
Received: 14 December 2021 Revised: 25 January 2022 Accepted: 3 March 2022

DOI: 10.1111/ahg.12464

ORIG INAL ARTICLE

Whole genome sequencing identifies rare genetic variants
in familial pancreatic cancer patients
Ming Tan1,2,3 Klaus Brusgaard1,4 Anne-Marie Gerdes5 Martin Jakob Larsen1,4

Michael BauMortensen1,3,6 Sönke Detlefsen1,3,7 Ove B. Schaffalitzky de
Muckadell1,2,3 Maiken Thyregod Joergensen1,2,3

1Department of Clinical Research,
University of Southern Denmark, Odense,
Denmark
2Department of Medical
Gastroenterology, Odense University
Hospital, Odense, Denmark
3Odense Pancreas Center (OPAC), Odense
University Hospital, Odense, Denmark
4Department of Clinical Genetics, Odense
University Hospital, Odense, Denmark
5Department of Clinical Genetics,
Rigshospitalet, Copenhagen, Denmark
6Department of Surgery, Odense
University Hospital, Odense, Denmark
7Department of Pathology, Odense
University Hospital, Odense, Denmark

Correspondence
Ming Tan, Department of Clinical
Research, University of Southern
Denmark, Odense, Denmark.
Email: mtan@health.sdu.dk

Funding Information
This project was jointly supported by: The
Danish Cancer Society (ref.: R218-A13150),
NEYE Fonden, Odense Pancreas Center
(OPAC), Odense University Hospital
Research Fund, The Danish Cancer
Research Fund (Dansk
Kræftforskningsfond), Fonden til
Lægevidenskabens Fremme (A.P. Møller
Fonden), Fabrikant Einar Willumsens
Mindelegat, the Rigshospitalet
(RH)/Odense University Hospital (OUH)
Research Fund (ref.: A3183), Aase og
Ejnar Danielsens Fond (ref.: 18-10-0686).

Abstract
Pancreatic ductal adenocarcinoma (PDAC) represents one of the most lethal
malignancies with very high mortality and short survival time. About 5–10% of
the PDAC patients have a familial predisposition to the disease designated as
familial pancreatic cancer (FPC), suggesting genetic modulation of FPC patho-
genesis. It is estimated that currently identified sequence variants account for
less than 20% of the genetic basis of FPC leaving the majority of the genetic
architecture unclarified. We performed whole genome sequencing (WGS) anal-
ysis on benign formalin-fixed paraffin-embedded (FFPE) tissues from 35 FPC
patients focusing on genes enriched by rare and functional sequence variants.
We identified 40 genes hosting at least 2 protein truncating variants (PTVs). Sig-
nificant overlaps of the 40 genes were found (p < 1 × 10–22) with cancer genes,
cancer driver genes and genes found in previous studies on cancer, including
ATM, POLE, BRCA2, TYR03, PABPC1 and SSC5D. The PTV genes are signifi-
cantly overrepresented in biological pathways in cancer development and pro-
gression including extracellular matrix organization, signaling by RHOGTPases
and RHO GTPase cycle. Association analysis using external controls detected
6 genes with p < 0.05. The WGS analysis revealed high heterogeneity in the
detected rare variants among FPC patients and provides novel genes harboring
potential mutational hotspots for future validation and replication.
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1 INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the
most aggressive and fatal malignancies worldwide with an
estimated 5-year survival of just 5% (Naghavi et al., 2019;
McGuigan et al., 2018). Familial pancreatic cancer (FPC) is
defined as having two ormore first-degree relatives (FDRs)
with PDAC without known inherited cancer syndrome,
and is responsible for up to 10% of all cases of PDAC (Diaz
& Lucas, 2019). Families fulfilling the FPC criteria repre-
sent up to 80%of all familieswith PDACaggregation (Llach
et al., 2020). We have recently estimated the heritability
of FPC as high as 0.51 (Tan et al., 2021a). The estimated
relatively high genetic contribution to FPC calls for efforts
to find the genetic variants underlying the genetic predis-
position to FPC. Studies using next-generation sequenc-
ing (NGS) technique have detected rare sequence varia-
tions in BRCA1, BRCA2, CDKN2A, PALB2, and ATM genes
to be related to FPC (Roberts et al., 2016; Zhen et al.,
2015). However, those variants are only observed in about
12% of all FPC cases. The suspected germline contribu-
tion to over 80% of all FPC cases still remains unknown
(Chaffee et al., 2018).
Whole genome sequencing (WGS) can be used to

explore genomic alterations in cancer and help us to better
understand the whole landscape of mutational signatures
in the cancer genomes and to elucidate their functional
or clinical implications (Nakagawa & Fujita, 2018). Using
WGS analysis, Roberts et al. (2016) demonstrated that
the genetic architecture of FPC is highly heterogeneous.
Genetic heterogeneity refers to: (1) allelic heterogeneity,
where different variants at a single gene locus cause the
same or similar phenotypic expressions of a disease and
(2) locus heterogeneity, where variants at different gene
loci cause the same or similar phenotypes of a disease
(McClellan & King, 2010). The genetic heterogeneity
of FPC means that susceptibility variants could be pri-
vate to certain individuals or families. The situation
renders the traditional association analysis for common
variants underpowered. Both allelic and locus hetero-
geneity impose challenges in identifying the relevant
genetic variants for FPC. More high-coverage sequencing
analyses are required to uncover the genetic diversity
in FPC.
We have performed a WGS on PDAC patients from

27 FPC predisposed families from a recently established
national cohort—with a focus on detecting rare genetic
variants for the disease. We report findings from the WGS
study and compare with published results from previous
studies to validate and verify the detected genetic alter-
ations as potential hotspots of functional variations for
FPC.

2 MATERIALS ANDMETHODS

2.1 Familial pancreatic cancer cases and
external controls

From the national cohort of 27 FPC families (Tan et al.,
2021a, 2021b), a total of 83 PDAC cases (38 males, 45
females) were identified. Familial predisposition for FPC
was defined as presence of either: (1) Two FDRs with
PDAC, with at least one of the cases debuting at age <50
year; or (2) at least three FDRs with PDAC. Avail-
able benign tissue samples (i.e. noncancerous tissue) of
formalin-fixed paraffin-embedded (FFPE) nonpancreatic
tissues were retrieved for 35 FPC patients (Table S1) from
the relevant departments of pathology from all five Danish
regions (including: the Capital Region ofDenmark, Region
Zealand, the Region of Southern Denmark, the Central
Denmark Region, and the Region of Northern Denmark).
This study made use of the WGS data of the Genome

Aggregation Database (gnomAD, https://gnomad.broadin
stitute.org) as a large external control group for associa-
tion analysis. Being the world’s largest public collection
of human genetic variations, it is developed for aggregat-
ing and harmonizing both exome and genome sequencing
data and serves as a popular resource for basic research
and clinical variant interpretation. The version 2.1.1 dataset
(GRCh37/hg19) spans 15,708WGSs fromunrelated individ-
uals sequenced by various genetic studies. The use of gno-
mAD as external controls is enabled by the proxy exter-
nal controls association test (ProxECAT) (Hendricks et al.,
2018).

2.2 Ethics

Data and sample collection from the included individu-
als were conducted with the approvals from the Danish
National Committee on Health Research Ethics (NVK)
(project number: 1604008) and the Danish Data Protection
Agency (project number: 18/54160). A written informed
consentwas obtained fromall alive subjects involved in the
study. Patient consent was waived in case of deceased sta-
tus of patients, with the approval of the Danish National
Committee on Health Research Ethics (NVK) (project
number: 1604008) citing the Danish Scientific Ethical
Committees Act §10.

2.3 Sequencing analysis

WGS was conducted using DNA extracted from FFPE
benign tissue samples from each of the 35 FPC patients.

https://gnomad.broadinstitute.org
https://gnomad.broadinstitute.org
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From each sample, ≥100 ng of genomic DNA was
sequenced using the TruSeq DNA PCR free kit (Illumina,
Inc). Sequencing was performed on a NovaSeq 6000 (Illu-
mina, Inc). Sequence reads were analyzed and aligned
to the human reference genome (hg19) using Illumina
DRAGEN Bio-IT software version 3.7. Variants were anno-
tated using VarSeq version 2.2.1 (Golden Helix, Inc.) (Tan
et al., 2021b) with (i) functional consequence in Ref-
Seq gene transcripts, (ii) zygosity, (iii) minor allele fre-
quency (MAF) determined using publicly available variant
databases (gnomAD), and (iv) presence in ClinVar.

2.4 Filtering and characterizing
variants

VarSeq software (version 2.2.1, Golden Helix, Inc.) was
used for annotation and variant filtering. Considering the
quality of DNA extracted from preserved tissue samples,
we filtered variants according to the number of reads that
support each of the reported alleles, the allele depth. The
total allele depth for a variant is defined as the sumof num-
ber of reads aligned at the position, which includes allele
depths of the reference (REF) and alternative (ALT) alle-
les. Variants with total allele depth< 4 or alternative allele
depth < 2 were dropped.
We further removed sequence variants belonging

to (1) pseudogenes using annotations provided by
EnsDb.Hsapiens.v86 package in Bioconductor (DOI:
10.18129/B9.bioc.EnsDb.Hsapiens.v86); and (2) segmental
duplication (https://humanparalogy.gs.washington.edu).
Multimapped reads and artefacts were also filtered out
from subsequent analysis.
For the purpose of association analysis, the remain-

ing sequence variants were classified into (1) a group of
functional variants including: frameshift variants, inframe
deletion, inframe insertion, initiator codon variants, splice
acceptor variants, splice donor variants, stop gained vari-
ants (nonsense variants), and missense variants; and (2) a
group of synonymous (i.e., low impact) variants including:
splice region variants, stop retained variants, 5′ UTR pre-
mature start codon gain variants.
VarSeq (https://www.goldenhelix.com/products/Var

Seq/) was used for functional prediction of nonsynony-
mous variants. Clinical significance (benign, likely benign,
pathogenic, likely pathogenic, uncertain significance, etc.)
of variants was assessed based on ClinVar submitted
records as recommended by the American College of
Medical Genetics and Genomics and the Association for
Molecular Pathology (ACMG/AMP), and on evaluation
by local clinicians and biologists using an in-house
assessment catalog. Variants assessed as benign or likely
benign were filtered out from the nonsynonymous group
(i.e., functional group). Similarly, variants assessed as

pathogenic or likely pathogenic were removed from the
synonymous group (i.e., nonfunctional group).
Functional interpretation of single nucleotide variants

(SNVs) (a single-base substitution, insertion, or deletion)
was provided by dbNSFP (database for nonsynonymous
single nucleotide polymorphisms’ functional predictions),
a database developed for functional prediction and anno-
tation of all potential nonsynonymous SNVs in the human
genome (Liu et al., 2016). The dbNSFP in VarSeq con-
tains variant effect classifications from six functional pre-
diction algorithms. Pathogenicity prediction was provided
by the PHRED-like score, a scaled score based on CADD
(combined annotation-dependent depletion) scores 1.4
(Rentzsch et al., 2019).

2.5 Defining protein-truncating
variants

Protein-truncating variants or premature-truncating vari-
ants (PTVs) form a type of sequence variants within a gene
that creates an early stop codon, leading to a shortened or
truncated protein product with serious functional conse-
quences. Following Roberts et al. (2016), we defined PTVs
using the following criteria: (i) nonsense variants, splice-
site variants (splice donor variants, splice acceptor vari-
ants), and frameshift INDELs (frameshift variants, stop-
loss variants); (ii) heterozygous in the germline; (iii) minor
allele frequency (MAF)< 0.01, and (iv) present in only one
individual or one family, i.e., “private.”

2.6 Hypergeometric test

We applied a hypergeometric test for overrepresentation
analysis (ORA) to assess, if the overlap of identified genes
with genes from a functional cluster (e.g. biological path-
way, a compiled list of cancer related genes) is significantly
different from being random by calculating a probability
from the hypergeometric distribution. ORA has also been
implemented in a web tool for biological pathway analysis,
the gene-set enrichment analysis (GSEA), to test if genes
in one biological pathway are over-represented in a list of
identified genes. GSEA was performed on canonical path-
ways at https://www.gsea-msigdb.org/gsea/index.jsp. The
R function phyper() was used for calculating the hyperge-
ometric probability.

2.7 Association test

Statistical testing for gene-based association analysis was
performed using the Proxy External Controls Associa-
tion Test (ProxECAT) (Hendricks et al., 2018), a statisti-

https://humanparalogy.gs.washington.edu
https://www.goldenhelix.com/products/VarSeq/
https://www.goldenhelix.com/products/VarSeq/
https://www.gsea-msigdb.org/gsea/index.jsp
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F IGURE 1 A flowchart describing the steps of WGS analysis
in the study

cal method specifically developed for analysis of sequenc-
ing data using existing large databases like gnomAD as
external controls. ProxECAT makes use of nonfunctional
variants as a proxy for how well variants within a genetic
region are sequenced and called within a sample. It com-
pares the ratio between variant and proxy frequencies
in cases with that in the external controls to adjust for
group differences in sequencing technology, in DNA sam-
ple processing, and in read depth for creating the internal
and external datasets. Adjustment for multiple testing was
done by calculating the false discovery rate (FDR) (Ben-
jamini & Hochberg, 1995). Statistical significance for asso-
ciation analysis is defined as FDR < 0.05.
A flow-chart displaying the steps of the study from sam-

pling, sequencing, filtering to data analyses is showing by
Figure 1.

3 RESULTS

In total, benign FFPE nonpancreatic tissue samples were
available from 35 FPC patients (14 males, 21 females) for

TABLE 1 Sample description and basic statistics of 35 patients
with familial pancreatic cancer

Variables Statistics
Sample size:
Male 14
Female 21
Total 35
Year of birth:
Range 1912–1970
Age at diagnosis (years):
Median 61.9
Range 33.5–86.9
Age at death (years):
Median 62.3
Range 35.4–87.2
Time from diagnosis to death (days):
Median 241
Range 11–3696

DNA extraction and sequencing analysis (Table 1, Table
S1). The median age of FPC patients at diagnosis was 61.9
years (range: 33.5–86.9 years); the median age at death
was 62.3 years (range: 35.4–87.2 years). The minimum and
maximum survival times were 11 and 3696 days with a
median of 241 days (Table 1). Two patients were censored at
2148 days (female) and 3696 days (male) respectively after
diagnosis. No sex difference was found for age at death
(p = 0.52), nor for time from diagnosis to death (p = 0.83)
in the patient samples.

3.1 Sequencing outputs

All 35 FPC patients were sequenced on an Illumina
NovaSeq 6000 platform. Sequence reads were filtered
as described in the Methods section. After applying the
filtering criteria, a total of 33,771 unique SNVs were
detected and available for analysis. Among the 33,771
SNVs, 16,268 SNVs were detected in only once in 35
samples, accounting for nearly half of all the available
SNVs.

3.2 Detection of PTVs

Following the criteria as described in Section 2, we
detected a total of 865 PTVs harbored by 821 genes, includ-
ing overlapping genes (see Table S2), with most of the
genes hosting 1 PTV. There are 40 genes carrying more
than one PTVs (Table 2), among them, five genes have
three PTVs and 35 genes have two PTVs. The tables
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TABLE 2 A list of 40 detected genes harboring two
or more protein truncating variants (PTVs) found in benign
tissue samples from 35 patients with familial pancreatic
cancer

Genes Chromosome
Number
of PTVs

Gene Bank
accession number

COL4A2,
COL4A2-AS2

13 3 NM_001846.3,
NM_001267044.1

CRIPAK 4 3 NM_175918.3
MYO15B 17 3 NM_001309242.1
SYNE2 14 3 NM_182914.2
TYRO3 15 3 NM_006293.3
ABCA7 19 2 NM_019112.3
ABHD16B 20 2 NM_080622.3
AGBL3 7 2 NM_178563.3
APLF 2 2 NM_173545.2
ASGR1 17 2 NM_001671.4
ATM 11 2 NM_000051.3
BRCA2 13 2 NM_000059.3
CNKSR3 6 2 NM_173515.2
CNOT2 12 2 NM_014515.5
EPPK1 8 2 NM_031308.3
FBRSL1 12 2 NM_001142641.1
GPSM3 6 2 NM_022107.2
GSX1 13 2 NM_145657.2
HABP2 10 2 NM_004132.4
HOOK3 8 2 NM_032410.3
KIAA0100 17 2 NM_014680.3
LOC101928841 13 2 NM_001304433.1
NEK8 17 2 NM_178170.2
OXER1 2 2 NM_148962.4
PABPC1 8 2 NM_002568.3
PDE3B 11 2 NM_000922.3
PIH1D1 19 2 NM_017916.2
POLE 12 2 NM_006231.3
PRKCD 3 2 NM_006254.3
RICTOR 5 2 NM_001285439.1
RP1L1 8 2 NM_178857.5
RPS6KA4 11 2 NM_003942.2
SENP7 3 2 NM_020654.4
SPG11 15 2 NM_025137.3
SSC5D 19 2 NM_001144950.1
ST8SIA4 5 2 NM_005668.5
STAB1 3 2 NM_015136.2
TTC27 2 2 NM_017735.4
TTC6 14 2 NM_001310135.1
ZNF628 19 2 NM_033113.2

show that the detected PTVs exhibit high locus hetero-
geneity (multiple genes harboring PTVs) as well as high
allelic heterogeneity (multiple PTVs within a host gene)
(Scriver, 2001). Only one gene (RICTOR) has a variant
shared by family members. The other 39 genes carry PTVs
that were observed in only one patient. Annotations of
the 865 PTVs are shown in Table S3. From the table,
it can be seen that most of the variants within a gene
were observed from different families indicating allelic
heterogeneity.
We additionally observed genetic diversity at individual

level or intraindividual genetic heterogeneity in our FPC
patients. As shown in Table S3, the following genes display
intraindividual allelic heterogeneity (multiple PTVs in the
same gene in the same patient): CNOT2 (patient 24, two
PTVs), EPPK1 (patient 8, two PTVs),KIAA0100 (patient 30,
two PTVs), LOC101928841 (patient 2, two PTVs), MYO15B
(patient 11, two PTVs), and TTC6 (patient 24, two PTVs).
Meanwhile, we also observed intraindividual locus hetero-
geneity (multiple PTV genes in the same patient) exempli-
fied by patient 24with 126 PTVs in 124 genes and by patient
17 with 125 PTVs in 125 genes.
The 40 genes in Table 2 carry 85 PTVs among which 36

are frameshift variants, 29 are stop-gain variants (i.e., non-
sense variants), 10 splice acceptor variants, and 10 splice
donor variants. The median PHRED score of the 85 PTVs
is 35, similar to themedian score for the rest of the 780 PTVs
in Supplementary Table S3. As shown by Figure S1, most of
the PTVs have high PHRED scores of over 20, and there is
a highly significant positive correlation between PHRED
score and the number of votes for being predicted as dam-
aging using dbNSFP (p < 1.45e-07). The Human Genome
Variation Society (HGVS) nomenclature for each PTVgene
is shown in Table S3.

3.3 Enrichment of functional pathways

The 821 geneswere submitted to GSEA (https://www.gsea-
msigdb.org) for overrepresentation analysis of enriched
functional pathways. We found 70 significant pathways
showing corrected significance FDR < 0.01, with the
top 20 pathways (p = 2.54e-6, FDR = 3.71e-4) shown in
Table 3. The matrix of overlapping genes for the top 10
pathways is displayed in Figure S2. A high proportion of
overlapping genes is observed in pathways of the extra-
cellular matrix (ECM). Seven of the significant pathways
(including collagen formation, collagen biosynthesis, and
modifying enzymes) in Table 3 are related to organization,
assembly, remodeling, and degradation of ECM involv-

https://www.gsea-msigdb.org
https://www.gsea-msigdb.org
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TABLE 3 Top 20 functional clusters overrepresented by protein truncating variant (PTV) genes found in 35 patients with familial
pancreatic cancer

Gene set name
[number of genes (K)] Description

Number of
overlapping
genes (k) p-Value q-Value

REACTOME EXTRACELLULAR
MATRIX ORGANIZATION [301]

Extracellular matrix organization 26 2.5 e−9 5.79 e−6

REACTOME RHOA GTPASE
CYCLE [149]

RHOA GTPase cycle 18 3.96 e−9 5.79 e−6

REACTOME RHO GTPASE
CYCLE [444]

RHO GTPase cycle 31 1.26 e−8 1.14 e−5

REACTOME RNA POLYMERASE II
TRANSCRIPTION [1374]

RNA Polymerase II Transcription 63 1.83 e−8 1.14 e−5

REACTOME SIGNALING BY RHO
GTPASES MIRO GTPASES AND
RHOBTB3 [717]

Signaling by Rho GTPases, Miro GTPases
and RHOBTB3

41 1.94 e−8 1.14 e−5

NABA MATRISOME [1026] Ensemble of genes encoding extracellular
matrix and extracellular
matrix-associated proteins

51 3.63 e−8 1.73 e−5

WP INTEGRATED BREAST
CANCER PATHWAY [154]

Integrated Breast Cancer Pathway 17 4.15 e−8 1.73 e−5

REACTOME COLLAGEN
FORMATION [90]

Collagen formation 13 6.71 e−8 2.2 e−5

REACTOME SIGNALING BY
RECEPTOR TYROSINE
KINASES [504]

Signaling by Receptor Tyrosine Kinases 32 6.79 e−8 2.2 e−5

REACTOMEMETABOLISM OF
RNA [672]

Metabolism of RNA 38 8.53 e−8 2.33 e−5

REACTOME POST
TRANSLATIONAL PROTEIN
MODIFICATION [1435]

Post-translational protein modification 63 8.76 e−8 2.33 e−5

REACTOMEMETABOLISM OF
LIPIDS [741]

Metabolism of lipids 40 1.33 e−7 3.25 e−5

REACTOME CELL CYCLE [693] Cell Cycle 37 5.11 e−7 1.15 e−4

NABA ECM REGULATORS [238] Genes encoding enzymes and their
regulators involved in the remodeling
of the extracellular matrix

19 1.14 e−6 2.37 e−4

REACTOME TRANSCRIPTIONAL
REGULATION BY TP53 [363]

Transcriptional Regulation by TP53 24 1.43 e−6 2.62 e−4

REACTOME VESICLE MEDIATED
TRANSPORT [724]

Vesicle-mediated transport 37 1.44 e−6 2.62 e−4

REACTOME COLLAGEN
BIOSYNTHESIS AND
MODIFYING ENZYMES [67]

Collagen biosynthesis and modifying
enzymes

10 1.61 e−6 2.66 e−4

KEGG FOCAL ADHESION [199] Focal adhesion 17 1.64 e−6 2.66 e−4

REACTOME DEGRADATION OF
THE EXTRACELLULAR
MATRIX [140]

Degradation of the extracellular matrix 14 2.12 e−6 3.26 e−4

NABA CORE MATRISOME [275] Ensemble of genes encoding core
extracellular matrix including ECM
glycoproteins, collagens, and
proteoglycans

20 2.54 e−6 3.71 e−4
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ing ECM-associated proteins (glycoproteins, collagens,
and proteoglycans). Multiple pathways in Table 3 are
related to cancer growth (cell cycle, RHO GTPase cycle,
metabolism of lipids and RNA, collagen formation, etc.).
Of note, the integrated breast cancer pathway is also
highly significantly enriched (p = 4.15e-8, FDR = 1.73e-5).

3.4 Overlap with cancer-related genes

Dietlein et al. (2020) compiled a list of 460 cancer driver
genes,whose variations increase net cell growthunder spe-
cific microenvironmental conditions. Among the 821 PTV
genes, 32 were observed in the list of cancer driver genes.
For the 40multiple-PTV genes in Table 2, six overlaps were
found in the cancer driver gene list (ATM, POLE, BRCA2,
TYRO3, PABPC1, SSC5D). Hypergeometric test showed
that the overlaps of the 32 genes and the six genes, respec-
tively, were both significantly different from being random
(p < 1e-22).
Next, we investigated the overlap of the 821 PTV genes

with previously reported PTV genes in FPC studies.
Roberts et al. (2016) identified 16 genes withmore than two
PTVs. Two out of their 16 genes (ATM, BRCA2) were found
in our 821 PTV genes. The hypergeometric test showed
very high significance (p < 1e-22) for the observed over-
laps. Finally, we tested overlaps between the 821 PTV genes
with our recently reported 448 PTV genes detected in first-
degree relatives of FPC patients (Tan et al., 2021b). There
were a total of 62 overlaps observed leading to an extremely
high statistical significance (hypergeometric p < 1e-22).
Among the 40 genes carrying multiple PTVs (Table 2), six
geneswere found in our previously reported 448 PTVgenes
(COL4A2,CRIPAK,ABCA7,AGBL3,APLF,TTC27). Again,
hypergeometric test showed that the overlap is highly sig-
nificant (p = 4.32e-17).

3.5 Association analysis

We performed a gene-based association analysis by apply-
ing ProxECAT and using gnomAD as an external con-
trol group. Six genes showed nominal significance with
p < 0.05, including: MORN1 (p = 6.1e-03), MYO16
(p = 1.43e-02), PIEZO1 (p = 1.87e-02), KLHL5 (p = 2.56e-
02), PTS (p = 2.59e-02), and CEP95 (p = 4.81e-02).
After correcting for multiple testing, none was significant
(0.17 < FDR < 0.27). The rare variants carried by the six
genes are all missense mutations except for CEP95 (Table
S4). The missense variants all have relatively high PHRED
scores of over 20 and high numbers of being predicted
as damaging (above four out of six predictions) except
MYO16. The missense variant in PTS (chr11:112101362,

C->T) is pathogenic with a PHRED score of 28.8 and with
all 6 predictions as damaging. The rare variant in CEP95 is
a frameshift variant with a PHRED score of 26.

4 DISCUSSION

In contrast to common variants identified in genome-wide
association studies, rare variants revealed by sequencing
analysis have played unique roles in the genetics of com-
plex diseases in humans due to their distinctive features.
Their unique roles are hypothesis-free evidence for gene
causality, serving as precise targets of functional anal-
ysis for understanding disease mechanisms as well as
genetic markers for personalized medicine (Momozawa &
Mizukami, 2021). By performing whole genome sequenc-
ing on benign, noncancerous tissues of FPC patients,
we were able to focus on rare germline variants, aim-
ing to characterize the hereditary basis of FPC. Our find-
ing of a large number of genes hosting loss-of-function
variants (PTVs, Table S2) and genes enriched by multi-
ple PTVs (Table 2) revealed a high genetic heterogene-
ity in the form of both locus and allelic heterogeneity
(16). The genetic diversity of FPC patients was observed
not only across samples in our cohort, but also within
individual FPC patients showing intraindividual allelic
heterogeneity (multiple PTVs of the same gene in the
same patient) and locus heterogeneity (multiple PTV
genes in the same patient). High genetic heterogeneity
of FPC patients has been reported by previous sequenc-
ing studies in cohorts from the United States and Ger-
many (Roberts et al., 2016; Slater et al., 2021). Our results
provide new evidence reconfirming FPC as a geneti-
cally heterogeneous disease associated with rare germline
variants.
The high diversity in the genetic architecture of FPC

imposes a challenge to current strategies for screening
predisposed individuals. Traditional genetic screening is
based on analyzing classical high penetrance genes that
only explain the genetic predisposition in a reduced num-
ber of families. It is estimated that the currently identified
variants in FPC susceptibility genes including BRCA1/2,
ATM, CDKN2A, PALB2, etc. explain less than 20% of FPC
cases leaving the genetic basis of more than 80% of FPC
patients unknown (Roberts et al., 2016). A very recentWGS
study on FPC patients failed to detect pathogenic variants
in BRCA1/2, CDKN2A, or PALB2 (Slater et al., 2021). Like-
wise, association testing of our recent WGS on first-degree
relatives of FPC patients did not find rare variants in any
of the reported FPC candidate genes (Tan et al., 2021b).
Meanwhile, a comprehensive analysis of 35 candidate
genes associated with hereditary cancer revealed that vari-
ants in previously described cancer-predisposition genes
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includingMLH1, CDKN2A, POLQ, TET2, and FANCM are
found in 19% of FPC cases (Earl et al., 2020). In a recent
genome-wide meta-analysis, NOC2L was also suggested
as a pancreatic cancer susceptibility gene (Klein et al.,
2018). The situation implies that traditional genetic testing
based on classical high penetrance genes will most likely
miss the majority of genetically predisposed individuals
to FPC. More individualized testing strategies such as the
NGS-based panel testing (Nagahashi et al., 2019) that take
genetic heterogeneity into account are called for.
The extracellular matrix (ECM) is a major structural

component of the tumor microenvironment that provides
both structural and biochemical support to regulate pro-
liferation, self-renewal, and differentiation of cancer stem
cells (Nallanthighal et al., 2019). Among the 20 gene sets in
Table 3, seven are related to ECM involving organization,
assembly, remodeling, degradation, and coding of ECM-
associated proteins. PDAC has an extraordinarily dense
fibrotic stroma primarily made of ECM whose stiffness
confers mechanical properties of the tumor microenviron-
ment and provides important biochemical and physical
cues that promote survival, proliferation, andmetastasis of
cancer cells (Weniger et al., 2018). Nonsense and frameshift
variants like PTVs and nonsynonymous variants that
change the sequence and structure of coding proteins
reduce the production of ECM proteins to impair matrix
integrity, composition, and assembly due to quantitative
ECMdefects (Lamandé&Bateman, 2020). In a recentWGS
study, we have observed a significant enrichment of the
ECMpathway by genes carrying rare nonsynonymous vari-
ants in first-degree relatives of FPC patients (Tan et al.,
2021b). Moreover, a recent network-based analysis of gene
expression data on FPC and sporadic pancreatic cancer
patients reported increased activity in extracellular struc-
ture and ECM organization (Tan et al., 2020). Our previ-
ous and current results from pathway analysis concerning
ECM may help functionally characterizing the identified
rare variants in ECM composition, assembly, and degrada-
tion as accomplices in the development and progression of
FPC.
Guanosine triphosphate (GTP) is one of the building

blocks needed for the synthesis of RNA during the tran-
scription process. It is also used as a source of energy for
protein synthesis and gluconeogenesis or has the role of
an activator of substrates in metabolic reactions. Its bind-
ing proteins (Rho GTPases) play central roles in numerous
cellular processes with dysregulation of Rho GTPase sig-
naling observed in a broad range of human cancers (Jung
et al., 2020). Although large scale sequencing efforts have
revealed that variants in the Rho GTPase family are rare
(Pajic et al., 2015), our results showed significant overrep-
resentation of PTV genes in the Rho GTPase pathways
(Table 3) involving genes such as ROCK1 (Rho Associated

Coiled-Coil Containing Protein Kinase 1) (Figure S2). In
a study by Nakashima et al. (2011), a suppressive role of
ROCK in pancreatic cancer cell proliferation was charac-
terized. The PTV we observed in ROCK1 is a frameshift
variant (chr18:18566913, C:-) that may result in a complete
loss of protein structure and functionality, with the latter
potentially beneficial for FPC development and progres-
sion. This observation serves as an example of support to
Nakashima et al. (2011).
Extremely significant overlaps of our detected PTV

genes have been found in cancer driver genes and pre-
viously reported cancer genes. Among the overlapping
genes, the roles of ATM, BRCA2 in hereditary breast and
ovarian cancers have been well characterized (Kobayashi
et al., 2013). Variants in BRCA and ATM genes occur in
both hereditary and sporadic PDAC causing deficiency
in DNA repair pathways and provoke genomic instability
(Perkhofer et al., 2021). In a recent study of 130 families
with 2,227 familymembers with FPC predisposition, it was
shown that individuals with an ATM variant had a cumu-
lative risk for pancreatic cancer of 6.3% by age 70 and 9.5%
by age 80 (Hsu et al., 2021). Both ATM and BRCA2 variants
have previously been identified as inherited germline vari-
ants related to pancreatic cancer (Hu et al., 2018; Huang
et al., 2018; Zhen et al., 2015).
Other overlapping genes that we found include POLE,

TYRO3, PABPC1, and SSC5D. Variants in POLE have
been found in individuals with early onset colorectal
cancer, large numbers of adenomatous colorectal polyps
and/or significant family history of colorectal cancer
(Bellido et al., 2016). Some families with POLE variants
include individuals with a wide range of cancers including
pancreatic cancer (Hansen et al., 2015; Mur et al., 2020).
TYRO3 is constitutively expressed in pancreatic cancer
cells and is required for cell proliferation and invasion of
pancreatic cancer (Morimoto et al., 2020). PABPC1
(Poly(A) Binding Protein Cytoplasmic 1) encodes PABP1
protein which binds mRNA and facilitates a variety of
functions such as transport into and out of the nucleus,
degradation, translation, and stability. A recent whole
exome sequencing study reported that sequence variations
in PABPC1 are associated with familial prostate cancer
(Schaid et al., 2021). The SSC5D gene codes for soluble
scavenger receptor cysteinerich domain-containing pro-
tein (SSC5D), which binds to extracellular matrix proteins
as a pattern recognition receptor and may play a role in
the innate defense and homeostasis of certain epithelial
surfaces. Al-Sukhni et al. (2012) reported gain in DNA
copy number in SSC5D gene region in familial pancreatic
cancer. The RICTOR gene has recently been shown to
be amplified in cancer, highlighting its role in cancer
development and its potential as a therapeutic target
(Jebali & Dumaz, 2018). Overall, previously published
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studies show that variations in the overlapping PTV genes
have been associated with cancer development or directly
with pancreatic cancer or FPC.
In addition to cancer related genes, our identified PTV

genes also overlap significantlywith genes reported by pre-
viously publishedWGS studies onFPCorFPC families. For
example, enrichment of PTVs was also observed in BRCA2
and ATM in a WGS on FPC patients (Roberts et al., 2016).
Such nonrandom overlaps could indicate that these genes
are mutation hotspots serving as oncogenic drivers in FPC
development.Moreover, it is interesting that the PTVgenes
found in FPC patients in this study also overlap signif-
icantly with the PTV genes detected in unaffected first-
degree relatives of FPC patients (Tan et al., 2021b). This is
important as, with cancer events available from follow-up,
the burden of private variants in these genes can be cal-
culated for each individual and used to build models for
PDAC risk prediction and prognosis in the predisposed rel-
atives of FPC patients.
Although with limited sample size of FPC patients, our

gene-based association test using ProxECAT was able to
identify six genes (MORN1,MYO16, PIEZO1, KLHL5, PTS,
and CEP95) with nominal significance of p < 0.05. Among
the genes, KLHL5 (Kelch Like Family Member 5) was pre-
viously shown to represent an eligible prognostic predic-
tor for gastric malignancy (Wu et al., 2020), and knock-
down of the gene increases cellular sensitivity to anti-
cancer drugs (Schleifer et al., 2018). PIEZO1 (Piezo Type
Mechanosensitive Ion Channel Component 1) encodes a
protein that induces mechanically activated currents in
various cell types. The gene has been demonstrated to
play oncogenic roles in gastric cancer cell proliferation,
migration and invasion to promote gastric cancer progres-
sion (Zhang et al., 2018). Multiple studies have shown that
the expression of PIEZO1 is related to the clinical char-
acteristics of senescence and cancer, making the gene a
new biomarker for diagnosis and prognosis of a variety of
human cancers (Yu & Liao, 2021). Although some of the
genes found by association test have been reported in can-
cer studies, their roles in pancreatic cancer need further
verification and validation.
As mentioned, a big limitation of the study is the small

sample size of FPC patients, which has limited the statisti-
cal power of our association test and the ability in detect-
ing PTVs. Another limitation is the quality of DNA sam-
ples from formalin-fixed paraffin-embedded benign tissues
of FPC patients. As full blood samples were not available
for the FPC cases, FFPE samples of non-pancreatic benign
tissues were used for DNA extraction. The latter led to
low sequencing coverage or depth due to an insufficient
number of sequencing reads. As a result, the number of
genes available for association testing was also limited,
as ProxECAT requires both nonsynonymous and synony-

mous SNVs to conduct an association test. This is exac-
erbated by the sample size issue which resulted in a low
number of genes found by association analysis. Moreover,
ProxECAT assumes that the cases and the external con-
trols match by ancestral population. The included FFPE
samples were retrieved from cancer-free, nonpancreatic
sites and have been carefully examined by an experienced
pathologist at the time of retrieval—eliminating the risk
of potential contamination of samples from tumor cells.
Although this ensures that the detected PTVs are germline
variants, the big number of over 800 PTV genes should be
treated with caution as themajority of them carry one PTV
(only 40 genes carry multiple PTVs, see Table 2) from a
small-scale study.
With the establishment of a nation-wide cohort of

FPC families, high quality DNA samples from all fam-
ilies (including first-degree relatives included in our
nationwide FPC screening program) have been collected,
sequenced, or stored to correlate with future cancer events
(Tan et al., 2021a, b)—which will eventually help validate
our current findings.

5 CONCLUSIONS

Whole genome sequencing on FPC patients detected a
multitude of rare variants displaying a high degree of allelic
and locus heterogeneity in FPC. The hosting genes of
detected variants significantly over-represent cancer driver
genes and/or cancer-related genes that mediate cancer cell
proliferation, migration, and invasion. The genetic het-
erogeneity of FPC is functionally characterized by signif-
icant enrichment of multiple biological pathways includ-
ing the ECM and Rho GTPase pathways that jointly may
contribute to the development and progression of FPC.
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