UC Davis
UC Davis Previously Published Works

Title

Candidate DNA repair susceptibility genes identified by exome sequencing in high-risk
pancreatic cancer

Permalink
https://escholarship.org/uc/item/29g982hg
Journal

Cancer Letters, 370(2)

ISSN
0304-3835

Authors

Smith, Alyssa L
Alirezaie, Najmeh
Connor, Ashton

Publication Date
2016

DOI
10.1016/j.canlet.2015.10.030

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2qg982hs
https://escholarship.org/uc/item/2qg982hs#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTH 4
of P

SERVIC

b
7
ivaaa

/ HHS Public Access

Author manuscript
Cancer Lett. Author manuscript; available in PMC 2017 December 12.

Published in final edited form as:
Cancer Lett. 2016 January 28; 370(2): 302-312. doi:10.1016/j.canlet.2015.10.030.

Candidate DNA Repair Susceptibility Genes Identified by Exome
Sequencing in High-Risk Pancreatic Cancer

Alyssa L. Smith2P, Najmeh Alirezaie®", Ashton Connord€* Michelle Chan-Seng-Yue®,
Robert Grantd, Iris Selanderd, Claire Bascufiana®P?, Ayelet Borgidadf, Anita Hall2P, Thomas
Wheland, Spring Holterdf, Treasa McPhersond, Sean Clearyd, Gloria M. Petersen9, Atilla
Omerogluh, Emmanouil Saloustros!, John McPherson®, Lincoln D. Stein€, William D.
Foulkesl, Jacek Majewski¢, Steven Gallingerd€f and George Zogopoulos2Pi

aResearch Institute of the McGill University Health Centre, 1001 Décarie Boulevard, Montreal,
Quebec, Canada H4A3J1

bGoodman Cancer Research Centre, McGill University, 1160 Pine Avenue West, Montreal,
Quebec, Canada H3A1A3

McGill University and Genome Quebec Innovation Centre, 740 Dr. Penfield Avenue, Montreal,
Quebec, Canada H3A 0G1

d_unenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, 600 University Avenue, Toronto,
Ontario, Canada M5G 1X5

€Ontario Institute for Cancer Research, MaRS Centre, 661 University Avenue, Toronto, Ontario,
Canada M5G 0A3

fZane Cohen Centre for Digestive Diseases, Mount Sinai Hospital, 60 Murray Street, Toronto,
Ontario, Canada M5T 3H7

9Department of Health Sciences Research, Mayo Clinic College of Medicine, 200 First Street SW,
Rochester, Minnessota, USA 55905

hDepartment of Pathology, McGill University Health Centre, 1001 Décarie Boulevard, Montreal,
Quebec, Canada H4A3J1

Correspondence: George Zogopoulos, M.D., Ph.D., McGill University Health Centre, Room D02.7743, 1001 Décarie Boulevard,
Montreal, Quebec H4A 3J1, Tel: (514) 934-1934 ext. 36306, Fax: (514) 843-1434, george.zogopoulos@mcgill.ca; Steven Gallinger,
M.D., M.Sc., University Health Network, Room 206, 10EN, 200 Elizabeth St, Toronto, Ontario M5G2C4, Phone: (416) 340-4412,
Fax: (416) 340-3808, steven.gallinger@uhn.ca.

These authors contributed equally to the study.
Conflict of Interest Disclosures: The authors declare no conflict of interest.

Author Contributions: Study concept, design and supervision: A.L.S., S.G., G.Z.

Acquisition of data and biospecimens: A.L.S., N.A,, AC,R.G,, |.S,C.B,,AB.,, AH., TW, SH.,, T.Mc.,
S.C.,G.M.P,AOQO,ES,JMc, LD.S.,WD.F,JM.,SG.,G.Z

Bioinformatics support: A.L.S., N.A., A.C., M.C-S-Y,, J.M.

Analysis and interpretation of data: A.L.S, N.A., A.C, WD.F,JM., S.G, G.Z

Manuscript writing: A.L.S., S.G., G.Z.

Final approval of manuscript: All authors

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Smith et al. Page 2

Hereditary Cancer Clinic, Department of Medical Oncology, University Hospital of Heraklion,
Voutes, Heraklion, Greece 71110

IProgram in Cancer Genetics, Departments of Oncology and Human Genetics, McGill University,
Sir Mortimer B. Davis-Jewish General Hospital, 3755 Cote-Ste-Catherine Road, Montreal,
Quebec, Canada H3T 1E2

Abstract

The genetic basis underlying the majority of hereditary pancreatic adenocarcinoma (PC) is
unknown. Since DNA repair genes are widely implicated in gastrointestinal malignancies,
including PC, we hypothesized that there are novel DNA repair PC susceptibility genes. As
germline DNA repair gene mutations may lead to PC subtypes with selective therapeutic
responses, we also hypothesized that there is an overall survival (OS) difference in mutation
carriers versus non-carriers. We therefore interrogated the germline exomes of 109 high-risk PC
cases for rare protein-truncating variants (PTVs) in 513 putative DNA repair genes. We identified
PTVs in 41 novel genes among 36 kindred. Additional genetic evidence for causality was obtained
for 17 genes, with FANI, NEK1and RHNO1 emerging as the strongest candidates. An OS
difference was observed for carriers versus non-carriers of PTVs with early stage (< 11B) disease.
This adverse survival trend in carriers with early stage disease was also observed in an
independent series of 130 PC cases. We identified candidate DNA repair PC susceptibility genes
and suggest that carriers of a germline PTV in a DNA repair gene with early stage disease have
worse survival.

Keywords
Pancreatic adenocarcinoma; Familial pancreatic cancer; Exome sequencing; DNA repair genes

1. Introduction

Pancreatic ductal adenocarcinoma (PC) has the worst prognosis of any solid tumor type,
which is largely attributable to late diagnosis.l: 2 Since genetic predisposition is thought to
underlie 10% of PC, early detection programs for individuals at increased risk may improve
clinical outcomes. A role for screening programs is supported by estimates that PC develops
over a decade following the initiating somatic mutation, providing significant lead-time for
screening.3 Unfortunately, screening strategies based on family history alone have been
largely ineffective.* ® An understanding of the full spectrum of causative germline mutations
will help identify individuals at highest risk and allow for more specific screening programs.

The evidence for hereditary PC is based on familial clustering suggestive of Mendelian
inheritance, as well as the occurrence of PC within the tumor spectrums of characterized
genetic syndromes.8 Family history is an important risk factor for PC, with a 2.3- to 32-fold
increased risk depending on the number and relatedness of affected relatives in a family.”
Hereditary PC occurring either alone or as part of a tumor spectrum in families is partially
attributable to rare, loss-of-function mutations, usually protein-truncating variants (PTVSs) in
the BRCAZ, BRCAI, PALBZ, ATM, CDKNZA, PRSS1, SPINK1 and mismatch repair
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(MLH2, MSH2, MSH6 and PMS2) genes.8 However, these genes account for less than 10%
of hereditary PC, and one of the most important questions in the field remains the
identification of the genetic causes where known genes are not implicated.

Segregation analyses suggest autosomal dominant inheritance of a rare allele(s) with
variable penetrance to explain the missing heritability of PC.° However, traditional linkage
and genome-wide association studies have been largely unsuccessful in identifying novel
medium or high penetrant PC susceptibility loci.8 10 This is likely owing to unavailability of
DNA from multiple affected family members due to the rapid progression of PC, locus
heterogeneity, and variable penetrance of disease-causing alleles.® The unbiased nature of
next generation sequencing (NGS) overcomes many of these limitations, making this a
promising approach for discovery of novel PC susceptibility genes, as evidenced by the
recent identification of PALB2and ATM using this approach.11. 12

Searching among thousands of genetic variants identified by NGS for the causative mutation
is analogous to identifying the proverbial “needle in a haystack”. An a priori candidate gene
approach is one method of overcoming this challenge and has been successful in identifying
novel cancer susceptibility genes.13-15 Since DNA repair genes are widely implicated in
gastrointestinal malignancies,® and account for the majority of hereditary PC attributable to
known PC predisposition genes (BRCA1, BRCAZ, ATM, PALBZ, mismatch repair
genes),% 7 we hypothesized that additional DNA repair genes are involved in hereditary PC.
Therefore, we employed a DNA repair candidate gene approach to interrogate whole exome
sequencing (WES) data for novel susceptibility genes. In addition, since there is a growing
body of literature suggesting that PC associated with germline mutations in homology-
directed DNA repair (HDR) genes (i.e., BRCAI1, BRCAZ, PALB2) have distinct genomic
signatures, therapeutic responses and possibly clinical outcomes,1”-1% we questioned
whether there is an overall survival (OS) difference in carriers versus non-carriers of
germline mutations in putative DNA repair genes.

2. Materials and Methods

2.1 Participants

PC cases enrolled in the Ontario?% or Quebec?! Pancreas Cancer Studies (OPCS, QPCS)
were selected for WES of lymphocyte or white blood cell (surrogate germline) DNA. This
series of cases (discovery set) included 8 young onset cases (diagnosed at 50 years of age or
less) and 101 cases from 85 families with two or more PC-affected relatives (Table S1).
These cases were not known to carry causal mutations in known PC susceptibility genes
(i.e., BRCAZ, BRCAI1, PALB2, ATM, CDKNZA, PRSS1, SPINKI and mismatch repair
genes). Of the familial cases, WES data were generated from 70 cases for which DNA was
available from a single affected family member and in 15 families where DNA was available
from multiple PC-affected family members. We also generated WES data from matched
tumor DNA that was available for cases 32B and 72. Fresh-frozen tumor samples for these
cases were macrodissected to enrich for higher tumor cellularity prior to extracting DNA for
WES. For case 58B, we used existing tumor whole genome sequencing (WGS) data.?2
Available tissues from relatives of patients included in the discovery set were used for

Cancer Lett. Author manuscript; available in PMC 2017 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Smith et al.

Page 4

segregation and loss of heterozygosity (LOH) studies. These individuals were also enrolled
in the OPCS or QPCS.

The validation set was composed of 130 PC cases with existing WGS data.22 All of these
cases were explored surgically for resectability. This independent series of PC cases did not
carry predisposing germline mutations in known genes and were unselected for increased
hereditary PC risk.

The study was approved by the McGill University and Mount Sinai Hospital ethics review
boards and written informed consent was obtained for all participants.

2.2 Whole exome sequencing

Library capture, variant calling and filtering (Figure 1) methods are described in
Supplemental Materials and Methods.23-31 We evaluated for rare PTVs in genes implicated
in DNA repair (n=513; Table S2) and in recognized PC susceptibility genes that are not
implicated in DNA repair (i.e., CDKNZA, PRSS1, and SPINKI). Table S2 lists the 513
recognized and putative DNA repair genes evaluated, which includes genes defined as DNA
repair genes in the Gene Ontology project (via AmiGO browser),32 genes included in the
REPAIRtoire database33 and other genes identified through PUBMED literature search.
Primers used to validate variants by Sanger sequencing are listed in Table S3.

2.3 Segregation

Segregation of variants with PC was assessed in kindreds where WES data were available
from multiple PC-affected family members. In cases where archived formalin-fixed,
paraffin-embedded (FFPE) non-tumor tissue samples were available from relatives affected
with PC, genomic DNA was extracted and tested for segregation by Sanger sequencing (see
Table S4 for primers). In kindreds where samples were unavailable from PC-affected family
members, DNA available from unaffected family members was used to infer segregation.

2.4 Loss of heterozygosity

In cases where tumor WES (52B, 72) or WGS?2 (58B) data were available, variants were
assessed for LOH or somatic inactivation of the second allele. In cases where archived FFPE
tumor blocks were available, LOH was assessed by Sanger sequencing (see Table S4 for
primers). Regions of tumor cellularity >50% were macrodissected prior to DNA extraction.
LOH was analyzed by visually comparing allelic ratios of tumor and respective normal
tissue DNA.

2.5 Overall survival

Univariate and multivariate Cox proportional hazard models were used to identify variables
impacting survival. OS, defined as the time from diagnosis to death by any cause, was
chosen as the primary end-point since this closely reflects cancer-related death in PC.
Censoring events were created for patients alive at the time of last follow-up or patients lost
to follow-up. Date of diagnosis was defined as date of first documentation of radiologic
evidence or biopsy confirmation of PC. Date of surgery was used in cases where date of
diagnosis was unknown. We included only the affected probands from kindreds in which
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multiple PC-affected relatives were sequenced. Covariates included age at diagnosis, gender,
stage [early stage (< 11B) versus advanced stage (= I11)] and DNA repair PTV carrier status
(carrier versus non-carrier). Chemotherapy status was unavailable for 14 patients and was
therefore excluded as a covariate. The results are reported as hazard ratios (HRs) with 95%
confidence intervals (Cls). Kaplan-Meier survival curves were generated for carriers versus
non-carriers of DNA repair gene PTVs and compared using the log-rank test. All statistical
analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago, IL, USA).
Statistical significance was defined as A<0.05.

Existing WGS data from an independent series of 130 PC cases?2 were used to validate the
OS correlations observed in the discovery set. Variant calling and filtering steps for these
data are described in the Supplemental Materials and Methods. The OS analyses were
carried out as described for the discovery set, with date of surgery used as a surrogate for
date of diagnosis for all cases. Family history status [sporadic (n=122) versus familial
(n=18)] was included as a covariate.

3. Results

3.1 Whole exome sequencing

WES data were generated for 109 high-risk PC cases from 93 families, as well as matched
tumor DNA from two patients. The mean read depth obtained for target regions was
61.8+39.8 and the average percentage of Consensus Coding Sequence (CCDS)34 bases
covered by at least 5, 10 and 20 reads were 94.0, 89.4 and 77.5, respectively. As expected,
coverage was superior in the newer generation capture kits. The average percentage of
CCDS bases covered by at least 5 reads were 92.2, 96.7 and 97.5 for the lllumina TruSeq
Exome Enrichment Kit (n=69), Agilent SureSelect Human All Exon V4 (n=14) and Roche
NimbleGen SeqCap EZ kit v3.0 (n=26) kits, respectively. The mean read depth obtained for
the tumor exomes (n=2) was 130.8+3.3, and the average percentage of CCDS bases covered
by at least 5, 10 and 20 reads were 97.1, 96.1 and 94.5, respectively.

3.2 Identification of DNA repair gene variants

Variant filtering was applied to the germline WES dataset (n=109) according to the
algorithm outlined in Figure 1. Following quality filtering, a total of 52,933 nonsynonymous
variants remained. Of these, 2,569 variants were PTVs. Next, variants were excluded if
homozgyous or if present at a MAF >0.005 in unaffected in-house control exomes (n=1045),
the 1000 Genomes Project or the NHLBI Exome Variant Server, leaving 1,905 rare PTVSs.
Of these, variants in recognized and putative DNA repair genes (n=513, Table S2) were
selected for further evaluation. We also evaluated for PTVs in known PC susceptibility genes
that are not implicated in DNA repair (i.e., CDKNZA, PRSS1, and SPINKI). A total of 70
variants in 56 DNA repair genes were identified. Following visual inspection, 48 variants
(68.6%) in 44 genes remained. Sanger sequencing confirmed 45 PTVs in 42 DNA repair
genes, resulting in a validation frequency of 93.8% Of the confirmed PTVs, 16 were
nonsense, 20 were frameshift indels, and 9 were splice-site variants (Table S5).
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Forty-one PC cases in 37 (39.8%) kindreds had one or more PTVs in a DNA repair gene
(Table S5). Notably, we identified one previously unrecognized PTV in a known PC
susceptibility gene [BRCAZ:.c.4691dupC (p.Thr1566Aspfs*9)]. Of the remaining 41 novel
genes identified in 36 (38.7%) kindreds, four genes (FANCL, MCIR, NEK1 and RHNOI)
had PTVs in multiple kindreds. Seven individuals were carriers of two PTVs, one individual
was a carrier of 3 PTVs, while 2 kindreds had different affected family members carrying
different PTVs (Table S6).

To further prioritize candidate genes, the WES data were also searched for nonsynonymous
(missense and in-frame indel) variants in the 41 putative DNA repair genes that were
confirmed by Sanger sequencing (Figure 1). The same quality and control filtering were
utilized as for PTVs. Excluding variants annotated as “benign” in ClinVar3! and considering
only missense variants predicted to be pathogenic by 4 /n silico prediction tools, 18 missense
variants and 2 in-frame indels in 16 DNA repair genes were identified (Table S7). All
variants were confirmed by Sanger sequencing. Twenty-two PC cases in 19 (20.4%)
kindreds had one or more missense variant or in-frame indel (Table S7). Three PC cases
were carriers of multiple nonsynonymous variants and five cases were carriers of both a
PTV and one or more nonsynonymous variant (Table S6). Five genes (DCLRE1A, FANI,
POLQ, TEX15, TONSL) had a missense variant or in-frame indel in multiple kindreds
(Table S7).

3.3 Segregation and loss of heterozygosity analyses

For all validated variants, segregation with PC was assessed in families where either WES
sequencing data were available from affected family members or DNA was available from
affected or unaffected relatives (Tables S5 and S7). Fourteen genes demonstrated segregation
of variants with PC in two or more affected family members, including AATF, BLM,
CEP164, CHDIL, FAN1, FANCG, MCI1R, NEIL1, NEK1, NEK11, RHNO1, SPP1,
TONSL, and WRN. Notably, the following variants were found to co-segregate in 3 affected
family members: NEK11:c.455+1G>A, SPP1.c.94-1G>A and FANI:c.149T>G
(p.Met50Arg). Five genes had variants segregating in 2 families: AATF, CHDIL, FANI,
NEKIand RHNOL.

LOH was assessed in all cases where tumor WES data were available or in cases where
archived FFPE tumor blocks were available. In total, LOH was assessed for 27 variants in 29
tumors, with loss of the wild-type allele observed for three variants [MGMT.c.593G>A
(p.Trp198*), RHNOI1.c.250C>T (p.Arg84*), WDR48.c.1278 1279del (p.Gly427Aspfs*8)],
heterozygosity retained for 22 variants in 24 tumors and loss of the alternate allele observed
for two variants [MLH3.c.1856A>T (p.Lys619lle) and PMSI:c.1826G>A (p.Trp609%)].
Additionally, no second somatic mutation was observed in the tumor WES data for cases
52B and 72 carrying variants MCIR:c.456C>A (p.Tyr152*) and N/NL:c.4142_4143del
(p.Ser1381Cysfs*17), respectively, or in the tumor WGS data for case 58B carrying the
FANZI:c.149T>G (p.Met50Arg) variant.
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3.4 Top candidate genes

Among the 41 putative DNA repair genes identified with at least 1 PTV among high-risk PC
cases, 17 genes have stronger genetic evidence supporting their roles as candidate novel PC
predisposition genes (Table 1). This includes genes with more than 1 kindred with a PTV in
that gene, genes with segregation of a predicted-pathogenic variant in at least one kindred
and/or genes with at least one predicted-pathogenic variant and LOH of the corresponding
wild-type allele. Of particular note are FAN1, NEKZ and RHNOJ, which have variants
present in 3 kindred and co-segregation of a variant with PC in at least 2 kindred. Figures 2,
3 and 4 show the pedigrees for families carrying variants in FANI, NEK1 and RHNOI,
respectively.

3.5 Overall survival - Discovery set

The results of the univariate and multivariate Cox models of variables implicated in OS in
the discovery set are shown in Table S8. Seventy-five (82.4%) cases were deceased.
Considering all stages combined (n=91), significant associations were found for stage (early
versus advanced) in both univariate and multivariate analyses (HR 4.3, 95% CI 2.5-7.0;
F£<0.001 and HR 5.9, 95% CI 3.4-10.4, £<0.001, respectively), and age at diagnosis in
multivariate analysis (HR 1.03, 95% CI 1.01-1.05; £=0.003). Subset analyses were carried
out for patients who presented with early (< 11B, n=50) and advanced (= 111, n=41) stages.
Interestingly, carriers of DNA repair gene PTVs with early stage (< 11B) had worse OS by
univariate and multivariate analyses (HR 2.5, 95% CI 1.2-5.0; £=0.010 and HR 2.4, 95% CI
1.2-4.9, P=0.015, respectively). However, for patients with advanced stage (= I1l), carrier
status did not correlate with OS. Figure 5 (panels A to C) show the Kaplan-Meier survival
curves for carriers of DNA repair gene PTVs versus non-carriers.

3.6 Overall survival - Validation set

The WGS data of the 130 PC cases in the validation set were assessed for rare germline
PTVs in the 41 candidate DNA repair genes identified in the discovery set. We found 10
PTVs in 8 genes [AATFE, BLM, CHDIL, DCLRE1A (2), NEK1, POLL, POLQ, TEX15(2)]
(Table S9). Ninety-nine (76.2%) cases were deceased. The results of the univariate and
multivariate Cox regression analyses are shown in Table S10. Considering all stages
combined (n=130), stage was a significant factor by univariate and multivariate analyses
(HR 3.58, 95% CI 1.7-7.5; P=0.001 and HR 4.2, 95% CI 1.9-9.1, /<0.001, respectively),
and a significant survival disadvantage for carriers of DNA repair gene PTVs versus non-
carriers was observed by multivariate analysis (HR 2.8, 95% CI 1.2-6.3; P=0.017).
Considering early stage alone (n=122), carrier status remained a significant variable in both
univariate and multivariate analyses (HR 2.6, 95% CI 1.3-5.5; £=0.011 and HR 3.1, 95% ClI
1.4-6.7; P=0.006 in univariate and multivariate analyses, respectively). The validation case
series was enriched for early stage cases, with only 8 patients presenting with advanced
stage disease and none carrying PTVs. The Kaplan-Meier survival curves for carriers of
DNA repair gene PTVs versus non-carriers for all stages and early stage, respectively, are
shown in Figure 6 (panels A and B).

We also evaluated the 130 cases in the validation set for rare PTVs in all 513 putative DNA
repair genes (Table S2) and repeated the OS analysis. We observed 39 PTVs in 34 genes in
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33 cases (25.4% Table S9). The results of the Cox regression analyses are shown in Table
S11. For all stages combined (n=130), stage remained a significant factor (HR 3.8, 95% ClI
1.8-8.3, P=0.001 in multivariate analysis). Considering all stages, a survival disadvantage for
carriers of DNA repair gene PTVs versus non-carriers was observed in both univariate and
multivariate analyses (HR 1.7, 95% CI 1.1-2.7; P=0.024 and HR 1.7, 95% CI 1.1-2.7,
P=0.022, respectively). For early stage alone (n=122), carrier status retained association with
worse OS in univariate and multivariate analyses (HR 1.6, 95% CI 1.0-2.7; P=0.046 and HR
1.6, 95% CI 1.0-2.7; P=0.051, respectively). The Kaplan-Meier survival curves for carriers
of DNA repair gene PTVs versus non-carriers for all stages, early stage and advanced stage
are shown in Figure 6 (panels C to E).

4. Discussion

We report a large-scale NGS study aimed at identifying novel genetic causes of hereditary
PC in which 109 high-risk PC cases from 93 families underwent WES. Using a filter-based
candidate gene approach focused on DNA repair genes, we identified PTVs in 41 putative
DNA repair genes among 36 (38.7%) kindreds. We also found a rare PTV in BRCAZ, a
known PC susceptibility gene, demonstrating the ability of the approach to identify causal
variants. The WES data were also evaluated for mutations in known PC predisposition genes
not implicated in DNA repair (i.e., CDKNZA, SPINKI1 and PRSSI). Since WES is unable to
detect large genomic deletions and rearrangements, the possibility of such variants in known
and candidate PC predisposition genes cannot be excluded and represents a limitation of our
study. The 41 candidate genes were further characterized for predicted pathogenic
nonsynonymous variants, segregation of putative pathogenic variants with disease in
families, and LOH of the wild-type allele in tumors.

Some of the challenges in identifying causal genes in hereditary PC are the occurrence of
phenocopies, genetic heterogeneity, and variable penetrance of disease-causing alleles.®
Although young age of onset is a risk factor for hereditary cancer, the majority of hereditary
PC cases have the same age of onset as sporadic cases.3® As such, genetic studies of
hereditary PC are often confounded by phenocopies. This nation is highlighted by our
previous report showing lack of segregation of the PALB2:¢c.3256C>T (p.Arg1086%*) and
ATM:c.1931C>A (p.Ser644*) PTVs with PC-affected relatives.36 Consequently, in the
present study, we used segregation status of variants to prioritize but not exclude candidate
genes.

Although LOH was viewed favourably for causation, its absence did not exclude candidate
genes since there are other mechanisms of somatic loss of the wild-type allele, as well as the
possibility that haploinsufficiency is sufficient for tumorigenesis. Consistent with this
possibility, the BRCAZ.c.4691dupC (p.Thr1566Aspfs*9) variant identified in the present
study did not exhibit LOH, suggesting other mechanisms of wild-type allele silencing in the
tumor.

Another challenge in identifying causative genes in hereditary PC is the presence of multiple
predicted-pathogenic variants in a single individual. As shown in Table S6, we observed
cases with PTVs or predicted-pathogenic missense variants in multiple putative DNA repair
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genes. Double heterozygosity of pathogenic variants in multiple cancer predisposition genes
has been previously reported in breast and ovarian cancers and likely reflects the variable
penetrance of disease-causing alleles, where only one germline variant is needed to drive
tumorigenesis.3”- 38 The variable penetrance of PC predisposition genes identified to date
suggests that the presence of double heterozygotes of disease-causing variants in our high-
risk case series is plausible. In addition, the possibility that mutations in two genes results in
predisposition “synergy” in the form of “additive” haploinsufficiency is an interesting
hypothesis.

Based on the evidence obtained from the genetic investigations, we prioritized our list of 41
candidate PC susceptibility genes. Top candidate genes (n=17, Table 1) were considered
those with more than 1 kindred with a PTV in that gene, genes with segregation of a
predicted-pathogenic variant (PTV or nonsynonymous variant) in at least one kindred,
and/or genes with LOH associated with at least one predicted-pathogenic variant. The
strongest candidate PC predisposition genes, in view of case frequency, segregation and
somatic silencing, are FAN1, NEKI and RHNOI. Each of these genes had variants present
in 3 out of 94 high-risk kindreds (3.2%), with at least partial co-segregation of the variants
with PC in two or more kindreds (Figures 2, 3 and 4).

FAN1 (FANCD2/FANCI-associated nuclease 1) is required for the repair of interstrand
cross-links.3% 40 Interestingly, FANI has recently been reported as a putative colon cancer
susceptibility gene.4! Here, we identified a PTV in FANI (p.Arg710%) in Family 42, as well
as a missense variant (p.Met50Arg) present in 2 kindreds. While there were no samples
available for segregation or LOH analyses of the p.Arg710* variant, the p.Met50Arg variant
demonstrated complete co-segregation with PC in tested family members (Figure 2).
Notably, the p.Met50Arg variant occurs at a highly conserved amino acid residue within the
RAD18-like ubiquitin-binding (UBZ) domain, which is essential for FAN1 localization to
sites of DNA damage.3? The absence of LOH in two tumors from carriers of the
p.-Met50Arg variant and lack of evidence of a second hit in one of these cases (58B) for
which WGS was available, is consistent with the results reported by Segui et al,*! where
somatic inactivation of the wild-type allele was not observed in any of the colon cancer
cases with germline FANI mutations.

NEKI [NIMA (Never In Mitosis Gene A)-Related Kinase 1] is the second strongest
candidate gene. Its protein product is a dual serine-threonine and tyrosine kinase required for
efficient DNA damage checkpoint activation and for maintaining chromosome stability.42
Moreover, there is evidence to suggest that NEK1 functions as a tumor suppressor.#2 In the
present study, 2 of 93 high-risk PC families were found to carry a novel
NEKZI:p.Ala563Tyrfs*36 variant. This variant has not been previously reported in the public
control databases, 2> 26: 43 nor was observed in 1,045 in-house control exomes. One family is
of Greek origin and the other of English and Scottish descent. Therefore, this recurrent
variant is unlikely to represent cryptic relatedness or an ethnic-specific variant but, perhaps,
a mutation “hot spot” in NEK1 (deletion occurs within a triple “AG” repeat). Segregation of
this variant was observed in one bilineal family (78), and only partial segregation was
observed in the second family (17) (Figure 3). Notably, the affected relative found to be
wild-type for the NEKZ variant in Family 17 was the eldest diagnosed in the family (75
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years of age) and may represent a phenocopy. A third family was found to carry the
predicted-pathogenic p.Asn648Lys variant with segregation of the variant observed in the 2
PC-affected siblings. As well, an additional PTV in NEK1 (c.868+1G>C) was identified in
the case series used for the OS validation studies, providing further support for NEK1 as a
candidate PC susceptibility gene.

Interestingly, NEKI maps to chromosomal region 433, within a previously reported PC
susceptibility locus (4q32-34) identified by linkage analysis of a kindred with 9 PC-affected
family members and additional relatives with precancerous pancreatic lesions.** Sequencing
of candidate genes in the region in affected family members led to the identification of a
variant in PALLD (P239S) which is considered to be the causative mutation in this family.4>
Although PALLD may be causative in this kindred, subsequent studies have not supported
PALLD as a common PC susceptibility gene.46-48 Interestingly, NEKZ was among the
candidate genes sequenced in the aforementioned study and even though sequencing failed
to identify a MEKZ variant, assays for large genomic structural changes at this locus were
not performed. Thus, the possibility that NEKZ underlies PC predisposition in this kindred
cannot be fully excluded.

The third top ranking candidate gene is FHNOI (Rad9-Hus1-Rad1 Interacting Nuclear
Orphan 1), which has an important role in DNA damage response signaling.*® Two PC
kindreds were found to carry different PTVs in RHNOI. The p.Arg84* variant was not
found to segregate with PC in the second affected family member tested (Figure 4), but LOH
of the wild-type allele was observed in the proband tumor. The p.Arg113* variant was found
to segregate with both PC-affected family members. A third family was found to carry the
p.Leul6Val predicted-pathogenic missense variant, with co-segregation of the variant among
PC-affected third degree relatives. This variant has also been observed in a thyroid cancer
sample reported in the COSMIC database (COSM4146987). It is noteworthy that a recent
study did not observe a statistically significant difference in the frequency of inactivating
RHNOI mutations (including the p.Arg84* and p.Leul6Val variants identified in the present
study) among Finnish breast cancer families versus population controls.5 However, this
finding does not exclude a possible role for FRHNOZ in PC predisposition.

Additional genes identified in the present study have been implicated in other hereditary
cancer syndromes and might also have a role in PC susceptibility. In particular, BLM has
been implicated in hereditary breast cancer and BARDI has been implicated in hereditary
breast and ovarian cancers.14 51 The Fanconi Anemia genes, FANCG and FANCL, are also
noteworthy since HDR genes are of particular interest in PC.18-21 A nonsynonymous variant
previously associated with Fanconi Anemia in FANCG has been previously described in a
cell line derived from an early onset PC and demonstrated LOH.52 However only intronic
variants were observed in a follow up study of 38 familial PC kindreds.53 Another gene of
interest is POLQ, which has recently been shown to have a key role in the microhomology-
mediated end joining of double stranded DNA breaks, and has been suggested as a potential
target for synthetic lethality in HDR-deficient tumors.>4 55 One PTV and three predicted-
pathogenic missense variants were identified in five cases from the discovery set, however
the variants did not segregate with PC in the four families that were tested. An additional
PTV was identified in the validation set.
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Since PC is likely a heterogeneous disease, it is possible that causative germline mutations
among genes with similar cellular roles (i.e., DNA repair) may give rise to unique PC
clinical subtypes. Therefore, we evaluated whether carriers versus non-carriers of PTV
germline variants in a putative DNA repair gene have different clinical outcomes. We used
OS as a marker of clinical outcome since these clinical data were available and OS closely
reflects cancer deaths due to the lethality of PC. Only PTVs were considered in these
analyses since missense variants were primarily evaluated as a means of prioritizing
candidate genes in the discovery set as pathogenicity cannot be concluded with the same
degree of confidence in the absence of functional assays, despite our strict /n silico selection
criteria. In the discovery set, we found a significant adverse difference in OS among carriers
versus non-carriers of DNA repair gene PTVs in cases with early (< 11B), but not advanced
(= 1), stage disease.

This adverse OS for carriers versus non-carriers was validated in an independent series of
130 PC cases.22 We first confirmed a survival disadvantage for carriers of PTVs of the 41
genes identified in the discovery set. Next, we searched for PTVs in the full panel of 513
putative DNA repair genes, since additional genes not identified in the discovery set may be
contributory. The adverse OS trend with carrier status persisted when we examined all 513
genes. The carrier status association with survival that was observed for all stages in the
validation, but not in the discovery, set likely reflects the sampling bias of the validation set
(only 8 patients with advanced stage). Most notably, a survival disadvantage was observed in
both the discovery and validation sets for early, but not advanced, stage disease. Since early
stage patients are expected to have better outcomes, the adverse survival observation for
these cases is intriguing and cannot be explained by an earlier stage selection bias.

Although the OS correlation with carrier status needs to be validated in a larger case series
of prospectively collected cases, our observations points to a hypothesis that PC patients
with inherent DNA repair deficiencies, perhaps even haploinsufficient, may have a distinct
clinical outcome. This concept is not without precedent. PC tumors from patients with
germline mutations in BRCA1, BRCAZand PALBZ show unique treatment responses to
DNA-damaging agents (e.g., platinums and PARP inhibitors).17-19 As well, Waddell et al.1?
have recently described an “unstable” genomic subtype of PC defined by a large humber of
structural variation events that reflect underlying defects in DNA maintenance. This unstable
PC subtype was associated with inactivation of DNA repair genes (BRCA1, BRCAZ and
PALB2).

Interestingly, only half of tumors within this group were accounted for by germline or
somatic mutations in these three genes, suggesting that additional DNA repair genes may be
important. Our findings that PTV carrier status is associated with an adverse clinical
outcome may reflect a more aggressive PC subtype and/or a PC subtype with unique
therapeutic sensitivities, akin to mismatch repair gene mutation carriers in colon cancer.>6
Since gemcitabine was predominantly used to treat both early and advanced PC stages in the
era in which these cases were collected, our observations may be reflecting poor efficacy, or
perhaps even a deleterious effect, of gemcitabine in cases with germline DNA repair
mutations.
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In summary, we have undertaken the first detailed characterization of germline variants in
putative DNA repair genes, using NGS, in a large series of selected cases with increased risk
of genetic PC predisposition. Our findings suggest that several novel DNA repair genes may
have a role in hereditary PC. The heterogeneity of PC susceptibility (i.e., 12 susceptibility
genes described to date) and the failure of previous linkage studies to identify major causal
loci, suggest that the remaining familial aggregation of PC may be due to several genes, with
each gene accounting for only a small fraction of PC susceptibility. Although our study does
not provide confirmatory evidence for the candidate genes described, we have prioritized
these genes based on available genetic data and propose FANI, NEKI and RHNOI as the
strongest candidates, providing an opportunity for further validation using additional
kindreds with PC. The observed survival trend suggests that patients with mutations in DNA
repair genes may have more aggressive disease or tumor subtype(s) requiring tailored
treatment approaches and warrants validation in a larger series of prospectively collected
cases. Such advances will help with the molecular cataloguing of PC as well as the
development of gene-based early detection strategies and targeted therapies.
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Highlights
. The genetic susceptibility of hereditary PC is highly heterogeneous

. Rare germline protein-truncating DNA repair gene variants are common in
PC

. FAN1, NEK1and RHNOI are candidate PC susceptibility genes

. Carriers of DNA repair gene mutations with early stage PC have worse
survival

Cancer Lett. Author manuscript; available in PMC 2017 December 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Smith et al.

Figure 1.
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Schematic of the exome sequencing data analysis. Variants remaining after each filtering
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Family 34
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Figure 2.

Pedigrees of the families with FANI variants. Carrier status is depicted for all the cases in
which germline DNA was available and tested. +/- indicates heterozygous carrier status. +/+
indicates wild-type. Probands are indicated with an arrow. Individuals shaded in black are
affected with PC, while individuals shaded in grey are affected with a tumor other than PC.
The ages of living family members and the ages of death (d.) for deceased individuals are
indicated in years. Tumor types and ages at diagnoses are indicated in years. Other illnesses
with ages in years at diagnosis (if known) are shown. NHL, non-Hodgkin's lymphoma; CLL,
Chronic lymphocytic leukemia. Maternal and paternal ancestries are indicated.
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Figure 3.

43 40 46
NEKT +1+  NEKT ++

Pedigrees of the families with NEKZ variants. Carrier status is depicted for all the cases in
which germline DNA was available and tested. +/- indicates heterozygous carrier status. +/+
indicates wild-type. Probands are indicated with an arrow. Individuals shaded in black are
affected with PC, while individuals shaded in grey are affected with a tumor other than PC.
The ages of living family members and the ages of death (d.) for deceased individuals are
indicated in years. Tumor types and ages at diagnoses are indicated in years. Other illnesses
with ages in years at diagnosis (if known) are shown. BCC, basal cell carcinoma. Maternal

and paternal ancestries are indicated.
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RHNOT +/+ RHNOT +/+ 45 32
Teratoma 18
RHNOT +/+ Melanoma 30
Figure 4.

Pedigrees of the families with RHNOZ variants. Carrier status is depicted for all the cases in
which germline DNA was available and tested. +/- indicates heterozygous carrier status. +/+
indicates wild-type. Probands are indicated with an arrow. Individuals shaded in black are
affected with PC, while individuals shaded in grey are affected with a tumor other than PC.
The ages of living family members and the ages of death (d.) for deceased individuals are
indicated in years. Tumor types and ages at diagnoses are indicated in years. NM, non-
melanoma. Maternal and paternal ancestries are indicated.
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Figure 5.
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B Discovery set, early stage (0-11B), n=50
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Discovery set Kaplan-Meier survival curves for carriers versus non-carriers of DNA repair
gene PTVs for all stages (A), early stage (B) and advanced stage (C) cases. Log-rank p-

values are indicated.
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Validation set Kaplan-Meier survival curves for carriers versus non-carriers of PTVs in the
genes identified in the discovery set (n=41) for all stages (A) and early stage (B), as well as

for all 513 putative DNA repair genes (n=513) for all stages (C), early stage (D) and

advanced stage (E) cases. Log-rank p-values are indicated.
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