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Abstract

Familial pancreatic cancer (FPC) designates kindreds that contain at least two first degree relatives
with pancreatic ductal adenocarcinoma. Studies of FPC have focused on discovery of genetic
etiology and on management of those at genetically high risk. Over a decade of research reveals
that a half dozen known hereditary syndromes or genes are associated with increased risk of
developing pancreatic cancer, the most prominent of which are BRCA2 and CDKN2A. The search
for novel predisposition genes is ongoing, using traditional genetic epidemiology approaches as
well as next generation sequencing technologies. These strategies have been successful, with the
identification of FPC genes PALB2 and ATM. Genetic risk assessment and testing is already
available. Effective, evidence-based criteria and recommendations for managing patients and at-
risk family members in light of genetic status are nascent, but being disseminated. Research on
personalized therapy for pancreatic cancer among mutation carriers is ongoing. Due to limited
experience worldwide, guidance is often based upon expert opinion, though all agree that research
is needed to improve the shaping of options.
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Introduction

Pancreatic cancer is a devastating diagnosis for patients and their families, and is the fourth
leading cause of cancer death. Among the major cancers, pancreatic cancer has the worst
survival and historically has been the least studied. Approximately 95% of pancreatic
neoplasms are ductal adenocarcinomas. The rapid mortality of patients with pancreatic
adenocarcinoma makes this cancer challenging for research into basic, translational, and
epidemiologic studies. For genetic or molecular investigations which require biospecimens
for DNA studies, involving patients who are often too ill to participate and whose disease
precludes surgical resection (with consequent lack of tumor tissue), has posed difficulties.
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This longstanding dearth of knowledge has resulted in only minimal inroads to improve risk
reduction or survival. In the United States, incidence and mortality rates have remained
largely unchanged since 1973. During 2005-2009, the incidence rate for Whites was
11.6/105 and for African-Americans, 15.2/105. Mortality rates were comparably 10.7/105
for Whites and 13.8/105 for African-Americans.! The 5-year survival has been 4-6% for
decades.? The low survival from pancreatic cancer is primarily due to the advanced stage at
diagnosis in the majority of cases: by the time of diagnosis, 80% of pancreatic carcinomas
are no longer localized to the pancreas. To date, no reliable screening tests or effective cures
for pancreatic cancer are available; there are few long-term survivors.

It is crucial to advance our knowledge of etiology to enable evidence-based strategies to
decrease incidence and mortality. For years, pancreatic cancer was thought to be a sporadic
disease, due in part to the lack of systematic studies and the inherent challenges as described
above. Over the past two decades, however, there has been sustained effort to elucidate its
genetics. As demonstrated for a variety of cancers, genetic epidemiology and family-based
approaches have led to important breakthroughs in a variety of diseases, and particularly
cancer.3- Discerning familial patterns of cancer incidence, combined with detailed studies
of clinical and DNA variation, has defined a variety of inherited cancer syndromes and their
causal genes. We will review here the evidence for a genetic component of pancreatic
cancer, studies of hereditary syndromes that feature increased risk of pancreatic cancer, and
the current status of clinical translation of the findings.

Evidence for genetic basis of pancreatic cancer

Familial clustering

Early reports of familial clusters of pancreatic cancer provided the first suggestion that a
least a hereditary, but rare form of pancreatic cancer might exist. Reports of clusters
included families in which multiple siblings were affected (but not the parents)5-9 or one
family where each of three generations contained an affected member.10

Familial aggregation studies and analysis of families

More formal study designs that apply epidemiologic and genetic segregation analysis
methods are widely accepted standards to uncover existence of genetic basis for a cancer.
One conventional approach to investigating potential host susceptibility is to perform case-
control comparisons of family history of pancreatic cancer. A comprehensive summary of
these studies and estimated risks are listed in Table 1. Seven case control studies, two cohort
studies, one population-based genealogic analysis, and one case series that estimated
incidence of pancreatic cancer in relatives have found that first degree relatives have at least
a two-fold increased risk of developing pancreatic cancer. These findings are remarkably
consistent, given that case ascertainment and data collection spanned thirty or more years,
multiple countries and cultures, and different methods for estimating risk. A systematic
review and meta-analysis by Permuth-Wey and Egan?® of a cohort study and seven case-
control studies totaling 6,568 pancreatic cancer cases calculated an overall relative risk of
1.80 (95% CI: 1.48-2.12). They also found that 1.3% of pancreatic cancer in the population
is attributable to family history. The risk was consistent for both males and females, and did
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not differ by early or late age at diagnosis. With respect to risk for second degree relatives
(aunts, uncles, grandparents, grandchildren), both Hassan et al.12 and Shirts et al.13 reported
risks comparable to those of first degree relatives (relatives risks of 2.9 (95% CI: 1.3-6.3)
and 1.59 (95% ClI; 1.31-2.91, respectively). In addition, a large multicenter cohort study
examined risk by number of affected individuals and showed even high risk associated with
having two or more first degree relatives with pancreatic cancer with odds ratio of 4.26
(95% CI: 0.48-37.79).16

Our experience and that of others has shown that 8-10% of pancreatic adenocarcinoma
patients report having had a first degree relative (parent, sibling, or child) with pancreatic
cancer.14-15 This proportion is congruent with family history patterns observed in series of
patients with colorectal cancer, breast cancer, lung cancer, and prostate cancer. In addition, a
population-based twin study of cancer in Sweden by Lichtenstein et al.1” estimated
pancreatic cancer heritability to be 36%, similar to colorectal cancer (35%), higher than
breast cancer (27%), and slightly lower than prostate cancer (42%). Taken together, this
implies that pancreatic adenocarcinoma susceptibility patterns would be consistent with
those seen for the more common cancers and we would likewise expect that predisposition
genes exist.

Segregation analysis is a statistical method that determines if a gene consistent with a
Mendelian inheritance pattern could cause the observed familial aggregation of a trait. Klein
et al.18 analyzed family histories 287 pancreatic cancer patients seen from 1994-1999 at
Johns Hopkins Hospital in Baltimore, Maryland. The analysis rejected non-genetic
transmission models. The data best fit a major gene model that was predicted to follow an
autosomal dominant pattern of a rare allele; 0.7% of the population would carry a high risk
of developing pancreatic cancer due to this putative gene. A smaller study of 70 families by
Banke et al.19 arrived at a similar conclusion.

Familial pancreatic cancer (FPC) defined to advance research

Increased attention on the genetic analysis of pancreatic cancer required that a standard
definition be applied so that research on risk factors and gene discovery in the familial
setting would be consistent. In 1998, Hruban et al.2% proposed that FPC would be defined as
kindreds containing at least a pair of individuals who were affected with pancreatic
adenocarcinoma and who were first degree relatives. This definition was simple, yet
provided a sufficient boundary and is now widely used and facilitates a variety of studies. In
particular, the multicenter Pancreatic Cancer Genetic Epidemiology (PACGENE)
Consortium was formed to systematically collect risk factor and family history data plus
germline DNA from blood or saliva from members of FPC kindreds. The resources would
be used for gene discovery and genetic epidemiologic characterization.14 Many of the
advances described here were enabled by the ongoing activities of the PACGENE
Consortium members. To date, 44,183 patients at seven sites have been screened for family
history, of whom 3,190 (7.2%) with positive family history have been enrolled, along with
7,012 of their adult (99% unaffected) relatives.
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Characteristics of FPC: Sex, incident risk, age at onset, smoking, other
cancers—Based on the PACGENE data, approximately half of FPC patients are male,
which is consistent with the proportion observed in sporadic pancreatic cancer. With respect
to incident risk, family history studies described earlier clearly document the risk. Klein et
al.2! analyzed 5,179 individuals in 838 Johns Hopkins FPC kindreds and quantified risk
using standardized incidence ratios (SIR) that compared the number of incident pancreatic
cancers observed with those expected using Surveillance, Epidemiology and End Results
(SEER)?2 rates. During the followup period from time of enrollment, 19 pancreatic cancers
developed among the relatives. The observed-to-expected rate of pancreatic cancer was 9.0
(95% ClI: 4.5-16.1), significantly increased compared to members of sporadic kindreds. It
was also noted that with increasing number of affected individuals in the pedigree, the risk
increased: three affected first degree relatives in the kindred had a SIR=32.0 (95% ClI:
10.2-74.7), two affected had a SIR=6.4 (95% CI: 1.8-16.4), versus one affected had a
SIR=4.6 (95% ClI, 0.5-16.4). Compared to the general population incidence of 9 per
100,000, FPC relatives with three affected individuals in the pedigree have an estimated
incidence of 288 per 100,000, and for individuals with two affected individuals in the
kindred, the incidence is 57.6 per 100,000, and 41.1 per 100,000 if an individual has one
affected relative.

Risk of developing pancreatic cancer in the FPC setting was higher in smokers than in
nonsmokers. Individuals with a strong family history of pancreatic cancer have a
significantly increased risk of developing pancreatic cancer. Unlike hereditary breast cancer
or hereditary colorectal cancer syndromes, where the age of onset can be much younger by
10 to 20 years compared to sporadic cases, the difference in median age at diagnosis in FPC
is approximately five years. Compared to the general pancreatic cancer population (from
SEER data) where the mean age at diagnosis was 70.0 £12.1 years, the mean age among
FPC cases was 65.4 £11.6. Among the PACGENE kindreds, mean ages at diagnosis did not
significantly differ when stratified by number of affected individuals in the pedigree. With
respect to smoking history, 37% are never smokers, 47.1% are ever smokers, with smoking
status is unknown on 14.9%. In an Australian sample of 68 FPC patients, 60.3% were never
smokers.1> We and others have observed increased risk of other cancers in FPC kindreds,
particularly breast cancer, melanoma, and colorectal cancer. However, these risks have not
been systematically disentangled from analyses that also include germline mutations in
cancer susceptibility genes. In addition, much of the focus is on cancer among at-risk
relatives.

Genetic studies of familial pancreatic cancer

Hereditary syndromes with increased risk pancreatic cancer

In 1996, Lynch et al.23 asserted that genetic factors were estimated to play a significant role
in 5% of the total pancreatic cancer burden. Much research has been accomplished in the
intervening time. While novel genes that predispose to FPC remain to be discovered,
increased risk of pancreatic cancer is now known to be associated with half a dozen
inherited syndromes with known germline mutations, including BRCA1, BRCA2, CDKNZ2A,
PALB2, ATM, mismatch repair genes, and PRSSL and SPINK2 of hereditary pancreatitis.2
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These syndromes are summarized in Table 2, along with associated malignancies, and
estimates of pancreatic risk in these syndromic settings. The most prominent syndromes are
hereditary breast-ovarian cancer syndrome, particularly due to germline mutations in
BRCAZ2, and familial atypical mole and melanoma syndrome, due to mutations in CDKN2A.

It is also important to note that this review does not discuss low penetrance common genetic
polymorphisms which confer modest risk of pancreatic cancer (odds ratio <1.3). The
susceptibility variants were identified by genomewide association studies (GWAS)
involving large samples of sporadic pancreatic cancer cases and healthy controls. The
variants offer opportunities to study gene pathways and genetic-environment interactions.24
However, translation of these findings to the clinic is unlikely for some time.

Gene discovery studies in FPC

Family based gene discovery studies focused on linkage studies and candidate gene
approaches. Genetic linkage analysis requires a panel of hundreds to thousands of genetic
markers spaced across the genome, which are then used in conjunction with the family
structure and cancer phenotypes to assess the probability that an allele in a specific marker is
co-transmitted through the pedigree with the cancer phenotype. A lod score (log of the odds
that the allele is transmitted with the phenotype versus independently of the phenotype) is
calculated for each family and examined in aggregate. To date, no formal linkage analysis of
a large number of families has been published. The only linkage analysis of a single FPC
kindred in the literature examined a linkage region on chromosome 4p2° erroneously
concluded that the PALLD gene encoding the palladin protein was the predisposition
gene.28 PALLD mutation analysis of 48 FPC patients was unable to support the original
linkage finding.2”

An alternative approach to FPC gene discovery is candidate gene analysis. Studies that use
this approach are based on a plausible biological or clinical rationale for examining a
candidate gene in patients with pancreatic cancer. van der Heijden et al.28 identified gene
mutations in FANCC and FANCG, in the Fanconi anemia among young-onset pancreatic
cance. Rogers et al.2% examined 38 FPC kindreds for mutations but was not able to attribute
mutations to FPC. Couch et al.20 performed a mutation screen of the FANCC and FANCG
genes in 421 unselected Mayo Clinic cases, and found two mutations of FANCC in sporadic
young onset patients, but none in FANCG.

In another candidate gene study, McWilliams et al.3! analyzed for 39 mutations in the cystic
fibrosis transmembrane regulator (CFTR) gene in 949 unselected White Mayo Clinic
pancreatic cancer cases and used data on 13,340 White controls from a clinical laboratory
database. They found that 5.3 carried a common CFTR mutation versus 3.8% of controls,
giving an OR=1.40 (95% ClI: 1.04-1.89). Among patients who were younger when their
disease was diagnosed (<60 years), the carrier frequency was higher than in controls
(OR=1.82 (95% CI: 1.14-2.94).

Analogously, Murphy et al.32reported 17% prevalence of BRCA2 mutations among affected
individuals from 26 European FPC kindreds containing three or more affected members
with pancreatic cancer. Subsequent studies of individuals with pancreatic cancer from
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families meeting FPC criteria estimated BRCA2 prevalence ranging between 6-10%.33
Among Ashkenazi Jews, similar mutation prevalences were observed for both BRCAL and
BRCA2 34

Novel gene discovery in FPC patients using next generation sequencing

Advances in sequencing technology, bioinformatics, and computing capacity have moved
genomic researchers considerably forward in discovery of susceptibility genes for FPC.
High throughput sequencing of FPC kindreds results in discovery of two genes that were not
previously known to increase risk of pancreatic cancer: PALB2 and ATM. In both cases,
functional roles were supported by the loss of heterozygosity of the wild-type allele in the
pancreatic tumor of the patients. In the course of complete exome sequencing of unselected
pancreatic cancer patients, Jones et al.3° identified a germline truncating mutation in PALB2
that co-segregrated in an FPC patient. This led to screening the DNA of 96 more FPC
patients specifically for PALB2 mutations. Truncating mutations were detected in three
additional patients, however no difference was observed in age at diagnosis of the mutation
carriers. No PALB2 mutations were found in 1,084 normal controls. Similarly, mutations in
the ataxia telangiectasia mutated (ATM) gene were discovered to segregate with the
pancreatic cancer phenotype in two FPC kindreds by Roberts et al.3® The investigators
screened the ATM gene for mutations in DNA of 166 FPC patients, and identified four
carriers of deleterious mutations. No similar mutations were seen in 190 controls.

Taken together, the candidate gene approach and the unbiased genomic sequencing
approach are revealing, gene by gene, the extensive genetic heterogeneity of the FPC
phenotype. In addition to adding to the catalog of genes, they provide an opportunity to
study the potential effect of genetic mutations on age at diagnosis and risk of developing
other cancers.

Genetic analysis of cancer syndrome genes

With the identification of susceptibility genes, particularly in the context of hereditary
cancer syndromes, genetic testing for multiple susceptibility genes is readily feasible. The
approach used with this opportunity is to characterize the genetic variation in FPC patients
tested across genes. In a PACGENE Consortium study, Zhen et al.3” collected and
performed mutation analysis of germline DNA samples from 727 unrelated probands with
positive family history (521 met criteria for FPC). All patient samples were tested for
mutations in BRCAL, BRCA2, PALB2, and CDKN2A. Prevalence of mutations among FPC
probands was estimated. They found that prevalence of deleterious mutations among FPC
probands was: BRCAL, 1.2%; BRCA2, 3.7%; PALB2, 0.6%; and CDKN2A, 2.5%. The
probability of testing positive for deleterious mutations in any of the four genes ranges up to
10.4%, depending upon family history of cancers. BRCA2 and CDKN2A account for the
majority of mutations in FPC. These results are summarized in Table 2.

In the Ontario Pancreas Cancer Registry study,38 germline DNA from 290 patients with
varying degrees of family history sequenced a panel of 13 genes (APC, ATM, BRCAL,
BRCA2, CDKN2A, MLH1, MSH2, MSH6, PALB2, PMS2, PRSSL, STK11, and TP53). While
11 total deleterious mutations were found (three in ATM, one in BRCAL, two in BRCA2, one
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in MLH1, two in MSH2, one in MSH6, and one in TP53, the only mutation detected among
39 FPC patients was one in ATM. Due to the variation in family history and FPC status, the
aggregate probability of having a positive gene test is 3.8% in the Ontario study compared to
over 10% in familial subsets in the PACGENE study.

The emerging trend of multiple genetic testing of patients regardless of family history
indications is a concern. Commercial testing is already offered through genetic testing
companies, but recommendations regarding who is appropriate for genetic testing are
nascent. While there is a need for more genetic epidemiologic evidence, the aggregate
prevalence of mutations in current genetic panels is such that useful information may be
learned. Several whole genome and whole exome sequencing studies of large numbers of
pancreatic cancer and FPC patients series are ongoing. They are expected to inform risk
assessment and genetic testing using multi-gene panels.

Clinical translation of familial pancreatic cancer research

As has occurred with other cancer genes, the transfer of discoveries to the clinical laboratory
and bedside is occurring rapidly. Regrettably, there still remain gaps in our knowledge so
that strategies cannot be fully shaped in order to guide patients and their families. Multiple
fronts have been opened: personalized therapy, risk assessment and genetic testing,
screening and surveillance.

Personalized therapy

When a novel germline mutation is identified, its relevance and contribution to the cancer
phenotype is investigated. As described for PALB2 and ATM, a functional role is sought,
such as examining the matched tumor for additional mutations and loss of heterozygosity.
Work then proceeds to identify mechanisms to establish whether existing therapies could be
re-directed to address effect of the genetic alteration. In particular, several investigations of
PARPI [poly (ADP-ribose) polymerase inhibitor] in patients with BRCA1 or BRCA2
mutations in germline and/or tumor have been initiated33-49, and several pancreatic cancer
specific trials are enrolling®?. It is still too early to know whether the clinical trial outcomes
will lend credence to personalized therapy for mutation carriers.

Genetic testing and cancer risk assessment

By far, the most rapidly translational activity following discovery of a susceptibility gene is
determining the gene/mutation utility and suitability for genetic testing, risk assessment, and
counseling. Family history alone may trigger a referral to a cancer genetic counselor. With
the array of genetic tests available, it is unclear whether health care providers or patients will
seek to take up these new options. Genetic testing of at-risk individuals, particularly in
cancer high risk clinics, may be routinely offered. As discussed above, the cancer multigene
testing panels are a double-edged sword. Genetic testing can providing more information
than was previously available, and the yield may be higher, but interpretation may be
hampered for lack of evidence upon which to develop next steps.42-43
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Screening options for high risk individuals

Clinicians are being pushed by the pace of genetic discoveries and testing for FPC. It has
been a challenge to develop commensurate screening, surveillance and management
guidelines for genetically high-risk individuals. Clinical experiences of 49 experts were
shared in the Cancer of the Pancreas Screening (CAPS) Consortium to develop consensus on
a number of clinical scenarios.#> There was excellent agreement on goals of a screening
program (should detect and treat TAINOMO margin-negative PC and high-grade dysplastic
precursor lesions). Candidates for screening include first degree relatives of an affected
patient in an FPC kindred, patients with Peutz-Jeghers syndrome, and mutation carriers of
FPC hereditary cancer syndrome genes with an affected first degree relative. While initial
screening should include endoscopic ultrasonography (EUS) and/or MRI/magnetic
resonance cholangiopancreatography, the CAPS Consortium could not reach consensus on
ages to initiate or stop surveillance, nor on longer term management of problematic
scenarios.*®

The American College of Gastroenterology (ACG) has published its clinical guidelines on
genetic testing and management of hereditary gastrointestinal cancer syndromes, including
hereditary pancreatic cancer3. Agreeing with the CAPS Consortium, the ACG states that
surveillance of genetically high risk individuals should be performed at experienced centers
with a multidisciplinary approach. The ACG guidelines include a conditional
recommendation with low quality of evidence that surveillance for pancreatic cancer should
be with EUS and/or MRI annually starting at age 50 years, or 10 years younger than the
earliest age of pancreatic cancer in the family. The quality of the supporting data for the
guidelines is low and, combined with the experience and caution of others#7-48 it is
important to maintain perspective when counseling high risk relatives. Taken together, the
experts most familial with screening and surveillance of at-risk individuals in the setting of
FPC are taking careful steps forward but the challenges to achieve consensus underscore the
need for more research and collaboration.
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Key Points

Familial pancreatic cancer (FPC) designates kindreds that contain two or more
first degree relatives ever diagnosed with pancreatic ductal adenocarcinoma.

Patients with FPC constitute 8-10 percent of all pancreatic cancer patients.
Positive family history of pancreatic cancer is a consistent risk factor, with two-
fold increased risk to first degree relatives.

While novel genes that predispose to FPC remain to be discovered, increased
risk of pancreatic cancer is now known to be associated with half a dozen
inherited syndromes with known germline mutations, including BRCA1,
BRCA2, CDKN2A, PALB2, ATM, mismatch repair genes, and PRSSL and
SPINK2 of hereditary pancreatitis.

Predisposition genetic testing for individuals in FPC kindreds is feasible, and
typically will consist of sequencing a panel of multiple genes. Cancer risk
assessment is less precise and research into prevention and screening is nascent.

Guidelines for management of family members at risk for FPC are being
developed or disseminated. Due to limited experience worldwide, guidance is
often based upon expert opinion. All agree that more research is needed to
improve the shaping of options.
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Genetic polymorphisms

and gene-environmentinteractions
(e.9., ABO, CLPTM1L, TERT, PDX1)

\_\_
Sporadic |
~70%
Young onset sporadic
(<60 years of age)
~20%
Familial pancreatic cancer
~10% )
(e.g., BRCA2, CDKN2A, PALB2, Uncommon hereditary syndromes
DNA mismatch repair genes) ~2%
(e.g., Hereditary pancreatitis, Peutz-Jeghers

syndromes)

Figure 1.
Subsets of pancreatic adenocarcinoma patients who carry gene mutations or variants that

increase susceptibility. The majority of pancreatic adenocarcinoma is considered sporadic
without any known associated genetic or hereditary factor. Low penetrance genetic

polymorphisms which confer modest risks (odds ratio <1.3) were identified in genomewide

association studies. A modest proportion of young onset sporadic pancreatic cancer
patients carry deleterious germline mutations in known cancer genes or polymorphisms
associated with pancreatic cancer risk. The genetic basis of familial pancreatic cancer is
only partly explained by known cancer genes. Uncommon hereditary syndromes confer
increased risk of pancreatic cancer.
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