


For further volumes:
http://www.springer.com/series/7723

       Molecular Pathology Library 

Series Editor
Philip T. Cagle, MD



        



         Antonia R.   Sepulveda     •    John P.   Lynch     
 Editors 

  Molecular Pathology of 
Neoplastic Gastrointestinal 
Diseases        



ISSN 1935-987X ISSN 1935-9888 (electronic)
    ISBN 978-1-4614-6014-5  ISBN 978-1-4614-6015-2 (eBook) 
 DOI 10.1007/978-1-4614-6015-2 
 Springer New York Heidelberg Dordrecht London 

 Library of Congress Control Number: 2012954430 

 © Springer Science+Business Media New York   2013 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is 
concerned, speci fi cally the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction 
on micro fi lms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation, 
computer software, or by similar or dissimilar methodology now known or hereafter developed. Exempted from this 
legal reservation are brief excerpts in connection with reviews or scholarly analysis or material supplied speci fi cally 
for the purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the work. 
Duplication of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the 
Publisher’s location, in its current version, and permission for use must always be obtained from Springer. Permissions 
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to prosecution 
under the respective Copyright Law. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not 
imply, even in the absence of a speci fi c statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use. 
 While the advice and information in this book are believed to be true and accurate at the date of publication, neither 
the authors nor the editors nor the publisher can accept any legal responsibility for any errors or omissions that may 
be made. The publisher makes no warranty, express or implied, with respect to the material contained herein. 

 Printed on acid-free paper 

 Springer is part of Springer Science+Business Media (www.springer.com)        

    Editors 
   Antonia R.   Sepulveda, MD, PhD  
   Department of Pathology & Cell Biology 
Columbia University 
  New York ,  NY,   USA 

     John P.   Lynch, MD, PhD  
   Division of Gastroenterology 
University of Pennsylvania
  Philadelphia ,  PA,   USA 



v

    Preface 

    Critical molecular mechanisms underlying gastrointestinal (GI) neoplasia have been substan-
tially unraveled in recent years. This has resulted from technological advances such as the 
genome project data and large-scale “omic” methods, combined with the application of classic 
molecular and chemical testing approaches and established procedures for pathologic evalua-
tion of tissue and cellular samples. This progress is leading to the development of new 
approaches for treatments and, in parallel, novel diagnostic workups of gastrointestinal can-
cers, integrating speci fi c molecular testing in routine pathology practice. Moreover, 
identi fi cation of disease susceptibly genes has enabled the medical community to better man-
age and prevent diseases that have hereditary traits. 

 While signi fi cant advances have been harnessed, much remains to be learned in the spec-
trum of neoplastic diseases of the gastrointestinal tract. Critical elements of research that have 
allowed progress in the various  fi elds of GI neoplastic disease include the availability of ani-
mal models, cell culture models, and basic and translational research approaches utilizing 
prospective or archived specimen material, and such advances are reviewed here. 

 In this book, we review the molecular aspects that characterize the spectrum of neoplasms that 
affect the GI tract, providing the reader with up-to-date knowledge at the level of (1) the molecu-
lar basis of the individual neoplasms, spanning the carcinomas of esophagus, stomach, small 
bowel, colon, and rectum; neuroendocrine tumors; and gastrointestinal stromal tumors; (2) 
molecular testing approaches for diagnosis or for characterization of target genes for selective 
targeted therapies, with a review of recommended guidelines for clinical application whenever 
available; (3) molecular testing for hereditary predisposition or disease risk for GI cancers. 

 The last three chapters in the book are forward-looking, focused on the molecular mecha-
nisms of metastasis, detection of circulating tumor cells and nucleic acids, and the use of tumor 
markers for gastrointestinal cancers. These are current areas of research interest and future clini-
cal practice and serve to complement the information reviewed for the individual neoplasms. 

 It is clear that the rapid pace of discovery is unmatched by the de fi nitive validation of many 
molecular alterations that are identi fi ed through ongoing basic and translational research of can-
cer. Given this scenario we felt it would be impractical to provide coverage of all areas of research 
in each tumor type, and ultimately, authors for each of the chapters identi fi ed what in their opin-
ion are the most relevant topics to cover for each tumor type at the time of writing, realizing that 
novel  fi ndings that may be clinically relevant may become a reality as the book is published. 
Nevertheless, basic principles of molecular pathogenesis and diagnosis of GI cancers are exten-
sively covered and will remain a foundation for clinical practice as new knowledge emerges. 

 We expect that this book will be useful to a large spectrum of professionals, from patholo-
gists, laboratorians, clinical gastroenterologists and oncologists, and trainees at various levels 
such as medical students, residents, fellows, and postdoctoral fellows, as well as investigators 
interested in the area of gastrointestinal cancer. 

New York, NY, USA Antonia R. Sepulveda, MD, PhD
Philadelphia, PA, USA John P. Lynch, MD, PhD  
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         Introduction    

 The burden of neoplastic diseases of the gastrointestinal tract 
is ever growing. Gastrointestinal malignancies are a leading 
cause of morbidity worldwide. GLOBOCAN Data from 2008 
estimate the overall annual incidence of GI malignancies to be 
3.8 million cases per year, with a mortality of 3.2 million per-
sons per year. 1  ,  2  Given these extraordinary numbers of affected 
patients, a tremendous amount of resources have been 
expended in a quest to understand, prevent, and treat these 
diseases over the past 40 years. We now know that malignan-
cies of the gastrointestinal tract are heterogeneous in composi-
tion, involving a complex interaction between environmental 
and host factors. This interaction can result in conversion of 
normal mucosa to precursor lesions, premalignant lesions, and 
eventual frank malignancy. Despite differences between 
malignancies in differing cell types and tissues, there are some 
common themes shared amongst them. 

 Cells that have undergone neoplastic transformation lose 
the ability to respond appropriately to signals regulating cell 
differentiation, replication, migration, and apoptosis. 
Neoplasms can develop in any organ of the GI tract and from 
any tissue in the body and can result in extrinsic compression 
or invasion, consumption of metabolic resources, and meta-
static spread to distant sites in the body. Tumors can there-
fore signi fi cantly impact patient health, regardless of whether 
they are benign or malignant. 

 This chapter will aim to demonstrate the underlying 
molecular mechanisms and genetic basis for gastrointestinal 

malignancies, focusing on the key principles of oncogenesis 
and molecular steps involved in initiation, evolution, and 
progression of gastrointestinal malignancy.  

   Basic Concepts of Cancer Pathogenesis 

   Cancer Is a Disease of Gene Mutations 

 Foremost among the results of the modern molecular revolu-
tion is the recognition that many human disease conditions 
are, fundamentally, caused by mutations in genes. 
Gastrointestinal cancers are no different. Cancers arise 
because cells have inherited or acquired mutations in critical 
genes that regulate cell proliferation, differentiation, and 
apoptosis. These cells experience disorganized cell division 
and unregulated growth, which also predisposes the cell to 
further mutation events. This disordered, unregulated growth 
leads to the formation of clinically observable tumors. 
Genetic mutations involved in neoplastic transformation fall 
into two categories: (1) gain-of-function events, which typi-
cally involve oncogene or proto-oncogene activation, and (2) 
loss-of-function events, typically involving disruption of 
tumor suppressors. 3  A number of different molecular events 
can produce gain-of-function (proviral insertion, gene 
ampli fi cation, chromosomal translocations, point mutations, 
and small deletions) or loss-of-function changes (gene dele-
tions, point mutations, chromosomal rearrangements, and 
epigenetic gene silencing). One important focus of current 
research efforts is to utilize novel sequencing and microarray 
technologies to minutely map and catalogue the many genetic 
and epigenetic changes that occur in human cancers.  

   Carcinogenesis Is a Multistep Process 

 The development of gastrointestinal malignancy usually 
occurs in a multistep fashion, with malignant neoplastic 
cells arising from dysplastic tissue (Fig.  1.1 ). In the colon, 
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4 F.I. Scott and J.P. Lynch

  Fig. 1.1    Colon cancer develops in a multistep fashion, progressing 
from normal mucosa ( a ,  d ) (seen here endoscopically and histologi-
cally), with microscopic foci of dysplasia as mutations accumulate. 
Subsequently, adenomas form ( b ,  e ), with further accumulation of 
mutations. Neoplastic transformation can then occur with the develop-

ment of adenocarcinoma ( c ,  f ). An example of the typical progression 
at the genetic level is also demonstrated ( g ) with examples of mutations 
that can occur at various points in the progression from normal mucosa 
to adenoma to carcinoma.  MSI  microsatellite instability.  Pathology 
images courtesy of Antonia R. Sepulveda, MD, PhD        
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this progression from normal mucosa to dysplastic foci to 
eventual invasive carcinoma is represented by the adenoma–
carcinoma sequence, and has been demonstrated in patho-
logic, epidemiologic, and animal studies. 4  –7           The earliest 
histologically de fi nable lesions in this sequence are aberrant 
crypt foci (ACF). ACF are crypts that appear larger and 
thicker than normal, with increased luminal diameter and an 
opening that can be slit-like or serrated. They were  fi rst 
identi fi ed by methylene blue stain in azoxymethane-treated 
mice. 8  –  10  It is estimated that 65–95% of human ACF are 
hyperplastic, but a signi fi cant proportion are dysplastic and 
are considered to be similar to adenomatous polyps. 11  –  13  
Genetic analysis of these lesions has demonstrated that they 
share many of the same mutations present in adenomas. 8  ,  13  –  20   

 Similar progressions from normal mucosa to dysplasia to 
malignancy have been described for esophageal cancer, gas-
tric cancer, and pancreatic cancer. In esophageal adenocarci-
noma, malignancy is preceded by a premalignant metaplasia 
known as Barrett’s esophagus. Barrett’s is an intestinal-type 
metaplasia that arises in the setting of chronic gastroesopha-
geal re fl ux disease. 21  Barrett’s metaplasia is not dysplastic, 
but can progress to dysplasia and adenocarcinoma in a 
signi fi cant number of patients (Fig.  1.2 ). Similar patterns of 
progression from established precursor lesions to dysplasia 
to neoplasia have been documented in the stomach (gastri-
tis > atrophy > intestinal metaplasia > dysplasia > cancer) and 
in pancreatic cancer (PanIN1a > PanIN1b > PanIN2 > PanIN3) 
as well. 22  ,  23    

  Fig. 1.2    The progression from normal squamous cell mucosa ( a ,  e ) to 
esophagitis ( f ) to Barrett’s esophagus ( b ,  g ), followed by low-grade 
dysplasia (LGD) ( h ), high-grade dysplasia (HGD) ( c ,  i ), and  fi nally to 
esophageal adenocarcinoma ( d ,  j ), as seen here endoscopically and his-
tologically, is not as uniform at a genetic level as in colon cancer. 
Despite this, the process is similar ( k ), with genetic predispositions and 

environmental insults resulting in chronic in fl ammation. This 
in fl ammation results in Barrett’s metaplasia, with subsequent altered 
gene expression and subsequent development of various mutations and 
eventual neoplastic transformation.  Endoscopic images courtesy of Dr. 
Gary W. Falk, M.D., M.Sc. Pathology images courtesy of Antonia R. 
Sepulveda MD, PhD        
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   Role of Evolutionary Processes in Neoplastic 
Transformation 

 The recognition that cancer is a disease of gene mutations 
and that biologically there is a recognizable, stepwise pattern 
leading to cancer led to the current standard model wherein 
carcinogenesis is a complex process requiring multiple 
sequential genetic mutations. 24  –  27  Prior to the development of 
this theory, it was thought that tumor initiation and progres-
sion were distinct biologic and genetic processes. 28  The mul-
tistep hypothesis has been supported by growing data that 
suggest that tumors are clonal, derived from a single pro-
genitor that has acquired the necessary mutations to undergo 
neoplastic transformation. 24  ,  29  Mutational events are cur-
rently believed to be random events, with only rare muta-
tions leading to inappropriate activation of growth promoters 
or silencing of tumor suppressor pathways. These rare muta-
tions thus impart upon these cells a unique survival advan-
tage over normal adjacent cells. 3  ,  30  These mutations are 
acquired gradually over a period of time. The survival and 
competitive advantages of certain mutations permit a clonal 
expansion. Subsequent acquired mutations may impart a fur-
ther advantage and another round of clonal expansion, ulti-
mately leading to the formation of a neoplasm. 24  ,  29  ,  31  

 The number of genetic mutations required for clonal 
expansion and malignant transformation remains unknown, 
and is thought to vary based on the tissue studied, gene com-
binations employed, and an individual’s genetic background 
including gene polymorphisms. It is currently estimated that 
for the majority of malignancies the average number of 
required mutations is between four and seven. 30  This raises 
an important problem, particularly for epithelial tissues that 
are constantly turning over. Few cells except stem cells are 
retained long enough to acquire 3–7 mutations in critical 
genes, when mutations are believed to be largely random 
events. This observation then has been used to support the 
theory that stem cells are involved in carcinogenesis. 32  ,  33  An 
alternate, unproven hypothesis is that certain mutations can 
alter population dynamics, with certain non-stem cells 
acquiring mutations that promote survival or that alter pat-
terns of migration or differentiation. 34  ,  35  This remains an 
active area of research.  

   Successfully Transformed Cancer Cells 
Share a Finite Set of Qualities 

 While there can be great variety in the processes by which 
cells acquire cancer-causing mutations, and the genes 
involved can vary considerably between tissues, it has also 
been observed that cells that have been successfully trans-
formed typically have obtained a subset of well-de fi ned 

properties. These properties, while not necessarily unique to 
malignant cells, are all required for a successfully trans-
formed cell. These six cardinal features were described in a 
seminal review by Hanahan and Weinberg in 2000. 30  They 
are (1) self-suf fi ciency in proliferative signals, (2) ability to 
ignore anti-proliferative signals, (3) inability to undergo 
apoptotic cell death or able to evade normal apoptotic cues, 
(4) telomere maintenance, permitting limitless replication 
potential, (5) self-directed angiogenesis, improving nutrition 
and oxygenation to the developing tumor, and, lastly, (6) the 
capacity to invade tissues locally and metastasize distally 
(Table  1.1 ).  

 This is a very  fl exible model for carcinogenesis, and is 
better able to describe an individual person’s cancer, as any 
number of gene mutations can yield the same required can-
cer cell property. Moreover, these properties or hallmark fea-
tures can be obtained in different orders but still yield a 
cancer. Several recent studies also indicate that the ability to 
modulate the immune response should be added to this list as 
a seventh cancer hallmark feature. 36  ,  37  In addition, this model 
argues that a bene fi cial strategy toward cancer therapeutics 
would be to attack these required features. We will discuss 
these cardinal features in greater detail later in this chapter.   

   Biological Factors Contributing 
to Gastrointestinal Carcinogenesis 

 Mutations in genes that are crucial for cell proliferation, 
differentiation, and apoptosis result in disorganized cell 
division and unregulated growth, which also predispose the 
cell to further mutation. These mutations can be inherited 
or sporadic. Exposure to various environmental factors, 
including chronic in fl ammatory conditions and carcino-
gens, can promote these mutations. We will brie fl y discuss 
the role of heredity, acquired sporadic mutations, and envi-
ronmental factors in the pathogenesis of gastrointestinal 
cancers. 

   Table 1.1    The hallmarks of carcinogenesis   

 Self-suf fi ciency in proliferative signals 
 KRAS, cyclin D1, WNT, MYC 

 Ability to ignore anti-proliferative signals 
 RB, TP53, PTEN, APC 

 Evasion of apoptotic cues 
 TP53, BAX, bcl-2, FAS 

 Telomere maintenance 
 TERT, TERC 

 Self-directed angiogenesis 
 VEGF, PDGF, THBS1 

 Local invasion and metastatic spread 
 E-cadherin 
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   Heredity 

 A familial predisposition for cancer has been recognized for 
some time. Familial cancer syndromes are recognized for 
esophageal, gastric, colonic, and pancreatic cancer. Despite 
the considerable differences between the tissues, familial 
cancer syndromes share several common features. First, 
these genetic tendencies are primarily due to inherited (ger-
mline) mutations. The mutations confer a signi fi cantly 
increased risk for a particular type of cancer. Moreover, those 
with a familial cancer syndrome typically develop the cancer 
at a much younger age than those af fl icted with the sporadic 
type of malignancy. Some germline mutations confer a risk 
for multiple neoplasms, often in different tissues. In addi-
tion, while penetrance for any inherited predisposition can 
be variable, it is usually the case that in familial cancer syn-
dromes greater than 50% of those carrying the gene mutation 
will develop a cancer. Lastly, familial cancer syndromes are 
typically due to inherited mutations in critical tumor sup-
pressor genes. 38  

 The inherited colon cancers Hereditary Nonpolyposis 
Colorectal Cancer (HNPCC), also known as Lynch syn-
drome, and Familial Adenomatous Polyposis (FAP) illustrate 
another important principle. HNPCC and FAP kindreds are 
responsible for approximately 5% of all colon cancers. 
Research into the causative etiologies of both of these syn-
dromes has illuminated gene pathways involved in the major-
ity of sporadic colon cancers. 4  ,  39  ,  40  This is true for other 
familial cancer syndromes as well; the study of these disor-
ders has revealed signi fi cant insights into the pathogenesis of 
all malignancies, since many of the genes involved in heredi-
tary cancers are also mutated in sporadic cancers. 41  –  43  Several 
common signaling and regulatory pathways are now known 
to be responsible for the majority of familial cancer syn-
dromes (Table  1.2 ).  

 A number of important questions remain unresolved. 
What are the molecular events that precede the development 
of malignancy? It is known that biallelic inactivation of 

tumor suppressor genes is necessary for the genesis of 
tumors, but the processes causing this are unknown. 44  The 
reason for this is that the cells retain suf fi cient function from 
the remaining normal allele to prevent neoplastic transfor-
mation under most circumstances. Molecular studies of the 
second allele found that they are frequently inactivated by 
several processes including direct mutation, epigenetic 
silencing, or gene deletion. A second unanswered question is 
why neoplastic transformations only occur in a limited set of 
tissues even though the inherited mutations reside in every 
cell of the body. One possibility is that these tissues may be 
uniquely sensitive to or dependent on these genes. The rea-
sons for this selective sensitivity remain unknown. In addi-
tion, the penetrance of these mutations can be highly variable 
in part due to the presence of genetic modi fi ers. Therefore, 
there remains much to be learned about the process of car-
cinogenesis, even when an underlying inherited mutation has 
been identi fi ed.  

   Sporadic Carcinogenesis 

 While familial cancer syndromes have been a primary 
research focus, the majority of all cancers are sporadic. 
Compared to familial cancers, sporadic malignancies tend to 
present later in life. This has led to the hypothesis that these 
tumors are the result of accumulated mutations in the course 
of a normal life, due to either carcinogen exposures or even 
errors that occur during DNA replication. It has been esti-
mated that, over decades, these processes can result in the 
accumulation of several mutations that can collectively result 
in neoplastic transformation. 24  ,  25  Importantly, although famil-
ial and sporadic cancers are mechanistically quite distinct, 
many of the mutations are common to both processes. Thus, 
though they may arrive by different means, the path to can-
cer shares many common elements that will prove useful 
diagnostically and therapeutically. 

 One critical difference between familial and sporadic 
forms of cancer is that the cancer risk is genetically de fi ned 
for the former but not the latter. Moreover, the sporadic can-
cer risk can be modi fi ed by dietary habits, environmental 
exposures, and even exercise and  fi tness levels. Dietary fac-
tors, like high salt diets or the Western high-fat diet, have 
been associated with an increased incidence of gastric cancer 
and colorectal cancer, respectively. 45  –  47  Folate supplementa-
tion has been associated with a decreased risk of colorectal 
cancer in a small number of patients. 48  ,  49  Anti-in fl ammatory 
medications such as aspirin and other NSAIDs have been 
associated with a decreased risk of esophageal, gastric, pan-
creatic, and colorectal cancer in both human 50  –  54  and animal 
studies of neoplasia. 55  –  61  Body habitus, in particular degree 
of obesity, can increase the risk of cancer of the esophagus, 

   Table 1.2    Signaling pathways involved in familial cancer syndromes 
of the GI tract   

 Gene  Associated gastrointestinal malignancy 

 APC  Familial adenomatous polyposis (FAP) 
 DNA mismatch repair  Hereditary nonpolyposis colon cancer 

syndrome (HNPCC) 
 Base excision repair  MYH adenomatous polyposis (MAP) 
 ATM  Gastric adenocarcinoma 
 BRCA2  Pancreatic adenocarcinoma 
 FA (Fanconi’s anemia)  Hepatocellular carcinoma 
 CDH1/E-cadherin  Gastric adenocarcinoma 
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pancreas, and colon. 62  ,  63  One note of caution here is that 
genetics may not be entirely removed from the risk for spo-
radic carcinogenesis, as subtle genetic polymorphisms may 
interact with these dietary and environmental stresses to 
increase the risk for cancer. Genome-wide association stud-
ies are under way to identify these more modest genetic con-
tributions to cancer risk, but much more work needs to be 
done in this area. In summary, sporadic carcinogenesis is 
mechanistically distinct from familial forms and the risk for 
developing a sporadic cancer can be modi fi ed by behavior 
and dietary changes.  

   Carcinogen Exposure 

 DNA is typically stable, but can be altered via chemical or 
physical reactions. Some compounds, such as alkylating 
agents, can interact and modify DNA directly. These com-
pounds are known as carcinogens. Most agents, however, are 
procarcinogens, and must  fi rst be metabolized to generate 
active, electrophilic derivatives. These activated compounds 
can then interact with DNA, modifying individual nucle-
otides. If not repaired or removed by the cell’s DNA repair 
machinery, these modi fi ed nucleotides can then disrupt base 
pairings during DNA replication. If these chemical 
modi fi cations are not recognized prior to DNA replication, 
the mispaired DNA will introduce mutations into the genetic 
code that will be passed on to subsequent daughter cells. 
Fortunately, evolution has endowed cells a plethora of mech-
anisms to protect DNA against potential mutagens 64  ,  65  via 
repairing mutations that occur 66  ,  67  or initiating apoptosis if 
necessary in order to prevent transmission of mutant DNA 
codes to daughter cells. 

 The gastrointestinal tract is continuously exposed to a 
number of mutagens via ingestion, and these tissues may 
therefore be particularly dependent upon these mechanisms 
for protection. Certain cooking practices can contribute to 
development of small amounts of carcinogens within food 
that are then ingested. 68  Food preservation and storage prac-
tices may be particularly to blame for inadvertent exposures. 
Nitrates are preservatives commonly found in processed 
meats, and historically were included in beer as well. These 
compounds can function as procarcinogens if converted to 
N-nitrosamines by gut bacteria. Chronic ingestion of these 
compounds has been associated with increased rates of gas-
tric and esophageal cancer. 69  –  72  In contrast, corn, peanuts, 
and rice storage practices in the developing world frequently 
lead to contamination by Aspergillus molds. These molds 
can produce a fl atoxin, a procarcinogen that is metabolized 
by the cytochrome P450 system in the liver. After metabolic 
conversion, this chemical can form adducts with guanine 
nucleotides, leading to mutagenesis. Individuals with chronic 
active HBV infection are especially sensitive to a fl atoxin 

ingestion, as studies have demonstrated that signi fi cant 
amounts of a fl atoxin ingestion work in synergy with the virus 
to increase rates of hepatocellular carcinoma. 73  –  75  Tobacco 
smoke is another common environmental exposure that has 
been linked to gastrointestinal malignancies including head 
and neck and esophageal squamous cell cancers. 76  
Mechanistically, this is due to the 40 different mutagens and 
carcinogens in tobacco smoke that cause DNA damage. 
Among these carcinogens are N-nitrosamines, which are 
thought to directly stimulate colon cancer cell growth, 
benzo[a]pyrene, which has been associated with esophageal 
cancer, and polycyclic aromatic hydrocarbons, which are 
thought to promote  KRAS  mutations in pancreatic cancer. 77  
In summary, we are exposed to a number of environmental 
carcinogens that can play a signi fi cant role in introducing 
DNA mutations and thereby promoting the development of 
gastrointestinal neoplasia.  

   In fl ammatory Microenvironment 

 After several decades of observation and study, it was estab-
lished that chronic in fl ammatory conditions are associated 
with cancer in a number of tissues and organ systems. The 
gastrointestinal organs may be particularly vulnerable for 
reasons that are not clear at the present time. Every major 
organ of the GI tract is subject to one or more disease pro-
cesses that can result in a chronic in fl ammatory condition. 
While the etiologies for these processes can vary consider-
ably (chemical, viral, bacterial, genetic) all are known to 
increase the risk for cancer. These  fi ndings have prompted 
ongoing mechanistic studies into how in fl ammatory condi-
tions promote carcinogenesis, and have suggested interven-
tions that have begun to reduce the frequency of some GI 
cancers. 

 A compelling demonstration of the association between 
chronic in fl ammatory conditions and cancer is observed in 
patients with hereditary pancreatitis. Hereditary pancreatitis 
is an autosomal dominant condition caused in most kindreds 
by inherited mutations in the gene encoding cationic trypsino-
gen ( PRSS1 ). 78  ,  79  These mutations augment trypsinogen 
autoactivation or enhance trypsin stability, leading to epi-
sodes of acute pancreatitis. 79  Soon after the recognition of 
this inherited disorder, it was noted that several family kin-
dreds also experienced high rates of pancreatic cancer. 80  
Pancreatic cancers arise only after 20 or more years of recur-
rent pancreatitis, 81  suggesting that it is the chronic 
in fl ammation that causes the cancer, not the  PRSS1  muta-
tion. This pattern thus supports the hypothesis that chronic 
in fl ammation can promote carcinogenesis in the pancreas. 

 Ulcerative colitis (UC) is a chronic, relapsing in fl ammatory 
condition of the colon with a strong association with carcino-
genesis. 82  ,  83  Initial reports suggested a cumulative cancer risk 
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as high as 60% in UC patients. 84  More recently, this risk has 
been better de fi ned, and in particular the elements of disease 
extent, duration, and severity are now recognized to impact 
the risk for the colon cancer in UC patients. 83  Disease dura-
tion is the best-established risk factor, as the annual and 
cumulative incidences for colon cancer in UC increase from 
0.2% and 1.6%, respectively, after 10 years of disease to 
1.2% and 18.4%, respectively, after 30 years of UC. 85  Disease 
extent is also a clinically relevant factor. Pancolitis imparts a 
20-fold greater risk for colon cancer than disease limited to 
the rectum. 85  ,  86  Together, these correlations support the con-
clusion that the chronic in fl ammatory process can promote 
carcinogenesis. 

 Lastly, epidemiological studies examining aspirin and 
nonsteroidal anti-in fl ammatory use and cancer incidence 
have generally con fi rmed that frequent users of aspirin or 
other NSAIDS have reduced rates of esophageal, gastric, and 
colon cancers. 50  ,  53  ,  54  ,  87  Meta-analyses have further concluded 
that regular aspirin or NSAID use may be chemoprotective 
for gastric and esophageal cancers 50  or in patients with famil-
ial adenomatous polyposis (FAP), an inherited predisposi-
tion to colon cancer. 88  ,  89  In summary, there is substantial 
epidemiologic, biologic, and pharmacologic evidence impli-
cating the in fl ammatory environment as a causative factor 
for many human gastrointestinal cancers.   

   Molecular Mechanisms Promoting Neoplastic 
Transformation 

 As was discussed previously, there are a great variety of 
mutations cancer cells can accumulate. This has challenged 
our ability to understand the process mechanistically and 
develop effective therapeutic modalities. However, Hanahan 
and Weinberg in 2000 suggested an alternative model, recog-
nizing six hallmark features that all cancers need to acquire 
to become a “successful” cancer. 30  These are (1) self-
suf fi ciency in proliferative signals, (2) ability to ignore anti-
proliferative signals, (3) inability to undergo apoptotic cell 
death or able to evade normal apoptotic cues, (4) telomere 
maintenance, permitting limitless replication potential, (5) 
self-directed angiogenesis, improving nutrition and oxygen-
ation to the developing tumor, and, lastly, (6) the capacity to 
invade tissues locally and metastasis distally. We will explore 
several of these topics in greater depth next. 

   Self-Suf fi ciency in Growth Signals 

 The concept that genetic mutations could result in gained 
functionality and unrestrained cell proliferation was  fi rst 
appreciated via the study of DNA viruses and retroviruses 
that were known to be associated with tumors in humans and 

animals. In these initial studies, viral genes were identi fi ed 
that could induce neoplastic transformation. These genes 
were called oncogenes. 90  Subsequent research demonstrated 
similar sequences in the human genome. These human genes 
are now known as ‘proto-oncogenes’, and further research 
has demonstrated that proto-oncogenes and their regulators 
are frequently mutated in human malignancies, resulting in 
their constitutive activation. 91  Since the initial discovery of 
the human oncogene  HRAS,  92  more than 80 human proto-
oncogenes have been identi fi ed, and new candidates are con-
stantly being evaluated. 

 Proto-oncogenes fall into four broad categories: peptide 
growth factors, receptor and non-receptor tyrosine kinases, 
signal transduction proteins associated with cell membranes, 
and nuclear transcription factors. 93  All have been found to 
play signi fi cant roles in cell cycle regulation, proliferation, 
and differentiation. Several proto-oncogenes can be activated 
simultaneously in gastrointestinal cancers, and continued 
functionality is mandatory for tumor growth. Disruption of 
these stimulatory signals not only results in inhibition of 
tumor growth but can also trigger induction of apoptosis and 
cell death. 94  This has led to the suggestion that cancers are 
“oncogene dependent”, and therapeutic strategies to take 
advantage of this dependency are being explored. 

 Several types of mutations involving proto-oncogenes 
can lead to the development of neoplasia. 3  ,  93  Gene rearrange-
ments, point mutations, and insertion/deletion events can 
permanently alter the conformation of the gene product, 
resulting in chronically active proteins. These same mecha-
nisms can interfere with or inactivate proto-oncogene regula-
tory domains. Mutations can also increase oncogene mRNA 
production. All of these mutations, therefore, result in either 
loss of proto-oncogene regulator function or inappropriate 
proto-oncogene expression. The result is uncontrolled cell 
division, proliferation, and delayed differentiation. 

 While several proto-oncogenes are typically activated 
simultaneously in transformed cells, the combination of 
genes is highly variable between tissues and even within 
the same cancer. Critical growth-signaling pathways often 
will contain several proto-oncogenes in epistatic succes-
sion. Phenotypically, these mutations would all produce the 
same effect. One example is the epithelial growth factor 
signaling cascade. EGF, the receptor  EGFR ,  KRAS ,  JUN  
( c-jun ), and  MYC  ( c-myc ) are all linked in this signaling 
pathway.  KRAS  mutations are present in up to 90% of pan-
creatic cancers and 50% of colorectal cancers, but are much 
less common in cancers of the esophagus. Therefore, while 
90% of esophageal squamous cell carcinomas do not have 
KRAS mutations, these tumors still exhibit increased EGFR 
activity due to EGFR gene ampli fi cation. In summary, one 
essential feature of neoplastic cells is gain-of-function 
mutations of proto-oncogenes, with subsequent self-
suf fi ciency in proliferation.  
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   Immunity to Growth-Inhibitory Signals 

 While proto-oncogenes function to promote cell division, 
tumor suppressor genes normally function to tightly control 
this process. The discovery of genes responsible for tightly 
regulating proliferation emerged from studying the pediatric 
disease retinoblastoma. Retinoblastoma is a rare pediatric 
malignancy of the retina, with both familial and sporadic 
forms. The sporadic form was noted to be considerably rarer 
than its familial counterpart. In 1971, Alfred Knudson theo-
rized that there was a genetic link between these two forms of 
this rare disease based on an epidemiologic review of 48 
cases. 95  ,  96  He postulated that this disease was caused by two 
mutations in the same gene. This hypothesis would come to 
be known as “the two-hit hypothesis.” In the familial form of 
retinoblastoma, one of these mutations was inherited in the 
germline, and the second mutation was acquired. In the spo-
radic form, both copies had to undergo mutation via somatic 
processes and hence the much lower incidence of this form of 
the disease. In 1973, David Comings elaborated on Knudson’s 
hypothesis, theorizing that the product involved may play a 
role in tumor suppression and that the mutation involved led 
to inactivation of this gene. 97  It would be another 13 years 
before this theory was de fi nitively con fi rmed, when the retin-
oblastoma gene  RB  was cloned in 1986. 98  Since this discov-
ery, over 20 tumor suppressor genes have been identi fi ed. 

 Mutations involving tumor suppressor genes are strictly 
loss-of-function events. As with retinoblastoma, all tumor 
suppressors require biallelic inactivation for neoplastic pro-
gression. In familial disorders involving tumor suppressor 
mutations, the  fi rst allele has been rendered nonfunctional in 
the germline. The second allele is typically inactivated via 
either epigenetic gene silencing or allelic loss, known as loss 
of heterozygosity (LOH). Promoter hypermethylation has 
been shown to play an important role in silencing multiple 
tumor suppressor genes. This, along with other types of epi-
genetic modi fi cation, will be discussed later in this chapter. 
LOH is a result of nonreciprocal translocation or missegre-
gation during cell division, resulting in loss of the second 
functional allele in a daughter cell. Several tumor suppressor 
genes have been discovered by identifying regions of chro-
mosomes susceptible to LOH and looking within them for 
candidate tumor suppressor genes. 99  –  106  

 Tumor suppressor genes can serve as intracellular signal-
ing proteins, transcription factors, adhesion proteins, cell 
surface receptors, or apoptotic signaling proteins. RB is a 
crucial regulator of the cell cycle, and is responsible for regu-
lation of the transition from the G1 to the S phase. RB inhib-
its the exit from G1 by binding several transcription factors 
in the E2F family, silencing the expression of genes normally 
regulated by these factors. 107  ,  108  These E2F target genes are 
necessary for nucleotide synthesis and DNA replication, 
which occur during the normal S phase. 109  –  112  RB is tightly 
regulated via phosphorylation by cyclin-dependent kinases 

(CDKs), lowering its binding af fi nity for these transcription 
factors. 109  ,  112  RB inactivation allows for unbridled progres-
sion through the cell cycle and unrestricted cell division. 113  ,  114  
Modulation of RB function is therefore an important step in 
many neoplastic processes. 

 RB itself is not mutated in gastrointestinal malignancies. 
Many GI cancers exhibit alternative methods of altering 
RB’s normal function, however. 115  –  117  Human malignancies 
have demonstrated several mechanisms of RB inhibition, 
including cyclin-dependent kinase (CDK) upregulation or 
stabilization, as well as inhibition of CDK inhibitors (CDKIs), 
p21, p27, and p16, via mutation or silencing. 38  ,  114  Attempting 
to reconstitute the function of these CDKIs in tumors is an 
active area of research, as they represent possible novel ther-
apeutic targets. 

 Another tumor suppressor frequently affected in malig-
nancy is p53. Dysfunction of this gene product is thought to 
be present in as many as 50% of human malignancies. 118  P53 
was initially felt to promote immortalization, as it was found 
to induce neoplastic transformation in primary rat embryonic 
 fi broblasts. 119  ,  120  This was disputed when it was discovered 
that  TP53  mutation was responsible for Li–Fraumeni 
Syndrome, 121  as well as multiple other malignancies, includ-
ing colorectal cancer. 122  It was also discovered that some 
 TP53  mutations had a dominant-negative phenotype; this 
p53 was capable of binding and inhibiting its wild-type 
counterpart. 123  ,  124  

 After signi fi cant further research, it was discovered that 
p53 is a transcription factor that is activated by direct DNA 
damage, aberrant growth signals, and metabolic stressors. 125  
When DNA is damaged, the DNA Damage Response (DDR) 
system is activated. This system, in turn, activates the protein 
kinases ataxia telangiectasia mutated (ATM) and Chk2, 
which phosphorylate and stabilize p53. P53 accumulates in 
the nucleus, and participates in transcription regulation via 
DNA binding. Several other factors can stimulate p53 func-
tion. Aberrant growth signals can induce p53 function. These 
signals stimulate the expression of the tumor suppressor p14 
ARF, a protein that can bind the p53 inhibitor Mdm2, block-
ing its interaction with p53. 126  ,  127  Oxidative and metabolic 
stressors can also induce p53 via kinases involved in Mdm2 
regulation. 128  Several of these kinases also function as post-
transcriptional modi fi ers, adding or removing moieties from 
the p53 molecule to alter its con fi rmation and improve its 
stability. 

 P53 has many downstream effects, including cell cycle 
regulation, induction of apoptosis, and inhibition of neovas-
cularization. 25  ,  122  ,  129  P53 can inhibit progression through the 
cell cycle via induction of the CDKI p21 WAFI/CIPI . 130  p21 WAFI/

CIPI  is a potent inhibitor of CDK, which is involved in the Rb 
pathway. P53 also plays a role in the induction of apoptosis 
via increased expression of cell surface markers such as Fas, 
PIDD, and Killer/DR5. P53 also results in the expression of 
proteins such as BAX, NOXA, and p53AIP1, which disrupt 
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mitochondrial function, hastening cell death. 25  ,   122  ,   129  Lastly, 
p53 can induce the synthesis of thrombospondin 1 and 
maspin, key proteins involved in the inhibition of neovascu-
larization. 131  ,  132  Given its broad range of effects critical to 
tumor suppression, a number of compounds are actively 
being tested in an attempt to restore wild-type functionality 
to mutant p53’s. 133  

 P53 function is normally regulated by the protein Mdm2. 
This protein binds to p53, and can also ubiquitinate it, demar-
cating it for proteosomal degradation. Mdm2 is upregulated 
by p53, resulting in negative feedback inhibition. 122  ,  129  ATM 
and Chk2 can also phosphorylate Mdm2, inhibiting its effect 
on p53. 134  ,  135  P53 is also under posttranscriptional regulation 
via the antisense RNA Wrap53. Wrap53 binds to p53 mRNA, 
stabilizing it in the setting of DNA damage. Wrap53 knock-
down models demonstrate signi fi cantly reduced levels of 
p53 target synthesis, suggesting that Wrap53 plays a key role 
in augmenting p53 levels. 136  

 TP53 function can be altered via a number of different 
mechanisms in malignancy (Fig.  1.3 ). Direct nonsense muta-
tions can result in no viable gene product. Missense mutations 

can result in a nonfunctional protein that can bind functional 
p53, inactivating it. Mutations in the regulatory pathway of 
mdm2 have also been observed. Finally, mutations in the 
downstream effectors of p53 result in decreased function as 
well. In summary, p53 function is crucial to a cell’s ability to 
progress appropriately through the cell cycle or induce apop-
tosis if necessary. Given its broad range of functionality, it is 
not surprising that p53 or one of its mediators is inactivated in 
most gastrointestinal malignancies.   

   Limitless Replication Potential 

 Normal human cells can only undergo a set number of cell 
divisions before permanently withdrawing from the cell 
cycle. This limit is known as the ‘Hay fl ick Limit’ and it rep-
resents a powerful inhibitor of neoplastic transformation. 137  ,  138  
This function is lost in malignant cells, which can divide 
without limit and are said to be “immortalized.” The regula-
tion of replication potential is mediated via structures at the 
end of each chromosome known as telomeres. 

  Fig. 1.3    Mechanisms of p53 regulation in malignancy. There are a 
multitude of ways that neoplastic cells can inhibit p53 function. Direct 
mutations can occur in p53 itself (1). When one copy of p53 develops a 
mutation, this mutant p53 can bind to and inhibit wild-type p53 (2). 
Downstream targets of pr53 such as Bax2 and p21 can be affected by 

mutation as well (3). Several viruses have proteins that can inhibit p53 
function directly (4). Regulators of p53 such as CHK2 and MDM2 can 
undergo mutation, disrupting their upregulatory or inhibitory effects on 
p53 (5 and 6). Lastly, miRNA regulators of p53 mRNA have been dis-
covered as well, such as miRNA34 (7)       
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 Telomeres are comprised of a number of TTAGGG DNA 
repeats, a 3 ¢  overhang, and several associated binding pro-
teins. Telomeres serve multiple purposes, one of which is 
maintenance of chromosomal integrity and facilitation of 
DNA replication. 139  ,  140  The structure of telomeres prevents 
the DDR system from recognizing the end of chromosomes 
as double strand breaks, and also provides a 5 ¢  template for 
priming DNA polymerase, allowing for accurate chromo-
somal replication. 

 Telomere length is dynamic and functions as a tumor sup-
pressor. Telomeres are maintained at the ends of each chro-
mosome via two enzymes: telomerase reverse transcriptase 
(TERT) and telomerase RNA component (TERC). Telomere 
synthesis correlates with TERT activity. In adult humans, 
only activated lymphocytes and hematopoietic and epithelial 
stem cells demonstrate signi fi cant levels of TERT activ-
ity. 141  –  143  Without the function of these enzymes, telomeres 
are continually degraded with each cell division. Eventually, 
double-stranded DNA is exposed which is recognized by the 
cell as a double strand break. The DDR system recognizes 
this and activates p53. As this double strand break is not 
reparable, normal cells will then either enter senescence or 
undergo apoptosis. 144  The particular senescence pathway 
varies signi fi cantly amongst tissues, and may involve p16, 
AKT, or activation of NK cells. 145  

 Alternatively, cells can continue to undergo continued 
slow proliferation after the telomeres have been eroded. This 
results in the development of massive genome instability and 
cell death, a process known as “telomere crisis.” Studies of 
dysplastic tissues such as colonic adenomas have demon-
strated loss of telomeres, minimal TERT function, and 
signi fi cant genome instability. 146  Rarely, cells can emerge 
from this slow proliferative phase without further restrictions 
in proliferative capability. This results in immortalization, 
and has been demonstrated in murine, yeast, and human cell 
lines. 147  –  153  Human cancer cells are universally immortalized 
and demonstrate the ability to maintain some degree of 
telomere integrity. 154  –  158  The majority of these immortalized 
cells have regained some degree of TERT function. While 
TERT reactivation is the predominant mechanism seen in 
cancer, approximately 10–15% of malignancies are thought 
to employ an alternative means of telomere biosynthesis 
known as alternative lengthening of telomeres (ALT). 159  –  161  
This mechanism involves homologous recombination-based 
exchange of telomeres over several cell division cycles to 
reconstitute the telomere. Cells undergoing ALT are charac-
terized by highly heterogeneous chromosome length, the 
presence of extrachromosomal telomeric DNA, and PML 
nuclear bodies. The exact mechanisms of recombination are 
incompletely understood. Activation of the ALT pathway 
may be associated with a poor prognosis. 162  In summary, 
telomerase length functions as a critical safeguard against 
immortalization and neoplastic transformation. Malignancies 

can circumvent this mechanism via reactivation of TERC or 
via the ALT pathway, allowing for unlimited replication.  

   Sustained Angiogenesis 

 Neoplastic cells exhibit much higher metabolic demands 
than normal tissues. Increased oxygen and nutrient require-
ments often outpace what is already available at the site of 
tumorigenesis. It has been shown that without increasing the 
supply of blood  fl ow to new tumors, growth is markedly con-
strained. 163  The process of new vascular formation, or angio-
genesis, is tightly controlled in normal human adult tissue, 
and is both focal and limited in duration. Pathologic angio-
genesis, on the other hand, is markedly disorganized, can 
result in active bleeding, and can occur inde fi nitely. 

 A number of chemical messengers have been implicated in 
the regulation of neovascularization. Several pro-angiogenic 
factors have been discovered, including vascular endothelial 
growth factor (VEGF),  fi broblast growth factor (FGF), and 
platelet-derived growth factor (PDGF). Similarly, there are a 
number of anti-angiogenic factors as well, including throm-
bospondin 1, angiostatin, and endostatin. Discovering how 
neoplastic cells co-opt the normal angiogenic machinery to 
increase their blood supply has been an area of ongoing 
research, with potential therapeutic implications. 

 There are several mechanisms by which tumors can mod-
ulate angiogenesis to their bene fi t. Thrombospondin 1 
(THBS1) is a potent inhibitor of neovascularization, and is 
produced by  fi broblasts found in stromal tissue. 164  THBS1 
appears to be downregulated in a number of human malig-
nancies. Some tumors have even demonstrated the ability to 
secrete small molecules that inhibit THBS1 function, allow-
ing further growth. 165  There also appears to be an interaction 
between THBS1 and a number of known oncogenes such as 
RAS. Murine models have demonstrated that activation of 
THBS1 is necessary for tumor regression, even when pri-
mary oncogenes have been inactivated. 166  

 Vascular endothelial growth factor (VEGF) is another 
potent mediator of angiogenesis, inducing neovasculariza-
tion by binding to the tyrosine kinase receptor (VEGFR) and 
activating a number of signaling pathways. VEGF is found 
to be overexpressed in a number of human tumors. 167  Given 
this commonality amongst several cancers, VEGF has 
become a target for pharmacotherapy. Bevacizumab is a 
humanized monoclonal IgG1 mAb against VEGF that has 
been shown to inhibit formation of new blood vessels and 
cause regression of microvasculature. 168  This compound has 
been shown, in combination with other chemotherapeutic 
regimens such as 5-FU/Leucovorin or FOLFOX, to improve 
median survival and mortality. 169  –  171  Vatalanib is a small mol-
ecule aimed at the VEGFR tyrosine kinase that is being eval-
uated, but appears to be less effective compared to 
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bevacizumab when combined with FOLFOX. 172  Sunitinib is 
an inhibitor of multiple tyrosine kinases, including PDGFR, 
VEGFR, KIT (c-Kit), and RET, and is also undergoing eval-
uation as a potential chemotherapeutic. 173  In summary, angio-
genesis is a pivotal and necessary requirement for tumor 
growth, and various neoplastic processes have found a num-
ber of ways to enhance neovascularization. This area repre-
sents an exciting opportunity for pharmacologic intervention, 
with several compounds being developed and studied.  

   The In fl ammatory Microenvironment 

 It has been argued by some that in fl ammation, or immune 
modulation, constitutes a seventh cancer hallmark. 36  It is 
understandable why this has been proposed; however, the 
necessity of this as a true hallmark remains controversial. 
The underlying neoplastic effects of in fl ammation are still 
being delineated. These mechanisms likely involve several 
distinct contributions including (1) promotion of a mutagenic 
environment, (2) enhancement of classic cancer hallmarks, 
and (3) alterations of immune cancer surveillance. A chronic 
in fl ammatory microenvironment is very mutagenic due to 
activated in fl ammatory cells that generate reactive oxygen 
and nitrogen species (ROS and RNS). These nucleophiles are 
highly reactive and can chemically react with and damage 
DNA, RNA, lipids, and proteins. DNA damage not repaired 
can lead to mutagenesis and neoplastic transformation. 174  ,   175  
This is made more likely due to the fact that other in fl ammatory 
mediators like cytokines and eicosanoids make tumor sup-
pressor and DNA repair mechanisms less effective by pro-
moting cell proliferation and inhibiting apoptosis. 

 Eicosanoids are oxygenated lipid derivatives produced in 
arachidonic acid metabolism. 176  –  178  Eicosanoids are released 
by many cell types with activation of the in fl ammatory 
response. Examples of eicosanoids include prostaglandins, 
thromboxanes, and leukotrienes. Eicosanoid biosynthesis 
itself produces ROS and contributes to DNA mutagenesis. In 
addition, these factors provoke many cancer hallmarks in 
cells including promoting proliferation, inhibiting apopto-
sis, 179  –  182  and inducing angiogenesis. 183  Eicosanoids also 
induce chemokine and cytokine synthesis and secretion, fur-
ther increasing the degree of in fl ammation present. 184  –  186  
Lastly, there is evidence suggesting that eicosanoids can also 
suppress immune cancer surveillance mechanisms, making 
neoplastic transformation more likely. 187  –  190  Because of these 
proli fi c pro-neoplastic effects, many tumors exhibit increased 
eicosanoid synthesis. 

 Cytokines and chemokines also likely play a pivotal role in 
promoting carcinogenesis. As with the eicosanoids, these fac-
tors can promote the acquisition of several cancer hallmarks 
(Fig.  1.4 ). 191  –  195  These small molecules work in autocrine and 
paracrine manners to (1) induce cell proliferation, (2) inhibit 

apoptosis, (3) promote cell migration and cancer cell metasta-
sis, and (4) induce angiogenesis. Neoplastic cells also secrete 
chemokines and cytokines capable of inhibiting immune sur-
veillance for malignancy. Moreover, lymphocyte in fi ltration 
promoted by these factors aids in the degradation of stromal 
elements and likely enhances cancer cell migration and meta-
static spread. 191  ,  194  –  196   

 In conclusion, the recognition of hallmark features of can-
cers has dramatically altered how we view cancer pathogene-
sis. No longer is it a complicated set of various gene mutations. 
Rationally, we can now appreciate the key events. They are 
those mutations that endow the cancer cells with qualities that 
allow them to successfully form a tumor. This new perspec-
tive guides our therapeutic approach as well. Novel therapies 
are being successfully applied directed more at these hallmark 
features rather than speci fi c gene mutations.   

   Genetic Instability and Gastrointestinal 
Carcinogenesis 

 Point mutations, altered methylation, and gene rearrange-
ments are all common events observed in human malignancy. 
All of these mechanisms have been observed in cells that 
have undergone neoplastic transformation. 29  ,  197  ,  198  In colorec-
tal cancer, genetic instability has been observed in aberrant 
crypt foci and several familial colon cancer syn-
dromes. 14  ,  20  ,  25  ,  44  ,  199  Despite these observations, in vitro studies 
and several computational models have demonstrated neo-
plastic transformation without the aid of genetic instabil-
ity. 43  ,  200  –  202  As mentioned above, it is evident that genetic 
instability is playing a contributory role in the promotion of 
neoplastic progression, even if it is not mandatory in the ini-
tial stages of transformation. 

 There are several forms of genetic instability. They 
include chromosomal instability (CIN), microsatellite insta-
bility (MSI), epigenetic modi fi cation, and inactivation of 
normal DNA repair mechanisms such as DNA mismatch 
repair (MMR), nucleotide excision repair (NER), and base 
excision repair (BER). Four of these mechanisms play a 
common role in the pathogenesis of gastrointestinal malig-
nancy: MSI, CIN, epigenetic modi fi cation, and BER 
inactivation. 146  ,  203  –  205  

   Microsatellite Instability 

 The contribution of microsatellite instability (MSI or MIN) 
to malignancy is the best understood of the genetic mecha-
nisms involved in gastrointestinal malignancy. 44  ,  72  ,  206  ,  207  
Although DNA replication occurs with great  fi delity, on rare 
occasions base mismatches and short insertion–deletion mis-
pairings can occur. Short segments of DNA with repeated 
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bases known as microsatellites are particularly prone to this 
type of error. 44  ,  197  ,  203  ,  206  Most microsatellites are located in 
noncoding regions of DNA. 208  –  211  When a mismatch occurs, 
it results in the formation of an insertion–deletion loop (IDL) 
which can be recognized by the Mismatch Repair (MMR) 
multimer. 212  The MMR multimer is a complex consisting of 
MutS (MSH2, MSH3, MSH5) and MutL (MLH1, MLH3, 
PMS1, PMS2) subunits that recognize these errors and then 
signals for repair. Genes that contain these repetitive 
sequences in their coding regions are highly susceptible to 
mutation when the MMR system has been inactivated. 
Colorectal, gastric, and pancreatic cancers can possess muta-
tions in the MMR system. These MSI-related malignancies 
tend to remain diploid. They also typically tend to be more 

resistant to DNA-damaging chemotherapeutics, though they 
have better overall survival rates. 198  ,  206  

 MSI mutations usually lead to inactivation of their target 
genes via frameshift mutations. APC,  b (beta)-catenin, TGF-
 b (beta)II, and Insulin-like growth factor II have all been 
shown to be affected by MSI. 208  –  210  ,  213  –  216  While p53 is not 
typically affected by MSI, its downstream targets can be. 211  ,  217  
The KRAS pathway is also affected by MSI via mutations in 
the downstream target BRAF, although the mechanism for 
this mutation remains unclear as this gene does not contain a 
classic repeat. 218  In summary, loss of MMR function pro-
motes the accumulation of frameshift mutations in microsat-
ellites. These nucleotide repeats are present in multiple 
genes, and these mutations result in inactivation of tumor 

  Fig. 1.4    The in fl ammatory microenvironment. The in fl ammatory 
microenvironment can have several pro-neoplastic effects, many medi-
ated by the release of chemical messengers such as eicosanoids, 
chemokines, and cytokines. These molecules can induce proliferation 
and inhibit apoptosis in the tumor itself (1), induce tumor cell invasion 

and metastatic spread (2), promote neovascularization via angiogenesis 
(3), increase production of ROS, resulting in DNA damage and muta-
genesis (4), inhibit tumor surveillance by immune cells (5), and  fi nally 
promote further in fl ammation via cytokine and eicosanoid release, as 
well as increased tissue in fi ltration by in fl ammatory cells (6)       

 



151 Mechanisms of Gastrointestinal Carcinogenesis

suppressors, promotion of tumor growth, and accelerated 
malignant transformation. 

 HNPCC accounts for approximately 5% of all colorectal 
cancers. MSI was  fi rst demonstrated to be an important com-
ponent of HNPCC in 1983. These patients frequently have 
germline mutations in  MLH1  or  MSH2 . Various mutations in 
these two genes account for 60% of HNPCC kindreds. 219  ,  220  
Mutations in other MMR subunits have also been docu-
mented, though less frequently. 221  –  227  Mutations in  PMS2  and 
 MSH6  are seen in “non-classic” HNPCC families, exhibiting 
later onset of colorectal cancer and an increased frequency of 
extra-intestinal malignancies such as endometrial cancer. 228  
Approximately one-third of HNPCC patients do not possess 
an identi fi able germline mutation, suggesting that there may 
be an unrecognized component or gene product involved in 
MMR. As with other familial cancer syndromes, silencing of 
the remaining allele is required to fully inactivate the MMR 
multimer. Allelic loss and epigenetic silencing of the remain-
ing allele are a common mechanism observed in gastrointes-
tinal cancers. 229  

 Microsatellite instability can also occur in sporadic can-
cers, and is thought to account for 10–15% of sporadic col-
orectal cancer. Similar to HNPCC, sporadic MSI colorectal 
cancer tends to occur more proximally, have a greater muci-
nous component, be poorly differentiated, lack aneuploidy, 
and have a better overall survival. 230  –  233  Patients with spo-
radic MSI colon cancers tend to be older than their familial 
counterparts, and decreased  MLH1  expression has been doc-
umented with increasing age. 234  At the genetic level, sporadic 
MSI is quite different from familial microsatellite instability, 
and is thought to primarily involve epigenetic silencing of 
both alleles of the  hMLH1  gene without a direct genetic 
mutation. 229  ,  235  –  237  

 The presence of MSI also appears to have prognostic 
value, as it may be a marker for cancers poorly responsive 
to speci fi c chemotherapy agents. Initial data suggested that 
patients with MSI colorectal cancer might be more respon-
sive to chemotherapy, 238  though subsequent studies have 
demonstrated minimal bene fi t and possible increased mor-
tality with standard chemotherapeutic regimens involving 
5-FU in this population 239  –  248  (further discussed in Chap.   2    ). 
This is thought to be secondary to decreased tumor effect 
coupled with the known immunosuppressive effects of 
these regimens. There may be a role for less toxic therapies 
in these patients, given the minimal bene fi t of typical 
regimens. 212  

 In summary, while MIN is seen in both familial cancer 
syndromes and sporadic malignancies, the genetic mecha-
nisms underlying each can be quite different. Regardless of 
the mechanism, however, data suggest that these patients are 
less likely to derive bene fi t from standard 5-FU chemothera-
peutic regimens, and may require more tailored therapy 
involving other agents.  

   Chromosomal Instability 

 CIN is a de fi ning characteristic of many human malignan-
cies, including several in the gastrointestinal tract. In CIN, 
large portions of entire chromosomes are lost during divi-
sion. This loss of genetic material at the chromosomal level 
is known as aneuploidy. CIN has been documented in most 
dysplastic lesions and increases as dysplasia advances. The 
timing of CIN in the progression of transformation remains 
controversial, however. Several studies of sporadic adenomas 
and familial adenomatous polyposis syndrome (FAP) utiliz-
ing single nucleotide polymorphisms (SNPs) have demon-
strated high frequencies of allelic disruptions via CIN. 249  –  251  
The mechanisms behind CIN remain incompletely under-
stood and have been dif fi cult to study, with each neoplasm 
demonstrating a unique karyotype. The effects of chromo-
somal instability have been well documented, however; CIN 
can result in gene ampli fi cation of proto-oncogenes as well 
as loss of tumor suppressors via LOH, thereby promoting 
tumor growth and transformation. 252  –  254  

 There are multiple possible etiologies for CIN. Proposed 
mechanisms include the dysfunction of the DNA damage 
repair (DDR) complex, altered cell cycle or telomere regula-
tion, and chromosomal segregation errors. 198  ,  255  ,  256  Inactivation 
of any of the mechanisms involved in DDR can result in 
increased tolerance to severe DNA damage and mutation, 
increasing the risk of mutagenesis. Examples of such genes 
associated with human malignancy include  ATM ,  BRCA1  and 
 BRCA2 , and  TP53.  44  ,  198  Chromosome missegregation also 
plays a signi fi cant role in CIN. Cell cycle and mitotic check-
points represent a major cell cycle control mechanism, ensur-
ing  fi delity of chromosomal segregation and delaying anaphase 
until all chromatids are appropriately aligned at the metaphase 
plate. Dysfunction of the genes involved in this process, such 
as  CHFR , can directly lead to aneuploidy.  CHFR  expression 
has been found absent in up to 30% of human colon, esopha-
geal, and gastric cancers, due to epigenetic silencing. 257  –  259  
Several genes involved in mitotic spindle sensing have also 
been associated with CIN and malignancy, including the 
mitotic arrest-de fi cient (MAD) and the budding uninhibited by 
benzimidazole (BUB) families. Mutations in genes in both of 
these families have been documented in several human malig-
nancies, including colon cancer. 255  ,  260  ,  261  Mutations in APC, 
also involved in this process, are commonly seen in colorectal 
cancer. 262  ,  263  There have also been documented mutations in the 
proteins present in the kinetochore and centromere in colorec-
tal cancer. 264  ,  265  

 Telomere maintenance can also play a role in chromo-
somal instability. Inactivation of tumor suppressors typically 
activated with telomere erosion can allow the cell cycle 
to proceed erroneously, with continued attempts at dou-
ble strand break (DSB) repair. The results of this inappropri-
ate repair can be disastrous, with formation of dicentric 
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chromosomes, breakage–fusion–breakage cycles, recurrent 
DSBs, and an incredible amount of genomic instability. This 
model has been demonstrated in vitro and in vivo, and has 
been documented both in adenomatous polyps and in pan-
creatic precursors (PanIN-1A lesions), 266  ,  267  as well as  terc -
de fi cient murine models. 268  In summary, it appears that 
telomere stability and telomerase dysfunction play a critical 
role in the chromosomal instability seen in malignancy.  

   Base Excision Repair 

 DNA nucleotide bases are rarely altered via interaction with 
ROS or via methylation, acetylation, or deamination, partic-
ularly in the setting of cellular stressors. Altering individual 
bases in DNA can result in modi fi ed binding af fi nities, dis-
rupting the normal non-covalent interactions that occur 
between base pairs. This subsequently can result in mispair-
ing and transition or transversion mutations during DNA 
replication. 203  These types of changes in the DNA sequence 
can result in both missense and nonsense mutations. Nonsense 
mutations cause premature protein truncations and are there-
fore usually inactivating. Missense mutations, in contrast, 
can inactivate a tumor suppressor like APC, or cause an acti-
vating mutation as is observed in KRAS. 43  ,  203  ,  269  The Base 
Excision Repair (BER) pathway recognizes these base 
modi fi cations and activates repair mechanisms. It is impor-
tant to note that while CIN and MSI are thought to be mutu-
ally exclusive, 197  BER defects have been appreciated in both 
CIN+ and MSI+ colorectal cancers, as well as tumors that 
are both MIN and CIN stable. 203  ,  270  ,  271  

 Two mutations in the BER pathway have been associated 
with malignancies of the gastrointestinal tract. These genes 
are  MYH  and  MED1 ( MBD4 ). 41  –  43  ,  203  ,  272  –  274   MYH , along with 
two other enzymes, detects and repairs oxidative damage to 
guanine bases. Germline mutations in  MYH  result in the 
FAP-like syndrome MYH Adenomatous Polyposis (MAP). 41  –

  43  MAP-associated colon cancer requires that two mutant 
 MYH  alleles be inherited, rather than one. When an individ-
ual inherits two copies of the mutant allele, oxidative dam-
age to guanine bases slowly accumulates over many years, 
resulting in mutations in a speci fi c set of proteins, including 
APC and KRAS. 41  –  43  ,  269  Other tumor suppressors frequently 
inactivated in colorectal cancer, such as p53, SMAD4, and 
TGF- b (beta)IIR, are not typically mutated in MAP-associated 
colon cancers. It remains unclear if  MYH  heterozygotes are 
at increased risk for CRC, or if sporadic MYH mutations 
play a role in CRC.  MYH ’s role in other malignancies of the 
GI tract, particularly gastric cancer, is being assessed as 
well. 274  Another BER gene frequently involved in malig-
nancy is  MED1 ( MBD4 ). This gene encodes for a glycosylase 
involved in the repair of deaminations of methylcytosines, 
preventing the transition C → T. This enzyme is frequently 
mutated in MIN+ tumors. 272  ,  275  

 While not part of the classical BER pathway, methylgua-
nine methyl transferase (MGMT) is another gene involved in 
DNA repair thought to be associated with gastrointestinal 
malignancy. 270  ,  271  ,  276  MGMT repairs alkyl adducts of guanine 
and thymine. 276  This enzyme is not technically a member of 
the BER pathway, but is vital in protecting cells from the 
cytotoxic effects of methylating chemotherapeutic agents 
and a number of carcinogens. 276   MGMT  is silenced in a num-
ber of gastrointestinal malignancies, including colon, gastric, 
and esophageal cancer via promoter hypermethylation. 276  ,  277  
In  MGMT -inactive tumors, Ki-RAS and p53 mutations are 
frequent, and such mutations activate and inactivate these 
genes, respectively. 278  –  280  In summary, damage to the genes 
encoding the enzymes involved in BER can result in 
signi fi cant genetic instability, as well as missense and non-
sense mutations, with a typical pattern of mutation and sub-
sequent malignancy.  

   Epigenetic Modi fi cation 

 Epigenetic modi fi cation refers to the modi fi cation of DNA 
and genes in an inheritable fashion without changing the 
actual base pair sequence. This process was  fi rst appreciated 
in 1983, when Feinberg and Vogelstein demonstrated a 
signi fi cant degree of hypomethylation in neoplastic tissues 
compared to normal human tissue. 281  ,  282  This was then 
con fi rmed via liquid chromatography of various neoplastic 
tissues, and demonstrated in colonic adenomas and cancer as 
well. 281  ,  283  –  285  Since this early work, the underlying mecha-
nisms of epigenetic modi fi cation in neoplastic transforma-
tion and progression have been further elucidated. 

 Epigenetic mechanisms include DNA methylation, gene 
imprinting, and histone acetylation. These mechanisms allow 
the transfer of information via cell division without altering the 
actual nucleotide sequence and are utilized by cells to silence 
gene expression. 286  ,  287  DNA methylation involves the regulated 
methylation of cytosine bases of concentrated CpG dinucle-
otides found in regions known as CpG islands. It is estimated 
that nearly 50% of genes possess CpG islands within their pro-
moters. The degree of methylation present in these islands is 
strongly regulated. Fully methylated regions are rare, and are 
only found in genes regulated by imprinting and in inactivated 
X chromosomes in females. 288  Imprinting is the selective meth-
ylation of one allele of a gene, resulting in expression of only 
the paternal or maternal copy of a gene. 289  ,  290  

    DNA methylation of CpG islands functions to control 
whether chromatin is in an open, transcriptionally active 
conformation, or closed state, more tightly bound with 
 histones and transcriptionally silent. This process is regu-
lated by a class of enzymes known as DNA methyltrans-
ferases. 288  ,  291  CpG methylation allows methyl-CpG Domain 
proteins (MBDs) to bind DNA. MBDs then recruit other 
enzymes to form a multi-protein complex. These enzymes 
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modify histones, allowing for the formation of compact 
nucleosomes, modifying the conformation of DNA. This 
compact form of DNA is transcriptionally silent. 292  The 
resultant methylation status is passed through cell division 
and maintained in daughter cells. 

 There is growing evidence that dysfunctional methylation 
of CpG islands and loss of imprinting (LOI) are both involved 
in the pathogenesis of a number of GI malignancies. 236  ,  292  –  297  
Dysfunctional methylation can result in hypomethylation or 
hypermethylation, and can modify the property of chromo-
somes and even individual bases. 282  Hypomethylation has 
been implicated in the activation of numerous proto-onco-
genes in colon, gastric, and pancreatic cancers. 296  ,  298  –  307  Both 
hypomethylation and hypermethylation have been shown to 
promote chromosomal instability and CIN. 257  ,  258  ,  308  –  312  

 Hypermethylation of CpG islands in gene promoters has 
been shown to result in silencing of tumor suppressors, as 
well as DNA repair genes. One example of this is the spo-
radic inactivation of  MLH1 . The silencing of tumor sup-
pressors via hypermethylation is thought to be the 
predominant contribution of epigenetic mechanisms to 
neoplastic transformation. 281  ,  313  CpG methylation may also 
contribute to tumor progression via promotion of base 
mutations. After methylation, cytosine can stably undergo 
deamination, resulting in missense and nonsense mutations. 
It is estimated that 50% of inactivating point mutations in 
 p53  occur as a result of such transition mutations. 314  
Methylated CpG dinucleotides are also more easily mutated 
by UV light and benzo[a]pyrene diol epoxide in tobacco 
smoke. 315  ,  316  

 Aberrant hypermethylation of CpG islands occurs gradu-
ally. Much of the CpG island methylation that has been 
observed is associated with advancing age. 317  –  319  While it is 
unclear whether age-related hypermethylation contributes 
signi fi cantly towards transformation, it has been demonstrated 
that this can result in silencing of tumor suppressor genes. 
 APC ,  SFRP ,  CDH1  ( E-cadherin ), and  CDKN2A  (p16) have 
all been shown to be silenced by hypermethylation in colon, 
gastric, and pancreatic cancer. 20  ,  293  ,  320  Hypermethylation can 
also inhibit p14/ARF, affecting the p53 pathway, 321  –  323  and has 
been implicated in silencing of several other tumor suppres-
sors. 270  ,  271  ,  317  ,  318  CpG hypermethylation has been shown to play 
a role in neovascularization and cancer cell metastasis as 
well. 277     320  ,  324  –  329  

 Some malignancies have multiple genes silenced via 
hypermethylation simultaneously. This has been coined the 
CpG island methylator phenotype (CIMP). 270  ,  271  ,  317  ,  318  ,  330  –  332  
BRAF and KRAS appear to be frequently affected by 
 activating mutations in CIMP+ tumors. 333  It has also been 
suggested that there may be several classes of CIMP cancers, 
with different groups of genes silenced in each. In the colon, 
CIMP positivity is strongly associated with the formation of 
proximal serrated adenomas, as well as hyperplastic pol-
yps. 270  ,  271  This suggests that hyperplastic polyps may not be 

entirely benign and that some may have malignant potential. 
A lack of de fi nitive diagnostic criteria has made studying this 
disorder dif fi cult thus far. 237  It remains an area of active 
research. 

 In summary, epigenetic modi fi cation of DNA allows for 
the transfer of information to daughter cells without requir-
ing modi fi cation of the DNA sequence. Both hypomethyla-
tion and hypermethylation appear to play a key role in many 
of the genetic mechanisms discussed already.   

   New Insights and Paradigms 

   Cancer Cells, Stem Cells, and Cancer Stem Cells 

 The role of stem cells and stem cell biology in gastrointesti-
nal carcinogenesis has been a very active area of research, 
and controversial. There are several possible roles for stem 
cells in cancer pathogenesis. First, cancer may be a disease 
of stem cells. Stem cells are long-lived and thus are around 
long enough to acquire the multiple mutations that are needed 
for transformation. Other cell types have shorter life spans 
and are typically sloughed off. 334  –  336  Moreover, adult stem 
cells can undergo a limitless number of cell divisions since 
they retain telomerase expression. Thus they have already 
acquired a potent cancer hallmark. 

 Stem cells may also be more susceptible to transforma-
tion than other cell types. This has been suggested by 
experiments in transgenic mice. Parallel investigation by 
two separate groups demonstrated in the colon that induc-
tion of an oncogenic mutation in stem cells frequently 
yielded gross tumors. Induction of the same mutation in 
transit amplifying or differentiated cells produced only 
microadenomas that did not progress. 337  ,   338  Based on these 
observations, the authors concluded that intestinal stem 
cells are uniquely vulnerable to neoplastic transformation. 
Whether this principle is true in other gastrointestinal tis-
sues remains to be determined. Lastly, many markers for 
tissue stem cells are also detected in subsets of cancer cells. 
This suggests that cancer cells may have originated from 
the stem cell compartment and retained expression of these 
markers.  PROM-1, DCAML-1 ,  LGR5 , and  MSI-1  are exam-
ples of this. All have been  proposed to mark tissue stem 
cells, and all have been shown to be expressed in a sub-
population of colon and gastric  cancers. 334  ,  339  

 This  fi nding of tissue stem cell markers in a subset of can-
cer cells led in part to the hypothesis that not all cells within 
the tumor are equivalent. It is speculated that cancers, like 
normal tissues, contain stem cells that divide and give rise to 
cells that populate the tumor. 334  ,  339  ,  340  A corollary of this is that 
most cells in the tumor cannot divide and produce an unlim-
ited number of daughter cells. Cancer stem cells have been 
reportedly identi fi ed in gastric, colon, pancreatic, and hepato-
cellular cancers. 339  ,  340  A number of investigators have reported 



18 F.I. Scott and J.P. Lynch

putative cancer stem cell markers, based on xenograft studies 
in immune-de fi cient mice. The basic methodology has been 
to identify a subpopulation of cells based on cell surface 
markers and  fl ow cytometry that can form a tumor with very 
few cells upon injection into a mouse. Certain subpopulations 
may require several thousand cells to form a tumor, others as 
few as 10. 334  ,  339  Those subpopulations requiring the fewest 
cells are thought to be enriched with cancer stem cells. 
However, questions remain as to whether these methods are 
appropriately rigorous enough, and whether these subpopula-
tions are in fact an artifact of the techniques used. 341  This will 
remain an important area for future investigations.  

   MicroRNAs and Gastrointestinal Cancers 

 Given the discovery of a multitude of tumor suppressors and 
oncogenes, as well as the growing role of epigenetic regula-
tion of these genes and pathways, it is quite clear that the 
development of neoplastic transformation is an extremely 
complicated and incompletely understood process. The recent 
discovery of microRNA adds yet another layer of complexity 
to this picture. MicroRNAs were  fi rst discovered by Lee et al 
in 1993 while studying the gene lin-4, a gene involved in 
 Caenorhabditis elegans  development. 342  ,  343  This gene 
appeared to encode a very small RNA molecule that was 
complementary to the promoter region of the gene lin-14. 
When present, lin-4 repressed synthesis of lin-14, as well as 
lin-28, resulting in abnormal development. 344  ,  345  Based on its 
sequence and size, Lee et al hypothesized that this small piece 
of RNA was incapable of encoding a protein. This small RNA 
molecule would be the  fi rst in a new class of noncoding 
RNAs, known as microRNAs. Since their initial discovery, 
advancements in technology have resulted in the discovery of 
hundreds of members of this new class of mRNA regulator. 

 MicroRNAs (miRNAs) are a diverse class of small, non-
coding RNA molecules, involved in the regulation of cell dif-
ferentiation, development, apoptosis, and proliferation. 346  
miRNA precursors are initially 60–110 bps in length, with a 
hairpin-loop structure, known as pri-miRNA. 347  –  349  This hair-
pin-loop structure is cleaved in the nucleus by an RNase III 
enzyme known as Drosha to form the pre-miRNA molecule 
(Fig.  1.5 ). The pre-miRNA is transported into the cytoplasm 
where it is cleaved by the enzyme Dicer. 350  This results in the 
formation of a  fi nal miRNA product, typically only about 
20 bp in length and double stranded. One of these strands is 
then incorporated into a complex containing Dicer and several 
other proteins known as the microRNA ribonucleoprotein 
complex (miRNP). 351  ,  352  Once the miRNP complex has formed, 
it is capable of binding multiple mRNA molecules and silenc-
ing them. MicroRNAs have been found to play a role in many 
pivotal processes in cell and tissue differentiation, function, 
and maintenance, including hematopoiesis, proliferation, 
apoptosis, angiogenesis, and stem cell differentiation. 353  –  362   

 Given their broad range of effects, it is not surprising that 
miRNAs have been implicated in a number of human malig-
nancies. The  fi rst malignancy found to have altered levels of 
miRNA was B-cell chronic lymphocytic leukemia (CLL). In 
2002, Calin et al demonstrated that in approximately 60% of 
patients with B-cell CLL, there was a signi fi cant downregu-
lation of the miRNA molecules miR-15a and miR-16–1 sec-
ondary to a small deletion in chromosome 13q14. 363  These 
microRNAs have since been implicated in the regulation of 
Bcl-2, a known inhibitor of apoptosis. 359  At normal levels, 
they function as tumor suppressors, inhibiting levels of Bcl-
2. When downregulated, Bcl-2 mRNA levels increase, result-
ing in decreased apoptosis. Alteration of miRNA may also 
have a pro-oncogenic effect. The gene  BIC , which encodes 
the microRNA miR-155, has been demonstrated to promote 
lymphoma formation in several animal models. 364  ,  365  miR-
17–92 has also shown similar effects, via its effects on E2F1, 
in transgenic  c-Myc  mouse models of carcinogenesis. 366  

 The development of high-throughput miRNA detection 
techniques has allowed for the measurement of many 
microRNAs at once, with neoplastic tissue uniformly yield-
ing altered patterns of microRNA expression. Each neoplas-
tic tissue evaluated has been shown to demonstrate a unique 
pro fi le compared to its normal counterpart. 367  These patterns 
have also been shown to be distinct amongst different malig-
nancies and within the same malignancy at different stages 
of transformation. 367  –  369  A number of studies have demon-
strated differing pro fi les of miRNA expression in GI malig-
nancies. One study of colon cancer cells demonstrated 21 
miRNAs that appear to be upregulated, and one that was 
downregulated. 367  Another study looking at 156 known miR-
NAs in colon cancer identi fi ed 13 speci fi c miRNAs that fre-
quently demonstrated altered expression, and one that was 
signi fi cantly upregulated in late stages of disease. 370  Similar 
studies have noted speci fi c patterns of miRNA regulation in 
Barrett’s esophagus and esophageal adenocarcinoma, 371  –  374  
with differences in patterns of expression at each stage of 
progression. 375  One signi fi cant problem that remains, how-
ever, is that the function of these miRNAs, and their speci fi c 
roles in their respective malignancies, is unknown. This 
remains an area of active research. 

 A number of speci fi c microRNAs have been implicated 
in malignancies of the gastrointestinal tract, and active 
research into their function is ongoing. Upregulation of the 
microRNA mIR-21 has been shown to be associated with 
metastatic spread of colon cancer via suppression of the 
cell cycle regulator Pdcd4. 376  mIR-21 has also been shown 
to be upregulated in both Barrett’s esophagus and esopha-
geal adenocarcinoma. 377  ,  378  miR-194 is another microRNA 
observed to be upregulated in cancer. miR-194 is elevated 
in Barrett’s Esophagus, esophageal adenocarcinoma, and 
metastatic pancreatic cancer, though its function is 
unclear. 375  ,  379  ,   380  In contrast, miR-143 and miR-145 have 
both been shown to be downregulated in colon adenomas, 
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colon cancer, and esophageal adenocarcinoma. 375  ,  381  –  383  It is 
anticipated that these miRNAs act to prevent neoplastic 
transformation, but the mechanism for their effect is pres-
ently unknown. 

 Many of the same mechanisms involved in the dysregu-
lation of tumor suppressors and oncogenes are thought to 
play a role in miRNA dysregulation as well. Epigenetic 
modi fi cation has been shown to play a role, with a recent 
study demonstrating epigenetic silencing of a proposed 
tumor suppressor mIR-137 in 100% of colorectal cancer 
cell lines, and in 82% of adenomas and resected carcino-
mas. 384  This silencing was not present in normal mucosa. 
Disruptions in the process of miRNP formation can also 
result in modi fi ed miRNA expression. Alterations in levels 

of the enzymes Dicer and Drosha have been reported in 
several human malignancies, including NSCLC and gastric 
cancer. 385  –  387  In intestinal-type gastric cancer, both Dicer 
and Drosha have been shown to be signi fi cantly upregu-
lated in neoplastic tissue compared to non-neoplastic tis-
sue, although interestingly Drosha-negative cancer cells 
were associated with the worst prognosis. 387  Finally, muta-
tions and chromosomal rearrangements may result in loss 
and/or ampli fi cation of critical cancer-associated miRNAs, 
respectively. Genome-wide associations have demonstrated 
that a majority of miRNA genes are found in regions par-
ticularly prone to mutation or alteration in cancer. 388  These 
regions are known as cancer-associated genomic regions 
(CAGRs). 346  miRNA loci have been shown to have a high 

  Fig. 1.5    The synthesis of microRNA is a multistep process. The syn-
thesis of microRNA occurs in multiple steps and at multiple sites within 
the cell. The  fi rst step occurs in the nucleus, as RNA polymerase II 
synthesizes the  fi rst precursor, pri-miRNA (1). This hairpin-loop struc-
ture is cleaved via Drosha, to form pre-miRNA (2). Pre-miRNA leaves 
the nucleus and the hairpin loop is cleaved by Dicer in the cytoplasm 

(3). A single strand of the remaining miRNA molecule is included in 
the formation of the RISC complex along with several other proteins 
(4). This multimer can then bind mRNA (5). If the miRNA has mis-
matches, a loop forms, resulting in translational repression. If the 
miRNA and mRNA are complementary, the mRNA molecule is 
degraded       
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frequency of mutation in human cancers. 389  This theory is 
further supported by evidence demonstrating signi fi cant 
concordance with DNA copy number and miRNA over-
expression and under-expression in breast cancer. 390  
However, it is not yet known whether this is a predominant 
mechanism in gastrointestinal cancers as well. 

 In summary, microRNAs are small RNA molecules 
involved in regulating the stability and translation of mRNA 
via complementary binding. miRNAs are involved in multiple 
aspects of cellular regulation including apoptosis, cell cycle 
regulation, and terminal differentiation. Patterns of miRNA 
expression appear to be unique to each malignancy at each 
stage of progression to metastatic disease. The processes regu-
lating the expression of each of these molecules, as well as the 
mechanisms underlying their dysregulation with gastrointesti-
nal carcinogenesis, remain an active area of research.   

   Summary and Conclusions 

 The National Cancer Act of 1971 is perceived as the start of 
our modern ‘war’ on cancer morbidity and mortality. Forty 
years later, too many still die from neoplastic diseases. 
However, progress has been made in many fronts, including 
cancer prevention (improved screening and early interven-
tions), identi fi cation of increased-risk populations, and can-
cer therapeutics (stage IV colon cancer median survival with 
treatment is nearly 2 years, up from less than 6 months in the 
1970s). Perhaps the greatest progress has been made regard-
ing our understanding of cancer pathogenesis. The mecha-
nisms discussed at length in this chapter are the fruit of 40 
years of labor into the question of why we develop cancer. 
There is ample evidence to expect that future research efforts, 
building on these discoveries, will yield more sensitive 
screening and preventative strategies, as well as more effec-
tive therapeutics.      
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         Introduction    

 Clinical applications of genomic medicine and molecular 
diagnostics based on testing of tumor tissues are becoming a 
reality in clinical practice, with signi fi cant impact on person-
alized therapies for cancer patients. Advances in targeted 
therapies for cancers of the gastrointestinal tract have recently 
emerged and are rapidly moving targets. In this chapter, we 
review the targeted therapies that are currently standard of 
practice in colorectal and gastric cancers, requiring speci fi c 
molecular testing for selection of candidate patients for 
therapy.  

   Gastric and Gastroesophageal Cancers 

   EGFR Pathways 

 The epidermal growth factor receptor (EGFR) family of 
transmembrane receptor tyrosine kinases includes four mem-
bers: HER1 (also known as the EGFR and ErbB-1), HER2 
(p185, HER2/neu, ErbB-2), HER3 (ErbB-3), and HER4 
(ErbB-4). The molecular structures of EGFRs comprise an 
extracellular ligand-binding domain, a short transmembrane 

domain, and an intracellular domain with tyrosine kinase 
(TK) activity, except HER3. The binding of different ligands, 
including epidermal growth factor (EGF) and TGF-alpha to 
the extracellular domain, initiates a signal transduction cas-
cade that elicits cell cycle progression, cell proliferation, 
anti-apoptotic signals, and survival, adhesion, migration, and 
differentiation. 1  Ligand binding to the EGFR extracellular 
domain induces EGFR homodimerization as well as het-
erodimerization with other types of HER proteins. HER2 
does not bind to any known ligand, but it is the preferred 
heterodimerization partner for other members of the HER 
family. Ligand binding to EGFR followed by dimerization 
results in phosphorylation of the intracellular tyrosine kinase 
which triggers a series of intracellular signals including the 
activation of mitogen-activated kinase (MAPK): (KRAS/
NRAS/RAF/MEK/ERK) or the phosphatidylinositol-3 kinase 
(PI3K) (PI3K/PTEN/AKT/mTOR) pathways (reviewed in 2 ; 
Fig.  2.1 ).  

   Targeting HER2 Receptors 
 The human epidermal growth factor receptor 2 (Her2 or 
ErbB-2) was  fi rst described in gastric cancer in 1986. 3  HER2 
has no known ligand (orphan receptor), and preferentially 
heterodimerizes with HER3, which lacks intrinsic tyrosine 
kinase activity. The HER2 and the HER2/HER3 heterodim-
ers are likely to be the most effective complex for activating 
downstream pathways. 4  ,  5  

 Overexpression and ampli fi cation of HER2 have been 
described in 6–35% of gastric and gastroesophageal junction 
(GEJ) adenocarcinomas. 6  -  9     Up to about a third of all GEJ 
adenocarcinomas and a quarter of non-GEJ gastric cancers 
have HER2 overexpression. 

 Importantly, as in breast cancer, HER2 overexpression 
has been linked to prognosis in gastric cancer. An early 
Japanese study showed 5-year survival rates of 11% and 
50% for HER2-positive vs. HER2-negative gastric cancer, 
respectively. 10  Another study showed that HER2 was an 
independent prognostic marker in resected gastric cancer, 
and overall survival was signi fi cantly associated with HER2 
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expression levels. 8  HER2/neu-positivity rates have been 
reported to be more frequent in intestinal type gastric cancer 
(21.5%) than in diffuse gastric cancer (2%) or mixed types 
(5%). 6  Overall, HER2/neu ampli fi cation in gastric carcinoma 
is associated with poor outcome 6  ,  11  and has been shown to be 
an independent prognostic factor. 12  

 Trastuzumab is a monoclonal antibody that speci fi cally 
targets HER2 protein by directly binding the extracellular 
domain of the receptor. Trastuzumab enhances survival rates 
in both primary and metastatic HER2-positive breast cancer 
patients. The ef fi cacy of trastuzumab in breast cancer has led 
to investigation of its antitumor activity in patients with other 

HER2-positive cancers, including gastric and GEJ adenocar-
cinomas. In preclinical studies, treatment with trastuzumab 
inhibited growth of gastric cancer cell lines. 6  Based on the 
preclinical data in gastric cancer and clinical evidence in 
breast cancer, early phase trials of trastuzumab in metastatic 
gastric cancer wherein tumors overexpressed HER2 were 
conducted and the antibody therapy was shown to confer 
improved clinical outcomes. Thereafter, a large randomized 
phase 3 clinical trial (the ToGA trial) was concluded, 
de fi nitively establishing the utility of targeting HER2 in 
advanced gastric cancer. 13  In this study, metastatic gastric or 
gastroesophageal adenocarcinoma cases where the tumor 
overexpressed HER2 were randomized to receive standard 
chemotherapy (a  fl uoropyrimidine [5- fl uorouracil or capecit-
abine] and platinum combination) with or without trastu-
zumab. 13  Overall survival was improved in the trastuzumab 
arm, with little added toxicity. Median overall survival was 
13.8 months in those assigned to trastuzumab plus chemo-
therapy compared with 11.1 months in those assigned to che-
motherapy alone (HR 0.74,  p  = 0.0046). Therefore, testing 
HER2 and adding trastuzumab to the chemotherapy regimen 
for HER2-positive tumors have become the standard of care 
for advanced gastric adenocarcinoma. In this trial, a HER2 
scoring system modi fi ed from the protocol in breast cancer 
was used: a score of immunohistochemistry (IHC) 3+ and/or 
 fl uorescent in situ hybridization (FISH) positive 
(HER2:CEP17 ratio  ³ 2) was de fi ned as HER2 positive. The 
study reported an overall HER2-positivity rate of 22.1% 
evaluated from 3,665 patients. 13  An example of HER2-
positive tumor by IHC and FISH is shown in Fig.  2.1 . 

 Criteria for interpretation of HER2 modi fi ed for gastric 
and GEJ adenocarcinoma have been recently reviewed. 14  –  19  
Studies have shown good correlation of HER2 expression in 
primary vs. metastatic carcinoma lesions. 20  Notably, HER2 
overexpression is already observed in early gastric cancers. 21  
Heterogeneity of HER2 expression occurs frequently in gas-
tric and GEJ adenocarcinoma; however, testing is often done 
in biopsies when no resection specimen is available. 16  The 
College of American Pathologists (CAP) reviewed current 
guidelines for interpretation of HER2 expression. 13  ,  14  ,  19  ,  22  
Importantly, criteria for interpreting HER2 IHC on gastric 
and GEJ carcinomas differ signi fi cantly from the criteria 
used in breast cancer. First, gastric carcinoma interpretation 
criteria use 10% tumor cell staining as a cutoff to distinguish 
negative from 1+. In gastric carcinoma, the distinction 
between 1+, 2+, and 3+ depends on the intensity of staining 
presuming that more than 10% of tumor cells show HER2 
expression (Table  2.1 ). Second, gastric cancers only show 
expression along the basolateral or lateral cell membranes, 
while apical membranes are negative. Therefore, the criteria 
for 2+ and 3+ staining in gastric cancer require only lateral 

  Fig. 2.1    Immunohistochemistry and FISH for HER2 in gastric adeno-
carcinoma. ( a ) Immunohistochemistry for HER2 shows a positive (3+) 
moderately differentiated adenocarcinoma. ( b ) FISH analysis reveals 
positive HER2 ampli fi cation by FISH ( red dots ). Courtesy of Dr. Paul 
Zhang MD, University of Pennsylvania       
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or basolateral staining, in contrast to breast cancer criteria 
which require complete, circumferential staining. Third, the 
criteria for HER2 overexpression differ when interpreting 
biopsy and resection specimens due to heterogeneity of 
HER2 expression in gastric and gastroesophageal junction 
carcinomas (Table  2.1 ).     

   Colon Cancer 

   Molecular Testing of Colorectal Cancers 
for Targeted and Conventional Therapy 

 Molecular testing of colorectal cancer (CRC) tissues has 
important implications for treatment selection in these 
patients. We will discuss recently introduced therapy 
approaches that use information from molecular testing of 
CRC tumor tissues for selection of individualized therapy, 
representing the principles of personalized tumor diagnostics 
and targeted therapy. One application of tissue molecular test-
ing discussed here considers the DNA mismatch repair status 
of CRC and takes into consideration the mutational status of 
the EGFR signaling pathway to select targeted therapy. 

   DNA Mismatch Repair Defects and Microsatellite 
Instability 
 Approximately 15% of all CRCs show underlying defects in 
DNA mismatch repair (dMMR) and the tumor tissues show 
microsatellite instability (MSI), discussed in detail in 
Chaps.   1    ,   7    , and   8    . In 3–5% of MSI-positive CRC patients 
harbor germline mutations related to the Lynch syndrome 
and the remaining 12% or so are sporadic-type CRC cases. 23  
Microsatellites are short tandem repeats of nucleotides that 
occur throughout the genome. In cells with de fi cient 

 mismatch repair, errors in DNA replication accumulate and 
are detectable in these regions, identi fi ed as microsatellite 
instability (MSI). 24  –  26  Therefore, MSI, particularly when a 
tumor is identi fi ed to have a high level of MSI (MSI-H), acts 
as a marker of de fi cient MMR. 24  MSI-positive status corre-
lated with the tumors being in the proximal colon and with 
improved survival. 26  This was soon followed by the 
identi fi cation of the genes responsible for hereditary non-
polyposis colorectal cancer (HNPCC)  MSH2  27  ,  28  and 
 MLH1.  29  ,  30  Subsequently, MSI has been shown to play a role 
in sporadic colorectal  cancers also. 31  In humans, at least six 
different genes ( MSH2 ,  MLH1 ,  PMS1 ,  hPMS2 ,  MSH6 , and 
 MLH3 ) encode the mismatch repair system. 32  In hereditary 
defects, recessive mutation of one allele followed by somatic 
inactivation of the other is the mechanism of gene silencing. 33  
In sporadic CRC cases, the most prevalent mechanism of 
MMR gene inactivation is biallelic inactivation by methyla-
tion and transcriptional silencing of the  MLH1  promoter 
region. 34  –  39  Assessment of MSI status can be done by immu-
nohistochemistry to evaluate expression of DNA mismatch 
repair proteins or by PCR-based DNA testing for MSI to 
assess instability at microsatellite sequences. 24  ,  40     Combining 
testing for  BRAF  V600E activating mutation and CpG island 
methylation status of the promoter region of  MLH1  gene 
helps determine whether a MSI-positive tumor with loss of 
 MLH1  expression is likely to be an inherited Lynch syn-
drome/HNPCC tumor ( BRAF  mutation-negative and  MLH1  
promoter methylation-negative) or sporadic-type CRC ( BRAF  
mutation-positive in up to 70% of cases and  MLH1  promoter 
methylation-positive) (reviewed in Chap.   7    ). 

 An interesting aspect of MSI is its distinct relationship to 
colorectal cancer behavior. It was shown in a large series that 
MSI occurs in 17% of colon cancer cases in young (less than 
50 years) individuals and this MSI was associated with a 

   Table 2.1    Criteria for scoring and reporting HER2 expression in gastric and esophageal adenocarcinomas by immunohistochemistry   

 Staining pattern  HER2 expression 
 Interpretation  Resection specimen  Biopsy specimen 

 No reactivity or membranous reactivity in <10% 
of tumor cells 

 No reactivity in any tumor cell  Negative 

 Faint or barely detected membranous reactivity 
in  ³ 10% tumor cells 
 Cells are reactive only in part of their membrane 

 Tumor cell cluster of  ³ 5 cells with faint or barely detected 
membranous reactivity irrespective of percentage of tumor 
cells stained 

 Negative 

 Weak to moderate complete, basolateral, or lateral 
membranous reactivity in  ³ 10% tumor cells 

 Tumor cell cluster of  ³ 5 cells with weak to moderate complete, 
basolateral, or lateral membranous reactivity irrespective of 
percentage of tumor cells stained 

 Equivocal 

 Strong complete, basolateral, or lateral membranous 
reactivity in 10% or more of tumor cells 

 Tumor cell cluster of  ³ 5 cells with strong complete, basolateral, 
or lateral membranous reactivity irrespective of percentage 
of tumor cells stained 

 Positive 

  FISH testing for  HER2  gene ampli fi cation should be performed when the IHC is equivocal (2+). Modi fi ed from the College of American 
Pathologists (CAP) web site 78  and based on studies reported by 13  ,  22   

http://dx.doi.org/10.1007/978-1-4614-6015-2_7
http://dx.doi.org/10.1007/978-1-4614-6015-2_7
http://dx.doi.org/10.1007/978-1-4614-6015-2_8
http://dx.doi.org/10.1007/978-1-4614-6015-2_7
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lower likelihood of tumor metastasis to regional lymph nodes 
as well as distant organs, leading to an overall survival 
advantage, independent of stage of disease. 41  Another study 
reported that MSI-H tumors were more likely than MSI-low 
level tumors to be in younger individuals, right-sided, poorly 
differentiated with mucin production, and with an overall 
better prognosis. 42  In addition to being a prognostic marker, 
MSI has a predictive role also. 43  While earlier studies did not 
bear this out, 44  improved outcomes were seen with 
 chemotherapy for advanced stage III colorectal cancers that 
were MSI-H. 45  However, another study showed that patients 
with stage II tumors characterized by de fi cient DNA mis-
match repair and therefore an MSI-positive status receiving 
 fl uorouracil (5-FU) had no improvement in disease-free sur-
vival, and in fact, treatment was associated with reduced 
overall survival. 46  Larger trials are needed to determine with 
certainty the utility of these markers for treatment selection 
in routine patient care. 47  However, regimens with 5-FU alone 
should be avoided in patients with stage II CRC who may be 
candidates for chemotherapy.  

   Targeting EGFR Signaling Pathways in CRC 
 Aberrant activation of EGRF signaling pathways is frequent 
in CRC, and is primarily associated with activating mutations 
of genes in these pathways (MAPK and PI3K). Tyrosine 
kinase inhibitors targeting the intracellular domain of the 
EGFR, namely erlotinib and ge fi tinib, have not been shown to 
have meaningful clinical ef fi cacy in this disease, given that 
activating mutations in the  EGFR  gene are not a feature of 
CRC. 48  ,  49  Based on data in the literature, the following are the 
proportions of cases harboring various mutations in EGFR 
pathway genes 50 : MAPKinase pathway:  KRAS  (40–45%), 
 NRAS  (2.5%),  BRAF  (5–10%); PI3Kinase pathway:  PIK3CA  
(15%),  PTEN  (10–20%),  AKT  (5%); and combined mutations: 
 KRAS / NRAS  and  PI3K  (10%). An interesting  fi nding is that in 
CRC as in other tumors,  RAS  and  RAF  mutations are mutually 
exclusive. 51  ,  52  Therefore, together,  BRAF  and  KRAS  are 
mutated in about half of all CRC cases. 

  KRAS  mutations are found in about 40–45% of all colorec-
tal cancers and occur mostly at exon 2 [codon 12 (70–80%) or 
13 (20–30%)], while there are rare mutations in codons 61 
and 146. 53   BRAF  mutations occur most commonly at exon 15 
with thymine to adenine transversion at nucleotide position 
1796, which leads to the substitution of valine for glutamate 
(a substitution mutation termed V600E), and are found in 
about 5–10% of all colorectal cancers 50 . Importantly  BRAF  
V600E mutation occurs in 4–12% of DNA mismatch repair 
pro fi cient tumors (microsatellite stable) and in
40–74% of MSI-H sporadic CRC (MLH1-de fi cient), but is 
not found in MLH1-de fi cient MSI-H CRC in HNPCC/Lynch 
syndrome-associated CRC. 51  ,  54  ,  55  

 Mutations in the PI3K axis are seen in about 20% of all 
colorectal cancer cases. 50  ,  51  Interestingly, mutations across 
the two EGFR signaling axes are not mutually exclusive, and 
about 5% of tumors harbor mutations in genes from both 
arms of the pathway. 51  

 The role of EGFR pathway gene mutations in the clinical 
management of colorectal cancer has been extensively stud-
ied. In terms of prognosis,  KRAS  mutations do not confer a 
poor prognosis by themselves, probably because they appear 
very early in cancer development. 56  –  58  However,  BRAF  muta-
tions confer a signi fi cantly poorer prognosis, as compared to 
wild-type  BRAF  tumors. It is still early to say if PI3K axis 
mutations play a prognostic role in CRC. 56  ,  57  

 More importantly, the EGFR pathway has become an 
important therapeutic target. Cetuximab and panitumumab 
are anti-EGFR antibodies that target the extracellular domain 
of the receptor. They have been shown to improve progres-
sion-free, and in some cases, overall survival in metastatic 
colorectal cancer. 59  A landmark paper by Karapetis et al pub-
lished in 2008 showed that in patients with wild-type  KRAS  
tumors, treatment with cetuximab as compared with support-
ive care alone signi fi cantly improved overall survival 
(median, 9.5 vs. 4.8 months). In contrast, among patients 
with mutated  KRAS  tumors, there was no signi fi cant differ-
ence between those who were treated with cetuximab and 
those who were not. This study concluded that patients with 
a colorectal tumor bearing mutated  KRAS  did not bene fi t 
from cetuximab, whereas patients with wild-type  KRAS  CRC 
did bene fi t from cetuximab therapy. 60   KRAS  mutations ren-
der these agents ineffective, because activated KRAS is 
downstream of EGFR and constitutive activation of the for-
mer leads to independence from the latter 51  ,  60  (Fig.  2.2 ). 
Therefore, given evidence from phase II and III clinical trials 
using monoclonal antibodies as monotherapy or in combina-
tion with chemotherapy for metastatic CRC (Stage IV: any T, 
any N, M1) that tumors with  KRAS  mutation in codons 12, 
13, or 61 did not bene fi t from treatment with cetuximab or 
panitumumab, 61  patients with metastatic CRC who are can-
didates for anti-EGFR antibody therapy should have their 
tumor tested for  KRAS  mutations in a CLIA-accredited 
 laboratory. 61  There is up to 40% response rate to anti-EGFR 
therapy in wild-type CRC while the remainder 60% wild-
type tumors will not respond, presumably due to other gene/
protein alterations in the EGFR or other signaling 
pathways. 61   

 For CRC with an activated mutant  KRAS,  a number of 
drugs that may inhibit downstream signaling molecules (such 
as inhibitors of mTOR, RAF, and MEK) are under evalua-
tion 62  (Fig.  2.2 ). The predictive role of  BRAF  mutational 
studies in CRC is still unclear. While  BRAF  activating muta-
tions should act similar to  KRAS  in terms of predicting 
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response to EGFR antibody therapy, the markedly poor prog-
nosis that a  BRAF  mutation confers, along with the relatively 
low proportion of cases with  BRAF  mutations in clinical tri-
als, makes it dif fi cult to assess this role clearly. 57  Although 
 BRAF  inhibitors have been tested in early studies, larger tri-
als are needed to determine if colorectal cancer will respond 
to these agents in a manner similar to what is now seen in 
melanoma. 63  It has been demonstrated recently that colon 
cancer cells, in contrast to melanoma cells, are unresponsive 
to the BRAF inhibitor vemurafenib by employing rapid feed-
back activation of EGFR, which neutralizes the bene fi t of 
vemurafenib. 64  Therefore, a dual strategy of targeting BRAF 
and EGFR may be needed to effect clinical responses in 
BRAF-mutant CRC. 

 Preclinical data have shown that a  PIK3CA  or  PTEN  
mutation (which leads to constitutive activation of the PI3K 
pathway) causes resistance of cancer cells to cetuximab. 65  
Indirect evidence stems from preclinical work showing that 
 PIK3CA  mutation uncouples cell proliferation signaling 
from the KRAS pathway, leading to failure of inhibitors tar-
geting the MAPK axis. 66  Initially, small studies showed 
con fl icting roles of  PIK3CA  mutation in response to EGFR 
antibodies, 67  ,  68 , but a recent large study has demonstrated that 
 PIK3CA  mutation is associated with poor response to cetux-
imab. 51  Preclinical models indicate that in these tumors, 

inhibition of the PI3K axis may be required to achieve 
 cancer control. Blocking the PI3K pathway in cancer cells 
with activating  PI3KCA  mutations has been shown to inhibit 
cell growth and induce apoptosis. 69  ,  70  A study by de Roock 
et al found that  BRAF ,  NRAS , and  PIK3CA  exon 20 muta-
tions are signi fi cantly associated with a low response rate to 
cetuximab targeted therapy, in that objective response rates 
could be improved by stratifying patients by additional geno-
typing of  BRAF ,  NRAS , and  PIK3CA  exon 20 mutations in a 
 KRAS  wild-type population. 51  ,  71  

 In addition, when mutations in both EGFR pathway axes 
exist, dual inhibition with MEK and AKT/PI3K inhibitors is 
required to control cell growth. 70  ,  72  Thus, work is ongoing on 
various inhibitors of these signal transduction molecules to 
see if collective inhibition of some or all constitutively acti-
vated genes will achieve clinical bene fi t.  

   Molecular Testing for CRC Targeted 
Therapies 
  EGFR  mutational testing is not indicated for CRC since 
activating  EGFR  mutations in CRC are rare and do not 
confer sensitivity to tyrosine kinase inhibitors or to cetux-
imab therapy. 73  Further, EGFR IHC is not warranted for 
selection or exclusion of patients for cetuximab therapy, as 
it was observed that cetuximab shows activity in CRC 
patients with tumors that do not express the epidermal 
growth factor receptor by IHC. 74  Currently, the standard of 
practice for selection of CRC patients with metastatic dis-
ease who are candidates for targeted therapies with anti-
EGFR antibodies is primarily based on mutational status of 
 KRAS.  61  The mutational status of  BRAF ,  NRAS ,  PI3KCA , 
and other genes downstream of EGFR may affect response 
to anti-EGFR targeted therapy. 71  Therefore, testing for 
mutations in these genes may be indicated in candidate 
patients, particularly in the setting of clinical trials, at the 
present time. 

 Interestingly, in contrast to other activating mutations in 
 KRAS , use of cetuximab among patients with chemotherapy-
refractory colorectal cancer with the  KRAS  G13D mutation 
may be associated with longer overall and progression-free 
survival, 52  although this remains a matter of debate. 

 Regarding the choice of tissue for DNA mutational analy-
sis, since  KRAS  mutations occur early in colorectal carcino-
genesis, most clinical trials tested the primary tumor site and 
published studies showed good correlation between  KRAS  
mutation status in primary vs. metastatic colon cancer lesions 
with high average concordance of 93% (76–100%). 75  ,  76  
Therefore testing tumor tissue from the primary site or from 
metastatic lesions is appropriate. Pathologists should select a 
block of formalin- fi xed, paraf fi n-embedded (FFPE) tissue 
with the highest % of viable tumor and largest tumor area 
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possible. Individual laboratories may have different require-
ments depending on the assay used. The technical approaches 
for mutational testing vary widely among laboratories and 
follow requirements for validation and interpretation, par-
ticularly for laboratory developed tests. Such methods 
include Sanger sequencing, allele-speci fi c PCR, melt curve 
analysis, pyrosequencing,  fl uorescent bead detection assay, 
MassARRAY MALDI-TOF mass spectrometry, and newer 
next-generation deep sequencing approaches. 

 Adequate DNA amount can be obtained by pooling 
macro- or micro-dissected tissue from multiple tissue levels 
(Fig.  2.3 ). Importantly, a biopsy may be preferable to 
the resection specimen if the resection was done after 
neoadjuvant therapy (Fig.  2.4 ), and minimal numbers of 

residual tumor cells persist, making the tissue inadequate for 
molecular testing.   

 In summary,  KRAS  mutational analysis of CRC tumor 
tissues is recommended as the standard of care in patients 
who are candidates for targeted anti-EGFR antibody therapy. 
Additional mutational testing of other EGFR pathway genes 
may be helpful to better select patients for targeted therapies 
with improved outcomes, as suggested by published studies, 
but a general consensus about which genes should be tested 
is not yet established. In large practice centers, the trend is to 
test all colorectal adenocarcinomas for  KRAS  codon 12–13 
mutations, for  BRAF  V600E mutations, and for microsatel-
lite instability, thus allowing for selection of patients for 
conventional therapy as well as targeted therapy. 77         

  Fig. 2.3    Tissue microdissection from a small CRC biopsy sample 
(0.2 cm). Two tissue areas,  T  tumor,  A  adenoma, were separately marked 
to enrich the tumor area for DNA extraction. Microdissection was then 

performed using unstained slides matching the H&E stained guide 
slide, shown in the  fi gure       
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         Introduction 

 Barrett’s metaplasia (BM), also called Barrett’s esophagus, 
is a condition in which the normal squamous lining of the 
esophagus is replaced by specialized columnar epithelium 
containing goblet cells as a result of chronic gastroesopha-
geal re fl ux disease (GERD). 1  BM is associated with an 
increased risk for esophageal adenocarcinoma (EAC). The 
incidence of EAC has been rising in the United States and 
Western Europe since the 1970s. 2  ,  3  Most EAC is discovered 
at a late stage and is associated with poor prognosis although 
survival has generally been improving over time. 2  ,  4  Patients 
with BM are enrolled in surveillance programs where esoph-
ageal endoscopy and biopsy are performed at certain inter-
vals largely determined by the degree of dysplasia in the 
biopsy tissue. 1  Understanding the molecular changes that 
occur during the progression from normal squamous epithe-
lium to BM and eventually to EAC is essential for develop-
ing effective prevention and treatment strategies. 

 There are two major processes during the progression 
from normal esophagus to EAC: metaplasia and neoplasia, 
illustrated in Fig. 1.2 (Chap.   1    ). The molecular mechanisms 
underlying these two changes are numerous, some unique to 
each step but some contribute to both. Obviously, we cannot 
cover every reported molecular change in this chapter. As a 
result, we will focus mostly on changes that were generally 
reported at least two or three times in the literature, realizing 
that some molecular changes that we do not have a chance to 
cover in this chapter may prove very important in future 
studies.  

   The Role of Acid and Bile    

 Both acid and bile play a role in the metaplastic as well as the 
neoplastic processes. Acid re fl ux may activate the NADPH 
oxidase NOX5-S and increase the production of reactive 
oxygen species, which in turn increases p16 promoter meth-
ylation, downregulates p16 expression, and increases cell 
proliferation. 5  Acidic pH has been also shown to induce 
topoisomerase-II (TOP2)-mediated DNA damage and p53 
protein upregulation in cultured human cell lines 6  and 
increases the expression of COX-2 in the squamous 
epithelium. 7  

 While acid suppression therapy reduces heartburn, 
in fl ammation, and proliferative activity in BM, it appears to 
have no effect on oxidative DNA damage, apoptosis, the 
expression of COX-2, c-myc, p53, O6-methylguanine methyl 
transferase (MGMT), or on aberrant DNA methylation. 8  –  10     
Bile acids, especially Deoxycholic acid (DCA), cause reac-
tive oxygen species (ROS)-mediated chromosome damage 
and mutation induction in the human p53 gene, both at neu-
tral and acidic pH although this was considerably increased 
at acidic pH. 11  Since bile acids can induce DNA damage at 
neutral pH, acid suppression therapy may not eliminate DNA 
damage or the carcinogenic potential of the re fl uxate. 8  ,  11  ,  12  
Bile acids also activate NF-kappaB in BM. 13  In BM epithe-
lial cells, DCA-induces genotoxicity while simultaneously 
inducing activation of the NF-kappaB pathway therefore 
enabling cells with DNA damage to resist apoptosis. 14   

   CDX 

 The caudal-related homeobox genes CDX1 and CDX2 play 
an important role in intestinal epithelial differentiation. 15  
CDX1 mRNA and CDX2 mRNA are expressed in gastric 
intestinal metaplasia 16  and ectopic expression of either CDX1 
or CDX2 in the gastric epithelium of transgenic mice induces 
intestinal metaplasia. 17  –  19  
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 Acidic pH induces transcription of the CDX2 gene in 
mouse esophageal keratinocytes. 20  In a rat model, cholic acid 
and deoxycholic acid activate CDX2 promoter via NF-kappaB 
and stimulate production of CDX2 protein in esophageal 
keratinocytes and production of intestinal-type mucin. 21  In 
cultured human EAC cell line, deoxycholate and acid 
increase NF-kappaB activity which leads to expression of 
CDX2, which in turn mediates intestinal metaplasia and 
expression of Guanylyl cyclase C (GC-C), an intestine-
speci fi c tumor suppressor. 22  

 In human biopsy tissue, CDX2 mRNA can be detected in 
both esophagitis and BM epithelium, but CDX2 protein is 
detected only in BM (not in esophagitis). 16  ,  23  CDX1 mRNA 
is expressed only in BM epithelium. 16  ,  24  The speci fi c expres-
sion of CDX1 mRNA in only BM, and not in squamous or 
gastric epithelium, is thought to be due to the methylation 
status of the CDX1 promoter. Conjugated bile salts and TNF-
alpha and IL-1beta, mediated by NF-kappaB signaling, can 
increase CDX1 mRNA expression in vitro, but only when 
the CDX1 promoter was unmethylated or partially 
methylated. 24  

 Factors secreted from  fi broblasts have been recently pro-
posed to induce columnar phenotype in adjacent squamous 
epithelium. Human  fi broblasts exposed to acidi fi ed medium 
show signi fi cant upregulation of Heparin-binding EGF-like 
growth factor (HB-EGF). Biopsy specimens from patients 
with re fl ux esophagitis show a strong expression of HB-EGF 
in  fi broblasts underlying the damaged epithelium. 
Furthermore, in vitro stimulation of HET1A human squamous 
epithelial cells with HB-EGF increases CDX2 expression in 
a dose-dependent manner, and also upregulates cytokeratin 7 
and villin. 25  

 Because in several studies of esophageal biopsies CDX2 
expression has been detected in columnar cells that do not 
show “intestinal metaplasia,” as well as those with “intestinal 
metaplasia,” it has been proposed that CDX2 may serve as a 
marker of BM when “intestinal metaplasia” is not present in 
the biopsy. In one study, CDX2 protein expression was 
detected in 23 of 67 (34%) samples with only cardiac-type 
mucosa and this was associated with increased likelihood of 
 fi nding intestinal metaplasia in another biopsy set of colum-
nar-lined esophagus from the same patients. Fifty-two per-
cent of biopsies with only cardiac mucosa positive for CDX2 
showed intestinal metaplasia in a second set of biopsies. 
Based on these  fi ndings, the authors suggested that CDX2 
expression in cardiac-type mucosa might be able to predict 
the presence of undetected intestinal metaplasia in columnar-
lined esophagus, and thus may be a putative marker for the 
presence of intestinal metaplasia in the absence of goblet 
cells. 26  Unfortunately, this approach may lead to a signi fi cant 
number of patients labeled as having BM based on CDX2 
immunostaining when they do not have BM. In the Kerkhof 
study, a full 48% of patients with cardiac only mucosa and 

positive CDX2 did not show intestinal metaplasia in a second 
set of biopsies. It may be prudent, at least for the time being, 
to take a conservative approach on this issue because we need 
prospective follow-up studies from more than one center to 
show what happens to patients with cadia only epithelium and 
positive CDX2 on long follow up, taking into consideration 
the effect of re fl ux treatment on progression of these CDX2 
positive cells to intestinal metaplasia. If one feels excited 
about immunostaining biopsies with cardia only epithelium 
for CDX2, it is probably better to report the results as positive 
(or negative) for CDX2, and comment that positive CDX2 
immunostaining was found to be associated with an increased 
probability of  fi nding intestinal metaplasia on another set of 
biopsies, therefore clinical correlation and follow up is sug-
gested, without giving the patient a diagnosis of BM.  

   COX-2 

 Expression of the proin fl ammatory enzyme Cyclooxynage-2 
(COX-2) in the esophagus increases with exposure to acid  7  
and Gastrin. 27  COX-2 mRNA is elevated in esophageal 
squamous mucosa with re fl ux compared to no re fl ux, 28  and 
expression in patients with BM was found to increase with 
time, 27  probably due to prolonged and repeated exposure to 
gastroesophageal re fl ux. Ferguson and colleagues reported 
that polymorphic variants in COX-2, especially the COX-2 
8473 C allele, were associated with a signi fi cantly increased 
risk of esophageal adenocarcinoma. 29  

 There are contradicting reports regarding the level of 
COX-2 expression in BM, dysplasia, and EAC, and the effect 
of acid suppressive therapy and other treatments on COX-2 
expression. While COX-2 mRNA levels were said to be ele-
vated in BM and to increase with progression to EAC, 30  stud-
ies utilizing immunohistochemistry (IHC) showed different 
results. 31  ,  32  Similarly, antire fl ux surgery and acid suppression 
therapy were associated with reduced COX-2 expression in 
BM in some studies, 28  while others reported no effect of acid 
suppression therapy on COX-2. 9  ,  10  These differing results 
may be due to differences of COX-2 detection and assay 
methods used and lack of standardization.  

   Cyclin D1 

 Cyclin D1 was found to be expressed in BM, and its expres-
sion decreased in patients on proton pump inhibitors (PPI), 
H2-blockers, and antacids. The greatest decrease in Cyclin 
D1 levels was associated with PPI followed by H2-blockers 
and least effective were antacids. 33  Cyclin D1 adenine 870 
polymorphism is associated with increased Cyclin D1 
expression, cancer onset at an early age, and aggressive 
tumors. 34   
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   EGFR 

 CDX2 induction by deoxycholic acid occurs through ligand-
dependent transactivation of the epidermal growth factor 
receptor (EGFR). 35  DCA, at neutral and acidic pH or acid 
alone can upregulate EGFR mRNA in vitro which in the case 
of neutral pH DCA was NF-kappaB dependent. 36  

 EGFR gene ampli fi cation was detected initially in 30.8% 
of EAC and in 20% of BM 37  but a later study found EGFR 
ampli fi cation in only 8% of EAC. 38  

 Using semiquantitative IHC, EGFR was reported to be 
overexpressed in 35% of BM with high-grade dysplasia 
(HGD) and 80% of EAC when compared to BM. EGFR 
overexpression was accompanied by aneuploidy of chro-
mosome 7 in addition to ampli fi cation of the EGFR 
locus. 36  

 EGFR signaling is in part mediated by the Raf/MEK/
ERK (MAPK) kinase pathway, which may be activated as an 
early event in the development of Barrett’s adenocarcinoma. 
 RAS  or  BRAF  mutations were detected in about 32% of all 
Barrett’s adenocarcinomas and in a proportion of high-grade 
dysplasia lesions. 39   

   Her-2/erbB-2/neu 

  c-erbB2  was found to be ampli fi ed, both by IHC and by 
FISH, in a signi fi cant number of EAC and in dysplastic 
BM. 37  ,  38  ,  40  ,  41  Signi fi cant heterogeneity in immunostaining and 
ampli fi cation (FISH) was found in EAC and dysplastic foci 
ranging from completely negative to strongly positive/
ampli fi ed. 42  Walch and colleagues found that polysomy 17 
without  Her-2/neu  gene ampli fi cation in roughly half the 
cases of EAC and BM with HGD and that was associated 
with a normal or moderately elevated mRNA expression and 
no or weak immunostaining. There was no locus-speci fi c 
 Her-2/neu  ampli fi cation in cases of BM with low-grade dys-
plasia (LGD), but polysomy 17 was present in a few of these, 
suggesting that chromosome 17 polysomy without  Her-2/
neu  gene ampli fi cation precedes  Her-2/neu  gene ampli fi cation 
in HGD and EAC. 41  

  HER-2/neu  oncogene ampli fi cation, determined by FISH, 
correlates with shortened patient survival and independently 
predicts poor outcome in patients with EAC. 43  Results of the 
ToGA clinical trial, which included gastric and gastroesoph-
ageal junction adenocarcinoma showed a signi fi cant survival 
bene fi t for patients treated with a combination of Trastuzumab 
and standard chemotherapy in patients with positive  Her2/
neu.  44  Currently, oncology practice is employing assessment 
of  HER-2/neu  expression by immunohistochemistry with 
re fl ex testing for gene ampli fi cation by FISH in advanced 
esophageal adenocarcinomas to select patients for targeted 

therapy. Interestingly, Hu et al reported that no  HER2  
ampli fi cation or overexpression was identi fi ed in BM or low-
grade dysplasia. 45   

   Microsatellite and Chromosomal Instability 

 Genetic defects in the DNA mismatch repair are not 
believed to play an important role in EAC, 46  although 
roughly 15–20% of EAC have been reported to have micro-
satellite instability at 1 or more chromosomal loci 47  ,  48  and 
low-level microsatellite alterations can be seen in the 
majority of EAC. 49  Chromosomal instability represent the 
most frequent associated changes underlying neoplastic 
development and progression in Barrett’s associated neo-
plasia. Gene losses are most common but gene ampli fi cations 
may also occur. 50  Hyperploidy of chromosomes 4 and 8 
was found in at least 70% of nondysplastic BM and up to 
100% of EAC, suggesting that genetic instability arises 
before dysplasia in BM. 51  

 Genome wide analyses of the Barrett’s esophagus-dyspla-
sia sequence have shown a signi fi cant trend toward increas-
ing loss of chromosomes with higher progression stage in the 
Barrett’s, dysplasia and adenocarcinoma stepwise sequence. 
In low-grade dysplasia, loss of 3p14.2 (68.4%) and 16q23.1 
(47.4%) was limited to narrow regions within the  FHIT  
(3p14.2) and  WWOX  (16q23.1) genes, whereas loss of 9p21 
(68.4%) occurred in larger regions. A signi fi cant increase in 
the loss of other chromosomal regions was seen in HGD and 
EAC. Loss of 17p (47.6%) is one of the most frequent events 
in EAC. 50   

   Cytokines 

 Polymorphisms of  IL23R  gene was found to be a risk variant 
for the development of BM, 52  and a genetic pro fi le predispos-
ing to a strong pro-in fl ammatory host response, mediated by 
IL-12p70 and partially dependent on IL-10, was also found 
to be associated with BM. 53  This risk further increases when 
this genotype coincides with a hiatal hernia, suggesting that 
exposure to gastroesophageal re fl ux in the presence of a pro-
in fl ammatory genetic background is important for the devel-
opment of BE. 53  Physiological levels of DCA can activate 
NF-kappaB and induce NF-kappaB target gene expression, 
particularly IkappaB and IL-8. 13  

 IL-1 receptor antagonist and IL-10 and IL-1 gene poly-
morphism are more commonly found in patients with BM or 
EAC than those with esophagitis, 54  and IL-6 expression and 
secretion are increased in BM tissue. 55  IL-8 mRNA expres-
sion is increased in patients with re fl ux, and the highest lev-
els are seen in dysplastic BM and EAC. 56  IL-1beta, IL-8, and 
interferon gamma (IFN-gamma) are increased in re fl ux 
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esophagitis, with a modest increase in anti-in fl ammatory 
IL-10; both IL-10 and IL-4 are increased in BM. 57  ,  58  Nissen 
fundoplication, an anti-re fl ux surgery, signi fi cantly decreases 
IL-8 expression compared with preoperative levels. 56   

   DNA Methylation 

 Promoter hypermethylation is a common mechanism of gene 
inactivation. In BM, and during malignant progression, sev-
eral genes involved in protection from oxidative DNA dam-
age, tumor suppression, Wnt pathway, apoptosis, and cytokine 
signaling have been reported to be regulated by epigenetic 
mechanisms involving CpG island methylation. 

 Hypermethylation of  ESR1  (estrogen receptor-alpha) is 
seen at high frequency in in fl ammatory re fl ux esophagitis and 
at all subsequent stages, whereas  APC  and  CDKN2A  (p16) 
hypermethylation is found in Barrett’s metaplasia, dysplasia, 
and EAC. 59  APC gene promoter hypermethylation can be 
seen in up to 90% of patients with EAC and 40% of patients 
with BM but not in matching normal esophageal tissues. 
Moreover, hypermethylated  APC  DNA was detected in the 
plasma of 25% of EAC patients and were associated with 
reduced patient survival. 60   APC  promoter methylation in BM 
is associated with inactivation of the  APC  gene and increase 
the risk of malignant progression. 61  ,   62  Downregulation of the 
Wnt inhibitory factor-1 ( WIF-1 ) correlated with promoter 
hypermethylation. EAC tissue samples showed higher levels 
of  WIF-1  methylation compared to normal epithelium, and 
BM samples from patients with EAC show more  WIF-1  
hypermethylation than samples from patients without EAC. 63  

 Glutathione peroxidase-3 (GPx3) is a secretory protein 
with potent extracellular antioxidant activity. Consistently 
reduced levels of GPx3 mRNA is seen in 91% of EAC.  GPx3  
promoter hypermethylation was detected in 62% of Barrett’s 
metaplasia, 82% of dysplasia, and 88% of EAC, and hyper-
methylation of both alleles of  GPx3  is found most frequently 
in EAC. 64  

  P16 ,  RUNX3 , and  HPP1  displayed increasing methyla-
tion frequencies in BM, and the increase in methylation 
occurred early at the interface between BM and LGD. 
Hypermethylation of  p16 ,  RUNX3 , and  HPP1  is indepen-
dently associated with an increased risk of progression to 
HGD or EAC. 65  

  Reprimo , a candidate tumor-suppressor gene, regulates 
p53-mediated cell cycle arrest at G2 phase. In BM, HGD, 
and EAC, the level and frequency of  Reprimo  methylation 
were signi fi cantly higher than in normal esophagus.  Reprimo  
methylation was not detected in samples from normal 
squamous esophageal mucosa, but was present in 36% of 
BM, 64% of HGD, and 63% of EAC, suggesting that this 
epigenetic alteration is an early event in the neoplastic pro-
cess in BM. 66  

 Downregulation of Smad4 in BM occurs due to several 
different mechanisms, including methylation, deletion, and 
protein modi fi cation. 67  Methylation of the suppressors of 
cytokine signaling ( SOCS )  SOCS-3  and  SOCS-1  was not 
seen in re fl ux esophagitis. However,  SOCS-3  methylation 
occurred in 13% of BM without dysplasia and hypermethy-
lated  SOCS-3  promoter was found in 74% of EAC, 69% of 
HGD, and 22% of LGD. 68  Hypermethylation of the proapop-
totic death-associated protein kinase  DAPK  promoter was 
detected in 20% of normal esophageal mucosa, 50% of 
BM, 53% of BM with dysplasia, and 60% of EAC, and 
resulted in a marked decrease in DAPK protein expression, 
which in turn was associated with increased depth of tumor 
invasion and advanced tumor stages. The severity of re fl ux 
esophagitis correlated signi fi cantly with the hypermethyla-
tion rate of the  DAPK  promoter. 69  Hypermethylation of the 
DNA repair protein O6-methylguanine methyl transferase 
( MGMT ) was detected in 78.9% of EAC, 100% of BM with 
dysplasia, 88.9% of BM without dysplasia, and 21.4% of 
normal esophageal mucosa, and correlated signi fi cantly 
with downregulation of  MGMT  transcripts and protein 
expression. 70   

    MYC  

 Using in situ hybridization with biotinylated probes, and a 
small sample of patients with BM, Abdelatif and coworkers 
found enhanced  c-myc  expression in all grades of dysplasia 
and carcinoma. 71  A larger study in which  c-myc  was quanti-
tated by PCR and Southern blot analysis showed  c-myc  gene 
to be ampli fi ed in only 4.6% of EAC. 38  Others have reported 
that the chromosome containing  c-myc  (8q24) was ampli fi ed 
in 37% of EAC. 50  c-myc protein expression was also deter-
mined by immunohistochemical analysis and assessed using 
the Immunoreactive Scoring System (IRS). Overexpression 
of  c-myc  was found in 9.6% of normal esophageal tissue, 
37.2% of BM without dysplasia, 45.5% of BM with dyspla-
sia, and 73% of EAC. 72   

    RAS  and  RAF  

 EGFR signaling is in part mediated by the Raf/MEK/ERK 
(MAPK) kinase pathway, which may be activated as an 
early event in the development of EAC by RAS or BRAF 
activation. Abdelatif and coworkers found  H-ras  to be con-
sistently expressed in HGD and EAC but not in low-grade 
dysplasia, 71  and, in another study, high levels of H-ras 
mRNA were found in 40% EAC and one Barrett’s speci-
men. 73   KRAS  ampli fi cation was found in just 10% of EAC. 38  
Point mutations in  K-ras /codon 12 were found rarely in 
BM without dysplasia (0.4%) and in roughly 4% of BM 
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with dysplasia and 35% of EAC;  K-ras /codon 13 mutation 
(GGCgly → GACasp) was not observed. 74  

 Sommerer et al reported  KRAS2  mutations in 21% of 
EAC and 11% of HGD, but not in LGD or normal gastric or 
esophageal mucosa, while  BRAF  activating mutations were 
rare. 39   

    CDKN2 (p16)  

 The  CDKN2  gene, located on chromosome 9p21, that encodes 
the p16 inhibitor of cyclinD/Cdk4 complexes is a target of 
allelic loss and inactivation in a variety of human cancers and 
cell lines. 9p21 allelic losses and  CDKN2  mutations develop 
as early lesions in diploid cells before aneuploidy and cancer 
during neoplastic progression in BM. 75  Evidence from cell 
culture experiments suggests that NADPH oxidase NOX5-S, 
which mediates acid-induced H 

2
 O 

2
  production and oxidative 

DNA damage, is involved in acid-induced hypermethylation 
of p16 gene promoter and downregulation of p16 mRNA. 5  A 
study of biopsies from 304 patients with BM revealed a muta-
tion spectrum consistent with that caused by oxidative dam-
age and chronic in fl ammation. 76  

 Loss of heterozygosity (LOH) of 9p21, which contains the 
p16INK4a tumor suppressor gene locus, is one of the most 
frequent genetic abnormalities in human neoplasia, including 
esophageal EAC. Only a minority of EAC with 9p21 LOH 
has a somatic mutation in the remaining p16 allele, and none 
have been found to have homozygous deletions. Promoter 
hypermethylation with LOH was found to be a common 
mechanism for inactivation of p16 in the pathogenesis of 
EAC. 77  ,  78  P16 promoter hypermethylation was detected in 3% 
of BM without dysplasia, 60% of BM inde fi nite for dyspla-
sia, 56% LGD, and 75% of HGD. 79  However, others found 
p16 promoter hypermethylation in 66% of BM without dys-
plasia, 47% of IND/LGD, and 81% of HGD and any  p16  
abnormality (9pLOH, p16 mutation, and hypermethylation) 
in 88% of BM without dysplasia, 87% of IND/LGD, and 
86% of HGD. These  fi ndings led to the conclusion that BM 
contains genetic and/or epigenetic  p16  lesions and has the 
ability to undergo clonal expansion, creating a  fi eld in which 
other abnormalities can arise that can lead to EAC. 80  Maley 
and colleagues further expanded on this and proposed that 
 p16  loss of heterozygosity, promoter methylation, and 
sequence mutations have strong, independent, advantageous 
effects on BM early in progression. Second lesions in  p16  
and  p53  are associated with later selective sweeps. They 
hypothesize that virtually all of the other lesion expansions, 
including microsatellite shifts, could be explained as hitch-
hikers on  p16  lesion clonal expansions. 81  However, by study-
ing clonality at the crypt level, Leedham and colleagues 
dispute this hypothesis. They showed that BM heterogeneity 
arises from multiple independent clones. 82   

    TP53  

 Specimens of BM from separate sites were found to have 
identical  p53  mutations suggesting a clonal origin, however, 
cancers arising in mutant epithelium may not have similar 
mutations to those found in the BM. 83  Both 17p allelic dele-
tions and p53 protein overexpression are frequently involved 
in carcinogenesis in BM, 84  and  p53  gene mutations and p53 
protein immunostaining were shown to be present in a major-
ity of Barrett’s adenocarcinomas. 85  

 Overexpression of p53 was found in 5% of BM negative 
for dysplasia, 15% of inde fi nite for dysplasia (IND)/LGD, 
45% of HGD, and 53% EAC by  fl ow cytometry. 86  Similarly, 
studies utilizing immunohistochemistry (IHC) on formalin 
 fi xed and paraf fi n embedded biopsy tissue found p53 protein 
accumulation (positive staining) in 0% of BM negative for 
dysplasia, 9% of IND/LGD, 55% of HGD, and 87% of 
EAC. 87  In a retrospective analysis of 24 patients with follow-
up biopsies, two patients who showed low-grade dysplasia 
and who were positive for p53 on biopsy showed high-grade 
dysplasia in follow-up biopsies which led the authors to 
hypothesize that positive immunostaining for p53 may be an 
objective marker of neoplastic progression in BM. 87  Later, it 
was shown that p53 protein accumulation as detected by 
immunohistochemistry is more speci fi c and has better pre-
dictive value for subsequent development of HGD/EAC than 
histologic diagnosis of LGD. 88  ,  89  Allelic losses at 17p and 
 p53  mutations were also shown to precede the development 
of high-grade dysplasia, aneuploidy, and EAC. 90  ,  91  

 Although  p53  mutations in exons 5–8 were detected in 
53% of EAC and p53 accumulation was observed in a simi-
lar percentage (57%) of these,  p53  gene mutation and p53 
protein accumulation had a signi fi cant discordance. 92  In 
another study, all samples containing  p53  mutations dis-
played p53 protein accumulation; however, in the majority of 
cases, p53 protein accumulation was not associated with 
mutations. Gene expression analysis found no differences in 
p53 and mdm-2 transcription levels between the cases with 
and without p53 protein accumulation. 93  Based on these and 
similar reports, it appears that  p53  gene mutations are not the 
primary cause of protein accumulation and positive immu-
nostaining for p53. 

 There is a highly signi fi cant association between nitroty-
rosine (NTS), a stable reaction product of nitric oxide (NO) 
re fl ecting chronic NO-induced cellular protein damage, and 
endogenous p53 mutations at CpG dinucleotides. This sug-
gests that an active in fl ammatory process, most likely a con-
sequence of GERD, underlies molecular progression to 
EAC. 94  It has been previously postulated that in BM gastroe-
sophageal re fl ux causes oxidative DNA damage which leads 
to cell cycle arrest at the G0G1 or G2M phases of the cell 
cycle to enable repair of damaged DNA. In some cases this 
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would be followed sequentially by p53 gene mutation and 
protein accumulation, DNA aneuploidy, HGD, and EAC. 95  
Failure of acid suppression therapy (AST) to alter malignant 
progression in BM may be due, at least in part, to defects in 
DNA repair and cell cycle control resulting from p53 gene 
mutation, present before the initiation of AST. Therefore, 
although AST may be effective in preventing further DNA 
damage, it is unlikely to alter progression in genetically 
unstable cells. 8   

   DNA Ploidy Abnormalities 

 Patients with dysplasia or adenocarcinoma had evidence of 
genomic instability (aneuploidy) or abnormalities of mucosal 
proliferation by  fl ow cytometry, even when the dysplasia was 
focal or dif fi cult to recognize histologically. 96  The percent-
age of biopsies with an aneuploid DNA content, and the 
mean S and G2M fraction threshold values, increased with 
the histologic grade of dysplasia. Aneuploidy or G2M frac-
tion greater than 6% was the best discriminating criteria 
between those two distinct groups of patients. All patients 
with high-grade dysplasia or cancer had aneuploid cell popu-
lations or increased G2M fraction, none of the patients whose 
biopsies were negative for dysplasia had evidence of genomic 
instability or increased G2M fraction, however,  fl ow cyto-
metric abnormalities were found in 40% of patients with 
biopsies IND or LGD. 97  Nine of 13 patients who showed 
aneuploid or increased G2/tetraploid populations in their ini-
tial  fl ow-cytometric analysis developed HGD or EAC during 
follow-up but none of the 49 patients without these abnor-
malities progressed. 98  A similar predictive value could be 
obtained from  fl ow cytometry performed on formalin- fi xed 
and paraf fi n-embedded biopsies of BM. 99  ,  100  In situ hybrid-
ization on BM cells with and without dysplasia and EAC 
showed that genetic instability arises well before dysplasia in 
BM, with chromosome 4 and 8 hyperploidy representing the 
earliest and most common alterations. 51   

   Multiple Molecular Abnormalities 

 In addition to the many studies reporting on the signi fi cance 
of single molecular abnormalities in the development of BM 
or dysplasia and EAC in BM, there are a few studies that 
examined the clinical signi fi cance of two or more combined 
molecular changes. 

 In one study, the sizes of clones with p53 loss of heterozy-
gosity or ploidy abnormalities was found to predict progres-
sion to EAC better than the mere presence of such clones, 
and the combination of clonal expansion and genetic insta-
bility was a better predictor of cancer outcome than either 

alone. 101  In another study, ten-year cumulative incidence of 
EAC in patients with BM who had no baseline abnormality 
was 12%, but was as high as 79% in patients with baseline 
17p LOH, DNA content abnormalities, and 9p LOH. 102  The 
panel of abnormalities that includes 17p LOH, DNA content 
tetraploidy and aneuploidy, and 9p LOH was found to be the 
best predictor of progression to EAC. 102  

 Hypermethylation of both  p16  and  APC  was a strong pre-
dictor of subsequent progression to HGD or EAC. 103  Others 
have proposed that promoter methylation levels of a panel of 
eight genes ( p16 ,  HPP1 ,  RUNX3 ,  CDH13 ,  TAC1 ,  NELL1 , 
 AKAP12 , and  SST ) could be of value in predicting neoplastic 
progression in BM. 104   

   MicroRNAs 

 Several microRNAS (miRNAs) were found to be downregu-
lated or upregulated during different stages of malignant pro-
gression in BM; some of these were found to be particularly 
involved in progression from low-grade dysplasia to cancer, 
and some were shown to act as oncogenes by mainly sup-
pressing the activity of known tumor suppressor genes. 105   

   Concluding Remarks 

 Several molecular changes are present at the same time at 
any point during progression from normal squamous epithe-
lium, re fl ux esophagitis, BM without dysplasia, and BM with 
dysplasia and EAC. The clinical signi fi cance of most of the 
molecular changes reported in the literature is still unknown 
because most studies are retrospective and look at snapshots 
of different stages of the disease with no follow up. Because 
of this, the exact sequence of the many molecular changes 
during malignant progression in BM remains unknown or 
speculative at this point. 

 Unfortunately, and perhaps for the lack of better alterna-
tive, the vast majority of studies look at molecular changes in 
BM in relation to the degree of dysplasia, which is a moving 
target with high inter and intra-observer variability. This is 
responsible, at least in part, for some of the differences in 
molecular changes reported by different investigators. Of 
equal importance is that the vast majority of studies do not 
take the of antire fl ux treatment on molecular changes or dis-
ease progression into account. For example, several studies 
(some mentioned above) showed that exposure of the esoph-
ageal epithelium, whether squamous or BM, to acid, bile, or 
both induces molecular changes in the epithelial cells, and it 
is therefore likely that the extent of these changes varies 
between individuals with GERD as the treatment and its 
effectiveness varies.      
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         Introduction 

 Esophageal cancer is the eighth most common cancer in the 
world and ranks sixth as a cause of cancer mortality. 1  ,  2  An 
estimated 482,300 new esophageal cancer cases and 406,800 
deaths occurred worldwide in 2008. Esophageal cancer usu-
ally occurs as either esophageal squamous cell carcinoma 
(ESCC) in the middle or upper one-third of the esophagus or 
as esophageal adenocarcinoma (EAC) in the lower one-third 
or at the junction of the esophagus and stomach. 1  ,  2  ESCC is 
the predominant type of esophageal malignancy in the world, 
although adenocarcinomas are more prevalent in the USA 
and other western countries. 3  ,  4  Worldwide, more than 90% of 
esophageal cancers are ESCC. 5  ESCC develops through a 
progressive sequence from mild to severe dysplasia, carci-
noma in situ, and  fi nally invasive cancer 5  –  7     (Fig.  4.1 ). The 
principal precursor of ESCC is epithelial dysplasia, charac-
terized by accumulation of atypical cells with nuclear hyper-
chromasia, abnormally clumped chromatin, and loss of 
polarity. 6  ,  7  Because most esophageal cancer patients have 
advanced metastatic cancers at the time of diagnosis, only 1 
in 5 esophageal cancer patients survive more than 3 years 
after initial diagnosis. 8  ,  9    

   Epidemiology of Esophageal Squamous Cell 
Carcinoma 

 The incidence of ESCC shows marked variation in its geo-
graphic distribution with the highest rates found in southern 
and eastern Africa and eastern Asia and the lowest rates 

observed in western and middle Africa and Central 
America. 2  ,  5  ,  10  –  13  The highest risk area, stretching from north-
ern Iran through the central Asian republics to North-Central 
China is often referred to as the “esophageal cancer belt”. 14  ,  15  
Areas located in the southern parts of the Taihang moun-
tains on the borders of Henan, Shansi, and Hopei provinces 
have amongst the highest incidence and mortality rates for 
ESCC worldwide. 16  The major risk factors for ESCC within 
these regions are not well understood, but are thought to 
include poor nutritional status and drinking beverages at 
higher temperatures. 17  –  19  In the USA and other developed 
countries, smoking and excessive alcohol consumption are 
responsible for approximately 90% of ESCC. 3  Obesity and 
chronic gastro-esophageal re fl ux disease (GERD), which 
triggers Barrett’s esophagus, are thought to be the risk fac-
tors for EAC but not ESCC in the USA and other Western 
countries. 3  ,  4   

   Risk Factors 

 Many factors have been investigated in relation to esopha-
geal squamous cell carcinoma. These factors include habits 
(consumption of alcohol and tobacco), nutritional de fi ciencies 
(low intake of fresh fruits and vegetables), infections ( H . 
 pylori , HPV), predisposing conditions (achalasia, tylosis, 
poor oral health) and low socioeconomic status (Table  4.1 ).   

   Habits 

   Tobacco Smoke 

 Cigarette smoke is a contributing factor in the development 
of several cancers including ESCC. 15  ,  20  –  24  Numerous studies 
indicate a 3–6-fold increase in the risk of ESCC among cur-
rent smokers. 25  –  29  Smoking cigars or pipes confers a risk 
similar to cigarette smoke. 25  Chewing betel quid, which often 
includes tobacco, a common practice in south and south-east 
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Asia, can also cause ESCC as determined by the International 
Agency for Research on Cancer (IARC). 30  Cigarette smoke 
contains more than 2,550 known compounds; greater than 60 
have been evaluated by the IARC to be carcinogenic to 
humans and/or experimental animals. 15  ,  20  –  24  ,  31  –  34  Among these 
carcinogens, exposure to polyaromatic hydrocarbons (PAHs) 

such as benzo-a-pyrene and  N -nitrosamine are  considered to 
be the most signi fi cant. 33  ,  34  A strong association between a 
variety of smoking-induced cancers and these carcinogens 
exists. 35  The mechanisms underlying their roles in carcino-
genesis are believed to be induction of DNA adducts, gene 
methylation and mutation, and chromosomal translocation in 
target organs. 20  ,  22  ,  36  

 Benzo-a-pyrene undergoes metabolic transformation to 
electrophilic intermediates like benzo-a-pyrene diol epoxide 
(BPDE) that react with cellular macromolecules forming 
DNA adducts (carcinogen metabolites covalently bound to 
DNA usually at guanine or adenosine residues). 20  ,  37  ,  38  Several 
studies indicate a permanent mutation in the DNA if DNA 
adducts escape cellular repair mechanisms. 20  ,  38  ,  39  Cells with 
damaged DNA may be removed by apoptosis. 40  If a perma-
nent mutation occurs in a critical region, an oncogene may 
be activated or a tumor suppressor gene deactivated, leading 
to aberrant cells with loss of normal growth control and 
migration ultimately leading to cancer. 20  ,  38  ,  39  Several studies 
have reported a direct association between benzo-a-pyrene 
exposure and mutations in the  K - RAS  and  p53  genes. 41  ,  42  The 
major adduct of benzo-a-pyrene produces a G-to-T transver-
sion 43 ; the frequency of this transversion is signi fi cantly 
higher in smokers than nonsmokers. 35  Methylated CpG dinu-
cleotides are the preferred sites for G-to-T transversion and 
the striking sequence speci fi city of BPDE for producing 
G-to-T transversion at methylated CpG sequences is similar 
to the distribution of G-to-T transversion hotspots in cancer 
patients. 35  ,  41  ,  44   

   Alcohol Consumption 

 Like tobacco use, alcohol consumption is a major risk factor 
for esophageal squamous cell carcinoma. 21  ,  23  Chronic and 
excessive consumption of alcohol can impair the body’s 
biochemical metabolism and alter gene expression in target 

  Fig. 4.1    Progression of normal esophageal squamous mucosa to high-
grade squamous dysplasia and invasive squamous cell carcinoma 
(Hematoxylin and Eosin stains). In normal squamous epithelium, the 
cells mature towards the surface where squamous cells show abundant 
cytoplasm and small nuclei. In high-grade squamous dysplasia, the epi-
thelial cells show atypical features with increased nuclear to cytoplas-
mic ratios and loss of the normal maturation pattern towards the surface. 
However, the epithelial cells remain contained within the epithelial 
basement membrane. Invasive squamous cell carcinomas are character-
ized by irregularly shaped islands of tumor cells with increased cyto-
logic atypia and invading into the adjacent tissues. Photomicrograph 
courtesy of Dr. Antonia Sepulveda       

   Table 4.1    Risk factors for esophageal squamous cell carcinoma   

  Habits  
 Tobacco use 
 Alcohol consumption 
  Predisposing conditions  
 Achalasia 
 Tylosis 
  Infectious agents  
  Helicobacter pylori  
 Human papilloma virus (HPV) 
  Other  
 Low intake of fruits and vegetables 
 Dietary zinc de fi ciency 
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tissues. 45  When used in excessive amounts (3 or more drinks 
per day), alcohol has almost universally been associated with 
an elevated risk of ESCC. 27  ,  46  –  48  While there appears to be no 
association between alcohol intake and ESCC risk at levels 
below 170 g/week, 49  above this threshold, a 3% increase in 
ESCC risk is observed for each additional 10 g/week of alco-
hol intake. In the human body, ethanol is metabolized by 
alcohol dehydrogenase resulting in the generation of acetal-
dehyde which is further metabolized to acetate by aldehyde 
dehydrogenase. Acetaldehyde is toxic and carcinogenic, 
inducing gene mutations and inhibiting retinoic acid biosyn-
thesis. 45  ,  50  ,  51  In turn, reduced retinoic acid levels in the cells 
alter gene expression leading to reduced RAR- b  

2
  (retinoic 

acid receptor) expression and increased expression of EGFR, 
Erk 1/2, AP-1, COX-2. 52  ,  53  

 The joint effect of tobacco smoking and alcohol consump-
tion on ESCC is synergistic rather than additive. 54  –  57  Active 
smoking plus ethanol challenge results in a sevenfold higher 
level of salivary acetaldehyde than that in nonsmokers. 58  A 
classic animal experiment revealed that alcohol acted as a 
solvent to increase the transportation of benzo-a-pyrene to 
the esophageal mucosa. 59    

   Predisposing Conditions 

   Achalasia 

 Achalasia is a motility disorder of the esophagus character-
ized by aperistalsis in the distal esophagus from loss of LES 
(lower esophageal sphincter) relaxation. This condition leads 
to stasis in the esophagus, resulting in increased fermenta-
tion of food and a higher risk for esophageal cancer. 60  ESCC 
is found in 3–7% of achalasia patients, 61  a rate signi fi cantly 
higher than rates in the normal population. 62  –  65  For example, 
a long-term study from Sweden shows a tenfold increased 
risk of both ESCC and EAC in achalasia patients when com-
pared to the rest of the population. 65   

   Tylosis 

 Tylosis, a rare autosomal dominant disease characterized by 
hyperkeratosis of the squamous epithelia of the esophagus, 
palms of the hand, and soles of the feet, is associated with 
ESCC. 66  The early dermatologic manifestation usually begins 
between 7 and 8 years of age, and approximately 50% of 
patients will develop ESCC by the age of 45 and 95% by the 
age of 65. 67  ,  68  Two types of tylosis have been identi fi ed: late-
onset (type A) tylosis that is associated with high incidence 
of ESCC; and early-onset (type B) tylosis, which appears to 

be benign. 69  Using linkage analysis, the tylosis-esophageal 
cancer gene locus has been mapped to 17q25. 70    

   Infectious Agents 

    Helicobacter pylori  

  H .  pylori  infection is a known cause of gastric adenocarci-
noma and is associated with EAC. 4  However, no consistent 
association is observed between  H .  pylori  and ESCC. Some 
studies have reported a twofold increased risk of ESCC with 
colonization of  H .  pylori  in the stomach, while others have 
found no association or even reduced risk with  H. pylori  
colonization. 71  ,  72   

   Human Papilloma Virus 

 Human papilloma virus (HPV) plays an important role in the 
etiology of epithelial cancers of the cervix, vulva, anus, 
penis, and oropharyngeal cavity. 73  ,  74  However, despite 
numerous studies, the role of HPV in the etiology of ESCC 
remains controversial. 73  While many studies have found no 
evidence of HPV in esophageal tumors, 75  –  81  others have 
found HPV in up to 75% of cancers. 82  The inconsistency of 
these results could be differences in the study design, geo-
graphic variation, or lack of appropriate adjustment for 
tobacco use and alcohol consumption. Because of these 
con fl icting results, the IARC concluded that “there is inad-
equate evidence in humans for carcinogenicity of HPV in 
the esophagus”. 73    

   Other 

   Low Intake of Fruits and Vegetables 

 A low intake of fruits and vegetables has long been consid-
ered a possible risk factor for ESCC, and a majority of stud-
ies conducted worldwide have found inverse associations 
between intake of fruits (especially citrus fruits) and the risk 
of developing esophageal cancer. Recently new cohort stud-
ies, carried out in Europe and the USA, have provided addi-
tional support for a protective association of both fruit and 
vegetable intake with esophageal cancer. 83  –  85  By analyzing 
the evidence from various studies, the World Cancer Research 
Fund–American Institute for Cancer Research (WCRF–
AICR) concluded that the high intake of fruits and vegetables 
probably decreases esophageal cancer risk by approximately 
20% per 50 g of fruit or vegetable intake per day. 86  ,  87   
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   Dietary Zinc De fi ciency 

 Dietary zinc de fi ciency is typically found in those who con-
sume relatively little meat and large quantities of whole 
grain. 88  This dietary pattern is seen in regions with high rates 
of ESCC, such as Linzhou, China, which has one of the high-
est rates in the world with more than 100 cases per 100,000 
people annually. 89  Studies of endoscopic biopsy samples 
demonstrate an inverse relationship between esophageal tis-
sue zinc concentration and ESCC. 90    

   Molecular Alterations in Esophageal 
Squamous Cell Carcinoma 

 Numerous molecular alterations are associated with the 
development of ESCC such as altered expression of  p53 , 
 p16 ,  cyclin D1 ,  EGFR ,  E - cadherin ,  p27 ,  p21 , and others. 5  ,  36  ,  
 91  –  95  These changes in gene expression are often correlated 
with known risk factors in esophageal cancer. In this section, 
we discuss common genetic and epigenetic alterations in 
ESCC (see Table  4.2 ) and their role in the development of 
ESCC in more detail.  

   p53 

 The tumor suppressor p53 maintains genetic stability and 
DNA repair capacity. 96  ,  97  p53 promotes cell cycle arrest 
through induction of  p21  WAF1  98   and induces apoptosis by 
downregulating  bcl - 2  and upregulating  Bax.  99  ,  100  Wild-type 
p53 protein plays a crucial role in cell proliferation by arrest-
ing the cell cycle in G 

1
  phase, regulating apoptosis, and sup-

pressing angiogenesis. 101  However, the function of p53 is 
lost through mutations, as well as by other factors, including 
overexpression of MDM2 (murine double minute gene 2), 
which results in increased degradation of p53 or inactivation 
of p14 ARF , leading to inhibition of cell cycle arrest, DNA 
repair, and apoptosis. 102   p53  gene mutations, frequently 
as point mutations, have been reported in over half of all 
human cancers 96  and appear to occur at an early stage during 

esophageal squamous cell carcinogenesis and correlate with 
tumor progression. 101  ,  103  ,  104  The reported frequency of  p53  
gene mutation in esophageal cancer varies widely from 17% 
to 84%, 105  –  113  perhaps due to differences in the analytical 
methods that have been used. 31  ,  101  Dietary carcinogens and 
habits such as alcohol and tobacco appear to promote  p53  
mutations in ESCC, particularly in studies of high risk areas 
such as China, Southern Brazil, and Taiwan. 96  ,  101  ,  108  ,  114  ,  115  
The mutational spectrum of  p53  in esophageal and lung can-
cers is consistent with the mutation pattern induced by cer-
tain polyaromatic hydrocarbons such as benzo-a-pyrene in 
cigarette smoke. 35  ,  44  ,  116  For example, 40–50% of  p53  gene 
mutations in Japanese individuals with ESCC are G-to-T 
transversions, a phenomenon associated with DNA adduct 
formation by benzo-a-pyrene. 101  ,  117  Among 48  p53  muta-
tions identi fi ed in surgically resected ESCC in Japan 
between 1995 and 2005 (Table  4.3 ), transversions are found 
in 24 (50%), followed by transitions in 14 (29.2%), and 
frameshifts in 10 (20.8%); similar results are seen in addi-
tional studies from China. 108  ,  113  Taken together, these data 
suggest that  p53  mutation, perhaps as a result of environ-
mental factors, plays a critical role in the multistep process 
of ESCC.   

   p16 

  p16 , a tumor suppressor gene located at chromosome 9p21, 
inhibits the cyclin-dependent kinases Cdk 4 and 6 that bind to 
cyclin D1 and downregulate the pRb pathway, thereby block-
ing cell cycle progression from G 

1
  to S phase. 118  Inactivation 

of  p16  in human cancers is a frequent event and is associated 
with homozygous deletion, genetic mutation, or aberrant 
DNA methylation. 119  –  121  Loss of the  p16  gene and decreased 
protein expression occur in the early stage of esophageal car-
cinogenesis, either by promoter methylation or loss of 
heterozygosity. 5  ,  36  ,  122  Interestingly,  p16  promoter hypermeth-
ylation seems to occur more frequently in heavy drinkers and 
smokers. 123  While the impact of p16 on patient prognosis is 
unclear, loss of  p16  expression could result in poor pro gnosis 
by inactivation of pRb, 124  and hypermethylation of CpG 
islands on  p16  may then be a useful biological marker.  

   Table 4.2    Molecular alterations prevalent in esophageal squamous cell carcinoma   

 Gene  Chromosome location  Alteration  References    

  p53   17p13.1  Mutation  Mathew et al 254  
  MDM2   12q14.3  Ampli fi cation  Shibagaki et al 255  
  p21   6p21.2  Polymorphism  Bahl et al 256  
  p16   9p21  Hypermethylation  Nie et al 257  
  Cyclin D1   11q13  Ampli fi cation  Kuwano et al 132 , Xu et al 22  
  EGFR   4q25  Ampli fi cation  Kuwano et al 132  
  E - cadherin   16q22.1  Loss of heterozygosity, promoter methylation  Berx et al 187 , Si et al 188  
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   cyclin D1 

 Cyclin D1 is the protein product of the  CCND1  gene located 
on chromosome 11q13 and controls cell cycle progression 
through the G 

1
 –S checkpoint. 125  Cyclin D1 enhances esopha-

geal squamous cell transformation, 126  and overexpression of 
cyclin D1 is a common feature of esophageal carcinogenesis, 
including dysplasia and early cancers, with 23–73% of human 
ESCC tumor samples exhibiting overexpression of cyclin 
D1. 127  –  132  Increased levels of cyclin D1 result from ampli fi cation 
at 11q13, which is observed in several cancers including 
ESCC. 127  –  131  ,  133  ,  134  Cyclin D1 overexpression and gene 
ampli fi cation appear to predict poor prognosis in human ESCC 
patients. 124  ,  131  ,  135  –  137  A causal relationship between carcinogens 
found in tobacco smoke and upregulation of  cyclin D1  has 
been reported in both lung cancer and ESCC, 132  and cigarette 
smoke extract stimulates cell proliferation and upregulates 
cyclin D1 expression in various human ESCC cell lines. 138   

   EGFR 

 Epidermal derived growth factor (EGFR), a tyrosine kinase 
receptor, plays an important role in regulating cell growth 
and tumorigenesis. Binding of ligands such as epidermal 
growth factor (EGF) to EGFR triggers a cascade of phospho-
rylation events in the cytoplasm leading to the activation of 
downstream targets such as MAPK (mitogen-activated pro-
tein kinase) and AP-1 (activator protein 1), nuclear translo-
cation of ERK1/2, and expression of genes like  JUN ,  FOS , 
and  COX2.  139  The net effect is generally induction of cell 
proliferation, and upregulation of EGFR has been reported in 
premalignant lesions and ESCC. 5  ,  36  ,  91  ,  94  ,  95  Ampli fi cation of 
 EGFR  is a major mechanism of upregulation and is corre-
lated with the depth of invasion of the tumor, lymph node 
metastases, and unfavorable prognosis. 140  ,  141  Mutations in 
 EGFR  exist but are rare. 142   

   MAPK Signaling 

 Mitogen-activated protein kinases (MAPK) are crucial 
 components of signaling cascades that regulate numerous 
physiological processes in normal tissues and during patho-
genesis. 143  There are three major subfamilies of MAPK, the 
classical extracellular signal-regulated kinases (ERK) and 
two types of stress-activated MAPK, the c-Jun N-terminal or 
stress-activated protein kinases (JNK/SAPK) and p38/
MAPK14. 144  ,  145  The classical MAPK pathway involves a cat-
alytic series of events triggered by RAS and RAF activation 
and is important for cell proliferation. 146  Many cancer-associ-
ated mutations are found in  RAS  and the serine–threonine 
kinase  BRAF,  147  ,  148  and activation of the ERK–MAPK path-
way is involved in the progression of various cancers. 149  
Mutations in  KRAS  have been reported in various tumors 
including colon and lung cancers, 150  with approximately 50% 
of colon cancers containing  KRAS  mutations. 151  Moreover, 
mutation of  KRAS  is an early event in tumor development. 152  
Mutations in  BRAF  are associated with increased kinase 
activity and may result in constitutive  KRAS  and ERK activa-
tion. 153  MAPK is a key downstream mediator of EGFR acti-
vation in ESCC, 154  and pharmacologic inhibition of MAPK 
signaling results in decreased cell proliferation. 154  ,  155   

   TGF- b  Signaling 

 Transforming growth factor (TGF- b ; TGFB) is a multipotent 
cytokine that plays an important role in the regulation of 
apoptosis, differentiation, and cell growth. 156  TGFB is typi-
cally anti-in fl ammatory with a suppressive effect on carcino-
genesis under normal conditions. However, many cancers 
originate from uncontrolled cell growth and differentiation 
through dysregulation of TGFB signaling. 156  Resistance to 
TGFB-induced growth inhibition is found in many tumor 
cells, 157  and, once cellular transformation has occurred, 
TGFB may promote tumor invasion and metastasis and 
inhibit immune surveillance. 158  Altered expression of the 
TGFB mediators SMAD2 and SMAD4 is correlated with 
tumor progression and poor prognosis in ESCC, 159  –  162  and, in 
patients with ESCC, high expression of SMURF2 (a ubiq-
uitin ligase targeting SMAD7 163  )  is correlated with ESCC 
development and poor prognosis. 161   

   Retinoic acid and Retinoic Acid Receptors 

 Retinoids, a group of synthetic vitamin A analogs, can mod-
ulate cell growth and differentiation by binding to speci fi c 
nuclear retinoioic acid receptors (RAR), members of the ste-
roid hormone receptor superfamily. 164  RAR are ligand-acti-
vated DNA-binding proteins that modulate gene transcription 
and are divided into 3 subtypes,  a ,  b , and  g . 165  Retinoic acid 

   Table 4.3    The mutation spectrum of p53 in ESCC in Japan (adapted 
from Egashira et al 101  )    

 Type of mutation  Occurrence  n  (%age) 

 Transition  14 (29.2%) 
 G:C → A:T  11 (23%) 
 A:T → G:C  3 (6.3%) 
 Transversion  24 (50%) 
 G:C → T:AG:C → C:G  12 (25%) 
 A:T → T:A  3 (6.3%) 
 A:T → C:G  5 (10.4%) 

 4 (8.3%) 
 Frameshift     10 (20.8%) 

Deletion  7 (14.6%) 
Insertion  3 (6.3%) 
 Total  48 (100%) 
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(RA) is growth inhibitory in ESCC cells, and RAR- b  is lost 
early and progressively during esophageal squamous cell 
carcinogenesis. 53  ,  166  –  170  Thus many esophageal, lung, and 
breast cancer cell lines that do not express RAR- b  are resis-
tant to retinoid treatment, 53  and restoration of RAR- b  

2
  sup-

presses ESCC growth, induces apoptosis, and inhibits tumor 
formation. 52  ,  139  ,  171  In addition,  RAR -  b   

 2 
  is methylated in human 

cancers, leading to the suggestion that it functions as a tumor 
suppressor. 53  However, the function of RAR- b  is complex, 
since reduced  RAR -  b   

 2 
  expression correlates with increased 

 RAR -  b   
 4 
  expression in ESCC, 172  and induction of  RAR -  b   

 4 
  

enhances growth of cancer cells that do not express  RAR -
  b   

 2. 
  173  While the molecular mechanisms of antitumor effects 

by RA in ESCC are not fully understood, restored sensitivity 
to RA is associated with suppression of  EGFR ,  ERK1 / 2 ,  AP -
 1 , and  COX - 2.  139  Interestingly, the induction of cytochrome 
CYP2E1 by ethanol enhances the degradation of RA which 
in turn increases the expression of  EGFR ,  ERK1 / 2 ,  AP - 1 , 
and  COX - 2.  53   

   Wnt/ b -Catenin Signaling 

 Wnt/ b -catenin signaling plays an important role in normal 
development and stem cell maintenance, whereas its aber-
rant upregulation is involved in tumorigenesis. 174  In the 
absence of the Wnt ligand, a large multicomponent complex 
that includes adenomatous polyposis coli protein (APC), 
axin, casein kinase 1 (CK1), and glycogen synthase kinase 
3 b  (GSK3 b ) facilitates the degradation of  b -catenin, while 
binding of Wnt ligand leads to the accumulation of free 
 b -catenin in the cytoplasm, its nuclear translocation, and 
transcriptional activation of target genes. 175  ,  176  Overexpression 
of Wnt ligands, mutations in APC, and/or stabilizing 
 b -catenin mutations are commonly associated with constitu-
tively upregulated Wnt signaling and tumor develop-
ment. 177  ,  178  While studies of Wnt/ b -catenin signaling in 
ESCC are limited, reduced expression of Axin is seen in 
47% of ESCC tumor specimens and correlates with tumor 
progression. 179  Moreover, Wnt/ b -catenin signaling may be 
activated in ESCC, 180  and alterations in  b -catenin expression 
have been identi fi ed in ESCC. 181  –  183   

   Cadherins and Catenins 

 Cadherins are transmembrane glycoproteins that mediate 
adhesion at intercellular adherens junctions; the intracellular 
regions of cadherins bind to proteins called catenins. 184  
E-cadherin, found mainly in epithelial cells, acts as a media-
tor for intercellular adhesion, cell polarity, and tissue archi-
tecture maintenance, 185  and altered expression and localization 
of E-cadherin is seen in ESCC, with loss or reduced expres-

sion in 43% of patients. 186  Reduction and loss of E-cadherin 
expression by gene mutation, loss of heterozygosity, and 
promoter hypermethylation, interrupt intercellular adhesion 
and correlate with decreased tumor differentiation and 
increased in fi ltration and metastasis. 182  ,  183  ,  187  ,  188  Expression of 
 a -catenin,  g -catenin, and p120-catenin is also dysregulated 
in human ESCC, 183  ,  186  and recently, loss of  p120 -catenin 
resulted in ESCC in mice, establishing  p120  as a tumor sup-
pressor in ESCC. 189   

   Krüppel-Like Factors 

 Members of the  Krüppel -like factor (KLF) family of tran-
scription factors are critical regulators of cell proliferation 
and differentiation during development and tissue homeosta-
sis, as well as in many disease states. 190  ,  191  KLF4, KLF5, and 
KLF6 have all been shown to have functional roles in prolif-
eration, differentiation, and/or squamous cell carcinogenesis 
in the esophagus. 192  –  198  In normal esophageal epithelia, KLF4 
is expressed as cells differentiate, with highest levels in the 
suprabasal layers. 199  ,  200  KLF4 expression is downregulated in 
ESCC, 201  and in ESCC cells, KLF4 promotes apoptosis and 
inhibits invasion and represses transcription of the  survivin  
gene. 194  Interestingly, microRNA-10b promotes migration 
and invasion in ESCC cells by directly downregulating 
 KLF4 . These  fi ndings suggest that  KLF4  may function as a 
tumor suppressor in esophagus, as in stomach and colon. 202  ,  203  
KLF5 is expressed predominantly in the proliferative com-
partments of gastrointestinal epithelia, including in the basal 
layer of the esophagus. 193  ,  204  ,  205  KLF5 promotes proliferation 
and migration in nontransformed esophageal keratino-
cytes, 193  ,  195  ,  196  but in ESCC cells, KLF5 inhibits proliferation 
and invasion and promotes apoptosis. 194  KLF6, which unlike 
KLF4 and KLF5 is ubiquitously expressed, coactivates the 
differentiation marker keratin 4 with KLF4 in esophageal 
epithelial cells. 192   

   microRNAs 

 microRNAs (miRNAs) are small endogenous, noncoding 
RNAs which regulate protein expression by repressing gene 
translation or degrading target mRNAs. 206  ,  207  microRNAs 
function as both oncogenes or tumor suppressor genes and 
are involved in a wide variety of biological and pathological 
processes including cell differentiation, proliferation, apop-
tosis, and metabolism. 208  Aberrant miRNA levels, speci fi cally 
an overall downregulation, are observed in many cancers, 
including ESCC, 209  and the miRNA expression pro fi le of 
ESCC is distinct from that of EAC. For example, miR-194, 
miR-192, and miR-200 are signi fi cantly upregulated in EAC 
but not in ESCC, 210  while miR-342 is aberrantly expressed in 
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ESCC but not EAC. 211  High expression of miR-103, miR-
107, and miR-129 in patients with ESCC is associated with 
poor survival, 210  ,  212  while low expression of miR-21 in ESCC 
patients correlates with a worse prognosis and poor survival 
rate. 213  In addition, expression of  RNASEN , which encodes a 
key miRNA processing enzyme, correlates with poor prog-
nosis of ESCC. 214  The recent discovery of tumor-derived cir-
culating miRNAs suggests the potential utility for miRNAs 
as biomarkers or prognostic markers for ESCC. 215  ,  216    

   Animal Models to Study ESCC 

 Animal models are invaluable to understand the molecular 
pathogenesis of ESCC, from normal to dysplastic states and 
ultimately cancer. ESCC has been modeled in mice and rats 
by treatment with N-nitroso compounds, such as 
N-nitrosomethylbenzylamine (NMBA), or a zinc-de fi cient 
diet; in these models, the presence of  p53  de fi ciency or  cyclin 
D1  overexpression enhances esophageal squamous cell car-
cinogenesis. 217  –  222  The quinoline derivative 4-nitroquinoline-
1-oxide (4-NQO) also causes premalignant and malignant 
squamous lesions of the oral cavity and esophagus, which 
are increased by  cyclin D1  overexpression. 223  ,  224  Recently, 
several genetic animal models of ESCC have emerged that 
recapitulate the human disease process without addition of 
carcinogen. 189  ,  197  ,  198  ,  225   Cyclin D1  overexpression in mice pro-
duces squamous cell dysplasia of the tongue, esophagus, and 
forestomach, 226  and in combination with loss of  p53 , null 
mice produces invasive oral and esophageal squamous cell 
cancer. 225  Esophageal-speci fi c deletion of  KLF4  results in 
squamous cell dysplasia and delayed keratinocyte differen-
tiation. 198  Many risk factors for ESCC produce chronic irrita-
tion, 5  ,  227  and two recent mouse models, with  KLF4  
overexpression or  p120 -catenin deletion, yielded ESCC in 
the context of chronic in fl ammation, implicating microenvi-
ronment and, possibly, disruption of the esophageal epithe-
lial barrier in the development of ESCC. 189  ,  197  In the case of 
 KLF4  overexpression, in fl ammation appears to be mediated 
by I k B and NFKB activation.  

   Prevention of Esophageal Squamous Cell 
Carcinoma 

 The most obvious approach to the prevention of ESCC is 
through changes in lifestyle, especially avoiding alcohol and 
tobacco use, which are the predominant risk factors for 
ESCC in most parts of the world. 5  ,  228  Additional bene fi ts 
may be realized by the elimination of high salt foods that 
may be contaminated with toxins and nitrosamines and the 
increased consumption of fruits and vegetables, especially in 
high risk areas for ESCC. 16  Zinc supplementation also be 

considered, especially in populations at risk for dietary zinc 
de fi ciency, 88  as it has been shown to reduce premalignant and 
malignant lesions in animal models 229  ,  230 ; however, the 
bene fi ts of this zinc supplementation in humans are 
unclear. 231  

 Chemoprevention may have particular relevance in areas 
of the world where exposure to carcinogens is high. An 
important component in the chemoprevention of ESCC is 
that of blocking the progression of premalignant lesions to 
malignant squamous cell carcinoma. 232  Mechanistically, 
chemopreventive agents can be either “blocking” or “sup-
pressing”. 233  Blocking agents act at the initiation stage of car-
cinogenesis to in fl uence the metabolism of carcinogens, 
thereby reducing damage to cellular DNA. Suppressing 
agents act during tumor promotion or progression to alter 
cellular processes such as proliferation, apoptosis, differen-
tiation, and invasion. 16  Dietary administration of ellagic acid, 
a naturally occurring polyphenol, or diallyl sul fi de, a compo-
nent of garlic, inhibits NMBA-mediated ESCC in rats by 
stimulating Phase II detoxifying enzymes. 234  –  237  Curcumin, a 
polyphenol derived from the roots of  Curcumin longa , inhib-
its both the initiation and postinitiation stages of NMBA-
induced esophageal tumorigenesis by reducing cytochrome 
CYP2B1 in the rat esophagus to inhibit NMBA activa-
tion 238  ,  239 ; curcumin also inhibits protein kinase C, EGFR, 
and I k B. 240  Isothiocyanates are an effective group of anti-
initiating agents. 241  ,  242  Phenyl isothiocyanide (PEITC), found 
in many cruciferous vegetables like cauli fl ower, cabbage, 
Brussel sprouts, watercress, is a potent inhibitor of the meta-
bolic activation of nitrosamine carcinogens and DNA methy-
lation both in vitro and in vivo 243 ; dietary administration of 
PEITC can completely inhibit NMBA-induced esophageal 
tumorigenesis in rats. 244  

 Individuals who possess dysplastic lesions that can prog-
ress to ESCC are a major subject population for chemopre-
vention 5  ,  16 ; thus an effective chemopreventive agent for 
human ESCC should possess signi fi cant inhibitory activity 
when administered after tumor initiation. However, few sin-
gle compounds have been found to effectively inhibit promo-
tion and progression stages following NMBA-mediated 
tumorigenesis in rat esophagus. PEITC and EA are highly 
effective anti-initiation agents but have only a modest effect 
on esophageal tumorigenesis when administered postinitia-
tion. 245  ,  246  Decaffeinated green tea and black tea are effective 
after tumor initiation by NMBA but only when given at very 
high concentrations. 247  When given in the diet, the synthetic, 
selective iNOS inhibitor 1,4-phenylene-bis-(1,2-ethanediyl)
bis-isothiourea (PBIT) and the COX2 selective inhibitor 
L-748706 reduce tumor incidence and multiplicity in the rat 
esophagus; L-748706 was effective only when it reduced 
PGE2 levels in preneoplastic esophageal tissues to levels 
found in normal esophagus. 248  Both the COX2 inhibitor 
 JTE-522 and the natural phenol resveratrol also inhibit tumor 
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development in NMBA-treated rat esophagus by reducing 
PGE2 levels. 249  ,  250  CPT-11 (irinotecan hydrochloride), a 
potent anticancer drug for gastric and colorectal cancers, 
exhibits antiprogression effects by reducing cell prolifera-
tion rate in NMBA-exposed squamous epithelium and pre-
neoplastic lesions. 251  Finally, treatment of  cyclin D1  
overexpressing,  p53 -de fi cient mice with a nonsteroidal anti-
in fl ammatory drug sulindac markedly decreased progression 
of esophageal lesions to severe dysplasia. 225   

   Conclusions/Future Directions 

 Esophageal cancer remains an aggressive and lethal disease 
and, despite advances in surgical techniques, radiotherapy 
and chemotherapy, the 5-year survival rate for ESCC has not 
improved substantially in the past several decades. 252  ,  253  
Several preventive approaches can be easily implemented, 
such as lifestyle changes (avoidance of tobacco and alcohol 
use) and improved nutrition (consumption of fresh fruits and 
vegetables, decreased intake of salty foods, and elimination 
of pickled vegetables). The advent of new animal models 
should aid in understanding the molecular mechanisms, 
pathogenesis, prevention, and treatment of ESCC. Still, there 
remains an urgent need to better de fi ne the signaling pathways 
dysregulated in ESCC and to discover novel biomarkers for 
malignant progression and patient prognosis. Identi fi cation 
of additional risk factors for ESCC will provide further 
insights into esophageal cancer development. With the use of 
effective molecular biomarkers, a more  precise risk predic-
tion will be available to detect early and curable lesions, and 
new targeted therapies may then be implemented to reduce 
the incidence and mortality of ESCC.      
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         Introduction 

 Gastric carcinoma (GC) is the most frequent malignancy 
arising in the stomach and represents the fourth most fre-
quent cancer worldwide. 1  ,  2  In the United States, approxi-
mately 21,000 new cases of gastric cancer are diagnosed 
each year. 1  ,  3  The frequency of cancers of the distal stomach 
has been dropping in Western countries whereas the numbers 
of adenocarcinoma of the gastric cardia and gastroesopha-
geal junction (GEJ) have markedly increased. 4  About 1.4 
million cancer cases involving the GEJ and stomach are 
diagnosed each year with 1.1 million attributed deaths 
worldwide. 2  

 Signi fi cant advances that have contributed to unraveling 
the underlying mechanisms of gastric carcinogenesis include: 
(a) Identi fi cation of  Helicobacter pylori  gastritis as a major 
factor in gastric cancer development and subsequent studies 
characterizing the complex molecular alterations in gastric 
mucosa induced by  H. pylori  infection; (b) Identi fi cation of 
inherited forms of gastric cancer, discussed in Chap.   6    ; and 
(c) Comprehensive genome-wide molecular studies com-
bined with hypothesis-driven research that have given greater 
insights into the molecular mechanisms of development and 
progression of gastric cancers, providing molecular 
approaches for gastric cancer classi fi cation and identi fi cation 
of genes and speci fi c pathways potentially amenable to per-
sonalized targeted therapies. Furthermore, there are several 
factors known to play a role in gastric cancer development 

including host genetic susceptibility and carcinogens present 
in speci fi c diets or associated with smoking that work 
together with other factors such as the cellular injury caused 
by chronic gastritis to enhance the risk of gastric cancer. 5  –  8      

   Classi fi cations of Gastric Cancer 

 Gastric cancers can be divided into distinct subtypes based 
on: differential mechanisms of neoplastic initiation and 
underlying risk factors (such as inherited vs. sporadic) and 
different histopathologic and molecular phenotypes that can 
be further strati fi ed by prognosis or into groups potentially 
amenable to individualized targeted therapies. The subgroup 
classi fi cations of gastric cancer have potential implications 
for cancer prevention, surveillance, conventional surgical 
and chemotherapeutic regimen approaches, and selection for 
targeted personalized therapies (Table  5.1 ).  

 The pathologic classi fi cation of gastric cancer used in 
clinical practice is based on a combination of morphologic 
features to establish a morphologic pattern (tubular, papil-
lary, mucinous, and poorly cohesive which includes signet 
ring cell type carcinoma) as proposed in the 2010 WHO 
classi fi cation, grade of differentiation into well, moderately, 
and poorly differentiated tumors, depth of tumor invasion, 
lymph node status, and other features detailed in the AJCC 
(7th Edition) publication, which allow for tumor staging. 9  ,  10  
The Lauren classi fi cation reported in 1965 has been widely 
used in studies of gastric adenocarcinomas, separating gas-
tric cancers into the intestinal, diffuse, and mixed types, 
based on the tumor morphologic features. 11  –  13  Mechanistically, 
gastric cancers currently fall into three main groups: (1) spo-
radic adenocarcinomas with multifactorial underlying mech-
anisms (approximately >80% of all cases of GC); (2) gastric 
cancers associated with Epstein–Barr infection (approxi-
mately <10% of all cases of GC); and (3) familial gastric 
cancer, including hereditary diffuse gastric cancer (HDGC) 
(approximately <10% of all GC cases). 

      Molecular Mechanisms and Pathology 
of Gastric Carcinogenesis: Sporadic 
Cancers       

        Shuko   Harada     and    Antonia   R.   Sepulveda            

  5

    S.   Harada ,  M.D.  
     Department of Pathology ,  University of Albama at Brimingham , 
  Birmingham ,  AL 35243,   USA
e-mail: sharada1@uab.edu  

      A.  R.   Sepulveda ,  M.D., Ph.D.   (*)
     Department of Pathology & Cell Biology ,  Columbia University , 
  630 W 168th Street, VC-14 RM 212 ,  New York ,  NY   10032 ,  USA    
e-mail:  as4400@columbia.edu   

http://dx.doi.org/10.1007/978-1-4614-6015-2_6


68 S. Harada and A.R. Sepulveda

 Biomarker development for gastric cancers aims several 
goals:
    1.    Identi fi cation of molecular biomarkers of cancer risk for 

inherited and sporadic forms of gastric cancer. Presently, 
molecular tools can be used for the assessment of HDGC 
risk in individuals with suspicious history through 
identi fi cation of  ECAD  ( CDH1 ) gene mutation carriers 
(Chap.   6    ). Further, identi fi cation of molecular alterations 
associated with a  fi eld defect in the background stomach 
before cancer develops such as in the mucosa of patients 
positive for  H. pylori  infection may provide information 
regarding the risk of developing sporadic type gastric can-
cer. Among the molecular subtypes of gastric cancer are 
the large group of tumors characterized by the chromo-
somal instability pathway (CIN), while a smaller propor-
tion of tumors develop through the microsatellite 
instability pathway (MSI), and/or the CpG island methy-
lator phenotype pathway, reviewed in. 14   

    2.    Identi fi cation of molecular markers that can be used in 
combination with pathologic, clinical, and imaging data 
to establish the diagnosis and identify clinically relevant 
GC subtypes.
    (a)    Identi fi cation of molecular markers to help with the 

selection of best therapeutic interventions, both at the 
level of conventional and targeted therapies. For 
example, molecular classi fi cations of GC offer some 
promise for potentially guiding conventional chemo-
therapy. 15  Current targeted therapies in gastric cancer 
are discussed in Chap.   2    , with emphasis on the use of 
 HER2/ErbB2  in advanced gastric and GE junction 
adenocarcinomas. Clinical trials are under way 
(Table  5.2 ) to evaluate the potential application of 
multiple agents for targeted therapies. 16    

    (b)    Additionally, studies aim the characterization of 
molecular markers that might predict metastatic 
potential and tumor recurrence.          

   Role of  H. pylori  in Gastric Carcinogenesis 

  Helicobacter pylori  bacteria were recognized as the 
main agent of chronic gastritis and ulcers by Warren and 
Marshal, 17  ,  18  and later studies revealed an association with 
gastric cancer, 19  ,  20  leading to the classi fi cation of  H. pylori  as 
a human carcinogen. 21  The attributable risk of gastric cancer 
related to  H. pylori  infection in the population has been esti-
mated to be 75%. 20  

 The chronic nature of  H. pylori  gastritis is relevant to the 
carcinogenic potential of this infection, resulting in a long-
term interaction of the bacteria and in fl ammatory mediators 
with epithelial cells, with accumulation of mutations, epige-
netic modi fi cations, and deregulation of cell function that 
may ultimately lead to neoplasia. Therefore,  H. pylori  infec-
tion plays a critical role during the initiating steps of gastric 
cancer. 

  H. pylori  infection is usually acquired at young age and 
results in variable symptoms and complications related to the 
potential development of gastric and duodenal ulcers, gastric 
cancer, and extranodal marginal zone B-cell lymphoma of 
mucosa-associated lymphoid tissue (MALT-Lymphoma). 22  –  26  
Cure of  H. pylori  infection requires eradication with anti- H. 
pylori  therapy. 27  –  29  Gastric cancer develops several decades 
after acquisition of the infection, following progressive 
mucosal damage secondary to chronic gastritis. 30  ,  31  

 Histologically,  H. pylori  gastritis is characterized by a 
combination of chronic and acute in fl ammation of the gastric 
mucosa. There is progressive damage of gastric glands that 
results in mucosal atrophy manifested by loss of the oxyntic 
glands in the gastric body/fundus, loss of mucous glands in 
the antrum, and replacement of normal gastric glands by 
intestinal metaplasia, overall resulting in a picture of atro-
phic gastritis, with potential development of dysplasia and 
carcinoma in some patients (Fig.  5.1 ). 19  ,  31  –  33  Extensive gastri-
tis and mucosal atrophy in the gastric body and fundus result 
in hypochlorhydria, which creates an environment that 
allows for overgrowth of a number of bacteria that may 

   Table 5.1    Clinical utility of 
gastric cancer subgroup 
classi fi cations   

   Table 5.2    Cell surface receptor inhibitors and potential targeted thera-
pies for gastric and GEJ cancers 16    

 Inhibitor-type  Drug 

 EGFR antibody  Cetuximab; panitumumab 
 EGFR tyrosine kinase inhibitors  Ge fi tinib; erlotinib 
 HER2-R antibody  Trastuzumab 
 EGF/HER2-R  Lapatinib 
 VEGF-R antibody  Bevacizumab 
 VEGF-R tyrosine kinase inhibitors  Vatalanib 

 Classi fi cation  Approaches  Clinical utility 

 Morphology and 
pathologic stage 

 Histopathological evaluation 
of surgical resection specimens 

 TNM staging: selection of surgical 
and conventional therapy 

 Mechanistic:  H. pylori , 
EBV, HDGC a  

 Histopathological evaluation 
of biopsy or surgical resection 

 Prevention and surveillance 

 Molecular pro fi ling  Molecular testing  Diagnosis, targeted therapy selection, 
and prognostic information 

   a The de fi nitive diagnosis of HDGC requires germline testing for inherited mutations (Chap.   6    )  
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increase carcinogenic activity in the stomach through the 
conversion of nitrites to carcinogenic nitroso-N com-
pounds. 34  ,  35   H. pylori -associated pangastritis (involving both 
the body/fundus and antrum) is frequently seen in family 
relatives of gastric cancer patients, which may contribute to 
gastric cancer clustering in some families. 36  The histologic 
changes that precede gastric cancer, including intestinal 
metaplasia, represent pre-neoplastic epithelial changes in 
gastric carcinogenesis and have been shown to carry numer-
ous genomic, epigenetic, and functional changes that can 
also be detected in cancer tissues. 8  ,  37  –  45  Therefore, character-
ization of molecular alterations in the background mucosa 
before patients develop GC may offer an opportunity to 
identify patterns associated with increased risk of gastric 
cancer development.  

 The cancers arising in the in fl ammatory background of 
 H. pylori -associated chronic gastritis are most commonly 
of intestinal type, which are predominantly well to moder-
ately differentiated adenocarcinomas (Fig.  5.1 ), but diffuse 
type adenocarcinomas which are poorly cohesive and 
poorly  differentiated and may include a variable compo-
nent with signet ring cell features also occur in association 
with  H. pylori.  46  –  48  

 Helicobacter infection of several animal models, including 
Mongolian gerbils and mice, results in development of gastritis 
as well as other  Helicobacter -associated gastric diseases, includ-
ing intestinal metaplasia, dysplasia, and gastric cancer. 49  –  54  

   Role of Stem cells in  H. pylori -Associated Gastric 
Cancer Development 

 Gastric stem cells provide the capacity for renewal of all cell 
lineages of gastric epithelium. The molecular markers that 
identify epithelial stem cells in the oxyntic mucosa of gastric 
body and in the antrum appear to be different, consistent 
with the different cellular lineages that constitute gastric 
glands in these two different areas of the stomach. 55  In the 
antrum, the leucine-rich repeat containing G protein-coupled 
receptor Lgr5, an orphan G protein-coupled receptor and a 
Wnt target gene, was shown to be expressed in adult stem 
cells in the stomach and intestinal epithelium in mice. 56  
Barker et al 56  showed that Lgr5 was expressed at the base 
of the gastric glands and that Lgr5-positive cells had the 
capacity of self-renewal and could build long-lived gastric 
antral units in vivo, thus meeting the criteria for stem cells. 57  
Further, Lgr5 was shown to mark epithelial stem cells in 
human gastric antrum. 58  ,  59  In the oxyntic mucosa, trefoil fac-
tor family 2 (TFF2) was reported in progenitors for mucous 
neck, parietal, and zymogen-producing cells. 60  Another 
marker of progenitor cells in oxyntic mucosa may be dou-
blecortin-like kinase (Dclk1). 61  Other putative gastric stem 
cell markers are ADAM17, CD44, and Musashi-1. 57  ,  58  ,  62  
Bone marrow derived stem cells may contribute to the gastric 
stem cell pool in chronic gastritis and  H. pylori -associated 
neoplastic progression. 53  ,  63  It has been postulated that the 

  Fig. 5.1    Stomach pathology of  H. pylori -associated gastric carcino-
genesis. ( a )  H. pylori  gastritis with characteristic in fl ammation in the 
lamina propria of gastric mucosa ( white circle ), demonstrated by H&E 
stain (original magni fi cation ×200). The  upper inset  shows  H. pylori  
bacteria stained with Thiazine stain ( blue ), while the  lower inset  dem-
onstrates  H. pylori  by immunohistochemistry (original magni fi cation 

of inset ×400). ( b ) Intestinal metaplasia (exempli fi ed by the area 
indicated by the  arrow ) with resulting gastric gland atrophy (atrophic 
gastritis). ( c ) Progression of gastric epithelium to dysplasia/adenoma. 
( d ) Invasive moderately differentiated adenocarcinoma (intestinal type 
adenocarcinoma). Hematoxylin & Eosin stains original magni fi cation 
×200 ( b ,  c ,  d )       
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engrafted bone marrow derived stem cells may not follow a 
normal differentiation pathway and could undergo uncon-
trolled replication, progressive loss of differentiation, and 
neoplastic behavior. 53  ,  63  –  65  Recent studies reported that the 
Lgr5-positive epithelial stem cell (LPECs) pool is expanded 
in  H. pylori -associated gastritis in the antrum of patients with 
GC. In GC patients with active  H. pylori  infection, LPECs 
may be more susceptible to DNA damage than Lgr5-negative 
epithelial cells, suggesting that  H. pylori  infection may con-
tribute to GC risk by affecting epithelial stem cells in the 
human stomach. 59   

    H. pylori   Virulence Factors in Gastric 
Carcinogenesis 

 Studies have shown that a number of  H. pylori  virulence fac-
tors play a role in determining the patterns of disease associ-
ated with infection. 66  ,  67  These virulence factors include the 
vacuolating cytotoxin (VacA), cytotoxin-associated antigen 
A (CagA) proteins, 68  ,  69  and  babA,  70  among others.  H. pylori  
strains characterized by the presence of babA, cagA, and 
vacAs1 have been reported to be associated with duodenal 
ulcer and gastric adenocarcinoma in Western populations. 71  
The VacA toxin affects T and B lymphocytes and contributes 
to the ability of  H. pylori  to establish persistent chronic gas-
tritis. 72  The CagA protein is encoded by the  cagA  gene, one 
of the genes that constitute the Cag pathogenicity island 
which encodes a type IV secretion system. 69  ,  73   H. pylori  
strains carrying a  cagA  gene have been shown to have a 
stronger association with gastric cancer, 66  ,  74  and speci fi c 
structural variants of CagA have a stronger association with 
gastric cancer. The CagA type C strains were associated with 
more severe degrees of atrophic gastritis and gastric cancer. 75  
 H. pylori  strains with phosphorylation at the EPYIA site of 
CagA proteins are more common in East Asia than in Western 
countries, which may contribute to the increased incidence 
of gastric cancer in East Asia. 69  ,  76  There are several mecha-
nisms by which CagA affects epithelial cells and may con-
tribute to gastric cancer development. 69  CagA protein is 
injected from the bacterium into gastric epithelial cells via 
the type IV secretion system and then interacts with several 
intracellular signaling molecules in both tyrosine phosphory-
lation dependent and independent manners. 69  Once in the 
epithelial cell CagA undergoes tyrosine phosphorylation by 
the epithelial cell Src protein and other signaling molecules 
at the EPIYA sites and binds Src homology 2 domain con-
taining tyrosine phosphatase (SHP2), deregulating the phos-
phatase activity. 69  

 CagA-positive  H. pylori  were also shown to induce higher 
levels of interleukin-8 (IL-8) as compared to CagA-negative 
strains, with enhanced in fl ammation of the gastric mucosa, 77  ,  78  

further enhancing the risk of genomic damage and neoplastic 
development. 

 CagA-related intracellular signaling potentially affects 
multiple cellular functions. For example, recent studies show 
that methylation of the MGMT (O (6)-methylguanine-DNA 
methyltransferase) DNA repair gene was signi fi cantly 
 associated with CagA-positive  H. pylori  strains associated 
with chronic gastritis, suggesting a role for CagA-positive 
 H. pylori -mediated effects in epigenetic regulation. 79  Studies 
in mice carrying a transgenic  cagA  gene showed gastric 
 epithelial hyperplasia and some mice developed gastric 
 polyps and adenocarcinomas of the stomach and small 
 intestine, 80  further supporting a role for CagA in gastric 
carcinogenesis.  

   Susceptibility to  H. pylori -Associated Gastric 
Cancer and Host Genetics 

 Although it is clear that development of GC is multifactorial 
and requires interaction with host susceptibility genetic fac-
tors, to date, few well-de fi ned susceptibility factors have 
been con fi rmed. In fl ammation-related host genetic suscepti-
bility factors include the pro-in fl ammatory gene polymor-
phisms in  IL-1beta  and  IL-1RN  (receptor antagonist) genes, 
which have shown to increase the risk of hypochlorhydria, 
gastric atrophy, gastric cancer, and neoplastic precursors in 
 H. pylori -infected individuals. 81  –  84   

   Molecular Mechanisms of  H. pylori -Associated 
Gastric Carcinogenesis 

  H. pylori  infection results in alterations in cellular signaling, 
and altered proliferation and apoptosis of gastric epithelial 
cells. 85  ,  86  Overtime,  H. pylori  infection leads to mutations, 
epigenetic, microRNA, and gene expression changes that 
underlie and de fi ne gastric carcinogenesis, occurring from 
early stages of  H. pylori  gastritis throughout the progression 
from pre-neoplastic to neoplastic lesions. 8    

   Mutations in Gastric Carcinogenesis 

 The types of mutations and mechanisms of mutagenesis in 
gastric carcinogenesis are multiple and include microsatel-
lite instability (MSI)-type mutations resulting from altered 
DNA mismatch repair, point mutations, and genomic insta-
bility including loss of heterozygosity (LOH), gene 
ampli fi cations, insertion and deletion type mutations, and 
chromosomal losses and duplications. These genomic lesions 
accumulate during the steps of gastric carcinogenesis in cells 
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representing intestinal metaplasia, dysplasia/adenoma, and 
adenocarcinoma. 87  Mucosal atrophy and hypochlorhydria 
which are associated with long-standing chronic gastritis 
may enhance the action of environmental carcinogens in the 
stomach, with increased likelihood of mutagenesis. 

 Mutations of  TP53  and  APC  genes can be detected in 
intestinal metaplasia and gastric dysplasia. 88  –  91  As in other 
cancers,  TP53  mutations (in exons 5–8) characterized by G:C 
to A:T transitions are detected in gastric neoplasia. 90  ,  92   APC  
mutations, including stop codon and frameshift mutations, 
were reported in 46% and 5q allelic loss in 33% of informa-
tive cases of gastric adenomas 93  and  APC  mutations were 
found in 45% of cancers. 94   KRAS  mutations in codon 12 are 
rare in gastric carcinogenesis and were reported in 14% of 
cases with atrophic gastritis, and in less than 10% of ade-
nomas, dysplasia, and carcinomas. 95  ,  96  The spectrum of muta-
tions in gastric cancer has been explored by massive parallel 
sequencing approaches. A study by Wang et al reported whole 
exome sequencing data in gastric cancer as compared to 
matching non-neoplastic tissue and determined the molecular 
pathways most frequently revealing gene mutations. 97  
Chromatin modi fi cation and cell junction pathways showed 
the most signi fi cant enrichment of mutated genes. Mutations 
were found in members of the SWI–SNF complex ( ARID1A , 
 PBRM1 , and  SMARCC1 ), ISWI complex ( SMARCA1 ), and 
NuRD complex ( CHD3 ,  CGD4 , and  MBD2 ), and other genes 
encoding histone-modifying proteins ( SIRT1  and  SETD2 ), 
affecting 59% of gastric cancers. 97  Overall, 59% of gastric 
cancers had mutations in genes involved in cell adhesion, 
including  CHD1 . Genes involved in cell cycle regulation 
including  TP53 ,  PTEN , and  TTK  were mutated in 77% of 
gastric cancers. Other signaling pathways frequently mutated 
in gastric cancers included the Wnt-BMP-TGF-beta, axon 
guidance, MAPK, DNA replication, focal adhesion, ERBB, 
ATR-BRCA, and Rb pathways. 97  Another study also using 
exome sequencing found that cell adhesion was the pathway 
most enriched for mutations. 98   TP53  was mutated in 66.7%, 
and  PIK3CA  and  ARIDI1A  were mutated in 20% of gastric 
cancers. 98  Frequent mutations in chromatin remodeling genes 
( ARIDI1A ,  MLL3 , and  MLL ) were found in 47% of gastric 
cancers. 98   ARIDI1A  mutations were associated with  PIK3CA  
mutations and microsatellite instability. 98  

 The mechanisms through which  H. pylori -associated gas-
tritis results in mutagenesis and deregulation of the molecu-
lar program of gastric epithelial cells are multiple.  H. pylori  
infection leads to increased DNA damage of epithelial cells 
due to oxidative stress caused by reactive oxygen species 
(ROS), and reactive nitrogen species (RNS) generated by 
in fl ammatory cells as well as by gastric epithelial cells after 
activation by  H. pylori.  99  In addition to the increased produc-
tion of ROS, there is limited availability of oxygen radical 
scavengers, such as glutathione and glutathione-S-transferase 

during  H. pylori  gastritis, which may contribute to higher 
levels of oxygen radicals in the mucosa of infected patients. 100  
   Gastric mucosa with  H. pylori  gastritis and pre-neoplastic 
lesions such as intestinal metaplasia and gastric atrophy was 
shown to have increased levels of DNA 8-hydroxydeox-
yguanosine (8OHdG), a marker for oxidative DNA dam-
age. 101  ,  102  Notably, the levels of 8OHdG in the gastric mucosa 
signi fi cantly decreased after cure of  H. pylori  infection. 101  ,  102  
Mutations associated with oxidative damage include point 
mutations in genes such as the tumor suppressor  TP53 , 
GTPase  KRAS , and other genes involved in gastric carcino-
genesis. 90  Epithelial expression of the activation-induced 
cytidine deaminase (AID) in  H. pylori  gastritis may induce 
C/G to T/A transitions by its cytidine deaminase activity. 103  

 Speci fi c de fi ciencies of DNA repair functions during  
H. pylori  gastritis also contribute to  H. pylori -associated 
mutagenesis. 8  ,  79  ,  104  ,  105  Altered DNA repair mechanisms 
include those involved in DNA mismatch repair as well as 
other proteins that primarily repair DNA lesions induced by 
oxidative and nitrosative stress, such as MGMT and poly-
morphic glycosylase (OGG1). The DNA mismatch repair 
proteins are required for the repair of DNA replication-asso-
ciated sequence errors (reviewed in Chaps.   1    ,   7    , and   8    ). 
Several studies have reported a role for DNA mismatch repair 
de fi ciency in mutation accumulation during  H. pylori  infec-
tion. 37  ,  59  ,  79  ,  104  ,  106  DNA mismatch repair de fi ciency leads to 
frameshift mutagenesis which can alter the coding region of 
genes, as well as repetitive regions known as short tandem 
repeats or microsatellite regions, with resulting microsatel-
lite instability. 107  High levels of microsatellite instability 
(MSI-H) correlate well with loss of DNA mismatch repair 
function in tissues. 107  Microsatellite instability can be detected 
in chronic gastritis and intestinal metaplasia from patients 
with gastric cancer, indicating that MSI can occur in pre-
neoplastic mucosa. 37  ,  87  ,  108  –  111  For example, a study of micro-
satellite instability in the stepwise gastritis cancer sequence 
reported MSI in chronic gastritis (13% of cases), intestinal 
metaplasia (20% of cases), dysplasias (25% of cases), and 
gastric cancers (38% of cases), consistent with a role for 
DNA MMR de fi ciency in  H. pylori -associated gastric car-
cinogenesis. 112  Interestingly, identical MSI patterns were 
observed in some cases at the stage of gastritis several years 
before the diagnosis of adenocarcinoma. 113  Consistent with 
the role of  H. pylori  on DNA mismatch repair de fi ciency in 
gastric carcinogenesis, several studies reported that patients 
with MSI-positive tumors showed a signi fi cantly higher fre-
quency of active  H. pylori  infection. 37  ,  114  ,  115  Using a co-cul-
ture in vitro system, gastric cell lines exposed to  H. pylori  
expressed reduced levels of DNA mismatch repair proteins 
MLH1 and MSH2, 106  and these changes were associated with 
increased mutagenesis of a reporter vector, including MSI-
type frameshift mutations as well as point mutations. 104  

http://dx.doi.org/10.1007/978-1-4614-6015-2_1
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 High level of MSI (MSI-H), de fi ned as MSI detected in 
greater than 30% microsatellite marker loci tested 116 , is asso-
ciated with loss of expression and promoter hypermethyla-
tion of the MLH1 DNA mismatch repair gene in gastric 
adenomas and cancers. 116  –  119  MSI has been reported in 
17–35% of gastric adenomas, 93  ,  113  ,  120  and in 17–59% of gas-
tric carcinomas. 37  ,  93  ,  96  ,  113  ,  120  –  123  Gastric cancers with MSI-H 
may carry frameshift mutations that may affect the function 
of cancer-related genes, such as  BAX ,  IGFRII ,  TGF b RII , 
 MSH3 , and  MSH6.  110  ,  124  –  127  In MSI-H adenomas, frameshift 
mutations of  TGF b RII  were detected in 38–88% of the cases, 
 BAX  in 13%,  MSH3  in 13%, and E2F-4 gene in 50% of the 
cases. 128  ,  129  

 Other DNA repair proteins are involved in the correction 
of oxidative stress-associated mutations during  H. pylori  
infection such as repair of 8-OHdG by polymorphic glycosy-
lase (OGG1). A gene polymorphism that may affect the 
function of OGG1 was reported frequently in patients with 
intestinal metaplasia and gastric cancer, suggesting that 
de fi cient OGG1 function may contribute to increased muta-
genesis during gastric carcinogenesis. 130 The DNA repair 
protein MGMT can remove O (6)alkylG DNA adducts. In 
the absence of functional MGMT these adducts are not 
removed and mispair with T during DNA replication, result-
ing in G-to-A mutations.  MGMT  promoter methylation has 
been reported in various stages of gastric carcinogenesis, 
suggesting a role for this DNA repair protein in gastric can-
cer development. 131  Hypermethylation of the  MGMT  gene 
and reduced levels of MGMT proteins in the gastric epithe-
lium, particularly in patients infected with CagA-positive 
strains, occur during  H. pylori  gastritis. Further,  MGMT  pro-
moter methylation was shown to be partially reversible after 
eradication of  H. pylori  infection. Overall, these studies indi-
cate that MGMT-dependent DNA repair is disrupted during 
 H. pylori  gastritis, likely contributing to higher levels of 
mutagenesis in  H. pylori -infected gastric mucosa. 79   

   Alterations of Epigenetic Gene Regulation 
in Gastric Carcinogenesis 

 Gene regulation mediated by epigenetic modi fi cation such as 
CpG methylation occurs early in gastric carcinogenesis, 
affecting genes such as  MLH 1, p14, p15, p16, E-cadherin, 
 RUNX3 , thrombospondin-1 ( THBS1 ), tissue inhibitor of met-
alloproteinase 3 ( TIMP-3 ),  COX-2 , and  MGMT.  8  ,  38  –  45  
Methylation of these and a number of other genes is associ-
ated with chronic in fl ammation in the gastric mucosa. 132  Pro-
in fl ammatory interleukin-1-beta polymorphisms were shown 
to be associated with CpG island methylation of target genes 
such as the E-cadherin gene. 133  ,  134  Interestingly, CpG methy-
lation of the gastric mucosa has been shown to be partially 
reversible after eradication of  H. pylori  infection. 44  ,  79  ,  135   

   Gene Expression Changes in Gastric 
Carcinogenesis 

 Unique patterns of gene expression that characterize the 
stepwise lesions of gastric carcinogenesis have been reported 
leading to the identi fi cation of speci fi c expression pro fi les 
that characterize gastritis, intestinal metaplasia, and subtypes 
of gastric adenocarcinoma, including GC groups with differ-
ing prognosis. 15  ,  136  –  145  Studies have reported signatures that 
can differentiate between normal and cancer samples, with 
intestinal metaplasia showing gene expression signatures 
close to adenocarcinoma; however, these approaches have 
not shown to be robust enough for routine clinical prac-
tice. 145  ,  146  Recently, Tan et al used expression microarrays to 
identify subtypes of gastric cancer predictive of survival and 
response to chemotherapy, 15  through comparison of gene 
expression patterns in established GC cell lines and primary 
gastric cancer tissues. Two intrinsic tumor cell types were 
identi fi ed with 171 differentially expressed genes. The con-
cordance between the Lauren classi fi cation into intestinal 
type and diffuse type was 64%. 15  These data are consistent 
with earlier studies where gastric mucins were used for 
classi fi cation of gastric cancer, showing that diffuse type 
gastric tumors may indeed express intestinal mucin pheno-
types. 47  Gastric cancers with intestinal type molecular pat-
terns but showing diffuse type histology had improved 
survival compared to gastric cancers with diffuse type 
molecular patterns but showing intestinal type histology. 15   

   Role of MicroRNAs in Gastric Carcinogenesis 

 MicroRNAs (miRNAs) are small noncoding RNAs that reg-
ulate gene expression at the posttranscriptional level. 
MicroRNAs have been shown to be involved in  H. pylori -
associated diseases. 147  Increased expression of miR-21 was 
detected in  H. pylori -infected gastric mucosa, as compared 
to noninfected tissue, 148  while  miR-218-2  was downregu-
lated, 149  and most gastric cancers overexpress miR-21. 150  
MicroRNA-378 showed 87.5% sensitivity and 70.73% 
speci fi city in discriminating GC patients from healthy con-
trols. The expression levels of  fi ve serum miRNAs (miR-1, 
miR-20a, miR-27a, miR-34, and miR-423-5p) were shown 
to correlate with tumor stage. 151  MicroR-204 downregulation 
was shown to represent a novel mechanism for aberrant Ras 
activation in gastric carcinogenesis. 152  A total of 24 miRNAs 
with a more than twofold change were differentially expressed 
between normal gastric tissue and GC. Of these, 22 miRNAs 
(miR-223, miR-106b, miR-147, miR-34a, miR-130b*, miR-
106a, miR-18a, miR-17, miR-98, miR-616*, miR-181a-2*, 
miR-185, miR-1259, miR-601, miR-196a*, miR-221*, miR-
302f, miR-340*, miR-337-3p, miR-520c-3p, miR-575, and 
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miR-138) were signi fi cantly upregulated in GC, whereas 
miR-638 and miR-378 were signi fi cantly downregulated in 
GC compared to normal gastric tissue. 153   

   Epstein–Barr Virus-Associated Gastric Cancer 

 Epstein–Barr Virus (EBV) is a member of the herpesvirus 
family. EBV is an enveloped virus that contains a double-
stranded DNA. EBV was discovered in 1964 by electron 
microscopy of Burkitt’s lymphoma tumor cells. 154  In 1968, 
EBV was identi fi ed as the causative agent of infectious 
mononucleosis. 155  EBV is widespread throughout the world, 
and more than 90% of adults in any country are seropositive 
against EBV viral capsid antigen (EBV-VCA). 156  While the 
vast majority of EBV infections remain asymptomatic, a 
small portion of EBV-infected individuals develop hematopoi-
etic, epithelial, or mesenchymal tumors. These tumors 
include Burkitt’s lymphoma, Hodgkin’s lymphoma, nasopha-
ryngeal lymphoepithelioma, and a small subset of gastric 
carcinomas. 

 The presence of EBV in a patient with gastric cancer was 
 fi rst reported in a case of undifferentiated gastric carcinoma 
with intense lymphoid in fi ltration, resembling nasopharyn-
geal lymphoepithelioma. 157  Subsequently, Shibata and Weiss 
reported that EBV sequences were detected in 16% of typi-
cal gastric adenocarcinoma cases in the United States by 
polymerase chain reaction (PCR) and in situ hybridization 
techniques. 158  The prevalence of EBV-associated gastric car-
cinoma has been reported, ranging from 1.3% to 20.1% in 
different countries. 159  EBV-associated GC has several char-
acteristic clinicopathological features. These include a male 
predominance, high incidence of EBV in both lymphoepi-
thelial carcinoma and remnant gastric cancers, and high inci-
dence in the gastric cardia and body. A meta-analysis revealed 
that the frequency of EBV-associated GC among all gastric 
cancers was about 9% and these tumors generally showed 
the diffuse histologic type. 159  ,  160  There was no signi fi cant 
association between EBV-associated GC and the tumor 
depth, lymph node metastasis, or the clinical stage. 159  

   Virology and Molecular Biology of EBV 

 EBV is transmitted from host to host via saliva and preferen-
tially infects B lymphocytes through the binding of the major 
viral envelope glycoprotein gp350 to the CD21 cell surface 
receptor. In addition, glycoprotein gp42 binds to human leu-
kocyte antigen (HLA) class II molecules as a co-receptor. 161  
Binding to CD21 and MHC class II results in CD19- and 
MHC class II-associated src and syk tyrosine kinase activa-
tions. EBV is endocytosed, the EBV envelope fuses with an 
endocytic vesicle membrane, and capsids are released into 

the cytoplasm. 159  EBV has the unique ability to transform 
resting B cells into lifelong, latently infected lymphoblastoid 
cell lines (LCLs). Primary epithelial cells are also relatively 
resistant to infection, whereas some epithelial cell lines, 
including the HEK 293 gastric carcinoma cell line 162 , can be 
infected. The latent cycle (lysogenic) programs are those that 
do not result in production of virions. A very limited, distinct 
set of viral proteins are produced during the latent cycle of 
infection. These include six EBV nuclear antigens: EBNAs 
1, 2, 3A, 3B, and 3C and leader protein (LP), three latent 
membrane proteins (LMPs 1, 2A, and 2B), and the EBV 
non-polyadenylated (noncoding) RNAs (EBERs). 161  The 
latent cycle is classi fi ed into three patterns, Latency I, II, and 
III based on the expression pattern of viral latent gens. 

 EBNA1 is expressed in all virus-infected cells and its role 
is maintenance and replication of the episomal EBV 
genome. 159  In contrast, EBNA2 and EBNA-LP play a crucial 
role in transformation via transcriptional activation of cellular 
genes such as CD23 and key viral genes LMP1 and LMP2A. 161  
LMP1 is the main transformation protein of EBV. LMP1 con-
stitutively activates the tumor necrosis factor receptor (TNFR) 
superfamily and several signaling pathways in a ligand-inde-
pendent manner. 159  In addition to the latent proteins, two small 
non-polyadenylated, uncapped, noncoding nuclear RNAs, 
EBER1 and EBER2, are expressed abundantly in nearly all 
latently infected cells. 159  EBERs bind to certain nucleoprotein 
particles, enabling binding to PKR (dsRNA-dependent ser-
ine/threonine protein kinase), thus inhibiting its function. 159  
However, the exact mechanism(s) by which EBERs initiate 
effects on cell growth or survival remain unclear. 

 A group of abundantly expressed RNAs that are encoded 
by the  Bam HIA region of the EBV genome were originally 
identi fi ed in nasopharyngeal carcinoma (NPC), and subse-
quently found in other EBV-associated malignancies such as 
Burkitt’s lymphoma and Hodgkin’s lymphoma. These tran-
scripts are commonly referred as  Bam HIA rightward tran-
scripts (BARTs) or complementary-strand transcripts 
(CSTs). 163  One of the transcripts that is generated from 
 Bam HIA region is BARF1, which encodes a 31 kDa protein 
and was originally identi fi ed as an early antigen expressed 
by induction of the EBV lytic cycle. BARF1 is expressed 
as a latent protein in EBV-associated NPC and gastric 
 carcinoma. 164  ,  165   

   Clinicopathological Characteristics 
of EBV-Associated Gastric Cancer 

 Association of EBV with gastric cancer is detected in almost 
all lymphoepithelioma-like gastric carcinomas (LELCs). 
The prevalence of EBV-associated gastric carcinoma has 
been reported, ranging from 1.3% to 20.1% in different 
countries, and meta-analyses revealed EBV detected in about 
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9% of the cases. 159  ,  160  Most studies showed no evidence of 
age dependence of EBV-associated GC frequency, but 
reported clear male predominance. 166  EBV-associated GC is 
detected more in cardia and body and less in the gastric 
antrum, whereas  H. pylori  infection-associated cancers are 
typically associated with antral location. Histologically, there 
are two types of EBV-associated GC: lymphoepithelioma-
like and ordinary type of gastric carcinoma. 155  ,  156  The latter 
generally shows a diffuse histological type. EBV-positive 
early gastric carcinoma shows a unique “lace pattern” mor-
phology of branching and/or anastomosing structures with 
lymphocytic in fi ltration in and around the carcinoma. 167  
EBV-associated GC appears to have gastric mucin expres-
sion and low expression of intestinal type mucin MUC2. 168  A 
study using tight-junction protein claudin expression pro fi ling 
has showed that the claudin expression pattern in EBV-
associated GC corresponds to that of normal gastric epithe-
lium in adults and fetuses, with more CLDN18 and less 
CLDN3. 169  These results indicate that EBV-associated GC 
preserves well the nature of the cells of origin and may 
undergo distinct carcinogenic mechanisms, differing from 
EBV-negative gastric cancers.  

   The Role of EBV in Gastric Carcinogenesis 

 The role of EBV in gastric carcinogenesis is supported by 
the observation that EBV genomes are speci fi cally present in 
the tumor cells, but not in surrounding lymphocytes, normal 
stromal cells, and normal gastric mucosa. 158  In addition, 
analysis of fusion terminal repeats (TR) by Southern blot 
demonstrated monoclonal EBV in an episomal form without 
integration into the host genome, and monoclonal EBV was 
still present in submucosal invasion and further advanced 
carcinoma. 170  ,  171  This monoclonal proliferation of EBV-
associated GC has strongly suggested that EBV infects the 
gastric mucosa before neoplastic transformation and is 
involved in the early stage of gastric carcinogenesis. 

 How EBV infection is established in stomach mucosa is 
not completely understood. Entry of EBV into the cells 
requires CD21. However, CD21 expression is very low or 
nonexistent on the gastric epithelial cell surface. Therefore, 
direct cell-to-cell contact between gastric epithelial cells and 
lymphocytes with EBV is thought to be the main route. 172  It 
is speculated that EBV infection to the gastric epithelium is 
related to the damage of gastric mucosa because the back-
ground of gastric mucosa in EBV-associated GC is charac-
terized by atrophic gastritis and lymphocyte in fi ltration, 173  
and gastric remnant cancers have high incidence of EBER 
positivity (27.1%) demonstrated by in situ hybridization. 174  
EBV-carrying lymphocytes may be recruited to the damaged 
or regenerative gastric mucosa, increasing the chance of 
direct contact with epithelial cells.  

   Molecular Pathways of EBV-Associated 
Gastric Cancer 

 EBV-associated GCs display a restricted pattern of EBV 
latent gene expression, including EBERs, EBNA1, LMP2A, 
BARTs, and BARF1, but not EBNA2 and LMP1. 171  ,  175  
Another EBV gene BARF1, which has transforming and 
immortalizing capabilities, is shown to be expressed in EBV-
associated GC. 165  Because BARF1 exerts immortalizing 
effects on human epithelial cells in vitro and EBV-associated 
GCs lack the expression of LMP1, the major known EBV 
oncogene, it is thought that the BARF1 gene might act as the 
viral oncogene in EBV-associated GCs. 

 The tumor suppressor gene  TP53  is frequently inactivated 
in gastric carcinoma by loss of heterozygosity (LOH), 
 missense mutations, and frameshift deletions. Ojima and 
colleagues 176  examined p53 protein immunoexpression in 
EBV-positive and EBV-negative gastric cancers. 
Overexpression of p53 protein was demonstrated in only 
8.4% of EBV-positive gastric cancers compared with 34.4% 
of EBV-negative cases. However, a study by Leung et al 177  
found that all EBV-associated GC in the study showed weak 
to moderate p53 expression, characterized by heterogeneous 
intensity, suggesting a non-mutational mechanism of p53 
upregulation. 

 Loss of cell cycle regulation is one of the major features 
of tumor cells. The  CDKN2A  gene product, p16/IKN4a, 
plays a crucial role in preventing inappropriate cell prolifera-
tion. EBV infection was signi fi cantly associated with loss of 
p16 expression. 178  Subsequently, Kang et al reported that 
EBV-associated GCs have p16/INK4a increased CpG meth-
ylation compared to EBV-negative GCs. 179  In addition, aber-
rant methylation of many more genes including  PTEN , 
 RASSF1A ,  GSTP1 ,  MGMT , and  MINT2  was shown in EBV-
associated GC. 179  Therefore, it appears that epigenetic silenc-
ing of these genes is associated with the development of 
EBV-associated GCs. 

 The mechanism involved in aberrant CpG methylation in 
EBV-associated GC is not known. One possible connection 
could be overexpression of DNA methyltransferase 1 
(DNMT1) protein. 180  LMP1, which is known to play a major 
role in transformation, directly activated  DNMT1-P1  pro-
moter through c-Jun NH2-terminal kinase signaling. 181  
However, LMP1 is not expressed in EBV-associated GCs. 
Therefore, Fukayama et al hypothesized that LMP2A rather 
than LMP1 may play a major role in gastric carcinogenesis. 
Using gastric cancer cell lines in culture such as MKN-1, they 
showed that LMP2A activates NF-Kappa-B signaling and 
increases  DNMT-1  expression and CpG methylation of the 
 PTEN  promoter. 182  These  fi ndings suggest that LMP2A may 
play a major role in the development of EBV-associated GC. 

 E-cadherin is also an important protein in carcinogenesis 
of the stomach. Some studies have shown that the abnormality 
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of E-cadherin gene expression caused by aberrant methylation 
of the E-cadherin gene promoter was closely associated with 
the development of EBV-associated gastric carcinomas. 183  
Recently, the expression of miR-200 family was shown to be 
decreased in EBV-associated GC, as compared to expression 
in EBV-negative carcinoma. 184  Downregulation of miR-200 
was also seen in the gastric carcinoma cell line (MKN74) 
infected with recombinant EBV, and this was accompanied 
with loss of cell adhesion, reduction of E-cadherin expression, 
and upregulation of  ZEB1  and  ZEB2.  182  Transfection of 
MKN74 cells with BARF0, EBNA1, and LMP2A resulted in 
a decrease of primary precursor of miR-200, pri-miR-200, 
whereas transfection with EBV-encoded small RNA (EBER) 
did not. 184  These  fi ndings suggest that all the latency type I 
genes have a synergetic effect on the downregulation of the 
miR-200 family, in turn leading to reduced E-cadherin expres-
sion, which may be a crucial step in the carcinogenesis of 
EBV-associated GC.   

   Gastric Cancer Treatment Approaches 

 Tumor resection is the only potentially curative option for 
gastric cancer and is recommended for stages Tis-T3N0-
N2M0 or T4N0M0. 185  For tumors not amenable to surgical 
curative resection, including locally advanced, recurrent, or 
metastatic cancers, a number of chemotherapy regimens can 
be used. However, 5-year survival rates for advanced gastric 
and GEJ cancers are disappointingly low at 20–50% for 
stages II–III and 5–10% for stage IV tumors. 9  A number of 
agents that target speci fi c molecules in cancer-related path-
ways have become available or are being tested in patients 
with gastric and GEJ carcinomas, offering promising new 
therapeutic approaches.  

   Molecular Classi fi cation of Gastric 
Cancer and Personalized Cancer 
Therapies 

 Attempts at the clinical use of molecular classi fi cations for 
GC have been based on combinations of immunohistochem-
istry and in situ hybridization, proteomics, gene and 
microRNA expression pro fi les, and the mutational and epi-
genetic spectrum in cancer tissues. However, applications of 
molecular classi fi cation algorithms in clinical practice have 
been limited given the dif fi culties in obtaining reproducible 
results in different laboratories, in particular when different 
testing approaches such as different microarray platforms are 
used. Improved test performance for tumor classi fi cation 
may be achieved by using a multiplexed small number of 
classi fi er genes, subsequent to the initial discovery phase uti-
lizing arrays with large genomic coverage. For example, 

massive parallel sequencing also known as deep sequencing, 
used to sequence the coding regions of 384 genes belonging 
to various pathways known to be altered in other gastrointes-
tinal cancers, revealed genetic alterations in the WNT, 
Hedgehog, cell cycle, DNA damage, and epithelial-to-mes-
enchymal transition pathways, suggesting that targeted ther-
apies approved or in clinical development for gastric 
carcinoma may be of bene fi t to approximately 22% of the 
patients studied. 186  However, additional validation in subsets 
of clinical samples and using speci fi c combinations of lim-
ited gene targets will be needed before clinically relevant 
testing can be offered in routine practice. 

 As described in Chap.   2     anti- HER2/ErbB2  therapies are 
being used in clinical practice for targeted treatment of gas-
tric and GEJ adenocarcinomas. A number of agents that tar-
get speci fi c molecules in cancer-related pathways have 
become available and are being tested in patients with gastric 
and GEJ carcinomas (Table  5.2 ) and their potential cellular 
targets for personalized therapies in gastric cancers are 
reviewed below. 

   Cell Surface Receptor Inhibitors: 
EGFR Family 

 Current available therapies may target the EGFR pathways 
(Chaps.   2     and   8    ) through inhibition of the EGFR using two 
different mechanisms: (1) inhibition of the EGFR via mono-
clonal antibodies (i.e., cetuximab, panitumumab, trastuzumab) 
or (2) tyrosine kinase inhibitors (i.e., ge fi tinib, erlotinib). 

  HER2 (HER2/neu, ErbB-2) targeted therapies : As reviewed 
in Chap.   2     overexpression and ampli fi cation of  HER2  have 
been described in gastric and GEJ adenocarcinomas, 187  ,  188  
and  HER2/ErbB  represents a possible target for therapy in 
advanced gastric cancer currently used in clinical practice. 

  EGFR (HER1; erbB1) targeted therapy : Cetuximab is a 
recombinant chimeric IgG1 monoclonal antibody that binds 
speci fi cally to the extracellular domain of EGFR and com-
petitively inhibits the binding of EGF and other ligands such 
as TGF-alpha. Cetuximab also mediates antibody-dependent 
cell cycle toxicity. Cetuximab is currently approved for 
patients with advanced colorectal and head and neck can-
cers. 189  Several ongoing phase III trials are evaluating cetux-
imab in combination with other chemotherapy agents for 
patients with advanced gastric and GEJ cancers. In contrast 
to colorectal cancer, in gastric cancers, the presence of a 
K-ras mutation (13.3%) was not associated with either pro-
gression-free survival or overall survival in patients receiv-
ing cetuximab therapy. 190  ,  191,  192  

 Notably, the EGFR tyrosine kinase inhibitors have shown 
minimal evidence of ef fi cacy in gastric carcinomas. 16   

http://dx.doi.org/10.1007/978-1-4614-6015-2_2
http://dx.doi.org/10.1007/978-1-4614-6015-2_2
http://dx.doi.org/10.1007/978-1-4614-6015-2_8
http://dx.doi.org/10.1007/978-1-4614-6015-2_2
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   Anti-angiogenic Agents 

 Tumor-associated angiogenesis requires a number of pro-
angiogenic factors, among which vascular endothelial growth 
factors (VEGF family A–D) play a key role in vasculogene-
sis and angiogenesis. A number of anti-angiogenic agents for 
gastric and GEJ tumors have been investigated or are under-
going clinical trials. 16  Bevacizumab is a chimeric monoclo-
nal antibody that binds the VEGF receptor and prevents the 
interaction of VEGF to its receptors (Flt1 and KDR) on the 
surface of endothelial cells. Clinical data of bevacizumab 
therapy in patients with advanced gastric or GEJ cancer are 
promising but are still limited. Another approach to inhibit 
the VEGF pathway uses tyrosine kinase inhibitors directed 
against the receptors of VEGF (Flt1 and KDR). There are 
several compounds available, some speci fi cally targeting 
VEGF receptors, such as PTK787/ZK222584 (Vatalanib), 
and others that inhibit both the VEGF receptors and other 
tyrosine kinase receptors such as sunitinib and sorafenib 
(Table  5.2 ).  

   Other Targeted Therapies for Gastric 
and GEJ Cancers 

 A large number of speci fi c inhibitors of molecular targets in 
gastric and GEJ cancer pathways are in the early stages of 
clinical trials or have only been evaluated in preclinical stud-
ies. Among these agents are the insulin-like growth factor-I 
receptor (IGF-IR) inhibitors,  fi broblast growth factor (FGF) 
receptor inhibitors, c-Met signaling pathway inhibitors, and 
cell cycle-associated drug targets including Aurora kinase 
inhibitors, polo-like kinase inhibitors, and cyclin-dependent 
kinase (cdk) inhibitors. 

 Inhibition of cancer-associated epigenetic changes offers 
another approach for targeted tumor treatments. Histone 
deacetylase (HDAC) inhibitors are being investigated given 
the potential to re-express tumor suppressor genes silenced 
by hypermethylation in cancer cells. 

 Other agents being considered for targeted therapies in 
gastric and GEJ cancers include heat shock protein 90 (HS90) 
inhibitors, ubiquitin-proteasome pathway inhibitors, PI3K/
Akt/mTOR pathway inhibitors, and matrix metalloprotei-
nase (MMP) inhibitors.  

   Therapeutic Approaches for EBV-Associated GC 

 Since EBV genes play an essential role in the development 
of cancer, molecules interfering with the functions of these 
genes may be an important tool to treat EBV-associated 

malignancies. Strategies to inhibit virus-induced tumorigen-
esis include antiviral and antitumor molecules, gene therapy 
approaches, immune-based therapies, and epigenetic 
approaches. Many studies and clinical trials were undertaken 
for EBV-associated other malignancies, such as Burkitt’s 
lymphoma, Hodgkin’s disease, and nasopharyngeal carci-
noma, and some of them are promising. 

 One approach is the induction of EBV lytic cycle, leading 
to expression of a much larger number of viral proteins, 
which may serve as potential therapeutic targets. A recent 
study 193  reported that one of the HDAC inhibitors    suberoyla-
nilide hydroxamic acid is a potent lytic cycle inducer in 
EBV-positive gastric carcinoma cells. Fu et al 194  pretreated 
the proteasome inhibitor bortezomib to activate viral thymi-
dine kinase, coupled with radiolabeled substrates to 
speci fi cally target tumor cells that express viral thymidine 
kinase. Another approach is to disrupt epigenetic silencing 
by demethylating agents, such as 5-azacytidine (5-AC). This 
approach should have a particular merit in EBV-associated 
GC as methylation of tumor suppressor genes is a key abnor-
mality. A recent phase I study of 5-AC in combination with 
a HDAC inhibitor sodium phenylbutyrate in patients with 
refractory solid tumors failed to show a clinical bene fi t. 195  
Further studies are warranted in order to investigate these 
reagents as a possible therapeutic approach. 

 More focused approaches are to abrogate the functions of 
speci fi c EBV proteins. Since EBNA1 is expressed in all 
EBV-associated tumors, blocking EBNAs is a potential tar-
get. Blocking the trans-activating function of EBNA2 using 
short peptides inhibited cell proliferation in cultured B 
cells. 196  Suppression of EBNA1 by RNAi inhibited growth of 
EBV-positive extranodal nasal-type NK cell lymphoma. 197  
These results suggest EBNAs as potential novel therapeutic 
targets. 

 There are two general approaches to treat tumors based on 
immune-response: adoptive immunotherapies, in which pre-
formed cells or antibodies are passively transferred to 
patients, and active immunotherapy, in which an immunogen 
is administered to stimulate a response from the patient’s 
immune system. 198  Although extensive studies have been 
performed on immunotherapy for EBV-associated tumors, 
studies in GC are limited. Okugawa et al 199  investigated 
the feasibility of immunotherapy for EBV-associated GC 
by inducing cytotoxic T lymphocytes (CTLs) from periph-
eral blood lymphocytes using antigen-presenting cells 
(APCs) such as an autologous lymphoblastoid cell line 
(LCL) and LMP2-derived peptide-pulsed dendritic cells 
(DCs). T cells induced by peptide-loaded DCs and autolo-
gous LCL ef fi ciently lysed peptide-pulsed targets and suc-
cessfully induced CTL response against EBV-associated 
GC cells.       
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         Introduction 

 Gastric cancer is a heterogeneous and highly prevalent 
disease, being the fourth most common cancer and the sec-
ond leading cause of cancer-associated death worldwide. 1  
There are two main types of gastric carcinoma—diffuse and 
intestinal—which display different clinicopathologic 
pro fi les and often occur in distinct epidemiologic settings. 2  
The new WHO Classi fi cation of Tumors of the Digestive 
System highlights the heterogeneity of gastric carcinoma, 
individualizing poorly cohesive carcinomas (including sig-
net ring cell carcinoma and other variants) and tubular and 
papillary carcinomas (roughly corresponding to diffuse 
and intestinal carcinomas, respectively) as well as mixed and 
mucinous carcinomas. 3  

 Intestinal carcinoma is more prevalent in elderly persons, 
of the masculine gender, whereas diffuse carcinoma tends to 
occur in younger individuals, mainly females, and frequently 
depicts hereditary conditioning. The incidence of intestinal 
carcinomas is steadily decreasing in most countries, in con-
trast to diffuse carcinomas whose incidence is quite stable or 
even increasing. 4  ,  5  

 Most cases of gastric cancer are sporadic, although 
descriptions of clustering of multiple gastric cancer cases in 
the same family are also present in the literature. 6  ,  7  

 In 1998, Guilford et al 8  identi fi ed an inherited cancer 
syndrome designated as Hereditary Diffuse Gastric Cancer 
(HDGC), described below.  

   Hereditary Diffuse Gastric Cancer 
and E-cadherin gene 

   De fi nition 

 It is now established that 1–3% of gastric cancers arise as a 
result of inherited gastric cancer predisposition syndromes. 9  -1  1     

 In 1998, Guilford et al reported three Maori kindred with 
early-onset, multigenerational, diffuse gastric cancer, in 
which germline mutations of the E-cadherin ( CDH1 ) gene 
were identi fi ed by genetic linkage analysis and mutation 
screening. 8  These  fi ndings led to the identi fi cation of a new 
inherited cancer syndrome designated as Hereditary Diffuse 
Gastric Cancer (HDGC) [MIM #137215]. 8  Shortly after-
wards, families from other ethnicities were identi fi ed sharing 
similar features. 12  -1  4  

 The  CDH1  gene [MIM +192090] localizes in the long 
arm of chromosome 16, comprises 16 exons transcribed into 
a 4.5 kb mRNA, and encodes for E-cadherin 15  (Fig.  6.1 ). The 
135 kDa precursor polypeptide, which also encloses a short 
signal peptide, undergoes cleavage resulting in a 120 kDa 
mature transmembrane glycoprotein 16  consisting of a large 
extracellular domain, and smaller transmembrane and cyto-
plasmic domains. 17  The extracellular domain of E-cadherin 
plays a key role in the correct folding and homo- and hetero-
dimerization of the proteins, as well as in the adhesion mech-
anism itself. The cytoplasmic domain of the protein interacts 
with the catenins [ a  (alpha),  b  (beta),  g  (gamma), p120ctn] 
indirectly in fl uencing the actin cytoskeleton organization. 18  ,  19  
E-cadherin is a transmembrane calcium dependent protein 
that is predominantly expressed at the basolateral membrane 
of epithelial cells, where it exerts primarily cell–cell adhe-
sion and invasion suppression functions. 20    
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   Clinical Criteria 

 On the basis of clinical criteria, the International Gastric 
Cancer Linkage Consortium (IGCLC) de fi ned in 1999 fami-
lies with the HDGC syndrome as those ful fi lling one of the 
following features 21 :
    1.    Two or more documented cases of diffuse gastric cancer 

in  fi rst- or second-degree relatives, with at least one diag-
nosed before the age of 50  

    2.    Three or more cases of documented diffuse gastric cancer 
in 1st/2nd-degree relatives, independent of age of onset     

 According to the criteria of the IGCLC, families with aggre-
gation of gastric cancer and an index case with diffuse gas-
tric cancer, but not ful fi lling the IGCLC criteria for HDGC, 
are coined as familial diffuse gastric cancer (FDGC). 21  The 
designation of familial gastric cancer (FGC) is used for cases 
with familial aggregation of gastric cancer in which the his-
topathology of the tumors is unknown. Additionally, families 
with aggregation of intestinal carcinomas are designated 
familial intestinal gastric cancer. 21  ,  22  

 Full screening of the  CDH1  gene (genetic testing) is rec-
ommended in an individual ful fi lling the HDGC criteria as 
de fi ned above. The criteria for genetic testing were updated 
in 2010 23  and are shown in Table  6.1 . The updated recom-
mendations include broadening of  CDH1  testing criteria 

such that histological con fi rmation of diffuse gastric criteria 
is only required for one family member, inclusion of indi-
viduals with diffuse gastric cancer before the age of 40 years 
without a family history, and inclusion of individuals and 
families with diagnoses of both diffuse gastric cancer and 
lobular breast cancer, with one case before the age of 50 
years. 23   

 From the above descriptions it is clear that the de fi nition 
of HDCG is based mainly on clinical features (according to 
the IGCLC) while, according to the criteria adopted by the 
New Zealand group, the designation of HDGC should be 
restricted to cases in which  CDH1  gene germline mutations 
have been identi fi ed. 8  ,  14  The IGCLC de fi nition for HDGC 
will be used in this chapter. 21  ,  23   

   Genetic Counseling and Screening 

 Genetic counseling is the  fi rst and a key step in the manage-
ment of HDGC. This counseling should be made by experts 
in clinical genetics with a solid training in oncology. This 
combination of expertise allows the best evaluation of the 
clinical situation to the proband and guarantees to design the 
most adequate surveillance program to the patient and off-
spring. The genetic counseling process should be comple-
mented by interviews with a group of experts in distinct 
clinical areas, namely gastroenterology, gastric surgery, and 
nutrition and with a solid support of molecular pathology 
and advanced imaging. 23  

 The genetic evaluation should include a careful (3-gen-
eration) family pedigree and the histopathological 
con fi rmation of diffuse gastric cancer diagnoses or precursor 
lesions in the proband. During genetic counseling session it 
is mandatory that the genetic counselor has an open discus-
sion of lifetime risks of diffuse gastric (updated to >80% in 
both men and women by age 80) 23  and other associated can-
cers, namely lobular breast cancer in women (updated to 
60% in women by age 80). 23  An informed discussion should be 
carried about the limitations of the genetic testing, and the clear 
restrictions of the screening methods for early detection of can-
cer in positive mutation carriers, due to the pathophysiology of 

  Fig. 6.1    Schematic structure of the  CDH1  gene and protein. The 
immature form of E-cadherin is 882 amino acids long encoded by 16 
exons. After cleavage of the signal (Sig) and precursor peptides, the 728 
amino acids mature form of the protein is generated and comprises a 

long extracellular domain with  fi ve E-cadherin repeats (EC-repeats), a 
small transmembrane (TM), and a cytoplasmic (Cyto) domain. The 
amino acid numbering (a.a) is marked on top of the image and the exon 
numbering (Exon) is marked underneath       

   Table 6.1    Criteria for testing for  CDH1  mutation: updated recommen-
dations from the International Gastric Cancer Linkage Consortium 
(IGCLC) a    

 1.  Two or more documented cases of gastric cancer in  fi rst-degree 
relatives, with at least one documented case of diffuse gastric 
cancer diagnosed before the age of 50 years 

 2.  Three or more cases of documented diffuse gastric cancer in 
 fi rst- or second-degree relatives, independent of age of onset 

 3.  Diffuse gastric cancer before the age of 40 years without a family 
history 

 4.  Families with diagnoses of both diffuse gastric cancer and lobular 
breast cancer, with one case before the age of 50 years 

   a In addition, in cases where expert pathologists detect carcinoma in situ 
carcinoma adjacent to diffuse-type gastric cancer, genetic testing should 
be considered since this is rarely, if ever, seen in sporadic cases  
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this type of cancer (see next section). Whenever genetic 
testing is recommended (after genetic counseling), informed 
consent is mandatory and all laboratory tests should be initi-
ated in the affected proband. The criteria for  CDH1  genetic 
testing were discussed in the previous section. 

 The recommended youngest age to offer testing to rela-
tives at risk is not well established. Rare cases of clinically 
signi fi cant diffuse gastric cancer have been reported before 
the age of 18, but the overall risk of diffuse gastric cancer 
before the age of 20 is very low. 24  ,  25  The IGCLC agreed that 
consideration of genetic testing can begin at the age of con-
sent (16/18 years), but that the testing of family members 
less than 18 years should consider the earliest age of cancer 
onset in HDGC families from the local population and the 
psychological, emotional, and physical health of the indi-
vidual and their family. 23  

 In order to offer the most advanced genetic test as possi-
ble, clinical geneticist should refer patient samples to refer-
ence centers able to conduct the most recent methodologies 
for the screening of genetic alterations associated with 
HDGC families. (See next sections for details in  CDH1  alter-
ations associated with HDGC.) To begin with, DNA and 
RNA should be extracted from a blood sample of the referred 
proband. In case there are clear limitations of access, this 
type of biological material, RNA and DNA from paraf fi n-
embedded tissue, can be considered as an alternative (despite 
obvious technical restrictions) to assure a comprehensive 
laboratory analysis and a complete detection of all types of 
alterations described so far in HDGC families. 

 Direct sequencing of all intron and exon boundaries of 
 CDH1  gene should be performed as the  fi rst step. In case a 
germline missense mutation is found, other complementary 
studies should be offered. This is the case of  CDH1  missense 
mutations’ functional assessment, which should be per-
formed in international reference centers recognized for this 
type of work. IPATIMUP (Institute of molecular Pathology 
and Immunology of the University of Porto) is such a center 
and is available for this type of analysis. (See details in next 
section.) Another important issue related with assessment of 
mutation functional relevance is to determine whether an 
apparently common missense mutation or an intronic variant 
in the vicinity of the splice site ( fi ve nucleotides or more up- 
or downstream) is an uncovered splice-site mutation. In this 
case, several bioinformatic tools may be used to predict the 
impact of such mutations in inducing cryptic splicing, but 
proof can only be made if RNA from the mutation carrier is 
available to be analyzed. Kaurah et al 26  have used a mini-
gene approach that also proved to be very useful in predict-
ing the impact in splicing, whenever patients’ RNA is not 
available. 

 In 2009, Oliveira et al described for the  fi rst time large 
genomic deletions of  CDH1  in apparently mutation-negative 
HDGC families. 27  Since then, it was recommended that in 

HDGC families with undetectable  CDH1  germline mutations 
by conventional direct sequencing methods, the screening of 
large  CDH1  deletions should be performed with multiplex 
ligation dependent probe ampli fi cation (MLPA) or alterna-
tive methods (array comparative genomic hybridization 
(CGH), using high-quality DNA extracted from a blood 
 sample of the proband. 27  

 Very recently, using a single-nucleotide primer extension-
based procedure, the same group of researchers described 
 CDH1  downregulation by  CDH1  allele-speci fi c expression 
(ASE) imbalance in HDGC families. 28  Monoallelic  CDH1  
expression or high allelic expression imbalance (AI) was 
present in about 70% of apparently  CDH1 -negative HDGC 
probands, implicating the  CDH1 locus  in the majority of 
apparently mutation-negative HDGC families. Germline 
mutations, deletions, and promoter hypermethylation were 
found in probands displaying high  CDH1  AI, validating this 
methodology as a valuable screening approach recommended 
in all families that ful fi ll the criteria for  CDH1  testing in the 
frame of HDGC. 28  

 This type of analysis requires good quality RNA; thus a 
blood sample as starting material for this test should be 
recommended.  

   Pathology 

   Macroscopy 
 Macroscopic features differ in stomachs from asymptomatic 
 CDH1  mutation carriers submitted to prophylactic gastrec-
tomy and index cases with HDGC. In the former, stomachs 
nearly always appear normal to the naked eye, there is no 
mass lesion, and slicing shows normal mucosal thickness. 29  -3  1  
In some apparently normal stomachs, subtle pale areas are 
visible on standard white-light endoscopy, 32  and close inspec-
tion may show white patches that after formalin  fi xation cor-
respond to intramucosal signet ring cell (diffuse) carcinoma. 

 Most index cases with HDGC present with cancers that 
are indistinguishable from sporadic diffuse gastric cancer, 
often with linitis plastica, which can involve all topographic 
regions within the stomach.  

   Microscopy (Precursor Lesions) 
 Systematic complete mapping of total gastrectomies from 
asymptomatic carriers of  CDH1  mutations show micro-
scopic, usually multiple,  foci  of intramucosal (T1a) signet 
ring cell (diffuse) carcinoma in almost all cases. 25  ,  29  -3  1  ,  33  -3  6  
Individual  foci  of intramucosal (T1a) signet ring cell (dif-
fuse) carcinoma are small, ranging from 0.1 mm to 10 mm 
(Fig.  6.2 ). In North American and European families, micro-
scopic  foci  of intramucosal carcinoma were not restricted to 
any topographic region in the stomach:  foci  were identi fi ed 
from cardia to pre-pyloric region, without evidence of antral 
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clustering. 29  ,  33  ,  35  ,  37  In a series of eight cases reported by 
Rogers et al, 31  70% of the total  foci  were localized in the 
proximal 1/3 of the stomach. In another series from United 
Kingdom 35  the highest number of  foci  was observed in the 
fundus (44.7%) followed by the body (40.2%). In New 
Zealand Maori families, a predilection was observed for the 
occurrence of early invasive carcinomas for the distal stom-
ach and the body-antral transitional zone. 25  ,  30  Reasons for the 
different anatomical localization of the cancer  foci  in the 
aforementioned studies remain to be clari fi ed, although both 
background genetics and environmental factors are probable 
contributing factors.  

 As all regions of the gastric mucosa can be affected, path-
ological examination of the resected specimen should include 
con fi rmation of the presence of a complete cuff of proximal 
squamous esophageal mucosa and distal duodenal mucosa. 

 As precursors of the invasive cancers, two distinct types 
of lesions were identi fi ed in prophylactic gastrectomies: (1) 
in situ signet ring cell carcinoma, corresponding to the pres-
ence of signet ring cells within basal membrane, generally 
with hyperchromatic and depolarized nuclei (Fig.  6.3 ), and 
(2) pagetoid spread of signet ring cells below the preserved 
epithelium of glands/foveolae (Fig.  6.4 ). 29    

 Strictly following criteria for the identi fi cation of these 
precursors will diminish the risk of over-diagnosing 
nonspeci fi c changes and distinguish precursors from mimics 
of signet ring cells in situ, including telescoped normal 
glands. Con fi rmation of carcinoma in situ (Tis) by an inde-
pendent histopathologist with experience in this area is 
strongly recommended. 

 On the basis of the  fi ndings in prophylactic gastrectomies, 
a model for the development of diffuse gastric cancer in ger-

mline  CDH1  deleterious mutation carriers was proposed 22  ,  29  ,  
encompassing the following lesions: mild non-atrophic gas-
tritis, in situ signet ring cell carcinoma, pagetoid spread of 
signet ring cells, and invasive carcinoma. E-cadherin immu-
noexpression was shown to be reduced or absent in early 
invasive gastric carcinomas (T1a), contrasting with the nor-
mal membranous E-cadherin expression in adjacent non-
neoplastic mucosa, in keeping with a clonal origin of the 
cancer  foci . However, one should be aware that E-cadherin 
may be expressed at the cell membrane of neoplastic cells 
(reduced intensity and/or dotted pattern) as well as in the 
cytoplasm. 38  In in situ carcinomas and pagetoid spread 

  Fig. 6.2    Invasive  focus  of T1a intramucosal signet ring cell (diffuse) 
carcinoma       

  Fig. 6.3    Signet ring cell carcinoma in situ       

  Fig. 6.4    Pagetoid spread of signet ring cells       
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lesions, E-cadherin immunoexpression was also shown to be 
reduced or absent (Fig.  6.5 ). 29   

 Background changes in the gastric mucosa of prophylac-
tic gastrectomy specimen encompass mild chronic gastritis, 
foveolar hyperplasia, and tufting of surface epithelium 
(Oliveira et al 39  ) . Occasionally, an in fl ammatory granuloma-
tous reaction is observed. In almost all prophylactic gastrec-
tomies studied so far, intestinal metaplasia and  Helicobacter 
pylori  infection are absent, namely in families from North 
America and Europe.   

   Genetic Susceptibility 

    CDH1  Germline Alterations 
 Heterozygous germline alterations in  CDH1  are the only 
germline genetic defect associated with HDGC. 8  ,  12  ,  39  This 
germline defect has also been reported in a few early-onset 
gastric cancer (EOGC) patients who developed tumors with 
partial or complete diffuse histology (EODGC), 40  as well as 
in two families with hereditary Lobular Breast Cancer 
(LBC) without gastric cancer involvement (see sections 
below). 41  ,  42  

 Overall, around 40% of HDGC families selected on the 
basis of established clinical criteria harbor  CDH1  germline 
alterations. So far, 120 families/probands (111 HDGC, 7 
EODGC, 2 LBC) have been described to harbor  CDH1  
 germline alterations. 27  ,  28  ,  43  The most frequently found 
 CDH1  germline alterations are point and small frameshift 

 mutations, which occur in approximately 93% of positive 
families, but other alterations have also been described such 
as large deletions in approximately 5% of the cases, germline 
promoter methylation in ~1% and in-frame deletion also in 
~1% of the cases. 27  ,  28  ,  43  

 In total, 99 different germline  CDH1  alterations have been 
described in the 120 probands. Fifteen of the 99 (15.2%) 
alterations have recurrently appeared in several families, 
suggesting that  CDH1- associated HDGC can either arise 
from a common ancestor 26  ,  27  or be the result of a mutation 
hotspot. More speci fi cally, a third of all HDGC families 
(36/120 = 30%), described so far in the literature, either dis-
play a shared ancestor as proved at least for 12 of them (car-
rying four mutations and a large deletion) 26  ,  27  or carry a 
hotspot mutation. 

 The frequency of  CDH1  germline alterations is highly 
variable between countries with different incidences of gas-
tric cancer. 26  ,  27  ,  39  ,  44  -4  7  These data raise the (still) unanswered 
question on the criteria to be applied for regions with low 
incidence (North America or North Europe) and high inci-
dence of gastric cancer (Japan, Korea, Portugal, etc.). In the 
latter, familial clustering of gastric cancer may re fl ect the 
cumulative effect of environmental risk factors (virulent 
 Helicobacter pylori  strains) and genetic susceptibility of the 
individuals associated with low-penetrance genes. 48  ,  49  These 
two risk factors are thought to be responsible for a high prev-
alence of gastric cancer and clustering in families in the 
absence of germline mutations of high-penetrance genes 
such as  CDH1 . 

  Fig. 6.5    Absence of E-cadherin expression as shown by immunohistochemistry. ( a ) Signet ring cell carcinoma in situ (delimited by  arrows ). 
( b ) Pagetoid spread of signet ring cells ( arrow heads )       
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   Frequency of  CDH1  Germline Alterations in Different 
Clinical Settings and Different Geographic Origins 
 A study assessing the  CDH1  mutation frequency (at the time 
the only  CDH1  germline defect described) in families with 
diffuse gastric cancer (both HDGC and FDGC) 22  analyzed 
separately case reports of one or two  CDH1  positive families 
and studies on screening of  CDH1  germline mutations in at 
least three families with diffuse gastric cancer. The latter 
encompassed 23 studies, reporting 267 families: 151 HDGC 
and 116 FDGC families. Among the 267 families, 62 (23.2%) 
harbored  CDH1  germline point or small frameshift muta-
tions, the frequency varying upon the family type (HDGC 
versus FDGC):  CDH1  mutations were identi fi ed in 46 out of 
151 HDGC families (30.5%) and in 16 out of 116 FDGC 
(13.8%). Interestingly, the frequency of  CDH1  germline 
mutations was found to be much higher in families from 
regions with low incidence of gastric cancer, such as North 
America and North Europe and New Zealand (26.8%) than 
in countries with a high incidence of gastric cancer (Japan, 
Korea, and South Europe) (13.0%). In the latter, most fami-
lies may well represent the aggregation of gastric cancer 
cases associated with environmental factors, rather than with 
a  CDH1  germline defect. 

 A more recent study 27  analyzed probands either ful fi lling 
clinical criteria for HDGC ( n  = 160) or probands from fami-
lies that did not meet the above testing criteria (FDGC fami-
lies,  n  = 123) that were referred to  fi ve different centers 
(University of British Columbia, Vancouver, Canada; 
Institute of Molecular Pathology and Immunology, University 
of Porto, Porto, Portugal; Department of Human Pathology 
and Oncology, Section of Surgical Oncology, Translational 
Research Laboratory, University of Siena, Italy; Institute of 
Pathology, Technische Universität München, Munich, 
Germany; Department of Oncology, University of Cambridge, 
Cambridge, UK). This study analyzed not only  CDH1  point 
or small frameshift mutations but also large rearrangements 
of the  CDH1 locus . Among HDGC probands, 45.6% (73/160) 
displayed  CDH1  germline alterations (41.8% point or small 
frameshift mutations and 3.8% large deletions) while, among 
FDGC probands, 5.7% (7/123) carried  CDH1  mutations but 
not large deletions. Similarly to the above-mentioned report, 
it was veri fi ed that in low incidence countries, namely in the 
North America, Canada, UK, and Holland, the frequency of 
germline  CDH1  alterations described was 51.6%, whilst in 
moderate (Germany) and high (Portugal and Italy) incidence 
countries, the frequency of alterations was 25% and 22.2%, 
respectively. In the latter, no large deletions of the  CDH1  
were described. 27  

 The differences between these two studies are related 
with the type of data available as well as with the type of 
alterations analyzed. In the  fi rst, 22  a literature search was 
done which was limited by the information made available in 
each paper and only point and small frameshift mutations 

were known to cause HDGC, while in the second one, 27  all 
the family information as well as all mutation data was made 
available for analysis and  CDH1  rearrangements were also 
analyzed. On the other hand, while the  fi rst report encloses 
data from all studies in the literature until 2007, and there-
fore from all geographic areas reported, the second encloses 
data from only  fi ve reference centers until 2008 and, 
therefore, a less wide dataset. Independently of these differ-
ences, both studies reveal similar observations for mutation 
frequency both in different clinical settings and in different 
geographic areas.  

   Frequency, Site, and Type of  CDH1  Germline Alterations 
 This section encloses a summary of all the currently avail-
able data in the literature for 120 families/probands, encom-
passing 111 HDGC, 7 EODGC, and 2 LBC in terms of 
frequency, site, and type of all  CDH1  germline alterations 
ever described (Table  6.2 ).  

 Germline alterations are not restricted to speci fi c  CDH1  
gene or E-cadherin protein domains, being distributed 
throughout the coding, splice-site sequences, and UTRs (5 ¢ - 
and 3 ¢ -untranslated regions) of the gene as well as through-
out all protein functional domains [Fig.  6.6 , panel A (gene) 
and B (protein)].  

 Small frameshift insertions and deletions, which occur in 
one-third of all families described so far, are the most fre-
quent mutation type found in  CDH1 -associated families, fol-
lowed by splice-site mutations that occur in one-fourth and 
nonsense and missense mutations both occurring in 19.2% of 
the families. Large deletions account for 5% of all families, 
while in-frame deletions and germline promoter methylation 
are very rare events, accounting for less than 2% of  CDH1 -
associated families (Fig.  6.7 ).  

 In terms of the predicted impact of all these alterations in 
the protein structure and function, 80% of the families 
encompass alterations that potentially result in protein trun-
cation or even complete lack of expression due to hyperm-
ethylation and complete or partial deletion of the promoter 
region of the gene. The remaining 20% of the alterations are 
not expected to lead to protein loss of expression as their 
impact is expected to change or remove a single amino acid, 
in the case of missense mutations or in-frame deletion, 
respectively (Fig.  6.7 ).  

    CDH1  Germline Allelic Imbalance 
 Most diffuse gastric cancers, occurring in  CDH1  germline 
mutation carriers, display abnormal or absent E-cadherin 
protein expression. 69  Interestingly, independently of harbor-
ing a germline  CDH1  alteration, tumors from HDGC fami-
lies display similar abnormal E-cadherin expression patterns. 
Therefore, it is plausible to hypothesize that other  CDH1  
germline genetic and epigenetic defects could be the cause of 
diffuse gastric cancer clustering in families that remain 
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genetically unexplained. To address this issue, Pinheiro et al 
searched for germline  CDH1  allele-speci fi c expression 
imbalance (AI) in HDGC patients who tested negative for 
 CDH1  germline alterations. 28  

 The analysis of germline RNA extracted from the blood 
of 21 cancer-free individuals and 22 HDGC probands (5 
 CDH1  mutation carriers and 17  CDH1  negative) revealed 
that both  CDH1  alleles from cancer-free individuals dis-
played equivalent expression levels, whereas monoallelic 
 CDH1  expression or high allelic expression imbalance (AI) 
was present in 80% of  CDH1  mutant and 70.6% of  CDH1 -
negative HDGC probands. Germline deletions and promoter 

hypermethylation were found in 25% of probands displaying 
high  CDH1  AI, proving that this feature was in fact pinpoint-
ing  CDH1  germline inactivating mechanisms. Given that 
germline  CDH1  AI is highly frequent among  CDH1  altera-
tion-negative probands and not seen in cancer-free individu-
als, this phenomenon (AI) emerges as a powerful tool to 
prescreen HDGC patients. In fact, high  CDH1  AI determina-
tion provides a simple, cost-effective, and ef fi cient tool to 
perceive indirectly changes of  CDH1  expression that escape 
detection in genomic DNA-based screenings. More impor-
tantly, these observations implicate the  CDH1  locus in the 
majority of mutation-negative HDGC families. 

  Fig. 6.6    Frequency of  CDH1  alterations in the gene domains ( a ) and in the protein domains ( b ). On top of each bar is represented the percentage 
of families carrying  CDH1  mutations in domain       

  Fig. 6.7    Type of  CDH1  alterations in HDGC families. Each bar repre-
sents the percentage of families with a certain type of molecular altera-
tion. Truncating or mutations leading to lack of E-cadherin protein 

expressing are surrounded by the  left square . Missense mutations are 
surrounded by the  right square        
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 When considering the values of  CDH1  AI as part of the 
overall germline alterations affecting the  CDH1  gene in 
HDGC, the percentage of families caused by alterations 
related to  CDH1  is approximately 80% and not 40%, as pre-
viously mentioned (see previous sections).   

    CDH1 -Associated Syndromes 
   Cleft Lip with or Without Cleft Palate 
 In 2006, two families (one from Brazil and another from 
France) were reported to encompass several patients affected 
with diffuse gastric cancer and, additionally, some family 
members were concomitantly affected with congenital mid-
line malformations. In both families, there was an associa-
tion of  CDH1  germline mutations with diffuse gastric cancers 
and cleft lip, with or without cleft palate (CLP). 59  
 In the French family, six members were affected with diffuse 
gastric cancer and four patients had also a cleft lip with or 
without cleft palate. In the Brazilian family, the proband and 
her father had diffuse gastric cancer, one sister had cleft lip 
and one brother had congenital scalp aplasia cutis and partial 
acrania. In the Brazilian family, members affected with mid-
line malformations were both carriers of germline  CDH1  
mutation but had no clinical evidence of gastric cancer at the 
time of diagnosis. 

 In both families, RT-PCR analysis of  CDH1  and sequenc-
ing analysis was performed in all affect members with and 
without cancer. The ampli fi ed cDNA demonstrated that in 
both HDGC families the  CDH1  germline mutations induced 
complex aberrant splicing leading to various aberrant 
transcripts. 

 In the French family, two distinct aberrant transcripts 
were found: (1) a complete retention of intron 4 resulting in 
a premature stop codon within intron 4 and (2) an in-frame 
deletion of exon 4, resulting from the activation of an exonic 
cryptic donor splicing site in all cases affected. 

 In the Brazilian family, the screening of the  CDH1  gene 
revealed a germline mutation in exon 8 (1137G>A) in the 
four members affected either with cancer or with congenital 
malformations, also generating several aberrant transcripts, 
one of which was an in-frame deletion that removes extracel-
lular cadherin repeat domains involved in cell–cell adhesion. 

 These two families draw the attention to the role of cell 
adhesion molecules, such as E-cadherin, for the craniofacial 
morphogenesis and to the alterations of the E-cadherin path-
way in the genesis of midline congenital malformations such 
as lip and palate clefting.  

   Hereditary Lobular Breast Cancer 
 In HDGC families, LBC is the second most frequent type of 
neoplasia. 23  ,  24  In 1999, it was reported the  fi rst case of histo-
logically de fi ned LBC in association with HDGC. 57  Since 
then, several other HDGC families with associated breast 
cancer were reported. 26  ,  45  ,  51  These observations led to efforts 

to determine whether  CDH1  was a breast cancer susceptibility 
gene. For that purpose, two series of LBC families lacking 
 BRCA1  and  BRCA 2  gene mutations were screened for  CDH1  
germline mutations. 41  ,  42  Two  CDH1  germline mutations 
(Table  6.2 ) were identi fi ed in two families having breast can-
cer as the predominant cancer diagnosis. 

 Penetrance data based on 11 HDGC families estimated 
the cumulative risk for LBC for female mutation carriers to 
be 39% (95% CI, 12–84%) by 80 years of age. 24  More 
recently, an estimated cumulative risk of breast cancer for 
females by the age of 75 years was reported as 52% (95% CI, 
29–94%), on the basis of the analysis of four predominantly 
gastric cancer pedigrees from Newfoundland with the 
2398delC  CDH1  founder mutation. 26  

 At this time, it seems reasonable to conclude that not only 
 BRCA1  and  BRCA2  mutation carriers are at risk of develop-
ing LBC, but also two other groups of women are at increased 
risk for LBC: women carrying a known  CDH1  mutation and 
belonging to HDGC families, and women from families with 
clustering of diffuse gastric cancer in whom no  CDH1  muta-
tion has been identi fi ed yet.   

   Other Candidate Genes 
 A percentage of HDGC families screened worldwide remain 
genetically unexplained and the concern related with the 
management of these  CDH1 -negative gastric cancer families 
persists. Since linkage mapping is only feasible in the few 
families of suf fi cient size, strategies to identify novel genes 
will rely on screening of candidate genes. Tumor suppressor 
genes commonly inactivated in sporadic gastric cancers or 
implicated in gastric cancer development in experimental 
models represent putative susceptibility genes for familial 
gastric cancer. Examples of such candidate genes are  RUNX3 , 
 HPP1 ,  CASP10 ,  SMAD4 ,  MET , and  DSG2 . 

  RUNX3  was found to be causally related to gastric cancer 
development in Runx3/Pebp2alphaC null mouse model. 73  
 HPP1  encodes a cell surface receptor with multiple roles in 
cell growth, maturation, and adhesion, and was shown to be 
frequently inactivated by promoter hypermethylation in gas-
tric cancer. 74   CASP10  is mutated in a small proportion of 
sporadic gastric cancers and in vitro expression studies 
showed that cells carrying  CASP10  mutations have impair-
ment of apoptosis. 75   SMAD4,  a tumor suppressor gene ,  
encodes a transcription factor that binds to speci fi c DNA 
sequences. In  SMAD4  heterozygous mice, the presence of 
 foci  of signet ring cell (diffuse) carcinoma in the stomach 
was shown. 76  

 Sixty- fi ve Portuguese and German families (HDGC fami-
lies negative for  CDH1  germline mutations and FDGC/FGC 
families) proved to be negative for mutations in all afore-
mentioned genes. 44  ,  67  Despite the small number of families 
analyzed, these studies discourage further mutation screen-
ing of these genes. 
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 Taking into account the biology of E-cadherin, obvious 
candidate genes for mutations are those encoding E-cadherin 
binding partners within the adhesion complex, namely the 
catenins [ a  (alpha),  b  (beta),  g  (gamma), p120ctn]. The 
assessment of the mutational  status  of these genes in the set-
ting of  CDH1 -negative HDGC disclosed no germline muta-
tions, suggesting that catenins are also not major susceptibility 
genes in HDGC. 77  

  MET  gene recently emerged as a putative gene involved in 
familial gastric cancer development. The receptor tyrosine 
kinase encoded by  MET  transduces motility, proliferation, 
and morphogenic signals in epithelial cells under the effect 
of its ligand, the hepatocyte growth factor/scatter factor 
(HGF/SF). 78   MET  germline mutations occur in patients with 
hereditary papillary renal carcinoma (HPRC) and somatic 
overexpression of MET was found in gastric carcinomas. 79  
Lee et al described the  fi rst germline  MET  mutation in a 
Korean patient with intestinal gastric cancer (no family his-
tory was available). 80  This mutation (P1009S) localizes at the 
juxtamembrane domain and was not previously described in 
HPRC patients. In order to disclose the role of  MET  in famil-
ial gastric cancer, Kim et al 81  screened for  MET  germline 
mutations in a series of 21 Korean families negative for 
 CDH1  mutations. These authors found that one of 21 
probands, with metastatic diffuse gastric cancer and without 
papillary renal carcinoma, harbored a missense mutation 
(P791L) localized in a highly conserved residue of the extra-
cellular domain of MET. 81  Two asymptomatic siblings car-
ried the same  MET  alteration. 

 Both P1009S and P791L localize to upstream sites (jux-
tamembrane and extracellular domains, respectively), while 
 MET  mutations associated with HPRC or sporadic papillary 
renal carcinomas localize to the tyrosine kinase domain sug-
gesting different pathogenic mechanisms for  MET -induced 
gastric and papillary renal carcinomas. It was hypothesized 
that  MET  mutations in gastric cancers may affect dimeriza-
tion/oligomerization of MET molecules on the cell surface 
while  MET  missense mutations in HPRC alter the protein 
conformation, leading to constitutive activation of the MET 
protein in the absence of the ligand. 81  

 Chen et al suggested that  MET  mutations might be speci fi c 
to people of Asian or Korean ancestry, because no  MET  ger-
mline mutations were found in 18 white or Indian gastric 
cancer kindred. 82  However, although all  MET  germline muta-
tions found in gastric cancer patients to date have been asso-
ciated with Koreans, further investigation is required to 
determine the ethnic speci fi city of these mutations and the 
true relationship between  MET  and familial gastric cancer. 

 A cell adhesion molecule with functional similarity to 
E-cadherin is desmoglein 2 (dsg 2 ), a major component of the 
desmosomes. Biedermann et al 83  searched for  DSG2  ger-
mline mutations in 31 familial gastric cancer patients with-
out  CDH1  germline mutations, and found one germline 

missense variant leading to a nonconservative amino acid 
change in a patient with diffuse gastric cancer. 83  Despite this 
 fi nding, given the unclear pathogenic effect of this mutation 
these authors claimed that their results rule out  DSG2  as a 
major gastric cancer predisposition gene. 83    

   Molecular Pathology 

    CDH1  Second-Hit Inactivating Mechanisms 
 Heterozygous carriers of  CDH1  germline mutations bear in 
their genomes a single functional  CDH1  allele which appar-
ently produces suf fi cient amount of protein in the stomach of 
these patients, to maintain all normal E-cadherin-dependent 
functions, for at least 2 decades of life. The inactivation of 
the wild-type allele, by a 2nd-hit molecular mechanism, 
leads to biallelic inactivation of the  CDH1  gene and deter-
mines diffuse gastric cancer development. 38  ,   65  ,   84  ,   85  The ini-
tial reports addressing the type and frequency of  CDH1  2nd 
hits in HDGC tumors indicated  CDH1  promoter hyperm-
ethylation as the most common 2nd-hit mechanism of inacti-
vation, 65  ,   84  ,   85  while a second mutation and deletion (LOH or 
intragenic deletions) 38  ,   65  ,   84  were less frequently identi fi ed. 
As a consequence,  CDH1  promoter hypermethylation has 
been suggested as the basis for development of early detec-
tion tools as well as for chemoprophylaxis in unaffected 
 CDH1  mutation carriers. 86  Moreover, HDGC patients with 
clinical disease and displaying  CDH1  promoter hypermethy-
lation as a 2nd hit, in their neoplastic lesions, would probably 
bene fi t from the administration of drugs leading to the rever-
sion of  CDH1  promoter methylated state. Among many anti-
cancer drugs directed to targeted or molecular therapies, 
“epigenetic drugs” constitute an attractive possibility for dis-
ease control, because they inhibit histone deacetylases 
(HDAC) and DNA methyltransferases, leading to gene re-
expression. Therefore, HDAC inhibitors and DNA demethy-
lating agents emerge, in this view, as attractive drugs to use 
in combination with classical chemotherapy agents. Such a 
strategy would nevertheless imply the de fi nitive proof that 
hypermethylation was the most common mechanism of 
 CDH1  wild-type allele inactivation in HDGC neoplastic 
lesions, and the unique mechanism in different neoplastic 
lesions developing in the same patient. 

 In all above-mentioned studies, a single neoplastic lesion 
was investigated  per  HDGC patient, which constitutes a 
drawback since HDGC is a disease characterized by multiple 
and apparently unrelated tumor  foci , scattered in the stomach 
of mutation carriers. 29  ,   33  To overcome this problem, Oliveira 
et al performed a systematic study to quantify the different 
 CDH1  2nd hits occurring in neoplastic lesions from HDGC 
patients. 69  Somatic  CDH1  epigenetic and genetic alterations 
were detected in lesions from 80% of HDGC families and in 
75% of all lesions analyzed. Promoter hypermethylation was 
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found in 32.1%, LOH in 25%, both alterations in 17.9%, and 
no alterations in 25%. Half of the  CDH1  2nd hits in primary 
tumors were epigenetic modi fi cations, whereas in metastases 
the most frequent 2nd hit was LOH (58.3%). 69  Different neo-
plastic lesions from the same patient frequently displayed 
distinct 2nd-hit mechanisms. 69  Different 2nd-hit mechanisms 
were also detected in the same tumor sample. This study was 
critical to elucidate the mechanism(s) underlying multifocal 
HDGC in both the stomach and lymph node metastases. 69  
Because of the heterogeneity of these alterations in neoplas-
tic lesions and the plasticity of hypermethylated promoters 
during tumor initiation and progression, drugs targeting only 
epigenetic alterations may be less effective than initially pre-
dicted, particularly in patients with metastatic HDGC.  

   c-Src kinase Activation in Early Hereditary Diffuse 
Gastric Cancer 
 The earliest known manifestation of HDGC is the accumula-
tion of multiple microscopic  foci  of signet ring cells con fi ned 
to the mucosa of  CDH1  germline mutation carriers. 29  ,  33  To 
understand the general mechanisms underlying early HDGC 
development, Humar et al analyzed samples from various 
stages of hereditary and sporadic DGC. 87  These authors 
assumed that the progression from early HDGC to advanced 
HDGC was mediated by the acquisition of Epithelial to 
Mesenchymal (EMT) features by neoplastic cells of early 
HDGC. The kinase c-Src, a well-characterized EMT 
inducer, 88  ,  89  was not expressed in the small early HDGC 
 foci.  87  On the contrary, strong expression of the protein was 
observed in large intramucosal HDGC lesions with poorly 
differentiated cells, as well as in cells invading the  muscu-
laris mucosae.  87  Moreover,  fi bronectin (a downstream target 
of c-Src kinase) was also strongly expressed in carcinoma 
cells invading beyond the mucosa, consistent with the acqui-
sition of EMT features. Furthermore, P-Fak and P-Stat3 were 
expressed in poorly differentiated cells located deep to the 
intramucosal signet ring cells and correlated also with the 
expression of active c-Src. 87  

 Based on these data, Humar et al suggested that a success-
ful therapeutic strategy for patients with early HDGC would 
be the prevention of the EMT by c-Src antagonists, particu-
larly because c-Src is overexpressed in proliferating, poorly 
differentiated cells of diffuse gastric carcinoma. 87  

 In an in vitro model established to analyze genotype–phe-
notype associations between  CDH1  missense mutations and 
cell motility, it was veri fi ed that cells expressing extracellu-
lar E-cadherin mutants exhibited increased activation of 
c-Src kinase, reenforcing the above-mentioned  fi ndings. 60   

   CD44 Overexpression 
 Most HDGC early lesions remain undetected with currently 
used diagnostic tools and this limitation in cancer detection 
supports prophylactic gastrectomy as the only reliable 

medical approach to prevent disease progression in  CDH1  
mutation carriers belonging to HDGC families. The 
identi fi cation of molecules expressed de novo in HDGC neo-
plastic cells would represent a major  fi nding for early screen-
ing and therapeutic intervention. 

 Recently, CD44v6 overexpression was observed along 
the process of malignant transformation of gastric mucosa, 
from gastric premalignant (complete and incomplete intesti-
nal metaplasia, low- and high-grade dysplasia) to malignant 
lesions (gastric cancer-derived cell lines and advanced gas-
tric cancers). 90  Moreover, it was observed that CD44v6 over-
expression in E-cadherin-negative tumors developed in 
 CDH1  germline mutation carriers from HDGC families. 90  

 CD44 is a ubiquitously expressed cell surface receptor 
that undergoes extensive alternative splicing generating 
highly restrict and highly speci fi c variable isoforms, unlike 
the canonical CD44s isoform. 91  CD44v6 isoform has been 
shown to have a role as a  major  cellular matrix adhesion 
molecule that leads to the activation of several signaling 
pathways associated with cancer progression. 

 These results raised the hypothesis of using CD44v6 as a 
biomarker for the identi fi cation of premalignant and malig-
nant lesions prior to resection procedures and, eventually, as 
a target for therapy. 90    

   Animal Models and Cell Culture 
Models of Disease 

    CDH1 +/− mice 
  CDH1+/−  mice have been generated to carry a heterozygous 
 CDH1  mutation. 92  In the homozygous state, the mutation 
affects preimplantation development severely, but the avail-
ability of viable mice carrying the  CDH1  mutation in a 
heterozygous state represents a powerful tool to analyze the 
role of E-cadherin in tumor progression. This system was 
later used to promote gastric carcinogenesis either in 
 CDH1 +/− and in wild-type (wt) mice using  N -methyl- N -
nitrosourea (MNU). 93  In this model, intramucosal signet ring 
cell (diffuse) carcinoma developed much more frequently in 
 CDH1 +/− mice than in wt mice. The murine signet ring cell 
(diffuse) carcinoma resembled the human early HDGC  foci  
in that they were hypoproliferative and had reduced mem-
brane localization of E-cadherin and its interacting junctional 
proteins. Together, these  fi ndings provided compelling evi-
dence for a de fi ciency in cell-to-cell adhesion being suf fi cient 
to initiate diffuse gastric cancer in the absence of 
hyperproliferation.  

   CHO Cell Lines Stably Expressing  CDH1  Mutations 
 Most germline  CDH1  mutations identi fi ed to date in HDGC 
patients are truncating, as the produced mutant mRNAs 
encompassing premature termination codons (PTC). These 
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PTC containing transcripts are commonly downregulated by 
the mRNA nonsense-mediated decay (NMD) system, a 
mechanism of mRNA surveillance. 94  In case these mRNAs 
escape NMD, they lead to the generation of premature termi-
nation of translation and production of truncated proteins. 

 A group of  CDH1  germline mutations, which occur in 
about 20% of the HDGC families and also in EOGC 
patients, are of the missense type and, in contrast to trun-
cating mutations, their pathogenicity is not straightforward, 
therefore constituting a problem in terms of genetic 
counseling. 60  ,  68  ,  95  -9  7  

 An additional problem related to HDGC families carrying 
 CDH1  missense mutations is related to disease penetrance. 
In contrast to  CDH1  germline truncating mutations, for 
which 80% disease penetrance is estimated, missense muta-
tions display a low-penetrance phenotype, with only a few 
mutation carriers being affected within pedigrees. 24  ,  97  

 This, together with the fact that these HDGC families are 
usually very small so that very few individuals are available 
for testing, has not allowed segregation analysis within 
 CDH1  germline missense mutations families. Lacking this 
clinical information, which constitutes a limiting step to infer 
the pathogenic signi fi cance of missense mutations, it was 
suggested that the signi fi cance of missense mutations in 
 CDH1  should be assessed in at least four affected members 
in combination with functional and transcript analysis to 
look for activation of cryptic splice sites. 98  However, in some 
cases this type of analysis is impossible to accomplish due to 
the lack of biological material. 

 To circumvent this limitation, a working model was devel-
oped to classify the signi fi cance of missense  CDH1  muta-
tions, based on the information collected on the co-segregation 
of the mutation within pedigrees, the frequency in healthy 
control population, the recurrence in independent families, 
and functional in vitro and in silico data. 97  This model 
allowed the classi fi cation of  CDH1  missense variants into 
two distinct groups: neutral variants and mutations, thus pro-
viding an important tool that can ultimately improve the 
genetic counseling offered to the carriers of germline  CDH1  
missense variants. 97  

 As reference laboratory of the International Gastric 
Cancer Linkage Consortium, IPATIMUP has been involved 
in the functional characterization of new HDGC-associated 
 CDH1  germline missense mutations, aiming at revealing 
their pathogenicity, using in silico and in vitro assays. The in 
silico analysis included the estimation of the degree of con-
servation within species of the mutated site, the impact of the 
mutation on the protein structure, and its effect on splicing. 

 To functionally characterize the different  CDH1  missense 
mutations identi fi ed, cell lines stably expressing each of the 
 CDH1  missense mutations, as well as the wt human  CDH1 , 
have been established by site-direct mutagenesis and 
transduced into the mammalian E-cadherin-negative CHO 

(Chinese Hamster Ovary) cell line. E-cadherin function is 
currently evaluated in vitro by assessing its two main func-
tions, cell–cell adhesion establishment and cell invasion sup-
pression. Slow aggregation in soft agar and Matrigel invasion 
assays, two good assays proposed by Boterberg et al, 99  are 
performed in cells expressing different  CDH1  missense 
mutants in comparison to cells expressing WT  CDH1 . Cells 
expressing in vitro pathogenic  CDH1  missense mutations 
commonly fail to aggregate and are able to invade, in con-
trast to cells expressing the wt protein, which form strong 
compact cell aggregates and are unable to invade the Matrigel 
matrix. In all tested missense mutations that proved to be 
pathogenic, cell–cell adhesion was proven to be inversely 
correlated with the capacity of cells to invade, con fi rming the 
role of E-cadherin in both cell–cell adhesion and suppression 
of invasion. Taken together, the functional assays performed 
so far showed that mutations T118R, L214P, G239R, A298T, 
T340A, P373L, A634V, R749W, E757K, E781D, P799R, 
and V832M exhibit strong loss of function, supporting their 
pathogenic role in vivo. 60  ,  97  

 To understand if the loss of function of the above-men-
tioned  CDH1  mutants was related to differences in E-cadherin 
expression, both western-blot and immuno fl uorescence anal-
ysis of E-cadherin were performed. With the exception of 
mutants R749W and E757K, all the other mutants expressed 
E-cadherin at levels similar to those observed for wt  CDH1  
expressing cells. 70  These results are of clinical importance 
since they show that immunohistochemistry is not a valuable 
screening method to unravel the pathogenic signi fi cance of 
 CDH1  missense mutants in most cases. Moreover, 
immuno fl uorescence analysis revealed that the protein is 
correctly located at the cell membrane, indicating that the 
loss of function of these mutants is neither due to abnormal 
expression, nor to mislocalization of the protein. 

 In the case of the  CDH1  missense juxtamembrane domain 
mutants, R749W and E757K, both display reduced total and 
surface expression (60% and 25%, respectively), due to 
Endoplasmic Reticulum-Associated Degradation (ERAD). 70  

 Besides the critical importance of these in vitro functional 
studies for the genetic counseling of HDGC families, the dis-
tinct stable cell lines harboring the set of missense mutations, 
now available at Seruca’s group at IPATIMUP, represent a 
unique resource to identify, among the signaling pathways 
activated by E-cadherin, those critical for cell invasion, 
aggregation, and motility and thus to be able to spot new 
therapeutic targets for medical intervention in E-cadherin-
dependent cancer, sporadic or hereditary (see section 
below). 

 The above-mentioned in vitro systems using cell lines sta-
bly expressing distinct  CDH1  missense mutants have pro-
vided evidence for an association between the speci fi c 
location of each mutation in the  CDH1  gene and cell 
phenotype. 60  ,  70  ,  100  ,  101  
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 Cells harboring extracellular domain mutations L214P, 
G239R, A298T, T340A, and P373L were signi fi cantly more 
motile (2- to 3-fold increase) than cells expressing wt allele. 
Mutations in the so-called juxtamembrane domain of 
E-cadherin (R749W and E757K), which is a particular region 
of the intracellular E-cadherin domain, rendered cells 
signi fi cantly more motile (2- to 2.5-fold increase) than the 
ones expressing wt E-cadherin. However, this migratory 
behavior was not observed for cells expressing other  CDH1  
mutations, namely one mutation that affects the precursor 
region of the protein, a region that is normally cleaved to 
generate the mature protein, and mutations localized in the 
intracellular domain (E781D, P799R, and V832M). 
Interestingly, all stable mutant cells lines exhibit enhanced 
cell motility mediated through  RAS  homolog gene pathway 
(RhoA) activation and present high EGFR activation. 60  ,  102  

 In contrast, the  CDH1  intracellular mutations do not lose 
the ability to suppress EGFR and do not respond to EGF by 
acquiring a motile behavior. Interestingly, it was veri fi ed that 
the intracellular V832M mutation adjacent to the  b -catenin-
binding domain hampers cell motility by destabilizing the 
E-cadherin/ b -catenin junctional complex. 95  ,  103  

 Although these differences were veri fi ed mainly using 
in vitro models, one can hypothesize that patients harboring 
 CDH1  mutations in the distinct domains of the protein may 
have a distinct disease progression (i.e., E-cadherin-mediated 
cell motility may increase metastatic potential of some tumor 
cells).   

   Treatment 

   Prophylactic Gastrectomy 
 Stomachs removed from germline  CDH1  deleterious muta-
tion carriers have constituted an extremely useful tool to 
understand the morphologic steps underlying the develop-
ment of HDGC, encompassing prophylactic (biopsy-nega-
tive cases) and curative (biopsy-positive cases) total 
gastrectomies. Currently, there is information available 
from 96 total gastrectomies in the setting of HDGC, corre-
sponding to published reports 25  ,  29  -3  3  ,  35  -3  7  ,  72  ,  104  -1  11  and unpub-
lished observations. Seventy three of these gastrectomies 
were systematically studied according to a research proto-
col, and 70 (96%) displayed one or multiple  foci  of intra-
mucosal signet ring cell (diffuse) carcinoma (number of 
 foci  varying from 1 to 318). In two out of the three cases in 
which intramucosal (T1a) carcinomas were not identi fi ed, 
tiny  foci  of in situ signet ring cell carcinoma were observed 
(unpublished observations). Additionally, three other publi-
cations reported prophylactic gastrectomies performed in 
 CDH1  germline mutation carriers in which cancer was not 
identi fi ed. 108  ,  111  ,  112  Two of these publications did not provide 
detailed data on the protocol used for the study of the 

surgical specimens. 108  ,  111  The case reported in the third 
study 112  was later submitted to a detailed analysis according 
to a research protocol and shown to be positive for early 
invasive carcinoma (four  foci ). 35  Similar  fi ndings had been 
previously reported by Lewis et al. 104  

 On the basis of these observations, unless total sampling 
of the whole stomachs is performed, the diagnosis of intra-
mucosal cancers cannot be excluded. Actually, one of us 
(FC) had the opportunity to see in consultation several pro-
phylactic gastrectomies, originally reported as negative for 
cancer, in which the detailed microscopic study of the whole 
length of gastric mucosa (after complete embedding of the 
whole stomach) revealed the presence of  foci  of early inva-
sive signet ring cell carcinomas in all cases (data not 
published). 

 Since the analysis of gastrectomy specimens shows that 
microscopic  foci  of signet ring cell (diffuse) carcinoma are 
almost universally present in  CDH1  mutation carriers and 
since the penetrance of HDGC is >80%, surgery should be 
strongly considered whenever an at-risk family member is 
found to have a  CDH1  pathogenic mutation. However, the 
timing of the gastrectomy is debatable. Available evidence 
suggests that the intramucosal signet ring cell (diffuse) carci-
nomas have an indolent growth and may remain latent, with-
out progression, for unknown periods of time, most probably 
due to the fact that they have a low proliferative index. 65  
However, with our current lack of knowledge on the behav-
ior of intramucosal signet ring cancer cells, it is recom-
mended that if they are detected on endoscopic biopsies, the 
patient should be advised to undergo a curative total gastrec-
tomy regardless of age, although it is rare that endoscopy 
would be recommended before 16 years of age. Carriers of 
pathogenic  CDH1  mutations with normal gastric biopsies 
should be advised to undergo prophylactic total gastrectomy 
once the genetic testing results are known and once individu-
als are older than 20 years. 25  Patients under the age of 40 who 
develop symptomatic invasive diffuse gastric carcinoma have 
a poor prognosis with as few as 10% having early and cur-
able disease. 113  There are now reports showing that preg-
nancy can be carried to full term following a prophylactic 
gastrectomy 114  and individuals are able to return to full-time 
work including manual workers.  

   Potential Molecular Targets 
 At initial diagnosis, most HDGC probands present an 
advanced disease stage with a high risk of relapse after surgi-
cal treatment. The high prevalence of incurable disease pro-
duces a heavy burden on patients’ care which has a huge 
effect on healthcare resources. 

 For a long time, the consequences of E-cadherin loss of 
function have been seen as a structural cell–cell adhesion 
disruption rather than as a loss of E-cadherin-dependent reg-
ulatory events. However, E-cadherin acts indeed as a cell 
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membrane receptor, 115  ,  116  and many signaling molecules have 
been reported to interact with E-cadherin, namely the 
Receptor Tyrosine Kinases (RTKs), which have been found 
to localize also at the basolateral membrane of epithelial 
cells. 117  ,  118  

 RTK activity in resting normal cells is tightly controlled, 
but RTKs can become potent oncoproteins. Of notice, the 
Epidermal Growth Factor Receptor (EGFR) has been 
reported to be involved in a bidirectional cross talk with 
E-cadherin. 119  

 Using an in vitro model, Seruca’s group demonstrated 
that there is a tight regulation of E-cadherin–EGFR and 
E-cadherin–HER2 heterodimers. 60  ,  102  Moreover, recently 
they showed also, using in vitro assays, that cancer-associ-
ated E-cadherin alterations (extracellular mutations or com-
plete loss) modify the stability of E-cadherin/EGFR 
heterodimer leading to the activation of EGFR downstream 
targets, namely increased RhoA activation. This effect on 
EGFR–RhoA activation mediated by altered E-cadherin was 
shown to be reverted upon EGFR pharmacological 
inhibition. 102  

 Epidermal Growth Factor Receptor (EGFR) and HER2 
are members of the HER family of receptors. Abnormal acti-
vation of HER in transformed cells is involved in the devel-
opment and progression of many human cancers. HER 
receptors are important targets for therapeutic intervention, 
namely in non-small cell lung cancer (NSCLC), in colorectal 
and breast carcinomas, and in pancreatic adenocarcinomas. 
Thus, one can hypothesize that EGFR or HER2 inhibitors 
can be used in the treatment of gastric cancer, not only in 
patients harboring tumors with EGFR/HER2 alterations, 
namely ampli fi cation and/or mutation, but also in patients 
with tumors with E-cadherin deregulation. 

 Since EGFR and HER2 inhibitors are already commer-
cially available and used in clinical practice in other tumor 
models, testing these drugs as new therapeutic tools for gas-
tric cancer associated with E-cadherin is a clinical 
challenge. 

   E-cadherin and Tumor Cell Survival    
 Cell survival depends on signals from the environment, such 
as those provided by adhesion molecules that mediate con-
tacts between cells or between cells and the extracellular 
matrix. 120  If these interactions are disrupted, the cells are pro-
grammed to die. 121  -1  23  

 E-cadherin, besides its role in cell–cell adhesion, is 
involved in the regulation of programmed cell death. 124  This 
was shown also using an in vitro model, in which mutational 
loss of functional E-cadherin renders cells more resistant to 
apoptotic stimuli. 125  Cell lines stably expressing  CDH1  
mutants are capable not only to invade but also to survive and 
grow in the absence of contact with other cells in a “hostile” 
environment. 125  The apoptotic stimulus used in this in vitro 

study was taxol, a drug widely used in the treatment of 
advanced cancers, including epithelial tumors harboring 
 CDH1  dysfunction. Importantly, these results question the 
effectiveness of such treatment in these types of tumors and 
highlight the need for further research on the subject in order 
to  fi nd alternative therapeutic strategies. 

 It was also demonstrated the existence of an interplay 
between E-cadherin and the anti-apoptotic factor bcl-2, sup-
porting the hypothesis that E-cadherin is more than a simple 
mediator of cell contact and adhesion but is also involved in 
the control of programmed cell death and thus has a dual role 
in cancer development.     

   Early-Onset Diffuse Gastric Cancer 

   De fi nition 

 Early-onset gastric cancer (EOGC) is de fi ned as any gastric 
cancer presenting at the age of 45 or earlier, and represents 
approximately 10% of all patients with stomach cancer 
with reported frequencies varying between 2.7% and 15%, 
according to different populations studied. 113  Gastric can-
cer patients younger than 40–45 years old are believed to 
develop gastric cancer involving molecular pathways dif-
ferent from those of patients with sporadic carcinomas that 
occur later in life. 113  ,  126  ,  127  Gastric cancer occurring in 
patients younger than 30 years is very rare (1.1–1.6%) and 
most of EOGCs are diagnosed in patients older than 35. 128  ,  129  
Gastric cancers diagnosed before 20 years of age are excep-
tional and current literature is limited to a small number of 
cases. 130  ,  131  

 Early-onset diffuse gastric cancer (EODGC) is part of the 
EOGC setting, but its most frequent presentation occurs in 
HDGC families, where most family members develop dif-
fuse gastric cancer at young age, before 45 years old. 22  
Guilford et al reported the  fi rst young patient with apparently 
sporadic diffuse gastric cancer, carrying a  CDH1  germline 
mutation. 14  

 The age of onset has been used in several types of heredi-
tary cancer syndromes to recruit patients without a family 
history for genetic screening, as these isolated patients repre-
sent putative carriers of de novo germline mutations.  

   Clinical and Pathological Features of EOGC 

 From the clinicopathologic stand point, EOGC preferentially 
occur in female gender presenting tumors with diffuse histol-
ogy, multifocal appearance, proximal location, and poor out-
come. In EOGC patients, the advanced stage at the time of 
diagnosis remains a clinical burden due to the poor long-term 
survival. 40  
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 Etiological factors of EOGC remain unknown as environ-
mental agents represent a  minor  component and therefore a 
high impact of genetic causes is predicted.  CDH1  germline 
mutations in well-documented diffuse EOGC cases remain 
the only germline genetic defect described in this type of 
patients. 

 Positive family history of gastric cancer has been reported 
in about 10% of young patients with diffuse histotype of gas-
tric cancer 132  and therefore these patients are frequently con-
sidered strong candidates to be part of HDGC families. In 
such cases, families should be offered genetic counseling 
and should be tested for the presence of germline alterations 
at the  CDH1  gene.  

    CDH1  Germline Sequence Variants in EOGC 

 Several authors identi fi ed  CDH1  germline alterations in 
apparently sporadic EOGC, always presenting diffuse or 
mixed histotype. The largest series of diffuse EOGC screened 
for  CDH1  germline mutations was reported by Bacani et al 50  
who identi fi ed eight germline sequence variants in 81 (9.9%) 
patients younger than 50 years, in the Central-East Ontario 
region, Canada, a region of low incidence of gastric cancer. 50  
Suriano et al 68  described also a large series of 54 diffuse or 
mixed type EOGC patients for which  fi ve (9.3%) germline 
sequence variants were reported. 

 To date, 264 apparently sporadic diffuse or mixed EOGC 
patients, aged 51 years or less, have been screened for the 
presence of  CDH1  germline sequence variants (Table  6.3 ). 
From these 264 EOGC cases, 19 (7.2%) carried  CDH1  con-
stitutional germline sequence variants, but only 2.3% (6/264) 
of them did in fact represent variants with a proven poten-
tially deleterious effect (Table  6.3 ). This predicted pathoge-
nicity was based on the type of mutation (frameshift) or on 
the results obtained from in vitro functional analysis. Tumors 
from EOGC mutation carriers invariably presented partial 
(mixed) or complete diffuse histology and occurred in 
patients younger than 35 years old. Based on these and other 
similar observations, germline  CDH1  mutation screening is 
now recommended for patients with these characteristics. 23     

   Gastric Cancers Associated with Other 
Hereditary Predisposition Syndromes 

   Lynch Syndrome 

 Lynch syndrome (previously referred to as Hereditary 
Nonpolyposis Colorectal Cancer (HNPCC) [MIM #120435]) 
is an autosomal dominantly inherited disorder of cancer sus-
ceptibility with high penetrance (80–85%) 135  and is one of 
the most common inherited cancer syndromes in humans. 

Lynch syndrome occurs in about 2–4% of all colorectal can-
cer cases and is caused by a mutation in one of the mismatch 
repair (MMR) genes:  MLH1 ,  MSH2 ,  MSH6 , or  PMS2 . Lynch 
syndrome is also associated with various types of extraco-
lonic malignancies and, in this case, is commonly referred as 
Lynch syndrome II. In Lynch syndrome II there is a high risk 
of non-colonic malignancies within the digestive system, 
affecting the stomach, small intestine, pancreas, and biliary 
tree. Until recently, the incidence of gastric cancer in Lynch 
syndrome II remained unclear depending largely on the rate 
of gastric cancer itself within the population under analy-
sis. 136  ,  137  However, Capelle et al 138  determined recently the 
incidence of gastric cancer in a large series of Lynch syn-
drome mutation carriers (known and putative) and found that 
standardized incidence ratio of gastric cancer was 3.4 (95% 
con fi dence interval, 2.1–5.2). 138  To have a correct estimation 
of gastric cancer risk in Lynch syndrome, the authors evalu-
ated 2,014 mutation carriers and found gastric tumors only in 
32 cases (1.6%) and, in one family with Lynch syndrome II, 
four cases of gastric cancer were diagnosed. 138  In this study, 
gastric cancer occurred more frequently in males than in 
females (1.9:1) with a lifetime risk of 8.0% in males versus 
5.3% in females, but this difference is likely to be related to 
the fact that males are already at a higher risk of developing 
gastric cancer due to lifestyle habits. 138  In Lynch syndrome, 
gastric cancer is diagnosed at 45 years of age or older in the 
majority of the cases (87.5%) at a median age of 55 years 
(range, 27–82 years), the intestinal-type gastric adenocarci-
noma being the most commonly reported. 

 Concerning the association between the types of germline 
defects in mismatch repair genes associated with gastric can-
cer, in the study reported by Capelle et al 138  none of the 378 
 MSH6  carriers developed gastric cancer. In contrast, in 
patients with germline defects of  MLH1  or  MSH2 , there was 
a risk for gastric cancer development, 4.8% and 9%, respec-
tively. Due to this genotype–phenotype association, surveil-
lance gastroscopy for Lynch syndrome patients carrying an 
 MLH1  or  MSH2  mutation should be considered. 138  

 A hallmark of the Lynch syndrome is the presence of mic-
rosatellite instability (MSI) in the tumors and it is mandatory 
to search for this molecular biomarker in cases of gastric 
cancer occurring in the setting of suspected Lynch syndrome, 
before offering germline mutation screen of  MSH2  and 
 MLH1  defects. 139  ,  140  

 Interestingly, in “pure” familial gastric cancer (FGC) no 
MMR gene mutations have yet been identi fi ed. 141  However, a 
subset of these families is putatively linked to “non-classic” 
MMR defects. This hypothesis is based on the fact that MSI 
tumors have been identi fi ed in families with aggregation of 
gastric cancer only. 141  ,  142  

 Recently, Leite et al 141  analyzed a series of gastric cancer 
families presenting at least one gastric cancer case aged less 
than 50 years old, excluding familial cases belonging to families 
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harboring  CDH1  alterations (HDGC) and families with criteria 
of Lynch syndrome. 141  In these families, females were 
signi fi cantly more affected than in the sporadic setting, but the 
reason behind this  fi nding (a higher female–male ratio) remains 
unknown. To disclose the mechanism underlying these cases of 
familial clustering of gastric cancer, MSI was searched for, the 
 status  and frequency of  MLH1  promoter methylation were ana-
lyzed, and MMR gene mutations were screened in selected 
cases: 71.4% of the MSI gastric cancer families harbored somatic 
 MLH1  promoter hypermethylation. Gene rearrangements at 
 MLH1  and  MSH2  genes, as well as germline methylation of the 
 MLH1  promoter, were searched for in the probands of two gas-
tric cancer families with tumors lacking  MLH1  immunoexpres-
sion. At least in these two cases, no germline alterations were 
detected that could explain familial aggregation of early-onset 
MSI gastric cancer.  

   Li–Fraumeni Syndrome 

 Li and Fraumeni reported a familial cancer syndrome char-
acterized by autosomal dominant inheritance and early onset 
of tumors, multiple tumors within an individual, and multiple 
affected family members, which is denominated as 
Li–Fraumeni syndrome (LFS) [MIM #151623]. 143  ,  144  In con-
trast to other inherited cancer syndromes, which are predom-
inantly characterized by site-speci fi c cancers, LFS families 
present with a variety of tumor types. The most common 
types are soft tissue sarcomas and osteosarcomas, breast can-
cer, brain tumors, leukemia, and adrenocortical carcinoma. 
Other less frequent tumors include melanoma and carcino-
mas of the lung, pancreas, cervix, and prostate. Classic LFS 
is de fi ned as a proband with a sarcoma before the age of 45 
years and a  fi rst-degree relative age <45 years with any can-
cer and one additional  fi rst- or second-degree relative in the 
same lineage with any cancer age <45 years or a sarcoma at 
any age. Gastric cancer can occur in some affected LFS fam-
ilies, both of intestinal and diffuse types. 

 To date, germline  TP53  mutations have been identi fi ed in 
approximately 70–75% of LFS families ful fi lling the classic 
criteria. 145  -1  47  In most tumors, both alleles are altered—one 
by inherited mutation, and the other by somatic loss of the 
wild-type allele. 148  Very recently, it was demonstrated that 
the functional effects of particular mutations, polymorphisms 
in  TP53  or in regulators such as  MDM2 , variations in DNA 
copy number, and variations in telomere length have a strong 
impact on individual risk and on tumor patterns. 149  

 In two families (one Portuguese and one German) with 
heavy history of gastric cancer and lacking  CDH1  germline 
mutations,  TP53  germline mutations were found. 44  ,  67  The 
Portuguese family had been misclassi fi ed in clinical terms as 
familial gastric cancer (FGC) and not as a Li–Fraumeni 
family and thus proposed at  fi rst for  CDH1  and not  TP53  

screening. Cases like this should draw the attention of genetic 
counselors for the possibility that a minority of apparent 
FGC cases can be explained by  TP53  germline mutations 
leading to a distinct clinical follow-up. 

 Somatic alterations of  TP53  have been found in more than 
60% of gastric carcinomas and can be of the diverse type: 
missense mutations, frameshift, deletions, or LOH. Some 
studies showed that the frequency of  TP53  mutations in early 
and advanced intestinal type gastric cancer was similar to 
that observed in advanced diffuse carcinomas (around 40% 
in all cases), while  TP53  mutations rarely occurred in early 
diffuse gastric cancers. 150  -1  54  

  CHEK2  gene in long arm of chromosome 22 was recently 
implicated as a tumor suppressor gene and a second predispos-
ing  locus  for LFS. 155  The role of  CHEK2  mutations has been 
somewhat controversial due to the presence of related genes 
on various other chromosomes in the human genome. 155  

 A third Li–Fraumeni syndrome predisposition  locus  was 
assigned to human chromosome 1q23. 156   

   Familial Adenomatosis Polyposis 

 Familial adenomatous polyposis (FAP) [MIM #175100] is a 
rare hereditary syndrome characterized by multiple colorec-
tal polyps and early development of colorectal cancer. 157  ,  158  
Although FAP uniformly involves the large bowel, it is often 
signi fi cantly confounded by extracolonic cancers including 
gastric cancer. 159  -1  61  An attenuated form of FAP, called atten-
uated FAP, has been distinguished from classic FAP. 162  

 The syndrome, when inherited in an autosomal dominant 
manner, is caused by germline mutations in the adenomatous 
polyposis coli ( APC ) gene, which is a tumor suppressor gene 
located on the long arm of chromosome 5 (5q21–22). 163  ,  164  
This gene plays a central role in the development and homeo-
stasis of the intestine and many other tissues. Recently 
another polyposis gene has been identi fi ed, the  MUTYH  
gene, in which biallelic mutations cause an autosomal reces-
sive pattern of inheritance. 165  This form of polyposis is usu-
ally referred to as  MUTYH -associated polyposis (MAP). 166  
Gastric cancer does not seem to belong to the extracolonic 
tumor spectrum in  MUTYH -associated polyposis. 167  

 Both adenomas and fundic gland polyps develop in the 
stomach in the setting of FAP. 158  Fundic gland polyposis is 
the most common gastric lesion in FAP. In the general popu-
lation, these polyps are considered benign and have no 
malignant potential. However, in FAP patients, fundic gland 
polyps have been occasionally recognized as precursor 
lesions from which invasive cancer may develop. 168  ,  169  Fundic 
gland polyps are common in familial adenomatous polyposis 
and attenuated familial adenomatous polyposis and, if 
voluminous, may interfere with effective endoscopic gastric 
cancer surveillance. 161   
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   Cowden Syndrome 

 Cowden syndrome [MIM #158350] comprises a heterogeneous 
group of disorders, some of them considered to be pathogno-
monic like mucocutaneous lesions, and macrocephaly. 

 Up to now, the only gene identi fi ed to cause Cowden dis-
ease is the phosphatase and tensin homolog ( PTEN ). 

  PTEN  mutation carriers usually develop clinical features 
by their second decade of life, but the age of onset can vary 
depending on the clinical presentation of the disease. 
Mutation carriers are at an increased risk to develop benign 
and malignant tumors of the breast, endometrium, and thy-
roid. The  fi rst description of gastric involvement in Cowden 
disease was reported by Weinstock and Kawanishi. 170  

 Hamartomatous polyps throughout the gastrointestinal 
tract can be found in more than 60% of Cowden patients, in 
association or not with ganglioneuromas and lipomatous and 
in fl ammatory polyps. 

 The risk of gastric carcinoma development in Cowden 
syndrome is not well established; thus the National 
Comprehensive Cancer Network (NCCN) does not provide 
speci fi c guidelines for endoscopic screening of the gastroin-
testinal tract in this syndrome. In fact, very rare cases of gas-
tric carcinomas have been reported in the literature. 

  PTEN -associated cancers, namely gastric cancer, show 
somatic loss of PTEN protein whereas the surrounding non-
neoplastic tissue retains PTEN immunoexpression. This was 
clearly reported in a gastric cancer patient belonging to a 
Cowden’s family presenting a germline  PTEN  mutation 
(Gly293X), reinforcing the role of this technique as a com-
plementary assay in the case of a suspect individual. 171   

   Peutz–Jeghers Syndrome 

 Peutz–Jeghers syndrome (PJS) [MIM #175200] is character-
ized by the association of gastrointestinal polyposis and 
mucocutaneous pigmentation. 172  

 The  sine qua non  of the diagnosis of PJS is the hamar-
tomatous gastrointestinal polyp characterized histopatholog-
ically by the unique  fi nding of mucosa with interdigitating 
smooth-muscle bundles in a characteristic branching tree 
appearance. 173  

 A working de fi nition of PJS was suggested by Giardiello 
et al 174  and further de fi ned in a recent consensus meeting. 175  
In a single individual, a clinical diagnosis of PJS may be 
made when any one of the following is present: (1) Two or 
more histologically con fi rmed PJ polyps; (2) Any number of 
PJ polyps detected in one individual who has a family history 
of PJS in close relative(s); (3) Characteristic mucocutaneous 
pigmentation in an individual who has a family history of 
PJS in close relative(s); and (4) Any number of PJ polyps in 
an individual who also has characteristic mucocutaneous 
pigmentation. 

 PJS is an autosomal dominant inherited disorder associ-
ated with increased cancer risk, in particular breast and gas-
trointestinal cancers, including gastric cancer. 176  ,   177  In a 
recent systematic PubMed search, it was found that the most 
common malignancy was colorectal cancer, followed by 
breast, small bowel, gastric, and pancreatic cancers, the life-
time risk for any cancer varying between 37% and 93%. 178  

 Germline mutations in the gene  STK11  ( LKB1 ) have been 
identi fi ed as a cause of Peutz–Jeghers syndrome. 179  ,   180  
Mutations in this gene account for most cases of PJS, being 
detected in nearly all individuals who have a positive family 
history and approximately 90% of individuals who have no 
family history of PJS. 172  However, identi fi cation in a PJS 
patient of a germline mutation in the gene coding for smooth-
muscle myosin ( MYH11 ) suggests it cannot be ruled out 
completely that alterations in genes other than STK11/LKB1 
may be responsible for this disease. 181        
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         Introduction 

 Cancer predisposition syndromes affecting the gastrointesti-
nal (GI) tract represent a small proportion of GI cancers and 
may arise in the background of a polyposis syndrome 
(Table  7.1 ). The molecular mechanisms underlying these 
syndromes have been instrumental in our understanding of 
the molecular basis of development and progression of the 
more frequent counterpart sporadic neoplasms, sharing many 
common molecular features. Syndromic hereditary cancers 
can involve any segment of the GI tract but predominantly 
involve the colon, and the most common cancers are colorec-
tal adenocarcinomas (CRC). The most frequent inheritable 
GI cancer syndromes are those associated with germline 
mutations in the DNA mismatch repair (MMR) genes, in 
which case cancers do not arise in a polyposis background, 
and those attributed to underlying germline mutations in the 
 APC  or  MYH  genes in patients who manifest an adenoma-
tous polyposis phenotype in the intestine. In addition to the 
well-characterized cancer syndromes, there are families with 
clustering of colon cancer, including patients with colon can-
cers before age 50, for whom the susceptibility gene loci 
have not been identi fi ed. 1  –  3    

   Hereditary Non-Polyposis Colorectal 
Cancer–Lynch Syndrome    

   Clinical Features 

 Hereditary Non-Polyposis Colorectal Cancer, also known as 
Lynch syndrome (HNPCC/LS) is diagnosed on the basis of a 
germline mutation in one of the DNA MMR genes that 
results in de fi cient DNA mismatch repair (dMMR). 4  –  6     The 
de fi ciency of DNA mismatch repair results in increased 
mutation accumulation in the genome and higher risk of neo-
plastic transformation. HNPCC/LS represents an estimated 
3–6% of all colorectal cancer cases. 4  ,  7  HNPCC/LS is inher-
ited as an autosomal dominant cancer predisposition syn-
drome, and is characterized by early onset of colorectal 
cancers, and increased frequency of cancers in the small 
bowel, stomach, biliary tract, pancreas, endometrium, ovary, 
urothelium (urinary bladder, ureter, and renal pelvis), brain, 
sebaceous gland adenomas, and keratoacanthomas. 5  –  9  The 
extra-gastrointestinal neoplasms associated with HNPCC/
LS will be described in further detail later in this chapter. 
Sebaceous gland adenomas and keratoacanthomas are part 
of the Muir-Torre syndrome, whereas tumors of the brain, 
usually glioblastomas, occur in the Turcot syndrome. 5  ,  9  

 The average age of presentation of colorectal cancer in 
HNPCC patients is 45 years of age, but the disease can be 
discovered in older patients. 10  ,  11  Tumors are located in the 
proximal colon in two-thirds of cases, but can occur in any 
segment of the gastrointestinal tract. 10  ,  11  Tumors are often 
multiple or associated with other synchronous or metachro-
nous neoplasms of the HNPCC-cancer spectrum. 5  ,  7  ,  9  ,  10  
HNPCC/LS patients are at higher lifetime risk for colorectal 
cancer than the general population, developing CRC in up to 
80% and endometrial carcinoma in up to 60% of mutation 
carriers. 5   

      Cancer Predisposition Syndromes 
of the Gastrointestinal Tract       

     Ian   S.   Hagemann     and    Antonia   R.   Sepulveda            

  7

    I.  S.   Hagemann ,  M.D., Ph.D.  
     Department of Pathology and Immunology ,  Washington University ,
  St. Louis ,  MO ,  USA  

      A.  R.   Sepulveda ,  M.D., Ph.D.   (*)
     Department of Pathology & Cell Biology ,  Columbia University , 
  630 W 168th Street, VC-14 RM 212, New York, NY 10032, USA            
e-mail:  as4400@columbia.edu   



110 I.S. Hagemann and A.R. Sepulveda

   Ta
b

le
 7

.1
  

  Po
ly

po
si

s 
Sy

nd
ro

m
es

 o
f 

th
e 

G
as

tr
oi

nt
es

tin
al

 T
ra

ct
 17

2   ,   17
3   ,   18

0   ,   18
1   ,   18

7     

 Sy
nd

ro
m

e 
 M

aj
or

 c
lin

ic
al

 f
ea

tu
re

s 
 R

is
k 

of
 C

R
C

 c
an

ce
r 

 G
en

e 
 G

en
e 

pr
od

uc
t f

un
ct

io
n 

 Fa
m

ili
al

 a
de

no
m

at
ou

s 
po

ly
po

si
s 

 >
10

0 
co

lo
ni

c 
ad

en
om

as
; d

uo
de

na
l a

nd
 p

er
ia

m
pu

lla
ry

 a
de

no
m

as
; 

ga
st

ri
c 

fu
nd

ic
 g

la
nd

 p
ol

yp
s 

 10
0%

 li
fe

tim
e 

ri
sk

 f
or

 c
ol

or
ec

ta
l 

ca
rc

in
om

a 
(l

at
er

 a
ge

 in
 A

FA
P)

 
  A

P
C

  
 G

ro
w

th
 in

hi
bi

to
ry

: t
ar

ge
ts

 
be

ta
-c

at
en

in
 f

or
 d

es
tr

uc
tio

n 
 –G

ar
dn

er
 s

yn
dr

om
e 

 FA
P 

an
d 

C
H

R
PE

, o
st

eo
m

as
, d

es
m

oi
d 

tu
m

or
s 

 –T
ur

co
t s

yn
dr

om
e 

 FA
P 

an
d 

m
ed

ul
lo

bl
as

to
m

a 
 –A

tte
nu

at
ed

 F
A

P 
(A

FA
P)

 
 >

15
 b

ut
 <

10
0 

co
lo

ni
c 

ad
en

om
as

; o
th

er
 F

A
P 

m
an

if
es

ta
tio

ns
 a

re
 le

ss
 f

re
qu

en
t 

 M
Y

H
-a

ss
oc

ia
te

d 
po

ly
po

si
s 

 FA
P-

lik
e 

pr
es

en
ta

tio
n:

 c
ol

on
ic

 a
de

no
m

as
; b

ut
 n

o 
A

PC
 m

ut
at

io
n 

id
en

ti fi
 ab

le
 

 Sl
ig

ht
 in

cr
ea

se
 in

 r
is

k 
of

 C
R

C
 

  M
Y

H
  

 D
N

A
 d

am
ag

e 
re

pa
ir

 
 Pe

ut
z-

Je
gh

er
s 

sy
nd

ro
m

e 
 H

am
ar

to
m

at
ou

s 
ga

st
ro

in
te

st
in

al
 p

ol
yp

s;
 p

re
di

sp
os

iti
on

 f
or

 m
ul

tip
le

 
ex

tr
ac

ol
on

ic
 m

al
ig

na
nc

ie
s 

 G
I 

an
d 

ex
tr

a-
G

I 
m

al
ig

na
nc

ie
s 

 (>
90

%
 r

is
k 

of
 c

an
ce

r 
by

 6
5 

ye
ar

s 
of

 a
ge

) 
  ST

K
11

  
 Se

ri
ne

/th
re

on
in

e 
ki

na
se

 

 C
ow

de
n 

sy
nd

ro
m

e 
 H

am
ar

to
m

at
ou

s 
ga

st
ro

in
te

st
in

al
 p

ol
yp

s:
 ju

ve
ni

le
 ty

pe
 p

ol
yp

s,
 

ga
ng

lio
ne

ur
om

as
, l

ym
ph

oi
d 

hy
pe

rp
la

si
a,

 li
po

m
as

 
 R

ar
e 

G
I 

m
al

ig
na

nc
y 

  P
T

E
N

  
 Pr

ot
ei

n 
ph

os
ph

at
as

e 

 B
R

R
 s

yn
dr

om
e 

 H
am

ar
to

m
at

ou
s 

ga
st

ro
in

te
st

in
al

 p
ol

yp
s:

 ju
ve

ni
le

-t
yp

e 
po

ly
ps

 
 R

ar
e 

G
I 

m
al

ig
na

nc
y 

  P
T

E
N

  
 Pr

ot
ei

n 
ph

os
ph

at
as

e 
 Ju

ve
ni

le
 p

ol
yp

os
is

 
 H

am
ar

to
m

at
ou

s 
ga

st
ro

in
te

st
in

al
 p

ol
yp

os
is

 
 In

cr
ea

se
d 

ri
sk

 f
or

 c
ol

or
ec

ta
l c

ar
ci

no
m

a 
  SM

A
D

4  
  B

M
P

R
1A

, E
N

G
  

 T
G

F-
be

ta
 s

ig
na

lin
g 

 N
eu

ro
 fi b

ro
m

at
os

is
 ty

pe
 I

 
 N

eu
ro

 fi b
ro

m
as

; g
an

gl
io

ne
ur

om
as

; m
al

ig
na

nt
 p

er
ip

he
ra

l n
er

ve
 s

he
at

h 
tu

m
or

s 
 N

/A
 

  N
F

1  
 N

eg
at

iv
e 

re
gu

la
to

r 
of

 R
as

 
on

co
ge

ne
 

 M
ul

tip
le

 e
nd

oc
ri

ne
 

ne
op

la
si

a 
ty

pe
 I

I 
 N

eu
ra

l p
ol

yp
s:

 g
an

gl
io

ne
ur

om
as

, m
os

t c
om

m
on

 in
 c

ol
on

 a
nd

 r
ec

tu
m

 
 N

/A
 

  R
E

T
  

 Pr
ot

o-
on

co
ge

ne
 

  T
he

 p
ol

yp
os

is
 s

yn
dr

om
es

 li
st

ed
 in

 th
e 

ta
bl

e 
ar

e 
in

he
ri

te
d 

as
 M

en
de

lia
n 

au
to

so
m

al
 d

om
in

an
t d

is
or

de
rs

, e
xc

ep
t f

or
 M

Y
H

-a
ss

oc
ia

te
d 

po
ly

po
si

s,
 w

hi
ch

 is
 in

he
ri

te
d 

as
 a

n 
au

to
so

m
al

 r
ec

es
si

ve
 d

is
ea

se
. 

Tw
o-

th
ir

ds
 o

f T
ur

co
t s

yn
dr

om
e 

oc
cu

r 
in

 p
at

ie
nt

s 
w

ith
 A

PC
 g

en
e 

m
ut

at
io

n 
an

d 
on

e-
th

ir
d 

in
 D

N
A

 m
is

m
at

ch
 r

ep
ai

r 
ge

ne
 m

ut
at

io
n 

(L
S)

.  C
H

R
P

E
  C

on
ge

ni
ta

l h
yp

er
tr

op
hy

 o
f 

th
e 

re
tin

al
 p

ig
m

en
t e

pi
th

e-
liu

m
,  B

R
R

  B
an

na
ya

n–
R

uv
al

ca
ba

–R
ile

y 
sy

nd
ro

m
e  



1117 Cancer Predisposition Syndromes of the Gastrointestinal Tract

   Pathologic Features 

 Unique histopathologic features may be seen in colorectal 
adenocarcinomas with underlying dMMR that suggest the 
possibility of HNPCC/LS (reviewed in Gologan et al 11  ,  12  ) , 

(Fig.  7.1 ). These features are not speci fi c for HNPCC/LS 
cancers, and are also seen frequently in sporadic CRC with 
dMMR, as well as in some tumors that are pro fi cient in DNA 
MMR. 11  ,  13  Three major histopathologic groups of dMMR 
colorectal cancers can be recognized (reviewed in Gologan 

  Fig. 7.1    ( a ) Poorly differentiated 
adenocarcinoma with medullary 
features, showing prominent 
TILs; ( b ) Immunohistochemistry 
for MLH1 shows loss of 
expression of the protein in 
tumor cell nuclei, whereas MLH1 
remains positive in the nucleus of 
in fi ltrating lymphocytes and 
surrounding stromal cells. 
( c ) Moderately differentiated 
CRC with prominent TILs. 
( d ) Immunohistochemistry for 
MSH2 shows loss of expression 
in tumor cell nuclei, whereas 
MSH2 remains positive in the 
nucleus of in fi ltrating 
lymphocytes and surrounding 
stromal cells. ( e ) Mucinous 
adenocarcinoma (H&E). 
( f ) Immunohisto chemistry for 
MLH1 shows loss of expression 
in tumor cell nuclei. Original 
magni fi cations ×200       
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et al 12  (Fig.  7.1 ): (1) poorly differentiated adenocarcinomas, 
including medullary-type carcinomas, in which the neoplas-
tic epithelium is in fi ltrated with high numbers of lymphocytes 
(tumor-in fi ltrating lymphocytes/TILs), and carcinomas with 
signet ring cell features; (2) mucinous adenocarcinomas, and 
(3) well to moderately differentiated adenocarcinomas. The 
presence of prominent intratumoral lymphocytes, with at 
least four lymphocytes in fi ltrating the tumor epithelium in a 
single 400× microscopic  fi eld, 11  is the most predictive histo-
logic  fi nding of dMMR in CRC (Fig.  7.1 ). TILs may be par-
ticularly numerous not only in poorly differentiated cancers 
but also occur in the other morphologic types of HNPCC/
LS-associated cancers. The intratumoral lymphocytes are 
CD3-positive T cells and most are CD8-positive cytotoxic T 
lymphocytes. Peritumoral lymphocytic in fl ammation and 
lymphoid aggregates forming a Crohn-like reaction are also 
frequent in carcinomas with dMMR. 11  ,  12  ,  14  –  18   

 Patients with HNPCC/LS typically develop a small num-
ber of colonic adenomas of traditional type (tubular or tubu-
lovillous adenomas) at earlier age (mean 42–43, range 24–62 
years) as compared to noncarriers of DNA mismatch repair 
gene mutations. 11  ,  14  –  16  ,  19  –  21  Progression from adenoma to inva-
sive adenocarcinoma occurs rapidly, in many patients within 
less than 3 years, in contrast to an average of 15 years in 
patients without HNPCC/LS. 19  ,  22  HNPCC/LS adenomas arise 
most frequently in the proximal colon and often contain 
high-grade dysplasia. 19  ,  23   

   Molecular Mechanisms of Cancer Development 
and Progression in HNPCC/LS 

 As introduced in Chap.   1     and further discussed in Chap.   8    , 
de fi ciencies of DNA mismatch repair have been implicated 
in the development and progression of CRC in two contexts: 
(1) in HNPCC/LS patients with inhered DNA MMR gene 
mutations and (2) in patients with sporadic colorectal can-
cers, where de fi cient MMR is nearly always attributed to epi-
genetic silencing of the DNA MMR MLH1 gene. 24  

 The two most frequent genes underlying MMR de fi ciency in 
HNPCC/LS are  MLH1  and  MSH2 . Although the reported pro-
portions vary in different studies, HNPPC/LS patients inherit 
germline mutations affecting the coding regions of  MLH1  
(approximately 40%),  MSH2  (approximately 40%),  MSH6  
(approximately 10%), and  PMS2  (approximately 5%). 12  ,  25  –  35  
In addition to inherited germline mutations, germline epimuta-
tion of the promoter regions of  MLH1  or  MSH2  have been 
reported in rare cases of HNPCC/LS 35  –  37  (Table  7.1 ). 

 De fi cient DNA MMR occurs when both alleles of one 
of the MMR genes are inactivated. During normal DNA rep-
lication, errors such as base mismatches and insertion or 
deletion loops, especially in repetitive regions, are corrected 

by the DNA mismatch repair proteins. MMR de fi ciency 
allows for replication-associated errors to be propagated in 
newly synthesized DNA strands (Fig.  7.2 ). In HNPCC/LS, 
pathogenic mutations of MMR genes are inherited and are 
present in constitutional DNA such as is found in peripheral 
blood; however, dMMR only develops in somatic tissues, 
especially in colonic epithelium and a few other cellular tar-
gets, when a second hit affects the MMR gene and leads to 
its loss of function. It has been shown that the second hits in 
HNPCC/LS can be caused by large or small chromosomal 
deletions or by mitotic recombination-mediated gene con-
version, occurring in up to 46% of tumors. 3  Somatic methy-
lation of the promoter of the wild-type allele occurs in some 
cases, affecting  MLH1  more often than  MSH2.  3  Somatic 
point mutations are thought to be the least common second-
hit mechanism. 3  The double allelic dMMR leads to a muta-
tional phenotype that affects primarily repetitive nucleotides, 
known as microsatellite regions, with resulting microsatellite 
instability (MSI) seen in more than 90% of CRC cases in 
HNPCC/LS patients 10  (Fig.  7.3 ), as well as mutations in tar-
get genes that may contribute to neoplastic development.   

 The DNA MMR genes encode the MutS proteins MSH2, 
MSH3, and MSH6, and the MutL proteins MLH1, PMS1, 
PMS2, and MLH3 38  ,  39  (Fig.  7.2 ). In the process of DNA 
MMR, the MMR proteins form heterodimers (MutS and 
MutL) 38  ,  40  –  43  (Fig.  7.2 ). The MSH2 protein can interact with 
MSH6, forming the MutS-alpha complex, or with MSH3, 
forming the MutS-beta complex. MutS-alpha and MutS-beta 
heterodimers recognize and bind to post-DNA replication 
mismatched sequences. The MutS-alpha heterodimers are 
involved in the repair of single base mispairs and small inser-
tion or deletion mispairs, whereas MutS-beta heterodimers 
primarily are involved in the correction of insertion or dele-
tion mispairs. 44  –  46  MutL heterodimers bind MutS-alpha or 
MutS-beta. 38  Of the two possible MutL heterodimers, only 
MutL-alpha (MLH1 and PMS2) heterodimers are involved 
in DNA MMR, whereas the MutL-beta heterodimers (MLH1 
and PMS1) do not appear to be signi fi cantly involved in 
DNA mismatch repair functions. 47  ,  48  The MMR proteins are 
stabilized by heterodimerization, and loss of the heterodimer 
protein(s) may result in their degradation. Since MSH2 and 
MLH1 have two possible proteins to heterodimerize with 
(Fig.  7.2 ), their expression is only lost when their respective 
genes are primarily inactivated by a mutation or epigenetic 
silencing. However, MSH6 only heterodimerizes with 
MSH2, and PMS2 only heterodimerizes with MLH1; thus, 
loss of MSH6 expression can be secondary to primary loss of 
MSH2 and loss of PMS2 expression can be secondary to pri-
mary loss of MLH1 (Figs.  7.2 ,  7.4 , and  7.5 ).   

 The molecular mechanisms that underlie the neoplastic 
development and progression in HNPCC/LS characterize 
the so-called microsatellite instability (MSI pathway). 32  ,  49,    51  

http://dx.doi.org/10.1007/978-1-4614-6015-2_1
http://dx.doi.org/10.1007/978-1-4614-6015-2_8
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As in sporadic MSI-pathway carcinomas, dMMR may lead 
to accumulation of mutations in cancer-related genes, such 
as the TGF-beta receptor II,  BAX , and  MSH6  genes among 
others, in early pre-neoplastic cell populations as well as 
during the steps of neoplastic progression. 52  In contrast to 
sporadic CRC, patients with germline mutations in DNA 
mismatch repair genes do not carry  BRAF  activating muta-
tions in their tumors. 53   BRAF  V600E activating mutations 
have been reported in about 5% of all CRCs, 4–12% of CRC 
without microsatellite instability (MSS tumors), 40–70% of 
sporadic CRC with microsatellite instability (MSI-H), but 
are not seen in HNPCC/LS CRCs which nearly always show 
MSI-H. 54  –  56  HNPCC/LS tumors, similar to  sporadic CRCs 
with dMMR, show frequent aberrant nuclear beta-catenin, 
but aberrant p53 expression, 5q loss of heterozygosity, and 
 KRAS  mutations are uncommon. 11   

   Criteria for Identi fi cation of HNPCC/ LS Patients 
and Molecular Testing Approaches 

 Historically, the  fi rst criteria to identify patients with HNPCC/
LS, known as the Amsterdam criteria, were established in 
the early 1990s, with subsequent revisions. 10  ,  57  Later, more 
inclusive criteria, known as the Bethesda guidelines were 
established by a consensus group. 5  ,  35  ,  58  –  60  According to 
Amsterdam II Criteria, patients are diagnosed with HNPCC 
when 10 :
    1.    The family includes three or more relatives with an 

HNPCC-associated cancer, veri fi ed by pathological 
examination and:
    (a)    One affected patient is a  fi rst-degree relative of the 

other two  
    (b)    two or more successive generations are affected  
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  Fig. 7.2    DNA mismatch repair 
proteins and mechanisms of 
repair. MutS heterodimers 
(MSH2/MSH6 or MSH2/MSH3) 
recognize a DNA strand loop or 
base mismatch and recruit MutL 
(MLH1/PMS2) heterodimers to 
the site. Other molecules required 
for strand discrimination, 
helicase, endonuclease activity, 
resynthesis, and ligation are 
recruited in the complex with 
correction and maintenance of 
the native DNA sequence       

 



114 I.S. Hagemann and A.R. Sepulveda

    (c)    cancer in one or more affected relatives is diagnosed 
before the age of 50 years  

    (d)    familial adenomatous polyposis is excluded.      
    2.    Alternatively, patients meet one of the following modi fi ed 

Amsterdam criteria:
    (a)    Very small families can be considered to have HNPCC 

with only two colorectal cancers in  fi rst-degree rela-
tives if at least 2 generations have cancer and at least 
one case of CRC was diagnosed by the age of 55 
years  

    (b)    In families with two  fi rst-degree relatives affected by 
colorectal cancer, the presence of a third relative with 

an unusual early onset neoplasm or endometrial cancer 
is suf fi cient  

    (c)    If an individual is diagnosed before the age of 40 
years and does not have a family history that ful fi lls 
Amsterdam II or modi fi ed Amsterdam criteria, they 
are still considered as having HNPCC/LS.         

 The most recently revised Bethesda criteria recommend test-
ing patients to rule out HNPCC/LS if there is one of the fol-
lowing criteria 5  ,  35  ,  59  ,  60 :
    1.    Patient is diagnosed with colorectal cancer before the age 

of 50 years.  
    2.    Patient has synchronous or metachronous colorectal can-

cer and another HNPCC-related tumor [stomach, urinary 
bladder, ureter and renal pelvis, biliary tract, brain (glio-
blastoma), sebaceous gland adenomas, keratoacanthomas, 
and small bowel], regardless of age.  

    3.    Colorectal cancers with histopathologic features sugges-
tive of dMMR–microsatellite instability: abundant tumor 
in fi ltrating lymphocytes, Crohn-like lymphocytic reac-
tion, mucinous or signet ring cell differentiation, or med-
ullary growth pattern of poorly differentiated 
adenocarcinoma, diagnosed before the age of 60 years.  

    4.    Colorectal cancer patient with one or more  fi rst-degree 
relatives with CRC or other HNPCC-related tumors. One 
of the cancers must have been diagnosed before the age of 
50 years.  

    5.    Colorectal cancer patient with two or more relatives with 
colorectal cancer or other HNPCC-related tumors, regard-
less of age.     

 The revised Bethesda guidelines resulted in an increased 
identi fi cation of patients with dMMR as compared to previ-
ous guidelines, identifying not only more HNPCC/LS can-
cers but also more sporadic-type cancers with dMMR. 18  
Given recent knowledge of the molecular changes underly-
ing sporadic as compared to HNPCC-associated dMMR can-
cers, algorithms have been proposed to determine whether a 
patient has sporadic or HNPCC/LS cancers. 61  Alternatively, 
as discussed later, universal testing for dMMR of all CRC 
has been proposed. 3  ,  62  –  64   

   Molecular Testing for HNPCC/LS 

 The diagnostic workup for dMMR either due to HNPCC/LS 
or due to sporadic CRC is initiated by testing cancer tissue for 
DNA for microsatellite instability (MSI) (Fig.  7.3 ), the func-
tional end point of dMMR, and/or by performing immunohis-
tochemistry (IHC) of tumor tissues for MSH2, MLH1, MSH6, 
and PMS2 DNA mismatch repair proteins, to evaluate for their 
preserved (in DNA MMR-pro fi cient tumors) or loss of expres-
sion (in de fi cient DNA MMR) tumor cell nuclei. Usually, CRC 
tissue is used for testing but other tumors of the HNPCC/LS 
spectrum, such as endometrial carcinoma, can be used. 

  Fig. 7.3    Microsatellite instability detected by ampli fi cation of markers 
of the NCI panel. PCR ampli fi cation of the BAT26 locus reveals the 
appearance of novel alleles ( arrows ), of smaller size, in the tumor DNA 
as compared to non-neoplastic colonic DNA. The dinucleotide repeat 
marker D5S346 shows microsatellite instability characterized by a 
novel allele ( arrow ), of larger size, in the tumor DNA       
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   MSI DNA Test 
 The DNA-based test to assess for microsatellite instability 
(MSI) in tumor cells is based on the evaluation of instability 
in small 100–200 base pair DNA segments that consist of 
repetitive nucleotides, called microsatellite regions or short 
tandem repeats (STRs). The nucleotide sequences within the 
repetitive elements of marker loci used in the MSI test are 

mononucleotide repeats of adenine (A) 
n
  or cytosine–adenine 

(CA) 
n
  dinucleotide repeats. During DNA replication these 

repetitive sequences may undergo variations in length due to 
DNA strand slippage, leading to increased or reduced length 
of STRs. In normal cells, pro fi cient DNA MMR proteins are 
able to correct these replication-associated DNA sequence 
errors; however, in dMMR cells with loss of function of both 

  Fig. 7.4    Loss of expression of MLH1 ( b ) or MSH2 ( e ) is associated 
with loss of their MMR heterodimer proteins PMS2 ( c ) and MSH6 ( f ), 
respectively, exempli fi ed in these two cases of moderately differentiated 

colonic adenocarcinoma. Note the prominent TILs in both cases, 
 indicated by the  arrows  ( c  and  d ). Hematoxylin and Eosin stain ( a ) 
and ( b ).       
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alleles, these mutations persist in the genome of daughter 
cells and in future cell generations in the tumor. The result-
ing changes in length of nucleotide repeats are known as 
microsatellite instability. Therefore, MSI can be detected in 

cells with dMMR, as occurs in patients with HNPCC/LS and 
sporadic dMMR cancers, as these mutations are not repaired 
and persist in the DNA of tumor cells. Tissue sections from 
formalin- fi xed tumor tissue used for routine pathologic diag-
nosis and embedded in paraf fi n (FFPE) are adequate for the 
MSI test. Tumor enrichment by micro or macro-dissection is 
recommended. One of the most used sets of microsatellite 
markers was recommended by a NCI consensus group and 
consists of 5 loci: 2 poly(A) mononucleotide repeat markers 
(BAT25 and BAT26) and 3 poly(CA) dinucleotide repeat 
markers (D2S123, D5S346, and D17S250). 35  ,  58  The NCI 
panel of  fi ve microsatellite markers requires comparison of 
the tumor DNA pro fi le with that of non-neoplastic/normal 
tissue, which can be obtained from non-neoplastic colonic 
mucosa and adjacent wall layers, away from the tumor. The 
results of the MSI test using the NCI panel are reported as 
MSI-high (MSI-H), MSI-low (MSI-L), or microsatellite sta-
ble (MSS). MSI-H tumors have MSI in at least two of the 
 fi ve markers, MSI-L tumors have MSI in only one marker, 
and MSS tumors do not have instability at any of the  fi ve 
markers. Figure  7.3  illustrates ampli fi cation of the microsat-
ellite loci in a colorectal cancer with MSI-H. Alternative 
panels consisting of mononucleotide repeat markers that are 
highly monomorphic in the germline DNA of a wide spec-
trum of populations have been used, with the advantage that 
they perform well without the use of normal control DNA. 65  ,  66  
One such panel includes  fi ve microsatellite loci (BAT-25, 
BAT-26, NR-21, NR-24, and NR-27) providing a pentaplex 
assay. 66  –  68  The pentaplex assay data correlate well with MMR 
protein expression for MLH1, MSH2, and PMS2, but less 
robustly with MSH6 expression, similar to the NCI panel. 

 Testing for MSI-H with the DNA MSI test is highly sensi-
tive for HNPCC/LS cancers; however, the test may yield 
about 5% false negative cases among overall CRC cases from 
patients with MMR gene mutations. 4  Additionally, the MSI 
DNA test may detect MSI-H status in only 86% of the CRC 
cases from patients with germline mutations in MSH6. 4  

 Immunohistochemistry of cancer tissues for DNA MMR 
proteins is a surrogate marker for the MSI status and when 
informative has the advantage of identifying the underlying 
de fi cient DNA mismatch repair gene based on the  fi nding of 
which MMR protein is primarily lost in tumor cells. Overall, 
the sensitivity of immunohistochemistry to detect dMMR is 
about 95%. 4  Limitations of immunohistochemistry result in 
part from occasional problems with tissue immunoreactivity 
and interpretation pitfalls. 69  In MLH1-de fi cient tumors of 
sporadic type, where the  MLH1  gene is silenced by promoter 
methylation, IHC shows complete loss of MLH1 expression 
in tumor cells, and this is accompanied by parallel loss of 
PMS2, since the latter proteins are unstable in the absence of 
MLH1. 70  However, IHC may be dif fi cult to interpret in can-
cers of HNPCC/LS patients with  MLH1  missense mutations 
that result in nonfunctional protein and MSI-H phenotypes, 

  Fig. 7.5    Sebaceous adenoma in a patient with Muir-Torre syndrome 
( a ) shows loss of expression of MSH2 ( b ) and MSH6 ( c ), suggestive of 
germline mutation in  MSH2  and secondary loss of MSH6 due to inabil-
ity to form stabilizing heterodimers. ( a ) H&E stain, ( b  and  c ) 
immunohistochemistry       
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where the mutant protein may be expressed and retain its 
immunoreactivity, at least partially, with variable levels of 
expression of PMS2 in parallel. 70  –  72  In addition, MSI-H CRCs 
with preserved or variable expression of MLH1 protein, with 
associated loss or variably reduced PMS2 in tumor tissue, 
may represent a germline mutation in  PMS2 . IHC for MSH2 
in HNPCC/LS patients with germline mutations in  MSH2  
usually cause a complete loss of gene expression in tumor 
tissues, accompanied by loss of MSH6 protein expression, 
but IHC heterogeneity has been reported in a rare case. 70  
Since both the MSI DNA test and IHC for DNA mismatch 
repair proteins will miss a small number of tumors in patients 
with underlying HNPCC/LS, it has been proposed to per-
form both tests upfront in the evaluation of CRC for potential 
HNPCC/LS. 73   

   Genetic Testing for Constitutional Germline 
Mutations in DNA MMR Genes 
 If the tumor tissue reveals MSI-H and/or there is loss of 
expression of one of the DNA repair proteins by immunohis-
tochemistry, constitutional germline testing should be per-
formed for the gene encoding the de fi cient protein, after 
appropriate genetic counseling of the patient. If tissue testing 
is not feasible, or if there is suf fi cient clinical evidence of 
HNPCC/LS, germline analysis of the  MSH2  and/or  MLH1  
genes can be done as  fi rst line testing. 35  ,  61  ,  74  Mutation analysis 
can be performed by using a number of approaches, includ-
ing single-strand conformational polymorphism analysis, 
denaturing gradient gel electrophoresis analysis, DNA 
sequencing, monoallelic expression analysis, Southern anal-
ysis, and quantitative polymerase chain reaction. 35  Overall, 
the likelihood of  fi nding a germline mutation in the  MLH1  or 
 MSH2  genes of patients with colorectal cancers that are not 
MSI-H is low. 35  The germline mutations that occur in  MSH2  
and  MLH1  are widely distributed throughout the two genes. 
More than 200 pathogenic mutations have been reported in 
 MLH1  and in  MSH2.  75  

 Two additional tests,  MLH1  methylation and  BRAF  
V600E activating mutation assays, may help discriminate 
between a sporadic MSI-tumor and HNPCC/LS tumor with 
loss of expression of  MLH1  by immunohistochemistry but an 
undetected  MLH1  mutation. 61  Using quantitative methyla-
tion analysis, HNPCC/LS patients showed no or low level of 
 MLH1  promoter methylation, in contrast to high levels of 
methylation (greater than a cutoff value of 18% methylation) 
in sporadic MSI-cancers. 24  In addition, none of the patients 
with an unambiguous germline mutation in DNA mismatch 
repair genes demonstrated  BRAF  activating mutation. 53  If no 
loss of expression of  MSH2, MLH1, MSH6,  or  PMS2  is seen 
in MSI-H tumors or if the tumor is MSI-L or MSS but there 
is clinical suspicion of HNPCC/LS testing for germline 
 constitutional mutations in the DNA MMR genes should be 
performed. 35  ,  76  Identi fi cation of a germline mutation in index 

cancer patients is important because it con fi rms the diagnosis 
of HNPCC/LS and the identi fi ed mutation may then be used 
to screen at risk relatives who may be mutation carriers and 
bene fi t from increased colonoscopic surveillance. 

 After a germline mutation is identi fi ed or the patient is 
diagnosed with HNPCC/LS, relatives should be referred for 
genetic counseling and testing should be offered. If no mis-
match repair gene mutation is found in a proband with an 
MSI-H tumor and/or a clinical history of HNPCC/LS, the 
genetic test result is noninformative. The patients and the 
relatives at-risk should be counseled as if HNPCC/LS was 
con fi rmed and high-risk surveillance should be 
performed. 5  ,  35  ,  61   

   Testing dMMR in Adenomas 
 In HNPCC/LS a signi fi cant association was found between 
MSI-H and high-grade dysplasia in adenomas, with loss of 
either MLH1 or MSH2 expression. 77  Based on these  fi ndings 
it was recommended that immunohistochemical staining/
MSI testing of large adenomas with high-grade dysplasia in 
young patients (younger than 50 years) may be performed to 
help identify patients with suspected HNPCC/LS. 19  ,  77   

   Universal Testing of CRC for dMMR 
 During the past two decades, patients who presented with 
one of the tumors of the HNPCC/LS syndrome, in particular 
colon cancer, were offered testing for HNPCC/LS following 
guidelines based on family history (as described by the 
Amsterdam criteria) or based on a combination of family 
history, age of presentation, and histopathologic features of 
the tumor (as described by the Bethesda guidelines). 
However, more recently, studies have suggested a universal 
screening approach entailing the evaluation of all diagnosed 
colorectal cancers for markers of HNPCC/LS regardless of 
the family history. 3  ,  62  ,  64  One of these studies evaluated more 
than 1,000 patients with colorectal cancer whose tumors 
were tested for MSI. 78  Patients with MSI-positive tumors 
were tested for expression of MMR genes and germline 
mutations in  MSH2, MLH1, MSH6 , and  PMS2  by genomic 
sequencing and deletion studies. A mutation causing 
HNPCC/LS was detected in 23 patients (2.2%), of whom as 
many as 22% would have been missed if Amsterdam or 
Bethesda criteria had been used alone. In families that meet 
strict clinical criteria for HNPCC/LS, germline mutations in 
 MSH2  or  MLH1  have been found in 45–70% of the families, 
and overall, germline mutations in these two genes account 
for 95% of HNPCC/LS cases with an identi fi ed mutation. 31  ,  74  
These data show that despite extensive testing there is still a 
signi fi cant number of families without an identi fi ed germline 
mutation accounting for HNPCC/LS. It has been proposed 
that if an individual has a family history that is suggestive of 
HNPCC/LS, but does not ful fi ll the Amsterdam criteria, they 
are considered to represent an HNPCC variant, or familial 
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colorectal cancer type X. 79  ,  80  Further, it was observed that 
nearly 40–60% of all cases who meet Amsterdam criteria for 
HNPCC/LS do not have characteristic MMR de fi ciency or 
germline mutation in a DNA MMR gene. The age at diagno-
sis of these MSS familial CRC patients is 6 years older on 
average and most tumors occur on the left side of the colon. 2  
The underlying genetic defect for these tumors is not yet 
known. Conversely there are also individuals who have 
tumors with MSI and germline mutation in a DNA MMR 
gene, but whose family history does not meet the Amsterdam 
criteria. 3  

 In 2010, a consensus recommendation was published, 
stating that all CRCs should be screened using IHC for the 
four DNA MMR gene products, or alternatively by MSI, in 
order to evaluate for HNPCC/LS. 3  Another point raised by 
this consensus group was that MSI and IHC testing should 
not be considered genetic tests and should be ordered by 
appropriate medical personnel as needed for medical care. 3  
Further, other investigators in the USA have advocated that 
all newly diagnosed colorectal and endometrial cancer 
patients should be screened for HNPCC/LS. 62  ,  81  –  83  Review of 
this topic by the Evaluation of Genomic Applications in 
Prevention and Practice (EGAPP) working group 56  led to the 
recommendation that all newly diagnosed colorectal cancer 
patients should be screened for HNPCC/LS to reduce the 
morbidity and mortality from colorectal cancer in their at-
risk unaffected relatives. A cost analysis of several possible 
screening methods indicated that the most cost-effective 
approach for screening all newly diagnosed colorectal cancer 
patients for HNPCC/LS would be to test tumor tissue with 
IHC followed by genetic testing in patients in whom any 
MMR protein was absent, after ruling out epigenetic ( MLH1  
CpG methylation) causes of protein absence to exclude spo-
radic dMMR cases. 84  However, as reviewed earlier in this 
chapter, it should be cautioned that IHC alone will miss a 
small proportion of MSI-H cancers. 73  A report from the 
Association for Molecular Pathology proposed a testing 
strategy combining IHC for the four DNA MMR proteins 
and MSI DNA test upfront, followed by  BRAF  and  KRAS  
mutation testing, serving both the purposes of screening for 
HNPCC/LS as well as for evaluation for targeted anti-EGFR 
therapies. 73     

   Extra-colonic Neoplasia in Lynch Syndrome 

 Early-onset colorectal cancer (CRC) is the hallmark of 
HNPCC/LS, but it has been estimated that extracolonic mani-
festations may be as common as CRC, particularly in women. 
MMR germline mutations collectively confer an 80% risk of 
CRC before age 70 in men and 30–50% in women. 85  ,  86  
In comparison, the best characterized of the extracolonic 

manifestations is early-onset endometrial cancer, which 
occurs in an estimated 40–60% of at-risk patients. 4  ,  85  ,  87  

 Weaker but de fi nite associations 10  have been made 
between LS and cancers of the ovary, stomach, hepatobiliary 
tract, and small bowel, transitional cell carcinoma of the ure-
ter and renal pelvis, glioblastoma (Turcot variant of Lynch 
syndrome), and sebaceous adenoma/carcinoma (Muir-Torre 
variant of Lynch syndrome). 88  

 Breast cancer has often been detected in patients with 
LS. 89  –  95  The lifetime (to age 70) risk of breast cancer in LS 
patient series has been 2.2–5.4%. 87  ,  96  This risk is not con-
vincingly higher than the 7.6% rate seen in the general popu-
lation, 97  in contrast to the dramatic enrichment seen for most 
LS-associated tumors. 96  It remains unsettled whether breast 
cancer is part of the LS spectrum. 

 While there are no conclusive studies linking LS with 
other cancers, case reports have suggested potential associa-
tions of LS with cancer of the pancreas, adrenal cortical car-
cinoma, 98  sarcomas (malignant  fi brous histiocytoma, 99  
rhabdomyosarcoma, 100  liposarcoma 101  ,  102  ) , prostate cancer, 103  
and neuro fi bromatosis-like features including café-au-lait 
macules and plexiform neuro fi bromas. 104  

 The prevalence of extracolonic tumors in HNPCC/LS is 
variable and re fl ects the incomplete penetrance of the under-
lying mutation. CRC is relatively more common in  MLH1  
germline mutants, while other cancers are more common in 
 MSH2  mutation. 88   MSH6  mutation also appears to favor 
endometrial cancer. 88   PMS2  mutants tend to present with 
atypical tumors in childhood. 88  

   Endometrial Cancer 

 Endometrial cancer (EC) is the most common extracolonic 
manifestation of HNPCC/LS and has been extensively stud-
ied and reviewed. 105  –  110  The cumulative incidence of EC was 
60% to age 70 in a study of 183 Finnish women with 
con fi rmed MMR mutations, 87  compared with 54% for col-
orectal cancer in the same population. Other series of women 
with MMR mutations showed a 42% lifetime risk of EC and 
30–54% lifetime risk of CRC. 85  ,  111  

 EC becomes all the more salient as a feature of Lynch 
syndrome when one notes that CRC is less common in 
women than in men with HNPCC/LS, for whom the lifetime 
cumulative incidence of CRC is 74–83%. 85  ,  111  

 Given that its cumulative incidence approaches or exceeds 
that of CRC, it is clear that EC may be the sentinel cancer in 
some Lynch syndrome patients and kindreds. In a series of 
111 women meeting Amsterdam criteria and having both 
CRC and EC, the CRC presented  fi rst in 49 (median age of 
40), EC presented  fi rst in 46 (median age of 45), and the 
tumors presented simultaneously in 12. 112  When EC presented 
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 fi rst in this series, the mean lead time before subsequent 
development of CRC was 11 years, allowing for follow-up 
and prevention if the Lynch phenotype is successfully 
identi fi ed. 112  The converse situation, of course, also provides 
an opportunity for cancer prevention, since Lynch-associated 
CRC patients have a markedly elevated risk of subsequently 
developing endometrial cancer (10-year cumulative risk of 
23.4% in LS patients, versus 1.6% in patients with sporadic 
CRC). 113  The reported average lead time from CRC to the 
second malignancy (usually EC or ovarian carcinoma) was 8 
years. 112  

 LS-associated EC occurs at a younger age than sporadic 
cancer, and Lynch syndrome is more common in women pre-
senting with EC at a young age. Functionally signi fi cant MMR 
gene mutations are present in 1.4–2.6% of EC overall, 114  ,  115  but 
9% of EC occurring before age 50. 116  Young age at presenta-
tion of EC has therefore been proposed as a trigger for further 
testing, usually either IHC testing for loss of MMR proteins or 
molecular testing for the MSI phenotype. Importantly, LS 
patients with EC are less likely than average women to  fi t the 
typical clinical pro fi le of EC (obese, nulliparous), given that 
their tumors arise due to a genetic lesion. Thus, low BMI, fam-
ily history suggestive of LS, and LS-associated histology (see 
below) have all been suggested as additional features to prompt 
further testing. 117  Using age below 50 as the main trigger for 
further testing would, however, result in low sensitivity for 
detecting Lynch syndrome. In one study of 562 unselected EC 
patients, the 13 women with eventual discovery of LS had a 
mean age of 54.1 years at diagnosis. 82  In another group of 7 
women with Lynch syndrome related to inactivating  MSH6  
mutations, the mean age at diagnosis was 54.8 years, compared 
to 64.6 years in the overall population. 118  

 There are con fl icting data on the prognosis of LS-associated 
EC, with some studies showing no difference in 5-year sur-
vival between LS patients and matched controls. 119  –  121  Other 
studies have variously shown either worse 122  or better sur-
vival 123  in MSI-H tumors. Taking these data together, it 
appears to be dif fi cult to demonstrate a signi fi cant prognostic 
difference in LS-associated EC. Its prognostic importance 
lies, rather, in the likelihood of observing other associated 
malignancies in the patient and family members. 

   Pathologic Features 
 HNPCC/LS-associated endometrial carcinoma has a charac-
teristic morphology. 124  –  127  Typical features include numerous 
peritumoral and tumor-in fi ltrating lymphocytes (TILs). 
These features related to the in fl ammatory response are rem-
iniscent of the Crohn-like reaction and dense TILs that are 
common in MSI-H CRC cases. Both features show a statisti-
cally signi fi cant association with MSI-H status, but neither 
of them is sensitive or speci fi c enough to serve as a diagnos-
tic marker. 124  Although there appears to be no speci fi c TIL 

density that sensitively and speci fi cally identi fi es MSI-H 
cases, 125  40 TILs/10 HPF (using a 400× high-power  fi eld) 
was suggested in one study as an analytically useful cutoff 
by which to de fi ne this feature. 

 The majority of LS-associated EC is of endometrioid his-
tology, but these endometrioid cases show some propensity 
to demonstrate a biphasic morphology in which a typical, 
rather well-differentiated endometrioid adenocarcinoma 
(FIGO grade 1 or 2) is admixed with an undifferentiated 
component. 124  ,  125  The resulting “dedifferentiated” carcinoma 
must, by de fi nition, contain at least 10% of each component. 
21% of MSI-H cases showed this phenotype versus 6% of 
non-MSI-H cases ( p  = 0.06). 124  

 LS-associated EC also shows a propensity toward nonen-
dometrioid histology. One series of 23 patients with germline 
MMR mutations consisted of 57% endometrioid tumors and 
43% nonendometrioid ones, while sporadic controls were 
96% endometrioid. 128  Two other reports have shown endo-
metrioid histology in 86–87% of LS-associated cases, as 
compared to >96% in both sporadic controls 129  and  MLH1  
hypermethylated cases. 118  ,  129  The nonendometrioid tumors 
were predominantly serous, clear cell, and carcinosarcoma 
in these reports. 

 It has been reported that the prevalence of LS is higher in 
patients with carcinoma of the lower uterine segment (29%) 
as compared to the general population with endometrial 
cancer. 130   

   Molecular Features 
 EC can be associated with mutation in any of the MMR 
genes ( MSH2 ,  MLH1 ,  MSH6 ,  PMS2 ). However, the lifetime 
risk of EC appears to be highest in  MSH6  mutation, followed 
by  MSH2  and  MLH1.  131  This is the inverse of the behavior 
seen for CRC in women, for which the lifetime risk is high-
est for  MLH1  mutants and lowest for  MSH6 . Indeed, while 
 MSH6  mutation has been considered something of a hypo-
morph from the viewpoint of CRC, it is potentially the most 
signi fi cant of the MMR proteins from the viewpoint of EC. 
Data on EC risk in  PMS2  mutants are relatively scarce, but in 
one series of 61 con fi rmed mutants, the cumulative risk of 
EC was 15% to age 70 years, showing the penetrance of 
 PMS2  mutation to probably be lower than the other three 
MMR genes. 132    

   Ovarian Cancer 

 An estimated 5–10% of epithelial ovarian cancers (EOC) are 
hereditary, consisting mainly of those associated with  BRCA1  
and  BRCA2  mutations. 110  ,  133  LS patients make up most of the 
remaining 10–15% of hereditary epithelial ovarian cancer 
cases. 110  ,  134  Although these  fi gures suggest that approximately 
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1% of ovarian cancer is associated with LS, the MSI-H phe-
notype is present in approximately 12% of all EOC cases, 135  
indicating that this defect probably arises de novo and plays 
a pathogenetic role in many sporadic tumors. 

 LS-associated ovarian cancers present at an earlier age 
than sporadic tumors (mean 49.5 versus 60.9 years). 134  ,  136  
These cases are also identi fi ed at earlier stages than sporadic 
tumors. In one study, the stage at diagnosis was FIGO I for 
LS-associated tumors, but FIGO III for sporadic ones. 136  
Both age and stage differences, when they occur, probably 
re fl ect more active screening in the Lynch patients. However, 
a stage difference was not seen in a series of 37 hereditary 
ovarian cancers that included predominantly  BRCA  mutants, 
although these would presumably also have been heavily 
screened (in an era, however, predating the appreciation of 
the role of the fallopian tube in EOC carcinogenesis). 134  

   Pathologic Features 
 EOCs in general exhibit several histologic patterns. In spo-
radic cases, the most common histology is serous (account-
ing for as many as 78% of all EOCs), followed by 
endometrioid, mucinous, clear cell, and malignant Brenner 
tumor in decreasing order of frequency. 137  ,  138  Carcinomas of 
mixed or indeterminate (i.e., poorly differentiated) histology 
also occur. LS-associated and MMR-de fi cient EOCs appear 
to be enriched in nonserous histologies, which in one meta-
analysis constituted 57% of LS-associated ovarian cancers 
(128 patients in 6 studies). 139  In this meta-analysis, 25% of 
LS-associated EOCs were endometrioid, 17% were clear 
cell, and 16% were mucinous. Similar proportions were 
found in MSI-H tumors occurring outside the context of 
Lynch syndrome, suggesting that the relative scarcity of 
serous tumors somehow re fl ects the biology of the MMR-
de fi cient state. 86  

 The prognosis of EOC in Lynch patients appears to be 
similar to that of non-Lynch controls. In one report, there 
was a small and statistically insigni fi cant decrement in over-
all survival for Lynch patients, 136  conceivably attributable to 
these patients’ risk of other malignancies. This situation con-
trasts with that for CRC, where survival is better in Lynch-
associated tumors versus sporadic ones. 4    

   Gastric Cancer 

 Gastric cancer was present, along with CRC and EC, in the 
original “family G of Warthin” in whom LS was initially 
described. A study of 60 families from a Brazilian registry 
found a history of gastric cancer in 12/1,040 = 1.1% of men 
and 12/1,055 = 1.1% of women meeting Amsterdam I or II 
criteria. 89  The prevalence of gastric cancer in a Dutch LS 
 registry population was similar (21/948 = 2.2% of men, 

11/1,066 = 1.0% of women); Kaplan-Meier analysis in this 
population gave an estimated incidence of 6.2% in men and 
2.0% in women to age 70. 140  In the Dutch series, gastric can-
cer occurred only in  MSH2  and  MLH1  mutant kindreds. 
 MSH6  mutation was well represented in the sample, but was 
not associated with any gastric cancers.  PMS2  mutants had no 
gastric cancers, but represented only two of the 236 families. 

 The histology of Lynch-associated gastric cancers is pre-
dominantly intestinal type in the Lauren classi fi cation (at 
least two-thirds of patients), the remainder being of diffuse 
type. 140  ,  141  This  fi nding is somewhat unexpected, given that 
the diffuse type is statistically more likely to have a primary 
genetic etiology (e.g., in hereditary diffuse gastric carci-
noma). 142  ,  143  Intestinal-type tumors are numerically more 
common than diffuse type in the genetically normal back-
ground population (51% intestinal type, 37% diffuse type). 144  
 H. pylori  was noted in only 20% of LS-associated gastric 
cancers, 141  a fraction that is lower relative to the general gas-
tric cancer population and re fl ects the presence of an inher-
ited cancer predisposition. The histologic pattern of 
LS-associated gastric cancer is not distinctive enough to be 
used to triage patients for further testing in the absence of 
contributory personal or family history.  

   Pancreatobiliary Carcinoma 

 The cumulative lifetime risk of pancreatobiliary carcinoma 
in con fi rmed and presumed MMR gene mutation carriers has 
been estimated at 2–4% to age 70, 87  ,  96  compared with 0.2% in 
the general population. These tumors appear to be almost 
entirely cholangiocarcinomas arising at various sites along 
the biliary tract, including common bile duct (7/18 in a series 
of 315 Finnish subjects), ampulla of Vater (4/18), intrahe-
patic biliary tree (4/18), and pancreas (3/18). 145  A mucinous 
cholangiocarcinoma has been reported in a patient with 
Muir-Torre syndrome related to  MSH2  mutation. 146  LS does 
not seem to have an association with gallbladder cancer.  

   Small Intestinal Carcinoma 

 Carcinomas of the small bowel are approximately 100 times 
more common in LS than in the general population, with a 
cumulative lifetime risk of 4%. 147  This is roughly similar to 
the relative risk in Crohn disease or familial adenomatous 
polyposis. 148  The cancer risk is higher in  MSH2  and  MLH1  
mutants, and lower in  MSH6  and  PMS2.  149  Small bowel 
tumors in LS are adenocarcinomas, have up to 3:1 
male:female bias, 147  have no particular site of predilection 
within the small bowel, and may occur synchronously at 
several sites. 148  The median age at diagnosis is 40–50, at 
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least a decade younger than the general population with 
small bowel cancer. 147  ,  148  As in the colon, the prognosis for 
patients with small bowel carcinoma in the setting of Lynch 
syndrome may be slightly better than for the general 
population. 148  

   Transitional Cell Carcinoma 
 Lynch syndrome carries a 22-fold increased risk of transi-
tional cell carcinoma (TCC) of the upper urinary tract (renal 
pelvis and ureter), 150  occurring in approximately 4% of the 
Lynch syndrome population. 87  ,  111  ,  151  There is no increase in 
TCC of the bladder in LS. 150  ,  152  The tumors present around 
age 56, a decade earlier than in the background population. 150  
They have an MSI phenotype, 153  con fi rming that they are part 
of the Lynch syndrome spectrum. Special histologic features 
of these tumors have not been described.  

   CNS Tumors in Turcot Syndrome 
 The eponym “Turcot syndrome” has been used to describe 
the association of colorectal and CNS tumors. It is now 
apparent that this association occurs in two distinct sets of 
patients with fundamentally different genetic lesions. 154  The 
larger group has APC mutations, with the characteristic  fl orid 
pancolonic polyposis, and with medulloblastoma as the CNS 
manifestation. A smaller group of patients has MMR muta-
tions, typical Lynch-type CRC, and glioblastoma as the CNS 
manifestation. 155  Intriguingly, much as CRC associated with 
Lynch syndrome has a favorable prognosis, the survival of 
Turcot patients with glioblastoma appears to be better than 
that of patients with sporadic glioblastoma, although the 
number of patients reported is small. 155   

   Sebaceous Adenoma/Carcinoma in Muir-Torre 
Syndrome 
 The Torre syndrome, 156  simultaneously reported by Muir, 157  
was initially believed to represent the co-occurrence of cuta-
neous lesions with visceral malignancies, without mention of 
any familial association. It was subsequently noted that sev-
eral of these patients belonged to families with what was 
then known as the cancer family syndrome, now HNPCC/
LS. 158  The cutaneous lesions are frequently sebaceous ade-
nomas, sebaceous carcinomas, or keratoacanthomas, i.e., 
low-grade squamous cell carcinomas arising from the pilose-
baceous unit. 

 Further study has con fi rmed Muir-Torre syndrome (MTS) 
to be a variant of Lynch syndrome 159  de fi ned by the presence 
of sebaceous skin neoplasms. The skin lesions of MTS have 
MMR mutations, usually in  MSH2,  160  and a MSI-H pheno-
type. 161  ,  162  The presence of sebaceous neoplasms is variably 
penetrant, having been reported in 28% of families and 9.2% 
of individuals meeting criteria for LS. There were 42% of 
kindreds with  MSH2  mutations, and 44% of kindreds with 

 MLH1  mutations, that had at least one individual with MTS, 
while MTS was not found in kindreds with  MSH6  or  PMS2  
mutation.    

   HNPCC/LS: Clinical Management 

   Colorectal Cancer 

 Carriers of DNA mismatch repair gene mutations seen in 
HNPCC/LS are recommended to have colonoscopic surveil-
lance staring at early age. 61  Colonoscopy is recommended 
every 1–2 years starting at age 20–25 years (age 30 years for 
those with  MSH6  mutations). For individuals who will 
undergo surgical resection of colon cancer, subtotal colec-
tomy may be favored.  

   Endometrial and Ovarian Cancer 

   Patients Without Known Lynch Syndrome 
 Although identi fi cation of a CRC meeting Amsterdam or 
Bethesda criteria has been suggested as a cue to screen for 
EC, it appears that EC is more common than CRC in these 
patients, indicating that EC with appropriate features may 
equally well be taken as a sentinel event to identify Lynch 
syndrome patients and families. 127  Examining the converse 
situation, in a prospective study of 100 women with endome-
trial cancer diagnosed before age 50, nine carried germline 
MMR mutations (seven  MSH2  mutants, one  MLH1  mutant, 
and one  MSH6  mutant). 116  

 MMR testing by immunohistochemistry, MSI testing, or 
gene sequencing is commonly recommended when faced 
with a new diagnosis of colon cancer in an appropriate clini-
copathologic setting. Similar reasoning dictates that EC 
patients of suf fi ciently low age be tested for MMR mutations 
(with age <50 years often suggested as a cutoff). As has been 
mentioned, the prevalence of such mutations is in the neigh-
borhood of 9%. 116  As age rises, the relative number of Lynch-
associated mutations would be expected to fall, as sporadic 
tumors begin to predominate, but in absolute terms, Lynch 
cases continue to accumulate. Furthermore, with rising age, 
sporadic hypermethylation begins to predominate as a cause 
of  MLH1  silencing, causing an apparent dMMR/MSI pheno-
type in a patient with no germline mutation and no increased 
tumor risk at other sites. Thus the relative diagnostic utility 
of immunohistochemistry as compared to other methods can 
be expected to change with age. 

 A consensus statement of the Society of Gynecologic 
Oncologists instructs practitioners to identify women who 
have a 20–25% chance of having an inherited predisposition 
to endometrial, colorectal, and related cancers, for whom 
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genetic risk assessment is “recommended,” and those with a 
5–10% chance of the same, for whom genetic risk assess-
ment “may be helpful”. 163  The SGO statement does not spec-
ify the form that the risk assessment should take, but 
underlines the need for it to be integrated with genetic coun-
seling and education. Since LS-associated malignancies are 
uncommon before age 21, it is suggested that the bene fi ts of 
testing do not outweigh its potential adverse effects in this 
age group. 

 Strategies for risk assessment in the patient with EC and 
suspected Lynch syndrome resemble those available in CRC, 
with immunohistochemistry, MSI testing, and gene sequenc-
ing representing the state of the art in approximately increas-
ing order of cost. 117  Application of the Amsterdam criteria to 
triage patients for testing increases speci fi city at the cost of 
decreased sensitivity. As in CRC, immunohistochemical 
staining of the endometrial tumor for MSH2, MLH1, MSH6, 
and PMS2 is a simple gatekeeper strategy that can serve as a 
useful initial screen. When sequencing is used, nonsense 
mutations are relatively simple to interpret, but missense 
mutations are heterogeneous and may or may not be of clini-
cal signi fi cance. 82  

 Several heuristics 116  ,  163  or speci fi c algorithms 4  ,  105  ,  117  ,  124  
have been proposed to combine clinicopathologic features 
with stepwise diagnostic testing in order to achieve sensitiv-
ity and speci fi city while minimizing cost. 117  While the rela-
tive merits of each speci fi c testing strategy will depend on 
the cost–bene fi t tradeoffs one chooses to make, the lowest 
cost-effectiveness ratio appears to be achieved with four-
protein immunohistochemistry, followed by con fi rmatory 
sequencing of any putatively affected gene. 117  When cost 
represents a major consideration, an initial panel consisting 
only of MSH6 and PMS2 IHC can provide clues regarding 
dMMR status at a reduced cost. 164   

   Patients with Suspected Lynch Syndrome 
 Once a presumptive diagnosis of Lynch syndrome has been 
established, further management can involve a combination 
of surveillance and, potentially, prophylactic surgery. For 
women, in whom EC and EOC are the main malignancies to 
exclude, proposed surveillance models usually involve 
imaging, usually by ultrasound, and periodic endometrial 
sampling. 105  ,  165  –  169    

   Other HNPCC/LS Associated Carcinomas 

   Patients Without Known Lynch Syndrome 
 Endometrial and ovarian cancers are markedly more com-
mon than the other extracolonic Lynch-associated tumors 
and have been the focus of most of the research on screening. 
However, when other tumors associated with the syndrome 
present at a young age or with suspicious family history, 

tumor testing for features of Lynch syndrome is broadly 
recommended. As for endometrial cancer, IHC testing for 
loss of MMR proteins or molecular testing for MSI are both 
appropriate initial modalities, without clear consensus to 
favor one over the other. 152  DNA sequencing should be 
reserved for later steps of the investigation due to its expense 
and complexity. 170  For clinicians, it is important to empha-
size the details of family history and to inform the patholo-
gist of these details so that testing can be initiated or 
justi fi ed.  

   Patients with Suspected Lynch Syndrome 
 The heterogeneity in extracolonic tumors between Lynch 
kindreds and between patients within a given kindred, 111  
combined with the relatively low frequency of any given 
extracolonic tumor, makes it dif fi cult to recommend any 
speci fi c screening protocol in patients with suspected or 
con fi rmed Lynch syndrome. For some tumors, such as glio-
blastoma, no speci fi c screening method seems practical. In 
the case of the small bowel, screening by capsule endoscopy 
or double-balloon enteroscopy has been suggested; rough 
calculations with rather favorable assumptions suggest a rea-
sonable cost per QALY if screening is performed once above 
age 40. 147  Urine cytology is a straightforward screening 
method for transitional cell carcinoma. None of these meth-
ods have been explicitly adopted or endorsed, and screening 
of the Lynch patient therefore seems to currently require an 
individualized approach.    

   Polyposis Syndromes of the Gastrointestinal 
Tract 

 Polyposis syndromes are characterized by the development 
of variable numbers of polypoid lesions throughout the 
colon, small intestine, and stomach and include developmen-
tal polypoid abnormalities or hamartomatous polyps, 
in fl ammatory-type polyps, and adenomas. The risk of adeno-
carcinoma is highest in the syndromes that develop ade-
nomas, but increased risk of malignancy also characterizes 
the other polyposis syndromes. A summary of the gastroin-
testinal polyposis syndromes is depicted in Table  7.1 . 

   Familial Adenomatous Polyposis 

   Clinical Features, Pathology, and Natural History 
 Familial adenomatous polyposis (FAP) is the most frequent 
gastrointestinal polyposis syndrome. Patients develop numer-
ous adenomas preferentially involving the colorectum 
(Fig.  7.6 ), but also affecting the small intestine, in particular 
the duodenum and periampullary region. 171  –  173  The stomach 
typically develops numerous fundic gland polyps, although 
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adenomas may also occur. 173  –  178  If the disease progresses 
through its natural history, 100% of affected individuals 
eventually develop colorectal cancer at early age 179  (Fig.  7.6 ). 
Overall, FAP patients represent less than 1% of all colorectal 
carcinoma cases in the United States, affecting 1 in 8,000–
10,000 individuals. 180  FAP patients are also at higher risk of 
developing duodenal and ampullary carcinomas and have a 
slightly increased risk of gastric adenocarcinoma. 181   

 The majority of FAP patients inherit germline mutations 
in the adenomatous polyposis coli ( APC ) gene on 5q21–22 
chromosome locus, 182  –  184  but up to a third of FAP cases pres-
ent as de novo germline mutations. 180  ,  185  

 In addition to the characteristic gastrointestinal polyposis, 
FAP patients manifest other lesions, including congenital 
hypertrophy of retinal pigmented epithelium (CHRPE) in 
70–80% of FAP patients, desmoid tumors in 15% of cases, 
thyroid carcinoma (papillary and follicular types, including 
the characteristic cribriform-morular variant) in 1–2% of 
FAP patients, 174  and hepatoblastoma in young children. 174  

 In addition to the classic FAP syndrome, inherited 
 mutations in the  APC  gene are associated with several 
 variants of FAP that include Gardner Syndrome, Turcot 
Syndrome, and Attenuated FAP (AFAP), summarized in 
Table  7.1 . 173  ,  180  ,  181  ,  186  ,  187  

  Fig. 7.6    Colonic adenomas and progression to adenocarcinoma in a 
patient with FAP. ( a ) Numerous polyps are identi fi ed at colonoscopy 
(image provided by courtesy of Dr. David Metz, University of 
Pennsylvania); ( b  and  c ) Histologic features of representative tubular 

adenomas. ( d ) Adenocarcinoma ( arrow ) arising in the background of 
numerous colonic polyps. ( e  and  f ) Histologically, the tumor is a mod-
erately differentiated adenocarcinoma extending into the subserosal 
tissue       
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 Gardner syndrome: These patients develop a number of 
extra-colonic manifestations including osteomas, desmoid 
tumors, dental abnormalities, ophthalmologic abnormalities 
including congenital hypertrophy of retinal pigment epithe-
lium (CHRPE) and cutaneous cysts. 

 Turcot syndrome: These patients develop colorectal poly-
posis and brain tumors, most commonly medulloblastoma 
(see also above). 

 Attenuated FAP: These patients develop a smaller number 
of colonic polyps as compared to classic FAP, but with 
suf fi cient colonic polyposis (frequently over 15), suggesting 
an underlying polyposis syndrome. 181   

   Genetic and Molecular Features 
 FAP provides the basis to understand the molecular pathways 
underlying the most common mechanisms of stepwise pro-
gression in colorectal cancer. 188   APC  codes for a 312 kDa 
protein that is expressed in many tissues and is thought to 
participate in several cellular functions including Wnt-
mediated signaling and transcriptional regulation, cell adhe-
sion, cell migration, and chromosomal segregation. The  APC  
gene product is a key mediator in the Wnt signaling pathway 
for cellular growth and proliferation. In the absence of a Wnt-
mediated growth signal, APC occurs in a complex with beta-
catenin, leading to beta-catenin phosphorylation and targeting 
it for destruction by the proteasome. When the Wnt pathway 
is activated by ligand binding, the APC–beta-catenin protein 
complex is disrupted, beta-catenin phosphorylation cannot 
occur, and this results in stability and nuclear localization of 
beta-catenin. Pathogenic mutations in the  APC  gene result in 
a disrupted APC–beta-catenin protein complex, leading to 
constitutive activation of the Wnt pathway. 188  –  190  

 The APC protein contains multiple functional domains, 
including an oligomerization domain, an “armadillo” domain 
region which is thought to be involved in binding of APC to 
proteins related to cell morphology and motility, a beta-
catenin-binding domain, an axin-binding domain, and a 
microtubule-binding domain. 174  ,  191  

 The majority of germline mutations associated with FAP 
are either frameshift or nonsense mutations that result in a 
truncated protein product, leading to disruption of interac-
tion with beta-catenin, stabilization of beta-catenin with 
nuclear accumulation of the protein, and a phenotype of con-
stitutive activation of the Wnt pathway. 191  ,  192  The most com-
mon germline mutations occur at codons 1061 and 1309 and 
account for 17% and 11% of all germline APC mutations, 
respectively. The region between codons 1286 and 1513 is 
known as the “mutation cluster region” (MCR), and many of 
the identi fi ed  APC  mutations occur in this segment of the 
gene. 193  Some associations between the location of the ger-
mline APC mutation and the clinical phenotype have been 

found. 194  Mutations within the MCR are associated with 
extensive polyposis of typical FAP patients, whereas muta-
tions in the 5 ¢  end of the gene (exons 4 and 5), and mutations 
in the alternatively spliced form of exon 9 or the 3 ¢  distal end 
of the gene, are seen in attenuated polyposis. An intermedi-
ate phenotype is observed in patients with mutations between 
codon 157 and 1249 and between 1465 and 1595. The asso-
ciation of FAP with desmoid tumor formation has been cor-
related to mutations downstream of codon 1400. 181  ,  194  ,  195  
Mutations beyond codons 934, 1395, and within codons 
564–1465 may be associated with upper gastrointestinal 
tumors. CHRPE is associated with mutations that occur 
between codons 311 and 1444.  

   Molecular Diagnosis 
 Molecular testing for germline mutations in the  APC  gene is 
recommended in speci fi c settings as summarized by the 
American Gastroenterological Association. 171  The primary 
indications include high clinical suspicion for FAP (>100 
colorectal adenomas),  fi rst-degree relatives of FAP patients, 
>20 cumulative colorectal adenomas (suspected AFAP), and 
 fi rst-degree relatives of patients with AFAP. 171  ,  196  

 Different testing approaches are used in various laborato-
ries, dictated by factors such as the volume of testing, plat-
forms, and experience available in the laboratory. Sequencing 
of the entire coding region is the gold standard for diagnosis. 
Other methods include protein truncation tests and mutation 
scanning. 

 As numerous pathogenic mutations have been described 
in  APC , including large exonic or whole gene deletions, a 
comprehensive approach to molecular diagnosis is required. 197  
If the patient has a phenotype suggestive of FAP but no muta-
tions are found in the APC gene, underlying mutations in the 
 MUTYH  gene should be considered (see also below). 198  
When a mutation is identi fi ed, targeted genetic testing can be 
offered to family members. 

 When germline mutations are not detected in patients 
clinically suspicious for FAP and related syndromes, other 
mechanisms of gene de fi ciency may be interrogated. These 
alternatives include alterations in epigenetic regulation of the 
 APC  gene, contribution of genes encoding other proteins 
involved in the beta-catenin pathway such as axin, alterations 
of allelic mRNA ratios, and somatic APC mosaicism. 199  
Germline hypermethylation of the  APC  gene has been shown 
not to be a signi fi cant cause of FAP in  APC  mutation-nega-
tive cases. 200  In cases in which no other discrete mutation 
exists, unbalanced  APC  allelic mRNA expression, resulting 
in reduced “dosage” of  APC  and functional haploinsuf fi ciency 
has been reported. 201  

 Individuals who are carriers of an  APC  gene germline 
mutation are recommended to have regular surveillance 
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 starting early in life with annual sigmoidoscopy or colonos-
copy, beginning at 10–12 years of age. Prophylactic colec-
tomy is recommended, usually by the time the patient is in 
his or her early 20s. Regular esophagogastroduodenoscopy 
(EGD) is also recommended for identi fi cation of gastric, 
duodenal, and periampullary lesions. Additional recommen-
dations are directed at extra-colonic manifestations and 
include annual palpation of the thyroid, serum alpha-feto-
protein (AFP) levels, and abdominal palpation every 6 
months in young children of FAP families to detect 
hepatoblastoma.    

   MUTYH-Associated Polyposis (MAP) 

 MUTYH-associated polyposis is transmitted as an autosomal 
recessive colorectal cancer syndrome, occurring in patients 
with colorectal polyposis and underlying germline mutations 
in the DNA repair gene  MYH  202  –  204  (Table  7.1 ). Patients with 
MAP usually present with fewer polyps, but they may show 
no polyps or even numerous polyps as seen in FAP. 204  
Colorectal cancer arising in the background of MAP repre-
sents an estimated 0.5–1% of all colorectal cancers, with a 
lifetime risk of CRC reaching 80%, and as in FAP the risk of 
duodenal cancer is also increased. 204  

 The  MUTYH  gene encodes a protein with glycosylase 
functions, involved in the base excision repair (BER) system 
critical to the repair of DNA damage caused by oxidative 
stress. The oxidized base 7,8-dihydroxy-8-oxoguanine 
(8-oxo-G) is often mistakenly paired with adenine (A), 
resulting in the appearance of guanine:cytosine > thymine:ad
enine (G:C > T:A) transversions at the next round of DNA 
replication, as the detection of stable 8-oxo-G:A base-pairs 
is missed by the replicative DNA polymerases. 205  ,  206  The 
DNA damage-speci fi c glycosylases OGG1, MUTYH, and 
MTH1 function by recognizing and facilitating the removal 
of 8-oxo-G adducts. 206  Consequently, de fi cient MUTYH 
function is associated with an increased frequency of 
G:C > T:A transversions, 207  which occur in regions of cancer-
related genes such as  APC, KRAS,  and  BRCA1/2 . Mutations 
in two hotspots, Y165C and G382D, account for 70% of all 
 MUTYH  mutations in Caucasian patients. Germline muta-
tional testing is indicated in individuals with greater than 10 
adenomatous polyps (particularly with family history of 
colon cancer consistent with recessive inheritance) and 
signi fi cant polyposis similar to AFAP/FAP who test negative 
for mutations in  APC.  204  Screening is recommended to begin 
at age 18–20 years with colonoscopies every 1–2 years. 
Colectomy can be considered in cases with larger numbers 
of polyps mimicking FAP. Guidelines for the screening of 
duodenal cancers in FAP/AFAP should be applied to MAP 
patients as well. 204       
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         Introduction 

 Colorectal cancer (CRC) is the third most commonly diag-
nosed cancer and the third most common cause of cancer 
death in men and women in the USA and accounts for 9% of 
all new cancer cases and of all cancer deaths. 1  In contrast, the 
incidence of small bowel cancer is low and accounts for 
0.4% of all new cases and 0.2% of all cancer deaths. 1  It is 
currently believed that most sporadic colorectal cancers arise 
from preexisting precursor lesions, including adenoma, dys-
plasia and recently serrated polyps, but a small percentage of 
colorectal cancers can arise de novo without identi fi able pre-
cursor lesions. The majority of colorectal cancers develop 
through an “adenoma–carcinoma sequence” beginning from 
transformation of normal colorectal epithelium to an ade-
nomatous intermediate and then to adenocarcinoma, 2  illus-
trated in   Fig. 1.1    . The molecular pathogenesis of colorectal 
cancer including genetic and epigenetic alterations has been 
extensively studied in the past two decades and is among one 
of the best understood among human neoplasms. Although 
the inherited forms of colorectal cancers contribute to a 
minority of all colorectal cancers, described in Chap.   7    , the 
identi fi cation of speci fi c underlying genetic defects in each 
inherited syndrome has laid a formidable groundwork for 
understanding the sporadic colorectal cancer pathogenesis.  

   Sporadic Colorectal Cancers 

 There are three major molecular pathways that have been 
well characterized in the sporadic colorectal cancers. The 
conventional chromosomal instability pathway character-

ized by wide spread imbalances in chromosome numbers 
and alterations of multiple tumor suppressor genes, includ-
ing  adenomatous polyposis coli  ( APC ),  deleted in colorectal 
cancer  ( DCC ),  deleted in pancreatic cancer 4  ( DPC4 , 
 SMAD4 ), and  TP53 , and oncogenes, including  KRAS  and 
 CTNNB1  (  b  - catenin ) in the adenoma–carcinoma sequence 
accounts for a majority (60–70%) of sporadic colorectal can-
cers. 3  The “DNA methylator pathway” is a novel pathway 
characterized by methylation of multiple CpG islands in col-
orectal carcinomas, including genes known to be important 
in tumorigenesis such as the  CDKN2A  ( p16 ) tumor suppres-
sor gene and other loci and genes. 4  –  6     Approximately 15% of 
sporadic colorectal cancers arise through defects in a third 
distinct pathway, the “DNA mismatch repair pathway” due 
to CpG methylation of  human Mut long homologue - 1  
( MLH1 ) DNA mismatch repair gene promoter. Loss of  MLH1  
expression underlies de fi cient DNA mismatch repair of 
mutations that occur during DNA replication, resulting in the 
accumulation of insertions or deletions of nucleotides in 
unstable repeated sequence such as microsatellites. 7  –  9   MLH1  
methylation is predominantly seen in tumors of the methyla-
tor pathway, but these tumors have extensive methylation 
involving many other genes and gene loci. Some of the clinic 
pathologic features, genetic alterations, prognosis, and 
response to chemotherapy are distinct among these three 
subgroups of colorectal carcinomas.  

   Chromosomal Instability Pathway 

 The molecular model following adenoma–carcinoma 
sequence involves multiple stepwise accumulations of genetic 
alterations in tumor suppressor genes and oncogenes and was 
 fi rst characterized by Fearon and Vogestein. 3  In this model, 
an ordered combination of multiple genetic alterations is 
required for the ultimate development of colorectal cancer 
and the presence of single genetic alteration is not suf fi cient 
for malignant transformation. Genome-wide sequencing of 
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colorectal cancers have found ~80 mutations in an individual 
tumor but less than 15 mutations that were responsible for 
initiation, progression, or maintenance of the tumor. 10  ,1  1  In 
addition, a few genes are mutated in a large number of tumors 
but most genes are mutated in less than 5% of tumors, and 
single-base substitutions, especially missense mutations, are 
the most prevalent. Inactivation of  adenomatous polyposis 
coli  ( APC ) is the initiating event for adenomatous transfor-
mation in this model, 12  ,1  3  followed by activating mutations of 
 KRAS  gene, 14  –  16  followed by  TP53  ( p53 ) inactivation, 17  ,1  8  and 
loss of chromosome 18q, chromosomal location of  deleted in 
colorectal cancer  ( DCC ) and  deleted in pancreatic cancer  
( DPC ,  SMAD4 ) genes, 19  ,2  0  for malignant transformation to 
carcinoma. These tumors are aneuploid with imbalance in 
chromosome numbers, and allelic loss [loss of heterozygos-
ity (LOH)], and genomic ampli fi cation due to mitotic dis-
junction, chromosomal deletion, translocation, and 
recombination between homologous chromosomes. Multiple 
tumor suppressor genes are involved in the development of 
colorectal cancers as evidenced by frequent chromosomal 
allelic loss of 1p, 5q ( APC  gene), 8p, 17p ( p53  gene), 18q 
( SMAD2 ,  SMAD4,  and  DCC  genes), and 22q. 12  ,2  0  ,2  1  

    APC / B - catenin  Alterations 

 The earliest genetic change in sporadic-type colorectal can-
cer occurs in the  APC  gene. 12   APC  is a tumor suppressor 
gene located on chromosome 5q21, and  fi rst identi fi ed in 
familial adenomatous polyposis (FAP) syndrome. 13  ,2  2   APC  
gene has been regarded as a “gatekeeper” gene and plays a 
critical role in colorectal carcinogenesis. The inactivation of 
 APC  gene in colorectal neoplasm follows the Knudson’s 
two-hit hypothesis. Allelic loss of chromosome 5q is present 
in 40–50% of sporadic colorectal adenomas and carcinomas 
and somatic mutation of  APC  gene can be identi fi ed in up to 
70% of sporadic colorectal cancer. 23  ,2  4  The identi fi cation of 
 APC  mutation in dysplastic aberrant crypt foci, the earliest 
morphologic colorectal precursor lesion further supports the 
critical function of APC gene in colorectal pathogenesis. 25  
The germline mutations of  APC  gene are clustered through-
out the entire gene and contributes to phenotypic diversity in 
familial adenomatous polyposis but the somatic mutations 
are more frequent in a mutation cluster region between 
codons 1286 and 1513. 24  Methylation of the  APC  promoter is 
an alternative mechanism of  APC  gene inactivation in col-
orectal adenomas and carcinomas. 26  

 The function of  APC  gene has been recently elucidated. 
The  APC  gene product is an integral component of the 
cytoskeletal framework through its interaction with cad-
herins and regulates adhesion, migration, polarity, differen-
tiation, and chromosomal segregation. It also mediates Wnt/
Wingless pathway by interacting with glycogen synthase 

kinase-3 b , axin, and  b -catenin 27  (Fig.  8.1 ). Phosphorylation 
of  b -catenin by glycogen synthase kinase-3 b  leads to 
proteasome-dependent degradation. Mutant APC disrupts 
this complex and  b -catenin can translocate to the nucleus, 
where it is a transcription factor in association with T-cell 
factor/lymphoid enhancer factor. 28  Mutations of other 
components of this complex, including serine or threonine 
phosphorylation sites in exon 3 of   b  - catenin  gene and  axin  
gene, are present in colorectal tumors without  APC  
mutations. 29  ,3  0    

    p53  Gene Alterations 

 Mutations of  p53  gene and allelic loss of chromosome 17p, 
and chromosomal location of  p53  gene, occur in up to 75% of 
colorectal cancers, but are infrequent in adenomas suggesting 
that p53 plays an important role in progression of adenoma to 
carcinoma, in sporadic CRC. 17  ,1  8  ,3  1  The p53 protein is a tran-
scription factor that is involved in the cell cycle regulation 
and programmed cell death in response to DNA damage, 
aberrant proliferative signals, and cellular injury. 32  ,3  3  Under 
physiological conditions, p53 is negatively regulated by 
MDM2 and is degraded by ubiquitination. TP53 is upregu-
lated in response to cellular injury and regulates multiple 
gene products, including p21 (CIP1/WAF1), the cell cycle 
inhibitor, and BAX, FAS, and DR5, which mediate apopto-
sis. 34  Most  p53  mutations are missense mutations. 35  The p53 
protein with these missense point mutations can still be 
expressed with an abnormal half-life that can be detectable by 
immunohistochemistry.   

   Chromosome 18q Loss 

 Allelic loss of chromosomal 18q occurs in 70% of sporadic 
colorectal cancers and approximately in 50% of large ade-
nomas. 19  ,2  0  A candidate tumor suppressor gene designated 
 DCC  ( deleted in colorectal cancer ) that belongs to the neural 
cell adhesion molecule (N-CAM) family has been identi fi ed. 36  
Only a minority of colorectal cancers demonstrates somatic 
mutations in  DCC  in mutation analysis of the whole gene, but 
the protein expression is frequently reduced or absent in col-
orectal cancers. Other tumor suppressor genes,  SMAD4  
( DPC4 ,  deleted in pancreatic cancer ) and  SMAD2 , are also 
located in chromosome 18q. 37  ,3  8  SMAD2 and SMAD4 are 
downstream intracellular mediators of the transforming growth 
factor- b  (TGF b ) signaling pathway that is involved in cell 
growth, differentiation, and apoptosis. Mutations of  SMAD4  
and  SMAD2  genes have been identi fi ed in 16% and 10% of 
colorectal cancers. 37  ,3  8   Cables  is another candidate tumor sup-
pressor gene on chromosome 18q that increases tyrosine 
phosphorylation of cyclin-dependent kinases. 39  Loss of  Cables  
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occur in 60–70% of colorectal cancers by loss of heterozygos-
ity and CpG island methylation of the promoter region. 40  

    KRAS ,  BRAF,  and  Phosphatidylinositol 3 Kinase  
Mutations    

 Among the oncogenes,  KRAS  gene is the most frequently 
mutated in colorectal adenomas and cancer. Activating muta-
tion of  KRAS  oncogene has been detected in 40% of colorec-
tal cancers and adenomas. 16  The majority of  KRAS  mutations 
are present at codons 12 and 13, and less frequently at codon 
61, and lead to constitutive activation of guanosine triphos-
phate-bound enzyme that regulates multiple cellular func-
tions. One of these is the Raf-mitogen-activated protein 
kinase kinase (MEK)-extracellular signal-regulated kinase 
(ERK) pathway. This pathway includes serine/threonine 
kinase BRAF that activates ERK1 and ERK2 and phospho-
rylates MEK1 and MEK2.  BRAF  mutations are present in 
10% of colorectal cancers. 41  Ras-guanosine triphosphate also 
binds to the type I phosphatidylinositol 3 kinase (PIK3CA). 42  ,4  3  

PIK3CA activates through AKT a number of pathways that 
in fl uence cell growth, proliferation, and survival.  PIK3CA  
mutations in exons 9 and 20 are present in 20% of colorectal 
cancers.   

   DNA Methylator Pathway 

 Methylation of cytosine is the only known modi fi cation of 
DNA in human cells, and methylated cytosines have been 
referred to as the elusive  fi fth base. 44  This epigenetic effect is 
particularly striking when DNA methylation affects pro-
moter CpG islands. 45  CpG islands are 0.5–2 kb regions rich 
in the cytosine–guanine dinucleotides and are present in the 
5 ¢  region of about half of all human genes. Methylation of 
cytosines within CpG islands is associated with loss of pro-
tein expression by repression of transcription and is observed 
in physiological conditions such as X chromosome inactiva-
tion and imprinting. 44  ,4  5  Similar to other neoplastic cells, col-
orectal cancers have two paradoxical epigenetic changes 
involving methylated cytosines 46 ,global hypomethylation 

  Fig. 8.1    The WNT signaling pathway. In the absence of WNT signal 
in normal cells,  b -catenin is phosphorylated in the complex containing 
APC, axin, glycogen synthase kinase 3 b , and casein kinase 1 a / e  and 
degraded. In cancer cells with either APC alterations or  b -catenin muta-

tions, WNT signaling results in increased  b -catenin in the cytoplasm 
and nuclear localization. In the nucleus,  b -catenin displaces Groucho 
and interacts with TCF/lymphoid enhancer factor resulting in increased 
transcription of multiple genes       
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due to demethylation of cytosines, 47  and de novo hyperm-
ethylation of tumor-speci fi c genes and other genes resulting 
in silencing of transcription. 48  Inactivation of gene function 
by methylation of the promoter region in the colorectal DNA 
methylator pathway overlaps closely with the genetic altera-
tions observed in both conventional and DNA mismatch 
repair pathways.    Methylation of CpG islands in the promoter 
region can inactivate tumor suppressor genes in the absence 
of mutations or chromosomal loss typically that are seen in 
the chromosomal instability pathway and regulates genes 
such as the  p16  tumor suppressor 49  and  mut L homologue  1 
( MLH1 ) DNA mismatch repair gene. 50  

 In the colorectum, quantitative studies showed that many 
genes that are highly methylated in cancer also have a low 
but measurable degree of methylation in apparently normal 
colon mucosa, and this methylation increases linearly with 
age. 51  ,5  2  This has led to the proposal that, in colon tumors, 
methylated genes fall in two categories termed type A and 
type C. 4  Methylation of type A genes such as  estrogen recep-
tor  a   ( ER a  ),  N33  and  MYOD , is age related, can be easily 
detected in normal colorectal mucosa and is usually increased 
in colorectal cancer. Methylation of type C genes is almost 
exclusive to cancers, is less frequent than methylation of 
Type A genes, and is likely to lead to pathogenic gene silenc-
ing associated with a selective advantage. 4  Using either 
methylation-based screening techniques such as Methylated 
CpG island Ampli fi cation 4  or gene expression-reactivation-
based techniques 53  have identi fi ed several genes that are 
methylated in colorectal cancers but a simple listing of these 
genes belittles the complexity of the process. It is clear that, 
of the hundreds of genes likely hypermethylated in a given 
tumor, 54  only a few play a signi fi cant functional role and are 
selected for the process. Many genes are likely hypermethy-
lated in cancer simply as an extension of a process that begins 
in normal aging tissues, and paradoxically some genes whose 
expression should favor the neoplastic process such as  COX2  
or  TERT  are downregulated in association with promoter 
methylation in some tumors. 55  ,5  6  Thus, DNA hypermethyla-
tion should be viewed as a global process analogous to mic-
rosatellite instability, whereby many loci are affected but 
only a few are functionally signi fi cant for the process of 
tumorigenesis. 

 The CpG island methylator phenotype (CIMP) was 
uncovered through a series of observations that included an 
association between microsatellite instability and hyperm-
ethylation of multiple genes in colorectal, 57  concordance 
between the methylation status of different genes in colorec-
tal cancer 5  that was unrelated to gene function or chromo-
somal location, and a bimodal distribution of methylation 
when a selected subset of genes was studied quantitatively. 5  ,6     
CIMP+ colorectal cancers have distinct clinical, pathologi-
cal, and molecular genetic features. These cancers tend to 
occur proximally and are slightly more common in women 

and older patients. 6  ,5  8  –  60  They also have distinct pathologic 
features (mucinous, poorly differentiated), distinct genetic 
lesions (high frequencies of  KRAS  and  BRAF  mutations and 
low frequency of  p53  mutations) and a distinct progno-
sis. 6  ,5  8  –  61  About half of CIMP+ cancers also show microsatel-
lite instability (MSI) via epigenetic inactivation of  MLH1.  6  
There is also a close association between the methylation of 
MGMT, a ubiquitous DNA repair enzyme, and G to A muta-
tion in  KRAS  gene in colorectal cancer. 62  

 Colorectal adenomas are precursors of most adenocarci-
nomas, and methylation in colorectal adenomas has been 
reported. 4  ,6  3  Methylation was more common in larger ade-
nomas and adenomas with villous histology. Methylation 
also was present in aberrant crypt foci, the “putative” earli-
est morphological lesions identi fi ed in the colorectum, and 
was more common in sporadic aberrant crypt foci than 
familial adenomatous polyposis-associated aberrant crypt 
foci. 64  ,6  5  Colorectal carcinomas arising in the setting of 
hyperplastic polyps or serrated adenomas, and in patients 
with hyperplastic polyposis have also been described. 66  –  68  
Epigenetic silencing of multiple genes through methylation 
of promoter CpG islands was documented in both hyper-
plastic polyps and serrated adenomas in sporadic patients 
and patients with hyperplastic polyposis. 69  ,7  0  Indeed, an 
alternative “serrated pathway” of colorectal carcinogenesis 
with a hyperplastic polyp-serrated adenoma–adenocarci-
noma sequence has been proposed 71  ,7  2  (Fig.  8.2 ). The ser-
rated pathway appears to be essentially driven by 
hypermethylation of multiple CpG islands. Not surprisingly, 
the proximal, mismatch repair-de fi cient colorectal cancers 
that have been proposed to arise primarily from this ser-
rated adenoma pathway are also characterized by intense 
hypermethylation. 4  ,7  3    

   DNA Mismatch Repair Pathway 

 MSI is due to mutations in microsatellites because of defec-
tive mismatch repair genes and has been observed in tumors 
arising in patients with hereditary nonpolyposis colorectal 
cancer (HNPCC) and in a subset (~15%) of sporadic col-
orectal cancers. 7  –  9  Microsatellites are tandem repeats of sim-
ple nucleotides sequence and are ubiquitously present 
throughout the human genome. The mismatch repair system 
detects and corrects replication errors by DNA polymerase 
in the newly synthesized DNA strand, including single base-
pair mismatches and insertions or deletions of nucleotides. 
These errors are more prevalent in repetitive sequences, such 
as microsatellites. In HNPCC patients there are germline 
mutations of  MLH1,  74  ,7  5   MSH2,  76  ,7  7   MSH6,  78  ,7  9  and  PMS2  80  
mismatch repair genes. In contrast, sporadic MSI colorectal 
cancers are due to silencing of  MLH1  by methylation of pro-
moter region. 49  ,8  1  ,8  2  
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 MSI is tested by PCR ampli fi cation of microsatellite 
repeats. A consensus workshop recommended using two 
mononucleotide sequences (BAT25 and BAT26) and three 
dinucleotides sequences (D2S123, D5S346, and D17S250) 
to determine MSI. 83  Three MSI phenotypes have been 
de fi ned in colorectal cancers: microsatellite stable (MSS), 
no allelic shift suggesting no change in microsatellite 
sequence; low frequency microsatellite instability (MSI-
low), allelic shift of less than 40% of markers; and high 
frequency microsatellite instability (MSI-high), allelic shift 
of more than 40% of markers. MSI-high in colorectal can-
cers is due to either HNPCC with germline mutation of a 

mismatch repair gene and somatic inactivation of the other 
allele or due to biallelic methylation of  MLH1  gene in spo-
radic tumors. 7  –  9  ,4  9  ,8  1  ,8  2  

 There are several distinct clinopathological features of 
sporadic MSI-high colorectal cancers as compared to micro-
satellite stable colorectal cancers. MSI-high cancers are more 
likely to present in older females, at a more advanced stage, 
proximally located and have better stage-speci fi c survival 
after surgical and adjuvant therapies. 7  ,8      ,8  4  ,8  5  These tumors are 
more commonly bulky and exophytic, and about half of these 
cancers have a distinct histology with mucinous, solid, or 
variegated (multiple histologic components) components, 

  Fig. 8.2    Serrated pathway of 
colorectal carcinogenesis. 
( a ) Hyperplastic polyp. 
( b ) Sessile serrated adenoma/
polyp. ( c ) and ( d ) High power 
illustrating the altered crypt 
architecture in a sessile serrated 
polyp with dilated and laterally 
expanded base of colonic crypts, 
but lacking evidence of epithelial 
cytologic dysplasia. ( e ) Low 
power view of poorly 
differentiated colonic 
adenocarcinoma showing loss of 
expression of MLH1 in tumor 
cell nuclei ( f ), while intratumoral 
lymphocytes show preserved 
expression of this DNA 
mismatch repair protein. Tumors 
of the serrated pathway often 
show loss of expression of 
MLH1 DNA mismatch repair 
protein associated with promoter 
hypermethylation and show 
microsatellite instability. 
( a )–( e ) Hematoxylin & Eosin 
stains; ( f ) Immunohistochemistry 
for MLH1. Photomicrograph 
provided by Antonia R 
Sepulveda MD, PhD       
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and increased intratumoral lymphocytes and peritumoral 
lymphocytic in fi ltrate (Crohn-like reaction). 86  –  88  A frequent 
association with contiguous or noncontiguous hyperplastic 
or serrated polyps has been identi fi ed in sporadic MSI-high 
colorectal cancers, a characteristic shared with CIMP-high 
colorectal cancers. 71  –  73  

 MSI-high colorectal carcinomas also have distinct genetic 
alterations. In contrast to the sporadic colorectal cancers with 
chromosomal instability pathway, tumors with MSI-high 
tend to have less frequent 18q allelic loss,  p53  and  KRAS  
mutations 89  ,9  0  but more frequent   b  - catenin  and  BRAF  muta-
tions. 91  ,9  2  In addition, a distinct set of tumor suppressor genes 
containing short mononucleotide repeats in the encoding 
region such as  transforming growth factor  b  type II receptor  
( TGF b RII ),  insulin - like growth factor II receptor,  and  BAX  
genes are frequently mutated in MSI-high colorectal can-
cers. 93  –  95   TGF b RII  gene has a 10-base-pair long adenine tract 
that is mutated in more than 90% of MSI-high colorectal 
cancers. 96   

   Prognostic and Therapeutic Implications 
of Molecular Markers in Colorectal Cancer 

 A variety of genetic and epigenetic alterations have been 
associated with prognosis, and respond to therapeutic agents 
in patients with colorectal carcinomas. Several chromosomal 
allelic losses have been associated with prognosis of patients 
with colorectal cancer (reviewed in 21  ) . Chromosomal allelic 
loss of 18q is frequently present in colorectal cancers and 
is associated with poor prognosis. 97  ,9  8  In contrast, MSI in 
sporadic colorectal carcinomas is associated with better 
prognosis 97  –  99 , but CIMP+ is associated with poor progno-
sis. 100  –  102  Patients with colorectal cancers are treated with 
5- fl uorouracil-based therapy, but MSI or CIMP+ tumors may 
not bene fi t from such therapy. 100  ,1  02  ,1  03  

 Epidermal growth factor receptor (EGFR) when activated 
by its ligand, epidermal growth factor, mediates signaling 
through KRAS/BRAF/MAPK is activated in a subset of col-
orectal carcinomas 104  –  109  (Fig.  8.3 ). A small subset of meta-

  Fig. 8.3    Antiepidermal growth factor receptor (EGFR) therapy and 
 K - RAS  mutations in colorectal cancers. Binding of EGFR ligand acti-
vates signaling through K-RAS/MAPK pathway that in turn regulates 
ligand levels. Anti-EGFR antibody hinders ligand binding to EGFR by 

steric hindrance or immunomodulation and EGFR pathway is deacti-
vated.  K - RAS  mutations activate MAPK pathway even in the absence of 
ligand binding of EGFR due to anti-EGFR antibody       
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static colorectal cancers respond to anti-EGFR antibody 
therapy by hindering ligand binding to EGFR by steric hin-
drance or immune modulation resulting in inactivation of the 
EGFR pathway. Cell lines or patients who have tumors with 
activating mutations of  KRAS ,  BRAF,  or  PIK3CA  do not 
respond to this treatment. 106  –  109    

   Sporadic Small Intestinal Carcinomas 

 Compared to colorectal adenocarcinomas the genetic and 
epigenetic alterations in small intestinal adenocarcinomas 
have not been well characterized. Similar to the colorectum, 
an adenoma–carcinoma sequence has been reported, and 
similar to colorectal carcinomas chromosomal instability 
DNA methylator and DNA mismatch repair pathways have 
been reported for small intestinal carcinomas. 110  Sporadic 
small intestinal adenocarcinomas have chromosomal insta-
bility in 60% of tumors, CIMP-high in 30%, and MSI-high 
in 24% of tumors but with some overlap among the three 
pathways. 110  

 Sporadic small intestinal carcinomas have gain of chro-
mosomes 5p, 7, 8q, 9q, 13q, 16p, 19q, and 20 and loss of 
chromosomes 4p, 5q, 6q, 8p, 18q and 21 by comparative 
genomic hybridization. 110  –  113  Chromosomal loss of  APC  gene 
locus is infrequent 114  but  APC  gene missense and silent muta-
tions are present in 42% of carcinomas and APC gene meth-
ylation in 48% of carcinomas. 111  Disruption of WNT 
signaling by either loss of  APC  or nuclear localization of 
B-catenin by immunohistochemistry is less frequent than in 
colorectal cancers. 115  –  117  Chromosome 18q loss is infrequent 
in some studies 111  ,1  12  ,1  14  but comparable to the frequency 
reported for colorectal carcinomas in another study, 110  and 
 DPC4  mutations have been reported. 112  ,1  14   KRAS  mutations 
and infrequent  BRAF  mutations, similar to the frequencies 
observed in colorectal carcinomas, have been reported in 
small intestinal carcinomas, 110  ,1  14  ,1  16  ,1  18  –  120  and  BRAF  muta-
tions are more common in MSI-high tumors. 110  Similarly, 
 p53  gene mutations have been reported in small intestinal 
carcinomas but are infrequent compared to colorectal 
cancers. 116  ,1  17  ,1  21  

 MSI-high is present in 20% of small intestinal carcino-
mas 110  –  112  ,1  14  due to methylation of the promoter region of 
 MLH1  gene. 110  ,1  11  ,1  21  Duodenal cancers have a higher 
frequency of MSI-high. 122,  123  Methylation of  p14 ,  p16 ,  MLH1 , 
 MGMT ,  retinoic acid receptor beta ,  immunoglobulin 
superfamily genes member 4 ,  TIMP metallopeptidase inhibi-
tor 3 ,  APC ,  H - cadherin ,  paired box gene 6 ,  estrogen receptor  
genes, and MINT loci, that are methylated in colorectal 
carcinomas, have been reported in duodenal carcinomas, 
G-to-A  KRAS  mutations are associated with  MGMT  methy-
lation in small intestinal carcinomas, 113  ,1  21  and CIMP+ has 
been reported. 110  ,1  21   

   Conclusions 

 The molecular pathogenesis in sporadic colorectal and small 
bowel cancers are due to involvement of three major path-
ways: the conventional pathway involving accumulation of 
alterations of tumor suppressor genes and oncogenes, DNA 
mismatch repair pathway, and DNA methylator pathway. 
With the advance of molecular analysis, the precursor 
lesions for colorectal cancer have expanded from classic 
adenomas to the presumably non-neoplastic hyperplastic 
polyps and the earliest morphological precursor lesion, 
aberrant crypt foci. Although prognostic molecular makers 
and potential targets for therapies are still limited for col-
orectal cancers, with the advance of gene expression, 
microRNA and epigenetic pro fi ling, through the application 
of novel high-throughput-based assays such as massively 
parallel sequencing, more prognostic molecular markers 
may be identi fi ed for both therapeutic and early detection 
purposes.      
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         Introduction    

 Colorectal cancer is the second leading cause of cancer in 
USA and remains a signi fi cant cause of mortality and mor-
bidity throughout the world. In 2010 approximately 102,900 
new cases of colon cancer and 39,670 rectal cancer were 
diagnosed with estimated 51,370 deaths in USA. 1  ,2     The pro-
found impact of this disease on public health is underscored 
by the fact that 1 in 18 American men and 1 in 20 women are 
at risk of developing colorectal cancer in their lifetime. 3  
While the overall incidence of colorectal cancer has decreased 
over the past three decades, since the 1980s there has been 
evidence for a left to right-sided shift in incidence of col-
orectal cancers. 4  –  7     The incidence of proximal (or right-sided) 
colorectal cancer rose from 20% to 30% whereas rectal can-
cer decreased from 22 to 11% between 1979 and 1994. 4  ,5     In 
a recent study of incidence of colorectal cancer in the USA 
between 1999 and 2004 the greatest burden of disease was in 
the proximal colon (21.8 per 100,000 population) vs. the dis-
tal colon (13 per 100,000 population) and the rectum (14.1 
per 100,000 population). 6  Interestingly, an age-, gender-, and 
race-speci fi c disparity in anatomic location of colorectal 
cancer (CRC) has been reported, where individuals aged  ³ 65 
years, women, and blacks had the highest incidence rate of 
proximal lesions. 6  ,8,9     In the rectum, however, rates did not 
differ signi fi cantly by race and older whites had the highest 
incidence of rectal cancer. 6  

 While the disparity change in the distribution of CRC 
lesions is unclear, some have argued that proximal and dis-

tal tumors arise from different pathogenetic pathways. 9  –  11  
The right and left segments of the large intestine have 
distinct embryologic origin and biological behavior. The 
right side of the colon (cecum, proximal two-thirds of the 
transverse colon) arises from the midgut, and the left side of 
the colon (distal one-third of the transverse, descending and 
sigmoid colon, rectum) arises from the midgut. This differ-
ence in embryologic origin is further underscored by the dual 
blood supply of the colon. Moreover, tumors of the proximal 
and distal colon appear to have different, epidemiology, his-
tology, genetics, and biological behavior. Differences in 
pathology of the right sided and left-sided colonic tumors 
have also been described. 12  Several studies have indicated 
distinct molecular biology in tumors arising from different 
segments of the large intestine. Distal tumors have been 
shown to have higher frequency of loss of p53 function, ane-
uploidy, and chromosomal instability, whereas proximal 
tumors are more mucinous, diploid, and of the microsatellite 
instability (MSI) phenotype. 13  Furthermore, clinical behav-
ior is different where local recurrence is the major problem 
in rectal cancers and distant metastasis is a signi fi cant issue 
in the management of colon cancer. These observations have 
led to the hypothesis that the mechanisms of oncogenesis in 
colon and rectum are mediated via different cellular 
pathways.  

   Anatomy of Rectum and Anal Canal 

 The large intestine extends from the terminal ileum to the 
dentate line in the anal canal and it measures between 1.3 to 
1.8 m. 14  –  16  It is divided into several sections: cecum, ascend-
ing colon, transverse colon, descending colon, sigmoid 
colon, and rectum. The right or proximal colon encompasses 
the region from cecum to the transverse colon, and the left or 
distal large intestine includes the segment from the splenic 
 fl exure to the rectum (Fig.  9.1 ). The rectum is approximately 
12 cm and extends from the fusion of the taenia to the 
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puborectalis ring (palpable anorectal ring on digital rectal 
examination). It is divided into three segments, where the 
peritoneum covers the upper third on its anterior and lateral 
surfaces, the middle third on its anterior surface, and no cov-
ering of the lower third of the rectum which is known as the 
ampulla.  

 The location of the rectosigmoid junction is controversial, 
as there are different de fi nitions of the relevant landmarks 
and the distance of the malignant lesion from the anal verge 
is important for cancer management. However the rectum is 
commonly de fi ned as the region of the large intestine that is 
at least partially retroperitoneal. The location of rectal tumors 
is designated by the distance of the lower edge of the tumor 
from the anal verge, dentate (pectinate or mucocutaneous) 
line. 

 The anal canal measures 3–5 cm in length and extends 
from the rectal ampulla (level of pelvic  fl oor) to the anal verge. 
The distal end of the anal canal, or the anal verge, is at the 
level of the squamous–mucocutaneous junction and the peria-
nal skin. The pectinate line indicates the junction of the supe-
rior part of the anal canal, lined by columnar epithelium, and 
the inferior part, lined by non-keratinizing squamous epithe-
lium. Distal to the dentate line, the squamous epithelium 
merges with the perianal skin or the true epidermis. Given 

the different types of epithelium found in the anal canal, 
two distinct categories of tumors can develop. Malignant 
lesions that arise from the mucosa (columnar, transitional, 
or squamous) are considered true anal canal cancers, 
whereas tumors arising from the epidermis or distal to the 
squamous–mucocutaneous junction are termed anal mar-
gin tumors.  

   Pathology 

   Gross Appearance 

 The macroscopic features of CRC depend on the extent of 
disease progression and the site of the lesion. Tumors in the 
proximal or right colon commonly appear as polypoid or 
fungating exophytic masses. Exophytic growth has been 
associated with lower stage, 17  lower risk of hematogenous 
spread, 18  and more favorable prognosis. 19  ,2  0  Tumors involv-
ing the distal or left colon however are more commonly 
annular producing an “apple core” appearance. These lesions 
often produce symptoms of bowel obstruction which is clini-
cal maker of poor prognosis. 21  –  23   

  Fig. 9.1    Anatomy of the rectum and anus       
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   Histological Subtypes and Molecular Biology 

   Adenocarcinoma 
 Although adenomas are the precursor lesions for all CRC, 
they evolve into different histological patterns with invasion 
and progression. Adenocarcinomas comprise the vast major-
ity (85–90%) of cancers of the colon and rectum, which are 
further classi fi ed by histological grade. 24  These are gland-
forming tumors, and the histological grade of differentiation 
takes into account the variability in gland size and shape 
(Fig.  9.2 ).   

   Mucinous and Signet Cell Tumors 
 Mucinous and signet cell tumors are related subtypes of col-
orectal adenocarcinomas with prominent mucin secretion 
(Fig.  9.2b ). By convention a 50% or greater mucinous com-
ponent is required for designation of mucinous carcinoma, 
and this morphology accounts for approximately 11–17% of 
colorectal cancers. 25  ,2  6  Mucinous carcinomas are more com-
monly found in the rectum and sigmoid and they tend to 
present as more advanced tumors. 27  Although older studies 
involving rectal cancers had suggested a more aggressive 
behavior for these tumors, 28  ,2  9  the College of American 
Pathology (CAP) consensus statement in 2000 indicated that 
the signi fi cance of mucinous histology is controversial and 
has not been proven to be a statistically signi fi cant indepen-
dent prognostic indicator. 30  Signet cell carcinoma accounts 
for 1–2% of CRC. These are aggressive tumors with propen-
sity for extensive intramural spread and peritoneal carcino-
matosis. 31  The unique pathologic feature of these cells is the 
presence of intracytoplasmic mucin-containing vacuole that 
pushes the nucleus to the side. When  ³ 50% of the tumor is 
made up of this type of cell it is designated signet cell carci-
noma. 24  Given the rarity of this morphologic subtype, a sig-
net ring histology should prompt consideration of metastatic 
disease from other organs such as gastric carcinoma or lobu-
lar breast carcinoma. 24  

 Signet ring cell carcinoma and mucinous cell carcinoma 
of colon and rectum are associated with distinct genetic 
features. Molecular studies demonstrate that tumors with 
minor signet ring or mucinous component ( £ 49%) have 
similar genetic features to those with abundant ( ³ 50%) sig-
net cell or mucinous component respectively. 32  Substantial 
mucin production is a feature of colorectal cancers with 
microsatellite instability (MSI) and both signet ring col-
orectal carcinoma and mucinous colorectal carcinoma are 
associated with high degree of MSI (MSI-H), as described 
in previous chapters. 33  ,3  4  Mucinous carcinomas have been 
shown to be twice likely as usual adenocarcinomas (30% 
vs. 15%) to exhibit MSI-H phenotype, and MSI-H muci-
nous carcinomas tend to have a better prognosis than their 
microsatellite stable (MSS) counterparts. 35  Approximately 

one-third of signet cell colorectal carcinomas are MSI-H 
and microsatellite instability status does not seem to be a 
predictor of survival for signet ring cell CRC. 33  Consistent 
with the MSI phenotype, loss of MLH1 expression by 
immunohistochemistry (IHC) is more common in both 
signet carcinomas (29–40%) and mucinous carcinomas 

  Fig. 9.2    Adenocarcinoma involving the sigmoid colon and rectum. ( a ) 
Moderately differentiated adenocarcinoma (original magni fi cation 
×100). ( b ) Mucinous adenocarcinoma. The  arrow  points to the strips of 
neoplastic epithelium in the background of mucin pools. ( c ) Poorly dif-
ferentiated adenocarcinoma with associated intra-tumoral lymphocytes 
AKA medullary carcinoma (original magni fi cation ×200). Hematoxylin 
and Eosin stains       
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(13–30%) than non-mucinous CRC (10%). 32  Since 30% of 
individuals with signet ring cell CRC have ulcerative coli-
tis, 36  it has been suggested that differences in molecular 
basis and natural biology of signet cell carcinomas may 
 confound the result of outcome studies. 24  

 A number of other genes and cellular pathways have also 
been implicated in carcinogenesis of mucinous and signet 
cell tumors of colon and rectum. The RAS–RAF–MECK–
ERK–MAP kinase pathway, involved in cellular response to 
growth signals, has been extensively studied in pathogenesis 
of colorectal cancers. Higher frequency of mutational activa-
tion of  BRAF  oncogene by Val600Glu (V600E) point muta-
tion has been reported in both signet ring tumors (22–33%) 
and in mucinous cancers (15–27%) than non-mucinous car-
cinomas (8.6%). 32  ,3  4  In contrast lower frequency of  KRAS  
mutations have been reported in signet cell carcinomas 
(36%), mucinous (38%) than in non-mucinous colorectal 
carcinomas (60%). 32  ,3  7  Other unique molecular features of 
mucinous colorectal tumors include infrequent inactivating 
mutations in  APC,  34  or  TP53,  32  but frequent rate of aberrant 
DNA methylation or CpG island methylation phenotype 
(CIMP), 34  and higher levels of fatty acid synthase (FASN) an 
enzyme involved in lipogenesis and overexpressed in col-
orectal cancers. 38  ,3  9   

   Medullary Carcinoma 
 The term medullary carcinoma is applied to poorly differen-
tiated non-gland forming large cell carcinomas with round 
nuclei, prominent nucleolus, that grow in solid sheets with 
heavy penetration of adjacent small lymphocytes (termed 
tumor in fi ltrating lymphocytes) (Fig.  9.2c ). 40  This rare histo-
logical subtype appears to have a relatively indolent biology 
and improved survival. 41  Nearly all medullary carcinomas 
have MSI-H phenotype and have been described in both spo-
radic 42  and hereditary (Lynch syndrome) colorectal cancers. 43  
The homeodomain intestinal transcription factor CDX2 is a 
useful immunohistochemical marker for identi fi cation of 
epithelial neoplasms of the gastrointestinal tract and loss of 
CDX2 expression has been strongly associated with medul-
lary colorectal carcinoma. 44  ,4  5  Loss of CDX1 expression has 
been associated with mismatch repair defect and in both spo-
radic MSI-H CRC 44  ,4  6  ,4  7  and in 3.2% of Lynch syndrome 
CRC. 48  CDX2 negative colorectal cancers appear to have 
unique clinicopathological features including female gender, 
advanced stage, high tumor grade, aberrant methylation or 
CIMP-high phenotype, and poor prognosis in patients with a 
family history of CRC. 49   

   Squamous Cell Carcinoma 
 Primary squamous cell carcinoma (SSC) of the rectum is 
a rare malignancy and only case reports and small case 
series have been published. 50  –  52  Review of colorectal can-

cers cases published in the English literature has estimated 
the incidence of the disease to be 0.1–0.25 per 1,000 
CRC, 51  ,5  3  with the most frequent location in the rectum 
followed by the right colon. 54  Since the esophagus and the 
anus are the most common sites of SSC of the GI tract, the 
diagnostic criteria for rectal SSC include lack of continu-
ity between the tumor and the anal canal, absence of evi-
dence of metastatic SSC from another part of the body, 
lack of  fi stulous tract lined by squamous cells, in addition 
to squamous cell histology. 55  Immunohistochemical stain-
ing of biopsy specimen for cytokeratins can also aid in 
distinguishing SSC of rectum from that of the anus or 
other small poorly differentiated tumors. The cytokeratin 
CAM 5.2 characteristically stains rectal squamous cell 
and adenocarcinoma but not anal squamous cell tumors. 51  ,5  3  
Cytokeratins AE1/AE3 stain positively for cells of 
squamous origin and can facilitate distinguishing this cell 
type from less well-differentiated lesions. 51  Furthermore, 
the squamous cell carcinoma antigen (SSC Ag) has been 
shown to be elevated in SSC of rectum with normalization 
of levels in response to therapy 56  and has been suggested 
as a potential useful tumor marker for monitoring disease 
response and progression. 51  

 In light of the rarity of SSC of rectum, strong data 
regarding its epidemiology, natural history, and optimal 
therapy are limited. Risk factors implicated in the patho-
genesis of this disease include in fl ammatory colorectal 
conditions 57  as well as infections such as Schistosomiasis, 58  
Entamoeba histolytica, 55  and human papilloma virus 
(HPV). 59  While a clear association between HPV infec-
tion and SSC of anus has been established, studies relat-
ing HPV to SSC rectal cancer are sparse and varied in 
methodology and do not provide  fi rm evidence for cause/
effect relationship. 51  SSC of the rectum has been reported 
to be more common in women (66%) than in men (34%) 
and patients often present with advanced disease. 52  While 
early stage SSC of colon has been shown to have a similar 
outcome to node negative (stage I/II) adenocarcinoma of 
colon, node positive SSC have worse prognosis stage by 
stage. 60  Given the tendency for rectal cancer to have local 
lymph node involvement, the overall prognosis of SSC of 
rectum is poor. 

 Differential diagnosis of rectal carcinomas includes 
both rare primary rectal cancers as well as metastatic dis-
ease from other organs. Rare rectal cancers include carci-
noid tumors, lymphoma, gastrointestinal stromal tumors, 
and Kaposi’s sarcoma in individuals with acquired 
immunode fi ciency syndrome. Also tumor invasion by 
direct extension (prostate, endometrium, and ovary) as 
well as metastatic disease from distant organs should be 
considered. The discussion of these malignancies is 
beyond the scope of this chapter.    
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   Staging 

 The older Dukes’ classi fi cation is rarely used in the modern 
literature, and the American Joint Committee on Cancer/
International Union for Cancer Control (AJCC/UICC) has 
become the gold standard for staging CRC. 61  The most recent 
7th edition 2010 tumor, node, metastasis (TNM) staging of 
AJCC is summarized in    Tables  9.1  and  9.2 .   

 Clinical stage (cT, cN, cM) is based on radiographic, 
endoscopic, and intraoperative  fi ndings, whereas pathologic 
stage (pT, pN, pM) requires gross and microscopic patho-
logic examination of the resected specimen. A modi fi ed 
pathologic staging is designated to surgical specimens post 
neoadjuvant therapy annotated by  y  prescript (ypT, ypN, 
ypM). Pathologic stage is the most powerful indicator of out-
come after resection in CRC. Five-survival data adapted 
from the 2010 AJCC staging for rectal and colon cancer is 
shown in Tables  9.1  and  9.2 . 

 While TNM staging incorporates anatomic elements of 
tumor extension, increasing number of independent prog-
nostic indicators are being discovered for predicting outcome 
and response to therapy. In 1999 the College of American 
Pathologist (CAP) released a consensus document evaluat-
ing the prognostic role of a number of histopathologic fac-
tors in colorectal cancer. 30  Based on the strength of published 
evidence  fi ve categories of prognostic factors were de fi ned. 
Category I represented de fi nitively proven validated prog-
nostic indicators generally used in patient management. 
Category IIA designated well-documented factors with 
suf fi cient importance to be included in the pathology report 
but that remain to be validated in statistically robust studies. 
Category IIB included prognostic factors promising in mul-
tiple studies, but with insuf fi cient data for inclusion in cate-
gory I or IIA. Category III referred to insuf fi ciently studied 
factors with unproven prognostic value. Category IV included 
well studied markers that were shown to have no prognostic 
signi fi cance. These factors are discussed in the following 
section.  

   Molecular Pathways to Colorectal 
Tumorigenesis 

 Colorectal cancer (CRC) is a heterogeneous disease where 
accumulation of genetic and epigenetic alterations leads to 
progression from normal colonic epithelium to fully malig-
nant invasive carcinoma. There is growing evidence that 
molecular defects and alteration in cellular signaling path-
ways determine tumor biology and clinical outcome in col-
orectal tumors. Classi fi cation of CRC into at least three 
distinct molecular pathways of genomic instability has been 
proposed 62  (Table  9.3 ). These pathways include chromo-
somal instability (CIN) pathway, DNA mismatch repair 

   Table 9.1    TNM staging for colorectal cancers adapted from AJCC 
cancer staging 7th edition   

  Primary tumor (T)  
 Tx  Primary tumor cannot be assessed 
 T0  No evidence of primary tumor 
 Tis  Carcinoma in situ: intraepithelial or invasion of lamina 

propria a  
 T1  Tumor invades submucosa 
 T2  Tumor invades muscularis propria 
 T3  Tumor invades through the muscularis propria into pericolorectal 

tissues 
 T4a  Tumor penetrates to the surfaces of the visceral peritoneum b  
 T4b  Tumor directly invades or is adherent to other organs or 

structures c  
  Regional lymph nodes (N)  d,e  
 Nx  Regional lymph nodes cannot be assessed 
 N0  No regional lymph node metastasis 
 N1  Metastasis in 1–3 regional lymph nodes 

 N1a  Metastasis in one regional lymph node 
 N1b  Metastasis in 2–3 regional lymph node 
 N1c  Tumor deposit(s) in the subserosa, mesentery, 

or nonperitonealized pericolic, or perirectal tissues without 
regional nodal metastasis 

 N2  Metastasis in four or more regional lymph nodes 
 N2a  Metastasis in 4–6 regional lymph nodes 
 N2b  Metastasis in seven or more regional lymph nodes 

  Distant metastasis  (M) 
 M0  No distant metastasis 
 M1  Distant metastasis 

 M1a  Metastasis con fi ned to one organ or site (e.g., liver, 
lung, ovary, nonregional node) 

 M1b  Metastases in more than one organ/site or the peritoneum 

   a  Tis includes cancer cells con fi ned within the glandular basement 
 membrane (intraepithelial) or mucosal lamina propria (intramucosal) 
with no extension through the muscularis mucosae into the submucosa 
  b  Direct invasion in T4 includes invasion of other organs or other seg-
ments of the colorectum as a result of direct extension through the 
serosa, as con fi rmed on microscopic examination (for example, inva-
sion of the sigmoid colon by a carcinoma of the cecum) or for cancers 
in a retroperitoneal or subperitoneal location, direct invasion of other 
organs or structures by virtue of extension beyond the muscularis pro-
pria (i.e., respectively, a tumor on the posterior wall of the descending 
colon invading the left kidney or lateral abdominal wall; or a mid or 
distal rectal cancer with invasion of prostate, seminal vesicles, cervix, 
or vagina) 
  c  Tumor that is adherent to other organs or structures, grossly, is 
classi fi ed cT4b. However, if no tumor is present in the adhesion, 
microscopically, the classi fi cation should be pT1-4a depending on the 
anatomical depth of wall invasion. The V and L classi fi cations should 
be used to identify the presence or absence of vascular or lymphatic 
invasion whereas the PN site-speci fi c factor should be used for perineu-
ral invasion 
  d  A satellite peritumoral nodule in the pericolorectal adipose tissue of a 
primary carcinoma without histologic evidence of residual lymph node 
in the nodule may represent discontinuous spread, venous invasion with 
extravascular spread (V1/2), or a totally replaced lymph node (N1/2). 
Replaced nodes should be counted separately as positive nodes in the N 
category, whereas discontinuous spread or venous invasion should be 
classi fi ed and counted in the Site-Speci fi c Factor category Tumor 
Deposits (TD) 
  e  Expert panels recommend histological examination of at least 12 nodes 
for accurate determination of nodal status  
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pathway associated with epiphenomenon of microsatellite 
instability (MSI), and epigenomic instability or CpG island 
hypermethylation (CIMP) pathway.  

   Chromosomal Instability Pathway 

 Chromosomal instability (CIN) accounts for approximately 
60–70% of sporadic CRC and is characterized by gain or loss 
of entire or large segments of chromosome and karyotypic 
abnormalities. The CIN phenotype was considered a hall-
mark feature of the classic model of multistep colorectal car-

cinogenesis originally proposed by Fearon and Vogelstein. 63  
In this model, the initial mutational inactivation of the tumor 
suppressor gene,  adenomatous polyposis coli  ( APC ) was 
followed by activation of the  KRAS  proto-oncogene; subse-
quently, additional genetic defects involved mutations in 
the  transforming growth factor- b   (TGF- b ),  PI3KCA ,  TP53 , 
and allelic loss of chromosome 18q (including putative 
genes including deleted in colorectal carcinoma,  DCC , 
 SMAD4 , and  SMAD2 ). 64  These tumors can be inherited, as 
typi fi ed by familial adenomatous polypsis (FAP) due to 
germline mutations in the  APC  gene, or they can occur 
sporadically. 

   Table 9.2    Staging and the observed survival rates for colon and rectal cancer   

 Stage  T  N  M  Dukes 

 3-year survival  5-year survival 

 Colon  Rectum  Colon  Rectum 

 0  Tis  N0  M0  – 
 I  T1  N0  M0  A  82.6  83.4  74.0  74.1 

 T2  N0  M0  A 
 IIA  T3  N0  M0  B  77.8  76.6  66.5  64.5 
 IIB  T4a  N0  M0  B  69.1  65.9  58.6  51.6 
 IIC  T4b  N0  M0  B  45.3  45.4  37.3  32.3 
 IIIA  T1–2  N1/N1c  M0  C  83.6  85.8  79.1  74.0 

 T1  N2a  M0  C 
 IIIB  T3–T4a  N1/N1c  M0  C  59.3  63.6  46.3  45.0 

 T2–T3  N2a  M0  C 
 T1–T2  N2b  M0  C 

 IIIC  T4a  N2a  M0  C  39.0  48.8  32.9  33.4 
 T3–T4a  N2b  M0  C 
 T4b  N1–N2  M0  C 

 IVA  Any T  Any N  M1a  –  11.3 a   13.7 a   7.6 a   6.0 a  
 IVB  Any T  Any N  M1b  – 

  Data based on 28,491 cases of colon cancer and 9,860 cases of rectal cancer from SEER registry 1973–2005 public use File diagnosed in years 
1998–2000. The original source of this data is from the AJCC Cancer Staging Manual, 7th edition (2010) by Springer New York, Inc 
  a Rate for all stage IV disease  

   Table 9.3    Molecular pathways to colorectal carcinogenesis   

 Features 

 Chromosomal instability pathway  Mismatch repair pathway  Aberrant DNA methylation pathway 

 Hereditary or sporadic  Hereditary  Hereditary or sporadic 

 BRAF  WT  WT  MT  MT  WT  WT 
 KRAS  WT  WT/MT  WT  WT  MT  MT 
 MSI  MSS  MSI-H  MSI-H  MSS  MSS/MSI-L  MSS/MSI-L 
 CIN  Present  Absent  Absent  Absent  Absent  Present/absent 
 CIMP  Negative  Negative  CIMP-H  CIMP-H  CIMP-H  CIMP-L 
 Anatomic location  Distal  Proximal  Proximal  Proximal  Proximal  Distal 
 Gender bias  Men  No gender bias  Women  Women  Women  Men 
 Prognosis  Intermediate  Good  Good  Poor  LD  Poor 

  Three distinct pathways have been implicated in pathogenesis of colorectal cancers. Each has unique molecular, histological, and clinical 
features 
 Table adapted from Leggett, B. and V. Whitehall,  Role of the serrated pathway in colorectal cancer pathogenesis.  Gastroenterology, 2009. 138(6): 
p. 2088–100; Noffsinger, A.E.,  Serrated polyps and colorectal cancer: new pathway to malignancy.  Annu Rev Pathol, 2009. 4: p. 343–64 
  Abbreviations: CIMP  CpG island methylator phenotype,  CIN  chromosomal instability,  MSI  microsatellite instability,  MSH-H  high level MSI,  MSI-
L  low level MSI,  MSS  microsatellite stable,  LD  lack of strong data  
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 The prognostic signi fi cance of aneuploidy in colorectal 
cancers was evaluated in a recent meta-analysis. Walther et al 
evaluated 63 studies that reported outcome on 10,126 patients 
with CRC. 65  They found that 60% of these tumors displayed 
CIN. A positive CIN status was associated with signi fi cantly 
worse outcome in all patients, including those with stage II 
and III CRC (overall HR 1.45, 95% CI 1.27–1.65,  P  < 0.001). 
There was also inferior progression, free survival (PFS) (HR 
1.71, 95% CI 1.51–1.94,  P  < 0.001) in patients with CIN 
positive CRC. Given the clear demonstration of inferior 
outcome in CIN associated tumors, it has been suggested that 
chromosomal stability could be used as a molecular correlate 
in future clinical trial designs.  

   Microsatellite Instability Pathway 

 A subset of colorectal cancers is characterized by a defect in 
the cellular DNA mismatch repair (MMR) system. De fi cient 
MMR leads to altered length of short nucleotide repeats in 
tumor DNA compared to normal DNA, a phenomenon 
termed microsatellite instability (MSI). 13  MSI is typically 
assessed by evaluation of  fi ve microsatellite markers 
(D2S123, D5S346, D17S250, BAT25, and BAT26) which 
are considered as the NCI consensus panel. 66  The term MSI, 
when otherwise not speci fi ed, denotes high frequency MSI 
(MSI-H) in which >30% of the markers are mutated as 
de fi ned by Bethesda guidelines, 66  and these tumors are felt to 
represent a distinct clinicopathological entity. Colorectal 
tumors with 1 but <30% of microsatellite markers mutated 
are called low MSI (MSI-L) which have the same genotype 
and phenotype as microsatellite-stable tumors (MSS). 

 Defects in the DNA mismatch repair system can arise via 
inherited genetic mutations or through acquired epigenetic 
phenomenon that occur with aging. Germline mutations in 
any one of the MMR genes (predominantly MLH1, MSH2, 
MSH6, and PMS2) is the underlying genetic defect in the 
majority of hereditary non-polyposis colon cancer (HNPCC) 
also known a Lynch Syndrome. 67  Approximately 15% of spo-
radic CRC exhibit high frequency MSI (MSI-H) due to bial-
lelic silencing of MLH1 gene expression by promoter 
hypermethylation. 68  ,6  9  It has been long appreciated that 
 sporadic MSI CRC have distinct pathological and clinical fea-
tures compared to tumors that arise through the classic CIN 
pathway. Histologically they are poorly differentiated, muci-
nous, and associated with peritumoral lymphocytic in fi ltration. 
These tumors are more commonly found in the proximal 
(right) colon, older individuals, and women. 13  The prognostic 
value of MSI in CRC has been extensively studied and is well 
accepted as an indicator of improved outcome. In fact, MSI is 
considered an important prognostic factor that is recom-
mended for evaluation in the 2010 American Joint Committee 
on Cancer (AJCC) TNM staging criteria in CRC. 70   

   Aberrant DNA Methylation Pathway 

 A third pathway, epigenomic instability, has gained recent 
recognition as an important pathway in colorectal carcinogen-
esis. Transcriptional silencing of tumor suppressor genes by 
cytosine methylation at the promoter CpG islands is com-
monly seen in human cancers.. 71  Global promoter hypermeth-
ylation, known as CpG islands methylator phenotype, or 
CIMP, has been well described in a subset of CRC. 72  Promoter 
hypermethylation can occur in genes with no role in cancer 
development, denoted “methylated in tumor” or MINT. This 
mode of epigenetic silencing can also occur in known tumor 
suppressors such as p16, insulin-like growth factor 2 (IGF-2), 
and in DNA repair genes such a MLH1 and o-methylguanine 
methyltransferse (MGMT). 62  ,7  2  Although there is no consensus 
in the literature, a number of methylation markers and DNA 
methylation assays have been used to quantify the level of 
CpG island methylation in colorectal tumors. This has led to 
molecular subclassi fi cation of colorectal tumors as CIMP-high 
(or CIMP 1) vs. CIMP-low (CIMP 2) vs. CIMP-negative, the 
utility of which is not completely understood at this time. 73  

 Promoter CpG methylation is associated with a serrated 
pathway of colorectal carcinogenesis, 74  ,7  5  distinct from the 
classic adenoma–carcinoma pathway described by 
Vogelstein. 63  These tumors are thought to represent a subset 
of CRC with unique biological and clinical features. CIMP 
tumors are associated with proximal location, female sex, 
mucinous histology, and poor tumor differentiation. These 
tumors often exhibit microsatellite instability, via somatic 
epigenetic silencing of MLH1 expression. While CIMP high 
tumors frequently carry  BRAF  V600E mutations, CIMP-low 
tumors have been proposed to be associated with more fre-
quent k-ras mutation and male gender. 76  Additionally CIMP 
negative tumors appear to have chromosomal instability and 
to be distally located. 

 A complex prognostic relationship has been described 
between promoter CpG methylation status and other molec-
ular markers in colorectal cancers. While most studies have 
indicated that high level CIMP is associated with poor prog-
nosis, 77  –  79  contradictory results have been reported in the lit-
erature. 80  MSI-H/CIMP-negative colorectal cancers appear 
to have favorable prognosis. 77  Increasing level of CIMP con-
fers worse prognosis in MSS CRC, 81  with CIMP-H cancers 
having worse prognosis than CIMP-negative tumors.   

   Prognostic Factors in Colorectal Cancers 

 The use of validated predictive (factors predicting response 
to therapy) and prognostic (factors associated with disease 
outcome) biomarkers has emerged as a critical component of 
individualized care of patients with colorectal cancers. 
Although the clinical management of colon and rectal cancers 
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are different, these malignancies have been traditionally 
grouped with respect to epidemiology, staging, and molecu-
lar pathogenesis. At this time there is limited data on molec-
ular biomarkers that are unique to malignancies of the 
rectum. This section will discuss the role of histological and 
genetic predictive and prognostic determinants in colorectal 
cancers with special focus on molecular markers relevant to 
rectal cancer. 

 In 1999 the College of American Pathologists (CAP) 
released a consensus statement on the biologic, genetic, and 
molecular prognostic factors in CRC. 30  The factors were 
grouped into categories based on the review of literature and 
strength of published evidence. The categories are as follows. 

   Category I Factors 

 Local tumor extent (pT category), regional lymph node 
involvement (pN), lymphovascular invasion, residual tumor 
post de fi nitive surgery, and preoperative serum CEA were 
deemed strong predictors of outcome in CRC that merit 
inclusion in this category. Depth of tumor penetration was an 
independent predictor of survival 82  ,8  3  and number of involved 
regional lymph nodes was one of the strongest predictors of 
outcome in CRC. 84  ,8  5  In addition, venous and angiolymphatic 
invasion, residual tumor after de fi nitive therapy, and lack of 
normalization of the CEA markers postsurgery was poor 
prognostic markers. 86   

   Category IIA Factors 

 This category included tumor grade, circumferential resec-
tion (radial) margin (CRM), and tumor regression designated 
as ypTNM staging in resection specimen following neoadju-
vant therapy. The radial margin corresponds to specimens 
with nonperitonealized surfaces such as mid and distal rectal 
cancers where the entire external surface of the specimen is 
considered a CRM. In rectal cancers, the CRM status (either 
negative or positive) was one of strongest predictors for local 
and distance recurrence as well for survival. 87  –  90  For patients 
who had not received preoperative radiation therapy, adju-
vant radiation therapy to the positive radial margins was rec-
ommended if not administered preoperatively.  

   Category IIB Factors 

 This category included both histological (such as histologi-
cal type, tumor border con fi guration, and morphologic fea-
tures associated with MSI) and genetic (such as high degree 
MSI and loss of heterozygosity at 18q) prognostic factors. 
Although certain high grade subtypes (e.g., signet ring, 

poorly differentiated, or undifferentiated tumors) have more 
aggressive natural history, histological subtype in general 
has not been proven as an independent prognostic index in 
CRC. 91  ,9  2  Signi fi cance of the tumor border con fi guration as 
an independent predictor aside from tumor stage has been 
shown by several studies. 91  ,9  3  An in fi ltrating (irregular) pat-
tern of growth in contrast to an expanding (pushing) border 
was associated with worse outcome, and in one study this 
was speci fi cally signi fi cant for negative effect in rectal 
tumors in multivariate analysis. Perineural invasion alone 
and tumor “budding” (minute clusters of undifferentiated 
cancer cells ahead of the invasive front of the malignant 
lesion) at the tumor border have also been associated with 
more advanced disease and poor prognosis. 82  ,9  4  

   Microstellite Instability 
 The predictive and prognostic signi fi cance of microsatellite 
instability in colorectal cancer has gained tremendous inter-
est in the recent years. 95  –  97  MSI is a byproduct of defective 
DNA mismatch repair, and it has long been appreciated that 
MSI positive colorectal tumors have distinct clinicopatho-
logical features 98  ,9  9  and are associated with improved out-
come. 100  In the seminal paper by Ribic et al the role of MSI 
was evaluated among 570 patients with stage II and III colon 
cancer prospectively enrolled to  fi ve randomized clinical tri-
als of adjuvant chemotherapy or surgery alone. 101  
Approximately 16.7% of the specimen in this study displayed 
high level MSI and were associated with improved rate of 
5-year overall survival compared to MSS or low MSI tumors 
(hazard ratio [HR] 0.31, con fi dence interval [CI] 0.14–0.72, 
 P  = 0.004). Furthermore, bene fi t of adjuvant chemotherapy in 
these cancers was limited to those with an intact MMR sys-
tem. In a review of 32 studies with a total of 7,642 patients 
with CRC including 1,227 with MSI positive tumors, Popat 
et al showed that the combined HR estimate for overall sur-
vival associated with MSI was 0.65 (95% CI 0.59–0.71). 97  
The analysis showed that patients whose tumors had MSI 
had 15% improvement in outcome compared to those with-
out MSI. However tumors with MSI derived no bene fi t from 
adjuvant  fl uorouracil (FU)based chemotherapy (HR 1.24, 
95% CI 0.72–2.14). In a recent study, Sargent et al updated 
their previous  fi ndings in a study involving an additional 457 
patients with stage II and III colon cancer from  fi ve random-
ized trials of FU-based adjuvant chemotherapy. 102  De fi cient 
MMR was prognostic of improved outcome with surgery 
alone and these patients derived no improvement in disease-
free survival (DFS) with adjuvant FU chemotherapy (HR 
1.1, 95% CI 0.42–2.91,  P  = 0.85). Interestingly, systemic 
adjuvant chemotherapy in patients with MMR de fi cient stage 
II colon was associated with worse overall survival (HR = 2.95, 
95% CI 1.02–8.5,  P  = 0.04). As the use of adjuvant chemo-
therapy in stage II colon cancer 103  –  105  has yet to be deter-
mined, some authors have suggested determination of 
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microsatellite stability status for decision-making for sys-
temic therapy in stage II colon cancer. 102  ,1  06  ,1  07  In contrast to 
the above  fi ndings, a recent meta-analysis of seven studies 
including 810 patients with stage II and 2,444 patients with 
stage III CRC, showed similar relapse-free survival with or 
without adjuvant chemotherapy in MSI-H patients. 108  
Therefore MSI status remains controversial as a predictive 
indicator of response to chemotherapy in colorectal cancer. 

 Microsatellite instability occurs rarely in the rectum and 
there is limited data regarding the predictive and prognostic 
value of this biomarker in distal colorectal tumors. MSI has 
been observed at a very low rate (<5%) in rectal cancers, 109  –  111  
and it occurs 8.1 times more frequently in malignancies in 
the colon than in the rectum. 110  Patients with MSI positive 
rectal tumors often have clinical histories highly suggestive 
of hereditary nonpolyposis colorectal cancer (HNPCC)/
Lynch syndrome due to germline mutations in one of the 
MMR genes. 109  In fact, the presence of MSI in rectal cancers 
was shown to be independently related to ful fi llment of the 
Bethesda Criteria for clinical diagnosis of patients with 
Lynch syndrome (odds ratio [OR] 7.0,  P  = 0.01). 110  In an 
Italian study, statistically signi fi cant improvement in DFS 
and overall survival (OS) was reported for MSI positive rec-
tal cancers compared with MSI negative ones, which was 
independent of administered therapy (radiotherapy, chemo-
therapy, or both). 112  ,1  13  Conversely, in a study of sporadic 
stage II and stage III rectal cancers from a Chinese Han pop-
ulation, MSI-H tumors did have a better clinical outcome 
and MSI status was non-prognostic. 112  ,1  13  Thus while this 
highly debated biomarker is promising, at this time there is 
insuf fi cient data to support a de fi nitive predictive or prog-
nostic role in management of rectal cancer.  

   Chromosome 18q Deletion 
 Allelic loss of the long arm of chromosome 18 is the most 
common cytogenetic abnormality in CRC and has been asso-
ciated with poor prognosis in. 114  –  116  Three putative genes are 
encoded in this region including DCC “deleted in colon can-
cer,” SMAD4, and SMAD2. Point mutations in DCC have 
been reported in colorectal cancers and loss of DCC expres-
sion may have a negative prognostic value. 117  –  119  SMAD4 is a 
member of the transforming growth factor-beta (TGF-beta) 
signaling pathway, which is important in the biology of col-
orectal cancer. 120  Mutations in SMAD4 have been reported in 
a subset of CRC. 121  ,1  22  Decreased SMAD4 mRNA levels have 
been linked with worse outcome and inferior response to 
5-FU-based chemotherapy. 123  SAMD2 is another candidate 
tumor suppressor gene implicated to play a role in CRC tum-
origenesis. 121  However, the prognostic signi fi cance of these 
candidate genes has not been consistently shown across all 
studies, 124  ,1  25  and at this time there is no de fi nitive link 
between loss of any locus on 18q and prognosis. 

 While the loss of heterozygosity (LOH) at 18q has been 
shown to be associated with inferior prognosis in CRC, the 
question remains if 18q loss is an independent predictor of 
outcome. Loss of 18q LOH is inversely associated with MSI, 
a favorable prognostic indicator, and there is con fl icting evi-
dence regarding prognostic value of 18 q LOH independent 
of MSI. 126  –  128  In fact, an expert panel by the American Society 
of Clinical Oncology (ASCO) convened in 2006 concluded 
that there was inadequate evidence for use of this maker in 
determining prognosis or to predict response to therapy. 129  
We await the published result of the currently closed Eastern 
Cooperative Oncology Group (ECOG) 5202, which strati fi ed 
stage II colon cancer patients to postoperative systemic ther-
apy based on MSI status and LOH 18q, to shed further light 
on the pre-dictive value of these molecular markers.   

   Category III Factors 

 This category includes factors that have not been suf fi ciently 
studied to determine their prognostic signi fi cance. The fac-
tors grouped in this category included DNA content, perineu-
ral invasion, microvessel density, peritumoral  fi brosis, 
peritumoral in fl ammatory response, focal neuroendocrine 
differentiation, nuclear organizing regions, and proliferation. 
The prognostic signi fi cance of aneuploidy, or aberrant DNA 
content in CRC has been debated, and contrasting results 
have been reported. 130  ,1  31  The 2006 ASCO guidelines for use 
of tumor markers in GI malignancies recommended against 
use of DNA ploidy to determine prognosis in CRC. 129  
Perineural invasion (PNI) has long been appreciated as 
marker of more aggressive disease in a number of malignan-
cies including rectal cancers. 132  PNI has been reported in 
30% of rectal cancers and 19% of colon cancers. In the rec-
tum, presence of PNI is associated with poor histopathologic 
variables including angiolymphatic invasion, 133  ,1  34  nodal 
involvement, 135  liver metastasis, and peritoneal dissemina-
tion. 134  In multivariate analysis extramural PNI has been 
shown to be a prognostic marker for local recurrence and 
long-term survival 134  ,1  36 , independent of tumor depth or nodal 
status in rectal cancers. 135  In two recent studies, the prognos-
tic signi fi cance of PNI as an independent predictor of out-
come in both colon cancer and rectal carcinoma was 
demonstrated. 137  ,1  38  Microvessel density (MVD) in tumors is 
a measure of pathologic angiogenesis and can be immuno-
histochemically assessed, using monoclonal antibodies 
against endothelial markers (such as CD34, CD31, and von 
Willibrand factor). Although MVD has been associated with 
worse outcome in CRC in some studies, 139  standardization 
for evaluation and interpretation of MVD are lacking. The 
2000 CAP consensus panel recommend this factor should be 
further validated in large studies using multivariate analy-
sis. 30  There are inconsistent reports regarding the prognostic 
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signi fi cance of peritumoral  fi brosis 91  ,1  40  ,1  41  and the 2000 CAP 
consensus panel that this factor should be validated in large 
studies using multivariate analysis. 30  The few reports in the 
literature on the prognostic signi fi cance of peritumoral 
in fl ammatory response have indicated that this feature is 
associated with better outcome in CRC. 91  ,1  40  CAP recom-
mended for separate evaluation of this feature to distinguish 
from host lymphoid response reaction. 30  Although signi fi cant 
neuroendocrine differentiation on H&E sections, 142  ,1  43  and high 
proliferative activity (assessed by analysis of argyrophilic 
nuclear organizing regions, mitotic index, or by IHC evalua-
tion proliferation markers such as of Ki-67 nuclear antigen) 
are considered negative prognostic indicator in CRC, 144  –  146  
data is con fl icting and additional prospective studies are 
needed to demonstrate the true prognostic and predictive 
potential of these markers. 

 Additional factors included in category III of CAP prog-
nostic factors in CRC included tumor cell-associated pro-
teins or carbohydrates, and all other molecular markers 
(except with LOH18q and MSI-H). A wide variety of cell 
surface molecules (such as class I or II HLA molecules, 
CA19-9, E-cadherin to name a few) have been studied in col-
orectal cancer and full discussion is beyond the scope of this 
chapter. However none have been suf fi ciently studied in pro-
spective clinical trials to meet criteria for speci fi c recom-
mendation. 30  The evaluation of predictive and prognostic 
biomarkers has become a critical component of correlative 
studies in colorectal clinical trials and a discussion of several 
key factors will be provided in the next section.  

   Category IV Factors 

 This section included factors that have been well studied and 
found to be of no prognostic signi fi cance. These include 
tumor size and gross tumor con fi guration. 30    

   Molecular Markers in Cancers of Colon 
and Rectum 

   Adenomatous Polyposis Coli 

 The adenomatous polyposis coli (ACP) gene on chromo-
some 5q21 is perhaps the most critical gene in the pathogen-
esis of CRC. Inactivation of this tumor suppressor gene is 
regarded as the initiating event in the multistep genetic model 
of CRC tumorigenesis originally proposed by Fearon and 
Vogelstein in 1990. The main function of the  APC  gene 
product is to mediate proteolytic degradation of  b -catenin, a 
glycogen synthase kinase essential to the Wnt signaling 
pathway of intestinal epithelial growth and differentiation. 
Germline mutations in  APC  are responsible for familial ade-
nomatous polyposis (FAP), characterized by development of 

100–1,000s of adenomatous polyps throughout the GI tract. 
In tumors obtained from FAP patients, somatic APC muta-
tions, primarily involving the mutation cluster region (MCR), 
have been identi fi ed in 75% of the cases. 147  ,1  48  Mutations in 
the APC gene are emblematic of the common paradigm that 
genes involved in familial cancers are often mutated in spo-
radic forms of the same types of malignancies. Indeed APC 
mutations are frequently seen in sporadic colorectal cancers 
and are thought to be an early event in tumor progression. 
While 80% of these mutations are similar to APC germline 
mutations described in the FAP patients, 149  ,1  50  promoter 
hypermethylation is an alternate mechanism of APC gene 
inactivation that has been described in 18% of sporadic col-
orectal cancers. 151  

 APC inactivation result in stabilization or nuclear localiza-
tion of  b -catenin and constitutive activation of the Wnt 
growth-promoting signaling pathway. Colorectal cancers with 
aberrant Wnt signaling pathway have been associated with 
unique molecular and pathological features.  APC  inactivation 
has been closely linked to tumors that exhibit chromosomal 
instability, 152  and signi fi cantly less associated with those that 
carry MSI-H phenotype. 153  ,1  54   APC  mutations are more com-
mon in the rectum than the colon, with one report indicating 
signi fi cantly more nuclear  b -catenin expression in the rectum 
than in the colon (65% vs. 400%,  P  = 0.04). 154  ,1  55  While some 
studies have indicated that the presence of  APC  mutations in 
CRC is associated with worse prognosis, 156  ,1  57  others have 
reported no affect on survival. 158  Moreover in locally advanced 
rectal cancer, loss of heterozygosity at the APC gene was not 
prognostic of tumor regression after preoperative chemoradi-
ation. 159  The  APC  gene mutation is a critical initiating event in 
CRC carcinogenesis and recent studies have provided indirect 
evidence for the role of Wnt pathway in the biology of rec-
tal carcinomas. However, currently there are limited data 
regarding the prognostic and predictive value of changes in 
APC or  b -catenin in CRC, and a clinical application of these 
biomarkers has not been established.  

   TP53 

 The  TP53  gene located on chromosome 17p is one of the most 
widely studied genes in CRC. It is mutated in 40–50% of col-
orectal cancers, 160  and it is thought to be a late event in col-
orectal tumorigenesis. 63  ,1  61  Inactivation of this gene occurs by 
mutation on one allele and loss of the remaining wildtype gene 
(LOH). The majority of TP53 mutations (approximately 80%) 
are point mutations, 162  that often lead to nuclear accumulation 
of an inactive protein that can be detected by immunohis-
tochemical analysis (IHC). Two main techniques for detection 
of  TP53  mutations are either by DNA analysis for genetic 
alterations or by IHC detection of overexpressed p53 protein. 
The wildtype p53 protein is considered a tumor suppressor 
with multiple functions in control of cellular growth including 



1519 Cancers of the Rectum and Anal Canal

cell cycle arrest, apoptosis, senescence, and differentiation. 
Given its central role in protecting the genome from DNA 
damage it is been coined the “guardian of the genome”. 163  ,1  64  

 The  TP53  gene has been extensively studied as a prognos-
tic factor in colorectal cancers. A number of studies have 
demonstrated a higher frequency of  TP53  mutations in distal 
colon and rectal cancers (20–70%) compared to proximal 
adenocarcinomas (20–40%). 155  ,1  65  –  167  While most studies 
have demonstrated that defect in p53 is a negative prognostic 
marker of outcome and survival in CRC, 165  others have found 
no correlation between p53 expression and outcome mea-
sures. 158  ,1  68  ,1  69  Some have argued that anatomic tumor loca-
tion, type of mutation, and adjuvant therapy may in fl uence 
the prognostic signi fi cance of p53 alterations in CRC. 
Consistent with this hypothesis, abnormal p53 has been 
shown to be more important in the biology of rectal cancers 
than in colon malignancies and to be an independent predic-
tor of worse DFS in rectal and not in colon tumors. 155  ,1  65  The 
“ TP53  Colorectal Cancer International Collaborative Study” 
is one of the largest pooled data that examined the prognostic 
and predictive signi fi cance of  TP53  mutations in CRC. 166  In 
this retrospective analysis of 3,583 patients,  TP53  mutations 
were signi fi cantly more common in the distal: and rectal can-
cers than proximal colon tumors (45%, 45%, and 34% 
respectively). In multivariate analysis, while  TP53  mutations 
causing loss of amino acids were associated with worse sur-
vival in distal tumors (relative risk [RR] = 2.52, 95% CI, 
1.28–4.93,  P  = 0.007), mutations in exon 5 showed a trend 
toward statistically signi fi cant worse outcome in proximal 
colon tumors (RR = 1.36, 95% CI 1.03–1.79;  P  = 0.03). In the 
study, patients with Dukes’ C cancers whose tumors har-
bored wildtype  TP53  and those with mutated  TP53  (proxi-
mal tumors) had signi fi cantly improved prognosis when 
treated with adjuvant chemotherapy. 166  Other lines of evi-
dence have also argued that p53 tumor suppressor may play 
a stronger role in pathogenesis of distal colon/rectal cancers 
than in proximal colon tumors. For instance, rectal cancers 
have a higher frequency of aneuploidy, mutations in K-RAS 
and  TP53,  and MSS phenotype, whereas proximal colonic 
tumors have greater incidence of  BRAF  mutations, aberrant 
hypermethylation, diploidy, and MSI-H pheno-
type. 75  ,1  09  ,1  55  ,1  67  ,1  70  Moreover, an inverse relationship between 
high frequency MSI and genetic defects in  K-RAS  and  TP53  
has been demonstrated in CRC. 171  These observations have 
led to the notion that rectal and colon cancers are molecu-
larly distinct and evolve through different pathways. 

 The signi fi cance of  TP53  mutation as a predictive bio-
marker of response to chemo and radiation therapy in rectal 
cancer has been evaluated. Several recent reviews however 
have indicated contradictory evidence with respect to  TP53  
status and response to chemotherapy or neoadjuvant chemora-
diotherapy. 168  ,1  69  ,1  72  Therefore at this time determination of 
 TP53  status is not recommended for assessing either prognosis 
or response cytotoxic systemic therapy or radiation therapy.  

   Epidermal Growth Factor Receptor 

 Epidermal growth factor receptor (EGFR) is a member of 
the human epidermal growth factor receptor (HER-erbB) 
family of receptor tyrosine kinases. It is involved in activa-
tion of a number of oncogenic cellular pathways including 
the RAS–RAF–MAPK, phosphoinositide 3-kinase (PI3K)/
Akt phospholipase C, and signal transducer and activator of 
transcription (STAT) and SRC/FAK pathways (Fig.  9.3 ). 
These pathways have been shown to play important role in 
tumor proliferation, angiogenesis, and cell survival. EGFR is 
an important therapeutic target in metastatic colorectal can-
cer (mCRC) and aberrant activation of signaling pathways 
downstream to EGFR play a critical role in CRC pathogen-
esis and mechanism of resistance to anti-EGFR monoclonal 
antibodies cetuximab and panitumumab. 173   

 Deregulated EGFR activation can occur via mutational 
events or by gene ampli fi cation. While somatic EGFR muta-
tions have been implicated in lung cancer, 174  these genetic 
defect are rare in CRC. 175  A number of techniques have been 
used for detection of EGFR expression including immuno-
histochemistry (IHC) determination of total protein expressed 
and  fl uorescence in situ hybridization (FISH) and PCR for 
detection of increased EGFR copy number. Overexpression 
of EGFR by ampli fi cation or increased copy number is seen 
in 10–15% of CRC 176  ,1  77  and EGFR expression by IHC has 
been reported in 25–75% of CRC. 178  Contrasting data has 
been reported in the literature with respect to the prognostic 
and predictive role of EGFR in CRC depending on the type 
of detection assay used. For instance, while FISH-positive 
CRC (high polysomy or ampli fi cation) have been shown to 
have improved outcome and higher response to anti-EGFR 
monoclonal antibody Cetuximab, 179  other investigators have 
observed tumor response without increased EGFR copy 
number by FISH 180  or by quantitative PCR. 181  

 Several recent clinical trials have examined the predictive 
role of EGFR expression in locally advanced rectal can-
cers. 168  ,1  73  EGFR expression by IHC has been reported at the 
rate of 10–60% in rectal cancer. Overexpression of EGFR 
has been correlated with statistically signi fi cant increased 
risk of lymph node involvement, local recurrence, and worse 
disease-free survival, and overall survival. 182  –  186  Li et al 
showed in multivariate analysis, that EGFR expression in 
locally advanced rectal cancer was predictor of shorter DFS 
(relative risk [RR] 2.4,  P  = 0.041) and distant metastasis-free 
survival (RR 2.6,  P  = 0.04). 183  In contrast to these studies, 
Cunningham et al found no signi fi cant association between 
expression or coexpression of insulin-like growth factor 
type-I receptor (IGF-IR), HER2, or EGFR and clinicopatho-
logical features or overall survival in Dukes’C CRC. 187  
Moreover, while a worse 3-year DFS has been shown for 
locally advanced rectal tumors expressing lower levels of 
vascular endothelial growth factor (VEGF) and EGFR 188  , 
other investigators have reported contrasting results with 
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higher mRNA levels of VEGF, EGFR, and survivin (a mol-
ecule involved in apoptosis) in rectal tumors  189  

 The prognostic signi fi cance of EGFR in rectal cancer 
has also been evaluated. 168  ,1  73  EGFR expression has been 
linked with lack of complete pathologic response (pCR) after 
preoperative radiotherapy and has been shown to be an 
 independent predictor of poor tumor response to preoperative 
radiation and chemoradiation. 182  –  186  In contrast to these 
 fi ndings, others have reported EGFR overexpression to be a 
predictor of clinical response to  fl uoropyrimidines 190  in CRC. 

 Inconclusive results in the literature regarding the predic-
tive and prognostic signi fi cance of EGFR expression in rec-
tal cancer are likely due to a number of challenges in 
performing biomarker studies in modern clinical trials. These 
include study of nonhomogeneous patient populations with 
respect to grouping of colon and rectal cancers, use of differ-
ent treatment protocols, numerous technical issues and non-
standardization detection methods. At this time determination 
of EGFR expression is not ready for use as a predictive or 
prognostic tool in clinical decision-making.  

   KRAS 

 Due to the central role of KRAS in EGFR signaling pathway, 
there is currently intense interest in deciphering the predic-
tive and prognostic signi fi cance of this biomarker in advanced 
CRC.  KRAS  mutations are common features of CRC with 
chromosomal instability (CIN) and follow the classic ade-
noma–carcinoma sequence carcinogenesis proposed by 
Vogelstein. 161  Mutations in the  KRAS  gene occur in 35–45% 
of tumors of colon and rectum, have been associated with 
more aggressive tumor biology, and thought to be an early 
step in the CRC tumorigenesis. 191  ,1  92  While some studies 
have suggested that  KRAS  mutations are more common in 
proximal colonic tumors than those in distal colon or rec-
tum, 154  ,1  67  others have reported similar frequency in both 
locations. 193  A number of mutational events have been 
reported, with the most frequent mutations in exon 2 (codons 
12 and 13) and to a lesser extent in exon 3 (codon 61). In a 
large, multicenter study (RASCAL) including 3,439 patients, 
codon 12 glycine-to-valine  KRAS  mutations was found to 
have highly statistically negative impact on DFS and OS in 

  Fig. 9.3    The epidermal growth 
factor receptor (EFGR) signaling 
pathway. Molecules that are 
commonly affected by oncogenic 
alterations and are thought to 
serve as predictive biomarkers 
for the ef fi cacy of EGFR 
antibodies are indicated with 
 red stars        
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patients in stage III colon cancer. 194  ,1  95  In contrast data from 
CALGB 89803 (stage III colon cancer), PETACC-3 (stage II 
and III colon), and the National Cancer Institute of Canada 
CO.17 (stage IV CRC) suggest that  K-RAS  mutation status 
has no prognostic or predictive value for treatment with stan-
dard chemotherapy. 196  –  199  

 Unlike the uncertain role of this proto-oncogene as a 
 determinant of outcome in CRC,  KRAS  mutations have 
emerged as a major predictor of response to anti-EGFR 
monoclonal antibodies cetuximab and panitumumab. 200  ,2  01  
Large randomized trials in treatment naïve and pretreated 
mCRC patients have demonstrated that patients with  KRAS  
mutation tumors do not respond to EGFR inhibitors and 
derive neither survival nor quality of life bene fi t from this 
line of therapy. 199  ,2  02  ,2  03  Three large randomized phase III 
clinical trials have con fi rmed these  fi ndings. In  fi rst-line 
treatment of mCRC, the OPUS and CRYSTAL trials showed 
that the addition of cetuximab to oxaliplatin- or irinotecan-
based chemotherapy conferred no bene fi t to patients with 
 KRAS  mutant tumors. 204  –  206  In fact the OPUS trial indicated a 
detrimental effect to addition of anti-EGFR therapy to these 
patients. Similarly in the National Cancer Institute of Canada 
Clinical Trials Group (NCIC-CTG) non-crossover design 
monotherapy study in relapsed/refractory patients,  KRAS  
mutation was shown to be a negative predictor of outcome to 
cetuximab therapy in metastatic disease. 199  ,2  07  Given the 
results of these de fi nitive clinical trials, anti-EGFR monoclo-
nal therapy should not be used in treatment of patients with 
mCRC that harbor  KRAS  mutations. Indeed, the European 
health authorities have restricted the use EGFR monoclonal 
antibodies to  KRAS  wild type mCRC. 200  In 2009 American 
Cancer Society of Clinical Oncology released provisional 
recommendations for KRAS testing of patient with advanced 
CRC to predict response to this type of therapy. 208  Most 
recently, the US Food and Drug administration has provided 
similar guidelines indicating that anti-EGFR antibodies 
should not be given to patients with mCRC that have  KRAS  
mutations in codon 12 or 13. 200   

   BRAF 

 The  BRAF  oncogene is a downstream effector of KRAS in the 
EGFR-dependent signaling cascade (Fig.  9.3 ). 209   BRAF  muta-
tions have been reported in 5–10% of sporadic disease and 
have been linked to the serrated carcinoma pathway of col-
orectal tumorigenesis. 74  ,7  5  The most frequently reported  BRAF  
mutation is the valine-to-glutamine amino acid (V600E) sub-
stitution. Mutations in the  BRAF  oncogene is exclusively seen 
in sporadic CRC, and the presence of these mutations sug-
gests exclusion from criterion suspected of Lynch Syndrome-
associated tumors. 210  These mutations are more commonly 
seen in the colon than the rectum, are associated epigenetic 

promoter silencing of one MLH1 (one of the mismatch repair 
family of molecules) resulting in MSI-H phenotype. Moreover 
these  BRAF  mutations are associated with CPG island hyper-
methylation phenotype, proximal tumors location, and 
reported to be more frequent in older women. 74  ,7  5  

 Recent studies have indicated that  BRAF  mutations 
confer resistance to anti-EGFR monoclonal antibodies cetux-
imab and panitumumab. 179  ,2  11  In the original retrospectives 
analysis 132 patients with mCRC, none of the patients 
responding to EGFR-targeted therapy carried  BRAF  muta-
tions, while 14% (11 of 79) of nonresponders had tumors 
with  BRAF  V600E mutations. 211  Thus  BRAF  mutations are 
an additional tool for selection of patients who may be resis-
tant to anti-EGFR therapy.  BRAF  and  KRAS  mutations are 
known to be mutually exclusive in CRC. In fact it has been 
estimated that consideration of both  BRAF  and  KRAS  muta-
tions together can potentially identify up to 55% (approxi-
mately 10% contribution from  BRAF  and 35–45% 
contribution from  KRAS ) of nonresponders to EGFR targeted 
therapy. Determination of mutational status in these two 
genes could avoid the expense and toxicities of an ineffective 
therapy in this subgroup of CRC patients. 200  

 Oncogenic activation of BRAF has also been associated 
with poor prognosis in CRC. In a retrospective analysis of 
stage II and III colon cancer patient in the PETACC-3 study, 
 BRAF  mutations were prognostic of worse OS, particularly 
in patients with MSI-L and MSS tumors (HR 2.2, 
 P  = 0.0003). 198  In metastatic colon cancer  BRAF  mutation 
was strongly associated with shorter DFS ( P  < 0.001) and 
shorter OS ( P  < 0.001). 179  Interestingly in some studies the 
positive prognosis conferred by an MSI-H phenotype was 
abrogated in the presence of simultaneous BRAF muta-
tions. 80  ,2  12  In multivariate analysis,  BRAF  gene mutation has 
been shown to be an adverse prognostic marker in right-sided 
colon cancers independent of MSI status. 213  In the CAIRO-2 
study, a randomized phase III trial of oxaliplatin, capecit-
abine, bevacizumab with or without cetuximab in mCRC, 
 BRAF  mutations was shown to be negative prognostic indi-
cator, and in contrast to  KRAS  mutation, this effect was not 
restricted to anti-EGFR therapy. 214  ,2  15  In this study, both PFS 
and OS were signi fi cantly decreased in patients with  BRAF  
mutation positive tumors compared to patients with  KRAS  
mutation or those with  K-RAS / BRAF  wild type tumors in 
both arms of the study. 215  

 BRAF mutations have emerged as a signi fi cant predictive 
and prognostic determinant in management of CRC. 
However, given the low frequency of these mutations and 
predilection for the proximal/right-sided colonic malignan-
cies, the role of BRAF mutations in the pathogenesis of rec-
tal cancer is unknown. At this time evaluation of BRAF 
mutational status has not recommended a predictive or prog-
nostic marker of response to neoadjuvant therapy in locally 
advanced rectal cancer.  
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   PI3KCA/PTEN 

 The EGFR-receptor also activates the PI3K/AKT pathway, and 
two well-characterized oncogenic events in colorectal cancers 
include  PI3KCA  mutations and loss of PTEN expression. 173  ,2  00  
Activating mutations in PI3KCA p110 occur in 10–15% of 
CRC with hotspots in exons 1, 2, 9, and 20. Higher frequency of 
 PI3KCA  mutations have been reported in women and in tumors 
arising in the proximal colon. 216  The  PTEN  tumor-suppressor 
gene encodes a phosphatase and somatic mutations occur in 9% 
of CRC. 173  Inactivating mutations primarily involve epigenetic 
silencing of the promoter region.  PI3K3CA  and  PTEN  muta-
tions are mutually exclusive although either mutation can coex-
ist in a tumor with  K-RAS  or  BRAF  mutations. 217  

 The predictive and prognostic signi fi cant of these bio-
markers in CRC has gained a great deal of interest in the 
recent years. While con fl icting results have been published 
regarding the impact of PI3KCA on response to anti-EGFR 
therapy in CRC patients, 218  –  220  most investigators agree that 
PTEN inactivation is a negative marker of response in CRC 
to this type of therapy. 217  ,2  21  The discrepant results on the 
value of PI3KCA as a predictive marker in part has been 
attributed to the lack of standardization of detection tech-
niques in the literature and potentially different oncogenic 
potential of the various  PI3KCA  mutations. 

 Nevertheless,  PI3KCA  mutations and/or PTEN loss have 
been shown to be negative predictors of outcome in CRC. 179  ,2  22  ,2  23  
He Y. et al evaluated the frequency and biological impact of 
 PI3KCA ,  K-RAS , and  BRAF  mutations in 240 stage I–III rectal 
tumors from nonirradiated patients. 222  The frequency of 
 PI3KCA, K-RAS,  and  BRAF  mutations were seen in 19 (7.9%), 
81 (33.9%), and 5 (2.1%) of the rectal specimens from total 
mesorectal excision (TME). The presence of  PI3KCA  muta-
tions was associated with higher frequency of local recurrence 
(5-year risk, 27.8% vs. 9.4%,  P  = 0.006) and a trend toward 
more rapid development of recurrence postsurgery (median 
local recurrence-free interval after surgery: 7.9 m vs. 19.6 m, 
 P  = 0.07) that without this mutation. In multivariate analysis 
 PI3KCA  mutations was an independent predictor of local 
recurrence (HR 3.4, 95% CI 1.2–9.2,  P  = 0.017). 

 At the current time, the frequency of  KRAS, BRAF, PI3KCA,  
and  PTEN  mutational events and their oncogenic impact on 
the pathology of rectal cancer is not well understood. Although 
de fi ning biomarkers and targeted therapies directed at the 
EGFR pathway has gained tremendous momentum in the 
treatment of advanced colorectal cancers, their role in clinical 
management of rectal cancer awaits further studies.  

   Vascular Endothelial Growth Factor 

 Angiogenesis plays a critical role in tumor formation and 
progression and vascular endothelial growth factor (VEGF) 
is considered a potent mediator of new blood vessel forma-

tion. 224  –  227  This process can be assessed by analysis of 
microvessel density (MVD) and by examining expression of 
angiogenic-promoting molecules, such as the VEGF ligands 
and their receptors. High microvessel count and elevated 
VEGF expression have been associated with aggressive biol-
ogy, increased risk of metastatic disease, and poor prognosis 
in colorectal cancers. 139  ,2  28  ,2  29  

 Study of VEGF family of molecules as predictive and prog-
nostic markers and as therapeutic targets is an intense area of 
investigation in CRC. Positive VEGF expression evaluated by 
IHC, was reported in 57% of rectal cancers in one study and 
was found to be an indicator of poor DFS and distant metasta-
sis following preoperative radiotherapy. 230  VEGF overexpres-
sion in postradiation-treated rectal specimens has also been 
associated with increased risk of distant metastasis. 231  In mul-
tivariate analysis, VEGF-C protein expression (a speci fi c pro-
moter of lymphangiogenesis) was found to be an independent 
predictor of local recurrence in rectal cancer and patients with 
positive VEGF-C tumors had worse prognosis compared to 
those with lack of expression of this factor. 232  

 Microvessel density (MVD) and VEGF have also been 
evaluated as predictive markers of response to preoperative 
chemoradiotherapy in rectal cancer. Lower MVD in postir-
radiated rectal cancer tissue has been linked with statistically 
signi fi cant increased survival in rectal cancer patients. 233  
Zlobec et al found a statistically signi fi cant association 
between mean VEGF expression and response to neoadju-
vant radiotherapy, where the nonresponders had greater 
expression of VEGF protein. 234  The same investigators 
showed that loss of VEGF expression and positive EGFR 
expression were independent predictors of pCR post preop-
erative radiotherapy in rectal cancer. 235  In contrast to these 
results, other investigators have found that VEGF expression 
is not a signi fi cant predictor of response to radiotherapy or 
chemoradiation in rectal cancer. 236  ,2  37  

 Treatment with the anti-VEGF monoclonal antibody, bev-
acizumab, has been extensively studied in solid tumors and 
has been shown to add 4.7 months to overall survival when 
added to standard chemotherapy in advanced CRC. 238  
Bevacizumab has been shown to have radiosensitizing prop-
erties in rectal cancer. 172  Several early phase clinical trials 
have demonstrated safety and ef fi cacy of preoperative beva-
cizumab combined with standard chemoradiotherapy in 
patients with locally advanced rectal cancers. 239  ,2  40  In these 
studies bevacizumab therapy was associated with improved 
tumor interstitial  fl uid and blood  fl ow, decreased MVD, and 
baseline VEGF levels signi fi cantly correlated with outcome. 

 At this juncture, while angiogenesis plays an important 
role in pathogenesis of rectal cancer the role of angiogenic 
biomarkers and VEGF-targeted therapy in rectal tumors is 
not clear. Further prospective studies are needed to better 
de fi ne the role of MVD and VEGF as prognostic and predic-
tive markers in rectal cancer, and the use of these factors out-
side of clinical trial studies cannot be recommended.  
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   Thymidylate Synthase 

 Thymidylate synthase (TS) catalyzes a critical step in DNA 
synthesis and is the main molecular target for 5- fl uorouracil 
(5-FU), which is the primary backbone of systemic chemo-
therapy in CRC. TS has been extensively studied in cancers 
of the lower digestive system as a prognostic and therapeu-
tic predictive marker. High TS expression is associated with 
resistance to 5-FU chemotherapy and poor prognosis in col-
orectal cancers. 241  ,2  42  In a systemic review and a meta-analy-
sis consisting of 3,497 CRC cases, TS overexpression was 
prognostic of worse OS in both advanced (HR 1.74, 95% CI 
1.34–2.26) and adjuvant (HR 1.35, 95% CI 1.07–1.80) set-
tings. 243  In contrast, other reports have indicated no prog-
nostic implications with respect to TS expression level and 
DFS or OS in CRC patients treated with oral 5-FU-based 
chemotherapy. 244  

 The role of TS as a predictive and prognostic biomarker 
has also been evaluated in rectal cancer. Elevated TS expres-
sion has been shown to be a poor prognostic marker in rectal 
cancers and indicator of increased risk of recurrence post-
neoadjuvant chemoradiotherapy. 245  ,2  46  Elevated TS levels in 
preoperative rectal biopsy specimens were shown to be pre-
dictive of higher response to chemoradiation but not to radia-
tion alone. 236  Conversely, other investigators have shown no 
signi fi cant correlation between TS expression level and infe-
rior prognosis or treatment failure in rectal cancer. 247  

 The discrepancy in the reported literature regarding the 
role of TS molecular marker in CRC once again points to the 
different TS detection assays, lack of standardization of tech-
niques, and retrospective and small size of these biomarker 
studies. At this time no de fi nitive conclusions can be drawn 
from the existing data and further prospectively validated 
studies of the predictive and prognostic role of TS expression 
in rectal cancer is warranted.  

   Other Molecular Markers and Microarray Assays 

 A number of genetic targets and cellular pathways have been 
investigated in rectal carcinomas as potential markers of out-
come and/or response to neoadjuvant therapy. In addition to 
biomarkers discussed above, these have included markers of 
proliferation (Ki-67), cell cycle regulators (p21), apoptosis 
regulators (Bcl-2 and survivin), and global transcription fac-
tors (NF-kB). 168  ,1  69  ,1  72  However the value of these candidate 
genes is controversial; none has been unequivocally vali-
dated as a predictive or prognostic marker in rectal cancer. 

 Gene expression pro fi ling based on microarray technol-
ogy has shown promise in predicting recurrence in Dukes B 
colon cancer, 248  and in predicting response to drug therapy in 
colorectal cancer cell lines. 249  Several recent studies have 
used microarrays to evaluate differential gene expression pat-

terns as surrogate of response to preoperative therapy in rectal 
tumors. 250  –  252  In all three studies, pretherapeutic prediction of 
response to neoadjuvant chemoradiotherapy was feasible. 
However there was no concordance among the genes differ-
entially expressed in any of these studies (54 genes by 
Ghadimi et al, 250  261 genes by Kim et al, 251  42 genes by 
Rimkus et al 252  ) . Although microarray technology can result 
in interesting data and lead to discovery of novel candidate 
genes, at this time there is inadequate evidence in support of 
this technology for response prediction in rectal cancer.   

   Anal Neoplasms 

 Anal cancer accounts for approximately 4% of anorectal 
tumors and 1.5% of gastrointestinal malignancies. It is esti-
mated to affect 5,260 patients (2,000 men and 3,260 women) 
and lead to approximately 720 deaths in 2010. 1  While con-
sidered an uncommon cancer of the digestive tract, the inci-
dence of anal cancer has been increasing in both sexes 
worldwide over the past 25 years. 253  –  256  Well-described risk 
factors include human immunode fi ciency virus (HIV) 
seropositivity, low CD4 count, persistent high-risk human 
papilloma virus (HPV) infection, receptive anal intercourse, 
increased number of sexual partners, anogenital warts, 
cervical dysplasia, or cancer. 257  Indeed, the key causative 
factors for anal tumorigenesis have been closely linked to 
sexually transmitted infections, 258  –  261  and some have described 
the biology of these cancers to be similar to malignancies of 
the genital tract. 262  –  264  The other risk factors implicated in 
pathogenesis of anal cancers include female gender, cigarette 
smoking, and chronic immunosuppression following solid 
organ transplant. 265  –  267   

   Anatomy of the Anal Canal 

 The anal canal measures 3–5 cm in length and extends from 
the rectal ampulla (level of pelvic  fl oor) to the anal verge 
(Fig.  9.1 ). The distal end of the anal canal, or the anal verge, 
is at the level of the squamous–mucocutaneous junction and 
the perianal skin. The pectinate line indicates the junction of 
the superior part of the anal canal, lined by columnar epithe-
lium, and the inferior part, lined by nonkeratinizing squamous 
epithelium. Distal to the dentate line the squamous epithe-
lium merges with the perianal skin or the true epidermis. The 
anatomic distribution is clinically signi fi cant, as it relates to 
lymphatic drainage and different types of precursor epithe-
lium. Anal canal proximal to the dentate line drains into the 
perirectal and paravertebral nodes, similar to rectum; while 
the region of the anal canal below the dentate line drains into 
the lymphatics of the super fi cial inguinal and femoral nodes. 
Proximal malignant lesions that arise from the mucosa 
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(columnar, transitional, or squamous) are considered true 
anal canal cancers and are generally treated the same. Tumors 
arising from the epidermis or distal to the squamous–
mucocutaneous junction (also called the “anal” verge) are 
referred to as anal margin tumors (also known as perianal 
skin cancers). With the exception of melanomas, tumors 
arising in the hair-bearing skin below the squamous–muco-
cutaneous junction are biologically similar and classi fi ed, 
staged (Tables  9.4  and  9.5 ), and treated like cutaneous skin 
tumors and not like anal canal cancers. 268     

   Histological Subtypes and Molecular 
Biology 

 A variety of lesions comprise cancers of the anal canal and 
their diagnosis and treatment depends on tumor histology 
and anatomic location. The vast majority of these (80%) are 
squamous cell carcinoma, which is 1/10 that of rectal can-
cers 269  (Fig.  9.4 ). Other rare anal neoplasms include adeno-
carcinoma, melanoma, sarcoma, gastrointestinal stromal 
tumors (GIST), neuroendocrine tumors, and Kaposi sar-
coma. 270  These malignancies and their respective molecular 
biology will be discussed below.  

   Squamous Cell Carcinoma of the Anus 

 Anal intraepithelial neoplasia (AIN) is a precursor of SSC 
and shares many features with cervical intraepithelial neo-
plasia (CIN), a precursor lesion to cervical cancer. Infection 
with HPV plays an important causative role in development 
of both CIN and AIN. Similar to CIN, grading system for 
AIN is designated by AIN I, AIN II, and AIN III, which indi-
cate low-, moderate-, and high-grade dysplasia, respec-
tively. 270  Recently however, the terminology of low-grade 
intraepithelial lesion (LSIL) and high-grade intraepithelial 
lesion (HSIL) has become more commonly adopted. The 
treatment of these lesions is debated. LSIL is felt to have low 
malignant potential and observation is acceptable. However, 
HSIL carries a higher risk for malignant transformation and 
local therapies such as 5- fl uorouracil cream and surgical 
excision have been employed. 270   

   Human Papilloma virus 

 The pathogenesis of anogenital squamous cell carcinoma is 
closely linked with infection with common human viruses and 

   Table 9.4    TNM staging for anal cancer   

  Primary tumor  (T) 
 Tx  Primary tumor cannot be assessed 
 T0  No evidence of primary tumor 
 Tis  Carcinoma in situ a  
 T1  Tumor 2 cm or less in greatest dimension 
 T2  Tumor >2 cm but  £ 5 cm in greatest dimension 
 T3  Tumor >5 cm in greatest dimension 
 T4  Tumor of any size invades adjacent organs(s), e.g., vagina, 

urethra, bladder b  
  Regional lymph nodes  (N) 
 Nx  Regional lymph nodes cannot be assessed 
 N0  No regional lymph node metastasis 
 N1  Metastasis in perirectal lymph nodes(s) 
 N2  Metastasis in unilateral internal iliac and/or inguinal 

lymph nodes(s) 
 N3  Metastasis in perirectal and inguinal lymph nodes and/or 

bilateral internal iliac and/or inguinal lymph nodes(s) 
  Distant metastasis  (M) 
 M0  No distant metastasis 
 M1  Distant metastasis 

  Table adapted from AJCC Cancer Staging Manual, 7th edition (2010) 
by Springer New York, Inc 
  a  Bowen’s disease, high-grade squamous intraepithelial lesion (HSIL), 
anal intraepithelial neoplasia II–III (AIN II–III) 
  b  Direct invasion of the rectal wall, perirectal skin, subcutaneous tissue, 
or the sphincter muscle(s) is not classi fi ed as T4 
  c  Expert panels recommend histological examination of at least 12 nodes 
for accurate determination of nodal status  

   Table 9.5    Anal cancer staging and patient outcome based on tumor histology (squamous and non-squamous)   

 Stage  T  N  M 

 5-year survival rate 

 Squamous  Non-squamous   P -value 

 0  Tis  N0  M0  –  –  – 
 I  T1  N0  M0  71.4  59.1  0.003 
 II  T2–3  N0  M0  63.5  52.9  0.001 
 IIIA  T1–4  N0–N1  M0  48.1  37.7  0.085 
 IIIB  T4  N1  M0  43.2  24.4  0.003 

 Any T  N2  M0 
 Any T  N3  M0 

 IV  Any T  Any N  M1  20.9  7.4  0.002 

  Data based on 3,598 cases of anal cancer in the National Cancer Database from 1998 to 1999 
 Adapted from the AJCC Cancer Staging Manual, 7th edition (2010) by Springer New York, Inc  
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it has been used as a model of virus-induced carcinogenesis. 271  –  275  
The human papilloma virus (HPV) is a common sexually 
transmitted disease and several studies have identi fi ed an 
association between HPV infections and anogenital cancers. 
Given the limited literature on the molecular biology of HPV 
infection in SSC of the anal canal, some of the data in this 
section is extrapolated from role of HPV in cervical squamous 
cell carcinoma. 

 HPV is a DNA tumor virus with over 100 different geno-
types, of which some 23 have been associated with anogeni-
tal mucosal infection. Subtypes 6 and 11 are most commonly 
identi fi ed in lesion with low-grade dysplasia, while types 16, 
18, 31, 33, and 35 are considered high-risk genotypes and 
more often identi fi ed in lesions with high-grade dysplasia 
and invasive carcinoma. 264  HPV-16 has been closely linked 
to anal cancers and is detected in approximately 70% of the 
cases in population-based studies. 258  ,2  76  HPV encodes for two 
transforming proteins, E6 and E7, which are thought to play 
a critical role in stimulating cellular growth and progression 
to invasive cancer. Both viral products (encoded by the high-
risk HPV genotypes 16 and 18) are expressed in anal carci-
nomas. 277  The E6 oncoprotein is known to bind to cellular 
 TP53  and promote degradation of this tumor suppressor. 278  ,2  79  
The observation that  TP53  gene is frequently wild type in 
cervical cancers, 280  has suggested that E6-mediated  TP53  
degradation maybe functionally equivalent to inactivating 
 TP53  gene mutations. 281  The HPV-E7 protein complexes 

with the retinoblastoma tumor suppressor and targets it for 
degradation 282  ,2  83 ; the ef fi cacy with which E7 binds to RB 
correlates with the transforming capability of this oncopro-
tein. 284  Therefore E6/ TP53  and E7/RB1 interactions is 
thought to result in abrogation of cell cycle check points 
leading to aberrant DNA replication, DNA repair, apoptosis, 
and genomic instability. 285  

 Several lines of evidence suggest that HPV infection, and 
subsequent E6 and E7 expression, is necessary but not 
suf fi cient for malignant progression in anogenital cancers. It 
is thought that additional oncogenic insults such as genomic 
instability are necessary for malignant transformation by the 
virus. 285  While in benign anogenital lesions the HPV viral 
genome replicates as an extra chromosomal episome, in 
malignant tumors the viral DNA integrates into the host 
chromosome. 286  In cervical cancer cell lines, HPV DNA inte-
gration was signi fi cantly associated with genomic rearrange-
ments ( P  < 10 –10 ), resulting in increased ampli fi cation of both 
viral and cellular DNA sequences adjacent to the integration 
site. 287  The most common sites of HPV genomic integration 
in cervical cancers has been observed at 8q24 288  and 3p14, 289  
two chromosomal regions that  fl ank the  c-myc  oncogene and 
 fragile histidine triad  ( FHIT ) tumor suppressor genes respec-
tively. 290  Overexpression of MYC mRNA and protein have 
been reported in genital tumor cell lines harboring HPV 
DNA insertion close to the MYC locus and no overexpres-
sion of MYC in lines where HPV insertion occurred at other 

  Fig. 9.4       ( a ) Condyloma 
accuminatum (original 
magni fi cation ×10). 
( b ) Squamous epithelium of 
Condyloma accuminatum with 
high-grade dysplasia/carcinoma 
in situ (original magni fi cation 
×200). ( c ) Squamous cell 
carcinoma of anus, high power 
view of the same tumor 
(original magni fi cation ×200). 
( d ) Immunohistochemistry for 
cytokeratin 5 and 6 (CK5/6) 
reveal strongly positive tumor 
cells (original magni fi cation 
×200). ( a ,  b,  and  c : Hematoxylin 
and Eosin stain, 
 d : Immunohistochemistry 
for CK5/6)       
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sites. 291  Thus integration of the HPV DNA in the host genome 
can perturb genomic stability and promote HPV-dependent 
carcinogenesis. 

 Chromosomal instability is a hallmark feature of HPV-
associated malignancies. 281  ,2  85  Genetic defects such as gains 
or loss of whole chromosomes (aneuploidy) and chromo-
somal rearrangements are thought to be an early event in 
HPV-induced cancers occurring prior to viral DNA integra-
tion into the host genome. 292  Cytogenetic studies of anal car-
cinomas have indicated recurrent loss of heterozygosity 
(LOH) at a number of loci including chromosome 3p (62% 
of cases), 5q (33% of cases), 11q (39–87%    of cases), 17p 
(43% of cases), and at 18q (35–41% of cases). 293  –  295  These 
studies have indicated that tumor suppressors such as  TP53  
(17p), APC (5q) and DCC (18q) maybe involved in the 
pathogenesis of anal squamous cell carcinomas. The frequent 
LOH at 11q23 in invasive cervical (40–62% of cases) 296  ,2  97  
and anal SSC carcinomas has suggested the presence of a 
putative tumor suppressor gene that is important in progres-
sion of HPV-mediated cancers. However no speci fi c func-
tional gene has been identi fi ed to date. 

 The HPV-E6 and HPV-E7 oncoproteins appear to induce 
genomic instability by a number of different mechanisms. 
These viral-encoded products abrogate mitotic spindle 
checkpoints, 298  ,2  99  thereby inducing numerous defects includ-
ing multipolar mitoses, centrosome duplication, anaphase 
bridges, and aneuploidy. 285  In high-risk HPV associated anal 
cancers, centrosome over-duplication has been observed 
which correlated with the presence of aberrant cell divi-
sion. 300  E6 and E7 viral proteins also allow cells with mitotic 
defects to escape cell death by relaxing the  TP53 -regulated 
G2-M checkpoint 301  and by inhibition of apoptotic signals. 302  
Moreover, E6 and E7 proteins can induce genomic instabil-
ity by independently mediating numerical and structural 
chromosomal instability and by interrupting the ATM–ATR 
DNA damage response pathway. 285   

   HIV 

 Prior to the HIV epidemic, older Caucasian women had the 
highest incidence of anal SSC. However after the emergence 
of HIV infection and introduction of highly active antiretro-
viral therapy (HAART), the demographics of this disease 
changed. Currently HIV-positive men who have sex with 
men (MSM) are at the highest risk for SSC of anal canal. 
History of receptive anal intercourse is associated with 
increased risk of anal cancer, (relative risk [RR] 33.1) 258  and 
this risk is even higher in HIV-infected homosexual men 
(RR 84.1). 303  In contrast to decrease in incidence of AIDS-
de fi ning illness in the era of HARRT, the incidence of anal 
cancers in HIV-infected homosexual men continues to 
increase. 304  ,3  05  

 HIV infection does not appear to be the causative agent in 
anal SCC, yet infection with this retrovirus is a marker for 
coinfection with HPV, a major causative agent in anal SCC. 
In fact, approximately 95% of HIV-positive homosexual men 
are coinfected with HPV. 306  ,3  07  In general HIV infection is 
associated with a higher frequency of HPV-related preinva-
sive and invasive malignancies and these lesions occur at an 
earlier age. 273  ,3  08  ,3  09  In a series of 346 HIV-positive and HIV-
negative homosexual men, the risk of AIN and HSIL was 
greater in setting of HIV infection (RR 5.7 and 3.7 respec-
tively), 306  and the lower the CD4 count the higher the 
risk. 310  ,3  11  Anal cancer also occurs earlier in HIV-infected 
individuals by approximately two decades (mean age in HIV-
positive individuals 37 years, HIV-negative men 58 years, 
and HIV-negative women 65 years). 312  ,3  13  

 The independent impact of HIV infection on the biology 
of anal cancer is not fully understood, however most experts 
agree that HIV infection alters the natural history of HPV-
related cancers by favoring persistent HPV infection. While 
HPV infection is cleared overtime in most immunocompe-
tent individuals, HPV infection tends to persist and to be 
associated with higher prevalence of preinvasive lesions in 
immunocompromised individuals. In a study of 243 HIV-
infected men and 231 controls, the overall HPV prevalence 
in urine samples of HIV-infected male was signi fi cantly 
higher than in the control group (27.5% vs. 12.6% respec-
tively,  P  < 0.01). 314  In HIV-infected men, there was a trend 
toward higher HPV prevalence and lower CD4 cell counts, 
however HAART therapy was associated with decreased 
HPV prevalence ( P  = 0.03). There is also evidence that the 
natural history of AIN maybe different in HIV-positive than 
HIV-negative patients. Palefsky et al showed that the rate of 
progression from lower grade (AIN-1–2) to higher grade 
(AIN-3) anal intraepithelial neoplasia is accelerated in 
HIVpositive men (RR 2.4 95% CI 1.8–3.2) compared to 
HIV-negative men and the risk is increased with CD4 count 
lower than 200 cell/mm 3  (RR 3.1, 95% CI 2.3–4.1)   . 315  

 Further data suggesting that HIV may alter the biology of 
anal cancer is re fl ected by a different type of genomic insta-
bility in HIV-associated neoplasia. High frequency of micro-
satellite instability (MSI) has been described in cancers 
obtained from HIV infected individuals including lung can-
cer, cervical intraepithelial tumors, Kaposi’s sarcoma, 
immune de fi ciency-related lymphomas. 316  –  319  In contrast 
there was no evidence of such instability in lesions from 
HIV-negative patients. Moreover, while chromosomal insta-
bility, as re fl ected by LOH, is a key feature of HPV-related 
tumors, LOH is uncommon in anal cancers of HIV-positive 
patients. In a cohort of 18 HIV-negative and 10 HIV-positive 
patients with SCC of the anus, Gervaz et al showed that 
tumors from HIV-negative patients were more likely to pres-
ent with LOH than tumors form HIV-positive individuals 
(24.1% vs. 6.6%,  P  = 0.0004). 295  Allelic loss at speci fi c loci, 
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such as 18q (DCC), 17p ( TP53 ), and 5q (APC) were 
signi fi cantly lower in tumors of HIV-positive patients. Thus 
these data suggest that the molecular mechanisms involved 
in the pathogenesis of SCC of the anus may be dependent on 
HIV status. While chromosomal instability is the dominant 
feature in HIV-negative anal cancers, an alternate pathway of 
microsatellite instability may contribute to progression to 
invasive anal cancer in presence of HIV infection (see 
Fig.  9.5 ). 281  ,2  95    

   EGFR 

 The epidermal growth factor receptor is expressed in a major-
ity of squamous cell cancers of the anal canal. An analysis of 
21 such cancers found that all overexpressed EGFR, but did 
not express HER2Neu. 320  More recently of 29 primary 
squamous carcinomas of the anal canal, 27 (93%) were found 
to express EGFR by IHC, while none of the specimen were 
found to carry a  K-RAS  mutation. 321  A report of seven patients 

  Fig. 9.5    Model of tumorigenesis in anal squamous cell carcinoma 
(SSCA) with respect to infection with the human immunode fi ciency 
virus (HIV). ( a ) Following infection and integration of the human pap-
illomavirus (HPV), progression of the neoplastic process requires loss 
of heterozygosity (LOH) at key loci including 17p (p53), 5q(APC), and 
18q (DCC). Chromosome 11 is thought to harbor a putative tumor sup-
pressor important in anal SSCA tumor progression, and LOH at 11q23 
is thought to be an early event independent of HIV infection. This 

process takes an average time of 30–40 years, with the median age at 
the time of diagnosis being 60–70 years in this population.  AIN  anal 
intraepithelial neoplasia. ( b ) Progression of cancer is accelerated in the 
setting of HIV infection, with the median age at diagnosis being 37 
years. The persistence of HPV infection and absence of LOH at 17p, 5q, 
18q suggest an alternate molecular pathway perhaps via microsatellite 
instability in this population.  AIN  anal intraepithelial neoplasia (Adopted 
from Gervaz, British Journal of Surgery 2006)       
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with metastatic anal cancer treated with cetuximab, a recom-
binant chimeric monoclonal antibody to EGFR, found that 
two patients had  KRAS  mutations (EGFR determination was 
not done in this analysis). Response to therapy was seen only 
in those individuals with wild type  KRAS : of those  fi ve, three 
had a partial response, and one had a minor response.  322  The 
addition of anti-EGFR agents to  fi rst-line therapy for 
squamous cell cancer of the anal canal is currently being 
investigated.  

   Molecular Markers of Response 
to Chemoradiation 

 Anal SCC is predominantly a locoregional disease with 
direct extension to the surrounding tissue and the regional 
lymphatics. Treatment involves combined modality therapy 
with upfront concurrent chemoradiation and surgery is often 
reserved for salvage therapy. There is paucity of data regard-
ing predictive or prognostic biomarkers in anal cancer in the 
current literature. A recent study from M.D. Anderson 
Cancer Center evaluated the role of 10 biomarkers in predict-
ing response to conventional chemoradiation in 30 patients 
with anal canal squamous cell carcinoma. 323  In multivariate 
analysis, tumor diameter ( P  = 0.002), proliferation index 
Ki-67 ( P  = 0.005), transcription factor NF-kB ( P  = 0.002), 
and molecules involved in the Hedgehog signaling pathway 
including hedgehog ligand SHH ( P  = 0.002) and the tran-
scription factor Gli-1 ( P  = 0.02) were associated with dis-
ease-free survival in 30 patients with anal canal SSC post 
conventional chemoradiation. Although these results are pre-
liminary, if validated, this data can provide the basis for bio-
marker-driven understanding of the heterogeneous natural 
history of anal carcinomas.  

   Anorectal Melanoma 

 Malignant melanoma of the anorectum is a rare malignancy 
with an extremely poor prognosis (Fig.  9.6 ). It accounts for 
0.3–1.6% of all melanomas and 2–4% of all anorectal.  324  –  326  
Diagnosis is often made at an advanced stage, and even with 
aggressive surgical resection more than 80% of the patient 
succumb to their disease within 5 years. 327  Mucosal melano-
mas are commonly diagnosed in older individuals, with 50% 
presenting in their eighth decade of life. Women    are also more 
likely to be diagnosed with anorectal melanomas than men. 328  
While excessive sun exposure is considered a risk factor for 
cutaneous melanomas, ultraviolet (UV) radiation is not 
involved in development of these mucosal malignancies. 
Anorectal melanoma is more common in individuals with 
darker skin pigmentation, and rate of mucosal melanoma is 
only twice as high in Caucasians than in African Americans 
(whereas the risk of cutaneous and ocular melanoma is 5–20 
times higher in Caucasians). 327  HIV infection has also been 
proposed as another risk factor for anal melanoma. 329   

 Although the molecular pathogenesis of anal melanoma 
is poorly understood, there is recent evidence that c-KIT sig-
naling may be the driving oncogenic event in this subset of 
melanomas. 330  The c-KIT receptor tyrosine kinase is critical 
in melanocyte development and its expression is lost in most 
melanomas. Recent studies have described an increased fre-
quency of c-KIT aberrations in melanomas with no or little 
UV light exposure, namely mucosal melanomas and acral 
melanomas. 331  ,3  32  These c-KIT gene abnormalities, consist-
ing of mutations or increase in copy number, have been 
reported in 16% of mucosal melanomas and acral melano-
mas 332  and in only approximately 2% of cutaneous melano-
mas. 333  ,3  34  Other evidence for distinct molecular pathogenesis 
of anal melanoma is the observation that  BRAF  and  NRAS  

  Fig. 9.6    ( a ) Malignant melanoma involving the anal canal ( arrow ) (Hematoxylin and Eosin stain, original magni fi cation ×100). ( b ) High power 
view the same tumor (original magni fi cation ×20)       
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mutations, which are common in cutaneous melanomas, 335  
are rarely found in anal melanomas. 336  Moreover there have 
been case reports of clinical ef fi cacy of targeted therapies 
with c-KIT blockers in mucosal melanomas. Although the 
initial clinical trials with imatinib mesylate were disappoint-
ing, 337  ,3  38  several recent case reports have indicated clinical 
response with various c-KIT inhibitors (imatinib, sunitinib, 
dasatinib, or sorafenib) in patients with metastatic melanoma, 
includ-ing anal melanoma harboring c-KIT activating muta-
tions. 339  –  344  Although the etiology of the observed differences 
is not fully understood, it has been hypothesized that c-KIT 
mutation or ampli fi cation, rather than protein expression, is 
relevant for susceptibility to c-KIT blockade therapy. 339   

   Rare Anorectal Neoplasms 

 Uncommon tumors of the anal canal include gastrointestinal 
stromal tumors (GIST), Kaposi’s sarcoma, neuroendocrine 
tumors, sarcomas, and lymphomas. According to the most 
recent data from the Epidemiology and End Results Program 
(SEER), the nonepidermoid/nonmelanoma cancers account 
for 2.3% of all cases of anal malignancies. 345  The non-
squamous cancers of the anal canal have poor prognosis 
(Table  9.5 ) and have been traditionally managed by abdomi-
noperineal resection as their de fi nitive treatment. This sec-
tion will discuss the molecular and clinical features of these 
rare anorectal tumors. 

   GIST 
 GISTs are the most common mesenchymal neoplasms of the 
digestive tract. They are most frequently found in the stom-
ach (60%) and the small intestine (30%) and rarely found in 
the rectum or anus (5–10%). 346  ,3  47  While uncommon, GISTs 
arising in the small bowel, colon, rectum, or mesentery are 
more aggressive and associated with worse outcome than 
those arising in the stomach. 348  These tumors universally 
express CD117 antigen, which is part of the c-KIT receptor, 
a membrane tyrosine kinase. 349  Over 80% of these tumors 
harbor activating mutations in the c-KIT proto-oncogene; 
and approximately 5–7% KIT negative GIST cancers of oth-
ers have mutations in a related tyrosine kinase PDGF a  
(platelet-derived growth factor  a ). 350  

 Given the high sequence homology between KIT, PDGF a , 
and the BCR–ABL translocation in chronic myelogenous 
leukemia (CML), the small molecule tyrosine kinase inhibi-
tor, imatinib mesylate has gained a great deal of interest for 
treatment of GIST. A number of studies have demonstrated 
the clinical ef fi cacy of imatinib in advanced GIST, 351  –  353  with 
improvement in median survival from 20 to 60 months in 
these patients. 354  The type of mutation in KIT and PDGRA 
appears to in fl uence clinical response to imatinib. In patients 
with KIT mutations, those with exon 11 mutant isoform 

appear to derive a higher objective response, longer time to 
progression, and improved median overall survival compared 
to those with exon 9 mutant isoform. 350  ,3  55  Several studies 
including a meta-analysis demonstrated that higher doses of 
imatinib (800 mg/day rather than the standard 400 mg/day) 
preferentially improved PFS in patients with exon 9 muta-
tions without corresponding bene fi t in the overall sur-
vival. 355  –  357  GISTs that harbor PDGFRA mutations are more 
heterogeneous and only a subset of PDGFRA mutants are 
imatinib sensitive. 358  ,3  59  At this time PDGFRA mutational 
analysis is not routinely performed in clinical practice for 
management of GIST cancers. 

 The success of imatinib in advanced disease has spurred 
enthusiasm for use of this agent in the perioperative setting. 
While the gold standard for patients with primary resectable 
GIST is surgery, only one-half of the cases remain disease 
free at 5 years and adjuvant therapy is favored for patients at 
high risk for recurrence based on tumor size, mitotic index, 
and site of tumor origin. Several studies have demonstrated 
the bene fi t of imatinib in the adjuvant setting in these high 
risk patients. In the double-blinded multicenter ACOSOG 
Z9001 phase III trial, 713 patients with primary GIST of the 
intestinal tract at least 3 cm in size with IHC-proven positive 
KIT protein were randomized to 1 year of adjuvant imatinib 
(40 mg daily) or placebo. 360  The primary endpoint of the 
study was recurrence-free survival (RFS). The study was 
stopped early when the interim analysis disclosed signi fi cantly 
fewer recurrences in the treatment arm than the placebo arm. 
At median follow-up of 1 year, RFS rate was 98% vs. 83% 
favoring the imatinib arm (HR 0.35, 95% CI 0.22–0.53). 
Based on these results US FDA approved imatinib for adju-
vant treatment of fully resected GIST  ³ 3 cm in size without 
providing guidance for optimal duration of therapy or the 
optimal patient selection. 

 Imatinib therapy has also been studied in neoadjuvant set-
ting for primary unresectable or borderline respectable GIST 
tumors. Although data from randomized trials for use of ima-
tinib in preoperative setting is not available, data from retro-
spective series 361  ,3  62  and a phase II trial 363  support the bene fi t 
of initial imatinib therapy. Moreover, several recent case 
reports have demonstrated that preoperative imatinib therapy 
in rectal GIST tumors can reduce tumor bulk and allow for 
subsequent resection of initially unresectable tumors. 364  ,3  65    

   Carcinoid and Neuroendocrine Tumors 

 Anorectal carcinoid tumors are rare and account for 1.3% of 
all rectal cancers. 366  Nonetheless, the rectum is the second 
most common site of origin of neuroendocrine tumors of the 
digestive tract. 367  Most carcinoid tumors in the rectum are 
small (median diameter 0.6 cm) with over 90% located 
within 4–13 cm above the dentate line. 349  ,3  67  These tumors are 
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hormonally inactive and unlike carcinoid tumors of the 
midgut, those arising in the rectum do not manifest carcinoid 
syndrome even in the setting of liver metastasis. 349  ,3  68  

 Prognosis and optimal treatment of anorectal carcinoids 
depends on size of the primary tumor. 369  The risk of distant 
metastasis is minimal for small tumors that are <1 cm in size 
and can be treated with local excision. 370  –  372  Tumors >2 cm 
have 70% chance of distant metastasis and have been tradi-
tionally treated with extensive surgical resection similar to 
rectal adenocarcinomas. 370  ,3  71  ,3  73  However this practice has 
been questioned since improved survival has not been con-
sistently shown compared to endoscopic removal. 374  
Carcinoid tumors ranging 1–2 cm have intermediate risk of 
metastasis (4–30%) and treatment is more controversial. 370  ,3  71  
While local excision may suf fi ce for most of these tumors, 
more aggressive surgical resection has been proposed for 
tumors with unfavorable prognostic features such as inva-
sion of the muscularis propria,  ³ 2 mitoses per high power 
 fi eld, and lymphovascular invasion. 375  In a proposed staging 
system based on SEER database, the 5-year survival rates for 
stages I through IV were 97%, 84%, 27%, and 20% respec-
tively (Tables  9.6  and  9.7 ). 376     

   Lymphoma 

 Primary anorectal lymphoma is a rare entity, representing 
0.2% of rectal neoplasms and 9% of non-Hodgkins lympho-
mas (NHL). 377  Two risk factors associated with primary 

 anorectal lymphoma include in fl ammatory bowel disease and 
immunosuppression (from HIV infection, post-transplant, or 
other immune disorders). 378  –  380  AIDS-related lymphomas are 
more aggressive with mean age of diagnosis 34 years (in con-
trast to 64 years of age in non-AIDS related cases) and they 
often present with disseminated disease at the time of diagno-
sis. 349  ,3  81  Treatment of primary anorectal lymphomas is con-
troversial. However the current, National Comprehensive 
Cancer Network (NCCN) guidelines recommend observation 
if negative margins are obtained postexcision and locoregional 
radiation if the margins are positive. Advanced disease or sys-
temic recurrence is treated similar to follicular lymphoma.       
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         Introduction 

 In fl ammatory bowel diseases (IBD) are chronic diseases 
presenting clinically as ulcerative colitis or Crohn’s disease 
and affecting approximately 1.4 million US patients. While 
ulcerative colitis is limited to the colon, Crohn’s disease 
often affects multiple segments of the gastrointestinal (GI) 
tract, including the small intestine (enteritis) and colon (coli-
tis), and may involve the upper GI tract, primarily manifest-
ing as chronic gastritis. 

 A major concern of these patients is their greatly enhanced 
risk of developing colorectal cancer (CRC) as compared to 
patients without colitis. CRC in IBD patients develops in the 
background colon affected by chronic injury to the epithelial 
lining in a stepwise cascade of alterations that include a large 
background  fi eld of colitis characterized by variable grades 
of mucosal in fl ammation and epithelial injury, development 
of dysplastic lesions that include  fl at or polypoid lesions, and 
 fi nally cancer (adenocarcinoma). Patients with IBD sequen-
tially develop foci of low-grade dysplasia (LGD), which may 
progress to high-grade dysplasia (HGD), and ultimately inva-
sive adenocarcinoma (Fig.  10.1 ). The risk of colon cancer for 
patients with IBD was reported to increase by 0.5–1.0% every 
year after 8–10 years of diagnosis. 1  The incidence of CRC in 
IBD is 20-fold higher and is detected on average in patients 
20 years younger than those with CRC in the non-IBD 

 population. 2  ,  3  Current guidelines recommend colonoscopic 
surveillance with random biopsies every 1–2 years after 8–10 
years of pancolitis. 4  ,  5  Most studies of neoplasia in IBD have 
been conducted in patients with ulcerative colitis (UC). 
Therefore, this chapter will primarily describe the molecular 
features of ulcerative colitis-associated neoplasia. It is likely 
that most of these alterations are similar in Crohn’s disease-
associated cancers, but the data are more limited in this 
patient population.   

   Molecular Mechanisms Underlying Dysplasia 
and Cancer in IBD-Associated Colitis 

   Genomic Alterations and Mutagenesis 

 Numerous genetic and epigenetic abnormalities accumulate 
during colitis and are critical for progression to neoplasia 
(dysplasia and cancer) lesions in IBD. The molecular altera-
tions of IBD-associated carcinogenesis are generally similar 
to those seen in sporadic colorectal carcinogenesis, but the 
timing of molecular events appears to be different, suggest-
ing different cancer-driver pathways in IBD-associated 
neoplasia. 

 Activation of NF-KappaB occurs in the colonic epithe-
lium with chronic colitis. 6  NF-KappaB can activate the 
expression of COX2, pro-in fl ammatory cytokines including 
IL-1, TNF-alpha, IL-12p40, and IL-23p19, anti-apoptotic 
factor inhibitor of apoptosis protein (IAP), and B-cell leuke-
mia/lymphoma (Bcl-XL). 7  Prostaglandins and Cytokines 
such as IL-6 are released in the in fl ammatory environment 
and can activate intracellular serine-threonine kinase Akt sig-
naling, 8  ,  9  leading to inhibition of pro-apoptotic factors p53, 
BAD, and FoxO1 and increased cell survival. 10  ,  11  

 Similar to sporadic CRC, colitis-associated cancers show 
genetic instability manifested by chromosomal (CIN) and 
microsatellite instability (MSI), occurring in 85% and 15% 
of the cases, respectively. 12  ,  13  Clonal chromosomal altera-
tions were present in 85% of UC-associated cancers, 86% of 
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UC-associated dysplastic lesions, and 36% of non- dysplastic 
UC mucosa. Losses of chromosome 18 or 18q and chromo-
some 5 or 5q were common in UC-associated cancer and 
dysplasia and were occasionally detected in UC-associated 
non-dysplastic colonic mucosa. 14  By FISH, abnormalities in 
chromosomal arms (8, 11, 17, and 18), especially losses, 

were more common and discriminatory between 
UC-associated neoplasia (dysplasia or cancer) and non- 
dysplastic colitic mucosa. 15  In UC-associated CRC,  APC  
mutations or LOH of the  APC  locus were reported in 14–33% 
of cancers. 16  –  19  Loss of chromosome 5 or 5q was detected 
in 36% UC-associated dysplasias and 54% UC-associated 

  Fig. 10.1    Pathologic features of 
colitis-associated neoplasia. 
Colonic mucosa with chronic 
active colitis shows marked crypt 
architectural distortion in a 
background on increased 
in fl ammation in the mucosa. 
Chronic colitis may progress to 
the dysplastic lesions low-grade 
dysplasia (LGD), high-grade 
dysplasia (HGD), and invasive 
adenocarcinoma. 
Adenocarcinomas arising in the 
setting of IBD show morphologic 
features that are indistinguishable 
from sporadic CRC. The  fi gure 
shows examples of moderately 
differentiated colonic 
adenocarcinoma and mucinous 
adenocarcinoma, in patients with 
ulcerative colitis. Other 
morphologic patterns similar to 
those seen in sporadic CRC may 
occur in IBD patients. The 
photomicrographs are from 
Hematoxylin and Eosin stains of 
routine formalin- fi xed paraf fi n-
embedded tissue sections       
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carcinomas. 14  Importantly, in UC-associated neoplasia,  APC  
mutations occur late, in the transition from high-grade dys-
plasia to carcinoma. 12  This contrasts with sporadic colon car-
cinogenesis, where the  APC  gene is mutated in the majority 
(80%) of tumors and occurs early in the neoplastic process. 20  
As compared to sporadic colon cancers, in UC,  APC  inacti-
vation may not be necessary to drive the early steps of coli-
tis-associated dysplasia, since other molecular mechanisms, 
such as activation of NF-KappaB in crypt epithelial cells by 
in fl ammatory cytokines, can promote cell proliferation and 
inhibit apoptosis. 6  

 The tumor suppressor gene  TP53  is mutated at a high rate 
in both sporadic and UC colon cancers. However, in contrast 
to sporadic cancers, in UC,  TP53  mutations occur earlier in 
the colitis-associated neoplastic pathway. 21  –  25  In UC,  TP53  
mutations were detected in 19% of colon biopsies without 
dysplasia, increasing in frequency with higher grades of dys-
plasia. 26  This contrasts with sporadic CRC in which  TP53  
mutations and LOH happen during the progression from 
high-grade dysplasia to cancer. 20  It is possible that the early 
loss of  TP53  function in UC-associated neoplasia contrib-
utes to the rapid progression to CRC observed in these 
patients. In the normal epithelial cells, p53 induces p21 gene 
expression and delays cell cycle progression in S-phase to 
allow for repair of the damaged DNA. Reduced p53 function 
and increased DNA damage associated with in fl ammatory 
by-products in active colitis result in persistence of signi fi cant 
mutations in daughter cells, clonal selection, and ultimately 
cancer development. 27  

 In UC, the frequent loss of 18q in dysplasia and occasion-
ally in non-dysplastic mucosa suggests that these changes 
may be an important early event in IBD-associated neopla-
sia. In contrast, in sporadic colorectal cancer, allelic loss of 
18q is thought to be a later event and is associated with meta-
static disease. 28  Loss of chromosome 18 or 18q was present 
in 69% of UC-associated cancers, 43% of UC-associated 
dysplasias, and in 20% of UC non-dysplastic mucosa. 14  
18q21 is the location of three putative tumor suppressor 
genes,  DCC ,  SMAD4 , and  SMAD2 , suggesting that one or 
more of these genes may play an important role in UC-related 
carcinogenesis. 

 The long arm of chromosome 20 (20q) is frequently 
ampli fi ed in UC-associated neoplasms as well as other gas-
trointestinal cancers. 29  Overexpression of the anti-apoptotic 
protein Bcl-xl was detected in UC-associated dysplasias, 
suggesting a role in the pathogenesis of UC-associated carci-
noma. The  BCLXL  gene is located adjacent to one of the 
ampli fi ed clones on chromosome 20q11, which may be a 
mechanism underlying the increased Bcl-xl protein expres-
sion in UC-associated carcinoma. 30  

 Chromosome 6q abnormalities occur in a variety of human 
cancers and LOH involving 6q27 was detected in colitic 
mucosa. Deletions in 6q27 were frequently observed in the 

dysplastic and non-dysplastic tissue of UC patients who had 
progressed to neoplasia but not in control UC without neo-
plasia. 31  Losses in 2q14 were also reported in UC progressors 
but not in UC patients who were neoplasia free. 31   

   Epigenetic Abnormalities 

 Alterations in epigenetic regulation, in particular CpG island 
hypermethylation, are also known to contribute to neoplastic 
development and progression in UC-associated CRC 
(Fig.  10.2 ). Methyl binding proteins recognize hypermethy-
lated sites and recruit histone deacetylases, leading to his-
tone deacetylation, chromatin condensation, and inactivation 
of genes. Several genes have been reported to be hyperm-
ethylated in dysplasia and/or cancer in UC, including genes 
that have been reported as targets of CpG island methylation 
in sporadic colorectal cancer, 32  such as the  MLH1  pro-
moter, 33  ,  34  and the  p16INK4a  promoter regions. 35  ,  36  Extensive 
methylation characteristic of the CpG island methylator phe-
notype (CIMP) was observed in 17% of the UC-related can-
cers, and global DNA methylation measured with a LINE-1 
assay was seen in 58% of UC-associated cancers. 37   

 In microsatellite instability (MSI)-positive UC colon can-
cers, the underlying mechanism of high levels of MSI (MSI-
H) is loss of MLH1 protein expression associated with 
 MLH1  by promoter hypermethylation. 33  Interestingly, MSI 
in the non-neoplastic mucosa is signi fi cantly more frequent 
in the colitic mucosa as compared to the background non-
neoplastic mucosa of sporadic colon cancers. 6  This may be 
explained by reduced expression and function of DNA repair 
enzymes induced by oxidative stress. 38  ,  39  A similar phenom-
enon is seen in gastric carcinogenesis in the setting of chronic 
in fl ammation associated with  H. pylori  gastritis. 40  –  42  Unlike 
sporadic colon cancers, in UC-associated colon cancers with 
MSI,  TGFBR2  mutations are much less common (17%) 12  
and occur early in the neoplastic process. 43  

 Issa et al. reported increased methylation levels in high-
grade dysplasia (HGD) of patients with ulcerative colitis 
compared to controls without ulcerative colitis, for estrogen 
receptor ( ER ),  MYOD ,  CDKN2A  ( p16  exon 1), and  CSPG2.  44  
Hypermethylation of three of these genes was also detected 
in the colitic mucosa of patients with HGD. 44  The p16 meth-
ylation levels averaged 2% in the mucosa of controls, 3% in 
the mucosa of UC patients without dysplasia, 8% in the nor-
mal appearing epithelium of patients with HGD/CA, and 9% 
in the dysplastic epithelium (HGD/CA). 44  In addition, they 
found that CpG methylation was present in both the neoplas-
tic and non-neoplastic-appearing epithelium from UC 
patients with HGD/cancer, suggesting that the increased lev-
els of methylation are widespread in the in fl ammation 
affected colon and occur early in the process of carcinogen-
esis, preceding the histological appearance of dysplasia. 44  
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 Methylation of the hyperplastic polyposis gene 1 ( HPP1 ) 
was observed in 50% of UC adenocarcinomas and in 40% of 
dysplasias but not in non-neoplastic UC mucosa. 45  
Methylation of the E-cadherin ( CDH1 ) promoter was 
detected in 93% of the patients with dysplastic biopsy sam-
ples, in contrast to only 6% of the patients without dysplasia 
and by immunohistochemistry areas of dysplasia displayed 
reduced E-cadherin expression levels. 46  The DNA repair pro-
tein O6-methylguanine-DNA methyltransferase gene 
( MGMT ) was found to be more frequently methylated in 
sporadic adenomas and carcinomas than in IBD. 36  ,  47  ,  48  In 
IBD, promoter hypermethylation of  MGMT  was detected in 
16.7% adenocarcinomas and in 3.7% mucosal samples with 
mild in fl ammation. 47  Mikami et al reported that the frequency 
of promoter methylation of  MGMT  and  MLH1  was lower in 
UC-associated tumors than in sporadic CRC. 36  

 Methylation of the  WNT  signaling genes is an early event 
seen in patients with IBD colitis with a progressive increase 
in methylation of the  WNT  genes during development of 
IBD-associated neoplasia. 49  Seven CpG sites with differen-
tial methylation in intestinal tissues of IBD patients were 
identi fi ed by the Golden Gate assay. 50  Interestingly, different 
methylation patterns associated with CD and UC were 
reported, suggesting that IBD-associated changes in DNA 
methylation in intestinal tissue may be disease subtype 
speci fi c. 50  

 Hypomethylation in ulcerative colitis also occurs, but its 
relationship to carcinogenesis in UC is not clear. 51 CpG methy-
lation testing in IBD has used a number of technical approaches. 
Methylation-dependent restriction enzyme-based approaches 

and bisul fi te conversion followed by methylation-speci fi c 
PCR (MSP) were most used in earlier studies of CpG methy-
lation. 45  –  47  ,  52  More recently, quantitative CpG methylation 
methods such as pyrosequencing, allowing the determination 
of ratios of methylated and unmethylated DNA within a popu-
lation of molecules 37  ,  52 , and quantitative real-time PCR 
assays 42  ,  52  have been employed in CpG methylation studies. 
High-throughput bisul fi te-based approaches such as Golden 
Gate technology and bisul fi te-modi fi ed DNA followed by 
genome-wide, massively parallel sequencing offer enormous 
potential to characterize epigenetic abnormalities in 
neoplasia. 50   

   EGFR Pathway 

 Activation of the Raf/MEK/ERK (MAPK) kinase pathway 
through either  RAS  or  BRAF  mutation was detected in 27% 
of all UC-related cancers. Non-dysplastic UC mucosa of 
patients with UC cancer did not show  BRAF  mutations, indi-
cating that  BRAF  mutations are not an initiating event in 
UC-related carcinogenesis but are associated with mismatch-
repair de fi ciency through  MLH1  promoter hypermethylation 
in advanced lesions. 53  Conversely,  KRAS  mutations may 
occur not only in dysplasia, but also in villous regeneration in 
the mucosa and in active colitis. 54   KRAS  mutations are 
inversely correlated with  BRAF  mutations in UC cancers, in 
that all tested UC cancers with  KRAS  mutations had an intact 
 BRAF  gene and the cancers with  BRAF  mutations had an 
intact  KRAS  gene, similar to sporadic CRC. 53   

  Fig. 10.2    Molecular events in the stepwise lesions of in fl ammatory 
bowel disease-associated neoplasia. Methylation levels are indicated in 
the  Y  axis. Summary of data from. 37  ,  44  ,  58  CpG methylation was 

determined in colonic mucosa with colitis in patients negative for 
neoplasia (Colitis-PNN); colonic mucosa with colitis in patients posi-
tive for neoplasia (Colitis-PPN); and dysplasia or cancer lesions (D/C)       
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   MicroRNAs 

 Unique microRNA (miRNA) expression pro fi les have been 
reported in mucosal tissues of patients with ulcerative colitis, 
Crohn’s ileitis, and colitis as well as in peripheral blood of 
IBD patients. MicroRNA expression pro fi les were also 
shown to change in the progression from normal colonic tis-
sue to dysplastic lesions. Three miRNAs (miR-192, miR-
375, and miR-422b) were reported to be signi fi cantly 
decreased in UC tissues, while eight miRNAs (miR-16, miR-
21, miR-23a, miR-24, miR-29a, miR-126, miR-195, and let-
7f) were signi fi cantly increased in active UC tissues. 55  
Important targets of miRNAs in UC patients, identi fi ed by 
genome-wide mRNA microarray analyses, include the mac-
rophage in fl ammatory peptide-2 a  (MIP-2 a ), a chemotactic 
cytokine, mediated by TNF- a  (reviewed in 56  ) . 

 Olaru et al identi fi ed 32 miRNAs that were increased and 
10 that were decreased in IBD dysplasia using miRNA 
microarray analyses. 57  MicroRNA-31 expression seemed to 
change in a stepwise fashion from normal to in fl amed to neo-
plastic tissue in IBD. Increased expression of miR-31 was 
seen in mucosa of IBD patients compared to controls. No 
difference in miR-31 expression was found between the IBD 
dysplasia and IBD carcinomas. MicroR-31 expression was 
also signi fi cantly increased in sporadic CRC specimens com-
pared to normal controls, although levels were lower in spo-
radic CRC when compared with IBD-associated neoplasia. 
Further, miR-31 expression levels were able to differentiate 
IBD-associated neoplasia from normal colonic, unaffected 
tissue from IBD patients and from in fl amed tissue from IBD 
patients  (  57 , and reviewed in 56  ) . A hydroxylase called factor-
inhibiting hypoxia inducible factor 1 ( FIH1 ), which may be 
involved in tumor angiogenesis, was identi fi ed as a putative 
target of miR-31. 

 In summary, alterations of miRNA expression in colitis 
mucosa and progressive neoplastic lesions may serve as 
markers of disease progression in IBD and may become use-
ful as biomarkers for the detection of dysplasia.       
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         Introduction 

 Gastrointestinal stromal tumors (GISTs) are mesenchymal 
tumors of the gastrointestinal (GI) tract with characteristic 
histologic and molecular features. These tumors are  KIT  or 
 PDFGRA  mutation-driven mesenchymal tumors of the gas-
trointestinal tract originating from the interstitial cells of 
Cajal (ICC) or their precursors, 1  ,  2  and they generally express 
CKIT protein. GISTs are the most common malignant mes-
enchymal tumors of the gastrointestinal (GI) tract and about 
5,000 new cases are diagnosed each year in the United 
States. 1  ,  2  

 GIST was  fi rst recognized in the stomach as a distinct 
clinicopathological entity by Mazur et al in 1983. 3  It was 
later recognized that it could arise in any part of the gastroin-
testinal tract with decreasing order of incidence as follows: 
in stomach (60–70%), small intestine (20–30%), large bowel 
(5%), and rarely esophagus and gallbladder. 4  –  9  In addition to 
the gastrointestinal sites, GISTs were also reported in omen-
tum and other soft tissue sites outside the gastrointestinal 
tract. 10  Histologically, most GISTs show characteristic spin-
dle cell morphology and increasing mitotic activity as tumors 
become more aggressive (Fig.  11.1 ). In addition to its dis-
tinct histologic features, GISTs were also found to be posi-
tive for CD34 and KIT immunoreactivity in 2000, which 
signi fi cantly facilitated the recognition and diagnosis of 
these tumors 11  –  14  (Fig.  11.1 ).  

 Because of its distinct phenotype and ultrastructural char-
acteristics, the histogenesis of GIST was related to intestinal 

cells of Cajal (ICC), a special interstitial cell in the GI tract 
with pacemaker function. 15  ,  16  Development and function of 
the ICC are critically dependent on the KIT-SCF axes. 17  
However, the most important breakthrough in understanding 
the biology of GIST was the discovery of gain of function 
mutations of KIT in the oncogenesis of human GIST by 
Hirota et al, 18  which subsequently lead to the discovery of the 
use of tyrosine kinase inhibitors as a novel targeted therapy 
for GIST. 19  ,  20  

 The biologic behavior of GIST ranges from benign to 
frankly malignant. In routine practice, various pathological 
factors such as tumor site, size, cell type, necrosis, mitotic 
activity, and Ki67 index have been used to assess or predict 
the malignant risk of the tumor. 1  ,  21  ,  22  Tumor location in dif-
ferent portions of the GI tract as well as different KIT muta-
tions is also known to have impact in tumor biologic 
behavior. 22  –  25  Approximately 20–25% of gastric and 40–50% 
of small bowel GISTs are expected to be malignant. 1  

 When the tumors were treated by surgery alone, 5-year 
disease-speci fi c survival after surgical removal of a primary 
tumor was approximately 20% for tumors larger than 10 cm 
and was approximately 60% for tumors less than 5 cm. 26  
In patients whose disease was considered cured by surgery, 
the 5-year and 10-year survival rates were 81% and 67%. 27  
As GISTs generally do not respond to conventional chemo-
therapy and radiation, the survival remained dismal until the 
early 2000s when imatinib became available. Imatinib 
mesylate (Gleevec, ST11571), an ATP-competitive inhibitor 
that inhibits BCR-ABL, KIT, and PDGFR A , has been used 
effectively for treating recurrent and unresectable GIST 
with  KIT  or  PDGFRA  mutations. 28  –  31  Response to imatinib 
treatment has been related to speci fi c types of the  KIT  or 
 PDGFRA  mutations. 32  –  35  Secondary  KIT  or  PDGFRA  muta-
tions are responsible for resistance to imatinib in about 
40–60% of the tumors which originally respond to the 
treatment. 36  –  39   
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   Oncogenesis 

   Primary Mutations 

 About 90% of GISTs harbor activation mutations in  KIT  or 
 PDGFRA  genes. Both  KIT  and  PDGFRA  are located peri-
centromerically at 4q12 and have probably evolved as a 
duplication of an ancestral gene. 40  They both encode a pro-
tein that has structural characteristics of type III receptor 
tyrosine kinase family. 41  KIT is a 145-kd transmembrane 
glycoprotein that serves as the receptor for stem cell factor 
(SCF). 42  –  44  It is composed of an extracellular ligand-binding 
domain, a transmembrane sequence, a juxtamembrane 
domain, and two cytoplasmic kinase domains (TKI: ATP-
binding pocket and TKII: kinase activation loop). 41  ,  45  The 
KIT transmembrane protein is critical to the development of 
ICCs as well as to the development of hematopoietic pro-
genitor cells, mast cells, germ cells, and melanocytes. 43  ,  46  –  48  
The binding of SCF to KIT results in receptor homodimeriza-
tion and activation of the tyrosine kinase with phosphoryla-
tion of a number of effectors regulating various signal 
transduction pathways. 11  ,  47  The KIT activity is normally 

inhibited by its juxtamembrane domain exon 11 which inhib-
its receptor dimerization in the absence of SCF. 2  ,  11  

 The gain of function associated with mutation of  KIT  or 
 PDGFRA  in interstitial cells of Cajal (ICC) or their precur-
sors is now believed to be the earliest event in the oncogen-
esis of GISTs. 1  ,  2  ,  11  ,  18  ,  49  ,  50  Mutation in the  KIT  or  PDGFRA  
gene could involve the receptor regulatory domains, extra-
cellular and juxtamembrane domains, and the cytoplasmic 
enzymatic domains (TKI and TKII). Mutations of the jux-
tamembrane domain release the kinase from auto-inhibition 
and lead to constitutive activation of  KIT  or  PDFGRA , acti-
vating either the extracellular or cytoplasmic domains of the 
receptor in absence of the ligand, and subsequent phosphory-
lation of all the downstream target proteins with activation of 
signal transduction cascades that regulate cell proliferation, 
survival, chemotaxis, and adhesion 47  ,  51  –  54  (Table  11.1 ).   

    KIT  Mutations 

 In GISTs, most  KIT  mutations (70%) occur in the juxtamem-
brane intracellular domain (exon 11) followed by mutations 

  Fig. 11.1    Histopathology of a 
typical GIST shows relatively 
uniform spindle cell morphology 
( a ). A rare mitotic  fi gure is 
indicated by the  arrow  in a 
low-grade GIST ( b ). GISTs 
characteristically express KIT 
protein ( c ) and often CD34 
( d ), detected in tumor 
tissue sections by 
immunohistochemistry       
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involving the extracellular domain (exon 9) and cytoplasmic 
domains in exons 13 and 17. 2  ,  11  ,  32  ,  55  Point mutations, dele-
tions, and duplications of 3’ region and insertion have all 
been identi fi ed in  KIT.  1  ,  2  ,  11  ,  56  The most common type of KIT 
exon 11 mutations is isolated in-frame deletion. 35  Mutations 
commonly involve the 5’end of exon 11 (codons between 
550 and 563). 18  ,  57  Exon 9 encodes the end of the extracellular 
domain and is mutated in 3–21% of the cases. 18  ,  58  ,  59  Exon 9 
mutations likely disrupt an antidimerization motif in the 
extracellular domain and insertion of six nucleotides in 
duplications Ala501 Tyr502 is common in exon 9 muta-
tions. 32  ,  58  ,  60  ,  61  Mutations in exons 13 (kinase I domain) and 17 
(activation loop) are the least common and account for 1–2% 
of the cases. Mutation in exon 13 or 17 is usually a point 
mutation only (1945A-G Glu642Lys in exon 13 and 
Asn822His and Asn832Lys in exon 17). 32  ,  62  ,  63  Mutations in 
either exon 13 or 17 can cause constitutive activation of the 
kinase domain and ligand-independent activation of the 

receptor. 32  Most of the primary  KIT  mutations occur as single 
events, but rarely de novo double primary mutations in  KIT  
exon 11 have been reported, usually as missense point muta-
tions or deletions of different alleles in exon 11. 64  ,  65  
Figure  11.2  depicts the involved exons and common muta-
tion types in  KIT  and  PDGFRA.  1    

    PDGFRA  Mutations 

  PDGFRA  mutations occur in about 8% of GISTs that are 
negative for  KIT  mutations ( KIT  wild type GIST). 66  ,  67  The 
signal transduction pro fi les of  PDGFRA -mutant tumor are 
indistinguishable from  KIT -mutant tumors suggesting that 
PDGFRA can substitute for  KIT  in GIST oncogenesis. 66  
Exon 18 (TK II: kinase activatin loop) and exon 14 (TK I: 
ATP-binding pocket are involved in 6–7% of the GISTs with 
exon 12 (juxtamembrane domain) involved in <1% of the 

   Table 11.1    Genes Regulated by Mutations of  KIT  and PDGFRA   

 Gene  Target Genes  Downstream Signaling Factors  Signaling Consequences 

  KIT 
mutation  

  MAPK   JAK1/2  STAT  Induce progression through cell cycle; prevent apoptosis 
 ERK1/2(P44/22)  P90RSK  Inhibit cell differentiation 

 MSK 
 ELK-1, STAT 

 p38  PLA2, MNK1, PRAK, Hsp27, 
STAT1, ELK-1 

 Inhibit apoptosis 

  GRB2   SOS, RAS, RAF, MEK, 
ERK 

 P90RSK, MSK, ELK-1, STAT  Inhibit apoptosis 

  PI3K   p70S6K  RPS6, ELF-4  Regulate cell growth 
 PKB(AKT)↓  mTOR signaling (p70S6K, 

RPS6, ELF4, STAT) 
 Regulate cell growth 

 RAF, ERK, p70S6K↓  Inhibit apoptosis 
 p21, p27  Regulate cell cycle and proliferation 
 cyclinD1, p53 
 BAD, FXHR/AFX↓  Induce cell survival 
 p53, NF-KB  Modulate cell death 

 BAD↓  BCL-XL, BCL-2  Inhibit apoptosis 
 NF-KB  IKB, IKK, et al  Inhibit cell differentiation 

  SHP1/2   —  —  Negative regulation of KIT signaling pathway 

  CBL   —  —  Unknown 

  SHC   —  —  Unknown 

  EPHA4   —  —  Unknown 

  Paxillin   —  —  Unknown 

  PDGFRA  
mutation 

  MAPK   JAK1/2, ERK1/2, p38  STAT, P90RSK, MSK, ELK-1, 
PLA2, MNK1, PRAK, Hsp27 

 Inhibit apoptosis; inhibit cell differentiation; induce 
progression through cell cycle 

  AKT  (with 
controversy) 

 mTOR signaling (p70S6K, 
RPS6, ELF4, STAT) 

 —  Regulate cell growth 

 RAF, ERK, p70S6K  —  Modulate cell growth 
 p21, p27  —  Regulate cell cycle and proliferation 
 cyclinD1  —  Modulate cell cycle (indirectly) 
 BAD, FXHR/AFX  —  Induce cell survival 
 p53, NF-KB  —  Modulate cell death (indirectly) 

  STAT   —  —  Induce progression through cell cycle; prevent apoptosis 

  Adapted from Yang et al 51   
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cases. D842V point mutation (missense mutation) in exon 18 
is the most common mutation type. 2  ,  32  ,  66  ,  68  

 Mutation or activation of  PDGFRA  or  KIT  is mutually 
exclusive in untreated GIST. 32  ,  66  Roughly 10% of GISTs do 
not have a mutation in either  KIT  or  PDGFRA . Figure  11.2  
depicts the involved exons and common mutations in  KIT  
and  PDGFRA  1  that have been observed in GISTs. The non-
gastrointestinal GISTs have similar patterns of  KIT  and 
 PDGFRA  mutations but at a lower frequency. 69   

   Molecular and Genetic Aberrations 
Other than KIT or PDGFRA 

 The  KIT  and  PDGFRA  mutations are an early event in GIST 
development and important to its oncogenesis. However, 
these mutations seem to have little critical impact in malig-
nant transformation. 2  ,  70  Additional genetic hits are now 
known to have more signi fi cance in determining the tumor’s 
clinical behavior. Either monosomy 14 or partial loss of 14q 
has been demonstrated in two-thirds of  KIT  or  PDGFRA  
mutant GISTs. 71  ,  72  In these cases, 14q11.1–14q22–24 has 
been identi fi ed to be hot spots for deletions and represent 
likely sites for important tumor-suppressor genes that play a 
role in preventing GIST formation. 73  –  76  Loss of the long arm 

of chromosome 22 is observed in 50% of GISTs and is asso-
ciated with progression to a borderline or malignant lesion. 72  ,  77  
Other abnormalities less frequently observed are losses on 
chromosomes 1p, 9p, 11p, 13q, 17q, and 15q and gains on 
chromosomes 8q and 17q, which have been associated with 
malignant behavior. 71  ,  75  ,  78  ,  79  One of the genes in 9p is  CDKN2A  
( p16 ink4A ), which is inactivated by several mechanisms in 
GISTs. 80  

 According to these  fi ndings, a sequence of oncogenic 
events in GISTs has been suggested as follows:  KIT  or 
 PDGFRA  mutation –>14q deletion-22q deletion –> 1p dele-
tion -8q gain-11p deletion- 9p deletion –> 17q gain. 49  A 
recent study using high-resolution CGH genomic analysis 
has proposed a tumor-progression genetic staging system 
(Genomic Instability Staging/GIS) in GISTs which were 
shown to progress from GIS 1 with deletion of distal 1p, 19, 
and 22q, to GIS 2 with deletion of 14q, then GIS 3 with dele-
tions of proximal 1p and 15q and GIS 4 with loss of chromo-
some 10. 81  

 In addition to  KIT  and  PDGFAR , other genes known to 
have roles in proliferation and maintenance of the ICCs are 
also involved in GIST. ETV1 is a transcription factor 
that belongs to the ETS family. Structural alterations or 
amplification of  ETV1 , located at 7p21.3, have been impli-
cated in EWS, prostate cancer, and melanoma. 82  –  84  Recently, 

  Fig. 11.2    Schematic representation of KIT and platelet-derived growth factor receptor alpha (PDGFRA) molecules and  KIT  and  PDGFRA  muta-
tions in gastrointestinal stromal tumor (GIST), EC-extracellular domain; TM-transmembrane domain; JM-juxtamembrane domain; TK-tyrosine 
kinase domain. Adapted from Miettinen and Lasota1       
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ETV1 has been shown to be selectively expressed in myen-
teric ICCs and intramuscular ICCs of the bowel and to be 
highly expressed in all GISTs. 85  Chi et al showed that ETV1 
was selectively required for development of myenteric and 
intramuscular ICCs which give rise to GIST, and there was 
dual requirement of KIT and ETV1 in normal ICC develop-
ment and GIST survival. 85  However, the oncologic role of 
 ETV1  in GIST is different from other ETV1 driven tumors as 
there are no abnormal aberrations in  ETV1  in GIST. Rather, the 
ETV1 expression in GIST is considered inherited from myen-
teric and intramuscular ICCs, for which ETV1 is also a survival 
factor. ETV1 therefore has been implicated as a lineage-speci fi c 
survival factor for the ICC-GIST lineage and efforts to  fi nd 
ETV1 inhibitors for treating imatinib resistant GISTs are cur-
rently underway. 85  Hox11L1 gene, located on chromosome 2, 
has a role in proliferation of neuronal myenteric Cajal cells. 
Homozygous loss of the  Hox11L1  gene has been found in 10% 
of the GISTs and this is associated with more aggressive behav-
ior. 86  Protein kinase C theta (PKC-theta) is a serine/threonine 
kinase which belongs to the PKC superfamily composed of at 
least 11 related protein kinases. 87  PKC-theta is selectively 
expressed in ICCs and is strongly activated in most of GISTs. 88  –

  92  PKC-theta knockdown KIT+ GIST cell lines showed anti-
proliferative effects similar to that seen after direct KIT 
knockdown. Because of its role in regulating KIT expression 
and proliferation in GISTs, it likely functions as an oncogene in 
GIST and represents a new potential therapeutic target. 

 In addition to genes known to have role in regulating 
ICCs proliferation, a wide variety of proto-oncogenes and 
tumor suppressor genes have been found abnormal in GISTs. 
These include ampli fi cation or mutations of  C - MYC ,  MDM2 , 
 EFGR1 ,  RB1 ,  E2F1 ,  KRAS BRAF , and  CCND1  73  ,  93  –  95  and 
loss/down regulation or mutations of various tumor-suppres-
sor genes such as  p16 ,  p27 ,  p53 ,  RKIP ,  PARP2 ,  APEX1 , 
 NF2 , and  NDRG2.  71  ,  73  ,  96  –  98  Mutations in  BRAF , an oncogene 
frequently mutated in many other tumors such as melanoma 
and papillary thyroid cancer, typically involve exon 15 
(V600E) in 7% of the adult GISTs with wild-type  KIT  and 
 PDGFRA.  94  The  BRAF  mutated,  KIT  wild-type tumors tend 
to locate in small bowel in female patients with high risk of 
malignancy. The abnormal expression of these proto-onco-
genes and tumor suppressor genes has been shown to be 
associated with more aggressive behavior in GISTs.  

    KIT  and  PDGFRA -Targeted Therapy 

 Tumors with  KIT  exon 11 mutations are most frequent in 
low-risk group GISTs and show the highest (80%) imatinib 
response rate. Tumors with Exon 9 have the lower imatinib 
response (<50%) and D816V point mutations in exon 17 are 
also responsible for poor response to imatinib.  PDGFRA  exon 
18 mutation (D842V) is less responsive to imatinib. 32  ,  35  ,  99  

 As the effectiveness of imatinib depends on the speci fi c 
type of  KIT  and  PDGRA  mutations, molecular testing to 
determine the mutation type can predict the therapeutic 
response of GISTs to imatinib treatment and has been used 
clinically to guide targeted therapy. 2   

   Secondary Mutations and Development 
of Imatinib Resistance 

 Tumor progression within the  fi rst 6 months of imatinib 
treatment is referred to as primary resistance. Secondary 
resistance refers to tumor progression after 12–36 months in 
patients who initially show good response or stable disease 
after the treatment. 2  ,  100  Secondary resistance is usually a 
result of secondary mutations in the  KIT  kinase domain and 
rarely  KIT / PDFGRA  genomic ampli fi cation and activation 
of alternative oncogenes. 100  –  102  Secondary mutations and 
overexpression or ampli fi cation of  KIT  or  PDGFRA  are gen-
erally referred as “target resistance” and resistance mecha-
nisms resulting from other newly activated systems are 
generally referred to as “biological resistance” where  KIT  
expression has disappeared and tumors show the morpho-
logical appearance of rhabdomyoblastic differentiation. 100  ,  103  
Secondary resistance mutations have been reported in 
44–83% of GISTs progressing after imatinib therapy. 33  ,  34  ,   36  
In addition to the primary mutations, tumor cells gain second 
novel kinase mutations in the same or different alleles of  KIT  
in exons 13, 14, 17, and 18. These second mutations are non-
randomly distributed and are associated with decreased sen-
sitivity or binding to imatinib as compared to typical primary 
exon 11 mutations. These imatinib-resistant GIST cells 
remain dependent upon KIT kinase activity for activation of 
downstream signaling pathways. The most common second-
ary mutation in patients with primary KIT exon 11 mutant 
GISTs is 1982 T-C (V654A) point mutation in the ATP-
binding pocket in kinase domain I (exon 13), which is novel 
and only seen in imatinib-treated tumors with aggressive 
behavior. 33  ,  38  ,  104  Sunitinib, a second-line tyrosinase kinase 
inhibitor after imatinib failure, has been shown to be effective 
against secondary mutations located in the ATP-binding 
pocket (exons 13 and 14) but not the kinase activation loop 
(exons 17 and 18). 61  ,  105  ,  106  Various other kinase inhibitors have 
also recently been evaluated to treat imatinib resistant GISTs. 107  
As either imatinib-sensitive or imatinib-resistant GIST cells 
were recently shown to require ETV1 for survival, efforts to 
 fi nd ETV1 inhibitors are currently underway to identify novel 
therapeutic agents for imatinib-resistant GIST. 

 Secondary  PDGFRA  mutation is signi fi cantly less fre-
quent than  KIT  mutation and has been reported in exons 14 
and 18 (H687Y and D842Y). 37  ,  101  Although primary  KIT  
and  PDGFRA  mutations are known to be mutually exclusive 
in untreated GISTs, secondary  PDFGRA  mutations have 
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been reported in GISTs with primary  KIT  mutation after 
imatinib treatment. 37  In addition to secondary mutations, 
“Kinase switch” from  KIT  to  AXL  which shows no binding 
to imatinib and ampli fi cation and activation of other  RTKS  
with loss of KIT oncoprotein expression have been also 
implicated in tumors that developed imatinib resistance. 11  ,  100  
 BRAF  V600E mutation, in addition to occur as a primary 
mutation in some of the  KIT  wild type GISTs, was also 
found rarely as secondary mutation responsible for imatinib 
resistance. 94    

   Correlation of  KIT / PDGFRA  Mutation Types 
and Clinicopathological Characteristics 
in Sporadic GISTs (Table  11.2 ) 

 In addition to their major role in GIST oncogenesis and as a 
target for tyrosine kinase inhibitors, various speci fi c 
 KIT / PDFGRA  mutations are also associated with various 
speci fi c clinicopathological features of these tumors.  

   KIT Mutations 

 GISTs with  KIT  mutations frequently show spindle morphol-
ogy and have high levels of KIT expression. Some studies 
have shown that deletion mutations in and around exon 11 
codon 557–558 were adverse prognostic factors compared to 
point mutation in exon 11 25  in gastric GISTs but showed no 
difference in progression-free survival or overall survival 
between patients with KIT exon 11 point mutations and dele-
tions in other GISTs. 35  Tandem repeat mutations in the distal 
part of exon 11 were mainly seen in female gastric GISTs and 
associated with a quite indolent course. 108  Exon 9 mutations 
preferentially occur in small bowel GIST. In addition to a low 
imatinib response, tumors with exon 9 mutations are more 

aggressive than tumors with exon 11. 109  In gastric GIST, 
tumors with exon 13 mutations predict a more aggressive 
course. 62  Additionally, detection of more than one mutation in 
different alleles is associated with more aggressive features. 65   

   PDGFRA mutations 

  PDGFRA  mutations occur preferentially in GISTs located in 
gastric, omental, and peritoneal sites. Tumors with  PDGFRA  
mutations tend to show epithelioid morphology (epithelioid 
GIST). On immunohistochemistry, tumors with  PDFGRA  
mutations have lower or no KIT expression and show higher 
PDFGRA expression. Clinically, tumors with  PDGFRA  
mutation have lower malignant behavior with more favor-
able clinical course. Tumors with a D842Vmutation in exon 
18 are resistant to imatinib and sunitinib. 32  ,  35  ,  99   

   Gene Expression Pro fi les 

 The status of  KIT / PDGFRA  mutations is known to affect the 
global gene expression pro fi les in GISTs, which is different 
from those of other mesenchymal tumors. 110  Microarray 
global gene expression analyses have shown that the gene 
expression pro fi les of  KIT -mutated GISTs are homogeneous 
and tightly clustered with  KIT  as the prominent or highest 
ranked discriminator. Closely included in the GIST-associated 
expression cluster were the gene for protein kinase C theta 
(PKCTeta) and members of the superfamily of adenosine 
triphosphate-binding cassette transporters (ABCB1 and 
ABCC3), bcl-2, Sprouty 1, Sprouty 4, and G-coupled recep-
tor (GPR20). Gene pro fi ling has also been shown to be able 
to distinguish site and the grade of GISTs. 111  

  FLJ10261 , a gene highly expressed in GIST and encoding 
a novel protein with unknown function, was identi fi ed through 

  Table 11.2     KIT  and  PDGFR  mutations and their signi fi cance in gastrointestinal stromal tumors   

 Gene  Speci fi c aberrations  Potential clinical signi fi cance  Imatinib response 

  KIT   Exon 11 deletions  Independent adverse prognostic factor in patients with 
GISTs (preimatinib) 

 >80% 

 Exon 11 mutations  Independent predictors for disease-free survival, mixed 
histologic pattern; more frequent liver metastasis; poor 
prognosis for gastric GISTs (preimatinib) 

 Exon 11 duplication  Gastric GISTs 
 Exon 9 mutations  Small intestinal GISTs  <50% 
 Exon 13  More aggressive clinical course  Response in vitro, clinical response observed 
 Exon 17  Response in vitro, clinical response observed 
 LOH  Possible role in liver metastasis 

  PDGFR   Exon 18 (D842V)  Imatinib resistance 

  Wild type   Poor 
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gene expression analyses in GIST. It was subsequently named 
as TMEM16A or DOG-1 (discovered on GIST 1). 112  
Immunohistochemical detection of DOG1 has been used as a 
very sensitive and speci fi c diagnostic marker for GIST. 113    

   GIST Tumor Syndromes 

 It has been estimated that less than 5% of GIST are associ-
ated with 1 of 3 tumor syndromes: neuro fi bromatosis type 1, 
Carney Triad/Carney-Stratakis dyad, and familial GIST syn-
drome, in order of decreasing frequency 1 . 

   Hereditary GIST Tumor syndromes 

 Familial GISTs due to heritable mutations in  KIT  and 
 PDGFRA  are very rare. Several kindreds have been reported 
to have heritable germline mutations in exon 11 (W557R, 
delv559, or V559A), rarely exon 13 (K642E) and exon 17 
(D820Y). 114  –  116  Affected individuals had multiple GISTs usu-
ally in adulthood. In addition, patients with exon 11 muta-
tions were also reported to show skin pigmentation, urticaria 
pigmentosa and mastocytosis, suggesting that the same 
mutations might also affect melanogenesis and mast cell 
 proliferation. 114  ,  117  Familial GISTs are likely low malignant 
risk tumors as < 20% of the patients with familial GIST die 
of the disease. 118  

 A study showed that 6% of duodenal GIST patients had 
neuro fi bromatosis 119  and another study showed that 7% of 
NF1 patients had GISTs. 120  In these cases, GISTs are usually 
multiple in small bowel and occur in early adulthood. No 
 KIT or PDGFRA  mutations are identi fi ed in the majority of 
patients, with only rare exceptions. 121  ,  122  The disease seems 
to involve a pathogenesis different from that of sporadic 
GISTs and tumors are usually of low risk for malignancy. 123  

 Malignant GIST–paraganglioma syndrome (Carney–
Stratakis dyad) is composed of multiple paragangliomas and 
gastric GISTs. The disease usually develops in young adults 
and affects males and females equally. 124  The disease is auto-
somal dominant with germline mutations found in three 
genes called  SDHB ,  SDHC , and  SDHD . No  KIT  or  PDGFRA  
mutations are identi fi ed in the associated GIST tumors.  

   Nonhereditary GIST syndrome 

 Carney Triad (GIST–pulmonary chondroma–paraganglioma 
syndrome) is very rare and accounts for <1% of all GIST 
cases. It does not have  KIT ,  PDGFRA , or  SDH  mutations and 
its genetic basis is not known currently. Likely it is sporadic 
rather than familial. It usually presents as multiple GISTs 

with frequent lymph node metastasis in younger age. 
Different from the hereditary Carney–Stratakis dyad, Carney 
triad affects younger age females more frequently 
(male:female=1:6). 125  ,  126  The behavior of GISTs in Carney 
Triad is not predictable by usual GIST risk factors and these 
GISTs neither respond to chemotherapy and radiation nor 
have consistent response to imatinib. 125  ,  126   

   Pediatric GISTs 

 Approximately 1–2% of GISTs occur in pediatric patients. 
Pediatric GISTs have a marked female predominance with 
stomach as the preferential location and frequently show 
lymph node metastasis. Pediatric GISTs are nearly all wild 
type for either  KIT  or  PDGFRA  suggesting a different onco-
genic event in these tumors. The possibility of Carney triad 
should be considered in these patients. In general, pediatric 
GISTs are resistant to imatinib but respond to sunitinib. 127  ,  128    

   Immunohistochemical Detection of KIT 
Expression in GIST 

 Overall 95% of the GISTs exhibit KIT immunostaining. The 
majority of  KIT -mutated GISTs have detectable KIT expres-
sion by immunohistochemical methods on paraf fi n sections 
(Fig.  11.1 ), but  PDGFRA -mutated GISTs tend to be KIT 
negative. 1  ,  2  ,  12  Immunohistochemical detection of KIT 
expression has been used routinely in the histologic diagnosis 
of GIST. 1  ,  2  ,  12  ,  14  The extent and patterns of KIT immunoreac-
tivity generally do not correlate with the type of  KIT  muta-
tions and the likelihood of response to imatinib. 2  As GISTs 
with negative or poor KIT immunoreactivity are more likely 
 KIT  wild type, KIT immunostaining on routine surgical 
pathology specimen has also been used to guide kinase 
inhibitor therapy clinically when molecular tests are not 
available. Treatment responses have been associated with 
alterations in immunohistochemical staining patterns; KIT 
positive GISTs may lose KIT immunoreactivity after ima-
tinib treatment and become imatinib resistant. 100  ,  103  

 However, a negative KIT immunostaining does not 
exclude a GIST diagnosis or indicate imatinib resistance as 
some immunohistochemically KIT negative GISTs would 
still have mutations in either  KIT  or the  PDGFRA  gene. 
Molecular screening for  KIT  and  PDGFRA  mutations should 
be used when available to determine tumor response to ima-
tinib therapy. In addition to KIT, immunodetection of DOG1 
has been recently used to diagnose GIST in routine clinical 
practice. 113  Immunodetection of other markers such as PKC-
theta and ETV1 has also been shown to have potential value 
in diagnosing KIT negative GISTs. 85  ,  88       
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         Introduction    

 Neuroendocrine tumors of the digestive tract share many 
pathologic and molecular features as well as management 
approaches. This chapter will focus on neuroendocrine 
tumors of the pancreas. 

 Neuroendocrine tumors (NETs) of the pancreas, although 
previously thought to be relatively rare, are becoming 
increasingly recognized in clinical practice and continue to 
pose a signi fi cant challenge to both clinicians and patholo-
gists. The diagnosis is facilitated when there is a high index 
of suspicion based on clinical symptoms, and con fi rmation 
can be made by biopsy or cytological sampling and patho-
logical diagnosis. The utility of biochemical testing is a use-
ful adjunct not only for the diagnosis but also for the 
prognosis and therapeutic follow-up. Over the past decade, 
there has been signi fi cant progress made in the identi fi cation 
of the biology and treatment of NETs. In this chapter, we will 
review the epidemiology, pathology, and clinical syndromes 
for the pancreatic neuroendocrine tumors, formerly referred 
to as pancreatic or islet cell tumors. The latter part of this 
chapter will focus on the more recent advances in localiza-
tion modalities and treatment options, especially given the 
newly FDA-approved chemotherapy for their treatment. 

   Nomenclature of NETs 

 As a group, NETs arising in digestive organs can be bro-
ken down into two general groups: pancreatic and gastroin-
testinal neuroendocrine tumors, depending on the site of 
origin. Pancreatic NETs can be generally divided into two 

major groups: functional and nonfunctional. Each occurs in 
relatively equal frequency; however, the former tumors may 
come to clinical attention sooner and therefore may be 
detected earlier in the course of the disease. Nonfunctional 
NETs generally are diagnosed incidentally during abdominal 
imaging studies unrelated to a clinical syndrome. This dis-
tinction is based on the release of biologically active peptides 
and/or biogenic amines that result in the characteristic syn-
dromes, which will be described in more detail later in this 
chapter. The functional pancreatic NETs include gastrino-
mas, insulinomas, glucagonomas, VIPomas, PPomas, soma-
tostatinomas, and some which cannot be characterized 
biochemically and were previously thought to represent non-
secreting NETs. The latter probably release peptides or bio-
genic amines which have not been characterized as of yet 
using either ELISA or RIA and are therefore referred to as 
nonfunctional NETs. Functional and nonfunctional NETs 
secrete chromogranins (CGA), neuron-speci fi c enolase 
(NSE), and ghrelin in varying amounts, which can be mea-
sured biochemically. In patients with gastrinoma (see 
Zollinger Ellison Syndrome), the tumors have been shown to 
arise in distant sites such as lung, heart, and ovary; however, 
the majority arise within the duodenum or pancreas. The sec-
ond general group of NETs arises in the foregut, midgut, and 
hindgut. The foregut NETs (previously designated as carci-
noids) include bronchial carcinoids and the larger group of 
gastric carcinoids. The midgut carcinoids include tumors 
arising from the small bowel or right side of the colon. The 
hindgut carcinoids arise from the distal large bowel and rec-
tum (Fig.  12.1 ). In general, NETs exhibit biologic and patho-
logic heterogeneity and there has been previously confusion 
with regard to their diagnosis. More recently, the use of the 
term “neuroendocrine tumor” has supplanted the terms pre-
viously used such as carcinoids or carcinoid tumor. In 
approximately a third of patients with NETs, the recent 
identi fi cation of a mutation on the MENIN gene locus 11q13 
(occurring in MEN I Syndrome) should be recognized since 
the natural history of the disease may be different than in 
patients without this gene mutation (sporadic NETs).  
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 Previously in the literature, there has been confusion 
regarding the de fi nition of NETs owing in part to their local-
ization (i.e., endocrine vs. islet cell vs. neuroendocrine) and 
differentiation (i.e., carcinoids vs. neuroendocrine). The term 
neuroendocrine has gained popularity in the  fi eld because it 
more accurately re fl ects that these tumor cells possess both 
neural and endocrine features. The World Health Organization 
(WHO) classi fi cation of tumors now uses the term neuroen-
docrine. Another area of confusion is whether NETs should 
be referred to as “tumors” or “neoplasms” with the former 
now in common use, although these terms should be consid-
ered synonymous given the natural history of these tumors.   

   Epidemiology 

 The annual incidence of NETs has increased to approxi-
mately 40–50 cases per million. 1  It is assumed that this 
increase in incidence is related to increased recognition 
within the clinical community and the increased use of diag-
nostic imaging studies in the population. However, NETs are 
relatively rare and account for less than 2% of gastrointesti-
nal tumors. 1  Insulinomas are the most prevalent of the pan-
creatic NETs (pNETs) and account for about 90% of the 
cases with the majority being benign. 2  In contrast, gastrino-
mas accounting for the Zollinger Ellison Syndrome are the 
next most commonly diagnosed pNETs with the vast major-
ity being malignant (~65%). The calculated annual incidence 
of pNETs is less than one per 100,000 population. 3  The 
majority of pNETs occur in middle age with an age range 
from 14 to 78 years old (mean 48 years) and a median age of 
60 years. The majority of pNETs are present for many years 
prior to diagnosis, especially in patients with the MEN I 
Syndrome. In an autopsy series, the incidence was 0.11% 
with the majority being insulinomas (62%) and the remain-
ing being gastrinomas (6%) and glucagonomas (4%).  

   Pathology 

 Neuroendocrine tumors (NET) are a heterogeneous group 
of tumors characterized by combinations of argentaf fi n 
cells possessing granules that stain positive for chromogra-
nins, synaptophysins, neuron-speci fi c enolase, or neuro-
tensin. 1  ,  4  Under light microscopy, these tumors range from 
well to poorly differentiated. Well-differentiated NETs 
consist of tumor cells that may be arranged in acinar or 
lobular patterns and separated by a  fi brovascular stroma. 
The well-differentiated tumors give the appearance of an 
“organoid” arrangement with a distinct trabecular pattern 
(Fig.  12.2 ). In tumors that are less well differentiated, 
sheets of cells can be identi fi ed that are separated by septa-
tions, which demonstrate a  fi brous component (Fig.  12.2 ). 
By electron microscopy, the cells contain electron dense 
granules that contain either biologically active amines or 
peptides. 1  In addition, these granules contain chromogra-
nins (A and C), neuron-speci fi c enolase, and synaptophysins 
in varying concentrations. Although neuroendocrine tumors 
can arise throughout the body, they all share common his-
topathological features and pathological grading. The most 
recent NET classi fi cation is based on the localization of the 
tumor, the degree of differentiation, and using markers for 
differentiation. Tumors are characterized as being well dif-
ferentiated or poorly differentiated and markers include the 
use of Ki-67. The tumor differentiation refers to the resem-
blance of the tumor to normal cellular architecture. It should 
be noted here that poorly differentiated NETs (High Grade 
NETS, G3 category) behave clinically like small cell or 
large cell neuroendocrine carcinomas and are thus clini-
cally more aggressive. These poorly differentiated or ana-
plastic tumors have a more diffuse architecture with 
irregularly arranged nuclei, possess less secretory granules, 
and may not stain by immunohistochemistry with 

  Fig. 12.1    Classi fi cation of 
NETs. On the  left panel , 
pancreatic NETs are classi fi ed 
whereas the gastrointestinal 
neuroendocrine tumor family is 
shown in the  right panel        
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 neuroendocrine markers. Thus, a sharp  difference with 
regard to biological behavior can be made between the 
well-differentiated (G1), intermediately differentiated (G2), 
and poorly differentiated (G3/neuroendocrine carcinoma) 
NETs. Tumor stage is used to determine the degree of bio-
logical aggressiveness and can be determined by the tumor 
size, the extent by which the NET invades tissue planes, 
organs, or lymph nodes. A number of pathological 
classi fi cation systems have been developed such as the 
World Health Organization (WHO) to be able to better cat-
egorize NETs and perhaps predict the biological aggression 
of these tumors. The most recent nomenclature has been 
developed by the North American Neuroendocrine Tumor 
Society and a Consensus Guideline is summarized in 
Table  12.1  (4). As demonstrated in Table  12.1 , the various 
nomenclatures used are described, which includes both the 

speci fi c tumor grade and grading system, which are necessary 
to properly characterize the tumor.   

 More recently, the description of the proliferative rate has 
proven to be important for both diagnosis and therapy and thus 
should be used to classify the tumor. The decision to undergo 
surgical resection, chemotherapy, or more conservative 
approaches to therapy will be based in part on an understanding 
of the tumor’s proliferative rate. The proliferative rate can be 
determined by evaluating the number of mitoses per high-
power  fi eld (scored in 10 high-power  fi elds) or based on the 
staining pattern using Ki-67, or both (Table  12.2 ). The European 
Neuroendocrine Tumor Society (ENETS) system utilizing 
Ki-67 had been widely in use in Europe and is now becoming 
increasingly utilized in the USA whenever there is suf fi cient 
tissue to permit staining. A combination of utilizing Ki-67 and 
mitotic index probably has the most clinical utility.  

  Fig. 12.2    Histopathology of NETs. A duodenal gastrinoma is shown 
in the  upper panel  under low magni fi cation and at higher magni fi cation 
in the  left bottom panel  (H&E stain);  middle panels  in the  bottom : 

immunohistochemistry for Ki67; chromogranin A staining in the 
 bottom right . A typical EM is shown in the  upper right        

   Table 12.1    Comparison of nomenclature for Gastroentero-Pancreatic Neuroendocrine Tumors 4  GEP-NETs/ENETS   

 Grade  GEP-NETs/ENETS  GEP-NETs/WHO  Pancreatic NET 

 Low  NET Grade 1 (G1)  Neuroendocrine neoplasm, grade 1  Well-differentiated pancreatic endocrine neoplasm, low grade 
 Intermediate  NET, grade 2 (G2)  Neuroendocrine neoplasm, grade 2  Well-differentiated pancreatic endocrine neoplasm, 

intermediate grade 
 High  Neuroendocrine carcinoma 

grade 3, (G3) either small 
cell or large cell variant 

 Neuroendocrine carcinoma grade 3, 
small cell carcinoma or large cell 
carcinoma 

 Poorly differentiated pancreatic endocrine carcinoma, 
either small cell or large cell variant 
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 Since the majority of NETs secrete either one or a com-
bination of neuroamines, neuropeptides, or other biologi-
cally active peptides, immunohistochemical analysis is also 
important for pathological con fi rmation. Although the 
NETs demonstrate varying degrees of staining of chro-
mogranin A, neuron-speci fi c enolase, synaptophysin, pep-
tide, or biogenic amine, the biological behavior of the 
tumors may be similar. Thus, the degree of immunohis-
tochemical staining does not provide an insight as to the 
biological course of disease. In addition, neuroendocrine 
tumors of the pancreas behave similarly with respect to 
their localization, capability for metastases, and histopatho-
logical characteristics. In one series, immunohistochemical 
stains showed evidence of multi-hormone production in 
18% of cases with all tumors having staining for at least 
one of the six markers that included neuron-speci fi c eno-
lase (NSE), chromogranin (CG), synaptophysin (SYN), 
insulin (INS), glucagon (GLU), or somatostatin (SOM). 
Three markers, chromogranin, neuron-speci fi c enolase, and 
synaptophysin led to the  detection of 92% of the tumors. 1  It 
should be noted that many other tumors might also stain 
positive with these immunohistochemical stains, including 
colorectal adenomas and adenocarcinomas with areas of 
neuroendocrine differentiation, which may be predictive of 
more aggressive biology. 5  For example, adenocarcinomas 
of the colon and rectum may stain positive using chromogr-
anin staining, suggesting a greater likelihood for malignant 
potential. 6  ,  7  The majority of pancreatic islet cell tumors 
stain positive for multiple peptide hormones and the stain-
ing patterns are not necessarily predictive of the serum 
expression of these hormones. 8  It is also possible that some 
NETs may express granules and secrete the more recently 
identi fi ed neuropeptide, pituitary adenylate cyclase-activat-
ing polypeptide (PACAP), a close peptide related to vaso-
active intestinal polypeptide (VIP) and glucagon or ghrelin, 
a peptide that stimulates appetite. 9  

 In general, the biochemical levels of a particular peptide 
hormone have limited predictive value for assessing the 
malignant potential of pancreatic neuroendocrine tumors but 
may be useful for evaluating tumor recurrence in a patient 
either postoperatively or during chemotherapy. Similarly, the 
size or extent of a neuroendocrine tumor does not correlate 
with the level of peptide hormone production or the severity 

of the clinical syndrome. The best characterized of the 
 neuroendocrine tumors are gastrinomas. The level of serum 
gastrin has not been shown to correlate with the degree of 
gastric acid hypersecretion. More recently, there is increas-
ing recognition that plasma ghrelin levels are elevated in 
patients with neuroendocrine tumors. Plasma ghrelin levels 
may correlate with metastatic potential of NETs. 9   

   Staging 

 Although the size of neuroendocrine tumors bears little rela-
tion to the levels of a particular hormone secreted into the 
circulation, their size may have important implications into 
their risk for metastatic spread. More recently, a TNM stag-
ing for NETs has been established by The American Joint 
Committee on Cancer (Table  12.3 ). Previously, NETs were 
characterized as having either localized, regional, or meta-
static spread based on the presence of local invasion, lymph 
node involvement, or hepatic involvement, respectively. The 
distribution of NETs may be a result of embryological devel-
opment from either the ventral (cluster 1) or dorsal (cluster 
2) pancreatic buds with the ventral tumors (gastrinomas, 
pancreatic polypeptide (PP)-secreting tumors, and soma-
tostatinomas) occurred in 75% of cases to the right of the 
superior mesenteric artery and dorsal tumors (insulinoma 
and glucagonoma) occurring in 75% of cases to the left of 
the superior mesenteric artery. 10  A special case can be made 
for the association of pancreatic neuroendocrine tumors aris-
ing in the setting of multiple endocrine neoplasia type 1 
(MEN I) given the multipotentiality of the tumors arising at 
multiple sites.   

   Natural History and Clinical Presentation 

   Glucagonomas “Sweet’s Syndrome” (Alpha Cell 
Tumors) 

 Glucagonomas are tumors involving functioning pancreatic 
alpha cells of the pancreas that result in the “Sweet Syndrome.” 
Tumors of the alpha cells are rare and are characterized by a 
very distinctive rash, weight loss, stomatitis, glossitis, mild 
diabetes, hypoaminoacidemia, a normochromic, normocytic 
anemia, and a susceptibility to deep vein thrombosis and neu-
ropsychiatric disturbances. Glucagonomas are more common 
in women than in men with a peak incidence in patients from 
50 to 60 years of age. These tumors are usually larger than 
5 cm in diameter, with the majority being malignant at the 
time of diagnosis. Although earlier reports suggested that 
these tumors were more commonly located in the body and 
tail of the pancreas, more recent reports indicate that location 
in the head of the pancreas was not uncommon. 10  ,  11  

   Table 12.2    Grading system for neuroendocrine tumors based on the 
ENETS, WHO Classi fi cation 4    

 Grade of tumor  ENETS/WHO 

 Low (Grade 1)  <2 mitoses/10 HPF and Ki67 index <3% 
 Intermediate (Grade 2)  2–10 mitoses/10 HPF or Ki67 index 3–20% 
 High (Grade 3)  >10 mitosis/10 HPF or Ki67 >10% 

  Grade 3 neuroendocrine tumors are diagnosed as neuroendocrine carci-
nomas (small or large cell type)  
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 The characteristic skin rash in glucagonoma patients is 
the necrolytic migratory erythema,  fi rst described by 
Wilkinson. 12  The cardinal features of the rash are erosions 
and crusting, which tend to be seen in a truncal distribution 
affecting the buttocks, groin, central parts of the face, and 
distal aspects of the lower extremities. Fungal and bacterial 
superinfections as well as sparse scalp hair and thin, friable 
nails are also commonly noted. The factors associated with 
the development of this skin rash have not been determined, 
although it may be associated with the development of 
hypoaminoaciduria and elevated utilization of amino acids 
used for gluconeogenesis secondary to hypergluconemia. 13  
Zinc treatment may improve the hypoaminoacidemia and 
rash. 14  –  18  The response to both local and oral zinc supplemen-
tation as well as omega-3-essential fatty acids suggests that 
zinc de fi ciency is important in the pathogenesis of the rash in 
patients with glucagonomas. 19  Treatment with the somatosta-
tin analogue octreotide (400  m g/day) may also be a useful 
adjunct to therapy. 20  

 This hyperglucagonemia is directly responsible for the 
mild diabetes through its stimulation of hepatic glucose pro-
duction via enhanced glycogenolysis and gluconeogenesis; 
however, frank diabetes occurs in only a subset of patients 
and likely is related to the size of tumor. It is not uncommon 
for patients to be normoglycemic despite elevated plasma 
glucagon. 14  ,  21  –  24  Pre-proglucagon has been identi fi ed as 
enteroglucagon, which may be produced in the cells in the 
intestine and is a putative growth factor for gut mucosa by 

acting at the GLP-2 receptor and may account for mucosal 
thickening and villous hypertrophy throughout the small 
intestine in patients with glucagonoma. 25  –  28  The weight loss 
associated with this syndrome may result from the direct 
actions of glucagon on catabolism and improvement has 
been reported with the use of octreotide. 29  

 The diagnosis of glucagonoma should be considered in a 
patient presenting with the classic “4 D’s”: Dermatitis; DVT; 
Depression; and Diarrhea. Frequently, the diagnosis is  fi rst 
suspected by a dermatologist. 30  ,  31  A de fi nitive diagnosis is 
made by  fi nding a high plasma glucagon concentration in the 
absence of any other cause, such as renal failure with plasma 
levels generally >500 pg/mL (normal glucagon levels being 
<50 pg/mL). A plasma level of glucagon greater than 
1,000 pg/ml is virtually pathognomonic for the diagnosis of 
glucagonoma. There are no speci fi c provocative studies to 
con fi rm an elevated glucagon level but there may be other 
peptides, which may be elevated such as gastrin, ACTH, 
pancreatic polypeptide, or PTH.  

   Insulinomas or Beta Cell Tumors 

 Insulinomas are tumors involving functioning pancreatic beta 
cells of the pancreas. 1  Insulinomas are generally benign tumors 
of the pancreas that secrete excessive amounts of insulin and 
clinically manifest with hypoglycemia as the predominant 
symptoms. 32  Insulinomas more commonly occur in women 

   Table 12.3    The American Joint Committee on Cancer (AJCC) and European Neuroendocrine Tumors Society (ENETS) staging classi fi cations 
for pancreatic neuroendocrine tumors with cross-tabulation of stage distributions (Strosberg JR, et al. JCO 2011;29:3044–3049)   

 AJCC staging classi fi cation  ENETS staging classi fi cation 

 T1  Tumor limited to the pancreas, <2 cm  T1  Tumor limited to the pancreas, <2 cm 
 T2  Tumor limited to the pancreas, >2 cm  T2  Tumor limited to the pancreas, 2–4 cm 
 T3  Tumor extends beyond the pancreas, but 

not involving the celiac axis or SMA 
 T3  Tumor limited to the pancreas, > 4 cm, or invading 

duodenum or CBD 
 T4  Tumor involves the celiac axis or SMA  T4  Tumor invades adjacent structures 
 N0  No regional LN metastasis  N0  No regional LN metastasis 
 N1  Regional LN metastasis  N1  Regional LN metastasis 
 M0  No distant metastasis  M0  No distant metastasis 
 M1  Distant metastasis  M1  Distant metastasis 
 Stage  T  N  M  Stage  T  N  M 
 IA  T1  N0  M0  I  T1  N0  M0 
 IB  T2  N0  M0  IIA  T2  N0  M0 
 IIA  T3  N0  M0  IIB  T3  N0  M0 
 IIB  T1-3  N1  M0  IIIA  T4  N0  M0 
 III  T4  N0-1  M0  IIIB  Any T  N1  M0 
 IV  Any T  Any N  M1  IV  Any T  Any N  M1 

 ENETS I  ENETS II  ENETS III  ENETS IV 
 AJCC I  25  59  0  0 
 AJCC II  0  4  37  0 
 AJCC III  0  0  18  0 
 AJCC IV  0  0  0  282 
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than in men and are usually diagnosed in patients in the fourth 
and  fi fth decades but may also occur in children. 33  –  39  The 
majority of patients with insulinomas have single benign ade-
nomas with only 10% having malignant features, and about 
10% occurring multifocal as benign tumors that are frequently 
associated with the MEN I Syndrome. Insulinomas differ from 
the other NETs in that they are more typically small, usually 
less than 2 cm in diameter, and are located with equal fre-
quency in the head, body, and tail of the pancreas. A diagnosis 
of insulinomas should be considered in patients presenting 
with symptoms of hypoglycemia such as tachycardia, diapho-
resis, and syncope occurring during fasting conditions. Chronic 
hyperinsulinemia and hypoglycemia lead to excessive caloric 
intake and lipogenesis leading to weight gain as noted in ani-
mal models. 40  –  44  

 The diagnosis of insulinoma is generally made in the pres-
ence of high serum insulin levels for the resulting glucose 
concentration occurring during fasting conditions with the 
majority of patients developing symptomatic hypoglycemia 
within 72 h. Although glucose concentrations may drop as 
low as 30–35 mg/dl in the normal patient after a 72-h fast, 
insulin levels decrease in the normal state, whereas in insuli-
noma patients, the serum insulin levels remain elevated. 45  
There are several ways to relate glucose and insulin concen-
trations during fasting 46  such as the simple insulin ((U/ml)-to-
glucose (mg/dl)) ratio 47  and in normal state this will remain 
below 0.3 as fasting continues, whereas in patients with inap-
propriate insulin secretion, the ratio will almost always rise 
above 0.3. 48  Hypoglycemia associated with symptoms occurs 
within 24 h of the start of the fast in two-thirds of the patients 
with insulinomas and within 48 h in 95% with the remaining 
5% of patients requiring the full 3 days of fasting. An elevated 
or high insulin concentration is not essential to make the diag-
nosis of insulinoma; the diagnosis can oftentimes only be 
made in the fasting state. For example, a value of 25–40 (U/
ml) at a time when glucose concentration has fallen to less 
than 40 mg/dl would be considered positive. During this pro-
vocative test, should the patient develop symptoms of hypo-
glycemia or if the serum glucose drops below 40 mg/dL the 
test should be terminated. 

 The measurement of proinsulin and C peptide is also help-
ful in diagnosing insulinomas. Because the beta islet cells 
synthesize proinsulin, the percentage of proinsulin in the fast-
ing plasma is less than 20% of the total immunoreactive insu-
lin, whereas this is increased to 25–75% among patients with 
an insulinoma. 49  –  51  Aggressive insulinomas are more often 
associated with the highest levels of proinsulin, which may 
help to distinguish benign from malignant insulinomas. 50  
Malignant insulinomas have metastatic potential and result in 
profound hypoglycemia, and the treatment strategies may 
include using diazoxide, octreotide, debulking surgery, and 
peripheral hyperalimentation to maintain stable glucose lev-
els. Insulin and the C-peptide are secreted in similar amounts 

and patients with insulinoma have increased amounts of 
circulating proinsulin and either a normal or elevated level of 
C-peptide. 52  The major advantage of measuring C-peptide is 
the ability to distinguish endogenous insulin levels from 
exogenous insulin that may confound the diagnosis in cases 
of factitious hypoglycemia and given the small size of these 
tumors making surgical identi fi cation dif fi cult. 53  –  58   

   Delta Cell Tumors (Gastrinoma and Zollinger 
Ellison Syndrome) 

 Gastrinoma is the second most common pancreatic NET and 
the resulting Zollinger Ellison syndrome (ZES) is character-
ized by hypergastrinemia resulting in gastric acid hyperse-
cretion. 59  ,  60  In 1955, Zollinger and Ellison published their 
landmark article that characterized the gastrinoma syndrome 
and presented a hypothesis for the pancreatic endocrine ori-
gin of the gastric hypersecretion and ulcer disease. 1  
Classically, duodenal post-bulbar ulcers result in gastrointes-
tinal hemorrhage in patients with this syndrome, although 
the majority of patients present with symptoms of epigastric 
abdominal pain, diarrhea, or gastroesophageal re fl ux dis-
ease. 61  Gastrinomas are estimated to occur in 0.1–3 per mil-
lion in the USA, but the actual numbers may be underreported 
because of the more prevalent use of potent gastric acid 
inhibitors. 62  Gastrinoma tumors occur with nearly equal fre-
quency in both the duodenum and pancreas and are both 
equally malignant. 63  The duodenal gastrinomas are smaller 
and more dif fi cult to localize than the tumors occurring in 
the pancreas requiring the use of operative endoscopic tran-
sillumination of the bowel wall for their localization. 63  
Gastrinomas are associated with MEN I in approximately 
one-third of patients and about one-third of patients with 
MEN I syndrome will develop gastrinomas. 59  ,  64  ,  65  A family 
history of endocrinopathy and the presence of other tumors 
that are characteristic of MEN I, especially parathyroid and 
pituitary tumors, characterize the co-occurrence of ZES with 
the MEN I syndrome. Patients with sporadic gastrinomas 
usually have solitary tumors that are larger, whereas in 
patients with MEN I, the tumors can be multifocal and are 
typically smaller. 63  ,  66  ,  67  

 Endoscopic examination of the stomach in patients with 
ZES demonstrates large gastric folds (Fig.  12.3  left panel). 
Microscopic examination of the gastric mucosa typically 
shows hypertrophic mucosa with parietal cell hyperplasia 
and ECL cell hyperplasia as a result of the trophic effects of 
hypergastrinemia (Fig.  12.3 ). The diagnosis of ZES is 
suspected in patients with severe gastroduodenal ulcer 
symptoms; however, diarrhea and abdominal pain occur due 
to the large volume of gastric juice that enters the duodenum, 
inactivating pancreatic lipase. The normal duodenal bicar-
bonate secretion is unable to neutralize this acid load resulting 
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in damage to the small bowel mucosa resulting in a    malab-
sorption syndrome. Endoscopic examination of the duodenal 
bulb may demonstrate heterotropic, hypertrophic gastric 
mucosa. 68  The diagnosis of ZES is suggested when the fast-
ing serum gastrin is greater than 100 pg/ml in the absence of 
achlorhydria (Fig.  12.4 ). Patients with gastrinoma usually 
have levels exceeding 500 pg/ml, and a level >1,000 pg/ml is 
diagnostic of ZES in the absence of other causes of hypergas-
trinemia, such as renal insuf fi ciency, atrophic gastritis, gastric 
outlet obstruction, and retained antrum syndrome, or in the 
presence of high dose PPI therapy. In patients taking proton 
pump inhibitors, elevations in serum gastrin are common and 
occur in the setting of reduced acid secretion; however, their 
serum gastrin is generally <200 pg/ml. In addition, lipemic 
serum can also falsely elevate the gastrin levels. 69  Renal 
insuf fi ciency can also result in an elevated serum gastrin from 
a reduction in the renal clearance of gastrin. 70  Intravenous 
administration of gastrin in humans 71  and rodents 72  is associ-
ated with an increase in renal excretion of sodium that is medi-
ated, at least in part, by the gastrin receptor, CCKB (CCK2), 
that has been cloned in both species. 72  ,  73    

 In order to make a diagnosis with certainty, provocative 
testing with secretin can be used. 74  ,  75  Gastrinoma tumors typi-
cally express receptors for secretin, and following secretin 
binding to the secretin receptor, there is activation of intracel-
lular cAMP resulting in the release of gastrin. This is espe-
cially useful when the serum gastrin levels are borderline or if 
the clinical syndrome is not con fi rmed by gastric acid hyper-
secretion. 76  The secretin test is performed by the bolus admin-
istration of intravenous secretin (2 units/kg) and measuring 
plasma gastrin at baseline and several minutes following 
secretin administration. An increase in the gastrin level of 
>200 pg/ml within 15 min is diagnostic of gastrinoma in 
87–93% of patients with ZES. 75  Alternatively, because gastri-
noma tumors express the calcium sensing receptor (CaSR) 
intravenous Ca 2+  provocative testing can be performed but is 
less sensitive and more prone to adverse events. 76  

 Once the diagnosis of ZES is made, the inhibition of gas-
tric acid secretion is the important clinical goal in patient 
management in order to prevent the development of peptic 
ulcerations, control the associated diarrhea, and prevent gas-
trointestinal hemorrhage. 77  Gastric analysis is therefore use-
ful both in the diagnosis of ZES (Fig.  12.4 ) and also in the 
clinical management of gastric acid secretion. Gastric analy-
sis is performed by measuring the volume and titratable acid-
ity of gastric juice collected by either nasogastric tube or 
endoscopic measurement. 78  In ZES, the basal acid output 
(BAO) is >10 mEq/h. The maximal acid output (MAO), a 
direct measure of parietal cell mass, can be determined by 
the measurement of gastric acid secretion following admin-
istration of pentagastrin subcutaneously. 77  –  81  Following cura-
tive gastrinoma resection, the BAO may continue to be 
elevated due to the long-term effects of hypergastrinemia. 81  
Another effect of the long-term effects of hypergastrinemia 
occurs in the gastric mucosa resulting in ECL cell hyperpla-
sia and the development of Type I gastric carcinoids espe-
cially if there is coexistent MEN I Syndrome (see chapter on 
gastric carcinoids). 

 The pharmacologic control of gastric acid hypersecretion 
is readily accomplished with the use of potent proton pump 
inhibitors. 62  ,  82  –  94  The goal of antisecretory therapy should be 
to control gastric acid secretion to <5 mEq/h. Acid secretion 
can be controlled acutely in patients unable to take oral 
medications with intravenous PPIs such as pantoprazole 
(Fig.  12.5 ) at a dose of 80 mg BID or TID. 95  ,  96  PPIs have 
proved over the past 2 decades to be safe and ef fi cacious 
with little to no change in the gastric ECL cell hyperplasia 
and without the development of gastric carcinoids in 
humans. 97  –  102  Once the gastric acid hypersecretion is con-
trolled, the next objective is to determine whether the gastri-
noma tumor is localized or metastatic (Fig.  12.6 ). The 
localization of NETs has improved with radiological imag-
ing studies. If the disease is localized and not metastatic, 
surgical resection may be curative in over 60% of patients 

  Fig. 12.3    Prominent gastric folds associated with hypertrophic mucosa and hyperplastic parietal cells in a typical patient with Zollinger Ellison 
Syndrome       
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with sporadic gastrinomas. However, in patients with ZES 
and MEN I, the role of surgery is debatable. 103     

   Verner–Morrison Syndrome (VIPomas) 

 The Verner–Morrison Syndrome, alternatively referred to as 
diarrheogenic tumor of the pancreas, pancreatic cholera or 
watery diarrhea, hypokalemia, and achlorhydria syndrome 
(WDHA), results when the pancreatic NET releases vasoac-
tive intestinal polypeptide (VIP). 104  Although relatively rare, 
the syndrome is manifested by profuse watery diarrhea, 
massive gastrointestinal losses of potassium, a low serum 

potassium, and extreme weakness. VIPomas are typically 
single and large occurring in the pancreas and are generally 
advanced with metastases at the time of initial diagnosis. 
Achlorhydria develops even after stimulation with pentagas-
trin due to the inhibitory effects of VIP on gastric acid secre-
tion. 105  The diagnosis of this syndrome is generally not subtle 
as patients are typically quite ill. The volume of diarrhea 
averages ~5 l per day during acute episodes and contains 
>300 mEq of potassium and there is severe bicarbonate wast-
ing resulting in metabolic acidosis. Other laboratory abnor-
malities may result such as hypercalcemia probably from the 
release of PTH by the VIPoma and abnormal glucose toler-
ance presumably from decreased insulin secretion resulting 

  Fig. 12.4    Diagnostic algorithm for the diagnosis of ZES. This algorithm is based on the measurement of gastric acid secretion and the gastrin 
level       
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from the profound hypokalemia.    The diagnosis of VIPoma 
should be considered in patients with a severe diarrhea asso-
ciated with hypokalemia but should be distinguished from 
patients with psuedopancreatic cholera syndrome and laxa-
tive abuse, and a reliable VIP radioimmunoassay is generally 
needed. 106  Misdiagnosis may occur if the serum is not properly 
handled at the time of collection because VIP can be degraded 
in the serum. It is recommended that the laboratory determi-
nation be made on serum fractionated and snap frozen to 
avoid peptide degradation. In patients with con fi rmed 
VIPomas, serum VIP levels > 900 pg/ml are commonly 
observed 106  ,  107  and prepro-VIP levels can be detected in the 
circulation. 108  Immunohistochemical staining of VIPomas 

typically stain positive with VIP stains. After the diagnosis of 
VIPoma is con fi rmed, radiological imaging, endoscopic 
ultrasonography, spiral CT, and/or angiogram should perform 
staging. Approximately 80% of VIPomas are solitary, and are 
located in the body or tail, and therefore amenable to surgical 
resection if not metastatic. About half of the lesions are malig-
nant, and three-fourths of these have metastasized by the time 
of exploration. In children, however, most tumors secreting 
VIP are ganglioneuromas rather than islet cell lesions. 106  The 
symptoms can be controlled with the subcutaneous administra-
tion of somatostatin analogue, octreotide as either monotherapy 
or as adjunctive therapy as well as repletion of intravascular 
volume and potassium.  

  Fig. 12.5    The effects of IV pantoprazole (80 mg BID) on gastric acid secretion       

  Fig. 12.6    Kaplan–Meier results 
in patients with ZES. Note that 
there is a signi fi cant difference in 
survival that is dependent on the 
presence or absence of hepatic 
metastases       
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   Somatostatinoma 

 Somatostatinomas are D-cell tumors that arise in the pan-
creas, although these tumors may also arise in the intes-
tine. 109  –  114  The syndrome results from secretion of 
somatostatin, a tetradecapeptide. In most cases, somatostati-
nomas are malignant and accompanied by hepatic metasta-
ses. Since somatostatin has numerous effects on exocrine 
and endocrine functions, there are multiple facets in the clin-
ical presentation. Activation of the somatostatin receptor 
results in activation of the intracellular G protein Gai2 that 
inhibits intracellular Ca 2+  release. Thus, the net result is that 
somatostatin is a potent inhibitor of secretion and motility. In 
the stomach, somatostatin, normally released by the gastric 
D cells, is a potent inhibitor of gastric acid secretion by 
inhibiting the release of histamine from the ECL cell. 105  ,  115  
Because there are receptors for somatostatin throughout the 
small bowel, somatostatin hypersecretion results in malab-
sorption. It should be noted that the majority of cases of pan-
creatic somatostatinomas are symptomatic, whereas the 
majority of intestinal somatostatinomas are silent and the 
tumor is identi fi ed unexpectedly at the time of surgery for 
other conditions. 114  In the majority of cases due to the exces-
sive production of somatostatin, the presenting features 
include diabetes mellitus, cholelithiasis, diarrhea, and steat-
orrhea. Somatostatin inhibits pancreatic acinar function and 
reduces the release of pancreatic enzymes by cholecystoki-
nin resulting in pancreatic steatorrhea and a reduction in the 
intestinal absorption of lipid and vitamins such as B12 and 
folate. 116  In addition, somatostatin is a potent inhibitor of 
intestinal and gallbladder smooth muscle contraction and 
increases the likelihood of gallstones. Despite this theoreti-
cal risk, in one series, 23 cases of pancreatic somatostati-
noma were reviewed and there were no cases of 
cholelithiasis. 117  The protean effects of somatostatin on gas-
trointestinal hormone secretion are the primary reason that 
octreotide has utility in the management of NETs. 118  –  124  
Although there is no speci fi c provocative test to detect or 
diagnose somatostatinomas, tolbutamide and arginine may 
stimulate an increase in somatostatin levels of the serum. 89  ,  
 125  ,  126  However, in the majority of cases, the diagnosis is gen-
erally con fi rmed on pathological evaluation. There are only 
about 30 patients with this rare syndrome that have been 
reported in the literature. 116  ,  127  –  130  More recently, duodenal 
somatostatinomas associated with carcinoids tumors, 131  –  133  
Von Hippel-Lindau disease, and von Recklinghausen’s dis-
ease/neuro fi bromatosis 131  ,  132  ,  134  ,  135  have been described.  

   Pancreatic Polypeptide-Secreting Tumors 
of the Pancreas (PPoma) 

 NETs that secrete pancreatic peptide (PP) are broadly 
classi fi ed as either PPomas or nonfunctional NETs because 

there is a lack of clinical syndrome associated with PP 
release. The presentation is typically that of a patient being 
worked up for cachexia, weight loss, and hepatomegaly and 
the PPoma is identi fi ed by abdominal imaging. Thus, the 
majority of these patients are identi fi ed incidentally. The 
diagnosis of PPoma is con fi rmed by the histological 
identi fi cation of a pancreatic NET that may stain positive 
with anti-PP staining in addition to positive staining for chro-
mogranins A, neuron-speci fi c enolase, and synaptophysin 
with the biochemical presence of elevated serum levels of 
pancreatic polypeptide. 136  –  138  Patients with PPoma generally 
present later in life, generally at 5th and 6th decades of life 
and it is not unusual for patients up the eight decade of life to 
have these tumors diagnosed. 136  –  139  The majority of these 
patients will have widely metastatic disease at the time of 
diagnosis (70–90% of cases). The primary tumors are almost 
invariably situated in the pancreas and are large (7.5 cm) at 
the time of imaging. Once diagnosed, surgical extirpation is 
possible for solitary small lesions without metastatic spread. 
There is a paucity of data in the literature regarding the long-
term cure rate following pancreatic resection in these cases.  

   Growth Hormone-Releasing Factor Tumor 
(GRFomas), Neurotensinomas, and ACTHomas 

 GRFomas, although rare, occur predominantly in the pan-
creas and secrete excessive amounts of GRF leading to a 
syndrome characterized by acromegaly or gigantism. The 
 fi rst case was identi fi ed in the literature in 1982. 140  ,  141  The 
diagnosis is generally established on clinical grounds and by 
measuring the basal levels of growth hormone and IGF-1, 
which are elevated in a subset of patients. Con fi rmation of 
the diagnosis is made when the levels of GH are not sup-
pressed to an oral glucose tolerance test, somatostatin inhibi-
tion test, or a bromocriptine suppression test. The tumors are 
generally large and the majority are benign. There is an asso-
ciation with patients with ZES and the MEN I syndrome. 
GRFomas should be considered in the differential diagnosis 
of acromegaly, especially when associated with ZES and 
MEN I. 

 Neurotensinomas remain rare and truly dif fi cult to iden-
tify because the symptom complex produced results from 
excessive VIP secretion making the clinical diagnosis 
dif fi cult to differentiate. These patients present with edema, 
hypotension, cyanosis, and  fl ushing. 115  

 The Cushing’s syndrome has been observed in a subset of 
patients with NETs when the tumors secrete ACTH, produc-
ing the characteristic syndrome. The diagnosis is made in 
patients exhibiting the classical Cushing’s Syndrome based 
on the elevated secretion of cortisone, adrenal androgen, and 
11-deoxycortisone. Generally, the presence of Cushing’s 
syndrome in a patient with a NET suggests more advanced 
disease.   
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   NET Localization and Diagnosis 

 Advances in gastrointestinal imaging studies have increased 
the yield for the detection of both primary and metastatic 
NETs. 142  Once there is a suspicion of a clinical syndrome 
and suggestion based on biochemical testing (Fig.  12.7 ), 
localization studies should be performed. Since the local-
ization of the majority of pancreatic NETs is in the pan-
creas or peripancreatic area, imaging studies with a high 
sensitivity of visualizing these areas are important. 
Endoscopic ultrasound, computerized tomography, soma-
tostatin receptor scintigraphy (Octreoscan), and magnetic 
resonance imaging have all been studied and shown to be 
sensitive and speci fi c for the preoperative staging of dis-
ease (Fig.  12.8 ). Magnetic resonance imaging may be more 
sensitive for the detection of hepatic metastases and is use-
ful for follow-up evaluations since there is no ionizing radi-
ation. 143  Endoscopic ultrasonography (Fig.  12.9 ) is 
performed more routinely by gastroenterologists and has 
been shown to be very sensitive for the detection of primary 
pancreatic and duodenal NETs and allows the cytological 
evaluation of suspected tumors. 144  ,  145     

 Of the remaining islet cell tumors of the pancreas, gastri-
noma have been the most studied of the tumors with respect 
to the diagnostic sensitivity and speci fi city of the localiza-
tion studies. The ability to localize and resect gastrinoma has 
been greatly facilitated by the use of advanced imaging stud-
ies as with the long-acting somatostatin analogue, octreotide, 
which is frequently useful as a tracer to localize tumors. 146  ,  147  
In addition, ultrasonography, computerized tomography, 
magnetic resonance imaging, endoscopic ultrasonography, 
and intraoperative duodenal transillumination and sonogra-
phy have greatly increased the yield for identi fi cation of the 
tumors. 143  ,  148  –  150  With these improved imaging studies, duo-
denal wall gastrinomas have become more frequently 
detected and now account for nearly half of the total cases. 63  
In some cases, the use of portal venous sampling (PVS) and 

angiography with stimulation can lead to a sensitivity for 
detecting tumors that approaches 70–80% in selected 
series. 151  –  153   

   Surgical Management 

   Insulinoma 

 Surgery remains the mainstay of therapy for the management 
of insulinomas because the majority are benign and therefore 
surgery results in a cure in over 90% of cases. Because 10% 
of the tumors are small and not easily identi fi ed at surgery, 
every effort should be directed at preoperative localization of 
these tumors. The majority of insulinomas lesions are not 
identi fi ed by radiological and nuclear imaging studies 
because of their small size. Intraoperative imaging with 
ultrasonography may be required to identify the tumors. 154  
Preoperatively, selective angiography demonstrates the 
tumor only in about 50% of cases and percutaneous transhe-
patic venous sampling may be required to identify an insulin 
gradient along the portal or splenic venous tributaries to 
assist in the localization of these tumors. 155  Endoscopic ultra-
sound appears to be the most sensitive technique (~85%) for 
localization (Fig.  12.9 ) of insulinomas. 154  At surgery, the 
standard approach may be to enucleate the tumor, especially 
if super fi cial; however, a partial pancreatectomy may be 
required especially if the tumor is deep and not readily 
removable. A Whipple procedure may be appropriate if the 
tumor is situated in the head of the pancreas. If the tumor 
cannot be found and the results of venous sampling studies 
suggest its location, that portion of the pancreas should be 
resected. The curative resection rate for insulinomas is high 
with >80% cured operatively. 156  The role of surgery for 
malignant or metastatic insulinomas is more controversial. 
Some feel that debulking of tumor may be useful for improved 
glycemic control; however, now with the approval of chemo-
therapy options, this will need to be further investigated.  

   Gastrinoma 

 Over 80% of these tumors are found in the “gastrinoma tri-
angle,” which includes the area of the common bile duct, the 
duodenum, and the head and neck of the pancreas, as 
described previously by Passaro et al. 157  The surgical 
approach to the management of gastrinoma (ZES) has been 
perhaps the best studied with several rigorous clinical trials 
reported with successful cure rates approaching 60%. 
Surgical treatment should be directed at complete tumor 
resection in order to effect cure of the syndrome, and to pre-
vent the development of metastasis in all patients with the 
sporadic form of the disease. 158  However, in patients with 

  Fig. 12.7    Diagnostic algorithm for NETs       
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MEN I, the role of surgery is more controversial since the 
pancreatic NETs typically tend to be multifocal and the 
recurrence rate is high owing to the genetic mutation and 
dysfunction of the MENIN protein. 159  –  161  At surgery, the 

approach may be to enucleate the gastrinoma tumor when 
possible. Since about 50% of gastrinomas occur in the wall 
of the duodenum and are typically small, intraoperative 
endoscopy to transilluminate the duodenal wall may be 

  Fig. 12.8    Diagnosis: CT/MRI vs. SRS (somatostatin receptor scintigraphy)       

  Fig. 12.9    EUS-guided  fi ne needle aspiration (FNA) accurately diagnoses smaller pancreatic neuroendocrine tumors compared to CT-guided 
FNA       
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required. 68  If the gastrinoma is present in the pancreatic tail, 
a distal pancreatectomy may be required. 162  Immediately 
postoperatively, successful removal of the gastrinoma tumor 
will result in normalization of the serum gastrin levels, mea-
surements that are helpful in long-term follow-up to deter-
mine whether there is tumor recurrence. 163  –  165  

   Glucagonomas, PPomas, and Somatostatinomas 
 Most of these lesions are malignant and have metastasized 
by the time of diagnosis; therefore the role of surgery may 
be more palliative or unnecessary. If surgery is being per-
formed for palliation, the tumor should be resected, and if 
metastases are present, they should be debulked, and subto-
tal resection may result in considerable palliation. With 
widespread hepatic metastases, placement of a hepatic 
artery catheter is indicated for postoperative therapy. 
Interestingly, the characteristic rash of glucagonoma will 
usually improve within several days and clear rapidly, even 
with debulking, and improved glycemic control may occur. 
As stated earlier, the somatostatinomas of the intestine or 
pancreas are heterogenous; however, their occurrence is 
uncommon. 165   

   Liver Transplantation 
 The role of liver transplantation is more controversial. In a 
recent retrospective study of patients undergoing liver trans-
plantation for metastatic NETs using the UNOS database, 
150 OLTs were performed (34% carcinoids; 4% insulinoma; 
2%glucagonoma; 7% gastrinoma; 6% VIPoma; and 47% 
non-secreting). The study showed that the 1-, 3-, and 5-year 
survival rates for patients with NETs undergoing isolated LT 
were 81%, 65%, and 49%, respectively, which was similar to 
the survival observed for patients with hepatocellular 
carcinoma. 166     

   Medical Approaches to Therapy 

 Until recently, chemotherapy resulted in only mixed results in 
a number of clinical studies. Dacarbazine had been used previ-
ously for the treatment of symptomatic glucagonoma. 167  –  172  
In general, the use of stroptozotocin in combination with 
5- fl uorouracil (5-FU) is not effective for the management of 
glucagonomas. 173  The elevations in the serum glucagon levels 
may be responsive to hormonal therapy with octreotide. 174  ,   175  
In patients with symptomatic insulinomas, the use of diazox-
ide (Hyperstat), an antihypertensive administered as a 100 mg 
oral dose three times a day, inhibits insulin levels by the pan-
creatic islets and blocks peripheral glucose utilization. 176  –  180  
Additional options for treatment include using phenytoin, 
chlorpromazine, propranolol, verapamil, and octreotide to 
reduce the effects of hyperinsulinemia, especially in patients 
with the malignant forms of disease. 181  –  187  More recently, the 

use of the mTOR inhibitor, everolimus (Af fi nitor®), was 
investigated in three patients with metastatic, symptomatic 
insulinoma. All three patients demonstrated control of their 
hypoglycemia within 2 weeks of starting 10 mg of everoli-
mus with a signi fi cant reduction (14–64%) of serum insulin 
levels following 1 month of treatment. 188  

 Chemotherapy had been extensively studied in patients 
with metastatic gastrinoma who show evidence of active 
growth by serial imaging studies over a decade ago. A com-
bination of streptozotocin, 5-FU, and adriamycin demon-
strates short-lived responses in up to 40% of patients. 162  ,   189  –  192  
However, given the short-lived response and excessive tox-
icities with these therapies, they were rarely used except for 
the recalcitrant tumors. 193  ,  194  The more recent introduction of 
interferons in the 1990s demonstrated some activity against 
metastatic NETs. 193  This had largely been supplanted by the 
use of either radiofrequency ablation or transarterial embo-
lization more recently. 195  The combination of consensus 
interferon when used along with long-acting octreotide has 
been studied and shown to have a static response against 
NET growth in the majority of patients. 196  

 Recently, everolimus has been approved by the FDA for 
the treatment of metastatic NETs of pancreatic origin 
(Fig.  12.10 ). Af fi nitor is an active rapamycin derivative and 
therefore not a prodrug. It has oral bioavailability with a 
serum half-life of about 30 h and therefore is taken as a once 
a day medication. This drug has broad antitumor activity 
(Fig.  12.10 ) and was shown in preclinical studies to inhibit 
cell growth and slow the S-phase entry. This agent appears to 
also enhance the activity of other chemotherapeutic agents 
and radiation. As a class, rapamycin inhibits mTOR, which 
will reduce NETs by inhibiting cell growth and prolifera-
tion, angiogenesis, and glucose uptake. There is a rationale 
for combining octreotide with mTOR inhibition in NETs 
because octreotide has been shown to inhibit IGF-1R sig-
naling and because the PI3-K/AKT/mTOR pathway has 
been thought to be activated by IGF-1 signaling in NET 
tumors. Thus, the use of Af fi nitor with octreotide may have 
a synergistic effect to arrest growth, inhibit angiogenesis, 
and reduce the release of secretory hormones. In an open-
label, Phase II study of everolimus, there was a partial 
response observed in almost 10% of patients while two-
thirds of the patients had stable disease and nearly a 2-month 
medial progression-free survival. 197  In Phase III clinical stud-
ies (RADIANT 3, 198 ), everolimus extended progression-free 
survival (Fig.  12.11 ) compared to placebo. Furthermore, 
patients receiving Af fi nitor experienced decrease in size of 
their target lesions as compared to placebo. The side-effect 
pro fi le was extensively studied in international trials with 
Af fi nitor with the most frequent adverse events including 
stomatitis, skin rash, diarrhea, and fatigue. In our case series 
of  fi ve patients, progressive disease was not seen in patients 
taking Af fi nitor (Fig.  12.12 ).         
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  Fig. 12.10    Demonstration of the 
biological effects of mTOR 
inhibition on NET growth and 
angiogenesis       

  Fig. 12.11    Effects of everolimus (Af fi nitor) on progression-free survival in patients with metastatic NETs 197        
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         Introduction    

 The major cause of cancer-related death is metastatic disease. 
De fi ned quite simply, metastatic disease occurs when cancer 
cells from one organ translocate to another locale and estab-
lish new tumors. These lesions possess all of the hallmarks of 
cancer 1  and feature unchecked growth and invasive properties 
that frequently lead to incurable involvement of multiple 
organs. While recent research has led to signi fi cant advance-
ments in the management of limited primary tumors, treat-
ment of advanced metastatic disease continues to lag, and in 
the vast majority of cases, is nonexistent. However, with 
recent advances in molecular pro fi ling of human specimens, 
modeling of human disease in genetically engineered mouse 
models of cancer, and more sensitive modes of radiographic 
and pathologic detection of tumors, our understanding of met-
astatic disease has increased dramatically and is poised to pro-
duce tangible gains for patients. Even as the study of metastasis 
has exploded over the past few years, many questions that 
have occupied researchers still remain: What is required for 
tumor cells to metastasize? What are the factors that specify 
tissue tropism within metastatic cells? When does metastasis 
occur? What is the latency between organ in fi ltration of indi-
vidual disseminated cells and overt colonization? To which 
treatments are metastatic lesions susceptible? In this chapter, 
we will provide the groundwork for a general understanding 
of the biology of metastasis with special emphasis on cancers 
arising from the gastrointestinal tract. The understanding of 

these commonalities will provide for a foundation for the 
understanding of future discoveries that will address these 
questions, as well as evoke many others.  

   Tumor Microenvironment and Cell 
Heterogeneity in Metastasis 

 Metastasis encompasses wide arrays of biological processes 
including genetic and epigenetic changes within tumor cells, 
resulting in clonal evolution of metastatic cells or selection 
of unique cellular subpopulations with increased metastatic 
potential, cellular plasticity and motility. Metastasis begins 
by departure of cells from the primary tumor, involving 
collective as well as individual cancer cell invasion through 
the stroma, intravasation and extravasation from blood and 
lymphatic vessels, as well as settlement into metastatic sites 
such as lymph nodes and remote organs. These processes 
require a dynamic cross talk between tumor cells and the 
microenvironment sending mechanical and nonmechanical 
stimuli such as tissue stiffness, in fl ammation, growth factors, 
cytokines, hormones, low oxygen tension, limited nutrients, 
and energy sources. Tumor microenvironment comprises a 
variety of cellular components including immune cells, 
 fi broblasts, and vascular endothelial cells. In addition, the 
tumor microenvironment undergoes dynamic changes along 
with tumor growth and even in response to therapeutic inter-
ventions, affecting tumor cell characteristics and functions 
through cell – cell and cell–extracellular matrix communica-
tions involving essential signaling pathways. 

 Stephen Paget (1855–1926), an English surgeon,  fi rst pro-
posed the importance of tumor microenvironment as a com-
mon basis for cancer metastasis. In 1889, he reported that 
breast cancer metastasizes to speci fi c organs such as the liver 
in a nonrandom fashion, proposing the “seed and soil” the-
ory, 2  where cancer cells (seeds) require appropriate microen-
vironment (soil) in the destination organs to grow as a 
metastatic tumor. Consistent with Paget’s theory, the inci-
dence of remote metastasis depends upon the primary tumors. 
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For example, the ovary is a common metastasis site for GI 
cancers including colorectal and pancreatic carcinomas. In 
particular, ovarian metastasis of aggressive gastric carcino-
mas is known as Krukenberg tumors, featuring signet ring 
cells surrounded by an abundant dense  fi brous tumor stroma. 3  
James Ewing (1866–1943), an American pathologist, chal-
lenged Paget’s hypothesis in 1929. He proposed that cancer 
metastasis depend upon the anatomical structure of the vas-
cular system connecting primary tumors and destination 
organs. Ewing’s view may hold for locally progressive dis-
eases such as lymph node metastasis associated with lym-
phatic drainage from primary tumors as observed in many GI 
cancers. Nonetheless, the “Seed and Soil” hypothesis is appli-
cable even for the early stages of tumor invasion as discussed 
in the following section, and is one of the key principles in 
cancer metastasis with respect to “tumor microenvironment,” 
which is today a major focus of cancer research. 

 Histopathology of metastatic tumors often recapitulates 
that of primary tumors. While tumor grade is pathologically 
judged based on the extent of differentiation in the majority 
of tumor cells, an individual tumor exhibits substantive het-
erogeneity as noted in various GI cancers such as esophageal 
squamous cell carcinoma (ESCC) 4  and colorectal carcino-
mas (CRC). 5  At the invasive front, cancer cells tend to be 
dedifferentiated, losing cell–cell contact, and being dissemi-
nated into the adjacent stroma. Primary CRCs with liver 
metastasis contain more dedifferentiated cancer cells with 
indistinct polarity and an in fi ltrative growth pattern than 
those without metastasis. 6  Once metastasized to lymph nodes 
or remote organs, such cancer cells may form a tumor dis-
playing morphological characteristics similar to primary 
tumors. Thus, tumor cells show a remarkable plasticity 
depending upon microenvironment as well as genetic 
changes as discussed below.  

   Genetic Changes Leading to Metastasis 

 Metastasis, in itself, refers to a phenomenon common to 
almost all cancers. Even though carcinomas may arise in dif-
ferent organs and driven by different genetic events, many 
share common sites of colonization. For example, the liver is 
a principal site of metastasis for colorectal, pancreatic, stom-
ach, breast, and lung carcinomas. 7  However, some cancers 
show a certain degree of tissue tropism. This is exempli fi ed 
by the fact that prostate cancer primarily metastasizes to 
bone in addition to local spread. 7  Indeed, it is very likely that 
the kinetics and driving genetic events for metastasis varies 
for each type of cancer. Nevertheless, it is helpful to decon-
struct metastasis into a sequence of steps: local invasion, 
entry into the blood stream or lymph circulation, persistence 
in the circulation, extravasation into distant organs, coloniza-
tion and metastatic growth (Fig.  13.1 ). Enough evidence now 
exists allowing us to begin to associate certain genes with the 
speci fi c steps involved in metastasis (proposed by Nguyen 
and colleagues, Table  13.1  8  ) , similar to genetic progression 
models of tumorigenesis. 9    

 Oncogenic transformation is required for a metastatic 
lesion to form. Thought to precede all other mutations, tumor 
initiating mutations confer many of the fundamental charac-
teristics of cancer 1 : boundless proliferation, acquisition of 
progenitor-like characteristics, and tolerance of genomic 
instability. 8  Examples of such mutations include  KRAS , 
 Erbb2 ,  PTEN ,  APC ,   b  - catenin ,  epidermal growth factor 
receptor  ( EGFR ), and  MYC . Indeed it has been shown that 
tumors and metastatic lesions depend on these mutations to 
survive. Multiple studies in vitro and in vivo in gastrointesti-
nal cancers exemplify this concept:  KRAS  in pancreatic can-
cers, 10   KIT  in gastrointestinal stromal tumors (GIST 11  ) ,  c - myc  

  Fig. 13.1    Sequence of 
metastatic steps. Cancer 
metastasis involves local 
invasion, entry into the blood 
stream or lymph circulation (i.e., 
intravasation), persistence in the 
circulation, extravasation into 
distant organs, colonization, and 
metastatic growth of tumor cells. 
Invasion occurs either 
collectively ( arrows ) or 
individually ( broken arrows ). 
Cells may undergo epithelial-to-
mesenchymal transition (EMT) 
and mesenchymal-to-epithelial 
transition (MET) during invasion 
through the tumor stroma where 
cancer cells are exposed to 
various factors from the 
microenvironment       
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in insulinomas, 12  and   b  - catenin  in colon cancers. 13  However, 
while required, the presence of these tumor-initiating muta-
tions is not suf fi cient for metastatic disease. This is best doc-
umented in many genetic mouse models of GI cancers, driven 
by tumor initiating mutations, in which almost all mice are 
born phenotypically normal and with no evidence of 
metastasis. 

 “Metastasis initiation genes” confer the ability for epithe-
lial cells to become mobile in a process frequently referred to 
as epithelial-to-mesenchymal transition (EMT 8  )  (Fig.  13.2 ). 
During an EMT, genes usually associated with stromal cells 
are activated, either by mutation or induction. Once acti-
vated, cancer cells gain the ability to invade through base-
ment membranes, secrete enzymes to allow for penetration 
through the host organ and eventual entry into the blood cir-
culation or lymphatic system. Examples of EMT mediators 
include the transcription factors TWIST1, SNAI1, SLUG, 
and ZEB1, as well as microRNAs such as miR-126 and miR-
200a (suppression is seen in invading cells), and metastasis-
associated in colon cancer (MACC1), a member of the 
hepatocyte growth factor signaling pathway. These genes are 
thought to mediate not only invasive properties that allow 
cells to enter the blood stream but also the ability to persist in 
the environments without cell attachment. For a more detailed 
discussion of EMT, please see the section entitled, 
“Importance of EMT.”  

 Another set of genes is thought to mediate the ability for 
disseminated cancer cells to extravasate from the circulation, 
persist in distant organs, and establish thriving colonies. 
These genes have been termed as conferring “metastasis pro-
gression functions”. 7  This set of genes has recently been 
established in models of metastatic breast cancer. Examples 
include matrix metalloproteinase 1 (MMP1), cyclooxygenase 
2 (COX2), and lysyl oxidase (LOX). While these proteins 

have been shown to play prominent roles in inducing meta-
static growth, many of these genes are also upregulated in the 
primary tumor. Thus, it has been suggested that these genes, 
while involved in a distal point of metastatic disease, may 
play a dual role early in tumorigenesis. For example, COX2 
is known to be involved in cultivating the in fl ammatory 
microenvironment that supports cancer progression not only 
within the primary tumor but also in premalignant lesions in 
pancreatic and colorectal cancers. 14  LOX has also been 
shown to play an important role in cultivating the physical 
characteristics of the stromal environment surrounding epi-
thelial structures, and it has been shown to directly affect the 
development of early invasive behaviors among transformed 
cells. 15  Further, in an experimental model of breast cancer, 
LOX secreted by the tumor has been shown to draw CD11b+ 
myeloid cells to sites of future metastasis. 16  These myeloid-
derived cells are thought to “prime” the soil of the distant 
organ to allow for homing of disseminated cells to these 
immune-privileged sites. In addition to LOX, other genes 
have been implicated in targeting cancer cells to speci fi c 
sites. Parathyroid-related protein ( PTHRP ) becomes 
signi fi cantly upregulated only in breast cancer cells that have 
colonized bone. This protein, along with interleukin-11 (IL-11), 
stimulates osteoclasts to create a local bone environment 
conducive for eventual metastatic growth. 17  

 Thus, the past decade has ushered in a wave of insightful 
work that has shaped how we understand how cancer cells 
metastasize. We are now in a position to begin to translate 
 fi ndings in the mechanisms of metastasis to the clinical set-
ting. Identi fi cation of mutations and upregulation of certain 
genes involved in dissemination and metastasis within pri-
mary tumors have already yielded valuable prognostic infor-
mation for individual patients. Further, this work has initiated 
the development of compounds that speci fi cally target 
metastasis-related genes for the purposes of treatment of late 
stage metastatic cancers as well as in the prophylaxis against 
metastatic seeding during treatment of a primary tumor. 
Despite these exciting advances, much work needs to be 
done, especially in gastrointestinal cancers where research 
has lagged behind breast and prostate cancers.  

   Importance of Epithelial to Mesenchymal 
Transition 

 Epithelial to mesenchymal transition (EMT) is a physiologi-
cal process taking place in a reversible manner during embry-
onic development. EMT is marked by loss of epithelial 
characteristics and gain of mesenchymal characteristics 
(Fig.  13.2 ). Epithelial cells maintain apical–basolateral cell 
polarity, cell–cell contact through adherens junctions and 
desmosomes while mesenchymal traits include  fi broblastic 
spindle-shaped morphology and an increased motility. 
During gastrulation and subsequent organogenesis, cells 

   Table 13.1    Summary of metastasis-related genes (Adapted from 8  )    

  Tumor initiation: Transformation, survival, anoikis resistance, 
growth, genomic instability  
 • Oncogenes (gain of function) 
 –  KRAS ,   b  - catenin ,  EGFR ,  MYC ,  ERBB2  
 • Tumor suppressors (loss of function) 
 –  APC ,  p53 ,  PTEN ,  BRCA1 ,  BRCA2  
 Metastasis initiation: invasion, angiogenesis, endothelial penetra-
tion, circulation  
 • Gain of function 
 –  TWIST1 ,  SNAIL1 ,  SNAIL2 ,  MET ,  ID1  
 • Loss of function 
 –  mIR - 126 ,  mIR - 335 ,  KISS - 1  
  Metastasis progression: extravasation, survival, initiation of growth 
in distant organs  
 •  LOX ,  MMP1 ,  ANGPTL4 ,  PTGS2 ,  COX2  
  Metastasis virulence: organ speci fi c effects  
 •  GM - CSF ,  PTHRP ,  IL6 ,  IL11 ,  TNF a   
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undergo EMT and mesenchymal to epithelial transition 
(MET) in a repetitive fashion to migrate to new tissue loca-
tions and differentiate into speci fi c cell types in embryonic 
tissues. Gastrointestinal organs are derived from the foregut 
endoderm. EMT has been implied during the development of 
the liver 18  and the endocrine pancreas. 19  EMT also occurs 
during the wound healing process in response to injury, tis-
sue regeneration, and pathological  fi brosis. 

 EMT is critically involved in cancer invasion and metasta-
sis through diverse mechanisms. First, EMT disrupts cell–
cell adhesion allowing dissemination of tumor cells. Second, 
cancer cells undergoing EMT produce enzymes such as 
matrix metalloproteinases (MMPs), proteases degrading 
basement membrane and extracellular matrixes (ECM), and 
lysyl oxidases catalyzing collagen cross-linking. These mol-
ecules alter the tumor microenvironment and facilitate can-
cer cell invasion through tissues and intravasation into blood 
and lymph vessels. Third, EMT affects cell signaling activi-
ties through alterations of the cytoskeleton serving as plat-
forms of diverse intracellular signaling pathways. For 
example, E-cadherin, the foremost epithelial markers and 
adhesion molecule downregulated during EMT, inhibits the 
activities of receptor tyrosine kinases (RTKs) such as epider-
mal growth factor receptor (EGFR), Insulin-like growth fac-
tor-1 receptor (IGF1R), and hepatocyte growth factor receptor 
cMET. 20  Amongst cell signaling pathways critically altered 
through EMT is integrin signaling that regulates cell motility, 
cytoskeleton, and cell survival through association with 
RTKs. 21  Fourth, tumor cells that have undergone EMT resist 
anoikis upon detachment from basement membrane. EMT 
also allows tumor cells to cope with other cellular stresses 
such as hypoxia and acidity in tissue microenvironment. In 
addition, EMT prevents tumor cells from undergoing apop-

tosis triggered by therapeutic agents. Finally, EMT is associ-
ated with putative cancer stem cells or tumor-initiating cells 
that may account for tumor cell heterogeneity in metastatic 
lesions.  

   EMT Markers and Regulatory Mechanisms 

 Despite an increasing body of in vitro evidence, the roles of 
EMT in cancer cell invasion and metastasis have been sub-
jected to controversy 22  in part because of the issue of seman-
tics and in part because EMT or EMT-like changes in vivo 
demands careful marker analysis and/or lineage tracing 
experiments due to its reversible, transient, and focal nature. 
In fact, it is often dif fi cult to distinguish morphologically 
tumor cells that have undergone EMT from stromal  fi broblasts 
within tumor tissues. However, imaging and cell fate mapping 
experiments have documented EMT in invasive tumor cells 
in vivo .  23  In human cancers, EMT is suggested by loss of 
E-cadherin and other epithelial markers (e.g., ZO1, Occludin, 
Claudins, cytokeratins) and concomitant upregulation of mes-
enchymal markers (e.g., N-cadherin, Vimentin,  fi broblast 
speci fi c protein-1,  a -smooth muscle actin) (Fig.  13.2 ) as well 
as transcription factors (e.g., Twist, Snail, Slug, ZEB1, and 
ZEB2), repressing E-cadherin and transactivating various 
mesenchymal markers. Aberrant expression of these mole-
cules has been documented in GI cancers including oral and 
esophageal squamous cell carcinoma, esophageal adenocarci-
noma, gastric, pancreatic, hepatocellular, and colorectal car-
cinomas 24  –  43     and has been associated with invasion, metastasis, 
and usually poor prognosis. Most of these EMT markers have 
a plethora of biological functions that may in fl uence EMT 
and its consequences directly or indirectly.  

  Fig. 13.2    EMT and MET 
Cancer cells exhibit plasticity 
during tumor invasion and 
metastasis by gaining epithelial 
and mesenchymal phenotypes in 
an interchangeable fashion       
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   Cadherin Switching in EMT 

 E-cadherin is a calcium-dependent cell–cell adhesion mole-
cule to maintain epithelial integrity. In human cancers, 
E-cadherin is inactivated partially or completely through loss 
of heterozygosity (LOH) and inactivating mutations, pro-
moter hypermethylation, transcriptional repression, or endo-
cytosis. LOH of human E-cadherin gene  CDH1  at 
chromosome 16q is common in breast, prostate, gastric, 
hepatocellular, and esophageal carcinomas. 44  Several somatic 
mutations in  CDH1  have been found in sporadic diffuse gas-
tric carcinoma with epigenetic silencing as a more common 
mechanism than LOH for biallelic  CDH1  inactivation. 45  ,4  6  In 
addition, germ line mutations of  CDH1  have been identi fi ed 
in early-onset familial gastric carcinomas. 47  ,4  8  While muta-
tions of  CDH1  are rare in other GI cancers, 44  hypermethyla-
tion on the  CDH1  promoter CpG island has been documented 
in hepatocellular and esophageal carcinomas. 49  –  51  Importantly, 
the methylation of CpG islands allows recruitment of histone 
deacetylases 52  and EMT-inducing transcriptional repressors 
such as Snail, ZEB1/ d EF1, and ZEB2/SIP1 to silence 
E-cadherin gene expression. 

 As a transmembrane glycoprotein expressed at the cell 
junction, E-cadherin interacts physically with various caten-
ins (e.g.,  b -catenin and p120ctn) and cytoskeleton, in fl uencing 
directly or indirectly RTKs, Wnt, and other cell signaling 
pathways. 44  Loss of E-cadherin-mediated cell adhesion 
appears to be one rate-limiting step in the progression to 
invasive cancer in pancreatic  b -cell carcinogenesis. 53  
Combined loss of E-cadherin and p53 in mice accelerates 
development of invasive and metastatic mammary carcino-
mas although E-cadherin loss alone is not suf fi cient for full 
EMT. 54  In immortalized human breast epithelial cells, how-
ever, E-cadherin loss resulted in EMT, invasiveness, and 
metastasis with  b -catenin nuclear translocation and twist 
induction. 55  

 During EMT, loss of E-cadherin is accompanied by induc-
tion of nonepithelial cadherins such as N-cadherin and cad-
herin 11, and referred to as “cadherin switching.” 56  ,5  7  
N-cadherin contributes to squamous cell carcinoma cell inva-
sion by suppression of E-cadherin-mediated cell adhesion 
and EMT. 58  N-cadherin augments  fi broblast growth factor 
receptor (FGFR)-mediated extracellular signal-regulated 
kinase activation to stimulate MMP9 expression in breast 
cancer cells, thereby enhancing invasion and metastasis even 
in the presence of E-cadherin. 59  –  61  In transformed pancreatic 
ductal epithelial cells, oncogenic KRAS and mutant p53 
regulate cell migration and invasion by modulating forma-
tion of a molecular complex consisting of N-cadherin, p120-
catenin, and keratinocyte growth factor receptor, an isoform of 

FGFR. 62  N-cadherin also facilitates migration of melanoma 
cells upon loss of functional E-cadherin. 63   

   Cell Signaling Pathways and Transcription 
Factors Regulating EMT 

 EMT is regulated by numerous growth factors, cytokines, 
and hormones present in the tumor microenvironment, cell 
signaling pathways, as well as transcription factors in cell-
type and context-dependent manners. 64  Transforming growth 
factor (TGF)- b  is one of the most potent EMT inducers 65  
and TGF- b -mediated EMT occurs as a consequence of 
malignant transformation of epidermal keratinocytes and 
mammary epithelial cells. 66  ,6  7  However, many human cell 
lines fail to undergo EMT in response to TGF- b  stimula-
tion, 68  which may be accounted for by mutations in the 
TGF- b  receptor and Smad4 in cancers. In fact, relatively 
favorable clinical outcomes in a subset of colorectal cancer 
patients associated with microsatellite instability may be 
accounted for by lack of EMT due to TGF- b  receptor 
mutations. 69  

 TGF- b  signaling involves physical interactions between 
transcription factors ZEBs and receptor Smads (Smad2 and 
Smad3). 70  ,7  1  Other essential signaling pathways include Ras-
MAPK, PI3, Wnt, and Notch. 64  They are likely responsible 
for EMT even in cells having impaired TGF- b  signaling 
components. Zinc  fi nger transcription factors Snail, Slug, 
ZEB1, and ZEB2 repress  CDH1  (E-cadherin) gene directly 
by binding the E-box  cis -elements on its promoter region. 
Other transcription factors such as Twist, Goosecoid, FOXC2, 
and E47 regulate  CDH1  indirectly. 64  The expression and 
activities of individual transcription factors are variably reg-
ulated depending upon microenvironment. For example, 
Snail protein stability and nuclear localization are regulated 
by post-translational modi fi cations. Wnt stabilizes Snail by 
inhibiting GSK3 b -dependent phosphorylation,  b -TrCP-
directed ubiquitination, and proteasomal degradation, a 
mechanism similar to Wnt-mediated  b -catenin stabilization 
and T-cell factor-dependent transcriptional activation. 72  
NF- k B, an essential regulator in in fl ammatory response, also 
stabilizes Snail by preventing its GSK3 b -dependent phos-
phorylation and degradation. 73  Hypoxia can activate Snail 
through HIF-1 a -mediated induction of lysyl oxidases LOX 
and LOXL2 that catalyze oxidation of lysine residues, allow-
ing stabilization of Snail protein. 74  HIF-1 a  also enhances 
Notch signaling, 75  whose intracellular domain transactivates 
the Snail promoter directly. 76  Interestingly, ZEB and the 
microRNA (miR)-205 and miR-200 family negatively regu-
late each other. 77  –  80  ZEB-mediated suppression of the miR-
200 family leads to induction of the Notch ligand JAG1, 
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another target for the miR-200 family members. 81  ,8  2  Thus, 
ZEBs may also induce Snail by activating Notch.  

   EMT, Senescence, and Cancer Stem Cell Theory 

 Invasive tumor cells may contain migratory cancer stem cells 
(CSCs), and aka tumor initiating cells that contribute to for-
mation of metastatic tumors. EMT has been implicated in 
generation of CSCs. 83  To date, existence of CSCs or tumor 
initiating cells has been postulated for many tumor types 
including brain, pancreas, colon, prostate, and breast can-
cers. 84  –  89  Cell surface markers such as CD44 and CD24 have 
been used as CSC markers in addition to unique enzymatic 
activities (e.g., ABCG2 for side population and ALDH1). 90  ,9  1  
Notch regulates EMT 92  ,9  3  as well as CSCs, 94  conferring resis-
tance to chemotherapeutic agents and radiation, 94  –  96  
Interestingly, EMT may also occur during the early stages of 
carcinogenesis to bypass oncogene-induced senescence. 97  ,9  8  
Such a premise is in agreement with circulating tumor cells 
and early dissemination and metastasis as discussed in the 
following sections.  

   Circulating Tumor Cells 

 As mentioned previously, a consequence of EMT is thought 
to be the acquisition of invasive properties. In the context of 
cancer, EMT is theorized to lead to dissemination of cells 
throughout the systemic circulation and seeding of distant 
organs. Thus, cells that have entered into the circulation, cir-
culating tumor cells (CTC), are purported to be the direct 
result of an EMT. A major paradox in the  fi eld revolves 
around the fact that CTC in human patients can be detected 
with the use of antibodies speci fi c to epithelial epitopes such 
as EpCAM and cytokeratins. 99  Indeed, multiple reports have 
not only been able to show that epithelial marker-positive 
CTC can be detected in patients with carcinoma but also that 
CTC number roughly correlates to prognosis and response to 
treatment in multiple cancers, including breast, prostate, gas-
tric, esophageal, and colon cancers. 100  –  104  At least three pos-
sibilities exist for these observations. First, EMT may not be 
required for hematogenous dissemination. Second, cells do 
not undergo a “complete” EMT; rather CTC can enter the 
circulation with a residual amount of epithelial epitopes that 
can be utilized for detection. Finally, once CTC enter the 
bloodstream, a phenotypic reversal begins—a mesenchymal 
to epithelial transition. Current technologies that utilize epi-
thelial epitope detection to identify CTC are not able to dis-
cern which of these explanations may be correct; however, 
new technologies utilizing genetic mouse models of cancer 
progression may provide clarity on this muddled subject. It is 

interesting, however, that despite the fact that epithelial-
based methods of CTC detection have been able to provide 
some clinical use, current technologies currently have not 
been able to be developed as a diagnostic modality; up to 
40% of all biopsy-proven metastatic cancer patients will not 
have detectable CTC. This would suggest that a large num-
ber of CTC are devoid of epithelial epitopes or have so few 
epithelial epitopes that they escape the limit of detection of 
established modalities. The latter possibility is supported by 
the observation that newer, more sensitive micro fl uidic tech-
nologies that use epithelial antibodies can detect more CTC 
than older technologies. 105   

   Timing of Dissemination and Metastasis 

 Cancer progression and metastasis has long been believed to 
progress in a step-wise manner. 106  This model, termed by 
many as the “linear progression model,” holds that tumor 
cells accumulate mutations and genetic events within the pri-
mary tumor before they are able to disseminate and found a 
metastatic lesion. 107  Thus, it is within the primary cancer site 
that tumor cells are selected for a collection of genetic altera-
tions that yield survival within a microenvironment that may 
be hypoxic and nutrient deprived. Indirectly, this model pre-
supposes that tumor cells evolve to disseminate and colonize 
distant organs to survive and that metastases only occur late 
in the course of disease, once a large primary tumor (in which 
tumor hypoxia and nutrient deprivation are maximal) has 
been established. Evidence for this model  fi rst came from the 
general clinical observation that larger primary tumors of all 
types are associated with the greatest frequency of metastatic 
disease. On the molecular level, perhaps the strongest evi-
dence for such a view was provided by Vogelstein and col-
leagues, where colonic adenomas were found to harbor 
unique mutations that were associated with worsening histo-
logic grade. 9  This analysis has been replicated in other can-
cers, including breast cancer, with similar  fi ndings. 108  

 On the other hand, two distinct clinical observations argue 
against the linear progression model. First, in many types of 
carcinomas, distant metastatic disease can be present even 
when the primary tumor is in the early stage or compara-
tively small. In breast cancer, approximately 5% of all 
patients with early stage tumors (T1M1 or T2M1) will have 
metastatic disease evident on cross-sectional imaging at the 
time of diagnosis. 109  In pancreatic cancer, even subcentime-
ter tumors have been known to be associated with high prev-
alence of metastatic disease. 110  Secondly, the linear 
progression model fails to explain the phenomenon of tumor 
of unknown primary. In this lethal disease, which accounts 
for 5–10% of all cancers diagnosed in the United States, 
patients present with multiple foci of tumors of similar size 
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and of similar carcinoma-like histology without evidence of 
a primary tumor. 111  Thus, an alternative model of cancer pro-
gression has been proposed. 

 The “parallel progression model,” reviewed by Klein, 112  
posits that cancer cells disseminate to distant locales through-
out tumorigenesis, likely beginning even before primary 
tumors can be detected. This model thus implies that the  fi rst 
cells that seed distant tissues may not have the exact collec-
tion of mutations that the resultant primary tumor may har-
bor, and that over time, metastatic lesions may evolve 
independently from sister cancer cells at the source organ. 
Additionally, this model also predicts that cancer cells may 
metastasize at multiple points during cancer progression, 
including late in tumorigenesis, when cells may be most pro-
liferative. The main argument supporting this model involves 
considering the proliferative properties of both primary and 
metastatic lesions. Using colon cancer as an example, serial 
cross-sectional imaging have allowed for the estimation of 
the amount of time for a primary and metastatic lesion within 
the same individual to double in size. These studies estimated 
that the doubling time for both primary and metastatic tumors 
were surprisingly similar (130 vs. 109 days 113  –  115  ) . The results 
from studies of breast cancer were similar. 116  –  118  These stud-
ies also discovered that this relationship held despite the size 
of the primary tumor; in other words, no matter what the 
locale or size of the primary tumor, the rate of growth of the 
metastatic and primary lesions was always similar. These 
radiographic data have been con fi rmed in molecular analy-
ses of cellular proliferation in pancreatic, breast, and prostate 
cancer. 119  –  122  Furthermore, in some cancers, such as pancre-
atic ductal adenocarcinoma (PDAC), the size of hepatic met-
astatic lesions are very similar to the primary tumor, when 
found at diagnosis. 123  ,1  24  Thus, based on a rather simple anal-
ysis, it would seem that a parallel progression model is most 
compatible with our current understanding of the kinetics of 
metastasis. Indeed, Christoph Klein, a major proponent of 
this view, calculated that to explain the kinetics of distant 
metastatic disease in resected T3 breast cancer (on average, 
women develop metastatic radiographically evident meta-
static disease 20 months after surgery), the lesion doubling 
time had to be at least  fi ve times higher than the primary 
tumor if the metastases were seeded at the time of surgery 112 ; 
data supporting such phenomenon have never been reported. 
Finally, in perhaps the best evidence to date supporting the 
parallel progression model, numerous reports have detailed 
the presence of disseminated prostate and mammary cells in 
the bone marrow of patients with carcinoma in situ and no 
primary tumor. 99  ,1  25  –  128  

 Despite this burden of evidence, several things should be 
considered. First, all of the aforementioned data provide 
only indirect evidence for the parallel progression model 

(however, no direct data exist for the linear progression model 
either). While dif fi cult to prove in humans, genetically engi-
neered mouse models of spontaneous cancer progression may 
provide resolution to this controversy. Sophisticated tools 
that allow for the direct tracking of individual cancer cells as 
they disseminate are currently being developed. Second, as 
DNA sequencing technology has evolved dramatically, sev-
eral studies have been published that would seem, on  fi rst 
blush, to refute the parallel progression hypothesis. Whole 
genome sequencing of tumors and metastases from patients 
have allowed for the mathematical modeling of cancer kinet-
ics. 129  The most detailed examples come from pancreatic can-
cer. 120  ,1  30  Approximately 25–50% of all genetic alterations 
were shared amongst 24 matched primary tumor and meta-
static lesion specimens. Based on this key  fi nding and assump-
tions regarding the rate of genetic alteration and proliferation, 
the investigators estimated that the cell giving rise to a meta-
static mass had to have been seeded within 3 years of diagno-
sis. 120  While these were landmark studies in their own right, 
numerous questions regarding the accuracy of their mathe-
matical model, basic assumptions regarding proliferation of 
lesions, as well as the question of whether intra-tumor and 
intra-metastatic lesion heterogeneity was truly captured hin-
der the concreteness of their conclusions. Further, many of 
the genetic alterations that were captured in their analysis 
were involved in motility as well as play key roles in the dis-
semination of cancer cells to distant organs. Finally, some 
opponents of the parallel progression model maintain that 
genetic alterations are required in order for epithelial cells to 
disseminate and seed distant organs. This argument was 
recently debunked by a pivotal study by Varmus and col-
leagues. 131  In this elegant study, a phenotypically normal 
mammary cell line was genetically altered so that oncogenes 
could be activated upon treatment with doxycycline. These 
cells were then injected into the tail vein of immunocompro-
mised mice. After a few days, half of the mice were given 
doxycycline to transform any cells that may have extravasated 
from the bloodstream and seeded any organ. In a brief period 
of time, only the doxycycline-treated mice developed multi-
ple tumors in the liver and lungs. Thus, this constituted pro-
vide direct evidence of the inherent capacity for even “normal” 
epithelial cells to survive entry into the blood circulation and 
seed distant organs, providing proof-in-principle that cancer 
cells that may not have accumulated many mutations can 
indeed metastasize and survive in foreign environments. 

 Given the general mechanisms in cancer metastasis 
 discussed above, we will focus in the following sections 
upon colorectal and pancreatic carcinomas, two speci fi c can-
cers of digestive organs regarding their mechanisms, detec-
tion, models, and therapeutic targeting of invasion and 
metastasis.  
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   Colorectal Cancer 

 Metastatic colorectal cancer is one of the most common 
problems encountered in oncology. The disease remains 
largely incurable; once metastases have set in, 5-year sur-
vival rates are only around 5%. 132  In comparison, for non-
metastatic disease, 5-year survival is more than 70% with 
appropriate treatment. 132  Thus, understanding the mecha-
nisms of metastases, early identi fi cation thereof, and appro-
priate therapeutic interventions can have a large impact on 
disease-speci fi c morbidity and mortality. 

   Mechanisms of Invasion and Metastasis 
in Colorectal Cancer 

 Colorectal cancer has a well-de fi ned path to metastatic dis-
ease: as the venous drainage of the colon (except the distal 
rectum) is directed towards the liver, colon cancer spreads to 
the adjacent lymph nodes and then the liver, from where it 
may spread to the lungs and beyond, via the inferior vena 
cava. Thus most metastatic colon cancer cases are detected 
with disease in the liver. Several mechanisms of this distant 
spread have been elucidated, 133  ,1  34  and will be discussed 
brie fl y here. 

   Tissue Destruction and Invasion Enzymes 
 The initial step in the egress of colorectal tumor cells from 
the primary organ is the invasion of adjacent tissues. 
Proteolytic enzymes, especially metalloproteinases, have 
been widely implicated in this process. MMP-7, also known 
as matrilysin, is the smallest metalloproteinase and partici-
pates in various steps of tumor spread. 135  ,1  36  Mouse models 
have demonstrated that MMP-7 induces loose cell aggrega-
tion when added to colon cancer cell lines; these convert to 
tight cell aggregates with the aid of E-cadherin, forming 
metastatic nodules in the liver. 137  In human tumor samples, 
the expression of MMP-7 is highly correlated with the pres-
ence of metastatic nodules, and transfection of MMP-7 into 
mice leads to remarkable metastatic disease without much 
alteration in the primary tumors. 138  In addition, in nude mice 
models, matrilysin-speci fi c oligonucleotides have been 
shown to inhibit liver metastases from colon cancer. 139  
Another important proteinase is the urokinase plasminogen 
activator (uPA). It is constitutively activated 140  and highly 
expressed in tumor cells 141  and has been shown to be corre-
lated with poor survival in colon cancer. 142  GATA6 has been 
demonstrated to be an important regulator of uPA expression 
and promotes tumorigenesis and metastasis through this 
enzyme. 143  Mouse models have demonstrated that inhibition 
of urokinase by antisense mRNA can lead to suppression of 
colon cancer metastases. 144   

   Lymphatic and Blood Vessel Neoproliferation 
 Angiogenesis is a critical step in cancer metastasis. 145  The 
molecular mechanism of angiogenesis has been widely stud-
ied; vascular endothelial growth factor (VEGF), with four 
isoforms, has been most strongly implicated as a mediator of 
lymphatic and blood vessel invasion and neoprolifera-
tion. 133  ,1  46  It is a direct mitogen of endothelial cells and acts 
via cell surface receptors—in human adults, VEGFR1 and 
VEGFR2 are mainly present on vascular endothelial cells, 
and VEGFR3 is mainly present on lymphatic endothelial 
cells. 147  ,1  48  Using experimental models, VEGF has been 
shown to play a role in various steps of angiogenesis—it par-
ticipates in tumor invasion, endothelial cell proliferation and 
migration, and modulation of microvascular function. 149  ,1  50  
Several other molecules also appear to play a role in this 
complex phenomenon;  fi broblast growth factor, platelet-
derived growth factor, transforming growth factors, and 
tumor necrosis factor being most prominent. 151  

 More recently, the role of speci fi c genes has been eluci-
dated. KRAS, a downstream signaling molecule in the epi-
dermal growth factor receptor (EGFR) pathway, may be a 
mediator in hypoxia-induced angiogenesis. 152  Similarly, 
bcl-2 and thymosin  b 4 have been shown to induce hypoxia 
inducible factor-1 (HIF-1) mediated overexpression of 
VEGF. 153  ,1  54  Interleukin-8 is another molecule implicated in 
tumor proliferation and angiogenesis. 155  Another gene 
expression analysis identi fi ed vimentin as a marker speci fi c 
to tumor vasculature, with its inhibition antagonizing tumor 
microvasculature growth. 156  While these studies shed more 
light on angiogenesis, it remains to be seen if these genes 
will pan out as potential therapeutic targets.    

   Detection of Metastases in Colorectal 
Cancer 

 Early detection of malignancies is a key to good treatment 
outcomes. In colorectal cancer, early detection of metastases 
is also critical, since surgical resection of oligometastatic 
disease with/without other therapies can help achieve good 
long-term outcomes. 157  ,1  58  However, clinical symptoms and 
signs often appear when metastases are advanced, making 
imaging techniques important in detecting early lesions. 
Traditionally, helical computed tomography (CT) scans have 
been employed to detect metastatic disease in patients pre-
senting with colorectal cancer; these achieve sensitivity of 
75–85% and speci fi city of 95% for hepatic metastases. 159  ,1  60  
In comparison, magnetic resonance imaging (MRI) performs 
slightly better, with sensitivity of over 85% and speci fi city of 
over 95%. 160  ,1  61  Positron emission tomography (PET) using 
18- fl uorodeoxyglucose (FDG) is becoming increasingly 
popular. This technique exploits the differential increase in 
glucose uptake by metabolically active cancerous cells 
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(Warburg effect), compared to the surrounding tissues. 162  
Meta-analyses have shown that FDG-PET has sensitivity of 
94% and speci fi city of over 95% for detecting liver metasta-
ses in colon cancer. 160  ,1  61  Thus, while speci fi cities are compa-
rable for all three modalities, MRI and PET appear to have 
higher sensitivities than CT. However, these estimates apply 
to liver metastases only; current guidelines and usual prac-
tice patterns favor the use of CT scans, as MRI is more cum-
bersome for the patient and MRI and PET are more operator 
dependent. 163   

   Therapeutic Targeting of Invasion 
and Metastasis in Colorectal Cancer 

 First hypothesized as a therapeutic target in 1971, 164  angio-
genesis is a prime candidate for effecting tumor control, 
given its prominent role in colon cancer metastasis. 
Bevacizumab is the  fi rst agent to speci fi cally target this pro-
cess. It is a VEGF inhibitor, although the exact molecular 
mechanism whereby it achieves clinical bene fi t remains 
uncertain. 165  It was shown to have clinical bene fi t in meta-
static colorectal cancer in 2004. 166  However, it has not been 
bene fi cial in localized colon cancer treatment and, in meta-
static disease also, overall survival bene fi t has not been 
seen. 167  –  169  This leads to important questions: Is targeting of 
other molecules in the VEGF pathway needed? Is angiogen-
esis control not enough to achieve durable clinical bene fi t? 
Does VEGF develop “escape” mechanisms that preclude 
sustained clinical responses? Further work in this  fi eld is 
ongoing, which may yield answers to some of these 
questions. 

 The other major pathway being targeted in metastatic col-
orectal cancer is the EGFR signaling cascade. The EGFR 
antibodies, cetuximab and panitumumab, improve progres-
sion-free survival and some data indicate an improvement in 
overall survival also. 170  However, not all patients bene fi t, and 
a basis for resistance to the antibodies has been elucidated—
several studies have shown that EGFR antibodies are ineffec-
tive in cases where the  KRAS  gene is mutated. 171  Recent 
work has also implicated  NRAS  and  BRAF  mutations in 
nonef fi cacy of EGFR antibodies, making about 50% of cases 
ineligible for such therapy. 172  These mutations occur in one 
arm of the EGFR signaling cascade, which has two main 
downstream signal transduction pathways:

   MAPKinase (KRAS/NRAS–BRAF–MEK–ERK): affects • 
cell cycle progression and cell proliferation.  
  PI3Kinase (PI3K–PTEN–AKT–mTOR): affects anti-• 
apoptotic and cell survival signals.    
 Mutations of genes in these pathways are commonly 

observed in colorectal cancer. Based on data in the literature, 
the proportions of cases harboring various mutations are as 
follows 173 : 

   MAPKinase Pathway    

 KRAS mutant  40–45% 
 NRAS mutant  2.5% 
 BRAF mutant  5–10% 

   PI3Kinase Pathway    

 PIK3CA mutant  15% 
 PTEN mutant  10–20% 
 AKT mutant  5% 

   Combined    

 KRAS/NRAS and PI3K mutant  10% 

 Preclinical data have shown that a  PIK3CA  or  PTEN  muta-
tion (which leads to constitutive activation of the PI3K path-
way) causes resistance of cancer cells to cetuximab. 174  
Indirect evidence stems from preclinical work showing that 
 PIK3CA  mutation uncouples cell proliferation signaling 
from the KRAS pathway, leading to failure of inhibitors tar-
geting the MAPK axis. 175  Initially, small studies showed 
con fl icting roles of  PIK3CA  mutation in response to EGFR 
antibodies, 176  ,1  77  but a recent large study has demonstrated 
that  PIK3CA  mutation is associated with poor response to 
cetuximab. 172  Preclinical models indicate that in these tumors, 
inhibition of the PI3K axis may be required to achieve cancer 
control. Blocking the PI3K pathway in cancer cells with acti-
vating PI3K mutations has been shown to inhibit cell growth 
and induce apoptosis. 178  ,1  79  In addition, when mutations in 
both axes exist, dual inhibition—MEK and AKT/PI3K inhib-
itors—is required to control cell growth. 179  ,1  80  Thus work is 
ongoing on various inhibitors of these signal transduction 
molecules to see if collective inhibition of some or all consti-
tutively activated genes will achieve clinical bene fi t.   

   Pancreatic Cancer 

 Pancreatic cancer remains a deadly disease: there are about 
43,000 new cases each year in the US and 5-year overall sur-
vival remains less than 10%. 132  More importantly, these num-
bers have not changed in several decades and the mortality 
rate from pancreatic cancer appears to be rising. 132  The rea-
son is that pancreatic cancer is often unresectable at diagno-
sis and nonsurgical systemic therapies have not achieved 
much clinical success. Conventional chemotherapeutic 
agents provide little bene fi t; therefore, understanding the 
molecular biology of this disease may allow the development 
of more effective targeted therapies. 
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   Mechanisms of Invasion and Metastasis 
in Pancreatic Cancer 

 Pancreatic cancer appears to originate as an intraductal 
lesion, akin to breast cancer. 181  ,1  82  The acinar cells may also 
give rise to carcinoma via metaplasia to ductal cells. More 
than 80% of cases are diagnosed as advanced tumors, mean-
ing that invasion or metastases have occurred. Molecular 
mechanisms for this aggressive behavior have been studied 
and the major candidates are discussed below. 

   KRAS 
 The EGF receptor impinges on the KRAS–BRAF–MEK–
ERK signal transduction pathway. Mutations in  KRAS  can 
lead to constitutive activation of this pathway, causing uncon-
trolled cell cycle progression and cell growth. More than 
95% of pancreatic adenocarcinoma specimens harbor  KRAS  
mutations. 183  ,1  84  Mouse models have demonstrated that con-
stitutive activation of KRAS can lead to development of neo-
plasia in the pancreas. 185  ,1  86  These lesions evolve from 
pancreatic intraductal neoplasms (PanIN) to invasive and 
metastatic carcinomas, akin to human tumors. 186  ,1  87  Other 
genes in the EGFR pathway are rarely mutated in pancreatic 
cancer—BRAF, PIK3CA, AKT, and PTEN alterations have 
been noted in the small number of cases where KRAS is wild 
type. 188  ,1  89  Thus the EGFR pathway seems to be almost uni-
versally aberrantly activated in pancreatic cancer, making it 
an attractive therapeutic target.  

   TP53 
 The tumor suppressor gene, p53, is frequently mutated in 
pancreatic cancer and an abnormal form is found in 50–75% 
of cases, usually a missense mutation. 190  This alteration is 
probably responsible for some of the genomic instability 
seen in pancreatic adenocarcinoma samples. 182  Recent work 
has better elucidated the role of p53 in pancreatic cancer. 191  
Pancreatic cells with both  KRAS  mutations and  TP53  altera-
tions progress rapidly to form invasive tumors. In the absence 
of  TP53  mutations, cells with  KRAS  mutations form prema-
lignant lesions. Thus,  KRAS  and  TP53  mutations may form 
the “two-hit” genetic process leading to invasive pancreatic 
adenocarcinoma. 192   

   CDKN2A/p16 
 Another gene that is frequently mutated is  CDKN2A . As a 
tumor suppressor gene, it is silenced in many cases of famil-
ial pancreatic cancers which form a small proportion of all 
pancreatic cancers. 193  In conjunction with altered  KRAS , 
silenced  CDKN2A  can lead to rapid progression of pancre-
atic neoplasms. 194   

   Hedgehog Pathway 
 This embryonic signaling pathway is usually silent in adult 
life, but aberrant activation is seen in various disease states. 195  

In mouse models of pancreatic cancer, hedgehog ligands are 
overexpressed, leading to development of PanIN lesions. 
These lesions also harbor  KRAS  mutations and blockade of 
hedgehog signaling appears to control pancreatic neoplasm 
growth. 196  In addition, hedgehog signaling has been impli-
cated in the remarkable desmoplastic reaction seen in pan-
creatic tumors—the bulk of pancreatic adenocarcinoma mass 
is composed of  fi brous tissue. 197  This increased hedgehog 
signaling is mediated via increased ligand expression in the 
stroma (paracrine stimulation) as well as increased Gli tran-
scriptional activity in tumor epithelial cells. 185  The resultant 
 fi brosis is thought to impair ef fi cient drug delivery to the 
cancer cells in this disease and inhibition of hedgehog sig-
naling leads to reduce desmoplasia and improved drug deliv-
ery in mouse models of pancreatic cancer. 198   

   Mediators of Metastasis 
 The molecular mechanisms behind breakage of cells from 
the primary tumor and spread to distant sites remain nebu-
lous. E-cadherin (an epithelial protein) switch to N-cadherin 
(a mesenchymal protein) may play a role in pancreatic can-
cer spread. 199  Like hedgehog signaling,  b -catenin participates 
in the embryonic Wnt signaling pathway. It appears to be 
another mediator of pancreatic cancer metastasis and along 
with E-cadherin, it is frequently aberrantly expressed in 
tumor specimens. 200  Since it acts as a link between the actin 
cytoskeleton and surface E-cadherin, it may participate in 
cadherin switching and development of metastases. 182  
Further, various genes involved in telomere dysfunction and 
cell-cycle control appear to be altered in this disease, with 
some present in primary tumors and others acquired during/
after metastatic development. 201  Further focus on these can-
didate genes may shed more light on the molecular mecha-
nisms behind pancreatic cancer spread.   

   Therapeutic Targeting of Invasion 
and Metastasis in Pancreatic Cancer 

 The prime target for molecular therapies for pancreatic can-
cer remains the  KRAS  gene. Since mutations thereof lead to 
constitutive activation of the EGFR pathway, inhibitors of 
EGFR have been tested in this disease. However, barring one 
study that showed minimal clinical bene fi t, 202  these agents 
have not been effective in this disease. 203  ,2  04  The obvious 
question is why, and what else should be tried. Exploratory 
analysis from the study that showed some bene fi t of erlotinib 
hints at  KRAS  mutations being predictive of nonresponse to 
EGFR inhibitors, but results remain inconclusive. 205  
Preclinical models have, however, shown that in contrast to 
individual gene abnormalities, coordinated overexpression 
of the EGFR pathway genes is predictive of sensitivity to 
EGFR inhibitors. 206  In comparison, individual gene muta-
tions in the RAS–RAF–MAPK arm of the EGFR signaling 
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pathway render cells insensitive to growth inhibition by 
EGFR inhibitors; dual inhibition by EGFR inhibitors and 
MAPK inhibitors appears to be effective in such cases, in 
preclinical models. 207  

 HER2, which belongs to the EGF family of receptors, has 
also been explored as a target in pancreatic cancer. Starting 
with breast cancer, HER2 inhibitors have gained clinical util-
ity in gastric cancer also. 208  In preclinical models testing the 
hypothesis, trastuzumab, a monoclonal antibody against 
HER2, has shown growth inhibition of pancreatic cancer 
cells overexpressing HER2. 209  Some small clinical studies 
have hinted at some bene fi t; however, like EGFR inhibitors, 
this bene fi t is underwhelming. 210  ,2  11  Further studies are 
planned, but given the low rate of HER2 overexpression in 
pancreatic cancer, this therapeutic strategy may not yield the 
best results. 212  

 Another important invasion and metastasis target is the 
vascular endothelial growth factor (VEGF) pathway. In pan-
creatic cancer, VEGF overexpression has been noted, 213  and 
preclinical models have shown a growth inhibitory effect of 
VEGF inhibitors on pancreatic cancer cell lines. 214  
Monoclonal antibodies that target VEGF have shown clini-
cal ef fi cacy in a variety of human solid tumors. In pancreatic 
cancer, however, they have not shown much bene fi t. Several 
clinical trials have been conducted but VEGF inhibitors have 
failed to control metastatic disease. 215  –  217  The reasons remain 
unclear. A putative argument is that the abundant stroma in 
pancreatic cancer prevents ef fi cient drug delivery to the 
tumor cells, preventing their control. 198  To address this issue, 
attention has been focused on hedgehog signaling. As 
described above, it is often aberrant in pancreatic cancer, and 
contributes to the strong desmoplastic reaction seen in this 
disease, making hedgehog signaling an attractive therapeutic 
target. Preclinical work has shown that hedgehog inhibition 
leads to marked reduction of in vitro invasiveness of pancre-
atic cancer cell lines, with a concomitant upregulation of 
E-cadherin, marking control of the epithelial-to-mesenchy-
mal transition (“cadherin switch”). 218  In addition, using 
mouse models, hedgehog inhibition has been shown to 
deplete the abundant stroma in pancreatic cancer, allowing 
better delivery of chemotherapy to the tumor cells. 198  Such 
agents are now being tested in early-phase clinical trials.       
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         Introduction 

 “There are no free lunches” is an assertion popularized by 
the economist Milton Friedman. A blood based biomarker 
for solid tumors that can access the entire tumor genome/
transcriptome could potentially guide treatment selection, 
sharpen prognosis, monitor treatment response, detect mini-
mal residual disease (MRD), and possibly enable population 
screening. This seems to offer a “free lunch” for molecular 
pathology. The analysis of circulating tumor cells (CTC) and 
circulating tumor nucleic acids (CNA) each hold the promise 
of meeting these objectives. 1  These are not the  fi rst promis-
ing cancer biomarkers but unlike biochemical and immuno-
logical biomarkers, CTC and CNA methods do not target a 
single moiety and provide a wide range of pan-tumor and 
patient-speci fi c markers   . 2  -  5  

 The  fi rst observation of CTC was reported in 1869, 6  and 
the  fi rst observation of circulating tumor nucleic acids was 
reported in 1972. 7  Advances in immunohistochemistry, 
image cytometry, and molecular biology have converged to 
the point where circulating tumor cells can be analyzed by 
methods ranging from morphology 8  through 10-color immu-
nohistochemistry 9  and FISH 10  ,  11  to whole genome analysis of 
single cells. 12  Cell-free circulating tumor nucleic acids 
(genomic DNA, mRNA, miRNA) can be quanti fi ed and ana-
lyzed for changes like mutation and methylation using com-
mon methods. 

 A better understanding of CTCs  might  also offer insights 
into the biology of tumor progression and metastasis. 13  -1  5  The 
majority of CTC do NOT form metastases, dormant or active. 
The problem of determining when CTC should be worrisome 
will be familiar to pathologists: a similar question is raised by 

detection of isolated tumor cells in tissues. Complicating 
interpretation is that before resection, CTC arise in metastases 
and reseed the primary. 16  -1  8  CTC can persist following resec-
tion of a primary tumor in the absence of detectable metasta-
ses; this could present a window into tumor “dormancy”. 

 Most work on circulating tumor cells has been directed at 
breast and prostate cancer. Colon cancer, in contrast, uncom-
monly presents with metastasis; nonetheless, disseminated 
tumor cells are present in the bone marrow of many or 
most patients with colon cancer. CTC and tumor CNA are 
present in a substantial proportion of patients at all stages of 
primary gastrointestinal malignancies and in the majority 
with stage IV. 19  -2  4  

 Most studies have been small scale with casual rigor in 
design. A few have studied CTC for chemosensitivity. 25  ,  26  
A speci fi c assay format for CTC has received FDA approval 
following large prospective trials: the change in CTC num-
ber following therapy  may  be used as one of the several cri-
teria for changing therapy for metastatic colon, breast and 
prostate cancer. 27  Three exciting studies have shown the suc-
cessful application of CTC/CNA analysis to monitor mini-
mal residual disease (MRD) by targeting tumor-speci fi c 
mutations and gene rearrangements. 3  ,  4  ,  28  The rationale is 
attractively simple. Pro fi les of circulating microRNA show 
promise for robust detection of primary epithelial tumors. 
The NIH directory of clinical trials lists 80 approved or active 
trials which include analysis of CTC/CNA, in sixteen CTC/
CNA is the main focus (  http://www.cancer.gov/search    —
accessed 01-06-11). Whether or not CTC and CNA assays 
will add a “free lunch” to the lab test menu awaits the out-
come of large prospective clinical trials. 

  Terminology . “Circulating tumor cells” ( CTC ) can originate in 
EITHER primary OR metastatic tumors. 16  ,  17  “Disseminated 
tumor cells” ( DTC ) are individual tumor-derived cells found 
in any site other than the circulation, such as lymph nodes or 
bone marrow. “Isolated tumor cell” ( ITC ) is de fi ned in the 
TNM classi fi cation so as to include “micrometastasis”: “single 

      Circulating Tumor Cells and Nucleic 
Acids for Tumor Diagnosis       

     Loren   Joseph            

  14

    L.   Joseph ,  M.D.   (*)
     Department of Pathology ,  The University of Chicago , 
  5841 S. Maryland Avenue ,  Chicago ,  IL   60637 ,  USA    
e-mail:  ljlj@midway.uchicago.edu   

http://www.cancer.gov/search


230 L. Joseph

malignant cells or a few tumor cells in microclusters”, not 
more than 0.2 mm in diameter, present within a lymph node. 29  
“Circulating nucleic acids” ( CNA ) refer to nucleic acids found 
in serum or plasma free of cells, the pre fi x “cf” will be used to 
denote “cell free” for clarity as needed (e.g., cf-mRNA). 
Context should make clear if CNA refers to baseline levels or 
tumor-derived CNA.  

   Circulating Tumor Cells 

   Historical Background 

 The origin of the term “metastasis” traces to an 1829 publi-
cation by Jean Claude Recamier. 30  It was natural to speculate 
on the existence of circulating tumor cells but it was not until 
1869 that circulating tumor cells were described, albeit in an 
autopsy. 6   

   Biology 

  A Circulating Epithelial Cell Is Presumed to Be Neoplastic.  
Many studies are designed to determine the effect of CTC 
number on prognosis and so do not include a “healthy sub-
ject” arm. Early studies took pains to demonstrate that circu-
lating epithelial cells, putative CTC, had karyotype 
abnormalities consistent with those of the primary. 31  CTC 
occur at low levels if at all in “healthy” subjects, or those 
with adenomas or in fl ammatory disease. 24  ,  32  ,  33  The presence 
of genomic alterations in the CTC in an apparently healthy 
subject would raise concern, but would not be proof of malig-
nancy rather than dysplasia. 

  The Earliest Tumor Stage Can Generate CTC.  There is a 
modest correlation of stage with increasing incidence of 
CTC and number of CTC. A low level has been reported in 
association with colonic adenomas. 32  ,  34  

  Not All Tumors Generate CTC.  CTC have been identi fi ed up 
to 80% of many tumors types including gastrointestinal 
malignancies. The level of CTC varies widely, possibly all 
tumors shed CTC but some below the level of detection. The 
determinants are unclear. Anatomic position and size of 
tumor are NOT determinants in any obvious way. Variation 
in neoangiogenesis, altered motility, altered adhesion, and 
predisposition to apoptosis are all considerations. 35  Although 
gene signatures of primary tumors have been proposed to 
correlate with propensity for metastasis they have not been 
assessed with respect to presence or levels of CTC. 36  -3  8  

  The Mechanisms by Which Tumor Cells Intravasate to 
Become CTC Are Uncertain.  Bockhorn et al, in a paper 

entertainingly subtitled “Do cancer cells crawl into vessels, 
or are they pushed?”, presented evidence that most CTC are 
apoptotic. 39  This might explain, in part, how so many CTC 
give rise to so few DTC even though other work shows that 
most CTC do enter the tissues. Although several xenograft 
studies show high levels of apoptosis, however, most studies 
of CTC in humans do not  report  on apoptotic cells. 40  -4  3  This 
might re fl ect a difference from the animal models, but  might  
also re fl ect a bias against apoptotic cells during enrichment 
or in analysis. 41  ,  44  An antibody against a neo-epitope of 
cytokeratin 18, which is generated in apoptosis, can be shown 
to mark apoptotic epithelial cells, benign and malignant. It 
can be used for example with the CellSearch system but is 
NOT part of the FDA-approved system. 41  ,  44  

 Investigation of the mechanism of CTC generation 
requires animal studies of human tumor xenografts (or 
murine tumor transplants). The study of CTC from spontane-
ous tumors even in animals genetically predisposed to tumors 
would face challenges presented by the uncertain time course 
and the small blood volume available to sample. Studies 
using intravital microscopy have helped unravel how tumor 
cells intravasate (and extravasate). 45  -4  8  Chang and Tomaso 
implicated the development of mosaic blood vessels within 
tumors as providing an egress. Access to the vasculature 
would seem to be a requirement 49  -5  3  but connections from the 
lymphatics are much less studied and their use as an alterna-
tive exit cannot be dismissed. 54  -5  6  Whether CTC come from 
the periphery, the central region of a primary, or both is 
unknown. There is evidence that they show an altered 
response to hypoxia. 57  

  CTC Are Rare . The concentration of CTC varies widely as a 
function of the patient tested and the analytical method. 
Typical measurement ranges from extremely rare (1 per bil-
lion nucleated blood cells) to merely very rare (1 per 
10,000,000). Assay sensitivity and speci fi city is often deter-
mined by assaying patient samples “spiked” with cells from 
a tumor cell line. While a useful indicator, this probably 
overestimates performance in practice. There is no gold stan-
dard, so it is hard to assess the rate of false negatives with 
clinical specimens. Given the low concentration, the total 
number of CTC generated daily might seem surprisingly 
high after factoring in the half-life and blood volume. One of 
the few studies to address this experimentally in mice calcu-
lated 3–4 × 10 6  cells shed/g tumor/24 h. 58 The commonly cited 
estimate of 10 9  tumor cells/g (1 cm diameter) has been criti-
cized as too large, but even so millions of CTC traverse the 
vasculature every day in many patients. 59  

  CTC Half-Life Is on the Order of Hours.  Measurement of 
CTC before and after resection of a tumor gave an estimate 
of 1–2 h in circulation in one study and a more global 
estimate of 24 h to reach an undetectable level (at most ten 
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 half-lives). 60  ,  61  An animal study in which labeled tumor cells 
were injected intravenously (not exactly mimicking the clin-
ical scenario) showed 80% removed within 2–4 h. Many 
“settle out” in the vasculature. Many extravasate but most do 
NOT become a long-lived DTC). Many are actively removed 
in the liver or possibly lung. 

  No single operational de fi nition of circulating epithelial 
tumor cells identi fi es all ctc, not all circulating malignant 
epithelial tumor cells appear epithelial.  Because of their 
rarity, CTC have to be enriched from samples. 
Immunoselection is the most common method; the EpCam 
antigen and cytokeratins (after the cells have been permea-
bilized) are the most common target antigens. Neither 
marker is ideal. 62  -6  5  In epithelial–mesenchymal transforma-
tion ( EMT ) epithelial cells take on a mesenchymal pheno-
type. If one believes EMT is a real process 66  one must 
consider the possibility it is re fl ected in CTC. 67  ,  68  
Immunoselection or immunodetection for epithelial mark-
ers could miss CTC altered by EMT. Size can be used to 
separate blood cells (small) from CTC (large), some imple-
mentations are rapid and simple; however, epithelial tumor 
cells can be smaller than the typical cut-off. 69  In contrast 
negative selection, in which only hematopoietic cells are 
removed, captures both EMT-modi fi ed and aberrant epithe-
lial cells providing considerable enrichment for analysis. 70  

  CTC often do not travel alone.  Early reports described “tumor 
emboli” consisting of epithelial tumor cells, platelets, and 
neutrophils. 71  -7  3  The evidence suggested that tumor emboli 
formed metastases more ef fi ciently than did isolated CTC. 
Konstantopoulos reviewed recent literature on the role of 
platelets and of  fi brinogen in metastasis. 74  Most CTC-centric 
studies take little note of platelet or neutrophil fellow-travel-
ers. This might re fl ect that most methods to isolate CTC do 
not show emboli. Filter-based size selection methods like 
ISET can show mixed CTC clusters. It is not clear if other 
methods disrupt clusters, preferentially select single cells or 
discount clusters in image analysis. 

  CTC show genomic heterogeneity . A macroscopic tumor 
can be composed of a single dominant clone or of sev-
eral divergent clones with both common and distinct 
genomic changes. 75  ,  76  Navin et al reported a detailed 
study of heterogeneity in breast cancers and a discussion 
of the conceptual issues in analysis. 77  The size of the 
genomically homogenous region will vary inversely with 
the resolution of the method for genetic analysis. This 
picture is complicated by the recent  fi nding that CTC 
 from  metastases can home to the primary. 16  ,  17  It follows 
that CTC at any given time  could  vary widely with 
respect to genomic sequence. A small number of studies 
using FISH analysis has shown signi fi cant variation 

among CTC (and a low but still surprising level of abnor-
malities in the few CTC from “normals”. 10  ,  78  DTC, which 
arise at different times over the lifetime of the primary 
tumor also show prominent genetic divergence from each 
other and from the primary. 12  ,  79  

  DTC must originate as CTC, most CTC do not become DTC 
(sleeper cells, sleepwalking cells, and zombie cells).  “Tumor 
dormancy” refers to an inferred state of disseminated tumor 
cells to account for the late appearance of metastatic disease 
years after resection of the primary. 60  ,  80  -8  2  Since CTC can be 
observed long after resection of a primary tumor, they must 
originate from a population of proliferating disseminated 
tumor cells in an equilibrium state, perhaps held in check by 
the microenvironment and/or the immune system. There is 
minimal evidence for a separate long-lived CTC 
compartment. 

 Dormant tumor cells can be likened to secret agents, 
planted years ahead of time (“sleeper cells”). The activat-
ing in fl uences are unknown. Whether every DTC could 
potentially be activated is unknown. Presumably all DTC 
originate as CTC but the sheer number of CTC compared 
to DTC implies that most CTC do not become DTC even 
if the CTC extravasate. Whether or not most CTC  could  
give rise to DTC if only they were to lodge in a receptive 
location is unknown: these CTC could be likened to 
“sleepwalking” cells. Many CTC are apoptotic (“zombie 
cells”?). The inef fi cient nature of this process is illustrated 
by an arresting  clinical  study. 83  In the study by Tarin 29 
subjects with both malignant ascites AND peritone-
ovenous shunts were monitored, some for months. 15 sub-
jects underwent autopsy. Some subjects were free of 
remote metastases even at autopsy, and most metastases 
identi fi ed were small. 

  Most DTC Are Probably not CTC in Transit.  Techniques like 
Ki67 staining show that most DTC are not proliferating 
(“dormant”). This does NOT exclude the possibility that the 
DTC found in any given biopsy is actually a nonproliferating 
CTC caught in transit as by freeze-frame. In one animal 
model study, cells of a breast cancer line were loaded with 
 fl uorescent nanospheres and injected i.v. into mice. 84  Most 
cells settled into the liver. DTC with high levels of  fl uor 
could be identi fi ed for months, showing that the cells were 
not proliferating; however quiescent is not the same as 
“immobile”. 84  ,  85  CTC were not assayed.   

   CTC: Methods 

 The methods can be categorized with respect to the three 
phases of the process—collection, enrichment, and detec-
tion/analysis. 
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   Collection 

 There have been few explicit studies of preanalytical vari-
ables such as the time to processing. 86  ,  87  The only parameter 
uniformly reported is the collection volume, with typical val-
ues ranging from 5 to 20 ml. The most published work is for 
the CellSearch method which uses collection tubes contain-
ing a proprietary  fi xative as well as an anticoagulant. 24  ,  86  ,  88  ,  89     
Fixation provides  fl exibility in work  fl ow; this is important 
for multi-institutional trials with a common laboratory and 
for reference labs.  

   Enrichment 

   Red Cell Lysis 
 Most protocols require removal of RBC prior to analysis. 
Typically this is achieved either by osmotic RBC lysis or 
density gradient centrifugation, followed by multiple washes. 
Each step carries the risk of CTC loss. The CTC-chip   fl ows  
5 ml whole blood past thousands of microscale “pillars” dec-
orated with antibody, avoiding lysis and centrifugation. 2  The 
lack of RBC lysis  might  explain in part the high levels of 
CTC found with this system relative to other systems. 

 The 2009 N.I.H. conference “Circulating Tumor Cells: 
Emerging Technologies for Diagnosis, Prognosis, and 
Treatment” highlighted a wide variety common as well as 
uncommon methods such as dielectric cell separation 90  and 
photoacoustic  fl owmetry. 91  This does not exhaust the variety 
described in the literature. 46  ,  92  -9  6  An intriguing functional 
selection method plates peripheral cells on chorioamniotic 
membrane coated tissue culture plates. 97  ,  98  The DEPArray 
system employs dielectrophoretic separation using tens of 
thousands of programmable “cages” which can separate 
individual cells followed by imaging and permits individual 
cell recovery, all on a silicon chip integrated with a 
micro fl uidic cartridge. 99  

 The most common approaches fall into three categories:
   Flow cytometry/sorting  • 
  Selection by size ( fi ltration)  • 
  Immunomagnetic selection (positive or negative)    • 

   Flow Cytometric/Cytometric Methods 
 Current  fl ow sorters can process 50,000 cells/s so it is feasi-
ble albeit nontrivial to look for CTC as is shown in the stud-
ies by Low et al. 46  Low et al also describe a novel marker for 
CTC: a  fl uorescently labeled folate analog which binds 
tightly to the high-af fi nity folate receptor commonly 
expressed on epithelial tumors. 100  Sorting permits post-
detection analysis by methods like FISH. 101  ,  102   

   Size Selection 
 Circulating epithelial tumor cells are  generally  larger than 
hematopoietic cells. 69  Filter-based size selection using an 
8  m m opening is typical. Micro fl uidic size selection methods 
have also been described. 93  The large cells which are retained 
can be transferred on the  fi lter to a slide for IHC or FISH 
studies or pooled and studied by PCR. Commercial systems 
are available: ISET (Isolation by Size of Epithelial Tumor 
cells). 69  The system could underestimate CTC by missing 
small tumor cells, especially those undergoing EMT. 
Occasional large nonepithelial cells which are captured 
should be  fl agged by the subsequent detection method. ISET 
is the  only  method so far shown to consistently capture clus-
ters of CTC, keeping them intact. The limited evidence indi-
cates that the process does NOT  produce  CTC clusters.  

   Positive Immunoselection 
 Immunoselection can be performed manually using mag-
netic beads or with automated instruments. A tissue-agnostic 
approach is to perform immunocapture with an antibody 
directed at a pan-epithelial target. EpCAM and cytokeratins 
(typically 7, 18, 19 and 20) are the most common targets for 
positive selection. EpCAM (CD326) is implicated in adhe-
sion, it is NOT universally expressed on CTC. 62  ,  103  There are 
differences in performance among the several EpCAM 
speci fi c monoclonals. Antolovic et al investigated the effects 
of different EpCAM speci fi c antibodies in CTC enrich-
ment. 104  mAb BerEP4 and mAb KS1/4 recognize different 
epitopes. Detection was performed using anti-CK20 IHC. Of 
39 patients 11 were positive with BerEP4 enrichment, 5 pos-
itive with KS1/4, none with both antibodies. Compounding 
problems, EpCAm expression can be lost in EMT. The 
cytokeratins (CK) are intracellular antigens so a permeabili-
zation step is necessary prior to selection or detection. CK 
can be upregulated on granulocytes in in fl ammation, so 
immunoselection for CK will be problematic as will detec-
tion if selection does not exclude granulocytes. 105  ,  106  

 Antibodies speci fi c for a particular tissue, such as CEA, 
have also been used. In most such studies the selected cells 
were pooled and analysis was limited to PCR (mRNA for 
expression or DNA for mutations) rather than cell-by-cell 
analysis as with IHC. The commercial AdnaTest uses a mix-
ture of anti-EpCAM and anti-MUC1 antibodies; however, 
this selects any cell positive for EpCAM OR MUC1 (or 
both). Peripheral blood cells recovered by nonspeci fi c inter-
actions should be invisible if the gene target is tissue-speci fi c 
(for mRNA) and/or mutations are only present in CTC (for 
DNA) both of which are plausible assumptions. This also 
presupposes that normal epithelial cells do NOT circulate or 
at least not at the level of CTC.  
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   Negative Immunoselection 
 Antibodies such as anti-CD45 can be used to enrich by 
negative selection. 70 , 107  CD45 is expressed on most periph-
eral blood cells but NOT on epithelial cells, malignant or 
benign. Lara et al typically reduce the number of blood 
cells from 4 × 10 9  to 8 × 10 3  cells per mL, at which point 
analysis by IHC/FISH is feasible. Using this approach 
CTCs were detected in 20 of 32 head and neck cancer 
patients. 107  The average number of CTCs detected was 22 
per mL of blood with the number ranging from 1 to 282 
CTC/ml. This method should also capture and possibly 
detect EMT altered CTCs.    

   CTC Methods of Analysis 

  Morphology . Surprisingly few studies have reported mor-
phologic assessments. 8  ,  108  One study asserts that CTC re fl ect 
the morphology of the primary tumor in the sense that inspec-
tion of the CTC permitted differentiation among breast/
colon/prostate/lung in many cases. The cytologic appearance 
of EMT has not been described. 

  Ploidy . DAPI staining is widely used primarily to ensure 
only intact cells are studied. Although there is a long tradi-
tion of studying DNA ploidy in tumors by image cytometry, 
this has received little attention with respect to CTC. 

  IHC . This is the most common technique for selection and 
enumeration of CTC. A CTC is typically de fi ned as an 
EpCAM positive (or cytokeratin positive), CD45-negative 
cell with an intact DAPI-stained nucleus. Image analysis 
with carefully matched highly multiplexed  fl uorescent 
antibodies is feasible. Uhr et al described a 10-plex sys-
tem. 9  Negative immunoselection requires scanning more 
cells than does positive immunoselection. Although 
Balasubramanian et al 70  describe using confocal micros-
copy there are higher throughput systems such as the imag-
ing cytometer which permits morphologic imaging of cells 
and can incorporate both IHC and cytogenetic FISH 
images (cells are labeled before  fl ow). Samples would 
have to be enriched. 109  In the FAST system the entire 
 specimen is spread on a large slide. The cells are  fi xed and 
then stained. The entire slide is scanned by a laser 
cytometer. 110  ,  111  

  Cytogenetics . Karyotyping was important in early studies to 
con fi rm the relationship of CTC to the corresponding pri-
mary tumors. More recently FISH has been applied both to 
trace clonal evolution and to look at pharmacogenetic pre-
dictors like HER2 ampli fi cation in breast cancer. Patient/
tumor-speci fi c translocations could be suitable for FISH as 
well as RT-PCR analysis of CTC to detect MRD. 28  

  Gene Expression . Numerous tumor speci fi c targets (e.g., 
CEA, guanyl cyclase) as well as epithelial markers (EpCAM, 
keratins) have been tested by RT-PCR in CTC. Most reports 
have relied on qualitative detection (present, absent) even 
when using real-time PCR. Quantitative PCR could provide 
greater reliability as would validation of cut-offs. 

  Mutation Detection . Detection of speci fi c mutations, such as 
Kras2 in a metastasis generally but not invariably re fl ects the 
status of the primary tumor. 112  A similar disagreement can be 
seen when CTC are analyzed but is much less studied. 10  As 
with gene expression, validation of sensitivity and speci fi city 
is often limited. 

  Whole Genome/Transcriptome Ampli fi cation . CTC and CNA 
yield little nucleic acid for analysis. Whole genome or whole 
transcriptome ampli fi cation can be applied, enabling use of 
microarrays or NextGen sequencing. 113  -1  16  Whole-
transcriptome ampli fi cation of CTC by Smirnov et al gener-
ated a  fi ve-gene pro fi le which could distinguish among CTC 
of colon, prostate and breast cancer as well as from normal 
pro fi les with 94% accuracy. 113  

  In Vivo Detection (Animal Models) . Tumor xenografts either 
expressing GFP or preloaded with a  fl uor-like FITC-dextran 
are injected into an immunode fi cient mouse, then monitored 
by  fl uorescent microscopy through temporary skin  fl aps or 
permanent “surgical windows”. This approach can offer 
insight into the generation of CTC within the tumor as well 
as on circulation kinetics. 117   

   CNA 

   History of CNA Analysis 
 The earliest demonstration of cell-free DNA in blood was in 
1948. 118  The  fi rst report of CNA in association with solid 
tumors was, arguably, in 1972 or 1977. 7  ,  119  An increased level 
of  total  DNA in the serum of patients with malignancy was 
seen relative to serum of healthy patients. Elevated levels of 
CNA in autoimmune disorders, especially lupus, had already 
been reported. It was much more recently shown that mRNA, 
microRNA, and methylated DNA can be routinely measured 
in cell-free serum and plasma. 

 The advent of PCR enabled demonstrations that the same 
mutation in a primary tumor could often be found in the cor-
responding CNA. Kras-2 was by far the most commonly 
studied gene. In a prospective study Kras2 mutations were 
identi fi ed in the CNA of 3.8% (of 1,098 subjects) and TP53 
mutations in 5.5% (of 550 subjects) of patients with bladder 
cancer, but Kras and TP53 mutations were ALSO found in 
CNA from 1% and 3% respectively of healthy controls. 120  
Mutations were found in smokers without known tumors. 
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Detection of mutations in cfDNA occasionally presaged the 
clinical detection of cancer. 

 Fleischacker et al provides an exhaustive summary of the 
literature on CNA through 2006. 121  The survey covers litera-
ture on point mutations, microsatellite variation, loss of 
heterozygosity, methylation, and RNA expression. As a 
result of the limited experimental design, the early studies 
mainly serve as proof of principle—that alterations can be 
identi fi ed in the CNA of many cancer patients. 

 “Personalized medicine” is a current touchstone of opti-
mal medical care. Genomic/transcriptomic analysis of a 
tumor can identify point mutations, insertions–deletions, and 
fusion transcripts which are present in the tumor (or at least 
the dominant clone) and then used for literally “personal-
ized” monitoring of minimal residual disease by analysis of 
CTC, CNA, or both. 2  -4      ,  28  

 Much current work is directed at the measurement of cir-
culating methylated promoter sequences, microRNA pro fi les, 
and tumor-speci fi c mutations. MicroRNA expression signa-
tures show robust performance in classifying epithelial can-
cers including “tumors of unknown origin”. 122  ,  123  Pro fi ling of 
circulating miRNA appears very promising for detection of 
solid tumors. 124  -1  28  Whole genome ampli fi cation of tumor 
CNA has been successful for moderate scale SNP/LOH anal-
ysis. 129  The few published NextGen Sequencing studies of 
CNA for copy number are technically unsatisfactory. 130  ,  131  
Next Generation Sequencing of fetal DNA in the maternal 
circulation (an example, after all, of circulating neoplastic 
DNA)  has been  analyzed successfully by Next Generation 
Sequencing for copy number variation. 132   

   CNA: Biology 
  Source of CNA  Circulating DNA, mRNA, and miRNA are 
present at low levels in all people. The basal level of CNA 
re fl ects normal cell turnover primarily from hematopoietic 
cells. A study of a sex-mismatched bone marrow transplant 
recipient showed that most cfDNA came from the donor. 133  It 
is a leap to generalize from a result in a bone marrow trans-
plantation patient, but this conclusion supports expectations. 
Elevated levels of cfDNA have been reported in conditions 
such as stroke and lupus and after radiation therapy. 134  -1  38  In 
many but not all cancer patients, the level of total circulating 
DNA is elevated. 139  -1  43  The proportion of CNA derived from 
CTC (as distinct from primary tumor) has not been deter-
mined. In some cases a rise in total cfDNA has preceded 
clinical detection of cancer. 140  ,  141  

 That some cancer patients had elevated cell-free DNA did 
NOT prove that the cell-free DNA came from the tumor 
rather than immune or stromal cells. The demonstration that 
the primary tumor and CNA often contained the same muta-
tion or loss of heterozygosity supported the conclusion that 
some increased DNA came from the tumor cells. 144  ,  145  
Xenograft studies of human tumors in immunosuppressed 

mice showed the cfDNA is overwhelmingly of human origin. 
The reported fraction of tumor DNA ranges from 3 to 93%, a 
summary statistic cited in the review by Ziegler et al. 146  Jahr 
undertook a novel approach, measuring levels of rearranged 
T-cell receptor gene sequences and of methylated selectin 
promoter in cfDNA, reasoning that these would re fl ect the 
in fl ammatory and endothelial (stromal) components. 147  
Failing to see signals for the study concluded that most 
cfDNA in cancer patients is tumoral in origin. 

 Whether cfDNA originating from tumor cells is generated 
by apoptosis or necrosis has been decided both ways. DNA 
from necrotic cells is suggested to be high MW (>10,000 kb) 
whereas DNA from apoptotic cells is shorter, typically show-
ing a ladder pattern with “rungs” 180 bp apart, re fl ecting 
nucleosomal packaging. 148  ,  149  Jahr et al looked at CNA in 
subjects with a variety of tumors and found both short and 
long DNA fragments. 

  DNA . Circulating DNA is thought to be carried in nucleopro-
tein complexes. Circulating nucleoproteins, including the 
speci fi cally methylated histones have been implicated, but it 
has not been shown that the bulk of cfDNA is present in such 
complexes. 149  -1  52  The fate of various CNA is uncertain. 
cfDNA disappears rapidly, with a half-life of 4–30 min, as 
judged by study of circulating fetal DNA. 153  

  Methylated DNA . Methylation of DNA in promoter sequences 
can turn gene expression down or off. Methylation of the pro-
moter for MLH1 in many sporadic microsatellite unstable 
colon cancers is a classic example. Methylated DNA promoter 
sequences, including MLH1, can be detected in CNA. 154  ,  155  
Conditions, such as aging and in fl ammation are associated 
with increased methylation of varying combinations of pro-
moters; whereas some drugs can decrease methylation. 

  mRNA . Measureable cell-free mRNA is present in the circu-
lation despite the reputation of RNA for “fragility”. Serum 
has potent RNAse activity: exogenous RNA added to serum 
shows a half-life on the order of seconds. 156  The leading 
explanation is that the cf-mRNA is present in either a proteo-
lipid complex or an intact microvesicle. 157  ,  158  

  miRNA.  Mature miRNAs are 20–25 nucleotide long RNA 
molecules. Each miRNA includes a “seed sequence” which 
matches, imperfectly, corresponding sequences in tens or 
hundreds of mRNA. Mature miRNAs regulate these mRNA 
either by inhibiting translation or promoting degradation. 
The stability of miRNA in blood, serum, and plasma is strik-
ing. After incubation of aliquots of whole blood at 4°, 25°, or 
for up to 4 days “housekeeping” microRNAs were readily 
demonstrated with modest change (unpublished). As for cir-
culating mRNA, experimental evidence shows that circulat-
ing miRNA is present in micro-vesicles, proteolipid 
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complexes (perhaps from microvesicles), and in exo-
somes. 159  ,  160  Analysis of circulating miRNA in cancer was 
reported in 2008. 124  Kosaka has already reviewed 20 studies 
which primarily correlate cf-miRNA expression pro fi les with 
the presence of speci fi c solid tumors. 126   

   CNA Methods 
  Collection of Sample . The level in serum is invariably higher 
than in plasma, the difference attributable to the progressive 
release of nucleic acids from hematopoietic cells lysed in the 
evolving clot. The difference increases with the delay in sep-
aration. Many current studies still underestimate the effect of 
preanalytic variation in boosting apparent cfDNA (probably 
all CNA) levels. 161  -1  64  Platelets, which do not contain genomic 
DNA, do contain both mRNA and miRNA. 

  Puri fi cation of CAN . Standard methods for puri fi cation of 
nucleic acids from blood cells can be used provided they do 
not loose low-molecular weight CNA. Commercial kits 
speci fi c for cfDNA are available. Molecular diagnostic labo-
ratories routinely isolate viral RNA and DNA from plasma. 

  Size of CNA . Notwithstanding the debate over apoptotic ver-
sus necrotic origins, much cfDNA is less than 500 bp. 165  As 
noted, mature miRNAs are already small. Accurate sizing 
and concentration measurement in this range can be obtained 
using micro fl uidic instruments such as the BioAgilent 2000. 

  Nucleic Acid Quantitation . UV spectrophotometric absorp-
tion is insuf fi ciently sensitive. Fluorescent dye-binding 
methods, using agents like PicoGreen TM  (DNA) and 
Ribogreen TM  (RNA) are satisfactory. 166  The typical diploid 
human cell contains 6.6 pg of total DNA. 1,000 cells would 
correspond to 6.6 ng, this is near the lower limit reported for 
cfDNA/ml blood. Contrast this with intact CTC: 1,000 CTC/
ml is a high level. 

 Jung compared 7 reports and found means ranging from 6 
to 650 ng/ml of plasma. 167  The largest study, including 776 
controls, showed a median plasma cfDNA of 26 ng/ml, a 
mean of 67 ng/ml but a standard deviation of 405 ng/ml. 
Fleischhacker gives an exhaustive listing in various cancers 
and controls. 121  

  Mutation Detection/DNA Copy Number/Gene Expression/
miRNA Expression . As for any DNA or RNA source, if the 
region of interest can be ampli fi ed, it can then be studied by 
various methods including real-time PCR and sequencing. 
The often small amount of CNA limits direct use of high-
throughput methods like microarray and Next Generation 
Sequencing but as noted above whole genome/transcrip-
tome/miRNome ampli fi cation can overcome this, albeit at 
risk of distorting relative levels. Digital PCR methods like 
BEAMING, can provide quantitative analysis of mutations, 

copy number, or expression level with greater sensitivity and 
accuracy than does typical real-time PCR or microarrays but 
with limited multiplexing. 168  ,  169  

  Methylation Detection  of methylated CpG sites is challeng-
ing. Numerous methods are in use. 170  ,  171  A common feature is 
bisul fi te treatment of the DNA sample prior to PCR 
ampli fi cation. Traditional protocols destroy up to 90% of the 
input DNA which makes working with small amounts 
of cfDNA especially challenging. Auwera et al showed cor-
related levels of methylated cfDNA and CTC numbers. 172  
This leaves open the question of whether the methylated 
sequences derive from CTC or from the primary tumor. 
Auwera did NOT test for methylated sequences  in  the CTC. 
The highly parallel BEAMING method noted above has 
been modi fi ed and shown to work with circulating methy-
lated DNA sequences. 169  The authors describe a bisul fi te 
treatment protocol which leaves 99.4% of the DNA intact.   

   CTC and CNA in Speci fi c Gastrointestinal 
Malignancies 

 The following sections summarize recent  fi ndings, organized 
by anatomic site, for CTC, circulating methylated DNA 
(promoters), mRNA, and microRNA. 

   Esophageal Cancer and CTC 
 A tour-de-force study by Stocklein et al examined the ques-
tion of how closely DTC re fl ect the primary tumor and each 
other at the genomic level. The data impacts the uncertainty 
over whether DTC arise “early” or “late” in the evolution of 
the primary tumor. A parallel study of CTC could help dis-
sect the relationship of CTC and DTC. This study looked at 
paired primary tumors and bone marrows from 104 consecu-
tive patients with esophageal cancer (adeno and squamous) 
and disaggregated lymph node preparations from 18 of these 
patients. DTC were identi fi ed by staining for cytokeratins or 
EpCAM. 38 bone marrows and 9 lymph node preps demon-
strated 1 or more DTC. Sixty DTC were individually selected 
by micromanipulation. The DNA from each cell underwent 
whole genome ampli fi cation and was then assayed by com-
parative genomic hybridization (CGH) (not by array). 
Twenty-two DTC showed ampli fi cation of the region 17q12–
21, which encompasses HER2. Quantitative PCR con fi rmed 
ampli fi cation of the HER2 locus in 11 of the 22 cells. Focal 
ampli fi cations including HER2 but less than 5 Mb in extent 
would have been missed by CGH. Ampli fi cation of 17q12–
21 could also encompass a region short of HER2 but still 
contain other signi fi cant genes. In cases where more than 
one DTC came from the same case, the two or three cells 
showed similar CGH pro fi les including HER2 status. In the 
several cases with one DTC from LN and one from bone 
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marrow, the pro fi les shared the 17q12–21 ampli fi cation but 
were otherwise distinct. Perplexingly (or intriguingly) 
ampli fi cation was seen in only about 15% of the primaries 
without close correlation with the  fi nding in DTC. 

 Fourteen studies since 2000 have examined CTC in 
patients with esophageal cancer, none examined CTC 
 morphologically or immunohistochemically. 22  ,  173  -1  86  Eleven 
used RT-PCR to detect RNA transcripts of epithelial-speci fi c 
genes in mRNA prepared from the mononuclear population 
of peripheral blood after density gradient centrifugation. In 
total these studies encompassed 883 patients, most were 
squamous carcinoma. The most frequently target was CEA. 
Other genes used to infer the presence of esophageal CTC 
were survivin, deltaNp63, SCC antigen 1, SCCA2, Eya4 
(eyes absent 4) hTERT, and cytokeratin 20. One study looked 
p16 deletion and cyclin D1 ampli fi cation at the DNA level in 
CTC (and plasma). 

 CEA expression has been observed in activated lympho-
cytes. 187  Although some studies 178  report a narrow window 
between patients and healthy controls, most  fi nd minimal 
CEA mRNA in the healthy controls. The likeliest explana-
tion (other than PCR contamination) is that the stringency of 
the cut-off varies among studies. Ito et al  fi nd CK20 tran-
scripts present in the PBMC of most healthy controls, with 
considerable overlap with the level in patients with esopha-
geal cancer. 178  Contamination with activated lymphocytes 
has been described several times. 106  Six reports do not report 
quantitative results even when they use real-time PCR. 

 Survivin is of uncertain function beyond ability to 
inhibit apoptosis in selected settings. Survivin mRNA is 
present in the basal layer of the epidermis (and in other 
epithelia) but not in the intermediate or super fi cial layers. 
SCCA1 (Squamous Cell Carcinoma Antigen 1) is a mem-
ber of the ovalbumin family of serine protease inhibitors. 
SCCA2 is a homologue found in tandem with SCCA1. 
SCCA1 mRNA is present at the mRNA level in lympho-
cytes at a very low level compared to that in epithelial 
cells but this could be signi fi cant relative to the level in 
CTC. 179  “deltaNp63” is an isoform of p63, a homologue of 
p53, implicated as a marker of epithelial stem cells. 188  In 
normal subjects expression of deltaNp63 is con fi ned to 
the basal layer of strati fi ed epithelium. In normal cells 
p53 targets deltaNp63 for degradation. Eya4 (“eyes absent 
4”) not surprisingly was  fi rst identi fi ed in drosophila. The 
protein has tyrosine and ser/thr phosphatase activity, 
beyond that little is known of its function. 

 The highest rate of positivity for CTC was found with 
survivin, with the proportion of positive cases ranging from 
51 to 88%. 22  ,  174  Grimminger did a short-term study looking 
only at the response to neoadjuvant therapy. 175  In that study 
expression of survivin in CTC was associated with a higher 
likelihood of a minor response but no incidence of a major 

response. In other studies elevated survivin levels were 
loosely correlated with worse outcome. 

 Li et al show increasing rates of positivity in correlation 
with worsening esophageal histology (normal, hyperplasia, 
dysplasia, cancer) for hTERT—24%, 30%, 52% and 80% 
respectively. Eya4 showed inferior discrimination at each 
stage. 

 Kaganoi et al looked at SCCA mRNA in CTC preopera-
tively and intraoperatively in 70 patients. 23/70 patients were 
positive for CTC preoperatively and 24/70 were positive for 
CTC collected intraoperatively but only 13 of these had also 
been positive in the pre-op sample. Of the patient’s positive 
for CTC at admission, 17/23 recurred; of those negative 11/47 
recurred. For those positive intraoperatively 16/24 recurred, 
and of those negative intraoperatively, 12/46 recurred. 
Of those negative in both assays, only 4/36 recurred. 

 These studies differ not only in the targets chosen but also 
in the clinical parameters: volume of blood sample, time of 
sampling (pre-op, intra-op, post-op), and treatment prior to 
surgery (for example in the Kaganoi study some subjects had 
chemo which might affect CTC levels), distribution of stages 
and length of follow-up.  

   Esophageal Cancer and CNA 
  Esophageal cfDNA.  Takeshita et al measured CCND 
ampli fi cation (11q13) in plasma DNA in 96 patients using 
the level of the dopamine receptor locus as a control (11q22–
23). 189  Although there was a trend toward increased recur-
rence in patients with a high ratio, it did not reach statistical 
signi fi cance but in multivariate regression analysis it did 
reach statistical signi fi cance.  

   Esophageal Cancer and Methylated CNA 
 Four other reports have examined CNA in esophageal can-
cer. All four looked at methylation markers. 177  ,  190  -1  92  
Kawakami measured methylated APC promoter sequences 
in peripheral blood. 190  13 of 52 patients with methylated APC 
in their primary tumor had methylated sequences detected in 
the plasma. Of the 13, 11 were adenocarcinomas. None of 
the controls (20 healthy subjects, 23 with gastritis, 11 with 
Barrett’s metaplasia) showed circulating methylated APC 
promoter. The authors calculate a “hypermethylation” index, 
the ratio of methylated to nonmethylated sequences and 
determined a cut-off. Six of 52 plasma samples were consid-
ered “hypermethylated,” all six had survival of less than 6 
months, the non-“hypermethylated” subjects had a 50% sur-
vival rate of approximately 2 years. 

 Hoffmann et al looked at methylation of the APC and 
DAPK (Death associated protein kinase) promoters. 191  ,  193  ,  194  
Of 59 patients, 61% were positive for one or both markers. 
Use of both makers led to signi fi cant discrimination with 
respect to survival (<2.5 years) with a  p -value of 0.03. 
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Presurgical neoadjuvant chemoradiation was seen to 
signi fi cantly decrease levels of methylated promoter detected 
in plasma (an encouraging sign of treatment effect but an 
obstacle to developing a useful biomarker). Pretreatment 
DAPK promoter methylation had by far the strongest 
 independent effect on survival but might be functioning as a 
surrogate marker for adenocarcinoma). 

 The study by Ikoma et al is the only study so far to look at 
CTC and plasma. 177  44 patients were studied by RT-PCR for 
CEA and for speci fi c methylated sites in p16, E-cadherin and 
RAR-beta. Mononuclear cells were isolated by density gra-
dient from 5 ml of whole blood to measure CEA by RT-PCR. 
Another 5 ml aliquot was centrifuged sequentially three 
times to obtain cell-free plasma for detection of methylated 
DNA by qualitative PCR. CEA was detected in 12 patients 
(27%). Fourteen patients (32%) showed methylation in one 
or more promoters. Twenty-three patients had an abnormal-
ity in one of the assays. Methylation status of the primary 
tumors was not provided; no information was given regard-
ing clinical parameters such as outcome.  

   Esophageal Cancer: Circulating miRNA 
 Xie tabulates the results of four miRNA pro fi ling studies of 
esophageal cancers including adenocarcinomas and 
squamous cell carcinomas. 122  At the time of this writing there 
are no published studies of circulating miRNA in patients 
with esophageal cancer.  

   Gastric Cancer: CTC 
 Literature review identi fi ed 20 studies in the period 2000–
2010. 195  -2  15  These encompass 1,546 subjects (excluding 
controls), 13 had fewer than 100 subjects. Mimori et al 
looked at 810 patients (and 29 controls), extracting total 
RNA from whole blood (the discussion implies this was 
interpreted as re fl ecting CTC) and performing real-time 
PCR for CEA, CK-7, CK-19, and VEGFR-1. 203  30% of all 
subjects were positive for one or more markers in periph-
eral blood (48% in bone marrow). Kolodziejczyk screened 
268 consecutive patients with gastric cancer under con-
sideration for chemotherapy followed by gastrectomy. 200  
Samples were drawn before starting chemotherapy and 
just before surgery. Flow sorted CD45(−) cells screened 
for CTC by IHC for cytokeratins. Only 32 subjects showed 
CTC or DTC (bone marrow) (12%). The level of DTC but 
NOT CTC showed a response to chemotherapy, but the 
DTC “responders” showed a lower 3 year survival. 
Fourteen studies report correlation of one or more clinical 
parameters with the level of CTC. 

 Three studies looked at CTC directly; the others applied 
RT-PCR to detect gene expression or miRNA expression. 
Matsusaka et al used the CellSearch System to follow 52 
patients with metastatic gastric cancer, each of whom had 

demonstrable CTC, to determine if the CTC level could 
stratify patient responses to therapy. 202  Patients were tested at 
baseline, then 2 weeks and 4 weeks after initiation of chemo-
therapy. The analysis concluded that a CTC level >= 4 CTC 
(per 7.5 ml) at either 2 weeks or 4 weeks correlated with 
worse outcomes (OS of 3.5 and 4.0 months respectively) 
than for subjects who had <4 CTC at those time points (OS 
11.7 and 11.4 months). The differences in outcome, strati fi ed 
by CTC, were held to be signi fi cant with  p  < 0.001 indepen-
dent of other parameters by univariate and multivariate 
analysis. 

 Some of the gene expression studies of CTC which do 
not use IHC or other imaging modality give ambiguous 
descriptions of the source of RNA. “RNA from the blood” 
could mean cells, plasma, or whole blood. If just red cells 
are lysed and the resulting supernatant processed for RNA 
it is possible that CNA will be processed and mistaken for 
RNA from CTC. The targets of gene expression studies 
included cytokeratins, survivin, MUC1, c-MET, MAGE-1 
and -2, uPAR, VEGF, VEGFR-1, CEA, MT1-MMP, and 
CD44v6. Several studies compared CTC and DTC. Kita 
et al analyzed the presence of uPAR, CEA, CK-7, and 
CK-19 mRNA in DTC (bone marrow) and CTC (blood) in 
846 patients with gastric cancer, by far the largest study of 
DTC/CTC in gastric cancer. 199  uPAR was the most dis-
criminating marker. Using a stringent cut-off uPAR posi-
tive DTC were present in 51% and positive CTC in 48% 
of all patients. uPAR expression in both DTC and CTC 
showed statistically signi fi cant correlation with depth of 
invasion, stage, and distant metastases. Only CTC uPAR 
was an independent prognostic factor for distant metasta-
sis by multivariate analysis. What appears to be the same 
large patient group was also studied for the utility of MT1-
MMP and VEGFR-1 as biomarkers. Each gene re fl ects a 
potentially distinct role and each was found in DTC and 
CTC of patients with gastric cancer, but the proportion of 
positive patients was much smaller than for uPAR. 

 Chen et al provide one of the few comparative evalua-
tions measuring CTC by both IHC and by RT-PCR. 196  Cells 
isolated on a  fi coll gradient were subsequently either immu-
noselected with magnetic beads coated with antibody to 
CK20. IHC was performed for CEA, hTERT, CD34, and 
CD45. The methods section does not explicitly state the 
source of RNA, exegesis of the discussion suggests that it 
was from “whole blood” with the assumption that free circu-
lating mRNA is negligible. Real-time PCR was performed 
for CK20 and beta-actin. IHC detected CTC in 25/60 (42%) 
of cases, none in gastritis controls ( n  = 20). QPCR detected 
transcripts for CK20 in 32 of the 60 subjects (53%) and none 
in the gastritis controls. All 25 cases identi fi ed by IHC were 
also positive by QPCR. No clinical associations such as out-
come were presented.  
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   Gastric Cancer and CNA 
  Methylation . Despite several surveys of methylation in gas-
tric cancer so far only one study of methylated sequences in 
plasma was identi fi ed for gastric cancer. 216  ,  217  Bernal  et al  
evaluated methylation of 24 genes in primary gastric carci-
noma tissues from 32 cases. 11 genes were hypermethylated 
in at least 50% of cases. Of these seven genes were in a sta-
tistically signi fi cant association with the signet cell variant 
which could be validated in a second set. Of these only APC 
and Reprimo promoters showed signi fi cant methylation in 
plasmas paired with the tumors, and only Reprimo methyla-
tion was seen in plasma from asymptomatic cases. Reprimo 
participates in the p53 mediated cell cycle arrest at G2. 218  
Methylation of Reprimo has been demonstrated in gastric 
cancer in an independent study by Luo et al as well as in 
other malignancies, both in the primary tumors and in the 
plasma (pancreas, prostate, bladder, lung) 218  -2  21  

  Gastric Cancer: miRNA . Xie et al reviewed miRNA pro fi ling 
studies for all gastrointestinal malignancies, including nine 
studies of gastric cancers. 122  They list all discriminating 
miRNA from the individual studies. 

 Zhou et al analyzed miRNA expression in circulating 
 tumor cells  of patients with gastric carcinoma. 215  Zou et al 
looked at 90 patients—41 had pre-op samples, 49 had post-
op samples drawn within 3 weeks of surgery, and 29 con-
trols. The pre-op and post-op samples are from DIFFERENT 
sets of patients! miR-17 and miR-106a levels were each 
increased (normalized to the small RNA RNU6) in the 
patients with tumors relative to the controls but with moder-
ate overlap. Both miRNA levels were decreased after surgery 
but remained higher than controls. 

 Tsujiura et al looked at several miRNA (miR-21, 17-5-p, 
-106a, -106b, and let-7a) in the  plasma  of 69 patients with 
gastric cancer, sampling both pre and post-op, and 30 healthy 
controls. 222  miRNA was also extracted from matching pri-
mary tumors where possible. Each of the  fi ve miRNA distin-
guished patients from controls ( p  = 0.006) with let-7a 
decreased and the others increased in concentration. The 
miRNA(s) used for normalization is not given. Of various 
formulae tested by the authors, the miR-106a/let-7 ratio gave 
the highest AUC, 0.8979. No mention is made of con fi rming 
this conclusion with an independent validation set.  

   Colon Cancer and CTC 
 Sergeant et al reviewed all studies of CRC in which CTC 
were measured by  quantitative  RT-PCR. 223  Only 12 studies 
in the period 1999–2007 met their criteria for adequate 
study design. The sample size ranged from 27 to 168. The 
studies varied widely with respect to the cell selection 
method, gene(s) analyzed, and the time points sampled 
(preoperative, intraoperative, postoperative). Three studies 
did NOT indicate the collection time. Given the range of 

study designs any conclusions must be limited. Sergeant 
et al concluded that in the four studies with adequate pub-
lished information, there IS evidence of an association of 
increased numbers of CTC (inferred from RT-PCR) with 
stage but NO evidence for an effect on disease-free or over-
all survival. 

 A comprehensive review, by Rahbari et al, employed a 
complex meta-analysis of the entire literature through June 
2009. 224  The review included studies of peripheral blood 
CTC and bone marrow DTC. Studies were required to have 
more than 20 subjects and to provide suf fi cient information 
that a hazard ratio could be calculated for relapse-free sur-
vival and/or overall survival. The initial scan retrieved 1,864 
studies. Of these 1,825 did NOT meet the criteria. The 
remaining 36 studies, including only  fi ve of the reports 
accepted by Sergeant, were analyzed in detail. The 36 stud-
ies encompass 3,094 subjects with sample sizes ranging from 
20 to 438 patients (median of 67). Twenty-nine studies used 
only RT-PCR for detection of CTC. Target genes included 
cytokeratin 20 ( n  = 15 studies), CK19 ( n  = 4), CK18 ( n  = 2), 
Kras2 ( n  = 4), CEA ( n  = 14), survivin, EphB4, Laminin, MAT, 
GalNAc, MAGE-A3, c-Met, EGFR, IL10, p63, and hTERT. 
The review assessed six categories of bias, the only category 
in which a signi fi cant number of reports failed (16/36) was 
lack of control for confounding. Undeterred, the reviewers 
performed subgroup and factor interaction analysis,  fi nally 
drawing two conclusions:

   If CTC were present the recurrence free survival (RFS) as • 
well as overall survival (OS) were each signi fi cantly 
decreased (hazard ratios 3.24 [95% CI: 2.06–5.10]) and 
2.28[1.55–3.38]). DTC positivity was of marginal 
signi fi cance.  
  The perioperative time point was the most signi fi cant for • 
both RFS and OS.    
 To identify relevant publications available after the period 

covered by Rahbari et al, PubMed was searched for the sin-
gle Mesh term “neoplastic cells, circulating”. Eight substan-
tive studies were identi fi ed. 20  ,  25  ,  104  ,  108  ,  225  -2  28  

 Miller et al reviewed three  prospective  large multicenter 
studies CTC in metastatic disease using the CellSearch sys-
tem, one each for metastatic breast, prostate, and colon can-
cer, which form the core for the FDA approval of CTC 
measurement using a speci fi c reagent kit and a speci fi c instru-
ment. This system uses magnetic nanoparticles coated with 
anti-EpCAM antibodies for selection. The  fi xed cells are per-
meabilized and labeled with DAPI (to stain nuclei), anti-CK-
Phycoerythrin, directed at the  intra cellular cytokeratins 8, 
18, and 19 (characteristic of epithelial cells), anti-CD45-
Allophycocyanin to highlight retained leukocytes. The cells 
are scanned and the images analyzed semiautomatically with 
operator interaction. This system require that the CTC express 
BOTH EpCAM and cytokeratins. FISH analysis is possible 
but NOT part of the FDA-approved application. 
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 FDA approval is for measurement of change in CTC num-
ber as an acceptable guide to changing therapy in patients 
with metastatic CRC.. 19  ,  24  ,  229  Patients were serially moni-
tored. For CRC the cut-off for “positivity” was >3 CTC/7.5 ml 
of whole blood. Of 295 normals, 3% had 1 or more putative 
CTC and none had greater than 5 CTC. Of 255 subjects with 
various benign diseases (all sites) 7% had one or more CTC, 
0.5% had more than 10 CTC. Of 413 patients with metastatic 
CRC, 47% had one or more CTC, 18.2% had 5 or more CTC, 
11.6% had 10 or more, 2% had 50 or more (the table does 
NOT list 3 CTC as a strati fi cation cut-off). Patients with 
greater than 3 CTC showed an overall survival of 8.5 months, 
patients with less than 3 CTC showed an OS of 19.1 months. 
The discussion notes that results are signi fi cantly operator 
dependent despite the partially automated image analysis. 
Normal subjects showed a mean of 53 unclassi fi ed cells, 
patients with metastatic CRC showed a mean of 223 
unclassi fi ed cells. These are large numbers in an assay where 
a change of one CTC/sample can have major impact on clini-
cal action. Patients who converted from positive to negative 
even weeks after treatment had signi fi cantly improved out-
comes. The authors recommended con fi rmation of a trend 
prior to clinical action. CTC measurement outperformed 
CEA measurement. 

 Operative manipulation can transiently increase the num-
ber of CTC. 230  ,  231  A seemingly natural concern is that a large 
ef fl ux of CTC might increase risk of metastases. Given the 
large number of CTC circulating daily in some subjects this 
would not seem a compelling concern unless there is a quali-
tative difference in the CTC released or if surgical stress 
changed the systemic or microenvironmental response to the 
CTC. The limited evidence is inconclusive. 

 Peach et al reviewed nine studies colon cancer in which 
sampling of peripheral CTC took place 24 h or more after 
surgery, when most CTC released by trauma, should be 
absent. 232  Six of nine studies showed the CTC count was an 
independent adverse prognostic factor. 

 Wong et al studied 462 patients using a manual bead-
based immunoselection for EpCAM followed by manual 
IHC for CK20. 34  62% of 132 patients with CRC were posi-
tive, 6% of 50 patients with adenomas were positive, and 
none of 160 patients with benign or no disease. The authors 
note that chromosome 17 aneusomy was seen in 90% of the 
CK20 positive cases. Hardingham et al using immunoselec-
tion and RT-PCR found CTC in 3/30 patients with adenomas 
and in 4/34 patients with ulcerative colitis. 32   

   Colon Cancer: CNA 
  Methylated CNA . Numerous methylated promoter sequences 
have been identi fi ed in colon cancer. 233  Methylated hMLH1 
promoter sequences have been detected in serum of patients 
with microsatellite unstable colon cancer. 154  In nine cases 
with hMLH1 promoter hypermethylation, three cases showed 

promoter methylation in the serum. Methylated hMLH1 
promoter sequences were NOT identi fi ed in the serum of 
patients in whom the primary did not show hypermethyla-
tion. p16 promoter hypermethylation occurs in colorectal (as 
well as esophageal and gastric cancers) with the incidence 
often increasing with stage. Two studies reported detection of 
p16 methylation in serum of colorectal cancer patients. Zou 
et al looked at matching tissue and serum samples from 52 
patients with cancer, 34 with adenomatous polyps, and 10 
healthy individuals. 234  p16 hypermethylation was present in 
20/52 (38%) of the cancer tissues. Of those 20 cases, 14 
matching sera showed p16 hypermethylation (70%). No 
methylated p16 promoter sequences were detected in the sera 
of the other cancer cases, patients with adenomas, or healthy 
controls. Nakayama et al looked at matched tumor, remote 
normal mucosa, and serum samples in 168 cases of colorectal 
cancer. The text appears to assert that in all 99 positive tumors, 
the matching serum also showed at least weak p16 promoter 
hypermethylation whereas controls showed no methylation in 
serum, but a  fi gure in the text suggests only 30–40% of sera 
from patients showed substantial methylation. 235  ,  236  

 Among the interesting recently identi fi ed genes methy-
lated in colorectal cancer is HPP1 (Hyperplastic Polyposis 
Gene 1, aka TMEFF2, [“transmembrane containing epider-
mal growth factor and follistatin domains”]). 237  HPP1 is 
expressed in epithelium along the GI tract and in pericryptal 
myo fi broblasts. The function is unclear. Sabbioni and Wallner 
have each shown that methylated HPP1 promoter sequences 
can be detected in serum of patients with colon cancer. 
Sabbioni found hypermethylation in 83% of tumors and none 
in control tissues. 238  Methylated HPP1 promoter sequences 
were identi fi ed in serum. Wallner et al identi fi ed HPP1 pro-
moter methylation in the sera of 13% of 24 patients with 
local CRC, 36% of 14 with metastatic disease, and none in 
20 healthy controls. 239  

 Model et al used methylation-speci fi c microarrays to 
assay colorectal samples: 115 metastatic cancers, 89 adeno-
carcinomas, 55 polyps, 31 in fl ammatory bowel mucosa, and 
67 healthy mucosae. 240  Promising candidates included 
TMEFF2 (HPP1), ZDHHC22, SLITRK1, SLC32A1, DLX5, 
GSK3B, NGFR, and PCDH17 all of which distinguished 
colon neoplasia not just from normal colon but also from 
other tissues, especially blood (important for application to 
CNA). Ten markers were con fi rmed by real-time PCR on an 
independent set of 149 adenocarcinomas. Methylation of an 
additional marker, ALX4, showed high speci fi city for colon 
tissue BUT in both normal and malignant colon. 

 A second large survey used “methylation microarrays” 
followed by quantitative PCR con fi rmation. 241  This time can-
didates were chosen not just for minimal expression in nor-
mal tissue but also for minimal expression in blood cells. 
The three top candidates still included NGFR and TMEFF2 
but now also SEPT9. A member of the septin protein family, 
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SEPT9 was discovered as a fusion partner in leukemia. The 
function of this class of proteins is uncertain but involves, in 
part, binding to the metaphase plate during mitosis. Loss of 
SEPT9 leads to loss of chromosome segregation. SEPT9 was 
present not only in the plasma of 69% of CRC patients but 
also in 14% of controls. 

 Subsequent work extended analysis of the performance of 
SEPT9 in plasma, looking at 379 CRC patients and 179 
 controls split over several test and validation groups, with 
comparable performance to the initial report. 242  This study 
included ALX4, identi fi ed earlier as a potential biomarker. 
ALX4, also known as Aristaless 4, is a homeobox gene with 
a known target sequence. ALX4 was also  fl agged by Zou 
et al in a survey of primary tumors. 243  He et al described a 
triplex Methylight assay for TMEFF2, SEPT9, and ALX4 in 
analysis of peripheral blood. 244  The combined assay showed 
84% sensitivity and 87% speci fi city for primary tumors and 
81% sensitivity and 90% speci fi city for cell-free methylated 
DNA in peripheral blood. 

 Zou et al identi fi ed methylation of several genes in addi-
tion to ALX4 in a high proportion of primary tumors: BMP3, 
EYA2, and vimentin, each methylated in approximately 70% 
of cases. 243  Detection in adenomas ranged from 48% for 
EYA2 and 72% for vimentin to 89% for ALX4. Frequency in 
normal epithelial ranged from 5% to 10%. This group also 
extensively studied fecal DNA markers and shown that 
methylation of the  fi rst (untranslated) exon of vimentin is an 
analytically robust marker. A methyl-binding protein domain 
immobilized on a column was used to enhance detection in 
the discovery phase. Without the enrichment column methy-
lated vimentin sequence was only detected in a single 
cancer 

 Li et al used MethylBEAMING in an elegant high tech 
study of methylated vimentin promoter sequence in circulat-
ing DNA and in fecal DNA from patients with colorectal 
cancer: plasmas from 110 normal controls and from 81 
patients with colorectal cancer, evenly distributed over all 
four Duke’s stages. 168  ,  169  Methylation of the vimentin pro-
moter had been already demonstrated in primary tumors and 
fecal samples in colorectal cancer. 245  ,  246  Fecal samples were 
from 38 normal controls, 20 patients with adenomas, and 22 
from patents with colorectal cancer (against multiple stages). 
In 2 ml of peripheral blood from normal subjects a mean of 
3,170 DNA vimentin exon 1 fragments were detected. Of 
these, on average, 0.6 vimentin exon 1 fragments were meth-
ylated per sample (only eight samples had >1 methylated 
molecule). The CRC patients showed a mean of 8,240 total 
vimentin exon 1 fragments and a mean of 335 methylated 
fragments. In fecal DNA, normal subjects showed a mean of 
47,3000 total vimentin exon 1 fragments with 1% methy-
lated, subjects with an adenoma showed 69,600 total frag-
ments with 3.8% methylated, and cancer patients (all stages) 
showed 236,000 fragments with 7.3% methylated. Viewed 

differently the authors give the sensitivity for plasma as 59% 
overall and speci fi city as 93%. For Dukes A and B, curable 
stages, sensitivity was 52%. For the fecal study, using the 
optimal cut-off, 45% of patients with adenomas and 41% of 
patients with colorectal cancer were positive, only 5% of 
healthy subjects were positive. 

 The sensitivity and speci fi city of several of the tests for 
circulating methylated sequences might not seem high 
enough to be clinically useful for screening populations but 
they appear signi fi cantly better than the statistics for fecal 
occult blood testing.  

   Colon Cancer and Circulating miRNA 
 There are numerous miRNA pro fi les of primary colon cancer 
tumors, but none of CTC or plasma.    

   Conclusion 

 The role of circulating tumor cells (CTC) in the cancer eco-
system (the primary, the stroma, the metastases, the dissemi-
nated tumor cells, and immune cells) could remain elusive 
even as a clinical role is de fi ned. It is tempting to dismiss 
circulating tumor nucleic acids as debris; however, uptake of 
tumor miRNA has been shown for normal cells and free 
DNA can activate elements of the immune system. Several 
 fi ndings merit emphasis:

   Circulating tumor cells can number in the millions per • 
day but very few become disseminated tumor cells, even 
fewer give rise to metastases.  
  Circulating tumor cells can originate in the primary or in • 
a metastasis but can also persist after complete resection 
even in the absence of known metastases.  
  Determinants of the level of circulating tumor cells and/or • 
nucleic acids are unknown.  
  The half-life of CTC, based on limited data, is on the • 
order of several hours. Many are apoptotic.  
  Direct detection of CTC is complicated by epithelial–• 
mesenchymal transformation as well as the lack of uni-
form marker expression even in the absence of EMT.  
  Limited data shows genomic heterogeneity among CTC • 
and with respect to the primary.    
 With respect to future clinical applications one can, with 

some con fi dence or foolhardiness, commit to print a few 
predictions: 

   Expanded Applications for Monitoring 
the Effectiveness of Therapy 

 This is the one area for which the FDA has already approved 
a test. Because of genomic heterogeneity it is not clear that 
genomic analysis of CTC/CNA alone will dictate therapy.  
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   Monitoring Minimal Residual Disease 

 As whole genome/transcriptome analysis of primary tumors 
becomes commonplace, data on translocations and deletions 
will enable sensitive detection of persisting or recurrent dis-
ease by analysis of CTC or CNA. Because of genomic hetero-
geneity and continued “evolution” more than one abnormality 
will have to be assayed. Development and validation of such 
personalized diagnostics will be costly at  fi rst. Proving clini-
cal bene fi t will require long-term clinical studies.  

   Screening Populations at Risk 

 Analysis of CTC and CNA, especially microRNA and meth-
ylated DNA, will each be evaluated as screening tests for 
populations at risk. None of these tests will be perfect bio-
markers but should offer signi fi cant improvements on cur-
rent biomarkers like fecal occult blood (or “none” in the case 
of esophageal cancer).       
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         Introduction    

 In this chapter we will consider circulating protein markers 
for esophageal (EC), gastric (GC), and colorectal (CRC) 
cancers. Speci fi c nucleic acids and circulating tumor cells 
have shown considerable potential as markers for gastroin-
testinal (GI) tumors and are covered in other chapters. We 
will focus  fi rst into the well-established, commonly available 
markers, namely the glycoprotein carcinoembryonic antigen 
(CEA) and the sialylated glycoprotein CA 19-9, and then we 
will review emerging markers for each GI tumor, discussing 
potential practical approaches for developing clinically use-
ful applications. 

 In current clinical practice, serum markers are used mainly 
for staging and post-therapy surveillance of gastrointestinal 
tumors. The only recommendation for clinical use of these 
markers, in guidelines published by several expert group 
organizations, is that CEA measurements should be used for 
staging, therapy monitoring, and recurrence prediction in 
patients with colorectal cancer (see Table  15.1 ). No speci fi c 
markers are currently recommended for routine use in gastric 
or esophageal cancer. Despite this paucity of widely accepted 
biochemical markers for GI tumors, there is a great need for 
reliable, sensitive, and speci fi c markers for the following 
clinical applications: 
    1.     Screening  for early stage cancers in the general popula-

tion: the main obstacle to generalized screening tests is 
that all of the commercially available markers and many 
of the markers in development tend to be negative in the 
great majority of early stage, localized cancers, and 
attain acceptable sensitivity only in advanced, wide-
spread tumors. Additionally, speci fi city needs to be very 
high to screen a general population; otherwise, given 

the low prevalence of tumors in the population, most 
positive results will be false positive. Given their low 
sensibility at early stages and less than desirable 
speci fi city, none of these markers is recommended for 
screening in populations with low pretest probabilities 
of the cancer.  

    2.     Diagnosis  of cancer when symptoms or other signs 
increase the pretest probability of cancer and in patients at 
high risk for cancer development: given the same lack of 
sensitivity at early stages mentioned above, these markers 
should not be used to rule out tumors; however, in con-
junction with other diagnostic modalities, certain positive 
tumor marker measurements may help to point the diag-
nostician in the right direction.  

    3.     Tumor sizing and staging : for many of the tumor markers, 
there is a good correlation with tumor size, especially for 
those markers that are released from the tumor (in con-
trast with “host response” markers), and this is one reason 
why these markers attain higher levels in more advanced 
stages. However, currently, there is no generally accepted 
staging protocol involving GI tumor markers.  

    4.     Prognosis evaluation : while there is a good correlation 
with survival for some of the markers, there is no widely 
accepted prognostic evaluation algorithm incorporating 
any of the GI tumor markers because of poor accuracy of 
the prediction or lack of suf fi cient data.  

    5.     Predict response to therapy : as rational therapies target-
ing pathogenic mechanism are developed, markers will be 
needed to predict response to these often highly expensive 
treatments. An example is the measurement of her2/neu 
ampli fi cation for predicting response to  Herceptin  in 
breast cancer. The plasma protein markers currently avail-
able cannot be used effectively to predict response to 
therapy in GI tumors.  

    6.     Monitor effectiveness of therapy : This is an accepted use 
of GI tumor markers such as CEA and CA19-9, as patients 
with elevations of these markers produced by the tumor 
will show a signi fi cant decrease in levels (typically greater 
than 50%) with effective therapy. Complete remission 
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cannot be established by tumor marker measurements, but 
persistent elevation should be considered as evidence of 
tumor persistence, provided that alternative explanations 
for the marker elevation can be excluded.  

    7.     Screen for cancer recurrence : This is also a widely 
accepted use of current GI tumor markers, as tumors that 
expressed the biomarkers before therapy most often re-
express them upon relapse. The Working Group on Tumor 
Marker Criteria suggests that an increase of at least 25% 
or a linear increase in a marker’s level in three consecu-
tive samples is consistent with progressive disease and 
tumor recurrence. 1  However, due to signi fi cant false-pos-
itive and false-negative tumor marker results, comple-
mentary recurrence screening methods, including various 
imaging modalities, should be used.      

   Carcinoembryonic Antigen (CEA) 

 The carcinoembryonic antigen was  fi rst described by Gold 
and Freedman after immunizing rabbits with an extract from 
a colon cancer patient. 2  Since then, it has become the most 
widely used marker for CRC, and the only serum protein 
marker incorporated in current recommendations for diagno-
sis, treatment and follow-up of GI cancers. 

   Biochemistry 

 The carcinoembryonic antigen, also named CEACAM5, 
gp180 or CD66e is a member of the CEA family of genes. 
The CEA family is part of the immunoglobulin superfam-
ily, and consists of the CEA subgroup and the pregnancy-
speci fi c glycoprotein (PSG) subgroup. The CEA family in 
humans comprises 23 genes located within a 1.2 Mb clus-
ter on the long arm of chromosome 19, of which 18 are 
expressed and 11 are pseudogenes. 3  ,  4  The CEA subgroup 
in humans (Table  15.2  and Fig.  15.1 ) comprises 6 trans-
membrane proteins, 4 membrane glycosylphosphatidyl 
inositol (GPI) -anchored glycoproteins (CEACAM5-
CEACAM8), and 2 secreted proteins (CEACAM16 and 
18), while the PSG group consists of 10 soluble members 
(PSG1–PSG10), secreted from trophoblast cells. GPI-
anchoring results from a hydrophobic signal peptide cod-
ing for attachment of the phosphatidyl-glycol moiety that 
allows insertion of the protein into the membrane and more 
 fl uid movement to areas of interest, as demonstrated by the 
apical location of CEA. GPI moieties are typically linked 
to sugar moieties on the protein, most commonly through 
an alpha-6 linkage between the inositol of GPI and a glu-
cosamine residue. The GPI tail can be cleaved with GPI 
phospholipase D expressed in colon cancer cells, resulting 

   Table 15.2    CEACAM genes expressed in humans   

 Gene  Synonyms  Expression  PM 

 CEACAM1  Biliary glycoprotein, BGP1, CD66a  Ubiquitous, especially GI epithelia  TM 
 CEACAM3  CGM1, W264; W282; CD66d;  Granulocytes  TM 
 CEACAM4  NCA; CGM7  Granulocytes  TM 
 CEACAM5  CEA, CD66e, DKFZp781M2392  Epithelia  GPI 
 CEACAM6  NCA; CEAL; CD66c; CEACAM6  Epithelia, lung, spleen, granulocytes  GPI 
 CEACAM7  CGM2  Epithelia  GPI 
 CEACAM8  CD67; CGM6; CD66b; NCA-95  Granulocytes  GPI 
 CEACAM16  CEAL2  Cerebellum (mouse)  Sec 
 CEACAM18  Widespread  Sec 
 CEACAM19  CEAL1; MGC105097  Squamous epithelia (mouse)  TM 
 CEACAM20  UNQ9366  Intestine, thymus (mouse)  TM 
 CEACAM21  FLJ13540; R29124_1; MGC119874  Hypothalamus  TM 

   PM  plasma membrane insertion mode,  TM  transmembrane,  GPI  glycophosphatidylinositol linked,  Sec  secreted  

  Fig. 15.1    Structure of 
CEACAM proteins expressed in 
humans. Each ellipse represents a 
Ig-like extracellular domain, dark 
IgV-like, light IgC-like (adapted 
from ref. 240  )        
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in solubilization of CEA. 5  There is some experimental 
evidence that CEA released from tumor cells may have a 
role in metastatic spreading to the liver. 6  Interestingly, the 
GPI-anchored CEACAM proteins tend to be upregulated 
in tumors, while the transmembrane CEACAMs are typi-
cally downregulated.   

 The CEA protein consists of 641 aminoacid residues and 
45–55% carbohydrate, resulting in heterogeneous molecules 
with molecular masses ranging from 150 to 300 kDa, and is 
encoded by mRNAs 2.6 kb transcribed from  fi ve to six exons 
with alternative splicing and polyadenylation sites. Meconium 
CEA (NCA-2) differs from colon CEA in reactivity with 
various monoclonal antibodies, probably re fl ecting different 
post-translational modi fi cations. 7   

   Expression and Regulation 

 CEA is widely expressed in fetal GI tract and other tis-
sues, including meninges, cartilage and bone, blood ves-
sel walls, placenta, dermis, muscle layers of the stomach 
and intestine and bronchioles. 8  In the adult, CEA is shut-
down in most cells, although expression is maintained at 
low levels in some adult tissues such as colon mucosa, 9  
squamous esophageal mucosa, 10  squamous uterine cervi-
cal mucosa, 11  rare thymic epithelial cells in Hassall’s cor-
puscles, 12  tracheal, bronchial, and bronchiolar epithelium 
and alveolar type I pneumocytes, 13  and sweat and seba-
ceous glands. 14  

 High-level reexpression of CEA in epithelial carcinomas 
provides a mechanism for selective identi fi cation and tar-
geting of these cancer cells. This tight regulation can be 
reproduced with a fragment containing the CEA basic pro-
moter (−266 to +102 bp around the transcription start site), 
and robust expression with preserved tissue speci fi city can 
be achieved by adding the CEA enhancer located −6.1 to 
−4.0 kb upstream of the start site. 15  Speci fi c targeting of a 
suicide gene to xenographed colon cancer was achieved 
using calcium phosphate nanoparticle mediated delivery of 
fusion construct containing the CEA promoter and the 
cytosine deaminase enzyme cDNA, therefore rendering the 
cells more susceptible to 5- fl uorocytosine. 16  The promoter 
apparently works even in tumors without detectable 
CEA. 17  

 CEA expression is stimulated by transforming growth 
factor beta (TGF b ), possibly as a regulator of cell adhe-
sion and differentiation during embryonic development, 
and its expression in embryonic development mimics that 
of TGF b . 8  ,1  5  The effects of TGF b  signaling on CEA 
expression appear to be mediated by  Smad  transcription 
factors, as suggested by low CEA expression in TGF b -
unresponsive gastric cancer cells and in  Smad3  knockout 
mice. 18   

   Functional Aspects of CEA 

   Adhesion 
 Extracellular domains are involved in homotypic and 
heterotypic interactions between CEACAM family mem-
bers, and in general these interactions play an important role 
in binding targets, including adhesion to other mammalian 
cells and bacteria. For example, CEA cooperates with CD44 
variants to bind to E- and L-selectin ligands on endothelial 
cells and resisthigh shear stress, which may be important for 
the metastatic ability of colon cancer cells. 19  Binding of bac-
teria to the apical surface of enterocytes expressing CEACAM 
molecules, followed by shedding of microvesicles or cleav-
age of GPI linkages provides a mechanism for regulating the 
amount of bacteria attached to the mucosa. 20   

   Cell Differentiation 
 Expression of CEA (and the related CEACAM6 GPI-linked 
molecule) generally inhibits differentiation in a variety of 
cell types, including myoblasts 21  and pre-adipocytes, 22  and 
overexpression of CEACAM5 or CEACAM6 in colonic epi-
thelial cells results in loss of cell polarity and tissue architec-
ture in culture and in a nude mouse model of colonic 
differentiation. 23  These anti-differentiation effects appear to 
have been selected most likely for embryologic purposes 
during evolution of the ancestral transmembrane-anchored 
CEACAM1, which does not have these effects, to the GPI-
linked CEACAM5 and CEACAM6. 22   

   Immunomodulation 
 CEA is expressed at low levels in the apical surface of adult 
colonic enterocytes and goblet cells, 4  ,  24  where it may bind 
bacteria, regulating bacterial colonization and promoting the 
immune response. 20  ,  25  Expression at the basolateral surface is 
found mostly in embryonic and tumor cells and may impart 
an immunosuppressive function by binding CD8, in conjunc-
tion with CD1d, and activating suppressor T-cells. 26  Since 
tumor cells frequently have loss of polarity and express CEA 
in the entire cell surface, 24  CEA may play a similar immuno-
suppressive function in colon cancer cells. Additionally, 
CEA was shown to decrease killing of colon cancer cells by 
natural killer (NK) 27  and lymphocyte-activated killer (LAK) 
cells. 28  It has been speculated that immunoinhibitory 
CEACAM molecules appeared during mammalian evolution 
to play a role in fetal tolerance in species with invasive tro-
phoblastic growth. 29   

   Metastasis and Tumor Survival 
 Injection of nude mice with CEA enhances growth of colon 
CA tumors. 30  ,3  1  Expression of the human chromosomal 
region containing CEA and CEACAM6 in transgenic mice 
induced enlarged colons with severe hyperplasia, dysplasia, 
and serrated adenomas. 32  Overexpression of CEA and 
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CEACAM6 in colonic cells lines disrupted their ability to 
form glandular structures and increased their tumorigenicity 
in nude mice. 23  Interestingly, in contrast with the GPI-
anchored CEA and CEACAM6 molecules, CEACAM1 
appears to have antitumor 33  and pro-apoptotic 34  effects and 
shows decreased expression in about a quarter of human 
colon cancers. 35  

 In addition to the above-mentioned role of CEACAM 
molecules in adhesion and immune modulation, mechanisms 
of enhanced tumorigenesis potentially include:
    1.    Induction of interleukin-10 and resulting inhibition of the 

up-regulation of the inducible nitrogen oxide synthase 
(iNOS) in Kupfer cells. 36  Up-regulation of iNOS results 
in ischemic injury to the circulating tumor cells as they 
enter the liver microvasculature and CEA may prevent 
this effect.  

    2.    Interaction of CEA with Kupfer cells also leads to release 
of cytokines such as IL-1 b , IL-6, and TNF a , which 
increase expression of adhesion molecules (primarily 
ICAM-1) by sinusoidal endothelial cells, resulting in 
increased attachment of tumor cells. 37  ,  38   

    3.    Inhibition of colon CA anoikis, a form of apoptosis 
induced by cellular detachment from the extracellular 
matrix, by binding to and blocking the pro-apoptotic 
effect of TRAIL-R2 (DR5) receptor. 39  The importance of 
this mechanism is highlighted by the failure of a CEA 
construct lacking the TRAIL-R2 binding domain to 
enhance experimental liver metastasis of colon cancer 
cells.  

    4.    CEA and CEACAM6 modulate clustering of integrin 
alpha-5/beta-1 resulting in increased binding to  fi bronectin, 
enhanced cellular adhesion to the extracellular matrix 
with a  fi bronectin “cocoon” around the cells, and resis-
tance to anoikis. Interaction of CEA with the integrins 
initiated signal transduction through integrin linked 
kinase, protein kinase B (PKB/Akt), and the mitogen-
activated protein kinase cascade and appears to lead to 
inactivation of the intrinsic apoptosis pathway. 40  -4  2      

    5.    Colon cancer apoptosis under different conditions 
(con fl uence, treatment with 5- fl uorouracil, UV light or 
IFN g , and in vivo) was signi fi cantly increased by selec-
tive inactivation of CEA expression with a ribozyme. 43  ,  44        

   CEA as Target 

   Imaging 
 Given its association with CRC, in particular more 
advanced and metastatic tumors, it makes sense to use 
CEA as targeting marker for localizing tumors by imaging. 
For example, positron emission tomography (PET) and 
single-photon emission computed tomography (SPECT) 
with pre-targeted anti-CEA antibodies identi fi ed human 

colon tumors in mice lungs, while  18 F- fl udeoxyglucose 
labeling failed. 45  Pre-targeting with antibody, followed by 
addition of the radioisotope improves imaging in humans. 46  
Imaging with  fl uorescent-labeled antibodies against CEA 
was used to visualize CEA-expressing xenographed tumors 
in mice 47  and may soon be used to help surgeons distin-
guish residual tumor tissue during colon cancer resections. 
CEA-Scan (a  99m Tc-labeled anti-CEA F 

ab’
  fragment) has 

been approved by the United States Food and Drug 
Administration (FDA) for cancer imaging and should 
facilitate further studies of CEA as an imaging tumor 
marker. 48   

   Circulating Tumor Cell Capture 
 Beads coupled to anti-CEA antibodies can be used to capture 
circulating tumor cells (CTC) expressing CEA, allowing 
quanti fi cation of CTC levels as well as subsequent molecular 
analysis on the puri fi ed cells. 49  ,  50  Currently, most capture 
methods, including the FDA-approved CellSearch® test 
from Veridex, LLC (Raritan, NJ), use pan-epithelial-speci fi c 
markers, such as cytokeratins and Er-B4, but CEA and other 
tumor markers have the potential to increase the speci fi city 
of the assay.  

   CEA as Target for Therapy 
 Given its role in tumor progression and survival, it is encour-
aging that ribozyme mediated inactivation of endogenous 
CEA expression in HT29 human CRC cells was followed by 
apoptosis and inhibition of metastatic growth in nude 
mice. 43  ,4  4  In addition to its speci fi c inhibition to counter tumor 
promoting activities, CEA has been used as a homing target 
for more aggressive, nonspeci fi c experimental therapies. 
Promising results have been seen with CEA-targeted radia-
tion therapy in mice 51  ,  52  and in humans, 53  immunotherapy 
with CEA-DNA vaccines, 54  CEA-stimulated dendritic cells 55  
or T-cells, 56  ,  57  and gene therapy using viral vectors express-
ing CEA binding domains. 58  However, these therapies need 
to carefully modulate the balance between anti-cancer effec-
tiveness and toxicity due to CEA expression in normal 
tissues. 59  

 Further re fi nements of ribozyme technology allow a 
combination of both approaches by simultaneous inactiva-
tion of CEA and expression by trans-splicing of the “sui-
cidal gene” thymidine kinase, thereby conferring increased 
susceptibility of CEA-expressing cells to gancyclovir treat-
ment. 60  Another ingenious approach uses an anti-CEA sin-
gle chain antibody fused to cytosine deaminase to target 
colon cancer cells for 5- fl uorocytosine therapy. 61  An impor-
tant consideration for the use of CEA as target for therapy is 
that CEA expression in tumors does not necessarily corre-
late with CEA serum levels, 62  and therefore serum levels 
should not be used to select patients for CEA-directed 
therapy.   
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   Assays 

 CEA was  fi rst detected in serum with a radioimmunoassay in 
1969, which demonstrated levels above 20 ng/mL in 15 of 15 
recurrent or metastatic colon CA patients, levels above the 
2.5 ng/mL detection limit in 19 of 20 with preoperative or 
residual cancer, and undetectable levels in patients with no 
residual colon cancer, non-GI cancers, non-cancer GI dis-
eases, and normal subjects including pregnant women. 63  
Although these results were overly optimistic compared to 
subsequent studies, they launched the foundation for the use 
of CEA to detect cancer colon recurrence. 

 Most commonly used current CEA assays are performed 
on high throughput, automated, random-access analyzers 
using electrochemiluminescence detection, which have 
replaced manual, labor-intensive, and expensive radioimmu-
noassays. In general, a capture antibody is immobilized in a 
solid phase, such as magnetic beads, and CEA is puri fi ed 
from the sample after binding to the capture antibody and 
washing of unbound materials. Detection uses another anti-
CEA antibody, which is coupled to an enzyme such as alka-
line phosphatase. For chemiluminescence detection, a 
substrate such as Lumi Phos 530 is added and upon reaction 
with the enzyme generates light that can be measured with 
high sensitivity and low background by luminometers. 
Alternatively, the detection antibody may be coupled to a 
chemiluminescent chemical such as an acridinium ester. 
Other antibody-coupled enzymes may generate a colored 
product that can be measured with a spectrophotometer, but 
these are subject to higher background and more interference 
and are not commonly used in routine assays for clinical pur-
poses. More experimental detection methods are pushing 
further the limits of detection of CEA. For example, a micro-
chip assay using beads coated with a CEA capture antibody 
and a second anti-CEA antibody coupled to gold beads and 
thermal lens microscopy for detection achieved analytical 
sensitivities several times lower than conventional enzyme-
linked immunoassays. 64  It is important to note that CEA is a 
complex molecule, with multiple glycosylation sites and 
alternative epitopes, and results from one method cannot be 
directly compared to another method, especially if different 
antibodies and calibrator materials are used. 

 Typically, the capture and/or the detection antibodies are 
mouse monoclonal antibodies, therefore, these assays may be 
subject to interference by human anti-mouse antibodies 
(HAMA). Excess turbidity in the sample, such as highly 
lipemic serum, can also interfere with assays using colorimet-
ric or chemiluminescent detection. Another source of poten-
tial confounding results is the hook effect, which results from 
excessive amounts of antigen interfering with the formation 
of detectable antigen–antibody complexes and therefore 
resulting in falsely low measurements. In all these cases, dilu-
tion of the sample often removes some or all of the interfering 

substances. If the CEA levels after adjustment for the dilution 
factor are higher than the undiluted levels, an interference is 
possibly present. Other strategies involve removal of interfer-
ing immunoglobulins, e.g., with blocking reagents, polyeth-
ylene glycol precipitation, or anti-immunoglobulin columns.  

   Use of CEA in Colon Cancer 

 The major clinical use of CEA measurements is as an adjunct 
to assessing and monitoring the extent of colon cancer dis-
ease. While initially hoped to be tumor speci fi c, it soon 
became evident that individuals with several non-neoplastic 
conditions, including chronic smokers, had elevations in 
CEA levels. Therefore, this marker has limited utility for 
general screening, but as a quantitative test, it has been shown 
to correlate with the extent of colon cancer growth, with 
higher levels being seen in more advanced cancers with 
worse prognosis. The serum levels of CEA depend on the 
amount synthesized by the tumor, the number of CEA-
expressing cells in the tumor and their degree of differentia-
tion, CEA release from tumors by secretion, GPI-cleavage, 
and cell death, the vascularization of the tumor, amount of 
necrosis, catabolism of CEA by the liver, and renal elimina-
tion. As a general rule, benign conditions express lower level 
of CEA (typically < 10 ng/mL) and tend to remain stable over 
time, whereas CEA levels often increase with tumor progres-
sion. Recommendations for the use of CEA and other tumor 
markers in clinical care of patients with colon cancer are 
summarized in Fig.  15.2 .  

   Screening 
 In a review of colon cancer markers, Hundt et al 65  summa-
rized performance characteristics of CEA from 19 studies 
published before July 2006. Overall sensitivity varied from 
43 to 69% but was highly dependent on Dukes stage, ranging 
from 8 to 52% for Dukes A, 22 to 59% for Dukes B, 38 to 
72% for Dukes C, and 69 to 96% for Dukes D. CEA was 
more often than not below cutoff in non-metastatic colon 
cancers (stages A–C). Speci fi city was dependent on the CEA 
analytical cutoff and on the selected population of controls, 
and ranged from 55 to 100%. Lower speci fi city was observed 
with cutoffs below 4 ng/ml and in benign GI disorders. In 
general, the  use of CEA for screening and detection of early 
colon cancer in healthy individuals is not recommended 
because of poor sensitivity and optimal speci fi city.  66  ,  67  Even 
though it is not recommended for screening healthy, asymp-
tomatic individuals, a study in Singapore found that up to 
7.4% of asymptomatic patients whose only indication for 
endoscopy was an elevated CEA had a malignancy, includ-
ing colon, stomach, lung and ovarian cancer. 68  Once an ele-
vated CEA is found, it is probably best to investigate the 
patient for possible malignancy.  
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   Planning Therapy, Staging, and Evaluating 
Prognosis 
  CEA can be used conjunctly with other diagnostic modalities 
to evaluate extension of disease and plan surgical treatment. 
However, CEA should not be used to select patients for adju-
vant therapy.  67  While there is no formal prognostic evalua-
tion algorithm incorporating CEA, the College of American 
Pathologists 69  and The American Joint Committee on 
Cancer 70  have determined that CEA is a category I prognos-
tic factor for CRC and should be incorporated in staging pro-
tocols, together with tumor TNM stage and residual tumor 
following surgery. Category I includes “factors de fi nitively 
proven to be of prognostic import based on evidence from 
multiple statistically robust published trials and generally 
used in patient management”. 69  For example, pre-op 
CEA > 5 ng/ml was signi fi cantly associated with worst prog-
nosis in colon cancer (5-year disease free survival 71% vs 
82%), particularly in stage II tumors, 71  and CEA may be use-
ful to select patients with stage II tumors that may be 

bene fi ted from adjuvant chemotherapy. 72   All patients with 
CEA elevations ( e.g.,  >5 ng/mL) should be evaluated for the 
presence of distant metastases .  

   Postoperative Surveillance 
 A major role of CEA measurement is in the evaluation of the 
CRC patient postsurgery, with the goals of monitoring effec-
tiveness of therapy, providing reassurance to patients and 
health providers, and detecting recurrence or metastases. 
After curative resection, the overall 5-year recurrence rate of 
CRC is about 40%, including 12% local recurrence, nearly 
20% liver metastasis, 8% pulmonary metastasis, and 30% 
other recurrences. 73  After curative surgical resection of CRC, 
CEA levels tend to revert to normal, while persistently ele-
vated CEA is associated with residual tumor. Quantitative 
meta-analysis of 20 studies examining the performance of 
CEA in 4,285 patients following resection of colon CA 
arrived at an overall sensitivity of 64% for detection of can-
cer recurrence with 90% speci fi city. Using weighted 

  Fig. 15.2    National Academy of Clinical Biochemistry Laboratory Medicine Practice Guidelines for use of tumor markers in colorectal cancer 
(created from data in  67  ) . LOE and SOE as in Table  15.1        
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meta-regression, the optimal cutoff to achieve optimal diag-
nostic yield was 2.2 mg/dL, corresponding to derived 
speci fi city and sensitivity of 84%, still insuf fi cient for use in 
isolation. 74  Another meta-analysis determined the diagnostic 
accuracy of CEA for detection of local recurrence and liver, 
pulmonary, and other recurrences 73  (Table  15.3 ). It is impor-
tant to note that while the speci fi cities range from 73 to 91%, 
the positive predictive values are very low, around 3% for 
detection of local recurrences and 8% for detection of liver 
metastasis (Table  15.3 ).  

 Other meta-analysis studies have also concluded that 
intensive follow-up including CEA testing resulted in a small 
but statistically signi fi cant improvement in survival. In two 
of these studies, intensive surveillance was associated with 
improved outcome only if CEA was included. 75  ,  76  In general, 
early surgical intervention in patients with recurrent disease 
detected by increases in CEA levels may improve survival in 
up to 35% of patients. 77  A nomogram incorporating patient 
age, tumor location, preoperative CEA, T stage, numbers of 
positive and negative lymph nodes, lymphovascular inva-
sion, perineural invasion, and use of postoperative chemo-
therapy was developed to help predict post-operative cancer 
recurrence and showed a concordance index of 0.77, better 
than the categorical staging system of the American Joint 
Committee on Cancer. 78  Another nomogram incorporating 
CEA was developed to predict survival after hepatic resec-
tion for metastatic colon CA. 79  Note that there is no correla-
tion of serum CEA with tumor CEA or histopathologic 
features, even though high serum CEA predicts worse out-
come, 80  and therefore both CEA and morphological  fi ndings 
should be used for outcome prediction. 

 While the period between CEA elevation and detection of 
recurrence (lead time) may re fl ect the speed of tumor growth, 
there was no statistically signi fi cant correlation between lead 
time and re-resection rate or survival in a study of 4,841 resected 
colon cancer patients, probably because the average CEA lead 
time (about 5 months) is too short to have a signi fi cant impact. 81  
Markers that can detect recurrence with improved lead time 
relative to CEA, allowing more timely intervention before 
relapsing tumor or metastases become extensive, may offer 
better opportunity for improvements in outcomes. 

  These studies lead to the recommendation that CEA be 
measured every 2–3 months in stage II-III patients for at 
least 3 years, if the patients are candidates for surgery or 
systemic treatment in the event of cancer recurrence or meta-
static disease  (Table  15.1 ). Monitoring after 5 years is not 
advised, as over 80% of the recurrences occur during the  fi rst 
3 years, and therefore the positive predictive value of CEA 
elevations will considerably decrease. 82  Monitoring of early 
stage CRC with CEA or imaging does not appear cost effec-
tive, as less than 1% of the patients would bene fi t from such 
approach. 73  ,  83  In stage II, CEA levels >5 ng/mL together with 
stage T4 and lymphovascular or perineural invasion identi fi ed 
patients with lower 5-year survival that should potentially be 
considered for adjuvant chemotherapy. 84  Stage IV (Dukes D) 
patients are also poor candidates for follow-up, as surgery is 
rarely effective. 73  

 Monitoring should include at a minimum imaging and 
CEA measurements for optimal sensitivity in detecting CRC 
recurrences. In one study, the combination of CEA and CT 
imaging detected over 90% of the asymptomatic recurrences 
post-resection of CRC. 85  If CEA is used alone, a lower cutoff 
(e.g., 2.2 ng/mL or a 30% increase) should be used for 
increased sensitivity, followed by imaging and endoscopy 
for con fi rmation. The NCCN Colon Cancer Panel recom-
mends that  patients with con fi rmed elevations of CEA post-
surgical resection,  e.g.,  a    30% increase con fi rmed a month 
later, should undergo physical examination, colonoscopy, 
and chest, abdominal, and pelvic CT scans.  86  PET-CT should 
be considered but it is extremely rare to detect CRC recur-
rence if CT scans are negative. Imaging studies, if initially 
negative, should be repeated every 3 months until recurrence 
is identi fi ed or CEA stabilizes or decreases. With negative 
imaging studies, “blind” laparotomy or laparoscopy is not 
indicated solely based on the CEA elevation, as most eleva-
tions will be false positives. 73  

 Similarly, patients that fail to decrease CEA within 3–4 
weeks postsurgery may be at high risk for early recurrence 
and should undergo aggressive follow-up. A study of 600 
patients with CRC and elevated preoperative CEA levels 
found that persistently elevated postoperative CEA levels 
were a strong predictor of recurrence, particularly as liver 
metastases. 87  In another study of CRC patients with preop-
erative CEA levels >5 ng/mL showed that a drop  ³ 60% in 
CEA levels was associated with better 5-year survival 
rates. 88  

 Compliance with these recommendations appears poor. 
For example, a recent study of nearly 10,000 patients with 
curative resection for colon cancer found that only 17% had 
appropriate follow-up at the recommended frequency, while 
60% were tested less frequently and 23% above guideline 
recommendations. 89  Under testing was more frequent in 
older individuals and minorities.  

   Table 15.3    Diagnostic accuracy of CEA for detection of recurrences 
of CRC following curative surgery, based on data from 73    

 Outcome  Sensitivity  Speci fi city  PPV 
 Number 
of Patients 

 Local recurrence  60  86  2.8  1,305 
 Liver metastasis  73  91  8.3  1,293 
 Lung metastasis  56  83  3.4  525 
 Other recurrence  70  73  2.6  380 

   PPV  Positive predictive value. Numbers are in percentages  
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   Monitoring Response to Chemotherapy 
 In patients with advanced or metastatic disease, CEA levels 
are often elevated, and a sustained decrease in CEA levels 
correlates with good response to treatment. For example, a 
CEA doubling time of >13.8 days had a sensitivity of 86% 
with 85% speci fi city to detect disease progression, while 
patients that responded to therapy had CEA half-life of <3.4 
days. 90  The doubling time or half-life is calculated from an 
exponential-regressive curve connecting a minimum of three 
consecutive, semilogarithmic-transformed CEA values, 
which can be implemented in widely available worksheet 
programs. 

 CEA is the marker of choice for monitoring the response 
of metastatic disease to chemotherapy and should be used in 
conjunction with imaging and other clinical assessment 
modalities. Testing should be done for the duration of che-
motherapy with a testing interval of 2–3 months. An increase 
of at least 30%, when con fi rmed by a repeat measurement 
within 1 month, is considered evidence of cancer recurrence 
or metastatic disease, after ruling out early effects of chemo-
therapy or another cause for CEA elevation. 

  Caution : certain treatments (such as 5-FU, levamisole, irino-
tecan, and oxaliplatin) can cause temporary elevations of 
CEA, probably as a consequence of release by dying tumor 
cells, which may be associated with better outcomes. 91  -9  3  For 
example, a CEA  fl are, de fi ned as a  ³ 15% increase of  ³ 4  m g/L 
followed by a decrease of  ³ 15%, had an objective response 
rate of 73%, compared to 11% for patients with CEA increas-
ing  ³ 15% in two consecutive measurements. 94  Other studies 
have supported these  fi ndings. 91  ,9  5   Early CEA elevations 
should not be interpreted as failure to respond, and changes 
in therapy should not be based on CEA alone in the  fi rst 4–6 
months of chemotherapy .  

   Monitoring Colon Cancer with Negative CEA 
 CEA is elevated only in about 50% of patients with colon 
cancer, ranging from 0 to 15% in stage A to 65 to 80% in 
stage D. Therefore, other markers are necessary to monitor 
patients with CEA levels below cutoff. In addition to the use 
of CA19-9, other promising markers are discussed below.   

   Use of CEA in Gastric Cancer 

 CEA is actually expressed in the vast majority of gastric can-
cers (over 90%), particularly of the intestinal type, but 
expression in the tumor tissue by immunohistochemistry has 
little correlation with serum levels. 96  The National Academy 
of Clinical Biochemistry states that “although carcinoembry-
onic antigen and CA 19-9 have been proposed for use in gas-
tric cancer,… none of these markers can currently be 
recommended for routine clinical use”. 97  

   Screening 
 CEA is insensitive for early detection of GC, with positivity 
rates below 20%. In advanced GC, the positivity rates are 
higher but usually below 50%. Highly elevated CEA in non-
metastatic GC appears to be associated with signet ring mor-
phology and poorly differentiated tumors with massive local 
in fi ltration. 98  Another study showed good correlation between 
CEA elevation and serosal invasion. 99   

   Monitoring 
 A study of 258 patients post-gastrectomy for GC showed low 
sensitivity and speci fi city of both CEA and CA19-9 for pre-
diction of recurrence of gastric cancer. 100  These authors 
observed a false-positive rate of 15% in GC patients post-
gastrectomy, especially in patients with conditions that tend 
to elevate CEA, such as smoking, and liver, renal, or pulmo-
nary diseases. Positive predictive values were particularly 
low after gastrectomy for early stage GC, with recurrence 
rates below 3%, while the sensitivity for recurrence even in 
advanced stage GC was not very high (37% in GC, com-
pared to 80% for colon cancer). A different study con fi rmed 
a low positivity rate of CEA for GC (around 20%) but showed 
higher sensitivity (79%) for detection of recurrences in CEA-
positive tumors with a speci fi city of 94% with the same cut-
off of >5 ng/ml. 101  As in CRC, about 20% of patients 
undergoing chemotherapy for GC demonstrate early surges 
in CEA levels, occurring in the  fi rst few months of treatment, 
which should not be interpreted as indicators of progressive 
disease. 102   

   Prognostication 
 The value of CEA levels in predicting gastric cancer progno-
sis is a topic of controversy. An older multicentric study of 
2,768 GC patients showed that pre-gastrectomy CEA levels 
strongly correlated with stage, lymph node metastases, and 
histopathology and had independent prognostic value. 103  A 
study of 810 patients in Korea 96  showed signi fi cantly worse 
prognosis in 9% of patients with serum CEA >7 ng/mL 
(5-year survival of 80.7% vs 48%). In a study of 549 Japanese 
patients with GC undergoing gastrectomy, CEA levels above 
5 ng/mL were found in 19.5% of the patients, and the levels 
signi fi cantly correlated with depth of invasion, hepatic 
metastases, and rates of curative resection. 104  In multivariate 
analysis, CEA > 10 ng/mL, nodal involvement, and depth of 
invasion were signi fi cant predictors of prognosis. 104  In 
another study, CEA > 10 ng/mL correlated with worse sur-
vival, lymph node metastases, and depth of tumor invasion, 
although the difference between CEA-positive and CEA-
negative tumors was not large enough to be useful as a single 
prognostic factor in an individual patient. 105  In a separate 
study, patients with ascites  fl uid CEA (aCEA) levels >5 ng/
ml had an average survival of 2.3 months compared to 7.4 
months with aCEA below the cutoff; no such correlation was 
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found with serum CEA in these patients. 106  Peritoneal lavage 
CEA > 0.4 ng/mL also correlated with worse survival in a 
study of 229 Japanese patients. 107  CEA and CA19-9 levels 
were of no independent prognostic value in predicting sur-
vival of GC patients, 108  although combination with pro-
in fl ammatory proteins IL6 and CRP increased their predictive 
value. 109  Combination of CEA with CA19-9 and CA125 
showed increased sensitivity and speci fi city for predicting 
worse prognosis. 99  A comparison of CEA, CA 19-9, CA 
72-4, and AFP showed correlation of individual markers 
with metastasis locations, but only CA72-4 showed speci fi c 
independent prognostic value, with a 3.8-fold higher risk of 
death. 110   In summary, while more research is needed to deter-
mine the appropriate combination of markers for GC prog-
nostic evaluation and none of the markers are currently 
recommended for follow-up of GC, it seems reasonable to 
provide more intensive follow-up for GC patients determined 
to have elevated levels of CEA ,  CA19-9 ,  CA72-4 ,  or CA125.    

   CEA in Esophageal Cancer 

 CEA is expressed in about 60% of squamous cell tumors and 
most adenocarcinomas of the esophagus, and although eleva-
tions in the serum are found in only a minority of those patients, 
it can be used as a marker to monitor effectiveness of therapy. 111  
For example, while CEA >5 ng/mL was present in only 19% of 
the patients with EC before resection, elevations above the 
threshold occurred in 55% of the patients with recurring dis-
ease, with 90% speci fi city. 112  Squamous cell carcinomas 
(ESCC) are better followed with squamous cell markers, such 
as squamous cell cancer antigen (SCC), but CEA elevations are 
seen in a few cases and may be useful to monitor response to 
therapy. For example, while only 4.2% of the patients with 
ESCC and CEA elevations above 3.3 ng/ml responded to che-
motherapy, the complete response rate for those patients with 
low CEA was 48% in one study. 113  Interestingly, measurement 
of CEA mRNA in the serum of patients with ESCC had higher 
sensitivity and speci fi city than serum CEA or SCC protein 
levels for detection of postoperative recurrences. 114   

   CEA in Non-GI Tumors 

 CEA is nonspeci fi c for the gastrointestinal tract, and many other 
tumors can result in increased levels of CEA in the serum:

   Non-small cell Lung carcinomas (65%)  • 
  Small cell Lung carcinomas (30%)  • 
  Pancreatic carcinomas (25–55%)  • 
  Biliary carcinomas (50%)  • 
  Breast carcinomas (40%)  • 
  Squamous uterine cervical carcinomas (40%)  • 
  Ovarian tumors (25%)  • 

  Thymomas • 12   
  Medullary thyroid carcinomas • 115  ,  116   
  Salivary gland tumors • 117      

   False-Positive CEA Results 

 In a study in a central laboratory in Sweden, the overall inci-
dence of false-positive and false-negative CEA results in the 
general population was 4%. However, in patients with GI 
tumors, elevations in CEA unrelated to tumor progression 
are more frequent. For example, CEA (and CA19-9) remained 
elevated in 14% of 151 patients that had curative gastrec-
tomy. 118  Some of the patients had benign conditions associ-
ated with elevated CEA (see below), while in other patients 
the levels of CEA and CA19-9 spontaneously decreased 1–2 
months after the operation. These false-positive elevations 
are less common with curative CRC resections, enhancing 
their value for monitoring of recurrence in these tumors, 
compared to GC. 100  

 It is important to distinguish biological false positives, 
which represent true elevations of CEA not resulting from a 
neoplastic condition, from analytical false-positive results, 
which are caused by instrument malfunction or interferences 
with the assay and were discussed above. CEA elevations in 
benign diseases rarely exceed 10 ng/mL. In the following list 
of CEA biologic false-positives, numbers indicate approxi-
mate frequency of CEA elevations:

   Benign GI diseases• 
   Rectal polyps (5%)   –
  In fl ammatory bowel diseases (15–90% depending on  –
activity)  
  Diverticulitis (20%)   –
  Gastric ulcer (15%)   –
  Atrophic gastritis (25%)   –
  Pancreatitis (20–50%)      –

  Various renal and hepatic diseases may affect CEA levels, • 
as these organs are involved in its metabolism and 
elimination

   Acute hepatitis (50–85%)   –
  Chronic Hepatitis (20–30%)   –
  Cirrhosis (15–80%)   –
  Alcoholic liver disease (50–90%)   –
  Biliary obstruction (50%)   –
  Chronic renal failure (40%)      –

  Benign lung diseases• 
   Pulmonary emphysema (15–30%)   –
  Chronic bronchitis (15–70% depending on activity)   –
  Cystic  fi brosis (50%)   –
  Pneumonia (45%)   –
  Tuberculosis (35%)   –
  Sarcoidosis  – 119   
  Eosinophilic bronchiolitis  – 120      
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  Benign  fi brocystic breast disease (15%)  • 
  Hypothyroidism following chemoradiation therapy • 
involving the thyroid—CEA decreased after thyroxine 
supplementation 121   
  Circulating immune complexes with CEA can falsely • 
elevate the CEA levels because of the reduction in 
clearance  
  Anecdotally, high levels of CEA can persist post-curative • 
resection of colon cancer for several years without any 
evidence of tumor development or any of the causes 
above 122     
 Importantly, mild elevations of CEA can be seen in 

healthy individuals, correlating with smoking and advanced 
age. In a study of 276 healthy volunteers, smokers had higher 
mean levels of CEA (2.7 vs 1.9 ng/mL) and nearly 5% of the 
smokers had levels >5 ng/mL, although the CEA levels 
declined to nonsmoker range within 3 months of smoking 
cessation. 123  In both groups, CEA levels increased with age.  

   False-Negative CEA Results 

 About 50% of the patients with CRC have normal levels of 
CEA, particularly patients with localized disease and poorly 
differentiated tumors. Among patients with truly elevated 
CEA, there are some conditions that may result in falsely 
decreased CEA levels, including hemodilution, such as par-
enteral nutrition and blood transfusion, and the presence of 
CEA containing immune complexes in the plasma. 124  
Analytic interferences by anti-mouse antibodies can cause 
either false increases or decreases in CEA levels.   

   Other Glycoprotein Markers 

 The CA series of antigens are carbohydrate moieties of gly-
coproteins with complex patterns of glycosylation, recog-
nized by speci fi c antibodies (Table  15.4 ). The most commonly 
used marker for monitoring of GI tumors is CA19-9, although 
CA 72-4 has shown some promising characteristics. In gen-
eral, sensitivities above 50% were observed only for advanced 
and metastatic GI cancers.  

   CA 19-9 

 This antigen is related to the Lewis a  red blood cell antigen, 
structurally a sialylated Lewis a  lacto-fucopenteose II gangli-
oside, and was discovered in 1981 by Koprowski et al., in 
patients with gastric, colon, and pancreatic cancer. 125  Since it 
requires the Lewis gene product, 1,4-fucosyl-transferase, it 
is absent in Le a–b−  individuals, which comprise approximately 
5% of the general population, and therefore cannot be used 

as a tumor marker in this population. The main application of 
CA19-9 measurement is for detection of recurrences of 
pancreatic cancer, since it is elevated in about 80% of patients 
with pancreatic adenocarcinoma. Patients with locally 
advanced or metastatic pancreatic cancer receiving active 
therapy should be monitored every 1–3 months as recom-
mended by ASCO. 126  CA19-9 is also elevated in a variety of 
other tumors, including hepatobiliary, gastric, colorectal, 
breast, endometrial, and salivary carcinomas, and in a variety 
of benign conditions that include lung, renal, and liver 
disease, and up to 20% of patients with pancreatitis. In one 
report, persistent elevation of CA19-9 ranging from 112 to 
1,338 IU/ml was observed in patients followed for up to 7 
years without biliary or pancreatic tumors but with pulmo-
nary  fi brosis, diabetes, non-ulcer dyspepsia, obesity, acute 
diarrhea, colon diverticula, or gastric ulcer. 127  

   Colorectal Cancer 
 While only present in a minority of patients with resectable 
CRC (around 20%), CA19-9 elevation is an independent pre-
dictor of adverse prognosis in CRC and may complement 
CEA for that purpose. 128  ,1  29  A study in Japan concluded that 
computed tomography (CT), CA19-9, and CEA were the 
 fi rst abnormal test in 73, 25, and 22% of recurrences of 
resected CRC, respectively. 130  While imaging was superior 
to the serum markers, CA19-9 was able to detect recurrence 
earlier than CT in 27% of the patients. In patients with liver 
metastases of CRC, elevated CA19-9 (but not CEA) is a 
good predictor of extrahepatic metastases. 131   

   Gastric Cancer 
 Similarly to CRC, the positivity rate for CA19-9 is low in 
GC (around 18%), but the sensitivity for detection of recur-
rences in CA19-9-positive tumors is 60%, with a speci fi city 
of 93% at a cutoff of 100 U/ml. 101  A multicenter, prospective 
study in Japan of 321 patients with resected GC showed that 
the combination of CEA and CA19-9 had a sensitivity of 
85% for detection of tumor recurrence, compared to 66% for 
CEA alone. 132  Even in patients with preoperative-elevated 
CEA and/or CA19-9 (45%), the levels increased again at 
recurrence. CA19-9 correlated well with lymph node metas-
tasis, clinical stage, vascular invasion, and tumor size but not 
with survival in a study of 75 resectable, non-metastatic GC 
patients, suggesting that recurrence after surgical removal of 
non-metastatic GC is not predictable from preoperative 
CA19-9 levels. 108  Another study in 166 patients showed that 
preoperative CA19-9 correlated with clinical stage and was 
an independent prognostic factor in resected GC. 99  CA19-9 
has moderate sensitivity (38%) to detect peritoneal metasta-
sis of GC, 133  and appears more sensitive than CEA for that 
purpose, while CEA is more sensitive to detect liver metasta-
sis. 134  In another study, elevated CA19-9 had an odds ratio of 
4.4–4.5 to predict liver and lymph node metastasis in GC. 135  
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As with CEA, early surges in the levels of CA19-9 in GC 
patients treated with chemotherapy should not be interpreted 
as treatment failures. 102    

   CA 72-4 

 The CA72-4 glycoprotein is a mucin-like molecule with a 
molecular mass of over 1,000 kDa carrying the sialylated Tn 
blood group antigen. 136  It appears more speci fi c and less sen-
sitive than CEA for GI malignancies, with sensitivities of 
56%, 32%, and 18% for CRC, GC, and EC, respectively, in 
one study 137  and speci fi cities of more than 95%. 138  Addition 
of CA72-4 to CEA signi fi cantly increased the detection of 
CRC 139  but not of CRC recurrences. 140  A recent study using a 
time-resolved immuno fl uorometric assay showed a sensitiv-
ity of 84% with a speci fi city of 99% of CA72-4 for newly 
diagnosed GC. 141  Another study showed sensitivity of 48% 
for GC, which increased to 61% when combined with CEA 
and CA19-9. 142  While preoperative CA72-4 was elevated in 
only 20% of GC, post-gastrectomy recurrences showed ele-
vations in 51% of the cases with a speci fi city of 97%. 143  
CA72-4 is elevated in about 1–7% of benign GI conditions. 
While the low sensitivity of CA72-4 precludes its use as the 
sole marker for detection of GI cancers, its high speci fi city 
allows its addition in combination with other markers and 
may provide an useful target for molecular imaging and 
directed chemotherapy. 144   

   CA 125 

 The CA125 antigen is present in mucin 16 (MUC16), a cell-
surface associated single-pass type I membrane protein that 
can be cleaved and secreted into the extracellular space fol-
lowing phosphorylation of its intracellular domain. The main 
use of CA125 is to monitor epithelial ovarian cancer, but 
there are a few studies showing limited utility in GI cancers. 
For example, elevations of CA125 have a sensitivity of 39% 
and speci fi city of 98% to detect peritoneal metastasis of 
GC. 133  In another study, all GC patients with CA125 >35 U/
ml had peritoneal metastasis compared to only 23% of 
patients with CA125 <35 U/ml. 145  The main problem with 
this assay is its lack of speci fi city, as up to 64% of patients 
with liver cirrhosis, and 20–40% of patients with other GI 
and liver diseases have elevated CA125.  

   CA 242 

 This antigen is similar to CA19-9 but consists of a different 
sialylated Le a  epitope. Following radical gastrectomy for 
GC, CA242 may be more sensitive to detect lung metastases, 

while CA19-9 is a better predictor of peritoneal metastasis, 
and CEA appears more sensitive for liver metastases. 134  It 
has a slightly better AUC than CA19-9 as an adverse progno-
sis factor in CRC, with a 5 year recurrence rate of 77% for 
CA 242-positive cases vs. 44% for CA 242-negative. 129  Use 
of CA 242 in combination with CEA increased the overall 
sensitivity for metastases, e.g., from 84% with CEA alone to 
88% with the combination of CEA and CA 242. 146  CA 242 is 
elevated in 5–33% of benign GI conditions.  

   CA50 

 This antigen is also recognized by the CA19-9 antibody and 
is composed of sialylated Le a  and the afucosyl form of sialy-
lated Le a . It can be elevated in a variety of tumors, including 
pancreas, CRC and GC, but it is also elevated in 12–46% of 
benign diseases involving pancreas, liver, or biliary tract, 
limiting its usefulness as a tumor marker.   

   Promising Markers for Colon Cancer 

 A meta-analysis of CRC biomarkers published in 2007 
reported 52 serum protein markers with overall sensitivity 
ranging from 18% to 65%, 65  many listed in Table  15.5  
together with other potential biomarkers for which sensitiv-
ity and speci fi city data were available. No single marker is 
clearly superior for detection of CRC, and further study of 
new markers and possible marker combinations are neces-
sary to achieve sensitive biochemical detection of CRC. For 
example, combining CEA measurement with detection of six 
autoantibodies achieved 92% sensitivity and 96% speci fi city 
for CRC detection. 147   

 As an illustration of the slow progress in CRC biomarker 
development, the DR-70® (FDP) test (AMDL Diagnostics, 
Tustin, CA) is the  fi rst assay cleared by the FDA for monitor-
ing CRC since the approval of CEA in 1982. Sensitivity and 
speci fi city are comparable to CEA, but this can be a useful 
assay in patients with CRC and low levels of CEA. 148   

   Promising Markers in Gastric and Esophageal 
Cancer 

 Gastric and esophageal carcinomas have also been the sub-
ject of several studies examining potential biomarkers, a few 
examples of which are listed in Table  15.6 . The standard bio-
marker for monitoring esophageal squamous cell carcinomas 
is the squamous cell antigen (SCA), which is elevated in a 
variety of squamous cell carcinomas, including those affect-
ing the esophageal mucosa. It can be elevated in about 
40–50% of the patients with squamous cell carcinoma of the 
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   Table 15.5    Promising biomarkers associated with colorectal cancer   

 Marker  Sensitivity  Speci fi city  Pubmed 2009–2011  Reference 

 CA 19-9  18–65  80–100  68   65  a  
 VEGF  36–91  61–100  66   65  a  

  175  
 Antitumor antigen panel  61  90  23   158  ,1  76  
 TIMP-1  55  95  10   177  ,1  78  
 u-PA  76  80–96  8   179  
 sCD26  80–100  72–90  7   180  ,1  81  

  a -Defensins 1-3  69  100  7   182  ,1  83  

 M2-PK  56–85  76–90  6   184  ,1  85  
 OPN  30–65  56–85  5   186  
 CA 72-4  25–43  95–98  4   65  a  
 CA 242  33–55  89–96  4   65  a  
 TPA-M  70  96  4   187  
 SLEX  25  96  3   188  
 TATI  74  34  3   189  
 Laminin  89  88  3   190  
 Nicotinamide 
  N -Methyltransferase 

 51  95  3   191  

 Anti-CEA  79  90  3   192  
 GM-CSF  80  70  3   193  
 Fibrin degradation DR-7  65–80  67–93  3   148  ,1  94  
 CCSA-2  78  97  3   195  
 sP-selectin  21  94–99  2   196  
 Prolactin  77  98  2   197  

  a -Defensin 6 (DEFA6)  69  83  2   198  

 Cystatin SN  28  95  2   199  
 Migration inhibitory factor  47  91  2   200  
 SIMA  36  90–95  1   201  
 SIMA-I  27  89  1   202  
 SIMA-II  19  89  1   202  
 Anti-p53  15–28  100  1   65  a  
 IL-3  55  80  1   203  
 Progesterone  57–64  37–40  1   204  

 Dermokine  b  g   29–36  92  1   205  

 Seprase  42  95  1   151  
 Desmin  55  80  1   156  
 Anti-DDX-48  10  100  0   206  
 Anti-Fas  33  100  0   207  
 Anti-NCC-ST 439  27  94  0   208  
 BSP  88–96  100  0   186  
 CA 195  71  71–100  0   209  
 CA 50  24–67  51–99  0   65  a  
 CA M26  22  99  0   210  
 CA M29  12  99  0   210  
 CA M43  42–74  92–99  0   211  ,2  12  
 Cancer Procoagulant  86  82  0   213  
 CO 29.11  41  95–97  0   214  
 Free PSA (women)  35  93  0   215  
 GST enzymes  89  77–85  0   216  
 NCA50-90  35  95  0   217  
 PA 8-15  45  87–95  0   218  
 SCF  89  17  0   203  
 Tenascin  25  95  0   219  

(continued)
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esophagus and is associated with worse prognosis. 149  ,  150  It is 
also elevated in a variety of benign diseases of the skin (such 
as psoriasis, pemphigus, and eczema), lungs (tuberculosis, 
sarcoidosis, and pleural effusions), and other tissues with 
squamous epithelia, limiting its use for diagnostic purposes.   

   Proteomic Approaches to GI Tumor Markers 

 It is evident that single markers are of insuf fi cient diagnostic 
accuracy to screen for GI tumors, especially at early stages. 
Combinatorial approaches using several protein markers, 
which can be labeled as low-multiplex proteomics, have 
been shown to improve sensitivity and speci fi city for tumor 
detection. 151  For example, a protein chip using 12 markers 
(CEA, alpha-fetoprotein, CA 19-9, CA 242, CA 15-3, CA 
125, prostate speci fi c antigen, free-PSA, neuron-speci fi c 
enolase, human chorionic gonadotropin-beta, human growth 
hormone, and ferritin) detected GC with sensitivities varying 
from 37% in stage I to 50% in stage IV tumors. 152  More com-
prehensive, unbiased proteomic approaches aim at identify-
ing additional biomarkers differentially expressed by tumors. 

However, the approach using comprehensive proteomics has 
been somewhat disappointing. Most of the studies with 
serum proteomics identi fi ed peptides derived from secondary 
alterations in abundant serum proteins induced by tumor-
associated proteases. These approaches are unlikely to result 
in useful markers because of the lack of speci fi city. For 
example, surface-enhanced laser desorption/ionization 
(SELDI) based proteomics identi fi ed peptides derived from 
complement C3a des-Arg, alpha1-antitrypsin, and transfer-
rin, all nonspeci fi c to colon cancer, as having diagnostic 
potential. 153  Another SELDI study in gastric cancer identi fi ed 
 fi ve peaks that predicted survival with 84% sensitivity and 
85% speci fi city, but the nature of the peptides was not further 
speci fi ed. 154  A separate study using four unidenti fi ed peaks 
revealed a sensitivity of 93% and speci fi city of 90% for 
detection of GC. 155  Despite these promising results, good 
reproducibility of these  fi ndings has not yet been achieved. 

 In contrast to serum proteomics, differential proteomic 
analysis of tumor vs. non-tumor tissue samples can reveal 
tumor-associated proteins of potential diagnostic use. An 
example is the identi fi cation of desmin and ZF protein 829 
by 2D gel comparison of normal tissue and CRC. 156  

Table 15.5 (continued)

 Marker  Sensitivity  Speci fi city  Pubmed 2009–2011  Reference 

 Villin  51  87–97  0   220  

  a - l -fucosidase  69  85  0   221  

  “Pubmed” refers to the number of articles published between 2009 and 2011 referring the speci fi c marker 
  a Data from Hundt et al. 65   

   Table 15.6    Examples of promising biomarkers for detection of gastric (GC) and esophageal (EC) carcinomas   

 Marker  Outcome  Sensitivity  Speci fi city  References 

 CA72-4 + M2-PK  EC Detection  74  95   222  
 MMP-9  EC Detection  70  60   223  
 sVEGF-C  EC Detection  60  78   224  
 anti-CDC25B  EC Detection  57  91   225  
 MMP-9 (serum)  GC Detection  83  66   226  
 TIMP-1  GC Detection  17–89  97   227  ,2  28  
 MG7  GC Detection  84  87   229  
 MIF  GC Detection  84  92   230  
 M2-pyruvate kinase  GC Detection  62  89   231  
 IL18  GC Detection  52  83   232  
 MUC1/5 AC alternative glycosylation  GC Detection  25–42  90   233  
 IPO-38  GC Detection  57  90   234  
 Pepsinogen I/II + hsCRP  GC Detection—Early  74  70   235  
 ITIH3  GC Detection—Early  96  66   236  
 IL6  GC Detection—Advanced  82  67   237  
 IL6  GC Lymph node metastasis  87  58   237  
 Reg4 + Olfactomedin 4  GC Detection (Stage 1–4)  52–88  95   238  
 Soluble E-cadherin  GC Detection -Recurrence  47–59  75–81   239  
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Unfortunately, the delivery of tumor proteins to the plasma is 
affected by many factors, including tumor vascularization, 
degree of in fl ammation, necrosis, and  fi brotic response. The 
study of tumor-associated membrane-expressed proteins 
may obviate some of these limitations and identify biomark-
ers more likely to be released in circulation. For example, 
differential labeling of membranes from CRC versus normal 
mucosa, using the iTraq procedure, identi fi ed CEA, 
CEACAM6, claudin-1, HLA class I histocompatibility anti-
gen A-1, tapasin, and mitochondrial solute carrier family 
25A4 as differentially expressed in CRC. 157  

 An alternative approach to identify diagnostically useful 
markers is the detection of autoantibodies against tumor-
enriched/modi fi ed proteins. For example, Liu et al. used 
enzyme-linked immunosorbent assay (ELISA) to identify 
antibodies against Imp1, p62, Koc, p53, and c-myc full-length 
recombinant proteins in CRC, achieving a combined sensitiv-
ity of 61% and a speci fi city of 90%. 158  Adding CEA to the 
panel increased the sensitivity to 83%. A proteomic approach 
using 2D-gel electrophoresis followed by immunoblotting 
with sera from GC patients resulted in the identi fi cation of 
GRP78 as a target for autoantibodies in 28% of GC patients 
versus 0/20 controls. 159  A recent study used a high density 
protein array containing 37,830 clones expressing recombi-
nant proteins to identify patterns of autoantibodies that distin-
guished symptomatic from asymptomatic CRC patients. 160   

   Conclusions 

 Serum protein biomarkers offer the potential to diagnose and 
monitor GI tumors with simple, quantitative, easily auto-
mated, and inexpensive assays. Unfortunately, the diagnostic 
accuracy of current and most prospective markers is 
insuf fi cient to recommend their use in isolation for tumor 
detection, especially in the general population. In contrast, 
the role of serum protein markers in monitoring the response 
to treatment is well accepted, particularly for CEA and CRC. 
The list of newer, potential markers is large and likely to 
expand at an increasing rate, especially in consequence of 
large-scale “omic” approaches. While comprehensive pro-
teomic approaches are unlikely to be used in the near future, 
combinatorial panels of selected markers offering increased 
sensitivity and speci fi city are expected to replace single bio-
markers in the evaluation of patients with GI tumors.      
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