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Summary
Pancreatic cancer is a deadly disease that accounts for approximately 5% of cancer deaths worldwide, with a dismal 5-year survival rate of

10%. Known genetic risk factors explain only a modest proportion of the heritable risk of pancreatic cancer. We conducted a whole-

exome case-control sequencing study in 1,591 pancreatic cancer cases and 2,134 cancer-free controls of European ancestry. In our

gene-based analysis, ATM ranked first, with a genome-wide significant p value of 13 10�8. The odds ratio for protein-truncating variants

in ATM was 24, which is substantially higher than prior estimates, although ours includes a broad 95% confidence interval (4.0–1000).

SIK3 was the second highest ranking gene (p ¼ 3.84 3 10�6, false discovery rate or FDR ¼ 0.032). We observed nominally significant

association signals in several genes of a priori interest, including BRCA2 (p ¼ 4.3 3 10�4), STK11 (p ¼ 0.003), PALB2 (p ¼ 0.019), and

TP53 (p¼ 0.037), and reported risk estimates for known pathogenic variants and variants of uncertain significance (VUS) in these genes.

The rare variants in established susceptibility genes explain approximately 24% of log familial relative risk, which is comparable to the

contribution from established common susceptibility variants (17%). In conclusion, this study provides new insights into the genetic

susceptibility of pancreatic cancer, refining rare variant risk estimates in known pancreatic cancer susceptibility genes and identifying

SIK3 as a novel candidate susceptibility gene. This study highlights the prominent importance of ATM truncating variants and the un-

derappreciated role of VUS in pancreatic cancer etiology.
Pancreatic ductal adenocarcinoma (PDAC), which accounts

for 95%ofall diagnosedpancreatic cancers, is a leadingcause

of cancer-related deaths in the world, with a dismal 5-year

survival rate of 10%. Genome-wide association studies

(GWAS) of common genetic variation have identified 19

loci associated with pancreatic cancer, which together have

been estimated to explain approximately 13% of heritable

risk.1 Multiple pancreatic susceptibility genes harboring

rare pathogenic variants have been identified from familial

studies, highlighting the contribution of rare genetic varia-

tion to the genetic architecture of this disease.2 Recent

studies have evaluated these genes using targeted gene

panels in sporadic pancreatic cancer cases, but interpretation

of these results has been complicated by control cohorts that

lack cancer history data and are not matched on age or

sequencing technology, as well as insufficient genetic infor-

mation to control for subcontinental population stratifica-

tion.3–7 To date, the majority of variation contributing to

the heritable risk of pancreatic cancer remains unidentified.
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Here, we describe a whole-exome case-control study to

evaluate the genic-level contribution of rare protein-coding

variation to pancreatic cancer risk. We conduct gene-based

tests to identify genes with an excess of rare, potentially

damaging coding variation among cases, weighting each

variant by its estimated degree of dysfunction.We estimate

the risks conferred by rare, protein-coding variants accord-

ing to functional annotation as well as the proportion of

pancreatic cancer familial relative risk (FRR) explained by

these variants. We also evaluate the patterns of elevated fa-

milial riskofother cancers associatedwith thevariantsof in-

terest in known and candidate susceptibility genes.

Our case-control study included 1,591 cases with pancre-

atic cancer ductal adenocarcinoma (PDAC) and 2,134 con-

trols, including 1,591 controls age-matched to cases (þ/� 3

years). Participants were recruited at The University of

Texas MD Anderson Cancer Center (MDA), H. Lee Moffitt

Cancer Center & Research Institute, The University of

Utah School of Medicine, and Duke University. All cases
ter, Houston, TX, USA; 2Department of Gastrointestinal Medical Oncology,

partment of Anatomical Pathology, The University of Texas MD Anderson

s, Bioinformatics and Big Data, The Second Affiliated Hospital and School

ent of Epidemiology, Rollins School of Public Health, Emory University, At-

versity of Utah School of Medicine, Salt Lake City, UT, USA; 7George E. Wah-

untsman Cancer Institute, Salt Lake City, UT, USA; 9Department of Family

ealth University, Richmond, VA, USA; 10Department of Lymphoma and

A; 11Departments of Cancer Epidemiology and Gastrointestinal Oncology,

C.D.H.)

Genetics and Genomics Advances 3, 100078, January 13, 2022 1

creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:pascheet@mdanderson.org
mailto:chuff1@mdanderson.org
https://doi.org/10.1016/j.xhgg.2021.100078
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xhgg.2021.100078&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. (A) Manhattan plot of gene-based association p
values from 16,721 genes. The genome-wide significance level
of 0.05/16,721 ¼ 2.99 3 10�6 is plotted as a red dotted line.
The top 20 pancreatic cancer susceptibility genes are labeled.
(B) Manhattan plot of variant-based association p values from
75,771 variants. The genome-wide significance level of 0.05/
75,771 ¼ 6.6 3 10�7 is plotted as a red dotted line.
were diagnosed with PDAC as their primary tumor. All con-

trols have no prior history of cancer other than non-mela-

noma skin cancer. In addition, controls from the Univer-

sity of Utah had no known first-degree relative with a

history of cancer other than non-melanoma skin cancer

and no known second-degree relative with a history of

melanoma (Tables S1–S3 and Figures S1–S3).

Sample preparation, library construction, and genome

DNA sequencing were performed at MDA. We performed

whole-exome sequencing using Agilent SureSelect Clinical

Research Exome v1 to enrich exome sequence and Illu-

mina HiSeq 4000 with 150-bp paired-end reads to

sequence each sample at an average depth of 150x. We

applied the GATK Best Practices workflow8 for reference

genome alignment, joint variant genotype calling, and

variant quality score recalibration. We used XHMM9 to

detect the copy number variations (CNVs). We used

Cross-Platform Association Toolkit (XPAT)10 to perform

variant and sample level quality control (QC) and select

samples of European ancestry. (For details, see supple-

mental methods.)

After joint genotype calling and QC, we cataloged

769,791 variants in protein-coding or splicing regions, of
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which 90.0% were rare (MAF %0.005). Among rare vari-

ants, 60.0% were missense, 3.0% were protein truncating

(nonsense, frameshift INDELs, and splicing altering), and

0.9% were in-frame INDELs (Tables S4–S6). We identified

68,065 CNVs intersecting protein-coding exons, the ma-

jority of which (90.1%) were whole or multi-exon CNVs

(Figure S4).

We conducted association tests for 16,721 genes using

the Variant Annotation, Analysis and Search Tool (VAAST

2)11,12 to identify genes with an excess of rare, potentially

damaging coding variation among cases, including

missense, stop gains, stop losses, splicing variants, INDELs,

and CNVs. We incorporated the first 10 PCs from a

principal component analysis and gender as covariates.

We observed no inflation in type I error (l ¼ 1.009,

Figure S5). One gene, ATM, was genome-wide significant

after Bonferroni correction (unadjusted p < 1 3 10�8, a

¼ 0.05/16,721 ¼ 2.99 3 10�6, Figure 1A). The association

signal in ATM was driven primarily by truncating variants

that introduce a stop codon or disrupt splicing structure,

with 24 such variants observed in cases compared to one

in controls. Additionally, two duplications, spanning mul-

tiple ATM exons and likely disrupting a copy of the gene,

were present in cases compared to zero in controls

(Figure 2B). The second highest ranking gene was SIK3,

one of three members of the salt inducible kinase family

(SIK1–3). Although not genome-wide significant (p ¼
3.84 3 10�6), the false discovery rate (FDR) for SIK3 was

0.032.

The top 15 genes in the gene-based analysis with p %

0.001 are shown in Table 1. This list includes four addi-

tional genes frequently amplified or otherwise substan-

tially dysregulated in pancreatic cancer, FZD8 (p ¼
1.03 3 10�4),13 ALPP (p ¼ 4.2 3 10�4),14 INPP4A (p ¼
1.0 3 10�3),15 and BRCA2 (p ¼ 4.25 3 10�4). BRCA2 is

among the most well studied cancer predisposition genes;

pathogenic variants in this gene confer an increased risk of

numerous cancers, including pancreatic cancer. In addi-

tion to these findings, we observed nominally significant

association signals in three additional established pancre-

atic cancer susceptibility genes, STK11 (p ¼ 0.003),

PALB2 (p ¼ 0.019), and TP53 (p ¼ 0.037) (Table S7).

Although the primary goal of this study was to evaluate

the genic-level contribution of rare protein-coding varia-

tion to pancreatic cancer risk, the data collected also

enabled a traditional single marker GWAS of variants

across the exome (Figures 1B and Table S8) using logistic

regression with the first 10 PCs and gender as covariates.

Our results replicated a previously identified association

in the TERT region (rs2736098, p ¼ 5.7 3 10�8, odds ratio

[OR] ¼ 0.69, 95% confidence interval [CI]: 0.60–0.79). We

also observed an independent (r2 ¼ 0.0023), nominally sig-

nificant association for the three base-pair TERT deletion

DE441 (rs377639087, p¼ 5.93 10�3, OR¼ 2.9). Excluding

the TERT region, the most significant association was a

missense variant in PRHOXNB (rs9579139, p ¼ 7.4 3

10�6, OR ¼ 0.79). This variant is within 600,000 base pairs
022



Figure 2. Lolliplots of rare variants in ATM, SIK3, and TP53. (A)
Rare truncating variants and CNVs in ATM, (B) rare VUS and
missense variants in ATM, and rare coding variants in (C) SIK3
and (D) TP53. Each lollipop represents one variant in ATM. The
upper (lower) area presents the variants identified in cases (con-
trols). The number in each dot represents the number of carriers
of each variant. The axis (height of dots) presents the conserva-
tion-controlled AAS matrix scores of variants calculated using
VAAST 2, based on amino acid substitution severity and phyloge-
netic conservation. The plot was made by an R package named
‘‘trackViewer.’’ Domain structures were obtained from InterPro
(https://www.ebi.ac.uk/interpro/) and NCBI (https://www.
ncbi.nlm.nih.gov/).
of a prior GWAS association identified near PDX1,1

although it is not in linkage disequilibrium (r2 ¼ 0.029)

with the index SNP (rs9581943).

To better characterize the contribution of rare genetic

variation to pancreatic cancer risk, we evaluated variant

effect sizes according to a variety of functional classifica-

tions, considering their amino acid changes, affected pro-

tein domains, in silico functional predictions, and variant

annotation status in ClinVar (Version 20,190,916). For
Human
ClinVar annotations, we included likely pathogenic variants

in the known pathogenic category, likely benign in the

benign category, and uncertain or unknown significance as

VUS. We also classified variants absent from ClinVar as

VUS. Because our goal was to estimate risk rather than

identify associations, all risk estimates are derived from

comparisons with our age-matched controls, except where

specified (Table S9). We calculated ORs and CIs using logis-

tic regression, using the first 10 PCs and gender as covari-

ates. For categories with fewer than three allele copies in

either cases or controls, we calculated ORs and CIs using

a Fisher’s Exact Test. Generally, across known pancreatic

cancer susceptibility genes, we observed that VUS with

higher in silico assessments of pathogenicity tended to

have higher contributions to pancreatic cancer risk (Fig-

ures S6–S8).

The OR for all ATM coding variants was 1.8 (95%CI: 1.4–

2.3) (Figure 3A and Table 2). We observed that truncating

variants in ATM conferred a surprisingly high risk of

pancreatic cancer, with an OR of 24 (95% CI: 4.0–1000).

To confirm the carrier frequency estimate for truncating

variants in ATM among cases, we validated all 24 SNVs

and small INDELs using Sanger sequencing (Table S10).

In contrast, the OR for known pathogenic missense vari-

ants in ATM was only 2.0 (95% CI: 0.29–22) while the

OR for VUS was 1.4 (95% CI: 1.1–1.9). Because pathogenic

missense variants are known to be highly enriched in

ATM protein domains (TAN, FAT, PI3/4K, and FATC), we

evaluated missense variants in these regions separately

(Figure 2B). VUS in these regions exhibited reduced effect

sizes relative to truncating and pathogenic variants, with

anOR of 2.7 (95%CI: 1.2–5.9) in the four protein domains.

Although pathogenic variants have not previously been

reported to be enriched in ATM armadillo (ARM) repeat re-

gions, we observed a significant excess of VUS in these

regions (p ¼ 0.0042, OR ¼ 1.8 [95% CI: 1.2–2.8]). We

observed no evidence of association for benign missense

variants or VUS outside of domain or ARM repeat regions

(Figure S9).

The OR for all rare missense variants in SIK3 was 2.9

(95% CI:1.5–5.9) (Figure 3B). Variants in the two domains

of SIK3, STKc and UBA, were enriched among cases, partic-

ularly in the UBA domain (Figure 2C). The effect size esti-

mates for rare variants in BRCA2 were largely consistent

with previous reports,3,5,16,17 with an OR of 4.0 (95%

CI:1.7–9.2) for truncating variants and no evidence of

enrichment among cases for other variant categories

(Figure 3C). VUS in the protein domain regions of STK11

and PALB2 were enriched among cases, with ORs of 5.0

(95% CI: 0.56–240) and 2.0 (95% CI: 0.76–5.0), respec-

tively. VUS outside of the protein domains of STK11 and

PALB2 exhibited no elevated risk (Figures 3D and 3E).

Although the gene-based association test was not signifi-

cant for CHEK2, the effect size estimates for VUS in

CHEK2 were consistent with recent reports suggestive of

increases in risk (OR ¼ 1.7, 95% CI: 0.83–3.4).3,18,19 We

identified no truncating variants in TP53 but observed an
Genetics and Genomics Advances 3, 100078, January 13, 2022 3
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Table 1. Top 15 and known PDAC genes in case-control association tests using VAAST2

Gene Rank p Value FDR

ATM 1 1.00 3 10�8 0.0002

SIK3 2 3.84 3 10�6 0.0321

FZD8 3 1.03 3 10�4 0.5741

PANX1 4 1.79 3 10�4 0.7053

PRPF3 5 3.42 3 10�4 0.7053

C10orf140 6 3.54 3 10�4 0.7053

FRMD4B 7 4.08 3 10�4 0.7053

ALPP 8 4.20 3 10�4 0.7053

BRCA2 9 4.25 3 10�4 0.7053

GPC2 10 4.44 3 10�4 0.7053

AK3 11 4.64 3 10�4 0.7053

OSGIN2 12 5.72 3 10�4 0.7357

IGFLR1 13 5.72 3 10�4 0.7357

SMARCAL1 14 8.01 3 10�4 0.8820

INPP4A 15 1.00 3 10�3 0.8820

STK11 45 0.0030 0.8820

PMS1 144 0.0082 0.8820

PALB2 361 0.0194 0.8900

TP53 666 0.0368 0.9121

MSH2 1241 0.0709 0.9495

MLH1 2525 0.1480 0.9639

CHEK2 3881 0.2270 0.9659

MSH6 3939 0.2300 0.9659

SPINK1 4330 0.2520 0.9720

CDKN2A 8369 0.4980 0.9903

PMS2 14,720 0.8900 1.0000

BRCA1 14,921 0.9070 1.0000

PRSS1 15,497 0.9470 1.0000
enrichment for VUS among cases, with an OR of 3.1 (95%

CI: 0.82–11) (Figures 2D and 3F). BRCA1 variants exhibited

no evidence of increased risk, with an OR upper bound for

truncating variants of 1.8 at the 95% confidence level

(Figure 3G).

We also evaluated the patterns of familial cancer risk

associated with the variants of interest identified in this

study (Table S11). Overall, the relative risk (RR) of a pos-

itive family history of pancreatic cancer among cases was

3.3 relative to controls, with positive family history

defined as a cancer diagnosis in a first- or second-degree

relative. A positive family history of breast cancer was

enriched among TP53 VUS carriers and SIK3 carriers as

well as ATM and BRCA2 truncating and pathogenic

missense variants carriers, although only ATM and

BRCA2 were nominally significant (Figure 3H and Tables

S12–S14). SIK3 carriers exhibited a modest familial
4 Human Genetics and Genomics Advances 3, 100078, January 13, 2
enrichment for colon cancer, leukemia, and non-specific

lymphoma, although the enrichment was not statisti-

cally significant. We also observed unexpected, nomi-

nally significant familial enrichment among BRCA2 car-

riers for kidney cancer and cervical cancer. All cases

with a VUS in TP53 carriers had a positive family history

in one or more cancers, and in general, the patterns of

elevated familial risk were consistent with Li-Fraumeni

syndrome (LFS) (Figure S10).

We estimated the proportion of pancreatic cancer FRR

explained by known genetic risk factors with an approach

used by previous studies,20–22 assuming an overall RR of

PDAC to a first-degree relative of 1.7623 (for details, see sup-

plemental methods). We combined estimates from the

genes characterized in this study with common suscepti-

bility alleles identified in published GWAS (Table 3). We

estimated the proportion of log FRR explained by all
022



Figure 3. ORs of variants in known susceptibility genes and cancer incidence rates in variant carriers’ family. Each forest plot shows
the point estimates and 95% CIs of ORs for (A) ATM, (B) SIK3, (C) BRCA2, (D) STK11, (E) PALB2, (F) TP53, and (G) BRCA1. (H) Cancer
incidence rates among relatives of variant carriers and non-carriers for ATM, SIK3, BRCA2, and TP53. The x axis indicates the proportion
of variant carriers with an affected first- or second-degree relative. The variants category in SIK3 includes both protein truncating (n¼
1) and missense variants. Categories with nominally significant (p < 0.05) increased incidence rates are indicated by *.
common variants that have been identified with genome-

wide statistical significance in one or more GWAS to be

16.9% (Table S15), which is consistent with a recent prior

estimate (13% with 95% CI: 4–22%).24 Our point estimate

for the proportion of log FRR explained by truncating var-

iants in ATM is 16.6%. Although this estimate is imprecise

given uncertainty in effect sizes, ATM truncating variants

explain at least 0.4% of log FRR with 95% confidence.

We estimate that known pathogenic missense variants in

ATM account for 0.1% of log FRR, while VUS in protein do-

mains and ARM regions account for 2.3%, strongly sug-

gesting that most pathogenic missense variants in ATM

are either currently classified as VUS or have yet to be iden-

tified. Truncating variants in BRCA2 and PALB2 explain an

estimated 3.0% and 0.5% of log FRR, respectively, while

VUS in TP53, PALB2, and SKT11 explain 0.6%, 0.3%, and

0.2% of log FRR, respectively. Overall, we estimate that

rare variants in ATM, BRCA2, TP53, PALB2, SKT11, and

CHEK2 explain 23.8% of log FRR.
Human
Our OR estimate for the risk conferred by heterozygote

ATM truncating variants (OR ¼ 24.3) is consistent with a

study of 593 familial PDAC families6 (OR ¼ 31.9; Table

S16), although the effect sizes from this study are expected

to be higher due to familial enrichment. Other prior

studies that did not utilize cancer-free controls matched on

technology, population, or age have reported ORs between

5 and 9.3,5,25 Our proportion of cases carrying ATM trun-

catingvariants (1.5%) is comparable to those reported inpre-

vious studies of PDAC ranging from 0.9% to 3.2%

(Table S17).3,4,6,7,26Ourproportionof controls carrying trun-

cating variants (0.06%) is substantially lower than in prior

studies (0.1%–0.3%) and public databases, although this is

to some extent expected given that our controls were age-

matched and cancer-free (Tables S16 and S18). In contrast

to truncating variants, theORswe observed for knownpath-

ogenic missense variants and VUS in domain regions were

only2.0and1.4, respectively.Anattenuation inrisk forpath-

ogenic missense variants relative to pathogenic truncating
Genetics and Genomics Advances 3, 100078, January 13, 2022 5



Table 2. Effect size estimates for different group of variants in PDAC susceptibility genes

Gene Variant type
Number of case
carriers (N ¼ 1,591)

Matched controls (N ¼ 1,591) All controls (N ¼ 2,134)

Number of
control carriers OR (95% CI)

Number of
control carriers OR (95% CI)

ATM All variants and CNVs 184 108 1.77 (1.37–2.29) 148 1.71 (1.35–2.15)

Truncating, CNV, and pathogenic 30 3 10.49 (3.17–34.77) 3 14.14 (4.28–46.66)

Truncating and CNV 26 1 26.4 (4.33–1078.32) 1 26.3 (4.31–1073.81)

CNV event 2 0 Inf (0.19–Inf) 0 Inf (0.25–Inf)

Protein truncating 24 1 24.34 (3.96–997.52) 1 32.65 (5.31–1335.58)

Pathogenic Missense 4 2 2.0 (0.29–22.16) 2 2.69 (0.38–29.73)

Missense VUS 134 92 1.44 (1.08–1.92) 124 1.42 (1.1–1.85)

Inside domain 27 9 2.66 (1.2–5.87) 15 2.2 (1.14–4.22)

In ARM repeat 63 37 1.82 (1.19–2.78) 49 1.76 (1.2–2.59)

Outside domain/ARM repeat 55 54 0.91 (0.61–1.36) 73 0.93 (0.65–1.34)

Benign missense 24 15 1.63 (0.84–3.19) 24 1.34 (0.75–2.39)

SIK3 All variants and CNVs 36 11 3.03 (1.51–6.06) 19 2.49 (1.41–4.4)

Truncating 1 0 Inf (0.03–Inf) 0 Inf (0.03–Inf)

Missense 35 11 2.94 (1.47–5.91) 19 2.42 (1.37–4.3)

Missense inside domain 8 0 Inf (1.71–Inf) 0 Inf (2.3–Inf)

Missense outside domain 28 11 2.37 (1.15–4.88) 19 1.96 (1.08–3.56)

BRCA2 All variants and CNVs 210 199 1.04 (0.84–1.28) 253 1.11 (0.91–1.36)

Truncating and pathogenic 35 7 3.98 (1.73–9.15) 9 4.56 (2.16–9.6)

Truncating 35 7 3.98 (1.73–9.15) 9 4.56 (2.16–9.6)

NM_000059.4: c.9976A>T (p.Lys3326Ter) 34 32 1.24 (0.75–2.05) 47 1.05 (0.67–1.65)

Pathogenic 0 0 NA 0 NA

Missense VUS 173 183 0.94 (0.75–1.18) 234 0.99 (0.8–1.22)

Missense VUS inside domain 42 51 0.84 (0.55–1.28) 69 0.83 (0.56–1.23)

Missense VUS outside domain 133 134 0.98 (0.76–1.28) 167 1.06 (0.83–1.35)

Benign missense 9 13 0.68 (0.28–1.65) 15 0.77 (0.33–1.8)

STK11 All variants and CNVs 25 19 1.42 (0.76–2.65) 29 1.19 (0.69–2.06)

Truncating, CNV, and pathogenic 0 0 NA 0 NA

Missense VUS 25 19 1.42 (0.76–2.65) 29 1.19 (0.69–2.06)

Missense VUS inside domain 5 1 5.01 (0.56–236.97) 2 3.36 (0.55–35.33)

Missense VUS outside domain 20 18 1.21 (0.62–2.36) 27 1.03 (0.57–1.86)

Benign missense 0 0 NA 0 NA

PALB2 All variants and CNVs 62 39 1.54 (1.01–2.34) 57 1.43 (0.98–2.07)

Truncating 9 3 2.76 (0.73–10.48) 4 2.88 (0.88–9.5)

Missense VUS 35 23 1.48 (0.86–2.57) 33 1.41 (0.87–2.3)

Missense VUS inside domain 13 7 1.96 (0.76–5.04) 9 2.08 (0.87–4.94)

Missense VUS outside domain 23 16 1.36 (0.7–2.64) 24 1.24 (0.69–2.22)

Benign missense 18 14 1.18 (0.57–2.46) 21 1.06 (0.56–2.03)

(Continued on next page)
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Table 2. Continued

Gene Variant type
Number of case
carriers (N ¼ 1,591)

Matched controls (N ¼ 1,591) All controls (N ¼ 2,134)

Number of
control carriers OR (95% CI)

Number of
control carriers OR (95% CI)

TP53 All variants and CNVs 11 3 3.38 (0.92–12.38) 4 3.59 (1.13–11.44)

Truncating, CNV, and pathogenic 0 0 NA 0 NA

Missense VUS 10 3 3.06 (0.82–11.37) 4 3.29 (1.02–10.64)

Missense VUS inside domain 6 3 1.97 (0.48–8.09) 4 2.08 (0.58–7.47)

Missense VUS outside domain 4 0 Inf (0.66–Inf) 0 Inf (0.89–Inf)

Benign missense 1 0 Inf (0.03–Inf) 0 Inf (0.03–Inf)

CHEK2 All variants and CNVs 41 21 1.82 (1.05–3.15) 38 1.26 (0.8–1.99)

Truncating, CNV, and pathogenic 15 8 1.9 (0.78–4.61) 16 1.21 (0.59–2.49)

CNV 1 1 1.0 (0.01–78.5) 3 0.45 (0.01–5.57)

Truncating 12 7 1.7 (0.65–4.43) 12 1.28 (0.57–2.91)

NM_007194.4: c.1100del (p.Thr367fs) 11 5 2.31 (0.78–6.83) 9 1.60 (0.65–3.94)

Pathogenic 2 0 Inf (0.19–Inf) 1 2.68 (0.14–158.31)

Missense VUS 25 13 1.68 (0.83–3.39) 19 1.48 (0.8–2.75)

Missense VUS inside domain 19 11 1.42 (0.65–3.09) 17 1.19 (0.6–2.34)

Missense VUS outside domain 6 2 3.01 (0.54–30.51) 2 4.03 (0.72–40.93)

Benign missense 1 0 Inf (0.03–Inf) 3 0.45 (0.01–5.57)

BRCA1 All variants and CNVs 68 72 0.91 (0.64–1.29) 104 0.85 (0.62–1.17)

Truncating, CNV, and pathogenic 7 8 0.59 (0.19–1.84) 13 0.51 (0.19–1.35)

CNV 0 0 NA 1 0.0 (0.0–52.27)

Truncating 7 8 0.59 (0.19–1.84) 12 0.54 (0.2–1.46)

Pathogenic 0 0 NA 0 NA

Missense VUS 53 58 0.91 (0.62–1.35) 83 0.86 (0.6–1.23)

Missense VUS inside domain 18 24 0.78 (0.42–1.47) 37 0.67 (0.38–1.19)

Missense VUS outside domain 35 35 0.96 (0.59–1.57) 47 0.99 (0.63–1.55)

Benign missense 8 7 1.12 (0.39–3.2) 9 1.2 (0.46–3.17)
variants has not been reported in other ATM-associated can-

cers and suggest that ATM truncating variants play a unique

role in pancreatic cancer susceptibility.

In our gene-based analysis, SIK3 ranked second genome-

wide with an FDR of 0.032. The effect size we observed for

all missense variants with MAF <0.5% in SIK3 (OR ¼ 2.9) is

comparable to an estimate of predicted rare damaging

missense variants with MAF <1% among cases from a prior

case-control study of PDAC4 (OR ¼ 1.8) (Table S19). SIK1–3

are negatively regulatedbyGNAS, a gene frequentlymutated

and amplified in pancreatic cancer.27 Murine models have

shown that SIK1–3 genes are pancreatic cancer tumor sup-

pressors, and that inhibition of SIK1–3 activity is an impor-

tant mechanism through which mutant GNAS promotes

pancreatic cancer tumorigenesis.28 SIK3has also been impli-

cated in obesity and diabetes, two well-established pancre-

atic cancer risk factors.29,30. Specifically, reduced SIK3

expression has been associated with obesity and insulin
Human
resistance,31,32 and an intronic SIK3 variant has been associ-

ated with obesity and dyslipidemia in a Mexican popula-

tion.33 Given these observations, we also anticipated that

tumor SIK3 expression would be associated with measures

of pancreatic cancer tumorigenesis. We confirmed this

expectation in an analysis of TCGA PDAC RNA-sequencing

data clinical data of TCGA samples from the Human Protein

Atlas34 (for details, see supplemental methods), identifying

associationswith increased SIK3 expression and lower tumor

stage (p ¼ 2.3 3 10�4) as well as increased overall survival

(p¼ 0.037) controlling for stage, gender, and age (Table S20).

We also observed suggestive association signals (p %

0.001) for three additional novel candidate genes dysregu-

lated in pancreatic cancer, FZD8, ALPP, and INPP4A. FZD8

is downregulated in KRASmutant pancreatic cancer; resto-

ration of FZD8 expression has been shown to suppress ma-

lignancy in pancreatic cancer cell lines.35 Other studies

have shown that ALPP is epigenetically silenced14 and
Genetics and Genomics Advances 3, 100078, January 13, 2022 7



Table 3. Estimates of FRR explained by truncation and pathogenic missense variants in known susceptibility genes

Gene Category FRR

ATM Protein-truncating variants and CNV 16.6%

ATM Pathogenic missense variants 0.1%

ATM VUS in domain or ARM repeat 2.3%

BRCA2 Truncating and pathogenic missense 3.0%

TP53 Truncating and pathogenic missense –

TP53 VUS 0.6%

PALB2 Truncating and pathogenic missense 0.5%

PALB2 VUS 0.3%

STK11 Truncating and pathogenic missense –

STK11 VUS 0.2%

CHEK2 Truncating and pathogenic missense 0.2%

Total FRR 23.8%
INPP4A is markedly downregulated15 in pancreatic cancer

cell lines. The inactivation of INPP4A has been shown to

promote cell migration and inhibit cell apoptosis.15 Addi-

tionally, our OR estimate for missense variants with MAF

<0.5% in ALPP (OR ¼ 1.9) is consistent with the estimate

for predicted damaging missense variants with MAF <1%

among cases from a prior study4 (OR ¼ 2.2; Table S19). In

addition to our gene-based results, we also observed a

nominally significant association with the three-base-pair

TERT deletion DE441 (p¼ 5.93 10�3, OR¼ 2.9). Although

we did not identify this variant as candidate a priori, it is

known to causally reduce telomerase activity and is associ-

ated with acute myeloid leukemia and liver cirrhosis.36,37

Previous studies have observed an approximate 7-fold

increased risk of developing pancreatic cancer in patients

with LFS, which is caused by pathogenic variants in

TP53.38–41 The mutational pattern of pathogenic LFS vari-

ants is distinct, with approximately 27% predicted to trun-

cate the protein and an additional 39% concentrated within

seven codons (37, 125, 158, 175, 248, 273, and 282), four of

which are in the DNA binding domain.42 In our study, we

observed no variants within these seven codons, no trun-

cating variants, and no enrichment for variants in the DNA

bindingdomain.Nevertheless, overall,VUSweremoderately

enriched among cases (OR ¼ 3.1). The observed dearth of

truncating variants and lack of codon enrichment in our

study suggests that the spectrum of pathogenic TP53 vari-

ants in pancreatic cancer may be distinct from LFS broadly,

particularly for individuals without a prior cancer diagnosis.

We acknowledge that our OR and FRR estimates for ATM

truncating variants should be interpreted with cautious

intrigue given the relatively low number of variant observa-

tions and the resulting wide CIs. The divergence in our esti-

mates and prior studies may be due in part to the lack of

phenotype information and the inability to control for pop-

ulation structure and technology differences in case-only

candidate gene sequencing studies. GWAS have shown the
8 Human Genetics and Genomics Advances 3, 100078, January 13, 2
importance of conducting matched case-control studies

that control for technological and population stratification

biases. Failure to properly match on these features could

move estimates lower or higher, depending on the underly-

ing confounding factors. Although these factors may have

elucidatedaheretoforeunderappreciatedeffectof truncation

coding variation in ATM, subsequent larger, well-matched

studies will refine these estimates with greater precision

thatmayedgeagaincloser toprior estimates. Such large-scale

studies are needed, in populations of European ancestry and

particularly in underrepresented populations, to improve

variantpathogenicity classificationandmore accurately esti-

mate the risks conferred by rare variants in established sus-

ceptibility genes. Expansion of these studies from cancer

gene panels to whole exomes or genomes will enable the

identification of novel susceptibility genes and will provide

the evidenceneeded tocritically evaluate candidate suscepti-

bly genes, including SIK3. Together, these efforts will lead to

improvements in risk stratification for early detection and

screening programs in pancreatic cancer.

In conclusion, our study identifies SIK3 as a novel candi-

date pancreatic cancer susceptibility gene and highlights

the risk contributions from VUS as well as the prominent

importance of ATM truncating variants in pancreatic can-

cer etiology. Our results also demonstrate that rare pro-

tein-coding variants account for a substantial fraction of

the familial risk of pancreatic cancer.
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