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Abstract: The ATM serine/threonine kinase (ATM) pathway plays important roles in pancreatic cancer (PanC) de-
velopment and progression, but the roles of genetic variants of the genes in this pathway in the etiology of PanC
are unknown. In the present study, we assessed associations between 31,499 single nucleotide polymorphisms
(SNPs) in 198 ATM pathway-related genes and PanC risk using genotyping data from two previously published
PanC genome-wide association studies (GWASs) of 15,423 subjects of European ancestry. In multivariable logis-
tic regression analysis, we identified three novel independent SNPs to be significantly associated with PanC risk
[PIK3C3 rs76692125 G>A: odds ratio (OR)=1.26, 95% confidence interval (Cl)=1.12-1.43 and P=2.07x10*, INSR
rs11668724 G>A: OR=0.89, 95% CI=0.84-0.94 and P=4.21x10° and MAP3K4 rs13207108 C>T: OR=0.83, 95%
Cl=0.75-0.92, P=2.26x10%]. The combined analysis of these three SNPs exhibited an increased PanC risk in a
dose-response manner as the number of unfavorable genotypes increased (P, ,<0.0001). The risk-associated
rs76692125 A allele was correlated with decreased PIK3C3 mRNA expression levels, while the protective-associ-
ated rs11668724 A allele was correlated with increased INSR mRNA expression levels, but additional mechanistic
studies of these SNPs are warranted. Once validated, these SNPs may serve as biomarkers for PanC risk in popula-
tions of European ancestry.
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Introduction

Pancreatic cancer (PanC) is one of the deadli-
est cancers because of its rapid metastasis,
accounting for 3.2% of all new cancer diagno-
ses [1]. An estimated 53% of PanCs are diag-
nosed at an advanced stage as a result of the
lack of early symptoms and tumor-specific diag-
nostic tests, and the 5-year survival for meta-
static PanC is only 2.9% [1]. It is estimated that
PanC will be the second leading cause of can-
cer-related deaths in the United States by 2030
[2]. Hence, early prevention and detection may
be the key to reduce PanC mortality.

Currently, several risk factors for PanC have
been identified, including age, sex, smoking
status, alcohol consumption, obesity, dietary
factors, ethnicity, diabetes mellitus, family his-
tory of PanC and genetic susceptibility [3].

While the high-penetrant germline mutations
are associated with an increased PanC risk,
common genetic variants may also be the risk
factors [4-9]. Over the past decade, although
more than twenty single nucleotide polymor-
phisms (SNPs) have been identified as PanC-
associated risk variants through genome-wide
association studies (GWASs) that require a
stringent p value of <5.0x10® due to the multi-
ple-test inherent in this study method. Thus,
some important functional susceptibility genes
with a week effect may still remain unidentified.
Recently, the pathway-based analyses of exist-
ing GWAS datasets have emerged as a hypoth-
esis-driven approach of identifying novel func-
tional SNPs within a biological context [10].

The ATM serine/threonine kinase (ATM) path-
way is best known for its role in DNA damage
response and plays important roles in mainte-
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nance of genomic stability and suppression of
tumorigenesis [11]. The ATM gene, also known
as the ataxia telangiectasia mutated gene, is
located on chromosome 11g22-23 and enco-
des a serine/threonine kinase member of the
phosphatidylinositol 3 kinase family that is ac-
tivated by DNA double-strand breaks; once
activated, ATM phosphorylates multiple down-
stream effectors, including those involved in
DNA damage repair, cell-cycle checkpoint ar-
rest and apoptosis [12].

Recent studies have identified the link betwe-
en the ATM pathway and PanC. For example,
the activation of ATM and CHK1 has been
reported to be associated with cell cycle arrest
and apoptosis in human pancreatic cancer
cells [13]. It has been reported that reduced
levels of ATM coupled with oncogenic KRAS
activation result in a higher number of dysplas-
tic pancreatic lesions [14]. Accumulated evi-
dence suggests that ATM can be activated in-
dependently from DNA damage through oxida-
tive stress involved in autophagy induction
[15]. The phosphoinositide-3-kinase class Il
(PIK3C3), a critical membrane marker for the
autophagosome, has been reported to be asso-
ciated with mediation of the autophagy in pan-
creatic cancer cells [16]. In addition, the ATM
pathway genes can also affect insulin signaling
function and glucose metabolism by regulating
intracellular levels of reactive oxygen species,
a known contributor to the onset of diabetes
that is also a well-known risk factor of PanC
[a71.

In accordance with these findings, we hypothe-
size that genetic variants in the ATM pathway-
related genes are associated with PanC risk. To
test our hypothesis, we performed a compre-
hensive pathway gene-set-based analysis to
identify potential functional SNPs that were
associated with PanC risk by using the case
and control subjects and genotyping data fr-
om two available GWAS datasets of pancreatic
ductal adenocarcinoma in populations of Eu-
ropean ancestry.

Material and methods
Study participants

We used the study participants with genoty-
ping data from the two available PanC GWAS
datasets, i.e., the Pancreatic Cancer Coho-
rt Consortium (PanScan) and the Pancreatic
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Cancer Case Control Consortium (PanC4) stud-
ies that included 15,423 individuals of Eur-
opean ancestry. The PanScan GWAS dataset
included 17 cohort studies and 11 case-control
studies and had three phases: PanScan |
(1,760 cases and 1,780 controls), PanScan Il
(1,457 cases and 1,666 controls) and PanScan
Il (1,538 cases and O controls) [4-6]. Because
PanScan Ill lacks study-specific controls, the
data from PanScan Il and PanScan Ill were ana-
lyzed jointly, and the joint dataset was denoted
as PanScan ll/1ll (2,995 cases and 1,666 con-
trols). The PanC4 GWAS dataset included nine
studies from North America, Central Europe
and Australia (3,722 cases and 3,500 controls)
[7, 18, 19] (Table S1 and Figure S1).

All the studies obtained a written informed
consent from study participants. The present
study protocol was also approved by Duke
University Health System Institutional Review
Board (Pro00054575) and by the administra-
tion of the database of Genotypes and Ph-
enotypes (dbGaP). The PanScan and PanC4
GWAS datasets are available from the dbGaP
(accession #: phs000206.v5.p3 and phs0006-
48.v1.pl, respectively).

Gene and SNP selection

We used the keyword “ATM” for the search in
Molecular Signatures Database (MSigDB, v7.0)
[20] and PathCards: multi-source consolidation
of human biological pathways [21]. As a result,
we obtained a total of 198 ATM pathway-relat-
ed genes located in the autosomes from the
online databases of BIOCARTA, PID and Pa-
thCards (Table S2), which were used for SNP
extraction from the available GWAS datasets.
The Illumina HumanHap550v3.0, the Human-
610_Quadv1_B, the HumanOmniExpress-12v
1.0 and the HumanOmniExpressExome-8vil
arrays [4-6] were used for genotyping in the
GWAS datasets made available to the present
study. We performed imputation by using IM-
PUTE2 with a buffer region of 500-kb up- and
down-stream of these pathway genes and a ref-
erence panel from the 1000 Genomes Project
(phase 3 release vb) [22]. We extracted the
SNPs within the three GWAS datasets by using
a boundary of 2-kb up- and down-stream of
selected genes and performed quality assur-
ance by using the following criteria: a SNP call
rate of > 95%, a minor allele frequency (MAF) of
> 0.01, a Hardy-Weinberg Equilibrium (HWE)
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Figure 1. Flowchart of the present study. Abbreviations: kb, kilobase; SNP, single nucleotide polymorphism; MAF, mi-
nor allele frequency; HWE, Hardy-Weinberg equilibrium; PanC, pancreatic cancer; FDR, false discovery rate; PIK3C3,
phosphatidylinositol 3-kinase catalytic subunit type 3; INSR, insulin receptor; MAP3K4, mitogen-activated protein
kinase kinase kinase 4; eQTL, expression quantitative trait loci.

test of P value > 1x10° among controls, and
an imputation quality (INFO) score of > 0.5
(Figures 1 and S2).

Statistical analysis

We performed single-locus analysis between
SNPs of the ATM pathway-related genes and
PanC risk by using a multivariable logistic re-
gression model with PLINK 1.9 [23] for each
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of the GWAS datasets separately. We con-
structed the models with adjustment for age,
sex, and the top ancestry-informative principal
components (PCs) from the genotyping data in
PanScan I/1l/lll and PanC4. We estimated the
effect sizes of SNPs by calculating odds ratio
(OR) and 95% confidence interval (Cl) accord-
ingly. Then, we conducted a meta-analysis of
the results of these three datasets by using the
generic inverse variance method [24] with
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PLINK 1.9. We used Cochran’s Q test and I to
assess the heterogeneity between the datas-
ets [25]. If the Cochran’s Q-test P-value >0.100
and the [P<50.0% were observed, a fixed-
effects model was employed; otherwise, a ran-
dom-effects model was adopted.

The false discovery rate (FDR) cutoff value was
set at < 0.10 to correct for multiple compari-
sons, which is sufficient for the tested SNPs
largely in linkage disequilibrium (LD) [26]. We
assessed the association between each SNP
and PanC risk by using an additive genetic
model. To identify independent-effect SNPs for
PanC risk, we performed a stepwise logistic
regression with adjustment for age, sex and the
top five significant PCs as well as the 13 previ-
ously reported SNPs from the same datasets
[27-30]. We constructed Manhattan plots by
using Haploview v4.2 and the regional associa-
tion plots to show all SNPs in LD by using
LocusZoom [31]. To assess the joint effect of
the SNPs, we also used the number of unfavor-
able genotypes (NUG) to calculate the cumula-
tive effects of the independent SNPs and divid-
ed all the individuals into groups by the num-
ber of NUG for further analyses. Then, we used
a general linear regression model in the expr-
ession quantitative trait loci (eQTL) analysis to
estimate the correlations between the inde-
pendent SNPs and corresponding mRNA ex-
pression levels of the genes with the R soft-
ware (v3.6.2). We performed all other statisti-
cal analyses with SAS software (v9.4; SAS In-
stitute, Cary, NC, USA), if not specified other-
wise.

Functional prediction and validation

We used three online bioinformatics tools,
SNPinfo, RegulomeDB and HaploReg, to pre-
dict potential functions of the significant SNPs.
SNPinfo integrates GWAS and candidate gene
information into functional SNP selection for
genetic association studies [32]; RegulomeDB
helps identify DNA features and regulatory ele-
ments in non-coding regions of the human
genome [33] and HaploReg is a tool for ex-
ploring annotations of the noncoding genome
at variants on haplotype blocks, such as can-
didate regulatory SNPs at disease-associated
loci [34]. We also performed the eQTL analysis
to estimate the associations between the ge-
notypes of SNPs and the mRNA expression lev-
els of the corresponding gene by using the
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MRNA expression data in the Genotype-Tissue
Expression (GTEx) Project [35], the lympho-
blastoid cells of 373 Europeans available fr-
om the 1,000 Genomes Project [36] and The
Cancer Genome Atlas (TCGA) Project [37]. We
used the PERFECTOS-APE [38, 39] and the
PROMO online tools [40, 41] to predict the tr-
anscription factors in the promoter regions. We
also obtained differences in the mRNA expres-
sion between tumor and adjacent normal tis-
sues for the identified genes in TCGA dataset
from the UALCAN web site [42, 43]. Finally, we
conducted the overall survival analysis by using
the TCGA dataset with the GEPIA web-portal
tool [44, 45] and perform the mutations analy-
sis by using publicly available data in the data-
base of the cBioportal for Cancer Genomics
(46, 47].

Results
Association analysis

The distributions of demographic characteris-
tics between the three GWAS datasets are
summarized in Table S1, including 8,477 cases
and 6,946 controls of European ancestry [4-7,
18, 19]. As portrayed in Figure 1, after imputa-
tion and quality control, there were 36,854,
41,415 and 36,290 SNPs for PanScan |,
PanScan lI/Ill and PanC4, respectively. The sin-
gle-locus analysis for the association between
each of SNPs in the 198 ATM pathway-related
genes (Table S2) and PanC risk was employed
with the adjustment for age, sex and the top
significant principle components (PCs) for each
of the three datasets. A total of 2,177, 2,608
and 2,285 SNPs had a nominal P<0.050 in
each dataset, respectively (Figure S3). In the
meta-analysis of 31,499 SNPs (978 genotyped
and 30,521 imputed) of the three datasets, we
observed 1,901 SNPs to be associated with
PanC risk with a nominal P<0.050, 68 of which
were in eight genes (WNT2B, MAP3K4, SMC2,
ERBB2, TP53, PIK3C3, INSR and CHEK?2) with
FDR < 0.10 (Figure 2A). Then, we assessed
these 68 SNPs in a multivariable stepwise lo-
gistic regression model to identify novel inde-
pendent functional SNPs. As a result, we found
that seven SNPs (i.e., rs13207108 in MAP3K4,
rs76692125 in PIK3C3, rs11668724 in INSR,
rs3838412 in WNT2B, rs2417487 in SMC2,
rs2517955 in ERBB2 and rs2236141 in CH-
EK2,) to be significantly associated with PanC
risk (Table S3). Because some susceptibility
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Figure 2. Association results of SNPs in the ATM-related pathway genes. (A) Manhattan plot of the association results. The statistical values across the autosomes
of associations between 31,499 SNPs and PanC risk are plotted as -log10 p values in the meta-analysis of the three datasets. The red horizontal line indicates
P=0.050. The blue horizontal line indicates FDR=0.10. There are 1,901 SNPs with P<0.050 and 68 SNPs with FDR < 0.10. The three SNPs (i.e., rs76692125,
rs11668724 and rs13207108) shown in the red bold are the novel findings in the present study. The five genes (i.e., WNT2B, SMC2, ERBB2, TP53 and CHEK?2)
shown in blue are previously reported genes associated with PanC risk. Regional association plots for the three newly identified SNPs in the ATM pathway genes.
SNPs in the regions of 200 kb up- and down-stream of (B) PIK3C3, (C) INSR and (D) MAP3KA4.
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Table 1. The three independent SNPs identified from the stepwise logistic regression analysis in the

pooling PanC data

SNP Allele* Position Gene Region OR (95% ClI)? P?

rs76692125 A/G 39562230 PIK3C3 18q12.3 1.31 (1.16-1.49) <.0001
rs11668724 A/G 7208526 INSR 19p13.2 0.89 (0.84-0.94) <.0001
rs13207108 T/C 161417626 MAP3K4 6926 0.82 (0.74-0.91) 0.0002

Abbreviations: SNP, single nucleotide polymorphism; PanC, pancreatic cancer; OR, odds ratio; Cl, confidence interval. *Effect
(minor) allele/reference allele. 2Stepwise analysis adjusted for age, sex, the top five principal components and 13 SNPs
(rs35075084, rs2727572, rs34852782, rs62068300, rs3751936, rs3124761, rs17458086, rs1630747, rs5757573,
rs6001516, rs79447092, rs9895829 and rs3818626) previously reported in the same dataset (PMID: 29168174, 30794721,

30972876 and 30997723, respectively).

loci located in WNT2B, SMC2, ERBB2 and
CHEK2 had been reported to be associated
with PanC risk through GWAS datasets analy-
ses [6, 7, 9, 48], we used the three PanC risk
loci [i.e., 18912.3 (PIK3C3 rs76692125 G>A),
19p13.2 (INSR rs11668724 G>A) and 6g26
(MAP3K4 rs13207108 C>T)] newly identified in
the present study for further analyses (Table 1
and Figure 2A-D). As shown in Table 2, the
PIK3C3 rs76692125 A allele was associated
with an increased risk of PanC (OR=1.26, 95%
Cl=1.12-1.43, P=2.07x10%), while the INSR
rs11668724 A allele and the MAP3K4 rs13-
207108 T allele were associated with a reduc-
ed risk of PanC (OR=0.89, 95% CI=0.84-0.94,
P=4.21x10° and OR=0.83, 95% CI=0.75-0.92,
P=2.26x10", respectively) in the meta-analy-
sis of the three GWAS datasets. Heterogeneity
in these associations was not observed among
the three datasets.

Combined and stratified analyses

As shown in Table 3, PIK3C3 rs76692125
GA+AA genotypes were associated with an
increased PanC risk (OR=1.31, 95% CI=1.16-
1.48, P<0.0001), while INSR rs11668724
GA+AA genotypes and MAP3K4 rs13207108
CT+TT genotypes were associated with a re-
duced PanC risk (OR=0.88, 95% CI=0.82-0.94,
P<0.0001 and OR=0.84, 95% CI=0.76-0.93,
P=0.0007, respectively). Therefore, we com-
bined the unfavorable genotypes of rs766921-
25 GA+AA, rs11668724 GG and rs13207108
CC to assess the cumulative effect of these
three SNPs. The joint analysis suggested that
the NUG was significantly associated with risk
of PanC in a dose-response manner (P, <
0.0001, Table 3). The multivariable logistic re-
gression model incorporating the NUG exhibit-
ed that individuals with two-three NUGs had a
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higher risk of PanC, compared with those with
zero-one NUGs (OR=1.22, 95% CI=1.15-1.30,
P<0.0001, Table 3).

Furthermore, we employed stratified analysis
for risk modification by age and sex in the pr-
esent study, and no interaction was observ-
ed between the subgroups within the strata
(P >0.050, Table S4).

inter

Function analysis

We performed the eQTL analysis for the three
identified independent SNPs on mRNA expres-
sion by using the expression and genotyping
data of 305 normal pancreatic tissues and 670
whole blood samples from the GTEx Project
[35], the RNA-Seq and genotyping data of lym-
phoblastoid cell lines from 373 European
descendants from the 1,000 Genomes Project
[36], and the expression and genotyping data
of 180 pancreatic tumor samples from the
TCGA Project [37]. We found that the PIK3C3
rs76692125 A allele was correlated with a
decreased mRNA expression level in the whole
blood cells, but not in the normal pancreatic tis-
sues (Figure 3A), form the GTEx Project (n=670,
P=1.13x10®, Figure S4A), and in the lympho-
blastoid cells from the 1,000 Genomes Project
(n=373, P=5.26x103, Figure 3B). As shown in
Figure 3C, the rs11668724 A allele was associ-
ated with an increased INSR mRNA expression
level in normal pancreas tissues from the GTEx
Project (n=305, P=5.97x10°°). This finding was
not observed either in the whole blood cells
from the GTEx Project (Figure S4B) or in the
lymphoblastoid cells from the 1,000 Genomes
Project (Figure 3D). No significant eQTL results
for MAP3K4 rs13207108 was observed either
from the GTEx or from the 1,000 Genomes
Projects (Figures 3E, 3F and S4C). However,
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Table 2. Associations between the three independent SNPs and PanC risk in the three PanC datasets

PanScan | PanScan li/1lI PanC4 Meta-analysis Heterogeneity®
SNP Allele* Position  Gene 1,760/1,780? 2,995/1,666° 3,722/3,5002 8,477/6,9462 & Y FDR
MAF  OR (95% Cl) p3 MAF  OR (95% CI) p3 MAF  OR (95% CI) p3 OR (95% CI) P4 Q 2

rs76692125 A/G 39562230 PIK3C3 0.04 1.09(0.86-1.39) 0.4808 0.03 1.22(0.96-1.54) 0.0989 0.03 1.40(1.17-1.67) 0.0003 1.26(1.12-1.43) 2.07x10* 0.263 25.2 0.10
rs11668724 A/G 7208526 INSR  0.23 0.94(0.84-1.05) 0.2812 0.24 0.83(0.75-0.92) 0.0003 0.22 0.91(0.84-0.98) 0.0185 0.89(0.84-0.94) 4.21x10° 0.211 35.8 0.03
rs13207108 T/C 161417626 MAP3K4 0.05 0.93(0.75-1.15) 0.5113 0.07 0.84 (0.70-1.00) 0.0597 0.06 0.78(0.67-0.90) 0.0007 0.83(0.75-0.92) 2.26x10* 0.395 0.0 0.10

Abbreviations: SNP, single nucleotide polymorphism; PanC, pancreatic cancer; GWAS, genome-wide association study; MAF, minor allele frequency; OR, odds ratio; Cl, confidence interval; FDR, false discovery rate. ‘Effect (minor) allele/refer-
ence allele. 2Number of case/number of control. 2Adjusted for age, sex and significant principal components in each dataset. “Meta-analysis in the three datasets. *Heterogeneity assessed by Q-test or /*: fixed-effects model if Q test P>0.100

and ?<50.0%; otherwise random-effects model.
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Table 3. Combined analysis of the three independent SNPs and PanC risk in the three PanC datasets

Genotype Case (%) Control (%) OR (95% CI)* Pt
PIK3C3 rs76692125

GG 7778 (91.8) 6490 (93.5) 1.0

GA 682 (8.0) 444 (6.4) 1.30 (1.14-1.47) <0.0001

AA 15 (0.2) 5(0.1) 2.62 (0.95-7.25) 0.0627

Trend test <0.0001

Dominant model

GG 7778 (91.8) 6940 (93.5) 1.0

GA+AA 697 (8.2) 449 (6.5) 1.31(1.16-1.48) <0.0001
INSR rs11668724

GG 5322 (62.8) 4142 (59.6) 1.0

GA 2774 (32.7) 2440 (35.1) 0.89 (0.83-0.95) 0.0005

AA 379 (4.5) 364 (5.2) 0.81 (0.69-0.94) 0.0050

Trend test <0.0001

Dominant model

GG 5322 (62.8) 4142 (59.6) 1.0

GA+AA 3153 (37.2) 2804 (40.4) 0.88 (0.82-0.94) <0.0001

Reversed model

GA+AA 3153 (37.2) 2804 (40.4) 1.0

GG 5322 (62.8) 4142 (59.6) 1.14 (1.06-1.22) <0.0001
MAP3K4 rs13207108

cC 7637 (90.1) 6130 (88.3) 1.0

CT 818 (9.6) 793 (11.4) 0.84 (0.76-0.93) 0.0009

T 22 (0.3) 23 (0.3) 0.79 (0.44-1.41) 0.4209

Trend test 0.0007

Dominant model

cC 7637 (90.1) 6130 (88.3) 1.0

CT+TT 840 (9.9) 816 (11.7) 0.84 (0.76-0.93) 0.0007

Reversed model

CT+TT 840 (9.9) 816 (11.7) 1.0

cC 7637 (90.1) 6130 (88.3) 1.19 (1.08-1.32) 0.0007
NUG?

0 279 (3.3) 295 (4.3) 1.0

1 3099 (36.6) 2813 (40.5) 1.14 (0.96-1.35) 0.1393

2 4734 (55.9) 3593 (51.8) 1.36 (1.15-1.61) 0.0004

3 361 (4.3) 238 (3.4) 1.59 (1.26-2.01) <0.0001

Trend test <0.0001

0-1 3378 (39.9) 3108 (44.8) 1.0

2-3 5095 (60.1) 3831 (55.2) 1.22 (1.15-1.30) <0.0001

Abbreviations: SNP, single nucleotide polymorphism; PanC, pancreatic cancer; OR, odds ratio; Cl, confidence interval; NUG,
number of unfavorable genotypes. *Adjusted by age, sex and the top five significant principal components. 2Unfavorable geno-
types were rs76692125 GA+AA, rs11668724 GG and rs13207108 CC.

the TCGA eQTL data of these three SNPs were
not available for further analyses.

We assessed potential functions of the three
independent PanC risk-associated SNPs by
using in silico bioinformatics tools (Table S5).

2135

These three SNPs are located in intron regions,
where active histone marks are enriched, in-
cluding histone H3 mono methyl K4 (H3K4-
mel) and histone H3 lysine 27 acetylation (H3-
K27ac) (Figure 3G-l). We then evaluated the
effects of these SNPs on the predicted tran-
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Figure 3. Functional analyses of the three identified SNPs. Expression quantitative trait loci (€QTL) analysis of SNP rs76692125 and PIK3C3 mRNA expression levels
(A) in the normal pancreatic tissues (n=305, P=0.83) from the GTEX Project and (B) in the transformed lymphoblastoid cells (=373, P=5.26x10) from the 1000
Genomes Project; the rs11668724 genotypes and INSR mRNA expression levels (C) in the normal pancreatic tissues (n=305, P=5.97x10°) from the GTExX Project
and (D) in the transformed lymphoblastoid cells (n=373, P=0.700) from the 1000 Genomes Project; the rs13207108 genotypes and MAP3K4 mRNA expression
levels (E) the normal pancreatic tissues (n=305, P=0.69) from the GTEx Project and (F) in the transformed lymphoblastoid cells (n=373, P=0.814) from the 1000
Genomes Project. (G-l) Location and functional prediction of the three novel SNPs in the ENCODE Project. The H3K4Mel, H3K4Me3 and H3K27Ac tracks are as-
sociated with the enhancer and promoter regions. The Txn Factor ChIP tracks show regions of transcription factor binding of DNA; Effect analyses of the three SNPs
on TF motifs predicated by using HOCOMOCO-11 collection from the PERFECTOS-APE online tools: (J) the rs76692125 A allele may alter the predicted TF-binding
motifs for TBP; (K) the rs11668724 A allele may alter the predicted TF-binding motifs for HNF4A and (L) the rs13207108 T allele may alter the predicted TF-binding
motif for SRY. The putative binding sites in promoter predicted by PROMO online tools: (M) the TBP binding site in PIK3C3 promoter; (N) the HNF4A binding site in
INSR promoter and (O) the SRY binding sites in MAP3K4 promoter. Abbreviations: SNP, single nucleotide polymorphism; GTEx, Genotype-Tissue Expression; ChIP,
Chromatin Immunoprecipitation; Txn Factor ChIP, Transcription Factor ChiP-seq from ENCODE; TF, transcriptional factor.
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scription factor binding sites using the PE-
RFECTOS-APE [38, 39] and the PROMO online
tools [40, 41]. Several transcription factors,
including TBP, HNF4A and SRY, are predicted to
bind to DNA fragments containing these SNPs
with different affinities (Figure 3J-0).

Furthermore, we performed differential mRNA
expression analysis of PIK3C3, INSR and MAP-
3K4 between pancreatic tumors and adjace-
nt normal tissues and overall survival analy-
sis from the TCGA database by using the
UALCAN [42, 43] and GEPIA [44, 45] web-por-
tal tools. The mRNA expression levels of MA-
P3K4, but not PIK3C3 and INSR, were signifi-
cantly decreased in pancreatic tumors (P=
0.047) (Figure S4D-F), compared with that of
normal pancreatic tissues. High mRNA expres-
sion levels of MAP3K4, but not PIK3C3 and
INSR, were associated with a better survival
of PanC patients, compared with low mRNA
expression levels (P=0.045) (Figure S4G-I).

Mutation analysis

Finally, we assessed the mutation status of
PIK3C3, INSR and MAP3K4 in PanC tissues
using the cBioPortal database for Cancer Geno-
mics [46, 47]. The three genes had low somatic
mutation rates in PanC: PIK3C3 [0.56% (1/
179), 0.52% (2/383), 0% (0/99) and 0% (0/
109)]; INSR [1.12% (2/179), 0.26% (1/383),
0% (0/99) and 0% (0/109)]; and MAP3K4
[0.56% (1/179), 0% (0/383), 0% (0/99), and
0% (0/109)] from TCGA PanCan 2018, Queen-
sland Centre of Medical Genomics 2016, the
International Cancer Genome Consortium and
The University of Texas Southwest studies, re-

spectively (Figure S5A-C).

Discussion

In the present study, we identified three inde-
pendent and potentially functional SNPs (i.e.,
PIK3C3 rs76692125 G>A, INSR rs11668724
G>A and MAP3K4 rs13207108 C>T) that were
associated with PanC risk in populations of
European ancestry. The risk-associated rs76-
692125 A allele was correlated with decreas-
ed PIK3C3 mRNA expression levels, while the
protective-associated rs11668724 A allele
was correlated with increased INSR mRNA
expression levels. Because the ATM pathway-
related genes play important roles in diverse
biological processes and pathological disor-
ders, such as DNA damage repair, autophagy
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regulation, metabolic disorders and cancers,
including PanC [11-17], these genotype-mRNA
expression correlations provided biological pl-
ausibility for the observed genotype-associat-
ed risk of PanC.

PIK3C3 is located at chromosome region
18012.3 and encodes a phosphatidylinositol
3-kinase catalytic subunit type 3 (PIK3C3) pro-
tein, the member of the class Il PI3K family
that plays a positive role in autophagy through
complex formation by generating phosphati-
dylinositol 3P. We found that the PIK3C3 rs-
76692125A risk allele was significantly asso-
ciated with an increased risk of PanC, possibly
by a mechanism of decreasing PIK3C3 mRNA
expression levels. Studies showed that activa-
tion of ATM contributed to phosphorylation of
Beclinl, followed by the complex formation
with PIK3C3 [15, 16]. At the early stage of
tumorigenesis, an inhibition of autophagy might
contribute to continuous growth of precancer-
ous cells, and the autophagy might act as a
suppressor [49]. Although no reported study
has demonstrated the role of PIK3C3 in ma-
lignant transformation, the autophagy-associ-
ated beclinl gene as part of the PIK3C3 com-
plex inhibit tumorigenesis in mice and express-
es at decreased levels in human tumors [50,
51]. Another study indicated that the combined
loss of autophagy and p53 dramatically pro-
moted progression from early pancreatic In-
traepithelial neoplastic lesions towards adeno-
carcinoma [52]. According to the functional
analyses, the SNP rs76692115 may partici-
pate in modulating the interaction with DNA
binding motifs and thus altering the PIK3C3
expression, which may further affect the au-
tophagy activity to increase the risk of PanC.
However, this speculation deserves further in-
vestigation and additional functional studies.

INSR is located at chromosome region 19p13.2
and encodes an insulin receptor (INSR) that
plays an essential role in the insulin signaling.
In the present study, we found that the INSR
rs11668724 A protective allele was associated
with a significantly decreased risk for PanC and
also was correlated with an increased mRNA
expression level of INSR in normal pancreatic
tissues. Because the mutation rate of INSR in
PanC was as low as 1.12%, the expression lev-
els of INSR in pancreatic tissues were likely to
be effected by SNPs in the gene. For example,
the INSR rs11668724 was predicted to change
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the DNA binding capacities with the HNF4A
motif that may be associated with transcrip-
tional regulation of INSR expression and beta
cell function in pancreatic tissues [53, 54]. One
study identified that the pancreatic beta cell
INSR knockout mice or cell lines lost insulin
secretion, suggesting that INSRs in beta cells
may play a critical role in beta cell dysfunction
that is associated with insulin resistance and
type 2 diabetes [55-57]. Epidemiological evi-
dence also points to a link between some syn-
dromes (e.g., insulin resistance and type 2
diabetes) and PanC risk [3]. Therefore, these
results suggest that the INSR SNP rs11668724
may be involved in dysfunction of beta cells by
regulating the INSR mRNA expression levels in
the pancreas, leading to PanC risk. In addition,
several previous GWASs identified that the
INSR SNP rs7248104, which was in moderate
linkage disequilibrium (LD) with rs11668724
(r*>=0.22), was associated with elevated blood
triglycerides and fasting glucose levels [58]
and an increased risk of thyroid cancer [59].
However, all these were of an indirect evidence,
and more specific investigations are still re-
quired to investigate the mechanisms underly-
ing the observed associations.

MAP3K4 is located at chromosome region
6026 and encodes a mitogen-activated protein
kinase kinase kinase 4 (MAP3K4) that is a
member of the mitogen-activated protein ki-
nase superfamily. In the present study, we id-
entified that the MAP3K4 rs13207108 T pro-
tective allele was associated with a significantly
decreased risk of PanC, while a suggestive risk
locus (PARK2 rs3016539) was also identifi-
ed at 60926 in a PanC GWAS performed in a
Japanese population [60]. Although there is no
LD between rs3016539 and rs13207108 iden-
tified in the present study, it is likely indicative
that the 626 region may be a potential PanC
susceptibility locus in both populations of Eur-
opean ancestry and Japanese populations.

MAP3K4 acts as a mediator in the environmen-
tal stress-induced activation of the p38 and
JNK signaling to regulate cell proliferation, ap-
optosis, and migration [61]. The MAP3K4 gen-
es have been reported to be associated with a
variety of cancers, including PanC [62-64].
Studies have identified that MAP3K4 may act
as a suppressor in some cancers [63, 64]. One
study reported that continuous activation of
p38 through the Smad/GADD453/MAP3K4 ca-
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scade might contribute to the tumor-suppres-
sive effect in pancreatic cells [63]. This sup-
pressor role has been supported by human
intrahepatic cholangiocarcinoma [64]. Although
no significant eQTL result was observed for this
genetic variant, the data from TCGA study indi-
cated that the PanC patients had lower MAP3K4
expression levels that were associated with a
worse survival. Taken together, multiple levels
of evidence suggest that MAP3K4 may be a
candidate tumor suppressor for PanC.

Although the present study identified three
potential susceptibility loci for PanC risk, it has
some limitations. First, all the genotyping data
used in the present study were exclusively from
populations of European ancestry. Therefore,
the findings may not be generalized to other
ethnic populations. Secondly, except for age
and sex, other clinical variables (e.g. treatment
history, family history, smoking status, alcohol
intake) were not available for further adjust-
ment and stratified analyses. Finally, additional
functional studies are required to verify the
hypothesized biological mechanisms underly-
ing our observed associations.

In summary, the present ATM pathway-based
study analyzed genetic variants to be associ-
ated with PanC risk in populations of Europe-
an ancestry. We identified three novel indepen-
dent and potentially functional SNPs (i.e.,
PIK3C3 rs76692125 G>A, INSR rs11668724
G>A and MAP3K4 rs13207108 C>T) that were
significantly associated with PanC risk. Ad-
ditional larger population-based and functional
studies are needed to validate our findings.
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Table S1. Distributions of demographic characteristics among the three PanC datasets

e PanScan | PanScan li/111 PanC4*
Characteristic
Case (%) Control (%) p? Case (%)  Control (%) p? Case (%) Control (%) p?
All subjects 1760 1780 2995 1666 3722 3500
Age 0.009 <.0001 <.0001
<60 330(18.8) 265 (14.9) 820 (27.3) 564 (33.9) 1134 (30.5) 1260 (35.9)
60-70 678 (38.5) 715 (40.2) 973 (32.5) 548(32.9) 1344 (36.1) 1170 (33.4)
>70 752 (42.7) 800 (44.9) 1202 (40.1) 554 (33.2) 1241 (33.4) 1068 (30.6)
Sex 0.719 0.229 0.110
Male 899 (51.1) 921 (51.7) 1549 (51.7) 893 (53.6) 2144 (57.6) 1953 (55.7)
Female 861 (48.9) 859 (48.3) 1446 (48.3) 773 (46.4) 1578 (42.4) 1547 (44.3)

Five missing date (three in cases and two in controls) of age in the PanC4 dataset were excluded. >Chi-square test.

Two published PanC GWAS

PanScan data:
Three phases:|, Il and IlI;
PanScan lll has no controls;

Three kinds of GWAS chips.

.

Merged PanScan Il and Ill for PanScan lI/111.

\

PanC4 data:

studies;

AN

Subjects were from nine case-control

All studies used the same GWAS chip.

A J

A 4

v

PanScan | PanScan I PanC4
1,760 cases/1,780 controls 2,995 cases/1,666 controls 3,722 cases/3,500 controls
\ ]

A 4

Update the Human Genome
version to GRCh37/hg19

!

Genotyped SNPs were imputed based on the 1000

genomes project by IMPUTE 2.

Figure S1. Workflow of the data process.



SNPs in ATM pathway and PanC risk

Table S2. List of 198 selected genes in the ATM pathway

Selected genes?

Gene

Dataset Name of the pathway Number
MSigDB2

PID ATM_PATHWAY 34

BIOCARTA  ATM_PATHWAY 20

GO NO DATA 0

REACTOME NO DATA 0

KEGG NO DATA 0
GeneCards®

PathCards ATM Pathway 54

PathCards DNA Damage Response (only ATM dependent) 115

PathCards ATM Signaling Network in Development and Disease 46
Total 198

ABL1, AKT1, AKT2, AKT3, AP3B2, APC, ATF2, ATF4, ATM, ATMIN, ATR, AURKB, AXIN1, BAD, BAK1, BAX, BBC3, BCL2,
BCL2L11, BCL6, BID, BIK, BLM, BRCA1, BUB1, CASP2, CAT, CCNB1, CCNB2, CCND1, CCND2, CCND3, CCNE1, CCNG2,
CDC25A, CDC25C, CDC42, CDK1, CDK2, CDK5, CDK5R1, CDKN1A, CDKN1B, CDKN2A, CEP63, CHEK1, CHEK2, CRADD,
CREB1, CREB3, CREB3L4, CTBP1, CTNNB1, DCLRE1C, DVL1, DVL2, DVL3, ERBB2, FAM175A* FANCD2, FASLG, FOSL1,
FOXO3, FRAT1, G6PC, GADD45A, GADD45B, GADD45G, GRB2, GSK3B, H2AFX®, HDAC4, HMGB1, HMGN1, HRAS, HSPB1,
INSR, IRS1, JUN, KAT5, KRAS, LBR, LDLR, LEF1, MAP3K1, MAP3K4, MAP3K5, MAP3K7, MAPK1, MAPK10, MAPK11,
MAPK12, MAPK13, MAPK14, MAPKS, MAPK9, MDC1, MDM2, MDM4, MIR3191, MIR4741, MIR6808, MIR6886, MLKL,
MRE11A®, MTOR, MYC, NBN, NFKB1, NFKB2, NFKBIA, NRAS, PCK2, PDK1, PIDD1, PIK3C2A, PIK3C2B, PIK3C2G, PIK3C3,
PIK3CA, PIK3CB, PIK3CD, PIK3CG, PIK3R1, PIK3R2, PIK3R3, PIK3R4, PIK3R5, PLAU, PMAIP1, PPM1D, PPP2R4",
PPP2R5C, PPP2R5E, PPP5C, PRKAAL, PRKDC, PTEN, RAC1, RAC2, RAC3, RAD17, RAD50, RAD51, RAD9A, RASGRF1,
RBBPS, RBL2, RELA, RFWD2%, RHOA, RIF1, RIPK1, RNF168, RNF20, RNF40, RNF8, SCP2, SHC1, SMAD3, SMAD4, SMC2,
SMC3, SOD2°, S0S1, SOS2, STK11, TCF7, TCF7L1, TCF7L2, TERF2, TGFB1, TLK1, TOP3A, TP53, TP53BP1, TP73, TRIM2S,
TSC2, UBE2N, UIMC1, WNT1, WNT10A, WNT10B, WNT11, WNT16, WNT2, WNT2B, WNT3, WNT3A, WNT4, WNT5A, WNT5B,
WNT6, WNT7A, WNT7B, XRCC4, YWHAB

Abbreviations: MSigDB, The Molecular Signatures Database. *After removing 66 replicated genes, four genes in X chromosome (CCNB3, G6PD, IKBKG and SMC1A) and one gene no information in hg19 (LOC101929777). ?http://software.
broadinstitute.org/gsea/msigdb/search.jsp (v7.0). *https://www.genecards.org/. *FAM175A also known as ABRAXAS1. SH2AFX also known as H2AX. ®MIRE11A also known as MRE11. "PPP2R4 also known as PTPA. 8RFWD2 also known as

COP1.°S0D2 also known as SOD2-0T1. Keyword: ATM. Organism: Homo sapiens.
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Table S3. Independent PanC risk loci identified in both the present study and the previously reported
studies?

Region? Gene SNP Allele? Position Ps

1p13.2 WNT2B rs3838412 -/T 113046730 0.0003
9q31.1 SMC2 rs2417487 A/G 106887581 0.0040
17912 ERBB2 rs2517955 C/T 37843681 0.0009
22q12.1 CHEK2 rs2236141 T/C 29137870 <.0001

Abbreviations: PanC, pancreatic cancer; SNP, single nucleotide polymorphism. *PMID: 26098869, 29422604, 30541042 and
25086665. 2Effect (minor) allele/reference allele. *Adjusted by age, sex, the top five significant principal components and 13
reported SNPs. (rs35075084, rs2727572, rs34852782, rs62068300, rs3751936, rs3124761, rs17458086, rs1630747,
rs5757573, rs6001516, rs79447092, rs9895829 and rs3818626) in the same model (PMID: 29168174, 30794721,
30972876 and 30997723, respectively).

Table S4. Stratified analysis for associations between NUG and PanC risk by age and sex

- NUG 0-1 NUG 2-3 Univariate analysis Multivariate analysis*

Characteristic p 2

Case (%) Control (%) Case (%) Control (%) OR (95% CI) 4 OR (95% Cl) p inter

Age (years) 0.8218
<60 914 (27.1) 940(30.3) 1367 (26.8) 1146(29.9) 1.23(1.09-1.38) 0.0009 1.23(1.09-1.39) 0.0007
60-70 1203 (35.6) 1082 (34.8) 1792(35.2) 1350(35.2) 1.19(1.07-1.33) 0.0013 1.19(1.07-1.33) 0.0016
>70 1260 (37.3) 1084 (34.9) 1934 (38.0) 1335(34.8) 1.25(1.20-1.39) <.0001 1.25(1.12-1.39) <.0001

Sex 0.3064
Male 1825 (54.0) 1654 (53.2) 2764 (54.2) 2110(55.1) 1.19(1.09-1.30) 0.0001 1.19(1.09-1.29) 0.0001
Female 1553 (46.0) 1454 (46.8) 2331 (45.8) 1721 (44.9) 1.27(1.15-1.39) <.0001 1.27 (1.15-1.40) <.0001

Abbreviations: NUG: number of unfavorable genotypes; PanC, pancreatic cancer; OR, odds ratio; Cl, confidence interval. *Adjusted for age, sex and the top five principal
components. 2P__: P value for interaction analysis between characteristics and NUG.

inter"
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Figure S4. Functional analyses. Genotypes and mRNA expression levels in the whole blood cells from the GTEx
Project: (A) PIK3C3 rs76692125 (n=670, P=1.13x10?); (B) INSR rs11668724 (n=670, P=0.22) and (C) MAP3K4
rs13207108 (n=670, P=0.16). The mRNA expression levels of (D) PIK3C3 and (E) INSR and (F) MAP3K4 between
normal and pancre; tic adenocarcinoma (PAAD) tissues from the TCGA database (n=160, P=0.084, 0.59 and 0.047,
respectively). Overall Survival analysis for PAAD patients in PIK3C3, INSR and MAP3K4 from TCGA PAAD samples by
using the GEPIA online survival analysis tool: (G) PIK3C3 and (H) INSR expression were not significantly associated
with survival of PAAD patients; (I) high MAP3K4 expression was associated with a better survival of PAAD patients
compared with low expression.
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Table S5. Functional prediction of the three novel independent SNPs in the present study

RegulomeDB HaploReg v4.13
SNP Chr Gene SNPinfo* score? Promoter Enhancer DNase Proteins Motifs changed Selected  dbSNP func
histone marks  histone marks bound eQTL hits annot
rs76692125 18q12.3 PIK3C3 - 6 - BLD - - FXR, Hitf, PLZF, STAT - intronic
rs11668724 19p13.2 INSR - 4 - 10 tissues 8 tissues TCF12 E2A 2 hits intronic
rs13207108 64026 MAP3K4 - 4 - SKIN, BLD 15 tissues 8 tissues CFOS NF-Y intronic

Abbreviations: SNP, single nucleotide polymorphism; chr, chromosome; eQTL, expression quantitative trait loci; dbSNP func annot, dbSNP function annotation. *https://snpinfo.niehs.nih.gov/snpinfo/snpfunc.
html. 2http://regulomedb.org/. *http://archive.broadinstitute.org/mammals/haploreg/haploreg.php.
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Figure S5. Mutation analyses of PIK3C3, INSR and MAP3K4 genes in pancreatic adenocarcinoma (PAAD) tissues
by using available data from the cBioportal for Cancer Genomics database. Mutation rates of (A) PIK3C3 [0.56%
(1/179), 0.52% (2/383), 0% (0/99) and 0% (0/109)], (B) INSR [1.12% (2/179), 0.26% (1/383), 0% (0/99) and 0%
(0/109)] and (C) MAP3K4 [0.56% (1/179), 0% (0/383), 0% (0/99) and 0% (0/109)] in PAAD from TCGA PanCan
2018, QCMG 2016, ICGC and UTSW studies, respectively.



