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Diagnosis of hereditary colorectal cancer syndromes requires clinical suspicion and

knowledge of such syndromes. Lynch syndrome is the most common cause of
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Objectives: After completion of this article, the reader
should be able to identify the clinical characteristics and
genetic basis of multiple hereditary syndromes that are a
cause of hereditary colorectal cancer.

Colorectal cancer (CRC) is the second leading cause of
cancer deaths in men and women, with over 1 million cases
estimated worldwide in 2009." There were over 140,000 de
novo colorectal cancers (CRCs) diagnosed in the United States
in 2010. Most of these cancers are thought to be sporadic;
however, heredity is a significant factor in 10 to 15% of
cases.>> Given the significant burden of this disease, preven-
tion by identifying patients at high risk of developing CRC
remains an important clinical goal.

In ~5% of all cases, CRC is associated with a highly penetrant
dominantly inherited syndrome.* Lynch syndrome is the most
common, accounting for 2 to 5% of all CRC cases in the United
States.> Nonsyndromic familial presentations, defined as > 2
first-degree relatives with CRC,® make up an additional 20% of
cases. Less than 1% is caused by FAP and other rare genetic
syndromes. A considerable number of patients with CRC are
therefore born with a predisposition to developing the disease,
and emerging genomic research suggests that an even greater
percentage than previously thought may carry a germline
predisposition for CRC. This knowledge offers a screening
and disease prevention opportunity to considerably affect
the established natural history of CRC; an essential first step
is the identification of individuals at increased risk.”
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hereditary colorectal cancer. Other less common causes include familial adenomatous
polyposis (FAP), Peutz-Jeghers syndrome (P]S), juvenile polyposis syndrome, and others.
There have been a growing number of clinical and molecular tools used to screen and
test at risk individuals. Screening tools include diagnostic clinical criteria, family history,
genetic prediction models, and tumor testing. Patients who are high risk based on
screening should be referred for genetic testing.

Several studies have shown that surveillance of Lynch
syndrome families reduces the development of CRC by 60%
and also decreases mortality.®° Although the effect of surveil-
lance in familial colorectal cancer on mortality is unknown,
various studies have reported a high yield of advanced adeno-
mas in these families when compared with surveillance of
average risk individuals.'® These findings suggest that the
increased relative risk of developing CRC may outweigh the
possible disadvantages of surveillance in persons suspected of
having a familial CRC syndrome. Individuals at high risk are
identified based on clinical suspicion and appropriate screen-
ing and genetic testing can be used to confirm the diagnosis.
This review will focus on identification of common CRC
syndromes. For many years, most of these syndromes were
identified by the use of clinical findings; however, in the age of
molecular diagnosis, sequencing plays a greater role.

Family History

There are several clinical characteristics that suggest that an
individual may be at higher risk of a familial CRC syndrome.
Some of these factors include a strong family history of CRC or
early age at diagnosis. Patients who present with synchronous
or metachronous colorectal cancers are also more likely to have
a familial CRC syndrome. Patients with multiple polyps (more
than three) and extraintestinal manifestations of known CRC
syndromes (see =Table 1) should be screened appropriately.
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68 At Risk Patients for Hereditary Colorectal Cancer Mishra, Hall

Table 1 Colorectal Cancer Predisposition Syndromes

Syndrome Colon Presentation Lifetime Colon Extracolonic Manifestations
Cancer Risk
FAP Over 100 adenomatous colorectal | Nearly 100% Duodenal and periampullary cancers (3-5%
polyps (average age of polyposis risk), childhood hepatoblastoma, other
onset is 16 years) cancers: pancreatic, thyroid, gastric, brain

(all rare); desmoid tumors (20% risk); Gardner
syndrome: osteomas (often of the jaw),
epidermoid cysts, CHRPE, dental anomalies;
Turcot syndrome: medulloblastoma

Lynch Colon cancer (often early onset, 50-80% Endometrial cancer (40-60% risk), ovarian
syndrome average age of onset 44-61 years) cancer (9-14%risk); other cancers: stomach,
renal, ureter, small intestine, biliary (all 10%
or less); Muir-Torre syndrome: cutaneous
keratoacanthomas, sebaceous gland
tumors; Turcot syndrome: glioblastoma

AFAP 10-100 adenomatous colorectal 80% Similar to FAP
polyps with a tendency toward
polyps in the right side of the colon
(average age of polyposis onset

is 26)

MAP 10 to over 100 colorectal polyps Undefined, but Not generally seen; some reports of patients
increased over the with CHRPE, osteomas, dental cysts,
general population duodenal adenomas, and/or gastric cancer

HMPS Colorectal polyposis with polyps of | Undefined Rare extracolonic cancers including

different histologies (adenomas- pancreatic, breast, thyroid, and kidney
classic, serrated, tubular;
hyperplastic; juvenile; mixed
juvenile-adenomatous or
hyperplastic adenomatous)
HPS Colorectal polyposis featuring Undefined None reported
large, hyperplastic polyps and
some adenomas/serrated
adenomas
Peutz- Colorectal polyposis involving 39% Blue/brown pigmentation (starting in
Jeghers characteristic hamartomatous childhood around the mouth, nose, and/or
polyps eyes and on the buccal mucosa and fingers;
spots fade with age); upper Gl polyposis
(particularly small intestine); other cancers:
breast, ovarian, pancreatic, small intestine,
gastric, esophageal, cervical (adenoma
malignum); sex cord tumors, Sertoli
cell tumors
JPS Colorectal polyposis involving 17-22% by age 35, Gastric polyps (if present, 21% risk of gastric
juvenile polyps ~ 68% by age 60 adenocarcinoma), other cancers: pancreatic
and small intestine

Cowden Colorectal hamartomas Unclear, around 9% Breast cancer (30% risk in women), thyroid

syndrome cancer (10%), upper Gl hamartomas;

macrocephaly, fibrocystic breasts,
dermatologic features (80% of affected
individuals) including oral papillomas,
trichilemmomas, keratoses of the hands
and feet, and lipomas

Gl, Gastrointestinal; FAP, familial adenomatous polyposis; AFAP, attenuated familial adenomatous polyposis; MAP, MYH-associated polyposis; HMPS,
hereditary mixed polyposis syndrome; HPS, hereditary polyposis syndrome; |PS, juvenile polyposis; CHRPE, congenital hypertrophy of retinal pigment
epithelium.

From Gammon A, Kohlmann W, Burt R. Can we identify the high-risk patients to be screened? A genetic approach. Digestion 2007;76(1):7-19.
Copyright: S. Karger AG, Basel, Switzerland.
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At Risk Patients for Hereditary Colorectal Cancer

General family history points:

- Confirm that reported relatives are related by
blood rather than marriage or adoption

- Note relatives' current ages or age and cause
of death

- Ask about known environmental risk factors for

certain types of cancer (i.e. cigarette smoking,

asbestos exposure, etc.)

Ask specific questions about first-
degree relatives (parents, siblings,
and offspring) and second-degree
relatives (aunts/uncles, nieces/
nephews, grandparents). Try more
general questions to elicit information
on extended relatives (i.e.'Have any
of your cousins on your mother's

side had cancer?’)

/—1.,/
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) Ask if relatives have
reported having colon
polyps, and if so:
-How many and over

how many years?
- Age when first noted
- Any known pathology?
For every reported cancer
in the family, ask the
patient for as many of these
specifics as he or she knows:
-Type of cancer
- Relative's age at diagnosis.
Forindividuals with multiple
cancers, attempt to verify if
the subsequent cancers were
new primary tumaors or
metastases of the original
cancer.

J

Figure 1 Family history gathering directed at identifying patients at high risk for a colorectal cancer predisposition syndrome. From: Gammon A,
Kohlmann W, Burt R. Can we identify the high-risk patients to be screened? A genetic approach. Digestion 2007;76(1):7-19. Copyright: S. Karger

AG, Basel, Switzerland.

Family history is the most important tool for the identifi-
cation of hereditary CRC (=Fig. 1). It should therefore be
assessed during all primary contacts between doctors and
patients. The minimum information that should be collected
is as follows:

* The size of the family

» The number of first-degree relatives (and second-degree
relatives if a first-degree relative is affected) with cancer

 Type of cancer

« Age at diagnosis'!

Identification of Individuals at High Risk for
Lynch Syndrome (including Muir-Torre
syndrome and Turcot syndrome) and
Familial Colorectal Cancer Type X

Lynch syndrome is an autosomal dominant condition caused
by a mutation in one of several DNA mismatch repair
genes'? '3 that maintain the fidelity of DNA replication. These
genes encode proteins that form a multimeric DNA mismatch
repair (MMR) complex that corrects the small insertions or
deletions that frequently occur during somatic replica-
tion.'4"1® Defective MMR proteins lead to the so-called
mutator or replication error phenotype where a markedly
increased rate of mutation, inevitably involving cell-cycle
regulation, increases the potential for malignancy.!” The

average age of CRC diagnosis in Lynch syndrome is ~44 years,
versus 64 years in sporadic cancer, although individuals with
mutations in MSH6 have a mean age at CRC diagnosis of 55 to
57 years.'® The lifetime risk for developing CRC is 80%,
although evidence of differing patterns of penetrance are
emerging for each gene,'®~?! with CRC occurring earlier in
male MLH1-carriers than female. Lynch syndrome accounts
for ~3% to 5% of all CRC?2%3 and 2% of endometrial cancer.?* It
is the commonest inherited colon cancer syndrome.

Families who meet clinical diagnostic criteria (Amsterdam
criteria, see below) with intact MMR have been classified as
familial colorectal cancer type X.2>~3C It is probable that there
are unidentified genes that are associated with this phenotype.
There is a trend to only refer to Lynch syndrome in patients with
aknown MMR gene defect®'; the term hereditary nonpolyposis
colorectal cancer (HNPCC) remains as an umbrella term includ-
ing broadly all those who fulfill clinical diagnostic criteria.

Clinical Suspicion and Diagnosis

Patients with Lynch syndrome may have synchronous and
metachronous CRC with a predilection for right-sided cancer,
proximal to the splenic flexure. There are also several ex-
tracolonic manifestations of this disease including cancers of
the small intestine, endometrium pancreas and biliary tract,
brain, and transitional cell carcinoma of the ureter and renal
pelvis.3>~3> The most common extracolonic cancer is endo-
metrial adenocarcinoma, which affects at least one female in
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70 At Risk Patients for Hereditary Colorectal Cancer

Table 2 Amsterdam | Criteria (1991)*

Mishra, Hall

All criteria must be met:

1. One member diagnosed with colorectal cancer before age 50

2. Two affected generations

3. Three affected relatives, one of them a first-degree relative of the other two

4. Familial adenomatous polyposis excluded

5. Tumors verified by pathologic examination.

Amsterdam |l criteria (1999)

small bowel, ureter, or renal pelvis.

Identical to the Amsterdam | criteria except in broadening the third criterion, it still requires at least three affected relatives,
but now also requires any of the following recognized Lynch syndrome-related cancers: colorectal, endometrial,

"Data from Vasen H, Watson P, Mecklin |, et al. New clinical criteria for hereditary nonpolyposis colorectal cancer (HNPCC, Lynch syndrome) proposed
by the International Collaborative Group on HNPCC. Gastroenterology 1999; 116(6):1453-1456.
Data from Llor X, Pons E, Xicola R, et al. Differential features of colorectal cancers fulfilling Amsterdam criteria without involvement of the mutator

pathway. Clin Cancer Res 2005; 11(20):7304-7310.

about half of all Lynch syndrome families with mean age at
diagnosis also in the fifth decade.® The lifetime risk for
endometrial cancer in women may be 21 to 71% at age
7037 risk varies with the underlying gene involved. For
example, MSH2 mutation carriers have higher endometrial
cancer risk than do carriers of MLH1 mutations. Associated
endometrial cancer subtypes include endometrioid, clear cell
carcinoma, uterine papillary serous carcinoma, and malig-
nant mixed Mullerian tumors.>®

Clinical Criteria
In 1991, the Amsterdam criteria (~Table 2) were proposed to
identify individuals who were likely to be mutation carriers.
They required the presence of young-onset CRC, in addition to a
family history of three CRCs involving two successive gener-
ations.® The Amsterdam II criteria include other Lynch-associ-
ated malignancies,*® and therefore have a higher sensitivity
than the Amsterdam criteria. With the introduction of tumor
molecular analysis for Lynch syndrome, the Bethesda guide-
lines were proposed to help identify patients for additional
tumor and genetic testing.*! Studies evaluating the perfor-
mance of clinical criteria in populations at high-risk for Lynch
syndrome have shown that the Bethesda guidelines have a
higher sensitivity than the Amsterdam I and I criteria.*?
Recently, revised Bethesda guidelines were proposed to
improve the accuracy of identifying patients with Lynch
syndrome (see ~Table 3).*> Hampel et al** highlighted the
limitations of these criteria, noting that in a population-based
cohort of 1066 patients with CRC, 5 of 23 mutation carriers
did not meet the Bethesda or revised Bethesda criteria and
would otherwise have been missed if genetic evaluation was
limited to individuals who met these criteria. In light of these
limitations, an alternative strategy involving universal tumor
testing for microsatellite instability (MSI) and/or immunohis-
tochemistry (IHC) of all individuals with CRC was proposed.
Even if this strategy were found to be cost effective, it may still
fail to identify cases in which MMR mutations disrupt MMR
function but do not result in MSI, as seen with MSH6
mutations or when IHC results are normal despite a nonfunc-
tional MMR protein.45
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Microsatellite Instability and
Immunohistochemistry

Various tumor-testing strategies exist in patients suspected
of having Lynch syndrome. This includes testing for micro-
satellite instability (MSI) and/or immunohistochemistry
(IHC). MSI refers to a mutation in small DNA segments that
are 100 to 200 base pairs in length. Due to defects in MMR
gene mutations in these sequences, there are changes in the
length of individual microsatellites. This change in the length
of the strands is referred to as microsatellite instability. A
standard panel of five microsatellites is recommended for
tumor testing by the National Cancer Institute. Tumors are
reported as MSI-high (MSI-H), MSI-low (MSI-L), or MSI-
stable (MSS). MSI-H tumors demonstrate changes in two
or more of the markers, whereas MSI-L have only one
positive marker. MSS refer to tumors with no abnormal
markers.

Approximately 90% of Lynch syndrome-associated CRCs
will have MSI-H making this analysis very sensitive. The
specificity is much lower, however, as ~15% of sporadic
CRCs are also MSI-H. Sporadic MSI-H CRCs are the result of
somatic hypermethylation of the hMLH1 promoter region, as
opposed to Lynch syndrome tumors, which are the result of a
germline gene mutation.

Tumor testing with THC utilizes four monoclonal anti-
bodies specific for hMLH1, hMSH2, hMSH6, and hPMS2
proteins to evaluate tumors for MMR deficiency. The sensi-
tivity of IHC is comparable to that of MSI analysis. However,
[HC analysis can direct genetic testing to the appropriate
MMR gene when loss of MMR protein expression is identified.
Additional tumor testing, including BRAF mutation and
hMLH1 promoter methylation analyses, can be helpful in
differentiating sporadic versus Lynch syndrome-associated
CRCs. Tumor testing in endometrial cancers has proven to be
equally as effective at identifying Lynch syndrome.*® Other
Lynch syndrome-associated tumors also frequently display
MSI-H and loss of MMR protein expression, although their
sensitivity and specificity in the clinical setting is not well
established.*
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Evaluate Personal and Family History or
Compute PF!FMI'dI_j_ score*

PREMM, , Personal and Family History Personal and Family
scare Meets Revised Bethesda Guidelines or Histery Does Not Meet
= 20% or PREMM _ score > 5%-19% Revised Bethesda

Tumor Block Guidelines
Mot Available or
PREMM, , score < 5%

M5-5table and Abnormal IHC Expression” or
|IHC Normal MSI-Hig h/MSI-Low

Risk Counseling’ No Additional

Evaluation Needed

L = Germline Mutation Analysis

Figure 2 Algorithm for genetic evaluation of individuals with colorectal cancer based on revised Bethesda guidelines and PREMM score. IHC,
immunohistochemistry; MSI, microsatellite instability.” Other models may be used. Each model has its own prespecified cutoff (PREMM; ,: http://
www.dana-farber.org/pat/cancer/gastrointestinal/crc-calculator/default.asp; Barnetson: https://hnpccpredict.hgu.mrc.ac.uk/; MMR pro: http://
astor.som.jhmi.edu/Bayes-Mendel/). TIf loss of MLH1 expression, BRAF analysis should be performed. *Surveillance recommendations based on
personal and family history. From Grover S, Syngal S. Genetic testing in gastroenterology: Lynch syndrome. Best Pract Res Clin Gastroentrol 2009;
23:185-196. Reprinted with kind permission of Elsevier.

Genetic Prediction Models value of 80%. The performance of the model exceeded that of
Prediction models have been developed to help identify  the Bethesdaand Amsterdam criteria. The ability of the model
individuals at risk for Lynch syndrome. The Barnetson to separate mutation carriers from those without an MMR
et al*’ model, the PREMM,*¥->° and the MMRpro model are ~ mutation (model discrimination) was similar between the
often cited as examples of this approach.”’ Barnetson et al*’  derivation and validation cohorts. However, this model was
analyzed a population-based cohort of 870 patients diag- developed and validated in patients with young-onset CRC
nosed with CRC before 55 years of age. They developed a and did not include Lynch-associated cancers other than
model to predict MLH1, MSH2, and MSH6 mutations using ~ endometrial cancer.

multivariable regression analysis. The model included patient The PREMM*#4° model (prediction of mutations in MLH1
age, gender, tumor location, presence of synchronous and and MSH2) was developed using a cohort of 1914 individuals
metachronous CRCs, family history of endometrial cancerand  at moderate risk for Lynch syndrome.”° Clinical data from 898
CRC, age of the youngest relative with CRC, tumor MSland [HC ~ probands were used for model derivation. The model was
results. The model was then validated in 155 patients with ~ then validated in a separate large cohort of probands. The
CRC diagnosed before 45 years of age. The model had a final multivariable logistic regression model included diag-
sensitivity of 62%, specificity of 97%, and positive predictive ~ nosis of CRC, colonic adenomas, extracolonic Lynch-

Table 3 Revised Bethesda Criteria (2004)

Any one criterion would support MSI testing:

1. One member diagnosed with CRC before age 50

2. Presence of synchronous, metachronous CRC or other Lynch syndrome-associated tumor* in an individual regardless of age

3. CRC with MSI-H pathologic features diagnosed in an individual younger than 60 years (presence of tumor-infiltrating
lymphocytes, Crohn-like lymphocytic reaction, mucinous| signet-ring differentiation or medullary growth pattern)

4. CRC or Lynch syndrome-associated tumor’ in at least one first-degree relative younger than 50

5. CRC or Lynch syndrome-associated tumor™ diagnosed in two

CRC, Colorectal cancer; MSI, microsatellite instability.

“Endometrial, stomach, ovarian, pancreas, small bowel, biliary tract, ureter or renal pelvis, brain, sebaceous gland adenoma or keratoacanthoma.
Data from Valle L, Perea ], Carbonell P, et al. Clinicopathologic and pedigree differences in Amsterdam I-positive hereditary nonpolyposis colorectal
cancer families according to tumor microsatellite instability status. | Clin Oncol 2007; 25(7):781-786.
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Table 4 Extracolonic Tumor Risks in Familial Adenomatous Polyposis

Tumor Relative Risk Absolute Lifetime Risk
(%)

Desmoid 852.0 15.0

Duodenum 330.8 3.0-5.0

Thyroid 7.6 2.0 (<12% in women)

Brain 7.0 2.0

Ampullary 123.7 1.7

Pancreas 4.5 1.7

Hepatoblastoma 847.0 1.6

Gastric - 0.6"

“The Leeds Castle Polyposis Group.

From the National Cancer Institute, Genetics of Colorectal Cancer. Available at: http://www.cancer.gov/cancertopics/pdq/genetics/colorectal/health

Professional/Table 4. Accessed November 30, 2009.

From Shah NB, Lindor NM. Lower gastrointestinal tract cancer predisposition syndromes. Hematol Oncol Clin N Am 2010;24:1229-1252. Reprinted

with kind permission of Elsevier.

associated cancers, and a family history of Lynch cancers. The
PREMM*34% model showed good discrimination with an area
under the receiver operating curve of 0.80. It has also been
validated in a large population-based cohort.”? Strengths of
the model include its ability to incorporate extracolonic
Lynch-associated neoplasms and provide individualized risk
prediction using an easy-to-use web-based calculator
(~Fig. 2). However, the PREMM*®° model does not consider
family size or unaffected family members.

The MMRpro model uses estimates of mutation prevalence
and the penetrance of MMR genes to estimate the probability
of carrying a clinically significant mutation in MMR genes.51
The model can also estimate the probability of developing CRC
or endometrial cancer in unaffected relatives. The MMRpro
model proved to have a higher sensitivity than the Bethesda
guidelines, although it slightly overpredicted the number of
carriers. Advantages of the MMRpro model include its ability
to account for family size by including unaffected relatives
and to incorporate MSI data. For individuals with indetermi-
nate or uninformative genetic testing results, the MMRpro
model can provide postsequencing probability of a deleteri-
ous mutation. These estimates are particularly valuable given
that genetic testing has limitations in sensitivity and that
uninformative results may lead to false reassurance and poor
adherence to recommended cancer screening.53

Muir-Torre and Turcot Syndromes

Muir-Torre syndrome is a variant of Lynch syndrome that
combines colorectal tumors with multiple cutaneous adnexal
neoplasms (sebaceous adenomas and carcinomas and kera-
toacanthomas) and tumors in endometrium, kidney, ovaries,
stomach, and small intestine. Mutations in MSH2 account for
most of Muir-Torre syndrome.’*=>® Turcot syndrome repre-
sents patients with a Lynch syndrome CRC in association with
a glioblastoma. This entity should not be confused with
medulloblastoma in familial adenomatous polyposis (FAP),
also called Turcot syndrome.

Clinics in Colon and Rectal Surgery  Vol. 25 No. 2/2012

Identification of Individuals at High Risk for
Familial Adenomatous Polyposis (including
Gardner Syndrome) and Attenuated Familial
Adenomatous Polyposis (AFAP)

Familial adenomatous polyposis (FAP) is an autosomal domi-
nant syndrome caused by germline mutations of the APC
(adenomatous polyposis coli) gene.”’ This gene is located on
chromosome 5. FAP has a frequency of 1in 5000 to 10,000 live
births and affects males and females equally.?® It accounts for
1% of all CRC.>® FAP is the result of an inactivating mutation in
APC and clinical presentation may be associated with the site
of mutation, although it may also be clinically heterogeneous
even within the same family. This suggests a role for modifier
genes and/or environmental factors in modulating disease
expression.60

Clinical Suspicion and Diagnosis

Classic FAP

Colorectal polyposis, numbering from hundreds to thou-
sands, is nearly pathognomic of FAP. Classic FAP is suspected
when an individual presents with >100 colorectal adenomas
or has multiple adenomas and is a first-degree family mem-
ber of a patient diagnosed with FAP. The presence of extrac-
olonic manifestations reinforces this diagnosis.®’

Polyps are generally less than 1 cm and occur throughout
the colorectum with a predilection for sigmoid colon and
rectum.®? They may be sessile or pedunculated with histology
varying from tubular to villous adenoma. The age at onset of
colorectal adenomas is variable, being present in only 15% of
FAP gene carriers at age 10 years, 75% by age 20, and 90% by
30 years if untreated.®>%* In a review of more than 180
families and 922 affected individuals, the mean age at pre-
sentation was 27 and mean age at colectomy was 29.5°

FAP has multiple extracolonic manifestations (~Table 4).
All three primordial germ layers may have associated abnor-
malities in an FAP patient. Endodermal lesions include gastric
and small bowel polyps and carcinomas. Mesodermal
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abnormalities include desmoid tumors, osteomas, and dental
abnormalities. Ectodermal lesions can affect the eye, brain,
and skin.

Desmoid tumors are histologically benign clonal neo-
plasms composed of fibrous tissue. They arise as mostly
intraabdominal soft tissue tumors®® and occur in ~10 to
25% of patients with FAP®” Trauma has been suggested to
be an inciting factor, as 84% of FAP-associated desmoids
developed within 5 years of abdominal surgery in one se-
ries.®8 Desmoid tumors do not metastasize, but they can be
locally invasive and can cause significant mass effect, obstruc-
tion, pain, and death. Desmoid tumors may also occur spo-
radically or in a hereditary manner without colon
findings,®®7% but in cases of families with desmoid tumors
or individuals with two or more desmoids, attempts should
be made to exclude APC mutation. Gardner syndrome refers
to the association of FAP with desmoids tumors. Gardner
syndrome is not genetically distinct from FAP.

Osteomas may occur in any bone, but often localize to the
face or skull. Dental abnormalities affect 70% of patients with
FAP and include supernumerary teeth, congenitally absent
teeth, fused roots, and osteomas of the jaw.®? Depending on
the location, they can lead to symptoms and identification of
FAP. Congenital hypertrophy of retinal pigment epithelium
(CHRPE) is an asymptomatic hamartoma of the retinal epi-
thelium occurring in 66 to 92% of patients with FAP.”! Detec-
tion of CHRPE on funduscopic exam used to be a significant
tool for screening patients for FAP. In the era of molecular
diagnosis, this technique is no longer useful.

Extracolonic tumors (~Table 4) cause significant morbidi-
ty in FAP. Desmoid tumors and duodenal cancers being the
second and third commonest causes of death after CRC.”? In
one series, 88% of patients with FAP developed duodenal
polyps, often near the ampulla and papilla,”> with a lifetime
risk of duodenal carcinoma of 4 to 12%.”* Duodenal polyps
may be associated with different germline APC mutations
than those with severe colonic polyposis.”> Gastric cystic
fundic gland polyps may develop in up to 33% of FAP patients.
Gastric carcinoma is rare in FAP, but may be higher in Asian
populations.”®’” Hepatoblastoma occurs in an estimated 0.6%
of children before 6 years, but is rare thereafter.”® Thyroid
carcinoma may affect 12% of patients with FAP,”® but carries a
good prognosis. They are predominantly well-differentiated
papillary cancers affecting young women. Before suspicion of
FAP is confirmed, studies to identify possible extracolonic
manifestations must be completed.®’ The combination of CRC
and brain tumors was referred to as Turcot syndrome. How-
ever, molecular studies have shown that although the com-
bination of colonic polyposis and medulloblastoma is
associated with APC mutations, the combination of CRC and
glioblastoma is associated with defective mismatch repair
genes and is also called Turcot syndrome.3°

Attenuated FAP

Attenuated FAP (AFAP) is defined as the presence of fewer
than 100 synchronous colorectal adenomas. This presenta-
tion of FAP shows a right-sided colonic predilection and
presents at a later age.%!

Mishra, Hall

Genetic Diagnosis

Classic FAP

APC is a tumor suppressor gene consisting of 15 exons and
encodes a protein of 2843 amino acids®? that is involved in
cell adhesion, signal transduction, transcription regulation,
cell cycle control, apoptosis, and maintenance of the fidelity of
chromosomal segregation. As part of a scaffolding protein
complex, it negatively regulates Wnt signaling.3%%3 APC
inactivation is the hallmark of the chromosomal instability
pathway (CIN) phenotype that occurs in most CRCs. Increas-
ing size, number, and worsening histology of polyps reflect
the linear process of carcinogenesis along the CIN pathway.
More than 800 different APC germline mutations were re-
ported®* through 2007.%7 APC mutations are not distributed
evenly, with “hotspots” at codons 1061 and 1309 accounting
for ~11% and 17%, respectively, of germline mutations. Most
lie in the mutation cluster region (MCR) between codons
1250 and 1464 in the 50 region of exon 15.34

Mutation analysis can identify sequence changes in up to
95% of classic FAP cases. However, the early development of
adenomas raises special considerations relating to genetic
testing of children. Genetic consultation is recommended for
newly diagnosed FAP families as this can determine whether
genetic testing would be informative for at risk relatives. A
negative test within a family with a known APC mutation
allows colorectal screening to revert to that recommended to
the population with background cancer risk, i.e., colonoscopy
or equivalent test starting at age 50.

Management can be affected by genotype, as severity of
disease and extracolonic tumors may correlate with the
location of APC mutations. Mutations between codons 1250
and 1464, especially codon 1309, often lead to profuse
polyposis with earlier presentations.3>~88

Attenuated FAP

AFAP has been linked to mutations in exons 1 to 4, 30 regions
of APC distal to codon 1580, and the alternatively spliced site
of exon 9.°7-848%.90 However, some patients with this pheno-
type and no identified APC mutation have been shown to have
compound heterozygous mutations in the base excision
repair gene MYH,”' leaving open the possibility that cases
of AFAP may be related to MYH-associated polyposis (MAP). If
germline APC mutation testing is negative in suspected AFAP,
testing for MYH mutations may be indicated.

If negative or uncertain results are obtained, an analysis of
the APC gene and MSI should be performed to evaluate the
possible presence of Lynch syndrome. As with classic FAP, if a
mutation in APC is identified, the study should be offered to
direct relatives. If the mutation is in MYH, which is recessively
inherited, it is necessary to recommend the study to first-
degree relatives and to the spouse of the affected individual.®’

Identification of Individuals at High Risk for
MYH-Associated Polyposis (MAP)

Mutations in the MYH (or MUTYH) gene on 1p32.1-p34.3
cause an autosomal recessive CRC predisposition syndrome
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associated with multiple colonic polyps. It may be indistin-
guishable from classical or attenuated FAP.>"-? Establishing
the correct genetic diagnosis will direct cancer surveillance
for family members. Classical and attenuated FAP are domi-
nantly inherited with risk for successive generations,
whereas only a single generation is at risk for recessively
inherited.'

MYH is a base-excision repair (BER) gene that repairs
mutations caused by reactive oxygen species.93 It codes for a
DNA glycosylase that identifies and removes adenine resi-
dues that have been incorrectly paired with 8-oxo-7, 8-
dihydro-20-deoxyguanosine (8-oxodG).>* Failure to correct
this causes an increase in G:C [ T:A transversions, particu-
larly at GAA sequences, which leads to a stop codon, TAA.
The APC gene is a major downstream target of MYH
mutations.’> MAP tumors are generally MSS. More than
80 germline variants have been reported. Most are mis-
sense, but also reported are six truncating mutations,
splice-site mutations, and several small insertion/ dele-
tions.”> The commonest mutations in whites are Y179C
and G396D (formerly called Y165C and G382D, respectively)
accounting for 53% and 32% of all mutations, respectively.
The Y179C mutation is more deleterious than the G396D
mutation.’®°” Approximately 1% of the general population
is heterozygous for an MYH mutation. MYH carriers could
acquire a somatic mutation (a “second hit”) in the wild-type
allele and develop CRC; however, somatic MYH mutations
are infrequent in CRC.°® Moreover, the role of somatic
mutations in MYH in the development of nonfamilial CRC
is yet to be understood. It is notable that MYH mutations
have not yet been implicated in nongastrointestinal cancers
in which reactive oxygen species are thought to play a role
in carcinogenesis, including lung, breast, kidney, liver, and
prostate %9103

Clinical Suspicion and Diagnosis

MAP tends to present later than classical FAP. In two major
series, the mean ages at presentation were 46 and 51 with
a range of 13 to 70 and the presenting feature in 50% of
cases was CRC.'*19> Jenkins and colleagues'® reported
cumulative risk to age 70 of 80% which is a 50-fold
increased risk of CRC compared with the general popula-
tion. There was also a threefold increase in risk in mono-
allelic carriers (8% cumulative risk to age 70), but other data
show no appreciable increase risk in monoallelic MYH
carriers.%6-107-110

Colorectal polyps in MAP range in number from a few to
more than 500 and tend to be mainly small tubular or
tubulovillous adenomas with mild dysplasia with occasional
hyperplastic polyps. Cancer can arise anywhere in the color-
ectum, but the adenomas may show a right colonic
predilection.>!

Extracolonic manifestations of MAP include duodenal
adenomas, gastric fundic gland polyps, CHRPE, osteomas
and dental anomalies, and desmoid tumors. These findings
were previously hallmarks of FAP, but have now been re-
ported in MAP. Duodenal adenomas with or without duode-
nal adenocarcinoma have been reported in ~5%.°711
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Identification of Individuals at High Risk for
Hamartomatous Polyposis Syndromes

Peutz-Jeghers Syndrome

Peutz-Jeghers syndrome (PJS) is a rare, highly penetrant,
autosomal dominant disorder characterized by hamartoma-
tous polyposis and mucocutaneous pigmentation. The inci-
dence of PJS is estimated to be 1 in 8300 to 1 in 200,000 live
births''2; 25% of cases appear to be nonfamilial. PJS has been
reported worldwide''>'"%and occurs in males and females
equally. There is variability in both the severity of disease as
well as age of onset of symptoms.

PJS carries an increased risk for multiple benign and
malignant tumors. The cumulative risk of any cancer is 67
to 85% by age 70 and the cumulative risk for CRC is 3% (40
years), 5% (50 years), 15% (60 years), and 39% (70 years),1 15,116
The risk to age 70 for cancers of the pancreas, uterus/ovary/
cervix, breast, and lung were 11%, 18%, 45%, and 17%, in the
same series, respectively. An increased risk of primitive biliary
cancer was reported in I’JS.1 17 No correlation has been found
between risk of cancer and severity of polyposis or presence
of pigmentation.''®

Clinical Suspicion and Diagnosis

Polyps may occur anywhere along the gastrointestinal tract,
but occur most consistently in the jejunum.31 Multiple ade-
nomas can occur in the colon. Classical PJS intestinal polyps
are hamartomatous and experienced pathologists are capable
of distinguishing PJS polyps from juvenile polyps. PJS polyps
manifest characteristic arborization and hypertrophy or hy-
perplasia of the smooth-muscle layer."?

Extraintestinal sites of PJS polyps include kidney, ureter,
gallbladder, bronchus, and nasal passages. About one-third of
patients will develop polyp-related symptoms by age 10 years
and close to two-thirds by age 20 years.'?® The hyperpig-
mented macules of PJS develop in 95% of affected individuals
and arise most commonly in the perioral region, around the
eyes and nostrils, on the buccal mucosa, the perianal area, and
on the digits of hands and feet. They usually appear by the end
of the first year of life and are almost always present by age
5 years.''® Macules may be dark blue to dark brown, vary in
size from 1 to 5 mm, and may fade in puberty and adulthood,
and are not precancerous.

PJS is associated with mutations in STK11. STK11 encodes
for a433-amino acid protein that is ubiquitously expressed and
present primarily in the cytoplasm and to a lesser extent in the
nucleus.?22 STK11 is the only tyrosine kinase known to
function as a tumor suppressor by physically associating with
TP53 to regulate TP53-dependent apoptosis pathways.'?3124
STK11 also interacts with PTEN, which is responsible for other
hereditary hamartoma syndromes and also plays a role in the
vascular endothelial growth factor (VEGF) pathway and cellu-
lar polarity. Inactivation of STK11 is a critical early event in the
development of hamartomas and adenocarcinomas.'?® Ad-
enocarcinomas in Peutz-Jeghers syndrome demonstrate al-
tered TP53 expression and loss of heterozygosity (LOH) in 17p
and 18q. Microsatellite instability, LOH near the APC gene, or
KRAS mutations have been identified in some tumors,'%> with
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indications that tumorigenic potential of STK11 mutations is
mediated through alternative mechanisms in different tissues,
especially those in which hamartoma development is not a
feature. Hamartomatous polyps have generally been consid-
ered to have a very low malignant potential; it was uncertain
that PJS-associated hamartomas were the premalignant le-
sions in PJS. However, molecular and histologic studies have
confirmed that hamartomatous polyps can undergo malignant
transformation in I’]S.126 It is not known whether inactivation
of both STK11 alleles is necessary for carcinogenesis, or if a 50%
decrease in protein expression is sufficient (haploinsuffi-
ciency). Data from studies in lkb1 +/— and Ikb1 —/— mice
(LKB1, also called STK 11, knockout mice) support both
possibilities.!27128

Genetic Diagnosis

Clinical genetic testing for PJS is available. If a disease-causing
mutation has been identified, it is appropriate to offer genetic
testing to at risk relatives and, if positive, surveillance is
indicated. If no disease-causing mutation is found in an
individual with PJS, then first-degree relatives must be ad-
vised that they may still be at risk for PJS and that PJS cancer
surveillance is advisable3! Germline mutations in STK11
encoding a tyrosine kinase on chromosome 19p13.3 have
been identified in nearly all PJS families,'>®"3% and 94% of
patients with PJS overall.’3!

Juvenile Polyposis Syndrome

Juvenile polyposis (JP) is an autosomal dominant disorder
characterized by multiple (5-200) hamartomatous polyps
of the gastrointestinal tract.'3? It is the most common of
the hamartomatous polyp syndromes. Population preva-
lence is estimated to be between 1 in 16,000 and 1 in
100,000.33 Twenty percent to 50% of cases are inherited.
Solitary juvenile polyps may be seen in ~2% of healthy
children, but these are seldom dysplastic and are not
associated with increased malignancy or extracolonic man-
ifestations.’*"134 In JP, “juvenile” refers to the type of polyp
(resembling sporadic inflammatory hamartomatous polyps
of childhood) rather than the age of onset, although most
affected individuals have some polyps by age 20 years.
The hamartomas of JP have a frondlike growth pattern,
fewer stroma, and dilated glands with more proliferative
smaller glands compared with solitary, sporadic juvenile
polyps.'

Most juvenile polyps are benign, but malignant transfor-
mation may occur resulting in increased lifetime risk for
cancers of the colon (10-40%), stomach (21%), and less
commonly involving the small bowel and pancreas. The
lifetime risk of cancers has been hard to define and may
vary with underlying genetic cause; it is likely reduced by
screening polypectomies. Malignant transformation is sus-
pected to follow a traditional adenomatous polyp to cancer
transformation sequence.'®37 However, additional work is
required to determine if individuals with JP are also predis-
posed to malignancy separately from the predisposition to

polyps.
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JP may be misdiagnosed, as it shares clinical features with
several other colonic hamartomatous polyp syndromes (Cow-
den, Bannayan-Riley-Ruvalcaba, Peutz-Jeghers, basal cell
nevus/Gorlin). Because of this overlap, JP remains a diagnosis
of exclusion. Physical examination, family history, and molec-
ular testing may help differentiate between these
possibilities.'38139

Clinical Suspicion and Diagnosis
The clinical criteria for diagnosis of JP include five juvenile
polyps in the colon/rectum, juvenile polyps throughout the
gastrointestinal tract, or any number of juvenile polyps with a
family history of JP.131

Although only five polyps have been proposed as the
minimum number for diagnosis, some individuals will have
more than 100 polyps. In a review of 272 individuals with JP of
undefined genetic subtype, 98% had involvement of the
colorectum, 14% of the stomach, 7% of the jejunum and ileum,
and 2% of the duodenum.'*° Polyps usually range from 5 to
50 mm in size, can be single or multilobulated, are spherical
in shape, and commonly show surface erosion. Clinical
symptoms of JP may include bleeding, diarrhea, abdominal
pain, intussusceptions, rectal prolapse, and even protein-
losing enteropathy. Digital clubbing has been noted, perhaps
owing to the overlap with hereditary hemorrhagic telangiec-
tasia and arteriovenous shunting in these patients.'*’

Genetic Diagnosis

JP is clinically and genetically heterogeneous. Three genes,
SMAD4, BMPR1A, and ENG, have been implicated so far. Each
encodes proteins of either transforming growth factor- (TGF-)
b or bone morphogenetic protein- (BMP-) signaling path-
ways. The low combined mutation detection rate has
prompted a search for other candidate genes/proteins within
these pathways. About 20% of individuals with JP have a
mutation of SMAD (also known as MADH4 or DPC).139:142.143
SMAD4 is part of the TGF-b signal transduction pathway. The
SMAD gene family is on chromosome 18q21.1, adjacent to
DCC (deleted in colon cancer). SMAD4 complexes combine
with other members of the SMAD family of proteins to
transmit the TGF-b growth-suppressing signal from the cell
surface receptor to nuclear downstream targets, mediating
apoptosis and growth inhibition.

It has been postulated that the abundant stroma in JP may
create an abnormal microenvironment, disrupting TGF-b
signaling.'#*14° This theory is supported by the fact that as
hamartomatous polyps enlarge and mesenchymal compo-
nent expands, they take on a serrated or villous-type config-
uration associated with epithelial dysplasia. Mutations in
BMPR1A (ALK3) at 10g22.3, are found in ~20% to 25% of
individuals with Jp.'3%:142143 BMPR1A is a serine-threonine
kinase type I receptor of the TGF-b superfamily, which when
activated leads to phosphorylation of SMAD4. A reduced
number of gastric polyps have been observed in BMPR1A
mutation-positive patients compared with SMAD4 mutation-
positive patients.'42:146.147

Mutations in ENG on chromosome 9q34.1 have been
reported in very-early-onset JP.148 ENG encodes endoglin,
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an accessory receptor protein that binds to specific TGF-b
proteins.149 Mutations in ENG are more often found in
individuals with hereditary hemorrhagic telangiectasia
(HHT). The combined syndrome of JPS and HHT (termed
JPS/HHT) may be present in 15% to 22% of individuals with
a SMAD4 mutation and has also been associated with ENG.
The prevalence of ENG mutations in patients with JP without
HHT has yet to be adequately described.'*°

Hereditary Mixed Polyposis Syndrome

The term “hereditary mixed polyposis syndrome” (HMPS)
unites a collection of polyposis syndromes showing a mixture
of various types of polyp. In some patients, mutations of the
PTEN or the BMPRI1A gene are demonstrated. These cases
should be treated as variants of Cowden syndrome and JPS
and treated accordingly.151

PTEN Mutations (Cowden Disease and
Bannayan-Ruvalcaba-Riley Syndrome)

PTEN mutations lead to the Cowden syndrome, Bannayan-
Riley-Ruvalcaba syndrome, Proteus syndrome, and Proteus-
like syndrome. These are grouped into PTEN hamartoma
tumor syndrome (PHTS)."®? Cowden disease (also known as
Cowden syndrome or multiple hamartoma syndrome) is an
autosomal dominant disease characterized by facial trichi-
lemmomas, oral papillomas, multinodular goiter, fibrocystic
breast disease, esophageal glycogenic acanthosis, and intes-
tinal hamartomas.'®>1>3 Breast and thyroid cancer risk are
most pronounced in Cowden disease, with colon cancer
developing in up to 10% of patients. Autosomal dominant
germline mutations of the PTEN gene have been identified in
the majority of patients with Cowden disease and predispose
to Bannayan-Ruvalcaba-Riley syndrome, which shares char-
acteristics with Cowden disease and additionally includes
slowed psychomotor development and pigmentary spotting
of the penis.'>*1%°

In comparison to the gatekeeper function of the APC gene
and the caretaker roles of the mismatch repair and MYH
genes, the genes predisposing to hamartomatous polyposis
syndromes have been dubbed "landscaper” genes.'”® In
sporadic circumstances, nonneoplastic hamartomatous pol-
yps are not believed to confer a significant cancer risk. In
comparison, germline mutations and somatic inactivation of
the STK11, SMAD4, BMPR1A, and PTEN genes in hamartom-
atous polyposis syndromes are believed to create an epithelial
milieu (or landscape) at risk for neoplastic development.'>’

Cronkhite-Canada Syndrome

Cronkhite-Canada syndrome is a rare systemic disease first
reported in 1955 by Cronkhite and Canada.'® Patients of
European or Asian descent are most frequently affected. The
estimated incidence of CCS is one per million based on the
largest study performed to date.’®'®° The mean age of onset
is estimated to be in the fifth to sixth decade, with a slight
male predominance in 3:2 ratio.'®' The etiology of CCS is
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currently unknown. So far, there is no strong evidence to
suggest a familial predisposition (~Table 5). However, clini-
cians will often be asked to differentiate this syndrome from
other polyposis syndromes.

Several Cronkhite-Canada cases have been associated with
elevated antinuclear antibody (ANA) and IgG4 lev-
els.'5%:162.163 There is also an association between CCS to
hypothyroidism'®* and various autoimmune diseases such as
systemic lupus erythematous, rheumatoid arthritis, and
scleroderma.’® Other authors have reported mental stress
and physical fatigue may also contribute to the etiology.'®°
The symptoms of CCS can vary, but classically the syndrome is
characterized by the presence of diffuse gastrointestinal
polyposis, dystrophic changes in nails, alopecia, cutaneous
hyperpigmentation, diarrhea, and weight loss. Other symp-
toms such as hypogeusia, altered or blunted taste sensation,
and xerostomia, dry mouth, have also been described in the
literature.'%®

Endoscopic appearance of CCS varies according to current
literature. Gastric mucosa has been described as being thick-
ened hypertrophic gastric folds mimicking Menetrier disease
to atrophic appearing with polypoid lesions.'®” Colonic pol-
yps have been characterized as sessile and “strawberry like”
in one study.'®®

The optimal treatment of CCS is currently unknown due in
part to its rarity. Nutritional support aimed at improving
electrolytes, vitamin, and mineral deficiencies can rarely
induce complete remission. In fact, current literature favors
a combination therapy based on nutritional support and
corticosteroids.'®® TPN therapy in combination with partial
bowel rest may provide crucial nutritional support while
allowing the disease process to enter remission. Other thera-
pies such as antihistamine receptor antagonist agents and
cromolyn sodium have also been used as supplement therapy
in cases where degranulating eosinophils and mast cells are
seen on biopsy.'’® One case report has also suggested im-
provement of CCS after eradication of Helicobacter pylori
infection.!”" The total treatment period is not well defined,
varying from 6 to 12 months of combination therapy.

Numerous complications can rise from CCS, with the most
notable being the development of malignancy. This can be as
high as 15%.'72 Both gastric and colorectal cancers have been
reported, with sigmoid colon and the rectum being the most
common initial site of cancer.'”3

Unfortunately, due to the rarity of this disease, optimal
screening protocols have not been developed, although annual
endoscopic surveillance has been widely practiced. The long-
term prognosis is quite poor according to early studies. One
study is reporting a 55% mortality rate in a cohort of 55
patients.165 However, due to improved in medical therapy
and increased recognition of the syndrome, the prognosis is
now thought to be better compared with earlier case reports.'

Conclusion

In the 21° century, genetic information will play an increas-
ing role in the management of common medical disorders.
This will be especially important in the management of
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colorectal cancer where the role of heredity in the pheno-
typic expression of disease is likely to affect the diagnosis,
treatment, and prevention of colorectal cancer in patients
who are at risk. All providers who care for patients with
gastrointestinal cancers should be aware of genetically in-
herited colorectal cancer syndromes. This knowledge allows
us to appropriately institute screening measures that can
reduce mortality from CRC. Families with Lynch syndrome
will likely derive the most benefit because it is by far the most
common hereditary CRC. Families with FAP are easy to
identify and potentially cure. Most of the other eponymous
syndromes are rare and are seen more often in pediatric
patients.
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