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Summary
Background Gastric cancer (GC) is clinically heterogenous according to location (cardia/non-cardia) and histopa-
thology (diffuse/intestinal). We aimed to characterize the genetic risk architecture of GC according to its subtypes.
Another aim was to examine whether cardia GC and oesophageal adenocarcinoma (OAC) and its precursor lesion
Barrett’s oesophagus (BO), which are all located at the gastro-oesophageal junction (GOJ), share polygenic risk
architecture.

Methods We did a meta-analysis of ten European genome-wide association studies (GWAS) of GC and its subtypes.
All patients had a histopathologically confirmed diagnosis of gastric adenocarcinoma. For the identification of risk
genes among GWAS loci we did a transcriptome-wide association study (TWAS) and expression quantitative trait
locus (eQTL) study from gastric corpus and antrum mucosa. To test whether cardia GC and OAC/BO share
genetic aetiology we also used a European GWAS sample with OAC/BO.

Findings Our GWAS consisting of 5816 patients and 10,999 controls highlights the genetic heterogeneity of GC
according to its subtypes. We newly identified two and replicated five GC risk loci, all of them with subtype-specific
association. The gastric transcriptome data consisting of 361 corpus and 342 antrum mucosa samples revealed that an
upregulated expression of MUC1, ANKRD50, PTGER4, and PSCA are plausible GC-pathomechanisms at four GWAS
loci. At another risk locus, we found that the blood-group 0 exerts protective effects for non-cardia and diffuse GC,
www.thelancet.com Vol 92 June, 2023 3
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while blood-group A increases risk for both GC subtypes. Furthermore, our GWAS on cardia GC and OAC/BO
(10,279 patients, 16,527 controls) showed that both cancer entities share genetic aetiology at the polygenic level
and identified two new risk loci on the single-marker level.

Interpretation Our findings show that the pathophysiology of GC is genetically heterogenous according to location
and histopathology. Moreover, our findings point to common molecular mechanisms underlying cardia GC and
OAC/BO.

Funding German Research Foundation (DFG).

Copyright © 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Gastric cancer; Oesophageal adenocarcinoma; Genome-wide association study (GWAS); Transcriptome-
wide association study (TWAS)
Research in context

Evidence before this study
We searched PubMed on June 30, 2022, to identify genetic
risk variants and corresponding risk genes for gastric cancer
that have been identified through genome-wide association
studies. We did not apply any publication date restrictions.
The search was restricted to papers published in the English
language. Search terms were: (“gastric cancer” OR “gastric
carcinoma” OR “gastric adenocarcinoma”) AND (“genome
wide association study” OR “GWAS”). Nine genome-wide
association studies for gastric cancer have been published to
date in the East-Asian population and one in the European
population. In none of these studies, patients’ tumours were
characterised with regard to both subtypes, namely location
(cardia/non-cardia) and histopathology (diffuse/intestinal). In
addition, only one risk locus could be functionally
characterized in these studies. The expression of the gene
PSCA is regulated by an identified gastric cancer risk variant.
Furthermore, it has not been examined so far whether gastric
cancer at the cardia and oesophageal adenocarcinoma, which
are both localised at the gastro-oesophageal junction, share
genetic aetiology.

Added value of this study
Within a European consortium, we did a meta-analysis of ten
datasets available to date from genome-wide association

studies, including more than 16,000 individuals. We newly
identified two and replicated five risk loci, all of them
contribute subtype-specific risk to gastric cancer. For the
identification of risk genes among the identified loci we used
transcriptome-wide expression data from gastric corpus and
antrum mucosa. This revealed that an upregulated expression
of the genes MUC1, ANKRD50, PTGER4, and PSCA are plausible
pathomechanisms at four risk loci. At another risk locus, we
found that the blood-group 0 exerts protective effects for
non-cardia and diffuse gastric cancer, while blood-group A
increases risk for both subtypes. Furthermore, our data on
cardia gastric cancer as well as oesophageal adenocarcinoma
(26,000 individuals) showed that both cancer entities share
genetic aetiology at the polygenic level and identified two
new risk loci on the single-marker level.

Implications of all the available evidence
Our results highlight the genetic heterogeneity of gastric
cancer and provide insights into distinct and shared
aetiological processes underlying different gastric cancer
subtypes. This should further help to elucidate the
pathomechanisms underlying each gastric cancer subtype.
The findings may also serve as basis for a more biologically
driven stratification of gastric cancer in the clinical setting.
Introduction
Gastric adenocarcinoma, here called gastric cancer
(GC), has a multifactorial aetiology and is clinically
heterogeneous. Anatomically, GC is subdivided into a
cardia and non-cardia type.1 Cardia GC is located in the
proximal stomach at the gastro-oesophageal junction
(GOJ), while non-cardia GC resides in the distal stom-
ach. Various characteristics point to pathomechanisms
that are specific for each location-type. Cardia GC is
related to gastro-oesophageal reflux (GOR) and its
prevalence is rising.1 In contrast, the prevalence of non-
cardia GC has decreased due to a decline in Helicobacter
pylori infections, the main risk factor.1 Histopathologi-
cally, GC is subdivided into Lauren’s diffuse- and in-
testinal-type.1 Different pathophysiological processes are
also specific for each of these subtypes. While intestinal
GC develops from a metaplasia-neoplasia sequence,
diffuse GC shows no preneoplastic condition.1

In multifactorial diseases genome-wide association
studies (GWAS) have led to the identification of risk
variants. Accordingly, nine GC GWAS have been carried
out in the East-Asian population (Appendix p 4). Four of
them focused on non-cardia GC2–5 and three also used
cardia GC.6–8 Because the Lauren classification is not
www.thelancet.com Vol 92 June, 2023
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widely used in Asia, no information on histopathological
types were available in most studies. Only two GWAS in
the Japanese population used Lauren’s diffuse- and
intestinal-type without information on tumour loca-
tion.9,10 In total, 12 GC loci have been identified in the
East-Asian GWAS (Appendix p 5). Only one GC GWAS
has been carried out in Europeans. This study used an
Icelandic sample comprising 400 cases along with 2100
patients’ relatives that were counted as cases (Appendix
p 4). GC-associations were found on chromosome
11q22 and three East-Asian GC loci were replicated.11

However, no information on GC location- or Lauren-
type was available in this study.

To assess the GC genetic susceptibility due to com-
mon germline variants we carried out the largest GWAS
in the European population and the first GWAS where
information on patients’ tumours according to location-
and Lauren-type were available. We next used expres-
sion data from different gastric regions for a
transcriptome-wide association study (TWAS) and
expression quantitative trait locus (eQTL) study to
identify GC risk genes at GWAS loci. Finally, we
examined whether oesophago-gastric adenocarcinomas
at the GOJ share genetic aetiology. In addition to our
GWAS on cardia GC this involved a GWAS on oeso-
phageal adenocarcinoma (OAC) and its precursor lesion
Barrett’s oesophagus (BO).12
Methods
Study design and participants
The GC GWAS consisted of ten European case–control
samples (Appendix p 6). All patients had a histopatho-
logically confirmed diagnosis of gastric adenocarcinoma
and were recruited between 1990 and 2017 across 24
sites (Appendix p 7). The ethnically-matched controls
were recruited between 1988 and 2017 across ten sites
(Appendix p 8). For the TWAS/eQTL study we obtained
genotype and transcriptome data from healthy European
individuals that were recruited between 2016 and 2017
across nine sites (Appendix p 9). Informed consent was
obtained from all participants and ethics approval was
obtained from ethics boards at each participating insti-
tution (Appendix p 40).

Genome-wide genotyping, quality control and
imputation
Except for cases from United Kingdom (UK) and
Estonia, for which genotypes were drawn from the UK
and Estonian Biobank,13,14 DNA-samples from all GWAS
patients and TWAS/eQTL participants were genotyped
within this study. For the control samples, genotypes
were partly obtained from previous studies. All geno-
typing array types that were used are listed in the
Appendix (p 10).

The pre-imputation quality control (QC) is described
in the Appendix (p 3). Single nucleotide polymorphisms
www.thelancet.com Vol 92 June, 2023
(SNPs) were then imputed for all GWAS samples ‒ with
exception of the UK and Estonian datasets ‒ using the
TOPMed Imputation Server and TOPMed Reference
panel.15 For the TWAS/eQTL samples, SNPs were
imputed using Impute216 and 1000 Genomes Phase 3 as
reference.17

In the post-imputation QC we excluded variants with
r2 less than 0.3 (GWAS) and an information score less
than 0.8 (TWAS/eQTL), p-values for Hardy–Weinberg
equilibrium (HWE) less than 1.0 × 10−6 in patients
and less than 1.0 × 10−4 in non-patients, a minor allele
frequency (MAF) less than 0.01 or a SNP-missing rate
less than 0.05 for best-guessed genotypes at posterior
probability of more than 0.9.

Gene-expression analysis
For the TWAS/eQTL analysis, tissue biopsies from five
gastric regions (cardia, corpus, fundus, antrum and
angulus) were collected from healthy individuals during
routine gastroscopies. Pre-experiments revealed that the
expression in corpus and antrum covers the
transcriptome-variance in almost all gastric regions
(Appendix p 20). Thus, both were subjected to 3′-mRNA
Sequencing for the TWAS/eQTL analysis using the
QuantSeq 3′-mRNA-Seq Library Prep Kit FWD for
Illumina (Lexogen, Austria). Details on the QC, gene-
alignment and expression-quantification are provided
in the Appendix (p 3).

Statistical analysis
GWAS-association testing was performed considering
an additive genetic model adjusting for five principal
components (PCs) using PLINK2.18 After computing
SNP-associations at single-sample level we performed a
meta-analysis considering the fixed-effects inverse
variance-weighting approach implemented in METAL.19

To test for independence of associated variants we
applied a conditional analysis by a stepwise selection
procedure implemented in GCTA-COJO.20

SNP-based GC heritability was calculated using LD
score regression (LDSR).21 We also applied LDSR to
determine the genetic correlation between GC and re-
ported risk factors,1 for which GWAS data from Euro-
peans were available.22 In total, we used four obesity-,
two reflux-, five smoking-, five alcohol- and four edu-
cation-/employment-related phenotypes that have been
assessed by the UK Biobank.13 As significance
threshold we applied a Bonferroni-correction consid-
ering the number of investigated traits (p = 0.05/
20 = 2.5 × 10−3).

For the TWAS we created expression prediction
models for all genes in the transcriptome with
FUSION23 using local SNPs present in the HapMap3
and GC GWAS data (500 kb up- and downstream of
the annotated gene start and stop.). For each
expressed gene we correlated the predicted gene-
expression with our GWAS data using linkage
5
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disequilibrium (LD) data from prediction models to
identify significant expression disease-associations
after Bonferroni-correction for the number of tested
genes (pcorpus = 0.05/3269 = 1.5 × 10−5, pantrum = 0.05/
4182 = 1.1 × 10−5).

For the eQTL analysis expression and genotype data
were analysed using QTLtools24 according to parameters
used by The Genotype-Tissue Expression (GTEx) proj-
ect.25 Briefly, sex, three genotype-based PCs and a set of
PEER-factors derived from the normalized expression
data were used for adjustment. A window of 1 Mb
around the transcription start site (TSS) of each gene
was defined for cis-eQTL detection. SNP-gene pairs
were considered significant with a nominal p-value
below a genome-wide empirical p-value threshold (pt)
determined for each gene by extrapolation from a Beta
distribution fitted to adaptive permutations. In contrast
to the polygenic TWAS models, eQTL analyses evaluate
the effect of single genetic marker on gene expression
and are not followed up by testing for association in
GWAS datasets.

To examine the genetic architecture of oesophago-
gastric adenocarcinomas at the GOJ we computed
polygenic risk scores (PRS) by considering as base in-
house GWAS data from a European OAC/BO case–
control sample that was part of a GWAS published
previously12 and for which individual GWAS data were
available (Appendix p 11). PRS were calculated after
clumping (250 kb regions, clump-p = 1, clump-r2 = 0.1)
by testing different p-value thresholds (from genome-
wide significant (p = 5.0 × 10−8) to the full model
(p = 1)) using PRSice tool.26 As for the GWAS, the
analysis was performed independently in each sample
considering the overall GC status. Logistic regression
models between PRS and the phenotypic status were
computed. The single-sample PRS regression-
coefficients (beta and standard error) were then com-
bined into a meta-analysis using the restricted
maximum-likelihood (REML) estimator as implemented
in the R package metaphor.

The PRS analysis revealed a shared polygenic risk
architecture between cardia GC and OAC/BO. We, thus,
performed a cross-trait GWAS meta-analysis using our
cardia GC and the in-house OAC/BO samples. In
addition, we used GWAS summary statistics from the
other OAC/BO datasets that were published previ-
ously.12 All samples that were included are listed in the
Appendix (p 11). The cross-trait GWAS meta-analysis
was performed considering a fixed-effects inverse
variance-weighting approach implemented in METAL.19

Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. The corresponding author had full
access to all data and final responsibility for the decision
to submit for publication.
Results
In total, information on 7,829,683 SNPs in 5815 patients
and 10,999 controls from ten European GWAS were
included in the GC meta-analysis. Furthermore, 1291
cardia and 3183 non-cardia GC patients were available
for the location-specific as well as 1368 diffuse and 1696
intestinal GC patients for the Lauren-specific GWAS
meta-analysis. All Q-Q and Manhattan plots from the
GWAS are shown in the Appendix (pp 21–25). The
genomic inflation factor lambda was 1.11, 1.07, 1.11,
1.06, and 1.07 for the entire, cardia, non-cardia, diffuse,
and intestinal GC GWAS. The lambda values suggest
the presence of moderate inflation which can be ex-
pected given the experimental design of a GWAS meta-
analysis with this sample size including cohorts from
different European populations and centres.

We identified four genome-wide significant GWAS
loci, all with subtype-specific GC-association. Two of
them ‒ on chromosome 1q22 and 8q24 ‒ have been
reported previously,3–5,7,8,10,11 but not with respect to
subtype-specificity. The other two ‒ on chromosome
2p23 and 17q12 ‒ have not been described before.
Table 1 lists all associated loci and Fig. 1 shows the
subtype-specificity. The consistency of all associations
across samples is shown in the Appendix (p 26).

SNP rs760077 on chromosome 1q22 near MUC1
showed genome-wide significant GC-association
(p = 5.23 × 10−21, odds ratio (OR) of 1.27 (95% confi-
dence interval (CI) 1.21–1.34)). The risk variant was
strongest associated to non-cardia (p = 5.12 × 10−17, OR
of 1.31 (95% CI 1.23–1.40)) and diffuse GC
(p = 7.41 × 10−11, OR of 1.35 (95% CI 1.23–1.48)), while
the association was nearly absent in cardia GC
(p = 0.045) (Table 1 and Fig. 1). Moreover, conditioning
on the lead SNP using COJO20 revealed an independent
GC-association. SNP rs67579710 showed genome-wide
significant association to entire (p = 5.89 × 10−13, OR
of 1.21 (95% CI 1.11–1.31)) and non-cardia GC
(p = 4.62 × 10−12, OR of 1.27 (95% CI 1.15–1.42))
(Table 1).

On chromosome 8q24 near PSCA we found the
strongest GC-association for rs2920293 in the entire
sample (p = 2.84 × 10−32, OR of 1.39 (95% CI
1.31–1.47)). Also this association was strongest to non-
cardia (p = 1.80 × 10−30, OR of 1.46 (95% CI
1.36–1.55)) and diffuse GC (p = 8.10 × 10−17, OR 1.46
(95% CI 1.33–1.60)), while cardia GC showed no asso-
ciation (p = 0.114) (Table 1 and Fig. 1).

SNP rs11677924 on chromosome 2p23 within intron
4 of ALK showed suggestive association in the entire GC
sample (p = 2.37 × 10−7, OR of 1.19 (95% CI 1.11–1.27))
and genome-wide significant association to intestinal
GC (p = 2.04 × 10−8, OR of 1.34 (95% CI 1.21–1.49))
(Table 1). In contrast, this variant was only moderately
associated to diffuse GC (p = 0.002) (Table 1 and Fig. 1).

The association to intestinal GC was even more
pronounced for rs17138478 on chromosome 17q12
www.thelancet.com Vol 92 June, 2023
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Articles
within intron 4 of HNF1B. This variant showed sug-
gestive association in the entire GC sample
(p = 4.30 × 10−6, OR of 1.19 (95% CI 1.10–1.28)) and
genome-wide significant association to intestinal GC
(p = 1.83 × 10−8, OR of 1.44 (95% CI 1.27–1.64))
(Table 1). In contrast, rs17138478 was not associated to
diffuse GC (p = 0.883) (Table 1 and Fig. 1).

We next focused on all 10 remaining GC risk loci
that have been reported previously (Appendix p 13).2–11

We could replicate disease-associations at three loci.
On chromosome 4q28, we observed the strongest as-
sociation for rs10029005 near ANKRD50 in non-cardia
GC patients (p = 4.37 × 10−4, OR of 1.12 (95% CI
1.05–1.19)) (Table 1). On chromosome 5q13, rs6897169
near PTGER4 was also strongest associated to non-
cardia GC (p = 9.40 × 10−5, OR of 1.18 (95% CI
1.09–1.28)) (Table 1). Moreover, rs532436 on chromo-
some 9q34 within intron 1 of ABO encoding for the
blood-group system was associated to non-cardia
(p = 5.82 × 10−6, OR of 1.19 (95% CI 1.10–1.28)) and
‒ even stronger ‒ to diffuse GC (p = 8.52 × 10−7, OR of
1.29 (95% CI 1.17–1.44)) (Table 1). We, thus, inferred
the ABO blood-groups using rs8176719 and rs8176746,
which determine the ABO system (Appendix p 14). This
revealed that blood-group 0 protects against non-cardia
(p = 2.16 × 10−4, OR of 0.86 (95% CI 0.90–0.82)) and
diffuse GC (p = 3.04 × 10−5, OR of 0.76 (95% CI
0.70–0.82)), while blood-group A increases risk for both
GC subtypes (non-cardia GC: p = 9.27 × 10−10, OR of
1.28 (95% CI 1.32–1.24), diffuse GC: p = 8.01 × 10−6, OR
of 1.31 (95% CI 1.37–1.25)) (Appendix p 14).

In pre-experiments for our TWAS/eQTL study we
compared the expression profiles from five gastric re-
gions, which showed that the expression in corpus and
antrum covers the transcriptome-variance in almost all
gastric regions (Appendix p 20). We, thus, selected the
corpus and antrum mucosa from 362 and 342 in-
dividuals for transcriptome-wide profiling. This revealed
specific expression profiles in both gastric regions
(Appendix p 27), which were followed-up in our TWAS/
eQTL study to prioritize GC risk genes.

On chromosome 1q22, we found significant TWAS-
effects to non-cardia (p = 3.83 × 10−13) and diffuse GC
(p = 2.40 × 10−10) with an upregulatedMUC1-expression
in corpus mucosa (Table 2 and Appendix (pp 28–31)).
Conditioning on these findings revealed that theMUC1-
expression explains most of the GWAS signals
(Appendix pp 32–33). Although the upregulated MUC1-
expression was also present in antrum mucosa, this
TWAS-effect was considerably less significant (non-
cardia GC: p = 5.26 × 10−6, diffuse GC: p = 1.01 × 10−5)
(Table 2).

On chromosome 8q24, an upregulated expression of
four genes ‒ PSCA, LY6K, THEM6 and LYNX1 ‒
showed significant GC-associations in the TWAS
(Table 2 and Appendix (pp 28–31)). The upregulated
PSCA-expression showed the most significant
www.thelancet.com Vol 92 June, 2023 7
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Fig. 1: Regional association plots of GC risk loci. Disease associations are shown for non-cardia and cardia GC on chromosome 1q22 (a) and
chromosome 8q24 (b). In addition, disease associations are shown for intestinal and diffuse GC on chromosome 2p23 (c) and chromosome
17q12 (d). At each locus, associations (−log10 (p values)) are shown for SNPs flanking 400 kb on either side of the lead associated SNP (Position
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Chromosomal region Tissue GC type Gene NWGT SNPs TWAS Z score TWAS p value

1q22 Corpus non-cardia MUC1 2 7.26 3.83E-13

diffuse MUC1 2 6.33 2.40E-10

Antrum non-cardia MUC1 1 4.55 5.26E-06

diffuse MUC1 1 4.41 1.01E-05

8q24 Corpus non-cardia PSCA 30 11.46 2.14E-30

LY6K 1 8.73 2.46E-18

THEM6 1 9.31 1.23E-20

LYNX1 26 −7.23 4.85E-13

diffuse PSCA 30 8.14 4.11E-16

LY6K 1 6.31 2.84E-10

THEM6 1 6.34 2.28E-10

LYNX1 26 −4.65 3.35E-06

intestinal PSCA 30 5.96 2.60E-09

LY6K 1 5.11 3.19E-07

THEM6 1 5.24 1.62E-07

Antrum non-cardia PSCA 46 11.34 8.42E-30

LY6K 26 6.75 1.46E-11

THEM6 1 9.20 3.48E-20

LYNX1 1 −6.57 5.17E-11

diffuse PSCA 46 8.04 8.84E-16

LY6K 26 5.90 3.69E-09

THEM6 1 6.26 3.87E-10

LYNX1 1 −4.29 1.81E-05

intestinal PSCA 46 5.81 6.32E-09

THEM6 1 5.17 2.39E-07

In total, two risk loci (1q22, 8q24) and three GC types (non-cardia, diffuse, intestinal) as well as five genes were implicated. The number of weighted SNPs (NWGT SNPs,
maximum of 50 variants) in the best predicting expression model is shown. In addition, TWAS Z scores indicating the effect of GC expression-association (downregulated/
upregulated) and corresponding TWAS p-values are shown.

Table 2: Transcriptome-wide significant GC-associations.

Articles
association (Table 2). Moreover, PSCA was the only
gene whose expression explained most of the GWAS
signals in all conditional analyses (Appendix pp 34–37).
Thus, PSCA can be prioritized as the most relevant GC
gene at this locus. The PSCA-association was strongest
to non-cardia (corpus: p = 2.14 × 10−30, antrum:
p = 8.42 × 10−30) and diffuse GC (corpus:
p = 4.11 × 10−16, antrum: p = 8.84 × 10−16) (Table 2).

Individual eQTL-effects were comparatively smaller
than TWAS-effects at most GWAS loci, highlighting the
polygenic component of gene-expression. However, sig-
nificant single-marker eQTLs at two replicated GC loci
were found. On chromosome 4q28, risk allele-carrier at
rs10029005 showed an upregulated ANKRD50-expres-
sion in corpus mucosa (p = 2.77 × 10−12) (Appendix p 38).
On chromosome 5q13, an upregulated PTGER4-expres-
sion in corpus (p = 5.66 × 10−21) and to a lesser extent in
antrum mucosa (p = 4.67 × 10−6) was present among risk
allele-carrier at rs6897169 (Appendix p 38). Both
in hg19). The lead variant is shown in purple. Other markers at each locus
LD (r2) to the lead SNP. Furthermore, all annotated genes within each regi
location- and Lauren-specific effects at each locus are also shown in a ca

www.thelancet.com Vol 92 June, 2023
eQTL-effects most probably did not reach significance in
the TWAS because the significance of disease-association
influences the TWAS outcome.

We next applied LDSR and estimated the SNP-based
GC heritability to be 8.48 ± 3.12% standard deviation
(SD). Unfortunately, we were not able to apply LDSR
using GC subtypes due to the limited size of our loca-
tion- and Lauren-specific samples. However, in the ge-
netic correlation analysis using 20 traits belonging to
five phenotype-categories representing GC risk factors, a
significant genetic correlation with GC was found for
three obesity-related traits, one smoking- and one
alcohol-related trait (Fig. 2 and Appendix (p 15)).

Cardia GC and OAC are located in close proximity at
the GOJ and belong to oesophago-gastric adenocarci-
nomas. Both cancer types share common characteris-
tics, as they are related to GOR and their prevalence is
rising.1 Thus, it remains controversial whether cardia
GC and OAC rather represent one cancer entity.28
are displayed by different colours, which indicates different levels of
on are shown with arrows indicating their transcription direction. The
se-case comparison in the Appendix (p 12).
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Fig. 2: Genetic correlation between GC and risk factors. Genetic correlations determined with LDSR between GC and 20 traits belonging to
five phenotype-categories that represent risk factors for GC development are shown. For each trait the genetic correlation (dot) and the
standard deviation (line) is given. The significance levels of the genetic correlation are indicated by asterisks (*p value < 0.05, **p
value < 0.0025). Body mass index (rg = 0.303, p = 6.0 × 10−4), hip circumference (rg = 0.269, p = 2.3 × 10−3) and weight (rg = 0.262,
p = 2.4 × 10−3) showed Bonferroni-corrected positive GC correlation along with pack years of adult smoking (rg = 0.352, p = 2.0 × 10−3) and
alcohol intake 10 years previously (rg = 0.361, p = 2.0 × 10−3).
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To examine the genetic relation between cardia GC
and OAC we performed PRS analyses. We calculated
PRS in two in-house discovery GWAS datasets with
OAC as well as OAC and its precursor lesion BO.12 We
then determined the proportion of variance explained by
PRS from the discovery sets in four target datasets. We
used the cardia GC GWAS as target set to examine the
genetic relation to OAC and OAC/BO. In addition, we
used the GWAS of the entire GC, non-cardia GC and
cardia-versus-non-cardia GC as target sets to determine
whether associations between cardia GC and OAC as
well as OAC/BO are specific. In the Appendix (pp
16–17) all p-value thresholds, the number of SNPs
included in each PRS and the observed associations are
shown. We found highly significant associations be-
tween cardia GC and PRS derived from OAC (pthreshold
= 0.001, passociation = 2.37 × 10−8) and OAC/BO (pthreshold
= 0.2, passociation = 2.79 × 10−17) (Fig. 3). In contrast, no
PRS-associations were present in the other GC case–
control datasets (Fig. 3). Accordingly, in the case-case
comparison (cardia-versus-non-cardia GC) we found
significant associations to PRS derived from OAC
(pthreshold = 0.5, passociation = 2.18 × 10−9) and OAC/BO
(pthreshold = 0.2, passociation = 4.33 × 10−7) (Fig. 3). The
results imply a shared genetic aetiology of cardia GC
and OAC as well as OAC/BO, while OAC- and OAC/
BO-PRS enable to discriminate between cardia and
non-cardia GC.

Based on the shared polygenic risk of cardia GC and
OAC/BO we performed a meta-analysis combining our
GWAS datasets. This included 1291 cardia GC and
10,279 OAC/BO cases as well as 27,326 controls
(Appendix 11). In total, we identified 17 genome-wide
significant associated loci for oesophago-gastric adeno-
carcinoma that are ‒ along with the corresponding
Manhattan plot ‒ shown in the Appendix (p 18 and p
www.thelancet.com Vol 92 June, 2023
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Fig. 3: Polygenic risk score associations for OAC in the target GC subtypes. The association-values in dependence of different significance
thresholds for PRS variant selection are given. The horizontal black line represents the Bonferroni correction threshold. All PRS associations for
OAC/BO in the target GC subtypes are shown in the Appendix (p 17).
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39). Two of the identified loci have not been described
before in the OAC/BO-only GWAS.12 SNP rs1817002
near HNF4G on chromosome 8q21 showed disease-
association with p = 4.10 × 10−8 (OR of 1.11 (95% CI
1.06–1.14)) and rs234506 near NR2F2 on chromosome
15q26 showed disease-association with p = 1.56 × 10−9

(OR of 1.12 (95% CI 1.07–1.16)).
Discussion
The strength of this study is that the genetic heteroge-
neity of GC could be assessed, as patients’ tumours were
characterised according to location and histopathology.
This revealed that the known risk loci on chromosome
1q22 (MUC1), 4q28 (ANKRD50), 5p13 (PTGER4), 8q24
(PSCA), and 9q34 (ABO)3,4,7–9,11 contribute almost
exclusively to non-cardia GC. Moreover, the risk loci on
chromosome 1q22 (MUC1), 8q24 (PSCA), and 9q34
(ABO) confer substantially higher risk to diffuse than to
intestinal GC. In contrast, the newly identified risk loci
on chromosome 2p23 (ALK) and 17q12 (HNF1B)
contribute almost exclusively to intestinal GC.

Our TWAS/eQTL study revealed that an upregulated
expression of MUC1, ANKRD50, PTGER4, and PSCA
are the most plausible GC-pathomechanism at four
GWAS loci. These effects were strongest in corpus
mucosa, except for PSCA that also showed considerable
GC-association in antrum mucosa. Moreover, the
upregulated MUC1- and PSCA-expression contributed
strongest to diffuse GC.

While it has been shown previously that PSCA rep-
resents the most plausible risk gene at chromosome
8q24,29,30 the expression-effects of the remaining genes
on GC-pathophysiology are novel. MUC1 exerts proto-
oncogenic effects via a cytoplasmic domain (CD).31

This might explain why MUC1 particularly increases
risk for diffuse GC. It has been shown, that over-
expression of MUC1-CD disrupts E-cadherin function-
ality via increased binding of β-catenin.31 The
www.thelancet.com Vol 92 June, 2023
E-cadherin/β-catenin complex plays an important role in
maintaining epithelial integrity and mutations in CDH1
—encoding E-cadherin—lead to hereditary diffuse GC
(HDGC), the most common monogenic GC.1 So far,
little is known about the function of ANKRD50. How-
ever, with regard to cancer ANKRD50 represents a
hotspot for the genomic integration of human papillo-
maviruses in the context of cervical carcinoma devel-
opment.32 PTGER4 encodes the prostaglandin E2
(PGE2) receptor 4, which mediates cellular responses to
PGE2. It has been shown previously that PGE2 is
important for the inflammatory microenvironment in
tumours.33 Based on these findings, functional studies
are now required to identify the GC-relevant disease
mechanisms in detail.

Multiple studies, mainly from the 1950s and 1960s,
reported an association between ABO blood-groups and
gastrointestinal cancers, most strongly for gastric and
pancreatic cancer.34,35 We confirm these findings on the
genetic level and show that the protective effect of blood-
group 0 and the risk effect of blood-group A is restricted
to non-cardia and diffuse GC in Europeans. As with the
risk genes mentioned above, functional studies are now
required to show how ABO contributes to non-cardia
and diffuse GC at the cellular level.

Although we could not functionally characterise the
remaining GWAS loci, promising GC candidate genes
are located in close proximity to the associated risk
variants. The risk SNP on chromosome 2p23 is located
in intron 4 of ALK, which encodes for a receptor tyro-
sine kinase that plays a role in cancer development.
Germline mutations in ALK lead to monogenic neuro-
blastomas36 and somatic ALK mutations are key driver
events in non-small cell lung cancers,37 but have also
been observed in GC.38 On chromosome 17q12 the risk
SNP is located in intron 4 of HNF1B, which encodes a
transcription factor that plays a role in cancer develop-
ment. Accordingly, SNPs in HNF1B have been repeat-
edly identified as risk factors in GWAS of prostate,
11
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endometrial, ovarian, and pancreatic cancer.39–42 How-
ever, we could not functionally characterise both GWAS
loci and, thus, it remains speculative that ALK and
HNF1B represent the true susceptibility genes for GC at
these loci.

This study is the first that analysed GWAS data for
GC on the polygenic level. We estimated the SNP-based
GC heritability to be 8.48 ± 3.12 SD, which already ex-
plains around 30% of the reported GC twin-based her-
itability of 28%.43 Furthermore, we found genetic
correlations between GC and GC risk factors obesity,
smoking and alcohol-intake on the polygenic level.

Most importantly, we found highly significant asso-
ciations between cardia GC and PRS derived from OAC
and OAC/BO. Moreover, OAC- and OAC/BO-PRS
enabled to discriminate between cardia and non-cardia
GC. The findings imply that cardia GC and OAC or
oesophago-gastric adenocarcinomas at the GOJ share
polygenic risk architecture, which points to common
molecular mechanisms conferring to both cancer types.

Promising candidate genes are also in close vicinity
to the newly identified risk SNPs for oesophago-gastric
adenocarcinoma, namely HNF4G on chromosome
8q21 and NR2F2 on chromosome 15q26. NR2F2 is a
known coregulator of HNF4G and both genes play a
prominent role in intestinal-like cell transformations in
gastric cell lineages.44

Our study has limitations. Because GWAS only allow
the identification of common risk variants for multi-
factorial diseases, we could not identify rare risk variants
in our patients. Thus, we are not able to completely
capture the genetic risk architecture underlying GC.
Future studies are warranted that cover the entire ge-
netic variability leading to GC development. Further-
more, the size of our GWAS sample was not large
enough to develop GC PRS that can be used for disease
prediction. For other cancer types, this has already
become possible due to the availability of larger GWAS
samples.

In summary, this European GWAS shows that all
known and new risk loci contribute subtype-specifically
to GC. Our findings should further help to elucidate the
pathomechanisms underlying each GC type. At four
GWAS loci we identified that an upregulated MUC1-,
ANKRD50-, PTGER4-, and PSCA-expression represent
the most plausible GC-pathomechanisms. In addition,
we show that blood-group 0 exerts protective effects
against non-cardia and diffuse GC, while blood-group A
increases risk for both GC subtypes. Finally, we identi-
fied that cardia GC and OAC share genetic aetiology
and, thus, support that common molecular patho-
mechanisms confer risk to oesophago-gastric adeno-
carcinomas at the GOJ.
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