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Abstract

Background & aims—Many patients with pancreatic adenocarcinoma (PDAC) carry germline
mutations associated with increased risk of cancer. It is not clear whether patients with intraductal
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papillary mucinous neoplasms (IPMNSs), which are precursors to some pancreatic cancers, also
carry these mutations. We assessed the prevalence of germline mutations associated with cancer
risk in patients with histologically confirmed IPMN.

Methods—We obtained non-tumor tissue from 315 patients with surgically resected IPMNSs,
from 1997 through 2017, and sequenced 94 genes with variants associated with cancer risk.
Mutations associated with increased risk of cancer were identified and compared to individuals
from the Exome Aggregation Consortium.

Results—We identified 23 patients with a germline mutation associated with cancer risk (7.3%;
95% Cl, 4.9%-10.8%). Nine patients had a germline mutation associated with pancreatic cancer
susceptibility (2.9% 95% Cl, 1.4%-5.4%). More patients with IPMNs carried germline mutations
in ATM (P<.0001), PTCHI (F£<.0001), and SUFU (P<.0001) compared with controls. Patients
with IPMNs and germline mutations associated with pancreatic cancer were more like to have
concurrent invasive pancreatic carcinoma compared to patients with IPMNs without these
mutations (~<.0320).

Conclusions—In sequence analyses of 315 patients with surgically resected IPMNSs, we found
almost 3% to carry mutations associated with pancreatic cancer risk. More patients with IPMNs
and germline mutations associated with pancreatic cancer had concurrent invasive pancreatic
carcinoma compared to patients with IPMNs without these mutations. Genetic analysis of patients
with IPMNs might identify those at greatest risk for cancer.

Keywords
Pancreas; cancer; genetics; predisposition

Introduction

Pancreatic adenocarcinoma (PDAC) is a deadly disease with a 5-year survival rate of just 8
percentl. By 2030, PDAC is predicted to become the second leading cause of cancer-related
death in the United States!. Understanding the genetics and biology of pancreatic
tumorigenesis is key to early diagnosis when patient outcomes are much improved? 3. In
particular, understanding the risk factors driving development of non-invasive pancreatic
precursor lesions and their transition to invasive carcinoma is essential to appropriate patient
stratification and intervention.

Approximately 10% of patients with PDAC have a germline mutation in an established
pancreatic cancer susceptibility gene, including: ATM, BRCA1, BRCAZ, CDKNZA, CPAI,
MLHI, MSH2, PALB2, PMSZ, PRSS1, and STK114-12. Prevalence of a germline mutation
is higher still in patients with PDAC and a family history of pancreatic cancer in a first-
degree relative, reaching 15-20%?*. Inheritance of a germline mutation in an established
pancreatic cancer susceptibility gene can impact patient care in several ways. First,
knowledge of germline status allows for informed, risk-appropriate screening strategies to be
undertaken and PDAC to be detected early3: 13, Second, as many established susceptibility
genes predispose to tumors in a number of organs, recommended screening for these extra-
pancreatic cancers can be instituted!4. Finally, in some patients with PDAC, germline
mutation status may have therapeutic implications, for example, use of poly [ADP-ribose]
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polymerase-1 (PARP-1) inhibitors or platinum-based chemotherapy for tumors deficient in
homology directed DNA due to BRCAZloss and use of immunotherapy for patients with
tumors deficient in mismatch repair due to loss of MLHI, MSH2, MSHS6, or PMS25-17,

PDAC forms when normal ductal epithelium acquires sequential genetic, cellular, and
morphological alterations8-21, These alterations are well-defined and result in progression
from normal epithelium, to non-invasive precursor lesion, and finally invasive carcinoma22.
Pre-malignant, non-invasive precursor lesions are of three types, microscopic pancreatic
intraepithelial neoplasia and macroscopic intraductal papillary mucinous neoplasms
(IPMNSs) and mucinous cystic neoplasms?3. As IPMNs are macroscopic and non-invasive,
they represent an ideal opportunity for intervention before progression to PDAC. IPMNs,
however, are common in the population2*: 25 and numerous clinical criteria are used as
surrogates of high-grade dysplasia or invasive cancer to identify IPMN patients with a high-
risk of progression to PDAC and may benefit from surgical intervention. These include size
of the main pancreatic duct, cyst size, presence of a mural nodule, and symptoms such as
pancreatitis or jaundice26-29. Although useful, these clinical criteria are imprecise and
indirect measures of tumor biology. Molecular markers that indicate a need for surgical
resection are desperately needed but are currently lacking.

Several lines of evidence suggest a possible underlying genetic predisposition to IPMNs.
First, IPMNSs are often multifocal and the remnant pancreas is at increased risk of IPMN
after resection. This multifocality could be due intraluminal spread of neoplastic cells, to an
environmental exposure, or an underlying genetic predisposition3%-32, Second, germline
mutations in pancreatic cancer susceptibility genes such as BRCAZ, CDKNZA, and STK11
have been identified in patients with IPMN33-35, Third, in one screening study of 78 patients
at high-risk of pancreatic cancer, most of the patients who underwent pancreatic resection
for concerning imaging findings had IPMN38. And in another study, the prevalence of
incipient and high-grade IPMN was higher in patients with familial compared to sporadic
PDAC?. Finally, several reports have suggested that patients with an IPMN have an
increased risk of developing other cancers, including colon cancer3®: 3841,

Despite the potential ramifications of germline status in patients with IPMNs, no studies
have systematically characterized germline mutations in this patient population. Therefore,
we used targeted next-generation sequencing to characterize variation in genes that
predispose to PDAC and other cancers in a series of 315 patients with surgically resected,
histologically confirmed, IPMN.

Materials and methods

Patients and biospecimens

This study was reviewed and approved by the Johns Hopkins Medicine Institutional Review
Board. 350 unselected patients with surgically resected IPMN and available non-tumor
tissue were identified from surgical and pathology databases. Where available, 25 mg of
fresh-frozen non-tumor tissue (duodenum) was obtained. Otherwise, 0.6 mm tissue cores
were obtained from formalin-fixed blocks (FFPE) of non-tumor tissue (duodenum,
gallbladder, liver, or spleen).
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DNA extraction

DNA was extracted from fresh-frozen non-tumor tissue using the DNeasy Blood & Tissue
Kit (Qiagen, catalog no. 69504) according to the manufacturer’s instructions. DNA from
FFPE non-tumor tissue cores was extracted using the QlAamp DNA FFPE Tissue Kit
(Qiagen, catalog no. 56404) and deparaffinization solution (Qiagen, catalog no. 19093) with
the following protocol modifications: 1) 10 or fewer tissue cores were de-paraffinized with
120 pL of deparaffinization solution, while 11 or more tissue cores were deparaffinized with
200 uL of deparaffinization solution, 2) after addition of ATL buffer and proteinase K,
samples were incubated for up to 7 days with intermittent mixing by inversion and vortex,
and 3) an additional 20 pL of proteinase K was added to the sample after 48 hours of
incubation. Extracted DNA was quantified with the Qubit 3.0 Fluorometer (Thermo Fisher
Scientific) using the Qubit 1x dsDNA BR Assay Kit (Thermo Fisher Scientific, catalog no.
Q32853).

Library preparation, sequencing, and analysis

DNA sequence libraries for each sample were prepared with the TruSight Rapid Capture Kit
(IMlumina, catalog no. FC-140-1105) and pooled into groups of 12 before capture with the
TruSight Cancer probe set (Illumina, catalog no. FC-140-1101) according to the
manufacturer’s instructions. The TruSight Cancer probe set covers the coding region of 94
hereditary cancer predisposition genes (Supplementary Table 1). Fragment size and yield of
captured libraries were assessed with the Bioanalyzer 2100 Instrument (Agilent, catalog no.
G2939BA) using the High Sensitivity DNA Kit (Agilent, catalog no. 5067-4626) and the
Qubit 3.0 Fluorometer (Thermo Fisher Scientific) using the Qubit 1x dsDNA HS Assay Kit
(Thermo Fisher Scientific, catalog no. Q33230). Captured sequence libraries were further
pooled into groups of 24 samples and sequenced on the Illumina MiSeq System (Illumina,
CA) using the MiSeq Reagent Kit v2 (300-cycles) (Illumina, catalog no. MS-102-2002),
generating 150 base pair (bp) paired-end reads. Sequence reads were processed through a
standardized pipeline using MiSeq Reporter Software v2.6 (Illumina, CA). Sequence reads
were aligned to the human reference genome (hg19) using Burrows-Wheeler Aligner
(BWA)*2, Variant calling was performed with Genome Analysis Tool Kit (GATK)%3,
Samples with less than 20x average target coverage were excluded from analysis.
Annotation of variants was conducted with ANNOVAR and included amino acid alterations
based on RefSeq transcripts, minor allele frequency (MAF) using publicly available variant
databases (1000 Genomes Project, Exome Variant Server, and Exome Aggregation
Consortium (ExAC)), and ClinVar annotations*4-46. Variants (single base substitutions
(SBS) or insertions/deletions (INDEL)) within exons or adjacent intronic sequence (+/-1, +/
-2) of target genes were classified as either benign, of unknown significance, or deleterious
germline mutation as follows: 1) benign — a variant of any functional consequence of >

0.5 % MAF or a synonymous variant of any MAF, 2) variant of unknown significance — a
missense SBS or in-frame INDEL of < 0.5 % MAF, and 3) deleterious — a frameshift or
splicing INDEL, a nonsense SBS, a stop loss SBS, or splicing SBS of < 0.5 % MAF.
Sequence reads supporting deleterious germline variant calls were inspected using the
Integrative Genomics Viewer?’.
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Variant validation

Putative deleterious germline mutations were validated via PCR amplification and Sanger
sequencing of the variant region. Primers (Integrated DNA Technologies, Inc., CA) used for
amplification are given in Supplementary Table 2. PCR set-up was conducted with OneTag
(NEB, catalog no. M0480S) according to manufacturer’s instructions. Amplification was
conducted with the T100 Thermo Cycler (BioRad, catalog no. 1861096) using the following
cycling conditions: one cycle of 94° C for 30 s, 21 cycles of 94° C for 30 s, 70° C for 30 s
(decrement 0.5° C per cycle), 68° C for 60 s, and 25 cycles of 94° C for 30 s, 60° C for 30 s,
68° C for 60 s. PCR products were purified with the QIAquick PCR Purification Kit
(Qiagen, catalog no. 28104) and Sanger sequenced (Genewiz, MD). Sequence
chromatograms were visualized with 4Peaks (Nucleobytes, Netherlands)

Statistical analysis

Results

Statistical analyses were conducted with Prism 6 (GraphPad Software). Confidence intervals
for percent of samples with a hereditary cancer predisposition gene or pancreatic cancer
susceptibility gene were calculated using the modified Wald method. Germline mutations in
surgically resected IPMN patients and non-TCGA samples from ExAC were grouped by
gene and compared using a two-tailed, chi-square test with Yates’ correction. Bonferroni
correction for multiple testing was used and a P value < 5.3x10~* was considered
significant. Germline mutations in patients with surgically resected IPMN and unselected
PDAC patients were grouped by gene and compared using a two-tailed Fisher’s exact test.
Clinicopathologic variables in surgically resected IPMN patients by presence of germline
mutation and invasive cancer were compared using a two-tailed Fisher’s exact test, except
for age at time at surgery, duration of follow-up, and mean longest diameter of IPMN, which
were compared using a two-tailed, unpaired ¢test. P values < 0.05 were considered
significant. Pvalues less than 0.0001 were abbreviated to < 0.0001.

350 patients with surgically resected IPMN were included in this study. 315 patients had
greater than 20x average target coverage after sequencing and were included in subsequent
analyses. 138 patients had a high-grade IPMN (43.8%), 152 patients had a low- or
intermediate-grade IPMN (48.3%), while 25 did not have a reported grade (7.9%). 62
(19.7%) patients had multifocal IPMN. 72 patients had IPMN and a co-occurring invasive
carcinoma (22.9%), most commonly PDAC (57 patients). Other types of invasive carcinoma
present in the study population included colloid carcinoma (11 patients), adenosquamous
PDAC (1 patient), anaplastic carcinoma (1 patient), colloid carcinoma and PDAC (1 patient),
and signet ring carcinoma (1 patient). 40 patients (12.7%) had a family history of pancreatic
cancer in either a 15t or 2" degree relative and 54 patients (17.1%) had a personal history of
cancer. Further details of patient demographics and characteristics are given in Table 1 and
Supplementary Table 3.

Targeted sequencing generated a mean of 150 Mbp per sample (range: 10-562 Mbp;
standard deviation: 138 Mbp). Mean target coverage was 256x (range: 20-877x; standard
deviation: 140x). Mean target region covered at 1x and 10x was 99.1% (73.9-100%,
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standard deviation: 2.0%) and 97.2% (range: 46.9-100%; standard deviation: 5.6%)
respectively. Mean number of SNVs identified per patient was 276 (range: 56—-340; standard
deviation: 40) and mean number of insertions and deletions was 1 (range: 1-3; standard
deviation: 0).

Variants identified in the 94 hereditary cancer predisposition genes covered by the TruSight
Cancer Panel were classified as either benign variant, variant of unknown significance, or
deleterious germline mutations (see Materials and Methods). This analysis identified 26
germline mutations in 23 patients (7.3%: 95 percent confidence interval 4.9-10.8%) (Table
2). 10 germline mutations in 9 patients were in established pancreatic cancer susceptibility
genes (2.9%: 95 percent confidence interval 1.3-5.4%), including five germline mutations in
ATM, three germline mutations in BRCAZ, one germline mutation in MSH6, and one
germline mutation in PALBZ2. One germline mutation was also identified in BUBI1B, a
previously identified candidate pancreatic cancer susceptibility genell. More than one
patient had a germline mutation involving A7M (5 patients), BRCAZ (3 patients), FANC/ (2
patients), and PTCHI (2 patients). Three patients had more than one germline mutation in a
hereditary cancer predisposition gene. One patient had both a B and PTCHI germline
mutation, one patient had both a BRCAZ2and FANCM germline mutation, and another had
both a BRCAZand MSH6 germline mutation. Similar findings have been reported for
familial pancreatic cancer and familial pancreatitis in which affected individuals have
deleterious germline mutations in multiple susceptibility genes1:48,

We next compared the prevalence of germline mutations in surgically resected IPMN
patients to similarly-analyzed, publicly-available variant data from ExAC (Table 3)46.
Germline mutations were not significantly enriched when considering all sequenced
hereditary cancer predisposition genes (P value = 0.6590) or pancreatic cancer susceptibility
genes (Pvalue = 0.1403). Similarly, the majority of individual genes sequenced were not
significantly enriched in patients with an IPMN. However, three genes were significantly
enriched after Bonferroni correction for multiple testing. These genes are A7TM (Pvalue = <
0.0001), PTCHI (Pvalue = < 0.0001), and SUFU (P value = < 0.0001).

We also compared the prevalence of germline mutations in established pancreatic cancer
susceptibility genes between surgically resected IPMN patients and previously published
series of unselected PDAC patients (Supplementary Table 4)8: . No genes analyzed had
statistically significant over- or under-representation in surgically resected IPMN patients
compared to unselected PDAC patients.

The patients with IPMN that had a germline mutation in a pancreatic cancer susceptibility
gene were more likely to have concurrent invasive carcinoma than IPMN patients without a
germline mutation. Specifically, 5 of 9 patients with germline mutation in a pancreatic
cancer susceptibility gene had concurrent invasive carcinoma compared to 67 of 306 patients
without a germline mutation (Fisher’s exact test; p-value = 0.0320) (Table 4). Interestingly,
there was no statistically significant association between a germline mutation in a hereditary
cancer predisposition gene and concurrent invasive carcinoma (Table 4). Of the five patients
with a germline mutation in a pancreatic cancer susceptibility gene and invasive carcinoma,
only one had a family history of pancreatic cancer in a 15t or 2" degree relative and none
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had a reported previous cancer history. Otherwise, there were no statistically significant
differences between IPMN patients with a germline line mutation in either a hereditary
cancer predisposition gene or a pancreatic cancer susceptibility gene compared to IPMN
patients without a germline mutation with respect to family history of pancreatic cancer in
15t or 2"d degree relatives, personal history of cancer, age at surgery, sex, presence of
multifocal IPMN, high-grade dysplasia, size, or main duct involvement (Table 4).

Patients with IPMN and invasive carcinoma were significantly more likely to have high-
grade dysplasia (P value = < 0.0001) and involvement of the main pancreatic duct (P value =
< 0.0059) compared to patients without concurrent invasive carcinoma (Supplementary
Table 5). There were no other statistically significant associations between IPMN patients
with and without invasive carcinoma.

Follow-up was available for 243 of 315 patients with a mean duration of 33.3 months (range:
0.1 - 199.3 months). The number of patients with a new diagnosis of pancreatic cancer
during follow-up was 2 (0.8%). There were no significant differences in mean duration of
follow-up or incident pancreatic cancers between patients with a germline mutation and
those without a germline mutation (Table 4).

Discussion

In this retrospective study of patients with surgically resected, histologically confirmed,
IPMN, we found that 7.3% of patients had a germline mutation in a hereditary cancer
predisposition gene and 2.9% had a germline mutation in an established pancreatic cancer
susceptibility gene. The number of patients with a germline mutation in a either a hereditary
cancer predisposition gene or a pancreatic cancer susceptibility gene was not significant
when compared to EXAC controls. However, prevalence of a germline mutation in pancreatic
cancer susceptibility genes in IPMN patients is similar to recent studies of PDAC patients
unselected for family history where between 3.9 and 5.5% patients had a germline
mutation®: 9.

Three individual genes were significantly enriched in surgically resected IPMN patients
compared to EXAC controls. These genes include A7M (five germline mutations), PTCH1
(two germline mutations), and SUFU (one germline mutation). A7M is a serine/threonine
kinase integral to DNA double strand break repair in response to ionizing radiation®. A7TM
is an established pancreatic cancer susceptibility gene and recent evidence suggests that
ATM germline mutations are among the most common found in familial and sporadic PDAC
patients® 9. 11.50, pTCH1 and SUFU are both components of the Hedgehog signaling
pathway. PTCHI is a transmembrane protein that suppresses Hedgehog signaling when not
bound to ligand, while SUFU is a cytoplasmic protein that inhibits Hedgehog signaling
through binding of GLI transcription factors®l. Germline mutations in PTCHI and SUFU
are implicated in Gorlin syndrome and predisposition to childhood medulloblastoma®2-54,
PTCHI1 and SUFUare intriguing candidate pancreatic cancer susceptibility genes as
aberrant Hedgehog signaling has been implicated in pancreatic tumor development.
Specifically, over-expression of SHH is observed in over 70% of pancreatic tumors and
results in autocrine mediated changes to the tumor-microenvironment®® 56, Furthermore,
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PTCHI and SUFU can be somatically mutated in PDACL. 57-59, Additional large cohort
studies of IPMN and PDAC patients will be needed to determine the prevalence of PTCHI
and SUFU germline mutations and risk of tumor development.

Interestingly, surgically resected IPMN patients with a germline mutation in a pancreatic
cancer susceptibility gene were significantly more likely to have concurrent invasive
pancreatic carcinoma than patients without a germline mutation (Table 4). The majority of
patients with a germline mutation in a pancreatic cancer susceptibility gene and invasive
carcinoma did not have a reported family history of pancreatic cancer (4 of 5 patients) or
personal cancer history (5 of 5 patients). This may indicate that the presence of a germline
mutation in a pancreatic cancer susceptibility gene is an independent risk factor for
progression to PDAC. Prospective studies, however, are necessary to determine the
magnitude of any increased risk®0.

Recent studies have suggested that knowledge of germline status in PDAC patients may be
of limited personal utility, except for guiding use of PARP-1 inhibitors and immunotherapies
in patients with defects in homology-directed and mismatch DNA repair respectively>-17.
Knowledge of germline status in patients with an IPMN, however, may be advantageous.
Specifically, IPMN patients with a germline mutation may warrant additional surveillance to
diagnose pancreatic and extra-pancreatic tumors, as is the case for germline mutation
carriers with a family history of PDAC®L: 62, Additional prospective studies are needed to
confirm that additional screening in this patient population improves early diagnosis rates
and patient outcomes.

Our study has several limitations. First, this is a retrospective study of patients with
surgically resected IPMN. While this assured that all IPMNs were histologically confirmed,
these patients are a subset of all patients with IPMN. Specifically, our study included
patients with IPMNs advanced enough to warrant surgery and therefore, may be more likely
to have already or in the future develop PDAC. Assessment of unselected patients is
necessary to determine the clinical utility of stratification by germline mutation status in
patients with IPMN that have not yet undergone surgical resection. Second, while we present
the largest characterization of hereditary cancer predisposition genes in IPMN patients to
date, our sample size is too small to detect associations with germline mutations that are a
rare cause of IPMN or PDAC. Third, we used publicly available data from ExAC for
controls as a large dataset of similarly sequenced controls was not available. Variant data
from ExAC samples was similarly annotated and analyzed to IPMN cases, however,
sequencing methodology was different, and this may result in batch effects that hinder
analysis of gene associations. Fourth, only limited clinicopathologic data were available,
therefore, associations between cancer-risk factors other than those presented in the study
and germline mutation status could not be explored.

In conclusion, we characterized germline mutations in hereditary cancer predisposition
genes in surgically resected IPMN patients. We found that germline mutations were most
frequently identified in A7M and BRCAZ and that germline line mutations in A7TM, PTCH1,
and SUFU were significantly more common in patients with an IPMN than in EXAC
controls. Furthermore, IPMN patients with a germline mutation in a pancreatic cancer
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susceptibility gene were significantly more likely to have concurrent invasive pancreatic
carcinoma. Our study indicates that germline testing of IPMN patients is warranted and may
have important implications for patient care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Demographics and characteristics of patients with surgically resected IPMN

Table 1.

Characteristic® Number  Percent
Race
White 270 85.7
Other 45 14.3
Sex
Male 162 51.4
Female 153 48.6
Age
<40 7 2.2
41-45 6 1.9
46-50 11 35
51-55 17 5.4
56-60 28 8.9
61-65 40 12.7
66-70 60 19.0
71-75 69 21.9
76-80 49 15.6
81-85 21 6.7
>86 7 2.2
Family history of pancreatic cancer
Yes 40 12.7
No 205 65.1
NR 70 222
Personal history of cancer
Yes 54 17.1
No 247 78.4
NR 14 4.4
Diagnosis
IPMN 243 77.1
IPMN and invasive carcinoma 72 229
Size of IPMN
<1 22 7.0
21 and <2 87 27.6
=2 and <3 85 27.0
>3 and <4 48 15.2
24 and <5 23 7.3
25 32 10.2
NR 18 5.7
Number of IPMN
1 253 80.3
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Characteristic® Number  Percent
2+ 62 19.7
Duct type
Branch duct 146 46.3
Main duct 112 35.6
NR 57 18.1
Grade of IPMN
High 138 43.8
Low or intermediate 152 48.3
NR 25 7.9

1 . . .
IPMN - intraductal papillary mucinous neoplasm. NR - not reported
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