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Purpose

Half of the world’s gastric cancer cases and the highest gastric cancer mortality rates are
observed in Eastern Asia. Although several genome-wide association studies (GWASs) have
revealed susceptibility genes associated with gastric cancer, no GWASs have been con-
ducted in the Korean population, which has the highest incidence of gastric cancer.

Materials and Methods

We performed genome scanning of 450 gastric cancer cases and 1,134 controls via
Affymetrix Axiom Exome 319 arrays, followed by replication of 803 gastric cancer cases and
3,693 healthy controls.

Results

We showed that the rs2976394 in the prostate stem cell antigen (PSCA) gene is a gastric-
cancer-susceptibility gene in a Korean population, with genome-wide significance and an
odds ratio (OR) of 0.70 (95% confidence interval [Cl], 0.64 to 0.77). A strong linkage dise-
quilibrium with rs2294008 was also found, indicating an association with susceptibility.
Individuals with the CC genotype of the PSCA gene showed an approximately 2-fold lower
risk of gastric cancer compared to those with the TT genotype (OR, 0.47; 95% Cl, 0.39 to
0.57). The effect of the PSCA gene on gastric cancer was more prominent in the female
population and for diffuse type gastric cancer.

Conclusion
Our result confirmed that the PSCA gene may be the most important susceptibility gene for
gastric cancer risk in a Korean population.
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Introduction

tion growth and aging [1]. Half of the world’s gastric cancer
cases are in Eastern Asia, and the highest mortality rates are
also found in this region [2].

Gastric cancer is the fifth most common type of cancer and
the second most common cause of cancer death worldwide
[1]. Although the incidence rate has decreased, the absolute
number of gastric cancer cases has increased due to popula-
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Many previous studies have investigated the risk factors
for gastric cancer and indicated that Helicobacter pylori infec-
tion is one of the most important factors in its etiology [3,4].
However, countries in Eastern Asia, such as Japan and China,
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have a high gastric cancer incidence rate despite low H. pylori
infection rates. In contrast, other countries, such as India,
Bangladesh, Pakistan, and Thailand, have a high prevalence
of H. pylori infection but low gastric cancer incidence rates,
suggesting that individual genetic characteristics may influ-
ence the risk of gastric carcinogenesis [5].

In this context, the effects of genetic susceptibility factors
for gastric cancer have been explored in several candidate
variation approaches, and several recent genome-wide asso-
ciation studies (GWASs) have yielded suggestive variations.
Most of the GWASs were conducted in Asian countries,
including China and Japan, and the variants associated with
gastric cancer were located at the PSCA [6], PLCE1 [7], PTG-
ER4-PKKAA1, ZBTB20 [8], LRFN2, DNAH11 [9], PRKAAI,
MUC1, and UNC5CL genes [10]. In addition, a study in a
European population showed that loss-of-function variants
in the ATM gene increased gastric cancer risk [11]. Although
the incidence of gastric cancer is high in Korea [12], GWASs
targeting the Korean population are limited, and replication
phases with a Korean population have been conducted in
only a few studies [6,10].

Therefore, we investigated genetic polymorphisms associ-
ated with gastric cancer development in a Korean population
using a genome-wide scanning approach based on gastric
cancer patients and healthy controls and large replication
sets from a Korean population cohort.

Materials and Methods

1. Study population

For GWAS analysis, subjects were recruited from the
National Cancer Center (NCC) in Korea. A total of 450 pati-
ents with histologically confirmed gastric cancer at the Cen-
ter for Gastric Cancer between April 2011 and December
2014 and 1,135 controls who participated in a cancer screen-
ing program between April 2011 and December 2014 were
enrolled in this study. The genomic DNA samples of the par-
ticipants were extracted from peripheral blood leukocytes.

2. Genome-wide scanning and quality controls

Genome-wide scanning was performed using Axiom
Exome 319 (Affymetrix Inc., Santa Clara, CA) containing
318,983 polymorphisms to 450 gastric cancer cases and 1,135
controls. None of the subjects had a call rate < 90%. Geno-
typing revealed that 68.1% of the single-nucleotide polymor-
phisms (SNPs) in the array plate were monomorphic in the
Korean population. After excluding monomorphic variants,

86,949 SNPs remained, and SNPs showing (1) call rates < 0.95
in cases or controls (n=0), (2) deviation from the Hardy-
Weinberg equilibrium (HWE) (p < 1x107) in controls (n=36),
or (3) minor allele frequencies < 0.01 (n=36,781) in cases and
controls were excluded. There were 40,659 markers remain-
ing, the mean success rate of individuals was 0.998 after fil-
tering, and 450 cases and 1,134 controls were included in the
discovery stage.

For replication, 803 gastric cancer cases and 3,693 healthy
controls who were recruited as part of the Korean Genome
Epidemiology Study (KoGES) from an urban community
were used. The genotyping was performed using an Affy-
metrix Genome-wide Human SNP Array 6.0 (Affymetrix
Inc.), and 569,930 variants were available for further analysis
after the same quality control criteria were applied.

3. Imputation of genotypes

Genotypes were phased using SHAPEIT (v2. r837), and
genotype imputation was performed using IMPUTE2 (2.3.2).
The 1000 Genome Project phase 3 East Asian Ancestry sam-
ple (n=504) was used for a reference panel. The variants with
INFO scores above 0.6 were retained for an NCC sample
(n=2,073,558), and for KoGES, variants with INFO > 0.9
(n=6,699,176) were selected. After controlling for the miss-
ingness rate, HWE, and minor allele frequency, 713,348 SNPs
for NCC and 4,470,730 SNPs for KoGES were available for
further analysis.

4. Statistical analysis

For the discovery stage, logistic regression analysis based
on an additive genetic model was performed to identify the
association between each SNP and gastric cancer status with
adjustments for age and sex. In addition, we performed strat-
ified analysis by sex. The SNPs with a p-value of < 5x107 in
the total population or either the male or female subgroup
were selected for replication in the KoGES samples. A total
of 51 SNPs for the total population, 36 SNPs for males, and
52 SNPs for females were replicated in the KoGES samples.
In the replication stage, logistic regression analysis based on
an additive genetic model was also applied with adjustment
for age and sex. For the replicated SNPs showing statistical
significance (p < 0.05 in the replication phase), a codominant
model with the homozygote of the major allele as a reference
was applied to calculate frequencies and odds ratios (ORs).

In addition, the effect of the PSCA gene was adjusted, and
the SNPs with p-value of < 5x10~° for the total population
and males and SNPs with p-value of < 1x107° for females in
the discovery stage were selected for replication.

To combine the association results for the discovery and
replication stages, a meta-analysis with a fixed-effect model
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Table 1. Summary demographic description of the study subjects

NCC

Gastric cancer cases
Total 450
Sex
Male 297 (66.0)
Female 153 (34.0)
Age (yr)
Mean+SD 55.4+10.7
Gastric cancer type
Diffuse 191 (42.4)
Intestinal 167 (37.1)

Mixed, indeterminate 92 (20.4)

KoGES
Controls Gastric cancer cases Controls
1,134 803 3,693

539 (47.5) 533 (66.4) 1,648 (44.6)
595 (52.5) 270 (33.6) 2,045 (55.4)
52.1+8.5 56.1+£11.6 53.1+£8.6

- 394 (49.1) -

- 409 (50.9) -

_ 0 _

Values are presented as number (%). NCC, National Cancer Center; KoGES, Korean Genome Epidemiology Study; SD, stan-

dard deviation.

was applied. For replicated SNPs showing statistical signifi-
cance (p < 0.05), regional plots and linkage disequilibrium
(LD) are presented. In addition, to compare our results with
those of SNPs confirmed to be associated in previous
GWASs, ORs of the SNPs that were successfully genotyped
or imputed in the GWAS phase in the NCC study population
were calculated. These analyses were performed with PLINK
v.1.07 [13], R statistical software, METAL [14], and Haplo-
View.

5. Ethical statement

All participants provided written informed consent. The
study protocol was approved by the Institutional Review
Board of the NCC (IRB No. 11-438).

Results

A summary of the subjects included in the discovery and
replication phase is presented in Table 1. In the GWAS phase,
450 gastric cancer cases including 191 diffuse types, 167
intestinal types, and 92 indeterminate or mixed types, along
with 1,134 controls, were included; 803 gastric cancer cases
with 394 diffuse types and 409 intestinal types, along with
3,693 controls, were included in replication phase.

In the discovery association analysis adjusted for age and
sex, SNPs with p-value of < 5x107° were considered for repli-
cation. The Manhattan plot and QQ plots of the total, male,
and female subjects are presented in S1-S3 Figs. 54-56 Tables
provide the complete results of the discovery and replication
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phases for the total study subjects, males, and females for the
respective 51, 36, and 52 SNPs that showed p-values of
<5x107in the discovery stage, and the corresponding results
for these SNPs are also presented for the replication stage
and the meta-analysis results. The selected SNPs with p-val-
ues of < 5x107° in all study subjects and females fell into two
large LD blocks. The SNPs in chromosome 8 were located in
the PSCA gene, including rs2294008 and 2296392, which
were identified in a previous GWAS [6] and were all in the
LD block with r> > 0.9 (Fig. 1).

Table 2 presents up to three SNPs with p-values of < 5x107°
after LD consideration (if SNPs showed an r2 > 0.7, the most
significant SNP was presented). In the case of SNPs located
in a large LD block in the PSCA gene, the results of the most
significant SNP (rs2976394) and rs2294008, the latter of which
is the most commonly reported SNP in the PSCA gene accor-
ding to previous studies, are presented in the table. In the
total population, rs2976394 and rs2294008 in the PSCA gene
were associated with gastric cancer with genome-wide sig-
nificance and showed significant association in the replica-
tion phase in the additive model (per increment of C; OR,
0.62; 95% confidence interval [CI], 0.52 to 0.73) in the discov-
ery phase and OR, 0.75; 95% CI, 0.67 to 0.84 in the replication
phase). In the NCC population, the rs2976394 TC and CC
genotypes were associated with a 0.69- and 0.37-fold decrea-
sed cancer risk, respectively, in the codominant model (95%
CI, 0.53 to 0.89 and 0.26 to 0.52). In the replication phase, the
corresponding ORs were 0.92 (95% CI, 0.77 to 1.10) and 0.53
(95% CI, 0.42 to 0.67). The meta-analysis ORs of the rs2976394
TC and CC genotypes were 0.84 (95% CI, 0.72 to 0.97) and
0.47 (95% CI, 0.39 to 0.57), respectively. The per increment of
C in 152294008 and the TC and CC genotypes also showed
decreased gastric cancer risk in the NCC population, the
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Fig. 1. Linkage disequilibrium plot and regional plot of rs2294008 in study subjects in the discovery phase. (A) Linkage dis-

equilibrium plot. (B) Regional plot.

replication phase, and in the meta-analysis results, with
association strengths similar to that for rs2976394, reflecting
the high LD between these two SNPs.

However, another variant, rs12025565 in chromosome 1,
showed an increased risk of 1.45-fold (95% CI, 1.21 to 1.73)
per increment of A, 1.72-fold (95% CI, 1.35 to 2.19) for the GA
genotype and 1.64-fold (95% CI, 1.06 to 2.55) for the AA
genotype in the NCC population but was not replicated in
the KoGES population.

In the sex-stratified analysis, rs2976394 and rs2294008
showed similar associations in females, with a significantly
replicated association in KoGES females. rs12233126 in chro-
mosome 2 (EIF5B) showed an increased risk (1.77-fold; 95%
CI, 1.35 to 2.34, p=4.67E-05) for the AA genotype in the NCC
female population but failed to replicate the association. In
males, the PSCA gene variants did not show a significant
association in the discovery and replication phases, and
1$6926644, 157215433, and rs74396937 were selected but failed
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0.76 (0.69-0.83)
1.41 (1.32-1.49)
0.80 (0.77-0.83)
1.14 (1.09-1.20)
1.32 (1.19-1.45)
1.18 (1.12-1.25)
1.14 (1.08-1.21)

1.70E-09
7.60E-29
4.83E-26
7.22E-08
7.00E-08
491E-09
1.36E-06

0.15
0.48
0.48
0.24

NR

G
C
A
C
G
A
A

Asian (Han Chinese)
Asian (Han Chinese)
Asian (China, Korea)

1rs9841504 [8]

5
5
6
1
6
7

1513361707 [8]

PRKAAI

1510074991 [10]
152294693 [10]
154072037 [10]
152494938 [9]
152285947 [9]

Asian (China, Korea)

UNC5CL, TSPO2

MUC1

0.2070  0.82 (0.64-1.05)

C 012 0.14

T

Asian (China, Korea)

0.26
0.27

Asian (Han Chinese)

Asian (Han Chinese)

LRFN2

0.7298  0.99 (0.84-1.17)

A 032 0.32

G

DNAH11

SNP, single-nucleotide polymorphism; GWAS, genome-wide association study; Chr, chromosome; ContAfreq, control allele frequency; OR, odds ratio; CI, confi-

dence interval; Maj, major allele; Min, minor allele.

to show significance in the replication phase.

We conducted an association analysis after adjusting for
known associated SNPs in the PSCA gene (rs2294008 [6]).
After considering LD, rs371061408 in chromosome 1 for all
subjects; 156936644, rs7669841, and rs7215433 for male sub-
jects; and rs12233126, rs111673703, and rs10463885 in female
subjects were selected with a marginal association (Table 3).
However, none of the associations were replicable. The com-
plete results of the discovery and replication phases after
adjusting for the PSCA gene for total study subjects, males,
and females for 8, 31, and 8 SNPs are shown in S7-S9 Tables.

In Table 4, our discovery stage results are presented for
seven SNPs that were investigated in previous gastric cancer
GWASs. Five SNPs were not genotyped or imputed in the
NCC population. We confirmed a previous GWAS result of
an association between SNPs in downstream (rs140081212)
or missense variants (rs760077) of the MTX1 gene and the
risk of gastric cancer. Another SNP (rs6676150) reported by
Helgason et al. [11] was also confirmed. However, we did
not observe evidence that other SNPs reported in the GWAS
study were also associated in our data.

Discussion

To the best of the authors’ knowledge, this study is the first
GWAS of gastric cancer in a Korean population with a repli-
cation population of the same ethnicity [12]. Based on this
GWAS analysis, we confirmed that the PSCA gene is a sus-
ceptibility gene for gastric cancer in a Korean population.

The PSCA gene encodes a 123-amino acid glycosylphos-
phatidylinositol-anchored cell membrane glycoprotein rela-
ted to signal transduction and cell-growth regulation [15,16].
Expression of the PSCA protein is highly expressed and
up-regulated in not only prostate but also pancreatic cancers
[16,17]. However, PSCA expression was reduced in the blad-
der, esophagus, and gastric cancer [6,18], and the downreg-
ulation was more prominent in diffuse types of gastric cancer
[6]. The association between the PSCA gene and gastric can-
cer susceptibility was first identified in a GWAS in a Japanese
population with a more prominent effect in diffuse-type gas-
tric cancer, and these results were also well replicated in a
Korean population. In functional assays, PSCA inhibited cell
proliferation and induced cell death, and the rs2294008 C>T
transition reduced the transcriptional activity of PSCA; how-
ever, other risk alleles in PSCA did not change transcriptional
activity, suggesting that there was a modulator effect for the
12294008 SNP on PSCA promoter activity [6]. Following the
GWAS, the association of rs2294008 with gastric cancer has
been investigated extensively, and recent meta-analyses
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showed that the T allele of rs2294008 in the PSCA gene
increased gastric cancer risk, especially for non-cardiac or
diffuse gastric cancer, in an Asian population [19,20]. A
recent study in a Caucasian population showed similar
results in gastric cancer development and determined that
rs2294008C>T was associated with worse prognosis in dif-
fuse-type gastric cancer patients [21].

In this study, we confirmed the association of the PSCA
gene and gastric cancer risk with genome-wide significance.
When the minor allele (C) was considered as a risk allele, it
decreased gastric cancer risk, while the T allele increased the
gastric cancer risk. The most significant SNP in this study
was rs2976394, with strong LD in rs2294008 (1> > 0.95). A pre-
vious candidate SNP approach in Korean gastric cancer cases
and controls also showed an increased association of the T
allele of rs2294008 with gastric cancer risk [22]. The selected
and replicated SNPs with statistical significance in this study
were all included in the LD block of the PSCA gene. How-
ever, when we stratified the analysis according to sex, the
association of SNPs in the PSCA gene, including rs2294008
and 2976394, was more prominent in females. In males,
rs2976394 showed a p-value of 3x107, and rs2294008 had a
p-value of 6x107* (data not shown). However, the association
of rs2294008 between males and females did not differ in a
previous Korean study [22]. In Korea, the behavioral risk fac-
tors for gastric cancer differ by sex. Although the H. pylori
infection rates were similar between males and females [23],
the smoking rate was much higher in males (42.1% vs. 6.2%),
and sodium and processed meat intake were higher in the
male population [24]. These differences in behavioral pat-
terns between males and females might affect the signifi-
cance of the PSCA gene on gastric cancer. Further studies to
identify sex differences may be needed. When gastric cancer
was divided by histological type, i.e., diffuse and intestinal
type, the association of polymorphisms in the PSCA gene
was more prominent in the diffuse type. For rs2294008, the
ORs per increment of the C allele were 0.50 (95% CI, 0.39 to
0.63; p=1.98x107) in the discovery phase and 0.66 (95% CI,
0.57 to 0.77; p=1.43x107) in the replication phase for diffuse
type cancer, similar to the results of a previous GWAS [6]
and other studies [19,20]. Otherwise, in intestinal type cancer,
the ORs per increment of the C allele were 1.23 (95% CI, 0.97
to 1.57; p=0.08) in the discovery phase result and 0.85 (95%
CI, 0.73 to 0.99, p=0.03) in the replication phase.

Compared to previous GWASs, this study showed a sig-
nificant association between variants in the MTX1 gene and
gastric cancer (rs760077 and rs140081212), as also reported
by Helgason et al. [11]. The MTX gene encodes a mitochon-
drial protein [25], and in terms of gastric cancer risk-related
functions, the MTX1 gene is classified as an apoptosis and
proliferation gene [26]. The MTX1 gene showed strong LD
with the MUCI gene [11,26]. Helgason et al. [11] also found

that rs760077 was perfectly correlated with rs4072037, which
has an effect on alternative splicing of MUCI. Although we
did not find an association for rs4072037 (MUC1) in our
study subjects (Table 4), we identified the association bet-
ween 152070803, another polymorphism downstream of both
MUCT and the ITRIM46 gene [26], and gastric cancer. ITRIM-
46 also showed association with gastric cancer (p=0.02, data
not shown), suggesting plausible associations of rs760077
and rs140081212 polymorphisms in this population. Among
the SNPs studied in prior GWASs, a previous candidate SNP
approach in a Korean population demonstrated significant
associations of rs10074991, 13361707 (PRKAAT) [27], rs407-
2037 (MUC1), and rs2274223 (PLCE) [28], but we did not find
associations of these polymorphisms with gastric cancer. In
addition, another replication study of six SNPs from previ-
ous GWASs also identified that only two genes—PRKAA1
and PSCA—showed significant associations in the Korean
population [29].

Several limitations of this study need to be mentioned.
First, in this study, information about environmental factors,
such as smoking, H. pylori infection, diet, and family history,
were not considered, although these are significant risk fac-
tors for gastric cancer [3,4]. However, considering the defi-
nition of confounder, variations in genes as explanatory
variables are unaffected by environmental factors. Therefore,
the environmental factors that were not considered may not
be confounders, although they could act as intermediate vari-
ables between SNPs and gastric cancer [6]. Second, the num-
ber of subjects in this study was relatively smaller than the
number in previous GWASs, and the statistical power was
limited. Despite these limitations, this is the first GWAS with
genetically homogeneous replication subjects from a Korean
population. In addition, conditional analysis of the PSCA
gene may confirm that PSCA is the most important genetic
variation associated with gastric cancer in a Korean popula-
tion.

In summary, we confirmed that variants in the PSCA gene
showed significant GWAS associations in a Korean popula-
tion for gastric cancer, especially for females and diffuse type
gastric cancer. In addition, polymorphisms in the MTX1 gene
showed associations with gastric cancer, possibly due to cor-
relation with the MUCT gene.
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