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ORIGINAL RESEARCH

Meta-analysis of genome-wide association studies
and functional assays decipher susceptibility genes
for gastric cancer in Chinese populations
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ABSTRACT

Objective Although a subset of genetic loci have been
associated with gastric cancer (GC) risk, the underlying
mechanisms are largely unknown. We aimed to identify
new susceptibility genes and elucidate their mechanisms
in GC development.

Design We conducted a meta-analysis of four genome-
wide association studies (GWASs) encompassing 3771
cases and 5426 controls. After targeted sequencing

and functional annotation, we performed in vitro and

in vivo experiments to confirm the functions of genetic
variants and candidate genes. Moreover, we selected

33 promising variants for two-stage replication in 7035
cases and 8323 controls from other five studies.
Results The meta-analysis of GWASs identified three
loci at 122, 5p13.1 and 10q23.33 associated with

GC risk at p<5x10™®and replicated seven known loci
at p<0.05. At 5p13.1, the risk rs59133000[C] allele
enhanced the binding affinity of NF-kB1 (nuclear

factor kappa B subunit 1) to the promoter of PRKAAT,
resulting in a reduced promoter activity and lower
expression. The knockout of PRKAAT promoted both GC
cell proliferation and xenograft tumour growth in nude
mice. At 10923.33, the rs3781266[C] and rs3740365[T]
risk alleles in complete linkage disequilibrium disrupted
and created, respectively, the binding motifs of POU2F1
and PAX3, resulting in an increased enhancer activity
and expression of NOC3L, while the NOC3L knockdown
suppressed GC cell growth. Moreover, two new loci at
3q11.2 (OR=1.21, p=4.56x10"") and 4q28.1 (OR=1.14,
p=3.33x10"") were associated with GC risk.
Conclusion We identified 12 loci to be associated
with GC risk in Chinese populations and deciphered

the mechanisms of PRKAAT at 5p13.1 and NOC3L at
10g23.33 in gastric tumourigenesis.

INTRODUCTION

Gastric cancer (GC) is the fifth most common
leading cause of cancer death
e than 40% of new cases and
cur in China." The heritability

Significance of this study

What is already known on this subject?

» A subset of gastric cancer (GC) susceptibility
loci have been identified by genome-wide
association studies.

» Up to now, few loci have been experimentally
confirmed for their biological mechanisms
underlying the observed genetic associations.

What are the new findings?

» For the first time, we characterise the
mechanisms underlying the association of loci
of 5p13.1 and 10923.33 with GC risk at the
regulatory and functional levels.

> At the 5p13.1 locus, the C allele of rs59133000
reduces the promoter activity by enhancing
the binding affinity of transcriptional repressor
NF-kB1 (nuclear factor kappa B subunit 1),
leading to decreased expression of PRKAAT,
weakening the suppressive effect of PRKAAT on
tumourigenesis and eventually resulting in an
increased risk of GC.

> At the 10923.33 locus, the risk haplotype
1s3781266[C]-rs3740365[T] can switch the
binding motifs of POU2F1 and PAX3 in an
enhancer element, resulting in increased
enhancer activity and expression of NOC3L and
ultimately promoting GC tumourigenesis.

» Here, we report 12 GC risk-related loci,
including two novel ones of rs7624041 at
3q11.2 and rs10029005 at 4g28.1.

» Our pathway analysis highlights an important
role of host immunity, especially the cellular
response to interleukin 1, in GC susceptibility.

of GC has been estimated to be 22% in Nordic
countries.” Familial aggregation of GC occurs in
approximately 10% of the cases, due to heritable
pathogenic mutations in the high-penetrance
genes, including CDH1, CTNNA1, BRCA2, STK11,
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Significance of this study

How might it impact on clinical practice in the foreseeable

future?

» Our results expand current understanding of genetic basis for
GC risk and provide new deeper insights into the biology and
mechanisms of susceptibility to GC.

» The identified risk variants may serve as the basis for risk
assessment in the clinical setting.

PALB2, BRCA1 and RADS51C.>” However, the vast majorities
of GC cases are sporadic, without definitive germline muta-
tions. A subset of common variants or susceptibility loci have
been identified by genome-wide association studies (GWASs),* "
including 1q22, 3q13.31, 5p13.1, 5q14.3, 6p21.1, 6p22.1,
8q24.3, 9q34.2, 10923.33, 12q24.11-12 and 20q11.21. In
addition, we and other groups have discovered low-frequency
variants in SPOCD1" and ATM' with a higher penetrance
for GC. Following the discovery of susceptibility loci in asso-
ciation studies, MUC1 at 1q22° and PSCA at 8q24.3" '® have
been experimentally confirmed as susceptibility genes for GC.
However, the remaining loci await functional studies to further
understand biological mechanisms underlying their observed
genetic associations.

To comprehensively characterise susceptibility genes for GC,
we performed a meta-analysis of four GWASs, with replication
in other five studies, with a total of 10806 cases and 13749
controls from Chinese populations; the present study is thus
the largest genetic study of GC in China to identify new genetic
variants associated with GC risk. Through targeted sequencing,
functional annotations and both in vitro and in vivo experiments,
we deciphered the mechanisms by which the genetic variants at
5p13.1 and 10q23.33 influence gastric tumourigenesis.

MATERIALS AND METHODS

Genome-wide association studies

Four GWASs were included in the initial meta-analysis: one new
GWAS (Onco-GWAS) and three published GWASs (NJ-GWAS,
BJ-GWAS and SX-GWAS).” # 1 The characteristics of the partici-
pants are summarised in online supplementary table 1. The cases
and cancer-free controls of each study were all ethnic Chinese
from the same geographical area. All four studies used [llumina or
Affymetrix chips for genotyping. We performed quality control
procedures on genotyping data using the same protocol for all
four GWAS datasets (online supplementary figure 1). The study
details and quality control procedures are presented in online
supplementary text. After quality control on GWAS datasets,
cases and controls were roughly matched at the genetic level for
all four studies (online supplementary figure 2). All participants
provided a written informed consent. All studies were approved
by the relevant institutional review boards.

Meta-analysis of GWASs

To facilitate the meta-analysis of four GWAS datasets, imputa-
tion was conducted separately for each GWAS dataset (details
provided in online supplementary text and imputation quality
shown in online supplementary figure 3). Single-variant associ-
ation analysis was performed separately for each GWAS dataset
by the use of SNPTEST software (V.2.5)."” Significant principal
aracteristics were
gistic regression
genetic variants.

An inverse variance-weighted fixed effects model was used in
the meta-analysis as implemented in the GWAMA software
(V.2.1)."® Quantile-quantile (Q-Q) plots and Manhattan plots
were created for individual studies or the meta-analysis using
R software (V.3.4.3) (online supplementary figures 4 and 5).
Regional plots were generated by using LocusZoom,'” and the
Bonferroni correction was used to control multiple testing in
each region (0.05/number of variants tested). The details for
targeted sequencing and functional annotations are provided in
the online supplementary text.

Functional experiments

The activities of regulatory elements controlling potentially
functional variants at 5p13.1 and 10q23.33 were experimentally
validated by using luciferase reporter assays. Transcription factor
binding site analysis was performed with the JASPAR 2018%* and
enhancer element locator algorithm.* The binding of transcrip-
tion factors was confirmed by electrophoretic mobility shift assay
(EMSA)- and chromatin immunoprecipitation (ChIP)-based
assays. RNA interference, plasmid overexpression, lentivirus-
mediated knockdown and CRISPR/Cas9-mediated knockout, as
well as cell viability, proliferation and 5-ethynyl-2’-deoxyuridine
(EdU) incorporation assays, were used to evaluate the biolog-
ical functions of PRKAAT and NOC3L in GC cells. The methods
used for CRISPR/Cas9-mediated knockout of PRKAA1 and
lentivirus-mediated knockdown of NOC3L in the BGC823 cell
line are shown in online supplementary figures 6 and 7. Cells
(3.0x10°) were injected subcutaneously into the bilateral armpit
of 5- to 6-week-old male BALB/c nude mice to assess the growth
of xenograft tumours after PRKAA1 knockout or NOC3L knock-
down. Protocols for these experimental procedures are available
in the online supplementary text.

Replication studies

To identify new loci associated with GC risk, we performed a
two-stage replication with detailed information summarised in
online supplementary table 2. In the first stage (replication I),
we genotyped 33 promising loci in 1710 GC cases and 1802
controls by using the iPLEX Sequenom MassARRAY platform
(Sequenom, San Diego, California, USA) (online supplemen-
tary table 3). In the second stage (replication II), we further
genotyped five variants that showed consistent associations in
replication 1 (p<0.05) in 5325 cases and 6521 controls from
Jiangsu (replication II-JS), Shanghai (replication II-SH), Shan-
dong (replication II-SD) and Ningxia (replication II-NX) by
using a TagMan allelic discrimination assay with an ABI 7900
system (Applied Biosystems, Carlsbad, California, USA). Logistic
regression analysis was applied to estimate the ORs and 95%
ClIs for each replication study independently, and all results from
replication studies and GWAS datasets were combined with a
fixed-effects meta-analysis.

Gene-based and pathway analyses

We performed gene-based and pathway analyses on the basis of
single-variant p values from the meta-analysis as implemented
in MAGMA (Multi-marker Analysis of GenoMic Annotation).*
A total of 4622 curated gene sets representing known biolog-
ical and metabolic pathways were derived from the KEGG
(Kyoto Encyclopedia of Genes and Genomes)”® and GO (Gene
Ontology)** databases, which were catalogued by and obtained
from MSigDB V.6.20.% The details are provided in the online
supplementary text.
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Table 1 Gastric cancer susceptibility loci at 122, 5p13.1 and 10g23.33 with a p value less than 5x1078 in the meta-analysis of GWASs (3771
cases and 5426 controls) and two new loci identified in replication studies (7035 cases and 8323 controls)
RAFt
Position Alleles (risk/ (case,
Locus Associated gene Variant* (build 37) other) control) Study OR (95% CI)% P valuet
Known loci
1922 muct Lead: rs760077 1:155178782 TIA 0.89, 0.85 GWAS 1.38 (1.26 to 1.51) 2.09x107"2
Functional: rs4072037 1:155162 067 TIC 0.87,0.84 GWAS 1.33 (1.22 to 1.45) 1.15x107"°
5p13.1 PRKAAT1 Lead: rs6897169 5:40726138 @) 0.57,0.51 GWAS 1.25(1.17 t0 1.33) 5.48x107"2
Functional: rs59133000 5:40798974 (@) 0.55, 0.50 GWAS 1.24(1.16 t0 1.32) 1.17x107"
10923.33 NOC3L Lead: rs10509671 10:96 069 054 CIA 0.19,0.15 GWAS 1.34 (1.23 to 1.45) 2.51x107"2
Functional: rs3781266 10:96052 747 aT 0.19,0.15 GWAS 1.31(1.21 to 1.42) 1.03x107"°
Functional: rs3740365  10:96053239 TIA 0.19,0.15 GWAS 1.31(1.21 t0 1.42) 1.00x107"°
New loci
3q11.2 NSUN3 Lead: rs7624041 3:94108663 G/A 0.11,0.09 GWAS 1.21 (1.09 to 1.34) 457x107
0.10,0.08 Replication 1.21 (1.1 t0 1.32) 5.00x107°
Combined 1.21(1.1310 1.28) 4.56x107°
4q28.1 LOC285419, Lead: rs10029005 4:125451364 AIG 0.36,0.33 GWAS 1.16 (1.09 to 1.24) 452x107°
ANKRD50 0.36,0.33 Replication 1.13 (1.08 to 1.19) 1.03x107
Combined 1.14 (110 t0 1.19) 3.33x107"

*Lead variant is the most significant variant at the locus in the results of meta-analysis; functional variant is previously reported (for 1922) or newly identified in the present

study (for 5p13.1 and 10g23.33).

tRAF was calculated by using combined data of samples in GWASs or replication studies.
$OR, 95% Cl and p value were derived from the fixed-effects inverse variance-weighted meta-analysis.

GWAS, genome-wide association study; RAF, risk allele frequency.

RESULTS

Meta-analysis of GC GWAS datasets and targeted sequencing
of chromosomes 1¢g22, 5p13.1 and 10q23.33

An overview of the analysis strategy is presented in online
supplementary figure 1. After quality control, 3771 GC cases
and 5426 controls were retained in four GWAS datasets of
Chinese ancestry (online supplementary figure 1), and more than
6million variants were included in the genetic association anal-
ysis. Q-Q plots did not show evidence of a substantial inflation
rate (A=1.00—1.07, online supplementary figure 4). Manhattan
plots from individual GWAS and meta-analysis are shown
in online supplementary figure 5 and Figure 1A, respectively.
Genetic variants of three regions were found to be associated
with GC risk at the genome-wide association level (p<5x107%),
including 1q22 (lead variant rs760077: p=2.09x10"'%), 5p13.1
(rs6897169: p=5.48x10""%) and 10q23.33 (rs10509671:
p=2.51x10"") (table 1). Moreover, an additional seven known
loci for GC susceptibility, including 3q13.31, 5q14.3, 6p21.1,
6p22.1, 8q24.3, 9q34.2 and 20q11.21 were replicated in the
meta-analysis with p values less than 0.05 (online supplementary
table 4).

The regional association results showed that the most
strongly risk-associated variant rs760077 at 1q22 was previ-
ously reported, and rs6897169 at 5p13.1 and rs10509671 at
10g23.33 were highly correlated with previously reported vari-
ants (r?=0.96and 1.00 for rs10074991 and rs3781264, respec-
tively) (online (supplementary figure 8). Conditional logistical
regression analysis and targeted sequencing of 1q22, 5p13.1
and 10g23.33 showed that there were no secondary signals with
independent effects from the top hits (online supplementary
figures 8 and 9).

A promoter variant of PRKAAT at 5p13.1 modulates its

to Sp13.1, we
n strong linkage

disequilibrium (LD) (r*>0.6) with the lead variant rs6897169
of this region (online supplementary table 5), all of which are
in non-coding regions. Expression quantitative trait loci (eQTL)
analysis showed the strongest correlation between rs6897169
genotypes and PRKAA1 expression levels in normal stomach
tissues (p=7.2 X 10~*) (online supplementary table 6; figure 1B).
We further focused on variants that are located within the anno-
tated stomach-related cis-regulatory elements. The three most
strongly supported variants (ie, rs3805495, rs5913300 and
rs10065570) are located at the centre of DNase I hypersen-
sitivity site (DHS) peaks as well as within regions harbouring
promoter or enhancer histone marks (eg, H3K4mel, H3K4me3
and H3K27ac) in stomach tissues and transcription factor
binding sites (figure 1C). Given the considerable evidence for
allelic differences in PRKAAT expression levels, we measured the
effect of rs5913300 alleles on promoter activity and rs3805495
as well as rs10065570 alleles on the enhancer activity by lucif-
erase reporter assays. The results revealed that the C allele of
rs59133000, which was associated with an increased GC risk
(OR=1.24, 95%CI: 1.16 to 1.32, p=1.17x10""", table 1) and
correlated with decreased expression of PRKAAI, consistently
reduced the promoter activity of the reporter gene, as compared
with the T allele (figure 2A). However, no allelic differences
in the enhancer activity were observed for rs3805495 and
rs10065570 (online supplementary figure 10). ChIP assays
further confirmed H3K4me3 at the rs59133000 site (figure 2B).
These results suggested that the C allele of rs59133000 might
reduce the promoter activity and result in decreased expression
of PRKAAT.

Subsequently, we sought to clarify whether the base change
of rs59133000 might influence the preference for transcrip-
tion factors. The EMSA assay showed that the C allele had a
stronger binding band than the T allele (figure 2C). The compet-
itive EMSA assay indicated that a 100-fold excess of unlabeled
probe containing the C allele could completely abolish binding
with the T allele, whereas the unlabeled T allele could not
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(’=1.00, 1.00 and 0.76, respectively) (see also online supplementary table 5). ChIP, chromatin immunoprecipitation; DHS, DNase | hypersensitivity

site; UW, University of Washington.

abolish binding with the C allele (figure 2C). Further in silico
analysis revealed that rs59133000 was mapped within the
binding motif of the transcription factor nuclear factor kappa
B subunit 1 (NF-xB1) (figure 2D, left; online supplementary
table 7). Using NCI-N87 cells heterozygous for rs59133000,
we found the preferential binding of NF-xB1 to the risk allele
C through ChIP followed by quantitative PCR (ChIP-qPCR)
and Sanger sequencing of the PCR amplifications (figure 2D,
online supplementary figure 11). NF-xB1 antibody supershift
assays further revealed that NFKB1 is an allele-preferential
binder of rs59133000 (figure 2E). Inhibiting the expression of
NF-xB1 with specific small interfering RNA (siRNA) duplexes
resulted in an increased expression of PRKAA1 (online supple-
mentary figure 12A). After stimulation by tumour necrosis
factor oo (TNF-a), activation of NF-xB pathway first resulted
in upregulation of PRKAA1 expression, while treatment for
3 hours, the expression of PRKAA1 gradually decreased with

ol

binding affinity

of NF-xB1 to the promoter of PRKAAT as a transcriptional
repressor.

By using the expression data from TCGA, we found that
PRKAA1 was overexpressed in GC tumours (online supplemen-
tary figure 13A). We further measured PRKAA1T expression in
gastric normal tissues or precancerous lesions and found that
PRKAAT expression was significantly reduced in intestinal
metaplasia and dysplasia tissues as compared with superficial
gastritis or atrophic gastritis (online supplementary figure 13B).
To further explore biological significance of PRKAA1 in gastric
carcinogenesis, we knocked down PRKAA1 by using siRNAs in
BGC823 and SGC7901 cells that expressed relatively high levels
of PRKAAT (online supplementary figure 14), and we found that
PRKAA1 knockdown promoted cellular malignant phenotypes in
both the BGC823 and SGC7901 cell lines (online supplementary
figure 15). Subsequently, by establishing a PRKAAT knockout
BGC823 cell line by using the CRISPR/Cas9 system (supplemen-
tary figure 6), we found that the deletion of PRKAAT signifi-
cantly increased proliferation (figure 3A,B) and clonogenicity
(figure 3C) in these cell lines. Then, by rescuing the expression of
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Figure 2 The variant rs59133000 at 5p13.1 regulates transcriptional activity of PRKAAT by modulating the binding affinity of nuclear factor kappa
B subunit 1 (NF-xB1) to the promoter. (A) Allele-specific constructs containing the putative promoter sequence flanking rs59133000 were cloned
into the pGL3-basic luciferase reporter vector and transfected into the GES1, BGC823 and SGC7901 cell lines. The results of luciferase activity were
normalised to those of pGL3 basic (n=6). (B) DNA electropherogram of the PCR fragment generated using primers flanking the variant rs59133000

following ChIP (left); based on ChIP followed by quantitative PCR (ChIP-q

PCR) against H3K4me3, enrichment was quantified relative to the amount of

input DNA (right, n=3), and antibody directed against IgG was used as a negative control. (C) EMSA with biotin-labelled oligonucleotides containing

the rs59133000[C] or rs59133000([T] allele and nuclear extracts from BGC

823 cells. Lanes 1 and 6 show the mobility of the labelled oligonucleotides

without nuclear extracts; lanes 2 and 7 show the mobility of the labelled oligonucleotides with nuclear extracts in the absence of the competitor
oligonucleotide and lanes 3-5 and 8-10 show the mobility of the labelled oligonucleotides with nuclear extracts in the presence of unlabelled
rs59133000[C] or rs59133000[T] competitors. The arrow indicates a DNA—protein complex. (D) In silico predicted preferential binding of NF-kB1
to the risk allele C of rs59133000 (left); after stimulated by tumour necrosis factor o (100 ng/mL) for 3 hours, the ChIP enrichment of NF-xB1 as

determined by ChIP-gPCR (middle, n=2) and Sanger sequencing of the PC
in BGC823 cells. IgG was used as a negative control. In (A), (B) and (D), th
using Student's t-test. *p<0.05, **p<0.01 and ***p<0.001. ChIP, chroma

PRKAAT1 in the established PRKAA1 knockout BGC823 cell line,
we found that the cell proliferation and clonogenicity decreased
(figure 3D-F). Furthermore, by performing xenograft tumour
assays with PRKAAT knockout BGC823 cell lines, we found that
PRKAA1 knockout reduced the growth of xenograft tumours in
nude mice (figure 4). Taken together, these results suggest that
PRKAAT1 functions as a tumour suppressor in GC development.

A risk haplotype at 109q23.33 activates an enhancer of NOC3L
that promotes the GC tumourigenesis

To determine potentially functional variants at 10q23.33, we
performed functional annotations for 78 variants that were in
strong LD (r*>0.6) with the lead variant rs10509671 (online

ts located in the
1- o
ﬂ ..-’ :

bsequent eQTL

R amplifications (right). (E) Supershift assays using the NF-kB1 antibody
e data are presented as the means+SDs, and the p values were calculated
tin immunoprecipitation.

analysis indicated a strong correlation between the genotypes
of the lead variant rs10509671 and NOC3L expression levels
(p=8.4x107% (Figure SA; online supplementary table 10).
Then, we focused on two non-coding regions: region 1 for three
variants (ie, rs11187842, rs3781266 and rs3740365 at a distance
of 728 bp in perfect LD, pairwise r*=1.00) and region 2 for two
variants (ie, rs7903902 and rs12220125 at a distance of 782bp,
?=0.91), which were marked by the H3K4me1 and H3K27ac
histone modifications and by the DHS in stomach tissues
(figure SB). Further luciferase assays indicated that compared
with the wild-type haplotype in region 1, the variant haplotype of
rs11187842[A]-rs3781266[C]-rs3740365[T], which was highly
correlated with the risk allele rs10509671[C] and significantly
associated with an increased GC risk (table 1), produced a higher
enhancer activity of the reporter gene (figure 5C). However, there
were no differences in enhancer activities between the wild-type
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Figure 3 PRKAAT knockout promotes gastric malignant cellular phenotypes. (A) Proliferation curves before (WT) or after CRISPR/Cas9-mediated
knockout (KO1 and KO2) of PRKAAT in BGC823 cells. (B) Colony formation assay with BGC823 cells with PRKAAT knockout (KO1 and KO2) and
negative control cells (WT). The numbers of colonies were counted and are presented in the histogram. (C) EdU proliferation analysis before (WT)
or after knockout of PRKAAT (KO1 and KO2) in BGC823 cells. (D—F) Recovery of PRKAAT expression in PRKAAT knockout BGC823 cells reduced cell
proliferation. The data are presented as the means+SDs, and data analysis was conducted using Student's t test. *p<0.05, **p<0.01, ***p<0.001.

DAPI, 4’,6-diamidino-2-phenylindole; WT, wild type.

and variant haplotypes in region 2 (figure 5D). In region 1, the
ChIP assays also confirmed the H3K4me1 and H3K27ac modi-
fications to the enhancer segment (online supplementary figure
16). Taken together, these results indicate that the risk haplotype
of rs11187842[A]-rs3781266[C]-rs3740365[T] may elevate
the enhancer activity at 10g23.33.

Next, we performed EMSA assays that showed stronger
binding bands for the labelled probes containing either
rs3781266[T] or rs3740365[T] allele, but probes for different
alleles of rs11187842 did not exhibit differential bands
(figure SE). Competitive EMSA assays confirmed stronger
binding affinities for the rs3781266[T] and rs3740365[T] alleles
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Figure 4 PRKAAT knockout promotes the tumourigenicity of gastric cancer cells in nude mice. In vivo xenograft tumour formation assays were
performed using PRKAAT knockout (KO1 and KO2), and negative control (WT) cells (3.0x1 0% subcutaneously injected into the bilateral armpit (left:
WT; right: PRKAAT KO1 or KO2) of 5- to 6-week-old male BALB/c nude mice. Tumour growth was measured twice weekly. On day 21, mice were
sacrificed and tumours were photographed. (A, D) Mean volume of xenograft tumours in the WT or PRKAAT knockout (KO1 and KO2) groups. The data
are presented as the means+SEMs. (B, E) Photographs of excised tumour tissues from mice (top, tumours from the WT group; bottom, tumours from
the PRKAAT knockout group). (C, F) Average weight of harvested tumours in the WT and PRKAAT knockout groups. The data are presented as the
means+SDs. The p values were calculated using Student's t-test. *p<0.05, **p<0.01, ***p<0.001. WT, wild type.

(figure SE, online supplementary figure 17). These two vari-
ants were in silico predicted to reside within binding motifs of
multiple transcriptional factors in region 1 (online supplemen-
tary table 11). Further EMSAs using competitor DNA targeted
to predicted transcription factors suggested that POU2F1 bound
to the rs3781266 site, while PAX3 bound to the rs37403635 site
(online supplementary figure 18A). The binding band was effec-
tively competed away with an unlabeled intact sequence but not
by oligonucleotides with a mutated POU2F1 or PAX3-binding
motif (online supplementary figure 18B). Additional ChIP assays
verified that POU2F1 and PAX3 in vivo bound to the DNA
sequences containing rs3781266 and rs3740365, respectively
(figure SF,G; online supplementary figure 19). Taken together,
these results suggest that the risk haplotype of rs3781266[C]-
rs3740365[T] may disrupt the motif for POU2F1 binding but
create the motif for PAX3 binding to the enhancer element at
10g23.33.

The expression data from TCGA showed that NOC3L was
significantly overexpressed in GC tumours (online supplemen-
tary figure 20A). Subsequently, we knocked down NOC3L in
BGC823 and SGC7901 cells, which expressed relatively high
levels of NOC3L (online supplementary figure 20B) by RNA
interference and observed a reduction in malignant cellular
phenotypes, including behaviours such as cell proliferation and
colony formation (online supplementary figure 21). We failed
to establish an NOC3L knockout cell line by using the CRISPR/
Cas9 system possibly due to the previously reported lethality*®;
thus, we performed the short hairpin RNA (shRNA)-mediated
knockdown of NOC3L in BGC823 cells (online supplementary
figure 7). NOC3L knockdown cells exhibited significantly lower
cell proliferation than the wild-type counterparts (figure 6A,C),
and the phenotype was restored after rescuing the expression
of NOC3L (online supplementary figure 22). Furthermore, by
performing xenograft tumour assays, we found that NOC3L
braft tumours in
ults suggest that

Population replications identify two new loci at 3q11.2 and
4q28.1 associated with GC risk

To discover additional loci related to GC risk, we performed a
two-stage replication study to assess 33 promising variants not
previously reported. In the stage of replication I, we identified
five variants consistently associated with GC risk at p<0.05 in
1710 GC cases and 1802 controls (online supplementary table
3). In the stage of replication II, we further genotyped these five
variants in an additional 5325 GC cases and 6521 controls and
confirmed the associations between two variants (rs7624041
and rs10029005) and GC risk (table 1). Finally, we found
that rs7624041 at 3q11.2 (OR=1.21, 95%CI: 1.13 to 1.28,
p=4.56x10"") and rs10029005 at 4q28.1 (OR=1.14, 95%ClI:
1.10 to 1.19, p=3.33x10~") were significantly associated with
GC risk, without heterogeneity among studies (table 1 and
online supplementary figure 23).

Gene-based and pathway analysis identify pathways related
to immune response contributing to GC susceptibility

We identified 1379 genes to be associated with GC risk at a p value
of <0.05 (online supplementary figures 24 and 34) genes passing
correction for multiple testing (p,,,, <0.05) (online supplementary
table 12). Among these genes, 28 were located in the regions 1q22,
5p13.1 and 10q23.33, and the other six new genes were DAGLB,
GFRA1, OR10G2, IRGC, YDJC and CCDC116.

In the pathway analysis, 222 pathways satisfied p<0.05, of
which 5 reached the significance level of p<1x1077, that is,
cellular response to interleukin 1 (p=4.34x107°), response
to platelet-derived growth factor (p=3.88x107%), immune
response (p=4.57x107%), positive regulation of T-cell-mediated
immunity (p=7.64x10"% and Toll-like receptor signal-
ling pathway (p=8.28x10""% (online supplementary table
13). After permutation-based multiple testing correction, the
cellular response to interleukin 1 pathway remained significant
(p=0.022). These results highlight the importance of pathways
related to the immune response in GC susceptibility.

647

www.manaraa.com


https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760
https://dx.doi.org/10.1136/gutjnl-2019-318760

A C Region 1 D Region 2
10 P=8.4X%108 .. pGL3-Promoter pGL3_ :'_‘
c Q w @ | Promoter
hoe] o [ rs11187842_A © j
N205 3| rsarsr2e6_C 8 Wi ‘.:
s D rs3740365_T al  MUT_ ___—__l" @
5 800 MUT_haplotype haplotype
€ pGL3-Promoter pGL3, -:h
E § 05 S WT S | Promoter
xz 9| rs11187842_A &
< S| rsa781266 C 3 wrorem ] ‘.3
1.0 ?»| rs3740365_T @ MUT_ —ﬂ:ll--:h 2
MUT_haplotype haplotyp:
AA AC CcC ==
N=127 N=92 N=13 0.9 0.5 1.0 . 1.5
rs10509671 Relative luciferase activity
96,000,000 1 96,020,000 1 96,040,000 1 96,060,000 96,080,000 96,100,0001 96,120,000
PLCE1 PLCE1-AS1 H—H-Hot—t—t———t+—t NOC3L
1s11187842 | 1 57903902
Region 1| rs3781266 | rs10509671 | Region 2
rs3740365 | | rs12220125
Stomach_Mucosa H3K4me1 . . I SR | LM . Y S
Stomach_Mucosa H3K4Me3 as: o oo v aa sl s s .. . R | N
Fetal Stomach H3K27ac - . . - R - I o - . - ‘ Lo
Fetal Stomach H3K4me1 . ... . shien oo o it b i e B i e B
Fetal Stomach H3KAME3 . o ouod i e ik e et e el
»
Fetal Stomach DHS .. o 1 RN USRI RO
30
Fetal Stomach DHS 4o . .. . s 1. L | S
0
UW Fetal StomachDHs _, 4 Ao ¥
»
UW Fetal Stomach DHS [RUPASUUT HNIVUULS PO SUN H&QLAA_“LA_AMLM—-J.J‘AMALA_&M _____ ....JL.‘ _____ 1
Transcription Factor ChIP-seq 1« . ' " ' . I T o Com
20 POU2F1 motif Ao
BGC823 123 10 11 12 13 14 15 : |
Nuclear extract — + + toroF o+ o+t 15 23 Al
- - - - @ Q
294 =
et Y @10 A 52
1
. .~ 05 P Q 2
e - 00457 =L w18 31
- . 123456789101112 X
Non-risk AATATGGTGATA 0
Risk AATACGGTGATA rs3781266
G PAX3 motif _®oge
2.0 S EPAX3
w15 %10 5
[T @ 1.0 g
Labeled probe rs111878§2 rs3781266 rs3740365 0.5 T (f\ o 5
rs3781266 [T] —10X — —10X —| 00 A A L 2
rs3781266 [C] — —10X— —10 : 12345678910 &
rs3740365 [A] —10X — —10X —| Non-riskk AAACCGAATA
rs3740365 [T] — —10X — —10X Riskk AAACCGATTA rs3740365

Figure 5 The haplotype at 10g23.33 regulates enhancer activity and expression of NOC3L by modulating the binding affinity of POU2F1 and PAX3.
(A) The risk allele C of the lead variant rs10509671 was correlated with increased expressions of NOC3L in normal stomach tissues. (B) ChIP-Seq
data show enrichment of histone marks, DHSs and transcription factors in two regions that include variants (region 1:rs11187842, rs3781266 and
rs3740365; region 2: rs7903902 and rs12220125) in strong LD with the lead variant rs10509671 (R* >0.6) (see also online supplementary table 8).
(C-D) Allele-specific constructs containing the two putative enhancer regions (region 1 and region 2) were cloned into the pGL3-promoter luciferase
reporter vector and transfected into BGC823 and SGC7901 cells. (C) Luciferase activity of the 900 bp DNA segment in the region 1 haplotype. Three
variants within region 1, which were perfectly correlated with each other (pairwise r?=1.00), were mutated to modify their common alleles (G, T and
A) to the risk alleles (A, C and T, respectively). (D) Luciferase activity of the 800 bp DNA segment in the region 2 haplotype. The haplotype contained
two variants in strong LD: rs7903902 and rs12220125 (*=0.91). The luciferase activity values were normalised to that of pGL3-promoter. The data
are presented as the means=SDs, n=6. (E) EMSA with biotin-labelled oligonucleotides containing the rs11187842, rs3781266 and rs3740365 alleles
in region 1 and nuclear extracts from BGC823 cells. Lane 1 shows the mobility of the labelled oligonucleotides without nuclear extracts; lanes 2-4, 7,
10 and 13 show the mobility of the labelled oligonucleotides with nuclear extracts in the absence of competitor oligonucleotides; and lanes 5-6, 8-9,
11-12 and 14-15 show the mobility of the labelled oligonucleotides with nuclear extracts in the presence of the associated unlabelled competitors.
The arrow indicates a DNA—protein complex for rs3781266 and rs3740365. See also online supplementary figure 17. (F) The risk allele C of rs3781266
disrupts the POU2F1-binding motif. Left: Predicted preferential binding of POU2F1 to the non-risk allele T of rs3781266. Right: ChIP enrichment
of POU2F1 as determined by ChIP-gPCR (n=3). (G) The risk allele T of rs3740365 creates a Pax3-binding motif. Left: Predicted preferential binding

P i 40 Ri P-enrichment of Pax3 as determined by ChIP-gPCR (n=3). In (C), (D), (F) and (G), the data are
alculated using Student’s t-test. *p<0.05, “p<0.01. ChIP, chromatin immunoprecipitation; DHS,
University of Washington; WT, wild type.
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Figure 6 NOC3L knockdown suppresses gastric cancer cell growth. (A) Proliferation curve of NOC3L knockdown (shNOC3L #1 and #2) or negative
control (shCtrl) BGC823 cells. (B) Colony formation assay of NOC3L knockdown or negative control BGC823 cells. The numbers of colonies were
counted and were presented in the histogram. (C) EdU proliferation analysis indicating the effect of NOC3L on the growth of NOC3L knockdown or
negative control BGC823 cells. (D, E) In vivo xenograft tumour formation assays were performed using NOC3L knockdown (shNOC3L #1 and #2) and
negative control (shCtrl) cells (3.0x1 0% subcutaneously injected into the bilateral armpit (left: shCtrl; right: ShANOC3L #1 or #2) of 5- to 6-week-old
male BALB/c nude mice. Tumour growth was measured twice weekly. On day 21, mice were sacrificed, and excised tumours were photographed in the
shCtrl or NOC3L knockdown groups. Mean volume of xenograft tumours is presented as the means+SEMs. Average weight of harvested tumours is
presented as the means+SDs. The p values were calculated using Student’s t-test. *p<0.05, **p<0.01, ***p<0.001.

DISCUSSION

In 2011, our group first reported chromosome 5p13.1 as a
susceptibility locus for GC in Chinese populations.® Since then,
several studies have replicated this association in populations of
different ethnicities, including Chinese,'’ Korean®” and Euro-
pean'* populations. However, the functional mechanism of this
locus remains unknown to date. In the present study, we found
that the risk C allele of rs59133000 may reduce the promoter
activity by enhancing the binding affinity of NF-kB1 and also
lower the expression of PRKAA1. NF-kB1 (ie, p50), together
with the other NF-xB family members (RelA/p65, RelB, c-Rel
and NF-xB2/p52), forms homodimer and heterodimer that
regulate many genes involved in inflammatory responses.?®
Among them, the commonly studied heterodimer p50:p65 can
induce gene expression and provide a rapid molecular switch for
responses to pathogens or inflammatory stimuli.”” However, p50
homodimers can repress inflammation by competing with acti-
vating NF-kB dimers and preventing them from binding to the
sites on the promoters of target genes.’” Moreover, the NF-kB
signalling is one of the important triggers in inflammation-
induced carcinogenesis, including that in GC.>! Therefore, we
presented an allele-specific regulation of PRKAAT mediated by
NF-kB1 binding to the promoter, which may have accounted for
the observed differences in GC risk among individuals.

PRKAA1 encodes AMP-activated protein kinase (AMPK)
subunit 1, AMPKo1, which is required for the formation of the
AMPK heterotrimeric serine/threonine kinase complex with the
B- and y-subunits.** AMPK is a central regulator of the cellular
le of AMPKa1 in
investigated. In
f PRKAAT in GC

cells and xenograft tumour assays in nude mice demonstrated
the role of PRKAAT in suppressing GC cell growth. Recently,
it was also shown that phosphorylation and activation of
AMPKo1 suppresses gastric tumourigenesis through the LKB1-
AMPK-PGCla: axis.*® Notably, the use of metformin, the acti-
vator of AMPK, could reduce the risk of GC,** but these results
remain controversial in observational studies.*® In the present
study, we found that the C allele of rs59133000, by lowering
PRKAAT expression (naturally mimicking the opposite condition
to metformin use), was associated with an increased GC risk,
providing a genetic evidence supporting the protective effect
of metformin use in the absence of confounding bias. There-
fore, our results not only elucidated the mechanism by which
genetic variants at 5p13.1 modify GC risk but also pinpointed
the chemopreventive role of metformin in GC risk at the genetic
level, suggesting that metformin has clinical implications and
translational value to benefit populations at high risk of GC.
The 10g23.33 locus was initially found to be associated with
the risk of both GC and oesophageal squamous cell carcinoma
(ESCC) by two independent GWASs,” *¢ which was replicated
in the subsequent studies.® *” *®* PLCE1 was previously consid-
ered an ESCC susceptibility gene accounting for the signal of
10923.33, although its reported functional roles were conflicting
in recent studies.””*' However, the biological mechanisms of
10g23.33 in GC development have not been investigated. Of
particular interest, the lead variant rs10509671 at 10q23.33
was not correlated with PLCE1 expression in normal stomach
tissues (online supplementary table 10) but instead was strongly
correlated to the expression of NOC3L. NOC3L encodes an
NOC3-like DNA replication regulator, also known as a factor
for adipocyte differentiation 24 (fad24). In previous studies,
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fad24 was reported to be a positive regulator of adipogenesis by
controlling DNA replication and promoting adipocyte differen-
tiation.** ** However, biological function of NOC3L in cancer
remains unknown. The present study, for the first time, demon-
strated that NOC3L could promote GC cell growth. It has been
reported that genetic variants at 10q23.33 may have a stronger
effect on gastric cardia cancer than on non-cardia cancer.**
Obesity and high BMI have been considered risk factors for
gastric cardia cancer via adipokine pathophysiology and systemic
inflammation mechanism.* Notably, adiponectin, which is the
most abundant adipokine negatively correlated with BMI, can
activate the AMPK signalling but inhibit the NF-xB signalling,
resulting in a negative effect on carcinogenesis.*® Therefore,
we speculate that NOC3L may promote gastric tumourigenesis
through promoting adipogenesis and increasing systemic inflam-
mation. Moreover, the 10g23.33 locus was found to switch
the binding of POU2F1 and PAX3 to a regulatory element by
base changes at two variant sites (rs3781266 and rs3740365,
respectively), which, however, are in complete LD. On the other
hand, the mutant haplotype of rs3781266[C]-rs3740365[T]
can upregulate NOC3L expression to promote GC cell growth,
leading to an increased GC risk. Taken together, our findings
suggest a model in which two variants at 10923.33 may syner-
gistically regulate the oncogenic role of NOC3L in GC develop-
ment via binding affinity switching of the transcription factors
POU2F1 and PAX3.

Our gene-based analysis showed that the majority of the signif-
icant genes (28/34) map to 1q22, 5p13.1 and 10q23.33. This
finding again strengthens the dominant effects of these three loci
on GC susceptibility. Of particular interest, the pathway analysis
revealed that GC susceptibility genes were enriched in a series of
pathways related to the immune response, especially the cellular
response to the interleukin 1 pathway. This enrichment is consis-
tent with the established link between chronic inflammation and
GC development, because Helicobacter pylori infection causes
chronic gastritis by promoting proinflammatory cytokine release
and achlorhydria and follows a stepwise cascade of events from
metaplasia to dysplasia before malignancy.*’” Therefore, the asso-
ciations between genetic variants in inflammation-related genes
and GC risk were extensively examined via a candidate gene
approach previously.*® * The most well-known example is poly-
morphisms in the interleukin-1 gene cluster,” including IL1B-
31 or IL1B-511 and IL1RN, which exhibit a crucial role in the
response to H. pylori infection and gastric neoplastic progres-
sion. Our pathway analysis results again highlighted the critical
role of the host immunity in determining GC risk.

In summary, the present study reported 12 GC risk-related loci,
including two novel ones. Overall, these loci can explain about
1.25% of the phenotypic variance in GC risk, whereas three loci
of 1922, 5p13.1 and 10q23.33 accounted for 0.76%. Impor-
tantly, for the first time, we characterised the mechanisms under-
lying the role the risk loci of 5p13.1 and 10¢23.33 play in GC at
the regulatory and functional levels. At the 5p13.1 locus, the C
allele of rs59133000 reduces the promoter activity by enhancing
the binding affinity of the transcriptional repressor NF-xB1,
leading to downregulated expression of PRKAA1, weakening
the suppressive effect of PRKAA1 on tumourigenesis and eventu-
ally resulting in an increased risk of GC. At the 10q23.33 locus,
the risk haplotype rs3781266[C]-rs3740365[T] can switch the
binding motifs of POU2F1 and PAX3 in an enhancer element,
resulting in an increased enhancer activity and upregulated
ing the tumouri-
pathway analysis
ity, especially the

VE |

cellular response to interleukin 1, in GC susceptibility. There-
fore, the present study expands our current understanding of
the genetic basis of GC risk and provides new evidence for genes
and biological pathways involved in the tumourigenesis of GC.
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