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ABSTRACT	 Objective: The key molecular events signifying the Helicobacter pylori-induced gastric carcinogenesis process are largely unknown.
Methods: Bulk tissue-proteomics profiling were leveraged across multi-stage gastric lesions from Linqu (n = 166) and Beijing sets 
(n = 99) and single-cell transcriptomic profiling (n = 18) to decipher key molecular signatures of H. pylori-related gastric lesion 
progression and gastric cancer (GC) development. The association of key proteins association with gastric lesion progression and GC 
development were prospectively studied building on follow-up of the Linqu set and UK Biobank (n = 48,529).
Results: Concordant proteomics signatures associated with H. pylori infection and gastric carcinogenesis (ρ = 0.784, correlation 
P = 1.80 × 10−36) were identified. RNA expression of genes encoding 13 up- and 15 down-regulated key proteins displayed trending 
alterations in the transition from normal gastric epithelium to intestinal metaplasia, then to malignant cells. A 15-tissue protein panel 
integrating these signatures demonstrated potential for targeting individuals at high risk for progressing to gastric neoplasia (OR = 
7.22, 95% CI: 1.31–39.72 for the high-score group). A 4-circulating protein panel may be used as non-invasive markers predicting 
the risk of GC development (hazard ratio = 3.73, 95% confidence interval: 1.63–8.54, high-risk vs. low-risk populations, area under 
the curve = 0.75).
Conclusions: Concordant proteomics signatures associated with H. pylori infection and gastric carcinogenesis were unveiled with 
potential as biomarkers for targeted prevention strategies.
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Study flow chart

Part I: The Linqu set of 166 gastric tissues, including 16 GC 
[11 H. pylori (+) and 5 H. pylori (−)] plus 150 non-GC [107 
H. pylori (+) and 43 H. pylori (−)], was used in the discovery 
phase. Among 4,207 proteins obtained by proteomics analysis, 

101 were identified as H. pylori-associated and this number 
was narrowed down to 32 when combined with GC and nar-
rowed further to 28 by verification with the Beijing set, includ-
ing 30 GC versus 69 non-GC (no H. pylori status available).

Part II: The GSE249874 scRNA-seq dataset [n = 18 (6 
each for gastritis, intestinal metaplasia, and GC), H. pylori 
unknown] was downloaded and cell types were annotated for 
comparison to explore the potential expression profile of the 
28 genes during the epithelial transition. Among the 28 genes, 
13 were found up- and another 13 down-regulated during the 
progression from gastric epithelium to intestinal metaplasia 
and further to malignant cells (2 genes not detected).

Part III: The potential association of the 28 proteins with 
gastric lesion progression was tested through prospective anal-
ysis of the endoscopic follow-up data of the Linqu set (30 and 
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The key molecular events underlying H. pylori-related gastric lesion progression and GC 
development remain largely unknown

Implications

Hypothesis of 
mechanisms

The up-regulation of OLFM4 and ENO1 and the down-regulation of GSN and IGFBP2 may 
contribute to GC development by affecting cell proliferation, metabolic reprogramming, and 

cytoskeleton reconstruction. The mechanisms require further investigation to clarify

OLFM4, ENO1, GSN, and IGFBP2 could potentially serve as non-invasive biomarkers for 
GC risk stratification and targeted prevention strategies

Part I: Identification of H. pylori-related proteins associated with GC in case-control design

4,207 high-quality 
proteins detected

Logistic regression (FDR q < 0.05)

Tissue proteins differentially expressed 
between H. pylori-infected and uninfected individuals

Tissue proteins differentially expressed 
between GCs and non-GCs

External validation of tissue proteins for GC risk

Logistic regression (FDR q < 0.05)

Logistic regression (FDR q < 0.05) 

n = 118 H. pylori (+) 
n = 48 H. pylori (–)

n = 16 GCs
n = 150 non-GCs

n = 30 GCs
n = 69 non-GCs
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(n = 18)
n = 6 exactly for 
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Part II: ScRNA level exploration of 28 key biomarkers in epithelial cells

Metaplasia cells
(enriched in IMs)

Malignant cells
(enriched in GCs)

•
ENO1, HNRNPM, TPP1, HMOX1, PLCG2, PYCARD, 
RNA expression of 13 up-regulated genes (PARP1,  

GLS, MYH9, MYO1F, OLFM4, TYMP, and PARP14) 
increased from gastric epithelial cells to metaplasia
cells then to malignant cells.

• RNA expression of 13 down-regulated genes (GSN,  
CTSE, TAGLN2, MUC5AC, MLPH, TFF2, IGFBP2, RAB27A, 

decreased from gastric epithelial cells to  
 ALDH3A1, GKN1, SLC5A5, COL28A1, and LUM)

metaplasia cells then to malignant cells.
• Not detected in scRNA-seq: IGJ and LOC101059911    

Gastric epithelial cells
(enriched in SGs)

• A 15-tissue-protein risk score associated with 
gastric lesion progression: 
0.595 × OLFM4 + 0.423 × MYH9 + 0.688 × ENO1 + 0.748 × HMOX1 –
0.493 × GSN – 0.929 × RAB27A – 0.865 × LUM – 1.262 × TAGLN2 –
0.781 × MUC5AC – 0.560 × LOC101059911 – 0.616 × ALDH3A1 –
1.121 × CTSE – 1.370 × MLPH – 0.837 × TFF2 – 2.674 × IGFBP2

• The risk of progression to neoplasia for high-score group  
(upper 25%) was 7.22 times (95% CI: 1.31–39.72) that of the 
low-score group (lower 25%) (P < 0.001).

0.242 × OLFM4 + 0.227 × ENO1 – 0.236 × GSN – 0.774 × IGFBP2

• A 4-circulating-protein risk score associated with 
incident GC risk: 

Subjects follow-up of Linqu set 
(n = 68)

n = 30 with progression
n = 38 without progression

UK Biobank with plasma proteomics & 
clinical data (n = 48,529)

n = 138 developing GC during follow-up

Part III: Development of prediction model for GC risk stratification in prospective design

28 key proteins
Tissue protein prospectively associated 

with gastric lesion progression 
Logistic regression (P < 0.05) 

Plasma proteins associated with GC risk 
Cox regression (P < 0.05) 

Assessment for 
non-invasive biomarkers

• The risk of developing GC for high-score group (upper  
25%) was 3.73 times (95% CI: 1.63–8.54) that of the low-
score group (lower 25%) (P = 0.009).

• Adding the risk score to a base model (with age and sex)  
improved GC risk prediction accuracy (sensitivity = 0.78 vs. 
0.68, AUC = 0.75 vs. 0.71, DeLong’s P = 0.0039). 

Testing for model performance
Cox regression (P < 0.05),

sensitivity, AUC, 
and DeLong test (P < 0.05)

Training set 
(70% of subjects, 

n = 97 developing GC)

Testing set 
(30% of subjects, 

n = 41 developing GC)

Cell type annotation
Gene expression profiling
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38 with and without progression, respectively) to develop GC 
risk models. Logistic regression showed that 15 of the 28 pro-
teins were statistically significant and therefore used to con-
struct a 15-tissue protein risk model using a weighted summing 
approach (sum of the standardized expression of 15 proteins 
× the logistic regression coefficient). The risk scores produced 
by the model were associated with the risk of progression to 
neoplasia with the high-score group (subjects with scores in the 
upper quartile) 7.22 times (95% CI: 1.31–39.72) more likely to 
develop GC compared to the low-score group (subjects with 
scores in the lower quartile). The UK Biobank dataset (n = 
48,529,138 GC) was subsequently used to develop a non-in-
vasive prediction model with the 4 plasma proteins [shown in 
bold (70% data for training)]. A 4-plasma protein non-inva-
sive GC risk prediction model was established using the same 
weighting method and tested on the remaining 30% UK data. 
The risk of developing GC for the high-score group (subjects 
with scores in the upper quartile) was 3.73 times (95% CI: 
1.63–8.54) higher compared to the low-score group (subjects 
with scores in the lower quartile; P = 0.009). Finally, combining 
this risk score to the previous model (based on age and gender 
only) increased the prediction accuracy, with a sensitivity from 
0.68–0.78 and an AUC from 0.71–0.75 (DeLong’s P = 0.0039).

AUC, area under the receiver operating characteristic curve; 
CI, confidence interval; FDR, false discovery rate; GC, gastric 
cancer; H. pylori, Helicobacter pylori; IM, intestinal metapla-
sia; scRNA-seq, single-cell RNA sequencing; SG, superficial 
gastritis

Introduction

Gastric cancer (GC) accounts for a significant percentage 
of cancer-related deaths worldwide1. The progression of 
intestinal-type GC, a prevalent subtype in China, typically 
follows a multi-stage sequence known as Correa’s cascade2, 
which is usually initiated with superficial gastritis (SG) and 
may evolve into chronic atrophic gastritis (CAG) and develop 
intestinal metaplasia (IM) thereafter. Furthermore, some cases 
could progress to low- (LGIN) or high-grade intraepithelial 
neoplasia (HGIN) and ultimately deteriorate into invasive 
GC. As a leading cause of gastric carcinogenesis Helicobacter 
pylori (H. pylori) could explain up to 90% of non-cardia GC3, 
while eradication of H. pylori infection significantly decreases 
the risk of developing GC according to previous randomized 
trials4-6. Considering the pivotal role of H. pylori infection, a 
thorough investigation into the fundamental molecular events 

underpinning the H. pylori carcinogenic process will provide 
novel insights into GC etiology and facilitate the risk stratifi-
cation and early detection of GC.

Despite expanding knowledge on the mechanisms under-
lying chronic inflammation triggered by H. pylori7,8 and the 
concerted efforts to explore the GC etiology through meta-
bolic9, lipid10, immune11, and microbial12 perspectives, a major 
knowledge gap persists in our holistic understanding of the 
complex interactions between H. pylori infection and the mul-
tifaceted processes leading to GC development. Few studies 
have simultaneously compared the key molecular alterations 
induced by H. pylori infection with the molecular alterations 
that occur during the progression of gastric lesions. This lack 
of studies hinders our capacity to attain a deep understanding 
of the intrinsic link between H. pylori infection and GC, and 
to decipher the core molecular signatures underlying the car-
cinogenesis process.

To systematically investigate proteomic alterations associated 
with H. pylori-driven gastric carcinogenesis, an integrated mul-
ti-omics strategy was adopted by synergizing proteomic profil-
ing with single-cell RNA (scRNA) sequencing by considering 
the multistage cascade progression of gastric lesions to GC. 
We then sought to establish robust tissue-protein and circulat-
ing-protein risk score models for GC risk stratification based on 
a prospective follow-up of our in-house cohort and a large pub-
licly accessible dataset. The objective was to gain novel insights 
into the key molecular signatures that underlie H. pylori-related 
gastric carcinogenesis and to develop a practical protein-based 
translational strategy for the targeted prevention of GC.

Materials and methods

Study design and subjects

This study utilized a mixed study design integrating case-
control studies of proteomic signatures for H. pylori infection 
and risk of gastric lesions, validation of biomarkers at the 
single-cell level, and prospective studies of key proteins asso-
ciated with the risk of gastric lesion progression and GC devel-
opment (Study flow chart, Table S1).

The differentially expressed proteins between H. pylori 
positive and negative individuals were examined during the 
case-control study phase by leveraging in-house resources 
with proteomics profiling of gastric tissues (Linqu set, n = 166 
subjects, 118 H. pylori-positive vs. 48 H. pylori-negative; 
Table S2). Details of the Linqu proteomics dataset have been 
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described previously13. The subjects were enrolled from the 
National Upper Gastrointestinal Cancer Early Detection 
(UGCED) Program in Linqu county, Shandong province of 
China, a known high-risk GC area, between 22 November 
and 7 December 2018. The subjects underwent a question-
naire interview, blood sampling, and endoscopic examination. 
Sixteen individuals diagnosed with HGIN or invasive GC were 
classified as the GC group because they shared similar treatment 
principles within the program. Among the non-GC controls, 
80 had advanced pre-cancerous gastric lesions (specifically IM 
or LGIN) and 70 had mild gastric lesions (specifically SG or 
CAG). Enzyme-linked immunosorbent assays (ELISAs) were 
used to determine H. pylori infection status through IgG serol-
ogy. Ninety-four subjects also underwent the 13C-urea breath 
test (CUBT). In addition, 68 subjects with gastric lesions had 
repeat endoscopic examinations and histopathologic diagno-
ses during the follow-up period until 10 October 2023 with 
information on the progression of gastric lesions documented. 
Whether H. pylori-related proteomic signatures were also 
associated with GC compared to individuals without GC in 
the Linqu set (n = 166) and the independent Beijing set (n = 
99) were determined. The Beijing set included 30 patients 
with GC enrolled from Peking University Cancer Hospital 
and 69 patients with non-GC gastric lesions (24 with mild 
gastric lesions and 45 with advanced gastric lesions) enrolled 
from Dongfang Hospital in Beijing (Table S3). The in-house 
proteomic datasets are deposited in the ProteomeXchange 
Consortium via the iProX partner repository (access No. 
IPX0003438002, DOI: 10.1016/j.ebiom.2021.103714). Gene 
expression patterns at the single-cell level for key proteins val-
idated for GC risk were further investigated based on a pub-
licly available scRNA dataset from the GEO database (n = 18, 
access No. GSE249874, DOI: 10.1136/gutjnl-2023-iddf.110), 
which is comprised of 6 subjects with gastritis, 6 with intesti-
nal metaplasia, and 6 with GC14.

The potential association between the baseline expression 
of key tissue proteins and the risk of gastric lesion progres-
sion was investigated during the prospective study phase uti-
lizing prospective endoscopic follow-up of 68 participants in 
the Linqu set. A tissue protein risk score was calculated based 
on progression-related proteins. Additionally, the relationship 
between the circulating levels and the risk of incident GC was 
explored, leveraging the UK Biobank (UKB, n = 48,529). The 
efficacy of a panel of key circulating proteins in stratifying 
risk populations and predicting the risk of developing GC was 
also evaluated. A circulating protein risk score was established 

and the prediction potential for GC risk was examined in the 
UKB. The UKB is a large population-based cohort of UK resi-
dents 40–59 years of age who were recruited between 2006 and 
201015. For this study, 48,529 subjects with proteomic data and 
without a cancer diagnosis at cohort enrollment were selected, 
of whom 138 developed GC during the follow-up period. 
Information on H. pylori infection status was not available for 
the Beijing set, scRNA dataset, or the UKB.

The study was approved by the Institutional Review Board 
of Peking University Cancer Hospital (No. 2018KT117). All 
participants of the Linqu set and Beijing set provided written 
informed consent.

Gastroscopy and histopathology

Gastroscopic examinations of the Linqu and Beijing sets were 
performed by senior gastroenterologists utilizing video endo-
scopes (GIF-260; Olympus, Tokyo, Japan). The biopsies were 
fixed with formalin, embedded in paraffin, then evaluated 
independently by two pathologists adhering to the guide-
lines set by the Chinese Association of Gastric Cancer and 
the Updated Sydney System. Each specimen was diagnosed as 
normal, SG, CAG, IM, LGIN, HGIN, or invasive GC. A global 
diagnosis was subsequently assigned to each subject based on 
the most severe diagnosis identified from all the biopsies. To 
prevent systemic biases in proteomic profiles stemming from 
discrepancies between global and site-specific diagnoses, par-
ticipants exhibiting the most severe histologic manifestations 
in the gastric mucosa at the lesser curvature of the antrum or 
angulus were exclusively enrolled, from which biopsies were 
collected for both histopathologic and proteomic assays. Each 
subject was given a histopathology severity score at baseline 
and at the conclusion of the follow-up period. Progression of 
gastric lesions was deemed to have occurred if the endpoint 
score exceeded the baseline score for a given subject.

Proteomics quantification

The tissue proteomic assay was determined by liquid chro-
matography-tandem mass spectrometry, as described previ-
ously13. Standard protocols were followed for data processing 
and protein quantitation. Specifically, the Firmiana pipeline 
was used to analyze raw mass spectrometry data16. Protein 
identification was carried out using the Mascot search engine 
(Matrix Science, version 2.3) against the NCBI human Refseq 
protein database (dated 04/07/2013). Protein abundance was 

https://doi.org/10.1016/j.ebiom.2021.103714
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quantified using a label-free intensity-based absolute quan-
tification (iBAQ) method and these values were converted 
to intensity-based fractions of the total (iFOT). The log10-
transformed and normalized iFOT values for each protein 
were used for further analysis. Quality control assessments 
confirmed the stability of the proteomic profiles and all sam-
ples exhibited consistent quantitation of the tissue proteome. 
A total of 4,207 proteins that were identified in at least 25% of 
the samples were included.

Olink Explore 3,072 proteomic profiling was performed 
on EDTA-plasma samples from approximately 54,000 par-
ticipants in the UKB17. Olink utilizes the proximity exten-
sion assay. Microfluidic quantitative PCR was subsequently 
used for relative quantification and analysis of the amplified 
DNA tags. Details of the detection method and quality control 
procedures have been described elsewhere15. Protein levels 
undergo intra- and cross-batch normalization processes and 
are ultimately expressed as normalized protein expression.

Single-cell RNA sequencing

Preprocessing of raw scRNA-seq data followed the CellRanger 
pipeline (version 7.2.0) using the GRCh38 as the reference 
genome18. Downstream analyses of scRNA-seq data followed 
the Seurat pipeline (version 5.1.0)19. Specifically, cells with 
> 50,000 unique molecular identifier counts, <300 or >7,500 
detected genes, >5% hemoglobin gene counts, or >30% mito-
chondrial gene counts were filtered out. Potential doublet cells 
were recognized and filtered out following the DoubletFinder 
pipeline (version 2.0.4).

The NormalizeData, FindVariableFeatures, and ScaleData 
functions in Seurat were utilized to standardize library sizes, 
perform logarithm transformation, and identify and scale 
2,000 highly variable genes (HVGs). Harmony (version 1.2.3) 
was used to correct for batch effects with default parameters 
prior to dimensionality reduction. RunPCA, FindNeighbors, 
FindClusters, and RunUMAP functions in Seurat were then 
used to extract the top 30 principal components to construct 
a shared nearest neighbor graph, perform Louvain unsuper-
vised clustering, and visually represent the results utilizing the 
scaled HVG expression matrix.

Bulk RNA-seq quantification

The normalized bulk RNA-seq data generated by The Cancer 
Genome Atlas (TCGA) on primary stomach adenocarcinoma 

(STAD) from the NCI Cancer Genomic Data Commons (NCI-
GDC: https://gdc.cancer.gov) was downloaded. The RNA-seq 
data was processed and normalized by the NCI-GDC bioin-
formatics team using the transcriptome analysis pipeline.

Bioinformatics and statistical analyses

Analyses were performed using R 4.4.1 unless otherwise 
stated.

Proteomic signature for H. pylori infection and GC
The proteomic data underwent initial processing through 
principal component analyses (PCA) utilizing top two prin-
cipal components for visualization of H. pylori-positive and 
-negative individuals, as well as individuals with GC, advanced 
gastric lesions, and mild gastric lesions. The stat_ellipse func-
tion from the ggplot2 package (version 3.5.1) was subse-
quently used to depict grouped ellipses at a 95% confidence 
level. A heatmap with hierarchical clustering was generated 
using the pheatmap package (version 1.0.12). Gene ontology 
(GO) enrichment analysis was used to identify H. pylori-
related pathways using the clusterProfiler (version 4.12.6) and 
org.Hs.eg.db packages (version 3.18.0).

Unconditional logistic regression model, as is often rec-
ommended for case-control studies20, was used to identify 
differentially expressed proteins between H. pylori-positive 
and -negative individuals based on the Linqu set, incorporat-
ing adjustments for age, gender, and gastric histopathology. 
Proteins with a two-sided false discovery rate (FDR)-q <0.05 
were considered statistically significant. Upregulated proteins 
in H. pylori-positive individuals had an odds ratio (OR) >1, 
whereas downregulated proteins had an OR <1. Primary anal-
yses were conducted using H. pylori serology. Additionally, 
association analyses were performed for significant proteins 
and correlated with the infection status as determined by 
CUBT alone or in combination with serology.

Significant H. pylori infection-related proteins were further 
examined for associations with GC and compared to non-GC 
based on the Linqu and Beijing sets. ORs and corresponding 
confidence intervals (CIs) were calculated by unconditional 
logistic regression models adjusting for H. pylori infection (for 
Linqu set only), age, and gender. Those with an FDR-q <0.05 
in both sets were highlighted as key proteins associated with 
H. pylori infection and GC and were visualized by forest plot. 
The Kruskal-Wallis rank-sum test was subsequently used as 
a complementary approach to pinpoint proteins exhibiting 
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expression changes throughout the progression of gastric 
lesions, spanning from mild-to-advanced gastric lesions and 
ultimately to GC.

Spearman correlation analyses were performed to compare 
the association ORs of these proteins for H. pylori with GC to 
investigate whether individual proteins exhibit consistent asso-
ciations with H. pylori and GC. The comparison of H. pylori- 
and GC-related pathways was facilitated by a two-dimensional 
GO annotation utilizing significant proteins associated with 
H. pylori infection and GC21. Similarly, Spearman correla-
tion analyses were also performed to compare the enrichment 
scores of GO terms for H. pylori to GC.

Ensemble learning (e.g., stacking models), while offer-
ing potential advantages in integrating diverse models and 
enhancing overall model performance22, may carry limita-
tions, such as potential bias in effect estimation23 and reduced 
biological interpretability, compared to traditional statistical 
models24. Moreover, ensemble learning strategies are prone 
to overfitting when applied to a modest sample size25. Given 
the objectives and typical characteristics of molecular epide-
miologic research, ensemble learning approaches were not 
adopted for this and below analyses.

Quantification of key protein gene expression at the 
scRNA level
The FindAllMarkers function in the Seurat R package (ver-
sion 5.1.0) was used to identify the top 30 marker genes for 
each cluster and ranked by fold change based on the results 
of unsupervised clustering and the uniform manifold approx-
imation and projection. These markers were then cross-
referenced with published literature and cell-type-specific 
databases to annotate the major cell lineages, which included 
epithelial cells (encompassing endocrine cells), stromal cells 
(normal fibroblasts, cancer-associated fibroblasts, endothelial 
cells, and pericytes), immune cells (myeloid cells, mast cells, 
T cells, NK cells, B cells, and plasma cells), and proliferating 
cells. Bubble plots were created for the curated list of canonical 
cell markers following the methodology described in previous 
reports.11,26. The patterns of expression across major cell types 
were examined utilizing key protein biomarkers. The propor-
tion of corresponding RNA expressed across cell types in the 
scRNA dataset for each candidate protein were calculated and 
plotted in a proportional heatmap.

Considering the epithelial-origin nature of GC, epithelial and 
endocrine cells were further selected in silico for the following 
scRNA-analyses in a two-tiered clustering strategy. Epithelial 
and endocrine clusters were manually annotated and retained 

based on canonical markers. A more refined clustering process 
was subsequently carried out leveraging cluster-specific genes 
identified through the FindAllMarkers function in Seurat, as 
well as markers documented in the literature and databases27-31. 
Clusters that exhibited concurrent high expression of lineage 
makers unrelated to epithelial and endocrine cells during the 
second round were considered putative doublets and excluded 
from subsequent analyses. The DotPlot function in Seurat was 
used to quantify the levels and proportions of specified genes in 
normal, IM, and malignant epithelial cells.

The signature scores of selected genes were calculated for 
H. pylori and GC up- and down-regulated proteins using the 
AddModelScore function in Seurat. The signature scores across 
epithelial and endocrine cell types were visualized by VlnPlot 
function in Seurat.

Identification of tissue proteins associated with 
progression of gastric lesions
Whether baseline expression levels of specific tissue proteins 
correlated with the progression of gastric lesions over time 
were investigated by conducting endoscopic follow-up evalua-
tions on 68 individuals from the Linqu cohort. Unconditional 
logistic regression models adjusted for factors, such as age, 
gender, H. pylori infection status, and baseline histopathol-
ogy, were used to compute ORs (CIs) for these associations. 
Logistic regression analysis was appropriate due to the short, 
uniform follow-up period (mean = 1.5 years) based on sched-
uled endoscopies, which caused imprecise timing and interval 
censoring bias that limits time-to-event analysis. Statistical 
significance was established at a single-sided P-value <0.05 
for the prospective association analyses. A tissue protein risk 
score was formulated for tissue proteins that consistently 
demonstrated a risk for GC in the Linqu and Beijing cohorts, 
as well as the progression risk of gastric lesions in the Linqu 
follow-up. This score was derived by summing the weighted 
expressions of each protein, in which the weight was deter-
mined by multiplying the standardized baseline expression 
of protein by the logistic regression coefficient obtained. The 
subjects were stratified into the following three risk categories: 
low (from 0–25% of the tissue protein risk score); medium 
(from 25%–75%); and high (from 75%–100%). The associa-
tion of this tissue protein risk score was then investigated with 
an alternative outcome of “progression to gastric neoplasia,” 
which was exclusively defined as progression to gastric neo-
plasia, encompassing LGIN or more severe conditions, for 
individuals initially with IM or less severe gastric lesions at 
baseline.
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The analysis was further extended to the bulk transcrip-
tomic level to validate the tissue protein risk score. A tissue 
RNA risk score was computed based on the TCGA-STAD 
dataset by applying the protein score weighting coefficients to 
bulk RNA-seq data and the distribution between tumor and 
adjacent normal tissues was compared.

Identification of circulating proteins associated with 
risk of incident GC
Given the considerable value of non-invasive biomarker test-
ing, whether the plasma levels of these proteins exhibited 
an association with the risk of incident GC during the pro-
spective follow-up was examined by leveraging data from the 
UKB. Cox proportional hazards regression models were used 
to calculate age- and gender-adjusted hazard ratios (HRs) and 
CIs for associations utilizing 70% of the UKB samples, which 
is aligned with methodologic recommendations20. The pro-
portional hazards assumption was tested through Schoenfeld 
residual testing and no violations were detected. A circulat-
ing protein risk score model was developed for proteins that 
consistently showed a relationship with progression of gastric 
lesions during the Linqu set follow-up and the occurrence 
of GC in the UKB by leveraging the precise event timing to 
provide an accurate estimation of the time-to-GC risk. This 
model was created by summing the weighted expression of 
each protein, where the weight was determined by multiply-
ing the baseline standardized expression of the protein by the 
regression coefficient derived from Cox proportional hazards 
regression. Subjects were also stratified into 3 risk groups 
based on this circulating protein risk score, as follows: low 
(from 0%–25% of the circulating protein risk score); medium 
(from 25%–75%); and high (from 75%–100%).

Construction of the circulating protein-based risk 
prediction model
Logistic regression models were then used to develop risk 
prediction models for GC, incorporating both age and gender 
independently and in conjunction with the risk score of circu-
lating proteins. Considering the category imbalance between 
GC and non-GC cases in the UKB, a combination-sampling 
approach with 10-fold cross-validation was used [ROSE (ver-
sion 0.0.4) and caret (version 6.0.94) packages]32. Non-GC 
controls were randomly down-sampled to 138 to establish a 
1:1 ratio with GC patients. Models were trained on 70% of 
the UKB subjects and the performance was validated in the 
remaining 30%. The sensitivity, specificity, and utilized area 
under the receiver operating characteristic curve (AUC) were 

calculated and the DeLong test was used to compare the per-
formance of prediction models.

Results

Characteristics of the study participants

The characteristics of participants from the Linqu set are 
shown in Table S2. Of the 166 subjects, 118 were H. pylori-
seropositive based on serologic testing. Among the 94 subjects 
tested by CUBT, 40 were H. pylori-positive. No significant 
differences were noted in age distribution, gender, or baseline 
histopathologic findings between the H. pylori-seropositive 
and -seronegative groups. During the subsequent follow-up, 
30 of 68 subjects had gastric lesion progression. The charac-
teristics of participants from the Beijing set, scRNA set, and 
the UKB are shown in Table S3. The mean ages of the Linqu, 
Beijing, and scRNA sets and the UKB are 56.6, 60.5, 54.2, and 
56.5 years, respectively. The proportion of males was slightly 
higher than females in all datasets but this difference was not 
statistically significant.

Proteomic profiles according to H. pylori 
infection and multi-stage gastric lesions

Tissue proteomic profiling of the Linqu cohort (n = 166) 
revealed an overall distinction between proteomic features 
in individuals with GC and mild (SG/CAG) or advanced gas-
tric lesions (IM/LGIN; Figure 1A, top). However, the visual 
separation between H. pylori-positive and -negative groups 
was not definitive based on the PCA plot (Figure 1A, bot-
tom). Hierarchical clustering analysis revealed that proteins 
enriched in H. pylori-seropositive samples were characterized 
by an aggregation among individuals with GC or advanced 
gastric lesions [IM/LGIN (highlighted in the lower part, 
Figure 1B)]. In contrast, the protein pattern in samples from 
H. pylori-seronegative patients exhibited a similar aggrega-
tion pattern to individuals with mild gastric lesions [SG/CAG 
(highlighted in the upper part, Figure 1B)]. Subjects who had 
consistent test results on H. pylori infection by serologic test-
ing and CUBT tended to cluster together. The proteomic fea-
ture differences among various histopathologic groups were 
highly concordant with the status variations among different 
H. pylori infections, suggesting that H. pylori infection may be 
a significant factor influencing the protein signatures linked to 
the sequential development of GC.
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H. pylori-seropositive and -seronegative individuals within 
the Linqu cohort were compared and 101 proteins were differ-
entially expressed with an FDR-q <0.05. The infection status, 
as ascertained by CUBT alone and in combination with sero-
logic testing, was also utilized to test the robustness of findings. 
Highly consistent lists of differentially expressed proteins were 
identified based on the three methods used to determine H. 

pylori infection status (Table S4). GO enrichment analyses of 
101 proteins revealed that the H. pylori-upregulated proteins 
are primarily involved in biological processes, such as protein 
folding and maturation, phagocytosis, leukocyte activation, 
differentiation, adhesion, and the immune response, suggest-
ing that H. pylori infection is associated with activation of 
immune responses and synthesis of some proteins (Figure 1C).

PC1: 16.6%
40200–20–40–60

25

0.015Protein maturation

0

0.001
0.005
0.005

0.046
0.038

0.015
0.022

0.038
0.044

0.045

0.043
0.038

0.045
0.045
0.038

0.009

0.020
0.046
0.023
0.005
0.038

Phagocytosis
Leukocyte activation involved in immune response

Cell activation involved in immune response
Regulation of response to biotic stimulus

Leukocyte cell-cell adhesion
Protein folding

Myeloid leukocyte differentiation
Female pregnancy

Regulation of cell shape
Neuroinflammatory response

Negative regulation of response to biotic stimulus
Disruption of anatomical structure in another organism

Defense response to fungus
Biological process involved in interaction with symbiont

Superoxide metabolic process
Podosome assembly

Extracellular matrix disassembly
Collagen catabolic process

Regulation of ATP biosynthetic process
Positive regulation of superoxide anion generation
Negative regulation of cellular response to hypoxia

Pigment granule transport
Pigment granule localization
Modification of postsynaptic structure
Modification of postsynaptic actin cytoskeleton
Melanosome transport
Melanosome localization
Establishment of pigment granule localization
Establishment of melanosome localization
Negative regulation of protein polymerization
Negative regulation of actin filament polymerization

–25
PC1: 16.6%

Down-regulated

GO terms

0.2–0.1 0.0
Gene ratio

0.1

Up-regulated

–50

–30

–20

–20

–10

0

0

PC
2:

 9
.5

%
PC

2:
 9

.5
%

10

20

20

A B

C

Positive
Helicobacter pylori

Negative

SG&CAG
Diagnosis

IM&LGIN

Gastric cancer

6

Diagnosis

Diagnosis

Serology
CUBT

CUBT

Serology

4

2

0

–2

–4

SG&CAG

IM&LGIN

Gastric cancer

Positive

Negative

Positive
NA

Negative

0.122
0.122
0.122
0.122
0.122
0.122

0.122
0.122
0.122

0.122

Figure 1  Proteomics profiling according to H. pylori infection and multi-stage gastric lesions. A. Principal component analyses for dimen-
sional reduction of proteomic profiles according to histopathologic diagnosis (top) and H. pylori infection status (bottom); B. Hierarchical 
clustering for proteomics pattern according to gastric histopathology and H. pylori infection as determined by serology or CUBT; C. Gene 
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thelial neoplasia; FDR, false discovery rate.
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Proteins significantly associated with  
H. pylori infection and GC risk

Whether 101 H. pylori-related proteins are associated with the 
risk of GC was determined to offer insights into the potential 
influence of H. pylori infection on the development of GC. This 
analysis yielded 32 statistically significant proteins (both FDR-q 
<0.05 for each protein), 28 of which were successfully validated 
for GC risk in an independent dataset, the Beijing cohort (n = 
99), including 15 down- and 13 up-regulated proteins (Figure 
2A). Proteins elevated in H. pylori-positive subjects, such as 
OLFM4, PYCARD, TYMP, and ENO1, were also increased 
in patients with GC, while decreased proteins, like IGFBP2 
and TFF2, had lower expression. Spearman correlation anal-
ysis revealed a significant correlation between H. pylori- and 
GC-associated protein alterations (ρ = 0.455, P = 6.68 × 10−7). 
Despite this significant correlation, many proteins exhibited an 
asymmetric dispersion pattern relative to the correlation curve, 
particularly those proteins that were downregulated. In addi-
tion, these proteins also exhibited a trend in progression from 
mild-to-advanced gastric lesions to GC, which is consistent 
with the direction of the associations with H. pylori infection 
and GC risk (Figures S1 and  S2). Therefore, these proteins 
were defined as “key markers” associated with H. pylori-related 
gastric lesion progression and GC development.

A strong positive correlation was demonstrated between the 
enrichment scores of GO terms related to H. pylori infection 
and GC by applying GO enrichment analysis to these proteins 
(ρ = 0.784, P = 1.80 × 10−36; Figure 2C). Notably, the pathways 
involving protein production, regulation of translation, amide 
metabolic processes, and glycolytic processes were upregu-
lated by H. pylori infection and in GC, while downregulated 
terms were primarily related to hormone and ethanol meta-
bolic processes.

ScRNA localization of key markers revealed 
gastric epithelial carcinogenesis

Building on these 28 key proteins, the cellular subtypes in which 
potential regulatory mechanisms driving H. pylori-induced 
gastric carcinogenesis might be operative were identified. To 
this end, scRNA-seq analysis was performed on a publicly 
available dataset (n = 18), which encompasses histopathol-
ogy samples collected from multiple stages of gastric lesions. 
The whole single-cell mapping contained 135,082 high-qual-
ity cells spanning 11 major cell types (Figure 3A, B). The 

genes corresponding to the H. pylori and GC-downregulated 
markers were primarily expressed in epithelial cells, whereas 
upregulated markers were commonly expressed in epithelial 
cells, myeloid immune cells, lymphocytes, and stromal cells 
(Figure 3C). This finding aligns with our hypothesis that H. 
pylori infection could elicit immune responses and subtly 
modify the gastric microenvironment, thereby underlying 
gastric carcinogenesis. Additionally, the enrichment of down-
regulated markers specifically in the epithelial cells may sug-
gest pivotal changes occurring within this cell type.

Recognizing the epithelial-origin of GC, the expression 
profiles of the genes for key proteins in epithelial cells were 
analyzed. The final annotated single-cell mapping contained 
29,047 high-quality cells. Unsupervised clustering followed 
by uniform manifold approximation and projection visualiza-
tion identified 15 fine-grained cell clusters (Figure 3D). The 
top differentially expressed genes across these cell clusters are 
shown in Table S5 and Figure S3. A normal gastric epithe-
lial (pit mucous, gland mucous, chief, and parietal cells), IM 
(enterocyte- and enteroendocrine-like cells), and malignant 
cell group (malignant-like C1–3) were further defined based 
on a priori biological knowledge and cluster-specific genes. 
Other cell types included a proliferating cell cluster marked 
by MKI67 (proliferative cells), a cluster marked by POSTN 
expression (POSTN+ cells), and four endocrine clusters 
(gastric endocrine, neuroendocrine, TPH1+ endocrine, and 
NALCN+ endocrine cells). The marked areas of the normal 
gastric epithelial, IM, and malignant cell group corresponded 
well with the histopathologic diagnosis of cell source samples 
(Figure  3E), indicating an epithelial transition during the 
multi-stage progression of gastric lesions-to-GC.

The transcription levels of “key marker” genes during 
the epithelial transition were evaluated. The downregulated 
key marker genes (e.g., MUC5AC, MLPH, IGFBP2, and 
ALDH3A1) were predominantly expressed in normal gastric 
epithelial cells but remarkably decreased in IM and malig-
nant cells (Figure 3F). As an exception, expression of stromal 
markers (COL28A1 and LUM) was increased in a subgroup 
of malignant cells (Figure S4), potentially indicating an epi-
thelial-mesenchymal transition. In contrast, the expression of 
upregulated markers, which were transcribed at a low level in 
normal gastric cells, increased considerably during the epithe-
lial transition. PARP14, TYMP, OLFM4, and MYO1F expres-
sion was upregulated in a stepwise manner from normal-to-IM 
cells, then to malignant epithelial cells. Furthermore, the com-
bined signature scores for down- and up-regulated markers 
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were calculated (Figure 3G, H). The decreasing down-and 
increasing up-regulated signature score trends with the malig-
nant progression of cell types suggested that the “key markers” 
could distinguish the malignant potential of epithelial cells 
(P <2.20 × 10−16 for normal vs. malignant cells).

Protein signatures signifying gastric lesion 
progression and GC risk

Whether the baseline levels could predict the risk of gastric 
lesion progression and GC occurrence was examined based on 
28 key proteins through prospective follow-up of the Linqu 
cohort and UKB participants. Endoscopic follow-up exami-
nations were performed on 68 subjects in the Linqu cohort 
with 30 (44.1%) individuals progressing to more severe gastric 
lesions during a mean follow-up of 1.5 years (SD: 1.1 years). 
The expression of 15 tissue proteins was significantly linked 

to the risk of gastric lesion progression (Figure 4A, left). 
Specifically, 4 upregulated proteins (OLFM4, MYH9, ENO1, 
and HMOX1) were positively associated with the risk of gastric 
lesion progression. Conversely, 11 proteins (GSN, RAB27A, 
LUM, TAGLN2, MUC5AC, LOC101059911, ALDH3A1, 
CTSE, MLPH, TFF2, and IGFBP2) demonstrated decreased 
expression with increasing severity of gastric lesions and GC 
and were inversely associated with gastric lesion progres-
sion risk. Integrating these 15 proteins into a “tissue panel,” a 
weighted risk score was calculated, as follows:
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An elevated “tissue protein risk score” was associated with 
a heightened risk of developing gastric neoplasia (OR = 7.22, 
95% CI: 1.31–39.72 for the high score group, Figure 4B). The 
risk score of these 15 tissue signatures was also validated at the 
RNA level based on the TGCA-STAD dataset. The risk scores 
for GC tumors were significantly elevated compared to adja-
cent non-GC tissues (Figure 4C, P = 0.0033).

Next, the efficacy of applying these proteins as non-invasive 
markers was assessed for predicting GC risk based on a large-
scale prospective cohort of the UKB with plasma proteomic 
data (n = 48,529), which covered 12 of the 28 selected pro-
teins. During a mean follow-up of 14.5 years (SD: 2.3 years), 
138 individuals developed GC. Using 70% of the UKB sub-
jects as the training set, 4 proteins (IGFBP2, GSN, ENO1, and 
OLFM4) were consistently identified in which circulating lev-
els were associated with the risk of gastric lesion progression 
and development of GC (Figure 4A, right). A weighted risk 
score was calculated by integrating these 4 proteins as a “cir-
culating panel:”

Risk score 0.242 OLFM4 0.227 ENO1 0.236

IGFBP2 0.774 GSN

= × + × −
× − ×

The crude incidence rate of GC per 100,000 person-years 
was 10, 17, and 38 for individuals with a low, medium, and 
high circulating protein score, respectively (Figure 4D), by 
using the remaining 30% of the UKB as a testing set. The 
quartile reference ranges of the tissue and circulating protein 
risk score are shown in the Table S6. The hazard ratio (95% 
CI) of developing GC was 3.73 (1.63–8.54) for the high score 
group compared to the low circulating protein risk score. 
Adding the risk score to a base model (only with age and gen-
der) improved the GC risk prediction accuracy (sensitivity = 
0.78 vs. 0.68, specificity = 0.70 vs. 0.69, AUC = 0.75 vs. 0.71, 
Delong’s P = 0.0039; Figure 4E).

Discussion

This is the first study to delve into the key molecular events 
underlying H. pylori-related carcinogenesis by exploring the 
shared proteomic signatures associated with H. pylori infection 
and the multistage progression of gastric lesions. The molecu-
lar signatures potentially driving the malignant transformation 
of gastric epithelium were uncovered and potential regulatory 
pathways were pinpointed by incorporating tissue proteomics 
with scRNA analyses. Tissue and circulating panels that may 
predict the risk of gastric lesion progression and GC develop-
ment were established by leveraging key proteins as markers.

H. pylori colonization causes damage to the gastric mucosa, 
which leads to the development of chronic gastritis, a well-
established precursor in the carcinogenic process. Thus, the 
current study was initiated with a priori focus on H. pylori-in-
duced proteomic changes. From a pathophysiologic perspective, 
H. pylori manifests virulence by inducing chronic inflammation 
and releasing major cytotoxins (most notably CagA and VacA). 
Specifically, when cagPAI-carrying H. pylori attaches to a host 
cell, the type IV secretion system can translocate bacterial effec-
tor molecules into the host cell cytoplasm33, which triggers a 
cascade of intracellular signaling events, leading to profound 
activation of pro-inflammatory cytokines, such as IL-1, IL-6, 
IL-8, TNF-a, NF-κB, and IFN-γ2,34,35. The current study cor-
roborated these findings, revealing an upregulation of pathways 
related to immune activation, including phagocytosis, leukocyte 
activation, differentiation, and cell-cell adhesion, due to H. pylori 
infection. Furthermore, disturbances in protein folding and mat-
uration, cell shape regulation, ATP biosynthetic process, and cel-
lular response to hypoxia suggested a disturbed metabolic state.

H. pylori infection status was assessed in the Linqu set 
using the ELISA serologic antibody test and the CUBT for a 

Figure 4  Protein signatures signifying the risk of gastric lesion progression and GC development. A. Prospective associations of key markers 
with gastric lesion progression based on follow-up of the Linqu set (left) with incident gastric cancer based on 70% of the UKB as the training 
set (right). The 15 proteins significantly associated with the risk of gastric lesion progression are bolded. Among the 15 proteins, 4 significantly 
associated with the risk of GC development are colored in red. B. The association between tissue protein risk scores and the risk of progression 
to gastric neoplasia. Progression to gastric neoplasia was defined as progression to low-grade intraepithelial neoplasia or more severe condi-
tions for individuals initially with intestinal metaplasia or less severe gastric lesions at baseline. C. RNA level validation of the 15 tissue signature 
risk score based on the TCGA-STAD dataset. The risk score distribution was compared between GC tumors and adjacent normal samples. D. 
Cumulative incidence of gastric cancer stratified by circulating protein risk scores calculated using logistic regression based on the remaining 30% 
of the UKB as the testing set; the low-risk group set was the reference. E. Receiver operating characteristic curves for gastric cancer risk prediction 
models developed using logistic regression based on the remaining 30% of the UKB as the testing set. Model 1: age and gender; model 2: age, 
gender, and circulating protein risk score. AUC, area under the curve; CI, confidence interval; HR, hazard ratio; NA, not applicable; OR, odds ratio.
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sub-group. The ELISA test indicates past and current infec-
tions and is influenced by factors like antibody half-life and 
H. pylori subtypes, whereas the CUBT primarily reflects the 
intensity of a current infection36. Nevertheless, despite these 
methodologic differences, the key proteins associated with 
H. pylori infection that were identified exhibited high consist-
ency and were subsequently used effectively in the analysis.

Through comparative and co-analysis of proteomic profiles 
altered by H. pylori infection and the progression of gastric 
lesions, a concordance between these two patterns of change 
was detected. Most proteins that were upregulated in the 
H. pylori-positive group also exhibited an elevated expression 
trend in GCs. The phenomenon observed suggested a shared 
biological alteration that takes place throughout H. pylori 
infection and GC development by ruling out the grouping bias 
and covariates. Nevertheless, an asymmetric dispersion pat-
tern of many proteins relative to the correlation curve for H. 
pylori infection and GC, particularly those proteins that were 
downregulated, may partially reflect the etiologic complexity 
underlying H. pylori pathogenicity and GC carcinogenesis 
even though H. pylori infection is recognized as a major risk 
factor for GC. Furthermore, although gastric lesions progress 
through a multi-stage cascade during gastric carcinogenesis, 
H. pylori infection is primarily implicated in the early stages of 
carcinogenesis. This early-stage involvement may also partly 
account for the heterogeneity observed in the differentially 
expressed proteins associated with H. pylori infection and GC.

scRNA analyses were also used to quantify the expression 
of key marker genes to delve deeper into the cellular level. By 
focusing on the epithelium, the findings unveiled an altered 
transcriptional landscape across the progression of cell 
groups representing healthy gastric mucosa (gastric epithe-
lial cells-to-precancerous lesions) and IM cells, then to GC 
(malignant cells).

The upregulated markers shared by H. pylori infection and 
GC are consistent with several hallmark changes of carcino-
genesis. First, the proliferative nature of malignant cells, which 
requires a substantial increase in protein synthesis and ade-
quate energy production, consequently leads to the upregu-
lation of pathways related to protein folding, maturation, and 
mRNA translation in these cells37. Specifically, HNRNPM, 
PARP14, PARP1, TPP1, and TYMP are involved in RNA 
splicing, ADP-ribosylation, telomerase activity, and thymine 
phosphorylation-associated DNA repair mechanisms38,39. 
The aberrant expression of these 5 genes suggests abnormal 
regulation in cell proliferation processes. Second, cancerous 

cells depend heavily on anaerobic respiration, a phenomenon 
known as the “Warburg effect,” which accelerates glucose utili-
zation and glycolysis. This dependency can also influence cel-
lular metabolism and is attributed to alterations in membrane 
proteins and impaired lysosome function40. Upregulation of 
ENO1, PLCG2, and GLS (genes encoding enzymes vital for 
glycolysis, diacylglycerol and phosphorylcholine generation, 
and glutamine metabolism41,42) indicates metabolic repro-
gramming. Third, immune responses are also altered in gastric 
carcinogenesis. Upregulation of PYCARD suggests inflammas-
ome formation, innate immune activation, and apoptosis43, 
which may contribute to the inflammatory microenviron-
ment characteristic of GC. Finally, OLFM4, a crucial stemness 
marker, has been reported to interact with MYH9 to promote 
IM stem cell formation by activating the β-catenin-related 
Wnt signaling pathway44. In the current study H. pylori infec-
tion was shown to upregulate markers, such as OLFM4 and 
ENO1, which exhibit an increasing trend from normal gas-
tric tissue-to-IM, then to malignancy, thereby identifying key 
molecular events driving gastric carcinogenesis via H. pylori.

In contrast, the downregulated markers due to H. pylori 
infection and in GC were shown to be strongly associated 
with epithelium maintenance. Notably, MUC5AC, GKN1, and 
TFF2, which encode proteins crucial for preserving epithelium 
integrity and the homeostasis of the mucus layer, displayed 
reduced expression45-47. Furthermore, the downregulation of 
GSN, IGFBP2, and TAGLN2, which are involved in epithe-
lial growth regulation and cytoskeleton reconstruction48-50, 
may compromise the ability of the gastric mucosa to heal and 
recover from damage. In addition, decreased expression of 
ALDH3A1 suggests that H. pylori infection may weaken the 
antioxidation and detoxication capacity of gastric mucosa51, 
potentially facilitating the carcinogenic process.

Although endoscopic examinations are effective in pre-
venting GC52, endoscopic examinations are invasive, costly, 
and heavily reliant on skilled endoscopists and pathologists. 
Because a one-size-fits-all endoscopic screening approach is 
not feasible in China, utilizing reliable biomarkers derived 
from prospective evidence could be a practical strategy to 
identify and target high-risk populations, thereby support-
ing GC prevention efforts. Herein, the potential mechanisms 
underlying H. pylori-induced gastric carcinogenesis were deci-
phered and identified protein markers that could signify the 
progression of gastric lesions and the development of GC at 
an early stage. These findings led to the development of two 
novel panels [a tissue protein panel to guide the selection of 
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populations for repeated screening and a plasma protein-based 
panel (IGFBP2, GSN, ENO1, and OLFM4)] for risk stratifica-
tion and early detection of GC. Integrating these proteomic 
signatures with multi-omics data and wet-lab exploration will 
provide mechanistic evidence on GC etiology and aid in the 
precision management of H. pylori-associated GC.

Several limitations to the current study should be acknowl-
edged. First, the sample size was modest with prospective 
endoscopic follow-up based on the Linqu cohort, which may 
have constrained the power to explore tissue protein signa-
tures for GC development. Nevertheless, the tissue protein 
risk score was significantly associated with the progression 
to neoplasia or GC as an alternative outcome, supporting 
the potential significance of the identified proteins. Second, 
a dataset that not only includes histopathologic diagnoses 
and H. pylori infection but also covers both gastric tissue and 
plasma proteomics is not available. Therefore, gastric tissue 
and plasma proteins could not be assessed in the same pop-
ulation. Third, information on H. pylori infection was not 
available for the Beijing cohort, the scRNA-seq databsase, and 
the UKB. Fourth, the proteomics platform tested in the UKB 
only encompassed several of the key tissue markers. To inves-
tigate other plasma proteins not included in the UKB panel, 
additional large prospective studies will be required in future 
research. Fifth, a limitation inherent to bulk-tissue proteom-
ics analysis is the inability to fully capture the heterogeneity 
of the tumor microenvironment (TME). The complex inter-
cellular interactions between epithelial compartments and 
stromal components remain incompletely characterized for 
the identified key epithelial protein markers. Future investiga-
tions employing single-cell proteomics, spatial transcriptom-
ics, or multiplex immunohistochemistry techniques may be 
warranted to dissect the cell-type-specific protein signatures 
and spatially resolve molecular interactions within the TME 
during gastric carcinogenesis.

Conclusions

In summary, leveraging in-house and publicly available pro-
teomics and scRNA-seq data, the current study utilized a 
mixed-design integrating case-control studies of proteomic sig-
natures for H. pylori infection and risk of gastric lesions, explo-
ration of biomarkers at the single-cell transcriptome level, and 
prospective studies on key proteins associated with the risk of 
gastric lesion progression and GC development, and unveiled 
key proteomics signatures associated with H.  pylori-related 

gastric carcinogenesis. A panel of 15 tissue proteins was identi-
fied, demonstrating the potential for targeting individuals with 
a high risk of progressing to gastric neoplasia. Furthermore, 
a four-circulating protein panel may be used as non-invasive 
markers predicting the risk of GC development. While the cur-
rent GC prevention programs rely mainly on gastroendoscopy 
(a method that is invasive, costly, and heavily skill-dependent) 
the current study developed novel non-invasive circulating 
protein biomarkers for H.  pylori-induced gastric carcinogen-
esis. These biomarkers hold significant translational potential, 
enabling the identification of high-risk GC populations and 
facilitating improvements in targeted GC prevention strategies. 
Additional efforts are warranted to elucidate the mechanisms 
underlying key tissue proteins involved in H. pylori-induced 
gastric carcinogenesis and to validate the potential use as bio-
markers, both in tissue and plasma levels, through multi-center 
prospective studies.
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