responded 
with a median response of 12 months and 
6% of them had a complete response (CR) 
(McLaughlin et al. 1998). In 2001, the use 
of rituximab was approved for retreatment 
of patients who have relapsed because 
retreatment of previous responders showed 
that 40% had a second response with a 
median response of 12 months (Davis et al. 
2000). The observation that in comparison 
to chemotherapy alone the combination 
of rituximab and chemotherapy yielded 
higher CR rates was followed in 2006, by 
the approval of rituximab in combination 

with chemotherapy in first line treatment 
of diffuse large B cell nHL. In 2006, 
rituximab was also approved in combi-
nation with chemotherapy for first line 
therapy of patients with follicular nHL 
and for the treatment of low grade nHL in 
patients with stable disease who achieve 
a partial or complete response following 
first line treatment with chemotherapy.

Rituximab sensitizes cells to chem-
otherapy and mediates cell killing via 
ADCC and CDC, and apoptosis induced 
by crosslinking of CD20 at cell surfaces 
(Fig. 10.2a) (Johnson and Glennie 2003). 
Approximately, half of the patients treated 
with rituximab alone do not respond to treat-
ment, and a subset of responsive patients 
acquires resistance to further treatment. 
An understanding of mechanisms under-
lying resistance to rituximab is emerging  
(Bonavida 2007). In the footsteps of 
rituximab and its therapeutic success, two 
other anti-CD20 MAbs were developed as  
radioimmunoconjugates in order to enhance 
the killing of tumor cells. In 2002 and 2003, 
90Y-ibritumomab tiuxetan (Zevalin®; 
IDEC/Schering AG) and 131I-tositumomab 
(Bexxar®; Corixa), respectively, received 
FDA approval for radioimmunotherapy of 
nHL patients either relapsed or refractory 
to chemotherapy and rituximab. These 
are the only fully murine MAbs licensed; 
90y-ibritumomab tiuxetan is an IgG1 and 
131I-tositumomab is an IgG2. The manda-
tory biodistribution and toxicity evalu-
ations in each patient prior to treatment 
are performed by the administration of an  
imaging dose of 111In-ibritumomab tiux-
etan or 131I-tositumomab. Phase III clinical tri-
als showed that in comparison to rituximab 
or chemotherapy, the enhanced targeted 
cytotoxicity provided by these radioim-
munoconjugates resulted in significantly 
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higher overall and complete responses 
(Denardo 2005).

 Anti-CD33 Monoclonal Antibody

The CD33 antigen is a sialoadhesin 
expressed on the surface of B or T lym-
phocytes and overexpressed in about 90% 
of patients with acute myeloid leuke-
mia (AML). Gemtuzumab ozogamicin 
(Mylotarg®; Celltech/Wyeth) is an anti-
CD33 humanized IgG4 chemically conju-
gated to calicheamicin, a potent antitumor 
drug. Calicheamicin becomes active once 
released from the internalized immuno-
conjugate and kills cells by cleaving dou-
ble stranded DnA. A phase II study of 
gemtuzumab ozogamicin, in 142 patients 
with CD33 positive AML at first relapse, 
demonstrated a 29% response rate (com-
plete response 16%; partial response 13%) 
(Sievers 2001). Consequently, gemtuzu-
mab ozogamicin received FDA approval in 
2000 for the treatment of AML in patients 
older than 60 years old. Gemtuzumab ozo-
gamicin is the only licensed antibody-drug 
immunoconjugate.

 Anti-CD52 Monoclonal Antibody

The CD52 antigen is a 25 KD glyco-
protein highly expressed on the surface 
of normal and malignant B and T lym-
phocytes but not on hematopoietic stem 
cells. Alemtuzumab (Campath-1; ILEx) 
is a humanized IgG1 with efficacy in the 
treatment of chronic lymphocytic leukae-
mia (CLL). In a multicenter clinical trial, 
93 patients with fludarabine resistant B 
cell CLL were given increasing doses 
of alemtuzumab three times a week for 
a maximum of 12 weeks. The response 
rates after treatment were 33% (complete 
response, 2%; partial response 31%), with 

median survival times doubling from 16 
to 32 months in patients who responded 
to the treatment (Keating et al. 2002). 
Alemtuzumab received FDA approval in 
2001 for the treatment of patients with 
chemotherapy resistant B cell CLL.

 Anti-HER-2 Monoclonal Antibody

The human epidermal growth factor recep-
tor 2 (HER-2 or ErbB2) is a member of the 
epidermal growth factor receptor (EGFR) 
or HER family of receptor tyrosine kinases. 
unlike other family members, HER-2 lacks 
a cognate ligand and mediates lateral sign-
aling to other HER receptors by forming 
heterodimers with them. Overexpression 
of HER-2, with subsequent constitutive 
kinase activation, is associated with a more 
aggressive malignant phenotype and occurs 
in ~20–30% of human breast cancers, 
and other cancers including non-small-cell 
lung cancer (nSCLC), ovarian and prostate 
cancers.

Trastuzumab (Herceptin™; Genentech), 
a humanized anti-HER-2 IgG1 (Carter 
et al. 2000), is the first MAb for the treat-
ment of solid tumor malignancies, as well 
as the first humanized MAb to receive 
FDA approval. In 1998, trastuzumab was 
approved for use in patients with meta-
static breast cancer whose tumors overex-
press HER-2. Trastuzumab is indicated for 
treatment of patients both, in first line ther-
apy in combination with paclitaxel and as 
a single agent in second and third line ther-
apy. HER-2 overexpression for eligibility 
for trastuzumab is tested either by immu-
nohistochemistry (IHC) or fluorescence in 
situ hybridization (FISH). In the original 
phase III study, patients with untreated 
metastatic breast cancer, screened by IHC 
for HER-2 overexpression, received 
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either trastuzumab in combination with 
chemotherapy (anthracycline plus phos-
phamide or taxane) or chemotherapy alone 
every 3 weeks. The combination treat-
ment achieved a higher response (50% 
versus 32%), a longer median duration of 
response (9.1 versus 6.1 months) and a 
better overall median survival (25.1 versus 
20.3 months) (Slamon et al. 2001).

Because cardiac dysfunction occurred 
in 27% of the anthracycline and cyclo-
phosphamide plus trastuzumab treated 
group compared with 8% of the group 
given anthracycline and cyclophospha-
mide alone, antracycline has been replaced 
with doxorubicin or paclitaxel. In 2006, 
trastuzumab was approved in combination 
with chemotherapy for adjuvant treatment 
of patients with HER-2 overexpressing, 
node-positive breast cancer. In the preced-
ing phase III trial with HER-2 positive early 
stage invasive breast cancer in women 
who had completed surgery with or with-
out radiotherapy, at least four courses of 
chemotherapy, and adjuvant treatment with 
trastuzumab, showed an absolute benefit in 
terms of disease free survival at 2 years of 
8.4% (Piccart-Gebhart et al. 2005).

Trastuzumab kills targeted cell in humans 
by a variety of mechanisms that include: 
increased internalization rate of trastuzu-
mab bound HER-2, resulting in reduction 
or interruption of downstream signaling 
leading to cell cycle arrest and apoptosis; 
inhibition of angiogenesis by reduction 
of angiogenic factors such as VEGF; and 
possibly ADCC and CDC (nahta and 
Esteva 2007). Resistance to trastuzumab 
has been observed in patients within a 
year of treatment. An understanding of 
the molecular mechanisms implicated in 
the resistance to trastuzumab is emerging 

and will have important implications on 
trastuzumab therapy strategies (nahta and 
Esteva 2007).

 Anti-EGFR Monoclonal Antibodies

The epidermal growth factor receptor 
(EGFR, also known as ErbB1 or HER1) 
is another member of the EGFR family of 
receptor tyrosine kinases. EGFR is over-
expressed in numerous epithelial cancers 
including head and neck, breast, colon, 
lung, kidney, prostate, brain, bladder and 
pancreas (Kim et al. 2001). Overexpression 
of EGFR by malignant cells is associated 
with poor prognosis and metastatic spread. 
up to 85% of patients with colorectal can-
cer (CRC) overexpress EGFR. Cetuximab 
and panitumumab are two anti-EGFR 
MAbs currently approved by the FDA for 
treatment of metastatic CRC (mCRC).

Cetuximab (Erbitux®; ImClone/Bristo-
Miers Squibb) is a chimeric IgG1 that 
binds to the extracellular domain of EGFR 
with higher affinity than its natural ligands. 
Binding of cetuximab induces receptor 
internalization and reduction of the level 
of EGFR expressed on the cell surface, 
consequently blocking the EGFR signal 
transduction pathway (Kim et al. 2001). 
Cetuximab exerts its antitumor activity 
through inhibition of cell proliferation 
by inducing cell cycle arrest, apoptosis, 
and possibly triggering ADCC and CDC 
(Mendelsohn 2002). In 2004, cetuximab 
received FDA approval for the treatment 
of EGFR positive mCRC in combination 
with irinotecan for patients who are refrac-
tory to irinotecan, or as a single agent for 
patients unable to tolerate irinotecan-based 
chemotherapy. In the phase II trial that led  
to its approval, cetuximab demonstrated 
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activity as a single agent with an overall  
response rate (ORR) of 11% and in com-
bination with irinotecan chemotherapy 
with an ORR of 23% in patients with 
irinotecan refractory advanced stage CRC 
(Cunningham et al. 2004). In 2006, cetuxi-
mab was approved for the treatment of 
locally or regionally advanced squamous 
cell carcinoma of head and neck (SCCHn) 
in combination with radiation therapy. This 
is based on a phase III study, which showed 
a median duration of overall survival of 
49 months among patients who received 
the combined therapy as opposed to 29.3 
months for patients who received radia-
tion therapy only (Bonner et al. 2006). 
Cetuximab is also approved for mono-
therapy in patients with recurrent or meta-
static SCCHn refractory to chemotherapy.

Panitumumab (Vectibix®; Abgenix/
Amgen) is a fully human IgG2. This first fully 
human MAb, developed via xenomouse® 
technology (yang et al. 2001), has reduced 
antigenicity in comparison to mouse and 
chimeric MAbs. Panitumumab with high 
affinity (KD = 5 × 10−11 M) and specificity 
for EGFR is more potent than cetuximab 
(50% lower inhibitory concentration). A 
phase III study compared the efficacy and 
safety of panitumumab plus best supportive 
care (BSC) to BSC alone in 463 patients 
with EGFR positive mCRC, who had pro-
gressed on standard chemotherapy. Patients 
treated with panitumumab had a median 
progression free survival of 8 weeks and 
an overall response rate of 10% compared 
to 7.3 weeks and 0%, respectively, for 
patients who received BSC alone (Van 
Cutsem et al. 2007). Panitumumab received 
FDA approval in 2006 for the treatment of 
mCRC of patients who have progressed on 
chemotherapy.

 Anti-VEGF Monoclonal Antibody

VEGF is one of the most important ang-
iogenic growth factors known to regulate 
angiogenesis. This factor is secreted by 
hypoxic cells, such as cells within solid 
tumors, to stimulate new blood vessel 
formation by binding to VEGF receptors 
on nearby endothelial cells (Ferrara 2002). 
Bevacizumab (Avastin®; Genentech) is a 
humanized IgG1 that prevents binding of 
all isoforms of VEGF-A to VEGF recep-
tors. The inactivation of VEGF leads to 
normalized tumor vessels and decreased 
interstitial pressure, thereby enabling more 
efficient delivery of chemotherapy to tumor 
cells (Fig. 10.2b). The outcome of a phase 
III study led to FDA approval of bevaci-
zumab in 2004 in first line treatment of 
mCRC, in combination with intravenous 
fluoropyrimidine chemotherapy. In this 
study conducted with previously untreated 
patients with advanced CRC, patients 
who received bevacizumab plus stand-
ard chemotherapy had longer progression 
free survival (10.6 versus 6.2 months) 
and survived longer (20.3 versus 15.6 
months) than those who received chemo-
therapy alone plus placebo (Hurwitz et al. 
2004). In 2006, bevacizumab received 
FDA approval for second line therapy of 
mCRC in combination with intravenous 
fluoropyrimidine chemotherapy. In 2006, 
the FDA also approved the use of bevaci-
zumab in combination with chemotherapy 
in first line treatment of patients with unre-
sectable, locally advanced, recurrent or 
metastatic non-squamous, non-small cell 
lung cancer (nSCLC). Genentech plans 
to seek FDA approval for bevacizumab 
in first line treatment of metastatic breast 
cancer and renal cell carcinoma.
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 THERAPEuTIC MOnOCLOnAL 
AnTIBODIES AnD 
AnTIBODy TARGETED 
THERAPEuTICS unDER 
InVESTIGATIOn

 Clinical Evaluation

Studies of the process of clinical develop-
ment and approval of biopharmaceuticals, 
including recombinant MAbs, indicate 
trends towards longer clinical and approval 
phases. The mean clinical development 
and approval times for new biopharmaceu-
ticals were 68.0 and 15.9 months, respec-
tively, between 1996 and 2000, and 83.0 
and 18.5 months, respectively, between 
2001 and 2005 (Reichert 2006).

Over 1,000 studies evaluate new appli-
cations of previously approved or new 
MAbs in the clinic (www.clinicaltrial.
gov, July 2007). The efficacy of previ-
ously approved MAbs, particularly those 
that target signal transduction pathways, 
is being investigated in other therapeutic 
settings and tumor types. The benefit of 
simultaneously targeting several signaling 
pathways with a combination of MAbs 
or MAbs and small targeting drugs is 
under evaluation. Targeting several signal-
ing pathways is anticipated to yield higher 
efficacy by overcoming intrinsic and treat-
ment-induced resistance of cancer cells 
(Duesberg et al. 2007). An estimated 85 
new MAbs are at various stages of clinical 
investigation (Reichert and Valge-Archer 
2007). Five among them were chosen to 
illustrate trends of MAbs in development.

 Variation on a Clinically Proven Target

Pertzumab (Omnitarg®; Genentech) is a 
humanized IgG1, which like trastuzumab, 
targets HER-2 but at a different epitope 

of its extracellular domain. Pertuzumab 
sterically disrupts HER-2 heterodimeri-
zation with other HER family members, 
thus preventing lateral signal transduction  
(Adams et al. 2006a). Pertuzumab is the 
first of a new class of agents known 
as HER dimerization inhibitors (HDIs). 
A phase II study is currently recruiting 
patients to evaluate the efficacy of combin-
ing trastuzumab with pertuzumab in the 
treatment of patients with unresectable, 
locally advanced or metastatic breast 
cancer that did not respond to previous 
treatment with trastuzumab.

 Building on Characterized Murine 
Monoclonal Antibodies

WX-G250 (Rencarex®; WILEx) is a 
chimeric IgG1 that binds to carbonic 
anhydrase Ix (G250/Mn), which is present 
on >95% of renal cell carcinomas (RCCs) 
of the clear cell subtype. The cell killing  
mechanism of Wx-G250 is ADCC. 
Wx-G50 is being assessed for adjuvant 
therapy of patients with non-metastatic 
renal cell cancer in a phase III trial.

 Human Monoclonal Antibodies Against New 
Targets and with Innovative Mechanisms 
of Action

CP675, 206 (Pfizer) is a fully human 
anti-CTLA4 MAb generated by using 
the xenomouse technology. CP-675, 206 
downregulates T lymphocytes by blocking 
the binding between antigen 4 on cyto-
toxic T lymphocytes and B7 on antigen 
presenting cells. This is believed to help 
the immune system to seek out and destroy 
tumors. A phase III study, in patients with 
surgically incurable metastatic melanoma 
who have received no prior chemotherapy,  
or biochemotherapy for the treatment of 
metastatic disease, is comparing overall  
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survival for patients with advanced 
melanoma who receive CP-675, 206 ver-
sus patients who receive chemotherapy.

The engagement of cellular immunity for 
tumor elimination could also be achieved 
by using bispecific antibodies to physically 
crosslink T cells with tumor cells. To this 
end, bispecific T cell engager molecules 
(BiTEs) are thought promising for over-
coming the limitations encountered in the 
development of bispecific antibodies dur-
ing the past 20 years (Wolf et al. 2005).

Mapatumumab (HGS-ETR1, TRM1) 
and lexatumumab (HGS-ETR2) (Human 
Genome Science) are fully human MAbs 
with high affinity for the death receptors 
TRAIL-R1 (DR4) and TRAIL-2 (DR5), 
respectively. These receptors transduce 
apoptotic signals upon ligand binding. 
Preferential expression of TRAIL-R1 and 
TRAIL-R2 on a wide range of malignant  
cells makes them attractive targets. 
Mapatumumab and lexatumumab, are 
agonist MAbs: rather than blocking they 
initiate a signal that activates the extrinsic 
apoptotic pathway that leads to cell death, 
independently of the p53 status of the tar-
geted cells. These agonist MAbs compete 
with the natural ligand, TRAIL, for binding 
to their cognate receptors. Phase II studies 
of mapatumumab in patients with relapsed 
or refractory nHL and relapsed or refrac-
tory nSCLC are ongoing. A phase I trial is  
evaluating the side effects and best dose of  
lexatumumab in treating young patients with 
solid tumors or lymphoma who have relapsed 
or not responded to previous treatment.

 Preclinical Evaluation

In the laboratory, the fast developing 
field of cancer nanotechnology is the 
most notable. nanoparticles are colloidal 

particles of submicronic size that can be 
manufactured from a variety of materials 
such as proteins, lipids, polymers, metals, 
and semi-conductors (Wang et al. 2007). 
nanoparticles have two major attributes: 
versatility and passive targeting. Protein, 
liposomes and polymeric nanoparticles 
can be designed for drug and gene delivery, 
even across the blood brain barrier, while 
metallic and semi-conductor nanoparticles 
have imaging and hyperthermic properties 
that can be applied to imaging and killing 
of tumor cells. nanoparticles accumulate 
passively in tumors due to the enhanced 
permeability and retention (EPR) effect, 
created in solid tumors by their fenestrated 
vasculature and poor lymphatic drainage.

Active targeting of nanoparticles, 
achieved by conjugating to their surfaces 
ligands that target tumors, can enhance 
their passive targeting. Antibodies are the 
most widely studied ligands for target-
ing nanoparticles. An immunonanoparticle 
is yet another form of immunoconjugate 
or antibody with a payload. The antigen-
binding function provided by recombinant 
antibody fragments, such as scFvs, is well 
suited for targeting nanoparticles. In com-
parison to MAbs, the small size of scFvs is 
less likely to interfere with the distribution 
of the nanoparticles within tissues while  
their lack of Fc prevents activation of effec-
tor functions that can lead to faster clearance 
of the targeted nanoparticles from the body. 
Monovalency of scFvs is also no longer an 
issue in nanocarrier systems. The attach-
ment of scFvs at high density to nanopar-
ticles provides multivalency for improved 
functional affinity as well as options for 
multispecifity. In addition, for immunona-
noparticles that deliver drugs within a cell, 
scFvs that become efficiently internalized 
can be directly selected from phage display 
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libraries. Anti-HER-2 and anti-EGFR scFv 
targeted liposomes were used successfully 
to target various drugs to tumors and had 
higher anti-tumor efficacy than non-targeted 
liposomes (Drummond et al. 2005).

In conclusion, clinical benefit and mar-
ket potentials are the driving forces behind 
antibody-targeted therapies in the treat-
ment of cancer, despite their high cost. 
The observation that no MAbs are used for 
first line monotherapy indicates that pas-
sive immunotherapy alone is useful when 
the tumor mass is reduced, either by other 
therapies or because of early diagnosis. 
The efficacy of therapeutic MAbs needs 
to be improved. This is likely to happen 
because three powerful factors are con-
verging to support the emergence of thera-
peutic antibodies that are more potent and 
effective: a clinical imperative to achieve a 
better outcome for patients; the availability 
of established and emerging technologies 
to improve antibody performance; and 
the commercial drive to compete (Carter 
2006). In any case, the future looks bright 
for antibodies in the treatment of cancer.
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Incorporating Pharmacogenomics  
into Cancer Therapy
Wooin Lee and A. Craig Lockhart

InTroDuCTIon

Heritable variations in genes associated 
with drug disposition and effects (i.e., 
drug metabolism, transport, and thera-
peutic target) contribute to individual het-
erogeneity in drug treatment response and 
tolerance. The terms pharmacogenetics or 
pharmacogenomics, which are often used 
interchangeably, refer to the study of how 
an individual’s genetic inheritance affects 
the body’s response to drugs and the use 
of this genetic information to predict the 
safety, toxicity, and/or efficacy of drugs in 
individual patients or groups of patients. In 
some cases, the term “pharmacogenetics” 
is used to refer to the study of differing 
phenotypes in association with a single 
gene or set of candidate genes and the term 
“pharmacogenomics” is used to refer to 
genome-wide approaches for identification 
or discovery of the genetic factors deter-
mining differing phenotypes. Throughout 
this chapter, the term “pharmacogenomics”  
will be used in reference to this scientific  
discipline. Pharmacogenomics, as it relates 
to cancer treatment, presents particular 
difficulties in comparison to other thera-
peutic areas, in that acquired somatic 

mutations in the tumors may also alter 
treatment outcomes and, that the narrow 
therapeutic window of chemotherapeutic 
agents makes titrations in drug dose to 
affect response or toxicity be a suboptimal 
approach. The application of pharmacog-
enomics into the treatment of cancer could 
have a considerable impact on optimizing 
cancer treatment for individual patients 
and groups of patients and also developing 
new chemotherapeutic agents.

recent technological advances facili-
tating the efficient analysis of genetic 
information, the changing healthcare 
environment where there is an increased 
emphasis on evidence-based medicine, 
and increased demand for safer therapies 
all contribute to the urgency of incorporat-
ing pharmacogenomic information into 
treatment related decisions. This chap-
ter review aims to provide an update on 
the current status of the use of pharma-
cogenomics in cancer treatment, current 
methods for genotyping, data analysis and 
strategies for incorporating genetic data 
into cancer clinical trials. Variations in 
tumor genetics are well recognized as an 
important factor in cancer treatment suc-
cess; however tumor related variations are 
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beyond the scope of this chapter. Description 
of sequence variants is provided according 
to the recommended nomenclature (http://
www.hgvs.org/mutnomen/disc.html) and 
nCBI SnP identification numbers (dbSnP 
rs#) are listed wherever applicable.

CurrenT uSe  
of PHArmACogenomICS 
In CLInICAL onCoLogy

Despite an appreciation for the impor-
tance of genetic constitution as a fac-
tor affecting chemotherapy tolerance and 
efficacy, individualizing cancer treatment 
by incorporating genetics into treatment 
selection has been a protracted process. 
until now two known genetic alterations 
have been shown to affect chemotherapy 
tolerance to the extent that genetic testing 
may be warranted prior to administration. 
Thiopurine methyltransferase (TPmT) 
metabolizes the chemotherapy agent 
6-mercaptopurine (6mP) to its pharma-
cologically active thiopurine nucleotides. 
Accumulated evidence supports a causal 
link between TPMT polymorphisms and 
clinical effects, including toxicity. As 
such genetic tests are available to identify 
patients at risk for toxicity and to guide 
optimal dosing. In 2003, the Pediatric 
oncology Subcommittee of the fDAs 
oncologic Drugs Advisory Committee 
recommended revision of the 6mP label to 
include information on genetic testing for 
TPmT (Purinethol; http://www.fda.gov/
cder/foi/label/2004/09053s024lbl.pdf). In 
a similar fashion, irinotecan toxicity has 
been associated with a common variation 
in one of the uDP-glucuronosyltransferase 
genes, specifically ugT1A1. Based on the 
available evidence, genetic information 

pertaining to irinotecan toxicity is now 
included in the revised drug labeling for 
irinotecan based on the recommendations 
of an fDA advisory committee meeting 
in 2004 (Camptosar; http://www.fda.gov/
cder/foi/label/2005/020571s024,027,028l
bl.pdf). These examples of the impact of 
genetic testing on cancer treatment are 
detailed below and other genetic variations 
affecting other aspects of cancer drug dis-
position and response that have generated 
sufficient data for possible incorporation 
into clinical use are also discussed.

Thiopurine methyltransferase (TPmT)

Thiopurine methyltransferase (TPmT) is 
a cytosolic enzyme that catalyzes the 
S-methylation of aromatic and heterocy-
clic sulphydryl compounds. Substrates of 
TPmT include 6-mercaptopurine (6mP), a 
purine antimetabolite used in the treatment 
of childhood acute lymphocytic leuke-
mia (ALL). 6mP and other therapeutic 
antimetabolites, including 6-thioguanine 
and azathioprine, are methylated to their 
inactive metabolites by TPmT; hence, a 
decrease in TPmT activity could lead to 
decreased metabolism of these compounds 
and subsequent drug toxicity (mcLeod 
et al. 2000).

As an anticancer agent, 6mP inhibits 
the formation of nucleotides necessary for 
DnA and rnA synthesis. Administered 
6mP is metabolically activated to form 
thioinosine monophosphate (thio-ImP) in 
a reaction catalyzed by hypoxanthine-
guanine phosphoribosyltransferase with 
phosphoribosyl pyrophosphate (PrPP) 
as a cosubstrate. Cytotoxicity primarily 
occurs when thio-ImP is converted to 
thioguanine nucleotides (Tgns) which 
are then incorporated into DnA and rnA. 
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Alternatively, thio-ImP is methylated by 
TPmT to methylthio-ImP, where methyl-
thio-ImP inhibits purine synthesis which 
leads to cytotoxicity. As part of the cata-
bolic pathway of 6mP, TPmT methylates 
6mP to form methyl-6mP, an inactive 
metabolite.

The gene encoding TPmT is localized 
on chromosome 6 and exhibits genetic 
alterations which result in TPmT enzymes 
that undergo rapid degradation, leading to 
enzyme deficiency. These inherited variations 
can have profound effects on the bioavaila-
bility and toxicity of 6mP. The vast major-
ity of the population (~90%) demonstrates 
normal TPmT enzymatic activity (mcLeod 
et al. 2000). most other individuals (~10%) 
have intermediate enzymatic activity and 
one out of 300 individuals has very low or 
undetectable TPmT activity. In cancer treat-
ment, patients who carry genetic variants 
that result in profound TPmT deficiency 
are at risk for severe hematologic toxicities 
when treated with 6mP.

The molecular basis for the genetic 
variations associated with altered TPmT 
activity has been well defined. more 
than 20 nonsynonymous mutations have 
been identified in the TPMT gene, of 
which the majority has been shown to 
result in reduced TPmT activity. Three 
particular TPMT alleles, designated as 
TPMT*2 (c.238g>C, rs180 0462), TMPT*3A 
(c.[640g>A;719A>g], rs1800460), and 
TPMT*3C (c.719A>g, rs1142345), have 
been shown to account for ~95% of the 
observed cases of TPmT deficiency. The 
TPMT*3A allele is the most prevalent, 
with an allele frequency of 4–5%. The 
TPMT*3C variant has an allele frequency 
of 0.3–0.7% and the TPMT*2 variant is less 
common with an observed allele frequency 
of 0.5% or less (mcLeod et al. 2000).

In clinical practice, studies have shown 
that TPmT activity can have an impact 
on outcomes following 6mP treatment. 
In studies where patients who experi-
enced dose-limiting hematological toxicity 
were assessed for their TPmT status, the 
majority of these individuals were TPmT-
deficient or heterozygous for TPMT vari-
ants. These TPmT-deficient patients more 
frequently required hospitalization and 
platelet transfusions and were more likely 
to miss doses of chemotherapy. However, 
after adjustment of thiopurine dosages, the 
TPmT-deficient and heterozygous patients 
tolerated therapy without acute toxicity 
(relling et al. 1999). Clinical outcomes in 
patients with ALL were improved when 
6mP dose intensity was maintained with-
out missed weeks of therapy. Appropriate 
6mP dose reductions for TPmT-deficient 
patients have allowed for similar toxicity 
and survival outcomes as patients with 
normal TPmT levels (relling et al. 1999). 
genotyping methods have been established 
for the molecular diagnosis of TPmT defi-
ciency and can assist with determining a 
safe starting dose for 6-mP therapy. given 
the importance of TPMT genotype in 
affecting treatment outcomes, the fDA has 
recommended TPMT testing for patients 
with clinical evidence of severe toxicity 
after treatment with thiopurines.

 uDP-glucuronosyltransferase  
1A1 (ugT1A1)

uDP-glucuronosyltransferases (ugT1A1) 
belong to a superfamily of enzymes that 
catalyze the glucuronidation of hydro-
phobic xenobiotics and endogenous sub-
strates to their soluble forms facilitating 
elimination through the bile and urine. 
ugT1A1 is one of nine ugT1A functional 
proteins and it is primarily responsible for 
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the glucuronidation of bilirubin. There 
are well described heritable hyperbiliru-
binemic syndromes as a result of genetic 
variations in UGT1A1. Crigler–najjar syn-
dromes are rare genetic traits characterized 
by absent or very low ugT1A1 activity 
(Bosma et al. 1995). gilbert’s syndrome 
which manifests as a chronic, mild hyper-
bilirubinemia occurs with an incidence of 
~15% in Caucasians. gilbert’s syndrome 
arises from genetic variations (the gilbert’s 
allele, also called UGT1A1*28) in the pro-
moter region of the UGT1A1 gene where 
seven TA repeat element is found instead 
of six TA repeats in the wild-type UGT1A1 
allele. Individuals homozygous for the 
UGT1A1*28 allele have gilbert’s syn-
drome and have a reduction of ugT1A1 
enzyme activity to approximate 30% of 
normal (Bosma et al. 1995).

The chemotherapy agent, irinotecan is 
a semisynthetic analog of camptothecin, 
originally isolated from the ornamental 
tree Camptotheca acuminata. Irinotecan 
exerts its antitumor activity by inhibiting 
topoisomerase I and has demonstrated 
antitumor activity against a variety of 
tumors. Irinotecan is most commonly 
prescribed for the treatment of tumors of 
the colon and other sites in the gastroin-
testinal tract. The dose limiting toxicities 
of irinotecan are diarrhea and neutropenia 
which occur in ~15% of treated patients 
and can be severe enough to necessitate 
hospitalization (Irinotecan Prescribing 
information). Wide interpatient variability 
in the incidence of these toxicities as well 
as an association between these toxicities 
and levels of the irinotecan metabolites, 
Sn-38 and the glucuronidated metabolite 
Sn-38g have been observed (mathijssen 

et al. 2003). ugT1A1 is the enzyme 
is responsible for the glucuronidation 
and resulting detoxification of Sn-38 to 
Sn38g. many clinical studies have now 
demonstrated that patients carrying the 
UGT1A1*28 variant are at increased risk 
for developing irinotecan toxicity.

The potential applicability of genetic 
testing for UGT1A1*28 to serve as a pre-
dictor of irinotecan toxicity, in particular 
neutropenia, was evaluated clinically by 
Innocenti et al. (2004b). In this study 
evaluating 69 cancer patients, genotyp-
ing for UGT1A1*28 was predictive of 
irinotecan-induced grade 4 neutropenia 
with a sensitivity of 50% and specificity 
of 95%. This study provided an impe-
tus for testing patients for the presence 
of UGT1A1*28 allele prior to treatment 
with an irinotecan containing regimen. In 
response to the observed clinical findings, 
the fDA recently revised the safety labe-
ling for irinotecan, recommending that the 
dosing of irinotecan be altered for patients 
who are homozygous for the UGT1A1*28 
allele. The overall clinical applicability 
and cost-effectiveness of genetic testing 
for the UGT1A1*28 variant remains to 
be fully clarified because the sensitivity 
and specificity of UGT1A1*28 testing 
as a predictor of treatment related neu-
tropenia has only been demonstrated in 
patients receiving higher doses (350 mg/
m2) of irinotecan rather than lower doses 
which are more frequently used. There 
are no specific treatment guidelines for 
irinotecan dose adjustments in the set-
ting of gilbert’s Syndrome, but given the 
risk of toxicity in these patients, testing 
for UGT1A1*28 homozygosity may be 
appropriate.
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other Pharmacogenomic markers  
in Clinical Investigation

Drug-Metabolizing Enzymes

Dihydropyrimidine Dehydrogenase  
(DPD, gene name: DPyD)

5-fluorouracil (5-fu) and its derivatives 
are commonly prescribed chemotherapy 
agents based on their broad antitumor 
activity and synergistic interactions with 
other chemotherapy agents when admin-
istered as combination therapy. After 
administration, ~5% of the administered 
5-fu undergoes anabolism into cytotoxic 
nucleotides, whereas the other 80–95% 
undergoes catabolism into biologically 
inactive metabolites. Dihydropyrimidine 
dehydrogenase (DPD) encoded by the 
DPYD gene is the rate-limiting enzyme 
in the catabolism of pyrimidines such 
as uracil and thymidine. Variations in 
DPD activity can influence the systemic 
exposure to fluorodeoxyuridine mono-
phosphate (fdumP) and the incidence of 
adverse effects to 5-fu treatment. DPD 
activity is completely or partially deficient 
in 0.1% and 3–5% of individuals in the 
general population, respectively, and DPD 
deficiency has been associated with severe 
toxicity and fatal outcomes after 5-fu 
treatment (van Kuilenburg et al. 2003).

A genetic predisposition has been well 
established to account for many cases of 
DPD deficiency and multiple DPYD vari-
ants that result in decreased enzyme activ-
ity have been described. unfortunately, 
genetic testing to predict patients at risk 
for 5-fu toxicity is not feasible as at 
least 17 variants of relatively low fre-
quency in the DPYD gene have been 
discovered in patients with severe 5-fu 
toxicity (van Kuilenburg et al. 2003). 
DPYD*2A (rs3918290), a g>A variation 

in the invariant splice donor site resulting 
in a truncated protein, is the most common 
of the various mutations in DPYD with an 
allelic frequency of ~1.8% in european 
Caucasians and is estimated to be a fac-
tor in ~25% of patients who experience 
severe 5-fu toxicity (van Kuilenburg et al. 
2003). It should be noted that a substantial 
number of patients who experience 5-fu 
toxicity do not carry functionally inac-
tivating DPYD alleles. recently, it was 
reported that epigenetic regulation, mainly 
DnA methylation, may also contribute to 
DPD enzyme deficiency (ezzeldin et al. 
2005). The complex genetic basis of DPD 
deficiency along with the low frequency 
of DPYD variants and low sensitivity and 
specificity of DPYD genotyping has ham-
pered the application of genetic testing of 
DPyD into clinical practice.

 Cytochrome P450 2D6 (CyP2D6)

CyP2D6 is one of the most extensively 
studied members of the CyP450 super-
family. The CYP2D6 gene, located on chro-
mosome 22 is highly polymorphic with >40 
described variant alleles of varying function. 
Approximately 5–10% of Caucasian popu-
lation is estimated carry a nonfunctional 
variant of CYP2D6 where CYP2D6*3, 
CYP2D6*4, CYP2D6*5 and CYP2D6*6 
with approximate allele frequencies of 2%, 
20%, 4%, and 1% respectively, together 
account for the vast majority of the non-
functioning phenotypes (for further infor-
mation on sequence variations, refer to the 
website, http://www.cypalleles.ki.se).

functional variations in CyP2D6 may 
be of some significance in the disposi-
tion of tamoxifen which is widely used 
to treat estrogen receptor-positive breast 
cancer. In addition to CyP3A4, CyP2D6 
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is responsible for converting tamoxifen 
into more potent anti-estrogen metabo-
lites, 4-hydroxy-tamoxifen and endoxifen 
(4oH-n-desmethyltamoxifen). Therefore, 
a significant portion of the antitumor effect 
of tamoxifen is potentially dependent on 
the functional activity of CyP2D6. In fact, 
a strong association between CYP2D6 
genotype and plasma levels of endoxifen 
has been documented (Jin et al. 2005). To 
date clinical results have been inconclusive 
because studies assessing the association 
between CyP2D6 functional status and 
patient outcome have produced contradict-
ing reports.

glutathione S-Transferase P1 (gSTP1)

gSTP1 belongs to a superfamily of Phase 
II metabolic enzymes and appears to play 
a significant role in detoxification and 
resistance to platinum agents. An allelic 
variation of the GSTP1 gene c.313A>g 
(p.105Ile>Val, rs947894) leads to dimin-
ished gSTP1 enzymatic activity (Watson 
et al. 1998). In a retrospective analysis of 
patients with refractory metastatic colorec-
tal cancer treated with 5-fu and oxaliplatin, 
patients possessing the Val allele had supe-
rior survival (Stoehlmacher et al. 2002).

Transporter Proteins

multidrug resistance Protein 1 (mDr1, 
P-glycoprotein, ABCB1)

P-glycoprotein (P-gp, also known as 
mDr1, ABCB1), the product of the MDR1 
or ABCB1 gene, is a well characterized ATP 
Binding Cassette (ABC) transporter protein. 
The ABC transporters are ATP-dependent 
membrane proteins that transport a diverse 
array of substrates against a concentra-
tion gradient. mDr1 is most studied for 
its role as a mechanism of chemotherapy  

resistance in cancer cells. mDr1 is 
normally expressed in the intestine, liver, 
kidney, brain, and placenta, where it regu-
lates the disposition of a variety of xenobiot-
ics. numerous genetic variants of differing 
functional status have been identified in 
the ABCB1 gene, the majority of which are 
single nucleotide polymorphisms (SnPs) 
(Leschziner et al. 2007).

The most studied ABCB1 variant 
is the silent coding sequence variant 
c.3435C>T (rs1045642) reported initially 
by Hoffmeyer et al. (2000). The c.3435C>T 
allele has been associated with lower pro-
tein expression and function, measured 
by digoxin pharmacokinetics (Hoffmeyer 
et al. 2000) and recently with altered 
mrnA stability and substrate specificity 
(Kimchi-Sarfaty et al. 2007; Wang et al. 
2005). However, since the initial report 
of this association, much of data focusing 
on the association between c.3435C>T 
and ABCB1 expression/function or clini-
cal outcomes have produced inconsistent 
results (Leschziner et al. 2007). Some of 
clinical studies support the notion that 
ABCB1 polymorphisms can affect the 
pharmacokinetics of anticancer drugs and 
response to therapy. regarding pharma-
cokinetics, the c.1236C>T (rs1128503) 
polymorphism has been associated with 
higher plasma levels of irinotecan and its 
active metabolite Sn-38 (mathijssen et al. 
2003). Similarly, ABCB1 haplotypes have 
been associated with reduced renal clear-
ance of irinotecan and its metabolites (Sai 
et al. 2003). In studies evaluating clinical 
outcomes, children with acute lymphoblas-
tic leukemia who carried a polymorphism 
at the 3435 site had differing frequency of 
CnS relapse depending on the inherited 
genotype (Stanulla et al. 2005). In a similar 
manner homozygosity for an SnP at the 
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2677 locus was predictive of a shorter time 
to relapse and shorter overall survival in 
patients with acute myelogenous leukemia 
(Illmer et al. 2002).

 multidrug resistance Protein 1 (mrP1, ABCC1)

mrP1 also known as ABCC1 has been 
most well described as a transporter con-
ferring drug resistance in tumor cells. 
With the notable exception of glutathione, 
mrP1 has a similar substrate profile to 
mDr1. given the ubiquitous expression 
of mrP1 in normal tissues, this transporter 
has been implicated in tissue defense 
against drugs, environmental toxins and 
heavy metals. Several low frequency SnPs 
have been identified in the ABCC1 gene 
leading to decreased transporter function 
and in vitro alterations to chemotherapy 
sensitivity (Leslie et al. 2003). To date, 
studies linking ABCB1 sequence variants 
with drug response and clinical outcome 
are lacking.

multidrug resistance Protein 2  
(mrP2, cmoAT, ABCC2)

mrP2, also known as ABCC2 or canalicu-
lar multispecific organic anion transporter 
(cmoAT), is found to be expressed in clin-
ical tumor samples and its expression cor-
related with cisplatin resistance (Hinoshita 
et al. 2000). mrP2 is primarily located at 
the apical membrane of hepatocytes, renal 
tubular cells and intestinal mucosa where 
it functions to transport organic anions 
and glutathione conjugated xenobiotics 
(Borst et al. 2006). Sequence variants 
in the ABCC2 gene leading to impaired 
transporter function or trafficking result 
in the Dubin–Johnson syndrome, a rare 
autosomal recessive disorder character-
ized by conjugated hyperbilirubinemia. 
Heterozygosity for these variants occurs at 

a frequency of 0.5–1% in the population 
(machida et al. 2005). Although relatively 
rare, alterations in ABCC2 gene have 
been hypothesized to affect chemotherapy 
disposition and treatment outcomes. In 
humans, homozygosity for c.3972C>T 
(rs3740066) appears to affect irinotecan 
disposition (Innocenti et al. 2004a). To 
date, an important association between 
ABCC2 polymorphisms and cancer treat-
ment outcomes has not been made.

Breast Cancer resistance Protein  
(BCrP, ABCP, mXr, ABCg2)

BCrP also known as ABCg2, placenta-
specific ABC transporter (ABCP) or 
mitoxantrone resistance protein (mXr), 
is an ABC half transporter and putatively 
homodimerizes. BCrP transports a variety 
of chemotherapy agents including mitox-
antrone, topotecan, Sn-38, flavopiridol, 
methotrexate (Doyle and ross 2003) con-
ferring resistance in tumor cell lines with 
some overlap in its resistance profile with 
mDr1, mrP1, and mrP2. In normal tis-
sues, BCrP is expressed in the placenta, 
heart, colon, small intestine, kidney, liver, 
and hematopoietic stem cells (Doyle and 
ross 2003). The ABCG2 gene encoding 
BCrP has multiple known polymorphisms 
with varying functional significance. A 
c.421C>A (rs2231142) variant been asso-
ciated with lower BCrP protein expression 
and higher plasma levels of camptothecin 
analogs (Sparreboom et al. 2005).

Solute Carrier (SLC) Transporters

The SLC family of transporters is a large 
superfamily of membrane proteins that 
import or export a variety of endogenous 
substrates (neurotransmitters, nutrients, 
or metabolites) as well as xenobiotics. 
Approximately 300 SLC genes are known 
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to exist. SLC19A1 (rfC1) is a folate 
transporter with high affinity for reduced 
folates and mTX and common polymor-
phisms have been associated with variable 
expression of this protein. A common variant 
of c.80g>A (p.27Arg>His, rs1051266, 
allele frequency of ~50%) in the SLC19A1 
gene has been associated with differing 
outcomes in childhood ALL. Children 
with the AA genotype showed higher mTX 
plasma levels and had worse prognoses than 
those with the gg genotype (Laverdiere 
et al. 2002). Thus far, other studies have 
not confirmed these findings. Considering 
their wide substrate specificity, tissue dis-
tribution, and frequent genetic variations, 
the SLC proteins have a potential impor-
tance in cancer treatment. However, the 
functional significance of these proteins 
for cancer drug response and clinical out-
come remains to be further investigated.

Drug Target, Pathway Genes

 methylenetetrahydrofolate reductase (mTHfr)

5,10-methylenetetrahydrofolate reductase 
(mTHfr) regulates folate homeostasis; 
it catalyzes the reduction of 5,10-methyl-
enetetrahydrofolate to 5-methyltetrahydro-
folate, the predominant circulatory form 
of folate. mTHfr deficiency has been 
associated with a reduced folate pool, as 
well as neurological and vascular diseases 
(Klerk et al. 2002). A common functional 
variant of the MTHFR gene (c.665C>T, 
p.222Ala>Val, rs1801133) leads to reduced 
catalytic activity in the resulting protein. 
The allelic frequency of this alteration 
varies considerably among differing eth-
nic groups with a frequency of up to 45% 
in europeans and east Asians, 57% in 
mexicans and 11% in African Americans. 
The c.665C>T variant has been associated 

with decreased folate levels and increased 
toxicity in patients receiving mTX (ulrich 
et al. 2001).

Thymidylate Synthase (TS, TymS)

Thymidylate synthase (TS) is a critical 
enzyme in DnA synthesis and repair as it 
catalyzes the methylation of deoxyuridine 
monophosphate (dumP) to deoxythymidine 
monophosphate (dTmP). TS is the primary 
target for 5-fu and other folate-based 
antimetabolites and the active metabolite 
of 5-fu, fluorodeoxyuridine monophos-
phate (fdumP) blocks the formation of 
dTmP by forming a stable complex with 
TS. overexpression of TS has been linked 
to clinical resistance to these TS-targeted 
agents (marsh and mcLeod 2001).

TYMS, the gene encoding TS, contains 
seven exons and a 5¢-flanking untrans-
lated enhancer region (TSer) containing 
a 28-bp tandem repeat sequence. genetic 
variations involving the differing numbers 
of tandemly repeated sequences of TSer 
have been shown to be important deter-
minants of TS expression. The two most 
common TSER alleles are the two tandem 
repeats (TSER*2, allelic frequency = 0.2–
0.4) and the three tandem repeats (TSER*3, 
allelic frequency = 0.5–0.8) (marsh and 
mcLeod 2001). In vitro studies indicated 
that the TSER*3/*3 genotype (~25% fre-
quency in Caucasians) is associated with 
three to four fold higher TS protein expres-
sion than the other genotypes (Pullarkat 
et al. 2001). Clinical studies in colorectal 
cancer have demonstrated that individuals 
with TSER*3/*3 genotype had a signifi-
cantly lower response rate to 5-fu com-
pared with those patients with at least 
one TSER*2 allele (Pullarkat et al. 2001). 
Similarly in rectal cancer, patients with 
TSER*3/*3 genotype had a lower probability 



16111. Incorporating Pharmacogenomics into Cancer Therapy

of tumor downstaging after receiving 5-fu 
chemotherapy and radiation therapy than 
patients who with at least one TSER*2 
allele (Villafranca et al. 2001). other poly-
morphisms in TYMS including a g→C SnP 
located at the 12th nucleotide of the second 
tandem repeat in patients with three repeats 
has been associated with lower TS expres-
sion levels and better clinical outcomes 
(marcuello et al. 2004). These studies 
suggest that TSER genotyping may be 
useful in selecting patients who are likely 
to respond to treatment with 5-fu or its 
analogs; prospective studies evaluating this 
relationship are in progress.

epidermal growth factor receptor (egfr)

epidermal growth factor receptor (egfr) 
is a member of the erbB receptor family that 
is activated by a variety of ligands that are 
crucial in the formation and propagation of 
many tumors. egfr is frequently dysregu-
lated and overexpressed in a number of 
epithelial cancers and activation can initi-
ate several downstream signaling pathways 
affecting tumorigenesis and tumor progres-
sion (Lockhart and Berlin 2005). Tageting 
egfr pathway has been an attractive 
anticancer strategy such that monoclonal 
antibodies to egfr and tyrosine kinase 
inhibitors (TKI) that inhibit the egfr 
signaling axis have been approved for the 
treatment of lung and colorectal cancer. 
most studies to predict response to these 
agents have focused on the tumoral expres-
sion of egfr and somatic mutations in the 
tyrosine kinase domain of egfr (Sharma 
et al. 2007). recently however, egfr 
germline polymorphisms have been evalu-
ated in clinical studies and association was 
noted between improved progression free 
survival when lung cancer patients were 
treated with gefitinib (an egfr targeted 

TKI) and were homozygous for fewer CA 
repeats in intron 1 of the EGFR gene (Liu 
et al. 2007).

DNA Repair Genes

excision repair Complementation  
group 1 (erCC1)

erCC1 is an essential member of the 
nucleotide excision repair (ner) pathway, 
the primary mechanism in mammalian cells 
for the removal of bulky DnA adducts pro-
duced by platinum agents such as oxalipla-
tin (Wilson et al. 2001). In vitro, erCC1 
expression in colon cancer cell lines pre-
dicts oxaliplatin sensitivity (Arnould et al. 
2003). Clinically, studies have shown an 
association between erCC1 expression 
and response to platinum chemotherapy 
(metzger et al. 1998). In other clinical 
studies, erCC1 expression levels had a 
significant correlation with overall survival 
after 5-fu/oxaliplatin therapy in patients 
with advanced colorectal cancer whose 
disease had progressed through first-line 
chemotherapy (Shirota et al. 2001). Two 
common silent alterations of the ERCC1 
gene, a c.354C>T variation at codon 118 
(rs11615, allelic frequency 46%) and a 
C→A change located in position 8092 in 
the 3¢-uTr (rs3212986, allelic frequency 
4%), have been associated with changes in 
clinical outcome of patients with advanced 
colorectal cancer treated with 5-fu/oxali-
platin (Park et al. 2003).

 Xeroderma Pigmentosum group D  
(XPD)/erCC2

XPD, also known as erCC2, is a helicase 
involved in the ner pathway where it plays 
a central role in DnA damage recognition. 
Several common alterations in the XPD 
gene have been reported to be associated 
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with differential DnA repair capacity. A 
common ERCC2 variant is c.2251A>C 
(p.751Lys>gln, rs13181) at codon 751. 
A study in patients with colorectal cancer 
receiving therapy with 5-fu/oxaliplatin 
demonstrated higher response and survival 
rates in individuals with the Lys/Lys geno-
type than individuals who had Lys/gln or 
gln/gln genotypes (Park et al. 2001).

X-ray Cross Complementation group 1 (XrCC1)

XrCC1 is involved in the repair of DnA 
single-strand breaks as part of the base 
excision repair multi-enzyme complex. 
XrCC1 removes incorrect nucleotides 
that have been incorporated into DnA due 
to oxidative damage, and adducts formed 
after treatment with alkylating agents. A 
sequence variant of the XRCC1 gene at 
codon 399 (c.1196g>A, p.399Arg>gln, 
rs25487) has been associated with differ-
ing outcomes in patients with colorectal 
cancer treated with chemotherapy consist-
ing of oxaliplatin and continuous infusion 
5-fu, where patients carrying the gln 
allele were shown to be at a higher risk of 
failing the 5-fu/oxaliplatin chemotherapy 
(Stoehlmacher et al. 2001).

meTHoDoLogy

Successful incorporation of pharmacog-
enomics into cancer therapy would require 
both robust, validated genotyping methods 
as well as well-designed, well-executed 
clinical studies providing credible associa-
tions between genetic variations and drug 
disposition/response. general genotyping 
protocols and various genotyping methods 
are briefly discussed below. Different 
strategies and examples for incorporating 

genetic data into cancer clinical trials are 
also discussed in the following section.

genotyping Assays

During the past decades, rapid techno-
logical progress has made it possible to 
perform large-scale, high-throughput 
genotyping. Different approaches and 
methodologies for targeted DnA sequence 
analyses are available with various pros 
and cons including factors such as cost 
and throughput. Careful consideration is 
required for the selection and analytical 
validation of suitable genotyping assays 
prior to their use in clinical studies. for 
more comprehensive overviews focusing 
specifically on the molecular principles 
by which various genotyping assays work, 
the readers are referred to available review 
articles (gibson et al. 2005; Isler et al. 
2007). In the following sections, we will 
outline general genotyping protocols and 
briefly compare several commonly used 
methods.

Typical Genotyping Protocols

Typically, genotyping protocols start with 
target sequence amplification primarily 
based on polymerase chain reaction (PCr) 
technology. Various detection platforms 
are available for allelic discrimination 
reactions and allele specific product iden-
tification. Depending on the mechanisms 
and means of allele discrimination and 
product detection, some or all of these 
steps can be performed sequentially or in 
parallel. The choice of a particular geno-
typing technology can be influenced by 
various factors such as the complexity of 
target sequences, quantitative vs qualitative 
results, sensitivity/accuracy, success rates, 
flexibility, cost and throughput.
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Comparison of Different Methods

rapid technological progress has made 
it possible to efficiently analyze genetic 
information with varying complexity. 
Certain genotyping methods that have 
been traditionally used in earlier studies 
(e.g., PCr-rfLP (PCr with restriction 
fragment length polymorphisms), allele-
specific PCr (AS-PCr)) can still provide 
robust testing results at relatively low 
instrumentation cost. However, they are not 
amenable to multiplexing or high-through-
put automation. on the other hand, the use 
of more recent technologies (e.g., DnA 
chips) allows large-scale, high-throughput  
genotyping at lower testing cost. A brief 
comparison of commonly used genotyp-
ing methods utilizing different assay 
platforms are provided in Table 11.1. 
more comprehensive coverage of various  
genotyping technologies is available 
elsewhere (gibson et al. 2005; Isler 
et al. 2007).

Different Approaches  
in Pharmacogenomics

Studies in cancer pharmacogenomics often 
employ three primary strategies to identify 
genetic factors that associate with drug 
response, namely (1) candidate gene asso-
ciation, (2) whole-genome association, 
and (3) integrative in vitro/in vivo pharma-
cogenomic approaches.

Candidate Gene Association Strategies

early studies of cancer pharmacogenomics 
have mostly utilized monogenic candidate 
gene association strategies, correlating 
variability in the efficacy and toxicity 
of many chemotherapeutic agents with 
polymorphisms in candidate genes that 
are likely to influence drug response. 
This straightforward genetic approach 
has yielded important findings, particu-
larly with respect to highly penetrant and 
functional genetic variants. This approach 
examining a smaller number of starting 

Table 11.1. A brief comparison of commonly used genotyping methods utilizing different assay platforms

genotyping  
platform Data format Strength Weakness

PCr-rfLP Agarose gel Simple instrumentation;  
low cost

Data quality subjective visual 
interpretation; low throughput

Pyrosequencing Pyrogram of luciferase 
intensities

Providing sequency context  
sourround the polymorphism; 
real-time scoring; quantitative; 
good for insertions and deletions

Lengthy protocol; relatively 
expensive; limited throughput

Taqman 5¢  
nuclease activity

Cluster plot of  
fluoresecent  
values

Simple protocol; real-time or end 
point scoring; easy to automate 
and scale up

Very high fixed cost for each SnP; 
limited throughput

Single base extension 
with mass spectrom-
etry detection

extend primer  
mass spectra

High success rate; highly accurate 
and sensitive; quantitative

relatively high instrument cost/
complexity; lengthy protocol; 
problematic multiplex PCr

Single base extension 
with fluorescence 
intensity detection

fluorescent values High success rate; capable of  
multiplexing

relatively high instrument cost; 
lengthy protocol; problematic 
multiplex PCr

Invader assay Agarose gel, fluorescence, 
mass spectrometry  
detection

no PCr for genotyping; simple  
protocol; isothermal reaction

relatively large amount of 
genomic DnA required; 
requires optimization for  
each SnP
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genes offers the advantage of potential 
cost savings and also reduces the risk of 
false-positive findings. However, it is pos-
sible to overlook other genes that may be 
important for drug response. In addition, 
the positive association observed could be 
due to linkage with other functional vari-
ant alleles or to intra-gene interaction. It 
is also increasingly recognized that drug 
response is complex, determined by the 
interactions of multiple genes, pathways 
and environmental factors. Thus, recent 
studies have often implemented polygenic 
approaches to gain a better understanding 
of the interplay among multiple genetic 
and environmental factors.

Whole-Genome Association Approaches

Another approach to studying cancer phar-
macogenomics involves whole-genome 
association studies and/or linkage analy-
sis, identifying portions of the genome 
that contain genetic variants associated 
with a specific phenotype. This genome-
wide genetic mapping approach requires 
no a priori assumptions regarding genes or 
genomic regions associated with the drug 
effect under investigation. This genomic 
strategy has become possible with advances 
in genome-wide technologies such as the 
development of gene expression arrays, 
high throughput technologies, and SnP 
chips. This approach can potentially iden-
tify previously unidentified, functionally 
important candidate genes and SnPs, 
adding new insights into pathophysiology 
or pharmacology. However, this approach 
can also lead to the identification of SnPs 
or haplotypes that are not responsible for 
the mechanisms of altered drug response, 
but in linkage disequilibrium with the 
actual causative SnPs. Thus, further 
studies are required to corroborate initial 

associations and to assess the functional 
role of the associated SnPs or haplotypes. 
Additionally, the problem of multiple test-
ing needs to be addressed in performing 
genome-wide analysis to adjust for an 
increased risk of false-positives.

Integrative In Vitro/In Vivo  
Pharmacogenomic Approaches

Another approach in cancer pharmacog-
enomic studies involves the integration of 
a diversity of genetic, functional genomic, 
epigenetic, and other data to elucidate the 
complexity of drug response. The use of 
multiple experimental approaches includ-
ing in vitro cell-based models, in vivo 
studies in mice, and in vivo human trials 
can provide compelling and mechanistic 
connections between genetic variants and 
particular phenotypes in chemotherapy. 
functional assessment of genetic alteration 
often involves the heterologous expression 
of genetic variants in in vitro cell-based 
model systems to facilitate functional char-
acterization. experimental murine models 
(e.g., in-bred strains, genetically engi-
neered animals) are also increasingly used 
in pharmacogenomic studies as a genetic 
mapping resource and a tool to assess the 
in vivo functional impact of genetic varia-
tions in conditions where diet and environ-
mental factors are controlled (Watters and 
mcLeod 2002). recently, altered epige-
nomic phenomena have been increasingly 
recognized to influence or predict drug 
response. for example, the methylation-
associated silencing of the DnA-repair 
protein mgmT (O6-methylguanine-DnA 
methyltransferase) was found to be pre-
dictive of clinical response of gliomas to 
alkylating agents (Hau et al. 2007). Data 
from multiple experimental approaches can  
be integrated to enhance our mechanistic  
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understanding of the complex biology 
between genetic variations and their impact 
on drug response.

ImPLemenTATIon  
of PHArmACogenomICS 
In Drug DISCoVery  
AnD DeVeLoPmenT

Applying pharmacogenomics to early stage 
cancer drug development has the poten-
tial to streamline the development proc-
esses and increase efficiency in order to 
bring new and improved drugs to patients. 
genetic markers can be initially identi-
fied during the preclinical stages of drug 
discovery and early stage clinical trials 
and further evaluated for their predictive 
significance and clinical utility either ret-
rospectively or prospectively. Application 
of pharmacogenomics to clinical trials 
may assist to target drugs to those patients 
who are most likely to respond, allow-
ing for a reduction in sample size and/
or trial duration. Some of the challenges 
encountered during the implementation 
of pharmacogenomics into clinical trials 
will be discussed including methods for 
incorporating genetic analysis into early 
and late stage drug development trials and 
then clinical trial designs to prospectively 
determine the utility of genetic markers in 
predicting clinical outcomes.

early Stage Clinical Development (Phase 
I and II Clinical Trials)

In Phase I clinical trials, therapeutic agents 
are evaluated for safety, tolerability, and 
pharmacokinetics. A common finding in 
these studies is the considerable vari-
ability in the measured pharmacokinetic 

parameters. genetic factors may account 
for some of the observed variability in 
toxicity and pharmacokinetics. Phase II 
clinical trials are designed to evaluate 
therapeutic agents for safety and efficacy. 
Several groups have demonstrated that 
certain genetic variants or gene expres-
sion profiles may be used to distinguish 
responders from non-responders. Two 
common pharmacogenomic approaches 
outlined above, candidate gene association  
and whole-genome association studies can 
be implemented into early stage clinical  
trials in an attempt to gain early insights into  
the genetic factors contributing to drug dis-
position, toxicity, and efficacy (fig. 11.1). 
The identified candidate genes can be 
further evaluated in rationally designed 
late-stage clinical trials of larger sample size.

Candidate Gene Association Studies

Based on in vitro/in vivo preclinical results 
and in some cases available clinical data, 
the molecular processes responsible for 
disposition and efficacy of the therapeutic 
agents under testing may be known. This 
information can be used to select a panel 
of candidate genes and genetic variations 
to assess their association with clinical 
response, drug toxicity and pharmacoki-
netic variability. given the small sample 
size and trial designs used in Phase I and 
II studies, the identification of associ-
ated candidate genes requires consider-
able allelic frequency, penetrance, and 
functional impact. This strategy has been 
successfully implemented by Sparreboom 
et al. (2004) in a dose-finding study with 28 
patients. Ten polymorphisms in four drug 
disposition genes with putative relevance 
were assessed for their effects on tipifarnib 
(a farnesyltransferase inhibitor) pharma-
cokinetics. even with a limited sample size,  
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a positive association between MDR1 
(ABCB1) genotype and tipifarnib pharma-
cokinetics was identified for further study, 
indicating the feasibility of this focused 
approach. A similar study by Zamboni 
et al. (2006) also identified an association 
between the ABCG2 genotype and dis-
position of 9-aminocamptothecin (9AC), 
a metabolite of the camptothecin analog 
compound, 9-nitrocamptothecin (9nC). 
Interestingly, the association with ABCG2 
genotype was only with the disposition of 
9AC, but not with that of 9nC. This find-
ing was consistent with a previous in vitro 
study reporting that the wild-type forms 
of ABCg2 mediates the cellular efflux of 
9AC, but not 9nC (rajendra et al. 2003). 
These studies again indicate that the incor-
poration of focused pharmacogenomic 

approaches can yield important findings 
regarding the inter-individual variability of 
drug disposition and toxicity during early 
clinical trials and also provide early leads 
for potential correlative relationships that 
can be further tested in an extended patient 
population.

In treatment efficacy studies, candidate 
gene association studies are largely ret-
rospective analyses of completed clinical 
trials or analysis of case series from an 
individual institution or group of institu-
tions. There is one known currently accru-
ing genotype-guided clinical cancer trial 
which is based on TYMS TSER genotype. 
In this study in rectal cancer patients 
(stage T3 and T4) being performed by 
mcLeod et al. (2005), ‘good risk’ patients 
with the TSER*2 allele are treated with 

figure 11.1. Common pharmacogenomic approaches to identify genotype–phenotype associations in 
clinical trials
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standard therapy (radiation and 5fu). 
Alternatively, patients with a ‘bad risk’ 
genotype (homozygous for TSER*3) 
receive the standard radiation and 5fu 
therapy along with irinotecan. Preliminary 
data implied an improved response rate in 
both treatment groups with this genetically 
guided approach (mcLeod et al. 2005).

Whole Genome Association Studies

microarray technology provides a power-
ful tool allowing in-depth analysis of gene 
expression profiles and detection of genetic 
variations. In oncology this technology 
has been primarily applied to obtain a gene 
expression pattern or a ‘genetic signature’ 
to classify different types of tumors and 
predict response to therapy. Phase I studies 
incorporating this approach are underway, 
but to date published reports are very lim-
ited. gene expression profiling of tumor or 
surrogate tissues using microarray analysis 
can be used to detect genetic differences 
between subgroups of patients with differ-
ing toxicity and pharmacokinetic profiles. 
Detection of mutations/polymorphisms in 
a high-throughput manner can be accom-
plished by the use of SnP chips, but no 
report of the application of this technology 
to Phase I and II trials is available. given 
the small sample size in Phase I and II 
trials and the high-throughput nature of 
microarray technology, there are a number 
of challenges regarding data mining and 
analysis, which limit the interpretation of 
the results from these studies.

Late-Stage Clinical Development (Phase 
III Clinical Trials)

once drug development reaches Phase III 
clinical trials, sample sizes are generally 
large enough to test hypotheses generated 

in earlier phases of drug development. 
Testing of subjects may be carried out 
prospectively or retrospectively. many 
putative genetic markers have been identi-
fied that could theoretically optimize and 
individualize therapy; however few tumor 
markers have been developed to a point 
that permits their reliable use in clinical 
practice. The reasons for infrequent testing 
in Phase III studies are primarily due to 
large sample size requirements if genetic 
markers are to be tested prospectively or 
inadequate statistical power when markers 
are evaluated as a correlative as part of an 
ongoing drug registration study.

Prospective clinical trial designs where 
the clinical utility of a particular genetic 
marker is being tested have been proposed 
by a number of investigators. In particu-
lar, Sargent et al. (2005) have proposed 
two approaches to assess the clinical util-
ity of predictive markers in randomized 
clinical trials. one approach is the ‘marker 
by treatment interaction design’ where 
patients are initially stratified by genetic 
status. Within both the ‘gene-positive’ and 
‘gene-negative’ groups, patients are ran-
domly assigned to receive either the stand-
ard therapy or the experimental therapy. A 
second approach, ‘marker-based strategy 
design’ requires that all patients are first 
tested to determine their genetic status. 
Patients are then randomly assigned to 
either a gene-based or a non-gene-based 
treatment strategy.

A more commonly used Phase III study 
design incorporating pharmacogenomics 
would be a two-stage approach in which 
a study is designed as a randomized trial 
to compare treatments overall for all  
participants as part of a drug registra-
tion strategy. If the overall treatment dif-
ference does not meet a priori objectives 
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then a subpopulation analysis involving 
prespecified genotypes would be consid-
ered. This design would require that levels 
for declaring statistical significance, as 
regards genotype affecting clinical out-
come, would be established to preserve 
the type I error rate for the overall study. 
In many cases when clinical pharmacog-
enomics studies are added as a correlative 
study aim to an existing clinical trial, the 
evidence can be of limited quality if appro-
priate analysis plans are not specified.

All the proposed approaches require 
a clear analysis plan to be in place prior 
to study initiation and presuppose assay 
validation and standardization, within the 
right context and with proper controls. In 
addition, the trial outcome, or the measur-
able effect due to the pharmacogenomic 
intervention (e.g. absolute risk, relative 
risk, or relative odds), must be prespeci-
fied in the study design to insure validity.

Incorporating Pharmacogenomics into 
Clinical Trials: Technical and Legal 
Issues

In most cases, searches for genetic factors 
that affect treatment toxicity and outcomes 
arise from clinical observations in patients 
receiving a particular treatment agent. 
In many of these published studies the 
number of patients evaluated is relatively 
small and the analyses are retrospective. 
As a consequence there may be ‘ascertain-
ment biases’ where the numbers of cases 
and controls may be skewed towards the 
case phenotype making a particular clini-
cal phenomenon appear more frequent 
than would be observed in the general 
population. To avoid ‘false discovery’, the 
‘case’ phenotype, whether related to dis-
ease or outcome, should be defined prior 
to study initiation and sample size and 

power calculations should be performed 
in the design stage of any study. If appro-
priate, statistical adjustments for multiple 
testing must be incorporated.

With regards to cohort selection, with 
few exceptions, clinical trials tend to be 
conducted in heterogeneous populations 
where differences in allele frequencies 
between populations of different ancestry 
may have an impact on the genotypes 
detected. At the conclusion of a study in a 
heterogeneous population, it may be diffi-
cult to ascertain if the negative association 
found is due to unappreciated variations in 
the patient population. Alternatively given 
the vast numbers of SnPs in certain genes, 
a positive association observed could be 
due to linkage of the tested gene with 
an untyped functional variant allele or to 
intra-gene interaction. In many cases it is 
not possible to evaluate each SnP directly 
because of time and cost constraints. 
Additional variables that may confound 
the interpretation of genetically tailored 
interventions can also include poly-ther-
apy regimens, drug compliance, and nutri-
tion. As such, the predictive power of a 
genetic test may differ by dosage schedule 
and concurrent administered drugs.

With the exceptions of TPMT and 
UGT1A1 genetic testing, pharmacoge-
nomic determinants of response to chemo-
therapy have not been federally (fDA) 
regulated. many genetic tests do not have 
proven analytic and clinical validity even 
when the testing is conducted in Clinical 
Laboratory Improvement Act (CLIA) cer-
tified facilities. At present most genetic 
testing is carried out by nonprofit organiza-
tions, requiring only Institutional review 
Board approval or by biotechnology com-
panies. If the eventual goal is federal 
approval of a genetic test, confidentiality 
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of the participants must be assured and 
informed consent for testing must detail 
the potential risks, limitations, and ben-
efits of the proposed testing. measures of 
the test’s performance (sensitivity, specifi-
city, and predictive value) must also indi-
cate that clinical testing is warranted.

 fuTure DIreCTIonS

To date, pharmacogenomic characteris-
tics have not been widely adapted into 
the care of cancer patients or into clini-
cal trials evaluating new cancer drugs. 
Technological advances which allow for 
efficient and inexpensive genotyping and 
continued searches for appropriate gene 
candidates will enhance our understanding 
of the contribution of genetic factors to 
cancer treatment outcomes. The accessibil-
ity of these technologies should provide 
an opportunity to incorporate pharmacog-
enomics more readily into the drug devel-
opment process such that these factors are 
considered during the stages from early 
clinical development to final registration 
rather than retrospectively after phenotypic 
variations are observed in treated patients.

In many of the studies discussed herein, 
one candidate gene was evaluated for its 
association with a previously identified 
phenotype variant. even though signifi-
cant associations have been identified in 
hypothesis driven trials, the predictive 
value of testing for a particular genotype 
may be relatively low, indicating that a 
polygenic approach may be warranted 
to account for the interaction of multiple 
genes and pathways. Haplotype analysis  
considers multiple polymorphisms within 
a candidate gene that occur in close prox-
imity such that they are rarely separated 

by recombination and are in linkage 
equilibrium. Haplotype associations are 
increasingly considered such that the con-
tributions of multiple genetic variations 
can be assessed simultaneously. This ena-
bles the reduction of SnP analysis from 
hundreds of SnPs to particular marker 
SnPs so fewer genotypes need to be tested 
for in a particular study. By reducing the 
number of genotypes to consider, asso-
ciations between haplotypes across genes 
(e.g., genes that regulate metabolism and 
transport) so called haplotype association 
studies can be facilitated.

finally, expression microarrays and pro-
teomics are powerful platforms that gen-
erate vast amounts of data that aid in 
identifying alternative candidate genes for 
testing. These technologies should be able 
to complement current genotype, haplo-
type and phenotype approaches and pro-
vide insights into previously unrecognized 
involved pathways. The key component to 
the proper utilization of these technologies 
will be validated and standardized methods 
for data processing and statistical analysis.
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Cancer Stem Cells: An Overview
Eiichi Morii and Katsuyuki Aozasa

 IntrODuCtIOn

A tumor is a proliferation of clones of a 
single cell that ultimately come to com-
prise heterogeneous cell populations as 
proliferation progresses and additional 
genetic abnormalities arise. under these 
conditions, the capacity to sustain tumor 
formation and growth is restricted to a 
small population of cells with high tum-
origenic ability, called cancer stem cells or 
tumor-initiating cells. Such cells have been 
identified in various malignancies, includ-
ing leukemia, and brain, breast, colon, 
prostate, pancreas, and head and neck 
cancers. this chapter reviews the concept 
of cancer stem cells and recent advances in 
cancer stem cell research.

 CAnCEr StEM CEllS: 
COnCEPt

Each organ is thought to contain organ- 
or tissue-specific stem cells. Stem cells 
are defined by two characteristics: their 
potential for self-renewal and the produc-
tion of daughter or progeny cells. Stem 
cells undergo asymmetric division that 
produces an exact copy of the stem cell 

and a daughter cell with developmental 
potential. Initially, the daughter cells are 
similar to the parent stem cell, but sequen-
tially they lose their self-renewing poten-
tial and differentiate to generate mature 
cells. the concept that cancer might arise 
from a rare population of cells with stem 
cell properties was proposed ~150 years 
ago (Cohnheim 1867), and tissue-specific 
stem cells were thought to be the origin 
of cancer (Pierce 1967). this concept is 
supported by the observation that only 
a small population of tumor cells can 
form the original tumor. When 35 patients 
were injected with 1 billion of their own 
tumor cells into the thigh or forearm, only  
seven of these 35 autotransplants resulted 
in tumor growth at the injection site 
(Southam and Brunschwig 1960). When 
cells from patients with acute myel-
ogenic leukemia were xenotransplanted 
into severe combined immunodeficient 
(SCID) mice, only 0.1–1% of the cells 
had leukemia-initiating activity (lapidot 
et al. 1994), indicating that as many as 
106 tumor cells are required to form a new 
tumor. these findings were consistent with 
the results of an in vitro colony-formation 
assay that showed that cells with colony-
forming ability are limited to quite a small 
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subpopulation of tumor cells (ruben and 
rafferty 1978; reya et al. 2001). However, 
these observations using transplantation or 
colony-formation assays did not strictly 
demonstrate that tumors are derived from 
cells with stem cell properties. A major 
limitation of these studies was the lack of a 
measurement of the self-renewal potential 
of cancer stem cells. recent advances in 
stem cell biology, including the develop-
ment of new animal models to measure 
self-renewal ability and technology for 
isolating cells with surface markers for 
putative cancer stem cells, are described.

Many studies of the characteristics of 
tumor cells, including various oncogenes 
and tumor suppressor genes, have shown 
that tumors arise as genetic alterations and 
that tumors progress from hyperplasia to 
dysplasia, early cancer, and advanced can-
cer with metastatic potential. Because the 
accumulation of mutations necessary for 
cancer development requires a prolonged 
period, cancer stem cells or their immedi-
ate progenitors may be a plausible target 
for the initial mutation. In many tissues, 
including the gastrointestinal tract, blood, 
and skin, mature cells have a short lifespan 
and a limited opportunity to accumulate the 
multiple mutations that are a prerequisite 
for cancer development. tissue stem cells 
with a long lifetime may undergo muta-
tions that deregulate normal self-renewal 
pathways, and form cancer. Breast cancer 
developed in women who were exposed 
to atomic bomb radiation at Hiroshima 
and nagasaki ~20 to 30 years after their 
exposure (little and Boice 1999). In this 
case, women exposed to radiation as ado-
lescents were most susceptible to develop-
ing breast cancer. this might be due to the 
large number of stem cells in the mam-
mary glands of adolescents.

 ISOlAtIOn Of CAnCEr StEM 
CEllS

recently, animal models that permit the 
direct assessment of stem cell proper-
ties have been developed (figure. 12.1). 
the dispersed cells obtained from tumors 
are isolated with specific surface mark-
ers using a cell-sorting machine, and then 
injected into nonobese diabetic/severe 
combined immunodeficient (nOD/SCID) 
mice. Constituent cells in the resulting 
tumors are analyzed using surface markers, 
and the self-renewal ability of these cells is 
compared with that of the initially injected 
cells. Bonnet and Dick (1997) reported 
that a small population of leukemic cells 
retained the ability to transfer leukemia into 
nOD/SCID mice: the surface phenotype 

Figure 12.1. Scheme for isolation of cancer stem cells. 
tumor is dispersed to individual cells by enzymatic 
or physical treatment. the dispersed tumor cells 
are labeled with antibodies against various surface 
markers, and then sorted with cell sorter. the sorted 
cells are xenotransplanted into nOD/SCID mice, 
and examined the tumorigenicity of the injected 
cells. When the tumor is formed by xenotrans-
plantation, the histological and surface marker 
phenotypes are examined. furthermore, the resected 
tumor is again dispersed, sorted, and xenotransplanted 
to examine the self-renewal ability
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of these cells was CD34+ CD38–, which 
is similar to that of normal hematopoietic 
stem cells. these cells comprised <1 in 
10,000 leukemia cells, and were able to 
transfer human leukemia into nOD/SCID 
mice, whereas thousands of times more 
cells did not possess this phenotype and 
were non-tumorigenic. furthermore, the 
leukemia that developed recapitulated a 
histologic phenotype similar to that found 
in the original tumor. More recently, this 
research group showed that leukemic stem 
cells, as in the case of normal stem cells, 
are heterogeneous, with varying degrees of 
self-renewal potential (Wang et al. 1998). 
these findings suggest that leukemic stem 
cells, like their normal counterparts, exist 
in a hierarchy that is regulated develop-
mentally. the leukemic stem cells possess 
the stem cell properties of self-renewal and 
differentiation. the self-renewal potential 
drives tumorigenesis, whereas differen-
tiation contributes to heterogeneity of the 
tumor phenotype.

the combination of the isolation of 
tumor cells with surface markers and 
xenotransplantation of isolated cells into 
nOD/SCID mice is a useful method for 
identifying cancer stem cells in various 
solid tumors. this method revealed that 
human breast cancers contain a cancer 
stem cell population characterized by 
the surface phenotype CD44+ CD24low 
(Al-Hajj et al. 2003). As few as 200 CD44+ 
CD24low cells formed tumors when trans-
planted into nOD/SCID mice, whereas 
20,000 cells that did not express CD44+ 
CD24low isolated from the same tumor did 
not form tumors. furthermore, consistent 
with the stem cell model, CD44+ CD24low 
cells generated tumors that recapitulated 
the phenotypic heterogeneity found in the 
original tumor.

the existence of cancer stem cells in 
human brain tumors has been demon-
strated (Singh et al. 2004). these cancer 
stem cells express the neural stem cell 
markers CD133 and nestin, and as few as 
100 of these cells formed tumors when 
injected intracranially into nOD/SCID 
mice. By contrast, 105 engrafted CD133– 
cells did not produce a tumor. the tumors 
produced by the CD133+ cells recapitu-
lated the phenotypic heterogeneity found 
in the initial tumor.

Multiple myeloma also possesses a 
cancer stem cell population (Matsui et al. 
2004). Multiple myeloma cells express 
syndecan-1 (CD138). However, a small 
subpopulation of cells with the phenotype 
of postgerminal center B cells, CD19+ 
CD20+, but CD138–, formed colonies 
in vitro and tumors in nOD/SCID mice. In 
addition to these tumors, cancer stem cells 
have been identified in various tumors, 
such as prostate and head/neck cancers 
(Collins et al. 2005; Vescovi et al. 2006; 
O’Brien et al. 2007; Prince et al. 2007; 
li et al. 2007). the surface markers of 
cancer stem cells reported in the litera-
ture are summarized in table 12.1. these  
findings suggest similarity of surface 
markers between normal and cancer stem 
cells. Besides surface markers, cancer 
stem cells may share the self-renewing 
or differentiation mechanism with normal 
stem cells.

 OrIgIn Of CAnCEr StEM 
CEllS

the following hypotheses might explain  
the origin of cancer stem cells (figure. 12.2): 
(1) they are derived from normal stem 
cells with malignant transformation, 
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(2) differentiated cells regain self-renewal 
ability with malignant transformation, 
and (3) stem cells fuse with other cells 
(figure. 12.2). As described above, mul-
tiple gene mutation steps are necessary 
for recovery of self-renewal ability, and 
these steps might take a long time. It 
seems difficult for differentiated cells to 

regain self-renewal ability because of their 
short lifespan, and in this respect, the 
second hypothesis is not plausible. Stem 
cells are unlikely to be targets for mul-
tiple mutations because of their rarity. 
therefore, the first speculation is also 
implausible. A combination of the first 
and second hypotheses, that is, transient 
amplifying cells derived from stem cells 
retain partial self-renewal ability, might 
explain the origin of cancer stem cells. 
Several reports support the notion that  
committed cells, not stem cells but so-called 
transient amplifying cells, become cancer 
stem cells. the coexpression of the bcl-2 
and bcr/abl genes in committed myeloid 
progenitors is sufficient to drive leuke-
mia in mice (Jaiswal et al. 2003). the 
Mll-Af9 fusion protein transforms com-
mitted granulocyte-macrophage progenitor 
cells into leukemic stem cells (Jamieson 
et al. 2004). leukemic granulocyte-macro-
phage progenitors gain self-renewal ability 
by activation of the Wnt signal cascades. 
the combined loss of the tumor suppres-
sor genes p16Ink4 and p19Arf and constitu-
tive activation of the Egf receptor induce 
a loss of differentiation in mature brain 
astrocytes (Bachoo et al. 2002). these 
cells regain neural stem cell properties 
and form glioblastomas when injected into 

Table 12.1. Surface markers of normal and cancer stem cells

Organ Species normal stem cell markers Cancer stem cell markers

Hematopoietic Human CD34+ CD38- thy1- lin- CD34+ CD38- thy1- lin-

Mouse Kit+ thy1low Sca1+ lin-

Breast Mouse CD24med CD49fhi CD44+ CD24low ESA+ lin-

Brain Human CD133+ CD133+

lung Mouse CD34+ Sca1+ lin- CD34+ Sca1+ lin-

Skin Mouse CD34+ CD71low integrin-a6hi CD20+

Prostate Human CD133+ integrin-a2b1hi CD44+ CD133+ integrin-a2b1hi

Head/neck Human CD44+ CD105+ CD166+ CD44+

Figure 12.2. Scheme of the origin of cancer stem 
cells. three hypotheses are presented. (1) the nor-
mal stem cells are directly mutated to become can-
cer stem cells. (2) the differentiated cells derived 
from stem cells are mutated. (3) the differentiated 
cells gain self-renewal ability by fusion with stem 
cells, and the resultant cells are mutated
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mouse brains. Cancer stem cells can be 
derived from more differentiated cells that 
are reprogrammed to express the proper-
ties of stem cells.

Cell fusion could be one mechanism 
for the cellular plasticity associated with 
tissue stem cells (Wagers and Weissman 
2004). However, it is unclear whether 
stem cells themselves fuse with other cell 
types in vivo. the fusion of stem cells 
and mutated cells might recover the self-
renewal capacity of the mutated cells, and 
allow further accumulation of mutations. 
the fusogenic factor CD44 is one of the 
surface markers for cancer stem cells in 
breast cancer, suggesting that these cells 
have the capacity to fuse with other cells. 
the three above-mentioned hypotheses 
may not be mutually exclusive. In some 
cases, the initial mutation might occur in 
stem cells. In other cases, it might occur 
in the transient amplifying cells. further 
studies are necessary to identify the ori-
gins of cancer stem cells more precisely.

 EPIgEnEtICS AnD CAnCEr 
StEM CEllS

Although almost all cells in the body 
possess the same genome, the pheno-
types of cells show great diversity. this 
diversity is regulated epigenetically by 
activating or silencing the expression of 
various genes (reik et al. 2001). gene 
silencing is mainly controlled by meth-
ylation of cytosine residues in DnA at 
Cpg dinucleotides in gene promoters, 
and this process is mediated by specific 
DnA methyltransferases and Cpg island-
binding proteins. Methylation prevents 
the binding of certain transcription factors 
to Cpg islands. Demethylation of DnA 

or histone acetylation induces structural 
changes in chromatin that activate gene 
expression during differentiation.

Epigenetic changes are required for 
the induction of differentiation in stem 
cells. Embryonic stem cells deficient in 
either the DnA methyltransferases or the 
Cpg island-binding proteins show severe 
DnA hypomethylation and complete dif-
ferentiation block (Jackson et al. 2004). 
Cancers themselves show hypomethyla-
tion. When the DnA methylation level 
is reduced to 10% of that in normal cells 
through the introduction of mutations in 
DnA methyltransferase genes, cancer is 
more likely to develop in mice (gaudet 
et al. 2003). Insulin-like growth factor 2 
(Igf2) is reported to promote the growth 
of colorectal epithelium (Cui et al. 2003). 
In human colorectal cancers, 30–40% of  
patients show a loss of DnA methylation  
in the maternal IGF2 allele (Cui et al. 1998).  
loss of DnA methylation in the maternal  
allele of IGF2 in peripheral blood mono-
nuclear cells is found in ~10% of the nor-
mal human population, and this population 
has a five-fold greater risk for developing 
colorectal cancers (Cui et al. 2003). the 
impairment of normal methylation of genes 
such as IGF2 can lead to elevated levels of 
Igf2, which affects growth and differen-
tiation and promotes cancer development. 
Although hypomethylation of the entire 
genome is seen in most cancer cells, aber-
rant hypermethylation is often detected in 
the same genome. Aberrant hypermethyla-
tion is also seen in the promoter region of 
so-called tumor suppressor genes (Jones 
and Baylin 2002). Combined, typical can-
cer cells show both hypomethylation and 
hypermethylation in a mosaic manner. 
regardless, epigenetic abnormalities are 
one of the causes of tumorigenicity.
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Most of the genes expressed exclusively 
in normal stem cells possess Cpg islands 
in their promoter regions. Methylation 
at their Cpg islands appears to silence 
gene expression during the differentiation 
process. Cub-domain containing protein 1 
(CDCP1) is one such protein (Ikeda et al. 
2006). CDCP1 is a transmembrane protein 
with three extracellular CuB domains, 
which are important for cell–cell interac-
tions, and intracellular tyrosine residues 
that are phosphorylated upon activation. 
CDCP1 was originally identified as an 
epithelial tumor antigen by comparing 
lung cancer cell lines and normal lung 
tissues. CDCP1 is expressed in leuke-
mia, metastatic colon cancer, and breast 
tumors. In addition, CDCP1 is expressed 
in hematopoietic stem cells and mesenchy-
mal stem/progenitor cells, but not in dif-
ferentiated hematopoietic cells. recently, 
we found that CDCP1 possesses Cpg 
islands in its promoter region (Ikeda et al. 
2006). Comparison of the expression of 
the CDCP1 gene and the proportion of 
methylated Cpg sequences revealed an 
inverse correlation between them. When 
demethylating reagent is added to CDCP1-
negative cell lines, the level of CDCP1 
gene expression is increased dramatically. 
nt2 cells are derived from human embry-
onal carcinoma, and become mature when 
subjected to the action of retinoic acids. 
In the nt2 differentiation process, the 
proportion of methylated Cpg sequences 
is increased, while the level of CDCP1 
expression is reduced significantly. An 
inverse correlation between the expres-
sion level and methylation status is also 
found in clinical breast cancer specimens. 
these data show that epigenetic regulation 
is a critical mechanism for CDCP1 gene 
expression. furthermore, we found that 

a zinc-finger transcription factor called 
zfp67 binds to the promoter region of 
the CDCP1 gene when few Cpg islands 
are methylated (Kimura et al. 2006). By 
contrast, zfp67 does not bind to the pro-
moter region in differentiated hematopoi-
etic cells, such as mature t lymphocytes, 
monocytes, and granulocytes, in which 
the Cpg islands of the CDCP1 promoter 
region are heavily methylated. Although 
the expression of the CDCP1 gene in 
cancer stem cells has not been elucidated 
fully, similar epigenetic regulation in the 
expression of a stem cell marker gene 
might be in effect in cancer stem cells.

 futurE PErSPECtIVES

the isolation of possible cancer stem cells 
with surface markers has been reported 
in various types of cancer. However, the 
biochemical properties of these isolated 
cancer stem cells have not been studied  
in detail due to the limited number of 
cancer stem cells available for research. 
recently, Kondo et al. (2004) reported the 
heterogeneous nature of not only tumor 
cells but also monoclonal cell lines derived 
from tumors. for example, the MCf7 
breast cancer cell line contains two distinct 
populations, which stain with Hoechst 
33342 dye in different manners: one expels 
the dye and the other stains with the dye 
strongly. the former is called the side-
population (SP) and the latter non-SP. SP  
cells give rise to both SP and non-SP cells,  
and SP cells are tumorigenic in nOD/
SCID mice, while non-SP cells are not. 
After characterizing SP cells in several cell 
lines, Patrawala et al. (2005) reported that 
SP cells are more tumorigenic than non-SP 
cells. Because normal stem cells are SP cells  
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(lin and goodell 2006), it is reasonable 
to postulate that cancer stem cells are 
included in this population. Because many 
cancer stem cells have been isolated from 
cell lines, their biochemical properties will 
be elucidated in the future.

Immunohistochemistry is a useful tech-
nique for analyzing the properties of a 
limited number of cells. the presence of 
CD44+ CD24low cells, which are markers of  
cancer stem cells, was examined in clini-
cal samples of breast cancer, revealing that 
abundant CD44+ CD24low cells in a tumor 
was a poor prognostic sign (Shipitsin et al. 
2007), although another group reported 
contradictory results (Abraham et al. 
2005). In addition, the findings reported 
for cancer stem cells in solid tumors vary 
among research groups, and await valida-
tion. further studies are needed to clarify 
whether the frequency of cancer stem cells 
among tumor cells correlates with the 
patient prognosis.

During normal development, the self-
renewal of stem cells is regulated by signals 
from the surrounding microenvironment. 
this microenvironment is called the stem 
cell niche. Stem cells residing in the 
niche are thought to maintain undifferenti-
ated and self-renewal status, whereas stem 
cells that escape from the niche become 
transient amplifying cells and start to 
differentiate. the niche might be neces-
sary for the self-renewal of cancer stem 
cells. recently, Calabrese et al. (2007) 
highlighted the importance of the vascular 
microenvironment in brain tumor growth, 
that is, cotransplantation of tumor cells 
with endothelial cells leads to more rapid 
tumor formation, suggesting the impor-
tance of the vascular niche in tumor 
formation. Stem cells or progenitors with 
mutations in the vascular niche might be 

more likely to give rise to tumors than 
those outside the niche. Similarly, the find-
ing that disruption of angiogenesis leads 
to a reduction of fully developed tumors 
suggests the critical role of the vascular 
niche in tumor maintenance. Once a tumor 
is fully-developed, cancer stem cells in the 
vascular niche may continue to self-renew, 
while those outside the niche may differ-
entiate. Identification of the signals that 
regulate the self-renewal of cancer stem 
cells may shed light on the precise mecha-
nism for the relationship between niche and 
tumorigenesis. furthermore, additional 
information on specific cancer stem cell 
markers may allow the use of immuno-
histochemistry to identify the niche for 
cancer stem cells.

Despite the recent advances in the 
treatment of cancers, most therapeutic 
approaches to tumors fail to eradicate 
the entire population of tumor cells. the 
cancer cells that survive therapy then 
recur and metastasize. Stem cells expel 
chemicals more efficiently than their 
progeny (lin and goodell 2006), and 
therefore cancer stem cells are thought to 
be resistant to anti-cancer drugs. In fact, 
we recently found that the CD55-high 
population, which contains cancer stem 
cells belonging to a breast cancer cell line, 
is resistant to apoptotic stimuli (Xu et al. 
2007). Standard anti-cancer drugs read-
ily kill most tumor cells, but not cancer 
stem cells, and the remaining cancer stem 
cells may survive and cause recurrence. 
therefore, cancer stem cells may be a 
novel therapeutic target in clinical oncol-
ogy. to develop efficient therapy against 
cancer stem cells, it is necessary to iden-
tify and characterize the unique features of 
cancer stem cells that discriminate them 
from normal stem cells. recently, loss 
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of the PTEN tumor-suppressor gene was 
observed in leukemia stem cells, but not in 
normal hematopoietic stem cells (Yilmaz 
et al. 2006).
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Translating In Vitro Cell Lines Result  
into Clinical Practice
Jai Prakash Mehta, Lorraine O’Driscoll, Niall Barron, Martin Clynes,  
and Padraig Doolan

 INTRODuCTION

Immortalized cell lines provide an easy and 
convenient option for analysis of biological 
systems compared to clinical specimens. 
Cell culture has gained wide popularity in 
the study of cancer, because of the innate 
continuously proliferating nature of these 
cell lines. Cancer cell lines are obtained by 
the enzymatic digestion or explant growth 
of tumour specimens. The main advantage 
of using cell lines for such research is the 
immortal nature of the cell lines, enabling 
them to be continuously cultured, distrib-
uted and studied in many labs and to act 
as a reliable platform for comparison of 
results, before advancing research to the 
next level. Another advantage of perform-
ing research on cell lines is ease of han-
dling and storage. Cell lines are cultured 
in flasks under well-controlled nutritional 
and environmentalal conditions and this 
ensures a greater degree of reproducibility 
in the results. Some assays require large 
amount of material; with cell line models, 
this is generally not a constraint. Cells can 
be stored indefinitely in liquid nitrogen 
and can be used when needed. Apart from 
the ease in maintenance and access, cell 

lines offer a convenient platform for genetic 
manipulation of cells. Many recent stud-
ies in cancer have centered on functional 
aspects of gene expression changes. Cell 
lines offer a realistic platform to knock-
down or over-express genes of interest. 
Due to the tremendous benefits of work-
ing on cell lines, they have dramatically 
contributed to basic research in cancer 
biology.

Recent interest has focused on extrapo-
lating the relevance of findings from cell 
line models to clinical models. There 
are obvious differences between cell line 
models and clinical specimens due to the 
difference in environments to which they 
have been exposed. These differences 
need to be accurately defined for the 
results arising from the cell line studies 
to be clinically relevant. A detailed study 
on these differences will help researchers 
to decide on the applicability of cell line 
models for their particular study and will 
pave the way in making the results more 
accurate and relevant to that of clinical 
condition. This manuscript examines the 
differences between cell line models and 
clinical specimens, particularly focusing 
on breast cancer.
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 HOw CeLL LINeS  
ARe GeNeRATeD

enzymatic digestion: Tumour tissue is 
digested using enzymes such as colla-
genase, trypsin, or pronase. These enzymes 
break down the extracellular matrix, thereby 
releasing the cells which are subsequently 
cultured in nutrient rich medium and in a 
controlled environment (Doyle et al. 1998).

explant culture: Small pieces of tissue 
are placed in nutrient rich medium and the 
cells that grow out and migrate from the 
primary tissue are further cultured (Doyle 
et al. 1998).

 TyPeS Of CeLL CuLTuRe

Primary cultures: Cells obtained directly 
from the tissue are termed primary cultures. 
Primary cultures have a defined life span 
and undergo a process of senescence and 
stop dividing, while remaining viable 
for short time period. Studies done on 
primary cultures can be very useful as 
these cells have not been in culture for 
long time after procuring from the body/
in vivo condition. However, primary cul-
ture has its own limitations. Since primary 
cultures cannot be maintained in culture 
for extended periods, lengthy experiments 
may be challenging; these cells generally 
cannot be distributed to other labs; and the 
experiments performed cannot be repeated 
at a later date to determine reproducibility. 
Many assays which require large numbers 
of cells cannot be performed on them.

Immortalized cell lines: These are the 
cells obtained from primary cultures which 
have attained a capability to proliferate 
indefinitely, due to mutations or artificial 
modifications. The focus of this manuscript 

is to compare these immortalized cell lines 
as models for clinical conditions.

 SeLeCTION BIAS

The first criterion for any cell line as a 
useful and efficient model is unbiased rep-
resentation of the corresponding clinical 
specimens. This would not be a problem, if 
cell lines could be made from any clinical 
specimen. This is of particular importance 
in breast cancer, where clinical diversity 
is very high, with patients being identified 
in various groups and sub-groups, such as 
basal like, eRBB2+, normal breast like, 
luminal subtype A, luminal subtype B 
and luminal subtype C (Sørlie et al. 2001). 
Most of the breast cancer cell lines which 
have been widely used in research were 
developed in the late 1970s. Many of these 
cell lines were obtained from the metastatic 
site rather than the primary site and were 
from aspirates or pleural effusions, rather  
than from the tumour (Burdall et al. 
2003). Other common aspects to these 
cell lines are that most have been obtained  
from estrogen- and Progesterone-
receptor-negative patients with a high 
grade of tumour; they were aneoploid and 
exhibited a moderate to poorly differenti-
ated phenotype, and they over-expressed 
p53 and HeR-2/neu proteins (Gazdar et al. 
1998). Research findings on such cell lines 
may be relevant to more advanced cancer, 
which has undergone metastasis, rather 
than less advanced disease, which may be  
still confined to tissue of origin. with the  
advancement in diagnosis and better 
awareness of the disease, most of the newly  
diagnosed patients are of early stage cancer 
and therefore research findings on meta-
static cell lines may be of less relevance.
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One way to overcome this problem would 
be to use a more diverse range of cell lines  
and include recently developed cell  
lines which have been isolated from pri-
mary sites rather than the metastasis site. 
for example, Gazdar et al. (1998) estab-
lished a number of cell lines (HCC series) 
from primary tumours, together with their 
paired normal cell lines which may be use-
ful for developing a better understanding of 
early stage breast cancer. These cell lines 
can be obtained from public repositories, 
such as ATCC (www.atcc.org).

 SeLeCTION PReSSuRe

Cell lines are typically grown in flasks and 
the nutrients are obtained from the medium. 
These cells are grown in incubators at 
37°C. when there are sufficient numbers of 
cells, the cells are removed from the flask 
using trypsin and seeded to a new flask 
at a much lower density and allowed to 
grow. This process is termed “passaging”  
and typically the cells are identified by 
their name and passage number. It is quite 
common to find researchers working with 
cells with high passage number especially 
for very common and old cell lines, such 
as MCf-7. every passage adds to a week 
of cell growth and selection advantage on 
highly proliferating cells. So, if a cell line 
is at passage 100, with an average time of 
1 week between passages, the cells had 
been in culture for more than 700 days 
(nearly 2 years). During the process of 
growth, there is very likely to be a constant 
selection advantage on the highly prolifer-
ating cells. Thus with time, it is possible 
that the slowly proliferating cells are  
lost from the culture and replaced with 
highly proliferating cells. In this way, a 

population of highly heterogeneous cells 
will be reduced to a mere limited collec-
tion of highly proliferating cells, no longer 
representative of the primary tumour.

Several previous studies have shown that 
chemotherapeutic drugs are more toxic to 
the cell lines than to their corresponding  
tumours (reviewed in Szakács and 
Gottesman 2004). There is much more 
diversity in the drug sensitivity profiles of 
tumours compared to cell lines. These dif-
ferences may be, at least in part attributed 
to very high rate of proliferation in cell 
line models compared to that of tumours 
(Stein et al. 2004). Another very promi-
nent aspect in solid tumours is the cell–cell 
adhesion which inhibits the distribution 
of chemotherapeutic drugs; thereby mak-
ing them less effective (Stein et al. 2004; 
Trédan et al. 2007). Considering these 
issues, drug toxicity assays optimized for 
highly proliferating cells may be relevant 
for in vitro models, but may not accurately 
reflect tumour sensitivity in vivo.

A partial solution to this problem lies 
in better management practices. The aim 
should be to reduce the number of times that 
cells are passaged and to avoid low seeding 
densities. Individual labs should maintain 
their own frozen stocks and ensure that they 
are not culturing the cells for long periods 
of time before freezing. People working in 
such labs should ensure that they always get 
their cell stock from the master stock, rather 
than “borrowing” from the co-workers. 
Day-to-day cell culturing should be kept to 
a minimum and researchers should revert 
to frozen stocks of low passage cells as 
frequently as possible. The aim of all these 
management practices should be to keep 
the passage number as low as possible, 
thereby decreasing the selection advantage 
to the highly proliferating cells.

http://www.atcc.org
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Another alternative is to work on primary  
cell cultures. Primary cultures (as explained 
above) are cells which have not been immor-
talized and still are close in characteristics 
to the tumours from which they have been 
developed. Cells in primary cultures often 
cease to grow after a certain number of 
cycles. The results obtained from these pri-
mary cultures should be more relevant to 
the clinical settings as they have not been 
cultured for long periods of time. However, 
because of the limited life span and lack 
of access to primary tissue, this may be 
impractical for many types of studies.

 CeLL LINe PRefeReNCe  
AND AVAILABILITy

Another aspect to consider is the avail-
ability of large numbers of cell lines.  
Due to the difficulty in establishing cell 
lines from tumours, the number of cell 

lines available for research is obviously 
more limited than the actual number of 
presenting tumours. The number of breast 
cancer cell lines identified at ATCC (www.
atcc.org) using key words “Organism: 
Human” and “Source: Breast”, reports 
100 available breast cell lines as of 20th 
November 2007. Considering the diversity 
associated with the disease, the number 
of cell lines available may be too small to 
represent the wide spectrum of this disease 
(Lacroix and Leclercq 2004). Much of the 
breast cancer research reported is heavily 
biased towards a small number of the avail-
able cell lines. A total of 68 breast cancer 
cell lines were individually searched in 
the Pubmed for their citation frequency. 
The results show that most research in 
this field is performed on a select few of 
these cell lines; MCf-7 has the biggest 
share (58%) followed by MDA-MB-231 
(15%), T47D (8%), MDA-MB-435 (3.7%) 
(figure. 13.1).
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Figure 13.1. Pubmed citation frequency for breast 
cancer cell line studies (as on 12-10-2007). A total 
of 68 breast cancer cells were estimated for citation 

frequency, and only few were found to be routinely 
analyzed and contribute significantly to breast 
cancer research
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One of the most common sub-groups 
of breast cancer tumours is the estrogen 
Receptor-positive tumours. This cancer 
type is generally responsive to estrogen 
and anti-estrogens are the drugs of choice 
for its treatment. However, when we inves-
tigate the citation frequency of breast can-
cer cell lines, much of our understanding 
on estrogen receptor metabolism is limited 
to two cell lines (i.e. MCf-7 and T47D).

As every cancer is different, results 
derived from 1 or 2 cell lines cannot be 
taken as a representative result. There is an 
urgent need for more cell lines to be intro-
duced into these studies. Including large 
numbers of cell lines in each study may be 
very demanding on resources of the lab, 
but should add to the value of the results.

In this regard, experiments designed to 
model clinical sub-groups such as HeR-2 
over-expression or BRCA1 and BRCA2 
mutations suffer from a dearth of suitable 
cell line models. In theory, one way to over-
come this problem would be to culture every 
patient tumour for cell line generation. The 
convincing point for patients would be the 
potential benefit if a better understanding  
of the tumours is developed; in terms of  
toxicity assays as well as genomic and/or 
proteomic parameters which may eventually  
be useful for the post-operative treatment and  
also will be valuable in the event of relapse. 
This may also generate a large amount of 
information from the analysis of primary 
cell culture, which should be more repre-
sentative of the tumours (Masters 2000).

 CROSS-CONTAMINATION

A significant problem identified with 
long-term cell culturing is the potential 
source of contamination by other cell lines. 

Contamination by foreign cell lines is 
considered to be rampant across most cell 
culture labs (Lacroix 2008). In a study by 
MacLeod et al. (1999), 45/252 (18%) cell 
lines tested were found to be contaminated 
by cells of foreign origin. Of the 93 cell 
lines from the original investigators, 27  
were found to be cross-contaminated. Almost 
all of the contaminants (42/45) were 
intraspecies, mainly by the long established 
cell lines. HeLa cell line, which was devel-
oped in 1952, has been identified to be the  
most frequent contaminant in commonly 
used cell lines (Nelson-Rees et al. 1981). 
unfortunately, once the contamination occurs, 
it is maintained in all further passaging. 
If the contaminant cell line has a higher 
multiplication rate, the contaminant might 
become the main cell type in the culture. 
This problem may remain un-noticed unless 
elaborate tests are routinely carried out to 
identify any such contamination. Some of 
the tests that can be carried out to accurately 
identify these contaminants are enzyme 
polymorphism, HLA typing, karyotyping  
and DNA fingerprinting. Masters et al. 
(2001) describes a technique termed “Short 
Tandem Repeat” (STR) profiling which  
is inexpensive and which may be used to 
accurately identify the authenticity of the cell  
lines and to identify possible contaminants.

 MICROBIAL CONTAMINATION

Mycoplasma is another source of con-
tamination, which has been estimated to 
contaminate some 15–35% of all cell lines 
(Hay et al. 1989). It normally goes unno-
ticed and alters the properties of the cells. 
It is highly infectious and in a short time 
can contaminate many cell populations. 
There are a range of screening techniques 
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available such as PCR based assays and 
indicator cell assays that can be applied to 
investigate the presence of Mycoplasma. 
Cell culture labs should routinely perform 
these tests to rule out any Mycoplasma 
contamination.

In addition to this, bacterial contamina-
tion has been found to exist at low con-
centrations and go unnoticed for a long 
time. It is of particular importance that 
labs which routinely use antibiotics for 
their cell culture are aware of this. Due to 
the presence of antibiotics, the resistant 
bacteria keep growing with the cells at a 
very low concentration and may alter the 
obtained experimental results. Antibiotics 
should be replaced with good management 
practices to rule out such problems.

Viruses are other potential contaminants 
which may alter the results. unfortunately, 
there are no easy ways to detect viral 
contaminants in cell lines. However, cell 
line banks should carry out these tests 
before distributing the cells. The German 
Collection of Microorganism and Cell 
culture screens all human cell lines for 
some of the frequently occurring viruses 
(Masters 2000).

 HANDLING eRRORS

Due to the long-term culturing of cell lines,  
there is an increased likelihood of creating  
variants of the original population,  
not only due to genetic and phenotypic 
drift, but also due to handling issues. The 
same cell lines are grown under different 
conditions in different labs. This leads to  
selection of different sub-populations from  
the original population, leading to incon-
sistency among the various labs. Osborne 
et al. (1987) demonstrated differences 

in the MCf-7 breast cancer cell lines 
obtained from different labs. These differ-
ences were observed in terms of prolifera-
tion, hormone receptor content, karyotype 
and clonogenicity. Karyotypic variation 
was also observed by Bahia et al. (2002) 
between independently-cultured strains of 
MCf-7 cell lines in different labs.

Labeling error is another common form 
of error, which may occur during long 
culturing periods. The obvious solution is 
good laboratory practices and to identify 
the authenticity of the cell lines using the 
various techniques described above.

 New INSIGHTS: MICROARRAy 
GeNe-exPReSSION 
PROfILING Of TuMOuRS 
AND CeLL LINeS

High-throughput screening methodologies 
such as microarrays have promised to 
revolutionize the profiling of cell lines and 
clinical samples. with microarray technol-
ogy, it is now possible to quantify the gene 
expression levels of all possible genes in 
a single experiment. The ever-increasing 
numbers of gene expression profiles of 
clinical specimens and cell lines in public  
repositories such as Gene expression 
Omnibus (GeO) www.ncbi.nlm.nih.gov/
geo and Array express www.ebi.ac.uk/
arrayexpress have paved the way towards 
cell line and clinical specimen comparison 
at the transcript level a reality.

Clustering is the commonest procedure in 
microarray data analysis to group samples 
with similar expression profiles (eisen et al. 
1998). Hierarchical Clustering groups the 
samples based on their similarity and out-
puts the result as a tree structure, where the 
adjacent nodes are more similar than nodes 

http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://www.ebi.ac.uk/arrayexpress
http://www.ebi.ac.uk/arrayexpress
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that are distant from each other. Clustering 
analysis on gene expression profiles of 
clinical samples and cell lines separate 
them as two different groups (Mehta et al. 
2007; ertel et al. 2006; Dairkee et al. 2004; 
Ross and Perou 2001). Principal compo-
nent analysis (PCA) is another technique 
to group samples with similar expression 
profiles. This analysis projects the data in 
reduced dimensions (3-D or 2-D) where it 
becomes possible to draw conclusions on 
the similarity of samples (Raychaudhuri 
et al. 2000). PCA analysis was carried out 
by this group (Mehta et al. 2007) to dem-
onstrate that cell lines and clinical samples 
are very different. In a similar analysis, 
Sandberg and ernberg (2005) used Singular 
value decomposition (SVD) and showed 
that irrespective of the tumour of origin,  
the cell lines clustered separately.  
Thus, there is sufficient evidence to con-
clude that there is a large degree of differ-
ence in the gene expression profiles of cell 
lines and clinical samples.

Most of the studies comparing the gene 
expression profiles of cancer specimens 
and cell lines have identified genes related 
to proliferation and cell cycle to be highly 
up-regulated in cell lines, compared to 
the clinical conditions (Mehta et al. 2007; 
ertel et al. 2006; Sandberg and ernberg 
2005; Dairkee et al. 2004). This seems 
logical, as cell lines in culture have an 
unlimited supply of nutrients and space to 
grow and the conditions are favorable to 
highly proliferating cells. Other important 
functions and pathways up-regulated in 
clinical conditions are ATP synthesis, one 
carbon pool by folate, oxidative phospho-
rylation, proteasome, purine metabolism, 
pyrimidine metabolism, ribosome, RNA 
polymerase (ertel et al. 2006), as well as 
macromolecule processing and turnover 

and energy metabolism (Sandberg and 
ernberg 2005).

Conversely, functions and pathways  
up-regulated in clinical conditions com-
pared to cell lines include Immune response, 
Defence response, Complement activation  
classical, Complement and coagulation  
cascade, Matrix metalloproteinases (Mehta  
et al. 2007), cell communication, cell adhe-
sion molecules (CAMs), eCM-receptor 
interaction (ertel et al. 2006) and CAMs 
and signaling proteins (Sandberg and 
ernberg 2005).

 CONCLuSIONS

Despite the fact that cell lines are established 
from clinical tissue, the true representative 
nature of these cells remains a matter of 
debate. This review outlines the marked 
differences between cell lines and clinical 
conditions. Due to the obvious advantage 
and opportunity for manipulation, cell lines 
will continue to provide valuable informa-
tion about cancer biology and the functional 
relevance of genes and proteins. To make 
findings more relevant, an awareness of 
the differences should be more widespread 
among cell culture labs. This will not only 
help encourage better management prac-
tices by individual labs, but it will also 
ensure that due consideration is given to the 
translational aspect of research conducted 
on cell lines. There is also an urgent need 
for a greater number of cell lines to be estab-
lished, which should include those from 
less invasive and early stage disease and 
also from different groups and sub-groups 
of disease. furthermore, wherever possible, 
the resulting immortalized cell lines should 
be complemented with results from primary 
culture and/or relevant animal models.
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14
Classification of Cancer Stage Using 
Patient’s Immune System
P. Pellegrini, I. Contasta, A.M. Berghella, T. Del Beato, and D. Adorno

InTroDUCTIon

In cancer research, as Jarnicki et al. (2006) 
and Benzoni et al. (2007) have shown, 
surgery continues to be the main treatment 
option though irradiation and chemother-
apy have become increasingly important 
and may, in certain cases, improve the 
cure rate produced by surgery. The need 
for accurate staging, however, prior to any 
treatment planning has become increasingly 
important in a wide variety of malignancies 
(Vlastos and Verkooijen 2007; Warburton 
et al. 2007). The detection of widespread 
metastatic disease in patients and the need 
for accurate staging before therapy has 
been long recognized (Skeel 1992), and 
there is a strong case for restaging cancer 
after a number of cycles of chemotherapy 
to determine if continued chemotherapy is 
required. Staging during an operative pro-
cedure is also vitally important to spare the 
patient the possible morbidity and mortal-
ity associated with hazardous procedures. 
no single staging system is universally 
employed for all cancers but one of the 
most commonly used is the pTnM clas-
sification system, devised by the American 
Joint Committee on Cancer et al. (1992), 

and based on the examination of a surgically 
resected specimen. This classification takes 
into consideration the size of the primary 
tumour (T), the presence and extent of 
regional node metastases (n), and the pres-
ence of distant metastases (M). However it 
is an invasive method of classification as it 
is based on the examination of a surgically 
resected specimen. Many researchers have 
found that tumor establishment and pro-
gression are generally allowed through a 
malfunction of the immune response (Jarnicki 
et al. 2006; Berghella et al. 2006; Contasta 
et al. 2006; Pellegrini et al. 2006). Hence, it 
is our opinion that a noninvasive method of 
identifying disease stage could lie with the 
study of immunological blood parameters.

ClASSIfICATIon SySTeM  
for CAnCer STAge

Several studies have shown that specific 
cytokines alter the physiological func-
tionality of TH1, TH2, TH3, and TH17 
subsets of CD4+ T Helper (TH) cells in 
cancer (liu et al. 2007; Jarnicki et al. 
2006). other studies underline the direct 
role of immunological disregulation in the 
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mechanisms that allow tumors to locate 
and expand within the host (Berghella 
et al. 2006; Contasta et al. 2006). These 
immunological alterations increase with 
stage progression, and therefore the net-
work study of TH1/TH2/TH3/TH17 type 
cytokines (produced by the respective TH 
cells) is a logical step in establishing a 
means of classifying stage; additionally, 
this type of study could also provide 
important indications for in vivo treat-
ment to correct the imbalance within the 
immune system.

TH1/TH2/TH3/TH17 CyTokIne 
PHySIologICAl neTWork 
In PerIPHerAl BlooD 
SAMPleS

Cytokines are the most important class of 
immune response mediators. The network 
of peripheral blood TH1/TH2/TH3/TH17 
cytokines, which is believed to control the 
polarization of TH cells into TH1, TH2, 
TH3 or TH17 types, needs to be studied 
carefully as disturbances in this network 
can result in disease. It is now widely 
recognized that viruses and other disease 
carriers can endanger the homeostasis of 
the immune system by altering the path-
ways involved in the production of the 
above-mentioned cytokines creating an 
imbalance between TH1/TH2/TH3/TH17 
cytokine network level relationships and 
functions. This, in turn, causes imbal-
ance in the immune system determining 
the ongoing pathological conditions, as 
tumors. The study of the relationships and 
levels of peripheral blood TH1/TH2/TH3/
TH17 cytokine networks in healthy subjects 
helps us understand how the normal physi-

ological network of cytokines regulates 
TH-type cell polarization, and hence the 
type of immune response. A comparative 
study with groups of cancer patients, on 
the other hand, allows the identification 
of the immunological alterations within 
the mechanisms that regulate the different 
phases of the immune response in cancer 
development and stage progression. The 
goal of the comparative study is to identify 
markers and explain prognostic and diag-
nostic indices to establish an immunologi-
cal method for disease prevention program 
and clinical stage monitoring.

TH1/TH2/TH3/HT17 Cytokine network: 
Immuno System

TH1/ TH2-Type Immune Responses  
and the Regulating Role of the TH3-Type

for more then 35 years immunologists 
have classified the immune response into 
type 1 (TH1) which provides cell-mediated 
immune response, and type 2 (TH2) which 
supports B helper function and the humoral 
immune response. Cher and Mosmann 
(1987) reported that these responses are 
regulated by the TH1 and TH2 subsets of 
CD4+ TH cells, respectively. Although 
both subsets produce Interleukin (Il) 3, 
granulocyte monocyte colony stimulator 
factor (gMCSf) and tumor necrosis fac-
tor (Tnf) a, only TH1 cells produce 
Il2, Interferon (Ifn)g, whilst TH2 cells 
produce other cytokines, such as Il4, 
Il5, Il6, and Il10 (Stevens et al. 1988). 
Mosmann et al. (1991) also reported that 
the polarization of the immune response 
into TH1 or TH2 cell-types is not absolute, 
and the ratio of these cells varies according 
to physiological demand and clinical condi-
tions. During the last 30 years, research 
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on cytokine networks has shown that: (1) 
each cytokine plays a specific and crucial 
role in maintaining the balance within the 
cytokine network, which is responsible 
for the normal development of T cells into 
TH1, or TH2 cells, and hence for a normal 
immune response. Pathological conditions 
were found to arise from alterations in 
normal cytokine levels and relationships 
within the network of the cell environ-
ment; (2) the relative proportion of each 
TH cell-type depends on the concentra-
tion of individual cytokines present in 
the cell environment during resting and 
activation states of the immune response. 
The phenotypical TH-type of cells can be 
determined by evaluating the TH-types of 
cytokines that are produced by the cells. 
for example, Ifng induces the prolifera-
tion of TH1 cells, while Il4 was shown 
to be essential for the development of 
TH2 cells and to inhibit the differentia-
tion of precursors into TH1 cells. Il10 is 
an important physiological regulator of 
inflammatory and immune responses, and 
its in vivo production is associated with 
TH2-like responses. Il10 is a more pow-
erful inhibitor of Ifng, macrophages and 
TH1 functions than Il4 and so is pro-
duced when its inhibiting activities favor 
physiological homeostasis (Bradley et al. 
1995). furthermore, fossa et al. (1995) 
reported that alterations in Il10 levels 
cause an imbalance in the cytokine net-
work, which can have profound pathologi-
cal consequences. Additionally, kalinski 
et al. (2001) reported that Il12p40, a 
homodimer, also promotes TH2 immunity 
by acting as an Il12 antagonist, while 
Il12p70, a heterodimer, is a major TH1/
driving cytokine promoting cell-mediated 
immunity. An additional CD4+ T-cell sub-
set designated TH3, was more recently 

identified and functionally characterized 
by the production of transforming growth 
factor (Tgf)b (Acerwenka and Swain 
1999). TH3 cells have a very important 
regulatory role in TH1 and TH2 cell func-
tions, and there is now increased effort 
being made to understand the mechanisms 
of Tgfb mediated TH1/TH2 immunologi-
cal suppression and/or stimulation. Tgfb 
is thought to function as a differentiation 
switch, counteracting existing differentia-
tion programs of cells as they pass from 
one stage of differentiation to the next.

 Importance of a New Population Named 
TH17

The increasing immune mechanism 
knowledge has undermined the TH1/TH2/
TH3 model hypothesis, and its hold was 
broken by experiments to define the role 
of the cytokine Il23 in experimental aller-
gic encephalomyelite (Steinman 2007). 
In fact, in the light of new information 
it is now recognized that the TH1/TH2/
TH3 model is too rigid a model to be 
able to explain newly identified immuno-
logical mechanisms such as autoimmune 
diseases. Steinman (2007) explained that 
Il23, although sharing the p40 subunit 
with the TH1 cytokine Il12, differs from 
Il12 because of its unique p19 subu-
nit. Il23, unlike Il12, does not induce 
TH1 cells, which produce Ifny. Cua and 
kastelein (2006) showed that mice, with 
the gene for Il23 deleted, were resistant 
to the induction of various animal models 
of autoimmunity, including eAe, col-
lagen arthritis, and inflammatory bowel 
disease. Il23 drives a population of T 
cells that produce Il17, Il6, Tnf, and 
named TH17. Additionally, it was reported 
by Bettelli et al. (2006) that Tgfb/Il6 
interactions induce TH17-autoimmunity 
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progression, by switching cell generation 
from T-regulatory (T-reg) cells to TH17 
cells. Consequently, T-reg and TH17 cells 
are generated from reciprocal develop-
mental pathways, and Il6 and Tgfb seem 
to be the chief inducers of TH17 develop-
ment, whereas Tgfb alone promotes the 
generation of T-reg cells. furthermore, 
it was reported by Steinman (2007) and 
Colgan and rothman (2006) that TH1 and 
TH2 cytokines were required to recipro-
cally reduce Il17. on the basis of this new 
finding, TH1 cells, long thought to medi-
ate tissue damage, might only be involved 
in the initiation of tissue damage, without 
playing a decisive role. The cytokine Il17, 
on the other hand, is now thought to have 
a major role in various immune-medi-
ated tissue injury, including organ-specific 
autoimmunity in the brain, heart, syn-
ovium, and intestines, allergic disorders of 
the lung and skin, and microbial infections 
of the intestines and the nervous system. 
In this TH1/TH2/TH3/TH17 new context, 
the immunological function of the TH1 
cell population would be to antagonize the 
TH17 pathway in some manner. Without 
a doubt, our growing understanding of the 
TH17 pathway will lead to a shift in per-
spective concerning the functional basis 
of the immune system network, and give 
hope for improvement in the prevention 
and treatment of immunopathologies such 
as tumor disease.

MeTHoD To STUDy THe  
TH1/TH2/TH3/HT17 
CyTokIne neTWork

The identification of accurate markers and 
diagnostic indices can only be achieved 
through an evaluation of the immune sys-

tem that takes into account physiological 
conditions. This entails the study of the 
network of relationships between TH1/
TH2/TH3/TH17 cytokine levels and the 
behaviour of this multicomponent system; 
because of the complexity of biological 
systems, this requires the use of math-
ematical models that provide a framework 
for determining the outcome of numer-
ous and simultaneous time-dependent and 
space-dependent processes (Janes and 
yaffe 2006). Many advances in TH1/TH2/
TH3/TH17 cytokine network research have 
relied on the isolation of single cytokines 
using in vitro experiments with individ-
ual cell types and purified cytokines, or 
in vivo models using mice lacking the 
cytokine in question through the targeted 
destruction of the cytokine gene. These 
experimental approaches have been very 
successful in determining the influence 
of individual cytokines, but they do not 
allow a true assessment of the relative 
importance of each cytokine in the physi-
ological network where all cytokines are 
functioning simultaneously. There is now 
an increasing need to understand how the 
immune system functions as a whole in 
order to understand more fully the devel-
opment of pathological conditions such 
as tumors, and to devise immunological 
indices for more effective strategies to pre-
vent and treat these pathologies. As men-
tioned earlier, the only way of studying 
the whole integrated system would appear 
to be through mathematical modelling. 
Janes and yaffe (2006) reported that the 
increasing availability of high-throughput 
and multiplex techniques for quantifying 
signalling and cellular responses makes it 
immediately feasible to collect large data 
sets on protein abundance and activity. 
The paradox for systems biology is that 
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these large data sets, by themselves, often 
bring more confusion than understanding. 
In this regard, reductionist experimental 
approaches seem to make more sense, 
simplifying the confusion. To improve 
understanding without adding more con-
fusion, computational models must be 
indicative of a mechanism and be based on 
experimental data. Janes and yaffe (2006) 
reported that the only way of studying 
biological systems would appear to be 
through ‘data-driven models’: mathemati-
cal modelling which helps users to analyze 
large experimental data sets by simplify-
ing the measurements themselves.

 Immune System Through Mathematical 
Modelling

our immunological research on cytokine 
networks (Berghella et al. 2006; Contasta 
et al. 2006; Pellegrini et al. 2006), are 
examples of how data-driven model-
ling using statistical approaches can 
give important insights into the immune 
system. In fact, by using a data-driven 
modelling system approach to study the  
TH1/TH2/TH3/TH17 network, new insights 
can be gained into questions that cannot 
readily be answered experimentally as 
well as, in this specific case, an immu-
nological method for cancer stage clas-
sification. Modelling approaches must be 
based on prior biological analysis of the 
data itself, without making assumptions 
concerning the underlying mechanisms. 
The next step is understanding the specific 
mechanisms involved and the selection of 
the most significant markers for the stage 
index formulation. Then marker variations 
within peripheral blood must be defined, 
and these parameter ranges evaluated in 
specific groups of cancer patients to establish 

their significance and precision as prognostic 
and diagnostic indices for the classifica-
tion of cancer stages.

 Peripheral Blood Cytokine network

on the basis of the above information, 
peripheral blood levels of TH1/TH2/
TH3/TH17 cytokines and other specific 
immunological parameters (such as solu-
ble cytokine receptors and costimulator 
antigens, protein regulating cell cycle or 
degradation of cellular matrix) need to be 
studied as do their network relationships, 
which together are believed to control 
the polarization of TH cells into TH1, 
TH2, TH3, or TH17 types. This immu-
nological evaluation must be carried out 
for each individual. To evaluate the influ-
ence of cell environment on TH polari-
zation (which affects TH polarization), 
network interactions between cytokines 
and immunological parameters are studied 
in serum because serum can be considered 
the cell environment in peripheral blood. 
Cytokines produced by immunological 
cells are studied to establish their func-
tional type (TH1, TH2, TH3, or TH17) 
and their network interactions with immu-
nological parameters must be determined. 
Hence, specific TH cytokine-types are 
determined in whole blood culture super-
natants (to study peripheral blood mono-
nuclear cells, PBMC) and DC culture 
supernatants( to study antigen presenting 
cells), with or without stimuli (respec-
tively activation and resting state of the 
immune response). The whole blood cul-
ture method is used as it reflects in vivo 
physiological conditions more accurately, 
and so is more appropriate in this study 
(Bloemena et al. 1989). In addition, it is 
a simple procedure and thus reduces the 
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potential for error. This method has the 
added advantage of not requiring the sepa-
ration of cellular sub-populations which 
would represent an additional source of 
potential variation both, in an individual 
and among individuals. experimental con-
ditions with or without stimuli (as PHA 
and lPS), were used to evaluate the type 
of functional immunity in activation and 
resting conditions: PHA is a nonspecific T 
cell stimulant that provides more informa-
tion on T-cell contribution (Cohen et al. 
1995); while Doyle et al. (1995) reported 
that lPS, as a Toll-like receptor agonist, is 
useful in understanding and determining 
the influence of antigen presenting cells 
such as monocytes and dendritic cells.

 MeTHoDS

 Serum Samples

A 5 ml sample of venous blood is col-
lected from each subject and centrifuged 
within 1 h of withdrawal as physiological 
levels of the cytokines tend to decrease 
at room temperature. The serum obtained 
is stored and frozen in aliquots at –80°C 
until use.

Peripheral Blood Mononuclear Cell 
Separation and generation of 
Dendritic Cells from Monocytes Using 
Dynabeads

A sample of heparinized blood (20 IU/ml 
blood – liquemin-roche) is taken from 
each subject and diluted 1:4 with PBS 
medium at room temperature. PBMCs are 
separated by centrifugation (160 g for 20 
min at 20°C) over a lymphoprep gradient 
(nycomed norvay). These cells are recov-
ered from the plasma/lymphoprep interface 

and washed three times with medium (200 
g for 10 min at 20°C). Monocytes from 
PBMC samples are obtained by removing 
T cells, B cells, nk cells, and granulocytes 
(if present) through the first addition of 
specific antibody mix to the PBMC sam-
ple and then depletion Dynabeads to cap-
ture the antibody bound cells. Dynabeads 
are uniform, supermagnetic, polystyrene 
beads coated with a fc specific human 
Igg4 antibody against mouse Igg. The 
antibody mix contains a mixture of mouse 
monoclonal antibody for CD2, CD7, 
CD16 (specific for CD16a and CD16b), 
CD19, and CD56. The blocking reagent 
contains gamma globulins to block fcr 
on monocytes. These coated cells are then 
separated with a magnet (Dynal MPC) 
and discarded. PBMCs are transferred into 
a 15 ml tube, washed three times with 
PBS with centrifugation (at 225 g for 8 min 
at 2–8°C) and resuspended at 1 × 107 per 
100–200 µl PBS. 22 µl of blocking rea-
gent and 20 µl of antibody mix for each 
1 × 107 MnC cells is added and incubated 
for 10 min at 2–8°C. The cells are washed 
(by adding 1 ml of PBS per 1 µ107 × C 
and centrifugation for 8 min at 500 g) and 
resuspended in 0.9 ml of PBS per 1 × 107 
MnC. 100 µl of Depletion Dynabeads 
per 1 × 107 MnC are added and incubated 
for 15 min at 2–8°C with gentle tilting 
and rotation. The total volume for cell and 
bead incubation should be 1 ml per 1 × 107 
MnC. The rosettes are resuspended by 
careful pipetting 5–6 times before increas-
ing the volume by adding 1–2 ml of PBS 
and placing in the Dynal Magnetic particle 
concentrator for 2 min. Isolated monocytes 
recovered should be >98% viable and free 
of surface bound antibody or Dynabeads. 
Monocytes are resuspended in rPMI 1640 
(Sigma, endotoxin tested) complete medium 
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containing 10% of AB male human serum 
(heat-inactivated for 30 min at 56°C), 
penicillin (50 UI/ml), streptomycin (50 µg/ml), 
and l-glutamine (0.2 mM). The cells are 
incubated in 24-well plates at a concen-
tration of 200,000 cells per ml at 37°C 
in a humidified atmosphere of 5% Co2 
for 8 days and stimulated with 30 ng/ml 
of recombinant Il4 (Preprotech-england, 
specific activity of >5 × 06 U/mg), 30 ng/
ml of recombinant gM-CSf (Preprotech-
england, specific activity of >1 × 107 U/mg). 
on day 3, Il4 and gM-CSf are added 
again and on day 6, immature DCs are 
obtained. Immature DCs are stimulated 
with 100 µg/ml of lPS (Sigma), 0.1 ng/ml 
of recombinant human Ifnb (Preprotech-
england, specific activity of >2 × 107 U/mg), 
1,000 U/ml of recombinant human Ifny 
(Collaborative research incorporated, bio-
medical products, Bedford, MA, specific 
activity 500,000 Units/100 µl) and DCs 
without stimuli are also prepared. After 2 
days of culture, the supernatant is removed 
from each well, centrifuged at 250 g and 
stored frozen in aliquots at –80°C until used.

Whole Blood Cell Cultures

The whole blood culture method must be 
used for the network study as it reflects 
in vivo physiological conditions more 
accurately (Bloemena et al. 1989). A 15 
ml sample of heparinized blood (20 IU 
heparin/ml blood-liquemin-roche) is 
taken from each patient, and the samples 
kept at room temperature are used imme-
diately. Venous blood is diluted 1:10 with 
rPMI-1640 medium (Sigma, endotoxin 
tested) and supplemented with 0.2 mM of 
l-glutamine, 50 IU/ml of penicillin, 50 
µg/ml streptomycin (Sigma) and 10% of 
human AB serum. Aliquots at 1 × 106 cells 
are distributed in 12 mm polypropylene 

tubes; 10 µg/ml of PHA (Sigma) is used 
for stimulation. After 3 days of culture, the 
supernatant is removed and cytokine levels 
determined. The effect of adding heparin, 
which prevents clotting in whole blood 
cultures, must also be tested.

 Cytokine Detection

The solid phase sandwich enzyme linked-
immuno-sorbent assay (elISA) is used 
for the in vitro quantitative determination 
of cytokines and soluble molecules in cell 
culture supernatant. Briefly, a monoclonal 
antibody specific for cytokine detection 
is coated into the wells of the micro-
titer strips. Samples (assayed in replicate), 
including standards of known and unknown 
cytokine concentrations, are pipetted into 
these wells. During the first incubation, 
the cytokine antigens are added to the 
wells. After washing, a biotinylated mono-
clonal antibody specific for the cytokine 
is incubated and the enzyme streptavidin-
peroxidase is added. After incubation and 
washing to remove all unbound enzyme, a 
substrate solution, which acts on the bound 
enzyme, is added to induce a colored reac-
tion product. The intensity of this colored 
product is directly proportional to the 
concentration of the cytokine present in 
the sample. A blood sample is taken from 
each subject and assayed for all cytokines. 
Thus, all cytokines are determined in all 
patients. for intra-assay precision, samples 
of known cytokine concentration must be 
assayed in replicates of ten to determine 
precision within an assay, the coefficient 
of variation is &*&<10%. for inter-assay 
precision, samples must also be assayed 
30 times in multiple assays to determine 
precision between assays, the coefficient 
of variation is <10%.
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 Data Analysis

given the complexity of the analyses, 
software systems are essential; we use 
“Statgraphics full system, Statistical 
graphics System by Statistical graphics 
Corporation, ed. 1989, USA”. The results 
are expressed as means ± standard devia-
tion and the differences between groups 
are assessed by the Mann-Whitney U 
test, the two-tailed Student's t-test, the 
Wilcoxon rank test for paired samples, 
and the Chi-square test as appropriate. 
network relationships between immuno-
logical parameters and stage progression 
are analyzed through mathematical mod-
elling using multivariate statistical meth-
ods. As mentioned above, there is now 
an increasing need to understand how the 
immune system functions as a whole in 
order to understand the development of 
pathological conditions such as cancer, 
and to create immunological indices for 
clinical use. Currently the only way of 
studying the whole system would appear 
to be through mathematical modelling. In 
our studies on the TH1/TH2/TH3/TH17 
cytokine network we use the mathemati-
cal modelling of multivariate statistical 
analyses. The next section gives a brief 
outline of the statistical analyses used, and 
we refer the reader to the references given 
for more detailed information (Janes and 
yaffe 2006; randerson 1993).

The multivariate statistical procedure 
that analyses the correlation between 
parameters provides us with a matrix of 
coefficients of correlation (that vary from 
–1 to +1) and significance (p), and gives 
the degree of correlation between parame-
ters within the network at any one moment 
in time. A positive correlation indicates 
that the parameters vary in the same direc-
tion, while negative correlation indicates 

that the parameters vary in the opposite 
direction. Statistically independent param-
eters have an expected correlation of zero. 
The covariance analysis produces a matrix 
of covariance coefficients between param-
eters which can be positive or negative 
and which, in contrast to the correlation 
study, allows a dynamic analysis of how 
network components vary with respect to 
one another in any one moment of time. 
In fact, the covariance method measures 
the linear association between parameters. 
If parameters increase or decrease at the 
same time, the covariance is positive, 
whilst other changes are considered nega-
tive. The principal component analysis 
plots the vectors of interaction between 
parameters within the network. The angle 
between vectors is inversely proportional 
to the correlation between them, the same 
vector direction indicates a positive cor-
relation, the opposite vector direction indi-
cates a negative correlation. This allows 
for a visualization of the situation under 
examination. It was reported by Janes and 
yaffe (2006) that principal components 
analysis achieves dimensionality reduc-
tion by finding new axes, called principal 
components, that identify the linear com-
binations of parameter axes most closely 
connected to one another. Principal com-
ponents function as super-axes, which 
allow users to view the entire data space 
in just two or three dimensions that cap-
ture the most important information in 
each of the original parameter axes. The 
multiple regression and stepwise multiple 
regression analyses (which assume that 
a variable can be predicted from a set of 
other variables and seek the best math-
ematical relationship between them) are 
used to study the weight of each parameter 
in the normal balance of the parameter 
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network. A forward or backward selection 
procedure is possible in the latter method. 
The forward selection begins with no vari-
ables (step 0) and adds them one at a time 
(step 1, 2, etc.) according to the highest 
f-statistic values. This allows us to con-
trol the entry of variables in the model. 
The backward selection procedure begins 
with a model containing all the variables 
(step 0) and eliminates them one at a time 
(step 1, 2, etc.) according to the lowest 
f-statistic values. The forward selection is 
comparable to onset and evolution of the 
immune response; whilst the backward 
selection procedure is comparable to the 
physiological return to equilibrium. The 
simple linear regression analysis, which 
generates predictions and related statistics 
for all parameters examined, is useful for 
determining patient stage indices as we 
reported in Pellegrini et al. (1998). Patient 
stage indices are obtained by predicting 
pTnM stage values (dependent variable) 
from immunological parameters (inde-
pendent variable) and evaluating their sta-
tistical significance (C.Corr, r- SQ, and p 
values). The significance is set at p <0.05.

 PHySIologICAl eVAlUATIon 
of THe IMMUne SySTeM

 The TH1/TH2/TH3/TH17 Cytokine 
network in Healthy Subjects

The first step is to study the TH1/TH2/
TH3/TH17 cytokine network and specific 
immunological parameters in healthy sub-
jects. This type of study can illustrate how 
cytokines regulate, by means of induction 
(→) or suppression (¹), TH polarization in 
TH1, TH2, TH3 or TH17 cells and there-
fore the normal immune response. It is also 

a pratical and noninvasive tool for the  
identification of suitable peripheral blood 
markers, establishing ranges for use in 
evaluation methods for disease prevention 
programs. our research in healthy subjects, 
shows that the normal cytokine network 
regulates TH polarization by means of spe-
cific relationships between TH-types of 
cytokines, which are different in men and 
women (Pellegrini et al. 2000). These rela-
tionships need to be studied experimentally 
to create prognostic and diagnostic clinical 
indices. We studied healthy men and women 
as hormones can influence the polarization 
of THs cells; none of the subjects was 
taking concurrent drug treatment includ-
ing widely-used pharmaceuticals, such as 
salicylates and sex hormones (contracep-
tive pill, hormone replacement therapy); 
we ensured comparable age distribution 
for male and female groups, and blood 
samples were taken at the same time of the 
day to minimize effects of diurnal variation. 
By determining the relationships between 
TH-types of cytokines in serum (the cell 
environment network model), the influence 
of the cell environment on TH polariza-
tion can be evaluated. As above reported, 
the polarization of the immune response 
into TH-types of cells is not absolute, and 
the ratio of these cells varies with the sub-
ject's physiological and clinical conditions. 
In vivo and in vitro studies in mice have 
demonstrated that cytokines play a very 
important role in the development of precur-
sor cells in TH-type cells; furthermore, the 
proportion of each cell type depends on the 
cytokines present in the cell environment 
during activation events. This also indicates 
the selective regulatory effect that TH-type 
cytokines reciprocally exert, as well as the 
importance of environmental cytokines in 
influencing the type of TH cell differentiation  
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during primary stimulation. By determining  
the relationships between TH-types of 
cytokines produced by immunological cells 
(the cellular network), it is possible to estab-
lish their functional cell TH-type (TH1, TH2, 
TH3, or TH17). Serum and cell production 
levels of Il12p70(→TH1, ¹TH2, →TH3 
¹TH17), Il12p40 (¹TH1, → TH2, ¹TH3, 
→TH17), Il2 (→TH1), Ifng (→TH1, ¹TH2, 
→TH3, ¹TH17), Il4 (¹TH1, →TH2, →TH3, 
¹TH17), Il6 (→ TH2, ¹TH3, →TH17) and 
Il10 (¹TH1, →TH2), are determined in the 
peripheral blood of healthy subjects: these 
cytokines make up the network under rest-
ing conditions. Activation conditions can be 
achieved by adding: (1) sIl2r and sIl6r to 
the basic cell environment network model 
because these molecules are considered 
activation markers; (2) production levels of 
cytokines by PBMCs after PHA stimulus 
to the basic cellular network model. The 
influence of antigen presenting cells can be 
determined by looking at serum levels of 
Tnfa and Il1b within the cell environment 
network model, because these cytokines are 
principally produced by antigen presenting 
cells, and the production levels of Ifng, 
Il10, and Il6, after stimulus with lPS 
within the cellular network model.

 Cytokine network relationships in Men 
and Women

our results reported in Pellegrini et al. 
(2000) show that sIl2r and sIl6r are 
involved in establishing equilibrium 
between cell TH-type polarization in the 
cell environment, in healthy subjects. 
This finding confirms our previous results 
on the biological role of sIl2r in the 
cytokine network balance in healthy con-
trols Berghella et al. (1998). experimental 
work on sIl2r and sIl6r levels in the 

peripheral blood could produce serum 
markers for the evaluation of the TH-types 
of cell physiological equilibrium during 
immune system activation for men and 
women. Though it was interesting to note 
that, in neither sex, was a significant 
relationship observed between Il10 and 
TH-types of cytokines in the environment 
network model. likewise, no relationships 
were observed between Il10 and TH-types 
of cytokines in the cellular network model 
when using the 72 h culture. This suggests 
that, under normal conditions, in both 
sexes, the effect of Il10 on TH-types of 
cell polarization is short-lived. However 
a positive relationship between Ifng and 
Il10 production was discovered in men 
using the 24-h culture, and a negative rela-
tionship between Il6 and Il10 in women. 
These relationships could be considered 
the expression of regulatory mechanisms 
responsible for restoring the initial physio-
logical equilibrium and need to be studied 
experimentally. Consequently our results 
suggest that, in order to maintain a normal 
balance between TH-types of cells, the 
effect of Il10 on TH polarization must 
be short-lived, in both networks. These 
results concord with data demonstrating 
the broadly suppressive effect of Il10 on 
TH-type cell homeostasis; its persistence 
within the environmental network results 
in the harmful persistence of a suppressive 
TH2-type cell phenotype. The influence 
of antigen presenting cells on TH polari-
zation appears to be exerted through both 
networks in both sexes. Therefore, the 
conclusions that we can draw are firstly: 
TH-types of cytokines present in the cell 
environment appear to be responsible for 
TH polarization in resting state in men; TH 
polarization in resting state in women, on 
the other hand, appears to be regulated by 
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cells through specific interaction between 
specific TH-types of cytokine production; 
secondly, TH-types of cytokines produced 
specifically by cells as well as those 
present in the cell environment, appear to 
influence TH polarization during activa-
tion and lastly, these differences need to be 
taken into account in.

 HoW To DefIne 
IMMUnologICAl 
PArAMeTerS for STAge 
ClASSIfICATIon

After the immune network study in healthy 
subjects illustrating how cytokines regu-
late TH polarization in TH1, TH2, TH3 or 
TH17 cells, the second step is a compara-
tive study with cancer patients to identify 
suitable peripheral blood markers for stage 
classification and define ranges to estab-
lish an immunological method for clinical 
stage monitoring.

Comparative Study with groups  
of Healthy Subjects and Cancer 
Patients

The first step in this evaluation, is the 
determination of peripheral blood levels 
of TH1/TH2/TH3/TH17 cytokines and 
others specific immunological parameters 
in groups of cancer patients and healthy 
subjects (acting as a control group), fol-
lowed up by the study of the relationships 
between parameters and disease stage pro-
gression (Berghella et al. 2006; Pellegrini 
et al. 2006; Contasta et al. 2006). In colon 
cancer, for instance, we investigated the 
possible prognostic significance of various 
cytokine serum levels and cytokine produc-
tion by PBMCs, tumour-draining lymph 

node lymphocytes (lnls) and tumor cells 
(TCs). levels of soluble carcinoembryonic 
antigen (sCeA), sCD30, sIl2r and sIl6r; 
the PBMC expression of T, B, nk, APC 
cells and activation phenotypic antigens: 
CD3, CD4, CD8, CD19, CD16, CD56, 
CD57, Dr, and CD25; and the prolifera-
tive responses of PBMC to Il2, Il4 and 
anti-CD3 monoclonal antibody were also 
studied. These immunological parameters 
were selected on the basis of their roles 
within the immune system providing a 
physiological-like model for the study. 
We identified levels of specific immuno-
logical parameters that varied significantly 
between patients and control subjects as 
well as parameters within the patient groups 
that varied between stages. It is therefore 
our opinion that these parameters can be 
used in the formulation of prognostic and 
diagnostic indices to classify and monitor-
ing disease stages.

DISeASe STAge InDICeS  
In ColoreCTAl CAnCer

Colorectal cancer is one of the most com-
mon cancers and like most cancers it is 
most successfully treated when diagnosed 
early. Unfortunately, there has been com-
paratively little improvement in the sur-
vival rate of colorectal cancer patients for 
many years and this neoplasy is generally 
resistant to chemotherapy. Samantas et al. 
(2007) pointed out that adjuvant chemo-
therapy improves survival for patients with 
stage III of the disease but it has not been 
shown to offer a significant benefit to 
patients with stage II of the disease; 20% 
of patients with stage II colon tumour die 
from disease recurrence. There is most 
certainly a need for non-invasive tools 



206 P. Pellegrini

that can identify patients most at risk of 
disease progression and, furthermore, bio-
logical diagnostic and prognostic indices 
for disease stage may help in the planning 
of more specific treatment strategies. not 
surprisingly the pathogenesis of colorectal 
cancer is under intense investigation at 
molecular, organic, dietary and epidemio-
logical levels. We reported an experimen-
tal model to investigate the prognostic and 
diagnostic significance of immunologi-
cal parameters for the stage classification 
in colorectal cancer in Berghella et al. 
(1996). We investigated, the possible prog-
nostic significance of serum levels of Il2, 
Ifng, Il4, Il6, Il7, Il8, Tnfa cytokines 
and sIl2r, sCD30, sICAM1 molecules; 
the phenotype of peripheral blood mono-
nuclear cells (PBMCs); and PBMC prolif-
erative response to Il2, Il4 and anti-CD3 
monoclonal antibody (mCD3).

Prognostic Significance of  
Immunological Parameters

our data highlight the significance of spe-
cific immunological parameters in the defi-
nition of prognostic indices for disease 
stage. In fact not only did we find that 
levels of immunological parameters varied 
between patients and control subjects but 
more importantly that parameters within the 
patient group varied between stages. These 
differences were well defined between 
stages I and II but not so clear cut for stages 
III and IV. We believe that a larger study of 
this type could lead to more accurate identi-
fication of patients at risk and disease stage. 
Additionally, as we have mentioned else-
where, this type of evaluation could lead to 
a better understanding of the immunological 
damage that cancer causes and hence the 
therapy required to re-establish equilibrium. 

Stage I patients had higher serum levels of 
Il4 and Il7, and progressing from stage II 
to stage IV an increase of sIl2r, Il6 and a 
decrease of Il2 was recorded. Increases in 
the levels of sICAM-1 and Tnf were also 
recorded which could be used to distinguish 
between stages II, III and IV, whereas Il8 
levels in stage III patients were significantly 
different from patients with stage IV of 
the disease. At stage I all values of antigen 
expression were within the normal ranges 
however with progression of the disease 
from stages II to IV there is a significant 
decrease of CD4 expression and an increase 
of Dr but in stages II and III a decrease in 
the CD3 expression was also found; at stage 
II there seems to be an increase of CD56 and 
at stage III the CD8 expression was higher. 
only a significant decrease of proliferative 
response to Il-2+anti-CD3+Il-4 and to 
anti-CD3+Il-4 was found in the patient 
group when confronted with data from the 
control group and although the decrease 
of the response to the second stimulus was 
already evident from stage I, the decrease 
of response to the first stimulus started at 
stage II. Stage progression seems to be cor-
related negatively to the PBMC proliferative 
response to Il-2 and positively with anti-
CD3 and when anti-CD3 was added to Il2.

normal Mucosa to Adenoma and Colon 
Cancer

Cytokines, sIL2R and sICAM Serum Levels

As we reported in Berghella et al. (1997), 
the pathogenesis of cancer has been under 
intense investigation to identify reliable 
prognostic indices for the early detection of 
disease and this is still a current research 
theme. We studied a group of healthy 
subjects, subjects with adenomas, and 
colorectal cancer patients in order to identify 
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peripheral blood invasiveness markers 
in the progression from normal mucosa 
through adenoma to tumor. We evaluated 
the relationships between serum levels of 
interleukin Il2, sIl2r, interferon (Ifn)g, 
Il4, Il6, Il10 and sICAM-1 and their 
networks. our results indicate that the 
patient’s immune response changes from 
a cell-mediated type (typical under normal 
conditions) to a suppressive type (typical 
in tumour patients) in the progression from 
normal mucosa to tumour. neither Il10 
or sIl2r are implicated in the immune 
response of adenoma patients but both play 
a significant role in the immune response 
of cancer patients suggesting that they 
may be of prognostic value for the passage 
from adenoma to cancer. our data indi-
cate that sIl2r and sICAM1 are involved 
in the switch to invasive phases. These 
conclusions are drawn from the results 
detailed below. A significant decrease in 
Il2 levels was found in adenoma patients 
indicating a suppressive condition of the 
immune system. Statistically significant 
higher values of sIl2r and Il10 were 
found in colon cancer patients with respect 
to the adenoma group. Il10 is an impor-
tant physiological regulator of inflam-
matory and immune responses, and its 
in vivo production is associated with TH2-
like responses and it has found to be a 
more powerful and outright inhibitor of 
Ifng, macrophage and TH1 functions than 
Il4. In healthy conditions it is only pro-
duced when its inhibiting activities favour 
homeostasis. Alterations in its levels or 
premature or persistent Il10 production 
causes an imbalance in the network which 
can have profound pathological conse-
quences and can lead to the pathogenesis 
of disease. The presence of Il10 therefore 
suggests an increase in the suppressive 

activity of the immune system of colon 
cancer patients (in which sIl2r mol-
ecules seem to be involved) with respect 
to adenoma patients. furthermore, our 
results indicate significant differences in 
sIl2r levels between adenoma patients 
and tumour patients at the pre-invasive 
phase, stage II whilst differences in Il2, 
Il6 and Il10 were found at the invasive 
phase, stages III and IV. Significant dif-
ferences were already present between 
healthy controls and stage I patients, in Il4 
and Il10 levels, and at stages II, III and IV, 
in sIl2r, Il2 and Il6 levels. The passage 
from normal mucosa to adenoma seems to 
be linked to a fall in Il2 while the passage 
from adenoma to tumour to an increase 
in Il10 and sIl2r. Multivariate statisti-
cal analyses were used to identify the 
parameters with the greatest weighting on 
disease progression .The covariance study 
showed, additionally, that the increase in 
sIl2r in healthy controls corresponded 
to an increase in Il2 and Ifng, TH1 cell-
mediated immunity cytokines; in adenoma 
patients an increase in TH2 Il6 and Il4 
and TH1 Ifng cytokines was recorded 
but not Il2, indicating Il4 suppression 
of TH1 cells. Il10 was not implicated; 
if this cytokine is produced too early it 
affects cytokine relationships, directing 
the immune system towards an inappro-
priate suppressive immune response and 
inhibiting damage repair and a return to 
homeostasis. In the patient group, on the 
other hand Il6, Ifng, Il4, Il10 increase 
with sIl2r confirming the belief that Il10 
is implicated in an inappropriate suppres-
sive type response and in the passage 
from adenoma to tumour. Interestingly, 
an impairment in sICAM1 mechanisms 
also seems to be involved in the progres-
sion of adenoma to tumour. In fact, in 
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both healthy and adenoma subjects there 
was a parallel increase of sIl2r and 
sICAM1 and the latter was positively 
related to Il2. sICAM1 was implicated 
in immune cell migration to infected and 
damaged physiological compartments and 
so a positive association with Il2 indicates 
a relationship with cell-mediated immu-
nity. The simple linear regression analysis 
confirmed these findings, as the parameter 
with the greatest weighting on sIl2r was 
Ifng in healthy and adenoma patients but 
Il4 in patients. our overall data indicate 
that the immune response progresses from 
a TH1 cell-mediated immune response 
type (healthy subjects) to a type with 
TH2 suppressive characteristics (adenoma 
subjects and cancer patients). However, 
in adenoma subjects there was no Il10 or 
sIl2r involvement, while these parame-
ters were implicated in the cancer patients’ 
immune responses. Moreover, a concur-
rent increase in sIl-2r and Il10 levels 
appears to be a prognostic factor in the 
passage from adenoma to cancer, whilst 
sIl-2r and sICAM-1 molecules appear to 
be involved in invasive mechanisms.

 sCD30 Mechanisms Regulating TH1/TH2 
Cell Functions

To gain a better understanding of the role 
of CD30 in the regulation of TH1/TH2 cell 
functions and to identify prognostic and 
invasiveness markers, we studied network 
interaction between the production of 
sCD30 and sBcl2 in whole blood cultures 
and serum levels of TH1/TH2 cytokines in 
healthy controls, adenoma and colorectal 
cancer patients, Contasta et al. (2003). our 
results indicate that a decrease in CD30 
expression and an abnormal increase of 
sBcl2 expression in the peripheral cells of 
adenoma and tumour patients results in a 

loss of equilibrium between TH1 and TH2 
cells. Additionally, changes in the produc-
tion of sCD30/sBcl2 and serum levels of 
Il2, Ifng , Il12, Il4, Il5 and Il10 can 
be used as markers for the passage from 
normal mucosa to adenoma and from 
adenoma to tumor.

Accuracy of Prognostic Indices

Characterization of Disease Stage

As reported above, no single staging system 
is universally employed for all cancers 
but one of the most commonly used is 
the pTnM classification devised by the 
American Joint Committee for Cancer 
Staging, based on the examination of a 
surgically resected specimen. This clas-
sification takes into consideration the size 
of the primary tumour (T), the presence 
and extent of regional node metastases 
(n), and the presence of distant metastases 
(M). We evaluated the accuracy of our 
immunological parameters by comparing 
them with those obtained with the pTnM 
method, according to the system of study 
outlined below and reported in more detail 
in Pellegrini et al. (1998). The periph-
eral blood level determination of TH1/
TH2/TH3/TH17 type cytokines and others 
specific immunological parameters (such 
as cytokine receptors, leukocyte surface 
markers and soluble carcinoembryonic 
antigen sCeA), PBMC cytokine produc-
tion and PBMC proliferative response 
were studied in groups of cancer patients 
and a control group of healthy subjects. 
To study the networks of relationships 
between parameters and disease stage pro-
gression, a multivariate statistical method 
was adopted. As mentioned above, this 
type of statistic analysis is suited to the 
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study of biological systems because it 
uses the mathematical models and these 
analyses, by simultaneously evaluating the 
relationships among all variables allow the 
study in vitro of the in vivo immunological 
network response, where all cytokines are 
functioning simultaneously. In the multi-
variate statistical study we used Principal 
Components (PC) analysis to obtain the 
degree of correlation between disease stage 
and other parameters within the immuno-
logical network. By this method we plot 
the network of all parameter weights, 
allowing a visualization of the contribu-
tion of each parameter within the network: 
the length of each vector is proportional 
to its network contribution and the angle 
between any two is inversely proportional 
to the correlation between them. Stepwise 
Multiple regression (SMr) analysis was 
used to study the weight of each param-
eter on disease stage. By this method we 
have effected a forward parameter selec-
tion: forward selection begins the multiple 
regression analysis with no variables in 
the model (step 0) and then adds them 
one at a time (steps 1, 2, etc.) according 
to the highest f-statistic (f-enter) val-
ues, allowing us to control the entry of 
variables into the model. In each step of 
the forward procedure, the C.Corr, the 
r-squared (r-SQ) and the f-enter values 
are re-calculated. p values lower than 
0.05 were considered significant. Simple 
linear regression (Slr) analysis, which 
generates predictions and related statistics 
for all parameters examined, was used to 
determine prognostic index values. These 
were obtained by predicting patient pTnM 
stage values (dependent variable) from the 
immunological parameters (independent 
variable), and evaluating their statistical 
significance (C.Corr, r- SQ and p values). 

The level of significance was set at p < 0.05.  
As pointed out by the mathematical con-
cepts, the following ranges were estab-
lished for each stage: immunological index 
values from 0.56 to 1.55 corresponded to 
pTnM stage I; 1.56–2.55 to pTnM stage 
II; 2.56–3.55 to pTnM stage III and 3.56–
4.55 to pTnM stage IV. These immuno-
logical index values were considered exact 
when the patient stages obtained using 
the pTnM method classifications were 
the same. The number of patients with an 
exact stage classification was compared to 
the total number of patients at that stage 
and the percentages obtained were used 
to assess the accuracy of the immuno-
logical indices in predicting disease stage. 
This study showed that our immunologi-
cal classification is able to identify three 
stages: primary tumour, nodal involvement 
and distant metastases. Primary tumour 
stage corresponded to pTnM stages I and 
II, nodal involvement to pTnM III stage 
and distant metastases to pTnM IV stage. 
Stage II is defined more precisely by our 
prognostic indices. This may be due to 
the greater number of patients at stage II 
in the study or to a different progression 
of immunological damage with respect to 
histopathological parameters. If the latter 
is the case, an immunological stage clas-
sification could be used to define stage 
sub-groups and thus suitable therapy. We 
are currently investigating these hypoth-
eses. By comparing our classification 
results with those of the pTnM method, 
we obtained a percentage value for each 
parameter indicative of the accuracy of 
these immunological indices in defining 
stage. Il4 serum level and mCD3 PBMC 
proliferative response emerged as the most 
effective parameters for establishing dis-
ease stage. The frequency expressing the 
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probability of an exact disease stage clas-
sification of Il4 serum level, for examples, 
is as follow.: an Il4 blood level value of up 
to 582 pg/ml is highly indicative of meta-
static disease (100% probability); between 
238 and 567 pg/ml nodal involvement 
(64% probability) and a lower probability 
of distant metastases (36%); lower than 
223 pg/ml a primary tumor (63%), with 
a lower pobrability of nodal involvement 
(26%) and a very lost possibility of distant 
metastases (11%). As we hypothesized, 
immunological parameters can be used 
to predict disease stage. further immuno-
logical studies are now required to identify 
other prognostic markers and their blood 
parameter ranges for stage classification.

Identifying ranges for Immunological 
Markers

our next aim was to investigate the pos-
sibility of identifying variation ranges for 
immunological markers.

Preinvasive to Invasive Colorectal Cancer

Simultaneous Measurement of sCeA and TIMP1

Matrix metalloproteinases (MMPs), zinc-
dependent enzymes involved in the deg-
radation of extracellular matrix, play an 
important role in physiological and patho-
logical processes The activity of Matrix 
metalloproteinase 1 (MMP1), a membrane-
anchored enzyme, is subject to regulation 
by cytokines at gene level and post-trans-
lationally by inhibitors in the extracellular 
space. one of these tissue inhibitors of 
metalloproteinases (TIMPs) is TIMP1 a 
member of the TIMP family. The potential 
diagnostic and prognostic value of serum 
level measurements of MMP1 and TIMP1 
was evaluated by comparing them with 
serum levels of sCeA and p53 antibod-

ies, since the simultaneous assessment of 
serum p53 antibody and sCeA appears 
to be effective in monitoring high risk 
and post-operative patients, Contasta et al. 
(1999). The results of our research suggest 
that serum levels of both TIMP1 and sCeA 
are useful in the monitoring of patients 
with colorectal cancer; sCeA as a progres-
sion marker for the transition from stage II 
to stage III and TIMP1 as a marker for the 
transition from stage III to IV. We drew 
these conclusions from the results of our 
multivariate statistical analyses on network 
parameter relationships and disease progres-
sion. These conclusions were supported 
by a statistical study of the differences 
in serum parameters at the various stages. 
Variance studies analysing the quantitative 
variations of these parameters through the 
stages allowed us to identify range values 
for these potential markers: the 95% con-
fidence interval of sCeA serum levels at 
stage III (18.4 £ sCeA £ 68.6) and TIMP1 
at stage IV (1620 £ TIMP1 £ 3906) gave 
statistically significant ranges (sCeA p = 0.02; 
TIMP1 p = 0.02) and so may be useful in 
patient monitoring in these phases. In fact 
when the serum level of sCeA is <18.4 
and the level of TIMP1 <1,620, there is a 
95% probability that the disease is in the 
pre-invasive nodal phase; when the serum 
level of sCeA lies between 18.4 and 68.6 
(18.4 £ sCeA £ 68.6) and the level of 
TIMP1 is <1,620, there is a 95% probabil-
ity that the disease is in the lymph nodal 
infiltration phase; when the level of sCeA 
is > 68.6 and the level of TIMP1 is ³1620, 
there is a 95% probability that the disease 
is in the metastatic phase. In conclusion, 
our results indicate that the simultaneous 
measurement of sCeA and TIMP1 serum 
levels in colorectal cancer patients may 
have prognostic and diagnostic value for 
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the clinical monitoring of disease progres-
sion from pre-invasive to invasive stages.

 Simultaneous Measurement of sIl2r, sIl6r,  
and Cytokine Serum levels

We extended our study to other peripheral 
blood parameters: Ifng, Il4, Il8, Il7, 
Il1b, Tnfa, gMCSf, sIl2r and sIl6r 
(Berghella et al. 2002). our results indicate 
that when serum levels of sIl2r < 522 U/
ml, Il4 < 159 pg/ml and Il8 > 339 pg/ml 
there is a 95% probability that the disease 
is in stage I or II (no infiltration of lymph 
nodes); when serum levels of sIl2r ³ 522 
U/ml, 159 pg/ml £ Il4 £ 319 pg/ml, Il8 
£ 339 pg/ml and Il7 < 54 pg/ml, there 
is a 95% probability that the disease is in 
stage III and the tumour has invaded the 
lymph nodes; when the serum levels of Il4 
³ 431pg/ml and Il7 ³ 54 pg/ml, there is a 
95% probability that the disease is in stage 
IV and there is metastasis. In conclusion, 
the need for practical and non-invasive 
methods to establish disease stage in the 
initial screening and clinical monitoring of 
cancer patients is clear. As we have under-
lined, the difficulty in this lies in identi-
fying non-invasive tools for establishing 
reliable stage diagnosis. our experience 
in the field of the immunology leads us to 
believe that immunological blood param-
eters could be used to create prognostic 
and diagnostic indices for an immunologi-
cal method of stage classification, and our 
subsequent research has confirmed this in 
colorectal cancer. our research shows that 
immunological disregulation has a direct 
role in the mechanisms that allow the 
tumor to locate and expand within the host. 
These immunological alterations increase 
with stage progression therefore offering 
the means of identifying immunologi-
cal indices for cancer stage classification. 

furthermore it is important to underline 
that this immunological approach, evaluat-
ing patient peripheral blood, could prove 
to be a simpler and less invasive means of 
establishing cancer disease stage at an ear-
lier phase. By using a data-driven modelling 
system approach to study the TH1/TH2/
TH3/TH17 network, combining quantita-
tive specific level determinations of TH1/
TH2/TH3/TH17 cytokine and specific 
immunological parameters in correlation to 
the stage progression, new insights can also 
be gained into the immune system, insights 
that are not always possible adopting an 
experimental approach. The evaluation of 
cytokine networks is a unique and practical 
tool for assessing disease progression and 
we believe that our research should form 
the scientific rational for controlled clinical 
trials and further studies covering other 
cancer types.
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15
Late Relapse of Germ Cell Malignancies: 
Incidence, Management, and Prognosis
Jan Oldenburg and Sophie D. Fossa

IntRODuCtIOn

Half a century ago, 2 years of relapse-free 
survival after treatment of malignant germ 
cell tumors (MGCts) were considered 
equivalent to cure. this view prevailed 
beyond the introduction of cisplatin in 
the 1980s until terebelo et al. (1983) 
published the first series of late relapse 
testicular cancer patients. nowadays, the 
potential of germ cell tumors to recur 
many years after apparently successful 
state-of-the-art treatment is increasingly 
recognized, and is regarded as one of 
the most important challenges regarding 
the long-term cure of these neoplasms in 
today’s clinical oncology.

this chapter focuses on three issues of 
late relapsing MGCts:

1. Incidence and impact of initial treat-
ment on the risk of late relapse

2. Detection and differential diagnosis, 
including pathology

3. treatment and prognosis

InCIDenCe

A recent review by Oldenburg et al. (2006), 
hereafter referred to as “our review” or 

“our pooled analysis”, revealed that only 
1–6% of all MGCt patients experience 
a late relapse. Due to their rarity, system-
atic analyses of late relapses have been 
restricted to large centers, which often 
serve as referral centers. Calculation of the 
incidence, however, requires the number 
of primarily treated patients. this informa-
tion is often lacking in series from referral 
centers.

Furthermore, inclusion criteria for late 
relapsing patients differ: some series 
included patients with prior early relapses, 
that is, within 2 years after treatment. Gerl 
et al. (1997) showed that early relapse was 
associated with subsequent late relapses. 
Inclusion of patients with extragonadal 
germ cell tumors (eGGCts), who accord-
ing to Oldenburg et al. (2006) are more 
prone to develop late relapses than those 
with testicular cancer, may also increase 
the late relapse incidence.

Our pooled analysis of reports on late 
relapses comprising 3,700 non-seminoma- 
and 2,200 seminoma patients revealed 
119 and 31 late relapses, respectively. 
the mean cumulative incidence was 3.2% 
in non-seminoma patients and is signifi-
cantly higher than the corresponding fig-
ure of 1.4% in patients with seminoma.  
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Late recurrences were in 284 out of 557 
cases (55%) localized in the retroperitoneal 
space, (table 15.1). the chest (either lungs 
or mediastinal lymph nodes) comprised 
the relapse localization in 26% of both 
histological types; with seminoma patients 
having their relapse mostly in mediastinal 
lymph nodes (27%) whereas non-sem-
inoma patients rather experience recur-
rences in the lungs/pleura (17%). However, 
abdominal radiotherapy and retroperitoneal 
lymph node dissection (RPLnD) consider-
ably reduce the risk of a retroperitoneal 
relapses in the respective patient groups. 
Risk estimation of late relapses has to be 
based on multiple factors, especially histol-
ogy, initial stage, and prior treatment.

SeMInOMA CLInICAL StAGe I

Approximately 80% of seminoma patients 
present without detectable metastases, that 

is clinical stage I disease. Disease-specific 
survival rate is 99% independent of which 
of the following three management strate-
gies are applied: radiotherapy, surveillance 
or carboplatin. Our data indicate a crude 
relapse-rate of 1.4–6.9% after radiother-
apy; 15.2–19.3% after surveillance, and 
0–8.6% after one or two cycles of carbo-
platin. Martin et al. (2007) calculated the 
risk of relapse to be highest within the 
first 2 years, regardless of the management 
strategy (>5% annual hazard rate for sur-
veillance, and >1% for radiotherapy or car-
boplatin). Recurrences thereafter are very 
rare with an annual hazard rate between 
0.25–1% from the fourth to the sixth year 
after treatment, with isolated late relapses 
occurring beyond 6 years. nevertheless, 
in our pooled analysis, 27% of late relaps-
ing seminoma patients had initially clinical 
stage I. this figure is considerably lower 
than the corresponding proportion of clini-
cal stage I of 80% among unselected 

table 15.1. Localization of late recurrences

Primary  
histology Study

Retroperi 
toneum (incl.  
retrocrural)

Media-
stinum

Lung/
Pleura

neck/
Supracl. Pelvis Others All*

non-seminoma Borge et al. 1988 7 2 2 3 14
Baniel et al. 1995 43 10 19 0 6 5 83
Gerl et al. 1997 21 7 8 5 41
George et al. 2003 51 8 21 7 12 21 120
Dieckmann et al. 2005 49 6 8 6 3 72
Oldenburg et al. 2006 8 1 4 1 2 16
Sharp et al. 2006 57 9 15 8 24 113
Geldart et al. 2006 14 2 6 4 6 32
total 250 45 83 34 20 59 491

Seminoma

50.9% 9.2% 16.9% 6.9% 4.1% 12.0% 100.0%

Borge et al. 1988 4 1 2 7
Dieckmann et al. 2005 32 8 0 4 3 47
Oldenburg et al. 2006 2 5 1 3 1 12
total 34 17 2 9 1 3 66

54.8% 27.4% 3.2% 14.5% 1.6% 4.8% 100.0%
Both histologies 284 62 85 43 21 62 557

51.0% 11.1% 15.3% 7.7% 3.8% 11.1% 100.0%

*Multiple sites of relapse have been detected in some patients, therefore the number of sites exceeds exceed the number of patients.
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seminoma patients, indicating that these 
patients are less prone to develop late 
relapses than those with higher stages.

Adjuvant radiotherapy to the para-aor-
tic and ipsilateral pelvic lymph nodes 
has been standard treatment of stage I 
seminoma during the last 50–60 years. 
However, applying radiotherapy to all 
patients with seminoma clinical stage I 
implies unnecessary treatment to 80% of 
patients who do not harbor retroperitoneal 
micro-metastases. It has been shown that 
small retroperitoneal metastases in these 
patients could be treated subsequently 
by radiotherapy or chemotherapy, when 
relapses are verified by Ct scans. this is 
the rationale for surveillance. Principally, 
frequent follow-up visits are necessary 
during the first 2–3 years with decreasing 
frequency later on. Rete testis invasion and 
size of the primary tumor (>4 cm) were 
identified as significant risk factors for 
relapse. Of 638 stage I seminoma patients, 
Warde et al. (2002) reported 38 out of a 
total of 121 relapses to occur after 2 years, 
including six patients who relapsed after 6 
years, with the latest relapse detected after 
12 years.

Carboplatin as adjuvant treatment of 
clinical stage I seminoma in the 1980s was 
investigated by Oliver et al. (2005) who 
initiated a large randomized trial between 
single dose of carboplatin and radiotherapy. 
the 3 year relapse-free survival showed no 
significant difference (95.9% and 94.8%, 
respectively). Mirroring the surveillance 
series, retroperitoneal relapses dominated 
in the carboplatin-treated cohort. In this 
group the latest relapse was at 50 months; 
however, the median follow-up of 4 years 
is too short to conclude regarding the true 
risk of late relapse or long term efficacy of 
salvage multi-agent chemotherapy.

Aparicio et al. (2003) from the Spanish 
Collaborative Group applied a risk-adapted 
strategy: Patients without rete testis inva-
sion and tumors <4 cm are followed by 
surveillance whereas those with one or 
both of these risk factors are treated with 
two cycles of carboplatin (400 mg/m2 usu-
ally 3–4 weeks apart). the relapse-rate 
after carboplatin varied between 0% and 
3.3% without any reported relapses after 
28 months of treatment. However, median 
follow-up is still relatively short with a 
maximum of 52 months.

SeMInOMA CLInICAL  
StAGe >I

Presence of infra-diaphragmatic metastases 
only, that is CS II, usually prompts radio-
therapy and/or chemotherapy. Preliminary 
data suggest the use of both treatment 
strategies as promising, in particular in 
patients with stage IIb, but confirmation 
by randomized trials is needed. In patients 
with infra-diaphragmal metastases <5 cm, 
relapses later than 3 years after radio-
therapy are exceedingly rare. Bulky (>5 
cm) metastases, however, might recur after 
radiotherapy. three to four cycles of cispl-
atin-based chemotherapy (with or without 
bleomycin) thus has become the treat-
ment of choice in patients with advanced 
seminoma CS II and CS III. After chemo-
therapy, residual masses <3 cm are usually 
not removed since they rarely comprise 
viable tumor. For larger persistent masses 
however, RPLnD should be considered, 
although surgery is often complicated by 
extensive fibrosis. De Santis et al. (2004) 
suggested that positron emission tomog-
raphy (Pet) might guide the clinician 
whether or not viable tumor is present.
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 nOnSeMInOMA CLInICAL 
StAGe I

Approximately, one third of late relapses 
in non-seminoma patients occur in ini-
tial CS I. Patients with clinical stage 
I are managed by surveillance, primary 
retroperitoneal lymph node dissection 
(RPLnD), or adjuvant chemotherapy and 
survival approaches 100%. Prediction of 
occult metastases by vascular invasion and 
other risk factors like percentage >70% of 
tumor cells positive for MIB-1 prolifera-
tion staining, and >50% embryonal carci-
noma usually prompts adjuvant treatment. 
the impact of these factors with respect to 
late relapses remains therefore uncertain.

Surveillance is often restricted to 
patients without any high-risk factors. 
Compliance is of utmost importance for 
this strategy, and most of the cancer-
related deaths within these patients are 
due to nonadherence to the follow-up pro-
tocol. Shahidi et al. (2002) from the Royal 
Marsden Hospital reported 12 late relapses 
among 372 patients (3.2%). Also very late 
relapses, that is, 5 years after orchiectomy, 
may occur during surveillance.

Retroperitoneal metastases are identified 
in the RPLnD specimen in 10–33% of 
unselected clinical stage I patients, and 
in 50% of patients with presence of vas-
cular invasion. After primary RPLnD by 
an expert surgeon <1% of patients will 
experience a late relapse, most of which 
do not arise from the retroperitoneal space. 
the extent of post-chemotherapy RPLnD 
has an impact on the risk of subsequent 
relapses, (Figure 15.1); modified template 
RPLnD excludes retroperitoneal residual 
masses less reliably than complete bilateral 
nerve-sparing template dissections as dem-
onstrated by Carver et al. (2007) from the 

Memorial Sloan Kettering cancer Center. 
teratoma is of particular importance in this 
setting because these slow-growing tumors 
are usually resistant to chemotherapy and 
radiotherapy. Although the risk of retroperi-
toneal teratoma increases by the propor-
tion of these cells in the primary testicular 
tumor, absence of such cells does not pre-
clude retroperitoneal teratoma. A primary 
RPLnD is probably the most effective 
means to avoid late recurrences in the retro-
peritoneum, but variable inclusion criteria 
and short follow-up times hamper the com-
parability of late relapse risks according to 
different treatment modalities.

Laparoscopic RPLnD in stage I non-
seminoma appears promising with respect 
to short hospitalization time and few acute 
complications. However, exploration of the 
retroperitoneal space by this technique is 
not as safe as by an open approach. unless 
proven to be noninferior with respect to 
late-relapses by randomized controlled 
trials against open RPLnD, we caution 
against its routine use.

Adjuvant chemotherapy is usually 
reserved for high-risk non-seminoma CS I 
patients. Late relapses are rarely reported 
after this treatment. However, follow-
up time is seldom sufficiently long to 
conclude on these late events. Potential 
drawbacks of this treatment comprise left-
behind teratoma and selection of cisplatin 
resistant residual viable non-teratomatous 
MGCt cells. Shahidi et al. (2002) identi-
fied the presence of teratoma in excised 
tissues as the only factor predictive of late 
relapses in a multivariate logistic regres-
sion of data from 1,263 men with testicular 
cancer. Patients with pure teratoma or a 
high percentage of teratomatous elements 
in the orchiectomy specimen thus may 
benefit from a complete RPLnD.
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In conclusion, the data presented here 
are not mature enough for a final recom-
mendation of how late relapses are best 
avoided in CS I non-seminoma patients. 
Reliance on primary RPLnD and adju-
vant chemotherapy by cancer centers in 
the united States of America and Western 
european countries, respectively, inhibits 
large international studies comparing effi-
cacy of both approaches with respect to 
late relapses.

 nOnSeMInOMA CLInICAL 
StAGe >I

treatment in metastatic patients usually 
consists of cisplatin-based chemotherapy 
with or without surgery, although low 
stage II may be managed by RPLnD only. 
Adjuvant chemotherapy after RPLnD 
in pathological stage II may not confer 
any benefit as demonstrated by Fizazi et al. 

(2001). elevated tumor markers or stage 
CS IIb should initiate chemotherapy and 
resection of residual masses rather than 
primary RPLnD. Residual post-chemo-
therapy masses comprise complete necro-
sis, teratoma, or vital MGCt in 50–60%, 
30–40%, and 5–20%, respectively.

Control of the retroperitoneal space, the 
most frequent site of late relapse, is impor-
tant with respect to prevention of subsequent 
late relapses in metastatic non-seminoma 
patients. Post-chemotherapy nerve-sparing 
RPLnD is technically more challenging 
than primary RPLnD and should be per-
formed by an experienced surgeon to ensure 
resection of all residual masses. Patients 
with no or very small (<2 cm) residual retro-
peritoneal metastases might not profit from 
post-chemotherapy RPLnD, because the 
relapse rate is considered low. However, in 
a norwegian series of 87 operated patients 
with residual retroperitoneal masses £2 cm, 
33% had teratoma (27%) or vital MGCt 

Figure 15.1. Late relapse sites of 9 non-seminoma tC patients after post-chemotherapy RPLnD. Sketches 
show operation-fields/templates in light grey and site of first relapse in dark grey
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(6%) (five of six patients with vital MGCt 
had lesions £1 cm).

Again, extent of the resection is impor-
tant, as selective removal of post-chem-
otherapy residual masses only, and not 
whole templates, might leave behind ter-
atomatous elements with the potential 
of late recurrence. timely removal of 
post-chemotherapy residual masses from 
extra-retroperitoneal sites is therapeutic 
in patients with teratoma and a subset of 
those with vital tumor and prevents subse-
quent relapses.

DeteCtIOn AnD 
DIFFeRentIAL DIAGnOSIS

Pain in the back or an abdominal tumor 
represent frequent symptoms in relaps-
ing testicular cancer patients. In order to 
shorten the patient’s -and doctor’s delay, 
both the testicular cancer survivor him-
self and his general physician should be 
informed that late relapses may occur even 
many years after successful treatment.

Routine follow-up examinations may 
reveal late relapses incidentally. elevated 
tumor markers, radiological findings or 
palpable masses are often the first steps 
towards the diagnosis of a late relapse. 
Our pooled analysis of 426 late relaps-
ing patients showed elevated AFP and/or 
HCG in 207 (49%) 100 (24%) patients, 
respectively. In other words, at the time of 
late relapse every second and every fourth 
patient has elevated AFP and/or HCG.

no broad international consensus has been 
reached as to evidence-based follow-up rec-
ommendations of tC patients. the european 
Germ Cell Cancer Consensus Group found 
the literature not comprehensive enough to 
give such guidelines. Comprehensive and 

regularly updated information is found at 
the eAu website: http://www.uroweb.org 
or at the website of the American national 
Comprehensive Cancer network (nCCn): 
http://www.nccn.org

Both expert groups agree on the follow-
ing issues: non-seminoma CSI patients 
under surveillance should be followed 
beyond 5 years by annual physical exami-
nations, tumor marker control, and chest 
X-ray. However, concerning the length of 
follow-up, the recommendations are dispa-
rate: the eAu assumes 10 years of follow-
up in CSI testicular cancer sufficient and 
recommends annual abdominal Ct scans 
after 5 years only when regarded indicated. 
the nCCn encourages annual controls for 
the years 6+ including annual abdomino-
pelvic Ct scans in CS I non-semimoma.

Repeated Ct scans of the abdomen can 
be omitted in the routine follow-up of non-
seminoma patients who have undergone 
a RPLnD. the same holds true for semi-
noma patients after dog-leg radiotherapy. 
However, pelvic recurrences in patients 
after the paraaortic strip technique occur, 
and follow-up of these patients should 
include pelvic Ct scans. Ongoing abdom-
ino-pelvic Cts should be taken during 
surveillance and after single agent car-
boplatin. the value of these Ct images 
is considerably increased when previous 
pictures are available for comparison.

Imaging of malignant tissues by Pet is 
based on an increased uptake of substances 
such as fluorodeoxyglucose (FDG). Germ 
cell tumors are usually fast-growing and 
characterized by a high FDG uptake, 
and Pet differentiates reliably between 
necrotic and viable non-teratomatous 
malignant tumor. Late relapsing germ cell 
tumors are, as an exception from the rule, 
often slow-growing and Pet might be less 

http://www.uroweb.org
http://www.nccn.org
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suitable in this setting, especially because 
mature teratoma is not detected. In semi-
noma >3cm, De Santis et al. (2004) dem-
onstrated Pet to predict viable malignant 
tumor after chemotherapy more reliably 
than Ct. Pet should be suitable to detect 
late seminoma relapses. However, after 
eventual transition to non-seminoma/ter-
atoma, or in case of small lesions, negative 
Pet scans might not be reliable.

non-seminoma patients harbor teratoma-
tous residual post-chemotherapy masses in 
25–44%. Pet scans are, therefore, only 
of limited value for the decision whether 
or not residual lesions should be resected. 
However, in “marker-only” relapses, Pet 
may localize their source and thereby 
guide planning of surgery.

Duration and frequency of follow-up 
in MGCt patients in order to detect late 
relapses is debated. the first systematic 
report by terebelo et al. (1983) on patients 
with late relapsing MGCts concluded 
that follow-up should be extended from 
the usual 2–5 years before cure can be 
stated. Subsequently, late relapses have 
been reported to occur even decades after 
primary treatment, and lifelong follow-up 
in all MGCt patients has been advocated 
by several authorities (Baniel et al. 1995; 
Gerl et al. 1997; George et al. 2003). One 
rationale behind a prolonged follow-up is 
to detect subclinical relapses before they 
advance further with subsequent dimin-
ished chances of cure. Patients with symp-
toms at late relapse had a three to four 
times lower chance of survival compared 
to those without symptoms (George et al. 
2003). However, in a German report by 
Dieckmann et al. (2005) and a norwegian 
series by Oldenburg et al. (2003, 2006) 
symptomatic patients did not fare worse 
than asymptomatic ones.

the rationale that earlier detected 
relapses represent a less advanced disease 
with a better prognosis is conceivable, 
although the data are not yet conclusive. 
Lifelong follow-up in all MGCt patients, 
however, will exceed the out-patient capac-
ity of many cancer centers.

until achievement of evidence-based 
recommendations, we assume follow-up 
of all patients for at least 10 years as rea-
sonable. the following patients should be 
considered for lifelong follow-up: those 
with previous relapse after chemotherapy, 
those with high amounts of teratoma in 
the primary tumor, those with advanced 
disease, and those with primary eGGCt. 
Also, in patients in whom persisting resid-
ual tumor cannot be removed, which may 
be due to inoperability of patient or tumor, 
lifelong follow-up should be pursued.

Differential diagnoses in case of suspected 
late relapsing MGCt comprise: metastases 
from a new contralateral testicular cancer, 
a new primary eGGCt, somatic transfor-
mation of teratoma or a new non-germ cell 
malignancy. Differentiation between trans-
formed teratoma and a new non-MGCt 
primary requires expert pathologists who 
should base their diagnosis on a represent-
ative presalvage biopsy and comparison 
with the primary specimen. Achievement 
of a representative presalvage biopsy is of 
great importance as the choice of appropri-
ate treatment, and survival depends on it, 
as illustrated by Figure 15.2.

teratoma is the most often encoun-
tered histological element in late relapsing 
MGCt patients. On Ct, mature teratoma 
might appear as areas of soft tissue den-
sity sometimes combined with complex 
cysts, corresponding to sometimes observ-
able slight AFP and/or HCG elevation 
by leakage of cystic fluid into the serum. 
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Calcification and other more seldom radi-
ographic findings are reviewed pictorially 
by Rutherford et al. (2006).

the histological diagnosis of teratoma 
is usually straightforward but can be com-
plicated by somatic differentiation which 
is found in 3–9% of late relapsing patients 
after prior platinum-based chemotherapy. 
these non-MGCts occur usually later 
than 2 years after treatment, and Michael 
et al. (2000) reported these histologi-
cal types to be present in 23% of 91 late 
relapsing MGCt patients. Various sar-
coma-subtypes, undifferentiated cancer, 
and adenocarcinoma are the most com-
mon types. Presence of isochromosome 
12p reflects germ cell tumor clonality 
and might be used in case of uncertainty, 

because it is also found in late relapses. 
Yolk sac tumor might be found as often 
as in each second late relapsing MGCt. 
Its atypical appearances with glandular-, 
parietal-, clear cell-, or hepatoid pattern, 
however, may lead to underreporting in 
some cases (Figure 15.3). Virtually all 
other histological types which are encoun-
tered at initial diagnose may also be found 
at late relapse, including shift from semi-
noma to non-seminoma and, more seldom, 
vice versa.

tReAtMent AnD SuRVIVAL

Optimal treatment for the individual patient 
requires careful evaluation and planning by 

Figure 15.2. Cancer-specific survival after diagnosis of late relapse according to initial- and late relapse 
histology
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Figure 15.3. Histology of recurrent germinal 
cell tumors. (a) and (b) undifferentiated car-
cinoma. (a) Hematoxylin and eosin (He); (b) 
Cytokeratin (Ae1/Ae3). (c) and (d) Yolk sac 

tumor with glandular pattern; (c) He; (d) Alpha 
fetoprotein (AFP). (e) and (f) Yolk sac tumor 
with parietal pattern; He (Photos by G.C. 
Alfsen, MD.PhD)
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an experienced inter-disciplinary team of 
urological surgeons, oncologists, patholo-
gists and radiologists and possibly also 
vascular, thoracic, orthopedic, and neuro-
surgeons. It has been shown that survival 
of poor prognosis patients is increased by 
treatment in high-volume centers. We are 
convinced that this rationale also applies 
to late relapsing patients.

Patients with late relapsing MGCt 
should be treated according to a represent-
ative pre-salvage biopsy. teratoma may be 
found in both initial seminoma and non-
seminoma and a cure is only achieved by 
a complete resection in these patients. In 
particular in patients with somatic differ-
entiated teratoma a complete resection is 
the treatment of choice as salvage chemo-
therapy has only limited effect.

Seminoma

Late relapsing seminoma patients under 
surveillance are cured by radiotherapy, cis-
platin-based chemotherapy or, more rarely, 
surgery. After radiation in seminoma CS I 
relapses occur nearly exclusively outside 
the prior radiation field and are usually 
cured by cisplatin-based chemotherapy. 
However, in case of inguinal localized 
relapse further radiation or pelvic lymph 
node dissection may be sufficient. Relapses 
following single agent carboplatin are 
mostly salvaged by cisplatin-based chem-
otherapy or by radiotherapy. Relapse after 
cisplatin-based chemotherapy in advanced 
seminoma is very rare. Approximately 
50% of these patients are cured by alterna-
tive salvage chemotherapy. Salvage sur-
gery should always be considered though 
it seems to be less often applied than in 
non-seminoma.

non-seminoma

Surgery is considered the most important 
part of treatment in late relapsing previ-
ously chemotherapy treated non-seminoma 
patients and increases the chances of cure. 
even patients with chemo-refractory germ 
cell tumors have a definitive chance to 
be cured by salvage surgery. Incomplete 
resection of viable residual tumor portends 
a poor prognosis. Repeated operations, due 
to incomplete resection of viable tumor, are 
technically very challenging and should 
probably best be avoided by ensuring that 
only surgeons with special expertise operate 
on relapsing patients. Chemotherapy-naïve 
patients appear to have the best chances to 
be cured, whereas the response to salvage 
chemotherapy in previously chemotherapy 
treated patients is usually low.

If chemotherapy is required a second 
time, alternative cytotoxic-agents should 
preferentially be used. the combination 
of paclitaxel, ifosfamide, and cisplatin 
(tIP) had been demonstrated to yield 
durable complete responses in 63–73% 
in patients with relapsed testicular cancer. 
Kondagunta et al. (2005) reported progres-
sion-free survival rates of 50% and 78% in 
late and early relapsing patients after four 
cycles of tIP and removal of resectable 
residual masses, respectively.

the enhanced experience in treatment of 
late relapsing MGCt patients combined 
with increased vigilance towards detection 
might have contributed to improving cure 
rates during the recent years (Baniel et al. 
1995, 26%; Gerl et al. 1997, 36%; Shahidi 
et al. 2002, 69%; George et al. 2003, 47%; 
Dieckmann et al. 2005, 63%; Oldenburg 
et al. 2006, 68%; Sharp et al. 2006, 60%; 
Geldart et al. 2006, 75%).
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In conclusion, MGCt patients suspected 
to have a late relapse should be referred to 
an experienced hospital for diagnosis and 
treatment. Such policy does not only pro-
vide the best chances of cure but enables 
also gathering of urgently required informa-
tion regarding these rare tumors. Complete 
removal of post-chemotherapy residual 
retroperitoneal masses is an essential part 
of initial treatment. All MGCt patients 
should be followed-up for at least 10 years. 
Lifelong follow-up for the detection of late 
relapses is a controversial issue and may, 
in our view, be indicated in the following 
patients: those with previous relapse after 
chemotherapy, those with high amounts of 
teratoma and primary metastases, and in 
those with primary eGGCt.

these conclusions are based on 500 
cases reported in several rather heteroge-
neous series during the last 20 years.
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Head and Neck Squamous Cell Carcinoma: 
Therapy with Fusaric Acid/Paclitaxel
Brendan C. Stack Jr., Brett Clarke, Joshua McElderry, Yeumeng Dai, and Jian-Hui Ye

 INTroDuCTIoN

Head and neck squamous cell cancer 
(HNSCC) accounts for 3% of new cancer 
cases and 2% of cancer mortality annu-
ally in the united States (Jemal et al. 
2007). Globally, HNSCC affects >500,000 
patients each year, making it the 6th in 
incidence and the 7th in mortality in the 
world (Parkin et al. 2001, 2005). The 
chance of recurrence of advanced stage 
HNSCC within 2 years of treatment is 
> 50%. The risk of death from a second 
primary cancer in patients with early-stage 
HNSCC is higher than the risk of dying 
of the original primary tumor (Carew 
and Shah 1998). The risk of developing a 
second primary increases 3% per year of 
survival following diagnosis and treatment 
of the first head and neck cancer.

Across races, head and neck cancer has 
demonstrated slight decreased incidence 
except among American Indian males 
for laryngeal cancer and Asian/Pacific 
Islander males for oropharyngeal cancer 
(Edwards et al. 2005). Current treatment 
options for most head and neck can-
cers continue to be surgical excision with 
or without radiation, radiation alone, or 
chemotherapy with radiation depending 

on location, stage of disease, and patient 
preference. While advances have been 
made in the delivery of treatment, espe-
cially in the field of radiation oncology 
and chemotherapy, little change has been 
seen in the overall survival of head and 
neck cancer patients for decades (Jemal 
et al. 2007). Currently, no effective single 
agent chemotherapy treatment regimen 
is available for head and neck cancer. 
Additionally, oral chemotherapy is cur-
rently limited in its use, usually as second 
or third line therapy or in a clinical trial.

 A NEW ClASS oF AGENTS 
For HEAD AND NECk 
CANCEr?

Mycotoxins are highly toxic compounds 
produced by fungi usually for the pur-
poses of self-defense or to dissolve cell 
membranes as part of their fungal patho-
genicity. Fusaric acid (FA), a physiologic 
metabolite of tryptophan and picolinic 
acid, is produced by Fusarium species as 
a mycotoxin. The fungal source of FA 
most commonly results from infection of 
cereals crops or other agricultural com-
modities as they spoil in moist conditions. 



230 B.C. Stack et al.

Also known as 5-butlypicolinic acid, FA 
has been reported to have many effects 
within the human host (Wang and Ng 
1999). Fusaric acid raises serum mela-
tonin, 5-hydroxytryptamine, tyrosine, and 
dopamine. These increases are thought to 
be from FA inhibition of tyrosine hydrox-
ylase and dopamine beta-hydroxylase. 
Fusaric acid has been shown to have an 
anti-hypertensive effect from a reduction 
of peripheral vascular resistance through 
peripheral arteriolar vasodilation.

Fusaric acid reduces catecholamine syn-
thesis in lymphocytes, which may affect 
their cytotoxic activity on solid tumors, 
and it also has been shown to induce DNA 
damage in vitro in cultured larynx cancer 
cells. It is cytostatic to human fibroblasts 
and cytotoxic to colon and mammary 
adenocarcinomas and epidermoid carci-
noma. Picolinic acid (PA), a precursor 
carboxylic acid of FA, has been shown to 
be cytotoxic to many malignancies as well 
(Fernandez-Pol et al. 1993). However, FA 
consumption may also be a risk factor for 
esophageal cancer (Voss et al. 1999).

 A NEW TArGET IN THE HEAD 
AND NECk CANCEr CEll?

DNA binding by zinc finger proteins 
(ZFPs), their possible intranuclear func-
tions and their modulation of the cell 
cycle has led us to pursue investigation 
of metallopanstimulin (MPS) as a pos-
sible ZFP involved in control of HNSCC. 
Metallopanstimulin, detected in tissue and 
sera of HNSCC patients, is a promising 
marker of this disease (Stack et al. 2000; 
Wadsworth et al. 2004). This worker has 
been studied in thousands of patients by 
radioimmuno assay, antibody indicator  

tests, and mass spectroscopy and has 
consistently been elevated in HNSCC 
patients when compared to controls. Not 
only is MPS a putative marker of HNSCC, 
but also it is felt to be a possible effector 
molecule in the neoplasia.

Metallopanstimulin-1 (MPS-1) was 
identified, cloned and characterized from 
a cDNA library constructed from a human 
mammary carcinoma cell line (MDA-468) 
that was stimulated by the growth fac-
tors TGF-B1 and EGF in the presence of 
cyclohexamide (Fernandez-Pol et al. 1994). 
It is a multifunctional gene product that is 
homologous to the rat S27 (Fernandez-Pol 
1996). Metallopanstimulin-1 is a 10 kD 
ribosomal subunit ZFP that is present in all 
tissues and expressed in increased quanti-
ties in a wide spectrum of proliferating 
tissues and oncogenic processes (Ganger 
et al. 2001).

observation of elevations MPS in 
HNSCC samples and its structure/function 
as a ZFP have led some to the hypothesis 
that compounds that interact with ZFP’s 
such as MPS might prove to be potential 
new chemotherapeutic agents for HNSCC 
and other malignancies. A class of carbox-
ylic acids derived from nicotinic acid (PA 
and FA) that are physiologically present 
can chelate divalent cations. Chelation 
of divalent cations (Zn, Ca, Cu, Se, etc.) 
rob metalloproteins of their catalytic core, 
changing their three dimensional structure, 
and theoretically impairing or disabling 
their functional activity.

Because many metalloproteins (e.g., 
MPS) are involved in DNA repair and 
promotion of ongoing cell growth and 
proliferation (kalenik et al. 1997; Medici 
et al. 1999; Yuan et al. 2001), and are 
known to be elevated in HNSCC, chelation 
may be an alternative means of inducing  



23116. Head and Neck Squamous Cell Carcinoma: Therapy with Fusaric Acid/Paclitaxel

cellular arrest, if not apoptosis. This might 
be accomplished by administration of 
supra-physiologic amounts of one of these 
carboxylic acids.

 EVIDENCE For FurAIC ACID 
AS A NEW HEAD AND NECk 
CANCEr THErAPY

Fusaric acid has demonstrated antitum-
origenic activity in non-epidermoid car-
cinomas such as adenocarcinoma and 
hepatocellular carcinoma (Fernandez-Pol  
et al. 1993; ogata et al. 2001). our data 
demonstrate a suppressive effect of FA upon 
two HNSCC lines (Hep-2 and uMSCC-1) 
as measured by two modalities in vitro 
(Stack et al. 2004a, b). We have also 
demonstrated that fusaric acid reduces 
cell populations and increases apoptosis 
when compared to controls. These find-
ings have now been observed in six head 

and neck cancer cell lines. Additionally, in 
a docetaxel resistant head and neck cancer 
cell line, FA demonstrates a concentration 
driven suppression of cell growth. Fusaric 
acid changes cell cycle dynamics result-
ing in cell cycle arrest or cell death when 
compared to control (Figure. 16.1). Flow 
cytometry observations from FA treat-
ment in vitro include: G1 arrest, decreased 
mitosis, a shortened G2 phase, and an 
increased G0 peak.

Follow up studies with FA in an in vivo 
model support the initial in vitro observa-
tions cited above. Intralesional injection 
of HNSCC tumor xenografts into balb-
c nude mice treated with FA demon-
strate decreased tumor size (by weight) 
and increased latency time to appearance 
(Figure. 16.2). These findings were also 
observed when FA was administered enter-
ally in the same mouse model orally admin-
istered FA when combined with parenteral 
taxol (Figure. 16.3) or carboplatin also 

Figure 16.1. Changes in flow cytometry profiles between control and FA treated uMSCC-1 head and 
neck cancer cell line at 72 h
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show a greater tumor suppression than  
either parenteral agent administered alone.

These initial experiments demonstrate 
a promising new area of research upon a 
novel class of agents with activity against 
an aggressive form of carcinoma. Although 
its exact mechanism is still unknown, FA 
is thought to be active by increasing dam-
age to DNA and preventing its synthesis 
and repair (Fernandez-Pol et al. 1993). 
This may be in part from chelation of 
divalent cations from catalytic metallopro-
teins. Chelation as a mechanism has been 
observed as the effect of other compounds 
upon cancer (Cox et al. 2003). They 
reported tetrathiomolybdate chelates cop-
per from proangiogenic molecules thereby 
causing a reversible growth arrest in squa-
mous cell carcinoma (SCC) in vitro. This 
is felt to be a result of a decreased vas-
cular proliferation within the tumor bed. 
Conversely, chelation has also been shown 
to activate proangiogenic genes including 
vascular endothelial growth factor (VEGF) 

Figure 16.2. kaplan–Meier plots of day of first measurable tumor (5 mm3), control vs. FA intralesional 
injection treatment

Figure 16.3. Growth of SCC-1 cells, as deter-
mined by the MTS assay subjected to paclitaxel 
(10-8 M) (taxol) and/or fusaric acid (0.1, 0.3, 
0.5 mM) (FA) over a 96 h period. Drugs or an 
equivalent volume of sterile water (control) were 
added 24 h after seeding 1000 cells/well into 
96-well micro test plates; media and drugs were 
replace daily. Values represent mean absorbencies 
+ SE for 6 wells/treatment at each time point. 
Significantly different from controls at P < 0.001 
(***). Significantly different from taxol treated 
cultures at P < 0.001 (+ + +).
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in other models (rapella et al. 2002). 
We have also observed many cytokine 
changes induced by FA which may also 
explain its cytostatic or cytocidal effects.

Fusaric acid has been previously shown 
to induce cell cycle arrest and even apop-
tosis in some cell lines (ogata et al. 2001; 
Stack et al. 2004a). We also observed 
significant apoptosis in HEP-2 cells which 
was time period and concentration depend-
ent. Interestingly, uMSCC-1 tumor cells 
did not demonstrated apoptotic activity on 
terminal nick end label (TuNEl) assay. 
Portier et al. (2006) compared the use of 
flow cytometry to TuNEl and other meth-
ods of evaluating for apoptosis in brain 
tissue. They suggested that flow cytom-
etry had greater sensitivity and specifi-
city than enzyme-linked immunoassays, 
electrophoresis, or TuNEl. They noted 
that TuNEl has produced false- positive 
staining. None of the methods for identify-
ing apoptosis were considered equivalent. 
It is possible in our study that improved 
ability of flow cytometry to identify apop-
totic cells accounted for the significant 
levels observed in vitro. unexpectedly, 
in vitro exposure to fusaric acid promotes 
apoptosis and proangiogenic VEGF pro-
duction. This in vitro response did not, 
however, translate into increased angio-
genesis in vivo as seen by CD 34 histo-
chemical staining. Shang et al. (2007) 
recently reported positive correlation of 
VEGF expression to increased microvas-
cular density, tumor metastatic activity, and 
stage in oral SCC (li et al. 2005). Shieh  
et al. (2004) observed that tumor cells can 
actually function as endothelial cells, pro-
viding vascular access to the tumor.

Tarceva has well documented anticancer 
activity in EGFr positive cancers (Cohen 
et al. 2005). It has been shown effective  
against HNSCC in combination with radia-

tion or as a single agent second line therapy.  
We saw a strong antitumorigenic activity 
in vivo from TA and combination FA + TA. 
No significant differences was appreciated  
between FA, TA, or FA + TA groups making 
it difficult to account for or discount FA 
involvement in this antitumor response. 
Additionally, power analysis from prior 
data suggests a larger sample size is needed 
for a power of 80% or greater. A larger 
number of FA and FA + TA treated mice 
may have demonstrated significant differ-
ence in tumor weights from control.

In summary, fusaric acid appears to be 
tumoristatic and tumoricidal in vitro and 
in vivo models of HNSCC, respectively. Its 
novel mechanism provides an alternative to 
present therapies. Fusaric acid has an effect 
as a single agent when injected or ingested. 
It has synergy with conventional parenteral 
agent’s taxol and carboplatin. It has shown 
effect in resistant cell lines which may 
offer the possibility of its use in the set-
ting of treatment failure. Study of oral FA 
in combination with another oral agent 
with EGF inhibition has failed to show 
synergism thus far. Further investigations 
including FA mechanism and toxicity are 
being conducted in anticipation of phase I/
II research with this novel compound.

rEFErENCES

Carew JF, Shah JP (1998) Advances in multimo-
dality therapy for laryngeal cancer. CA Cancer J 
Clin 48:211–228

Cohen MH, Johnson Jr, Chen YF, Sridharo r, and 
Pazdur r (2005) FDA drug approval summary: 
Erlotinib (Tarceva) tablets. oncologist 10:461–466

Cox C, Merajver SD, Yoo S, Dick rD, Brewer GJ,  
lee JS-l, and Teknos TN (2003) Inhibition of the 
growth of squamous cell carcinoma by tetrathi-
omolybdate-induced copper suppression in a 
murine model. Arch otolaryngol 129:781–785

Edwards Bk, Brown Ml, Wingo PA, Howe Hl, 
Ward E, ries lAG, Schrag D, Jamison PM, 



234 B.C. Stack et al.

Jemal A, Wu XC, Friedman C, Harlan l, 
Warren J, Anderson rN, and Pickle lW (2005) 
Annual report to the nation on the status of 
cancer, 1975–2002, featuring population-based 
trends in cancer treatment. J Natl Cancer Inst 
97:1407–1427

Fernandez-Pol JA, klos DJ, and Hamilton PD 
(1993) Cytotoxic activity of fusaric acid on 
human adenocarcinoma cells in tissue culture. 
Anticancer res 13:57–64

Fernandez-Pol JA, klos DJ, and Hamilton PD 
(1994) Metallopanstimulin gene product pro-
duced in a baculovirus expression system is a 
nuclear phosphoprotein that binds to DNA. Cell 
Growth Differ 5:811–825

Fernandez-Pol JA (1996) Metallopanstimulin as 
a novel tumor marker in sera of patients with 
various types of common cancers: implications 
for prevention and therapy. Anticancer res 
16:2177–2185

Ganger Dr, Hamilton PD, klos DJ, Jakate S,  
McChesney l, and Fernandez-Pol JA (2001) 
Differential expression of metallopanstimulin/
S27 ribosomal protein in hepatic regeneration 
and neoplasia. Cancer Detect Prev 25:231–236

Jemal A, Siegel r, Ward E, Murray T, Xu J, Thun 
MJ (2007) Cancer statistics. CA Cancer J Clin 
53:5–26

kalenik Jl, Chen D, Bradley ME, Chen SJ, and 
lee TC (1997) Yeast two-hybrid cloning of 
a novel zinc finger protein that interacts with 
the multifunctional transcription factor YY1. 
Nucleic Acids res 25:843–849

li C, Shintani S, Terakado N, klosek Sk, 
Ishilawa T, Nakashio k, and Hamakawa H 
(2005) Microvessel density and expression of  
vascular endothelial growth factor, basic 
fibroblast growth factor, and platelet-derived 
endothelial growth factor in oral squamous 
cell carcinomas. Int J oral Maxillofac Surg 
34:559–565

Medici N, Abbondanza C, Nigro V, rossi V,  
Piluso G, Belsito A, Gallo l, roscigno A,  
Bontempo P, Puca AA, Molinari AM, 
Moncharmont B, and Puca GA (1999) Identifi-
cation of a DNA binding protein cooperating 
with estrogen receptor as rIZ (retinoblastoma 
interacting zinc finger protein). Biochem Biophys 
res Commun 264:983–989

ogata S, Inuoe k, Iwata k, koumura k, and 
Tagichi H (2001) Apoptosis induced by picolinic 

acid related compounds in Hl-60 cells. Biosci 
Biotechnol Biochem 65:2337–2339

Parkin DM, Bray F, Ferlay J, and Pisani P (2001) 
Estimating the world cancer burden: Globocan 
2000. Int J Cancer 94:153–156

Parkin DM, Bray F, Ferlay J, and Pisani P (2005) 
Global cancer statistics, 2002. CA Cancer J Clin 
55:74–108

Portier BP, Ferrari DC, and Taglialatela G (2006) 
rapid assay for quantitative measurement of 
apoptosis in cultured cells and brain tissue.  
J Neurosci Methods 155:134–142

rapella A, Negrioli A, Melillo G, Pastprino S, 
Varesio l, and Bosco MC (2002) Flavopiridol 
inhibits vascular endothelia growth factor produc-
tion induced by hypoxia or picolinic acid in human 
neuroblastoma. Int J Cancer 99:658–664

Shang ZJ, li Jr, and li ZB (2007) upregulation 
of serum and tissue vascular endothelial growth 
factor correlates with angiogenesis and prog-
nosis of oral squamous cell carcinoma. J oral 
Maxillofac Surg 65:17–21

Shieh YS, lee HS, Shiah SG, Chu YW, Wu CW, 
and Chang lW (2004) role of angiogenic and 
non-angiogenic mechanisms in oral squamous 
cell carcinoma: correlation with histologic dif-
ferentiation and tumor progression. J oral Pathol 
Med 33:601–606

Stack BC Jr, Dalsaso TA, lee C Jr, lowe VJ, 
Hamilton PD, Fletcher JW, and Fernandez-Pol 
JA (2000) overexpression of MPS antigens by 
squamous cell carcinomas of the head and neck: 
Immunohistochemical and serological correla-
tion with FDG positron emission tomography. 
Anticancer res 19:5503–5510

Stack BC Jr, Hansen JP, ruda JM, Jaglowski J, 
Shvidler J, and Hollenbeak CS (2004a) Fusaric 
acid: a novel agent and mechanism to treat 
HNSCC. otolaryngol Head Neck Surg 131:54–60

Stack BC Jr, Hollenbeak CS, lee CM, Dunphy 
Fr, lowe VJ, and Hamilton PD (2004b) 
Metallopanstimulin as a marker for head and 
neck cancer. World J Surg oncol 2:45

Voss kA, Porter Jk, Bacon CW, Meredith FI, and 
Norred WP (1999) Fusaric acid and modification 
of the subchronic toxicity to rats of fumonisins 
in F. moniliforme culture material. Food Chem 
Toxicol 37:853–861

Wadsworth JT, Somers kD, Cazares lH, Adam B-l,  
Malik G, Stack BC Jr, Semmes oJ, and 
Wright Gl Jr (2004) Identification of head 



23516. Head and Neck Squamous Cell Carcinoma: Therapy with Fusaric Acid/Paclitaxel

and neck cancer patients using serum protein 
profiles. Arch otolaryngol Head Neck Surg 
130:98–104

Wang H, Ng TB (1999) Pharmacological activities 
of fusaric acid (5-butylpicolinic acid). life Sci 
65(9):849–856

Yuan Z, Huang X, Zhang W, Zhang M, Wan T, and 
Cao X (2001) Cloning and characterization of a 
novel zinc finger protein (MDZF) that is asso-
ciated with monocytic differentiation of acute 
promyelocytic leukemia cells. J Cancer res Clin 
oncol 127:659–667





237

17
Early Stage Oral Squamous Cell 
Carcinoma: Use of Signal Transducer  
and Activator of Transcription 3  
as a Risk Factor for Poor Diagnosis
N.G. Shah and T.I. Trivedi

INTRODUCTION

Head and neck cancer accounts for 5–10% 
of all tumors, and cancer of the oral cavity  
accounts for 30% of all head and neck 
cancers. Currently, nodal status is the single 
most important clinical prognostic indica-
tor for survival. While the 5 year survival 
of patients with T1 and T2 disease in the 
absence of nodal disease can be as high as 
70–80%, and 50–60% in patients with T3 
and T4 disease in the absence of nodal dis-
ease, the 5 year survival drops by half in the 
presence of nodal disease to 25–30%. Thus, 
new diagnostic attempts are aimed to estab-
lish parameters leading to improved survival 
of patients with oral cancer that is predomi-
nantly squamous cell type in nature.

Oral squamous cell carcinoma (OSCC) 
is a molecular disease involving accu-
mulation of genetic alterations. Even the 
normal appearing mucosa may have accu-
mulated premalignant genetic changes that 
‘condemn’ it to the formation of cancer. 
Hence, identification of these early genetic 
alterations in the tissue would enhance 
our understanding of the biology of oral 

carcinogenesis, facilitating diagnosis of 
early stage OSCC and thereby design 
therapies that specifically target oral tumor 
cells. Recently, it was reported by Darnell 
(2002) that a wide array of oncogenic alter-
ations may exert their effect by stimulating 
a relatively limited number of transform-
ing factors, overactivity of which repre-
sents the point of convergence of multiple 
cancer related molecular and signaling 
alterations. In this context, it was reported 
by Song and Grandis (2000) that consti-
tutive activation of family of transcrip-
tion factors known as Signal Transducers 
and Activators of Transcription (STATs) 
directly contribute to the progression of 
head and neck squamous cell carcinoma 
(HNSCC) and hold great promise for the 
development of more rational and effective 
treatment. The focus of the current chapter 
is STAT3 in OSCC, as a risk factor for 
poor diagnosis with special emphasis on 
the methodological approaches employed 
for studying STAT3 expression, although 
not in use clinically, but nevertheless plays 
a crucial role in the development of oral 
carcinogenesis.
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SIGNAl TRANSDUCERS 
AND ACTIvATORS OF 
TRANSCRIPTION

It was reported by Clavin (2002) that 
Darnell’s team first identified STAT genes 
in 1992. They code for a set of proteins 
often referred to as latent cytoplasmic 
transcription factors. It was reported by 
Darnell (1997) that STATs were named by 
virtue of their novel and unique dual func-
tions: as cytoplasmic signaling proteins 
that transmit a signal from the cell surface 
to the nucleus and as nuclear transcription 
factors that directly participate in gene 
regulation by activating a diverse set of 
genes. It was reported by Calo et al. (2003) 
that the STAT family in human consists of 
seven different members (STAT1, STAT2, 
STAT3, STAT4, STAT5a, STAT5b, and 
STAT6) identified in three chromosomal 
clusters: STAT1 and STAT4 map on chro-
mosome 2, STAT2 and STAT6 on chromo-
some 12, and STAT3 and STAT5a and 5b 
on chromosome 17. Despite functional 
differences of individual STAT proteins, 
according to crystallographic studies and 
protein sequence, STAT proteins are made 
up of ~850 amino acids except for STAT2 
and STAT6 that have amino acids between 
750 and 800 and range in size from 90 
to 115 kDa. Further, it was reported by 
Nikitakis et al. (2004) that STAT proteins 
share distinct structural domains and the 
sequence of STAT domains from the amino 
(NH2) to the carboxyl (COOH) end of the 
molecule are as follows: NH2-terminal, 
coiled coil, DNA binding, linker, Src-
homology 2 (SH2) and carboxyl-terminal 
transactivation domains, each of which is 
important for specific physiological func-
tions of these proteins.

NH2-Terminal Domain This region is 
highly conserved, provides protein–protein 
interaction sites and is required for the 
dimer–dimer interactions to form tetramers 
or oligomers of STAT molecules. It was 
reported by John et al. (1999) that the 
tetramerization of STAT contributes to 
stabilize the STAT-DNA binding by means 
of the interaction with tandemly arranged 
low-affinity binding sites; thus, increasing 
transcriptional activity. Furthermore, it was 
reported by Strehlow and Schindler (1998) 
that the NH2-terminal domain may regu-
late nuclear translocation and STAT deac-
tivation further controlling transcriptional 
activity of activated STAT molecules.

Coiled Coil Domain It is a four-stranded 
helical structure located in the region of 
STATs between residues 130 and 315. It 
was reported by Nikitakis et al. (2004) 
that this domain interacts with potentially 
important regulatory proteins and other 
transcriptional factors.

DNA Binding Domain It is located in 
the region of STATs between amino acids 
320 and 475 and is structurally very similar 
to the immunoglobulin-like DNA binding 
domain. It was reported by Darnell (1997) 
that this domain enables STATs interaction 
with specific response elements within the 
promoter sequence of target genes.

Linker Domain It was reported by Chen 
et al. (1998) that this a-helical linker with 
yet unknown function spans conserved 
residues 488 to 576 between the DNA 
binding and SH2 domains. However, it 
was reported by Nikitakis et al. (2004) 
that this domain might be implicated in 
DNA binding stability and transcripto-
some assembly.

SH2 Domain It is located in the region 
of STATs, between the amino acid residues 
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600 and 700. It was reported by Shuai 
(1999) that this domain is required for the 
recruitment of STATs to phosphorylated 
receptors and for the reciprocal SH2-
phosphotyrosine interactions between 
monomeric STATs to form dimers. The 
binding of STATs to the receptor occurs 
through the interaction of the STAT SH2 
domain with the phosphorylated tyro-
sine present in the receptor docking site. 
Furthermore, it was reported by Becker 
et al. (1998) that the differences in the 
STAT SH2 domain bring about selectivity 
of the STAT proteins binding to the differ-
ent cytokine receptors.

Transactivation Domain It is located 
at the C-terminal region of STAT, between 
residues 661 and 851, and is involved in 
communication with transcriptional com-
plexes. It is reported by Calo et al. (2003) 
that a conserved serine in this STAT domain 
(except for STAT2 and STAT6, which have 
no such serine) is a phosphorylation site and 
may enhance the DNA binding affinity and 
transcriptional activity of certain STATs.

ACTIvATION OF SIGNAl 
TRANSDUCERS AND 
ACTIvATORS OF 
TRANSCRIPTION SIGNAlING

In the non-stimulated cells, STAT pro-
teins exist in the cytoplasm as monomers 
or NH2-terminal head to head dimers. 
Moreover, all members of the STAT family 
are not activated simultaneously but rather 
in varying combinations depending on the 
activating ligand and the physiological 
requirements. It was reported by Darnell 
(1997), and Bromberg and Darnell (2000) 
that the STAT activation process occurs 

typically in response to extracellular 
signaling proteins including growth fac-
tors, cytokines, hormones, and peptides 
acting through cytokine receptors or intrin-
sic receptor tyrosine kinases, and involves 
the transformation of a latent cytoplasmic 
protein to an active molecule capable of 
translocating to the nucleus and inducing 
transcription of specific target genes. The 
first step in this series of cellular events 
is initiated by interaction between extra-
cellular signaling protein and its cognate 
receptor causing receptor dimerization or 
oligomerization. ligand induced receptor 
stimulation results in kinase induced phos-
phorylation of tyrosine residues within the 
cytoplasmic tail of the receptor, thereby 
creating docking sites for recruitment of 
molecules recognizing phosphotyrosine 
via their phosphotyrosine binding domain 
or SH2 domain. It was reported by Chen 
et al. (1998) that STAT proteins become 
activated by phosphorylation on a single 
tyrosine, near residue 700. This event 
causes dissociation of STATs and forma-
tion of immediate homo- or hetero- dimers 
via reciprocal interaction between the SH2 
domain of one monomer and the phos-
phorylated tyrosine domain of the other. 
These activated dimers translocate in the 
nucleus, recognize specific DNA response 
elements in the promoters of target genes, 
bind to them, and activate transcription. It 
was reported by Haspel et al. (1996) that 
STAT proteins are subsequently inacti-
vated by tyrosine dephosphorylation and 
return to the cytoplasm.

It was reported by Bromberg et al. (1999) 
that the ligand dependent activation of 
STATs is often associated with differen-
tiation and/or growth regulation, while 
constitutive activation of STATs (i.e., acti-
vation without known requirements for 
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extracellular polypeptides) is associated 
with growth deregulation. Depending on 
their specific functions, STATs can be 
divided into two groups. One group com-
prises of STAT2, STAT4, and STAT6, 
which are activated by a small number of 
cytokines and play a distinct role in the 
development of T-cells and in interferon-g 
signaling. The other group includes STAT1, 
STAT3, and STAT5, activated in different 
tissues by means of a series of ligands, and 
involved in interferon signaling, development 
of mammary gland and response to growth 
hormone, and embryogenesis, respectively. 
It was reported by Bromberg (2002) that 
this latter group of STATs plays an impor-
tant role in controlling cell-cycle progres-
sion and apoptosis, and thus contributes to 
oncogenesis. In addition, it was reported 
by Garcia and Jove (1998) that tumor cell 
lines as well as tissues from human can-
cers contain constitutively activated STAT 
proteins, very frequently STAT3. Hence, 
STAT3 might be considered as molecular 
marker for early detection of certain types 
of cancers, and also as a prognostic indica-
tor for determining tumor aggressiveness 
and response to various treatments.

SIGNAl TRANSDUCER  
AND ACTIvATOR  
OF TRANSCRIPTION 3

It was reported by Wegenka et al. (1994) that 
originally STAT3 was termed acute-phase 
response factor (APRF) because it was first 
identified as a DNA binding activity within 
interleukin-6 stimulated hepatocytes that 
was capable of selectively interacting with 
an enhancer element in the promoter of the 
acute-phase response genes. It is located on 
human chromosome 17q21.2. Structurally, 

STAT3 is similar to other STAT proteins, 
having conserved NH2-terminal domain, 
DNA binding domain, SH2 domain, and a 
C-terminal domain. It is activated by tyro-
sine phosphorylation at a single site close 
to the C-terminus (Tyr705), as well as by 
serine phosphorylation at a site within the 
transactivation domain (Ser727). It was 
reported by Caldenhoven et al. (1996) that 
STAT3 contains a splice variant, STAT3b. 
Compared to wild-type STAT3, STAT3b 
has seven new amino acids and lacks an 
internal domain of 50 base pairs from the 
C-terminal of STAT3. This splice product 
is a naturally occurring isoform of STAT3 
and encodes a 80 kDa protein which also 
lacks the Ser727 phosphorylation site.

PHySIOlOGICAl ROlE  
OF SIGNAl TRANSDUCER 
AND ACTIvATOR OF 
TRANSCRIPTION 3

The exact function of STAT3 is difficult to 
define because it was reported by Takeda 
et al. (1997) that in knockout mice the 
embryos die early during embryogenesis 
before reaching the gastrulation stage. 
Nevertheless, it was reported by Akira 
(2000) that STAT3 might be essential for 
early embryonic development, possibly 
involved in gastrulation or visceral endo-
derm function. From in vitro studies, it was 
reported by Sano et al. (1999) that STAT3 
plays an important role in migration of skin 
epidermic cells, and is essential for skin 
remodeling (e.g., during the hair cycle and 
wound-healing processes). In addition, it 
was reported by Chapman et al. (1999) 
that STAT3 is involved in the involution 
of the post-lactating mammary gland, an 
apoptotic process involving the epithelial 
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cells and resulting from an increased level 
of the insulin-like growth factor binding 
protein-5. Subsequently, it was reported by 
Akira (2000) that STAT3 plays a crucial 
role in a variety of biological functions, 
including cell growth, suppression and 
induction of apoptosis, and cell motility.

SIGNAl TRANSDUCER  
AND ACTIvATOR  
OF TRANSCRIPTION 3  
IN ONCOGENESIS

It was first reported by yu et al. (1995) 
that constitutive activation of STAT3 was 
linked to Src oncoprotein, a non-receptor 
phosphotyrosine kinase. In subsequent 
studies, it was reported by Catlett-Falcone 
et al. (1999), and Song and Grandis (2000) 
that v-Abl and v-Src transformed cell lines 
and tumors show constitutive activation of 
STAT3. These studies suggested that dereg-
ulation of STAT3 signaling due to aberrant 
activation of protein tyrosine kinases by 
specific classes of oncoproteins contrib-
utes to oncogenesis by eliciting permanent 
alterations in cells’ genetic programs such 
as cell differentiation, proliferation, and 
apoptosis. However, it was reported by 
Bromberg et al. (1999) that STAT3 assumes 
the role of a true protooncogene, providing 
the first genetic evidence, through experi-
ments with a constitutively active mutant 
of STAT3 (STAT3C) capable of inducing 
malignant transformation in fibroblasts. It 
was reported by Buettner et al. (2002) that 
STAT3 participates in oncogenesis through 
upregulation of genes encoding apoptosis 
inhibitors (Bcl-xl, Mcl-1, and survivin), 
cycle regulators (cyclin D1 and c-Myc) 
and inducers of angiogenesis (vascular 
endothelial growth factor). Moreover, a 

potentially important consequence of the 
anti-apoptotic activity of STAT3 is that 
it may be able to confer resistance to 
chemotherapy and radiation therapy, both 
of which rely on apoptotic mechanism to 
kill tumor cells. Thus, constitutive STAT3 
signaling represents a key molecular event 
in the multistep process of tumorigenesis, 
and provides the basis to investigate the 
clinical significance of constitutive STAT3 
activation in tumors where it is detected to 
establish the therapeutic potential of inhi-
bition of aberrant STAT3 activity.

SIGNAl TRANSDUCER  
AND ACTIvATOR  
OF TRANSCRIPTION 3  
IN ORAl SqUAMOUS CEll 
CARCINOMA

It was reported by Grandis et al. (2000), 
and Song and Grandis (2000) from initial 
investigations in HNSCC that constitutive 
STAT3 activation was most likely sec-
ondary to aberrant transforming growth 
factor-a/epidermal growth factor receptor 
signaling. These findings suggested a role 
of STAT3 in carcinogenesis. Subsequent 
studies investigated the clinical relevance of 
STAT3 in OSCC. The different approaches 
used for studying STAT3 and its mRNA 
expression include electrophoretic mobility 
shift assay (EMSA), in situ hybridization, 
immunoblotting, immunohistochemical 
localization, and reverse transcription–
polymerase chain reaction (RT-PCR).

 Electrophoretic Mobility Shift Assay

Electrophoretic Mobility Shift Assay 
(EMSA) also known as Gel Shift or Band 
Shift Assay is a simple, rapid, very sensi-
tive technique for studying gene regulation 
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and determining protein-DNA interactions. 
The assay uses non-denaturing polyacry-
lamide gel electrophoresis for detecting 
sequence-specific DNA binding proteins. It 
is based on the observation that complexes 
of protein and DNA migrate through a 
non-denaturing polyacrylamide gel more 
slowly than free DNA fragments or double-
stranded oligonucleotides. The EMSA is 
carried out by first incubating a protein(s) 
such as nuclear or cell extract with a 32P 
end-labeled DNA fragment containing the 
putative protein binding site. The reaction 
products are then analyzed on a non-dena-
turing polyacrylamide gel. The specificity 
of the DNA binding protein for the putative 
binding site is established by competition 
experiments, using DNA fragments or oli-
gonucleotides containing a binding site for 
the protein of interest or other unrelated 
DNA sequences.

Competition Mobility Shift Assay

Competition binding assay is used to assess 
the sequence specificity of protein-DNA 
interactions. This is necessary because the 
protein preparations will contain both spe-
cific and nonspecific DNA binding pro-
teins. For a specific competitor, the same 
DNA fragment (unlabeled) as the probe 
can be used. The nonspecific competitor 
can be essentially any fragment with an 
unlabeled sequence.

Super Shift Assay

Super shift assay is a variation of the mobil-
ity shift DNA binding assay, in which anti-
bodies are used to identify proteins present 
in the protein-DNA complex. Addition of 
a specific antibody to the binding reac-
tion can have one of several effects. If the 
protein recognized by the antibody is not 

involved in complex formation, addition 
of the antibody will have no effect. If pro-
tein that forms the complex is recognized 
by the antibody, the antibody will either 
block complex formation or it will form an 
antibody-protein-DNA ternary complex, 
and thereby specifically result in a further 
reduction in the mobility of the protein-
DNA complex (supershift). Results may 
be different depending upon whether the 
antibody is added before or after the pro-
tein binds DNA (particularly if there are 
epitopes on the DNA binding surface of 
the protein). The mobility shift assay or 
super shift assay includes the following 
steps: (1) preparation of a radioactively 
labeled DNA probe containing particular 
DNA binding site; (2) preparation of 4% 
non-denaturing polyacrylamide gel; (3) in 
mobility shift assay, the binding reaction 
consists of a protein mixture bound to the 
5,000 to 20,000 cpm radiolabeled DNA 
probe (³ 10 femtomoles). In case of super 
shift assay, the binding mixture contains 
protein extract, DNA probe and antibody 
specific for DNA binding protein. To 
another binding mix, an equivalent amount 
of nonspecific control antibody is added; 
(4) electrophoresis of protein-DNA com-
plexes through the gel.

Method

For performing EMSA, whole cell extracts, 
nuclear or cytoplasmic extracts were pre-
pared at 0°C to 4°C, preferably in a cold 
room with all equipments and buffers pre-
cooled. For preparation of nuclear extracts, 
tissue or tissue culture cells were collected, 
washed, and suspended in hypotonic buffer. 
The swollen cells were homogenized and 
nuclei were pelleted. The cytoplasmic frac-
tion was removed and nuclei were resus-
pended in a low-salt buffer. Gentle dropwise 
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addition of a high-salt buffer then released 
soluble proteins from the nuclei without 
lysing the nuclei. Following extraction, the 
nuclei were removed by centrifugation, the 
nuclear extract (supernatant) was dialyzed 
into a moderate salt solution, and any pre-
cipitated protein was removed by centrifu-
gation. The optimum extraction conditions 
for specific cells and applications were 
determined with higher or lower potassium 
chloride concentration. It was reported by 
Wong et al. (1994) that in order to avoid 
dialysis, 0.1% Triton-X 100 was included 
in all buffers, and extracts were diluted in  
buffer D (storage buffer) to reduce salt 
concentration. The cytoplasmic extract was 
obtained by adding cytoplasmic extract 
buffer to the cytoplasmic fraction, which 
was mixed thoroughly and centrifuged. 
The cytoplasmic fraction was dialyzed into 
dialysis buffer and any precipitated mate-
rial removed by centrifugation.

It was reported by Grandis et al. (1998) 
that STAT3 activation by EMSA was evalu-
ated using binding reactions containing 20 
µg extracted protein and radiolabeled high-
affinity serum inducible element (hSIE) 
duplex oligonucleotide. Furthermore, it was 
reported by Wong et al. (1994) that radiola-
beling was done with 32P dGTP (6000 Ci/
mmol) and using Klenow fragment of DNA 
polymerase I. Binding reaction mixtures 
(25 µl) contained the indicated 20 µg whole 
cell extract, 5 femtomoles (~105 cpm) of 
radiolabeled DNA fragment and 2 µg of 
denatured salmon sperm DNA in binding 
buffer. Reaction mixtures were incubated 
for 20 min at room temperature, then 5 µl of 
0.1% bromophenol blue in binding buffer 
was added, and the mixture was immedi-
ately added on a 4% polyacrylamide gel. 
Electrophoresis was performed in 0.25X 
Tris borate buffer (TBE buffer in 89 mM 

Tris base, 89 mM boric acid and 2 mM 
EDTA, pH 8.0) at 175 v with buffer recir-
culation. quantitation of the STAT3 signal 
was performed by scanning sis-inducible 
factor-A (SIF-A) band using Molecular 
Dynamics Personal Densitometer SI and 
IMAGE qUANT software. Normalization 
between blots was accomplished by running 
U937 cell lysates (5 µg) that demonstrate 
activation of STAT3 on each gel. Activation 
of STAT3 was assessed by determining 
the presence of DNA binding activity, 
as manifested by SIF activity. This was 
resolved into 3 different protein-DNA com-
plexes termed SIF-A (representing STAT3 
homodimer), SIF-B (representing STAT3/
STAT1 heterodimer) and SIF-C (represent-
ing STAT1 homodimer). The SIF-A and 
SIF-B complex were verified with super 
shift assay and DNA binding purification 
studies. For supershift assays, extracts were 
incubated with STAT3 polyclonal antibody 
(C-20, Santa Cruz Biotechnology).

DNA Binding Affinity Purification

It was reported by Grandis et al. (1998) 
that for DNA binding affinity purification, 
whole cell extracts were prepared using 
high salt buffer. Extracts were mixed with 
salmon sperm DNA (500 µg/ml) and incu-
bated at 4°C for 10 min. This mixture 
was incubated at 4°C for 40 min more 
with streptavidin-conjugated paramagnetic 
beads (Dynabead M280 strepavidin; Dynal 
Inc., lake Success, Ny), to which bioti-
nylated tandem hSIE duplex oligonucle-
otides had previously been bound. After 
this incubation, the beads were washed 
5 times with high salt buffer containing 
0.05% Nonidet-P 40 and 200 µg/ml salmon 
sperm DNA. Proteins were eluted in high 
salt buffer containing 1.2 mol/l NaCl. The 
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STAT3 antibody used was directed against 
the NH2-terminal portion of the protein 
(amino acids 1–175; Transduction labs).

Results

In vitro Studies

It was reported by Grandis et al. (1998) that 
compared with normal mucosal epithelial 
cells, all 7 HNSCC cell lines examined 
revealed varying degrees of constitutive 
activation of a hSIE binding activity spe-
cific for STAT3. The predominant complex 
formed was SIF-A (STAT3 homodimer) 
and SIF-B (STAT3/STAT1 heterodimer). 
Furthermore, super shift assays and DNA 
binding affinity purification studies also 
revealed constitutive activation of STAT3 
in HNSCC cell lines.

In vivo Studies

It was reported by Grandis et al. (2000) 
that even in HNSCC tumor tissues, STAT3 
was constitutively activated. For this, sam-
ples of HNSCC (oral cavity, oropharynx, 
hypopharynx, and larynx) and normal 
mucosa distant from the tumor were 
obtained from 19 patients undergoing pri-
mary surgical resection for head and neck 
cancer. Controls included seven age and 
gender matched oropharyngeal mucosa. 
Analysis of EMSA for STAT3 DNA bind-
ing activity revealed 8- to 10-fold increased 
levels of constitutively activated STAT3, in 
both the tumor and in the histologically 
normal mucosa from HNSCC compared 
with levels in the normal mucosa from 
controls without cancer. As in the cell 
lines, SIF-A (STAT3 homodimer) and 
SIF-B (STAT3/STAT1 heterodimer) were 
the predominant complexes formed, and 
supershift assays confirmed that SIF-A 
and SIF-B contained STAT3. This was 
also confirmed with in situ hybridization.

In Situ Hybridization

In situ hybridization is a method of local-
izing, either mRNA within the cytoplasm 
or DNA within the chromosomes of the 
nucleus, by hybridizing the sequence of 
interest to a complimentary strand of a 
nucleotide probe. The basic technique 
utilizes the fact that DNA and RNA will 
undergo hydrogen bonding to compli-
mentary sequences of DNA or RNA. By 
labeling sequences of DNA or RNA of 
sufficient length (~50–300 base pairs), 
selective probes can be made to detect 
particular sequences of DNA or RNA. 
The application of these probes to tissue 
sections allows DNA or RNA to be local-
ized within tissue regions and cell types. 
The sensitivity of the technique is such 
that threshold levels of detection are in the 
region of 10–20 copies of mRNA or DNA 
per cell. Normal hybridization requires 
the isolation of DNA or RNA, separating 
it on a gel, blotting it onto nitrocellulose 
membrane, and probing it with a compli-
mentary sequence.

Method

It was reported by Grandis et al. (2000) 
that for standard light microscopy of cryo-
stat sections, the tissues were lightly fixed 
in 2% paraformaldehyde, were infused 
with 30% sucrose overnight, and were 
frozen in liquid nitrogen-cooled isopen-
tane. Five-micrometer sections were cut 
on a Microm cryostat, were mounted on 
polylysine-coated or Superfrost (Fisher) 
slides and were labeled. The samples were 
prepared for hybridization by 3 × 5 min 
washes in 1X phosphate buffered saline 
(PBS), followed by incubation in a solu-
tion of 1X PBS containing 0.1 mg/ml of 
DNase Rq1. Thereafter, the samples were 
postfixed in a 1X PBS solution containing 
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2% paraformaldehyde for 30 min at room 
temperature followed by 3 × 5 min 1X 
PBS washes. 35S-labeled hSIE duplex oli-
gonucleotide (via end-labeling) was then 
applied to the samples by placing ~100 
µl of probe onto 25 × 25 mm coverslips 
and rolling the slides onto the coverslips. 
The slides were placed into a microscope 
box containing a moist paper towel and 
were allowed to incubate for 60 min at 
30°C. After hybridization, the samples 
were washed three times in 1X PBS and 
were subjected to an ethanol dehydration 
series. After complete drying, the slides 
were dipped into Kodak NTB-2 (Eastman 
Kodak) autoradiography emulsion. The 
dipped slides were air dried for 4 h, placed 
in a light-tight container, and were stored in  
a 4°C refrigerator for 7 days. At the end of 
7 days, the samples were developed using 
D-19 developer for 4 min and Rapid Fix 
photographic fixer for 4.5 min. The samples 
were counterstained with toluidine blue 
and then were coverslipped by using cyto-
seal mounting media.

Results

In vivo Studies

Using the above method, it was reported 
by Grandis et al. (2000) that activated 
STAT3 was derived from the epithelial 
cells. High powered microscopy dem-
onstrated increased activated STAT3 at 
the tumor stromal interface, and that the 
cells containing activated STAT3 were 
epithelial cells and not tumor infiltrating 
lymphocytes. This increase in constitutive 
STAT3 activation in tissue specimens from 
patients with HNSCC was also associated 
with increase in STAT3 protein expression 
and STAT3 tyrosine phosphorylation when 
compared to mucosal specimens from 
controls in immunoblotting studies

Immunoblotting

Immunoblotting or Western Blotting 
allows investigators to determine with 
a specific primary antibody the relative 
amounts of the protein present in differ-
ent samples. Briefly, samples are prepared 
from tissues or cells that are homogenized 
in a buffer that protects the protein of 
interest from degradation. The sample 
is separated using sodium dodecyl sul-
phate polyacrylamide gel electrophoresis 
(SDS-PAGE) and then transferred to a 
membrane for detection. The membrane 
is incubated with a generic protein (such 
as milk proteins) to bind to any remaining 
sticky places on the membrane. A primary 
antibody is then added to the solution, 
which is able to bind to its specific protein. 
A secondary antibody-enzyme conjugate, 
which recognizes the primary antibody, is 
added to find locations where the primary 
antibody is bound.

Method

It was reported by Grandis et al. (1998) 
that for immunoblotting studies, whole cell 
extracts were mixed with 2X SDS sample 
buffer (125 mmol/l Tris-HCl, pH 6.8; 4% 
SDS; 20% glycerol; 10% 2-mercaptoetha-
nol) at 1:1 ratio and were heated for 5 min at 
100°C. Proteins (50 µg/lane) were separated 
by 12.5% SDS-PAGE and transferred onto 
a nitrocellulose membrane (MSI; Westboro, 
MA). Prestained molecular weight markers 
(GIBCO BRl; Gaithersburg, MD) were 
included in each gel. Membranes were 
blocked for 30 min in Tris-buffered saline 
(TBS: 10 mmol/l Tris-HCl, pH 7.5 and 150 
mmol/l NaCl) with 0.5% Tween-20 (TBST) 
and 5% bovine serum albumin (BSA). After 
blocking, membranes were incubated with a 
primary antibody; mouse anti-human STAT3 
monoclonal (Transduction labs, lexington, 
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Ky), a rabbit polyclonal anti-HA-probe 
(y-11) (Santa Cruz Biotechgnology) or 
a phosphospecific anti-STAT3 pTyr(705) 
rabbit polyclonal (quality Controlled 
Biochemicals; Hopkington, MA) in TBST 
and 1% BSA. After washing the membranes 
three times with TBST (5 min each), they 
were incubated with horseradish peroxidase-
conjugated secondary antibody in TBST 
and 1% BSA for 30 min. Subsequently, 
membranes were washed three times with 
TBST and developed using the enhanced 
chemiluminescence (ECl) detection system 
(Amersham life Science, Inc; Arlington 
Heights, Il).

Results

In vitro Studies

Using immunoblotting studies, it was 
reported by Grandis et al. (1998) that in 
HNSCC cell lines increased STAT3 pro-
tein expression levels were observed com-
pared with normal mucosal epithelial cells. 
Similarly, phosphotyrosine STAT3 immu-
noblotting demonstrated elevated STAT3 
tyrosine phosphorylation in HNSCC cell 
lines compared to the levels detected in 
normal mucosal epithelial cells. This 
clearly showed that increase in STAT3 
activation was associated with increased 
STAT3 tyrosine phosphorylation.

 In vivo Studies

Using immunoblotting studies, it was 
reported by Grandis et al. (2000) that tis-
sues from patients with HNSCC were also 
associated with increase in STAT3 protein 
expression and STAT3 tyrosine phosphor-
ylation when compared to mucosal speci-
mens from controls. A 2.12-fold increase 
in STAT3 protein expression was seen 
in HNSCC tumors compared to normal 

mucosa from non cancer patients (P = 0.021) 
and a 2.32-fold increase in tumors compared 
to normal mucosa from HNSCC patients 
(P = 0.006). Moreover, similar studies using 
phosphospecific anti-STAT3 pTyr(705) 
antibody demonstrated increased phospho-
rylated STAT3 in both tumors (P = 0.002) 
and normal mucosa samples from HNSCC 
patients (P = 0.001) compared to normal 
mucosa from control patients. In a similar 
study using phosphospecific anti-STAT3 
pTyr(705) antibody, it was reported by 
Nagpal et al. (2002) that high STAT3 accu-
mulation was seen in all stages of OSCC in 
contrast with normal oral samples in which 
phospho STAT3 was totally absent.

Immunohistochemical localization

Immunohistochemical localization is a 
method of detecting the presence of specific 
proteins in cells or tissues and consists of the 
following steps: (1) primary antibody binds 
to specific antigen; (2) antibody-antigen 
complex is bound by a secondary, enzyme-
conjugated, antibody; (3) in the presence of 
substrate and chromogen, the enzyme forms 
a coloured deposit at the sites of antibody–
antigen binding.

 Method

It was reported by Shah et al. (2006) that 
for the detection of STAT3 expression, 
the avidin-biotin-complex (ABComplex) 
technique was used. For this, tumors were 
fixed in 10% neutral buffered formalin  
(pH 7.4) at 4°C for 72 h and then embedded 
in paraffin. Tissue sections (4 µm thick) 
were mounted on 3-aminopropyltriethoxy 
silane-coated slides. The sections were 
deparaffinized and rehydrated by passing 
through xylene I and II for 20 min each, 
xylene:absolute alcohol (1:1) for 30 min 
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and absolute alcohol, 90%, and 70% alco-
hol for 15 min each. The slides were then 
immersed in methanol with 3% H2O2 for 
30 min, followed by two washes of TBS 
for 5 min each to block endogenous per-
oxidase activity. The cell membrane was 
permeabilized by 0.2% Triton X-100 in 
distilled water for 20 min, and then the 
slides were rinsed twice in distilled water 
and washed for 5 min in TBS. To retrieve 
antigenicity, the sections were heated in 
10 mM citrate buffer (pH 6.0) for 20 min 
in a pressure cooker and then allowed to 
cool at room temperature. Nonspecific 
conjugation was blocked with normal rabbit 
serum (DAKO, Denmark), diluted 1:10 
in TBS and applied to the sections for a 
minimum of 20 min at room temperature. 
The excess blocking serum was removed 
from the sections and mouse monoclonal 
anti-human STAT3 antibody (F-2; Santa 
Cruz Biotechnology, Santa Cruz, CA) at 
a dilution 1:100 in TBS was added to the 
sections. Sections were incubated at 4°C 
overnight in a moist chamber. Next day, 
the slides were washed twice in TBS for 
10 min each and the sections were allowed 
to react with secondary biotinylated anti-
mouse rabbit immunoglobulin antibody 
(Dako, Denmark) diluted 1:50 in TBS 
and incubated for 40 min at room tem-
perature. The slides were washed thrice 
in TBS for 10 min each. Tertiary antibody 
was prepared 30 min prior to addition to 
the sections, using mixture of Reagent 
A-streptavidin and Reagent B-biotinylated 
horseradish peroxidase in 0.05 M Tris-HCl 
(pH 7.5). ABComplex was added and incu-
bated for 40 min at room temperature. The 
slides were then washed three times in TBS 
for 5 min each. After three washes, the spe-
cific immune reaction was identified using 
hydrogen peroxide (H2O2) as a substrate and 
3, 3¢–diaminobenzidinetetra-hydrochloride 

(DAB) as a chromogen. Freshly prepared 
DAB solution in 50 mM Tris-HCl (pH 7.5) 
and containing 0.005% H2O2 was added to 
each section for 5 min, and all incubations 
were carried out at room temperature. To 
remove extra DAB from the slides, each 
slide was rinsed twice in distilled water 
for 10 min each. Sections were lightly 
counterstained with Mayer’s haematoxy-
lin. To destain the unwanted haematoxylin, 
each section was given just a single dip 
in acid–alcohol and immediately the sec-
tions were rinsed in distilled water twice 
for 10 min each. In the final step, sections 
were dehydrated and cleared by passing 
through graded alcohol of 70%, 90%, and 
100%, xylene: alcohol (1:1) and xylene for 
15 min each. These were mounted in dib-
utyl phthalate xylene and observed under 
a light microscope. As positive controls, 
formalin-fixed paraffin-embedded tissue 
sections with intense staining for STAT3 
were included with each staining proce-
dure. For negative control, the primary 
antibody was replaced with normal serum. 
All the sections were scored independently 
by two individual observers, familiar with 
immunohistopathology but unaware of the 
clinical outcome of the patients. Sections 
were examined for evidence of cytoplasmic 
or nuclear staining and scoring was done 
by semi-quantitative method ranging from 
negative (no staining or £10% of cells) to 
3+ (1+ staining in 11–30% of cells: weak, 
2+ staining in 31–50% of cells: moderate 
and 3+ staining in >50% of cells: intense) 
was used. The other investigators have used 
a similar technique with modifications.

Results

In vivo Studies

Using immunohistochemical localization, 
it was reported by Grandis et al. (2000) 
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that the epithelial cells of OSCC tissues 
were the primary source of STAT3 protein 
expression. Moreover, tissue staining with 
anti-STAT3 pTyr(705) antibody in normal 
mucosa from controls without HNSCC 
demonstrated phosphorylated STAT3 only 
in the basal epithelial layer. In contrast, in 
histologically normal mucosa from patients 
with tumor, phosphorylated STAT3 was 
detected throughout the entire epithelium. 
This finding of increased STAT3 activa-
tion and phosphorylated STAT3 levels 
in the histologically normal surrounding 
mucosa implicated a role of STAT3 in 
early carcinogenesis.

This was followed by the analysis of 
STAT3 in relation to clinicopathological 
parameters in a large sample series of 
OSCC patients. It was reported by Nagpal 
et al. (2002) that for assessing STAT3 
immunoreactivity, tissue samples from 
90 patients of tobacco chewing-mediated 
OSCC representing different stages, sites 
(buccal mucosa, tongue, and angle of 
mouth-mandible and maxilla) and differ-
entiation states were examined. Together 
with these were also examined normal oral 
samples (N = 8) and premalignant lesions 
(N = 8) obtained from patients without 
cancer undergoing non oncologic surgical 
procedures. Both cytoplasmic and nuclear 
localization of STAT3 was detected in the 
primary OSCC tumors. Overall 58.9% of 
OSCC tumors showed very high STAT3 
protein accumulation and 23.3% showed 
intermediate accumulation, whereas 
17.8% of OSCC tumors were negative 
for STAT3. No STAT3 was detected in 
normal samples and only one out of eight 
premalignant lesions showed intermediate 
STAT3 accumulation. Further, significant 
correlation was not observed with vari-
ous clinicopathological parameters except 
for tumor size. Of the OSCC patients 

representing early classification (T1 + T2) 
of carcinogenesis, 74.4% showed high 
STAT3 staining, whereas only 47.1% of 
OSCC representing late classification 
(T3 + T4) of carcinogenesis showed mod-
erate STAT3 staining (P = 0.033). Thus, 
STAT3 activation is an early event in 
oral carcinogenesis and is subsequently 
degraded as the disease advanced.

In a related study examining both, phos-
phorylated and inactive form of STAT3 in 
normal oral epithelium (N = 10), epithe-
lium adjacent to the tumor and the tumor 
itself (N = 84), it was reported by Klosek 
et al. (2004) that the inactive cytoplasmic 
form of STAT3 was present in normal, 
non-cancer tissues and OSCC. On the 
other hand, the phosphorylated form of 
STAT3 was seen in the nuclei of 74% of 
OSCC tissues but not in the normal oral 
mucosa. Further, the phosphorylated form 
of STAT3 was present in the epithelium 
adjacent to the cancer suggesting that 
STAT3 is an early event in oral carcino-
genesis. Also, the phosphorylated form of 
STAT3 significantly correlated with tumor 
stage (P = 0.011) but not gender, site of 
cancer, lymph node status, differentiation 
or stage or pattern of invasion. In another 
study, it was reported by Arany et al. (2003) 
that STAT3 expression was inversely cor-
related with respect to tumor differentia-
tion in HNSCC: STAT3 levels were higher 
in poorly differentiated tumors. However, 
none of the above investigators reported 
its prognostic value. The prognostic value 
of STAT3 was reported by Masuda et al. 
(2002) and Shah et al. (2006).

From a study of primary SCC of the 
posterior tongue (N = 51), stained with 
phosphospecific STAT3 antibody that is, 
activated form of STAT3, it was reported 
by Masuda et al. (2002) that 37% (19/51) 
of the tumors positive for STAT3 displayed 
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strong staining in 50% of the tumor cells. 
In the other tumors scored negative, 19 
were negative, 10 exhibited weak and 3 
exhibited moderate staining for phosphos-
pecific STAT3. Furthermore, increased 
levels of phosphospecific STAT3 signifi-
cantly correlated with nodal metastasis, 
clinical stage, and lower survival rates, 
suggesting that STAT3 activation in OSCC 
may provide a novel prognostic factor.

In another study evaluating STAT3 
expression in normal oral tissues (N = 12), 
oral premalignant lesions (N = 60), and 
OSCC of the buccal mucosa and tongue 
(N = 135), it was reported by Shah et al. 
(2006, 2007) that only cytoplasmic stain-
ing was seen in one out of eight normal 
oral tissues, whereas in premalignant and 
malignant lesions, cytoplasmic staining 
was observed in 10% and 18% patients, 
respectively. On the other hand, in pre-
malignant and malignant lesions, nuclear 
reactivity was observed in 35% and 
44% patients, respectively (Figure 17.1).  
Dysplasia displayed higher STAT3 pos-
itivity (60%) compared to hyperplasia 
(17%). Similarly, STAT3 positivity was 
higher in advanced stage carcinomas 
(79%) compared to early stage carcinomas 
(45%). However, the noteworthy observa-

tion was that in advanced stage  carcinomas 
only 18% of the STAT3 positive patients 
showed intense staining compared to 52% 
of the STAT3 positive early stage patients. 
The presence of intense staining in a portion 
of advanced stage patients indicated active 
involvement of STAT3 in a subset of late 
stage tumors, and suggested a dual role of 
STAT3 in OSCC – as anti-apoptotic during 
tumor initiation and as a critical regulatory 
switch governing cell cycle progression 
during tumor progression. Alternately, in 
malignant tumors, STAT3 might be func-
tioning as an antidote to apoptosis until 
other genes take over the function of cell 
viability. Furthermore, in multivariate logis-
tic regression analysis for defining potential 
risk predictors in oral carcinogenesis, it 
was observed that STAT3 was significantly 
involved in progression of hyperplasia to 
dysplasia (Odds Ratio = 17.16, P = 0.0001) 
and of early stage disease to advanced stage 
disease (Odds Ratio = 4.49, P = 0.0001) at 
step 2, after EGFR. Thus, it was concluded 
that STAT3 activation is an early event in 
oral carcinogenesis.

Compared to clinicopathological param-
eters in OSCC, it was reported by Shah 
et al. (2006) that STAT3 protein expression 
showed significant positive correlation 
with disease stage (P = 0.001), nodal status 
(P = 0.033) and tumor size (P = 0.001). 
Regarding survival, multivariate survival 
analysis using Cox proportional hazard 
regression model showed that in early 
stage OSCC patients, nuclear STAT3 was a 
significant risk factor for both, recurrence 
of disease and poor overall survival with 
a relative harazd ratio of 3.23 and 4.20, 
respectively. Multivariate survival analysis 
even with the addition of markers such 
as EGFR, c-myc, H-ras, p53, cyclin D1, 
p16, Rb, Ki-67, and Bcl2, indicated that 
early stage patient whose tumor showed 

Figure 17.1. Nuclear staining for STAT3, clearly 
depicted in a well differentiated oral squamous cell 
carcinoma of the buccal mucosa
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nuclear STAT3 immunoreactivity was 
3.23 times more likely to develop recur-
rence compared to an early stage patient 
with absence of STAT3 immunoreactivity. 
Similarly, Shah et al. (2009) reported that 
nuclear STAT3 emerged as a significant 
predictor of worse overall survival in early 
stage patients. Thus, it was concluded 
that the superiority of STAT3 over other 
molecular markers may underlie the fact 
that prognosis is directly related to tumor 
biology manifested by its multiple aspect. 
The other markers may predict one or the 
other aspect of cancer biology and not 
the overall biological behaviour, whereas 
STAT3 might most likely do so, because 
it is an important transcription factor for 
many genes that may regulate all aspects 
of cancer biology. Thus, STAT3 may rep-
resent a significant molecular marker for 
poor prognosis in early stage OSCC.

Reverse Transcription–Polymerase Chain 
Reaction

It is a sensitive method for the detection 
of mRNA expression levels. Traditionally, 
RT-PCR involves two steps: the RT reaction 
and PCR amplification. RNA is first reverse 
transcribed into cDNA using a reverse tran-
scriptase, and the resulting cDNA is used 
as templates for subsequent PCR amplifica-
tion using primers specific for one or more 
genes. RT-PCR can also be carried out as 
one-step RT-PCR in which all reaction 
components are mixed in one tube prior to 
starting the reactions.

Method

For total RNA extraction from OSCC 
tissues, the single-step acid guanidinium 
thiocyanate phenol chloroform extrac-
tion method reported by Chomczynski 
and Sacchi (1987) was used. Alternately, 

commercially available total RNA extrac-
tion kits can also be used. The purity of 
the recovered RNA was measured spec-
trophotometrically at 260 and 280 nm 
wavelength. The quality of the isolated 
RNA was confirmed by agarose gel elec-
trophoresis. For STAT3 mRNA expression, 
it was reported by Trivedi et al. (2009).  
that 1 µg of total cellular RNA was 
reverse transcribed to cDNA, and RT-PCR 
performed using the one step GeneAmp 
EZ rTth RNA PCR kit (Perkin Elmer, 
USA) and following the kit’s protocol. The 
STAT3 primer sequences used were: the 5¢ 
primer (5¢- TCT CCT ACT TCT GCT ATC 
TTT GAG -3¢) and the 3¢ primer (5¢- ATG 
GGT CTC AGA GAA CAC ATC -3¢). The 
reaction was performed as follows: reverse 
transcription at 60°C for 30 min, an initial 
denaturation at 94°C for 1 min, followed by 
35 cycles of PCR (94°C for 45 s, 59°C for 
45 s, and 72°C for 1 min) and a final exten-
sion at 72°C for 10 min. The amplified 
products along with the 50 base pair ladder 
were electrophoresed on 1.8% agarose gel, 
stained with ethidium bromide and visual-
ized under Uv transilluminator. The band 
size noted was 116 base pair (Figure 17.2). 
Furthermore, the intensity of PCR prod-
ucts was measured and integrated on Gel 
Documentation System (Bio-Rad) using 
the Molecular Analyst Software, in units 
of counts/mm2. As positive control for 
STAT3 mRNA amplification, OSCC tissue 
displaying strong amplification was used. 
Negative control reaction was run without 
addition of the template.

Results

In vivo Studies

From additional experiments with RT-PCR 
to study STAT3 mRNA expression, it was 
reported by Nagpal et al. (2002) that STAT3 
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mRNA expression was high in T1 and T2 
classification (early stages), moderate in 
T3 and T4 (late stages) and no expression 
in normal oral tissues. This suggested that 
STAT3 activation is an early event in oral 
carcinogenesis. Apart from Nagpal et al. 
(2002), STAT3 mRNA expression was 
reported by Trivedi et al. (2009).

It was reported by Trivedi et al. (2009) that 
STAT3 mRNA expression in oral premalig-
nant lesions (N = 35), histologically normal 
mucosa adjacent to tumor (N = 70) and in 
OSCC (N = 70) in terms of mean ± standard 
error was 1405 ± 224.82, 2088.23 ± 190.63, 
and 2457.84 ± 184.72, respectively, and in 
terms of median, it was 1203, 1852, and 
2246, respectively. A progressive increase 
in STAT3 mRNA expression from prema-
lignant lesions, to histologically normal 
mucosa adjacent to tumors to malignant 
tumors was noted, suggesting upregulation 
of STAT3 mRNA expression in oral car-
cinogenesis. Also STAT3 mRNA expres-

sion in premalignant lesions suggested it 
to be an early event in oral carcinogenesis. 
Furthermore, the expression of STAT3 
mRNA in histologically normal mucosa 
adjacent to the tumor reinforced the “field 
cancerization” hypothesis. Alternately, the 
presence of STAT3 mRNA expression in 
histologically normal mucosa adjacent to 
tumors may be the result of a paracrine 
effect of STAT3 expression due to fac-
tors released by the tumors. Concerning 
clinicopathological parameters and clini-
cal outcome, STAT3 mRNA expression 
in tumors showed significant correlation 
with tumor size (P = 0.048). However, the 
STAT3 mRNA expression in histologi-
cally normal mucosa adjacent to tumors 
showed significant correlation with lym-
phatic permeation (P = 0.025), and in total 
patients was a significant predictor of 
relapse free survival at step 1 and overall 
survival at step 2 after tumor stage with 
a relative hazard ratio of 4.81 and 4.78, 

Figure 17.2. Representative STAT3 mRNA (116 bp) expression in oral cancer patients. lanes 1–6: oral squamous cell 
carcinoma; lane 7: negative control; lane 8: 50 bp ladder
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 respectively. Even in early stage patients, 
using Kaplan-Meier survival estimations 
STAT3 mRNA expression in histologically 
normal mucosa adjacent to tumors was a 
significant prognostic factor for relapse 
free survival (P = 0.047). Thus, STAT3 
mRNA expression may be regarded as a 
marker of early undetectable carcinogen-
esis and an important tool with regard to 
prognostic evaluation.

Collectively, these findings point to the 
crucial role of STAT3 in OSCC. Constitutive 
STAT3 activation is an early event in oral 
carcinogenesis and is associated with indica-
tors of poor prognosis, and hence represents 
a potential risk factor for poor diagnosis 
in early stage OSCC. In combination with 
established prognosticators, STAT3 expres-
sion might therefore allow a more precise 
identification of patients with aggressive 
phenotype likely to benefit from potential 
anti-STAT3 inhibitors as therapeutics.
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Salivary Gland Tumors: Preoperative 
Tissue Characterization with Apparent 
Diffusion Coefficient Mapping
Takashi Nakamura, Misa Sumi, and MarcVan Cauteren

INTroDuCTIoN

Diffusion-weighted imaging is a magnetic 
resonance (Mr) imaging technology used 
to measure the Brownian motion of water 
molecules in tissues. The technique, there-
fore, is expected to contribute to the evalu-
ation of diseased states of the organs and 
tissues. However, due to its inherent sus-
ceptibility to motion artifacts, the clinical 
application of the imaging has been lim-
ited to the brain (Thoeny and De Keyzer 
2007). Due to several technical innovations 
(particularly faster imaging techniques), 
diffusion-weighted imaging can now be 
applied to extracranial organs for imaging 
diagnosis (Takahara et al. 2004). Here, 
we describe tissue characterization of 
salivary gland tumors by using diffusion-
weighted imaging with a surface coil. 
using this technique, clinicians can know 
the 2-dimensional (2D) distribution of vari-
ous tissues in salivary gland tumors before 
surgery; this information may help predict 
tumor characteristics, including its benign 
or malignant state.

DIffuSIoN-WeIGHTeD 
IMAGING

Diffusion occurs due to the non-ending 
movement of every single molecule in the 
universe. This motion is called the thermal 
motion, and would only stop when mol-
ecules are cooled down to the absolute 
zero, i.e., −273°C. In liquids, molecules 
constantly bump into each other, and also 
bump into other molecules. The resulting 
motion is random, neither the speed nor 
the direction can be predicted. The process 
can best be visualized by dropping a drop-
let of ink into water. The small ink bubbles 
will be forced to spread in the water due to 
the collisions with the water molecules. If 
one could ignore gravitation (which results 
in the downward force on the ink), the ink 
would stay around the original position but 
individual droplets would spread over the 
complete water container. This phenom-
enon was first observed by Brown (1828), 
although Ingenhousz may claim he was 
the first in 1785. Brown (1828) observed 
minute particles inside the vacuoles of pollen 
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moving around in a jittery way; several 
good simulations of this motion can be 
found on the internet: (http://geocities.
com/piratord/browni/Difus.html).

einstein (1905) gave this phenomenon 
a sound mathematical description and a 
physical interpretation. He also defined the 
diffusion factor D, and used the theory to 
derive the size of the particles undergoing the 
Brownian motion. Perrin (http://nobelprize.
org/nobel_prizes/physics/laureates/1926/
perrin-lecture.html) used einstein’s theory 
to give the first proof (albeit indirect) of 
the discontinuous structure of matter or, in 
other words, that molecules exist.

following einstein, let us consider a free 
diffusion process, where the molecules 
only undergo the collisions with other 
similar molecules in a homogeneous con-
tainer without boundaries. The probability 
of finding a specific molecule that was at 
the position identified as the origin (i.e., 
r = 0) is then determined by two laws: 
<r>=0 and <r2>= 6Dt (<> is defined as the 
average) (einstein 1905).

The first law means that the molecules 
will spread around the original position 
but will not move as a whole. (We are 
ignoring gravitation here.) The second 
law describes the way the individual par-
ticles will spread so that the probability of 
finding them away from the original site 
becomes more common with time. The 
speed at which this spread occurs is char-
acterized by D, the diffusion factor. The 
diffusion factor will be a function of the 
size of the diffusing molecules (mostly we 
look at water), the viscosity of the medium 
(this determines the speed of travelling in 
between collisions), and the temperature 
(as the underlying cause of diffusion is 
thermal motion) (einstein 1905).

This completely free diffusion process is 
more a mathematical concept than a physical 

reality, especially if we look at diffusion 
inside a human body. The environment of 
water molecules, wherever they are in the 
body, can hardly be called homogeneous; 
there are membranes, macromolecules, fib-
ers, and other structures that seriously ham-
per the diffusion process. It should be noted, 
however, that looking at very short times, 
when the water molecules did not have 
enough time to travel around significantly, 
the diffusion can be considered free.

This environment will result in a dif-
fusion which is not entirely free. The 
resulting speed of particles in this micro-
environment will thus become a function 
of time and the geometry of the environ-
ment, and will no longer obey the einstein 
laws. In this way we can no longer talk 
about a free diffusion coefficient, and we 
therefore need to introduce the apparent 
diffusion coefficient (ADC), to describe 
the process in vivo. Also, the ADC meas-
ure will depend on the way it is measured, 
and more specifically the timing of the 
sequence (Le Bihan et al. 1986).

However, because the diffusion process 
is dominated by its environment and the 
obstacles it encounters, diffusion imaging 
becomes a unique technique allowing us 
to probe structures well below the spatial 
resolution of the images. As an extension, 
diffusion can also be used to estimate the 
size of cells or other motion-hampering 
structures, e.g., using a technique called 
q-space imaging (Callaghan et al. 1990).

 Measurement of Diffusion-Weighted 
Imaging

Measuring diffusion or picking up its 
influence to create diffusion weighted 
images is quite a feat. We are indeed 
monitoring motions over a distance of a 
few micrometers, while the spatial resolution 
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of Mr images is typically in the order 
of millimeters. This feat can be achieved 
because we are using techniques to see the 
intravoxel incoherent motion (IVIM) (Le 
Bihan et al. 1986). In general, Mr image 
formation is based upon the refocusing of 
many spins within one voxel to create a 
strong signal. If, however, the refocusing 
is disturbed for one reason or another, the 
signal will be weaker.

To render Mr imaging sensitive to 
the diffusion of water molecules, a spin-
echo pulse sequence is usually used. The 
sequence basically comprised first (90°) 
and second (180°) radiofrequency (rf) 
pulses and two rectangular gradient pulses 
of equal size, which are generated before 
and after the second 180° rf pulse. These 
two gradients differently affect the static 
and moving water molecules. for a static 
water molecule, the cumulative phase shift 
in the presence of a magnetic field gradi-
ent is proportional to the strength of the 
field, duration of the gradient, and the 
(fixed) special location of the molecule. 
After the first 90° rf pulse, the static 
water molecule starts to accrue phase. The 
rotation gets faster with increasing field 
strength along the direction of the gradi-
ent, and thus depends on the position. The 
subsequent 180° radiofrequency pulse then 
rotates the vectors around the vertical axis. 
In the case of a static molecule, which 
does not move significantly between the 
first and second gradients, the extra rota-
tion elicited by the second gradient is iden-
tical to the first one, and thus the molecule 
will be in phase at the end of the second 
gradient (initial phase shift is reversed by 
the 180° rf pulse). on the other hand, 
for a moving water molecule, the rotation 
changes between the first and second rf 
pulse. A net phase shift is the result. The 

dispersion of the phase shifts depends on 
the variance of the displacements. This 
dispersion results in the attenuation of sig-
nal amplitude, which depends on the dif-
fusion coefficient, gradient intensity, and 
time of diffusion measurement (Le Bihan 
et al. 1986).

The echo planar imaging (ePI) sequence 
has a very narrow bandwidth per pixel 
along the phase-encoding direction 
(farzaneh et al. 1990). Therefore, the ePI 
sequence is inherently susceptible to the 
air–tissue boundaries and field inhomo-
geneity (Thoeny and De Keyzer 2007). 
Diffusion-weighted single-shot ePI can be 
combined with parallel imaging technique 
such as sensitivity encoding (SeNSe) in 
order to reduce the artifacts caused by the 
low bandwidth per pixel (Pruessmann et al. 
1999; Kurihara et al. 2002). In the single-
shot ePI sequence coupled with the SeNSe 
technique, the train of gradient echoes in 
the ePI readout is greatly reduced, and 
k-space traverses per unit become much 
faster. Therefore, the sensitivity of ePI to 
the artifacts can be markedly diminished, 
thereby improving the image quality.

As described earlier, the signal attenu-
ation in a diffusion-weighted sequence 
depends upon the diffusion sensitizing 
gradients. When we now acquire images 
with different strengths of these gradients, 
then we will acquire images with differ-
ent diffusion weighting. We can then use 
the pixel intensities of these two images 
to calculate a diffusion coefficient. The 
attenuation of the signal depends on three 
parameters: the amplitude of the gradi-
ent, the duration of the gradient, and the 
interval between the two gradient lobes. 
All these parameters are combined in one 
convenient parameter, called the b-value 
(Le Bihan et al. 1986). The convenience 



258 T. Nakamura et al.

of the value stems from the fact that the 
pixel intensity attenuation will vary expo-
nentially with b and D:

 ( ) ( )S b S(0)exp b*D= −  (18.1)

There are, however, two issues to be 
considered with this approach. first, apart 
from the diffusion motion there is other 
incoherent motion within a voxel that can 
lead to a change in the signal. This is par-
ticularly true for perfusion. especially for 
lower diffusion gradients the water mole-
cules in blood perfusing the tissue through 
the capillary bed will be seen as being in 
a pseudo-random motion in the tortuous 
capillaries. one must thus be aware of the 
influence of perfusion when measuring the 
diffusion coefficient. In particular, if one 
wants to calculate diffusion coefficients 
the source data should not include images 
acquired with diffusion weighting gradi-
ents corresponding to a b-value less than 
~300 s/mm2. In the context of this chapter 
one must also be aware of the influence of 
salivary flow in the glands.

Second, for a typical diffusion weighted 
sequence the timing is such that the prob-
ability of the water molecules (especially 
those inside cells) hitting an obstacle is 
fairly high. Indeed, the root mean square 
displacement will be of the order of tens 
of micrometer. We can, therefore, no 
longer speak of a real diffusion process, 
as explained above, and we thus can only 
calculate an (ADC).

The calculation of the ADC is based on 
the formula introduced above, showing 
that the diffusion weighted signal decays 
in intensity in an exponential way with 
respect to the b-factor of the sequence. 
Typical b values for clinical diffusion 
weighted imaging are from 600 to 2,000 s/
mm2, depending on the anatomy of inter-

est. for organs with an intrinsically high 
ADC (e.g., prostate) higher b-values are 
needed to give a good contrast with lesions. 
Most parts of the body can be scanned with 
a b-value of 800–1,000 s/mm2. In general, 
one wants to keep the b-value as low as 
possible since there is an signal-to-noise 
ratio (SNr) penalty when going to higher 
b-values. Also, for higher b-values the SNr 
becomes so low that one must be careful 
when using these data for ADC calculation 
as the signal may have dropped close to or 
below the noise level, potentially leading to 
a gross miscalculation of the ADC.

Clinical use of Diffusion Weighted 
Imaging

The clinical usefulness of diffusion 
weighted imaging was first shown for 
stroke imaging (Moseley et al. 1990; van 
Gelderen et al. 1994). It was shown that 
diffusion weighted imaging showed the 
lesion at a much earlier stage than T2 
weighted imaging. Also, in combination 
with perfusion imaging, it is thought to 
show the viable brain regions. for a very 
long time, diffusion weighted imaging 
remained limited to the brain, mainly 
because of the sensitiveness of the imag-
ing technique to motion and susceptibility 
artifacts. recently, however, mainly due 
to the advent of parallel imaging allowing 
single-shot techniques with decent spatial 
resolution, we could overcome this limita-
tion. Indeed, DWIBS (diffusion weighted 
whole body imaging with background 
signal suppression) shows great potential 
for oncology (Takahara et al. 2004). The 
contrast-to-noise ratio for lesions is very 
high, leading to a very high sensitivity of 
the technique.

The clinical usefulness of DWI is based on 
the basic mechanism for diffusion  contrast. 
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Diffusion seems to be influenced by many 
parameters; first, there are the “physical” 
parameters like temperature, pressure, and 
viscosity (these are most important in free 
diffusion regime). Second, there are physi-
ological parameters. These are the most 
important when there is extracellular matri-
ces and fluids, as is mostly the case in 
the clinical context. These physiological 
parameters include cellularity, the amount 
and ratio of intracellular and extracellular 
water, nucleus/cytoplasm ratio and (if we 
are not careful) vascularity. A change in any 
of these will result in a change in the pixel 
intensity of a diffusion weighted sequence.

We can simplify the image by not-
ing that the ratio between intracellular 
and extracellular water seems to be the 
main defining factor. Indeed, the pixel 
intensity measured would be the result 
of a weighted averaging of signals com-
ing from extracellular water, intracellular 
water, and water in the vascular space. The 
diffusion-weighted signal will vary with b 
in a complicated way, also depending on 
the exchange between the three compo-
nents (van Gelderen et al. 1994). If we use 
b-values large enough to eliminate signal 
from the vascular space, then the signal 
originates solely from intracellular and 
extracellular water.

In clinical practice only a few images 
with different b-values are acquired, so 
a mathematically proper analysis cannot 
be performed, both because of the limited 
number of b-values and because of the 
low SNr of high b-value clinical images. 
Instead a hugely simplified equation, typi-
cally based on two measurements, is fre-
quently used:

 ( ) ( )ADC ln[S b1 / S(b2)] / b2-b1=  (18.2)

We repeat ourselves when noting that 
this equation would be valid only for free 

single-exponential diffusion. In reality, 
situation is more complicated.

early experiments have also shown 
that the diffusion coefficient of intracel-
lular water is approximately one order 
of magnitude lower than that of extracel-
lular water (van Gelderen et al. 1994). 
relatively more intracellular water in a 
voxel will thus result in a lower averaged 
ADC, and hence higher signal in a dif-
fusion weighted image. In case there is 
no organized extracellular matrix (e.g. in 
bile, in mucus, or inside an abscess or in 
the urethra and bladder), the viscosity will 
determine the diffusion properties. one 
must be conscious of this as the higher 
signal in more viscous fluids may look like 
T2-shinethrough to the unsuspecting eye.

Note also that there are a few tissues 
that show high diffusion weighted signal 
even in the normal state. These organs are: 
prostate gland, testes, endometrium, ovary, 
spleen, tonsil, lymph nodes, bone marrow, 
and peripheral nerves. Nerves show low 
diffusion coefficient values for diffusion 
sensitizing gradients perpendicular to the 
nerve bundles but high coefficients paral-
lel to the bundles. They show diffusion 
anisotropy, just like white matter fiber 
bundles in the brain. We will not discuss 
anisotropy in this chapter.

Diffusion weighed imaging offers an 
image contrast unique to Mr. More impor-
tantly it shows good contrast between nor-
mal tissue and diseased tissue. We can 
understand why because we know that 
the diffusion contrast is determined by the 
intracellular water/extracellular water ratio.

The first diffusion weighted images in 
patients were images taken from stroke 
patients. These patients’ cells swell under the 
ischemic conditions. This swelling changes 
the intracellular water/extracellular water 
ratio such that the proportional influence  
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of intracellular water increases, and therefore 
we see a decrease of the overall diffu-
sion coefficient. Cancer lesions also tend 
to be associated with high cell density 
than in normal tissues, leading to a lower 
ADC than normal tissue. This leads to the 
application of diffusion weighted imaging 
outside the brain, notably in the DWIBS 
technique (Takahara et al. 2004).

Body diffusion weighted imaging was 
rarely used in the past, but the prelimi-
nary results suggest that DWIBS could be 
used as an excellent screening tool as it 
shows a very high sensitivity for lesions. 
Interestingly, we can also follow apopto-
sis resulting from therapy. Clearly where 
apoptosis occurs the cellular superstructure 
will disappear, so that the ADC will be that 
of the extracellular water. This will result 
in an increase of the ADC. This could give 
us a powerful tool for follow-up studies.

In this chapter we also introduce the 
potential clinical usefulness of studying 
the spatial distribution of ADCs within an 
organ, instead of merely looking at an aver-
age value over a certain region of interest 
(roI). recently, the spatial resolution of 
diffusion-weighted imaging has become 
sufficiently high also in small organs such 
as the salivary glands, through the use of 
dedicated coils and sequences. early results 
are very encouraging (eida et al. 2007).

SALIVAry GLAND TuMorS

Salivary gland tumors represent 3–5% of 
all head and neck tumors, with the parotid 
glands being the most frequent (between 
64% and 80%) sites (Barnes et al. 2005). 
Benign tumors represent 54–79% of these 
tumors. The majority (70–85%) of parotid 
gland tumors are benign. Tumors of the 

submandibular and sublingual glands are 
more likely to be malignant; ~40% of 
submandibular tumors and 70–90% of 
sublingual tumors are malignant. Salivary 
gland tumors also occur in minor salivary 
glands of the palate, buccal mucosa, lips, 
tongue, retromolar pad, and glossopharyn-
geal area. Approximately half of all minor 
salivary gland tumors are malignant.

Pleomorphic adenomas are the most 
common (~50%) benign epithelial tumors 
of the salivary glands. Pleomorphic ade-
nomas tend to form well-defined ovoid 
tumors. They are often encapsulated but 
may exhibit a pedunculated outgrowth, for 
example, from the superficial to the deep 
lobes of the parotid gland. Glandular, duc-
tal, or solid structures of epithelial elements 
are major components of this tumor. The 
lesion also comprises mesenchymal tissues, 
which may be frequently associated with 
cartilaginous or fibromyxomatous tissues. 
The lesion may be associated with cysts, 
hemorrhage, necrosis, or calcification.

Warthin’s tumor is the second common-
est tumor of the salivary glands. The tumor 
exclusively occurs in the parotid gland, typ-
ically in the tail. It may occur as multiple 
masses within one or both parotid glands. 
The tumor is composed of glandular and 
cystic structures, which sometimes exhibit 
a papillary cystic arrangement, lined by 
a double layer of epithelium, comprising 
inner columnar eosinophilic or oncocytic 
cells surrounded by smaller basal cells. 
The stroma contains varying amounts of 
lymphoid tissues with germinal centers.

Cystadenoma is a benign epithelial tumor 
characterized by multiple small cystic spaces 
or a single large cyst surrounded by lobules 
of salivary glands or by connective tissues.

Mucoepidermoid carcinoma represents 
~30% of the malignant tumors of the 
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salivary glands and arises most commonly 
(~50%) in the parotid gland, followed by 
the minor salivary glands (~45%). The 
tumor is characterized by mucous, inter-
mediate, or epidermoid cells. Low-grade 
tumors are well circumscribed; they usually 
contain large cystic areas with mucinous 
components and abundant mucous cells 
that are lined by epidermoid components. 
The mucous cells are large with pale cyto-
plasm and peripherally displaced nuclei. 
High-grade tumors are poorly circum-
scribed, infiltrative, and exhibit dominant 
proliferation of epidermoid components; 
mucous cells are rarely observed.

Adenoid cystic carcinoma represents 
~10% of all epithelial salivary gland 
tumors and most frequently involves the 
parotid, submandibular, and minor salivary 
glands. The tumor is well-circumscribed, 
but only partially encapsulated and invari-
ably infiltrative. The tumor is rarely associ-
ated with cyst formation and hemorrhage. 
Histopathologically, adenoid cystic carci-
noma is classified into tubular, cribriform, 
or solid type. The tubular type comprises 
tubules lined by inner epithelial and outer 
myoepithelial cells. The cribriform pattern 
is the most frequent and is characterized 
by nests of cells with microcystic spaces. 
These spaces are filled with hyaline or 
basophilic mucoid material. The solid type 
contains sheets of uniform basaloid cells 
lacking tubule or microcyst formation. 
These three types may appear as a domi-
nant feature of the tumor or as a part of the 
tumor. This tumor has a tendency to spread 
via nerves. Perineural invasion is the hall-
mark of this tumor; tumors may extend 
along nerves for a considerable distance 
from the boundary of primary lesions.

Acinic cell carcinoma represents ~9% of 
all malignant tumors of the parotid gland. 

The parotid gland is the most common site 
(~80%) of origin of this tumor, and bilat-
eral involvement is observed in 3% of the 
patients. Metastasis to the regional lymph 
nodes is not uncommon, followed by fre-
quent metastasis to more distant sites, most 
commonly the lung. The tumort is either a 
solid mass or partially cystic. Histologically, 
the acinic cell carcinoma recapitulates 
serous cells with bubbly basophilic cyto-
plasm containing zymogen granules.

Salivary duct carcinoma is a very 
aggressive tumor; histologically, it dis-
plays squamoid appearance, reminiscent of 
mucoepidermoid carcinoma or squamous 
cell carcinoma. Perineural spread is also 
common in this malignant neoplasm, and 
lymph node metastasis is not uncommon.

Cystadenocarcinoma is characterized by 
predominantly cystic growth that is often 
associated with intraluminal papillary 
growth. Approximately 65% tumors occur 
in the major salivary glands. Compared to 
the other benign and malignant salivary 
gland tumors, this tumor involves the sub-
lingual gland more frequently.

2D ADC Color Mapping of Salivary 
Gland Tumors

Salivary gland tumors comprise distinctive 
tissues, including proliferating tumor cells, 
myxomatous tissues, lymphoid tissues, 
necrosis, and cysts (Barnes et al. 2005) 
(figure 18.1). Analyzing a large roI in a 
histologically heterogeneous tumor may, 
therefore, result in spurious results with 
regard to tumor histology. To avoid this 
potential error, 2D analysis using high-
resolution Mr imaging is mandatory for 
precise tissue characterization of salivary 
gland tumors.

We obtain ADC maps by using 2 b factors 
(500 and 1,000 s/mm2). Isotropic diffusion 
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Figure 18.1. ADCs of various tissues in salivary 
gland tumors and of healthy major salivary glands. 
(a) Lymphoma lesion with germinal center; (b) 
lymphoid tissues in Warthin’s tumor; (c) densely 
packed, poorly differentiated cancer cells in adeno-
carcinoma; (d) densely packed cancer cells in sali-
vary duct carcinoma; (e) epidermoid cancer cells 
in mucoepidermoid carcinoma; (f) polygonal, clear 
cancer cells in mucoepidermoid carcinoma; (g) 
abundant mucous cells lined by epidermoid cells in 
mucoepidermoid carcinoma; (h) cancer cell nests 
in fibrous connective tissues of salivary duct carci-
noma; (i) plasmacytoid proliferation in pleomorphic 

adenoma; (j) proliferating tumor cells associated 
with multiple small cystic areas in pleomorphic 
adenoma; (k) myxoid area with significant hyalini-
zation; (l) mixed area of ductal and solid epithelial 
components and mesenchymal tissues associated 
with cartilaginous and fibromyxoid materials; (m) 
necrotic area in adenocarcinoma; (n), necrotic 
area in salivary duct carcinoma; (o) homogeneous 
myxomatous tissues in pleomorphic adenoma; (p) 
large necrotic area in Warthin’s tumor; (q) large 
cystic area in pleomorphic adenoma. PG parotid 
gland, SMG submandibular gland, SLG sublingual 
gland

images are obtained, by applying both the 
b factors along the three orthogonal direc-
tions. This procedure requires additional 
time to perform. To prevent susceptibility 
artifacts, we use the SeNSe technique 
(SeNSe factor = 2) that reduces echo 
train length during the diffusion-weighted 

imaging. The total image acquisition time 
can be 1 min 32 s/20 slices using SeNSe 
technique. This rapid imaging allows us 
to obtain ADC maps without significant 
motion artefacts.

To obtain 2D ADC maps from salivary 
gland tumors, a roI is placed manually 
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on a fat-suppressed T2-weighted image 
so that the roI encompasses the whole 
tumor area on that image. Then, the roI 
is automatically copied and pasted onto 
the corresponding ADC map. The ADC of 
each tumor can be represented as an aver-
age of three mid-sections of the lesion or 
of whole sections of the tumor.

Gray-scale ADC map images obtained 
from the tumors are saved in the TIf 
format and then converted to color ADC 
map images (figs. 18.2 and 18.3). Conse-
quently, tumor areas having high ADCs 
are displayed as color areas of shorter 
wavelengths such as red and tumor areas 
having low ADCs, as color areas of longer 
wavelengths such as blue. These proce-
dures can be performed on a personal 
computer by using osiriX software (http://
www.osirix-viewer.com).

ADC characterization of salivary gland 
tumors can be performed by determining 
the area having an extremely low ADC 
(<0.6 × 10−3 mm2/s), low ADC (0.6 × 10−3 
mm2/s to <1.2 × 10−3 mm2/s), intermedi-
ate ADC (1.2 × 10−3 mm2/s to <1.8 × 10−3 
mm2/s), or high ADC (³1.8 × 10−3 mm2/s), 
relative to the total maximum tumor area 
on the ADC maps. Imaging software, such 
as ImageJ (Wayne rasband; http://rsb.info.
nih.gov/ij/), may be useful. The obtained 
results can be expressed as percentage 
areas.

Diffusion-weighted imaging has been 
advocated as functional imaging of the 
parotid glands. Any changes in the water 
content of the cells and interstitial tissues 
are considered to affect the ADC levels 
of the glands. The ADC was decreased 
in the salivary glands with impaired func-
tion (Sumi et al. 2002), and stimulation 
of the salivary gland function increased 
the ADC levels of the glands (Thoeny 

et al. 2005). Therefore, different cellular 
and tissue components in salivary gland 
tumors would significantly affect the ADC 
levels of the tumors. In general, grow-
ing cancer lesions are considered to have 
relatively rich water content; this nature 
of tumor cells, particularly of malignant 
tumor cells, significantly decreases the 
ADC levels of a tumor. further, water that 
is confined in the cell significantly limits 
the water movement (Sumi et al. 2003). 
However, salivary gland tumors are known 
to display a wide spectrum of histologi-
cal features. Therefore, tumor contrast on 
diffusion-weighted images may be signifi-
cantly affected by variations in the propor-
tions of tumor tissue components, i.e., the 
stages of tumor cell differentiation, pres-
ence or absence of necrotic tissues and 
cyst formation, density of the tumor cells, 
and degenerative changes of the interstitial 
tissues, such as myxomatous changes.

ADCs of Healthy Major Salivary Glands

The relative contents of the secretory acinus 
and the relative amounts of the intralobu-
lar and extralobular adipose tissues differ 
among the three major salivary glands 
(Barnes et al. 2005). The parotid gland is 
almost purely serous and contains abun-
dant intralobular and extralobular adipose 
tissue. The adipose tissue increases in rela-
tive volume with age. The submandibular 
gland is a mixed-type gland; it is predomi-
nantly serous (~90%) with some mucous 
element. on the other hand, the sublingual 
gland is predominantly mucous.

Considering these differences in the paren-
chymal components, it can be expected that 
the imaging features of the three major sali-
vary glands would be somewhat different. 
Indeed, the parotid gland exhibits low atten-



264 T. Nakamura et al.

uation on CT due to its rich adipose tissue 
content. on ultrasound, the healthy parotid 
gland exhibits numerous echogenicity in 
the gland parenchyma originating from the 
adipose tissue in the gland. Consistent with 
this, the parotid glands are most hyperin-
tense among the three major salivary glands 
on T1-weighted Mr images. Interestingly, 
the sublingual glands are more hyperin-
tense on T1-weighted images than the 

submandibular glands (Thoeny 2007; Sumi 
et al. 1999). Because the submandibular 
and sublingual glands do not contain sig-
nificant amounts of fat tissue, the observed 
differences in signal intensity between 
these glands might be due to differences 
in the structures of the acinus-duct system 
or differences in the proportion of the 
serous and mucous components in the duct, 
acinus, or both (Sumi et al. 1999). In this 

Figure 18.2. fifty-nine-year-old woman with 
pleomorphic adenoma of parotid gland. (a) 
Axial T1-weighted (Tr/Te = 500 ms/15 ms) 
image using 47-mm microscopy coil shows 
tumor (arrow) with homogeneous architecture 
and hypointense signals relative to gland. (b) 

Axial fat-suppressed T2-weighted (Tr/Te = 
4677 ms/80 ms) image using 47-mm microscopy 
coil shows tumor (arrow) with heterogeneous 
signals. (c) Axial ADC map shows that tumor 
contains high ADC area and peripheral interme-
diate ADC area
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Figure 18.3. eighty-one-year-old man with 
salivary duct carcinoma of parotid gland. (a) 
Axial T1-weighted (Tr/Te = 500 ms/15 ms) 
image using 47-mm microscopy coil shows 
tumor (arrow) with homogeneous architecture 
and hypointense signals relative to gland. (b) 

Axial fat-suppressed T2-weighted (Tr/Te = 4677 
ms/80 ms) image using 47-mm microscopy coil 
shows tumor (arrow) with heterogeneous signals. 
(c) Axial ADC map shows that tumor (indicated 
by white contour) contains intermediate and low 
ADC areas

regard, greater amounts of proteinaceous 
content in the sublingual and, to a lesser 
degree, in the submandibular glands might 
increase the intensity levels of the glands on 
T1-weighted images.

recently, we found that the ADC levels 
were significantly different among the 
major salivary glands (Sumi et al. 2002; 
eida et al. 2007) (figure 18.1). The ADCs 
of the parotid glands were lowest (0.63 
± 0.11 × 10−3 mm2/s) among the major 

salivary glands, followed by those of the 
submandibular glands (0.87 ± 0.05 × 10−3 
mm2/s). The sublingual glands showed the 
highest ADCs (0.97 ± 0.09 × 10−3 mm2/s). 
At present, we do not have any definite 
explanation for the observed differences in 
the ADC levels among the major salivary 
glands. ADCs are considered to be greatly 
affected by cell density, cell size, nuclear-
to-cytoplasmic ratio, the viscosity of the 
intra- and extracellular fluids, and the 
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serous and mucous contents. The major 
salivary glands may have distinct tissue 
profiles of these cellular and extracellular 
features.

It should be noted that considerable dif-
ferences among the ADC values of healthy 
salivary glands are found in published 
reports (eida et al. 2007; Thoeny et al. 
2004; Zhang et al. 2001). It is plausible 
that these differences may result from the 
use of different b values in these studies. 
Alternatively, the spread in ADC values 
of the salivary glands can possibly be 
correlated to the production of saliva at 
the time of measurement (Thoeny et al. 
2005). Therefore, different studies should 
be carefully interpreted.

ADCs of Benign Salivary Gland Tumors

As mentioned earlier, benign salivary 
gland tumors comprise distinctive tissues, 
including proliferating tumor cells, myxo-
matous tissues, lymphoid tissues, necrosis, 
and cysts. In our recent study, we com-
pared the 2D ADC maps and histological 
features of excised tumor specimen (eida 
et al. 2007). Pleomorphic adenomas are 
generally homogeneous on T1-weighted 
images and heterogeneous on fat-sup-
pressed T2-weighted images (Motoori 
et al. 2004; eida et al. 2007) (figure 18.2a, 
b). The 2D ADC maps show that that the 
areas of proliferating tumor cells are asso-
ciated with intermediate ADC levels. The 
tumor areas that contain large cystic areas 
or myxomatous lesions exhibit high ADCs 
(figure 18.2c).

Warthin’s tumors are relatively homogene-
ous on T1- and T2-weighted images (Ikeda 
et al. 2004; eida et al. 2007). In contrast, the 
ADC distributions are often heterogeneous, 
being composed of areas with extremely 
low ADC indicating lymphoid tissues and 

areas with high ADCs indicating cyst for-
mation among the lymphoid tissues.

ADCs of Malignant Salivary Gland 
Tumors

Mucoepidermoid carcinomas are homo-
geneous in architecture on T1-weighted 
images and are slightly heterogeneous on 
T2-weighted images. Low to intermedi-
ate signal intensity can be observed on 
T1- and T2-weighted images (Thoeny 
2007). Homogeneous tumor areas with 
low ADCs correspond to areas with polyg-
onal or round cell proliferation.

Adenocarcinoma and adenoid cystic car-
cinoma exhibit relatively homogeneous sig-
nals on T1- and T2-weighted images. The 
tumors exhibit low intensity on T1-weighted 
images and high intensity on T2-weighted 
images (eida et al. 2007). ADC maps may 
display speckled patterns of low to high 
ADCs. These heterogenous patterns of 
ADC maps are attributable to small necrotic 
or cystic areas distributed in the tumors.

Salivary duct carcinomas are homoge-
neous with low intensity on T1-weighted 
images and heterogeneous with intermedi-
ate to high signal intensity on T2-weighted 
images (Motoori et al. 2005) (figure 18.3a, 
b). ADC mapping may demonstrate a 
mixed pattern of low and intermediate 
ADCs, consistent with the aggressive pro-
liferation of cancer cells with squamoid 
appearance (figure 18.3c).

Malignant lymphomas in the salivary 
glands are homogeneous on T1- and 
T2-weighted images. on ADC maps, the 
tumors are almost exceptionally homoge-
neous with extremely low ADCs (<0.5 × 
10−3 mm2/s) throughout the lesions; this 
may reflect the homogeneous growth pat-
tern of lymphoma cells.
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TISSue CHArACTerIZATIoN 
WITH APPAreNT DIffuSIoN 
CoeffICIeNT MAPPING

figure 18.1 summarizes the ADCs of vari-
ous tissues of salivary gland tumors and 
those of healthy parotid, submandibular, 
and sublingual glands. Lymphoid tissues 
are categorized into the salivary gland 
tumor tissue group having the lowest ADCs 
(<0.5 × 10−3 mm2/s). The ADCs of epider-
moid tumor cell areas are low, but higher 
than those of lymphoid cells. The ADCs 
of the areas containing mucus-secreting 
cancer cells are also low, but slightly higher 
than those of areas containing epidermoid 
cancer cells. Increases in the amounts of 
fibrous connective tissue between cancer 
cell nests decrease the ADC levels of 
the tumor. The presence of mucins and 
myxomatous materials in the extracellular 
matrix increases the ADCs. Thus, mixtures 
of cellular and connective tissue compo-
nents result in intermediate ADCs. Cystic 
areas reveal the highest ADCs.

The ADCs of necrotic tissues were 
higher than those of viable tissues (Lyng 
et al. 2000). In patients with head and neck 
squamous cell carcinomas, necrotic areas 
are frequently observed in metastatic nodes 
(Nakamura and Sumi 2007). Therefore, 
metastatic nodes exhibited significantly 
higher ADCs than the benign reactive 
nodes in the necks of these patients. In 
contrast, nodal lymphomas, which are 
rarely associated with necrosis, had the 
ADCs significantly lower than those in 
benign reactive nodes. These observa-
tions could be successfully explained by 
the notion that the ADC is dominated 
here by the intracellular water component. 
However, in necrotic tissues, where the 
cell membranes are lost, larger diffusion 

distance is allowed. furthermore, there 
are two types of necrosis; liquefaction and 
coagulation necroses. The resulting vis-
cosity will be different. It is plausible, but 
not proven yet, that the ADCs are differ-
ent between liquefaction and coagulation 
necroses (Nakamura and Sumi 2007).

The recent study has demonstrated that 
myxomatous tissues have high ADCs (~1.8 
× 10−3 mm2/s) (eida et al. 2007). In addi-
tion, benign tumors frequently contain 
cystic components, which also contribute to 
the high ADC levels seen in benign tumors. 
In contrast, areas with high ADCs are rare 
or very limited in the case of malignant 
salivary gland tumors. Thus, the presence 
of tumor areas with high ADCs could be an 
important criterion in differentiating benign 
salivary gland tumors from malignant ones. 
In malignant salivary gland tumors, areas 
with extremely low or low ADCs were 
found to occupy major parts of the tumor, 
consistent with hypercellularity and thus 
high intracellular water-to-extracellular 
water ratio of malignant tumors. However, 
Warthin’s tumors also contain significant 
areas with extremely low or low ADCs. 
Therefore, the use of the low or extremely 
low ADC criterion did not yield a good 
result in differentiating between benign and 
malignant tumors (eida et al. 2007).

 APPLICATIoNS of APPAreNT 
DIffuSIoN CoeffICIeNT 
MAPPING To THe 
DIAGNoSIS of MALIGNANT 
LeSIoNS

one of the major targets for the use of 
many imaging techniques is differentiating 
between benign and malignant lesions in 
various organs. As mentioned earlier, the 
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diffusion-weighted imaging technique is 
very sensitive to molecular displacements. 
This characteristic might be useful for dif-
ferentiating between benign and malig-
nant lesions. Diffusion-weighted imaging 
was able to differentiate between benign 
and malignant lesions in the liver, breast, 
metastatic nodes in the neck, and pha-
ryngeal carcinomas (Taouli et al. 2003; 
Sinha et al. 2002; Sumi et al. 2003, 2007). 
Interestingly, the gradings of some malignant 
tumor types can be predicted by using the 
ADC values (Sumi et al. 2003, 2007).

 HIGH-reSoLuTIoN IMAGING 
of MALIGNANT LeSIoNS

We can use different types of surface coils 
(for example, 47-mm microscopy coil and 
110-mm S coil) so that obtained 2D ADC 
maps could successfully correlate with the 
corresponding histology. The use of a sur-
face coil greatly improved the resolution 
of diffusion-weighted imaging. However, 
the resolution of the obtained images was 
still insufficient for the effective correla-
tion between Mr images and histology, 
particularly in cases wherein the use of a 
smaller coil (microscopy coil) was limited 
due to the anatomical locations of the 
tumors. This is because the SeNSe tech-
nique cannot be applied using the 47-mm 
surface coil. This coil is also associated 
with the shortcomings in the diagnosis 
of tumors located in the deep parts of the 
neck. Therefore, the 110-mm surface coil 
is more convenient for routine examina-
tions despite its lower resolution than the 
47-mm coil. further technological innova-
tions for high-resolution Mr imaging are 
required for continuing improvement in 
diffusion-weighted image quality.

In conclusion, ADC mapping allows 
tissue characterization of salivary gland 
tumors. The obtained 2D distribution pat-
terns of various tumor tissues are very char-
acteristic of some tumor types, and these 
patterns may be distinct between benign 
and malignant salivary gland tumors. This 
technique would also be useful in differenti-
ating between benign and malignant tumors 
in other organs and for the evaluation of 
treatment efficacy in malignant lesions.
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Role of Human Papillomavirus  
in Tonsillar Cancer
Eva Munck-Wikland, Lalle Hammarstedt, and Hanna Dahlstrand

InTRoDuCTIon

Tonsillar cancer is the most common 
of the oropharyngeal malignancies and 
belongs to the group of head and neck can-
cer that originate in the Waldeyer’s ring. 
Smoking and alcohol are regarded as the 
main etiological factors for head and neck 
squamous cell carcinoma (HnSCC), but 
these tumors also occur in some 15–20% 
of patients without these risk factors. 
Accumulating data indicate that high risk 
human papillomavirus (HPV) is associ-
ated with a subgroup of HnSCC mainly 
oropharyngeal cancer (Gillison and Shah 
2001; Mellin et al. 2000), and studies indi-
cate that a history of smoking and high-
risk HPV seropositivity, together, increase 
the risk for HnSCC suggesting that there 
is either an additive or synergistic relation-
ship between these two risk factors.

TonSILLAR CAnCER

Tonsillar cancer is occasionally diagnosed 
at an early stage but more commonly when 
regional metastases are present. Quite fre-
quently the patients have seeked their gen-
eral practitioners due to “a sore throat” and 
been treated with antibiotics prior cancer 

diagnosis. Patients may present with a 
lump in the neck as the sole symptom and 
later, after examination, the primary tumor 
of the tonsil is found. one sided ear pain or 
swallowing difficulty is another common 
first symptom.

Treatment for tonsillar cancer varies con-
siderably worldwide. There are still centers 
where surgery is the initial treatment, but 
gradually tonsillar cancer is regarded as an 
“oncologic” disease where oncologic treat-
ment e.g., radiation, possibly in concert with 
chemotherapy, is the first line treatment and 
surgery is reserved for salvage. However, in 
the case of (extensive) regional metastasis 
at diagnosis, neck dissection is frequently 
planned to be included in the primary treat-
ment after the oncologic session.

There have been improvements in the 
treatment of HnSCC during the last years, 
leading to a decreased morbidity and 
increased quality of life, but 5-year survival 
rates are still low.

 HuMAn PAPILLoMAVIRuS 
(HPV)

There are more than 100 HPV types 
divided into high-risk HPV (16, 18, 31, 
and 33) found to be associated with human 
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cancer, of which cervical carcinoma is the 
most studied, and low-risk HPV associ-
ated with benign hyperplastic lesions, i.e., 
common warts, chondylomas, and papil-
lomas. The genome of HPVs consists of 
double-stranded circular DnA, enclosed 
in a 52–55 nm viral capsid. The genome 
is divided into a noncoding region and 
the early and late coding regions. The 
early region encodes for the early proteins 
E1–E2 and E4–7, which are important for 
pathogenesis and transformation, while 
the late region encodes for L1 and L2 the 
two capsid proteins.

When zur Hausen in 1976 proposed that 
cervical cancer might be caused by human 
papillomavirus (HPV), the scientific com-
munity accepted that HPV could poten-
tially be involved in the development of 
some but definitely not all cervical cancers. 
Today it is fully accepted that different 
types of HPVs are present and instrumen-
tal in the induction of almost all cervical 
cancers as well as some other types of 
human cancers (zur Hausen 2002).

In 1983 HPV was suggested to have 
a role in the pathogenesis of head and 
neck cancer due to morphologic features 
(Syrjanen et al. 1983). Since then, substan-
tial molecular evidence to support this find-
ing has been revealed (Gillison and Shah 
2001). HPV-16 is today encountered in a 
substantial proportion of oropharyngeal 
cancer (Mellin et al. 2000; D’Souza et al. 
2007; Dahlgren et al. 2003; Hammarstedt 
et al. 2006) and has been identified in 90% 
of HPV-positive HnSCC. HPV 18, 31, and 
33 has been found in the remaining cases. 
The viruses exert their carcinogenic power 
by producing two oncoproteins encoded 
by the viral E6 and E7 genes. E6 binds 
to the cellular protein p53 and degrades 

it, while E7 binds to pRb and abrogates 
its function. When normal p53 and pRb 
intracellular levels are reduced, cell cycle 
control is hampered, cell cycle entrance 
and DnA synthesis are promoted, and 
apoptosis is blocked (zur Hausen et al. 
2002) Furthermore, there is upregulation 
of other cell cycle factors such as p16 InK4A 
(Hanahan and Weinberg 2000).

Also of interest is that the L1, the major 
capsid protein, can self assemble and form 
virus like particles, which are useful for 
vaccination against HPV infections (Rose 
et al. 1993).

EPIDEMIoLoGy

The incidence of head and neck cancer 
shows large variability worldwide with 
high incidence rates in parts of India, 
South East Asia and some parts of Europe. 
Regarding tonsillar cancer specifically, 
incidence rates are high in the Western 
world, especially in some parts of the uS 
and Australia. In Europe, incidence rates 
vary with the highest rates seen in France. 
The Eastern countries like China gener-
ally present low incidence rates (http://
www-dep.iarc.fr/GLoBoCAn, accessed 
october 2006). Interestingly, Hong Kong, 
with a strong Western influence, has higher 
incidence rates (Li et al. 2007).

Historically, the incidence of tonsillar 
cancer has shown a dramatic increase in 
Europe as well as in the uS, without an 
increase in traditional risk factors, i.e smok-
ing and alcohol (Figure 19.1) (Hammarstedt 
et al. 2007). Parallel to this, there has been 
a similar increase in the proportion of HPV 
positive tonsillar cancer. In Sweden, this 
increase has been from 23% HPV positive 
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tumors in the 1970s to 68% in 2000–2002 
(Table 19.1). The vast majority of the tumors 
harbour HPV-16 (Hammarstedt et al. 2006). 
Patients with HPV positive tumors are 
younger at diagnosis and more often non-
smokers (D’Souza et al. 2007; Gillison an 
Shah 2001; Li et al. 2003; Mellin et al. 2000).

EVIDEnCE oF HPV RoLE  
In CARCInoGEnESIS

HPV DnA is now present in about 
70% of tonsillar cancer diagnosed in 
the Stockholm area (Hammarstedt et al. 

2006). But, HPV-DnA presence in tumor 
tissue does not necessarily imply viral 
involvement in the carcinogenesis but may 
reflect a transient infection. Importantly, 
when using DnA as well as RnA in 
situ hybridization, the viral genome and 
its transcription products (performed on 
HPV-16) have been located in cancer 
cells, both at primary site and in the 
metastasis, but not in the surrounding 
stroma (Strome et al. 2002).

HPV-16 E6 and E7 mRnA expression is 
known to be essential for transformation 
in cervical cancer. The expression of these 
oncogenes have earlier been detected in 
tonsillar cancer; however, in studies only 
including a few oropharyngeal or tonsil-
lar cancer cases. But, recently we found 
that E6 and/or E7mRnA were expressed 
in almost all accessible HPV-16 posi-
tive cases, strongly supporting an onco-
genic role of HPV-16 in tonsillar cancer 
(Lindquist et al. 2007). We examined 
the diagnostic tonsillar cancer specimen 
from 192 patients. Extraction of RnA 
and expression of mRnA, monitored by 
presence of the housekeeping gene Rnase 
P, were successfully determined in 53/54 
of the 86 HPV-16 positive samples. In 
the remaining 32 samples either the par-
affin blocks were not available or there 
was insufficient material. Expression of 

Figure 19.1. The incidence of tonsillar cancer in 
Sweden since 1960 (Reproduced from Hammar-
stedt et al. 2007. With permission from www.
informaworld.com.)

Table 19.1. Presence of HPV DnA in pretreatment tonsillar squamous cell carcinoma biopsies obtained 
between 1970 and 2002

Calender years number of cases
numbers of  
pre-treatment biopsies Excluded

Presence of HPV 
DnA P-value

1970–1979 84 39 9 7/30 (23%)

1980–1989 133 55 13 12/42 (28%) 0.79
1990–1999 168 95 11 48/84 (57%) 0.0025
2000–2002 92 48 1 32/47 (68%) <0.001
Total 477 237 34 99/203 (49%)

Source: Reproduced from Hammarstedt et al. (2006). With permission from Wiley.
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HPV-16 E6 mRnA (estimated as 0.06–
9.94 copies/1,000 copies RnAsP) and /or 
E7 mRnA (0.6–68.4 copies/1,000 copies 
RnAsP) were detected in 50/53 (94%) of 
the samples, i.e., 42 samples expressed 
both E6 and E7, and 8 samples expressed 
only E7 (Table 19.2).

Mork et al. (2001) performed a nested 
case-control study investigating HPV 
infection as a risk factor for head and neck 
cancer. This seroepidemiological study 
investigated serum samples from 292 per-
sons who later developed HnSCC, on 
average 9.4 years prior to diagnosis, and 
1,568 matched controls. The prevalence 
of seropositivity for HPV-16 was twice 
as high in the patient group compared to 
that of the control group, and was found 
to be a significant risk factor for head and 
neck cancer 2.2 (95% CI, 1.4–3.4). When 
investigating the risk to develop cancer 
according to tumor location, the highest 
risk was found for oropharyngeal cancer 
(odds ratio 10.2) and cancer of the base of 
the tongue (odds ratio 20.7). Cancer of the 
base of the tongue belongs to the oropha-
ryngeal cancer group. Fifty percent of 
oropharyngeal cancer and 14% of tongue 
cancers contained HPV-16 DnA and cor-
responded with prediagnostic seropositiv-
ity of HPV-16.

D’Souza et al. (2007) recently published 
another case-control study including 100 
patients with oropharyngeal cancer and 200 
controls in order to evaluate the association 
between HPV infection and oropharyngeal 
cancer. They found that oropharyngeal 
cancer was significantly associated with 
oral HPV-16 infection and seropositivity 
for the HPV-16 L1 capsid protein. HPV-16 
DnA was detected in 72% of the oropha-
ryngeal cancer specimen and 64% of the 

cancer patients were seropositive for E6, 
E7, or both. Four percent of the controls 
had an oral HPV infection, 7% were HPV-
16 L1 seropositive , and 4% were serop-
ositive for E6 and E7.

HPV-16 has also been demonstrated in 
metastases of HnSCC by in situ hybridi-
zation (Begum et al. 2007). HPV-16 was 
detected in 10/19 metastases from the 
oropharynx but in none of 46 metastases 
from other head and neck sites. HPV was 
not detected in two branchial cleft cysts 
misdiagnosed as metastatic squamous cell 
carcinoma, but HPV was detected in three 
out of ten metastases from occult primary 
tumors. Thus, when HPV-16 is found 
in neck nodes with unknown primary 
tumor the origin is most likely within the 
oropharynx.

Smeets et al. (2007) demonstrated 
HPV-DnA by PCR in 24/143 oral and 
oropharyngeal tumors, but could confirm 
viral involvement by E6/E7 expression 
analysis only in 12/24 samples. Thus, 
the presence of HPV-DnA did not per 
se mean that the virus was biologically 
active. It was shown that the tumors 
with transcriptionally active HPV lacked 
p53 mutations and exhibited a limited 
number of genetic imbalances, whereas 
their counterparts without transcription-
ally active HPV showed p53 mutations 
in 75% and many genomic imbalances.
(Braakhuis et al. 2004; Smeets et al. 
2006). By considering detection of HPV 
E6 expression in frozen biopsies as gold 
standard for valid HPV infection, Smeets 
et al. (2007) found p16 immunostaining 
followed by GP5+/6+ PCR on the p16-
positive cases to harvest a 100% sensitiv-
ity and specificity for assumed clinically 
relevant HPV infection.
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SExuAL BEHAVIouR AnD 
oRoPHARynGEAL CAnCER

Sexually transmitted HPV is believed to 
cause virtually all cervical cancers (zur 
Hausen 2002) and the relation between 
sexual risk behaviour, HPV infection and 
oropharyngeal cancer has been a subject 
of interest for quite some time. D’Souza 
et al.(2007) found, in a case-control study, 
that a high life-time number of vaginal, 
and/or oral sex partners, engagement in 
casual sex, early age at first intercourse 
and infrequent use of condoms are each 
associated with HPV-16 positive oropha-
ryngeal cancer. These data support that 
oral HPV infection is sexually acquired, 
but it cannot be ruled out that transmission 
of HPV could be possible through direct 
mouth to mouth contact or other means.

It is important to keep in mind that HPV 
is found in a substantial proportion of 
tonsillar and base of tongue cancer but not 
as frequently in other oral cavity subsites. 
Thus, studies dealing with the relation 
between sexual habits and oral/oropha-
ryngeal cancer may not find increased risk 
between sexual risk behaviour and cancer 
because the HPV positive ones only con-
stitute a proportion of the whole group.

Kreimer et al. (2004) performed a study 
to determine the prevalence and distribution 
of genital-mucosal type HPV infections in 
the oral region and tonsillar epithelium. 
High-risk HPV-16 infection was found in 
1% of tonsils from healthy subjects while 
HIV patients showed an HPV prevalence 
of 7.5%. Tonsillar HPV infection was 
found to be strongly associated with HIV 
infection, immunosuppression, and certain 
sexual behavior in univariate analysis. The 
difference in prevalence between HIV-
negative and HIV-positive subjects could 

not be explained by differences in sexual 
behaviour but could possibly be attributed 
to immunosuppression in the HIV group.

HPV AnD PRoGnoSIS  
In TonSILLAR CAnCER

All studies conducted by our group show 
a clear benefit from having HPV in the 
tumor (Dahlgren et al. 2004). This, in 
spite of the fact that patients with HPV 
positive tumors more often present with 
regional metastasis at diagnosis (Lindquist 
et al. 2007), a feature which is known to 
decrease survival significantly in all other 
HnSCC. In fact, HPV proved to be the 
strongest prognostic factor independent 
of age, sex, and tumor stage (Mellin et al. 
2000; Lindquist et al. 2007).

Ragin and Taioli (2007) reviewed all 
published articles and conducted a meta-
analysis on the overall relationship between 
HPV infection and overall survival and 
disease-free survival in HnSCC. Patients 
with HPV-positive HnSCC had a lower 
risk of dying, and a lower risk of recur-
rence than HPV-negative HnSCC patients. 
Site-specific analyses show that patients 
with HPV-positive oropharyngeal tumours 
had a 28% reduced risk of death in com-
parison to patients with HPV-negative 
oropharyngeal tumours. There was no dif-
ference in overall survival between HPV-
positive and negative non-oropharyngeal 
patients.

Weinberger et al. (2006) found that 
patients harbouring HPV 16 positive 
oropharyngeal cancer with high p16 
expression by microarray showed a 79% 
over all survival while patients with HPV 
negative cancers and/or low p16 expression 
had a 18–20% survival.
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The reason why HPV-positive oropha-
ryngeal cancers benefit from a better 
survival is not yet understood. It may 
depend on epidemiological reasons, such 
as reduced exposure to tobacco and alco-
hol that implies an overall better health. It 
could also relate to p53. If the carcinogen-
esis is carried out through E6 inactivation 
but not mutation of p53, the p53 function 
is not entirely lost and p53 can still help 
induce apoptosis and cell death by radia-
tion therapy.

We know from our own studies and 
others that HPV-positive and -negative 
tonsillar cancer show different genomic 
imbalances (Dahlgren et al. 2003). By 
comparative genomic hybridization analy-
sis we found a significant difference in 
the distribution of DnA gains and losses 
between the HPV-positive and –negative 
tonsillar cancer specimen. Gain on chro-
mosome 3q24qter was more commonly 
seen in HPV-positive cancer, while gain on 
chromosome 7q11.2-q22 was found only 
in HPV negative cancer. Gains of 3q and 
8q were in accordance with earlier reports 
from HnSCC. But, loss of chromosome 
3p, which is frequently found in HnSCC, 
was found in only 16% of the tonsillar 
cancers. Again, this supports the view of 
tonsillar cancer being an exclusive entity 
in the family of HnSCC.

IMPACT oF VIRAL LoAD  
on PRoGnoSIS

Earlier studies (Kim et al. 2007; Mellin 
et al. 2002) indicated that a high viral 
load correlated with better survival. These 
studies included only a limited amount 
of patients. However, in a larger study of 
150 patients with tonsillar cancer where 

86 were HPV-16 positive, we could not 
confirm that viral load was of significant 
prognostic value (Lindquist et al. 2007).

P16InK4A – A SuRRoGATE 
MARKER FoR HPV 16

Progression through the cell cycle from 
G1 into S phase is a critical checkpoint 
controlled by cyclins and associated cyc-
lin-dependent kinases (CDKs), such as 
cyclin D and CDK4. A main function 
of the tumor suppressor retinoblastoma 
(pRb) protein is to repress transcription 
of essential DnA synthesis genes, thus 
inhibiting transition into the S-phase. 
PRb represses these genes by binding to 
its cofactor E2F. Accumulation of cyclin 
D-dependent kinases triggers phosphor-
ylation of pRb, releasing E2F from pRb, 
and thereby cancelling pRb repression. 
The cyclin D-dependent kinases are inhib-
ited by CDK inhibitors, one of these being 
the tumor suppressor protein p16InK4a. 
(zur Hausen et al. 2002; Hanahan and 
Weinberg 2000). Through the binding of 
p16 and other CDK inhibitors to cyclin 
D-dependent kinases, pRb remains hypo-
phosphorylated, and cell cycle progression 
into the S-phase is prevented. In high-risk 
HPV, the E7 oncoprotein binds to pRb 
leading to its degradation, releasing E2F 
and resulting in cell cycle progression 
into the S-phase. High-levels of p16InK4a 
have been found to correlate with inac-
tive pRb and p16InK4a overexpression has 
been shown to reflect a loss of negative 
feedback by pRb on p16InK4a gene tran-
scription (Li et al. 1994; Parry et al. 1995). 
Thus, in high-risk HPV-positive and pRb 
dysfunctional cervical cancer overexpres-
sion of p16 InK4a is observed, while no 
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p16InK4a is seen in HPV-negative lesions. 
Therefore, p16InK4a overexpression may 
be seen as a surrogate biomarker for the 
presence of high-risk HPV. Li et al. (2003) 
have shown that the presence of HPV cor-
related with overexpression of p16InK4a , 
as well as reduced expression of cyclin-D 
and pRb in tonsillar carcinoma.

We found that p16InK4a analysis using 
immunohistochemistry with the primary 
monoclonal mouse anti-human p16InK4a 
antibody (clone E6H4, DakoCytomation 
A/S, Carpinteria, CA, uS) showed a sen-
sitivity of 80% and specificity of 73% as 
compared with HPV PCR results (Mellin 
Dahlstrand et al. 2005). Specificity was 
also correlated to the grading of the 
p16InK4a staining: the higher the grading 
the better the specificity. Interestingly, all 
but one of the patients with a high grade 
of p16InK4a staining, i.e., >50% of the cells 
were stained, were disease-free one month 
after radiotherapy. Furthermore, where 
3–10 year follow up data were available 
92% (12/13) of the patients with high 
grade staining remained tumor free. High 
grade of p16InK4a staining was even better 
than HPV PCR analysis in predicting radi-
oresponse and may prove to be a useful 
tool when designing treatment strategies 
for patients with tonsillar cancer.

HPV In oTHER 
oRoPHARynGEAL CAnCER

We examined a patient material from 1970 
to 2002 where 40% of base of tongue 
cancer showed HPV positivity while only 
2.3% of the mobile tongue cancer speci-
men harboured HPV. For patients with 
base of tongue cancer the presence of HPV 
was similar to tonsillar cancer, a strong 

favourable prognostic factor (Dahlgren 
et al. 2004).

FuTuRE PERSPECTIVES

The development of HPV L1 virus-like 
particles (VLP) vaccines is a potentially 
major advance in prevention of cervical 
cancer. These vaccines are based on the 
self-assembly of recombinant L1 protein 
into non-infectious capsids that contain no 
genetic material (Rose et al. 1993). Two 
VLP vaccines have been developed for 
primary HPV vaccination. Both vaccines 
target HPV 16 and HPV 18, one of the 
vaccines includes a standard alum adju-
vant and targets also HPV6 and HPV 11. 
Both vaccines have shown nearly perfect 
efficacy against HPV infection and related 
cytological and histological endpoints for 
up to 5 years (Paavonen et al. 2007). The 
vaccines do not treat existing infections 
or lesions and cross-protection against 
other HPV types is partial or non-existent. 
Therefore, the current HPV vaccines are 
most certain to yield the greatest public 
health benefit in girls at an age before 
most have begun sexual activity.

The use of efficient prophylactic vac-
cines for high-risk HPVs will eventually 
have impact on the incidence of HPV-
positive HnSCC. However it will take 
time until this effect will be evident since 
vaccination has not been shown to be 
effective in already infected individuals. 
Moreover, the effect on tonsillar cancer 
incidence will depend on whether or not 
only girls or also boys will be vaccinated.

Focus of interest for future research 
should be to identify the reason(s) for 
the better survival and better response 
to radiation therapy in order to possibly 
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reduce the aggressiveness in treatment 
for the HPV-positive patients and thereby 
reduce the lifelong side-effects. At this 
point, when chemotherapy and targeted 
therapy is evolving, a combined therapy 
where radiation is reduced could also be 
feasible.

 METHoDS oF HPV DETECTIon 
AnD GEnoTyPInG

All current HPV detection methods are 
based on detection of the viral nuclei acids 
since HPV cannot be cultured.

Polymerase Chain Reaction (PCR)

A common and the most sensitive tech-
nique for the detection of HPV is based 
on amplification of selected viral DnA 
sequences by PCR. Screening for multi-
ple types of HPV by PCR is performed 
by using HPV consensus/general primers 
(e.g. GP5+/6+, My09/11, CPI/IIG) (de 
Roda Husman et al. 1995; Tieben et al. 
1993). The sensitivity of PCR is high, 
detecting 1–10 copies of viral genome.

In detail, a broad spectrum PCR for 
detection of at least 27 HPV types is per-
formed using the primers GP5+/ GP6+ 
(de Roda Husman et al. 1995). The final 
volume of 50 mL contain a solution of 
50 mM potassium chloride, 10 mM Tris-
chloride (pH 8.3), 200 mM of each deoxy-
nucleotide, 2 mM magnesium chloride and 
contained 20 pmol of each primer and 1 u 
of Taq polymerase. A volume of 5mL, con-
taining 50–150 ng of DnA extracted from 
the biopsy of is added. Amplification of 40 
cycles consisted of one initial denaturation 
for 5 min at 95°C, a primer annealing cycle 
for 30 s at 45°C and a primer extension 

cycle for 1 min at 72°C, followed by 38 
identical cycles except for the denaturation 
time of 30 s. The last cycle differed only 
with regard to the primer extension time, 
which was 5 min. If additional HPV types 
are of interest or if one need to exclude 
false negatives as a result of disrupted 
L1, another type of consensus primer as 
the CpI/IIG (complementary to E1) can 
be used (Tieben et al. 1993). The CpI/IIG 
PCR is run under the same conditions with 
the exception of that 3 mM MgCl2, 0.05% 
BSA, 17 pmol of CpI and 26 pmol of 
CpIIG, and 2.5 u of Taq DnA polymerase 
is used, and that the PCR program con-
sisted of 5 min at 94°C, 35 cycles of 95°C 
for 60 s, 55°C for 60 s, 72°C for 120 s and 
then 72°C for 10 min.

Hybrid Capture

Hybrid Capture 2 (HC2) is a method 
designed for detection of selected mixture 
of five low-risk and 13 high-risk HPV 
types (Digene Corporation, Gaithburg, 
Maryland), (Hesselink et al. 2004). The 
HC 2 test is the only FDA approved HPV 
detection test available. The assay uses 
the fact that HPV DnA hybridizes with 
synthetic RnA probes complementary to 
DnA sequences to specific HPV types. 
The sensitivity for the test is lower than to 
PCR, equivalent to 1 pg HPV DnA (5,000 
copies of HPV genome) although a sensi-
tivity down to 500 copies of HPV genome 
has been reported (Hesselink et al. 2004).

DnA In Situ Hybridization (ISH)

DnA in situ hybridization (ISH) does not 
only detect the viral DnA, but can also 
localize the virus within in the natural 
morphology of the tissue. Tissue sections 
are put on slides and the tissue sections are 
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hybridized with labeled DnA or RnA 
probes after denaturation. one commercial 
DnA ISH kit to detect high-risk HPV types 
as well as low- risk HPV types, using two 
separate fluorescent-labeled probe cock-
tails is from Ventana Medical Systems. 
These are InFoRM HPV Tissue High 
Risk Probe, containing a mix of probes 
hybridizing with HPV-16, -18, -31, -33, 
-35, -45, -51, -52, -56, -58, -59, -68 and 
-70 and InFoRM HPV Tissue Low Risk 
Probe, containing probes hybridizing with 
HPV-6, -11, -42, -43, and -44. Five mm 
sections is processed in the automated sys-
tem BenchMark® xT (Ventana Medical 
Systems) as described by the manufac-
turer. Sections are deparaffinized briefly 
by proteolytic digestion (ISH-protease 2, 
Ventana Medical Systems) for 2 min, fol-
lowed by denaturation of DnA. Thereafter 
the probe mixture is added and after 
hybridization with the probe mix for 2 h, 
visualization is performed. The sensitivity 
differs between different ISH methods but 
is generally lower to both PCR and HC2 
and not suitable for screening (Hesselink 
et al. 2004).

HPV Genotyping

After the consensus/general PCR screen-
ing, the PCR product can be HPV typed 
by a reverse hybridization technique called 
reverse line blot (RLB) or line probe assay 
depending on which consensus/general 
primers that was used for the initial HPV 
detection (van den Brule et al. 2002).

Alternatively, HPV typing may be per-
formed by a type-specific PCR (Hagmar 
et al. 1992). The HPV type-specific prim-
ers bind to a sequence found in a single 
HPV type (often in E6 or E7) and do not 
cross-bind to other HPV types. For example 
the specific typing PCR is run as above 

described for the GP+ PCR with the  
difference that the annealing temperature 
used is 55°C and the magnesium chloride 
concentration in the PCR mixture is 1.5 mM.

A third alternative is using restriction 
fragment length polymorphism (RFLP), 
done by digesting the consensus PCR 
product, yielding a HPV type specific pat-
tern (Lungu et al. 1992)

HPV typing can also be performed by 
sequencing the consensus/general PCR 
product (Mellin et al. 2002). HPV direct 
cycle sequencing can be done after purifying 
the general/consensus PCR products (using 
for instance High Pure PCR Purification 
Product Kit, Roche Diagnostics) using the 
Big Dye Terminator Cycle Sequencing 
Kit(Applied Biosystems). For accuracy 
both DnA strands should be sequenced 
and can be aligned e.g., to those available 
at nCBI BLAST GenBank (http://www.
ncbi.nlm.nih.gov/BLAST/).

Sequencing and RFLP is not suitable for 
detection of multiple HPV. The type spe-
cific PCR may detect multiple HPV types 
(one at a time) but is restricted to amount 
of DnA and number of type specific 
primer available.

HPV mRnA Amplification and Detection

The detection of mRnA of E6/E7 is of 
stronger predictive value for an active car-
cinogenesis than detection of viral DnA. 
Detection of viral mRnA can be done 
by reverse transcriptase (RT) PCR or by 
nuclei acid sequence based amplification 
nASBA (Sotlar et al. 2004; Smits et al. 
1995). RnA can for example be extracted 
using Roche High Pure RnA kit (Roche 
Diagnostics, Stockholm, Sweden). Before 
cDnA synthesis, one can run a regular 
HPV-16 type specific PCR (as decribed 
above) on the samples to eliminate the 
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possibility of contaminating viral DnA. 
cDnA is then synthesized from extracted 
RnA e.g., by using SuperScript® III First-
Strand Synthesis SuperMix for qRT-PCR 
kit (Invitrogen, Copenhagen, Denmark). 
A quantitative real-time PCR with a 
SybrGreen protocol in an iCycler iQ (iCy-
cler iQ Real-time PCR Detection System; 
BioRad, Sundbyberg, Sweden) can be 
used to estimate cDnA viral load as a 
measurement of mRnA quantity in the 
samples. The seduence for E6 primers is 
5¢-GAGCGACCCAGAAAGTTACCA-3¢ 
and 5¢-AAATCCGCAAAAGCAAAGT 
CA-3¢ and for E7 5¢-ACCGGACAGAGC 
CCATTACAA-3¢ and 5¢-GTGCCCATTA 
ACAGGTCTTCC-3¢. The 25 µL PCR 
mix, consisted of 12.5 µL iQ SyBR Green 
Supermix (Bio-Rad, Sundbyberg, Sweden) 
and 1.25 µL (10 pmol µL–1) each of the 
HPV-16 primers. The program consists 
of 50°C for 2 min and 95°C for 10 min, 
followed by 40 cycles of denaturation at 
95°C for 15 s, and annealing and elonga-
tion at 60°C for 1 min. Finally, a melting 
curve, starting at 40°C and increasing by 
0.5°C every 10 s until 120°C is reached, is 
run to verify the specificity of the obtained 
amplicons.. The Rnase P kit above can be 
used to estimate expression of the human 
gene Rnase P internal control.

HPV Serology

The detection of genotype-specific HPV 
capsid antibody in serum suggests a past 
or current infection (Pagliusi et al. 2006). 
However, approximately 50% of the 
patients with HPV DnA positive lesion 
develop a systemic neutralizing antibody 
response (Carter et al. 2001). HPV capsid 
antibody serology analysis is widely used 
in epidemiological studies and the antibody  

level correlates strongly to protection 
against the infection (Pagliusi et al. 2006).

HPV DnA Load

The amount of HPV DnA copies per human 
genome equivalent, the viral load, can be of 
interest. The viral load of subclinical infec-
tions has been show to correlate to the 
potential risk of future malignancy (Gravitt 
et al. 2007). For example to estimate the 
amount of HPV-16 copies a quantitative 
real-time PCR method (TaqMan), based on 
the 5¢–3¢ exonuclease activity of Taq DnA 
polymerase can be used. A dilution series of 
the pGEM-T plasmid with HPV-16 E6 insert 
can be used in each real time assay as a stand-
ard to calculate the number of viral copies. 
The real-time PCR is carried out with the 
same HPV-16 specific primers as in Hagmar 
et al. (1992) with the addition of a fluoro-
genic probe (16E6TQP) located in HPV-16 
E6 designed with the following sequence 
6-FAM-CCGGTCCACCGACCCCT 
TATATTATGGAATCTT-TAMRA-3 ¢-
phosphate. The PCR volume of 25 mL con-
sists of 2.5 mL TaqMan PCR Buffer (Applied 
Biosystems), 200 mM of each dnTP, 1.5 mM 
of MgCl2, 10 pmol of each primer, 5 pmol 
of the probe, 0.5 u Taq Gold DnA polymer-
ase (Applied Biosystems), and 10 mL of 
template. The PCR was carried out in a PE 
Applied Biosystems 7700 Sequence Detector 
with an initial step of 50°C for 2 min, 95°C 
for 10 min, followed by 40 cycles of 15 s at 
95°C and 1 min at 60°C. As an estimation 
of the human genome content, a commer-
cial kit an be used, e.g. an assay measuring 
the expression of the human Rnase P gene 
(TaqMan® Rnase P Detection Reagents Kit, 
Applied Biosystems, Stockholm, Sweden). 
Calculation of viral load can be preformed as 
described in Lindquist et al. (2007).
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Quantitative Reverse Transcription– 
Polymerase Chain Reaction Based 
Assessment of the Candidate Biomarkers 
for Tongue Cancer Metastasis
Xiaofeng Zhou, Tianwei Yu, and David T. Wong

InTRoDuCTIon

Quantitative polymerase chain reaction 
(QPCR), also known as real-time polymer-
ase chain reaction or kinetic polymerase 
chain reaction, is a technique used to simul-
taneously quantify and amplify a specific 
part of a given DnA molecule. QPCR fol-
lows the general procedure of PCR reac-
tion, but the DnA is quantified after each 
PCR amplification cycle, making the quan-
tification “real-time”. It is used to deter-
mine whether or not a specific sequence is 
present in a specific sample; and if present, 
the number of copies in the sample. When 
the QPCR technique is combined with 
the reverse transcription polymerase chain 
reaction (RT-PCR), known as quantita-
tive reverse  transcription–polymerase chain 
reaction (QRT-PCR), it enables research-
ers to quantify low abundance messenger 
RnA (mRnA) at a particular time, or in a 
particular cell or tissue type.

QRT-PCR is one of the most sensitive 
techniques for mRnA detection and quan-
tification currently available. QRT-PCR 
can be used to quantify mRnA levels 
from much smaller samples, as compared 
to other commonly used techniques, such 

as northern blot analysis and Rnase pro-
tection assay. In fact, QRT-PCR is sensi-
tive enough to enable quantification of 
RnA from a single cell. In this chapter, 
we first provide a description of QPCR, 
as well as the different QPCR chemistries 
and the quantification methods available. 
We will then provide real world examples 
of QRT-PCR based detection of mark-
ers for tongue cancer metastasis, which 
includes (1) a brief discussion on clinical 
significance of markers for tongue cancer 
metastasis, and (2) the detailed descrip-
tions on QRT-PCR based evaluation of 
the expression levels (mRnA) of two 
genes that associated with tongue cancer 
metastasis.

QuAnTITATIve PolYMeRAse 
ChAIn ReACTIon

Cells in all living organisms regulate their 
cellular functions by activating or deacti-
vating the expression of their genes. Gene 
expression corresponds to the number of 
copies of mRnA transcribed from a partic-
ular gene. As mRnA becomes translated at 
the ribosome to produce functional proteins, 
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mRnA levels tend to roughly correlate 
with protein expression. historically, the 
amount of a particular mRnA produced 
from a specific gene has been measured 
by techniques such as northern blotting. 
In this method, purified RnA is separated 
by agarose gel electrophoresis, and then 
probed with a specific anti-sense DnA 
probe for the gene of interest. Although 
this technique is still used to measure 
gene expression, it requires relatively large 
amounts of RnA and thus cannot be per-
formed when tissue samples are limited.

In order to assess the level of specific 
mRnA from single or small numbers of 
cells, some amplification is required. The 
PCR is an effective tool for amplifying 
DnA. The recent advancements in the 
development of novel chemistries and 
instrumentation platforms enable detec-
tion of PCR products on a real-time 
basis have led to widespread adoption of 
QRT-PCR as the method of choice for 
quantifying changes in gene expression. 
Furthermore, QRT-PCR has become the 
preferred method for validating results 
obtained from microarray analyses that 
evaluate gene expression changes on a 
genome-wide scale.

Figure 20.1 shows a representative 
amplification plot and defines the terms 
used in the quantification analysis. An 
amplification plot is the plot of fluores-
cence signal versus PCR cycle number. In 
the early cycles of PCR reaction, there is 
little change in fluorescence signal. This 
defines the baseline for the amplification 
plot. An increase in fluorescence above 
the baseline indicates the detection of 
accumulated PCR product. A fixed fluo-
rescence threshold can be set above the 
baseline. The parameter CT (threshold 
cycle) is defined as the fractional cycle 

number at which the fluorescence passes 
the fixed threshold.

Therefore, the higher the initial amount 
of the sample, the sooner accumulated 
product is detected in the PCR process as 
a significant increase in fluorescence, and 
the lower the CT value. The CT values are 
very reproducible in replicates because the 
threshold is picked to be in the exponential 
phase of the PCR, where there is a linear 
relation between log of the change in fluo-
rescence and cycle number when the reac-
tion components are not limiting.

QPCR Chemistries

Currently, TaqMan probes, Molecular 
Beacons, self fluorescing amplicons (e.g., 
scorpion primers) and sYBR Green dyes, 
are the four most commonly used chem-
istries for QPCR. All of these chemistries 
allow detection of PCR products via the 
generation of a fluorescent signal. TaqMan 
probes, Molecular Beacons and scorpions 
depend on Förster Resonance energy 
Transfer (FReT) to generate the fluores-
cence signal via the coupling of a fluoro-
genic dye molecule and a quencher moeity 
to the same or different oligonucleotide 
substrates. sYBR Green is a fluorogenic 
dye that exhibits little fluorescence when 
in solution, but emits a strong fluorescent 
signal upon binding to double-stranded 
DnA. Below are brief descriptions of each 
QPCR strategy.

TaqMan Probes

TaqMan probes depend on the 5¢- nucle-
ase activity of the DnA polymerase used 
for PCR to hydrolyze an oligonucleotide 
that is hybridized to the target amplicon. 
TaqMan probes are oligonucleotides that 
have a fluorescent reporter dye attached to 
the 5¢ end and a quencher moiety coupled 



28720. Quantitative Reverse Transcription–Polymerase Chain Reaction Based Assessment

to the 3¢ end. These probes are designed 
to hybridize to an internal region of a par-
ticular PCR product in a sequence-specific 
manner. In the unhybridized state, the 
proximity of the fluor and the quench mol-
ecules prevents the detection of fluores-
cent signal from the probe. During PCR, 
when the polymerase replicates a template 
on which a TaqMan probe is bound, the 5¢- 
nuclease activity of the polymerase cleaves 
the probe. This decouples the fluorescent 
and quenching dyes and FReT no longer 
occurs. Thus, fluorescence increases in 
each cycle, proportional to the amount of 
probe cleavage.

A well-designed TaqMan probe requires 
very little optimization. In addition, 
TaqMqn probes can be used for multiplex 
assays by designing each probe with a spec-
trally unique fluor/quench pair. however, 
TaqMan probes can be costly to synthesize, 
because a separate probe is needed for each 
mRnA target being analyzed.

Molecular Beacons

similar to the TaqMan probes, Molecular 
Beacons also utilize FReT to detect and 
quantitate the synthesized PCR product 

via a fluor coupled to the 5¢ end and a 
quench attached to the 3¢ end of an oli-
gonucleotide substrate. unlike TaqMan 
probes, Molecular Beacons are designed 
to remain intact during the amplification 
reaction, and must rebind to target in every 
cycle for signal measurement. Molecular 
Beacons form a stem-loop structure when 
free in solution. Thus, the close proximity 
of the fluor and quench molecules pre-
vents the probe from fluorescing. When a 
Molecular Beacon hybridizes to a target, 
the fluorescent dye and quencher are sepa-
rated, FReT does not occur, and the fluo-
rescent dye emits light upon irradiation. 
like TaqMan probes, molecular Beacons 
can be used for multiplex assays by uti-
lizing spectrally separated fluor/quench 
moieties on each probe. however, as with 
TaqMan probes, Molecular Beacons are 
relatively expensive, with a separate probe 
required for each target.

Self Fluorescing Amplicons

In most QPCR assays, separate primers 
and probes are used to amplify and detect 
a specific DnA. An emerging technique 
uses a special primer that linked to the 

Figure 20.1. Quantitative polymerase chain reaction amplification plot
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probe so that the binding of the probe to 
the amplicon is now a unimolecular reac-
tion instead of a bimolecular one. There 
are several variations of these probe-linked 
primers, including scorpion primers, sun-
rise primers and lux primers. These sys-
tems are believed to be as effective as 
probe based QPCR assays, but are less 
costly as a probe is not required.

For example, the scorpion primer main-
tains a stem-loop configuration in the 
unhybridized state. The fluorophore is 
attached to the 5¢ end and is quenched 
by a moiety coupled to the 3¢ end. The 3¢ 
portion of the stem also contains sequence 
that is complementary to the extension 
product of the primer. This sequence is 
linked to the 5¢ end of a specific primer 
via a non-amplifiable monomer. After the 
scorpion primer has been extended dur-
ing the extension step in a PCR cycle, the 
specific probe sequence is able to bind to 
its complementary sequence within the 
extended amplicon, thus, opening up the 
hairpin loop. This prevents the fluores-
cence from being quenched and a signal 
is observed. Thus, the sequence-specific 
priming and PCR product detection is 
achieved using a single oligonucleotide.

SYBR Green

sYBR Green provides the simplest and 
most economical format of the available 
QPCR strategies. sYBR Green binds double- 
stranded DnA, and upon excitation the 
bound sYBR Green molecule emits light. 
Thus, as the PCR product accumulates, 
fluorescence increases. The advantages 
of sYBR Green based QPCR are that it 
is inexpensive, easy to use, and sensitive. 
The disadvantage is that sYBR Green 
will bind to any double-stranded DnA in 

the reaction, including primer-dimers and 
other nonspecific reaction products, which 
results in an overestimation of the target 
DnA concentration. For single PCR prod-
uct reactions with well designed primers, 
sYBR Green can work very well, with spu-
rious nonspecific background only show-
ing up in very late cycles (Figure 20.2).

TaqMan probes, Molecular Beacons and 
scorpions allow multiple DnA species to 
be measured in the same sample (multiplex 
QPCR), as fluorescent dyes with different 
emission spectra may be attached to the 
different probes. Multiplex QPCR allows 
internal controls to be coamplified and per-
mits allele discrimination in single-tube, 
homogeneous assays. These hybridization 
probes provide a level of discrimination 
impossible to obtain with sYBR Green, 
because they will only hybridize to true 
targets in a QPCR and not to primer-dimers 
or other spurious products.

sYBR Green is the most economical 
choice for real-time PCR product detec-
tion. Because the dye binds to double-
stranded DnA, there is no need to design 
a probe for any particular target being ana-
lyzed. This technique has been frequently 
utilized for validating the expression dif-
ferences of many candidate genes (or 
biomarkers) that have been identified by 
microarray studies. however, detection by 
sYBR Green requires extensive optimiza-
tion. Because the dye cannot distinguish 
between specific and non-specific prod-
uct accumulated during PCR, follow-up 
assays are needed to validate results.

Quantification of Results

Two strategies are commonly employed 
to quantify the results obtained with QRT-
PCR: the standard curve method and the 
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comparative threshold method. These are 
discussed briefly below.

Standard Curve Method

A standard curve is first constructed from 
RnA of a known concentration. This curve 
is then used as a reference standard for 
extrapolating quantitative information for 
mRnA targets of unknown concentrations. 
Though RnA standards can be used, their 
instability can be a source of variability in 
the final analyses. In addition, using RnA 
standards would involve the time-consum-
ing process of constructing cDnA plasmids 

that have to be transcribed in vitro into the 
RnA standards and accurately quantified. 
however, the use of absolutely quantified 
RnA standards help generate absolute 
copy number data.

In addition to RnA, other nucleic acid 
samples can be used to construct the 
standard curve, including purified plasmid 
dsDnA, in vitro generated ssDnA or any 
cDnA sample expressing the target gene. 
spectrophotometric measurements at 260 
nm can be used to assess the concentra-
tion of these DnAs, which can then be 
converted to a copy number value based on 
the molecular weight of the sample used. 
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cDnA plasmids are the preferred stand-
ards for standard curve quantification. 
however, because cDnA plasmids will not 
control for variations in the efficiency of 
the reverse transcription step, this method 
will only yield information on relative 
changes in mRnA expression. This, and 
variation introduced due to variable RnA 
inputs, can be corrected by normalization 
to a housekeeping gene.

Comparative CT Method

Another quantification approach is termed 
the comparative CT method. This involves 
comparing the CT values of the samples of 
interest with a control or calibrator such 
as a non-treated sample or RnA from nor-
mal tissue (livak and schmittgen 2001). 
The CT values of both the calibrator and 
the samples of interest are normalized to 
an appropriate endogenous housekeeping 
gene (also known as reference gene).

The comparative CT method is also 
known as the 2- DDC

T method, where

D D CT = D CT,sample - D CT,calibrator

here, D CT = CT, gene X - CT housekeeping. 
D CT,sample is the CT value for the gene 
of interest normalized to the endogenous 
housekeeping gene in the sample of interest, 
and DC T,reference is the CT value for the gene 
of interest in the calibrator also normalized 
to the endogenous housekeeping gene.

For the D DCT calculation to be valid, 
the amplification efficiencies of the target 
and the endogenous reference must be 
approximately equal and close to one, 
both in the sample of interest and in the 
calibrator. The approximate equality can 
be established by looking at how D CT 
varies with template dilution. If the plot 
of cDnA dilution versus D CT is close to 
zero, it implies that the efficiencies of the 

target and housekeeping genes are very 
similar. If a housekeeping gene cannot 
be found whose amplification efficiency 
is similar to the target, then the standard 
curve method is preferred.

In many situations, the assumption of 
approximately equal amplification effi-
ciency is hard to realize, while the cost of 
constructing a standard curve is too high. 
Approaches to estimate amplification 
efficiency directly from the PCR kinetic 
curves have been developed to address the 
problem (Peirson et al. 2003; Wong and 
Medrano 2005; schefe et al. 2006). These 
methods estimate the efficiency using 
statistical model-fitting based on the fact 
that there is an exponential growth phase 
in the qPCR kinetic curve. For further dis-
cussions, please see (schefe et al. 2006).

oRAl TonGue CAnCeR

oral cancer is the sixth most common 
cancer worldwide. In the following sec-
tions, we will provide real world examples 
of QRT-PCR based detection of markers 
for tongue cancer metastasis. We will 
first provide a brief discussion on clinical 
significance of markers for tongue cancer 
metastasis. This will then be followed by 
detailed descriptions on QRT-PCR based 
evaluation of expression levels (mRnA) 
for two genes that associated with tongue 
cancer metastasis.

oral Tongue squamous Cell Carcinoma 
(oTsCC), A Major subset of oral 
Cancer

oral cancer is one of the most common can-
cers. In the us there are >38,000 new cases 
of oral cancer each year. It causes over 8,000 
deaths per year, killing roughly one person 
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per hour. Worldwide the problem is even 
worse, with >270,000 new cases being diag-
nosed each year. In some parts of the world, 
including south-Central Asia, home to one 
fifth of the world’s population, oral cancer 
is still a major health problem. Despite the 
tremendous improvements in surgery, radio-
therapy and chemotherapy during the last 
decade, the prognosis for patients with oral 
cancer is more or less unchanged. This is 
because patients continue to die from meta-
static disease at regional and distant sites. 
Improvement in patient survival requires a 
better understanding of tumor metastasis so 
that aggressive tumors can be detected early 
in the disease process and targeted therapeu-
tic interventions can be deployed. The pres-
ence of nodal metastasis in oral cancer is an 
important prognostic factor and crucial in 
making clinical decisions regarding postop-
erative radiation treatment and follow up.

oral cancers are groups of diverse can-
cers, that develop from many different ana-
tomic sites and are associated with different 
risk factors, genetic characteristics, and dif-
ferent clinical outcomes. In this chapter, 
we focused on one of the most common 
sites of oral cancer, oral tongue squamous 
cell carcinomas (oTsCC). oTsCC is sig-
nificantly more aggressive than other forms 
of oral cancers, with a propensity for rapid 
local invasion and spread (Franceschi et al. 
1993), and a high recurrence rate (Fakih 
et al. 1989a). oTsCCs also exhibit a differ-
ent nodal metastasis pattern in the neck than 
oral cancers developed from other origins 
(Byers et al. 1997; Robbins et al. 2002).

Metastasis – A Major Clinical Problem  
of oral Cancer

An essential characteristic of cancer is the 
ability to invade surrounding tissues and 
metastasize to regional and distant sites. 
Detection of local lymph node  metastasis 

is pivotal for choosing appropriate treat-
ment, especially for individuals diag-
nosed with oral cancer in the oral cavity 
(Pantel and Brakenhoff 2004). Most of 
these individuals have the primary tumor 
removed. Treatments of individuals clini-
cally diagnosed with lymph node metastasis 
(n+ status) involve the additional surgical 
removal of a substantial portion of the 
neck, including all five local lymph node 
levels (radical neck dissection, RnD). 
upon histological examination of removed 
tissue, 10%−20% of clinically diagnosed 
n+ individuals turned out to be metastasis-
free (n0 or n−) (Woolgar 1999). Clinical 
diagnosis of n0 status is even less accu-
rate. Postoperative histological examina-
tion shows that approximately one-third 
of clinically diagnosed n0 individuals 
have metastasis-positive lymph nodes in 
the neck (Jones et al. 1993). Currently, 
there are several different strategies that 
exist for treating diagnosed n0 individuals 
(Pillsbury and Clark 1997). In the ‘watch 
and wait’ strategy, diagnosed n0 individu-
als do not undergo any neck dissection; 
this risks fatality by allowing overlooked 
metastases to spread further. Because the 
false-negative rate is very high, most clin-
ics carry out a selective neck dissection 
(snD) for all diagnosed n0 individuals. 
In these cases, the three upper lymph 
node levels were removed (also known as 
supraomohyoid neck dissection) (Robbins 
et al. 2002). In the case of oTsCC, there is 
evidence indicating level Iv is also at risk 
(Byers et al. 1997). Thus, the latest recom-
mended snD procedure for this sub-site 
involves removal of lymph node levels I 
to Iv – known as snD(I-Iv) (Figure 20.3, 
please refer to (Robbins et al. 2002) for 
more details). snD is less appropriate than 
RnD for n+ individuals falsely-diagnosed as 
n0 and, moreover, is completely unnecessary 



292 X. Zhou et al.

for individuals correctly diagnosed as n0. 
Although snD is less rigorous than RnD, 
the treatment causes disfigurement, long-
term discomfort and pain and can lead to 
additional complications such as shoul-
der and neck disability. Both strategies 
result in inappropriate treatment because 
of limitations in detecting lymph node 
metastasis reliably.

This problem is more apparent for 
patients with early stage oTsCCs (T1 
and T2), which severely impairs the clini-
cal decision-making. The management of 
the T1, T2 oTsCC has been the subject 
of much debate during the last 3 decades 
and remains a controversial issue. This is 
attributed partly to the inability to accu-
rately detect the occult nodal metastasis. 
This inability leads to high incidence of 
false-negative nodal metastasis at presen-
tation, which in turn has a negative impact 
on prognosis. As illustrated in Table 20.1, 
the incidence of false-negative diagnoses 

of nodal metastasis can be as high as 47% 
(with an average of 32.4% based on 11 
studies we surveyed) for T1-T2 oTsCC. 
These facts point to the immediate need 
for new diagnostic strategies.

Currently, the detection of nodal metas-
tasis is based on routine histopathological 
evaluation of the lymph nodes in the neck 
(TMn classification). no molecular biomar-
kers have been included in clinical work-up 
strategies for the patients. It is believed, 
however, that molecular “fingerprints” could 
exist which might define sub-groups of 
patients with significantly more aggressive 
disease. several recent microarray based 
studies have suggested the existence of such 
molecular “fingerprints” (schmalbach et al. 
2004; o’Donnell et al. 2005; Roepman et al. 
2005; Zhou et al. 2006). The following 
section will use these molecular “finger-
prints” as examples to demon strate the utili-
ties of QRT-PCR based assessments of the 
potential biomarkers.

Figure 20.3. The anatomic six levels of the neck that delineate the location of lymph node metastasis
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The QuAnTITATIve 
PolYMeRAse ChAIn 
ReACTIon BAseD 
evAluATIon oF CAnDIDATe 
TonGue CAnCeR 
MeTAsTAsIs MARkeRs

Cancer Biomarkers

The definition for biomarker is constantly 
evolving consistently with the continuous 
advancements in biomedical research. We 
will define biomarker as a quantitative 
or qualitative measure used to classify 
individuals for current or future status. 
examples include imaging tests, sensory 
tests, clinical signs and symptoms, risk fac-
tors, and genomics and proteomics meas-
urements. These markers can be utilized 
in various aspects of clinical management, 
such as diagnosis, disease screening (early 
detection), prognosis, treatment selection, 
evaluation of therapeutic efficiency, expo-
sure assessment and risk prediction.

Cancer biomarkers are specific markers 
for various cancers. They can be used for 
the accurate evaluation and management of 

these diseases in different stages. They can 
facilitate the clinical managements during 
the course of cancer including early detec-
tion, outcome prediction and detection of 
disease recurrence. In addition, with the 
clinical appearance of many new therapeu-
tic agents, appropriate markers can be used 
to determine which tumors will respond to 
which treatment(s) in order to predict the 
likelihood of drug resistance.

In this section, we will focus on two 
biomarkers that provide predictive values 
for the presence of nodal metastasis in 
oTsCC. The presence of nodal metasta-
sis is an important prognostic factor for 
oTsCC and is crucial in making clinical 
decisions regarding specific operation 
procedures and postoperative radiation 
treatment and follow up. Two genes, cort-
actin (CTTN) and matrix metalloprotein-
ase-9 (MMP9) will be used as examples in 
this section. These are biomarkers identi-
fied based on high-throughput genome-
wide expressional profiling studies (Zhou 
et al. 2006). CTTN (GeneID: 2017), also 
known as EMS1 oncogene, is a ubiquitous 
actin-binding protein that was originally 

Table 20.1. Incidence of false-negative diagnosis of nodal metastasis in T1–T2 
oTsCC

Authors # patients T stage
% false-
negative

lee and litton (1972)a 94 T1–T2 23
Johnson et al. (1980)a 40 T1 35
Bradfield and scruggs (1983)a 98 T1–T2 20
Teichgraeber and Clairmont (1984)a 48 T1–T2 35
Cunningham et al. (1986)a 23 T1–T2 35
Fakih et al. (1989b)a 70 T1–T2 47
ho et al. (1992)a 28 T1–T2 42
Franceschi et al. (1993)a 211 T1–T2 31
haddadin et al. (1999) 137 T1–T2 41
sparano et al. (2004) 45 T1–T2 29
lim et al. (2006) 54 T1–T2 28
a Based on the haddadin et al.’s calculation methods (haddadin et al. 1999).
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identified as a substrate for the protein 
kinase src. It is over-expressed in a number 
of epithelial carcinomas, including breast 
cancer and head and neck cancer. over-
expression of CTTN in human tumors has 
been showed to result in increased cell 
migration and metastatic potential. MMP9 
(GeneID: 4318), also known as 92-kD type 
IV collagenase and gelatinase B, belongs 
to the MMP family of secreted zinc metal-
loproteases which, in mammals, degrade 
the collagens of the extracellular matrix. It 
has been associated with tumor cell inva-
sion and metastasis and tumor-induced 
angiogenesis. We will present a detailed 
description of the QRT-PCR based assess-
ment of the differences in mRnA levels 
for these genes. We will use two groups of 
primary oTsCC samples with either posi-
tive or negative metastatic status.

QRT-PCR Based Assessments of CTTn 
and MMP9 in Tongue Cancer

In the following two sections, we will pro-
vide specific examples of using QRT-PCR 
to assess the mRnA levels of CTTN and 
MMP9 in two groups of oTsCC cancer 
patients with either positive (n = 11) or 
negative status (n = 14) of lymph node 
metastasis. These experiments are part of 
a recently published study in Neoplasia 
(Zhou et al. 2006). Please refer to this 
article for more detail. We assume the 
audiences have a basic understanding of 
genetics and PCR technology.

Cortactin (CTTN)

In this section, we will describe the QRT-
PCR based assessment of the mRnA lev-
els of CTTN gene in four major steps: (1) 
select QRT-PCR strategy, (2) select target 
sequence and primer design, (3) RnA 

template preparation and RT reaction, and 
(4) QPCR. The analyses of the QPCR data 
will be presented in a separate section 
immediately follows.

1. select QRT-PCR strategy

 a. QPCR chemistry: There are several 
well-developed QPCR chemistries, 
including TaqMan, Molecular Beacon, 
self-fluorescing amplicon and sYBR 
Green dyes based methods (as described 
previously). They all have their unique 
advantages and drawbacks. various 
practical factors, such as cost, specifi-
city, efforts required for probe design 
and reaction optimi zation, are com-
monly considered for selecting the 
optimal method for a particular QPCR 
test. In this section, we will use sYBR 
Green dye based method as an example  
to provide an overview of QRT-PCR 
based assessment of mRnA level for 
a specific gene (CTTN). We chose 
sYBR Green dye as it provides the 
simplest and most economical format 
for detecting and quantifying PCR 
products in real-time.

 b. one-step or two-step: As described 
earlier, to quantify the mRnA lev-
els, the mRnA sample first needs to 
be reverse-transcribed to cDnA by 
reverse transcriptase. This step can 
be either integrated into the QPCR 
reaction (one-step QRT-PCR), or per-
formed independently to the QPCR 
reaction (two-step QRT-PCR). The 
one-step approach provides better a 
streamlined experimental process, 
and the two-step approach provides 
flexibility to store the intermediate 
product (cDnA) for additional tests of 
the same gene or different genes at a 
different time. In this section, we will 
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perform the RT reaction independ-
ently (two-step), so that test for addi-
tional gene (MMP9) can be performed 
using the same cDnA sample.

 c. Method of quantification: There are 
two common strategies for quantify-
ing the QPCR results, the standard 
curve method and the comparative 
threshold method. The guideline for 
selecting the optimal method has been 
described in the previous section. 
here, we will use the comparative 
threshold method for QPCR quantifi-
cation of CTTN, where ACTB (beta-
actin) will be used as reference gene.

2. select target sequence and primer design

There are many commercial and freely 
distributed software packages available for 
the primer and probe design, with vary-
ing degree of sophistication. The choice 
of software package is largely dependent 
on the QPCR chemistry. TaqMan probes, 
Molecular Beacons, and scorpion prim-
ers usually require more sophisticated 
software, such as Primer express (Applied 
Biosystems). on the other hand, the primer 
set for sYBR Green dyes based QPCR can 
be designed using common primer design 
tool for regular PCR reaction. We will use 
the online version of the Primer3, a widely 
used program for designing PCR primers 
(http://primer3.sourceforge.net/), to design 
the primer set for CTTN. The mRnA 
sequence of CTTN can be obtained from 
the national Center for Biotechnology 
Information (nCDI) database (http://www.
ncbi.nlm.nih.gov/), and will be used as the 
target sequence for the primer design. The 
primer sets are often designed against 
sequence in the 3¢ untranslated region of 
the specific genes. Alternatively, since this 
candidate gene is identified based on the 

microarray expression analyses, we can 
also use the target sequence for the spe-
cific microarray probe (Affymetrix Probe 
ID: 214782_at) for the primer design. 
Please refer to Zhou et al. (2006) and the 
Affymetrix-netAffx (http://www.affyme-
trix.com) for more details. It is common to 
design a primer set that gives a PCR prod-
uct size of 75–150 base pairs in length. 
other general guidelines for PCR primer 
design applies as well, including avoiding 
multiple TA at the 3¢ end, avoiding poten-
tial primer-dimer, and ensuring minimum 
differences in annealing temperature and 
GC content between the primers. The fol-
lowing specific primer set was designed to 
produce a PCR product of 121 base pairs, 
with an optimal annealing temperature 
(Tm) of 60°C.

Forward: 5¢- GGAACCCTCCTCCTGT 
CAAT-3¢

Reverse: 5¢- TGGGGAAGAACACACA 
CTCA-3¢

The designed PCR primers can then be 
evaluated based on the self-complementa-
rity scores produced by Primer3 software, 
measures of its tendency to form second-
ary structure or primer-dimer. Alternative 
in silico search tools can also be used to 
provide an evaluation of the primers, such 
as the freely available netprimer software 
(PReMIeR Biosoft International) for 
checking the primer dimers, hairpins, and 
cross dimers. This software generates a 
rating for each primer from 0% to 100%.  
In general, we found that primers with a 
rating above 90% generally work well. 
Additional wet lab tests (e.g., gel electro-
phoresis and melting curve analyses of 
the PCR products) and in silico tests (e.g., 
BlAsT analyses) are also required to ensure 
the specificity of the QPCR reaction.
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3. RnA template preparation and RT 
reaction

 a. RnA isolation: A variety of RnA 
isolation methods are available for 
extracting RnA from various sources. 
The separation of mRnA from total 
RnA may not be necessary if mRnA 
specific primer (oligo dT) will be 
used for the RT reaction. It is critical 
to ensure the quality of the RnA. The 
most common quality tests include: 
(1) To examine for RnA degrada-
tion by gel electrophoresis or micro-
fluidics-based platform (e.g. Agilent 
Bioanalyzer). Degraded RnA sam-
ples will be evident in the ribosomal 
RnA (rRnA) bands/peaks as either 
smearing in the gel, or as a shoul-
der or shallow slope in the Agilent 
Bioanalyzer analysis. The optimal 
ratio of 28s rRnA and 18s rRnA 
should be ~2.0. (2) To examine for 
contamination / impurities of the 
RnA sample by spectrophotomeric 
analysis at oD260 and oD280 nm. 
This optimal oD260 and oD280 nm 
ratio should be between 1.8 and 2.1.

 b. Remove genomic DnA contamina-
tion: since QRT-PCR is an amplifi-
cation procedure, even trace amount 
of genomic DnA contamination will 
result in over estimation of the mRnA 
level of the target gene. Dnase treat-
ment of the RnA sample is highly 
recommended prior to reverse tran-
scriptase (RT) reaction. The Dnase 
will then be inactivated to avoid dige-
sting the newly synthesized cDnA 
during the RT reaction. A variety of 
tools are available for this purpose. 
The DnA-free™ Dnase Treatment 
and Removal Reagent (Ambion) is 

designed for easy removal of DnA 
contamination from RnA samples. In 
addition, Ambion also offers a hyper-
active TuRBo Dnase enzyme engi-
neered from wild-type bovine Dnase. 
The proficiency of TuRBo Dnase in 
binding very low concentrations of 
DnA means that the enzyme is par-
ticularly effective in removing trace 
quantities of DnA contamination. A 
quick purification step is highly rec-
ommended prior to the RT reaction.

 c. RT reaction: The RT reaction can 
be performed using Mulv Reverse 
Transcriptase (Applied Biosystems) 
in the presence of Rnase inhibitor. 
The RT reaction can be carried out 
using either random primer or oligo 
dT primer. If primer sets for both 
target gene(s) and reference gene are 
designed toward the 3¢ untranslated 
regions, then oligo dT may provide 
better efficiency as the primer for the 
RT reaction.

4. QPCR

a. Instrumentation: QPCR requires an 
instrumentation platform that con-
sists of a thermal cycler, a computer, 
optics for fluorescence excitation and 
emission collection, and data acqui-
sition and analysis software. These 
machines, available from several 
manufacturers, differ in sample ca-
pacity (some are 96-well or 384-well 
standard format; others process fewer 
samples or require specialized glass 
capillary tubes), method of excita-
tion (some use lasers, others broad 
spectrum light sources with tunable 
filters), and overall sensitivity. There 
are also platform-specific differences 
in how the software processes data. 
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QPCR machines are not inexpensive, 
but are well within purchasing reach 
of core facilities or labs that have the 
need for high throughput quantitative 
analysis.

b. QPCR reaction: As with standard 
PCR reaction, the QPCR reaction 
will have normal PCR steps such as 
denature, annealing, and extension, 
with appropriate temperatures and 
durations. A typical PCR protocol 
is listed below (Table 20.2). sYBR 
Green dye will be used to bind double 
stranded PCR products. This binding  
will cause an increase in fluorescence 
intensity which is proportional to 
DnA concentration. several com-
mercial kits contain all the necessary 
PCR enzyme, buffers and dyes for the 
sYBR Green based QPCR, such as 
iQ sYBR Green supermix (Bio-Rad). 
The QPCR reaction can be set up in a 
96-well QPCR plate that is compatible 

to the specific instrumentation. It is 
common to set up three replicates for 
each sample, where an aliquot of RT 
product (cDnA) will be mixed with 
the sYBR Green supermix. The cy-
cle-to-cycle increases in fluorescence 
intensity will be captured in real-time 
by the data acquisition component of 
the QPCR instrument. The data anal-
ysis will be performed using the com-
parative threshold method (2-delta 
delta Ct method) described in previ-
ous section.

Contamination is a problem often encoun-
tered with QPCR. To avoid this, all sur-
faces in the PCR area should be routinely 
cleaned using DnA decontamination solu-
tion, such as DnAzap (Ambion) to pre-
vent cross contamination. A “no Template 
Control” (nTC) should be run to rule 
out cross contamination of reagents and 
surfaces. The nTC includes all of the 
QRT-PCR reagents except the RnA tem-
plate. Typically the RnA is simply substi-
tuted with nuclease-free water. no product 
should be synthesized in the nTC; if a 
product is amplified, it indicates that one 
or more of the QRT-PCR reagents is con-
taminated with the amplicon.

a. optional examination of the PCR prod-
uct: To ensure the specificity of the re-
action and avoid non-specific product, 
the products of the QPCR reactions are 
often examined further by melting curve 
analyses (based on the specific melting 
temperature for specific PCR product) or 
gel electrophoresis (based on the size of 
the specific PCR product). At this point, 
we have generated the raw QRT-PCR 
datasets for the mRnA levels of CTTN 
gene in oTsCC samples. We will also 
generate the raw datasets for the MMP9 

Table 20.2. A typical PCR protocol for the sYBR green 
based QPCR reaction

Cycle 1: (1X)
step 1 95.0°C 3:00

Cycle 2: (50X)
step 1 95.0°C 0:30
step 2 60.0°C 0:30
step 3 72.0°C 0:30 Data  

collection
Cycle 3: (1X)

step 1 95.0°C 1:00
Cycle 4: (1X)

step 1 55.0°C 1:00
Cycle 5: (80X)

step 1 55.0°C 0:10 Melt curve 
data  
collection

Increase temperature by 0.5°C after cycle 2
Cycle 6: (1X)

step 1 72.0°C 7:00
Cycle 7: (1X)

step 1 4.0°C hold

The protocol is designed based on Bio-Rad iCycler iQ real-time 
PCR detection system using iQ sYBR Green supermix.
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gene in the following section. The analy-
ses of these raw datasets (quantification) 
will then be performed in a separate sec-
tion immediately follows.

Matrix Metallopeptidase-9 (MMP9)

MMP9 is another marker for the lymph 
node metastasis of oTsCC, identified by 
Zhou et al. (2006). For consistency, we 
will use sYBR Green based QPCR chem-
istry and two-step QRT-PCR approach to 
assay the MMP9 mRnA level. The same 
cDnA templates generated in the previ-
ous section for evaluating CTTN can be 
used here. We will use the comparative 
threshold method for QPCR quantifica-
tion of MMP9, where ACTB (beta-actin) 
is used as reference gene. Because we 
have already generated the QRT-PCR data 
for ACTB in the previous section on the 
same cDnA sample, the dataset can also 
be used as reference for the quantification 
of MMP9.

The mRnA sequence of MMP9 is 
obtained from national Center for 
Biotechnology Information (nCDI) data-
base (http://www.ncbi.nlm.nih.gov/). The 
specific primer set listed below is designed 
against sequence in the 3¢ untranslated 
region of the MMP9 sequence using 
Primer3 (http://primer3.sourceforge.net/), 
which will produce a PCR product of 97 
base pairs, with an optimal annealing tem-
perature (Tm) of 60°C.

Forward: 5¢- GTGCCATGTAAATCC 
CCACT-3¢

Reverse: 5¢- CTCCACTCCTCCCTTTC 
CTC-3¢

The template for QPCR has already been 
prepared in the previous section, when 
prepare for the QRT-PCR assay for CTTN. 
QPCR for MMP9 will be performed as 

described in the previous section. A “no 
Template Control” (nTC) should be run to 
check for contamination. A melting curve 
analyses will be performed to ensure the 
specificity of the QPCR reaction.

Quantification and statistical  
evaluation of the Markers

After obtaining the CT values for the 
marker and housekeeping gene in each 
sample of interest and the calibrator sam-
ple, estimates of the relative copy numbers 
can be obtained using the ∆∆CT method. 
First, the difference of CT values between 
the gene of interest and the housekeeping 
gene is obtained in each sample, including 
the calibrator sample. Then the differ-
ence between the ∆CT’s of every sample 
of interest and the calibrator sample is 
taken. Two to the power of - ∆∆CT is used 
as an estimate of the RnA copy numbers 
in the samples of interest relative to the 
calibrator sample. In the example shown 
below (Table 20.3), multiple measure-
ments (three replicates) were made from 
each sample, and the mean CT was used in 
place of single-measurement CT to obtain 
more reliable results.

In the study of biomarkers, the interest 
lies in obtaining contrasts between two 
groups of samples, e.g., the metastasis 
group (pn+) and the non-metastasis group 
(pn-). one common way of data visuali-
zation is to contrast the two groups in the 
same graph using boxplot. Boxplot (also 
known as a box-and-whisker diagram or 
plot or candlestick chart) is a convenient 
method of graphically depicting important 
data summary, (median, 25% quantile, and 
75% quantile), as well as indicating puta-
tive outliers (Figure 20.4). other visual 
inspections, such as pairwise scatter plots, 
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can yield important information as to how 
well the markers can complement each 
other in the prediction of disease state.

To test the between-group significance, 
the Wilcoxon rank sum test is also com-
monly used. It tests for location shift 
between groups without assuming nor-
mality. In our example, the p-value is 

0.0002 for CTTN and 0.0016 for MMP9 
(Table 20.4). To evaluate the classifica-
tion power for each gene, the Receiver 
operating Characteristic (RoC) curve 
analysis is performed with the binary out-
come of pn +/− (or eCs +/−) as a depend-
ent variable and the qRT-PCR value of a 
candidate gene as an independent variable. 

Table 20.3. Calculation for comparative CT method based quantification of CTTn

samples Clinical info CT,CTTN CT,actin ∆CT ∆∆CT 2– ∆∆CT

s1 pn- 35 29.75 5.25 −0.85 1.80
s2 pn- 35.25 29.6 5.65 −0.45 1.37
s3 pn- 36.35 32.85 3.5 −2.6 6.06
s4 pn- 33.95 28.35 5.6 −0.5 1.41
s5 pn- 33.45 27.45 6 −0.1 1.07
. . . . . . .
. . . . . . .
. . . . . . .
R1 pn+ 32.2 28.95 3.25 −2.85 7.21
R2 pn+ 34.9 31.15 3.75 −2.35 5.10
R3 pn+ 30.85 28.4 2.45 −3.65 12.55
R4 pn+ 31.5 28.45 3.05 −3.05 8.28
R5 pn+ 31.4 31.3 0.1 −6 64.00
. . . . . . .
. . . . . . .
. . . . . . .

Figure 20.4. Boxplot for the visualization of QRT-
PCR data. Left panel: illustration of the boxplot 
based data summary. The smallest non-outlier 
observation (A), lower (first) quartile (B), median 
(second quartile) (C), upper (third) quartile (D), 

largest non-outlier observation (E), and outlier (F) 
were indicated in this illustrative diagram. Middle 
panel: boxplot of log-transformed QRT-PCR data 
for CTTN. Right panel: boxplot of log-transformed 
QRT-PCR data for MMP9
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The RoC curve shows the sensitivity on Y 
axis and (1- the specificity) on X axis for 
each possible cut-point of the fitted prob-
abilities from the model. Area under the 
curve (AuC) is computed via numerical 
integration of the RoC curve which meas-
ures the overall diagnostic/classification 
power. Also, the set of sensitivity and spe-
cificity is shown using the best cut-point 
value suggested (that maximizes the sum 
of sensitivity and specificity).

When more than one marker is identi-
fied, it is of interest to study whether the 
combination of the markers yields higher 
prediction accuracy than each marker 
alone. Many statistical models can be used 
for the prediction. We chose to show the 
results from the logistic regression model 
for its simplicity. To find the sensitivity 
and specificity, leave-one-out cross-vali-
dation is used to avoid model over-fitting. 
The result shows that combining the two 
markers (CTTN and MMP9) yield bet-
ter prediction than each single marker 
(Table 20.5).

FuTuRe DeveloPMenTs

oncologists have long sought targeted 
cancer therapies focus on the specific 

molecular signatures (e.g., CTTN over 
expression) or clinical characteristics (e.g., 
lymph node metastasis) present in an 
individual patient’s tumor. The imple-
mentation of this concept requires precise 
characterization of the disease as well as 
knowledge of patient background (e.g., 
genetic and environmental characteris-
tics). For tumors with a relatively narrow 
range of critical genetic defects (e.g., acute 
promyelocytic leukemia and chronic phase 
chronic myeloid leukemia), the develop-
ment and deployment of targeted therapies 
has been more easily accomplished than 
in more complex and heterogeneous tumor 
types (e.g., breast cancer, non-small-cell 
lung cancer, and oTsCC). The emergence 
of rapid, high-resolution genome analysis 
tools provides an opportunity to tackle 
these more heterogeneous malignancies 
(including oTsCC) at both the levels of 
basic research (e.g., defining pathogenetic 
mechanisms) and clinical treatment selec-
tion (e.g., neck dissection of the tongue 
cancer patients), offering unprecedented 
prospects for advancing knowledge of 
oTsCC in a translational context.

Despite its importance, there is a gap 
between the knowledge gained in the 
laboratory and its transfer into daily clini-
cal practice. There are multiple possible 

Table 20.4. statistical values of CTTn and MMP9 with regard to metastasis status (pn+/−)

Marker p-value Area under RoC sensitivity specificity Cutoff value

CTTn 0.0002 0.94 0.91 0.80 3.98
MMP9 0.0016 0.88 0.82 0.93 5.25

Table 20.5. The logistic Model that combining CTTn and MMP9 for predicting metas-
tasis

Model: Area under RoC sensitivity specificity

14 2 0.56 9( )

( )
CTTN MMPp pN

e
p pN

− + × + ×+
=

−

0.987 0.91 1
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 explanations for this fact. Most impor-
tantly, many discovery studies have 
involved small sample sizes, either due to 
limited access to the samples, or poor qual-
ity of the samples, or the fact that studies 
have involved cancers from various ana-
tomic sites. In addition, many results have 
not been validated through independent 
investigations, usually because of a lack 
of standardization of the analysis meth-
ods. validation has also proven difficult 
because the routine use of newly identified 
markers is hampered by the complexity of 
the tests and lack of facilities in routine 
laboratories. A good example is microar-
ray technology. It is an optimal tool for the 
discovery of the critical biomarkers with 
diagnostic or prognostic values. however, 
this technology requires advanced instru-
mentations and trained personnel and may 
not be practical to incorporate into a 
clinical setting. For large scale validation 
studies and eventual translation to the 
clinical setting, technology transfer to e.g., 
QRT-PCR would be preferable, as this 
technology can be handled in most clinical 
settings, compared to the more advanced 
microarray technology. one might envision 
that in the near future, a single tube of 
multiplexed tests will generate a clinically 
meaningful readout in hours to provide a 
“real-time” diagnosis.

To be clinically useful, the molecu-
lar biomarkers have to add significant 
diagnostic information to the established 
diagnostic methods, rather than merely 
confirm them. With the suboptimal per-
formance of current histological based 
examination of lymph node metastasis, the 
introduction of novel biomarkers will have 
a critical impact on the clinical treatment 
of oTsCC. The accuracy of classification 
and diagnosis should further increase if 

information from several biological lay-
ers (mutations, methylation patterns, gene 
expression patterns, gene splice patterns, 
protein expression, and microRnA expres-
sion) are used in concert with clinical and 
histopatological information for a compre-
hensive classification algorithm.
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Nasopharyngeal Carcinoma 
(Retropharyngeal Lymph Node Metastasis): 
Spread Pattern, Prognosis, and Staging
Li Li and Li-Zhi Liu

INtRoDuCtIoN

Although it is rare in other parts of world, 
nasopharyngeal carcinoma (NPC) is endemic 
in certain regions, especially in Southeast 
Asia. the incidence is 30–80 of 100,000 
people per year in Southern China (Muir 
et al. 1987). Nasopharyngeal carcinoma has 
a higher incidence of cervical lymph node 
metastasis compared with other head and 
neck cancers. there is a well-developed 
network of lymphatics in the nasopharynx 
(Sham et al. 1990). the retropharyngeal 
lymph node (RLN) is regarded as the most 
common lymph node involved in NPC 
(King et al. 2000a). Retropharyngeal lymph 
nodes (RLNs) are divided into medial and 
lateral groups (Rouviere, 1938). the lateral 
nodes lie lateral to the pharyngeal constric-
tors and medial to the internal carotid artery. 
the medial group lies along or near the mid-
line, directly posterior to the upper pharynx. 
RLNs are not amenable to evaluation using 
manual palpation. Consequently, the diagno-
sis of enlarged RLNs in patients with NPC 
is made on the basis of imaging examina-
tions, such as x-ray computed tomography 
(Ct), positron emission tomography (PEt), 
and magnetic resonance imaging (MRI).

the relationship between metastatic 
RLNs and primary tumor extensions and 
cervical nodal metastases is useful for 
clarification of the patterns of lymphatic 
drainage and nodal metastases in NPC, 
but has not yet been thoroughly investi-
gated. Chua et al. (1997) observed a higher 
incidence of enlarged RLNs associated 
with oropharyngeal, paranasopharyngeal, 
nasal, and cervical lymph node involve-
ment. Lam et al. (1997) found a statistical 
association between metastatic RLNs and 
Level II node involvement, but not with 
other groups of neck nodes. Apart from 
these two articles, there is little published 
information concerning the relationship 
between metastatic RLNs and tumor exten-
sions in NPC. Also, there is no consensus 
on whether RLNs are the first echelon 
nodes. RLNs had been regarded as the 
first echelon nodes of the NPC (King et al. 
2000a, b; Neel et al. 1985). But accord-
ing to the study of Ng et al. (2004), RLNs 
are less frequently involved than cervical 
nodes. Data describing RLN spread pat-
terns based on radiographic observations 
may provide critical guidance for research 
on prognostic significance and staging 
categories.
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the fifth edition of the tumor (t)-node 
(N)-metastasis classification published by 
the unio Internationale Contra Cancrum 
(uICC) and American Joint Committee 
on Cancer (AJCC) in 1997 is a univer-
sally accepted staging system (Fleming 
et al. 1997; Sobin and Wittekind 1997). 
No additional changes (except addition of 
the term masticator space as a synonym 
for infratemporal fossa) have been intro-
duced to the current uICC/AJCC sixth 
edition (Greene et al. 2002). According 
to several recent studies, the frequency of 
RLN metastasis is high (Lam et al. 1997; 
Chong et al. 1995; Ng et al. 2004), but 
the prognostic value of RLN metastasis in 
patients with NPC is controversial (Sakata 
et al. 1999; Xiao et al. 2002; Chua et al. 
1997), and the RLN metastasis was not 
recorded in the 6th edition of the AJCC 
staging system for NPC. Because the RLN 
involvement criteria are ambiguous in the 
published staging systems, classification 
of RLN varies among different centers 
(Lee et al. 2004).

the aim of our study was to document 
the patterns of RLN spread for NPC by 
using MRI, and to evaluate the prognostic 
value and staging categories of the retro-
pharyngeal lymph node metastasis based 
on Ct data.

MAtERIALS AND MEthoDS

Patient Characteristics

this was a retrospective study of patients 
with biopsy-proved NPC without metas-
tasis referred to the authors’ hospital. As 
MRI scanner did not begin to be used until 
2003 in the authors’ hospital and we could 
not get enough survival date to investigate 

the prognostic value and staging categories 
of the retropharyngeal lymph node metas-
tasis based on MRI data, we only use MRI 
data to document the patterns of RLN 
spread for NPC. the prognostic value and 
staging categories of the retropharyngeal 
lymph node metastasis were investigated 
based on Ct data.

From July 2003 to January 2005, a total 
of 275 patients, who underwent MRI, were 
included in this study for evaluation of the 
patterns of RLN spread for NPC. there 
were 210 male patients and 65 female 
patients, and the median age was 45 years. 
histologically, 10.2% of the patients had 
Who type II disease, 88.7% had Who 
type III disease, and the rest (1.1%) had 
Who type I disease.

From January 1999 to December 1999, 
a total of 749 patients, who underwent 
contrast-enhanced Ct, were included in 
this study for evaluating the prognostic 
value and staging categories of the retro-
pharyngeal lymph node metastasis. there 
were 543 male patients and 206 female 
patients, with a male–female ratio of 2.6:1, 
and the median age was 46 years (range, 
13–74 years). histologically, 10% of the 
patients had Who type II disease, 89% 
had Who type III disease, and the rest 
(1%) had Who type I disease.

Patients were grouped according to the 
uICC/AJCC 1997 staging system. RLN 
involvement was disregarded in determin-
ing N and t category. All patients had 
undergone fiber optic endoscopic biopsy 
of the nasopharynx. Regional disease was 
assessed by clinical examination combined 
with the Ct/MRI findings, and in the case 
of a discrepancy between the radiographic 
and initial clinical findings, upgrading was 
allowed. Cranial nerve palsy was assessed 
clinically.
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Imaging Protocol and Criteria  
for RLN Metastasis and other 
Cervical Lymph Node

the Ct studies were done with an Elscint 
twin Flash helical scanner before treat-
ment. Contiguous axial Ct scans at 5-mm 
intervals were obtained in a plane parallel 
to the hard palate from the supracellar cis-
tern to the C3 vertebra, followed by axial 
scans at 8-mm intervals to the supracla-
vicular fossa. Ct scans were done after an 
i.v., injection (100 mL bolus at 2 mL/s) of 
contrast agents (ultravist or omnipaque). 
the images were taken using soft tissue 
and bone algorithms and filmed in the 
respective window settings.

the MRI scans were done with a 1.5-tesla 
system (Signa, General Electric, CV/i) tech-
nique. the area from the suprasellar cistern 
to the inferior margin of the sternal end 
of clavicle was examined with a head and 
neck combined coil. t1-weighted fast spin-
echo images in the axial, coronal and sagittal 
planes (repetition time of 500–600 ms and 
echo time of 10–20 ms), and t2-weighted 
fast spin-echo MR images in the axial plane 
(repetition time of 4,000–6,000 ms and 
echo time of 95–110 ms) were obtained 
before injection of contrast material. After 
intravenous Gd-DtPA injection at a dose of 
0.1 mmol per kg of body weight, spin-echo 
t1-weighted axial and sagittal sequences, 
and spin-echo t1-weighted fat-suppressed 
coronal sequences were performed sequen-
tially, with parameters similar to those used 
before Gd-DtPA injection. Section thick-
ness was 5 mm with a 1 mm interslice gap 
for the axial plane, and 6 mm with a 1 mm 
interslice gap for the coronal and sagittal 
planes.

two radiologists specialized in head 
and neck cancers separately evaluated all 

scans. Any disagreements were resolved 
by consensus. In this study, the RLN group 
included the medial and lateral RLNs. 
Diagnostic Ct/MR criteria for metastatic 
lymphadenopathy includes (1) lateral ret-
ropharyngeal nodes with a minimal axial 
dimension of ³5 mm and any node seen in 
the median retropharyngeal group, lymph 
nodes with a minimal axial diameter of 
³11 mm in the diagnostic region and 10 
mm for all other cervical nodes, except the 
retropharyngeal group; (2) lymph nodes of 
any size with central necrosis or a contrast-
enhancing rim; and (3) nodal grouping, the 
presence of three or more contiguous and 
confluent lymph nodes, each of which 
should have a minimal axial diameter of 
8–10 mm (Ng et al. 2004; Van hasselt 
1999; Som 1992; Van den Brekel et al. 
1990). Furthermore, the parapharyngeal 
space involvement was delineated accord-
ing to the degree of extension by the Sham 
line (Sham and Choy 1991). Grade 1, 
grade 2, and grade 3 denoted extensions 
beyond the Sham line I, Sham line II, and 
Sham line III, respectively.

treatment

All patients were treated by definitive 
intent radiation therapy. In the series of 749 
patients who underwent contrast-enhanced 
Ct, a total of 708 patients were treated 
with two lateral-opposing faciocervical 
portals to irradiate the nasopharynx and 
the upper neck in one volume followed by 
the shrinking-field technique (two lateral-
opposed facial fields) to avoid excessive 
irradiation of the spinal cord. the remain-
ing 41 patients with small tumors confined 
to the nasopharynx underwent a technique 
consisting of two lateral-opposed facial 
fields in the whole course of treatment.  
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An anterior cervical field was used to treat 
the whole neck with a laryngeal block. 
the accumulated radiation doses were 
68–70 Gy to the primary tumor, 60–62 Gy 
to the involved areas of the neck, and 50 
Gy to the uninvolved areas.

Booster portal was done if necessary. 
Different radiation energies, including 
megavoltage photons (6 MV or cobalt-60) 
and electrons, were used. In cases with 
nasal or ethmoidal involvement, an anterior 
facial electron field was added. Patients 
with bulky parapharyngeal disease were 
boosted with a ‘‘parapharyngeal boost 
technique,’’ as described by tsao (1991). 
A boost dose of 10–14 Gy per five to seven 
fractions was delivered to the skull base in 
patients with involvement of the skull base 
and intracranial extension. Intracavitary 
after loading treatment with iridium-192 
was done for local persistence 2–3 weeks 
after external radiotherapy (20–24 Gy per 
four to five fractions per 2 weeks to 1 cm 
above the midpoint of the iridium-192 
source). Any palpable residual nodes after 
external radiotherapy were boosted to 70 
Gy at the 90% isodose level with an 
electron field of 9 to 12 MeV. Whenever 
possible, salvage treatments were given to 
patients after documented relapse or when 
disease was persistent. In the series of 749 
patients who underwent contrast-enhanced 
Ct, a total of 160 patients with local or 
regional advanced disease (classified as 
t3–t4 or N2–N3) received neoadjuvant, 
concomitant, or adjuvant chemotherapy, in 
conjunction with a platinum-based thera-
peutic clinical trial.

Follow-up and Statistical Analysis

In the series of 749 patients who under-
went contrast-enhanced Ct, a total of 97%, 

94%, and 90% of patients had a complete 
follow up at 1 year, 3 years, and 5 years, 
respectively. the follow-up duration was 
calculated from the first day of radia-
tion therapy to either the day of death or 
the day of last examination. the median 
follow up for the whole group was 62 
months (range, 3–73 months). SPSS 11.0 
statistical software was used to determine 
statistical significance. the incidences of 
RLN metastasis in patients with different 
t and N classifications and overall stages 
were compared and analyzed using the  
c2 test.

All events were measured from the 
date of commencement of radiotherapy. 
the actuarial rates were calculated by 
the Kaplan–Meier method (Kaplan and 
Meier 1958), and the differences were 
compared with the log-rank test. the fol-
lowing end points (time to the first defin-
ing event) were assessed: overall survival 
(oS), the loco-regional relapse-free sur-
vival (LRRFS), and distant metastasis-free 
survival (DMFS). these end points were 
analyzed and compared in patients with 
or without RLN metastasis. Multivariate 
analyses with the Cox proportional haz-
ards model were used to test the independ-
ent significance by backward elimination 
of insignificant explanatory variables 
(Cox 1972). the Cox proportional hazards 
model was also used to test the hazard 
consistency and hazard discrimination. 
host factors (age and sex) were included 
as covariates in all tests. In addition, the  
t classification was included as a covari-
able in the analysis of N classification. the 
hazard consistency and hazard discrimina-
tion were compared when RLN metastasis 
was classified as N1 and t2b. A two-tailed 
P value of <0.05 was considered statisti-
cally significant.
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RESuLtS

Incidence and Distribution of RLNs 
Demonstrated by MRI

In 275 patients who underwent MRI, 
468 RLNs were observed in 239 (86.9%) 
patients. of the 468 identifiable RLNs, 217 
(46.6%) nodes were classified as negative 
nodes, and while 251 positive RLNs were 
present in 175 (63.6%) patients. the mean 
values of the minimal axial diameter, the 
maximal axial, and the longitudinal diam-
eters of the positive nodes were 10.0 ± 
4.5 mm (range 4–26 mm), 12.8 ± 5.6 mm 
(range 8–63 mm), and 22.8 ± 9.85 mm 
(range 4–63 mm), respectively. the inci-
dence of number distribution of metastatic 
RLNs shows an orderly decreased from 
the level of C1 to C3. the distribution 
number of metastatic RLNs was distrib-
uted among patients as follows: 1 node, 
113 (64.4%) patients; 2 nodes, 51 (29.3%) 
patients; 3 nodes, 8 (4.6%) patients; 4 
nodes, 3 (1.7%) patients. the distribu-
tion number of ipsilateral enlarged RLNs 
in each side was as follows: 1 node, 201 
(89.7%) sides; 2 nodes, 20 (8.9%) sides; 3 
nodes, 3 (1.3%) sides.

of 175 patients with metastatic RLNs, 
122 (69.7%) patients had metastatic uni-
lateral enlarged RLNs, 52 (29.7%) patients 
had metastatic bilateral enlarged RLNs, 
and 1 (0.6%) patient was observed with an 
enlarged median retropharyngeal lymph 
node. of the patients with metastatic uni-
lateral enlarged RLNs, 54 (44.3%) nodes 
were in on the left side, and 68 (55.7%) 
were on the right side. of the 27 patients 
with primary tumors that did not cross 
the midline, 13 patients had metastatic 
ipsilateral enlarged RLNs, and 14 patients 
had metastatic RLNs on the bilateral or 
contralateral side enlarged RLNs.

of the 175 patients with positive RLNs, 
42 (24.0%) showed nodal necrosis. of the 
251 metastatic RLNs, 44 (17.5%) showed 
nodal necrosis. the minimal axial diam-
eter of the necrotic RLNs ranged from 4 
to 25 mm. of all enlarged RLNs, only 1 
(0.4%) metastatic, necrotic RLNs had a 
minimal axial diameter of >5 mm.

Relationship Between Metastatic RLNs  
and tumor Involvement

A significantly higher incidence of meta-
static RLNs was observed with involve-
ment of the oropharynx, prestyloid space, 
poststyloid space, and longus colli mus-
cle, medial pterygoid muscles, levator 
muscle of velum palatine, and tensor 
muscle of velum palatini involvement. No 
significant difference in the incidence of 
involvement of RLNs was observed when 
the primary tumor extended into the nasal 
cavity, laryngopharynx, pterygopalatine 
fossa, infratemporal fossa, lateral ptery-
goid muscle, skull base, sinus, orbit or 
intracranial extension. Although a higher 
incidence of metastatic RLNs was found 
with involvement of the clivus, the dif-
ference was not quite large enough to be 
significant.

of 275 patients, 215 (78.25%) patients 
had metastatic RLNs or cervical lymph 
nodes. of these 215 patients with nodal 
metastases, 40 (18.6%) had metastatic 
RLNs only, 40 (18.6%) had metastatic cer-
vical lymph nodes only, and 135 (62.8%) 
had exhibited an involvement of both the 
enlarged RLNs and cervical lymph nodes. 
these 215 patients had an equal incidence 
(81.4% vs. 81.4%) of metastatic RLNs and 
cervical lymph nodes. A higher incidence 
of metastatic RLNs was found when cer-
vical lymph node metastasis was present 
(c2 = 37.939, P £ 0.001). the incidence 
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of metastatic RLNs in patients with uni-
lateral cervical lymph node metastasis 
was lower than in patients with bilateral 
cervical lymph node metastasis (73.0% 
vs. 84.4%), with a difference that was 
very close to the statistical significant (c2 
= 2.993, P = 0.084). there was a statisti-
cally significant association between the 
involvement of RLNs and level II, level 
III, and level V nodes. however, there was 
no significant association between RLNs 
involvement and level I, level IV and supr-
aclavicular nodes. of 124 patients with 
metastatic unilateral enlarged RLNs, 54 
(43.5%) had metastatic ipsilateral enlarged 
cervical nodes, 26 (21.0%) had metastatic 
bilateral enlarged cervical nodes, and only 
10 (8.1%) had metastatic contralateral 
enlarged cervical nodes.

When RLNs involvement was disregarded 
in determining N and t category, the inci-
dence of RLNs involvement in different t-, 
N- and M-classifications and stages was 
summarized. A significantly lower inci-
dence of metastatic RLNs was found in t1 
(P = 0.002, c2 = 15.304), N0 (P < 0.001, 
c2 = 43.291), and stage I (P < 0.001, c2 = 
27.464) disease. A significant difference 
in the incidence of metastatic RLNs was 
also observed between N1, 2, and 3 disease 
(P = 0.030, c2 = 7.024). Conversely, no 
significant difference in the incidence of 
metastatic RLNs was observed between t1, 
2, and 3 (P = 0.334, c2 = 2.129); N2 and N3 
(P = 1.000); or Stage II, III, and IV disease 
(P = 0.085, c2 = 4.924).

Prognosis and Staging of RLN Metastasis 
Based on Ct Data

Incidence of RLN Metastasis  
Demonstrated by CT

In patients, RLN metastasis includes the 
medial and lateral nodes; however, only the 

lateral RLNs were detected in the current 
study. the incidence of RLN metastasis in 
this study was 51.5% (386 of 749 patients). 
the mean values of the minimal axial 
diameter of the positive nodes were 11.53 
± 4.01 mm (range, 5–25 mm). A higher 
incidence of metastatic RLNs was found 
when cervical lymph node metastasis was 
present (c2 = 36.414, P < 0.001). the inci-
dence of metastatic RLNs in patients with 
unilateral cervical lymph node metastasis 
was lower than in patients with bilateral 
cervical lymph node metastasis (52.5% vs. 
67.9%, c2 =11.581, P = 0.001).

Based on the criteria of RLN involve-
ment, RLNs were classified as either posi-
tive or negative. the incidences of RLN 
metastasis in different t and N clas-
sifications are summarized among the 
patients as follows: of the 100 t1, 318 t2, 
149 t3 and 182 t4 patients, 77 (77.0%), 
132 (41.5%), 82 (55.0%) and 72 (39.6%) 
nodes were classified as negative respec-
tively, whereas 23 (23.0%), 186 (58.5%), 
67 (45.0%) and 110 (60.4%) positive 
RLNs were present respectively. of the 
214 N0, 298 N1, 156 N2 and 81 N3 patients, 
141 (65.9%), 141 (47.3%), 48 (30.8%) 
and 33 (40.7%) nodes were classified as 
negative respectively, whereas 73 (34.1%), 
157 (52.7%), 108 (69.2%) and 48 (59.3%) 
positive RLNs were present respectively. 
of the 33 stage I, 260 stage II, 223 stage 
III and 233 stage IV patients, 30 (90.9%), 
136 (52.3%), 103 (46.2%) and 94 (40.3%) 
nodes were classified as negative respec-
tively, whereas 3 (9.1%), 124 (47.7%), 
120 (53.8%) and 139 (57.9%) positive 
RLNs were present respectively. A higher 
incidence of RLN metastasis was found in 
the t2 to t4 compared with t1 disease, N1 
to N3 disease compared with N0 disease, 
and in stage II–IV compared with stage I. 
these differences are statistically significant 
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(c2 = 15.869, P < 0.001; c2 = 36.414, P 
< 0.001; c2 = 24.900, P < 0.001, respec-
tively). the incidence of metastatic RLNs 
in N1 patients is lower than in N2 patients 
(c2 = 11.537, P = 0.001).

Prognosis

the treatment outcome of patients with 
and without RLN metastasis is compared 
as follows: Significant differences were 
observed in oS (58.7% vs. 72.2%, P < 
0.001) and DMFS (75.0% vs. 84.6%, P 
< 0.001), with better rates occurring in 
patients without RLN metastasis. No sig-
nificant difference was observed in LRRFS 
(77.9% vs. 82.4%, P = 0.173). After 
adjusting for t and N classification, a mar-
ginal significant difference in DMFS was 
observed (P = 0.079). Multivariate analy-
sis was done to adjust for various prognos-
tic factors. the following variables were 
included in the Cox proportional hazards 
model by backward elimination of insig-
nificant explanatory variables: age (£50 
years vs. >50 years), gender, nasal fossa, 
paranasopharyngeal space (grade 0/1 vs. 
grade 2/3) (Sham et al. 1991) oropharyn-
geal extension, hypopharyngeal extension, 
infratemporal fossa extension, RLN metas-
tasis, base of skull erosion, pterygoprocess 
zone, paranasal sinus extension, cranial 
nerve palsy/intracranial extension, laterality 
of cervical lymph node, greatest diameter 
of cervical lymph node (£60 vs. >60 mm), 
ho’s location (ho 1978) of cervical lymph 
nodes, and chemotherapy.

RLN metastases were not of prognostic 
significance in oS but were marginally sig-
nificant in DMFS. Chemotherapy was not 
significant for oS or DMFS. In N0 disease, 
significant differences were observed in oS, 
DMFS, and LRRFS (P = 0.002, P = 0.02, 
and P = 0.01, respectively), and better rates 

were observed in patients without RLN 
metastasis. the presence of RLN metas-
tases was a significant independent predic-
tor for oS, LRRFS, and DMFS, as shown 
by multivariate analysis t4 (P = 0.007, P = 
0.023, and P = 0.008, respectively). No sig-
nificant differences were observed in oS, 
DMFS, and LRRFS between patients with 
unilateral RLN (uRLN) and bilateral RLN 
(BRLN) metastasis (P = 0.511, P = 0.190, 
and P = 0.132, respectively).

Hazard Consistency and Hazard 
Discrimination

We divided N0 and N1 patients into four 
groups: N0 disease without RLN metas-
tasis, N0 disease with uRLN metastasis, 
N1 disease without BRLN metastasis, and 
N0-1 patients with BRLN metastasis. We 
found no significant differences in oS and 
DMFS between N1 patients without BRLN 
and N0 patients with uRLN (P = 0.536 and 
P = 0.845), N1 patients without BRLN and 
N0-1 patients with BRLN (P = 0.889 and P 
= 0.715), and N0 patients with uRLN and 
N0-1 patients with BRLN (P = 0.708 and 
P = 0.924). Conversely, the difference in 
oS and DMFS between N0-1 patients with 
BRLN and N2 patients was very close to 
statistical significance (P = 0.067 and P 
= 0.084). hence, N1 patients with BRLN 
metastasis should not be classified as N2.

the risk of distant metastasis and death 
is shown as followed by the different N 
subsets (N0 disease without RLN metas-
tasis, N0 disease with RLN metastasis, N1 
disease, N2 disease, and N3 disease). the 
hazard ratios (hR) of death and distant 
failure for patients with N0 disease and 
RLN metastasis were 0.596 and 0.433, 
respectively, which is similar to patients 
with N1 disease (hR = 0.633, hR = 0.531, 
respectively). these results suggest that 
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there is no difference in hRs of oS and 
DMFS between patients with N0 disease 
and RLN metastasis and patients with N1 
disease. the survival curve for patients 
with N0 disease and RLN metastasis was 
approximately the same as that of patients 
with N1 disease, and the log-rank test for 
oS and DMFS shows that the difference is 
insignificant (P = 0.6096 and P = 0.8995, 
respectively). however, the difference in 
oS and DMFS between patients with 
N0 disease without RLN metastasis and 
patients with N0 disease and RLN metasta-
sis turned out to be significant (P = 0.0021 
and P = 0.0187, respectively).

We also found that the survival curve of 
oS for patients with t1 disease and RLN 
metastasis was approximately the same 
as patients with t2 disease (P = 0.9501). 
the survival curve of DMFS for patients 
with t1 disease and RLN metastasis was 
approximately the same as patients with t3 
disease (P = 0.9501).

Comparing Staging Categories  
of RLN Metastasis

When RLN metastasis is classified as t2b 
and N1, an even and orderly increase in 
the hRs of oS and DMFS in different N 
subsets is observed in the two situations. 
the survival curves of oS and DMFS for 
the N subsets were both split evenly, but 
there was a better segregation of different 
N stage diseases in terms of oS and DMFS 
curves when RLN metastasis was classi-
fied as N1. When RLN metastasis was clas-
sified as N1 and stage I patients with RLN 
metastasis were upstaged to stage II, the 
survival curves of oS and DMFS for the 
overall stage were also evenly distributed.

If RLN involvement is classified as 
t2, a total of 23 t1 patients with RLN 

involvement would be upgraded to t2. the 
distribution of patients according to t clas-
sification was as follows: t1, 77 (10.3%); 
t2, 341 (45.5%); t3, 149 (19.9%); t4, 182 
(24.3%). If RLN involvement is classi-
fied as N1, a total of 73 N0 patients would 
be upgraded to N1. the distribution of 
patients according to N classification was 
as follows: N0, 141 (18.8%); N1, 371 
(49.5%); N2, 156 (20.8%); N3, 81 (10.8%). 
Regardless of whether RLN metastasis 
is classified as t2 or N1, a total of three 
stage-I patients would be upgraded to stage 
II and the distribution of patients in each 
stage group would be as follows: stage I, 
30 (4.0%); stage II, 263 (35.1%); stage III, 
223 (29.8%); stage IV, 233 (31.1%).

DISCuSSIoN

Imaging Criteria for Metastatic RLNs

the retropharyngeal nodes are divided 
into medial and lateral groups (Rouviere 
1938). unlike other head and neck can-
cers, NPC with no distant metastasis is 
typically treated with nonsurgical inter-
vention. RLNs are located deep within 
the neck and are very close to the primary 
tumor. these nodes are poorly accessible 
by imaging guided fine-needle aspiration 
biopsy. It is particularly difficult to define 
radiological criteria of RLNs metastasis 
by radiological–histopathological correla-
tions based on a large sample. Mancuso 
suggested that the size limit for abnor-
mal RLNs should be lowered to 10 mm 
(Mancuso et al. 1983). A maximal axial 
diameter ³10 mm was used as the criteria 
for radiographic involvement of RLNs in 
early studies (Chua et al. 1997; McLaughlin 
et al. 1995). the measurement of minimal 
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axial diameter may be a more accurate 
predictor of tumor-positive cervical nodes 
(Van den Brekel et al. 1990). RLNs atro-
phy with age and are usually obliterated 
by adulthood. According to ogura (ogura 
et al. 2004), the minimal axial diameter 
of normal RLNs on MR images were 6.4 
± 1.4, 4.2 ± 1.1 and 3.2 ± 1.0 mm, cor-
responding to younger (6–19 years), inter-
mediate (20–38 years), and older (42–74 
years) age groups. the radiological criteria 
for cervical lymph node metastasis in other 
head and neck cancers, which is defined 
based on histopathological correlation, is 
not suitable for the assessment of RLN. two 
MRI studies found that normal RLNs were 
smaller than 4 or 4.5 mm in the maximum 
diameter of the shortest axis. therefore, our 
study used a minimal axial diameter of ³5 
mm as the size criteria for metastatic RLNs 
based on the recommendation of published 
reports (Lam et al. 1997; King et al. 2000a). 
It should be stressed that this size criteria 
was based on a normal group with nonin-
fective and nonmalignant conditions of the 
head or neck. using this size criterion, it 
was difficult to distinguish benign reactive 
adenopathy with a minimal axial diameter 
of ³5 mm from malignant RLNs (Ichimura 
1993). It might be necessary to redefine the 
size criteria of RLN involvement according 
to data collected from NPC patients.

Central necrosis was used as a diagnos-
tic criterion for a metastatic node in our 
study. Whereas necrosis is a very reliable 
criterion for lymph node metastases (Van 
den Brekel et al. 1990; Som 1992), it is 
unfortunately quite rare or not visible 
in small lymph nodes (Don et al. 1995; 
Curtin et al. 1998). only 1 (0.4%) of the 
metastatic RLNs was found with a mini-
mal axial diameter <5 mm in this series, 

and only 20.0% of enlarged RLNs showed 
nodal necrosis. our study revealed that 
central necrosis as a diagnostic criterion 
does not markedly improve the sensitivity 
of MRI in detecting RLN metastases.

Although the RLNs included the medial 
and the lateral groups, the vast majority 
of RLN involvement in NPC patients 
was among the lateral group. to our 
knowledge, there are only two published 
reports in which enlarged medial retro-
pharyngeal node showed on MRI (Lam 
et al. 1997; Ng et al. 2004). one enlarged 
medial retropharyngeal lymph node was 
also found on MRI in our study. Because 
medial retropharyngeal nodes are usu-
ally not visible, any MRI finding of a 
medial retropharyngeal node is regarded 
as abnormal.

Incidence of RLNs Metastasis

the incidence of retropharyngeal lymph 
node metastasis detected on MRI in our 
study was 63.6%, which is similar to the 
other reported studies (King et al. 2000a; 
Lam et al. 1997; Ng et al. 2004) by MRI, 
and was higher than that of our study based 
on Ct. the reason may be as follows: 
although computerized axial tomography 
(Ct-scan) is also one of the methods that 
can give a reliable image of the nasopha-
ryngeal cancer extensions, the retropharyn-
geal lymph node metastases without central 
necrosis or a contrast-enhancing rim were 
isodense and contiguous with the primary 
tumor, and thus may not be identified as a 
separate mass on the Ct scan. the supe-
rior soft-tissue contrast of MRI could be 
of paramount importance in discriminating 
individual lymph nodes from direct tumor 
extension and adjacent normal structure 
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(King et al. 2000a; Lam et al. 1997), so MRI 
was regarded as the optimal method in diag-
nosing the retropharyngeal lymph node.

Spread Patterns of RLNs Metastasis

Previous studies by King et al. (2000a) 
and Chong et al. (1995) have detailed the 
locations of metastatic RLNs. the latter 
showed that the majority of metastatic 
RLNs were located superior to the C2 ver-
tebral level. In contrast, the former found 
that 63% of all RLNs extended down to 
the level of C2, 19% to the level of the 
C2/3 disk and 6% to the level of C3. the 
difference between the two studies might 
have resulted from the recording method. 
In our study, the longitudinal center of 
each node was recorded. the longitudinal 
center of 10% of all RLNs was located at 
the level of the occipital bone, which was 
not addressed by either study. Metastatic 
RLNs at the oropharyngeal level might 
require special consideration in radiation 
planning. the definition of RLNs proposed 
by Som et al. (2000) states that RLNs must 
lie medial to the internal carotid arteries 
within 2 cm of the skull base. this defini-
tion may be not suitable for NPC, because 
there are so many RLNs located beyond 
that region. Based on our observations, the 
incidence of lateral RLNs metastases 
decreases in an orderly fashion from the 
C1 to C3 level, and the multiple metastatic 
ipsilateral RLNs were not uncommon in 
NPC. Are there any pathways between 
lateral RLNs of different levels, and does 
the lymphatic vessel drain descendingly to 
RLNs at lower levels?

A higher incidence of metastatic ret-
ropharyngeal lymph nodes was associ-
ated with primary involvement beyond the 
nasopharynx mucosa (t2 to t4 patients). 

Furthermore, a higher incidence of met-
astatic RLNs was associated with pri-
mary tumor invasions into the oropharynx, 
prestyloid space, poststyloid space, longus 
colli muscle, medial pterygoid muscles, 
and tensor muscle of velum palatini. these 
subsites are located laterally, inferiorly 
and posteriorly to the nasopharynx, and 
involvement of these sites is classified as 
t2. Although RLNs metastasis was found 
in t1 patients, the risk of RLN metasta-
sis markedly increased when the primary 
tumor invaded beyond the confinement 
of the pharyngobasilar fascia (Chua et al. 
1997). the lymphatic drainage of carci-
noma of the head and neck was associated 
with the primary tumor location and adja-
cent subsites to which the tumor spread 
(Mukherji et al. 2001). Drainage regions 
of the retropharyngeal nodes are the nasal 
cavities, eustachian tubes, nasopharynx, 
oropharynx, hypopharynx, pharyngeal 
wall, and palate (Rufener and Cohen 
2003). the findings of our study suggest 
that most of the afferent lymphatic ves-
sels of lateral RLNs in NPC begin in the 
wall of the nasopharynx, oropharynx, and 
parapharyngeal space. Metastatic RLNs 
were not associated with involvement of 
the laryngopharynx and nasal cavity in 
this series. the lymphatic drainage of 
nasal cavity may primarily drain to the 
cervical lymph nodes in NPC. the inci-
dence of laryngopharyngeal invasion was 
very low, so we could not evaluate the 
association between the  laryngopharynx 
and RLNs. there was no apparent rela-
tionship between RLN metastasis and the 
laryngopharynx, pterygopalatine fossa, 
infratemporal fossa, lateral pterygoid mus-
cle, skull base, sinus, orbit, or intracranial 
extension. the involvement of these struc-
tures is classified as t3 or t4.
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the efferent vessels of the RLNs drain 
to the upper jugular chain and to the pos-
terior triangle (Rufener and Cohen 2003). 
A higher incidence of metastatic RLNs 
was found in patients with cervical lymph 
node metastases (patients classified as N1 
to N3). We also found that the incidence of 
metastatic RLNs in patients with unilat-
eral cervical lymph node metastases was 
lower than in patients with bilateral cervi-
cal lymph node metastases. Patients with 
bilateral cervical lymph nodes measuring 
<6 cm above the supraclavicular fossa 
were classified as N2. therefore, the inci-
dence of metastatic RLNs in N1 patients is 
lower than in N2 patients.

Prognostic Significance and Staging  
of RLNs Metastasis

In our study, a low incidence of meta-
static RLNs was observed in patients with 
stage I disease. A higher incidence of 
metastatic RLNs was associated with pri-
mary involvement beyond the nasophar-
ynx mucosa (t2–t4 patients) and cervical 
lymph node metastasis. the implication 
is that RLN involvement might affect the 
treatment outcome. however, the prog-
nosis of RLN metastasis is controversial. 
Some studies report that higher distant 
metastasis rates are observed in patients 
with NPC with RLN metastasis (Sakata 
et al. 1999; Xiao et al. 2002; Mancuso 
et al. 1983), but those studies are based 
on univariate analysis. the study by Chua 
et al. (1997) shows no significant effect on 
outcome and prognosis after adjusting for 
t and N classifications, and suggests that 
there is insufficient evidence for upgrad-
ing N0 patients with RLN lymph node 
metastasis to N1, regardless of the node 
size. these observations are based on a 

relatively small number of patient, and 
the criteria for RLN involvement is the 
same as for the cervical lymph nodes. the 
results should, therefore, be interpreted 
with caution. In our study using univariate 
analysis, a significant difference was found 
in the oS and DMFS rates. RLN metasta-
sis was not of prognostic significance in 
LRRFS, and a likely explanation is related 
to the cancer treatment. All patients in our 
study received lymph node irradiation, 
regardless of clinical lymph node status 
and Ct finding, and the upper neck and 
nasopharynx were treated in one volume 
in 94.7% of patients. A boost treatment 
was also given for patients with significant 
disease in the paranasopharyngeal space, 
whether it was a direct tumor extension or 
RLN involvement. thus, adequate control 
of RLN disease was not unexpected.

using multivariate analysis, we found 
that RLN metastasis is not an independent 
significant prognostic factor in oS. A mar-
ginal significant difference was observed 
in DMFS. the effect of RLN metastasis 
on prognosis may have been shielded by 
the advanced t and N classification. RLN 
metastasis may contribute to DMFS. In 
our study, only 21.4% (160 of 749) of 
patients received chemoradiotherapy. the 
North American Intergroup study (0099) 
reported that chemoradiotherapy improves 
the 5-year oS for advanced NPC patients 
in 1998 (Al-Sarraf et al. 1998). however, 
there is controversy over whether the 
results were applicable to patients in 
endemic regions (Chua et al. 2002; Wee 
et al. 2005; Lee et al. 2005). In our study, 
chemotherapy was not an independent 
prognostic factor in multivariate analysis.

In contrast with the study by Chua et al. 
(1997), our data show a significant differ-
ence in all end points using multivariate 



314 L. Li and L.-Z. Liu

analysis between N0 patients with or with-
out RLN metastasis. these differences 
may be explained by a difference of RLN 
size criteria. A minimal axial diameter 
of ³5 mm for metastatic RLNs was used 
as the size criteria in our study, based on 
the recommendation of published reports 
(King et al. 2000a; Lam et al. 1997). In 
the study by Chua et al. (1997), lymph 
nodes with a maximum dimension of ³10 
mm were used as the size criteria for RLN 
metastasis, and a decreased incidence 
(29.1%) of RLN metastasis was observed. 
the report by Chua et al. (1997) was based 
on a relatively small sample, with 21 meta-
static RLN patients of 134 patients with 
clinical N0 disease. In this study, N clas-
sification was determined solely by palpa-
tion, which may result in N1 patients being 
misdiagnosed as N0. this may reduce the 
prognostic difference of N0 disease with or 
without RLN metastasis.

An ideal staging classification has sev-
eral characteristics. First, the subgroups 
defined by t, N, and M should have 
similar survival rates (hazard consistency). 
Second, the survival rates should differ 
among the groups (hazard discrimination). 
third, the distribution of patients among 
the groups should be balanced (Groome 
et al. 2001). Because RLN criteria in the 
published staging systems are ambiguous, 
RLN involvement had been classified as 
t2 (Groome et al. 2001) or N1 (Lee et al. 
2004) in different studies. According to 
the general principle used by the AJCC  
staging system, RLN should be classified 
as N1 if unilateral and N2 if bilateral. 
however, in our series, no significant dif-
ferences were observed in all end points 
between patients with uRLN or BRLN 
metastasis. We also observed that there is 
no difference in oS and DMFS among N0 

patients with uRLN, N0-1 patients with-
out BRLN, and N0-1 patients with BRLN. 
however, the difference in oS and DMFS 
between N2 patients and N0-1 patients with 
BRLN turned out to be close to statisti-
cally significant. there is no evidence to 
upgrade N0 and N1 patients with BRLN 
metastasis to N2.

In this study, the difference of the hRs 
between N0 disease and N0 disease with 
RLN metastasis is significant. the survival 
curve of oS and DMFS for patients with N0 
disease with RLN metastasis was approxi-
mately the same as N1 disease. the survival 
curve of oS for patients with t1 disease 
with RLN metastasis was approximately the 
same as patients with t2 disease. however, 
the survival curve of DMFS for patients 
with t1 disease with RLN metastasis was 
approximately the same as patients with t3 
disease. thus, it seems that RLN metastasis 
has a tendency to affect the DMFS. hazard 
discrimination was in good order when 
RLN metastasis was classified as N1 or t2, 
but there was a better segregation of dif-
ferent N stage diseases in terms of oS and 
DMFS curves when the RLN metastasis 
was classified as N1. It is well known that 
RLNs are the first echelon nodes of NPC. 
In most cases, RLNs can be discriminated 
from the primary tumor on Ct or mag-
netic resonance images. According to the 
principle of hazard consistency and hazard 
discrimination, it seems more reasonable 
to classify RLNs as N1 and stage I patients 
with RLN involvement should be upstaged 
to stage II. however, when the RLN metas-
tasis was regarded as N1, the percentage 
of N1 patients was 49.7%, which creates 
an uneven distribution for N classification. 
Furthermore, due to the current and widely 
accepted treatment protocol, the identifi-
cation of RLN metastasis, probably, has 
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limited effect on treatment decision mak-
ing. In our series, only 3 of 749 patients 
with RLNs were upstaged from stage I to 
stage II; thus, the actual effect on the cur-
rent staging system is likely to be small. 
the incidence of RLN metastasis in stage 
I patients was 10%, and the effect of RLN 
involvement should not be ignored in stage 
I diseases.

the imaging modality also has an effect 
on the staging. the superior soft tissue 
contrast of MRI could be of paramount 
importance in discriminating individual 
lymph nodes from direct tumor exten-
sion and oropharyngeal involvement (Ng 
et al. 1997; olmi et al. 1995). In contrast, 
Ct is unable to depict the small soft tis-
sue structure and might lead to diagnoses 
with a higher incidence of parapharyngeal 
and oropharyngeal involvement and lesser 
incidence of bony structures involvement 
than MRI (Rouviere, 1938; Ng et al. 1997; 
King et al. 2000b). the staging catego-
ries of RLN metastasis should be further 
investigated using MRI, and more explicit 
recommendations might be included in 
a future staging system. our study com-
prises the largest amount of data with 
the longest follow-up time (median, 62 
months) for investigating the prognos-
tic value and staging categories of RLN 
metastasis in NPC patients. our study 
provides an important reference for the 
further MRI study.

It should be stressed that only traditional 
radiotherapy techniques were used in our 
series. With conformal radiation therapy 
and intensity-modulated radiation ther-
apy techniques, the gross tumor volume 
includes the nasopharyngeal primary and 
the retropharyngeal lymphadenopathy, so 
that a high dose can be delivered to RLNs. 
It has been shown that local control is 

directly related to the tumor dose (Vikram 
et al. 1985; Marks et al. 1982). Intensity 
modulated radiation therapy may improve 
the local control in patients with RLN 
involvement. the influence of intensity 
modulated radiation therapy on treatment 
outcome in patients with RLNs should be 
evaluated in the future.

In conclusion, a high incidence of 
RLN involvement is present in patients 
with NPC. Metastatic RLNs are associ-
ated with oropharynx, and parapharyngeal 
space involvement of the primary tumor. 
Metastatic RLNs are also associated with 
level II, level III, and level V cervical 
lymph node metastasis. Both RLNs and 
cervical level II nodes appeared to be the 
first-echelon nodes in NPC. RLN metas-
tasis has a tendency to affect the DMFS. 
the RLN involvement affects oS, loco-
regional relapse, and distant metastasis 
in N0 disease. thus, it is our opinion that 
RLN metastasis should be classified as N1, 
and stage I patients with RLN involvement 
should be upstaged to stage II.
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22
Retinoblastoma: Diagnosis, Treatment  
and Prognosis
Aubin Balmer, Francis Munier, and Leonidas Zografos

InTRoDuCTIon

The first detailed clinical description of 
retinoblastoma is attributed to the Dutch 
anatomist and botanist, Petrus Pavius, in 
an autopsy report in 1597. In 1903, with 
the discovery of X-rays, Hilgartner car-
ried out the first conservative treatment, 
in the form of radiotherapy. Since then, 
enucleation and other therapeutic meas-
ures have lead to a spectacular rise in the 
survival rate, this extremely low at the 
beginning of the twentieth century, to 
over 90% today. Retinoblastoma holds a 
special place in the field of oncology, for 
this cancer of the retina almost exclusively 
concerns very young children. It can be 
cured, provided that diagnosis is made and 
treatment carried out in the early stages of 
disease. Retinoblastoma may be unilateral 
and unifocal or bilateral and multifo-
cal, heritable or nonheritable. In heritable 
cases, mutation of the tumor-suppressor 
gene RB1 responsible for retinoblastoma 
also increases the risk of neuroectoder-
mal lesions and other primary nonocular 
tumors. It is thus essential to identify the 
first manifestations of disease in order to 
make an early diagnosis and provide rapid 
treatment.

DIAgnoSIS

Epidemiology

Although a rare disease, retinoblastoma 
accounts for 80% of all primary ocular 
malignancies in children up to 15 years 
of age (Mahoney et al. 1990) and ~5% of 
malignant solid tumors in children (Shah 
et al. 2000). According to the literature, the 
incidence is 1 in 20,000. There are some 
geographical discrepancies, with disadvan-
taged countries showing a higher rate. The 
incidence in north America and Europe is 
approximately the same, with 6 to 14 
cases per million children up to 4 years of 
age (Bunin and orjuela 2007). Poor living 
conditions, maternal diet deficiency, and 
human papillomavirus infections have been 
implicated in the etiology of nonheritable 
retinoblastoma (Murphree 2007a). Some 
regional variations may be linked to genetic 
environmental susceptibility or specific 
population behavioral patterns. In vitro fer-
tilization has been reported as an increased 
risk of retinoblastoma (Moll et al. 2003), 
but this has yet to be confirmed. There is 
no reported predilection concerning sex or 
race. The parents’ age, in particular that of 
the father, may be a risk factor but this also 
remains controversial.
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genetics

Retinoblastoma is a malignant tumor of 
the immature sensory retina, resulting from 
two successive mutations that inactivate 
both alleles of the retinoblastoma gene 
RB1, a tumor suppressor gene located on 
the long arm of chromosome 13 (13q14). 
60% of cases are nonheritable, secondary to 
somatic mutations and invariably resulting 
in unilateral, unifocal disease. The risk of a 
second occurrence in another healthy reti-
nal cell is negligible. Approximately 40% 
of cases are heritable, carrying a germline 
mutation that is due either to direct famil-
ial transmission (10%) of the autosomal 
dominant type or to de novo prezygotic 
mutation (30%) in healthy parents, mostly 
in the paternal lineage. Inherited gene 
mutation is highly penetrant (90%); every 
retinal cell harbours a RB1 mutation or 

“first hit”. In most cases the retinoblastoma 
is bilateral and plurifocal, but there are 
cases of low-penetrance mutation giving 
rise to unaffected carriers. Expression can 
also be variable with cases of spontaneous 
regression (retinoma) or unilateral unifo-
cal hereditary retinoblastoma (10–15% of 
all unilateral cases). Mutation of the RB1 
gene also results in increasing risks to 
develop cerebral tumors such as pinealob-
lastoma (intracranial primitive neuroecto-
dermal tumor), or other nonocular tumors 
(osteosarcoma, sarcoma). This risk may be 
defined as the “RB1 cancer predisposition 
syndrome” (Murphree and Singh 2007).

Semeiology

The primary sign of retinoblastoma is 
leukocoria (Fig. 22.1a, b), present in 60% 
of the cases. Although the appearance of 

Figure 22.1. Leukocoria, most common warn-
ing sign of retinoblastoma. (a) unilateral 
 retinoblastoma (right eye) in a 3 year-old boy. 
(b) Bilateral retinoblastoma in a 6 month-old 

female infant. Leukocoria (left eye) was first 
noticed on flash photography (reproduced with 
permission from Masson Ed.) (Balmer and 
Munier 2002)
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leukocoria is a late sign, the prognosis is 
good, but the preservation of the eye is 
less certain. Leukocoria is created by the 
reflection of incident light from a tumoral 
lesion within the pupillary area when the 
fundus is directly illuminated. This white 
pupillary reflex is commonly seen on flash 
photography (Fig. 22.1b). Leukocoria may 
initially be intermittent, depending on the 
lighting, degree of pupil dilation, direction 
of gaze, angle of observation and, above 
all, the location and size of the tumor. 
until proven otherwise, a white pupil 
should always be considered at best the 
sign of a benign lesion, at worst that of 
retinoblastoma.

The second major sign of retinoblas-
toma is strabismus, present in 20% of 
cases and usually secondary to a macular 
lesion. Identified correctly, strabismus is 
an invaluable early sign carrying an excel-
lent vital prognosis and a good chance of 
eye preservation. In 20% of cases the first 

manifestation of retinoblastoma is atypical, 
often inflammatory. These are late signs 
and hold a far more reserved vital and 
functional prognosis.

Retinoblastoma may develop in utero 
and up to 4 years of age. First signs appear 
at a median age of 7 months in bilateral 
cases and 24 months in unilateral cases.

Clinical Features

The clinical features of retinoblastoma vary 
according to the tumor growth pattern and 
duration, degree of vascularization, presence of 
calcifications, vitreous seeding, retinal detach-
ment, or hemorrhage. Vitreous (Fig. 22.2) 
and subretinal seedings are the characteristic 
clinical signs of advanced endo- or exophytic 
retinoblastoma, respectively. Arising from 
the developing neuroretina, tumor growth 
shows three variants: towards the vitreous 
cavity (endophytic growth) and towards the 
subretinal space, causing retinal detachment 

Figure 22.2. Diffuse vitreous seeding from a peripheral tumor not visible here
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(exophytic growth) and, more rarely, within 
the retinal layers with no obvious mass and no 
calcifications (diffuse infiltrating form).

Endophytic retinoblastoma (Fig. 22.3a–c) 
manifests as one or more isolated or coa-
lesced tumors of variable size, round or 
oval-shaped, yellowish-white (calcifica-
tions) or pinkish (vascularized) in color, 
with a marked tendency to vitreous seed-
ing. Exophytic retinoblastoma (Fig. 22.3d) 

is associated with retinal detachment,  
thus masking to a greater or lesser degree the 
underlying tumors, and secondary seeding 
in the subretinal space. A tumor may dis-
play both endo- and exophytic features, in 
which case it is considered a mixed growth 
pattern (Fig. 22.4). Diffuse infiltrating retin-
oblastoma is a progressive lesion, often of 
greyish plaque-like appearance, that may 
ultimately infiltrate the anterior  segment and 

Figure 22.3. Various stages of retinoblastoma growth: 
(a) Two small lesions located away from the fovea and 
disc less than 3 mm in diameter (group A) in an 
endophytic growth pattern. (b) Large endophytic 
tumor in contact with optic nerve and macula 

with no vitreous seeding (group B). (c) Large 
endophytic retinoblastoma with calcifications and 
local vitreous inferior dissemination (group C). (d) 
Large exophytic tumors with subretinal seeding 
and total retinal detachment (group D)



32322. Retinoblastoma: Diagnosis, Treatment and Prognosis

lead to sedimentation of tumoral cells in the 
anterior chamber (pseudohypopyon). At this 
stage, the clinical appearance mimics that of 
severe inflammation. Retinoblastoma may 
present with a single or multiple tumors. It 
can be unilateral or bilateral, even trilateral. 
Trilateral retinoblastoma is the association 
of uni- or bilateral heritable retinoblast-
oma with an intracranial neuroblastic tumor 
(pinealoblastoma). It represents a form of 
ectopic retinoblastoma, related to the pre-
disposition to cancer due to mutation of the 
RB1 gene. The association of these tumors 
can be explained by the phylogenic relation-
ship between the retina and the pineal gland. 
The average interval between the diagno-
sis of retinoblastoma and that of a brain 
tumor is 21 months (Kivela 1999), with 
90% of intracranial tumors arising within 4 
years. Although more commonly associated 
with the pineal gland, supra- and parasellar 
tumors may also occur. These are primary, 

independent tumors and not metastases. 
Trilateral retinoblastoma represents the most 
frequent cause of mortality (50% of deaths) 
within 5 years of diagnosis of retinoblastoma 
(Kivela 1999). Histologically, these tumors 
may be considered primitive neuroectoder-
mal tumors (PnET).

Mortality in trilateral retinoblastoma is 
very high, but survival of over 5 years has 
been reported (Kivela 1999). Death is usu-
ally caused by presumed metastatic dissem-
ination along the neuroaxis and spinal cord. 
Cysts, forms of spontaneous regression 
of pinealoblastoma, may mistakenly be 
interpreted as cured lesions following treat-
ment (Beck Popovic et al. 2006). The risk 
of developing trilateral retinoblastoma is 
<0.5% in unilateral retinoblastoma, 5–15% 
in familial retinoblastoma (Kivela 1999).

A distinctive feature of retinoblastoma 
is its ability, in a limited number of cases, 
to show spontaneous regression. The term 
retinoma or retinocytoma has been used 
in these cases, alternatively spontaneously 
regressed, arrested or benign retinoblas-
toma (gallie et al. 1982). Retinoma, by 
definition a nontreated and nonprogres-
sive lesion, presents all the clinical and 
histopathologic features of a successfully 
treated retinoblastoma: homogenous grey-
ish more-or-less translucent or white, 
opaque calcified mass, with pigment 
migration and proliferation at the base or 
periphery of the lesions.

The incidence of retinoma is not exactly 
known, figures given in the literature vary 
between 2% and 10% (Singh et al. 2007). 
Diagnosis and follow-up of retinoma 
requires the same specialized care as retin-
oblastoma, due to the risk of malignant 
transformation, familial recurrence in cases 
of germline RB1 mutation and of developing 
other, nonocular tumors.

Figure 22.4. Macroscopic section of enucleated 
globe. 2 tumors (T1,T2) with partial retinal detach-
ment (mixed growth pattern). C: cornea; L: Lens; 
S: Sclera; R: Retina; on: optic nerve (courtesy of 
S. uffer, MD)
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Clinical Investigation  
(Balmer and Munier 2002)

It is generally the role of the primary 
physician to determine whether suspicious 
first signs are indicative of retinoblastoma 
(Table 22.1). After taking a preliminary 
family history, visual function is assessed 
(in a young infant, a simple comparison 
of reaction to occlusion of each eye will 
generally reveal any gross unilateral visual 
loss) and the fundus examined with the 
pupils dilated. If a retinal lesion is con-
firmed, or if there is any doubt, the child 
will immediately be transferred to a spe-
cialized center for further investigation. 
This will include a detailed family history, 
physical examination (observation of any 
dysmorphic features, skin abnormalities,  

leukocoria and/or strabismus, and any 
external ocular or orbital abnormality), 
and thorough ophthalmologic examination 
under general anesthesia.

The ophthalmologic examination will 
begin with biomicroscopic evaluation of 
the transparency of the media (corneal or 
lens opacity), corneal diameter (microph-
thalmia or buphthalmia), ocular tension 
(glaucoma), rubeosis, uveitis, hypopyon, 
or pseudohypopyon. With clear media, 
tumoral cells, retinal detachment, or the 
summit of a large tumor may already  
be visible. A detailed examination of the 
whole retinal surface will then be carried 
out by indirect binocular ophthalmos-
copy. Scleral indentation is required to 
observe the extreme periphery, including 
the ora serrata.

Table 22.1. Clinical investigation of a child with suspected retinoblastoma

Family history
Known retinoblastoma, ocular diseases, blindness, enucleation
other cancers in the family
Family tree
Pregnancy, birth history, birth weight, prematurity, oxygen therapy
Age at first suspicious sign and type of sign/signs
Trauma, contact with animals
ophthalmologic examination (completed under general anesthesia)
Physical examination: dysmorphism, skin abnormalities, leukocoria, strabismus, external ocular/orbital signs
Biomicroscopic examination: media transparency; corneal/lens opacity; rubeosis; uveitis; hypopyon; pseudohypopyon; corneal 

diameter; ocular tension.
Indirect ophthalmoscopy with scleral indentation: laterality; location; size; growth pattern; calcifications; vitreous, retinal and/or 

subretinal seeding; vascular anomalies, hemorrhage; exudates; retinal detachment (location and degree); fundus drawing and 
photographs

Ultrasonography
oncopediatric examination
Dysmorphic features; skin abnormalities; neurological condition (deafness, mental retardation etc.)
Serology (differential diagnosis of ocular toxocariasis/toxoplasmosis)
Lumbar puncture and PBM (as necessary)
Radiologic examination
CT scan (calcifications, extension, intracranial tumors, astrocytoma)
MRI (extension, intracranial tumors)
Bone scintigraphy (as necessary)
genetic analysis
High-resolution karyotyping
Molecular biology:
Haplotype analysis
Mutation screening
Family examination
ophthalmologic examination (retinal lesions/retinoma) and genetic analysis
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A detailed drawing will be made, accom-
panied by wide-angle retinal photographs, 
to report the following: laterality of the 
lesions; tumor dimension, size, location 
and growth pattern; involvement of struc-
tures such as the optic nerve, macula or ora 
serrata; retinal detachment (location and 
degree), hemorrhage or exudates; presence 
of calcifications; vitreous, retinal and/or 
subretinal seeding; inflammatory signs.

Diagnosis of retinoblastoma can be made 
on simple fundus ophthalmoscopy in >90% 
of cases. ultrasonography is mandatory to 
enable indepth visualization of calcifica-
tions. If retinoblastoma is confirmed, onco-
pediatric and neurodiagnostic investigations 
will follow, including computed tomogra-
phy (CT-Scan) and/or magnetic resonance 
imaging (MRI) to detect calcifications that 
might have been missed on ultrasonogra-
phy, any neuroectodermal tumor (trilateral 
retinoblastoma), and for the diagnosis of 
postlaminar invasion with a normal-size 
optic nerve (Brisse et al. 2007). Immediate 
family members will be examined to detect 
possible retinoma in the adult members and 
ensure that any other children in the fam-
ily are healthy. Complete genetic analysis 
will also be carried out, including high-
resolution karyotyping, haplotype analysis 
with markers in the vicinity of RB1 and 
molecular biology (tumor or blood DnA 
extraction) to detect germinal mutation.

Tumor growth

Retinoblastoma consists of very friable 
tissue with loosely cohesive cell clusters, 
these poor in stroma, developing within an 
enclosed space and buffered by the gelati-
nous vitreous body, thus providing both 
culture medium and path of least resistance 
to tumor proliferation. It is a highly malig-
nant tumor, capable of proliferation and 

dissemination in any direction. Its growth 
potential is very high in an organ of limited 
capacity for vascular adaptation, hence the 
formation of colonies of tumor cells along 
the neovascular axes and massive zones of 
necrosis, consequence of precarious condi-
tions of nutrition.

The initial cell divisions produce clus-
ters of intraretinal cells that are invisible 
on fundus ophthalmoscopy until the tumor 
reaches a certain mass. As it increases in 
volume the whitish-grey, round or oval-
shaped tumor will become clearly visible 
against the reddish-orange background 
of healthy retina. neovascularization and 
calcification will appear. The tumor or 
tumors continue to grow until surface 
breakage disperses cells into the vitreous 
or subretinal space. This seeding cre-
ates new colonies of tumor cells that 
may implant anywhere on or beneath the 
retinal surface, forming distant tumor foci. 
Implantations may colonize the pars plana, 
ciliary body, iris, trabeculum, and the ante-
rior chamber. At this stage of disease there 
may be associated inflammatory signs of 
the anterior uveal tract or even orbital cel-
lulitis. The tumor may infiltrate the optic 
nerve and, after reaching the subarachnoid 
space, invade the brain via the cerebrospi-
nal fluid. Another route of invasion out-
side the eye is via the choroid, sclera, and 
finally the orbit.

Extraocular Retinoblastoma

The term extraocular retinoblastoma covers 
orbital disease, regional preauricular, and 
cervical lymph node extension and meta-
static disease (Dunkel and Chantada 2007). 
The most common sites of metastatic retin-
oblastoma include the skull, long bones, 
viscera (liver, kidney, pancreas), bone mar-
row, and the central nervous system 
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in the form of meningeal involvement, 
subarachnoidal or, less frequently, intra-
parenchymal. Extraocular retinoblastoma 
has become a rare occurrence in countries 
with a favorable socio-economic situation. 
In disadvantaged countries, however, it 
is often through the extension of disease 
that the retinoblastoma is identified, which 
explains the higher mortality rate in these 
regions of the world.

Histopathologic Risk Factors

Retinoblastoma may disseminate in three 
directions: Anteriorly, via the vitreous 
or subretinal space to the ciliary body 
and anterior chamber, where typically a 
pseudohypopyon is formed; Posteriorly, 
towards the optic nerve and then cerebro-
spinal fluid, gateway to endocranial dis-
semination; Exteriorly, towards the orbit 
via the choroid and sclera.

Metastatic hematogenous (choroid, 
ciliary body, orbit) or lymphatic (con-
junctiva, eyelids) dissemination may also 
occur. Retinoblastoma can invade the orbit 
directly by traversing the sclera, or via the 
perforating canals for the ciliary nerves 
and arteries. The two major risk factors 
for metastatic disease are invasion of the 
optic nerve or orbit. The risk of metastasis 
due to optic nerve invasion depends on 
the degree of infiltration. The mortality 
rate due to metastatic disease is between 
50% and 80% if tumor cells are present 
at the site of surgical section; between 
13% and 69% if the invasion is posterior 
to the lamina cribrosa, and insignificant if 
anterior (uusitalo et al. 2001). Invasion of 
the choroid is considered a risk factor only 
if the infiltration is massive. Combined 
simultaneous invasion of the choroid and 
optic nerve carries the highest risk factor.

According to Chantada et al. (2007), 
patients having undergone bilateral enu-
cleation, and those with scleral invasion, 
are at higher risk of extraocular relapse. 
orbital extension of retinoblastoma can 
lead to systemic dissemination via hema-
togenous or lymphatic pathways, by ante-
rior invasion and along the visual pathway 
towards the brain. orbital extension is 
considered an important risk factor, but 
modern aggressive management protocols 
have considerably improved the survival 
rate. Invasion of the anterior chamber 
does not significantly increase the mortal-
ity rate, in spite of the risk of hematog-
enous dissemination (uusitalo et al. 2001). 
Tumor growth pattern (endo/exophytic), 
the degree of differentiation, mitotic index, 
and the presence of necrosis or calcifica-
tions do not appear to represent significant 
risk factors. However, the relative vascular 
area or angiogenic capacity of the tumor 
could be a good predictor of disease dis-
semination (Marback et al. 2003).

Second or Multiple nonocular Tumors

Retinoblastoma is frequently associated 
with second (Abramson 1999), even mul-
tiple primary nonocular malignancies. All 
cells of the organism in inherited retino-
blastoma carry the RB1 mutation and 
consequently a predisposition to develop-
ing a second cancer, even a third, fourth, 
or fifth nonocular tumor (Abramson et al. 
2001). There is, however, a predilection 
for certain tissues. nonocular tumors are 
the primary cause of mortality in these 
patients, before the retinoblastoma itself. 
According to Abramson (1999), the cumu-
lative incidence of the tumors is around 
1% per year, thus 50% after 50 years. 
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Radiotherapy greatly increases the risk, 
particularly if administered before the 
age of 1 year (Abramson 1999). The most 
common sites of second nonocular tumors 
are, in order of frequency: soft head tissue 
(24%), skull (18%), skin (15%), bones 
(11%,), brain (8%) other locations (25%) 
(Abramson et al. 2001).

Classification

Many staging systems have been proposed 
since the Reese–Ellsworth Classification 
of 1963. The latter may be outmoded, but 
it continues to be widely used in the litera-
ture. It is based on globe salvage predic-
tion after external beam radiation, without 
taking survival into account. The new 
International Intraocular Retinoblastoma 
Classification (Murphree and Chantada 
2007) (Table 22.2) is currently the system 

most widely used, based on the natural 
history of the disease as well as the prob-
ability of salvaging the eye(s) with primary 
chemotherapy and focal consolidation. The 
staging consists of 5 groups (A, B, C, D, 
E) (Fig. 22.3) in descending order of favo-
rable prognosis, taking into account the 
size of the tumor, proximity to the macula 
and the optic nerve, the degree of seeding, 
importance of retinal detachment, and late 
complications.

Differential Diagnosis

There are many conditions that mimic retin-
oblastoma. Collectively known as “pseudo-
retinoblastomas”, they may also present 
with leukocoria as a first sign. The two most 
frequent are Coats’ disease and persistent 
hyperplastic primary vitreous (PHPV), fol-
lowed by ocular toxocariasis, retinopathy of 

Table 22.2. grouping system for eyes in international retinoblastoma classification

group A – very low risk Tumors 3 mm or smaller

Small round tumor(s) located away from the fovea and disc =/>3 mm from the fovea
=/>1.5 mm from the optic disc
no vitreous seeding

group B – low risk Tumors not in group A
All eyes without tumor dissemination not in group A Any size, shape or location
Tumor dissemination is defined to include vitreous seeding 

and the presence of subretinal fluid, even if subretinal 
seeding is not clinically apparent

Current or RPE evidence of previous detachment  
of 1 quadrant or less

no vitreous or subretinal seeding
group C – moderate risk Vitreous or subretinal seeding no more than 3 mm from tumor
Eyes with only local tumor dissemination
group D – high risk Vitreous seeding large, diffuse and/or greasy
Eyes with diffuse tumor dissemination  

endophytic or exophytic disease.
Avascular masses of tumor may be present in the vitreous
Subretinal dissemination may consist of fine seeds,large avascular 

plaques on the underneath of the detached retina, or extensive 
subretinal masses (exophytic disease)

group E – very high risk eyes neovascular glaucoma
unsalvageable eyes Massive intraocular hemorrhage

Blood-stained cornea
Massive tumor necrosis associated with aseptic orbital cellulitis
Phthisis or prephthisis
Tumor anterior to anterior vitreous face
Anterior segment tumor
Tumor touching the lens
Diffuse infiltrating retinoblastoma
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prematurity, intraocular inflammatory diseases, 
astrocytic hamartoma (Bourneville’s tuber-
ous sclerosis), von Recklinghausen’s dis-
ease, and organized vitreous hemorrhage. 
More rarely, medulloepithelioma or optic 
nerve glioma may be considered. Many 
other signs, such as strabismus, red eye or 
hypopyon may be features common to both 
retinoblastoma and other diseases. Long-
term complications of these diseases may 
also mimic retinoblastoma. Late stage atyp-
ical signs, often inflammatory, frequently 
present major difficulties in diagnosis.

Coats’ disease is characterized by tel-
angiectasia and massive exudates. It is 
a congenital vascular malformation, usu-
ally unilateral, most often affecting young 
males in the first decade of life. The three 
major characteristics are: telangiectasia in 
the form of strings of fusiform dilatations of 
the retinal vessels; massive yellowish exu-
dates sometimes giving a pseudo-tumoral 
appearance, and exudative retinal detach-
ment, this sometimes total. The exudates 
are responsible for a luminous leukocoria, 
although this will take on a greyer hue in 
the presence of retinal detachment.

Persistent hyperplastic primary vitre-
ous (PHPV) is fairly characteristic in the 
absence of late complications. It is a con-
genital malformation caused by the arrest 
of normal regression of the embryonic vas-
cular tissue (hyaloid artery, vasa hyaloidea 
propria, tunica vasculosa lentis), regres-
sion that normally occurs after 4 months’ 
gestation. Almost always unilateral, PHPV 
is often associated with microphthalmia 
and, in later stages, retrolental fibroplasia 
and characteristic traction of the ciliary 
processes.

Astrocytic hamartoma (Bourneville’s 
tuberous sclerosis) is easily recognised in 
its typical form of elevated mulberry-shaped 

masses or “fish eggs”, with the classical triad 
of mental retardation, epilepsy, and facial 
angiofibroma. Von Recklinhausen’s neurofi-
bromatosis and Sturge-Weber’s encepha-
lotrigeminal syndrome are easily identified 
by their general clinical context, as is retin-
opathy of prematurity. Combined hamar-
toma of the retina and pigment epithelium 
presents typical retinal and angiographic 
features and shows little or no progression. 
Finally, certain congenital ocular malforma-
tions may present with leukocoria. These 
include: choroidal or optic nerve coloboma; 
falciform retinal fold; myelinated nerve fib-
ers; “Morning Glory Syndrome”; ocular 
toxocariasis, and toxoplasmosis.

TREATMEnT

The primary aim of treatment of retino-
blastoma is survival, then eye preservation 
and the best possible visual function. Every 
case of retinoblastoma represents a new 
challenge, the treatment plan tailored to the 
individual child and constantly reevaluated 
according to the response at each stage. 
Many factors have to be taken into consid-
eration: stage of disease; number of tumors; 
tumor location, size and any seeding; threat 
of metastases; risk of second nonocular 
malignancy; visual potential; uni- or bilat-
eral, heritable or nonheritable disease; age, 
general health and socioeconomic cir-
cumstances. Management thus requires a 
multi-disciplinary service, including oph-
thalmologist, anesthetist, onco-pediatrician, 
geneticist, radiologist, neuro-radiologist, 
pathologist, and ocularist. Also essential 
are the back-up pediatric nurses, social 
worker, psychologist and hospital chaplain, 
in addition to a well-equipped, sophisticated 
infrastructure. A highly malignant tumor 
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with rapid growth potential, the treatment 
plan for retinoblastoma must be decided 
upon with the least delay and with the full, 
knowledgeable consent of the parents.

Treatment Methods

At the beginning of the twentieth century, 
the vital prognosis for a child suffering 
from retinoblastoma was dismal. By the 
1930s the survival rate had improved to 
~30%, reaching 80% in the sixties. In 
reference centers today, ~95% of these 
children can be saved, an evolution made 
possible by the advent of new treatment 
strategies: enucleation, radiotherapy, focal 
treatments, and chemotherapy. Current 
treatment methods, singly or combined, 
include: enucleation; systemic chemother-
apy; chemothermotherapy; thermotherapy; 
local chemotherapy; cryotherapy; photo-
coagulation; brachytherapy, and external 
radiotherapy.

Chemotherapy

The 1990s represented a turning point in 
treatment approach. The severe side effects 
and relative limitations of radiotherapy 
(radio-induced tumorigenesis) lead to a shift 
towards chemotherapy as first line treatment 
of retinoblastoma, particularly with the 
advent of new drugs. neoadjuvant chemo-
therapy (or chemoreduction) provides sig-
nificant tumor shrinkage and dries out any 
retinal detachment to allow subsequent, less 
aggressive focal treatments such as chemoth-
ermotherapy, cryocoagulation, photocoagu-
lation, and brachytherapy (Fig. 22.5a–d). 
Although there have been reports of suc-
cessful treatment with only chemotherapy in 
a few selected cases (gombos et al. 2002), 
consolidation treatment is almost always 

necessary as permanent tumor control is 
rarely achieved with chemotherapy alone. 
new tumors may also continue to arise after 
primary systemic chemotherapy in patients 
with hereditary retinoblastoma (Wilson 
et al. 2007). The new strategy of first-line 
chemoreduction has resulted in fewer pri-
mary enucleations while avoiding the com-
plications of external beam radiotherapy, in 
particular radio-induced second nonocular 
tumors, the risk being greater during the first 
year of life. Systemic chemotherapy is not, 
however, without non-negligible side effects 
such as renal and oto-toxicity, myelosup-
pression, leukemia (gombos et al. 2007), 
and potentially dangerous long-term com-
plications as yet unknown.

Therapeutic guidelines vary according to 
the reference center. Drug regimens usually 
include carboplatin, etopside or teniposide 
and vincristine, more rarely cyclophospha-
mide, epipodophyllotoxine, ifosfamide, 
doxorubicine or melphalan. Cyclosporine 
A is added to the protocol in some centers 
to reduce chemotherapy resistance. Drug 
combinations, dosage, number of cycles and 
duration vary according to the center but the 
protocol most widely used is that of carbo-
platin, etopside and vincristine administered 
over 6 cycles at low-dosage or 3 cycles at 
high-dosage, every 21 to 28 days. other 
centers use only carboplatin and etopside, 
adapting the number of cycles to tumor 
response. Consolidation focal treatment is 
often possible after 2 or 3 cycles of chem-
oreduction, allowing a significant reduction 
in the drug dosage (Beck et al. 2000).

Chemotherapy is currently prescribed as 
first-line treatment in most cases of intraoc-
ular retinoblastoma, with the exclusion of 
small tumors away from the optic nerve and 
macula and directly accessible for primary 
focal treatment. It is also indicated in the 
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prevention of metastases after enucleation in 
the presence of histopathologic risk factors, 
in extraocular retinoblastoma (invasion of 
the optic nerve or orbit), with metastases 
and in trilateral retinoblastoma.

Focal Consolidation Treatment

Cryocoagulation and photocoagulation 
(532 nm argon laser, 810 nm diode laser, 
xenon) are simple and effective means for 

permanent control of small tumors, either as 
primary treatment or in consolidation after 
chemotherapy. Indications also include new 
tumors and local relapses.

Chemothermotherapy

Heat increases the permeability of the plasma 
membrane to antimitotics, thus enhanc-
ing the cytotoxic effect of these drugs. 
Carboplatin is administered intravenously 
1–2 h prior to thermotherapy. The infrared 

Figure 22.5. Voluminous retinoblastoma occupying 
the temporal posterior pole, treated with chemore-
duction and chemothermotherapy: (a) Large endo-
phytic lesion in contact with the optic nerve prior 
to treatment. (b) After 3 cycles of chemoreduction. 

The tumor has shrunk, calcified and withdrawn 
from the optic nerve. (c) During course of chemoth-
ermotherapy. d. Final result: the tumor is destroyed, 
reduced to a fibrous calcified “cottage cheese” mass 
and atrophied, pigmented chorioretinal scar
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beam from a 810 nm diode laser, mounted 
on the operating microscope, is focused 
on the tumor via a contact lens for 5 to 30 
min, depending on the size of the tumor, in 
order to obtain a temperature of 42° to 45° 
(Murphree 2007b). A follow-up session of 
thermotherapy is carried out after 4 to 7 
days. Two or three further cycles are given 
as necessary, at 28-day intervals, until the 
tumor is destroyed (Fig. 22.5c, d).

Thermotherapy

Thermotherapy consists of increasing the 
temperature of the tumor to >45° (60–
65°) by means of a diode laser in order 
to exploit the cytotoxic effects of heat 
(Murphree 2007b). Thermotherapy can be 
used alone or in conjunction with chemo-
therapy or even radiotherapy. Small tumors 
<3 mm diameter and 2 mm thick generally 
respond well to thermotherapy alone.

Brachytherapy

Radioactive plaques (iodine-125, ruthe-
nium-106) (Shields et al. 2001) offer an ideal 
alternative in the treatment of medium-sized 
tumors or as second-line treatment in cases 
of failure or relapse. The original cobalt-60 
plaque has been largely abandoned because 
its high-energy gamma rays cannot be 
shielded and irradiate in all directions. 
Iodine-125 is the preferred isotope today 
in the uS (in Europe, at least in germany 
and Switzerland, ruthenium is also used 
for retinoblastoma), its low-energy gamma 
rays allowing effective shielding and unidi-
rectional irradiation. Tumors up to 15 mm 
diameter and 9 mm thick can be treated by 
this method. Ruthenium applicators can 
also be used (Schueler et al. 2006). These 
emit high-energy beta rays but poor tissue 
penetration limits their use to tumors up to 
6 mm thick.

External Beam Radiotherapy (EBR)

When none of the focal therapies can be 
applied, external beam radiotherapy may 
be necessary. Conventional external beam 
radiotherapy has gradually been replaced, 
when available, with targeted radiotherapy 
adapted to the size of the tumor. This is now 
possible with new technology, using a mul-
tileaf photon 6 MV photon linear accelerator 
to produce fractionated stereotactic radio-
therapy (Munier et al. 2008). The radiation 
dose delivered is 45–50.4 gy in 1.8 gy frac-
tions, representing 25 to 28 sessions.

Tumors of only eyes in groups B and 
C, with residual active tumor cells in the 
foveal or peri/epi-papillary region after 
chemoreduction, may be considered can-
didates for second-line stereotactic con-
formal radiotherapy with target volume 
circumscribed to the posterior pole. group 
D eyes (only eyes or bilateral group D) 
may require whole eye irradiation. Present 
indications and contraindications to mod-
ern EBR are discussed in detail by Munier 
et al. (2008).

Proton Therapy

Accelerated proton beam irradiation may 
represent the radiotherapy of the future. 
The finite range of dose in depth, the 
sharp lateral penumbra, and the ability to 
deliver a homogeneous dose to a target 
with a single field, make proton therapy 
the external beam radiotherapy of choice 
for retinoblastoma. The equipment neces-
sary to deliver proton therapy is, however, 
beyond the scope of traditional medical 
institutions and so far remains exclusive 
to those having access to a cyclotron at a 
physics research institute.

Accelerated protons gradually lose their 
energy as they penetrate tissue, depositing  
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most of it at what is known as the Bragg 
peak. Modulation of the proton beam 
accelerator produces a succession of 
Bragg peaks calculated to create a uni-
form plateau within the tumor, normal 
tissues beyond the target receiving little or 
no radiation. Prior to proton delivery, four 
tantalum rings are sutured to the sclera as 
markers, enabling radiologic identifica-
tion of the tumor site. The radiotherapy 
equipment comprises a beam modulator 
and collimator, a stereotactic couch and a 
custom-molded thermo-plast mask system 
to immobilize the patient’s head.

Enucleation

Enucleation is less frequently necessary 
with modern therapeutic techniques, but 
it remains the treatment of choice for 
advanced disease, particularly in unilateral 
cases. Primary enucleation is indicated, 
or should be considered, in the following 
situations: neovascular glaucoma; massive 
intraocular hemorrhage; massive tumors 
taking up most of the vitreous cavity 
(Fig. 22.4); massive vitreous and/or sub-
retinal seeding; rubeosis iridis; diffuse 
infiltrating retinoblastoma; clinical indica-
tions of high risk of extraocular dissemi-
nation (optic nerve invasion, involvement 
of the anterior chamber, exteriorization), 
phthisis or prephthisis. All these criteria 
are found in the group E staging of the 
International Classification.

Secondary enucleation may be necessary 
when all other treatment modalities have 
failed to achieve tumor control, particularly 
if there is suspicion of invasion of the optic 
nerve, sclera or anterior segment. For the 
enucleation procedure, precise and control-
led surgery is essential in order to prevent 
trauma or compression and, in particular, 
any perforation of the globe. The optic 

nerve should be sectioned as far back as 
possible, at least 10 mm, and the stump sent 
immediately for histopathologic examina-
tion in order to determine the degree of any 
tumoral invasion. The socket volume is 
reconstituted with an implant, commonly 
composed of biocolonizable material. new-
generation hydroxyapatite or porous poly-
ethylene (Medpor) implants are particularly 
recommended as they offer greater mobility 
to the external prosthesis later provided.

In the case of orbital retinoblastoma, 
exenteration is no longer carried out as it 
has little effect on the course of the disease. 
Local surgical excision combined with 
systemic chemotherapy and orbital radio-
therapy is preferred. In extraocular retino-
blastoma, combined therapy of surgery and 
high-dosage chemotherapy, autologous 
stem-cell rescue and craniospinal or focal 
radiotherapy may be beneficial for longer 
survival periods or even complete remis-
sion (Dunkel and Chantada 2007).

Future Advances

Proton therapy may become more com-
mon in the near future with the advent of, 
and more easily available, new-generation 
gantry apparatus that enables irradiation 
of the whole eye or very small tumors in 
young patients, under general anesthesia 
(Munier et al. 2008).

In order to avoid the side effects of 
systemic chemotherapy and render the 
treatment more effective, targeted, locally 
administered chemotherapy by subcon-
junctival injection or by selective ophthal-
mic artery delivery is used in some cases 
(Schefler et al. 2006). Various trans-scleral 
delivery systems have also been developed, 
such as small refillable silicone reservoirs 
attached to the episclera to diffuse agents 
to the vitreous (Murphree 2007a).
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New chemotherapeutic agents with 
higher activity and better toxicity profiles 
such as Topotecan, or other drugs with 
different mechanisms of action like small-
molecule inhibitors of the MDMX-p53 
interaction (nutlin 3A) (Elison et al. 2006), 
glycolytic inhibitors adjuvant to chemo-
therapy on hypoxic cells (Boutrib et al. 
2007) or anti-angiogenic proteins (Apte and 
Harbour 2007), are under intense research.

Molecular genetics may fundamentally 
change therapeutic approaches in the man-
agement of retinoblastoma: suicide gene 
therapy with local delivery of the herpes 
simplex thyrosine kinase gene followed 
by treatment with the prodrug ganciclovir 
(Hurwitz et al. 1999); gene replacement by 
viral vector of the retinoblastoma gene in 
the mutated tumoral cell by a normal RB1 
gene; use of metastasis suppressor genes 
to block the growth of tumor cells at a dis-
tant site from the primary tumor.

Preimplantation genetic diagnosis has 
recently become available for couples at 
risk for having children with heritable 
disease. It is possible today, following an 
accurate mutation analysis procedure for 
retinoblastoma gene mutation sensitive at 
the single-cell level and using a standard 
in vitro fertilization procedure, to transfer 
only mutation-free embryos back to the 
mother in order to have a healthy child 
(Rechitsky et al. 2002).

Photodynamic therapy, based on the 
use of photosensitizers activated with vis-
ible nonionizing laser light and specific to 
malignant cells, has given some promising 
results with negligible toxic side effects 
(Laville et al. 2006).

If preliminary data supporting a role 
for maternal diet deficiency, and papil-
lomavirus infections in the etiology of the 
nonheritable form of retinoblastoma are 

confirmed, then elimination of the former 
and a vaccine for the latter should have a 
dramatic impact on the disproportionate 
high incidence of environmental retino-
blastoma (Murphree 2007a).

ultimately, aside potential preventive 
measures, the best management remains 
that of early diagnosis. Delay in diagnosis, 
this sometimes months after the first mani-
festations of disease, continues to constitute 
a major factor in the prognosis for survival, 
globe preservation and function.

 PRognoSIS

With uni- or bilateral retinoblastoma, the 
survival rate in developed countries is up 
to 90% at 5 years, which is excellent for 
a malignant tumor. Rare at the time of 
diagnosis, metastases usually occur within 
the first 12 months, and 5 years with no 
metastases and no relapse is considered 
a cure. After 5 years, however, mortality 
increases with the risk of second non-
ocular malignancies. Hereditary retino-
blastoma confers an increased risk for the 
development of second primary tumors 
and for survival, especially in patients 
treated with radiotherapy before the age 
of 1 year (Abramson 1999). It would seem 
that early irradiation is not the cause but 
probably a marker for other risk factors of 
second primary tumors (Moll et al. 2001).

The visual prognosis depends essen-
tially on the laterality, location, and size 
of the tumor(s), on the various therapeutic 
modalities used and their side effects. In 
a series of 116 bilateral cases (Migdal 
1983), 21.5% were blind after bilateral 
enucleation, while 50% retained a visual 
acuity of 20/40 or better. In a study on 
vision after external radiation therapy in 
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74 cases of bilateral retinoblastoma, 58% 
had a visual acuity of 20/20 to 20/40, 31% 
had a visual acuity of 20/50 to 20/400 
while 9% had <20/400 (Hall et al. 1999). 
In a more recent series, Berman et al. 
(2007) reported that newer globe-preserv-
ing treatments for retinoblastoma seem to 
be associated with equivalent visual out-
comes, stable mortality rate and a greater 
number of short-term complications while 
avoiding the late side-effects associated 
with external beam radiotherapy. overall, 
43% of preserved eyes attained a visual 
acuity better than or equal to 20/40 and 
55% achieved over 20/200.

It is evident that macular involvement 
represents the worst prognosis for vision 
(<20/200) in both unilateral and bilateral 
retinoblastoma. However, the prognosis 
is excellent (~20/20) in patients where the 
posterior pole is not involved, whether uni-
lateral or bilateral. Macular involvement in 
an only eye allows better vision, although 
unpredictable, than that expected given the 
extent of the lesion. Visual performance in 
these children in activities requiring good 
central vision is often close to that of normal 
children.

The quality of life for adult survivors 
having undergone treatment for heredi-
tary or non-hereditary retinoblastoma was 
recently compared with that of a healthy 
reference group in an exploratory study 
(van Dijk et al. 2007). It would appear that 
the group of adult RB survivors experience 
a relatively good overall, although slightly 
poorer, quality of life compared with the 
reference group. greater problems are 
reported with regard to mental health (anxi-
ety, depression, loss of control). Hereditary 
RB survivors differ significantly from non-
hereditary RB survivors in ‘general health’ 
only. Bullying in childhood and subjective 

experience of impairment are the main pre-
dictors of a worse quality of life.

In conclusion, the best treatment is, 
and will always be, early treatment. Early 
treatment requires early diagnosis, which 
means that leukocoria, strabismus, or any 
unexplained sign in a young child must be 
considered a possible first manifestation 
of retinoblastoma. It must also be remem-
bered that retinoblastoma can be hereditary 
and all other members of the family should 
be examined and referred for genetic test-
ing and counselling. Pregnancies within 
a family at risk (positive family history) 
must be carefully monitored with antenatal 
ultrasonography, genetic analysis and, if in 
doubt, a 3 to 4-week preterm delivery.

Finally, the family, gynecologist, pedia-
trician or family doctor will notice the first 
signs of disease before any multi-discipli-
nary specialized team is involved. Public 
awareness as well as that of all medical 
practitioners, is thus essential in the man-
agement of this life-threatening disease.
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InTroDuCTIon

Thyroid nodules are exceedingly common 
and the incidence increases steadily with 
age. In patients over the age of 50, feeling 
the neck will detect nodules in 8–10% of 
patients, and radiology tests such as ultra-
sound, magnetic resonance imaging (MrI), 
or computed tomography (CT) will detect 
nodules in over 50% of individuals over the 
age of 50. However, it is now clear that only 
4–6% of thyroid nodules will be malignant 
(Belfiore et al. 1992). The incidence of thy-
roid cancer varies geographically, ranging 
from 0.5 to 10 cases per 100,000 people 
(American Cancer Society 2007).

The thyroid gland can be affected by a 
number of tumors with a variety of benign 
and malignant pathologies. The malignant 
varieties include papillary, follicular, med-
ullary, and anaplastic thyroid carcinomas. 
Papillary and follicular thyroid carcinomas are 
often together referred to as well-differentiated 
thyroid cancer (WDTC). The follicular and 
papillary carcinomas are thought to arise 
from two distinct pathways. The genetics 
behind thyroid cancer is only beginning 
to be elucidated. A number of genes are 
thought to be involved. Molecular profil-
ing has recently been employed to evaluate 

thyroid lesions. In carcinogenesis, genes 
associated with cancer can be classified 
into two categories. oncogenes refer to the 
overexpression or activation of a protoon-
cogene which otherwise has a normal cel-
lular function. Tumor suppressor genes are 
typically genes involved in cell regulation 
or mitosis. Loss of function of the tumor 
suppressor results in loss of a normal gate 
keeping function which allows carcinogen-
esis to occur (Table 23.1). There is a genetic 
link associated with some thyroid cancers 
as evidenced by a familial pattern (Marchesi 
et al. 2000; Musholt et al. 2000). In addition, 
exposure to radiation, particularly as a child, 
leads to an increased risk of neoplastic 
changes (Tucker et al. 1991). These are usu-
ally papillary thyroid cancers (Samaan et al. 
1987). Several mutations have been found 
in thyroid cancers which are thought to play 
a role in the carcinogenesis (Table 23.2).

PAPILLAry

Papillary thyroid carcinomas (PTC) are 
the most common thyroid lesions with 
25,000 new cases a year in the uS (utiger 
2005). Approximately 80% of WDTC 
is of the papillary type, with follicular 
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Table 23.1. Genes implicated in thyroid tumor formation

Genes name Function/comments

oncogenes Membrane  
receptors

RET receptor with tyrosine kinase activity
NTRK1 receptor with tyrosine kinase activity
MET receptor with tyrosine kinase activity

Signal transduction proteins TSH-R Linked to heterotrimeric G proteins
Heterotrimeric Gsa (gsp) GTP binding molecules
G-proteins Gia (gip) GTP binding molecules
Small G-proteins ras GTP binding molecules

Tumor  
suppressor 
genes

Cell cycle regulators TP53 Arrests cell in G1, induces apoptosis
WAF1/p21CIP1 Arrests cell in G1, dephosphorylates rB
CDKN2/p16INK4a Inhibits cyclin-dependent kinases

others APC Modulates b-catenin activity
PTEN Protein tyrosine phosphatase
rB retinoblastoma tumor-suppressor protein.

Table 23.2. Summary of thyroid tumors and genes implicated in their pathogenesis

Gland/tumor type Gene Comment

Autonomous adenoma Gsa/gsp Mutations constitutively activate the cAMP cascade leading to increased 
hormone production and proliferationTSH-R

Follicular adenoma Gsa Mutations are apparent early events in thyroid tumorigenesis
ras
PTEN Mutation or deletion in 26%

Follicular carcinoma ras Higher prevalence of mutations than in adenomas
TP53 Implicated in the dedifferentiation process
3p, 17p, 10q Loss of heterozygosity (LoH) at these loci implicated in follicular tumor 

progression
PTEN Mutation or deletion in 6% of follicular cancers

Hürthle cell tumors Phenotypically and genetically distinct from follicular tumors
Papillary thyroid  

cancer (PTC)
RET/PTC Activated in a significant proportion of tumors with a relation to radiation 

exposure and possibly to clinical behavior
TRK Activated in some PTCs
MET overexpressed
ras Involved early in tumor formation; more commonly in tumors with 

metastases
TP53 Implicated in the dedifferentiation process

Anaplastic carcinoma TP53 overexpressed with or without mutations in some tumors
Medullary thyroid Sporadic RET Codon 918 somatic mutation may have prognostic significance
Carcinoma (MTC) Familial RET Mutations constitutively activate the receptor or alter substrate specificity 

and screening for germline mutations in MEn-II families important in 
management

cancer constituting the rest. Activation of 
a pathway involving rET-rAS-BrAF-
MAPK is seen in the majority of papillary 
cancers (Duh 2005). A mutation in any 
one of these genes within the signaling 
cascade may be found in 70% of papillary 
cancers, but only one is necessary to lead 
to papillary cancer. Transgenic mice with 

activating mutation of either rET/PTC 
or BrAF lead to papillary thyroid cancer 
(Duh 2005). There appears to be an inher-
ited predisposition to some PTC with 5% 
showing a family susceptibility (Malchoff 
and Malchoff 2002). In these cases, the 
ret proto-oncogene does not appear to be 
involved (Corvi et al. 2001).
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rET oncogene

The rET tyrosine kinase receptor gene 
(rET) is well known for its contribution to 
multiple endocrine neoplasia type 2 (MEn 2)  
(Figure 23.1). The rET oncogene has also 
been found to have rearrangements in up to 
34% of papillary carcinomas (Fagin 2002).  
There are three major forms of rearrangements 
with many more minor variants (Puxeddu 
et al. 2003). The rearrangement may occur 
through inversion as in ret/PTC-1 and ret/
PTC-3, which are paracentric inversions of 
chromosome 10 that fuse the tyrosine kinase 
domain of ret to H4 and ele-1, respectively. 
In the ret/PTC-2, the tyrosine kinase domain 
of ret is fused to the regulatory subunit rIa 
of cAMP-dependent protein kinase (Soravia 
et al. 1999). These rearrangements create a con-
stitutively active tyrosine kinase which leads 
to uncontrolled growth and oncogenesis. 
These ret/PTC rearrangements are thought to 
be an early event in thyroid tumorigenesis and 
are often multifocal (Sugg et al. 1998). These 
rET arrangements are more common in the 

pediatric papillary carcinomas. reports show 
48–65% prevalence in the pediatric popula-
tion (Puxeddu et al. 2003). There is an even 
higher incidence of 67% to 87% in tumors 
induced by radiation from the Chernobyl 
fallout (Puxeddu et al. 2003). Ionizing radia-
tion has been shown to induce rET rear-
rangements in vitro and in vivo in mice. This 
genetic alteration is thought to be an early 
event in the development of papillary carci-
noma as evidenced by its expression in occult 
microscopic foci of disease (Fagin 2002). 
Furthermore, overexpression of rET/PTC in 
transgenic mice results in tumors with a papil-
lary phenotype. Hürthle cell cancers have 
been conventionally thought to be a variant of 
follicular carcinoma but recent studies have 
shown RET/PTC1 rearrangements which may 
indicate a papillary origin (Chiappetta et al. 
1990). The RET positive subset also tends 
to involve local lymph nodes as opposed to 
the distant follicular metastasis (Fagin 2002). 
reverse transcriptase-polymerase chain reac-
tion (rT-PCr) has been employed to detect 

Figure 23.1. Map of ret oncogene



344 D. King et al.

rET rearrangements in 17 of 33 FnA sam-
ples that were deemed indeterminate or inad-
equate by routine cytologic analysis. There 
were no false-positives (Cheung et al. 2001). 
Studies to date, however, have not shown 
a clear prognostic value of the presence of 
rET/PTC (Puxeddu et al. 2003). The pres-
ence of a common mutation does, however, 
lead the way for a possible modality of both 
diagnosis and treatment with tyrosine kinase 
inhibitors (Learoyd et al. 2000).

rAS oncogene

Ras proteins are a downstream component 
of the tyrosine kinase receptor/ras/mitogen-
activated protein kinase pathway and con-
sist of small GTP binding proteins that bind 
GDP in a resting state and GTP in an active 
state. There are three forms, H-ras, K-ras, 
and n-ras. Mutations in all three isoforms 
have been detected in a variety of thy-
roid lesions including cold nodules, toxic 
adenomas, PTC, FTC, and anaplastic carci-
noma, and are thought to be an early step in 
thyroid carcinogenesis (Suarez et al. 1988). 
The most common mutations occur in codon 
12 and 13 in the GTP binding domain and 
in codons 59 and 61 in the GTPase domain. 
These mutations constitutively activate the 
signal cascade leading to the stimulation of 
cell growth, loss of differentiation, and promo-
tion of genetic instability. The presence of 
a ras mutation in PTC is a poor prognostic 
marker (Finley et al. 2004a, b, c).

BrAF

BrAF is mutated in a number of cancers 
including melanoma, colorectal, and ovar-
ian cancers (Puxeddu et al. 2004). BrAF 
is a cytoplasmic serine-threonine pro-
tease that activates MAPK kinase when 
activated by Ras (Duh 2005). It exists in 
three isoforms (A-raf, B-raf, and C-raf). 

A transversion mutation in nucleotide 
1796 mimics phosphorylation resulting in 
a constitutively active B-raf (Duh 2005). 
recent studies have shown the defect is 
present in 29–69% of sporadic papillary 
thyroid cancers (Puxeddu et al. 2004), 
making it a more common mutation than 
either rET/PTC or rAS. Furthermore, its 
presence has been correlated with a poor 
prognostic outcome (Xing et al. 2004). The 
BrAF mutation is rarely associated with 
childhood cancers or radiation induced 
cancer (Duh 2005). The BrAF mutation 
is also associated with the aggressive tall 
cell papillary variant. BrAF is found only 
in papillary cancers and those anaplastic 
cancers derived from papillary cancers 
(Duh 2005).

APC

Familial adenomatous polyposis (FAP) is 
an autosomal dominant inherited trait that 
results in numerous colorectal adenomas. 
This polyposis is associated with mutations 
in the adenomatous polyposis coli (APC) 
tumor suppressor gene at the 5q21 locus. 
Gardner syndrome is a variant that is associ-
ated with upper gastrointestinal adenomas, 
congenital hypertrophic retinal pigment epi-
thelial (CHrPE) lesions, desmoid tumors, 
osteomas, epidermoid cysts, dental abnor-
malities, and thyroid cancer affecting 1–2% 
of patients with FAP (Cetta et al. 2000). In 
95% of cases, PTC is the histological type 
with a cribiform pattern, a variation rarely 
seen in non-APC associated PTC (Cetta 
et al. 2000). The majority of germline muta-
tions occur in the first half of the APC gene. 
Cetta et al. (2000) analyzed PTC associated 
with FAP and found a majority of muta-
tions in exon 15, most frequently at codons 
1061 and 1309. However, mutations in APC 
are uncommon in sporadic thyroid tumors. 



34523. Molecular Genetics of Thyroid Cancer

Although APC appears to play a role in 
thyroid carcinogenesis, it does not always 
require a loss of heterozygosity. Soravia 
et al. (1999) reported a high rate of ret-
PTC activation in FAP-associated thyroid 
tumors. This implies a cooperative interplay 
of tumor suppressors and oncogenes in the 
development of PTC.

FoLLICuLAr

Follicular lesions include conventional fol-
licular carcinoma and Hürthle cell (onco-
cytic) carcinoma, as well as the benign 
follicular lesions and Hürthle cell ade-
noma. Follicular carcinomas account for 
10% to 15% of all thyroid malignancies. 
Conventional follicular carcinoma consti-
tutes 60–70% of follicular malignancies 
and typically metastizes hematogenously. 
Hürthle cell (oncocytic) carcinoma is less 
frequent and comprises approximately one 
quarter of these cases. It spreads hematog-
enously and through the lymphatics which 
make it unique. The only distinguishing 
features between benign and malignant 
follicular lesions are capsular or vascular 
invasion, only determined by postopera-
tive pathologic examination or by detec-
tion of metastasis. Discovery of a marker 
present in carcinoma yet absent in benign 
adenomas would be extremely useful in 
differentiating these lesions prior to surgi-
cal excision. Studies by nikiforova et al. 
(2003) have shown that there may be mul-
tiple distinct pathways in the development 
of follicular thyroid cancer, based on the 
genetic mutation detected.

rAS oncogene

As with PTC, mutations of ras have 
been found in FTC (Horie et al. 1995). 

Furthermore, ras mutations have been found 
in benign follicular adenomas (Suarez et al. 
1988) suggesting that ras mutations occur 
early in the pathogenesis of follicular can-
cers (namba et al. 1990). Ras mutations 
may lead to the development of follicular 
adenoma progressing to carcinoma, but this 
transformation has yet to be demonstrated 
clinically (nikiforova et al. 2003).

PAX8/PPArg

The PAX8/PPArg (paired box gene 8/peri-
oxosome proliferators-activated receptor-
gamma) rearrangement was originally found 
in follicular thyroid cancer. It may also be 
present in follicular adenomas (Duh 2005). 
PPArg, a member of the nuclear hormone 
receptor super-family, is instrumental in 
the adipocyte differentiation. The PAX8-
PPArg1 product has a dominant-negative 
effect on wild-type PPArg1, inhibiting 
its transcriptional activity (Lacroix et al. 
2004). Mutations in the PAX8/PPArg 
lead to follicular carcinomas that occur 
at a younger age and are more invasive 
(nikiforova et al. 2003).

PTEn

PTEn is a protein tyrosine kinase phos-
phatase that is a tumor suppressor loci at 
10q22–23 (Puxeddu et al. 2005). It can 
be detected in thyroid, brain, and pros-
tate. Cowden’s syndrome is an autosomal 
dominant condition associated with hamar-
tomas, breast cancer, and thyroid cancer, 
and harbors germline mutation in PTEn. 
Thyroid carcinomas have been associated 
with decreased levels in PTEn (Puxeddu 
et al. 2005). Interestingly, PTEn mutations 
are more prevalent in benign follicular ade-
nomas than follicular carcinomas (Learoyd 
et al. 2000).



346 D. King et al.

Hürthle Cell Carcinomas

Hürthle cell carcinoma is a tumor of large 
acidophilic or oncocytic cells (Cooper and 
Schneyer 1990). These tumors represent 
3% to 5% of all thyroid carcinomas and 
may have a slightly worse prognosis than 
with conventional follicular carcinomas 
(McDonald et al. 1996). As with a follicular 
lesion, the diagnosis of Hürthle cell carci-
noma can only be made after surgical resec-
tion. There is some debate whether Hürthle 
cell carcinoma is of follicular or papillary 
origin. Hürthle cell tumors typically do 
not possess either rAS or PAX8/PPArg 
mutations which are characteristic of FTC 
(nikiforova et al. 2003). rET/PTC1 muta-
tions have been found in Hurtle cell carcino-
mas and adenomas (Chiappetta et al. 1990). 
However, molecular profiling using gene 
array has grouped Hürthle cell carcinoma 
with follicular lesions, more commonly 
(88%) with FTCs as opposed to follicular 
adenomas. In all 13 cases reviewed, the 
Hürthle cell carcinoma clustered with fol-
licular lesions as compared to PTC or the 
follicular variant PTC (Finley et al. 2004a).

MEDuLLAry

Medullary thyroid carcinoma (MTC) is an 
uncommon form of thyroid neoplasia that 
accounts for 3% to 5% of all thyroid cancers. 
This carcinoma arises from the parafollicular 
C cells which are of neural crest origin and 
secrete calcitonin, and is sporadic in 75% 
of cases. In 25% of cases, MTC is inherited 
demonstrating an existing germline muta-
tion in the ret proto-oncogene chromosome 
10 (Mathew et al. 1987). Many cases of 
MTC are grouped in the multiple endocrine 
neoplasia syndromes, but may also occur as 
an inherited isolated disease without extra 

thyroidal manifestations in familial MTC 
(FMTC). MEn-I (Werner’s syndrome) are 
associated with hyperparathyroidism, pan-
creatic tumors, and pituitary adenomas, but 
are the only MEn not associated with 
MTC. MEn-IIA (Sipple’s syndrome) is 
the most common and is associated with 
MTC in 95% of cases, pheochromocytoma 
in 50% of cases, hyperparathyroidism in 
15% cases, and occasionally Hirschprung’s 
disease or cutaneous lichen amyloidosis. 
MEn-IIB (or MEn III) consists of MTC 
and pheochromocytomas with a Marfinoid 
habitus, submucosal neuromas, and intes-
tinal ganglioneuromatosis without hyper-
parathyroidism. The MTC associated with 
MEn-IIB tend to be the most aggressive 
with earlier onset, often before the age of 5.

rET oncogene

All of these syndromes are associated with 
mutations of the ret proto-oncogene. Ret is 
a tyrosine kinase receptor for neurotrophic 
growth factor. The rET tyrosine kinase 
receptor gene (rET/PTC) is well known 
for its contribution to multiple endocrine 
neoplasia type II (MEn II). ninety-eight 
percent of the mutations in MEn-IIA 
occur as a single mutation in the extracel-
lular region of the receptor in the cysteine 
encoding codons 609, 611, 618, or 620 
of exon 10, or in codon 634 of exon 11 
(Eng et al. 1996; Mulligan et al. 1995). 
Approximately 87% of MEn IIA muta-
tions affect codon 634. In FMTC, 80% of 
the mutations occur in these same codons 
with the exception of codon 634 (Mulligan 
et al. 1995). other mutations in FMTC have 
been described within the intracellular ret 
domains encoded by exons 13 (Bolino 
et al. 1995), 14 (Fattoruso et al. 1998), and 
15 (Hofstra et al. 1997). These mutations 
lead to a disruption of the protein structure  
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yielding uncontrolled dimerization of rET. 
This results in constitutive activation of 
the ret tyrosine kinase and activation of its 
downstream pathways. In contrast, 95% of 
the MEn-IIB families have a mutation in 
codon 918 (Hofstra et al. 1994; Eng et al. 
1994) or less commonly in codon 883 
(Gimm et al. 1997). These mutations lie in 
the domain that recognizes substrate caus-
ing a change in substrate specificity. This 
allows phosphorylation of substrates nor-
mally preferred by other tyrosine kinases 
such as c-src and c-abl (Bocciardi et al. 
1997). In sporadic cases of MTC, rET is 
often mutated, with the most common site 
being codon 918, and occasionally codon 
883 (Learoyd et al. 2000).

This discovery of the Ret mutations has 
revolutionized the diagnostic evaluation 
and treatment of this disease. Prior to the 
identification of these mutations, screening 
consisted of random calcitonin measure-
ments and pentagastrin stimulation tests 
for diagnosis. Medullary carcinoma of the 
thyroid is of a neuroendocrine origin and 
can secrete a variety of other polypeptide 
hormones including Carcinoembryonic 
antigen (CEA) which has been used both 
as a tumor marker and for nuclear medicine 
imaging and the somatostatin receptor ena-
bling octreotide scanning to detect tumors.

AnAPLASTIC

Anaplastic thyroid cancer represents 2% 
of thyroid malignancies but accounts for 
half of its mortality (utiger 2005). This is 
the most aggressive form of thyroid can-
cer with a mean survival of 3 to 7 months 
following diagnosis (o’neill et al. 2005). 
The exact etiology of anaplastic carcinoma 
is uncertain but is commonly associated 

with existing thyroid disease. These lesions 
are often seen in a background of more 
differentiated tumors and are thought to 
arise from dedifferentiation of well differ-
entiated tumors. roughly 20% of patients 
have a history of PTC, FTC, or preexist-
ing goiter, and another 30% show areas 
of well-differentiated carcinoma in the 
surgical specimen (Haugen et al. 2002). 
Some anaplastic carcinomas harbor the 
same mutations as incidentally noted pre-
cursor malignancies. For example, B-raf is 
found in those anaplastic cancers derived 
from papillary cancers. ras mutations (see 
above sections) have also been found in 
anaplastic thyroid carcinomas. However, 
some feel that these tumors arise de novo. 
A number of genes are relatively specific to 
anaplastic carcinoma as described below.

P53 Mutations

P53 is a well known tumor suppressor 
gene. It is a transcription factor that func-
tions as a main gate keeper during the cell 
cycle. In the presence of DnA damage, 
p53 will induce a cell cycle arrest to allow 
DnA repair or initiate apoptosis. P53 
mutations are rarely present in well differ-
entiated thyroid tumors (less than 10%) but 
are present in 40% of poorly differentiated 
thyroid tumors and 60–90% of anaplastic 
carcinoma (Haugen et al. 2002). This 
finding implies that the loss of p53 func-
tion may contribute to the undifferentiated 
and highly aggressive phenotype of these 
tumors (Lo et al. 1999). reintroduction 
of wild-type p53 induces differentiation 
as evidenced by the expression of TSH 
and thyroglobulin proteins (Moretti et al. 
1997) and increased the sensitivity of ana-
plastic thyroid carcinoma cell lines to adri-
amycin therapy (Blagosklonny et al. 1998; 
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nagayama et al. 2000). In the future, p53 
may serve as a potential treatment element 
utilizing gene therapy. This marker also 
shows promise as a prognostic indicator 
and may help determine the subset of well 
differentiated tumors that may have a pre-
disposition to a poorer prognosis.

MrP-1

Multidrug resistant protein (MrP-1) is a 
170 kDa glycoprotein pump that can dis-
place a number of compounds from within 
a cell. Anaplastic carcinoma is the only thy-
roid malignancy for which chemotherapy 
is utilized, but MrP-1 can lead to treat-
ment failures when expressed. It can lead 
to treatment failures with chemotherapy. 
It is expressed in anaplastic thyroid cancer 
(Sugawara et al. 1994). Inhibition of this 
protein may increase efficacy of chemo-
therapy in anaplastic thyroid tumors.

MoLECuLAr ProFILInG

Molecular profiling has recently been 
employed to evaluate thyroid lesions. 
Finley et al. (2004b) examined seven fol-
licular variants of papillary thyroid carci-
nomas as compared to seven benign lesions 
using gene arrays. They reported 76 genes 
that were upregulated in carcinoma and 
186 that were downregulated as compared 
to benign lesions. In another study that 
included papillary, follicular, and medullary 
carcinoma, they found 61 overexpressed 
genes and 72 underexpressed genes. using 
molecular array with these genes, Finley 
et al. (2004c) was able to detect cancer 
with a sensitivity of 91.7% and specificity 
of 96.2%. Furthermore, they were able to 
segregate cancer into high risk and low risk 

with a sensitivity of 85.7% and specificity 
of 80.9%. Mazzanti et al. (2004) looked 
at papillary carcinoma and found 47 dif-
ferentially expressed genes. They used a 
combination of 6 and 10 genes to perform 
analysis on samples with 10 of 10 cases 
accurately diagnosed. one study showed a 
minimum of five genes (caveolin-1, caveo-
lin-2, insulin-like growth factor binding 
protein 6, claudin-10, and Cbp/p300-inter-
acting transactivator ) which could distin-
guish PTC from FTC (Aldred et al. 2004).

Thyroglobulin and thyroid peroxidase 
have been shown by microarray analysis 
to be underexpressed in both FTC and 
PTC (Aldred et al. 2004). A combination 
of three genes (cyclin D2/CCnD2, protein 
convertase2/PCSK2, and prostate differ-
entiation factor/PLAB) has been shown 
to differentiate follicular adenoma from 
follicular carcinoma with a sensitivity of 
100%, a specificity of 95%, and accuracy 
of 97% (Weber et al. 2005).

FInE nEEDLE ASPIrATIonS 
(FnA) rEPorTS

Before FnA was widely used, most nod-
ules were surgically removed with little 
preoperative evaluation. However, it is 
now clear that only 6% of thyroid nodules 
will be malignant, and because about half 
of people over the age of 50 will have 
a nodule, it is impossible to surgically 
remove all of these nodules. FnA has 
emerged as one of the first diagnostic steps 
in the evaluation of a nodule. If cancer is 
found by the pathologist on a sample taken 
by FnA, the diagnosis is wrong <3% of 
the time. However, even when experi-
enced doctors perform FnA, not enough 
cells will be obtained 10–20% of the time. 
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Additionally, 20–30% of FnA samples are 
read as indeterminate resulting in a diag-
nostic dilemma.

A number of techniques, including 
immunohistochemistry, functional assays, 
PCr and rT-PCr have been considered 
to augment the power of the FnA. Many 
studies have looked at thyroid peroxidase to 
measure differentiation of the cells, imply-
ing a benign lesion (Haugen et al. 2002). 
reverse transcriptase polymerase chain 
reaction has been used to measure the level 
of human telomerase reverse transcriptase 
in FnA samples and it has been shown to 
correlate with malignancy (Zeiger et al. 
1999). reverse transcriptase polymerase 
chain reaction has been used to evaluate the 
expression of calcitonin in FnA samples 
for medullary thyroid carcinoma (Bugalho 
et al. 2000). reverse transcriptase polymer-
ase chain reaction of the rET/PTC has been 
performed on FnA sample but this does not 
appear sufficient for diagnosis of malig-
nancy (Cheung et al. 2001). Polymerase 
chain reaction has been performed on FnA 
sample to look for mutated BrAF that was 
seen in half of the papillary samples and 
none of the follicular or benign lesions 
(Xing et al. 2004). The accuracy of these 
adjunctive tests will increase when used in 
conjunction with one another.

In summary, thyroid lesions are common. 
Determination of their malignancy (or 
malignant potential) still requires surgery in 
many cases. Fine needle aspirations allows 
for precise sampling of lesions of interest 
which has made thyroid nodule evaluation 
less invasive in many cases. Advances in 
molecular techniques and diagnosis hold 
promise to utilize FnA cytology material 
to make precision diagnosis of malignancy, 
thereby allowing for accurate selection of 
patients needing thyroidectomy.
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InTrODuCTIOn

The human genome contains tens of thousands  
of gene loci which code for an even greater 
number of different protein and rnA prod-
ucts. The highly complex temporal and 
spatial expression of these genes makes 
possible all the biological processes of life 
from development and differentiation to 
homeostasis, aging, and programmed cell 
death. Therefore, it is not surprising that 
altered gene expression by mutation or 
deregulation is fundamental for the devel-
opment of many human diseases including 
cancer. In some cases, cancers can be linked 
to large changes such as deletions or dupli-
cations of entire gene(s). In other cases, 
more subtle changes in expression levels of 
larger numbers of genes are involved. until 
recently, cancer diagnosis was dependent on 
pathological methods and imaging studies  
that often require a tumor of significant size 
and suffer from poor sensitivity (Ahmed 
2002). The recent development of gene 
expression profiling tools, promises to 
identify new and improved diagnostic tools 
at the molecular level.

Thyroid nodules are extremely common, 
 being palpable in 4–7% of adults in north 
America, with new nodules detected at a 

yearly rate of 0.1%, and ~5% of thyroid  
nodules are eventually found to harbor 
malignancy (Gharib and Goellner 1993; 
Greenlee et al. 2001). Thyroid cancer is a 
good example of a human disease where 
expression profiling can help address the 
problem of accurate diagnoses. Currently, 
fine needle aspiration biopsy (FnAB) 
represents the most important initial test 
for diagnosing malignancy in individuals 
who present with nodular thyroid disease. 
The result of the FnAB cytology can 
be classified as: benign (70% of cases), 
malignant (5–10% of cases), indetermi-
nate or suspicious (10–20% of cases), 
and nondiagnostic (10–15% of cases) 
(Goellner et al. 1987; Caraway et al. 1993; 
ravetto et al. 2000). While non-diagnostic 
FnABs can be repeated, it is the indeter-
minate or suspicious group that presents a 
treatment dilemma for the clinician. Most 
individuals with indeterminate cytology 
will undergo thyroid surgery, and be at 
risk for its associated morbidities, in 
order to obtain a definitive pathologic 
diagnosis. unfortunately, intraoperative 
pathologic assessment of thyroid nodules 
is often misleading and has been discour-
aged by many investigators (Baloch and 
LiVolsi 2002). Within the indeterminate 
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group are follicular neoplasms (Fn) and 
Hürthle cell neoplasms (Hn), for which 
FnAB has little utility, as the diagnosis of 
follicular or Hürthle cell thyroid cancers 
is based upon histological evidence of the 
tumor exhibiting vascular and/or capsular 
invasion (McHenry and Sandoval 1998). 
In a cohort of 370 consecutive thyroid 
surgeries carried out at our center we 
recently reported on 80 patients (22%) 
who underwent thyroid resection for a 
FnAB diagnosis of follicular neoplasm 
(Wiseman et al. 2006). Our data suggested 
that the surgeon must carry out five thy-
roid surgeries in order to diagnose a single 
cancer in the follicular neoplasm patient 
population and that neither preoperative 
patient nor tumor characteristics were of 
value in assisting the surgical selection 
process. A review found these observa-
tions to be consistent with the current 
literature (Wiseman et al. 2006). Thus, 
many patients undergo diagnostic thyroid 
surgery for nodular disease that which 
by pathologic assessment is eventually 
shown to be benign disease.

Given the limitations of FnAB in diag-
nosing thyroid malignancy, multiple inves-
tigators have carried out molecular profiling 
studies with hopes of developing new 
diagnostic tools. In addition, such studies 
provide valuable insight into the biology of 
thyroid tumors which may ultimately lead 
to the discovery of useful molecular prog-
nosticators, better tailored disease man-
agement, and ultimately improved patient 
outcome. In this chapter, we discuss the 
methodology of expression profiling for 
the identification of diagnostic markers 
including the major platform technolo-
gies, data processing issues, differential 
expression, validation methods, clustering, 
classification, and the potential for cross 

platform integration and meta-analysis.  
Finally, we review some of the most 
promising molecular markers currently 
identified by expression profiling of thyroid 
cancer and offer suggestions for future 
research directions.

GEnE ExPrESSIOn 
TECHnOLOGIES

A number of technologies currently exist 
for large-scale profiling of gene expres-
sion at the level of transcription. The most 
common platforms fall into two categories: 
spotted cDnA microarrays and oligonu-
cleotide arrays. In addition to microarrays 
a number of other high-throughput meth-
ods exist such as Serial Analysis of Gene 
Expression (SAGE) and massively paral-
lel signature sequencing (MPSS). Each 
platform is capable of quantifying the 
transcript levels of hundreds to tens of 
thousands of genes simultaneously. In the 
past 10 years ~20,000 papers and hun-
dreds of reviews related to microarrays 
have been published covering nearly every 
aspect of their use from construction to 
data analysis and their application in can-
cer (Ahmed 2002). The two major micro-
array technologies, along with SAGE and 
new tag-sequencing approaches will be 
briefly presented here.

 cDnA Microarrays

Modern cDnA microarrays are con-
structed by PCr amplification of cDnA 
or genomic clones and spotting onto a 
solid support by robotics. Microarrays 
with thousands of clones can be generated 
by this method. Sample detection involves 
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hybridizing the target cDnA labeled with 
fluorescent or radioactive nucleotides to 
the probe DnA on the array. The most 
common protocol involves differentially 
labeling control and test samples with two 
fluorescent dyes such as Cyanine 3 (Cy3) 
and Cyanine 5 (Cy5). Signals are then 
measured by a scanning microscope with 
lasers for fluorescent excitation. Finally, 
the relative amounts of DnA are deter-
mined by calculating the ratio of Cy3 to 
Cy5 or vice versa.

The initial advantage of spotted cDnA 
arrays was their flexibility. They allowed 
construction of custom arrays with any set 
of genes desired as long as clones and an 
array facility were available. Many labo-
ratories constructed their own arrays. This 
allowed highly specialized arrays targeted 
at specific cancers or pathways. As annota-
tion of the human genome progressed and 
sequence-verified clones became avail-
able, whole genome expression profiling 
became possible. The difficulties of clone 
management and array production on a 
genome-wide scale were also solved when 
commercial solutions became available. 
However, some of these commercial prod-
ucts were disadvantaged by not providing 
the sequence data for each clone and hav-
ing poor annotation of clone sequences. 
Technical disadvantages arise from the 
presence of repetitive elements and cross-
hybridization between homologous gene 
families. Other disadvantages include a 
low dynamic range of the hybridization 
signal which tends to compress signal 
intensities, making it harder to isolate 
minor changes in gene expression levels. 
Except in special cases, cDnA arrays have 
been largely supplanted by oligonucle-
otide arrays which have several important 
advantages.

Oligonucleotide Arrays

Oligonucleotide (oligo) arrays can be 
constructed by numerous methods includ-
ing spotting pre-synthesized oligos, in 
situ oligo synthesis by photolithography, 
or maskless array synthesis on a glass 
slide. There are a large number of com-
mercially available oligo arrays from 
manufacturers which include: Affymetrix, 
Illumina, nimblegen, and others, each 
with their own advantages and disadvan-
tages. Development of the above methods 
has allowed extensive miniaturization of 
array construction making it possible to 
construct arrays with hundreds of thou-
sands of spots. For example, the current 
version of Affymetrix GeneChips (Human 
Genome u133 Plus 2.0) includes >1 mil-
lion distinct oligonucleotides representing 
>47,000 human transcripts. unlike two-
color arrays, many oligo arrays produce 
an intensity signal that allows absolute 
quantification. Intensity is measured by 
laser scanning and fluorescence excita-
tion, similar to cDnA arrays, but with 
only one sample and one type of dye 
hybridized per array. The ability to cus-
tom design large numbers of oligonu-
cleotide sequences in parallel makes it 
possible to avoid repetitive sequences 
and create unique probes even for highly 
homologous gene families. For these rea-
sons, oligonucleotide arrays have become 
the preferred microarray type. The use 
of standardized platforms such as the 
Affymetrix GeneChips has created new 
opportunities for inter-laboratory com-
parisons and meta-analyses whereas flex-
ible and customizable arrays such as the 
nimblegen arrays allow more frequent 
sequence updates, advanced designs, and 
rapid application to new genomes.
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Serial Analysis of Gene Expression

Serial analysis of gene expression (SAGE) 
is a sequencing-based rather than hybridi-
zation-based approach to expression  
profiling. Briefly, SAGE involves the 
extraction of short sequences (tags) from 
polyadenylated rnA by conversion to 
cDnA followed by a series of restriction 
digestions. Tags are then PCr amplified, 
concatenated and sequenced. The result-
ing sequences are mapped by alignment to 
the transcriptome and the frequency of any 
particular tag sequence is taken as a quan-
titative measure of the source transcript’s 
abundance. There are several data analysis 
issues and sources of bias in the SAGE 
method such as sequence biases in library 
construction, PCr amplification bias, pro-
duction of non-canonical tags (unexpected 
restriction sites), sequence errors, varia-
tion in tag length, and mapping ambiguity. 
Also, due to the high cost of sequencing, 
SAGE libraries sometimes suffer from 
insufficient sample depth and therefore 
poor sensitivity for low-abundance tran-
scripts. We have recently reviewed utili-
zation of SAGE for transcriptome study 
(Pleasance and Jones 2005). SAGE can be 
highly reproducible if processed carefully, 
it is not prone to problems such as cross-
hybridization, produces absolute estimates 
of expression, and can have detection 
efficiency similar to oligo arrays with 
sufficient sampling depth. Also, SAGE 
does not require a priori knowledge of the 
genes to be profiled. Thus, in addition to 
profiling known genes, SAGE libraries are 
a valuable resource for the identification 
of novel genes and transcripts. However, 
library construction and sequencing cost 
can be considerably greater than microar-
ray profiling. Thus, the number replicates 
are generally small (often no replicates 

are done). This together with the sample 
depth issue can make statistical analysis of 
SAGE data challenging.

Future Tag-Sequence Methods

The recent and rapid development of 
‘next-generation’ sequencing technologies 
promises to build on the advantages of tag 
sequencing based approaches like SAGE 
and address the issues of sampling depth 
and cost. An often cited target for these 
developments is the ‘$1000 genome’, a 
fully sequenced human genome for the 
price of only $1,000. This would require 
a 10,000-fold reduction in cost over con-
ventional Sanger sequencing methods 
(Bentley 2006). Current developments 
such as the Solexa system (www.solexa.
com) 454 system (www.454.com) and the 
polony sequencing method from George 
Church’s laboratory (Shendure et al. 2005) 
are still under development but do prom-
ise ~100-fold cost reductions. In these 
systems, single DnA molecules (usually 
pre-fragmented) are clonally amplified in 
spatially separate locations on a highly 
parallel array and used as templates for 
sequencing by synthesis. The three sys-
tems use different sequence chemistry and 
have different potential for scalability, but 
all produce vast quantities of short high-
quality sequences. Thus, application of 
these technologies to an rnA sample has 
the potential to create a SAGE-like library 
of short sequence tags at much greater 
sampling depth and a fraction of the cost. 
ng et al. (2006) demonstrated this poten-
tial using the 454 platform on a paired-end 
tag (PET) library constructed from MCF7 
cells. To validate the method’s quantita-
tive ability they performed qrT-PCr on 
a selection of 12 PETs with a wide abun-
dance range and showed good correlation. 
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Complete sequencing of the transcriptome 
using next generation sequencing has the 
potential to provide a more quantititative 
and sensitive enumeration of transcript 
abundance whilst also identifying spliced 
variants and polymorphisms (Bainbridge 
et al. 2006). In the short term this will be 
of greater interest for basic researchers, 
whereas hybridization-based methods are 
more likely to serve a clinical role for rea-
sons of speed and simplicity. However, in 
the long term, sequencing-based methods 
may start to play a role in the clinic as well.

ExPErIMEnTAL ISSuES

Array Design

There are many different experimental 
design issues to consider when select-
ing or designing an expression profiling 
experiment. Two-color microarray experi-
ments can be carried out as a direct com-
parison, balanced block design, reference 
design, or loop design (as reviewed in 
Quackenbush 2005). In many cases it is 
advisable to conduct ‘dye swaps’ where 
the same two samples are hybridized to 
the array with opposite labeling. Single-
color microarray experiments have only 
one sample per array but there still may 
be a large number of possible compari-
son combinations between arrays to con-
sider such as different stages or disease 
pathologies. Some arrays are designed 
with positive and/or negative hybridiza-
tion controls. The positive controls are 
typically genes thought to have relatively 
constant expression (i.e., ‘house-keeping’ 
genes). negative controls might be random  
sequences or genes known to not be expressed  
(e.g., from a completely different species). 
These probes serve as a quality control to 

identify problems such as defective arrays, 
bad samples, or poor hybridizations. They 
can also provide a useful reference for 
normalization. Another kind of control 
to consider is a ‘spike-in’. By adding a 
known quantity of a particular transcript to 
every sample, hybridization conditions can 
be assessed and a measure of bias deter-
mined. A major design issue to consider 
is hybridization bias. Microarrays rely 
on the assumption that signal intensity is 
directly related to the amount of hybridiza-
tion which in turn is directly related to the 
amount of transcript complementary to the 
probe sequence. In reality, hybridization 
is a complex process with overall binding 
affinity affected by the length, nucleotide 
composition, position of labeling, and 
secondary structure characteristics of the 
probe sequence. These issues can be mini-
mized but not eliminated by using vari-
able length probes carefully selected from 
the transcript sequence to more closely 
match the binding affinity across the array 
and avoid unfavorable secondary struc-
tures. Some custom oligo arrays are able 
to incorporate this in their microarray 
designs.

Sample Preparation

Once the experimental design is finalized, 
high quality samples are needed. A large 
number of variables can affect sample 
preparation including the media used for 
growing cells, rnA preparation method, 
amount of source tissue, sample handling, 
etc. Sample quality and quantity should be 
tested after rnA extraction or amplifica-
tion from source sample, cDnA genera-
tion (the amount of cDnA should be close 
to the amount of starting rnA), and label 
incorporation. Well established protocols 
and instrumentation exist for this purpose.
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replicates

ultimately, an unknown amount of variability  
will exist in the expression patterns obtained 
from different samples. It is important to 
assess the level of this variability both techni-
cally and biologically. However, with mod-
ern array technologies the level of technical 
variation has been significantly reduced. As 
technical variation is reduced, biological 
replicates become more useful and techni-
cal replicates can be minimized. Sufficient 
replicates are also necessary to accurately 
determine the level of background inten-
sity. Only by assessing replicate variability 
are meaningful levels of statistical confi-
dence assigned to the differences or patterns 
observed. There is no single standard number 
of replicates for an experiment. A balance 
must be found between limiting factors such 
as the cost of experiments, availability of 
samples, and the power to detect statistically 
significant events. Generally, for a direct 
comparison between two conditions, at least 
three replicates are needed for reproduc-
ible differentially expressed genes (Lee et al. 
2000). However, statisticians commonly do 
recommend considerably more than three 
replicate experiments. A simple rule to follow 
is to ensure at least five degrees of freedom 
(df) where df is the number of independent 
units minus the number of distinct treatments 
(Mocellin and rossi 2007). For example, in 
a comparison of four tumor samples to four 
normal tissue samples there are six dfs (eight 
independent experimental units minus two 
experimental conditions).

DATA AnALySIS ISSuES

The successful implementation of expres-
sion profiling analysis requires consideration 
of not only the various laboratory protocols 

employed, but also the computational issues 
of data collection, processing, storage, and 
statistical analysis. A typical microarray 
study can produce over a million data points 
(e.g., 20 samples on HGu133 Plus 2.0 array 
with 54,000 probe sets). The development 
of computational methods to deal with these 
massive datasets is an area of active research 
with a large number of databases, software 
packages, and algorithms now available for 
gene expression analysis. It is not yet clear 
if any standard protocols for data analysis 
will emerge. In some cases, the application 
of several different algorithms allows for 
the exploration of different aspects of the 
data. A review of some commonly used 
approaches for microarray data analysis 
has recently been reported by Mocellin and 
rossi (2007).

Quality Assessment

Before proceeding to any further analysis, 
it is customary to perform some prelimi-
nary quality assessment of the microarray 
experiment. This allows the filtering out 
of problem arrays or spots. For example, 
a researcher may wish to discard arrays 
with a high percentage of missing val-
ues or discard probes that are missing a 
large proportion of samples. Image plots 
can be used for visual inspection to iden-
tify spatial irregularities or imperfections 
(e.g., fingerprints, or flaws on the array). 
Boxplots express the distribution of inten-
sities and the number of outliers. ratio-
intensity plots or MA-plots can be used to 
assess systematic bias on intensity values 
(Quackenbush 2005). It is a good practice 
to exclude outliers before normalization 
as most normalization methods assume 
that gene expression is relatively constant 
across samples. This is not always true and 
should be evaluated.
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normalization and Background 
Correction

After basic image processing, normaliza-
tion and background correction is generally 
the first step in preparing expression data 
for analysis. The purpose of normalization 
is to remove sources of technical variation 
by adjusting for differences in labeling and 
detection efficiencies and for differences in 
the quantity of rnA hybridized to differ-
ent arrays. Background correction attempts 
to eliminate the effect of low-level noise 
inherent to the array and produce an accu-
rate estimate of the actual transcript expres-
sion level. Many normalization methods 
include a background correction or sum-
marization method. Most normalization 
methods can be applied either globally (to 
the entire dataset) or locally (to some sub-
set of the data such as each subgrid). Three 
commonly used normalization strategies 
for two-color arrays are: (1) total inten-
sity normalization, (2) normalization using 
regression techniques such as LOWESS, 
and (3) normalization using ratio statistics. 
For single-channel arrays, quantile nor-
malization or some variation is most com-
monly utilized. Methods such as GCrMA 
start with quantile normalization but also 
model base-specific effects such as the 
stronger bonding of G/C pairs (Wu et al. 
2004). A detailed review of normalization 
strategies for both one- and two-channel 
arrays is available from Ahmed (2006). 
To compensate for different library sizes, 
SAGE tag counts are commonly normal-
ized to 10,000-tags/library as follows: Tag 
frequency = (tag count × 10,000)/total 
tags in library (Porter et al. 2001). After 
normalization, the data for each gene are 
commonly expressed as the logarithm of 
the normalized value (ratio, intensity or 
tag frequency). This makes the variation  

of intensities less dependent on the absolute 
magnitude and evens out highly skewed 
distributions. It has been suggested that 
for larger studies, the choice of normali-
zation has relatively small effect on the 
final analysis outcome of larger microar-
ray studies (compared to platform choice, 
rnA quality, etc.) but can have important 
effects for smaller studies (Verhaak et al. 
2006).

Probe/Tag Mapping

A critical preliminary step to expression 
profiling analysis is the accurate map-
ping of probe, clone, or tag sequence 
to the correct gene locus or transcript. 
Mapping errors are common, can lead to 
misidentification in differential expres-
sion studies, and are a frequent source of 
discrepancy between platforms (yauk and 
Berndt 2007). With genome annotations 
constantly being revised, it is important to 
periodically update the mapping informa-
tion for any platform. Some commercial 
platforms such as Affymetrix periodically 
release updated annotation files. However, 
there are also a number of public resources 
such as DAVID (http://david.abcc.ncifcrf.
gov/) for array probes and DiscoverySpace 
(http://www.bcgsc.ca/platform/bioinfo/
software/ds) for SAGE tags. One difficulty 
is that there are several target gene identi-
fiers that a researcher may wish to utilize 
(Entrez, unigene, refseq, uniprot, etc.). 
Often, a probe sequence will be mapped 
by its sequence to an intermediary identi-
fier and then cross-reference tables used to 
map (sometimes through several steps) to 
the final target identifier. This introduces 
increasing possibilities for error as cross-
reference tables may not be current. Ideally, 
direct mapping by sequence from the 
probe to the desired target identifier should 
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always be used, as this will guarantee  
the most current mappings and best  
correlation with other datasets or platforms 
(Mecham et al. 2004).

Differential Expression Analysis

Expression profiling experiments are most 
commonly applied to the problem of iden-
tifying genes that are expressed differ-
ently between two distinct conditions (e.g., 
cancer versus normal tissue). This typi-
cally involves categorizing samples into 
two groups, determining some measure of 
change between the two categories for each 
gene (e.g., a mean fold-change), assigning 
a measure of statistical significance to each 
gene, and determining a cut-off value to 
select a final list of interesting genes.

The comparison of two conditions (e.g., 
cancer versus normal) is the most straight-
forward case. In two-condition cases, the 
conditions can be either independent (e.g., 
two different patient populations, one can-
cer and one normal) or dependent (e.g., a 
set of matched normal and cancer samples 
from the same patients). In more com-
plex comparisons there may be multiple 
conditions. These can also be categorized 
as independent (e.g., four patient popula-
tions, one for each of four cancer stages) 
or dependent (e.g., a related set of sam-
ples taken from patients at different time 
points). Each of these situations requires 
different statistical considerations.

In cases where no replicates are avail-
able, comparisons are limited. The fold-
change can be calculated between the two 
conditions and a fixed cut-off chosen with 
the most common threshold being two-
fold change. In SAGE analysis, where a 
lack of replicates is common, the Audic-
Claverie statistic is often used (Audic and 
Claverie 1997). This has the advantage of 

considering the respective library sizes 
and tag counts to assign a p-value to the 
observed tag-count difference. If replicates 
are available, many more options become 
available. A number of different statistical 
tests are available to assess differential 
expression in two-condition comparisons 
such as a simple t-test or a non-parametric 
equivalent such as a Wilcoxen rank-sum 
test. In cases where the samples are related 
to each other a paired t-test or Wilcoxon 
matched pairs signed-rank test could be 
used instead. For multi-condition com-
parisons more sophisticated statistics such 
as AnOVA may be employed. A common 
problem with these statistics arises when 
genes have small intensity differences 
and extremely low variance. These genes 
are not likely of interest but tend to have 
very significant p-values because of their 
low variance. A number of variations of 
the t-statistic have been proposed that use 
different penalizing factors to overcome 
this problem. Perhaps the most popular 
solution is the ‘significance analysis of 
microarrays’ (SAM) method (Tusher et al. 
2001). SAM is now able to deal with 
all four basic situations (two- or multi-
condition, independent or dependent). 
using several different approaches may 
be a good strategy. no single approach 
is likely to be completely correct but if 
a gene passes multiple tests, observed 
results are more likely to be ‘real’. For 
a review of statistical approaches to dif-
ferential expression analysis see Steinhoff 
and Vingron (2006).

Multiple testing is a major concern for 
modern genome-wide expression profiling. 
Typically, researchers choose a P-value cut-
off of 0.05 and assume that all genes with 
a lower P-value will be of interest. But, 
supposing that the array contains 10,000 
genes to test, we can expect that ~500  
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(5% of 10,000) of these genes would show 
a P-value of less than 0.05 by chance alone. 
Therefore, some type of multiple test-
ing correction or test reduction (or both) 
should always be carried out. Test reduc-
tion can be accomplished by prefiltering 
the gene list based on some basic criteria, 
for example, genes with very low variance 
across conditions. Multiple testing correc-
tion involves correcting P-values so that a 
given false positive rate (type I error rate) 
is guaranteed for all tests. Methods attempt 
to either control the family wise error rate 
(FWEr: probability of at least one type 
I error) or the false discovery rate (FDr: 
expected proportion of type I errors in the 
rejected hypotheses). A commonly used, 
but extremely conservative, approach is the 
Bonferroni correction where the P-values 
are simply divided by the number of tests 
performed. This method is so conserva-
tive that it is not uncommon to lose all 
significant results after its application. For 
this reason, less stringent procedures such 
as the Benjamini and Hochberg method 
and others have also become popular (for 
review see Pounds 2006).

Expression Profiling Software  
and Databases

There has been an explosion of algorith-
mic implementations, software pack-
ages, and databases for the analysis of 
gene expression data in the bioinformat-
ics field. Here, we will discuss a few of 
the most common analysis tools based 
on our own experience. For expression 
profiling analysis from array processing 
to normalization, differential expression 
analysis, and clustering or classifica-
tion we have utilized the r programming  
language (http://www.r-project.org) and  
the associated Bioconductor packages  

(http://www.bioconductor.org). This is a  
free, open-source resource with a steep 
learning curve, but is versatile and extremely 
powerful. Some useful packages are ‘gcrma’ 
for background correction and normaliza-
tion of Affymetrix data, ‘limma’ for differ-
ential expression analysis of both one- and 
two-color arrays, ‘samr’ for SAM analysis 
and ‘multtest’ for multiple testing correc-
tion methods. For software packages with 
a graphical user interface, the TM4 suite 
(http://www.tm4.org) for cDnA microarray 
data and Dchip (http://www.dchip.org) for 
oligonucleotide array data are also avail-
able. In addition to software for analyzing 
expression data, a number of databases 
exist for the submission, storage, and dis-
semination of raw expression data for the 
research community. The Gene Expression 
Omnibus (http://www.ncbi.nlm.nih.gov/
geo) currently holds >147,000 samples for 
>100 different organisms and the Stanford 
Microarray Database (http://genome-
www5.stanford.edu) contains >10,000 pub-
lic experiments for >20 organisms. Each 
is capable of housing multiple difference 
platform types. Another useful database 
is Oncomine (http://www.oncomine.org), a 
database specializing in cancer expression 
datasets and web-based analysis tools that 
contains >20,000 microarrays representing 
39 different cancer types.

VALIDATIOn METHODS

While expression profiling technologies 
such as microarrays are well recognized as 
one of the most powerful tools for screen-
ing biological samples for expression 
changes, they are also known to generate a 
high number of false-positives. Therefore, 
it is a common practice to validate micro-
array findings with an independent assay. 
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There are two major levels at which  
validation is desired. Firstly, there is vali-
dation of the actual microarray measure-
ment (i.e., can the changes in transcript 
level be confirmed?). Secondly, there is 
validation at the biological level (do the 
changes have something to do with the 
condition being studied?). In the first 
case, the original samples might undergo 
another comparison using a more precise 
quantitative assay. In the second case, 
validation might occur on an independ-
ent set of samples to show that the gene 
effect is generalizable or a functional 
assay designed to test the hypothesized 
effect of the gene expression change (e.g., 
a gene knockout in a model system for 
the disease). As microarray technologies 
become more reliable and less expensive 
(allowing more replicates) technical vali-
dation of the assay diminishes in impor-
tance leaving more resources available for 
biological validation. Perhaps the most 
common technical validation method is 
(semi-)quantitative real time PCr (qrt-
PCr), which permits for validation at the 
rnA level. For an extensive review of 
qrtPCr and its application to cancer see 
Provenzano and Mocellin (2007). Other 
validation techniques include northern 
blot analysis and in situ hybridization.

It is also becoming popular to cross-
validate results by running the experi-
ments on a second expression profiling 
platform. However, this raises the issues 
of platform concordance and comparabil-
ity. Comparisons between platforms have 
proven problematic for a number of rea-
sons (reviewed in yauk and Berndt 2007). 
Each platform may differ in the probes 
represented, sample preparation methods, 
hybridization conditions, scanning tech-
nology and so forth. For example, our 

study of 5 different platforms (Affymetrix 
GeneChip, LongSAGE, LongSAGELite, 
‘Classic’ MPSS and ‘Signature’ MPSS) 
demonstrated systematic and random 
errors resulting in different G+C content 
sensitivity for each (Siddiqui et al. 2006). 
These biases would influence whether a 
gene is detected, and if detected, the level 
of expression measured. These kinds of 
platform-specific biases will undoubtedly 
effect the accuracy of measurements and 
make any platform comparisons imperfect. 
However, as optimization and standardiza-
tion methods have improved, platform 
correlations have transitioned from quite 
poor to consistently good, making cross-
platform validation a viable strategy (yauk 
and Berndt 2007).

Conceptually, mrnA levels are used 
as a surrogate for protein abundance and 
activity. However, it is not always the case 
that a change in rnA level translates to a 
change in protein level. Therefore, valida-
tion of changes at the protein level is com-
monly carried out using techniques such as 
Western blot analysis, ELISA, immunoblot 
assays, or immunohistochemistry (IHC). 
A final approach for validation is at the 
bioinformatic level. A common analysis is 
to evaluate a list of differentially expressed 
genes for over-representation of specific 
biological processes or pathways using 
the Gene Ontology or KEGG resources. 
The significant observations can then be 
assessed in the context of the current lit-
erature for the disease being studied in 
order to determine if expected pathways 
or processes are activated or deactivated. 
Other bioinformatic validations involve 
searching for concordance or significant 
overlap with previously published datasets 
or other data types (e.g., protein-protein 
interactions).
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CLuSTErInG AnD 
CLASSIFICATIOn AnALySIS

One of the most powerful uses of gene 
expression data in oncology is the defi-
nition of gene signatures. This involves 
finding similar gene expression patterns 
shared by a set of samples using either 
unsupervised or supervised approaches. 
unsupervised methods such as cluster 
analysis, self organizing maps, and princi-
pal component analysis are used to define 
groups or classes among genes or samples 
without any a priori knowledge. This is 
useful for initial data exploration, and can 
be used to define new molecular subgroups 
in a cancer. In supervised methods such as 
support vector machines, neural networks, 
and random forests, relevant classes are 
defined before the analysis. This allows 
identification of the optimal set of genes 
for discriminating between the two classes 
of interest. For a review of the use of 
microarrays for cancer diagnosis and clas-
sification see Perez-Diez et al. (2007).

Cancer Diagnosis using Tumor Gene 
Expression Signatures

Cancer classification systems currently 
include >200 types of human cancers 
(Greene et al. 2002). In addition to these, 
there are an even greater number of cancer 
subtypes and patient-specific tumor char-
acteristics such as rate of proliferation, 
capacity for invasion or metastasis, and 
resistance to specific treatments. In order 
to formulate the best treatment, a clinician 
must determine the cancer type and tumor 
characteristics as accurately as possible. 
Molecular methods such as expression 
profiling arrays represent a powerful new 
method for precise diagnoses. Golub et al. 

(1999) first demonstrated this potential for 
diagnosis of acute leukemia. The authors 
used supervised analysis to identify a 
diagnostic panel of 50 genes differentially 
expressed in a test set of 27 acute lymphob-
lastic leukemia (ALL) cases and 11 acute 
myeloid leukemia (AML) cases. using 
this predictor they were able to diagnose 
an independent set of 34 leukemias with a 
high degree of accuracy (29 of 34 correctly 
classified). Lubitz et al. (2006) recently 
used DnA microarray analysis to iden-
tify 25 differentially expressed genes in a 
comparison of 26 benign and 24 malignant 
thyroid carcinomas. unsupervised hierar-
chical clustering was used to classify 22 
FnAB specimens. The classification was 
100% concordant to the final histological 
diagnosis compared to 76% from preop-
erative cytological FnAB diagnosis.

Defining new Molecular Subtypes  
with Gene Expression Data

In addition to discriminating between 
known subtypes of cancer, expression pro-
filing provides a powerful new approach to 
define new cancer subtypes at the molecu-
lar level. In combination with clinical 
data, these new molecular subclasses can 
provide important information for cancer 
diagnosis and prognosis. Alizadeh et al. 
(2000) demonstrated this potential for 
diffuse large B-cell lymphoma (DLBCL). 
using unsupervised class discovery 
methods, the authors were able to define 
two new clinically relevant subgroups of 
DLBCL termed ‘germinal center B-like’ 
and ‘activated B-like’. These two new 
groups have significantly different prog-
noses 5 years after chemotherapy treat-
ment with 76% of germinal centre B-like 
DLBCL patients surviving compared to 
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only 16% for activated B-like DLBCL. 
In thyroid cancer, Giordano et al. (2005) 
performed expression analysis of a large 
cohort of 51 papillary thyroid carcinomas. 
They were able to define three tumor 
groups based on expression patterns that 
closely reflects tumor morphology and 
mutational status of BRAF, RAS, and 
RET/PTC.

Developing Biomarkers or Panels  
from Microarray Class Predictors

Another valuable contribution of expres-
sion profiling data for cancer diagnoses 
is for the selection of surrogate molecular 
markers. Instead of using a microarray 
gene-signature for diagnosis, promising 
genes are transferred to a low-throughput 
technology such as rT-PCr, ELISA, or 
IHC. This has the potential for a diagnos-
tic test to be developed that is more cost 
effective and can rapidly be adopted into 
clinical practice. Also, it may be possible 
to test for these biomarkers in serum or 
other bodily fluids; thus, avoiding inva-
sive diagnostic tests. Biomarkers can be 
selected from the list of predictors in the 
microarray classifier. However, these clas-
sifiers are often comprised of hundreds 
of genes which individually may have 
low predictive power or do not trans-
late well into a new assay. A differen-
tially expressed gene on a microarray will 
not always be validated by rT-PCr, and 
changes in rnA level do not always cor-
respond to changes at the protein level. 
Therefore, a major challenge is to identify 
a gene or genes that retain good predic-
tive power in a low-throughput assay. 
using multiple classification algorithms to  
select genes may help to identify the most 
robust predictors (Fu and Fu-Liu 2004). 

Tissue microarrays can be used to test a 
large number of potential biomarkers using 
IHC before selecting the final candidates.

A comparison of cDnA microarrays and 
tissue microarrays on 55 breast tumors 
showed that in many cases (two thirds of the 
15 breast cancer markers examined) there 
was no correlation between the mrnA lev-
els and protein levels (Ginestier et al. 2002). 
Furthermore, in some cases, the protein lev-
els had prognostic value but not the rnA 
or vice versa. Therefore, it is a good idea to 
test a large number of potential markers in 
a high or medium throughput experiment in 
order to choose the best candidates for the 
final low-throughput diagnostic assay for 
the clinic. A six-gene diagnostic panel (kit, 
Hs.296031, Hs.24183, LSM7, SYNGR2, 
and C21or4) was developed in this man-
ner for thyroid cancer. The genes were 
first demonstrated to have classification 
potential in a microarray study and then 
confirmed by qrT-PCr as being able to 
differentiate between benign and malignant 
thyroid tumors with high sensitivity and 
specificity (rosen et al. 2005).

ExPrESSIOn PrOFILInG 
STuDIES In THyrOID 
CAnCEr

Perhaps because of its excellent prognosis, 
with few individuals succumbing to disease, 
thyroid cancer has not received the same 
level of attention as some other human 
malignancies. However, a significant number 
of profiling studies have been completed. 
Our recent meta-analysis and meta-review 
(Griffith et al. 2006) summarized the current 
literature. This summary has been updated 
in Table 24.1. Of the 24 studies evaluating 
thyroid tumors the methods utilized were: 



36524. Thyroid Cancer: Identification of Gene Expression Markers for Diagnosis

Ta
bl

e 
24

.1
. S

um
m

ar
y 

of
 g

en
e 

ex
pr

es
si

on
 p

ro
fi

lin
g 

st
ud

ie
s 

fo
r 

th
yr

oi
d 

ca
nc

er

St
ud

y
Pl

at
fo

rm
G

en
es

 / 
 

fe
at

ur
es

C
om

pa
ri

so
n

u
p-

/d
ow

n-
re

gu
la

te
d 

ge
ne

s
C

on
di

tio
n 

1 
(n

o.
 s

am
pl

es
)

C
on

di
tio

n 
2 

(n
o.

 s
am

pl
es

)

Fi
nn

 e
t a

l. 
(2

00
7)

a
A

pp
lie

d 
B

io
sy

st
em

s 
H

um
an

 G
en

om
e 

Su
rv

ey
 A

rr
ay

29
,0

98
PT

C
(6

),
 F

V
PT

C
(8

)
n

or
m

(2
),

 H
n

(4
),

 F
A

(3
),

 
LT

(1
),

 G
r

T
(1

)
52

/1
21

L
ub

itz
 e

t a
l. 

(2
00

6)
a

A
ff

ym
et

ri
x 

H
G

-u
95

A
v2

12
,6

26
H

n
(1

0)
, F

A
(1

6)
PT

C
(1

1)
, F

V
PT

C
(1

3)
18

/7
A

rn
al

di
 e

t a
l. 

(2
00

5)
C

us
to

m
 c

D
n

A
 a

rr
ay

1,
80

7
FC

L
(1

)
n

or
m

 (
1)

9/
20

FC
L

(1
),

 P
C

L
(1

),
 u

C
L

(1
)

n
or

m
 (

1)
3/

6
PC

L
(1

)
n

or
m

 (
1)

1/
8

u
C

L
(1

)
n

or
m

 (
1)

1/
7

G
io

rd
an

o 
et

 a
l. 

(2
00

5)
A

ff
ym

et
ri

x 
H

G
-u

13
3A

22
,2

83
PT

C
(5

1)
n

or
m

(4
)

90
/1

51
Ja

rz
ab

 e
t a

l. 
(2

00
5)

A
ff

ym
et

ri
x 

H
G

-u
13

3A
22

,2
83

PT
C

(1
6)

n
or

m
(1

6)
75

/2
7

L
ub

itz
 e

t a
l. 

(2
00

5)
a

A
ff

ym
et

ri
x 

H
G

-u
95

A
v2

12
,6

26
FA

(1
3)

W
IF

T
C

(7
)

40
1

M
IF

T
C

(7
)

W
IF

T
C

(7
)

36
5

M
IF

T
C

(7
)

FA
(1

3)
22

3

W
eb

er
 e

t a
l. 

(2
00

5)
A

ff
ym

et
ri

x 
H

G
-u

13
3A

22
,2

83
FA

(1
2)

FT
C

(1
2)

12
/8

4
A

ld
re

d 
et

 a
l. 

(2
00

4)
A

ff
ym

et
ri

x 
H

G
-u

95
A

12
,5

58
FT

C
 (

9)
PT

C
(6

),
 n

or
m

(1
3)

0/
14

2
PT

C
 (

6)
FT

C
(9

),
 n

or
m

(1
3)

68
/0

C
er

ut
ti 

et
 a

l. 
(2

00
4)

SA
G

E
n

/A
FA

(1
)

FT
C

(1
),

 n
or

m
(1

)
5/

0
FT

C
(1

)
FA

(1
),

 n
or

m
(1

)
12

/0
C

he
vi

lla
rd

 e
t a

l. 
(2

00
4)

cu
st

om
 c

D
n

A
 a

rr
ay

5,
76

0
FT

C
(3

)
FA

(4
)

12
/3

1
FV

PT
C

(3
)

PT
C

(2
)

12
3/

16
Fi

nl
ey

 e
t a

l. 
(2

00
4a

)
A

ff
ym

et
ri

x 
H

G
-u

95
A

12
,5

58
PT

C
(7

),
 F

V
PT

C
(7

)
FA

(1
4)

, H
n

(7
)

48
/8

5
Fi

nl
ey

 e
t a

l. 
(2

00
4b

)
A

ff
ym

et
ri

x 
H

G
-u

95
A

12
,5

58
FT

C
(9

),
 P

T
C

(1
1)

, 
FV

PT
C

(1
3)

FA
(1

6)
, H

n
(1

0)
50

/5
5

H
aw

th
or

n 
et

 a
l. 

(2
00

4)
A

ff
ym

et
ri

x 
H

G
-u

95
A

12
,5

58
G

T
(6

)
n

or
m

(6
)

1/
7

PT
C

(8
)

G
T

(6
)

10
/2

8
PT

C
(8

)
n

or
m

(8
)

4/
4

(c
on

tin
ue

d)



366 O.L. Griffith et al.

St
ud

y
Pl

at
fo

rm
G

en
es

 / 
 

fe
at

ur
es

C
om

pa
ri

so
n

u
p-

/d
ow

n-
re

gu
la

te
d 

ge
ne

s
C

on
di

tio
n 

1 
(n

o.
 s

am
pl

es
)

C
on

di
tio

n 
2 

(n
o.

 s
am

pl
es

)

M
az

za
nt

i e
t a

l. 
(2

00
4)

H
s-

u
ni

G
em

2 
hu

m
an

 c
D

n
A

 a
rr

ay
9,

98
4

PT
C

(1
7)

, F
V

PT
C

(1
5)

FA
(1

6)
, H

n
(1

5)
5/

41
O

nd
a 

et
 a

l. 
(2

00
4)

A
m

er
sh

am
 c

us
to

m
 c

D
n

A
 a

rr
ay

27
,6

48
A

C
L

(1
1)

, A
T

C
(1

0)
n

or
m

(1
0)

31
/5

6
Pa

uw
s 

et
 a

l. 
(2

00
4)

SA
G

E
n

/A
FV

PT
C

(1
)

n
or

m
(1

)
33

/9
y

an
o 

et
 a

l. 
(2

00
4)

A
m

er
sh

am
 c

us
to

m
 c

D
n

A
 a

rr
ay

3,
96

8
PT

C
(7

)
n

or
m

(7
)

54
/0

Z
ou

 e
t a

l. 
(2

00
4)

A
tla

s 
hu

m
an

 c
an

ce
r 

cD
n

A
 a

rr
ay

 (
ca

nc
er

 1
.2

 a
rr

ay
)

1,
17

6
M

A
C

L
(1

)
A

C
L

(1
)

43
/2

1
B

ar
de

n 
et

 a
l. 

(2
00

3)
A

ff
ym

et
ri

x 
H

G
-u

95
A

12
,5

58
FT

C
(9

)
FA

(1
0)

59
/4

5
W

as
en

iu
s 

et
 a

l. 
(2

00
3)

A
tla

s 
hu

m
an

 c
an

ce
r 

cD
n

A
 a

rr
ay

 (
ca

nc
er

 1
.2

 a
rr

ay
)

1,
17

6
PT

C
(1

8)
n

or
m

(3
)

12
/9

C
he

n 
et

 a
l. 

(2
00

1)
A

tla
s 

hu
m

an
 c

D
n

A
 a

rr
ay

 (
C

lo
nt

ec
h)

58
8

M
 (

1)
FT

C
 (

1)
18

/4
0

E
sz

lin
ge

r 
et

 a
l. 

(2
00

1)
A

tla
s 

hu
m

an
 c

D
n

A
 a

rr
ay

 (
C

lo
nt

ec
h)

58
8

A
FT

n
(3

),
 C

T
n

(3
)

n
or

m
(6

)
0/

16
H

ua
ng

 e
t a

l. 
(2

00
1)

A
ff

ym
et

ri
x 

H
G

-u
95

A
12

,5
58

PT
C

 (
8)

n
or

m
 (

8)
24

/2
7

Ta
ka

no
 e

t a
l. 

(2
00

0)
SA

G
E

n
/A

FT
C

(1
)

A
T

C
(1

)
3/

10
FT

C
(1

)
FA

(1
)

4/
1

n
or

m
(1

)
FA

(1
)

6/
0

PT
C

(1
)

A
T

C
(1

)
2/

11
PT

C
(1

)
FA

(1
)

7/
0

PT
C

(1
)

FT
C

(1
)

2/
1

24
 s

tu
di

es
10

 p
la

tf
or

m
s

39
 c

om
pa

ri
so

ns
 (

57
5 

sa
m

pl
es

)
29

72
 g

en
es

T
he

 ‘
G

en
es

/f
ea

tu
re

s’
 c

ol
um

n 
re

fe
rs

 to
 th

e 
nu

m
be

r 
of

 c
lo

ne
s 

or
 p

ro
be

s 
sp

ot
te

d 
on

 th
e 

va
ri

ou
s 

cD
n

A
 o

r 
ol

ig
on

uc
le

ot
id

e 
ar

ra
ys

. S
A

G
E

 is
 li

st
ed

 a
s 

no
t a

pp
lic

ab
le

 (
n

/A
) 

be
ca

us
e 

th
e 

nu
m

be
r 

of
 u

ni
qu

e 
ta

gs
 o

bs
er

ve
d 

is
 in

de
te

rm
in

at
e 

an
d 

de
pe

nd
s 

on
 th

e 
lib

ra
ry

 s
eq

ue
nc

in
g 

de
pt

h.
 T

he
 n

um
be

r 
of

 s
am

pl
es

 a
ss

ay
ed

 f
or

 e
ac

h 
co

nd
iti

on
 in

 e
ac

h 
co

m
pa

ri
so

n 
is

 s
ho

w
n 

in
 b

ra
ck

et
s 

in
 th

e 
‘c

on
di

tio
n 

1/
2’

 c
ol

um
ns

. I
n 

ca
se

s 
w

he
re

 m
ul

tip
le

 c
om

pa
ri

so
ns

 w
er

e 
co

nd
uc

te
d 

fo
r a

 s
in

gl
e 

st
ud

y,
 a

 s
am

pl
e 

ca
n 

be
 li

st
ed

 m
or

e 
th

an
 o

nc
e.

 T
he

 n
um

be
rs

 o
f ‘

up
-/

do
w

n-
re

gu
la

te
d’

 g
en

es
 re

po
rt

ed
 

(i
f 

sp
ec

ifi
ed

) 
ar

e 
fo

r 
co

nd
iti

on
 1

 r
el

at
iv

e 
to

 c
on

di
tio

n 
2 

fo
r 

ea
ch

 c
om

pa
ri

so
n 

as
 p

ro
vi

de
d 

by
 th

e 
pu

bl
ic

at
io

n 
or

 s
up

pl
em

en
ta

ry
 m

at
er

ia
ls

.
a I

nd
ic

at
es

 a
 s

tu
dy

 t
ha

t 
w

as
 n

ot
 i

nc
lu

de
d 

in
 o

ur
 m

et
a-

an
al

ys
is

 (
G

ri
ffi

th
 e

t 
al

. 
20

06
).

 A
bb

re
vi

at
io

ns
: 

A
C

L
, 

an
ap

la
st

ic
 t

hy
ro

id
 c

an
ce

r 
ce

ll 
lin

e;
 A

FT
n

, 
au

to
no

m
ou

sl
y 

fu
nc

tio
ni

ng
 t

hy
ro

id
 

no
du

le
s;

 A
T

C
, a

na
pl

as
tic

 th
yr

oi
d 

ca
nc

er
; C

T
n

, c
ol

d 
th

yr
oi

d 
no

du
le

; D
T

C
, d

if
fe

re
nt

ia
te

d 
th

yr
oi

d 
ca

nc
er

; F
A

, f
ol

lic
ul

ar
 a

de
no

m
a;

 F
C

L
, f

ol
lic

ul
ar

 c
ar

ci
no

m
a 

ce
ll 

lin
e;

 F
T

C
, f

ol
lic

ul
ar

 th
yr

oi
d 

ca
rc

in
om

a;
 F

V
PT

C
, f

ol
lic

ul
ar

 v
ar

ia
nt

 p
ap

ill
ar

y 
ca

rc
in

om
a;

 G
r

T,
 g

ra
ve

’s
 t

hy
ro

id
iti

s;
 G

T,
 g

oi
te

r;
 H

C
C

, H
ür

th
le

 c
el

l 
ca

rc
in

om
a;

 H
n

, h
yp

er
pl

as
tic

 n
od

ul
e;

 L
T,

 l
ym

ph
oc

yt
ic

 t
hy

ro
id

iti
s;

 M
, 

m
et

as
ta

tic
; 

M
A

C
L

, 
an

ap
la

st
ic

 t
hy

ro
id

 c
an

ce
r 

ce
ll 

lin
e 

w
ith

 m
et

as
ta

tic
 c

ap
ac

ity
; 

M
IF

T
C

, 
m

in
im

al
ly

 i
nv

as
iv

e 
FT

C
; 

M
T

C
, 

m
ed

ul
la

ry
 t

hy
ro

id
 c

ar
ci

no
m

a;
 n

or
m

, 
no

rm
al

; 
PC

L
, 

pa
pi

lla
ry

 
ca

rc
in

om
a 

ce
ll 

lin
e;

 P
T

C
, p

ap
ill

ar
y 

th
yr

oi
d 

ca
rc

in
om

a;
 T

C
V

PT
C

, t
al

l-
ce

ll 
va

ri
an

t P
T

C
; u

C
L

, u
nd

if
fe

re
nt

ia
te

d 
ca

rc
in

om
a 

ce
ll 

lin
e;

 W
IF

T
C

, w
id

el
y 

in
va

si
ve

 F
T

C

Ta
bl

e 
24

.1
. (

co
nt

in
ue

d)



36724. Thyroid Cancer: Identification of Gene Expression Markers for Diagnosis

3 SAGE, 6 commercial cDnA arrays, 3 
custom cDnA arrays, and 12 commercial 
oligonucleotide arrays. The studies listed 
carried out 39 different comparisons using 
575 patient or cell line samples and reported 
2,972 differentially expressed genes.

CrOSS-PLATFOrM 
InTEGrATIOn  
AnD META-AnALySIS

To identify genes important in thyroid 
cancer, many studies (as detailed above) 
have compared the global gene expression 
patterns between normal and cancerous 
thyroid tissue or between different thyroid 
cancer subtypes. Such analyses usually 
attempt to identify differentially expressed 
(up- or down-regulated) genes that play an 
important role in disease development and 
progression. unfortunately, these studies 
tend to identify many genes (dozens or 
hundreds) of which many are expected to be 
false-positives and only a small fraction are 
useful as diagnostic or prognostic markers 
or therapeutic targets. A logical approach 
for distinguishing important genes from 
spurious genes, given a large number of 
candidate gene lists, is to search for the 
intersection of genes identified in multiple 
independent studies. It is expected that bio-
logically relevant genes will be over-repre-
sented and system-specific spurious genes 
will be under-represented. In these meta-
analysis methods, when different platforms 
or studies are in agreement, there is good 
evidence for a biological effect. But, when 
there is disagreement there may not neces-
sarily be good evidence of a non-effect. 
Thus, meta-analysis of expression profil-
ing minimizes false-positives but may not 
necessarily minimize false-negatives.

As large numbers of cancer profiling 
studies have become available the iden-
tification of gene list intersections has 
become increasingly popular. recent stud-
ies have looked for transcriptional profiles 
common for many cancer types (rhodes 
et al. 2004) or focused on specific tumors 
such as colorectal cancer (Shih et al. 2005). 
One successful example of this technique 
was used to identify AMACR as a biomar-
ker for distinguishing benign from malig-
nant prostate samples (rubin et al. 2002). 
AMACR was selected using four independ-
ent gene expression datasets that showed 
it to be over-expressed in prostate cancer. 
The microarray results were validated at 
both the rnA and protein levels using 
rT-PCr and immunoblot assay, respec-
tively. Finally, the diagnostic utility of 
AMACR as a biomarker was confirmed 
by IHC in TMA studies. This illustrates 
the importance of employing multi-study 
confirmation and multi-method validation 
to facilitate biomarker discovery.

Currently, few cross-platform analyses 
have been carried out for the growing 
number of datasets available for thyroid 
neoplasms. Such studies, while conceptu-
ally simple, face a number of technical 
challenges which include: inconsistent gene 
identifiers, unavailable data, uncertain sig-
nificance of results, poor quality of probe 
annotations, and poor description of sam-
ples or experimental design. If two or more 
experiments were carried out in the same 
laboratory, combining results can be very 
powerful. But, if carried out in different 
laboratories, much more caution must be 
exercised. We have previously attempted to 
overcome these challenges and presented 
a ‘meta-review’ of published microarray 
studies to identify a large number of poten-
tial biomarkers that have been consistently 
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reported for thyroid cancer (Griffith et al. 
2006). The approach involved a ‘vote-
counting’ strategy based on the number of 
studies reporting a gene as differentially 
expressed and further ranking based on 
total sample size and average fold-change. 
Monte Carlo simulations were used to 
show that the observed level of overlap 
between studies was highly unlikely to 
occur by chance alone. The method was 
successfully validated against a more tradi-
tional meta-analysis approach and a large 
number of highly significant ‘multi-study’ 
genes provided. A review of the top 12 can-
didates revealed well known thyroid cancer 
markers such as MET, TFF3, SERPINA1, 
TIMP1, FN1, and TPO as well as relatively 
novel or uncharacterized genes such as 
TGFA, QPCT, CRABP1, FCGBP, EPS8, 
and PROS1. Such ‘multi-study’ markers 
could prove a useful resource for further 
study by high throughput molecular ana-
lytic techniques as already discussed.

The ‘meta-review’ method made use of 
published lists of differentially expressed 
genes. These lists were produced using a 
wide variety of experimental and compu-
tational protocols. While it can be advan-
tageous to use different technologies, as 
already discussed, it is less ideal to use dif-
ferent normalization, filtering thresholds, 
probe mapping techniques, etc. Improved 
methods may have become available since 
some of the studies were originally pub-
lished. Also, a general advantage of meta-
analysis methods is that weak but consistent 
effects may be detected which would likely 
be filtered out as uninteresting ‘noise’ in 
any individual study. To avoid these limita-
tions, researchers performing meta-analy-
ses need access to raw expression profiling 
data and high quality experimental and 
clinical annotations. To this end, all gene 

expression publications should comply 
with the MIAME (Minimum Information 
About a Microarray Experiment) standard 
and deposit their raw data (e.g., cel files) 
in a public database.

rhodes et al. (2004) collected and 
analyzed data from 3,700 cancer samples 
representing 10 different tumor types. 
This dataset allowed them to identify a 
common transcriptional profile univer-
sally activated across most cancer types 
and another signature associated with 
more aggressive, undifferentiated can-
cers. Their laboratory has since released a 
web resource called Oncomine. The cur-
rent version (Oncomine 3.0) contains 289 
studies representing 20,835 samples and 
39 cancer types and allows meta-analysis 
of differential expression for any set of 
studies that the user selects (rhodes et al. 
2007). This is a very powerful resource 
that removes many of the practical bar-
riers (discussed above), and makes the 
final product (the significant genes with 
multi-study overlap) directly available to 
the researcher community. unfortunately, 
the database does not follow an open 
model whereby users can submit their 
own datasets directly, access the database 
programmatically, or download raw data. 
Currently (as of June 2007), only a single 
thyroid cancer study has been added to 
this system. This is likely because many 
of the groups reporting thyroid cancer 
profiling studies have still not made their 
raw data available in any of the public 
databases. When conducting a validation 
of our meta-analysis using raw data for 
the Affymetrix platform, we found that 
only two of nine studies had deposited 
their data in public databases and only 
two of the remaining seven responded 
favorably to email requests.
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MOLECuLAr MArKErS  
FOr THyrOID CAnCEr

Based on the results of our meta-analysis 
and a further literature review we will dis-
cuss some of the most promising potential 
biomarkers for thyroid carcinoma that have 
resulted from expression profiling studies.

We defined ‘well-characterized’ genes 
as those that have been validated in more 
than one follow-up study and at both the 
rnA and protein levels such as MET, 
TFF3, SERPINA1, TIMP1, FN1, and TPO. 
Several studies have implicated MET pro-
tein expression in thyroid cancer as both 
a diagnostic tool and prognostic tool. 
Increased MET expression has been asso-
ciated with higher risk for metastasis, 
recurrence in PTC and poor prognosis 
in FTC (Di renzo et al. 1992; ramirez 
et al. 2000). However, in another study, 
decreased MET was shown to be an effec-
tive predictor of distant metastases among 
PTC cases (Belfiore et al. 1997). While no 
reports have evaluated TFF3 at the protein 
level, numerous studies have suggested 
TFF3 to be a useful biomarker at the rnA 
level. A two-gene panel of SFTPB and 
TFF3 was shown to correctly diagnose 
PTC with a sensitivity of 88.9%, spe-
cificity of 96.7%, and accuracy of 94.9% 
(Hamada et al. 2005), and TFF3/LGALS3 
mrnA ratio was shown to distinguish 
FA from FTC with sensitivity and spe-
cificity of 80.0% and 91.5%, respectively 
(Takano et al. 2005). An antibody study 
of SERPINA1 reported immunoreactivity 
in 9/10 PTCs with no staining in the adja-
cent normal thyroid tissues (Poblete et al. 
1996). TIMP1 upregulation was confirmed 
by IHC with positive immunostaining in 
68% of PTC cases and none of the normals 
(Wasenius et al. 2003). Another IHC study 

of TIMP1 for 86 PTC specimens showed 
increased immunoreactivity in the tumor 
regions versus nontumor regions in 92% 
of cases and significant correlations with 
unfavorable prognostic variables (Maeta 
et al. 2001). FN1 has been proposed as 
a useful rT-PCr marker of DTC (Hesse 
et al. 2005), and an important modulator 
of thyroid cell adhesiveness and neoplas-
tic cell growth (Liu et al. 2005). An IHC 
study of 85 FTCs and 21 FAs reported 
that coexpression of FN1 and GAL3 or 
FN1 and HBME1 was restricted to can-
cer while their concurrent absence was 
highly specific for benign lesions (96%) 
(Prasad et al. 2005). A large number of 
studies have investigated TPO as a marker 
for thyroid carcinoma. Lazar et al. (1999) 
found that higher thyroid cancer stage was 
associated with lower TPO mrnA expres-
sion. Segev et al. (2003) reviewed five 
IHC studies involving nearly 400 follicu-
lar lesions and found that 93% of FAs and 
97% of FTCs were accurately diagnosed 
by TPO antibody staining. Studies using 
FnAB samples however have proved less 
promising with false positive rates as high 
as 32% (Segev et al. 2003). For the most 
part, the six genes reviewed above appear 
promising as thyroid cancer candidates 
and warrant further study.

For four genes identified in the meta-anal-
ysis (TGFA, QPCT, CRABP1 and FCGBP) 
we could find only a single follow-up 
study or validation experiment confirm-
ing their potential importance in thyroid 
cancer. Bergstrom et al. (2000) suggest 
that increased expression of TGFA may 
be responsible for aberrant activation of 
EGFR and ultimately overexpression and 
activation of MET (importance discussed 
above). Jarzab et al. (2005) built a clas-
sifier capable of discriminating between 
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PTC and nonmalignant samples in 90% 
of cases. This classifier included QPCT 
(along with 18 other genes). QPCT was 
considered a novel gene and was validated 
by qPCr in the study, but has received lit-
tle further study. CRABP1 down-regulation 
was confirmed by rT-PCr (Hawthorn 
et al. 2004) and another study reported that 
hypermethylation of promoter CpG islands 
for CRABP1 in PTC may explain the 
reduced expression (Huang et al. 2003). 
Differential expression of FCGBP was 
confirmed by restriction-mediated dif-
ferential display and real-time rT-PCr 
(O’Donovan et al. 2002).

For two genes (EPS8 and PROS1) we 
could find no confirmation beyond the 
initial microarray experiment. In our meta-
analysis, five studies identified EPS8 and 
four identified PROS1 as up-regulated in 
comparisons of cancer to noncancer. And 
yet, to our knowledge, no follow-up study 
has confirmed either of these genes (even 
at the rnA level). It is unclear if genes 
like EPS8 and PROS1 have not been fur-
ther validated because they were identi-
fied as false-positives but not reported as 
such (because negative observations are 
rarely reported in the literature) or simply 
because they have not yet been chosen for 
further study. These genes and the other 
less characterized candidates may repre-
sent novel diagnostic markers for thyroid 
cancer and warrant further investigation.

Comparison to a previous ‘meta-review’ 
by Segev et al. (2003) of mainly single-
gene protein-level thyroid cancer studies 
found that four of their 12 markers identi-
fied as promising pre-operative diagnostic 
markers were identified as high-ranking 
candidates (top 30) in our meta-analysis  
(TPO, CD44, KRT19, and LGALS3).  
Two of their candidates were either not 

represented (HBME-1) or cannot be reliably  
assayed by the microarray platforms (RET/
PTC rearrangements). However, six other 
‘promising markers’ (CDKN1B, TERT, 
CP/LTF, DLGAP4, HMGA1, and PAX8) 
do have representation on at least some of 
the expression platforms and yet were not 
identified as differentially expressed in 
even a single study in our meta-analysis. 
These genes may have displayed some 
differential expression but not reached the 
required thresholds for inclusion in the 
published lists. Alternatively, they may 
represent cases where changes in rnA 
levels do not correlate well with changes 
in protein levels.

Since our meta-analysis, three additional 
studies have been published that would 
likely have been included (see Table 24.1). 
A brief look at these studies shows that the 
pattern of consistently reported genes has 
continued. Of the multi-study genes we iden-
tified as significant, 9 of the top 12 (reviewed 
above) and 18 of the top 39 genes were 
also reported in one or more of the recent 
studies. Two of the studies used an updated 
version of the Affymetrix HG-u95A plat-
form but the third used an entirely new plat-
form (Applied Biosystems Human Genome 
Survey Microarray). This demonstrates yet 
again that completely different expression 
profiling technologies do consistently iden-
tify a common set of differentially expressed 
genes. It should be noted that additional 
genes might also reach significant overlap 
with the inclusion of new datasets. As new 
datasets become available, it may be useful 
to update the meta-analysis.

Of all markers that have been evalu-
ated for the diagnosis of thyroid cancer, 
Galectin 3 has been the most widely stud-
ied. Galectins are involved in many of the 
biologic functions of the cell including:  
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growth, differentiation, adhesion, mrnA 
processing, and apoptosis (Liu and 
rabinovich 2005). Multiple investigators 
have focused on galectin-3, a chimera 
type galectin that contains a nonlectin 
portion connected to a lectin domain, as 
a diagnostic marker for thyroid cancer 
because it is consistently expressed in the 
cytoplasm of malignant thyrocytes (Collet 
et al. 2005). In a recent multicenter study 
Bartolazzi et al. (2001) reported galectin-3 
expression in 1,009 thyroid specimens to 
be a sensitive and specific marker for thy-
roid cancer diagnosis. Other groups have 
improved the sensitivity and specificity 
of thyroid cancer diagnosis by evaluat-
ing panels of molecular markers. Some of 
these panel members have been identified 
by gene expression profiling studies and 
others identified as useful at either the 
rnA or Protein level in targeted assays. 
Promising panels of diagnostic markers 
have included: Galectin-3, HBME-1, ERK, 
RET, p16, CK19, TTF-1, CITED-1, and 
S100A4 (Choi et al. 2005; Barroeta et al. 
2006; nakamura et al. 2006; Scognamiglio 
et al. 2006; Melck et al. 2007).

In conclusion, in this chapter, we have 
reviewed the basics of gene expression 
profiling and summarized their application 
to thyroid cancer. Such studies have identi-
fied a plethora of differentially expressed 
genes with a significant number being 
consistently identified by several different 
platforms and research groups. A number 
of these multi-study genes have since 
been verified as having diagnostic utility, 
whereas others have received relatively lit-
tle attention. The multi-study genes in our 
meta-analysis were identified solely from 
reported lists of genes with each study 
using different significance thresholds and 
data processing methods. undoubtedly, a 

superior approach would be to reanalyze 
each dataset from raw data using consist-
ent methods. In order for this to occur, 
researchers must make their raw data avail-
able in the public databases and adhere to 
experimental annotation standards such 
as MIAME. This would also allow the 
thyroid cancer community to benefit from 
powerful toolkits such as the Oncomine 
resource which would essentially handle 
all the details of meta-analysis, and allow 
the researcher to focus on the problem of 
identifying clinically relevant diagnostic 
biomarkers.

In addition to gene transcript expres-
sion profiling, a number of other levels 
of gene expression should be explored 
to identify relevant diagnostic markers 
for thyroid cancer. To date, only a single 
study has considered genome-wide dif-
ferential micrornA expression (Visone 
et al. 2007), and none has yet applied 
exon arrays or alternative splicing arrays 
to identify cancer-specific splicing events 
or splice variants. new developments to 
expression profiling technologies should 
also continue to improve the power of these 
methods. In particular, next-generation 
sequencing technologies hold the promise 
of affordable, highly sensitive, accurate, 
and absolute measurements of the com-
plete transcriptome including information 
regarding micrornAs, alternative splice-
forms, and the presence of mutations and 
polymorphisms.

unlike other human malignancies, dur-
ing the last few decades the number of 
new cases of thyroid cancer diagnosed 
annually has steadily increased. The inci-
dence of thyroid cancer in the united 
States has increased from 3.6/100,000 in 
1973 to 8.7/100,000 in 2002 (2.4-fold 
increase). This change has been attributed 
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to an increased detection of small papillary  
carcinomas (Davies and Welch 2006). 
During the same period the incidence of 
follicular carcinoma has declined, and fol-
licular cancers currently account for <2% 
of newly diagnosed thyroid cancer (LiVolsi 
and Asa 1994). Also, the interobserver and 
intraobserver reproducibility in the his-
topathologic diagnosis of follicular thyroid 
cancer is low (Franc et al. 2003). These 
observations, along with an autopsy study 
which has identified a high rate of occult 
papillary cancers, when serial sectioning 
of ‘normal’ thyroid glands is carried out, 
raises the question as to which thyroid 
tumors will eventually become clinically 
important (Harach et al. 1985). Currently, 
papillary microcarcinoma or papillary car-
cinoma <1 cm in diameter is considered 
an incidental finding and warrants no spe-
cial treatment after diagnosis (nasir et al. 
2000). Thus, ‘not all thyroid cancers are 
created equal’, and the diagnosis of thyroid 
cancer which is biologically significant 
or tumors which will progress to clinical 
disease, is a challenging and critically 
important issue that should be addressed 
in the future evaluation of thyroid cancer 
biomarkers.

Presently, a number of promising 
biomarkers or biomarker panels have been 
identified through gene expression profil-
ing. Some of these have achieved sensi-
tivities and specificities that make them 
potentially useful in the clinic. However, a 
simple, consistent and accurate molecular 
signature for the preoperative diagnosis of 
thyroid malignancy has remained elusive. 
We believe that large scale thyroid tumor 
expression profiling studies, evaluating 
many markers on lesions from large and 
diverse patient cohorts, are still required to 
identify a biomarker panel with sufficient 

sensitivity and specificity to accurately 
diagnose individuals who present with 
nodular thyroid disease.

rEFErEnCES

Ahmed FE (2002) Molecular techniques for studying  
gene expression in carcinogenesis. J Environ Sci 
Health C Environ Carcinog Ecotoxicol rev 20: 
77–116

Ahmed FE (2006) Microarray rnA transcriptional 
profiling: Part II. Analytical considerations and 
annotation. Expert rev Mol Diagn 6:703–715

Aldred MA, Huang y, Liyanarachchi S, Pellegata 
nS, Gimm O, Jhiang S, Davuluri rV, de La 
Chapelle A, Charis E (2004) Papillary and fol-
licular thyroid carcinomas show distinctly dif-
ferent microarray expression profiles and can be 
distinguished by a minimum of five genes. J Clin 
Oncol 22:3531–3539

Alizadeh AA, Eisen MB, Davis rE, Ma C, Lossos 
IS, rosenwald A, Boldrick JC, Sabet H, Tran 
T, yu x, Powell JI, yang L, Marti GE, Moore 
T, Hudson J Jr, Lu L, Lewis DB, Tibshirani r, 
Sherlock G, Chan WC, Greiner TC, Weisenburger 
DD, Armitage JO, Warnke r, Levy r, Wilson 
W, Grever Mr, Byrd JC, Botstein D, Brown PO, 
Staudt LM (2000) Distinct types of diffuse large 
B-cell lymphoma identified by gene expression 
profiling. nature 403:503–511

Arnaldi LAT, Borra rC, Maciel rMB, Cerutti 
JM (2005) Gene expression profiles reveal that 
DCN, DIO1, and DIO2 are underexpressed in 
benign and malignant thyroid tumors. Thyroid 
15:210–221

Audic S, Claverie JM (1997) The significance of 
digital gene expression profiles. Genome res 
7:986–995

Bainbridge Mn, Warren rL, Hirst M, romanuik 
T, Zeng T, Go A, Delaney A, Griffith M, 
Hickenbotham M, Magrini V, Mardis Er, Sadar 
MD, Siddiqui AS, Marra MA, Jones SJ (2006) 
Analysis of the prostate cancer cell line LnCaP 
transcriptome using a sequencing-by-synthesis 
approach. BMC Genomics 7:246

Baloch ZW, LiVolsi VA (2002) Intraoperative 
assessment of thyroid and parathyroid lesions. 
Semin Diagn Pathol 19:219–226



37324. Thyroid Cancer: Identification of Gene Expression Markers for Diagnosis

Barden CB, Shister KW, Zhu B, Guiter G, 
Greenblatt Dy, Zeiger MA, Fahey TJ III (2003) 
Classification of follicular thyroid tumors by 
molecular signature: results of gene profiling. 
Clin Cancer res 9:1792–1800

Barroeta JE, Baloch ZW, Lal P, Pasha TL, Zhang 
PJ, LiVolsi VA (2006) Diagnostic value of 
differential expression of CK19, Galectin-3, 
HBME-1, ErK, rET, and p16 in benign and 
malignant follicular-derived lesions of the thy-
roid: an immunohistochemical tissue microarray 
analysis. Endocr Pathol 17:225–234

Bartolazzi A, Gasbarri A, Papotti M, Bussolati G, 
Lucante T, Khan A, Inohara H, Marandino F, 
Orlandi F, nardi F, Vecchione A, Tecce r, Larsson 
O (2001) Application of an immunodiagnostic 
method for improving preoperative diagnosis of 
nodular thyroid lesions. Lancet 357:1644–1650

Belfiore A, Gangemi P, Costantino A, russo G, 
Santonocito GM, Ippolito O, Di renzo MF, 
Comoglio P, Fiumara A, Vigneri r (1997) 
negative/low expression of the Met/hepatocyte 
growth factor receptor identifies papillary thy-
roid carcinomas with high risk of distant metas-
tases. J Clin Endocrinol Metab 82:2322–2328

Bentley Dr (2006) Whole-genome re-sequencing. 
Curr Opin Genet Dev 16:545–552

Bergstrom JD, Westermark B, Heldin nE (2000) 
Epidermal growth factor receptor signaling acti-
vates met in human anaplastic thyroid carcinoma 
cells. Exp Cell res 259:293–299

Caraway nP, Sneige n, Samaan nA (1993) 
Diagnostic pitfalls in thyroid fine-needle aspira-
tion: a review of 394 cases. Diagn Cytopathol 
9:345–350

Cerutti JM, Delcelo r, Amadei MJ, nakabashi C, 
Maciel rMB, Peterson B, Shoemaker J, riggins 
GJ (2004) A preoperative diagnostic test that 
distinguishes benign from malignant thyroid car-
cinoma based on gene expression. J Clin Invest 
113:1234–1242

Chen KT, Lin JD, Chao TC, Hsueh C, Chang CA, 
Weng HF, Chan Er (2001) Identifying differen-
tially expressed genes associated with metastasis 
of follicular thyroid cancer by cDnA expression 
array. Thyroid 11:41–46

Chevillard S, ugolin n, Vielh P, Ory K, Levalois 
C, Elliott D, Clayman GL, El-naggar AK (2004) 
Gene expression profiling of differentiated thy-
roid neoplasms. Clin Cancer res 10:6586–6597

Choi yL, Kim MK, Suh JW, Han J, Kim JH, 
yang JH, nam SJ (2005) Immunoexpression of 
HBME-1, high molecular weight cytokeratin, 
cytokeratin 19, thyroid transcription factor-1, 
and E-cadherin in thyroid carcinomas. J Korean 
Med Sci 20:853–859

Collet JF, Hurbain I, Prengel C, utzmann O, 
Scetbon F, Bernaudin JF, Fajac A (2005) 
Galectin-3 immunodetection in follicular thyroid 
neoplasms: a prospective study on fine-needle 
aspiration samples. Br J Cancer 93:1175–1181

Davies L, Welch HG (2006) Increasing incidence 
of thyroid cancer in the united States, 1973–
2002. JAMA 295:2164–2167

Di renzo MF, Olivero M, Ferro S, Prat M, 
Bongarzone I, Pilotti S, Belfiore A, Costantino 
A, Vigneri r, Pierotti MA, Comoglio P (1992) 
Overexpression of the c-MET/HGF receptor 
gene in human thyroid carcinomas. Oncogene 
7:2549–2553

Eszlinger M, Krohn K, Paschke r (2001) 
Complementary DnA expression array analysis 
suggests a lower expression of signal trans-
duction proteins and receptors in cold and 
hot thyroid nodules. J Clin Endocrinol Metab 
86:4834–4842

Finley DJ, Arora n, Zhu B, Gallagher L, Fahey 
TJIII (2004a) Molecular profiling distinguishes 
papillary carcinoma from benign thyroid nod-
ules. J Clin Endocrinol Metab 89:3214–3223

Finley DJ, Zhu B, Barden CB, Fahey TJ III (2004b) 
Discrimination of benign and malignant thy-
roid nodules by molecular profiling. Ann Surg 
240:425–436

Finn SP, Smyth P, Cahill S, Streck C, O’regan 
EM, Flavin r, Sherlock J, Howells D, Henfrey 
r, Cullen M, Toner M, Timon C, O’Leary JJ, 
Sheils OM (2007) Expression microarray analy-
sis of papillary thyroid carcinoma and benign 
thyroid tissue: emphasis on the follicular variant 
and potential markers of malignancy. Virchows 
Archive 450:249–260

Franc B, de la Salmoniere P, Lange F, Hoang C, 
Louvel A, de roquancourt A, Vilde F, Hejblum 
G, Chevret S, Chastang C (2003) Interobserver 
and intraobserver reproducibility in the histopa-
thology of follicular thyroid carcinoma. Hum 
Pathol 34:1092–1100

Fu LM, Fu-Liu CS (2004) Multi-class cancer 
subtype classification based on gene expression 



374 O.L. Griffith et al.

signatures with reliability analysis. FEBS Lett 
561:186–190

Gharib H, Goellner Jr (1993) Fine-needle aspira-
tion biopsy of the thyroid: an appraisal. Ann 
Intern Med 118:282–289

Ginestier C, Charafe-Jauffret E, Bertucci F, Eisinger 
F, Geneix J, Bechlian D, Conte n, Adelaide J, 
Toiron y, nguyen C, Viens P, Mozziconacci MJ, 
Houlgatte r, Birnbaum D, Jacquemier J (2002) 
Distinct and complementary information pro-
vided by use of tissue and DnA microarrays in 
the study of breast tumor markers. Am J Pathol 
161:1223–1233

Giordano TJ, Kuick r, Thomas DG, Misek DE, 
Vinco M, Sanders D, Zhu Z, Ciampi r, roh M, 
Shedden K, Gauger P, Doherty G, Thompson 
nW, Hanash S, Koenig rJ, nikiforov yE (2005) 
Molecular classification of papillary thyroid 
carcinoma: distinct BrAF, rAS, and rET/PTC 
mutation-specific gene expression profiles dis-
covered by DnA microarray analysis. Oncogene 
24:6646–6656

Goellner Jr, Gharib H, Grant CS, Johnson DA 
(1987) Fine needle aspiration cytology of the 
thyroid 1980 to 1986. Acta Cytol 31:587–590

Golub Tr, Slonim DK, Tamayo P, Huard C, 
Gaasenbeek M, Mesirov JP, Coller H, Loh ML, 
Downing Jr, Caligiuri MA, Bloomfield CD, 
Lander ES (1999) Molecular classification of 
cancer: class discovery and class prediction 
by gene expression monitoring. Science 286: 
531–537

Greene FL, Page DL, Fleming ID, Fritz A, Balch 
CM, Haller DG, Morrow M (eds) (2002) AJCC 
cancer staging manual. Springer, new york

Greenlee rT, Hill-Harmon MB, Murray T, Thun 
M (2001) Cancer statistics. CA Cancer J Clin 
51:15–36

Griffith OL, Melck A, Jones SJ, Wiseman SM 
(2006) Meta-analysis and meta-review of thy-
roid cancer gene expression profiling studies 
identifies important diagnostic biomarkers. J 
Clin Oncol 24:5043–5051

Hamada A, Mankovskaya S, Saenko V, 
rogounovitch T, Mine M, namba H, nakashima 
M, Demidchik y, Demidchik E, yamashita S 
(2005) Diagnostic usefulness of PCr profiling 
of the differentially expressed marker genes 
in thyroid papillary carcinomas. Cancer Lett 
224:289–301

Harach Hr, Franssila KO, Wasenius VM (1985) 
Occult papillary carcinoma of the thyroid. A 
“normal” finding in Finland. A systematic 
autopsy study. Cancer 56:531–538

Hawthorn L, Stein L, Varma r, Wiseman S, 
Loree T, Tan D (2004) TIMP1 and SErPIn-A 
overexpression and TFF3 and CrABP1 under-
expression as biomarkers for papillary thyroid 
carcinoma. Head neck 26:1069–1083

Hesse E, Musholt PB, Potter E, Petrich T, Wehmeier 
M, von Wasielewski r, Lichtinghagen r, 
Musholt TJ (2005) Oncofoetal fibronectin – a 
tumour-specific marker in detecting minimal 
residual disease in differentiated thyroid carci-
noma. Br J Cancer 93:565–570

Huang y, Prasad M, Lemon WJ, Hampel H, 
Wright FA, Kornacker K, LiVolsi V, Frankel W, 
Kloos rT, Eng C, Pellegata nS, de la Chapelle A 
(2001) Gene expression in papillary thyroid car-
cinoma reveals highly consistent profiles. Proc 
natl Acad Sci u S A 98:15044–15049

Huang y, de la Chapelle A, Pellegata nS (2003) 
Hypermethylation, but not LOH, is associated 
with the low expression of MT1G and CrABP1 
in papillary thyroid carcinoma. Int J Cancer 
104:735–744

Jarzab B, Wiench M, Fujarewicz K, Simek K, 
Jarzab M, Oczko-Wojciechowska M, Wloch J, 
Czarniecka A, Chmielik E, Lange D, Pawlaczek 
A, Szpak S, Gubala E, Swierniak A (2005) Gene 
expression profile of papillary thyroid cancer: 
sources of variability and diagnostic implica-
tions. Cancer res 65:1587–1597

Lazar V, Bidart JM, Caillou B, Mahe C, Lacroix L, 
Filetti S, Schlumberger M (1999) Expression of the 
na+/I− symporter gene in human thyroid tumors: 
a comparison study with other thyroid-specific 
genes. J Clin Endocrinol Metab 84:3228–3234

Lee ML, Kuo FC, Whitmore GA, Sklar J (2000) 
Importance of replication in microarray gene 
expression studies: statistical methods and evi-
dence from repetitive cDnA hybridizations. 
Proc natl Acad Sci u S A 97:9834–9839

Liu FT, rabinovich GA (2005) Galectins as 
modulators of tumour progression. nat rev 
Cancer 5:29–41

Liu W, Asa SL, Ezzat S (2005) 1alpha, 25-dihydrox-
yvitamin D3 targets PTEn-dependent fibronectin 
expression to restore thyroid cancer cell adhe-
siveness. Mol Endocrinol 19:2349–2357



37524. Thyroid Cancer: Identification of Gene Expression Markers for Diagnosis

LiVolsi VA, Asa SL (1994) The demise of fol-
licular carcinoma of the thyroid gland. Thyroid 
4:233–236

Lubitz CC, Gallagher LA, Finley DJ, Zhu B, Fahey 
TJ III (2005) Molecular analysis of minimally 
invasive follicular carcinomas by gene profiling. 
Surgery 138:1042–1048

Lubitz CC, ugras SK, Kazam JJ, Zhu B, 
Scognamiglio T, Chen yT, Fahey TJ III (2006) 
Microarray analysis of thyroid nodule fine-
needle aspirates accurately classifies benign and 
malignant lesions. J Mol Diagn 8:490–498

Maeta H, Ohgi S, Terada T (2001) Protein expres-
sion of matrix metalloproteinases 2 and 9 and 
tissue inhibitors of metalloproteinase 1 and 2 
in papillary thyroid carcinomas. Virchows Arch 
438:121–128

Mazzanti C, Zeiger MA, Costourous n, umbricht C, 
Westra WH, Smith D, Somervell H, Bevilacqua 
G, Alexander Hr, Libutti SK (2004) using 
gene expression profiling to differentiate benign 
versus malignant thyroid tumors. Cancer res 
64:2898–2903

McHenry Cr, Sandoval BA (1998) Management of 
follicular and Hürthle cell neoplasms of the thy-
roid gland. Surg Oncol Clin n Am 7:893–910

Mecham BH, Klus GT, Strovel J, Augustus M, 
Byrne D, Bozso P, Wetmore DZ, Mariani TJ, 
Kohane IS, Szallasi Z (2004) Sequence-matched 
probes produce increased cross-platform consist-
ency and more reproducible biological results 
in microarray-based gene expression measure-
ments. nucleic Acids res 32:e74

Melck AL, Masoudi H, Griffith OL, rajput A, 
Wilkins GE, Bugis S, Jones S, Wiseman SM 
(2007) Cell cycle regulators show diagnostic 
and prognostic utility for differentiated thyroid 
cancer. Ann Surg Oncol 14:3403–3411

Mocellin S, rossi Cr (2007) Principles of gene 
microarray data analysis. Adv Exp Med Biol 
593:19–30

nakamura n, Erickson LA, Jin L, Kajita S, 
Zhang H, Qian x, rumilla K, Lloyd rV (2006) 
Immunohistochemical separation of follicular 
variant of papillary thyroid carcinoma from fol-
licular adenoma. Endocr Pathol 17:213–223

nasir A, Chaudhry AZ, Gillespie J, Kaiser HE 
(2000) Papillary microcarcinoma of the thyroid: 
a clinico-pathologic and prognostic review. In 
Vivo 14:367–376

ng P, Tan JJ, Ooi HS, Lee yL, Chiu KP, Fullwood 
MJ, Srinivasan KG, Perbost C, Du L, Sung WK, 
Wei CL, ruan y (2006) Multiplex sequencing of 
paired-end ditags (MS-PET): a strategy for the 
ultra-high-throughput analysis of transcriptomes 
and genomes. nucleic Acids res 34:e84

O’Donovan n, Fischer A, Abdo EM, Simon F, 
Peter HJ, Gerber H, Buergi u, Marti u (2002) 
Differential expression of IgG Fc binding pro-
tein (FcgammaBP) in human normal thyroid tis-
sue, thyroid adenomas and thyroid carcinomas.  
J Endocrinol 174:517–524

Onda M, Emi M, yoshida A, Miyamoto S, 
Akaishi J, Asaka S, Mizutani K, Shimizu K, 
nagahama M, Ito K, Tanaka T, Tsunoda T 
(2004) Comprehensive gene expression profiling 
of anaplastic thyroid cancers with cDnA micro-
array of 25 344 genes. Endocr relat Cancer 
11:843–854

Pauws E, Veenboer GJ, de Smit JW, Vijlder 
JJ, Morreau H, ris-Stalpers C (2004) Genes 
differentially expressed in thyroid carcinoma 
identified by comparison of SAGE expression 
profiles. FASEB J 18:560–561

Perez-Diez A, Morgun A, Shulzhenko n (2007) 
Microarrays for cancer diagnosis and classifica-
tion. Adv Exp Med Biol 593:74–85

Pleasance ED, Jones SJM (2005) Evaluation of 
SAGE tags for transcriptome study. In: SM 
Wang (ed) SAGE technologies: current technol-
ogies and applications. norwich, uK, Horizon 
Bioscience

Poblete MT, nualart F, del Pozo M, Perez JA, 
Figueroa CD (1996) Alpha 1-antitrypsin expres-
sion in human thyroid papillary carcinoma. Am 
J Surg Pathol 20:956–963

Porter DA, Krop IE, nasser S, Sgroi D, Kaelin 
CM, Marks Jr, riggins G, Polyak K (2001) 
A SAGE (serial analysis of gene expression) 
view of breast tumor progression. Cancer res 
61:5697–5702

Pounds SB (2006) Estimation and control of mul-
tiple testing error rates for microarray studies. 
Brief Bioinform 7:25–36

Prasad ML, Pellegata nS, Huang y, nagaraja Hn, 
de la Chapelle A, Kloos rT (2005) Galectin-3, 
fibronectin-1, CITED-1, HBME1 and cytok-
eratin-19 immunohistochemistry is useful for 
the differential diagnosis of thyroid tumors. Mod 
Pathol 18:48–57



376 O.L. Griffith et al.

Provenzano M, Mocellin S (2007) Complementary 
techniques: validation of gene expression data 
by quantitative real time PCr. Adv Exp Med 
Biol 593:66–73

Quackenbush J (2005) using DnA microarrays 
to assay gene expression. In: Baxevanis AD, 
Ouellette BFF (eds) Bioinformatics: a practi-
cal guide to the analysis of genes and proteins. 
Wiley-Interscience, Hoboken, nJ, pp 409–444

ramirez r, Hsu D, Patel A, Fenton C, Dinauer C, 
Tuttle rM, Francis GL (2000) Over-expression 
of hepatocyte growth factor/scatter factor (HGF/
SF) and the HGF/SF receptor (cMET) are 
associated with a high risk of metastasis and 
recurrence for children and young adults with 
papillary thyroid carcinoma. Clin Endocrinol 
(Oxf) 53:635–644

ravetto C, Colombo L, Dottorini ME (2000) 
usefulness of fine-needle aspiration in the diag-
nosis of thyroid carcinoma: a retrospective study 
in 37,895 patients. Cancer 90:357–363

rhodes Dr, yu J, Shanker K, Deshpande n, 
Varambally r, Ghosh D, Barrette T, Pandey A, 
Chinnaiyan AM (2004) Large-scale meta-analy-
sis of cancer microarray data identifies common 
transcriptional profiles of neoplastic transforma-
tion and progression. Proc natl Acad Sci u S A 
101:9309–9314

rhodes Dr, Kalyana-Sundaram S, Mahavisno 
V, Varambally r, yu J, Briggs BB, Barrette 
Tr, Anstet MJ, Kincead-Beal C, Kulkarni P, 
Varambally S, Ghosh D, Chinnaiyan AM (2007) 
Oncomine 3.0: genes, pathways, and networks 
in a collection of 18,000 cancer gene expression 
profiles. neoplasia 9:166–180

rosen J, He M, umbricht C, Alexander Hr, 
Dackiw AP, Zeiger MA, Libutti SK (2005) A 
six-gene model for differentiating benign from 
malignant thyroid tumors on the basis of gene 
expression. Surgery 138:1050–1056

rubin MA, Zhou M, Dhanasekaran SM, Varambally 
S, Barrette Tr, Sanda MG, Pienta KJ, Ghosh 
D, Chinnaiyan AM (2002) Alpha-methylacyl 
coenzyme A racemase as a tissue biomarker for 
prostate cancer. JAMA 287:1662–1670

Scognamiglio T, Hyjek E, Kao J, Chen yT (2006) 
Diagnostic usefulness of HBME1, galectin-3, CK19, 
and CITED1 and evaluation of their expression in 
encapsulated lesions with questionable features 

of papillary thyroid carcinoma. Am J Clin Pathol 
126:700–708

Segev DL, Clark DP, Zeiger MA, umbricht C 
(2003) Beyond the suspicious thyroid fine nee-
dle aspirate. A rev Acta Cytol 47:709–722

Shendure J, Porreca GJ, reppas nB, Lin x, 
McCutcheon JP, rosenbaum AM, Wang MD, 
Zhang K, Mitra rD, Church GM (2005) Accurate 
multiplex polony sequencing of an evolved bac-
terial genome. Science 309:1728–1732

Shih W, Chetty r, Tsao MS (2005) Expression 
profiling by microarrays in colorectal cancer 
(review). Oncol rep 13:517–524

Siddiqui AS, Delaney AD, Schnerch A, Griffith 
OL, Jones SJ, Marra MA (2006) Sequence 
biases in large scale gene expression profiling 
data. nucleic Acids res 34:e83

Steinhoff C, Vingron M (2006) normalization and 
quantification of differential expression in gene 
expression microarrays. Brief Bioinform 7:166–177

Takano T, Hasegawa y, Matsuzuka F, Miyauchi A, 
yoshida H, Higashiyama T, Kuma K, Amino n 
(2000) Gene expression profiles in thyroid car-
cinomas. Br J Cancer 83:1495–1502

Takano T, Miyauchi A, yoshida H, Kuma K, Amino 
n (2005) Decreased relative expression level of 
trefoil factor 3 mrnA to galectin-3 mrnA 
distinguishes thyroid follicular carcinoma from 
adenoma. Cancer Lett 219:91–96

Tusher VG, Tibshirani r, Chu G (2001) Significance 
analysis of microarrays applied to the ionizing 
radiation response. Proc natl Acad Sci u S A 
98:5116–5121

Verhaak rG, Staal FJ, Valk PJ, Lowenberg B, 
reinders MJ, de ridder D (2006) The effect of 
oligonucleotide microarray data pre-processing 
on the analysis of patient-cohort studies. BMC 
Bioinformatics 7:105

Visone r, Pallante P, Vecchione A, Cirombella r, 
Ferracin M, Ferraro A, Volinia S, Coluzzi S, Leone 
V, Borbone E, Liu CG, Petrocca F, Troncone G, 
Calin GA, Scarpa A, Colato C, Tallini G, Santoro 
M, Croce CM, Fusco A (2007) Specific micro 
rnAs are downregulated in human thyroid ana-
plastic carcinomas. Oncogene 26:7590–7595

Wasenius VM, Hemmer S, Kettunen E, Knuutila 
S, Franssila K, Joensuu H (2003) Hepatocyte 
growth factor receptor, matrix metalloprotein-
ase-11, tissue inhibitor of metalloproteinase-1, 



37724. Thyroid Cancer: Identification of Gene Expression Markers for Diagnosis

and fibronectin are up-regulated in papillary 
thyroid carcinoma: a cDnA and tissue microar-
ray study. Clin Cancer res 9:68–75

Weber F, Shen L, Aldred MA, Morrison CD, 
Frilling A, Saji M, Schuppert F, Broelsch CE, 
ringel MD, Eng C (2005) Genetic Classification 
of benign and malignant thyroid follicular neo-
plasia based on a three-gene combination. J Clin 
Endo Metab 90:2512–2521

Wiseman SM, Baliski C, Irvine r, Anderson D, 
Wilkins G, Filipenko D, Zhang H, Bugis S 
(2006) Hemithyroidectomy: The optimal initial 
surgical approach for individuals undergoing 
surgery for a cytological diagnosis of follicular 
neoplasm. Ann Surg Oncol 13:425–432

Wu Z, Irizarry rA, Gentleman r, Martinez-Murillo 
F, Spencer F (2004) A model-based background 
adjustment for oligonucleotide expression arrays. 
J Am Stat Assoc 99:909–917

yano y, uematsu n, yashiro T, Hara H, ueno 
E, Miwa M, Tsujimoto G, Aiyoshi y, uchida 
K (2004) Gene expression profiling identifies 
platelet-derived growth factor as a diagnostic 
molecular marker for papillary thyroid carci-
noma. Clin Cancer res 10:2035–2043

yauk CL, Berndt ML (2007) review of the lit-
erature examining the correlation among DnA 
microarray technologies. Environ Mol Mutagen 
48:380–94

Zou M, Famulski KS, Parhar rS, Baitei E, 
Al-Mohanna FA, Farid nr, Shi y (2004) 
Microarray analysis of metastasis-associated 
gene expression profiling in a murine model 
of thyroid carcinoma pulmonary metastasis: 
identification of S100A4 (Mts1) gene overex-
pression as a poor prognostic marker for thy-
roid carcinoma. J Clin Endocrinol Metab 89: 
6146–6154





379

25
Papillary Thyroid Carcinoma:  
Use of HBME1 and CK19 as Diagnostic 
Markers
M.R. Nasr and S. Mukhopadhyay

INTRoDUCTIoN

Thyroid cancer is the most common  
endocrine malignancy in the United 
States and accounts for 1.5% of all can-
cers exclusive of carcinomas of the skin. 
Approximately 19,500 new cases of thyroid 
carcinoma are diagnosed each year, with 
most cases occurring in women. The annual 
death rate for thyroid cancer of all types is 
approximately 1,300 cases (Greenlee et al. 
2001). The incidence of thyroid cancer has 
increased three- to fivefold between 1935 
and 1975, without obvious reasons.

Papillary thyroid carcinoma (PTC) is the 
most common type of thyroid malignancy 
and constitutes ~80% of all malignant 
thyroid neoplasms in the United States. 
PTC occurs in all age groups (mean age, 
40 years) and accounts for the vast major-
ity of thyroid cancer in children. There is 
a predilection for females (3:1). Although 
the etiology of PTC is poorly understood, 
a strong association exists with exposure 
to ionizing radiation in a minority of cases 
(Inskip 2001). Most cases are sporadic, but 
as many as 6% of patients have a family 
history of PTC (Stoffer et al. 1986). The 
biologic behavior of PTC varies widely, 
from indolent microcarcinomas growing 

slowly with little or no invasion, to invasive, 
metastatic, and potentially fatal tumors. 
overall, however, patients with PTC have 
an excellent long-term prognosis, with an 
overall survival of >90%.

Histologically, PTC has 2 major archi-
tectural patterns and a set of characteristic 
nuclear features. The architecture may 
be papillary or follicular. The papillary 
type is characterized by complex branch-
ing papillae containing thin fibrovascular 
stromal cores and lined by neoplastic cells. 
The follicular variant is composed entirely 
of follicles and lacks the classic papil-
lary architecture. To diagnose the follicu-
lar variant, therefore, nuclear features of 
PTC must be present (Rosai et al. 1983). 
These nuclear features are nuclear clear-
ing, overlapping, grooves and intranuclear 
pseudoinclusions. When these features are 
well developed, the diagnosis of follicular 
variant of PTC is not difficult. However, 
in the absence of classic, well-developed 
nuclear features, accurate differentiation of 
the follicular variant of PTC from cellular 
adenomatous nodules can be challenging. 
Because the identification of nuclear fea-
tures of PTC is key, and because thresholds 
for these features differ among pathologists, 
there is significant interobserver variability 
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in the evaluations of these lesions. A study 
by Saxen et al. (1978) found only 58% 
interobserver agreement among patholo-
gists. Another review of 87 cases of tumors 
with variable features of follicular variant 
of PTC by ten experienced thyroid patholo-
gists revealed agreement in the diagnosis 
by all ten reviewers in only 39% of cases 
(Lloyd et al. 2004). Yet another study of 
21 follicular nodules by eight pathologists 
showed agreement in the general catego-
rization of benign vs. malignant in only 
62% of the nodules (Hirokawa et al. 2002). 
Similar findings have been documented by 
other studies (Franc 2003).

For the reasons outlined above, there is 
an urgent need for immunohistochemical 
markers that may improve the reproduci-
bility of a diagnosis of PTC. Several immu-
nohistochemical markers have been studied, 
including CK19 (Cheung et al. 2001; Baloch 
et al. 1999), HBME1 (Cheung et al. 2001; 
Casey et al. 2003; Miettinen and Karkkainen 
1996), FN1 (Fibronectin1) (Prasad et al. 
2005), galectin-3 (Beesley and McLaren 
2002), CITED1 (Cbp/p300 Interacting 
Transactivators with glutamic acid [E] and 
aspartic acid [D]-rich C-terminal domains, 
also known as melanocyte-specific gene 1)  
and SFTPB (Surfactant, pulmonary-asso-
ciated Protein B) (Huang et al. 2001), 
CST6 (Cystatin E/M) and EPS8 (Epidermal 
growth factor receptor kinase Substrate) 
(Huang et al. 2001). of these, the most use-
ful and discriminatory markers are HBME1 
and CK19 (Nasr et al. 2006).

HBME1 is a monoclonal antibody 
obtained using a suspension of cells from 
an epithelioid mesothelioma as an immu-
nogen. The antibody is directed against  
the microvillous surface of mesothelial 
cells. Although the antibody was originally 
developed as a mesothelioma marker, it 

was subsequently applied to the diagnosis 
of malignant thyroid conditions (Sheibani 
et al. 1992). The first major report of 
its utility in thyroid neoplasms was by 
Miettinen and Karkkainen (Miettinen and 
Karkkainen 1996). Subsequently, sev-
eral studies have confirmed the utility of 
HBME1 in the diagnosis of PTC (Cheung 
et al. 2001; Prasad et al. 2005).

PRoToCoL

Numerous studies have been published 
to determine the frequency of expression 
of HBME1 and CK19 in PTC and benign 
thyroid lesions. In most studies, immu-
nohistochemistry was performed using 
standard methods. The major differences 
in methodology between different studies 
stem from the use of different antibody 
clones and dilutions. In addition, the cri-
teria for staining pattern and cut off value 
for judging a reaction to be positive or 
negative have varied. As discussed later, 
these variations have resulted in signifi-
cant differences in the reported sensitivity 
and specificity of these antibodies. Here 
we describe our protocol for HBME1 and 
CK19 detection and assessment.

MATERIALS

1. Formalin-fixed and paraffin-embedded 
tissue sections with a thickness of 4-µm

2. Microscope slides, positively charged
3. 100% methanol
4. 95% and 100% ethanol
5. Quench solution (mixture of 450 mL of 

100% methanol and 50 mL hydrogen 
peroxide)

6. 10 mM Citrate buffer (pH 6.0)
7. Microwave oven (1,200 W)
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 8. iVIEWTM DAB Detection Kit (Ventana 
Medical Systems, Inc., Tucson, AZ)

 9. Ventana NEXES automated system  
(Ventana Medical Systems, Inc.,  
Tucson, AZ)

 10. Mounting medium
 11. Cover glass
 12. Primary antibodies (HBME1 and 

CK19):
  HBME1 (Dako, clone: HBME1, 1:50 

dilution)
  CK19 (Neomarkers, clone: Ks19.1, 

1:50 dilution)
 13. Positive controls were mesothelioma 

(for HBME1) and ductal carcinoma in 
situ of breast (for CK19)

 14. The primary antibody was replaced 
with Tris-buffered saline to act as a 
negative control

METHoDS

 1. Deparaffinize and hydrate tissue sections 
through xylene and graded alcohol:

 2 × 2 min xylene
 2 × 10 min 100% ethanol
 10 Dips 100% methanol
 5 min Quench solution
 10 Dips 100% methanol
 2 × 10 Dips 95% ethanol, followed by 

distilled water
 2. The tissue sections were then boiled 

in citrate buffer (pH 6.0) for 10 min to 
retain the antigenicity recognized by the 
two antibodies (HBME1 and CK19), 
and were cooled to 42ºC in 20 min.

 3. Immunostaining was performed by a 
Ventana NexES automated slide stainer 
(Ventana Medical Systems, Inc., Tuc-
son, AZ) using diluted antibody solu-
tion (1:50 for HBME1 and CK19) dur-
ing a 32-min incubation at 37°C.

4. Antibody binding was visualized using 
the streptavidin-peroxidase technique 
(Ventana iVIEW DAB detection kit; 
Ventana Medical Systems, Inc.) fol-
lowed by incubation with 3,3¢-diami-
nobenzidine tetrahydrochloride.

5. The tissue sections were counterstained 
with hematoxylin.

6. When the staining run was complete, the 
tissue sections were removed from the 
stainer, dehydrated, and mounted with 
Permount.

INTERPRETATIoN oF STAINING

For both antibodies, we consider immuno-
reactivity positive only if >10% of follicular 
epithelial cells show staining (Prasad et al. 
2005). For HBME1, staining is considered 
positive only if there is membrane staining 
along lateral and abluminal (basal) mem-
branes of the epithelial cells. Cytoplasmic 
staining without membrane staining is 
not considered positive. Similarly, luminal 
membrane staining alone is considered 
negative. In contrast, for CK19, cytoplas-
mic expression is considered positive. It 
is important to define these parameters 
because significant differences in data 
may result depending on the staining pat-
tern that is considered positive.

HBME1 IN PAPILLARY THYRoID 
CARCINoMA AND BENIGN 
THYRoID LESIoNS

our recently published data show that 96% 
PTCs are positive for HBME1 (Fig. 25.1), 
while the adjacent normal thyroid tissue 
is consistently negative (Nasr et al. 2006). 
HBME1 stained only 4 of 57 (7%) benign 
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lesions; all 4 were cases of Hashimoto’s 
thyroiditis. In these cases, there was strong 
membrane staining for HBME1 in small 
foci of non-Hürthle epithelial cells. These 
HBME1-positive epithelial foci showed 
some nuclear features of PTC such as 
clearing, occasional grooves and slight 
overlapping, but these changes were not 
sufficiently well developed to allow a 
clear-cut morphologic diagnosis of PTC. 
Cytoplasmic HBME1 staining (with-
out membrane staining) was commonly 
observed in Hürthle cells, but this staining 
pattern was considered negative. overall, 
in our hands, HBME1 was 96% sensitive 
and 93% specific for PTC.

In the first major study on HBME1 
(Miettinen and Karkkainen 1996), all 
(100%) PTCs showed strong and uniform 
HBME1-immunoreactivity, whereas nor-
mal thyroid, nodular goiter, and follicular 
adenoma did not, or showed only weak and 
focal staining. Although Miettinen’s study 
showed HBME1 expression in all 145 
PTC, 33% of nodular goiters also showed 
some positivity. of these, however, only 

5 of 90 (6%) showed staining in >10% of 
cells. Because we consider 10% of cells 
to be the cut-off for positivity, we would 
consider only 6% of Miettinen’s benign 
thyroids to be false-positive for HBME1. 
Furthermore, Miettinen and Karkkainen 
(1996) considered cytoplasmic and luminal 
staining without lateral membrane staining 
as positive, while we consider such stain-
ing to be negative. Equivalent results were 
found by Mase et al. (2003), who showed 
HBME-1 reactivity in 35/36 (97.2%) of 
PTC. However, 17 of 62 (27.4%) fol-
licular adenomas and 8 of 62 (12.9%) 
adenomatous goiters were also positive. de 
Matos et al. (2005), demonstrated HBME1 
expression in 79 of 84 (94%) PTC, 10 of 
18 (55.6%) follicular adenomas, 4 of 12 
(33.3%) adenomatous nodules and 9 of 
10 (90%) Hashimoto’s thyroiditis, with no 
expression in normal thyroid tissue. Their 
results are in concordance with our data.

on the other hand, in some studies, the 
sensitivity of HBME1 for PTC is lower. 
Cheung et al. (2001) reported HBME1 
positivity in 38 of 54 (70%) classic PTC 
and 38 of 84 (45%) follicular variant 
of PTC with no expression in 40 nodu-
lar hyperplasia cases and 35 follicular 
adenomas. Similarly, Prasad et al. (2005) 
demonstrated HBME1 expression in 57 
of 67 (85%) PTC and only 1 of 102 (1%) 
non-neoplastic thyroid lesions. Recently, 
Scognamiglio et al. (2006) reported 
HBME1 expression in 43 of 49 (88%) 
classic PTC and 25 of 29(86%) follicu-
lar variant of PTC, while 2 of 49 (4%) 
follicular adenomas were positive. The 
lower sensitivity of these and other stud-
ies compared to ours may be explained by 
their use of a lower titer of the HBME1 
antibody (see Table 25.1). Note that the 
lower sensitivity attributable to these titers 

Figure 25.1. Follicular variant of papillary thyroid 
carcinoma showing cytoplasmic and membrane 
positivity for HBME1 immunostain (400× magni-
fication)
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is accompanied by a corresponding rise in 
specificity. It should be remembered that 
HBME1 expression can be present in focal 
areas of Hashimoto’s thyroiditis and the 
cells in these areas may show some nuclear 
features of PTC. HBME1 positivity per se 
should not be equated with a diagnosis of 
papillary carcinoma in this setting.

CK19 IN PAPILLARY THYRoID 
CARCINoMA AND BENIGN 
THYRoID LESIoNS

In the same study as mentioned above 
(Nasr et al. 2006), we also reported that 
CK19 was positive in all 51(100 %) cases 
of PTC. The staining pattern was predomi-
nantly cytoplasmic with frequent enhance-
ment along the cell membrane. Reactivity 
was strong and diffuse in most cases. of 
the 57 benign lesions, 39 (68%) were 
CK19-positive, including all 10 normal 
thyroids, 5 of 10 adenomatous nodules, 2 
of 8 Graves, 1 of 4 papillary hyperplastic 
nodules, 5 of 6 follicular adenomas and 16 
of 19 Hashimoto’s thyroiditis. Although 
one of four papillary hyperplastic nodules 
was positive, only 15% of cells stained. 
Staining intensity was weak and diffuse in 
most of these benign lesions and the stain-
ing pattern was predominantly cytoplasmic 
with frequent membrane enhancement. 

The sensitivity of CK19 for PTC was 100% 
but the specificity was only 32%.

A number of previous studies have 
examined the utility of CK19 immunore-
activity in the identification of PTC of all 
histological types. The verdict from these 
studies has not been unanimous. Some 
studies have reported negative CK19 stain-
ing in benign thyroid lesions and high fre-
quencies of CK19 expression in PTC (de 
Matos et al. 2005; Khurana et al. 2003). 
CK19 was found (Cheung et al. 2001; 
Baloch et al. 1999; Miettinen et al. 1997) 
to be strongly and uniformly expressed by 
virtually all PTCs, including the follicular 
variant. Miettinen et al. (1997) observed 
diffuse CK19 reactivity in all PTC cases. 
In a recent study, Cheung et al. (2001) 
reported diffuse CK19 staining in 66% 
(91/138) of PTCs. They also observed 
that 17% (6/35) of follicular adenomas 
showed focal staining with CK19 and 3% 
(1/35) showed diffuse staining. Baloch 
et al. (1999) studied PTCs with a wide 
spectrum of cytokeratins, including CK19. 
In that study, all cases of PTC (including 
the follicular variant) were positive for 
CK19. Follicular adenoma and multin-
odular goiter showed no staining, normal 
thyroid parenchyma adjacent to the tumor 
nodule showed focal staining in most cases, 
and tissue away from the tumor nodule 
failed to stain. Khurana et al. (2003) found 

Table 25.1. HBME1 clones, sources and titers used for the diagnosis of PTC in main published papers

Reference Antibody clone Source Dilution

Nasr et al. (2006) HBME-1 DAKo, Carpinteria, CA 1:50
Cheung et al. (2001) HBME-1 DAKo, Carpinteria, CA 1:100
Prasad et al. (2005) HBME-1 DAKo, Carpinteria, CA 1:200
Mase et al. (2003) HBME-1 DAKo, Carpinteria, CA 1:50
Scognamiglio et al. (2006) HBME-1 DAKo, Carpinteria, CA 1:50
Miettinen and Karkkainen (1996) HBME-1 DAKo, Carpinteria, CA 1:50
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that CK19 expression in 95% (19/20) 
of PTC cases. No staining was seen in 
non-neoplastic thyroid lesions (18 cases). 
Hirokawa et al. (2000, 2002) reported 
similar observations in touch imprints 
prepared from resected thyroid specimen. 
de Matos et al. (2005) demonstrated that 
73% (61/84) of PTC cases showed diffuse 
strong CK19 positivity whereas 18 of 40 
benign thyroid lesions revealed only focal 
cellular reactivity.

others, however, have observed focal 
CK19 positivity in benign thyroid lesions 
(Casey et al. 2003; Cameron and Berean 
2003). These studies have found that 
CK19 is also expressed in normal thy-
roid epithelium, Hashimoto’s thyroiditis, 
and some benign tumors. Sahoo et al. 
(2001) found that CK19 immunoreactiv-
ity was also present in 100% (20/20) of 
follicular adenomas. of these cases, two-
thirds showed weak CK19 expression and 
the other one-third revealed moderate to 
strong CK19 reactivity. They concluded 
that CK19 immunoreactivity could not, 
by itself, be used to establish a diag-
nosis of PTC. Similarly, our study also 
noted a distressingly high rate (69%) of 
CK19 positivity in benign thyroid lesions. 
Staining intensity was weak and diffuse in 
most of these benign lesions (Nasr et al. 
2006). The reasons for the discrepancies 
in the immunoreactivity for CK19 in PTC 
reported by different authors may be par-
tially attributed to variations in technical 
methods, the antibody clone used, time of 
fixation, and observer bias in the interpre-
tation of the results.

These findings indicate that the chief 
utility of CK19 lies in its high sensitivity 
for PTC. Negative staining for CK19 is 
strong evidence against papillary carcinoma.  

one situation where negative CK19 staining 
is especially helpful is in papillary thyroid 
hyperplasia, which can simulate PTC mor-
phologically. In our study, 3 of 4 papillary 
hyperplastic nodules were negative for CK19 
while focal staining (15%) was present in 
one. Therefore, the absence of CK19 expres-
sion in areas of papillary hyperplasia in any 
thyroid lesion should prevent misinterpreta-
tion as a papillary carcinoma.

In conclusion, HBME1 is a fairly sen-
sitive and highly specific immunohisto-
chemical marker of PTC. If the criterion of 
membrane staining is strictly utilized and 
the appropriate dilution used, this antibody 
is immensely helpful in the differential 
diagnosis between adenomatous nodules 
and the follicular variant of PTC. The 
major diagnostic utility of CK19 lies in its 
high sensitivity for PTC. Therefore, nega-
tive staining argues against the diagnosis. 
However, this marker is not specific for 
PTC, and therefore a positive result must 
be interpreted with caution.
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Papillary Thyroid Carcinoma:  
Detection of Copy Gain of Platelet Derived 
Growth Factor B Using Array Comparative 
Genomic Hybridization in Combination 
with Laser Capture Microdissection
Stephen P. Finn, John J. O’Leary, and Orla M. Sheils

InTrODUCTIOn

Papillary thyroid carcinoma (PTC), the 
most common endocrine malignancy, is 
thought to be a relatively genome stable 
neoplasm. In contrast to follicular thyroid 
carcinoma (FTC), almost all PTCs are 
diploid (Johannessen et al. 1981). PTCs 
have been shown to be microsatellite sta-
ble (Soares et al. 1997) and generally 
show low levels of loss of heterozygos-
ity (Kitamura et al. 2000; Gillespie et al. 
2000). The literature has shown that PTC 
is associated with several specific molecu-
lar genetic events, the best documented of 
which are ret/PTC rearrangements (rEF) 
and the more recently described BRAFV600E 
mutation (Puxeddu et al. 2004; Kimura 
et al. 2003). Ret/PTC and BRAF muta-
tions appear to largely occur in a mutually 
exclusive manner (Soares et al. 2003). 
Activating point mutations of the RAS 
oncogene are also considered to account 
for the development of a small subset of 
adult sporadic PTCs (namba et al. 1990).

BRAFV600E mutation is the most preva-
lent genetic event in adult sporadic PTCs 

and shows strong concordance with classic 
papillary phenotype. Mutation of one of 
the intermediates of the rET/PTC-rAS-
BrAF pathway accounts for a genetic 
event, potentially involved in tumor initia-
tion in two thirds of PTCs (Kimura et al. 
2003; Soares et al. 2003).

COMPArATIVE GEnOMIC 
HyBrIDIzATIOn

Kallioniemi et al. (1992) were first to 
describe comparative genomic hybridi-
zation (CGH). CGH is a technique that 
allows comprehensive analysis of multiple 
DnA copy number gains and losses across 
the entire genome in one single experi-
ment. Genome wide analysis of DnA copy 
number changes by CGH has revealed 
a spectrum of recurrent chromosomal 
changes in cancer. Genes affected by these 
chromosomal alterations are likely to be 
primary mediators of cancer initiation and 
progression.

The rationale of CGH is based on the 
assumption that the ratio of the binding 
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of test and control DnA is proportional 
to the ratio of the number of sequences in 
the two samples. CGH incorporates the 
sensitivity of in-situ techniques and over-
comes many of the disadvantages of con-
ventional cytogenetic studies. However, 
in chromosomal or metaphase CGH the 
identification of genes involved in chro-
mosomal aberrations has been difficult. 
The difficulties in the identification of target  

genes for the recurrent chromosomal 
aberrations identified by CGH are partly 
due to the limited mapping resolution 
of this technique, which does not allow 
precise localization of the genetic aber-
rations (Kallioniemi et al. 1994; Bentz 
et al. 1998). Significantly, the sensitivity 
of CGH can be adversely affected by con-
tamination of tumor material with normal 
cells and a tumor component representing 

Figure 26.1. Outline schematic of array CGH. Equal quantities of test and reference DnA are labelled 
with fluorophores and co-hybridized to the microarray slide
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a minimum of 70% of the DnA extracted 
from the tissue is highly desirable. The use 
of laser capture microdissection or another 
microdissection technique is indispensable 
by ensuring 100% tumor content for CGH 
experiments.

Arrayed DnA fragments, such as large-
insert genomic clones or cDnA clones, 
have dramatically increased the resolution 
of CGH (Pinkel et al. 1998). A schematic 
of the array CGH concept is shown in 
Figure  26.1. The format of arrayed clones 
provides other advantages over metaphase 
chromosomes, including the possibility 
of higher throughput and the facility to 
directly map aberrations to the genome 
sequence. In addition, the technique does 
not require karyotyping expertise.

Vysis GenoSensor Array CGH

The Vysis Array 300 microarray (Abbott 
Molecular Inc., Des Plaines, Il) contains 
triplicates of 287-target clone DnAs (P1 
and BAC clones). Therefore, there are 
861 discrete spots on the array. The array 
contains clones that represent the more 
common oncogenes and tumor suppres-
sor genes encountered in the scientific 
literature. In addition, the array includes 
clones, which mark known areas of loss of 
heterozygosity in cancer and loci of com-
mon microdeletions and unique subtelo-
meric sequences relevant to other genetic 
diseases. Although the array provides an 
average of 40 Mb coverage of each chro-
mosome, it must be emphasized that this 
coverage is not homogenous along the 
chromosome and effectively amounts to 
1% coverage of the entire genome.

We assessed DnA copy number gain 
and loss in PTC tumor samples and clonal 
cell lines using this CGH platform (Finn 
et al. 2007). Cells from surgically resected  
PTC were laser capture microdissected to 

ensure 100% tumor content (Figure 26.2). 
The BrAF status and ret/PTC status of 
each of the cases was assessed by TaqMan 

Figure 26.2. Laser Capture Microdissection: Panel 
A shows a H&E stained frozen section of follicular 
variant of Papillary thyroid carcinoma surrounded 
by dense stroma. Panel B shows the area after 
the carcinoma cells have been microdissected. 
The microdissected cells are seen adherent to the 
CapSure in panel C



390 S.P. Finn et al.

allelic discrimination assay and TaqMan 
rT PCr, respectively, as described by Finn 
et al. (2007). These molecular abnormalities 
are well described in PTC and the utility of 
array CGH analysis is enhanced because 
identification of candidate oncogenes and 
tumor suppressor genes in PTC with none 
of the well described molecular triggers is 
likely to reveal new molecular triggers and  
contribute to the understanding of the 
molecular pathogenesis of PTC. Using 
this technique we identified copy gain of 
PDGFB in PTC occurring in a subset of 
PTC showing neither ret/PTC rearrange-
ment nor BrAF V600E mutation.

METHODOLOGy

Tumors and Cell Lines

Samples of PTC were prospectively col-
lected and snap frozen at −80°C. Prior to 
laser capture microdissection and DnA 
extraction, frozen sections were exam-
ined to confirm the presence of adequate 
tumor. PTC tumor cell lines were cultured 
and DnA extracted for CGH. Growth 
conditions and cell culture protocols were 
described by Finn et al. (2007).

Laser capture microdissection was car-
ried out on frozen sections to preserve 
optimal DnA quality. After sectioning 
OCT embedded frozen sections, the slides 
were fixed in alcohol and stained rapidly 
with Haematoxylin and Eosin as follows.

1. Alcohol 70% – 15 dips
2. H2O – 1 dip
3. Haematoxylin – 15 dips
4. H2O – 1 dip
5. Alcohol 70% – 10 dips
6. Alcohol 95% – 15 dips
7. Eosin – 15 dips (Omit this step if using 

Methyl Green)

 8. Alcohol 95% – 15 dips
 9. Alcohol 100% (1) dips
10. Alcohol 100% (2) – 15 dips
11. Xylene (1) until clean
12. Xylene hold

LASEr CAPTUrE 
MICrODISSECTIOn

There are a variety of laser capture micro-
dissection platforms. Our experience 
has been with the PixCell II LCM plat-
form (Molecular Devices Corporation, 
Sunnyvale, CA). The system is based on 
the selective adherence of visually targeted 
cells and tissue fragments to a thermoplas-
tic membrane activated by a low energy 
infrared laser pulse. The system consists 
of an inverted microscope, a near infrared 
laser diode, a laser control unit, a joystick 
controlled microscope stage with a vacuum 
chuck for immobilisation, a CCD camera, 
and a color monitor. The LCM microscope 
is connected to a computer with additional 
laser control and image archiving.

The thermoplastic membrane used for 
the transfer of selected cells has a diameter 
of 6 mm and is mounted on an optically 
clear cap (CapSure), which fits on stand-
ard 0.5 ml microcentrifuge tubes for fur-
ther processing. The cap is suspended on 
a mechanical transport arm and positioned 
on the desired area of the dehydrated tis-
sue section. Laser activation leads to focal 
melting of the ethylene vinyl acetate (EVA) 
membrane, which has its absorption maxi-
mum near the wavelength of the laser. The 
melted polymer expands into the section 
and adheres to the tissue. The adherence 
of tissue to the activated membrane allows 
removal of the cells. Sequential multiple 
laser pulses by the operator allows rapid 
isolation and counting of large numbers 
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of cells. The selected cells adherent to the 
thermoplastic membrane are harvested by 
simple lifting of the cap, which is then 
transferred to a microcentrifuge tube con-
taining the appropriate extraction lysis 
buffer. Because the membrane absorbs 
most of the energy, the maximum tempera-
tures reached by the tissue are only in the 
range of 90°C for several milliseconds.

With the PixCell II platform, the laser 
spot size can be adjusted to three sizes 
(<7.5, 15 and 30 mm). Further adjust-
able parameters include: pulse power, 
pulse width, threshold voltage and pulse 
duration. Laser pulse power and duration 
determine the size of the LCM transfer. 
Optimum transfers occur when, after firing 
the laser, the melted plastic film is similar 
in size to that of the target beam. The total 
number of pulses in each case was approxi-
mately 700. For a 30 mm spot size this 
yielded a tissue volume in the range of 10-7 
to 10-6 mm3. Examples of laser captured 
thyroid cells are seen in Figure 26.2.

DnA EXTrACTIOn

Extraction of DnA from alcohol fixed 
frozen sections and cell pellets was done 
using Gentra Puregene® DnA Extraction 
Protocols. The protocols are available 
from www.gentra.com.

ArrAy COMPArATIVE 
GEnOMIC HyBrIDIzATIOn

As discussed above, microarray based 
genomic analysis is a technique intended 
for rapid examination of human DnA 
for changes in copy number of specific 
sequences. The assay involves labelling of 
sample DnA, in this case DnA from laser 

captured papillary thyroid carcinoma tumor 
cells with a fluorophore e.g., Cy3 (Perkin 
Elmer/nEn #nEL576) and genomic ref-
erence DnA with a second fluorophore 
e.g., Cy5 (Perkin Elmer/nEn #nEL577). 
The labelled DnA from sample and refer-
ence are mixed, in equal quantities and 
cohybridized to a microarray in the pres-
ence of human Cot 1 DnA. Human Cot 1 
DnA is used to suppress hybridization of 
labelled probe to extremely common repeat 
sequences in the genome and represent 
unwanted noise in this context. A complete 
list of annotated clones is available from the 
Vysis website (www.vysis.com). Following 
hybridization and removal of unhybridized 
probe, target spots are counter-stained with 
a blue fluorophore included in the Array 
DAPI mounting solution and analyzed 
using the GenoSensor reader System.

The GenoSensor reader System is a 
large-field multicolour fluorescence imag-
ing system which captures an image of the 
hybridized chip in three fluorescent color 
channels: Cy3, Cy5, and DAPI blue. The 
included software automatically identifies 
each spot and, by analysis of the set of 
Cy3/C5 ratios on all targets, calculates the 
ratio most representative of the modal DnA 
copy number of the sample DnA. For each 
target, the normalized ratio, relative to the 
modal DnA copy number is calculated.

This normalized ratio of a target indicates 
the degree of gain or loss of copy number 
compared with the sample’s modal copy 
number. Detection of copy ratio changes 
will be highly dependent on the purity 
of DnA in the extracted tissue specimen. 
Even a very highly amplified gene will not 
appear as such if tumor DnA represents 
only a small fraction of total extracted 
tissue DnA. For this reason laser capture 
microdissection was performed to ensure 
truly homogenous cell populations.
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Labelling Protocol

All of the materials except for the two 
fluorophores and the MicroSpin columns 
are supplied from the manufacturers in kit 
form. The protocols outlined below are 
specific to the Vysis system. Ultrapure 
water should be used for all reactions.

1. Tumor (Test) will be labelled with 
Cy3 and human reference DnA will 
be labelled with Cy5. In two 1.5 mL 
Dnase free snap lock tubes labelled 
Test and reference the following rea-
gents were mixed:

4 mL of Tumor DnA (25ng/ mL) or Human 
reference DnA in same concentration, 
41.6 µL TE buffer, 40 µL 2.5X random 
Priming Mix

2. Denature the DnA at 100°C for 10 min
3. After denaturing the sample, immedi-

ately place tubes on ice for 10 min
4. Spin down condensate inside tube
5. Place tubes back on ice and add the 

following reagents test and reference 
tubes:

GenoSensor Array 300 nucleotide Mix 10 
µL, Klenow 2 µL, Cy3 dCTP (1 mM) 2.4 µL  
(Test only), Cy5 dCTP (1 mM) – 2.4 µL 
(reference only)

6. Mix gently by vortexing and quickly 
spin. Incubate at 37°C, 2 h in the dark, 
then place tubes on ice

DnASE DIGESTIOn  
AnD LABELLED PrOBE 
PUrIFICATIOn

Set up Dnase reactions and 1:20 Dnase I 
Amp Grade dilution on ice. Dilute Dnase 
Amp Grade 1:20 using Dnase Dilution 

Buffer provided (make immediately before 
use and discard unused portion of the 
diluted Dnase). Add the following to the 
random priming reaction.

1. Dnase reaction Buffer 17 mL (supplied 
by Vysis)

2. 1:20 diluted Dnase Amp Grade (pre-
pared fresh on ice) 3 µL. Then:

 a. Incubate at 15°C, 1 h in the dark.
 b.  Immediately following Dnase diges-

tion, place tubes on ice.
 c.  Quench reactions with 6 µL of Stop 

Buffer and then vortex.
 d.  Prepare a MicroSpin S-200 Hr column, 

(Amersham Biosciences Piscataway, 
nJ) as described in the manufacturer’s 
protocol. Make sure that there are no 
visible resin particles on the outside of 
the column, wipe off resin deposit with 
a lint-free paper tissue if present.

 e.  Slowly apply 126 mL of labelled 
probe to the column and spin the col-
umn according to the manufacturer’s 
protocol.

 f.  To the column-purified probe, add 
0.1 volume of 3 M Sodium Acetate 
(12 µL).

 g.  Add 1 µL of precipitation reagent, 
vortex briefly.

 h.  Add 2.5 volumes of cold (−20°C) 100% 
Ethanol (350 µL), vortex briefly.

 i. Incubate at –20°C, 1 h.
 j.  Centrifuge at 16,000 relative centri-

fugal force, 30 min at 4°C.
 k.  remove supernatant and then air-dry 

pellets (do not vacuum dry the pellet).
 l.  resuspend pellets in 4.0 µL of 10 mM 

Tris (pH 8.0). Gently vortex to facili-
tate resuspension, incubate at room 
temperature for 30 min prior to setting 
up gel, hybridization, or storage.
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 m.  Quickly spin the tubes to collect the 
sample at the bottom of the tube.

 n.  Probe may be stored at –20°C if not 
used immediately for a gel analysis 
or hybridization reaction.

Checking the Labelled DnA

Check the labelled probe on a 2% agarose 
gel. If there is no DnA trailing above 200 
base pairs, do not use the probe in array 
hybridization.

 HyBrIDIzATIOn PrOTOCOL

Preparing the reagents

Stock solution: 20X SSC: Mix thoroughly 
66 g (entire bottle) of 20X SSC in 250 mL 
purified H2O. Store at ambient tempera-
ture no longer than 6 months.

2X SSC/50% formamide wash: Mix 
thoroughly 105 mL formamide, 21 mL 
20X SSC and 84 mL purified H2O.

Label three glass Coplin jars with lids, 
“A”, “B”, “C.” Pour enough formamide 
wash solution into each to cover the arrays 
but not so much as to immerse the labels 
on the microarray holder. Between uses, 
store covered at 2–8°C. Discard after 
washing 30 microarrays or after 2 weeks 
of storage.

1X SSC: Add 50 mL 20X SSC to 950 
mL purified H2O. Pour enough wash 
solution into each of four glass Coplin 
jars with lids. Label the jars “D”, “E”, 
“F”, and “G”. Individual washes should 
be discarded after use. Array DAPI 
Solution Store the Array DAPI solution 
at −20°C in the dark. Allow solution 
to warm to room temperature prior to 
pipetting.

Preparing the Hybridization Solution

Pre-warm the hybridization buffer to 
37°C for 30 min, vortex and spin prior to 
use to ensure that the solution is uniform. 
It is important that the hybridization 
buffer is well dissolved. Due to high con-
centration of Cot-1 DnA in hybridization 
buffer, the solution may appear cloudy or 
opalescent. Some cloudiness in the buffer 
after pre-warming is acceptable as long as 
there are no visible clumps of precipitate. 
Quickly spin the tube to collect the solu-
tion at the bottom of the tube. Hold the 
hybridization buffer at 37°C until immedi-
ately before use.

Combine the following in a 0.5 or 1.5 
mL Eppendorf microfuge tube:

1. Microarray Hybridization Buffer 25 µL. 
note: Prior to addition, probes should 
be microcentrifuged at 12,000–16,000 
relative centrifugal force (rcf) for 1 
min. When pipetting probe avoid any 
precipitate that may be at the bottom of 
the tube.

2. Test DnA Probe (Cy3 dCTP) 2.5 µL.
3. reference DnA Probe (Cy5 dCTP) 2.5 µL.
4. Vortex and quickly spin the sample.

Hybridization

1. Place the microcentrifuge tube contain-
ing the hybridization mixture into an 
80°C water bath and incubate for 10 
min to denature the DnA.

2. remove from the water bath and centri-
fuge at 12,000–16,000 rcf for 5 s.

3. Quickly transfer the microcentrifuge 
tubes containing the hybridization mix-
ture to a 37°C incubator or covered heat-
ing block, incubate in the dark for 1 h.

4. remove the necessary number of micro 
arrays from their protective packaging 
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using the tear marks. Place the microar-
rays in a 37°C dry air incubator for 30 
min prior to use.

5. Place a paper towel folded in half on the 
bottom of a sealable (air-tight) box. To 
the bottom of this box add 14–16 mL 
of 50% formamide/2XSSC wash solu-
tion to saturate the paper towel. Place 
the box in 37°C dry air incubator for 30 
min – 1-h prior to use.

note: Complete steps 6–8 on one array 
before beginning the next one. Do not 
allow tubes to sit at room temperature. If 
multiple hybridizations are to be set up at 
one time use a 37°C heating block to hold 
tubes.

6. Carefully remove the cover protecting 
the microarray hybridization area and 
discard.

7. remove the tube containing the hybridi-
zation solution from the 37°C heating 
block. Mix gently and quickly spin. 
Draw the full amount of hybridization 
mixture into a Pipette tip and slowly add 
the hybridization mixture onto the cor-
ner of the array. Be very careful not to 
touch the Pipette tip on the DnA array 
area or introduce air bubbles (leave the 
microarray on the slide warmer).

8. Using forceps, carefully remove a 
Hybridization Coverslip from the bag. 
remove lint or dust from the Hybridi-
zation Coverslip using a Kimwipe. 
Holding the Hybridization Coverslip at 
an angle, contact the hybridization solu-
tion on the microarray with the painted 
side of the Hybridization Coverslip 
touching the solution and slowly lower 
the Hybridization Coverslip to ensure 
that no air bubbles are introduced.

9. Place microarray in pre-warmed box in 
37°C incubator.

10. repeat steps 5–8 for the remaining 
microarrays.

11. Hybridize arrays for 60–72 h.

Washing the Microarrays

Do not wash more than 5 microarrays at 
one time. Optimally, washes should be 
done in reduced light if possible. replace 
wash solutions after washing 30 microar-
rays, or 2 weeks of use. Prior to transfer-
ring microarrays from one bath to the next, 
agitate the microarray with a back and 
forth motion (ten times). This will help 
ensure proper washing.

The microarrays should not be allowed 
to dry at any step upon completion of the 
hybridization. Do not allow the microar-
rays to dry between washes, i.e., move 
chips quickly from one wash to the next 
without examining them. Avoid areas with 
high airflow when processing arrays. Do 
not allow chips to dry after the final rinse.

never apply force when washing chips. 
Avoid twisting the arrays in the Coplin 
jars. Be careful when moving chips up and 
down in the grooves of the Coplin jars, to 
prevent cracking or dislodging of the chip 
from its holder.

If washes have been stored at 4°C, allow 
them to warm to room temperature. Place 
formamide washes (A–C) in 40°C water 
bath allowing them to equilibrate for 30 
min. Prior to washing arrays use a ther-
mometer to check washes are at 40°C ± 
1°C. Place Coplin jars (D–G) containing 
1X SSC and another jar (H) containing 
distilled water at room temperature.

1. remove one microarray from the box in 
the incubator.

Using fine tip forceps, remove the 
Hybridization Coverslip by grabbing the 
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overhanging edge and gently lifting up. 
Immediately immerse the microarray in 
50% 2XSSC/formamide wash solution at 
40°C (Coplin jar A) and agitate briefly.

 2. repeat for remaining microarrays (up 
to 5), one at a time. Incubate the micro-
arrays in Coplin jar A for 10 min.

 3. After incubation, agitate each microar-
ray in turn and transfer to Coplin jar 
B (formamide wash at 40°C). Incu-
bate microarrays in Coplin jar B for  
10 min.

 4. After incubation, agitate microarrays 
and transfer, in succession as above, 
to Coplin jar C (formamide wash at 
40°C). Incubate microarrays in Coplin 
jar C for 10 min.

 5. Agitate as above and transfer to Coplin 
jar D (1X SSC at room temperature). 
Incubate microarrays in Coplin jar D 
for 5 min.

 6. Agitate as above and transfer to Coplin 
jar E (1X SSC at room temperature). 
Incubate microarrays in Coplin jar E 
for 5 min.

 7. Agitate as above and transfer to Coplin 
jar F (1X SSC at room temperature). 
Incubate microarrays in Coplin jar F 
for 5 min.

 8. Agitate as above and transfer to Coplin 
jar G (1X SSC at room temperature). 
Incubate microarrays in Coplin jar G 
for 5 min.

 9. After removing array from last wash, 
rinse in distilled H2O for 1–2 s.

10. Briskly shake chip twice to get rid of 
the excess water ensuring the array 
area itself remains wet.

11. Quickly apply coverslip-containing 
DAPI mounting solution to the wet 
chip. Chips should be stored in the 

dark for 45 min prior to reading on the 
GenoSensor instrument.

IMAGE AnALySIS

The GenoSensor reader Software auto-
matically captures three images of each 
microarray, specific for the DAPI (coun-
terstain), the Test DnA (green), and the 
reference DnA (red), respectively. The 
software uses the DAPI image to identify 
target spots and their location in the grid.

Once all spots are identified, the pro-
gram analyzes each pixel within each spot 
for its intensity in each of the remaining 
color planes. An algorithm is employed to 
determine the local background for each of 
these colors, which is subtracted from the 
intensity of each color. The background-
corrected intensities are then used to deter-
mine the ratio of Test Intensity (green) to 
reference Intensity (red), which after fur-
ther normalization can be used to estimate 
the relative abundance of a specific target 
sequence in the test DnA. A report page 
for each array is generated.

To determine the variations in the ratios 
of the spots in normal control DnA, 
comparative hybridizations using test and 
reference DnA from several normal sam-
ples can be performed. This approach 
has been used previously by other groups 
(Albrecht et al. 2004; Schraml et al. 
2003; Hui et al. 2001). The mean ratio 
and mean standard of the normal array 
CGH can be calculated. A value of the 
mean ratio +/− two standard deviations 
can then be set as the cut-off level for nor-
mal gene copy number. In practice these 
values usually closely correspond to the 
Vysis defined values of <0.8 for deletion 
and >1.2 for gains.
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rESULTS

Analysis Cohort

The cohort analyzed consisted of three cell 
lines and eight prospectively accessioned 
PTCs. All cases were typed for BrAF 
mutation status and for ret/PTC 1/3 rear-
rangements. Our aim was to search for 
potential copy gain in those tumors with-
out evidence of BrAF mutation or ret/
PTC rearrangement.

Array CGH

Array CGH revealed DnA sequence copy 
number changes in all three-cell lines and 
all eight surgical cases of PTC examined 
(Finn et al. 2007). Aberrations (includ-
ing both gains and losses) were detected 
in all cases and aberrations were detected 
at a higher rate in the cell lines (Mean 
43.8%) than in surgical tissue samples 
(Mean 6%). Large amplifications only 
occurred in cell lines. For all other cases, 
the maximum fluorescence ratio for a gain 
never exceeded 2.5. This indicates that no 
high-level amplifications of any of the loci 
occurred in tissue samples.

recurrent Gains and Losses

Because of the great number of aberrations 
seen in the three cell lines in comparison 
with prospectively collected tissue samples 
and also because of the known inherent 
genomic instability of cell lines, the data 
for the tissue samples was independently 
analyzed for recurrent aberrations occur-
ring exclusively in the eight tissue samples. 
recurrent gains included PDGFB (22q13.1) 
SnrPn (15q12) and FGF4/FGF3 (11q13) 
and recurrent losses frequently occurred at 
subtelomeric loci on chromosomes 1p, 1q, 
2p, 2q, 5q, 11p, 15q, 19p, and 20p.

DISCUSSIOn

The aim of this work was to perform 
an assessment of DnA copy gain and 
loss occurring in both Papillary Thyroid 
Carcinoma cell lines and prospectively 
collected surgical samples of PTC with 
knowledge of the rearranged ret/PTC and 
BrAF mutation status of each case to 
identify potentially novel aberrations. A 
stated aim of this study was to look for 
potential molecular triggers in those PTC 
lacking either mutant BrAF or ret/PTC 
activation. Gains of PDGFB (22q13), TP 
73 (1p36.33) and SnrPn (15q12) were 
exclusively detected in tumours without 
these known molecular triggers.

Interestingly and contrary to previous 
studies, DnA copy gain and loss appears 
to occur in all cases of PTC when tumors 
are examined using a combination of laser 
capture microdissection and sensitive array 
based CGH. In the tissue specimens aber-
rations occurred at a low percentage of 
the loci examined with a mean percentage 
of aberrations of 6% of all loci examined 
(range, 1.45–11.35%).

Taking amplified genes occurring in 
>36% of the cases as a threshold, the most 
common amplifications involved genes/
loci such as FGr/SrC2 on 1p36.2-p36.1 
(FGr – Gardner rasheed Feline Sarcoma 
viral oncogene homolog, a protein tyrosine 
kinase), EGFr on 7p12.3-p12.1 (epider-
mal growth factor receptor, a protein tyro-
sine kinase), FGF4 on 11q13 (Fibroblast 
Growth Factor 4, a classical activator of 
the MAPK pathway) and PDGFB (Platelet 
derived growth factor B, SIS) on 22q13.1.

The literature relating to CGH data on 
PTC has yielded disparate results and con-
clusions. PTC is clearly a morphologically 
heterogeneous neoplasm and shows molec-
ular heterogeneity. It may well be that 
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DnA copy gain and loss occurs as a sec-
ondary event to established molecular trig-
gers such as ret/PTC activation and BrAF 
mutation. For this reason we attempted to 
assess DnA copy gain and loss in very well 
characterized tumours. Significantly, we 
attempted to overcome the effect contami-
nation by DnA from normal cells, such as 
stromal and inflammatory cells by using 
laser capture microdissection.

Of great interest, other evidence points 
to a role in particular for PDGF B in the 
pathogenesis of PTC. A recent expres-
sion microarray study identified PDGF 
expression as a possible diagnostic marker 
of PTC (yano et al. 2004). Over expres-
sion of the protein was confirmed by 
immunohistochemistry. It is possible that 
copy gain of this gene will lie behind 
the increased expression of the protein. 
Furthermore, PDGFB is an attractive can-
didate for oncogenic activation because 
the expressed gene has a tyrosine kinase 
function and is known to contribute to the 
mitogen activated protein kinase pathway 
(MAPK). yano et al. (2004) also demon-
strated over expression of FGF4 in their 
study.

In conclusion, the current study demon-
strates that copy gain and loss occurs in 
more cases of PTC than heretofore seen 
in the literature. The combination of laser 
capture microdissection and array based 
CGH may be an optimal combination for 
detecting copy gain and loss in tumors. This 
study emphasises the central role played by 
the MAPK pathway in the pathogenesis 
of PTC. Amplification of PDGFB occurs 
exclusively in tumors without mutation of 
BrAF or expression of ret/PTC chime-
ras. The mechanism of overexpression of 
both FGF 4 receptor and PDGF, recently 
described in the literature, may well be 
copy gain at the genomic level.
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InTroDuCTIon

Thyroid cancer is the most common  
endocrine malignancy. It is divided in  
several types with papillary, folliculary and 
Hürthle cell cancer (also called differentiated 
thyroid cancer) originating from the follicular 
epithelial cells as the most common types 
(>90%). other types are medullary thyroid 
carcinoma (a neuroendocrine tumor origi-
nating from the calcitonin producing C-cells) 
(3–10%) and anaplastic carcinoma (often 
a dedifferentiated form of the other types) 
(2–10%) (Schlumberger and Pacini 2003).

There is a different treatment for each of 
these types of thyroid cancer. In differenti-
ated thyroid cancer the initial therapy is 
total thyroidectomy with or without lymph 
node dissection, followed by adjuvant radi-
oactive iodine therapy. radioactive iodine 
therapy with 131I can be used successfully 
due to the active uptake of iodine in tumor 
cells of thyroid origin. However, this prop-
erty can be lost during dedifferentiation, 
which limits the use of this therapy in ana-
plastic carcinoma. Medullary thyroid can-
cer cells show no iodine uptake at all and 
curative options are therefore mainly lim-
ited to surgical resection of primary tumor 
and metastases (Sherman et al. 2005).

The prognosis for differentiated thyroid 
cancer is good, with an average 10-years 
survival between 80% and 95%. However, 
these tumors can dedifferentiate, which 
results in limited therapeutic options, lead-
ing to a much poorer prognosis with a 
5-year survival of 30%. Medullary thy-
roid carcinoma has a 10-years survival of 
20–70% (Modigliani et al. 1998) and for 
anaplastic thyroid carcinoma the median 
survival is 2–6 months (Tubiana et al. 
1985; Venkatesh et al. 1990).

Imaging is especially important in deter-
mining the right therapeutic approach for 
patients with differentiated and medul-
lary thyroid carcinoma. Different imaging 
techniques are available such as Computed 
Tomography, Magnetic resonance Imaging, 
conventional nuclear scintigraphy and 
Positron Emission Tomography. While 
MrI and CT are imaging techniques which 
show morphologic structures, PET imag-
ing depicts pathophysiological processes 
and is described as functional imaging. 
The value of PET imaging is emerging 
mainly in the follow-up of thyroid cancer. 
Several PET imaging techniques are avail-
able for different types of thyroid cancer 
and these techniques and their applications 
are discussed in this chapter.
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PoSITron EMISSIon 
ToMoGrAPHy

Positron emission tomography (PET) 
imaging is a technique used in nuclear 
medicine which is based on the use of 
positron emitting isotopes in specific mol-
ecules which are relevant for specific 
metabolic pathways. The PET technique 
yields a high resolution and the capabil-
ity to quantify the amount of radioactivity 
measured in a specific region.

Positrons, emitted by an unstable atom 
nucleus, are the antiparticles of electrons 
and have the same mass, but an opposite 
charge. not the positrons are detected by 
a PET camera, but the photons, which are 
formed when a positron fuses with an elec-
tron. This means that the positron binds 
with an electron to form a positronium 
which annihilates. In this annihilation proc-
ess all the mass is converted into energy 
by which two photons are formed. These 
photons, always carrying an energy of 511 
keV, are emitted in opposite directions 
under an angle of 180° and are detected by 
the PET camera (Bailey et al. 2003).

radioisotopes used in PET imaging usu-
ally have a short half live, such as carbon-
11(11C; half-life (T½) 20 min), nitrogen-13 
(13n; T½ 10 min), oxygen-15(15o; T½ 2 
min) and fluorin-18(18F; T½ 110 min). 
Positron emitting radionuclides are in most 
cases produced by bombarding the target 
material with highly accelerated particles 
(deuterons or protons) using a cyclotron 
and inducing a nuclear reaction. Centers 
which use isotopes with a very short half 
life, such as 15o, 13n and 11C , need to have 
an on-site cyclotron. other, longer living 
isotopes, can be made elsewhere and then 
transported to the PET imaging facility.  
(Mason and Mathis 2003).

A cyclotron is a type of particle accelerator  
which accelerates charged particles using  
a high-frequency, alternating voltage.  
A perpendicular magnetic field causes the 
particles to assume a circular orbit so that 
they re-encounter the accelerating voltage 
many times. When the particles are accel-
erated fast enough they are bombarded on 
to specific atoms and radionuclides are 
formed. These radionuclides are trapped 
and transported to the laboratory where 
they can be processed for clinical use. The 
resulting end-products are called (radio-) 
tracers. The most commonly used tracers 
are precursors for metabolic pathways, 
although many other tracertypes exist. 
After preparation and careful quality mon-
itoring, tracers can be injected.

The imaging device used is the PET 
camera. Most PET cameras consist of 
a ring of special detectors which are 
well suited for the detection of 511 
keV gamma rays. Software registers only 
simultaneously entering photonpairs on 
different detectors. This is called coinci-
dence detection. Coincidence detection 
removes the need for a lead collima-
tor such that the sensitivity of the PET 
imaging system is much higher than for 
the conventional Anger camera that is 
used in planar nuclear imaging or sin-
gle photon emission computed tomog-
raphy (SPECT). Both the specific block 
detector structure and the absence of a 
collimator contribute to a higher resolu-
tion as compared with SPECT. Another 
advantage of PET is that the amount of 
radioactivity injected in the body can be 
quantitatively determined. PET is a non-
invasive and sensitive imaging tool for 
depicting of molecular and biochemical 
processes without changing its physical 
properties (Bailey et al. 2003).
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In contrast to radiologic imaging which 
shows the morphologic structures, nuclear 
medicine techniques depict (patho-)physi-
ological processes and are also described as 
functional imaging methods. The imaging 
with PET is considered to be an useful diag-
nostic tool for the detection of cancer, brain 
diseases and coronary artery diseases.

Combined PET/CT

The combination of PET and CT scanning 
is a new promising imaging technique. The 
integrated PET/CT scanner allows acquisi-
tion of CT and PET images in one ses-
sion. The combination of morphologic and 
functional imaging leads to more precise 
anatomical localization of tumor lesions. 
The localization of tumor foci is important 
for initiating the appropriate treatment 
such as surgery. Especially in patients 
with a negative radioiodine scan where 
surgery is the only therapeutic option, the 
integrated PET/CT scan can be helpful in 
guiding therapeutic management.

18FLuorInE-
FLuoroDEoxyGLuCoSE 
(18F-FDG)

Mechanism

Fluorodeoxyglucose (FDG) is a glucose 
analogue and is used as a precursor for 
glucose metabolism. In both benign and 
malignant tissue it enters the cell by the 
same glucose transporters. However, the 
need for glucose in malignant cells is 
strongly increased because these cells 
have a considerably less efficient energy 
metabolism (Warburg 1930). For exam-
ple, the energy production per molecule 
of glucose in malignant cells is decreased 

because anaerobic glycolysis is strongly 
increased instead of the much more effi-
cient energy production from the citric 
acid cycle. This inefficient use of glucose 
is the basis for the preferential uptake of 
glucose or an offered glucose analogue as 
FDG in malignant cells.

In the cell FDG is phosphorylated by a 
hexokinase enzyme into FDG-6 phosphate 
which, in contrast to glucose-6-phospate, 
cannot be further metabolized. Therefore 
the FDG-6-phosphate does not leave the 
cell and becomes trapped intracellulary. 
The final quantity of FDG-6-phosphate is 
proportional to the glycolytic rate of the 
cell. Besides the increased glycolysis, it has 
been demonstrated that in malignant cells 
levels of transmembrane glucose trans-
porters (e.g. the GLuT-1 transporter) and 
possibly some hexokinase isoenzymes are 
also increased, also resulting in increased 
FDG uptake (Brown et al. 2002).

However, in all metabolically active tis-
sues, such as brain cells, active muscles 
and also activated macrophages, increased 
glucose metabolism leads to an increased 
FDG uptake. 18F-FDG PET is therefore a 
marker for glucose metabolism in general. 
In most normal tissues (e.g. liver, kidney, 
intestine, muscle and some tumor cells) 
the level of phosphate activity is vari-
able, but nevertheless FDG-6-phospate 
accumulation is lower than in malignant 
tissues. In addition, some benign tissues 
require more glucose (Kubota et al. 1992; 
Strauss 1996).

So, the uptake mechanism of FDG with 
irreversible trapping in malignant tissue 
is ideal for PET imaging and has been 
applied widely in oncology. However, it is 
important to make a correct interpretation 
of these PET images for also non-malig-
nant tissue has FDG uptake.
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Scan Method

uptake of 18F-FDG occurs rapidly after 
administration and the amount taken up 
increases over time. The most applicated 
imaging moment is 60–90 min after tracer 
administration. This is because of the 
excretion of 18F-FDG via the kidneys 
reducing 18F-FDG in the blood, which 
causes clearance of ‘background’ uptake 
and the decay of fluorin-18 (T½ = 110 
min). Generally the patient preparation 
consists of an 18F-FDG injection in a fast-
ing condition and after oral prehydration. 
The injected dose varies between 2–8 
MBq/kg.

Clinical Application

Thyroid Nodules

The value of 18F-FDG PET in the dis-
tinction between malignant and benign 
thyroid nodules before surgery is unclear. 
Several studies (de Geus-oei et al. 2006; 
Kresnik et al. 2003; Mitchell et al. 2005) 
reported that 18F-FDG PET is useful in 
the preoperative evaluation of cytological 
inconclusive nodules with a high negative 
predictive value. de Geus-oei et al. (2006) 
observed that the probability for thyroid 
cancer increased from 14% (pre-PET) to 
32% (post-PET) in case the nodule was 
positive on 18F-FDG PET. In this study 
18F-FDG PET could reduce the number of 
futile hemithyroidectomies by 66%.

However, recent studies by Kim et al. 
(2007) and Bogsrud et al. (2007) demon-
strated that 18F-FDG PET is not helpful 
in differentiating between malignant and 
benign nodules and therefore has only 
limited value in preoperative evaluation of 
indeterminate thyroid nodules.

So, conflicting results are reported 
on the usefulness of 18F-FDG PET in 

the prediction of malignancy in thyroid  
nodules in case of inconclusive cytology 
and further research is needed. Meanwhile 
histopathological examination remains the 
gold standard.

Differentiated Thyroid Cancer (DTC): 
Follow-Up

More information is available about the 
value of 18F-FDG PET in the follow-up 
of thyroid cancer such as the detection of 
recurrences or metastases, especially in 
patients with a negative radioiodine scan 
or in patients who have lost the ability 
to accumulate iodine. A complementary 
uptake of 18F-FDG and radioiodine can be 
present, which is known as the ‘flip-flop’ 
phenomenon and was first described by 
Joensuu and Ahonen (1987). This phenom-
enon might be explained by the degree of 
tissue differentiation. Well differentiated 
thyroid tissue has the capability to take up 
iodine but is metabolically inactive while 
less differentiated thyroid cancer tissue 
looses its capability to trap iodine and 
becomes metabolically more active. This 
makes 18F-FDG PET scanning the method 
of choice for the detection of 131I negative 
metastases of differentiated thyroid carci-
noma (Grunwald et al. 1996–1998; Wang 
et al. 1999; Schlüter et al. 2001).

Performance of 18F-FDG PET during 
TSH stimulation improves the results in 
comparison to the scanning during the 
euthyroid state (during thyroxin treatment) 
as was shown by van Tol et al. (2002). In 
vitro studies (Filetti et al. 1987; Hosaka 
et al. 1992) have shown a stimulating effect 
of TSH on Glut 1 expression and glucose 
transport. This increase in glucose carri-
ers results in a higher uptake of glucose 
and also 18F-FDG in thyroid cancer cells, 
which improves the result of the PET-scan. 
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Stimulation with exogenous TSH (recom-
binant human (rh) TSH) also increases 
18F-FDG uptake by differentiated thyroid 
cancer and therefore more lesions can be 
detected and tumor/background contrast is 
enhanced (Petrich et al. 2002; Chin et al. 
2004). The influence of rhTSH on the 
background is not well-known, but there 
is evidence that rhTSH increases 18F-FDG 
uptake in the tumor lesion itself.

Several studies have been performed to 
asses the value of 18F-FDG PET imaging 
in the follow up of thyroid cancer. Hooft 
et al. (2001) performed a meta-analysis 
of studies that investigated the role of 18F-
FDG PET in patients with thyroid cancer 
after negative radioiodine scintigraphy and 
elevated serum thyroglobulin. The diagnos-
tic accuracy of these studies was assessed. 
observed sensitivity and specificity in 
these studies were ranging from 70–95% 
and 77–100%, respectively. Furthermore, 
they observed that there are methodologi-
cal problems in these studies such as small 
sample size, validity of reference tests and 
short follow-up. nonetheless, 18F-FDG 
PET is now considered a valuable diag-
nostic imaging tool in the follow-up of 
131I-negative patients for the detection of 
recurrences or metastases.

However, it is not known whether PET 
is superior to bone scintigraphy in the 
detection of bone metastases in thyroid 
cancer. Comparative studies of bone scans 
and 18F-FDG PET are lacking. In a ret-
rospective study 24 patients had under-
gone both 18F-FDG PET and bone scans 
within 6 months because of suspected 
bone metastases (Phan et al. 2007b). This 
study shows that bone scintigraphy is still 
valuable in differentiated thyroid cancer as 
it was found that 38% of bone metastases 
could be missed on 18F-FDG PET. Further 

prospective studies in a higher number of 
patients are required to define the exact 
role of bone scan and 18F-FDG PET in the 
detection of bone metastases in patients 
with differentiated thyroid cancer (DTC) 
(see Figure 27.1).

Combined or integrated 18F-FDG PET/
CT in patients with negative 131I scans and 
elevated thyroglobulin (Tg) showed that 
the diagnostic accuracy can be improved 
compared to 18F-FDG PET or CT alone. 
The combination of these imaging tech-
niques has also led to a change in patient 
management and therapy e.g. extension of 
surgery, by providing precise anatomical 
localization of the recurrent or metastatic 
disease (Shammas et al. 2007).

 Medullary Thyroid Cancer (MTC)

The detection of recurrence or metastases 
in MTC is difficult and there is no single 
method sensitive enough to reveal all MTC 
recurrence or metastasis. In comparison 
with the calcitonin tumor marker nearly 
all imaging modalities (ultrasonography, 
CT, MrI and scintigraphy) have limited 
sensitivities. The clinical role of 18F-FDG 
PET in the diagnosis and staging of recur-
rent and metastatic MTC seems promising 
(nanni et al. 2006).

The sensitivity and specificity of 18F-
FDG PET ranges between 73–88% and 
76–80%, respectively. In a study by de 
Groot et al. (2004) 18F-FDG PET was 
performed in patients with elevated serum 
tumor markers after total thyroidectomy. 
Compared with 111In-octreotide imaging 
(lesion based sensitivity: 41%), 99m Tc(V)
DMSA scintigraphy (57%) and morpho-
logical imaging (87%), 18F-FDG PET 
(96%) was superior. However morphologi-
cal imaging will always be needed since 
18F-FDG PET only yields functional data 
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and no morphological information, which 
is necessary to assess resectability.

The combination of 18F-FDG PET/CT 
can have a useful role in medullary thyroid 
cancer. As only surgery can cure the dis-
ease, precise anatomical localization and 
the extent of the recurrent or metastatic 
disease is mandatory. However, little data 
and case reports have showed an increased 
diagnostic accuracy and further studies are 
needed (nanni et al. 2006).

18FLuorInE-
DIHyDroxyPHEny-
LALAnInE (18F-DoPA)

Mechanism

The mechanism responsible for uptake 
of 18Fluorine-dihydroxyphenylalanine 
(18F-DoPA) in medullary thyroid carcinoma 
is probably the strongly upregulated trans-
membrane transport of amino acids through 

Figure 27.1. These are the images of an 68-year 
old male known with follicular thyroid cancer. 
This patient showed increased serum Tg level 
(14 ng/mL) suspected for recurrent or metastatic 
disease. Blind treatment with 131I was given 
followed by a post-treatment whole body scan 

(WBS) after 10 days which was negative. 18F-
FDG PET (a) showed a focal lesion in the lower 
lobe of the left lung (arrow), confirmed by CT 
(b, arrow). Picture (c) showed the fusion image 
of 18F-FDG PET and CT for the lesion in the left 
lung (arrow)



40527. PET Imaging in Thyroid Carcinoma

the large amino acid transporters in medullary  
thyroid carcinoma cells. It is not yet clear 
whether the increased uptake of 18F-DoPA 
PET is the result of the increased transporter 
capabilities or the increased metabolic activ-
ity of the catecholamine pathway. After 
transmembrane transport, 18F-DoPA is intra-
cytoplasmatically converted into dopamine 
by the enzyme aromatic acid decarboxy-
lase (AADC). The formed 18F-dopamine is 
transported into secretory vesicles through 
the vesicular mono aminoacid transporters 
(VMAT) in which it can be further metabo-
lized to 18F-noradrenalin and 18F-adrenalin 
(Pearse 1974).

Although the 18F atom influences the 
metabolism of 18F-DoPA there is no 
or little effect on the transport into the 
intracellular environment. In the kidneys, 
18F-DoPA is rapidly converted into18F-
dopamine which is than excreted actively 
in urine. This conversion can be inhibited 
by oral administration of carbidopa prior to 
tracer administration (Brown et al. 1998).

Carbidopa also lowers the physiological 
uptake of 18F-DoPA in the pancreas, but it 
is yet unknown which mechanism is respon-
sible for this decrease in pancreatic uptake. 
The reduction in renal and urinary activity 
leads to a better image quality in the sur-
roundings of the urinary system. Also, the 
reduced uptake in the pancreas makes the 
identification of lesions in the pancreatic 
region easier. It can be speculated that by 
reducing the excretion of 18F-DoPA, more 
18F- DoPA is available for neuroendocrine 
tumor lesions; thereby increasing the tumor 
to background ratio, leading to a better dis-
crimination of neuroendocrine lesions.

Scan Method

In most centers, patients are prepared with 
oral administration of carbidopa, either 
in a fixed dose or in a dose calibrated to 

bodyweight. Patients are scanned in a fast-
ing condition for 4–6 h. In most centers a 
whole body study will be performed rang-
ing from the skull to the upper femora. 
The average injected dose is 200 MBq, 
the radiation burden ~4 mSv (Brown et al. 
1998). Attenuation correction is applied, 
either by using a CT in a PET-CT machine 
or by using camera-specific attenuation 
protocols.

Clinical Application

Medullary Thyroid Cancer

Although 18F-DoPA PET is not yet wide-
spread used, it is a promising new func-
tional imaging procedure for imaging 
neuroendocrine tumors (see Figure 27.2). 
More and more centers gain access to 
this tracer either via on site production 
or production elsewhere. Hoegerle et al. 
(2001) were the first to describe the use of 
18F-DoPA PET in medullary thyroid can-
cer. In this study 18F-DoPA PET was com-
pared with 18F-FDG PET, SrS and CT/
MrI. A high precision of 18F-DoPA PET 
was observed in the diagnosis of lymph 
node metastases (sensitivity 88%) while 
organ metastases were better detected with 
conventional imaging (sensitivity 13%). In 
the recently published study by Koopmans 
et al. (2006) diagnostic accuracy was 
assessed for 18F-DoPA PET in patient with 
carcinoid tumors which are, like medul-
lary thyroid carcinoma, neuroendocrine 
tumors. Compared to conventional somo-
tostatine receptor scintigraphy (SrS) they 
showed improved sensitivity of 18F-DoPA 
PET in staging and identification of carci-
noid tumors.

The value of 18F-DoPA PET for the 
detection of recurrent or residual disease in 
21 patients with postsurgical elevated cal-
citonin or CEA was assessed by Koopmans 
et al. (2007). They compared 18F-DoPA 
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PET with 18F-FDG PET, 99mT(V)DMSA 
and CT/MrI. 18F-DoPA PET was superior 
to conventional imaging for the detection 
of MTC on patient (sensitivity 87%) and 
regional (89%) level. on lesional level 
18F-DoPA PET (sensitivity 71%) was equal 
to morphological imaging (64%) but supe-
rior to 18F-FDG PET (30%) and 99mT(V)
DMSA(19%).

In the recent study by Beuthien-Baumann 
et al. (2007) 18F-DoPA-PET also seems to 
be more specific than 18F-FDG PET for 
the detection of metastases of MTC. Thus, 
compared with 18F-FDG PET and con-
ventional imaging techniques 18F-DoPA 
PET provides better results in the imaging 
of medullary thyroid cancer. However it 
is still unclear if this improved imaging 
results in different therapeutic approaches 
and further research is needed.

 11C-METHIonInE (MET) PET

Mechanism

Proteins play an important role in virtu-
ally all biological processes. Proteins are 
built from a set of 20 amino acids. Amino 
acid transport across the cell membranes 
into the cells occurs primarily via carrier-
mediated processes. Amino acid transport 
is generally increased in malignant trans-
formation (Jager et al. 2001; Isselbacher 
1972; Busch et al. 1959). This increased 
protein metabolism in cancer cells is inter-
esting for metabolic tumor imaging, for 
which radiolabeled amino acids can be 
applied. These amino acid tracers could 
help in imaging areas where 18F-FDG is 
limited such as the interference of high 
(physiologic) 18F-FDG uptake in the brain. 
Another reason is that amino acid imaging 

Figure 27.2. These are the images of a patient known 
with medullary thyroid cancer. In this patient 18F-FDG 
PET (a) and 18F-DoPA PET (b) were performed. The 

18F-DoPA PET (b) showed multiple lesions in the 
liver and several lesions in the spinal column (arrows) 
while the 18F-FDG PET showed hardly any lesions
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is less influenced by inflammatory disease.  
The most frequent used radiolabeled amino 
acid is L-[methyl-11C]-methionine. normal 
biodistribution of radiolabeled methionine 
includes the pancreas, liver, spleen, kidney 
and salivary glands.

Scan Method
11C-MET-PET scanning can be performed 
10 to 20 min after intravenous injection of 
a fixed dose or a dose calibrated on body-
weight (range 70 to 1, 100 MBq in the 
literature), in a fasting condition for 2–6 h. 
Images are corrected, either by using a CT 
in a PET-CT machine or by using camera-
specific attenuation protocols.

Clinical Application

Differentiated Thyroid Cancer

The need for new tracers and improvement 
of diagnostic tools in thyroid cancer is 
growing. So far, no data on the application 
of methionine (MET) PET in thyroid can-
cer are available. The general feasibility of 
amino acid imaging in many tumor types 
has thus far sufficiently been shown (Jager 
et al. 2001).

It is imaginable that thyroid cancer could 
sufficiently concentrate amino acids due 
to its metabolically inert nature and high 
protein synthesis (e.g. thyroglobulin). In 
a feasibility study by Phan et al. (2008b), 
11C-MET PET has been compared with 
18F-FDG PET in the detection of recurrent 
or metastatic disease in 20 patients with 
negative 131I scans and elevated Tg. Six 
of the 20 patients showed uptake on both 
PET scans, but the abnormalities were 
more 18F-FDG-avid and more extensive on 
the 18F-FDG PET in 3 patients. In 4 of the 
20 patients uptake was only observed on 

the 11C-MET PET, however, no anatomical  
localization could be confirmed. For now, 
the significance of the MET uptake in 
these four patients is unclear, so the clini-
cal value of 11C-MET PET in the detec-
tion of recurrent DTC disease still has to 
be proven in the (long-term) follow-up 
(Figure 27.3).

124I-PET

Mechanism

Iodine-124 is a positron emitting isotope, 
which is suitable for positron emission 
tomography (PET) imaging, with a half-
life of 4.2 days (Pentlow et al. 1996). 
This isotope has been used for dosimetric 
purposes or thyroid volume measurements 
(Eschmann et al. 2002). While the radio-
isotopes 123I and especially 131I are used on 
a wide scale in diagnosis and treatment of 
many thyroid disorders, 124I has received 
little attention. Chemically identical to 
non-radioactive iodine, this radio-isotope 
allows thyroid cancer imaging with the 
high resolution PET technique (Pentlow 
et al. 1996; Eschmann et al. 2002).

Scan Method

The 124I -PET scan can be obtained 24 h 
to 6 days after administration of 74–100 
MBq of 124I. A whole body PET scan 
(from the upper thigh up until the top of 
the skull) can be performed in 2D or 3D 
mode, using standard energy window set-
ting of 350–650 keV (or energy window 
setting 425–650 keV or 460–562 keV in 
case of the presence of high amounts of 
131I (Lubberink et al. 2006).
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Clinical Application

Differentiated Thyroid Cancer

Accumulation of iodine is a highly spe-
cific characteristic for differentiated thy-
roid cancer (DTC) cells. In patients with 
increasing or recurrent detectable Tg a 
blind treatment (meaning after a negative 
diagnostic 131I scan) with high dose 131I 
followed by a post-treatment 131I scan is 
used as a diagnostic tool. However, this 
strategy with (unnecessary) high radiation 
exposure must be taken into account in 
patients without 131I uptake in their metas-
tases. Besides the high radiation exposure 
there is a high TSH level which potentially 
stimulates thyroid cancer cell growth.

Based on the higher spatial resolution, 
124I-PET is potentially able to detect recur-
rent disease in DTC with a higher sensi-
tivity than (diagnostic) 131I scans. With 
this higher sensitivity and the possibility 
to combine the 124I-PET scan with mor-
phologic imaging such as CT data, an 
appropriate therapeutic decision in terms 
of surgery and/or additional high dose 
131I can be made. 124I-PET imaging might 
therefore become the diagnostic tool of 
choice in the follow-up of DTC. In the 
study by Freudenberg et al. (2004) 124I-
PET (/CT) modalities were compared with 
the high dose 131I-WBS in 12 patients 
with DTC. They showed an overall lesion 
detectability of 87%, 83% and 100% for 

Figure 27.3. These are the images of a 68-year old 
female known with papillary thyroid cancer. This 
patient had unreliable Tg due to the presence of Tg 
antibodies (which where increasing in the course 
of the follow-up). The post-treatment 131I whole 
body scan (WBS) was negative. Due to suspicion 
of dedifferentiated, metastatic disease 11C-MET 

PET (a) and 18F-FDG PET (b) were performed. 
11C-MET PET (a) showed lesions in the mediasti-
num with slightly to moderate 11C-MET uptake. 
18F- FDG PET (b) also showed multiple lesions in 
the mediastinum, but the lesions showed clearly 
higher 18F-FDG uptake and the abnormalities were 
more extensive
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124I, 131I-WBS and combined 124I-PET/
CT respectively. So, these 124I-PET (/CT) 
modalities are promising diagnostic tools 
and are a suitable alternative to the high 
dose 131I-WBS in the follow-up of DTC 
patients.

In a prospective, feasibility study by Phan 
et al. (2008a) 20 patients with advanced 
DTC (T4, extranodal tumor growth, dis-
tant metastasis) underwent a low-dose 
diagnostic 131I scan, a 124I PET scan and 
a high-dose (posttreatment) 131I scan. The 
131I images were compared to the 124I PET 
images. 124I-PET proved to be a superior 
diagnostic tool as compared to low dose 
diagnostic 131I scans and showed com-
parable findings with the post-treatment 
131I-WBS which was in agreement with 
the study by Freudenberg et al. (2004) 
and Abdul Fatah et al. (2007). Therefore, 
124I-PET could be used as a diagnostic tool 
in the follow-up of patients with DTC for 
the favorable radiation exposure burden 
compared to the high dose diagnostic 131I-
WBS and the superior diagnostic accuracy 
compared to low dose diagnostic 131I-
WBS and the fusion possibility with CT 
which improves clinical decision making 
(Figure 27.4).

ConCLuSIon

This chapter of PET imaging in thyroid 
cancer gives an overview of the differ-
ent PET techniques available in thyroid 
cancer. PET imaging is based on two 
principles: the ability of unstable atom 
nucleus to emit positrons and the labeling 
of organic molecules, which are used in 
specific metabolic pathways.

For differentiated thyroid cancer the 
most frequently used PET technique is 

18F-FDG PET imaging, which is based on 
the use of a glucose analogue. Although 
its application in the preoperative assess-
ment of thyroid nodules is still unclear, it 
is considered a useful tool in the follow 
up of differentiated thyroid cancer. The 
use of PET/CT scanning which combines 
functional imaging with morphological 
imaging is promising, providing more 
accurate localization of tumor sites, which 
is important for further treatment.

other PET radiotracers have been devel-
oped: the clinical value of amino acid 
tumor imaging with 11C-MET PET is 
unclear and still has to be proven in 
the follow-up of differentiated thyroid 
cancer. Another relative new PET imag-
ing technique is the iodine isotope 124I. 
Compared with the high dose diagnostic 
131I whole body scan, 124I PET showed 
similar findings and can therefore be used 
as a diagnostic tool in the follow-up of dif-
ferentiated thyroid cancer.

For the follow-up of medullary thyroid 
cancer 18F-FDG PET is also the most 
employed imaging technique. However 
18F-DoPA PET, which is based on a pre-
cursor of dopamine, seems to be superior 
compared to 18F-FDG PET in the follow 
up of medullary thyroid cancer. A potential 
new tracer is 11C-5-HTP, which is based on 
a precursor of serotonin and already has 
been applied in neuroendocrine tumors. 
The value of this technique has to be fur-
ther assessed in medullary thyroid cancer.

The need for new tracers and advanced 
PET imaging to improve the diagnostic 
sensitivities and accuracy in detection, 
staging and follow-up of thyroid cancer 
patients is growing. Knowledge of the 
pathogenesis, the molecular characteristics 
and the behavior of the tumor cell is cru-
cial for developing of specific tracers and 
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techniques, e.g. radiolabeled Tg, (rh) TSH. 
Although new tracers are developed and 
applied in patients, little data is available 

on the changes in therapeutic management 
these new PET-techniques give. While 
PET-imaging is still in development, more 

Figure 27.4. These are the images of a 68-year old 
male known with follicular thyroid cancer. This 
patient showed increased serum Tg level (14 ng/
mL) suspected for recurrent or metastatic disease. 
Blind treatment with 131I was given followed by a 
post-treatment whole body scan (WBS) after 10 
days (a), which was negative. The 124I-PET (b) 

was also negative, besides physiological uptake 
in the salivary glands, esophagus, gastro-intestinal 
tract, kidney and bladder. 18F-FDG PET (c) showed 
a focal lesion in the lower lobe of the left lung 
(arrow), confirmed by CT. This complementary 
uptake of radioiodine and 18F-FDG is known as the 
flip-flop phenomenon
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research is needed to asses the effects 
on therapy of these new developments. 
In conclusion, PET imaging is a useful 
diagnostic tool in thyroid cancer and new 
promising techniques are developed which 
could further improve the diagnostic accu-
racy and therapeutic approaches.
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Using Radiolabeled Gastrin Analogs
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MeDULLARy ThyROID 
CARCInOMA

Medullary thyroid carcinoma (MTC) 
belongs to the group of differentiated thy-
roid carcinomas. Though MTC had first 
been described in 1951 by horn, it was 
8 years later when hazard et al (1959) 
proposed it as a clinical entity and it took 
another 8 years until Williams (1966) was 
able to demonstrate that it is derived from 
the calcitonin-producing C-cells of the 
thyroid. MTC accounts for ~5–10% of dif-
ferentiated thyroid cancers. While sporadic 
MTC is responsible for 75% of cases, MTC 
can also be hereditary in 25% and may then 
either occur as an isolated form (called 
familial MTC (FMTC), 15%), or as part of 
the multiple endocrine neoplasia (Men) 
syndrome type 2a (80%) or 2b (5%). In 
virtually all patients with hereditary MTC, 
a mutation of the ReT protooncogene on 
chromosome 10 can be found. In patients 
with FMTC and Men 2a, the mutation is 
mostly located in exon 11, but sometimes 
also in 10, 13, or 14. In patients with Men 
2b, the mutation is usually located in exon 
16 (Machens et al. 2003).

Symptoms

In many cases, lymph node metas-
tases are the first symptom to be found. 
Approximately, 50% of patients already 
have lymphogenic metastases when MTC 
is diagnosed. Other symptoms include pal-
pable thyroid nodules that may be painful 
upon palpation. Invasion into adjacent tis-
sues may occur, which results in decreased 
thyroid motion after swallowing. Late 
symptoms include pareses of the recurrent 
laryngeal nerve or compression of the tra-
chea. Furthermore, diarrhea refractory to 
therapy may occur, which can also be the 
primary symptom though usually associ-
ated with advanced stages of disease.

Diagnostic Procedures

Pentagastrin Testing

As MTCs continue to produce calcitonin, 
it can be used as a tumor marker for detec-
tion of recurrent disease. To increase the 
sensitivity of calcitonin sampling, it should 
be measured after Pentagastrin stimulation. 
Pentagastrin binds to the CCK2 (cholecysto-
kinine 2) receptor which is overexpressed 
on MTC and stimulates calcitonin release. 
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For Pentagastrin stimulation testing, 0.5 µg 
of Pentagastrin per kg of body weight (kg 
BW) is injected intravenously after prein-
jection of 2 mg calcium/kg BW. Calcitonin 
sampling is done at time points 0, 2, 3, 5, 
and 10 min (other time points and dosages 
may be used dependent on the respective 
local or national guidelines). Pathological 
elevation of calcitonin is highly sensi-
tive for recurrent disease. After successful 
surgical removal of the primary and all 
metastases, calcitonin should not be meas-
urable. The value of standard calcitonin 
sampling and pentagastrin stimulation test-
ing in otherwise healthy patients with thy-
roid nodules still needs to be elucidated. 
While single patients do profit from the 
test because MTC can be detected, a con-
siderable number of patients will undergo 
surgery for C-cell hyperplasia or occult 
disease (Karanikas et al. 2004). Whether 
this may be over-treatment of clinically 
irrelevant disease is presently not clear and 
the value of calcitonin screening is a matter 
of debate (hodak and Burman 2004).

Whiskey Stimulation Testing

It has been reported in the literature that oral 
application of whisky leads to an increase 
in serum calcitonin levels in patients with 
MTC (Dymling et al. 1976). Although this 
stimulation test may be very much favored 
by many patients, the available information 
suggests that calcitonin stimulation with 
pentagastrin is more efficient than stimula-
tion testing with whisky (emmertsen et al. 
1980). Furthermore, whiskey stimulation 
testing did not only lead to variable results 
concerning post-whisky serum calcitonin 
concentrations but also to varying blood 
alcohol concentrations (Fletcher et al. 
1984). Whether other alcoholic beverages 
may lead to more reliable results is still 

a matter of debate. Therefore, presently 
pentagastrin stimulation testing remains 
the main stay for biochemical diagnosis of 
MTC/recurrence of MTC. Although a lot 
can be said in favor of whisky, the whiskey  
stimulation test should not be used in  
the clinic.

Carcinoembrionic Antigen

Carcinoembrionic antigen (CeA) is less 
sensitive and less specific than calci-
tonin as a marker for MTC. however, 
in the follow-up of patients with MTC, 
it may be very useful as a marker of 
response to therapy as calcitonin levels 
may largely vary, and therefore are less 
reliable. Furthermore, if calcitonin levels 
are elevated in patients with metastatic 
MTC while CeA levels remain low, this is 
associated with a better prognosis than low 
calcitonin levels in combination with high 
CeA levels (Busnardo et al. 1984).

Ultrasound

Ultrasound (US) of the neck is highly sen-
sitive for the detection of enlarged lymph 
nodes and cervical masses as well as 
thyroid nodules. however, the specificity 
is limited as it may be very difficult to dif-
ferentiate between malignant and benign 
disease. This is especially true for thyroid 
nodules. The result of US is very much 
dependent on the experience of the person 
who performes the examination. An expe-
rienced sonographer may be capable of 
determining the nature of cervical abnor-
malities based on echogenicity, shape, 
location, signs of tissue invasion, etc.. In 
this context it is important to mention that 
US should always be interpreted by the 
persons performing the examination but 
not, as it is often practiced, by those who 
interpret images taken by another person.
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Computed Tomography

Computed Tomography (CT) with contrast 
enhancement is able to detect cervical 
lymph nodes as well as local recurrence 
of MTC by detection of the masses and 
by typical contrast enhancement in tumor 
tissues. Furthermore, infiltration of sur-
rounding tissues may also be visible on 
CT scans. The limitation is the low spe-
cificity in the assessment of lymph nodes 
based on size alone (above or below 1 cm 
in diameter). The strength of CT scanning 
is the detection of even small metastases 
in the lungs. If a follicular or papillary 
thyroid carcinoma is likely instead of 
MTC, no contrast agents should be used 
because postoperative radioiodine therapy 
may seriously be delayed by blockade of 
the iodine intake in thyroid and thyroid 
carcinoma tissue!

Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is 
better suitable than CT for the assessment 
of soft tissues. Though it is inferior to CT 
in the detection of lung metastases (due to 
long scanning times and resulting breath-
ing/motion artifacts), it is very sensitive in 
the detection of cervical abnormalities and 
especially for the detection of mediastinal 
lesions. In comparison to CT, it is not a 
problem to apply MRI contrast medium 
in cases of possible papillary or follicular 
thyroid carcinoma as it does not contain 
iodine.

Positron Emission Tomography

Positron emission Tomography (PeT) 
using 18F-FDG (fluorodeoxyglucose) as 
tracer can be used for detecting lesions in 
patients with metastatic or recurrent MTC. 
It is most sensitive in the detection of 

lesions in the neck and mediastinum. The 
sensitivity of FDG-PeT seems to increase 
with calcitonin levels above 1,000 pg/mL 
(Ong et al. 2007). A potential advantage 
of PeT is that it is not limited with respect 
to the field of view so that distant metas-
tases can be detected which may not be 
located within the field of view of a CT or 
MRI scan. Furthermore, PeT is more spe-
cific than anatomical imaging modalities. 
Another tracer that may be used for PeT 
imaging is 18F-DOPA, a dopamine recep-
tor ligand. This tracer allows the detection 
of metastases of MTC with a higher sen-
sitivity than FDG. 18F-DOPA is also most 
efficient in detecting cervical and medias-
tinal metastases (Beuthien-Baumann et al. 
2007).

Somatostatin Receptor Scintigraphy

For somatostatin receptor scintigraphy 
(SRS), the radiolabeled somatostatin ana-
log octreotide is used for the detection of 
tumor tissue overexpressing the somato-
statin receptor (to which the radiopeptide 
binds). As MTC belongs to the group of 
neuroendocrine tumors that do express 
somatostatin receptors to a high extent, 
SRS is feasible in patients with recur-
rent or metastatic MTC. however, expres-
sion of the somatostatin receptors strongly 
depends the level of differentiation of 
tissues. If MTC dedifferentiates, the soma-
tostatin receptor expression will be lost 
resulting in false-negative scans (Behr 
et al. 1997). Therefore, SRS often is less 
useful in MTC patients than the sectional 
imaging methods described above with 
sensitivities below 50%.

Fine Needle Aspiration

Fine needle aspiration (FnA) is performed 
by puncturing a given abnormality with a 
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fine needle. This can be done based on 
palpation or guided by ultrasound. By 
applying a vacuum at the moment the 
tip of the needle is located within the 
abnormality, cells are sucked into the 
needle/syringe for cytological evaluation. 
The results of this procedure very much 
depend on the experience of the person 
performing the FnA and the pathologist 
who is interpreting the obtained cytologi-
cal material. In most patients with MTC, 
FnA will not reveal the true diagnosis 
though a considerable number of patients 
may be operated on based on the result 
of the FnA (as, for example, a follicular 
neoplasia is diagnosed or suspicious cells 
are found). however, the value of FnA 
in diagnosing metastases or the primary 
in patients with MTC remains limited 
(hodak and Burman 2004).

Selective Venous Sampling

Selective Venous Sampling (SVS) is an 
invasive method that helps to localize 
MTC lesions. A catheter is inserted into 
the body of the patient via the groin and 
pushed forward to the area where the 
lesions are expected, for example, the cer-
vical veins. Blood samples are than drawn 
from different locations. This technique 
does not directly localize metastases, but 
it does allow to determine the draining 
vein, and therefore allows to limit the area 
which should be operated on. In addition 
to standard sampling, sampling can also 
be done after stimulation with pentagastrin 
resulting in a quick rise of calcitonin levels 
in the vein draining the blood from the 
affected region. high resolution US may 
help to further evaluate the respective area 
prior to operation.

LOCALIzInG AnD TReATInG 
MeTASTATIC MeDULLARy 
ThyROID CARCInOMA

As surgical therapy is the only therapeu-
tic modality with a curative approach so 
far, localization of metastases of MTC is 
crucial. Although it is comparably easy to 
diagnose recurrent or metastatic MTC by 
pentagastrin stimulation testing, localiza-
tion of tumor sites is much more compli-
cated. Metastases may be very small and 
the growth rate of usually highly differen-
tiated MTC is low. Therefore, it may take 
years between the biochemical diagnosis 
of recurrence and the actual detection of 
metastases. In addition, small metastases 
for example may be diffusely spread in 
the liver or lung. Imaging techniques may 
then not be able to easily detect these tiny 
lesions. Invasive techniques may be neces-
sary in these cases to localize the disease. 
Liver metastases, for example, may be 
diagnosed by SVS (with respect to an 
organ or segment of an organ). however, 
if the metastases are not visualized, it is 
not possible to decide whether the patient 
may benefit from surgical therapy or not. 
Therefore, CT arteriography (CTA) or 
CT arterioportography may be performed. 
Both are invasive and time consuming but 
reliably localize even small lesions <5 mm 
in size. Furthermore, MRI with superpara-
magnetic ironoxide particles (SPIO) may 
help to localize metastases in the liver. 
SPIOs are taken up by the reticuloendothe-
lial system (ReS) of the liver and lead to 
lower signal intensity of healthy liver tis-
sue in comparison to tissue without ReS.

In the cervical area, lymph nodes of <1 cm 
in size may be detected by ultrasonography  
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(or CT/MRI) without signs of malignancy.  
PeT may then allow differentiation between 
healthy and metastatic lymph nodes. 
Furthermore, by combination of PeT and 
CT in dedicated PeT/CT scanners, fusion 
images will be created combining morpho-
logical with metabolic information which 
will make it easier to identify sites of tumor 
involvement prior to surgery. The useful-
ness of the PeT/CT hybrid technology in 
detecting various cancer types is discussed 
in detail in two recently published volumes 
(hayat 2007).

Although these technologically advanced 
techniques offer much better possibili-
ties to localize metastatic MTC at earlier 
stages than those used some years ago, 
their contribution to improveme the prog-
nosis of patients remains questionable. 
Micrometastases may be spread all over 
the lung or liver preventing successful sur-
gical intervention. Micrometastases may 
be present in locations missed by imaging 
so that after the operation the patient will 
still have elevated basal or pentagastrin-
stimulated calcitonin levels. Aggressive 
systemic therapy such as chemotherapy is 
of limited value in metastasized MTC, but 
may be associated with considerable side 
effects. external beam irradiation may be 
used in an attempt to treat local inoper-
able disease but it remains questionable 
whether the therapeutic effects of external 
irradiation therapy will exceed potential 
(long-term) side effects. early experimen-
tal approaches of radioimmunotherapy 
with 131I or 90y-labeled anti-CeA antibod-
ies, also in combination with radio-sensi-
tizing chemotherapeutic agents, were of 
limited value. Also, the efficacy of myelo-
ablative high-dose therapy with subsequent 

autologous stem cell transplantation did 
not compare favorably with toxicity (Behe 
and Behr 2002). however, in a recently 
published study, Chatal et al. (2006) were 
able to demonstrate an increased duration 
of survival in patients with metastatic MTC 
after 2-step radioimmunotherapy with a 
bivalent anti CeA/anti-DTPA antibody  
and a 131I labeled hapten.

RADIOPePTIDe SCAnnInG 
VeRSUS AnATOMICAL 
IMAGInG MODALITIeS

Radiopeptide scanning is based on the 
principle of injection of a radiolabeled pep-
tide which specifically targets a receptor 
overexpressed on a tumor. This radiopep-
tides is then taken up into and accumulates 
within the tumor cell while the unbound 
radiopeptide is cleared out of the body, 
preferably via the kidneys. In this way, 
high uptake into the target tissues can be 
achieved while the background activity 
is kept low. In addition to high target-to-
background ratios, conventional nuclear 
medicine imaging as well as PeT are 
very sensitive, allowing the detection of 
very small quantities of a radiopharma-
ceutical (in the range of micrograms). 
Furthermore, as an optimal radiopeptide 
will specifically accumulate only in the 
targeted tumor, it would also be possible 
to differentiate between local recurrence 
and scar tissue which is a problem of 
CT and MRI scanning. higher specificity 
is therefore a very important potential 
advantage of radiopeptide scanning over 
anatomical imaging. Unfortunately, this is  
not always true: octreotide is an example 
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for a radiopeptide that accumulates in 
tumors as well as in inflammation/scar tis-
sue because somatostatin receptors are also 
expressed on lymphocytes, activated leuco-
cytes, and epitheloid cells (Gotthardt et al. 
2004). A disadvantage of conventional 
nuclear medicine imaging is the compara-
bly low resolution that can be achieved. In 
three-dimensional SPeCT (single photon 
emission computed tomography) imaging, 
the spatial resolution of clinical scanners 
is limited to ~1 cm, which may result in 
a low sensitivity for small lesions. The 
use of higher-resolution systems leads to 
a decrease in physical sensitivity of the 
cameras requiring longer acquisition times 
which is not always feasible in clinical 
practice. For older PeT scanners, the spa-
tial resolution is also limited to 8–10 mm. 
new systems with time-of-flight technique 
and the use of other new technologies are 
currently improving the spatial resolution 
to 2–4 mm for clinical scanners. Therefore, 
the disadvantage of lower spatial resolution 
will be much less important in the future. 
This will help to increase sensitivity of PeT 
for very small lesions. Furthermore, these 
new scanners are also capable of whole-
body scans in a shorter time of <15 min 
which will further improve in the future.

RADIOLABeLeD PePTIDeS

The (over-)expression of proteins in patho-
logical processes offers different possi-
bilities for targeted diagnosis and therapy 
(hutchinson 2007; Suzuki et al. 2007). 
In the case of radiopeptide imaging, this 
is the case for several peptide recep-
tors expressed on different tumors (Reubi 
2003). These receptors can be targeted 
with the respective ligand peptides which 

are used as Trojan horses to deliver radio-
activity for imaging and therapy or toxic 
substances to the cancer cells (Schally and 
nagy 2004). Radiometals can be coupled 
via chelator to the peptides whereas other 
nuclides may be attached via a covalent 
bond (heppeler et al. 2000).

In the chemical part of the development 
of radiopeptides, problems such as com-
plex or covalent binding stability have to be 
overcome whereas the biological aspects 
are related to metabolic stability, biologi-
cal properties such as receptor affinity or 
biodistribution, which are more compli-
cated. naturally occurring peptides have a 
low stability in blood with half-lives in the 
range of minutes, and therefore need to be 
stabilized by replacing amino acids with 
other natural amino acids, D-configurated 
amino acids or artificial amino acids. 
Another possibility is to change the amide 
bond. however, it is crucial to preserve 
the biological properties such as binding 
affinity or internalization rate. The binding 
affinity should be in the nanomolar or bet-
ter in the subnanomolar range.

Binding of a radionuclide to a peptide 
highly depends on chemical properties 
of the radionuclides. halogenes may be 
bound covalently to peptides and proteins. 
At least for radioactive isotopes of iodine 
this is a disadvantage because it is attached 
in the ortho position of the hydroxy group 
on an aromatic ring (tyrosine). This struc-
ture is known from iodinated thyroid hor-
mones which is why it is released from 
cells after internalization. Furthermore, 
the bound iodine may be cleaved by deio-
dinases (the same that are responsible for 
de-iodination of thyroid hormones). This 
results in free iodine and high uptake 
of radioiodine in the thyroid while the 
target-to-background ratios become low. 
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Most radiometal labeled compounds stay 
within the cells after receptor binding 
and internalization and are only slowly 
released. This so called “residual labeling” 
leads to an increasing uptake in the cells 
over time. The reason is metabolic trap-
ping of the radiometal-chelator complex 
within the target cell as there is no meta-
bolic pathway for metabolization of these 
compounds. Recently, some strategies for 
residual radiodine labeling have also been 
developed.

The choice of the most suitable chela-
tor for radiometals depends on the use 
of the compound. DTPA (Diethylene-
triaminepentaacetic acid) can be used as 
monofunctional or bifunctional chela-
tor. Monofunctional DTPA is coupled as 
a dianhydride to free amines (lysine or 
n-terminal end) to the peptide. A carbonic 
acid side chain is used for coupling but then 
lacks for the metal chelation. Therefore, 
the chelator stability is high for 111In but 
not for other radiometals. This way of 
labeling is to prefer for proof of principle 
experiments of newly developed peptides 
because the coupling of DTPA is easy and 
can be performed during a Merrifield pep-
tide synthesis. Labeling with 111In can be 
performed at room temperature achieving 
high specific activities. The bifunctional 
DTPA chelator has a side arm for coupling 
to the peptide and all carbonic acids arms 
will remain for the metal-chelator binding. 
This complex is more stable and may also 
be suitable for 90y in addition to 111In.

A very stable chelator for different 
radiometals is DOTA (1,4,7,10-Tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid) 
which is especially important for sta-
ble labeling for therapeutic applications. 
DOTA is coupled via a carbonic acid to 
a free amine of the peptide or protein. It 

can be labeled with 68Ga, 90y, 111In, 177Lu 
etc. The disadvantage of DOTA is that it 
is necessary to heat up to 100°C during 
the labeling procedure which may destroy 
the peptide. Several other chelators like 
Deferoxamine (DFO) for 68Ga or nOTA 
(1,4,7-triazacyclononane-1,4,7-triacetic 
acid) for 64Cu- can be used for labeling 
for PeT applications. A good overview of 
the different coupling methods is given by 
Anderson and Welch (1999).

The advantage of peptides as compared 
to other proteins with a higher molecular 
weight (such as antibodies and antibody 
fragments) is a favorable pharmacokinetic 
behavior with rapid uptake into the target 
cells, fast clearance by the kidneys, and a 
low background in blood, liver, and other 
organs. An image with a good target to 
background ratio can be obtained within 
30 min to 24 h. Rapid clearance by the 
kidneys, however, also causes problems as 
the peptides are reabsorbed in the tubuli 
leading to high retention of the radiolabel 
in the kidney. Though this effect is of lim-
ited relevance in radiopeptide imaging, in 
peptide receptor radiotherapy it may cause 
considerable nephrotoxicity. This will be 
discussed in more detail later.

MInIGASTRIn FOR DeTeCTInG 
MeTASTASIzeD MeDULLARy 
ThyROID CARCInOMA

The outstanding sensitivity of pentagastrin 
testing suggested that a radiolabeled pep-
tide binding to the same receptor as pen-
tagastrin (the cholecystokinin receptors) 
might be able to detect metastases of MTC. 
Therefore, such a compound had been 
developed and the results of preclinical 
and preliminary clinical testing indicated 
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that a gastrin-based scintigraphic approach 
may be useful as a clinical imaging modal-
ity (Behr et al. 1999). Subsequently, stud-
ies were performed that directly compared 
gastrin receptor scintigraphy (GRS) with 
somatostatin receptor scintigraphy (SRS), 
CT, MRI, US, and 18F-FDG- PeT.

Cholecystokinine 2 (CCK2) Receptor 
expression

CCK2 receptors are overexpressed on 
MTC tumor cells (and also in cells of 
other tumors such as small-cell lung can-
cer, astrocytomas, neuroendocrine tumors 
of the gut, and others). expression in 
healthy tissue is usually low (gallbladder, 
smooth muscles cells of the gut, pan-
creas, central nervous system). Only in 
the gastric mucosa, expression levels are 
high. In order to keep background activ-
ity low, a ligand specifically binding to 
CCK2 receptors is favorable for imaging 
of MTC as additional binding to CCK1 
receptors would further increase uptake in 
organs physiologically expressing CCK1 
receptors. MG specifically binds to CCK2 
receptors and has therefore, apart from 
other favorable characteristics for imag-
ing, been chosen as optimal compound for 
MTC imaging.

Labeling

A kit formulation was used for labeling. 
The kit was prepared by adding 250 µL 
of 20 mM DTPA-DGlu1-minigastrin in 
0.5 M sodium acetate solution (ph 5.4) 
through a sterile filter into an elution flask 
under sterile conditions. The kit was then 
lyophilized and stored at −20°C until use. 
For reconstitution for patient studies, 250 
MBq of 111InCl3 in 500 mL 0.1 M hCl  
was added to the kit (Béhé et al. 2003). 

The radiochemical purity of the labelled 
minigastrin was always >95 % as evalu-
ated by hPLC with a specific activity of 
55.5 GBq/µmol.

Scanning Protocol

GRS with 111In-DTPA-DGlu1-minigastrin 
(MG) is basically performed in the same 
manner as SRS. Approximately, 180–250 
MBq of the compound are injected intra-
venously. It is important to keep in mind 
that MG does exert the same effects as 
Pentagastrin, which therefore also includes 
the same side effects: nausea, cough, an 
itchy “strange feeling” in chest and abdo-
men, and flush-like symptoms. Therefore, 
injection should be done slowly via a 
venous catheter. Usually, the side effects 
resolve within a few minutes. Whole-
body scans are obtained 4 and 20–24 h 
after injection in anterior and posterior 
views using a gamma-camera equipped 
with a parallel-hole medium energy colli-
mator. To guarantee for a sufficient count 
rate, the scanning speed is set to below 10 
cm/min. SPeCT (single photon emission 
computed tomography) images should 
be obtained for higher sensitivity as well 
as in case of indeterminate findings. We 
suggest that 120 views should be obtained 
with 30s per view.

Biodistribution of Minigastrin

Physiologically, 111In-DTPA-DGlu1-mini-
gastrin accumulates in organs with CCK2 
receptor expression. The stomach has the 
highest level of CCK2 receptor expres-
sion and is, therefore, the organ with the 
most prominent MG uptake, behalf of the  
kidneys. Though kidneys show only a low  
CCK2 receptor expression, the compound 
is physiologically excreted via the kidney. 
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A considerable part of MG is reabsorbed 
in the tubuli after glomerular filtration 
via the megalin/cubilin system (Gotthardt 
et al. 2007). As in tumor cells, the radi-
ometal/chelator complex is retained in 
the tubuli leading to an even more pro-
nounced uptake. Other organs with physi-
ologic CCK2 receptor expression are 
usually not visible on scans. Because MG 
is hydrophilic, it can not cross the blood–
brain barrier and does not accumulate 
in the central nervous system. Only in 
brain tumors disturbing the blood–brain 
barrier, (specific) uptake can be detected 
(Gotthardt et al. 2003). Accumulation of 
activity in the guts of patients (as often 
detected in GRS) is most likely not caused 
by biliary secretion of the compound (as 
had been suggested) but by secretion from 
the gastric mucosa as in most patients, the 
gallbladder and liver are not visible. In 
addition to the organs mentioned above, 
in premenopausal women the breast tissue 
may also accumulate MG.

Clinical Studies

So far, two clinical studies evaluating GRS 
with MG for tumor detection in patients 
with MTC have been conducted. The first 
study focused on patients with biochemi-
cal evidence of MTC and patients with 
recurrent or metastatic MTC. GRS was 
compared to anatomical imaging modali-
ties (CT, MRI, US) as well as bone scin-
tigraphy and SRS. This study included 75 
patients (from which 43 with known meta-
static disease and 32 with occult disease) 
(Behe and Behr 2002). The second study 
included 26 patients with mostly advanced 
metastatic MTC (Figure 28.1) and com-
pared GRS to PeT, CT, and SRS. This sec-
ond study included follow-up, histology,  
and comparison to all available imaging  

modalities for calculation of a tumor  
detection rate (Gotthardt et al. 2006).

Results of the first study including 75 
patients:

In this study, a total of 75 patients 
with metastatic MTC were examined with 
111In–DTPA-DGlu1-minigastrin. All had 
been staged by US, CT, MRI, SRS, and 
bone scanning. Of all patients, 32 suffered 
from occult metastatic MTC as indicated 
by elevated calcitonin and/or CeA levels 
without previous evidence for metastases 
in anatomical imaging modalities as listed 
above. In addition to scanning 4 and 24 h 
post injection as described above, 10 min 
and 1 h planar scans were also performed. 
Furthermore, in addition to planar whole 
body scans SPeCT scans were obtained 
from thorax and abdomen at 4 and 24 h p.i. 
In those patients known with metastatic 
disease from staging, all known lesions 
could be identified on GRS from 1 h 
p.i. on. The highest tumor-to-background 
ratios were observed 24 h p.i. In 29 of 32 
of the patients with occult MTC, tumor 
localizations could be detected. however, 
in only nine patients there is histologi-
cal proof and nine were considered true 
positive based on follow-up. The remain-
ing 11 patients are unconfirmed positive 
(they were considered inoperable and have 
therefore neither undergone surgery nor 
was a biopsy taken). In comparison to 
CCK-analogs used earlier, MG did not 
show relevant liver or spleen uptake which 
makes this compound ideal for detection 
of liver metastases (though the limited 
spatial resolution of SPeCT has to be kept 
in mind here) (Behe and Behr 2002).

Results of the second study including 
26 patients:

To determine the clinical performance 
of GRS, it was compared to SRS, CT, and 
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18F-FDG-PeT in patients with metasta-
sized/recurrent MTC. Consecutive patients 
were included who underwent imaging 
with GRS, SRS (19 patients), CT, and  
PeT. GRS and SRS were compared  
to each other with respect to tumor  

detection and uptake. CT, PeT, MRI, US, 
and follow-up were used for verification of 
findings. In addition, GRS, CT, and PeT 
were directly compared to each other to 
determine which method performs best. 
If SRS and GRS were directly compared 

Figure 28.1. GRS of a 35 year old female patient 
with MTC metastatic to the lungs, the mediasti-
num, and the right axilla. high uptake in the left 
upper abdomen is caused by physiological gastric 

uptake. Kidney uptake is very high resulting in 
partial over-projection with liver and stomach. 
Anterior scan on the left, posterior scan on the 
right
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in those 19 patients having undergone 
both GRS and SRS, GRS showed a tumor 
detection rate of 94.2% as compared to 
40.7% for SRS. In all 26 patients, GRS, 
CT, and PeT were compared. here, GRS 
showed a tumor detection rate of 87.3% 
as compared to 76.1% for CT, and 67.2% 
for PeT. If GRS and CT were combined, 
they were able to detect 96.7% of areas of 
tumor involvement. It needs to be noted 
that CT was in a disadvantage with respect 
to the detection of bone metastases since 
the images evaluated did not include the 
bone window. Interestingly, there was one 
patient included into the study who had 
known metastatic disease proven by CT 
imaging, histology, and elevated CeA 
levels. Calcitonin had never been elevated 
at all and Pentagastrin stimulation testing 
had always been negative. This patient did 
not even show any of the side effects of 
Pentagastrin injection. GRS was negative 
in this patient despite large tumor masses 
in the lungs and the mediastinum. It has, 
therefore, been postulated that this patient 
either did not have CCK2 receptors or 
might have a receptor mutation not bind-
ing Pentagastrin or MG.

As most of the patients included into 
this study were patients with advanced 
metastatic MTC, it was concluded that 
further studies are needed to elucidate the 
role of GRS in the diagnostic evaluation 
of patients with occult MTC. Furthermore, 
though the combination of GRS and CT 
seems to offer a previously unknown sen-
sitivity for the detection of MTC lesions, 
the therapeutic relevance of this informa-
tion presently is not clear since MTC is a 
comparably rare disease and the therapeu-
tic options are limited (except for surgery) 
(Gotthardt et al. 2006).

PePTIDe ReCePTOR 
RADIOTheRAPy 
OF MeTASTASIzeD 
MeDULLARy ThyROID 
CARCInOMA WITh GASTRIn 
AnALOGS

The principle of peptide receptor radio-
therapy (PRRT) is to label a given peptide 
with a radionuclide that has favorable 
properties for specific targeted therapy. 
These properties include a comparably 
short range in tissue and a linear energy 
transfer (i.e., the energy that is deposited 
in tissues) as high as possible. In addition, 
the half-life of the radionuclide should 
not be too long or too short. Presently, the 
radionuclides used mostly in PRRT are 
90y and 177Lu. Both are ß-emitters (which 
means that they emit electrons) with a 
range of several millimeters. If used for 
PRRT, a residualizing label is required 
to guarantee for long tumor retention. In 
the case of 90y and 177Lu, DOTA is most 
widely used as chelator to fulfill this 
requirement.

Toxicity of PRRT is low in compari-
son to, for example, chemotherapy. Dose-
limiting toxicity is usually kidney toxicity 
because a part of the radiopeptide which 
is cleared via the kidney is reabsorbed in 
the tubuli, and the chelator-radionuclide 
complex is stored within the tubule cells. 
Therefore, the same mechanism leading 
to retention of the radionuclide in the 
tumor cells (metabolic trapping) is also 
responsible for the dose limiting kidney 
toxicity. The range of the emitted electrons 
determines the maximal activity that may 
be applied to a patient. In the case of 90y, 
the maximal range in tissue is 12 mm as 
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opposed to only 2 mm in the case of 177Lu. 
In PRRT, higher activities of 177Lu can 
be a administered to the patients because 
the shorter range reduces the radiation 
exposure to the glomeruli in the kidneys. 
Radiation damage to the tubules can be 
repaired to a certain extent, whereas dam-
age to the glomeruli leads to irreparable 
loss of kidney function. Application of 
higher activities of 177Lu seems to lead to 
better response rates in comparison to 90y 
in PRRT (Kwekkeboom et al. 2007).

In the case of MG, the first therapeutic 
trial was done with 90y. The trial was 
designed as a dose-finding trial but lead 
to promising therapeutic results. Patients 
received either 30, 40, or 50 mCi/m2. 
From seven patients with rapidly pro-
gressing disease, five had partial remission 
or stabilization. Stabilization or remis-
sions were observed in all dose groups. 
however, as MG uptake into the kidney is 
comparably high, nephrotoxicity became 
a major problem with one patient devel-
oping renal failure within 1 year and one 
patient with severe reversible nephrotox-
icity (Behe and Behr 2002). Therefore, 
patient treatment with 90y was discon-
tinued in favor of another radionuclide, 
111In. Apart from gamma rays, 111In also 
emits so-called Auger electrons deriving 
from the atomic envelop (as opposed to 
ß-emitters in which the electron origi-
nates from the atomic nucleus). These 
electrons have a very high linear energy 
transfer (i.e. deposition of a high energy 
in a comparably small volume) and a 
short range of several micrometers. This 
means that Auger electrons usually do not 
leave the target cells, which, in turn, leads 
to a reduced radiation exposition to the 
glomeruli in the kidney. Thus, kidney tox-
icity can better be avoided as the radiation 

damage is largely limited to the tubuli. 
On the other hand, high amounts of 111In 
need to be deposited inside the target cells 
to achieve a good response because the 
so-called cross-fire effect (i.e., radiation 
received from neighboring cells leading to 
damage) lacks in the case of 111In.

Therefore, a study has been conducted 
with 111In-DTPA-DGlu1-Minigastrin with 
therapeutic activities. Although designed 
as a dose escalation study in order to 
define the optimal dose in patient therapy, 
therapeutic effects have been achieved 
(Figure 28.2). As predicted, deterioration 
of kidney function was not a problem in 
this trial. In total, 20 patients suffering 
from metastasized MTC and one with 
a metastasized carcinoid having higher 
uptake of gastrin than octreotide were 
included into the study. The dose escala-
tion was started at 100 mCi/m2, increasing 
in 20% steps (group 2 120 mCi/m2, group 
3 144 mCi/m2, group 4 174 mCi/m2, group 
5 209 mCi/m2, and group 6 251 mCi/m2). 
Three to four patients were included into 
each group. Therapy was applied in 6 
cycles every 6 weeks. hematological and 
nephrotoxicity were evaluated according 
to the WhO criteria. Staging was done 
before and 12 weeks after therapy, and 
after the third and fifth cycle. In none 
of the patients, nephrotoxicity has been 
observed. Mild hematotoxicity grade 1 has 
occurred in one patient of group 1, 2, 3 and 
4 each. In addition, in one patient from 
group 1 a mild preexisting hematotoxicity 
grade 1 worsened. One patient from each 
group 1–4 died due to progressive disease. 
One minor response and one symptomatic 
response were observed, five patients had 
progressive disease (under therapy), all 
others had stabilization of their previously 
progressive disease (eight patients).
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The data that are available for MG are 
promising so far as it could be demonstrated 
that PRRT with this compound is feasible 
and does show positive effects. The main 
problem of this kind of therapy is nephro-
toxocity that can be reduced by choice of 
the right radionuclide. Furthermore, the 

side effects of this therapy are much less 
pronounced than for chemotherapy, which 
means, for example, that the quality of life 
does not significantly suffer from therapy. 
Further studies will have to be conducted 
to define the optimal radionuclide and 
therapy protocol for PRRT of MTC.

Figure 28.2. GRS of the same patient after 3 cycles 
of therapy with 111In-DTPA-DGlu1-Minigastrin. 
note the uptake reduction in the areas of previously 
high uptake in the metastases in the mediastinum 
and the axilla. The lung uptake is also reduced. This 

patient experienced stabilization of her previously 
progressive disease. The hot spot at the right lower 
leg is a standard source for dosimetric purposes. 
Anterior scan on the left, posterior scan on the 
right
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FUTURe PeRSPeCTIVeS  
OF DGLU1-MInIGASTRIn

In comparison to SPeCT imaging, PeT 
has a higher spatial resolution reaching 2–4 
mm in the scanners of the newest genera-
tion. Furthermore, PeT tracer uptake can 
easily be quantified. Therefore, one would 
expect that PeT imaging has the potential 
to further increase sensitivity and accu-
racy of MTC imaging. For targeting of the 
somatostatin receptor on other neuroendo-
crine tumors, an advantage of PeT over 
SPeCT imaging has been demonstrated 
(Buchmann et al. 2007). PeT imaging 
for targeting of the CCK2 receptor could 
be done with DOTA-DGlu1-Minigastrin 
labeled with the positron emitter 68Ga, 
a generator-derived emitter. The Ge/Ga 
generator is ideal for local radionuclide 
production. For labeling with 68Ga, DTPA 
(used for labeling with 111In) is not suit-
able due to a low stability of the chelate. 
Therefore, the chelator DOTA is required. 
Alternative radionuclides would include 
89zr and 64Cu, radionuclides with longer 
half-lives that can easily be shipped and 
are therefore suitable for local labeling. 
They again would require another chelator 
(desferral or nOTA).

A major problem of PRRT with MG 
is kidney toxicity which can be avoided 
by using the auger-electron emitter 111In. 
however, it has been demonstrated that 
177Lu is probably the most efficient ß-emit-
ter for PRRT at the moment and also more 
efficient than 111In. Its maximal range in tis-
sue of ~2 mm makes nephrotoxicity a seri-
ous concern as MG uptake into the kidney 
is much higher than uptake of octreotide 
or its derivatives which have been exten-
sively used in PRRT of neuroendocrine 
tumors. In PRRT with octreotide analogs 

labeled with 177Lu, measures are taken to 
reduce kidney uptake, for example, infu-
sion of cationic amino acids such as lysine 
or arginine. however, this approach is not 
suitable in the case of MG as these amino 
acids do not reduce kidney uptake of MG. 
Therefore, new approaches are required. 
Indeed, Poly-Glu has been shown to 
reduce kidney uptake of MG by more than 
85% in rodent models (Béhé et al. 2005). 
however, toxicity may be an issue if Poly-
Glu is used for kidney uptake reduction 
in humans. Therefore, alternatives such 
as the plasma expander Gelofusine®, have 
been tested in animal models. Gelofusine® 
has also proven its efficiency in reduction 
of kidney uptake for octreotide analogs in 
humans (Vegt et al. 2006). Still, kidney 
uptake reduction remains a problem as 
significant reduction is not easy to achieve 
and obviously different radiopeptides need 
different approaches for optimal kidney 
uptake reduction (Gotthardt et al. 2007). 
Further research needs to be conducted to 
significantly reduce kidney uptake of MG 
before 177Lu can be used as radionuclide 
for PRRT with MG.
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Medullary Thyroid Carcinoma: Prognosis 
based on Stage of Disease and Age
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InTRoDuCTIon

Medullary thyroid cancer (MTC) was first 
described in 1959 by Hazard et al. as a 
solid thyroid neoplasm without follicular 
histologic features, but with a high degree 
of lymph node metastases. It is a neuroen-
docrine tumor of the thyroid, derived from 
the parafollicular cells or C-cells; these 
cells are responsible for the production of 
calcitonin, a sensitive and specific marker 
for MTC. They are considered part of the 
amine precursor uptake and decarboxyla-
tion system, and are found mostly in the 
upper and middle parts of the thyroid. 
Calcitonin is involved in calcium regula-
tion and bone remodeling, but its exact role 
in humans is not clear. MTC can be found 
in both sporadic and hereditary forms. The 
familial association of MTC has been iso-
lated to the ret proto-oncogene.

EPIDEMIolMogy

Medullary thyroid cancer constitutes 
between 3% and 10% of all thyroid can-
cers, but is responsible for up to 13.4% of 
all deaths related to thyroid cancer (Roman 
et al. 2006). Sporadic MTC accounts for 

up to 75% of cases; three distinct familial 
syndromes account for the remainder of 
cases. Hereditary MTC is an autosomal 
dominant disorder associated with one of 
the two subtypes of multiple endocrine neo-
plasia (MEn) type 2 syndrome (MEn 2A 
and MEn 2B) or with familial MTC (FMTC).

MEn 2A is the most common syndrome, 
accounting for up to 80% of hereditary 
cases, and is primarily characterized by 
multifocal, bilateral MTC, pheochromo-
cytoma, and primary hyperparathyroidism. 
less commonly, patients develop lichen 
planus amyloidosis of the skin and/or 
Hirschsprung’s disease. MEn 2B is char-
acterized by MTC, pheochromocytoma, 
marfanoid habitus, and neuromas of the 
skin and gastrointestinal tract. There is 
100% penetrance of MTC in patients with 
the MEn syndromes. Familial MTC is 
characterized by MTC alone.

 PATHology  
AnD PATHogEnESIS  
oF MEDullARy  
THyRoID CAnCER

C-cells derive from the neural crest, and 
are the cell of origin for MTC. They are 
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scattered throughout the thyroid, but are 
concentrated in the superior/posterior pole 
of each lobe. The secretion of calcitonin 
and carcinoembryonic antigen (CEA) by 
C-cells is clinically important because 
both are tumor markers for MTC; when 
consistently elevated, plasma levels of cal-
citonin are indicative of C-cell pathology 
and are directly related to MTC cell mass.

on gross examination, MTC tumors are 
firm, solid tumors that appear gray-white 
in color and are usually well-encapsulated. 
Sporadic MTC are typically unilateral, 
while hereditary MTC are bilateral and 
multifocal. Histologically, MTC appears 
as nests of uniform oval and spindle cells, 
separated into nodules by thin bands of 
collagen. The surrounding stroma may 
contain areas of desmoplastic fibrosis, 
calcification, or contain amyloid; the pres-
ence of amyloid is a distinguishing feature 
of MTC and is present in up to 75–80% 
of tumors. Amyloid can be detected using 
both hematoxylin-eosin staining (pink) 
and polarized light (green bifrefringence). 
However, the most sensitive method of 

identifying MTC is immunohistochemical 
staining for calcitonin. (Figure 29.1) The 
precursor lesion to MTC is C-cell hyper-
plasia, a histologic abnormality defined 
as more than 6 C-cells per follicle or >50 
C-cells in a single low-power field.

Mutations to the ret proto-oncogene 
have been identified as the source of onco-
genesis for all of the hereditary and some 
sporadic cases of MTC. In 1987, ret had 
been mapped to the proximal region of the 
long arm of chromosome 10, and was sub-
sequently shown to be expressed at high 
levels in MTC and pheochromocytomas. 
By 1991, the gene for MEn 2A, MEn 2B, 
and FMTC had been mapped to the same 
area, the pericentriomeric region of chro-
mosome 10 (locus 10q11.2).

The ret gene encodes a transmembrane 
tyrosine kinase receptor, the RET protein, 
which is expressed in derivatives of the  
neural crest, including the C-cells of the 
thyroid and the adrenal medulla. The RET 
protein consists of an extracellular domain 
containing a ligand-binding site and a 
cysteine-rich region, a transmembrane 

Figure 29.1. (a) Hematoxylin and eosin staining of 
medullary thyroid cancer showing plasmacytoid 
cells and amyloid; 40× magnification with1.3× 

enlargement. (b) Calcitonin staining of medul-
lary thyroid cancer; 20× magnification with 1.3× 
enlargement
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domain, and an intracellular domain with 
tyrosine kinase activity. An activating muta-
tion on a single allele of ret is necessary and 
sufficient to cause oncogenic transforma-
tion. Mutations resulting in MEn 2A occur 
in the cysteine-rich region; altered disulfide 
bonds between cysteine residues result in 
ligand-independent receptor dimerization 
and constitutive RET activity. Mutations 
in codon 634 (exon 11) are present in over 
80% of patients with MEn 2A, although 
mutations in codons 609, 610, 611, 618, 
and 620 are also present. In contrast, muta-
tions resulting in MEn 2B occur in the 
tyrosine kinase intracellular domain and 
result in receptor auto-phosphorylation and 
activation. This mutation occurs at codon 
918 (exon 16) in more than 95% of patients 
with MEn 2B. Familial MTC is most  
commonly linked to mutations of the 
cysteine codons of the extracellular domain, 
such as MEn 2A, although noncysteine 
mutations of the intracellular domain are 
also present. Somatic missense mutations 
in ret may occur in patients with sporadic 
MTC; the most common mutation is at 
codon 918.

ClInICAl PRESEnTATIon

The majority of cases of MTC, both sporadic 
and index cases of the hereditary form, 
present with a palpable thyroid nodule. 
Physical examination should include a 
careful assessment of the neck mass for 
both size and its relationship to adjacent 
structures, as MTC may extend poste-
riorly through the thyroid capsule, into 
the tracheal wall, the recurrent laryngeal 
nerve, and/or the jugular vein. Associated 
symptoms include dysphagia, hoarseness, 
dyspnea, and coughing; laryngoscopy may 

reveal vocal cord impairment secondary 
to involvement of the recurrent laryngeal 
nerve. lymph node metastases occur early 
in MTC, and >50% of patients have cer-
vical lymph node metastases at the time 
of diagnosis. Distant metastases occur in 
10%–15% of patients and are most com-
mon in the mediastinum, liver, lungs, and 
bones. Elevated calcitonin levels are asso-
ciated with flushing and/or diarrhea.

Diagnostic Testing

The diagnosis of MTC can be made by 
a fine needle aspiration (FnA) biopsy 
of the thyroid mass or cervical lymph 
node, with immunohistochemical staining 
for calcitonin, chromogranin A, or CEA. 
Thyroglobulin staining will be negative. 
The extent of disease can be defined with 
radiographic imaging, including cervical 
ultrasonography, computed tomography 
(CT) of the chest and abdomen, and bone 
scan. nuclear imaging studies, such as 131I 
scans, are of little use, as MTC does not 
concentrate iodine.

Plasma calcitonin levels correlate with 
the extent of disease, but are most useful 
when measured serially to detect changes 
in disease over time. Calcitonin levels 
are considered to be pathologic when the 
basal level is above the normal range, or 
when stimulation of calcitonin leads to an 
increase that is greater than two to three 
times the basal level. Calcitonin secre-
tion can be stimulated by the use of either 
calcium or pentagastrin; the latter is not 
approved for use in the united States, but 
is commonly used in Europe.

genetic Screening

All patients with a diagnosis of MTC 
should have genetic testing to evaluate for 
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the presence of a mutation of the ret proto-
oncogene. The risk for hereditary MTC in 
a patient with a negative mutation analysis 
is less than one percent, effectively ruling 
out the presence of a familial syndrome in 
these patients. For patients with a familial 
syndrome, a positive genetic test would 
necessitate screening for the presence of 
pheochromocytoma and/or hyperparathy-
roidism. Most importantly, asymptomatic 
members of known MTC kindred should 
undergo genetic testing as early as possi-
ble to identify carriers of the ret mutation.

genotype – Phenotype Correlations

In hereditary syndromes, the type of ret 
mutation can be correlated to the presenta-
tion and aggressiveness of MTC (Kouvaraki 
et al. 2005; Raue et al. 2006). Patients with 
MEn 2B, the majority of whom present with 
a mutation at codon 918, typically demon-
strate the most aggressive form of MTC. 
The age of onset of MTC in these patients 
is during infancy, with metastases often 
present at the time of diagnosis. Mutations 
at codons 634 and 618 are most common in 
patients with MEn 2A; the course of MTC 
appears to be more variable.

given the correlation between genotype 
and phenotype, ret mutations have been 
stratified into three groups, based on the 
biologic aggressiveness of MTC observed 
in patients with these particular mutations. 
Patients with level 1 mutations represent 
those with a high risk for the development 
and growth of MTC, and include codons 
609, 768, 790, 791, 804, and 891. Patients 
with level 2 mutations (codons 618, 620, 
and 634) have a higher risk for the early 
development and growth of MTC, with 
invasive MTC present as early as age 5 
years. level 3 mutations (codons 833 and 

918) have the highest risk for the early 
development and growth of MTC, and 
include nearly all patients with MEn 2B.

PRognoSTIC FACToRS

Multiple clinical and population-based 
studies have examined the factors related 
to improved survival for patients with 
MTC. Kebebew et al. (2000) studied 104 
patients with MTC or C-cell hyperplasia 
managed at a single institution. Patients 
who underwent total or subtotal thyroid-
ectomy were less likely to have recurrent/
persistent disease, and patients who had 
total thyroidectomy with cervical lymph 
node dissection required fewer subsequent 
reoperations for MTC. While univariate 
analyses demonstrated that age, gender, 
presenting signs and symptoms, stage of 
disease, distant metastases, and the extent 
of thyroidectomy were all significant pre-
dictors of survival, only age and stage of 
disease remained independent predictors 
of survival after multivariate analyses. 
using TnM classification, 5-year sur-
vival rates were: stage I, 100%; stage II, 
90%; stage III, 87%, and stage IV, 56%. 
(Table 29.1) Patients aged <45 years had 
the best overall prognosis.

In 2006, Roman et al. used the popu-
lation-based Surveillance, Epidemiology, 
and End Results (SEER) database to study 
prognostic factors in 1,252 patients with 
MTC followed between 1973 and 2002. 
Twelve demographic, clinical, and patho-
logic prognostic variables were studied 
by univariate analysis. The Kaplan–Meier 
method and log rank test were used to 
identify significant prognostic factors. For 
the multivariate analysis, the Cox propor-
tional hazards regression model was used 
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for variables identified as significant in the 
univariate analysis. Strength of association 
between each predictor variable and sur-
vival was expressed as a hazard ratio.

Multiple predictors were found to be 
significant for improved overall survival. 
These included female gender, younger 
age at diagnosis, localized stage of dis-
ease, well- or moderately-differentiated 
histologic grade, smaller tumor size (when 

size was treated as a continuous variable), 
tumor confined to within the thyroid 
capsule, and lack of lymph node involve-
ment. Patients with concurrent tumors 
were found to have significantly worse sur-
vival than patients with MTC alone (p < 
0.0005). overall, patients with MTC who 
underwent surgery survived longer than 
those who had no operation (p < 0.0001). 
In general, survival correlated to extent of 
surgery, as the best survival was seen in 
patients who underwent total thyroidec-
tomy, followed by those who underwent 
thyroid lobectomy (p < 0.0001).

Patients were then stratified by stage of 
disease. All patients with localized MTC 
underwent surgery; no significant differ-
ence in survival was observed between 
those who underwent lobectomy and those 
who underwent total/subtotal thyroidec-
tomy. of note, two patients did not have 
surgery and survived less than 1 month. 
In patients with regional stage disease, 
total thyroidectomy was associated with 
the best survival, followed by lobectomy. 
The prognosis was worst in patients who 
had no surgery. In patients with distant 
disease, while surgery was associated with 
improved survival (p < 0.0001), there was 
no statistically significant difference in 
survival based on extent of surgery (lobec-
tomy vs total thyroidectomy). Different 
types of lymph node dissections were 
also compared; again, the extent of lym-
phadenectomy did not correlate to a sig-
nificant survival difference. Patients who 
received radiation therapy had a worse 
prognosis than patients who had no adju-
vant therapy (p < 0.0001). There was no 
association between survival and marital 
status, race, and diagnostic era.

Variables identified as having a signifi-
cant association with survival on univariate 

Table 29.1. American Joint Committee on Cancer 
Staging for Medullary Thyroid Cancer, Based on 6th 
Edition Manual, Springer, new york, 2002

Medullary carcinoma

Stage I T1 n0 M0
Stage II T2 n0 M0

Stage III T3 n0 M0
T1 n1a M0
T2 n1a M0
T3 n1a M0

Stage IVA T4a n0 M0
T4a n1a M0
T1 n1b M0
T2 n1b M0
T3 n1b M0
T4a n1b M0

Stage IVB T4b Any n M0
Stage IVC Any T Any n M1

TnM staging.
Primary tumor (T).
T1 – tumor £2 cm, limited to the thyroid.
T2 – tumor >2 cm, but £4 cm, limited to thyroid.
T3 – Tumor >4 cm, limited to thyroid, or minimal 
extrathyroidal extension (strap muscle).
T4a – Tumor any size extending beyond thyroid capsule 
invading major adjacent tissues (trachea, esophagus, 
recurrent laryngeal nerve, larynx, subcutaneous tissue).
T4b – Tumor invades prevertebral fascia or encases 
carotid artery or major vessels.
Regional lymph nodes (n).
Includes cervical central and lateral compartments, and 
upper mediastinum.
n0 – no regional lymph node metastasis.
n1 – regional lymph node metastasis
n1a – metastasis to level VI (central compartment).
n1b – metastasis to unilateral, contralateral, bilateral 
cervical or superior mediastinal nodes.
Metastasis (M).
M0 – no distant metastasis.
M1 – distant metastasis.
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analysis were then studied in a Cox proportional 
hazards model (Table 29.2). Age at diag-
nosis remained a strong predictor of survival. 
For each additional year of age, the risk of 
dying increased by 5.2%, with the worst 
overall prognosis seen in patients over 
the age of 65 years. Stage of disease was 
also strongly associated with survival. 
Patients with regional stage disease had 

a 2.69 times greater risk of dying than 
patients with local disease; this increased 
to a 4.47 times greater risk of dying in 
patients with distant disease. Extent of 
surgery also was a significant independent 
predictor of survival. When controlled for 
all other variables, matched patients who 
underwent surgery did better than patients 
who did not; a longer overall survival also 
was seen in patients with more extensive 
surgery (i.e., total thyroidectomy) as com-
pared to those who underwent lobectomy. 
After controlling for age, stage of disease 
and extent of surgery, adjuvant radiation 
therapy was determined to be an inde-
pendent predictor of decreased survival  
(p < 0.05).

Preoperative basal calcitonin levels 
have been shown to predict prospects for 
remission following surgery for MTC. In 
an institutional series of 224 consecutive 
patients with MTC and elevated preop-
erative basal calcitonin levels, Machens 
et al. (2005) showed through multivari-
ate analysis that preoperative basal calci-
tonin levels greater than 500 pg/ml best 
predicted failure to achieve biochemical 
remission, followed by nodal metastases 
and reoperative status. Cumulative rates 
of biochemical remission fell continu-
ously with rising basal calcitonin in node-
negative patients. node-positive patients 
did not achieve biochemical remission 
when their preoperative basal calcitonin 
levels were >3,000 pg/ml. nodal metas-
tasis emerged at basal calcitonin level 
of 10–40 pg/ml. Distant metastasis and 
extrathyroidal growth appeared in patients 
with node-positive MTC at calcitonin lev-
els of 150–400 pg/ml. The authors con-
cluded that preoperative basal calcitonin 
levels help to individualize extent of sur-
gery and postoperative follow-up intervals  
for MTC.

Table 29.2 Demographic, clinical and pathologic char-
acteristics with associated hazard ratios based on mul-
tivariate analysis of overall survival in patients with 
medullary thyroid cancer, SEER 1973–2002

Variables
Hazard ratio 
(95% CI) p value

Age (years)
<40 1 Reference
40–65 2.35 (1.31, 

4.22)
0.004

>65 6.55 (3.69, 
11.63)

<0.0001

Stage
localized 1 Reference
Regional 2.69 (1.73, 

4.18)
<0.0001

Distant 4.47 (2.58, 
7.74)

<0.0001

Surgery
none 1 Reference
lobectomy 0.47 (0.25, 

0.91)
0.04

Subtotal/total thyroid-
ectomy without node 
dissection

0.29 (0.15, 
0.56)

<0.0001

Subtotal/total thyroid-
ectomy with limited 
node dissection

0.17 (0.08, 
0.35)

<0.0001

Total thyroidectomy 
with radical or modi-
fied node dissection

0.25 (0.13, 
0.47)

<0.0001

Radiation therapy
none 1 Reference
yes 1.65 (1.11, 

2.45)
0.01

Source: From Roman et al. 2006.
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TREATMEnT

Surgery is the optimal modality for treat-
ment of MTC; radiation and chemotherapy 
have demonstrated no benefit in long-term 
survival. The extent and timing of surgery 
are dependent on a variety of factors, 
including age, presence of a familial syn-
drome, and clinical presentation. The risk 
of complications, including hypoparathy-
roidism and injury to the recurrent laryn-
geal nerve, increase with remedial surgery; 
therefore, the goal is to perform a complete 
resection at the initial procedure.

Treatment of Patients with Clinically 
Evident MTC

The optimal surgical management for 
patients who present with clinical evi-
dence of localized MTC, whether spo-
radic or hereditary, is total thyroidectomy, 
central lymph node dissection, with pos-
sible ipsilateral modified radical neck lym-
phadenectomy. Bilateral modified radical 
lymphadenectomies may be necessary if 
bilateral cervical lymph node metastases 
are suspected (Carling and udelsman 
2005; Fialkowski and Moley 2006; you 
et al. 2006). Central lymph node dissection 
involves the complete removal of lym-
phatic tissue in levels VI and VII; namely, 
from the hyoid bone superiorly to the 
inferior innominate vessels, inferiorly and 
laterally to the carotid sheaths. An ipsilat-
eral modified radical neck lymphadenec-
tomy includes removal of lymphatic tissue 
from levels II through V, while preserving 
the sternocleidomastoid muscles, vagus 
nerve, phrenic nerve, brachial plexus, spi-
nal accessory nerve, jugular vein, and 
carotid artery.

Despite recent studies that have not 
demonstrated a significant difference in 

long-term survival for patients undergoing 
more extensive lymphadenectomy, the 
majority of patients with palpable MTC 
have been shown to have cervical lymph 
node metastases at the time of diagnosis. 
Moley and DeBenedetti (1999) found that 
in 73 patients with palpable MTC, >75% 
had associated lymph node metastases 
that could not be detected by the surgeon 
in the operating room. The incidence of 
lymph nodes also correlates to the size of 
the primary lesion and the level of serum 
calcitonin at the time of diagnosis. lesions 
<1 cm have an 11% percent incidence of 
nodal disease; this increases to 60% in 
patients with tumors >2 cm. Contralateral 
nodal metastases have been reported in up 
to 50% of patients; some authors advocate 
routine bilateral modified radical neck 
lymphadenectomies in order to completely 
eradicate cervical and mediastinal disease, 
in the hopes of improving survival and 
achieving biochemical cure.

 Prophylactic Surgery for Patients with ret 
Proto-oncogene Mutations

There is 100% penetrance of MTC in 
patients with the hereditary syndromes 
of MEn 2A, MEn 2B, and FMTC. The 
purpose of prophylactic surgery is to 
preemptively remove the thyroid gland 
before MTC can develop and metastasize. 
Prophylactic thyroidectomy can be per-
formed with minimal morbidity and mor-
tality and thyroid hormone replacement 
is relatively inexpensive, with nominal 
burden for the patient. Studies of long-
term outcome in carriers for the ret muta-
tion have shown that the cure rate is close 
to100%, if prophylactic thyroidectomy 
can be performed at an early age.

A recommended timetable for inter-
vention has been formed based on the 
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established relationship between genotype  
and phenotype/age-related malignant pro-
gression by the 2001 Consensus Conference 
on the diagnosis and therapy of MEn 
(Brandi et al. 2001). The recommenda-
tions are given within the context that dis-
ease expression can be variable, and that 
individual mutations may alter the course 
of disease from what might be expected.

The timing of thyroidectomy is guided 
by the three risk groups defined by the 
2001 Consensus Conference. given that 
the age of onset and aggressiveness of 
C-cell hyperplasia and MTC can vary 
considerably for patients in the ‘high’ risk 
group (level 1), there is no consensus for 
the age at which thyroidectomy should be 
performed, although most authors advo-
cate thyroidectomy by age 5. Patients 
in the ‘higher’ group (level 2), have a 
significant age-related progression from 
C-cell hyperplasia to MTC, and invasive 
MTC has been demonstrated as early as 
5 years; current guidelines recommend 
total thyroidectomy by age 5, possibly 
earlier. Patients in the ‘highest’ risk group 
(level 3) are recommended to have surgery 
within the first month of life.

non-Surgical Treatment Modalities

The role of radiation and/or chemotherapy 
in the treatment of MTC has been limited 
to date. There is no indication for 131I ther-
apy, as C-cells are derived from the neural 
crest, and are not iodine-avid. Radiation 
therapy has been used for palliation in 
patients with bone metastases, but has 
been shown to decrease overall survival 
rates. laboratory efforts to selectively 
inhibit RET have included dominant nega-
tive receptor forms, aptamers, and ligand-
competing peptides. Clinical trials have 
focused on tyrosine kinase inhibitors (TKI).  

These molecules share the property of 
binding to the RET ATP-binding pocket 
and have overlapping specificities, fre-
quently inhibiting VEgFR2 (KDR), 
PDgFR, and EgFR to varying degrees as 
well as RET (Ball 2007). Examples of such 
multifunctional TKI under study for MTC 
include ZD6474 (Zactima, AstraZeneca, 
Wilmington), sorafenib (nexavar, Bayer, 
leverkusen) and sunitinib (Sutent, Pfizer, 
new york). Wells et al. (2006, 2007) ini-
tiated Phase II clinical trials of ZD6474 
in hereditary and sporadic MTC patients. 
Interim data on 15 patients published 
in abstract form showed partial tumor 
responses in three patients, stable disease 
in ten and progressive disease in two. The 
median duration of treatment was 136 
days. Most encouraging was the signifi-
cant decline in serum calcitonin measure-
ments. Twelve of fifteen patients sustained 
>50% decrease in calcitonin for more 
than 6 weeks, with some patients having 
>90% biochemical response. CEA also 
was found to decrease. Side effects for this 
oral drug included diarrhea, nausea, skin 
rash and fatigue, often necessitating dose 
reductions.

SuRVEIllAnCE

After surgical resection, patients should 
be followed clinically and undergo serial 
measurements of plasma calcitonin levels. 
Studies demonstrating the development of 
recurrent MTC despite aggressive resec-
tion emphasize the need for vigilant bio-
chemical follow-up in patients with MTC. 
Persistent or recurrent MTC is detected by 
elevated calcitonin levels on provocative 
testing; many patients with occult disease 
may develop hypercalcitonemia as the sole 
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manifestation. Remedial cervical surgery 
may be considered in patients with hyper-
calcitonemia and documented localized dis-
ease, in the absence of distant metastases.

In conclusion, conventionally, AJCC 
staging is used to determine prognosis of 
disease in patients with MTC. This staging 
does not take into consideration recent data 
showing that preoperative basal calcitonin 
levels may be useful in evaluating prospects 
for remission. Based on the population-based 
study by Roman et al. (2006), consideration 
could be given to include age as a part of the 
AJCC staging for MTC, as it currently is for 
differentiated thyroid cancer.
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Overexpression of the Components  
of the Plasminogen Activating System 
as Prognostic Factors in Human Thyroid 
Carcinoma
Enke Baldini, Salvatore Ulisse, and Massimino D’Armiento

 PlASMInOgEn ACTIvATIng 
SySTEM (PAS)

The plasminogen activating system (PAS) 
is an ensemble of proteins involved in 
the extracellular conversion of the ubiq-
uitous inactive plasminogen to the broad 
spectrum serine protease plasmin, which 
is implicated in fibrin homeostasis and in 
numerous physiological and pathologi-
cal processes requiring the remodelling 
of extracellular matrix (ECM) and base-
ment membranes (BM). The PAS consists 
of two serine proteases, the urokinase 
(uPA) and the tissue-type (tPA) plas-
minogen activators, the cell membrane 
receptor for uPA (uPAR) and two main 
inhibitors belonging to the serine proteinase 
inhibitors (serpin) superfamily, the plas-
minogen activator inhibitor 1 (PAI-1), and 
2 (PAI-2). The uPA is first synthesized as 
a single-chain zymogen (pro-uPA or sc-
uPA); once secreted in extracellular envi-
rons, the sc-uPA is converted to the active 
disulfide-linked two-chain form (tc-uPA) 
by a number of proteases such as plasmin, 
plasma kallikrein, and cathepsin B and l 
(Choong and nadesapillai 2003). Plasmin 
is the primary activator of sc-uPA and is in 

turn activated by tc-uPA, thus enhancing 
its own production. Such phenomenon, 
referred as “reciprocal zymogen activa-
tion”, occurs much more efficiently when 
the sc-uPA is associated with its receptor 
uPAR, a glycoprotein anchored to the 
plasma membrane through a glycosyl-
phosphatidylinositol moiety (Plesner et al. 
1997; Blasi and Carmeliet 2002). As a 
consequence, the active uPA generation 
is concentrated in the pericellular area, 
where it represents an effective and rapid 
source of plasmin during cell migration 
and invasion under physiological or patho-
logical conditions. Moreover, in numer-
ous cell types the expression of plasma 
membrane plasminogen receptors, which 
colocalize with uPAR, improves the local 
concentrations of reactants (Castellino and 
Ploplis 2005).

Unlike uPA, the single-chain human tPA 
is proteolytically active and a plasmin 
cleavage yields a disulfide-linked two-chain 
molecule which exhibits a 10–50-fold 
increased activity. It is generally assumed 
that tPA is primarily involved in fibrinoly-
sis, but it is also abundantly expressed in the 
central nervous system where it is engaged 
in various processes, i.e., neurite outgrowth 
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and neuronal development (Collen 1999; 
yamada et al. 2005).

The activity of PAS is counteracted 
by the serpin a2-antiplasmin, the main 
inhibitor of plasmin, and by two specific 
inhibitors, PAI-1 and PAI-2, which trap 
the active uPA and tPA forming stably 
inactive equimolar complexes. Two other 
serpins, proteinase nexin-1 and protein C 
inhibitor, are also able to block plasmino-
gen activators at physiologically relevant 
rates, even if they are not specifics and 
react more slowly (Andreasen et al. 1997; 
lijnen 2004).

THE PlASMInOgEn 
ACTIvATIng SySTEM  
In PATHOPHySIOlOgICAl 
COnDITIOnS

As stated earlier, PAS is implicated in 
fibrinolysis and in a number of physi-
ological and pathological processes which 
require ECM and BM remodelling, such 
as wound healing, tissue regeneration and 
involution, immune response, angiogen-
esis, tumor progression, and metastasis 
(Danø et al. 2005). Such array of effects is 
due to the capability of plasmin to target sev-
eral ECM and BM components, including 
fibronectin, laminin, vitronectin, type Iv 
collagen, proteoglycans, and fibrin, both 
directly and through the activation of latent 
matrix metalloproteinases (MMPs) (visse 
and nagase 2003). However, the action of 
PAS is not limited to activation of plas-
minogen and the consequent degradation 
of ECM and BM. In fact, although lacking 
of an intracellular domain, the uPAR is 
connected with the cytoplasmic signal-
ling machinery by means of at least three 
different mediators: integrins, caveolin, and 

g-proteins coupled receptors, which in turn 
activate several tyrosine- and serine-kinases, 
such as Src, haematopoietic cell kinase, 
focal adhesion kinase and mitogen-acti-
vated protein kinases (MAPK) (Blasi and 
Carmeliet 2002). As a consequence, uPA 
binding to uPAR can generate proteolytic-
independent intracellular signals affecting 
cell motility, adhesion, differentiation, and 
proliferation (Blasi and Carmeliet 2002). 
These cellular processes may also be indi-
rectly affected by plasmin through the 
activation of latent mitogenic, motogenic 
and/or angiogenic factors bound to ECM, 
such as basic fibroblast (bFgF), vascular 
endothelial (vEgF), hepatocyte (HgF), 
insulin (IgF), epidermal (EgF), and trans-
forming (TgF- b) growth factors (Choong 
and nadesapillai 2003).

Several reports have documented the 
ability of PAS to modulate cell migration. 
The latter initiates with the extension of 
the plasma membrane at the leading edge 
of the cell, associated with an intracellu-
lar reorganization and polymerization of 
new actin filaments, which are then stabi-
lized by the formation of new adhesions 
to ECM components. Simultaneously, 
at the rear edge of the cells, plasma 
membrane releases its binding to ECM. 
Thus, consecutive cycles of attachment 
and detachment from ECM substrates 
take place during cell migration. The 
PAS affects this process by promoting 
ECM or adhesion receptor proteolysis 
at the leading edge of the cell, allowing 
plasma membrane extension, and caus-
ing the release from the ECM at the rear 
edge of the cell. Moreover, the uPA/uPAR 
complexes have been shown to modulate 
cell attachment to a variety of ECM pro-
teins by interacting with various adhesion 
receptors belonging to the integrin family.  
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The uPAR bound to uPA can also establish 
direct contacts with several extracellular 
proteins and especially with vitronectin, 
leading to intracellular rearrangement 
of actin cytoskeleton, morphological 
changes and augmented adhesion to ECM 
(Sidenius and Blasi 2003). Interestingly, 
PAI-1 binds to vitronectin with high affin-
ity and competes with uPAR for the same 
binding site. Following the uPA-PAI-1 
interaction, PAI-1 affinity for vitronectin 
is greatly reduced, allowing uPAR occu-
pancy to vitronectin, and hence promot-
ing cell-ECM attachment (Sidenius and 
Blasi 2003). Furthermore, binding of uPA 
induces the exposition of an uPAR epitope 
endowed with a potent chemotactic activ-
ity, which in turn stimulates tyrosine 
kinase-dependent intracellular pathways 
required for cell migration (Blasi and 
Carmeliet 2002). Finally, the PAS may 
indirectly affect cell migration through 
the activation of latent motogenic growth 
factors such as HgF, bFgF, and TgF-b.

ROlE OF PlASMInOgEn 
ACTIvATIng SySTEM  
In HUMAn CAnCERS

Cancer progression is associated to the 
acquisition by malignant cells of novel 
functional capabilities, which include self-
sufficiency in growth signals, insensitivity 
to anti-growth signals, evasion of apop-
tosis, limitless replicative potential, sus-
tained angiogenesis, and tissue invasion 
and metastasis (Hanahan and Weinberg 
2000). Based on the above information, it 
is clear that the PAS contributes directly or 
indirectly to the acquisition by malignant cells 
of some of these new biological functions. 
Overexpression of uPA may represent a 

mitogenic stimulus for the malignant cells, 
resulting either from abnormal uPAR-
mediated cell signalling or indirectly from 
plasmin-mediated activation of growth fac-
tors. In addition to the proliferative action, 
the PAS affects all steps of neoplastic evo-
lution, from spreading in the primary site 
to intra- and extravasation, neoangiogen-
esis, and metastasis. Destruction of extra-
cellular structures at the advancing edge of 
tumor is a prerequisite for tumor growth 
and invasion of the surrounding tissues, 
and plasmin greatly contributes to this 
process both directly or through the activa-
tion of latent MMPs. The same products of 
ECM degradation may also represent new 
bioactive molecules, i.e., peptides derived 
from laminin and fibronectin cleavage, 
which can support cancer cell migration 
and dissemination. On the other hand, 
the PAS plays an important role in the 
activation of motogenic factors such as 
HgF, b-FgF, and TgF-b and the regula-
tion of the consecutive cycles of malig-
nant cell attachment and detachment from 
ECM substrates which take place during 
cell migration (Duffy 2004). Analogous 
events are observed for endothelial cells 
during tumor-associated neoangiogenesis. 
The expression of uPA and uPAR, unde-
tectable in quiescent endothelial cells, is 
induced at the leading migratory front of 
new microvessels and in tumor-associated 
macrophages by angiogenic stimuli such 
as bFgF, vEgF or hypoxia. The plasmin 
in turn activates latent motogenic and 
proangiogenic factors bound to ECM; 
among these, the vEgF induces vascu-
lar hyperpermeability, providing an exit  
route for metastasizing tumor cells and 
allowing diffusion of fibrinogen and other 
plasma proteins into the extracellular space.  
The conversion of fibrinogen to fibrin by 
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plasmin leads to the formation of a tran-
sitional matrix which constitutes a struc-
tural support for endothelial cell migration 
(Choong and nadesapillai 2003). A relevant 
contribution of PAI-1 in such processes 
has recently emerged (lijnen 2004). The 
PAI-1 is present in resting mature vessels 
where it prevents both the plasmin-medi-
ated proteolysis and the uPAR-dependent 
cell-ECM adhesions, but the induction 
of uPA and uPAR following endothelial 
cells activation overcomes these inhibitory 
actions. However, the PAI-1 is actually 
considered a pro-angiogenic rather than 
anti-angiogenic factor. Indeed, a paracrin 
induction of PAI-1 occurs in fibroblasts 
nearby the sprouting endothelium, most 
likely to prevent an excessive pericellular 
proteolysis. The PAI-1 also associates with 
uPA/uPAR forming a ternary complex that 
is internalized in endothelial cells by an 
lDl receptor-like molecule; thereafter, 
uPAR is recycled back on plasma mem-
brane not with a random distribution, 
but focused on new adhesion areas at the 
leading edge of cell. Such uPAR relocali-
zation seems to be a crucial event for the 
initial migratory phase of endothelial cells 
(Binder et al. 2007).

ClInICAl SIgnIFICAnCE 
OF THE ExPRESSIOn OF 
PlASMInOgEn ACTIvATIng 
SySTEM COMPOnEnTS

In several types of human cancers, the 
expression of uPA, uPAR, and PAI-1 has 
been found to be significantly higher in 
malignant tissues with respect to normal 
matched ones. Moreover, a strong corre-
lation between the overexpression of one 
or more PAS components and the poor 

clinical outcome for a number of human 
cancers has been documented (Choong and 
nadesapillai 2003). Most of all, the prog-
nostic and predictive impact of PAS has 
been investigated in breast cancer patients, 
for which the particular relevance of uPA 
and PAI-1 has been recently validated 
by a prospective randomized trial and a 
multicenter pooled analysis. The main clini-
cal use is in node-negative breast cancer, 
where the assessment of low tissue levels 
of uPA and PAI-1 can avoid over-treatment 
by adjuvant chemotherapy in patients with 
non-aggressive disease.

On the other hand, high primary cancer 
tissue levels of uPA and PAI-1 may iden-
tify intermediate-risk patients who should 
receive chemotherapy because their tumor 
is more aggressive than classical patho-
logical factors would suggest (Harbeck 
et al. 2007). Apart from breast cancer, 
uPA overexpression has been shown to 
represent a prognostic marker in several 
other malignancies, including lung, blad-
der, stomach, colorectum, cervix, ovary, 
kidney, and brain cancers, as well as soft 
tissue sarcomas (Andreasen et al. 1997). 
likewise, there is now accumulated exper-
imental and clinical data attesting a high 
correlation of uPAR levels with metastatic 
potential and advanced disease across a 
variety of tumors, as colon, endometrial, 
gastric, pancreatic, renal, and breast can-
cers (de Bock and Wang 2004). The uPAR 
appears particularly abundant at the leading 
edge of tumors and often polarized on the 
cell surface, where it seems to have a criti-
cal role in directional control on migrating 
or invading cells. Soluble uPAR variants 
(suPAR) devoid of gPI anchor, produced 
either by proteolytic cleavage or alterna-
tive splicing, have been identified in body 
fluids such as blood, urine, and ascite 
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(de Bock and Wang 2004). Even if their 
biological role still remains to be clarified, 
suPAR have been reported to predict BM 
invasion and poor prognosis in multiple 
myeloma patients (Rigolin et al. 2003) 
or disease progression after surgery and 
metastasis in prostate cancer (Shariat et al. 
2007).

Paradoxically, high levels of PAI-1 are 
also associated with a poor prognosis in 
several tumors. This unexpected finding 
may be explained in view of the recent 
observations that PAI-1, interacting with 
vitronectin and uPA/uPAR complexes, has 
dramatic effects on the ability of cells to 
attach, migrate and be detached from their 
substratum (Czekay and loskutoff 2004). 
The inhibitory action of PAI-1 is probably 
necessary to prevent the excessive degra-
dation of the ECM by uPA, which could 
inhibit cell mobility on the matrix support. 
In addiction, uPAR/uPA/PAI-1 complex 
formation and internalization seems to be 
crucial for the initial migratory response of 
endothelial cells, and a proangiogenic role 
of PAI-1 has recently emerged from tumor 
transplantation models in PAI-1−/− mice 
(Binder et al. 2007). In contrast, different 
studies including various tumor types have 
shown contrasting correlations between 
tumor levels of PAI-2 and patient survival. 
High neoplastic tissue concentrations of 
PAI-2 are associated with good prognosis 
in patients with breast, pancreatic, and 
ovarian cancers, but with poor prognosis 
in patients with colorectal or endometrial 
cancers, and the meaning of these discrep-
ancies remains to be elucidated (Osmak 
et al. 2001; nordengren et al. 2002; Smith 
et al. 2007).

Despite the extensive investigations 
regarding the role of PAS in human tumors, 
relative little information regarding the 

expression of PAS components during the 
progression of thyroid cancers is available. 
The present work assembles the data on the 
expression profiles of PAS components in 
thyroid tumors that have been published to 
date, with a special regard to those reports 
which related PAS components expression 
to prognostic evaluation.

THE PlASMInOgEn 
ACTIvATIng SySTEM 
In HUMAn THyROID 
CARCInOMAS

neoplasms derived from the follicular 
thyroid cell represent the most common 
endocrine malignancy, accounting for ~1% 
of all new malignant diseases and ~0.4% of 
deaths related to cancer. The large majority 
of follicular thyroid cancers are represented 
by the differentiated papillary and follicu-
lar thyroid carcinomas which, following 
dedifferentiation, are thought to give rise 
to the highly aggressive and invariably fatal 
anaplastic thyroid carcinomas (Sherman 
2003). Although derived from the same 
cell type, the different thyroid neoplasms 
show specific histological features, biologi-
cal behaviour and degree of differentia-
tion as a consequence of different genetic 
alterations (Kondo et al. 2006).

The first evidence of uPA implication 
in human thyroid tumor invasivity was 
provided by Packman et al. (1995), who 
found an increase of uPA and gelatinases 
activities in a follicular thyroid carcinoma 
cell line derived from lung metastasis 
(FTC-238) with respect to the less invasive 
clone derived from lymph node metastasis 
(FTC-133). Subsequently, an immunohis-
tochemical (IHC) study described the dif-
fuse expression of uPA, uPAR, and PAI-1 
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in the majority of thyroid carcinomas, 
while the immunoreactivity of PAI-2 was 
evident only in 56% of cases (Ito et al. 
1996). nevertheless, these authors did not 
observe any correlation between IHC find-
ings and clinicopathological parameters. 
In contrast, another IHC study reported the 
association of high uPAR expression with 
poorly-differentiated and more aggressive 
papillary thyroid carcinomas (PTC), indi-
cating this protein as a putative prognostic 
factor (Kim et al. 2002). The levels of 
plasminogen activators and PAI-I were 
also estimated in the cytosolic fraction 
of malignant and benign thyroid tumor 
tissues and various non-cancer diseases 
of the gland by enzyme immunoassay 
(Kushlinskiĭ et al. 2001). These authors 
demonstrated that samples from patients 
with thyroid cancer displayed the lowest 
levels of tPA and the highest levels of uPA 
and PAI-I, while those from patients with 
benign thyroid diseases showed high con-
centrations of tPA and relatively low levels 
of uPA and PAI-I. Furthermore, an interest-
ing study evaluated the presence of uPAR 
in plasma membranes of normal and neo-
plastic human thyroid cells (Ragno et al. 
1998). normal thyrocytes were referred 
to express on their surface the intact form 
of uPAR and also a truncated form lack-
ing the uPA-binding domain. In thyroid 
tumor derived cells the truncated form was 
highly expressed in papillary carcinoma 
cells, very low in follicular carcinoma 
cells, and not detectable in anaplastic car-
cinoma cells. Because the binding of uPA 
to uPAR requires full-size uPAR, it can 
be supposed that the cleavage of uPAR 
occurring on normal thyrocytes represents 
a mechanism of limitation for the invasive 
potential of the cell, which is maintained 
in the papillary carcinomas, but partially 

or completely lost in the more aggressive 
follicular and anaplastic cancers.

A relationship between uPA and thyro-
cytes invasivity was also indicated by Sid 
et al. (2006), who analysed the expression 
patterns of uPA, MMP-2, and low density 
lipoprotein receptor-related protein (lRP), 
a large scavenger receptor involved in the 
uptake and degradation of various ligands, 
in the FTC-133 and FTC-238 cell lines 
mentioned above. The authors showed 
that the more invasive cell line FTC-238 
possessed lower lRP amount and higher 
uPA expression and activity than FTC-133 
cells. The neutralization of lRP led to uPA 
accumulation and to a twofold increase 
of its activity in the conditioned medium 
of both cell lines, conferring to the cells 
a more invasive character. Inversely, fol-
lowing inhibition of uPA activity, but not 
MMPs activity, the invasive phenotype of 
FTC cells was abolished. Therefore, the 
authors concluded that regulation of uPA 
activity by lRP is likely to represent an 
important mechanism in controlling thy-
roid carcinoma cell invasion.

Recently, our group characterized the 
PAS components expression in human 
normal thyrocytes and various cell lines 
derived from a benign follicular adenoma 
and different histotypes of thyroid tumors, 
by means of real time RT-PCR and Western 
blot experiments (Ulisse et al. 2006). 
Our results demonstrated that malignant 
transformation of the human thyrocyte is 
associated with the augmented expression, 
at both mRnA and protein levels, of uPA, 
uPAR, and PAI-1, while tPA and PAI-2 
were either unchanged or decreased in 
different malignant cell lines. Moreover, 
a zymographic assay of the conditioned 
media from the different cell lines dem-
onstrated a significant increase of active 



45130. Overexpression of the Components of the Plasminogen Activating System

uPA secretion in all carcinoma cells with 
respect to normal thyrocytes. The data 
obtained in the cell lines were mirrored 
by analogous experiments on human pap-
illary thyroid carcinoma specimens, in 
which the expression of the different PAS 
components was compared to that of nor-
mal matched tissues. In particular, the 
results demonstrated a significant correla-
tion between increased uPA expression 
and tumor size, which represents one of the 
major prognostic factors in thyroid cancer 
(gospodarowicz et al. 2002). Moreover, 
the levels of uPA and uPAR mRnAs were 
significantly higher in metastatic than in 
non-metastatic PTC.

A recent study analyzed the level of 
uPA and PAI-1 proteins in paired cytosolic 
fractions of thyroid neoplasms and normal 
tissues by ElISA (Horvatić Herceg et al. 
2006). Both proteins concentrations were 
markedly different among various histo-
logical types of thyroid cancer, showing the 
lowest values in adenomas and the highest 
in anaplastic carcinomas. Furthermore, 
uPA and PAI-1 were found higher in ana-
plastic versus well-differentiated thyroid 
cancers, as well as in tumor with extrathy-
roidal invasion or distant metastasis and 
those exceeding 1 cm of diameter. More 
interestingly, the survival analysis revealed 
a significant impact of both uPA and PAI-1 
on the progression-free survival rate, pro-
viding new indication of the potential 
prognostic relevance of PAS components 
in thyroid tumors.

In conclusion, there is an overall agree-
ment in the literature documenting the 
augmented expression of uPA, uPAR, and 
PAI-1 in thyroid cancers. Furthermore, 
recent studies demonstrated a clear cor-
relation between increased expression of 
PAS components and some of the major 

prognostic factors for thyroid cancer such 
as tumor size, lymph node or distant metas-
tases. However, these findings need to be 
validated in larger case studies before their 
evaluation may be included in the assess-
ment of the prognosis of patients affected 
by thyroid cancer. In Table 30.1 are sum-
marized the data regarding the expression 
of the different PAS components related 
to prognosis in several human cancers, 
including thyroid carcinomas.

 METHODS TO EvAlUATE 
ExPRESSIOn OF 
PlASMInOgEn ACTIvATIng 
SySTEM COMPOnEnTS

Substrate gel Electrophoresis 
(Zymograms)

Zymography is an electrophoretic technique 
extensively used to determine proteolytic 
activity in complex biological samples 
resolved in SDS-PAgE. The running gels 

Table 30.1. Expression of the different PAS components 
related to prognosis in several types of human cancers

Cancer type Worse prognosis
Favourable 
prognosis

Breast uPA, uPAR, PAI-1 PAI-2
Colorectal cancer uPA, uPAR, suPAR, PAI-1, 

PAI-2
gastric cancer uPA, uPAR, PAI-1
Esophageal cancer uPA, PAI-1 PAI-2
Pancreatic cancer uPA PAI-2
Ovarian cancer uPA, suPAR, PAI-1 PAI-2
Endometrial cancer uPA, uPAR, PAI-1, PAI-2
Prostate cancer uPA, suPAR, PAI-1
Bladder cancer uPA, uPAR
gliomas uPA
Sarcomas uPA, PAI-1
Renal cell cancer PAI-1
Pulmonary cancer PAI-1
Acute myeloid  

leukemia
uPAR

Thyroid cancer uPA, uPAR, PAI-1
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are prepared by copolimeryzing the  
acrylamide with a substrate for the enzyme 
of interest. The most common zymogram 
to detect plasminogen activators is obtained 
by adding to the acrylamide plasminogen 
(Sigma-Aldrich) as substrate of PAs and gel-
atin (Euroclone) or casein (Sigma-Aldrich) 
as substrates of plasmin (Table 30.2). The 
proteins are separated in denaturing but 
nonreducing conditions and after refolded 
by means of nonionic detergent solutions 
(usually Triton x-100) that remove the SDS. 
The gels are then incubated in a suitable 
buffer system for the specific enzyme under 
study and finally stained with Coomassie 
blue. The presence of enzymatic activity is 
visualized as clear bands on the blue back-
ground, corresponding to areas where the 
substrate has been degraded. The following 
table represents the recipe for resolving 
(zymogram) and stacking gels.

1. A 10x running buffer is prepared as fol-
lows: 0.25 M Tris, 1.92 M glycine, 1% 
SDS, pH 8.3; it is stored in a glass bottle 
at room temperature and diluted with 
ddH2O before use.

2. Biological liquid samples or conditioned 
culture serum-free media are collected 

and centrifuged for 5 min at 1,200 r.p.m. 
to eliminate cellular debris. If needed, 
they can be concentrated by centrifugal 
filter devices (Centricon filters with 
Ultracel yM regenerated cellulose mem-
branes, Millipore). Otherwise, if cellular 
or tissutal protein extracts are used, the 
extraction should be done in the absence 
of serine proteases inhibitors.

3. The samples are prepared by dilution 
in zymography loading buffer (5x) con-
sisting of 0.4 M Tris-HCl (pH 6.8), 
5% SDS, 20% glycerol and 0.03% 
bromophenol blue (Kleiner and Stetler-
Stevenson 1994) and loaded into the 
well without boiling.

4. The electrophoretic run is carried out at 
20 mA constant current for 1.5–2 h until 
the tracking dye front reaches the bottom 
of resolving gel. The gel is then removed 
and rinsed in 50 mM Tris-HCl (pH 7.4) 
with 2% Triton x-100 (Euroclone) by 
shaking gently at room temperature for 
30–60 min. After a wash in 50 mM Tris-
HCl (pH 7.4), gel is incubated in a buffer 
containing 50 mM Tris-HCl (pH 7.4) and 
0.1% Triton x-100 on a rotary shaker at 
37°C for 4–6 h.

5. In order to assess the enzyme specifi-
city, identical gels are incubated in par-
allel within the above buffer containing 
serine proteases inhibitors, i.e., 10 mM 
aprotinin and 1 mM PMSF; otherwise, 
the control gel can be prepared omitting 
the plasminogen.

6. The gel is stained with a solution of 0.1% 
Coomassie brilliant blue, 25% methanol 
and 7% acetic acid, and destained by 
repeated washes in the same mixture 
without dye. Both these steps are per-
formed at room temperature on a rotary 
shaker for 15–60 min each.

7. Clear zones against the blue background 
correspond to PAs proteolytic activity. 

Table 30.2. Resolving and stacking gels for zymography 
(Heussen and Dowdle 1980)

Reagents 10% Zymogram 5% Stacking gel

Acrylamide (30%)/
bisacrylamide (1%)

3.33 ml 0.833 ml

0.5 M Tris-HCl, pH 6.8 – 1.25 ml
1.5 M Tris-HCl, pH 8.8 2.5 ml –
gelatin or Casein 1% in 

ddH2O
1 ml –

Plasminogen 1.2 mg/
ml in PBS

0.1 ml –

SDS 10% in ddH2O 0.1 ml 0.05 ml
ddH2O 2.865 ml 2.814 ml
Ammonium persulfate 

100 mg/ml in ddH2O
0.1 ml 0.05 ml

TEMED (as supplied) 0.005 ml 0.0025 ml
Final volume 10 ml 5 ml
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The molecular weights of each band are 
evaluated in comparison with a prestained 
protein ladder or with a positive con-
trol, such as MDA-MB-231 cell line 
(American Type Culture Collection) 
supernatant. The intensity of bands, cor-
responding to the degree of digestion, can 
be quantified by scanning densitometry.

Invasion Assay

The invasiveness of tumor cells is one of 
the hallmarks of the metastatic pheno-
type. In order to characterize the invasive 
potential of malignant cells, a variety of 
in vitro assays have been developed, which 
test the capability of cells to penetrate 
through physiological barriers such as 
tissues containing basement membranes 
(i.e., bladder wall, amnion or lens capsule) 
or a matrix material reconstituted onto 
a filter, named matrigel (Kleinman et al. 
1986). The latter is obtained with extracts 
prepared from the basement membrane of 
the Englebreth–Holm–Swarm mouse sar-
coma. Under physiological conditions and 
in the presence of added type Iv collagen 
and heparan sulfate proteoglycan, these 
extracts form gellike structures mainly 
composed of laminin, collagen Iv, heparan 
sulfate proteoglycans, nidogen, and entac-
tin, resembling the lamina dense zone of 
basement membranes. Matrigel represents 
actually the most common environment 
for studies of cell morphology, biochemi-
cal function, migration, or invasion. The 
results obtained by the Boyden chamber 
assay, described below, show a strong cor-
relation between the ability of tumor cells 
to invade in vitro and their invasive behaviour 
in vivo, which validates this assay as a 
measure of invasive potential. Importantly, 
this assay represents a suitable mean to 

investigate the effects and the efficacy of 
Pas inhibitors on tumor cell migration and 
invasiveness.

1. Matrigel can be prepared in sterile form 
as previously described (Kleinman et al. 
1986) or acquired from BD Biosciences 
(BD Biosciences, Two Oak Park, 
Bedford, MA 01730 USA). It is stored 
in aliquots at −20°C and thawed over-
night at 4°C before use.

2. Matrigel is diluted up to 1–10 mg/ml 
with cold ddH2O and applied on polyvi-
nylpyrrolidone-free polycarbonate filters 
(nucleopores) of 8–12 mm pore size at a 
quantity of 12.5–200 mg/filter, air-dried 
under a hood and reconstituted with 
serum-free cold cell culture medium.

3. The coated filters are placed into Boyden 
chambers (BD Biosciences).

4. The cultured cells are trypsinized and 
collected, washed with serum-free cul-
ture medium and resuspended in the 
same medium containing 0.1% bovine 
serum albumin, then added to the upper 
compartment of Boyden chambers (2–3 
× 105 cells/each).

5. The bottom of chambers is filled with a 
chemoactrattant, because in the absence 
of any stimulus the cellular migration 
is very weak. normally the conditioned 
medium from the murine fibroblast cell 
line nIH-3T3 (American Type Culture 
Collection) is used, obtained as fol-
lows: the cells are grown to subcon-
fluent monolayers, washed with PBS 
and incubated with serum-free DMEM 
for 48 h. Supernatant is harvested and 
stored at −20°C. Alternatively, the cells 
under study can be preincubated in 
serum-free culture medium for 24 h and 
fetal bovine serum can be employed as 
chemoactrattant.
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6. The assembled chambers are incubated 
for one to few hours at 37°C in a 5% 
CO2 humidified atmosphere.

7. At the end of incubation, the noninva-
sive cells are scraped off from the top of 
filters with a cotton swab.

8. The invasive cells, migrated on the other 
side of filters, are fixed in cold metha-
nol for 5 min, stained with an aqueous 
solution of methylene blue and eosin 
(DiffQuick solution, Dade Behring) and 
sealed on slides.

9. Quantification of invasion through the 
coated membranes is done by counting 
stained cells under a microscope, using 
a microgrid.

Real Time RT-PCR

Quantitative RT-PCR represents an useful 
technique to determine the variations of 
gene expression levels in cancer tissues 
with respect to their normal counterparts. 
Such analysis can be executed comparing 
the mRnA levels for a gene of interest 
between surgical samples obtained from a 
number of patients and healthy individu-
als. In the management of thyroid cancers, 
the total ablation of thyroid gland allows 
obtaining both cancer tissues and normal 
matched tissues from a single patient, so 
that mRnA variations can be determined 
more reliably. In the case that an alteration 
is found, the next attempt is to examine 
clinical parameters in order to identify any 
significant correlation between tumor pro-
gression and gene expression status.

 1. Surgical samples are immediately fro-
zen in liquid nitrogen and stored at 
−80°C until usage.

 2. Frozen samples are homogenized in 
~1 ml of a phenol-guanidine-isothiocy-
anate solution (i.e., TRIzol Reagent, 
Invitrogen) per 50–100 mg of tissue by 

mortar and pestle or power homogenizer. 
Then total RnA is extracted following 
the acid guanidinium thiocyanate-phenol-
chloroform method (Chomczynsky and 
Sacchi 1987).

 3. The purity and integrity of RnA prepa-
rations are checked by measuring the 
relative absorbance of RnA at 260 and 
280 nm and by electrophoresis on 1% 
agarose gel with 0.5 mg/ml ethidium 
bromide in TAE buffer (Tris-Acetate-
EDTA: 242 g Tris base, 57.1 ml Acetic 
acid, 100 ml 0.5 M EDTA. Add ddH2O 
to 1 l and adjust pH to 8.5) at 90 v 
constant.

 4. One ng to 5 mg of total RnA are 
reverse-transcribed within a reaction 
mix of 0.5 mM deoxyribonucleotides, 
0.5 mg oligo-dT primers per mg of RnA, 
2U/ml ribonuclease inhibitor, 10 mM 
dithiothreitol, first strand buffer and 
200U M-Mlv reverse transcriptase, 
according to the specific procedure 
indicated by the enzyme manufacturer.

 5. The obtained cDnA is used as template 
for the subsequent PCR amplifications. 
Controls for DnA contamination are per-
formed omitting the reverse transcriptase 
during reverse transcription or placing 
RnA directly in the PCR mixture.

 6. Real-time PCR conditions are applied 
depending on the particular instrument 
adopted, but anyway it is necessary to 
create standard curves for each primer 
pair, choosing a calibrator template 
which expresses all the genes of inter-
est at good levels. In particular, to ana-
lyze PAS mRnAs in human thyroid, 
it can be used a cDnA derived from 
thyrocytes, because they express all 
the PAS members in basal conditions 
(Ulisse et al. 2006).

 7. To check the specificities of amplified 
cDnAs, they are purified with a PCR 
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cleanup kit (QIAquick PCR Purification 
Kit, QIAgEn) and analyzed by an 
automated DnA sequencer.

 8. The calculation of data is performed 
with the DDCp method, and finally the 
expression levels of target genes in 
tumoral tissues are normalized against 
those found in healthy individuals or in 
matched normal tissues.

Immunohistochemistry

Immunohistochemistry (IHC) is one of the 
most diffuse approaches to visualize the 
distribution and localization of PAS com-
ponents in normal and pathologic tissues. 
In addition, the intensity of immunostain-
ing represents an approximate indication of 
the protein levels, which can be associated 
with clinicopathological parameters. A rep-
resentative ABC (Avidin-Biotin Complex) 
method for detection of PAS members is 
depicted in the following protocol.

 1. Cut sequential histological sections of 
5 µm thickness from formalin-fixed and 
paraffin-embedded tissue blocks, rinse 
in water bath and mount onto slices.

 2. Air-dry sections overnight.
 3. Deparaffinize section by means of 2 

passages in xilene for 5–10 min each 
and rehydrate in 2 changes of 100% 
ethanol for 5 min each, 95% and 80% 
ethanol for 5 min each, then rinse in 
ddH2O.

 4. Wet in PBS (phosphate buffered solu-
tion) for 2 × 2 min.

 5. Block the endogenous peroxidase activ-
ity by incubating sections for 10 min 
with a peroxidase blocking solution 
(0.3% H2O2 in methanol).

 6. Wet in PBS for 2 × 2 min.
 7. Perform heat-induced epitope retrieval. 

Preheat steamer or water bath with  

  staining dish containing sodium citrate 
buffer (Mix 2.94 g Tri-sodium citrate 
dihydrate to 1 l ddH2O, adjust pH to 
6.0 with 1n HCl and then add 0.5 ml of 
Tween 20. Store this solution at 4°C.) 
until temperature reaches 95–100°C. 
Immerse slides in the staining dish 
and incubate for 50 min. Microwave 
or pressure cooker can be used as the 
alternative heating source to replace 
steamer or water bath. Otherwise, an 
enzyme-based antigen retrieval can be 
adopted: incubate slides for 20 min. 
at 37°C with 0.05 g porcine trypsin 
(Sigma-Aldrich) and 0.05 g CaCl2 in 
50 ml 0.005 M Tris–PBS buffer (pH 
7.4).

  8. Wash in PBS for 2 × 2 min.
  9. To block nonspecific binding of immu-

noglobulin, incubate sections with 
normal serum, species same as sec-
ondary antibody, at room temperature 
for 1 h. The recipe for a normal serum 
block solution includes the following 
components: 2% serum, 1% BSA, 
0.1% Triton x-100, 0.05% Tween 20, 
0.01 M PBS (pH 7.2). Mix and store 
at 4ºC.

 10. Incubate sections for 1 h at room 
temperature or overnight at 4°C with 
primary antibodies diluted as follows: 
anti-urokinase B-chain (n. 3689, 
American Diagnostica), anti-PAI-2 
(n. 3750, American Diagnostica) 
and anti-PAI-1 (n. 3785, American 
Diagnostica) 1:25, anti-uPAR (n. 
3937, American Diagnostica) 1:100 
in dilution buffer (1% BSA, 0.01 M 
PBS, pH 7.2).

 11. In parallel experiments, carry out neg-
ative controls of the immunostaining 
by omission of the primary antibody. 
As positive control, employ sections 
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from tissues known to be positive for 
each primary antibody.

 12.  Rinse in PBS-Tween 20 for 3 × 2 min.
 13. Incubate sections with biotinylated 

secondary antibody anti-mouse (vector 
 laboratories) at an appropriate con-
centration in dilution buffer (1% BSA, 
0.01 M PBS, pH 7.2) for 45 min at 
room temperature.

 14.  Rinse in PBS-Tween 20 for 3 × 2 min.
 15. Incubate sections in ABC (Avidin 

Biotinylated Complex) solution 
(R.T.U. vECTASTAIn® Elite ABC 
Reagent, vector laboratories) for 30 
min at room temperature.

 16.  Rinse in PBS-Tween 20 for 3 × 2 min.
 17. Add on sections the DAB (3,3¢-diami-

nobenzidine tetrahydrochloride) per-
oxidase substrate solution (0.05% 
DAB, 0.015% H2O2 in 0.01 M PBS, 
pH 7.2). A 1% DAB stock solu-
tion is prepared as follows: dissolve 
0.1g DAB (Sigma-Aldrich) in 10 ml 
ddH2O, add 3–5 drops of 10 n HCl 
and solution turns light brown color. 
Shake for 10 min to dissolve DAB 
completely, then aliquot and store at 
−20°C. To obtain the final peroxidase 
substrate solution, put 5 drops of 1% 
DAB in 5 ml of PBS (pH 7.2) and 
mix well, then add 5 drops of 0.3% 
H2O2 in ddH2O and mix well.

 18. Observe the development of reaction 
under an optical microscope until the 
color appears.

 19. Stop the reaction in ddH2O.
 20.  Counterstain slides for 30 s with hema-

toxylin solution (50 g aluminum potas-
sium sulphate [Sigma-Aldrich], 1 g 
hematoxylin [Sigma-Aldrich], 0.2 g 
sodium iodate [Sigma-Aldrich], 20 ml 
glacial acetic acid, 1 l ddH2O. Dissolve 
completely aluminum in ddH2O, then 

add hematoxylin. When hematoxylin 
is completely dissolved, add sodium 
iodate and acetic acid. Bring to boil 
and cool, filter if necessary.)

 21.  Rinse in running tap water for 2–5 min.
 22. Dehydrate through 70% ethanol for 1 

min., 100% ethanol for 2 × 3 min. and 
clear in xylene for 2 × 5 min.

 23. Coverslip with mounting medium.

Enzyme-linked Immunosorbent Assay 
(ElISA)

To date, a number of immunosorbent assays 
have been designed to quantify uPAR in 
tumor lysates or body fluids, measuring 
either the collective amounts of all uPAR 
forms or each individual form by using 
specific monoclonal antibodies, or even 
distinguishing the ligand-occupied fraction 
of uPAR from the free one. An extensive 
description of the most advanced immu-
noassays techniques for this receptor have 
been recently provided by Høyer-Hansen 
and lund (2007). A pronounced prog-
nostic impact was first demonstrated for 
uPA and subsequently for PAI-1 in deter-
gent-extracted (Triton x-100) breast cancer 
tissues by applying enzyme-linked immu-
nosorbent assay techniques. This evidence 
has been largely confirmed by an alternative 
approach employing archived cytosol frac-
tions obtained by mechanical disintegration 
of samples. A direct comparison of both 
methods with particular regard to prognosis 
has been executed by Jänicke et al. (1994), 
which recommended Triton x-100 extracts 
to yield optimal prognostic information.

 1. Surgical samples of normal and tumor 
tissues are immediately frozen in liquid 
nitrogen and stored at −80°C until usage.

 2. Frozen specimens of ~200 mg are homo-
genized by mortar and pestle or power  
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homogenizer in 0.9 ml Tris-buffered  
saline (TBS: 50 mM Tris base, 0.9% 
naCl, pH 7.6. To prepare a 10x 
stock: 61 g Trizma base, 90 g naCl, 1 
l ddH2O. Mix to dissolve and adjust  
pH to 7.6. Store this solution at room 
temperature).

 3. Triton x-100 (Euroclone) is added to 
TBS buffer to a final concentration of 
1% and the samples are incubated at 
4°C for 12 h under gentle shaking.

 4. Samples are centrifugated at 100,000 g 
for 45 min at 4°C to precipitate cellular 
debris, nuclei, and cell membranes. The 
supernatant is collected and antigens con-
centrations are determined by an ElISA 
kit (American Diagnostica). Triton x-100 
1% does not interfere with the assay.
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DLBCL. See Diffuse large B-cell lymphoma
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drug resistance to, 123
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DPD. See Dihydropyrimidine dehydrogenase
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dsDNA, 289
dsRNA. See Double stranded RNA
DTC. See Differentiated thyroid cancer
DWI. See Diffusion-weighted imaging
DWIBS. See Diffusion weighted whole body 

imaging with background signal 
suppression

Dye swaps, 357

E2F, 276
E2F3, 32
E6, 272

E7, 272
Eastern Cooperative Oncology Group (ECOG), 103
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EGFR. See Epidermal growth factor receptor
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EMA. See Epithelial membrane antigen
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Endophytic retinoblastoma, 322
Endoscopic ultrasound-guided fine needle 

aspiration (EUS-FNA), for 
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Endothelial nitric oxide synthase (eNOS), 46
Endothelium, immunohistology and, 43–44
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eNOS. See Endothelial nitric oxide synthase
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Enzyme linked-immuno-sorbent assay (ELISA), 
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plasminogen activating system and, 456–457
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EORTC. See European Organization for Research 
and Treatment of Cancer

Ep-CAM. See Epithelial cell adhesion molecule
EPI. See Echo planar imaging
Epidermal growth factor receptor (EGFR), 32, 
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lung adenocarcinoma and, 32
MoAbs for, 146–147
MTC and, 442

Epidermal growth factor receptor kinase Substrate 
(EPS8), 368, 370, 380
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Epithelial cell adhesion molecule (Ep-CAM), 139
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FA and, 233
Esophageal squamous cell carcinoma, annexin I 

and, 31
Estrogen receptor (ER), 29
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European Organization for Research and 
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for retinoblastoma, 331
External-beam radiotherapy (EBRT), 89–90
Extracellular matrix (ECM), 445–447
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FcgRs. See Fc receptors
Fc receptors (FcgRs), 137, 142
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FDR. See False discovery rate
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for MTC, 419–420, 437
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FISH. See Fluorescence in situ hybridization
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FMTC. See Familial medullary thyroid carcinoma
FN1. See Fibronectin 1
FNA. See Fine needle aspiration
FnIIIA1A2, 91
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Förster Resonance Energy Transfer (FRET), 286
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Radionuclide Therapy
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Multiple endocrine neoplasia type 2 (MEN 2), 

343, 435
RET and, 346–347

Multiple endocrine neoplasia type IIA  
(MEN-IIA), 346

Multiple endocrine neoplasia type IIB  
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for mCRC, 146
toxicities with, 143

Papillary thyroid carcinomas (PTC), 341–345
CGH for, 387–397
CK19 for, 379–384
FTC and, 387
HBME-1 for, 379–384
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proliferators-activated receptor-gamma
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plasminogen activating system and, 454–455

Quantitative sensory testing (QST), 104–105

234Ra, 84
Radiation therapy

EBRT, 89–90
IART, 94
for MTC, 442
PAGRIT, 93
PRRT, 427–429
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MTC and, 347, 438
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scFv. See Single-chain Fv
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pooling of, 8–9
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Sunitinib (Sutent), 442
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