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Preface

e stand at an interesting crossroads in the field of cancer genetic counseling

and testing. Less than two decades ago, clinical testing for hereditary cancer

syndromes was a rare event reserved for infrequently observed syndromes
that a clinician might see once or twice in a lifetime. A small handful of specialized
laboratories performed such testing and it was not unusual to send a sample to an-
other country for processing as the options were limited and expertise sparse.

All of that changed early in 1996 when clinical testing became available for
mutations within BRCAI and BRCA2. Those of us on the front lines were be-
sieged with phone calls from patients wanting the test, reporters enquiring what
we would do with the information, and medical colleagues questioning if and
how these data would be useful. I remember lecturing to a small group of re-
search clinicians at my institution soon after BRCA testing became available and
discussing the option of prophylactic mastectomy and oophorectomy for women
who tested BRCA positive. I found myself dodging angry accusations of “mutilat-
ing” women’s bodies based on “genetic fortune telling,” and opening Pandora’s
box, psychologically and emotionally ruining women who would then be unin-
surable and societal castaways. Let’s just say that cancer genetic testing was not
welcomed with open arms by everyone.

The truth is that we didn’t know how testing would unfold. Those of us providing
counseling and testing had no information on how real-life patients outside of care-
fully proctored research protocols would handle this information. Would they be for-
ever depressed? Would their anxiety levels make it impossible for them to function?
Could this possibly make patients suicidal? We didn’t know and we were worried. But,
once testing hit the marketplace, there was no holding back the surge.

We were also concerned about insurability. Would patients who tested positive
lose their health insurance coverage and, therefore, the ability to have the careful sur-
veillance and expensive risk reduction surgeries we were recommending? If employ-
ers learned this information, would patients be passed up for promotions or even lose
their jobs for fear that they would cost their companies too much money?

And, speaking of the surveillance and risk reduction surgeries we were offering,
would they even work? I had multiple “academic conversations” with physicians at
my institution who questioned whether prophylactic oophorectomy would ade-
quately reduce the risk of ovarian cancer in BRCA carriers. Perhaps mutation carriers
would then be at high risk to develop primary cancers in other locations? Although
we thought that unlikely (and luckily, we were right), we had no long-term data to
support this, or any, of our hypotheses.

Much has changed since 1996. We now have data demonstrating that there are
no serious long-term psychological and emotional sequelae associated with genetic
testing. Our fears regarding health insurance discrimination have not played out, per-
haps in part to aggressive and supportive legislation via HIPAA and GINA protecting

\'4
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vi Preface

patients from genetic discrimination. Also, the employment and social repercussions
have not been reported as major issues.

The surveillance and risk reduction surgeries we recommended, albeit far from
perfect, have proven to be extremely effective in reducing cancer risk in carriers.
While we have fewer data regarding chemoprevention in these populations, we are
optimistic that these drugs may also reduce risk in these high risk families.

Interestingly, the issues that have generated the greatest dangers in the field of
genetic counseling and testing are those we did not anticipate. Namely, how gene
patents would create corporate monopolies and thwart competition, research and
data-sharing in the field, and how this would impact pricing, access, and market-
ing of genetic testing. As you will read in Brierley et al’s chapter, in part because of
aggressive marketing of patented testing to clinicians without expertise in genetic
counseling, there have been serious, adverse clinical outcomes for patients and their
well-meaning physicians who ordered genetic testing in lieu of adequate counseling
by a certified provider. And, as you will read in the thorough “Disease site” chapters,
genetic testing encompasses many more genes than simply BRCA and Lynch syn-
drome genes. Risk assessment for these syndromes is not as simple as punching a few
details into a risk calculator or taking just a family history of cancer; there are varied
cancerous and noncancerous findings that impact the chance that a syndrome is pres-
ent and influence what test should be ordered.

At this critical crossroads in our field, we see that targeted testing for one or two
disease genes at a time may soon be coming to an end. Panels of disease genes and
whole-exome sequencing, as you will read in O’Daniel and Lee’s chapter, may soon
become less expensive and much more informative than single-gene testing. The
amount and complexity of data these new tests will yield is staggering. The amount
of ambiguity in test results may increase by hundred-fold, making genetic counseling
and result interpretation substantially more challenging—even for those of us who
are experts in this field. And yet, ironically, complex genetic testing is now being mar-
keted directly to consumers. (See Bellcross’s chapter).

And so, the journey picks up speed and continues. Many thanks to my colleagues,
some of the brightest minds in this field, who have donated their time and expertise
to write the elegant and thorough chapters you will now have the opportunity to read.

Ellen T. Matloff, MS
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Cancer Qenetic
Counseling

Ellen T. Matloff and Danielle C. Bonadies

n the past 15 years, clinically based genetic testing has evolved from an

uncommon analysis ordered for the rare hereditary cancer family to a widely

available tool ordered on a routine basis to assist in surgical decision mak-
ing, chemoprevention, and surveillance of the patient with cancer, as well as manage-
ment of the entire family. The evolution of this field has created a need for accurate
cancer genetic counseling and risk assessment. Extensive coverage of this topic by the
media and widespread advertising by commercial testing laboratories have further
fueled the demand for counseling and testing.

Cancer genetic counseling is a communication process between a health care
professional and an individual concerning cancer occurrence and risk in his or her
family.' The process, which may include the entire family through a blend of genetic,
medical, and psychosocial assessment and intervention, has been described as a
bridge between the fields of traditional oncology and genetic counseling.'

The goals of this process include providing the client with an assessment of indi-
vidual cancer risk, while offering the emotional support needed to understand and
cope with this information. It also involves deciphering whether the cancers in a fam-
ily are likely to be caused by a mutation in a cancer gene and, if so, which one. There
are >30 hereditary cancer syndromes, many of which can be caused by mutations in
different genes. Therefore, testing for these syndromes can be complicated. Advertise-
ments by genetic testing companies bill genetic testing as a simple process that can
be carried out by health care professionals with no training in this area; however,
there are many genes involved in cancer, the interpretation of the test results is often
complicated, the risk of result misinterpretation is great and associated with poten-
tial liability, and the emotional and psychological ramifications for the patient and
family can be powerful. A few hours of training by a company generating a profit
from the sale of these tests does not adequately prepare providers to offer their own
genetic counseling and testing services.” Furthermore, the delegation of genetic test-
ing responsibilities to office staff is alarming’ and likely presents a huge liability for
these ordering physicians, their practices, and their institutions. Providers should pro-
ceed with caution before taking on the role of primary genetic counselor for their patients.

(c) 2015 Wolters Kluwer. All Rights Reserved.



2 Principles and Practice of Oncology: Handbook of Clinical Cancer Genetics

Counseling about hereditary cancers differs from “traditional” genetic counseling in
several ways. Clients seeking cancer genetic counseling are rarely concerned with repro-
ductive decisions that are often the primary focus in traditional genetic counseling, but
are instead seeking information about their own and other relatives’ chances of devel-
oping cancer.' In addition, the risks given are not absolute but change over time as the
family and personal history changes and the patient ages. The risk reduction options
available are often radical (e.g., chemoprevention or prophylactic surgery), and are not
appropriate for every patient at every age. The surveillance and management plan must
be tailored to the patient’s age, childbearing status, menopausal status, risk category,
ease of screening, and personal preferences, and will likely change over time with the
patient. The ultimate goal of cancer genetic counseling is to help the patient reach the
decision best suited to her personal situation, needs, and circumstances.

There are now a significant number of referral centers across the country spe-
cializing in cancer genetic counseling and the numbers are growing. However, some
experts insist that the only way to keep up with the overwhelming demand for coun-
seling will be to educate more physicians and nurses in cancer genetics. The feasibility
of adding another specialized and time-consuming task to the clinical burden of these
professionals is questionable, particularly with average patient encounters of 19.5 and
21.6 minutes for general practitioners and gynecologists, respectively.*> A more prac-
tical goal may be to better educate primary care providers in the area of generalized
risk assessment so that they can screen their patient populations for individuals at

How to Find a Genetic Counselor for your Patient

Gene tests
www.ncbi.nlm.nih.gov/sites/GeneTests/clinic—(206) 616—4089
gtclinic@u.washington.edu
A listing of US and international genetics clinics providing evaluation and genetic
counseling

Informed medical decisions
www.informeddna.com—(800) 975-4819
Nationwide network of independent genetic counselors that use telephone and
internet technology to bring genetic counseling to patients and providers. Covered by
many insurance companies.

National society of genetic counselors
www.nsgc.org—click “Find a Counselor” button—(312) 321-6834
For a listing of genetic counselors in your area who specialize in cancer.

NCI cancer genetics services directory
www.cancer.gov/cancertopics/genetics/directory—(800) 4-CANCER
A free service designed to locate providers of cancer risk counseling and testing services.
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Chapter 1 Cancer Genetic Counseling 3

high risk for hereditary cancer and refer them on to comprehensive counseling and
testing programs. Access to genetic counseling is no longer an issue because there are
now internet-, phone-, and satellite-based telemedicine services available (Table 1.1),
and several major health insurance companies now cover these services.”™

WHO IS A CANDIDATE FOR
CANCER GENETIC COUNSELING?

Only 5% to 10% of most cancers are due to single mutations within autosomal
dominant inherited cancer susceptibility genes.’ The key for clinicians is to determine
which patients are at greatest risk to carry a hereditary mutation. There are seven crit-
ical risk factors in hereditary cancer (Table 1.2). The first is early age of cancer onset.
This risk factor, even in the absence of a family history, has been shown to be associated
with an increased frequency of germline mutations in many types of cancers."’ The
second risk factor is the presence of the same cancer in multiple affected relatives on
the same side of the pedigree. These cancers do not need to be of similar histologic
type in order to be caused by a single mutation. The third risk factor is the clustering
of cancers known to be caused by a single gene mutation in one family (e.g., breast/
ovarian/pancreatic cancer or colon/ovarian/uterine cancers). The fourth risk factor is

Risk Factors that Warrant Genetic Counseling for
Hereditary Cancer Syndromes

1. Early age of onset (e.g., <50 years for breast, colon, and uterine cancer)

2. Multiple family members on the same side of the pedigree with the same cancer

3. Clustering of cancers in the family known to be caused by a single gene mutation
(e.g., breast/ovarian/pancreatic; colon/uterine/ovarian; colon cancer/polyps/
desmoid tumors/osteomas)

4. Multiple primary cancers in one individual (e.g., breast/ovarian cancer; colon/
uterine; synchronous/metachronous colon cancers; >15 gastrointestinal polyps;
>5 hamartomatous or juvenile polyps)

5. Ethnicity (e.g., Jewish ancestry for breast/ovarian cancer syndrome)

6. Unusual presentation of cancer/tumor (e.g., breast cancer in a male; medullary
thyroid cancer; retinoblastoma; even one sebaceous carcinoma or adenoma)

7. Pathology” (e.g., triple-negative (ER/PR/Her2) breast cancer <60; medullary
breast cancers are over-represented in women with hereditary breast and ovarian
cancer; a colon tumor with an abnormal microsatellite instability (MSI) or
immunohistochemistry (IHC) result increases the risk for a hereditary colon cancer
syndrome)

“An evolving area of risk assessment
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4 Principles and Practice of Oncology: Handbook of Clinical Cancer Genetics

the occurrence of multiple primary cancers in one individual. This includes multiple
primary breast or colon cancers as well as a single individual with separate cancers
known to be caused by a single gene mutation (e.g., breast and ovarian cancer in a
single individual). Ethnicity also plays a role in determining who is at greatest risk to
carry a hereditary cancer mutation. Individuals of Jewish ancestry are at increased
risk to carry three specific BRCA1/2 mutations.'' The presence of a cancer that pres-
ents unusually, in this case breast cancer in a male, represents a sixth risk factor and
is important even when it is the only risk factor present. Finally, the last risk factor is
pathology. This risk factor is listed in Table 1.1 in italics because it is a new and evolv-
ing entity. It appears that certain types of cancer are overrepresented in hereditary
cancer families. For example, medullary breast cancer appears to be overrepresented
in BRCAI families." Triple-negative breast cancers (ER—, PR—, Her2—) are also over-
represented in BRCAI families,” and the National Comprehensive Cancer Network
(NCCN) has recently updated their BRCA testing guidelines to include individu-
als diagnosed with a triple-negative breast cancer <age 60."* However, breast cancer
patients without these pathologic findings are not necessarily at lower risk to carry
a mutation. In contrast, patients with a borderline or mucinous ovarian carcinoma
appear to be at lower risk to carry a BRCAI or BRCA2 mutation" and may instead
carry a mutation in a different gene. It is already well established that medullary
thyroid carcinoma (MTC), sebaceous adenoma or carcinoma, adrenocortical carci-
noma before the age of 25, and multiple adenomatous, hamartomatous, or juvenile
colon polyps are indicative of other rare hereditary cancer syndromes.'"” These risk
factors should be viewed in the context of the entire family history, and must be
weighed in proportion to the number of individuals who have not developed cancer.
Risk assessment is often limited in families that are small or have few female relatives;
in such families, a single risk factor may carry more weight.

A less common, but extremely important, finding is the presence of unusual
physical findings or birth defects that are known to be associated with rare heredi-
tary cancer syndromes. Examples include benign skin findings, autism, large head
circumference'®'” and thyroid disorders in Cowden syndrome, ontogenic keratocysts in
Gorlin syndrome,* and desmoid tumors or dental abnormalities in familial adenoma-
tous polyposis (FAP).”' These and other findings should prompt further investigation
of the patient’s family history and consideration of a referral to genetic counseling.

In this chapter, the breast/ovarian cancer counseling session with a female patient
will serve as a paradigm by which all other sessions may follow broadly. However,
as testing evolves from targeted testing of 1 or 2 genes to multigene panels, genetic
counseling and test interpretation will become more complex.

COMPONENTS OF THE CANCER GENETIC
COUNSELING SESSION

Precounseling Information

Before coming in for genetic counseling, the counselee should be given some basic
information about the process. This information, which can be imparted by telephone
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Chapter 1 Cancer Genetic Counseling 5

or in the form of written material, should outline what the counselee can expect at
each session, and what information he/she should collect before the first visit. The
counselee can then begin to collect medical and family history information and
pathology reports that will be essential for the genetic counseling session.

Family History

An accurate family history is undoubtedly one of the most essential components
of the cancer genetic counseling session. Optimally, a family history should include at
least three generations; however, patients do not always have this information. For each
individual affected with cancer, it is important to document the exact diagnosis, age
at diagnosis, treatment strategies, and environmental exposures (i.e., occupational
exposures, cigarettes, other agents).”' The current age of the individual, laterality,
and occurrence of any other cancers must also be documented. Cancer diagnoses
should be confirmed with pathology reports whenever possible. A study by Love
et al.” revealed that individuals accurately reported the primary site of cancer only
83% of the time in their first-degree relatives with cancer, and 67% and 60% of the
time in second- and third-degree relatives, respectively. It is common for patients to
report a uterine cancer as an ovarian cancer, or a colon polyp as an invasive colorectal
cancer. These differences, although seemingly subtle to the patient, can make a tre-
mendous difference in risk assessment. Individuals should be asked if there are any
consanguineous (inbred) relationships in the family, if any relatives were born with
birth defects or mental retardation, and whether other genetic diseases run in the
family (e.g., Fanconi Anemia or Cowden syndrome), as these pieces of information
could prove important in reaching a diagnosis.

The most common misconception in family history taking is that somehow a
maternal family history of breast, ovarian, or uterine cancer is more significant than
a paternal history. Conversely, many still believe that a paternal history of prostate
cancer is more significant than a maternal history. Few cancer genes discovered thus
far are located on the sex chromosomes, and therefore both maternal and paternal
history are significant and must be explored thoroughly. It has also become neces-
sary to elicit the spouse’s personal and family history of cancer. This has bearing
on the cancer status of common children, but may also determine if children are at
increased risk for a serious recessive genetic disease such as Fanconi anemia.” Chil-
dren who inherit two copies of a BRCA2 mutation (one from each parent) are now
known to have this serious disorder characterized by defective DNA repair and high
rates of birth defects, aplastic anemia, leukemia, and solid tumors.* Patients should
be encouraged to report changes in their family history over time (e.g., new cancer
diagnoses, genetic testing results in relatives), as this may change their risk assessment
and counseling.

A detailed family history should also include genetic diseases, birth defects, mental
retardation, multiple miscarriages, and infant deaths. A history of certain recessive
genetic diseases (e.g., ataxia telangiectasia, Fanconi anemia) can indicate that healthy
family members who carry just one copy of the genetic mutation may be at increased
risk to develop cancer.”*** Other genetic disorders, such as hereditary hemorrhagic
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6 Principles and Practice of Oncology: Handbook of Clinical Cancer Genetics

telangiectasia, can be associated with a hereditary cancer syndrome caused by a muta-
tion in the same gene; in this case juvenile polyposis.”

Dysmorphology Screening

Congenital anomalies, benign tumors, and unusual dermatologic features occur
in a large number of hereditary cancer predisposition syndromes. Examples include
osteomas of the jaw in FAP, palmar pits in Gorlin syndrome, and papillomas of the
lips and mucous membranes in Cowden syndrome. Obtaining an accurate past medi-
cal history of benign lesions and birth defects, and screening for such dysmorphology
can greatly impact diagnosis, counseling, and testing. For example, BRCA1/2 testing
is inappropriate in a patient with breast cancer who has a family history of thyroid
cancer and the orocutaneous manifestations of Cowden syndrome.

Risk Assessment

Risk assessment is one of the most complicated components of the genetic coun-
seling session. It is crucial to remember that risk assessment changes over time as the
person ages and as the health status of their family members change. Risk assessment
can be broken down into three separate components:

(1) What is the chance that the counselee will develop the cancer observed in his/
her family (or a genetically related cancer such as ovarian cancer due to a family
history of breast cancer)?

(2) What is the chance that the cancers in this family are caused by a single gene
mutation?

(3) What is the chance that we can identify the gene mutation in this family with
our current knowledge and laboratory techniques?

Cancer clustering in a family may be due to genetic and/or environmental factors,
or may be coincidental because some cancers are very common in the general popula-
tion.”® While inherited factors may be the primary cause of cancers in some families,
in others, cancer may develop because an inherited factor increases the individual’s
susceptibility to environmental carcinogens. It is also possible that members of the
same family may be exposed to similar environmental exposures, due to shared geog-
raphy or patterns in behavior and diet, that may increase the risk of cancer.”” There-
fore, it is important to distinguish the difference between a familial pattern of cancer
(due to environmental factors or chance) and a hereditary pattern of cancer (due to
a shared genetic mutation). Emerging research is also evaluating the role and clinical
utility of more common low-penetrance susceptibility genes and single-nucleotide
polymorphisms (SNPs) that may account for a proportion of familial cancers.”®

Several models are available to calculate the chance that a woman will develop
breast cancer including the Gail and Claus models.””” Computer-based models are
also available to help determine the chance that a BRCA mutation will be found in
a family.”" At first glance, many of these models appear simple and easy to use and it
may be tempting to rely on these models, exclusively, to assess cancer risk. However,
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Chapter 1 Cancer Genetic Counseling 7

each model has its strengths and weaknesses, and the counselor needs to understand
the limitations well and know which are validated, which are considered problem-
atic, when a model will not work on a particular patient, or when another genetic
syndrome should be considered. For example, none of the existing models are able
to factor in other risks that may be essential in hereditary risk calculation (e.g., a
sister who was diagnosed with breast cancer after radiation treatment for Hodgkin’s
disease).

DNA Testing

DNA testing is now available for a variety of hereditary cancer syndromes. How-
ever, despite misrepresentation by the media, testing is feasible for only a small per-
centage of individuals with cancer. DNA testing offers the important advantage of
presenting clients with actual risks instead of the empiric risks derived from risk cal-
culation models. DNA testing can be very expensive (full sequencing of the BRCA1/2
genes currently costs >$3,300). All patients being offered BRCA testing should also
be offered BRCA rearrangement testing (BART) which looks for large structural
rearrangements within these genes.' It is the clinician’s responsibility to discuss and
order this test separately (an additional $700). Importantly, testing should begin in
an affected family member, whenever possible. Most insurance companies now cover
cancer genetic testing in families where the test is medically indicated.

The results of DNA testing are generally provided in person in a result disclosure
session. It is reccommended that patients bring a close friend or relative with them to
this session who can provide them with emotional support and who can help them
listen to and process the information provided.

One of the most crucial aspects of DNA testing is accurate result interpretation.
One study found that test results for the hereditary colon cancer syndrome FAP were
misinterpreted more than 30% of the time by those ordering the testing.’> More recent
data have shown that many medical providers have difficulty interpreting even basic
pedigrees and genetic test results.”° In a survey of over 2,000 physicians, only 13%
of internists, 21% of Ob/Gyns, and 40% of oncologists correctly answered four basic
knowledge questions about genetic aspects of breast cancer and BRCA testing. This
deficiency in knowledge did not necessarily deter them from discussing or ordering
testing.” Misinterpretation of results is now the greatest risk of genetic testing and is
very common.” Interpretation is becoming increasingly complicated as more tests
become available. For example, one study demonstrated that approximately 12% of
high-risk families who test negative by standard BRCAI and BRCA2 testing are found
to carry a deletion or duplication in one of these genes, or a mutation in another
gene.” This is particularly concerning in an era in which testing companies are can-
vassing physicians’ offices and are encouraging them to perform their own counseling
and testing. The potential impact of test results on the patient and his/her family is
great, and therefore, accurate interpretation of the results is paramount. Professional
groups have recognized this and have adopted standards encouraging clinicians to
refer patients to genetics experts to ensure proper ordering and interpretation of
genetic tests. The US Preventive Services Task Force recommends that women whose
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family history is suggestive of a BRCA mutation be referred for genetic counseling
before being offered genetic testing.”® The American College of Surgeons Commis-
sion on Cancer standards include “cancer risk assessment, genetic counseling, and
testing services provided to patients either on site or by referral, by a qualified genet-
ics professional

Results can fall into a few broad categories. It is important to note that a “negative’
test result can actually be interpreted in three different ways, detailed in (2), (3), and
(4) below:

>

(1) Deleterious mutation “positive”> When a deleterious mutation in a cancer gene is
discovered, the cancer risks for the patient and her family are relatively straight-
forward. The risks associated with most genes are not precise and should be
presented to patients as a risk range.”** When a true mutation is found, it is
critical to test both parents—whenever possible—to determine from which
side of the family the mutation is originating, even when the answer appears
obvious.

(2) True negative: An individual does not carry the deleterious mutation found in
her family which ideally has been proven to segregate with the cancer family
history. In this case, the patient’s cancer risks are usually reduced to the popula-
tion risks.

(3) Negative: A mutation was not detected and the cancers in the family are not
likely to be hereditary based on the personal and family history assessment. For
example, a patient is diagnosed with breast cancer at age 38 and comes from a
large family with no other cancer diagnoses and relatives who died at old ages
of other causes.

(4) Uninformative: A mutation cannot be found in affected family members of a
family in which the cancer pattern appears to be hereditary; there is likely an
undetectable mutation within the gene, or the family carries a mutation in a
different gene. If, for example, the patient developed breast cancer at age 38 has
a father with breast cancer and paternal aunt who developed breast and ovarian
cancers before age 50, a negative test result would be almost meaningless. It
would simply mean that the family has a mutation that could not be identified
with our current testing methods or a mutation in another cancer gene. The
entire family would be followed as high risk.

(5) Variant of uncertain significance: A genetic change is identified whose signifi-
cance is unknown. It is possible that this change is deleterious or completely
benign. It may be helpful to test other affected family members to see if the
mutation segregates with disease in the family. If it does not segregate, the
variant is less likely to be significant. If it does, the variant is more likely to be
significant. Other tools, including a splice site predictor, in conjunction with
data on species conservation and amino acid difference scores can also be help-
ful in determining the likelihood that a variant is significant. It is rarely helpful
(and can be detrimental) to test unaffected family members for such variants.

In order to pinpoint the mutation in a family, an affected individual most likely
to carry the mutation should be tested first, whenever possible. This is most often a
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person affected with the cancer in question at the earliest age. Test subjects should
be selected with care, as it is possible for a person to develop sporadic cancer in a
hereditary cancer family. For example, in an early-onset breast cancer family it would
not be ideal to first test a woman diagnosed with breast cancer at age 65, as she may
represent a sporadic case.

If a mutation is detected in an affected relative, other family members can be
tested for the same mutation with a great degree of accuracy. Family members who
do not carry the mutation found in their family are deemed “true negative.” Those
who are found to carry the mutation in their family will have more definitive infor-
mation about their risks to develop cancer. This information can be crucial in assist-
ing patients in decision making regarding surveillance and risk reduction.

If a mutation is not identified in the affected relative it usually means that either
the cancers in the family (a) are not hereditary or (b) are caused by an undetectable
mutation or a mutation in a different gene. A careful review of the family history and
the risk factors will help to decipher whether interpretation (a) or (b) is more likely.
Additional genetic testing may need to be ordered at this point. In cases in which the
cancers appear hereditary and no mutation is found, DNA banking should be offered
to the proband for a time in the future when improved testing may become available.
A letter indicating exactly who in the family has access to the DNA should accompany
the banked sample.

The penetrance of mutations in cancer susceptibility genes is also difficult to inter-
pret. Initial estimates derived from high-risk families provided very high cancer risks
for BRCA1 and BRCA2 mutation carriers.*' More recent studies done on populations
that were not selected for family history have revealed lower penetrances.* Since
exact penetrance rates cannot be determined for individual families at this time, and
because precise genotype/phenotype correlations remain unclear, it is prudent to
provide patients with a range of cancer risk, and to explain that their risk probably
falls somewhere within this spectrum.

Female carriers of BRCAI and BRCA2 mutations have a 50% to 85% lifetime risk
to develop breast cancer and between a 15% and 60% lifetime risk to develop ovar-
ian cancer.'"***' It is important to note that the classification “ovarian cancer” also
includes cancer of the fallopian tubes and primary peritoneal carcinoma.***> BRCA2
carriers also have an increased lifetime risk of male breast cancer, pancreatic cancer,
and possibly melanoma.*** Carriers of Lynch syndrome mutations (also known as
hereditary nonpolyposis colorectal cancer [HNPCC]) have a 65% to 85% lifetime
risk to develop colon cancer, and female carriers have at least a 40% to 60% lifetime
risk of uterine cancer, and as great as a 10% to 12% risk of ovarian cancer.*** Indi-
viduals with Lynch syndrome have an increased risk for a variety of other types of
cancers, including head and neck, other gastrointestinal, urinary tract, and hemato-
logic malignancies.

Options for Surveillance and Risk Reduction

The cancer risk counseling session is a forum to provide counselees with informa-
tion, support, options, and hope. Mutation carriers can be offered: earlier and more
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aggressive surveillance, chemoprevention, and/or prophylactic surgery. Detailed
management options for BRCA carriers are discussed in this chapter; however, man-
agement options for some of the other major cancer syndromes are listed in the site-
specific chapters.

Surveillance recommendations are evolving with newer techniques and additional
data.

At this time, it is recommended that individuals at increased risk for breast
cancer, particularly those who carry a BRCA mutation have annual mammograms
beginning at age 25, with a clinical breast examination by a breast specialist, a yearly
breast MRI with a clinical breast examination by a breast specialist, and a yearly
clinical breast examination by a gynecologist.***’ It is suggested that the mammo-
gram and MRI be spaced out around the calendar year so that some intervention
is planned every 6 months. Recent data suggest that MRI may be safer and more
effective in BRCA carriers <40 years and may someday replace mammograms in
this population.”

BRCA carriers may take tamoxifen or Evista in hopes of reducing their risks of
developing breast cancer. Both of these medications are selective estrogen receptor
modulators (SERMs) that have been proven effective in women at risk due to a posi-
tive family history of breast cancer.’"** There are limited data on the effectiveness of
prophylactic SERMs in BRCA carriers’>; however, there are some data to suggest
that BRCA carriers taking tamoxifen as treatment for a breast cancer reduce their risk
of a contralateral breast cancer.” In addition, the majority of BRCA2 carriers who
develop breast cancer develop an estrogen-positive form of the disease,” and it is
hoped that this population will respond especially well to chemoprevention. Further
studies in this area are necessary before drawing conclusions about the efficacy of
SERMs in this population. Prophylactic bilateral mastectomy appears to reduce the
risk of breast cancer by >90% in women at high risk for the disease.” Before genetic
testing was available, it was not uncommon for entire generations of cancer families
to have at-risk tissues removed without knowing if they were personally at increased
risk for their familial cancer. Fifty percent of unaffected individuals in hereditary can-
cer families will not carry the inherited predisposition gene, and can be spared pro-
phylactic surgery or invasive high-risk surveillance regimens. Therefore, it is clearly
not appropriate to offer prophylactic surgery until a patient is referred for genetic
counseling and, if possible, testing.”

Women who carry BRCA1/2 mutations are also at increased risk to develop second
contralateral and ipsilateral primaries of the breast.”” These data bring into question
the option of breast-conserving surgery in women at high risk to develop a second
primary within the same breast. For this reason, BRCAI/2 carrier status can have
a profound impact on surgical decision making®" and many patients have genetic
counseling and testing immediately after diagnosis and before surgery or radiation
therapy. Those patients who test positive and opt for prophylactic mastectomy can
often be spared radiation and the resulting side effects that can complicate recon-
struction. Approximately 30% to 60% of previously irradiated patients who later opt
for mastectomy with reconstruction report significant complications or unfavorable
cosmetic results.®"*
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Women who carry BRCA1/2 mutations are also at increased risk to develop ovar-
ian, fallopian tube, and primary peritoneal cancer, even if no one in their family has
developed these cancers. Surveillance for ovarian cancer is complex, with the rec-
ommended interventions being annual transvaginal ultrasounds and CA-125 levels
beginning between the ages of 25 and 35 years.” The effectiveness of such surveil-
lance in detecting ovarian cancers at early, more treatable stages has not been proven
in any population. Some data have indicated that oral contraceptives reduce the risk
of ovarian cancer in women carrying BRCA mutations.”* Recent data indicate that
the impact of this intervention on increasing breast cancer risk, if any, is low.”®
Given the difficulties in screening and treatment of ovarian cancer, risk/benefit analy-
sis likely favors the use of oral contraceptives in young carriers of BRCAI/2 muta-
tions”” who are not yet ready to have their ovaries removed. Prophylactic bilateral
salpingo-oophorectomy (BSO) is currently the most effective means to reduce the
risk of ovarian cancer and is recommended to BRCA1/2 carriers by the age of 35
to 40 or when childbearing is complete.”® Specific operative and pathologic proto-
cols have been developed for this prophylactic surgery.” In BRCA1/2 carriers whose
pathology comes back normal, this surgery is highly effective in reducing the sub-
sequent risk of ovarian cancer.”® A decision analysis comparing various surveillance
and risk-reducing options available to BRCA carriers has shown an increase in life
expectancy if BSO is pursued by age 40.%° A relatively small percentage of women who
have this procedure may develop primary peritoneal carcinoma.*”’® There has been
some debate about whether BRCA1/2 carriers should also opt for total abdominal
hysterectomy (TAH) due to the fact that small stumps of the fallopian tubes remain
after BSO alone. The question of whether or not BRCA carriers are at increased risk
for uterine serous papillary carcinoma (USPC) has also been raised.”"” If a rela-
tionship does exist between BRCA mutations and uterine cancer, the risk appears to
be low and not elevated over that of the general population.”* Removing the uterus
may make it possible for a BRCA carrier to take unopposed estrogen or tamoxifen in
the future without risk of uterine cancer, but this surgery is associated with a longer
recovery time and has more side effects than does BSO alone. Each patient should be
counseled about the pros and cons of each procedure.

A secondary, but important, reason for female BRCA carriers to consider prophy-
lactic oophorectomy is that it also significantly reduces the risk of a subsequent breast
cancer, particularly if they have this surgery before menopause.”>’® The reduction in
breast cancer risk remains even if a healthy premenopausal carrier elects to take low-
dose hormone replacement therapy (HRT) after this surgery.”” Early data suggest that
tamoxifen in addition to premenopausal oophorectomy in BRCA carriers may have
little additional benefit in terms of breast cancer risk reduction.”® Research is needed
in balancing quality-of-life issues secondary to estrogen deprivation with cancer risk
reduction in these young female BRCA1/2 carriers.

Genetic counseling and testing are also available for many other cancer syndromes,
including Lynch syndrome, von Hippel-Lindau, multiple endocrine neoplasias, and
FAP. Surveillance and risk reduction for patients who are known mutation carriers
for such conditions may decrease the associated morbidity and mortality of these
syndromes.
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Follow-up

A follow-up letter to the patient is a concrete means of documenting the infor-
mation conveyed in the sessions so that the patient and his/her family members can
review it over time. This letter should be sent to the patient and health care pro-
fessionals to whom the patient has granted access to this information. A follow-up
phone call and/or counseling session may also be helpful, particularly in the case
of a positive test result. Some programs provide patients with an annual or bian-
nual newsletter updating them on new information in the field of cancer genetics
or patient support groups. It is now recommended that patients return for follow-
up counseling sessions months, or even years, after their initial consult to discuss
advances in genetic testing and changes in surveillance and risk reduction options.
This can be beneficial for individuals who have been found to carry a hereditary
predisposition, for those in whom a syndrome/mutation is suspected but yet uniden-
tified and for those who are ready to move forward with genetic testing. Follow-up
counseling is also recommended for patients whose life circumstances have changed
(e.g., preconception, after childbearing is complete), are preparing for prophylactic
surgery, or are ready to discuss the family genetics with their children.

ISSUES IN CANCER GENETIC COUNSELING
Psychosocial Issues

The psychosocial impact of cancer genetic counseling cannot be underestimated.
Just the process of scheduling a cancer risk counseling session may be quite difficult
for some individuals with a family history who are not only frightened about their
own cancer risk, but are reliving painful experiences associated with the cancer of
their loved ones.” Counselees may be faced with an onslaught of emotions, including
anger, fear of developing cancer, fear of disfigurement and dying, grief, lack of con-
trol, negative body image, and a sense of isolation.”’ Some counselees are wrestling
with the fear that insurance companies, employers, family members, and even future
partners will react negatively to their cancer risks. For many it is a double-edged
sword as they balance their fears and apprehensions about dredging up these issues
with the possibility of obtaining reassuring news and much needed information.

A person’s perceived cancer risk is often dependent on many “nonmedical” vari-
ables. They may estimate that their risk is higher if they look like an affected indi-
vidual, or share some of their personality traits.”! Their perceived risks will vary
depending on if their relatives were cancer survivors, or died painful deaths from
the disease. Many people wonder not “if” they are going to get cancer, but “when.”

The counseling session is an opportunity for individuals to express why they
believe they have developed cancer, or why their family members have cancer. Some
explanations may revolve around family folklore, and it is important to listen to and
address these explanations rather than dismiss them.” In doing this, the counselor
will allow the clients to alleviate their greatest fears, and to give more credibility to
the “medical” theory. Understanding a patient’s perceived cancer risk is important, in
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that fear may decrease surveillance and preventive health care behaviors.” For patients
and families who are moving forward with DNA testing, a referral to a mental health
care professional is often very helpful. Genetic testing has an impact not only on the
patient, but also on his/her children, siblings, parents, and extended relatives. This
can be overwhelming for an individual and the family, and should be discussed in
detail before testing.

To date, studies conducted in the setting of pre- and postgenetic counseling have
revealed that, at least in the short term, most patients do not experience adverse psy-
chological outcomes after receiving their test results.*®' In fact, preliminary data have
revealed that individuals in families with known mutations who seek testing seem
to fare better psychologically at 6 months than those who avoid testing.”” Among
individuals who learn they are BRCA mutation carriers, anxiety and distress levels
appear to increase slightly after receiving their test results but returned to pretest
levels in several weeks.*” While these data are reassuring, it is important to recognize
that genetic testing is an individual decision and will not be right for every patient or
every family.

Presymptomatic Testing in Children

Presymptomatic testing in children has been widely discussed, and most concur
that it is appropriate only when the onset of the condition regularly occurs in
childhood or there are useful interventions that can be applied.” For example,
genetic testing for mutations in the BRCA genes and other adult-onset diseases is
generally limited to individuals who are >18 years of age. The American College of
Medical Genetics states that if the “medical or psychosocial benefits of a genetic test
will not accrue until adulthood...genetic testing generally should be deferred.”® In
contrast, DNA-based diagnosis of children and young adults at risk for hereditary
MTC is appropriate and has improved the management of these patients.*” DNA-
based testing for MTC is virtually 100% accurate and allows at-risk family members
to make informed decisions about prophylactic thyroidectomy. FAP is a disorder
that occurs in childhood, and in which mortality can be reduced if detection is
presymptomatic.*® Testing is clearly indicated in these instances.

Questions have been raised about parents’ right to demand testing for adult-onset
diseases. Parents may have a constitutionally protected right to demand that unwill-
ing physicians order this test, but there is little risk for liability for damages unless the
child suffers physical harm as a direct result of this refusal.*’ The child’s right not to
be tested must be considered. Whenever childhood testing is not medically indicated
it is preferable that testing decisions are postponed until the children are adults and
can decide for themselves whether or not to be tested.

Confidentiality

The level of confidentiality surrounding cancer genetic testing is paramount due
to concerns of genetic discrimination. Some programs opt to keep shadow files, keep
their databases off-line, limit patient information in e-mails, and take precautions
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to protect confidentially when leaving voice mail messages for patients. Genetic
counseling summary letters are often sent directly to patients and are copied to the
referring physicians only with the explicit permission of the patient. These measures
are taken because confidentiality and genetic discrimination are a grave concern for
many of the patients seen in the cancer genetic counseling clinic.*” Careful consider-
ation should be given to the confidentiality of family history information, pedigrees,
genetic test results, pathology reports, and the carrier status of other family mem-
bers, as many hospitals and medical centers transition to electronic medical record
systems. The goal of electronic records is to share information about the patient with
his/her entire health care team. However, genetics is a unique specialty that involves
the whole family. Patient’s charts often contain HIPAA (Health Insurance Portabil-
ity and Accountability Act)-protected health information and genetic test results for
many other family members. This information may not be appropriate to enter into
an electronic record. In addition, the hand-drawn pedigrees that genetics profession-
als rely on are difficult to translate into an electronic medical record. The unique
issues of genetics services need to be considered when designing electronic medical
record standards.

Confidentiality of test results within a family can also be of issue, as genetic
counseling and testing often reveal the risk status of family members other than the
patient. Under confidentiality codes, the patient needs to grant permission before at-
risk family members can be contacted. It has been questioned whether or not a family
member could sue a health care professional for negligence if they were identified
at high risk yet not informed.* Most recommendations have stated that the burden
of confidentiality lies between the provider and the patient. However, more recent
recommendations state that confidentiality should be violated if the potential harm
of not notifying other family members outweighs the harm of breaking a confidence
to the patient.*”” There is no patent solution for this difficult dilemma, and situations
must be considered on a case-by-case basis with the assistance of the in-house legal
department and ethics committee.

Patients should be counseled about the benefits to other family members of know-
ing testing results, but, at the present time, the decision is ultimately the patient’s.
Extended family members who are notified, with the patient’s consent, may not
always be grateful to receive this information, and may feel that their privacy has been
invaded by being contacted.

Insurance and Discrimination Issues

When genetic testing for cancer predisposition first became widely available,
the fear of health insurance discrimination—by both patients and providers—was
one of the most common concerns.*”” It appears that the risks of health insurance
discrimination were overstated and that almost no discrimination by health insur-
ers has been reported.” The HIPAA of 1996 banned the use of genetic information
as a pre-existing condition.”>” In May 2008, Congress passed the Genetic Infor-
mation Nondiscrimination Act (GINA) (HR 493) that provides broad protection
of an individual’s genetic information against health insurance and employment
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discrimination.” In addition, the 2010 Heath Care Reform (HR 4872) prohibits
group health plans from denying insurance based on pre-existing conditions and
from increasing premiums based on health status.” Health care providers can now
more confidently reassure their patients that genetic counseling and testing will not
put them at risk of losing group or individual health insurance.

More and more patients are choosing to submit their genetic counseling and/or
testing charges to their health insurance companies. In the past few years, more insurance
companies have agreed to pay for counseling and/or testing,” perhaps in light of
decision analyses that show these services and subsequent prophylactic surgeries to be
cost-effective.”” The risk of life or disability insurance discrimination, however, is more
realistic. Patients should be counseled about such risks before they pursue genetic testing.

Future Directions

The field of cancer genetic counseling and testing has grown tremendously over
the past 15 years. Although cancer genetic counseling has traditionally been targeted
at individuals with strong personal or family histories of cancer, this focus has
broadened. Genetic counseling and testing is now offered to patients diagnosed with
early-onset breast and colon cancer as a critical tool to guide surgical and radiation
decision making, as the risk of new primaries is greater in individuals who carry
germline mutations.”

Clinicians should be aware that technology to perform gene panels, whole exome
and whole genome sequencing, has exploded onto the marketplace. Gene panels
simultaneously analyze groups of genes that contribute to increased risk for breast,
colon, ovarian, uterine, and other cancers while whole exome and genome sequenc-
ing deliver enormous amounts of data related to the entire exome/genome. These
tests can identify mutations associated with rare and common disorders that may
be overlooked by targeted, single gene testing; however, each have risks and benefits
that should be weighed carefully. The cost of this technology continues to decrease
and now costs, roughly, just a few hundred dollars more than full testing for BRCA1I
and BRCA2. Testing by whole exome and whole genome sequencing presents unique
advantages and challenges that are further detailed in the chapter entitled “Whole-
Genome and Whole-Exome Sequencing in Hereditary Cancer.”

A remarkable limitation of this technology in the field of cancer genetics is spe-
cific gene patents that prohibit testing and reporting of genetic mutations found in
these regions. In particular, the US Patent and Trademark Office issued patents on
the BRCAI and BRCA2 genes. Although various researchers contributed to the iden-
tification of these genes, patent rights were granted to the privately owned biotech
firm Myriad Genetics.”® As the exclusive patent holder, Myriad has opted to strictly
enforce its monopoly rights and is the only laboratory in the country where diagnos-
tic testing can be performed. In 2009, the American Civil Liberties Union filed suit
against Myriad and the US Patent and Trademark Office, arguing that the patents are
illegal because genes are “products of nature.” According to the lawsuit, researchers
and scientists are prevented from studying, testing, and developing alternative tests
because of the strict control of these genes. Several of the patents were overturned
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in a March 29, 2010 ruling. Judge Robert Sweet stated that purification of DNA does
not change the essential characteristic of DNA and is therefore not a patentable prod-
uct.” This ruling has since been overturned and the Supreme Court is scheduled
to hear this case in Spring 2013. If the patents are overturned, precedent will be set
about how gene patents are issued and genetic counselors, clinicians, and researchers
will be able to engage freely in research, testing, and clinical practice involving these
genes. Patients would also have access to genetic testing services from multiple, and
perhaps more affordable, sources.

New developments are also emerging in the treatment and possibly prevention of
BRCA-related cancers. Several small studies have evaluated the effect of poly adenos-
ine diphosphate (ADP) ribose polymerases (PARP) inhibitors in combination with
chemotherapy for cancer treatment. It appears that PARP inhibitors are particularly
effective in patients with BRCA mutations.'””'"" Future studies will focus on the use
of PARP inhibitors in earlier stage cancers in BRCA carriers, cancers in women with
triple-negative breast cancers, and BRCA carriers in the prevention setting.

Reproductive technology in the form of preimplantation genetic diagnosis is also
an option'”” for men and women with a hereditary cancer syndrome, but one that is
requested by few patients for adult-onset conditions in which there are viable options
for surveillance and risk reduction. The option of sperm selection to increase the like-
lihood of having a male fetus (or vice versa for a condition that affects mostly males)
can be discussed if parents are looking for preconception options. If a BRCA2 carrier
is considering having a child, it is important to assess the spouse’s risk of also carry-
ing a BRCA2 mutation. If the spouse is of Jewish ancestry, or has a personal or family
history of breast, ovarian, or pancreatic cancer, BRCA testing should be considered
and a discussion of the risk of Fanconi anemia in a child with two BRCA2 mutations
should take place.'”

The combination of technologic advances in genetic testing, new pharmacologic
developments for cancer risk reduction, and increased utility for testing in high- and
moderate-risk populations will result in a significant expansion in the field of cancer
genetic counseling. Maintenance of high standards for thorough genetic counseling,
informed consent, and accurate result interpretation will be paramount in reducing
potential risks and maximizing the benefits of this technology in the next century.
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Whole-genome and
Whole-exome Sequencing
in Hereditary Cancer

Impact on Genetic Testing and Counseling

Julianne M. O’'Daniel and Kristy Lee

of genetic testing. Tumbling laboratory costs have placed whole-genome

sequencing (WGS) and whole-exome sequencing (WES) at the forefront of
new genetic technologies, gaining attention from clinicians and health care admin-
istrators who want to tap into these cutting-edge technologies for their patients.
Similar to all new health technologies, WGS and WES present both challenges and
opportunities. In this chapter, we hope to present a practical examination of these
new technologies in the application to hereditary cancer.

n he past few years have seen a whirlwind of technologic advances in terms

WHOLE-GENOME SEQUENCING/WHOLE-EXOME
SEQUENCING TECHNOLOGIES

Although there are several different technology platforms, the basic premise of
current sequencing technology, often referred to as “next-generation” sequencing is
to determine the base sequences of huge numbers of DNA segments all performed
in parallel, which are then typically aligned to a genomic reference in order to detect
genetic variation." In both WGS and WES, the DNA sample is first sheared ran-
domly into small fragments, the length of which may vary based on the sequencing
platform. Since the original sample contains multiple copies of genomic DNA, the
random shearing results in the same segment of DNA being fragmented in differ-
ent ways. This is important for the alignment step below. These fragments are then
amplified through a polymerase chain reaction step similar to traditional sequencing.
The result is a library containing hundreds of copies of each of the fragments.

At this stage, WES requires two additional steps to enable focused analysis of the
exome, which represents less than 2% of the human genome. The library is enriched
for the exonic regions by using oligonucleotide probes that hybridize to, or capture,
the specified exon targets.” The uncaptured DNA fragments are washed away, and an
amplification step follows to maximize the amount of captured exonic fragments.
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Several kits are commercially available to capture the exome in this fashion. When
choosing a kit or testing laboratory, it is important to consider how the exonic regions
are defined and covered by the hybridization probes as that will affect the purity and
completeness of your exome coverage.’

The next step for both WGS and WES is the concurrent sequencing of the whole
library or the enriched library, respectively (massively parallel sequencing). Depen-
dent on the technology-specific chemistry, the sequencing instrument uses the
library fragments to determine the sequence, which is then captured base-by-base by
the instrument.

At this stage, quality scores are also calculated pertaining to both individual and
sequences of base calls. These scores are frequently reported as Q scores and repre-
sent the logarithmic chance that the call is incorrect. For example, Q20 equates to
a 1 in 100 chance the call is wrong, Q30 equates to a 1 in 1,000 chance, and Q40 is
approximately a 1 in 10,000 chance. The result from this step is a digital file of short
sequences, or reads, with their quality scores called the fastq file.

The reads must then be aligned computationally to a human reference genome to
produce an assembly of the individual’s genome or exome sequence (Fig. 2.1). Using
a reference sequence to guide assembly is referred to as “resequencing,” as opposed
to de novo sequencing, which does not align to a known reference. In most cases, the
publicly available human genome reference sequence is used. Since the fragments
were randomly sheared, a number of reads should align to most of the bases of the
reference. This overlap helps ensure accurate alignment and variant identifications.
The number of times a specific reference base position is matched with a base in the

28,647,390 bp 28,647,400 bp 28,647,410 bp 28,647,420 bp 28,647,430 bp 28,647,440 bp 28,647,450 bp 28,647,460 bp
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

AGTTGTGTCCACTGGGCCTGAAAAACCTAAAGTATTTATCATCTGGCCCTTTACAGAAGAAGTTTGCCAACA
Vv Vv S T ] B = K P K Vv F | | W [P F T 3 E Vv C [e] H

K \ G - L C P L (] [L K N L K Y L S S [c] [ L Q K K F A N

A K L \'2 S C \ H W A * K T : S Y H L A L Y R R S P

AAAGTTGGTT
Q S W kb

FIGURE 2.1. Computer display of aligned sequence reads af a given position in the genome.
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aligned reads is called the depth of coverage. In other words, if five reads overlap the
base position, then the coverage is 5x at that position.

A separate algorithm considers the base calls and quality scores of all reads over-
lapping a specific position in the reference sequence to make a consensus base call at
that location in the individual’s genome. For example, if the five overlapping reads all
have a G at that position, then the call would be a homozygous G/G. However, if two
of the reads have a T and three have a G, then it might mean the individual is hetero-
zygous T/G at that position, or it may be that the T’s (or G’s for that matter) are incor-
rect. The higher the depth of coverage and the higher the quality of the individual
base calls, the higher the confidence that the base called at that position is correct.”
Higher coverage is imperative for determining heterozygous calls or when low levels
of mosaicism may be important, such as in tumor samples. The generally reported
coverage for clinical WGS/WES testing ranges from a genome-wide average coverage
of approximately 30 to 80 times with WES at the higher end of the spectrum. The
enrichment/capture step for WES does not perform at a uniform efficiency across the
entire exome, leading to a broader spread of coverage depths as compared with WGS,
and thus the need for higher average depth of coverage.’

The final and arguably most complicated step is that of clinical interpretation. At
this stage, the identified variants are examined against available databases to deter-
mine their functional impact and possible clinical significance.*” These analyses gen-
erally require automated searches initially to collect frequency data and functional
consequence predictions as well as comparisons to reported pathogenic variants in
clinical databases such as the Human Gene Mutation Database (http://www.hgmd.
cf.ac.uk). Following the automated annotation; however, a manual review is essen-
tial to identify which variants may be truly pathogenic based on available clinical
evidence often collected in multiple locus-specific databases and which variants may
explain either the patient’s phenotype or potentially an unrelated condition.*

Comparison of Whole-genome Sequencing
to Whole-exome Sequencing

Although both WGS and WES are clinically available, there are important dif-
ferences to consider. The largest difference is the amount and content of the data.
WGS includes sequence information for all areas covered in the genome, whereas
WES is focused on less than 2% of the genome that is known to code for protein
and will not report changes in promoter or regulatory regions. With that in mind,
you should expect a lot more data with WGS: Approximately, 120 Gb for a 30x
WGS compared with approximately 5 to 10 Gb from WES. Although both meth-
odologies can provide greater than 90% of the entire exome sequence, the method
by which WES targets or captures only the exon information leads to slightly less
coverage of the entire exome as compared with WGS methods.® However, because
of the vastly smaller amount of genomic sequence, throughput and depth of cover-
age are frequently much greater with WES. In regard to clinical testing, there is not
much difference in regard to cost with WES ranging from $4,000 to $15,000 and
WGS from $7,500 to $10,000.
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Current Limitations

WGS/WES has both technical and clinical challenges. Because of several factors,
including alignment programs, short read length, and genome complexity, the ability
to use WGS/WES to detect variations larger than a few base pairs is limited, although
there has been progress in this area. Currently next-generation sequencing technolo-
gies have difficulty accurately calling indels (insertions and deletions), trinucleotide
repeats, and copy-number variations. To confidently identify these types of varia-
tions, a second testing technology is often required. Thus, interpretation and test
reports will be focused on single base-pair, substitution variants. Another challenge is
the ability to fully and accurately interpret the resulting sequence information. This
is complicated by the currently limited accuracy and completeness of the reference
human genome as well as the lack of clinical-grade databases for interpretation.*
Ongoing efforts are attempting to address these limitations.

CLINICAL WHOLE-GENOME SEQUENCING/
WHOLE-EXOME SEQUENCING APPLICATIONS

The use of WGS/WES in the clinical setting has already begun, and there is as
much excitement surrounding the availability of such testing as there are questions
and hesitations. WGS/WES testing has the potential to greatly improve our ability to
determine the molecular causation in most Mendelian diseases, and early guidelines
for clinical use were recently published by the American College of Medical Genetics
and Genomics.” Researchers have already shown the value of WGS/WES as a tool for
identifying candidate genes for genetic conditions with a defined phenotype includ-
ing Freeman—Sheldon syndrome as well as autosomal dominant retinitis pigmentosa,
one of the most genetically heterogeneous Mendelian conditions.**

Hereditary cancer syndromes, similar to other Mendelian diseases, have signifi-
cant genetic heterogeneity, which often necessitates the need to order multiple gene
tests. WGS/WES has the potential to enable testing of all possible target genes at once,
eliminating the extended time and added cost of sequential gene testing, if needed.
This may be particularly helpful in complex disorders such as cancer, where patients
may harbor multiple variants that modify their risk. Walsh et al.” demonstrated this
complexity, identifying 2 germline mutations in 3 of 360 ovarian cancer patients. In
addition to one germline mutation in either BRCAI or BRCA2, one of the three par-
ticipants had a mutation in CHEK2 and the other two had mutations in the MREI1A
gene, which only recently became available for clinical testing. Most clinicians would
have felt comfortable with the explanation of the patient having a BRCAI or BRCA2
mutation and would not have pursued additional testing to unearth a second heredi-
tary risk factor for cancer. This information is not only helpful for the individual
patient, as they may be at increased risk for additional cancers, but the information
is critically important for other family members. Currently, if a patient’s relative has
negative genetic testing for a known familial mutation in BRCAI or BRCA2, that
relative (depending on details of the family history) would likely be informed that
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he/she is not at an elevated risk of developing cancer. In cases like this example, that
information could be very wrong.

Another hope is that by expanding our knowledge of genes and genetic variants
associated with hereditary cancer syndromes, we will have the opportunity to under-
stand more about the natural history of these conditions and possibly guide thera-
peutics. As WGS/WES becomes more affordable and more widely available, we will
continue to identify additional disease-causative genes. We will also likely learn about
novel phenotypes associated with variants in previously identified genes.

Cancer Genome Sequencing

Beyond germline variants for hereditary cancer syndromes, WGS/WES is also
being applied for therapeutic guidance. This includes the identification of relevant
pharmacogenetic variants and investigation of targeted gene—disease—drug interac-
tions, as well as analysis of the patient’s cancer genome to identify “driver” variants
and possible therapeutic targets.'”"" Although germline testing can be used for some
situations such as for HER2 gene amplification in breast and upper gastrointestinal
cancers, therapeutics based on the molecular characteristics of the tumor require the
much more complicated cancer sequence be analyzed.

Cancer genome sequencing typically involves sequencing both the cancer and
germline genomes from an individual. A comparison is performed between the two
sequences bioinformatically to subtract the variants found in the germline sequence,
leaving only the variants that are unique to the tumor sample and thus assumed to
have been somatically acquired. These cancer-specific variants are then analyzed
using cancer databases such as COSMIC (http://www.sanger.ac.uk/genetics/ CGP/
cosmic/) to determine which ones may be playing driving roles in the growth of the
cancer. Additional gene pathway analysis is necessary to determine potential thera-
peutic suggestions among available drugs (approved or in trial).

Unlike germline sequencing, cancer sequences are rarely diploid and frequently
harbor multiple cell lines. Thus, accurate variant calling against such a complex,
mosaic background is a challenge. In addition, the cancer genome is undergoing con-
stant evolution, and thus resequencing and analysis should be considered for con-
tinual therapy modification as needed."

COUNSELING IMPACT

Although the therapeutic possibilities are promising and could affect standard
care for all cancer patients, the earliest impact of WGS/WES testing will be felt in the
hereditary cancer clinic."" These clinics are typically staffed by genetic counselors who
assist patients and families through complex risk assessment and testing choices. One
of the primary aims of genetic counseling is to facilitate informed patient decision
making and psychosocial adjustment in regard to genetic information.'” This pro-
cess generally includes the following elements: Contracting, risk assessment, pretest
counseling, results and risk communication, and follow-up. To better comprehend
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the impact of using WGS/WES in the clinical setting, it may be helpful to consider
the different aspects of the genetic counseling session when incorporating WGS/WES
testing.

Contracting

When first meeting a patient, the genetic counselor will ascertain the patient’s
understanding about why they were referred and determine the expectations, ques-
tions, and concerns that need to be addressed during the session. It is during this
initial conversation that the counselor can often get a sense of the level of concern
that the patient has regarding his/her chance of having an inherited risk of developing
cancer. Given the popularity of genomic technology in the media, this initial discus-
sion can also help identify and correct patient expectations regarding testing and the
limited availability of genome-guided treatments for his/her cancer.

Risk Assessment

A personal and targeted family history about cancer is the primary tool used in the
initial risk assessment, testing recommendations, and results interpretation. The fam-
ily history should include at least a three- to four-generation pedigree with notation
of individuals with cancer, age at onset, and any possible environmental risk factors."
Testing recommendations are based on recognizable patterns or clustering of cancers
in the family. Missing or incorrect information, such as “female” cancer or stomach as
opposed to pancreatic cancer, can result in insufficient, excessive, or simply incorrect
testing being ordered.

Even as WES/WGS is incorporated into the clinical setting, obtaining the per-
sonal history and a detailed pedigree will continue to be a necessity for interpreting
the results for the patient and providing appropriate risk assessment for other rela-
tives. The option of WGS/WES; however, may increase testing access and represent
a significant benefit to patients such as those with limited or no family history as
in adoption, or for patients who do not clearly meet testing criteria, or fit a precise
cancer pattern. Imagine the example of a patient with a personal history of ovarian
cancer and a family history of both colon and breast cancer in first-degree relatives.
The testing differential must, at a minimum, include genes for both Lynch syndrome
(hereditary nonpolyposis colorectal cancer) and hereditary breast and ovarian can-
cer (HBOC), at least seven genes. WGS/WES enables targeted informatics analysis of
genes associated with Lynch syndrome and HBOC as well as analysis of any other
genes that are less commonly associated with these hereditary cancers to provide a
comprehensive and cost-effective approach.’

Pretest Counseling

If testing is considered appropriate, the counselor then seeks to help the patient
make an informed choice about proceeding with a testing strategy or not. There are
numerous elements to consider, including:
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+ Clinical features, inheritance pattern, and likelihood of a hereditary cancer
syndrome;

* Medical management guidelines based on such a syndrome;

+ Genetic testing strategies including suspected genes, turnaround time, and cost;

+ Types of results that may be returned, that is, positive (a deleterious mutation),
negative, or a variant of unknown significance (VUS); and

+ Potential impact testing information may have in terms of medical care, daily
life (job, insurance), self-concept, and family relationships.

If the patient decides to proceed with testing, the counselor and patient also dis-
cuss how results will be communicated, that is, via a clinic appointment or telephone
call.

WGS/WES will change several aspects of this counseling. Rather than discuss-
ing different test options with different gene coverage, turnaround times, and costs,
counseling can focus on one test and a strategy for analyzing various genes that may
explain the suspicion for a hereditary cancer syndrome. The added gene analysis;
however, is likely to increase the turnaround time as compared with single-gene or
small gene panel tests. For breast cancer patients who require surgery as part of their
treatment, waiting 2 to 3 months for a WGS/WES test result to determine whether
they wish to have bilateral mastectomies versus a lumpectomy is impractical. Thus,
timelines are important considerations in test choice.

Further explanation of test limitations would include a focus on the technology,
outlining difficulties with detection of certain types of rearrangements. Many groups
also feel it is necessary to confirm any significant variant via traditional Sanger
sequencing before using it clinically. This confirmatory testing may or may not be
included with the original WGS/WES test ordered. A comparison and contrast of
WES/WGS versus traditional small gene panel or single-gene sequencing is outlined
in Table 2.1.

Another limitation is our scientific knowledge. Similar to single-gene tests, it is
possible to learn a patient has variants for which a conclusive clinical interpretation
cannot be made—the elusive VUS. The chance for discovering one or more VUS;
however, is higher with WGS/WES, because of the increased number of genes that
may be analyzed including those that have only recently been found to contribute
to hereditary cancers. Although access to information about these genes is clearly a
benefit, the increased number of VUS may be a challenge.

Arguably one of the most significant impacts of WGS/WES on the genetic coun-
seling session will be discussing the full range of possible results that could be
learned. It is important to first learn what options the laboratory provides regard-
ing results return. Several WGS/WES testing laboratories are enabling providers to
tailor reports for how comprehensive the test should be. The laboratory sequences
the entire genome/exome, but can focus the analysis bioinformatically to scrutinize
data from a subset of clinically targeted genes. This allows the laboratory to dras-
tically decrease the number of variants to analyze, as well as only report findings
related to the referral indication. Testing may be offered in tiers where, for example,
tier 1 may include the analysis of only 20 genes and, if uninformative, tier 2 would
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Comparison of Traditional Single-gene,
Small Panel Gene Sequencing Versus
WGS/WES in Hereditary Cancer

Scope

Turnaround time
Sample required

Cost

Report

Amended/
updated
report

Appointment(s)
required
Patient follow-up

Traditional Cancer Sequencing

One gene/gene panel providing
information about the referral
indication

Range, 1-12 wks
5—10 mL of blood in EDTA tube

$1,000-$16,000 or higher
depending on size of test panel

Report includes only information
pertinent to gene(s) requested

Laboratory issued update for
change in VUS interpretation

Usually one appointment

May require referrals to
specialists if a diagnosis is
made; may have to consider
additional tests

WGS/WES

All genes providing
information about the
referral indication and
possible secondary
findings

Range, 6-16 wks

5-10 mL of blood in EDTA
tube

$5,000-$15,000

Report includes results
pertinent to clinical
indication and may
include significant
secondary findings

Report interpretation
will evolve over time;
no standard policies
regarding responsibility
for reanalysis and updates

Likely Q2 appointments

May require referrals to
multiple specialists
if multiple diagnoses
are made; may have to
consider confirmational
tests; data may need to be
reanalyzed

expand analysis to data from all genes. This distinction is important to discuss with
the patient before testing, because of the combined clinical and research potential
of WES/WGS. It remains controversial, for example, whether suspicious variants
in highly promising candidate genes that are not currently known to cause cancer
susceptibility in humans should be reported as part of a clinical test. It could cer-
tainly be argued that such research analyses should not be billed as part of a clinical
diagnostic test.
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It is also important to learn about options for inclusion/exclusion of findings
unrelated to the clinical question. Although occasionally referred to as “unex-
pected,” these “incidental” or “secondary” findings are intrinsic to WGS/WES and
should be expected. There are currently no standard guidelines for the return
of secondary findings from WGS/WES studies, although, of note, the American
College of Medical Genetics and Genomics has appointed a workgroup to provide
guidance for laboratories in this area. Regardless, laboratories will have differ-
ent policies concerning the analysis and return of such information. If available,
these options are typically outlined in the testing laboratory’s consent. The clini-
cian ordering a WGS/WES test must therefore be aware of the laboratory’s policy
and discuss the potential findings with the patient in advance. Patient choice
regarding whether to learn about certain results will be an important aspect of
pretest counseling.

Berg et al."* suggest secondary finding results be categorized at the laboratory level
into medically actionable results (called Bin 1 results), clinically valid but not directly
actionable results (Bin 2), and results of no known clinical significance (Bin 3). They
suggest that Bin 1 results be returned to all patients, as these results would directly and
favorably impact medical management. Patients could choose whether they wish to
receive Bin 2 results, which would include results such as carrier status for autosomal
recessive or X-linked traits, pharmacogenomic variants, and other single-nucleotide
polymorphisms shown to confer an increased disease risk but not yet shown to be of
clear medical benefit. They recommend that Bin 3 results not be returned until they
can be confidently interpreted and have been shown to possess clinical validity. With
this or a similar system, a counselor can help a patient decide what types of results
are of value to them and plan for how and when the different types of results will be
communicated.

Thus, additional questions for the pretest counseling include the following:

+ Will the patient be given the option to receive results unrelated to the clinical
question?

+ Will the patient be given options about which types of findings to receive?

+ What information does the patient need to decide whether to learn secondary
results?

+ Will parents be given results options if the patient is a minor?

+ How and when will results be discussed?

+ Which results will be stored in the medical record and/or plans for future access
to additional results or the complete data?

Lastly, another important difference concerns reimbursement for this broad
genomic test. Although the cost of testing is comparable or more economical than
single-gene and stepwise testing, a patient’s out-of-pocket cost may be much higher.
Clinicians routinely ordering traditional genetic testing find that private third-party
payers often pay the entire or at least a significant portion of the cost of genetic tests,
whereas payment from public payers, such as Medicaid, varies."> Although success
stories are growing, most third-party payers have not yet developed policies regarding
coverage of WGS/WES, and reimbursement is not a guarantee.
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All of these considerations must be taken into account not only for the patient,
but also for the clinician deciding whether to offer WGS/WES versus more traditional
genetic tests.

Results and Risk Communication

Typically, the patient with suspected HBOC is offered full sequencing and rear-
rangement analysis for BRCA1/2 genes. If this genetic testing is negative, the ordering
provider interprets the results in the context of the patient’s personal and family his-
tory, and performs a posttest risk assessment. The patient is typically informed that
there is a small remaining chance that (1) the test was unable to identify a mutation
in the BRCA1/2 genes, or (2) there could be a mutation in another gene conferring an
increased risk of cancer that was not analyzed by this test. Alternatively, if the a priori
risk of a mutation was small, it may be determined that his/her cancer most likely
developed by chance and is not related to a hereditary cancer syndrome. In the last
case, the genetic counselor may suggest that another informative relative has genetic
testing for the BRCA1/2 genes.

The promise of WGS/WES is that we will be able to detect more hereditary can-
cer families by looking beyond the most common and most easily tested genes. As
mentioned; however, this broader scope will also increase the chance of VUS results.
Although uncertainty is nothing new to genetics, it can be a very difficult issue for
patients to understand and emotionally digest. A time frame for reanalysis of VUS
results should be discussed. The counselor should contact the laboratory for their
policy on reanalysis and updates to facilitate this discussion and create a plan with
the patient.

WGS/WES may also significantly impact the logistics of results communica-
tion. The amount and complexity of results will increase, and preparation time for
the counselor to familiarize themselves with the results and newly identified risks
or conditions will also increase. Depending on laboratory reporting policies and
patient preference, the results may contain information about conditions not typi-
cally addressed in the hereditary cancer clinic. Counselors will need to decide how
to manage these secondary results, either through increased professional education
and expanded practice expertise, or through referral to a general medical genetics
colleague or other appropriate specialists.

Many cancer genetic counselors currently provide results to their patients over
the telephone. Depending on the amount and complexity of the results from
WGS/WES, it is likely that genetic counselors, especially in the early phases of
implementing WGS/WES in the clinic, would need to counsel patients during
a clinic appointment. In addition, patients may not be emotionally prepared to
learn about variants beyond the initial clinical indication (hereditary cancer) at
the first session. Further sessions or interactions may be necessary to address
these. Thus, a counselor’s workload could be greatly impacted, potentially
increasing wait times for new patient referrals. On the other hand, the need for
two or more results communication appointments could also potentially increase
clinic revenues.
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Long-term Patient Follow-up

Traditionally, a patient with a negative test result is asked to recontact the genetics
clinic should there be any changes in their personal and/or family history of cancer or
to learn about new genetic testing options. Similarly, patients receiving a VUS are also
asked to recontact the counselor periodically to learn about any new information that
may be available concerning their variant. However, in clinical practice, we find that it
is uncommon to be recontacted by patients to update family or personal information,
or to learn of updates in genetic testing or their VUS.

The need for revisiting results is also true of WES/WGS. The speed at which
the field continues to gain new knowledge regarding the clinical impact of VUS
or the identification of novel disease genes is not known. It is certain, however,
that the interpretation of WGS/WES data will change over time. Therefore, it will
be essential to revisit this information periodically. Questions remain such as how
often should the data be reanalyzed? Whose responsibility is it to reinterpret data?
Should this be a service provided by the laboratory that performed the test and at
what cost to the patient? Should this reinterpretation be ordered by the provider
and billed to the patient’s insurance company? Or should the burden again be on
the patient to contact his/her provider to have his/her data reinterpreted (even
though this latter model does not generally work well)? Although several WGS/
WES laboratories currently offer reanalysis and updates free of charge, this practice
is not expected to continue as testing volumes increase and resources become
limited. These are issues that will need to be addressed as the use of WGS/WES
becomes more commonplace in the clinic.

SUMMARY

Offering WGS/WES in the clinical setting offers many advantages to traditional
single-gene and small panel sequencing tests. Through enabling the analysis of essen-
tially all human genes in one comprehensive test, WGS/WES not only can cut down
on the cost of genetic testing for many genetic conditions, but also could arguably
cut down on the time it takes to make a diagnosis in the patient. The broad scope of
testing can also afford new options to the clinician and patient when the clinical dif-
ferential is complex or when the family history is limited.

The clinical application of WGS/WES will also pose challenges. In addition to
potentially longer testing turnaround time, especially in the early initiation period of
WGS/WES, pretest counseling must expand to incorporate the types of results that
could be learned from this type of testing and the information patients may need to
make informed decisions about their disclosure options. The increased amount and
complexity of results may necessitate longer genetic counseling sessions and possi-
bly require genetic counselors to adopt multiple in-person sessions versus telephone
consultation models for results disclosure. Finally, as knowledge increases regarding
previously identified gene variants and newly discovered genotype/phenotype cor-
relations, our understanding of a patient’s genomic data should improve. Therefore,
we will need to develop practice policies to guide how often genomic data should
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be reviewed and who should be responsible for ordering and paying for periodic
reanalysis of the data.

As a new clinical technology, WGS/WES will undoubtedly change the way genetic
counselors and other clinicians approach genetic testing. It is important to openly
assess the limitations and challenges to afford our patients the greatest benefit from
this testing in practice.
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Direct-to-consumer Personal
Genome Testing and Cancer
Risk Prediction

Cecelia A. Bellcross, Patricia Z. Page, and Dana Meaney-Delman

32-year-old woman presents for her annual physical examination. The

patient indicates her sister was diagnosed with breast cancer at age 39 years.

The clinician refers the patient for genetic counseling and schedules her for
a baseline mammogram. The patient goes online and discovers she can learn her
“genetic risk” for breast cancer for a few hundred dollars. She is very reassured when
her results come back indicating she has a “7.2% lifetime risk of developing breast
cancer, which is 40% less than for females of European ancestry.” On the basis of these
results, she cancels her mammogram. At her next annual visit, her breast examina-
tion reveals a concerning lump in her left breast. The patient is ultimately diagnosed
with a stage IIB triple-negative invasive ductal carcinoma. The delayed cancer genet-
ics evaluation reveals a strong paternal family history of breast and ovarian cancer,
and she is found to carry a BRCA1 mutation.

A 35-year-old man sees an ad for a $99 special on personal genome testing and
sends in his sample. The report he receives back indicates he is at increased risk for
prostate cancer. He talks with his parents to ask about prostate cancer in the family
and learns instead that several individuals in his mother’s family had early colon can-
cer. Intrigued by this, he asks his doctor about a connection between colon and pros-
tate cancer, and the doctor refers him to a cancer genetic specialist who works with
the family and ultimately determines they carry a Lynch syndrome gene mutation.

A 25-year-old with a low risk of breast cancer—based on family history and
other traditional risk factors—is given the “one size fits all perfect gift” of a personal
genome scan that will tell her about her genetic risk for more than “200 diseases and
conditions.” When she learns her breast cancer risk is “50% greater than the average
women” and is in the “red zone,” she schedules a consultation with a breast surgeon
and requests a mammogram. She is recommended to have a repeat mammogram in
6 months to follow microcalcifications. However, because of her anxiety, a biopsy is
performed, and result of which is negative. While waiting for her biopsy results, she
tells her sister that she had a positive genetic test for breast cancer, whose physician
then orders BRCA1/2 testing.

35
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Although the above scenarios are hypothetical, they are quite plausible and are
used to illustrate some of the concerns—and possible benefits—associated with
direct-to-consumer (DTC) availability of genomic-based tests, which provide risk
information for health conditions such as cancer.

In this chapter, we describe the history and methodologic considerations behind
DTC genomic profiling, using examples that focus on cancer risk prediction. We
explore the literature regarding consumer and provider knowledge and utilization of
DTC genetic testing, and the controversy that has surrounded this industry. In addi-
tion, we address policy recommendations and regulatory actions, and the changing
landscape of the DTC genetic testing market in response. Finally, we take a brief look
at public health implications of DTC genetic testing and the future of genomic-based
medicine.

DEFINITION, HISTORY, AND METHODOLOGIC
CONSIDERATIONS

What is DTC Genetic Testing?

DTC genetic testing refers to genetic tests that are marketed to the public, where
the consumer is able to order the test online or by phone, usually without the assis-
tance of a health care provider. Although the term DTC genetic testing has been used
in many contexts, our focus will be tests that scan for multiple, common DNA vari-
ants associated with disease, as opposed to tests for rare single-gene conditions or
DTC marketing.

According to the Genetics and Public Policy Center, as of August 2011, there were
27 companies offering DTC genetic testing for more than 250 health conditions and
traits.' Along with information about ear wax type, dancing ability, or risk-taking ten-
dencies, one can learn about genetic risks for multiple, common, and serious health
conditions such as Alzheimer disease, diabetes, heart disease, and cancer. These com-
panies vary in the types of tests they offer, and how their risks are calculated, but
share the commonality that although the tests are performed in a Clinical Laboratory
Improvement Amendment certified laboratory, those involving genomic risk profil-
ing have not undergone research-based evaluation of clinical validity or utility and
are not Food and Drug Administration regulated.

The data from the Genetics and Public Policy Center included information on 11
companies offering DTC genetic testing for a total of 44 different types of cancer.’
Nine of these companies did not require involvement of a health care provider to
order testing. Table 3.1 provides information on the five companies that still offer
testing in this manner, along with information on the types of cancers included and
approximate cost.

The Development of the DTC Genetic Testing Industry

DTC genetic testing was a natural entrepreneurial offshoot of the Human Genome
Project. In particular, the advent of genome-wide association studies (GWASs)—
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Cancer Risk Prediction Tests Offered by DTC Genetic
Testing Companies Without Involvement of a
Health Care Provider (As of April 15, 2012)

Company
Name Cancers Screened by Genomic Risk Profiling  Cost
23andMe’ Basal cell, bladder, breast, breast cancer $207

modifiers, breast/ovarian, colorectal, chronic
lymphocytic leukemia, esophageal, esophageal
squamous cell, esophageal linked with alcohol
and smoking, follicular lymphoma, Hodgkin
lymphoma, kidney, larynx, lung, melanoma,
meningioma, myeloproliferative neoplasms,
nasopharyngeal, neuroblastoma, oral and
throat, ovarian, pancreatic, prostate, sarcoma,
squamous cell stomach, testicular, thyroid
deCODE’ Basal cell, bladder, brain glioma, breast, chronic $500
lymphocytic leukemia, colorectal, lung,
ovarian, pancreatic, prostate, testicular, thyroid

GenePlanet* Breast, endometrial, gastric, lung, prostate $525

Accu-Metrics’ Basal cell, bladder, breast, colorectal, lung, $989
prostate, thyroid

Map My Gene®  Acute lymphoblastic leukemia, acute $2,200 (100
myelogenous leukemia, adenocarcinoma, diseases)

bladder, breast, cervical, cholangiocarcinoma,
chronic lymphocytic leukemia, chronic
myelogenous leukemia, colon, endometrial,
gall bladder, gastric, laryngeal, bronchial,
liver, melanoma, myeloma, nasopharyngeal,
oral, osteosarcoma, ovarian, prostate,
retinoblastoma, renal, rectal, small cell lung,
thyroid, tongue, urothelial

which first appeared in the literature in 2005 and have risen almost exponentially
since—sought to find genetic markers associated with common diseases, in part to
fulfill the promise of the Human Genome Project to provide personalized genomic
medicine.” These studies use millions of “single-nucleotide polymorphisms” (SNPs)
that have been found throughout the human genome. Essentially, a case-control
approach is used, where the genomes of 100s to 1,000s of individuals with a particu-
lar condition (e.g., breast cancer) and a population of controls without the condition
are scanned for SNPs that show differential distribution between the two groups,
resulting in odds ratios for the associated genotypes.
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Early GWASs were plagued by multiple erroneous assumptions that discredited
most of the initial results. However, over time, more rigorous methodology, involv-
ing much larger sample sizes, higher levels of statistical significance, replication, and
control for population stratification, was used. These studies have resulted in identi-
fication of more than 1,400 SNPs with “true” associations for more than 237 human
traits and diseases, including breast, prostate, colon, lung, thyroid, and many other
cancers.’®

The rise of DTC genetic testing very closely followed the early influx of GWAS
publications, with many companies entering the market in 2008.” These companies
not only capitalized on this research, but also recognized the limited access to genetic
testing in the existing health care infrastructure and the desire of consumers for con-
venience, privacy, and the right to own their own genetic information.’

Although the success of GWASs in identifying SNP-based disease associations
cannot be argued, the initial promise of this approach in allowing for “personalized
genomic medicine” has yet to be realized, despite the claims of the DTC testing com-
panies. This is in part because the vast majority of SNPs are associated with very low
odds ratios for common diseases—typically in the range of 1.1 to 1.4—and thus have
minimal impact on absolute risk.'*"” Furthermore, identified SNPs account for only
a small proportion (5% to 10%) of the known heritability of most common dis-
eases.””" Finally, much remains unknown regarding the impact of both gene-gene
interactions and gene—environment interactions on an individual’s predisposition to
disease."

DTC Genomic Profiling for Cancer Risk

Most cancer genetic testing available DTC is performed using genomic profiles,
which involve testing for multiple SNPs that have been associated with a specific can-
cer. The most common method used to calculate the person’s disease risk involves
conversion of the odds ratios of the genotype at each SNP to relative risks, then com-
bining them in a simple multiplicative model. This overall relative risk is then com-
pared with the general population risk for this cancer, to provide a percent increase
and/or a revised absolute risk (Fig. 3.1). This method is highly dependent on the
background population risks used, and assumes all SNP effects are independent.

Although most of the companies use well-validated SNPs, they do not use all the
same ones in the same way. This means that the disease risk estimates provided may
differ from company to company, with one predicting an increased and the other an
average or decreased risk. Evidence of this phenomenon has been reported in sev-
eral publications and attributed to differences in the number/type of SNPs, varia-
tion in risk modeling approaches, and average general population risks used."” "
Table 3.2 illustrates the differences in the number of SNPs used and their reported
effects for the two largest DTC genomic profiling companies (23andMe’ and
deCODE?) for some common cancers.

Perhaps, even more concerning are data that suggest that as new disease-
associated SNPs are added to a specific disease profile, a person’s risk may be reclas-
sified.'**” Both 23andMe and deCODE provide consumers with ongoing updates,
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Calculating a Consumer’s risk for cancer based on Four SNPs

®© Calculate genotype OR for each SNP based on known allele OR
e Tallele OR=1.15
® TT genotype OR - 1.15x1.15=1.3

® Convert OR to RR using Hardy—Weinberg
e Allows risk to be compared to general population risk

® Multiply genotype RR for each SNP to obtain overall RR
e SNPI(TT)RR=1.3
e SNP2 (AG)RR =08
e SNP3 (AA)RR=1.1
e SNP4(CT)RR=1.05
Overall RR compared to general population risk: 1.3 x 0.8 x 1.1 x 1.05=1.2

®© Calculate absolute risk/percent increase
s If general population risk is 10%
s Absolute risk =10% x 1.2 =12%
e Percent increase = (12—-10/10) x 100 = 20% increase

OR, odds ratio; RR, relative risk; SNP, single-nucleotide polymorphism; T/G/S/C, single-
nucleotide bases.

FIGURE 3.1. Calculating a consumer’s risk for cancer based on four SNPs.

such that a person who originally received a “lower than average” result for a
specific cancer may find themselves at “average” or “above average” risk in the future.
Although the possibility of risk reclassification is disconcerting, so too is the finding
by Singleton et al.”' that only half of the websites of companies offering genomic risk
profiling discussed how consumers would receive updated risk information, or even
that their risks could change.

It is also important to clarify that the cancer risk estimates provided do not adjust
for family history of the cancer or take into account other known risk factors. For
example, a man who is morbidly obese, smokes two packs of cigarettes a day, and has
a father with colon cancer at age 50 years will be given the same predicted risk for
colon cancer as a man without these risk factors who has the same SNP profile.

Value of Genomic Risk Profiling for Cancer

All of the above issues underline the importance of considering both clinical validity
and utility when interpreting the results of SNP-based genomic profiles as a measure
of disease risk. Specifically, how accurate is the risk prediction provided by the SNP
profile, and will this information result in changes in medical management or health
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Comparison of Two Companies’ SNP profiles for
Breast, Colon, Ovarian, and Prostate Cancer

Number of SNPs Sample Report SNP
Cancer Company Used Effects

Breast cancer 23andMe 7 “Established report”
with SNP genotype
ORs ranging from
0.82-1.04
deCODE Up to 17* (Note: SNP genotype RRs

includes SNP for ranging from 0.83—

CHEK2 1100delC 1.42

mutation

associated with

twofold RR)

Breast and 23andMe 3 Lifetime risks associated
ovarian cancer with BRCA1/2
(BRCAI/2 mutations are
Ashkenazi discussed
Jewish
mutations)

Ovarian cancer 23andMe 2 “Preliminary report”

with both SNP
genotype ORs of 1.2
deCODE 1 SNP genotype RR of 1.13
Colorectal cancer 23andMe 4 “Established report” with
SNP genotype ORs
ranging from 0.8-1.19
deCODE Up to 8° SNP genotype RRs
ranging from 0.91—
1.16
Prostate cancer 23andMe 12 “Established report” with
SNP genotype ORs
ranging from 0.64-1.3
deCODE Up to 29° SNP genotype RRs
ranging from 0.81-1.17

“Depending on ancestry.
OR, odds ratio; RR, relative risk.
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behaviors that improve outcome? The accuracy of the risk prediction can be measured
by the area under the receiver operating characteristic curve (AUC), which plots sensi-
tivity against the false-positive rate. A test that predicts no better than chance will have
an AUC of 0.5—essentially a flip of the coin—whereas a test with an AUC of 1 can per-
fectly predict who will and will not develop the disease. Unfortunately, few studies have
been conducted that provide the data needed to assess the clinical validity of most can-
cer risk prediction tests based on genomic profiling. Those that have been published;
however, suggest these profiles have limited predictive ability.

For example, Wacholder et al.”” reported an AUC of only 0.597 for a breast can-
cer profile involving 10 SNPs. Even adding these 10 SNPs to the Gail risk model for
breast cancer only slightly improved its predictive ability from an AUC of 0.58 to
0.62.”>* Similarly, in the case of prostate cancer, Zheng et al.** reported an AUC of
0.61 using age, geographic region, and family history, which rose only to 0.63 when
the five strongest SNPs were added to the model. Although AUC data are not available
for many of the cancers listed in Table 3.1, the use of a small number of SNPs with
odds ratios typically less than 1.4 would suggest similarly poor predictive accuracy.
Furthermore, the question of whether the use of genomic profiling leads to appropri-
ate alterations in medical management or behavior that actually results in improved
health outcomes (i.e., clinical utility) remains, at this point, essentially unanswered.”

It should be noted that although the majority of testing performed by DTC genetic
testing companies focuses on these SNPs with low cancer-associated odds ratios,
there are exceptions.

For example, 23andMe evaluates three SNPs that are essentially markers for the
three BRCA1/2 Ashkenazi Jewish founder mutations. In sharp contrast to the other
breast cancer risk SNPs, identification of one of these BRCA1/2-related mutations is
highly predictive of disease, with odds ratios for breast and ovarian cancer of 10- to
20-fold and mean lifetime risks of 65% and 40%, respectively.”® The significance of
being negative for the three BRCA1/2-associated SNPs is primarily relevant for indi-
viduals of Jewish ancestry. Those of other ethnic groups would require full sequence
analysis of these genes, which is not available DTC. Thus, DTC genomic profiling for
cancer risk may result in the unexpected revelation of a significant hereditary cancer
risk or false reassurance that such a risk has been ruled out. Some companies also
test for SNPs in genes that have been suggested as modifiers of BRCA1/2 penetrance,
which could be misinterpreted as actual BRCA mutations.

CONSUMER ISSUES ASSOCIATED WITH
DTC GENETIC TESTING
Awareness, Attitudes, and Utilization

Despite the widespread availability of DTC genetic testing for the past several
years, it is unclear the extent to which consumers are either aware of or accessing
DTC genetic testing for health reasons. In a 2008 cross-sectional survey of US con-
sumers, whereas 22% of individuals were aware of DTC genetic testing for health
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risks, only 0.3% had actually accessed such tests.”” A 2008 study in the United King-
dom found only 13% were aware of internet-based personal genome testing.”®
Data obtained from the 2009 Behavior Risk Factor Surveillance System of four
co-operating states (combined #n = 16,439) demonstrated awareness of DTC genomic
profiling for health risks ranged from 15.8% to 29.1%, although fewer than 1% of
participants in each state reported having used the testing.”’ Even in one study of
social networkers, almost half of the participants (47%) were aware of DTC genetic
testing, yet only 6% had ever undergone the testing.”*’! Although 23andMe reports
that more than 100,000 individuals have accessed their test,*> a 2010 publication,
which used the website traffic of three largest companies as a proxy for test uptake,
concluded that the demand for genomic profiling was relatively low.”

Data from the Multiplex Initiative™* provide an important look at issues of utiliza-
tion within the context of a research setting. This project was designed to mirror the
approach used by commercial DTC genetic testing companies, but uses web content
that focuses on health literacy and risk communication.”*® Testing was provided
at no cost, and those who chose to pursue received education from a research co-
ordinator regarding the risks and benefits of testing. Among 1,959 people who were
eligible and completed the baseline survey, 612 (31%) visited the website to consider
testing. Of those who registered a decision (n = 528), almost half decided against
undergoing testing.

Much of the existing literature regarding consumer attitudes and utilization of
DTC genetic testing is based on data obtained on so-called early adopters, who gener-
ally have confidence in their ability to understand genetics and navigate the Internet
and health care system and perceive that results will influence their health behav-
iors.”*”” Another group that appears particularly interested in DTC genetic testing
is of those who are simply interested in “setting the trend,” many of whom proudly
blog about their results.”® While relaying optimism about the promises of genomic
research, they may express skepticism about the current technology. Yet, other early
adopters express belief in the importance of the information to their health, as well
as curiosity and fascination with the science.”” Some would-be consumers are more
cynical and report that DTC companies are “just trying to sell something” and that
this approach is merely a “marketing ploy,” intended to generate revenue for the com-
pany without a direct benefit to the consumer.*

Several studies have examined characteristics associated with awareness of and/or
interest in online personalized genomic risk assessment. As expected, Internet-savvy
individuals are more likely to be aware of testing.”**' Other predictors of consumer
awareness of DTC genetic testing include white race, higher levels of education,
greater income, older age, female sex, and numeracy variables.”** In a UK study of
the public, only 5% indicated a hypothetical interest in testing that costs £259, but
50% expressed interest in a free test.”® Individuals with higher levels of education and
those of white race have also been shown to be more willing to pursue testing, with
effects influenced by socioeconomic status, affiliation with a health care system, and
cost.”**** In the Multiplex Initiative, further predictors of test utilization included
motivation to change health behaviors, confidence in genetics knowledge, and per-
ceived severity of the health conditions involved.’"*
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Understandings, Perceptions, and Expectations

Previous studies have shown that general genetic concepts are often misunder-
stood by the general public, and DTC genomic profiling with its use of multiple low-
risk variants adds an additional layer of complexity.* Genetic literacy—the ability
to understand or interpret genetic and genomic information—varies greatly in the
population and presents a challenge to the “one size fits all” approach of DTC genetic
testing companies.

A recent study involving the Coriell Personalized Medicine Collaborative—
a project that provides SNP-based disease risk information at no cost to early adopt-
ers with high literacy levels—demonstrated a reasonable understanding of genomic
risk information.* However, DTC genetic testing is marketed to the general popula-
tion, who likely has lower levels of health literacy, not to mention genetic literacy. In
their study of social networkers, McGuire et al.”® reported that less than half were
confident in their ability to comprehend their results or the risks/ benefits of DTC
genetic testing.

In another study, more than 30% of participants reported at least one misconcep-
tion about DTC genetic testing.” Of particular concern is that some individuals may
believe the DTC test results are definitive and ignore the information provided by
their family history.” Even if individuals do not fully trust the DTC results, when a
discrepancy exists between the results of the DTC genetic testing and the interpre-
tation of familial risk, it can create significant confusion. As illustrated in a recent
case report, extensive education and counseling may be required to assist patients in
these circumstances, and it remains uncertain to what extent a true understanding of
the meaning of their results can be achieved.”

In addition, consumers appear to have somewhat unrealistic expectations of DTC
genetic testing, presuming that on presentation of their results to their clinicians an
evidence-based individualized health plan can be devised. In one study, more than
90% of DTC testers were planning to share their results with their physicians, and
67% expected clinical recommendations to follow.”” McGuire et al.”* found that 78%
of consumers planned to share their results with their medical providers, with 34%
believing the results represented a medical diagnosis. In a qualitative study from the
Coriell Personalized Medicine Collaborative, 25 of 60 participants reported sharing
their DTC results with their health care providers, and of these, 15 expected their phy-
sicians to change their health care plan or advise them of mechanisms to reduce their
risk.*® Recently, Leighton et al.* conducted a study of the general public’s response
to DTC tests and found that 86.9% of respondents would seek information about
their tests from their personal physicians, believing that future medical management
would be affected by these tests.

Behavioral Change

If DTC genetic testing is to demonstrate clinical value, it must motivate individu-
als to change their behavior. Although this remains in debate, most studies published
to date suggest DTC genetic testing as ineffective in promoting significant behavioral
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or lifestyle changes.* ' In a meta-analysis of five studies conducted by the Cochrane
Collaboration, communicating DNA-based risk of disease was not found to affect
smoking rates.”’ The Cochrane review also reported that two studies assessing physi-
cal activity and one study assessing medication or vitamin use found no impact of
reporting genomic-based disease risks. In contrast, two studies examining dietary
intake did find genomic test results to influence behavior. Among participants in the
qualitative Coriell study, only one of three of DTC test recipients reported making a
lifestyle change, although an additional third indicated they planned to do so.* In a
recent survey of 1,048 DTC customers, 16% had changed their use of a medication or
supplement, one-third said they were being more careful about their diet, and 14%
said they were exercising more.” However, these behaviors appeared to be strongly
influenced by the participant’s subjective interpretation of risk, as well as their family
history and self-perceived health status.

There is some evidence that consumer access to DTC genomic profiling leads to
increased screening or laboratory tests, which may or may not be medically appro-
priate.””* The likelihood of consumers obtaining additional medical interventions
appears to be strongly influenced by whether they share their results with their
health care provider.”” Among 1,048 consumers of DTC genomic profiling tests, 28%
reported sharing the results with their health care provider. Of these, 26% indicated
they had received additional laboratory tests, as opposed to 2% of the consumers
who had not shared their results.”® Although on the surface this appears a beneficial
outcome of DTC genetic testing, if the only indication for additional medical evalu-
ation is the genomic profiling result, the cost of additional clinician visits and result-
ing medical interventions may far outweigh any positive impacts on the individual’s
health. Support for this concern is suggested by Giovanni et al.,”> who estimated that
the potential downstream costs of referrals and additional testing following DTC
results ranged from as low as $40 to as high as $26,000.

Psychological Consequences

The psychological consequences of DTC genetic testing have just begun to be
explored. Some authors cite heightened and undue anxiety as a potential negative
consequence of DTC genetic testing.”” Based on experience from a recent clinical
scenario involving a DTC test, the author concluded that DTC genetic testing may
be detrimental to mental health in the absence of genetic counseling, causing anxi-
ety, confusion, and misinformation.*® In addition, Gollust et al.*’ found that 30%
of study subjects were concerned about the “worry” that resulted from the DTC
genetic testing information, particularly learning about a disease for which they did
not want to know their risk. In 2010, Bloss et al.” reported that 47% of the DTC
participants expressed psychological concerns about testing, with greater concern
among young participants, women, those employed by a health care organization,
and those with higher baseline anxiety. However, in a later study by the same author,
there was no significant difference in pretest and posttest anxiety, suggesting that any
psychological changes may be short term.*” Furthermore, in the qualitative study of
participants from the Coriell Personalized Medicine Collaborative, the most
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common emotional responses to testing results were actually reassurance and accep-
tance.*® Further research is needed to determine the extent to which these findings are
applicable to the average consumer of DTC genetic testing services.

PROVIDER KNOWLEDGE AND ATTITUDES
ABOUT DTC GENETIC TESTING

Primary Care

Although many DTC genetic testing participants expect their providers to be fully
versed in genetics and genomics, staying abreast of this rapidly changing field pres-
ents a challenge for the average health care provider. Studies from both Canada and
the United States have documented the inability of primary care physicians to inter-
pret genetic results and their lack of confidence in this regard.”” A systematic review
by Scheuner et al.”® in 2008 concluded that primary care providers, despite some
genetics training, are ill prepared to discuss genetic/genomic results and are unable to
translate advances in genomics into clinically relevant practice. DTC genomic profil-
ing, which provides risk information potentially more complicated to interpret than
single-gene tests for hereditary disease susceptibility, may find physicians ill prepared
to counsel their patients about the results. In a survey of North Carolina primary
care physicians, only 39% were even aware of DTC genetic testing, and 85% felt
unprepared to answer patient questions with regard to these tests.”® Although 43%
of respondents believed that DTC genetic testing had some clinical utility, more than
75% recognized a need for additional expertise in test interpretation.” Even among
physicians who belong to a group that routinely offers genomic risk profiling as part
of their practice, of 154 providers who had ordered genomic risk profiling for either
themselves or a patient, 60% expressed concerns about the clinical utility of testing.**

The above data are particularly relevant in light of a 2008 survey of 1,880 US
health care providers, only 42% of whom reported being aware of DTC genomic test-
ing for health risks. Of this group, 42% reported having had a patient inquire about
DTC genomic testing, whereas 15% reported they had a patient present with the test
results for discussion the past year.”” Among the providers aware of DTC genomic
testing, 52% indicated that personal genome results were somewhat or very likely
to influence their care of patients. Among those whose patients had provided DTC
genetic test results, 75% reported having used this information to alter their patient’s
medical management.” It is unclear if these changes in care are due to a belief of the
provider in achieving a clinical benefit or the result of patient pressure to increase
surveillance.

Genetics Professionals

A few studies have examined the knowledge and attitudes of genetic professionals
toward DTC genetic testing, or how often they are involved with patients who have
accessed such testing. In 2010, Giovanni et al.”* surveyed three genetic professional
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organizations in the United States, asking about consultations that related to DTC
genetic test results. Although the response rate was low, participants reported having
seen patients both who were self-referred and who were referred by another clinician.
Although 52.3% of these genetics professionals found the information gained from
the DTC results “clinically useful,” this appeared primarily related to BRCA1/2 results,
which are in general no longer available DTC. In contrast, a small study of genetic
professionals who themselves underwent genomic profiling found their perception of
the current or future importance of such results to medical practice decreased after
testing.” A larger study by Hock et al.”" involving 312 members of the National Soci-
ety of Genetic Counselors found 83% had received two or fewer inquiries regarding
DTC genetic testing, whereas only 14% had received requests for discussion or inter-
pretation of test results. Recently, Brett et al.* published a similar study of members
of the Human Genetics Society of Australasia, in which 11% reported seeing at least
one patient subsequent to his/her receipt of DTC genetic testing results. Surprisingly,
only 7% of respondents to this survey reported that they felt confident about inter-
preting and explaining the results. In a study that contrasted the public’s perception
of a DTC genomic risk profile for colon cancer with that of genetic counselors, the
latter were significantly less likely to believe the results would be medically helpful.**
Although more data are needed, these combined results suggest that few consum-
ers of DTC genetic testing are seeking the input of genetic providers, who, although
not confident about their ability to interpret results, may perceive them as less than
clinically useful.

CONTROVERSY, POLICY AND REGULATION,
MARKET CHANGES, AND PUBLIC
HEALTH ISSUES

Controversy

Many publications have addressed the pros and cons as well as ethical issues asso-
ciated with DTC genetic testing.'»*”* Although a thorough review of the multiple
arguments for and against DTC genetic testing is beyond the scope of this chapter, the
key issues are outlined in Table 3.3. It should be noted that several of these arguments,
both pro and con, are currently theoretical in nature, and more research is required to
validate the claims on both sides of the aisle.

Perhaps, one of the most significant criticisms of the DTC genetic testing compa-
nies revolves around their marketing practices. The websites of many DTC compa-
nies include seemingly contradictory statements about the intended purposes and
value of their tests. A company may claim that the tests are for educational or enter-
tainment purposes, while overtly stating that the information can be used to improve
your health. These websites also emphasize the value of risk assessment for an indi-
vidual’s physician in determining what preventive actions should be taken to protect
his/her health,”>>"** and inconsistently acknowledge the importance of family his-
tory in assessing cancer risk.

(c) 2015 Wolters Kluwer. All Rights Reserved.



Chapter 3 Directto-consumer Personal Genome Testing and Cancer Risk Prediction

47

Pros and Cons of DTC Genetic Testing

Pros

Increase in consumer awareness and
knowledge of genetics

Increased access to genetic testing/
information

Greater patient autonomy

Enhanced patient privacy

Opportunity for participation in
genetic research

DTC availability and associated
convenience may increase clinical
uptake of genetic testing

Potential for motivating healthy
behaviors

Diminishes issues of genetic
exceptionalism

Encourages genetic innovation and
entrepreneurialism

Cons

Limited evidence of clinical validity/unknown
clinical utility

False or misleading claims that may lead to
anxiety or false reassurance

Inadequate counseling/consent

Misinterpretation of test results (by providers
as well as consumers)

Consumer pursuit of unnecessary or
inappropriate medical care or purchase of
expensive health products

Increased health care costs associated with
unnecessary provider visits or medical
tests/procedures

Failure to seek appropriate preventive care if
falsely reassured

Lack of adequate government oversight/
regulation

Bypasses ethical and privacy protections
inherent within the health care system
(e.g., genetic testing of minors for adult
onset conditions)

From: Eng C, Sharp RR. Bioethical and clinical dilemmas of direct-to-consumer personal genomic testing:
The problem of misattributed equivalence. Sci Transl Med. 2010;2:17cm5; McGuire AL, Diaz CM, Wang

T, et al. Social networkers’ attitudes toward direct-to-consumer personal genome testing. Am J Bioeth.
2009;9:3—10; Hogarth S, Javitt G, Melzer D. The current landscape for direct-to-consumer genetic testing:
Legal, ethical, and policy issues. Annu Rev Genomics Hum Genet. 2008;9:161-182; Gollust SE, Wilfond

BS, Hull SC. Direct-to-consumer sales of genetic services on the internet. Genet Med. 2003;5:332-337;

Mykitiuk R. Caveat emptor: Direct-to-consumer supply and advertising of genetic testing. Clin Invest Med.
2004;27:23-32; Annes JP, Giovanni MA, Murray MEF. Risks of presymptomatic direct-to-consumer genetic
testing. N Engl ] Med. 2010;363:1100-1101; Caulfield T, Ries NM, Ray PN, et al. Direct-to-consumer genetic
testing: Good, bad or benign? Clin Genet. 2010;77:101-105; McGuire AL, Evans BJ, Caulfield T, et al. Science
and regulation. Regulating direct-to-consumer personal genome testing. Science. 2010;330:181-182; Samuel
GN, Jordens CF, Kerridge I. Direct-to-consumer personal genome testing: Ethical and regulatory issues that
arise from wanting to “know” your DNA. Intern Med ]. 2010;40:220-224; Howard HC, Avard D, Borry P.
Are the kids really all right? Direct-to-consumer genetic testing in children: Are company policies clashing
with professional norms? Eur ] Hum Genet. 2011;19:1122—1126; and Caulfield T, McGuire AL. Direct-to-
consumer genetic testing: Perceptions, problems, and policy responses. Annu Rev Med. 2012;63:23-33.
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Although many of the company websites have done an exceptional job with presen-
tation, including the use of colorful diagrams to illustrate risk comparisons and easily
navigated web pages, these sites are tailored to those with a high educational level and
are thus likely to confuse consumers with lower health literacy.”* Of great concern, both
23 and Me and deCODE’s websites use the relative rarity of single-gene cancer suscepti-
bility syndromes as a marketing ploy, which is easily misinterpreted. The following two
quotes from deCODE’s website education on ovarian cancer exemplify this point: “Sci-
entists already know that variants in the BRCAI and BRCA2 genes significantly increase
a woman’s chances of developing ovarian cancer. However, these variants are rare and
account for less than 5% of all ovarian cancers,” and “The deCODEme Complete Scan
identifies validated ovarian risk variants of the more common type and uses them to
provide a personalized interpretation of the associated genetic risk for the disease.”
The clear implication is that the deCODEme test will be more useful to the majority of
people, a claim without established clinical validity.

A further illustration of the potentially misleading information provided on DTC
genetic testing websites is provided in an analysis by Singleton et al.”' They reviewed
websites of 23 companies offering health-related DTC genetic testing and found that
statements of testing benefits outweighed those addressing risks and limitations by a
ratio of 6:1. Although 96% of the websites emphasized the potential for the genetic
test to prevent disease or reduce morbidity/mortality, only 30% indicated there are
current limitations to the predictive ability of the tests, and 65% did not mention any
risks associated with genetic testing.”'

Policy Recommendations and Regulations
Regarding DTC Genetic Testing

In recognition of the issues noted above, several professional societies as well as
advisory bodies have issued recommendations and opinion statements regarding DTC
genetic testing over the last several years.”” A consistent message of these documents
is a concern for misinterpretation of genetic test results, the lack of involvement of an
appropriately trained professional, and the need for federal regulation to protect con-
sumers.”””*®" In part, the issues raised by these groups led to a 1-year investigation of
DTC genetic testing by the US General Accounting Office. The investigation revealed
evidence of deceptive marketing practices, consumer privacy concerns, and inaccurate
or misleading medical advice from company consultants.*” In July 2010, testimony at
the General Accounting Office hearing led to a report that concluded that tests pro-
vided by the DTC genetic testing companies were “misleading and of little or no practi-
cal use”® Last year, the American Medical Association issued a letter to the FDA urging
it to recommend genetic testing be conducted only under the supervision of a qualified
genetics provider.* Although the FDA has indicated it will be tightening regulations on
the industry, and warning letters have been issued to several DTC companies, there has
yet to be any substantial regulatory changes enacted.”*** However, some states do have
legal requirements mandating physician involvement in the ordering of genetic tests,’
and many European countries have specific DTC genetic testing legislation, whereas
others have banned the practice outright.”>*’
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One step toward greater transparency regarding genetic tests being offered to the
public is the Genetic Test Registry, a project initiated in 2010 by the National Center
for Biotechnology Information.*® The Genetic Test Registry is intended to be a cen-
tral place for clinicians and the public to access detailed information on genetic tests,
including methodology, purpose, validity, price, and ordering information. Although
the concept is promising, as the project has unfolded several challenges to its success-
ful implementation have been identified.**” Currently, the information is voluntarily
added by test providers, and unfortunately, at the time of writing, none of the DTC
companies listed in Table 3.1 have chosen to participate. It remains unclear whether
regulatory agencies, such as the FDA, will require participation in the future or instill
other mechanisms of oversight.

Changes in the DTC Genetic Testing Market

Likely in response to these recommendations and calls for greater regulation, there
hasbeen a recent trend by some DTC genetic testing companies to change their service
models. Although some companies appear to have stopped offering health-related
testing altogether, others that formerly did not require clinician involvement to order
testing or receive results of genomic risk profiling tests are now doing so.””' There is,
however, a great deal of variation in this process, with some only requiring physician
involvement in the ordering—with convenient referral to a physician already partici-
pating in their program—whereas others release results only to the consumer’s pro-
vider.”' Some companies are also working to promote their services within corporate
wellness programs and partnering with the limited number of Genomic Medicine
Institutes in the country to serve as resources for consumers and providers.”'

Although requiring involvement of a health care provider may decrease the num-
ber of inappropriate tests performed and ideally allow for more integration of family
history, it does not adequately address the issue of the clinician’s ability to accurately
interpret and act on test results, or improve the clinical validity of the testing. Nor does
it address the possibility that physicians are merely ordering the tests at the request of
their patients, without adequately researching the implications. Thus, although a posi-
tive step, these changes may ultimately prove to be an inadequate attempt to respond to
previous criticism by the FDA and the medical community.

Whether to placate critics or provide for greater legitimacy in the eyes of the con-
sumer, several DTC genetic testing companies are now emphasizing the role of genetic
counseling in the testing process. In some cases, they have hired genetic counselors
directly, making them available to answer questions or concerns expressed by clients
using a customer service model. Having a genetic counselor available to answer ques-
tions, although likely helpful to clients in some circumstances, is not the equivalent
of a comprehensive pretest genetic counseling session, which involves an exploration
of family history and a detailed explanation of the risks, benefits, and implications of
testing, as well as possible psychological and emotional ramifications. Furthermore,
whether the services are being offered by qualified individuals is uncertain as illus-
trated by a company whose “official” genetic counselor is a nutritionist.” Even when
legitimate board-certified genetic counselors are involved, if they are an employee of
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the company, one may question their ability to provide an unbiased opinion as to the
risks, benefits, and limitations of a given test. Furthermore, although companies may
be providing or contracting genetic counseling services, these services often come at
a price, and consumer uptake has been reported to be low.*’ All of the above notwith-
standing, a company that actively employs genetic counselors has been successful in
their efforts to increase consumer utilization of their genetic counseling service after
return of DTC genomic profiling results.*

Potential Public Health Implications of
DTC Genetic Testing

Given the relatively low awareness and uptake of DTC genetic testing, the public
health implications of DTC genetic testing are largely theoretical at this time, although
significant concerns have been raised.**”” Key concerns focus on disparities related to
access and ability to understand or benefit from the results. In addition, if consum-
ers begin widely using DTC genetic testing, this could lead to a diversion of health
care and research dollars toward follow-up and evaluation of DTC genetic tests and
away from potentially more productive cancer prevention efforts.” Alternatively, if
genomic risk profiling is ultimately shown to improve health, either through induc-
ing positive lifestyle changes or increasing patient compliance with recommended
screening or prevention strategies, a positive public health impact might be realized.
Even this should come to pass, however, disadvantaged populations, who have his-
torically been low users of genetic testing in general” and who appear less aware of
DTC genetic tests,””** would be less likely to reap the benefits.

CONCLUSIONS

Whether DTC genetic testing that involves SNP-based genomic profiling will
ever become the answer to personalized medicine for the masses is at this point very
uncertain. It seems thus far that, despite the controversy, its impact has been rela-
tively limited. Both increased regulation and scientific scrutiny of the clinical validity
and utility of such tests appear likely to limit widespread use in the future—at least
for access without involvement of a health care provider. At this point in time, DTC
genomic profiling for cancer risk prediction is clearly of limited use with respect to
guiding medical management recommendations, particularly as family history and
other established risk factors are not assessed. And while being able to provide tai-
lored cancer screening and prevention strategies for everyone based on their genetic
makeup is an attractive approach, personal genomic profiling is unlikely to prove
beneficial in this regard even if additional SNPs are identified."®

More likely, the future of predictive genetic testing for cancer and other diseases,
both common and rare, will focus on whole-genome sequencing. According to the
National Human Genome Research Institute, the cost to sequence a human-size
genome in 2001 was $100,000,000.” In January 2012, Life Technologies announced
that they were able to sequence an entire human genome for $1,000 in only 2 hours.”
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Although such technology allows for identification of rare variants, copy number, and
structural variations with potentially large effects on disease risks, it is also accom-
panied by the finding of multiple genetic variants of unknown clinical significance.

Although this is an important step toward integration of genomics into health
care and holds much promise, the sheer volume of information obtained per genome
and the complexities of interpretation imply challenges to the researcher, health care
provider, and patient that go far beyond those associated with DTC genomic risk pro-
filing.” It can only be hoped that the lessons learned over the past decade will provide
the necessary awareness to ensure that whole-genome sequencing does not become
available to online consumers without either the scientific foundation to demonstrate
its utility or the involvement of a knowledgeable health care provider. Inarguably,
meeting the educational needs of clinicians, health care systems, and the public will
be essential if genomic medicine is to fulfill its promise of improving the health of the
population. It remains unclear, however, whether there is the capacity, infrastructure,
and will to ensure such educational efforts are successfully accomplished.
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Adverse Events in Cancer
Genetic Testing

Medical, Ethical, Legal, and Financial
Implications

Karina L. Brierley, Erica Blouch, Whitney Cogswell, Jeanne P. Homer, Debbie Pencarinha,
Christine L. Stanislaw, and Ellen T. Matloff

ver the past decade, cancer genetic counseling and testing have become

essential services in progressive cancer care. With this evolution, there has

been much debate over who is best suited to provide genetic services. Tra-
ditionally, genetic counseling and testing have been provided by individuals with
graduate education, specialized training, and board certification in genetics. How-
ever, the push in recent years by some professional organizations and genetic testing
companies has been to suggest that all health care providers should provide genetic
counseling and testing services themselves. The impetus for this push on the part of
the genetic testing companies is controversial, in that the aggressive sales represen-
tatives from these companies receive financial incentives for every test ordered and
every new ordering provider.

Some potential benefits for provision of genetic counseling and testing by all health
care providers, and not just specialists, have been proposed."” These benefits include
that established providers have long-term relationships with their patients and thus
deeper knowledge of the patient’s overall health and that this may allow greater access
to genetic services particularly in underserved populations where there are geographi-
cal, cultural, or language barriers."” Conversely, much of the literature over the past
decade cites potential barriers, areas of concern, and negative outcomes from genetic
counseling and testing being performed by providers without specialized training in
this area.”® Besides a handful of well-known lawsuits, little has been published dem-
onstrating actual clinical examples of adverse outcomes resulting from cancer genetic
counseling and testing performed by clinicians without specialization in this area.

In 2010, we published the first known national series of cases of this kind.? In this
chapter, we will discuss additional cases and controversies. Both the cases in this chap-
ter and those published in our previous series were obtained from genetic counselors
who participate in the National Society of Genetic Counselors Cancer Special Interest
Group listserv. For the current chapter, genetic counselors from the National Society
of Genetic Counselors Cancer Special Interest Group were invited in January 2012 to
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submit cases of adverse outcomes of cancer genetic counseling and testing performed
by providers without specialization in this area for inclusion in a case series publica-
tion. Cases were chosen for inclusion that illustrated unique themes/major patterns of
errors in cancer genetic counseling and testing. Cases included originated from five of
the United States (California, Connecticut, Georgia, Massachusetts, and Tennessee).
Multiple colleagues informally reported additional cases but were unwilling to for-
mally report them for inclusion, citing fear of pushback from the clinicians involved
and/or potential conflicts with the commercial company that performs much of the
cancer genetic testing in the United States and is also the largest employer of genetic
counselors in the United States.

We will also review the literature on the factors that may contribute to these errors
and the potential barriers and areas of concern related to clinicians without extensive
knowledge, training, or certification in genetics providing cancer genetic counseling
and testing.

THEMES IN CLINICAL CASE REPORTS
Wrong Testing Ordered

In many of the reported cases, the wrong genetic test was ordered. In some cases,
this led to inaccurate medical management recommendations, and in others, unnec-
essary testing and expenditure of health care dollars.

Wrong Testing Ordered, Resulting in Inaccurate
Medical Management Recommendations

In one case, a 19-year-old unaffected female patient of Italian ancestry presented
to a gastroenterologist for reflux and gastrointestinal symptoms. The doctor elic-
ited a family history of polyposis in the patient’s father and documented that he had
“screened the patient for an APC gene mutation” (associated with familial adenoma-
tous polyposis [FAP]). The patient’s blood work from that visit indicated a normal
complete blood count and F5L screen (i.e., a normal assay for activated protein C, also
abbreviated “APC”). A colonoscopy was neither ordered, nor was the patient referred
to genetics. Notes from the patient’s follow-up care with this physician make no fur-
ther mention of genetics or FAP. A year later, the patient was seen by a new physician
and referred for a colonoscopy and cancer genetic counseling. Testing ordered by the
genetic counselor revealed that the patient carried a detectable APC gene mutation,
and the patient was found to have polyposis upon colonoscopy. The original gastro-
enterologist in this case ordered the wrong test and apparently closed the case based
on a false-negative result. Ninety-three percent of patients with classic FAP go on to
develop colorectal cancer by the age of 50 years without colectomy.* The average age
at diagnosis of colon cancer in untreated individuals with FAP is 39 years.*

In another case, a 63-year-old unaffected woman of English, not Jewish, ancestry
was seen by her primary care physician because of her concerns about her family
history, which included a sister diagnosed with ovarian cancer and a mother who
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died of early-onset breast cancer. The primary care physician ordered testing for
the three BRCA mutations that are common among individuals of Jewish ancestry,
which was negative. The patient received a copy of the test results with a note from
her physician, “BRCA (smiley face).” The sister with ovarian cancer later had full
sequencing of the BRCAI and BRCA2 genes and was found to carry a BRCA2 muta-
tion (not the one common among Ashkenazi Jews, as expected on the basis of their
ancestry). Five years later, the original patient was referred to a cancer genetic coun-
selor by her radiologist to make sure she had had the correct testing. The genetic
counselor ordered testing for the familial BRCA2 mutation identified in the sister,
and the patient, fortunately, tested true negative. However, if she had carried the
mutation, many serious adverse consequences (including cancer diagnoses) could
have resulted for her and her at-risk adult children from her not knowing her cor-
rect BRCA status for many years.

In a third case, an oncologist referred a 23-year-old woman of Mexican, not Jew-
ish, ancestry who was recently diagnosed with bilateral breast cancer for genetic
counseling. The referral read “genetic counseling and BRCA testing for surgical deci-
sion making.” Upon taking the patient’s family history, the counselor learned that the
patient had a sibling who was diagnosed with a glioblastoma at age 14 years and died
at age 16 years. Based on the patient’s personal history of very early-onset bilateral
breast cancer and family history of a childhood brain tumor, the genetic counselor
instead ordered testing for mutations in the p53 gene associated with Li-Fraumeni
syndrome. The patient was found to carry a p53 mutation, and therefore, learned she
was not a good candidate for chest wall irradiation. The patient had previously been
counseled by her physician that she would need a prophylactic bilateral salpingo-
oophorectomy at age 23 years because of the association of BRCA mutations and
ovarian cancer, and this suggestion (which would have been controversial, even in a
BRCA carrier) was difficult to counter with the patient even after a p53 mutation had
been identified.

Unnecessary Testing/Misuse of Health Care Dollars

Ordering the wrong genetic testing can also lead to the unnecessary expenditure
of thousands of dollars, which is then charged to the insurance company and/or the
patient. In one such example, a patient was seen by his surgeon based on the fact that
his sister carried a known MSH2 mutation associated with Lynch syndrome. The sur-
geon ordered full sequencing of the MSH2 gene through his office’s laboratory, and
the charge for this testing with the laboratory send-out fees was $4,700. The patient’s
insurance, justly, denied payment for this test. The patient was then seen by a cancer
genetic counselor when his daughter decided to pursue testing. He was very upset
when he learned that the appropriate testing (for the single familial mutation) would
have cost $475. The patient was also angry that, despite all of this extra expense,
his doctor had given him little pertinent Lynch syndrome information except that
he carried the same mutation that his sister carried; he had not been given detailed
information about his cancer risks, screening recommendations, and risks and rec-
ommendations for other family members.
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Results Misinterpreted

Misinterpretation of genetic test results was another common error observed in
our series of cases. Many of the cases of result misinterpretation involved variants
of uncertain significance, which are among the more difficult results to interpret.
However, other cases demonstrated that result misinterpretation occurred in simple,
straightforward cases.

Result Misinterpretation, Resulting in an Advanced
Cancer Diagnosis

A 46-year-old woman of Polish, not Jewish, ancestry was referred to cancer genetic
counseling because of her recent diagnosis of stage III ovarian cancer and strong fam-
ily history of breast cancer (Fig. 4.1). She initially reported that one of her relatives
who had breast cancer had BRCA testing in a different country and tested negative.
At the end of her appointment, she recalled that she had BRCA testing through her
gynecologist’s office 16 months earlier at age 45 years and was told it was “normal.”’
However, after discussing that she would now meet the testing company’s criteria for
large rearrangement testing (BART) in BRCA1/2 at no additional cost, the patient
chose to proceed with testing. Upon receiving the request for this additional testing,
the laboratory sent the genetic counselor a fax indicating that the patient would not
qualify for free BART rearrangement testing because her initial testing was positive
for a deleterious mutation in BRCAI. The counselor contacted the ordering gynecol-
ogist to determine what had occurred and what the patient had been told about her
results. The gynecologist was shocked, and very upset, to learn that the patient carried
a mutation and to realize that she had misinterpreted the result, which was clearly
printed in capital letters in a box at the top of the page. The gynecologist had noticed
only the wording listed next to the BRCA2 gene and a targeted rearrangement panel
that indicated that no mutation was detected in that gene. The gynecologist contacted
the patient about this error, and the patient was then seen for follow-up genetic coun-

Vi ) g

d.55
Breast ca, dx. 55

O — o 2

d. 60 90 d.70 80 d.45 d.70
Prostate ca Breast ca

;3 é
d. 40
Breast ca Breast ca, dx. 36

55 53 48 60
Stage lll ovarian ca, dx. 46 Breast ca, dx. 50
reportedly BRCA negative

FIGURE 4.1. Pedigree for a female patient whose BRCAT positive test result was
misinferpreted as negative, resulting in an advanced ovarian cancer diagnosis.
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Lung Ovarian ca Ovarian ca Ovarian ca
A |eo 65 57 59 63
Breast ca, dx. 60 BRCAT1 true negative Ovarian ca, dx. 45

BRCAT +

FIGURE 4.2. Pedigree for a male patient whose sister's BRCA negative test result was
misinterpreted leading fo a delay in testing and an advanced male breast cancer diagnosis.

seling. The patient and her husband were painfully aware that if her results had been
read correctly 16 months earlier, she could have had a prophylactic BSO and probably
avoided a likely fatal advanced ovarian cancer diagnosis. The patient and her husband
indicated that they planned to sue her gynecologist.

Another case in which the significance of test results was misinterpreted demon-
strates how inaccurate information given to one patient can impact multiple other
family members. A 60-year-old man of Irish ancestry diagnosed with breast cancer
was seen for cancer genetic counseling based on his personal history and his fam-
ily history that included five cases of ovarian cancer (Fig. 4.2). One of his mater-
nal cousins with ovarian cancer carried a known BRCAI mutation. The patient
reported that his sister was tested for this familial BRCA1 by her gynecologist and
learned that she did not carry this mutation. She was told that since she did not
have this mutation, none of her siblings (including this gentleman) would carry
this mutation, and none of them needed testing. After his cancer diagnosis, this
gentleman had testing and learned that he carried the familial BRCAI mutation.
He was angry that his sister and their family had been given misinformation about
their risks. He indicated that he would have sought care for the lump he had found
behind his nipple much sooner if he had known he was at increased risk, and this
may have allowed him to be diagnosed at an earlier stage, avoid chemotherapy, and
to have a better prognosis.

Result Misinterpretation, Leading to Unnecessary
Prophylactic Surgery

A 42-year-old patient with a confirmed diagnosis of FAP and an APC gene
mutation was referred for genetic counseling by her gastroenterologist because
she had had genetic testing several years earlier through her colorectal surgeon,
but had never had formal genetic counseling. When the genetic counselor took the
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Colon ca Colon ca, dx. 60
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MSHS6 variant Colon ca, dx. 26

MLH1 true negative
FIGURE 4.3. Pedigree for a female patient whose MSH® variant of uncertain significance
fest result was misinterpreted as a deleterious mutation leading fo recommendations for
unnecessary prophylactic surgery.

patient’s personal history, she learned that the patient had had a total hysterectomy
and bilateral salpingo-oophorectomy at age 41 years based on her surgeon’s assess-
ment that she “was at an increased risk for cancer there” because of her genetic
test results. The surgeon had apparently confused the cancer risks associated with
FAP with the ovarian and uterine cancer risks seen with Lynch syndrome. This
patient had undergone unnecessary surgery and premature menopause because of
this misinformation.

One of the more common result misinterpretations in this, and previous, case
series was a variant of uncertain significance being falsely interpreted as a known
disease-causing mutation. In one case, a 30-year-old woman was referred to a can-
cer genetic counselor after being tested by her gastroenterologist and told that she
carried an MSH6 mutation (Fig. 4.3). The patient sobbed through her appointment
with the genetic counselor indicating that her doctor had told her that she would
need to have a hysterectomy, and therefore, would not be able to have children. She
had never had a diagnosis of cancer but had a strong family history of colon can-
cer including her father, sister, paternal aunt, and paternal grandfather diagnosed
at ages 45, 26, 47, and 60 years, respectively (Fig. 4.3). Upon reviewing her test
results, the genetic counselor discovered that the patient actually carried a variant
of uncertain significance. Many of the affected relatives were living, so genetic test-
ing was recommended in an affected relative. Her father had genetic counseling
and testing, and learned that he carried a deleterious MLHI mutation. The patient
subsequently had testing and learned that she did not carry the MLHI mutation
identified in her father that was responsible for the cancers in her family. She was
thus not at increased risk for colon, uterine, and ovarian cancer, and did not need
to have a prophylactic hysterectomy.
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Inadequate Genetic Counseling

In some cases, inadequate genetic counseling was the main error that occurred
and included incomplete information about implications and options for the patient
and/or their family members and practices that go against widely accepted ethical
principles in cancer genetic counseling and testing.

Ethical Issues

The parents of a 7-year-old healthy girl of Ashkenazi Jewish ancestry, at the urging
of a relative who is a physician, obtained a test kit from a genetic testing company and
requested that their daughter’s pediatrician order BRCA testing based on their Jewish
ancestry and the father’s family history of ovarian cancer. The pediatrician complied
with their request, and the child was found to carry a BRCAI mutation. When the
parents were seen for genetic counseling, they were upset to learn that this informa-
tion would also directly impact whichever parent carried the mutation in terms of
increased cancer risk and that either of them could carry this mutation and should
have testing since they were both of Jewish ancestry. Upon learning the future impact
of this mutation for their daughter and the fact that her medical management in
childhood would not change based on this information, they left indicating that they
wished they had not had her tested at this time. When there is no immediate medical
benefit (i.e., interventions that can be offered in childhood), it is almost universally
recommended that testing for adult-onset conditions be deferred until adulthood
when the individual can make an informed decision about testing because there are
potential risks or concerns about testing in childhood including adverse psychosocial
reactions, discrimination, and stigmatization.s’9 This recommendation is also based
on the ethical principles of respecting the autonomy of the child and their right not
to know.”

POTENTIAL FACTORS CONTRIBUTING TO ERRORS
IN CANCER GENETIC COUNSELING AND TESTING

The literature regarding medical errors across all specialties suggests that cer-
tain factors increase the likelihood that errors will occur, including case complex-
ity, time pressures, inadequate experience, insufficient knowledge or training, and
poor communication.'”* Several of these factors may make these errors more
likely among providers without extensive knowledge, training, or certification
in genetics than among cancer genetics professionals, including lack of familiar-
ity and inadequate knowledge and training.'”'> Numerous national and inter-
national studies have shown that many providers have inadequate knowledge of
genetics to prepare them for providing genetic counseling and testing.>"*™'® These
studies have consistently shown significant deficiencies among nonspecialists in
knowledge essential for providing cancer genetic counseling and testing, includ-
ing inheritance patterns, risk factors for hereditary cancer syndromes, and gene

(c) 2015 Wolters Kluwer. All Rights Reserved.



64 Principles and Practice of Oncology: Handbook of Clinical Cancer Genetics

penetrance.””'® Even in a recent study of medical residents (who presumably
would have the most current education and training in genetics), significant defi-
cits in knowledge of key concepts, including associated cancer risks and inheri-
tance patterns, were identified."”

These deficiencies in knowledge are likely related to the fact that the majority of
medical professionals have little formal training in genetics.>'® A survey of gynecolo-
gists found that 65% had no formal classroom or clinical training in genetic testing
in gynecologic practice.”® Even among the youngest physicians (aged <40 years), who
were likely to have the most modern training, the majority (62.4%) reported not having
received formal training in genetics."® In 2004, a survey of US and Canadian medical
schools found that 62% provided 20 to 40 hours of medical genetics course work, and
18% provided less than 20 hours."” Most of this instruction took place during the first
year of medical school and focused on general concepts, not practical application."

Time pressures probably also contribute to errors in cancer genetic counseling
and testing performed by clinicians without extensive training and knowledge in this
area. Genetic counseling and testing are complex and time-consuming processes that
minimally involve obtaining a detailed personal and three-generation family medical
history and providing thorough pretest informed consent and posttest result disclo-
sure and interpretation.’”*' Professional guidelines suggest that the informed consent
process should include a discussion of what testing to consider, whom to test in the
family, possible test results and their implications for the individual and family mem-
bers, options for cancer screening and risk reduction, economic considerations, and
psychosocial considerations.””*' Thus, in busy clinic settings where primary care phy-
sicians and gynecologists have an average of 20 minutes or less per patient encoun-
ter,?? it is unrealistic and unfair to ask these providers to add a service as complex as
cancer genetic counseling and testing to an already busy appointment. In fact, many
physicians self-report lack of time as a barrier to providing genetic counseling and
testing services.”'**’

In addition to having inadequate knowledge and time to provide genetic coun-
seling and testing services, experts cite concerns that many physicians have insuf-
ficient familiarity with the unique, complex ethical, and psychosocial issues that are
often part of the genetic counseling process (e.g., the impact of results on the entire
family, policies regarding testing minors for adult-onset conditions, and concerns
about genetic discrimination).>*** Numerous professional guidelines uniformly
discourage testing minors for adult-onset disorders (including hereditary cancer syn-
dromes) unless there are immediate medical interventions available in childhood that
will reduce morbidity or mortality.” Yet, a 2010 survey of primary care physicians
showed that 31% would “unconditionally” recommend testing a healthy 13-year-old
girl for her mother’s BRCA mutation.” One of the case examples presented above
where a pediatrician ordered BRCA testing on a 7-year-old girl provides a parallel
clinical illustration of this study.

Clinicians without extensive training and knowledge in genetics may also not be
sufficiently aware of current policy guidelines and laws in order to accurately inform
patients about insurance coverage for testing, existing protections against genetic dis-
crimination, and whether they are an appropriate candidate for testing.***>* A 2009
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survey of family physicians showed that more than half (54.5%) had no awareness of
the Genetic Information Nondiscrimination Act (GINA) of 2008, a national law that
provides protection against genetic discrimination by health insurers and employ-
ers.”” Even among those physicians who reported having some basic knowledge of
GINA, many were not aware of the particular areas protected (i.e., group health
insurance, private individual health insurance, employment) by GINA and the limi-
tations of GINA (i.e., no protections regarding life or long-term care insurance).”

A secondary concern raised by these cases is the waste of health care dollars on
unnecessary testing and procedures. Particularly in the current economy, rising
health care costs are a significant subject of attention from the government, phy-
sician groups, employers, and the general public.”® US health care costs have been
consistently increasing at a rapid pace, twice that of inflation. In 2010, US health care
expenditures reached $2.6 trillion dollars or 17.6% of the gross domestic product.”’
Many experts agree that health care costs are significantly higher than necessary and
that waste, overuse, and inappropriate or unnecessary care are some of the major
contributors to this excess.”**’ In addition to the cases in this series, two recent stud-
ies demonstrate how unnecessary genetic testing may be contributing to excess health
care spending. One survey of 1,500 physicians asked them to distinguish between
clinical scenarios representing cases where the risk was sufficiently increased to war-
rant BRCA testing and cases where the risk was low and testing was not warranted
on the basis of published guidelines.” Although 25% of the physicians had ordered
BRCA testing in the past year, 45% chose at least one low-risk scenario as warrant-
ing testing, and only 19% were able to correctly identify which scenarios warranted
tested and which did not.” In another recent study, physicians were asked whether
to recommend testing and which testing they would order for at-risk relatives of a
patient based on the patient carrying a deleterious mutation or a variant of uncer-
tain significance.” The majority (82%) would inappropriately order testing when
the result was a variant of uncertain significance, and in both situations, most would
inappropriately choose to order comprehensive sequencing, which would result in at
least a ninefold increase in unnecessary testing costs.”’ These findings were indepen-
dent of physicians’ experience or specialty.’’ In response to this expensive problem,
several insurance companies are now tracking the number of inappropriate requests
for genetic testing, requiring prior notification or authorization for genetic test-
ing, encouraging or requiring genetic counseling by providers with expertise and/
or board certification in genetics before testing, and covering care by telemedicine
genetic counseling services for their members.”

Numerous lawsuits have found health care providers negligent with regard to
genetic testing, including several involving hereditary cancer syndromes.’®”’” Physi-
cians appear to be the most common target of these lawsuits in which they were found
negligent for failing to collect a sufficient family history, refer to a genetic counselor
or geneticist, recognize the possibility of a hereditary cancer syndrome, recommend
appropriate testing, recommend suitable risk reduction options, and/or warn at-risk
relatives.” In two similar lawsuits from the past decade, women who were diagnosed
with ovarian cancer and ultimately died of their disease, and their families success-
fully sued their physicians for failing to refer them for genetic counseling and testing
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and/or advise them about their options for risk reduction based on their strong
family histories of breast and ovarian cancer.”” A number of other cases have found
physicians negligent in recognizing and appropriately advising patients regarding
hereditary colon cancer in their families.”

Over the past decade, direct-to-consumer marketing for genetic tests has become
more widespread targeting both physicians and consumers. Although there is no
direct evidence to suggest that these campaigns have contributed to an increase in
adverse events in cancer genetic counseling and testing, experts have voiced potential
concerns. One concern is that genetic testing practice patterns of primary care pro-
viders may be more strongly influenced by direct marketing, lay press, and threats
of malpractice than by expert protocols and journal articles.” Direct-to-consumer
marketing campaigns by the testing company that holds the exclusive patents on test-
ing for the BRCAI and BRCA2 genes have been a particular focus of controversy.
This company has openly stated that in order to grow their revenue they expanded
their sales force and focused on urging gynecologists and oncologists to provide can-
cer genetic counseling and testing in their offices rather than referring patients to a
genetic counselor.” The testing company insists that community physicians are pre-
pared to perform genetic counseling, and their sales force provides “genetic counsel-
ing education” for office physicians and their staff.”> However, this is contrary to the
bulk of the available data that suggest that most providers lack the time, knowledge,
and awareness to provide adequate genetic counseling. It also conflicts with the Com-
mission on Cancer Program Standards, which directly state that “educational semi-
nars offered by commercial laboratories about how to perform genetic testing are not
considered adequate training for cancer risk assessment and genetic counseling.””’
There is clearly a conflict of interest here because the individuals providing the “edu-
cation” work for a commercial company that profits from the testing.

Another disturbing possibility is that physicians may be delegating the genetic
counseling and testing process to office staff. A survey of New York obstetrician—
gynecologists showed that, in many cases, office staff, including secretaries, were
accountable for completing genetic test requisitions, reviewing test results, and giving
test results to patients.” Forty-four percent of physicians in the study reported that
secretaries filled out genetic test requisitions, 59% reported that secretaries review
the results, and 86% report that secretaries communicated results to patients over
the phone.” These findings raise questions about what steps are taken to ensure that
office personnel are properly equipped and capable of performing these tasks, par-
ticularly, if sales representatives from testing companies are providing the “genetic
counseling education” to physicians’ office staff.

Recent advances in technology have led to the development of more complicated
genetic and genomic testing options, including multiple gene panels, as well as whole-
exome and whole-genome sequencing. Although these new testing options offer the
promise of many benefits in terms of “personalized medicine” and advances in the
diagnosis and treatment of both rare and common diseases, they have generated new
concerns and heightened existing concerns about the potential medical, legal, social,
and ethical challenges of genetic testing.**’ Whole-exome and whole-genome tests
generate massive amounts of data, including potentially hundreds or thousands of
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variants per individual.*>*' The significance of these variants and the function and
clinical impact of many of the genes containing these variants are unknown.*** The
interpretation of how these genetic changes impact health is likely to be far more
complex, involving weaker associations, lower-penetrance mutations, and interac-
tions between multiple genes and the environment.*** Unfortunately, our ability to
generate massive amounts of genetic data has far outpaced our ability to analyze and
interpret the clinical significance of these data.”’ Thus, using this information clini-
cally to care for patients poses significant challenges even for providers with extensive
knowledge and experience in medical genetics. The amount and complexity of these
data also poses significant ethical and legal challenges, including what constitutes
informed consent, the potential for incidental findings, what information to disclose
to patients, how the data should be stored and shared, who owns the data, and impli-
cations for the patient and family members.**™*

The cases illustrated here demonstrate that errors with major medical, legal, finan-
cial, and ethical implications are occurring today in relatively straightforward genetic
testing scenarios. As the field becomes more, and not less, complex, it is unrealistic
and unfair to expect the average clinician to provide genetic counseling and testing
services alone.
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Genetic Testing by Cancer
Site

Breast

Kristen M. Shannon and Anu Chittenden

cancer." Although only about 5% to 10% of all cases of breast cancer are

attributable to a highly penetrant cancer predisposition gene, individu-
als who carry a mutation in one of these genes have a significantly higher risk of
developing breast cancer, as well as other cancers, over their lifetime compared with
the general population. The ability to distinguish those individuals at high risk
allows health care providers to intervene with appropriate counseling and educa-
tion, surveillance, and prevention with the overall goal of improved survival for
these individuals. This chapter focuses on the identification of patients at high risk
for breast cancer and provides an overview of the clinical features, cancer risks,
causative genes, and medical management for the most clearly described hereditary
breast cancer syndromes.

m omen in the United States have a 12% lifetime risk of developing breast

IDENTIFICATION OF HIGH-RISK INDIVIDUALS

An accurate and comprehensive family history of cancer is essential for identify-
ing individuals who may be at risk for inherited breast cancer. As with any family
history, it is important to gather a three-generation family history with information
on both maternal and paternal lineages.>” Particular focus should be on individuals
with malignancies (affected), but those family members without a personal history
of cancer (unaffected) should also be included. It is also important to include the
presence of nonmalignant findings in the proband and family members, as some
inherited cancer syndromes have other physical characteristics associated with them
(e.g., trichilemmomas with Cowden syndrome [CS]).

When taking the family history, the accuracy of the information obtained from an
individual patient should be considered. Many factors can influence an individual’s
knowledge of his/her family history, and errors in the reporting of family history have
been documented.*® A recent study indicates that individuals are often confident that
a family member has had cancer but are typically unsure of the details surrounding
that diagnosis.”” Reports of breast cancer tend to be accurate, whereas reports of
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ovarian cancer are less trustworthy.*” It is important to note that family histories can
change over time, with clinically relevant diagnoses arising in family members espe-
cially between the ages of 30 and 50 years.' Finally, the physical examination of the
proband and family members can be incredibly helpful in the identification of some
inherited breast cancer syndromes, such as CS.

GENETIC TESTING

Although some published guidelines for genetic testing exist, much of the time the
decision to offer genetic testing is based on clinical judgment. The National Compre-
hensive Cancer Network (NCCN) provides guidelines for individuals whom should
be offered genetic testing for some of the genes mentioned in this text (NCCN 2011).
In the end, however, it is up to the individual provider’s judgment as to whether
genetic testing is indicated.

Genetic testing for breast cancer susceptibility is rapidly changing. The clas-
sic method includes pursuing genetic testing for individual cancer predisposition
gene(s) that the clinical suspects may be the cause of breast cancer in the family.
In this scenario, finding the appropriate laboratory to perform the testing is very
important because laboratory techniques (as well as sensitivity of the technique)
vary. Most genetic testing includes sequencing of the gene in question. However,
there are emerging data that suggest deletion/duplication studies are imperative for
genetic testing as the mutational spectra include various rare, yet important genomic
rearrangements.''

Recent changes in genetic testing and specifically the advent of next-gener-
ation sequencing tests, have led various genetic testing companies to establish
“panel” testing for multiple breast cancer susceptibility genes. In this scenario,
up to 14 different breast cancer susceptibility genes are analyzed from 1 blood
specimen. These genes vary in clinical significance from the very highly pen-
etrant breast cancer susceptibility gene TP53 to the low penetrant breast cancer
gene CHEK?2. How this testing will evolve and the role it will play in clinical care
remains to be seen.

BRCA1 AND BRCA2
Description

Mutations in the BRCAI and BRCA2 genes give rise to the “classic” inherited breast
cancer syndrome “hereditary breast and ovarian cancer (HBOC) syndrome.” The vast
majority of cases of HBOC are due to mutations in the BRCAI and BRCA2 genes,'*"
which were cloned in 1994 and 1995, respectively.'*'"> BRCA1 and BRCA2 mutations are
rare in most populations, occurring in approximately 1 of 400 individuals, but much
more common in the Ashkenazi Jewish population in which 1 of 40 individuals carries
1 of 3 main disease-causing mutations: 2 in BRCA1 (185delAG and 5382insC) and the
6174delT mutation in BRCA2.'*'” Other founder mutations have been identified, but
the utility of these in the United States population is minimal.'®"
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There has been a great deal of research into the tumor biology associated with
BRCA1/2 mutation carriers. BRCAZ2-associated breast cancers are similar in pheno-
type and clinical behavior in comparison to sporadic cancers.*””' BRCAI-related
breast cancers are often of higher histologic grade, show an excess of medullary his-
topathology, and are more likely than sporadic tumors to be “triple negative” (i.e.,
estrogen receptor—negative, progesterone receptor—negative, and are less likely to
demonstrate HER2/neu overexpression).”” Serous papillary ovarian carcinoma is a
key feature of hereditary cancers in BRCA1 mutation carriers; it is less common in
BRCA?2 carriers. Endometrioid and clear-cell subtypes of ovarian cancer have been
observed,” but borderline ovarian tumors do not seem to be a part of the phenotype.**
Both primary tumors of the fallopian tubes and peritoneum occur with increased fre-
quency in mutation carriers.”” The prognosis of ovarian cancer in BRCAI and BRCA2
carriers is better than age-matched controls.”>***

Identifying BRCA1/2 Carriers

Identifying those individuals at highest risk for harboring a mutation in BRCAI
or BRCA2 is of utmost importance so that they can benefit from surveillance and
prevention options. There exist various models designed to estimate the likelihood
of identifying a mutation in the BRCAI or BRCA2 gene'>**'; these models have
strengths and limitations that health care providers need to be familiar with to
use and interpret them appropriately.””** The BRCAPRO model, likely the most
often used in clinical cancer genetics, estimates the probability that an individual
is a carrier of a BRCA mutation using family history and Bayes’ theorem.”® It is
important when using these risk models to understand the limitations of these risk
calculations and to place risk estimates into the appropriate context. It is important
to note that risk estimates calculated by different models may vary, a factor that
complicates the use of quantitative thresholds for making screening recommenda-
tions.” The health care provider should use clinical judgment in conjunction with
estimates from models to provide the most precise risk assessment for an individual
patient.

Cancer Risks

The penetrance associated with mutations in BRCAI and BRCA2remains an active
area of research. The risks of developing specific cancers can be found in Table 5.1.
The range of breast cancer risk is influenced by the population under study: Higher
risk estimates have come from studies with affected families and somewhat lower risk
estimates from studies in populations. Also, the risk of ovarian cancer is not the same
for all BRCA2 mutations, with mutations in the central ovarian cancer cluster region
conferring a higher lifetime risk.** Other factors, such as birth cohort, oral contracep-
tive use, age at first pregnancy, and exercise, have all been shown to influence pen-
etrance risk in populations.® There has been a report of increased risk of gallbladder
and bile duct cancer, stomach cancer, and melanoma with BRCA2 mutation, none of
which seem to be clinically actionable.””*’
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BRCA1/2 Cancer Risks

Cancer Site BRCA1 Mutation (%) BRCA2 Mutation (%)
Female breast 50-80 40-70
Ovarian <40 <20

Prostate <30 <39
Pancreatic 1.3-3.2 2.3-7

From: Ford D, Easton DF, Stratton M, et al. Genetic heterogeneity and penetrance analysis of the BRCA1
and BRCA2 genes in breast cancer families. The Breast Cancer Linkage Consortium. Am J Hum Genet.
1998;62:676—-689; King MC, Marks JH, Mandell JB. Breast and ovarian cancer risks due to inherited mutations
in BRCA1 and BRCA2. Science. 2003;302:643—646; Ozcelik H, et al. Germline BRCA2 6174delT mutations
in Ashkenazi Jewish pancreatic cancer patients. Nat Genet. 1997;16:17—18; Antoniou A, et al. Average risks
of breast and ovarian cancer associated with BRCA1 or BRCA2 mutations detected in case series unselected
for family history: A combined analysis of 22 studies. Am ] Hum Genet. 2003;72:1117-1130; Risch HA, et al.
Prevalence and penetrance of germline BRCA1 and BRCA2 mutations in a population series of 649 women
with ovarian cancer. Am J Hum Genet. 2001;68:700-710; The Breast Cancer Linkage Consortium. Cancer
risks in BRCA2 mutation carriers. ] Natl Cancer Inst. 1999;91:1310-1316; Thompson D, Easton DE. Cancer
incidence in BRCA1 mutation carriers. | Natl Cancer Inst. 2002;94:1358—1365.

Management

The current recommendations for the screening of women at risk for HBOC is
based on the best available evidence and is expected to change as more specific fea-
tures of BRCAI- and BRCA2-related disease become available. The current screening
recommendations for women are listed in Table 5.2.

Risk-reduction mastectomies are an appropriate consideration for women at the
highest hereditary risk for breast cancer. Studies have shown a 90% to 95% reduction
in breast cancer risk following prophylactic mastectomy.***" The evidence for the use
of tamoxifen or raloxifene as a chemopreventive agent in BRCA carriers is limited;
however, tamoxifen has been shown to reduce the risk of contralateral breast cancers
in BRCA carriers.** Two recent studies support the role of risk-reducing salpingo-
oophorectomy: The hazard ratio for ovarian cancer for women who underwent pro-
phylactic surgery and that for those who chose close surveillance were 0.15 and 0.04,
respectively.”””' Women should be informed about the potential for the subsequent
development of peritoneal carcinomatosis, which has been reported up to 15 years
after risk-reducing bilateral salpingo-oophorectomy.*>** Combination oral contra-
ceptives containing estrogen and progestin result in a protective effect against ovarian
cancer in some studies, but not in others.>*™

Male BRCA mutation carriers are advised to undergo training in breast self-
examination with regular monthly practice and semiannual clinical breast examina-
tions, and workup of any suspected breast lesions is reccommended. The NCCN Guide-
lines also recommend that a baseline mammogram be considered, with an annual
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NCCN Guidelines for Management of BRCA1/2
Carriers

Women

Breast self-examination training and education starting at age 18 y

Clinical breast examination, every 6-12 mo, starting at age 25y
e Annual mammogram and breast magnetic resonance imaging screening starting at
age 25y, or individualized based on earliest age at onset in the family

Discuss option of risk-reducing mastectomy on case-by-case basis and counsel

regarding degree of protection, reconstruction options, and risks

e Recommend risk-reducing salpingo-oophorectomy, ideally between 35 and 40 y
and upon completion of childbearing, or individualized based on earliest age at
onset of ovarian cancer in the family; counseling includes a discussion of repro-
ductive desires, extent of cancer risk, degree of protection for breast and ovarian
cancer, management of menopausal symptoms, possible short-term hormone
replacement therapy to a recommended maximum age at natural menopause, and
related medical issues

e For those patients who have not elected risk-reducing salpingo-oophorectomy,

consider concurrent transvaginal ultrasound (preferably days 1-10 of menstrual

cycle in premenopausal women) and CA-125 (preferably after day 5 of menstrual

cycle in premenopausal women), every 6 mo starting at age 35y or 5-10 y before

the earliest age at first diagnosis of ovarian cancer in the family

Consider chemoprevention options for breast and ovarian cancer, including dis-
cussing risks and benefits

e Consider investigational imaging and screening studies, when available (e.g., novel
imaging technologies and more frequent screening interval(s) in the context of a
clinical trial

Men

e Breast self-examination training and education starting at the age of 35y

e Clinical breast examination, every 6—12 mo, starting at the age of 35y

* Consider baseline mammogram at the age of 40 y; annual mammogram if gyneco-
mastia or parenchymal/glandular breast density on baseline study

e Adhere to screening guidelines for prostate cancer

Adapted with permission from the NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines) for
Genetic/Familial High-risk Assessment: Breast and Ovarian V.1.2011. © 2012 National Comprehensive Can-
cer Network, Inc. All rights reserved. The NCCN Guidelines and illustrations herein may not be reproduced
in any form for any purpose without the expressed written permission of the NCCN. To view the most recent
and complete version of the NCCN Guidelines, go online to www. NCCN.org. National Comprehensive Can-
cer Network, NCCN, NCCN Guidelines, and all other NCCN content are trademarks owned by the National
Comprehensive Cancer Network, Inc.
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mammogram if gynecomastia or parenchymal/glandular breast density is identified on
baseline study.”® The NCCN Guidelines recommend that male BRCA mutation carriers
should adhere to the current prostate cancer screening guidelines.”>”’

Psychosocial Considerations

The psychosocial needs of BRCA-positive women have been studied fairly widely.
Studies have shown that although there is slight worsening of distress symptoms
following cancer genetic counseling in BRCAI/BRCA2 mutation carriers, these
symptoms were minimal, did not affect everyday life activities, and had almost dis-
appeared at 1-year follow-up.”®* Approximately, 20% of BRCA1/2 mutation carrier
women experience high distress after learning their test result.”>** Factors that are
related to high posttest distress include a high level of pretest anxiety, higher pretest
perceived risk, and whether they are opting for prophylactic surgery to reduce their
risk.”>* It is important to note, however, that even in women who experienced dis-
tress after receipt of genetic test information, women do not “regret” their decision
to be tested.® It has been suggested that health care providers consider including a
brief pretest psychological assessment before initiating genetic testing for BRCAI and
BRCA2 5o that these women can be targeted for more comprehensive support once
test results are available.®®

The anxiety-associated symptoms reported by BRCA1/2 carriers include sleepless-
ness and “bad mood.”****”° One other psychosocial issue reported by single women
with BRCA1/2 mutations is that they experience increased urgency at finding a life
partner capable of handling the emotional strain of the cancer world and open to
pursuing multiple paths toward parenthood.”

Various studies have suggested that existing social support networks are inad-
equate for BRCA1/2 mutation carriers and that formal services are unavailable or
underutilized.®®”®”> To address this lack of formal support services, a retreat for
BRCA1/2 carriers that includes educational updates about medical management,
genetic privacy, and discrimination and addresses psychological and family issues
may provide a valuable opportunity for BRCA carriers and their families to receive
updated medical information, share personal experiences, provide and receive sup-
port, and change health behaviors.”

Distress in male BRCA carriers has not be studied quite as widely, but one study
noted that high distress after disclosure of the result was reported by 1 of 4 male
mutation carriers.”*

TP53
Description

Germline mutations in the TP53 gene give rise to a disease called Li—Fraumeni syn-
drome (LFS), which is a rare cancer predisposition syndrome thought to be respon-
sible for ~1% of breast cancers.”” LFS is often thought of as a hereditary predisposition
to cancer in general, involving many tumor types and occurring at any point in an
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Tumors Reported to be Associated with LFS

Wilms Tumor Bladder Cancer Prostate Cancer
Malignant phyllodes tumor Hepatoblastoma Pancreatic cancer
Lung cancer Lymphomas Neuroblastoma
Choroid plexus tumor Nasopharyngeal cancer Testicular cancer
Colorectal cancer Ureteral tumors Ovarian cancer
Stomach cancer Laryngeal cancer Melanoma
Gonadal germ cell tumors Teratomas

From: Gonzalez KD, et al. Beyond Li Fraumeni syndrome: Clinical characteristics of families with p53 germ-
line mutations. J Clin Oncol. 2009;27:1250-1256; Nichols KE, et al. Germ-line p53 mutations predispose to
a wide spectrum of early-onset cancers. Cancer Epidemiol Biomarkers Prev. 2001;10:83—87; Hwang SJ, et al.
Germline p53 mutations in a cohort with childhood sarcoma: Sex differences in cancer risk. Am ] Hum Genet.
2003;72:975-983; Kleihues P, et al. Tumors associated with p53 germline mutations: A synopsis of 91 families.
Am ] Pathol. 1997;150:1-13; Olivier M, et al. Li-Fraumeni and related syndromes: Correlation between tumor
type, family structure, and TP53 genotype. Cancer Res. 2003;63:6643—6650; Birch JM, et al. Relative frequency
and morphology of cancers in carriers of germline TP53 mutations. Oncogene. 2001;20:4621-4628; Strong
LC, Williams WR, Tainsky MA. The Li-Fraumeni syndrome: From clinical epidemiology to molecular genet-
ics. Am ] Epidemiol. 1992;135:190—-199.

individual’s lifetime, including childhood. The majority of cases of LFS are due to
mutations in the p53 gene.”*”” The component tumors of LFS include bone sarcomas
(primarily osteosarcomas and chondrosarcomas), soft-tissue sarcomas, breast can-
cer, brain tumors, leukemia, and adrenocortical carcinomas.*” The classic component
tumors are thought to account for 63% to 77% of cancer diagnoses in individuals with
LFS.**® Breast cancer is the most common tumor in p53 mutation carriers (24% to
31.2%), followed by soft-tissue sarcomas (11.6% to 17.8%), brain tumors (3.5% to 14%),
osteosarcomas (12.6% to 13.4%), and adrenocortical tumors (6.5% to 9.9%).2%> Other
tumors that have been argued to be component tumors of LES are listed in Table 5.3.

There are some data regarding common histology of LFS component tumors.
Breast cancers are most commonly invasive ductal carcinomas.** Rhabdomyosarco-
mas account for 55% of soft-tissue sarcomas, followed by fibrosarcomas (13%) and
then malignant fibrous histiocytomas.* For LFS-associated brain tumors, 69% are
astrocytic (astrocytoma or glioblastoma), followed by medulloblastoma/primitive
neuroectodermal tumors (17%).%

Identifying LFS

Li et al.* first defined LFS in 1988 at which point clinical criteria were established,
now known as classic LES criteria (Table 5.4). In 1994, Birch et al.”” went on to define
less stringent criteria (Table 5.4) in an attempt to capture families with p53 mutations
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Clinical Criteria for Classic Li~-Fraumeni Syndrome

LFL Syndrome and Chompret Criteria

Classic LFS criteria

e Proband diagnosed with a sarcoma before 45 y of age and

e A first-degree relative® with cancer diagnosed before 45 y of age and

o A first- or second-degree relative” on the same side of the family with cancer diag-
nosed before 45 y of age or a sarcoma at any age

LFL syndrome criteria

e Proband with any childhood cancer or sarcoma, brain tumor, or adrenocortical
carcinoma diagnosed before 45 y of age and

e First- or second-degree relative with a component LFS cancer (sarcoma, breast can-
cer, brain tumor, leukemia, or adrenocortical carcinoma) diagnosed at any age and

e One first- or second-degree relative on the same side of the family with any cancer
diagnosed before age 60 y

Chompret criteria

e Proband diagnosed with a narrow spectrum cancer (sarcoma, brain tumor, breast
cancer, or adrenocortical carcinoma) before the age of 36 y, and at least one first- or
second-degree relative affected by a narrow-spectrum tumor (other than breast
cancer if the proband was affected by breast cancer) before 46 y or a relative with
multiple primary tumors at any age

e A proband with multiple primary tumors, two of which belong to the narrow spec-
trum and the first of which occurred before 36 y, regardless of family history

e A proband with adrenocortical carcinoma, regardless of age at diagnosis or family
history

“First-degree relative is defined as parent, sibling, or child.
bSecond—degree relative is defined as grandparent, aunt, uncle, niece, nephew, or grandchild.

who did not necessarily conform to the classic criteria. Families who met the broader
criteria of Birch et al.”” were referred to as “LES-like (LFL)” families. Both classic and
LFL criteria are based on family history and fail to recognize potential p53 mutation
carriers who have de novo germline p53 mutations. Although the de novo rate is not
well defined for p53, one study showed as high as a 24% rate.”

More recently in 2001, Chompret et al.*’ developed criteria for identifying patients
likely to carry p53 mutations (Table 5.4) and included criteria that address families
who display a collection of component tumors but also address individuals whose
personal histories are suggestive of p53 mutation even in the absence of a suggestive
family history. The Chompret criteria were designed to include individuals who may
potentially carry de novo p53 mutations.
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Fifty to seventy percent of individuals who meet the classic definition of LFS will
have a mutation in p53.”%** Individuals who meet the LFL criteria are less likely to
be p53 mutation carriers, estimated at 21% to 40%.”*” Twenty percent of individuals
meeting the Chompret criteria will be identified as p53 mutation carriers.”

Cancer Risks

Typically, LFS-associated tumors occur at significantly younger ages than when
they occur sporadically. However, depending on tumor type, the mean age at diagno-
sis varies from childhood well into adulthood.* Understanding cancer risk for LFS is
somewhat complicated as the ranges of risk vary greatly between studies and depend
largely on study population. When pooling studies that examine overall cancer risk in
p53 mutation carriers (both female and male), the risk of developing cancer by ages
15 to 20 years is 12% to 42%, by ages 40 to 45 years is 52% to 66%, by age 50 years is
80%, and by age 85 years is 85%."**> When separating out the sexes, it is appar-
ent that female p53 mutation carriers have generally a higher lifetime cancer risk in
comparison to males.*>****

Individuals with a diagnosis of LES are also at markedly increased risk of devel-
oping multiple primary tumors. Hisada et al.”” found that, following a first cancer
diagnosis, there is a 57% risk for a second primary tumor within 30 years of the first
diagnosis, followed by a 38% risk for a third primary tumor within 10 years of the
second cancer diagnosis. In addition, it has been widely observed that second, third,
and so on primary cancers commonly occur in the radiation field of previously
treated cancers.**"*%

Psychosocial Issues

The psychosocial effects of being a member of an LFS family and/or being affected
with LES have not been widely studied.”®”” The nature of the disease itself leads to
unique psychosocial implications with individual members of LFS families often
experiencing many cancer diagnoses (and deaths) in their immediate and extended
family. These cancer diagnoses will be throughout the life span, with many parents
having to deal with a child’s diagnosis and many children needing to deal with a par-
ent’s diagnosis. It is likely that these repeated experiences of grief and stress pose a
significant psychological burden for the members of LFS families.”® Although no data
exist, this psychosocial burden may also impact the individuals’ relationships with
their family members including, but not limited to, children and spouses.

Because of the rarity of the syndrome, many individuals with LFS may feel isolated.
Other inherited syndromes, in general, and inherited cancer syndromes, in particu-
lar, have “support groups” that can help with the coping process when an individual
is diagnosed with the disease. Unfortunately, no such group exists in the United
States today. An online discussion group/support group for individuals with LFS is
available (http://listserv.acor.org/SCRIPTS/WA-ACOR.EXE?OK=53111E8B&L=LI-
FRAUMENI). Members of the listserv include patients with LES, health care provid-
ers, and spouses and friends of individuals with LFS. The listserv serves as a place not
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only to share information about the disease but also to discuss fears, anxiety, grief,
and other psychological manifestations of the disease.

(PTEN)
Description

CS is a rare hereditary cancer syndrome that is characterized by overgrowth in
different organ systems. The incidence of CS is thought to be about 1 in 200,000, but
it may be underdiagnosed.” CS belongs to the set of syndromes known as the PTEN
(phosphatase and tensin homolog) hamartoma tumor syndromes.'” PTEN muta-
tions are found in the vast majority of patients with CS, although mutations in other
genes such as BMPRIA and the succinate dehydrogenase genes have been reported
in a small number of patients who have features of CS but do not meet diagnostic
criteria (CS-like).'"102

Diagnostic Criteria/Testing Criteria

Traditionally, one of the hallmark features of CS is the development of mul-
tiple hamartomas of the skin and mucosa. A thorough physical examination,
including head circumference measurement and examination for skin manifesta-
tions, is an important component of assessing for CS. However, a lack of hamar-
tomas does not exclude CS; diagnostic criteria are complicated.'”” The NCCN’s
most recent guidelines (v.1.2011) for testing for CS are in Table 5.5; they will be
updated shortly.

Identifying CS

In 2011, the Cleveland Clinic made available an online calculator for risk of a PTEN
mutation in adults, as well as a set of pediatric criteria (http://www.lerner.ccf.org/gmi/
ccscore/). Risk estimates were based on data from the largest prospective cohort of
patients collected with a potential diagnosis of CS. Information on physical findings,
specific cancer diagnoses, intestinal polyps, and other benign conditions is collected. If
a patient has a risk of mutation greater than 3%, testing for PTEN is recommended.'*

Cancer Risks

The highest risk of cancer associated with CS is for female breast cancer. Other
cancers that are thought to be a part of the spectrum of cancers seen in CS include
thyroid cancer, uterine cancer, and, more recently, renal cell cancer, melanoma, and
colorectal cancer have also been reported. The magnitude of risk for the cancers associ-
ated with CS varies widely."”'” A recent article from Cleveland Clinic estimated the
lifetime risks of cancer to be much higher than previously reported; however, it is likely
that there is significant ascertainment bias present in this cohort.'” A comparison of
two publications reviewing the cancer risks associated with CS is presented in Table 5.6.
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NCCN Guidelines: Testing Criteria for CS

NCCN Guidelines for Testing (v.1.2011)—CS

Individual from a family with a known PTEN mutation
or
Individual with a personal history of
e Bannayan—Riley—Ruvalcaba (BRR) syndrome
e Adult Lhermitte-Duclos disease (dysplastic gangliocytoma of the cerebellum)
e Autism spectrum disorder and macrocephaly
e 22 biopsy proven trichilemmomas
e >2 major criteria (one must be macrocephaly)
e >3 major criteria, without macrocephaly
¢ One major and >3 minor criteria
e >4 minor criteria
Fewer criteria are needed when an individual has a relative with a clinical diagnosis
of CS or BRR (any one major criterion or two minor criteria)
Major criteria
* Breast cancer
e Mucocutaneous lesions
e Biopsy-proven trichilemmoma
e Multiple palmoplantar keratoses
e Multifocal or extensive oral mucosal papillomatosis
e Multiple cutaneous facial papules (often verrucous)
e Macular pigmentation of glans penis
e Macrocephaly (297th percentile, 58 cm in adult women, 60 cm in adult male)
* Endometrial cancer
e Nonmedullary thyroid cancer
e Multiple gastrointestinal hamartomas or ganglioneuromas
Minor criteria
e Other thyroid lesions (e.g., adenoma, multinodular goiter)
e Mental retardation (intelligence quotient < 75)
e Autism spectrum disorder
e Single gastrointestinal hamartoma or ganglioneuroma
¢ Fibrocystic disease of the breast
e Lipomas
e Fibromas
e Renal cell carcinoma
e Uterine fibroids

Adapted with permission from the NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines) for
Genetic/Familial High-Risk Assessment: Breast and Ovarian V.1.2011. © 2012 National Comprehensive Can-
cer Network, Inc. All rights reserved. The NCCN Guidelines and illustrations herein may not be reproduced
in any form for any purpose without the expressed written permission of the NCCN. To view the most recent
and complete version of the NCCN Guidelines, go online to www.NCCN.org. National Comprehensive Can-
cer Network, NCCN, NCCN Guidelines, and all other NCCN content are trademarks owned by the National
Comprehensive Cancer Network, Inc.
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Cancer Risks Associated with CS

Lifetime Cancer Risks Associated with CS
Pilarski et al.’®® (2009) Tan et al.’® (2012) (%)

Breast cancer risk 25-50% 85

Thyroid cancer 3-10% 35

Endometrial cancer 5-10% 28

Renal cell cancer Unknown 34

Melanoma Unknown 6

Colorectal cancer Unknown 9
Management

CS is a complex diagnosis to make and to receive. Because of the degree of vari-
ability in CS, it is difficult for clinicians to make a firm diagnosis except in the most
obvious of cases. In situations where there is a high suspicion, a negative genetic test
result may be uninformative for the patient and her family. Conversely, a positive
result or variant of uncertain significance in an individual without classic features of
Cowden can lead to uncertainty regarding how aggressive to be about screening and
prevention measures. The NCCN Guidelines for management are in Table 5.7.

Psychosocial Issues

There is a dearth of literature addressing the psychological issues for individu-
als and families with a clinical and/or genetic diagnosis of CS, possibly due to its
rarity. However, there are several factors associated with CS that could add to the
psychological burden of having a hereditary syndrome. These include variability
in clinical presentation, difficulty screening (especially for breast cancer), disfig-
urement due to mucocutaneous lesions and surgical procedures, the possibility of
intellectual disabilities and/or autism in children, lack of knowledge about how
often PTEN mutations are found de novo versus inherited in a family, a large num-
ber of uncertain variants found through genetic testing, and overall lack of knowl-
edge about the syndrome.

Because of the association of CS with autism and macrocephaly, many children
are now undergoing genetic testing for alterations in the PTEN gene; a small number
of them will be found to have CS or a related disorder.'” When the child is the index
case in the family, testing him/her may provide information for adult family mem-
bers about cancer risks. In addition, parents may find value in knowing that there is
an underlying genetic cause to their child’s issues and in finding a community with
a shared diagnosis. There is also the hope that the development of targeted therapies
may help ameliorate the disease in children and, going forward, in adults.
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NCCN Guidelines for CS Management

NCCN Guidelines for Management—CS (v.1.2011)

Women

e Breast self-examination training and education starting at the age of 18 y

e Clinical breast examination, every 6—12 mo, starting at the age of 25 y or 5-10 y
before the earliest known breast cancer in the family

e Annual mammography and breast magnetic resonance imaging screening starting
at the age of 30-35 y or 5-10 y before the earliest known breast cancer in the family
(whichever comes first)

e For endometrial cancer screening, encourage patient education and prompt

response to symptoms and participation in a clinical trial to determine the

effectiveness and necessity of screening modalities

Discuss option of risk-reducing mastectomy and hysterectomy on a case-by-

case basis and counsel regarding degree of protection, extent of cancer risk, and

reconstruction options

Men and women

e Annual comprehensive physical examination starting at the age of 18 yor 5y
before the youngest age at diagnosis of a component cancer in the family (which-
ever comes first), with particular attention to breast and thyroid examinations

e Baseline thyroid ultrasound at the age of 18 y, and consider annually thereafter

e Consider colonoscopy starting at the age of 35 y, then every 5-10 y or more
frequently if patient is symptomatic or polyps found

e Consider annual dermatologic examination

e Education regarding the signs and symptoms of cancer

Risk to relatives

¢ Advise about possible inherited cancer risk to relatives and options for risk assess-
ment and management

e Recommend genetic counseling and consideration of genetic testing for at-risk relatives

Adapted with permission from the NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines) for
Genetic/Familial High-Risk Assessment: Breast and Ovarian V.1.2011. © 2012 National Comprehensive Can-
cer Network, Inc. All rights reserved. The NCCN Guidelines and illustrations herein may not be reproduced
in any form for any purpose without the expressed written permission of the NCCN. To view the most recent
and complete version of the NCCN Guidelines, go online to www. NCCN.org. National Comprehensive Can-
cer Network, NCCN, NCCN Guidelines, and all other NCCN content are trademarks owned by the National
Comprehensive Cancer Network, Inc.

The benefit of testing an asymptomatic child whose parent has a known mutation
in PTEN is still unknown. Although childhood cancers have been reported in CS,
these cancers appear to be rare. Some experts argue that thyroid and other screening

is warranted in children for the early detection and prevention of related cancers'”’;
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however, others would say that the psychological burden of screening outweighs
any small medical benefit that may be derived from discovering benign lesions that
are unlikely to become cancerous at a young age. Testing unaffected children for CS
remains controversial.

STKT1

Peutz—Jeghers syndrome (P]S) is a rare autosomal dominant gastrointestinal ham-
artomatous polyposis syndrome. It is estimated that the incidence is approximately
1 in 150,000 in North America and Western Europe.'”*'”” Peutz—Jeghers is character-
ized by the development of Peutz—Jeghers polyps in the intestine in conjunction with
pigmentation (brown or bluish spots) around and inside the mouth, nose and lips,
and perianal area, as well as other parts of the body. These lesions are often most
prominent in childhood and fade with age.

Most families with PJS have mutations in the STKI11 gene, although this gene does
not explain all inherited cases of PJS as well as many simplex cases."'’ The lifetime risk

Clinical Criteria for PJS and Hereditary Diffuse
Gastric Cancer Syndrome

PJS Clinical Diagnostic Criteria

Any one of the following is present

* Two or more histologically confirmed Peutz—Jeghers polyps

e Any number of Peutz—Jeghers polyps detected in one individual who has a family
history of PJS in close relative(s)

¢ Characteristic mucocutaneous pigmentation in an individual who has a family
history of PJS in close relative(s)

e Any number of Peutz—Jeghers polyps in an individual who also has characteristic
mucocutaneous pigmentation

Beggs et al.''’ (2010)

Hereditary Diffuse Gastric Cancer Clinical Criteria

Any of the following:

 Two gastric cancer cases in a family, one individual aged <50 y with confirmed
diffuse gastric cancer (DGC)

e Three confirmed DGC cases in first- or second-degree relatives independent of age

e Simplex case (i.e., a single occurrence in a family) of DGC occurring before the age
of 40y

e Personal or family history of DGC and lobular breast cancer, one diagnosed before
the age of 50 y

Fitzgerald et al."" (2010)
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of breast cancer in females is reported in a wide range, with the most consistent risks
being in the 30% to 50% range.''"'"* Other cancers that can be seen in PJS include
cancers of the colon, pancreas, stomach, ovary, small intestine, lung, cervix, testes,
uterus, and esophagus.''’ Consensus diagnostic criteria were published in 2010 and
are listed in Table 5.8."'° PJS is described in depth in “Genetic Testing by Disease Site:
Gastrointestinal.”

CDHI1

Hereditary diffuse gastric cancer is a rare autosomal dominant hereditary syn-
drome characterized by diffuse (or signet ring cell pathology) stomach cancer. The
incidence of this syndrome is not well known but likely to be rare. The lifetime
risk of stomach cancer is thought to be approximately 80% compared with less
than 1% in the general population.''*'"”” The second most common cancer in fami-
lies with this syndrome is lobular breast cancer, with a lifetime risk of about 40%
in women."'®"?° Cleft lip and palate have also been reported in some families.'*’
The International Gastric Cancer Linkage Consortium published clinical crite-
ria in 2010, shown in Table 5.8.'" The incidence of CDHI mutations in lobular
breast cancer cases is thought to be low in the absence of a family history of gastric
cancer.'”” Please see “Genetic Testing by Disease Site: Gastrointestinal” for more
detailed information.

MODERATE- AND LOW-PENETRANCE BREAST
CANCER GENES

There are several genes that have already been described in families with breast
cancer including CHEK2 and ATM. The risk of breast cancer associated with
alterations in these genes is thought to be lower than with traditional hereditary
breast cancer syndromes; other factors are likely to interact with the effects of
changes in these genes and result in a more moderate increase in risk for breast
cancer.

Recently, a US group published a study on 12 genes linked to hereditary ovarian
cancer, which are also being analyzed in families with hereditary breast cancer.">™'*
More laboratories are beginning to offer genetic testing for panels of genes that are
important in DNA repair pathways.'* There are several categories of these genes.

(1) Category 1—genes functionally related to BRCAI and BRCA2 (ATM, BARDI,
CHEK2, MRE11A, NBN, RAD50, RAD51D)
+ ATM (ataxia telangiectasia mutated)
* BARDI (BRCAI-associated RING domain 1)
« CHEK2 (cell cycle checkpoint kinase 2)
*  MREIIA (meiotic recombination 11 homolog A)
* NBN (nibrin; aka NBSI)
* RAD50
« RAD5ID
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(2) Category 2—(other) genes in the Fanconi anemia pathway that increase breast
cancer risk (BRIP1, PALB2, RAD51C)
+  BRIPI (BRCA-interacting protein C-terminal helicase 1; FANC])
+ PALB?2 (partner and localizer of BRCA2; FANCN)
+ RAD5IC (FANCO)

(3) Category 3—genes involved in hereditary colorectal cancer (MLHI, MSH2,
MSH6, PMS2, EPCAM, MYH)

For many of the genes in categories 1 and 2, risks of breast cancer are not well
defined, and it is unclear if women who test negative for a mutation that was found
in an affected relative (“true negatives”) are really at general population risk.

Lynch Syndrome and MYH-associated Polyposis

Lynch syndrome (LS) is the most common hereditary form of colorectal cancer,
accounting for about 2% to 3% of colorectal cancer cases. It is caused by mutations
in genes involved in DNA mismatch repair, including MLHI, MSH2, MSH6, PMS2,
and, indirectly, EPCAM. LS is typically characterized by the development of relatively
early-onset colorectal and uterine cancer; risks for other cancers including stomach
cancer, cancer of the small intestine, pancreatic cancer, sebaceous carcinomas, ovar-
ian cancer, cancers of the urinary collecting tract, and rarely brain tumors are thought
to be increased.'” Most studies have not shown a significant increase in breast cancer
risk for MMR mutation carriers versus noncarriers, > although a more recent article
studying a cohort of LS families prospectively did show a fourfold increase in breast
cancer risk.'” It is clear that defective mismatch repair can be seen in some breast
cancers in women from LS families."””"*' Whether there is a true increase in risk (and
the magnitude of this risk) remains to be seen. Please see “Genetic Testing by Disease
Site: Gastrointestinal” for more detailed information.

MYH-associated polyposis (MAP) is the lesser known of the adenomatous polyp-
osis syndromes (vs. familial adenomatous polyposis). MYH is involved in base exci-
sion repair; without MYH, oxidative DNA damage leads to the formation of 8-o0xo-G,
which mispairs with adenine. This leads to an increase in G:C >T:A transversions
in APC and other genes."”> MAP is associated with an attenuated phenotype; fewer
adenomas (generally in the range of 10 to 100) and a mixture of polyp types (serrated
adenomas, hyperplastic polyps) and duodenal polyps are often seen."”>"** Extrain-
testinal manifestations, including breast cancer, have been reported in MAP."*>'*
However, MYH does not appear to be a common cause of breast cancer.'”” Please
see “Genetic Testing by Disease Site: Gastrointestinal” for more detailed information.

SUMMARY

This chapter has provided a synopsis of the genes linked to the most well-defined
syndromes associated with breast cancer and an introduction to breast cancer gene
panels. It is important for clinicians to be able to identify the classic breast cancer
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syndromes, know the relevant genes, and understand the medical management and
psychosocial issues associated with the syndromes. The advent of whole genome
sequencing and the ability to analyze the estimated 22,000 genes in the human genome
with cheap and efficient technology bring the hope that all of the genes involved in
hereditary and familial breast cancer will be found. However, making this informa-
tion clinically relevant will require much more research. Elucidating the interaction
of mutations in these genes with modifying factors could help clarify risks in families
and lead to targeted screening and prevention measures. It is clear that genetic testing
will become more complicated over time and that the interpretation of test results
will require continuing education and expertise in the field.
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2012, there will be ~22,280 new cases and 15,500 deaths from this cancer;

this is the highest death rate for any cancer of the female reproductive sys-
tem." Given this fact, it is of critical importance to identify women who face an ele-
vated risk for ovarian cancer to allow for early detection or prevention. A number
of risk factors (e.g., nulliparity, early menarche, late menopause) for ovarian cancer
have been identified and reviewed by others.”™* By far, the most important risk fac-
tor is family history. Having one first-degree relative with ovarian cancer increases
the lifetime risk from 1.4% (average risk) to 5% and at least 7% with two or more
first-degree relatives.” However, in families with two or more cases of ovarian cancer,
there may be a hereditary cause for the cancer, which in turn would result into higher
lifetime ovarian cancer risks. Historically, it was believed that ~10% of ovarian can-
cers were due to an underlying hereditary syndrome, but more recent data indicate
that just two syndromes (hereditary breast and ovarian cancer syndrome and Lynch
syndrome) account for at least 20% of ovarian cancers, and overall, at least 25% of
newly diagnosed cases are due to a hereditary mutation in a single gene®™; this sug-
gests that a much larger proportion of ovarian cancer cases is hereditary in nature
than originally thought (Fig. 6.1). This chapter reviews ovarian cancer within the
context of known hereditary cancer syndromes. In addition, we address some of the
newer genes ovarian cancer has been linked to as clinical genetic testing for some of
these genes are quickly becoming available to health care professionals.

E varian cancer is responsible for ~3% of all cancers among women, and in

HEREDITARY BREAST AND OVARIAN CANCER
SYNDROME (THE BRCA1 AND BRCA2 GENES)

Hereditary breast and ovarian cancer syndrome due to mutations in the BRCA1
and BRCA2 (BRCAI/2) genes is the most common cause of hereditary ovarian
cancer, including fallopian tube and primary peritoneal cancer. Anywhere from
0.125% to 0.20% of the general population carry mutations in BRCA1/2 compared
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FIGURE 6.1. Genes responsible for hereditary ovarian cancer (including fallopian tube
and primary peritoneal cancer). Other genes include BARD T, BRIPT, CHEK2, MRET 1,
MSH®6, NBN, PALB2, RAD50, RAD5 1C, and TP53. Data derived from: Walsh T, Casadei S,
Llee MK, et al. Mutations in 12 genes for inherited ovarian cancer, fallopian tube, and
peritoneal carcinoma identified by massively parallel sequencing. Proc Natl Acad Sci U S A.
2011;108:18032-18037.

with 15% of women with a diagnosis of invasive ovarian cancer.**'’ The contribu-
tion of the BRCAI/2 genes to ovarian cancer is even greater in certain ethnicities
that have higher BRCA1/2 mutation prevalence rates (e.g., Polish, Ashkenazi Jewish
[AJ], French Canadian). For example, the prevalence of BRCA1/2 mutations in
individuals of AJ ancestry and women of AJ ancestry with ovarian cancer is ~2.3%
and ~30% to 40%, respectively.'' "’ Because of the strong connection between ovar-
ian cancer and BRCA1/2, multiple professional societies and organizations recom-
mend genetic counseling and testing for any woman with ovarian cancer regardless
of age at onset or family history (Table 6.1). The current sensitivity of BRCA1/2
genetic testing at the commercial laboratory is ~90% for identifying mutations in
either gene.

The lifetime risk of developing ovarian cancer differs between the two genes. A
number of studies over the years have quantified the lifetime risk**~%; however, two
large meta-analyses suggest an ~40% and 20% lifetime risk for BRCA1 and BRCA2
mutation carriers, respectively.”””* In 1997, Gayther et al.,”” in an effort to deter-
mine whether there were any genotype—phenotype correlations associated with
BRCA?2 mutations, identified a region in exon 11 of BRCA2 between nucleotides
3,035 and 6,629 that appeared to confer a further increased risk of ovarian cancer;
they coined this region the “ovarian cancer cluster region” (OCCR). A follow-up
study of the OCCR in families from the Breast Cancer Linkage Consortium (which
included the families from the study by Gayther et al.”®) further refined the OCCR
to nucleotides 3,059 to 4,075 and 6,503 to 6,629, but found that the phenotype
of increased ovarian cancer may actually be due to a reduced breast cancer risk.”’
Regardless, the potential difference in ovarian cancer risk was not significant enough
to affect management recommendations. In addition to genotype—phenotype asso-
ciations, researchers have studied other genetic modifiers (e.g., single-nucleotide
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Societies or Organizations with Position Statements
Recommending BRCA1/2 Genetic Counseling
and/or Testing Related to Ovarian Cancer

Society/Organization Year Recommendation

American College of 2005 21 cases of OC and at least one relative on the same
Medical Genetics"* side of the family with BC (at any age)

American College 2009  Genetic risk assessment is recommended for
of Obstetrics and patients with >20-25% chance of having a
Gynecology" predisposition to OC (FT and PPC included),

which include women with a personal history of
OC; women with OC and an FDR or SDR with
OC, premenopausal BC or both; women with
BC <50 y and an FDR or SDR with OC

Genetic risk assessment is helpful for
patients with a 5-10% chance of having a
predisposition to OC, which include women
at any age with OC, PPC, or FT of high grade,
serous histology

American Society of 2006 A personal or family history of ovarian cancer
Breast Surgeons'® (particularly nonmucinous types) should have
access to BRCA testing
NCCN" 2012  Genetic risk assessment should be offered to any

woman with BC who has an FDR, SDR, or TDR
with epithelial OC, FT, or PPC at any age; any
woman with OC, FT, or PPC; any unaffected
individual with a family history of >1 OC from
the same side of the family

BRCA1/2 genetic testing should be offered to
any woman with BC <50 y with >1 FDR,
SDR, or TDR with epithelial OC, FT, or PPC
at any age; any woman with BC regardless
of age when there are >2 FDR, SDR, or TDR
with epithelial OC, FT, or PPC at any age; any
woman with epithelial OC, FT, or PPC; any
individual with PC at any age with >2 FDR,
SDR, or TDR with BC and/or OC and/or PC
at any age; an unaffected individual who has
an FDR or SDR who meet any of the above
criteria or a TDR with BC and/or OC/FT/PPC
with >2 FDR, SDR, or TDR with BC (one
<50 y) and/or OC

(Continued)
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Society/Organization Year Recommendation

Society of Gynecologic 2007  Genetic risk assessment is recommended for
Oncologists'® patients with >20-25% chance of having a

predisposition to OC (FT and PPC included),
which include women with a personal history of
OC and BC; women with OC and an FDR, SDR,
or TDR with OC or BC <50 y; women with OC
at any age who are AJ; women with BC <50 y and
an FDR, SDR, or TDR with OC

Genetic risk assessment is helpful for patients with
a 5-10% chance of having a predisposition to
OC, which include women with OC or BC at
any age and >2 FDR, SDR, or TDR with BC at
any age (particularly if at least one BC is <50 y);
unaffected women with an FDR or SDR who
meet the above criteria

US Preventative 2005  Unaffected women whose family history is
Services Task Force'’ suggestive of a BRCA1/2 mutation should be

referred for genetic counseling and evaluation
for BRCA1/2 testing; this includes:

Non-AJ women—a combination of both BC and
OC among FDR and SDR; a combination of >2
FDR or SDR with OC regardless of age at onset;
an FDR or SDR with both BC and OC at any age

AJ women—any FDR (or two SDRs on the same
side of the family) with OC

OC, ovarian cancer; BC, breast cancer; FT, fallopian tube cancer; PPC, primary peritoneal cancer; PC, pancre-
atic cancer; FDR, first-degree relative (parent, child, sibling); SDR, second-degree relative (aunt/uncle, grand-
parent, grandchild, niece/nephew, half-sibling); TDR, third-degree relative (first cousin, great aunt/uncle,
great grandparent, great grandchild).

polymorphisms) that can influence ovarian cancer risk in BRCA1/2 mutation car-
riers, but these data need maturation before testing for genetic modifiers can be
used clinically.”"**

The average age at onset of ovarian cancer is between 49 and 53 years for
BRCAI and 55 and 58 years for BRCA2 compared with 63 years in the general
population.®®**~” Unlike breast cancer, women with a diagnosis of very early-onset
ovarian cancer (<40 years) are significantly less likely to harbor BRCA1/2 muta-
tions.>******* This is in part due to the fact that early-onset ovarian cancers are
more likely to be associated with borderline tumors, earlier stages, and more favor-
able histologic characteristics, none of which are typical of BRCA1/2-related ovar-
ian cancer.”
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BRCA1/2-associated ovarian cancers are almost uniformly epithelial in origin and,
for the most part, are invasive and nonmucinous; there are case reports of germ cell
and stromal tumors in BRCAI/2 mutation carriers. Mucinous and borderline tumors
individually account for ~2% of ovarian tumors identified in BRCAI/2 mutation
carriers; this percentage is the same for both prospective and retrospective analyses,
which are nicely summarized by Evans et al.*' Compared with sporadic ovarian can-
cers, BRCA1/2 ovarian cancers are more often of serous histology, higher grade, and
solid type, and have intact p53 staining on immunohistochemistry (IHC).”**'™* It is
important to note that other histologic findings are seen in mutation carriers (e.g.,
endometrioid, clear cell, papillary), and one study found more giant cell-type cancers
in BRCAI mutation carriers compared with controls.* Several smaller studies have
found that BRCA1/2-related ovarian cancers have a better prognosis compared with
ovarian cancers in nonmutation carriers.””*"* This finding seems to have been con-
firmed as a recent large pooled analysis of 26 observational studies comparing 3,879
BRCA1/2 ovarian cancers and 2,666 noncarriers found the 5-year survival for BRCA2
carriers was 52%, 44% for BRCAI carriers, and 36% for noncarriers.** The survival
difference remained after adjusting for age at diagnosis, stage, histology, and grade.

One potential reason for the differences in survival may be that BRCAI/2-related
ovarian cancers respond better to platinum-based agents.**** BRCA1/2 repair DNA
damage through homologous recombination and platinum agents are particularly
active in cells deficient in homologous recombination.*** It is through this pathway
that another class of drugs called poly(ADP-ribose) polymerase (PARP) inhibitors
has been developed to help treat BRCA1/2-related cancers. Unlike platinum agents
targeting homologous recombination, PARP inhibitors block repair of single-strand
DNA breaks through base excision repair, which in turn can lead to double-strand
breaks that cannot be repaired by BRCAI/2-deficient tumor cells at the same time
sparing normal cells.”*** A number of phase I and phase II trials have been reported,
and clinical trials continue to study PARP inhibitors in both ovarian and breast
cancers.”

Identifying women who have a BRCA1/2 mutation would ideally lead to women
either being diagnosed with ovarian cancer at earlier stages or preventing ovarian
cancer altogether. When counseling women who have tested positive for a BRCA1/2
mutation, it is these central tenets, ovarian cancer screening versus prevention, that
guide discussions. Current National Comprehensive Cancer Network (NCCN)
guidelines for managing ovarian cancer risk include the recommendation for risk-
reducing bilateral salpingo-oophorectomy (RRSO) between the ages of 35 and
40 years when childbearing is complete; for women not choosing RRSO, transvaginal
ultrasound, and CA-125 are recommended every 6 months starting at age 30 years
or 5 to 10 years before the earliest age at onset of ovarian cancer in the family."” Sur-
gical prevention is recommended over screening for two main reasons. First, many
women can receive a dual risk reduction with one surgery. RRSO has been shown to
reduce ovarian cancer risk by 80% to 95%,”"*" and breast cancer risk by 50% (for
premenopausal women) in BRCA1/2 mutation carriers.”** Anywhere from 2.5% to
17%%% of women who undergo RRSO are found to have an occult ovarian, fallopian
tube, or primary peritoneal cancer upon pathology review, emphasizing the need for
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a “high-risk” pathologic examination of the tissues.® However, after surgery, women
may still face an ~4% risk of developing primary peritoneal cancer over the course of
20 years.”” The second major reason surgery is recommended over screening is that
ovarian cancer screening is ineffective at detecting ovarian cancer at early stages®’; the
pros and cons of ovarian cancer screening with transvaginal ultrasound and CA-125
have been reviewed elsewhere.* A second option for reducing ovarian cancer risk is
through oral contraceptive (OCP) use. OCP use can reduce ovarian cancer risk by
~50% with 5 years of use; the benefit has been shown for both BRCAI and BRCA2
carriers.*® However, it is worth noting that data are conflicting about whether OCP
use can increase breast cancer risk, so it is important to take into account a woman’s
age, family history, and genetic test results before making recommendations to use
OCPs.”"” Recently, researchers at Stanford created an online decision tool to aid
female BRCA1/2 mutation carriers in conjunction with a health care provider mak-
ing decisions with respect to cancer screening and surgical prevention’; the tool is
available at http://brcatool.stanford.edu.

Lynch Syndrome

Approximately 2% to 4% of ovarian cancer is believed to be associated with Lynch
syndrome, also referred to as hereditary nonpolyposis colorectal cancer syndrome.””
Lynch syndrome is an autosomal dominant cancer predisposition syndrome charac-
terized by a significantly increased lifetime risk of colorectal cancer (~30% to 70%)
and extracolonic malignancies of the endometrium (28% to 60%), stomach (6% to
9%), small bowel (3% to 4%), urinary tract (3% to 8%), central nervous system (4%),
hepatobiliary tract (1%), and sebaceous skin lesions (1% to 9%).”®

Lynch syndrome is caused by germline mismatch repair (MMR) gene muta-
tions in MLHI1, MSH2, MSH6, and PMS2. Alterations in these four genes account
for approximately 36%, 38%, 14%, and 15% of Lynch syndrome, respectively.”” In
addition, germline deletions in EPCAM inactivate MSH2 through epigenetic silenc-
ing in a small proportion of individuals with Lynch syndrome.”® Variations in cancer
risk have been noted among the four MMR genes. An increased risk for endometrial
cancer and slightly decreased risk for colorectal cancer are observed in families with
germline MSH6 mutations compared with families with MLHI and MSH2 muta-
tions.”” Germline mutations in PMS2 are associated with the lowest overall risk for
Lynch syndrome-associated malignancies.*

Lynch syndrome is diagnosed clinically within families meeting either the
Amsterdam I or Amsterdam II criteria®® (Table 6.2). Although fulfillment of the
Amsterdam criteria is a significant predictor of identifying a germline MMR gene
mutation in a family, it is well known that at least 25% of families affected with Lynch
syndrome do not meet the Amsterdam criteria.”

The lifetime risk of ovarian cancer in Lynch syndrome is estimated to be anywhere
between 4% and 11%,”**** with a mean age of diagnosis at 42.7 years.” In this series,
approximately one-third of the individuals were younger than 40 years at the time
of diagnosis (n = 80). Approximately 94% of ovarian tumors in Lynch syndrome are
invasive epithelial in origin, with borderline and granulosa cell tumors representing
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Amsterdam Criteria for Clinical Diagnosis of
Lynch Syndrome

Amsterdam | Criteria®’

e Three affected family members with histologically verified colorectal cancer, one of
whom is a first-degree relative of the other two

¢ Colorectal cancer in at least two successive generations

e Atleast one of the affected relatives with colorectal cancer is diagnosed at <50 y

e Familial adenomatous polyposis (FAP) has been excluded

Amsterdam Il Criteria®?

e Three affected family members with a Lynch syndrome—associated cancer (colon,
endometrial, small bowel, ureter, or renal pelvis), one of whom is a first-degree
relative of the other two

¢ Cancer diagnoses in at least two successive generations

e At least one of the affected relatives with a Lynch syndrome—-associated cancer is
diagnosed at <50 y

e FAP has been excluded

~4% of cases. Lynch-related ovarian tumors are most frequently, moderately or well
differentiated. Of note, synchronous endometrial cancer was identified in 21.5% of
cases. In a meta-analysis of 159 cases of MMR-related ovarian cancers, histologic sub-
types included serous (32%), endometrioid (29%), mixed (24%), mucinous (19%),
and clear cell (18%).* In a study of individuals with Lynch-related ovarian cancer
compared with individuals with sporadic ovarian cancer, no significant difference
was observed in survival rate, although the total number of Lynch-related ovarian
cancers was small (n = 26).¥

Lynch syndrome is one of a few hereditary cancer syndromes that have more than
one method available to make a genetic diagnosis by identifying MMR deficiency
including (1) tumor studies, specifically microsatellite instability (MSI) and IHC, and
(2) germline genetic testing (typically includes DNA sequencing and a technology to
look for large structural rearrangements). In initiating a genetic evaluation for Lynch
syndrome, tumor studies are generally the recommended first-line tests.”* However,
because the majority of available data on performing MSI and IHC pertain to colorec-
tal and endometrial tumors,”®® it is not certain whether tumor studies on ovarian
cancers as a first-line approach are valid. Approximately 12% of unselected ovarian
cancers will have an MSI-high phenotype.” In an analysis of 52 ovarian carcinomas
in a population who received a diagnosis at younger than 50 years, defects in MMR
expression were identified in 10% of cases using MSI and IHC.*® Domanska et al.”’
evaluated ovarian carcinomas in a population who received a diagnosis at younger
than 40 years and found MMR deficiency with IHC in ~6% of cases. If tumor studies
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are indicative of Lynch syndrome (results show the tumor to be MSI-high and/or loss
of 21 MMR proteins), germline genetic testing should be offered and will identify a
deleterious mutation anywhere from 20% to 70% of the time.”® Molecular analysis
is widely available for the four MMR genes and EPCAM. However, if tumor studies
are performed on an ovarian cancer, and the results are not indicative of Lynch syn-
drome, given the paucity of data, Lynch syndrome cannot conclusively be ruled out,
and germline genetic testing may still be warranted, depending on the patient’s age at
onset and family history.

If a tumor specimen is not available, germline genetic testing may be initiated at the
outset. A recent abstract showed that up to 4% of unselected ovarian cancers may be
found to have a germline mutation in MLHI, MSH2, or MSH6.” If a patient with ovar-
ian cancer needs a genetic evaluation for Lynch syndrome, the ideal approach would
be for the health care provider to have a detailed discussion about the pros and cons of
each testing methodology with the patient, so that the patient and provider can jointly
come to a decision about the best approach given the rest of the family history of cancer.

Current ovarian cancer management guidelines for women with Lynch syndrome
include prophylactic hysterectomy and bilateral salpingo-oophorectomy after com-
pletion of childbearing; there is not enough data to support routine ovarian cancer
screening with transvaginal ultrasound and CA-125 blood tests for women, although

it may be considered at the “clinician’s discretion.””

Peutz-Jeghers Syndrome

Peutz—Jeghers syndrome (PJS) is a rare autosomal dominant inherited disorder
characterized by gastrointestinal hamartomatous polyposis, mucocutaneous melanin
pigmentation, and benign and malignant tumors of the gastrointestinal tract, breast,
ovary, cervix, and testis. The incidence of PJS is unknown but has been estimated
between 1:8,300 and 1:200,000 births.”"*

In contrast to the other hamartomatous syndromes in which polyps occur most
commonly in the colon, PJS-related polyps occur most commonly in the small
intestine (90%), although they can also occur elsewhere in the gastrointestinal tract
including the stomach (25%) and large bowel (33%), and may also develop outside
the digestive tract in the uterus, bladder, lungs, and nasal passages.”” Gastrointestinal
polyps can result in chronic bleeding and anemia, and cause recurrent obstruction
and intussusception requiring repeated laparotomy and bowel resection. Polyposis
usually becomes symptomatic in early adolescence, although intestinal obstruction
has been reported in infancy.”* Polyps may be of mixed histologic types (hyperplastic,
adenomatous) but are mostly hamartomatous and may number from one to dozens.

The characteristic mucocutaneous hyperpigmentation presents in childhood as
dark blue to dark brown macules around the mouth, eyes, and nostrils; in the peri-
anal area; and on the buccal mucosa. Hyperpigmented macules on the fingers are
common and can also occur on the feet and in the axillae. The macules may fade in
puberty and adulthood; however, pigmented areas inside the mouth or on the gums
tend to persist into adulthood.”
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In a single individual, a clinical diagnosis of PJS may be made when any one of the
following is present™:

+ Two or more histologically confirmed PJ polyps

+ Any number of PJ polyps detected in one individual who has a family history of
PJS in close relative(s)

+ Characteristic mucocutaneous pigmentation in an individual who has a family
history of PJS in close relative(s)

+ Any number of PJ polyps in an individual who also has characteristic mucocu-
taneous pigmentation.

Individuals with PJS are at increased risk for a wide variety of epithelial malig-
nancies (colorectal, gastric, pancreatic, breast, and ovarian cancers). The estimated
incidence of cancer among PJS patients was identified as 18-fold higher than that in
the general population by Giardello et al.,” although a recent meta-analysis by van
Lier et al.” placed the lower end of the range at close to 10-fold.

Females with PJS are at risk for sex cord tumors with annular tubules (SCTATS),
a distinctive benign ovarian neoplasm, the predominant component of which has
morphologic features intermediate between those of the granulosa cell tumor and
those of the Sertoli cell tumor; focal differentiation into either tumor may occur.
Up to 36% of women who have SCTATSs are found to have PJS.” SCTATs may cause
sexual precocity and infertility and are generally considered benign, but may become
malignant. Of the 74 cases that formed the basis of the investigation of Young et al.,”
27 were associated with PJS; these tumors were all benign and were typically multifo-
cal, bilateral, very small or even microscopic in size, and calcified. Although SCTATs
predominate as the ovarian tumors identified in PJS, other histologic findings have
been identified including granulosa cell tumors, cystadenomas, nonneoplastic cysts,
Brenner tumors, dysgerminomas, and Sertoli cell tumors.'” Patients have ranged in
age from 4.5 to 60 years at the time their ovarian tumors were diagnosed; more than
half were 22 years or younger.

In 1998, investigators discovered that mutations in the serine threonine kinase
11 gene (STK11, also known as LKBI gene) cause PJS.'”"'* Genetic testing for clini-
cal practice is now widely available; mutations in the STKII gene are detected in
50% to 90% of individuals with PJS.'*"'% The variability in detection rates is likely
due to differences in selection criteria and testing methodologies. The majority of
mutations are truncating or missense mutations, which eliminate the kinase function
of the protein. However, up to 30% of mutations may be large deletions, which would
not be detected by sequencing alone.'"” Therefore, the optimal approach for genetic
testing would include both full sequencing and analysis for large deletions and dupli-
cations. Although the addition of large deletion analysis to STK11 testing has greatly
increased the mutation detection rate, there is still a very small portion of individuals
and families meeting the clinical diagnostic criteria in which a deleterious mutation
cannot be identified.'”'” There are reports of families with a clinical diagnosis of
PJS who do not link to 19p13.3, suggesting that there might be another genetic locus
causing PJS in rare families.'"’
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Adapted NCCN Guidelines for Peutz-Jeghers
Cancer Screening

Site Screening Procedure and Interval Initiation Age
Breast Mammogram and breast magnetic resonance ~25yold
imaging (MRI) annually
Clinical breast examination every 6 mos

Colon Colonoscopy every 2-3 y ~Late teens
Stomach Upper endoscopy every 2-3 y ~Late teens
Pancreas Magnetic resonance cholangiopancreatography and/  ~25-30y old

or endoscopic ultrasound every 1-2 y
CA-19-9 at similar intervals
Small Small-bowel visualization (CT enterography, small- ~8-10yold
intestine bowel enteroclysis, capsule endoscopy) baseline at
8-10 y with follow-up interval based on findings
but at least by age 18 y, then every 2-3 y, although
this may be individualized, or with symptoms

Ovary Pelvic examination and Papanicolaou smear annually ~ ~18-20y old
Cervix Consider transvaginal ultrasound
Uterus
Testes Annual testicular examination and observation for ~10yold
feminizing changes
Lung Provide education about symptoms and smoking
cessation

No other specific recommendations have been made

From: NCCN clinical practice guidelines in oncology (NCCN Guidelines). Colorectal cancer screen-
ing. V2.2012. Available at: http://www.nccn.org/professionals/physician_gls/pdf/colorectal_screening.pdf.
Accessed on April 30, 2012.

Current management guidelines for individuals with PJS are reflected in the cur-
rent NCCN guidelines (Table 6.3)* and with respect to ovarian cancer screening
include consideration of an annual transvaginal ultrasound starting between the
ages of 18 and 20 years. These recommendations reflect expert opinion as no con-
trolled trials have been published on the effectiveness of surveillance in PJS.” With
respect to uncontrolled data, German investigators recently reported a surveillance
strategy that led to the early detection of 50% of all cancers (5/10) diagnosed in 31
PJS patients.'” Malignancies that occur in PJS, including SCTATs, should be treated
in a standard manner, and conservative management of gonadal tumors in females is
deemed appropriate.
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Newer Genes
RAD51C

RAD51C, a RAD51 paralog, is an integral part of the DNA double-strand break
repair through homologous recombination. Biallelic RAD51C mutations have
recently been identified in Fanconi anemia patients, and subsequently, monoallelic
mutations have been identified in up to 2.9% of highly penetrant breast and ovar-
ian cancer families who previously screened negative for BRCA1/2 mutations.'' '™
RAD51C families show major similarities in ovarian cancer occurrence with fami-
lies carrying BRCAI/2 mutations. Moreover, as these families show apparently
complete segregation of the mutation with the cancer phenotype, the penetrance
of RAD51C mutations is predicted to be at least comparable to that of BRCA1/2
mutations.

In comparison to the younger age at onset of BRCA1/2-associated ovarian cancers,
the reported mean age at onset for ovarian cancer in women with RAD51C muta-
tions ranges from 57.7 to 60 years (range, 50 to 81 years)."'>'">''® RAD51C-associated
ovarian tumors are almost uniformly epithelial in origin and, for the most part, are
invasive and nonmucinous.''>'">""® Other reported histologic findings include inva-
sive endometrioid adenocarcinoma, malignant cystadenoma, and fallopian tube
carcinoma.'"®

Two recurrent founder mutations in the RAD51C gene have been identified in
Finnish breast and/or ovarian cancer families, suggesting that founder mutations in
this gene may exist in other ethnic groups.''

RAD5 1D

Identification of RAD51C mutations in families with breast and ovarian cancer
prompted investigations into the role of another RAD51 paralog, RAD51D, in cancer
susceptibility. Monoallelic mutations have been identified in up to 0.9% of highly
penetrant breast and ovarian cancer families who previously screened negative for
BRCA1/2 mutations; it is estimated that ~0.6% of unselected individuals with ovar-
ian cancer will harbor RAD51D mutations."” Loveday et al.'”” found that mutations
were more prevalent in families with more than one ovarian cancer: Four muta-
tions were identified in 235 families (1.7%) with two or more ovarian cancer cases.
Remarkably, three mutations were found in 59 families (5.1%) with three or more
ovarian cancer cases.

RAD51D-associated ovarian tumors are almost uniformly epithelial in origin,
with one report of a clear-cell ovarian carcinoma.''® The relative risk of ovarian can-
cer for RAD51D mutation carriers is estimated to be 6.3, which equates to ~10%
cumulative risk by age 80 years."”

The current studies, although few in number, clearly show that RAD51D is an
ovarian cancer predisposition gene, but further studies in familial and sporadic ovar-
ian cancer series would be of value to further clarify the risks of ovarian cancer. Cells
deficient in RAD51D are sensitive to treatment with a PARP inhibitor, suggesting a
possible therapeutic approach for cancers arising in RAD51D mutation carriers.'"”
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Given the recent identification of their contribution to ovarian cancer suscepti-
bility, RAD51C, as well as RAD51D, has to be validated in larger mutation positive
cohorts to generate reliable estimations of the clinical implications of carrying germ-
line mutations as well as determine appropriate screening and cancer prevention
strategies.

CONCLUSIONS

The puzzle of identifying genes causative of hereditary ovarian cancer continues
to be deciphered. Historically, BRCAI and BRCA2 have been the only genes consid-
ered when evaluating families suggestive of a hereditary ovarian cancer syndrome,
but new studies have linked ovarian cancer to other known hereditary syndromes
such as Lynch syndrome as well as new genes such as RAD51C/D. As genetic testing
advances and newer technologies such as next-generation sequencing and whole-
exome sequencing are used, additional genes will continue to be discovered. With
these discoveries, new insights into ovarian cancer pathogenesis will be understood
and hopefully lead to better and more effective treatments such as PARP inhibitors,
but more importantly, more women can be identified as being at risk before develop-
ing ovarian cancer, leading to increased ovarian cancer prevention.
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cancers (CRCs). Accurate classification of these conditions is imperative,

given their distinct cancer risks, management strategies, and consequent risk
to relatives. However, overlapping features and atypical or attenuated presentations
make diagnosis difficult in some cases. Determining the histologic types of colorec-
tal polyps identified is especially useful in guiding diagnostic strategies. Adenoma-
tous polyps are the predominant lesion in familial adenomatous polyposis (FAP),
attenuated FAP (AFAP), and MUTYH (MutY human homolog)-associated polypo-
sis (MAP), whereas hamartomatous polyps are the primary gastrointestinal lesion
in Peutz—Jeghers syndrome (P]S), juvenile polyposis syndrome (JPS), and Cowden
syndrome (CS). Extracolonic features, which are highlighted for each syndrome in
Tables 7.1 to 7.3, are also important clues in the diagnostic workup. Genetic testing is
now available for these conditions and in most cases allows for a precise diagnosis.

m ereditary colonic polyposis conditions account for less than 1% of all colorectal

ADENOMATOUS POLYPOSIS
FAP and AFAP

Of all of the colonic polyposis conditions, FAP is both the most common and
the best characterized. FAP is caused by germline mutations in the adenomatous
polyposis coli (APC) gene and is estimated to occur in about 1 in 10,000 individu-
als. With the classic presentation of FAP, hundreds to thousands of adenomatous
polyps occur by the age of 20 to 40 years." The attenuated or less severe colonic
phenotype associated with AFAP may mimic sporadic colon polyps and cancer,
or other known syndromes, such as MAP. This creates diagnostic difficulties when
evaluating an individual with moderate adenomatous polyposis. Other condi-
tions linked to germline APC mutations include Gardner syndrome (association
of colonic polyposis and osteomas, epidermoid cysts, fibromas, and/or desmoid
tumors) and Turcot syndrome (association of colonic polyposis and medullo-
blastomas).” However, it is now believed that the features associated with Gardner
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Lifetime Cancer
Risks

FAP (APC)
Colorectum (100%)

Duodenum (5%)

Stomach (£1%)
Thyroid (1-2%)

Pancreas (1-2%)

Hepatoblastoma
(1-2%)

Medulloblastoma
(<1%)

AFAP (APC)

Colorectum (70%)

Duodenum (5%)
Stomach (£1%)

Thyroid (1-2%)

Pancreas (1-2%)

Management
Recommendations

Annual colonoscopy/
sigmoidoscopy by 10-12 y
until colectomy

Upper endoscopy every 1-4 y
by 25-30y

Annual physical examination

Colonoscopy every 1-2 y by
18-20y

Upper endoscopy every 1-4 y
by 25-30 y

Annual physical examination

MAP (biallelic MUTYH)

Colorectum (80%))

Duodenum (4%)

Colonoscopy every 3 y by
25-30y

Upper endoscopy every 3-5y
by 30-35y

Nonmalignant Features

100s to 1,000s of
colorectal adenomas

Fundic gland polyposis

Duodenal polyposis
CHRPE, epidermoid
cysts, osteomas
Dental abnormalities

Desmoid tumors

10-100 colonic adenomas
(range, 0—100s)
Fundic gland polyposis

Duodenal polyposis

Other nonmalignant
features are
uncommon

10-100 colonic adenomas
(range, 0—100s)

Multiple hyperplastic and
sessile serrated polyps
possible

Duodenal adenomatous

polyposis

Data derived from: NCCN clinical practice guidelines in oncology. Colorectal cancer screening; V1.2012.
2012. Available at: http://www.nccn.org. Accessed on April 3, 2012.

(c) 2015 Wolters Kluwer. All Rights Reserved.



Chapter 7 Genetic Testing by Cancer Site 113

syndrome and Turcot syndrome are the result of variable expressivity of APC muta-
tions as opposed to being distinct clinical entities.

Colon Phenotype

Although adenomatous polyps associated with FAP have a similar malignancy rate
as those that develop in the general population, the sheer number of polyps present
in FAP results in nearly a 100% lifetime risk of CRC in untreated individuals. In FAP,
colorectal polyps begin to develop on average around the age of 16 years.! The mean
age at CRC onset is 39 years, with 7% developing CRC by 21 years and 95% before
the age of 50 years.’

In AFAD, the lifetime risk of CRC is approximately 70% with an average age at onset
in the 50s.* The colonic phenotype of AFAP is quite variable, even within the same fam-
ily. Colonoscopies in 120 mutation-positive individuals within the same family revealed
that 37% had less than 10 adenomatous colon polyps (average age, 36 years; range, 16
to 67 years), 28% had 10 to 50 polyps (average age, 39 years; range, 21 to 76 years), and
35% had greater than 50 polyps (average age, 48 years; range, 27 to 49 years).* In addi-
tion, the total number of polyps per individual ranged from 0 to 470.*

Extracolonic Features

The most common extracolonic finding in individuals with FAP and AFAP is
upper gastrointestinal tract polyps. Although the colonic phenotype in AFAP is less
severe than in FAP, the upper gastrointestinal phenotype is comparable. Adenoma-
tous polyps of the duodenum (20% to 100%) and periampullary region (at least
50%) are common.”® The relative risk of duodenal or periampullary carcinoma in
FAP is estimated to be 100 to 330 times greater than the general population, although
the absolute risk is only around 5%.> The majority of FAP- and AFAP-associated
small-bowel carcinomas arise in the duodenum.

Fundic gland polyps are found in most cases of FAP/AFAP and often number
in the hundreds.” Unlike polyps in the colon or small bowel, fundic gland polyps
are a type of hamartoma. They are typically small (1 to 5 mm), sessile, and usually
asymptomatic and are located in the fundus and body of the stomach.” Adenomatous
polyps of the stomach are occasionally found in FAP and AFAP.® Gastric cancers aris-
ing from fundic gland polyps have been reported in FAP, although most are believed
to arise from adenomatous polyps.®

Individuals with FAP have an 800-fold increased risk for desmoid tumors (aggres-
sive fibromatoses), with a lifetime risk of 10% to 30%.”"" Risk factors for desmoid
tumors in FAP include family history of desmoid tumors, APC mutations 3" to codon
1,399 (genotype—phenotype correlation), female sex, and previous abdominal sur-
gery."’ Although desmoid tumors do not metastasize, they can be locally invasive,
aggressive, and difficult to treat, resulting in significant morbidity and the second
leading cause of mortality in FAP."?

The phenotypic spectrum of germline APC mutations also includes other benign
findings such as osteomas, epidermoid cysts, fibromas, dental abnormalities, and
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congenital hypertrophy of the retinal pigment epithelium (CHRPE). In addition,
there are increased risks for other cancers including those of the pancreas, thyroid,
bile duct, brain (typically medulloblastoma), and liver (specifically hepatoblastoma).’

Management

Without treatment, CRC is inevitable in FAP. However, with early screening and
polypectomies, in addition to prophylactic colectomy after polyps become too dif-
ficult to manage endoscopically, most CRCs can be prevented in AFAP and FAP.
In FAP, annual colonoscopies or flexible sigmoidoscopies are recommended start-
ing around the age of 10 years."” In AFAP, screening begins in the late teenage years,
and colonoscopies, rather than sigmoidoscopies, are necessary because of proximally
located polyps.” Colectomy can sometimes be avoided in AFAP, which is not the
case for individuals with FAP. After polyps become too numerous (usually >20 to 30
polyps) to manage endoscopically or when adenomas with advanced histology are
identified, prophylactic colectomy is advised."’ Proctocolectomy with ileal pouch anal
anastomosis is the standard surgery in FAP, whereas total colectomy with ileorectal
anastomosis is often the preferred approach with AFAP or in FAP cases with limited
rectal involvement.'>'* Continued screening of the remaining rectum or ileal pouch
is still necessary."”

Recently, it has been shown that duodenal cancer detected through surveillance
improves survival compared with individuals presenting because of symptoms."
The National Comprehensive Cancer Network (NCCN) currently recommends con-
sideration of esophagogastroduodenoscopy (EGD) with side-viewing examination
beginning around the age of 25 years for duodenal cancer surveillance."” The extent
of duodenal polyps, as defined by the Spigelman staging criteria, is used to deter-
mine the EGD follow-up interval."”” Additional considerations for management in
individuals with germline APC mutations are outlined and updated annually by the
NCCN (www.nccn.org).

Genetic Testing and Counseling

A clinical diagnosis of FAP is considered when at least 100 colorectal adenomatous
polyps are detected by the second or third decade of life.® Genetic testing of APC is
still recommended to clarify extracolonic cancer risks and to help determine FAP
status in relatives. Genetic testing has also been shown to be cost-effective,'® although
it is unlikely to change colon management for cases with extensive adenomatous
polyposis.

Given the phenotypic variability, a consensus as to what constitutes a diagnosis of
AFAP has not been reached. The NCCN currently recommends that individuals with
greater than 10 cumulative colorectal adenomas be referred for genetic counseling
and consideration of genetic testing.”” Identification of an APC mutation in these less
severe polyp cases confirms a diagnosis of AFAP. It is also noteworthy that individuals
with 100 or more adenomatous polyps may have AFAP if polyp development occurs
at a later age (typically after 40 years).

(c) 2015 Wolters Kluwer. All Rights Reserved.



Chapter 7 Genetic Testing by Cancer Site 115

Differentiating among FAP, AFAP, and other colonic polyposis conditions is not
always straightforward. Family history consistent with an autosomal dominant mode
of inheritance is suggestive of FAP/AFAP and increases the likelihood of finding an
APC mutation.’ However, 10% to 30% of probands with germline APC mutations are
de novo (new mutation) cases, and consequently their parents are unaffected.*'” In
addition, it is not uncommon for individuals with AFAP to have less than 10 cumu-
lative adenomatous polyps.* In patients with fewer polyps, it is not clear whether
genetic testing should be performed."” However, it is important that these individuals
be closely followed up, and if multiple adenomas continue to develop, genetic testing
should be reconsidered.

Unlike what is found in some of the other conditions described in this review,
hyperplastic or hamartomatous colon polyps are not known to be associated with
FAP/AFAP. Therefore, if multiple hyperplastic or hamartomatous colon polyps are
found in an individual, genetic testing of APC is unlikely to be informative. Other
features associated with APC mutations that may assist with making a diagnosis of
AFAP or FAP include fundic gland polyposis, duodenal adenomatous polyps, osteo-
mas, CHRPE, desmoid tumors, and hepatoblastoma.’

MUTYH-associated Polyposis

As the name implies, MAP is a colonic polyposis condition caused by germline muta-
tions in the MUTYH gene. Contrary to the other conditions described in this review,
MAP is inherited in an autosomal recessive pattern. Al-Tassan et al.'® in 2002 were the
first to describe a family with biallelic (homozygous or compound heterozygous) muta-
tions in MUTYH, which is part of the base excision repair system. In this family, three
siblings had CRC and/or multiple colorectal adenomas, but no detectable mutations
in APC."® All three of the affected siblings were found to have compound heterozygous
mutations in MUTYH, whereas the other four unaffected siblings did not.'®

It is now widely accepted that MAP is associated with a significant increased risk
for multiple colorectal adenomas and cancer. Whether monoallelic MUTYH carri-
ers have a modest increase in risk of CRC is debatable."” Monoallelic mutations in
MUTYH are found in 1% to 2% of the general population, whereas biallelic muta-
tions account for less than 1% of all CRCs.”

Colonic Phenotype

There are a number of similarities between the colonic phenotype of MAP and
AFAP, including the average number, proximal distribution, and young age at onset
of adenomas and cancers.*'” MUTYH-associated polyposis is associated with a
28-fold increased risk of CRC, with a penetrance of 19% by the age of 50 years, 43%
by 60 years, and 80% by 70 years.'**' Although the risk of CRC has been reported to
be as high as 100%,** the actual penetrance is likely to be incomplete and similar to
that of AFAP. The total number of polyps in MAP is also highly variable, with some
individuals developing CRC without polyps, whereas others have more than 500
colorectal polyps.* Typically, affected individuals have between 10 and 100 polyps.*
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Adenomas are the predominant polyp type seen not only in AFAP and FAP, but
also in MAP. Unlike individuals with germline APC mutations, serrated polyps are
common in MAP. Serrated polyps include hyperplastic polyps, sessile serrated polyps
(also referred to as sessile serrated adenomas), and traditional serrated adenomas.*
Boparai et al.”® evaluated 17 individuals with MAP and found that almost one-half
(47%) had hyperplastic and/or sessile serrated polyps. In addition, three met crite-
ria for hyperplastic polyposis, now known as serrated polyposis. The World Health
Organization diagnostic criteria for serrated polyposis include an individual with any
of the following: (1) at least five serrated polyps proximal to the sigmoid colon with
at least two larger than 10 mm; (2) greater than 20 serrated polyps of any size, but
distributed through the colon; and (3) any number of serrated polyps proximal to the
sigmoid colon in an individual with a first-degree relative with serrated polyposis.**
Interestingly, Chow et al.”® also identified biallelic MUTYH mutations in 1 (~3%) of
38 cases meeting hyperplastic polyposis/serrated polyposis criteria. Another family
involving three brothers with biallelic MUTYH mutations has recently been reported,
further highlighting this variability in phenotype. Their history included one with
CRC at the age of 48 years but had no additional polyps, another was 38 years old and
reportedly met criteria for serrated polyposis but had only two confirmed adenomas,
and the other brother was 46 years old and had four hyperplastic polyps removed.”
Currently, the etiology of serrated polyposis is largely unknown; however, there is
growing evidence that the base excision repair pathway may be involved in a minority
of these cases.

Boparai et al.” also compared the frequency of K-ras mutations and G:C to T:A
transversions in hyperplastic or sessile serrated polyps in individuals with MAP
to controls. In MAP, 51 (70%) of 73 serrated polyps had K-ras mutations, and 48
(94%) of these 51 had G:C to T:A transversions, whereas in the control group, only
7 (17%) of 41 serrated polyps had K-ras mutations, and 2 (29%) of 7 had G:C to
T:A transversions.” These findings support an association between MAP and ser-
rated polyps.

1.25

Extracolonic Features

A number of extracolonic findings have been reported in individuals with
MAP.> However, it is still unclear whether most of these manifestations are chance
occurrences or due to an underlying defective MUTYH. In a study of 276 individu-
als with MAP, only two developed duodenal cancer.”” However, compared with the
general population, the risk of duodenal cancer was significantly elevated, with a
standard incidence ratio of 129 and an estimated lifetime risk of 4%.** Although
the lifetime risk of duodenal cancer is similar between MAP and FAP/AFAP (4%
and 5%), gastric and duodenal polyps are far less common in MAP. Of 150 indi-
viduals with MAP who underwent an EGD, 11% had gastric polyps, whereas 17%
had duodenal polyps.*

Extraintestinal malignancies have also been reported in MAP,* although the data
supporting an association are conflicting.”*” Desmoid tumors, thyroid and brain
cancer, CHRPE, osteomas, and epidermoid cysts are rarely seen in MAP?
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Genetic Counseling and Testing

Since the first reported family with biallelic MUTYH mutations was described in
2002, more than 500 individuals with MAP have been confirmed.” As was the case
with this first MAP family, genetic testing strategies to evaluate for MUTYH are typi-
cally targeted toward individuals with multiple colorectal adenomas. However, there
are many other factors that can influence genetic testing approaches for MUTYH
and APC mutations. Family history; age at polyp onset; types, location, and total
number of polyps; CRC history (including age at onset and location); ethnicity; and
extracolonic features are just some of the factors that influence genetic testing strate-
gies and detection rates. The purpose of this review was not to present every scenario
and strategy for MUTYH and APC genetic testing, but instead to outline some key
concepts and considerations when multiple adenomas are detected.

Given the inheritance pattern of MAP, it is uncommon for more than one genera-
tion to be affected; however, a family history of CRC in more than one generation
does not exclude MAP. Consanguinity (sharing a common ancestor) is seen in some
MAP families and is an important element to evaluate for when taking a history.
Siblings of affected individuals have a one (25%) in four chances of having MAP,
whereas parents and children are obligate carriers. Therefore, when there is clear evi-
dence of recessive inheritance in a family (>1 sibling affected in a family, but no one
else), genetic testing should start with MUTYH. APC should still be evaluated in these
families if no MUTYH mutations are identified, as germline mosaicism can result in
more than one affected sibling with FAP and unaffected parents.”® To clarify risk to
offspring, spouses of individuals with MAP should also be offered MUTYH genetic
testing. This strategy has been shown to be cost-effective.”!

Generally, germline APC mutations are more common than biallelic MUTYH muta-
tions; therefore, unless there is clear evidence for recessive inheritance in a family, APC
genetic testing typically precedes MUTYH analysis. There are two common mutations
in MUTYH that are found in the majority of affected individuals: Y179C and G396D
(previously known as Y165C and G382D). These hotspot mutations were found in the
original MAP family."® According to Nielsen et al.,”> a review up to 2009 revealed more
than 100 distinct MUTYH mutations. In individuals with Northern European ancestry
and MAP, at least one of the two hotspot mutations are found in 90% of cases.”** Test-
ing specifically for the hotspot mutations, followed by full MUTYH sequencing only if
one of these mutations is found, is often performed. In other populations, the scope
of MUTYH mutations is less well understood, and therefore, full gene sequencing of
MUTYH is often performed in individuals of non-Northern European ancestry.

Similar to APC, genetic testing of MUTYH is considered when greater than 10
adenomas are documented.'>*’ The detection rates of biallelic MUTYH mutations in
individuals with 10 to 100 and 100 to 1,000 polyps are 28% and 14%, respectively.”
Given the growing evidence that hyperplastic and sessile serrated polyps are associ-
ated with MAP, these polyps should also be included in the total polyp count when
considering when to test someone for MUTYH mutations. Individuals with FAP/
AFAP are not known to develop numerous serrated polyps; therefore, genetic testing
of APC in someone with multiple serrated polyps is unlikely to be informative. The
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NCCN guidelines do not currently recommend genetic testing of MUTYH in indi-
viduals with multiple serrated polyps and no adenomas."

It is not unusual for individuals with MAP or AFAP to present with early-onset
CRC and few to no polyps.**> However, a consensus as to whether genetic testing of
APC or MUTYH should be performed in these cases has not yet been reached."**

Management

Colonoscopy screening starting at around the age of 25 years is reccommended for
individuals with MAP."” The frequency of screening depends on polyp burden. As is
the case with AFAP and FAP, colectomy is advised when polyps become endoscopi-
cally uncontrollable. EGDs should be considered in the 30s and, if duodenal adeno-
mas are found, managed the same as in AFAP and FAP." Currently, the evidence does
not support increased CRC screening in monoallelic MUTYH carriers.

HAMARTOMATOUS POLYPOSIS
Peutz-Jeghers Syndrome

PJS is an autosomal dominant condition caused by mutations in the STK11/LKBI
gene. It is estimated to occur in 1 in 50,000 to 200,000 births.** The two most char-
acteristic manifestations of PJS are the distinct gastrointestinal-type hamartomas,
called Peutz—Jeghers polyps, and the mucocutaneous melanin pigmentation. Both of
these features are included in the diagnostic criteria for PJS (Table 7.2). Although it is
not 100% penetrant and can fade with time, mucocutaneous hyperpigmentation in
PJS typically presents in childhood. By the age of 20 years, 50% of individuals present
with small-bowel obstruction, intussusception, and/or bleeding due to small-bowel
polyps.” The polyps in PJS can also number in the hundreds and are most often
found in the small intestine, followed by the colon and the stomach.*

The cancer risks associated with PJS are more significant after the age of 30 years,
although earlier-onset malignancies do occur. In the largest study to date of 419 indi-
viduals with PJS, the risk of developing any cancer was 2% by the age of 20 years, 5%
by 30 years, 17% by 40 years, 31% by 50 years, 60% by 60 years, and 85% by 70 years.*
Gastrointestinal tract cancers had the highest cumulative risk. The specific cancer
risks associated with PJS are outlined in Table 7.3.

Juvenile Polyposis Syndrome

JPS is an autosomal dominant condition caused by germline mutations in SMAD4
or BMPRIA genes, with an incidence of 0.6 to 1 in 100,000 and a de novo rate of 25%
to 50%.”"** Juvenile polyps are the hallmark lesion in JPS.* They are most commonly
found in the colorectum and can number in the hundreds, although carpeting of
polyps is not usually seen in JPS like it is in FAP.*® Of note, solitary juvenile polyps
can occur in children without JPS (Table 7.2). Hematochezia is the most common
presenting symptom, and similar to PJS, intussusception and obstruction are common.
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Testing and Diagnostic Criteria for PJS, JPS, and CS

PJS

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

(1) =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) 21 Peutz—Jeghers polyp and characteristic, prominent, mucocutaneous pigmentation

JPS

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

(1) 35 Juvenile polyps of the colorectum

(2) Juvenile polyps throughout the gastrointestinal tract
(3) 21 Juvenile polyp in an individual with a family history of JPS

Cs®

Genetic testing for CS is considered in individuals meeting any of the following criteria:

(1) Adult onset Lhermitte—Duclos
disease

(2) Autism spectrum disorder and
macrocephaly

(3) 22 major criteria (one must be
macrocephaly)

(4) =3 major criteria without macrocephaly

Major Criteria

Multiple gastrointestinal (GI) hamartomas/
ganglioneuromas

Nonmedullary thyroid cancer

Breast cancer

Endometrial cancer

Mucocutaneous lesions

One biopsy proven trichilemmoma
Multiple palmoplantar keratoses
Multiple cutaneous facial papules
Macular pigmentation of glans penis

Multifocal/extensive oral mucosal papillomatosis

(5) Bannayan—Riley—Ruvalcaba
syndrome

(6) One major and >3 minor
criteria

(7) 22 biopsy-proven
trichilemmomas

(8) >4 minor criteria

Minor Criteria

A single GI hamartoma/
ganglioneuroma

Thyroid adenoma or
multinodular goiter

Fibrocystic disease of the breast

Mental retardation (i.e., IQ £ 75)

Autism spectrum disorder

Fibromas

Renal cell carcinoma

Uterine fibroids

Lipomas

Macrocephaly (megalocephaly) (at least 97th percentile)

“Data derived from: NCCN guidelines genetic/familial high-risk assessment: Breast and ovarian cancer,

V.1.2012. Available at: http://www.nccn.org.
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PJS and JPS

Characteristic Features and Recommendations:

Lifetime Cancer
Risks

PJS (STK11)
Breast (54%)

Management Recommendations

Annual mammogram and breast magnetic
resonance imaging by age 25y

Colonoscopy every 2-3 y by age 25y

CA-19-9 and magnetic resonance

Colon (39%)

Pancreas
(11-36%) cholangiopancreatography and/or
endoscopic ultrasound every 1-2'y

Upper endoscopy by 25-30 y; consider small-
bowel visualization (CT enterography,

small-bowel enteroclysis) by 8-10'y

Stomach (29%)

Small bowel (13%)
Ovary” (21%) Annual pelvic examination and Pap smear
Uterine/cervix’
(11%)
Lung (15%) No specific recommendations
Testicle® (<1%) Annual testicular examination
JPS (SMAD4 and BMPRIA)

Colon (40-50%)  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 and every
2-3 y if no polyps

Stomach (21% if
gastric polyps
are present)

Nonmalignant
Features

Mucocutaneous
pigmentation

Peutz—Jeghers
polyps

Juvenile polyps

Features of
HHT

Congenital
defects

“Sex cord tumor with annular tubules.
Adenoma malignum.

‘Sertoli cell tumor.

HHT, hereditary hemorrhagic telangiectasia.

Data derived from: NCCN clinical practice guidelines in oncology. Colorectal cancer screening; V1.2012.

2012. Available at: http://www.nccn.org. Accessed on April 3, 2012.

The highest risk of cancer (Table 7.3) in JPS is CRC. Gastric cancers typically occur only
in the setting of gastric polyposis, which is more commonly present in individuals with
mutations in SMAD4 than in BMPRIA.” JPS occurring in infancy (also known as juve-
nile polyposis of infancy) is often fatal, but rare. Hereditary hemorrhagic telangiectasia
symptoms, such as arteriovenous malformations, telangiectasia, and epistaxis, occur in

some individuals with mutations in SMAD4, but not BMPRI1A.”
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Cowden Syndrome

CS, which is part of the PTEN hamartoma tumor syndrome, occurs in about 1 in
200,000 to 1 in 250,000 individuals and is caused by germline mutations in the PTEN
gene.” It is a multisystem disorder associated with characteristic mucocutaneous fea-
tures, macrocephaly, and a variety of cancers and gastrointestinal manifestations.”
Although other malignancies may be seen in CS, the primary cancers associated with
CS include breast (25% to 50%), nonmedullary thyroid (3% to 10%), and endome-
trial (5% to 10%).” A recent study estimated that the lifetime risk for these cancers in
PTEN mutation carriers was 85%, 35%, and 28%, respectively.40 However, these risks
are likely overestimates, as Tan et al.* failed to accurately account for ascertainment
bias in their study.

Gastrointestinal polyps are one of the most common features in CS.*' Polyps
develop throughout the gastrointestinal tract, from the esophagus to the rectum,
and numerous polyps or diffuse polyposis can be seen.”’ Multiple, white flat
plaques in the esophagus, called glycogenic acanthosis, also occur in the setting
of CS. In a large study of 127 individuals with PTEN mutations, 39 underwent
at least 1 EGD, and 8 (~23%) had glycogenic acanthosis, 26 (~67%) had duode-
nal and/or gastric polyps, and only 2 (5%) had fundic gland polyps.*" Of the 67
individuals who underwent at least 1 colonoscopy, 62 (~93%) had colonic pol-
yps, and 16 met criteria for hyperplastic polyposis.*' Although hamartomas pre-
dominate, a variety of other colon polyps also develop, including adenomatous,
hyperplastic, sessile serrated, ganglioneuromatous, inflammatory, lymphoid, and
lipomatous. Of all of the mutation carriers in this large study, nine (7%) were
diagnosed with CRC.*!

PJS, JPS, AND CS: GENETIC COUNSELING
AND TESTING

Hamartomatous polyps consist of an overgrowth of cells native to the tissue in
which they occur. They are rare, account for a minority of all colon polyps, and can
be a red flag for an underlying cancer predisposition syndrome. When hamartoma-
tous polyps are found in an individual, the differential diagnosis depends, in part,
on the histologic type, total number, and age at onset of the polyps. Hamartomas
can often be misdiagnosed as other polyp types, and therefore, review by a gastroin-
testinal pathologist should be considered.*” When hamartomatous colonic polyps
are identified, EGD and a thorough physical examination may identify extraco-
lonic manifestations leading to a precise diagnosis. A detailed family history is also
imperative. Diagnostic criteria for JPS and PJS are summarized in Table 7.2. Guide-
lines for genetic testing of CS, which are quite extensive and include a number
of extraintestinal features, are also included in Table 7.2. Given the complexity of
genetic testing for CS, the NCCN updates their guidelines annually.”” Management
considerations are reviewed for PJS and JPS in Table 7.3 and are also updated annu-
ally by the NCCN."
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CONCLUSIONS

There are numerous presentations that may warrant genetic testing for heredi-
tary colonic polyposis conditions. Simplified guidelines for referral for genetic
counseling include individuals with any of the following: (1) greater than 10
colonic adenomas, (2) three or more hamartomatous polyps, or (3) at least one
Peutz—Jeghers polyp. Other manifestations in these individuals may help target
genetic testing to a specific condition. Once the genetic cause has been identified in
an affected individual, predictive testing in at-risk relatives is critical. Family mem-
bers who test negative can be spared the increased surveillance and risk-reducing
procedures that are warranted for family members who test positive. It is important
that health care providers involved in the care of patients with hereditary colonic
polyposis conditions stay updated with management guidelines as recommenda-
tions are constantly evolving.
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Genetic Testing by Cancer
Site
Colon (Nonpolyposis Syndromes)

leigha Senter

are often categorized by the presence or absence of polyposis as a predomi-

nant feature. Lynch syndrome (LS), also sometimes referred to as hereditary
nonpolyposis CRC, is the most common form of hereditary CRC, accounting for
approximately 2.2%' of population-based CRC diagnosed in the United States. LS
also accounts for 2.3%” of all newly diagnosed endometrial cancers (ECs), and indi-
viduals with LS also have an increased risk of developing other cancers, including
cancers of the ovary, stomach, small bowel, urothelium, and biliary tract.’ Given these
increased cancer risks, cancer screening recommendations for individuals with LS
differ significantly from general population screening recommendations with a goal
of reducing cancer risk and burden to the extent possible.

Mutations in 1 of 4 mismatch repair genes (MLHI, MSH2, MSH6, and PMS2)
cause LS, and clinical genetic testing is available for all of them. Unlike most other
hereditary cancer syndromes, though, clinical testing for LS typically begins with
microsatellite instability (MSI) testing and/or immunohistochemical (IHC) staining
of tumor tissue before germline genetic testing. This difference in testing approach,
although not always possible, allows for targeted genetic analysis and, in most cases,
reduced cost. Here, we review key considerations in genetic counseling for LS.

n pproximately 5% to 10% of colorectal cancers (CRCs) are hereditary and

CANCER RISKS

CRC and EC are the two most common LS-associated malignancies, and there
have been several calculations of lifetime cancer risks reported in the literature. Dif-
ferences in ascertainment and testing approaches have led not only to wealth of
data but also to a wide range of risk estimates for consideration by clinicians and
patients. Consistently, studies have found that the lifetime CRC risk for men with LS
is higher than the risk for women with LS. The lifetime CRC for males is 27% to 92%,
whereas the risk for females is 22% to 68%."° The most recent large study of carriers
of MLHI, MSH2, and MSH6 mutations estimated lifetime CRC risks for males and
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females to be 38% and 31%, respectively.® The average age at CRC diagnosis tends to
be younger in LS (estimated 45 to 59 years) than that in the general population.®” The
lifetime risk of EC for women with LS based on recent data is estimated to be 33% to
39%.%* Individuals with LS who have already been diagnosed with CRC also have an
increased risk (10-year risk of 16%) of developing a second primary CRC.’

In addition to sex differences in LS-associated cancer risks, there appear to be
some differences in gene-specific—associated cancer risks, as well. MLH1 and MSH?2
seem to be associated with a higher overall cancer risk than risks associated with
MSH6 or PMS2.'”"" Variable expression of phenotype both within and among fami-
lies with LS is common. Therefore, as a general rule, management of families with LS
(discussed later) should always take into account the family history.

Malignancies of the ovary, stomach, small bowel, urothelium, and biliary tract
are also seen with greater frequency in individuals with LS when compared with
the general population. Although cumulative risk estimates of these less common
tumor types have been published, they are usually based on fewer cases than stud-
ies focused on CRC and EC, and have typically shown a lifetime cancer risk of less
than 10%.> There have also been reports of LS-associated pancreatic and breast
cancers, but the data have been inconsistent. A recent prospective study showed an
increased risk of developing both tumor types when comparing carriers of MMR
gene mutations to their unaffected relatives.'” Additional data are necessary, how-
ever, to determine whether screening recommendations should change based on
these reported risks.

Some individuals with LS also have a predisposition to developing sebaceous
lesions and keratoacanthomas of the skin. When an individual has one of these
lesions in addition to a visceral organ malignancy, they have a variant of LS called
Muir-Torre syndrome."” Some recent studies suggest that these skin lesions are more
common in LS than originally thought and that sebaceous tumors of the skin should
be considered part of the typical LS spectrum.'*

Another variant of LS characterized by the presence of glioblastomas is called
Turcot syndrome. Turcot syndrome is more commonly caused by mutations in the
APC gene but has been described in individuals with MMR deficiency, as well.””

CLINICAL CLASSIFICATION: AMSTERDAM CRITERIA
AND BETHESDA GUIDELINES

In 1991, the International Collaborative Group on Hereditary Non-Polyposis
CRC wrote the Amsterdam I criteria'® and revised them in 1999 (Amsterdam II cri-
teria)' to clinically classify families as having LS (Table 8.1). The Amsterdam criteria
rely heavily on extensive family history and do not take into account the full spectrum
of possible LS-associated tumors. The less stringent Bethesda guidelines (written in
1997 and revised in 2004)'®'® (Table 8.2) were written to include these less common
LS-associated tumors as well as pathologic features that are common in LS-associated
CRCs. Unlike the Amsterdam criteria, which were meant to diagnose LS based on
familial criteria, the Bethesda guidelines were meant to determine who should have
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Revised Amsterdam Criteria

>3 relatives with colorectal, endometrial, small bowel, ureter, and/or renal pelvis
cancer and

1 of these relatives is a first-degree relative® of the other 2 and

>2 successive generations are affected and

At least 1 diagnosis is at the age of <50y

Familial adenomatous polyposis is excluded

Tumors should be verified pathologically/histologically

“First-degree relative: Parent, sibling, or child.

From: Vasen HE, Watson P, Mecklin JP, et al. New clinical criteria for hereditary nonpolyposis colorectal can-
cer (HNPCC, Lynch syndrome) proposed by the International Collaborative group on HNPCC. Gastroenter-
ology. 1999;116:1453-1456.

tumor screening for LS and relied less on family history. It has been repeatedly shown,
however, that these clinical classification systems do not reliably predict LS in all
patient populations, particularly those outside the cancer genetics clinics dedicated
to high-risk patients.

1,20

Revised Bethesda Guidelines

Individuals with CRC should be tested for MSI if they have any of the following:

e CRC at the age of <50 y

e Synchronous CRC (>1 CRC at the same time) or metachronous CRC (>1 CRC
diagnosed at different times) or other LS-associated tumors’

e CRC with MSI-H histology (tumor-infiltrating lymphocytes, Crohn-like lympho-
cytic reaction, mucinous or signet-ring differentiation, medullary growth pattern)
in a patient aged <60y

e CRC or LS-associated tumor” diagnosed at the age of <50 y in FDR

e CRC or LS-associated tumor” in 2 FDR and/or SDR at any age

“CRG, EC, stomach, small bowel, ovary, pancreas, ureter and renal pelvis, biliary tract, brain tumor, sebaceous
adenomas, keratoacanthomas.

FDR, first-degree relative (parent, sibling, child); SDR, second-degree relative (grandparent, aunt, uncle,
grandchild).

From: Umar A, Boland CR, Terdiman JP, et al. Revised Bethesda guidelines for hereditary nonpolyposis
colorectal cancer (Lynch syndrome) and microsatellite instability. ] Natl Cancer Inst. 2004;96:261-268.
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TUMOR SCREENING

Microsatellites are pieces of DNA sequence where a single nucleotide or group of
nucleotides is repeated multiple times. In general, the number of repeated nucleotide
sequences should remain the same within a person’s cells, but when this number of
repeats differs in one or two alleles, MSI is present.21 In the case of LS, five micro-
satellite markers are used as the standard with which to measure MSI, and a tumor
is considered to have a high level of MSI (MSI-H) if at least 40% of the markers
are unstable.” Nearly all LS-associated tumors display MSI, but the presence of MSI
is not diagnostic of LS, given that approximately 10% to 15% of all CRCs, in gen-
eral, also display MSI.*»** MSI testing, however, can be used as a screening test to
help identify individuals for whom germline genetic testing for mutations in MLH],
MSH2, MSH6, and/or PMS?2 is indicated. A clinical diagnosis of LS can be made if a
person has an MSI-H CRC and meets the Amsterdam II criteria (Table 8.1).

Immunohistochemistry can be used to determine the presence or absence of
MMR proteins in a tumor specimen and is another available screening test for LS.
The absence of one or more MMR proteins in tumor tissue indicates dysfunction
of the corresponding MMR gene, but additional analyses are required to determine
if the dysfunction is germline or somatic in nature. The benefit of performing IHC
staining over MSI testing is that results from IHC staining can direct the approach
to genetic testing. For instance, if a patient has CRC that demonstrates absence of
MSH?2 and MSHS6 proteins, testing for MSH2 with procession to testing for MSH6 if
the MSH2 test results are negative is reccommended. In the context of this IHC result,
it is generally not necessary to test for mutations in MLHI and/or PMS2. Strategies
for genetic testing based on IHC results are included in Table 8.3.*** In comparing

Genetic Testing Strategies Based on IHC Pattern

Absence MLH1 and PMS2 ~ MLHI methylation and/or BRAF testing” OR MLHI
germline testing”

* If negative, consider PMS2 germline testing™
Absence PMS2 only PMS2 germline testing

* If negative consider MLHI germline testing’'
Absence MSH2 and MSH6 ~ MSH2 germline testing

e If negative, TACSTDI deletion testing

e If negative, MSH6 germline testing
Absence MSH6 only MSH6 germline testing

e If negative, consider MSH2 germline testing

“If personal/family history highly suggestive of LS, it is appropriate to forgo MLHI methylation/ BRAF testing.
"Unless otherwise noted, “germline testing” here refers to sequencing/large rearrangement testing.
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tumor screening strategies, using MSI and IHC staining together will identify the
majority of LS cases. Since the sensitivity of either test is not 100%, using either test
alone will leave 5% to 10% of LS cases undetected.””**

Epigenetic events unrelated to LS can cause a tumor to demonstrate MSI and
absence of MLH1 and PMS2 proteins upon IHC staining. These results can often
be attributed to hypermethylation of the MLHI promoter and/or a somatic BRAF
mutation (V600E). Several studies have shown that the V60OE BRAF mutations are
not associated with LS, and there have been very few exceptions.'"* Both of these
tests can be performed on CRC tissue to help determine whether germline genetic
testing should be pursued, further streamlining the genetic testing process but should
be interpreted in the context of clinical familial presentation because sensitivities and
specificities for these tests are not 100%. It is important to note that it is possible but
rare to have inherited MLHI promoter hypermethylation.”

Similar approaches to screening EC with MSI and/or IHC staining are appropri-
ate. However, because somatic BRAF mutations are uncommon in ECs, BRAF testing
is not an appropriate test for ECs that are MSI-H and/or MLH1 and PMS2 protein
deficient.” There are less data to support MSI and/or THC testing using other LS-
associated tumor tissue, but many reports suggest that it is at least feasible in the
absence of additional testing options.”

In 2009, the Evaluation of Genomic Application in Practice and Prevention Work-
ing Group recommended that individuals with newly diagnosed CRC be offered
genetic testing for LS. Although the Evaluation of Genomic Application in Practice
and Prevention working group did not specify the best approach for genetic testing,
performing tumor analysis with ITHC staining allows for more targeted genetic testing
and was considered to be an acceptable strategy.” In addition, multiple reports have
shown that tumor screening with THC staining is a cost-effective strategy for identify-
ing LS in the CRC patient population.””* Ladabaum et al.”” compared the differences
among multiple testing strategies with regard to effect of life years, cancer morbidity
and mortality, and cost. They concluded that ITHC staining with inclusion of BRAF
gene testing if MLH1 protein was absent was the preferred method of identifying LS
among CRC patients.” Effectiveness of screening for LS in these reports has been
dependent on the ability to test family members of the initially diagnosed LS patient,
so genetic counseling and dissemination of information to relatives of probands are
crucial for effective diagnosis and prevention of cancer.

GENETIC TESTING

In many situations, as mentioned above, tumor screening tests are performed
before germline genetic testing, but there are situations where this is not possible or
desired (e.g., sufficient tumor tissue is unavailable, or all individuals affected with
cancer in a family are deceased). In the absence of IHC results to direct genetic test-
ing, germline testing is typically done in a stepwise fashion beginning with MLH1 and
MSH2, which account for 32% and 38% of mutations, respectively.’” If no mutations
are identified, testing for mutations in MSH6 and PMS2 is indicated. Mutations in
these 2 genes are less common and account for 14% and 15% of LS, respectively.” It is
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important for testing to include sequencing as well as analysis of deletions and dupli-
cations because all mutation types have been reported in the MMR genes.

Recently, deletions in TACSTD]I (also known as EPCAM), which is not an MMR
gene, have been reported to cause inactivation of MSH2 and lack of expression of
MSH?2 protein when IHC staining is performed. Therefore, testing for deletions in
TACSTD1I is indicated when MSH2 protein is absent on IHC staining, but no germ-
line MSHS2 mutation has been identified.”

GENETIC COUNSELING FOR LS

Inherited in an autosomal dominant manner, first-degree relatives of individuals
with LS have a 50% chance of having inherited the syndrome, as well, making com-
munication of these risks to family members of patients with LS very important. Data
have shown that compliance with the screening recommendations reviewed below
is effective in reducing the risk of dying of cancer in individuals with LS, and this
should be communicated to at-risk families. A large study of MMR mutation carriers
in Finland found that despite the increased risks of CRC and EC, cancer mortality
was not increased when individuals followed the intensive screening protocol and/or
opted to have prophylactic surgery.”’

MANAGEMENT OF LS

Individuals with LS require personalized management planning with the goal of
reducing their cancer risks. Although many groups have put forth screening recom-
mendations in the literature, the LS surveillance and screening recommendations from
the National Comprehensive Cancer Network, which are updated annually, are used
commonly in clinical practice. Based on these current recommendations, individu-
als with LS should have colonoscopy every 1 to 2 years beginning at the age of 20 to
25 years or 2 to 5 years earlier than the youngest CRC in the family if diagnosed before
the age of 25 years (colonoscopy may be recommended to start at the age of 30 years in
families with MSH6 and PMS2 mutations if the CRC age at onset in the family is not
younger than the age of 30 years given the reduced penetrance with these genes). Given
that there is no clear evidence to support screening for endometrial and/or ovarian
cancers, women with LS are recommended to consider prophylactic hysterectomy and
bilateral salpingo-oophorectomy upon completion of childbearing. Some clinicians
may find endometrial sampling, transvaginal ultrasound, and CA-125 serum screen-
ing to be helpful; however, these tools should be used at their discretion. To screen for
gastric and small-bowel cancers, individuals with LS should consider esophagogastro-
duodenoscopy with extended duodenoscopy and capsule endoscopy every 2 to 3 years
beginning at the age of 30 to 35 years. Annual urinalysis beginning at the age of 25 to
30 years can be used to screen for urothelial cancers, and an annual physical examina-
tion to assess for symptoms of central nervous system tumors is reasonable.”

A 2011 study by Burn et al.”’ showed through a randomized trial with postinter-
vention double-blind follow-up that daily use of 600 mg of aspirin for a minimum of
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25 months reduced the risk of CRC by almost 60% in individuals with LS. Like other
studies of aspirin use on cancer risk, cumulative use seemed to make a difference in
the study as reduced risk became evident over time. The optimum dose and duration
of use of aspirin in individuals with LS still need to be established, but based on this
evidence, many clinicians are considering aspirin therapy as chemoprevention in this
population.
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Uterus

Molly S. Daniels

terine cancer is the most common invasive gynecologic cancer in the United

States.' The median age at diagnosis of uterine cancer in the general popu-

lation is 60 years.' The average woman’s lifetime risk of developing uterine
cancer is approximately 2.6%.” The vast majority of uterine cancers are endome-
trial in origin. Five percent or less of uterine cancers are nonendometrial; examples
include endometrial stromal sarcoma and uterine leiomyosarcoma.’

Endometrial cancers can be further subdivided into type I and type II. Type I
endometrial cancers are endometrioid in histology and account for more than 75%
of endometrial cancers. Type II endometrial cancers include all nonendometrioid
histologies, such as uterine papillary serous carcinoma (UPSC), clear cell carcinoma,
and carcinosarcoma (also called malignant mixed Miillerian tumor).* Type II endo-
metrial cancers are generally diagnosed at later stages and have a poorer prognosis
than type I endometrial cancers.’

Type I endometrial cancers, in particular, are associated with personal medical his-
tory risk factors, likely due to their impact on the amount of estrogen to which the
endometrium is exposed. Other than long-term use of unopposed estrogen (which is
no longer prescribed for women with an intact uterus because of the associated endo-
metrial cancer risk) and hereditary cancer predisposition (which will be discussed
below), the biggest risk factor for endometrial cancer is obesity. Obese women have
up to a sixfold risk of endometrial cancer when compared with women at ideal body
weight.® Other risk factors include nulliparity, early age at menarche, late age at meno-
pause, and tamoxifen use.® Use of combination oral contraceptives decreases risk of
endometrial cancer in the general population, with a relative risk of 0.6.'

This review also discusses uterine leiomyomas, commonly referred to as uterine
fibroids. Uterine leiomyomas are benign smooth muscle tumors that are common
in the general population. A US study found that more than 80% of black women
and almost 70% of white women develop uterine leiomyomas, although not all were
symptomatic.” Symptoms of uterine leiomyomas can include pelvic pain, infertility,
pregnancy complications, and menometrorrhagia.”
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LYNCH SYNDROME, ALSO KNOWN
AS HEREDITARY NONPOLYPOSIS
COLORECTAL CANCER SYNDROME

Since Lynch syndrome has been extensively described elsewhere in this book, this sec-
tion focuses on Lynch syndrome—associated endometrial cancer. Lynch syndrome is an
autosomal dominant hereditary cancer predisposition syndrome characterized by sig-
nificantly increased risks of colorectal, endometrial, and other cancers. Mutations in the
DNA mismatch repair genes MLHI, MSH2, MSH6, PMS2, and EPCAM (via disruption
of MSH2 expression) have been associated with Lynch syndrome.

Two to three percent of women with endometrial cancer have Lynch syndrome.*’
Average age at diagnosis of endometrial cancer for women with Lynch syndrome is
in the 40s to 50s in many® ™ (but not all') studies, younger than the general popu-
lation. The likelihood of Lynch syndrome is increased in women with endometrial
cancer; diagnosed at younger than 50 years,'>'” who have also had colorectal cancer,"*
with lower body mass index,'” with lower uterine segment tumors,"” or with family
history of colorectal and/or endometrial cancers.'®"” Models to assess risk of Lynch
syndrome based on personal and family history are available.'®"” The identification of
Lynch syndrome in the endometrial cancer patient allows her to take steps to reduce
her colorectal cancer risk and also allows family members to benefit from predictive
genetic testing and subsequent targeted cancer risk reduction strategies.

The optimal way to screen endometrial cancer patients for Lynch syndrome is
an area of active discussion. Historically, endometrial cancer patients with personal
and/or family histories suggestive of Lynch syndrome have been referred for cancer
genetic risk assessment. More recently, some institutions have undertaken universal
screening of all endometrial cancer patients by immunohistochemistry (IHC) and/
or microsatellite instability (MSI) analysis of the endometrial tumor.'® The advantage
to this approach is that it has the potential to detect all Lynch syndrome-associated
endometrial cancers, some of which occur in the absence of a known family history
and would be missed by any strategy that screens patients by family history.*’ Limita-
tions to the universal screening approach include high cost per mutation identified"’
and lower than expected uptake of genetic counseling and genetic testing among
endometrial cancer patients identified via universal screening.'®

By whatever method endometrial cancer patients are selected for Lynch syndrome
evaluation, the recommended first step in genetic testing is tumor studies: IHC for
the mismatch repair proteins and/or MSI analysis.”**' Nearly all Lynch syndrome—
associated endometrial cancers will demonstrate high MSI (MSI-H) and/or IHC loss
of one or more mismatch repair proteins, and the IHC results often allow genetic
testing to be targeted to one Lynch syndrome gene.”” MLHI promoter hypermethyl-
ation analysis is recommended as a follow-up study when an endometrial tumor is
MSI-H, and THC shows loss of MLHI1 and PMS2, because 15% to 20% of sporadic
endometrial cancers exhibit MLHI promoter hypermethylation.” Whereas sporadic
MSI-H colorectal cancers often have somatic BRAF mutations, sporadic MSI-H
endometrial cancers usually do not,” and therefore, BRAF mutation analysis is not
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recommended for distinguishing sporadic MSI-H endometrial cancers from Lynch
syndrome—associated endometrial cancers. Lynch syndrome is confirmed by the
finding of a germline mutation in a mismatch repair gene through molecular genetic
testing, and family members can subsequently undergo predictive genetic testing.
Currently, molecular genetic testing is not always able to identify a pathogenic Lynch
syndrome mutation when tumor studies are suggestive of Lynch syndrome; possi-
ble explanations in these cases include limited genetic test sensitivity for the known
mismatch repair genes, other as yet unidentified Lynch syndrome genes, and as yet
unidentified other epigenetic causes for the tumor phenotype. Given that Lynch syn-
drome has not been ruled out in a patient with suggestive tumor studies and nega-
tive genetic test results, consideration should be given to following Lynch syndrome
management guidelines in these cases.””*'

The lifetime risk of endometrial cancer for women with Lynch syndrome has been
recently reported as 33% to 40%.'** Endometrial cancer risk may vary by gene, with
risks highest for women with MLHI, MSH2, and MSH6 mutations. Lower endometrial
cancer risks have been reported for women with PMS2 mutations (15% lifetime risk*®)
or EPCAM mutations (up to 12% lifetime risk’**’). Lynch syndrome—associated endo-
metrial cancers can be both type I (endometrioid) and type II (nonendometrioid);
nonendometrioid histologies observed in women with Lynch syndrome include clear
cell carcinoma, UPSC, and malignant mixed Miillerian tumor (carcinosarcoma).”®

Given the high risk of endometrial cancer for women with Lynch syndrome, both
cancer screening and risk reduction options should be considered. Patient education
regarding endometrial cancer symptoms (such as abnormal vaginal bleeding) and the
importance of reporting them promptly are also important.”' In terms of risk reduc-
tion, hysterectomy (plus bilateral salpingo-oophorectomy [BSO], because ovarian can-
cer risk is also elevated) is clearly effective in preventing endometrial cancer” and can
be considered if childbearing is completed and/or after menopause.”**’" If a woman
with Lynch syndrome is undergoing surgery for colon cancer, concomitant hysterec-
tomy/BSO can be considered.”™" Risk-reducing hysterectomy/BSO has not been dem-
onstrated to reduce mortality in women with Lynch syndrome. Oral contraceptives
reduce risk of endometrial and ovarian cancer in the general population'; their efficacy
in women with Lynch syndrome has not been determined. There is no proven benefit
to endometrial cancer screening in women with Lynch syndrome; screening guidelines
are based on expert opinion. Transvaginal ultrasound alone does not appear to be an
effective screening test in this population’>”; endometrial biopsy plus transvaginal
ultrasound may be more effective.”* The National Comprehensive Cancer Network
currently recommends considering annual endometrial biopsy as an option.”

PTEN HAMARTOMA TUMOR SYNDROME
(ALSO KNOWN AS COWDEN SYNDROME,
BANNAYAN-RUVALCABA-RILEY SYNDROME)

Since PTEN hamartoma tumor syndrome (PHTS) has also been extensively
described elsewhere in this book, this section focuses on uterine manifestations
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of PHTS. PHTS is a rare autosomal dominant syndrome defined by the presence of
a pathogenic PTEN mutation. PHTS can manifest in many organ systems, with phe-
notypic effects ranging from autism®>*® to increased cancer risk’”*® to characteristic
mucocutaneous lesions.”

Uterine leiomyomas have been described as a common finding in women with
PHTS,* and uterine leiomyomas are included as a minor diagnostic criterion of
PHTS.” However, given the high prevalence of uterine leiomyomas in the general
population,’ it is not clear whether the prevalence is actually elevated in PHTS.”*!
Uterine leiomyomas are a nonspecific finding and should not by themselves be con-
sidered particularly suggestive of PHTS.?**!

Endometrial cancer has been reported to occur at increased frequency in
women with PHTS.””*' Reported ages at endometrial cancer diagnosis have been
mostly in the 30s to 50s.”** Endometrial cancer has been reported in adolescence
in PHTS.* Endometrial cancer has been observed in 12 (17%) of 69* and 25
(16%) of 158" of adult women who were referred for PTEN genetic testing and
tested positive. Data regarding lifetime risk of endometrial cancer in PHTS are
sparse; studies to date have focused on probands and are thus subject to signifi-
cant ascertainment bias. Therefore, a recent estimate of lifetime endometrial can-
cer risk in PHTS of 28%"” is likely a significant overestimation. PHTS appears to
account for a very small proportion of unselected endometrial cancers; a study by
Black et al.** found no germline PTEN mutations in a series of 240 endometrial
cancer patients.

In light of the limited data regarding lifetime risk of endometrial cancer for
women with PHTS, the National Comprehensive Cancer Network does not cur-
rently recommend a specific endometrial cancer screening strategy beyond educating
women to respond promptly to symptoms and considering enrollment in a clinical
trial to determine effectiveness and necessity of screening.*” Others have suggested
that women with PHTS undergo annual endometrial biopsy and/or transvaginal
ultrasound.”* To date, there is no proven benefit to these screening strategies in
the context of PHTS. Based on the lack of efficacy of transvaginal ultrasound as an
endometrial cancer screening test for women with Lynch syndrome discussed above,
if screening is undertaken, ultrasound may not be the ideal modality. The National
Comprehensive Cancer Network also notes that risk-reducing hysterectomy can be
discussed as an option on a case-by-case basis.*

HEREDITARY LEIOMYOMATOSIS AND
RENAL CELL CARCINOMA

Hereditary leiomyomatosis and renal cell carcinoma (HLRCC) (OMIM 150800)
is characterized by increased risk of type 2 papillary renal cell carcinoma, cutaneous
leiomyomas, and uterine leiomyomas. The fumarate hydratase (FH) gene is the only
gene that has been associated with HLRCC. HLRCC exhibits autosomal dominant
inheritance. Both point mutations and large rearrangements of the FH gene have
been reported in individuals with HLRCC.* If germline mutations in both copies of
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the FH gene are present, this causes the severe autosomal recessive condition fuma-
rase deficiency (OMIM 606812), which is characterized by encephalopathy and psy-
chomotor retardation, and is frequently lethal in infancy or childhood.

The uterine leiomyomas seen in the context of HLRCC tend to occur at younger
ages than in the general population, with a mean age at diagnosis around 30 years.***
Women with HLRCC frequently report complications from uterine leiomyomas,
including symptoms of menorrhagia, pelvic pain, and reduced fertility," and are
more likely than women with uterine leiomyomas who do not have HLRCC to
have had treatment, including hysterectomy.*® In a study of North Americans with
HLRCC, 98% of women had uterine leiomyomas, and 89% had undergone hysterec-
tomy, often before the age of 30 years."”

Uterine leiomyosarcoma has been reported in Finnish women with HLRCC, but
a recent review notes that only one clinically malignant uterine leiomyosarcoma has
been confirmed in a patient with an FH germline mutation.”® Therefore, to what
extent the risk of uterine leiomyosarcoma may be elevated over that in the general
population is not yet clear. It also appears that germline FH mutations are not com-
mon in women with isolated uterine leiomyosarcoma; a series of 67 uterine leiomyo-
sarcomas diagnosed in Finland were tested for FH mutations, and only one patient
was found to have a FH missense sequence variant, which was present in both tumor
and normal tissue but is of uncertain significance.”

The presence of multiple cutaneous leiomyomas should prompt consideration
of HLRCG; studies of patients with multiple cutaneous leiomyomas have found FH
mutations in 80% to 89%.***** Cutaneous leiomyomas vary in appearance; biopsy
is required for diagnosis.*”’ Pain and paresthesias associated with cutaneous leiomyo-
mas are frequently reported.”” Ages at onset were reported to be from 10 to 47 years,
with mean age at onset of 25 years.*” The absence of cutaneous leiomyomas does not
exclude the possibility of HLRCC; some patients with HLRCC showed no evidence
of cutaneous leiomyoma after detailed skin examination.*”** Rarely, cutaneous leio-
myosarcoma has been reported with HLRCC.*"*

The type 2 papillary renal cell carcinomas associated with HLRCC are usually uni-
lateral and unifocal but nonetheless appear to be aggressive in that they can already
be metastatic when the primary tumor is still small (<1 cm).” Penetrance of renal cell
carcinoma in HLRCC has been reported as approximately 20%.”* Age at diagnosis
of renal cell carcinoma has been reported as early as 11 years™ and 16 years,* with
average age at diagnosis in the 40s.*”** Other types of kidney cancer have also been
reported in patients with HLRCC, including collecting duct carcinoma, oncocytoma,
clear cell renal cell carcinoma, and Wilms tumor.”

Given the relative rarity of HLRCC (estimated approximately 180 families identi-
fied worldwide™), guidelines for screening and management are still evolving and are
based on expert opinion only. Pediatric kidney cancers have been reported in HLRCC
but appear to be rare; thus, there is some debate regarding at what age predictive
genetic should be offered as well as at what age screening should begin. Proposed kid-
ney cancer screening recommendations have included magnetic resonance imaging,
computed tomography, or positron emission tomography—computed tomography;
annual or biannual; and beginning at age 18 to 20 or as early as the age of 5 years

(c) 2015 Wolters Kluwer. All Rights Reserved.



138 Principles and Practice of Oncology: Handbook of Clinical Cancer Genetics

(perhaps particularly if pediatric kidney cancer has occurred in a family member).*
Ultrasound may not be effective at detecting HLRCC-associated kidney cancers and
is not recommended.”” The aggressive nature of the type 2 papillary renal cell carci-
nomas also makes designing an effective screening program challenging, and there is
not yet evidence that instituting screening favorably impacts morbidity or mortality
for patients with HLRCC.

UTERINE CANCER AND OTHER HEREDITARY
CANCER SYNDROMES

UPSC is histologically similar to ovarian serous carcinoma’ and has been observed
in Ashkenazi Jewish women with BRCA1/BRCA2 mutations who also had personal
and/or family histories of breast and/or ovarian cancer.”” However, other studies of
consecutive series of Jewish endometrial cancer patients found a BRCA-positive rate
that is similar to that of the general Jewish population.’®”’ It therefore seems unlikely
that a personal history of endometrial cancer, UPSC or otherwise, increases the likeli-
hood for a woman to have a germline BRCA1/BRCA2 mutation.

Patients with hereditary retinoblastoma are at increased risk to develop a variety of
second malignancies. A recent study found that women with hereditary retinoblastoma
are at significantly increased risk for uterine leiomyosarcoma in particular.®

CONCLUSIONS

Approximately 2% to 3% of endometrial cancers are attributable to Lynch
syndrome. Early age at diagnosis, low body mass index, and personal and/or fam-
ily history of Lynch syndrome-associated cancers increase the likelihood for an
endometrial cancer patient to have Lynch syndrome, but not all Lynch syndrome—
associated endometrial cancers occur in the presence of these risk factors. MSI and
IHC analyses are the recommended first step in Lynch syndrome evaluation. The
identification of Lynch syndrome in the endometrial cancer patient allows her to take
steps to reduce her colorectal cancer risk and also allows family members to benefit
from predictive genetic testing and subsequent targeted cancer risk reduction strate-
gies. Unaffected women with Lynch syndrome are at significantly increased risk to
develop endometrial cancer and should be educated regarding signs and symptoms
of endometrial cancer and should be offered screening and prevention options.

The proportion of endometrial cancer attributable to PHTS (Cowden syndrome)
is not precisely known but appears to be less than 1%. The risk for endometrial can-
cer is likely elevated in women with PHTS, but the magnitude of this risk is not
well defined at this time. Women with PHTS should be educated regarding signs
and symptoms of endometrial cancer. Endometrial cancer screening and surgical risk
reduction can be considered for women with PHTS.

Symptomatic uterine leiomyomas are more common in those with HLRCC than
in the general population, with a tendency toward earlier age at diagnosis. Multiple
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cutaneous leiomyomas are a characteristic finding in HLRCC. Uterine leiomyosar-
coma has occurred in the context of HLRCC, but whether and to what extent this risk
exceeds that in the general population remains to be determined. Individuals with
HLRCC are at increased risk to develop an aggressive subtype of kidney cancer, and
therefore, should consider periodic kidney cancer screening.
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Genetic Testing by
Cancer Site

Urinary Tract

Gayun Chan-Smutko

sitional cell, or urothelial carcinoma (UC). About 64,770 cases of invasive

cancer of the kidney and renal pelvis, 74,510 cases of urinary bladder cancer,
and 2,860 cases of cancer of the ureter and other urinary organs are expected to be
diagnosed in men and women in the United States in 2012." The lifetime risk of can-
cer of the kidney and renal pelvis is 1.6%, with an average age at diagnosis (based on
statistics from 2005 to 2009) of 64 years.” A family history of RCC is associated with a
2.2- to 2.8-fold increased risk for developing RCC.” Most cases of RCC are sporadic,
and approximately 4% are due to a hereditary susceptibility.

RCC is a heterogeneous disease, which has been divided into the following sub-
types based on the World Health Organization 2004 classification system: Clear cell
(80%), papillary types 1 and 2 (10%), chromophobe (5%), collecting duct (1%), and
RCC unclassified (4% to 6%). Additional rarer types that collectively account for
less than 2% of RCCs have been described as well.* The molecular pathways driving
tumorigenesis in hereditary syndromes such as von Hippel-Lindau (VHL) disease,
Birt-Hogg—Dubé (BHD) syndrome, hereditary leiomyomatosis and renal cell carci-
noma, and hereditary papillary renal cell carcinoma (HPRCC) have provided greater
insight into the molecular mechanisms behind the four major subtypes of RCC. This
understanding has led to targeted therapies aimed at specific molecular pathways
such as the hypoxia-inducible factor (HIF) pathway. This review is devoted primar-
ily to the discussion of renal neoplasms in the adult population and their associated
hereditary syndromes (Table 10.1). Genetic testing for susceptibility to urothelial
cancers of the upper urinary tract is also presented.

E ancers of the urinary tract include renal cell carcinoma (RCC) and tran-

GENETIC SUSCEPTIBILITY TO RCC
von Hippel-Lindau Disease

VHL disease is an autosomal dominant condition that affects approximately
1 in 36,000 live births worldwide. The VHL gene is located on the short arm of
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VHL Genotype/Phenotype Correlations

Predominant
VHL Phenotype Pheo RCC HB Mutation Type
Type 1 Rare or absent High High Large deletions,
nonsense, frameshift
Type 2A High Rare High Missense
Type 2B High High High Missense
Type 2C High Absent  Absent  Missense

(uncommon)

Note: The majority of type 1 mutations are partial or complete deletions and protein truncating (nonsense
and frameshift), whereas 96% of type 2 mutations are missense. Missense mutations that disrupt amino acid
residues on the surface of the VHL protein confer a higher pheo risk than missense mutations that disrupt
protein structure.

Pheo, pheochromocytoma; HB, hemangioblastoma.

From: Maher ER, Webster AR, Richards FM, et al. Phenotypic expression in von Hippel-Lindau disease: Correla-
tions with germline VHL gene mutations. ] Med Genet. 1996;33:328-332; and Ong KR, Woodward ER, Killick P,
et al. Genotype—phenotype correlations in von Hippel-Lindau disease. Hum Mutat. 2007;28:143—149.

chromosome 3 (3p25) and is the only known susceptibility locus associated with the
condition. It is a well-studied tumor suppressor gene that demonstrates loss of het-
erozygosity in RCCs of patients with VHL disease and sporadic clear cell RCC as well.

VHL disease is a multisystem condition, and an affected individual is at risk to
develop any of the following lesions: (1) hemangioblastoma of the cerebellum, spine,
or retina; (2) papillary cystadenoma of the epididymis, the adnexal organs, or the
endolymphatic sac; (3) adrenal pheochromocytoma and occasionally extra-adrenal
paraganglioma; (4) pancreatic cysts, serous cystadenomas, and neuroendocrine
tumors (NETs); and (5) multiple and/or bilateral RCC and cysts.

Although the penetrance of VHL disease is 100%, where individuals will develop
at least one associated lesion by their sixth decade of life, the expressivity is highly
variable even among individuals sharing the same gene mutation. The disease is phe-
notypically categorized into type 1 and type 2 based on risk for developing pheochro-
mocytoma, with the latter further divided into three subtypes (2A, 2B, and 2C) based
on risk for developing RCC. The genotype/phenotype correlations within each type
are described in Table 10.2.

Renal Lesions

RCC:s of patients with VHL disease are of exclusively clear cell histology. The life-
time risk for developing RCC is 25% to 45%, and when renal cysts are included, the
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risk rises to 60%.> Renal cysts and RCCs develop at an earlier age in patients with
VHL in comparison to sporadic counterparts, with an average age of 39 years (range,
16 to 67 years).” Cystic lesions are typically asymptomatic; however, complex cysts
must be monitored closely with computed tomography (CT) or magnetic resonance
imaging as they will harbor a visibly solid RCC component. RCC will often arise from
noncystic parenchyma as well.

Nonrenal Clinical Features

With the exception of RCC and pancreatic NETs, the malignancy risk with VHL-
associated tumors is very low. Renal lesions and hemangioblastoma of the cerebel-
lum, spine, or retina are common presenting lesions in VHL. The risk for developing
a single hemangioblastoma of the spine, cerebellum, and brainstem is 60% to 80%,
and the average age is 33 years (range, 9 to 73 years),” although most patients can
develop multiple lesions at any point in their lifetime. Patients may remain com-
pletely asymptomatic especially during periods of no growth or slow growth. Surgical
resection is delayed until onset of symptoms.

Retinal hemangioblastomas (retinal angiomas) are usually multifocal and bilat-
eral. These hypervascular tumors can lead to retinal detachment and vision loss.
Retinal hemangioblastomas have been observed in 25% to 60% of patients with an
average age of 25 years (range, 1 to 67 years). Approximately 5% of lesions are seen
younger than 10 years, making genetic testing of at-risk children essential as affected
children should undergo annual retinal examinations beginning at birth. Pheochro-
mocytoma has also been observed in young children and can present as a hyperten-
sive crisis. The average age at presentation is 30 years (range, 5 to 58 years), and the
risk is 10% to 20%.’

Pancreatic manifestations include multiple simple cysts and serous cystadeno-
mas (47% and 11%, respectively), which follow a benign course and are almost
always asymptomatic in patients. Pancreatic NETS are less common (15%); how-
ever, approximately 2% undergo malignant transformation.” A NET tends to be
indolent and is seldom the initial presenting lesion; however, close monitoring is
indicated for timing of surgical resection.

A less common manifestation of VHL is a papillary cystadenoma of the endolym-
phatic sac, or inner ear, which is extremely rare in the general population but more
prevalent in VHL disease (~11%). Papillary cystadenomas may also arise in the epi-
didymis in men and less commonly in the adnexal organs in women.

VHL Molecular Genetics

The VHL gene was cloned by Latif et al.” in 1993 and is the most well studied of the
familial RCC syndromes. Loss of VHL function has been demonstrated to cause RCC
formation in VHL disease as well as in the majority of sporadic clear cell RCCs.*’
The VHL gene encodes the pVHL protein, which in normoxic conditions forms a
complex with elongin B, elongin C, Cullin 2, and Rbx1. The VHL complex targets
HIF-1o and HIF-2o for ubiquitin-mediated degradation. The HIF-1o and HIF-2a
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genes, along with HIF-3a, encode the o subunit of the HIF heterodimer. In hypoxic
conditions, the VHL complex does not interact with HIF-1o and HIF-20, leading to
an accumulation of these subunits and downstream transcription of HIF-dependent
genes. Loss of VHL protein function in renal tumors simulates low tissue oxygen lev-
els, or “pseudohypoxia” where HIF-10ot and HIF-20 accumulate, causing upregulation
of many genes involved in tumorigenesis such as vascular endothelial growth factor
(proangiogenesis), epidermal growth factor receptor (cell proliferation and survival),
and glucose transporter 1 (regulation of glucose uptake).

VHL Genetic Testing

Genetic testing of the VHL gene is available on a clinical basis and involves full-
gene sequencing and large gene rearrangement analysis. When both methods are
used, the mutation detection rate is nearly 100% in patients with a clinical diagnosis
of VHL." Approximately 80% of patients have a parent with VHL, and ~20% rep-
resent de novo cases where neither parent carries the mutation. Genetic testing is
recommended for a proband with a personal and family history of VHL, as the iden-
tification of causative mutations aids in determining disease subtype (Table 10.2).
Disease subtype information along with a careful, detailed family history aids in
guiding screening and surveillance of VHL patients. In simplex cases, where a patient
has two or more VHL-associated lesions and a negative family history, genetic testing
is recommended to establish a diagnosis. When a mutation is identified in a proband,
at-risk family members should be offered predictive testing. Since young children
with VHL are known to be at risk for retinal lesions and pheochromocytoma, genetic
testing should be offered anytime after birth.

Birt-Hogg-Dubé Syndrome

In 1977, Drs. Birt, Hogg, and Dubé first described a multigenerational kindred
showing autosomal dominant transmission of fibrofolliculomas with trichodiscomas
and acrochordons."' The phenotype was later expanded beyond dermatologic mani-
festations to include lung cysts and pneumothorax, and renal tumors.'? The number
of families with BHD syndrome described in the literature to date is small, and there-
fore, the exact incidence is unknown. Inherited mutations in the folliculin (FLCN)
gene are associated with BHD syndrome.

Renal Lesions

An individual with BHD syndrome is at increased risk of developing multiple and
bilateral renal tumors, frequently of more than one histologic type even within the
same renal unit, and at younger ages compared with the general population. The
lifetime risk is in the range of 27% to 45%,"'* and the wide range may be a reflec-
tion of ascertainment bias introduced when families are recruited predominantly
through dermatology clinics versus urology. The most common tumor pathology
found in patients is a hybrid oncocytic RCC, which contains a mixture of oncocytic
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and chromophobe cells. Furthermore, radical nephrectomy specimens of patients
have demonstrated oncocytosis where tiny nodules of cells similar to the larger
hybrid tumors are diffusely scattered throughout the renal parenchyma. A retrospec-
tive study by Pavlovich et al."” examined 130 tumor specimens from 30 patients (25
males, 5 females) in 19 different BHD families. The authors found that hybrid onco-
cytic (50%) and chromophobe (34%) were the more common histologic findings,
followed by clear cell (9%), benign oncocytoma (5%), and papillary (2%). The aver-
age age at first tumor was 50.7 years, and patients averaged 5.3 tumors each (range, 1
to 28). Other studies reporting histologic subtypes of BHD syndrome-related renal
tumors have similar findings.

Nonrenal Manifestations

Skin findings associated with BHD syndrome are benign and consist of fibrofol-
liculoma, trichodiscoma (which are histologically and clinically indistinguishable
from angiofibroma), perifollicular fibroma, and acrochordons. Fibrofolliculoma is
highly specific for BHD syndrome, whereas trichodiscomas and acrochordons are
not. Onset for skin lesions is typically at older than 25 years, and a dermatologic
diagnosis of BHD syndrome can be made on the basis of the presence of five or
more facial or truncal papules with at least one histologically confirmed fibrofol-
liculoma.

Approximately 83% to 89% of patients with BHD syndrome will have multiple
pulmonary cysts'*'®'” identified upon chest CT. The lifetime risk of spontaneous
pneumothorax is 24% to 32%,'*'® and the majority of patients have their first event
by age 50 years. The presence of lung cysts is strongly associated with risk of pneu-
mothorax,"” but the mechanism behind this is not known. A possible association
between BHD syndrome and parotid oncocytoma has also been reported in a small
number of cases."*

FLCN Molecular Genetics

The FLCN gene is located on chromosome 17p11.2 and was cloned by Nickerson
et al."”” in 2002. The gene has 14 exons and encodes the protein folliculin. The role of
FLCN and tumorigenesis has not been fully established, but animal studies and loss of
heterozygosity studies in renal tumors provide some evidence that it is a tumor sup-
pressor gene. Folliculin binds with folliculin-interacting proteins (FNIP1 and FNIP2)
and then binds AMP-activated protein kinase, which is part of the cellular energy and
nutrient sensing system. AMP-activated protein kinase also helps regulates mTOR
activity (mTORC1 and mTORC2). Studies of renal tumors from heterozygous BHD
knockout mice and renal tumors from patients with BHD syndrome show mTOR
activation. Therapeutic agents inhibiting mTOR activity in sporadic chromophobe
tumors are currently under investigation and may have implications for patients with
BHD syndrome-related renal tumors."

The mutation detection rate for FLCN clinical testing is approximately 89%, and
nearly all of the mutations described to date have been truncating point mutations
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(frameshift and nonsense). Splice-site mutations have also been reported in a small
number of BHD families, and one missense mutation in a patient with bilateral renal
tumors has been reported as well.*” A mutational hotspot in a polycytosine tract in
exon 11 has been suggested."*

Hereditary Papillary RCC

HPRCC is inherited in an autosomal dominant manner with reduced penetrance
where patients with HPRCC are at risk of developing multiple and/or bilateral papil-
lary RCCs at a young age. The phenotype is limited to the risk of papillary RCC alone,
particularly papillary type 1, although the distinction between type 1 and type 2 is
not always made on initial pathology review.

Germline mutations in the ¢c-met or MET proto-oncogene on chromosome 7q31.2
have been associated with HPRCC.*' This is a comparatively uncommon condi-
tion, and few families with a MET mutation have been reported to date. Missense
mutations found in HPRCC families occur in exons 16, 17, 18, and 19 of the MET
proto-oncogene, which encodes the tyrosine kinase domain of the protein product.
These mutations have been shown to be activating or gain-of-function mutations,
unlike most hereditary cancer susceptibility syndromes, which are associated with
loss-of-function mutations in tumor suppressor genes. Papillary tumors obtained
from patients with HPRCC typically show duplication of chromosome 7, as do their
sporadic counterparts.”> Furthermore, HPRCC-associated tumors show nonrandom
duplication of the chromosome 7 copy harboring the mutation MET allele,”>* sug-
gesting that overexpression of MET may lead to cellular proliferation, although the
exact mechanism has not yet been elucidated.

Analysis by Lindor et al.** of 59 apparently sporadic patients with papillary
type 1 tumors including 13 cases with multifocal or bilateral disease found no germ-
line mutations in MET. This suggests differing etiology in sporadic versus papillary
type 1 cancers. The rarity of the disease and low likelihood of identifying mutation
carriers in isolated cases poses a challenge for genetic counseling of these patients.
In the setting of a positive family history, MET genetic testing should be offered to
patients with papillary type 1 RCC. A negative genetic test result; however, does not
exclude the possibility of a hereditary susceptibility.

Hereditary Leiomyomatosis and RCC

Susceptibility to papillary type 2 RCC has been associated with hereditary leio-
myomatosis and RCC (HLRCC) syndrome demonstrating autosomal dominant
transmission. Most individuals with HLRCC-associated renal lesions present with
unilateral, solitary tumors; however, bilateral and multifocal disease has also been
observed.”” The tumors tend to be highly aggressive with poor prognosis, which has
implications for screening and early detection in at-risk patients. Although papillary
type 2 is the predominant histology, collecting duct RCC and mixed cystic, papillary,
and tubulopapillary RCC have also been reported. The incidence of RCC in individu-
als with HLRCC is approximately 25% to 40%.?>*°
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Cutaneous leiomyomatosis and uterine leiomyomatosis are additional features
of the disease. Leiomyomas of the skin appear as firm skin-colored to light brown
papules and can be distributed anywhere along the trunk, extremities, head, or neck.
Uterine leiomyomas (fibroids) are common in the general population; however,
HLRCC-associated burden tends to be greater in women with HLRCC. Compared
with the general population, the average age at onset is younger where many women
become symptomatic before the age of 30 years, significantly impacting their child-
bearing years. The fibroids tend to be multiple (ranging from 1 to 15 in 1 series of 22
women from 16 families studied) and large (1 to 8 cm), often requiring myomectomy
or hysterectomy for treatment.” Not all individuals with HLRCC will have cutane-
ous manifestations, although it is worthwhile to note that the presence of cutaneous
leiomyomas has a strong concordance with uterine leiomyoma. A very small number
of cases have been reported of cutaneous and uterine leiomyosarcoma in HLRCC
families.

The fumarate hydratase gene, or FH, is the only gene associated with the disease to
date. Fumarate hydratase functions in the Krebs cycle to convert fumarate to malate.
Alteration of the FH gene results in accumulation of fumarate, which inhibits HIF-ou
prolyl hydroxylase enzymes (HPH). HIF-o. is hydroxylated by HPH in normoxic con-
ditions, but when HPH is inhibited, HIF-a levels rise, leading to increased transcrip-
tion of downstream genes involved in tumorigenesis."

Hereditary Paraganglioma and
Pheochromocytoma Associated with SDHB

Several genes have been implicated in hereditary paraganglioma with and with-
out pheochromocytoma, such as the succinate dehydrogenase complex genes (SDHB,
SDHD, and SDHC), as well as TMEM127, SDHAF2, VHL, MEN2, and others. The
reader is referred to the “Genetic Testing: Endocrine Tumors” this book for a detailed
discussion of these genes.

Earlier reports of families with mutations in SDHB also noted renal tumors in a
minority of these families with a paraganglioma/pheochromocytoma phenotype.”
Different renal tumor histologic findings have been reported including clear cell,
chromophobe, carcinoma not classifiable, papillary type 2, or oncocytoma.” ! Gill
et al.”” examined five renal tumors from four families with an SODHB mutation and
suggest that SDHB-associated renal tumors share common morphologic features
such as bubbly eosinophilic cytoplasm with intracytoplasmic inclusions and indis-
tinct cell borders.

Genetic testing of SDHB should be considered in patients presenting with
early-onset and/or multifocal/bilateral RCC and a family history of paragan-
glioma or pheochromocytoma. Testing can also be considered in familial RCC
especially in multigeneration and early-onset families, although there are not
enough data at this time to suggest whether many SDHB carriers will be iden-
tified in the absence of known paraganglioma or pheochromocytoma. Ricketts
et al.”” studied a cohort of 68 patients with RCC and no evidence of syndromic
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RCC susceptibility and identified three SDHB mutation carriers (4.4%). One had
a personal history of RCC at 24 years and a positive family history; two had a his-
tory of bilateral disease, one at the age of 30 years and the other at the age of 38
years; none of the three cases had a personal or family history of paraganglioma
or pheochromocytoma.”

GENETIC SUSCEPTIBILITY TO UROTHELIAL CANCERS

Hereditary Nonpolyposis Colorectal Cancer or
Lynch Syndrome

Hereditary nonpolyposis colorectal cancer or Lynch syndrome is an inherited
syndrome characterized by and increased risk for carcinoma of the colon, uterus,
stomach, ovary, pancreas, and upper urinary tract. Inherited mutations in the DNA
mismatch repair genes (MLHI1, MSH2, MSH6, and PMS2) are associated with the
syndrome. A detailed discussion of Lynch syndrome and genetic testing can be found
in “Genetic Testing: Colon Nonpolyposis” section of this book.

Upper urinary tract cancers are the third most common cancer in Lynch syn-
drome with a 5% to 6% lifetime risk. The associated cancers are mainly UCs of
the ureter and renal pelvis with a relative-risk of 22 times higher than that of the
general population and a median age at onset of 56 years, or 10 to 15 years ear-
lier.” Upper urinary UC may be the initial presenting feature in some patients from
Lynch families. Most of the reported cases are in families with MSH2 mutations,
but have been observed in smaller number of MLHI and MSH6 families as well.
Bladder UC has been reported in patients with Lynch syndrome, with some stud-
ies reporting a relative risk similar or slightly higher to that of the general popu-
lation.* In a cohort of Dutch families with Lynch syndrome, the relative risk of
bladder cancer compared with the Dutch population was higher: 4.2 for men and
2.5 for women. MSH2 mutation carriers in this cohort showed an even higher risk
of 7 for men and 5.8 for women.”

Upper urinary tract cancers may be an underrecognized entity in Lynch syn-
drome, particularly in the urology specialty setting. Patients with UC of the ureter
and renal pelvis may warrant a referral to genetics for risk assessment when present-
ing at young ages and/or synchronous or metachronous disease. Family history posi-
tivity for upper urinary tract cancers and other Lynch-associated tumors should be
an indication for referral as well.

INDICATIONS FOR GENETIC TESTING

One or more of the indicators listed below should prompt a referral for evaluat-
ing a patient for genetic susceptibility to RCC. Possible entry points for the patient
include a diagnosis of RCC, pheochromocytoma or paraganglioma, spontaneous
pneumothorax, bilateral cystic kidneys, cystic pancreas, or suspicious cutaneous
lesions. A proposed guide to making a differential diagnosis is depicted in Figure 10.1.
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Approach to diagnosis of familial RCC

Multifocal/bilateral
young age (<40 y)

'

Family history > RCC < Extrarenal lesions

4
Histologic diagnosis

/\ omcosyioma

. . chromophobe
Papillary type 1 Papillary type 2 Clear cell P
Test FH Test C-Met Test VHL Test BHD
Cutaneous leiomyoma Hemangioblastoma Fibrofolliculoma
Uterine fibroids Pancreatic lesions Lung cysts
Pheochromocytoma Pneumothorax

Epidydimal/adnexal cysts

FIGURE 10.1. Proposed approach for evaluation and testing for inherited susceptibility to
RCC. Family history, age af onset, extrarenal lesions, and renal histology guide testing.

+ Syndromic features: A thorough medical history and physical examination
may provide supporting evidence of syndromic features. Review of available
radiology examinations is warranted. Patients with suspicious cutaneous lesions
should be referred to dermatology for biopsy and histologic confirmation.

+ Personal diagnosis of RCC: Even in the absence of known family history, early-
onset (<40 years) and/or presence of multifocal or bilateral lesions warrants
referral.

+ Family history: Obtaining and reviewing pathology reports on renal tumors
from family members are essential. Patients should be queried for a positive
family history of related tumors such as pheochromocytoma, skin findings, and
colon cancer.

GENETIC TESTING AND COUNSELING

Genetic testing for VHL, FLCN, MET, FH, and SDHB is clinically available for
approximately $1,000 to $1,200 per gene, although the per-gene cost is anticipated to
decrease as the cost of sequencing technologies decreases and more multigene panels
are offered. Lynch syndrome testing is also available; however, it is a genetically het-
erogeneous disease, and tumor screening with microsatellite instability analysis and
immunohistochemistry of the DNA mismatch repair genes can help guide germline
testing (see “Colon Nonpolyposis” section of this book).
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A summary of the mutation detection rates for each gene can be found in Table 10.1.
Testing sensitivity is predictably highest in syndromic cases with uncommon tumors
that are highly specific for the syndrome such as hemangioblastoma (VHL) and
fibrofolliculoma (BHD). Genetic testing is still warranted in less suspicious cases as
a positive test result in a patient (i.e., germline mutation) prompts close monitoring
in a rational, targeted manner. This includes screening for new renal tumors and
nonrenal manifestations such as pheochromocytoma and paraganglioma. High-risk,
aggressive papillary type 2 tumors are associated with HLRCC and warrant prompt
intervention. Early detection and monitoring of nonpapillary type 2 renal lesions
provide the patient and physician with information on disease burden, tumor size,
and doubling time. Since patients with hereditary conditions such as VHL are at high
risk of developing multiple RCC over their lifetime, close surveillance provides neces-
sary clinical information for timing surgical intervention and increases the likelihood
that nephron-sparing approaches can be used.

When a deleterious mutation is identified, at-risk family members should be
offered predictive genetic testing. Genetic counseling regarding the natural history of
the condition, the risk of carrying the mutation, age-appropriate screening, and the
limitations of genetic testing is essential. In the case of BHD, HPRCC, and HLRCC,
there is no consensus for a minimum age at which genetic testing should be con-
sidered. Timing of testing of asymptomatic relatives may be guided by ages at onset
within the family. Each first-degree relative of a mutation carrier has an empiric risk
of 50%. A negative test effectively rules out the disease and spares the individual from
unnecessary imaging and screening. A positive test prompts close monitoring, such as
regular imaging of the kidneys with CT or magnetic resonance imaging. With respect
to limitations, it is important for patients to understand that a positive test result does
not predict which tumors they will develop over their lifetime, age at onset of tumors,
or severity of their disease. VHL disease represents an exception where genetic testing
should be offered anytime after a child is born. When a child tests negative for the
familial VHL mutation, he/she is spared unnecessary screening; a child who carries
the mutation must begin annual retinal examinations within the first year of life,
with additional imaging examinations of the abdomen and brain around the onset of
puberty. Multiple cases of retinal hemangioblastomas (angioma) in young children
have been reported, and the morbidity of undiagnosed retinal tumors is high. Simi-
larly, childhood-onset pheochromocytoma is also known to be associated with VHL
and hereditary paraganglioma/pheochromocytoma syndromes.

Predictive testing of minors in their teenage years should be treated with a greater
sensitivity to the minor’s intellectual and emotional capacity. Some parents include
their child on the decision to test, depending on the age and emotional maturity of
their child. This helps maintain trust between the child and the parent, and lays a
foundation for greater comprehension of the test result and the implications, whether
the results are positive or negative. In the setting of genetic predisposition counseling,
the concept of risk and the struggle to cope with risk information is a tenuous posi-
tion for any adult patient. This is no less stressful for a teenager and his/her parents
demanding elevated sensitivity and awareness from the provider and genetic coun-
selor caring for the family.
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Not including an older child in the testing decision is also the parents’ preroga-
tive; however, the health care provider or genetic counselor working with the family
should help parents consider the potential ramifications of initiating testing without
the child’s knowledge. Questions to consider include when and how they would dis-
close the results to their child in an age-appropriate way. When we consider a teenaged
minor who is intellectually capable of giving assent for genetic testing, the process of
obtaining the minor’s assent involves the health care professional who together with
the parents provides age-appropriate information about the genetic disease, what is
involved in carrying out the test, and how results will be disclosed. Parents may wish
to test their teenage minor without his/her knowledge primarily because they are
hoping for a “good news” scenario of a negative test result where both the teen and
the parents can be worry-free. When parents request testing for their teenager with-
out his/her knowledge, the provider should help parents anticipate that they may be
putting their child’s trust in them (and their child’s trust in the medical community)
at risk, particularly, if it results in a positive diagnosis.

The role of the genetic counselor and health care provider is to support the patient
and family with a focus on improving their understanding of their disease and on
helping the family find a common language with which to communicate their fears,
concerns, and needs. Families often benefit from participating in multidisciplinary
practices staffed by a combination of medical oncology, advanced practice nursing,
genetic counseling, urosurgery, and other practitioners.” These disease specialty clin-
ics are geared toward meeting the medical and informational needs of the patient and
family, which are expected to evolve with age and with major life transitions.

SUMMARY

The genetic basis of heritable susceptibility to cancers of the urinary tract is a
complex problem composed of many different genes and molecular pathways. Care-
ful inspection of family medical history, tumor histology, and physical findings such
as cutaneous lesions provide the opportunity for a stepwise approach to genetic risk
assessment of the cancer patient. Genetic testing of cancer susceptibility genes has
downstream implications for surveillance and treatment of disease, and identifica-
tion of causative mutations provides valuable information for patients and their at-
risk family members. Genetic counseling of patients and their family members allows
for enhanced understanding of the disease and treatment.
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Genetic Testing by
Cancer Site

Pancreas

Jennifer E. Axilbund and Elizabeth A. Wiley

familial,"* and individuals with a family history of pancreatic cancer are at

greater risk of developing pancreatic cancer, themselves.” Although there is
evidence of a major pancreatic cancer susceptibility gene,* it remains elusive. There-
fore, the majority of families with multiple cases of pancreatic cancer do not have an
identifiable causative gene or syndrome, making risk assessment and counseling chal-
lenging. However, a subset of pancreatic cancer is attributable to known inherited
cancer predisposition syndromes (Table 11.1).

n t is estimated that 5% to 10% of pancreatic cancer (adenocarcinoma) is

BRCA2

The BRCA2 gene is associated with hereditary breast and ovarian cancer syndrome,
and often presents as premenopausal breast cancer, ovarian cancer, and/or male breast
cancer. The Breast Cancer Linkage Consortium’ reported a 3.5-fold (95% confidence
interval [CI], 1.9 to 6.6) increased risk of pancreatic cancer in BRCA2 gene mutation
carriers. Subsequent studies in the United Kingdom and the Netherlands showed a rela-
tive risk of 4.1 and 5.9, respectively.®” In a US-based study, 10.9% (17/156) of families
with a BRCA2 mutation reported a family history of pancreatic cancer. The median
ages at diagnosis for males and females were 67 and 59 years, respectively, which
differed statistically from the SEER (Surveillance, Epidemiology and End Results)
database (70 years old for males and 74 years old for females; P = 0.011).* Although
genotype—phenotype data remain sparse, the BRCA2 K3326X variant was found in
5.6% (8/144) of familial pancreatic cancer patients compared with 1.2% (3/250) of
those with sporadic pancreatic cancer (odds ratio [OR], 4.84; 95% CI, 1.27 to 18.55;
P<0.01).”

Approximately, 17% of pancreatic cancer patients who have at least two additional
relatives with pancreatic cancer carry deleterious mutations in the BRCA2 gene."
Estimates for the prevalence of BRCA2 mutations with two first-degree relatives with
pancreatic cancer are 6% to 12%,'"'> and BRCA2 mutations also explain a portion of
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Inherited Cancer Predisposition Syndromes that
Increase the Risk for Pancreatic Cancer

Syndrome Gene(s) Risk of PC

Hereditary breast BRCAI RR, 2.26-3
and ovarian
cancer
BRCA2 RR, 3.5-5.9

Familial atypical CDKN2A RR,
multiple mole 7.4-47.8
and melanoma

Hereditary PRSS1 SIR, 57
pancreatitis
Hereditary MLH]I SIR, 0-8.6
nonpolyposis
colorectal
cancer (Lynch
syndrome)
MSH?2
MSH6
PMS2
EPCAM
PJS STK11 SIR, 132

Predominant Features

Malignancies: Breast (particularly
premenopausal), ovary, male
breast, prostate

Malignancies: Breast (particularly
premenopausal), ovary, male
breast, prostate, melanoma
(cutaneous and ocular)

Malignancies: Melanoma (often
multiple and early onset)

Other: Dysplastic nevi
Other: Chronic pancreatitis

Malignancies: Colorectum,
endometrium, ovary, stomach,
small bowel, urinary tract
(ureter, renal pelvis), biliary,
brain (glioblastoma), skin
(sebaceous)

Malignancies: Colorectum,
small bowel, stomach, breast,
gynecologic

Other: Melanin pigmentation
(mucocutaneous), small-bowel
intussusception

SIR, standardized incidence ratio; RR, relative risk.

apparently sporadic pancreatic cancers.”> However, prevalence varies between popu-
lations. Six (4.1%) of one hundred forty-five Ashkenazi Jews with pancreatic cancer
were found to have a deleterious BRCA2 mutation when compared with cancer-free
controls (OR, 3.85; 95% CI, 2.1 to 10.8; P = 0.007), although no differences were
noted in age at diagnosis or clinical pathologic features.'* An earlier, smaller study
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found a deleterious BRCA2 mutation in 3 (13%) of 23 Ashkenazi Jews with pancre-
atic cancer, unselected for family history."” Among Ashkenazi Jewish probands with
breast cancer who reported a family history of pancreatic cancer, 7.6% (16/211) had
a BRCA2 mutation.'® By comparison, no BRCA2 mutations were found in studies of
pancreatic cancer in Korea or Italy.'”'®

BRCA1

Similar to BRCA2, mutations in BRCAI are associated with markedly increased
risk for premenopausal breast cancer and ovarian cancer. The Breast Cancer Linkage
Consortium reported a 2.26-fold (95% CI, 1.26 to 4.06) increased risk of pancreatic
cancer in families with a BRCAI mutation,”” and Brose et al.” estimated a threefold
higher lifetime risk. However, more recently, Moran et al.® in the United Kingdom
found no elevation in pancreatic cancer risk in 268 families with a known BRCAI
mutation. A US-based study reported that 11% (24/219) of their families with a
BRCA1I mutation had at least one individual with pancreatic cancer, with median
ages at diagnosis of 59 years for males and 68 years for females. Again, this was sig-
nificantly younger than reported in the SEER database (P = 0.0014).* Molecularly,
Al-Sukhni et al.”" evaluated pancreatic tumors from seven known BRCAI mutation
carriers and found loss of heterozygosity of BRCA1 in five (71%), with confirmed loss
of the wild-type allele in three of the five compared with only one (11%) of nine spo-
radic controls. This suggests that BRCAI germline mutations do, in fact, predispose
to pancreatic cancers in at least some individuals.

Familial breast cancer registries in the United States and Israel have evalu-
ated the mutation status of families that reported pancreatic cancer in addition
to breast cancer and ovarian cancer. In the US study of 19 families with breast,
ovarian, and pancreatic cancer, 15 carried a deleterious mutation in BRCAI and
4 in BRCA2,” whereas the Israeli study reported an equal number of BRCAI and
BRCA2 families.”

Another study, specifically of Ashkenazi Jewish families, reported a BRCAI muta-
tion in 7% of probands with breast cancer who also had a family history of pancre-
atic cancer,'® which was, again, equal to the prevalence of BRCA2 mutations. Thus,
within the Ashkenazi Jewish population, BRCAI and BRCA2 mutations may contrib-
ute more equally to risk in families with both breast and pancreatic cancer. However,
these studies all examined cohorts of families selected because of clustering of breast
and/or ovarian cancer with pancreatic cancer. When families were selected on the
basis of familial pancreatic cancer, alone, BRCAI mutations were less prevalent. Zero
of sixty-six families with three or more cases of pancreatic cancer had a deleterious
BRCA1 mutation, including those who also reported a family history of breast and/
or ovarian cancer.”* Evaluation of Ashkenazi Jewish patients ascertained on the basis
of pancreatic cancer, alone, showed a 1.3% (2/145) prevalence of BRCA I mutations."*
Therefore, BRCAI may explain a small subset of families showing a clustering of
pancreatic cancer with breast and/or ovarian cancer, but is unlikely to explain most
families with site-specific pancreatic cancer.
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PALB2

PALB?2 (partner and localizer of BRCA2) was recognized as the FANCN gene in
2007, and biallelic mutation carriers develop Fanconi anemia.”** Monoallelic muta-
tion carriers were shown to be at increased risk for breast cancer (relative risk [RR],
2.3;95% CI, 1.4 to 3.9).”” Prevalence of PALB2 mutations among familial breast can-
cer cases is low across ethnicities; PALB2 mutations are relatively nonexistent in breast
cancers in the Irish and Icelandic populations and are found in approximately 1% of
Italians, US African Americans, Chinese, and Spanish breast cancer families, and in
2% of young South African breast cancer patients.”* > Analysis of 1,144 US familial
breast cancer cases found a PALB2 mutation in 3.4% (33/972) of non-Ashkenazi Jews
and none (0/172) of Ashkenazi Jews. The estimated risk for breast cancer was 2.3-fold
by the age of 55 years (95% CI, 1.5 to 4.2) and 3.4-fold by the age of 85 years (95%
CI, 2.4 t0 5.9). There was also a fourfold risk for male breast cancer (P = 0.0003) and
a sixfold risk for pancreatic cancer (P = 0.002).”® Among French Canadian women
with bilateral breast cancer, a PALB2 mutation was found in 0.9% (5/559) compared
with none of 565 women with unilateral breast cancer (P = 0.04), and first-degree
relatives of PALB2 mutation carriers had a 5.3-fold risk for breast cancer (95% CI,
1.8 to 13.2).”7

PALB?2 founder mutations have been identified in several populations, including
the ¢.2323 C > T (Q775X) mutation in French Canadians.”® Another example is the
Finnish founder mutation ¢.1592delT. This mutation was found in 2.7% (3/113) of
familial breast and/or breast/ovarian cancer families compared with 0.2% (6/2,501)
of controls (OR, 11.3; 95% CI, 1.8 to 57.8; P = 0.005).” One percent (18/1,918) of
breast cancer cases, unselected for family history, also had this founder mutation. The
hazard ratio for breast cancer was estimated at 6.1 (95% CI, 2.2 to 17.2; P = 0.01),
with a penetrance of 40% by the age of 70 years.*

PALB2 has not been shown to be a significant contributor to familial clustering of
other cancers, including melanoma, ovarian cancer, and prostate cancer,"* but has
been identified in familial pancreatic cancer kindreds. Specifically, Jones et al.* iden-
tified a PALB2 mutation in a familial pancreatic cancer proband, and subsequently
found PALB2 mutations in 3 of 96 additional families, suggesting that 3% to 4% of
familial pancreatic cancer may be attributed to this gene. Other populations have
found lower mutation frequencies, ranging from absent in Dutch (0/31) to 3.7%
(3/81) in Germans.** When ascertained on the basis of co-occurrence of breast and
pancreatic cancer in the same individual or family, prevalence varied, again, from
absent in Dutch (0/45) and US-based studies (0/77) to 4.8% (3/62) in Italians.*>*"*

CDKN2A

The p16 transcript of the CDKN2A gene is an important cell cycle regulator. Germ-
line mutations in the CDKN2A gene predispose to multiple early-onset melanomas.
Somatic CDKN2A mutations are also frequently identified in pancreatic adenocar-
cinomas and precursor lesions, indicating a role for this gene in pancreatic cancer
development and progression.*'
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The risk of pancreatic cancer with CDKN2A mutations varies based on genotype.
In a study of 22 families with the Dutch founder mutation, p16-Leiden, which is a
19-base-pair deletion in exon 2, the relative risk of pancreatic cancer was 47.8 (95%
CI, 28.4 to 74.7).” The age-related risks have been shown to be less than 1%, 4%,
5%, 12%, and 17% by ages 40, 50, 60, 70, and 75 years, respectively.” Regarding other
mutations, the Genes, Environment and Melanoma Study assessed relative risks for
nonmelanoma cancers in 429 first-degree relatives of 65 melanoma patients with a
CDKN2A mutation. Five pancreatic cancers were reported compared with 41 pan-
creatic cancers among 23,452 first-degree relatives of 3,537 noncarriers, for a relative
risk of 7.4 (95% CI, 2.3 to 18.7; P=0.002).>* A US-based study estimated penetrance
to be 58% by the age of 80 years (95% CI, 8% to 86%) and noted a hazard ratio of
25.8 (P=2.1 x 107") in those who ever smoked cigarettes.”

Mutation prevalence in pancreatic cancer families varies by population. In an
Italian study, 5.7% of 225 consecutive patients with pancreatic cancer had an identi-
fied CDKN2A mutation.”® The predominant mutations were the E27X and G101W
founder mutations, although others were also represented. Five (31%) of sixteen
patients classified as having familial pancreatic cancer carried CDKN2A mutations,
leading the authors to conclude that this gene may account for a sizeable subset of
Italian familial pancreatic families. By comparison, no CDKN2A mutations were
found in 51 Polish pancreatic cancer patients diagnosed at younger than 50 years.”
Similarly, analysis of 94 German pancreatic cancer patients, who had at least one
other first-degree relative with pancreatic cancer, revealed no CDKN2A mutations.”
However, two of five families with at least one pancreatic cancer and at least one mel-
anoma had an identified mutation.” Similarly, a Canadian study found a CDKN2A
mutation in 2 of 14 families with both pancreatic cancer and melanoma.” Finally, a
US-based study found 9 CDKN2A mutations in an unselected series of 1,537 pancre-
atic cancer cases (0.6%). The prevalence increased to 3.3% and 5.3% for those who
reported a first-degree relative with pancreatic cancer or melanoma, respectively.”
Thus, in the majority of populations, co-occurrence of melanoma appears to be a
significant indicator of an underlying CDKN2A mutation.

Hereditary Nonpolyposis Colorectal Cancer

Hereditary nonpolyposis colorectal cancer (HNPCC), also referred to as Lynch
syndrome, is the most common form of hereditary colon cancer, and it accounts
for 2% to 5% of colorectal cancers. In addition to a high lifetime risk for colorectal
cancer, affected individuals are at increased risk for multiple other cancers. HNPCC
results from mutations in mismatch repair (MMR) genes, and colon cancers that
arise in Lynch syndrome typically demonstrate microsatellite instability (MSI). Four
percent of all pancreatic adenocarcinomas demonstrate MSL.*" Yamamoto et al.*’
assessed tumor characteristics in three MLHI mutation carriers with both colon and
pancreatic cancer, and found that both tumor types had similar properties, including
high MSI, loss of MLH1 protein expression, wild-type K-RAS and p53, and poor dif-
ferentiation. These findings support an inherited basis for the development of both
types of cancer.”
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Pancreatic cancer has been described in HNPCC kindreds as early as 1985,
although data regarding risk of pancreatic cancer in HNPCC have varied.” *® Barrow
et al.* studied 121 families with known MMR mutations; 2 of 282 extracolonic can-
cers were pancreatic, leading to a 0.4% cumulative lifetime risk for pancreatic cancer
(95% CI, 0% to 0.8%). By comparison, Geary et al.*” studied 130 families with MMR
mutations and found 22 cases of pancreatic cancer, half of which were in confirmed
or in obligate carriers. Pancreatic cancer in these families was seven times more com-
mon than expected, and the familial relative risk was 3.8 (P = 0.02). In addition, these
tumors were 15 times more common in individuals younger than 60 years, suggest-
ing an earlier average age at diagnosis as compared with the general population.®
Another US-based study of HNPCC families found the lifetime risk for pancreatic
cancer to be 1.31% by the age of 50 years (95% CI, 0.31% to 2.32%) and 3.68% by the
age of 70 years (95% CI, 1.45% to 5.88%). These risks are higher than those from the
SEER data of 0.04% and 0.52% at ages 50 and 70 years, respectively.®®

Regarding the prevalence of HNPCC in pancreatic cancer, Gargiulo et al.*” assessed
135 pancreatic cancer patients. Nineteen of these patients had a family history that
was suggestive of HNPCC, and of the 11 patients whose DNA was available for analy-
sis, only one deleterious MMR mutation was found. Thus, MMR mutations presum-
ably account for only a small proportion of pancreatic cancer patients.

Hereditary Pancreatitis

Hereditary pancreatitis (HP) is a rare form of chronic pancreatitis. Several genes
have been linked to chronic pancreatitis, including SPINK1, CTFR, and CTRC, but
the PRSSI gene on chromosome 7q35 accounts for the majority of hereditary cases.
PRSSI mutations are inherited in an autosomal dominant fashion and have an 80%
penetrance for pancreatitis. Affected individuals begin experiencing symptoms of
pancreatic pain and acute pancreatitis early in life. Several studies have shown an
increase in pancreatic cancer risk associated with HP, and cumulative lifetime risk
estimates range from 18.8% to 53.5%.”"7> Lowenfels et al.”' observed an increased
risk associated with paternal inheritance. Tobacco use in patients with HP has been
shown to increase the risk for pancreatic cancer twofold (95% CI, 0.7 to 6.1), pan-
creatic and HP patients who smoke developed cancer 20 years earlier than did their
nonsmoking counterparts.”®

Peutz-Jeghers Syndrome

Peutz—Jeghers syndrome (PJS) is an autosomal dominant condition characterized
by mucocutaneous pigmentation and hamartomatous polyps of the gastrointestinal
tract. PJS is caused by mutations on the STKII (LKBI) gene. The lifetime risk to
develop any cancer has been estimated to be as high as 93%,”* with no sex difference
in cancer risk noted.”*”” Risk for pancreatic cancer in PJS is estimated to be 8% to
36% by the age of 70 years.”*’° Griitzmann et al.”’ analyzed 39 individuals with famil-
ial pancreatic cancer, and none were found to carry mutations in STKI1. In 2011,
Schneider et al.”* confirmed these findings in their study of 94 familial pancreatic
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Risk of Pancreatic Cancer in Familial Pancreatic
Cancer Kindreds Based on Number of Affected
First-degree Relatives (FDRs)

Number of Affected FDRs SIR (95% CI)
1 4.5 (0.54-16.3)
2 6.4 (1.8-16.4)
3 32 (10.4-74.7)

cancer kindreds. Therefore, although STK11 mutations confer a high lifetime risk for
pancreatic cancer in individuals with PJS, germline STK11 mutations are not thought
to account for hereditary pancreatic cancer.

Empiric Risk Counseling and Management

Having a first-degree relative with apparently sporadic pancreatic cancer has a
moderate effect on risk (OR, 1.76; 95% CI, 1.19 to 2.61).”® In familial pancreatic
cancer kindreds (defined as a family with a pair of affected first-degree relatives),
the risk of pancreatic cancer increases with the number of affected first-degree rela-
tives’ (Table 11.2.) These findings suggest that high-penetrance genes may be causing
the clustering of pancreatic cancer in families with two or three pancreatic cancer
cases. Thus, individuals with multiple affected first-degree relatives are at appreciably
increased risk for pancreatic cancer and may be candidates for increased surveillance.

Ideally, high-risk patients would be able to undergo noninvasive, inexpensive
pancreatic cancer screening; however, to date, a highly sensitive and specific method
for pancreas surveillance has not been recognized. Screening of high-risk patients
with endoscopic ultrasound, magnetic resonance imaging, and/or magnetic reso-
nance cholangiopancreatogram has been shown to be effective at identifying early
neoplasms, both benign and malignant.””** However, it is unknown if these meth-
ods actually prevent pancreatic cancer or improve overall survival by detecting pre-
symptomatic disease. In addition, there is great interest in developing a biomarker
for premalignant or early-stage disease, although none, including CA-19-9, has been
proven effective.” Thus, whenever possible, it is recommended that high-risk patients
undergo pancreatic screening through a research study.
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Nicki Chun and James M. Ford

astric cancer encompasses a heterogeneous collection of etiologic and his-

tologic subtypes associated with a variety of known and unknown environ-

mental and genetic factors. It is a global public health concern, accounting
for 700,000 annual deaths worldwide and currently ranking as the fourth leading
cause of cancer mortality, with a 5-year survival of only 20%. The incidence and
prevalence of gastric cancer vary widely with Asian/Pacific regions bearing the high-
est rates of disease.

Recent and rapid advances in molecular genetics have provided an understanding
of the cause for many inherited cancer syndromes, offering possibilities for individual
genetic testing, family counseling, and preventive approaches. For most cancer syn-
dromes, however, not every individual tested is found to have inherited a germline
mutation in a candidate gene, suggesting additional uncharacterized alterations in
other genes that result in similar outcomes. Nevertheless, the ability to genetically
define many individuals and families with inherited cancer syndromes allows for a
multidisciplinary approach to their management, often including consideration of
surgical and medical preventive measures. Without question, such complex manage-
ment and decision making should be centered in the high-risk cancer genetics clinic,
where physicians, genetic counselors, and other health professionals jointly consider
optimal management for patients and families at high risk for developing cancer.

Approximately 3% to 5% of gastric cancers are associated with a hereditary predispo-
sition, including a variety of Mendelian genetic conditions and complex genetic traits.
Identifying those gastric cancers associated with an inherited cancer risk syndrome is
the purview of cancer genetics clinics. The keystone to any cancer genetics evaluation is
a complete, three-generation family history. Pedigree analyses suggesting an inherited
gastric cancer risk include familiar features such as multiple affected relatives tracking
along one branch of the family in an autosomal dominant pattern, young ages at onset,
and additional associated malignancies related to an identified syndrome. It is impera-
tive to document the histology of the gastric tumors and other familial cancers as this is
the initial node in the decision tree of an inherited gastric cancer syndrome differential.
Finally, there are clinical criteria for recognized gastric cancer syndromes published by
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expert consensus panels that assist genetic practitioners in assessing both the likeli-
hood of identifying an underlying germline DNA mutation and guide management
in the absence of a molecular confirmation. Herein, we review the literature regarding
incidence, recurrence risks, and defined gastric cancer genetic syndromes to assist in
providing genetic counseling for families affected by gastric cancer.

HISTOLOGIC DEFINITIONS AND DESCRIPTIONS

Gastric cancer has traditionally been subtyped pathologically according to
Lauren’s' classification published in 1965 and revised by Carneiro et al.” in 1995. The
four histologic categories include (1) glandular/intestinal, (2) border foveal hyper-
plasia, (3) mixed intestinal/diffuse, and (4) solid/undifferentiated.

More clinically relevant, the majority of gastric cancers can be subdivided into
intestinal type or diffuse type. Diffuse tumors exhibit isolated cells, typically devel-
oping below the mucosal lining, often spreading and thickening until the stomach
appears hardened into the morphologic designation called “linitis plastica.” Diffuse
gastric tumors frequently feature “signet ring cells,” named for the marginalization
of the nucleus to the cell periphery due to high mucin content. Intestinal-type gas-
tric tumors more often present as solid masses with atrophic gastritis and intestinal
metaplasia at the periphery. The intestinal subtype is seen more commonly in older
patients, whereas the diffuse type affects younger patients and has a more aggressive
clinical course. The relative proportions of gastric cancer subtypes worldwide are
74% intestinal versus 16% diffuse and 10% other,’ although diffuse gastric cancer is
becoming relatively more common in the Western countries. The importance of dis-
tinguishing these two main histopathologic types of gastric cancer is highlighted by
finding specific genetic changes associated with the different types. For the purposes
of genetic counseling, E-cadherin (CDHI) mutations are found exclusively in the
diffuse type.*® Whereas intestinal-type hereditary gastric cancer families have been
identified clinically, no genetic associations have yet been discovered.

As individual molecular profiling of solid tumors becomes more common in the
future, we expect classification systems will evolve based on tumor biology more than
histology. Advances in deciphering the mechanisms of gene alterations that lead to
gastric cancer include gene mutation, amplification, deletion, and epigenetic meth-
ylation.’ For example, two recent studies have performed whole-exome sequencing of
human gastric tumors and identified a number of known (e.g., p53, PTEN, PIK3CA),
but also previously unreported somatic gene mutations and pathway alterations.
Both found ARIDIA inactivating gene mutations in the majority of microsatellite-
instable tumors, a member of the SWI-SNF chromatin remodeling family.'”"" How-
ever, whether any of these somatic gene alterations are found to confer cancer risk
when mutated in the germline remains to be determined.

ETIOLOGY

Analogous to other common cancers, a host of factors are implicated as causes of
gastric cancer. Widely diverse geographical disparities suggest both environmental
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and genetic contributions. Furthermore, a strong association with endemic Helico-
bacter pylori carrier rates implicates infection as a major risk factor. There are likely to
be a host of factors contributing to the development of most gastric cancers.

Environmental Risk Factors

Geographic variations in gastric cancer rates have prompted investigations of
shared diet and lifestyle variables. Gastric cancer is correlated with the chronic inges-
tion of pickled vegetables, salted fish, excessive dietary salt, and smoked meats and
with smoking."”™'® Fruits and vegetables may have a protective effect. The influence
of environmental factors as causes of gastric cancer is highlighted by declining rates
of intestinal gastric cancer among immigrants from high-incident countries to low-
incident countries.

Infectious Risk Factors

H. pylori infection is endemic in the Asian-Pacific basin.”” Transmission routinely
occurs through family contacts in childhood and leads to atrophic gastritis.'"™'” As evi-
denced by high indigenous infection rates, H. pyloriis insufficient to singularly cause gas-
tric cancer, suggesting complex interactions between virus and host genetic backgrounds.
However, H. pylori species are consistently implicated as a major risk factor primarily
associated with intestinal-type gastric cancer. Studies in a variety of high- and low-risk
populations have found odds ratios ranging from 2.56 to 6 for noncardia gastric cancer.”

Epstein-Barr virus has recently been implicated in about 10% of gastric carci-
noma worldwide or an estimated 80,000 cases annually. Epstein-Barr virus—asso-
ciated gastric cancer shows some distinct clinicopathologic characteristics, such as
male predominance, predisposition to the proximal stomach, and a high propor-
tion in diffuse-type gastric carcinomas. Mechanistically, Epstein—Barr virus gastric
tumors display epigenetic promoter methylation of many cancer-related genes, caus-
ing downregulation of their expression.”!

Genetics

Five to ten percent of gastric cancer is associated with strong familial clustering
and attributable to genetic factors. Shared environmental factors account for the
majority of familial clustering of the intestinal type; however, approximately 5% of
the total gastric cancer burden is thought to be due to germline mutations in genes
causing highly penetrant, autosomal dominant gastric cancer risk of both intestinal
and diffuse subtypes. We review the definitions of hereditary gastric cancer families
and recognize genetic syndromes associated with increased gastric cancer risk.

EPIDEMIOLOGY OF GASTRIC CANCER

Gastric cancer is now the fourth most common malignancy worldwide, with
rates having fallen steadily since 1975 when global statistics were first compared. The
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incidence and prevalence of gastric cancer vary widely among world populations.
High-risk countries (reported incidence x 100,000 per year) include Korea (41.4),
China (41.3), Japan (31.1), Portugal (34.4), and Colombia (20.3). Intermediate-risk
countries include Malaysia, Singapore, and Taiwan (11 to 19), whereas low-risk areas
include Thailand (8), Northern Europe (5.6), Australia (5.4), India (5.3), and North
America (4.3). More than 70% of cases occur in developing countries, and men
have roughly twice the risk of women.** In 2008, estimates of gastric cancer burden
in the United States were 21,500 cases (13,190 men and 8,310 women) and 10,880
deaths.” The median age at diagnosis for gastric cancer is 71 years, and 5-year sur-
vival is approximately 25%.* Only 24% of stomach cancers are localized at the time
of diagnosis, 30% have lymph node involvement, and another 30% have metastatic
disease. Survival rates are predictably higher for those with localized disease, with
corresponding 5-year survival rates of 60%.

The worldwide decline in the incidence of gastric cancer has been attributed
to modifications in diet, improved food storage and preservation, and decreased
H. pylori infection. Fresh fruit and vegetable consumption, refrigeration, decreased
urban crowding, and improved living conditions have reduced H. pylori exposure
and carrier rates. By contrast, the incidence of diffuse-type gastric cancer is stable,
and in North America, it may even be increasing.'**’

FAMILIAL GASTRIC CANCER

Shared environmental factors, such as diet and H. pylori infection, account for the
majority of familial clustering of the intestinal type of gastric cancer, with no known
causative germline variants. However, few nongenetic risks for diffuse gastric cancer
have been identified, supporting a larger role for hereditary factors. Approximately
5% of the total gastric cancer burden is thought to be due to germline mutations in
genes causing a highly penetrant, autosomal dominant predisposition. The Interna-
tional Gastric Cancer Linkage Consortium (IGCLC) has redefined genetic classifica-
tion of familial intestinal gastric cancer to reflect the background incidence rate in a
population (Table 12.1).

Thus, countries with high incidence of intestinal-type gastric cancer (China,
Korea, Japan, Portugal) use criteria analogous to the Amsterdam criteria invoked for
Lynch syndrome:

(1) At least three relatives with intestinal gastric cancer, one a first-degree relative
of the other two,

(2) atleast two successive generations affected, and

(3) gastric cancer diagnosed before the age of 50 years in at least one individual.

In countries with a low incidence of intestinal-type gastric cancer (United States,
United Kingdom):

(1) At least two first-/second-degree relatives affected by intestinal gastric cancer,
one diagnosed before the age of 50 years; or
(2) three or more relatives with intestinal gastric cancer at any age.
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Clinical Criteria for CDH1 Testing Defined by
IGCLC 2010

1. Two gastric cancer cases in the family: One confirmed diffuse type, one diagnosed
at the age of <50y

2. Three confirmed diffuse gastric cancers in first- or second-degree relatives
independent of age

3. Diffuse gastric cancer diagnosed at age <40 y (no additional family history
needed)

4. Personal or family history (first- or second-degree) of diffuse gastric cancer and
lobular breast cancer, one diagnosed at age <50 y

From: Fitzgerald RC, Hardwick R, Huntsman D, et al. Hereditary diffuse gastric cancer: Updated consensus
guidelines for clinical management and directions for future research. | Med Genet. 2010;47:436—444.

Familial intestinal gastric cancer families are similarly prevalent as familial diffuse
gastric cancer families, yet a germline genetic defect underlying the disease remains
yet to be identified.”® Hemminki et al.” reported Swedish data on all available types of
cancer in first-degree relatives by both parent and sibling probands. The relative risks
(RRs) for gastric cancer were greater than 3 for siblings with any relative with gas-
tric cancer and greater than 5 when a sibling was younger than 50 years. Shin et al.”’
assessed 428 gastric cancer subjects and 368 controls in Korea for the risk of gastric
cancer in first-degree relatives and found an RR of 2.85 with one first-degree relative
and greater than 5 in a first-degree relative with H. pyloriand a positive family history.
Therefore, in the high-incident countries of Japan and Taiwan, population screening
for gastric cancer has greatly enhanced early detection, leading to 5-year survival rates
of greater than 90%.”'

HEREDITARY DIFFUSE GASTRIC CANCER

In 1999, the first IGCLC defined hereditary diffuse gastric cancer (HDGC) as fam-
ilies with (1) two cases diffuse gastric cancer in first-/second-degree relatives with
one younger than 50 years, and (2) three cases diffuse gastric cancer at any age.’” The
first clear evidence for a gastric cancer susceptibility genetic locus was the identifica-
tionin 1998 of a germline inactivating mutation in the gene encoding for E-cadherin
(CDH1),in alarge, five-generation Maori family from New Zealand with 25 kindred
with early-onset diffuse gastric cancer.” The age at diagnosis of gastric cancer ranged
upward from 14 years, with the majority occurring in individuals younger than
40 years. The pattern of inheritance of gastric cancer was consistent with an auto-
somal dominant susceptibility gene with incomplete penetrance. Similar reports of
CDH]I mutations in widely diverse HDGC cohorts from Asia, Europe, and North

(c) 2015 Wolters Kluwer. All Rights Reserved.



172 Principles and Practice of Oncology: Handbook of Clinical Cancer Genetics

America followed soon thereafter.”* Germline CDHI mutations have been found
to be associated with approximately 30% of families with HDGC, with a lifetime
risk for gastric cancer of greater than 80%, and up to 60% risk for female carri-
ers developing lobular breast cancer.* To date, CDHI is the only gene implicated
in HDGC. Worldwide, about 100 CDHI mutation—positive families have been
reported.*!

E-CADHERIN MUTATIONS AND GASTRIC CANCER

The E-cadherin gene coding sequence gives rise to a mature protein consisting
of three major domains, a large extracellular domain (exons 4 to 13) and smaller
transmembrane (exons 13 to 14) and cytoplasmic domains (exons 14 to 16). As
in other autosomal dominant cancer predisposing genes, only one CDHI allele is
mutated in the germline, and the majority of genetic changes lead to truncation
of the protein, with mutations distributed throughout the gene’s 2.6 kb of cod-
ing sequence and 16 exons without any apparent hotspots. Somatic CDHI muta-
tions have been identified in about half of sporadic diffuse gastric cancers, but
occur rarely in intestinal gastric cancer. CDH1 encodes the calcium-dependent
cell-adhesion glycoprotein E-cadherin. E-cadherin is a transmembrane protein
that connects to the actin cytoskeleton through a complex with catenin proteins.>**
Functionally, E-cadherin impacts maintenance of normal tissue morphology and
cellular differentiation. With regard to HDGQC, it is believed that CDHI acts as a
tumor suppressor gene, with mutation of CDH]I leading to loss of cell adhesion,
proliferation, invasion, and metastasis.*

GENETIC TESTING FOR HDGC

At the second meeting of the IGCLC in 2010, HDGC guidelines* were extended to
recommend CDH1 genetic testing to families with

(1) two cases of gastric cancer in which one case is histopathologically confirmed as
diffuse and younger than 50 years,

(2) families with both lobular breast cancer and diffuse gastric cancer, with one
diagnosed younger than 50 years, and

(3) probands diagnosed with diffuse gastric cancer younger than 40 years, with no
family history of gastric cancer.

Using the initial IGCLC criteria for HDGC, CDHI mutation testing yielded a
detection rate of 30% to 50%." Interestingly, a pattern began to emerge of lower
CDH]I mutation rates among HDGC families in high gastric cancer incidence popu-
lations and higher rates in low-incident countries.***” Other reports suggest that the
rate of CDHI mutations in isolated cases of diffuse gastric cancer younger than 35
years is similar in both low- and high-risk countries hovering at around 20%.**

Approximately 50% to 70% of clinically diagnosed HDGC families have no
identifiable genetic mutation. Multiple candidate loci have been investigated without
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identifying causative mutations that would account for the large number of non-
CDHI1 HDGC families.*' Huntsman’s group has published a report of multiplex
ligation-dependant probe amplification-based exon duplication/deletion studies
performed on 93 non-CDHI families and found 6.5% carried large genomic dele-
tions bringing the detection rate up to 45.6% in their cohort of 160 families.”

As CDHI mutation families were identified, data on these families provided the
foundation for genetic counseling information. Initially, the cumulative risk of gas-
tric cancer by the age of 80 years in HDGC families was initially estimated as 67%
for men and 83% for women. The age at onset shows marked variation between and
within families. The median age at onset in the 30 Maori CDHI mutation carriers
who developed gastric cancer was 32 years, significantly younger than the median age
of 43 years in individuals with gastric cancer from other ethnicities.” More recent
reports of the lifetime risks of diffuse gastric cancer suggest greater than 80% in both
men and women by the age of 80 years.*>**

The lifetime risk for lobular breast cancer among female CDHI carriers, origi-
nally estimated to be in the range of 20% to 40%, now approaches 60% with an
average age of 53 years at the time of diagnosis.”****> Of note, CDHI mutations
have been seen in up to 50% of sporadic lobular breast cancer. Pathologic simi-
larities between diffuse gastric and lobular breast carcinomas such as high mucin
content with associated signet ring features and loss of E-cadherin on immunohis-
tochemistry hint at a common molecular mechanism.”®” To evaluate the CDH]I
carrier rate in women with lobular breast cancer without a family history of diffuse
gastric cancer, a multicenter study of 318 women with lobular-type breast can-
cer diagnosed before the age of 45 years and known to be BRCA1/2-negative were
sequenced for CDHI mutations. Only four possibly pathogenic mutations were
identified for a rate of 1.3%, suggesting CDHI is a rare cause of early lobular cancer
without associated gastric cancer family history.”®

Signet ring colon cancer has been reported in two families with germline CDH1,
but no screening guidelines have been suggested.**” Nonsyndromic cleft lip and/or
palate was reported in seven individuals from three families in the Netherlands and
in four individuals from two families in France. There is speculation that defects in
the cell-adhesion role of E-cadherin may contribute to this developmental anomaly,
although no association can be drawn from these scant case reports.**®

Like other familial cancer syndromes with an autosomal dominant inheritance
pattern, high penetrance for heterozygotes, and significant mortality unless diag-
nosed early, genetic counseling and testing should occur early, and a comprehensive
screening plan developed, as well as consideration of prophylactic surgery. Pretest
and posttest genetic counseling should be provided to individuals from HDGC kin-
dred who are undergoing genetic testing for germline CDHI mutations. Since cases
of gastric cancer in HDGC families have been reported in individuals as young as
14 years, HDGC may be considered one of the sets of hereditary cancer syndromes,
such as MEN 2 associated medullary thyroid cancer, Li-Fraumeni syndrome (LES),
and familial adenomatous polyposis (FAP), in which genetic testing is potentially
clinically useful in children.
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SCREENING AND MANAGEMENT OF
CANCER RISK IN HDGC

Diagnosing gastric cancer in its early stages provides the best chance for curative
resection but is a difficult task. Symptoms due to gastric cancer do not appear until
the disease is more advanced and are generally nonspecific. The survival of early gas-
tric cancer (e.g., not beyond the mucosa or submucosa) is much better than advanced
lesions, so identifying these lesions at the earliest of stages is imperative for optimal
survival. Endoscopy is generally considered to be the best method to screen for gastric
cancer, but diagnosing diffuse gastric carcinoma is most difficult, as these lesions tend
not to form a grossly visible exophytic mass, but rather spread submucosally as single
cells or clustered islands of cells. Improved chromoendoscopic-aided methods for
directed biopsies to diagnose these early diffuse lesions may prove beneficial, but so
far all approaches at screening, including computed tomography and positron emis-
sion tomography imaging, have proven disappointing.®'

Given the inadequacy of clinical screening in HDGC, prophylactic total gastrec-
tomy is offered to carriers of germline CDHI mutations.”>* In every published series
of this approach, nearly all specimens contain multiple foci of intramucosal diffuse
signet ring cell cancer. Currently, there is information available from 96 total gastrec-
tomies in the setting of HDGC,* approximately three quarters of which were per-
formed in asymptomatic CDH1 carriers following negative screening endoscopy and
biopsies. Only three cases did not show evidence for early invasive carcinoma, and in
two of these, tiny foci of in situ signet ring cell carcinoma were observed.* Although
malignant foci are generally localized to the proximal one-third of the stomach,*
lesions may be distributed throughout the entire stomach, necessitating a total gas-
trectomy for comprehensive prevention. The optimal timing of prophylactic gastrec-
tomy is unknown but is generally recommended when the unaffected carrier is 5
years younger than the youngest family member who has developed clinical symp-
toms of HDGC. Clinical management and screening strategies remain uncertain for
families who meet criteria for HDGC but are negative for CDHI mutations or vari-
ants of unknown significance, although screening endoscopy is often suggested.

The impact and long-term outcomes of prophylactic gastrectomy on carriers’
lifestyle and health are significant, particularly because 20% to 30% of carriers may
never develop invasive gastric cancer. Certainly, all patients experience some level
of morbidity, including diarrhea, weight loss, and difficulty eating. Mortality due to
this indication for a gastrectomy has not been reported. Early evidence suggests that
women can successfully carry healthy pregnancies after gastrectomy.” Most impor-
tantly, to date, there have been no reports of gastric cancer recurrence in a member of
a HDGC family after prophylactic total gastrectomy.

Women with HDGC also exhibit up to 60% lifetime risk for developing breast
cancer, primarily of the lobular type, and as more women are prevented from devel-
oping diffuse gastric cancer, breast cancer screening is of great relevance. The correct
approach to screening for lobular breast cancer in women with HDGC is not known,
but based on approaches used in other hereditary breast cancer susceptibility syn-
dromes. Although prophylactic mastectomy has been shown to effectively prevent
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the development of breast cancer and to result in improved long-term survival in
BRCA1/2 mutation carriers, such an approach remains completely investigational for
women in HDGC families. The prognosis of lobular cancers that develop in HDGC
patients is currently unknown, and given the relatively late onset compared with
breast cancers in BRCA1/2 carriers, prophylactic mastectomies may not be appropri-
ate. Standard screening recommendations therefore include annual breast magnetic
resonance imaging and mammogram starting at the age of 35 years.®>®” An open ques-
tion is whether chemoprevention with tamoxifen may benefit women with HDGC,
given its role in reducing breast cancer risk in half in women at elevated risk because
of age, family history, or history of biopsy-proven lobular carcinoma in situ.*®

In summary, individuals from HDGC families with inherited germline mutations
in the CDHI1 gene face up to an 80% likelihood of developing gastric cancer and for
women an additional 60% chance of developing lobular breast cancer during their
lifetime, with significant risk beginning at relatively young ages. Such levels of overall
cancer risk are similar to that of developing breast or colon cancer for carriers of
BRCAI or 2 gene mutations, or mismatch repair gene mutations, respectively. There-
fore, rigorous surveillance and consideration of prophylactic surgery are important
for the management of these individuals. At the very least, regular endoscopic exami-
nation with random biopsy of the stomach should be performed every 6 to 12 months,
probably starting 10 years earlier than the youngest affected patient in the family, or
by the age of 25 years. Since mucosal abnormalities tend to occur late in diffuse gas-
tric cancer and delay the endoscopic diagnosis, prophylactic gastrectomy should be
seriously considered as a means of preventing gastric carcinoma, although it clearly
comes with high morbidity. It is somewhat less clear as to the correct approach for
screening and prevention of lobular breast cancer in women with HDGC. Adherence
to standard recommendations for screening mammography for breast cancer should
be followed. Consideration of investigative approaches to screening with magnetic
resonance imaging and chemoprevention with tamoxifen or other agents are appro-
priate. The decision to perform prophylactic gastrectomy should be balanced with
age-based risk, based on age-specific penetrance data, as well as many other personal
factors. Therefore, it is essential that patients carrying the gene have the opportunity
for extensive counseling, discussion, and reflection with knowledgeable clinicians,
geneticists, and counselors before making the decision to proceed.

OTHER HEREDITARY CANCER SUSCEPTIBILITY
SYNDROMES WITH INCREASED GASTRIC
CANCER RISK

Lynch Syndrome

The seminal report of a family with dominantly inherited colon and gastrointes-
tinal (GI) cancers in 1979 by Lynch and Lynch® began decades of defining and refin-
ing this hereditary syndrome. Lynch syndrome is caused by a germline mutation in
a mismatch DNA repair gene (MLHI, MSH2, MSH6, PMS2, or EPCAM) and is thus
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associated with tumors exhibiting microsatellite instability (MSI). It is estimated that
2% to 4% of all diagnosed colorectal cancers™ and 2% to 5% of all diagnosed endo-
metrial cancers’' are due to Lynch syndrome. With a frequency estimated at 1/440 in
the United States,’” it is similar to the BRCA carriage rate. The lifetime risks for Lynch
syndrome associated cancers are highest for colorectal cancer at 52% to 82% (mean
age at diagnosis 44 to 61 years), followed by an endometrial cancer risk of 25% to
60% in women (mean age at diagnosis 48 to 62 years), a 6% to 13% risk for gastric
cancer (mean age at diagnosis 56 years), and 4% to 12% for ovarian cancer (mean age
at diagnosis 42.5 years).”*”®

Lynch-associated gastric cancers show predominantly intestinal histology (more
than 90% of the cases). This correlation echoes the strong association between MSI
tumor phenotype and intestinal gastric cancer. The International Collaborative
Group on HNPCC developed the original Amsterdam Criteria in 1991. Revisions fol-
lowed with Bethesda criteria outlined in 1997 and revised in 2004 with the inclusion
of extra-colonic tumor risks including gastric cancer.””*

MSI screening by molecular and/or immunohistochemistry for the four common
Lynch protein products (MSH2, MSH6, MLH1, and PMS2) should be considered in
families who meet the Bethesda criteria. As 15% of all gastric tumors exhibit MSI his-
tology, the majority of these have acquired this mutator phenotype through sporadic
mutations, and further germline testing of individuals with MSI-positive tumors is
necessary to confirm a molecular diagnosis of Lynch syndrome.

Hereditary Breast/Ovarian Cancer Syndrome

Hereditary breast and ovarian cancer due to germline BRCAI and BRCA2 muta-
tions is perhaps the most well-defined and recognized inherited cancer syndrome.
With a prevalence of 1/300 to 1/400 in most populations and up to 1/40 in selected
groups with founder mutations, most notably those with Ashkenazi Jewish ancestry,
it represents the most common of the hereditary disorders due to high-risk muta-
tions. Carriers face a 5- to 6-fold increased risk of generally early-onset breast can-
cer and 10- to 20-fold increased risk for ovarian, fallopian, and primary peritoneal
malignancies. Male carriers have a recognized increased risk for prostate cancer and
male breast cancer. BRCAI and BRCA2 have been implicated in multiple cellular
functions but serve primary roles as tumor suppressor genes recruited to maintain
genomic stability through DNA double-strand break repair. Following the cloning
of the BRCAI and BRCA2 genes in 1994 and 1995,°"% the Breast Cancer Linkage
Consortium convened to pool data and generate a body clinical information to assist
in counseling and management of BRCA carriers, resulting in a seminal publication
outlining the spectrum of BRCA mutation—associated cancer risks. In 173 breast—
ovarian cancer families with BRCA2 mutations from 20 centers in Europe and North
America, the RR of gastric cancer was 2.59 (95% confidence interval [CI], 1.46 to
4.61).% Carriers of the 6174 delT BRCA2 Ashkenazi Jewish founder mutation in
Israel found gastric cancer to be the most common malignancy after breast and ovar-
ian. Conversely, 5.7% of patients with gastric cancer in Israel were found to carry this
BRCA2 mutation®®; 20.7% of a Polish cohort of families with both gastric and breast
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malignancies were attributable to mutations in BRCA2. A BRCA2 mutation was also
found in 23.5% of women with ovarian cancer and a family history of stomach can-
cer in this population.**

Several studies have implicated BRCAI mutations as a risk factor for gastric can-
cer. A large Swedish population-based study published in 1999 involving 150 malig-
nant tumors from 1,145 relatives in BRCAI found an RR = 5.86 (95% CI, 1.60 to
15.01) and observed that gastric cancer diagnosed before the age of 70 years was twice
as common in carrier families compared with the general population. They did not
observe the same risk with BRCA2."*

Brose et al.*’ observed the highest RR for gastric cancer (6.9) in 147 families with
BRCAI mutations in Pennsylvania. Risch et al.” also observed an RR = 6.2 in first-
degree relatives of 39 BRCAI mutation carrier families and to a lesser extent in 21
BRCA2 families in Ontario, Canada.

More recently, a meta-analysis of more than 30 studies of tumor risk in BRCA1
and BRCA?2 carriers found an RR of 1.69 (95% CI, 1.21 to 2.38) for gastric cancer, the
highest risk after breast, ovarian, and prostate, followed closely by pancreatic cancer,
with RR = 1.62 (1.31 to 2.00).”" No pathology details were included in these studies,
and it is unknown if one of the histologic subtypes of gastric cancer predominates in
BRCA-associated tumors.

Familial Adenomatous Polyposis

FAP is a rare colon cancer syndrome associated with the striking presentation of
early-onset multiple colonic adenomas and, in classic form, a near-complete cer-
tainty of early colon cancer without prophylactic surgical intervention. Incidence
estimates for FAP range from 1/10,000 to 1/20,000, and almost one-third of those
diagnosed carry a de novo mutation, making family history unreliable for ascer-
tainment of many cases. Extracolonic findings include upper GI adenomas, fun-
dic gland polyps, and desmoids tumors. A wide spectrum of extracolonic tumors
can occur including relatively rare cancers such as hepatoblastomas, duodenal
adenocarcinomas, and adrenal, pancreatic, thyroid, biliary tract, and brain tumors.
Additional diagnostic aids can include the finding of congenital hypertrophy of the
retinal pigment epithelium, supernumerary teeth, osteomas, cutaneous lipomas,
and cysts.

It is estimated that the lifetime risk for upper GI cancer in FAP is approximately
4% to 12%, of which only 0.5% to 2% are gastric cancers, although this risk has been
reported as sevenfold to 10-fold higher in Asia.”>***> Approximately 50% of indi-
viduals with FAP have gastric fundus polyps, and 10% have adenomas of the stom-
ach. Although gastric fundus polyps are unlikely to have malignant potential, gastric
adenomas can occasionally develop into invasive disease.”* Prophylactic gastrectomy
is even discussed for diffuse fundic gland polyps showing high-grade dysplasia or
large polyps.” Attenuated FAP is a muted form of classic FAP characterized by fewer
than 100 colonic adenoma, a later median age and lower overall risk of colon cancer,
and a high proportion of fundic gland polyps, suggesting a measurable risk for gastric

cancer.”®
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Li-Fraumeni Syndrome

LES is a devastating cancer syndrome with an extremely high risk for a multitude
of tumor types. The most common malignancies are early-onset breast cancers and
sarcomas followed by brain tumors, leukemia, and lung and then gastric cancer.'”
Four families were originally described by Drs. Li and Fraumeni'”" in 1969. The risk
of an initial primary cancer is 50% by the age of 30 years and 90% by the age of 70
years,102 with sex-specific differences in lifetime cancer risk of 73% in males and close
to 100% in females primarily accounted for by an excess high breast cancer risk.'”
There are high risks for multiple primary cancers, with 60% of carriers developing
a second tumor and 4% a third malignancy.'"” Previously thought to be extraordi-
narily rare with an incidence of 1/50,000 to 1/100,000, recently relaxed testing criteria
suggest the actual carrier rate may be several times higher. Seventy percent of individ-
uals who meet classic LFS clinical criteria are found to carry a TP53 germline muta-
tion. The de novo mutation rate is now estimated at 7% to 20%.'” A negative family
history can no longer exclude consideration of LFS, and clinical criteria have been
updated to recommend P53 testing for single cases of adrenal cortical carcinoma,
choroid plexus carcinoma, and breast cancer under the age of 30 years.

Although not one of the hallmark tumors of LFS, the International Agency for
Research on Cancer database reports that gastric cancer frequency is up to 2.8% of
LFS families.'” Somatic TP53 alterations are associated with both the intestinal and
diffuse forms of gastric cancer in equal frequency. However, TP53 constitutional
mutations are very rarely documented in the overall gastric cancer mutational spec-
trum. Among 62 TP53 mutant LFS families seen at the Dana-Farber Cancer Institute
in Boston and the National Cancer Institute, gastric cancer was diagnosed in 4.9% of
affected members.'”” The mean and median ages at gastric cancer diagnosis were 43
and 36 years, respectively (range, 24 to 74 years), compared with the median age of
71 years in the general population based on Surveillance Epidemiology and End
Results data. Five families (8.1%) reported two or more cases of gastric cancer.
Pathology review of the available tumors revealed both intestinal and diffuse histolo-
gies. A study of 180 families with LFS in the Netherlands found a concordant rate of
gastric cancer among carriers with an RR = 2.6 (95% CI, 0.5 to 7.7).'"

Peutz-Jeghers Syndrome

Peutz—Jeghers syndrome (P]S) is a rare inherited disorder of GI hamartomas,
polyposis, and, most strikingly, early development of pigmented lesions on the lips,
oral mucosa, and fingers. Incidence rates are estimated in the range of 1/25,000 to
1/250,000. Initially described by Peutz'” in 1921 and subsequently by Jeghers et al.'"’
in 1949, PJS is characterized by both hamartomatous and adenomatous polyposis
throughout the GI tract and high predisposition to GI malignancies. The clinic diag-
nosis of PJS is made on the basis of histologically confirmed hamartomatous polyps
and two of the following: Positive family history, hyperpigmentation of the digits
and mucosa of the external genitalia, and small bowel polyposis.''' The mucocutane-
ous hyperpigmentation characteristically occurs on the buccal mucosa or near the
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eyes, nose, mouth, axilla, or fingertips. Typically noticeable by the age of 5 years, they
frequently fade by puberty. Classic pigmented lesions in a first-degree relative of a
diagnosed individual are sufficient to meet criteria for PJS.

Chronic GI bleeds, anemia, and recurrent obstruction due to intussusception are
frequent complications and often require surgical intervention. Among GI cancers,
gastric cancer was found to be the third most frequent tumor in PJS, after small intes-
tine and colorectal carcinoma. The cumulative cancer risk is 47% at the age of 65
years.'"” RRs reported for colon, stomach, and small intestine neoplasms have been as
high as 84, 213, and over 500, respectively.'” Increased risk is also present for other
GI cancers (pancreatic, esophageal), as well as neoplasms outside the GI tract (lung,
breast, ovarian, and endometrial). Other tumors associated with PJS are benign ovar-
ian tumors called sex cord tumors with annular tubules, calcifying Sertoli tumors of
the testes, and adenoma malignum of the cervix.

A Dutch team reviewed 20 PJS cohort studies, and one meta-analysis published
between 1975 and 2007 with a total of 1,644 patients.'"*'"* They found the cumulative
lifetime risks of GI cancers of 38% to 66%, and for all cancers, a lifetime risk range
of 37% to 93%. Specifically, the gastric cancer risks were 29%, the third most com-
mon malignancy after colorectal and breast. Understandably, this prompted a call for
screening upper endoscopy every 2 to 5 years starting at the age of 20 years, whereas
others suggest initiating endoscopy at the age of 8 years with addition of colonoscopy
at the age of 20 years and breast screening at the age of 25 years.

STK11/LKBI is the only gene identified to cause PJS, and mutations are found in
70% of those who meet clinical criteria.'' Fifty percent of affected individuals have
a family history of PJS, and 50% may represent de novo mutations, although the
penetrance of PJS has yet to be confirmed. The absence of a mutation in STK11 does
not preclude a diagnosis of PJS in individuals meeting the clinical diagnostic criteria.

Juvenile Polyposis Syndrome

Juvenile polyposis syndrome (JPS) is another very rare, hereditary cancer
syndrome with a broadly defined incidence rate between 1 in 16,000 and 1 in
100,000."77*° The diagnosis is based on the presence of multiple hamartomatous
polyps with a distinct morphology termed “juvenile,” although not restricted to
development in childhood. Solitary juvenile polyps occur in 1% to 2% of the gen-
eral population.

The diagnosis of JPS requires more than five juvenile polyps in the colorectum,
multiple juvenile polyps throughout the GI tract, or a number of juvenile polyps in
an individual with a known family history of juvenile polyps. There is wide interfa-
milial and intrafamilial variability in number and distribution of polyps. Juvenile
polyps are commonly benign, but the risk of malignant transformation is present.
Larger polyps have been noted to contain adenomatous regions resulting in a high
lifetime risk of colorectal cancer approaching 20% by the age of 35 years and 68% by
the age of 60 years. Gastric cancer has been found in 21% of JPS patients affected with
gastric polyps, and increased incidence of pancreatic and small bowel cancers has also
been reported (Table 12.2)."*!
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Inherited Cancer Syndromes with
Associated Gastric Cancer (GC) Risks

Gastric
Cancer Cancer
Syndrome Gene(s) Frequency Risk (%) Reference
HDGC CDH1 Vary rare >80 Fitzgerald et al.**
Hereditary breast/  BRCA1/2 1/40-1/400  2.6-5.5 Brose et al.”
ovarian cancer
Lynch syndrome ~ MLHI, MSH2,  1/440 6-13 Chen et al.,”?
MSHE6, Watson et al.””
PMS2, Epcam
Li—Fraumeni P53 1/5,000 2.8 Gonzalez et al.'®
syndrome
FAP APC 1/10~ 0.5-2.0 Garrean et al.”
20,000
Juvenile SMAD4, 1/16— 21 Howe et al.'*!
polyposis BMPRIA 100,000
PJS STK11 1/25— 29 Giardiello et al.,'”
250,000 van Lier et al.'

Approximately 75% of JPS cases are familial, and 25% of JPS cases appear to be de
novo. Two genes have been implicated as the cause of JPS in 40% of affected individu-
als: SMAD4 (or MADH4) and BMPRIA, with an approximate equal frequency.'*"'**
The majority of JPS is due to as yet unidentified gene(s). Mutations in SMAD4 are
also associated with hereditary hemorrhagic telangiectasia (HHT), also known as
Osler—Weber—Rendu syndrome. HHT is associated with visceral bleeding, telangiec-
tasias, or arteriovenous malformations. Currently, 15% to 22% of SMAD4 mutation
carriers are suspected of having combined JPS/HHT.'*

Surveillance recommendations for screening individuals with JPS include moni-
toring for rectal bleeding, anemia, and GI symptoms from infancy and additional
complete blood count, upper endoscopy, and colonoscopy at the age of 15 years, or
when symptoms are present. Endoscopy is repeated every 1 to 3 years, depending on
polyp load. In families with SMAD4 mutations, HHT surveillance begins in early
childhood.

CONCLUSIONS

Hereditary gastric cancer is a relatively unusual disease. Given the very poor prog-
nosis for most gastric cancer patients once diagnosed, every effort should be made
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to identify lesions early when they are still curable. Genetic testing for gastric can-
cer susceptibility allows for identification of families with elevated risk for this and
other tumors and development of rational surveillance strategies for early detection.
Unfortunately, reliable screening tools for gastric cancer are not available, and pro-
phylactic surgical gastrectomy has proven beneficial in certain autosomal dominant,
high-penetrance genetic syndromes, including HDGC caused by germline CDH]I
mutations. Genetic testing for other gastric cancer risk genes may also be warranted
as reviewed here. Major goals for clinical cancer genetics include identifying addi-
tional risk alleles to explain cancer susceptibility in families without known germline
variants and to develop more robust tools for clinical screening for gastric cancer in
high-risk individuals. Finally, the advent of whole genome sequencing of germline
DNA and tumor genomes will lead to the rapid identification of novel variants and
risk alleles of various penetrance. A challenge for the next generation of cancer genet-
ics professionals will be the interpretation of multiple rare variants found in personal
genomes and integration with schemes for prevention and early detection of gastric
cancer.
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Genetic Testing by
Cancer Site

Endocrine System

Robert Pilarski and Rebecca Nagy

number of tumor suppressor genes and oncogenes, can cause tumors in
organs of the endocrine system. Table 13.1 summarizes the major syn-
dromes, genes, and endocrine organs affected.

n number of hereditary syndromes, caused by mutations in an even larger

MULTIPLE ENDOCRINE NEOPLASIA TYPE 1
Syndrome Description

Multiple endocrine neoplasia type 1 (MEN 1) is an autosomal dominant syndrome
with an estimated incidence in the general population on the order of 1/100,000 to
10/100,000."* The major endocrine features of MEN 1 are parathyroid adenomas,
enteropancreatic endocrine tumors, and pituitary tumors. A diagnosis of MEN 1 is
made in a person with two of the three major endocrine tumors, or in an individual
with at least one of these tumors if another relative has a diagnosis of MEN 1. The
age-related penetrance of MEN 1 is 45% at the age of 30 years, 82% at the age of
50 years, and 96% at the age of 70 years.””’

The most common feature of MEN 1 is parathyroid adenoma, which results in
primary hyperparathyroidism (PHPT). In approximately 50% to 85% of patients
with MEN 1, PHPT will be the presenting manifestation. These tumors occur in 80%
to 95% of patients by the age of 50 years,”*"'? and are typically multiglandular and
often hyperplastic.' The average age at onset of PHPT in MEN 1 is 20 to 25 years, in
contrast to that in the general population, which is in the 50s. Parathyroid carcinoma
in MEN 1 is rare but has been described." ™

Pancreatic endocrine tumors are the second most common endocrine manifes-
tation in MEN 1, occurring in up to 30% to 80% of patients.”® Gastrinomas and
insulinomas are most common, followed by VIPomas (vasoactive intestinal peptide),
glucagonomas, and somatostatinomas. These tumors are usually multicentric and
can arise in the pancreas or more commonly as small (<0.5 cm) foci throughout
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Major Endocrine System Tumors and Associated
Hereditary Syndromes

Gene (Syndrome)

MEN1 RET PTEN SDHX VHL
Tumor Site/Type  (MEN 1) (MEN 2)  (CS/PHTS) (HPCC/PGL) (VHL)
Adrenal (PC) X X X
Carcinoid X X
Neuroendocrine X X
Pancreas (islet cell) X X
Parathyroid X X
Paraganglioma X X
Pituitary X
Thyroid MTC PTC, FTC

PHTS, PTEN hamartoma tumor syndrome; HPCC/PGL, hereditary pheochromocytoma/paraganglioma
syndrome.

the duodenum.'* Gastrinomas represent 50% of the gastrointestinal neuroendocrine
tumors in MEN 1 and are the major cause of morbidity and mortality in MEN 1
patients.”"” Most result in peptic ulcer disease (Zollinger—Ellison syndrome), and half
are malignant at the time of diagnosis.'"*'® Nonfunctional tumors of the enteropan-
creas, some of which produce pancreatic polypeptide, are seen in 20% of patients."” "

Approximately 15% to 50% of MEN 1 patients will develop a pituitary tumor.>®
Two-thirds are microadenomas (<1 cm in diameter), and the majority are pro-
lactin secreting.”® Other manifestations of MEN 1 include carcinoids of the foregut
(typically bronchial or thymic), skin lipomas, facial angiomas, and collagenomas and
adrenal cortical lesions, including cortical adenomas, diffuse or nodular hyperplasia,
or rarely carcinoma.”*' Thyroid adenomas, pheochromocytoma (PC) (usually uni-
lateral), spinal ependymoma, and leiomyoma have also been reported.”

Genetic Testing

MEN 1 is caused by mutations in the MENI gene, which is located on chromo-
some 11q13. It is inherited in an autosomal dominant manner. Germline muta-
tions are typically found in 80% to 95% of families with two or more affected
members and in up to 65% of simplex cases (single case of MEN 1 with no fam-
ily history).**® Menin, the protein encoded by the MENI gene, functions as a
tumor suppressor gene and is involved in multiple cellular functions including
transcription regulation, genomic stability, cell division, and cell cycle control
(reviewed in**).
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More than 1,100 mutations have been identified in the MENTI gene to date, and
these are scattered across the entire coding region.** The majority of these are nonsense
or frameshift mutations, and the remainder are missense or in-frame deletions that
lead to expression of an altered protein. Splice-site mutations have also been described.
There is currently no evidence of genotype—phenotype correlations, and interfamilial
and intrafamilial variability is the rule.”**

Whereas the MENI mutation detection rate is quite high in simplex and famil-
ial cases, the greater diagnostic challenge for the clinician is when to order genetic
testing in an individual who does not meet diagnostic criteria, but has one of the
three component tumors. The prevalence of MEN 1 among patients with apparently
sporadic component tumors varies widely by tumor type. Approximately one-third
of patients with Zollinger-Ellison syndrome will carry an MENI mutation.””*® In
individuals with apparently isolated hyperparathyroidism (HPT) or pituitary adeno-
mas, the mutation prevalence is lower, on the order of 2% to 5% for each,’*** but
the prevalence is higher in individuals diagnosed with these tumors at younger ages
(<30 years old). In a small series of patients with isolated foregut/midgut carcinoids,
none of 68 were found to carry an MENI mutation. Some authors suggest MEN
testing in those not meeting diagnostic criteria if one of the following is present:
Gastrinoma at any age, multifocal pancreatic islet cell tumors at any age, parathyroid
adenomas before the age of 30 years, multiglandular parathyroid adenomas, or recur-
rent HPT, or in individuals with one of the three main MEN 1 tumors plus one of the
less common tumors/findings.’

Management

Screening and surveillance for MEN 1 should use a combination of biochemical
screening and imaging as follows™:

+ Annual serum prolactin and insulin-like growth factor 1 starting at the age of
5 years

+ Annual fasting total serum calcium and/or ionized calcium and PTH starting at
the age of 8 years

+ Annual fasting serum gastrin starting at the age of 20 years; consider chromo-
granin A, glucagon, and proinsulin for other enteropancreatic tumors

+ Annual fasting glucose starting at the age of 5 years

+ Brain magnetic resonance imaging (MRI) at the age of 5 years, repeat every 3 to
5 years based on biochemical test results

+ Abdominal computed tomography or MRI starting at the age of 20 years, repeat
every 3 to 5 years based on biochemical test results

Surgical management of MEN 1 is complex and controversial given the multifo-
cal and multiglandular nature of the disease and the high risk of tumor recurrence
even after surgery. A full review of surgical options is outside the scope of this review,
but this topic has been reviewed elsewhere.’>” Establishing the diagnosis of MEN 1
before making surgical decisions and referring affected individuals to a surgeon with
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experience in treating MEN 1 can be critical in preventing unnecessary surgeries or
inappropriate surgical approaches.

MULTIPLE ENDOCRINE NEOPLASIA TYPE 2
Syndrome Description

Multiple endocrine neoplasia type 2 (MEN 2), caused by germline mutations in the
RET proto-oncogene, is an autosomal dominant syndrome characterized by medul-
lary thyroid cancer (MTC), PC, and/or HPT. Historically, families were classified into
one of the three clinical subtypes, MEN 2A, MEN 2B, and familial medullary thyroid
carcinoma (FMTC) based on the presence or absence of certain endocrine tumors
and other phenotypic features. However, there is debate about whether FMTC repre-
sents a separate entity or is a variation of MEN 2A in which there is a lower lifetime
risk and delay in the onset of the extrathyroidal manifestations.” Incorrect classifica-
tion of families with MEN 2A as having FMTC may result in delayed diagnosis of PC,
a disease with significant morbidity and mortality. For this reason, current manage-
ment recommendations include screening for all three tumors in individuals carry-
ing a germline RET mutation, with the exception of parathyroid screening in MEN
2B cases™ (see section on management).

The endocrine tumors in MEN 2 are often multifocal and bilateral/multiglandular
and present at an early age. MTC is present in up to 95% of mutation carriers, and
the age at presentation varies, somewhat depending on the specific mutation. Early
diagnosis of MTC is critical, given the poor overall survival for individuals diagnosed
with distant metastases.’*>® PCs are present in up to 50% of carriers, and the lifetime
risk is also dependent on genotype. Although the PCs in MEN 2 rarely metastasize,
they can be clinically significant because of intractable hypertension or anesthesia-
induced hypertensive crises. Parathyroid abnormalities are the least common finding,
occurring in up to 30% of patients. The parathyroid disease in MEN 2 can include
benign parathyroid adenomas or multiglandular hyperplasia, but is typically asymp-
tomatic or associated with only mild elevations in calcium.”*

MEN 2A is diagnosed clinically by the occurrence of two or more of the specific
endocrine tumors in a single individual or in close relatives. MEN 2A may also be sus-
pected when MTC occurs at an early age (<50 years) or is bilateral or multifocal even
in the absence of family history. Several large series indicate a mutation frequency of
1% to 7% in isolated cases of MTC.*”*' Based on these data, it is widely recommended
that RET gene mutation testing be performed for all cases of MTC, regardless of age
at diagnosis and family history.”>*

MEN 2B, which makes up 5% of MEN 2 cases, is characterized by the early
development of an aggressive form of MTC in all patients.* Patients with MEN 2B
who do not undergo thyroidectomy at an early age (~1 year) are likely to develop
metastatic MTC at an early age. PCs occur in about 50% of MEN 2B cases, and clin-
ically significant parathyroid disease is very uncommon.* Individuals with MEN
2B can also have distinctive facies with enlarged lips, mucosal neuromas of the
lips and tongue, medullated corneal nerve fibers, and an asthenic Marfanoid body

(c) 2015 Wolters Kluwer. All Rights Reserved.



Chapter 13 Genetic Testing by Cancer Site 191

habitus.* About 40% of patients have diffuse ganglioneuromatosis of the gastro-
intestinal tract.”

Genetic Testing

MEN 2 is the result of germline mutations in the RET gene, located on chro-
mosome region 10q11.2.*** The RET gene is a proto-oncogene encoding a receptor
tyrosine kinase with extracellular, transmembrane, and intracellular domains. RET
mutations causing MEN 2 are activating mutations, resulting in a constitutively acti-
vated tyrosine kinase receptor.*®

Genetic testing in MEN 2 is considered an important part of the management
of at-risk family members. Since MTC and other tumors can develop in childhood,
testing of children who have no symptoms is considered beneficial.”” Timing of RET
testing depends largely on the mutation present in the family. Several groups have
developed mutation stratification systems to guide clinicians with regard to the
appropriate timing of RET testing, prophylactic thyroidectomy, and biochemical
screening.” These are based mainly on age at onset, aggressiveness of thyroid dis-
ease, and clinical phenotype, but have not been validated as clinical decision-making
tools. The original stratification system was developed by the International RET Con-
sortium.” A newer classification system by the American Thyroid Association® was
published in 2009 (Table 13.2).

Approximately 95% of patients with MEN 2A or MEN 2B will have an identifiable
germline RET mutation.* As mentioned previously, 1% to 7% of apparently sporadic
cases of MTC will carry a germline RET mutation, underscoring the importance of
testing all cases of MTC.>*** A targeted exon approach is most commonly used in
families with MEN 2A. If the clinical suspicion is MEN 2B, a targeted mutation
analysis can be used. If targeted testing in a family with a high clinical suspicion for
MEN 2 is normal, sequencing of the remaining exons can then be performed. For
families that do not have a detectable mutation, management recommendations can
be based on the clinical features in the affected individual and in the family.

Management

Management of RET mutation carriers includes prophylactic thyroidectomy, as
well as biochemical screening for PC and HPT.»” The timing of these interventions
has been largely based on genotype, but this remains controversial. Prophylactic thy-
roidectomy and parathyroidectomy with reimplantation of one or more parathyroid
glands into the neck or forearm are a preventive option for all subtypes of MEN 2.
For those with mutations associated with early-onset aggressive MTC, genetic testing
alone is used to determine timing of surgery.>” For individuals carrying lower- or
intermediate-risk mutations (Table 13.2), some centers allow surgery to be delayed
until biochemical screening becomes abnormal and/or the individual reaches a par-
ticular age.” This is still somewhat controversial; however, given the great intra-
familial variability and the fact that MTC can be present even in the absence of an
elevated basal or stimulated calcitonin.
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MEN 2 Mutation Classification System and
Management Guidelines of the American
Thyroid Association (ATA)

ATA Age at Timing and Fre-
Risk  Mutated RET Age at Prophylac-  quency of Other
Level Codon(s) Testing tic Thyroidectomy  Surveillance
A 768,790,791,804, <age3-5y May delay surgery Age 20y, repeat
891 after age 5y if periodically
criteria are met*
B 609, 611,618,620, <age3-5y Consider surgery Age 8y for
630, compound before age 5 y; codon 630;
heterozygote: may delay surgery age 20 y for all
V804M + V7781 after age 5y if others; repeat
criteria are met” periodically
C 634 <age3-5y Beforeage5y Age 8y, annually
D 883 and 918 ASAP and ASAP and within the Age 8 y, annually
Compound within first year of life for PC only
heterozygotes the first
V804M + §904C year of
V804M + E805K life
V804M + Y806C

“Criteria include a normal annual basal and/or stimulated serum count, normal annual neck ultrasound, less
aggressive MTC family history, and family preference.

From: Kloos RT, Eng C, Evans DB, et al. Medullary thyroid cancer: Management guidelines of the American
Thyroid Association. Thyroid. 2009;19:565-612.

Biochemical screening for parathyroid disease and PC is recommended, and the
timing and frequency depend on the genotype and, in some cases, presence/absence
of these tumors in the family (Table 13.2). Annual screening for hyperparathyroid-
ism should include albumin-corrected calcium or ionized serum calcium with or
without intact PTH measurement (American Thyroid Association, 2009). Screen-
ing for PC with plasma-free metanephrines and/or urinary fractionated metaneph-
rines is recommended, given that these provide a higher diagnostic sensitivity than
urinary catecholamines.*””® When biochemical screening suggests PC, MRI or com-
puted tomography can be performed.’"*> Confirmation of the diagnosis can be made
using various anatomical and functional modalities.””* Several reviews provide a
succinct summary of the biochemical diagnosis, localization, and management of
PC.>>” If surgical removal is required, laparoscopic adrenalectomy is the recom-
mended approach for the treatment of unilateral PC.** For individuals with bilat-
eral PC, cortical-sparing adrenalectomy is an option to minimize the risk of adrenal
insufficiency.”*
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PTEN
Clinical Features

Germline mutations in the PTEN (phosphatase and tensin homolog on chro-
mosome 10) gene have been associated with a number of related clinical disor-
ders, including Cowden syndrome (CS), Bannayan—Riley—Ruvalcaba syndrome, a
Proteus-like syndrome, adult Lhermitte-Duclos disease, and autism-like disorders
with macrocephaly. Although CS is the only one with a documented risk for endo-
crine (thyroid) cancer, it is possible that any person with a PTEN mutation is at
increased risk.”®

The prevalence of CS, an autosomal dominant disorder, has been estimated to be
between 1/200,000 and 1/250,000.% Diagnostic criteria for CS were initially devel-
oped in 1996,” and subsequent modifications have been proposed.” ™ A clinical
diagnosis requires a requisite number of clinical features, which are divided into
groups of “pathognomonic,” “major,” and “minor” criteria (Table 13.3).

Cancer rates in CS have historically been reported as 25% to 50% for breast can-
cer, 3% to 10% for thyroid cancer, and 5% to 10% for endometrial cancer, based on
compilations of cases published in the early literature.”** Thyroid cancer in CS is
exclusively of follicular or papillary histology. More recently, an increased risk for
colon cancer has been reported.”” Although recent reports from two large cohorts
found cancer rates similar to these,”* a follow-up report on one of these cohorts
projected lifetime cancer risks of 85% for breast cancer, 35% for thyroid cancer, 28%
for endometrial cancer, 34% for kidney cancer, and 9% for colon cancer.®” However,
these high risks are subject to significant selection bias and should be considered with
caution, given their discrepancy with clinical experience with CS patients.

Benign lesions are also seen in CS and include mucocutaneous lesions (trichilem-
momas, acral keratoses, and papillomatous papules, seen in most patients), thyroid
abnormalities (goiter, adenoma in 50% to 67%), benign breast lesions (fibroadeno-
mas, fibrocystic disease in 40% to 75% of females), gastrointestinal polyps (=80%),
macrocephaly (>80%), and uterine fibroids (25% to 44% of females).***

Genetic Testing

The PTEN tumor suppressor gene is a dual-specificity phosphatase with multiple
and as yet incompletely understood roles in cellular regulation. It is known to signal
down the PI3K/Akt pathway to cause G1 cell cycle arrest and apoptosis, and has also
been shown to regulate cell-survival pathways, such as the mitogen-activated kinase
pathway.” Although it is generally reported that germline PTEN mutations are found
in 80% of CS patients, based on initial reports in 1997,”"”> more recent data sug-
gest that it is much lower,”* and there is reason to consider revising the diagnostic
criteria.” A small number of studies suggest that gene deletions or rearrangements are
rare in CS.”*”> Approximately 2% of all CS patients in one study had a variant in the
PTEN promoter.”* Although not definitive, protein expression studies suggested that
these variants could be deleterious. The new mutation rate for PTEN is unknown.
Testing criteria for CS have been developed and are updated annually by the National
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CS Diagnostic Criteria

Pathognomonic criteria
o Lhermitte—Duclos disease (LDD)—adult
* Mucocutaneous lesions
Trichilemmomas, facial
Acral keratoses
Papillomatous lesions

Major criteria
* Breast cancer
e Thyroid cancer (papillary or follicular)
* Macrocephaly (=97th percentile)
e Endometrial cancer
Minor criteria
e Other structural thyroid lesions (e.g., adenoma, multinodular goiter)
* Mental retardation (i.e., IQ <75)
e Gastrointestinal hamartomas
e Fibrocystic disease of the breast
e Lipomas
e Fibromas
¢ Genitourinary tumors (e.g., uterine fibroids, renal cell carcinoma) or
e Genitourinary structural malformations
e Uterine fibroids
Operational diagnosis in an individual (any of the following):
(1) Mucocutaneous lesions alone, if

(a) There are >6 facial papules, of which >3 must be trichilemmoma, or

(b) Cutaneous facial papules and oral mucosal papillomatosis, or

(c) Oral mucosal papillomatosis and acral keratoses, or

(d) Palmoplantar keratoses, 26
(2) =2 major criteria, but one must include macrocephaly or LDD; or
(3) One major and three minor criteria; or
(4) Four minor criteria
Operational diagnosis in a family where one individual is diagnostic for CS:
(1) One pathognomonic criterion; or
(2) Any one major criterion with or without minor criteria; or
(3) Two minor criteria; or
(4) History of Bannayan—Riley—Ruvalcaba syndrome™
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Comprehensive Cancer Network.”® Clinical PTEN testing is available in a number of
national laboratories.

Germline genetic variants were found in the SDHB and SDHD genes in one report
in a cohort of patients with CS- or a CS-like phenotype.”” None of the patients with
genetic variants met current CS diagnostic criteria, however, and the clinical signifi-
cance of these variants has been questioned, given that most had previously been
identified as benign polymorphisms.” More recently, germline methylation of the
KILLIN gene has been suggested to be related to CS as well.”

Management

Management guidelines for individuals with CS have been adopted by the
National Comprehensive Cancer Network’® and include annual physical examina-
tions, monthly breast self-examinations, and a baseline thyroid ultrasound (with
consideration of repeating annually), starting at the age of 18 years; clinical breast
examinations every 6 months, starting at the age of 25 years; annual mammography
and breast MRI screening starting at the age of 30 to 35 years; consideration of colo-
noscopy every 5 to 10 years, starting at the age of 35 years; consideration of an annual
dermatologic examination; and consideration of participation in clinical trials for
endometrial cell cancer screening.

SDHX/TMEM127/MAX
Clinical Features

Mutations in four genes of the succinate dehydrogenase (SDH) complex, SDHA,
SDHB, SDHC, and SDHD (collectively referred to as SDHX), and several interacting
genes have been shown to cause the autosomal dominant hereditary paraganglioma—
pheochromocytoma (PGL/PCC) syndrome. The SDH complex is part of both the
mitochondrial-respiratory chain (complex II) and the Krebs cycle.* The specific
clinical phenotype varies, somewhat depending on the gene involved, as discussed
below.

Individuals with SDHB mutations tend to present with sympathetic PGLs and
less commonly PCC and parasympathetic PGL. There is a higher rate of malignancy
and mortality with SDHB mutations compared with other SDH genes.*” An analysis
of 378 published cases with SDHB mutations found that 78% had PGL (71% sym-
pathetic), and 25% had PCC (all unilateral), with a mean age at presentation of 33
years.” Up to 31% had malignant tumors. In one study of 32 metastatic PCC/PGL
patients whose tumor was diagnosed before age 20 years, 23 (72%) had SDHB muta-
tions.*” The penetrance of SDHB mutations has been estimated to be 77% by the age
of 50 years.*”” The risks for renal cell carcinoma and oncocytoma also appear to be
increased.*"

SDHD mutations most commonly cause multifocal parasympathetic PGL. A
review of the clinical features of 289 patients with SDHD mutations found that 92%
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had PGL (56% multiple), 24% had PCC (all unilateral), and only 4% had malig-
nant disease.’’ The mean age at presentation is 35 years,” and the penetrance is esti-
mated to be 86% by the age of 50 years.” SDHD mutations appear to be maternally
imprinted such that tumors develop only when a mutation is inherited from the
father.”” However, several rare cases of maternal transmission have been reported.**

SDHC mutations are rare in patients with PCC/PGL. They mainly cause non-
malignant parasympathetic PGL (and rarely PCC) and were found in 4% of such
patients in one study.” The average age at presentation is 43 years."'

More recently, mutations in the SDHAF2 (also called SDH5), SDHA, TMEM127,
and MAX genes have also been found in hereditary PGL/PCC. Given their rarity, and
their recent discoveries, less is known about their clinical presentation. Mutations in
SDHAF2/SDH5 have been described in a number of families with head and neck PGL,
but to date no cases with PCC have been reported.”"”” It appears that there is genetic
imprinting, with paternal transmission required for tumor development.”"** Biallelic
SDHA mutations have been known to cause inherited juvenile encephalopathy/Leigh
syndrome,” but it was only recently that heterozygous mutations have been found in
a few individuals with PCC or PGL.”*” Mutations in TMEM127 were first identified™
in 2010 and were initially felt to be associated exclusively with PC.”” However, several
cases with extra-adrenal tumors have been reported.”® TMEM127 mutations are rela-
tively rare causes of PCC and PGL—mutations were found in only 6 (1%) of 559 PCC
cases and none of 72 PGL cases who did not carry mutations in SODHB, SDHD, RET, or
VHL.” In addition, the age at diagnosis of PCC is not significantly earlier than average
(41.5 years), and malignancy is infrequent.”*”” Exome sequencing was used to identify
MAX gene mutations in 12 individuals with hereditary PCC in one study.'” Most cases
(67%) were bilateral, and an association with malignancy was suggested, as was the pos-
sibility that paternal transmission was required for tumor development.

Genetic Testing

Although approximately 10% of PCC patients have a clinically apparent hered-
itary syndrome, studies have shown that up to 25% of “sporadic” cases also have
germline mutations in either SDHB, SDHD, RET, or VHL.""' Similarly, analysis of
445 patients with PGL found mutations in SDHB, SDHC, or SDHD in 220 (50%).'*
Whereas some have called for genetic testing for all PCC/PGL, others have called
for a targeted approach. A number of algorithms have been proposed whereby test-
ing decisions are based on a variety of factors including presence of clinical features,
early age at diagnosis, location and laterality of tumor(s), positive family history, and
presence of malignancy.*"'* Clinical testing is available in the United States for all of
these genes except MAX.

Management

The management of PCC and PGL is primarily surgical, and it is critical that
patients undergo preoperative catecholamine and metanephrine screening to detect
functional disease, which could precipitate anesthesia-induced hypertensive crisis
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during surgery. For at-risk patients with known mutations, there are no consensus
guidelines as to the appropriate screening protocols. Although it is generally felt that
MRI and/or functional imaging and measurement of blood/urine metanephrines be
performed on a regular basis, the specifics vary among centers.'"*

VON HIPPEL-LINDAU AND
PHEOCHROMOCYTOMA

von Hippel-Lindau (VHL) disease is not often characterized as an endocrine-
related disorder. However, the presence of PC and, rarely, pancreatic neuroendo-
crine tumors in VHL warrants a brief discussion in this section. Herein, we will
also briefly review the genetic approach to the patient presenting with sporadic
PC, as this is not an uncommon reason for referral for genetic counseling and risk
assessment, and a significant proportion of these individuals will have an underly-
ing hereditary condition. Additional information about other VHL and other VHL-
related tumors (i.e., renal cell carcinoma) can be found in the section on urinary
tract cancers.

VHL is an inherited multisystem disease predisposing to retinal and central
nervous system hemangioblastomas, renal cell carcinoma, PC, pancreatic islet cell
tumors, and endolymphatic sac tumors. It has an estimated birth incidence of 1 in
36,000 per year,'” and is inherited in an autosomal dominant manner with a high
degree of interfamilial and intrafamilial variability.'” The penetrance is age depen-
dent, but reaches ~95% by the age of 65 years.'”'”” Four subtypes have been described
on the basis of genotype—phenotype correlations.'”” PC is the main endocrine-related
tumor associated with VHL. As in other hereditary syndromes, VHL-associated PCs
are typically multifocal and/or bilateral and present at an earlier age than sporadic
tumors and rarely metastatic.'”’

PC can be seen in several different hereditary conditions in addition to VHL, includ-
ing neurofibromatosis type 1 (NF1), MEN 2, and the hereditary paraganglioma/PC
syndromes.'”® One study of 271 patients with apparently sporadic PC analyzed the
NF1 (diagnosis made on the basis of clinical features, not genetic testing), RET, VHL,
SDHB, and SDHD genes.'” Upon further scrutiny, 166 (25.9%) of the 271 had a
positive family history, and in these 166 families, germline mutations were detected
in RET (n = 31), VHL (n = 56), NF1 (n = 14), SDHB (n = 34), or SDHD (n = 31).
Interestingly, 12.7% of those with no other syndromic features and/or family history
(after rigorous clinical evaluation) also carried mutations.

These data indicate that a significant proportion of individuals presenting with
apparently sporadic PC are carriers of germline genetic mutations. Referral to a
genetic specialist may be warranted in all cases of apparently isolated PC, but is cer-
tainly appropriate in those diagnosed at or younger than 35 years and those with
metastatic disease or multifocal and/or bilateral disease. Several clinical and genetic
screening algorithms have been proposed to assist clinicians in deciding which genes
to test and in which order,”*'*'"” as testing for mutations in five different genes in
every patient may not be feasible or cost-effective.
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Genetic Testing by
Cancer Site

Skin

Michele Gabree and Meredith Seidel

any hereditary cancer predisposition syndromes are associated with cuta-

neous findings. Identification of unique dermatologic features provides an

opportunity to distinguish hereditary cancer syndromes with similar associ-
ated internal malignancies. Although skin findings are an important diagnostic tool
for a number of cancer syndromes, including Cowden syndrome, Birt—-Hogg—Dubé,
hereditary leilomyomatosis renal cell carcinoma, and others (Table 14.1), this section
will focus on skin cancer as well as tumor syndromes with cutaneous findings that are
not included elsewhere in this book, including hereditary melanoma, basal cell nevus
syndrome (BCNS), and neurofibromatosis type 1 (NF1) and neurofibromatosis type
2 (NF2).

The identification of dermatologic abnormalities and their association with inter-
nal malignancies often require thorough observation from clinicians. A consultation
with a dermatologist may be helpful to identify specific dermatologic abnormalities.
In some cases, biopsy and pathology may be necessary for a diagnosis.

GENETIC COUNSELING

Genetic counseling for hereditary skin diseases is similar to the process for other
cancer predisposition syndromes. The genetic counseling process generally includes
a detailed family and medical history, risk assessment, discussion of benefits, and
limitations of available genetic testing, including possible test results, discussion of
medical management, and implications for family members."” Dermatologic eval-
uation and review of pathology records pertaining to the cutaneous findings may
provide clarification on specific dermatologic observations. Consultation with a
dermatologist and/or other specialist who is knowledgeable about hereditary syn-
dromes is often essential to a clinical evaluation. When possible, reviewing the medi-
cal records of family members is also helpful to confirm dermatologic diagnoses, as
reports of some skin findings in family members may contain some inaccuracies.”
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Summary of Hereditary Cancer Syndromes with
Cutaneous Features

Cutaneous Features

Benign cutaneous features prominent

Cowden
syndrome"?

Birt-Hogg-Dubé’

Childhood cancer
syndrome
(homozygous
Lynch
syndrome)*

Hereditary
leiomyomatosis
renal cell
carcinoma’

Multiple endocrine
neoplasia, type
2B°

NF17

NE27°

Peutz—Jeghers
syndrome'’

Trichilemmoma, palmoplantar
keratoses, oral mucosal
papillomas, cutaneous facial
papules, lipomas, macular
pigmentation of the glans penis

Fibrofolliculomas,
trichodiscomas, angiofibromas,
perifollicular fibromas,
acrochordons

Neurofibromas, CALMs

Cutaneous leiomyomas

Mucosal neuromas of the lips/
tongue

Neurofibromas (cutaneous
and subcutaneous), CALMs,
freckling (inguinal, axillary),
hypopigmented macules,
cutaneous angiomas
xanthogranulomas, glomus
tumors, hyperpigmentation

CALMs (usually 1-3), plaque
lesions, intradermal
schwannomas, subcutaneous
schwannomas, cutaneous
neurofibromas (uncommon)

Mucocutaneous pigmentation

Internal Tumor Site

Breast, thyroid, uterus

Kidney

Hematologic, neural
system, colon, small
intestine, urinary tract

Kidney, uterus

Thyroid, adrenal gland,
gastrointestinal tract

Brain, spine, peripheral
nervous system,
optic pathway,
small intestine,
neuroendocrine, breast

Brain, spine, peripheral
nervous system, optic
pathway

Breast, stomach, small
intestine, colon,
pancreas, ovary, testicle

(Continued)
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Cutaneous Features Internal Tumor Site
Tuberous sclerosis ~ Hypomelanotic macules, facial Brain, kidney, heart,
complex'! angiofibromas, shagreen neuroendocrine

patches, fibrous facial plaques,
ungual fibromas

Benign cutaneous features sometimes present

Multiple endocrine  Facial angiofibromas, Pituitary, pancreas,
neoplasia type collagenomas, lipomas parathyroid,
1" gastroenteropancreatic
tract
Familial Lipomas, fibromas, and Colon, thyroid, small
adenomatous epidermal cysts intestine, liver, brain,
polyposis' pancreas, ampulla of
Vater

Skin cancer prominent

BCNS™ Basal cell carcinoma Brain, ovary, heart

Hereditary Melanoma, dysplastic nevi Pancreas
melanoma'”

Xeroderma Melanoma, basal cell and Oral cavity
pigmentosum'® squamous cell carcinoma,

severe sunburn, lentigos,
xerosis, erythema, actinic
keratoses, poikiloderma

Skin cancer sometimes present

Hereditary Melanoma Breast, ovary, prostate,
breast and pancreas
ovarian cancer
syndrome'’

Lynch syndrome'® Sebaceous neoplasms, Colon, uterus, stomach,

keratoacanthomas ovary, hepatobiliary
tract, urinary tract,
small intestine, brain

HEREDITARY SKIN CANCER AND THE
NEUROFIBROMATOSES

In addition to a few known single-gene disorders associated with skin cancers,
confounding environmental factors, including solar ultraviolet radiation, as well as
other genetic factors also are known to be associated with a varying degree of skin
cancer risk. Separately, other hereditary tumor and cancer predisposition syndromes,
such as NF1 and NF2, contain benign cutaneous features as common and sometimes
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predominant findings. General characteristics of a hereditary cancer predisposition
syndrome include multiple tumors or cutaneous features in one individual, multiple
affected family members, and individuals or families with related tumors, cancers, or
unique physical characteristics. In some cases, young age at onset may also suggest a
higher likelihood of a hereditary syndrome.

Hereditary Melanoma

Approximately 10% of melanoma cases are attributed to hereditary predisposi-
tion. Hereditary melanoma has been associated with mutations in two genes, cyclin-
dependent kinase inhibitor 2A (CDKN2A) and cyclin-dependent kinase 4 (CDK4).
Mutations in CDK4 are rare and have been identified in only a few hereditary mela-
noma families.”’ Of families with hereditary melanoma, defined as three or more
diagnoses of melanoma in one family, approximately 20% to 40% will have a detect-
able mutation in CDKN2A.”

CDKN2A and CDKH4 both function as tumor suppressors. CDKN2A encodes
two transcripts: p16 and p14ARF through alternate reading frames. The majority of
CDKN2A mutation-carrying families have been found to have mutations that affect
the p16 protein. Mutations affecting the function of p14ARF are reportedly rare in
cutaneous melanoma families.”

Phenotype

Hereditary melanoma has also been referred to as familial atypical mole mela-
noma syndrome.** Although the presence of atypical moles has been associated with
an increased risk for melanoma, it has not been identified as a strong predictor of
CDKN2A mutation status.”*

The penetrance of CDKN2A mutations has been observed to be dependent
on geography. This is likely due to varying environmental and other genetic fac-
tors across geographic regions. A study of CDKN2A carriers selected based on
positive personal and family history of melanoma observed the melanoma risk
for CDKN2A mutation carriers to be 58% in Europe, 76% in the United States,
and 91% in Australia.”’” In a population-based study of patients with melanoma,
the penetrance of CDNK2A mutations was observed to be lower (28% risk for
melanoma by the age of 80 years).”® Variants in the melanocortin 1 receptor
(MCIR) gene have been associated with increased CDKN2A penetrance.”” The
prevalence of MCIR has been observed to differ with ethnic background and is
one example of a genetic factor influencing melanoma risk that varies by geo-
graphical region.”

In addition to melanoma, other cancers have also been observed in increased fre-
quency in CDKN2A mutation carriers. Most notably, an increased risk for pancreatic
cancer has been reported in some CDKN2A mutation—carrying families.” Less com-
monly, an increased risk for other cancers, including neural system tumors, non-
melanoma skin cancers, uveal melanoma, and head and neck cancers, has also been
reported in individuals with CDKN2A mutations.’"”
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Referral Criteria for Hereditary Melanoma
Genetic Counseling

Three or more relatives on the same side of the family with melanoma
Three or more primary melanomas in one individual
Pancreatic cancer and melanoma on the same side of the family

From: Leachman SA, Carucci J, Kohlmann W, et al. Selection criteria for genetic assessment of patients with
familial melanoma. ] Am Acad Dermatol. 2009;61:677e1-677¢e14.

In the United States, which is an area of moderate to high melanoma incidence,
genetic counseling for hereditary melanoma has been generally recommended in
families in which (1) three or more relatives are affected with melanoma; (2) one
individual has three or more primary melanomas; or (3) both pancreatic cancer and
melanoma are present in one family (Table 14.2)." Early age at onset in the absence
of a family history of melanoma is not highly suggestive of a CDKN2A mutation.”**

Genetic Testing

Clinical testing for CDKN2A and CDK4 is available in the United States at several
commercial laboratories. However, some of the laboratories offering hereditary mel-
anoma testing perform analysis of only CDKN2A, given the relatively low-frequency
CDK4 mutations reported.

The utility of genetic testing for CDKN2A mutations remains a source of debate.
This is partly due to the relatively low frequency of CDKN2A mutations in families
with melanoma. In addition, many individuals with a personal and/or family history
of melanoma are under close surveillance and aware of risk-reduction recommenda-
tions; therefore, genetic test results would not alter clinical management.25 Also, the
role of pancreatic cancer surveillance in CDKN2A carriers remains under investi-
gation. Some studies have suggested that knowledge of CDKN2A mutation status
improves short-term compliance to risk-reducing behaviors.””* However, informa-
tion regarding the long-term impact of CDKN2A testing is limited at this time. The
possible genetic test results for an individual undergoing CDKN2A genetic testing are
shown in Table 14.3.

Individuals with a CDKN2A mutation have a 50% of passing the mutation on to
their children.

Medical Management

CDKN2A mutation carriers, or individuals at 50% risk to be a carrier, should
be monitored carefully for melanoma through clinical and self-examinations
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CDKN2A Genetic Testing Results and Medical
Management Recommendations

Test Result

CDKN2A mutation
positive

CDKN2A variation of
unknown significance

CDKNZ2A mutation
negative

Medical Management

Melanoma surveillance

¢ Clinical skin examination with dermatologist every 4-6 mo

e Biopsy should be performed on suspected lesions

* Avoid prolonged direct sunlight and use sun-protective
clothing and sunscreen

* Monthly self-skin examinations

e Inform at-risk relatives

Pancreatic cancer surveillance”

e Recommended for individuals with a family history of
pancreatic cancer and may be considered in other cases

e Refer to gastroenterologist for discussion of pancreatic
screening options

e Inform at-risk relatives

Etiology of the melanoma remains unknown

e Consider if genetic testing is indicated for other
affected relatives

e Proband and family remain at increased risk for
melanoma

e Screening recommendations should be based on
personal and family history

No mutation previously identified in family:

¢ Etiology of the melanoma remains unknown

¢ Consider if genetic testing is indicated for other
affected relatives

 Proband and family remain at increased risk for
melanoma

e Screening recommendations should be based on
personal and family history

Mutation previously identified in family:

¢ Proband and family remain at increased risk for
melanoma, although the risk is lower than for
relatives who carry a CDKN2A mutation

e Screening recommendations should be based on
personal and family history

“To date, pancreatic cancer surveillance has not been proven to be effective at improving pancreatic cancer

outcome.
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(Table 14.3). In addition, CDKN2A carriers are recommended to avoid prolonged
direct sunlight and utilize sun-protective clothing and sunscreen.””

Individuals who test negative for a familial CDKN2A mutation may also have an
increased risk for melanoma. However, this risk has been observed to be lower than
the melanoma risk for CDKN2A mutation carriers.”®

As noted in Table 14.3, CDKN2A mutation carriers, especially those with a family
history of pancreatic cancer, are candidates for pancreatic cancer surveillance and
should discuss the risks, benefits, and limitations of screening with a gastroenterol-
ogy specialist.”® However, to date, the effectiveness of pancreatic surveillance remains
under investigation.”

Basal Cell Nevus Syndrome

BCNS, also known as Gorlin syndrome or nevoid basal cell carcinoma syndrome,
is an autosomal dominant syndrome associated with cutaneous findings, including
basal cell carcinoma, as well as skeletal system, nervous system, and ocular abnor-
malities.*” Although BCNS has complete penetrance, the expression is variable.*'

BCNS is thought to be relatively uncommon, and the incidence of BCNS has been
estimated to be 1:30,827 to 1:57,000.* The variable expression may cause difficulty
in diagnosing BCNS.

BCNS has been associated with mutations in the patched gene 1 (PTCHI) gene.
PTCHI functions as a tumor suppressor in the sonic hedgehog (Shh) pathway, which
is also involved in embryonic development.*’ Chromosomal abnormalities of 9922.3
region, which includes PTCH]I, have been reported in a few individuals with features
of BCNS as well as other features, including short stature, developmental delay, and
seizures.* Rarely, mutations in other genes, including SUFU and PTCH2, have also
been reported in individuals with features of BCNS.**

Phenotype

The phenotype of BCNS is variable, and some characteristics are present at differ-
ent life stages. Therefore, it is important to obtain a complete medical history, includ-
ing physical examination and dermatologic, cardiac, and gynecologic examinations
as well as radiologic studies to confirm a diagnosis of BCNS.

The clinical manifestations of BCNS include the following:

Skin
Basal Cell Carcinoma

Approximately 50% to 75% of individuals with BCNS will develop basal cell car-
cinomas.* Typically, basal cell carcinomas develop in the late teens through the 30s,
but some published reports have indicated the detection of basal cell carcinomas in
early childhood in individuals with BCNS. The presence of basal cell carcinomas is
also dependent on other factors, including skin type and radiation exposure, includ-
ing sun exposure.***!
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Noncancerous Cutaneous Features

The majority of individuals with BCNS will have multiple nevi present by adult-
hood.* In addition, BCNS is associated with an increased prevalence of facial milia,
dermoid cysts, and skin tags. Palmar and plantar pits are also a common feature of
BCNS and usually are evident by early adulthood.*

Skeletal

Skeletal abnormalities, including rib and spinal abnormalities, are reported with
increased frequency in BCNS. The majority of individuals with BCNS are reported
to have macrocephaly.*®

Central Nervous System
Ectopic Calcification
Ectopic calcification, particularly of the falx celebri, has been reported as a com-
mon finding in individuals with BCNS.*
Brain Tumor

Although other types of brain tumors have been reported in individuals with
BCNS, medulloblastoma, typically desmoplastic type, is the most common.*
Approximately 5% of individuals with BCNS are diagnosed with medulloblastoma,
usually around 2 years of age.

Other Features
Jaw Keratocysts

Approximately 75% of affected individuals with BCNS develop multiple jaw kera-
tocysts.”

Characteristic Facial Features

Facial features characteristic of BCNS including macrocephaly, bossing of the
forehead, coarse facial features, and facial milia have been observed in approximately
60% of BCNS cases."*

In addition to the above features, congenital malformations such as cleft lip/palate,
polydactyly, and eye anomalies have also been reported as features of BCNS.*

Additional associated tumors including cardiac and ovarian fibromas have also
been reported to occur with increased frequency in BCNS.*"

Diagnosis and Genetic Testing

A diagnosis of BCNS was initially based on clinical criteria; however, the avail-
ability of molecular testing has identified mutations in individuals with a more vari-
able phenotype. The First International Colloquium on BCNS concluded that the

(c) 2015 Wolters Kluwer. All Rights Reserved.



Chapter 14 Genetic Testing by Cancer Site 211

clinical criteria should be used to consider a suspected diagnosis of BCNS rather
than as diagnostic criteria.”” The colloquium recommends that a suspected diagnosis
of BCNS be considered in individuals with an identified PTCHI mutation and one
major clinical criterion, individuals who express two major criteria, and individuals
with one major and two minor criteria (Table 14.4).

Genetic testing for the PTCH1 gene is clinically available. Approximately 50% to
85% of individuals with clinical features of BCNS will have a detectable mutation in
the PTCHI1 gene through gene sequencing analysis. Deletions and duplications of the
PTCHI gene have also been reported.™

Approximately 20% to 30% of individuals with BCNS are de novo, meaning that
neither parent carries the associated gene mutation." Individuals affected with BCNS
have a 50% chance of having an affected child. In cases where a mutation has been
identified, testing is an option for at-risk family members. In addition, both preconcep-
tion genetic diagnosis and prenatal testing are available for known PTCHI mutations.

Medical Management

Because of the many variable symptoms of BCNS, individuals with BCNS should
be referred to an appropriate specialist depending on the symptoms.

Clinical Criteria for Suspected Diagnosis of BCNS

Maijor criteria

* Early-onset/multiple basal cell carcinoma

e Odontogenic keratocyst of the jaw (<20 y of age)
e Palmaroplantar pitting

e Calcification of the falx cerebri

e Medulloblastoma (usually desmoplastic)

o First-degree relative with BCNS

Minor criteria

e Rib anomalies

e Skeletal malformations and radiologic changes
e Macrocephaly

e Cleft lip/palate

e Ovarian/cardiac fibroma

e Lymphomesenteric cysts

* Ocular abnormalities

From: Bree AF, Shah MR. Consensus statement from the first international colloquium on basal cell nevus
syndrome (BCNS). Am | Med Genet A. 2011;155A:2091-2097.
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Basal Cell Carcinoma

Early diagnosis is important for management and to limit cosmetic damage. Sur-
gery, oral retinoids, topical therapies, and photodynamic therapy have all been uti-
lized with varying degrees of success for individuals with BCNS.*

Medulloblastoma

Consideration of developmental assessment and physical examination every
6 months is an option for children during infancy and early childhood. Imaging for
medulloblastoma surveillance is not currently recommended.'*

Jaw Keratocysts

Clinical examinations and imaging are recommended for individuals with BCNS,
starting during childhood. These tumors may sometimes be detected during routine
dental examinations.”

Ovarian and Cardiac Fibromas

Affected individuals with cardiac fibromas should be referred to a cardiologist.
Ovarian fibromas also warrant a specialty referral and may require surgery, ideally
with the aim of preserving fertility.”

Radiation Exposure

Given the known increased risk for basal cell carcinoma, it is recommended that
individuals with BCNS avoid sun exposure. In addition, it is recommended that other
radiation exposure also be avoided if possible, including radiation as treatment for
medulloblastoma.*’

Neurofibromatosis Type 1

NF1 is one of the most common genetic disorders, affecting an estimated 1:2,500
to 1:3,000 individuals at birth.” Formerly known as von Recklinghausen disease or
peripheral neurofibromatosis, manifestations of the disease affect multiple areas of
the body, including, but not limited to, the central and peripheral nervous systems,
skin, eyes, skeleton, gastrointestinal system, and the cardiovascular system. His-
torically, observations of patients with NF1 date back to the 13th century, but the
disorder was first formally described in 1882 by Friedrich von Recklinghausen.”””**

NF1 is a completely penetrant autosomal dominant condition with widely vari-
able expression, both within and between families.” No ethnic, racial, or sex predilec-
tion has been observed.” NF1 is caused by mutations in the NF1 gene on 17q11.2.
The protein product of NF1 is neurofibromin, a GTPase activating protein that is
expressed across many tissue types and in particularly high levels within neurocu-
taneous tissue. It acts as a negative regulator of intracellular Ras signaling pathways
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involved in cell growth and proliferation.”***' More recently, NF1 has also been linked
to the development of skeletal muscle.”

Phenotype

In 1987, the National Institutes of Health developed clinical diagnostic criteria for NF1
(Table 14.5) on which diagnosis of the disease is most often based.” The disease usually
presents in childhood, beginning with skin findings, which are often present by 1 year of
age. In general, the clinical manifestations of NF1 are age-dependent: By the age of 6 years,
approximately 90% of individuals with NF1 meet diagnostic criteria; by 8 years of age,
97% meet criteria, and virtually all meet the criteria by the time they are 20 years old.”

Skin

Among the numerous and variable clinical manifestations of NF1, cutaneous
findings feature prominently and can even be the sole basis for a diagnosis of NF1.
The following skin findings are hallmark features of NF1, and each is a component of
the diagnostic criteria (Table 14.5).

Café-Au-Lait Macules (CALMs)

Café-au-lait macules (CALMs) are the most common and often the earliest pre-
senting feature of NF1. CALMs may be congenital and are observed in almost all

NIH Diagnostic Criteria: Neurofibromatosis Type 1

Clinical diagnosis of NF1 can be made for an individual exhibiting any two (or more)
of the following:

Six or more café-au-lait macules:

e >5 mm prepubertal

e >15 mm postpubertal

Two or more neurofibromas of any type, or one or more plexiform neurofibromas

Freckling in the axillary or inguinal region

Optic glioma

Two or more Lisch nodules (iris hamartomas)

A distinctive osseous lesion such as sphenoid dysplasia or tibial pseudoarthrosis

A first-degree relative with NF1 as defined by the above criteria

From: Evans DG, Raymond FL, Barwell JG, et al. Genetic testing and screening of individuals at risk of NF2.
Clin Genet. 2012;82:416—-424. doi: 10.1111/j.1399-0004.2011.01816.x.
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patients with NF1 within the first year of life. They often become larger and more
numerous through adolescence and may fade as an adult.”

Intertriginous Freckling

Skinfold freckling, or Crowe sign, is a cardinal feature of NF1.” Freckling occurs
most often in the axillary and inguinal regions of the body and is exhibited by up
to 90% of patients, usually beginning in childhood. Freckling may also be found in
other areas of the body including beneath the breasts in females, on the neck, above
the eyelids, around the mouth, and on the trunk in adults.”®

Neurofibromas

The hallmark feature of NF1, neurofibromas can develop in almost any part of
the body, including on or just below the surface of the skin. Cutaneous neurofi-
bromas vary in size (<1 mm to large/disfiguring) and number; they are soft and
fleshy and may be raised or flat, ranging in color from blue/purple to brown to
flesh colored. Subcutaneous neurofibromas are firm, tender nodules that are often
visible beneath the skin. Cutaneous and/or subcutaneous neurofibromas usually
manifest later than CALMs and freckling, either later in childhood or in early ado-
lescence.””

Less common, nondiagnostic cutaneous features of NF1 include hyperpigmenta-
tion, which may be generalized or appearing in conjunction with affected body areas
in segmental NF1, glomus tumors, hypopigmented macules (usually on the trunk),
xanthogranulomas, cutaneous angiomas, and pruritus.””*

Neurologic

Tumors of the central and peripheral nervous systems are prevalent among indi-
viduals with NF1. These include spinal neurofibromas, peripheral nerve sheath
tumors, plexiform neurofibromas, and astrocytomas. In addition, optic pathway
gliomas (OPGs) are slow-growing tumors occurring among 15% to 20% of patients,
usually by the age of 6 years. OPGs are symptomatic in only 5% of individuals, in
which case they are most often diagnosed by the age of 3 years.”””*

A variety of nontumor neurologic manifestations are reported among individ-
uals with NF1. These include learning disabilities, which occur in 60% or more
of children with NF1, decreased 1Q (occasionally <70), attention-deficit/hyper-
activity disorder, and other behavior difficulties. Unidentified bright objects, or
UBOs, are a characteristic magnetic resonance imaging (MRI) finding in NF1.
The clinical significance of UBOs is not known, but some evidence correlates
UBO prevalence with severity of cognitive and behavioral difficulties.”®* Seizure
disorders and multiple sclerosis also occur at a higher frequency in NF1, and
Chiari type I malformation, aqueductal stenosis, and macrocephaly have all been
reported.””
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Eye

Lisch nodules, or melanocytic iris hamartomas, are asymptomatic eye findings
present in most individuals with NF1, usually by the age of 5 to 10 years. Lisch nod-
ules are pathognomonic for NF1 and are most reliably detected by an experienced
ophthalmologist by slit-lamp examination.”** Glaucoma, choroidal abnormalities,
and ptosis are less common but have all been reported in patients with NF1.”

Skeletal

Bony growths and other abnormalities of the bone are key features of NF1. Diag-
nostic bone findings include thinning of the long-bone cortex (with or without
pseudoarthrosis) and sphenoid wing dysplasia. In addition, there is an increased fre-
quency of short stature, scoliosis, and, more recently noted, osteopenia and osteopo-
rosis among individuals with NF1.7°7%

Cardiovascular

Cardiovascular complications occur at a higher frequency among patients with
NF1 and include congenital heart disease (pulmonary stenosis, coarctation of the
aorta), hypertension, cerebrovascular disease, and renal artery stenosis.”* Pulmonary
stenosis is more prevalent among patients with classic NF1 but may also be found as
part of a variant phenotype that combines features of NF1 and Noonan syndrome.”

Other Features
Respiratory Complications

Respiratory complications include restrictive lung disease caused by compression
from neurofibroma and metastases from malignant peripheral nerve sheath tumors.”

NF1-associated Malignancies

The overall increased risk of cancer in NF1 patients is 2.7-fold, and the cumula-
tive risk for patients older than 50 years is 20%.°' Malignant peripheral nerve sheath
tumors are the most common cancerous tumors in NF1. Other malignancies include
chronic myelogenous leukemia, astrocytoma, rhabdomyosarcoma, gastrointestinal
stromal tumors, carcinoid tumors (small intestine), pheochromocytomas (although
usually not malignant), and breast carcinoma.®’ There are also a few reports of higher
rates of melanoma seen in NF1; however, this association remains controversial.”’

Diagnosis and Genetic Testing

Up to 50% of individuals with NF1 have no family history and represent de novo
mutations. The NFI gene has one of the highest spontaneous mutations rates, about
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1:10,000, and more than 500 pathogenic mutations have been identified.”’ The reason
for the high mutation rate is not fully understood, but may be due in part to the large
size of the gene.”

Although diagnosis of NF1 is almost always made on a clinical basis using the
established criteria, genetic testing is available and can be useful, particularly in
certain situations. Mutations are identifiable in 95% of individuals who meet the
NF1 clinical diagnostic criteria.”* In young children with no family history who do
not yet meet the diagnostic criteria, genetic testing may aid in differentiating NF1
from other disorders with phenotypic overlap such as Legius syndrome, familial
café-au-lait spots, and NF2. Genetic testing may also help identify rare variant forms
of the disease that do not satisfy the National Institutes of Health criteria. In fami-
lies with a previously identified mutation, prenatal diagnosis and prenatal testing are
available. A common challenge in prenatal counseling and testing for NF1 arises from
the variability and unpredictability of the disease presentation.”

Given the wide variability in expression of the disease even among members of
the same family, it stands to reason that very few genotype—phenotype correlations
have been described. It has been noted that individuals carrying a deletion of an
entire NF1 allele (approximately 4% to 5% of cases) are likely to exhibit a more severe
phenotype, including a greater number of cutaneous neurofibromas, often occur-
ring at younger ages. Cognitive abnormalities are also more frequent and severe, and
somatic overgrowth, large hands and feet, and dysmorphic facial features have been
reported.” In addition, individuals with a 3-base-pair in-frame deletion of exon 17 of
NF1 may exhibit the common nontumor cutaneous features of NF1, without cutane-
ous or surface plexiform neurofibromas.*’

In addition to the high rate of spontaneous mutations, another challenge associ-
ated with genetic counseling for NF1 is the high rate of mosaicism. Approximately
40% to 50% of cases are segmental, or mosaic, representing postzygotic NF1 muta-
tions. In these cases, recurrence risks can be difficult to predict; however, they are
usually estimated to be less than 1% unless the germline is affected. Indeed, there
are cases of individuals with segmental NF1 bearing children with constitutional
disease.”

Medical Management

Management of NF1 requires multidisciplinary input and, ideally, should be over-
seen by practitioners experienced in caring for patients with neurofibromatosis.”*

Recommended surveillance for children with NFI may vary somewhat by cen-
ter, but typically includes annual physical and ophthalmologic examination until the
age of 8 years. Between the ages of 8 and 18 years, examinations every other year
may be sufficient.”®*”* Blood pressure monitoring should take place at least annually
because of the risk of pheochromocytoma and renal artery stenosis.”* In addition,
annual neurologic examinations are advisable, with consideration of neuroimaging
in the presence of any abnormal findings.” In addition, ongoing developmental and
neuropsychological evaluation is recommended to assess cognitive function and to
identify learning disabilities.*>”’
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Screening by way of MRI, electroencephalogram, and/or x-ray may be dictated by
symptoms, clinical findings, and/or personal and family history. For certain findings
more frequent monitoring may be indicated and, in some cases, treatment may be
available.

Plexiform Neurofibroma

Perform MRI every 6 to 12 months to monitor growing lesions. Depending on
the location of the lesion, surgical debulking may be possible but is often incomplete,
resulting in regrowth.>**

Optic Pathway Gliomas

Once identified, MRI is used to monitor OPGs. Quarterly ophthalmologic evalu-
ation is suggested for the first year, followed by annual examination of patients for at
least 3 years or until the age of 8 years. Evaluation by endocrinology may be recom-
mended. For symptomatic OPGs, chemotherapy treatment is available, but radio-
therapy is not recommended.*”’

Malignant Peripheral Nerve Sheath Tumor

Monitor individuals with plexiform neurofibroma for increased size and pain, as
well as changes in tumor texture; monitor unexplained neurologic changes. If pos-
sible, complete surgical resection is desired, but should be followed by radiation ther-
apy if it is not complete.>**

Cutaneous Neurofibromas

Surgical removal of neurofibromas may be possible when necessary for cosmetic
or pain-related reasons.>”’

As necessary, referrals should be made to a variety of specialties, including cardiol-
ogy, nephrology, plastic surgery, otolaryngology, and gastroenterology.

Neurofibromatosis Type 2

NF2 was first described by J. H. Wishart in 1822, at least 50 years prior to von
Recklinghausen’s description of NF1. Although there is relatively little overlap in the
clinical phenotype of the two conditions, NF2 is much less common and was, until
relatively recently, often mistaken as a variant form of NF1. It was not until 1987
when linkage studies attributed the conditions to two different genes on different
chromosomes that the diseases were formally recognized as separate. Although more
common than it was once thought to be, the estimated incidence of NF2 is approxi-
mately 1/10 of that of NF1, or 1:30,000 to 1:40,000.%

NEF?2 is inherited in an autosomal dominant manner and is virtually 100% penetrant
by the age of 60 years.” It is caused by mutations in the NF2 gene on chromosome
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22q12. The product of the NF2 gene is the protein known as merlin (moesin—
ezrin—radixin-like protein) or schwannomin, and it is thought to function in cell
membrane protein organization, cellular adhesion, and negative regulation of cellu-
lar growth, proliferation, and motility.”*** The specific mechanism of the tumor sup-
pressor function of merlin has not yet been fully elucidated and is an area of active
investigation.*

A key difference between NF1 and NF2 relates to cutaneous findings, which, in
NF2, may aid in diagnosis but are not diagnostic in and of themselves. The cardinal
feature of NF2 is vestibular schwannoma, which arise bilaterally on the 8th cranial
nerve in almost all cases of the disease.”

Phenotype

Contrary to the name of the disorder, schwannomas and meningiomas, not neu-
rofibromas, are the most prominent tumor types found in NF2.”” Individuals with
NF2 most often present between 20 and 30 years of age with hearing loss (frequently
unilateral) related to the presence of a vestibular schwannoma. Tinnitus, dizziness,
and imbalance are also common adult symptoms at presentation.” Although children
may also develop similar symptoms, they are more likely to present with less common
features of NF2, making examination of other systems the key to accurate diagnosis.
In these cases, neurologic examination, eye examination, and careful examination of
the skin become crucial.** Several sets of NF2 diagnostic criteria exist, and the criteria
may still be evolving®®; however, currently, the most widely used criteria set is the
Manchester Diagnostic Criteria, shown in Table 14.6.%

Diagnostic Criteria for NF2

Manchester Diagnostic Criteria for NF2

¢ Bilateral vestibular schwannoma

or

e First-degree family member with NF2 and unilateral vestibular schwannoma, or
any two of meningioma, glioma, neurofibroma, schwannoma, posterior subcapsu-
lar lenticular opacities

or

¢ Unilateral vestibular schwannoma and any two of meningioma, glioma, neurofi-
broma, schwannoma, posterior subcapsular lenticular opacities

or

e Multiple meningiomas (>2) and unilateral vestibular schwannoma or any two of
glioma, neurofibroma, schwannoma, cataract
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Skin

Although not hallmarks of the disease, the cutaneous manifestations of NF2 are
prevalent and can be detected in up to 70% of cases.” As with NF1, skin findings
include CALMs; however, when CALMs are present in NF2, it is generally fewer,
about 1 to 3 per person. Individuals with NF2 may also exhibit plaque lesions on
the surface of the skin, intradermal schwannomas, subcutaneous schwannomas, and,
very rarely,”””* cutaneous neurofibromas.””

Neurologic
Tumors

Bilateral vestibular schwannomas occur in 90% to 95% of NF2 patients.”
Although malignancy is rare, the location of growth is a common cause of increased
morbidity, often causing progressive hearing loss and balance issues.”® Schwanno-
mas of other cranial nerves are not uncommon among NF2 patients’; in addition,
spinal and peripheral nerve schwannomas often develop.* Meningiomas are the
second most common tumor type, found in 58% to 75% of patients with NF2.
Both cranial and spinal meningiomas can be found in NF2.** More rare, but also
observed, are spinal and brainstem ependymomas, as well as spinal and cranial
astrocytoma.’

Peripheral Neuropathy

The majority of patients with NF2 will develop peripheral neuropathy within their
lifetime, often in childhood presenting as a hand or foot drop, or a palsy. Neuropathy
is sometimes but not always related to tumor compression.’

Eye

Subcapsular lenticular opacities are a key diagnostic feature of NF2. They are
found in 60% to 81% of patients and may develop into cataracts.”® Additional ocular
findings include epiretinal membranes, or thin translucent or semitranslucent sheets
of fibrous tissue, which usually do not decrease visual acuity.” In addition, retinal
hamartomas appear in 6% to 22% of NF2 patients and can cause a loss of visual
acuity.’

Diagnosis and Genetic Testing

In patients with suspected NF2 and a positive family history (two or more fam-
ily members affected), genetic testing reveals mutations in 90% or more. However,
approximately 50% of individuals with NF2 represent de novo mutations in the
NF2 gene. In isolated cases of classic NF2 with no known family history, mutations
are identified in approximately 60% to 72%. In families with an identified muta-
tion, presymptomatic genetic testing of at-risk family members is important for
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management of the disease. Prenatal genetic testing and preimplantation genetic
diagnosis are also available.”

Somatic mosaicism is observed in roughly 33% of individuals with de novo cases
of NF2, and identification of these individuals often relies on confirming the presence
of the same mutation in tissue from two distinct NF2-related lesions.”” Finally, for
some mutations, genotype—phenotype correlation data are available.’

Medical Management

In general, as with NF1, it is best if NF2 patients are able to be followed by expe-
rienced practitioners in a comprehensive clinic setting. Screening recommendations
may include initiation of MRI screening for vestibular schwannomas at the age of
10 years, as symptoms of the tumors are rare in younger patients. When present,
growth of vestibular schwannomas is best measured by tumor volume using MRI.%
Head and spinal MRI is the primary screening tool and should be performed every 2
years for at-risk children younger than 20 years with no symptoms or tumors. After
the age of 20 years, the tumors grow slower and screening can be decreased to every
3 to 5 years.”” Annual ophthalmologic examination is recommended from infancy in
at-risk or affected individuals. In addition, the following annual examinations, initi-
ated in infancy, may be recommended: Neurologic examination and audiology with
auditory brainstem evoked potentials.’

When it is possible, surgery is the primary mode of treatment for NF2 tumors,
with the intent of improving quality of life and maintenance of function. Surgery is
not always possible and, in some cases, radiation therapy may be used as an alterna-
tive. Overall, patients with NF2 have a shorter life expectancy.”

CONCLUSIONS

Dermatologic examinations, when combined with a thorough personal and fam-
ily medical history, play an important role in the diagnosis of many cancer predis-
position syndromes. Although some cutaneous features are strongly indicative of a
specific diagnosis, others may be less common or less strongly associated with a par-
ticular syndrome; therefore, it remains important to consider these findings in the
context of a patient’s complete medical and family history. The current availability
of molecular testing for many hereditary syndromes has significantly advanced the
ability to distinguish and confirm a suspected clinical diagnosis. In addition to the
syndromes listed above, it is important to note that other cancer predisposition syn-
dromes may also have cutaneous components, and with the advancement of molecu-
lar testing, additional syndromes are likely to be identified in the future.
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Gene Index

Gene Page(s) Cancer Site
APC 111 Colon (Polyposis Syndromes)
BMPRI1A 111 Colon (Polyposis Syndromes)
167 Stomach
BRCA1 71 Breast
93 Ovary
133 Uterus
157 Pancreas
167 Stomach
BRCA2 71 Breast
93 Ovary
133 Uterus
157 Pancreas
167 Stomach
CDH1 71 Breast
167 Stomach
CDK4 203 Skin
CDKN2A 157 Pancreas
203 Skin
CTFR 157 Pancreas
CTRC 157 Pancreas
EPCAM 93 Ovary
133 Uterus
167 Stomach
FH 133 Uterus
143 Urinary Tract
FLCN 143 Urinary Tract
MEN1 187 Endocrine System
MEN2 187 Endocrine System
MLH1 93 Ovary
125 Colon (Nonpolyposis Syndromes)
133 Uterus
143 Urinary Tract
167 Stomach
MSH2 93 Ovary
125 Colon (Nonpolyposis Syndromes)
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226 Gene Index

Gene Page(s) Cancer Site
MSH2 (continued) 133 Uterus
143 Urinary Tract
167 Stomach
MSH6 93 Ovary
125 Colon (Nonpolyposis Syndromes)
133 Uterus
143 Urinary Tract
167 Stomach
MUTYH 111 Colon (Polyposis Syndromes)
PALB2 157 Pancreas
PMS2 93 Ovary
133 Uterus
143 Urinary Tract
167 Stomach
PRSS1 157 Pancreas
PTCH1 203 Skin
PTEN 71 Breast
111 Colon (Polyposis Syndromes)
133 Uterus
187 Endocrine System
RAD51C 93 Ovary
RAD51D 93 Ovary
RET 187 Endocrine System
SDHA 187 Endocrine System
SDHB 143 Urinary Tract
187 Endocrine System
SDHC 143 Urinary Tract
187 Endocrine System
SDHD 143 Urinary Tract
187 Endocrine System
SMAD4 111 Colon (Polyposis Syndromes)
167 Stomach
SPINK1 157 Pancreas
STK11 (LKB1) 111 Colon (Polyposis Syndromes)
157 Pancreas
TMEM127 187 Endocrine System
TP53 71 Breast
VHL 187 Endocrine System
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Syndrome Index

Syndrome Page(s) Cancer Site
Basal Cell Nevus Syndrome 203 Skin
Birt-Hogg-Dubé Syndrome 143 Urinary Tract
Cowden Syndrome 71 Breast
111 Colon (Polyposis Syndromes)
133 Uterus
187 Endocrine System
Familial Adenomatous Polyposis 111 Colon (Polyposis Syndromes)
167 Stomach
Hereditary Breast and Ovarian 71 Breast
Cancer Syndrome 93 Ovary
157 Pancreas
167 Stomach
Hereditary Diffuse Gastric Cancer 167 Stomach
Hereditary Melanoma 203 Skin
Hereditary Papillary RCC 143 Urinary Tract
Hereditary Pancreatitis 157 Pancreas
Hereditary Paraganglioma and 187 Endocrine System
Pheochromocytoma
Hereditary Nonpolyposis 157 Pancreas
Colorectal Cancer
Hereditary Leiomyomatosis and 133 Uterus
Renal Cell Carcinoma 143 Urinary Tract
111 Colon (Polyposis
Juvenile Polyposis Syndromes)
167 Stomach
Li-Fraumeni Syndrome 71 Breast
Lynch Syndrome 93 Ovary
125 Colon (Nonpolyposis
Syndromes)
133 Uterus
143 Urinary Tract
167 Stomach
MUTYH-associated Polyposis 111 Colon (Polyposis Syndromes)
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Syndrome Page(s) Cancer Site
Peutz-Jeghers Syndrome 93 Ovary
111 Colon (Polyposis Syndromes)
157 Pancreas
167 Stomach
PTEN hamartoma tumor 133 Uterus
syndrome
von Hippel-Lindau 143 Urinary Tract
187 Endocrine System
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A

Activated protein C (APC), 58

Adenomatous polyposis coli (APC) gene, 111
Adenomatous polyposis syndromes, 86
Adenosine diphosphate (ADP), 16

American Medical Association, 48

ARIDIA inactivating gene mutations, 168
Attenuated FAP (AFAP), 111

B
Bannayan—-ruvalcaba—riley syndrome, 135-136
Basal cell carcinoma, 209, 212
Basal cell nevus syndrome, 209
clinical criteria, 211t
diagnosis and genetic testing, 210-211
facial features, 210
medical management, 211
Bayes’ theorem, 73
BCNS, clinical criteria, 211t
Behavior Risk Factor Surveillance System, 42
BHD syndrome, 147-148
Bilateral salpingo-oophorectomy (BSO), 11, 135
Bilateral vestibular schwannomas, 219
Birt-Hogg-Dubé (BHD) syndrome, 143, 147-148
BMPRIA genes and Juvenile polyposis syndrome,
118
Brain tumor, 210
BRCAI and BRCA2 genes
and breast cancer, 72-73
management of, 74-76, 75t
psychosocial considerations, 76
risks, 73, 74t
germline mutations, 159
mutations, 157, 176
and ovarian cancer syndrome, 93-98
BRCA rearrangement testing (BART), 7
Breast cancer
BRCAI and BRCA2, 72-73
cancer risks, 73, 74t
management of, 74-76, 75t
psychosocial considerations, 76
CDH1, 85
Cowden syndrome
diagnostic criteria, 80
identifying, 80
management, 82
psychosocial issues, 82—84
risk, 80, 82t
Gail risk model for, 41
genes, moderate and low penetrance, 85-86
genetic testing for, 72
identification of high-risk individuals in,
71-72
LES, 77-79
psychosocial issues, 79-80
risk, 79

Lynch syndrome and MYH-associated polyposis,
86

PTEN, 80

SNP profiles for, 40t

STK11, 84-85

TP53,76-77
Breast Cancer Linkage Consortium, 94
Brenner tumors, 101

C
Cancer genetic counseling, 1-3, 2t
future directions, 15-16
issues in
confidentiality, 13-14
insurance and discrimination issues, 14—15
presymptomatic testing, 13
psychosocial issues, 12—13
risk factors, 3—4, 3t
session
DNA testing, 7-9
dysmorphology screening, 6
family history, 5-6
follow-up, 12
precounseling information, 4-5
risk assessment, 6-7
surveillance and risk reduction, 9-11
Cancer genetic testing, 57-58
clinical case reports, 58—63
advanced cancer diagnosis, 60—61, 60f, 61f
ethical issues, 63
genetic test results, misinterpretation of, 60
health care dollars, misuse of, 59
inaccurate medical management
recommendations, 58-59
inadequate genetic counseling, 63
unnecessary prophylactic surgery, 61-62,

wrong testing ordered, 58
errors in, 63—67
Carcinosarcoma, 133
CDHI1 and breast cancer, 85
CDKNZ2A gene, 160
carriers, 206
genetic testing, 208t
mutation, 161
Children, presymptomatic testing in, 13. See also
Cancer genetic counseling
Clear cell carcinoma, 133
Colorectal cancer (CRC), 111, 125
SNP profiles for, 40t
Congenital hypertrophy of the retinal pigment
epithelium (CHRPE), 114
Coriell Personalized Medicine Collaborative, 43
Cowden syndrome (CS), 4, 71, 80, 111
and cancer risk, 80, 82t
diagnostic criteria, 80
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Term Index

Cowden syndrome (CS) (continued)
hamartomatous polyposis, 119t, 121
identifying, 80
management of, 82, 83t
psychosocial issues, 82—84
testing criteria for, 81t

Cutaneous leiomyomas, 137. See also Hereditary
leiomyomatosis and renal cell carcinoma
(HLRCC)

D
Dana-Farber Cancer Institute, 178
DNA mismatch repair genes, 152
deCODEme Complete Scan, 48
Desmoid tumors, risk factors for, 113
Direct-to-consumer (DTC), 36
genetic testing, 36, 37t
for cancer risk, 38-39, 39f
changes in, 49-50
consumer issues, 41-45
controversy, 46—48
definition, 36
development of, 36-38
genetics professionals, 45-46
genomic risk profiling, 39-41
policy recommendations, 48—49
primary care, 45
pros and cons of, 47t
psychological consequences of, 44-45
public health implications of, 50
DNA testing, 7-9. See also Cancer genetic counseling
Dysgerminomas, 101

E
E-cadherin (CDH1) mutations, 168
Empiric risk counseling and management, 163
Endocrine tumors, 188t, 190
Endometrial cancers (EC), 125

risk of, 135

typel, 133

type 11, 133
Epidermal growth factor receptor, 147
Esophagogastroduodenoscopy (EGD), 114
Ethnicity and cancer mutation, 4
Bvista, for breast cancer treatment, 10
Exome sequencing, 196

F

Familial adenomatous polyposis (FAP), 4, 58, 111,
177

Familial intestinal gastric cancer, 171

FANCN gene, 160

FLCN gene, 148
molecular genetics, 148—149

Freeman—Sheldon syndrome, 26

Fumarate hydratase (FH) gene, 136-137,1 50

Fundic gland polyps, 113

G
Gardner syndrome, 111, 113
Gastric cancer, 167

causes of, 168

E-cadherin mutations, 172

environmental risk factors, 169
epidemiology of, 169-170
familial, 170
for HDGC, 172173
genetics, 169
geographic variations, 169
hereditary diffuse, 171-172
Gastrointestinal polyps, 121
Genetic Information Nondiscrimination Act
(GINA), 14, 65
Genetics and Public Policy Center, 36
Genotype—phenotype correlations, 189
GTPase activating protein, 212
Genome-wide association studies (GWASs), 36, 38
Germline mutations, 149, 160
Glycogenic acanthosis, 121
Gorlin syndrome, 4, 209
Granulosa cell tumors, 101

H
Hamartomatous polyposis
Cowden syndrome, 119t, 121
genetic counseling and testing, 121
Juvenile Polyposis syndrome, 118-120, 119t, 120t
Peutz—Jeghers syndrome, 118, 119t, 120t
Health Insurance Portability and Accountability Act
(HIPAA), 14
Heath Care Reform, 15
Helicobacter pylori, 169
Hypervascular tumors, 146
Hematochezia, 118
Hereditary breast and ovarian cancer (HBOC)
syndrome, 28, 72, 93-98, 176-177
Hereditary cancer, WGS and WES in
applications, 26-27
cancer genome sequencing, 27
counseling impact, 27-28
contracting, 28
patient follow-up, 33
pretest counseling, 28-32, 30t
risk assessment, 28
risk communication, 32
technologies, 23-25, 24f
limitations, 26
Hereditary Cancer Syndromes, 204t-205t
Hereditary diffuse gastric cancer, 171-172
screening and management of cancer risk in
HDGC, 174-175
Hereditary hemorrhagic telangiectasia (HHT)
symptoms, 120
Hereditary leiomyomatosis and renal cell carcinoma
(HLRCC)
and RCC, 149-150
and uterine cancer, 136—138
Hereditary melanoma, 206
referral criteria, 207t
Hereditary nonpolyposis, 151
Hereditary nonpolyposis colorectal cancer (HNPCC)
syndrome, 9, 98, 134-135, 151, 161-162
Hereditary pancreatitis (HP), 162
Hereditary papillary RCC, 149
Hereditary papillary renal cell carcinoma (HPRCC),
143
Hippel-Lindau (VHL) disease, 145-146
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Hippel-Lindau (VHL) gene, 143
associated lesions, 147
genetic testing, 147
genotype/phenotype correlations, 145t
molecular genetics, 146147
protein function, 147
HLRCC-associated renal lesions, 149
Hormone replacement therapy (HRT), 11
HPRCC-associated tumors, 149
Human Genetics Society of Australasia, 46

I

Immunohistochemical (IHC), 125

Inherited Cancer Predisposition Syndromes, 158t,
180t

Insulin-like growth factor 1, 189

International Gastric Cancer Linkage Consortium
(IGCLC), 85,170

]
Jaw Keratocysts, 210, 212
Juvenile polyposis syndrome (JPS), 111
and hamartomatous polyposis,
118-120
Juvenile Polyposis Syndrome, 179-180

L
LFS-like (LFL) families, 78
Li-Fraumeni syndrome (LFS), 76-77, 178
and cancer risk, 79
clinical criteria for classic, 78t
identifying, 77-79
psychosocial issues, 79-80
tumors associated with, 77t
Lynch-associated gastric cancers, 176
Lynch-associated tumors, 151
Lynch syndrome (LS), 9, 59, 134, 151, 175-176
Amsterdam criteria for clinical diagnosis of, 99t
causes of, 98
genetic counseling for, 130
management of, 130-131
and MYH-associated polyposis, 86
and ovarian cancer, 98—100
and uterine cancer, 134-135

M
Malignant mixed Miillerian tumor, 133
Medullary thyroid carcinoma (MTC), 4
MENT gene, 188

mutation, 189
Medullary thyroid carcinoma (FMTC), 190
Medulloblastoma, 212
MEN 1 tumors, 189

mutation, 189
MEN 2A

mutation classification system, 192t
MET proto-oncogene, 149
Microsatellite instability (MSI), 99, 125, 134
Mismatch repair (MMR), 98
MSI screening, 176
Muir-Torre syndrome, 126
Multiple endocrine neoplasia type 1 (MEN 1), 187
Multiple endocrine neoplasia type 2, 190

Term Index 231

MutY human homolog (MUTYH), 111
MUTYH-associated polyposis (MAP), 111, 115

N
National Center for Biotechnology Information, 49
National Comprehensive Cancer Network (NCCN),
4,72,135,195
guidelines for Cowden syndrome management, 83t
guidelines for management of BRCA1/2 carriers,
75t
guidelines for Peutz—Jeghers syndrome, 102t
testing criteria for Cowden syndrome, 81t
National Human Genome Research Institute, 50
National Society of Genetic Counselors, 46
Neurofibromas, 214
Neurofibromatosis type 1,212
NIH diagnostic criteria, 213t
Neurofibromatosis yype 2, 217
NF2 gene, 218
diagnostic criteria, 218t
Nonpolyposis syndromes
Amsterdam criteria and Bethesda guidelines,
126-127, 127t
genetic testing, 129-130
risk, 125-126
tumor screening, 128-129, 128t

(0]
Optic Pathway Gliomas, 217
Oral contraceptive (OCP), 98
Osler—Weber—Rendu syndrome, 180t
Ovarian cancer
cases of, 93
genes for, 94f
hereditary breast and, 93-98, 95t—96t
and Lynch syndrome, 98-100
and Peutz—Jeghers syndrome, 100-102
RAD51C gene and, 103
RAD5ID gene and, 103-104
risk factor for, 93
SNP profiles for, 40t
Ovarian cancer cluster region (OCCR), 94

P
PALB2 mutation, 160
Parathyroid abnormalities, 190
PCC mutations, 196
Peripheral Neuropathy, 219
PGL mutations, 196
Pheochromocytoma, 151
Plexiform Neurofibroma, 217
Predisposition Syndromes, 158t
Pancreatic cancer, 162
Pancreatic endocrine tumors, 187
Paraganglioma, 151
Peutz-Jeghers syndrome (PJS), 84, 111, 162-163,
178-179
clinical criteria for, 84t
and hamartomatous polyposis, 118
occurrence of, 118
and hereditary diffuse gastric cancer syndrome, 84t
NCCN guidelines for, 102t
and ovarian cancer, 100-102
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232 Term Index

Phosphatase and tensin homolog (PTEN), 80
clinical features, 193
germline mutations, 193
mutations, 193
promoter, 193
tumor suppressor gene, 193
Poly adenosine diphosphate ribose polymerases
(PARP), 16, 97
Polyposis syndromes, 111
adenomatous, 112t
colon phenotype, 113
extracolonic features, 113-114
FAP and AFAP, 111-113
genetic testing and counseling, 114-115
management, 114
hamartomatous polyposis
Cowden syndrome, 119t, 121
genetic counseling and testing, 121
Juvenile Polyposis syndrome, 118-120, 119t,
120t
Peutz—Jeghers syndrome, 118, 119t, 120t
MUTYH-associated polyposis
colonic phenotype, 115-116
extracolonic features, 116
genetic counseling and testing, 117-118
management of, 118
Primary hyperparathyroidism (PHPT), 187
Prostate cancer, SNP profiles for, 40t
PTCHI gene, 211
PTCHI mutations, 211
PTEN and breast cancer, 80
PTEN hamartoma tumor syndrome (PHTS)
defined, 136
and uterine cancer, 135-136

R
RAD51D and ovarian cancers, 103—104. See also
Ovarian cancer
Raloxifene, for breast cancer treatment, 74
Renal cell carcinoma (RCC), 143
approach for inherited susceptibility, 152f
genetic susceptibility, 143—144, 144t
lesions, 145—-146
renal lesions, 145-146
susceptibility, 151
Respiratory complications, 215
Retinal hemangioblastomas, 146
RET mutation, 190-191
RET proto-oncogene, 190
Rhabdomyosarcomas, 77
Risk reducing bilateral salpingo-oophorectomy
(RRSO), 97

S

Salpingooophorectomy, 74

Selective estrogen receptor modulators (SERM), 10
Serine threonine kinase 11 gene (STK11), 101
Serous papillary ovarian carcinoma, 73

Serrated polyposis, 116

Sertoli cell tumor, 101

Sessile serrated adenomas, 116

Sex cord tumors with annular tubules (SCTAT), 101

SDHB genes, 195

-associated renal tumors, 150
hereditary paraganglioma, 150-151
mutations, 150, 195

SDHC mutations, 196

SDHD genes, 195

SEER database, 159

Single-gene disorders, 205

Single-nucleotide polymorphisms (SNP), 6, 37

Skeletal abnormalities, 210

Splice-site mutations, 189

STK11 and breast cancer, 84-85
mutations, 163

T

Tamoxifen, for breast cancer treatment, 10, 74
Total abdominal hysterectomy (TAH), 11
TP53 gene and breast cancer, 76-77

Turcot syndrome, 111, 113, 126

U
Upper urinary tract cancers, 151
Urothelial cancers, 151
Urothelial carcinoma (UC), 143
Uterine
fibroids, 133
leiomyomas, 133, 136
symptoms of, 133
leiomyosarcoma, 137
Uterine cancer, 133
and hereditary cancer syndromes, 138
and hereditary leiomyomatosis and renal cell
carcinoma, 136-138
and Lynch syndrome, 134-135
occurrence of, 133
and PTEN hamartoma tumor syndrome,
135-136
Uterine leiomyomas, 133
Uterine leiomyomatosis, 150
Uterine papillary serous carcinoma (UPSC), 133
Uterine serous papillary carcinoma (USPC), 11

\%

Variant of unknown significance (VUS), 29

VHL disease, 145-146

VHL gene, 143

VHL-associated lesions, 147

von Hippel-Lindau Disease, 143, 197

Vascular endothelial growth factor
(proangiogenesis), 147

VIPomas (vasoactive intestinal peptide), 187

w
Whole-exome sequencing (WES)
in hereditary cancer
applications, 26-27
counseling impact, 27-33, 30t
limitations, 26
technologies, 23-25, 24f
Whole-genome sequencing (WGS)
in hereditary cancer, 23-33
World Health Organization
diagnostic criteria for serrated polyposis, 116
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