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Pancreatic cancer (PC) is a product of a variety of environmental and genetic factors. Recent work has
highlighted the influence of hereditary syndromes on pancreatic cancer incidence. The purpose of this
review is to identify the high-risk syndromes, common variants, and risks associated with PC. The study
also elucidates common characteristics of patients with these mutations, which is used to recommend
potential changes to current screening protocols for greater screening efficacy. We analyzed 8 syndromes
and their respective variants: Hereditary Breast and Ovarian Cancer (BRCA1/2), Familial Atypical Multiple
Mole Melanoma Syndrome (CDKN2A), Peutz-Jeghers Syndrome (STK11), Lynch Syndrome (PMS2, MLH1,
MSH2, MSH6, EPCAM), Ataxia Telangiectasia (ATM), Li-Fraumeni Syndrome (TP53), Fanconi Anemia
(PALB2), and Hereditary Pancreatitis (PRSS1, SPINK1, CFTR). Of 587 studies evaluated, 79 studies fit into
our inclusion criteria. Information from each study was analyzed to draw conclusions on these variants
as well as their association with pancreatic cancer. Information from this review is intended to improve
precision medicine and improve criteria for screening.

© 2022 IAP and EPC. Published by Elsevier B.V. All rights reserved.

1. Introduction

Pancreatic cancer (PC) is a highly aggressive malignancy with a
typical 5-year survival rate of 10% [1,2]. For 2020, the estimated
number of new cases of PC and deaths in the United States are
57,600 and 47,060, demonstrating the poor prognoses of PC pa-
tients [2,3]. Geographic regions that have high human development
indices (HDI), such as North America or Europe, have the highest PC
incidence in the world [3]. PC accounted for 8% of all cancer deaths
last year, despite its relative rarity [2]. The main form of PC is
Pancreatic Ductal Adenocarcinoma (PDAC), which accounts for 93%
of all PC cases [1,2]. PC has a lifetime risk of 1.5% [1,2]. Major risk
factors include smoking, type Il diabetes mellitus, dietary factors,
alcohol abuse, age, and pancreatitis [4,5]. Typically, the relative risk
for these factors is fairly low (2- or 3-fold).
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PC risk may be hereditary in approximately 4—10% of cases
[4,6,9]. Familial pancreatic cancer (FPC) is diagnosed when two or
more members within a set of first-degree relatives develop PC
without the evidence for an identifiable syndrome. The risk in-
creases proportionally with the number of first-degree relatives.

In comparison, hereditary PC occurs when an individual inherits
a cancer-inducing syndrome. Some of these syndromes include
Hereditary Breast and Ovarian Cancer (HBOC), Familial Atypical
Multiple Mole Melanoma (FAMMM), and Lynch Syndrome (LS)
[4,6,7]. Examples of genes implicated in hereditary PC include:
Breast Cancer Genes 1/2 (BRCA1/2), Cyclin Dependent Kinase In-
hibitor 2A (CDKN2A), ATM Serine/Threonine Kinase (ATM), Serine/
Threonine Kinase 11 (STK11), Tumor Protein 53 (TP53), Serine
Protease 1 (PRSS1), MutS Homolog 2 (MSH2), MutL Homolog 1
(MLH1), MutS homolog 6 (MSH6), Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR), and Truncated Partner And Localizer
Of BRCA2 (PALB2) [4,6,7].

A major challenge in PC treatment is its difficulty to diagnose
early-on. When surgical resection is possible, the 5-year survival
rate is 37%, but only 10% of cases are detected early enough due to
lack of specific symptoms [1,2]. 53% of cases are diagnosed in the
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metastatic setting, having a 5-year survival rate of 3% [1,2].
Consequently, there is growing emphasis into earlier detection of
PC.

Although the number of hereditary cases of PC is small relative to
no family history of PC (sporadic cases), the identification of high-
risk individuals through multigene testing may allow for enhanced
screening and earlier detection. The number of variants and varying
penetrance make it challenging to identify high-risk ones. Under-
standing how variants work in tandem may elucidate the process for
PC development. Higher-risk genes have been determined in some
cases, such as BRCA1/2 [4—7]. Genetic screening for these genes may
improve outcomes for high-risk individuals by enabling high-risk
screening protocols and earlier detection.

The aim of this study is to summarize current literature
regarding the association of genes, their germline variants, and PC
development. Moreover, the study also seeks to incorporate
screening criteria and syndrome phenotypes to determine high-
risk individuals and genes that require screening.

2. Methods
2.1. Gene identification

An initial query was completed using the PubMed database
(https://pubmed.ncbi.nlm.nih.gov/) to identify relevant genes, with
criteria similar to that of Zhan et al. [7] The relevant genes were
identified through the selection of reviews that analyzed germline
variants and PC incidence. We utilized this query for gene identi-
fication for “reviews” and “systematic reviews” from 01/01/2010 to
12/31/2020: (“pancreatic cancer”[All Fields] OR “pancreatic ductal
adenocarcinoma”[All Fields] OR “PDAC"[AIl Fields]) AND (“germli-
ne"[All Fields] OR “germline variants"[All Fields] OR “variant"[All
Fields]) AND (“gene"[All Fields] OR “genes"[All Fields])

The initial query yielded 63 results, and the reviews were
analyzed to determine relevant genes and syndromes. Some re-
views were not analyzed for germline variants due to their irrele-
vance to the focus of this study. These results were compiled into a
list for the second query.

2.2. Literature selection

Query 2 includes certain syndromes that have been associated
with germline mutations of some of these genes. The PubMed
database (https://pubmed.ncbi.nlm.nih.gov/) was used. The
criteria included all studies until the date of 3/31/2021:
(“pancreatic cancer"[All Fields] OR “Pancreatic ductal adeno-
carcinoma"[All Fields] OR “PDAC"[AIll Fields] OR (“pancreas"[All
Fields] AND “cancer”[All Fields])) AND (“germline"[All Fields] OR
“variant"[All Fields] OR “variants"[All Fields] OR “germline var-
iants"[All Fields]) AND ((“BRCA"[AII Fields] OR “BRCA1"[All Fields]
OR “BRCA2"[All Fields] OR “HBOC"[AIl Fields] OR “Hereditary
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Breast and Ovarian Cancer"[All Fields]) OR (“ATR"[All Fields] OR
“ATM"[All Fields] OR *“Ataxia Telangiectasia"[All Fields]) OR
(“CDKN2A"[All Fields] OR “FAMMM"[All Fields] OR “Familial
Atypical Multiple Mole Melanoma"[All Fields]) OR (“PRSS1"[All
Fields] OR “SPINK1"[All Fields] OR “SPINK2"[All Fields] OR (“pan-
creatitis"[All Fields] AND (“hereditary”[All Fields] OR “chronic”[All
Fields]))) OR (“TP53"[All Fields] OR “P53"[All Fields] OR “CHE-
K1"[All Fields] “CHEK2"[AIl Fields] OR “Li-Fraumeni Syndro-
me"[All Fields]) OR (“STK11"[All Fields] OR “Peutz-Jeghers"[All
Fields] OR “PJS"[All Fields]) OR (“MLH1"[All Fields] OR “MSH2"[All
Fields] OR “MSH6"[AIll Fields] OR “PMS2"[All Fields] OR “EPCA-
M"[All Fields] OR "Lynch Syndrome"[All Fields]) OR (“APC"[All
Fields] OR “FAP"[All Fields] OR “Familial Adenomatous Poly-
posis"[All Fields]) OR (“PALB2"[All Fields] OR “FANCA"[All Fields]
OR “FANCC"[AIl Fields] OR “FANCG"[AIl Fields] OR “Fanconi Ane-
mia"[All Fields]) OR (“CFTR"[All Fields]))

2.3. Study selection

Studies were screened by keywords in the title or abstract, and
studies that were not pertinent were excluded. All studies exam-
ining only PNETs and non-adenocarcinomas were excluded. Studies
were included if they assessed the amount of PC patients with a
specific variant of a gene or syndrome listed above and the risk with
the relative variants. Studies were also included if they provided
the type of mutation or the protein modification. Additionally,
studies used in systematic reviews or meta-analyses were included
if the studies followed similar criteria and were accessible. Infor-
mation from the studies would be compared to the screening
guidelines established by National Comprehensive Cancer Network
(NCCN) and the International Association of Cancer of the Pancreas
Screening (CAPS) consortium [8,9]. Variants within the studies,
phenotypes, and common cancers were compiled into a table
(Table 1).

3. Results
3.1. Literature selection

Of 587 studies, 79 were included in the final study. 509 were
excluded as duplicates, not fitting study criteria, only examining
PNETs and non-adenocarcinomas, or being irrelevant. 5 additional
studies were pulled from systematic reviews and used to supple-
ment current research. Certain studies were added, but not
included in the final count, that provided information on the genes
and their protein functions.

3.2. Variant and phenotype table

Table 1 compiles information on the pathogenic/likely patho-
genic variants and their common phenotypes for patients with PC.

Table 1
Table summarizing the Pathogenic/Likely Pathogenic variants as established by Clinvar and the common cancer/phenotypes reported in the literature with these germline
mutants.
Gene Pathogenic/Likely Pathogenic Variant ~ Associated Cancers  Other notable Phenotypes References
ATM c.103C>T Breast Family history of cancers [15,18,23,46,64,68,70—73,81]
c.170G>A Prostate
c.5549delT Colon
¢.3038dupA Melanoma
c3G>A Glioma
¢.1564_1565del Lung
c.6100C>T Sarcoma
c.6228delT Prostate
c.8185C>T Breast
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Gene Pathogenic/Likely Pathogenic Variant ~ Associated Cancers Other notable Phenotypes References
c.9022C>T
c9139C>T
c.1369C>T
c.7630-2A>C
c.741dupT
c.3802del
c.5932G>T
c1931C>A
c.3801delG
c.8874_8877
c.4776+2T > A
c.7456C>T
c.742C>T
c.1065+1G > T
€.8395_8404delTTTCAGTGCC
BRCA1 €.68_69delAG Colon Family history of cancers [12—16,18—20,23—-28,46,61,64,68,70,71]
¢.5266dupC Rectum
c.181T>G Liver HBOC
¢.70_80del Uterus Development of PC before 50
c.187delAG Cervix
c.4507 Bladder Higher occurrence of other cancers in women
¢.5385insC Kidney
€.6699C > A Breast
c213-12A>G Ovarian
c.4986+3G > C Melanoma
c178C>T Lung
¢.300T> G Head/Neck
c.843_846del Skin
¢.895_896del Testicular
€.929del Gallbladder
c.962G>A Sarcoma
¢.1175_1214del
¢.1360_1361del
c.1953_1956del
c.1961del
c.2071del
Cc.2274A>T
c.2338C>T
€.2405_2406del
€.2681insGC
€.2719_2722del
€.2702_2703del
€.2934T> G
€.2973_2979del
€.2999del
€.32454_3255del
€.3649_3650insA
€.3700_374del
€.3756_3759del
¢.3759dup
c4117G>T
c4327C>T
€.4986+6T > C
c.5106del
BRCA2 c.5946delT Colon Family history of cancers [12,14—28,46,61,64,68,70,71,73,81]
c.5636G>T Rectum
€.2808_2811del Liver HBOC
c.3545_3546del Uterus
¢.5909C> A Cervix Development of PC before 50
€.2928delC Bladder
c.7682A>C Kidney Higher occurrence of other cancers in women
c.6085G>T Breast
¢.6373dup Ovarian
c3967A>T Melanoma
c.1189C>T Lung
¢.4965G > C Head/Neck
€.6951_6952del Testicular
c.6444dup Gallbladder
c.3847_3848del Brain
c.4478_4481del Sarcoma
c.87551G>A Prostate
c.1813del
¢.1929del
c.5682C>G
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Gene Pathogenic/Likely Pathogenic Variant

Associated Cancers

Other notable Phenotypes

References

c.6037A>T
c.3744_3747del
¢.5350_5351

CDKN2A®  ¢71G>C
c301G>T
€.97_98insc
c457G>T
c.169G > A
c377T>A
c47T>G
c.149A>G
€.240_253del
c47G>A
¢.97dup
c.161G>A
c.193G>C
c.60_61ins
c193+1G > A
c.194-3653G>T
¢.194-3635dup
¢.194-3585C> A
¢.194-3573T > G/C
c.184-3553G > A
€.194-3549G > C
c.194-3541G>T
c.159G > C/A
c167G>T
c172C>T
c.176T>G
c.194T>C
€.202_203del
c212A>G
c213C>A
c219C>T
c.225_243del
c.283del
c.286del
c44G>A

CFTR €.2991G > C*
c.1624G > T¢
c.3935A> G

MLH1 c.1210_1211
c.1852A>G
c.677+3A > G
c.1153C>T

MSH2 €.1226_1227del
c.1046C>T
c.1204C>T
c9424+3A>T
¢.1906G > C
€.1786_1788del

MSH6 c.3312dupT
¢3202C>T
c.1707delC
c.2194C>T
¢.125_126insT

PMS2 c.2174+1G > A
c.52A>G

PALB2 ¢.707dupT
c.2386C>A
¢3256C>T
c2509G >T
¢.3456dupA
c3113G>A
€.393_394insC
c.1653T>A
c.3362del
c.1240C>T

Melanoma
Ovarian
Lung
Breast
Bladder
Colorectal
Gynecologic

Colon
Breast
Uterine
Breast
Bowel
Brain
Ovary
Renal Pelvis
Ureter
Carcinoma
Colon
Brain
Ovary
Kidney
Colorectal
Colorectal
Uterine
Brain
Ovary

Colorectal
Uterine
Brain
Ovary
Prostate
Breast
Uterine

FAMMM
PC onset before 50

Melanocytic Nevi

Chronic Pancreatitis
Cystic Fibrosis

Acute Pancreatitis
Family history of cancers

Lynch syndrome

Family history of cancers

Lynch syndrome

Family history of cancers

Lynch syndrome

Family History of Cancers
Lynch syndrome
Family history of cancers

Fanconi Anemia
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[15,18,20,23,29—-39,46,62,68,70,81]

[95,96]

[18,23,56,57,62—64,68,70,73]

[23,46,56—58,61,63,64,66,68,70,71,81]

[15,18,23,56,57,64,68,81]

[46,62,68]

[15,18,20,23,68,71,73,80,83—85]
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Gene Pathogenic/Likely Pathogenic Variant ~ Associated Cancers Other notable Phenotypes References
c3116del
c.C3256T
€3549C > G/A
¢.3456dupA
€.2366C>A
c.839delT
c.1240C>T
¢.508_509delAG
c.3116delA
c2509G >T
PRSS1 €.365G > A° N/A Hereditary Pancreatitis [89]
c.86A>T¢
STK11° c541A> G Ovarian PJS [40—54,61,68]
c.543C>GJ/A Colorectal
¢.200T > C Stomach Polyps
c910C>T Bowel
c.367C>T Breast Mucocutaneous pigmentation
c.109C>T Cervix
c.418del Uterine Cancer Onset before 50
Testicular
Lung
SPINK1 c.101A>G* N/A Acute pancreatitis [90,91,93]
Chronic Pancreatitis
Pancreatic Pain
Ductal Abnormalities
Cholestasis
Calcification
TP53 c.542G > A/C Prostate Family history of cancers [18,23,61,64,68,71,74,76]
c916C>T Lymphoma
c.742C>T Breast Li-Fraumeni Syndrome
c.818G>T Melanoma
c.844C>T Rectal Onset of PC before 50
c.847C>T Esophageal
c.524C>A Liver Sarcoma

2 For CDKN2A variants, consider viewing Chan et al. [2021] due to their high levels of CDKN2A variant reporting [35].
b More severe phenotypes for STK11 variants occurred with truncating phenotypes.
¢ Genes are heavily associated with Pancreatitis and have been found in PC patients.

4. Discussion
4.1. BRCA1/2 (HBOC)

Germline variants in the BRCA1/2 genes have been implicated in
Hereditary Breast and Ovarian Cancer syndrome (HBOC) — an
autosomal dominant condition [10]. BRCA1/2 are tumor suppressor
genes in the DNA Damage Response (DDR) that repair double
stranded DNA breaks (dsDNA) [11]. While better recognized for its
association with breast cancer, HBOC has been associated with PC
risk [10].

According to the NCCN guidelines, the absolutertisk of devel-
oping PC with a BRCA1/2 pathogenic variant isnlessrthan®5% and
5=10%yrespectively [8]. Multiple studies have demonstrated odds
ratios ranging from 2 to 7 in BRCA1 and 5—10 in BRCA2 [12—17].
Considering the current NCCN guidelines on BRCA1/2 screening,
there is enough evidence to suggest that(BRCA1/2'shouldralwaysibe
included in multigene panels.

There is a growing amount of research into the frequency of
BRCA1/2 variants in apparently sporadic cases. Shindo et al. (2017)
discovered 12/854 patients of sporadic PC with a BRCA2 pathogenic
truncatingwariant/(P=<0:001), and 3/854"with"BRCA1 (p = 0.7625)
[18]. In this case, sporadic PC refers to cases of PC that do not have
any family history of PC or other cancers associated with HBOC.
With the most recent study from 2018 by Blair et al. previous
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estimates place BRCA1/2 variant frequency in sporadic cases around
3—5%, where most cases have a BRCA2 variant [17—22]. Therefore,
these estimates could justify screening family members of patients
with apparently sporadic cases of PC for BRCA2 variants and PC, not
BRCA1, with the typical NCCN guidelines. It could also justify
screening patients with known BRCA2 variants for PC without a
first-degree blood relative developing PC.

It is important to address screening the subset of patients with
previous family or personal history of HBOC-related cancers and
FPC, particularly in women. Of 9ipatientswithralPCdiagnosisrandra
BRCA1/2 variant, 7/9 (78%) had a family history of HBOC, and all had
apersonalthistoryrof antHBOC=related'cancer23]. 6/9 (66%) of the
patients were women as well [23]. In a cohort of 1171 females with
previous Ovarian cancer in Ontario, the relative risk of PC for
BRCA1/2 pathogenic variants was 3.1 (95% CI=0.45—21) and 6.6
(95% CI = 1.9—23) [24]. Another study found that 4 out of 8 females
(50%) with BRCA1/2 variants had either a previous history of Breast
Cancer or a family history of PC [25]. The NCCN guidelines do not
provide information on screening with these conditions, but they
do advise PC screening at 50 years old or 10 years earlier than the
youngest PC case in the family [8]. Further work should assess if
earlier PC screening would prove fruitful to women with BRCA1/2
variant and a family history.

Some variants have higher risks or common phenotypes.

Ashkenazimjewishm@A))mfamilies with cases of FPC often exhibit
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founder mutations including BREA2 c.5946delT, BREAD
€.68_69delAG, and BRCA1 c.5266dupC [7,26—28]. 5.5% of these
founder mutations are found within the A] community, and 24% of
the patients with PC and a founder mutation had a previous cancer
with breast (9/35) and prostate (8/35) [27]. One study found that 4/
5 (80%) patients with PC and the BRCA2 c.5946delT mutation had a
family history of HBOC-related, pancreatic, and lung cancers [18].
All of these patients exhibited PC onset before 65, with the youn-
gest being 42 [18]. These results demonstrate that certain variants
have higher risks with PC development, associations with previous
cancers, or are common in certain ethnic groups. More information
on these variants’ phenotypes and PC risk could provide stronger
insight into the identification of high-risk individuals and the most
effective measures for PC screening.

Another group, the International Cancer of the Pancreas
Screening (CAPS) consortium, have similar agreements with
BRCA1/2 as the NCCN guidelines. The main difference is that their
2019 consensus argued for potentially screening for PC at 45 years
old, rather than 50 years old in BRCA1/2 mutation carriers [9].
Younger screening in BRCA2 could help improve patient outcomes,
but the relatively small number of patients that develop PC at that
age cannot fully justify that decision. More research could illumi-
nate that earlier screening may be necessary based on current
trends of PC incidence and BRCA2 mutations.

4.2. Familial Atypical Multiple Mole Melanoma Syndrome
(FAMMM)

FAMMM syndrome is an autosomal dominant genodermatosis
where a patient has multiple melanocytic nevi and a family history
of melanoma [29]. The occurrence of FAMMM syndrome is char-
acterized by a disorder in the GRKN2ANgERE, which produces the

tumor suppressor proteins that inhibit CDK4 and CDK6 at the G1/S
eheekpoeintdp 16(INK4a) and p14(ARF) proteins [29—31]. Therefore,
mutations in CDKN2A inhibit its ability to prevent cell cycle pro-
gression to the S phase, which could result in uncontrolled and
rapid cell proliferation. Current NCCN estimates place the absolute
risk for PC for FAMMM kindreds to be greater than 15% [8].

A key finding in the incidence of PC and FAMMM syndrome is
that the p16(INK4a) protein is somatically inactivated in 95% of PC
Gasesi2eamseP Although it is not an assessment of germline risk, the
overall occurrence of CDKN2A mutations affecting the p16(INK4a)
isoform in PDAC cases solidifies CDKN2A as a high-risk gene. In
cases with germline pathogenic variants, a majority of the reported
variants in patients with PC occurs in the p16 isoform with many
occurring directly in the p16 region of the protein, thereby
demonstrating the significance of this region to PC development
[30—36]. The p14 isoform has also been implicated, but there are
significantly less reported variants on the protein in PC incidence,
which could be due to the fact that p14 variants have a tendency to
be implicated in other cancers [36].

There are a few areas that need greater data collection of
FAMMM phenotypes, which may be valuable for developing better
patient screening algorithms. One area is the occurrence of CDKN2A
mutations and FPC without evidence of FAMMM syndrome. In a
European study, 6/28 (21%) PC families without FAMMM pheno-
types had a CDKN2A deleterious variant, which could indicate a
need to alter current screening methods [37]. More research on this
area needs to be done before any conclusions can be made, though.
But, the occurrence of melanoma within an FPC family could be a
strong indicator for a CDKN2A mutation and should follow NCCN
screening guidelines.

The p16-leiden Dutch founder mutation (c.225_243del19) has
been demonstrated to cause a 17% risk in development of PC by 75,
and the c¢.335_337dup variant has an occurrence greater than 60%

724

Pancreatology 22 (2022) 719—729

in the Swedish population with PC [30,38]. Thus, individuals with
these variants should be considered especially high-risk. These
variants tend to propagate in Caucasian individuals, especially in
the Netherlands, North America, Australia, and other locations in
Europe [16,21,30,39].

Current NCCN guidelines for CDKN2A recommend screening at
the age of 40 years or 10 years younger than the youngest age a
telativerdevelopedsRDA@Nor individuals of FAMMM kindreds [8].

The guidelines are sufficient in that regard, but the occurrence of PC
in CDKN2A-mutation-positive families without FAMMM syndrome
may indicate that screening should occur earlier for families with
melanoma development and a FAMMM variant.

Interestingly, previous CAPS recommendations for CDKN2A
argued that PC screening should happen for patients with variants in
the p16 region in the absence or presence of a relative with PC, but
they do not provide consensus on CDKN2A mutations in general [9].
In the 2019 consortium, though, the group came to the consensus
that all CDKN2A germline variants should undergo PC screening [9].
Based on current information, this was the correct decision because
of the instances of PC development without mutations in the p16
region. Due to the risk associated with the CDKN2A p16 isoform and
growing research into the p14 isoform, screening for patients with
the mutations in general will provide better outcomes. Though, it is
important to recognize that many of the deleterious variants tend to
occur in in p16 region or are more highly reported.

4.3. Peutz-Jeghers Syndrome (PJS)

Peutz-Jeghers Syndrome (P]S) is a rare, autosomal dominant
condition that is associated with gastrointestinal polyposis,
mucocutaneous pigmentation, and cancer predisposition [40,41].
Specifically, PJS is highly associated (94—96%) with pathogenic
variants in the STK11 gene, which produces serine-threonine kinase
GImEES . An interesting finding for those affected by PJS is that
45% of individuals do not have a family history of the syndrome
[41]. The function of STK11 is context dependent, but it demon-
strates a role in tumor suppression in the pancreas. STK11 is an
upstream kinase of the AMP-activated protein kinase (AMP) and
Mitogen-activated protein kinase (MAPK) pathways, and a defec-
tive STK11 is associated with the development of pancreatic neo-
plasms [44,45].

Despite the rarity of PJS, the cEEliNNSkGipanNcIcatcICaNeED
development is greater than 15%, with a cumulative lifetime risk of
882 3,41,46]. Identification of individuals with PJS and an STK11
variant would categorize them as a high-risk group, which may
justify earlier screening methods. It is also important to note that
individuals with STK11 have extremely high penetrance of PJS such
that PJS almost always occur in the presence of these deleterious
NS | 12,41,47—49]. The mean age of PC diagnosis for PJS-
afflicted individuals is around 41-52 years, but a fair amount of
cases occur after age 60 [41,50,51].

Current NCCN guidelines state that screening of individuals with
PJS and a family history of PC should either begin at 30—35 years of
ageemeNgEaEsyounger than the youngest person with PJS and PC
in the family [9]. In comparison, the CAPS consortium recommends
that screening should occur for all individuals with STK11 at age 40,
regardless of family history [9]. PC patients with PJS also have
demonstrated a family or a personal history of breast, colon, and
ovarian cancers [52—56]. The risk of other cancers in PJS individuals
illustrates that screening of all individuals with PJS, even those
without a family or personal history of PC, may be justified around
the age of 40.

While these guidelines vary slightly, there is a definitive un-
derstanding that pathogenic STK11 variants confer significant risk
towards PC development and earlier onset. Considering the early
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onset of PC in PJS patients, both guidelines are justified to identify
these earlier cases. Therefore, earlier screening at around 35 years
old for all individuals with germline variants may help to improve
patient outcomes. Furthermore, screening guidelines could include
both recommendations if differences in PC development are found
to occur in PJS patients with FPC versus those patients without it.

4.4. Lynch Syndrome (LS)

Lynch syndrome (LS), or hereditary non-polyposis colorectal
cancer (HPNCC), is an autosomal dominant disorder that is char-
acterized by increased risk for cancers, specifically colorectal and
endometrial cancer [57,58]. The syndrome is associated with four
mismatch repair genes (MLH1, MSH2, MSH6, or PMS2) and the
EPCAM gene [57,58]. The EPCAM gene can undergo mutations that
cause it to form a long mRNA with its adjacent MSH2 gene, even-
tually resulting in MSH2's promoter hypermethylation and lowered
expression [57,58]. Mismatch repair (MMR) genes fix mismatched
bases. Deleterious mutations can occur that cause cancerous pro-
tein products and increase cancer incidence by ineffective DNA
repair.

Individuals with LS follow a common pattern: Patients are born
with a heterozygous genotype for these genes [57,58]. Cancer risk
increases when the functional allele undergoes a somatic second
hit and becomes non-functional, so no functional protein is pro-
duced [57,58]. Mutations in MMR genes and the occurrence of LS in
individuals is associated with microsatellite instability (MSI), which
stands as a common marker for identifying whether a patient has
LS [57,58]. In regards to PC, a review found that MSI is a poor
diagnostic due to its low prevalence in PC cases (~2%), and it may
hold more prognostic value [59]. Therefore, MSI should only be
used for identifying patients with LS that may be more at-risk for
PC.

The gene responsible for PC development in LS patients follows
cimilampaEends in other cancer incidences. PC incidence seems to
have a GighSHoceuencEomVIMEINaNNVISH2IMNENeNS, followed
by MSH6 and PMS2 [12,16,24,47,60—71]. Kastrinos et al. (2009)
discovered that 31/47 PC patients had an MSH2 mutation, 13/47
with MLH1, and 3/47 with MSH6 [66]. The study also found that 8 of
13 (62%) families with multiple PC cases had an MSH2 mutation, 4
(30.8%) for MLH1, and 1 (7.7%) for MSH6 [66]. Mutations have often
been seen to present with a cancer diagnosis prior to the onset of
PC, which is typically a form of colorectal or breast cancer
[24,65,66]. Therefore, it is important to recognize that individuals
with LS should be getting tested for PC through MSI or IHC testing
at the age of 50, even in the absence of family with PC.

Current NCCN guidelines and studies establish that the GiSkufep

@ishms [3,49]. However, our study found insufficient evidence to
conclude that PMS2 and EPCAM variants play a role in PC risk in
comparison to the other 3 genes associated with Lynch syndrome
(MLH1, MSH2, MSHG). The NeeNIguideliiesyfor PC-screening have
determined that sciceRingIShouldIonyIoceumiomincdivicualsawith
MLH1, MSH2, MSH6, and EPCAM variants and a family history of PC
{8 Comparatively, the GARSIZHiGEliNESTIECOMMENGISCIEENINSRNS
years of age with known MLH1/MSHZ2 variants, but not for MSH6

ancmBR@ANVMMEP Considering the discrepancies in screening,
screening patients with PMS2 and EPCAM variants may be low-

yield, so screening should only occur in the case of patients with
Lynch syndrome for these variants. For those with germline path-
ogenic or likely pathogenic variants in the other 3 genes, the
guidelines recommend screening at the age of 50 or 10 years prior
from the first family member with PC [8].
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4.5. Ataxia Telangiectasia (A-T)

Ataxia Telangiectasia (A-T), GKANIOHSEBANNSYNAIOME is an
autosomal recessive disorder that is estimated to affect 1 every
40—-100 thousand births [72]. A-T is a DNAKSNagENeSponseRBR)
syndrome that leads to cerebellar degeneration, telangiectasia, and
a predisposition to cancer development [72]. The syndrome occurs
due to deleterious mutations in the ATM gene, leading to a
dysfunctional protein product. ATM protein is a serine/threonine
kinase that is crucial to NHE] and HRR for double strand breaks,
DNA repair processes, and apoptosis [72].

Absolute risk estimates are between 5 and 10% in patients with
AnvEmEEsonSEndIETelatvemiskeis® (95% CI, 0.44—14.2) [8,62].
Two studies that the most patients with PC and a commonly
mutated gene had a variant within the ATM gene (69/249,
OR =5.72; OR=10.7) [15,68]. Variants in ATM are also considered
to be one of the most common germline mutations in PC patients,
ranging from 1 to 34% [73].

It is important to recognize that ATM mutations afElaSSoGEaies
Witheethenformsuofaeaneem\any of these cancers are breast,
colorectal, and (panerEasan)13,23,69,71]. It is also common to have
individuals with earlier diagnoses of breast or other cancers prior to
their PC diagnosis [18,23,69,71]. Even after excluding patients
without a family history of PC, Hu et al. (2018) calculated an OR of
10.55 (p<0.001), indicating that ATM mutations may cause
apparently sporadic PC as well [12]. Furthermore, all of these
studies analyzed patients that only inherited one mutant allele and
did not exhibit A-T. Yurgelun et al., [2019] found that 44% of pa-
tients with an ATM mutation and PC had undergone a somatic
second hit in the resected tumor, which could indicate that risk may
increase with loss-of-heterozygosity [71]. Additionally, the results
may demonstrate that PC development could be due monoallelic
inactivation as well. Either way, pathogenic ATM germline variants
likely increase the risk of PC through loss-of-heterozygosity, mon-
oallelic inactivation, or a combination of both. Therefore, current
NCCN screening guidelines for individuals with ATM mutations at
age 50 or 10 years younger than the first PC case in the family are
valid [8]. CAPS guidelines recommend screening at 45 years of age
with an ATM variant, but the relatively few cases below 50 years of
age does not warrant screening at this point [9]. As a result,
screening for PC in ATM-mutated patients beginning at the age of
50 is the most effective course of action for these afflicted
individuals.

4.6. Li-Fraumeni Syndrome (LFS)

Li-Fraumeni Syndrome (LFS) is an autosomal dominant condi-
tion that predisposes individuals to cancer through mutations of
the tumor suppressor protein, TP53 [74,75]. TP53 is a protein vital to
the regulation of the cell cycle and works by recognizing DNA
damage. If the protein becomes activated, it binds to TP53-binding
elements in DNA to activate transcription for proteins that promote
apoptosis, senescence, and DNA-repair. Individuals impacted by
TP53 germline mutations tend to be heterozygous for the allele, but
mutant TP53 also acts upon the wild-type protein and can mitigate
the impact of the tumor suppressor protein [74,75].

The absolute risk imposed by a germline mutation is around
5-10%, and the relative risk is around 7.3 (95% CI, 2—19) [8,76].
Evidence for the association between P53 germline mutations and
PC is limited. However, Cicenas et al., [2017] has implicated TP53 as
a crucial protein in the prevention of PC as 70% of all PC cases have a
mutated TP53 protein [77]. P53 germline mutations can signifi-
cantly increase the risk for PC in individuals.

An important point to recognize is the propensity for PC patients
with TP53 mutations to have a prior personal or family history of


Reiner Wiest

Reiner Wiest

Reiner Wiest

Reiner Wiest

Reiner Wiest

Reiner Wiest

Reiner Wiest

Reiner Wiest

Reiner Wiest

Reiner Wiest

Reiner Wiest


C. Bennett, M. Suguitan, J. Abad et al.

other cancers. Hu et al., [2018] found that, of 6 patients with PC and
a TP53 mutation, two of these patients had breast cancer previously
[12]. Along those same lines, Dudley et al., [2018] demonstrated
two female patients with TP53 mutations that had 7 previous di-
agnoses for other cancers beginning around 30 years old, including
breast, sarcomas, and melanoma [23]. While the research on TP53-
mutated PC is relatively sparse, these cancer incidences follow
already identified patterns. Malkin et al., [2011] showed that cancer
risk for TP53 is much greater for female patients, and cancer inci-
dence has a tendency to be early-onset in these cases [74]. There-
fore, it is important to incorporate this information into current
screening guidelines for known TP53-mutant patients.

Current NCCN guidelines state that screening should begin at
age 50 or 10 years younger than the earliest occurrence of PC in a
family member with the mutant allele [8]. Considering the limited
amount of data, this approach is the most justified. Future work
may determine the relationship of PC incidence in those patients
with a prior history of a specific cancer as well as the difference in
PC incidence based on sex.

Finally, it is important to address TP53 variants that could in-
crease the risk for PC. Interestingly, the majority of pathogenic
variants for TP53 occurs in its DNA-binding domain (DBD) [75]. The
DBD region includes amino acids 102—298 in the TP53 protein
product. Some of the currently identified pathogenic variants
include ¢.847C>T (p.R283C), c.542G>C (p.R181P), c.524C>A
(p.R175H), and ¢.742C >T (p.R248W), which are mutational hot-
spots in PC cases [18,23,55,69,75]. The higher prevalence of DBD
variants in the implication of PC cases and cancer in general could
improve the effectiveness of identifying high-risk individuals as
these cases could be encouraged to get more frequent screening for
PC. Therefore, these results demonstrate that it could be effective to
vary screening guidelines based on the specific variant, but more
research needs to be done on this subject.

4.7. PALB2-associated Fanconi Anemia (FA)

Fanconi Anemia is an autosomal recessive condition that affects
the blood and implicates the DNA repair process. While Fanconi
Anemia is relatively rare in the United States (about 1 out of 136000
newborns), about 1 in 181 people are carriers of a Fanconi Anemia
pathogenic variant [78]. Genes associated with FA include BRCA2,
PALB2, FANCC, FANCG, FANCA, FANCF, and FANCM in the incidence
of PC[7,8,79—85]. PALB2 has the most research and evidence for the
increased incidence of PC. Current NCCN guidelines place the ab-
solute risk for FPC at 5—10% [8].

Recent research has illuminated the poorer prognoses and fa-
milial histories of cancer for PC patients with a germline PALB2
variant. Borecka et al., [2016] found that mean age of onset for PC
was significant lower for PALB2 carriers than non-carriers (51 vs. 63
years) [86]. As a result, current screening guidelines for NCCN
recommend PC screening beginning around age 50 or 10 years from
the earliest onset in the family, while CAPS recommends screening
at 45 years of age or 10 year earlier than age of onset for blood
relative with PC [8,9]. Additionally, PC occurrence in PALB2 carriers
is highly associated in families with a prior history of PC and breast
cancer [80,85,86]. However, there are still occurrences of sporadic
PC in patients [16,86]. Therefore, screening should be done for
patients with or without a family history of other cancers. Lastly,
the upregulation of PALB2 in PC patients is associated with poorer
outpatient survival due to its potential impact on tumor cell
migration and EMT signaling pathway-associated genes [85]. PALB2
upregulation may be a critical prognostic and diagnostic marker for
PDAC progression, and screening of these PALB2-mutation carriers
could prove beneficial for PC identification and earlier treatment.

A variety of PALB2 variants have been identified in PC cases.
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Many of these mutations are frameshift or nonsense mutations in
Table 1, which is typical of tumor suppressor pathogenic variants
[7,18,23,55,64,84,86,87]. Subsequently, more work is needed before
any conclusions can be made.

4.8. Hereditary Pancreatitis (HP) genes

Hereditary pancreatitis is an autosomal dominant condition that
typically begins around 20 [85]. It usually presents idiopathically,
and for non-alcohol cases of pancreatitis, it accounts for approxi-
mately 817%of thesercases)|38,39]. Lowenfels et al., [1997] found the
SIR of PC for people with HP to be around 53, with acumulativerisk
of 40% by the age of 70 that successively increases over the age of 50
[90]. Therefore, HP is a rarer condition, but association of HP with
PC development justifies an assessment of its genetic risk factors.
The most common genes associated with pancreatitis and PC are
PRSSTSPINK1yandiCFTRY88]. There is not enough data available on
these genes to be able to draw accurate conclusions on PC devel-
opment, but inferences can be drawn from the overall occurrence of
HP prior to PC.

PRSST'seproteinsproduct is the serine-1 protease and cationic
trypsinogen, which can be converted into cationic trypsin and is a
major driver of acute and chronic pancreatitis. PRSS1 is a fairly
uncommon cause of HP (approximately 1%), so frequency identifi-
cation in PC is difficult to ascertain [7]. The highest risk variants are
c.86A>T (p.N29I) and ¢.365G > A (p.R122H), where the Arg-122
codon seems to be a mutational hotspot in the PRSS1 gene [89].

SPINKTwis a trypsin inhibitor that is upregulated during
pancreatic inflammation. The inhibitor acts upon trypsin and at-
tempts to prevent autodigestion by the protease in pancreatic cells.
A study found that 3.3% percent of the SPINK1 group developed PC
versus 0.99% non-SPINK1 group (p=0.1) [91]. The most common
pathogenic variant is c.101A > G (p.N34S), but Muller et al., [2019]
found that the p.N34S mutation was insufficient to cause PC
without the influence of other genetic or environmental factors
[91-93]. More work is needed to accurately identify the relation-
ship between SPINK1 and PC incidence through the mechanism of
pancreatitis.

Lastly, CETR®(Cystic Fibrosis Transmembrane Receptor) is a
protein found in epithelial cells of the pancreas that transfers
chloride and bicarbonate ions between the apical side of the cell
and the cell interior. Protein deficiency is associated with disease
pathogenesis, including cystic fibrosis and pancreatitis [94]. Studies
on CFTR variants and PC incidence demonstrated that most cases of
PC with CFTR variants developed in patients who exhibited
pancreatitis symptoms [95,96]. There is a large amount of common,
mild CFIR variants, so it is difficult to identify some high-risk ones.

According to CAPS recommendations, screeningrofrindividuals
with HP for PC should begin at 40 years of age or 20 years after
pancreatitistonset;whichevericomesifirst [9]. Considering that PC
rarely develops in these mutants without pancreatitis develop-
ment, this recommendation is reasonable. Therefore, screening at
40 years of age in patients with pancreatitis and variants in these
genes would be beneficial to improving patients’ outcomes.

4.9. Comparison with previous reviews

It is important to compare the work of this study with the re-
views by Zhan et al., [2018] and Gentiluomo et al., [2022] [7,97]. In
the review by Zhan et al., [2018], the study focused on primarily
consolidating information on the common germline mutations and
syndromes that are implicated in the development of PC [7]. The
study also provides the pathogenic variants that have been noted in
the literature as well, such as BRCA2 ¢.5946delT [7]. Gentiluomo
et al,, [2022] follows a similar route with this study in that the
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researchers provide some information on patient characteristics
and highlight the more notable variants, but they also cover a wider
range of conditions beyond hereditary syndromes by addressing
high-risk loci and other genes [97]. In contrast, our study took a
more in-depth approach on the phenotypic characteristics of the
patients noted in the studies. This analysis provided the ability to
compare the data with current PC screening guidelines to see if any
updates can be made to improve patient outcomes, which did not
occur in the other studies. Moreover, the study noted similar
pathogenic variants and provided substantial future directions for
researchers to focus on when trying to identify genotype-
phenotype correlations. Lastly, the study also wants to make note
that a more standardized protocol to reporting variants within
genes and patient characteristics could help create more nuanced,
personalized screening guidelines.

5. Conclusion

Overall, the influence of germline variants on PC development is
extremely complex due to the various mechanisms by which these
variants can cause carcinogenesis. Therefore, multi-gene panels are
recommended for patients with any of these conditions or for pa-
tients with a family history of PC. These panels create a more
specific understanding of the genetic risk of the proband to PC
development and could guide more effective PC screening
methods.

This study's original aim was to analyze literature to help
identify genotype-phenotype correlations for variants, but more
data is needed to complete this for these syndromes. This problem
stemmed from the lack of information on the pathogenic variants
found in the patients as many of the studies only stated the patients
had mutations in a gene. As a result, this study attempted to
highlight those variants that were focused on in the other litera-
ture. It would be extremely beneficial to reviewers if a standardized
protocol could be used to report germline variants and phenotypes
in all future literature when analyzing germline mutations in these
PC-associated genes.

The screening conclusions made by this study have substantial
overlap with the NCCN guidelines for PC screening of individuals in
families with germline variants. Although this study finds that the
NCCN guidelines are currently sufficient, the review intends to add
certain items to consider when establishing screening guidelines
for these variants. This study should help guide future research to
help determine if more nuanced screening for certain genes, or
potentially variants, is needed to optimize screening protocol for
high-risk patients.

This study illuminates some of the high-risk syndromes and
conditions that could lead to PC development. Further, it aims to
provide information on the characteristics of the patients, such as
their age or family history of other associated cancers, so there can
be a more specific assessment of PC risk of known high-risk pa-
tients. Future work is needed to identify specific risks associated
with specific germline mutations in each of the described genes. In
addition, future perspectives should also focus on the possibility of
specific variants and their potential treatment implications.

References

[1] Pancreatic Cancer - Statistics. CancerNet. 2012. 2012/06/25/T23:52:28-04:00.
[2] Cancer of the pancreas - cancer stat facts. SEER.

[3] Sung H, Ferlay ], Siegel RL, et al. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 coun-
tries. CA A Cancer ] Clin 2021;71(3):209—49. https://doi.org/10.3322/
caac.21660. 2021/05/.

Copur MS, Talmon GA, Wedel W, Hart JD, Merani S, Vargasi LM. Hereditary vs
familial pancreatic cancer: associated genetic syndromes and clinical
perspective. Oncology 2020;34(6):196—201. 2020/06/10/.

[4

727

Pancreatology 22 (2022) 719—729

[5] McGuigan A, Kelly P, Turkington RC, Jones C, Coleman HG, McCain RS.
Pancreatic cancer: a review of clinical diagnosis, epidemiology, treatment and
outcomes. World ] Gastroenterol 2018;24(43):4846—61. https://doi.org/
10.3748/wjg.v24.i43.4846. 2018/11/21/.

Whitcomb DC, Shelton CA, Brand RE. Genetics and genetic testing in
pancreatic cancer. 2015/10// Gastroenterology 2015;149(5):1252—64. https://
doi.org/10.1053/j.gastro.2015.07.057. e4.

Zhan W, Shelton CA, Greer PJ, Brand RE, Whitcomb DC. Germline variants and
risk for pancreatic cancer: a systematic review and emerging concepts. 2018/
09// Pancreas 2018;47(8):924—36. https://doi.org/10.1097/
MPA.0000000000001136.

Daly MB, Pal T, Berry MP, et al. Genetic/familial high-risk assessment: breast,
ovarian, and pancreatic, version 2.2021, NCCN clinical practice guidelines in
oncology. ] Natl Compr Cancer Netw 2021;19(1):77—102. https://doi.org/
10.6004/jnccn.2021.0001. 2021/01/06/.

Goggins M, Overbeek KA, Brand R, et al. Management of patients with
increased risk for familial pancreatic cancer: updated recommendations from
the International Cancer of the Pancreas Screening (CAPS) Consortium. Gut
2020;69(1):7—17. https://doi.org/10.1136/gutjnl-2019-319352. 2020/01//.
Petrucelli N, Daly MB, Pal T. BRCA1- and BRCA2-associated hereditary breast
and ovarian cancer. In: Adam MP, Ardinger HH, Pagon RA, et al., editors.
GeneReviews®. Seattle: University of Washington; 1993.

Roy R, Chun J, Powell SN. BRCA1 and BRCA2: different roles in a common
pathway of genome protection. Nat Rev Cancer 2012;12(1):68—78. https://
doi.org/10.1038/nrc3181. 2012/01//.

Hu C, Hart SN, Polley EC, et al. Association between inherited germline mu-
tations in cancer predisposition genes and risk of pancreatic cancer. JAMA
2018;319(23):2401. https://doi.org/10.1001/jama.2018.6228. 2018/06/19/.
Thompson D. Cancer incidence in BRCA1 mutation carriers. CancerSpect
KnowlIEnviron 2002;94(18):1358—65. https://doi.org/10.1093/jnci/
94.18.1358. 2002/09/18/.

Lener MR, Kashyap A, Kluzniak W, et al. The prevalence of founder mutations
among individuals from families with familial pancreatic cancer syndrome.
Cancer Res Treat 2017;49(2):430—6. https://doi.org/10.4143/crt.2016.217.
2017/04//.

Hu C, LaDuca H, Shimelis H, et al. Multigene hereditary cancer panels reveal
high-risk pancreatic cancer susceptibility genes. JCO Precis Oncol 2018;2.
https://doi.org/10.1200/P0.17.00291. 2018.

Silvestri V, Leslie G, Barnes DR, et al. Characterization of the cancer spectrum
in men with germline BRCA1 and BRCA2 pathogenic variants: results from the
consortium of investigators of modifiers of BRCA1/2 (CIMBA). JAMA Oncol
2020;6(8):1218—-30. https://doi.org/10.1001/jamaoncol.2020.2134. 2020/08/
01/.

Huang L, Wu C, Yu D, et al. Identification of common variants in BRCA2 and
MAP2K4 for susceptibility to sporadic pancreatic cancer. Carcinogenesis
2013;34(5):1001-5. https://doi.org/10.1093/carcin/bgt004. 2013/05/01/.
Shindo K, Yu J, Suenaga M, et al. Deleterious germline mutations in patients
with apparently sporadic pancreatic adenocarcinoma. ] Clin Orthod
2017;35(30):3382—90. https://doi.org/10.1200/JC0O.2017.72.3502. 2017/10/
20/.

Blair AB, Groot VP, Gemenetzis G, et al. BRCA1/BRCA2 germline mutation
carriers and sporadic pancreatic ductal adenocarcinoma. 2018/04// ] Am Coll
Surg 2018;226(4):630—7. https://doi.org/10.1016/j.jamcollsurg.2017.12.021.
el.

Zhen DB, Rabe KG, Gallinger S, et al. BRCA1, BRCA2, PALB2, and CDKN2A
mutations in familial pancreatic cancer: a PACGENE study. Genet Med
2015;17(7):569—77. https://doi.org/10.1038/gim.2014.153. 2015/07//.

Couch FJ, Johnson MR, Rabe KG, et al. The prevalence of BRCA2 mutations in
familial pancreatic cancer. Cancer Epidemiol Biomark Prev 2007;16(2):342—6.
https://doi.org/10.1158/1055-9965.EPI-06-0783. 2007/02/01/.

Hahn SA, Greenhalf B, Ellis I, et al. BRCA2 germline mutations in familial
pancreatic carcinoma. JNCI J Nat Cancer Inst 2003;95(3):214—21. https://
doi.org/10.1093/jnci/95.3.214. 2003/02/05/.

Dudley B, Karloski E, Monzon FA, et al. Germline mutation prevalence in in-
dividuals with pancreatic cancer and a history of previous malignancy: mu-
tations in Selected Pancreatic Cancers. Cancer 2018;124(8):1691—700.
https://doi.org/10.1002/cncr.31242. 2018/04/15/.

Risch HA, McLaughlin JR, Cole DEC, et al. Population BRCA1 and BRCA2 mu-
tation frequencies and cancer penetrances: a kin—cohort study in Ontario,
Canada. ] Natl Cancer Inst: ] Natl Cancer Inst 2006;98(23):1694—706. https://
doi.org/10.1093/jnci/djj465. 2006/12/06/.

Group tHBCS, Igbal ], Ragone A, et al. The incidence of pancreatic cancer in
BRCA1 and BRCA2 mutation carriers. Br J Cancer 2012;107(12):2005—9.
https://doi.org/10.1038/bjc.2012.483. 2012/12//.

Stadler ZK, Salo-Mullen E, Patil SM, et al. Prevalence of BRCA1 and BRCA2
mutations in Ashkenazi Jewish families with breast and pancreatic cancer.
Cancer 2012;118(2):493—9. https://doi.org/10.1002/cncr.26191. 2012/01/15/.
Ferrone CR, Levine DA, Tang LH, et al. BRCA germline mutations in jewish
patients with pancreatic adenocarcinoma. ] Clin Orthod 2009;27(3):433—8.
https://doi.org/10.1200/JCO.2008.18.5546. 2009/01/20/.

Holter S, Borgida A, Dodd A, et al. Germline BRCA mutations in a large clinic-
based cohort of patients with pancreatic adenocarcinoma. ] Clin Orthod
2015;33(28):3124—9. https://doi.org/10.1200/JC0.2014.59.7401. 2015/10/01/.
Eckerle Mize D, Bishop M, Resse E, Sluzevich J. Familial atypical multiple mole
melanoma syndrome. In: Riegert-Johnson DL, Boardman LA, Hefferon T,

[6

[7]

(8

[9

[10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]


http://refhub.elsevier.com/S1424-3903(22)00172-7/sref1
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref4
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref4
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref4
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref4
https://doi.org/10.3748/wjg.v24.i43.4846
https://doi.org/10.3748/wjg.v24.i43.4846
https://doi.org/10.1053/j.gastro.2015.07.057
https://doi.org/10.1053/j.gastro.2015.07.057
https://doi.org/10.1097/MPA.0000000000001136
https://doi.org/10.1097/MPA.0000000000001136
https://doi.org/10.6004/jnccn.2021.0001
https://doi.org/10.6004/jnccn.2021.0001
https://doi.org/10.1136/gutjnl-2019-319352
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref10
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref10
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref10
https://doi.org/10.1038/nrc3181
https://doi.org/10.1038/nrc3181
https://doi.org/10.1001/jama.2018.6228
https://doi.org/10.1093/jnci/94.18.1358
https://doi.org/10.1093/jnci/94.18.1358
https://doi.org/10.4143/crt.2016.217
https://doi.org/10.1200/PO.17.00291
https://doi.org/10.1001/jamaoncol.2020.2134
https://doi.org/10.1093/carcin/bgt004
https://doi.org/10.1200/JCO.2017.72.3502
https://doi.org/10.1016/j.jamcollsurg.2017.12.021
https://doi.org/10.1038/gim.2014.153
https://doi.org/10.1158/1055-9965.EPI-06-0783
https://doi.org/10.1093/jnci/95.3.214
https://doi.org/10.1093/jnci/95.3.214
https://doi.org/10.1002/cncr.31242
https://doi.org/10.1093/jnci/djj465
https://doi.org/10.1093/jnci/djj465
https://doi.org/10.1038/bjc.2012.483
https://doi.org/10.1002/cncr.26191
https://doi.org/10.1200/JCO.2008.18.5546
https://doi.org/10.1200/JCO.2014.59.7401
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref29
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref29

C. Bennett, M. Suguitan, ]. Abad et al.

(30]

[31]

[32]

[33]

[34]

[35]

[36]

1371

(38]

[39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Roberts M, editors. Cancer syndromes. National Center for Biotechnology In-
formation (US); 2009.

Bartsch DK, Sina-Frey M, Lang S, et al. CDKN2A germline mutations in familial
pancreatic cancer. Ann Surg 2002;236(6):730—7. https://doi.org/10.1097/
00000658-200212000-00005. 2002/12//.

Goldstein AM, Fraser MC, Struewing JP, et al. Increased risk of pancreatic
cancer in melanoma-prone kindreds with p16 ™4 mutations. N Engl ] Med
1995;333(15):970—5. https://doi.org/10.1056/NEJM199510123331504. 1995/
10/12/.

Bergman W, Watson P, de Jong ], Lynch H, Fusaro R. Systemic cancer and the
FAMMM syndrome. Br ] Cancer 1990;61(6):932—6. https://doi.org/10.1038/
bjc.1990.209. 1990/06//.

Parker JF. Pancreatic carcinoma surveillance in patients with familial mela-
noma. Arch Dermatol 2003;139(8):1019. https://doi.org/10.1001/arch-
derm.139.8.1019. 2003/08/01/.

Borg A, Sandberg T, Nilsson K, et al. High frequency of multiple melanomas
and breast and pancreas carcinomas in CDKN2A mutation-positive melanoma
families. JNCI J Nat Cancer Inst 2000;92(15):1260—6. https://doi.org/10.1093/
jnci/92.15.1260. 2000/08/02/.

Chan SH, Chiang J, Ngeow ]. CDKN2A germline alterations and the relevance of
genotype-phenotype associations in cancer predisposition. Hered Cancer Clin
Pract 2021;19(1):21. https://doi.org/10.1186/s13053-021-00178-x. 2021/03/
25/.

Pauley K, Khan A, Kohlmann W, Jeter J. Considerations for germline testing in
melanoma: updates in behavioral change and pancreatic surveillance for
carriers of CDKN2A pathogenic variants. Front Oncol 2022;12. 2022.

Harinck F, Kluijt I, van der Stoep N, et al. Indication for CDKN2A -mutation
analysis in familial pancreatic cancer families without melanomas. ] Med
Genet 2012;49(6):362—5. https://doi.org/10.1136/jmedgenet-2011-100563.
2012/06//.

Vasen HF, Gruis NA, Frants RR, van Der Velden PA, Hille ET, Bergman W. Risk
of developing pancreatic cancer in families with familial atypical multiple
mole melanoma associated with a specific 19 deletion of p16 (p16-Leiden). Int
J Cancer 2000;87(6):809—11. 2000/09/15/.

Gruis NA, Sandkuijl LA, van der Velden PA, Bergman W, Frants RR. CDKN2
explains part of the clinical phenotype in Dutch familial atypical multiple-
mole melanoma (FAMMM) syndrome families. Melanoma Res 1995;5(3):
169—78. https://doi.org/10.1097/00008390-199506000-00005. 1995/06//.
McGarrity TJ, Amos CI, Baker M]. Peutz-jeghers syndrome. In: Adam MP,
Ardinger HH, Pagon RA, et al., editors. GeneReviews®. Seattle: University of
Washington; 1993.

Chae H-D, Jeon C-H. Peutz-Jeghers syndrome with germline mutation of
STK11. Ann Surg Treat Res 2014;86(6):325. https://doi.org/10.4174/
astr.2014.86.6.325. 2014.

van Lier MGF, Wagner A, Mathus-Vliegen EMH, Kuipers EJ, Steyerberg EW,
van Leerdam ME. High cancer risk in peutz—jeghers syndrome: a systematic
review and surveillance recommendations. Am ] Gastroenterol 2010;105(6):
1258—64. https://doi.org/10.1038/ajg.2009.725. 2010/06//.

Vara-Ciruelos D, Russell FM, Hardie DG. The strange case of AMPK and cancer:
Dr Jekyll or Mr Hyde? <sup/>. Open Biol 2019;9(7):190099. https://doi.org/
10.1098/rsob.190099. 2019/07//.

Vaahtomeri K, Makeld TP. Molecular mechanisms of tumor suppression by
LKB1. FEBS (Fed Eur Biochem Soc) Lett 2011;585(7):944—51. https://doi.org/
10.1016/j.febslet.2010.12.034. 2011/04/06/.

Syngal S, Brand RE, Church JM, Giardiello FM, Hampel HL, Burt RW. ACG
clinical guideline: genetic testing and management of hereditary gastroin-
testinal cancer syndromes. Am ] Gastroenterol 2015;110(2):223—62. https://
doi.org/10.1038/ajg.2014.435. 2015/02//.

Chaffee KG, Oberg AL, McWilliams RR, et al. Prevalence of germ-line muta-
tions in cancer genes among pancreatic cancer patients with a positive family
history. Genet Med 2018;20(1):119—27. https://doi.org/10.1038/gim.2017.85.
2018/01//.

Griitzmann R, McFaul C, Bartsch DK, et al. No evidence for germline mutations
of the LKB1/STK11 gene in familial pancreatic carcinoma. Cancer Lett
2004;214(1):63—8. https://doi.org/10.1016/j.canlet.2004.06.012. 2004/10//.
Ghiorzo P. Genetic predisposition to pancreatic cancer. World ] Gastroenterol
2014;20(31):10778. https://doi.org/10.3748/wjg.v20.i31.10778. 2014.
Hizawa K, lida M, Matsumoto T, et al. Cancer in peutz-jeghers syndrome.
Cancer 1993;72(9):2777—-81. https://doi.org/10.1002/1097-0142(19931101)
72:9<2777::aid-cncr2820720940>3.0.co;2-6. 1993/11/01/.

Su GH, Hruban RH, Bansal RK, et al. Germline and somatic mutations of the
STK11/LKB1 Peutz-Jeghers gene in pancreatic and biliary cancers. Am J Pathol
1999;154(6):1835—40. https://doi.org/10.1016/S0002-9440(10)65440-5.
1999/06//.

Amos CI. Genotype-phenotype correlations in Peutz-Jeghers syndrome. ] Med
Genet 2004;41(5):327—33. https://doi.org/10.1136/jmg.2003.010900. 2004/
05/01/.

Salloch H, Reinacher-Schick A, Schulmann K, et al. Truncating mutations in
Peutz-Jeghers syndrome are associated with more polyps, surgical in-
terventions and cancers. Int J Colorectal Dis 2010;25(1):97—107. https://
doi.org/10.1007/s00384-009-0793-0. 2010/01//.

Schumacher V. STK11 genotyping and cancer risk in Peutz-Jeghers syndrome.
J Med Genet 2005;42(5):428—35. https://doi.org/10.1136/jmg.2004.026294.
2005/05/01/.

Lim W, Olschwang S, Keller JJ, et al. Relative frequency and morphology of

728

[55]

[56]

[57]

[58]

[59]

[60]

(61]

[62]

[63]

[64]

(65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

(751

[76]

[77]

[78]

Pancreatology 22 (2022) 719—729

cancers in STK11 mutation carriersl. s Gastroenterology 2004;126(7):
1788—94. https://doi.org/10.1053/j.gastro.2004.03.014. 2004/06/|.

Abe T, Blackford AL, Tamura K, et al. Deleterious germline mutations are a risk
factor for neoplastic progression among high-risk individuals undergoing
pancreatic surveillance. ] Clin Orthod 2019;37(13):1070—80. https://doi.org/
10.1200/JC0.18.01512. 2019/05/01/.

Bhattacharya P, McHugh TW. Lynch syndrome. StatPearls. StatPearls Pub-
lishing; 2021.

Idos G, Valle L. Lynch syndrome. In: Adam MP, Ardinger HH, Pagon RA, et al.,
editors. GeneReviews®. Seattle: University of Washington; 1993.

Banville N, Geraghty R, Fox E, et al. Medullary carcinoma of the pancreas in a
man with hereditary nonpolyposis colorectal cancer due to a mutation of the
MSH2 mismatch repair gene. Hum Pathol 2006;37(11):1498—502. https://
doi.org/10.1016/j.humpath.2006.06.024. 2006/11//.

Ghidini M, Lampis A, Mirchev MB, et al. Immune-based therapies and the role
of microsatellite instability in pancreatic cancer. Genes 2020;12(1):33. https://
doi.org/10.3390/genes12010033. 2020/12/29/.

Cremin C, Lee MKC, Hong Q, et al. Burden of hereditary cancer susceptibility in
unselected patients with pancreatic ductal adenocarcinoma referred for
germline screening. Cancer Med 2020;9(11):4004—13. https://doi.org/
10.1002/cam4.2973. 2020/06/|.

DaVee T, Coronel E, Papafragkakis C, et al. Pancreatic cancer screening in high-
risk individuals with germline genetic mutations. Gastrointest Endosc
2018;87(6):1443—50. https://doi.org/10.1016/j.gie.2017.12.019. 2018/06//.
Earl J, Galindo-Pumarino C, Encinas ], et al. A comprehensive analysis of
candidate genes in familial pancreatic cancer families reveals a high frequency
of potentially pathogenic germline variants. EBioMedicine 2020;53:102675.
https://doi.org/10.1016/j.ebiom.2020.102675. 2020/03//.

Gargiulo S, Torrini M, Ollila S, et al. Germline MLH1 and MSH2 mutations in
Italian pancreatic cancer patients with suspected Lynch syndrome. Fam
Cancer 2009;8(4):547—53. https://doi.org/10.1007/s10689-009-9285-1. 2009/
12/].

Grant RC, Selander I, Connor AA, et al. Prevalence of germline mutations in
cancer predisposition genes in patients with pancreatic cancer. Gastroenter-
ology 2015;148(3):556—64. https://doi.org/10.1053/j.gastro.2014.11.042.
2015/03//.

Kastrinos F. Risk of pancreatic cancer in families with Lynch syndrome. JAMA
2009;302(16):1790. https://doi.org/10.1001/jama.2009.1529. 2009/10/28/.
Lindor NM, Petersen GM, Spurdle AB, Thompson B, Goldgar DE, Thibodeau SN.
Pancreatic cancer and a novel MSH2 germline alteration. Pancreas
2011;40(7):1138—40. https://doi.org/10.1097/MPA.0b013e318220c217.
2011/10//.

Mannucci A, Zuppardo RA, Crippa S, et al. MSH6 gene pathogenic variant
identified in familial pancreatic cancer in the absence of colon cancer. Eur ]
Gastroenterol Hepatol 2020;32(3):345—9. https://doi.org/10.1097/
MEG.0000000000001617. 2020/03//.

Mizukami K, Iwasaki Y, Kawakami E, et al. Genetic characterization of
pancreatic cancer patients and prediction of carrier status of germline path-
ogenic variants in cancer-predisposing genes. EBioMedicine 2020;60:103033.
https://doi.org/10.1016/j.ebiom.2020.103033. 2020/10//.

Rothblum-Oviatt C, Wright ], Lefton-Greif MA, McGrath-Morrow SA,
Crawford TO, Lederman HM. Ataxia telangiectasia: a review. Orphanet ] Rare
Dis 2016;11(1):159. https://doi.org/10.1186/513023-016-0543-7. 2016/12//.
Salo-Mullen EE, O'Reilly EM, Kelsen DP, et al. Identification of germline ge-
netic mutations in patients with pancreatic cancer: germline Mutations in
Pancreatic Cancer. Cancer 2015;121(24):4382—8. https://doi.org/10.1002/
cncr.29664. 2015/12/15/.

Yurgelun MB, Chittenden AB, Morales-Oyarvide V, et al. Germline cancer
susceptibility gene variants, somatic second hits, and survival outcomes in
patients with resected pancreatic cancer. Genet Med 2019;21(1):213-23.
https://doi.org/10.1038/s41436-018-0009-5. 2019/01//.

Armstrong SA, Schultz CW, Azimi-Sadjadi A, Brody ]JR, Pishvaian M]. ATM
dysfunction in pancreatic adenocarcinoma and associated therapeutic impli-
cations. Mol Cancer Therapeut 2019;18(11):1899—-908. https://doi.org/
10.1158/1535-7163.MCT-19-0208. 2019/11//.

Takai E, Yachida S, Shimizu K, et al. Germline mutations in Japanese familial
pancreatic cancer patients. Oncotarget 2016;7(45):74227—35. https://doi.org/
10.18632/oncotarget.12490. 2016/11/08/.

Malkin D. Li-fraumeni syndrome. Genes Cancer 2011;2(4):475—84. https://
doi.org/10.1177/1947601911413466. 2011/04/01/.

Yue X, Zhao Y, Xu Y, Zheng M, Feng Z, Hu W. Mutant p53 in cancer: accu-
mulation, gain-of-function, and therapy. ] Mol Biol 2017;429(11):1595—606.
https://doi.org/10.1016/j.jmb.2017.03.030. 2017/06//.

Ruijs MWG, Verhoef S, Rookus MA, et al. TP53 germline mutation testing in
180 families suspected of Li-Fraumeni syndrome: mutation detection rate and
relative frequency of cancers in different familial phenotypes. ] Med Genet
2010;47(6):421—8. https://doi.org/10.1136/jmg.2009.073429. 2010/06/01/.
Cicenas ], Kvederaviciute K, Meskinyte [, Meskinyte-Kausiliene E,
Skeberdyte A, Cicenas J. KRAS, TP53, CDKN2A, SMAD4, BRCA1, and BRCA2
mutations in pancreatic cancer. Cancers 2017;9(12):42. https://doi.org/
10.3390/cancers9050042. 2017/04/28|.

Rosenberg PS, Tamary H, Alter BP. How high are carrier frequencies of rare
recessive syndromes? Contemporary estimates for Fanconi Anemia in the
United States and Israel. Am ] Med Genet 2011;155A(8):1877—83. https://
doi.org/10.1002/ajmg.a.34087. 2011/08//.


http://refhub.elsevier.com/S1424-3903(22)00172-7/sref29
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref29
https://doi.org/10.1097/00000658-200212000-00005
https://doi.org/10.1097/00000658-200212000-00005
https://doi.org/10.1056/NEJM199510123331504
https://doi.org/10.1038/bjc.1990.209
https://doi.org/10.1038/bjc.1990.209
https://doi.org/10.1001/archderm.139.8.1019
https://doi.org/10.1001/archderm.139.8.1019
https://doi.org/10.1093/jnci/92.15.1260
https://doi.org/10.1093/jnci/92.15.1260
https://doi.org/10.1186/s13053-021-00178-x
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref36
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref36
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref36
https://doi.org/10.1136/jmedgenet-2011-100563
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref38
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref38
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref38
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref38
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref38
https://doi.org/10.1097/00008390-199506000-00005
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref40
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref40
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref40
https://doi.org/10.4174/astr.2014.86.6.325
https://doi.org/10.4174/astr.2014.86.6.325
https://doi.org/10.1038/ajg.2009.725
https://doi.org/10.1098/rsob.190099
https://doi.org/10.1098/rsob.190099
https://doi.org/10.1016/j.febslet.2010.12.034
https://doi.org/10.1016/j.febslet.2010.12.034
https://doi.org/10.1038/ajg.2014.435
https://doi.org/10.1038/ajg.2014.435
https://doi.org/10.1038/gim.2017.85
https://doi.org/10.1016/j.canlet.2004.06.012
https://doi.org/10.3748/wjg.v20.i31.10778
https://doi.org/10.1016/S0002-9440(10)65440-5
https://doi.org/10.1136/jmg.2003.010900
https://doi.org/10.1007/s00384-009-0793-0
https://doi.org/10.1007/s00384-009-0793-0
https://doi.org/10.1136/jmg.2004.026294
https://doi.org/10.1053/j.gastro.2004.03.014
https://doi.org/10.1200/JCO.18.01512
https://doi.org/10.1200/JCO.18.01512
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref56
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref56
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref57
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref57
https://doi.org/10.1016/j.humpath.2006.06.024
https://doi.org/10.1016/j.humpath.2006.06.024
https://doi.org/10.3390/genes12010033
https://doi.org/10.3390/genes12010033
https://doi.org/10.1002/cam4.2973
https://doi.org/10.1002/cam4.2973
https://doi.org/10.1016/j.gie.2017.12.019
https://doi.org/10.1016/j.ebiom.2020.102675
https://doi.org/10.1007/s10689-009-9285-1
https://doi.org/10.1053/j.gastro.2014.11.042
https://doi.org/10.1001/jama.2009.1529
https://doi.org/10.1097/MPA.0b013e318220c217
https://doi.org/10.1097/MEG.0000000000001617
https://doi.org/10.1097/MEG.0000000000001617
https://doi.org/10.1016/j.ebiom.2020.103033
https://doi.org/10.1186/s13023-016-0543-7
https://doi.org/10.1002/cncr.29664
https://doi.org/10.1002/cncr.29664
https://doi.org/10.1038/s41436-018-0009-5
https://doi.org/10.1158/1535-7163.MCT-19-0208
https://doi.org/10.1158/1535-7163.MCT-19-0208
https://doi.org/10.18632/oncotarget.12490
https://doi.org/10.18632/oncotarget.12490
https://doi.org/10.1177/1947601911413466
https://doi.org/10.1177/1947601911413466
https://doi.org/10.1016/j.jmb.2017.03.030
https://doi.org/10.1136/jmg.2009.073429
https://doi.org/10.3390/cancers9050042
https://doi.org/10.3390/cancers9050042
https://doi.org/10.1002/ajmg.a.34087
https://doi.org/10.1002/ajmg.a.34087

C. Bennett, M. Suguitan, ]. Abad et al.

[79]

(80]

(81]

[82]

[83]

(84]

[85]

[86]

(87]

(88]

Bhandari J, Thada PK, Puckett Y. Fanconi anemia. StatPearls. StatPearls Pub-
lishing; 2021.

Blanco A, de la Hoya M, Osorio A, et al. Analysis of PALB2 gene in BRCA1/
BRCA2 negative Spanish hereditary breast/ovarian cancer families with
pancreatic cancer cases. PLoS One 2013;8(7):e67538. https://doi.org/10.1371/
journal.pone.0067538. 2013/07/23/.

Clinical Cancer Genomics Community Research N, Slavin TP, Neuhausen SL,
et al. The spectrum of genetic variants in hereditary pancreatic cancer in-
cludes Fanconi anemia genes. Fam Cancer 2018;17(2):235—45. https://
doi.org/10.1007/s10689-017-0019-5. 2018/04//.

Ge O, Huang A, Wang X, Chen Y, Ye Y, Schomburg L. PALB2 upregulation is
associated with a poor prognosis in pancreatic ductal adenocarcinoma. Oncol
Lett 2021;21(3):224. https://doi.org/10.3892/01.2021.12485. 2021/01/24/.
Hofstatter EW, Domchek SM, Miron A, et al. PALB2 mutations in familial
breast and pancreatic cancer. Fam Cancer 2011;10(2):225—31. https://doi.org/
10.1007/s10689-011-9426-1. 2011/06/|.

van der Heijden MS, Yeo CJ, Hruban RH, Kern SE. Fanconi anemia gene mu-
tations in young-onset pancreatic cancer. Cancer Res 2003;63(10):2585—8.
2003/05/15/.

Slater E, Langer P, Niemczyk E, et al. PALB2 mutations in European familial
pancreatic cancer families. Clin Genet 2010;78(5):490—4. https://doi.org/
10.1111/j.1399-0004.2010.01425.x. 2010/11//.

Borecka M, Zemankova P, Vocka M, et al. Mutation analysis of the PALB2 gene
in unselected pancreatic cancer patients in the Czech Republic. Cancer Genet
2016;209(5):199—-204. https://doi.org/10.1016/j.cancergen.2016.03.003.
2016/05//.

Coté GA, Yadav D, Slivka A, et al. Alcohol and smoking as risk factors in an
epidemiology study of patients with chronic pancreatitis. Clin Gastroenterol
Hepatol 2011;9(3):266—73. https://doi.org/10.1016/j.cgh.2010.10.015. 2011/
03//.

Willingham F, Raphael K. Hereditary pancreatitis: current perspectives. CEG
2016;9:197—-207. https://doi.org/10.2147/CEG.S84358. 2016/07//.

729

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

Pancreatology 22 (2022) 719—729

Teich N, Rosendahl J, Té6th M, Mossner ], Sahin-Téth M. Mutations of human
cationic trypsinogen (PRSS1) and chronic pancreatitis. Hum Mutat
2006;27(8):721-30. https://doi.org/10.1002/humu.20343. 2006/08//.
Lowenfels AB, Maisonneuve P, DiMagno EP, et al. Hereditary pancreatitis and
the risk of pancreatic cancer. ] Natl Cancer Inst 1997;89(6):442—6.

Muller N, Sarantitis I, Rouanet M, et al. Natural history of SPINK1 germline
mutation related-pancreatitis. EBioMedicine 2019;48:581—-91. https://
doi.org/10.1016/j.ebiom.2019.09.032. 2019/10//.

Lempinen M, Paju A, Kemppainen E, et al. Mutations N34S and P55S of the
SPINK1 gene in patients with chronic pancreatitis or pancreatic cancer and in
healthy subjects: a report from Finland. Scand ] Gastroenterol 2005;40(2):
225-30. https://doi.org/10.1080/00365520510011560. 2005/02//.
Masamune A, Mizutamari H, Kume K, Asakura T, Satoh K, Shimosegawa T.
Hereditary pancreatitis as the premalignant disease: a Japanese case of
pancreatic cancer involving the SPINK1 gene mutation N34S. Pancreas
2004;28(3):305—10.  https://doi.org/10.1097/00006676-200404000-00018.
2004/04//.

Ooi CY, Durie PR. Cystic fibrosis transmembrane conductance regulator (CFTR)
gene mutations in pancreatitis. J] Cyst Fibros 2012;11(5):355—62. https://
doi.org/10.1016/j.jcf.2012.05.001. 2012/09//.

Hamoir C, Pepermans X, Piessevaux H, et al. Clinical and morphological
characteristics of sporadic genetically determined pancreatitis as compared to
idiopathic pancreatitis: higher risk of pancreatic cancer in CFTR variants.
Digestion 2013;87(4):229—-39. https://doi.org/10.1159/000348439. 2013.
McWilliams RR, Petersen GM, Rabe KG, et al. Cystic fibrosis transmembrane
conductance regulator (CFTR) gene mutations and risk for pancreatic adeno-
carcinoma. 2009 Cancer 2009. https://doi.org/10.1002/cncr.24697. NA-NA.
Gentiluomo M, Canzian F, Nicolini A, Gemignani F, Landi S, Campa D. Germline
genetic variability in pancreatic cancer risk and prognosis. Semin Cancer Biol
2022;79:105—31. https://doi.org/10.1016/j.semcancer.2020.08.003. 2022/02//


http://refhub.elsevier.com/S1424-3903(22)00172-7/sref79
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref79
https://doi.org/10.1371/journal.pone.0067538
https://doi.org/10.1371/journal.pone.0067538
https://doi.org/10.1007/s10689-017-0019-5
https://doi.org/10.1007/s10689-017-0019-5
https://doi.org/10.3892/ol.2021.12485
https://doi.org/10.1007/s10689-011-9426-1
https://doi.org/10.1007/s10689-011-9426-1
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref84
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref84
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref84
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref84
https://doi.org/10.1111/j.1399-0004.2010.01425.x
https://doi.org/10.1111/j.1399-0004.2010.01425.x
https://doi.org/10.1016/j.cancergen.2016.03.003
https://doi.org/10.1016/j.cgh.2010.10.015
https://doi.org/10.2147/CEG.S84358
https://doi.org/10.1002/humu.20343
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref90
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref90
http://refhub.elsevier.com/S1424-3903(22)00172-7/sref90
https://doi.org/10.1016/j.ebiom.2019.09.032
https://doi.org/10.1016/j.ebiom.2019.09.032
https://doi.org/10.1080/00365520510011560
https://doi.org/10.1097/00006676-200404000-00018
https://doi.org/10.1016/j.jcf.2012.05.001
https://doi.org/10.1016/j.jcf.2012.05.001
https://doi.org/10.1159/000348439
https://doi.org/10.1002/cncr.24697
https://doi.org/10.1016/j.semcancer.2020.08.003

	Identification of high-risk germline variants for the development of pancreatic cancer: Common characteristics and potentia ...
	1. Introduction
	2. Methods
	2.1. Gene identification
	2.2. Literature selection
	2.3. Study selection

	3. Results
	3.1. Literature selection
	3.2. Variant and phenotype table

	4. Discussion
	4.1. BRCA1/2 (HBOC)
	4.2. Familial Atypical Multiple Mole Melanoma Syndrome (FAMMM)
	4.3. Peutz-Jeghers Syndrome (PJS)
	4.4. Lynch Syndrome (LS)
	4.5. Ataxia Telangiectasia (A-T)
	4.6. Li-Fraumeni Syndrome (LFS)
	4.7. PALB2-associated Fanconi Anemia (FA)
	4.8. Hereditary Pancreatitis (HP) genes
	4.9. Comparison with previous reviews

	5. Conclusion
	References


