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Medical Oncology Service, Hospital Universitario La Paz, Madrid, Spain

FLORENCE MARY, MD
Gastroenterology and Digestive Oncology Unit, Avicenne Hospital, HUPSSD, APHP,
Bobigny, France

JOSHUA C. OBUCH, MD
Fellow, Division of Gastroenterology & Hepatology, Department of Medicine, University of
Colorado School of Medicine, Aurora, Colorado

RICHARD M. PEEK Jr, MD
Mina Cobb Wallace Professor, AGA Fellow, Division of Gastroenterology, Department of
Medicine, Vanderbilt University School of Medicine, Nashville, Tennessee

JOHN K. RAMAGE, MD, FRCP
Professor, University of Winchester, Clinical Lead, Neuroendocrine Tumour Unit, Institute
of Liver Studies, Kings College Hospital, Denmark Hill, London,
United Kingdom

PRATEEK SHARMA, MD
Professor of Medicine, Department of Gastroenterology and Hepatology, Kansas City VA
Medical Center, Kansas City, Missouri; Department of Gastroenterology and Hepatology,
University of Kansas Medical Center, Kansas City, Kansas

RAJ SRIRAJASKANTHAN, MD, FRCP
Senior Lecturer and Consultant Physician, Neuroendocrine Tumour Unit, Institute of Liver
Studies, Kings College Hospital, Denmark Hill, London, United Kingdom

Contributorsiv



ELENA M. STOFFEL, MD, MPH
Division of Gastroenterology, Department of Internal Medicine, University of Michigan
Health System, Ann Arbor, Michigan

JORDAN M. WINTER, MD
Department of Surgery, Jefferson Pancreas, Biliary and Related Cancer Center, Thomas
Jefferson University Hospital, Sidney Kimmel Medical College, Philadelphia, Pennsylvania

LYDIA E. WROBLEWSKI, PhD
Research Instructor, Division of Gastroenterology, Department of Medicine, Vanderbilt
University School of Medicine, Nashville, Tennessee

CINTHYA S. YABAR, MD
Department of Surgery, Jefferson Pancreas, Biliary and Related Cancer Center, Thomas
Jefferson University Hospital, Sidney Kimmel Medical College, Philadelphia, Pennsylvania

AZIZ ZAANAN, MD, PhD
Gastroenterology and Digestive Oncology Unit, Georges Pompidou Hospital, APHP, Paris
Descartes University, Paris, France

Contributors v



Preface

Gastrointestinal Neoplasia:

Current Perspectives and

Emerging Frontiers

Paul J. Limburg, MD, MPH, AGAF Dan A. Dixon, PhD

Editors

Gastrointestinal (GI) neoplasias present a substantial challenge to global public health,
with recent data demonstrating that esophageal, gastric, colorectal, and pancreatic
malignancies account for more than 3.1 million new and 2.1 million fatal cases per
year.1 In the United States, 2016 estimates indicate that incident cancers of the diges-
tive system (304,930) will outnumber all other sites, including the genital system
(297,530), respiratory system (243,820), and breast (249,260).2 Encouragingly, favor-
able trends have been observed with respect to both incidence and mortality rates
for many site-specific GI malignancies, although pancreas and small intestine cancers
represent conspicuous exceptions.3 To accelerate further progress, greater aware-
ness and understanding are needed in the areas of molecular biology, epidemiology,
early detection, diagnostic evaluation, clinical management, and survivorship, among
others. In this issue of Gastroenterology Clinics of North America, these topics are re-
viewed by distinguished authors with expertise in neoplasia of the upper and lower GI
tract, including GI stromal tumors and neuroendocrine tumors. State-of-the-science
reviews for heritable syndromes, screening innovations, and role of the microbiome
are also provided by leading authorities in these fields. Of note, hepatobiliary cancers
are not addressed in this issue, to permit more thorough coverage of key concepts in
luminal carcinogenesis.
We are indebted to the experts who so graciously contributed their time and talents

to this important issue. By engaging a multidisciplinary, international team of collabo-
rators, we strove to create an informative resource with broad application and appeal.

Gastroenterol Clin N Am 45 (2016) xi–xii
http://dx.doi.org/10.1016/j.gtc.2016.06.001 gastro.theclinics.com
0889-8553/16/$ – see front matter � 2016 Published by Elsevier Inc.
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We appreciate your interest in the subject of GI neoplasia and hope that the content
herein will be useful in your practice, research, and other professional endeavors.

Paul J. Limburg, MD, MPH, AGAF
Mayo Clinic College of Medicine

200 First Street SW
Rochester, MN 55905, USA

Dan A. Dixon, PhD
University of Kansas Medical Center

3901 Rainbow Boulevard
Kansas City, KS 66160, USA

E-mail addresses:
limburg.paul@mayo.edu (P.J. Limburg)

ddixon3@kumc.edu (D.A. Dixon)
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Esophageal cancer carries a poor prognosis among gastrointestinal malig-
nancies. Although esophageal squamous cell carcinoma predominates
worldwide, Western nations have seen a marked rise in the incidence of
esophageal adenocarcinoma that parallels the obesity epidemic. Efforts
directed toward early detection have been difficult, given that dysplasia
and early cancer are generally asymptomatic. However, significant ad-
vances have beenmade in the past 10 to 15 years that allow for endoscopic
management and often cure in early stage esophageal malignancy. New
diagnostic imaging technologies may provide a means by which cost-
effective, early diagnosis of dysplasia allows for definitive therapy and ulti-
mately improves the overall survival among patients.
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Gastric cancer (GC) is the third leading cause of cancer-related death.
Only 28.3% of new GC cases survive more than 5 years. Although inci-
dence has declined in the United States, an increase is estimated for
2016. Risk factors include sex (risk is higher in men), Helicobacter pylori
infection, heredity, and lifestyle. GC is usually diagnosed between the
ages of 60–80 years. Prognosis of GC is largely dependent on the tumor
stage at diagnosis and classification as intestinal or diffuse type; diffuse-
type GC has worse prognosis. Chemoprevention has been shown to
decrease risk, but is currently not used clinically.
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Pancreatic cancer is now the third leading cause of cancer related deaths
in the United States, yet advances in treatment options have been minimal
over the past decade. In this article, we summarize the evaluation and
treatments for this disease. We highlight molecular advances that hope-
fully will soon translate into improved outcomes.
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Small bowel adenocarcinomas (SBAs) are rare tumors, but their incidence
is increasing. The most common primary location is the duodenum. Even
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though SBAs are more often sporadic, some diseases are risk factors.
Early diagnosis of small bowel adenocarcinoma remains difficult, despite
significant radiologic and endoscopic progress. After R0 surgical resec-
tion, the main prognostic factor is lymph node invasion. An international
randomized trial (BALLAD [Benefit of Adjuvant Chemotherapy For Small
Bowel Adenocarcinoma] study) will evaluate the benefit of adjuvant
chemotherapy. For metastatic disease, retrospectives studies suggest
that platinum-based chemotherapy is the most effective treatment. Phase
II studies are ongoing to evaluate targeted therapy in metastatic SBA.
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Joshua C. Obuch and Dennis J. Ahnen

Cancer is fundamentally a genetic disease caused by mutational or epige-
netic alterations in DNA. There has been a remarkable expansion of the
molecular understanding of colonic carcinogenesis in the last 30 years
and that understanding is changing many aspects of colorectal cancer
care. It is becoming increasingly clear that there are genetic subsets of
colorectal cancer that have different risk factors, prognosis, and response
to treatment. This article provides a general update on colorectal cancer
and highlights the ways that genetics is changing clinical care.

Knowns and Known Unknowns of Gastrointestinal Stromal Tumor Adjuvant
Therapy 477

Virginia Martínez-Marín and Robert G. Maki

The first 15 years of management of gastrointestinal stromal tumor (GIST)
have led to 3 lines of therapy for metastatic disease: imatinib, sunitinib, and
regorafenib. In the adjuvant setting, imatinib is usually given for 3 years
postoperatively to patients with higher-risk primary tumors that are
completely resected. In this review, issues regarding GIST adjuvant ther-
apy are discussed. It is hoped this review will help the reader understand
the present standard of care to improve upon it in years to come.

Neuroendocrine Tumors 487

Ron Basuroy, Raj Srirajaskanthan, and John K. Ramage

Neuroendocrine tumors are increasingly diagnosed, either incidentally as
part of screening processes, or for symptoms, which have commonly
been mistaken for other disorders initially. The diagnostic workup to
characterize tumor behaviour and prognosis focuses on histologic,
anatomic, and functional imaging assessments. Several therapeutic op-
tions exist for patients ranging from curative and debulking surgery
through to liver-directed therapies and systemic treatments. Multimodal
therapies are often required over the patient’s disease history. The man-
agement paradigm can be complex but should be focused on curative
resections and then on controlling symptoms and limiting disease pro-
gression. There are several new systemic therapies that have completed
phase 3 studies with new compounds being studied in phase 2. Genetic
and epigenetic markers may lead to a new era of personalised therapy in
the future.
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Elena M. Stoffel

Although almost all gastrointestinal cancers develop from sporadic
genomic events, approximately 5% arise from germline mutations in genes
associated with cancer predisposition. The number of these genes con-
tinues to increase. Tumor phenotypes and family history provide the
framework for identifying at-risk individuals. The diagnosis of a hereditary
cancer syndrome has implications for management of patients and their
families. Systematic approaches that integrate family history and molecu-
lar characterization of tumors and polyps facilitate identification of individ-
uals with this genetic predisposition. This article summarizes diagnosis
and management of hereditary cancer syndromes associated with gastro-
intestinal cancers.

Molecular Detection of Gastrointestinal Neoplasia: Innovations in Early Detection
and Screening 529

Bradley W. Anderson and David A. Ahlquist

Emerging molecular tools promise to extend the diagnostic reach of the
endoscopist and open doors to population screening for gastrointestinal
(GI) cancers. This article briefly addresses biological considerations in
marker detection and types of markers, highlights examples of tools under
development at each organ site, and appraises the possibility of universal
GI cancer screening. The outlook is positive, but further technical refine-
ment and rigorous clinical validation are needed before most of these
new approaches are ready for clinical application.

The Role of the Microbiome in Gastrointestinal Cancer 543

Lydia E. Wroblewski, Richard M. Peek Jr, and Lori A. Coburn

Humans are host to complex microbial communities previously termed
normal flora and largely overlooked. However, resident microbes contribute
to both health and disease. Investigators are beginning to define microbes
that contribute to the development of gastrointestinal malignancies and
themechanismsbywhich this occurs. Residentmicrobes can induce inflam-
mation, leading to cell proliferation and altered stem cell dynamics, which
can lead to alterations in DNA integrity and immune regulation and promote
carcinogenesis. Studies in human patients and rodent models of cancer
have identified alterations in the microbiota of the stomach, esophagus,
and colon that increase the risk for malignancy.
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Esophageal Cancer

Benjamin R. Alsop, MDa,b,*, Prateek Sharma, MDa,b

Video content accompanies this article at http://www.gastro.theclinics.com.

INTRODUCTION

Esophageal malignancy ranks sixth among cancer deaths worldwide.1 It is estimated
that just over 450,000 new cases of esophageal cancer were diagnosed in 2012, with
around 400,000 deaths attributable to this condition in the same year.2 Malignancies
of the esophagus have a particularly poor prognosis because they typically cause no
symptoms and thus are diagnosed late in their course. At this stage, resection and
definitive cure are usually not an option. More than half present with distant metasta-
ses or unresectable disease.3 This leads to a dismal 5-year survival that, although it
has been increasing over time, remains a mere 18%.4 There is a significant difference
between developed and developing nations with respect to esophageal cancer inci-
dence: it ranks 13th among all malignancies in the United States compared with
8th worldwide. Histology also differs, and although esophageal squamous cell carci-
noma (ESCC) is more common throughout the world, esophageal adenocarcinoma
(EAC) predominates in the United States.2

Disclosures: The authors have no relevant financial relationships to disclose.
a Department of Gastroenterology and Hepatology, Kansas City VA Medical Center, 4801
Linwood Boulevard, Kansas City, MO 64128, USA; b Department of Gastroenterology and
Hepatology, University of Kansas Medical Center, 3901 Rainbow Boulevard, Mailstop 1023,
Kansas City, KS 66160, USA
* Corresponding author. Department of Gastroenterology and Hepatology, Kansas City VA
Medical Center, 4801 Linwood Boulevard, Kansas City, MO 64128.
E-mail address: benjamin.alsop@va.gov

KEYWORDS

� Esophagus cancer � Esophageal squamous cell carcinoma
� Esophageal adenocarcinoma � Barrett’s esophagus

KEY POINTS

� Esophageal cancer is particularly deadly, with a 5-year survival in developed nations of
18%.

� Esophageal squamous cell carcinoma predominates in the developing world and world-
wide, whereas esophageal adenocarcinoma (EAC) predominates in Western nations.

� Esophageal adenocarcinoma is commonly associated with GERD and obesity.

� Barrett’s esophagus is a precursor of EAC; however, screening and surveillance remain
controversial.

Gastroenterol Clin N Am 45 (2016) 399–412
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0889-8553/16/$ – see front matter Published by Elsevier Inc.
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Screening and surveillance for esophageal cancer have proven to be a difficult un-
dertaking, given that esophageal symptoms (eg, gastroesophageal reflux disease
[GERD]) correlate poorly with esophageal cancer and its precursor lesions. In fact,
most patients diagnosed with early esophageal cancer lack any symptoms before
the onset of dysphagia and weight loss that can signal an advanced-stage tumor. In
cases where early esophageal cancer is detected, evolving therapies have not only
improved the cure rate but have decreased the morbidity associated with treatment.

SQUAMOUS CELL CARCINOMA OF THE ESOPHAGUS
Demographics

Before 1990, ESCC was the predominant histologic subtype of esophageal cancer in
the United States.5 Since that time, however, there has been a decline of around 4%
per year in the proportion of these cancers.6 This is thought to be related to two main
factors. First, the incidence of EAC is on the rise (see later). Second, there has been a
steady decrease in the rates of tobacco and alcohol abuse, which are major contrib-
utors to ESCC, over that same time period. Although most ESCCs diagnosed in the
United States are still found in white persons (including Hispanics), African Americans
are disproportionately affected and account for 26% of cases.6

Risk Factors

The risk factors for ESCC vary between developed and developing nations. In devel-
oping parts of the world, nutritional deficiencies and the subsequent lack of
antioxidants that comes with a consistent diet of fruits and vegetables plays a role.
Specifically, deficiencies in vitamins A, C, and E, and zinc, folate, and selenium
contribute.7 In industrialized countries, alcohol (>140 g/week) and tobacco use are
known risk factors, with a synergistic effect in patients who abuse both.8 Achalasia
is associated with ESCC, likely caused by the effects of chronic stasis and inflamma-
tion in the esophagus. In fact, patients with achalasia are 28 times more likely to
develop esophageal cancer than their unaffected counterparts. Despite this fact,
given the low absolute risk, screening/surveillance strategies have failed to demon-
strate a survival benefit and are not routinely recommended in these patients.9

Caustic ingestion, usually accidental in children and intentional in adolescents and
adults, has been linked to ESCC. The incidence has been reported as somewhere be-
tween 2% and 30%, with an occurrence rate 1000 times that of age-matched individ-
uals.10 As with achalasia, the pathophysiology seems to be related to the chronic
inflammation/regeneration of the squamous mucosa of the esophagus. In most pa-
tients, the development of dysplasia occurs over several decades; however, ESCC
can develop in those whose ingestion occurred as recently as 1 year prior.11

Tylosis is an autosomal-dominant inherited condition known to predispose to
ESCC, with patients typically also demonstrating hyperkeratosis of the hands and
feet. This susceptibility is traced to a genemutation on 17q25.1 that encodes for a pro-
tein central to EGFR signaling. In the presence of this mutation, affected patients have
between 50% and 100% chance of development of ESCC.12,13 The American Society
for Gastrointestinal Endoscopy recommends screening endoscopy every 1 to 3 years
in individuals with the identified mutation.14

ADENOCARCINOMA OF THE ESOPHAGUS
Demographics

EAC is on the rise in the Western world. A recent analysis of the trends in esophageal
cancer diagnosis from the Surveillance, Epidemiology, and End Results database5
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demonstrated that over the past 30 years, the proportion of patients with EAC nearly
doubled, from 35% to 61%. This change is attributed not only to the declining inci-
dence of ESCC noted previously, but also the rise in obesity and related conditions
over the same time period.

Risk Factors

There is a clear link between GERD and EAC, and chronic exposure of the distal
esophagus to acid is thought to be a critical aspect of the pathophysiology of this
malignant transformation. It is thought that through the process of healing erosive
esophagitis, metaplasia occurs and leads to formation of a premalignant columnar lin-
ing of the esophagus.15 As a result, conditions that increase esophageal acid expo-
sure are risk factors for EAC. Obesity, in particular, has been thought to contribute
to the rising incidence of EAC in developed nations. Beyond the mechanical implica-
tions of the obese body habitus (eg, formation of hiatal hernia) and the net effect of
increased acid exposure in the distal esophagus,16 there is increasing evidence to
suggest a link between the rise in serum adipokines in obese patients and the risk
of EAC.17 Finally, cigarette smoking is a risk factor for EAC, just as it is in many
cancers.7 Unlike ESCC, however, the link between EAC and alcohol use is not well-
established.18

BARRETT’S ESOPHAGUS

Although the presence of columnar-lined epithelium in the distal esophagus was first
described in 1906 by Tileston,19 it was Barrett’s20 subsequent article that led to the
eponymous term “Barrett’s esophagus.” Barrett’s esophagus is defined as a change
in the normally squamous epithelium of the distal esophagus to a columnar type.21

This gives the classic endoscopic appearance of salmon-colored mucosa, which
also demonstrates the presence of goblet cells when examined under the microscope
(Fig. 1A). This specialized intestinal metaplasia, or nondysplastic Barrett’s esophagus,
is thought to occur as a response to chronic inflammation and has an increased risk of
further development into EAC. Patients diagnosed with Barrett’s esophagus are more
than 11 times more likely to develop esophageal cancer when compared with those
without. This represents a yearly incidence of EAC between 0.12% and 0.36% in those
affected.22,23 Furthermore, the length of a Barrett’s segment correlates positively with
the risk of progression to high-grade dysplasia and EAC.24 It should be noted, how-
ever, that although the relative risk of esophageal cancer is high in these patients,
the absolute risk remains low; Barrett’s esophagus can be found in 5% to 6% of
the US population.25

Screening for Barrett’s esophagus is a controversial undertaking. One particular
difficulty with a screening program for esophageal malignancy is the selection of
individuals who should undergo endoscopy. Based on its decreased relative
prevalence when compared with colon cancer (4.4 vs 43.7/100,0004), for example,
a population-wide screening effort similar to colonoscopy would be cost-prohibi-
tive. Furthermore, Barrett’s esophagus itself is an asymptomatic condition; most
patients have chronic GERD symptoms reflective of the underlying disorder.
Among all patients with GERD, only 5% to 15% are found to have Barrett’s
esophagus.26 However, screening and surveillance continue to be recommended
by various gastrointestinal societies in patients with multiple risk factors
for EAC.14,27,28

On identification of Barrett’s esophagus, patients are usually enrolled in a surveil-
lance protocol. In patients with nondysplastic Barrett’s esophagus, it is generally
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accepted that surveillance esophagogastroduodenoscopy in these patients should be
performed every 3 to 5 years,28 with methodical documentation of the Barrett’s
extent29 and standardized sampling30 of the affected areas. This continues as long
as there is no evidence of dysplastic progression.

Fig. 1. Endoscopic and microscopic appearance of Barrett’s esophagus. (A) Barrett’s esoph-
agus. (B) Barrett’s esophagus with dysplastic lesion. (C) Esophageal adenocarcinoma. (A–C,
H&E stain, original magnification �10). (Courtesy of Rachel Cherian, MD, Kansas City, MO.)

Alsop & Sharma402



A diagnosis of low-grade dysplasia carries a risk of progression between 0.3% and
0.8% per year.31 It also poses a unique challenge because of only slight interobserver
agreement in its characterization among pathologists (kappa5 0.14; overall 55.6%).32

This is reflected in the guidelines for management of low-grade dysplasia in the setting
of Barrett’s esophagus. It is first recommended that two expert pathologists confirm
the diagnosis. Once confirmed, it should be followed with endoscopy every 6 months
for the first year, then yearly thereafter unless there is development of further
dysplastic progression.
When a high-grade dysplastic lesion is identified within a Barrett’s segment

(Fig. 1B), the endoscopist and patient must decide whether to remove the lesion
(endoscopic mucosal resection [EMR]) or pursue surgical resection. The risk of pro-
gression to adenocarcinoma in the setting of high-grade dysplasia is 6% per year.33

It is recommended that any nodules found within a segment of Barrett’s mucosa be
removed, typically via EMR, because this allows for histologic evaluation and definitive
staging of the lesion. After resection of the dysplastic segment, the remaining meta-
plastic epithelium should be removed until the distal esophagus once again is covered
entirely by squamous (now termed neosquamous) epithelium (see the section on treat-
ment). Surveillance endoscopy then continues, with systematic biopsies obtained
over the extent of the previously columnar mucosa. Although rare, there have been re-
ports of “buried” dysplasia and adenocarcinoma beneath the neosquamous epithe-
lium following ablation of a Barrett’s segment.34

DIAGNOSIS

The diagnosis of esophageal cancer is most often preceded by symptoms of progres-
sive dysphagia and, in many cases, weight loss. Chest pain occurs less often but may
signal invasion of tumor into the mediastinum. Odynophagia may be present if there is
significant ulceration of an esophageal lesion or severe esophagitis proximal to the
obstruction. Asymptomatic patients may present with more insidious findings, such
as anemia, mediastinal lymphadenopathy, or even hoarseness caused by recurrent
laryngeal nerve encasement.
Occasionally, patients are first evaluated with a barium esophagram; this study

would demonstrate narrowing of the lumen and dilation proximal to the level of the
tumor. The gold standard for evaluation of worrisome esophageal symptoms is upper
endoscopy, which allows not only visualization of a tumor but also tissue sampling for
pathologic confirmation. Esophageal malignancy can present as a flat, subtle area or a
lumen-obscuring mass (Fig. 1C). Persistent ulceration and refractory strictures of the
esophagus should raise suspicion for malignancy. Given the wide range of presenta-
tions of this malignancy, the endoscopist must carefully evaluate the entire esophagus
during an upper endoscopy. Because of implications for treatment (surgical planning,
the need for stent placement, and posttreatment evaluation), it is imperative that the
size, morphology, and proximal and distal extent of the tumor are carefully described
in the endoscopy report. It is generally recommended that at least 7 biopsies be ob-
tained to ensure adequacy of sample.35 Brushings alone are inadequate, but if added
to biopsy samples this brings the sensitivity to near 100%.

STAGING

Staging of esophageal cancer is described using the American Joint Committee on
Cancer’s TNM system (Table 1).36 This method allows for a description of the degree
of tumor invasion (T), the number of regional lymph nodes involved (N), and any distant
metastases (M). There is a clinically significant division between esophageal tumors
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Table 1
TNM (American Joint Committee on Cancer) staging of esophageal cancer

Esophageal Adenocarcinoma Clinical Staging

Stage T N M Grade

0 Tis (high-grade dysplasia) N0 M0 1, X

IA T1 N0 M0 1–2, X

IB T1 N0 M0 3
T2 N0 M0 1–2, X

IIA T2 N0 M0 3

IIB T3 N0 M0 Any
T1–2 N1 M0 Any

IIIA T1–2 N2 M0 Any
T3 N1 M0 Any
T4a N0 M0 Any

IIIB T3 N2 M0 Any

IIIC T4a N1–2 M0 Any
T4b Any M0 Any
Any N3 M0 Any

IV Any Any M1 Any

Esophageal Squamous Cell Carcinoma Clinical Staging

Stage T N M Grade Tumor Location

0 Tis (high-grade dysplasia) N0 M0 1, X Any

IA T1 N0 M0 1, X Any

IB T1 N0 M0 2–3 Any
T2–3 N0 M0 1, X Lower, X

IIA T2–3 N0 M0 1, X Upper, middle
T2–3 N0 M0 2–3 Lower, X

IIB T2–3 N0 M0 2–3 Upper, middle
T1–2 N1 M0 Any Any

IIIA T1–2 N2 M0 Any Any
T3 N1 M0 Any Any
T4a N0 M0 Any Any

IIIB T3 N2 M0 Any Any

IIIC T4a N1–2 M0 Any Any
T4b Any M0 Any Any
Any N3 M0 Any Any

IV Any Any M1 Any Any

Abbreviations: G, histologic grade; G1, well differentiated; G2, moderately differentiated; G3,
poorly differentiated; G4, undifferentiated—stage grouping as G3 squamous; GX, grade cannot
be assessed—stage grouping as G1; M, distant metastasis; M0, no distant metastasis; Ml, distant
metastasis; N, Regional lymph nodes; N0, no regional lymph node metastasis; N1, metastasis in
1–2 regional lymph nodes; N2, metastasis in 3–6 regional lymph nodes; N3, metastasis in 7 or
more regional lymph nodes; NX, regional lymph nodes cannot be assessed; T, primary tumor; T0,
no evidence of primary tumor; T1, tumor invades lamina propria, muscularis mucosae, or submu-
cosa; T2, tumor invades muscularis propria; T3, tumor invades adventitia; T4, tumor invades adja-
cent structures; T1a, tumor invades lamina propria or muscularis mucosae; T1b, tumor invades
submucosa; T4a, resectable tumor invading pleura, pericardium, or diaphragm. Unresectable
tumor invading other; T4b, adjacent structures, such as the aorta, vertebral body, and trachea;
Tis, high-grade dysplasia; Tx, primary tumor cannot be assessed.

Used with permission of the American Joint Committee on Cancer (AJCC), Chicago, Illinois. The
original and primary source for this information is the AJCC Cancer Staging Manual, Seventh Edi-
tion (2010) published by Springer Science1Business Media.
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that involve the submucosa (T1b) and beyond, from those that are limited to the
mucosal layer (T1a, T0). Fig. 2 demonstrates the principles of T-staging for tumors
of the esophagus.
In patients with high-grade dysplasia/carcinoma-in-situ (T0) or intramucosal carci-

noma (T1a), the risk of local lymph node involvement is low. It has been shown that
patients with T0 tumors have essentially 0% chance of lymph node metastasis; in
those with T1a lesions, the risk is only 1% to 2%.37 Furthermore, there is also limited
evidence that endoscopic resection of T1b lesions with only superficial involvement of
the submucosa (sm1) is effective,38 but this only applies to EAC. In such lesions, the
diagnosis and therapy are achieved via resection of the mucosal layer. T1b ESCC
prompts more aggressive therapy, with esophagectomy. Unfortunately, only about
one in four EACs diagnosed in the United States today is of an early stage and
amenable to endoscopic therapy,39,40 and these are usually found during screening
examinations rather than on investigation of symptoms.21 However, the number of
esophageal cancers being diagnosed at an early stage is increasing.5

When an invasive tumor is identified, staging is performed with a combination of
several modalities. The process typically begins with computed tomography (CT) of
the chest, abdomen, and pelvis using intravenous contrast to evaluate for any obvious
lymphadenopathy or distal metastases. Another option is to perform hybrid PET/CT,
which has a slightly higher yield than CT or PET alone and has demonstrated the ability
to identify otherwise occult metastases.41 This is important in avoiding unnecessary/
ineffective surgical intervention in such patients. The most common sites of metas-
tasis seen in esophageal cancer depend on tumor histology; ESCC spreads within
the thorax, whereas EAC tends to spread within the abdomen and can be seen in
the liver and peritoneum. The thoracoabdominal skeleton and adrenal glands can
also be affected. When no obvious distant metastases are identified, locoregional
staging is warranted. This is best performed with endoscopic ultrasound, which allows
for better assessment of tumor invasion and regional lymph node involvement when

Fig. 2. Tumor staging of esophageal cancer. (From Rubenstein JH, Shaheen NJ. Epidemi-
ology, diagnosis, and management of esophageal adenocarcinoma. Gastroenterology
2015;149(2):307; with permission.)
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compared with CT, PET, or a combination of the two.42 An added benefit of this mo-
dality is the ability to perform fine-needle aspiration of any suspicious lymph nodes
during the procedure. It should be noted that although endoscopic ultrasound is the
most accurate modality for establishing the T stage of a lesion, none of the imaging
modalities discussed previously are adequate for this purpose in early lesions and oc-
casionally overestimate their depth. For that reason, EMR should be the first step for
evaluation of subtle/flat lesions.43

TREATMENT

As with other malignancies, the treatment of esophageal cancer is directed by the
stage. For intramucosal tumors (T0-T1a), endoscopic resection is diagnostic and
curative. Most such early stage tumors are identified as part of an endoscopic
screening/surveillance program in the setting of Barrett’s esophagus. Techniques
for resection of these lesions include EMR and endoscopic submucosal dissection
(ESD). EMR involves cap-assisted resection with or without band ligation of the
involved segment of the esophagus and is generally a piecemeal technique
(see Video 1 for demonstration). It is much more widely available, because ESD re-
quires significant additional training and expertise; at this time, only a few quaternary
referral centers in the United States employ endoscopists with the adequate back-
ground and case volume to routinely perform such procedures. Long-term follow-
up of 1000 patients with early EAC treated with EMR in one study demonstrated an
impressive rate for complete remission (96.3%) and long-term complete remission
(93.8%) rates, suggesting this is an effective and durable therapy.44 Significant
bleeding (1.4%), stricture formation (1.3%), and perforation (0.1%) were the only
observed side effects of this therapy, all of which were managed endoscopically. In
contrast to EMR, the major advantage to ESD is the ability to remove a lesion en
bloc.45 This is particularly important in the management of large, laterally spreading
squamous cell carcinomas. The procedure uses submucosal injection of fluid to raise
an esophageal lesion, followed by submucosal dissection underneath with grasping-
type scissor knives and/or a needle-knife. Although not widely available yet in the
United States, this technique has been shown to be safe and effective in high- and
low-volume centers in Japan. The major complication, stricture formation, tends to
occur only in cases where the resected specimen involves more than half the circum-
ference of the esophagus.46

On resection of the tumor, it is then imperative that the remaining metaplastic
epithelium is eradicated. The most commonly used method to accomplish this is
radiofrequency ablation, which uses radiofrequency energy delivered via a catheter
to the mucosa. Small, scope tip-affixed catheters allow for segmental ablation of
metaplastic tissue under direct visualization; alternatively, 360-degree catheters allow
for ablation of larger areas within the esophagus (see Video 1 for demonstration). With
repeated applications of this technique, 80% to 90% of patients with dysplastic Bar-
rett’s experience complete eradication of intestinal metaplasia.47 Postablation surveil-
lance is critical, however, because up to 20% of patients experience a recurrence of
Barrett’s esophagus.48 Cryotherapy and photodynamic therapy have also been used
for this purpose.
The role of surgical therapy for early esophageal cancer (T0-T1b, sm1) continues to

be debated. Although esophagectomy was the traditional approach to esophageal
dysplasia in the past, management has gradually trended toward the less invasive
endoscopic methods described previously. Surgical morbidity, when compared with
an outpatient procedure, is one obvious drawback. A study of patients treated in
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two high-volume centers in Germany found a surgical complication rate of 32%,
compared with 0% for endoscopic therapy.49 However, the definitive nature of esoph-
agectomy has to be weighed against the risk not only of recurrence in the endoscopic
approach but the need for continued surveillance endoscopies. In the same study, the
endoscopically treated cohort experienced a recurrence rate of cancer of 6.6%; all pa-
tients were retreated successfully.
For tumors that involve the deeper layers of the esophagus (T2 and beyond) and/or

with nodal involvement, neoadjuvant therapy is recommended.50 Either neoadjuvant
(presurgical) chemotherapy51 (typically a platinum-based regimen) or the combination
of neoadjuvant chemotherapy and radiation52 confers a survival benefit in such pa-
tients over surgical therapy alone. Furthermore, a combination of chemotherapy
and radiation (chemoradiotherapy) is more efficacious than either of these two modal-
ities alone.53 Themajor mechanism by which chemotherapy and radiation work in syn-
ergy is through magnification of radiation damage via incorporation of the
chemotherapy drug into DNA/RNA, followed by inhibition of the DNA repair process
after radiation.54

When distant metastases have been identified, treatment options are severely
limited and the focus shifts toward palliation. Median survival can be only 9 to
10 months despite treatment with chemotherapy.55 It should be noted, however,
that the choice of which patients to treat is critical; such factors as age, performance
status, the presence of liver or peritoneal metastases, and serum chemistry values all
influence response to chemotherapy.56 One palliative measure that may not only help
to facilitate nutrition but also allow for the comfort of continued oral intake is esopha-
geal stent placement. Self-expandable metal stents that are either fully or partially
covered with a synthetic membrane are placed endoscopically, with or without fluoro-
scopic guidance. Up to 90% of patients with esophageal cancer may see an improve-
ment in dysphagia symptoms with the placement of an esophageal stent.57 The main
risk with esophageal stenting is migration into the stomach, which may require endo-
scopic retrieval. This is a particular concern in patients who undergo stent placement
followed by chemotherapy that might shrink the tumor, thus allowing the stent to be
displaced. Ultimately, enteral feeding may be accomplished through the use of a
percutaneous endoscopic gastrostomy tube or radiologically placed gastrostomy
tube in those patients who are either not candidates for esophageal stent placement
or have failed this modality because of tumor ingrowth. Additionally, percutaneous
endoscopic gastrostomy tubes are frequently placed for patients in anticipation of
radiation therapy because of the odynophagia that often accompanies this treatment.

THE FUTURE OF DIAGNOSIS AND MANAGEMENT

Although risk factor modification is a cornerstone of prevention, future research with
the goal of further decreasing the incidence of esophageal cancer will undoubtedly
be directed toward earlier detection. Perhaps the first step will be to better direct
the resources of screening endoscopy toward those who need it most. This would
involve more accurate predictive models based on known risk factors, genetic predis-
position, and possibly even biomarkers for early disease and disease progression. For
those with traditional risk factors who are referred for endoscopic evaluation, tech-
niques have been developed with an increased sensitivity and specificity for dysplasia.
Wide-area transepithelial sampling involves passing a brush over the mucosa of the
Barrett’s segment and submitting a block of cells for computer-assisted analysis.
Early in vivo evaluations of this technology have demonstrated marked improvements
in detection of metaplasia and dysplasia and interobserver variability among

Esophageal Cancer 407



pathologists.58,59 In an attempt to avoid the extensive tissue sampling and subsequent
pathology costs of current surveillance protocols, advanced imaging modalities have
been evaluated. The use of narrow-band imaging allows for differentiation of mucosal
and vascular patterns along the surface of the esophageal mucosa; criteria have been
established that can reliably predict the presence of dysplasia, thereby allowing for a
more targeted biopsy approach.60,61 Real-time pathology has been assessed through
the use of volumetric laser endomicroscopy and probe-based confocal laser endomi-
croscopy, both of which would theoretically allow the endoscopist to diagnose and
treat esophageal dysplasia in the same procedure.62,63 It is hoped that future trials
and expanding availability of these modalities will continue to improve not only the
detection but also the outcomes in patients with early stage esophageal malignancy.

OTHER ESOPHAGEAL MALIGNANCIES

Squamous cell carcinoma and adenocarcinoma make up most esophageal malig-
nancies worldwide, but a few other rare types should be mentioned. Epithelial tumors
include small cell carcinoma and melanoma, and verrucous carcinoma and carcino-
sarcoma, both of which are variants of ESCC. Lymphoma (secondary and less
commonly primary) and gastrointestinal stromal cell tumors make up the nonepithelial
malignancies of the esophagus. A detailed discussion of the characteristics of these
rare tumors and their management is beyond the scope of this review.

SUMMARY

Esophageal cancer is a malignancy with a poor 5-year survival. Nearly 500,000 peo-
ple are diagnosed per year, worldwide. ESCC remains the prevalent histologic sub-
type of esophageal cancer around the globe, but Western nations have seen a
predominance and rising incidence of EAC. Screening efforts for esophageal cancer
have been thwarted by a poor correlation between symptoms and endoscopic find-
ings, and most cancers are diagnosed at a late clinical stage. However, improve-
ments in minimally invasive endoscopic therapy and radiation and systemic
chemotherapy have provided some small benefits to survival and quality of life in
these patients. Future research should be directed toward risk stratification, cost-
effective care, and early detection of esophageal dysplasia and malignancy in the
hope that measureable improvements can be made in the prognosis of those
affected by this deadly cancer.

SUPPLEMENTARY DATA

Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.
gtc.2016.04.001.
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GLOBAL IMPACT OF GASTRIC CANCER

Despite the overall decrease in the incidence of gastric cancer (GC) since the 1930s, it
is still a major cause of morbidity and mortality worldwide.1 As many as 952,000 new
GC cases were estimated in 2012 alone; making it the fifth most common incident
cancer in the world and the third leading cause of cancer death in both sexes world-
wide.2 Among patients diagnosed with GC, close to 75% die from this disease.3 GC
also is responsible for 1 of the highest cancer burdens as determined by disability-
adjusted life years lost.4
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KEY POINTS

� Although gastric cancer (GC) incidence has declined in the United States during the last
decade, an increase in the incidence of GC has been estimated for 2016.

� GC prognosis is very poor. Only 28.3% of newly discovered GCs are expected to survive
longer than 5 years after diagnosis.

� Prognosis of GC is largely depends on the tumor stage at diagnosis and classification as
intestinal or diffuse.

� Although nonsteroidal anti-inflammatory drugs, aspirins, and statins are reported to
decrease GC risk, these have not been implemented for GC chemoprevention in clinical
practice.

� Risk assessment and surveillance guidelines have been implemented in Asian countries
with high incidence of GC. In the United States, only the American Society for Gastroin-
testinal Endoscopy has recently published guidelines for the screening and management
gastric lesion.
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Globally, GC incidence has been shown to be more common in men and to increase
with age, with most cases occurring after the age of 60 years.2 However, GC incidence
rates vary dramatically across countries. The geographic distribution of GC has been
mainly attributed to differences in dietary patterns, socioeconomic status, and the
prevalence of Helicobacter pylori infections.5 The highest GC incidence and mortality
rates occur in Eastern Asia, Central and Eastern Europe, and South America.6 Mortal-
ity rates associated with GC, even in developed countries, are still very high; only
28.3% of newly diagnosed cases are expected to survive 5 years or longer after
diagnosis.
According to the Surveillance, Epidemiology, and End Results Program, approxi-

mately 22,220 new GC cases were diagnosed in the United States (US) in 2014. An
increase in the incidence of GC in the US has been estimated for 2016;7 according
to the American Cancer Society, approximately 26,370 individuals will be diagnosed
with GC and 10,730 are expected to die due to this disease. Within the US, Hispanics,
African Americans, and Native Americans are more frequently diagnosed with GC than
non-Hispanic whites (Fig. 1).3,8

GASTRIC CANCER CAUSES AND RISK FACTORS
Infectious Agents Associated with Gastric Cancer

Helicobacter pylori
In 1994, the International Agency for Research on Cancer classified H pylori, the first
formally recognized bacterial carcinogen, as a class I human carcinogen for GC. H py-
lori are involved in 90% of all gastric malignancies.9 H pylori incidence varies accord-
ing to age, ethnicity, and geographic location. In locations such as Mexico, Argentina,
and Asian countries the prevalence of H pylori ranges from 30% to 70% by the age of
20 years and 70% to 90% by the age of 60 years. In the US and France, the prevalence
is approximately 20% and 40% for younger and older ages, respectively.10

H pylori contributes to the development of gastric neoplasia by promoting inflam-
mation in the gastric mucosa (gastritis), which leads to sequential histopathologic
changes that may result in the development of GC (Fig. 2).9,11 However, not every in-
dividual infected with H pylori will develop GC. The exact pathophysiological mecha-
nisms, as well as the contribution of environmental risk factors and host genetic
susceptibility in the progression of gastric carcinogenesis, have yet to be fully

Fig. 1. Age-standardized GC incidence rates, both sexes for 2012. (From Ferlay J, Ervik M,
Dikshit R, et al. GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality Worldwide: IARC Can-
cerBase No. 11. [Internet]. Lyon (France): International Agency for Research on Cancer; 2013.
Available at: http://globocan.iarc.fr. Accessed October 11, 2014; with permission.)
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elucidated. H pylori virulence factors have been associated with a higher risk of GC.
Infection with H pylori strains with vacAs1-, vacAm1-, and cagA-positive genotypes
are associated with an approximate 6-fold increase in GC risk.12 Increasing evidence
supports that the extent of the inflammatory response to H pylori is in large part deter-
mined by polymorphisms in host genes encoding cytokines and cytokine receptors.
Individuals with proinflammatory interleukin (IL)-1 genotypes infected with H pylori
strains with vacAs1-, vacAm1-, and cagA-positive genotypes were reported to have
up to an 87-fold higher risk of GC compared with H pylori-infected individuals without
proinflammatory IL-1 polymorphisms.13 Recently, GC stem cells were also proposed
as a gastric carcinogenesis mechanism. Chronic infection with H pylori induces
recruitment of bone marrow-derived cells that, once recruited, differentiate with local
gastric epithelial cells, ultimately inducing stem cell properties and leading to cell
metaplasia, dysplasia, and adenocarcinoma.14 Unfortunately, there are currently no
robust biomarkers clinically available to reliably predict who will develop GC cancer
after H pylori infection.

Epstein-Barr virus
Multiple studies in different parts of the world have found the prevalence of Epstein-
Barr virus (EBV) in 5% to 16% of gastric carcinomas, which supports its possible
role as an etiologic agent of GC.15 In Asia, Europe, and the Americas, prevalence of
EBV is close to 9% of all GC cases reported.16 Male patients have been found to
be twice as likely to have EBV-positive tumors compared with females. Tumors in
the gastric cardia or corpus were found to be twice as likely to be EBV-positive
compared with those in the antrum.16 Although the role of EBV in gastric carcinogen-
esis is not yet clearly defined, EBV-positivity has been reported to be associated with
favorable prognosis.17

Fig. 2. The precancerous cascade. Prolonged gastric inflammation resulting from chronic
H pylori infection causes epithelial damage that leads to gastric atrophy, characterized by
loss of parietal cells and chief cells and glandular atrophy. The gastric epithelium is then re-
placed by intestinal metaplasia, followed by foci of low-grade dysplasia, which can later
develop to high-grade dysplasia that can later become adenocarcinomas.
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Genetic Predisposition: Familial Gastric Cancer

An estimated 20% of GC patients have a family history of GC.18 According to the racial
or ethnic group, family history was shown to confer 2-fold to 10-fold increased risk of
GC.19 Although most GCs are sporadic, 10% of the cases have familial clustering and
1% to 3% are hereditary.20 Hereditary GC includes syndromes such as hereditary
diffuse GC (HDGC), gastric adenocarcinoma and proximal polyposis of the stomach,
and familial intestinal GC. HDGC is a rare, autosomal dominant disorder that is
responsible for 1% to 3% of all familial GC cases.21 About 40% of individuals with
HDGC have germline mutations in the CDH1 gene, which encodes E-cadherin.22 In
the presence of CDH1 mutations, the lifetime risk of developing GC is 70% to
80%.21 GC can also develop as part of familial cancer syndromes, including Lynch
syndrome, familial adenomatous polyposis, Peutz-Jeghers syndrome, and Li-
Fraumeni syndrome.23 GC is part of the Lynch syndrome tumor spectrum; GC risk
is 2.9 times higher for subjects with germline MLH1 mutations.24

Demographic, Environmental, and Lifestyle Risk Factors

In addition to infectious agents and family history, additional GC risk factors include
age, gender, certain occupations, tobacco use, diet, and being overweight, among
others. The risk of developing GC is twice as high in men as in women and it is usually
diagnosed between the ages of 60 to 80 years. Individuals with certain occupations,
such as those who work in the coal, metal, and rubber industries, have been reported
to have an increased risk of GC.25 Tobacco smoking has been reported to cause a 60%
and 20% increase in GC risk in men and women, respectively.26 It is estimated that
18% of GC cases are attributable to tobacco smoking.27 No association has been
found between smokeless tobacco and GC.28 In contrast, alcohol consumption has
not been consistently shown to be associated with GC; however, it has been identified
as a risk factor for disease progression.29 A 5-fold increased risk of GC has been
observed as a result of the combined effect of alcohol and smoking.30 A high intake
of salted, pickled or smoked foods, and preserved foods rich in salt and nitrites have
been reported to be associated with an increased risk of GC, whereas foods rich in fi-
ber, vegetables, and fruit were found to be protective.31 Individuals with moderate and
high salt intake had a 1.41 and 1.68 relative risk (RR) for GC, respectively, compared
with thosewho consumed low levels of salt.32,33 Additionally, in the presence ofH pylori
infection, high salt intake further increases the risk of GC.34,35 Significant associations
were found between the consumption of processed meat (RR 1.45 95%, CI 1.26–1.65)
and GC risk.36 This association between processed meats and GC been described to
be stronger in subjects infected with H pylori.37 Although obesity has not been found to
be associated to all GCs, several meta-analyses have reported a positive association
between increased body mass index (BMI) and risk of GC in the cardia.38

GASTRIC CANCER CLASSIFICATION

GC is classified into 2 main groups: early and advanced stages. Prognosis is largely
depends on the tumor stage. The 5-year survival rate in patients with early GC
(EGC) is between 85% and 100%, whereas it is only 5% to 20% for advanced
GC.39 The degree of invasion defines GC as early or advanced.40 Early gastric carci-
noma is defined as malignancies limited to the mucosa or submucosa, regardless of
lymph node invasion. Advanced GC is classified according to the extent of invasion
and endoscopic appearance (polypoid lesions, ulcerated with well-defined border, ul-
cerated with ill-defined borders, or infiltrating diffuse without evidence of mass or
ulcers).
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Tumor location dictates the anatomic classification as cardia or noncardia (distal
from the cardia) (Fig. 3). Cardia and noncardia adenocarcinomas present with different
clinical and epidemiologic characteristics.21 In contrast to cardia tumors, noncardia
tumors have decreased in the last decades. Cardia GC affects predominantly white
populations and is more often associated with gastroesophageal reflux disease.21

Cardia adenocarcinomas are aggressive and have a poor prognosis. Cardia tumors
invade the gastric and esophageal walls and metastasize to local lymph nodes
(Table 1). Due their aggressiveness, the American Joint Classification of Cancer
decided to use the esophageal cancer staging system for all GC arising in the esoph-
agogastric junction and any cancer arising in the proximal 5 cm of the stomach with
involvement of the esophagogastric junction.44 Noncardia GC is more likely associ-
ated with H pylori and comprises more than 60% all GC cases worldwide.45

Histologic Classification

The Lauren classification system,46 which classifies GC as intestinal (with intercellular
junctions) and diffuse (without intercellular junctions), is the most frequently used sys-
tem to classify GC (see Table 1). Intestinal-type adenocarcinomas form glands or tu-
bules lined by epithelium, resembling the intestinal mucosa. Although the incidence of
intestinal-type GC has decreased recently, it is still the most frequent type of GC found
in high incidence populations.21 This type of GC usually occurs in a 2:1 male-to-female
ratio and in individuals between 55 and 80 years of age.42 The development of
intestinal-type GC is preceded by a sequence of histologic lesions that my take years
to develop (see Fig. 2).47

Diffuse-type gastric adenocarcinomas are more aggressive and have a worse prog-
nosis than intestinal-type. They do not have a gender bias and are generally diagnosed

Fig. 3. Tumor location dictates the anatomic classification and histopathological character-
istics. (A) GC classification according to anatomic locations. (B) Hematoxylin-eosin, original
magnification �20, intestinal-type noncardia GC. (C) Hematoxylin-eosin, original magnifica-
tion �40, diffuse-type noncardia GC. (Courtesy of Dr Carmen Gonzalez Keelan, San Juan, Pu-
erto Rico.)
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in younger patients (40–60 years of age). Diffuse GC cells lack cohesion, and invade
tissues independently or in small clusters.8 A variant of the diffuse histologic type is
the signet ring cell gastric adenocarcinoma. Signet tumor cells contain abundant cyto-
plasmic mucin that displaces the nucleus toward the periphery.8,21 Although diffuse-
type GC can be associated with H pylori infections, it is more frequently associated
with loss of expression of E-cadherin (HDGC); no precancerous lesions have been
defined to date.43

GASTRIC CANCER PREVENTION
Lifestyle Modification

Primary prevention aims to prevent the disease before it ever occurs by preventing ex-
posures to hazards, changing unhealthy or unsafe behaviors, and increasing resis-
tance to the disease. Recommended lifestyle changes to prevent GC include
limiting exposure to tobacco and maintaining a healthy BMI. In terms of diet, con-
sumption of fresh fruit and vegetables 1 or more days per week significantly reduces
GC risk, as demonstrated in numerous prospective studies.48 Consumption of antiox-
idants has also been recommended for the prevention of GC; however, some clinical
trials have conflicting results.39,49

Table 1
Gastric cancer characteristics according to location and classification

Cardia Gastric Cancer

Noncardia Gastric Cancer

Intestinal-Type Diffuse-Type

� Incidence is increasing41

� Associated with gastro-
esophageal reflux

� Resembles esophageal
adenocarcinoma41

� More aggressive and worse
prognosis than
noncardia41

� Associated with white
population and strong
male predominance (6:1)41

� Incidence is decreasing21,42

� Associated with H pylori21

� Presents with precancerous
lesions43

� Histologic characteristics:
malignant epithelial cells
and hyperchromatic irreg-
ular and angulated glands
that show cohesiveness
and glandular differentia-
tion infiltrating the stroma

� May present in 3 scenarios:
polypoid lesion attached
on a wide base, an ulcer-
ated carcinoma with sharp
and raised margins, and an
ulcerated carcinoma
without definite limits21

� Diagnosed in individuals
ages 55–80 y42

� Male to female ratio 2:142

� Incidence is increasing8

� Can be associated with
H pylori, strongly associ-
atedwith loss of expression
of E-cadherin43

� No precancerous lesions43

� Histologic characteristics:
cells lacking cohesion
invading tissues indepen-
dently or in small clusters

� Lesions are nonulcerated,
diffusely infiltrating
carcinomas

� Signet ring adenocarci-
noma: variant of the
diffuse histologic type with
abundant cytoplasmic
mucin that displaces the
nucleus to the
periphery8,21

� Diagnosed in younger
patients ages 40–60 y8,21

� Male to female ratio 1:142

� Worst prognosis than
intestinal-type GC8

� HDGC autosomal domi-
nant pattern of
inheritance43
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Chemoprevention

Cyclooxygenase (COX)-2 overexpression is characteristic of noncardia stomach can-
cers and in well-differentiated stomach cancers,50 suggesting that suppression of
COX-2 could be used as a chemopreventive strategy to prevent GC. Several cohort
and observational studies have suggested that systematic use of nonaspirin nonste-
roidal anti-inflammatory drugs (NSAIDs) and aspirin are protective factors, especially
for noncardia GC with H pylori infection.51,52 However, randomized controlled trials
evaluating the role of nonaspirin NSAIDs for regression of intestinal metaplasia (IM) af-
ter eradication of H pylori failed to demonstrate a benefit compared with individuals
without nonaspirin NSAID use.53,54 The use of celecoxib, a nonaspirin NSAID, has
been shown to regress precancerous stomach mucosal conditions and/or lesions af-
ter H pylori eradication.55 Statins are associated with a significant decrease in GC risk
and have also been studied as potential GC chemopreventive agents.56

Helicobacter pylori Eradication

Because only a very small proportion of H pylori-infected subjects develop GC, the
benefit of mass H pylori eradication campaigns to prevent GC remains unsubstanti-
ated.57 However, treatment and eradication of H pylori infection is recommended in
patients with gastritis. H pylori eradication has been reported to restore gastric histol-
ogy to normal in individuals with chronic gastritis and atrophic gastritis without IM.58

Atrophic gastritis has been reported to undergo regression within 1 or 2 years after
successful eradication of H pylori.59 The presence of IM in H pylori-associated chronic
gastritis suggests a less reversible stage compared with atrophic gastritis alone. Ev-
idence suggests that eradication at the IM stage is less effective and that lesions
are more likely to progress.60 In a randomized 6-year follow-up clinical trial examining
the role of anti-H pylori treatment and dietary antioxidant micronutrient supplementa-
tion in reducing the progression of precancerous lesions, use of anti-H pylori treatment
or antioxidants was associated with significant inhibition of precancerous lesions
including IM.39 This reversion of gastric atrophy and IM was confirmed after 12
years.61 The eradication of H pylori in GC patients with prior endoscopic resection re-
duces the incidence of new tumors and the extent of IM.62 There are controversial data
regarding the effect of H pylori eradication on the development of gastric epithelial
dysplasia.63 At present, prophylactic H pylori eradication is strongly recommended af-
ter endoscopic tumor resection in EGC to prevent recurrence of malignancy.64

SCREENING AND SURVEILLANCE

Because GC can take decades to develop, the identification of precancerous lesions
and endoscopic surveillance of patients at high risk may help to detect early-stage
malignancies when they are still operable and have better prognosis. In a large-
scale 10-year follow-up study, progression rates to GC for subjects with atrophic
gastritis, IM, low-grade dysplasia, or high-grade dysplasia were estimated 0.8%,
1.8%, 4.0% and 33.0%, respectively.65 Therefore, there is insufficient evidence to
conclude that it would be beneficial and cost-effective to implement population GC
screening in regions not at high risk of GC. It has been suggested that the GC
screening strategy should be based on GC incidence in the population and on the in-
dividual’s risk.
Asian countries (Japan, South Korea, Singapore, and Taiwan), which have a high

incidence of GC, have started national screening programs. The Korean National Can-
cer Screening Program (NCSP) provides regular 2-year interval GC screening by upper
gastrointestinal radiograph or upper endoscopy for citizens aged 40 years or older.66
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The current trend in GC mortality reduction, despite the stable age-standardized GC
incidence during last decade, supports that the current screening program has a
mortality-reducing effect in Korea.67 However, the current Korean NCSP does not
recommend different screening intervals depending on pre-existing gastric lesions
for risk stratification. In Japan, guidelines for GC screening recommend photofluorog-
raphy (indirect radiograph using small films) for population-based and opportunistic
screening.68 They do not recommend endoscopy as a screening tool in the general
population due to the lack of sufficient evidence supporting a reduction of GC as a
result of population endoscopy screening.
The European Society of Gastrointestinal Endoscopy, a group of European gastro-

logical societies, recently published management of precancerous conditions and le-
sions in the stomach (MAPS) guidelines for high-risk groups (Table 2).69 These
guidelines emphasize the importance of GC risk stratification. The application of the
operative link on gastritis assessment (OLGA) and operative link for gastric IM (OLGIM)
to address the grade and extension of atrophy may be useful for identifying subgroups
of patients with risk of progression to GC.71,72 Both OLGA and OLGIM have been vali-
dated in prospective studies.73,74 In the US, only the American Society for Gastrointes-
tinal Endoscopy (ASGE) has recently published guidelines for the screening and
management gastric lesions based on MAPS (see Table 2).70

Table 2
Surveillance guidelines for precancerous conditions and lesions in the stomach

Premalignant
Lesion

European Society of
Gastrointestinal Endoscopy (MAPS)
Guidelines69

American Society for
Gastrointestinal Endoscopy
Guidelines70

Atrophic
Gastritis or IM

� At least 4 nontarget biopsies from
2 topographic sites should be
taken for adequate staging and
grading of the premalignant
condition

� Patients with extensive atrophy
and/or IM should be offered
endoscopic surveillance

� A 3-y follow-up after diagnosis is
recommended for patients with
extensive atrophy and/or IM

� Surveillance endoscopy is not rec-
ommended for patients with mild
to moderate atrophy and/or IM
restricted to stomach antrum

� A surveillance endoscopy for pa-
tients with GIM who are at
increased risk of GC (Asian
ethnicity or family history of GC)

� Surveillance intervals should be
individualized

Low-Grade
Dysplasia

� In the absence of an endoscopi-
cally defined lesion, follow-up
within 1 y

� In the presence of endoscopically
defined lesion, consider endo-
scopic resection obtain a more
accurate histologic diagnosis

� A follow-up EGD within 1 y with a
topographic mapping biopsy
strategy is indicated

High-Grade
Dysplasia

� In the absence of endoscopically
defined lesions, immediate endo-
scopic reassessment with exten-
sive biopsy sampling and
surveillance at 6-mo to 1-y inter-
vals is indicated

� Endoscopic resection and surveil-
lance endoscopy is recommended
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Studies suggest that individuals with GC family history do not necessarily need
more frequent GC screening than the generally recommended 2-year interval in Ko-
rea.18 Recommendations for management and surveillance of familial GC have only
been made for individuals with HDGC.75 A prophylactic gastrectomy is recommended
to those having a CDH1 mutation at about 20 years of age; however, annual endo-
scopic surveillance using a high-definition endoscope should be offered for those
who do not have a gastrectomy.76 H pylori treatment is recommended by European
and Chinese guidelines for the first-degree family members of GC patients77; however,
the 2008 version of the Japanese guidelines did not recommend treatment due to lack
of direct evidence of GC prevention in family members.78

DIAGNOSTIC EVALUATION

Endoscopic diagnosis of GCmay be difficult because EGC often only shows only min-
imal, subtle changes in the gastric mucosa. The first step in diagnosing GC endoscop-
ically is to detect any suspicious lesions and to characterize them. Good reporting
based on the Paris classification as the current standard is imperative.79 The European
Society of Gastrointestinal Endoscopy recommends that, for quality control, 8 images
should be taken to illustrate the examination of the stomach in its totality (complemen-
tary images should be taken in the case of a specific lesion).80 Detection of subtle
gastric mucosal changes during examination requires the use advanced endoscopic
techniques, such as narrow-band imaging (NBI) or magnifying endoscopy with NBI
(NBI-ME), which has high sensitivity and specificity.80,81 NBI endoscopy may also
help in assessing the extent of the lesions, and in improving safety margins and
cure rates during endoscopic resection of EGC. Other techniques, including chro-
moendoscopy, flexible spectral imaging color enhancement endoscopy with or
without magnification, and confocal laser endomicroscopy, have shown promising re-
sults.82–84 At present, NBI-ME is probably the most frequently used endoscopic tech-
nique and has the largest amount of technical data available.
Endoscopic training and experience is essential, as well as good preparation for the

endoscopic examination, for the diagnosis of GC. The most important process in the
endoscopic diagnosis of GC is the scrutiny all gastric areas with targeted biopsies
because histopathological examination remains the gold standard for the final diag-
nosis.85 Generally, the mass or abnormal mucosa is targeted for biopsy. In the case
of a malignant gastric ulcer, at least 7 biopsies of the heaped up edges of the ulcer
and base should be performed.86 Diagnosis of linitis plastica can be more difficult
due to reduction in the yield of mucosal biopsies. Large mucosal and submucosal
biopsy samples may be taken with snare resection. Endoscopic ultrasound with
fine-needle aspiration or core sampling may be necessary but histopathology is still
generally preferable to cytology for diagnosis.70

CLINICAL MANAGEMENT

Guidelines in Europe87 and the US88 have been proposed for management of GC
depending on location, stage, and surgical candidacy. GC screening in countries
with high-risk populations is effective in identifying EGC, which can be treated endo-
scopically. Accurate pretreatment staging is critical in identifying EGC patients with
disease that is limited to the mucosa and submucosa (stage T1) and who are candi-
dates for endoscopic mucosal resection (EMR) or endoscopic submucosal dissection
(ESD).89 ESD permits en bloc resection of most lesions and is the preferred technique
for resecting EGC in Asia,90 with a complete en bloc resection rate of 87.7% and low
complication rates.91 ESD has been reported to outperform EMR for en bloc,
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complete, and curative resection with lower recurrence rate.92 In the US, ESD is rarely
performed outside referral centers with expertise in this technique.70 Depending on
the size and location of the primary tumor, the preferred means of therapy is surgical
resection with total or subtotal gastrectomy.93

Although several targeted therapies have been studied, only 2 targeted GC treat-
ments have been approved for use in the US. Inhibition of human growth factor recep-
tor 2 (HER2) has been tested as a targeted therapy for several cancers, including GC.
Trastuzumab is a monoclonal antibody that targets HER2 that inhibits HER2-mediated
signaling, and thereby prevents the proliferation of HER2-dependent tumors.94 The
trastuzumab for gastric cancer (ToGA) trial, a phase III international study evaluating
the efficacy of trastuzumab in combination with conventional therapy (cisplatin plus
5-fluorouracil or capecitabine), showed improvement in the overall survival compared
with chemotherapy alone.95 Ramucirumab, a human monoclonal antibody against the
vascular endothelial growth factor receptor 2 (an important signaling pathway in GC
and gastroesophageal cancer), is the first biologic therapy approved by the US
Food and Drug Administration used as a single agent that demonstrates survival
benefit in patients with advanced GC or gastroesophageal cancer who have pro-
gressed after first-line treatment.96

PROGNOSIS AND SURVIVORSHIP

In the US, relative 5-year survival rates for GC increased from 15% to 29% from 1975
to 2009.97 However, GC survival remains poor. Cardia GC and diffuse-type noncardia
GC present with the worst prognosis.8,41 Compared with tumors in the pyloric antrum,
cardia GC have lower 5-year survival and higher operative mortality.98 Overall, EGC
can be associated with 5-year survival rates that approximate 90%. However, in
both the US and Europe, few cancers are detected at early stages, resulting in the
low 5-year relative survival rates.99,100 This emphasizes the importance of implement-
ing public health measures that help identify individuals at high risk to increase early
diagnosis and decrease GC mortality.
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Pancreatic Cancer: A Review

Cinthya S. Yabar, MD, Jordan M. Winter, MD*

INTRODUCTION AND PUBLIC HEALTH CONCERNS

Pancreatic ductal adenocarcinoma (PDA) is the 12th most common cancer in the
United States. As of January 7, 2016, the American Cancer Society reported that
pancreatic cancer had surpassed breast cancer as the third leading cause of cancer
related death in the United States.1 Within the next decade, annual PDA deaths will
likely surpass colorectal cancer as well. There were 53,070 new cases of PDA in
2015, and 41,780 deaths in the United States alone. Although the death rates for
the most common cancers have declined in recent decades, the death rate for PDA
is actually flat to slightly increased, in large part related to the aging demographic.2,3

Over the past 4 decades, disease-specific survival has only improved marginally, with
5-year survival rates increasing from 4% to 7%. The lack of clinical progress, in com-
parison with other cancers, is attributable to a failure to develop novel and effective
therapies. Standard treatment still consists of relatively old cytotoxic therapies. The
only advance has been improved experience and success administering
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KEY POINTS

� Pancreatic ductal adenocarcinoma cancer is the 12th most common cancer in the United
States, and pancreatic cancer deaths have been increasing steadily over the past few
years.

� The genetics and other molecular aspects of pancreatic cancer have been well-
characterized, with recent progress toward subtyping pancreatic tumors, with potential
implications for therapy.

� The greatest risk factor for pancreatic cancer is a strong family history; environmental and
medical factors have been associated (tobacco use and a history of chronic pancreatitis).

� There is no established method of early detection, and pancreatic cancer is frequently
diagnosed in late stages.

� Immunotherapy and targeting DNA repair deficiency in a subset of tumors are promising
areas of research and may yield improved outcomes in the near future.
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combinations of drugs, which confer a small survival advantage over single agent ther-
apy.4–8 Mutation targeted and immunologic therapies that have shown efficacy or
promise for other cancer types have not yet achieved comparable benefits for pancre-
atic cancer.7–13 Herein, we review the molecular and clinical aspects of pancreatic
cancer, and highlight the most critical challenges facing the management of this
disease.

MOLECULAR PATHWAYS/GENETICS

Unlike other common cancers, there are currently no well-established and evidence
based treatment strategies based on molecular profiling for PDA. Similarly, there
are no molecular signatures to improve staging or prognostication. However,
numerous studies have been performed that have elucidated common genetic
abnormalities in PDA, which highlight potential molecular targets and reveal
signaling pathways that are important for disease development.14,15 Whole-
exome sequencing was performed in 24 PDA genomes, and more than 1300
different genes were mutated in these tumors.14 The only high-frequency, “action-
able” oncogene was KRAS, which is genetically activated in more than 95% of
PDAs. Unfortunately, targeted therapy against this gene has proved elusive.16 In
light of this disappointing finding, various alternative approaches to personalized
therapy have been proposed. Jones and colleagues14 have grouped the common
genetic abnormalities in PDA into 12 core signaling pathways (eg, apoptosis,
DNA damage, and others), with the hope that biologic pathways may be more
modifiable than specific gene targets. Biankin and colleagues15 identified axon
guidance genes as a novel molecular pathway with frequent gene mutations in
PDA. Perhaps most compelling, there is evidence that a high proportion PDAs har-
bor functional defects in DNA damage pathways (approximately 25%), which may
render these tumors more susceptible to certain agents that target the DNA repair
process.17 Many of the genes are Fanconi anemia pathway genes (BRCA2, PALB2,
FANCC, FANCG), and clinical and preclinical data suggest that affected tumors are
particularly sensitive to poly adenosine diphosphate ribose polymerase inhibitors or
platinum drugs. Although phase II and III trials examining poly adenosine diphos-
phate ribose polymerase inhibitors in PDA are ongoing, completed studies in other
cancer types (eg, ovarian) give hope that a personalized treatment approach is on
the horizon (Table 1).18

Oncogenic KRAS remains the best characterized oncogene in PDA. The genetic
event occurs early in tumorigenesis, before the development of invasive disease. Acti-
vated KRAS activates multiple signaling pathways including BRAF/MAP-K to affect
cell proliferation, PI3K/mammalian target of rapamycin to promote cell growth and
survival, and phospholipase C/PKC/Ca11 to induce calcium and second messenger
signaling.19 KRAS mutations form the foundation of the most commonly used trans-
genic mouse model of PDA.20 The mutation is combined typically with an abnormal
tumor suppressor gene in these models, such as TP53.
Other high-frequency mutation genes are classified as tumor suppressor genes

(CDKN2A, TP53, and SMAD4). These genes are often inactivated through a mutation
in 1 allele, combined with genetic loss (ie, loss of heterozygosity) in the corresponding
chromosome region of the second allele as a result of chromosomal instability. Areas
where genetic loss most frequently occurs are nonrandom in the PDA genome,
because they typically occur at loci containing the abovementioned tumor suppressor
genes: CDKN2A (9p), TP53 (19p), and SMAD4 (18q). The most common gene muta-
tions in PDA are provided in Table 2.14,15
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Pathologic and genetic studies reveal that PDA develops over many years, and
follows an adenoma-to-carcinoma sequence, as has been described for other can-
cer types. Histologic atypia progresses over time through pancreatic intraepithelial
neoplasia (PanIN) stages (1–3), and ultimately into invasive disease.21 In the tumor-
igenesis timeline, KRAS activation and telomere shortening are among the first
events to occur in tumorigenesis, followed by p16 loss in the PanIN-2 stage, and
TP53, SMAD4, and BRCA2 inactivation in the PanIN-3 stage. E-cadherin loss is a
late event, and leads to epithelial-to-mesenchymal transition and a highly lethal
phenotype in very advanced stages.22 Recent molecular analyses of pancreatic
precursor lesions and PDA have determined that this process occurs over 10 to
20 years.23

Genetic sequencing studies reveal significant intratumoral heterogeneity in PDA
with respect to genetic abnormalities. For instance, Iacobuzio-Donahue and

Table 1
Notable current PARP inhibitor trials

Cancer Type Phase Study Description (Sponsor) Status

Ovarian II Olaparib as maintenance therapy for relapsed platinum-
sensitive ovarian cancer (AstraZeneca)

Complete

II, III Cediranib and olaparib vs cediranib or olaparib alone, or
standard of care chemotherapy in recurrent platinum-
resistant or -refractory cancer; randomized (NCI)

Ongoing

III Maintenance with niraparib vs placebo in platinum sensitive
cancer; randomized (Tesaro)

Ongoing

III Carboplatin/paclitaxel � concurrent and continuation
maintenance veliparib in previously untreated stages III or
IV high-grade serous epithelial tumors (AbbVie)

Ongoing

Breast III Carboplatin and paclitaxel � Veliparib in HER2-negative
unresectable BRCA-associated breast cancer; randomized
(AbbVie)

Ongoing

III Talazoparib in advanced, BRCA mutant cancer; randomized,
2-arm (Medivation, NBCC)

Ongoing

III Olaparib monotherapy vs chemotherapy in metastatic cancer
with germline BRCA1/2 mutations; randomized
(AstraZeneca)

Ongoing

III Gemcitabine/carboplatin, � BSI-201 in ER-, PR-, and Her2-
negative metastatic cancer; randomized (Sanofi)

Complete

III Niraparib vs physician’s choice in HER2 negative, germline
BRCA mutation cancer; randomized (Tesaro, EORTC)

Ongoing

Pancreas I PARP inhibitor in combination with gemcitabine
(AstraZeneca)

Complete

I, II ABT-888 with modified FOLFOX6 in metastases; single arm
(Georgetown University, Abbott)

Ongoing

II Gemcitabine and cisplatin � veliparib or veliparib alone;
randomized (NCI)

Ongoing

II Rucaparib in BRCA-mutant cancer; single arm (Clovis) Ongoing
III Maintenance olaparib monotherapy in gBRCA mutant

cancer; randomized (AstraZeneca)
Ongoing

Abbreviations: EORTC, European Organization for Research and Treatment of Cancer; ER, estrogen
receptor; NBCC, National Breast Cancer Coalition; NCI, National Cancer Institute; PARP, poly aden-
osine diphosphate ribose polymerase; PR, progesterone receptor.

Data from ClinicalTrials.gov. Bethesda (MD): National Library of Medicine; National Institute of
Health; 2016. Available at: http://clinicaltrials.gov. Accessed April 13, 2016.
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colleagues24 demonstrated that founder mutations (mutations that arise early in
tumorigenesis) are present throughout a tumor, yet progressor mutations (found in
subclonal population of cells) are typically present in geospatial niches in the primary
tumor and only in a subset of metastatic deposits. This has implications for therapy:
targeted therapies designed against progressor mutations may only affect a subset
of cancer clones.
Although most genetic mutations in PDA are somatic, germline variants have been

described that predispose individuals to the development of PDA. Overall, 10% of
PDAs are familial, and only 10% of those have been assigned to a previously defined
genetic syndrome. Hereditary breast and ovarian cancer is the most common familial
syndrome, and Peutz-Jeghers syndrome holds the greatest lifetime risk for the devel-
opment of pancreatic cancer (approximately 30%). Other familial disorders linked to
PDA include familial atypical multiple-mole melanoma and hereditary nonpolyposis
colorectal cancer.25 Many of the familial syndromes are secondary to germline muta-
tions in the Fanconi anemia DNA repair pathway or alternative DNA repair genes, like
ATM, BRCA2, FANCC, FANCG, and PALB2.
Aside from genetic abnormalities, other molecular changes have also been shown

to be critical in PDA development, such as epigenetic abnormalities (methylation
and histone modification), transcriptional regulation, and posttranscriptional regula-
tion (microRNAs and RNA-binding proteins).26

RISK FACTORS

PDA is most often seen in the elderly population, because it results from acquired ge-
netic defects over many years.23 The median age of onset is 71 years, and 75% of pa-
tients are diagnosed between the ages of 55 and 84 years.2 The age-adjusted
incidence rate is 12 out of 100,00 in the United States, and the lifetime risk of devel-
oping PDA is 1.5%, or 1 in 67 people. Of note, African Americans have a slightly
increased risk compared with Caucasians.2

Table 2
Significantly mutated pathways in pancreatic ductal adenocarcinoma

Core Pathway Gene Protein Function
Mutation
Rate (%)a

KRAS signaling KRAS Oncogene; GTPase; activates MARK activity 100
MAP2K4 Dual specificity mitogen-activated protein

kinase 4; Toll-like receptor signaling pathway

DNA damage
control

TP53 Tumor suppressor p53 83

Control of G1/S
phase transition

CDKN2A Cyclin-dependent kinase inhibitor 2A; tumor
suppressor

83–96

TGF-b signaling SMAD4 Mothers against decapentaplegic homolog 4;
BMP signaling pathway

63–100

TGFBR2 TGF-b receptor type II; regulation of growth

Abbreviations: BMP, bone morphogenetic protein; TGF, transforming growth factor.
a Depending on which gene expressed in sample of tumor studied.
Data from Jones S, Zhang X, Parsons DW, et al. Core signaling pathways in human pancreatic can-

cers revealed by global genomic analyses. Science 2008;321:1801–6; and Biankin AV, Waddell N,
Kassahn KS, et al. Pancreatic cancer genomes reveal aberrations in axon guidance pathway genes.
Nature 2012;491:399–405.
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The greatest risk factor for developing PDA is having a strong family history. As
mentioned, 10% to 15% of all pancreatic cancers are considered familial, which is
defined as at least 2 affected first-degree relatives (FDRs, eg, parents, offspring, sib-
lings).27 The lifetime risk for patients with 3 or more FDRs is 40%, 10% for 2 FDRs, and
6% for 1 FDR (a 4.6-fold increase compared with the general population).28

In addition to genetic risk factors, the Pancreatic Cancer Case Control Con-
sortium (PanC4, http://panc4.org/index.html) has evaluated many environmental
risk factors through rigorous metaanalyses. Smoking is the best characterized
and validated environmental risk factor for PDA. Active smokers have an increased
relative risk of 1.74,29 and the number of daily cigarettes directly correlates to the
risk of developing PDA. Interestingly, cigars are associated with an increased risk,
whereas smokeless tobacco is not.30 Individuals with a family history and who
smoke carry twice the risk compared with those high-risk patients who do not
smoke.31,32 The risk of developing PDA decreases in former smokers, and has
the potential to return to baseline after 20 years of smoking cessation. Other risk
factors are described in Table 3.33–40 Enhanced risk associated with recent pancre-
atitis or diabetes (compared with chronic disease) is most likely attributable to the
respective diagnoses doubling as presenting symptoms of PDA, as opposed to
true causal risk factors.

EARLY DETECTION

There are no validated early detection strategies for PDA, even for high-risk patients.
Nevertheless, options are available and have been reported. Whole-body computed
tomography (CT) screening for healthy patients has been described, and is offered
commercially at selected imaging centers, yet data are lacking to support usefulness

Table 3
Risk factors associated with pancreatic ductal adenocarcinoma

Risk Factor Odds Ratio

Genetics

>1 FDR 4.2633

1 FDR 1.7633

Environmental

Smoking 1.74

Chlorinated hydrocarbons 1.4–4.134

Polycyclic aromatic hydrocarbons 1.1–1.534

Heavy consumption (>8 drinks/d) 1.635

Medical

Chronic pancreatitis

>2 y of disease 2.7

<2 y of diseasea 13.636

Obesity 1–1.537

Diabetes mellitus, type II

Long-standing disease 1.4–1.838

Recent onset (<2 y)a 2.939,40

Abbreviation: FDR, first-degree relative.
a Likely represent presenting symptomatology as opposed to causal factor.
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of this practice for routine cancer screening. Downsides include high cost, radiation
exposure, and an high incidence of false-positive or low-consequence findings.41

High-risk populations, such as individuals with a family history, may benefit from sur-
veillance using endoscopic ultrasonography, CT, or MRI.42 The Cancer of the
Pancreas Screening Project (CAPS study) is an ongoing prospective study to better
evaluate screening strategies in such high-risk patients. Unfortunately, available
data indicate that the sensitivity of screening programs even in high-risk groups re-
mains low, and the most commonly identified lesions are cysts, as opposed to con-
ventional PDA.43 Recently, a 49-member multidisciplinary panel at the International
CAPS Consortium summit generated screening recommendations for high-risk pa-
tients best on available data and expert opinion. Screening by endoscopic ultrasonog-
raphy and MRI is recommended for patients with at least 2 FDRs, Peutz-Jeghers
syndrome, hereditary nonpolyposis colon cancer mutation with 1 FDR, or individuals
with germline mutations in p16 (CDKN2A) or BRCA2. Surveillance should be per-
formed annually and begin around 50 years of age. Any suspicious mass should be
further evaluated by CT. Among their recommendations, the panel also made a point
to discuss the possibility and potential dangers of false positives and the implications
of these findings.44

Conceptually speaking, early detection remains a holy grail for PDA management.
Patients who present with “early” disease in fact typically have occult micrometastatic
disease that becomes clinically relevant within the first 2 years after resection.45 A
recent study of small invasive intraductal papillary mucinous neoplasms (<2 cm inva-
sive component) reveals that a large proportion of small or early PDAs recur after
resection, even in the absence of lymph node metastases.46 Moreover, owing to lim-
itations in modern imaging, conventional PDA (not associated with a cystic compo-
nent) rarely presents at the T1 or even T2 stage.47,48 Ideally, PDA would be
detected and treated at the PanIN 3 stage (carcinoma in situ); this would maximize
cures and at the same time minimize any unnecessary treatment or overtreatment
that would inevitably follow treatment of earlier PanIN lesions. Autopsy studies reveal
that the incidence of PanIN 3 is similar to PDA, suggesting that most of these prema-
lignant cases progress to PDA in patients’ lifetimes.49 Yachida and colleagues23

measured passenger mutations in PDAs, and determined mathematically that the dis-
ease develops over roughly 20 years. These data provide a glimmer of hope that early
detection remains a possibility.
Current technologies, however, offer little promise for successful early detection,

using PanIN 3 as the desired target lesion. PDA is difficult to image with present-
day capabilities. Pancreatic masses are difficult to appreciate, and often are only
implied based on the appearance of dilated or obstructed ducts, or atrophic pancreata
(all findings consistent with long-standing disease). Indeed, invasive lesions (let alone
PanIN 3) are rarely apparent when they are less than 2 cm.46 It must be emphasized
that an effective screening test for PDA, with applicability for the general population,
must be extraordinarily accurate owing to low disease prevalence. A test with 99% ac-
curacy would still result in a 1% false-positive rate, which is unacceptably high,50

because treatment of suspected lesions requires an invasive operation. Moreover,
this rate actually approaches the mortality rate of pancreatectomy in high-volume cen-
ters. There are significant efforts to determine if blood-based analytes (ie, liquid bi-
opsies) can be used as a minimally invasive and inexpensive screening option. For
example, investigators at the M.D. Anderson Cancer Center recently published an
analysis of exosomes in the serum, which can protect circulating nucleic acids and,
therefore, may be informative.51 This line of research, however, is somewhat fraught
with unfulfilled promise, because circulating markers of PDA are likely evidence that
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the disease is already beyond curable. Successful studies of liquid biopsies often
show that that the test can detect PDA that is already clinically evident and, therefore,
do not show any advantage over standard diagnostic strategies (like CT and serum CA
19–9). Thus, this line of research is better suited to measure burden of disease and
response to therapy in patients with clinically measurable disease, as opposed to
early, premalignant and curable disease.

DIAGNOSTIC EVALUATION

Evaluation of the patient with pancreatic cancer involves a detailed history and
physical examination, laboratory tests, and appropriate imaging. The patient history
should include questions about risk factors for pancreatic cancer and common pre-
senting symptoms. The initial presentation of a patient is related to the location of
the tumor. In patients with a mass in the right side of the pancreas (ie, head,
neck, or uncinate process), jaundice (75%) often occurs from obstruction of the
common bile duct; other symptoms include weight loss (50%), abdominal pain
(40%), new-onset diabetes (10%), and nausea (10%). Pancreatic duct obstruction
is often associated with acute pancreatitis and steatorrhea from exocrine insuffi-
ciency. Left-sided lesions (the body or tail) frequently present with abdominal
pain, back pain, diabetes, or nausea. Laboratory testing should include a complete
blood count (principally to evaluate for anemia) and a complete metabolic panel (to
evaluate for abnormal liver transaminases and function). A coagulation profile should
be drawn, because biliary obstruction can lead to vitamin K deficiency. The physical
examination should be focused on key findings such as scleral icterus, jaundice, and
lymphadenopathy.
Cross-sectional imaging evaluation is necessary for a pancreatic or periampullary

mass and proper staging of the patient. Additional evaluation and treatment recom-
mendations are contingent on the perceived stage (1 and 2 is resectable or border-
line, 3 is locally advanced, and 4 is metastatic, Table 4 provides the American Joint
Committee on Cancer TNM staging schema for exocrine pancreatic cancer).52 The
preferred imaging modality is a triphasic CT scan, with an early arterial phase, late
arterial phase (parenchymal), and portal venous phase. The study is performed with
thin slices (2.5–5 mm), 3-dimensional reconstruction, and uses water as an oral
contrast agent.53 Chest imaging (radiograph or CT) is performed in search for pul-
monary metastases. PET/CT imaging adds little additional value beyond these
studies. Endoscopic ultrasonography is performed for unresectable disease to
obtain a definitive tissue-based diagnosis before chemotherapy. The test is not
necessary for many resectable lesions when a high degree of suspicion for PDA
is present because these individuals are managed with resection; however, the
test has value in selected cases where alternative diagnoses are likely (eg,
pancreatitis).

CLINICAL MANAGEMENT

Management of the patient with PDA is based on the extent of disease. Patients with
local disease (stages I and II) are evaluated for resection, and offered surgical therapy
if they are considered medically fit for pancreatectomy, and the tumor is considered
resectable based on available imaging studies (eg, CT). General guidelines of resect-
ability follow ‘surgical’ staging criteria, which generally overlap with TNM staging, but
are designed specifically with surgical anatomy in mind.54 Thus, these criteria focus on
the involvement of the major visceral vessels in the upper abdomen (portal vein, supe-
rior mesenteric vein, superior mesenteric artery, hepatic artery, and celiac artery).
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Localized PDAs are categorized as resectable, borderline resectable, or locally
advanced, and generally reflect the likelihood of obtaining a complete resection (R0
for resectable, R1 for borderline, and R2 for locally advanced; see Fig. 1). The accom-
panying Table 5 provides generally accepted definitions for these categories.55

Resectable and borderline resectable PDAs are typically stage II cancers; locally
advanced disease is tantamount to stage II. Patients with locally advanced disease
are typically offered chemotherapy, and sometimes chemoradiation, as a neoadjuvant
treatment approach, with a goal of reducing disease burden and perhaps with an eye
toward resection in the future in a minority of cases (10%).56 Patients with borderline
resectable disease are offered neoadjuvant therapy frequently (chemotherapy, che-
moradiation, or both), with a greater percentage eventually undergoing a resection
(60%).57 Opinions vary on the sequence of treatment for resectable PDA (surgery or
neoadjuvant treatment first), and randomized trials have not been conducted to
address this specific question. Patients with stage IV disease are offered systemic
chemotherapy when they have an appropriate performance status to suggest they
will tolerate such treatment.
In addition to a tissue diagnosis, patients undergoing nonoperative management

often require palliation to relieve biliary or duodenal obstruction if present. This can
usually be achieved endoscopically, although percutaneous approaches are also op-
tions. Self-expanding metallic stents are now used routinely by therapeutic endoscop-
ists to manage jaundice, and effectively decompress the biliary system for several

Table 4
TNM pancreatic cancer staging system

T categories

Tis Carcinoma in situ

T1 Mass �2 cm, confined to the pancreas

T2 Mass >2 cm, still confined to the pancreas

T3 Mass that extends beyond the pancreas

T4 Mass invades visceral arteries (ie, locally advanced)

N categories

N0 No affected lymph nodes

N1 Regional lymph node metastases

M categories

M0 No evidence of metastases

M1 Distant metastases

Stage grouping for pancreatic cancera

Stage 0 Tis, N0, M0

Stage IA T1, N0, M0

Stage IB T2, N0, M0

Stage IIA T3, N0, M0

Stage IIB T1-3, N1, M0

Stage III T4, any N, M0

Stage IV Any T, any N, M1

a Information from the American Joint Committee on Cancer 7th edition TNM staging system.51

Used with permission of the American Joint Committee on Cancer (AJCC), Chicago, Illinois. The
original and primary source for this information is the AJCC Cancer Staging Manual, Seventh Edi-
tion (2010) published by Springer Science1Business Media.
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months. Regardless of the stage or approach, a multidisciplinary team is important to
address the oncologic, psychological, nutritional, and somatic aspects of PDA.

SURGERY

As stated, resectional therapy is offered to many patients with localized disease. Pan-
creaticoduodenectomy (PD) is performed for right-sided pancreatic cancers, where
the specimen includes gallbladder, duodenum, head of pancreas, proximal jejunum,
and distal common bile duct. Gastrointestinal reconstruction is required to restore in-
testinal continuity, and includes pancreaticojejunostomy, hepaticojejunostomy, and
enteroenterostomy (duodenojejunostomy for a pylorus preserving resection or gastro-
jejunostomy when the pylorus is resected). Distal pancreatectomy is performed for
cancers of the body or tail with an en bloc splenectomy for a more comprehensive
lymphadenectomy. Minimally invasive approaches have been used and reported,
with comparable outcomes to the open approach in high-volume centers.58

Fig. 1. (A) Resectable pancreatic cancer. A indicates a metallic stent; B indicates the pancre-
atic adenocarcinoma; C indicates a free superior mesenteric vein; D indicates a free superior
mesenteric artery. (B) Borderline resectable pancreatic cancer. A indicates the adenocarci-
noma; B indicates an encased and distorted superior mesenteric vein. (C) Unresectable
pancreatic cancer. A indicates the adenocarcinoma; B indicates an encased and distorted su-
perior mesenteric artery.
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Table 5
Guidelines of surgical staging criteriaa

Clinical Stage

American Joint
Committee on
Cancer Stage

Relationship to Major Vessel on CT Imaging

Superior Mesenteric Artery Celiac Axis Common Hepatic Artery
Superior Mesenteric Vein-
Portal Vein Confluence

Resectable I/II Normal tissue plane Normal tissue plane Normal tissue plane Patent, but tumor may be
abutting or encasing vessel.
The vein is reconstructable.

Borderline resectable II or III Abutment Abutment Abutment, or short segment
encasementb

May have short segment
occlusion, but reconstruction
is possible.

Locally advanced III Encasement Encasement Extensive encasement with no
technical option for
reconstruction

Occlusion with no technical
option for resection or
reconstruction.

a Based on the Varadhachary/Katz CT staging system for adenocarcinoma of the pancreatic head and uncinate process.55
b Defined as greater than 180� of vessel encasement.

Data from Katz MH, Pisters PW, Evans DB, et al. Borderline resectable pancreatic cancer: the importance of this emerging stage of disease. J Am Coll Surg
2008;206(5):833–46.
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Mortality rates after PD has improved significantly in recent decades and is less than
5% at high-volume centers.43 However, morbidity after PD remains high (40%). The
most common complications after PD include pancreatic leak (20%), delayed gastric
emptying (15%), and wound infection (10%).45 The International Study Group of
Pancreatic Surgery works to standardize definitions and criteria for pancreatic
surgery-related complications and results to enhance the use of reported outcomes.
This consortium has provided guidelines and definitions for pancreatic leaks,59

delayed gastric emptying,60 and hemorrhage,61 in addition to establishing strict guide-
lines for reporting aspects related to the pancreatic remnant and anastomosis.62 For
instance, duct size, gland texture, mobilization distance, type of anastomosis, suture
used, and use of stent are some characteristics requiring reporting to better stan-
dardize both the procedural terms and outcome evaluation.62

CHEMOTHERAPY

Fifty percent of patients diagnosed with PDA are diagnosed with metastatic disease at
presentation.3 Chemotherapy is palliative in this setting, and the principal goals are to
control disease and improve quality of life.
To monitor for toxicities, patients undergo weekly laboratory testing, and are seen

biweekly or monthly by their medical oncologist. Treatment responses are monitored
by CT scans every 8 weeks, as well as serum carbohydrate antigen (CA)19-9 levels at
the same interval. If the patient does not express CA19-9 owing to a Lewis antigen
polymorphism (10% of patients), carcinoembryonic antigen or CA-125 can be serially
followed.63

SURVIVORSHIP

There are no robust predictors of favorable cancer-specific survival in patients with
PDA. For patients undergoing resection, conventional pathologic features are the
most informative for this purpose, and adverse factors include lymph nodemetastasis,
poor differentiation, tumor size greater than 3 cm, and positive resection margins.47

However, these individual factors have weak prognostic value, with multivariate Cox
proportional hazard ratios around only 1.5.47 In other words, adverse pathologic fea-
tures do not preclude long survival, and favorable features do not exclude the possi-
bility of early recurrence and death after resection. For example, lymph node
metastases are absent in roughly 20% of short-term survivors (<12 months).64

Aside from pathologic features, the most informative and routinely used prognostic
marker in patients undergoing resection is the postoperative CA19-9 level. In the best
scenarios, CA19-9 returns to normal levels by 1 month after resection. As shown in the
landmark Radiation Therapy Oncology Group 9704 adjuvant trial, levels greater than
180 U/mL are associated with a multivariate proportional hazard ratio of 3.6.63 How-
ever, CA19-9 is not expressed in roughly 10% of patients’ tumors, and therefore will
not be informative in these cases. Interestingly, patients with tumors that do not ex-
press CA19-9 may actually have improved survival, for unknown reasons.
According to National Comprehensive Cancer Network guidelines, patients under-

going resection should undergo surveillance every 3 to 6 months for 2 years, then
annually thereafter for patients who have had a mass resected. A history and physical
examination, surveillance CT scans of the chest and abdomen with oral and intrave-
nous contrast, and trending tumor markers are recommended for a complete assess-
ment. The median survival after resection for PDA remains about 18 months in large
institutional series.45 Unfortunately, improvement in cancer-specific survival in pa-
tients undergoing resection has not improved over the past 30 years.65 On average,
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patients recur roughly 1 year after resection.66 Overall survival is typically longer
(approximately 20–22 months) in randomized adjuvant trials, where favorable patient
selection for the trial occurs.67,68 These cohorts exclude patients who have a pro-
longed recovery from surgery, opt against adjuvant therapy, or experience early recur-
rences. Recurrences typically occur in the retroperitoneum (57%), liver (51%),
peritoneum (35%), and lung (15%). The most common pattern of failure includes re-
currences at both distant and local sites (46%), followed by metastatic sites only
(33%), and local recurrence only (12%).69

Patients with stage III disease have an average overall survival of 12 months.70

There is some evidence that patients with SMAD4-positive tumors have a local pre-
dominant progression pattern, whereas tumors with absent SMAD4 expression
have a disseminated pattern of failure.24,70 If validated, this biomarker can be used
to select patients having locally advanced disease for intensified local therapy (eg, ra-
diation), as well as patients who would likely not benefit from such an approach. Cur-
rent trials are ongoing to explore this treatment strategy (NCT01921751,
NCT02241551).18 Although SMAD4 may be predictive of recurrence pattern for pa-
tients with stage III disease, the biomarker seems to be less informative in resected
specimens.69 Median overall survival for patients with stage IV disease is less than
6 months, but in recent prospective randomized trials, survival approaches 1 year
for patients with the highest performance status, and who receive multiagent chemo-
therapeutic regimens (eg, FOLFIRINOX).5,71,72

FUTURE DIRECTIONS

Other cancer types have benefited from substantial advances in experimental thera-
peutic research, which include the development of small molecule and antibody tar-
geted therapies, as well as novel immunologic therapies. For instance, patients with
HER2-positive breast cancer or BRAF mutant melanoma experience a survival advan-
tage that can exceed 1 year with mutation targeted therapies.73,74 Immunologic
checkpoint inhibitors achieve similar survival benefits for patients with melanoma.75,76

Although investigators have attempted to repurpose these molecular therapeutic stra-
tegies for PDA, their effect seems to be far less robust. There were no responders to an
anti–PD-L1 inhibitor with PDA.11 Epidermal growth factor receptor inhibition with erlo-
tinib produced just a 10-day survival benefit in patients with metastatic PDA.77 In
contrast with colon cancer, wild-type KRAS did not predict response.78 Similarly, tar-
geting HER2 has not been effective to treat HER2-positive PDA.79 Although KRAS is
mutated in more than 90% of PDAs, attempts to target this oncogene have also
failed.16 Therefore, it is likely that significant advances will require innovative,
disease-specific strategies. For instance, efforts are ongoing to target the tenacious
stromal reaction within PDA to facilitate drug delivery. A promising approach is to
degrade hyaluronic acid enzymatically using recombinant human hyaluronidase,80

which is being examined in a current clinical trial together with combination chemo-
therapy in metastatic pancreatic cancer patients (NCT01959139).18 Scientists
continue to explore ways to encourage immunologic responses to PDA, by combining
check point inhibitors and other immunologic agents. Further investigations into the
molecular mechanisms that drive PDA survival and adaptation to severe metabolic
conditions in the tumor microenvironment may uncover novel therapeutic targets
with a sufficient therapeutic window.81 Perhaps the line of research with the quickest
payoff is a personalized therapeutic approach using poly adenosine diphosphate
ribose polymerase inhibitors to treat PDAs that have genetic deficiencies in DNA repair
mechanisms (eg, BRCA2, PALB2, FANCC, FANCG).17 Clinical trials are underway to
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study this approach, which may have relevance to as many as 25% of patients with
PDA (NCT00515866, NCT02042378, NCT02498613, NCT01585805, NCT00047307,
NCT02184195, NCT01489865, NCT01286987, NCT00576654, NCT00892736,
NCT01989546, and NCT01078662).18

SUMMARY

As the third leading cause of cancer-related death in the United States, PDA is truly a
public health problem, and underfunded at that. There has been some progress to-
ward understanding the disease at a molecular level, but genetic and other molecular
advances have had aminimal impact on improving outcomes for patients. Surgery can
be performed safely in appropriately selected patients, but most patients recur after
resection, and the majority of patients with PDA present with advanced disease and
are not candidates for resection. Clinical progress in the management of advanced
disease has been limited to multiagent chemotherapy regimens that offer a relatively
short survival advantage, at the price of added cost and significant toxicity. There is an
urgent need for innovative research that leads improves detection capabilities and to
novel drugs with improved efficacy and reduced toxicity.
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INTRODUCTION

Small bowel adenocarcinoma (SBA) is a rare cancer, but there is a growing impetus to
perform multicenter or collaborative studies to answer key questions in patient man-
agement.1 Large biological studies are now possible to potentially exploit the molec-
ular and cellular basis of SBA development and progression to develop novel
therapies. Collaboration through the International Rare Cancer Initiative has led to
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KEY POINTS

� The most frequent location of small bowel adenocarcinoma is duodenum.

� Small bowel adenocarcinoma occurs in around 20% in a context of predisposing disease.

� Small bowel adenocarcinoma molecular phenotype is close to that of colorectal
adenocarcinoma.

� After an R0 resection, lymph node invasion is the main prognostic factor.

� The benefit of adjuvant chemotherapy should be demonstrated by a prospective clinical
trial.

Gastroenterol Clin N Am 45 (2016) 447–457
http://dx.doi.org/10.1016/j.gtc.2016.04.004 gastro.theclinics.com
0889-8553/16/$ – see front matter � 2016 Elsevier Inc. All rights reserved.

mailto:thomas.aparicio@aphp.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gtc.2016.04.004&domain=pdf
http://dx.doi.org/10.1016/j.gtc.2016.04.004
http://gastro.theclinics.com


an adjuvant therapy trial, which is ongoing. Other important information will be ob-
tained from large prospective cohorts.

EPIDEMIOLOGY
Small Intestine Cancer

Despite the fact that the small intestine makes up 75% of the length of the digestive
tract and 90% of its mucosal surface area, small bowel cancer is rare, accounting
for less than 5% of gastrointestinal cancers.2 According to the National Cancer
Data Base (NCDB, 1985-2005) and the Surveillance Epidemiology and End Results
(SEER, 1973-2004) database, the incidence of all small bowel cancers in the United
States increased from 11.8 cases/million persons in 1973 to 22.7 cases/million per-
sons in 2004.3 Four histologic types of cancer predominate in the small bowel: adeno-
carcinomas, neuroendocrine tumors, gastrointestinal stromal tumors and lymphomas.

Small Bowel Adenocarcinoma

SBA accounts for around 30% to 40% of all cancers of the small intestine.3–5 The inci-
dence of SBA varies according to geographic location, with higher rates in North
America and Western Europe, and lower rates in Asian countries. In the United States,
the estimated annual incidence of SBA is about 5300 new cases, with 1100 deaths per
year.6 The median age at diagnosis is in the sixth decade of life, with a sex ratio close
to 1. In Europe, the annual incidence is about 5.7 cases per million inhabitants result-
ing from an estimated number of annual new cases of SBA of 3600 according to the
EUROCARE database.7

Duodenum Adenocarcinoma

Duodenum adenocarcinoma is the most common tumor site, as it is seen in more than
half of SBA cases, followed by the jejunum and ileum.3,5,8–11 The increasing incidence
of SBA is mainly owing to the increase in duodenum tumors.12

TUMOR PHENOTYPING

Many of the main molecular aberrations that are implicated in the pathogenesis of
colorectal cancer have been investigated in SBA (Table 1).

Wnt/Adenomatous polyposis coli /b-Catenin Signaling Pathway

Adenomatous polyposis coli
The adenomatous polyposis coli (APC) gene causes a loss of the regulation of b-cat-
enin, which accumulates in the cytoplasm and then in the nucleus and acts as a tran-
scription factor that stimulates the expression of genes involved in cellular
proliferation. This mutation is considered one of the main trigger events in colorectal
carcinogenesis. The prevalence of the APC gene mutation in SBA is about 10% to
18%13–16 contrasting to the prevalence of 80% of APC gene mutation observed in
colorectal cancer.

Nuclear accumulation of b-catenin
Nuclear accumulation of b-catenin, probably caused by a gain-of-function mutation in
the b-CATENIN gene, is observed in 20% to 50% of cases.16–18 Moreover, aberrant
activation of the Wnt/b-catenin pathway has been correlated with poor prognosis.19

Thus, Wnt/b-catenin pathway, even if less common than in colorectal cancer, remains
an important pathway for SBA pathogenesis.
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Table 1
Molecular abnormalities in small bowel adenocarcinoma

Study N
Abnormal
TP53 (%)

Abnormal
bLCATENIN (%)

HER2 Overexpression
or Mutation (%) APC Mutation (%) KRAS Mutation (%) dMMR Phenotype (%)

Laforest et al,15 2014 83 41 — 12 13 43 21

Aparicio et al,17 2013 63 42 20 3.2 — 43 23

Overman et al,20 2010 54 — — 1.7 — — 35

Blaker et al,21 2004 21 — 24 — 10 57 —

Svrcek et al,25 2003 27 52 7.4 — — — 7

Planck et al,27 2003 89 — — — — — 18

Wheeler et al,16 2002 21 24 48 — 0 — 5

Blaker et al,14 2002 17 — — — 18 — 12

Nishiyama et al,22 2002 35 40 — — — 9 —

Arai et al,13 1997 15 27 — — 8 53 —

Rashid & Hamilton,23 1997 22 — — — — 40 13
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Other Tumor Phenotyping

Vascular endothelial growth factor and epidermal growth factor receptor
Abnormal expression of vascular endothelial growth factor-A (VEGF-A) and of the
epidermal growth factor receptor (EGFR) was found in 50 of 54 (92%) and 36 of 54
(66%) cases, respectively, suggesting that this cancer could benefit from therapies
targeting the EGFR and VEGF pathways.20

RAS
The mutation rate of KRAS in SBA is comparable to that observed in colorectal can-
cers (9%–57%).13,15,17,21–23 Other RAS mutations occur in less than 5% of the
tumor.15

HER2
HER2 protein is rarely overexpressed in contrast to gastric cancer.17,20 Nevertheless,
HER2 gene mutation or amplification is observed in 12% of SBAs.15

TP53
TP53 gene mutation or overexpression of its protein is observed in 24% to 52% of
SBAs, suggesting that TP53 plays a major role in this disease.13,15,16,22,24,25

Mismatch Repair Alteration

Inactivation of the DNA mismatch repair (MMR) system is involved in around 15% of
colorectal cancers. Deficient MMR (dMMR) can be caused by a germline mutation
of one of the 4 MMR genes (usually MSH2, or MLH1, and more rarely MSH6 and
PMS2) as part of Lynch syndrome or to methylation of theMLH1 promoter in sporadic
tumors, especially those occurring in elderly patients in colorectal cancer.26 In SBA,
the frequency of the dMMR phenotype is variable, ranging from 5% to 35% of
cases.14–16,20,23,25,27 Methylation of the MLH1 promoter seems less frequent in
dMMR SBA than in dMMR colorectal cancer except in SBA found in association
with celiac disease,28 suggesting that the proportion of Lynch syndrome among
dMMR tumors is higher in SBA than in colorectal cancer. The dMMR phenotype
was more frequently observed in duodenum and jejunum tumors than in ileum
tumors.15,17

RISK FACTORS FOR SMALL BOWEL ADENOCARCINOMA
Genetic Predisposition

Familial adenomatous polyposis
Familial adenomatous polyposis (FAP) is a consequence of a germinal mutation of the
APC gene. In patient with FAP, SBA is the second most common primary cancer after
colorectal cancer. Duodenal adenomas are present in 80% of cases and develop into
adenocarcinoma in 4% of cases29 requiring intensive screening. FAP is present in less
than 5% of SBAs.8 In cases of FAP, SBA occurred mainly in duodenum (71%) or in
jejunum (29%).8

Lynch syndrome
Lynch syndrome is caused by a germline mutation of an MMR gene. In patients with
Lynch syndrome, the lifetime cumulative risk for SBA is around 1%.30 However, an
MMR phenotype is systematically recommended in SBA, because it could reveal
Lynch syndrome.31,32 The most common site of SBA in Lynch syndrome is the duo-
denum (60%), whereas jejunal and ileal locations were reported in 35% and 5% of
cases, respectively.8 The proportion of SBA related to Lynch syndrome is estimated
around 6%.8
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Peutz-Jeghers syndrome
Peutz-Jeghers syndrome is an autosomal dominant disorder caused by the STK11
suppressor gene mutation that predisposes to hamartomatous gastrointestinal tract
polyposis. The estimated cumulative risk of SBA is 13%.33 The Peutz-Jeghers syn-
drome is the predisposing disease for less than 1% of SBA.8

Intestinal Diseases

Crohn’s disease
Crohn’s disease induces chronic inflammation in the digestive tract. The distal ileum is
the site most frequently involved. The chronic inflammation releases cytokines that
interact with cell surface receptors and target genes that can promote carcinogen-
esis.34 The risk of SBA is correlated with the duration and location of the inflammatory
damage. The standardized relative risk compared with the general population is 34 in
Crohn’s disease affecting the small intestine and 46 for disease duration greater than
8 years.35 In contrast to SBA in sporadic cases, SBA in Crohn’s disease appears in
younger patients (fourth decade of life). The cumulative risk is estimated around
0.2% after 10 years and 2.2% after 25 years of Crohn’s disease.36 Crohn’s disease
is involved in around 8% of SBAs, mostly in ileum.8

Celiac disease
Celiac disease increases the relative risk of SBA from 10 to 30 compared to the gen-
eral population.37,38 Celiac disease is associated with SBA in around 2% of cases, the
main location is in the jejunum.8

Environmental Factors

In contrast to colorectal cancer, studies of the pathogenesis in SBA are constrained by
the rarity of the disease. Alcohol consumption confers a relative risk of around 1.5.
Other factors including smoking and consumption of certain foods, such as red
meat, sugar, and starchy foods, have been reported to increase the risk of cancer
of the small intestine, whereas the consumption of fiber, fruits, vegetables, and fish re-
duces this risk.39

DIAGNOSIS OF SMALL BOWEL ADENOCARCINOMA

SBA is usually diagnosed in the context of an emergency involving intestinal obstruc-
tion or gastrointestinal bleeding. If no source of bleeding has been identified after
normal upper and lower endoscopy, several investigations could be considered.

Computed Tomography with Enteroclysis

Computed tomography with enteroclysis has a sensitivity of between 85% and 95%
for the diagnosis of small bowel tumor and a specificity of 90% to 96%.40,41

Video Capsule Endoscopy

Video capsule endoscopy had also a high sensitivity and specificity to detect a small
bowel tumor in case of obscure bleeding42,43 but should not be used in a context of
subacute obstruction. A systematic screening for SBA in patients with Lynch syn-
drome with video capsule endoscopy does not seem to be efficient.44

Double Balloon Enteroscopy

Double balloon enteroscopy can be used to obtain histologic diagnosis.45
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PROGNOSIS

SBA carries a poor prognosis. The 5-year overall survival (OS) rate is correlated to the
tumor stage: 50% to 60% for stage I, 39% to 55% for stage II, 10% to 40% for stage
III, and 3% to 5% for stage IV.8–11,46,47 SBAs are diagnosed with synchronous metas-
tasis in around 30% of cases, stage III in 30%, stage II in 18% to 27%, and stage I in
5% to 10%.8,48

Lymph Node

Lymph node invasion is the main prognostic factor after resection of localized SBA. In
stage III tumor, involvement of �3 lymph nodes confers a worse 5-year disease-free
survival.48 For jejuno-ileal tumors, multivariate analysis identified advanced age,
advanced stage, an ileal location, the recovery of less than 10 lymph nodes, and
the number of positive nodes as significant for poor OS.49 Thus, a curative resection
should systematically include a regional lymphadenectomy.

Duodenal Primary Tumors

Duodenal primary tumors are associated with worse prognosis in comparison with
jejunum and ileum locations.9,10,48 Other factors have been associated with poor prog-
nosis as advanced age, pT4 tumor stage, poorly differentiated tumor, and positive
resection margins.10,50,51

Biologic Factors

Some biological factors are suggested to have prognostic value. A dMMR phenotype
is associated with a better disease-fee survival17 after curative resection. Surprisingly,
KRASmutation is associated with a better survival for patients with metastatic SBA in
one study.17 Mutation of TP53 is associated with poor survival in another study.24

Metastatic Small Bowel Adenocarcinoma

In metastatic SBA treated with chemotherapy, impaired World Health Organization
performance status and an above-normal value of carcinoembryonic antigen and car-
bohydrate antigen 19-9 are prognostic factors for poor survival.52

TREATMENT
Localized Cancer

Surgical resection
Surgical resection (R0) of the primary tumor with loco-regional lymph node resection is
the only curative treatment. An R1 or R2 resection should be avoided, as they are
associated with a poorer prognosis.53

Adjuvant chemotherapy
Adjuvant chemotherapy survival benefit has not been found. Several retrospective
studies report contradictory results.1 Despite the lack of evidence supporting the de-
livery of adjuvant chemotherapy for SBA, an analysis of the National Cancer Database
found an increase in the use of chemotherapy from 8% in 1985% to 24% in 2005.3

However, a prospective international randomized trial (BALLAD study) is ongoing to
assess the efficacy of chemotherapy, either fluoropyrimidine monotherapy or combi-
nation with oxaliplatin, after R0 resection of stage I–III SBA.

Aparicio et al452



Metastatic Disease

Surgical treatment
Surgical treatment of resectable metastatic SBA is poorly evaluated. A study on 34 pa-
tients with resected SBA metastasis reports a median overall survival of 25 months.54

For unresectable metastatic disease, resection of the primary tumor should be consid-
ered in the case of uncontrolled gastrointestinal bleeding, bowel obstruction, or
perforation.

Palliative chemotherapy
Palliative chemotherapy was evaluated mainly in retrospectives studies1 (Table 2).
Median OS ranges from 8 to 22 months and objective response rates (ORR) from
0% to 52%.52,55–60 Several retrospective studies suggest that chemotherapy offers
survival benefit compared with supportive care alone.9,55,61 Few studies compared
chemotherapy regimens. Several retrospectives studies report that gemcitabine-
and irinotecan-based chemotherapy are associate with a higher ORR than 5-fluoro-
uracil (5FU) monotherapy,55 platinum-based chemotherapy is associated with a
higher ORR and longer median progression-free survival (PFS) than other chemo-
therapy regimens,62 the FOLFOX regimen (5FU plus oxaliplatin) is associated with bet-
ter PFS and OS than 5FU plus cisplatin,52 and FOLFOX is associated with better PFS
and OS than cisplatin- or irinotecan-based regimens.58 Two prospective phase II
studies have evaluated oxaliplatin in combination with 5FU or capecitabine and report
an ORR around 50%, a median PFS of 7.8 and 11.3 months, respectively, and median
OS of 15.2 and 20.4 months, respectively.57,63

Table 2
Studies of chemotherapy for advanced small bowel adenocarcinoma

Study Regimen N ORR (%) PFS (mo) OS (mo)

Phase II

Xiang et al,63 2012 FOLFOX 33 48 7.8 15.2

Overman et al,57 2009 Capecitabine 1 oxaliplatine 30 52 11.3 20.0

Gibson et al,65 2005 5FU 1 doxorubicin 1 MMC 38 18 5.0 8.0

Retrospective studies

Tsushima et al,58 2012 5FU 60 20 5.4 13.9
5FU 1 cisplatin 17 38 3.8 12.6
FOLFOX 22 42 8.2 22.2
FOLFIRI 11 25 5.6 9.4
Others regimen 22 21 3.4 8.1

Zaanan et al,59 2011 FOLFIRI (second line) 28 20 3.2 10.5

Zhang et al,60 2011 Fluoropyrimidine 1 oxaliplatin 34 32 6.3 14.2

Zaanan et al,52 2010 FOLFOX 48 34 6.9 17.8
5FU 10 0 7.7 13.5
5FU 1 cisplatin 19 30 6.0 9.6
FOLFIRI 16 9 4.8 10.6

Overman et al,62 2008 5FU 1 cisplatin 29 41 8.7 14.8
5FU without cisplatin 41 17 3.9 12.0

Fishman et al,55 2006 Various regimens 44 36 — —

Locher et al,56 2005 5FU 1 cisplatin 20 21 8.0 14.0

Abbreviations: FOLFIRI, 5FU1irinotecan; MMC, mitomycin C.
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Targeted therapies
Targeted therapies are currently evaluated in phase I or II ongoing studies. A phase II
study is currently evaluating first-line chemotherapy with capecitabine plus oxaliplatin
in combination with panitumumab (anti-EGFR) in the first-line treatment of SBAwithout
mutation of KRAS (ClinicalTrial.gov identifier: NCT01202409). A phase Ib study is eval-
uating in the same setting the combination of gemcitabine plus erlotinib (inhibitor of
tyrosine kinase of the EGFR) (ClinicalTrial.gov identifier: NCT00987766). A phase II
study is evaluating CAPOX chemotherapy plus bevacizumab (NCT01208103). A recent
publication shows that inhibition of the anti–programmed death 1 immune checkpoint
by pembrolizumab gives dramatic tumor control in patients with dMMR tumors,
including 2 SBAs, previously treated with chemotherapy.64

SUMMARY

SBA is a rare cancer. Although certain predisposing factors are now established, most
SBAs arise in the absence of risk factors. Studies of molecular abberations suggest
that the pathogenesis of SBA is similar to that of colorectal cancer despite fewer
APC mutations. Surgical resection constitutes the only potentially curative treatment.
The margin of resection and nodal invasion are the main prognostic factors. An inter-
national prospective, randomized trial is ongoing to assess the benefit of adjuvant
chemotherapy (BALLAD study). For patients with advanced SBA, the combination
of fluoropyrimidine with oxaliplatin seems to be the most effective systemic chemo-
therapy regimen, although there are few clinical trials to determine the standard of
care. Evaluations of therapies targeting angiogenic or EGFR pathways are ongoing
in SBA. Because the incidence of SBA is low, there is a need for development of clin-
ical trials within the framework of international collaborations.
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Colorectal Cancer
Genetics is Changing Everything

Joshua C. Obuch, MDa, Dennis J. Ahnen, MDb,*

INTRODUCTION

Cancer is fundamentally a genetic disease caused by mutational or epigenetic alter-
ations in DNA. There has been a remarkable expansion of the molecular understand-
ing of colonic carcinogenesis in the last 30 years and that understanding is changing
many aspects of colorectal cancer (CRC) care. This article provides a general update
on CRC and highlights how genetics is changing clinical care.
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KEY POINTS

� Impressive declines in incidence and mortality of CRC in the United States have occurred
in the last three decades; however, large disparities still exist among African Americans,
Hispanics, uninsured, and low-income patients.

� The CIN, MIN, and CIMP pathways are the three main knownmolecular pathways to colo-
rectal cancer, with each containing different histology, risk factors, prognosis, and
response to therapy.

� Further understanding of genetic makeup of CRC has changed the approach to screening
and treatment, with targeted therapy options down the pipeline.

� Colonoscopy is the most used CRC screening method in the United States and attention
to quality metrics for performance of high-quality colonoscopy is paramount for endo-
scopists to deliver optimal care.

� Care for patients with CRC extends beyond treatment of the initial tumor. Follow-up care
of CRC survivors includes surveillance, counseling regarding posttreatment concerns,
and counseling to family members of survivors about their increased cancer risk.
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MOLECULAR PATHWAYS

The molecular understanding of colonic carcinogenesis continues to rapidly evolve
(Fig. 1). Both hereditary and sporadic CRCs are genetically driven diseases. Heredi-
tary CRC syndromes are caused by germline mutations and sporadic CRC is driven
by alterations in DNA structure (mutations) or function (epigenetics).

Fig. 1. Molecular pathways to CRC. The chromosomal instability (CIN) pathway (top) is driven
by sequential mutational events (activating mutations in oncogenes, such as KRAS, and inac-
tivating mutations in tumor suppressor genes, such as APC or p53) and leads to CRCs that are
typically aneuploid, microsatellite stable (MSS), andmay have KRAS but not BRAF mutations.
The microsatellite instability (MIN) pathway (middle) is caused by germline mutations in one
of the DNA mismatch repair genes and leads to Lynch syndrome CRCs, which are hypermu-
tated, have microsatellite instability (MSI), and may have KRAS but not BRAF mutations.
The CpG island methylator phenotype (CIMP) or serrated pathway leads to CRCs that are
MSI or MSS and often have BRAF but not KRAS mutations. These molecular pathways have
different histology, prognosis, and response to therapy. (Adapted from Janne PA, Mayer RJ.
Chemoprevention of colorectal cancer. N Engl J Med 2000;342(26):1961.)
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About 6%of all CRCsare causedbya hereditary syndrome forwhich the genetic basis
has been identified. Germlinemutations inmore than 15 genes that are required for DNA
repair and/or regulation of signaling pathways that affect DNA repair are now known to
cause an increased risk of CRC. These syndromes can be nonpolyposis syndromes,
such as Lynch syndrome, or can be colonic polyposis syndromes with development of
scores to thousandsof adenomatous, hamartomatous, and/or serratedpolyps (Table 1).
The three major pathways to CRC (chromosomal instability [CIN], microsatellite

instability (MIN)/Lynch, and CpG island methylator phenotype [CIMP]/serrated) are
described in Fig. 1. Both the CIN and MIN pathways are thought to progress through
the classic adenoma-carcinoma sequence, whereas the CIMP pathway is a serrated
polyp-carcinoma sequence. As a first approximation, CRCs from these pathways are
distinguished based on microsatellite stability (MSS) and the mutational status of
KRAS and BRAF as shown in Fig. 1 but this is an oversimplification: the mutational/
epigenetic composition of CRCs is highly varied with the average CRC containing
around 90 different mutations.1 The Cancer Genome Atlas separated CRCs into
hypermutated (16% of CRCs; median mutation number, 728) and nonhypermutated
(median of 58 mutations) groups and found that the mutational profiles of the groups
differ.2 Several more complex classification systems are being developed in hopes of
more precisely predicting biologic behavior and response to therapy.3 It is becoming
increasingly clear that there are genetic subsets of CRCs that have different risk fac-
tors, prognosis, and response to treatment. This article highlights how the genetic un-
derstanding of CRC is changing almost all facets of CRC care.

PUBLIC HEALTH BURDEN

The global incidence of CRC was estimated to be about 1.4 million in 2012; it is the
third most common cancer worldwide accounting for about 10% of the total cancer
burden.4 There is up to a 10-fold difference in CRC incidence and mortality around

Table 1
Hereditary colorectal cancer syndromes

Syndrome Genes Functions

Lynch syndrome MLH-1, MSH-2,
MSH-6, PMS-2
EPCAM

Required for DNA mismatch repair

Familial adenomatous polyposis APC Regulates Wnt signaling

MUTYH-associated polyposis MUTYH Required for DNA base excision repair

Proofreading polymerase-
associated polyposis

POLD1, POLE Required for proofreading and repair
of polymerase errors during DNA
replication

Hereditary mixed polyposis GREM1 Bone morphogenic protein antagonist,
regulates transforming growth
factor-b signaling

Familial juvenile polyposis SMAD4, BMPR1 Regulates transforming growth factor-b
signaling

Peutz-Jeghers syndrome STK-11 Kinase that regulates multiple signaling
pathways

Cowden disease, Bannayan-
Riley-Ruvalcaba syndrome

PTEN Negative regulator of AKT signaling

CHEK2 CHEK2 Negative regulator of cyclin-dependent
kinases
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the world,5 with higher rates generally found in high-income countries. Time trends
show incidence and mortality are continuing to increase in low-income countries
but have stabilized or are declining in many high-income countries.
There has been an impressive decline in the United States over the last 30 years in the

incidence (36%) and mortality (50%) of CRC (Fig. 2) that has been attributed largely to
CRC screening. Nonetheless, CRC remains the fourth most common cancer (>134,000
cases) and second leading cause of cancer-related mortality (>49,000 deaths) in the
United States6,7 with substantial demographic disparities in CRC outcomes.
CRC rates are decreasing in all age groups except those younger than age 50 where

an increase in rectal cancer has been seen.8 Reports from Surveillance, Epidemiology,
and End Results CRC registry data initially identified concerning increased incidence
of young adult CRCs with an annual percentage increase of about 1.5% to 2% for pa-
tients 20 to 49 years of age.9,10

African Americans have the poorest CRC outcomes in the United States,11 are diag-
nosed at a later stage of disease,12 and have about a 10% lower 5-year survival than
white persons.13 These disparities are thought to be largely caused by differences in
access to care. In 2012, 70% of white persons compared with 66% of African Amer-
icans aged 50 and older ever had a screening colonoscopy or sigmoidoscopy. Simi-
larly, screening rates are lower among Hispanics (56.8%) and persons with annual
incomes less than $15,000 (53.8%).14 For uninsured individuals, screening rates are

Fig. 2. Time trends of colorectal cancer incidence and mortality in the United States. (From
Siegel R, Desantis C, Jemal A. Colorectal cancer statistics, 2014. CA Cancer J Clin
2014;64(2):112; with permission.)

Obuch & Ahnen462



particularly low, with one study citing 33% of uninsured patients undergoing any test
for CRC screening compared with 77% of insured patients.15 The identification of
geographic “hotspots” of high CRC mortality within the United States by Siegel and
colleagues16 may be caused by poverty and racially driven decreased access to care.

Impact of Genetics on Colorectal Cancer Burden

Genetic factors play an important role in CRC risk and predisposition. Not only is CRC
driven by genetic and epigenetic alterations in DNA (see Fig. 1), about 25% of patients
with CRC have a family history of the disease (familial CRC) and about 6% of CRCs are
caused by a defined hereditary syndrome. Currently germline mutations in more than
15 different genes (see Table 1) have been shown to cause hereditary CRC. It is now
recognized that there is substantial clinical overlap between CRC hereditary syn-
dromes, such as Lynch syndrome, and hereditary breast and ovarian cancer syn-
drome17 and that the phenotype of several polyposis syndromes overlap
substantially. This, along with the dramatically decreasing costs of next-generation
sequencing, has led to a marked increase in cancer gene panel use to assess high-
risk families, which in turn has improved the understanding of the phenotypic expres-
sion of these genetic syndromes. Genome-wide association studies have identified at
least 23 single-nucleotide polymorphisms that are associated with modest increases
in CRC risk.18 Lastly, it is likely that gene-environment interactions are responsible for
at least some of the risk in the remaining families with multiple CRCs.

RISK AND PROTECTIVE FACTORS

Increasing age, male sex, African American race, and birth/residence in high-income
countries arewell establishednonmodifiable risk factors forCRC.Althoughobservational
studies have consistently reportedobesity, lack of physical activity, alcohol/tobacco use,
and diets high in red/processed meats and low in fruits/vegetables/fiber are associated
with an increased CRC risk,19 it is not clear to what extent changing these risk factors in
an adult modulates risk. Nonetheless, prevention recommendations for CRC (Box 1) are
similar to those for cardiovascular disease prevention and seem prudent.

Impact of Genetics

Genetic factors not only influence the likelihood of developing many of these risk fac-
tors (obesity, alcohol and tobacco use),20–22 but undoubtedly also modulate the risk of

Box 1

Recommendations for CRC prevention

Get screened

Avoid tobacco

Limit alcohol consumption

Stay lean

Get regular physical activity

Limit red meat intake

Avoid processed meat

Increase intake of fiber-containing foods including fruits and vegetables

Consider aspirin if you are also at high risk for cardiovascular disease
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CRC development in individuals with these risk factors. Among a large number of po-
tential chemopreventive approaches,23 the strongest body of evidence supports
aspirin use and other nonsteroidal anti-inflammatory drugs in this setting.24–30 A large
number of observational and interventional studies have shown long-term aspirin use
is associated with substantial (20%–40%) decreases in sporadic adenoma inci-
dence,31 metachronous adenoma incidence,32 sporadic CRC incidence, and mortal-
ity33,34 and a decreased risk of metastases in CRCs.35 The beneficial effects of aspirin
on colonic carcinogenesis seem to be modulated by genetic susceptibility. Nan and
colleagues36 showed the protective effect of aspirin differed dramatically as a function
of two single-nucleotide polymorphisms at chromosomes 12 and 15. Observational
studies have also suggested that aspirin may improve overall survival in patients
with CRC, with the effect being more pronounced in PIK3CA mutated tumors. Liao
and colleagues28 reported a dramatic survival effect of aspirin use in patients with
PIK3CA mutant with an HR for CRC-specific survival of 0.18 (0.06–0.61) and overall
survival of 0.54 (95% confidence interval, 0.31–0.94), with no effect in patients with
PIK3CA wild-type CRCs (hazard ratio, 0.96; 95% confidence interval, 0.69–1.32;
and hazard ratio, 0.94; 95% confidence interval, 0.75–1.17, respectively). A recent
systematic review and meta-analysis found heterogeneity in the results but concluded
the benefit of postdiagnosis aspirin treatment on overall mortality in CRC is more pro-
nounced in PIK3CA mutated tumors.29

SCREENING AND EARLY DETECTION

CRC screening is the standard of care in the United States. The US Preventive Ser-
vices Task Force37 and all the gastrointestinal and cancer societies recommend colon
cancer screening in the general population starting by age 50 (some recommend by
age 45 in African Americans) (Table 2). Screening for CRC can prevent CRC by iden-
tification and removal of colonic polyps in addition to early detection of CRCs. The
concept of precancerous polyps eventually giving rise to CRC was suggested as early
as 1927.38 The recognition by Dukes in 193239 that CRC survival was better in earlier
stage disease birthed the notion that removal of precancerous polyps and detection of
early stage CRC could reduce the impact of CRC. The history of CRC screening has
been recently chronicled,40 and indeed much of the recent decline in CRC incidence
and mortality in the United States (see Fig. 2) is thought to be caused by these efforts.
CRC screening is discussed in detail elsewhere in this issue (see Anderson BW,

Ahlquist, DA: Molecular Detection of Gastrointestinal Neoplasia: Innovations in Early
Detection and Screening, in this issue) but the current status of screening tests is sum-
marized here. CRC screening tests recommended in the United States are divided into
those that primarily detect cancer (fecal occult blood tests [FOBT], fecal immuno-
chemical tests [FIT], stool DNA tests) and those that can also detect polyps (flexible
sigmoidoscopy [FS], colonoscopy, computed tomography colonography). Multiple
controlled trials have shown that guaiac-based FOBTs decrease CRC mortality by
12% to 33%.41 Although FITs have not been studied in controlled trials with cancer
mortality as the end point, they are preferred over guaiac-based FOBTs based on their
higher sensitivity for CRC.41 Stool DNA tests, in turn, have a higher sensitivity but lower
specificity than FITs for CRC and advanced adenomas.42

FS has been shown in controlled trials to reduce CRC mortality by about 25%.41

Despite a lack of controlled trials, case-control and cohort studies have indicated su-
periority of colonoscopy over FS, making colonoscopy the preferred intervention
because of its higher sensitivity for CRC and adenoma detection compared with FS.
Several controlled trials are currently underway comparing the effectiveness of
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colonoscopy to FOBTs including one in the United States (the CONFIRM trial in the
United States funded by the Veterans Administration [ClinicalTrials.gov
NCT01239082]); the final results of these trials are still a decade away.
Although arguments can be made for which CRC screening test is superior, the best

screening test is the one that gets done and done well. Determinants of which
screening options are feasible in a country depends largely on health resource avail-
ability. The World Gastroenterology Organization has outlined a resource-based
cascade of CRC screening options to provide a framework for health care systems
to do the best with the available resources and the Organization is actively engaged
in many countries to promote affordable screening options and provide training in
endoscopic skills in low-resource countries.43

Although there are quality issues relevant to all CRC screening tests, colonoscopy is
thought to be the most operator-dependent. Thus, substantial efforts have been made
to improve colonoscopy quality.44 Missed adenomas are thought to be the most com-
mon reason for interval CRCs (CRCs that occur before the next recommended
screening examination). The adenoma detection rate (ADR), which is the fraction of
patients undergoing screening colonoscopy who had one or more adenomas
detected, inversely correlates with interval CRC risk45,46 and has been adopted by
the American College of Gastroenterology and American Society for Gastrointestinal
Endoscopy as perhaps the most important quality indicator in screening colonoscopy.
The initial targets for ADR (25% for men; 15% for women) were set at levels slightly
below the mean detection rates of adenomas in screening colonoscopy studies.47,48

ADRs have been increasing progressively with improvements in colonoscopic equip-
ment, preparation quality, and endoscopic technique; recent studies report many
endoscopists have ADRs exceeding 40%49,50 or even 50%.51,52 Based on these
data, recommended ADR targets were recently revised to 30% for men and 20%
for women.53

Table 2
Colorectal cancer screening tests

Colon Cancer Prevention
Screening

2008 USMSTF Followup
Recommendations

2015 USPSTF Followup
Recommendations

Flexible Sigmoidoscopy 5 y (1/� FOBT or FIT
every y)

5 y or every 10 y 1

Annual FIT

Colonoscopy 10 y 10 y

Double Contrast Balloon Enema 5 y Not recommended

CT Colonography 5 y 5 y

Colon Cancer Detection Screening

High Sensitivity Guiac Fecal
Occult Blood Test or High
Sensitivity Fecal
Immunochemistry Test

Annual Annual

Stool DNA Test Interval Uncertain 1 or 3 ya

Abbreviations: FIT, fecal immunochemical tests; FOBT, fecal occult blood tests; USMSTF, US Multi-
society Task Force; USPSTF, US Preventive Services Task Force.

a Interval recommended by manufacturer.
From United States Preventative Services Task Force. Draft Recommendation Statement: Colo-

rectal Cancer: Screening. 2015. Available at: http://www.uspreventiveservicestaskforce.org/Page/
Document/draft-recommendation-statement38/colorectal-cancer-screening2. Accessed December
20, 2015.
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Endoscopists with ADRs less than 25% should take steps to improve their ADR.
One predictor of a low ADR is short withdrawal time (WT; time of mucosal inspection
during withdrawal of the scope from the cecum).54,55 It is recommended that WTs be
recorded as a colonoscopy quality measure and that average WT should be 6 minutes
or more in screening colonoscopies. Endoscopists with low ADRs and short WTs
should slow down and takemore time to inspect the colonic mucosa and improve their
technique (examining proximal portion of folds, suctioning pools of liquid, adequate
distention of the colonic lumen). Although incomplete resection of polyps is also
thought to be an important contributor to interval cancers,56 quality measures have
not yet address this issue.

Impact of Genetics on Colorectal Cancer Screening

Genetic factors have long been used to stratify risk, modify screening recommenda-
tions, and recently genetic screening for sporadic CRCs has become available.
Screening recommendations for genetically defined hereditary CRC syndromes typi-
cally involve much more intense screening regimens often with annual colonoscopy
starting in adolescence or young adulthood.57 Similarly, individuals with one first-
degree relative with CRC younger than age 60 or greater than one first-degree relative
with CRC but no identifiable hereditary syndrome are advised to use colonoscopy
every 5 years as the preferred screening strategy and to start screening at age 40
or 5 to 10 years younger than the earliest CRC in the family. A recent study58 reported
that patients with a family history of CRC had modestly higher overall screening rates
than those without, but screening rates in the 40 to 49 age group in high-risk families
was less than 40%, leaving substantial room for improvement.
The first DNA-based test was recently approved by the Food and Drug

Administration and Centers for Medicare/Medicaid Services for CRC screening
in the general population based on a large controlled trial59 showing that a multitarget
stool test that includes FIT and a panel of genetic and methylated DNA markers
(Cologuard) was superior to FIT alone for detecting CRCs (sensitivity, 92% vs
74%) and advanced adenomas (sensitivity, 42% vs 24%). A blood test for methylated
septin 9 is clinically available for CRC screening in Europe and parts of Asia with a re-
ported 85% sensitivity for CRC but a low sensitivity for advanced adenomas
(z20%).60 Additional blood-based genetic screening tests are currently in
development.
Screening protocols and effectiveness of CRC screening vary as a function of the

molecular basis of the CRC. The adenoma-carcinoma sequence progresses more
rapidly in the microsatellite instability (MSI)/Lynch pathway so colonoscopy screening
is recommended more frequently (1–2 years regardless if polyps are found).57 CRC
screening also seems to be less effective for MSI CRCs (arising from either the
MIN/Lynch or the CIMP/serrated pathway; see Fig. 1); MSI is two to three times
more common in interval CRCs than in noninterval CRCs,61 although it is not clear
whether this is caused by more rapid progression of this pathway or that serrated
polyps are more difficult to identify and remove compared with conventional
adenomas.62

DIAGNOSTIC EVALUATION

CRC is usually diagnosed by evaluation of symptoms or conventional screening.
Rectal bleeding, change in bowel habits, and abdominal pain are the most common
symptoms in patients with CRC (>40% sensitivity) with bleeding and altered bowel
habits more common in proximal cancers and identifiable rectal bleeding more
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common in distal cancers. These symptoms are also common in other gastrointestinal
conditions and their positive predictive value for CRC is low (<10%).63 Both patients
and providers often attribute these symptoms to other conditions leading to diagnostic
delay. This is a particularly common issue in young adults in whom CRC is less com-
mon. CRCs in young adults are often advanced when detected, with one study64 citing
more than 58% of patients presenting with stage III or IV disease. Thus inclusion of
CRC in the differential diagnosis of these symptoms, particularly when they are persis-
tent or progressive, is important.65

CRC is increasingly being diagnosed by screening, and colonoscopy is central to
this diagnosis either as the initial screening examination or follow-up examination to
another positive screening test. The diagnostic accuracy of colonoscopy is critically
dependent on the quality of the colonoscopic examination. However, there is substan-
tial variability in the quality of colonoscopy among endoscopists44 primarily because
of differences in endoscopic technique, training, and experience. The American Soci-
ety for Gastrointestinal Endoscopy and American College of Gastroenterology have
adopted quality thresholds for colonoscopy53 including ADR, WT, bowel preparation,
and cecal intubation rates (Table 3).
Bowel preparation is particularly important to the effectiveness of colonoscopic

diagnosis of CRC; it can be quantitatively measured using the Boston Bowel Prepara-
tion Scale66 or Ottawa Bowel Preparation scale67; ultimately colonoscopic evaluation
is considered adequate if it allows detection of polyps greater than 5 mm in size.47

Vigorous bowel cleansing during colonoscopy may be needed to allow adequate
mucosal inspection; if bowel cleansing is still inadequate the procedure is considered
suboptimal and should be repeated.68 Split dose bowel preparation with half the prep-
aration the night before and the remainder the morning of the procedure improves
preparation quality and patient tolerance.69 For afternoon colonoscopies, a morning
preparation completed at least 2 hours before sedation is an effective option.70

Complete colonoscopy requires cecal intubation (ie, passage of the colonoscope
proximal to the ileocecal valve); incomplete colonoscopy has been associated with
increased rates of interval proximal CRC.71 High-quality endoscopists should have
overall cecal intubation rates greater than 90% and greater than 95% for CRC screen-
ings or surveillance examinations; photo documentation of cecal landmarks should
confirm a complete examination.42,72,73 Given the higher incidence of interval CRCs
in the proximal colon and greater difficulty in detecting right sided polyps, many ex-
perts recommend a “second look” at the right colon with or without cecal
retroflexion.74,75

Table 3
Quality metrics in endoscopy

Metric Goal

Frequency of adequate bowel preparation to allow
use of recommended surveillance or screening intervals

�85% of outpatient
examinations

Cecal intubation rate �90% of all examinations

Adenoma detection rate in average risk screening
examinations

�25% (men �30%,
women �20%)

Average withdrawal time on a negative screening
colonoscopy

�6 min

Data from Rex DK, Schoenfield PS, Cohen J, et al. Quality indicators for colonoscopy. Am J Gastro-
enterol 2015;110(1):72–90.
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Impact of Genetics on Colorectal Cancer Diagnosis

CRCs that arise through the MSI/Lynch and CIMP/serrated pathways may be more
difficult to diagnose than those that arise through the CIN pathway because, like their
precursor polyps, they are more common in the proximal colon, can be endoscopi-
cally more subtle, and may progress from polyps to cancer quickly.56

PROGNOSIS

Classically the prognosis of CRC has been defined by the pathologic stage of the dis-
ease defined by the TNM staging system.76 Five-year survival ranges from about 75%
to 90% for stage I disease (tumor confined to bowel wall, no lymph node or metastatic
disease) to 6% for stage IV (metastatic) disease. Histologic features, such as grade,
degree of differentiation, and lymphovascular invasion may influence prognosis but
are not routinely included in the TNM staging system.

Impact of Genetics

Molecular features have been shown to be powerful prognostic markers for CRC.77

MSI CRCs, regardless if they arise through the MSI/Lynch or CIMP/serrated pathway,
have a better prognosis than MSS tumors.78 Conversely BRAF mutation in MSS CRCs
is a marker of worse prognosis.79 Phipps and colleagues80 reported that even after
adjusting for disease stage MSI CRCs arising from the MSI/Lynch or CIMP/serrated
pathway had substantially better 5-year survival (>80%) than MSS/KRAS mutant
(68%) cancers and BRAF mutant CRCs had the worst survival (46%).

CLINICAL MANAGEMENT

High-quality surgical resection is the basis of all potentially curative therapy for CRC.
The type of resection depends on several factors including location, size, stage of
CRC, patient preference, and surgical expertise. It is generally recognized that laparo-
scopic resection in expert hands is oncologically equivalent to open resection for co-
lon cancer, and total mesorectal excision should be the routine approach for rectal
cancer resection,81 with better outcomes when performed by high-volume surgeons
at high-volume centers.82,83

Chemotherapeutic approaches have expanded greatly in the last decade.84 5-Fluo-
rouracil (5-FU; with or without leucovorin or levamisol) has been used for CRC chemo-
therapy since the 1960s and was essentially the only option for 40 years. Since 2004, a
total of 10 new drugs have received Food and Drug Administration approval for treat-
ment of CRC (Table 4).
For stage II colon cancer, adjuvant therapy is controversial; its use is individualized

based on clinical comorbidities, details of TNM staging, and histologic (poorly differ-
entiated, neural invasion) and genetic (MSI status) features. Stage III colon cancers
routinely use adjuvant chemotherapy, which has been shown to reduce recurrence
and mortality by 20% to 30%, and combinations of 5-FU or capecitabine plus oxala-
platin with or without leucovorin is generally recommended as first-line therapy.
For stage II or early stage III rectal cancer, postoperative therapy with a combination

of chemotherapy (typically a fluoropyrimidine and oxalaplatin) and radiation with fluo-
ropyrimidine radiosenstization is done. Neoadjuvant chemoradiotherapy is typically
recommended for stage III rectal cancers with evidence of transmural involvement
on rectal endoscopic ultrasound or MRI.
First-line chemotherapy for metastatic CRC includes combinations of a fluoropyri-

midine (5-FU, capecitabine, or trifluorident-tiparacil) with either oxalaplatin or
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irinotecan. The addition of the angiogenesis inhibitor bevacizumab or anti–epidermal
growth factor receptor antibodies (cetuximab, pentulimamab) is also used as first-line
therapy for selected populations.

Impact of Genetics

Specific genetic features of CRC predict survival and response to therapy. MSI CRCs
have the best and MSS/BRAF mutant CRCs have the worst survival.80 Patients with
stage II MSI colon cancers have a very good prognosis and should not be treated
with adjuvant therapy. MSI CRCs do not respond to adjuvant therapy with 5-FU alone,
although they do respond to 5-FU plus oxalaplatin. The findings that KRAS and BRAF
mutant CRCs do not respond to anti–epidermal growth factor receptor therapy85 has
allowed targeting of these expensive agents to patients who are more likely to benefit.
MSI CRCs are hypermutated2; it is thought their improved prognosis is caused by

an enhanced Th1 cytotoxic immunologic response to expression of numerous
mutation-related neoantigens. The programmed death 1 pathway, a negative feed-
back system that represses prolonged Th1 cytotoxic immune responses, could blunt
the immunologic response to CRCs. A recent uncontrolled trial in heavily pretreated
patients with metastatic disease reported MSI, but not MSS, CRCs showed marked
radiologic and serologic response to the anti–programmed death 1 inhibitor

Table 4
FDA-approved chemotherapeutic agents in the United States

Class Mechanism
FDA
Approved

5-FUa Cytotoxic antimetabolite Inhibition of thymidylate
synthetase

1962

Bevacizumab Monoclonal antibody Blocks VEGF 2004

Cetuximab Monoclonal antibody Blocks EGF receptor signaling 2004

Panitumumab Monoclonal antibody Blocks EGF receptor signaling 2006

Irinotecan Cytotoxic Topoisomerase inhibitor
leads to double-stranded
DNA breaks

2008

Oxaliplatin Cytotoxic
Alkylating agent

Binds to DNA, induces DNA
cross-links

2009

Regorofanib Oral angiogenesis inhibitor Blocks multiple kinases
including VEGF signaling

2012

Afibercept Fusion protein
Angiogenesis inhibitor

Decoy receptor, blocks
binding to multiple
receptors including VEGF

2012

Capecitabine Oral cytotoxic antimetabolite Oral 5-FU, inhibition of
thymidylate synthetase

2013

Ramucirumab Monoclonal antibody Blocks VEGF receptor 2015

Trifluridint-tipiracil Oral cytotoxic antimetabolite Inhibition of thymidylate
synthetase and thymidine
phosphorylase

2015

Abbreviations: EGF, epidermal growth factor; FDA, Food and Drug Administration; VEGF, vascular
endothelial growth factor.

a Usually given with leucovorin [LV].
Data from Gustavsson B, Carlsson G, Machover D, et al. A review of the evolution of systemic

chemotherapy in the management of colorectal cancer. Clin Colorectal Cancer 2015;14(1):1–10.
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pembrolizumab.86 If confirmed, this observation will launch a new era in molecularly
targeted therapy for CRCs.
Many laboratories are using molecular markers of CRCs to identify potential thera-

peutic targets in patients who have failed conventional therapy. Whether this
approach improves outcomes is not clear.

SURVIVORSHIP

There are more than 1 million CRC survivors in the United States.87 Multifaceted care
including surveillance for recurrence and new cancers, management and monitoring
of treatment effects, and promotion of healthy lifestyle behaviors is required for survi-
vors (Table 5).88 Although substantial progress has been made in the medical man-
agement of CRC survivors, survivor concerns and health information needs, such as
tests/treatments, health promotion, side effects, symptoms, and interpersonal/
emotional issues of survivors recently completing treatment, have not been addressed
as aggressively.89 In a qualitative study by Sterba and colleagues,89 survivors received
complex surveillance care with multiple providers and frequent tests. However, they
did not receive assistance in actively transitioning from treatment to the posttreatment
period, suggesting a need for development of formal educational survivorship inter-
ventions focused on provision of tools and resources at the end of treatment to facil-
itate a better understanding of expectations and positive transitions at the end of
treatment.

Table 5
CRC surveillance guidelines

1–2 y Postresection 2–5 y Postresection

Rectal cancer surveillance guidelines

History and physical 3–6 mo 6 mo

CEA 3–6 mo 6 mo

CT chest/abdomen/pelvis 3–6 mo 6–12 mo

Proctoscopy (with EUS or MRI)a 3–6 mo 6 mo

Colonoscopy 1 y postresection (3–6 mo if no preoperative
colonoscopy because of obstruction)

If advanced adenoma, repeat in 1 y
If no advanced adenomas, repeat in 3 y then

every 5 y

Colon cancer surveillance guidelines

History and physical 3–6 mo 6 mo

CEA 3–6 mo 6 mo

CT chest/abdomen/pelvis 6–12 mo 6–12 mo

Colonoscopy 1 y postresection (3–6 mo if no preoperative
colonoscopy because of obstruction)

If advanced adenoma, repeat in 1 y
If no advanced adenomas, repeat in 3 y then

every 5 y

Abbreviations: CEA, carcinoembryonic antigen; CT, computed tomography; EUS, endoscopic
ultrasound.

a Patient with transanal excision only.
Data from National Comprehensive Cancer Network. National Comprehensive Cancer Network

practice guidelines in oncology: colon cancer version 3.2015. 2015. Available at: http://www.
nccn.org/professionals/physician_gls/f_guidelines.asp#site. Accessed October 13, 2015.
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Tan and colleagues90 surveyed a group of CRC survivors annually over the course of
their survivorship and reported that, particularly in women, concerns regarding recur-
rence of their cancer were highest 1 year after cure, with concerns shifting toward
ways of reducing the risk of family members from developing the same or different
cancer in the ensuing years. Indeed, family members of CRC survivors are at
increased risk of developing CRC and other cancers.91 As part of a “survivor pack-
age”, patients should be provided with not only instructions on what to expect and
how to better manage their life, but also information to provide to their close relatives
about their CRC risk.

Impact of Genetics

CRC survivors are key to identification of familial and hereditary CRC. Close relatives
of CRC survivors are at increased risk of the disease and the risk increases directly
with the number of close relatives with CRC and inversely with both the age of the
CRC in the survivor and that of the relative.92 Similarly, universal testing of CRCs for
MSI will identify Lynch syndrome in some survivors, information that is critically impor-
tant for their family members. Survivors have a unique opportunity to help their family
by ensuring family members are aware of their cancer, informing the family about other
members that have had cancers and the results of any genetic testing that was per-
formed/recommended, and ensuring that their family members talk to their own med-
ical providers about CRC screening at least 10 years before the earliest CRC in the
family. In this way, survivors play a critical role to prevent CRC in their families.
The ongoing revolution in the molecular understanding of colonic carcinogenesis

has had a major impact on almost every aspect of CRC care. Hereditary syndromes
contribute significantly to the public health burden of CRC. Molecular factors modu-
late susceptibility to CRC risk factors and benefit from chemoprevention and even
effectiveness of CRC screening. Similarly, CRC prognosis and treatment responses
are dependent on the molecular profile of CRCs. Finally, CRC survivors are key to
the identification of high-risk families. It is likely that even the classification of CRC
will evolve to include molecular designations (ie, MSI CRC). Vive la révolution!
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Knowns and Known
Unknowns of
Gastrointestinal Stromal Tumor
Adjuvant Therapy

Virginia Martínez-Marín, MD, PhDa, Robert G. Maki, MD, PhDb,*

INTRODUCTION

The first 15 years of active therapy of gastrointestinal stromal tumor (GIST) set the
stage for the development of treatment of solid tumors, thanks to small molecule
oral kinase inhibitors such as imatinib. The discovery of KIT mutations in GIST1 led
to the understanding of KIT as a driver of GIST growth and has led to the understand-
ing of the clonal evolution of a solid tumor over time.2 Imatinib as a KIT inhibitor in GIST
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KEY POINTS

� For higher-risk primary gastrointestinal stromal tumor (GIST), 3 years of imatinib in the
adjuvant setting is the standard of care.

� Neoadjuvant therapy with imatinib can shrink very large primary tumors to make surgery
easier later, but such GIST should be considered very high-risk tumors.

� Specific genetic subtypes such as such as those GIST without KIT or PDGFRA mutation
do not benefit from adjuvant imatinib therapy, based on inherent resistance to imatinib of
some genomic GIST subtype; others do not merit adjuvant therapy due to their lower risk
of recurrence.

� Reimaging in follow-up should take into account the risk of recurrence on and after the
completion of adjuvant treatment.
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in vitro3 and in people with metastatic disease4,5 sparked a wave of activity leading to
approval of 3 agents in many countries for metastatic GIST, specifically imatinib, suni-
tinib, and regorafenib.6–8 In parallel with the developments in metastatic disease, a se-
ries of clinical trials has been conducted that led to the present standard of care after
resection of higher-risk GIST, specifically 3 years of imatinib.9

Despite an apparently complete and coherent set of data outlining therapy for pri-
mary and metastatic disease, patients still progress despite all lines of therapy, indi-
cating the need for further research on adapting treatment as metastatic disease
evolves. In addition, several issues remain regarding the use of 3 years of imatinib
in the adjuvant setting. It is this latter series of questions that is addressed in this
review.
Adjuvant imatinib therapy has been observed applied blindly to patients with larger

tumors with higher mitotic rates. However, the genetics of GISTs, which has impact on
the treatment of metastatic disease, also contributes to the decision making of who
should receive adjuvant therapy. These data are still evolving and remain one of the
most interesting issues of the “first-order” problems in GIST management. The treat-
ment of large primary tumors in which neoadjuvant imatinib is used preoperatively is
also an important area of clinical interest, in which there is some practical experience.
Finally, how many scans are necessary to help most efficiently identify recurrence in
patients who have either not received or have received adjuvant therapy? The kinetics
of recurrence has important implications for patient care as well.
It is hoped that in this review that some of these evolving “knowns” and “known un-

knowns” in the adjuvant therapy of GIST are addressed, so that clinicians can
contribute to the next series of studies that will better define the role of adjuvant ther-
apy for GIST.

CASE SERIES FROM THE ERA BEFORE IMATINIB THERAPY

It was clear from older series of GIST patients that there was a significant recurrence
and death rate from recurrent disease. In the oldest large series from MD Anderson,
Ng and colleagues10 showed that what was then called gastrointestinal leiomyosar-
coma had a very high recurrence and mortality risk. A series of 200 GIST patients
from Memorial Sloan Kettering Cancer Center showed a high recurrence and
disease-specific death rate.11 Notably, both of these series involved patients with
larger tumors than is seen in more contemporary series of primary disease. GIST
proved unyielding to standard cytotoxic chemotherapy, for reasons that remain un-
known.12 As a result, the finding of patients with metastatic disease responding to
imatinib quickly led to the implementation of adjuvant trials to attempt to improve
the cure rate.
Joensuu and colleagues13 have compiled the largest retrospective analysis of GIST

involving patients from the era before imatinib, which in addition to data from Z900014

and Z900115 discussed later, form the basis of discussion of the risk of recurrence of
GIST on the specific mutation driving the tumor. The Z9000 and Z9001 genetic data
also allow at least some insight into the impact of imatinib on these relatively small
subsets of patients.
From a population of more than 3000 GIST patients, mutation analysis was conduct-

ed in 1505 of the patients. Relapse-free survival (RFS) was the principal endpoint for
the analysis. A total of 301 unique KIT mutations and 33 PDGFRA mutations were
observed. The most common mutations overall were deletion of WK557-558 (KIT
exon 11), substitution of D842V (PDGFRA exon 18), and duplication of AY502-503
(KIT exon 9). These mutations were associated with a similar RFS to other GISTs.13
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Although mitotic rate still was more important than genomic status of the GIST in
terms of prognosis, specific genetic subtypes were associated with better outcomes
than others. In particular, patients with PDGFRA mutations had superior RFS
compared with GISTs with KIT mutations (hazard ratio [HR], 0.34; P 5 .004).
Looking specifically at KIT-mutated GIST, patients with KIT exon 9 mutated GIST

showed a numerically inferior PFS compared with KIT exon 11 mutated GIST
(P 5 .07).13 Approximately 80% of KIT exon 9 mutations were seen in small bowel
GIST. In terms of rarer KIT mutant GISTs, both primary exon 13 and 17 primary GISTs
were nongastric and did not portend a different prognosis than otherKITmutant GIST.13

Notably, some subtypes of KIT exon 11 mutations were substantially lower-risk tu-
mors than the most common mutation subtypes. For example, only 1 in 35 GISTs with
KIT exon 11 duplication mutations recurred. Patients with deletions of only one codon
of KIT exon 11 had better RFS than those with another deletion type, and specific KIT
exon 11 substitution mutations (W557R, V559A, and L576P) were also associated with
better RFS. Patients with no KIT or PDGFRA mutation also had a lower risk of recur-
rence compared with all patients (HR 0.52; P<.001). Eighty-eight percent of PDGFRA
mutations were found in gastric GISTs.
These data form the foundation of the expected genomic subtypes by location,

which recur at different rates after surgery, impacting who recurs after therapy, be it
surgery, imatinib, or both.

SELECTED TRIALS OF ADJUVANT IMATINIB

The key trial of imatinib in the adjuvant setting that has led to the 2016 standard of care
of 3-year imatinib for higher-risk GIST is discussed after setting the stage discussing
other important trials.

Z9000 (1-YEAR IMATINIB)

Two trials led by DeMatteo with the American College of Surgeons Oncology Group,
trials Z9000 (phase II)14 and Z9001 (phase III),15 led to the approval of imatinib in the
adjuvant setting.
The Z9000 study of imatinib 400 mg oral daily for 1 year after resection of primary

high-risk GIST was heartening, whereby high risk was defined as tumor diameter of
10 cm or more, intraperitoneal tumor rupture, or up to 4 peritoneal implants. A total
of 106 people were treated. With a median follow-up of 7.7 years, RFS rates were
96%, 60%, and 40% at 1, 3, and 5 years, respectively. Overall survival (OS) rates
were 99%, 97%, and 83%, much better than historical 5-year OS rates of 35%.14

The KIT and PDGFRAmutation data from Z9000 confirmed the higher-risk nature of
KIT exon 11 deletion mutations compared with other mutation classes. KIT exon 11
mutant GIST patients had clear benefit from imatinib overall.14 Patients with KIT
exon 9 mutant GIST had approximately the same relapse risk with or without imatinib,
calling into question the use of imatinib in this group of GIST. Conversely, in the Euro-
pean Organisation for Research and Treatment of Cancer metastatic disease study
discussed later, higher doses of imatinib appear to be more effective in the metastatic
setting, suggesting higher-dose therapy for KIT exon 9 mutant GIST if it is to be used.
Patients without KIT or PDGFRA mutations appear to have no difference in RFS
regardless of whether they received imatinib or not, implying that such patients are
not good candidates for adjuvant imatinib. Finally, patients with PDGFRA mutation
other than D842V appeared to benefit; the very low risk of recurrence of and the resis-
tance of such GIST to imatinib are 2 reasons to not use adjuvant imatinib in PDGFRA
D842V patients (see later discussion).
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Z9001 (0 VS 1-YEAR ADJUVANT IMATINIB)

The Z9001 was the first trial to compare imatinib and placebo in the adjuvant setting,
testing 1 year of treatment.15,16 A total of 713 patients with resected primary localized
GIST at least 3 cm in greatest dimension were treated. In the initial analysis with me-
dian follow-up of w20 months, RFS was superior with imatinib versus placebo (98%
vs 83%; P<.001). OS was not different (99.2% vs 99.7%; P 5 .47). The benefit of ima-
tinib could be stratified by tumor size, with RFS in favor of treatment only for larger tu-
mors (for 6–10 cm size tumors, RFS was 98% for imatinib vs 76% for placebo;
P 5 .05); the difference in RFS was greater for primary GISTs >10 cm in size (77%
versus 41%; P<.0001).
The most recent follow-up of the Z9001 focused on genetic data and their impact on

outcomes in the trial.15 With a median follow-up of 74 months, RFS remained superior
for 1 year of imatinib (HR 0.6; 95% CI 0.43–0.75). Examining the control and imatinib
arms separately, in each case by multivariate analysis, the tumor genotype was not
significantly associated with RFS in comparison with the known significant factors
of larger tumor, small bowel location, and high mitotic rate. OS was not impacted
by 1 year of imatinib; patients with relapse did well for extended periods of time on
imatinib after relapse.
Comparing the 2 arms of the trial, imatinib was associated with superior RFS in pa-

tients with KIT exon 11 deletion, but not KIT exon 11 insertion or point mutation, KIT
exon 9 mutations, PDGFRAmutation, or for tumors without PDGFRA or KITmutation.

EUROPEAN ORGANISATION FOR RESEARCH AND TREATMENT OF CANCER
INTERGROUP TRIAL (0 VS 2-YEAR ADJUVANT IMATINIB)

A large international study examined 2 versus 0 years of imatinib in the adjuvant setting
for intermediate- to high-risk resected GIST, using the novel endpoint of failure of first
tyrosine kinase inhibitor as a primary endpoint, meaning that patients had to fail ima-
tinib in the adjuvant and recurrent setting to be declared a failure.17 Eight hundred
thirty-five eligible patients were accrued internationally. With 4.7-year median
follow-up, 5-year imatinib failure-free survival was not different (97% for imatinib vs
84% for placebo), and OS was essentially identical (100% for imatinib vs 99% for pla-
cebo), but RFS was significantly different at 3 years (84% vs 66%) and at 5 years (69%
vs 63%) (P<.001). The data across these studies are consistent with the relapse of pa-
tients most commonly 6 to 18 months after completion of adjuvant therapy. These
data were supported by a smaller phase II trial of 2 years of imatinib for KIT exon 11
mutant GIST from Korea, with consistent data.18

SCANDINAVIAN SARCOMA GROUP XVIII/ARBEITSGEMEINSCHAFT INTERNISTISCHE
ONKOLOGIE (1 VS 3-YEAR ADJUVANT IMATINIB)

The study that defines present day adjuvant therapy for GIST is the Scandinavian Sar-
coma Group (SSG) XVIII/Arbeitsgemeinschaft Internistische Onkologie (AIO) trial of
3 years of imatinib versus 1 year of imatinib, in which both RFS and OS were superior
for 3 years of imatinib versus 1 year.9 Two hundred evaluable patients were treated on
each arm, and all had higher-risk disease as defined by having at least 1 of the
following features: (1) longest tumor diameter greater than 10 cm, (2) mitotic rate
greater than 10 per 50 high-power fields (HPF) of the microscope, (3) tumor diameter
greater than 5.0 cm and mitotic count greater than 5/50 HPF, or (4) tumor rupture
before surgery or at surgery. With a median follow-up of 54 months, RFS was superior
for 3-year imatinib, 66% versus 48% (P<.0001); 5-year OS was 92% versus 82% in
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favor of 3-year imatinib (P 5 .019). In a 2016 follow-up analysis with median follow up
of 90 months, 5-year RFS was 71% for imatinib versus 52% for placebo, and 5-year
OS was 92% versus 85%.19 Mutation analysis of this group of patients, not published
as of the 2016 update, will provide a unique resource as to who should or should not
receive adjuvant imatinib on the basis of their mutation status and other known risk
factors.

ONGOING ADJUVANT TRIALS

There are 2 important ongoing adjuvant trials to examine the question of longer dura-
tion of therapy. One is the phase II trial PERSIST-5 of 5 years of imatinib to assess the
upper bounds of benefit of longer duration imatinib; this study completed accrual and
the study data are maturing (see Clinicaltrials.gov identifier NCT00867113). SSG XXII
is a follow-up study to SSG XVIII. SSG XXII is a randomized trial of 3-year versus 5-year
study through the SSG and collaborating organizations. The latter study is limited to
the highest-risk tumors, defined as gastric GIST with mitotic count greater than
10/50 HPF, or nongastric GIST with mitotic count greater than 5/50 HPF, or tumor pre-
senting with rupture (NCT02413736).

NEOADJUVANT THERAPY

There is a single phase II study of neoadjuvant and adjuvant imatinib, which involved
both patients with primary and metastatic GIST. In this study, RTOG 0132, preopera-
tive imatinib was given initially at 600 mg orally daily for approximately 2 months and
then continued postoperatively for 2 years.20,21 At the most recent published analysis,
median follow-up was 5.1 years. Focusing on the 31 patients with primary disease
only, estimated 5-year RFS was 57%, and OS was 77%.20 Genetic data for this study
have not been published to date.
It is fairly clear that for patients with high-risk GIST, in particular very large tumors

greater than 15 cm with high mitotic rates, recurrence rates are very high after stop-
ping neoadjuvant imatinib. It may well be that microscopic disease remains in the tu-
mor bed after tumor shrinking. The authors thus generally maintain imatinib
postoperatively to complete at least 3 years of therapy and typically consider such pa-
tients to have at least microscopic metastatic disease from the time of diagnosis.
There are data from some difficult primary sites (eg, rectum) that local control rate
may be better with imatinib in the neoadjuvant setting than without it.22

REIMAGING

For more common cancers, it is not clear that any specific schedule of screening for
recurrence helps to improve survival. Responsible clinicians want to expose their pa-
tients to as few procedures as possible. In this light, how many scans are enough to
detect GIST recurrences? Joensuu and colleagues,23 modeling the SSG XVIII/AIO
data, provided insight in the form of the risk of relapse as a function of time after start-
ing and stopping the 3 years of adjuvant therapy. National Comprehensive Cancer
Network (NCCN) guidelines, discussed further later, suggest computed tomographic
(CT) imaging every 3 to 6 months for 3 to 5 years and then annually.24 In the SSG XVIII
trial, relatively few people relapse on adjuvant therapy; however, the period of time 6 to
18months after stopping imatinib appears to the highest risk time for GIST recurrence.
These data lead to at least one modified recommendation, for CT or MRI every
6 months during adjuvant imatinib, every 3 to 4 months during the 2 years after discon-
tinuation of imatinib, and then at 6- to 12-month intervals to complete 10 years of
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follow-up.25 Recurrence after the first 10 years of follow-up is infrequent. Modified rec-
ommendations for reimaging of patients with GIST with lower risk who do not receive
imatinib are also available.

SENSITIVITY OF GASTROINTESTINAL STROMAL TUMOR–SPECIFIC KIT AND PDGFRA
MUTATIONS TO IMATINIB

It has been clear for more than a decade that different mutations in GIST will predict for
better or worse outcomes in metastatic disease. These clinical data are buttressed by
data from GIST cell lines or transfection experiments of cell lines bearing different
forms of mutated KIT or PDGFRA molecules. An attempt to condense 15 years of
data on gene mutation and imatinib sensitivity in the metastatic setting in vivo and
in vitro is presented in Table 1. In short, the in vitro testing of imatinib in GIST cell lines
or KIT or PDGFRAmutant transfectants does not appear to be a good means to deter-
mine sensitivity to imatinib clinically, but do appear to correlate more strongly with
imatinib resistance when observed in vitro.
By virtue of the data in Table 1, given the lack of sensitivity of PDGFRA D842V GIST

in vitro and in the metastatic setting clinically, imatinib is not indicated in the adjuvant
setting for such patients. In a similar fashion, GIST that do not have KIT or PDGFRA
mutation do not appear to be good candidates for adjuvant imatinib. It is also difficult
to suggest imatinib for rare variants that appear to be resistant to imatinib in the met-
astatic setting or in vitro.

NATIONAL AND INTERNATIONAL GUIDELINES

The European Society for Medical Oncology (ESMO) and NCCN guidelines both pre-
sent similar recommendations for adjuvant therapy,24,26 with the ESMO guidelines
perhaps more granular. The ESMO guidelines follow the criteria of the SSG XVIII study
for the selection of patients appropriate for adjuvant imatinib, exclude PDGFRAD842V
and NF1 mutant GIST patients, and note controversy over succinate dehydrogenase
(SDH) deficient GIST. The authors support the notion of no adjuvant therapy for SDH-
mutant GIST given their indolent phenotype in most patients and lack of response
seen with metastatic disease to imatinib. These data argue that the reason people
do well with SDH-deficient GIST is not from the result of drug but rather the natural
history of the diagnosis.

COMMENTARY

The data regarding mutations and sensitivity or resistance to imatinib colors the
choice of patients to treat with adjuvant therapy for GIST. Patients with PDGFRA
D842V, NF1, BRAF, and (the authors would argue) SDH loss do not have partial re-
sponses to imatinib in the metastatic setting and thus appear to be inappropriate can-
didates for imatinib. The scenario of imatinib resistance may also play out clinically for
other GIST mutation classes, for example, KIT L576P or exon 12 mutations. The mo-
lecular data from the SSG XVIII trial should provide some prospective information on
this question; the rarity of specific genetic subtypes also calls for collaboration to
determine which of the specific GIST genetic subtypes are most and least likely to
benefit from 3 years of therapy.
Given the diminishing returns seen in patients treated with imatinib versus placebo

in the recent SSG XVIII update, an affiliated commentary raised the concern that adju-
vant imatinib is merely delaying recurrence rather than preventing it.27 Interestingly, at
least one of the authors of the commentary maintains some people on imatinib

Martı́nez-Marı́n & Maki482



indefinitely in the adjuvant setting. Should all high-risk patients be considered meta-
static from the outset? Should imatinib be considered to be like hormonal therapy,
expecting that longer exposure to drug (eg, 10 vs 5 years in trials of antiestrogens)
will be associated with longer survival? Or will the imatinib-resistant clones known

Table 1
Gastrointestinal stromal tumor mutation status and in vitro and in vivo sensitivity to imatinib

Gene Exon Mutation Type

Frequency
Among
Primary
GIST (%)13

Sensitivity
to Imatinib
in Patients

Sensitivity
to Imatinib
In Vitro

KIT 8 <1 S ?
9 6 I S

AY502–503dup I S
11 66 S S

WK557–558del S S
V560G S S
L576P R R

12 <1 R ?
13 1 S S

K642E substitution S S
D635K substitution S

14 <1 ? ?
17 1 I? S

N822 substitutions
(eg, N822Y, N822K,
N822H)

I? S

18 <1 ? ?

PDGFRA 4 <1 S ?
10 <1 ? ?
12 2 S S

SPDHE566–571R ? S
14 <1 ? S

ER561–2 ? S
18 8 I I

D842V 5–6 R R
N659K S
D842Y S
RD841–842KI R
DI842–843IM R
D846Y S
N848K S
Y849K S
HDSN845–848P S

KIT/PDGFRA mutation
negative—includes
all classes below

16 I I?

SDH genes — Gene loss R ?

NF1 — Gene loss R I?

BRAF 15 V600E R R

PIK3CA Various Possible resistance
mutation

R? R?

Abbreviations: ?, data uncertain, unavailable, or conflicting; I, intermediate; R, resistant; S, sensitive.
Data from Refs.29–37
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to pre-exist in primary tumor samples inevitably recur despite exposure to imatinib? It
is hoped that molecular analyses from the SSG XVIII study will help with some of these
questions in the near term, and the SSG XXII study may address some of these issues
in the longer term.
It will be increasingly important to identify which patients stand any chance of

improvement of the cure rate with imatinib. Perhaps larger and higher mitotic rate tu-
mors are destined to recur and are thus not good candidates for adjuvant therapy,
when giving imatinib in the relapse setting will suffice. Will it only be “Goldilocks” tu-
mors with intermediate size and/or mutation rates be the only patients with sufficiently
few micrometastases to benefit from imatinib? These and other questions will be of
substantial interest in years to come, given the cost and symptom burden associated
with imatinib.28 By one very crude calculation at more than $100,000 per year for ima-
tinib in the United States in 2016, for a 7% improvement in survival, more than $1.4
million must be spent to save one life.
Despite 15 years or more of experience with imatinib, it is still to be determined how

best to use the drug in the adjuvant setting. The authors, among others, look forward
to participating in research into both of these known unknowns and even the unknown
unknowns that will better define the role of imatinib in the adjuvant as well as metasta-
tic settings.
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Neuroendocrine Tumors

Ron Basuroy, MD, MBA, Raj Srirajaskanthan, MD, FRCP,
John K. Ramage, MD, FRCP*

INTRODUCTION

Neuroendocrine tumors (NETs) of the gastrointestinal tract arise at many different
sites, including the pancreas and small bowel, and are heterogeneous in nature with
increasing incidence.1 This review of gastroenteropancreatic (GEP) NETs discusses
epidemiology, presentation, diagnosis, and management of primary and secondary
sites of disease. Gastroenterologists have traditionally diagnosed and managed these
tumors but now have a core role in multidisciplinary tumor board meetings on therapy
decisions like surgery and systemic therapies. Significant advances have been made
in managing these tumors with new diagnostics techniques and therapies. Many
patients are now informed about their condition with information from Web sites
and patient support groups with an expectation to access the whole array of diag-
nostic and therapeutic modalities.
NETs originate from neuroendocrine cells in the pancreatic islet and gastroenteric

tissue. Small bowel (sb) and pancreatic (p) NETs have different clinical and genetic sig-
natures andwere previously considered to be largely benign in nature. TheWorld Health
Organization (WHO) 2010 nomenclature considers all NETs as malignant and classifies
them by the cellular proliferation and degree of differentiation.2 The use of NET rather
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KEY POINTS

� Neuroendocrine tumors are heterogenous in nature and increasing in incidence.

� Symptoms can develop from secreted bioactive substances or from the mass effect of the
tumor.

� Anatomic and functional imaging modalities are helpful in staging disease and assessing
tumor biology.

� A range of therapies is available that include surgical, liver directed, and systemic
therapies.

� The treatment of neuroendocrine tumors can be multimodal over a patient’s disease
history.
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than the historical “carcinoid” tumor is preferred and encouraged for describing gastro-
intestinal and pNETs. Similarly, classification by primary tumor site rather than embryo-
logic origin (foregut/midgut/hindgut) is the accepted nomenclature. The molecular
biology of NETs is still poorly understood, but there are emerging data to suggest that
profiling of genetic and molecular signatures may enhance tumor classification and
identify potential targets that may be involved in tumor progression3 (Table 1).

Epidemiology

A key problemwith NET epidemiology has been changes to classification systems and
reliance on registries. International Classification of Diseases for Oncology-10 uses
histopathological coding and has been used in most recent registries. It includes all
the tumors that were previously classified as benign, which may be partly contributing
to the increased incidence since 2000.4 The largest registry is the Surveillance, Epide-
miology, and End Results database that spans more than 5 decades and 15% of the
US population from specific states.5,6 There are national population studies that
contribute to defining incidence in the United Kingdom, Norway, Sweden, Ireland,
Netherlands, Denmark, and Austria.7–12 NETs may now be the most common small
bowel tumor (37.4%), ahead of adenocarcinoma (36.9%), lymphomas (17.3%), and
stromal tumors (8.4%).13

There are reported ethnic differences with African Americans having the highest
NET incidence at 6.5 per 100,000 persons.6,14 The overall incidence of NETs in
Caucasians in the United States and Norway is 4.44 and 3.24 per 100,000 persons,
respectively.10 The rectum is the commonest site in the United States and Far East,
with lung NETs the commonest site in Caucasian US patients.15,16 The incidence of
NETS of the appendix, cecum, and pancreas almost doubled between 1975 and
2005, but these tumors are only a fraction of NETs diagnosed, around 0.1 to 0.2 cases
per 100,000 persons. Historical autopsy studies in Sweden described an incidence of
8.4 per 100,000 with a significant number of NET tumors that were not diagnosed
antemortem.17 The prevalence of NET is proportionally much greater than the inci-
dence because of improved survival when compared with other common cancers
like gastric and pancreatic adenocarcinomas.18 Whatever the precise incidence of
NETs, it appears that the number of patients presenting with these tumors has been
steadily increasing.

Genetics

GEP-NETs may be associated with familial endocrine cancer syndromes, such as
pNETs with multiple endocrine neoplasia type 1 (MEN1) and less commonly with
von Hippel-Lindau and tuberous sclerosis. The incidence of MEN1 in GEP NETs varies

Table 1
World Health Organization classification of neuroendocrine tumors

WHO (2010) and ENETS
Nomenclature Grade Mitotic Count Ki-67 Index (%) Cell Type

NET G1 <2 mitoses/10 HPF �2 —

NET G2 2–20 mitoses/10 HPF 3–20 —

Neuroendocrine
carcinoma (NEC)

G3 >20 mitoses/10 HPF >20 Large vs small cell

Abbreviation: ENETS, European Neuroendocrine Tumor Society.
From Bosman F. WHO classification of tumours of the digestive system. Lyon (France): IARC Press;

2010; with permission.
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from rare in gastrointestinal (GI) NET, to 5% in insulinomas, and 25% to 30% in gas-
trinomas.19,20 The diagnosis of MEN1 can now be confirmed by testing for the pres-
ence of the MENIN gene mutation. Mutations involving the succinate
dehydrogenase subunit D, usually associated with paragangliomas and pheochromo-
cytomas can be associated with sbNETs.21

There are sb and colon “NET families” (non-MEN1) described in which more than
one family member has been diagnosed with an NET. Standardized incidence rates
of 4.35 for small intestinal and 4.65 for colon NETs occur in offspring of parents
affected by NETs. Candidate genes for these findings have been proposed.22,23

There has been recent interest in somatic mutations occurring in these tumors.3 Jiao
and colleagues3 sequenced tissue from pNET and found an excess of mutations in the
menin, DAXX, ATRXX, and mTOR genes. Differences in survival related to the pres-
ence of these genes have been debated, but the work may lead to personalized med-
icine based on genetics results.24

CLINICAL PRESENTATIONS OF GASTROENTEROPANCREATIC NEUROENDOCRINE
TUMORS

NETs are described in the pancreas and all sites of the gastrointestinal tract. The
behavior of GEP-NETs does differ by primary site with symptoms varying from the inci-
dental diagnosis through to obstructive mass effect and symptomatic syndromes from
the secretion of bioactive agents. There may be a significant delay between onset of
symptoms and diagnosis.25 Diarrhea and flushing are known specific symptoms, but
frequently fatigue is the worst symptom with depression also common. Quality-of-life
(QoL) research in GEP-NETs is a comparatively new field, with a disease-specific QoL
questionnaire, the QLQ-GINET21, and the Norfolk NET questionnaire being used in
trials for GI NET.26 Symptomatic patients frequently have liver metastases at diag-
nosis. The liver lesions are highly vascular and can be “functionally” active secreting
vasoactive substances or hormones that can cause systemic symptoms. The 4 com-
monest GEP-NET primary sites are discussed later (Table 2).

Small Bowel

sbNETs are equal to rectal tumors in being the next most common primary site of all
NETs (after lung) with an incidence of 17.2%.18,27 The most common site is the last

Table 2
Neuroendocrine tumor symptom duration with ages at diagnosis and onset from a UK patient
questionnaire

Type of NET No.
Mean Age at
Diagnosis

Mean Duration
1st Symptom
(Range, mo)

Mean Age at 1st
Symptom (y)

Age Over 50 at
1st Symptom (%)

Appendix 14 44.2 46.8 (2–180) 41.7 29

Lung 51 50.7 67.7 (1.5–360) 46.2 54

Pancreas 64 49.2 39.1 (0–240) 46.6 42

Small bowel 99 55.2 60.1 (0–300) 50.8 69

Stomach/gastric 14 55.1 38.5 (1–144) 53.0 71

Unknown Primary 33 52.9 43.4 (1.5–204) 50.4 55

Grand total 275 52.1 53.3 (0–360) 48.6 56

From Basuroy R, Bouvier C, Sissons M, et al. The symptoms experienced by small bowel and pancre-
atic NET patients prior to diagnosis do not meet the criteria for a functional diarrhoea (IBS-D) diag-
nosis. UKI NETS 13th National Conference. London, December 7, 2015; with permission.
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60 cm of distal ileum with a quarter being multifocal tumors.28 Common symptoms are
of abdominal pain as well as intermitted bowel obstruction that can result from the
mechanical effect of the primary tumor, or from mesenteric lymph node involvement,
secondary desmoplasia, and bowel ischemia from vessel involvement.29,30 sbNETs
can cause the classical carcinoid syndrome of diarrhea, flushing, palpitations, and
bronchospasm, which develop in the context of serotonin-secreting liver metastases.
Carcinoid heart disease can develop from fibrosis of the tricuspid and pulmonary
valves, leading to right heart failure in patients with carcinoid syndrome and elevated
serotonin.31,32 Prolonged serotonin production in carcinoid syndrome may lead to
nicotinamide deficiency, causing lacrimation, rhinorrhea, and diarrhea.

Rectum

The incidenceof rectalNETshas increased rapidly to17%ofallNETsandnowequals that
of sbNETs in recent years.5,6,14Most patients are asymptomaticwith over half of all rectal
NETsdiagnosed incidentally at endoscopy.33RectalNETshave thebestoverall survival of
GEP-NETs, with almost 90% less than 1 cm and localized to the submucosal.34

Stomach

The incidence of gastric NETs has increased to 6.0% of all NETs between 2000 and
2007.35,36 Gastric NETs are invariably diagnosed at endoscopy and arise from
enterochromaffin-like cells involved in the regulation of gastric acid production.37

Three subtypes are described with type 1 and type 2 developing in the presence of
hypergastrinemia, and type 3 occurring independently of gastrin. Type 1 gastric
NETs develop from secondary hypergastrinemia stimulation from achlorhydria envi-
ronments like chronic atrophic gastritis. Type 2 gastric NETs develop from autono-
mous hypergastrinemia stimulation from a gastrinoma that can cause marked acid
secretion and peptic ulceration. Histamine secretion can occur in gastric NETs
causing allergic-type symptoms.

Pancreas

The incidence of pNETs is approximately 6% of all NETs, with a less rapid increase
when compared with rectal and gastric NETs incidences that are more directly influ-
enced by increased endoscopy.18 Almost half of pNETs are functional with symptoms
that result from bioactive secretion as outlined in later discussion. The value of classi-
fying tumors by specific hormone output has been challenged, although it is still com-
mon practice.38 Nonfunctional pNETs are often incidental findings on cross-sectional
imaging, but a proportion of patients present with symptoms from mass effect, such
as biliary obstruction, or from metastatic disease39 (Table 3).

Table 3
Neuroendocrine tumors that secrete bioactive substances

Tumor Type Symptoms

Insulinoma Dizziness, irritability, sweating, fits, coma, response to food

Gastrinoma Small bowel perforation, duodenal ulceration with bleeding, diarrhea
responding to PPI therapy

Glucagonoma Diabetes, migratory rash, diarrhea, stomatitis

VIPoma Severe diarrhea, weight loss, hypokalemia

Somatostinoma Gall stones, weight loss, diarrhea, steatorrhea, diabetes

PPoma Usually no specific symptoms; weight gain and constipation can occur
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DIAGNOSTIC MODALITIES

Anatomic imaging modalities, such as computed tomography (CT) and MRI,
characterize the extent of NET disease to assist with staging and planning therapy.40

In particular, CT provides an anatomic map for both curative and debulking cytoreduc-
tive surgical resections. Functional imaging modalities, like octreotide scintigraphy
and PET-CT, provide evidence of biological behavior that, as discussed later in the re-
view, indicate the role for the specific medical therapies in disease management.

Anatomic Imaging

CT is the dominant anatomic imaging modality for NETs, which exhibit avid early
enhancement (pNETs in particular) on biphasic or triphasic contrast-enhanced CT.
Unenhanced scans can demonstrate an isodense lesion with calcification in 20% of
pNETs in contrast to the uncalcified appearances of pancreatic adenocarcinomas.41

pNETs typically show homogenous avid arterial enhancement with contrast. Nonfunc-
tional pNETs are typically larger than functional pNETs and can be heterogenous le-
sions with necrosis and cystic degeneration as well as can cause mass effect on
surrounding structures like the biliary system.
sbNETs typically cause a marked desmoplastic reaction in the mesentery with fat

changes, tethering, and stranding that are easily discernible on CT. In addition, nodal
metastases to the root of the mesentery can encase vessels like the superior mesen-
teric vein (SMV) and superior mesenteric artery (SMA) with consequent radiological
signs of bowel ischemia. Metastatic disease to the liver enhances in a similar pattern
to the primary NET. The hepatic arterial phase is useful in identifying liver metasta-
ses.42 The sensitivity of CT in detecting primary, regional, and metastatic disease in-
creases with lesion size.
MRI is a useful imagingmodality in NETs given the burden of ionizing radiation expo-

sure from diagnosis through to surveillance in patients. pNETs typically exhibit
T2-weighted (T2W) hyperintensity and T1-weighted (T1W) hypointensity with moder-
ate but diffuse contrast enhancement.43,44 Two-thirds of sbNETs can be identified
on MRI and are more easily discernible on postgadolinium contrast T1W
fat-suppressed images.45 MRI can help characterize liver metastases when CT is
equivocal or when the background liver is steatotic. Lesions are more easily identified
on T2W and hepatic arterial phase T1W fat-suppressed imaging.46 Diffusion-weighted
imaging is useful in characterizing NETs, particularly pNETs and hepatic metastases,
as well as assessing response to liver directed therapy47–49 (Figs. 1 and 2).

Functional Imaging

Somatostatin receptors (SSTR) are differentially expressed in NETs with most
GEP-NETs expressing the subtype SSTR2.50,51 Functional imaging modalities
assess for SSTR2 expression and can provide additional staging and prognostic
information beyond cross-sectional modalities. Importantly, patients with lesions
that are SSTR2-avid can benefit from specific therapeutic options that are dis-
cussed later.52 111Indium-octreotide scintigraphy (OctreoScan) and PET-CT with
68Ga-DOTATATE are useful modalities for assessing for avid disease in patients
with low-grade (G1 or G2) and well-differentiated GEP-NETs. 68Ga-DOTATATE
PET has a higher sensitivity and specificity than 111Indium-octreotide scintigraphy.53

High-grade (G3) and poorly differentiated NETs have lower expression of SSTR and
are consequently poorly avid. However, these tumor lesions are metabolically
more active and take up the glucose analogue on PET with fludeoxyglucose F 18
imaging54 (Figs. 3 and 4).
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MARKERS OF NEUROENDOCRINE TUMORS DISEASE

Circulating and tissue markers of NET disease can be used to assess for disease,
prognosis, treatment response, and recurrence.55 Existing markers may be general,
like chromogranin A (CgA) and serotonin, or specific to subtypes of NETs like gastrin
and insulin. More novel markers, like mRNA transcript panels and circulating tumor
cells, are likely to have a role in the future.56–59

Chromogranin A

CgA is a soluble protein stored and secreted by NETs and has the most clinical utility
for diagnosis, prognosis and treatment response.60–62 Ameta-analysis has shown that
CgA has high sensitivity (73%) and specificity (95%) for the diagnosis of NETs.63 The
sensitivity of CgA varies according to the primary site, with higher sensitivity for gas-
trinomas (100%) and gastric NETs (95%) but lower sensitivity for pancreatic (70%)
NETs. CgA is of greater clinical utility in G1 andG2 NETs. An elevated CgA is predictive

Fig. 1. CT demonstrating the characteristic mesenteric changes from a sbNETwith tethering
as well as thick-walled bowel.

Fig. 2. Hepatic metastases from an NET demonstrating avid arterial enhancement.
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of shorter survival in small bowel and pNETs. The CgA assay can be falsely elevated
by other non-NET factors like proton pump inhibitors (PPI) use and renal impairment.

Serotonin and 5-Hydroxyindoleacetic Acid

Carcinoid syndrome develops from the secretion of 5-hydroxytryptamine (5-HT or
serotonin) and other vasoactive peptides.64 The secreted products from sbNETs
can cause a local mesenteric desmoplastic reaction as well as distant fibrosis of the
cardiac valves resulting in carcinoid heart disease. 5-HT secretion can be measured
directly in serum and platelet assays as well as indirectly from its metabolite

Fig. 3. CT scan (A) and Octreoscan (B) depicting neuroendocrine hepatic metastases
(arrows), which are avid on functional imaging assessment.

Fig. 4. Avid peritoneal metastasis seen on CT scan (A) and on 68Ga-DOTATATE PET (B) that
was not identified on Octreoscan.
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5-hydroxyindoleacetic acid in the urine. Elevated levels correlate with the likelihood of
carcinoid heart disease and liver metastases.

MANAGEMENT

Therapies for GEP-NETs are ideally aimed at a cure but also focus on symptom control
and antiproliferative effects. The management of NETs requires the use of several
different therapies including surgery, biotherapy, chemotherapy, peptide receptor
radionuclide therapy (PRRT), and tumor embolization. A multidisciplinary approach
is advocated given the multimodal approach to managing NET patients.1 Patients
with advanced disease or recurrence may require several different therapies over their
disease therapy, while others may have a more indolent disease and minimal symp-
toms that are well controlled for years.

Surgery for Primary Neuroendocrine Tumors

Surgery remains the only method for cure and should be considered in all patients if
technically feasible. Patients with localized GEP-NET tumors should be offered cura-
tive surgical resection of the primary lesion. The surgical management should be indi-
vidualized for each patient given oncologic and technical considerations as well as
comorbidities.
Nonrandomized studies have demonstrated a survival benefit for pNET patients

from surgery.65 Curative surgery in patients with metastatic pNETs offers a survival
benefit following resections of primary and metastatic disease.66 The role of primary
resection in the context of unresectable metastatic disease is less clear but there
may be some benefit at meta-analysis of nonrandomized studies.66

The resection of a primary sbNET and nodal mesenteric mass improves sur-
vival.67,68 Furthermore, many retrospective studies and meta-analyses have sug-
gested benefit from resecting the primary sbNET in the context of unresectable
metastatic disease.69 Benefit is thought to be due to the reduction in risk of complica-
tions, such as small bowel obstruction due to tumor mass effect. Similarly, resection of
both primary sbNET and hepatic metastases has an acceptable mortality and
morbidity with excellent long-term survival rates.67

Liver-directed Therapies

The size, number, and distribution of liver metastases are important factors that affect
survival and treatment strategies.70,71 Solitary liver metastases can be resected with
curative intent and can have 5-year survivals of 100%. Debulking surgery for liver dis-
ease should be considered a palliative option in patients with symptoms related to
carcinoid syndrome refractory to medical therapy or in whom there is evidence of clin-
ical or radiologic progression of disease. Debulking of greater than 90% of the hepatic
tumor burden may lead to longer survival as well as symptom control.72,73 However, a
Cochrane Review to assess the role of debulking surgery or cytoreductive surgery was
equivocal due to the lack of high-quality data.74,75

Locoablative therapy for hepatic metastases
Several interventional radiology and surgical techniques are available for ablation of
liver metastases. The methods available include radiofrequency ablation, microwave
ablation, cryotherapy, and irreversible electroporation. These methods can be per-
formed percutaneously, laparoscopically, or at open surgery. Radiofrequency ablation
series describe a 5-year overall survival of 53% with a local hepatic recurrence rate of
22% and new hepatic lesions in 63% of patients.76,77 There are no data to suggest an
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improvement in overall survival with ablative therapies primarily used for symptom
control from reduced hormone secretion.

Hepatic artery embolization
Embolization of the liver can result in necrosis of metastatic tumor tissue resulting in
decreased hormonal secretion. Hepatic artery embolization (HAE) can offer good tu-
mor control, although there are limited data on improvements in overall survival.78

Symptomatic response is seen in 40% to 80% of cases with a biochemical response
for hepatic embolization of 7% to 75% and 12% to 75% for hepatic chemoemboliza-
tion.78,79 A study by Gupta and colleagues78 demonstrated no additional benefit of
chemotherapy to transcatheter arterial embolization in metastatic small bowel tumors.
Contraindications to performing HAE include portal vein thrombosis, liver failure, and
biliary reconstruction as well as a patient’s poor performance status. Postembolization
complications include ileus, portal vein thrombosis, hepatic abscess, hepatic fistula,
encephalopathy, and renal insufficiency (Table 4).

Selective internal radiation therapy
Hepatic embolization with Yttrium-90 (90Y) selective internal radiation therapy (SIRT)
has been used for over a decade with a small number of studies in NET patients.88–91

A study by Kennedy and colleagues89 in 148 patients with unresectable NET liver me-
tastases demonstrated stable disease in 22.7%, partial response in 60.5%, and com-
plete response in 2.7%. 90Y microspheres have been better tolerated than
chemoembolization in these studies. A recent single-center retrospective series of
40 patients reported an objective tumor response and disease control rates of 54%
and 94%, respectively, with a mean overall survival from the first SIRT of
34.8 months.92

Medical Therapies for Neuroendocrine Tumors

Several therapy options are available for treating NET patients with advanced or
progressive disease with significant survival benefit. An approach is to tailor therapy
on the basis of tumor biology, predominantly from primary site, grade, and functional
imaging results.

Somatostatin analogues
Somatostatin analogues (SSA) are prescribed on the basis of SSTR expression, most
commonly ascertained by tumor avidity from functional imaging assessment.
Octreotide was the first synthetic analogue of somatostatin developed and reduces
hormonal secretion.93 The original preparation has a short half-life requiring intrave-
nous or 3-times-daily subcutaneous dosing regimen to maintain steady levels.94

Long-acting preparations (28 days) have been developed, but short-acting analogues
are useful for breakthrough symptoms and in the perioperative period.95–97

Moreover, long-acting analogues (LAR) have been demonstrated to have an anti-
proliferative effect. A randomized placebo-controlled prospective study in patients
with metastatic sbNETs demonstrated that long-acting octreotide inhibited tumor
growth and delayed time to progression.98 A further study in GEP-NETs (CLARINET)
using lanreotide confirmed the antiproliferative effects of SSAs with significantly pro-
longed progression-free survival (PFS; median not reached vs median of 18.0 months,
P<.001).99

Tolerance to SSAs is a recognized phenomenon, and there is a need for new
biotherapy agents. Pasireotide, a new multiligand SSA, has completed a phase III
study to assess control of functional symptoms in patients with metastatic NET. In
this study, pasireotide LAR was compared with octreotide LAR in patients with
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Table 4
Response rates to hepatic embolization and chemoembolization

Study Type of NET HACE or HAE No. of Patients Clinical Response (%) Biochemical Response (%) Radiological Response (%)

Rusniewski et al,80 1993 Small bowel HACE 24 73 57 33

Therasse et al,81 1993 Small bowel HACE 23 100 91 35

Clouse et al,82 1994 Small bowel HACE 14 90 69 78

Diaco et al,83 1995 Small bowel HACE 10 100 — 60

Roche et al,84 2003 Small bowel HACE 14 70 75 86

Kim et al,85 1999 Pancreatic HACE 14 — 90 50
Small bowel 16 — 75 25

Drougas et al,86 1998 Small bowel HACE 14 66 100 —

Gupta et al,78 2005 Small bowel HAE or HACE 69 — — 67
Pancreatic 54 35

Marrache et al,87 2007 Small bowel
Pancreatic

HACE 48 91 65 37
19

Biochemical response is greater than 50% reduction in tumor markers CgA. Radiological response is reduction in tumor volume greater than 50% using cross-
sectional imaging.

Abbreviations: HACE, hepatic artery chemoembolization; HAE, hepatic artery embolization.
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uncontrolled NET symptoms and did not demonstrate any significant improvement in
symptoms.100 However, a median investigator-assessed PFS of 11.8 months for
pasireotide (vs 6.8 months for octreotide) was observed (hazard ratio 5 0.46;
P 5 .045).

Interferon-a
Interferon therapy has been used since 1982 for symptom control with 50% to 60% of
carcinoid syndrome patients experiencing a reduction in flushing and diarrhea.94 Sig-
nificant biochemical responses are reported in 40% to 50% of cases. Its mechanism
of action is unclear, although it is thought to act through antisecretory and immuno-
modulatory functions.

Chemotherapy
Chemotherapy has beenwidely used as first-line therapy for unresectable poorly differ-
entiated NETs and well-differentiated pNETs. The results from different pNET chemo-
therapy regimens are variable. The response rates demonstrated by Moertel nearly
40 years ago have been difficult to replicate in recent studies.101 Most chemotherapy
trials have been single-center retrospective series. However, the multicenter random-
ized prospective study NET-01 study reported recently on the addition of cisplatin to
capecitabine and streptozocin (STZ) in GEP-NETs patients. It demonstrated no benefit
of adding cisplatin to a capecitabine and STZ regimen. The disease control rate was
80% with the medical PFS of 10.2 months.102 STZ-based combinations are an
accepted first-line chemotherapy regimen for well-differentiated G1 or G2 pNETs.
In well-differentiated pNETs, there is also evidence emerging regarding the use

of Temozolomide, either as monotherapy or in combination with capecitabine.103

A retrospective study of temozolomide combined with capecitabine in 30
chemotherapy-naive patients demonstrated an objective radiographic response rate
of 70% and a median PFS of 18 months.104 In contrast, the overall response rate
for sbNETs to a range of chemotherapy agents is less than 30%105–108 (Table 5).

Peptide receptor radionuclide therapy
PRRT is a systemic therapy using radiolabeled SSAs that bind to SSTR expressed on
GEP-NETs and are internalized causing radiation-induced cell death. PRRT has been
in use in Europe since the early 1990s but has not been approved by the US Food and
Drug Administration in the United States. There is a large amount of data from single
centers across Europe and only a single phase 3 randomized controlled trial (RCT) that
has recently reported interim results.116,117

The two commonly used radionuclide therapies are yttrium Y-90-DOTA-octreotate
and lutetium Lu-177-DOTA-octreotate, which both have similar efficacies.118,119

Across all studies, symptomatic improvement has been reported in 60% to 80% of
cases. Partial tumor response of greater than 50% tumor load is seen in 9% to 33%
of patients, whereas stable disease is reported in approximately two-thirds of cases.
The first phase 3 randomized control study (NETTER-1) for Lutetium DOTATATE ther-
apy in sbNETs patients with carcinoid syndrome recently reported and demonstrated
an improved survival benefit when compared with octreotide LAR 60 mg 4 weekly.117

The objective response rate was 19% in the NETTER-1 study, although radiological
response rates were lower than those reported in retrospective studies.
The main adverse effect with radiopeptide receptor therapy is due to the cumulative

effect of bone marrow suppression, often seen after 3 doses. Other side effects
include fatigue, tiredness, nausea, and, occasionally, liver failure. Long-term renal
impairment can occur and is a key contraindication for therapy in patients. Bodei
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Table 5
Response rates from chemotherapy in well and poorly differentiated neuroendocrine tumors

Study Regimen No. of Patients Objective Response (%) Response Duration Median Survival (mo)

Well-differentiated GEP NETs

Moertel & Hanley,108 1979 STZ 1 cyclophosphamide 42 33 17 28.4 small bowel
STZ 1 5-FU 47 26 17 28.4 pancreas

Moertel et al,106 1992 Dox 1 STZ 36 69 20 26
STZ 1 5-FU 33 45 6.9 18

Eriksson et al,107 1990 Dox 1 STZ 25 24 22 —
STZ 1 5-FU 19 11

Sun et al,109 2005 Dox 1 5-FU 85 15.9 4.5 —
STZ 1 5-FU 78 16 5.3

Kulke et al,110 2006 Irinotecan 1 cisplatin 18 78 (only stable disease) 4.5 11.4

Kulke et al,105 2004 Gemcitabine 18 65 (only stable disease) 8.3 11.5

Rivera & Ajani,111 1998 Dox 1 STZ 1 5-FU 12 55 15 21

Kulke et al,112 2006 Thalidomide 1 temozolomide 29 25 13.5 —

Poorly differentiated GEP NETs

Moertel et al,113 1991 Etoposide 1 cisplatin 18 67 8 19

Mitry et al,114 1999 Etoposide 1 cisplatin 41 42 9 15

Mani et al,115 2008 Irinotecan 1 cisplatin 20 58 4 —
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and colleagues120 reported a decrease in creatinine clearance of between 5% and
10% in 20 of 23 patients treated with 90Y at 1-year after therapy.
Some NETs have uptake of metaiodobenzylguanidine (MIBG), and therefore, radio-

labeling MIBG is an alternative PRRT for targeted therapy. Since the first reports in
1994 of 131I-MIBG therapy in NETs,many studies have been published showing variable
response radiological response rates, with symptom response between 60% and 80%,
with median duration of action between 6 and 24months.121–126 Treatment is well toler-
ated, and toxicity is often limited usually to temporary myelosuppression. Long-term
follow-up data have demonstrated safety and efficacy127 (Table 6).

Everolimus
Everolimus is a mammalian target of rapamycin (mTOR) inhibitor that targets the
serine-threonine kinase that stimulates cell growth, proliferation, and angiogenesis.131

The RADIANT 3 study was the pivotal study that demonstrated a significantly longer
PFS compared with placebo in patients with pNETs (11.0 vs 4.6 months;
P<.001).132 This treatment is licensed for use with well- or moderately differentiated
pNETs and is generally well tolerated with common side effects including mucositis
and fatigue. Recently, the RADIANT-4 study compared Everolimus alone or in combi-
nation with sandostatin LAR in patients with progressive unresectable pulmonary or
sbNETs.133 The results demonstrate an increase in PFS of 11 months when compared
with sandostatin LAR supportive care alone.

Sunitinib
Sunitinib is an inhibitor of multiple tyrosine kinase receptors, including platelet-derived
growth factor receptor, vascular endothelial growth factor receptor, KIT, and RET. A
phase III RCT demonstrated an increased PFS in patients with progressive pNETs
compared with placebo (11.4 vs 5.5 months; P<.001).134 This drug is licensed for
use in well- to moderately differentiated pNETs.

SUMMARY

� NETs are increasing in incidence, have a high prevalence, and are heterogenous
in nature.

� Symptoms can be missed, resulting in late diagnosis.

Table 6
Response rates for peptide receptor therapy in neuroendocrine tumors

Authors No.

Response (%)

CR PR MR SD PD
90Y-DOTATOC

Otte et al,128 1999 29 0 2 (7) 4 (14) 20 (69) 3 (10)

Waldherre et al,129 2002 39 2 (55) 7 (18) n/a 27 (69) 3 (8)

Valkema et al,130 2006 52 0 5 (10) 7 (13) 29 (56) 14 (26)
90Y-DOTATATE

Baum et al,118 2005 75 0 28 (37) n/a 39 (52) 8 (11)

Lu177- DOTATATE

Kwekkeboom et al,116 2008 310 5 (2) 96 (28) 51 (16) 107 (35) 61 (20)

Criteria for response used WHO criteria.
Abbreviations: CR, complete response; MR, minor response; n/a, not applicable; No., number of

cases; PD, progressive disease; PR, partial response; SD, stable disease.
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� Pathologic classification (grading and staging) is complex but key to understand-
ing tumor behavior.

� Recent advances in genetics may lead to personalized therapies.
� Imaging should include anatomic cross-sectional as well as functional methods.
More sensitive modalities have developed in the last 10 years.

� Treatment methods are diverse, requiring initial assessment for surgery, followed
by locoregional therapies (often to the liver), and then, if needed, systemic ther-
apy, including PRRT, biological therapy, and chemotherapy.

� The field is advancing rapidly, and patients are best assessed in larger centers
where all possible diagnostics and therapies are available.
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Heritable Gastrointestinal
Cancer Syndromes

Elena M. Stoffel, MD, MPH

GENES AND CANCER

Like most other cancers, gastrointestinal neoplasms arise as a consequence of the
deregulation of signaling pathways controlling cell survival and genome mainte-
nance.1 In almost all tumors, genetic mutations that affect the function of genes
involved in key cell regulatory functions (eg, tumor suppression and DNA repair) occur
sporadically in individual cells as so-called somatic events. However, a small propor-
tion of individuals harbor mutations in their germline DNA that predispose to the devel-
opment of gastrointestinal neoplasms. Because epithelial cells of the digestive tract
are among the most rapidly dividing cells in the human body, germline mutations in
a variety of cancer genes can be associated with dramatic increases in risk for gastro-
intestinal tumors.
Identification of the various heritable syndromes associated with risk for gastroin-

testinal neoplasia has come about throughmeticulous study of hundreds of individuals
belonging to cancer families. Categorization of clinical histories and tumor phenotypes
has led to the identification of specific hereditary cancer syndromes and the germline
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KEY POINTS

� Although almost all gastrointestinal cancers develop as a consequence of sporadic
genomic events, approximately 5% arise in the setting of germline mutations in genes
known to be associated with cancer predisposition.

� The number of genes associated with heritable cancer syndromes continues to increase,
and tumor phenotypes, along with family history, provide the framework for identifying in-
dividuals at risk.

� Making the diagnosis of a hereditary cancer syndrome has implications for management
of patients with gastrointestinal neoplasia and for their family members.

� Systematic approaches that integrate family history and molecular characterization of tu-
mors and polyps can facilitate identification of individuals with genetic predisposition to
gastrointestinal cancer.
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Table 1
Heritable cancer syndromes associated with predisposition to gastrointestinal cancers

Syndrome Genes

Estimated Carrier
Frequency (General
Population)

Lifetime Cancer Risks

CRC Gastric Small Bowel Pancreatic Breast Ovarian Endometrial

Lynch Syndrome MLH1, MSH2, MSH6,
PMS2, EPCAM

1 in 280–350 e b — a a b d

Familial Adenomatous
Polyposis

APC 1 in 1000 e a b — — — —

MUTYH-Associated
Polyposis

MUTYH 1 in 100 c — — — — — —

Li Fraumeni Syndrome P53 — b b a c — —

Juvenile Polyposis SMAD4
BMPR1A

— c b a — — —

Peutz-Jeghers Syndrome STK11 — c b a c d — —

Cowden or PTEN
Hamartoma Tumor
Syndrome

PTEN — b — — — c — c

Hereditary Diffuse Gastric
Cancer

CDH1 — a,b e — — d — —

Hereditary Breast Ovarian
Cancer Syndrome

BRCA1
BRCA2

— — — — a e c —

PALB2 TBD c a

Familial Atypical Multiple
Mole Melanoma

CDKN2A — — — — b — — —

Abbreviation: TBD, to be determined.
a 2% to 5%.
b 5% to 20%.
c 21% to 40%.
d 41% to 60%.
e Greater than 60%.
Adapted from Stoffel EM. Screening in GI cancers: the role of genetics. J Clin Oncol 2015;33(16):1722; with permission.
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DNA alterations corresponding to each (Table 1). Personal and family history remains
the primary components of clinical algorithms used for cancer risk stratification. How-
ever, variability in penetrance and expressivity associated with heritable gene muta-
tions can make family history imprecise and approaches that integrate tumor
histopathology and molecular phenotype with family history offer the opportunity to
most effectively identify individuals with genetic predisposition to cancer. Because ad-
vances in genomic technologies promise to make tumor profiling routine as a strategy
for selecting treatments, this information can also be used to identify individuals
whose cancers arise as a consequence of germline mutations associated with cancer
predisposition. The implementation of universal screening of colorectal cancer (CRC)
for DNA mismatch repair (MMR) deficiency is effective not only in guiding oncologic
therapies but also in identifying CRC patients affected with Lynch syndrome.2 Further-
more, there are additional histopathologic subtypes of gastrointestinal cancers (eg,
signet ring cell gastric cancers, pancreatic cancers with somatic BRCA1 or BRCA2
mutations) for which genetic evaluation should be considered.
This article presents an overview of heritable cancer syndromes associated with risk

for gastrointestinal cancers, and outlines strategies for diagnosis and management of
at-risk individuals.

COLORECTAL CANCER

CRC is the third most common cancer affecting men and women in the United States,
with the average individual having a lifetime risk of 5%. Family history is among the
strongest predictors of risk for CRC; consequently, current algorithms for CRC
screening and surveillance rely heavily on family history of CRC to determine age to
begin screening and surveillance intervals.3 Approximately 1 in 3 individuals diag-
nosed with CRC reports a diagnosis of CRC in a close relative and, on average, 1 in
20 CRC patients carries a germline mutation associated with a heritable cancer syn-
drome.4 The National Comprehensive Cancer Network (NCCN) criteria for identifying
individuals for whom genetic referral should be considered for evaluation for genetic
syndromes associated with CRC risk are presented in Box 1.5 Although routine imple-
mentation of CRC screening among individuals age 50 years and older has resulted in
overall reductions of CRC-related incidence and mortality, incidence of CRC among
individuals age less than 50 years continues to rise by 1.5% per year.6 The prevalence

Box 1

National Comprehensive Cancer Network criteria for further risk evaluation for high-risk

syndromes associated with colorectal cancer

1. Individuals meeting the revised Bethesda guidelines

2. Individuals meeting the Amsterdam criteria

3. Individuals with greater than 20 colorectal adenomas

4. Individuals with multiple gastrointestinal hamartomatous polyps or serrated polyposis

5. Individuals from a family with a known hereditary syndrome associated with CRC with or
without a known mutation

6. Individuals with desmoid tumor, cribriform-morular variant of papillary thyroid cancer, or
hepatoblastoma

Data from National Comprehensive Cancer Network. Genetic/Familial high-risk assessment:
colorectal. NCCN clinical practice guidelines in oncology 2015. v. 2.2015. Available at: nccn.
org. Accessed April 13, 2016.
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of germline mutations associated with cancer predisposition is higher among individ-
uals diagnosed at young ages and studies suggest many of these do not meet the
classic diagnostic criteria for the associated syndrome.7 Several hereditary cancer
syndromes confer lifetime risks of CRC that exceed 50% in the absence of medical
or surgical intervention, justifying the importance of presymptomatic diagnosis for
these high-risk individuals.
Family history has long been a cornerstone for CRC risk assessment and identifica-

tion of individuals at risk for hereditary CRC. The Amsterdam criteria (�3 relatives
diagnosed with CRC, in 2 or more consecutive generations, with at least 1 case diag-
nosed at age <50 years) were originally developed for research purposes to identify
individuals with presumed autosomal dominant inherited predisposition syndromes.8

Although the Amsterdam criteria have proven invaluable in identifying families with
germline mutations in DNA MMR genes associated with Lynch syndrome, observa-
tions that fewer than half of families with genetically confirmed Lynch syndrome
meet the Amsterdam criteria9 and that 1 in 4 individuals with germline MMRmutations
have atypical family histories10 illustrate the limited sensitivity of family history of can-
cer for identifying individuals with heritable cancer syndromes.
Tumor analysis offers another avenue for identifying individuals with genetic predis-

position to cancer. CRCs develop through different molecular pathways (eg, chromo-
somal instability, DNA MMR deficiency, and aberrant DNA methylation) that are
associated with differences in treatment responses and prognosis; consequently mo-
lecular profiling of CRCs for somatic mutations in BRAF, KRAS, and DNA MMR status
has been integrated into standard algorithms used to guide therapy.11 Universal
screening of CRC tumors for DNA MMR deficiency associated with Lynch syndrome
is the starting point for clinical algorithms used to stratify CRC patients with regard to
risk for heritable cancer syndromes (Fig. 1).

Lynch Syndrome

Lynch syndrome, also known as hereditary nonpolyposis CRC (HNPCC), is respon-
sible for 3% of all CRC cases, making it the most common heritable syndrome asso-
ciated with risk for CRC.10 The molecular basis of Lynch syndrome is germline
mutations in 1 of the DNA MMR genes (MLH1, MSH2, MSH6, PMS2, or EPCAM)
that lead to accumulation of mutations and development of tumors, which exhibit
high levels of DNA microsatellite instability (MSI)-H. The carrier rate of germline
MMR mutations is estimated to be 1 in 280 to 440 in the general population.12 CRC
is the most common cancer affecting MMR mutation carriers, with lifetime risk of
CRC ranging from 22% to 75% and endometrial cancer risks for women ranging
from 32% to 45%.13–17 Risks for additional extracolonic cancers are also increased
for carriers of DNA MMR germline mutations, among these ovarian, gastric, small in-
testinal, urinary tract, brain, pancreatic, and sebaceous neoplasms of the skin.

Diagnosis
Identification of individuals at risk for Lynch syndrome involves assessment of per-
sonal and family history and tumor phenotypes, and the diagnosis is confirmed
once a pathogenic mutation in a DNA MMR gene (MLH1, MSH2, MSH6, PMS2, or
EPCAM) is identified through testing of germline DNA. Clinical guidelines (eg, Amster-
dam criteria, Bethesda guidelines18) and risk prediction models (eg, MMRPro,12

PREMM1,2,619) have been used for identifying carriers of MMR mutations based on
personal and family history; however, universal screening of all CRC tumors for
MMR deficiency has been shown to be the most sensitive and cost-effective strategy
for identifying individuals with Lynch syndrome.2,20
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CRC

MMR Proficient (85%) MMR Deficient (15%)

BRAF mutation 
absent 

(wild type)
and/or absent 

MLH1 promoter 
hypermethylation

Referral for genetic testing for Lynch 
Syndrome

BRAF mutation 
and/or MLH1 

promoter 
hypermethylation 

present

Tumor absence of
MSH2, MSH6, or PMS2 

(isolated)

Tumor absence of 
MLH1

No family history
and

Personal history 
<20 polyps

Personal history of 
>20

polyps

Family history (+)
or

Personal history 
+ for other herald 

cancers 

Consider genetic referral

Assess phenotype + Family history

Assess for somatic 
BRAF mutation

Assess for MMR Deficiency
MSI/IHC

No further testing

>3 hamartomatous polyps

yes
No

Fig. 1. Algorithm for universal screening of CRC tumors for genetic syndromes. IHC, immunohistochemistry; MSI, microsatellite instability. (Adapted
from Stoffel EM, Boland CR. Genetics and genetic testing in hereditary colorectal cancer. Gastroenterology 2015;149(5):1198; with permission.)
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Tumor screening CRC tumors can be screened for MMR deficiency using polymerase
chain reaction–based testing for instability at DNA MSI or through immunohistochem-
istry (IHC) staining for DNA MMR proteins MLH1, MSH2, MSH6, and PMS2. Absence
of expression of 1 or more MMR proteins is considered diagnostic of MMR deficiency.
Approximately 15% of CRCs are MMR-deficient, with most of these exhibiting loss of
MLH1 or PMS2 protein expression as a result of somatic mutations in BRAF or MLH1
promoter hypermethylation. Individuals whose tumors exhibit either loss of MSH2
and/or MSH6 proteins, or loss of MLH1 and/or PMS2 in the absence of somatic
BRAF mutations or MLH1 promoter hypermethylation should be tested for germline
mutations in MMR genes to confirm the diagnosis of Lynch syndrome. Lynch syn-
drome can be implicated in approximately 3% of all CRCs, and most Lynch syn-
drome–associated CRCs are MMR-deficient. Although sensitivity of either MSI or
IHC individually for identifying individuals with Lynch syndrome ranges from 77% to
90%, results can be discordant, and false negatives can occur, especially in CRCs
associated with germline mutations inMSH6.21 Although tumor screening of endome-
trial cancers has similar performance characteristics to CRC, testing of other neo-
plasms (eg, ovarian cancers, colorectal adenomas22) for MMR deficiency may be
less sensitive.

Management
Making a diagnosis of Lynch syndrome has significant implications for clinical man-
agement for patients who have cancer and their at-risk relatives. Lynch syndrome–
associated colorectal neoplasms develop at young ages and exhibit accelerated
adenoma-carcinoma progression compared with sporadic CRC, thus specialized sur-
veillance is required with colonoscopy every 1 to 2 years beginning at age 20 to 25
years.20,23 Given the high risk for endometrial cancer, it is recommended that women
begin annual surveillance with endometrial biopsy and transvaginal ultrasound starting
at age 30 to 35 years, with consideration for prophylactic hysterectomy once child-
bearing has been completed (Box 2).20,23

For individuals diagnosed with CRC, the high risk for metachronous CRC justifies
consideration of a more extensive surgical resection (eg, subtotal colectomy).20

Furthermore, observations that Lynch syndrome–associated CRCs may have a less
favorable response to treatment with 5-fluorouracil24 and that advanced MSI-H
CRCs may respond well to programmed cell death-1 inhibitors25 has implications
for oncologic therapies.
Once the diagnosis of Lynch syndrome has been made, patients should be

instructed to share this information with at-risk family members who may benefit
from predisposition genetic testing and/or enhanced surveillance. Population-based
screening for Lynch syndrome can be cost-effective and models estimate that be-
tween 3 to 4 asymptomatic relatives need to be tested for each germline mutation car-
rier identified.26

COLONIC POLYPOSIS SYNDROMES
Familial Adenomatous Polyposis

Although familial adenomatous polyposis (FAP) accounts for only 1% of all CRCs,4 it is
perhaps the most readily recognizable of the heritable syndromes based on its classic
phenotype of 100s to 1000s of colorectal polyps. For individuals with the classic
phenotype, the lifetime risk for CRC may exceed 90% in the absence of proctocolec-
tomy. Although the colorectal polyposis is the most distinctive manifestation, ade-
nomas can develop in the duodenum and ampulla. Risk for thyroid cancer is
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Box 2

Recommended cancer surveillance for individuals at risk for heritable gastrointestinal cancers

Syndrome Management

Lynch syndrome Colonoscopy every 1–2 years starting at age 20–25 years
Consider upper endoscopy every 3–5 years
Consider endometrial cancer screening (transvaginal ultrasound and/

or endometrial biopsy) starting at age 30–35 years or prophylactic
hysterectomy after completion of childbearing (women)

Familial adenomatous polyposis
Classic Colonoscopy every 1–2 years, starting at age 10–12 years, colectomy

for large polyp burden
Upper endoscopy every 6 months to 4 years
Consider annual thyroid ultrasound

Attenuated Colonoscopy every 1–2 years, beginning in late adolescence
Consider upper endoscopy

MUTYH-associated
polyposis

Colonoscopy every 1–2 years, starting at age 20–25 years
Upper endoscopy every 1–3 years
Consider thyroid ultrasound

Peutz-Jeghers
syndrome

Upper endoscopy every 2–3 years starting at age 8–10 years
Small bowel (capsule endoscopy or CT/MR enterography) every

1–3 years starting at age 8–10 years
Colonoscopy every 2–3 years, starting in teenage years
Pancreas screening (MR cholangiopancreatography or EUS) every

1–2 years, starting at age 35 years.
Mammogram and breast MRI, yearly, starting at age 25 years
Testicular examination or ultrasound yearly (men)
Transvaginal ultrasound, yearly, starting at age 18–25 years (women)

Juvenile polyposis Upper endoscopy every 1–3 years starting age 15 years
Colonoscopy every 1–3 years starting age 15 years
SMAD4 mutation carriers should have screening for hereditary

hemorrhagic telangiectasia
Cowden syndrome Colonoscopy every 3–5 years, beginning age 30–35 years

Upper endoscopy, interval depends on polyp burden
Mammogram and breast MRI, yearly, starting at age 25 years
Endometrial cancer screening with transvaginal ultrasound and/or

endometrial biopsy starting age 30–35 years (women)
Thyroid ultrasound (annual)
Consider renal ultrasound (annually)

Familial colorectal
cancer type X

Colonoscopy every 3–5 years
Beginning age 30–35 years

Serrated polyposis Colonoscopy every 1–3 years depending on polyp burden

Hereditary diffuse
gastric cancer

Upper endoscopy annually beginning in late adolescence
Consider prophylactic total gastrectomy after age 20 years
Consider colonoscopy
Breast screening with mammogram and breast MRI annually starting

at age 25 years
Genetic predisposition

to pancreatic cancer
Endoscopic ultrasound alternating with MR

cholangiopancreatography (annual), beginning at age 50 years or
10 years earlier than relatives’ diagnosis

Adapted from Syngal S, Brand RE, Church JM, et al. ACG clinical guideline: genetic testing
and management of hereditary gastrointestinal cancer sydromes. Am J Gastroenterol
2015;110(2):223–62; and Giardiello FM, Allen JI, Axilbund JE, et al. Guidelines on genetic eval-
uation and management of Lynch syndrome: a consensus statement by the US Multi-Society
Task Force on colorectal cancer. Gastroenterology 2014;147(2):502–26.
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increased and some FAP patients develop intra-abdominal desmoid tumors, which
can be a significant source of morbidity and mortality.
Germline mutations in adenomatous polyposis coli (APC), a tumor suppressor gene

that regulates beta catenin in Wnt signaling, can be identified in 90% of individuals
with classic FAP. Somatic mutations in APC occur in up to 80%of all CRCs, and repre-
sent the first step in the adenoma-carcinoma transformation.27 Germline APC muta-
tions occur at a population frequency of 1 in 7000. APC is a very large gene (15
exons) and phenotypes can vary based on location of the mutation, and individuals
with germline mutations in APC in 30 and 50 ends are more likely to have fewer polyps,
which may develop at later ages. Although FAP is characterized by autosomal domi-
nant transmission, up to 30% of APC mutation carriers have no family history of the
disease and are believed to represent de novo mutations.

Diagnosis
The diagnosis of FAP is usually made based on the extensive adenomatous polyposis
of the colon, and genetic testing confirms germline APC mutations in 90% of individ-
uals affected with the classic phenotype. Approximately 5% to 10% of germline APC
mutations exhibit attenuated colonic polyposis phenotypes (10–100 adenomas); thus
genetic evaluation should be considered for individuals with more than 10 to 20 ade-
nomas.23,28 The identification of mutations in other genes (eg,MUTYH, POLE, POLD1;
see later discussion) in some individuals with adenomatous polyposis suggests
diverse genetic causes for adenomatous polyposis and there additional genes may
yet be discovered.

Management
The risk for CRC associated with classic adenomatous polyposis is very high,
requiring careful surveillance and/or prophylactic surgery. The timing of surgery de-
pends on the polyp burden. Colonoscopic surveillance in APC mutation carriers
should begin at age 10 to 12 years and continue until polyp burden is no longer
amenable to endoscopic control, at which time surgical colectomy would be indi-
cated. Surgical options include total proctocolectomy with ileoanal anastomosis,
ileorectal anastomosis, or end ileostomy. Surveillance of any remaining rectal tissue
and/or ileal pouch should continue at 6 to 12 month intervals with the goal of removing
all polyps.
Nearly half of FAP patients will develop clinically significant adenomas in their upper

gastrointestinal tract; thus endoscopic surveillance (using a standard endoscope and
duodenoscope) should be performed at intervals ranging from 6 month to 5 years
depending on polyp burden.29 Severity of duodenal disease can be assessed using
the Spigelman stage,30 and the goal of surveillance should be to remove any duodenal
and/or ampullary adenomas that are large (>10 mm) or contain high-grade dysplasia.
Because Spigelman stage IV duodenal polyposis is associated with high risk for ma-
lignant transformation, these individuals may be candidates for surgery (pancreas-
sparing duodenectomy vs Whipple). Gastric polyps are common in individuals with
FAP and some individuals develop extensive gastric polyposis, which is usually
made up of fundic gland polyps. Although low-grade dysplasia is often reported in
fundic gland polyps, this does not seem to be associated with malignant transforma-
tion. Gastric cancer is uncommon in FAP and gastric surgery should only be consid-
ered for patients with gastric cancer or gastric adenomas with high-grade dysplasia
not amenable to endoscopic resection.
Chemoprevention agents can have a role in management of individuals who

have undergone colectomy but still have significant polyp burden in the duodenum
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and/or rectum. Sulindac and cyclooxygenase (COX)-2 inhibitors have demonstrated
some effectiveness; however, the occurrence of interval neoplasms in some individ-
uals on long-term therapy emphasizes the importance of continued surveillance.
Studies are ongoing to assess the effectiveness of these medications for controlling
polyp burden in FAP patients who have not undergone colectomy; however, at this
time, chemoprevention should not be considered as an equivalent alternative to
colectomy.23

With regard to extraintestinal surveillance, given the increased risk for thyroid can-
cer thyroid screening (physical examination and/or ultrasound) should be considered
for patients with FAP. Desmoid tumors can be a significant source of morbidity for
some patients and, because management of these neoplasms can be challenging,
consultation with expert centers can be of value.

MUTYH-Associated Polyposis

Some individuals presenting with classic polyposis without a detectable APC muta-
tions have been found to carry biallelic mutations in MUTYH, a base excision repair
gene.31 MUTYH-associated polyposis (MAP) has since been associated with a variety
of clinical phenotypes, including autosomal recessive polyposis, attenuated polypo-
sis, and even CRCs developing in the absence of polyps. Population-based studies
have identified monoallelic mutations at a population frequency of 1 in 100, with bial-
lelic MUTYH mutations in 1.7% of unselected CRC cases.32 Although some individ-
uals with biallelic MUTYH mutations have colonic and extracolonic features that
resemble classic FAP, most individuals with MAP manifest attenuated polyposis,
frequently with fewer than 20 adenomas.
Colorectal surveillance for individuals with MAP involves colonoscopy every 1 to

2 years, with the interval dictated largely by the polyp burden. Because some individ-
uals can develop polyps of the upper gastrointestinal tract, a baseline upper endos-
copy should be considered.23

Polymerase Proofreading Associated Polyposis

Polymerase proofreading–associated polyposis (PPAP) is associated with germline
mutations in POLE and POLD1, which were originally identified as somatic mutations
in hypermutated CRC tumors.33 Germline mutations in POLE and POLD1 have been
identified in rare families with highly penetrant autosomal dominant CRC.34 The clinical
phenotype of PPAP families is variable and, although the original families were char-
acterized by multiple individuals affected with multiple colorectal adenomas, germline
mutations have been found in families with a nonpolyposis phenotype. In addition,
POLE and POLD1 germline mutations have been associated with increased risks for
endometrial cancer35 and duodenal cancer.36 At this time, cancer surveillance is
dictated by clinical phenotype.

Hamartomatous Polyposis Syndromes

Hamartomatous polyposis, defined as occurrence of more than 3 to 5 hamartomatous
polyps in the gastrointestinal tract, is rare, implicated in less than 0.5% of all CRC
cases.4 Germline mutations in SMAD4 and BMPR1A (juvenile polyposis syndrome
[JPS]), STK11 (Peutz-Jeghers syndrome [PJS]), and PTEN (PTEN hamartoma tumor
syndrome [PHTS] or Cowden syndrome) predispose to development of hamartoma-
tous polyps as well as various gastrointestinal and other associated cancers.
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Juvenile polyposis syndrome
JPS, which often presents with multiple hamartomatous polyps in the stomach and/or
colon, is associated with germline mutations in SMAD4 and BMPR1A, which encode
proteins involved in the transforming growth factor beta signaling pathway. JPS-
associated hamartomatous polyps can be associated with symptomatic gastrointes-
tinal blood loss and potential for malignant transformation. Althoughmost patients can
be managed endoscopically with upper and lower endoscopy at 1 to 3 year intervals,
surgical colectomy and/or gastrectomy is sometimes warranted. SMAD4 mutations
are associated with risk for hereditary hemorrhagic telangiectasia, and mutation
carriers should be screened for cerebrovascular and pulmonary arteriovenous
malformations.23

Peutz-Jeghers syndrome
PJS, is characterized by multiple hamartomatous gastrointestinal polyps, mucocuta-
neous pigmentation, and increased risk for cancers of multiple types. Small bowel
hamartomas can result in intussusception and small bowel obstruction, a common
clinical presentation. Germline mutations in STK11 are identified in 50% to 70% of
affected individuals and are associated with increased risk for gastrointestinal tumors
(gastric, colorectal, pancreatic), as well as breast, genitourinary, and lung cancers,
with estimated lifetime risk for developing any cancer ranging from 37% to 93%.37,38

Recommended surveillance for individuals with PJS includes screening for small
bowel polyps (with video capsule endoscopy or MR enterography), upper endoscopy,
and colonoscopy at 1 to 3 year intervals, depending on polyp burden. The high risk for
extraintestinal cancers warrants enhanced surveillance for breast cancer (MRI and
mammogram beginning at age 25 years) and gynecologic tumors (pelvic examination
and transvaginal ultrasound). Because of the high lifetime risk for pancreatic cancer, it
is reasonable to begin screening with MR cholangiopancreatography and/or endo-
scopic ultrasound at age 35 years.23

Cowden syndrome
Cowden syndrome (or PHTS) is associated with germline mutations the phosphatase
and tensin homolog (PTEN). The clinical phenotype of germline mutation carriers is
highly variable and includes increased risk for many different cancer types (notably
breast, thyroid, endometrial, and kidney)39 as well as characteristic physical examina-
tion findings (macrocephaly, oral mucosal cobblestoning, pigmentation of the glans
penis, cutaneous trichilemmoma, and multiple lipoma). The gastrointestinal pheno-
type can be variable as well, with the colonic phenotype ranging from no polyps to
multiple gastrointestinal hamartomas, adenomas, serrated polyps, hyperplastic
polyps, and ganglioneuromas; and the degree to which risk for CRCmay be increased
likely depends on the individual’s phenotype.40 PTEN mutation carriers can develop
upper gastrointestinal tract findings, including gastroduodenal polyps and esophageal
acanthosis glycans. Gastrointestinal tract surveillance includes upper endoscopy and
colonoscopy every 1 to 3 years depending, on polyp burden. The high risk for extra-
intestinal cancers requires enhanced breast surveillance, as well as screening for uter-
ine, thyroid, and kidney cancers.

Serrated Polyposis

Serrated polyposis (previously known as hyperplastic polyposis) has been defined by
the World Health Organization based on any of the following41: (1) 5 or more serrated
polyps proximal to the sigmoid colon with at least 2 measuring greater than 10 mm, (2)
any number of serrated polyps in the proximal colon in an individual who has a first-
degree relative with serrated polyposis, or (3) greater than 20 serrated polyps of any
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size distributed throughout the colon. Sessile serrated polyps are thought to be the
precursors of CRCs that arise through the serrated pathway of colorectal
neoplasia,42,43 most of which exhibit DNA MMR deficiency phenotypes or MSI with
loss of protein expression of MLH1 and PMS2. The heterogeneity among cases and
the lack of an identifiable genetic cause raise concerns that serrated polyposis may
not be a single disease.44 Although biallelic MUTYH mutations have been reported
in some individuals meeting criteria for serrated polyposis,45 clinical genetic testing
is rarely informative.
Colonoscopy with polypectomy is the recommended management strategy for

serrated polyposis; however, these polyps can be difficult to visualize and some
studies suggest these lesions may be more likely to progress to cancers when
compared with conventional adenomas46 and lifetime CRC risk estimates range
from 7% to 50%.47,48 Consequently, colonoscopy every 1 to 3 years is required,
with consideration of surgical colectomy for patients whose polyp burden is not
amenable to endoscopic control.

Familial Colorectal Cancer Type X

Approximately 40% to 50% of families with what seems to be autosomal dominant
CRC meeting Amsterdam criteria have tumors that are DNA MMR proficient and do
not have detectable germline mutations in DNAMMR genes. This subgroup of HNPCC
is referred to as familial CRC type X (FCCX).49 Despite extensive efforts to identify
germline mutations in FCCTX families, a single unifying genetic diagnosis has not
been identified. In contrast to Lynch syndrome, in FCCTX the average age at CRC
diagnosis is older, and risk for CRC seems to be only moderately (2-fold to 3-fold)
higher than general population risk, without increase in risk for extracolonic tu-
mors.49,50 Consequently, cancer surveillance is much less intense for FCCTX families
than for Lynch syndrome, and colonoscopy every 3 to 5 years seems to be effective.

Other Genetic Syndromes Associated with Colorectal Cancer Type Risk

There are genetic mutations associated with other hereditary syndromes that confer
increased risk for CRC. Germline mutations in the TP53 tumor suppressor gene asso-
ciated with Li Fraumeni syndrome have been identified in 1.3% of individuals with
young onset CRC51 and 1% to 2% of patients undergoing genetic testing for sus-
pected Lynch syndrome have been found to carry mutations in BRCA1 and BRCA2
associated with hereditary breast ovarian cancer syndrome.52 Because next-
generation sequencing technologies facilitate sequencing multiple genes simulta-
neously, use of multiplex gene panel testing offers opportunities to identify mutations
in high andmoderate penetrance cancer genes. Although use of multiplex gene panels
has been shown to increase the number of pathogenic mutations identified in patients
with breast53 and ovarian54 cancers, the clinical implications of germline mutations in
genes associated with low or moderate cancer risks (eg, CHEK2, ATM) on CRC risk
remain unclear.55

GASTRIC CANCER

Although most gastric adenocarcinomas are presumed to be sporadic, approximately
5% to 10% arise in individuals with a family history of gastrointestinal cancer and it is
estimated that 3% to 5% are associated germline mutations implicated in inherited
cancer predisposition syndromes.56 Gastric adenocarcinomas can be classified
broadly into intestinal and diffuse (signet ring cell) subtypes. Intestinal-type gastric
cancers have been associated with several hereditary cancer syndromes, including
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Lynch syndrome, PJS,38 JPS,56 FAP, hereditary breast and ovarian cancer,57 and Li
Fraumeni syndrome.58

Diffuse gastric cancers are much less common than intestinal cancers, andmake up
only 10% to 15% of gastric cancers. Unlike intestinal cancers, which typically present
as a mass or ulcer, diffuse gastric cancers can be difficult to diagnose endoscopically
and frequently present with linitis plastica and/or submucosal infiltrating signet ring
cells. Diffuse gastric cancers are associated with mutations in the tumor suppressor
gene E-cadherin or CDH1 and the identification of a germline mutation in CDH1 has
significant implications for treatment of patients who have gastric cancer and their
at-risk family members.

Hereditary Diffuse Gastric Cancer

Hereditary diffuse gastric cancer (HDGC) is defined clinically as 2 or more cases of
diffuse gastric cancer with 1 individual diagnosed at age less than 50 years or 3 or
more cases of diffuse gastric cancer regardless of age.59 Germline mutations in
CDH1 are identified in approximately half of families meeting these criteria and are
associated with lifetime risk for gastric cancer of 40% to 60%.59 Women with CDH1
mutations have a lifetime risk for developing lobular breast cancer of 40% to 60%.

Diagnosis
The clinical spectrum of disease associated with CDH1 mutations can vary. Whereas
historically the diagnosis required cases of diffuse gastric cancer in multiple relatives,
disease penetrance and expressivity can vary and revised guidelines have expanded
indications for genetic testing. Genetic evaluation should be considered for any indi-
vidual with a diagnosis of signet ring cell gastric cancer, bilateral lobular breast cancer
at age less than 50 years, or with relatives affected with diffuse gastric cancer and/or
lobular breast cancer diagnosed at age less than 50 years (Box 3).60

Management
Identification of a germline CDH1 mutation has significant implications for manage-
ment for cancer-affected patients and at-risk family members. Because CDH1-asso-
ciated gastric cancers are characterized by submucosal spread, individuals

Box 3

Clinical criteria for genetic testing for hereditary diffuse gastric cancer (CDH1)

Established criteria

1. Two gastric cancer cases in the family: 1 confirmed diffuse type

2. Diffuse gastric cancer diagnosed at age less than 40 years

3. Personal or family history (first-degree or second-degree relative) of diffuse gastric cancer
and lobular breast cancer, 1 diagnosed at age less than 50 years

Testing could be considered

1. Bilateral lobular breast cancer, or 2 cases of lobular breast cancer diagnosed age less than
50 years

2. Personal or family history of cleft lip or palate and family history of diffuse gastric cancer

3. In situ signet ring cells or pagetoid spread of signet ring cells

From van der Post RS, Vogelaar IP, Carneiro F, et al. Hereditary diffuse gastric cancer: updated
clinical guidelines with an emphasis on germline CDH1 mutation carriers. J Med Genet
2015;52:361–74; with permission.

Stoffel520



diagnosed with diffuse gastric cancer should undergo total gastrectomy. Furthermore,
given the high lifetime risk for gastric cancer and limited sensitivity of endoscopic sur-
veillance, presymptomatic CDH1 mutation carriers should be advised to undergo pro-
phylactic total gastrectomy. Patients who opt not to undergo prophylactic
gastrectomy should be advised to continue endoscopic surveillance; however, it is
not uncommon for cancers to be diagnosed in individuals under endoscopic surveil-
lance61 and foci of signet ring cells are often identified in gastrectomy specimens
following normal endoscopy examinations.62 Consequently, guidelines recommend
that CDH1 mutation carriers undergo prophylactic total gastrectomy in early adult-
hood.59,60 Given the high risk for lobular breast cancer,CDH1mutation carriers require
enhanced breast cancer surveillance withMRI andmammogram similar to what is rec-
ommended for BRCA1 and BRCA2 mutation carriers.56

PANCREATIC ADENOCARCINOMA

Although most pancreatic cancers are believed to be sporadic, approximately 10% of
patients who have pancreatic cancer have 1 or more affected relatives, meeting
criteria for familial pancreas cancer. Risk for pancreatic cancer can be seen in asso-
ciation with several known hereditary cancer syndromes. Individuals with hereditary
breast ovarian cancer syndrome have a risk for pancreatic cancer, which is 2-fold
to 4-fold higher compared with the general population, and a recent study identified
germline mutations in BRCA1 or BRCA2 in 4.6% of unselected patients who have
pancreatic cancer.63 Risk for pancreatic cancer is similarly increased for individuals
with Lynch syndrome.64 Mutations in CDKN2A, associated with familial atypical
mole multiple melanoma syndrome are associated with a lifetime risk for pancreatic
cancer of 20% to 30%.65 Individuals with PJS (STK11) are at very high risk for pancre-
atic cancer, with a relative risk of 132.37 Germline mutations in the cationic trypsinogen
gene (PRSS1) associated with hereditary pancreatitis have also been associated with
lifetime risk for pancreatic cancer of up to 40%. Consequently, obtaining a family his-
tory that includes cancers of different types (breast, ovarian, melanoma, other gastro-
intestinal), as well as pancreatitis, is important for genetic risk assessment.
Approximately 10% of patients diagnosed with pancreatic cancer meet criteria for

familial pancreatic cancer and germline mutations are identified in approximately
10% of these families, with mutations in BRCA2 and BRCA1 as the most common
finding, followed byCDKN2A and PALB2.66 Although recent reports have found germ-
line variants in ATM overrepresented among familial pancreatic cancer families, the
magnitude of cancer risk associated with ATM mutations has not yet been well
defined.67

Diagnosis

Although 90% of familial pancreatic cancer cases have no identifiable germline muta-
tions, clinical genetics evaluation should be considered for individuals with multiple
relatives affected with pancreatic cancer meeting criteria for familial pancreatic can-
cer,23 as well as those reporting family histories in which there is an excess of asso-
ciated cancers (eg, breast, ovarian, melanoma, colorectal) suggestive of possible
inherited predisposition.

Management

Identification of a germline alteration in a gene involved in DNA repair (eg, BRCA2,
BRCA1, and PALB2) has important treatment implications for patients who have
pancreatic cancer. Poly(ADP)-ribose polymerase inhibitor (PARPi) has been found to
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be effective in treatment of certain cancers that arise in the setting of defective func-
tion of homologous recombination DNA repair pathways.68 Consequently, patients
with pancreatic adenocarcinomas with loss of function of BRCA1, BRCA2, or
PALB2 (either as a result of germline or somatic mutations) may be candidates for
treatment with PARPi.
There are currently insufficient data to demonstrate that pancreatic cancer

screening is effective in reducing morbidity and mortality from pancreatic cancer.
However, guidelines from the International Cancer of the Pancreas Screening con-
sortium recommend that screening be considered for high-risk individuals who
meet specific criteria (Box 4), alternating endoscopic ultrasound and MRI, with the
goal of early identification of neoplasms amenable to surgical resection.69

CLINICAL APPROACH TO GENETIC RISK ASSESSMENT FOR GASTROINTESTINAL
CANCER RISK

In caring for patients with and without a cancer diagnosis, clinicians are expected to
make an assessment about whether or not there is concern for a heritable cancer syn-
drome.70 To do this, the clinician must elicit a family history that (1) includes all cancer
diagnoses in a patient’s first-degree and second-degree relatives and (2) is sufficiently
comprehensive to make an assessment about the possibility of a genetic diagnosis.
Consequently, it is important to facilitate collection of detailed family history informa-
tion and integrate it into electronic health record systems for use at point-of-care in
outpatient clinics, endoscopy units, or inpatient settings. Incorporation of validated
genetic risk models (BRCAPro, MMRPro, PREMMM1,2,6) and clinical diagnostic algo-
rithms into electronic decision-support systems can help identify individuals whose
risk of germline mutation meets the threshold for which genetic testing is recommen-
ded. Screening tumors for histopathology and/or molecular features associated with
hereditary cancer syndromes (eg, DNA MMR deficiency for colon cancers, presence
of signet ring cell histology in gastric cancers, somatic BRCA1 or BRCA2mutations in

Box 4

International Cancer of the Pancreas Screening consortium consensus summary on who

should be considered for pancreatic cancer screening

1. Individuals with 3 or more blood relatives affected with pancreatic cancer, with at least 1
affected FDR

2. Individuals with at least 2 affected FDRs with pancreatic cancer, with at least 1 affected FDR

3. Individuals with 2 or more affected blood relatives with pancreatic cancer, with at least 1
affected FDR

4. All patients with PJS syndrome should be screened, regardless of family history of pancreatic
cancer.

5. CDKN2A/p16 carriers with 1 affected FDR

6. BRCA2 mutation carriers with 1 affected FDR (or 2 affected family members (no FDR) with
pancreatic cancer

7. PALB2 mutation carriers with 1 affected FDR

8. MMR gene mutation carriers (Lynch syndrome) with 1 affected FDR

Abbreviation: FDR, first degree relative.
From Canto MI, Harinck F, Hruban RH, et al. International Cancer of the Pancreas Screening

(CAPS) Consortium summit on the management of patients with increased risk for familial
pancreatic cancer. Gut 2013;62(3):339–47; with permission.
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pancreatic cancers) will also facilitate identification of individuals whose cancers
developed in the setting of genetic predisposition.
Making the diagnosis of a hereditary cancer syndrome has an impact on manage-

ment for patients who have cancer and their relatives. For the patient who has cancer,
a genetic diagnosis can affect surgical approaches (eg, recommendation for subtotal
colectomy in Lynch syndrome CRCs, total gastrectomy in HDGC), cancer therapeu-
tics (eg, recommendation for PARPi for BRCA and PALB2-associated pancreatic can-
cer), as well as future cancer surveillance (eg, colonoscopy intervals in Lynch
syndrome).
Genetic evaluation and interpretation of genetic test results can be complex. Deter-

mining the clinical significance of variants of uncertain significance in genes associ-
ated with known hereditary cancer syndromes and/or mutations in genes
associated with moderate cancer risk is often not straightforward. Consequently, so-
ciety guidelines recommend that genetic testing for hereditary cancer syndromes be
performed in conjunction with before and after test counseling by providers with
expertise in genetic testing.71 Because cancer risks for individuals with hereditary can-
cer syndromes can involve multiple organ systems, management often requires coor-
dination among multidisciplinary care teams. Integrating personal and family history
along with tumor genomic features can facilitate early identification of individuals
with genetic predisposition to cancer, expanding opportunities for treatment of pa-
tients who have cancer and for cancer prevention in their at-risk relatives.
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Gastrointestinal Neoplasia
Innovations in Early Detection and Screening

Bradley W. Anderson, MD, David A. Ahlquist, MD*

INTRODUCTION

Globally, gastrointestinal (GI) malignancies account for roughly 40% of all cancer
deaths.1,2 In the United States, upper GI cancers kill twice as many as does colorectal
cancer (CRC); but, unlike CRC, rates for cancers of the pancreas, liver, and esophagus
are increasing.3 This year, pancreatic cancer surpasses breast as the third most com-
mon cancer killer4 and by 2020 passes CRC as the second most common.5 By 2030,
hepatoma may overtake CRC as the third deadliest cancer.5 Currently, most upper GI
cancers present symptomatically at a late stage and are among the most lethal can-
cers.6 These alarming trends are calls for action.
Effective early detection methods are needed desperately. However, with a few ex-

ceptions,7 screening for upper GI cancers in most countries has not been pursued
because of the relatively low prevalence of cancers at individual sites and lack of
cost-effective screening tools.
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KEY POINTS

� Gastrointestinal (GI) malignancies account for 40% of all cancer deaths globally, but most
types remain unscreened.

� With recent technology advances, new molecular screening tools under development
could open doors for early detection of all GI cancers.

� Adjunctive molecular tests also have potential to extend the reach of the endoscopist for
greater accuracy in detecting GI neoplasms.
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This overview briefly examines molecular approaches as potential screening solu-
tions to the challenge of GI cancer. It summarizes the types of molecular markers be-
ing considered, gives examples of molecular tools under development, and appraises
the future role of molecular methods for universal detection of GI cancers. Although
there are obvious implications on downstream endoscopic evaluation and manage-
ment, these important clinical aspects are not addressed.

MECHANISMS, MEDIA, AND MARKERS

The concept of molecular screening is based on measurement of tumor-derived
markers in readily accessible media. The promise of this approach lies in its ease
for patients and potential to open doors for cost-effective screening of multiple GI can-
cers with a single test. Several key biological and technical elements must come
together for molecular screening to be feasible. First, markers must reliably enter
and remain in the target medium to be detectable at earliest cancer stage and, ideally,
with precancer. Second, assays with sufficient technical sensitivity are needed to
detect tumor markers in low abundance. And, third, highly discriminant markers
must be identified that are positive when a GI neoplasm is present but otherwise
remain negative, and such markers would ideally also predict the anatomic site of
the primary GI tumor. Fueled by rapid technical advances, there is intense academic
interest in this approach and increasing development by industry.
With GI cancers there exists the unique opportunity for noninvasive screening by

marker detection either in blood or, because of their shared property of luminal exfo-
liation,7 in stool. A central obstacle with blood testing has been the difficulty detecting
earliest stage cancer and precancer. Tumor markers are detected readily from circu-
lation with later stage cancer, but are often below detection limits with stage I cancers
and precancers.8,9 In contrast, CRC and precancerous polyps exfoliate molecular
markers abundantly into stool.8,10,11 A direct comparison between stool and plasma
testing of DNA markers in paired samples showed substantially higher marker levels
and diagnostic yield with stool than with plasma (Fig. 1A), which prompted a concep-
tual model suggesting that the biological mechanism of marker release by exfoliation
favors early stage detection over that by vascular invasion (Fig. 1B).8 It may be
possible to overcome the biological constraints of limited vascular invasion in early
stage disease by exploiting potential alternative mechanisms of marker entry into
blood, such as by release of exosomes (nanovesicles emitted from surface of tumor
cells and containing proteins, RNA, and DNA)12 or phagocytosis by circulating macro-
phages, or simply by improved analytical sensitivity to detect the associated low
plasma levels of tumor markers. With stool testing, it is unclear how effectively
markers exfoliated from upper GI tumors can be recovered after traversing the diges-
tive gauntlet. Model systems suggest that the small quantities of cells estimated to be
shed from upper GI tumors can be detected in stool using sensitive techniques,13 and
pilot case-control studies have demonstrated that it is possible to detect tumor
markers in stool from patients with known upper GI cancer.14,15

A comprehensive summary of specific candidate tumor markers is beyond the
scope of this clinical review. The major classes of markers include intact tumor cells
and cellular constituents including proteins, RNA, and DNA; each class has diagnostic
advantages and disadvantages.

Whole Tumor Cells

Intact tumor cells may be recovered from the circulation. Sophisticated sequencing
and other assay methods are now available to determine the genomic makeup
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(sometimes called “liquid biopsy”), which may obviate need for tumor biopsy in the
future.16 However, circulating tumor cells are undetectable generally with stage I can-
cer or precancer.17,18 Tumor cells can also be recovered from stool but primarily with
left-sided CRC and less with more proximal lesions.19,20

Proteins

Classical protein markers, such as carcinoembryonic antigen,21 carbohydrate antigen
19-9,22 and alpha-1-antitrypsin,23 have been helpful for prognosis and surveillance in
colorectal, pancreatic, and liver cancers, respectively, but have failed in early detec-
tion.23–25 Although proteins have the attractive features of test simplicity and low
cost, many lack sufficient specificity or stability when assayed from distant media.
Continued discovery efforts may yield discriminant marker candidates for future
assays.

RNA

Various RNA species may be overexpressed or underexpressed in neoplasms and
potentially serve as early detection markers. An advantage over DNA-based markers
is that there are several thousand RNA copies per cell, which could translate into
greater sensitivity and a requisite for smaller sample size. A challenge with many
RNA markers has been nonspecificity and nonreproducibility across studies.26 Short
RNA subtypes, such as microRNAs (miRNAs), may be more stable in stool or in
blood.27

Fig. 1. Comparison of colorectal neoplasm detection by blood and stool testing for DNA
markers. (A) Detection rates by multitarget stool DNA and plasma septin 9 tests. Rates
compared for overall group (n 5 30), a subset without metastases (stages I-III; n 5 22),
and a subset with metastases (stage IV; n 5 8). (B) Molecular marker release from colorectal
neoplasms into target media. This conceptual model shows proportional differences (illus-
trated by arrow sizes) expected in rates of marker release into the bloodstream via the
mechanism of vascular invasion and into the stool via the mechanism of exfoliation during
progressive phases of tumorigenesis. Marker release into the bloodstream from precursor
lesions is negligible but increases progressively with advancing stages of cancer. In contrast,
marker release by exfoliation into stool occurs at comparable rates from large precancers
and all stages of cancer. (Adapted from Ahlquist DA, Taylor WR, Mahoney DW, et al. The
stool DNA test is more accurate than the plasma septin 9 test in detecting colorectal
neoplasia. Clin Gastroenterol Hepatol 2012;10(3):272–7; with permission.)
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DNA

The most studied class of tumor markers has been acquired DNA alterations, both ge-
netic (eg, mutations, translocations) and epigenetic (eg, aberrant methylation). Impor-
tant advantages of DNA markers include their distinguishing tumor-specific structural
changes (rather than functional overexpression or underexpression, as occurs with
protein or RNA) and relatively better stability.28 A technical challenge in targeting ac-
quired genetic changes relates to the large assay capacity required to achieve broad
diagnostic coverage, often involving interrogation of thousands of potential mutation
sites across multiple genes; continued progress in high-speed sequencing methods
may allow a practical solution someday. In contrast, aberrant methylation typically oc-
curs at the gene promoter region or other predictable single sites within a gene, and a
small panel of methylated DNA markers may provide broad coverage.29 Methylated
DNA markers with site specificity have also been identified, a clinically relevant prop-
erty that may allow the prediction of tumor location.30

A GLIMPSE AT EMERGENT AND EXPERIMENTAL NEW MOLECULAR TOOLS FOR
GASTROINTESTINAL CANCER SCREENING

New molecular tools may allow the accurate detection of both cancer and precancer
at multiple GI sites, not only to create screening opportunities but to extend the diag-
nostic capabilities of the endoscopist as well.

Esophageal Cancer

Esophageal cancer is the sixth leading cause of cancer mortality worldwide.31 Esoph-
ageal adenocarcinoma predominates in Western countries and squamous cell carci-
noma in Eastern countries. Incidence rates of both are increasing.31 Both cancer types
are highly lethal when presenting symptomatically, readily curable when detected at
presymptomatic early stages, and preceded by recognizable precursor lesions.32

Early studies have explored the feasibility of testing DNA markers in blood,29–31

saliva,32 and stool10 for the screen detection and prognostic assessment of esopha-
geal cancer.

Sponge-on-string device
A simple, ingestible sponge-on-string device (SOS) has emerged as a potential mini-
mally invasive, accurate, and low-cost approach to the screen detection of Barrett’s
esophagus33 (Fig. 2). Barrett’s esophagus, the metaplastic precursor to adenocarci-
noma, may be present in more than 5% of the US population34; current approaches
to its detection and surveillance are endoscopic. The feasibility of SOS has been
established when linked with an immune assay for trefoil factor 3 (a marker of intestinal
metaplasia) on the recovered cytologic sample. In a case-control study, this approach
yielded a sensitivity for Barrett’s of 79.9% at a specificity of 92.4%; detection
increased in proportion to Barrett’s length.35 Furthermore, modeling suggests that
SOS is cost effective.36 Alternative molecular markers may have merit with SOS,
because preliminary data using novel methylated DNA markers detected 100% of
Barrett’s cases at 100% specificity (Iyer DDW 2016 abstract)37. By either SOS sam-
pling or endoscopic brushing, use of molecular markers may also complement biopsy
for detection of dysplasia during surveillance.38 In a pilot study with a panel of meth-
ylated DNA markers applied to esophageal brushings, detection of Barrett’s low- and
high-grade dysplasias was 71% to 78% and of small stage I cancer was 100%.39

SOS may also have value in screening squamous cell carcinoma, a disease most
prevalent in underserved Eastern populations. In a pilot study using SOS in Northern
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Fig. 2. Sponge-on-string device for detection of Barrett’s esophagus. (A) Endoscopic view of
Barrett’s oesophagus. (B, C) Hematoxylin and eosin (H&E) and (D, E) trefoil factor 3 (TFF3)
staining of Barrett’s esophagus. (F) Cytosponge in gelatine capsule (right) and expanded
(left). (From Kadri SR, Lao-Sirieix P, O’Donovan M, et al. Acceptability and accuracy of a
non-endoscopic screening test for Barrett’s oesophagus in primary care: cohort study. BMJ
2010;341:c4372; with permission.)
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Iran, cytologic examination with p53 staining remarkably detected 100% of high-
grade dysplasias at 100% specificity.40

Gastric Cancer

Gastric cancer, the third most common cancer killer worldwide,1 is often curable with
pre-symptomatic early-stage detection but remains unscreened inmost regions. Thus,
there is a compelling rationale for noninvasive molecular screening. To date, no vali-
dated screening tests have been brought to practice. Investigators have explored
miRNA andmethylated DNAmarkers in blood,41 and pilot DNAmarker testing has sug-
gested feasibility in stool as well.10 For example, a recent study assessing the discrim-
ination of a miRNA panel in plasma found moderate discrimination for stage I cancer
with areas under the receiver operating characteristics curve of 0.99 and 0.081 in
training and test sets, respectively.42 Advances in whole methylome discovery have
yielded highly accurate marker candidates with 100% sensitivity at 95% specificity
(Anderson ACG 2015 abstract)43. Technical optimization and further rigorous clinical
testing are needed.

Gastric lavage
In a recent feasibility study,44 assay of methylated DNA markers in simple gastric
washings detected 90% of gastric cancer at 96% specificity. Further investigation
of patient acceptance and accuracy with this approach are needed.

Pancreatic Cancer

Most patients with pancreatic cancer present symptomatically at late stage. Its
abysmal 5-year survival and alarming prevalence trend highlight the urgent need for
improved early detection. Also, molecular tools may have adjunctive value for interro-
gation of the growing number of pancreatic cystic lesions incidentally found on
abdominal imaging.

Pancreatic juice
Pancreatic juice can be collected readily from the duodenum by standard upper
endoscopy after stimulation of secretin. In a recent pilot study, an assay of novel meth-
ylated DNA markers from pancreatic juice accurately detected pancreatic cancer with
an area under the receiver operating characteristics curve of 0.9245; distributions of a
single marker, CD1D, in controls and cases with cancer are shown (Fig. 3). Optimiza-
tion and further evaluation in larger studies are indicated.

Cyst fluid
Management of pancreatic cysts represents a management conundrum, because
most lesions are benign and structural features have proven inaccurate in predicting
the presence of cancer or high-grade dysplasia.46 Various molecular markers have
been explored to improve the detection of advanced dysplasia in cysts.47 A recent
retrospective, multicenter study evaluated the combination of clinical features and
DNA markers assayed from cyst fluid to detect lesions with mucinous features or
dysplasia; cysts were accurately classified with a sensitivity of 90% to 100% and a
specificity of 92% to 98%.48 Others have explored miRNA markers for this diagnostic
application.49 Candidate methylated DNA markers have been identified able to
discriminate high grade from low grade dysplasia in cysts with an area under the
receiver operating characteristics curve of 0.91 [Majumder DDW 2016 abstract]50;
applied studies are under way.
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Blood
Blood testing may play roles in both staging and screening. For staging pancreatic
cancer, blood taken via endoscopic guidance from the portal vein seems to yield
more tumor cells than from matched peripheral blood.51 Circulating epithelial stem
cells may also be present in blood with pancreatic cancer and even with premalignant
cysts,52 and may be a source for molecular interrogation. In a recent study, investiga-
tors found that miRNA panels differentiated pancreatic cancer cases from healthy and
chronic pancreatitis controls using peripheral whole blood with areas under the curve
ranging from 0.86 to 0.93; discrimination was superior to that of carbohydrate antigen
19-9.53 Even higher discrimination for pancreatic cancer has been reported by serum
assay of glypican-1 from circulating exosomes.54 Further studies are needed to
corroborate these interesting findings.

Stool
Exploratory studies using nonoptimized markers and analytical methods have shown
that pancreatic cancer can be detected by assay of exfoliated DNA markers in
stool.10,14 Further development has the potential to increase the detection rates
with this noninvasive approach.

Hepatobiliary Cancers

Worldwide, hepatoma represents the second major cancer killer.55 Although cholan-
giocarcinoma constitutes only 2% of malignancies, it is the second most common pri-
mary hepatobiliary cancer.56 There is a trend for rising incidence in the United States
with both of these cancers.55,56

Stricture brushing
The diagnostic evaluation of biliary strictures with conventional cytology obtained by
endoscopic brushing has proved to be insensitive for detecting malignancy.57 In a

Fig. 3. Pancreatic cancer detection by endoscopically obtained pancreatic juice. (A) Copy
numbers of methylated CD1D in pancreatic juice from patients with normal pancreas,
chronic pancreatitis, and pancreatic cancer. (B) Receiver operating characteristics curves of
methylated CD1D in pancreatic juice for the detection of pancreatic cancer in comparison
to normal pancreas and chronic pancreatitis. AUC, area under the curve. (From Kisiel JB,
Raimondo M, Taylor WR, et al. New DNA methylation markers for pancreatic cancer:
discovery, tissue validation, and pilot testing in pancreatic juice. Clin Cancer Res
2015;21(19):4480; with permission.)
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recent study on biliary stricture brushings, complementary use of fluorescent in situ
hybridization improved cancer detection to 65% compared with only 18% by cytology
alone.58 Further improvements in diagnostic accuracy are needed. In a preliminary
report, investigators assayed novel methylated DNA markers on archival brushings
of biliary strictures and found a sensitivity of 100% at 90% specificity.59

Cancer screening
Genome-wide methylation profiles have been described for hepatobiliary cancers at
the tissue level60–62 and have variably been explored in distant biological media. Meth-
ylated DNA markers for hepatoma detection have been assessed in plasma,60

serum,63 and peripheral blood mononuclear cells64 with promising early results that
suggest superiority over alpha fetoprotein levels. Candidate miRNA markers for hep-
atoma have been studied in plasma65 and serum.66 Pilot studies on molecular detec-
tion of hepatobiliary neoplasms have been reported using stool15 and urine.67

Colorectal Cancer

CRC is currently the second most common cause of cancer death in the United
States.68 Although screening reduces CRC mortality, conventional tools are variably
accurate, associated with suboptimal compliance, and are not uniformly accessible.
Innovative molecular approaches in stool or blood offer the promise of improved
compliance and accessibility because of their noninvasive nature. Advances in molec-
ular stool testing have recently led to a new commercial test with improved detection
accuracy over fecal blood tests.

Multitarget stool DNA test
Approved by both the Food and Drug Administration and the Centers for Medicare and
Medicaid Services in 2014 as the first molecular screening test for CRC, the newmulti-
target stool DNA test (MT-sDNA) was included in the 2015 American Cancer Society
CRC screening guidelines69 and is now available for patient use (Cologuard, Exact
Sciences, Madison, WI). A driver for the development of MT-sDNA was to improve
participation rates based on its user-friendly features and ready access by mail. Early
indicators seem to demonstrate success in this regard, because the test’s manufac-
turer has publicly reported that 42% of the first 100,000 users disclosed on a question-
naire that this was their first CRC screen.
MT-sDNA targets a panel of exfoliated DNA markers (mutant KRAS plus 3 informa-

tive methylated genes, BMP3 and NDRG4) and hemoglobin. In an initial multicenter
study using a prototype MT-sDNA, it was established that detection rates for CRC
and advanced adenoma were not affected by lesion site.70 Cutoffs for the optimized
and automated MT-sDNA assay were established in a large case-control that which
demonstrated sensitivities for CRC of 98% and for adenomas greater than 1 cm of
60% (72% for adenomas >2 cm, 83% for those >3 cm) at 90% specificity.71 MT-
sDNA performance was then validated in a 10,000-patient multicenter study from
the screen setting using colonoscopy as the reference standard.72 MT-sDNA detected
92% of CRC (94% for stages I and II) and 42% of advanced adenomas (66% for ad-
enomas�2 cm) at a specificity of 90% (based on those with normal colonoscopy). For
all lesion groups, detection rates by MT-sDNA exceeded those of fecal immunochem-
ical test for occult blood (fecal immunochemical testing), although fecal immunochem-
ical testing exhibited higher point specificity at 95%. A second cross-sectional
screening study recently completed in Alaska Native people, who have among the
world’s highest CRC incidence rates,73 showed MT-sDNA performance outcomes
remarkably similar to those in the larger multicenter study74 (Fig. 4).
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Stool DNA testing for dysplasia surveillance in inflammatory bowel disease
Accurate molecular markers for dysplasia have potential value as adjuncts to colonos-
copy in the surveillance of inflammatory bowel disease, a condition associated with
increased CRC risk. In a pilot study using a panel of methylated DNA markers, stool
DNA testing detected 100% of CRC and 80% of dysplasia.75 Based on these encour-
aging early results, the test is being optimized and a multicenter study is underway.

Blood
Numerous investigations are actively exploring different classes of markers in blood. A
plasma test for methylated SEPTIN9 is available commercially for CRC screening but
not yet approved by the Food and Drug Administration or included in screening guide-
lines. The SEPTIN9 test detects later stage CRC accurately, but has shown low sensi-
tivity for stage I disease and fails to detect adenomas.76 Similar findings were noted
recently with plasma testing of alternative methylated DNA markers.77 In contrast, a
recent early study of selected miRNA markers assayed from circulating exosomes
found stage I CRC detection rates greater than 90% at specificities greater than
90%,78 and corroboration should be pursued.

Universal Gastrointestinal Cancer Detection

Molecular technology allows the reimagination of the screening paradigm itself. Theo-
retically, a noninvasive blood or stool test could be used screen for all GI cancers from
a conveniently singular sample. With such an approach, the entire GI tract could be

Fig. 4. Comparison of colorectal neoplasm detection rates by multitarget stool DNA test in
Alaska Native people versus general US population. (From Redwood DG, Asay ED, Blake ID,
et al. Stool DNA testing for screening detection of colorectal neoplasia in Alaska native peo-
ple. Mayo Clin Proc 2016;91(1):6170; with permission.)
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functionally targeted as 1 organ, and the aggregate rather than single site tumor prev-
alence would be most relevant and, thereby, justify screening for tumors at all sites.
Use of site-specific markers could direct the subsequent clinical evaluation to the
likely location of the primary lesion to optimize efficiency. Indeed, exploratory studies
suggest site prediction may be possible using miRNA79 or methylated DNA30,80

marker panels. Further technological advances and robust clinical validation studies
are needed to actualize this vision.

SUMMARY

Molecular approaches show promise for early detection across all major GI tumor
types. However, many questions remain at this stage, and further research and devel-
opment will be required to bring most of these new tools to practice.
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The Role of the Microbiome
in Gastrointestinal Cancer

Lydia E. Wroblewski, PhDa, Richard M. Peek Jr, MDa, Lori A. Coburn, MDa,b,*

INTRODUCTION

In the last 2 decades, there has been a remarkable shift in identifying and understand-
ing the multitude of microbes that colonize the human body. Previously, the normal
flora was thought to be largely a silent passenger, only declaring itself when it traveled
outside of its usual niche. However, it is now recognized that the microbiome, which is
composed of bacteria, archaea, eukaryotes, and viruses, plays a key role in health and
disease. Bacteria are the most abundant and well studied. The gastrointestinal (GI)
microbiome is molded from birth by a multitude of interactions that can be distinct,
such as the host genetic background, or variable, including diet, antibiotics, and other
environmental exposures.1,2

Cancer is the second leading cause of death in the United States, and GI cancers
represent a leading cause of morbidity and mortality.3 Although genetic factors
leading to an increased risk of cancer have been identified, such as adenomatous
polyposis coli (APC) mutations that lead to familial adenomatous polyposis and
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KEY POINTS

� The risk of developing gastric cancer is multifactorial, and the microbiota has been iden-
tified as an important contributing factor.

� Colon cancer risk is modified by the gastrointestinal tract microbiota and environmental
exposures, including diet, in addition to known genetic factors.

� With no single microbial causative agent identified, it is likely that an overall disturbance in
the composition/metabolism of the colonic microbiota can promote cancer development.
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E-cadherin (CDH1) mutations that lead to hereditary diffuse-type gastric cancer (GC),
these mutations do not account for most cases. In addition, the association of micro-
bial infections with the risk for cancer development is well documented, including
Helicobacter pylori with GC and hepatitis viruses with liver cancer.4 Even nonpatho-
genic GI tract microbes, once considered inert, have been found to play a role in
chronic inflammation, altering cell proliferation and stem cell dynamics, and altering
immune surveillance mechanisms.2,5 The focus of this review is the role of the GI
microbiome in the development of gastric and colonic malignancies with a brief dis-
cussion of esophageal malignancy.

GASTRIC CANCER

Gastric adenocarcinoma is the third leading cause of cancer-related death in the
world.6 In developed countries, the incidence of gastric adenocarcinoma has signifi-
cantly decreased over the past century7,8; however, the incidence rates of both prox-
imal gastric and gastroesophageal junction adenocarcinomas have increased in both
the United States and Europe.9,10 Chronic infection with H pylori is the strongest
known risk factor for developing gastric adenocarcinoma.11

HELICOBACTER PYLORI

H pylori is a gram-negative bacteria that selectively colonizes the gastric epithelium.
Infection is usually acquired in childhood and, in the absence of combination antibiotic
therapy, can persist for the lifetime of the host.12 H pylori has colonized humans
for almost 100,000 years13; approximately half of the world’s population is
infected with H pylori, promoting speculation that H pylori is an endogenous member
of the gastric microbiota. Between 1% and 3% of H pylori–colonized persons
develop gastric adenocarcinoma14; factors that play a role in the pathologic outcome
ofH pylori infection are varied, including strain-specific bacterial constituents; host ge-
netic factors; environmental influences, including diet; and alterations in the host
microbiota.15

BACTERIAL AND HOST FACTORS AFFECTING THE PROPENSITY TOWARD GASTRIC
CANCER

One H pylori virulence factor that influences GC risk is the cag pathogenicity island,
which contains genes encoding proteins that form a type IV bacterial secretion
system.14 Another H pylori virulence factor linked to the development of GC is the
secreted vacuolating cytotoxin A (VacA).16,17 All H pylori strains contain vacA, but
there are considerable differences in vacA sequences among strains. Strains contain-
ing type s1, i1, or m1 alleles within the 50 region of the gene are highly associated with
GC.18–20 Host polymorphisms in interleukin (IL)-1b and tumor necrosis factor (TNF)-a
as well as environmental factors, such as a high-salt diet and low iron levels, in the
context of H pylori infection also influence gastric carcinogenesis.15

Although H pylori infection is the strongest identified risk factor for developing GC,
clinical trials suggest that other gastric microbiota constituents may influence disease
progression. Antibiotic therapy directed against H pylori was reported to significantly
decrease the incidence of GC in a 15-year follow-up study of 3365 subjects. Of note,
more than 50% of the antibiotic-treated individuals remained colonized by H pylori at
the 15-year follow-up.21 These findings suggest that antibiotic treatment may atten-
uate the development of GC by inducing alterations in the non–H pylori microbiota.
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THE STOMACH MICROBIOTA IN GASTRIC PATHOGENESIS

The stomach harbors a large and diverse bacterial community ranging from 101 to 103

colony-forming units per gram,22 which may influence gastric homeostasis and dis-
ease in conjunction with H pylori infection.23

The composition of the gastric microbiome in H pylori–negative individuals is highly
diverse (Fig. 1). Sequencing of DNA isolated from human gastric biopsies identified
128 phylotypes within 8 bacterial phyla of which Proteobacteria, Firmicutes, Bacteroi-
detes, Fusobacteria, and Actinobacteria were the most abundant.2,24 Using a newer
technology, tagged 454 pyrosequencing, analysis of H pylori–negative biopsy
samples identified 262 phylotypes representing 13 phyla.25 These findings lend further
support to the gastric microbiota being highly diverse, despite significant variability in
the microbial composition between individuals.24,25 In contrast, the microbiota among
H pylori–infected individuals is muchmore uniform;H pylori represents the most abun-
dant phylotype present in the stomach of H pylori–positive persons.24,25 H pylori DNA
accounted for 93% to 97% of all sequence reads in H pylori–positive persons and a
total of 33 phylotypes were detected, more than 200 less than in H pylori–negative
persons.25 Taken together, these data suggest that H pylori colonization dramatically
alters gastric microbiota diversity (see Fig. 1). Characterization of the human gastric
microbiota using DNA microarrays detected 44 phyla with 4 dominant phyla: Proteo-
bacteria, Firmicutes, Actinobacteria, and Bacteroidetes. Using this method, infection
with H pylori was shown to increase the relative abundance of non–H pylori Proteo-
bacteria, Spirochaetes, and Acidobacteria and decrease the relative abundance of
Actinobacteria, Bacteroidetes, and Firmicutes compared with uninfected stomachs.26

H pylori infection accounted for 28% of the variance in the microbiota; however, the
bacterial communities in both H pylori–negative and –positive individuals remained
highly complex.26

Gastric
adenocarcinoma

Esophageal
adenocarcinoma

Gastric
adenocarcinoma

H pylori
negative

H pylori
positive

Fusobacteria
Bacteroidetes
Proteobacteria
Firmicutes

Actinobacteria

o aomaoma ade oadeadenonoadeno

Fig. 1. The gastric microbiome in H pylori–negative versus H pylori–positive individuals.
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Studies examining differences in microbial composition and outcomes of GC are
more limited. Development of atrophic gastritis, which induces hypochlorhydria due
to parietal cell loss, is a key step in the histologic progression to intestinal-type GC
and can lead to overgrowth of non-Helicobacter microbiota, which may promote
the progression towards GC.27 Two recent studies have independently identified
that proton pump inhibitor use may detrimentally alter the gut microbiota.28,29

When comparing the microbiota of 10 patients with GC to 5 dysplastic controls, the
microbiota of patients with GC was found to be equally as diverse as dysplastic pa-
tients. Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Fusobacteria
were identified. The microbiota was predominately composed of species of Strepto-
coccus, Lactobacillus, Veillonella, and Prevotella. H pylori were present in relatively
low abundance.30 More recently, pyrosequencing has been used to compare the
gastric microbiota in persons with chronic gastritis, intestinal metaplasia, and
GC. Pyrosequencing identified 10 bacterial phyla, and significant differences
were observed in both the composition and diversity of the gastric microbiota in the
histologic progression towards GC. Bacilli and members of the Streptococcaceae
family were significantly enriched in GC samples compared with chronic gastritis
and intestinal metaplasia samples, whereas Epsilonproteobacteria and Helicobacter-
aceae family members were decreased.31

An interesting new study compared the gastric microbiota of subjects from 2
Colombian populations: one at high-risk, Tuquerres, and one at low-risk, Tumaco,
of developing GC. Despite high variability in the microbial composition between indi-
viduals, significant correlations were found with the town of origin.32 Two operational
taxonomic units, Leptotrichia wadei, which is associated with necrotizing enterocolitis
and bacteremia, and a Veillonella sp, were significantly more abundant in Tuquerres. In
the low-risk region of Tumaco, 16 operational taxonomic units, including a Staphylo-
coccus sp, which is considered a constituent of the normal human microbiota, were
significantly more abundant.32 These results provide a tantalizing opportunity to
manipulate the microbiota of animal models to more closely represent the microbiota
of either the high-risk or low-risk populations of Colombia and determine key players in
cancer development.

ANIMAL MODELS TO STUDY THE MICROBIOME AND GASTRIC CANCER

Inbred mice with defined genotypes are commonly used to model carcinogenesis;
however, this can be limited by uncontrolled microbial diversity within mice despite
identical genetic backgrounds.33,34 To counter this, gnotobiotic mice allow for control-
ling the microbiome and adding back individual or collections of microorganisms.
Similar to humans, the most abundant phylotypes in the mouse stomach are

Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria33; infection of mice
with H pylori can alter the gastric microbiota.35 H pylori infection induces gastritis in
mice, and following H pylori infection for 2 months the gastric microbiota in specific
pathogen free (SPF) mice harbored reduced numbers of Lactobacillus species and
increased bacterial diversity.35 An independent study, however, found that both acute
and chronic infection of SPF C57BL/6 mice with H pylori failed to cause significant
shifts in the gastric microbial composition.36 It is possible that the inherent gastric
microbial diversity of SPF mice may play a role in the outcome of H pylori infection.
INS-GAS mice are genetically predisposed to GC, and chronic interaction between

H pylori and the gastric microbiota was found to influence disease progression in this
model.37 In SPF INS-GASmice, GC spontaneously developed.38,39 However, in germ-
free (GF) INS-GAS mice, cancer was slower to develop.37 Moreover, H pylori-infected
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GF INS-GAS mice developed less severe lesions and were slower to progress to GI
intraepithelial neoplasia than H pylori–infected SPF INS-GAS mice.37 A detailed anal-
ysis using 454 sequencing of partial 16S ribosomal DNA amplicons revealed specific
differences in phyla between H pylori–infected and uninfected SPF INS-GAS mice.
H pylori colonization led to an expansion in the proportion of Firmicutes and decreased
numbers of Bacteroidetes while causing an overall increase in species diversity.37 In
fact, only 3 species of commensal bacteria (ASF356 Clostridium species, ASF361
Lactobacillus murinus, and ASF519 Bacteroides species) were required to promote
gastric neoplasia in H pylori–infected GF INS-GAS mice to the same extent as that re-
ported in H pylori–infected SPF INS-GAS mice.40

ESOPHAGEAL ADENOCARCINOMA AND THE MICROBIOME

The incidence of esophageal adenocarcinoma has been increasing rapidly in devel-
oped countries over the past 40 years; this coincides with a decreasing incidence
of H pylori infection and GC, suggesting that gastric colonization with H pylori may
be protective against esophageal adenocarcinoma.41 This protection could reflect in-
hibition of acid secretion via enhanced production of IL-1b and TNF-a in response to
H pylori or through loss of parietal cells in atrophic gastritis.23 Alternatively, changes in
the gastric microbiota resulting from the loss of H pylori may increase the risk for an
individual to develop esophageal cancer (see Fig. 1).23

The esophageal microbiome is altered during inflammation and metaplasia. Using a
16S rRNA gene survey, 2 types of microbiota, termed type I and type II, were identified
in the esophagus.42 The type I microbiome was dominated by gram-positive bacteria
and the genus Streptococcus, whereas the type II microbiome was composed of a
higher percentage of gram-negative bacteria, with the phyla Bacteroidetes, Proteo-
bacteria, Fusobacteria, and Spirochaetes being the most abundant. The type II micro-
biome correlated with the histologic presence of esophagitis and Barrett’s esophagus,
whereas the type I microbiome was associated with a histologically normal
esophagus.42

In a recent study, 30 esophageal adenocarcinoma cases were compared with 39
control subjects using cultured biofilms. In control subjects, 56 species belonging to
19 genera were detected, whereas in esophageal adenocarcinoma, 73 species from
23 genera were identified. Despite finding more species in esophageal adenocarci-
noma than controls, no statistical differences were reported.43 These findings provide
an important framework for more detailed future studies delineating the structure and
function of the esophageal microbiome and disease.

COLORECTAL CANCER

Colorectal cancer (CRC) is the third leading cause of cancer mortality in the United
States, and the risk of CRC increases with age.3 Most of the cases are sporadic; how-
ever, up to 25% of patients have a family history of CRC but no evidence of an iden-
tified inherited syndrome.44 This finding underscores the complex interaction of
multiple genetic and epigenetic events contributing to CRC pathogenesis. The initia-
tion of CRC can be due to mutations in tumor-suppressor genes, such as APC, catenin
(cadherin-associated protein) beta 1, tumor protein p53, and the oncogene Kirsten rat
sarcoma viral oncogene homolog, leading to a growth advantage in colonic epithelial
cells progressing to adenomas and cancer.23,44,45 Although these genetic mutations
have clearly been linked to CRC development, the steps leading to the accumulation
of these mutations and other epigenetic changes are not fully known. In addition to
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genetic alterations, microbial and environmental factors, including diet and lifestyle,
have been shown in recent studies to play a role in promoting CRC.46,47

THE MICROBIOME IN PATIENTS WITH COLONIC POLYPS OR COLORECTAL CANCER

Similar to the stomach and esophagus, the colon plays host to a complex and diverse
population of microorganisms. These microorganisms outnumber human somatic and
germ cells by at least an order of magnitude, and the collective microbial genome con-
tains 100 or greater times more genes than the human genome.48 Most of the colonic
microbiota is composed of Bacteroidetes and Firmicutes, though other components
include Proteobacteria, Actinobacteria, and Fusobacteria.23,49 An individual’s colonic
microbiota is determined by factors such as environmental exposures, diet, and host
genetics, although the identification of specific genetic factors leading to alterations in
the microbiota is in a nascent stage.50

Although the microbiome contributes to both immune system development and the
release of key nutrients and energy from dietary intake, alterations in the microbiome
related to chronic inflammation seem to play a role in promoting the increased risk of
carcinogenesis seen in patients with inflammatory bowel disease.51 There is also
mounting evidence that the microbiome plays a role in sporadic CRC52–59 (Table 1).
Studies of the fecal microbiota in patients with either CRC or colonic polyps have
shown decreased temporal stability, with increased diversity of theClostridium leptum
and C coccoides subgroups versus control subjects, although not between patients
with CRC versus colonic polyps.60 Studies assessing mucosa-associated bacteria
showed that the predominant phyla in control patients were Firmicutes, Bacteroi-
detes, and Proteobacteria.61 Although patients with adenoma had a lower relative
abundance of Bacteroidetes and a higher abundance of Proteobacteria, there was
a trend toward increased diversity in patients with adenomas versus those without ad-
enomas.61 When similar studies assessed mucosa-associated microbiota in paired
samples from patients with CRC (ie, tumor tissue and adjacent nontumor tissue),
Coriobacteridae, Roseburia, Fusobacterium, and Faecalibacterium, which are gener-
ally regarded as gut commensals, were overrepresented in tumor tissue samples.62

Multiple studies have assessed both the luminal and mucosa-associated microbiota
in controls, patients with adenoma, and/or patients with CRC.63,64 However, no single
microbial species has been identified as a causative agent leading to a working model
that overall disturbances in the composition, diversity, or functional properties of the
colonic microbiota dysregulate the balance between the epithelium and the immune
system towards inflammation, dysplasia, and ultimately cancer.

DIET AND MICROBIAL METABOLITES

Epidemiologic studies have consistently indicated that diets with increased red meat
and fat content (ie, Western diet) increase CRC risk, whereas increased fiber intake is
associated with decreased CRC risk.65,66 This alteration in risk by dietary intake may
be facilitated by the colonic microbiota, which, for example, promote health via meta-
bolism of fiber to produce short-chain fatty acids (SCFA), such as acetate, propionate,
and butyrate.65 Butyrate is the preferred energy source of colonic enterocytes and,
along with propionate, has been shown to downregulate proinflammatory cytokines,
such as IL-6 and IL-12, in colonic macrophages.67 In addition, butyrate and propionate
can induce forkhead box P3 (FOXP3)1 regulatory T cells to control intestinal inflamma-
tion, thereby maintaining intestinal homeostasis.67,68 The antiinflammatory effects of
SCFAs not only influence host cells but may also contribute to homeostasis of the
gut microbiota.67,68
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Table 1
Alterations in human gastrointestinal microbiota in patients with colonic adenoma and colorectal cancer

Patients Sample Site Changes in Microbiota
Study (Author,
Year, Reference No.)

20 Controls, 20 patients with polypectomy,
and 20 patients with CRC (all s/p resection)

Fecal samples (3 samples over a 3-mo period
for 20 polypectomy, 20 patients with CRC,
as well as 6 of the control patients)

There was reduced temporal stability and
increased diversity for the microbiota of
patients with CRC and patients with
polyps.

In addition, there was increased diversity of
the Clostridium leptum and C coccoides
subgroups vs control subjects.

Scanlan
et al,60 2008

21 Patients with adenoma and 23 controls Rectal mucosal biopsies Patients with adenoma had a trend toward
increased diversity and richness vs
controls. There was lower relative
abundance of Bacteroidetes and higher
abundance of Proteobacteria.

Shen
et al,61 2010

6 Patients with CRC Paired biopsies from tumor and adjacent
nontumor tissue in the surgical resection
specimen

The tumor areas had overrepresentation of
Coriobacteridae, Roseburia,
Fusobacterium, and Faecalibacterium and
underrepresentation of Firmicutes and
Enterobacteriaceae.

Marchesi
et al,62 2011

46 Patients with CRC and 56 controls Fecal samples; rectal swab samples; and from
the patients with CRC, 27 with paired
tumor and adjacent nontumor tissue

Overall the microbiota was similar between
the paired tumor and nontumor tissues,
though tumor tissues had lower bacterial
diversity. Lactobacillales was enriched
where Faecalibacterium was reduced in
tumor tissue.

In the mucosa-adherent microbiota,
Bifidobacterium, Faecalibacterium, and
Blautia were reduced in patients with
CRC, whereas Fusobacterium,
Porphyromonas, Peptostreptococcus, and
Mogibacterium were enriched.

Chen
et al,56 2012

(continued on next page)
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Table 1
(continued )

Patients Sample Site Changes in Microbiota
Study (Author,
Year, Reference No.)

29 Patients with adenoma, 31 patients with
CRC, 34 with symptoms but normal
colonoscopy, and 31 asymptomatic
controls

Colonic biopsies including paired biopsies
from tumor and adjacent nontumor tissue
in patients with CRC

When assessing for Escherichia coli and E
coli–like bacteria, there was increased
presence of intracellular E coli in patients
with adenoma and CRC.

Swidsinski
et al,53 1998

60 Patients with CRC and 119 controls Fecal samples and colon/rectal biopsies from
a subset of 22 patients with CRC and 22
controls

Pyrosequencing on 6 CRC and 6 control
samples indicated microbiota differences
in patients with CRC vs controls.

Higher levels of Bacteroides/Prevotella were
detected in patients with CRC determined
by quantitative PCR.

Sobhani
et al,54 2011

104 Patients with CRC Paired biopsies from tumor and adjacent
nontumor tissue in the surgical resection
specimen

Whole-genome sequences from 9 tumor/
normal pairs revealed that Fusobacterium
sequences were enriched CRC.

Quantitative PCR and 16S rDNA sequence
analysis of the remaining 95 CRC/normal
tissue pairs confirmed the increased
Fusobacterium, whereas Bacteroidetes
and Firmicutes were depleted in tumors.

Kostic
et al,55 2012

99 Patients with CRC Paired biopsies from tumor and adjacent
nontumor tissue in the surgical resection
specimen

There was increased Fusobacterium in tumor
tissues.

Castellarin
et al,57 2012

10 Patients with CRC and 11 controls Fecal samples There was no significant differences in
microbial community structure or diversity
between patients with CRC and controls.
However, Bacteroides and Prevotellawere
relatively underrepresented, whereas
there were higher percentages of
Akkermansia muciniphila in patients
with CRC.

Weir
et al,58 2013
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344 patients with advanced adenomas
(size >10 mm or villous, tubulovillus, or
high-grade dysplasia on pathology) and
344 controls

Fecal samples There was increased abundance of
Enterococcus and Streptococcus species
and decreased prevalence of Roseburia
and Clostridium in the patients with
adenoma.

Chen
et al,64 2013

33 Patients with adenoma and 38 controls Rectal biopsies Increased microbial richness with increased
abundance of Firmicutes, Bacteroidetes,
and Proteobacteria in patients with
adenoma.

Sanapareddy
et al,63 2012

30 Patients with adenoma, 30 patients with
CRC, and 30 controls

Fecal samples Microbial dysbiosis and enrichment of
pathogenic bacteria were seen in patients
with adenoma and CRC compared with
controls.

In patients with adenoma, there were
higher relative abundances of Blautia,
Ruminococcus, Clostridium, and
Lachnospiraceae compared with CRC.

Patients with CRC had higher relative
abundances of Fusobacterium,
Bacteroides, Phascolarctobacterium, and
Porphyromonas compared with patients
with adenoma.

Zackular
et al,59 2014

Abbreviation: PCR, polymerase chain reaction.
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Recent studies have attempted to define the link between dietary intake, the gut
microbiota, and CRC.52,64 One study found lower levels of butyrate-producing bacte-
ria and decreased fecal SCFAs in meat-eating African Americans, who are at higher
risk for CRC, compared with native Africans.52 In addition, patients with advanced
colorectal adenomas were found to have lower dietary fiber intake patterns and
consistently lower SCFA levels versus controls.64 When categorized by dietary fiber
intake, low dietary fiber intake remained associated with a deficiency in butyrate-
producing bacteria, which could increase the risk for advanced adenomas.64

ANIMAL MODELS

Animal models of CRC allow for investigation of the potential links between GI
microbes and risk for colonic neoplasia; specifically, the ability to study these models
both in conventional or GF conditions. One of the most common models used is
the APC multiple intestinal neoplasia (Min) murine model of colon carcinogenesis.
APCMin/1 mice possess a point mutation in the murine homolog of the human APC
tumor-suppressor gene resulting in spontaneous adenomas, primarily in the small in-
testine.69 GF APCMin/1 mice have a reduced overall tumor burden including fewer
colon tumors versus conventionally housed controls.70 Exposure to commensal
strains, such as enterotoxigenic Bacteroides fragilis and Citrobacter rodentium,
promotes colon tumor formation in APCMin/1 mice, whereas a nontoxigenic strain of
Bacteroides fragilis does not.71 Furthermore, mono-association with Bacteroides
vulgatus reduced colorectal tumorigenesis in IL-10�/� mice versus conventionally
housed controls.72 Thus, when the host genetic background is identical, exposure
to different microbial species can lead to altered risk for colon carcinogenesis. This
risk can also be modified by antibiotic exposure in models, such as nucleotide-binding
oligomerization domain containing 2 (Nod2)�/� mice.Nod2�/� mice have an altered GI
microbiota when compared with wild-type (WT) mice and develop more tumors
following azoxymethane/dextran sulfate sodium treatment.73 Antibiotic exposure or
fecal transplants from WT mice can abrogate this phenotype.73 Additionally, WT
mice cohoused with Nod2�/� mice exhibit increased tumorigenesis versus separately
housed controls.73 Collectively, these findings suggest that microbial manipulation
could be used to abrogate CRC risk if the specific exposures driving the risk are
identified.

SUMMARY

Many factors contribute to the development of GI cancers. Multiple inherited and
acquired mutations in epithelial cells have been identified; alterations in risk have
also been attributed to environmental exposures, such as diet and now themicrobiota.
However, identifying whether specific microbes within the complex microbiota
are driving the progression to cancer is challenging because of the multidimensional
nature of the community, which can be altered by diet and antibiotics and influenced
by the genotype of the individual.
Ongoing analyses of the GI microbiota have found patterns that associate with both

malignant and premalignant lesions, such as atrophic gastritis and colonic polyps.
However, whether these alterations play a direct role in disease development or pro-
gression or whether they are markers of underlying epithelial or immune cell dysregu-
lation have yet to be determined. The GI microbiome harbors significant metabolic
activity, which can alter dietary nutrients with both beneficial and potentially harmful
sequelae. It is tempting to speculate that, in the future, we may identify groups of
bacterial taxa that can predict GI disease risk or outcome. These biomarkers could
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potentially be used to stratify patients towards particular therapeutic regimens,
providing further options for using the GI microbiome in the treatment and potentially
prevention of GI tract malignancies.
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for CRC, 468–469

for NETs, 497

for SBA, 453–454

CAPOX chemotherapy, for SBA, 454

CAPS (Cancer of the Pancreas Screening Project), 434

Carcinoembryonic antigen, 531
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Carcinosarcoma, esophageal, 408

b-Catenin, 448–449

Caustic ingestion, esophageal cancer in, 400

CDH genes, 416, 421, 510, 520

CDKN2A gene, 430, 434, 510, 521

Cecal intubation, in colonoscopy, 467

Celecoxib, for gastric cancer prevention, 419

Celiac disease, SBA in, 451

Cetuximab, for CRC, 469

CHEK2 gene, in CRC, 461

Chemoembolization, for NETs, 495–496

Chemoprevention, for gastric cancer, 419

Chemotherapy

for CRC, 468–471

for esophageal cancer, 407

for NETs, 497–498

for PDA, 436, 439

for SBA, 452–454

Chest pain, in esophageal cancer, 403

Chest radiography, for PDA, 435

Cholangiocarcinoma, 535–536
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for NETs, 497–498

for SBA, 453

CLARINET study, 495
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for CRC, 464–467
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Colorectal cancer, 459–476

diagnosis of, 466–468

genetic factors in, 459–476

in heritable cancer syndromes, 510–519

microbiome and, 547–552

molecular detection of, 536–537

molecular pathways in, 460–461

prevention of, 463–464

prognosis for, 468

protective factors in, 463–464

public health burden of, 461–463

risk factors for, 463–464

screening for, 464–466, 536–537

staging of, 468

surveillance for, 470–471

survivorship in, 470–471

treatment of, 468–470

Computed tomography

for NETs, 491

for PDA, 433, 435

for SBA, 451

Computed tomography colonography, for CRC, 464–465

Cowden syndrome, 461, 510, 515, 517–518

CRC. See Colorectal cancer.

Crohn disease, SBA in, 451
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for esophageal cancer, 406

for NETs, 494–495
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for gastric cancer prevention, 419

Cyclophosphamide, for NETs, 498

D

Diabetes mellitus, in PDA, 435

Diarrhea, in NETs, 489

Diet, microbiome and, 548, 552

Diffuse type, of gastric cancer, 417–418, 520–521

DNA

damage to, in PDA, 430

methylation of, in SBA, 450

mismatch repair of, in SBA, 450

DNA analysis, 532

Double balloon enteroscopy, for SBA, 451

Doxorubicin, for NETs, 498

Duodenum adenocarcinoma, 448, 452, 516
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Electroporation, for NETs, 494–495

Embolization, hepatic artery, for NETs, 495–496

Endometrial cancer, in heritable cancer syndromes, 510

Endoscopic mucosal resection

for esophageal cancer, 403, 406

for gastric cancer, 421–422

Endoscopic submucosal dissection

for esophageal cancer, 406

for gastric cancer, 421–422

Endoscopy, for Barrett’s esophagus, 401–404

Enteroclysis, for SBA, 451

Enteroenterostomy, for PDA, 437

Environmental factors, in SBA, 451

EPCAM gene, 461, 510, 512

Epidermal growth factor, in SBA, 450

Epstein-Barr virus infections, gastric cancer and, 415

Esophageal cancer, 399–412

adenocarcinoma, 400–406

Barrett’s esophagus and, 401–403, 406, 532–534

carcinosarcoma, 408

diagnosis of, 403

epidemiology of, 399–400

lymphoma, 408

melanoma, 408

microbiota and, 547

molecular detection of, 532–534

prognosis for, 399

recurrence of, 407

small cell carcinoma, 408

squamous cell carcinoma, 400, 404, 406

staging of, 403–406

stromal cell tumors, 408

treatment of, 406–408

verrucous carcinoma, 408

Esophagectomy, 406–407

Etoposide, for NETs, 498

EUROCARE database, 448

European Organisation for Research and Treatment of Cancer studies, 479–480

European Society for Medical Oncology, 482

European Society of Gastrointestinal Endoscopy, 420

Everolimus, for NETs, 499

F

Familial adenomatous polyposis, 450, 461, 510, 514–517

Familial atypical multiple mole melanoma, 510

Familial colorectal cancer type X, 515, 519

Familial endocrine cancer syndromes, 488–489
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Fecal occult blood tests, 464–465
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for NETs, 498

Flushing, in NETs, 489
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Functional imaging, for NETs, 491
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causes of, 414–416

classification of, 416–418

diagnosis of, 421
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global impact of, 413–414

histology of, 417–418
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pathogenesis of, 545–547
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prognosis for, 422

risk factors for, 414–416
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treatment of, 421–422
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Heritable gastrointestinal cancer syndromes, 509–527. See also individual syndromes.
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risk assessment for, 522–523

surveillance recommendations for, 515
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L

Lauren classification, of gastric cancer, 417–418
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Lifestyle modifications, for gastric cancer, 418

Linitis plastica, 421

Liquid biopsy, 530–531

Liver

hepatoma of, 535–536

NET metastasis to, 494–495

Lutetium radionuclide therapy, for NETs, 497

Lymph nodes, SBA invasion of, 451

Lymphadenopathy, in esophageal cancer, 403

Lymphoma, esophageal, 408

Lynch syndrome, 450, 460–461, 512, 514–515

M

Magnetic resonance imaging, for NETs, 491

Magnifying endoscopy, for gastric cancer, 421

Markers, for early cancer detection, 530–532

Melanoma, esophageal, 408

MEN gene, in NETs, 489
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from gastric cancer, 417

from GISTs, 477–483

from NETs, 489, 491, 494–495

from PDA, 435, 439

from SBA, 451–454
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Microarray analysis, for microbiota, 545

Microbiome, in gastrointestinal cancer, 543–556

colorectal, 547–552

diet and, 548

esophageal, 547

gastric, 544–547

MicroRNA, for molecular detection, 531

Microsatellite pathway, in CRC, 460–461, 466, 468–470

Microwave ablation, for NETs, 494–495

MLH genes

cancer risk of, 510

in CRC, 461

in gastric cancer, 416

in SBA, 450

MLSH genes, cancer risk of, 510, 512

Molecular detection, of neoplasia, 529–542
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gastric, 534
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markers for, 530–532
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MUTYH-associated polyposis, 461, 510, 515–517
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Narrow-band imaging, for gastric cancer, 421
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National Comprehensive Cancer Network, 439, 481–482, 511
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NETs. See Neuroendocrine tumors.
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ethnic differences in, 488
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Octreotide, for NETs, 495, 497

Odynophagia, in esophageal cancer, 403

Operative link for gastric IM, 420

Ottawa Bowel Preparation Scale, 467
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Oxalaplatin, for CRC, 468–469

P

Pain, in PDA, 435

PALB2 gene

cancer risk of, 510, 521–522

in PDA, 430, 432

Palliative care

for PDA, 436

for SBA, 453

Pancreas, NETS in, 489–490

Pancreatectomy, for PDA, 434

Pancreatic adenocarcinoma, 521–522

Pancreatic cancer, 515

in heritable cancer syndromes, 510

molecular detection of, 534–535

Pancreatic Cancer Case Control Consortium, 433
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molecular pathways in, 430–432
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Pasirotide, for NETs, 495, 497

PDA. See Pancreatic ductal adenocarcinoma.
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for SBA, 454
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Poly adenosine diphosphate ribose polymerase inhibitors, for PDA, 431
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detection of, colonoscopy for, 464–467

familial adenomatous, 450, 510, 515
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PTEN gene, 461, 510, 517
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for esophageal cancer, 407

for NETs, 495
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Ramucirumab, 422, 469
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Rectum. See also Colorectal cancer.
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Resection
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new tools for, 532–537

for gastric cancer, 419–421
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Small cell carcinoma, esophageal, 408

Smoking

gastric cancer and, 416, 418

PDA and, 433

SBA and, 451
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Sulindac, for chemoprevention, 517
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