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Summary
Background In a transcriptome-wide association study, we deciphered susceptibility genes that may predict gastric
cancer (GC) risk and modify the effects of Helicobacter pylori (H. pylori) treatment.

Methods Genetically predicted expression models of 4518 genes were developed based on the GTEx and applied to a
nested case–control study (935 GCs and 1869 controls) of the Mass Intervention Trial in Linqu, Shandong Province
(MITS), with genes associated with GC risk further validated in BioBank Japan (7921 GCs and 159,201 controls).
Transcriptome risk scores (TRSs) integrating key genes were constructed, utilizing imputed transcriptomes from
the Shandong Intervention Trial (SIT) and UK Biobank, and observed transcriptomes from the National Upper
Gastrointestinal Cancer Early Detection (UGCED) program. We also examined whether TRS may modify the
association of H. pylori infection and anti-H. pylori treatment with GC risk.

Findings Integrating 11 independent GC-associated genes identified based on the MITS (FDR-q < 0.05) and BioBank
Japan (P < 0.05), the TRS demonstrated a dose-dependent association with an elevated risk of incident GC in both the
SIT (P-trend = 0.003) and UK Biobank (P-trend = 0.008), and exhibited an upward trend as gastric lesions progressed
based on the UGCED program (P-trend = 5.01 × 10−4). In the SIT, the increased risk of GC associated with H. pylori
infection (P-interaction = 0.03) and beneficial effect of successful H. pylori eradication (P-interaction = 0.05) were
significant for individuals with high TRSs.

Interpretation We identified a gene panel which may predict GC risk across populations of multiple ancestries, which
offers important insights into GC risk stratification and presents a precision approach to primary prevention.
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Introduction
Gastric cancer (GC) ranks fifth globally in terms of both
cancer-related incidence and mortality, with more than
half of cases with GC worldwide occurring in East Asia,
predominantly in China.1 Helicobacter pylori (H. pylori)
is the most well-established risk factor inducing the
progression of gastric lesions and development of GC,
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which infects more than 40% of the world’s popula-
tion.2,3 The Shandong Intervention Trial (SIT) con-
ducted by our team has provided early evidence
supporting H. pylori eradication as a means to elimi-
nate GC,4–6 while the subsequent Mass Intervention
Trial in Linqu, Shandong Province (MITS) further
reinforces the effectiveness and overall feasibility of
ment of Gastrointestinal Cancers, Department of Cancer Epidemiology,
District, Beijing, 100142, China.
ment of Gastrointestinal Cancers, Department of Cancer Epidemiology,
District, Beijing, 100142, China.
K.-F. Pan).
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Research in context

Evidence before this study
Gastric cancer remains a major public health threat
worldwide. Our capacity to discern potential high-risk
populations and those who stand to gain the most from
preventive interventions is yet limited. Developing a
generalizable tool which may predict gastric cancer risk across
populations of multiple ancestries is of great public health
significance.

Added value of this study
Our two-stage transcriptome-wide association study in East
Asia identified a panel of genes associated with the risk of
developing gastric cancer. Integrating 11 independent genes,
the derived transcriptome risk score can predict gastric cancer
risk in independent, cross-ancestry prospective cohorts. The

associations of Helicobacter pylori infection and successful
H. pylori eradication with gastric cancer risk were prominent
for individuals with a high transcriptome risk score (top
quintile).

Implications of all the available evidence
This study provides insights into the genetic architecture of
gastric cancer and represents an important attempt to
construct a risk score for assessing gastric cancer risk by
integrating susceptibility genes identified through
transcriptome-wide association study. The transcriptome risk
score defined in this study offers a generalizable tool for
gastric cancer risk stratification and may potentially serve as a
new avenue for optimized primary prevention of gastric
cancer.
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H. pylori treatment.7 Alongside primary prevention,
endoscopic screening-based secondary prevention can
significantly lower the risks of GC incidence and
mortality.8 Nevertheless, our comprehension of the
pivotal molecular mechanisms underlying the pro-
gression of gastric lesions and the onset of GC re-
mains constrained. Additionally, our capacity to
discern potential high-risk populations and those who
stand to gain the most from preventive interventions
is limited, leading to GC prevention strategies that fall
short of the standards set by the precision public
health paradigm.9

The occurrence of GC is intricately linked to genetic
susceptibility.10 Previous genome-wide association
studies (GWASs) have unveiled a number of genetic loci
associated with GC,11–15 and the integrated polygenic risk
scores (PRSs) have exhibited promising potential in
distinguishing high-risk populations and predicting GC
risk,12,13 offering insights into the formulation of tailored
prevention strategies that cater to individual risk and
benefit profiles.13 However, most of the identified ge-
netic loci are in non-coding regions of the genome,
providing limited genetic explanatory power for GC risk;
advanced biological knowledge of the underlying
mechanisms of GC and the cross-ancestry portability of
PRS remain challenging.16–18

Drawn upon the concept that a multitude of genetic
variants exert influence on complex traits by modulating
gene expression,19–21 transcriptome-wide association
studies (TWASs) assess the association between genet-
ically imputed gene expression within specific tissues
and complex traits,22,23 thereby facilitating the identifi-
cation of susceptibility genes and providing deeper un-
derstanding into the underlying molecular
mechanisms.24 The aggregation of TWAS-identified
gene expression into a transcriptional risk score (TRS)
has exhibited notable advantages in risk stratification
across diverse populations, either constructed utilizing
genetically predicted25–28 or observed gene expression
data.28–30 However, few TWASs is available on GC,15 and
none of them have yet established a TRS for assessing
GC risk or evaluating the effectiveness of prevention
strategies for individuals with varying TRS levels.

In our study, we conducted a two-stage TWAS to
identify GC susceptibility genes in East Asia and then
utilized independent genes to construct TRS in gastric
tissues to investigate their association with GC risk,
using imputed transcriptomes or observed tran-
scriptomes from our team and publicly accessible da-
tabases of cross-ancestry. To further enhance the public
health implications, we examined how TRS may modify
the association of H. pylori infection and anti-H. pylori
treatment on risk of GC.
Methods
Overall study design and participants
The overall study design is illustrated in Fig. 1, which
involves three in-house cohorts, including the MITS,
SIT, and National Upper Gastrointestinal Cancer Early
Detection (UGCED) program enrolled in Linqu county,
Shandong Province, a recognized high-risk area for
GC.6,7,31 All participants are of Chinese ethnicity. There
were no overlapping participants across three cohorts.
Additionally, the study utilizes three publicly accessible
databases, including the Genotype-Tissue Expression
(GTEx, v8), the UK Biobank (UKB), as well as the Bio-
Bank Japan (BBJ) project.

GTEx
The GTEx project (https://gtexportal.org/) was launched
in 2010, aiming to characterize the relationship between
genetic variations and gene expression across different
human tissues. Details of the project have been described
www.thelancet.com Vol 116 June, 2025
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Fig. 1: Study outline of work flow. Abbreviations: CAG, chronic atrophic gastritis; FDR, false discovery rate; GTEx, Genotype-Tissue Expression
project; HGIN, high-grade intraepithelial neoplasia; H. pylori, Helicobacter pylori; IM, intestinal metaplasia; KEGG, Kyoto Encyclopedia of Genes and
Genomes; LGIN, low-grade intraepithelial neoplasia; MITS, Mass Intervention Trial in Linqu, Shandong Province; SG, superficial gastritis; TRS,
transcriptional risk score; TWAS, transcriptome-wide association study; UGCED, Upper Gastrointestinal Cancer Early Detection.
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previously.21,32 The gene expression imputation model
used in this study was constructed based on 324 in-
dividuals with both whole-blood genotype and RNA
sequencing (RNA-seq) data of gastric tissues. Study
subjects were free of GC or other tumours. Over 80%
were of Whites ancestry. The generation of the expres-
sion model was performed by the Mancuso laboratory
(https://www.mancusolab.com/) and is stored on the
FUSION website (http://gusevlab.org/projects/fusion/).

National UGCED program in Linqu, Shandong Province of
China
Within the framework of the UGCED program,
approximately 3500 residents in Linqu County aged
40–69 years receiving endoscopic examinations for free
per year. Details have been described previously.8,33,34
www.thelancet.com Vol 116 June, 2025
Information on age and sex were confirmed based on
the national identity card. Biopsy samples taken from
seven standard sites and reviewed following the criteria
proposed by the Chinese Association of Gastric Cancer
and Updated Sydney System.35 From April 21, 2012 to
May 07, 2019, a total of 103 subjects aged 40–69 years
were randomly selected for the assessment of TRS
based on observed transcriptomes, diagnosed with su-
perficial gastritis (SG, n = 24), chronic atrophic gastritis
(CAG, n = 30), intestinal metaplasia (IM, n = 22), low-
grade intraepithelial neoplasia (LGIN, n = 12), high-
grade intraepithelial neoplasia (HGIN, n = 6), or GC
(n = 9). Among them, 67 subjects who were free of GC
and had both genotype and RNA-seq data were also used
to assess the predictive stability of imputation weights
from GTEx.
3
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MITS
The MITS is a community-based, cluster-randomized,
controlled, superiority intervention trial (no. ChiCTR-
TRC-10000979) to test the GC prevention effect of
anti-H. pylori therapy launched in March 2011. A total of
180,284 eligible individuals in 980 villages were
enrolled. Age and sex were extracted from the national
identity card. Information on smoking, alcohol intake
and dietary habits was collected through standardized
questionnaires at cohort enrolment. Blood samples were
collected for all individuals. Details of MITS were
described previously.7 A total of 1035 incident cases with
GC were identified over 11.8 years of follow-up (updated
toDecember 31, 2022). The current study employed a
nested case–control design, wherein newly diagnosed
patients with GC identified during the follow-up period
served as the case group, while controls were randomly
selected in a 1:2 ratio. Finally, a total of 935 cases with
GC and 1869 healthy controls, which had qualified ge-
notype data, were included.

BBJ with GWAS summary data
The BBJ is a nation-wide hospital-based prospective
project launched in 2003, which collaboratively gathered
serum samples along with clinical data of approximately
200,000 participants from 66 hospitals affiliated with 12
medical institutes. The project collected DNA samples
from all participants at baseline and were genotyped
with the Illumina HumanOmniExpressExome and
HumanExome beadchip.14 The GWASs were performed
for each phenotype using the SAIGE software (v.0.37).
We downloaded the summary statistics of their GWAS
on GC and gastric adenocarcinoma (accessible at
https://pheweb.jp/), which include data from 7921 GCs
and 159,201 controls.

SIT
The SIT is a recognized trial for GC prevention on
H. pylori treatment, garlic supplementation, and vitamin
supplementation.4–6 In 1989, we initiated a 5-year pro-
spective follow-up study involving scheduled endoscopic
examinations among 3386 residents in Linqu County,
Shandong Province.31 In 1994, eligible individuals and
additional endoscopically screened residents aged 35–64
were invited, with a total of 3365 individuals free of GC
or other cancers included in a double-blinded, ran-
domized, placebo-controlled trial conducted in 1995
(ClinicalTrials.gov, NCT00339768).4–6 Of them,
2258 H. pylori-seropositive participants were randomly
assigned to receive 3 interventions, including 2-week
H. pylori treatment with amoxicillin and omeprazole
and/or 7.3-year garlic supplementation and/or 7.3-year
vitamin supplementation or placebo in a 2 × 2 × 2
factorial design. Meanwhile, 1107 H. pylori-seronegative
participants were randomly assigned to receive garlic
supplementation and/or vitamin supplementation or
placebos in a 2 × 2 factorial design. Under this study
design, each H. pylori-seropositive participant may
receive up to 3 active interventions, while each H. pylori-
seronegative participant may receive up to 2 active in-
terventions, with each intervention being allocated
evenly across the participants. 382 participants who had
H. pylori treatment failure received another 2-week
H. pylori retreatment. GC incidence was ascertained
mainly from scheduled gastroscopies (in 1989, 1994,
1999 and 2003 for all participants) and cancer registries,
with follow-up extended until August 31, 2022. For all
participants, age and sex were extracted from the na-
tional identity card. Information on environmental and
lifestyle factors was collected via standardized ques-
tionnaires at baseline. For the current study, a total of
2755 participants with qualified genotype data were
included, of whom 2548 attended the intervention trial.
Given that the official designation of SIT did not occur
until the inception of the actual trial in 1995, we refer to
participants of the whole study period (1989–2022) as
the ‘SIT cohort’ for convenience.

UKB
Details of the UKB (https://www.ukbiobank.ac.uk/,
Application No. 90999) including study design, proced-
ures, genotyping and imputation were previously
described.36,37 Briefly, approximately 500,000 partici-
pants aged 40–69 years in the United Kingdom were
recruited from 2006 to 2010. We excluded related in-
dividuals and those who had withdrawn their consent to
participate, had no available genetic data, had a diag-
nosis of GC at baseline, reported a gender mismatch
with genetic data, or had abnormal heterozygosity or
high missingness rates. As a result, a total of 406,386
participants were included in the analysis. Information
on age and sex was derived from National Health Ser-
vice (NHS) records, while data on race/ethnicity,
smoking, alcohol intake, and dietary variables were
collected through touchscreen questionnaires. Out-
comes of GC events in our study were ascertained
through both the cancer registry data and the hospital
inpatient records, with complete follow-up updated to
September 1, 2023.

Overall study design
Our study utilized the pre-computed weights of single-
nucleotide polymorphisms (SNPs) for the prediction of
gene expression in gastric tissues based on the GTEx
(v8, n = 324) project, the validity of which was further
assessed using in-house data from the UGCED program
in Linqu, Shandong Province (n = 67). A two-stage
TWAS was then conducted to identify GC susceptibil-
ity genes based on a nested case–control study
(n = 2804, including 935 GCs and 1869 controls) of the
MITS, along with summary statistics of SNPs generated
for 7921 GCs and 159,201 controls in BBJ. By inte-
grating independent GC susceptibility genes identified
in TWAS, a TRS was generated and then applied to
www.thelancet.com Vol 116 June, 2025
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evaluate GC risk in the SIT (n = 2755) and UKB
(n = 406,386) for cross-ancestry validation. We further
examined the performance of the TRS in predicting GC
risk using the RNA-seq data of 103 individuals with
different gastric lesions or GC from the UGCED pro-
gram. In addition, we examined whether the TRS would
interact with H. pylori infection, anti-H. pylori treatment,
and nutrition supplementation among participants of
the SIT.

The diagnosis of GC was coded using the World
Health Organization’s International Classification of
Diseases, Tenth Revision (ICD-10), classified under
C16. The location of GC was classified based on the
ICD-10, which included cardia gastric cancer (C16.0),
non-cardia gastric cancer (C16.1–16.8), and unspecified
gastric cancer (C16.9), while the pathologic type of
gastric cancer was defined based on the ICD for
Oncology, Third Edition (ICD-O-3).

RNA-seq and genome-wide screening
RNA-seq for the observed transcriptomic profile of 103
subjects was performed using PE100 strategy on
DNBSEQ platform. Peripheral blood leucocyte DNA
samples were genotyped using the Global Screening
Array beadchip for UGCED and SIT participants, and
the Asian Screening Array beadchip for MITS partici-
pants, followed by the standard quality control and
imputation procedures described previously.13 Geno-
typed variants were excluded if they had a call rate
<95%, a P-value for Hardy–Weinberg Equilibrium
<1.0 × 10−6 or a minor allele frequency (MAF)≤0.5% or
were duplicated variants. Samples were removed if they
had abnormal missing rate of variants (>5%) or het-
erozygosity rate (>±3 standard deviation from the
mean), sex discrepancy, or were duplicated samples. For
SNP imputation, we phased genotypes using SHAPEIT
(v2) and performed imputation with IMPUTE2 (v2.3.1).
Imputed variants were excluded if they had an imputa-
tion quality score INFO≤0.3, a MAF ≤ 0.5%, or a
missing rate >10%.

For the UKB, participants were genotyped on the UK
BiLEVE Axiom array and UK Biobank Axiom array.37

Further quality control and adjustment and harmoni-
zation of forward and reverse strand and risk genotypes
were performed for all study subjects. We then adopted
a post-imputation quality control process consistent with
the aforementioned.

Statistics
Gene expression imputation models for TWAS analysis
We utilized the SNP-weights for gastric gene expression
downloaded from FUSION23 (http://gusevlab.org/
projects/fusion/), which were precomputed using ge-
notype and gastric gene expression data of 324 healthy
subjects in GTEx (v8). Briefly, the heritability of genes
explained by cis-SNPs (SNPs located within ± 500 kb of
the gene boundary) was calculated based solely on
www.thelancet.com Vol 116 June, 2025
HapMap3 variants, and the further analysis was
restricted to 6127 genes with a heritability P-value <
0.01. Then, the SNP-weights for the expression of each
gene were estimated using four predictive linear
models, and a five-fold cross-validation process was
followed to determine the best-performing imputation
model for each gene, yielding its cross-validation R2. To
assess the predictive stability of these imputation
models across different populations, we calculated the
R2 value for prediction performance by comparing the
imputed gene expression with the actual RNA-seq data
of the 67 non-GCs included from the UGCED program.
The final set of genes selected for the TWAS adhered to
the criteria that were previously reported.38 For genes
that were detected by RNA-seq and had SNP data
passing the quality control standards for the generation
of imputed gene expression in UGCED participants, a
prediction R2 > 0.01 (corresponding to >10% correla-
tion) in both GTEx and UGCED projects was considered
eligible. Otherwise, for genes that could not be evaluated
in UGCED (due to missing RNA-seq data or incomplete
genotype data after quality control), we required a pre-
diction R2 > 0.04 (corresponding to >20% correlation) in
the GTEx project. For the included genes, a Pearson
correlation analysis was conducted to calculate the cor-
relation coefficient between the prediction R2 in the
UGCED program and the prediction R2 values obtained
from GTEx.

Two-stage TWAS for GC
Using the predictive model developed for each gene
based on GTEx, we employed the individual genotype
data to impute predicted transcriptomes for the subjects
in the nested case–control study of the MITS. Stan-
dardized effect sizes (ZTWAS) and hazard ratios (HRs)
with 95% confidence intervals (CIs) were then calculated
for the associations between the imputed gene expres-
sion levels and incident GC risk. Instead of conventional
Cox regression analysis, inverse probability weighted
Cox regression models as appropriate for the nested
case–control study,39 were employed for the analysis of
the MITS subjects, which accounts for selection bias to
enhance the representativeness of the sample and pro-
vides an unbiased estimate of the association effect. The
analyses were conducted adjusting for age, sex, H. pylori
infection and treatment status, and five principal com-
ponents (PCs). Transcriptome-wide significant hits that
passed the false discovery rate (FDR)-corrected signifi-
cance threshold (FDR q-value < 0.05) in the MITS were
subsequently examined in the validation stage based on
GC GWAS summary statistics of BBJ, leveraging link-
age disequilibrium (LD) references derived from the
East Asian population within the 1000 Genomes Project.
The association between predicted expression and GC
was estimated with ImpG-Summary40 as a linear com-
bination of elements of Z, a vector of standardized effect
sizes (z-scores) of SNPs associated with GC at a given cis
5
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locus, with the precomputed weights w, calculated as
ZTWAS = w’Z/(w’Dw)1/2, where D denotes the LD ma-
trix.23 Genes with FDR q-value <0.05 in MITS and
P < 0.05 in BBJ were defined as key GC susceptibility
genes in this study. The Manhattan plot was generated
using the R package “ggplot2”.

Functional annotation of TWAS significant associations
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses were conducted to eluci-
date the biologically relevant pathways associated with
key GC susceptibility genes. For two GC susceptibility
genes at newly identified loci exceeding Bonferroni-
corrected significance threshold (P < 1.11 × 10−5, 0.05/
4518 genes), Bayesian colocalization analysis was per-
formed to assess whether the GC GWAS signals and
expression quantitative trait loci (eQTL) signals in
gastric tissues share common causal variants. Summary
statistics from the BBJ were integrated with gastric tis-
sue eQTL data from GTEx (v8), using the “coloc” R
package. Five posterior probabilities (PP0-PP4) were
computed, where PP4 > 75% was considered strong
evidence for colocalization, indicating a high probability
(>75%) that both association signals originate from the
same underlying causal variant. Enrichment analyses
were conducted using the “clusterProfiler” R package.
LocusZoom (http://locuszoom.org/) was employed to
visualize SNP associations with gene expression levels
and GC risk.

Construction and assessment of TRS with imputed
transcriptomes based on prospective studies
By integrating the independent key genes associated
with GC susceptibility, the TRS of an individual was
calculated as the sum of gene expression (GeneExpj)
weighted by the effect size (Zj), computed over g genes.
The formula is as follows:

TRS= ∑
g

j=1
GeneExpj × Zj (1)

The effect size (Zj) for each gene was determined by
incorporating all GC susceptibility genes, identified
through the two-stage TWAS, into a single model of the
inverse probability weighted Cox regression analysis,
based on the nested case–control study within the
MITS. When multiple susceptibility genes were identi-
fied at a single genomic locus (defined by an intergenic
distance of <500 kb), the gene with the lowest P-value in
the initial TWAS for MITS was retained. We further
assessed associations between TRS and GC risk based
on the prospective follow-up of the MITS, SIT, and
UKB, using imputed gene expression levels (min–max
standardized) for study participants. Restricted cubic
spline analysis was conducted to evaluate potential
nonlinear relationships. The Cox proportional hazards
regression models (specifically, inverse probability
weighted Cox regression models for MITS) were uti-
lized to calculate the HRs and 95% CIs for continuous
TRS and its quintiles associated with GC, and the P-
value for trend (P-trend), adjusting for age, sex, H. pylori
infection and treatment status (for MITS and SIT only),
and five PCs. In addition to GC overall, analyses were
also conducted for cardia and non-cardia GC respec-
tively based on the MITS and UKB respectively. Sensi-
tivity analyses were performed by additionally adjusting
for smoking status, alcohol consumption, and dietary
factors (total vegetable intake, total fruit intake, and
preference for salty food) as covariates. Stratified ana-
lyses were conducted by these lifestyle and dietary
factors.

To evaluate the performance of the TRS developed in
this study compared to the conventional PRS model, we
utilized a PRS model constructed from the largest
existing GC GWAS12 (10,254 Asian GCs and 10,914
controls) containing 112 SNPs, and examined the as-
sociations of the PRS with the risk of GC in the MITS,
SIT, and UKB populations respectively. For each cohort,
we employed regression models identical to those used
in the TRS evaluation.

Construction and assessment of TRS with observed
transcriptomes in the UGCED program
For the calculation of TRS for UGCED subjects, we
leveraged the observed gene expression levels derived
from RNA-seq instead of imputed transcriptomes, and
examined the dynamic changes in TRS across the multi-
stage progression of gastric lesions, from SG to CAG,
IM, LGIN, HGIN, and ultimately GC. A rank-based
ANOVA (Kruskal–Wallis test), followed by Dunn’s
post-hoc test with Benjamini-Hochberg correction for
multiple comparisons, was used for the differences of
TRS across subjects in different categories. Uncondi-
tional logistic regression models were employed to
calculate the odds ratios (ORs) and 95% CIs for the as-
sociations of TRS with the risk of GC, as well as gastric
neoplasia (including GC, HGIN, and LGIN) adjusting
for age and sex. Considering the modest sample size
and a high proportion of missing data regarding
H. pylori infection for UGCED subjects (Table S1), the
analysis did not adjust for H. pylori infection as a
covariate.

Interactions of TRS with H. pylori infection, anti-H. pylori
treatment and nutrition supplementation
Leveraging the prospective follow-up of SIT participants,
we examined the risk of incident GC associated with
H. pylori infection (1989–2022) and anti-H. pylori treat-
ment (1995–2022) for individuals with a low (quintile 1),
intermediate (quintiles 2–4), and high TRS (quintile 5)
respectively. Among the 2755 participants in the SIT,
the subjects receiving active H. pylori treatment in 1995
www.thelancet.com Vol 116 June, 2025
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were excluded for the analysis on H. pylori infection,
leaving 1878 subjects for this analysis. A total of 2548
attended the 2 × 2 × 2 factorial-designed intervention
trial in 1995. The analysis on anti-H. pylori treatment
was restricted to 1811 H. pylori positive individuals
receiving either active treatment (one capsule with
amoxicillin and omeprazole twice daily for 2 weeks) or
its placebo (a look alike capsule) in 1995, following the
intention-to-treat approach. We further examined the
association of GC with successful eradication compared
with those receiving placebo for H. pylori treatment.
Additionally, the associations of garlic supplementation
and vitamin supplementation with GC risk across
different TRS groups were evaluated for 2548 trial par-
ticipants. Kaplan–Meier curves, along with log-rank tests
were employed to compare the cumulative incidence
based on H. pylori infection or intervention status
among individuals with different TRSs. The Cox pro-
portional hazards regression models were employed to
calculate the HRs (95% CIs) for the associations. P-
values for interaction (P-interaction) were calculated by
adding the interaction term in the regression models.
For each intervention, absolute risk reduction (ARR) in
GC incidence and the number of participants needed to
treat (NNT) to prevent one case of GC over the 27.1-year
follow-up period were calculated.

FUSION,23 R (version 4.3.3) and PLINK (version 1.9)
were utilized for analysis.

Ethics
This study was approved by the Institutional Review
Board of Peking University Cancer Hospital (approval
No. 2023KT12). All participants of the UGCED, MITS,
and SIT provided written informed consent.

Role of funders
The funders had no role in study design, data collection,
analysis and interpretation, writing of the report, or
decision to publish.

Results
Two-stage TWAS for GC risk in MITS and BBJ
The SNP-weights for genetically predicted expression in
gastric tissue of 6127 genes had been precomputed based
on GTEx (v8, n = 324) and further assessed based on 67
participants of the UGCED program. Of them, 3341
genes met the prediction R2 > 0.01 criterion in both GTEx
and UGCED, while an additional 1177 genes, though
unevaluable in UGCED, had a prediction R2 > 0.04 in
GTEx. Ultimately, these 4518 genes were included in our
TWAS analysis. A significant correlation between the R2

of prediction performance in UGCED and the prediction
R2 in GTEx (r = 0.37, Pearson correlation,
P = 5.85 × 10−109, Fig. S1), supporting the applicability of
cis-SNP weights from GTEx and applicability of the gene
expression imputation models across populations.
www.thelancet.com Vol 116 June, 2025
Applying these imputation models to the nested
case–control study within the MITS (935 incident GCs:
mean age 48.2, standard deviation [SD] 5.8 years; and
1869 controls: mean age 42.9, SD 7.5 years; Table S1),
the predicted expression of 175 genes was significantly
associated with incident GC risk (inverse probability
weighted Cox regression, FDR q-value <0.05, Fig. 2 and
Table S2), enriched in pathways involving Endocytosis,
extracellular matrix–receptor interaction, and PI3K-Akt
signalling pathway (Table S3). We tested the propor-
tional hazards assumption and did not find violations
(Table S4). Among them, 16 genes located in 11 inde-
pendent genomic loci were successfully replicated in
another East Asian cohort, BBJ, at a nominal threshold
of P < 0.05 (ImpG-Summary, Fig. 2 and Table 1). 1q22
(GBAP1 and THBS3), 4q28.1 (ANKRD50), 5p13.1
(PRKAA1), and 6p21.33 (HLA-C) have been previously
reported as GC susceptibility loci, but GBA and RUSC1-
AS1 in 1q22 have not been shown as the targets of
GWAS-identified risk SNPs. We also paid special
attention to the located genes of previously reported GC
risk variants listed in the GWAS Catalogue, for which
the association of the predicted expression with GC risk
are shown in Table S5.

A total of 7 loci were newly associated with GC risk
(Fig. 2 and Table 1). The predicted expression of AP1AR
(4q25) and RCCD1 (15q26.1) exceeded Bonferroni-
corrected significance threshold (inverse probability
weighted Cox regression, P = 6.22 × 10−7 and 1.44 × 10−6

respectively) in the MITS. Bayesian colocalization sug-
gested that GWAS and gastric tissue eQTL signals share
the same variant at the AP1AR locus (PP4 = 0.92), with
rs6836717 identified as the SNP most significantly
associated with both GC risk and AP1AR expression
(P-GWAS = 5.09 × 10−5; P-eQTL = 1.66 × 10−9, Fig. S2). The
PP4 for RCCD1 was 0.31, indicating relatively low
confidence in the colocalization of the GWAS and eQTL
signals at this locus.

TRS based on imputed transcriptomes and incident
GC risk
We integrated 11 independent lead genes on key genomic loci
to derive a TRS, based on imputed transcriptomes.
TRS = (−1.84 ×GBA) − (3.99 ×HIBCH) + (4.19 × CFAP44) −
(2.99 × AP1AR) + (3.32 × ANKRD50) − (2.45 × PRKAA1) −
(4.30 ×HLA-C) − (4.84 ×HRCT1) − (4.45 × SMUG1) − (2.85 ×
RNASEH2B-AS1) − (4.71 × RCCD1).

The associations between TRS and GC risk were
then examined based on the nested case–control study
of MITS, and SIT, as well as the cross-ancestry UKB
cohort. While the MITS and SIT only comprises ethni-
cally Chinese participants, the majority of UKB partici-
pants are Whites (93.7%) (Table S1). The mean (SD) age
at enrolment was 46.9 (9.1) years for the 2755 partici-
pants in SIT, and 56.5 (8.1) years for the 406,386 par-
ticipants in UKB. Women accounted for 50.9% and
7
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Fig. 2: Manhattan plot for the two-stage transcriptome-wide association study. Each point on the graph represents a gene. Gastric gene
expression imputation models precomputed based on the Genotype-Tissue Expression project (v8, n = 324) were downloaded from FUSION
and utilized. The predicted expression of 175 genes were associated with gastric cancer risk (FDR q-value <0.05, dashed grey line) in MITS, and
16 of them were further successfully replicated in the BBJ at a nominal threshold of P < 0.05 (dashed grey line). Among them, GBA, AP1AR, and
RCCD1 passed the Bonferroni-corrected significance threshold (P < 1.11 × 10−5, dashed red line) in the MITS. Abbreviations: BBJ, BioBank Japan;
FDR, false discovery rate; MITS, Mass Intervention Trial in Linqu, Shandong Province.
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53.9% of the participants in these datasets, respectively
(Table S1). During the follow-up period, a total of 146
incident cases with GC were recorded in the SIT
(1989–2022) and 1144 cases in the UKB (2006–2023).

From the lowest to highest quintile of TRS, the risk
of GC increased in a dose-dependent manner in the
MITS (HR = 2.83, 95% CI: 2.31–3.48 for the highest
quintile; HR = 1.51, 95% CI: 1.42–1.62 per SD increase
in TRS, inverse probability weighted Cox regression, P-
trend = 2.93 × 10−34). Such similar associations were
found for the SIT and UKB, with HRs of 1.27 (95% CI:
1.09–1.50, Cox regression, P-trend = 0.003) and 1.08
(95% CI: 1.02–1.15, Cox regression, P-trend = 0.008) per
one SD increase in TRS respectively (Table 2 and
Fig. S3). We tested the proportional hazards assumption
and found no violations (Table S4). The restricted cubic
spline curve also demonstrates a gradual increase in GC
risk with rising TRS levels (Fig. S4). Sensitivity analyses
additionally adjusting for smoking status, alcohol con-
sumption, and dietary patterns yielded no material
change in findings (Table S6).

As shown in Table S7, the majority of GCs with
specified locations occurred at non-cardia sites in the
MITS (89.8%, 666/742) and SIT (83.3%, 60/72), while a
higher proportion of cardia GC compared to non-cardia
GC was observed in the UKB. Regarding histological
types, the vast majority were adenocarcinomas in MITS
(96.9%, 850/877 with confirmed information) and UKB
(80.2%, 438/546), but such information was unavailable
for the SIT. Given the more complete data on clinical
characteristics for GC in MITS and UKB, we examined
the association for the risk of non-cardia and cardia GC
respectively (Table S8). The results demonstrated sig-
nificant associations of TRS with both non-cardia and
cardia GC in two cohorts. For per SD increase in TRS,
inverse probability weighted Cox regression analysis
yield an HR of 1.53 (95% CI: 1.41–1.66, P-
trend = 1.60 × 10−25) for non-cardia GC and 1.51 (95%
CI: 1.20–1.90, P-trend = 3.85 × 10−4) for cardia GC in
MITS. In UKB, the HR was 1.15 (95% CI: 1.03–1.30,
Cox regression, P-trend = 0.02) for non-cardia cancer
and 1.10 (95% CI: 1.01–1.19, Cox regression, P-
trend = 0.03) for cardia cancer.

Comparison of associations between TRS and PRS
with GC risk
Based on the PRS derived from the largest previously
conducted GWAS on GC, we examined the risk of GC
for the MITS, SIT, and UKB cohorts. The HR per SD
PRS increase was 1.16 (95% CI: 1.09–1.24, inverse
probability weighted Cox regression, P-
trend = 2.85 × 10−6) for MITS, 1.17 (95% CI: 0.99–1.38,
www.thelancet.com Vol 116 June, 2025
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Region Gene Type Heritabilityb Prediction R2 MITS BioBank Japan

GTEx UGCED HR (95% CI) ZTWAS P FDR q-value ZTWAS P

Previously reported loci

1q22 GBA Protein-coding 0.13 0.02 0.03 0.36 (0.24–0.55) −4.77 1.87 × 10−6 8.76 × 10−4 −9.82 8.87 × 10−23

GBAP1 Pseudogene 0.30 0.23 0.13 0.57 (0.43–0.75) −4.07 4.70 × 10−5 0.005 −10.61 2.62 × 10−26

RUSC1-AS1 LncRNA 0.05 0.03 0.02 1.61 (1.26–2.06) 3.82 1.34 × 10−4 0.01 7.79 6.97 × 10−15

THBS3 Protein-coding 0.27 0.20 0.02 2.27 (1.49–3.46) 3.80 1.46 × 10−4 0.01 8.27 1.37 × 10−16

4q28.1 ANKRD50 Protein-coding 0.21 0.10 0.09 2.02 (1.34–3.04) 3.34 8.30 × 10−4 0.03 3.56 3.72 × 10−4

5p13.1 PRKAA1 Protein-coding 0.10 0.02 0.04 0.67 (0.52–0.86) −3.15 0.002 0.04 −10.30 6.25 × 10−25

6p21.33 HLA-C Protein-coding 0.60 0.26 0.20 0.43 (0.28–0.66) −3.91 9.38 × 10−5 0.01 −3.07 0.002

Newly identified locic

2q32.2 HIBCH Protein-coding 0.43 0.40 0.01 0.56 (0.40–0.77) −3.58 3.39 × 10−4 0.02 −2.01 0.04

3q13.2 CFAP44 Protein-coding 0.18 0.15 0.01 1.84 (1.34–2.51) 3.79 1.52 × 10−4 0.01 2.01 0.04

4q25 AP1AR Protein-coding 0.13 0.08 0.04 0.61 (0.50–0.74) −4.98 6.22 × 10−7 4.61 × 10−4 −3.09 0.002

C4orf32 Protein-coding 0.08 0.03 0.03 1.50 (1.21–1.86) 3.72 2.03 × 10−4 0.01 3.25 0.001

LARP7 Protein-coding 0.11 0.02 0.03 2.74 (1.57–4.79) 3.53 4.11 × 10−4 0.02 2.32 0.02

9p13.3 HRCT1 Protein-coding 0.23 0.09 0.06 0.37 (0.23–0.58) −4.28 1.87 × 10−5 0.003 −2.08 0.04

12q13.13 SMUG1 Protein-coding 0.35 0.10 0.04 0.44 (0.31–0.64) −4.27 1.94 × 10−5 0.003 −2.16 0.03

13q14.3 RNASEH2B-AS1 LncRNA 0.34 0.17 0.02 0.23 (0.11–0.46) −4.05 5.12 × 10−5 0.005 −2.20 0.03

15q26.1 RCCD1 Protein-coding 0.34 0.28 0.03 0.62 (0.51–0.75) −4.82 1.44 × 10−6 7.59 × 10−4 −2.81 0.01

Abbreviations: CI, confidence interval; FDR, false discovery rate; GTEx, Genotype-Tissue Expression; GWAS, genome-wide association study; HR, hazard ratio; lncRNA, long non-coding RNA; MITS, Mass
Intervention Trial in Linqu, Shandong Province; TWAS, transcriptome-wide association study; UGCED, Upper Gastrointestinal Cancer Early Detection. aGastric gene expression imputation models previously
developed based on GTEx (v8, n = 324) were downloaded from FUSION and utilized. The associations between the imputed gene expression levels (mean standardized) in the MITS and the incident gastric
cancer risk were assessed using inverse probability weighted Cox regression models, adjusting for age, sex, H. pylori infection and treatment status, and five principal components. Genes with FDR q-value
<0.05 (corrected for 4518 genes) were subsequently examined based on GWAS summary statistics of BioBank Japan, and those that were replicated at a nominal P-value <0.05 were identified as
susceptibility genes for gastric cancer and are presented here. bHeritability of genes had been precalculated based on GTEx. cNewly identified loci are defined as genomic regions more than 500 kb from any
gastric cancer risk variants identified in GWAS (as listed in the GWAS Catalogue up to March 28, 2024).

Table 1: 16 susceptibility genes identified by two-stage transcriptome-wide association study for gastric cancer.a
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Cox regression, P-trend = 0.06) for SIT, and 0.96 (95%
CI: 0.91–1.02, Cox regression, P-trend = 0.19) for UKB
(Table S9). In each cohort, the TRS exhibited a stronger
association with the risk of GC compared to the PRS,
demonstrating more robust correlations with GC risk
even in the UKB. This supports the superior general-
izability of the newly developed TRS across diverse
populations (Fig. S5).
TRS MITS SIT

No. of cases
(person-years)

HR (95% CI) P No. of cases
(person-years)

Quintile 1 147 (5893) 1.00 (Reference) 16 (15,784)

Quintile 2 154 (5792) 1.29 (1.03–1.62) 0.03 30 (15,648)

Quintile 3 166 (5655) 1.41 (1.13–1.76) 0.002 31 (15,630)

Quintile 4 220 (5488) 2.11 (1.71–2.60) 2.67 × 10−12 33 (15,418)

Quintile 5 248 (5320) 2.83 (2.31–3.48) 2.43 × 10−23 36 (15,356)

Per one SD
score increase

935 (28,149) 1.51 (1.42–1.62) 2.93 × 10−34 146 (77,837)

Abbreviations: CI, confidence interval; HR, hazard ratio; MITS, Mass Intervention Trial i
Shandong Intervention Trial; TRS, transcriptional risk score. aParticipants were divided
quintile was calculated using Cox proportional hazards regression models (specifically, in
reference, adjusting for age, sex, H. pylori infection and treatment status (for MITS and SI
and the P-value for trend were also calculated.

Table 2: Transcriptional risk score based on imputed transcriptomes and incid
UK Biobank.a
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TRS based on observed transcriptomes in the
UGCED program
We further evaluated the performance of the TRS
integrating 11 genes based on the observed tran-
scriptomes of 103 participants from the UGCED pro-
gram (Table S10). TRS exhibited an upward trend with
the progression of gastric lesions (linear regression, P-
trend = 5.01 × 10−4), with GCs showing significantly
UK Biobank

HR (95% CI) P No. of cases
(person-years)

HR (95% CI) P

1.00 (Reference) 200 (1,139,990) 1.00 (Reference)

1.76 (0.96–3.24) 0.07 207 (1,139,269) 1.02 (0.84–1.24) 0.83

1.96 (1.07–3.59) 0.03 239 (1,140,996) 1.18 (0.98–1.42) 0.09

2.15 (1.18–3.90) 0.01 245 (1,140,665) 1.20 (1.00–1.45) 0.05

2.38 (1.32–4.30) 0.004 253 (1,140,650) 1.23 (1.02–1.49) 0.03

1.27 (1.09–1.50) 0.003 1144 (5,701,570) 1.08 (1.02–1.15) 0.008

n Linqu, Shandong Province; NA, not applicable; SD, standard deviation; SIT,
into quintiles according to their TRSs. The HR (95% CI) of gastric cancer for each
verse probability weighted Cox regression models for MITS) with quintile 1 as the
T only), and five principal components. The HR (95% CI) per one SD increase in TRS

ent gastric cancer risk in the nested case–control study of MITS, SIT, and
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higher TRS compared to those with SG, CAG and IM
(Fig. 3a). Analysis by quintiles of TRS showed that GC
was not observed in the lowest two TRS quintiles, with
more than half of the cases occurring in the highest
quintile (Fig. 3b). Consistent with the analyses based
on imputed expression in other cohorts, a strong as-
sociation between TRS and GC was observed
(OR = 9.23 per SD increase in TRS, 95% CI:
1.76–48.46, logistic regression, P-trend = 0.009). Con-
strained by the modest number of GC (n = 9), we
further considered gastric neoplasia (GC, HGIN, or
LGIN) as a secondary outcome and found that in-
dividuals with higher TRS had a significantly increased
risk of gastric neoplasia (OR = 3.48 per SD increase in
TRS, 95% CI: 1.70–7.12, logistic regression, P-
trend = 6.25 × 10−4, Fig. 3c).
a b

c

Fig. 3: Transcriptional risk score based on observed transcriptomes in
and GC. A rank-based ANOVA (Kruskal–Wallis test) with Dunn’s post-hoc
TRS in different categories. The P-value for trend was calculated using a lin
comparisons, only significant P values are presented for brevity. b. Proport
TRS and risk of gastric neoplasia. The OR (95% CI) of gastric neoplasia (i
unconditional logistic regression models with quintile 1 as the reference, a
and the P-value for trend were also calculated. Abbreviations: CAG, chron
high-grade intraepithelial neoplasia; IM, intestinal metaplasia; LGIN, low-g
standard deviation; SG, superficial gastritis; TRS, transcriptional risk score
Interaction between TRS and chemoprevention on
GC risk in the SIT
Stratifying SIT participants by TRS levels, we found that
the association ofH. pylori infection on the development
of GC was most pronounced for individuals with high
TRS (HR = 5.76, 95% CI: 1.56–21.29) during the entire
follow-up period (1989–2022), demonstrating a signifi-
cant interaction between H. pylori infection and TRS
levels on the risk of GC (Cox regression, P-interac-
tion = 0.03, Fig. 4).

Among 2548 trial participants in 1995, 138 cases
with GC were documented during the subsequent 27.1-
year follow-up (1995–2022), including 113 cases for
baseline H. pylori positive individuals (n = 1811) and 25
cases for H. pylori negative ones (n = 737) (Table S11).
The beneficial effect of H. pylori treatment on reducing
the UGCED program. a. Boxplot of TRS according to gastric lesions
adjusted by Benjamini-Hochberg method was used to compare the
ear regression model. As the Kruskal–Wallis test involved 15 pairwise
ion of different gastric lesions and GC according to quintiles of TRS. c.
ncluding GC, HGIN, and LGIN) for each quintile was calculated using
djusting for age and sex. The OR (95% CI) per one SD increase in TRS
ic atrophic gastritis; CI, confidence interval; GC, gastric cancer; HGIN,
rade intraepithelial neoplasia; NA, not applicable; OR, odds ratio; SD,
; UGCED, Upper Gastrointestinal Cancer Early Detection.
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Fig. 4: Association of H. pylori infection, anti-H. pylori treatment, and successful eradication with the risk of incident gastric cancer by
different TRS levels in the Shandong Intervention Trial. Participants were categorized by low (quintile 1), intermediate (quintiles 2–4), and
high (quintile 5) levels of TRS constructed with imputed transcriptomes. Analysis of H. pylori infection was conducted based on the entire study
period (1989–2022), excluding H. pylori-seropositive individuals receiving active treatment. Analysis for interventions was conducted based on the
27.1-year follow-up period after trial randomization (1995–2022). a. Cumulative gastric cancer incidence for individuals with different H. pylori
infection or treatment status according to TRS categories. Log-rank tests were employed to compare the cumulative incidence. b. Stratified analysis
on the association of H. pylori infection, anti-H. pylori treatment, and successful eradication with the risk of incident gastric cancer by TRS levels. The
Cox proportional hazards regression models were conducted to estimate HRs (95% CIs), and P-values for interaction were calculated by adding the
interaction term in the regression models. ARR and NNT for H. pylori treatment and successful eradication were calculated over the 27.1-year follow-
up period. NNT = 1/ARR. Abbreviations: ARR, absolute risk reduction; CI, confidence interval; H. pylori, Helicobacter pylori; HR, hazard ratio; NA, not
applicable; NNT, number needed to treat; P-int, P-value for interaction; TRS, transcriptional risk score.
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GC risk was only observed for individuals with the high
TRS (HR = 0.42, 95% CI: 0.19–0.93, ARR = 5.08%,
NNT = 19.69), and appeared even stronger for high TRS
individuals with successful eradication (HR = 0.24, 95%
CI: 0.08–0.71, ARR = 8.14%, NNT = 12.28). Such sig-
nificant effect was not found for those with intermediate
or low TRS, demonstrating an effect modification of the
TRS level on successful H. pylori eradication (Cox
regression, P-interaction = 0.05) (Fig. 4). We also
examined the effect of vitamin supplementation and
garlic supplementation but did not find significant in-
teractions by TRS (Cox regression, P-interaction = 0.59
for garlic supplementation and P-interaction = 0.99 for
vitamin supplementation) (Fig. S6).

Additionally, we conducted stratified analyses by key
lifestyle factors-including smoking status, alcohol con-
sumption, and dietary habits (total vegetable intake, total
fruit intake, and preference for salty foods) to assess
their potential effect modification on the TRS-GC asso-
ciation. No statistically significant interactions were
observed (Cox regression [inverse probability weighted
Cox regression for MITS], P-interaction > 0.05 for all
strata, Table S12).
www.thelancet.com Vol 116 June, 2025
Discussion
Based on a two-stage TWAS, we identified a panel of
genes associated with the risk of developing GC, which
may provide new insights into the genetic architecture
and aetiology of GC. The derived TRS may predict GC
risk in independent, cross-ancestry prospective cohorts
and potentially serve as a generalizable tool for risk
stratification. The TRS also modified the associations of
H. pylori infection and successful H. pylori eradication
with GC risk, possibly opening up new avenues for
optimized primary prevention of GC.

In our study, the two stages of TWAS were con-
ducted based on Chinese (MITS) and Japanese (BBJ)
populations respectively. Based on the BBJ GWAS
summary statistics, 16 out of 175 genes were signifi-
cantly replicated for GC risk. In addition, MITS partic-
ipants were enrolled from an established high-risk area
for GC while the BBJ included hospital-based cases. The
recognized genetic heterogeneity even among East
Asian populations,41 coupled with potentially distinct
genetic susceptibilities for individuals from high-risk
areas, may partly account for the relatively limited
number of genes that were successfully replicated. Even
11
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so, our findings demonstrate the value of TWAS in both
validating previously identified GC susceptibility loci
and discovering further loci, contributing to the further
understanding of the genetic susceptibility of GC.

Prior GWASs have revealed multiple genetic loci
associated with GC.11–15 Our TWAS confirmed 4 previ-
ously identified GC susceptibility loci providing evi-
dence for the impact of dysregulated gene expression on
GC risk. Upregulation of ANKRD50 (4q28.1) in GC has
also been reported in a previous TWAS study based on
meta-analysis of ten European GWASs involving 5815
patients and 10,999 controls.15 In addition, we newly
identified 7 genomic loci associated with GC on chro-
mosome 2q32.2, 3q13.2, 4q25, 9p13.3, 12q13.13,
13q14.3, and 15q26.1 respectively, among which the
expression of AP1AR on chromosome 4q25 (encoding
the Adaptor Related Protein Complex 1 Associated
Regulatory Protein) met the Bonferroni correction for
multiple comparisons. While a study has reported the
role of AP1AR and its binding partner PICALM as
regulators of pro-inflammatory signalling,42 there is still
a lack of research investigating their contributions to the
initiation and progression of tumorigenesis. Bayesian
colocalization analysis indicates rs6836717 as the com-
mon causal variant that underlies both GWAS signals
and gastric tissue eQTL signals at the AP1AR locus. It
potentially mediates GC susceptibility through regula-
tion of AP1AR expression, thereby providing a target for
future research. Another newly identified candidate
gene that passed the Bonferroni-corrected significance
threshold was RCCD1 (15q26.1), which encodes the
RCC1 Domain-Containing Protein 1, may be important
for cell-cycle-regulated transcriptional repression in
centromeric regions and accurate mitotic division
spindle organization.43 RCCD1 has been reported to be
associated with breast cancer,44 ovarian cancer,45 and
pancreatic cancer.46 Here, we presented evidence for its
possible association with the development of GC but
further studies are warranted to clarify the potential
underlying mechanisms.

Compared with PRS, TRS exhibits several potential
complementary advantages. Previous studies have indi-
cated that PRS solely based on genetic level data
frequently encounter the challenge of cross-ancestry
generalizability.16–18 In our study, the comparison be-
tween PRS and TRS reveals that, although the PRS re-
tains its potential predictive value within populations of
the same ancestry, it demonstrates limited generaliz-
ability across different ancestries. In contrast, the
derived transcriptome-based TRS exhibited a consistent
association with GC risk across diverse cohorts, under-
scoring its portability and applicability for risk stratifi-
cation across different ancestry groups. Existing studies
have suggested that TRS might offer advantages by
harnessing eQTL variants, which tie it to biological
mechanisms potentially shared among various ancestry
groups.25,26 In addition, it was proposed that the
portability of TRS may also stem from the methods and
ancestry composition used to construct the models.21,26

Beyond cross-ancestry robustness, another key advan-
tage of TRS lies in its utilization of trait-associated gene
panels that focus on functionally relevant tissues,
thereby enhancing its histological specificity and bio-
logical interpretability.21,24 Moreover, gene-level analysis
provides technical advantages over SNP-based ap-
proaches, including reduced model optimization
complexity and significantly improved computational
efficiency.20 Therefore, while there is ongoing debate
regarding whether TRS demonstrates superiority in risk
prediction over PRS,25–28 the fact that TRS can be applied
across ethnic populations through genome interrogation
establishes a foundation for its translation in identifying
high-risk populations and early detection of GC. This
further underscores the potential of an integrative
approach combining TRS with PRS to enhance predic-
tion accuracy and cross-ancestry generalizability in
future studies.25,26,47

While TRS may be translationally relevant without
the need for actual transcriptome data,23,27 our study also
yielded robust findings when actual transcriptome data
is available for the UGCED participants, revealing that
the TRS signature was associated with the cascade
progression of gastric lesions and the development of
GC. Previous studies have indicated that TRSs based on
observed gene expression data capture a richer array of
information than cis-eQTL genetic variants.29 This in-
cludes trans-acting genetic effects or environmental in-
fluences, thereby potentially reflecting a more dynamic
aspect of biological regulation and expanding the
phenotypic variance that can be accounted for beyond
PRSs.29 Even so, studies measuring gene expression
have frequently encountered obstacles due to limitations
in specimen availability and cost. Further large-scale
studies are necessary to investigate whether TRS,
which incorporates actual transcriptome data, would
demonstrate enhanced predictive accuracy for risk
assessment compared to approaches that rely solely on
genomic interrogation.

In our study, we succeeded in validating the TRS for
GC based on cross-ancestry cohorts. The stronger effect
magnitude observed for MITS compared to UKB may
still be partly attributed to differences in race and eth-
nicities. Heterogeneity in epidemiologic and etiologic
factors for GC has been well known across different
populations. For example, H. pylori infection rate varies
between East Asian and Western Population. However,
although H. pylori infection status may act as a
confounder or interact with genetic susceptibility in
influencing GC risk, TWAS relies on germline genetic
variants for imputing gene expression. Indeed, H. pylori
infection is not typically regarded as a determinant of
inherited genetic susceptibility in this context. To
further enhance the robustness of the constructed TRS
for GC risk, we observed consistent associations for
www.thelancet.com Vol 116 June, 2025
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both cardia and non-cardia GC in the Chinese (MITS)
and Western (UKB) populations, respectively.

Previous studies have elaborated on the pivotal role
of host genetic factors in the H. pylori infection-related
gastric lesion progression and GC development.48–50

Specific genes may interact with host molecules
involved in the response to H. pylori infection or its
resultant effects, thereby potentially influencing the
pathogenesis of GC. Our study reinforces the potential
impact of H. pylori infection and its eradication partic-
ularly in the context of TRS, with the beneficial effect of
anti-H. pylori treatment and successful eradication on
preventing GC particularly noteworthy for those with
the top quintile of TRS. In line with our previous
study,13 our findings corroborate the benefits of H. pylori
treatment in individuals with a high genetic risk of GC
and suggests the integration of genetic susceptibility
with transcription profiling to enhance the imple-
mentation of effective primary prevention strategies for
GC, ultimately facilitating more efficient GC primary
prevention.

The pathological variants of hereditary cancer genes,
typically very rare, are well-recognized to have profound
impacts and offer significant clinical value for the
diagnosis and treatment of hereditary GCs.50 However,
their extremely low MAFs may limit their utility in risk
assessment and the development of prevention strate-
gies for sporadic cancers in population-based settings,
such as conducting endoscopic screening and imple-
menting primary prevention measures like H. pylori
treatment. Indeed, in standard GWAS and TWAS
quality control pipelines, rare variants are commonly
excluded to guarantee robust association signals.51 For
example, although GTEx employed comprehensive
genotyping techniques that encompasses whole-genome
sequencing, whole-exome sequencing, and SNP arrays
covering both common and rare variants, the official
TWAS protocol for constructing gene expression
imputation models recommends utilizing genetic vari-
ants with MAF>1% and restricting to Hapmap3 SNPs
for analysis.23 This approach has been empirically
proven to efficiently capture common variants and
exhibit robust imputation accuracy across different ge-
notype arrays. Due to the inherent constraints of the
standard TWAS pipeline, we were unable to investigate
hereditary cancer genes based on pathologic variants.
We recognize this as a limitation of our study.

Our study has several other limitations. First, not all
genes exhibit a significant hereditary component in
their expression regulation, which limited the scope of
our investigation into these genes. For instance, we
were not able to examine MUC1 and PLCE1, for which
previous studies have consistently reported the genetic
variants associated with GC. The inability to detect
heritable levels of gene expression can be partly attrib-
uted to the relatively small number of samples in the
GTEx. It is imperative to develop gene expression
www.thelancet.com Vol 116 June, 2025
prediction models by leveraging expanded RNA-seq re-
sources. Second, the GTEx project, mainly comprising
Whites, was utilized for the construction of gene
expression imputation models. Despite the validation of
the model performance based on the UGCED program
in our study, utilizing reference populations with
diverse genetic backgrounds and performing gene
expression profiling would be ideal for constructing
gene expression imputation models, as this would
greatly enhance their generalizability and reliability
across different ancestral groups. During the TWAS
analysis, although the robustness of our findings was
strengthened by independent validation in the BBJ and
UKB, caution is needed when generalizing our results
to other Chinese populations, as the in-house cohorts of
UGCED, MITS, and SIT were all recruited from a high-
risk area for gastric cancer. Third, a matched nested
case–control study would be preferable for the discovery
stage of TWAS analysis. However, during the study
design, great emphasis was placed on ensuring that the
sampled controls were representative of the entire MITS
population. Consequently, the controls were randomly
selected without matching to GCs on major con-
founders like age, sex, and H. pylori infection. Fourth,
due to the absence of information on H. pylori infection
for the majority of UKB participants, we were unable to
adjust for H. pylori infection in the analysis or conduct
stratified analysis or interaction analysis between TRS
and H. pylori infection on GC risk within the UKB
cohort. Further study would also be warranted to
examine the TRS associated with risk of GC according
to H. pylori serotypes by virulence factors in different
populations. Fifth, although we attempted to leverage
actual transcriptome data, we had a modest sample size
of subjects from UGCED program with observed tran-
scriptomes. Sixth, while TWASs can propose potential
relationships between genes and GC that are more
biologically interpretable compared to SNP associations,
they cannot answer the mechanisms by which these
genes influence cancer risk. Additional research into the
functional and biological mechanisms is necessary to
clarify their specific roles in the development of GC.

In conclusion, our TWAS unveiled a gene panel that
predicts GC risk in cross-ancestry populations, which
may possibly serve as a generalizable risk stratification
tool for GC. The TRS may modify the effect of H. pylori
infection, suggests the potential of TRS in precision
prevention of GC, indicating that chemoprevention
strategies could be customized based on TRS for effec-
tive GC prevention.
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