
The Genetics of Colorectal
Cancer
Kory Jasperson, MSa,*, Randall W. Burt, MDb
KEYWORDS

� Hereditary colon cancer � Lynch syndrome � Familial adenomatous polyposis
� MUTYH-associated polyposis � Peutz-Jeghers syndrome � Juvenile polyposis

KEY POINTS

� Multigene tests using next-generation sequencing technologies are becoming more
widely used in clinical practice.

� Multigene tests do not replace the need for genetic counseling or a thorough evaluation of
the personal and family history.

� Universal tumor testing of all colorectal and endometrial cancers is cost-effective and
therefore recommended by many societal guidelines.

� Involvement of genetics in the development, implementation, and tracking of these pro-
grams is important for the success of these programs.

� The colonic polyposis conditions are a heterogeneous group; a detailed reporting of all
endoscopy findings, including the histopathology of polyps, skin findings, and cancer his-
tory, is critical in making a correct diagnosis.
INTRODUCTION

The hereditary colorectal cancer (CRC) syndromes comprise a heterogeneous group
of conditions with varying cancer risks, gastrointestinal (GI) polyp types, nonmalignant
findings, and inheritance patterns. Although each one is unique in its own right, these
syndromes often have overlapping features, making diagnoses difficult in select
cases. Obtaining accurate polyp history (histologic type, number, location, and age
of onset), cancer history (location, type, and age of onset), and other nonmalignant
features is imperative in determining the likely disease diagnosis and thereby the
appropriate genetic tests for precise diagnosis in a timely fashion. This process often
necessitates collaboration among surgical oncology team members and genetic
counselors.
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Advances in genetic testing technologies have improved the detection of various
hereditary CRC syndromes. Here, some of these improvements, including the current
state of genetic testing for hereditary CRC syndromes, are highlighted. Lynch syn-
drome (LS), familial adenomatous polyposis (FAP), MUTYH-associated polyposis
(MAP), juvenile polyposis, and Peutz-Jeghers syndrome (PJS) are reviewed in detail.
The genetic causes, inheritance patterns, cancer risks, and additional characteristic
features are covered. Table 1 includes a summary of the characteristic features of
these syndromes, in addition to other causes of hereditary CRC, which will not be
addressed in this review in detail. Last, also highlighted are the management issues
revolving around various syndromes (Table 2), genetic testing guidelines are
reviewed, and the implications of newer genetic testing technologies on clinical prac-
tice, especially as it relates to surgical oncology, are highlighted.
LYNCH SYNDROME

The understanding of LS has greatly increased since 1885, when pathologist Aldred
Warthin first made the astute observation that his seamstress had a striking family his-
tory of cancer, particularly colon, uterine, and small bowel.1 This particular kindred,
which was called family G, was later confirmed to have LS.1 Various names have
been used for LS; the most notable was hereditary nonpolyposis colorectal cancer
(HNPCC), which helped differentiate it from FAP.2 LS is now deemed a more fitting
name, given it is well-known that CRC is only one of many associated cancers.
LS is the most common cause of hereditary colon and endometrial cancer, account-

ing for 2% to 6% of all cases.3–5 LS is also one of, if not the most, common cancer-
related syndromes known,1 even more prevalent than hereditary breast and ovarian
cancer caused by BRCA1 or BRCA2 mutations. Like most other hereditary CRC pre-
dispositions, LS is inherited in an autosomal-dominant manner. It is caused by muta-
tions in one of the mismatch repair (MMR) genes (MLH1, MSH2, MSH6, PMS2). LS
may also occur from mutations in the EPCAM gene, as 30 deletions in EPCAM result
inMSH2 hypermethylation, thereby acting like anMSH2mutation. CRC is the charac-
teristic tumor, although the risk of endometrial cancer (EC) in some LS families is
higher than the risk of CRC.6 The incidence of LS is estimated at 1 in 370 individuals
or even higher.7 Other cancers are also increased in LS, including gastric, ovarian, uri-
nary tract, hepatobiliary, brain, pancreas, and sebaceous skin (see Table 1). It is still
questionable whether breast and prostate are LS cancers. A systematic review of the
literature in 2013 was inconclusive as to whether breast cancer is associated with LS,
although microsatellite instability (MSI) was found in some of the tumors, highlighting
the possible link between the two.8 In a similar review, it was revealed that prostate
cancer risk was moderately elevated in LS,9 although selection biases may have influ-
enced those data.

Features

Although LS is defined as a single condition, the clinical phenotypes can vary quite
significantly depending on the gene involved. As outlined in Table 1, not only do
many different types of cancers occur in LS, but also the cancer risks are variable
depending on the underlying genetics. In MLH1 and MSH2 mutation carriers, early
estimates of CRC risk approached 80%, while the risk of EC was 40% to 60%.10

These early studies were weighted toward high-risk families, which likely resulted
in overestimations of cancer risk. Recent estimates are assuredly more precise. In
a large study of more than 17,500 members of MLH1 and MSH2 families, the CRC
risk to age 70 was estimated to be 34% to 47%, while the EC risks were 18% to
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30%.11 Compare these risks to PMS2 mutation carriers, which have an estimated
19% CRC risk for men and an 11% and 12% risk for CRC and EC, respectively,
for women.12 Even though the risks are substantially lower for PMS2 mutation car-
riers, the age of CRC and EC can be very young in some cases.12,13 Recent evidence
also suggests that for MLH1 or MSH2 mutations there may be certain individuals at
very high cancer risk, while others are at much lower risk, even with the same gene
mutation.14 The reasons for these differing risk cohorts are largely unknown. Modi-
fying factors, such as diet, smoking, exercise, or other environmental factors, in addi-
tion to other genetic modifiers, could be influencing risk. More work is clearly needed
in this area.
Other features of LS include cancers occurring at younger ages than the general

population, higher chance of metachronous and synchronous cancers,15–17 and tu-
mors that characteristically have MSI.1 MSI is the result of expansions or contractions
of repetitive DNA sequences called microsatellite repeats. MSI in colorectal or endo-
metrial cancers indicates a deficiency in the MMR system, although these defects can
be somatic or germline (Lynch syndrome).18 The most common somatic cause of
MMR deficiency in tumors is hypermethylation of MLH1, which is present in 10% to
15% of all colon and endometrial cancers.18 Greater than 90% of CRCs and ECs in
LS patients are MSI-high or have absent MMR protein staining via immunohistochem-
istry (IHC) analysis.19

Testing

Guidelines
Testing strategies for LS have evolved over the years. The Amsterdam criteria (AC I)
were originally developed to identify high-risk families for recruitment into research,
but later used to identify families appropriate for genetic testing.20 Given that more
than half of individuals with LS fail to meet AC I, the Bethesda guidelines were devel-
oped.21 The Bethesda guidelines were originally used to identify CRC patients appro-
priate for tumor testing via MSI analysis.21 The AC were subsequently amended to
include certain extracolonic cancers and called AC II.22 Unfortunately, the AC still mis-
ses up to 78% of LS cases.23 The most recent version of the Bethesda guidelines,
called the revised Bethesda guidelines, are the most sensitive of the group, although
they still miss at least 1 in 4 LS cases.5 The revised Bethesda guidelines are primarily
used to identify CRC patients appropriate for tumor tissue testing with MSI and IHC
analysis. IHC and MSI analyses are not only used to screen CRCs, but also they are
widely used to screen ECs for MMR deficiency. MSI and IHC analyses can be used
in other LS tumors, such as sebaceous adenomas/carcinomas, adenomatous colon
polyps, ovarian cancer, urothelial malignancies, and other GI cancers beyond co-
lon.24–31 However, the results of MSI and IHC analyses on tumors beyond CRC and
EC should be interpreted with caution.

Additional testing criteria and probability models
Other guidelines, such as those updated annually by the National Comprehensive
Cancer Network (NCCN), take into account additional indications for testing, such
as endometrial cancer diagnosed at young ages, or those with at least a 5% probabil-
ity of having an LS gene mutation on one of the MMR probability models.32 Models
such as PREMM(1,2,6), MMRpro, and MMRpredict estimate probability of finding
an MMR gene mutation depending on various personal and family history fea-
tures.33–36 Validation of these models has been promising. However, the utilization
of these models to identify LS testing candidates is likely very low in clinical practice
possibly in part due to the logistics in filling out the required information for some of



Table 1
Hereditary colorectal cancer syndromes: characteristic features and associated cancer phenotypes

Syndrome: Inheritance Gene(s) Associated Cancers (Lifetime Risk, %) Nonmalignant Features References

LS: Autosomal dominant MLH1, MSH2,
EPCAM

Colorectal (22%–74%)
Endometrial (14%–54%)
Stomach (0.2%–13%), ovary (4%–20%),
urinary tract (0.2%–25%), hepatobilary tract
(0.02%–4%), small bowel (0.4%–12%), brain
(1%–4%), sebaceous tumors (0.4%–4%)

Some colon adenomas; sebaceous gland
adenomas and epitheliomas

12,23,51,52

MSH6 Colorectal (10%–22%)
Endometrial (17%–71%)
Other malignancies possibly increased

PMS2 Colorectal (9%–20%)
Endometrial (10%–15%)
Other malignancies possibly increased

FAP: Autosomal dominant APC Colorectal (w100%)
Duodenal/periampullary (4%–12%), thyroid
(1%–2%) gastric (0.5%–1%),
hepatoblastoma (<1%), medulloblastoma
(1%–2%), other cancers: pancreatic, biliary,
distal small bowel

Colonic adenomatous polyposis, gastric
polyposis (fundic gland)

Duodenal polyps (adenomas)
Desmoid tumors, epidermoid cysts, fibromas,

osteomas, congenital retinal pigment
epithelial hypertrophy, adrenal adenomas,
dental abnormalities, pilomatrixomas, nasal
angiofibromas

32,51,52

AFAP: Autosomal dominant Colorectal (69%)
Duodenal/periampullary (4%–12%), thyroid
(1%–2%)

Colonic adenomatous polyposis, gastric
polyposis (fundic gland), duodenal polyps/
polyposis (adenomas)

32,51,52

MAP: Autosomal recessive MUTYH Colorectal (80%)
Duodenal (4%)
Other malignancies possibly increased

Colonic polyposis (adenomas, hyperplastic,
and sessile serrated polyps), sebaceous gland
adenomas, and epitheliomas

32,51,52,116

PJS: Autosomal dominant STK11 Breast (32%–54%), pancreatic (11%–36%),
gastric (29%), small bowel (13%), ovarian
(21%), uterine (9%), lung (7%–17%), testes
(9%), cervix (10%)

Petuz-Jeghers-type polyps throughout GI tract,
mucocutaneous melanin pigment spots

32,51,52
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JPS: Autosomal dominant SMAD4, BMPR1A Stomach and duodenum combined up to 21%
(mainly in SMAD4 carriers)

Other malignancies possibly increased

Juvenile-type polyps predominantly in the
colon, gastric polyposis; congenital
abnormalities, arteriovenous
malformations, telangiectasia, and epistaxis

32,51,52

PTEN hamartoma tumor
syndrome: Autosomal
dominant

PTEN Breast (25%–50%)
Thyroid (3%–10%)
Endometrial (7%–17%)
Colon (9%–16%)
Other malignancies possibly increased

Juvenile, ganglioneuromas, adenomatous,
inflammatory, leiomyomatous, lipomatous,
and lymphoid polyps

Macrocephaly, Lhermitte-Duclos disease,
trichelemmomas, oral papillomas, cutaneous
lipomas, macular pigmentation of the glans
penis, autism spectrum disorder, esophageal
glycogenic acanthosis, multinodular goiter

132

Li-Fraumeni Syndrome:
Autosomal dominant

TP53 By age 50, 80% have cancer and the risk goes
up with age. Core cancers are sarcomas,
breast, brain, and adrenocortical cancers.
Colon cancer and various other cancers
increased

— 133

Polymerase proofreading-
associated polyposis:
Autosomal dominant

POLE, POLD1 Colorectal (increased but specific risk
unknown), possibly endometrial cancer in
POLD1 carriers

Multiple colon polyps (adenomas) 134

Hereditary mixed polyposis
syndrome: Autosomal
dominant

GREM1 Colorectal (specific risk unknown) Multiple colon adenomas, hamartomas, and
serrated polyps (polyps with more than one
histologic type)

Ashkenazi Jewish ancestry

135,136

Constitutional mismatch
repair deficiency
syndrome: Autosomal
recessive

MLH1, MSH2,
MSH6, PMS2,
EPCAM

Very high risks, typically hematological and
brain, in addition to other LS tumors, exact
risks not known

Café-au-lait macules, axillary/inguinal
freckling, Lisch nodules, neurofibromas;
colonic adenomatous polyposis; hepatic
adenomas, pilomatricomas, congenital
malformations

137
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Table 2
Management considerations for hereditary colorectal cancer syndrome

Syndrome Management Recommendations References

LS: MLH1, MSH2, and EPCAM Colonoscopy every 1–2 y at age 20–25 y
Consider prophylactic hysterectomy and

bilateral salpingo-oophorectomy if
childbearing complete

Consider esophagogastroduodenoscopy every
3–5 y at age 25–30 y

Annual physical/neurologic examination at
age 25–30 y

23,32,51,52,67,68

LS: MSH6 and PMS2 Colonoscopy every 1–2 y at age 25–30 y
Consider prophylactic hysterectomy and

bilateral salpingo-oophorectomy if
childbearing complete

FAP Annual colonoscopy/sigmoidoscopy by 10–12 y
until colectomy (total colectomy with IPAA
often preferred)

Upper endoscopy with side-viewing
instrument every 1–4 y by 25–30 y

Annual physical examination, with particular
attention to the thyroid

32,51,52

AFAP Colonoscopy every 2–3 y by late teens
Total colectomy with ileal rectal anastomosis

often preferred with advanced polyp/
polyposis

Upper endoscopy with side-viewing
instrument every 1–4 y by 25–30 y

Annual physical examination, with particular
attention to the thyroid

MUTYH-associated polyposis Colonoscopy every 2–3 y by 25–30 y
Upper endoscopy with side-viewing

instrument every 1–4 y by 30–35 y

32,51,52

PJS Colonoscopy every 2–3 y starting in late teens
Breast MRI annually at 25 y, mammogram and

breast MRI annually starting at age 30 y
Magnetic resonance

cholangiopancreatography and/or
endoscopic ultrasound every 1–2 y at 30–35 y

Upper endoscopy starting in late teens;
consider small-bowel visualization
(computed tomography or MRI
enterography) by 8–10 y

Annual pelvic examination and Pap smear,
consider transvaginal ultrasound at 18–20 y

Annual testicular examination

32,52

JPS Colonoscopy by age 15 y repeating annually if
polyps are present and every 2–3 y if no
polyps

Upper endoscopy by age 15 y repeating
annually if polyps are present (particularly in
SMAD4 carriers) and every 2–3 y if no polyps

Screen for vascular lesions associated with HHT
at 6 mo in SMAD4 carriers

32,52

Jasperson & Burt688
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these models. Using both probability models and clinical criteria, such as those out-
lined by NCCN, may prove successful in certain settings.

Universal tumor testing
Recently, King and colleagues37 recommended that all women over the age of 30 un-
dergo genetic testing of the BRCA1 and BRCA2 genes, regardless of personal or fam-
ily history of breast or ovarian cancer. This broad-reaching population-based testing
has not gained very much support in the medical community. However, it has resulted
in more discussions about population-based testing for hereditary cancer syndromes.
Although not general population-based testing, testing all CRC and EC tumor tissues
for evidence of LS is gaining support across the United States.38–41 This screening
strategy, which often uses IHC, and sometimes MSI analysis, is referred to as univer-
sal tumor testing. In addition to CRCs, universal testing is also being performed on all
ECs at various hospitals across the United States.41 The pivotal studies on universal
tumor testing revealed that 1 in 35 CRCs are due to LS.5,42 Universal tumor testing
of ECs revealed promising results as well.43,44 Multiple studies have subsequently
shown that universal tumor testing of all CRCs is cost-effective.45–48 As a result, the
Evaluation of Genomic Applications in Practice and Prevention (EGAPP) Working
Group found enough evidence to recommend that all newly diagnosed CRCs be eval-
uated for LS.19,49 Although EGAPP did not find sufficient evidence to recommend IHC
over MSI or vice versa, IHC is the preferred method because it can direct germline ge-
netic testing to the appropriate gene, when necessary, thereby reducing genetic
testing costs. MSI testing is not useful in determining which of the 5 LS genes may
be responsible for an MMR-deficient tumor. Importantly, MSI analysis is not known
to be affected by neoadjuvant chemoradiation, whereas IHC analysis can be.50 This
finding is, of course, particularly important for many patients with rectal cancer that
receive neoadjuvant therapy before resection. If only MSH6 deficiency is found on
IHC analysis of the rectal cancer following neoadjuvant therapy, MSI analysis may
be useful in determining whether the abnormal IHC result is due to a true MSH6 mu-
tation or was the result of treatment. Given the uncertainties just described, biopsy of
rectal cancer before neoadjuvant therapy should be considered preferable. Also,
importantly, colonoscopic biopsies of CRC to facilitate MSI/IHC analyses or germline
genetic testing should be sought before surgery in individuals suspected of having LS
given that a proven diagnosis of genetic LS before a CRC resection may change the
extent of surgery. As genetic panel testing advances, this may provide a less logisti-
cally challenging option, allowing providers to pursue a genetic diagnosis when LS
is suspected.
Since the EGAPP recommendations were first made, multiple other societal guide-

line recommendations have supported universal tumor testing of CRCs.23,32,51–53

Although most guidelines focus on CRCs, the data also suggest that universal tumor
testing in ECs should also be performed.54–57 Therefore, as hospitals are considering
universal tumor testing of CRCs, ECs should not be overlooked. Many hospitals have
already started this transition to testing all CRC and ECs.41 Even with growing support
for universal tumor testing, implementing a program at a hospital is not always an easy
task.23 It is very important to include a multidisciplinary team when setting up a univer-
sal tumor testing program. Some of the stakeholders that are often involved include
surgeons, oncologists, pathologists, genetic counselors, nurses, hospital administra-
tors, and other allied health care staff. Some of the resources that have been used by
other hospitals in their program include LS factsheets that can be handed to patients
before testing, example letters that can be sent to patients with normal or abnormal
results, protocols that outline the various tumor tests that can be used and the order
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in which they occur, in addition to the protocol for following up on results. The Lynch
Syndrome Screening Network has compiled various resources on their Web site
(http://www.lynchscreening.net/) to help assist with this process.41 Cragun and col-
leagues58 have put together an excellent review that highlights many of the potential
outcomes of universal tumor testing, in addition to ethical considerations that must
be taken into account with developing a universal program. They also highlight and
compare these public health initiatives to newborn screening.40,58

Multigene testing
LS testing ideally should start with an individual who has a personal history of CRC, EC,
or other LS cancer. Of course, this may not always be possible for a variety of reasons.
Some of the barriers for testing include deceased relatives, lack of contact with affected
family members, archived tumor tissue destroyed, inadequate cancer tissue remaining,
out-of-pocket expenses for patients, limited access to care for familymembers, or even
just a family member who is disinclined to undergo testing for whatever reason. In these
scenarios, LS testing in an unaffected individual may be necessary.32 Historically, ge-
netic testing of multiple genes, 5 in the case of LS, has been cost prohibitive. With the
advent of next-generation sequencing technologies, testing for multiple genes simulta-
neously (called panel or multigene testing) is now comparable in price to testing 1 or 2
genes using older technologies.59 Various multigene testing options are available clini-
cally. Although current CRC NCCN guidelines32 do not state when multigene testing
should be performed, this has been partially addressed in the NCCN Genetic/Familial
High-Risk Assessment: Breast and Ovarian guidelines (www.nccn.org). Examples of
when to consider multigene testing are provided, such as a 49-year-old patient with
both colorectal and ovarian cancer. This patient would meet guidelines for both LS
and BRCA1/2 genetic testing. Multigene testing in this example seems cost-effective
compared with tumor testing or germline genetic testing for LS, in addition to targeted
genetic testing of BRCA1 and BRCA2. Multiple other situations may warrant multigene
testing, and these considerations will assuredly change in the next few years as multi-
gene testing becomes more commonplace. Early-onset CRC with few to no polyps is
oneof thesituations inwhichmultigene testingmaybeusedmoreoften in thenear future;
this is in part due to attenuated familial adenomatous polyposis (AFAP) and MAP pre-
senting with this phenotype.60,61 In addition, there are multiple examples of individuals
having more than one hereditary CRC syndrome.62–66

It is important that clinicians understand that multigene testing is not a replacement
for a thorough genetic risk assessment. Pretest and posttest counseling by a profes-
sional with genetic expertise is even more important in the setting of multigene testing
given the higher chance of getting results with uncertainty. There are many moderate
or intermediate penetrant genes on various multigene tests. The actionability of these
lower penetrant genes is often unclear. In addition, the rate of detecting variants of un-
known significance (VUS) increases with each gene added to a test. One of the first
clinically based studies using multigene tests for hereditary CRC found a 20% VUS
rate.59 It is also possible to get more than one VUS in different genes in a single indi-
vidual when using multigene tests. Finding VUS or mutations in indeterminate risk
genes may cause uncertainty for the patient and provider, whichmay lead to overscre-
ening patients even though current guidelines do not support it.

Management

Screening recommendations
Various guidelines have addressed screening- and risk-reducing recommendations
for individuals and families with LS. Some of the guidelines that have been updated

http://www.lynchscreening.net/
http://www.nccn.org
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or published within the last 2 years include the Mallorca group,67 the NCCN,32 the
American College of Gastroenterology,52 the American College of Obstetricians and
Gynecologists,68 the American Society of Clinical Oncology,51 and the US Multi-
Society Task Force.23 There are differing opinions on management among the groups.
A summary of different screening and management considerations for LS is included
in Table 2.
The mainstay for cancer surveillance and prevention in LS is undoubtedly annual or

biennial colonoscopies initiating at young ages. The hallmark study on colonoscopy
surveillance in LS revealed that colonoscopic surveillance at 3-year intervals halved
the risk of CRC and prevented CRC-related deaths.69 Because not all of the CRCs
were prevented using colonoscopies every 3 years, screening guidelines now include
more frequent intervals, every 1 to 2 years. However, newer evidence suggests that
the risk-benefit ratio of screening is very dependent on age.14

Given the cancer risks are substantially lower for PMS2 compared with other LS
genes, the effectiveness of screening PMS2 mutation carriers in their 20s is certainly
even less effective than what is seen forMLH1 andMSH2. PMS2mutation carriers can
develop cancer at very young ages.12,13 Still, not everyone agrees that screening rec-
ommendations should differ among genes.70 Given there are multiple types of cancers
increased in LS, it is important to keep in mind the burden of frequent screenings. The
balance between missed versus detected or prevented cancers must be weighed, but
the final decision of when to offer or start screening is not straightforward. Given he-
reditary CRC syndromes are relatively rare, evidence-based data on screenings for
cancer may be limited or nonexistent. Guidelines for screening may be based on
expert opinion only, which has limitations and controversies. Ultimately, with the
growing interest regarding personalize medicine, it seems prudent to not only make
recommendations based on the specific gene involved but also adjust recommenda-
tions based on the patient’s age and sex-adjusted risk level.12,14 It is hoped that with
time, more data will be available to make recommendations based on these factors.

Surgical decision-making following colorectal cancer diagnosis in Lynch syndrome
It is well-known that individuals with LS have an increased risk for synchronous and
metachronous cancers. In one study, 22% of patients with LS who underwent
segmental resections for colon cancer were diagnosed with metachronous CRC
compared with none of the patients with extensive colectomies.71 Interestingly, the
risk of metachronous CRC was reduced by 31% for every 10 cm of bowel removed.71

In another large study of individuals with LS who underwent proctectomy for rectal
cancer, the risk of metachronous colon cancer was 19% at 10 years and up to 69%
at 30 years.17 These data highlight that more extensive surgeries, such as total colec-
tomy with ileorectal anastomosis (IRA) or proctocolectomy, should be considered in
patients with colon or rectal cancer with LS. Colectomy with IRA in LS is also endorsed
by several national guidelines/societies for individuals with colon cancer or colonic
neoplasia that cannot be endoscopically removed.23,32,52 Some of the factors that
should be considered when determining the extent of surgery include the very high
rate of metachronous CRC, patient age, patient choice, patient ability to undergo
frequent surveillance after surgery, and other factors that may influence functional
outcome.

Chemoprevention
The Colorectal Adenoma/carcinoma Prevention Programme 2 (CAPP2) was the first
large-scale randomized, double-blind, placebo-controlled chemoprevention trial in in-
dividuals with likely LS. The primary outcome of interest was the effect of aspirin on the
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incidence of CRC.72 Initially, findings did not find that the use of aspirin, resistant
starch, or both for up to 4 years had an effect on the incidence of CRC or even ade-
nomas in LS.73 Additional analysis did reveal a delayed effect of aspirin on reducing
CRC incidence in LS. At this time, there is not sufficient evidence to support universal
use of aspirin as a chemopreventative agent in LS, although the CAPP2 study results
are promising. In addition, the CAPP3 study is currently underway, which will be a non-
inferiority, dose-finding trial in LS74 that may provide the additional evidence neces-
sary to implement aspirin use as chemoprevention on a larger scale in LS.

FAMILIAL ADENOMATOUS POLYPOSIS AND ATTENUATED FAMILIAL ADENOMATOUS
POLYPOSIS
Background

FAPandAFAP are hereditary polyposis conditions due to germlinemutations in theAPC
gene. FAP is characterized by hundreds to thousands of colonic polyps, whereas AFAP
is less severe and has on average 25 polyps, but also can vary greatly (0–470
polyps).60,75,76 The prevalence of FAP varies from 1 in 6850 to 1 in 31,250 individ-
uals.77–83 AFAP is often more difficult to diagnose given the lower polyp load, and as a
result, the prevalence of AFAP is currently unknown. Approximately 0.5% of all CRCs
historically were due to FAP; however, current numbers are likely lower given current
cancer prevention interventions in FAP.78,79 The clinical diagnosis of FAP is designated
by finding at least 100 colorectal adenomas. Currently, a clinical diagnosis of AFAP has
not been agreed on, and therefore, a diagnosis relies on the identification of anAPCmu-
tation, in addition to the personal and family history of polyps or lack thereof.32

Features

Given the sheer number of adenomatous colon polyps in FAP, CRC is unavoidable
without colon removal. In AFAP, the risk of CRC approaches 70% and can be drasti-
cally reduced with early and frequent colonoscopy, polypectomies, and risk-reducing
surgeries.84 The average age of CRC onset is 39 for FAP and in the 50s for AFAP.60

Both FAP and AFAP have increased risk for extracolonic polyps and tumors (see
Table 1). The upper GI phenotype, such as gastric and duodenal polyposis and can-
cer, seems similar between FAP and AFAP. Gastric fundic gland polyposis is present
in 23% to upward of 100% of patients.85–88 Adenomas and cancers may also occur in
the stomach, but the risk of gastric cancer seems to be only slightly increased above
the general population in most families. Duodenal polyps are all adenomas and occur
in 50% to possibly greater than 90% of patients.85,87,89 The risk for duodenal and peri-
ampullary cancer ranges from 4% to 12%.77,85,87,90,91

Desmoid tumors, which are exceptionally infrequent in the general population, are
seen in 3.6% to 25% of patients with FAP.92–98 Desmoid tumors were one of the
main extracolonic features used for Gardner syndrome, which is now more of a histor-
ical term because it is known that it is also caused by APCmutations. Other features of
Gardner syndrome included osteomas, epidermoid cysts, and fibromas.99 Desmoids
do not metastasize; however, they can be locally invasive, aggressive, and challenging
to diagnose and manage. Because of these features, desmoids frequently result in
significant morbidity and remain the second leading cause of mortality in FAP.100

Various other malignant and nonmalignant findings can be seen in FAP and AFAP
(see Table 1).

Testing

Genetic testing of APC is considered for individuals with greater than 10 colonic ade-
nomas.32 Given the rate of finding APC mutations is still low in this group, waiting for
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testing until a cumulative 20 adenomas occurs is the preferred starting point for testing
in many cases. Age of onset of polyps and family history of polyps and CRC may in-
fluence the decision to offer testing. Up to 10% of individuals with hepatoblastoma
have FAP.101–103 This situation is similar for desmoid tumors.104 Genetic testing in in-
dividuals with hepatoblastoma or desmoid tumors should also be considered.32

Although individuals with early-onset CRC and few to no polyps may have AFAP,84 ge-
netic testing for APC in these cases has not been widely adopted. Given that 10% to
30% of FAP cases are the result of de novo (new mutation) APC mutations, a family
history may be lacking.105,106 Even in individuals with a clinical diagnosis of FAP, ge-
netic testing is helpful to confirm the diagnosis because individuals with MAP may
have an overlapping polyp presentation. In addition, other syndromes may be mis-
diagnosed as FAP. AFAP may be misdiagnosed as many conditions as well, the
most notable are MAP and LS. Genetic testing in probands can also help clarify risk
for family members through cascade genetic testing (testing for known mutations in
at-risk family members).

Management

Screening and risk-reducing strategies
Except for the ages at which to start, screening recommendations for FAP and AFAP
are very similar (see Table 2). Given the preponderance of proximal colonic polyps in
AFAP, colonoscopy is necessary, whereas sigmoidoscopies can be used in FAP until
polyps start to develop. For FAP, annual sigmoidoscopies/colonoscopies begin
around age 10 and continue until the polyp load becomes endoscopically unmanage-
able, or advanced polyps are found.32 Colonoscopies can be delayed until the late
teens in AFAP and annual examinations can decrease the need for colectomy in
many patients. Total colectomy with IRA is often preferred for AFAP given there is
often rectal sparing, whereas total proctocolectomy with ileal pouch-anal anastomosis
(IPAA) is preferred in FAP. Upper GI endoscopies with side viewing instruments to
examine the duodenal papilla are preferred. The age to begin is not known, but
screening by 25 to 30 years of age is commonly performed. Although gastric polyps
are prominent in FAP and AFAP, complete polyp removal is not advised given the
low rate of malignancy. Large gastric polyps, or polyps with other features concerning
for malignancy, should be biopsied. Duodenal polyps should be removed when
feasible. The Spigelman criteria (stages 0 to IV) are used to determine the frequency
at which upper GI screening is needed based on duodenal polyp findings. As an
example, individuals with stage III or IV have up to a 36% risk of duodenal cancer
and require more aggressive therapy,87,107 whereas those with lower stages (0–2)
have much lower risks and can be followed less frequently. Thyroid cancer screening
should also be considered. Screening for other tumors and malignancies in FAP and
AFAP can be considered on a case-by-case basis, but is not routinely recommended.
MUTYH-ASSOCIATED POLYPOSIS
Background

MAP was first discovered when 3 siblings with multiple adenomas or CRC were re-
ported in 2002.108 Of the conditions described thus far, this is the only one inherited
in an autosomal-recessive manner. MAP is caused by biallelic (homozygous or com-
pound heterozygous) mutations in the MUTYH gene. MAP is even less common than
FAP and AFAP. It accounts for less than 1% of all CRCs.109 In one study of more than
one thousand population-based CRC cases, 0.4% had MAP.110 Monoallelic MUTYH
mutations are found in 1% to 2% of the general population.111 Although a slight
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increased risk for CRC has been suggested in monoallelic MUTYH carriers in some
studies, this is not been verified in other studies.111

Features

Similar to FAP and AFAP, multiple colonic adenomas are the characteristic feature.
The most common colon presentation for MAP is between 20 and 100 polyps.111,112

Rarely do they have more than 500 polyps, which is a common feature of FAP. Hyper-
plastic or sessile serrated polyps were found in about half (47%) of MAP patients, and
w18% in one study met criteria for serrated polyposis (previously referred to as hyper-
plastic polyposis).113 Similar to LS, individuals with MAP may also have MSI-high
CRCs, although this is not common.111 Dissimilar to sporadic cases, MAP CRC tis-
sues have a near-diploid karyotype,111 and a specific and characteristic K-ras muta-
tion is frequently observed in adenomas and cancers in MAP. The risk of CRC in MAP
is approximately 28-fold, with CRC occurring in 19% by age 50, 43% by 60, and 80%
by 70 years.114,115 As previously mentioned, individuals with MAP may present with
early-onset CRC and few to no polyps.33 The risk of duodenal cancer in MAP is
4%, which is similar to that of FAP.116 It is still unclear whether individuals with MAP
are at increased risk of other cancers.

Genetic Testing

As is the case for AFAP/FAP, genetic testing for MAP is also considered in individuals
with greater than 10 adenomas. In the absence of germline APC mutations, biallelic
MUTYH mutations were found in 1.7% of individuals 50 years of age or younger
with CRC; 14% of individuals with 20 to 49 adenomas; 20% of those with 50 to 99 ad-
enomas; 20% if there were 100 to 499 adenomas, but in no individuals with greater
than 500 adenomas.61 Given the high rate of biallelic mutations in the 20 or more polyp
group, this is often the preferred criterion used for when to consider testing. Although
many different testing algorithms have been suggested, individuals with at least 20
adenomas are often tested simultaneously for APC andMUTYHmutations. Two com-
mon MUTYH mutations are seen in most individuals of European ancestry; however,
many other mutations occur.111 Therefore, comprehensive testing of MUTYH is
preferred. Unlike FAP and AFAP, which often have multigenerational affected individ-
uals, individuals with MAP frequently have no affected family members, or affected
siblings only (autosomal-recessive inheritance). Diligent documentation and informed
thoughtful review of family history information can be helpful in identifying MAP. A
pedigree with multiple affected siblings in one generation and no prior or subsequent
generations affected may be a valuable clue suggesting consideration of MAP.

Management

Screening and risk-reducing recommendations for GI malignancies (see Table 2) in
MAP are similar to FAP/AFAP.
PEUTZ-JEGHERS SYNDROME AND JUVENILE POLYPOSIS SYNDROME
Background

PJS and juvenile polyposis syndrome (JPS) are 2 of the most well-known of the hamar-
tomatous polyposis syndromes. They are both autosomal-dominant conditions and
exceptionally rare. PJS occurs in about 1 in 50,000 to 200,000 births,117 whereas
JPS is estimated to occur in 1 in 100,000 to 160,000.118 PJS is caused by mutations
in the STK11 gene, whereas SMAD4 or BMPR1A mutations result in JPS.
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Features

As suggested by their names, the characteristic GI polyps in PJS are Peutz-Jeghers
polyps, whereas juvenile-type hamartomas are seen in JPS. The GI polyps in PJS
occur in 88% to 100% of cases and are distributed through the stomach (24%), small
bowel (96%), colon (27%), and rectum (24%).119,120 In JPS, the polyps are distributed
through the colorectum (98%), stomach (14%), jejunum and ileum (7%), and duo-
denum (7%).118,120–122 Both JPS and PJS have an increased risk for CRC (see
Table 1), and PJS also has exceptionally high risk for other cancers as well, most
notably, pancreatic and breast cancer.123,124 PJS is most recognizable because of
the mucocutaneous melanin pigmentation that occurs in more than 95% of cases
of PJS. Arteriovenous malformations and other features of hereditary hemorrhagic
telangiectasia (HHT) occur in some JPS individuals with mutations in SMAD4, but
not BMPR1A.125 Individuals with JPS who have gastric polyposis have an increased
risk of gastric cancer, although this is typically only seen in SMAD4 mutation
carriers.125

Genetic Testing and Diagnosis

Clinical diagnostic criteria have been developed for both PJS and JPS (Box 1). Genetic
testing for the associated gene(s) is indicated for anyone meeting criteria. SMAD4 and
BMPR1A mutations are still only found in up to 60% of individuals meeting clinically
defined JPS criteria.126 The detection rate of STK11 mutations in individuals meeting
PJS criteria is as high as 94%.127,128 In most cases, a diagnosis of PJS and JPS relies
on the polyp history. Because the polyps that are found in PJS and JPS are often mis-
diagnosed as other polyp types, polyps may need to be reviewed by a GI pathologist
when a polyposis condition is considered.129

Laugier-Hunziker syndrome is an acquired condition that has perioral pigmentation
similar to that seen in PJS.130 Unlike PJS, Laugier-Hunziker syndrome typically
Box 1

Diagnostic criteria for Peutz-Jeghers syndrome and juvenile polyposis syndrome

Peutz-Jeghers syndrome

A clinical diagnosis of PJS is considered when any of the following are met:

1. Greater than 3 histologically confirmed Peutz-Jeghers polyps

2. Any number of Peutz-Jeghers polyps and a family history of PJS

3. Characteristic, prominent, mucocutaneous pigmentation and a family history of PJS

4. Greater than 1 Peutz-Jeghers polyp and characteristic, prominent, mucocutaneous
pigmentation

Juvenile polyposis syndrome

A clinical diagnosis of JPS is considered when any of the following are met:

1. Three to 5 juvenile polyps of the colorectum

2. Juvenile polyps throughout the GI tract

3. Greater than 1 juvenile polyp in an individual with a family history of JPS

Modified from Burt RW, Cannon JA, David DS, et al. Colorectal cancer screening. J Natl Compr
Canc Netw 2013;11(12):1538–75; and Syngal S, Brand RE, Church JM, et al. ACG clinical guide-
line: genetic testing and management of hereditary gastrointestinal cancer syndromes. Am J
Gastroenterol 2015;110(2):223–62.
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presents in adulthood and is not known to be at increased risk for polyps or cancer.131

Both PJS and JPSmay also be misdiagnosed as many other hereditary polyposis syn-
dromes, in addition to acquired conditions.

Management

Screening recommendations for children and young adults with PJS and JPS are
mainly targeting nonmalignant findings and complications, such as GI bleeding and
small bowel intussusception. Cancer screening in JPS is mainly focused on CRC, or
in the case of SMAD4 (because BMPR1A mutation carriers are not known to be at
increased risk of gastric cancer), mutation carriers, gastric cancer risk, and findings
of HHT.

SUMMARY

Hereditary CRC syndromes vary quite substantially in their presentations. A detailed
personal and family history is the first key step in identification. The clinical diagnosis
of hereditary CRC syndromes also may in part depend on the total number of cumu-
lative polyps, the histologic type, and the age of onset of the polyps. Total proctoco-
lectomy with IPAA is standard of care in FAP; however, total colectomy with IRA is
preferred for AFAP given there is often rectal sparing. Given the high metachronous
CRC risk in LS, total colectomy with IRA is recommended in those with LS and colon
cancer, although consideration must be given to segmental resection based on pa-
tient age, choice, and ability to undergo frequent surveillance after surgery.
Given that a substantial proportion of LS cases will not meet current testing criteria,

testing of all CRC and endometrial cancers should be considered regardless of age of
onset or family history. As multigene testing becomes more commonplace, it is
increasingly important for health care providers with experience in genetics to be
involved in the evaluation, testing, and clinical management of affected and at risk
individuals.
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