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Abstract
Objective To identify genetic variations which is associated with gastric cancer (GC) risk according to Helicobacter pylori 
infection.
Methods This study incorporated 527 GC patients and 441 controls from a cohort at Seoul National University Bundang 
Hospital. The associations between GC risk and single nucleotide polymorphisms were calculated, stratified by H. pylori 
status, adjusting for age, sex, and smoking. mRNA expression from non-cancerous gastric mucosae was evaluated using 
reverse transcription quantitative polymerase chain reaction.
Results In the entire cohort, genome-wide association study showed no significant variants reached the genome-wide sig-
nificance level. In the H. pylori–positive group, rs2671655 (chr17:47,468,020;hg19, GH17J049387 enhancer region) was 
identified at a genome-wide significance level, which was more pronounced in diffuse type GC. There was no significant 
variant in the H. pylori–negative group, indicating the effect modification of rs2671655 by H. pylori. Among the target genes 
of GH17J049387 enhancer (PHB1, ZNF652 and SPOP), PHB1 mRNA was expressed more in cases than in controls, who 
were not affected by H. pylori. By contrast, an increase in ZNF652 and SPOP in GC was observed only in the H. pylori–
negative group (P < 0.05). Mediation analysis showed that PHB1 (P = 0.0238) and SPOP (P = 0.0328) mediated the effect 
of rs2671655 on GC risk. The polygenic risk score was associated with the number of rs2671655 risk alleles only in the H. 
pylori–positive group (P = 0.0112).
Conclusion After H. pylori infection, rs2671655 may increase GC risk, especially in diffuse-type GC, by regulating the 
expression of several genes that consequently modify susceptibility to GC.
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Introduction

Gastric cancer (GC) is the fifth most diagnosed cancer and 
the third leading cause of cancer mortality worldwide with 
approximately 1 million incident cases per year; and more 
than 720,000 deaths annually [1, 2]. Helicobacter pylori 
infection is associated with GC risk. However, only 2–3% of 
individuals infected with H. pylori develop GC.[3] Moreo-
ver, H. pylori eradication decreases but does not eliminate 
GC risk.

Previous studies have reported that a family history of GC 
in the first-degree relatives increases GC risk [4], and a large 
cohort twin study showed that host genetics increased GC 
risk by 28% [5]. Genome-wide association studies (GWAS) 
identified the single nucleotide polymorphisms (SNPs) asso-
ciated with GC risk such as rs4072037 (mucin 1 [MUC1]), 
rs9841504 (ZBTB20), rs13361707 (protein kinase AMP-acti-
vated catalytic subunit α1 [PRKAA1]), rs2294008 (prostate 
stem cell antigen [PSCA]), and rs2274223 (PLCE1) [6–8], 
which could contribute to H. pylori–associated GC risk. 
Synergistic interaction between H. pylori infection and fam-
ily history of GC has been observed [9, 10], and the effect 
of H. pylori infection on GC risk might differ according to 
host genetics [11–13]. However, most genetic studies only 
evaluated the interaction by using a candidate gene approach 
and no GWAS has considered the interactions between host 
genetics and H. pylori in GC. From this background, we 
hypothesized that comprehensive GWAS regarding H. pylori 
infection will reveal some genes that modify susceptibility 
to GC. The aim of this study was to elucidate genomic loci 
associated with GC risk that are differently affected by H. 
pylori infection in Korean population.

Materials and methods

GWAS using the Seoul National University Bundang 
Hospital (SNUBH) cohort

This study consecutively incorporated a total of 1216 
subjects (610 GC patients and 606 controls) registered 
at SNUBH. Most of the controls had undergone standard 
esophagogastroduodenoscopy as part of screening program 
for premalignant gastric mucosal lesions or GC. The subjects 
were enrolled as controls when esophagogastroduodenos-
copy results showed no evidence of GC, dysplasia, mucosa-
associated lymphoid tissue lymphoma, or esophageal can-
cer. All cases were identified as gastric adenocarcinomas 
histologically after surgery or endoscopic therapy. All sub-
jects who were 26–80 years of age provided informed con-
sent and were asked to complete a questionnaire under the 
supervision of a well-trained interviewer. The questionnaire 

included questions regarding demographic data (age, sex, 
and current and childhood residences), socioeconomic data 
(smoking, monthly income, and education level), dietary 
data (salty and spicy food diet), and history of H. pylori 
eradication therapy. The study protocol was approved by the 
Ethical Committee at SNUBH (IRB No. B-1610-366-303). 
In addition, this study was registered at ClinicalTrials.gov 
(NCT03486574; date of study start: December 7, 2016; date 
of primary completion: December 31, 2022 [Anticipated]).

Blood samples were obtained from all study subjects, and 
DNA from buffy coat layer was extracted using  QIAamp® 
DNA blood mini kit (Qiagen, CA, USA) according to the 
manufacturer’s instructions. The purity and concentration of 
the extracted DNA was assessed using a Nanodrop spectro-
photometer (Thermo scientific, USA). The extracted DNA 
samples were stored at − 20℃ for further analysis.

The study subjects were genotyped using the Affyme-
trix Axiom Korean Chip (v1.1) on 796,769 variants [14]. 
The genotypes were clustered using K-medoids [15], and 
data were trimmed by following the quality control (QC) 
steps suggested by Anderson et al.[16] (Suppl. Fig S1). Par-
ticipants were excluded from analysis when (1) genotype-
estimated sex was discordant with biological sex, (2) the 
missing rate of the genotype was larger than 0.03, (3) the 
heterozygosity rate was greater than three standard devia-
tions from the mean of all participants, and (4) the pairwise 
identity-by-descent estimate was larger than 0.185 with a 
larger missing genotype rate than that of the counterpart. 
Variants were excluded when (1) they were located in the 
sex chromosome, (2) their missing rate was significantly 
different (p < 1 ×  10–5) between cases and controls and was 
larger than 0.03, (3) the minor allele frequency (MAF) was 
less than 0.005, and (4) the P-value of the Hardy–Weinberg 
equilibrium (HWE) test was < 0.001.

After QC, we obtained data on the remaining 1,038 par-
ticipants and 606,270 variants by using the Michigan Impu-
tation Server (v.1.1) [17]. Haplotype Reference Consortium 
r1.1 2016 with non-European and mixed populations, Eagle 
(v.2.4), Minimac4, and Asian were designated as the refer-
ence panel, phasing program, imputation program and QC 
population in its established pipeline, respectively.

After imputation, variants were excluded when (1) the 
MAF was less than 0.05, (2) the missing rate was larger than 
0.03, (3) the p-value of the HWE test was < 0.001, and (4) 
the imputation quality score (INFO) was smaller than 0.3. 
We also noticed that 3 subjects in the control group had an 
intermediate GC state, and 51 had a previous history of other 
cancers; thus we excluded them from the study analysis. 
Variant-wise logistic regression was performed by adjusting 
for sex, age, smoking status, and top four principal compo-
nent (PC) scores. PC scores were calculated using pruned 
variants extracted by using the option –indep-pairwise 50 5 
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0.2 in plink (v1.90b3.44) [18]. Among the participants, 15 
participants had no information on smoking status, and GC 
status was unidentified in 1 participant. Finally, 968 par-
ticipants (527 GC cases and 441 non-cancer controls) and 
4,962,361 variants were used for the analysis. There were 
761 H. pylori–positive participants (454 cases and 307 con-
trols) and 207 H. pylori–negative participants (73 cases and 
134 controls, Suppl. Fig S1). Among 527 GC cases, 323 
had intestinal type cancer (271 H. pylori-positives and 52 
negatives), and 197 had diffuse type cancer (176 H. pylori-
positives and 21 negatives). For genomic data analysis, plink 
(v1.90b3.44), ONETOOL(v1.0) [19], and R (v3.6.3) were 
used.

Validation of significant variants using the H‑PEACE 
cohort and UK Biobank (UKBB) data

The H-PEACE cohort consisted of participants who were 
enrolled in Seoul National University Hospital Gangnam 
Center for health check-ups from 2003 to 2017 [20]. Among 
them, 8000 and 2349 participants were genotyped with the 
Affymetrix Axiom Korean Chip (v1.0) at different times, 
respectively. After combining both genotype data, we fol-
lowed the same QC and imputation steps as those state above 
and additionally excluded participants who had no informa-
tion on H. pylori infection or were older than 65 years with 
GC. After QC, 7812 participants (21 GC cases and 7791 
controls) remained. Among them, 3975 individuals were H. 
pylori-positive (13 GC cases and 3,962 controls). Logistic 
analysis for a significant variant in the SNUBH cohort was 
conducted with the same covariates except smoking status 
as the GWAS of the SNUBH cohort.

UKBB data are well-known collections of paired geno-
type and phenotype data from half a million participants 
(https:// www. ukbio bank. ac. uk/). We extracted self-reported 
cancer status (field id: 20001; f.20001), age (f.21022), smok-
ing status (f.20116), and genotype data from the data col-
lection. Participants who requested withdrawal and had 
cancer other than GC were excluded. Thereafter, 182 GC 
and 487,097 non-cancer participants were used to validate 
the association between a significant variant in the GWAS 
of SNUBH and GC risk by using the same logistic model 
as the GWAS.

H. pylori testing and histology

In all subjects, ten biopsy specimens were obtained during 
endoscopy for histological analysis, and a Campylobacter-
like organism test (CLOtest), and culture were performed 
to determine the presence of current H. pylori infection. 
This methodology has been presented previously [21]. In 
brief, two biopsy specimens from the greater curvature 
side of the antrum and two from the corpus were fixed in 

formalin to assess the presence of H. pylori by modified 
Giemsa staining and the degree of inflammatory cell infil-
tration, atrophy and intestinal metaplasia by hematoxylin 
and eosin staining. These histologic features of the gastric 
mucosa were recorded using the updated Sydney scor-
ing system (“0,” none; “1,” mild; “2,” moderate; and “3,” 
marked) [22]. Another specimen from each of the lesser 
curvature of the antrum and the corpus was used for rapid 
urease testing (CLOtest, Delta West, Bentley, Australia), 
and four specimens (two from the antrum and two from the 
corpus, respectively) were used for the culture. The organ-
isms present were identified as H. pylori by Gram staining; 
colony morphology; and positive oxidase, catalase, and ure-
ase reactions [23]. The remaining biopsy specimens from 
non-cancerous tissue from the antrum and corpus and GC 
tissues were immediately frozen at − 70 °C.

H. pylori serology and evaluation of gastric atrophy 
by serum pepsinogen tests

Fasting serum samples were collected from the study par-
ticipants at baseline. For H. pylori serology testing, spe-
cific immunoglobulin G for H. pylori was identified by an 
enzyme-linked immunosorbent assay in each subject’s serum 
(Genedia H. pylori ELISA; Green Cross Medical Science 
Corp., Eumsung, Korea); the Korean strain was used as 
an antigen in this H. pylori antibody test [24]. In addition, 
the serum concentrations of pepsinogen (PG) I and II were 
measured using a latex-enhanced turbidimetric immunoas-
say (Shima Laboratories, Tokyo, Japan). In the study, no 
atrophy was defined as PG I > 70 and PG I/II ratio > 4.0, 
and definite atrophy was defined as PG I/II ratio < 2.5, with 
stricter cutoff values than previous report [24].

Definition of H. pylori infection

The H. pylori–positive group includes both current (or 
active) and past infections. In this study, H. pylori serol-
ogy and previous history of H. pylori eradication, as well 
as CLOtest and histology, were comprehensively checked 
to confirm H. pylori infection. Subjects with a history of 
H. pylori eradication without current evidence of H. pylori 
infection were considered to have been exposed to H. pylori.

RNA isolation and real‑time polymerase chain 
reaction (PCR) analysis

Total RNA was extracted from body specimens of the gas-
tric mucosa using Trizol Reagent (Invitrogen, Carlsbad, CA, 
USA). RNA samples were diluted to a final concentration of 
0.5 mg/mL in RNase-free water and stored at − 80 °C until 
use. Total RNA (1000 ng) was reverse transcribed into com-
plementary DNA (cDNA) using the High-Capacity cDNA 

https://www.ukbiobank.ac.uk/
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Reverse Transcription Kit (Applied Biosystems, Foster 
City, CA, USA) according to the manufacturer’s instruc-
tions. Quantitative PCR (qPCR) was performed in 96-well 
reaction plates by using 2 μL of complementary DNA in a 
20-μL reaction mixture containing 2 × SYBR Premix Ex Taq 
(Takara Bio, Otsu, Japan). Samples were amplified using 
the StepOnePlus Real-Time PCR System (Applied Biosys-
tems). The thermal profile consisted of an initial denatura-
tion at 95 °C for 3 min followed by 40 cycles at 95 °C for 
5 s and at 60 °C for 30 s. The cycle threshold (Ct) value of 
the target genes was normalized to that of the housekeeping 
gene to obtain the delta Ct. The mRNA expression levels 
of the target genes were compared with those of the endog-
enous control β-actin by using the  2−ΔΔCT method. Real-time 
qPCR was conducted using custom-made primers as follows: 
β-actin, forward 5-TTC GAG CAA GAG ATG GCC AC-3 and 
reverse 5-CGG ATG TCC ACG TCA CAC TT-3′; prohibitin 
(PHB1), forward 5′-CGG AGA GGA CTA TGA TGA G-3′ and 
reverse 5′-GGT CAG ATG TGT CAA GGA -3′; zinc finger pro-
tein 652 (ZNF652), forward 5′-GTT TCA GTA CAA GTA CCA 
GC-3′ and reverse 5′-AGA TAA AGG GTT TCT CTC CAG-3′; 
and speckle-type POZ protein (SPOP), forward 5′-TGA CCA 
CCA GGT AGA CAG CG-3′ and reverse 5′-CCC GTT TCC 
CCC AAG TTA -3′.[25]

The association between the estimated expression levels 
of genes and variants or GC risk was estimated using linear 
regression with adjustments for the effects of variables used 
for GWAS analysis.

Immunohistochemical staining

The paraffin sections of the 16 controls (10 without H. pylori 
infection and 6 with active H. pylori infection) and 17 cases 
(9 without H. pylori infection and 8 with H. pylori infec-
tion) were subjected to immunohistochemical (IHC) stain-
ing for prohibitin and ZNF652. Tumor tissue Sects. (3 or 
4 mm thick) were deparaffinized in xylene and rehydrated in 
a graded ethanol series. Epitope retrieval was performed in 
a citrate buffer (pH 6.0) in humid heat in a pressure cooker. 
Thereafter, the tissue sections were incubated with a pri-
mary mouse monoclonal antibody against prohibitin (MA5-
12,855, Thermo Fisher Scientific, 3747 N. Meridian Road, 
Rocfold, IL 61,105, USA) and ZNF652 (ZNF652 antibody, 
NBP1-97,753, Novus Biologicals, 10,730 E. Briarwood 
Avenue, Centennial, CO 80,112, USA). Sites of immuno-
reactivity were visualized using a SuperPicture Polymer 
Detection Kit (Invitrogen, USA). The slides were viewed by 
light microscopy by using a Nikon Eclipse E600 microscope 
(Nikon, USA) equipped with a digital Nikon DSM1200F 
camera (Nikon, USA). IHC results were classified as absent 
(0), mild (1), moderate (2), and marked (3) according to the 
intensity of immunoreactivity (Suppl. Fig. S2).

Transcriptome profiling analysis

We used a publicly available transcriptome dataset, namely 
GSE79973, to target genes associated with GC [26]. It is 
an mRNA expression microarray data of pairs of GC tissue 
and its adjacent non-tumor tissue extracted from ten differ-
ent human patients. limma (v3.42.2) R package was used 
to analyze the data with the duplicateCorrelation function 
to adjust sample correlation [27, 28]. Among the genes 
regulated by GH17J049387 enhancer, where a significant 
variant is located, HSALNG0117178, ENSG00000248714, 
ENSG00000207127 ,  ENSG00000250948 ,  and 
ENSG00000262039 were not included in the data analysis. 
If there were more than two probe IDs corresponding to one 
gene id, the most significant probe ID was chosen.

Mediation analysis

The mediation effect of a gene between a variant and GC 
risk was evaluated using Sobel test with bootstrapping [29]. 
To calculate the effect, the following two different regression 
models were examined: a model of the association between 
the expression level of a gene and a variant and a model of 
the GC risk and expression level of a gene with a variant 
as covariate. When using all samples, H. pylori infection 
status was added as a covariate to both regression models. 
The standard error of the mediation effect was estimated by 
resampling 100,000 times with the replacement.

Polygenic risk score (PRS) calculation

Genome-wide complex trait analysis (v1.92.0; GCTA) 
was used to calculate the PRS of 968 participants [30]. 
We excluded rs2671655 and its highly correlated variants 
( r2 > 0.2 ) within the 1 MB region. Thereafter, the genomic 
relationship matrix (GRM) was estimated using only 
pruned variants larger than 0.1 MAF. The pruned variants 
were extracted using the –indep-pairwise 50 10 0.2 com-
mand in plink. With the GRM, PRS was calculated with-
out rs2671655 and its highly correlated variants. To adjust 
for ascertainment bias, 0.00298 was used as the prevalence 
value [31], and sex, age, smoking status and top four PC 
scores were used as covariates.

Gene set analyses of reported genes

For genes that are closely located near previously identified 
variants, gene set analyses were conducted with the SNUBH 
cohort [6], and they were performed with the optimal 
sequence kernel association test [32]. The effects of vari-
ables used for GWAS were adjusted and H. pylori infection 
status was included as a covariate when using all samples. 
Variants that are located in each gene’s genomic location 
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and within its 0.2 Mb flanking region were selected. We 
also summarized variants that had the lowest p-value in the 
region for each gene from GWAS, and Holm–Bonferroni-
adjusted p values were calculated [33].

Analysis of descriptive variables

Continuous variables were presented as mean ± standard 
deviation, and categorical variables were presented as num-
bers with proportions. For categorical variables, the χ2 test 
was used for analysis. The differences between the groups 
were analyzed using Student’s t test when there were only 
two groups or one-way ANOVA when there were more than 
two groups. All statistical analyses were performed using 
R version 3.2.3 (The R Foundation for Statistical Comput-
ing, Vienna, Austria; http:// www.r- proje ct. org). Statistical 
significance was set at P values < 0.05.

Results

Characteristics of the study participants

Table 1 presents the baseline characteristics of the SNUBH 
cohort with 968 subjects (527 GC cases and 441 controls). 
GC patients were older and predominantly male, and they 
had a higher proportion of H. pylori positivity, smoking, 
alcohol drinking, and high-salt intake than the control group 
(P < 0.001). Education level was significantly different 
between the cases and controls (P < 0.001).

rs2671655 is significantly associated with GC risk 
if participants are infected by H. pylori

By using the SNUBH cohort, a GWAS was conducted to 
elucidate the genomic loci associated with GC risk. For a 
GWAS with all participants, there was no significant variant 
at a significance level of p < 5 ×  10–8 (Suppl. Fig S3). The 
most significant variant was rs2484529 (chr10:13,338,730; 
hg19) and its p value was 2.00 ×  10–7 (Suppl. Table S1).

We divided the cohort into two groups according to H. 
pylori infection status and conducted a GWAS separately for 
both datasets. The H. pylori–positive group consisted of 454 
GC cases and 307 controls. GWAS with H. pylori–positive 
participants identified a significant locus where rs2671655 
had the lowest p-value (P = 4.08 ×  10–8, OR = 2.03, 95% 
CI = 1.57–2.61, Fig. 1A and Suppl. Table S2). Type-1 error 
was well controlled in this analysis (genomic inflation fac-
tor = 1.015), i.e., the p-value was reliable (Fig. 1B). The vari-
ant is located on chromosome 17q21.33 (chr17:47,468,020; 
hg19) (Fig. 1C), and its risk and protective alleles are T and 
C, respectively. The risk allele frequency of the variant was 
0.708 and 0.599 in the cases and controls, respectively, and 
the risk allele frequency in the controls was similar to that in 
the Korean population (0.601; Table 2). The variant was not 
significantly associated with GC risk in the H. pylori–nega-
tive group (P = 0.929, OR = 1.02, 95% CI = 0.64–1.64, 
Table 2) or in the entire cohort (P = 1.96 ×  10–6, OR = 1.70, 
95% CI = 1.37–2.11; Table 2). The H. pylori–negative group 
consisted of 73 GC cases and 134 controls, and GWAS 
with these participants were conducted. There was no sig-
nificant variant from the GWAS of the H. pylori–negative 

Table 1  Characteristics of the 
Study Subjects in the entire 
SNUBH cohort (N = 968)

P values were calculated using χ2 test or Studenti’s t test
GC gastric cancer, NA not applicable

Controls (n = 441) GC cases (n = 527) P

Male sex 193 (43.8) 363 (68.9)  < 0.001
Age (y, mean ± standard deviation) 53.6 ± 12.0 60.3 ± 11.4  < 0.001
H. pylori positive 307 (69.6) 454 (86.1)  < 0.001
Smoker 156 (35.4) 327 (62.0)  < 0.001
Drinker (n = 794) 111 (29.1) 171 (41.5)  < 0.001
Salt taste preference (n = 640)
Non salty 27 (20.5) 111 (21.9) 0.001
Mild 81 (61.4) 228 (44.9)
Salty 24 (18.2) 169 (33.3)
Education (n = 788)
Elementary-middle-high 62 (18.4) 174 (38.6)  < 0.001
University 275 (81.6) 277 (61.4)
Lauren classification (n = 527)
Intestinal NA 323 (61.3) NA
Diffuse NA 197 (37.4)
Unspecified NA 7 (1.3)

http://www.r-project.org
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group (n = 207, Suppl. Fig. S4). The variant with the low-
est P -value was rs169356 (chr9:34,782,550; hg19), and its 
P-value was 5.35 ×  10–6 (Suppl. Table S3).

Then, we conducted GWAS taking into consideration 
Lauren classification and H. pylori infection (Suppl. Fig. 
S5, Suppl. Tables S4-S8). In the case of intestinal type 

GC, there was no significant variant (P < 5 ×  10–8). How-
ever, a significant association of rs2671655 was identified 
(P = 4.09 ×  10–8, OR = 2.53, 95% CI = 1.82–3.52) when dif-
fuse type GC patients were compared with controls in H. 
pylori-positive group (176 cases and 307 controls, Suppl. 
Table S8).

Fig. 1  GWAS results of H. pylori-positive subjects in SNUBH cohort 
(n = 761). A Manhattan plot. Red and blue lines indicate significance 
level of 5 × 10

−8 and 1 × 10
−5 , respectively. B Quantile–quantile 

plot. Gray colored region shows 95% pointwise confidence inter-

val. C Regional plot. Purple square represents rs2671655 and other 
colored circles do variants and their degree of correlation 

(

r
2
)

 with 
rs2671655, respectively. P P value, GIF genomic inflation factor, Chr 
chromosome
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The association between rs2671655 and GC risk was 
replicated in two independent cohorts, namely H-PEACE 
and UKBB. In the H-PEACE cohort after QC, the number 
of participants infected by H. pylori was 3,975, of which 
13 participants had GC. Although the number of cases was 
too small, the risk allele frequency of the variant of cases 
(0.731) was larger than that of controls (0.651, one-tail 
P = 0.150, OR = 1.59, 95% CI = 0.66–3.83, Suppl. Table S9).
The UKBB cohort had H. pylori infection information for 
approximately 1% of the total subjects only. Thus, we com-
pared GC cases (n = 182) and non-GC subjects (n = 444,614) 
regardless of H. pylori infection. Logistic analysis showed 
a significant association between rs2671655 and GC risk at 
a nominal p-value of 0.05 (one-tail P = 0.041, OR = 1.61, 
95% CI = 0.94–2.74) and the allele frequencies of the variant 
were 0.961 and 0.940 in the cases and controls, respectively 
(Suppl. Table S9).

PHB1 is more expressed in GC patients than non‑GC 
participants

rs2671655 is located in GH17J049387 enhancer, which tar-
gets several genes such as PHB1, ZNF652, SPOP, and lysine 
acetyltransferase 7 (KAT7). PHB1 is physically closest to 
rs2671655, and 256 cases and 159 controls were randomly 
selected from the SNUBH cohort to measure the expres-
sion level of PHB1 by using non-cancerous gastric mucosae 
with reverse transcription qPCR (RT-qPCR). As the number 
of risk alleles for rs2671655 increased, PHB1 was signifi-
cantly more expressed both in the H. pylori–positive group 
(β = 0.530; P = 1.34 ×  10–3) and H. pylori–negative group 
(β = 0.804, P = 1.35 ×  10–3) (Fig. 2A). Figure 2B shows that 
PHB1 was significantly more expressed in participants with 
GC than those without GC regardless of H. pylori infec-
tion (H. pylori-positive group: β = 0.604, P = 1.82 ×  10–2; H. 
pylori-negative group: β = 0.530, P = 3.78 ×  10–2).

Expression levels of ZNF652 and SPOP are different 
between the cases and controls in H. pylori‑negative 
group only

We analyzed GSE79973, which is a published expression 
microarray dataset, to target other differentially expressed 
genes between GC and normal tissues. The results showed 
that among the genes regulated by GH17J049387, ZNF652, 
SPOP and KAT7 were significantly associated with GC at 
an FDR 0.1 level (Suppl. Table S10).

RT-qPCR experiments were conducted to measure the 
expression levels of KAT7, ZNF652, and SPOP using non-
cancerous gastric mucosae from the same subjects prepared 
for PHB1 expression levels. The expression level of KAT7 
was not estimated by RT-qPCR. ZNF652 was significantly 
more expressed as the number of risk alleles of rs2671655 
increases in the H. pylori-positive group (β = 0.300, 
P = 4.08 ×  10–2), but its expression level did not depend on 
the number of risk alleles in the H. pylori-negative group 
(β = 0.027, P = 0.888; Fig. 3A). There was no difference in 
ZNF652 expression levels between the cases and controls 
in the H. pylori-positive group (β = 0.206, P = 0.357), but 
a significant difference was observed in the H. pylori-neg-
ative group (β = 0.773, P = 6.56 ×  10–3; Fig. 3B). We also 
evaluated the association between SPOP expression levels 
and rs2671655. As the number of risk alleles increased, 
SPOP was more expressed in both the H. pylori-positive 
group (β = 0.649, P = 2.07 ×  10–2) and H. pylori-negative 
group (β = 0.729, P = 6.04 ×  10–5) (Fig. 4A). In addition, an 
increase in SPOP in GC was observed only in the H. pylori-
negative group (β = 1.348, P = 1.46 ×  10–3; Fig. 4B).

Table 2  GWAS results of rs2671655 according to H. pylori infection status in the SNUBH cohort

Bold style indicates genome-wide significance (P < 5 ×  10–8)
Chr chromosome, BP base pair, OR odds ratio, CI confidence interval, KRGDB Korean reference genome database
* Imputation quality score

rsID Chr:BP Risk/Protective alleles OR (95% CI) P Risk Allele Frequency INFO*

Case Control KRGDB

rs2671655 17:47,468,020 T/C Overall SNUBH cohort (N = 968)
1.70 (1.37–2.11) 1.96 × 10

−6 0.701 0.618 0.601 0.825
H. pylori positive subjects (n = 761)
2.03 (1.57–2.61) 4.08 × 10

−8 0.708 0.599 - -
H. pylori negative subjects (n = 207)
1.02 (0.64–1.64) 0.929 0.658 0.660 - -
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Principle component analysis (PCA) showed GC risk 
was positively associated with PHB1 expression 
in the H. pylori‑positive group and PHB1, ZNF652, 

and SPOP expression in the H. pylori‑negative group

Fig. 2  RT-qPCR analysis results of PHB1. Comparison of PHB1 
expression in H. pylori positive and negative groups depending on 
(A) the number of T allele of rs2671655 and (B) phenotypes. Y-axis 
indicates estimated values of cycle threshold of actin minus that of 
PHB1 adjusting effects of sex, age, smoking status and top 4 PC 

scores. Black lines represent association results among H. pylori-pos-
itive or -negative groups and colored lines represent those between 
H. pylori-positive and -negative subgroups of the same color, respec-
tively. Ct cycle threshold, � estimated difference among groups, P P 
value, NS not significant

Fig. 3  RT-qPCR analysis results of ZNF652. Comparison of ZNF652 
expression in H. pylori positive and negative groups depending on 
(A) the number of T allele of rs2671655 and (B) phenotypes. Y-axis 
indicates estimated values of cycle threshold of actin minus that of 
ZNF652 adjusting effects of sex, age, smoking status and top 4 PC 

scores. Black lines represent association results among H. pylori posi-
tive or negative groups and colored lines represent those between H. 
pylori-positive and -negative subgroups of the same color, respec-
tively. Ct cycle threshold, � estimated difference among groups, P P 
value, NS not significant
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The expression levels PHB1, ZNF652 and SPOP were 
correlated (P < 0.05) in both the H. pylori-positive 
group and H. pylori-negative group (Suppl. Tables S11 
and S12). PCA was conducted by considering their 
correlations. By using the expression levels of PHB1, 
ZNF652, and SPOP, PC scores were estimated for the 
H. pylori-positive group and H. pylori-negative group. 
Thereafter, the association between GC risk and the 
top three PC scores was tested after adjusting for the 
effect of rs2671655 and variables used in GWAS. In 
the H. pylori–positive group, GC risk significantly 
increased as the second top PC (PC2) score increased 
(β = 0.236, P = 3.42 ×  10–2; Suppl. Fig. S6A, S6B and 
S6C). PC2 increased as PHB1 became more expressed, 
and the other two genes became less expressed (Suppl. 
Figures  S6D, S6E and S6F). However, in the H. 
pylori–negative group, GC risk was significantly asso-
ciated with only the first top PC (PC1) score (β = 0.349, 
P = 1.55 ×  10–3; Suppl. Fig. S7A, S7B and S7C) and PC1 
increased as the expression of the three genes increased 
(Suppl. Fig. S7D, S7E and S7F).

Results of PHB1 and ZNF652 immunohistochemical 
staining in non‑cancerous gastric mucosae

Immunohistochemistry (IHC) was performed for PHB1 
and ZNF652 from the non-cancerous gastric mucosae of 
the controls (n = 16) and GC cases (n = 17). PHB1 was more 

expressed in the gastric mucosae of GC cases than in the 
controls, regardless of H. pylori infection (P < 0.05; Suppl. 
Fig. S8A). There was no difference in the ZNF652 expres-
sion scores between the controls and GC cases in the H. 
pylori-positive group, but ZNF652 expression was signifi-
cantly increased in the GC cases compared with the controls 
in the H. pylori-negative group (P < 0.05; Suppl. Fig. S8B). 
These findings were comparable with the RT-qPCR find-
ings. However, with the small number of samples, significant 
association between IHC scores and the number of T allele 
of rs2671655 could not be observed in PHB1 (Suppl. Fig. 
S8C) and ZNF652 (Suppl. Fig. S8D), regardless of H. pylori 
infection status.

rs2671655 affects GC risk via PHB1 and SPOP 
but not ZNF652

Mediation analysis was conducted to investigate whether the 
effect of rs2671655 on GC is mediated by gene expression 
by using the Sobel test with bootstrapping. When using all 
samples, significant mediation effects of PHB1 and SPOP 
were found (mediation effect [m] = 2.261 and P = 2.38 ×  10–2 
for PHB1 and m = 2.135 and P = 3.28 ×  10–2 for SPOP). 
ZNF652 did not have a significant mediation effect ( m = 
1.110, P = 0.267; Suppl. Table S8). According to the sub-
group analysis stratified by H. pylori infection status, similar 
mediation effects were found only in PHB1 (1.529 for the H. 
pylori-positive group and 1.774 for the H. pylori-negative 

Fig. 4  RT-qPCR analysis results of SPOP. Comparison of SPOP 
expression in H. pylori positive and negative groups depending on 
(A) the number of T allele of rs2671655 and (B) phenotypes. Y-axis 
indicates estimated values of cycle threshold of actin minus that of 
ZNF652 adjusting effects of sex, age, smoking status and top 4 PC 

scores. Black lines represent association results among H. pylori-
positive or negative groups and colored lines represent those between 
H. pylori-positive and -negative subgroups of the same color, respec-
tively. Ct cycle threshold, � estimated difference among groups, P P 
value, NS not significant
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group), but not in SPOP and ZNF652 (0.581 and 1.834 for 
SPOP and 0.208 and -0.176 for ZNF652; Suppl. Table S13).

As the number of risk allele of rs2671655 increases, 
PRS increases in the H. pylori‑positive group only

We calculated the PRS of participants by using pruned var-
iants, except rs2671655 and its highly correlated variants 
(r2 > 0.2). The PRS of H. pylori-positive GC cases increased 
as the number of risk alleles of rs2671655 increased 
(β = 2.35 ×  10–9, P = 1.12 ×  10–2), but there was no difference 
in the PRS of H. pylori-negative GC cases according to the 
number (β = -1.59 ×  10–9, P = 0.392) (Fig. 5). The PRS of H. 
pylori-positive GC cases was significantly larger than that of 
H. pylori-negative GC cases if participants had two risk T 
alleles of rs2671655 (β = 5.39 ×  10–9, P = 5.44 ×  10–3; Fig. 5). 
However, there were no significant differences between H. 
pylori-positive and H. pylori-negative groups when the num-
ber of risk alleles was one or zero.

Association of reported genes with GC risk 
according to H. pylori infection status

On the basis of the GWAS results in the SNUBH cohort, gene 
set analysis was performed for the previously identified nine 

genes (MUC1, ZBTB20, PRKAA1, LINC02161, UNC5CL, 
LRFN2, PSCA, PLCE1, and ATM). For all participants, 
association of MUC1 and PRKAA1 was replicated (Suppl. 
Table S14). In the H. pylori-positive group, only MUC1 was 
significantly associated with GC risk (Suppl. Table S15). 
On the other hand, PRKAA1 and PSCA were significant in 
the H. pylori-negative group (Suppl. Table S16). There was 
no significant variant associated with GC in the genomic 
location of the genes at the significance level of FWER 0.05.

Discussion

Although H. pylori infection plays an important role in the 
pathogenesis of GC, only 2%–3% of infected individuals 
develop GC, thus suggesting the possible importance of host 
genetics in the development of GC. Moreover, the interac-
tion between H. pylori and host genetic factors, rather than 
H. pylori itself, may further increase GC risk. However, 
there have been no GWAS that consider the interactions 
between host genetics and H. pylori in gastric carcinogenesis 
so far. Our results can serve as a way to explain the mecha-
nism by which GC occurs only in some H. pylori–infected 
individuals and can identify a high-risk population for GC 
among H. pylori–infected individuals.

In this study, we presumed that the effect of SNPs differs 
by H. pylori infection status and a GWAS was conducted 
with Korean participants stratified by H. pylori infection 
status. We found that rs2671655 was associated with GC 
risk and its effect was modified by H. pylori (Fig. 1 and 
Table 2). rs2671655 is located on chromosome 17, which is 
one of the most common chromosomes exhibiting numerical 
aberrations in GC [34].

When GWAS was conducted according to Lauren clas-
sification, rs2671655 modifies the risk of diffuse type cancer 
in the H. pylori-positive group (P = 4.09 ×  10–8, OR = 2.53, 
95% CI = 1.82–3.52, Suppl. Table S8). However, rs2671655 
T allele also increased the risk of intestinal type cancer in 
the H. pylori-positive group, although it did not reach a gem-
one-wide significance level (P = 2.87 ×  10–4, OR = 1.75, 95% 
CI = 1.29–2.36). Therefore, it is necessary to confirm this 
through a larger-scale population-based GWAS.

We tried several approaches to determine how rs2671655 
polymorphism can affect the development of GC in H. 
pylori-infected individuals. First, rs2671655 is located in 
the enhancer region, i.e., GH17J049387; thus, we targeted 
PHB1, SPOP, and ZNF652, among its regulating genes. RT-
qPCR experiments showed that PHB1 was expressed more 
in the GC cases than in the controls, and SPOP and ZNF652 
have the same pattern only in H. pylori-negative individu-
als, thus implying that SPOP and ZNF652 might not func-
tion properly in the presence of H. pylori (Fig. 2, 3, and 4). 
When adjusting their correlation, the patterns did not change 

Fig. 5  Polygenic risk score (PRS) comparison. PRS estimates were 
compared in the two groups and between H. pylori-positive and 
-negative groups depending on the number of T alleles of rs2671655, 
respectively. Black lines represent association results in H. pylori-
positive or -negative subgroups, respectively, and colored lines rep-
resent between H. pylori-positive and -negative groups where partici-
pants have same number of risk alleles of rs2671655, respectively. � 
estimated association, P P value, NS not significant
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according to the PCA (Figure S5 and S6). IHC experiments 
also showed similar results (Suppl. Fig. S8).

Figure 6 shows the pathway that can be proposed from 
the results of this study. PHB1 seems to act as an onco-
gene, and SPOP and ZNF652 act as tumor suppressors. H. 
pylori cannot hinder the function of PHB1 but can hinder 
the function of SPOP and ZNF652. For H. pylori-infected 
individuals, all three genes become more expressed as the 
risk allele of rs2671655 increases, and the function of PHB1 
may be uniquely active. For H. pylori-negative individuals, 
however, the effects of the oncogene and tumor suppressors 
are offset; therefore, the number of rs2671655 appears not 
to be associated with GC risk.

SPOP is known as a tumor suppressor gene in GC [35]. 
However, the effect might be alleviated by H. pylori infec-
tion. Actually H. pylori infection predisposes both the devel-
opment and metastasis of GC by increasing miRNA-543 
expression, and miRNA-543 downregulates SPOP expres-
sion [25, 36]. Furthermore, in gastric carcinogenesis, Hedge-
hog (Hh) signaling pathway is regulated by SPOP which 
suppresses moving Gli2, a transcription factor, from cyto-
plasm to nucleus [37]; H. pylori increases the expression of 
one of the Hh ligands, Sonic Hedgehog [38], which activates 
the binding of Hh ligands to PTCH1, moving Gli family 
from cytoplasm to nucleus [39].

Although the role of ZNF652 has not been established in 
gastric carcinogenesis, it may reduce the effects of ZNF652 
via miR-155. H. pylori has been reported to facilitate tumor 
growth via the induction of miR-155, and ZNF652 is upregu-
lated following miR-155 inhibition in malignant T cells [40, 
41].

By contrast, the role of PHB1 in GC is controversial [42]. 
Some previous studies have described an increase in PHB1 
expression in GC samples [43–45], but other studies have 
reported PHB1 downregulation in GC [46, 47]. If PHB1 
is not an oncogene, rs2671655 might increase GC risk via 
other pathways excluding the three genes, as shown in the 
PRS analysis (Fig. 5). Therefore, it is difficult to fully eluci-
date the mechanism of how rs2671655 modifies GC risk in 

H. pylori-infected individuals with the results of this study 
alone. Further studies are necessary to clarify these findings.

We performed a gene set analysis for the previously 
reported genes including MUC1, ZBTB20, PRKAA1, 
LINC02161, UNC5CL, LRFN2, PSCA, PLCE1, and ATM 
(Suppl. Tables S14-S16). We found that GC risk differed 
according to H. pylori infection even for reported genes. 
That is, only MUC1 was significantly associated with GC 
risk in the H. pylori-positive group (Suppl. Table S15), 
whereas PRKAA1 and PSCA were significantly associated 
with GC in the H. pylori-negative group (Suppl. Table S16). 
There was no significant variant associated with GC in the 
genomic location of the genes at the significance level of 
FWER 0.05. This was probably attributed to a relatively 
small sample size of this study population. Also, previous 
studies did not consider the interaction between H. pylori 
infection and host genetics, which might explain why the 
results from these studies were inconsistent.

In addition to PHB1, SPOP, and ZNF652, GH17J049387 
enhancer can also regulate gene expression of KAT7 and G 
protein subunit γ transducin 2 (GNGT2) (Suppl. Table S10). 
KAT7 may affect gastric carcinogenesis by engaging in 
histone modification via circMRPS35/KAT7/FOXO1/3a 
pathway [48]. Also, candidate SNPs other than rs2671655 
were identified in this study, although they did not reach a 
genome-wide significant level (p < 5 ×  10–8). The gene clos-
est to rs12889548, the second top significant SNP identi-
fied in a GWAS performed in the H. pylori-positive group 
(Suppl. Table S2), is TNFα-induced protein 2 (TNFAIP2), 
which is related to H. pylori-induced inflammation and GC 
risk [49, 50]. A recent study reported that down-regulation 
of TNFAIP2 caused an activation of wnt/β-catenin signaling 
pathway to inhibit cancer cell proliferation and metastasis 
[51].

Our study has the following limitations: First, H. pylori-
infected participants might have been more heterogeneous 
in our study than in previous studies because we defined H. 
pylori infection in a broad sense. However, we could not 
reflect the heterogeneity, such as differences in H. pylori 
exposure duration or intensity, thus making it difficult to 
estimate the true effect of H. pylori infection on GC. Second, 
it was not possible to conduct a GWAS according to the 
location of GC (cardia vs. non-cardia cancer), because only 
31 of 527 (5.9%) cases were cardia cancer. Finally, although 
we hypothesized the mechanism from rs2671655 to GC risk 
including PHB1, SPOP, and ZNF652 (Fig. 6), this hypoth-
esis needs to be tested by other comprehensive studies.

In conclusion, rs2671655 polymorphism may play a role 
in H. pylori-associated gastric carcinogenesis, especially in 
diffuse type GC. The variant may regulate PHB1, SPOP, and 
ZNF652 in terms of their effect on susceptibility to GC, and 
their effects are different depending on H. pylori infection. 
Moreover, rs2671655 might affect other genes that cause GC Fig. 6  Hypothetical pathway
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in H. pylori-infected individuals. These findings provide new 
insights into the pathogenesis of H. pylori and might help 
in the search for novel therapeutics for the treatment of GC.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10120- 022- 01285-x.
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