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Abstract

Although 30% of individuals diagnosed with CRC report a family history of the disease, only 5-
6% carry germline mutations in genes associated with known hereditary cancer syndromes. The
evaluation and management of families affected with CRC can be complicated by variability in
disease phenotypes and limited sensitivity of genetic tests. In this review we examine what is
currently known about familial CRC and what we have yet to learn, and explore how novel
genomic approaches might be used to identify additional genetic and epigenetic factors implicated
in heritable risk for cancer.

The average American’s lifetime risk for developing colorectal cancer (CRC) is estimated to
be 5-6%. The implementation of routine screening for CRC among individuals age 50 and
older has been associated with significant reductions in morbidity and mortality from the
disease in the U.S.1 Family history of CRC remains a key factor in algorithms used to risk-
stratify individuals for screening and surveillance. Approximately 30% of individuals with
CRC report having one or more relatives also diagnosed with the disease. History of CRC in
a first-degree relative has been associated with a two-fold increase in an individual’s risk; in
the case of numerous affected relatives and/or diagnoses at young ages the risk for CRC is
even higher.2 In the setting of specific hereditary cancer syndromes, lifetime risk of CRC
may approach 70-90% in the absence of any medical or surgical interventions.2 Given the
effectiveness of colonoscopy with polypectomy and surgical resection, identifying
individuals who are high risk for CRC at pre-symptomatic stages provides the opportunity
for cancer prevention.

Germline mutations in known cancer-causing genes have been implicated in up to 5-6% of
all CRC cases. Making the diagnosis of a hereditary cancer syndrome has significant
implications for the medical management of CRC patients and their families. Genetic testing
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can be useful for confirming the diagnosis and provides at-risk relatives the opportunity to
pursue predictive testing. Lynch syndrome is the most common of the hereditary CRC
syndromes and discovery of the genetic basis of the disease has resulted in the
implementation of population-based screening for individuals diagnosed with CRC. Yet as
awareness of familial CRC continues to grow and as more patients are referred for genetic
evaluation, we are discovering that for many of these families with striking family histories
a genetic cause cannot be identified.

Historically, our approaches to evaluating families with cancer have focused on searching
for mutations in single genes associated with highly-penetrant disease phenotypes. This
strategy has resulted in the identification of the genetic basis of a number of hereditary
cancer syndromes (Table 1), but the majority of familial CRC cases are not associated with
known germline mutations which suggests other mechanisms may be involved in
pathogenesis. As more information related to the chromosomal instability, microsatellite
instability, and serrated pathways of colorectal neoplasia becomes available, our
understanding of the genetic and epigenetic events involved in carcinogenesis continues to
evolve. The potential roles of low-penetrance loci, gene-gene interactions, epigenetic
modification, environmental exposures, and/or a combination of these factors are being
investigated. This review will summarize what we currently know and explores what we
have yet to learn about familial CRC.

Hereditary CRC Syndromes associated with Mutations in Known Genes

Lynch Syndrome

Lynch Syndrome is the most common of the hereditary CRC syndromes and has been
implicated in 2—-4% of CRC cases.* It is characterized by a predisposition to develop
colorectal, endometrial and selected other cancers, which often arise at young ages. Affected
families frequently include multiple relatives with cancer and display autosomal dominant
pattern of inheritance. Estimated lifetime risks for developing cancer range from 22% to
75% for CRC and 32% to 45%, for endometrial cancer,5-8 with risks for other cancers
(including ovarian, gastric, small intestinal, urinary tract, brain, pancreatic, and sebaceous
neoplasms of the skin) also increased. While the Amsterdam criteria (3 cases of CRC,
involving 2 generations with one case diagnosed at age less than 50 years)® were originally
used for identifying affected families, the discovery of germline mutations in the DNA
mismatch repair (MMR) genes hMLH1, hMSH2, hMSH6, and hPMS2 elucidated the genetic
basis of the disease. More than 90% of Lynch-associated CRC tumors exhibit phenotypes of
high DNA microsatellite instability (MSI-H) and loss of expression of MMR proteins
MLH1, MSH2, MSH6 or PMS2 by immunohistochemistry (IHC). Although these tumors
tend to develop at younger ages and feature accelerated neoplastic progression, early
initiation of colonoscopy with frequent surveillance intervals is effective in reducing CRC
incidence and mortality and has altered the natural history of the disease for many affected
families.19-12 Consensus recommendations for CRC screening include intensive
surveillance with colonoscopy every 1-2 years starting at age 20 to 25 years.1314 Although
evidence supporting the effectiveness of screening for extracolonic cancers is limited, upper
Gl endoscopy at age 3-5 year intervals starting at 30 to 35 years, and annual endometrial
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biopsy and transvaginal ultrasound for women starting at age 30 to 35 years may be
considered! (Table 1).

The distinctive MMR deficient tumor phenotype, high cancer risk and effectiveness of
surveillance make Lynch Syndrome an attractive target for population-based screening
among individuals diagnosed with CRC. Systematic screening of tumors for MMR
deficiency, using MSI and/or IHC, has emerged as a sensitive means to identify individuals
who develop CRC as a result of heritable MMR mutations. Models suggest the strategy of
screening all CRC cases for features of Lynch Syndrome is cost-effective, mainly as a result
of benefits derived from implementation of early interventions that prevent cancers in at-risk
family members.15:16 The use of risk assessment models which rely on personal and family
cancer history to estimate an individual’s probability of carrying a MMR gene mutation (eg.
PREMM:2:617 and MMRPro8) has also been proposed as a cost effective means for
screening all individuals for Lynch Syndrome, regardless of cancer status.1®

Familial Adenomatous Polyposis (FAP)

Familial adenomatous polyposis (FAP) is the second most common of the inherited CRC
syndromes following Lynch syndrome and accounts for approximately 1% of newly
diagnosed CRC cases. In cases of “classic” polyposis, the phenotype of 100s to 1000s of
adenomatous polyps in the colon makes FAP easily recognizable. In most cases, affected
individuals develop colorectal adenomas by the second or third decade of life. Lifetime risk
for CRC is estimated to exceed 90% for individuals who do not undergo surgical colectomy.
Over half of individuals with FAP develop adenomas in the upper gastrointestinal tract and
cancers of the duodenum/ampulla are the second leading cause of cancer death for FAP
patients, following CRC. Risks for other cancers, including papillary thyroid cancer, adrenal
carcinomas, and central nervous system tumors are also increased. Intra-abdominal desmoid
tumors appear in some individuals with FAP and can be associated with significant
morbidity and mortality.

In 90% of classic FAP cases, germline mutations in the adenomatous polyposis coli (APC)
gene can be detected through clinical genetic testing. APC is a tumor suppressor gene
involved in the WNT signaling pathway and somatic loss of function of APC is one of the
first steps in the colorectal adenoma-carcinoma sequence. Individuals with germline
mutations in APC develop multiple adenomas at very young ages as a result of inactivation
of the remaining allele in colonic epithelial cells. Although FAP is associated with
autosomal dominant inheritance, approximately 30% of affected individuals report no family
history of the disease. While most of these represent de-novo APC mutations, biallelic
mutations in MutYH20, a DNA base excision repair gene involved in the repair of oxidative
damage, have also been identified in some patients with classic polyposis. Unlike FAP,
MutYH-associated polyposis (MAP) is associated with an autosomal-recessive pattern of
inheritance. Biallelic MutYH mutation carriers can exhibit a wide range of phenotypes;while
some individuals have colonic and extracolonic manifestations indistinguishable from
classic FAP, most cases are associated with attenuated pheonotypes exhibiting fewer than
100 adenomas.21:22 The Y179C and G396D mutations are the two most pathogenic
altterations in MutYH in individuals of western European ancestry but other mutations are
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commonly reported among individuals of other races and ethnicities. Population based
studies have identified monoallelic and biallelic MutYH mutations in 0.7% and 1.7% of
unselected CRC cases, respectively.23 Biallelic gene mutation carriers have a 28-fold
increased risk of developing CRC compared to the general population whereas the risk in
monoallelic carriers is increased by less than 2-fold.24

Although clinical genetic testing for individuals affected with adenomatous polyposis has
been available since the early 1990s, the sensitivity of testing has improved over time. Full
sequencing of the APC gene, in conjunction with multiplex ligation dependent probe
amplification (MLPA) detects mutations in 90% of individuals with classic polyposis. In the
absence of an identifiable APC mutation, testing for the Y165C and G382D mutations in
MutYH is indicated, with full gene sequencing of MutYH recommended for individuals who
are found to have one of these two mutations or whose racial/ethnic ancestry is not western
European. However, approximately 1 in 10 individuals with the classic FAP phenotype do
not have identifiable mutations in APC or MutYH.22 While there are reports of somatic
mosaicism for APC mutations,2® this likely explains only a small fraction of cases. Efforts to
identify other genes implicated in cases of classic FAP without APC or MutYH mutations
are underway.

Identification of mutations in APC or MutYH in families with adenomatous polyposis has
significant implications for at-risk family members. If a mutation is identified in an affected
individual, predictive genetic testing of other family members provides an opportunity to
identify those which require intensive surveillance. Individuals who are confirmed carriers
of APC mutations should begin annual colorectal surveillance at age 10-12 years, while
individuals who test negative for the known mutation in the family can have screening
according to population-based guidelines. While the severity of polyposis phenotypes
among carriers of MutYH mutations can be variable, it is generally recommended that
biallelic carriers undergo surveillance similar to APC mutation carriers, while monoallelic
carriers can wait to begin surveillance according to moderate-risk guidelines for CRC.13

Hamartomatous Polyposis Syndromes

Hamartomatous polyposis, defined as greater than 3-5 hamartomatous polyps in the
gastrointestinal tract, is implicated in less than 0.5% of all CRC cases. Although rare, the
hamartomatous polyposis syndromes can be associated with increased risks for a variety of
extraintestinal cancers and the diagnosis has significant implications for medical
management. Consequently, the finding of one or more gastrointestinal hamartomas in the
setting of a suspicious family history of cancer is considered an indication for genetic
evaluation.

Peutz-Jeghers Syndrome (PJS) is characterized by multiple intestinal hamartomatous polyps,
mucocutaneous pigmentation, and a high lifetime risk of gastrointestinal, pancreatic, and
breast cancers. PJS is quite rare with incidence estimated at 1 in 150,000. The clinical
diagnosis requires two or more of the following features: (1) mucocutaneous pigmentation
(eg. freckling in mouth/lips, fingers) (2) 2 or more Peutz-Jeghers type gastrointestinal
hamartomas or (3) family history of PJS.26 Individuals with PJS can develop hamartomatous
polyps throughout their gastrointestinal tract and often present with symptoms of abdominal
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pain, gastrointestinal bleeding with anemia, intestinal obstruction, or intussusception.
Lifetime risk for developing any cancer by age 70 has been estimated at 85-90%, with
gastrointestinal cancers (colon, small intestine, stomach, pancreas) and breast seen most
commonly.26:27 Mutations in the serine threonine kinase 11 (STK-11 also known as LKB-1)
tumor suppressor gene involved in the mTOR pathway have been found in approximately
50-70% of PJS patients. While genetic testing can be helpful in confirming the diagnosis, it
is not informative in many individuals with a clinical diagnosis of PJS. To date no genes
other than STK-11 have been associated with PJS. Patients with PJS and their at-risk
relatives require frequent endoscopic surveillance for removal of polyps throughout the Gl
tract, as well as screening for extraintestinal cancers (Table 1). While techniques such as
CT/MR enterography and capsule endoscopy have facilitated detection of small bowel
polyps in patients with PJS, the evidence to support use of one imaging modality over others
is limited.

Juvenile Polyposis Syndrome (JPS) is characterized by multiple (3-5 or more) juvenile
polyps and increased risk for gastrointestinal cancers. Affected individuals often present in
childhood with symptoms of anemia, bleeding, or abdominal pain. Juvenile polyps are most
often found in the stomach or colon and less often in the small bowel. Certain congenital
abnormalities, including cardiac valvular disease and/or atrial and ventricular septal defects,
can be seen in some affected families. Individuals with JPS are at increased risk for gastric
cancer and CRC, with lifetime risk approaching 40-50%.28

Mutations in the SMAD4 and BMPR1a genes are found in approximately 50% of individuals
with a clinical diagnosis of JPS. These genes encode proteins involved in the transforming
growth factor (TGF) beta signaling pathway. More recently mutations in ENG, also involved
in the TGF-beta pathway, have been found in a small number of patients with JPS.2°
Although clinical genetic testing can be useful for risk-stratifying relatives when a gene
mutation is identified in the family, for many patients who meet clinical criteria for JPS
genetic testing is clinically uninformative. Individuals with a personal or family history of
juvenile polyposis should begin upper and lower endoscopy starting at age 15, with a goal of
removal of all large polyps.

Cowden Syndrome, also known as Bannayan Riley Ruvalcaba Syndrome (BRRS) and
PTEN-Hamartoma Tumor Syndrome (PHTS), has been associated with a broad range of
clinical phenotypes. It is caused by mutations the phosphatase and tensin homolog (PTEN)
gene which confers increased risk for cancers, most commonly breast, thyroid, and
endometrial. Although Cowden Syndrome is often included among the colorectal
hamartoma syndromes, there is significant variability in the colonic polyp phenotype. A
retrospective review of findings of gastrointestinal endoscopy exams in 64 individuals with
PTEN mutations reported heterogeneity in polyp number and histologic types (hamartomas,
adenomas, serrated polyps, hyperplastic polyps, and ganglioneuromas); however the finding
that 13% had been diagnosed with CRC at less than 50 years3? suggests early colonoscopic
screening may be justified in these individuals.
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Most CRC cases with a familial component are referred for genetic evaluation because of
the striking history of cancer affecting multiple family members, often at young ages. While
the clinical phenotypes of some of these families resemble those of known hereditary
syndromes, such as Lynch Syndrome or FAP, others appear to constitute distinct disease
entities. Families with history of CRC that meet Amsterdam Criteria were originally referred
to as hereditary “non-polyposis” colorectal cancer (HNPCC) to distinguish them from those
with “polyposis” phenotypes. After the discovery of the role of MMR gene mutations in the
pathogenesis of Lynch Syndrome, HNPCC families could be subdivided based on whether
their CRC tumors had MMR deficient or MMR proficient phenotypes. Amsterdam criteria
families with MMR proficient tumors have been found to differ from Lynch Syndrome
families in a number of ways: 1) affected individuals tend to develop CRC at slightly older
ages, 2) risks for extracolonic tumors do not seem to be increased, and 3) risk for CRC
among relatives isincreased by only 2-fold.3! As a result, it appears these cases represent a
disease entity distinct from Lynch syndrome, now referred to as Familial Colorectal Cancer
Type X (FCCX).31

Approximately half of families that meet Amsterdam Criteria have Lynch Syndrome, and
the remaining ones with MMR proficient CRC tumors without germline mutations in MMR
genes are assumed to be FCCX. Although defining the genetic basis for FCCX has been a
topic of intensive research, the cause for the increased risk of cancer in these families
remains unknown.32 Genome Wide Association Studies (GWAS) have reported linkage to
4q, 8q, 12q, and 15g33 and a study of sibling pairs with microsatellite stable CRC found
statistically significant linkage to 992234 but potential candidate genes have not been well-
characterized. The difficulty in identifying genes implicated in FCCX has led some to
suspect that it may not be a monogenic condition but rather a polygenic one resulting from
the interaction of several low-penetrance gene variants.32 Another possibility is that
epigenetic events which affect expression of oncogenes and tumor suppressor genes, rather
than specific gene mutations themselves, may have a role in carcinogenesis. In comparing
methylation profiles of CRC tumors, MMR proficient tumors from FCCX families had
lower levels of global methylation at long interspersed nucleotide element-1 (LINE-1) when
compared with sporadic CRC tumors and MMR deficient tumors associated with Lynch
Syndrome.3%:36 While epigenetic alterations have not generally been considered heritable,
germline hypermethylation of MLH1 has been identified in a few families with presumed
Lynch Syndrome without germline MLH1 mutations3/-38 and some have proposed that
hypomethylation may also be implicated in familial colorectal carcinogenesis.39:40

The management of families with FCCX remains a topic of debate. Since CRC risk appears
lower than for Lynch Syndrome and risk for extracolonic cancers does not appear increased,
recommendations based on expert opinion suggest initiating colonoscopy in at-risk
individuals 5-10 years earlier than the youngest CRC in the family and repeating at least
every 5 years.3!
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“Attenuated” Adenomatous Polyposis

Attenuated adenomatous polyposis is defined clinically as greater than 10 but less than 100
adenomatous colonic polyps. Because of the significant variability observed among the
polyposis phenotypes , current guidelines recommend that genetic evaluation for APC and
MutYH mutations be considered for individuals with 10 or more adenomas.313 However, the
yield of clinical genetic testing among individuals with attenuated polyposis is significantly
lower than in cases of classic polyposis, and the likelihood of finding a mutation in APC or
MutYH depends on the number of adenomatous polyps. A review of genetic test results
among individuals with classic and attenuated polyposis referred for clinical genetic testing
found prevalence of mutations in APC and MutYH (biallelic) of 10% and 7% among
individuals with 20-99 adenomas and 5% and 4% among those with 10-19 adenomas.22
While identification of mutations in APC and MutYH has implications for the management
of family members, these data suggest that in the majority of cases of attenuated polyposis
genetic testing is uninformative. The roles of other genetic or environmental factors in the
pathogenesis of attenuated polyposis remain to be determined. The clinical management of
these individuals focuses on removal of all adenomas, if possible, with surgical resection
reserved for cases which cannot be managed endoscopically. The role of chemoprevention
agents in the management of attenuated polyposis is being investigated.

Serrated Polyposis

Initially described as hyperplastic polyposis, the condition now known as Serrated Polyposis
is characterized by large and/or multiple serrated polyps with few, if any, adenomas. Sessile
serrated polyps/adenomas and traditional serrated polyps are found in 2% of individuals*!
and are believed to be the precursor lesions of serrated colorectal cancers which account for
approximately 15-30 % of CRC tumors.#243 Estimates for CRC risk associated with
serrated polyposis range from 7-50% and vary with phenotype.44° Until recently, serrated
polyps were categorized as hyperplastic polyps and were not believed to have malignant
potential. However sessile serrated polyps/adenomas and traditional serrated polyps have
histopathological characteristics which distinguish them from hyperplastic polyps and their
association with an increased risk for CRC has led to the reclassification as premalignant
lesions.*°

The mechanism for carcinogenesis in the serrated pathway of colorectal neoplasia is
presumed to be epigenetic hypermethylation of CpG islands resulting in silencing of tumor
suppressor genes.*> These tumors are characterized by the phenotype of global
hypermethylation at CpG islands (CIMP) and those with hypermethylation of the promoter
for MLH1 are often MSI-H with loss of expression of MLH1 and PMS2 proteins. Unlike the
MSI-H tumors which arise as a result of germline DNA MMR gene mutations in patients
with Lynch Syndrome, the MSI-H tumors arising through the serrated pathway frequently
have somatic mutations in the BRAF proto-oncogene and CIMP-high phenotypes. These
serrated pathway CIMP-high tumors are more often found in the proximal colon and are
more common in women and older individuals. Serrated Polyposis Syndrome (formerly
referred to as Hyperplastic Polyposis Syndrome) has been defined as a distinct entity by the
World Health Organization (WHO) on the basis of having any one of the following
criteria:#6 1) >5 serrated polyps proximal to the sigmoid colon, with at least 2 measuring
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>10mm; 2) any number of serrated polyps in the proximal colon in an individual who has a
first-degree relative with serrated polyposis; or 3) >20 serrated polyps of any size,
distributed throughout the colon. However, the use of terms hyperplastic polyposis and
serrated polyposis interchangeably, along with revisions to the diagnostic criteria, have
contributed to significant confusion in characterizing the Serrated Polyposis Syndrome.
Furthermore, significant heterogeneity in clinical, endoscopic, and histologic features
associated with these cases has raised concerns that these might not be part of a single
syndrome, but may instead represent different disease entities associated with distinct
epidemiologic and molecular characteristics.*’

The genetic basis for serrated polyposis remains elusive. The prevalence of serrated polyps
is higher in females, older individuals, and cigarette smokers which raises the question
whether genetic or epigenetic factors are involved in pathogenesis. However, reports of
familial cases of serrated polyposis and observations of increased CRC risk among first
degree relatives of patients with serrated polyposis (standardized incidence ratio of
approximately 5) suggest a possible hereditary component.#84® Although biallelic MutYH
mutations have been reported in some individuals meeting WHO criteria for serrated
polyposis,® clinical genetic testing in these patients has been low yield. Studies in
individual families have reported linkage to loci on chromosomes 1p°! and 2g°2; however
no definitive candidate genes have been identified.

Based on expert consensus, the clinical management of patients with serrated polyposis is
similar to that of attenuated polyposis, with the goal of removal of as many polyps as
possible. In cases in which the polyp burden cannot be managed endoscopically, surgical
resection may be considered.

Familial CRC “Not-otherwise specified”

Approximately 30% of CRC patients report having one or more relatives diagnosed with
CRC, yet germline mutations in known cancer causing genes are implicated in only 5-6% of
cases. A strong family history of cancer and/or CRC diagnosis at a young age are “red flags”
which should prompt consideration of genetic testing. The National Comprehensive Cancer
Network (NCCN) has proposed guidelines for identifying individuals at increased risk for
CRC who may be candidates for further risk evaluation (Table 2). It is worth noting that
these criteria are quite broad and could result in referral of large numbers of patients for
genetic testing. For most individuals who do not meet clinical criteria for any of the
hereditary CRC syndromes, testing for mutations in genes known to be associated with CRC
risk will be uninformative. However, the sensitivity and specificity of clinical criteria for
identifying mutation carriers are limited; similarly an uninformative result for one genetic
test does not exclude the possibility that hereditary factors may be involved.

To date, the search for causes for familial CRC has focused on identifying mutations in
highly penetrant genes. As was the case for Lynch Syndrome, linkage analysis in affected
families has continued to be instrumental in identifying loci associated with cancer risk.
Linkage analysis conducted in sibling-pairs affected with CRC has identified chromosomal
regions of interest, among them 9¢22.34 Similarly, large population-based GWAS involving
thousands of CRC cases and controls have identified additional potential loci including
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8023, 8924, 9p24, 11q23,18q21 among others.>3 However, these appear to be associated
with relatively small effect sizes with relative risks ranging from 1.1 to 1.26 and
resequencing has failed to identify common coding sequence variants. Furthermore, most of
these single nucleotide polymorphisms (SNPs) appear to be located in regions of non-coding
DNA, making it less likely that they are closely linked with genes associated with high risk
for cancer. Consequently, many experts believe that most (if not all) of the highly penetrant
cancer genes have already been discovered®* and that a large part of the variability in CRC
risk results from the additive effects of combining common, less penetrant risk alleles and/or
epigenetic regulation of gene expression. Polymorphisms in several genes, including TGF-
beta receptor 1, methylenetetrahydrofolate reductase (MTHFR), N-acetyl transferase 1 and 2
(NAT1 and NAT2), and glutathione-S transferase Mu (GSTM1) have been implicated in
modest increase in cancer risk through gene-environment interactions and/or modification of
expression of other cancer-associated genes.5®

Even though the etiology of most familial CRC remains unclear, novel genomic
technologies such as next generation sequencing (NGS) are making it possible to
exhaustively examine the whole genome and epigenome of individual patients, families, and
large multinational cohorts of CRC cases. In the search for factors which influence CRC
risk, investigators are considering a number of potential mechanisms for causality, including
traditional autosomal dominant inheritance, autosomal recessive inheritance,
intermediate/low penetrance susceptibility alleles, as well as the possibility of complex
gene-gene and gene-environment interactions. Molecular characterization of CRC tumors
using whole genome sequencing, methylation and gene expression analyses has provided a
detailed outline of the different molecular pathways involved in carcinogenesis.>6
Epigenetic alterations (including hypermethylation as well as hypomethylation) have been
associated with risk for CRC and there is growing appreciation for the role of post-
transcriptional gene regulation by microRNAs in pathogenesis of colorectal neoplasms.>*
The expectation is that identification of mechanisms involved in carcinogenesis will
facilitate discovery of factors affecting cancer risk as well as therapeutic targets for cancer
treatment and prevention.

Clinical Approach to Familial CRC: Past, Present and Future

Historically, making the diagnosis of a hereditary cancer syndrome has depended on
clinicians to recognize specific clinical criteria and the process of discovery of the genetic
basis for familial cancers has been painstaking and time-consuming. In the case of Lynch
Syndrome, the timeline from describing the clinical features of affected families, to
identifying the genes implicated in the pathogenesis of the cancers, to implementing clinical
algorithms for population based screening has spanned more than 30 years. However NGS
technologies offer opportunities to analyze the entire genome and epigenome rapidly and
relatively inexpensively. As the $1,000 genome comes closer to becoming reality, we can
expect that the timeframe for discovery of additional genomic factors implicated in familial
CRC will be greatly accelerated.

Growing awareness of the association of family history with cancer risk, along with direct-
to-consumer marketing of genetic tests, has fueled patients’ interest in clinical genetic
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testing. As the experience with genetic testing for mutations in BRCA1 and BRCA2
associated with hereditary breast ovarian cancer syndrome has shown, we may expect that
growing numbers of patients with and without a personal diagnosis of CRC will seek genetic
testing to guide medical decision-making about surveillance and perhaps even
chemoprevention. The integration of molecular diagnostic techniques into clinical
laboratories will continue to make genetic testing more widely available. Although the high
cost of genetic testing (ranging from $300 to $2,000 for sequencing of individual genes) has
been a major barrier, use of NGS technologies makes it possible to sequence multiple genes
simultaneously at lower cost. A number of clinical laboratories now offer multiplex genetic
tests which include several pre-selected highly penetrant and moderately penetrant genes in
cancer-specific panels. Although requesting mutation analysis of 14 or more genes
associated with 8 different hereditary syndromes through one genetic panel test may seem
fairly straightforward, the interpretation of these results can be complicated, particularly
with regard to determining the clinical significance of test results which identify one or more
mutations in genes with low or moderate penetrance and/or genetic variants of uncertain
pathogenicity.>® The work to compile and analyze the data needed to re-classify genetic
variants and quantify the magnitude of cancer risks will continue to require multidisciplinary
collaborations between clinicians, geneticists, molecular biologists, and statisticians.

Consensus statements from several professional societies have recommended that genetic
testing for hereditary cancer syndromes be performed in conjunction with pre and post-test
counseling by providers with expertise in genetic testing whenever possible;3:59-61 however
increasing demand for testing and limited availability of clinical “genetics experts” make
this model increasingly impractical. In this era of personalized medicine, oncologists,
gastroenterologists, and primary care doctors will be expected to possess a working
knowledge of the diagnostic evaluation and management of hereditary cancer syndromes.
Yet even as clinical genetic tests become more widely available, it is important to recognize
that ordering a genetic test is only one small part of cancer risk assessment. The clinical
approach to patients with presumed familial CRC should still begin with a comprehensive
assessment of patients’ personal and family history. As cancer predisposition syndromes
associated with risk for CRC frequently include other cancers, it is important to elicit
information about all cancer diagnoses in first and second degree relatives. Clinical
presentations of hereditary CRC syndromes can vary and the differential diagnosis may be
broad. Reviewing pathology and endoscopy reports to ascertain size, number, and histology
of colorectal polyps and categorizing the number of adenomas (<10, 10-100, and 100s—
1000s) can be useful for classifying cases into non-polyposis, attenuated polyposis, and
classic polyposis phenotypes, respectively (figure 1.) Routine screening of CRC tumors for
MMR deficiency with mechanisms for ensuring those at risk for Lynch Syndrome undergo
genetic evaluation is becoming the expected standard of care.

The ultimate goal of screening for familial CRC is to identify high risk individuals early
enough to change the natural history of the disease. In the two decades since genetic testing
for FAP and Lynch Syndrome became clinically available, we have seen how pre-
symptomatic risk assessment and implementation of specialized endoscopic screening
and/or surgery has resulted in dramatic improvements in clinical outcomes for many of these
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families. However current strategies to identify individuals at risk for hereditary CRC focus
primarily on evaluating patients who already have a cancer diagnosis. Cost-effectiveness
models have demonstrated that a substantial portion of the benefit of genetic testing is
derived from preventing cancers among at-risk family members.18 Ensuring that information
about the diagnosis of a hereditary cancer syndrome reaches other family members remains
a clinical challenge. How results of genetic testing are interpreted by patients and their
physicians and how this information influences health behaviors, clinical management, and
outcomes will continue to be a focus of implementation research.

Although current algorithms for CRC risk stratification rely primarily upon an individual’s
age, family history and personal history of colorectal neoplasia; we know that the sensitivity
and specificity of clinical criteria for identifying individuals with hereditary cancer
syndromes is limited. The Bethesda Guidelines identify nearly 20% of CRC patients as
potentially high risk for Lynch Syndrome®’ and risk assessment tools suggest as many as
15-20% of individuals referred for screening colonoscopy may meet criteria for genetic
evaluation.58 As awareness of the role of genetics in cancer increases, we can expect that
more people without cancer diagnoses will seek genetic testing. As we learn more about the
effects of lower penetrance susceptibility genes and gene-environment interactions on risk
for CRC, approaches to risk assessment which integrate both family history and genomic
data may have a bigger role in clinical care.

At present we are able to identify a genetic cause in only a minority of familial CRC cases.
The expectation is that knowledge of the genomic factors implicated in familial, as well as
sporadic, CRC will improve our ability to risk stratify individuals, making it possible to
tailor screening and surveillance recommendations on the basis of individual patients’
personal history, family history and genomic risk profile. Discovery of novel heritable
factors associated with risk for CRC will not only enhance our understanding of the
mechanisms of disease but will also guide strategic approaches to cancer prevention and
therapeutics.
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Approach to Patients with Familial CRC
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Clinical Features and Genes Associated with Hereditary Colorectal Cancer Syndromes
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phenotype (adenoma,
hamartoma, sessile serrated,
ganglioneuroma)

CRC risk can be variable

Syndrome Clinical Features Gene (s) Management” Evidence
for
Recommendation
Lynch Syndrome MMR deficiency phenotype MLH1 Colonoscopy g 1-2 years starting Cohort Studies!0 12
in tumors (MSI) MSH2 at age 20-25y Expert Opinion4
Accelerated adenoma- MSH6 Consider Upper endoscopy 3-5
carcinoma sequence PMS&2 years, starting at age 30-35y
CRC risk= 30-70% over Tacstdl/ Consider endometrial cancer
lifetime EpCAM screening vs prophylactic
Risk for extracolonic cancers ~ Mutations hysterectomy
detected in
70%
Familial Adenomatous
Polyposis (FAP)
Classic 100s-1000s colorectal APC Colonoscopy g 1-2 years, starting ~ Expert Opinion
Attenuated adenomas mutations at age 10-12y, colectomy for large  Expert Opinion3
Risk for duodenal and detected in polyp burden Expert Opinion?3
ampullary adenoca 90% Upper endoscopy q 1-3 years
Risk for desmoid tumors, MutYH Consider thyroid ultrasound
thyroid CA (biallelic) Colonoscopy q 1-2 years,
CRC risk 90% without APC, MutYH beginning at age 20-25y
surgery mutations Upper endoscopy q 1-3 years
10-99 colorectal adenomas detected in
CRC risk is variable ~10%
Peutz Jeghers syndrome 2 =Hamartomatous polyps in ~ STK11 Upper endoscopy every 2-3 years  Expert Opinion!327
small bowel mutations starting in late teens
Mucocutaneous detected in Small bowel visualization (eg.
pigmentation (mouth/ lips, 50-70% capsule endoscopy, CT/MR
fingers) enterography, small bowel follow
Cumulative cancer risks 80— through) every 1-3y starting at
90% (colorectal, breast, age 8-10y
gastric, pancreatic) Colonoscopy every 2-3 years,
starting in late teens
Pancreas screening (MRCP or
EUS) every 1-2 y, starting at age
25-30y.
Mammogram and Breast MRI,
yearly, starting at age 25y.
Testicular exam/ultrasound yearly,
starting at age 10y
Transvaginal Ultrasound, yearly,
starting at age 18y
Juvenile Polyposis Syndrome >3-5 juvenile polyps in Gl SMAD4 Upper endoscopy q 1-3 years Expert Opinion!3
tract BMPR1A starting age 15y
Some associated with ENG Colonoscopy g 1-3y starting age
congenital heart disease, Mutations 15y
Hereditary hemorrhagic detected in
telangiectasia <50%
Cowden Syndrome Macrocephaly PTEN Colonoscopy q 3-5 years, Expert Opinion?3.30
Increased risk for cancer Mutations beginning age 30-35y
(breast, thyroid, endometrial)  detected in Mammogram and Breast MRI,
Variable colorectal polyp 65-80% yearly, starting at age 30-35y.

Annual thyroid ultrasound starting
by age 18y

CRC-= colorectal cancer
MMR= Mismatch repair
MSI= Microsatellite Instability
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*
Reference: *NCCN Clinical Practice Guidelines in Oncology Version 1.2013, nccn.org
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Table 2

NCCN Criteria for Further Risk Evaluation for High Risk Syndromes Associated with CRC”

Individuals meeting the Revised Bethesda Guidelines

Individuals with a family history which meets Amsterdam Criteria

Individuals with >10 colorectal adenomas

Individuals with multiple GI hamartomatous polyps or serrated polyposis syndrome

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

o g A W N

Individuals with a desmoid tumor

*
NCCN Clinical Practice Guidelines in Oncology Version 1.2013, nccn.org
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