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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is often diagnosed at an advanced stage, resulting in poor prognosis and low
S-year survival rates. While early evidence suggests increased long-term survival in those with screen-detected resectable
cancers, surveillance imaging is currently only recommended for individuals with a lifetime risk of PDAC > 5%. Iden-
tification of risk factors for PDAC provides opportunities for early detection, risk reducing interventions, and targeted
therapies, thus potentially improving patient outcomes. Here, we summarize modifiable and non-modifiable risk factors
for PDAC. We review hereditary cancer syndromes associated with risk for PDAC and their implications for patients and
their relatives. In addition, other biologically relevant pathways and environmental and lifestyle risk factors are discussed.
Future work may focus on elucidating additional genetic, environmental, and lifestyle risk factors that may modify PDAC
risk to continue to identify individuals at increased risk for PDAC who may benefit from surveillance and risk reducing

interventions.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the tenth most
common cancer diagnosed in the United States, with inci-
dence increasing globally, especially in Western countries
[1, 2]. Although the median age of diagnosis is 70 years,
recent trends have shown increases in pancreatic cancer
diagnoses among young individuals, particularly those
assigned female at birth [3].

Pancreatic cancer is the third leading cause of cancer
death in the U.S. with a 5-year survival rate of 12.5% [1].
Although survival is better for individuals presenting with
early-stage disease, most individuals with PDAC are diag-
nosed at advanced stages. Improved understanding of the
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contribution of genetics and other factors in the pathogen-
esis of PDAC provide opportunities to advance early detec-
tion and treatment of pancreatic neoplasia.

Historically, the general presumption had been that
PDAC is largely a sporadic, rather than hereditary, disease.

However, with advances in next generation sequenc-
ing technologies and expanded use of genomic profiling
of tumor and germline DNA, germline pathogenic variants
(GPVs) in a broad array of cancer susceptibility genes are
identified in approximately 5-20% of PDAC patients, many
of whom do not meet classic criteria for the correspond-
ing hereditary cancer syndrome [4-8]. As genetic diagno-
ses have significant implications for management of PDAC
patients and their family members, clinical guidelines in the
U.S. recommend universal germline genetic testing for all
individuals with PDAC [9, 10].

Pathogenesis of pancreatic ductal
adenocarcinoma (PDAC)
Chronic inflammation, immune response, genetic suscep-

tibility, and behavioral risk factors contribute to risk for
PDAC. Comprehensive genomic profiling classifies PDAC

@ Springer


http://orcid.org/0000-0002-0458-1952
http://orcid.org/0000-0002-5637-3418
http://crossmark.crossref.org/dialog/?doi=10.1007/s10689-024-00372-5&domain=pdf&date_stamp=2024-3-29

222

M. F. Jacobs, E. M. Stoffel

into distinct tumor subtypes characterized by dysregulation
of specific molecular pathways (e.g. DNA damage repair,
cell cycle regulation, TGF-beta signaling, chromatin regu-
lation, and axonal guidance) which have implications for
disease prognosis and response to treatment [11]. Pancre-
atic intraepithelial neoplasia (PanIN), intraductal papillary
mucinous neoplasms (IPMNs), and mucinous cystic neo-
plasms (MCNs) are precursors to PDAC, however, only a
small proportion of these lesions will acquire the specific
somatic aberrations in oncogenes and tumor suppressor
genes to transform into invasive PDAC [12]. Activating
somatic mutations in KRAS are found in >90% of PDAC
tumors and are thought to be early drivers of PDAC [13,
14]. The tumor suppressor genes CDKN24, TP53, and
SMADA4 are somatically mutated in 90%, 75%, and 50% of
PDAC tumors, respectively [15]. Homologous recombina-
tion is essential to the repair of DNA double-stranded breaks
and somatic mutations in the homologous recombina-
tion DNA damage repair (HR-DDR) pathway genes ATM,
BRCAI, BRCA2, and PALB? are found in 10-20% of PDAC
tumors [16, 17]. Up to 10% of individuals diagnosed with
PDAC were born carriers of GPVs in BRCAI or BRCA2,
with genetic predisposition to hereditary breast and ovar-
ian cancer syndrome (HBOC) [4, 6]. PDAC patients who
have alterations in HR-DDR genes in their germline and/or
tumor DNA may benefit from targeted therapy with a poly
ADP ribose polymerase (PARP) inhibitor, which has been
shown to increase progression-free survival in patients with
BRCA-mutated PDAC [18]. Specific genetic, environment,
and lifestyle factors associated with risk for PDAC are dis-
cussed in detail below.

Genetic susceptibility to pancreatic cancer

The lifetime risk to develop PDAC in the general popula-
tion is 1.7% [1]. “Familial pancreatic cancer”, which refers
to families with two or more relatives with PDAC, accounts
for a minority (< 10%) of cases. Approximately 5—10% of
patients with PDAC have a first-degree relative with the
same diagnosis and even in the absence of a known genetic
GPV, individuals who have multiple family members diag-
nosed with PDAC are at increased risk [19-21]. Large
cohort studies of individuals with familial pancreatic cancer
have shown that the risk to develop PDAC is increased in
individuals with a family history of PDAC (approximately
two-fold for those with an affected first-degree relative),
with even higher risk increases for those with two or more
first-degree affected relatives [21, 22]. It has also been sug-
gested that PDAC diagnoses occur at younger ages in these
families [23]. The multi-site Pancreatic Cancer Genetic
Epidemiology (PACGENE) Consortium, created in 2002
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with the goal of identifying genetic risk factors in famil-
ial pancreatic cancer [23], identified germline alterations
in highly penetrant cancer genes in only 1 in 10 of these
familial pancreatic cancer families, with GPVs most com-
monly identified in ATM, BRCAI, BRCA2, PALB2, and
CDKN2A [5, 24, 25]. The finding that prevalence of GPVs
in “the usual suspects” is similar among familial PDAC and
sporadic PDAC cases suggests other factors may contribute
to familial PDAC, such as low-penetrance genetic variants,
epigenetic changes, and shared environmental or lifestyle
exposures [26].

Germline genetic testing in unselected patients with
PDAC has identified GPVs in 5-20%, with GPVs most
commonly identified in ATM, BRCAI, BRCA2, CDKN24,
PALB2, and CHEK? [4-8, 25, 27, 28]. Rates of GPVs and
findings differ among studies, in part due to differences in
clinic populations. For example, clinics with a high propor-
tion of individuals with Ashkenazi Jewish ancestry report
higher rates of BRCAI and BRCA2 GPVs [7, 8], as well
as higher rates of common low penetrance alleles such as
APC 11307K, which is a well-known founder mutation in
the Ashkenazi Jewish population. Certain variants in the
CHEK? gene also appear to be overrepresented in oncology
patient cohorts due to the high prevalence of GPVs in this
gene among individuals with specific European ancestries;
however, at this time, GPVs in CHEK?2 have not been estab-
lished as a risk factor for PDAC [7, 29, 30]. Among early
onset PDAC (diagnosed < 45 years) rates of GPVs appear to
be higher, approximately 30%, with GPVs primarily occur-
ring in the BRCAI, BRCA2, PALB2, CDKN2A, and ATM
genes [31]. Given that rates of GPV detection in PDAC
patients does not meaningfully differ based on whether or
not there is a family history of PDAC, U.S.-based guide-
lines recommend that all individuals with a PDAC diag-
nosis undergo germline genetic testing due to the potential
implication of a genetic diagnosis on the cancer treatment
plan and the management of at risk family members [9, 10].
Clinicians in other countries, including Canada, Japan, and
Israel, have suggested universal germline testing for PDAC,
although barriers may exist to instituting this in practice
[32, 33]. The European Society for Medical Oncologists
(ESMO) does not currently recommend universal germline
testing for patients with PDAC, but does acknowledge the
potential value of targeted therapy based on germline find-
ings [33, 34]. Expanded use of tumor mutation profiling in
PDAC and other solid tumors provides opportunities not
only to identify therapeutic targets, but also to offer germ-
line testing to individuals whose tumors exhibit somatic
variants in these genes of interest [35].
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Hereditary cancer syndromes associated with risk
for PDAC (Table 1)

Hereditary breast and ovarian cancer syndrome (HBOC) -
BRCA1, BRCA2, PALB2

Pathogenic variants in the BRCAI and BRCA2 genes, which
are involved in the HR-DDR complex, cause the autosomal
dominant condition hereditary breast and ovarian cancer
syndrome (HBOC) and the autosomal recessive condition
Fanconi anemia. The risk of developing PDAC is estimated
at 4-5% in those with pathogenic variants in BRCA/ and

5-8% in those with pathogenic variants in BRCA2 [36, 37].
Pathogenic variants in these two genes make up the major-
ity of germline findings in individuals with PDAC [38].
HBOC occurs in approximately 1/300-1/400 individuals,
with a higher prevalence of about 1/40 in individuals with
Ashkenazi Jewish ancestry [39]. Individuals with patho-
genic variants in these genes are also at increased risk for
breast (>60% risk), ovarian (13—58% risk), and prostate
(7-61% risk) cancers in addition to pancreatic cancer [9].
While some recommendations require a family history of
PDAC for individuals with BRCAI or BRCA2 pathogenic
variants to qualify for pancreatic cancer screening, recent

Table 1 Hereditary cancer Gene(s) Hereditary cancer/ Lifetime Population Age to start screening
syndromes associated with risk risk syndrome risk for prevalence
for PDAC (autosomal PDAC
dominant)
ATM Cancer risk 5-10% 1in 100 * Age 50 (or 10 years younger than the
[9, 43] earliest PDAC diagnosis in the family,
whichever is earlier)
* Consider screening for all individuals
or only in the setting of family history of
PDAC [9, 36]

BRCAI, Hereditary breast 4% 1in 300 to 1 * Age 50 (or 10 years younger than the

BRCA2 and ovarian cancer (BRCAI) in 400 earliest PDAC diagnosis in the family,
syndrome (HBOC) 5-8% (1in40 whichever is earlier) [36]

(BRCA2) with Ashke- * Consider screening for all individuals
[36,37] nazi Jewish or only in the setting of family history of
Ancestry) PDAC [9]

CDKN24  Familial atypical >15-20%  Unknown * Age 40 (or 10 years younger than the
multiple mole mel- [9, 37, 45] earliest PDAC diagnosis in the family,
anoma syndrome whichever is earlier)

(FAMMM) * Screen all GPV carriers, even if no
family history of PDAC [9, 36]

MLH]I, Lynch syndrome 4-6% 1in 279 » Age 50 (or 10 years younger than the

MSH?2, (LS) [48, 49] earliest PDAC diagnosis in the family,

MSHG, whichever is earlier).

EPCAM * Consider screening only in setting of

family history of PDAC [9, 36]
PALB2 Cancer risk 2-5% Unknown » Age 50 (or 10 years younger than the
[9] earliest PDAC diagnosis in the family,
whichever is earlier) [36]
* Consider screening for all individuals
or only in setting of family history of
PDAC [9]

PRSSI, Hereditary 10-50% Less than 1 in  * Age 40 [36] (or 20 years after onset of

SPINKI,  pancreatitis [57, 119] 100,000 pancreatitis, whichever is earlier) [9]

CTRC, + Consider screening only for individuals

CPAl, with GPV and a clinical phenotype con-

CPBI1 sistent with hereditary pancreatitis [9]

STK11 Peutz-Jeghers >15% 1in25,000to  * Age 30-35 (or 10 years younger than
syndrome (PJS) 91 1in 300,000 the earliest exocrine pancreatic cancer

diagnosis in the family, whichever is
earlier) [9, 36]

* Screen all GPV carriers, even if no
family history of PDAC

TP53 Li Fraumeni syn-  ~5% 1in5,000to 1 <+ Age 50 (or 10 years younger than the

drome (LFS)

(9]

in 20,000 earliest PDAC diagnosis in the family,
whichever is earlier)
* Screen individuals with a family his-

tory of PDAC [9]
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guidelines have recommended screening for all individu-
als whose lifetime risk for PDAC is estimated at > 5%, and
have suggested that all individuals with BRCAI or BRCA2
GPVs should be offered PDAC screening regardless of fam-
ily history [9, 36, 40]. As clinical trials have demonstrated
that treatment with PARP inhibitors improves progression-
free survival for PDAC patients with GPVs in BRCAI and
BRCA2, the genetic diagnosis of HBOC has immediate
implications for oncologic treatment [18, 41].

Pathogenic variants in PALB2 (Partner and Localizer
of BRCA2), another gene involved in HR-DDR, confer an
increased risk for breast (41-60%) and ovarian (3—5%) can-
cer in addition to PDAC (2-5%) in the autosomal dominant
setting [9]. PALB2 GPVs are found in approximately 3—4%
of familial PDAC cases and in about 1% of individuals with
breast cancer, however, the general population incidence is
unknown [42]. The impact of PALB2 GPVs for PDAC treat-
ment implications are less well-defined than for the more
commonly mutated BRCA! and BRCA2 genes. GPVs in
PALB?2 are also implicated in autosomal recessive Fanconi
anemia.

ATM

ATM is also involved in HR-DDR and is considered a mod-
erate risk cancer susceptibility gene. Biallelic GPVs in ATM
are implicated in the autosomal recessive neurologic con-
dition ataxia telangiectasia. GPVs in ATM are relatively
common, with approximately 1-2% of individuals in the
general population being monoallelic carriers of a GPV in
ATM. Lifetime risk for PDAC has been estimated at 5-10%
[9, 43]. In cohorts of PDAC patients undergoing germline
sequencing, GPVs in ATM are identified in 1-3% of patients
[43]. ATM GPV heterozygotes also have an increased life-
time risk for breast (20-30% risk) and ovarian (2—3% risk)
cancers with emerging evidence for possible increase in
prostate cancer risk [9]. Despite its involvement in HR-
DDR, patients with ATM PGV and PDAC do not appear to
have the same response to PARP inhibitor therapy as those
with PGVs in BRCAI and BRCA2 [41].

Familial atypical multiple mole melanoma syndrome
(FAMMM) - CDKN2A

Familial atypical multiple mole melanoma syndrome
(FAMMM) is caused by GPVs in CDKN24, a tumor sup-
pressor gene involved in regulation of the cell cycle.
Functioning CDKN2A4 genes assist in the cell division
and apoptosis processes. CDKN2A inactivation is a well-
known driver in PDAC development; somatic mutations
in CDKN2A play a major role in pancreatic tumorigenesis
and are found in 90% of PDAC tumors [15, 44]. PGVs in
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CDKN2A are associated with a>15-20% lifetime risk for
pancreatic cancer and 28-76% lifetime risk for melanoma
[9, 37, 45]. GPVs in CDKN2A are identified in less than
1% of patients with PDAC, possibly because the incidence
of GPVs in CDKN24 is lower than in genes such as ATM,
BRCA1/2, and the mismatch repair genes [4-6, 46]. The
Netherlands has a relatively high prevalence of FAMMM
due to a CDKN2A founder mutation, and a Dutch cohort of
347 CDKN2A GPV carriers undergoing pancreatic imaging
reported an incidence of PDAC of 20.7% by age 70, with
83.3% of these PDACs considered surgically resectable at
the time of diagnosis [45]. The rate of CDKN24 GPVs may
be higher in familial pancreatic cancer kindreds, with the
prevalence estimated at 1.5-3% [9, 44]. The exact preva-
lence of FAMMM in the general population is unknown
[47].

Lynch syndrome - MLH1, MSH2, MSH6, PMS2, EPCAM

The DNA mismatch repair genes excise base pair mis-
matches during DNA replication, with dysfunction of DNA
mismatch repair typically resulting in hypermutated tumors.
GPVs in the DNA mismatch repair genes MLHI, MSH?2,
MSHG6, PMS2, and EPCAM are implicated in Lynch syn-
drome, which is associated with increased risk for specific
cancers including colorectal, endometrial, ovarian, and
pancreatic cancer (MLHI, MSH2, MSH6, EPCAM only),
among others. Lynch syndrome is relatively common and
is estimated to affect 1 in 279 individuals in the general
population. Cancer risk estimates vary widely based on the
gene affected, but are highest for colorectal and endome-
trial carcinomas, with lifetime risks of 40-60%. Cumulative
lifetime risk for PDAC is estimated at 4% [48], and may be
stratified by the gene affected, with the highest risks being in
individuals with GPVs in MLH1 and MSH?2, while individu-
als with GPVs in PMS2 do not appear to be at increased risk
compared to general population risk [49, 50]. GPVs asso-
ciated with Lynch syndrome are identified in up to 1% of
patients with PDAC [4-6].

A genetic diagnosis of Lynch syndrome can have impli-
cations for the oncologic treatment plan as immunothera-
pies (specifically immune checkpoint inhibitors) have
shown promise in leveraging patients’ immune systems to
recognize unique cancer antigens in hypermutated tumors.
Reports of individuals with microsatellite unstable and/
or mismatch repair deficient PDAC showing response to
immune checkpoint inhibitors suggest a possible role for
this therapy for individuals with Lynch syndrome [51, 52];
however, variability in patient response emphasizes the
need to determine which individuals may be more likely to
respond favorably to immune-based PDAC treatments [53].
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Peutz-Jeghers syndrome (PJS) - STK11

Peutz-Jeghers syndrome (PJS) is caused by pathogenic vari-
ants in STK 1] and is associated with increased risk for gas-
trointestinal hamartomatous polyps and increased lifetime
risk for multiple types of cancer, including breast, gastro-
intestinal, and gynecologic tumors. Lifetime risk for pan-
creatic cancer is increased by > 10 fold (11-36%) with an
average age of PDAC diagnosis of around 40 years [54].
Guidelines recommend pancreatic screening for individu-
als with PJS beginning at age 35-40 [9, 36, 54]. PJS is a
rare condition; prevalence estimates range from 1/25,000—
1/300,000 and STK 11 GPVs are identified in less than 1% of
patients with PDAC [4, 5, 55, 56].

Li Fraumeni syndrome (LFS) - TP53

Li Fraumeni syndrome (LFS) is caused by pathogenic vari-
ants in the TP53 tumor suppressor gene. Lifetime risks for
cancer are > 80% for individuals with GPVs in TP53, and
the associated tumor spectrum includes breast cancers, soft
tissue sarcomas, osteosarcomas, central nervous system
tumors, adrenal carcinomas, and gastrointestinal cancers.
PDAC diagnoses appear to be overrepresented among LFS
families, with the risk for PDAC estimated to be about 5%
[9]. LFS is a rare condition and is identified in less than 1%
of patients with PDAC and in 1 in 5,000 to 1 in 20,000 indi-
viduals in the general population [4-6].

Hereditary pancreatitis - PRSS1, SPINK1, CASR,
CFTR, CPA1, CTRC

Hereditary pancreatitis is inherited in an autosomal domi-
nant manner, primarily due to GPVs in PRSS/, and most
information about hereditary pancreatitis is derived from
families with GPVs in this gene. Clinical presentation of
this condition can vary greatly and published estimates of
pancreatic cancer risk range from 10 to 70%, with more
recent consensus suggesting risks may be on the lower end
of this range [57]. Some guidelines support pancreatic can-
cer screening in individuals with PRSS/ pathogenic variants
after the age of 40 years; however other guidelines suggest
surveillance only in those with a GPV in a gene associated
with hereditary pancreatitis and a personal history consis-
tent with pancreatitis, or were not able to reach a consensus
on this recommendation [9, 36, 40].

Familial adenomatous polyposis (FAP) - APC
Pathogenic variants in APC, a tumor suppressor gene, are

associated with familial adenomatous polyposis (FAP), with
affected individuals developing colorectal, duodenal, and

ampullary adenomas which can undergo malignant trans-
formation. While PDAC is not a common diagnosis in indi-
viduals with FAP, it can be difficult to distinguish between
cancers of the ampulla and a primary pancreatic cancer. One
study of 615 PDAC patients treated at a tertiary care center
in New York City reported finding APC GPVs in 2.1% of
cases; however, it is important to note that the APC 11307K
variant accounted for all the reported APC GPVs, which
could be explained by the high prevalence of individuals
with Ashkenazi Jewish ancestry in this PDAC cohort [7].
APC TI1307K is a common polymorphism in individuals
in Ashkenazi Jewish ancestry (population prevalence of
1-2/100), is not associated with a classic FAP phenotype,
and does not appear to confer increased risk for PDAC [58,
59].

Unmeasured genetic factors

The fact that clinical genetic testing is uninformative for
many families affected with familial pancreatic cancer
has prompted search for novel genetic or epigenetic fac-
tors which might explain familial risk. GPVs in the PALLD
gene were identified in affected members of a large famil-
ial pancreatic cancer family via linkage analysis and isola-
tion of a susceptibility locus [60]. PALLD was suggested
as a potential novel hereditary PDAC gene, however later
studies have not replicated this finding in additional famil-
ial pancreatic cancer kindreds [61, 62]. Although CDK4
interacts with CDKN2A4, studies have not supported a role
of CDK4 in PDAC development [63, 64]. Whole exome and
genome sequencing have been employed for the identifica-
tion of candidate genes. Several genes identified via whole
exome/genome studies in familial pancreatic cancer cohorts
play a role in the HR-DDR pathway, including many in
the Fanconi anemia complementation (FANC) group, a
group of genes associated with Fanconi anemia to which
BRCAI (also called FANCS), BRCA2 (also called FANCDI)
and PALB?2 (also called FANCN) belong. While evidence
of autosomal dominant PDAC risk related to genes in this
FANC group is limited outside of the BRCAI, BRCA2, and
PALB?2 genes, several, including ERCC4, FANCA, FANCC,
FANCM, RAD51D, and XRCC2, have been proposed as
candidate genes based on whole exome/genome studies in
familial pancreas cancer families [26, 65-68].

Large, genome-wide association studies (GWAS) have
identified more than 20 single nucleotide polymorphisms
(SNPs) related to pancreatic cancer risk [69]. These common
SNPs are estimated to account for 13% of pancreatic can-
cer hereditability with those with fewer risk alleles having
a below general population risk to develop pancreatic can-
cer and those with a greater number of risk alleles having a
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higher risk of pancreatic cancer development [69]. While it
has been suggested that polygenic risk scores (PRS), which
take SNPs into account, might assist in identifying those
with new-onset diabetes at highest risk to develop PDAC,
PRS tests for PDAC are not clinically available and are lim-
ited by lack of racial and ethnic diversity of the cohorts with
which these were developed [70].

An emerging area for potential genetic cancer risk is
epigenetic changes that affect gene expression but do not
affect the gene DNA sequence. It has been suggested that
epigenetic changes including DNA methylation, chromatin
remodeling factors, miRNAs, and histone post-translation
modification may play a role in PDAC progression [71].
CpG methylation in CDKN24 has been identified in a sig-
nificant number of patients with PDAC, further highlight-
ing the significant role this gene plays in tumorigenesis
[72]. Identification of epigenetic changes consistent with
hypoxia in PDAC cancer cells supports a potential role for
the hypoxia-inducible factor (HIF) genes in PDAC devel-
opment [73]. Work is ongoing to determine the potential
impact of epigenetic changes as diagnostic and prognostic
markers as well as potential therapeutic targets [74].

Other biologically relevant pathways

Associations between genes playing roles in multiple
pathways and diseases have been suggested to contrib-
ute to PDAC development based on large GWAS studies.
These include those related to maturity-onset diabetes of
the young, regulation of beta-cell development, epidermal
growth factor receptor transactivation in cardiac hypertro-
phy pathways, cellular response to UV, and multiple gas-
trointestinal tissues [75, 76]. In particular, multiple SNPs
in the HNFI1A and HNFIB genes (which are causative of
maturity-onset diabetes of the young when an autosomal
dominant GPV is present) have been linked to PDAC risk
[75-77]. HNF1A4 and HNF'IB have been noted as candidate
genes for regulation of pancreatic differentiation and may
play a role in tumor suppression in PDAC, with transcrip-
tome analysis revealing a tumor suppression function for
HNF'1A4 and PDAC samples showing little to no HNFIB
expression on immunohistochemistry [78—80].
Examination of the tumor microenvironment has
revealed immunosuppression as a unifying characteristic
across tumors, with metabolism and obesity, infection and
inflammation, host immune state, host genetics, environ-
mental factors, and microbiota all potentially contributing to
this [81]. However, immunotherapy has had limited effect in
controlling disease progression in PDAC, even for individu-
als with hypermutated microsatellite instable tumors [81].
Several population-based studies have also identified
an increased risk for pancreatic cancer for individuals with
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blood groups A, AB, or B, although the mechanism by
which blood type may influence risk is unknown [82]. It
has been suggested that a genetic variant affecting cancer
risk may be linked to the locus determining blood type [83].
GPV in genes related to pancreatic secretory enzymes may
also be linked to pancreatic cancer development [84].

Other factors impacting risk of PDAC
Precursor lesions to PDAC

Precursor lesions for PDAC include intraductal papillary
mucinous neoplasms (IPMNs), pancreatic intraepithelial
neoplasia (PanIN), and mucinous cystic neoplasms (MCNss).
Of these, progression to PDAC most commonly occurs in
PanIN, of which>90% of lesions have a somatic KRAS
mutation [15]. PanIN are not detectable with current imag-
ing modalities, and once a mass is identifiable by imaging,
the progression to advanced disease occurs rapidly [85, 86].
Increased use of imaging has resulted in increased detec-
tion of incidental cystic lesions, with approximately 15%
of individuals undergoing imaging of the pancreas having a
cyst identified [87, 88]. Only a small number of these cystic
lesions will progress to PDAC, and the size and characteris-
tics of these pancreatic lesions dictate clinical management
[87, 88].

Smoking

Current cigarette smokers have an approximately 2-fold
increase in PDAC risk compared to never smokers, with
risk highest in those who smoke the highest number of ciga-
rettes per day [2]. It has been suggested that smoking cessa-
tion can decrease risk; 10-20 years after smoking cessation
the risk of PDAC may be similar to that of never smokers
[2]. The global population attributable risk of PDAC due to
smoking ranges from 11 to 32% [2].

Pancreatitis (Acute vs. Chronic)

Individuals with chronic pancreatitis are at increased risk
to develop pancreatic cancer due to inflammation of the
pancreas, and pancreatic cancer has been reported both in
individuals who are symptomatic and those with no known
history of pancreatitis-related symptoms [57]. In cases of
chronic pancreatitis, tissue damage occurs over decades, and
it is though that the scope of tissue injury, fibrosis, inflam-
mation, and cellular DNA damage may increase the risk for
PDAC. For individuals with chronic pancreatitis, PDAC
risk has been reported to be as high as 50-70%, although
more recent reports estimate the risk as closer to 10%, and
it has been suggested that genetic modifiers beyond known
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genetic risk factors may contribute to risk [57]. In cases of
acute pancreatitis, PDAC risk is highest within a year of
the pancreatitis episode, as some cases of pancreatitis can
be a manifestation of obstructive pancreatitis caused by a
tumor [89]. For this reason, follow up pancreatic imaging
is recommended after resolution of an episode of acute pan-
creatitis [90].

Diabetes

Increased risk for pancreatic cancer has been described in
individuals with new-onset and long-standing diabetes. The
risk of pancreatic cancer in those with type II diabetes is
approximately two times that of the general population,
with significantly higher risk for cancer development within
the first three years of diagnosis [91-93]. It has been sug-
gested that in the case of new-onset diabetes and pancre-
atic cancer, the diabetes may be a symptom of the cancer
rather than a cause; diabetes is more likely to resolve after
pancreaticoduodenectomy in those with new-onset disease
rather than a long-standing diagnosis [92]. Experimental
studies in cell lines and animal models have also suggested
that pancreatic cancer cells impair glucose metabolism via
beta cell dysfunction and insulin resistance, supporting this
theory [92, 94]. Due to the high incidence of diabetes in
the population, it is not feasible to subject every individual
with diabetes to pancreatic surveillance, however, work is
ongoing to develop models for risk stratification to iden-
tify those most likely to develop pancreatic neoplasia who
would benefit from surveillance [95]. The Consortium for
the study of Chronic Pancreatitis, Diabetes, and Pancreatic
Cancer (CPDCP), an NIH-funded prospective cohort study
of 10,000 adults with new onset diabetes, aims to quantify
the incidence of PDAC among individuals with new-onset
diabetes, identify biomarkers for early detection of pan-
creatic neoplasia, and establish algorithms for clinical risk
stratification and operationalizing pancreatic surveillance
[96].

Obesity

Multiple studies have found an associated between obesity
and PDAC risk [97, 98]. It has been suggested that increas-
ing rates of obesity may be linked to increasing incidence
of PDAC [2]. For overweight individuals, physical activity
may lower PDAC risk [97].

Alcohol
A large prospective study identified a positive association

between heavy alcohol consumption (~6 drinks/day) and
pancreatic cancer development, although this relationship

only reached statistical significance for individuals assigned
male at birth [99]. This association was not observed in indi-
viduals with light-to-moderate alcohol consumption (<4
drinks/day) [100]. Alcohol use may compound the negative
effects of other risk factors such as tobacco smoking and
pancreatitis [101]. Alcohol may also cause direct damage to
the pancreas through release of toxic metabolites like acet-
aldehyde into the bloodstream, and acetaldehyde has been
shown to bind to DNA repair proteins and promote DNA
damage [101].

Nutrition

While associations between diet and PDAC have been sug-
gested, randomized trials are needed to better evaluate this
relationship due to confounding factors such as smoking
and obesity [102]. High dietary intake of fruits, vegetables,
and whole grains has been shown to reduce pancreatic can-
cer risk and a possible protective role of dietary folate con-
sumption has also been suggested [102, 103]. Red meat and
high-fat diets have been proposed as risk factors for PDAC
[102].

Environmental exposures

Exposure to chemicals used in common products may also
contribute to PDAC risk. Exposures to arsenic, cadmium,
and lead have been identified as risk factors for PDAC in
a study which examined trace elements in toenail samples
[101]. A case-control study also identified exposure to ben-
zene, asbestos, and chlorinated hydrocarbons as risk factors
for PDAC [104]. In vitro experiments on human cell lines
and tissues show increased proliferation and DNA dam-
age when exposed to Bis[2-ethylhexyl]phthalate (DEHP),
a compound present in many plastics [101]. The expan-
sion of pesticide use has been posited as an explanation for
increasing PDAC rates; while exact relationships are com-
plex to discern, pesticides may be a direct (oxidative stress,
cell damage) or indirect (fatty pancreas, diabetes) cause of
PDAC [105].

Microbiome

The microbiome has more recently been implicated in
PDAC, with potential roles in PDAC risk, tumorigenesis,
impact on tumor microenvironment, and treatment response
[106]. Dysbiosis of the gut microbiome has been associated
with risks for cancer and other diseases, and higher alpha
diversity of the microbiome has been used to differentiate
PDAC patients with good prognosis from those with poor
survival [107]. Intra-tumoral bacteria composition has been
shown to affect host immune response toward cancers, as
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well as metabolism of specific chemotherapeutic agents
(e.g. gemcitabine) [108]. Experiments in mice with ortho-
topic PDAC tumors found that animals subjected to fecal
microbiome transplants from patients with advanced PDAC
developed larger tumors, while those receiving fecal trans-
plants from PDAC long-term survivors developed smaller
tumors [109]. Early work suggests that metabolites derived
from the microbiome may drive cancer development and
progression; further work is necessary to determine if there
are specific microbial factors associated with risk for PDAC,
and whether the microbiome might present potential thera-
peutic targets for PDAC treatment and/or prevention [110].

Discussion and summary

Pancreatic cancer is among the deadliest cancers, with
most individuals diagnosed at advanced stages of the dis-
ease. Screening offers opportunities for early detection;
however, challenges remain in identifying individuals at
increased risk for pancreatic neoplasia. Genetic susceptibil-
ity to cancer is implicated in approximately 1 in 10 PDAC
cases and similar rates of GPV among unselected patients
with PDAC and those meeting criteria for familial pancre-
atic cancer underscores the importance of offering germline
genetic testing broadly [111]. Care delivery models which
incorporate universal germline genetic testing for PDAC
patients at point of care have demonstrated benefit for iden-
tifying individuals with GPVs who can benefit from tar-
geted oncologic therapies [112—114]. Furthermore, offering
germline genetic testing to relatives of patients with GPVs
as well as relatives of PDAC patients who did not them-
selves undergo genetic testing is also high yield for iden-
tifying individuals at increased risk who would be eligible
for pancreatic surveillance [115]. Although family history
and genetics have been the primary criteria for assessing
pancreatic cancer risk, recent modeling studies suggest
that incorporating other individual characteristics, such as
comorbidities, health behaviors, and longitudinal tracking
of laboratory values through electronic medical records can
improve the precision of risk stratification [116]. New-onset
diabetes has emerged as a potential red flag, and machine
learning algorithms capable of mining big data from elec-
tronic medical records propose to facilitate identification of
patients who would benefit the most from high-risk screen-
ing/surveillance [116]. For individuals with a lifetime risk
of PDAC>5%, surveillance using MRCP and EUS can
detect some resectable neoplasms and improve survival
[36] [36]. However, there is still work to be done to improve
the sensitivity and specificity of current imaging and blood
and/or tissue-based tests, and artificial intelligence applica-
tions in radiomics and biomarker discovery hold promise

@ Springer

for improving detection of pancreatic neoplasia [117]. Real-
world testing of risk stratification and surveillance strate-
gies, through prospective follow up of large cohorts of
individuals at increased risk for PDAC, including Cancer of
the Pancreas Screening Study (CAPS), Pancreatic Cancer
Early Detection (PRECEDE) Consortium, and CPDCP will
pave the way for clinical implementation and dissemination
[40, 96, 118].

Author contributions E.S. conceptualized the manuscript. M.J. and
E.S. both performed the literature search and drafted and critically re-
vised the manuscript.

Data availability No datasets were generated or analysed during the
current study.

Declarations

Competing interests The authors declare no competing interests.

References

1. Surveillance Epidemiology, and end results program (SEER) -
Cancer Stat facts: Pancreatic Cancer

2. Klein AP (2021) Pancreatic cancer epidemiology: understand-
ing the role of lifestyle and inherited risk factors. Nat Rev
Gastroenterol Hepatol 18:493-502. https://doi.org/10.1038/
s41575-021-00457-x

3.  Gaddam S, Abboud Y, Oh J et al (2021) Incidence of pancreatic
Cancer by Age and Sex in the US, 2000-2018. JAMA 326:2075-
2077. https://doi.org/10.1001/jama.2021.18859

4. Shindo K, Yu J, Suenaga M et al (2017) Deleterious germline
mutations in patients with apparently sporadic pancreatic adeno-
carcinoma. J Clin Oncol off ] Am Soc Clin Oncol 35:3382-3390.
https://doi.org/10.1200/JC0O.2017.72.3502

5. Hu C, Hart SN, Polley EC et al (2018) Association between
inherited germline mutations in Cancer Predisposition genes and
risk of pancreatic Cancer. JAMA 319:2401-2409. https://doi.
org/10.1001/jama.2018.6228

6.  Yurgelun MB, Chittenden AB, Morales-Oyarvide V et al (2019)
Germline cancer susceptibility gene variants, somatic second hits,
and survival outcomes in patients with resected pancreatic can-
cer. Genet Med off ] Am Coll Med Genet 21:213-223. https://doi.
org/10.1038/s41436-018-0009-5

7.  Lowery MA, Wong W, Jordan EJ et al (2018) Prospective evalu-
ation of germline alterations in patients with exocrine pancre-
atic neoplasms. J Natl Cancer Inst 110:1067—1074. https://doi.
org/10.1093/jnci/djy024

8. Salo-Mullen EE, O’Reilly EM, Kelsen DP et al (2015) Identifica-
tion of germline genetic mutations in patients with pancreatic can-
cer. Cancer 121:4382-4388. https://doi.org/10.1002/cncr.29664

9. National Comprehensive Cancer Network (2023) NCCN Clini-
cal Practice Guidelines in Oncology (NCCN Guidelines) Genetic/
Familial High-Risk Assessment. Breast, Ovarian, and Pancreatic

10. Stoffel EM, McKernin SE, Brand R et al (2019) Evaluating
susceptibility to pancreatic Cancer: ASCO Provisional Clinical
Opinion. J Clin Oncol off J] Am Soc Clin Oncol 37:153-164.
https://doi.org/10.1200/JCO.18.01489


https://doi.org/10.1038/s41575-021-00457-x
https://doi.org/10.1038/s41575-021-00457-x
https://doi.org/10.1001/jama.2021.18859
https://doi.org/10.1200/JCO.2017.72.3502
https://doi.org/10.1001/jama.2018.6228
https://doi.org/10.1001/jama.2018.6228
https://doi.org/10.1038/s41436-018-0009-5
https://doi.org/10.1038/s41436-018-0009-5
https://doi.org/10.1093/jnci/djy024
https://doi.org/10.1093/jnci/djy024
https://doi.org/10.1002/cncr.29664
https://doi.org/10.1200/JCO.18.01489

Genetic and other risk factors for pancreatic ductal adenocarcinoma (PDAC)

229

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bailey P, Chang DK, Nones K et al (2016) Genomic analyses
identify molecular subtypes of pancreatic cancer. Nature 531:47—
52. https://doi.org/10.1038/nature16965

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the
next generation. Cell 144:646-674. https://doi.org/10.1016/j.
cell.2011.02.013

Biankin AV, Waddell N, Kassahn KS et al (2012) Pancreatic can-
cer genomes reveal aberrations in axon guidance pathway genes.
Nature 491:399—405. https://doi.org/10.1038/nature11547

Luo J (2021) KRAS mutation in pancreatic Cancer. Semin Oncol
48:10-18. https://doi.org/10.1053/j.seminoncol.2021.02.003
Wood LD, Yurgelun MB, Goggins MG (2019) Genetics of Famil-
ial and sporadic pancreatic Cancer. Gastroenterology 156:2041—
2055. https://doi.org/10.1053/j.gastro.2018.12.039

Cancer Genome Atlas Research Network (2017) Integrated
genomic characterization of pancreatic ductal adenocarcinoma.
Cancer Cell 32:185-203. .e13

Perkhofer L, Gout J, Roger E et al (2021) DNA damage repair as a
target in pancreatic cancer: state-of-the-art and future perspectives.
Gut 70:606-617. https://doi.org/10.1136/gutjnl-2019-319984
Golan T, Hammel P, Reni M et al (2019) Maintenance olaparib for
germline BRCA-Mutated metastatic pancreatic Cancer. N Engl J
Med 381:317-327. https://doi.org/10.1056/NEJMoal903387
Petersen GM (2016) Familial pancreatic Cancer. Semin Oncol
43:548-553. https://doi.org/10.1053/j.seminoncol.2016.09.002
Brune KA, Lau B, Palmisano E et al (2010) Importance of age
of Onset in Pancreatic Cancer kindreds. JNCI J Natl Cancer Inst.
https://doi.org/10.1093/jnci/djp466

Porter N, Laheru D, Lau B et al (2022) Risk of pancreatic Can-
cer in the long-term prospective Follow-Up of familial pancreatic
Cancer kindreds. J Natl Cancer Inst 114:1681-1688. https://doi.
org/10.1093/jnci/djac167

Petersen GM (2015) Familial pancreatic adenocarcinoma. Hema-
tol Oncol Clin North Am 29:641-653. https://doi.org/10.1016/j.
hoc.2015.04.007

Petersen GM, de Andrade M, Goggins M et al (2006) Pancreatic
Cancer Genetic Epidemiology Consortium. Cancer Epidemiol
Biomarkers Prev 15:704-710. https://doi.org/10.1158/1055-
9965.EPI-05-0734

Zhen DB, Rabe KG, Gallinger S et al (2015) BRCA1, BRCA2,
PALB2, and CDKN2A mutations in familial pancreatic cancer: a
PACGENE study. Genet Med off J Am Coll Med Genet 17:569—
577. https://doi.org/10.1038/gim.2014.153

Astiazaran-Symonds E, Goldstein AM (2021) A systematic
review of the prevalence of germline pathogenic variants in
patients with pancreatic cancer. J Gastroenterol 56:713-721.
https://doi.org/10.1007/s00535-021-01806-y

Roberts NJ, Norris AL, Petersen GM et al (2016) Whole genome
sequencing defines the genetic heterogeneity of familial pancreatic
Cancer. Cancer Discov 6:166-175. https://doi.org/10.1158/2159-
8290.CD-15-0402

Fountzilas E, Eliades A, Koliou G-A et al (2021) Clinical sig-
nificance of Germline Cancer Predisposing variants in unselected
patients with pancreatic adenocarcinoma. Cancers 13:198. https://
doi.org/10.3390/cancers13020198

Astiazaran-Symonds E, Kim J, Haley JS et al (2022) A Genome-
First Approach to Estimate Prevalence of Germline pathogenic
variants and risk of pancreatic Cancer in Select Cancer sus-
ceptibility genes. Cancers 14:3257. https://doi.org/10.3390/
cancers14133257

Bychkovsky BL, Agaoglu NB, Horton C et al (2022) Differences
in Cancer Phenotypes among frequent CHEK2 variants and
implications for clinical care—checking CHEK2. JAMA Oncol
8:1598-1606. https://doi.org/10.1001/jamaoncol.2022.4071

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Stolarova L, Kleiblova P, Janatova M et al (2020) CHEK2 germ-
line variants in Cancer Predisposition: Stalemate Rather than
Checkmate. Cells 9:2675. https://doi.org/10.3390/cells9122675
Varghese AM, Singh I, Singh R et al (2021) Early-onset Pancreas
Cancer: clinical descriptors, Genomics, and outcomes. JNCI J
Natl Cancer Inst 113:1194-1202. https://doi.org/10.1093/jnci/
djab038

Mizukami K, Iwasaki Y, Kawakami E et al (2020) Genetic char-
acterization of pancreatic cancer patients and prediction of car-
rier status of germline pathogenic variants in cancer-predisposing
genes. EBioMedicine 60:103033. https://doi.org/10.1016/].
ebiom.2020.103033

Golan T, Casolino R, Biankin AV et al (2023) Germline BRCA
testing in pancreatic cancer: improving awareness, timing, turn-
around, and uptake. Ther Adv Med Oncol 15:17588359231189127.
https://doi.org/10.1177/17588359231189127

Mosele F, Remon J, Mateo J et al (2020) Recommendations for
the use of next-generation sequencing (NGS) for patients with
metastatic cancers: a report from the ESMO Precision Medi-
cine Working Group. Ann Oncol 31:1491-1505. https://doi.
org/10.1016/j.annonc.2020.07.014

Kuzbari Z, Bandlamudi C, Loveday C et al (2023) Germline-
focused analysis of tumour-detected variants in 49,264 cancer
patients: ESMO Precision Medicine Working Group recom-
mendations. Ann Oncol 34:215-227. https://doi.org/10.1016/j.
annonc.2022.12.003

Sawhney MS, Calderwood AH, Thosani NC et al (2022) ASGE
guideline on screening for pancreatic cancer in individuals
with genetic susceptibility: summary and recommendations.
Gastrointest Endosc  95:817-826. https://doi.org/10.1016/j.
gie.2021.12.001

Klein AP (2013) Identifying people at a high risk of develop-
ing pancreatic cancer. Nat Rev Cancer 13:66-74. https://doi.
org/10.1038/nrc3420

Kasi A, Al-Jumayli M, Park R et al (2020) Update on the role
of poly (ADP-Ribose) polymerase inhibitors in the DNA repair-
deficient pancreatic cancers: a narrative review. J Pancreat Cancer
6:107-115. https://doi.org/10.1089/pancan.2020.0010

Maxwell KN, Domchek SM, Nathanson KL, Robson ME (2016)
Population frequency of germline BRCA1/2 mutations. J Clin
Oncol off ] Am Soc Clin Oncol 34:4183-4185. https://doi.
org/10.1200/JC0O.2016.67.0554

Goggins M, Overbeek KA, Brand R et al (2020) Management
of patients with increased risk for familial pancreatic cancer:
updated recommendations from the International Cancer of the
pancreas Screening (CAPS) Consortium. Gut 69:7-17. https://
doi.org/10.1136/gutjnl-2019-319352

Halbrook CJ, Lyssiotis CA, di Magliano MP, Maitra A (2023)
Pancreatic cancer: advances and challenges. Cell 186:1729-1754.
https://doi.org/10.1016/j.cell.2023.02.014

Hofstatter EW, Domchek SM, Miron A et al (2011) PALB2 muta-
tions in familial breast and pancreatic cancer. Fam Cancer 10.
https://doi.org/10.1007/s10689-011-9426-1

Hsu F-C, Roberts NJ, Childs E et al (2021) Risk of pancreatic
Cancer among individuals with pathogenic variants in the ATM
Gene. JAMA Oncol 7:1664-1668. https://doi.org/10.1001/
jamaoncol.2021.3701

Kimura H, Klein AP, Hruban RH, Roberts NJ (2021) The role of
inherited pathogenic CDKN2A variants in susceptibility to pan-
creatic Cancer. Pancreas 50:1123—1130. https://doi.org/10.1097/
MPA.0000000000001888

Klatte DCF, Boekestijn B, Wasser MNJM et al (2022) Pancreatic
Cancer surveillance in carriers of a germline CDKN2A patho-
genic variant: yield and outcomes of a 20-Year prospective Fol-
low-Up. J Clin Oncol off ] Am Soc Clin Oncol 40:3267-3277.
https://doi.org/10.1200/JC0O.22.00194

@ Springer


https://doi.org/10.3390/cells9122675
https://doi.org/10.1093/jnci/djab038
https://doi.org/10.1093/jnci/djab038
https://doi.org/10.1016/j.ebiom.2020.103033
https://doi.org/10.1016/j.ebiom.2020.103033
https://doi.org/10.1177/17588359231189127
https://doi.org/10.1016/j.annonc.2020.07.014
https://doi.org/10.1016/j.annonc.2020.07.014
https://doi.org/10.1016/j.annonc.2022.12.003
https://doi.org/10.1016/j.annonc.2022.12.003
https://doi.org/10.1016/j.gie.2021.12.001
https://doi.org/10.1016/j.gie.2021.12.001
https://doi.org/10.1038/nrc3420
https://doi.org/10.1038/nrc3420
https://doi.org/10.1089/pancan.2020.0010
https://doi.org/10.1200/JCO.2016.67.0554
https://doi.org/10.1200/JCO.2016.67.0554
https://doi.org/10.1136/gutjnl-2019-319352
https://doi.org/10.1136/gutjnl-2019-319352
https://doi.org/10.1016/j.cell.2023.02.014
https://doi.org/10.1007/s10689-011-9426-1
https://doi.org/10.1001/jamaoncol.2021.3701
https://doi.org/10.1001/jamaoncol.2021.3701
https://doi.org/10.1097/MPA.0000000000001888
https://doi.org/10.1097/MPA.0000000000001888
https://doi.org/10.1200/JCO.22.00194
https://doi.org/10.1038/nature16965
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/nature11547
https://doi.org/10.1053/j.seminoncol.2021.02.003
https://doi.org/10.1053/j.gastro.2018.12.039
https://doi.org/10.1136/gutjnl-2019-319984
https://doi.org/10.1056/NEJMoa1903387
https://doi.org/10.1053/j.seminoncol.2016.09.002
https://doi.org/10.1093/jnci/djp466
https://doi.org/10.1093/jnci/djac167
https://doi.org/10.1093/jnci/djac167
https://doi.org/10.1016/j.hoc.2015.04.007
https://doi.org/10.1016/j.hoc.2015.04.007
https://doi.org/10.1158/1055-9965.EPI-05-0734
https://doi.org/10.1158/1055-9965.EPI-05-0734
https://doi.org/10.1038/gim.2014.153
https://doi.org/10.1007/s00535-021-01806-y
https://doi.org/10.1158/2159-8290.CD-15-0402
https://doi.org/10.1158/2159-8290.CD-15-0402
https://doi.org/10.3390/cancers13020198
https://doi.org/10.3390/cancers13020198
https://doi.org/10.3390/cancers14133257
https://doi.org/10.3390/cancers14133257
https://doi.org/10.1001/jamaoncol.2022.4071

230

M. F. Jacobs, E. M. Stoffel

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

McWilliams RR, Wieben ED, Rabe KG et al (2011) Prevalence
of CDKN2A mutations in pancreatic cancer patients: implications
for genetic counseling. Eur J Hum Genet EJHG 19:472-478.
https://doi.org/10.1038/ejhg.2010.198

Eckerle Mize D, Bishop M, Resse E, Sluzevich J (2009) Familial
atypical multiple mole melanoma syndrome. In: Riegert-Johnson
DL, Boardman LA, Hefferon T, Roberts M (eds) Cancer syn-
dromes. National Center for Biotechnology Information (US).
Bethesda (MD)

Kastrinos F, Mukherjee B, Tayob N et al (2009) The risk of pancre-
atic Cancer in families with Lynch Syndrome. JAMA J Am Med
Assoc 302:1790-1795. https://doi.org/10.1001/jama.2009.1529
National Comprehensive Cancer Network (2023) NCCN Clini-
cal Practice Guidelines in Oncology (NCCN Guidelines) Genetic/
Familial High-Risk Assessment. Colorectal

ten Broeke SW, van der Klift HM, Tops CMJ et al (2018) Can-
cer risks for PMS2-Associated Lynch Syndrome. J Clin Oncol
36:2961-2968. https://doi.org/10.1200/JC0O.2018.78.4777
Marabelle A, Le DT, Ascierto PA et al (2020) Efficacy of Pem-
brolizumab in patients with Noncolorectal high microsatellite
Instability/Mismatch repair—deficient Cancer: results from the
phase I KEYNOTE-158 study. J Clin Oncol 38:1-10. https://doi.
org/10.1200/JC0O.19.02105

Han MY, Borazanci E (2023) A rare case of sporadic mismatch
repair deficient pancreatic ductal adenocarcinoma that responded
to ipilimumab and nivolumab combination treatment: case report.
J Gastrointest Oncol 14:458-462. https://doi.org/10.21037/
jgo-22-587

Mukherji R, Debnath D, Hartley ML, Noel MS (2022) The role of
Immunotherapy in Pancreatic Cancer. Curr Oncol 29:6864—6892.
https://doi.org/10.3390/curroncol29100541

Giardiello FM, Brensinger JD, Tersmette AC et al (2000) Very high
risk of cancer in familial peutz—Jeghers syndrome. Gastroenterol-
ogy 119:1447-1453. https://doi.org/10.1053/gast.2000.20228
McGarrity TJ, Amos CI, Baker MJ (1993) Peutz-Jeghers Syn-
drome. In: Adam MP, Feldman J, Mirzaa GM et al (eds) GeneRe-
views®. University of Washington, Seattle, Seattle (WA)

Wu M, Krishnamurthy K (2023) Peutz-Jeghers Syndrome. In:
StatPearls. StatPearls Publishing, Treasure Island (FL)

Shelton CA, Umapathy C, Stello K et al (2018) Hereditary Pan-
creatitis in the United States: Survival and Rates of Pancreatic
Cancer. Am J Gastroenterol 113:1376. https://doi.org/10.1038/
$41395-018-0194-5

Laken SJ, Petersen GM, Gruber SB et al (1997) Familial colorec-
tal cancer in Ashkenazim due to a hypermutable tract in APC. Nat
Genet 17:79-83. https://doi.org/10.1038/ng0997-79

Valle L, Katz LH, Latchford A et al (2023) Position statement of
the International Society for Gastrointestinal Hereditary Tumours
(InSiGHT) on APC I1307K and cancer risk. J Med Genet
60:1035-1043. https://doi.org/10.1136/jmg-2022-108984
Pogue-Geile KL, Chen R, Bronner MP et al (2006) Palladin
mutation causes familial pancreatic cancer and suggests a new
cancer mechanism. PLoS Med 3:e516. https://doi.org/10.1371/
journal.pmed.0030516

Bartsch DK, Langer P, Habbe N et al (2010) Clinical
and genetic analysis of 18 pancreatic carcinoma/mela-
noma-prone families. Clin Genet 77:333-341. https:/doi.
org/10.1111/j.1399-0004.2009.01352.x

Ghiorzo P (2014) Genetic predisposition to pancreatic can-
cer. World J Gastroenterol WJG 20:10778-10789. https://doi.
org/10.3748/wjg.v20.i31.10778

Ceha HM, Clement MJ, Polak MM et al (1998) Mutational analy-
sis of the P16-binding domain of cyclin-dependent kinase 4 in
tumors in the head region of the pancreas. Pancreas 17:85-88.
https://doi.org/10.1097/00006676-199807000-00011

@ Springer

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Puntervoll HE, Yang XR, Vetti HH et al (2013) Melanoma prone
families with CDK4 germline mutation: phenotypic profile and
associations with MCIR variants. J Med Genet 50:264-270.
https://doi.org/10.1136/jmedgenet-2012-101455

Takai E, Nakamura H, Chiku S et al (2022) Whole-exome
sequencing reveals new potential susceptibility genes for Japa-
nese familial pancreatic Cancer. Ann Surg 275:€652. https://doi.
org/10.1097/SLA.0000000000004213

Earl J, Galindo-Pumariiio C, Encinas J et al (2020) A compre-
hensive analysis of candidate genes in familial pancreatic cancer
families reveals a high frequency of potentially pathogenic germ-
line variants. EBioMedicine 53:102675. https://doi.org/10.1016/j.
ebiom.2020.102675

Yin L, Wei J, Lu Z et al (2022) Prevalence of germline sequence
variations among patients with pancreatic Cancer in China.
JAMA Netw Open 5:¢2148721. https://doi.org/10.1001/
jamanetworkopen.2021.48721

Smith AL, Alirezaie N, Connor A et al (2016) Candidate DNA
repair susceptibility genes identified by exome sequencing in
high-risk pancreatic cancer. Cancer Lett 370:302—312. https://doi.
org/10.1016/j.canlet.2015.10.030

Wolpin BM, Rizzato C, Kraft P et al (2014) Genome-wide asso-
ciation study identifies multiple susceptibility loci for pancreatic
cancer. Nat Genet 46:994—1000. https://doi.org/10.1038/ng.3052
Sharma S, Tapper WJ, Collins A, Hamady ZZR (2022) Predict-
ing Pancreatic Cancer in the UK Biobank Cohort using polygenic
risk scores and diabetes Mellitus. Gastroenterology 162:1665—
1674e2. https://doi.org/10.1053/j.gastro.2022.01.016

Pandey S, Gupta VK, Lavania SP (2023) Role of epigenetics
in pancreatic ductal adenocarcinoma. Epigenomics 15:89—110.
https://doi.org/10.2217/epi-2022-0177

Rah B, Banday MA, Bhat GR et al (2021) Evaluation of biomark-
ers, genetic mutations, and epigenetic modifications in early diag-
nosis of pancreatic cancer. World J Gastroenterol 27:6093—-6109.
https://doi.org/10.3748/wjg.v27.i36.6093

Geismann C, Arlt A (2020) Coming in the air: Hypoxia meets
epigenetics in Pancreatic Cancer. Cells 9:2353. https://doi.
org/10.3390/cells9112353

Toruner M, Fernandez-Zapico ME, Pin CL (2020) New aspects
of the epigenetics of pancreatic carcinogenesis. Epigenomes 4:18.
https://doi.org/10.3390/epigenomes4030018

Klein AP, Wolpin BM, Risch HA et al (2018) Genome-wide
meta-analysis identifies five new susceptibility loci for pan-
creatic cancer. Nat Commun 9:556. https://doi.org/10.1038/
s41467-018-02942-5

Walsh N, Zhang H, Hyland PL et al (2019) J Natl Cancer Inst
111:557-567. https://doi.org/10.1093/jnci/djy155. Agnostic Path-
way/Gene Set Analysis of Genome-Wide Association Data Iden-
tifies Associations for Pancreatic Cancer

Li D, Duell EJ, Yu K et al (2012) Pathway analysis of genome-
wide association study data highlights pancreatic development
genes as susceptibility factors for pancreatic cancer. Carcinogen-
esis 33:1384-1390. https://doi.org/10.1093/carcin/bgs151
Hoskins JW, Jia J, Flandez M et al (2014) Transcriptome analy-
sis of pancreatic cancer reveals a tumor suppressor function for
HNFI1A. Carcinogenesis 35:2670-2678. https://doi.org/10.1093/
carcin/bgul93

Janky R, Binda MM, Allemeersch J et al (2016) Prognostic rel-
evance of molecular subtypes and master regulators in pancre-
atic ductal adenocarcinoma. BMC Cancer 16:632. https://doi.
org/10.1186/s12885-016-2540-6

Bartu M, Dundr P, Nemejcova K et al (2018) The role of HNF1B
in Tumorigenesis of Solid Tumours: a review of current knowl-
edge. Folia Biol (Praha) 64:71-83

Falcomata C, Barthel S, Schneider G et al (2023) Context-
specific determinants of the immunosuppressive Tumor


https://doi.org/10.1136/jmedgenet-2012-101455
https://doi.org/10.1097/SLA.0000000000004213
https://doi.org/10.1097/SLA.0000000000004213
https://doi.org/10.1016/j.ebiom.2020.102675
https://doi.org/10.1016/j.ebiom.2020.102675
https://doi.org/10.1001/jamanetworkopen.2021.48721
https://doi.org/10.1001/jamanetworkopen.2021.48721
https://doi.org/10.1016/j.canlet.2015.10.030
https://doi.org/10.1016/j.canlet.2015.10.030
https://doi.org/10.1038/ng.3052
https://doi.org/10.1053/j.gastro.2022.01.016
https://doi.org/10.2217/epi-2022-0177
https://doi.org/10.3748/wjg.v27.i36.6093
https://doi.org/10.3390/cells9112353
https://doi.org/10.3390/cells9112353
https://doi.org/10.3390/epigenomes4030018
https://doi.org/10.1038/s41467-018-02942-5
https://doi.org/10.1038/s41467-018-02942-5
https://doi.org/10.1093/jnci/djy155
https://doi.org/10.1093/carcin/bgs151
https://doi.org/10.1093/carcin/bgu193
https://doi.org/10.1093/carcin/bgu193
https://doi.org/10.1186/s12885-016-2540-6
https://doi.org/10.1186/s12885-016-2540-6
https://doi.org/10.1038/ejhg.2010.198
https://doi.org/10.1001/jama.2009.1529
https://doi.org/10.1200/JCO.2018.78.4777
https://doi.org/10.1200/JCO.19.02105
https://doi.org/10.1200/JCO.19.02105
https://doi.org/10.21037/jgo-22-587
https://doi.org/10.21037/jgo-22-587
https://doi.org/10.3390/curroncol29100541
https://doi.org/10.1053/gast.2000.20228
https://doi.org/10.1038/s41395-018-0194-5
https://doi.org/10.1038/s41395-018-0194-5
https://doi.org/10.1038/ng0997-79
https://doi.org/10.1136/jmg-2022-108984
https://doi.org/10.1371/journal.pmed.0030516
https://doi.org/10.1371/journal.pmed.0030516
https://doi.org/10.1111/j.1399-0004.2009.01352.x
https://doi.org/10.1111/j.1399-0004.2009.01352.x
https://doi.org/10.3748/wjg.v20.i31.10778
https://doi.org/10.3748/wjg.v20.i31.10778
https://doi.org/10.1097/00006676-199807000-00011

Genetic and other risk factors for pancreatic ductal adenocarcinoma (PDAC)

231

82.

3.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

Microenvironment in Pancreatic Cancer. Cancer Discov 13:278-
297. https://doi.org/10.1158/2159-8290.CD-22-0876

Wolpin BM, Chan AT, Hartge P et al (2009) ABO Blood Group
and the risk of pancreatic Cancer. JNCI J Natl Cancer Inst
101:424-431. https://doi.org/10.1093/jnci/djp020

Amundadottir L, Kraft P, Stolzenberg-Solomon RZ et al (2009)
Genome-wide association study identifies variants in the ABO
locus associated with susceptibility to pancreatic cancer. Nat
Genet 41:986-990. https://doi.org/10.1038/ng.429

Tamura K, Yu J, Hata T et al (2018) Mutations in the pancreatic
secretory enzymes CPA1 and CPB1 are associated with pancre-
atic cancer. Proc Natl Acad Sci U S A 115:4767-4772. https://doi.
org/10.1073/pnas.1720588115

Yu J, Blackford AL, dal Molin M et al (2015) Time to progres-
sion of pancreatic ductal adenocarcinoma from low-to-high
tumour stages. Gut 64:1783-1789. https://doi.org/10.1136/
gutjnl-2014-308653

Yachida S, Jones S, Bozic I et al (2010) Distant metastasis occurs
late during the genetic evolution of pancreatic cancer. Nature
467:1114-1117. https://doi.org/10.1038/nature09515

Tanaka M, Fernandez-del Castillo C, Kamisawa T et al (2017)
Revisions of international consensus Fukuoka guidelines for the
management of IPMN of the pancreas. Pancreatology 17:738—
753. https://doi.org/10.1016/j.pan.2017.07.007

Vege SS, Ziring B, Jain R et al (2015) American Gastroen-
terological Association Institute Guideline on the diagnosis
and management of asymptomatic neoplastic pancreatic cysts.
Gastroenterology 148:819-822. https://doi.org/10.1053/].
gastro.2015.01.015

Liu J, Wang Y, Yu Y (2020) Meta-analysis reveals an associa-
tion between acute pancreatitis and the risk of pancreatic cancer.
World J Clin Cases 8:4416-4430. https://doi.org/10.12998/wjcc.
v8.119.4416

Hallensleben ND, Umans DS, Bouwense SA et al (2020) The
diagnostic work-up and outcomes of presumed idiopathic acute
pancreatitis: a post-hoc analysis of a multicentre observational
cohort. United Eur Gastroenterol J 8:340-350. https://doi.
org/10.1177/2050640619890462

Huang BZ, Pandol SJ, Jeon CY et al (2020) New-Onset Diabetes,
Longitudinal trends in metabolic markers, and risk of pancreatic
Cancer in a Heterogeneous Population. Clin Gastroenterol Hep-
atol off Clin Pract J] Am Gastroenterol Assoc 18:1812-1821e7.
https://doi.org/10.1016/j.cgh.2019.11.043

Pannala R, Leirness JB, Bamlet WR et al (2008) Prevalence and
clinical profile of pancreatic cancer-associated diabetes mel-
litus. Gastroenterology 134:981-987. https://doi.org/10.1053/;.
gastro.2008.01.039

Gupta S, Vittinghoff E, Bertenthal D et al (2006) New-onset dia-
betes and pancreatic cancer. Clin Gastroenterol Hepatol off Clin
Pract J Am Gastroenterol Assoc 4:1366—1372 quiz 1301. https://
doi.org/10.1016/j.cgh.2006.06.024

Singhi AD, Koay EJ, Chari ST, Maitra A (2019) Early detection of
pancreatic Cancer: opportunities and challenges. Gastroenterol-
ogy 156:2024-2040. https://doi.org/10.1053/j.gastro.2019.01.259
Sharma A, Kandlakunta H, Nagpal SJS et al (2018) Model
to determine risk of pancreatic Cancer in patients with New-
Onset diabetes. Gastroenterology 155:730-739¢3. https://doi.
org/10.1053/j.gastro.2018.05.023

Maitra A, Sharma A, Brand RE et al (2018) A prospective
study to establish a new-onset diabetes cohort: from the Con-
sortium for the study of chronic pancreatitis, diabetes, and
pancreatic Cancer. Pancreas 47:1244. https://doi.org/10.1097/
MPA.0000000000001169

Michaud DS, Giovannucci E, Willett WC et al (2001) Physical
activity, obesity, height, and the risk of pancreatic cancer. JAMA
286:921-929. https://doi.org/10.1001/jama.286.8.921

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Farias AJ, Streicher SA, Stram DO et al (2021) Racial/ethnic
disparities in weight or BMI change in adulthood and pancreatic
cancer incidence: the multiethnic cohort. Cancer Med 10:4097—
4106. https://doi.org/10.1002/cam4.3958

Naudin S, Li K, Jaouen T et al (2018) Lifetime and baseline alco-
hol intakes and risk of pancreatic cancer in the European prospec-
tive investigation into Cancer and Nutrition study. Int J Cancer
143:801-812. https://doi.org/10.1002/ijc.31367

Lucenteforte E, La Vecchia C, Silverman D et al (2012) Alcohol
consumption and pancreatic cancer: a pooled analysis in the Inter-
national Pancreatic Cancer Case-Control Consortium (PanC4).
Ann Oncol off J Eur Soc Med Oncol 23:374-382. https://doi.
org/10.1093/annonc/mdr120

Zanini S, Renzi S, Limongi AR et al (2021) A review of lifestyle
and environment risk factors for pancreatic cancer. Eur J Cancer
145:53-70. https://doi.org/10.1016/j.ejca.2020.11.040

Pericleous M, Rossi RE, Mandair D et al (2014) Nutrition and
pancreatic cancer. Anticancer Res 34:9-21

Casari I, Falasca M (2015) Diet and Pancreatic Cancer Prevention.
Cancers 7:2309-2317. https://doi.org/10.3390/cancers7040892
Antwi SO, Eckert EC, Sabaque CV et al (2015) Exposure to envi-
ronmental chemicals and heavy metals, and risk of pancreatic
cancer. Cancer Causes Control CCC 26:1583-1591. https://doi.
org/10.1007/510552-015-0652-y

Brugel M, Carlier C, Reyes-Castellanos G et al (2022) Pesticides
and pancreatic adenocarcinoma: a transversal epidemiological,
environmental and mechanistic narrative review. Dig Liver Dis
off J Ital Soc Gastroenterol Ital Assoc Study Liver 54:1605-1613.
https://doi.org/10.1016/j.d1d.2022.08.023

Li JJ, Zhu M, Kashyap PC et al (2021) The role of microbiome
in pancreatic cancer. Cancer Metastasis Rev 40:777-789. https://
doi.org/10.1007/s10555-021-09982-2

McAllister F, Khan MAW, Helmink B, Wargo JA (2019)
The Tumor Microbiome in Pancreatic Cancer: Bacteria and
Beyond. Cancer Cell 36:577-579. https://doi.org/10.1016/j.
ccell.2019.11.004

Geller LT, Barzily-Rokni M, Danino T et al (2017) Potential
role of intratumor bacteria in mediating tumor resistance to the
chemotherapeutic drug gemcitabine. Science 357:1156-1160.
https://doi.org/10.1126/science.aah5043

Riquelme E, Zhang Y, Zhang L et al (2019) Tumor Microbi-
ome Diversity and Composition Influence Pancreatic Cancer
outcomes. Cell 178:795-806e12. https://doi.org/10.1016/j.
cell.2019.07.008

Leon-Letelier RA, Dou R, Vykoukal J et al (2024) Contributions
of the Microbiome-Derived Metabolome for Risk Assessment
and Prognostication of Pancreatic Cancer. Clin Chem 70:102—
115. https://doi.org/10.1093/clinchem/hvad186

Bo X, Shi J, Liu R et al Using the risk factors of pancreatic Can-
cer and their interactions in Cancer Screening: a case-control
study in Shanghai, China. Ann Glob Health 85:103. https://doi.
org/10.5334/aogh.2463

Walker EJ, Goldberg D, Gordon KM et al (2021) Implemen-
tation of an embedded In-Clinic Genetic Testing Station to
optimize germline testing for patients with pancreatic adenocar-
cinoma. Oncologist 26(e1982—e1991). https://doi.org/10.1002/
onco.13968

Wang Y, Golesworthy B, Cuggia A et al (2022) Oncology clinic-
based germline genetic testing for exocrine pancreatic cancer
enables timely return of results and unveils low uptake of cas-
cade testing. J Med Genet 59:793-800. https://doi.org/10.1136/
jmedgenet-2021-108054

Everett JN, Dettwyler SA, Jing X et al (2023) Impact of com-
prehensive family history and genetic analysis in the mul-
tidisciplinary pancreatic tumor clinic setting. Cancer Med
12:2345-2355. https://doi.org/10.1002/cam4.5059

@ Springer


https://doi.org/10.1002/cam4.3958
https://doi.org/10.1002/ijc.31367
https://doi.org/10.1093/annonc/mdr120
https://doi.org/10.1093/annonc/mdr120
https://doi.org/10.1016/j.ejca.2020.11.040
https://doi.org/10.3390/cancers7040892
https://doi.org/10.1007/s10552-015-0652-y
https://doi.org/10.1007/s10552-015-0652-y
https://doi.org/10.1016/j.dld.2022.08.023
https://doi.org/10.1007/s10555-021-09982-2
https://doi.org/10.1007/s10555-021-09982-2
https://doi.org/10.1016/j.ccell.2019.11.004
https://doi.org/10.1016/j.ccell.2019.11.004
https://doi.org/10.1126/science.aah5043
https://doi.org/10.1016/j.cell.2019.07.008
https://doi.org/10.1016/j.cell.2019.07.008
https://doi.org/10.1093/clinchem/hvad186
https://doi.org/10.5334/aogh.2463
https://doi.org/10.5334/aogh.2463
https://doi.org/10.1002/onco.13968
https://doi.org/10.1002/onco.13968
https://doi.org/10.1136/jmedgenet-2021-108054
https://doi.org/10.1136/jmedgenet-2021-108054
https://doi.org/10.1002/cam4.5059
https://doi.org/10.1158/2159-8290.CD-22-0876
https://doi.org/10.1093/jnci/djp020
https://doi.org/10.1038/ng.429
https://doi.org/10.1073/pnas.1720588115
https://doi.org/10.1073/pnas.1720588115
https://doi.org/10.1136/gutjnl-2014-308653
https://doi.org/10.1136/gutjnl-2014-308653
https://doi.org/10.1038/nature09515
https://doi.org/10.1016/j.pan.2017.07.007
https://doi.org/10.1053/j.gastro.2015.01.015
https://doi.org/10.1053/j.gastro.2015.01.015
https://doi.org/10.12998/wjcc.v8.i19.4416
https://doi.org/10.12998/wjcc.v8.i19.4416
https://doi.org/10.1177/2050640619890462
https://doi.org/10.1177/2050640619890462
https://doi.org/10.1016/j.cgh.2019.11.043
https://doi.org/10.1053/j.gastro.2008.01.039
https://doi.org/10.1053/j.gastro.2008.01.039
https://doi.org/10.1016/j.cgh.2006.06.024
https://doi.org/10.1016/j.cgh.2006.06.024
https://doi.org/10.1053/j.gastro.2019.01.259
https://doi.org/10.1053/j.gastro.2018.05.023
https://doi.org/10.1053/j.gastro.2018.05.023
https://doi.org/10.1097/MPA.0000000000001169
https://doi.org/10.1097/MPA.0000000000001169
https://doi.org/10.1001/jama.286.8.921

232

M. F. Jacobs, E. M. Stoffel

115.

116.

117.

118.

119.

Rodriguez NJ, Furniss CS, Yurgelun MB et al (2024) A Random-
ized Trial of two Remote Healthcare Delivery models on the
uptake of genetic testing and impact on patient-reported psycho-
logical outcomes in families with pancreatic Cancer: the Genetic
Education, Risk Assessment, and testing (GENERATE) study.
https://doi.org/10.1053/j.gastr0.2024.01.042.  Gastroenterology
S0016-5085(24)00129-X

Placido D, Yuan B, Hjaltelin JX et al (2023) A deep learn-
ing algorithm to predict risk of pancreatic cancer from disease
trajectories. Nat Med 29:1113-1122. https://doi.org/10.1038/
s41591-023-02332-5

Hameed BS, Krishnan UM (2022) Artificial Intelligence-Driven
diagnosis of pancreatic Cancer. Cancers 14:5382. https://doi.
org/10.3390/cancers14215382

Yamada HY, Rao CV (2023) Pancreatic Cancer disparities among
gender, race, and ethnicity: the PRECEDE Consortium outcomes
and Impact. Cancer Prev Res Phila Pa 16:305-307. https://doi.
org/10.1158/1940-6207.CAPR-23-0086

Greenhalf W, Lévy P, Gress T et al (2020) International consen-
sus guidelines on surveillance for pancreatic cancer in chronic

@ Springer

pancreatitis. Recommendations from the working group for the
international consensus guidelines for chronic pancreatitis in
collaboration with the International Association of Pancreatol-
ogy, the American Pancreatic Association, the Japan Pancreas
Society, and European Pancreatic Club. Pancreatol off J Int
Assoc Pancreatol IAP Al 20:910-918. https://doi.org/10.1016/j.
pan.2020.05.011

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.pan.2020.05.011
https://doi.org/10.1016/j.pan.2020.05.011
https://doi.org/10.1053/j.gastro.2024.01.042
https://doi.org/10.1038/s41591-023-02332-5
https://doi.org/10.1038/s41591-023-02332-5
https://doi.org/10.3390/cancers14215382
https://doi.org/10.3390/cancers14215382
https://doi.org/10.1158/1940-6207.CAPR-23-0086
https://doi.org/10.1158/1940-6207.CAPR-23-0086

	﻿Genetic and other risk factors for pancreatic ductal adenocarcinoma (PDAC)
	﻿Abstract
	﻿Introduction
	﻿Pathogenesis of pancreatic ductal adenocarcinoma (PDAC)
	﻿Genetic susceptibility to pancreatic cancer
	﻿Hereditary cancer syndromes associated with risk for PDAC (Table ﻿1﻿﻿﻿﻿﻿)
	﻿Hereditary breast and ovarian cancer syndrome (HBOC) – BRCA1, BRCA2, PALB2
	﻿ATM
	﻿Familial atypical multiple mole melanoma syndrome (FAMMM) – CDKN2A
	﻿Lynch syndrome – MLH1, MSH2, MSH6, PMS2, EPCAM
	﻿Peutz-Jeghers syndrome (PJS) – STK11
	﻿Li Fraumeni syndrome (LFS) – TP53


	﻿Hereditary pancreatitis – PRSS1, SPINK1, CASR, CFTR, CPA1, CTRC
	﻿Familial adenomatous polyposis (FAP) – APC
	﻿Unmeasured genetic factors
	﻿Other biologically relevant pathways
	﻿Other factors impacting risk of PDAC
	﻿Precursor lesions to PDAC
	﻿Smoking
	﻿Pancreatitis (Acute vs. Chronic)
	﻿Diabetes
	﻿Obesity
	﻿Alcohol
	﻿Nutrition
	﻿Environmental exposures
	﻿Microbiome


	﻿Discussion and summary
	﻿References


