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Abstract

Pancreatic cancer requires many genetic mutations. Combinations of underlying germline variants
and environmental factors may increase the risk of cancer and accelerate the oncogenic process.
We systematically reviewed, annotated and classified previously reported pancreatic cancer-
associated germline variants in established risk genes. Variants were scored using multiple criteria
and binned by evidence for pathogenicity, then annotated with published functional studies and
associated biological systems/pathways. Twenty-two previously identified pancreatic cancer risk
genes and 337 germline variants were identified from 97 informative studies that met our inclusion
criteria. Fifteen of these genes contained 66 variants predicted to be pathogenic (APC, ATM,
BRCA1, BRCAZ, CDKNZA, CFTR, CHEKZ, MLH1, MSHZ2, NBN, PALBZ, FALLD, PRSS1,
SPINK1, TP53). Pancreatic cancer risk genes were organized into key biological mechanisms that
promote pancreatic oncogenesis within an oncogenic model. Development of precision medicine
approaches requires updated variant information within the framework of an oncogenic
progression model. Complex risk modeling may improve interpretation of early biomarkers and
guide pathway-specific treatment for pancreatic cancer in the near future. Precision medicine is
within reach.
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Introduction

Pancreatic cancer remains an uncommon but highly lethal cancer, with an overall five-year
survival of less than 8%.1 Lifetime risk for pancreatic cancer is 1.5%, with an estimated
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53,670 new cases in the United States in 2017.1 While it is relatively rare, comprising about
3.1% of all cancer cases, pancreatic cancer is now ranked the third leading cause of death
among all cancers in the United States. Its most common form is pancreatic ductal
adenocarcinoma (PDAC), which also has the worst prognosis. As a recalcitrant cancer
(cancer with a 5-year relative survival rate below 50%), the interest and research into the
prediction, detection, and management of pancreatic cancer continues to intensify.

Multiple challenges confront physicians and scientists who specialize in pancreatic cancer
diagnosis and treatment.? First, most of the known risk factors are common, such as alcohol
consumption, smoking, diet and obesity, and have only small independent effect sizes.
Secondly, though genome wide association studies (GWAS) identified some risk loci, the
effect sizes of these variants are too low to be of clinical value in current paradigms. Third,
there are no easily identifiable and manageable pre-malignant lesions, with the exception of
some cystic lesions. Fourth, the location of the pancreas limits accessibility for collection of
biomarkers. Furthermore, biopsies are invasive and associated with risk of acute pancreatitis
or other complications. Fifth, PDAC metastasizes early, typically before the original tumor is
identified. Sixth, PDAC is resistant to cure from standard chemotherapy and radiation.
Finally, PDAC strongly affects metabolism and the immune system, leading to rapid demise
despite a relatively small tumor burden.

Pancreatic cancer is both an inherited and acquired genetic disorder. The pathobiology is
complex, as no dominant germline mutation or environmental factor accounts for the
majority of disease burden, suggesting that multiple factors and random events interact over
a number of years to eventually cause pancreatic cancer later in life, typically PDAC.3 This
process is represented by our Whitcomb-Shelton-Brand Progression Model of PDAC
Oncogenesis illustrated in Figure 1.3 The inherited cancer susceptibility genes (left box) are
shown to influence different steps in oncogenesis. In a subset of patients, injury and
inflammation of the pancreas manifest as chronic pancreatitis or diabetes mellitus. When
this process is aggravated by environmental factors such as alcohol and smoking, it may
promote somatic mutagenesis and dedifferentiation of parenchymal cells into pancreatic
cancer stem cells. As expected, those subjects who have an inherited pathogenic germline
mutation are at even a greater risk since fewer critical steps are required.?3

Germline mutations clearly increase risk for pancreatic cancer, and multiple familial
pancreatic cancer kindreds have been described. While early estimations indicated that up to
10% of pancreatic cancer cases have a familial basis, only a limited number of susceptibility
genes have been identified.# The germline mutations within specific genes define rare
hereditary cancer syndromes associated with high risks for pancreatic cancer. Examples
include the ataxia telangiectasia gene (ATM), familial atypical multiple mole melanoma
(FAMMM) syndrome linked to the CDKNZA gene, and Hereditary Breast and Ovarian
Cancer syndrome caused by mutations in BRCAI and BRCAZ. The association of
pancreatic cancer with familial syndromes provides insight into early mechanisms of
oncogenesis and opportunities to identify high-risk patients for surveillance and prevention
programs.
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Despite current knowledge, interpretation and application of genetic risk of pancreatic
cancer to manage patients remains challenging. Genetic testing and elucidation of targetable
molecular pathways will be critical to improve and facilitate risk estimation, early diagnosis
and personalized treatment. One approach involves the development of conceptual
pancreatic cancer models, which allow complex information to be organized and predictive
features tested in rational ways. Improvements in sequencing technology have facilitated the
discovery of many germline variants associated with pancreatic cancer susceptibility in
recent years. Furthermore, more complex combinations of low-penetrance variants that
together markedly increase risk may be identified in some patients — a concept that has not
yet been integrated into clinical interpretation and care in standardized ways.

Here, we review and summarize published germline variants associated with increased risks
for pancreatic cancer, including new findings since our 2012 report.# We list and describe
multiple risk factors using an organizational approach adapted from our Progression Model
of PDAC Oncogenesis (Fig. 1).

MATERIALS AND METHODS

Query Building

Germline variants associated with pancreatic cancer risk were identified through systematic
review. First, reviews that discussed genes with germline variants identified in pancreatic
cancer cases were retrieved from the PubMed database (http://www.ncbi.nlm.nih.gov/
pubmed) from 2012 to June 2017. The following query (Query 1) was used:

("pancreatic cancer"[All Fields] OR "pancreatic neoplasms"[Mesh]) AND ("genes"[All
Fields] OR "gene"[All Fields]) AND "germline"[All Fields] AND Review[ptyp] AND
("2012/01/01"[PDAT] : "2017/06/30"[PDAT]).

In Query 1, 24 reviews were identified. The genes identified from these pancreatic cancer
reviews were compiled into a list for Query 2 — to acquire detailed information on previously
identified germline variants in these genes. We also added the KRAS proto-oncogene to our
query out of recognition that somatic KRAS activating mutations drive early oncogenesis
and are found in >90% of PDAC cases® (see discussion). Studies were then identified with
the following query (Query 2):

("PANCREATIC CANCER"[ALL FIELDS] OR "PANCREATIC NEOPLASMS"[MESH]
OR (("PANCREATIC"[ALL FIELDS] OR "PANCREAS"[ALL FIELDS]) AND
"CANCER"[ALL FIELDS])) AND (("HEREDITARY PANCREATITIS"[ALL FIELDS]
OR "PRSS1"[ALL FIELDS] OR "SPINK1"[ALL FIELDS] OR "SPINK2"[ALL FIELDS]
OR "GGT1"[ALL FIELDS] OR "CFTR"[ALL FIELDS] OR "CTRC"[ALL FIELDS]) OR
"KRAS"[ALL FIELDS] OR (("LI-FRAUMENI SYNDROME"[ALL FIELDS] OR
"TP53"[ALL FIELDS]) OR "SMADA4"[ALL FIELDS] OR ("ATAXIA-
TELANGIECTASIA"[ALL FIELDS] OR "ATM"[ALL FIELDS]) OR "CHEK2"[ALL
FIELDS] OR ("FAMILIAL ATYPICAL MULTIPLE MOLE MELANOMA"[ALL FIELDS]
OR "CDKN2A"[ALL FIELDS]) OR ("PEUTZ-JEGHERS"[ALL FIELDS] OR
"STK11"[ALL FIELDS])) OR (("HEREDITARY BREAST AND OVARIAN

Pancreas. Author manuscript; available in PMC 2019 September 01.


http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhan et al.

Page 4

CANCER"[ALL FIELDS] OR "BRCAL"[ALL FIELDS] OR "BRCA2"[ALL FIELDS] OR
"BARD1"[ALL FIELDS]) OR ("FANCONI ANEMIA"[ALL FIELDS] OR "PALB2"[ALL
FIELDS] OR "FANCA"[ALL FIELDS] OR "FANCC"[ALL FIELDS] OR "FANCG"[ALL
FIELDS] OR "FANCM"[ALL FIELDS]) OR ("LYNCH SYNDROME"[ALL FIELDS] OR
"MLH1"[ALL FIELDS] OR "MSH2"[ALL FIELDS] OR "MSH6"[ALL FIELDS] OR
"PMS2"[ALL FIELDS] OR "EPCAM"[ALL FIELDS]) OR "POLN"[ALL FIELDS] OR
"POLQ"[ALL FIELDS] OR "NBN"[ALL FIELDS] OR "PTEN"[ALL FIELDS]) OR
("PALLD"[ALL FIELDS] OR ("FAMILIAL ADENOMATOUS POLYPOSIS"[ALL
FIELDS] OR "APC"[ALL FIELDS]))) AND ("0001/01/01"[PDAT] : "2017/06/30"[PDAT])

Relevant studies published before June 30, 2017 and available in English were retrieved,
filtered and reviewed.

Literature Selection

Studies from Query 2 were first filtered by publication type and abstract keywords, then
selected by the following inclusion criteria: (1) authors evaluated possible associations
between germline variant(s) and risk for pancreatic cancer, or authors identified germline
variant(s) in pancreatic cancer patients. Studies on non-adenocarcinoma types of pancreatic
cancer were excluded; (2) the type of identified variant(s) is expected to alter protein
structure (e.g. frameshift, missense, alternative splicing); and (3) identified variant(s) can be
mapped onto the hgl19 (human genome 19) reference genome with information provided in
studies.

Data Collection

The following information was extracted from the filtered studies: First author, publication
year, PubMed ID, gene name, germline variant (variant coding DNA nucleotide change with
referenced transcript and amino acid change), mutation type, variant pathogenicity indicated
in the study, if the variant is described in a hereditary cancer family and co-segregation with
disease. Other information, including study population, number of cases/controls reported,
and significance, was collected if available. Germline variants were mapped onto the human
reference genome GRCh37 (UCSC hg19) and annotated with EXAC (Exome Aggregation
Consortium) minor allele frequency (MAF),® Combined Annotation Dependent Depletion
(CADD) score,’ variant rsID (reference single nucleotide polymorphism [SNP] ID) (dbSNP
[The Single Nucleotide Polymorphism database] build 147) and ClinVar clinical
significance. Nucleotide changes and transcripts were formatted in HGVS (Human Genome
Variation Society) and RefSeq (National Center for Biotechnology Information [NCBI]
Reference Sequence Database) nomenclature, respectively.

Variant Evaluation and Categorization

Variants were scored across multiple criteria and binned according to the level of evidence
for pathogenicity. The criteria and scoring algorithm used to evaluate variants was adapted
from the American College of Medical Genetics and Genomics (ACMG) guidelines for
variant interpretation (Table 1).8 Scores were summed across the seven criteria groups for
each variant and binned into pathogenic categories according to aggregate scores: =5 —
pathogenic (bin 1); 3-4.5 — likely pathogenic (bin 2); 0.5-2.5 — uncertain significance (bin
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3); <0 — Jikely benign (bin 4). If a variant met more than one subcategory within a criteria
group, the highest score was selected for that criterion. The criteria met from Table 1 and
respective binning category were summarized and appended for each variant.

Risk Factor Review

RESULTS

According to protein function/molecular pathway and The Progression Model of PDAC
Oncogenesis, genetic risk factors identified in Query 1 were organized into four different
biological systems of cellular processes and oncogenic steps — (1) cell injury; (2) cell growth
and cycle control; (3) DNA repair, and (4) cell mobility and adhesion (Table 2). We separate
cell growth/cycle regulation and DNA repair, but recognize the interaction and synergism of
acquired mutations that progressively impair both of them.

A critical review and discussion of each risk gene was conducted in the context of this
model. These organizational themes represent a framework for constructing rigorous disease
models for risk assessment and therapeutic decision-making.

Search Results

In Query 2, we identified 3463 potentially relevant studies published on or before June 30,
2017 in PubMed (Fig. 2). A total of 578 (16.7%) studies were excluded according to their
publication type (i.e., they were review articles). Of the remaining 2885 studies, 2182
(75.6%) were identified to be irrelevant upon keyword screening of their title and abstract (if
available). An additional 495 (70.4%) were excluded because they did not provide
information on pancreatic cancer inherited risk genes or germline variants from pancreatic
cancer patients. Finally, we examined the 208 remaining studies, 97 (46.6%) of which
reported on germline variants associated with pancreatic cancer that passed our variant
filtering criteria. The characteristics of these 97 studies are summarized in Supplementary
Table 1.

Twenty-two genes were we reported in multiple studies, strengthening the evidence for
pathogenicity (Table 3).

Germline Variants Associated With Pancreatic Cancer

Hundreds to thousands of germline variants are expected to contribute to pancreatic cancer
susceptibility, many of which are rare or private variants. Germline variants that were
identified in multiple pancreatic cancer cases and found to be both common and either
pathogenic or likely pathogenic by multiple criteria were summarized. Twenty variants were
identified in multiple studies and reported here as pathogenic (Table 4). An additional 46
variants were categorized as /ikely pathogenic (Supplementary Table 2), and the remaining
variants were categorized as variants of uncertain significance (VUS) (see Supplementary
Table 3 for all variants).

A review of the pancreatic cancer susceptibility genes indicated that they are each subsets of
four different biological systems — cell injury; cell growth and cycle control; DNA repair;
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and cell mobility and adhesion. It was not possible to determine if individuals had mutations
in multiple biological systems from the available studies.

DISCUSSION

Pancreatic cancer (OMIM #260350) is an inherited and acquired genetic disorder, for which
an increased risk is associated with a number of different genes in different biological
systems. Predictive genetic testing can be used to estimate patient risk for pancreatic cancer,
particularly if there is a known pathogenic risk variant in the family or another high pre-
existing risk, such as chronic pancreatitis. However, understanding overall risk of pancreatic
cancer and other complex disorders remains a challenge for clinicians and scientists.
Epidemiology and family studies demonstrate a small overall increased risk (standardized
incidence ratio (SIR) of 1.88; 95% confidence interval (Cl), 1.27-2.68) of pancreatic cancer
among first-degree relatives of patients with pancreatic cancer.® Since most environmental
factors also confer relatively small increased risk (2-3 fold), we hypothesize that
independent pathogenic germline variants in cancer susceptibility genes are small because
they only affect one step in a complex process. However, a combination of inherited and
acquired pathogenic genetic factors, affecting multiple steps in a pathogenic pathway and
driven by environmental stressors,0 will have a large combined effect. For example,
smoking is known to approximately double the risk of pancreatic cancer. This relative risk
may appear low, but for patients with hereditary pancreatitis, doubling a 20% risk of
pancreatic cancer to 40% is clinically important, especially as smoking also decreases the
age of onset up to 20 years.11.12 Knowledge of the effect of smoking in hereditary
pancreatitis resulted in a drastic reduction in smoking in these patients over the past 20
years, with a marked decrease in the overall rate of pancreatic cancer by age 70 years.13
Thus, understanding the combination of risk factors in patients with high pre-existing risk
should influence clinical management decisions.

Still, the identification of genetic variants in an individual poses several challenges with
interpretation and subsequent determination of beneficial actions. One approach, used here,
continuously updates and expands the list of reported variants, with an expectation that, with
sufficient numbers, pathogenic variants will be enriched in subjects with pancreatic cancer
compared to control populations. Databases such as ClinVar, which aggregate information
on the relationships between genomic variants and human phenotypes, are an important
resource of variants and their proposed clinical significance identified through clinical
testing laboratories. However, the data is organized on a model of rare germline single
disease susceptibility loci with strong genetic effects, without a framework to recognize the
contributions of additive or interacting variants. A more sophisticated solution may require a
paradigm shift from traditional Mendelian genetics to disease modeling with outcome
simulation to anticipate the efficacy of possible interventions. Application of the new
paradigm results in true personalized medicine.

Fortunately, knowledge of PDAC continues to grow through discoveries from
complementary approaches. Genetically engineered mouse models (GEMMs) have
demonstrated the unequivocal interrelationship between pancreatic inflammation, specific
genetic variants and PDAC development.14-19 Likewise, next generation sequencing of
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PDAC tumors and early lesions provides insights into the complex but stereotypic pathways
of oncogenesis.20 The clinical application of this knowledge naturally lags behind by a
number of years, but continued organization and interpretation of accumulated clinical and
translational data has the potential to rapidly accelerate the development of clinically useful
tools. The ACMG guidelines for variant interpretation® represents an important step for
harmonizing reporting practices across clinical laboratory reports, noting that in clinical
practice “pathogenic” (e.g. bin 1) and “likely pathogenic” (e.g. bin 2) are often combined.

Cell Injury Risk — PRSS1, SPINK1, and CFTR

Chronic pancreatitis (CP) has been long established to be a strong risk factor for pancreatic
cancer,?! and pancreatic inflammation is an early event in the carcinogenic process.
Recurring or persistent inflammation is a known driver of cellular turnover, which inevitably
increases the chance of somatic mutagenesis and promotes a microenvironment that selects
for malignant cell properties.2223 Indeed, KRAS mutations, which are found in precursor
lesions (PanINs), can be found in CP pancreata with disease duration of > 3 years.24 An
association between acute pancreatitis and risk for pancreatic cancer was also recently
identified.2® The risk of pancreatic cancer appears to be high with long-standing chronic
pancreatitis, especially when genetic mutations in pancreatitis susceptibility genes cause
early onset chronic pancreatitis. While these mutations increase the risk of pancreatic cancer
in patients who develop chronic pancreatitis, most pancreatic cancer patients do not have
commonly recognized mutations in PRSS1, SPINK1 or CFTR.26

PRSSI1 (Gene ID: 5644) codes for protease, serine 1, also known as trypsin-1 and cationic
trypsinogen. Cationic trypsinogen is a digestive enzyme precursor and the most highly
expressed isotype of three trypsinogens that are expressed in the pancreas. Trypsinogen is
activated to trypsin, serving as an endoprotease to cleave peptide chains at arginine or lysine.
Trypsin is also a master regulator that activates trypsinogen and other pancreatic zymogens
and inactivates other trypsin molecules. Cationic trypsin (the active form of trypsinogen) is
the primary driver of cell injury and inflammation in acute pancreatitis, which can lead to
CP. Gain-of-function mutations in PRSS1 result in susceptibility to premature activation
and/or resistance to degradation. Other mechanisms, described below, impair trypsin
inhibitors or the ability of duct cells to quickly flush trypsinogen out of the pancreatic duct
and into the duodenum.

Patients with PRSSI gain-of-function variants (e.g. p.Asn29lle [p.N291], p.Arg122His
[p.R122H]) are at high risk of hereditary pancreatitis (OMIM: 167800), which is associated
with a first attack around age 10-12 years and a high risk for progression to CP in the 219 or
3" decade of life. Estimates for cumulative risk for pancreatic cancer at age 70 range from
7.2-40%,11.13.27.28 which is believed to be a consequence of lifetime exposure of the
pancreas to inflammation. However, PRSSI mutations are an uncommon cause of
pancreatitis (~1%), and only 5% of patients with CP (all etiologies) will develop pancreatic
cancer over a 20 year period.2

SPINK1 (Gene ID: 6690) codes for serine peptidase inhibitor, Kazal type 1, also known as
pancreatic secretory trypsin inhibitor. It is a suicide trypsin inhibitor that is upregulated with
inflammation to protect the pancreas from autodigestion by trypsin and other pancreatic
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digestive enzymes that might be activated by trypsin. Loss-of-function mutations in SPINK1
indirectly increase the risk for trypsin-related injury. Pathogenic variants in SPINKZ and its
regulatory elements are common in the general population (~2%) and are associated with
CP.30 While pathogenic SPINK1 germline variants can cause an autosomal recessive form of
pancreatitis, they more commonly act as disease modifiers in combination with other genetic
variants.3! Studies have also confirmed that SP/NKI mutations are associated with a higher
risk for pancreatic cancer, particularly in patients with chronic CP.32-34 The association
between SP/NK1 variants and pancreatic cancer appears small, since SP/INK1 variants are
only important in the context of recurrent, premature trypsin activation, and of the patients
who do develop recurrent acute and chronic pancreatitis, only a small fraction progress to
pancreatic cancer over time. Finally, of the patients who do develop pancreatic cancer, only a
subset have pre-existing CP. Nevertheless, there is a real risk within the right context.

CFTR (Gene ID: 1080) codes for the cystic fibrosis transmembrane conductance regulator
protein. CFTR is an anion channel expressed in secretory or absorptive epithelial cells of the
respiratory, digestive, and reproductive systems and the skin. It can change conformations to
be primarily a chloride-conducting or bicarbonate-conducing channel. Several organs utilize
the bicarbonate conducting function, including the pancreas, vas deferens and sinuses.3®
Severe mutations in CFTR cause classic cystic fibrosis, an autosomal recessive disorder
(OMIM: 602421) by impairing both chloride and bicarbonate conductance. Lack of ion
conductance results in lack of fluid secretion and, therefore, pancreatic inflammation from
retained trypsin. More recently, CFTR variants have been discovered that impair bicarbonate
conductance only, leaving chloride conductance intact.3> While both forms are associated
with pancreatitis, heterozygous CFTR carriers also have an increased risk of recurrent acute
and chronic pancreatitis,3¢:37 particularly in the presence of SP/INK1 or CTRC mutations,
38,39 or pancreas divisum,40:41

Patients with CFTR-associated chronic pancreatitis are at increases risk of pancreatic cancer.
Hamori et al*2 reported that among pancreatitis patients who were followed longitudinally
(1-40 years), those with CFTR-related chronic pancreatitis (all of whom were smokers) had
a SIR of 26.5 (95% Cl, 8.6—61.9) for pancreatic cancer. In contrast, among patients with
pancreatic cancer, CFTR-variants are uncommon.26:43 McWilliams et al*3 compared the
frequency of 39 common CFTR variants in 949 white patients and 13,340 white controls and
found a significant association between pancreatic cancer and CF7R variant carrier status
(odds ratio (OR), 1.40; 95% ClI, 1.04-1.89).43 Thus, CFTR appears to be linked to
pancreatic cancer when it causes chronic pancreatitis (often early onset), but is not a major,
direct cause of pancreatic cancer.

The field of pancreatic genetics is rapidly expanding with the discovery of multiple
susceptibility genes and disease modifying factors. Most of the pathogenic variants are rare,
have small independent effect sizes, or are part of complex risk signatures with other factors.
However, the three extensively studied genes, PRSS1, SPINKI and CFTR, provide insight
into a more general mechanism of pancreatic cancer — generation of recurrent injury and/or
inflammation in the gland.
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Cell Growth and Cell Cycle Control —-TP53, ATM, CHEK2, CDKN2A, and STK11

Proper functioning of proteins that regulate cell growth and the cell cycle provide a critical
protection against oncogenesis. Loss of their regulation drives uncontrolled proliferation,
and activation of the DNA damage checkpoint occurs in the early stages of intraductal
papillary mucinous neoplasms (IPMNs) and PanIN lesions.#44> This concept is further
evidenced by the contribution of mutations in 7P53and KRAS — two critical early initiators
of pancreatic oncogenesis.

KRAS (Gene ID: 3845) codes for the KRAS proto-oncogene GTPase, an important
regulator of cellular response to cytokines, hormones and growth factors, cell proliferation,
46,47 transcriptional silencing of tumor suppressor genes,*8 and the inflammatory response.
49.50 Activating mutations in KRAS are implicated in various malignancies, including
colorectal carcinoma, lung cancer and pancreatic cancer. The most consistent feature of
pancreatic cancer is the somatic KRAS activating mutation p.G12D (KRASC12D) 51
Genetically engineered mouse models that include KRASZ22C develop pancreatic cancer,
especially after induction of acute pancreatitis.>2 However, germline KRASS22P gain-of-
function variants are rare in humans, and loss-of-function variants have not been linked to
pancreatic cancer.

Tumor protein p53 (7P53, Gene ID: 7157) codes for a tumor suppressor that regulates cell
proliferation, DNA repair and apoptosis in response to cellular stress. KRASand 7P53are
the two genes most frequently detected to contain somatic mutations in PDAC (93.7% and
56%, respectively),® and particularly KRAS in PanIN1A lesions (92.3%).53:54 Mutations in
TP53 can cause Li-Fraumeni syndrome (OMIM: 151623), which is characterized by a high
risk for cancer (in one report, 60% by age 45 years and 95% by age 70),%° including a
relative risk (RR) of 7.3 for pancreatic cancer.%6 Other tumor suppressors in which mutations
are associated with pancreatic cancer include A7TM, CHEKZ, CDKNZA, and STK11.

ATM (Gene ID: 472) codes for a protein kinase that regulates cell proliferation and detects
DNA damage to coordinate DNA repair.°’ Biallelic mutations in A7M cause Ataxia-
telangiectasia (OMIM: 208900), a rare disorder characterized by progressive ataxia,
telangiectasias, a weakened immune system, and an increased risk for cancer—especially
leukemia and lymphoma. The prevalence of A7M mutations have been found to be
significantly greater in familial pancreatic cancer cases than spouse controls (2.4% v. 0%),%8
and have also been identified in sporadic cases.>® A whole genome sequencing study
detected a relatively high number of rare deleterious A7M variants in familial pancreatic
cancer cases, among other familial pancreatic cancer genes.%0 Furthermore, somatic biallelic
inactivation of A7M is found more frequently in tumors from familial pancreatic cancer
cases than in sporadic controls.81 One study estimated a RR of 2.41 (95% ClI, 0.34-17.1) for
pancreas cancer in heterozygous A7M mutation carriers.52

CHEK?Z (Gene ID: 11200) codes for a protein kinase that functions in response to DNA
damage and interacts with several proteins including p53. It is also a contributing factor to
Li-Fraumeni syndrome (OMIM: 609265). CHEKZ2 was initially reported as a multi-organ
cancer susceptibility gene associated with breast, prostate, colon and pancreas cancer, with
low-to-moderate penetrance.®® More evidence for significant associations between CHEK2
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and pancreatic cancer have been identified, but larger studies are needed to fully elucidate
interactions and risks associated with CHEKZ2 mutations.54:6% Furthermore, limitations in
our understanding and its low-to-moderate penetrance make interpretation and risk
counseling difficult when CHEKZ mutations are identified in isolation.

CDKNZA codes for several proteins that regulate cell growth and division, including p16
(INK4A) and p14 (ARF). The p14 protein protects p53 from degradation.56 Familial
atypical multiple mole melanoma (FAMMM, OMIM: 155601 & 606719) has been
associated with CDKNZA mutations, but with reduced penetrance and variable expressivity.
FAMMM is typically characterized by multiple atypical nevi, melanoma and increased risk
for internal malignancies, especially pancreatic cancer (13-22 fold in FAMMM, and 38-fold
for CDKN2A FAMMM).87 A combined study spanning three continents reported a
significant association between pancreatic cancer and CDKNZA mutations in North America
(P = 0.02) and Europe (P< 0.001).58 A large cohort study also identified deleterious
CDKNZA mutations in 13 pancreatic cancer cases with a positive familial history out of 727
unrelated probands.®9 Still, screening for CDKN2A mutations is controversial due gaps in
our knowledge of CDKNZA genotype-phenotype relationships.

STK11 (Gene ID: 6794) codes for a kinase that regulates AMP-activated protein kinase
(AMPK) family members, which function in a variety of processes, including cell growth.
Mutations in STK11 cause Peutz-Jeghers syndrome (PJS, OMIM: 175200), an autosomal
dominant disorder characterized by gastrointestinal hamartomatous polyps, mucocutaneous
pigmentation, and elevated cancer risks (gastrointestinal, breast, colon). Somatic loss of
STK11 heterozygosity has been observed in carriers that develop pancreatic cancer,
consistent with the ‘two-hit hypothesis’ for the role of tumor suppressors in cancer initiation.
70 One report identified a RR of 139.7 (95% Cl, 61.1-276.4) in Italian patients with PJS."1
Mutations in STK11 are rare, and over 340 mutations associated with PJS have been
identified. Therefore, knowledge is limited by small sample sizes for individual variants.

DNA Repair — BRCAL, BRCA2, PALB2, FA genes, and MMR genes

DNA repair refers to a critical set of processes that recognize and repair DNA damage to
maintain genome integrity against endogenous (replication errors, reactive oxygen species)
and exogenous (radiation, mutagens, etc.) sources. Cells can acquire up to 1 million DNA
lesions per day.’2 Patients with inherited errors of DNA repair are particularly susceptible to
acquired mutations and development of cancer. Hereditary Breast and Ovarian Cancer
(HBOC, OMIM: 604370 & 612555) syndrome is the most well studied high-risk cancer
syndrome caused by mutations that disrupt DNA. Other hereditary diseases of impaired
DNA repair include Fanconi anemia (FA, see OMIM: 227650) and Lynch syndrome
(OMIM: 120435).

HBOC is characterized by a familial pattern of multiple and early-onset breast and ovarian
cancers, though patients also have increased risk for additional cancers such as pancreas,
prostate, melanoma and brain. HBOC is caused by mutations in BRCAI (Gene ID: 672) and
BRCAZ (Gene ID: 675), which code for proteins that function in homologous recombination
mediated double strand break (DSB) repair.”374 BRCA1 also functions in DNA damage
signaling, chromatin remodeling, and transcriptional regulation.”3 Thompson et al observed
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aRR of 2.26 (95% CI, 1.26-4.06) in BRCAI carriers.”> However, other studies failed to
identify any significant association between BRCA.I mutations and pancreatic cancer,
suggesting a low penetrance for pancreatic malignancy.’®:77 In contrast, BRCAZ mutations
have been established as the most common genetic cause of familial pancreatic cancer (RR,
3.51-4.1)76.78 and are estimated to account for up to 19% of families.t9.79-81 Many
truncating variants have been identified by sequencing, and several founder mutations such
as BRCA1 185delAG, BRCA15382insC, and BRCAZ6174delT are found in familial
pancreatic cancer families of Ashkenazi Jewish descent.82-84

Fanconi anemia is a genetically heterogeneous disease characterized by bone marrow failure
(leading to aplastic anemia), physical abnormalities, and a high lifetime risk for cancer,
particularly acute myeloid leukemia (AML). The cumulative risk has been estimated at 37%
for leukemia at age of 29 and 76% for solid tumor by age 45.85 Currently, 21 genes have
been identified in the FA pathway — a signaling pathway that responds to interstrand
crosslinks.86 The gene product of one of these genes, PALB2 (Gene ID: 79728), affiliates
with BRCA1 and BRCA?2 during homologous recombination,8” and PAL B2 variants have
been identified in familial pancreatic cancer families, but with a relatively small prevalence
(~3%).69.88 pA[ B2 carriers have a significantly earlier mean onset of PDAC than non-
carriers (51 v. 63 years).8° Inherited variants in other FA genes have also been associated
with pancreatic cancer, including FANCA, FANCC and FANCG (Gene ID: 2175, 2176,
2189).90_92

Lynch syndrome (hereditary non-polyposis colorectal cancer; HNPCC) is caused by
mutations in the mismatch repair (MMR) genes (MLHI1, MSHZ, MSH6, PMSZ2, Gene ID:
4292, 4436, 2956, 5395). Deletions at the 3’ end of the non-MMR gene, EPCAM (Gene ID:
4072), silence downstream MSH2Z, disrupting mismatch repair to cause Lynch syndrome.%3
Cancer arises following the acquisition of a second somatic mutation (two-hits), which
results in defective DNA repair and microsatellite instability. Patients have a high risk for
colorectal cancer (22-74% in MLH1/MSHZ carriers),%* as well as an increased risk for extra
colorectal cancers including pancreatic cancer (911 fold) and endometrial cancer.%59 One
study found that the majority of pancreatic cancers are diagnosed <60 years in HNPCC
families, however, this finding needs to be replicated.%’

Nijmegen breakage syndrome (OMIM 251260), prevalently identified with Slavic founder
mutation 657del5 (c.657_661delACAAA) in NBN (Gene ID: 4683), is a rare autosomal
recessive disease predisposed to multiple malignancies, especially lymphomas.®8 It is not yet
a well-established pancreatic cancer risk gene, but a recent study in the Czech Republic
reported a significant PDAC risk for this founder mutation (OR, 9.7; 95% Cl, 1.9-50.2).99
No other risk variant has been reported.

Cell Mobility and Adhesion — PALLD, APC

Cell mobility and adhesion genes play a pivotal role in the late malignant transformation,
influencing the adhesion, invasion and migration ability of cells, especially cancer stem
cells. The APC gene (Gene ID: 324) codes for a tumor suppressor that associates with other
proteins to control cell proliferation (Wnt pathway agonist), stabilize microtubules, and
mediate cell migration and adhesion.1%0 Mutations in APC are a key contributor to
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colorectal cancer development and progression, and are found in >80% of sporadic
colorectal tumors.101 Pathogenic variants in APC cause Familial adenomatous polyposis
(FAP, OMIM: 175100), a colon cancer syndrome characterized by development of hundreds
to thousands of colorectal adenomas, typically by late adolescence, and a 100% risk for
colon cancer without intervention. These patients also have an elevated risk for pancreatic
cancer (RR, 4.46; 95% ClI, 1.2—11.4),102.103 phyt the risk appears to vary by mutation type
and sex.104.105

PALLD (Gene ID: 23022) codes for Palladin, a crucial component of the actin cytoskeleton
that mediates cell morphology, adhesion and contraction. Though PALLD has been found to
be associated with familial pancreatic cancer in one large family,106 the association remains
controversial and unreplicated over the past decade.197-111 till, expression and functional
studies support a role for palladin in tumor invasion and metastasis through its
overexpression in the non-neoplastic stroma of pancreatic ductal adenocarcinoma,112-114

Overexpression of the epithelial cell adhesion molecule (EPCAM, mentioned above as a
cause of lynch syndrome) has been identified in >50% of pancreas tumors and found to be
correlated with poorer patient outcomes.11> However, variants in EPCAM have not emerged
in association studies with pancreatic cancer, and it is likely to be a poor predictor of
pancreatic cancer.

Targeted Treatment of Pancreatic Cancer

Taking this pathway-level view of genetic and other risk factors facilitates a comprehensive
understanding of both single and multifactorial risk for pancreatic cancer. Such a perspective
is already utilized in the selection of targeted therapies for pathway-specific perturbations in
pancreatic cancer. For example, PARPi (poly ADP-ribose polymerase inhibitors) and
cytotoxic agents such as cisplatin, gemcitabine and mitomycin C have been implemented as
first-line therapies for patients that harbor pathogenic mutations in DNA damage repair
pathways, including the A7TM, BRCA1, BRCAZ, PALBZ2 and Fanconi anemia genes.116-118
Multiple clinical trials for pancreatic cancer with germline mutations have investigated
PARP inhibitors, including Olaparib (ClinicalTrials.gov Identifier: NCT01078662,
NCT02184195)119, \eliparib (NCT01585805, NCT02890355)120 and Rucaparib
(NCT02042378, NCT03140670)121, Olaparib has reported a promising overall survival for
patients with BRCA1/2 mutations.11 Immunotherapy, including anti-PD-1 (anti-
Programmed cell Death protein 1) and anti-PD-L1 (PD ligand 1) alone or in combination
with anti-CTLA4 (cytotoxic T-lymphocyte Antigen 4), have been administered in trials for
patients with different mismatch repair deficiency (MLH1, MSHZ, MSH6, PMS2, EPCAM)
cancers (including pancreas).122 This approach is based on a higher immune burden of
mutation-associated neoantigens.123 Wee-1 inhibitors and APR-246, targeting mutant TP53,
have also shown positive results in cancer trials.124:125 Since loss of STKZ1 results in
activated mTOR (mammalian target of rapamycin), mTOR inhibitors may be effective
against pancreatic cancer in Peutz-Jeghers syndrome patients.126 CDK4/6 inhibitors
targeting loss of CDKN2A,127 and Wnt/B-catenin signaling inhibitors for APC proved to be
effective in pancreatic cancer cell lines or mouse models,128-130 hoth of which are being
evaluated in clinical trials (NCT03065062; NCT01351103). The importance of germline
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variants is that every cell in the body contains the variants, not just a limited population of
tumor subclones. As predicted by this perspective, the effectiveness of targeted cancer
treatments appears to be more effective when targeting germline variants than tumor
variants.

CONCLUSION

The complex genetic basis of pancreatic cancer is evident - many genes with suspected
variants have been identified and reported across years of meticulous research. However, no
single gene has emerged as a primary contributor to pancreatic cancer. Gene panels are well
recognized as a useful tool to improve risk assessment, but larger panels are complicated by
trade-offs including variants of uncertain significance (VUS) and result ambiguity.131:132
Still, the interpretation of germline genetic data within known cancer risk genes is important
now and of clear benefit for many patients with and at high-risk of pancreatic cancer.

The well-curated information presented here can help providers with the clinical
interpretation of variants on genetic testing and provides a framework for examining the
effects of multiple perturbations on a pathway-specific level. Continued recognition and
definition of additional genes and their functional placement in models of PDAC
oncogenesis will facilitate rapid application of research data to refined patient management.

In the area of complex disorders such as pancreatic cancer, two themes are emerging. First,
large amounts of data must be analyzed and sorted within defined systems and models.
133-135 gecond, this information must be integrated into easy to understand decision support
tools at the point of care, and with much more patient partnership and feedback than ever
before.138 New tools that link health records with clinical and research databases to provide
continually updated information are critical because physicians cannot comprehend or
calculate the meaning of all data that is important for patient management.136 These are the
requirements for precision medicine, and they are coming into reach.
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FIGURE 1.

Progression model of PDAC oncogenesis. The probability that a person develops pancreatic
cancer is dependent on progression through multiple stages, each of which requires changes
to different robust biological systems. Prior knowledge of the biological function of key
genes and pathogenic stresses allows for organization and integration of risk factors and
their effects over time. Adapted from Whitcomb et al 2015.3
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FIGURE 2.
Flow chart describing the search and filter results of Query 2.
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TABLE 1.

Criteria and Scoring Algorithm to Evaluate Variant Pathogenicity

Page 25

Category Number  Criteria Score
Common Polymorphism 0 EXAC MAF for this variant is >5% -2
. Variant can be classified as a null variant (nonsense, frameshift, canonical +/-1 or 2 splice
Null variant 1 sites, initiation codon) 15
2(a) Variant damaging effects are supported by a functional study +2
2(b) Variant is located within a functional domain but has not yet been confirmed by a functional +1
assay
Function 2(0) Amino acid change has been previously established to have a damaging functional effect +2
(regardless of nucleotide change)
2(d) Variant is a novel missense mutation AND another missense mutation has previously reported +15
at this residue with a damaging functional effect '
3(a) CADD score for this variant is =230 +1
Computational prediction  3(b) CADD score for this variant is 220 and <30 +0.5
3(c) CADD score for this variant is <10 -1
4(a) Statistical significance is observed, with odds ratio >5 (95% CI does not overlap with 1) +2
Significance
4(b) Statistical significance is observed +1
5(a) Variant is reported in 3 or more study cohorts as possibly disease causing +1.5
Multiple reports
5(b) Variant is reported in 2 different study cohorts as possibly disease causing +1
6(a) Co-segregation of variant with disease in multiple affected family members is observed +2
Variant co-segregation
6(b) Variant failed to co-segregate with disease (if examined) -1

Pathogenicity score of each variant is calculated by adding up scores from highest scored criterion met in each category. Our criteria and scoring

algorithm was adapted from the American College of Medical Genetics and Genomics (ACMG) guidelines for variant interpretation.8
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TABLE 2.

Functional Organization of Germline Risk Factors
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Systems Gene Symbol  Function in Model Inherited Disorder References
Protease, premature
PRSS1 activation induces Hereditary pancreatitis 3,4,137-143
pancreatitis
SPINK1 Trypsin inhibitor Hereditary pancreatitis 139,140,142,143
SPINKZ2 Trypsin inhibitor 137
Cell injury Metabolism of
(pancreatitis susceptibility) GGT1 glutathione, anti- 3
oxidative defense
Degrades prematurely . .
CTRC activated tyrpsin Hereditary pancreatitis 142
Anion channel required e . :
CFTR for epithelial cell Cystlc fibros's, Hereditary 3,137,140,143
secretion/absorption P
: P . Cardiofaciocutaneous
KRAS Proliferation signaling syndrome, Noonan syndrome 3,138,139,141,142,144,145
Cell cycle regulation
TP53 and arrest after DNA Li-Fraumeni syndrome 3,137,139,141,143,146
damage, apoptosis
Hereditary hemorrhagic
Tumor suppressor, telangiectasia, Juvenile
SMAD4 growth inhibition polyposis syndrome, Myhre 139
syndrome
DNA damage response
ATM at DSBs (double-strand Ataxia-telangiectasia 3,4,137-143,145-147
Cell growth/cycle control breaks)
Cell cycle checkpoint . .
CHEKZ2 regulator, DSB response Li-Fraumeni syndrome 147
Familial atypical multiple mole
Cell arrest at G1 and G2
CDKNZA - - melanoma (FAMMM) 3,4,137-143,146
checkpoints, apoptosis syndrome
Regulates cell growth, :
STK11 proliferation and DNA geﬁgrgfr?ehers 3,4,137-139,141-143
damage response Y
Regulates cell cycle, PTEN hamartoma tumor
PTEN survival and metabolism  syndrome 141
; Hereditary Breast and Ovarian
BRCA1 DSB DNA repair cancer syndrome 3,4,117,137-141,143,146-150
: Hereditary Breast and Ovarian
BRCAZ2 DSB DNA repair cancer syndrome 3,4,137-147,149,151,152
: Hereditary Breast and Ovarian
BARD1 DSB DNA repair cancer syndrome 147
PALB2 DSB DNA repair Fanconi anemia 3,4,117,137-143,145,146,149
DNA repair FANCA DNA repair Fanconi anemia 137
FANCC DNA repair Fanconi anemia 137,141,143,146,147
FANCG DNA repair Fanconi anemia 137,141,143
FANCM DNA repair Fanconi anemia 147
MLH1 Mismatch repair Lynch Syndrome 3,4,137,139,141,143,146
MSHZ2 Mismatch repair Lynch Syndrome 3,4,137,139,141,143,146
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Systems Gene Symbol  Function in Model Inherited Disorder References
MSH6 Mismatch repair Lynch Syndrome 3,4,137,141,146
PMS2 Mismatch repair Lynch Syndrome 3,4,137,147
EPCAM Mismatch repair ™ Lynch Syndrome 3
POLN DNA damage repair 147
POLQ DNA damage repair 147
NBN DNA damage repair Nijmegen breakage syndrome 147
PALLD Cytoskeletal component 3,140,143,146
Cell mobility/adhesion Regulates cell migration
APC and adhesion, Wnt Familial adenomatous polyposis  3,4,137,141,143

pathway antagonist

*
Deletions in the last few exons of EPCAM inactivate MSHZ2to indirectly cause defects in mismatch repair.
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TABLE 3.

Summary of Reviewed Genes

Gene a/mbol* No. of Studies  Country No. of Variants
APC 4 Canada, Germany, Israel, US 3
ATM 9 Canada, Germany, Japan, US 22
BARD1 1 us 1
BRCA1 19 Canada, Israel, Italy, Poland, Sweden, US 26
BRCA2 31 Canada, Germany, Iceland, Israel, Italy, Japan, Korea, Spain, UK, US 87
CDKNZA 16 Canada, Germany, Italy, Netherlands, Poland, US 46
CFTR 10 Belgium, Germany, Italian, Spain, UK, US 15
CHEK?2 5 Czech Republic, Germany, Poland, US 4
FANCA 2 us 13
FANCC 3 us 13
FANCM 1 us 1
MLHI1 6 Canada, Italy, Japan, US 8
MSHZ2 6 Canada, Ireland, Italy, US 12
MSH6 3 Canada, US 8
NBN 2 Czech Republic, US 1
PALB2 14 Canada, Czech Republic, Germany, Italy, Japan, Poland, Spain, US 52
PALLD 3 Canada, US 3
PMS2 2 us 7
PRSS1 4 France, Spain, UK 4
SPINK1 5 Finland, Germany, Italy, Japan, US 3
STK11 2 Italy, US 2
TP53 6 Canada, Czech Republic, Japan, US 6

*
Gene symbols follow the Hugo Gene Nomenclature Committee [HGNC] Gene ID.

US indicates, United States; UK, United Kingdom.
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TABLE 4.

‘Pathogenic’ Germline Variants (Bin 1)
Gene cDNA Nucleotide Change rsiD Population Reference
ATM €.5932G>T rs587779852  US, Europe 153,154
ATM C.8266A>T rs371638537 US 58
BRCAI  ¢5263_5264insC 180357906 (Ashkenazi Jewish) US, Canada, Poland. - g5 g5 g3 155 150
BRCA1 ¢.68_69delAG * rs386833395  (Ashkenazi Jewish) US 69,160
BRCA1 .66_67delAG * rs796856605  (Ashkenazi Jewish) US, Israel, Canada 82,83,155,158,159,161,162
BRCA2 ¢.5946delT rs80359550 (Ashkenazi Jewish) US, Israel, Canada 69,81-83,156,158,159,161-166
BRCAZ €.6591_6592delTG 1s80359605 Germany, UK 80,167,168
BRCAZ2 €.9227G>A rs80359187 Germany, UK 80,168
BRCAZ €.10095delCinsGAATTATATCT  rs276174803  Germany, UK 80,168
CDKNZA  c.457G>T rs45476696 us 60,69,169,170
CDKNZA  c.377TT>A rs104894098 US 60,68,69,169,171
CDKNZA  ¢.301G>T rs104894094  US, Italy 60,68,69,111,169
CDKNZA  ¢.225_243del19 rs730881674  Netherlands, US 68,69,169,172-174
CDKNZA  c.148C>T rs864622636  Germany, US 69,175
CDKNZA  ¢.-34G>T rs1800586 uUs 68,69,169,170
CHEK?2 ¢.1100delC rs555607708  Germany, Poland, US 153,157,176
PALBZ c.509_510deIGA7 rs515726124  Czech Republic, Poland, US 60,89,157
PALBZ 508 509delAG - Europe 88
PALB2 €.172_175delTTGT rs180177143  Poland, US 65,157,177
SPINK1 Cllg4+2T>C¢ rs148954387  (Japanese) Japan, Germany 26,178

All germline variants are reported in patients with pancreatic cancer in multiple studies, and all variants except one SPINK1 variant are reported in
familial pancreatic cancer cases.

*
’7Each symbol represents a group of variants that result in same cDNA and protein change.

fAbsent in familial pancreatic cancer study.

cDNA indicates complementary DNA; US, United States; UK, United Kingdom.
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