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Introduction

Boris Pasche

Cancer genetics is a rapidly evolving field, which has revolutionized the practice
of medicine in the past decade. Genetic testing for several high-penetrance tumor
susceptibility genes such as BRCA1, BRCA2, and APC have allowed the identifica-
tion of individuals at high risk for breast and colon cancers that can be effectively
prevented with early screening.

Somatically acquired genetic changes such as overexpression of the ERBB2 gene
in breast cancer and mutations of the KRAS or BRAF genes in colorectal cancer
are observed in a significant fraction of patients. These genetic alterations can be
effectively targeted with antibodies such as trastuzumab and cetuximab. Treatment
with these genetically targeted agents increases patient survival.

Because genetic information allows for the exact identification of individuals,
the widespread expansion of genetic testing is potentially fraught with ethical and
legal issues. The first chapter of this book, which is written by Drs. Offit and Thom,
provides an insightful overview of the ethical aspects of cancer genetics.

Systematic studies of common genetic variants are facilitated by the fact that
individuals who carry a particular SNP allele at one site often predictably carry spe-
cific alleles at other nearby sites. This correlation is known as linkage disequilibrium
(LD); a particular combination of alleles along a chromosome is termed a haplotype.
The correlations between causal mutations and the haplotypes on which they arose
have long served as a tool for human genetic research: first finding an association to
a haplotype and then subsequently identifying the causal mutation(s) that it carries.
With the sequencing of the human genome and development of high-throughput
genomic methods, it has become clear that the human genome generally displays
more LD than under simple population genetic models, and that LD is more varied
across regions, and more segmentally structured, than had previously been sup-
posed. These observations indicated that LD-based methods would generally have a
great value (because nearby SNPs were typically correlated with many of the neigh-
bors), and also that LD relationships would need to be empirically determined across
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xii Introduction

the genome by studying polymorphisms at high density in population samples. This
has provided the rationale for the development of the International HapMap project
(www.hapmap.org). Novel genotyping technologies combined with the knowledge
generated by the HapMap project have provided the necessary tools to interrogate
the association of genetic variants from the entire genome with risk for various dis-
eases. The influence of such common polymorphisms on breast cancer, one of the
leading causes of cancer death, is thoroughly reviewed in the second chapter written
by Drs. Eccles and Tapper.

In the third chapter, Drs. Schrader and Huntsman provide the latest genetic
knowledge related to gastric cancer and focus on genetic cause, identification, and
management of a rare but deadly syndrome, hereditary gastric cancer.

Recent advances in cancer genetics are not limited to adult tumors. In the
fourth chapter, Drs. Capasso and Diskin provide a timely update on the recent and
exciting genetic discoveries related to one of the most common pediatric cancer,
neuroblastoma.

In the fifth and last chapter, Drs. Bellam and Pasche review the latest discoveries
related to constitutively altered TGF-β signaling in colorectal cancer risk, a novel
phenotype that may account for a large proportion of colorectal cancers.



Chapter 1
Ethicolegal Aspects of Cancer Genetics

Kenneth Offit and Peter Thom

Abstract In the wake of efficacious preventive interventions based on hereditary
cancer risk assessment, a number of ethical and legal challenges have emerged.
These include issues such as appropriate testing of children and embryos, the
“duty to warn” relatives about familial risk, reproductive genetic testing, the risk
of genetic discrimination, and equitable access to testing. These and other issues
will be discussed within the framework of a bioethical model, with reference to
recent case law.

1 Introduction

While genetic information is clearly medical information, its uses and abuses
may reach beyond the patient to the family and society. For these and other rea-
sons, predictive genetic information, including the counseling that accompanies
presymptomatic genetic testing, was introduced into the practice of clinical oncol-
ogy as a special case requiring special considerations [1, 2]. At the time of the
first widespread introduction of genetic testing for adult-onset breast, ovarian, and
colon cancer, “genetic exceptionalism” was felt to be required because of the unique
psychological, social, economic, and even political consequences of genetic infor-
mation. Now, more than a decade later, it can be argued that genetic exceptionalism
is no longer necessary. Moreover, the similarities between genetic and nongenetic
predictive testing appear much greater than the differences [3]. In this review, the
distinguishing characteristics and special ethical and legal implications of predictive
genetic tests for cancer risk will be considered. The conclusion which will emerge
is that breaking down genetic exceptionalism remains an important goal. However,
achieving this goal will require continued physician and provider education and
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2 K. Offit and P. Thom

also greater societal involvement in shaping the ethical discussions and case law
that will determine the way genetic tests for cancer risk are being incorporated into
the practice of preventive oncology.

2 Moral Theory: The Grounding of Biomedical Ethics

The moral implications of medical decisions and the use of newly introduced tech-
nologies have been examined by biomedical ethicists, and professional societies
have entered into this dialogue by formulating uniform “codes” of professional
ethics. Recent codes, including those of the AMA and the Office for Human
Research Protections (OHRP), reflect the influence of modern ethical theory in the
area of human genetic information [4, 5]. OHRP recommendations have become
a critical resource for institutional IRBs and constitute basic reading for cancer
risk counselors. Other professional organizations and advisory bodies have pro-
vided guidelines that bear on ethical and legal aspects of cancer genetic testing
[1, 2, 6–8]. However, on many important issues (e.g., the duty to warn family mem-
bers at risk and reproductive uses of genetic tests), clinicians and IRBs are expected
to reach decisions based on the fundamental tenets of biomedical ethics. In the clin-
ical setting, principle-driven normative ethics grounded in moral theory can guide
individual ethical quandaries and have been specifically applied to cancer genetic
testing [9].

In their classic introduction to biomedical ethics, Beauchamp and Childress [10]
define the principles central to the current view of ethical conduct in medicine.
These concepts include respect for individual autonomy of the patient; the imper-
ative to do no harm (nonmaleficence); the concept of beneficence and justice;
and specific obligations of the health professional relating to truth telling, privacy,
confidentiality, and morally correct behavior.

3 Autonomy

The principle of autonomy is perhaps the most fundamental to genetic medicine.
Strictly defined, autonomy refers to self-rule, but in bioethical parlance this con-
cept is more broadly defined. It refers to the right of the individual to act freely,
when provided adequate information, without coercion or interference. The con-
cept of autonomy has also been invoked to justify the individual’s right not to know
medical information. Cancer genetic counseling, with its emphasis on education
and empowerment, is fully consistent with the concept of autonomy, implying fully
informed choice, free from coercion. The context of testing presumptively nonau-
tonomous children and embryos raises special concerns, which will be discussed
below.
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4 Nonmaleficence

The Hippocratic maxim primum non nocere – “above all do no harm” – has
become a central dogma in medical ethics. Nonmaleficence, as it relates to can-
cer patients, has major application to genetic testing. False-negative tests may be
avoided by establishing segregation of a pathogenic mutation by initiating test-
ing of an affected family member. However, for common malignancies such as
colon or breast cancer, where significant population risk exists, even a “true neg-
ative genetic test may be deleterious if the individual abandons cancer screening.”
Negative test results may also, paradoxically, result in “survivor guilt.” The dam-
aging effects of positive test results appear self-evident. For some conditions, such
as Li–Fraumeni syndrome, the harm:benefit ratio of testing may be a central con-
sideration. For those circumstances where a genetic test will lead to increased
surveillance or risk-reducing surgery, there can be medical risks to these proce-
dures. However, the greatest perceived risk associated with genetic testing has
been a nonmedical one: the troubling adverse psychological, social, and eco-
nomic consequences of stigmatization and genetic discrimination against mutation
carriers.

5 Genetic Discrimination

Genetic discrimination is defined as social stigmatization based on an individual’s
hereditary risk of disease. It can lead to purely social traumas, such as discrimination
against potential spouses due entirely to their disease risk. Genetic discrimination
can create economic hardship, for example, when genetic knowledge is used by
potential employers in hiring or promotion decisions or by insurance carriers to
exclude groups from coverage or to increase their rates. While anecdotally docu-
mented for a number of rarer disorders, this concern has been mainly theoretical for
common adult cancer predisposition syndromes, with very few documented cases
of insurance discrimination thus far [11, 12]. Nonetheless, the perceived fear of
genetic discrimination remains high [13]. Early surveys of medical directors of US
life insurance companies found that more than half felt a strong family history of
breast cancer justified them to disallow all life insurance or substantially increase
rates [14]. In some countries, e.g., the UK, life insurance premiums are higher for
those with BRCA mutations. From the perspective of “distributive justice,” com-
bined with the notion of life insurance as a commodity and not a right, the option
of excluding high-risk groups to guarantee the lowest possible rates seems logical.
Antiselection, the bane of insurers, occurs when those at increased risk more actively
seek insurance. Health insurance, on the other hand, tends to be viewed more as a
right than a commodity, hence the ethical arguments against genetic discrimina-
tion in the workplace, the context in which most health insurance is provided in
the USA.
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5.1 Federal and State Legislation and Case Law

Several cases involving genetic discrimination in the workplace have been reported.
In Norman-Bloodsaw v. Lawrence Berkeley Laboratory [15] the courts decided in
favor of the plaintiffs who were subjected to preemployment genetic screening at
Lawrence Berkeley Laboratory. The plaintiffs alleged that their blood and urine
samples were tested for a variety of conditions including sickle cell trait without
prior knowledge, consent, or subsequent notification that the tests had been con-
ducted. In theory, the Americans with Disabilities Act [16] prevents employers
from inquiring about health conditions in the course of evaluation for employment.
This protection was further strengthened when the Equal Employment Opportunity
Commission (EEOC) [17] promulgated enforcement guidelines, March 15, 1995,
defining “disability” as inclusive of genetic predisposition. In a far-reaching case
that tested the scope of the EEOC regulation, Burlington Northern Santa Fe Railway
Company conducted genetic tests on blood samples of employees who had filed
workers’ compensation claims for carpal tunnel syndrome. Under the terms of a
settlement in EEOC v. Burlington N. Santa Fe Ry. Co. [No.02-C-0456 (E.D. Wis.
2002)], the company agreed to stop the testing.

In addition to the EEOC provisions, several other federal initiatives impact upon
the potential for discrimination by health insurers or employers based on genetic
knowledge. The Health Insurance Portability and Accountability Act (HIPAA)
defined genetic information as a component of the “health status” of the individual,
along with obvious manifestations of disease, disability, and medical history. The
intent of the legislation was to prohibit both employers and health insurers from
excluding individuals, or employees in a group, from coverage or from charging
them higher rates on the basis of health status, including genetic conditions. The
legislation’s intent was also to spread risk among insurance pools, while protecting
individuals with specific conditions from losing the portability of their insurance
when they changed jobs. Hence, for cancer patients in clinics who undergo genetic
testing, federal protection was put in place to shield them from discrimination based
on genetic test results. Other provisions of HIPAA laid down strict rules governing
privacy of protected health information. However, no provisions for recourse were
established when privacy has been violated and over 16,000 privacy violation com-
plaints have been filed to HHS since the enactment of HIPAA privacy rules in 1996
[18]. In 2006, during testimony before the United States Senate HELP Committee,
35% of Fortune 500 companies admitted to looking at an employee’s health records
before hiring and promotion decisions were made [19]. As the USA moves to
implement a digitized medical record system, balancing privacy issues against the
benefits of ready access to patients’ electronic records will remain an important
issue.

In 2000, President Bill Clinton signed an executive order prohibiting discrimina-
tion in federal employment based on genetic information [20]. Under the leadership
of the Senate Majority Leader who was also a physician, a bipartisan effort resulted
in the unanimous passage of the Genetic Information Nondiscrimination Act, S. 306.
on February 17, 2005, by a 98–0 margin. More than 3 years later the House
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of Representatives version of the legislation, H.R. 493, was passed. The Genetic
Information Nondiscrimination Act (GINA) of 2008, signed into law by President
George W. Bush, prohibits discrimination based on genetic information in health
coverage and employment. GINA also provides remedies for violations, including
corrective action and monetary penalties. Individuals may also have the right to
pursue private litigation [21].

The HIPAA and GINA protections were meant to provide baseline protections
against genetic discrimination; they are subordinate to state regulations with more
stringent genetic confidentiality and protection guidelines. By 2007, the majority of
states had passed various types of legislation bearing on issues of genetic discrimi-
nation. Genetic privacy statutes have been passed by 32 states. In 27 states there are
specific consent provisions for disclosure of genetic information. The provisions of
the state laws with respect to health insurance vary, but generally parallel the legisla-
tion on privacy and employer discrimination. A comprehensive, constantly updated
source for state laws governing genetics and privacy issues can be found at the Web
site for the National Conference of State Legislatures (http://www.ncsl.org). The
impact of many of these state laws is limited by the Employee Retirement Income
Security Act (ERISA), which preempts self-insured employers from many of the
state insurance provisions. From the perspective of the individual with a genetic pre-
disposition to cancer, one of the potential benefits of the Health Insurance Portability
and Accountability laws is that they apply to employers providing health insurance
plans, including small employers (with 2–50 employees).

Consumers’ perceptions that genetic testing may lead to discrimination are well
established by surveys and polls, regardless of actual occurrence [22, 23]. In actual
practice, major health insurers have included cancer genetic testing as a covered
benefit. Some carriers, like Aetna and Blue Cross, cover cancer genetic testing and
do not explicitly require test results to be sent to their databases. Insurance carri-
ers have also covered the cost for risk-reducing surgeries associated with cancer
predisposition syndromes; in our series greater than 95% of preventive surgeries of
the breast or ovaries were covered [24]. In addition, case law has supported this
practice; in a 1994 case, an asymptomatic woman, whose mother and aunt had
both died of ovarian cancer in their late forties, elected to have a total abdominal
hysterectomy and bilateral salpingo-oophorectomy. The Nebraska Supreme Court
reversed an earlier decision supporting BlueCross/Blue shield, which had refused
payment for the procedure. In this case the woman had not had confirmatory genetic
testing, but the courts upheld her contention that though there was no detectable
physical evidence of illness she did “suffer from a different or abnormal genetic
constitution.” [25]

5.2 Direct-to-Consumer(DTC) Genetic Testing

One of the potential harms of genetic testing is psychological damage resulting
from poor or absent genetic counseling. Inaccurate performance or interpretation
of genetic testing may also lead to inappropriate clinical decisions. Both of these
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concerns have re-emerged in the context of discussions of direct-to-consumer (DTC)
marketing of genetic tests.

Arguments for DTC testing hinge on greater access to information. Arguments
against DTC testing are that consumers may not be educated to understand the
complexities of genetic testing, may misinterpret results, and may consequently
make health management errors. Concerns about consumer education were sup-
ported by an “experiment” that took place in Atlanta, GA, and Denver, CO, during
September 2002–February 2003. A large genetic testing company embarked on a
DTC advertising campaign for BRCA testing. At the same time the Centers for
Disease Control studied several comparison cities: Raleigh and Durham, NC, and
Seattle, WA. Television and media advertisements were highly effective, reaching
90% of the homes in the selected markets. It was noted that consumer and provider
awareness of BRCA1/2 testing increased, more BRCA1/2 tests were requested,
and more tests ordered. In all four cities, health-care providers often lacked suf-
ficient knowledge to advise patients about genetic testing. In Denver, there was
a 300% increase in calls from women interested in BRCA testing, but a 30%
decrease in referral of high-risk women during the campaign. It was concluded that
advertising campaign may not have accurately portrayed the limitations of BRCA
testing [26].

In addition there is considerable controversy concerning the analytical and clin-
ical validity of some tests currently offered [27]. DTC laboratories’ inclusion of
risk markers identified through genome-wide association studies has presented new
challenges: the predictive value of most of these markers remains theoretical and in
many instances their genetic function is unknown. Quality control standards are not
yet in place for physician-directed genetic testing. Basic requirements exist under
the Clinical Laboratory Improvement Amendments of 1988 (CLIA), but there are
no specific mandates covering proficiency testing of personnel, or quality control
of genetics labs, though many do voluntarily comply with industry-set standards. In
2000, the Secretary’s Advisory Committee on Genetic Testing (SACGT) issued a
report proposing that genetic testing be regulated under CLIA and that new genetic
tests should be reviewed by the FDA. A recent analysis of the number of reported
deficiencies and the frequency of reported analytic errors has shown that proficiency
testing of laboratory technicians is clearly associated with better laboratory quality
[28].

Regulation of laboratories involved in DTC genetic testing falls under the
purview of individual states, and uniformity is lacking: Some prohibit delivery of
test results directly to patients, some do not, and still others have no governing
statutes covering this issue. There also appears to be a wide range in quality of
direct-to-consumer testing facilities. One online company offers testing for BRCA
carrier status. Full sequencing is listed at over $3,000 and includes “expert support
by board-certified genetics experts, toll-free or via email.” Another company offers
a range of both established and poorly established genomic markers that allegedly
predict possible health proclivities and even include dietary modifications based on
genotype. Some of these DTC tests are coupled with the sale of products claiming
to treat the ailments identified by the tests or to “match” one’s genetic profile, such
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as “customized” supplements to aid in weight loss [29]. While the Federal Trade
Commission has exercised authority over prescription drug advertising, it has not
yet regulated the arena of DTC genetic testing.

6 Beneficence

One of the fundamental benefits of genetic counseling is the psychological benefit
of a “negative” test, but a “positive” genetic test can also be considered beneficent if
it leads to more effective medical management. While early studies recognized the
presumed but unproven efficacy of such interventions as mammography, breast self-
examination, ovarian screening, colonoscopy, and prophylactic surgery in carriers of
cancer predisposing alleles [30], more recent literature [31, 32] has supported the
efficacy of these interventions for a broad spectrum of adult and pediatric cancer
predisposition syndromes. “Preventive” ovarian surgery in BRCA mutation carriers,
for example, results in the detection of microscopic and curable ovarian cancer in 3
of every 100 women who undergo the procedure [33], and colonoscopies can detect
small tumors at a curable stage [34].

7 Paternalism: The Collision of Beneficence and Autonomy

In some cases, the principles of autonomy and beneficence collide. When, for exam-
ple, the perceived necessity to inform a patient’s relatives clashes with the right of
that patient not to disclose medical information, the medical provider’s choice to
disclose information to family members may appear paternalistic. Such dilemmas
have resulted in an established set of case law referred to as “duty to warn” implying
a possible ethical obligation for the practitioner to invoke beneficent considera-
tions and indeed, in some circumstances, to override the autonomy of the proband
by informing at-risk relatives [35]. In several examples of recent case law, legal
claims have been made against physicians for failing to warn relatives of hereditary
cancer risks. In one case of hereditary medullary thyroid cancer in Florida, Pate
v. Threlkel [661 So.2d 278 (Fla. 1995)], the court ruled that warning the affected
proband was sufficient familial notification. Expanding on this opinion in another
case involving familial polyposis, Safer v. Pack [677 A. 2d 1188 (N.J. 1996)], the
New Jersey Superior Court did not agree that “in all circumstances the duty to
warn will be satisfied by informing the patient.” This case and a third case involv-
ing a noncancerous condition may establish a precedent in other states and create
special challenges in the counseling and testing of families with hereditary cancer
predisposition [36].

Under HIPAA there are specific “public interest” exceptions to the strict nondis-
closure policy that otherwise protects “individually identifiable health information,”
including genetic information. These exceptions comprise instances in which the
public interest is at risk, i.e., there is a “serious and imminent threat to the health
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or safety of a person or the public” [37]; and the physician has the capacity to avert
significant harm [38]. At present ASCO and AMA guidelines state that the clinician
is obligated to inform the proband of the familial risks that must be communicated
to relatives, but that it is impractical and inappropriate to create liabilities for clin-
icians to warn all relatives of possible genetic risk for a malignancy [35]. Setting
aside the issue of duty to warn the family of genetic risk, there is little debate about
the duty to warn the individual patient. Already there has been a malpractice suit
settled for $1.6 million against a prominent Seattle, Washington, medical center not
only for failure to make a genetic diagnosis in a patient with a family history of
breast and ovarian cancer but in neglecting to offer risk-reducing ovarian surgery to
a 43-year-old woman who survived bilateral breast cancer at ages 28 and 37 only
to succumb to ovarian cancer at age 43 [39]. Such cases underscore the importance
of oncologists’ abilities to identify their patients’ hereditary cancer syndromes in
light of estimates that 5–10% of the 2.5 million existing survivors of breast and
colon cancer in the USA are at risk for a second cancer due to an underlying, often
unrecognized, hereditary cancer syndrome.

8 Veracity

The concern with truth telling is a relatively recent one in biomedical ethics [10].
In virtually every case involving cancer genetics, the rules of disclosure should be
anticipated during the pretest counseling. A special consideration, and a poten-
tially devastating disclosure unique to genetic testing, is the issue of relatedness
(i.e., paternity and maternity). Since cancer predisposition testing is generally per-
formed on families with adult members, the issue of non-relatedness among family
members generally arises unexpectedly, and the resulting emotional and legal con-
sequences may be significant. The preferred solution to these particular dilemmas
of veracity is to proactively anticipate the problem during the pretest stage and to
establish whether this information is to be disclosed or is deemed irrelevant to the
immediate medical concerns.

9 Equity

Although not usually considered in the context of genetic testing of individuals,
ethical consideration of equity and access is relevant to the responsible translation
of molecular medicine.

European studies have described an overrepresentation of upper-class women
and the corresponding deficit among lower-class women with breast cancer who
were referred to genetics clinics [40]. Acceptance of BRCA1/2 test results is also
limited in US African American women [41], and although expectations among
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African Americans about the benefits of BRCA1/2 genetic testing were high, expo-
sure to information and knowledge about breast cancer genetics was lacking [42].
Factors contributing to or preventing participation in genetic testing among African
Americans may include awareness of epidemiological data showing lower sur-
vival rates among African American cancer patients, leading to fatalistic attitudes.
In these studies, education and income were important determinants of attitudes,
beliefs, and behaviors, and larger studies have shown African American partici-
pants were significantly less likely to have had genetic counseling (OR 0.22; 95%
CI, 0.12–0.40). After controlling for probability of carrying a mutation, socioe-
conomic factors, cancer risk perceptions and worry, attitudes about the risks and
benefits of testing, and primary care physician discussions about testing, a sig-
nificant odds ratio persisted (0.28; 95% CI, 0.09–0.89). Though access to health
care in the USA is nominally linked to employment status, fully 67% of unin-
sured individuals were in families where at least one person worked full time
during 2005 [43]. And during the same year, nearly two of three (62%) Hispanics
were uninsured at some point compared to 33% of African Americans and 20%
of European Americans [44]. Thus, barriers to mammograms, colonoscopies, and
genetic testing, as well as cancer treatment, are formidable, and for the working
poor this cost barrier may contribute to later-stage diagnoses and late treatment for
cancer.

10 Special Considerations: Genetic Testing of Children
and Fetuses

Current AMA guidelines for genetic testing of children attempt to strike a balance
between preserving the child’s autonomy versus considerations about imminence of
risk to the child or relative and availability of therapeutic measures. Carrier testing
children for a late-onset genetic condition is not recommended, whereas genetic test-
ing for an early-onset disease with available treatment options is recommended and
sometimes required. When no treatment is available for children at risk for an early-
onset disease, the AMA suggests the option to test the child be placed at parents’
discretion [45]. When the balance of harms and benefits is uncertain some profes-
sional guidelines, such as those of the ACMG, are somewhat more open to testing
children. These guidelines do consider psychosocial benefits which may warrant
offering tests to competent adolescents [46]. ASCO recommends that the decision
to offer testing to potentially affected children should consider the availability of
evidence-based risk-reduction strategies and the probability that malignancy will
develop during childhood. The National Association of Genetic Counselors (NSGC)
goes still further in advocating offering prenatal testing for adult-onset genetic con-
ditions without regard to decisions about terminating an affected fetus [47]. While
some have proposed that parental authority is an important consideration that may
outweigh hypothetical harm and that decisions to test should be case specific [48],
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others have challenged the notion that maturity of judgment is universally age
related [49].

11 Embryonic Genetic Testing

At the far end of this spectrum lies the issue of genetic testing where definitions
of personhood and the autonomy are unclarified. Techniques used to identify the
presence of disease-associated genes in a fetus include traditional postimplantation
methods, amniocentesis and CVS, and preimplantation genetic diagnosis (PGD).
Use of PGD in IVF affords the option of embryonic selection through detection
of single-gene or chromosomal disorders at a very early stage of embryonic life.
We reviewed the peer-reviewed literature and found 55 case reports of prenatal or
preimplantation diagnoses for cancer predisposition syndromes [50]. We found that
9 of 13 PGD centers contacted indicated that they already offered or planned to offer
such services. Professional societies are active participants in discussing the regula-
tion of PGD and other assisted reproductive technologies. Although the American
Medical Association’s (AMA’s) Code of Medical Ethics finds it generally accept-
able to use prenatal genetic testing for individuals at “elevated risk of fetal genetic
disorders,” the AMA states that “selection to avoid a genetic disease may not always
be appropriate, depending on factors such as the severity of the disease, the proba-
bility of its occurrence, the age at onset, and the time of gestation at which selection
would occur” [51]; comparable positions have been taken by the ethics committee
of the American Society of Reproductive Medicine [52] and by various European
medical ethics societies [53–55].

Ethical concerns arise in the context of PGD because some feel that offering
a routine option of termination for late-onset diseases risks the “slippery slope”
leading to sex and trait selection or testing for multifactorial conditions, such as
depression or obesity. In addition, with increased uptake, the ethical issue of equal
access arises because currently this technology is affordable only by a select few.
In the absence of data on long-term outcome for assisted reproductive technologies
[56], and absent guidelines for practitioners to discuss such options with patients, an
algorithm to approach these discussions – taking into account psychological, ethical,
as well as medical considerations – has been proposed [57].

12 Informed Consent and the Unifying Concept of Fidelity

In the absence of the contractual obligations of the marketplace, the concept of
fidelity has been invoked to capture the spirit of trust, commitment, and faithfulness
that exists in the doctor–patient relationship. Arising from the necessity to make
explicit the agreement between patient and health provider, especially in the face
of difficult decisions, and in keeping with the principles of autonomous choice, the
concept of informed consent was developed. The basic requirements of informed
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consent are (1) competence to understand the informed consent discussion; (2) dis-
closure of procedures, risks, and benefits of the research; (3) understanding of what
has been discussed; (4) voluntariness of the decision; and (5) consent by the indi-
vidual or the appropriate surrogate. For the most part, pretest genetic counseling is
synonymous with informed consent. Table 1.1 lists the basic elements of informed
consent for genetic cancer predisposition testing, grouped according to the aspect of
ethical theory that they address.

Table 1.1 Elements of informed consent for germline cancer risk testing

Autonomy provisions

1. Information about the specific test being performed
2. Implications of both positive and negative results
3. Possibility that the test will be inconclusive or not informative
4. Options for estimating risk without genetic testing
5. Risk for children to inherit the mutation
6. Options to withdraw from study

Beneficence provisions

7. Options for medical surveillance, risk reduction, and screening following testing

Nonmaleficence provisions

8. Technical accuracy of testing
9. Risks of psychological distress
10. Risks of insurance and/or employer discrimination

Paternalism provisions

11. Procedures if relatedness is unexpected
12. Procedures for notification of family

Privacy-professional responsibilities

13. Confidentiality issues
14. Fees for testing, counseling, and follow-up care

Special considerations

15. Ownership and research uses of DNA remaining after diagnostic testing
16. Reproductive uses of genetic information
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Chapter 2
The Influence of Common Polymorphisms
on Breast Cancer

Diana Eccles and William Tapper

Abstract Breast cancer is one of the most frequently diagnosed cancers in the
Western world and a significant cause of mortality worldwide. A small propor-
tion of cases are accounted for by high-penetrance monogenic predisposition genes;
however, this explains only a small fraction (less than 5%) of all breast cancers.
Increasingly with advances in molecular technology and the development of large
research consortia, the locations and identities of many low-penetrance genetic vari-
ants are being discovered. However, each variant has a very small effect similar to or
smaller than many of the known environmental risk factors. It is therefore unlikely
that these variants will be appropriate for predictive genetic testing, although they
may identify novel pathways and genes which provide new insights and targets for
therapeutic intervention. The future challenges will be identifying causal variants
and determining how these low-penetrance alleles interact with each other and with
environmental factors in order to usefully implement them in the practice of clinical
medicine. Furthermore, it is clear that breast cancer comes in many forms with the
tumour pathology and immunohistochemical profile already being used routinely as
prognostic indicators and to inform treatment decisions. However, these indicators
of prognosis are imperfect; two apparently identical tumours may have very differ-
ent outcomes in different individuals. Inherited genetic variants may well be one
of the other factors that need to be taken into account in assessing prognosis and
planning treatment.

1 Introduction

Like most common cancers there is good evidence from population, family, and
twin studies that shared genetic variants are contributing a proportion of risk [1, 2].
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Close relatives of an individual with breast cancer have an increased risk of develop-
ing the disease. In some (relatively rare) families there is a striking, dominant pattern
of breast cancer, often in association with ovarian cancer. In these families, a likely
explanation is a dominantly inherited rare genetic variant (mutation) with a high life-
time penetrance for breast (and ovarian) cancer. The two most frequently mutated
high-penetrance breast cancer genes are BRCA1 and BRCA2 [3]. The chance of
breast cancer in a family being due to a single dominantly inherited gene increases
with an increasing number of affected relatives; young age at onset and multiple pri-
mary tumours in an individual are characteristic of genetic predisposition, and these
features are often used to select individuals for genetic counselling and genetic test-
ing to determine if there is a high-risk gene mutation present in the family [4]. The
lifetime age-related penetrance in a family that was ascertained because of multiple
affected family members can be as high as 80% by 70 years of age [5]. However,
it is clear that the penetrance of these high-risk genes varies between individuals
and between families. At least some of this variation is associated with the presence
of common genetic polymorphisms [6]. In many families with clustering of breast
cancer, the pattern is less striking than in families with a BRCA1 or BRCA2 muta-
tion. Figure 2.1 illustrates a pattern of inheritance in a family that is likely to have
arisen because of a BRCA1 gene mutation. Figure 2.2 is a family unlikely to have
arisen as a result of a BRCA1 or BRCA2 mutation but also unlikely to have occurred
entirely by coincidence; this familial cluster of breast cancers is most likely to have
arisen because of a combination of shared low-penetrance genes and environmental
factors.

Fig. 2.1 Family history likely to be due to a BRCA1 gene mutation

2 Breast Cancer Epidemiology

Breast cancer is one of the commonest cancers in the Western world and the inci-
dence has been increasing over the last 25 years particularly in the more frequently
affected post-menopausal age groups (http://info.cancerresearchuk.org/cancerstats/
types/breast/). The strongest risk factors for breast cancer are sex (male breast cancer
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Fig. 2.2 Family history is
likely due to low-penetrance
breast cancer risk alleles
BRCA1 gene mutation

incidence is much lower than for females) and age (in the UK and USA 80% of all
breast cancers are diagnosed in women over 50 years of age). Obesity, early age at
menarche, late age at menopause, late age at first birth, use of hormone replacement
therapy after menopause, current use of oral contraceptive pills, sedentary lifestyle,
and alcohol consumption are all factors that have been reported to impact on breast
cancer risk. Some of these factors are entirely environmental (e.g. oral contracep-
tive pill use) and some such as obesity are a combination of complex genetic traits,
lifestyle, and environment. Changes in lifestyle can exert an effect on breast cancer
risk over a relatively short time scale [7, 8].

3 Breast Cancer Biology

Breast cancer is clearly both pathologically and molecularly more than one dis-
ease [9]. Routine pathological examination can and is used to subdivide tumour
types since these give information about the likely prognosis and the need for addi-
tional treatment (surgery, hormonal manipulation, cytotoxic, or targeted drugs) [10,
11]. In addition to studying the morphological features of a breast tumour, the
tissue will be examined using immunohistochemistry to determine, for example,
whether a tumour has oestrogen receptors (ER positive) or not (ER negative). Most
breast cancers (80%) express oestrogen receptors (are ER positive) and are there-
fore likely to respond to anti-oestrogen treatments. More recently amplification of
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a transmembrane tyrosine kinase epidermal growth factor receptor HER2 has been
clearly associated with a poor prognosis. Only a small proportion of breast cancers
(<20%) show overexpression of HER2 but the recent development of therapeutic
antibodies targeted at HER2 has rapidly established a need to identify those patients
who might benefit from this targeted therapy [9, 12].

Increasingly sophisticated molecular techniques are now being used to analyse
RNA and DNA extracted from tumours and identify several different molecular sub-
groups of breast cancer that are associated with differing clinical outcomes [13–15].
Despite this increasing sophistication of analysis of tumour types and the broad
association of patterns of pathological or molecular features with overall prognosis,
it is still not possible to precisely predict for any single individual when or where
they will relapse from a tumour with any measure of certainty.

Black African women are known to develop breast cancer at a younger average
age than white Caucasian populations and for breast tumours to be more likely to
have adverse prognostic characteristics, specifically more oestrogen receptor nega-
tive tumours [16, 17]. This could be due to different genetic backgrounds and the
presence of more low-penetrance risk alleles predisposing to ER-negative rather
than ER-positive breast cancers in association with Black African ancestry. Breast
cancer in younger women relative to post-menopausal women typically involves a
higher prevalence of tumour types with adverse pathological features [18, 19]. This
may be due to a difference in either the host environment, causative factors (genetic
and environmental), or both. Female BRCA1 gene mutation carriers are much more
likely than most women to be affected with breast cancer at young ages but even in
comparison to young women without BRCA1 mutations, the likelihood of an ER-
negative breast cancer developing in a BRCA1 gene mutation carrier is extremely
high [20]. This suggests that the high-risk gene mutation may be facilitating a
particular molecular pathway of tumour evolution.

4 Breast Cancer Diagnosis

The diagnosis of breast cancer may be based on clinical examination and radiologi-
cal features but a definitive diagnosis requires a pathological assessment of tumour
tissue. This gives information about the growth rate of tumour cells (tumour nuclear
grade is made up of a combined score where the pathologist assesses tubule for-
mation, nuclear pleomorphism, and mitotic count), the type of breast cancer (e.g.
ductal or lobular or one of the special subtypes), and with specific antibody stains
the immunohistochemical profile (usually at least ER and HER2 receptor status).
Clinical examination and radiological features plus tumour excision and removal of
some or all of the axillary lymph nodes give information about tumour stage. The
TNM system of staging is commonly used – T [tumour size], N [involvement of
lymph nodes], and M [distant metastases]. Imaging of other areas of the body (lungs,
liver, bone) is often included at baseline. In reality it is relatively uncommon for
breast cancer to present with spread beyond axillary lymph nodes [21]. Once breast
cancer has spread beyond the locoregional lymph nodes, it is extremely unlikely to
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be cured. Both clinical and pathological features of a breast cancer have implications
for prognosis and treatment.

5 Breast Cancer Treatment

Surgery: approaches to breast cancer management initially centred around mas-
tectomy; however, it is now clear that since early-stage breast cancer patients are
equally well treated with local wide excision and breast radiotherapy, the extent
of surgery for a small breast cancer may be a matter of personal choice [22, 23].
Surgical excision of axillary lymph nodes is important for prognosis and to aid
decisions about adjuvant therapy but more recently again the approach has moved
towards sampling of nodes likely to be involved rather than removing all possible
lymph nodes from the axilla [24].

Hormonal manipulation: since the earliest reports of the ability of even advanced
breast cancer to respond to the removal of circulating oestrogen in 1896, oophorec-
tomy and ovarian ablation to prevent oestrogen production in premenopausal
women and pharmacological approaches to block oestrogen receptors or inhibit
oestrogen production have been important strategies in breast cancer treatment [25].
It is now clear that in general only oestrogen receptor positive breast cancers are
likely to respond to these approaches.

Cytotoxic therapies: Radiotherapy to the breast after breast conserving surgery
and to the chest wall after mastectomy reduces the risk of local recurrence of breast
cancer. The radiation field may be extended to include the axilla in some cases.
Radiotherapy is also frequently used to reduce pain from bone metastases and
symptoms from brain metastases when breast cancer spreads to distant sites.

Breast cancers are often sensitive to a wide range of cytotoxic chemother-
apy drugs of the anthracycline type (anti-tumour antibiotics that interfere with
enzymes involved in DNA replication) and increasingly now taxanes (mitotic
spindle poisons) are included in many first-line adjuvant chemotherapy regimens.
For high-grade and particularly ER-negative breast cancers, adjuvant cytotoxic
chemotherapy is clearly beneficial in reducing the risk of distant spread of the
disease [26].

Novel targeted therapies: As the pathological and molecular complexities of
breast cancer are unravelled, opportunities arise for the development of novel ther-
apies that are specifically aimed at blocking or suppressing tumour promoting
pathways or mechanisms. One example of a very successful new biological tar-
geted therapy is Herceptin which is an antibody to the HER2 receptor and is highly
effective at reducing the risk of recurrence and at treating metastatic breast cancer
for breast tumours in which the HER2 gene is amplified [27].

6 Breast Cancer Genetics

Breast cancer is one of the commonest cancers in women in the western world. It is
likely that all women who develop breast cancer have some genetic susceptibility.
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Although only about 12% have one affected close relative, risk for breast can-
cer increases with increasing numbers of affected relatives [28]. This reflects the
increasing likelihood of a high-penetrance dominant susceptibility gene segregating
in a family with multiple affected close relatives. The majority of familial cases,
however, are likely to be due to a combination of numerous common genetic vari-
ants that slightly increase the individual risk of breast cancer when compared to the
population average (<1.5 fold increase per allele) [29]. These low-penetrance risk
allele effects are likely to be multiplicative [30]. Rare mutations in other genes have
also been implicated in relatively low-penetrance (two- to threefold increase) breast
cancer susceptibility [31]. Only a rather small percentage of all cases (almost cer-
tainly less than 5%) are likely to be carriers of a high-risk susceptibility gene such
as BRCA1, BRCA2, or TP53 [3].

The average age of diagnosis of breast cancer in a white Caucasian population
is around 60–65 years. Less than 20% of breast cancers are diagnosed under 50
years of age and only 5–10% under 40 years. The proportion of young onset breast
cancers that are due to a highly penetrant single dominantly inherited breast cancer
predisposition gene is higher than in later onset breast cancer cases [32, 33]. There is
evidence of variation in the prevalence of pathological subtypes and the average age
of onset of breast cancer in different age groups, in different geographical areas, and
in different ethnic groups [16, 34]. These observations imply that genetic factors are
important in breast cancer aetiology but that it is important to recognise that breast
cancer is not a single disease entity, risk factors (including genetic risk factors) may
vary for each different breast cancer subtype.

7 Gene Discovery

There are a variety of approaches that have been taken to identifying breast can-
cer predisposition genes, the chosen approach depends on the underlying genetic
model and different methods allow the discovery of different types of genetic
predisposition.

7.1 Linkage Analysis

Early breast cancer segregation analyses found that an autosomal dominant, rare,
highly penetrant gene (or genes) was the most likely model that fit the available
population data [1, 35]. Initial attempts to find breast cancer predisposition genes
focused on familial multiple cases with early onset. The TP53 gene was the first
identified through the very striking clinical phenotype described by Li and Fraumeni
[36–38], the BRCA1 gene was mapped in the same year to chromosome 17 and
BRCA2 followed a few years later [39–42]. No further such high-penetrance genes
have been identified to date [43]. There may be unique families with a dominantly
transmitted mutation but traditional linkage studies using groups of families would
not be able to detect such a gene. However, the majority of familial breast cancer
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clusters are now thought to be due to co-inheritance of multiple lower penetrance
genetic variants. Genome-wide linkage analysis may be successful in detecting
further loci of interest in familial cases [44].

7.2 Candidate Gene Resequencing

Examination of genotypes in familial cancer cases compared to population controls
has become easier with the development of faster and more cost-effective molecular
techniques. Taking a candidate gene approach, rare pathogenic mutations in several
genes have been found at significantly higher frequencies in familial cases com-
pared with controls. These are estimated to confer a modest increase in relative risk
of developing breast cancer of the order of two to three times the population risk.
The DNA repair genes have been particularly rewarding candidates for this type of
investigation [45–47].

7.3 Genetic Association Studies

Following the success of linkage studies to identify rare mutations with a high pen-
etrance in genes such as TP53 and BRCA1/2, association studies have been used to
identify common mutations with low risk. This statistical approach compares the
frequency of single nucleotide polymorphisms (SNPs) in unrelated disease cases
and healthy controls. SNPs with frequencies which differ significantly between
cases and controls mark the vicinity of disease causing alterations, even if they them-
selves are not responsible. Genome-wide association (GWA) studies scan the entire
genome for SNPs affecting a certain disease without a prior hypothesis of likely
candidate genes or knowledge of disease pathogenesis. As a result of this unbiased
approach, many novel pathways and genes have been identified that would not be
candidates otherwise and may provide vital new insights and targets for therapeutic
intervention.

To date, nine genes with relative risks of 1.1–1.9 have been identified by GWAs
[30–54] which account for approximately 4% of familial risk when their effects are
combined (Table 2.1). Further GWAs are currently underway and a second phase
of the Wellcome Trust Case Control Consortium will provide genotypic data from
6,000 controls. However, even accounting for all known loci, including high-risk
genes such as BRCA1, BRCA2, and TP53 with relative risks of 5–10, at least 70% of
the familial risk for breast cancer remains unexplained. Although the risk associated
with some of the low penetrance loci may increase when causal rather than asso-
ciated variants are determined, further loci undoubtedly remain to be detected. As
genetic linkage studies have failed to identify further major breast cancer genes [43],
much of the remaining genetic susceptibility is likely to be due to low-penetrance
genes and perhaps rare genetic variants which are more suited to discovery by GWAs
and sequencing than by linkage studies [55].
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7.3.1 Breast Cancer Heterogeneity

Breast cancer is a heterogeneous disease that can be subdivided on the basis of con-
ventional histology and immunohistochemical markers [56, 57] and gene expression
profiles [13, 15]. The gene expression subsets are largely determined by levels of
hormone receptor-related genes such as ER, PR, and HER2 and, therefore, over-
lap largely with the histological subsets. For example, most basal-like subtypes of
breast cancer are triple-negative breast cancer (ER–ve, PR–ve, HER2–ve). Luminal
subtypes are typically ER positive. These subtypes of breast cancer are increas-
ingly recognised as separate diseases with different outcomes [58]. Increasingly
different treatment approaches are being considered for specific subtypes of breast
cancer [59]. Characteristic morphological features have been highlighted in BRCA1,
BRCA2, and other familial breast cancer groups [60–62]. Unsurprisingly perhaps,
breast cancers arising in high-risk gene carriers can also be demonstrated to broadly
share molecular characteristics using a variety of genomic techniques [63, 64].

7.3.2 Common Genetic Variants and Breast Cancer Phenotype

Recent studies have demonstrated that some of the associations between common
genetic variants and the risk of developing breast cancer are probably specific to cer-
tain subgroups, broadly at the moment observed when ER-negative and ER-positive
breast cancers are considered as separate groups [49, 66, 69]. This supports the con-
cept that subtypes of breast cancer have different genetic components of risk. Many
GWAs have failed to accounted for this heterogeneity which may have reduced their
power and explain some of the failures to replicate previous findings [70]. Confining
GWAs to subsets of breast cancer that show a strong component of genetic risk
(by selecting cases with positive family histories) or a specific subgroup of breast
tumour type will reduce genetic heterogeneity and increase power to detect subtype
specific effects and novel genes.

7.3.3 Common Genetic Variants and Prognosis

Recent studies have suggested that the prognosis of breast cancer is also influenced
by genetic factors. The process of tumour development and progression varies con-
siderably between patients. The known tumour features that are used to predict
prognosis are noted at the time of presentation – tumour size, grade, ER status,
HER2 status, locoregional lymph node involvement, etc. A variety of prognostic
algorithms are used clinically to predict risk of relapse, new molecular profiles are
being tested [10, 71, 72]. None predict with certainty for an individual and it is
realistic to expect that individual genetic background will affect response to tumour
growth and metastasis as well as to risk. Recent data from a population-based study
indicated that daughters and sisters of a proband with poor prognosis had a 60%
higher 5-year breast cancer mortality compared to those of a proband with good
prognosis (hazard ratio 1.6, P for trend 0.002), suggesting an inherited component
to prognosis [73].
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In a pilot study to explore the role of common genetic variants in breast cancer
prognosis, 30 candidate genes were selected for investigation. Tagging SNPs across
the 30 candidate genes were typed in 1,001 individuals from the Prospective study of
Outcomes in Sporadic versus Hereditary breast cancer (POSH) cohort, three genes
were identified that influence distant disease-free survival (DDFS) times and these
effects are independent of tumour-specific factors [74] (Fig. 2.3). To date, however,
there have been no GWAs to identify genes that influence outcome after diagnosis
of breast cancer.

Fig. 2.3 Kaplan Meir
survival analysis showing that
the genotype of SNP
rs1943779 in the MMP7 gene
is sigificantly associated with
the chance of relapsing after a
breast cancer diagnosis

7.3.4 Host Response to Treatment

Pharmacogenetics is the study of genetic variants that influence the response to
drugs, for example by affecting the rate and efficiency of drug metabolism. Clearly
then genetic variation may well influence prognosis since in many cases the progno-
sis of the individual is being influenced by the treatment administered. In diseases
other than breast cancer, genetic factors have been demonstrated to affect the effi-
cacy of treatments by altering their absorption and receptor-ligand interactions [75].
In breast cancer, a recent study has shown that genetic variants of CYP2D6 and
CYP2C19 may influence prognosis by altering the metabolism and subsequent effi-
cacy of tamoxifen in ER-positive breast cancer; however, the evidence is conflicting
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[76, 77]. Mutations of NQO1 have also been shown to influence prognosis in breast
cancer by impairing the response of patients to epirubicin but this observation has
not yet been confirmed by others [78].

7.3.5 Breast Cancer Growth and Metastases in the Host Environment

Breast cancers arise due to the accumulation of multiple genetic and epigenetic per-
turbations that enhance the growth and division capability of the cell of origin. More
rapid proliferation in the absence of any of the important regulatory mechanisms
increases the likelihood of cellular DNA acquiring new somatic and epigenetic
mutations during replication. Loss of normal mechanisms for DNA repair and for
apoptosis (programmed cell death) leads to disordered growth and eventually the
accumulation of more mutations enhancing the ability of the tumour to invade and
metastasise which are the hallmarks of a malignant tumour. Several mechanisms
may be important for preventing malignancy and many of these are under genetic
control. The immune system, DNA repair genes, and host stromal elements (e.g.
matrix metalloproteinases) are all good biological candidates for a potential role in
individually variable responses to tumourigenesis and the development and growth
of metastases. Breast cancers typically spread to bone, brain, lung, and liver, but
the site of metastasis is unpredictable even when similar tumours are compared.
Germline polymorphisms have been shown to contribute to these variations in the
site of metastasis [79]. In human breast cancer, inherited polymorphisms in Brd4
and Sipa1 (with which Brd4 interacts) have been shown to alter protein expression
and are predictive of metastasis and increased expression of TNRC9 is associated
with metastasis to bone [80–82].

7.3.6 Challenges in Genome-Wide Association Studies

Despite the success of GWAs many limitations and challenges remain. Many of the
susceptibility alleles identified are so common that a high proportion of the general
population are carriers with small risk. It is, therefore, unlikely that these SNPs will
be appropriate for predictive testing until the estimated risk associated with them is
increased by identifying causal alleles or combinations of associated variants [83,
84]. Once a variant has been reproducibly associated with disease the next step
is to perform functional studies that identify causal mutation(s), which may differ
from the associated variant and which may lead to potential new avenues for ther-
apeutic intervention. Functional analyses aim to demonstrate that causal mutations
alter the expression or function of a gene resulting in biologically plausible conse-
quences. For example, a comprehensive study of CTLA4 variants in autoimmune
disease demonstrated that the causal allele is located in the regulatory 3′ untrans-
lated region of the gene rather than the leader peptide which contained the associated
variant [85].

In order for future GWAs to detect further susceptibility loci, it is anticipated that
larger numbers of cases and controls will be required. This may be achieved as geno-
typing costs fall and as more large consortia come together to combine data across
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multiple studies. Previous GWAs of breast cancer have relied on approximately
15,000–530,000 SNPs to capture information from an estimated 7–l5 million SNPs
in the genome through linkage disequilibrium (LD). In some regions, however, the
coverage is incomplete resulting in a loss of power to detect associated variants in
these areas. Following completion of phase II of the HapMap project, which char-
acterised over 3.1 million SNPs [86], and the introduction of high-density chips that
contain over 2 million SNPs and copy number variations, new GWAs will provide
more comprehensive scans of the genome that will lead to the identification of novel
susceptibility genes.

In general, association studies are required to note the ethnicity of cases and con-
trols and minimise bias due to the selection/matching of particular individuals from
a wider population since population stratification can lead to false positives. This is
especially true for breast cancer which appears to be more severe in women with
African ancestry [87]. Prior to the analysis of GWA data, it is therefore prudent to
test the homogeneity of the sample and exclude any outliers. The PLINK program
[88] uses a multidimensional scaling analysis of genome-wide average identities
by state (IBS) and with additional data from Caucasian, African, and Asian pop-
ulations from the HapMap project [86] was used, for example, to assess ethnic
homogeneity in 1,001 British breast cancer cases prior to association testing [74].
Plotting the first two components from the multidimensional scaling analysis, which
represent geographic and genetic variation, clearly identified three distinct clus-
ters that correspond to African, Asian, and Western European ancestries (Fig. 2.4).
This information was used to ensure that variation in SNP profiles resulting from

CEU
CHB
JPT
YRI
POSH

Fig. 2.4 Identifying evidence of population stratification
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different ethnic backgrounds were not confounding the analysis of SNPs associated
with disease characteristics [74].

GWAs were developed with the hypothesis that common diseases, such as breast
cancer, are caused by common, low-penetrance variants. However, if rarer variants
with higher penetrance are responsible, future GWAs will need to genotype more
people and SNPs to detect this type of variant and genome-wide linkage analysis
may be an alternative approach [44]. By sequencing the genomes of 1,000 peo-
ple, the 1,000 genomes project aims to produce a genome-wide map of variations
found in 1% of the population, 10 times rarer than those provided by the HapMap
project. This project will also characterise structural variations of the genome such
as rearrangements, deletions, or duplications of the genome which may play a role
in susceptibility to diseases. This information will facilitate the detection of causal
variants by identifying almost all variants in a region associated with disease and
helping to select variants for functional studies.

8 Summary

The study of genetic influences in breast cancer is complex. Careful case selection
is important with account being taken of ethnic homogeneity, disease phenotype,
and environmental risk factor exposure. The translation of current knowledge about
common polymorphisms and breast cancer susceptibility has potential for early
detection and risk stratification in future. Targeted breast cancer management strate-
gies may require not only tumour molecular profiling but also knowledge of an
individual’s genetic susceptibility to develop metastatic disease. There is still a great
deal more that needs to be discovered and understood before this type of genetic
knowledge will find a valid place in clinical care of individuals and families with
breast cancer.
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Chapter 3
Hereditary Diffuse Gastric Cancer

Kasmintan Schrader and David Huntsman

Abstract Gastric cancer is one of the world’s leading causes of cancer mortality.
A small percentage of cases can be attributed to heritable mutations in highly pene-
trant cancer susceptibility genes. In this chapter we will focus on the genetic cause
of hereditary diffuse gastric cancer (HDGC). Until 10 years ago, individuals from
these families lived with the uncertainty of developing lethal gastric cancer. Today,
HDGC families can be identified, tested for causative mutations in CDH1, and for
those families where a pathogenic mutation can be identified, prophylactic total
gastrectomy can be implemented in asymptomatic mutation carriers who elect to
virtually eliminate their risk of developing this lethal disease.

Hereditary diffuse gastric cancer (HDGC) is an autosomal dominant familial
cancer syndrome characterized by multiple cases of early-onset diffuse gastric can-
cer. CDH1 is the only gene that has been associated with HDGC [1] where the
risk of developing clinically significant diffuse gastric cancer (DGC) is 63–83% and
40–67% for male and female mutation carriers, respectively [2, 3].

CDH1 encodes E-cadherin, which is a cell-surface, transmembrane, glycoprotein
that is critical for the adhesion of epithelial cells to each other. Loss of expression
of E-cadherin has been associated with invasiveness of cancer cells. The majority
of sporadic and hereditary DGC do not express E-cadherin, implying that mutation,
loss, or methylation occurs to the normal CDH1 alleles.

It might be expected that carriers of germline mutations in CDH1 would be sus-
ceptible to further, different types of tumors. Indeed, in these families there is an
additional 39–52% lifetime risk of developing breast cancer in females [2, 3]. The
lobular breast cancer (LBC) subtype is associated with HDGC. This is consistent
with the characteristic loss of E-cadherin expression in sporadic LBC [4–6].
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The anatomical and histological appearance of DGC, which infiltrates the gastric
wall beneath an apparently normal mucosa, is consistent with the loss of expression
of E-cadherin. This normal appearance of the mucosa accounts for the difficulty
in detecting disease in asymptomatic patients using endoscopy. Furthermore, DGC
frequently metastasizes and once clinically symptomatic has a very poor survival
rate. The identification of germline CDH1 mutations as a cause in a large proportion
of HDGC families has provided a significant clinical benefit. Thus, genetic testing
of HDGC families for CDH1 mutations enables unaffected mutation carriers to be
selected for focused screening and consideration for the recommended prophylactic
surgery, which is total gastrectomy. Prophylactic total gastrectomy (PTG) carries its
own risks of morbidity and mortality; however, this is balanced by the lethality and
insidious nature of DGC. It is currently the only unequivocal way to reduce the risk
of DGC in carriers of germline CDH1 mutations.

Prophylactic total gastrectomy has provided new insight and further challenges
to the understanding of the natural history of DGC disease progression. Multiple
microscopic foci of invasive DGC have been identified in the gastrectomy specimens
of 69 out of 70 asymptomatic mutation carriers [5, 7–19]. Therefore, among these
carriers, there has been almost complete penetrance of asymptomatic DGC. As pen-
etrance data demonstrate that ~30% of CDH1 carriers are not diagnosed with DGC
over their lifetime, this implies that not all microscopic foci of intramucosal can-
cers become clinically significant. Nevertheless, as the biological mechanisms that
underlie this ominous progression are not fully understood, PTG is recommended
for germline CDH1 mutation carriers as it remains the only unambiguous strategy to
reduce the risk of DGC. In this review the pathology, epidemiology, and molecular
genetics of GC and our current understanding of HDGC will be summarized.

1 Gastric Cancer Pathology, Epidemiology,
and Molecular Genetics

1.1 Pathological Classification of Gastric Cancer

Adenocarcinomas comprise the vast majority of primary gastric cancer (GC).
Multiple histological classification systems for adenocarcinomas have been devel-
oped to better predict their prognosis; however, for the purpose of defining genetic
risk, the most useful system is the classification of Lauren [20]. This system clas-
sifies the majority of adenocarcinomas into two main types: the intestinal type and
the diffuse type, with the remainder forming an indeterminate category [20]. Tumors
with components of both types are classified as mixed [20].

The more common, intestinal type of gastric cancer (IGC) [21] is composed of
glandular structures resembling intestinal epithelium. IGC arises from its precursor
lesion, intestinal metaplasia [22], to form an exophytic tumor, which ulcerates the
stomach lining. Due to its localized presentation and distinctive appearance, IGC
tends to be amenable to detection by endoscopic surveillance.
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In contrast, DGC shows scattered, disorganized growth without distinctive archi-
tecture. Malignant cells infiltrate the wall of the stomach, gradually thickening it so
that it takes on a leather bottle appearance, otherwise known as linitus plastica. The
neoplastic cells have a distinctive signet ring appearance caused by an accumulation
of intracellular mucin that pushes the nucleus to one side. This is demonstrated in
Fig. 3.1 where Fig. 3.1a shows the signet ring appearance with a regular hematoxylin
and eosin (H&E) stain. These cells can be confused with small blood vessels that
have been sectioned transversely; however, staining with PAS-D easily highlights
the mucin-containing signet ring cells (Fig. 3.1c). Unlike IGC, DGC has no defined
premalignant lesion, although, as noted, analysis of almost all reported PTG speci-
mens has demonstrated multiple microscopic foci of invasive DGC [5, 7–19]. The
DGC lesions associated with HDGC are usually very small and intramucosal, in situ
or with pagetoid spread of signet ring cells [23]. These very small (<3mm) superfi-
cial clusters of invasive cancer are predominantly composed of signet ring cells and
appear to follow a more indolent course [24]. What causes these small invasive can-
cers to become clinically significant is not fully understood; however, the phenotype
of the DGC cells which spread beyond the mucosa is that of poor differentiation and
activation of a known epithelial–mesenchymal transition inducer, Src kinase [24].

The Lauren classification of DGC is analogous to the Carneiro classification sys-
tem’s isolated cell type, as it is to the World Health Organization’s classification of
signet ring cell type [25]. Pathology reports indicating undifferentiated, mucinous
adenocarcinoma or poorly differentiated adenocarcinomas also raise the index of
suspicion for DGC. DGC typically exhibits decreased or absent immunohistochem-
ical staining for E-cadherin, consistent with its disorganized architecture (Fig. 3.1b).
Recognition of families with an autosomal dominant predisposition toward DGC
led to the discovery of causative germline mutations in CDH1 [1]. To date, CDH1

a b c

Fig. 3.1 These pictures show a small invasive focus of a diffuse gastric cancer from a prophylactic
gastrectomy specimen: (a) H&E stain; (b) E-cadherin stain showing down-regulated expression
in the invasive signet ring cells in comparison to the normal E-cadherin-positive epithelium;
(c) PAS-D stain for mucin showing the presence of intracellular mucin in the cytoplasm of signet
ring cells. Photographs taken by Dr Martin Köbel
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remains the only gene associated with HDGC; likewise, germline aberrations in
CDH1 are exclusive to the syndrome, emphasizing the importance of the pathologic
classification of these tumors.

1.2 Epidemiology of the Two Types of Gastric Cancer

The differences between the two types of GC extend beyond their morphologic
appearances to their risk factors and patient demographics. As compared with DGC,
the incidence of IGC increases more with age and affects males more than females.
Worldwide there is marked variation in the incidence of GC and the proportion of the
two subtypes. The highest rates of GC are found in Japan, China, Eastern Europe,
and South America and the lowest in North America, Northern Europe, Southeastern
Asian, and Northern and Western Africa. IGC comprises the majority of GC diag-
noses in higher incidence countries, while DGC forms a higher proportion of GC
cases in lower as compared to higher incidence countries.

Environmental factors contributing more to the development of IGC are thought
to be responsible for these disparities. Chronic gastric mucosal infection with
Helicobacter pylori leading to a chronic atrophic gastritis [27, 28] is the most
well-recognized environmental risk factor for GC, with a relative risk of 5.9 for
non-cardia GC [29]. Compared to the vast global rates of H. pylori infection, only a
relatively small proportion of infected individuals go on to develop GC. This reflects
the influence of genetic factors in the bacteria and the host. For example, strains of
H. pylori containing the virulence factor cytotoxin-associated gene A (cagA) are
carcinogenic [30]. CagA is a secreted bacterial oncoprotein introduced into gas-
tric epithelial cells by bacterial secretion machinery [31]. When phosphorylated by
Src or Abl kinase, it deregulates the tyrosine phosphatase Src homology-related
protein (SHP-2), which acts upstream of the oncogenic Ras MAP kinase pathway
[32]. Genetic variations in the host, such as particular polymorphisms in genes for
the inflammatory mediators IL-1β, IL-1 receptor antagonist, TNF-α, IL-10, and
IFNγR1 [33–35], dictate the type of immune and inflammatory response triggered
by H. pylori infection. These bacterial and host genetic factors contribute to the pro-
gression of gastritis to chronic atrophic gastritis, to intestinal metaplasia, and finally
GC. Additionally other environmental factors such as smoking contribute to GC
risk [36]. Furthermore, diets high in salt, nitrites or smoked foods, pickled vegeta-
bles, and low in fruit and vegetable intake [23, 30, 37] are also thought to increase
GC risk.

The influence of environmental factors on the genesis of GC is evident by the
diminution of GC risk with migration from a higher incidence to lower incidence
area [38]. Over the past several decades there has been a decline in the incidence of
the IGC in the United States [39]. This echoes the worldwide decline in the overall
incidence of GC, which has been attributed to alterations in diet, improved food
storage and preservation, and decreased infection and colonization by H. pylori. The
increased intake of fruits and vegetables combined with the advent of refrigeration
has alleviated the need for food preservation by salt and other methods. Decreased
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crowding and improved living conditions are also felt to have reduced H. pylori
exposure and as a result early colonization [40].

In contrast to the global decrease in GC incidence, the incidence of DGC, in
particular the signet ring cell type, is not decreasing. Indeed, in North America, it
may even be rising [39, 41]. The underlying cause for this increased incidence is
not understood. H. pylori infection poses a similar risk for DGC as it does for IGC
[42], although DGC is not linked to a precursor lesion. A prospective study examin-
ing baseline surrogate markers of H. pylori infection and chronic atrophic gastritis
in patients who developed IGC or DGC showed an association between low titers
of antibodies against H. pylori surface antigen in those that developed IGC and
increased titers of antibodies in those that developed DGC. H. pylori only infects
normal gastric mucosa, therefore these findings were consistent with expectations
of decreased rates of H. pylori colonization in chronic atrophic gastritis, a known
precursor to IGC [43]. There is evidence to support epigenetic effects of H. pylori
infection, where promoter hypermethylation of CDH1 in normal infected gastric
mucosa was reversible with antibiotic treatment of the bacteria [44]. Furthermore
methylation of CDH1, among other tumor suppressors, has been demonstrated in
normal gastric mucosa of patients with GC, independent of the epigenetic modi-
fications associated with normal aging [45]. In the context of particular H. pylori
strains, individuals with a family history of GC had an increased risk of GC; how-
ever, due to the relatively small number of cases, there were no conclusions based
on histological classifications [46]. Although there is no evidence of increased rates
of H. pylori infection associated with the microscopic DGCs in the prophylactic
gastrectomy specimens of CDH1 mutation carriers, in light of its known role in GC
carcinogenesis and in particular with regard to its ability to induce promoter hyper-
methylation of CDH1, H. pylori infection should be ruled out or treated in all CDH1
mutation carriers.

1.3 Clinical Features of Gastric Cancer

Despite its low incidence in North America (~10 per 100,000 men and women
per year), GC still remains a major health burden. According to the National
Cancer Institute’s Surveillance Epidemiology and End Results database, the over-
all 5-year relative survival rate for invasive GC from 1996 to 2004 was 24.7%
(http://seer.cancer.gov/). For the most part, the poor survival rates are indicative of
the delay in diagnoses. Early GC is usually clinically silent. Occasionally, it can
present with gastrointestinal symptoms such as epigastric pain, dyspepsia, a sensa-
tion of gastric fullness, or frank symptoms of gastric obstruction. More often, GC is
only detected following constitutional symptoms such as loss of weight. By then, the
GC has usually progressed to stage III or locally invasive cancer. In countries where
the incidences of GC are very high, nationwide screening programs utilize upper
endoscopy as a means of detecting asymptomatic early-stage GC amenable to treat-
ment by endoscopic resection. In Japan, this type of screening has proven effective
at reducing GC-mortality rates [47]. However, in low-incidence countries, such as
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the United States, population-based endoscopic screening has not been implemented
[48], because the incidence is too low to justify such an invasive screening program.

1.4 Overview of the Molecular Genetics of Gastric Cancer

Global genome analysis of GC by array comparative genomic hybridization has
revealed recurrent regions of somatic copy number aberrations (CNAs). Frequent
gains have been detected at 20q13, 8q24, and 7p [49–52] and frequent losses at
18q21, 3p14, 17p [48, 49, 51]. By correlating CNA with expression data, Tsukamoto
et al. identified 114 genes significantly overexpressed in 14 amplified regions and
11 genes down-regulated in five deleted regions [49]. This data correlated overex-
pression of DDX27, ARFGEF2, C20orf199, Kua-UEV, PTPN1, PARD6B, ADNP,
and DPM1 with 20q13 amplification, which was present in 97% of the cases [49].
Deletion of 3p correlated with decreased expression of the putative tumor suppres-
sor, FHIT [49], where abnormal sequence transcripts have been detected in a GC cell
line [53] and decreased protein expression of FHIT has been found to correlate with
undifferentiated tumors, diffuse histology, and poor prognosis [54]. Overexpression
of genes occurs at many other amplified regions in particular ERBB2 at 17q21 and
EGFR at 7p11. ERBB2 overexpression has been correlated with IGC and has been
found to be significantly increased in metastatic disease [55] and to correlate with
poor prognosis [56]. EGFR expression has also been associated with IGC where
expression in the primary GC was shown to independently predict poor prognosis
regardless of the expression level in the metastasis [55]. Deleted regions were also
concordant with down-regulation of candidate tumor suppressors; SMAD4 at 18q21
and CDKN2B at 9p21 [49]. Normal gastric mucosa, intestinal, and diffuse GC have
been shown to have distinct cytogenetic profiles [57]. A consistent gain at 12q was
reported in laser microdissected DGC (n = 14) and laser microdissected signet ring
cell GC (n = 7) [49, 52].

1.4.1 The Tumor Suppressor p53

Mutations in TP53, which encodes the cell cycle control protein, p53, are com-
mon to many cancers. Over 950 different TP53 mutations have been reported in
stomach cancer (http://www-p53.iarc.fr/, R13, November 2008) [58]. The major-
ity of mutations cause missense changes and occur between exons 5 and 8 which
encode the DNA binding domain of the protein [59]. Mutations in TP53 are pref-
erentially associated with IGC rather than DGC. In a series of 62 GC, 17 out of 50
(34%) IGC had associated TP53 mutations as compared with 0 out of 12 cases of
DGC [60]. Incidentally, both IGC and DGC can occur in association with germline
TP53 mutations, which give rise to the familial cancer syndrome, Li–Fraumeni
syndrome, where individuals are predisposed to an array of primary cancers. The
genetic risks of the non-synonymous arginine/proline polymorphism at residue 72
of TP53 have also been examined. The proline allele confers a reduced apoptotic
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ability and increased risk of cancer to the individual [61]. Additionally, in individ-
uals with advanced GC, the proline genotype was associated with a lower response
rate to chemotherapy [62].

1.4.2 Mismatch Repair Genes

Approximately 15% sporadic GCs exhibit microsatellite instability (MSI) [63]. This
is due to genetic or epigenetic perturbations of the mismatch repair genes, MLH1
or MSH2 [64]. MSI probably functions in tumor progression rather than tumor ini-
tiation. This is supported by the finding of decreased hMLH1 protein expression
and MLH1 promoter hypermethylation in sporadic gastric carcinoma lesions with
high MSI, but not in adjacent precursor lesions [65]. GC with high MSI tends
to mainly occur in the antrum, be of the intestinal type, exhibits a predominantly
lymphocytic infiltrate, occurs in the elderly, and has better survival rates with low
metastatic rates [64–66]. Particular genes are frequently mutated in association with
the defect in mismatch repair. There is high frequency of frameshift mutations found
in the poly(A) tract of TGFBR2, the gene encoding a receptor for transforming
growth factor β [66]. There is no apparent correlation with TP53 mutations [60].
A recent comparison of the expression profiles of GCs with MSI and GCs with-
out MSI revealed differential expression of genes involved in immune response,
apoptotic pathways, and DNA repair pathways [60, 63]. This study and previ-
ous studies provide supportive evidence suggesting that the heightened immune
response contributes to the longer survival rates.

Lynch syndrome [OMIM #120435], which is associated with germline mutations
in the mismatch repair genes, leads to the development of colorectal and other can-
cers with MSI [67]. GC risk in the context of Lynch syndrome will be discussed
below.

1.4.3 E-Cadherin

Decreased E-cadherin expression is a feature of many poorly differentiated epithe-
lial cancers [68–71]. In particular, E-cadherin expression is down-regulated in
sporadic DGC [68]. As highlighted above, molecular genetic differences exist
between IGC and DGC; however overall, loss of E-cadherin expression remains
the major discriminator between the two subtypes.

2 The Molecular Biology of CDH1 and the Putative
Role of E-Cadherin in Cancer

2.1 Structure and Function of E-Cadherin

E-cadherin belongs to a large family of transmembrane glycoproteins and is the
primary mediator of epithelial cell–cell adhesion [72]. It has multiple roles in
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morphogenesis, cell polarization, structural organization of tissues [73], and cell
migration [74], and is essential for normal development. Mouse embryos deficient
in the protein fail to form a trophectodermal epithelium or a blastocyst [75]. CDH1
[OMIM ∗192090] is located on chromosome 16q22.1. The genomic sequence of
CDH1 spans almost 100 kb and encodes 16 exons [76]. These 16 exons are tran-
scribed and translated into the precursor protein which is cleaved prior to the
delivery of molecules to the cell membrane as mature E-cadherin [77]. The mature
E-cadherin protein contains three major domains: the extracellular domain encoded
by exons 4–13, the transmembrane domain encoded by part of exon 13 and part
of exon 14, and the highly conserved cytoplasmic domain encoded by the remain-
der of exon 14 to exon 16 [78]. E-cadherin is located at the basolateral surfaces of
the epithelial cell where it forms dimers [79]. There, the large extracellular domain
of E-cadherin, comprised of five cadherin repeats, homodimerizes with E-cadherin
expressed on a neighboring epithelial cells in a Ca2+-dependent manner, mediating
cell–cell adhesion at the zonula adherens junctions. The cytosolic, carboxy-terminus
of E-cadherin binds to β-catenin and α-catenin which in turn binds to the F-actin
microfilaments of the cytoskeleton via α-catenin [72].

Several molecules have been implicated in the regulation of membrane traf-
ficking of E-cadherin. p120-catenin, located at the juxtamembrane domain, not
only strengthens the adhesion between cells but also plays a role in mainte-
nance of E-cadherin at the membrane and degradation of the adhesion molecule
[80, 81]. The members of the Rho family of GTPases contribute to epithelial
morphogenesis, maintenance, adhesion, and cell migration in part through the reg-
ulation of E-cadherin and their downstream effects on the organization of the actin
cytoskeleton [82–84].

The expression of E-cadherin is subject to positive and negative transcrip-
tional regulation. Transcriptional repressors, such as Snail, Slug, dEF1/ZEB-1,
Sip-1/ZEB-2, Twist, and E12/E47, bind to the E-box motifs at the CDH1 promoter
[85, 86]. Other regulatory regions outside of the promoter have also been identi-
fied such as the enhancer element in intron 2 [87]. In CDH1, intron 2 accounts
for the majority of non-coding intronic sequence (~60 kb) and contains conserved
cis-regulatory elements. The importance of intron 2 for normal expression of the
gene has been underlined by a study of murine embryonic development following
deletion of the intron in early mouse embryogenesis [85].

2.2 Variations in CDH1 and the Association with Cancer

A CDH1 promoter polymorphism at –160 C/A has been shown in vitro to have a role
in transcriptional regulation, where the A allele was shown to have decreased tran-
scriptional efficiency and weaker transcription factor binding affinity [88]. Analysis
of eight CDH1 haplotype-tagging polymorphisms, within the European Prospective
Investigation into Cancer and Nutrition (EPIC-EURGAST) study, failed to demon-
strate an elevated risk for GC for seven of the individual SNPs, including the
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–160C/A polymorphism, or their associated haplotypes [89]. Likewise, no associa-
tion was seen between the promoter polymorphism and GC risk in a recent Italian
study [90]. However, meta-analysis ethnically stratifying cases and controls revealed
the –160A allele to be a risk factor for GC in Europeans but not Asians [91]. As
separate disease haplotypes in different populations could account for these dis-
crepancies, it has been proposed that the positive associations could potentially be
clinically relevant to the populations in which they were studied [92].

Recently another polymorphism in intron 2 was also associated with sporadic
DGC in an Italian population [93]. This result will require validation in further
studies.

The HDGC-associated germline CDH1 mutations are dispersed across the gene
[94] (Fig. 3.2). These mutations interfere with normal E-cadherin function in a
variety of ways from alterations to conserved amino acid residues with predicted
effects on protein structure, to deletions of critical domains, to protein truncation
and haploinsufficiency due to nonsense-mediated mRNA decay. Recently our group
reported large deletions as another genetic aberration of CDH1 associated with 3.8%
HDGC families [95].

Haploinsufficiency for E-cadherin is sufficient for normal development.
However, there have been two families reported in which the inheritance of splicing

Fig. 3.2 Colors denote type of mutation (light blue: insertion/deletion; brown: splice site; grey:
truncating; dark blue: missense). Mutations below CDH1 occur in families with LBC history.
Mutation marked with (∗) indicates breast cancer history but not LBC
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mutations in regions encoding the extracellular domain of E-cadherin (intron four
splicing donor site; c.531+2 T>A and exon 8; c.1137G>A) has been associated with
cleft lip with or without cleft palate [96]. Both mutations led to aberrant splicing
which created in-frame deletions predicted to escape nonsense-mediated mRNA
decay. Nonsense-mediated mRNA decay is the degradation of mRNA molecules
containing a premature stop codon greater than 50 nucleotides prior to the last splice
junction [97]. The abnormal splicing created by this mutation would result in a pro-
tein lacking parts of its extracellular cadherin binding domains. As E-cadherin is
expressed in the frontonasal prominence, and the lateral and medial nasal promi-
nences during the critical stages of lip and palate development [96], the authors
postulated that the aberrant E-cadherin proteins might exert a dominant-negative
effect over the wild-type E-cadherin protein by abnormal homodimerization. This
association with cleft lip +/– cleft palate, however, was not seen in two other fam-
ilies with the c.1137G>A mutation [2], suggesting that the previous observation
could have been due to a gene–environment interaction.

2.3 Loss of E-Cadherin and Cancer

The role of CDH1 in cancer is believed to be related to the promotion of invasive-
ness caused by the loss of E-cadherin expression [98]. Cells deficient in E-cadherin
lose the ability to adhere to each other and therefore become more invasive and
metastasize [99]. The silencing of E-cadherin expression requires inactivation of
both CDH1 alleles either at the genetic level or at the epigenetic level. Intriguingly,
re-expression of E-cadherin has been observed in the tumor cells at the metastatic
site [100]. In sporadic DGC, the inactivation of the first allele is typically by muta-
tions clustering in exons 8 and 9 resulting in exon-skipping and in-frame deletions of
the extracellular domain [72]. Mutations and deletions in this critical area have been
shown to have functional consequences [101]. Mutations in CDH1 can be found in
50% of GC tumor specimens [102], where the inactivation of the remaining normal
allele is often by hypermethylation of the CDH1 promoter [103].

Loss of E-cadherin expression has been shown to be an early event as depicted
by the in situ DGC lesion from a prophylactic total gastrectomy specimen of a
CDH1 mutation carrier shown in Fig. 3.3. Figure 3.3a is the H&E stain of the
lesion and Fig. 3.3b shows the loss of membrane E-cadherin staining in the in situ
signet ring cells indicating that the loss of E-cadherin is an early event which pre-
cedes invasion. Additionally, in sporadic LBC, in situ cancers situated beside their
invasive counterparts also stain negatively for the cell adhesion molecule [104];
moreover they both share the same mutations in CDH1 and harbor LOH of 16q
[105], indicating that loss of E-cadherin is an early initiating event. The mechanism
by which loss of E-cadherin protein expression occurs varies. E-cadherin expres-
sion can be heterogeneous depending on which part of the tumor is being tested. In
addition to interpatient heterogeneity of the mechanisms that cause loss of expres-
sion of the normal allele of CDH1, there is also intrapatient heterogeneity whereby
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a b

Fig. 3.3 These pictures show a small in situ focus of a diffuse gastric cancer from the same pro-
phylactic gastrectomy specimen as shown in Fig. 3.1. (a) H&E stain. Note the similarity between
the signet ring cells within the duct and the cross-section of a mucosal blood vessel; (b) E-cadherin
stain showing down-regulated expression in the signet ring cells of the in situ focus of diffuse gas-
tric cancer in comparison to the normal E-cadherin-positive epithelium. This picture implies that
loss of E-cadherin expression is an early event in tumorigenesis. Photographs taken by Dr. Martin
Köbel

different silencing mechanisms can be seen across and within patient’s tumors
[106]. Decreased expression of E-cadherin can also be a transient event, facilitat-
ing invasion and metastasis [107], with subsequent re-expression of E-cadherin in
the metastatic cells [100]. Recently LOH was more frequently seen as the second
hit in metastatic tumors [106].

The tumor suppressor function of E-cadherin [108–110] is supported by evidence
of loss of expression of the other CDH1 allele [106, 111, 112]. HDGC-associated
GC exhibits a lack of expression of E-cadherin from the normal allele of CDH1
that is achieved by epigenetic suppression of transcription or by mutation or loss
of heterozygosity (LOH) [106, 111, 112]. LOH is a common phenomenon seen in
association with loss of expression of tumor suppressor genes [113]. It refers to
the somatic loss of the wild-type allele usually due to deletion of the gene or loss
of a whole chromosome arm. It is detected by comparing microsatellite markers
linked to the gene of interest in germline and tumor DNA. The markers in germline
DNA are heterozygous, therefore the appearance of homozygosity in the markers of
somatic tumor cells infers that there has been a loss of the wild-type allele [97].

The tumor suppressor role of E-cadherin is thought to be in part due to its
association with β-catenin, a key player in the canonical Wnt signaling pathway
[114]. The Wnt signaling pathway is implicated in familial adenomatous polyposis
(FAP) where germline mutations in the APC [115] cause the autosomal dominant
predisposition to gastrointestinal polyposis. Both β-catenin and APC are phosphory-
lated by the kinase, GSK3b resulting in ubiquitination and degradation of β-catenin.
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Activation of the Wnt signaling cascade inhibits the activity of GSK3β. This causes
an increase in the free cytoplasmic β-catenin molecule which then translocates to
the nucleus and binds to the transcription factor, lymphocyte enhancer factor/T-cell
factor (LEF1/Tcf). This results in transcription of Wnt responsive genes such as the
oncogene, c-Myc [116, 117]. In addition to this role in regulating gene transcrip-
tion, β-catenin also functions in epithelial cell adhesion through its association with
E-cadherin and β-catenin. This association is thought to sequestrate β-catenin at the
plasma membrane, thus preventing it from entering the nucleus. The existence of
different forms of β-catenin with distinct binding properties has shed light on how
the roles of β-catenin in cell adhesion and nuclear signaling might be regulated
[118]. Thus, further elucidation of E-cadherin’s relationship with this canonical
oncogenic pathway is awaited.

3 Hereditary Gastric Cancer

3.1 The Crucial Role of Family History

Five to ten percent of GCs demonstrate familial clustering [119]. Shared envi-
ronmental factors, such as diet and H. pylori infection, account for the majority
of familial clustering of the intestinal type, although approximately 5% of the
total GC burden is thought to be due to germline mutations in genes causing
highly penetrant, autosomal dominant predispositions to cancer such as Lynch
syndrome, Peutz–Jeghers syndrome (PJS), Li–Fraumeni syndrome (LFS), familial
adenomatous polyposis (FAP), and HDGC [67].

Lynch syndrome or hereditary nonpolyposis colorectal cancer is caused by
germline mutations in the mismatch repair genes: hMSH2, hMLH1, hMSH6,
hPMS1, hPMS2. The syndrome is mainly characterized by susceptibility to colorec-
tal cancer. However, after endometrial cancer, GC is the third most common cancer
in these patients (in countries of low GC incidence). In a case series from the United
Kingdom, GC accounted for 5% of cancers in families harboring MLH1 or MSH2
mutations [120].

IGC is the predominant subtype in Lynch syndrome [67]. The original Lynch syn-
drome family initially presented with a susceptibility to gastric and uterine cancer.
However, over the years, the incidence of GC within this large pedigree has become
insignificant compared to the incidence of cancer of the colon and endometrium
[120]. This decrease in the incidence of GC in germline mutation carrying fami-
lies largely echoes the overall decline in GC incidence in the general population.
Although, in countries with higher incidences of GC, it is the second most common
tumor associated with Lynch syndrome [122, 123].

With a relative risk of 213, GC is considered an integral tumor of the PJS caused
by mutations in STK11 [124].

LFS due to mutations in TP53 or CHEK2 is associated with both IGC and DGC
[48, 125, 126].
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FAP is caused by germline mutations in APC. GC occurs in 0.6% of patients
[127]. A greater number of reports of GC (in particular IGC) associated with FAP
have been reported in individuals from Japan, consistent with the overall higher
incidences of sporadic GC in that population [128].

Increased risks of GC have also been found to be associated with BRCA1 [128]
and BRCA2 mutation carriers [130, 131]. Reports of other genetic syndromes asso-
ciated with GC exist although due to their paucity, it is hard to establish true
associations.

Genome-wide association studies have uncovered low-to-moderate risk suscep-
tibility genes for GC, although, currently, the clinical significance of these results
is hard to interpret. Recently an intronic SNP in PSCA, encoding prostate stem cell
antigen (PSCA), was identified in Japanese and Korean subjects, as having a sig-
nificant association with DGC with an allele-specific odds ratio = 1.62, 95% CI,
1.39–1.89 [132]. Although the exact function of PSCA is not known, the protein is
expressed in the normal gastric epithelium and lost in diffuse adenocarcinoma cells,
indicating a possible tumor suppressor role in the gastric epithelium [132].

As previously mentioned the –160A/C promoter polymorphism of CDH1 has
also been investigated as increasing GC risk.

Until there is further understanding regarding the genetic variability among indi-
viduals who develop GC, the clinical interpretation of low-to-moderate penetrance
genes associated with GC susceptibility will remain difficult. Even if validated, the
relative risks associated with the –160A/C CDH1 polymorphism and other germline
polymorphisms such as in PSCA, are not high enough to be used to triage screening.
Thus at this point, they do not appear clinically relevant [132].

Additionally, the interplay between environmental risk factors and the host’s
genetic background will also need to be considered. As previously eluded to, the
polymorphisms; IL-1B -31T+, in the gene encoding IL-1β and IL-1RN∗2∗2, in the
gene encoding the receptor antagonist for IL-1β are thought to increase levels of
IL-1β when the host is infected with H. pylori, leading to hypochlorhydria and
increased GC [33]. The example of the IL-1β response to H. pylori infection high-
lights the importance of understanding gene–environment interactions to identify
potentially modifiable risk factors such as H. pylori infection.

3.2 Hereditary Diffuse Gastric Cancer

The report of a Maori family with multiple cases of DGC inherited in a highly
penetrant, autosomal dominant manner was first published in 1964 [133]. Three
decades later this large family and two other Maori families with similar histo-
ries were analyzed using genetic linkage analysis to define a region on the long
arm of chromosome 16 that included the CDH1 locus [1]. Armed with this infor-
mation and the knowledge of the role of somatic mutations of CDH1 in sporadic
GCs, Guilford identified CDH1 germline truncating mutations in all three families
[1]. This discovery has led to the subsequent identification of many more HDGC
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families of different ethnicities caused by novel or recurrent germline CDH1
mutations or deletions [2, 3, 5, 6, 94, 96, 126, 134–149].

The International GC Linkage Consortium (IGCLC) was launched soon after the
discovery of CDH1 as a susceptibility gene for DGC. This created an international,
multidisciplinary collaboration to develop a unified approach to the research and
clinical management of the new syndrome, designated hereditary diffuse gastric
cancer or HDGC [134]. The collective experience in testing over 160 probands from
around the world has been that roughly half of these families can be accounted
for by germline mutations or large deletions in CDH1. In families with HDGC,
the risk for DGC appears to be independent of the common risk factors mentioned
earlier.

Individuals harboring germline E-cadherin mutations have a lifetime risk of
developing GC of 40–67% for males and a 63–83% for females [2, 3]. In both
penetrance studies, females had a higher risk of developing GC [1, 2]. However, as
we continue to extend family histories and find new HDGC families, recent unpub-
lished data by the collaborative efforts of the IGCLC suggest that the risk for GC
in males and females may be more similar than originally estimated (unpublished
data). The average age of developing DGC is 38 years [78]; however, the range
extends from 14 years of age up to 85 years of age [3]. The factors which determine
the age of onset in a family remain to be elucidated. Thus, until it is understood
what factors put people at higher risk for early-onset disease, appropriate screen-
ing should commence at least 5–10 years prior to the earliest reported diagnoses of
cancer.

As of yet, no other genes have been associated with HDGC. Candidate gene stud-
ies in Portuguese families without CDH1 mutations did not find germline mutations
in SMAD or caspase-10 [125]. Although they did identify a germline mutation in
TP53 in a family with multiple cases of GC, the histology of these cancers was not
available [125]. Likewise there were no germline mutations in the candidate genes
RUNX3 and HPP1 in German GC families [126]. Again, these investigators also
found a germline TP53 mutation in a 52-year-old proband with DGC and a family
history of GC, leukemia (age 17), and hepatocellular carcinoma (age 34) in three
first-degree relatives [126]. Germline MET mutations have also been found in two
Korean probands with GC, the first had IGC with no age or family history specified,
and the second occurred in a proband with DGC from a family selected based on
the criteria of two first- or second-degree relatives affected with GC, at least one
of whom was diagnosed with cancer before the age of 50 years [150]. Molecular
testing for germline mutations in MET and other putative candidate genes such as
CTNNB1, encoding β-catenin, in our CDH1-negative HDGC families has been neg-
ative (unpublished data). Even though mutations in CDH1 may not be detected in
all HDGC families, it has been shown that the majority of HDGC families display
an imbalance of allele-specific CDH1 expression, thus still implicating the locus in
a proportion of CDH1 mutation-negative HDGC families [151]. It is therefore pos-
sible that families with a compelling history of HDGC in whom coding mutations
or deletions have not been identified, could have pathogenic mutations in regulatory
or other non-coding regions of the CDH1 gene [151].
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3.3 Identification of At-Risk Individuals

The frequency with which CDH1 germline mutations are detected in families with
HDGC varies regionally, being higher in regions where there are low incidences of
GC [2, 5, 6, 95, 125, 126]. In 1999 the definition of HDGC set forth by the IGCLC
was any family meeting either of the following criteria: (1) two or more documented
cases of DGC in first-/second-degree relatives, with at least one diagnosed under
the age of 50 years or (2) three or more cases of documented DGC in first-/second-
degree relatives, regardless of age of onset [78]. Using the initial selection criteria,
the detection rates for germline mutations of CDH1 have varied from as low as 11%
[152] in high-incidence countries like Portugal to 30% in low-incidence areas such
as North America [5]. To reflect the growing experience with HDGC, the updated
IGCLC guidelines extend CDH1 genetic testing to families with two cases of GC
in which one case is histopathologically confirmed as DGC and diagnosed before
the age of 50 (in submission). In addition, the guidelines endorse genetic testing
of CDH1 in families with both LBC and DGC, with one diagnosed before the age
of 50, and in probands diagnosed with DGC before the age of 40, with no family
history of GC [5, 6] (in submission). Recently we surveyed the incidence of CDH1
aberrations in our HDGC families combined with HDGC families from different
parts of the world that had either (1) three or more DGC in first-degree relatives
diagnosed at any age or (2) two or more GC in first-degree relatives with at least
one DGC diagnosed before age 50 years [95] and found that aberrations in CDH1
occur in 46% of families. Keeping in mind that the majority of families came from
areas of low gastric cancer incidence, this detection frequency likely overestimates
the global contribution of CDH1 mutations to HDGC families meeting these criteria,
which likely lies around 25–30%.

4 Genetic Testing for CDH1

4.1 Genetic Counseling

Full screening of the CDH1 gene is recommended in an individual fulfilling the
HDGC criteria. DNA can generally be extracted from blood leukocytes, mucosal
epithelial cells in saliva, or, with more difficulty and less accuracy, from normal
tissue from paraffin blocks. Due to the problems with obtaining good quality DNA
from paraffin blocks, an effort is always made to test DNA from living individuals.
The decision to undergo genetic testing should only be made following adequate
genetic counseling. There should be pre- and post-genetic testing counseling avail-
able which should provide the patient with information regarding HDGC, its mode
of inheritance, and penetrance estimates of developing DGC and LBC. A discus-
sion regarding the management options following a positive result (identification of
a germline CDH1 mutation or deletion) should be presented in the pre-genetic coun-
seling appointment. Additionally, the patient should be made aware of the general
risks and benefits of genetic testing.
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The discussion of genetic testing should include ensuring that they understand
the limitations of the analysis. While a negative result could indicate that the
cancers in the family are unrelated to CDH1, it could also occur if a particular
genetic abnormality of CDH1 was not detected by the assay, resulting in a false-
negative outcome. Thus, following a negative diagnostic test, cancer screening in
the proband and blood-related family members should continue as before. Due
to the uniqueness of each family’s mutation, predictive testing can only become
available to other members of the family at-risk once a mutation is found in an
affected person or obligate carrier. Carrier testing of unaffected individuals allows
for risk stratification and focusing of high-intensity screening in only those who are
at risk.

In those who test negative for the family’s mutation, the risk of DGC and
LBC returns to that of the general population’s and therefore screening for these
individuals can be relaxed to population guidelines.

The psychosocial effects of genetic testing should be recognized, where some
individuals may experience anxiety and distress relating to the results of the test-
ing with regard to their personal and/or family risk of inherited cancer. This can
potentially cause psychological distress in the individual and can affect family
relationships.

As with most adult-onset genetic conditions, predictive testing is not generally
offered to minors. However, as there are reports of individuals as young as 14 years
of age being affected with DGC [1], with the consent of the parents or guardians and
the appropriate consent from the minor, there are exceptions which can be made on
a case-by-case basis. In this scenario, predictive testing would be used in order to
determine if high-intensity surveillance would be necessary.

4.2 Methods of Testing

4.2.1 Mutation Screening

As germline CDH1 mutations are heterozygous, various screening techniques
designed to detect heterozygosity in the DNA have allowed targeted sequencing
of exons displaying changes. Single strand conformation polymorphism (SSCP)
rapidly detects single nucleotide substitutions in PCR amplicons by resolving dif-
ferences in the electrophoretic mobility of the single-stranded amplicons [153]. The
sensitivity of SSCP for mutation detection can be as high as 95% depending on
the protocol [153]; however, SSCP requires highly stringent gel electrophoresis
conditions.

Denaturing high-performance liquid chromatography (DHPLC) is an alterna-
tive method of mutation screening with improved sensitivity and capacity over
SSCP. DHPLC detects heteroduplexes of the mutated and wild-type sequence
upon partial denaturation and reannealing. The heteroduplexes are distinguished
from the matched normal homoduplexes by their different melting temperatures
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on high-performance liquid chromatography. In both methods, exons in which
sequence variations are detected are then bidirectionally sequenced to identify the
heterozygous change. The popularity of these methods compared to direct sequenc-
ing of the gene was their lower cost. However, as sequencing costs are now a fraction
of what they were 10 years ago, most laboratories have abandoned such techniques
and use direct sequencing.

4.2.2 Sequencing

Currently in our laboratory, we screen for mutations of CDH1 by bidirectionally
sequencing the entire coding portion of CDH1 including intron–exon boundaries
[154]. The mutations range from small insertions and deletions to single base sub-
stitutions all of which can cause frameshifts or splicing abnormalities and lead to
truncation of the protein or instability of the mRNA through nonsense-mediated
mRNA decay. Truncating mutations are assumed to be pathogenic, whereas mis-
sense mutations that result in changes in an amino acid are harder to interpret
in terms of their potential effect on E-cadherin’s function, as distinguished from
harmless variations in the gene. Computer software programs are used to predict
the effect of a mutation on splicing and with regard to whether or not the amino
acid change might affect the function of the protein. Although in general these
predictions need to be validated by functional assays. Another test for pathogenic
germline mutations in CDH1 is that they should segregate with affected family
members.

Functional characterization of a potentially pathogenic variant in CDH1 is usu-
ally carried out by expression of a corresponding cDNA in a breast cancer cell line
that does not usually express E-cadherin. The effect of expressing the E-cadherin
with the variant amino acid in this cell line can then be compared with the effect
of expressing the wild-type protein. E-cadherin function can then be assessed by
assays studying proliferation rate, cell migration, cell aggregation, and cell inva-
siveness. Expression of the wild-type E-cadherin reverses the abnormalities in the
E-cadherin negative breast cancer cell line, whereas expression of the mutated
E-cadherin exhibits none or partial restoration of E-cadherin function. Pathogenic
mutants of E-cadherin only partially reverse the defects in the breast cancer cell
such as decreased cell aggregation and increased invasiveness.

A direct assessment of mutations potentially involved in splicing is by RNA anal-
ysis. If normal fresh frozen gastric tissue is not available for RNA extraction, CDH1
is also expressed in leukocytes and mucosal epithelial cells of the mouth, therefore
RNA extraction from blood or saliva samples is also possible. RT-PCR is performed
on the patients RNA to create the coding DNA in order to determine if abnormal
transcripts are present.

Minigene assays can also be used to determine splicing effects of a mutation. By
creating an expression construct which harbors the exon with the mutation of inter-
est surrounded by its neighboring introns and exons, the identification of unexpected
transcripts indicates that the mutation alters normal splicing.
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4.2.3 Large Deletion Analysis

Mutation-negative cases are subjected to multiplex ligation-dependent probe ampli-
fication (MLPA), a method which enables detection of copy number variation in
genomic sequences. Using this technique, our group has identified large deletions
in CDH1 which segregate with disease in 6.5% of HDGC CDH1 mutation-negative
families [94]. Overall large deletions of CDH1 account for approximately 4% of
HDGC [94].

4.2.4 Testing Stratification

In Newfoundland, an island province located off of the east coast of Canada,
we recently identified a founder mutation in several different branches of a large
family [2]. In light of the isolated population and our discovery of four other muta-
tions in different families of Newfoundland heritage, we currently test families of
Newfoundland heritage using a stepwise approach, consisting of an initial screen for
the panel of known mutations that have already been found in the province, prior to
full CDH1 sequencing.

5 Clinical Management

5.1 Management for the Risk of Gastric Cancer

Due to the highly penetrant nature of HDGC caused by mutations in CDH1, at-
risk individuals should have annual surveillance endoscopy with multiple random
biopsies, beginning in their early twenties [16, 67]. A detailed description of surveil-
lance protocols can be found in the latest consensus guidelines from the IGCLC (in
submission). The necessity for multiple biopsies is supported by the finding that
increasing numbers of random biopsies taken on surveillance endoscopy positively
correlate with detection of invasive foci of DGC [17]. The decision of when to start
surveillance is based on the average age of DGC diagnosis being around 40 years,
although there are families in which individuals as young as 14 years of age have
been diagnosed [1]. Thus screening of at-risk individuals should generally begin 5–
10 years prior to the earliest cancer diagnosis in the family. At-risk individuals are
those who are known to carry mutations in CDH1 or those who belong to HDGC
families and CDH1 mutation status is not known.

Several other screening modalities have been tested including chromoendoscopy
[12], PET scan [155], endoscopic ultrasound, stool for guaiac, abdominal CT, and
multiple random stomach biopsies [16]. Unfortunately these do not reliably detect
DGC, as demonstrated by the finding of multiple small cancer foci in six out of
six gastrectomy specimens from CDH1 mutation carriers only a week following an
unremarkable panel of these investigations [16]. Despite the inability of endoscopy
to reliably detect very small cancer foci, it has a greater likelihood of identifying
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clinically relevant cancers of more advanced stage that are more likely to metas-
tasize. Therefore regular surveillance by endoscopy with multiple random biopsies
still remains an important alternative to gastrectomy [16] and should be strongly
recommended in those delaying PTG or electing against it.

5.2 Prophylactic Total Gastrectomy

Prophylactic total gastrectomy (PTG) is recommended for CDH1 germline mutation
carriers. PTG is achieved by Roux-en-y esophagojejunostomy [16] with extreme
caution as to obtaining adequate proximal margins to ensure all of the gastric
mucosa has been removed. The chief argument for undertaking such a dramatic
risk-reduction strategy is that multiple PTGs carried out in germline CDH1 mutation
carriers have retrospectively become curative surgeries upon the finding of multiple
small foci of invasive DGC within the resected organs [7–19, 67].

PTG is a major operation where, beyond surgical complications such as anas-
tomotic leakage, strictures, or septic complications, there is a virtually 100%
morbidity rate for complications such as altered eating habits, loss of weight, and
diarrhea [8]. In a young and healthy individual, the risk of mortality with total gas-
trectomy in an experienced surgeon’s hands is estimated to be less than 1% [67].
These estimates are below those quoted in the literature (3.5%) which are based
upon total gastrectomies performed with curative intent for clinical GC in an older
patient demographic [156].

Management by a multidisciplinary team approach which includes a dietician,
gastroenterologist, geneticist, and general surgeon is extremely important in order
to counsel the patient adequately regarding the risks, benefits, and clinical seque-
lae of this major operation [157]. This surgery has a major impact on the patient’s
nutritional status and ability to maintain adequate caloric intake and maintain nor-
mal vitamin and mineral stores with appropriate supplementation. Thus ongoing
follow-up with the multidisciplinary team to monitor and correct any abnormal
nutritional parameters is essential. Expected deficiencies post-gastrectomy include
vitamin B12 deficiency, due to the removal of the production source for intrinsic fac-
tor required to absorb the vitamin. There is also an expectation for the malabsorption
of iron, calcium, folate and the fat soluble vitamins underscoring the importance
of the involvement of a multidisciplinary team to monitor for this. The morbid-
ity that can be expected post-gastrectomy usually worsens in the first 3–6 months
post-gastrectomy but then gradually improves [16]. Due to the weight loss and
nutritional implications, prophylactic gastrectomy is not generally recommended
until the growth period is finished. However, this decision must also be weighed
against the age of the youngest person in the family diagnosed with GC [7]. In fam-
ilies where there are cases of early-onset gastric cancer, prophylactic gastrectomy
should be considered sooner on a case-by-case basis in combination with earlier
commencement of regular endoscopic screening prior to surgery. In the past we
have been hesitant to recommend gastrectomy in females prior to completion of
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childbearing; however, we have recently been acquiring encouraging evidence to
suggest that women can successfully carry healthy pregnancies post-gastrectomy
[158].

To date there have not been any reports of cancer in a member of an HDGC
family post-prophylactic total gastrectomy.

6 Aberrations of CDH1 and Lobular Breast Cancer

In addition to the high lifetime risk of GC, in females within HDGC families there
is an increased lifetime risk of breast cancer (39–52%) [2, 3]. In HDGC families
there is particular association with the lobular breast cancer (LBC). The average age
of onset for breast cancer was found to be 53 years [3].

We have reported two novel germline CDH1 mutations in a families with hered-
itary LBC and no known history of GC, and in one family in which LBC was
the predominant cancer diagnosis [159, 160]. No genotype–phenotype relationships
have been determined for the mutations seen in hereditary LBC or LBC-associated
HDGC families, although a weakly statistically significant trend is apparent toward
the 3′ end of the gene [160]. As breast cancers related to germline CDH1 muta-
tion carrier status correlate with the lobular subtype, the capacity exists to identify
potential CDH1 mutation carriers based on morphologic grounds. To date, our data
show that non-synonymous CDH1 variants may contribute only a small amount to
individuals with a diagnosis of LBC selected based on a family history of breast
cancer or young age of the proband at diagnosis (unpublished data). It is likely that
improved detection rates will depend upon more stringent selection criteria such as
multiple early-onset cases of LBC in first- or second-degree relatives or alternatively
multiple cases of LBC in addition to a history of gastric cancer.

6.1 Epidemiology of LBC

In North America breast cancer (BC) is the most common cancer diagnosis in
women where 1:9 women will develop the cancer in their lifetime. The majority
of primary breast cancers are adenocarcinomas, where infiltrating ductal carcinoma
(IDC) accounts for the majority of breast cancer diagnoses and LBC only comprises
about 10% of cases. LBC characteristically has a loose, ill-defined architecture as
compared with IDC [161]. Instead of forming discrete glandular structures, the
malignant cells in LBC exhibit infiltrative behavior and dissociate from the duc-
tal unit to become isolated and highly dispersive, invading the stroma in single files
[104]. Signet ring cells analogous to those seen in DGC are also seen in LBC and
like DGC, LBC characteristically stains negative for E-cadherin [162].

6.2 Sporadic Breast Cancer

In addition to its role in GC, E-cadherin also plays a similar role in LBC. There are
striking similarities between the behavioral and morphologic phenotypes of both
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the DGC and the LBC. Both share features such as poor differentiation and a high
mucin content giving rise to a signet ring appearance. Individual cancer cells are
also non-cohesive, highly dispersive, and invasive. Thus sporadic LBC cells look
and behave in a similar fashion to DGC where 86% stain negatively for E-cadherin
[104]. Indeed, CDH1 mutations can also be found in 56% of LBC tumor speci-
mens [163]. In sporadic LBC, the majority of mutations are truncating [163], and
the second hit is usually by loss of heterozygosity (LOH) or promoter methylation
[163, 164].

6.3 Hereditary Breast Cancer

Hereditary breast cancer accounts for 5–10% of breast cancer cases where a sig-
nificant proportion of cases are caused by germline BRCA1 or BRCA2 mutations
[165]. Other breast cancer susceptibility genes include TP53 (LFS), PTEN (Cowden
syndrome), ATM, BRIP1, PALB2, and CHEK2 [166, 167].

Germline CDH1 mutations have been shown to have a role in hereditary lobular
breast cancer. The potential association of LBC to HDGC was postulated soon after
there appeared to be an increased incidence of breast cancer in the HDGC syndrome.
This was on the basis of known CDH1 aberrations in sporadic LBC [134]. Keller
et al. initially described an LBC and a DGC in a CDH1 mutation carrier [4]. Further
supportive evidence came from the identification of further HDGC families in which
there was an overrepresentation of the LBC subtype [5, 6]. The risk seems to be only
for female breast cancer as there have not been any reports of male breast cancer
associated with HDGC families. By screening for germline mutations of CDH1 in
LBC probands selected based on young age or family history of breast cancer, we
confirmed the association of LBC with germline mutations of CDH1 [159].

6.4 Lobular Breast Cancer Risk

6.4.1 Screening

Currently there is not enough data on women with germline CDH1 mutations and
the development of breast cancer to determine the best risk-reduction and breast
cancer screening strategies. Thus, recommendations for LBC risk management for
women who are known carriers of CDH1 mutations or those that have an unknown
mutation status are derived from the experiences with managing other highly pen-
etrant familial breast cancer syndromes. In accordance with recommendations for
screening other highly penetrant hereditary breast cancer syndromes, these women
should have annual screening mammograms and breast MRI; perform breast self-
examination and have semi-annual clinical breast examination starting at around
age 30, or 5–10 years prior to the earliest breast cancer diagnosis in the family [160,
168]. The American Cancer Society recommends MRI in addition to mammogra-
phy in women with a lifetime risk of breast cancer greater than 20–25% [169]. Thus,
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the 39–52% lifetime risk of breast cancer in women conferred by germline CDH1
mutations [2, 3] well exceeds their minimum range. LBC is difficult to detect by
mammography, thus the use of MRI in this hereditary cancer syndrome where there
is a particular susceptibility to LBC is attractive. Furthermore, there is evidence to
suggest some increased detection of LCIS [170].

6.4.2 Chemoprophylaxis

Most LBCs are estrogen-receptor positive [161], and as both tamoxifen and ralox-
ifene have been shown to reduce the risk of estrogen-receptor positive [171, 172]
breast cancers in randomized trials, this is a conceivable strategy for chemopre-
vention [16], although at this time is unproven. Of theoretical benefit to CDH1
mutation carriers is that the risk reduction with both agents was greatest in women
with lobular carcinoma in situ [173].

6.4.3 Prophylactic Mastectomy

Prophylactic mastectomy has been very effective as a primary risk-reduction strat-
egy in women with BRCA1 or BRCA2 mutations, reducing their risks up to 90%
[174]. Prophylactic mastectomy may also be considered in CDH1 mutation-positive
women; however, at this time not enough data exist to recommend this as a primary
risk-reduction strategy in CDH1 mutation carriers. It would likely be a logical alter-
native to those women who have previously undergone treatment for breast cancer
in one breast or those who have withstood multiple false-positive biopsies requiring
further confirmatory biopsies. Although prophylactic mastectomy can significantly
decrease a woman’s risk of developing breast cancer, women undergoing the pro-
cedure are at risk of a range of physical complications and potential psychological
sequelae thus necessitating full counseling prior to the woman making a decision
regarding the surgery [175]. The counseling should include the risk of possible
altered perception of the body and the sexual relationship and the possibility of a
negative physical impact of surgery [176].

7 Screening for Risk of Other Cancers in CDH1

Although there have been reports of signet ring colon cancer in families with
germline CDH1 mutations [6, 94], currently there is not enough evidence to rec-
ommend colon cancer screening in all HDGC families. In HDGC families in which
there is an additional family history of colon cancer, in particular of the signet ring
cell subtype, it would be prudent to undertake more intense colon cancer screening
such as commencing screening by colonoscopy every 3–5 years beginning at age
40 years or 10 years younger than the youngest colon cancer (which ever is younger)
(IGCLC guidelines, in submission). Thus, at this stage these families should be
judged on a case-by-case basis.
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Whether germline CDH1 mutation carriers are at higher risk of other cancers
still remains to be elucidated. Various other cancers have been reported in isolated
families [2, 149]. Prostate cancer has been reported in a germline CDH1 mutation
carrier [135], and the –160 C/A CDH1 polymorphism has also been implicated in
association with the disease in Europeans and Asians [177]; however, currently,
there is no conclusive association with this or other cancers.

8 Concluding Thoughts

Since the causative gene for HDGC has been identified, PTG has emerged as
the primary risk-reduction strategy. Future studies are necessary to determine the
long-term sequelae of PTG including quality of life issues and establishing what
other potential cancers CDH1 mutation carriers will now be at risk of. The almost
complete penetrance for multifocal disease found in PTG specimens following
exhaustive review mandates further study of the biology behind what causes some
of the minute foci of invasive cancer to progress to clinically relevant disease. This
will require a better understanding of tumor progression in mutation carriers and
the host and environmental risk factors which contribute to this. Understanding the
biological basis for disease progression will enable us to develop improved methods
of surveillance for cancer progression, which could obviate the need for such rad-
ical risk-reduction surgeries and may also lead to new pharmacologic prophylactic
measures.
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Chapter 4
Genetics and Genomics of Neuroblastoma

Mario Capasso and Sharon J. Diskin

Abstract Neuroblastoma is a pediatric cancer of the developing sympathetic ner-
vous system that most often affects young children. It remains an important pediatric
problem because it accounts for approximately 15% of childhood cancer mortality.
The disease is clinically heterogeneous, with the likelihood of cure varying greatly
according to age at diagnosis, extent of disease, and tumor biology. This extreme
clinical heterogeneity reflects the complexity of genetic and genomic events asso-
ciated with development and progression of disease. Inherited genetic variants and
mutations that initiate tumorigenesis have been identified in neuroblastoma and mul-
tiple somatically acquired genomic alterations have been described that are relevant
to disease progression. This chapter focuses on recent genome-wide studies that
have utilized high-density single nucleotide polymorphism (SNP) genotyping arrays
to discover genetic factors predisposing to tumor initiation such as rare mutations
at locus 2p23 (in ALK gene) for familial neuroblastoma, common SNPs at 6p22
(FLJ22536 and FLJ44180) and 2q35 (BARD1), and a copy number polymorphism
at 1q21.1 (NBPF23) for sporadic neuroblastoma. It also deals with well known and
recently reported somatic changes in the tumor genome such as mutations, gain
of alleles and activation of oncogenes, loss of alleles, or changes in tumor-cell
ploidy leading to the diverse clinical behavior of neuroblastomas. Finally, this chap-
ter reviews gene expression profiles of neuroblastoma associated with pathways of
the signaling of neurotrophins and apoptotic factors that could have a role in neu-
roblastoma development and progression. Looking forward, a major challenge will
be to understand how inherited genetic variation and acquired somatic alterations
in the tumor genome interact to exact phenotypic differences in neuroblastoma, and
cancer in general.
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1 Principal Concepts of Neuroblastoma

Neuroblastoma is a solid tumor that derives from primitive sympathetic neural
precursors. About half of all neuroblastomas arise in the adrenal medulla, and the
rest originate in paraspinal sympathetic ganglia in the chest or abdomen or in pelvic
ganglia. Neuroblastomas account for 7–10% of all childhood cancers, and it is the
most common cancer diagnosed during infancy [1]. The prevalence is about 1 case
in 7,000 live births, and there are about 700 new cases per year in the United States
[2]. This incidence is fairly uniform throughout the world, at least for industrialized
nations. The median age at diagnosis for neuroblastoma patients is approximately 18
months; about 40% are diagnosed by 1 year of age, 75% by 4 years of age, and 98%
by 10 years of age [3]. Age at diagnosis, clinical stage (based on the International
Neuroblastoma Staging System [INSS]), and tumor histology are among the most
important factors in predicting the outcome of the disease and accordingly mod-
ulate the treatment [4]. A hallmark of neuroblastoma is its clinical heterogeneity.
In children over the age of 1 year, approximately 75% of cases present with dis-
seminated metastases (stage 4); these tumors are aggressive, chemoresistant, and
generally incurable. It is principally the dismal outlook for this group of patients
that accounts for the disproportionate contribution of neuroblastoma to childhood
cancer mortality (approximately 15% of cancer-related deaths). In contrast, infants
with neuroblastoma tend to present with lower stage disease (stages 1, 2, and 4S),
and the clinical behavior of these tumors differs greatly from the aggressive forms;
they are generally chemosensitive and high cure rates are obtained. Moreover, a pro-
portion of lower stage tumors show spontaneous regression, even those presenting
with widespread dissemination in stage 4 disease. This extreme clinical heterogene-
ity reflects the complexity of genomic abnormalities acquired in tumor cells and
has led some researchers to question whether neuroblastoma may consist of two
distinctly different diseases.

This chapter reviews the genetics and genomics of this enigmatic tumor,
emphasizing recently discovered germline mutations and common genetic vari-
ations that predispose to the development of this neoplasm and also review-
ing somatic events associated with neuroblastoma pathogenesis and clinical
phenotypes.

2 Genetics of Neuroblastoma Predisposition

2.1 Familial vs. Sporadic Neuroblastoma

Approximately 1% of neuroblastoma patients present with a family history of
the disease [4]. Pedigrees from these rare families support an autosomal domi-
nant mode of inheritance with incomplete penetrance [5]. Consistent with a cancer
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predisposition syndrome, familial neuroblastoma patients are often diagnosed at an
earlier age and/or with multifocal primary tumors. Significant disease heterogeneity
is observed, with both benign and malignant tumors often arising in the same fam-
ily. Given that a common primary alteration is most likely shared among affected
individuals in a family, it has been proposed that acquired secondary alterations
ultimately define tumor phenotype [4, 6].

The vast majority of neuroblastomas arise sporadically, and the etiology is not
well understood. The median age at diagnosis for sporadic neuroblastoma is 18
months, slightly higher than seen in familial neuroblastoma. Striking heterogeneity
exists in terms of both tumor biology and clinical presentation. It is not uncommon
for favorable tumors to spontaneously regress; however, the cure rate for chil-
dren with more aggressive neuroblastoma is <30% despite intensive multimodal
therapy. To date there have been no consistent reports of environmental factors
contributing to neuroblastoma. Large constitutional chromosomal rearrangements
have been observed in some neuroblastoma patients, including deletions overlap-
ping putative tumor suppressor loci at chromosome bands 1p36 and 11q14–23
[7–9].

It has been thought for sometime that neuroblastoma predisposition is genet-
ically heterogeneous and that initiation of tumorigenesis likely requires multiple
alterations. The results of recent genome-wide efforts to identify familial and spo-
radic neuroblastoma predisposition genes strongly support this hypothesis and are
the primary focus of this section.

2.2 Associated Conditions of Autonomic Nervous System: Shared
Genetic Causes

Neuroblastoma patients sometimes present with associated conditions of the
autonomic nervous system including congenital central hypoventilation syn-
drome, Hirschsprung disease, pheochromocytoma, and neurofibromatosis [10–13].
Comorbidities such as these suggest a common underlying genetic cause, and
therefore genes involved in these disorders have been studied in neuroblastoma.
Mutations in PHOX2B are commonly detected in congenital central hypoventila-
tion syndrome [14, 15]. PHOX2B is a paired homeodomain transcription factor
involved in the regulation of neurogenesis, and a small percentage of familial neu-
roblastoma cases (6.4%) have been shown to harbor loss-of-function mutations
making PHOX2B the first bona fide neuroblastoma predisposition gene [16–18]
(Table 4.1). Constitutional PHOX2B mutations have also been detected in a very
small number of sporadic neuroblastoma patients; however, no somatically acquired
alterations in primary tumors have been identified to date. Together, mutations
in PHOX2B account for << 1% of neuroblastoma cases overall and are found
almost exclusively in individuals with associated conditions of neural crest-derived
tissues.
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Table 4.1 Neuroblastoma genetic predisposition loci identified to date

Cytoband Type Identification Gene(s) Gene type References

4p13 Rare mutation Comorbidities PHOX2B Coding, tumor
suppressor

[16–18]

2p23.1-.2 Rare mutation Linkage ALK Coding,
oncogene

[19, 47–49, 114]

6p22.3 Common SNP GWAS FLJ22536 Non-coding
RNA

[27]

FLJ44180 Coding,
function
unknown

[27]

2q35 Common SNP GWAS BARD1 Coding,
cancer gene

[28]

1q21.1 Common
CNV

GWAS NBPF23 Coding,
neurodevel-
opment

[30]

2.3 Familial Neuroblastoma Predisposition

The rarity and incomplete penetrance of familial neuroblastoma have made it dif-
ficult to study with traditional genetic approaches, until recently. Initial reports
suggested that a hereditary predisposition locus mapped to the short arm of chro-
mosome 16 (16p12–13); however, a specific gene mapping to this region has not
be identified [3]. By performing a genome-wide scan for linkage at 6,000 single
nucleotide polymorphisms (SNPs) using 20 neuroblastoma families, Mossé and
colleagues recently identified a significant linkage signal on the short arm of chro-
mosome 2 (2p23–p24) [19]. This locus included MYCN, a well-known oncogene
in neuroblastoma; however, no sequence mutations were found in the coding or
upstream regions of the gene. Ultimately, the anaplastic lymphoma kinase (ALK)
gene which maps to 2p23 was identified as the major familial neuroblastoma
predisposition gene [19] (Table 4.1). ALK is a receptor protein-tyrosine kinase
which functions as an oncogene in many human cancers, most notably through
translocations resulting in constitutive activation of the ALK kinase domain as
seen in anaplastic large-cell lymphomas [20], inflammatory myofibroblastic tumors
[21], squamous cell carcinomas [22], and non-small cell lung cancers [23, 24].
Resequencing of ALK coding exons in neuroblastoma probands revealed three
distinct germline mutations within the tyrosine kinase domain, each with high
probability for acting as oncogenic drivers [19, 25, 26] (Fig. 4.1). Notably, the
few pedigrees of high confidence for heritability which did not have ALK muta-
tions were found to harbor mutations in PHOX2B [19]. Contrary to PHOX2B,
somatic alterations of ALK have been detected in primary neuroblastoma tumors
(see Section 3.3), and a Phase I/II clinical trial of ALK inhibition therapy is ongoing
in children with refractory disease.
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Fig. 4.1 Eight neuroblastoma pedigrees with ALK mutations. All family members with DNA
available for genotyping are indicated either by wild type (WT) for ALK or by mutation in the
ALK tyrosine kinase domain (R1192P, R1275Q, G1128A). Individuals affected by neuroblastoma
are indicated by a filled symbol. The numbers inside the small diamonds indicate the number of
other children, the lines through the symbols indicate that the person is deceased, and the smaller
circles represent a miscarriage. Reprinted by permission from Macmillan Publishers Ltd: Nature
[19], copyright 2008

2.4 Sporadic Neuroblastoma Predisposition

The genetic etiology of sporadic neuroblastoma is beginning to be unraveled. Our
knowledge of complex diseases in general has increased substantially in recent years
with the advent of affordable high-density SNP genotyping arrays and the accumula-
tion of large banks of DNA from both affected and non-affected (“healthy”) control
populations. Genome-wide association studies (GWASs) comparing large popula-
tions of cases vs. controls have proven to be a powerful tool in identifying genetic
risk factors in complex disease. The underlying hypothesis driving this approach
is that multiple common genetic variations interact to predispose an individual to
the development of disease. The success of this approach requires large numbers
of both affected and non-affected (“healthy”) individuals. The importance of cen-
tralized banking of blood and tumor specimens from neuroblastoma patients was
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recognized and put into place years ago given the rarity of the disease, and this
helped position neuroblastoma to be the first childhood cancer to benefit from the
GWAS approach.

2.4.1 Single Nucleotide Polymorphisms (SNPs)

The first report of a common genetic variant predisposing to a pediatric cancer
came as the result of a GWAS of over 500,000 SNPs comparing blood DNA from
nearly 2,000 Caucasian neuroblastoma patients to over 4,000 Caucasian cancer-
free control subjects [27]. Maris and colleagues identified common SNPs at 6p22
within the predicted genes FLJ22536 and FLJ44180 associated with neuroblastoma
(Table 4.1). Neuroblastoma patients homozygous for the risk alleles were more
likely to have clinically aggressive neuroblastoma including metastatic disease at
diagnosis, somatic amplification of the MYCN oncogene, and disease relapse. This
work provided an important proof of principle for the GWAS approach to studying
sporadic neuroblastoma susceptibility. It is not yet known how FLJ22536 and/or
FLJ44180 influences the malignant transformation of developing neuroblasts.

The overrepresentation of 6p22 risk alleles in aggressive neuroblastoma was
not completely unexpected and prompted a subsequent SNP-based GWAS focused
specifically on the high-risk subset of neuroblastoma. A study of over 500 high-
risk neuroblastoma cases and over 4,000 cancer-free control subjects confirmed the
6p22 signal described above and also revealed additional SNPs at 2q35 associated
with aggressive neuroblastoma [28] (Fig. 4.2a). These SNPs were all located within
BARD1, “BRCA1-associated RING domain 1.” Evaluation of non-synonymous
SNPs with the coding and upstream regions of BARD1 in cases and controls identi-
fied additional SNPs significantly associated with neuroblastoma. BARD1 has been
previously implicated in several cancers due to its association with BRCA1, a well-
known breast cancer susceptibility gene. BARD1 heterodimerizes with BRCA1 [29]
and is thought to be necessary for the tumor suppressive function of BRCA1. Studies
are ongoing to understand how sequence variations within BARD1 influence neu-
roblastoma tumorigenesis. Together, the 6p22 and 2q35 associations suggest that
genetic initiating events may predispose not only to neuroblastoma but to clinically
relevant sub-phenotypes as well.

2.4.2 Copy Number Variations (CNVs)

In addition to SNP genotypes, copy number variations (CNVs) represent a signif-
icant source of genetic diversity that may influence disease susceptibility. The first
definitive association of a germline CNV with human cancer came as the result
of a CNV-based GWAS in neuroblastoma [30]. Researchers analyzed a total of
1,441 Caucasian neuroblastoma cases and 4,160 Caucasian controls and identified
a common deletion polymorphism spanning less than 145 kb at 1q21.1 associated
with neuroblastoma (Fig. 4.2b), no duplications reached genome-wide significance
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Fig. 4.2 Significant discovery findings from GWAS of SNPs and CNVs. (a) Summary of SNP-
based GWAS results of high-risk neuroblastoma patients. Plotted are results from discovery set
of 397 Caucasian high-risk cases and 2,043 Caucasian controls. Y-axis represents the level of
significance for each SNP (log transformed P values) at the relative genomic position on each chro-
mosome along the x-axis from short-arm terminus (left) to long-arm terminus (right). Horizontal
line indicates threshold for genome-wide significance (P value < 1×10–7). Putative target genes are
labeled at both the 6p22 and 2q35 loci. (b) Summary of CNV-based GWAS in neuroblastoma [30].
Left: deletions. Right: duplications. Plotted are results from discovery set of 846 Caucasian cases
803 Caucasian controls. Y-axis represents the level of significance for each SNP (log transformed
P values) overlaid at each chromosome. Horizontal line indicates threshold for genome-wide
significance (P value < 1×10–7). Putative target genes are labeled

(Fig. 4.2b) [30]. A novel member of the NBPF (“neuroblastoma breakpoint family”)
gene family mapping within the CNV was cloned and sequenced. Expression of this
transcript, termed NBPF23, was found to be significantly correlated with the under-
lying CNV genotype in neuroblastoma tumors and cell lines, further supporting the
biological relevance of the CNV association. Evaluation of NBPF23 expression in a
large panel of normal adult and fetal tissues revealed preferential expression in fetal
brain and fetal sympathetic nervous tissues, consistent with NBPF23 playing a role
in early neuroblastoma tumorigenesis.
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Notably, results of this CNV-based GWAS also revealed highly significant asso-
ciations of deletion at all four T-cell receptor loci clustered on chromosomes 7 and
14 (Fig. 4.2b) [30]. These events were determined to be somatically acquired and
likely represent an oligoclonal expansion of T-cell lymphocytes in the blood of neu-
roblastoma patients. T-cell receptor rearrangements were strongly associated with
favorable features, and further investigation is warranted to determine if these events
herald an immunologic response to neuroblastoma.

Together, these SNP and CNV associations support the hypothesis of multiple
common genetic variants cooperating in the etiology of sporadic neuroblastoma.
Remaining susceptibility loci will be identified as the result of ongoing GWAS
efforts. Initial focus has been on Caucasian patients of European ancestry given
that ~70% of neuroblastomas occur in this ethnic group; however, studies will
expand to include other ethnicities as cases accrue and power to detect genome-
wide significant associations is reached. In addition, data from GWAS efforts used
to identify common genetic variants should also provide the means for investigating
rare variants possibly conferring much greater risk.

2.5 Model of Neuroblastoma Tumorigenesis

Figure 4.3 illustrates a hypothetical model of neuroblastoma tumor initiation based
on rare germline mutations and common genetic variations associated with the dis-
ease. The model is presented in terms of the number of co-occurring risk alleles (rare
mutations and/or common genetic variations) in a child’s germline DNA along with

Fig. 4.3 Graphical model of the genetics of neuroblastoma tumorigenesis
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the corresponding odds ratio assuming an additive effect. A threshold for malig-
nant transformation is set at an odds ratio of approximately 50, as indicated in gray.
A child with a germline ALK or PHOX2B mutation is at considerable risk for devel-
oping neuroblastoma. Based on the presence of additional risk alleles, this child may
become a familial neuroblastoma patient (black); however, in the absence of addi-
tional risk alleles the child can remain at risk but not develop the disease (green).
Conversely, a sporadic neuroblastoma patient lacking a germline mutation in ALK
or PHOX2B likely requires the presence of 20 or more risk alleles in their germline
DNA before reaching the threshold for malignant transformation (red). The typical
child harbors only a small subset of neuroblastoma risk alleles in their germline
DNA and thus is at no appreciable risk for developing the disease (blue).

3 Somatic Genetic Changes in Neuroblastoma

Somatic changes, such as mutations, gain of alleles, loss of alleles, or changes in
tumor-cell ploidy, have been shown to be important in the development of neuroblas-
toma. Some of these abnormalities are powerful prognostic markers independent of
clinical features. This fact helps in risk stratification of patients at presentation, with
the most intensive treatments being reserved for high-risk cases, so that children
with relatively benign tumors can be spared the deleterious effects of unnecessary
chemotherapy.

3.1 Ploidy

Although many tumors have karyotypes in the diploid range, tumors from patients
with lower stages of disease are often hyperdiploid or near-triploid [31, 32].
Studies by Look and colleagues have shown that determination of the ploidy sta-
tus content of neuroblastomas from infants can be predictive of outcome [33, 34].
Unfortunately, ploidy loses its prognostic significance for patients who are older
than 1–2 years of age [34]. This is probably because hyperdiploid and near-triploid
tumors from infants generally have whole chromosome gains without structural
rearrangements, whereas hyperdiploid/near-triploid tumors in older patients also
have several structural rearrangements. Indeed, tumors showing no structural chro-
mosomal changes but hyperdiploidy due to whole chromosome gains are more
easily cured and may even spontaneously regress [35, 36].

3.2 MYCN Amplification

The genetic aberration most associated with poor outcome in neuroblastoma is
genomic amplification of MYCN [37–39]. Schwab and colleagues in 1983 identi-
fied that MYCN, a gene located on the distal short arm of chromosome 2 (2p24),
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was amplified in a panel of neuroblastoma tumors and cell lines [40]. The pro-
cess of amplification usually results in 50–400 copies of the gene per cell, with
correspondingly high levels of protein expression [41]. Intermediate copy level
numbers (i.e., 3–10 copies) may reflect either low-level amplification or aneu-
ploidy. MYCN amplification occurs in roughly 20% of primary tumors and is
strongly correlated with advanced stage disease and treatment failure [42, 43].
Its association with poor outcome in patients with otherwise favorable disease
patterns such as localized tumors or INSS stage 4S disease underscores its bio-
logical importance [44–46]. In the United States, Europe, and Japan, assessing
for the presence of MYCN amplification in neuroblastomas is currently and rou-
tinely included in the clinical practice because it is a powerful predictor of a poor
prognosis.

3.3 ALK Amplification and Mutations

Somatically acquired gain and high-level amplification of the ALK locus have been
identified as recurrent genomic abnormalities in neuroblastoma tumors and cell
lines [19, 47, 48]. Resequencing of ALK coding exons in primary tumors and
matched blood uncovered acquired somatic mutations consistent with those detected
in the germline of familial neuroblastoma patients [19, 47, 49]; this work also led
to the identification of constitutional ALK mutations in sporadic neuroblastoma
patients [19, 47–49]. Mutated ALK proteins are overexpressed, hyperphospho-
rylated, and show constitutive kinase activity [19, 48, 49]. Targeted knockdown
of ALK resulted in decreased cell proliferation in both ALK-mutated and ALK-
amplified neuroblastoma cell lines, suggesting that ALK represents a promising
candidate for targeted therapy in neuroblastoma [19, 47, 48]. Table 4.2 lists the
known ALK mutations to date. Efforts are ongoing to fully define the spectrum
and frequency of ALK sequence mutations and genomic amplifications in neurob-
lastoma and to understand the functional consequences of these alterations. Phase
I/II clinical trial of ALK inhibition therapy is ongoing in children with refractory
disease.

3.4 Amplification of Other Loci

In neuroblastoma cell lines or primary tumors amplification of at least six other
regions that are non-syntenic with the MYCN locus at 2p24 has been shown. These
include amplification of DNA from chromosomes 2p22 and 2p13, the MDM2 gene
on 12q13, and the MYCL gene at 1p32 [50–53]. Since these high-level amplifica-
tions usually appear concurrently with MYCN amplification, their prevalence, as
well as biological and clinical significance, is unclear.
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Table 4.2 ALK mutations identified in neuroblastoma patients

Mutation Type Location References

R1275Q Constitutional,
somatic

TK domain [19, 47–49, 114]

R1275L n.d. TK domain [47]
F1174L Somatic TK domain [19, 47–49, 114]
F1174I Somatic TK domain [19, 114]
F1174C Somatic TK domain [47, 49]
F1174V Somatic TK domain [47, 49]
F1245C Somatic TK domain [19, 48]
F1245L Somatic TK domain [49, 114]
F1245V Somatic TK domain [19, 48]
F1245I n.d. TK domain [114]
D1091N Somatic N-terminal TK

domain/
juxtamembrane

[19, 48]

A1234T Somatic TK domain [48]
G1128A Constitutional TK domain [19]
I1171N Somatic TK domain [19]
I1250T Somatic TK domain [19]
K1062M n.d. n.d. [49]
M1166R Somatic TK domain [19]
R1192P Constitutional TK domain [19]
T1087I Constitutional upstream of TK

domain
[49]

T1151M Constitutional TK domain [48]
Y1278S Somatic TK domain [47]

n.d.: not determined
TK: tyrosine kinase

3.5 Gain of 17q and Other Loci

In 1984 recurrent abnormalities of the long arm of chromosome 17 were first
identified by Gilbert and colleagues by using Giemsa-banded karyotypes derived
from primary neuroblastoma tumors and cell lines [54]. Allelotyping and CGH
studies have shown that this abnormality might occur in more than half of all neu-
roblastomas [55, 56]. Unbalanced gain of 17q often occurs through unbalanced
translocation with chromosome 1 or 11 [56]. The 17q breakpoints vary, but gain
of a region from 17q22-qter suggests that a dosage effect of one or more genes pro-
vides a selective advantage [57]. Candidate genes include BIRC5 (survivin), NME1,
and PPM1D, which are overexpressed in this subset of tumors [58–60]. Gain of
17q is associated with more aggressive neuroblastomas, but its prognostic signifi-
cance relative to other genetic and biological markers needs to be studied in a large
prospective trial and multivariate analysis. Common regional allelic gain at addi-
tional loci, including 1q, 2p, 11p, 11q, 12q, 18q, and other sites, has been identified
using comparative genomic hybridization (CGH) approaches [61–64].
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3.6 Chromosome Deletion or Allelic Loss at 1p and 11q

There is a strong correlation between MYCN amplification and 1p loss of heterozy-
gosity (LOH) that can be identified in 25–35% of neuroblastomas. Both MYCN
amplification and deletion of chromosome 1p are strongly correlated with a poor
outcome and with each other [51, 65–69]. However, the gene or genes within chro-
mosome 1p involved in the pathogenesis of neuroblastoma have not been identified
despite intensive investigation. Whether the loss of heterozygosity due to deletion of
alleles from 1p is an independent indicator of prognosis remains controversial [35,
36, 70, 71]. A few studies suggest that allelic loss at 1p36 predicts an increased risk
of relapse in patients with localized tumors [72–75].

Allelic loss of 11q detected by analysis of DNA polymorphisms and by CGH
genomic aberration is rarely seen in tumors with MYCN amplification, yet remains
highly associated with other high-risk features. Therefore, loss of 11q might prove to
be useful predictor of outcome in clinically high-risk patients without MYCN ampli-
fication. In a study of almost 1,000 patients registered with Children’s Oncology
Group studies, unbalanced deletion of 11q (11q loss with either retention or gain
of 11p material) was independently prognostic for outcome in a multivariate analy-
sis [76]. Deletion of 11q was also directly associated with 14q deletion, but it was
inversely correlated with 1p deletion and MYCN amplification [77].

There is evidence that LOH for the long arm of chromosome 14 occurs with
increased frequency in neuroblastomas [78–80]. A deletion in 14q23-32 was found
in 280 neuroblastomas but it was not associated with other biological or clinical fea-
tures or outcomes [81]. Deletion or allelic loss has been shown at various other sites
by genome-wide allelotyping or by CGH, but their biological or clinical significance
is unclear.

4 Gene Expression Profiles of Neuroblastoma

Over the past 25 years, several gene expression studies have been performed using
both neuroblastoma tumors and cell lines, and abnormal patterns have been iden-
tified. These findings suggest that pathways of the signaling of neurotrophins
and apoptotic factors could have a role in neuroblastoma development and
progression.

4.1 Neurotrophin Signaling Pathways

The factors that are responsible for regulating the malignant transformation of
sympathetic neuroblasts to neuroblastoma cells are not well understood, but they
probably involve one or more neurotrophin-receptor pathways that signal the cell
to differentiate. Three tyrosine kinase receptors for a homologous family of neu-
rotrophin factors have been cloned. The main ligands for the TrkA, TrkB, and TrkC
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(also known as NTRK3) receptors are nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), and neurotrophin-3 (NT3), respectively. Neurotrophin-4
(NT4, also known as NT5) also seems to function through TrkB [82, 83]. Binding of
TrkA to a homodimer of NGF induces the activation of various signaling pathways
linked to survival or to differentiation, whereas inhibition of TrkA activation can
lead to programmed cell death, depending in part on the state of differentiation of
the cell. So, the presence or absence of NGF can have a profound effect on cellular
behavior.

A relationship between TrkA mRNA expression and patient survival in neuroblas-
tomas and ganglioblastoma has been demonstrated. High levels of TrkA expression
correlate with younger age, lower stage, and absence of MYCN amplification. In
general, TrkA expression is associated with a favorable outcome, and the combi-
nation of TrkA expression and MYCN amplification provides a greater prognostic
power. Other studies have demonstrated that full-length TrkB (there is also a trun-
cated isoform lacking the tyrosine kinase) is expressed preferentially in advanced
stage, MYCN-amplified neuroblastoma [84]. Many of these tumors also express
BDNF, establishing an autocrine pathway promoting cell growth and survival
[84, 85]. TrkB is expressed either in low amounts or as the truncated isoform in bio-
logically favorable tumors. Lastly, TrkC is expressed in favorable neuroblastomas,
essentially all of which also express TrkA [86–88].

Another transmembrane receptor called p75 (p75NTR, also known as
TNFRSF16) binds all the NGF family of neurotrophins with low affinity. This
receptor is a member of the tumor necrosis factor receptor (TNFR) death-receptor.
Theoretically, p75 can lead to either cell death or differentiation in response to
ligand, depending on whether or not Trk receptors are co-expressed [89, 90]. p75
expression in neuroblastomas has generally been associated with a favorable out-
come [91–93]. However, its biological and prognostic significance independent of
Trk expression is unclear.

4.2 Apoptotic Signaling Pathways

Neuroblastoma has the highest rate of spontaneous regression observed in human
cancers. Children with stage 4S neuroblastoma often have initial progression of
multifocal disease followed by rapid tumor involution. Delayed implementation
of normal apoptotic pathways has been proposed as an explanation for this phe-
nomenon. Activation of programmed cell death can originate from various stimuli,
such as the presence or absence of exogenous ligand or from DNA damage.
However, members of the TNFR family (cell surface proteins), such as p75 and
CD95, might be involved in initiating apoptosis in neuronal cells and neuroblas-
tomas [94–96]. The BCL2 family of proteins responsible for relaying the apoptotic
signal is highly expressed in most neuroblastomas, and the level of expression is
inversely related to the proportion of cells undergoing apoptosis and the degree
of cellular differentiation [97, 98]. The BCL2 proteins might also be important in
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acquired resistance to chemotherapy [99, 100]. Ultimately, increased expression
of caspases (proteins involved in the execution of the apoptotic signal) seems to
be associated with favorable biological features and improved disease outcome
[101]. So, neuroblastomas that are prone to undergoing apoptosis are more likely
to spontaneously regress and/or respond well to chemotherapy.

4.3 Expression of Other Important Genes

Abnormal levels of genes resistant to several chemotherapeutic agents such as mul-
tidrug resistance gene 1 (MDR) and the gene for multidrug resistance-related protein
(MRP) have been identified as predictors of therapy outcome for neuroblastoma
[102–104].

Altered expression of the putative oncoprotein NME1 (NM23-H1) that encodes
the nucleoside diphosphate kinase A protein (nm23A) was noted in advanced
(stages III and IV) primary neuroblastomas [105, 106], in a pattern opposite to that
observed in other human malignancies. Chang and colleagues identified a ser120-
to-gly (S120G) mutation in several high-grade neuroblastomas, but not in low-grade
tumors or in control tissues [107].

Increased telomerase activity is detectable in most cancer cells and seems to be a
prerequisite for malignant transformation [108]. Hiyama et al. were the first to show
that telomerase expression was detectable in the vast majority of neuroblastomas
(96%) [109]. In addition, very high levels of telomerase activity may correlate with
adverse prognostic features and poorer survival probability [110–112]. Therefore,
although elevated telomerase expression may simply be a marker of escape from
cellular senescence, markedly increased levels may be associated with genomic
instability and an increased likelihood of additional mutational events.

In 2006, Asgharzadeh and colleagues found that gene expression signatures of
metastatic neuroblastomas that lack MYCN gene amplification identified two dis-
tinct groups of patients who were at low and high risk of disease progression [113].
Accurate identification of these subgroups with gene expression profiles may facili-
tate development, implementation, and analysis of clinical trials aimed at improving
outcome.

4.4 Model of Neuroblastoma Subtypes

As initially proposed by Brodeur [6] there are at least two distinct types of neu-
roblastoma that are highly predictive of clinical behavior. Figure 4.4 presents a
general model of neuroblastoma subtypes in relation to risk of death from dis-
ease. Newly diagnosed neuroblastomas can be divided into two broad subtypes
characterized by the type of DNA copy number aberrations detected. The first type
includes numerical aberrations where mitotic dysfunction leads to a hyperdiploid or
near-triploid modal karyotype. These tumors harbor numerical chromosomal copy
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Fig. 4.4 Genomic model of neuroblastoma subtypes. In this general model, newly diagnosed neu-
roblastomas can be assessed for disease risk based on their underlying tumor DNA and RNA copy
number profiles. It is proposed that a spectrum of risk exists ranging from the benign tumors har-
boring only numerical chromosomal aberrations to the highly malignant tumors with segmental
chromosomal aberrations. This highly aggressive group is then subdivided based on “favorable”
vs. “unfavorable” RNA signatures, where most MYCN-amplified tumors will have an unfavorable
signature

number alterations and do not show specific structural genomic changes such as
MYCN amplification and 1p LOH or 17q gain and generally express high levels
of TrkA. Patients with type 1 tumors are usually cured with surgery alone and are
generally less than 1 year of age with localized disease and a very good prognosis.
The second broad type is characterized by segmental/structural chromosomal aber-
rations and these tumors generally have a near-diploid or tetraploid karyotype. No
consistent abnormality has been identified, but 17q gain is most common, and high
TrkA expression is rare. Within this type, two subsets can be distinguished based
on tumor genomics. One subset is characterized by 11q deletion, 3p, 14q deletions
or other changes, but they lack MYCN amplification and generally lack 1p LOH.
Patients with these tumors are usually older with unfavorable outcome that is often
fatal. The other aggressive group of tumors shows MYCN amplification, generally
with 1p LOH. The age of these patients ranges from 1 to 5 years with advanced
stage, rapidly progressive disease that is frequently fatal. Although these two groups
are readily distinguished based on their profile of DNA copy number aberrations, it
is proposed that risk of death is marked by RNA signatures. For this reason, the
model presented in Fig. 4.4 divides the broad group of tumors with structural aber-
rations into those with favorable and unfavorable RNA signatures, where the tumors
harboring segmental aberrations and an unfavorable RNA signature have the highest
likelihood of resulting in a fatal outcome. Current research will address the specifics
underlying this general model, with the goal of defining a set of tumor biologic fea-
tures (DNA and RNA) for diagnostic use in neuroblastoma risk classification and
ultimately treatment stratification.
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5 Interaction of Germline Genetics and Tumor Genomics

Ongoing genome-wide studies are likely to identify additional germline risk alle-
les as well as somatically acquired genomic alterations in tumor cells. A challenge
will be to understand the functional relevance of these findings within an integrated
genetic and genomic landscape of neuroblastoma initiation and progression. It is
anticipated that this will have a significant impact on unraveling the molecular
mechanisms of tumorigenesis and new genetic pathways and targets of therapeutic
agents in general.

References

1. Gurney JG et al (1997) Infant cancer in the U.S.: histology-specific incidence and trends,
1973 to 1992. J Pediatr Hematol Oncol 19:428–432

2. Brodeur GM, Maris JM (2006) Neuroblastoma. In: Pizzo PPD (ed) Principles and practice
of pediatric oncology. J B Lippincott Company, Philadelphia, PA, pp 933–970

3. Brodeur GM, Maris JM (2002) Neuroblastoma. In: Pizzo P, Poplack D (eds) Principles and
practices of pediatric oncology. J B Lippincott Company, Philadelphia, PA, pp 895–937

4. Maris JM, Hogarty MD, Bagatell R, Cohn SL (2007) Neuroblastoma. Lancet 369:
2106–2120

5. Knudson AG Jr, Strong LC (1972) Mutation and cancer: neuroblastoma and pheochromocy-
toma. Am J Hum Genet 24:514–532

6. Brodeur GM (2003) Neuroblastoma: biological insights into a clinical enigma. Nat Rev
Cancer 3:203–216

7. Biegel JA et al (1993) Constitutional 1p36 deletion in a child with neuroblastoma. Am J
Hum Genet 52:176–182

8. Satge D et al (2003) Abnormal constitutional karyotypes in patients with neuroblastoma: a
report of four new cases and review of 47 others in the literature. Cancer Genet Cytogenet
147:89–98

9. Mosse Y et al (2003) Identification and high-resolution mapping of a constitutional 11q
deletion in an infant with multifocal neuroblastoma. Lancet Oncol 4:769–771

10. Bower RJ, Adkins JC (1980) Ondine’s curse and neurocristopathy. Clin Pediatr (Phila)
19:665–668

11. Maris JM, Chatten J, Meadows AT, Biegel JA, Brodeur GM (1997) Familial neuroblastoma:
a three-generation pedigree and a further association with Hirschsprung disease. Med Pediatr
Oncol 28:1–5

12. Knudson AG Jr, Meadows AT (1976) Developmental genetics of neuroblastoma. J Natl
Cancer Inst 57:675–682

13. Knudson AG Jr, Amromin GD (1966) Neuroblastoma and ganglioneuroma in a child with
multiple neurofibromatosis. Implications for the mutational origin of neuroblastoma. Cancer
19:1032–1037

14. Weese-Mayer DE et al (2003) Idiopathic congenital central hypoventilation syndrome: anal-
ysis of genes pertinent to early autonomic nervous system embryologic development and
identification of mutations in PHOX2b. Am J Med Genet A 123A:267–278

15. Amiel J et al (2003) Polyalanine expansion and frameshift mutations of the paired-like
homeobox gene PHOX2B in congenital central hypoventilation syndrome. Nat Genet
33:459–461

16. Mosse YP et al (2004) Germline PHOX2B mutation in hereditary neuroblastoma. Am J Hum
Genet 75:727–730

17. Trochet D et al (2004) Germline mutations of the paired-like homeobox 2B (PHOX2B) gene
in neuroblastoma. Am J Hum Genet 74:761–764



4 Genetics and Genomics of Neuroblastoma 81

18. Raabe EH et al (2008) Prevalence and functional consequence of PHOX2B mutations in
neuroblastoma. Oncogene 27:469–476

19. Mosse YP et al (2008) Identification of ALK as a major familial neuroblastoma predisposi-
tion gene. Nature 455(7215):930–935

20. Morris SW et al (1994) Fusion of a kinase gene, ALK, to a nucleolar protein gene, NPM, in
non-Hodgkin’s lymphoma. Science 263:1281–1284

21. Griffin CA et al (1999) Recurrent involvement of 2p23 in inflammatory myofibroblastic
tumors. Cancer Res 59:2776–2780

22. Jazii FR et al (2006) Identification of squamous cell carcinoma associated proteins by pro-
teomics and loss of beta tropomyosin expression in esophageal cancer. World J Gastroenterol
12:7104–7112

23. Soda M et al (2007) Identification of the transforming EML4-ALK fusion gene in non-small-
cell lung cancer. Nature 448:561–566

24. Rikova K et al (2007) Global survey of phosphotyrosine signaling identifies oncogenic
kinases in lung cancer. Cell 131:1190–1203

25. Torkamani A, Schork NJ (2007) Accurate prediction of deleterious protein kinase polymor-
phisms. Bioinformatics 23:2918–2925

26. Torkamani A, Schork NJ (2008) Prediction of cancer driver mutations in protein kinases.
Cancer Res 68:1675–1682

27. Maris JM et al (2008) Chromosome 6p22 locus associated with clinically aggressive
neuroblastoma. N Engl J Med 358:2585–2593

28. Capasso M et al (2009) Common variations in BARD1 influence susceptibility to high-risk
neuroblastoma. Nat Genet 41:718–723

29. Wu LC et al (1996) Identification of a RING protein that can interact in vivo with the BRCA1
gene product. Nat Genet 14:430–440

30. Diskin SJ et al (2009) Copy number variation at 1q21.1 associated with neuroblastoma.
Nature 18:987–991

31. Kaneko Y et al (1987) Different karyotypic patterns in early and advanced stage neuroblas-
tomas. Cancer Res 47:311–318

32. Kaneko Y et al (1990) Current urinary mass screening for catecholamine metabolites at
6 months of age may be detecting only a small portion of high-risk neuroblastomas:
a chromosome and N-myc amplification study. J Clin Oncol 8:2005–2013

33. Look AT, Hayes FA, Nitschke R, McWilliams NB, Green AA (1984) Cellular DNA content
as a predictor of response to chemotherapy in infants with unresectable neuroblastoma.
N Engl J Med 311:231–235

34. Look AT et al (1991) Clinical relevance of tumor cell ploidy and N-myc gene amplification
in childhood neuroblastoma: a Pediatric Oncology Group study. J Clin Oncol 9:581–591

35. George RE et al (2005) Hyperdiploidy plus nonamplified MYCN confers a favorable
prognosis in children 12 to 18 months old with disseminated neuroblastoma: a Pediatric
Oncology Group study. J Clin Oncol 23:6466–6473

36. Janoueix-Lerosey I et al (2009) Overall genomic pattern is a predictor of outcome in
neuroblastoma. J Clin Oncol 27:1026–1033

37. Schwab M, Tonini GP, Benard J (1993) Human neuroblastoma. Recent advances in clinical
and genetic analysis. Harwood Academic Publishers, Chur, Switzerland, pp 101–111

38. Brodeur GM, Seeger RC (1986) Gene amplification in human neuroblastomas: basic
mechanisms and clinical implications. Cancer Genet Cytogenet 19:101–111

39. Brodeur GM et al (1987) Consistent N-myc copy number in simultaneous or
consecutive neuroblastoma samples from sixty individual patients. Cancer Res 47:
4248–4253

40. Schwab M et al (1983) Amplified DNA with limited homology to myc cellular oncogene is
shared by human neuroblastoma cell lines and a neuroblastoma tumour. Nature 305:245–248

41. Seeger RC et al (1988) Expression of N-myc by neuroblastomas with one or multiple copies
of the oncogene. Prog Clin Biol Res 271:41–49



82 M. Capasso and S.J. Diskin

42. Seeger RC et al (1985) Association of multiple copies of the N-myc oncogene with rapid
progression of neuroblastomas. N Engl J Med 313:1111–1116

43. Brodeur GM, Seeger RC, Schwab M, Varmus HE, Bishop JM (1984) Amplification of
N-myc in untreated human neuroblastomas correlates with advanced disease stage. Science
224:1121–1124

44. Cohn SL et al (1995) Lack of correlation of N-myc gene amplification with prognosis in
localized neuroblastoma: a Pediatric Oncology Group study. Cancer Res 55:721–726

45. Perez CA et al (2000) Biologic variables in the outcome of stages I and II neuroblastoma
treated with surgery as primary therapy: a children’s cancer group study. J Clin Oncol 18:
18–26

46. Katzenstein HM et al (1998) Prognostic significance of age, MYCN oncogene amplification,
tumor cell ploidy, and histology in 110 infants with stage D(S) neuroblastoma: the pediatric
oncology group experience – a pediatric oncology group study. J Clin Oncol 16:2007–2017

47. Janoueix-Lerosey I et al (2008) Somatic and germline activating mutations of the ALK
kinase receptor in neuroblastoma. Nature 455:967–970

48. George RE et al (2008) Activating mutations in ALK provide a therapeutic target in
neuroblastoma. Nature 455:975–978

49. Chen Y et al (2008) Oncogenic mutations of ALK kinase in neuroblastoma. Nature 455:
971–974

50. Brodeur GM, Maris JM, Yamashiro DJ, Hogarty MD, White PS (1997) Biology and genetics
of human neuroblastomas. J Pediatr Hematol Oncol 19:93–101

51. Jinbo T, Iwamura Y, Kaneko M, Sawaguchi S (1989) Coamplification of the L-myc and
N-myc oncogenes in a neuroblastoma cell line. Jpn J Cancer Res 80:299–301

52. Corvi R et al (1985) Non-syntenic amplification of MDM2 and MYCN in human neurob-
lastoma. Oncogene 10:1081–1086

53. Van Roy N et al (1995) Identification of two distinct chromosome 12-derived amplification
units in neuroblastoma cell line NGP. Cancer Genet Cytogenet 82:151–154

54. Gilbert F et al (1984) Human neuroblastomas and abnormalities of chromosomes 1 and 17.
Cancer Res 44:5444–5449

55. Caron H (1995) Allelic loss of chromosome 1 and additional chromosome 17 material are
both unfavourable prognostic markers in neuroblastoma. Med Pediatr Oncol 24:215–221

56. Bown N et al (1999) Gain of chromosome arm 17q and adverse outcome in patients with
neuroblastoma. N Engl J Med 340:1954–1961

57. Schleiermacher G et al (2004) Variety and complexity of chromosome 17 translocations in
neuroblastoma. Genes Chromosomes Cancer 39:143–150

58. Islam A et al (2000) High expression of Survivin, mapped to 17q25, is significantly asso-
ciated with poor prognostic factors and promotes cell survival in human neuroblastoma.
Oncogene 19:617–623

59. Godfried MB et al (2002) The N-myc and c-myc downstream pathways include the
chromosome 17q genes nm23-H1 and nm23-H2. Oncogene 21:2097–2101

60. Saito-Ohara F et al (2003) PPM1D is a potential target for 17q gain in neuroblastoma. Cancer
Res 63:1876–1883

61. Brinkschmidt C et al (1997) Comparative genomic hybridization (CGH) analysis of
neuroblastomas–an important methodological approach in paediatric tumour pathology.
J Pathol 181:394–400

62. Lastowska M et al (1997) Comparative genomic hybridization study of primary neurob-
lastoma tumors. United Kingdom Children’s Cancer Study Group. Genes Chromosomes
Cancer 18:162–169

63. Vandesompele J et al (1998) Genetic heterogeneity of neuroblastoma studied by comparative
genomic hybridization. Genes Chromosomes Cancer 23:141–152

64. Mosse YP et al (2007) Neuroblastomas have distinct genomic DNA profiles that predict
clinical phenotype and regional gene expression. Genes Chromosomes Cancer 46:936–949

65. White PS et al (1995) A region of consistent deletion in neuroblastoma maps within human
chromosome 1p36.2-36.3. Proc Natl Acad Sci U S A 92:5520–5524



4 Genetics and Genomics of Neuroblastoma 83

66. White PS et al (2001) Detailed molecular analysis of 1p36 in neuroblastoma. Med Pediatr
Oncol 36:37–41

67. White PS et al (2005) Definition and characterization of a region of 1p36.3 consistently
deleted in neuroblastoma. Oncogene 24:2684–2694

68. Gehring M, Berthold F, Edler L, Schwab M, Amler LC (1995) The 1p deletion is not a
reliable marker for the prognosis of patients with neuroblastoma. Cancer Res 55:5366–5369

69. Martinsson T, Sjoberg RM, Hedborg F, Kogner P (1995) Deletion of chromosome 1p
loci and microsatellite instability in neuroblastomas analyzed with short-tandem repeat
polymorphisms. Cancer Res 55:5681–5686

70. Schmidt ML et al (2005) Favorable prognosis for patients 12 to 18 months of age with
stage 4 nonamplified MYCN neuroblastoma: a Children’s Cancer Group Study. J Clin Oncol
23:6474–6480

71. Shimada H et al (1984) Histopathologic prognostic factors in neuroblastic tumors: definition
of subtypes of ganglioneuroblastoma and an age-linked classification of neuroblastomas.
J Natl Cancer Inst 73:405–416

72. Caron H et al (1996) Allelic loss of chromosome 1p as a predictor of unfavorable outcome
in patients with neuroblastoma. N Engl J Med 334:225–230

73. Maris JM et al (2000) Loss of heterozygosity at 1p36 independently predicts for dis-
ease progression but not decreased overall survival probability in neuroblastoma patients:
a Children’s Cancer Group study. J Clin Oncol 18:1888–1899

74. Spitz R et al (2002) Fluorescence in situ hybridization analyses of chromosome band 1p36
in neuroblastoma detect two classes of alterations. Genes Chromosomes Cancer 34:299–305

75. George RE et al (2007) Genome-wide analysis of neuroblastomas using high-density single
nucleotide polymorphism arrays. PLoS ONE 2:e255

76. Attiyeh EF et al (2005) Chromosome 1p and 11q deletions and outcome in neuroblastoma.
N Engl J Med 353:2243–2253

77. Guo C et al (1999) Allelic deletion at 11q23 is common in MYCN single copy neuroblas-
tomas. Oncogene 18:4948–4957

78. Srivatsan ES, Ying KL, Seeger RC (1993) Deletion of chromosome 11 and of 14q sequences
in neuroblastoma. Genes Chromosomes Cancer 7:32–37

79. Carr J et al (2007) High-resolution analysis of allelic imbalance in neuroblastoma cell lines
by single nucleotide polymorphism arrays. Cancer Genet Cytogenet 172:127–138

80. Suzuki T et al (1989) Frequent loss of heterozygosity on chromosome 14q in neuroblastoma.
Cancer Res 49:1095–1098

81. Thompson PM et al (2001) Loss of heterozygosity for chromosome 14q in neuroblastoma.
Med Pediatr Oncol 36:28–31

82. Yano H, Chao MV (2000) Neurotrophin receptor structure and interactions. Pharm Acta
Helv 74:253–260

83. Patapoutian A, Reichardt LF (2001) Trk receptors: mediators of neurotrophin action. Curr
Opin Neurobiol 11:272–280

84. Nakagawara A, Azar CG, Scavarda NJ, Brodeur GM (1994) Expression and function of
TRK-B and BDNF in human neuroblastomas. Mol Cell Biol 14:759–767

85. Matsumoto K, Wada RK, Yamashiro JM, Kaplan DR, Thiele CJ (1995) Expression of brain-
derived neurotrophic factor and p145TrkB affects survival, differentiation, and invasiveness
of human neuroblastoma cells. Cancer Res 55:1798–1806

86. Svensson T et al (1997) Coexpression of mRNA for the full-length neurotrophin receptor
trk-C and trk-A in favourable neuroblastoma. Eur J Cancer 33:2058–2063

87. Ryden M et al (1996) Expression of mRNA for the neurotrophin receptor trkC in neuroblas-
tomas with favourable tumour stage and good prognosis. Br J Cancer 74:773–779

88. Yamashiro DJ, Nakagawara A, Ikegaki N, Liu XG, Brodeur GM (1996) Expression of TrkC
in favorable human neuroblastomas. Oncogene 12:37–41

89. Casaccia-Bonnefil P, Gu C, Chao MV (1999) Neurotrophins in cell survival/death decisions.
Adv Exp Med Biol 468:275–282



84 M. Capasso and S.J. Diskin

90. Hempstead BL (2002) The many faces of p75NTR. Curr Opin Neurobiol 12:260–267
91. Nakagawara A et al (1993) Association between high levels of expression of the TRK gene

and favorable outcome in human neuroblastoma. N Engl J Med 328:847–854
92. Suzuki T, Bogenmann E, Shimada H, Stram D, Seeger RC (1993) Lack of high-affinity nerve

growth factor receptors in aggressive neuroblastomas. J Natl Cancer Inst 85:377–384
93. Kogner P et al (1993) Coexpression of messenger RNA for TRK protooncogene and low

affinity nerve growth factor receptor in neuroblastoma with favorable prognosis. Cancer Res
53:2044–2050

94. Brodeur GM, Castle VP (1999) Role of apoptosis in human neuroblastomas. In: Hickman
JAD, Dive C (eds) Apoptosis and cancer chemotherapy. Humana, Totowa, NJ, pp 305–318

95. Bunone G, Mariotti A, Compagni A, Morandi E, Della Valle G (1997) Induction of apoptosis
by p75 neurotrophin receptor in human neuroblastoma cells. Oncogene 14:1463–1470

96. Fulda S, Sieverts H, Friesen C, Herr I, Debatin KM (1997) The CD95 (APO-1/Fas) system
mediates drug-induced apoptosis in neuroblastoma cells. Cancer Res 57:3823–3829

97. Castle VP et al (1993) Expression of the apoptosis-suppressing protein bcl-2, in neurob-
lastoma is associated with unfavorable histology and N-myc amplification. Am J Pathol
143:1543–1550

98. Oue T et al (1996) In situ detection of DNA fragmentation and expression of bcl-2 in human
neuroblastoma: relation to apoptosis and spontaneous regression. J Pediatr Surg 31:251–257

99. Dole M et al (1994) Bcl-2 inhibits chemotherapy-induced apoptosis in neuroblastoma.
Cancer Res 54:3253–3259

100. Dole MG et al (1995) Bcl-xL is expressed in neuroblastoma cells and modulates
chemotherapy-induced apoptosis. Cancer Res 55:2576–2582

101. Nakagawara A et al (1997) High levels of expression and nuclear localization of interleukin-
1 beta converting enzyme (ICE) and CPP32 in favorable human neuroblastomas. Cancer Res
57:4578–4584

102. Park JG, Kramer BS, Lai SL, Goldstein LJ, Gazdar AF (1990) Chemosensitivity patterns
and expression of human multidrug resistance-associated MDR1 gene by human gastric and
colorectal carcinoma cell lines. J Natl Cancer Inst 82:193–198

103. Chan HS et al (1991) P-glycoprotein expression as a predictor of the outcome of therapy for
neuroblastoma. N Engl J Med 325:1608–1614

104. Norris MD et al (1996) Expression of the gene for multidrug-resistance-associated protein
and outcome in patients with neuroblastoma. N Engl J Med 334:231–238

105. Hailat N et al (1991) High levels of p19/nm23 protein in neuroblastoma are associated with
advanced stage disease and with N-myc gene amplification. J Clin Invest 88:341–345

106. Leone A et al (1993) Evidence for nm23 RNA overexpression, DNA amplification and
mutation in aggressive childhood neuroblastomas. Oncogene 8:855–865

107. Chang CL et al (1994) Nm23-H1 mutation in neuroblastoma. Nature 370:335–336
108. Kim NW et al (1994) Specific association of human telomerase activity with immortal cells

and cancer. Science 266:2011–2015
109. Hiyama E et al (1995) Correlating telomerase activity levels with human neuroblastoma

outcomes. Nat Med 1:249–255
110. Hiyama E et al (1997) Telomerase activity in neuroblastoma: is it a prognostic indicator of

clinical behaviour? Eur J Cancer 33:1932–1936
111. Reynolds CP et al (1997) Telomerase expression in primary neuroblastomas. Eur J Cancer

33:1929–1931
112. Brinkschmidt C et al (1998) Comparative genomic hybridization and telomerase activ-

ity analysis identify two biologically different groups of 4 s neuroblastomas. Br J Cancer
77:2223–2229

113. Asgharzadeh S et al (2006) Prognostic significance of gene expression profiles of metastatic
neuroblastomas lacking MYCN gene amplification. J Natl Cancer Inst 98:1193–1203

114. Caren H et al (2008) High-resolution array copy number analyses for detection of deletion,
gain, amplification and copy-neutral LOH in primary neuroblastoma tumors: four cases of
homozygous deletions of the CDKN2A gene. BMC Genomics 9:353



Chapter 5
TGF-β Signaling Alterations and Colon Cancer

Naresh Bellam and Boris Pasche

Abstract Colorectal cancer is the second most common cause of cancer-related
death in the United States. Twin studies suggest that 35% of all colorectal can-
cer cases are inherited. High-penetrance tumor susceptibility genes account for at
most 3–6% of all colorectal cancer cases and the remainder of the unexplained
risk is likely due to a combination of low to moderate penetrance genes. Recent
genome-wide association studies have identified several SNPs near genes belonging
to the transforming growth factor beta (TGF-β) superfamily such as GREM1 and
SMAD7. Together with the recent discovery that constitutively decreased TGFBR1
expression is a potent modifier of colorectal cancer risk, these findings strongly
suggest that germline variants of the TGF-β superfamily may account for a sizeable
proportion of colorectal cancer cases. The TGF-β superfamily signaling pathways
mediate many different biological processes during embryonic development, and
in adult organisms they play a role in tissue homeostasis. TGF-β has a central
role in inhibiting cell proliferation and also modulates processes such as cell inva-
sion, immune regulation, and microenvironment modification. Mutations in the
TGF-β type II receptor (TGFBR2) are estimated to occur in approximately 30%
of colorectal carcinomas. Mutations in SMAD4 and BMPR1A are found in patients
with familial juvenile polyposis, an autosomal dominant condition associated with
an increased risk of colorectal cancer. This chapter provides an overview of the
genetic basis of colorectal cancer and discusses recent discoveries related to alter-
ations in the TGF-β pathways and their role in the development of colorectal
cancer.

Colorectal cancer is the fourth most common malignancy and the second most
frequent cause of cancer-related death in the United States. In 2009, an estimated
146,970 cases of colorectal cancer were diagnosed and 49,960 people died from this
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disease [1]. Institution of colonoscopy for at-risk individuals leads to earlier diag-
nosis of colon cancer which is amenable to curative surgery. Adjuvant therapy in
patients with lymph node involvement has been demonstrated to have a benefit in
overall survival [2]. Patients with widespread disease at diagnosis or with recurrent
disease are treated with chemotherapy agents, although surgery with curative intent
also has a role in the treatment of some patients with metastatic disease. The use of
antibodies against vascular endothelial growth factor and epidermal growth factor
results in a small but significant increase in the survival of patients with metastatic
or recurrent colon cancer [3]. However, metastatic colorectal cancer is not a curable
disease and therapy with current therapeutic agents is associated with significant
morbidity.

The risk of developing colon cancer is approximately doubled in persons with a
family history of colon cancer in a first-degree relative [4–6]. The risk increases with
increasing number of first-degree relatives affected by colon cancer. Twin studies
have suggested that genetic mutations contribute to the development of at least 35%
of cases of CRC [7]. Hence, it is reasonable to estimate that at least one third of
colon cancer cases are attributable to genetic factors.

1 Genetics of Colorectal Cancer

The most well-known familial genetic syndromes predisposing to the develop-
ment of colorectal cancer are familial adenomatous polyposis and Lynch syndrome,
formally named hereditary non-polyposis colon cancer. Familial adenomatous
polyposis (FAP) is an autosomal dominant disorder that affects 1 in 13,000 births
[8]. FAP is characterized by the formation of numerous polyps/adenomas through-
out the large intestine in affected individuals, starting in their mid-twenties. The risk
of these polyps/adenomas progressing to invasive carcinoma is 100%. Germline
mutations in the adenomatous polyposis coli (APC) gene predispose individuals
to develop numerous adenomatous polyps [9]. In addition, they have an increased
risk of developing desmoid tumors, thyroid cancer, gastric adenocarcinoma, duo-
denal adenocarcinoma, and/or ampullary carcinoma. A missense mutation in the
APC gene known as I1307K (isoleucine changes to lysine) is associated with colon
polyps and an increased risk (up to 1.5–2 times) of developing colon carcinoma. The
mutation leads to a hypermutable region, thereby indirectly predisposing to cancer.
Importantly, this allele is found in 6% of Ashkenazi Jews but at a very low level in
the general population [10, 11].

Lynch syndrome, formerly named hereditary non-polyposis colon cancer
(HNPCC), is an autosomal dominant condition characterized by early onset of
colon cancer. The average age at diagnosis is 45 years, the tumors tend to develop
in the proximal colon and show evidence of microsatellite instability (MSI) [9].
Germline mutations in the DNA mismatch repair (MMR) enzymes predispose indi-
viduals to this syndrome. Deficiencies in these enzymes lead to numerous errors in
DNA replication, especially in tandem repeat sequences, and cause lengthening of
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microsatellite sequences. Mutations in critical genes like BAX, TGFBR2, and E2F4
can then initiate or promote carcinogenesis [12, 13]. Patients have an 80% lifetime
risk of developing colon cancer and an increased predilection to develop extra-
intestinal tumors in the endometrium, ovary, stomach, small bowel, hepatobiliary
tract, pancreas, upper uroepithelial tract, and brain [14].

Deficiency in the base excision repair gene MUTYH also predisposes to colon
cancer [13]. The MUTYH syndrome is inherited as a recessive trait and biallelic
mutation carriers have almost a 100% risk of developing cancer. Variants in the
MUTYH gene were identified in a family affected with multiple colorectal adeno-
mas and carcinomas. Tumors from these individuals showed a predominance of
somatic mutations in the APC gene. The majority of these APC mutations were
G:C→A transversions, which suggests a defect in the base excision repair machin-
ery [15]. It has been proposed that monoallelic mutations in the MUTYH gene also
confer an elevated risk of colorectal cancer, although this is controversial [16–23].
A large population-based series of 9,628 patients with colorectal cancer and 5,064
controls were genotyped for MUTYH variants associated with colorectal cancer
[24]. Biallelic mutation status was associated with a 28-fold increase in colorectal
cancer risk (95% CI, 17.66–44.06). Monoallelic mutation was not associated with
an increased colorectal cancer risk. Cancers associated with MUTYH mutations are
thought to progress through a MSI-independent pathway [25]. It has not yet been
fully determined as to why the MUTYH mutations predispose to the development of
colorectal cancer [26].

The above-described mutations have a high penetrance with respect to colorectal
cancer risk but, collectively, these various syndromes account for at most 3–6% of
all colorectal cancers [27]. The remaining fraction of familiar cancers and a majority
of sporadic cancers are likely to be due to low-penetrance mutations, i.e., mutations
that have low frequency of association with a specific phenotype [9]. Genome-wide
association studies have identified new genomic loci associated with colorectal can-
cer risk. A locus at 8q24 has been associated with a combined odds ratio of 1.17
(95% CI, 1.12–1.23; p = 3.16×10–11) [28, 29]. The association was confirmed
in both sporadic and familial colorectal cancer. Single nucleotide polymorphisms
(SNPs) near GREM1, SCG5 [30], and SMAD7 [31] genes have also been found
to be strongly associated with colorectal cancer risk. Other genomic loci associated
with an increased risk of developing colorectal cancer have been identified at 18q21,
8q23.3, 10p14, 11q23, 14q22.2, 16q22.1, 19q13.1, and 20p12.3 [29, 32, 33].

Gene polymorphisms in specific signaling pathways have also been shown to
modify the risk of colorectal cancer. Epidemiological studies have shown an associ-
ation between colorectal cancer, obesity, and insulin resistance. Elevated circulating
levels of C-peptide and insulin-like growth factor binding protein I (IGFBP1) are
directly associated with colorectal cancer risk [34–43]. Adiponectin, an endoge-
nous insulin sensitizer, is a protein secreted by the adipose tissue. Adiponectin levels
are decreased in patients with obesity and insulin resistance. A prospective clinical
trial has demonstrated that men in the highest quintile of adiponectin levels have a
decreased colorectal cancer risk when compared to men in the lowest quintile (rela-
tive risk, 0.42; 95% CI, 0.23–0.78) [39]. The hypothesis that genetic polymorphisms
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in the adiponectin gene (ADIPOQ) and its type I receptor (ADIPOR1) may affect the
risk of colorectal cancer was examined by testing for differences in single nucleotide
polymorphisms of the respective genes. Genotyping of haplotype tagging SNPs of
the ADIPOQ and ADIPOR genes in two case–control studies with a combined pop-
ulation of 640 patients and 857 controls showed that one ADIPOQ SNP (rs266729),
tagging the 5′ end of the gene, is consistently associated with a decreased risk of col-
orectal cancer after adjustment for age, sex, race, and SNPs within the same gene
(adjusted odds ratio, 0.73; 95% CI, 0.53–0.99) [44]. An attempt at replicating these
findings was recently conducted by Carvajal-Carmona et al. in two separate cohorts
from the UK [45]. The association of the ADIPOQ genomic region with colorec-
tal cancer was studied using the Illumina Hap 300/370/550 arrays that genotype 82
markers covering 250 kb around the ADIPOQ gene, none of which includes the
rs266729 SNP. This study did not find an association between any of these SNPs
with colorectal cancer risk. However, the r2 value of the Illumina array SNP in
strongest linkage disequilibrium with rs266729 was only 0.74. Furthermore, this
SNP was located more than 7.7 kb upstream of rs266729. Thus, it is questionable
that the Illumina array genotyping results truly excluded an association between
rs266729 and colorectal cancer.

Adenomatous polyps have long been considered neoplastic lesions leading to
the development of colorectal carcinoma. Another type of polyps, the hyperplastic
(or serrated) polyps, have been regarded primarily as non-neoplastic polyps with
no malignant potential of their own. However, several studies suggest that at least
some serrated polyps may have malignant potential [46–48]. These serrated polyps
named sessile serrated adenomas (SSA) [49] and dysplastic forms named serrated
adenomas or SA [50] increase the likelihood of malignant transformation.

Genetic alterations observed in the sessile serrated adenomas and the serrated
adenomas are different from those seen in the adenoma–carcinoma sequence
[51–53]. For example, alterations in TP53 and APC and loss of heterozygosity are
rare, whereas alterations in microsatellite sequences and hypermethylation of CpG
islands are common. Sessile serrated adenomas are associated with mutations in
BRAF and show high levels of CpG island methylation. These adenomas only rarely
have KRAS mutations [54–57]. Traditional serrated adenomas also show high lev-
els of CpG island methylation but contain KRAS mutations more often than BRAF
mutations [20, 57, 58]. Importantly, KRAS mutations and BRAF mutations have been
found to be mutually exclusive [20, 59, 60].

Germline mutations in the TGF-β pathway are commonly found in patients diag-
nosed with familial juvenile polyposis (FJP), an autosomal dominant condition
affecting 1 in 100,000 births [12]. It is characterized by the presence of 10 or more
juvenile polyps in the gastrointestinal tract. Patients have an increased risk of colon
cancer, even though estimates of cancer incidence have varied in different stud-
ies [61]. Mutations in the SMAD4 and BMPR1A genes have been identified in FJP
patients and account for about half of FJP cases [62–64]. Additional mutations have
been described in the endoglin gene (ENG), a co-receptor for TGF-β family recep-
tors, but a causative role in FJP has not been conclusively proven [65]. In addition
to the germline alterations that confer an increased risk of colorectal cancer, alter-
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ations in the TGF-β pathway have been documented in a high percentage of sporadic
colon carcinomas. These mutations have been documented in both carcinomas with
microsatellite instability (MSI) and carcinomas with chromosomal instability [66].
In this chapter, we will discuss the TGF-β signaling pathway alterations reported in
colorectal cancer as well as our current understanding of the contribution of these
alterations to colorectal carcinogenesis. A better understanding of this central path-
way in colorectal carcinogenesis will be required to develop screening strategies and
targeted therapies.

2 Overview of the TGF-β Pathway

TGF-β is a multifunctional cytokine with diverse effects on virtually all cell types
and with key roles during embryonic development and tissue homeostasis [67].
Members of the TGF-β superfamily ligands, such as TGF-β, activin, and BMP,
transduce their signals through heterotetrameric complexes comprising two types
of serine–threonine kinase receptors, the type 1 and type 2. Upon ligand binding,
the type 2 receptor phosphorylates and activates the type 1 receptor, which in turn
initiates downstream signaling by phosphorylating the receptor-regulated SMADs
(R-SMADs). Specific ligands signal through a specific combination of type 2, type
1, and R-Smads [68]. TGF-β binds to the TGF-β type 2 receptor (TGFBR2) and
the TGF-β type 1 receptor (TGFBR1, formerly named TβRI or Alk5 for activin
receptor-like kinase 5), although in endothelial cells it can also bind a complex
comprising TGFBR2, ACVRL1, and TGFBR1 [69]. The type I receptor dictates
the specificity for the R-SMADs: TGFBR1, ACVR1B, and ACVR1C phosphorylate
SMAD2 and SMAD3, whereas ACVRL1, ACVR1, BMPR1A, and BMPR1B phos-
phorylate SMAD1, SMAD5, and SMAD8. Once phosphorylated, these R-SMADs
transduce the signal to the nucleus in cooperation with the common mediator
SMAD, SMAD4, to transcriptionally activate or repress different targets genes [68].
The SMAD4–R-SMAD complex has DNA binding capacity but association with
additional DNA binding cofactors dictates which set of genes are transcriptionally
regulated by this complex. The TGF-β superfamily pathways are also negatively
regulated. The inhibitory SMADs, SMAD6 and SMAD7, bind the active receptor
complexes and also recruit E3 ubiquitin ligase SMURF1/2 to the receptor complexes
to degrade them [70, 71]. SMAD7 has also been shown to participate in a complex
that dephosphorylates the active TGF-β receptor [72].

The TGF-β superfamily signaling pathways are involved in many different bio-
logical processes during embryonic development, and in adult organisms they play
a role in tissue homeostasis [73]. TGF-β has a role in inhibiting cell prolifera-
tion but also modulates processes such as cell invasion, immune regulation, and
microenvironment modification. It is generally accepted that excessive produc-
tion and/or activation of TGF-β by tumor cells can foster cancer progression by
mechanisms that include an increase in tumor neoangiogenesis and extracellular
matrix production, upregulation of proteases surrounding tumors, and inhibition of



90 N. Bellam and B. Pasche

immune surveillance in the cancer host [74]. They are also strongly impli-
cated in cancer, since alterations of some specific and some common compo-
nents of these different pathways have been identified in the majority of human
tumors.

Two distinct types of genetic alterations have been identified: gain-of-functions
in oncogenes that usually result in growth factor-independent cell proliferation
and recessive loss-of-function mutations in tumor suppressors that allow evasion
of growth inhibitory signals. The well-characterized growth inhibitory response of
TGF-β [67], combined with the fact that up to 74% of colon cancer cell lines and
85% of lung cancer cell lines have become resistant to TGF-β antiproliferative effect
[75, 76], led several groups to search for evidence of inactivation of components of
the TGF-β pathway in human cancer.

Signaling alterations in the stromal compartment of tumors also have a pro-
tumorigenic effect. It has been found that TGF-β secretion is abundant in many
human cancers and the TGF-β-rich microenvironment is associated with poor prog-
nosis, tumor vascularization, and metastasis [77]. TGF-β plays an important role
in the process of epithelial mesenchymal transition, myofibroblast generation, pro-
duction of autocrine mitogens, and evasion of tumor immunity [74]. The role of
TGF-β signaling in the stromal compartment is of importance in processes impor-
tant for carcinogenesis. Conditional knockout of Tgfbr2 (type 2 receptor) in mouse
fibroblasts [78] led to hyperplasia in the adjacent epithelial tissue with subse-
quent progression to prostate intraepithelial neoplasia and gastric squamous cancer,
respectively. These Tgfbr2-defective fibroblasts had increased levels of hepatocyte
growth factor associated with increased activation of the hepatocyte growth factor
receptor, Met in adjacent tissues. Disruption of the TGF-β pathway in fibroblasts
leads to increased fibroblast proliferation and has been shown to promote mammary
tumor metastasis in fibroblast-epithelial cell cotransplantation studies in mice [79].

Other crucial functions of TGF-β related to cancer development and progres-
sion are its ability to suppress immune and inflammatory responses. TGF-β acts
as a central inhibitor of the multiple components of the native and the adaptive
immune system. It also stimulates the generation of T-regulatory cells, which inhibit
effector T-cell functions and IL-17 producing Th17 cells, which regulate NK cells
and macrophages [74]. These actions result in a context-dependent effect. Smad3
knockout mice develop colon cancers only after they are removed from a germ-free
environment or infected with Helicobacter spp. [80]. Conditional deletion of Smad4
in T cells has been associated with the development of colon carcinomas, and these
lesions are heavily infiltrated with plasma cells [81]. The loss of Smad4 expres-
sion results in skewed maturation toward a Th2 phenotype, with increased levels
of cytokines including IL-4,-5,-6, and -13 in vivo and in vitro. Knockout mice pro-
duced through expression of Cre under control of the designed promoter went on
to spontaneously develop carcinoma in the gastrointestinal tract. In addition, these
mice also exhibit a high rate of oral squamous cell carcinoma [81]. The chronic
inflammation induced in these experimental systems by the loss of TGF-β favors
tumorigenesis. On the other hand overexpression of TGF-β in certain tumors can
lead to evasion from the immune system and have a pro-tumorigenic role. TGF-β
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also plays a role in epithelial mesenchymal transition (EMT) in human cancer [82].
EMT is a well-coordinated process during embryonic development and a patholog-
ical feature in neoplasia and fibrosis [83]. Cells undergoing EMT lose expression
of E-cadherin and other components of epithelial junctions, produce a mesenchy-
mal cell cytoskeleton, and acquire motility and invasive properties. It was first
reported in mouse heart formation and palate fusion, in some mammary cell lines,
and in mouse models of skin carcinogenesis that TGF-β is a potent inducer of EMT
[83, 84]. TGF-β-induced EMT is observed in transformed epithelial progenitor cells
with tumor propagating ability [85]. EMT-like processes contribute to tumor inva-
sion and dissemination owing to the cell junction free, motile phenotype they confer.
Carcinoma cells with mesenchymal traits have been observed in the invasion front
of carcinomas and may reflect a series of interconnected features: that carcinomas
are propagated by transformed progenitor cells, that progenitor cells are competent
to undergo EMT, that EMT is triggered at the invasion front, which ultimately aug-
ments the disseminative capacity of these cells [74, 85]. TGF-β promotes EMT by
a combination of SMAD-dependent transcriptional events and SMAD-independent
effects on cell junction complexes. SMAD-mediated expression of HMGA2 (high
mobility group A2) induces expression of SNAIL, SLUG, and TWIST [86, 87].
Independent of SMAD activity, TGFBR2-mediated phosphorylation of PAR6 pro-
motes the dissolution of cell junction complexes [88]. In mouse tumors and cell
lines, TGF-β-induced EMT is Smad-dependent and enhanced by Ras signaling [84].
TGF-β also enhances cell motility by cooperating with ERBB2 signals, as observed
in breast cancer cells overexpressing ERBB2 [89].

3 TGF-β Signaling Alterations in Colorectal Cancer

3.1 Alterations in TGFBR2

Mutations in TGFBR2 are the most common mechanism of loss of TGF-β sig-
naling in colorectal cancer. It is estimated that approximately 30% of colorectal
cancers harbor mutations in TGFBR2 [76, 90]. The TGFRB2 gene has a microsatel-
lite sequence comprising an A(10) tract in exon 3 and GT(3) tracts in exons 5 and 7
called BAT-RII. These regions, especially the A(10) region, are prone to develop
frameshift mutations in the presence of mutations in the DNA mismatch repair
machinery. Almost 80–90% of colorectal tumors with microsatellite instability have
mutations in TGFBR2 [91, 92]. Other poly(A) tracts of similar length are mutated in
these tumors, but not as frequently as TGFBR2. It is commonly speculated that col-
orectal cancers acquire partial TGF-β resistance largely because of TGFBR2 genetic
alterations. Interestingly, some colorectal cancer cell lines, which harbor homozy-
gous mutations of TGFBR2, are growth-inhibited by TGF-β, which suggests that
under certain circumstance, the cells can bypass TGFBR2 to retain TGF-β-mediated
growth inhibition [93]. Whether TGFBR2 mutations have a causative role in col-
orectal carcinogenesis or whether they arise because of the hypermutable phenotype
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observed in cells with defective mismatch repair machinery is still a topic of debate.
Fifteen percents of colorectal cancer cell lines without any evidence of microsatel-
lite instability also harbor mutations in TGFBR2 [76]. The effect of Tgfbr2 loss in
the intestinal epithelium in cancer formation was studied in a Tgfbr2 conditional
knockout mouse model. Azoxymethane (AOM) was used to induce colon can-
cer. Adenoma and carcinoma formation were significantly increased and increased
neoplastic proliferation was noted in the mice devoid of Tgfbr2 in the colonic epithe-
lium ((4xat-132) Cre-Tgfbr2(flx/flx)) when compared with Tgfbr2(flx/flx) mice,
which have intact Tgfbr2 in the colon epithelium. The increased proliferation sug-
gested that loss of TGF-β-mediated growth inhibition contributes to carcinogenesis.
The increased proliferation noted could be due to the failure to inactivate Cdk4
expression as Cdk4 expression is upregulated in MSI+ cancers [94]. In addition,
reconstitution of TGFBR2 expression in a colon cancer line with known microsatel-
lite instability was associated with decreased proliferation and decreased Cdk4
expression and kinase activity [94].

Studies evaluating the effect of TGFBR2 mutations on the prognosis of patients
with colorectal cancer have yielded conflicting results. The 5-year survival rate of
patients with resected stage III colon cancer treated with adjuvant therapy was sig-
nificantly higher in patients whose tumors exhibited microsatellite instability and
TGFBR2 mutations (74%) when compared to patients whose tumors had microsatel-
lite instability without evidence of TGFBR2 mutations (46%) [95]. On the other
hand, a population-based study evaluating the impact of TGFBR2 mutations on
prognosis in MSI-positive tumors failed to reveal any significant difference in the
age- and stage-adjusted risk of death associated with TGFBR2 mutations in unstable
tumors (138 out of 174) when compared to unstable tumors without such mutations
[96]. However, another larger retrospective study suggested that TGFBR2 mutations
are not associated with prognosis in patients with high-microsatellite instability
(MSI-H) tumors [97].

4 TGFBR1 Mutations and Polymorphisms in Colorectal Cancer

Mutations in TGFBR1 have been identified in human colorectal cancer cell lines but
are uncommon [98]. However, decreased TGFBR1 expression levels are frequently
observed. In such cells, reconstitution of TGFBR1 expression has been shown to
decrease tumorigenesis. TGFBR1∗6A, a TGFBR1 polymorphism that consists of
a deletion of three alanines within a nine-alanine repeat at the 3′ end of exon 1,
results in an impairment of TGF-β-mediated anti-proliferative response and has
been associated with increased cancer risk in several studies [99–101]. Liao et al.
[102] recently published a meta-analysis of 32 studies including 13,662 cases and
14,147 controls. Overall, TGFBR1∗6A was significantly associated with cancer risk
in all genetic models (for allelic effect: OR = 1.11; 95% CI = 1.03–1.21; for 6A/6A
vs. 9A/9A: OR = 1.30; 95% CI = 1.01–1.69; for 9A/6A vs. 9A/9A: OR = 1.08;
95% CI = 1.01–1.15; for dominant model: OR = 1.08; 95% CI = 1.02–1.15; for
recessive model: OR = 1.29; 95% CI = 1.00–1.68). Genotyping of germline and
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tumor DNA has shown that TGFBR1∗6A is somatically acquired in approximately
2% of primary colon and head and neck tumors [103]. Exogenous TGF-β increases
thymidine incorporation in breast cancer cells stably transfected with this variant
and in colon cancer cells that endogenously harbor this allele [103], suggesting
that TGFBR1∗6A has oncogenic properties in established tumor cells. To deter-
mine the role of TGFBR1∗6A in the tumor microenvironment, we microdissected
tumors cells, stromal cell, and histologically “normal” epithelial cells adjacent to
the tumor from individual with head and neck cancer and evidence of TGFBR1∗6A
somatic acquisition within the tumor tissue [104]. In head and neck cancer we
found that the TGFBR1∗6A allele was present in the tumor, immediately juxtaposed
“normal” squamous epithelium and stroma as well as in adjacent true vocal cord
epithelium and stroma. In colon cancer we found that the TGFBR1∗6A allele had
been somatically acquired by stromal cells up to 2 cm away from the tumor’s edge.
Importantly, we found higher TGFBR1∗6A/TGFBR1 allelic ratios in tumor tissues
compared with stromal and epithelial tissues [104]. Hence, the amount of somati-
cally acquired TGFBR1∗6A allele in normal epithelial and stromal cells surrounding
the tumor appears to be inversely proportional to the distance from the primary
tumor, suggestive of tumor-centered centrifugal growth [104]. This provides strong
support for the concept that TGFBR1∗6A somatic acquisition is a critical event in the
early stages of cancer development that is associated with field cancerization [104].
However, TGFBR1∗6A is not a bona fide oncogene when transfected into NIH
3T3cells. Rather, its decreased TGF-β signaling capabilities result in reduced onco-
genesis when compared with wild-type TGFBR1 [105]. To test the hypothesis that
constitutively decreased TGFBR1 signaling contributes to colorectal cancer devel-
opment, we generated a novel mouse model of Tgfbr1 haploinsufficiency [106]. We
found that Tgfbr1 haploinsufficient mice crossed with mice carrying a mutation in
the Apc tumor-suppressor gene develop two to three times more intestinal tumors
than wild-type littermates. Importantly, invasive adenocarcinoma with features of
human colon cancer is only identified among ApcMin/+;Tgfbr1+/– mice, not among
ApcMin/+;Tgfbr1+/+ mice [106]. These findings led us to study whether constitu-
tively decreased TGFBR1 expression is associated with human cancer. We recently
reported that constitutively decreased TGFRB1 expression is an inherited trait asso-
ciated with significantly increased colorectal cancer risk [107]. We also found that
somatically acquired mutations of the TGFBR1 gene were significantly more com-
mon in the tumors of patients with constitutively decreased TGFRB1 expression
(11.5%) than in the tumors of patients without constitutively decreased TGFRB1
expression (0%) [107]. The mechanism for the constitutively decreased expression
is currently under investigation.

5 SMAD Mutations in Colorectal Cancer

Alterations in the genes encoding proteins playing a role in the downstream path-
ways of TGF-β signaling have been associated with a variety of cancers. SMAD2
and SMAD4 both map to chromosome 18q, a region commonly deleted in colon
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adenocarcinomas [90]. SMAD4 also known as DCC is mutated in 16–38% of col-
orectal tumors [108–111]. SMAD2 also located on 18q21 is lost in 6% of sporadic
colon cancers [112]. SMAD2 and SMAD4 gene inactivation occurs by deletion
of entire chromosomal segments, small deletions, frameshift, nonsense, and mis-
sense mutations [67]. As mentioned earlier, germline mutations in SMAD4 have
been noted in several juvenile polyposis families with an increased predisposition
to colorectal cancer. Mice studies have shed more light into the role of Smad4
in carcinogenesis supporting its role as a tumor suppressor. Homozygous loss of
Smad4 leads to death of mice in utero, but heterozygous mice are viable [113–
115]. These mice develop gastric polyps which evolve into cancers at a late age.
However, Smad4+/– mice do develop colorectal tumors but only in the context
of a primed, Apc-defective genetic background [116, 117]. Smad4 deletion in the
intestinal epithelium does not lead to tumor formation in the mice but a dele-
tion in the T-cell compartment leads to the formation of numerous gastrointestinal
tumors with infiltration by plasma cells [81]. These data suggest that Smad4 plays an
important and complex role in the interaction between the immune system, stroma
and the epithelium, a disruption of which contributes to colorectal carcinogene-
sis. Clinically, the loss of SMAD4 is associated with late-stage colon cancer and
metastatic disease [118, 119]. Low levels of SMAD4 protein or mRNA in the tumor
are also predictive of a poor response to chemotherapy and significantly shorter
survival when compared to patients with tumors expressing high levels of SMAD4
[120, 121].

SMAD3 mutations have been thought to be infrequent in cancers. Mutational
analysis of 11 colorectal cancer cell lines revealed a novel missense mutation in
SMAD3 (R273H) in the SNU-769A cell line. This mutation led to inhibition of the
translocation of SMAD3 to the nucleus and decrease in the activity of SMAD3
during TGF-β-induced transcriptional activation [98]. Genome-wide analysis of
protein coding genes in breast and colorectal cancers revealed that SMAD3 is
mutated at a significantly higher frequency than the background mutation rate in
these tumors [122]. Smad3 mutant mice are viable and fertile but develop colorectal
adenocarcinomas between 4 and 6 months of age [123]. These mice also enhance
intestinal tumorigenesis with an increase in multiplicity and rapid onset of inva-
sive adenocarcinomas when crossed with ApcMin/+ mice [124]. However, two other
Smad3 mutant mice generated independently did not reveal a higher incidence
of colorectal malignancies but exhibited functional defects in the immune sys-
tem [125, 126]. A potential explanation for this discrepancy may be related to the
interaction of the immune system with the environment. When Smad3–/– mice are
maintained in H. pylori-free environment, they do not develop colon cancer for up to
9 months of age. But infection of these mice with Helicobacter spp. leads to devel-
opment of colon cancer in 55–60% of animals [80]. When Smad3-deficient mice
are crossed with mice deficient in both B and T lymphocytes (Rag2–/–), the progeny
have a higher incidence of Helicobacter-induced diffuse inflammation, and ade-
nocarcinoma of the colon when compared with Helicobacter-infected Smad3–/– or
Rag2–/– mice. In addition, adoptive transfer of wild-type T-regulatory cells provided
significant protection against colorectal cancer in the double knockout mice [127].
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This suggests that loss of Smad3 may contribute to colon cancer development by
a combination of altered T-regulatory cell function, increased pro-inflammatory
cytokines, and anti-apoptotic proteins leading to increased proliferation in colonic
tissues.

6 Bone Morphogenetic Protein Pathway

Bone morphogenetic proteins are members of the TGF-β superfamily of proteins.
The signaling cascade is similar to that described in the TGF-β pathway, involving
the activation of the type 2 receptor by the ligand. The activated type 2 receptor
phosphorylates the type 1 receptor and ultimately leads to the release of R-SMADs,
which complex with SMAD4 and modulates target gene expression. The R-SMADs
of the BMP pathway are SMAD1, SMAD5, and SMAD8. Activation of the BMP
pathway can be assayed by using antibodies specific to phosphorylated forms of
SMAD1, SMAD5, and SMAD8. BMP signaling inhibits intestinal stem cell renewal
through suppression of the Wnt-β-catenin pathway [128]. BMP signaling is also
required for full maturation of secretory cell lineages, in the small intestine in
vivo and may have a role in apoptosis of mature colonic epithelial cells [129]. As
mentioned earlier in the chapter, germline mutations in the BMPR1A gene have
been described in patients with juvenile polyposis syndrome. A role for the alter-
ation of the BMP pathway in sporadic colorectal cancer is emerging. At the ligand
level, BMP2, BMP3, and BMP7 have been found to be growth suppressive [129].
Downregulation of BMP3 was observed in 90% of colorectal cancer samples, in
association with aberrant hypermethylation in the tumors and highly correlated with
microsatellite instability. Approximately 76% of adenomas also exhibited down-
regulation of the promoter suggesting that silencing of BMP3 may be an early
event in the progression of colorectal carcinogenesis via the serrated and the tra-
ditional pathways [130]. However, BMP7 was noted to be overexpressed at the
mRNA and protein level in colonic tumor tissue when compared to normal tissue.
Overexpression of BMP7 was associated with liver metastasis and poor progno-
sis [131]. Similarly, overexpression of BMP4, assessed by real-time RT-PCR and
immunohistochemistry, was noted in late-stage adenocarcinomas and in tumors with
liver metastasis when compared to normal tissue [132]. Interestingly, genome-wide
association studies have revealed that SNP rs4444235 which is 9.4 kb from the
transcription start site of BMP4 predisposes to colorectal cancer (odds ratio 1.11,
95% CI 1.08–1.15, p = 8.1×10–10) [32]. This association was significantly stronger
in cases with microsatellite stable tumors compared with microsatellite unstable
tumors.

It is possible that the BMP pathway may be inactivated during the transition
from adenoma to carcinoma as almost 90% of adenomas have evidence of a func-
tioning BMP pathway and loss of the pathway correlates with progression of
adenoma to carcinoma [133]. The BMP pathway, assessed by nuclear staining of
pSMAD1/5/8 expression, is inactivated in up to 70% of sporadic colorectal cancers.
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The BMP receptor (BMPR2) expression is impaired in a majority of microsatel-
lite unstable cancer cell lines. In addition, BMPR2 expression was significantly
more frequently impaired in microsatellite unstable tumors than microsatellite sta-
ble tumors recapitulating the phenomenon seen with the type 2 TGF-β receptor
(TGFBR2) [134].

7 SMAD Antagonists

SMAD6 and SMAD7 are inhibitory SMADs that negatively control TGF-β signal-
ing in response to feedback loops and antagonistic signals [135]. SMAD6 competes
with SMAD4 for binding to receptor-activated SMAD1, and SMAD7 recruits
SMURF to TGF-β and BMP receptors for inactivation. Overexpression of SMAD7
and suppression of TGF-β signaling has been reported in endometrial carcinomas
and thyroid follicular tumors [136, 137]. Interestingly, a recent genome-wide asso-
ciation study has shown that common alleles of SMAD7 that lead to decreased
SMAD7 mRNA expression are associated with colorectal cancer risk [31]. SMAD
function is also directly inhibited by transcriptional repressors such as SKI and
SNON (SKI-like). Deletions as well as amplification of SKI and SKIL have been
reported in colorectal and esophageal cancers, raising the possibility that these genes
act as oncogenes or tumor-suppressor genes depending on the context [138].

8 Future Directions

The recent exciting discoveries from genome-wide association studies in colorectal
cancer have unearthed alterations at multiple levels in the TGF-β pathway, includ-
ing BMP4, SMAD4, and SMAD7. At first glance, it seems that the risk of colorectal
cancer with the inherited genomic loci is only slightly increased with an odds ratio
less than 1.5. But, germline allele-specific expression in TGFBR1 [107] has been
found to confer a substantially increased risk of colorectal cancer (odds ratio 8.7)
even by conservative estimates. The findings need to be confirmed in larger stud-
ies and in different populations. Unlike most other human malignancies, we can
screen for colorectal cancer effectively by fecal occult blood testing or colonoscopy.
However, screening the entire population to identify early colon cancer is not a prac-
tical approach in terms of expense and availability of health-care workforce, and this
practice may not benefit a large majority of the population. The immediate clinical
application of the identification of high-risk genomic loci and allele-specific expres-
sion is that they can help us identify a group of individuals who are at a higher risk of
developing colon cancer. Institution of thorough screening in such high-risk groups
by screening individuals at an earlier age and/or more frequently than the general
population may be a more effective approach.
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The multiple pro-tumorigenic effects of the TGF-β pathway, enabling tumors
to evade host immunity, facilitating invasion and metastasis make it a primary tar-
get for therapeutic interventions. However, the potential benefits of such a strategy
have to be weighed against the potential complications associated with the inhibition
of a pathway which has important roles in the maintenance of tissue homeostasis.
A better understanding of this complex pathway with a focus on delineating the pro-
tumorigenic effects and mechanisms in specific tumor types and at different phases
of carcinogenesis and cancer progression is essential.
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