
R E S E A R C H Open Access

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Ye et al. Journal of Translational Medicine          (2026) 24:724 
https://doi.org/10.1186/s12967-026-08150-w

Journal of Translational 
Medicine

†Yuman Ye and Xiaomin Gong contributed equally to this work.

*Correspondence:
Huajing Ke
ndyfy05069@ncu.edu.cn
Nianshuang Li
ndyfy05390@ncu.edu.cn
1Department of Gastroenterology, Jiangxi Provincial Key Laboratory of 
Digestive Diseases, Jiangxi Clinical Research Center for Gastroenterology, 
Digestive Disease Hospital, The First Affiliated Hospital, Jiangxi Medical 
College, Nanchang University, Nanchang, Jiangxi, China
2Jiangxi Medical College, Huankui Academy, Nanchang University, 
Nanchang, Jiangxi, China

Abstract
Background  Gastric intestinal metaplasia (GIM) is a precancerous lesion closely associated with gastric cancer (GC) 
risk. A systematic characterization of the molecular profiles across distinct cell types during GIM progression is crucial 
for devising new intervention strategies and enabling early prevention for GC.

Methods  This study integrates single-cell transcriptomics and proteomics data from gastric tissues of patients with 
mild chronic non-atrophic gastritis (CNAG) and moderate-to-severe GIM.

Results  We identified differentially expressed genes (DEGs) and proteins (DEPs) that show consistent changes at 
both transcriptional and protein levels across epithelial, stromal, and immune cells. Notably, most proteins were 
downregulated in GIM tissues, potentially linked to reduced expression of RNA splicing-related genes. Epithelial 
cells in GIM lesions exhibited intestinal-type subpopulations, including goblet and enterocytes, likely originating 
from gastric isthmus stem cells. Despite overall protein downregulation, the ubiquitin-like protein NEDD8 was 
markedly upregulated in metaplastic tissues, especially in H. pylori-positive tissues. Pathways involved in cytoskeleton 
maintenance, extracellular matrix stability, and cell adhesion were downregulated, while several macrophage-
expressed DEGs/DEPs (e.g., BST2, CYBB, ITGB2) were elevated.

Conclusions  This work delineates dynamic transcriptional and translational alterations during the progression from 
mild gastritis to GIM. It implies that chronic inflammatory injury causes suppress protein synthesis, further driving 
metaplastic transformation early gastric precancerous lesions.
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Introduction
Gastric cancer (GC) remains a major global public 
health concern. According to GLOBOCAN 2022 data, 
GC ranks as the fifth most commonly diagnosis malig-
nancy worldwide and represents the fifth leading cause 
of cancer-related mortality. The occurrence rate of GC 
varies geographically, with the highest disease burden 
observed in East Asia, which accounts for the highest 
incidence and mortality rates globally [1, 2]. GC is fre-
quently diagnosed at an advanced stage, resulting in poor 
prognosis [3]. Mounting evidence indicates that gas-
tric carcinogenesis is primarily initiated by Helicobacter 
pylori (H. pylori) infection, a well-recognized class I car-
cinogen, which acts in synergy with environmental and 
genetic factors to promote oncogenic transformation [4, 
5]. Intestinal-type GC, the predominant histological sub-
type, develops a protracted multi-step process conform-
ing to Correa’s cascade, progressing from normal gastric 
mucosa through chronic non-atrophic gastritis (CNAG), 
chronic atrophic gastritis (CAG), gastric intestinal meta-
plasia (GIM), and dysplasia to GC [6]. Thus, a compre-
hensive understanding of the mechanisms underlying the 
development of gastric precancerous lesions is crucial for 
devising novel therapeutic strategies and improving pre-
vention of GC.

A critical step in gastric carcinogenesis is the develop-
ment of GIM, a premalignant lesion in which the native 
gastric epithelium is replaced by epithelium resembling 
that of the small intestine. Patients with IM have a sig-
nificantly elevated risk of progressing to GC by as much 
as 6-fold [7, 8]. The initiation of GIM is often triggered 
by gastric tissue damage caused by H. pylori infection, 
a pathogen that infects nearly 50% of the global popula-
tion [9]. Accumulating evidence from previous studies 
and our preliminary data indicates that H. pylori-induced 
gastric epithelium damage and chronic inflammation 
drive pathological progression through multiple molecu-
lar mechanisms. These include immune-inflammatory 
responses involving activation of innate and adaptive 
immunity [10, 11], oxidative stress leading to reactive 
oxygen species (ROS) accumulation and ferroptosis [12], 
DNA double-strand break (DSB) accumulation resulting 
in genomic instability [13, 14], and disruption of epithe-
lial integrity that facilitates invasion and migration [15]. 
Deeper tissue damage further drives the onset of GIM. 
GIM manifests heterogeneously across patients, encom-
passing two main histological patterns: complete type 
I IM, characterized by small intestinal features (absorp-
tive cells, goblet cells, and a brush border); and incom-
plete type II IM, which displays a colonic-like phenotype 
[7]. Beyond GIM, another metaplastic subtype, Spasmo-
lytic Polypeptide-Expressing Metaplasia (SPEM), has 
been widely studied in recent years. SPEM is considered 
to result from profound injury that causes parietal cell 

loss, triggering the reprogramming of basal chief cells 
into metaplastic cells expressing TFF2 or MUC6+/GSII+ 
markers, or alternatively, it may arise from gastric isth-
mus progenitor cells [16–18].

To date, only a small number of studies have compre-
hensively explored the genomic and molecular charac-
teristics of GIM lesions. Our previous work combined 
single-cell transcriptomics and lipidomics to implicate 
lipid metabolic reprogramming in GIM pathogenesis, 
showing elevated triglyceride synthesis and lipid drop-
let accumulation in gastric tissues with GIM lesions [19, 
20]. Huang et al. performed genomic and epigenomic 
profiling of GIM tissues, revealing recurrent FBXW7 
mutations, chromosome 8q amplifications, and telo-
mere shortening [21]. A recent integrative DNA, RNA, 
and whole exome sequencing data has identified 26 
GIM driver genes in diverse pathways including chro-
matic remodeling (ARID1A) and intestinal homeosta-
sis (SOX9), firmly linking intestinal stem cell to early 
neoplastic transformation [8]. However, transcriptomic 
changes often show poor concordance with proteomic 
alterations, highlighting the need for multi-omics inte-
gration to decipher functional molecular events.

In this study, we integrated scRNA-seq and proteomic 
profiling to analyze human gastric tissues from patients 
with GIM and those with mild CNAG. GIM is recognized 
as a critical precancerous lesion sharing transcriptional 
and protein expression features with some GCs [22, 23], 
yet the molecular mechanisms driving its progression 
remain poorly understood. Research indicates that early 
GC exhibits significant discrepancies between protein 
expression and transcriptomic levels, highlighting the 
necessity of a multi-omics approach [24]. Therefore, our 
study aims to systematically elucidate cellular heteroge-
neity and differential protein expression patterns across 
epithelial, stromal, and immune cells, as well as identify 
key dysregulated pathways in GIM. This comprehensive 
functional landscape seeks to offer a detailed molecu-
lar atlas of GIM progression, ultimately enhancing our 
understanding and opening new avenues for targeted 
intervention.

Materials and methods
Human tissue samples
Human gastric tissue samples were collected from 
patients who underwent endoscopic examination and 
biopsy at the First Affiliated Hospital of Nanchang Uni-
versity, following the obtainment of written informed 
consent. The proteomic analysis was performed on tis-
sues from 7 cases of mild CNAG and 7 cases of mod-
erate-to-severe GIM. For immunohistochemistry and 
immunofluorescence staining, samples from thirty 
cases per condition were analyzed. All specimens were 
obtained from the gastric antrum of the patients. This 
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study was approved by the Ethics Committee of the First 
Affiliated Hospital of Nanchang University, approval 
reference number: (2023) CDYFYYLK (01–009). The 
informed consent was obtained from all participants 
involved in this study. All procedures were carried out 
in accordance with the principles of the Declaration of 
Helsinki. All included cases were recorded in the Human 
Genetic Resources Center of the First Affiliated Hospital 
of Nanchang University.

Single-cell RNA-seq data processing
We integrated previously published scRNA-seq data 
(GSE249874) with publicly available single-cell data-
set (GSE134520) retrieved from the Gene Expression 
Omnibus (GEO) database. The internal sample set con-
tains 6 CNAG and 6 GIM samples, whereas the exter-
nal sample set contains 3 CNAG and 6 GIM lesions. To 
remove low-quality cells, a set of criteria was used: (1) 
Cells were retained if their gene counts and UMI counts 
fell within the range of the mean ± 2 standard deviations; 
(2) Cells exhibiting a mitochondrial UMI percentage 
below 10% were retained; (3) Doublets were removed 
using DoubletFinder (v2.0.6). Following these three fil-
tering steps, the remaining cells were classified as high-
quality cells. Finally, 71,980 cells were obtained for the 
downstream analysis. We obtained 1553 genes and 5823 
UMIs per cell on average. The detailed sequencing data 
of quality control were shown in Table S1. The FindVari-
ableGenes function from Seurat R package was used to 
screen highly variable genes (HVGs). To remove the 
batch effects, harmony (v1.2.3) R package was used. Then 
the principal component analysis (PCA) was performed 
based on HVGs, followed by visualization using Uniform 
Manifold Approximation and Projection (UMAP). To 
identify cluster-specific marker genes, the FindAllMark-
ers function from the Seurat package was utilized, which 
compares the gene expression profile of each cluster 
with the combined expression profiles of all other clus-
ters. Differential expression analysis was performed using 
the default parameters (adjusted p-value < 0.05 and |log2 
fold change| > 0.25, which can be modified according to 
actual analysis criteria). The SCP (v0.5.6) R package was 
used for downstream visualization. To investigate the 
functional characteristics of distinct cell subtypes com-
pare the differences in biological pathways between the 
CNAG and GIM groups, Gene ontology (GO), Kyoto 
Encyclopedia of Genes and Genomes (KEGG) and Gene 
set Enrichment analysis (GSEA) were performed.

Trajectory analysis
Trajectory inference for epithelial cells was conducted 
using Monocle3 (v1.4.26). Briefly, the Seurat object con-
taining the epithelial subclusters was converted into a 
monocle3 object using the as.cell-data-set function from 

the SeuratWrappers package. The data were normalized 
and preprocessed using PCA, followed by dimensionality 
reduction via UMAP. The cells were clustered using the 
cluster-cells function to ensure the manifold structure 
was preserved. The root of the trajectory was defined at 
the node predominantly occupied by isthmus stem cells, 
selected based on their highest differentiation potential 
as quantified by CytoTRACE2 (v1.1.0). Pseudotime was 
calculated relative to this root using the order-cells func-
tion. To characterize the gene expression dynamics dur-
ing differentiation, we utilized the graph-test function to 
identify genes with spatially variable expression along the 
trajectory (Moran’s I test, q-value < 0.05).

CellChat cell communication analysis
The CellChat (version 1.6.1) R package was used for 
cell-to‐cell ligand–receptor interaction analysis. First, 
the standardized expression matrix is imported, and 
CellChat objects are created through the CellChat func-
tion. The default parameters were used to identify over-
expressed genes, identify overexpressed interactions, 
and the preprocessing operations project data function. 
The computeCommunProb, filterCommunication (min.
cells = 10) and computeCommun-ProbPathway functions 
were used to calculate potential ligand–receptor interac-
tions. Finally, the intercellular communication network is 
aggregated by the aggregateNet function.

Quantitative proteome analysis
Formalin-fixed paraffin-embedded (FFPE) tissue sections 
(4 μm) from CNAG (n = 7) and GIM (n = 7) patients were 
subjected to 4D label-free quantitative proteomic analy-
sis, which was conducted by Shanghai Ouyi Biological 
Co., Ltd. (Shanghai, China). The clinical characteristics 
of patients were summarized in Table S2. Briefly, FFPE 
samples were subjected to deparaffinization and rehy-
dration, followed by antigen retrieval in citrate buffer to 
reverse protein crosslinks. Proteins were extracted using 
BT Lysis Buffer supplemented with 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF) and protease inhibitors, prior 
to sonication and centrifugation. The extracted proteins 
underwent standard reduction, alkylation, and overnight 
tryptic digestion under continuous agitation. Digested 
peptides were desalted and quantified via fluorometric 
assay.

For 4D proteomic analysis, peptides were separated 
by nanoflow liquid chromatography using a reverse-
phase C18 column with an optimized acetonitrile gradi-
ent. Before injection, iRT retention time standards were 
spiked into the samples for chromatographic calibra-
tion. MS/MS data were acquired on a timsTOF HT mass 
spectrometer operating in data-independent diaPASEF 
mode, which integrates ion mobility separation and 
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parallel accumulation techniques to improve detection 
sensitivity.

Raw spectral data were processed using Spectronaut 
Pulsar 18.7 software with directDIA analysis against the 
human reference proteome database. Label-free quan-
tification was performed with MaxLFQ normalization 
across all runs. Proteins not detected in the majority of 
samples within each experimental group were excluded 
from subsequent analyses. PCA was performed using the 
factoextra function in R (v4.5.1) to illustrate the relation-
ships between all variables. The significant differentially 
expressed proteins (DEPs) were identified based on the 
criteria Foldchange ≥ 2 or Foldchange ≤ 0.5 with adjusted 
p-value < 0.05. A heatmap of the top 50 genes was drawn 
to show the expression of upregulated or downregulated 
DEPs via the R packet pheatmap. The proteomic profile 
data in this study have been deposited in ProteomeX-
change Consortium (​h​t​t​p​​s​:​/​​/​p​r​o​​t​e​​o​m​e​​c​e​n​​t​r​a​l​​.​p​​r​o​t​​e​o​m​​
e​x​c​h​​a​n​​g​e​.​o​r​g) via the iProX partner repository with the 
dataset identifier PXD071234 [25, 26]. GO and KEGG 
analyses were performed to analyze the biological pro-
cesses and signaling pathways, respectively. The GSEA 
analysis and gene set variation analysis (GSVA) were per-
formed to compare the differences in biological states 
and pathways between CNAG and GIM. The interactions 
of up-regulated DEPs were predicted using the STRING 
website tool (https://string-db.org) with the default 
parameter [27]. The STRING networks were visualized 
by Cytoscape (v3.10.3).

ScRNA-seq integrated proteome analysis
Differential gene expression analysis comparing GIM 
versus CNAG was performed by FindMarkers func-
tion within each major cell compartment, including 
epithelial cells, stromal cells (fibroblasts, endothelial 
cells, smooth muscle cells), and immune cells (T cells, B 
cells, macrophages, mast cells). Genes with concordant 
mRNA-protein expression patterns (co-upregulated or 
co-downregulated) were identified by conducting Venn 
diagram analysis between the differentially expressed 
proteins (DEGs) and previously obtained DEPs from 
proteomic analysis via VennDiagram (v1.7.3) R pack-
age. These overlapping DEGs/DEPs were then visual-
ized through hierarchical clustering heatmaps based on 
their expression profiles in the proteomic data. Addi-
tionally, scaled dot plots of the co-upregulated/co-
downregulated genes were generated to identify those 
specifically expressed in epithelial, stromal, or immune 
cells, respectively.

Immunohistochemistry
Human gastric tissue specimens were collected from 
40 patients with CNAG and 40 patients with GIM at 
the First Affiliated Hospital of Nanchang University. 

FFPE tissue Sect.  (4 µm) were deparaffinized by incuba-
tion in a 70°C oven for 1.5 hours, followed by rehydra-
tion through a graded ethanol series. Antigen retrieval 
was performed by boiling the sections in citrate buffer 
(pH 6.0) at 95°C for 15 minutes. Endogenous peroxidase 
activity was blocked with 3% H2O2 for 8–10 minutes at 
room temperature. Sections were incubated overnight 
at 4°C with primary antibodies. For a full list of primary 
antibodies used for immunohistochemistry and immu-
nofluorescence, see Table S3. Subsequently, sections were 
incubated with HRP-conjugated secondary antibody 
(Dako EnVision+ System) at 37°C for 1 hour. Immuno-
reactivity was visualized using 3,3’-diaminobenzidine 
(DAB) chromogen (ZLI-9017, ZSGB-BIO), and sections 
were counterstained with hematoxylin. Negative controls 
were processed identically without primary antibodies. 
All images were acquired using a microscope (Olympus 
IX 70). Protein expression levels were assessed by trained 
pathologists and scored based on staining intensity (scale: 
0–3) and positive cell frequency (scale: 0–4).

Immunofluorescence
For immunofluorescence analysis, FFPE tissue Sect.   
(4 μm) from human specimens were deparaffinized and 
rehydrated as described above. Antigen retrieval was per-
formed by incubating sections in citrate buffer (pH 6.0) 
at 95  °C for 15  min. Sections were permeabilized with 
0.3% Triton X-100 in PBS for 15 min at room tempera-
ture, followed by blocking with 3% BSA in PBS for 1  h. 
Primary antibodies (see Table S3 for details) were applied 
overnight at 4 °C. After washing with PBS, sections were 
incubated with Alexa Fluor 488- or 594-conjugated sec-
ondary antibodies (1:500 dilution, Invitrogen) in the 
dark for 1 h at room temperature. Nuclei were counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI). Sec-
tions were mounted with DAPI-containing medium and 
imaged using a fluorescence microscope (Leica Stellaris 5 
confocal microscope).

Cell culture, transfection and drug treatment
The human gastric cancer cell line AGS and the immor-
talized human gastric epithelial cell line HFE145 were 
cultured in RPMI/1640 and DMEM/F12 medium, 
respectively. Both media were supplemented with 10% 
fetal bovine serum (Gibco, Carlsbad, CA) and 1% peni-
cillin/streptomycin (Gibco). All cells were maintained at 
37 °C in a humidified incubator with 5% CO2.

AGS and HFE145 cells were seeded into 6-well plates 
and allowed to reach 70–80% confluence. Subsequently, 
they were transfected with siNEDD8 or scrambled con-
trol siRNAs (D-Nano Therapeutics, Beijing, China) 
using the CALNP RNAi reagent in accordance with the 
manufacturer’s instructions. For drug treatment, cells 
were treated with 0.5 µM MLN4924 (B1036, APExBIO, 

https://proteomecentral.proteomexchange.org
https://proteomecentral.proteomexchange.org
https://string-db.org
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Fig. 1 (See legend on next page.)
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Houston, TX, USA) dissolved in DMSO, or an equivalent 
volume of vehicle control, for 24 h.

H. pylori strain and culture
The rodent-adapted CagA+ H. pylori strain pre-murine 
Sydney Strain 1 (PMSS1) was used in this study. H. pylori 
was streaked onto Brucella agar plates (BD Biosciences, 
San Jose, CA, USA) containing 5% sheep blood and cul-
tured under microaerophilic conditions at 37  °C. For in 
vitro co-culture experiments, bacteria were harvested 
and propagated overnight in Brucella broth (BD Bio-
sciences) supplemented with 10% FBS. Prior to infec-
tion, the culture medium of AGS and HFE145 cells was 
replaced with antibiotic-free medium. Cells were co-
cultured with H. pylori PMSS1 at various multiplicities 
of infection (MOI = 0, 25, 50, 100 and 200) for different 
durations (0 h, 3 h, 6 h, 9 h).

Quantitative reverse-transcriptase PCR (qRT-PCR) analysis
MolPureshang® Flash Cell/Tissue Total RNA kit 
(YEASEN, Shanghai, China) was used to extract total 
RNA from cells. For reverse transcription of RNA into 
cDNA, the FastKing RT Kit (KR116, TIANGEN, Biotech, 
China) was used. The mRNA levels were quantified using 
SYBR Green dye and PCR master mix (YEASEN, Shang-
hai, China) with QuantStudio 5 Real-Time PCR system. 
The detailed primers information was listed in the Table 
S4.

EdU assay
Cell proliferation was evaluated using the EdU Cell Pro-
liferation Kit with Alexa Fluor 555 (Shanghai Epizyme 
Biomedical Technology, Shanghai, China) according to 
the manufacturer’s protocol. Briefly, transfected cells in 
6-well plates were incubated with 10 µM EdU solution 
for 2  h at 37  °C. Following incubation, cells were fixed 
with 4% paraformaldehyde for 30  min at room temper-
ature, washed three times with PBS, and permeabilized 
with 0.5% Triton X-100 in PBS for 20 min. the Click-iT 
reaction cocktail was applied for 30  min to detect EdU 
incorporation, followed by nuclear counterstaining with 
DAPI (1 µg/mL) for 10 min. Images were acquired using 
a Leica SP8 confocal microscope with consistent laser 
settings across samples. Quantitative analysis was per-
formed by calculating the percentage of EdU-positive 

cells (red) relative to total DAPI-stained nuclei (blue) in 
≥ 5 random fields per condition using ImageJ software.

Western blotting
Whole-cell lysates were prepared using RIPA lysis buf-
fer (R0020, Solarbio, Beijing, China) supplemented with 
protease and phosphatase inhibitor cocktails (Roche, 
Amherst, CA, USA), and then the protein concentration 
was assessed using a BCA assay kit (Thermo Scientific, 
MA, USA). The cell lysates were separated by 10% SDS-
PAGE and transferred onto a nitrocellulose membrane 
(PerkinElmer, Waltham, MA). After blocking with 5% 
BSA in PBS, the membranes were incubated overnight 
at 4  °C with the primary antibodies. Detailed antibody 
information is listed in the Table S3. After washing three 
times in TBST, the membranes were incubated with the 
appropriate horseradish peroxidase (HRP)-conjugated 
secondary antibodies (Boster, Wuhan, China) for 1  h at 
room temperature. Immunoreactive bands were detected 
using enhanced chemiluminescence (ECL) reagents and 
captured with a Bio-Rad ChemiDoc XRS+ system.

Statistical analysis
All statistical analyses in this study were conducted using 
GraphPad Prism software or R language. For clinical data 
analysis, differences in continuous variables between 
two independent patient groups were assessed using 
the Mann-Whitney U test. In in vitro experiments, Data 
were expressed as mean ± standard deviation (SD) of 3 
independent experiments. The Wilcoxon rank sum test 
was used to compare continuous variables between two 
independent samples. Student’s t-test was used to evalu-
ate associations with parametric continuous variables. 
***P < 0.001; **P < 0.01; *P < 0.05.

Results
A single-cell transcriptomic atlas of human gastric 
intestinal metaplasia, a premalignant lesion
To profile cellular heterogeneity and the associated 
molecular signatures during the progression of GIM, a 
precancerous lesion, we performed scRNA-seq and pro-
teomic analyses. For transcriptomic characterization 
at single-cell resolution, we integrated scRNA-seq data 
from our previously published cohort (GSE249874) with 
a publicly available dataset (GSE134520) contributed by 

(See figure on previous page.)
Fig. 1  A single-cell atlas of human gastric intestinal metaplasia. (A) Schematic overview of the single-cell transcriptomic and proteomic profiling of 
human gastric tissues, including chronic non-atrophic gastritis (CNAG) and gastric intestinal metaplasia (GIM) lesions. (B) Representative H&E staining 
showing the histopathological features of CNAG and GIM tissues. (C) UMAP visualization of 71,980 cells, colored by major cell types identified across CNAG 
and GIM samples. (D) UMAP plot of all cells, color-coded by patient of origin to illustrate sample distribution. (E) Bar plot depicting the proportional abun-
dance of each cell type from gastric mucosa by stages. (F) Heatmap displaying the expression of the top 10 marker genes for each identified cell popula-
tions. (G) Multiple volcano plots showing DEGs in each cell type when comparing GIM to CNAG tissues. (H) Circus plot from CellChat analysis depicting 
the network of intercellular interaction number and strength. Each color represents a cell type, and edge thickness corresponds to interaction number/
strength. (I) Bar graph comparing the total number and strength of cellular interactions in CNAG versus GIM tissues. (J) Bar plot showing the contribution 
of signaling networks across CNAG and GIM gastric lesions
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Fig. 2 (See legend on next page.)
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a colleague of Professor Shao Li. This combined dataset 
comprised a total of 9 CNAG and 12 GIM specimens. 
To complement this with deep proteomic coverage, we 
performed 4D-label-based quantitative proteomics on 
FFPE tissue sections from a separate set of CNAG and 
GIM samples (Fig. 1A). As shown in Fig. 1B, representa-
tive pathological features of CNAG and GIM were pre-
sented. We analyzed a total of 71,980 cells after quality 
control and batch effect correction. Cell clusters were 
annotated based on established lineage-specific markers: 
epithelial cells (EPCAM, KRT19); T cells (CD3D, CD3G); 
endothelial cells (PECAM1, CDH5); B cells (CD79A); 
macrophages (CD68, CSF1R); fibroblasts (COL1A1, 
PDGFRA); mast cells (TPSAB1, TPSB2); smooth muscle 
cells (SMCs; TAGLN, ACTAT2); and plasma cells (IGKC, 
MZB1) (Fig. 1C and Fig. S1A, B). The top20 marker genes 
for each cell type were presented in Table S5. Analysis 
revealed a profound heterogeneity and patient-specific 
expression pattern within the epithelial compartment 
(Fig. 1D). Notably, the proportion of epithelial cells was 
significantly decreased in GIM relative to CNAG, sug-
gesting a potential disruption of the epithelial cells. In 
contrast, macrophages, pivotal to chronic inflamma-
tion, were more abundant in GIM (Fig. 1E and Fig. S1C). 
A heatmap summarizing the top 10 marker genes for 
each of the identified cell types (Fig. 1F). We next identi-
fied significantly DEGs in each major cell type between 
CNAG and GIM lesions (Fig. 1G). To investigate changes 
in cell-cell communication within the gastric microenvi-
ronment during GIM progression, we applied CellChat 
analysis. Notably, GIM lesions exhibited a remarkable 
reduction in both the number and strength of cell-cell 
interactions compared to CNAG (Fig.  1H, I and Fig. 
S1D, E). Analysis of the signaling networks revealed that 
certain pathways such as TIGIT, CDH1 and GRN, were 
more active in CNAG, while others such as SELL and 
IFN-II were predominant in precancerous GIM lesion 
(Fig. 1J).

Proteomic profiling reveals dysregulated proteins and 
altered pathways activity in human gastric intestinal 
metaplasia
Given the frequent discordance between transcriptomic 
and proteomic expression, we performed proteomic 
profiling of human gastric tissues from mild CNAG 
and moderate-to-severe GIM to characterize molecular 
alterations underlying GIM development. The proteome 

of the two groups were clearly distinguishable by PCA 
(Fig.  2A). Applying thresholds of |log2FC|>1 and adjust 
P value<0.05, we identified 1,770 DEPs. Strikingly, the 
proteomic landscape in GIM was predominantly down-
regulated, with 1,564 proteins decreased and only 206 
increased (Fig.  2B, C). The top 25 significantly upregu-
lated and downregulated proteins in GIM versus CNAG 
specimens were displayed in Fig.  2D. GO enrichment 
analysis indicated that upregulated proteins in GIM 
were predominantly linked to immune response regula-
tion, whereas downregulated proteins were involved in 
RNA splicing, ribosome biogenesis, cell-cell junction and 
focal adhesion processes (Fig.  2E, F). GSVA confirmed 
elevated activity in immune-inflammatory pathways such 
as IFNγ response, complement and STAT3 signaling in 
GIM lesion, but reduced activity in protein secretion and 
androgen response pathways (Fig. 2G). The regulators of 
RNA splicing, including ESRP1, ENY2, and METTL16, 
along with proteins involved in cellular cytoskeletal and 
adhesion, such as PAK1 and PARVA, were significantly 
downregulated in GIM compared to CNAG (Fig. 2H). In 
contrast, immune-related proteins like TLR8, CD19, and 
IRF4 were markedly upregulated in GIM lesion (Fig. 2I). 
In summary, our findings define the proteomic remod-
eling and functional reprogramming that underlies the 
progression of GIM.

PPI network analysis implicates ITGB2 and CYBB as 
potential drivers of intestinal metaplasia
To identify central regulators involved in GIM progres-
sion, we performed a PPI network analysis of the sig-
nificantly altered proteome. As a result, this approach 
nominated ITGB2, LTF, CYBB, MMP9 and CTSG as 
core nodes in the network (Fig.  3A). The cell type-spe-
cific expression patterns of these proteins, derived from 
single-cell RNA sequencing, are shown in Fig.  3B. This 
transcriptional upregulation was confirmed at protein 
level by proteomic analysis (Fig. 3C). Given the low base-
line mRNA levels of LTF, MMP9 and CTSG (Fig. S2A-
C), we focused on ITGB2, an integrin subunit governing 
immune cell adhesion and migration, and CYBB, a core 
component of the NADPH oxidase complex. Transcript 
levels of both genes were significantly elevated in GIM 
compared to CNAG and were predominantly local-
ized to immune cells (Fig.  3D, E). This finding was fur-
ther supported by IHC analysis, which showed markedly 
increased ITGB2 and CYBB expression in human GIM 

(See figure on previous page.)
Fig. 2  The proteomic landscape of GIM progression reveals differential protein expression and altered pathways. (A) PCA of the proteomic data, indicat-
ing variance between and within groups. (B, C) Bar plot (B) and volcano plot (C) of proteins differentially expressed in GIM compared to CNAG (|log2FC|>1, 
P<0.05). (D) Heatmap displaying the top 25 significantly upregulated and downregulated proteins in GIM lesions compared to CNAG tissues. (E, F) GO 
enrichment analysis of biological processes and cellular components for the significantly upregulated (E) and downregulated (F) proteins. (G) GSVA 
revealing pathways that are significantly activated or suppressed in GIM lesions compared to CNAG tissues. (H) Heatmap showing significantly down-
regulated proteins related to RNA splicing and cell adhesion; (I) Heatmap illustrating significantly upregulated proteins related to immune responses in 
GIM lesions compared to CNAG
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specimens (Fig. 3F-I). Collectively, these data suggest that 
upregulation of ITGB2 and CYBB may contributes to 
GIM progression by orchestrating immune cell infiltra-
tion and perpetuating chronic inflammation.

Gastric epithelial reprogramming and intestinal cell 
lineage expansion in gastric intestinal metaplasia
We next profiled gastric epithelial subpopulations by 
analyzing 21,640 cells, which were clustered via UMAP 
into 15 distinct groups (Fig. S3A). Based on established 
marker genes, we annotated 13 epithelial cell types: sur-
face mucous cells (TFF1, MUC5AC), G cells (GAST), 
goblet cells (MUC2, SPINK4, OLFM4), neck mucus cells 
(MUC6), differentiated epithelial cells (LSAMP), isthmus 
stem cells (TOP2A, CDK1, MKI67), stressed epithelial 
cells (HSPA1B, HSPA6), X cells (GHRL), neuroendo-
crine cells (CARTPT), enterocytes (FABP1, APOA4), D 
cells (SST), immune-reactive epithelial cells (HLA-DRB1, 
HLA-DPA1), and enteroendocrine cells (CHGA, CHGB) 
(Fig. 4A, B). Notably, both CNAG and GIM samples 
exhibited substantial epithelial heterogeneity and dis-
tinct molecular signatures (Fig. 4C and Fig. S3B). Spe-
cifically, we observed a marked expansion of intestinal 
lineages, including enterocytes and goblet cells, in GIM 
lesions, accompanied by a corresponding decrease in 
gastric lineages such as surface mucous cells and G cells 
(Fig. 4D). To trace the origin of the expanded intesti-
nal lineages in GIM, we performed trajectory infer-
ence using Monocle3. This analysis suggested that both 
enterocytes and goblet cells may originate from isthmus 
stem cells (Fig. 4E and Fig. S3C). This finding aligns with 
a recent single-cell transcriptomics study revealing a 
similar origin for GIM lesions in patient-derived organ-
oids [28]. These cell lineages were molecularly defined 
by the specific high expression of APOA4 and OLFM4, 
respectively (Fig. S3D). Moreover, immunofluorescence 
analysis confirmed the expansion of EPCAM⁺OLFM4⁺ 
and EPCAM⁺APOA4⁺ intestinal epithelial subpopula-
tions in GIM tissues (Fig. 4F, G). Consistently, immuno-
histochemistry staining indicated markedly increased 
expression of both OLFM4 and APOA4 expression in 
GIM lesions compared to CNAG controls (Fig. 4H, 
I). Additionally, GSEA of GO terms on epithelial cells 
revealed significant pathways alterations in GIM versus 
CNAG. In line with our proteomic findings, immune-
related pathways such as antigen presentation, whereas 
biosynthetic processes including RNA biosynthetic pro-
cess were downregulated (Fig. 4J).

NEDD8 upregulation drives H. pylori-induced gastric 
inflammation and metaplastic transition
We employed a multi-omic approach to delineate the 
altered molecular landscape in GIM. By cross-referencing 
single-cell transcriptomic data from epithelial cells with 

bulk proteomic data, both comparing GIM to CNAG, we 
identified 23 concordantly upregulated and 376 concor-
dantly downregulated genes/proteins in GIM (Fig. 5A). 
Expression patterns of the 23 upregulated DEGs/DEPs 
across individual samples were displayed in Fig. 5B, while 
the top 25 downregulated candidates were shown in Fig. 
5C. We then focused on epithelial cell-specific genes 
within this concordant set. Notably, key epithelial genes, 
such as CLDN18, MUC1, VSIG2 and SDC4, were signifi-
cantly downregulated in GIM lesion at both transcrip-
tional and protein levels (Fig. S4A). Beyond the expected 
upregulation of established markers FABP1, MUC13 
and TFF3 (Fig. 5B), our multi-omics screen intriguingly 
identified NEDD8, a ubiquitin-like protein that regulates 
protein stability via neddylation [29], as a novel candidate 
upregulated in GIM compared to CNAG at both mRNA 
and protein levels (Fig. S4B). Consistent with our omics 
data, NEDD8 primarily localized to the nucleus, was sig-
nificantly more abundant in human GIM tissues than in 
CNAG samples (Fig. 5D, E). Notably, among CNAG sam-
ples, H. pylori-positive cases exhibited higher NEDD8 
levels than H. pylori-negative ones (Fig. 5D, F). Func-
tionally, differential GO analysis between epithelial cells 
stratified into NEDD8-high (top 25%) and NEDD8-low 
(bottom 25%) groups revealed that NEDD8 was signifi-
cantly associated with ubiquitin-like protein transfer-
ase activity and transcriptional co-regulation (Fig. 5G). 
To validate these functional associations and determine 
whether NEDD8 actively mediates H. pylori infection 
dynamics, we established an in vitro infection model in 
gastric epithelial cells. Immunoblotting revealed that H. 
pylori infection increased the protein levels of NEDD8 
in HFE145 cells with a trend in a MOI-dependent man-
ner, however, this increase was not time-dependent (Fig. 
5H, I). Given that key proteins such as IκBα and P53 are 
established neddylation substrates [30, 31], we evaluated 
the role of NEDD8 in H. pylori-induced signal transduc-
tion. Pretreatment with the NEDD8-activating enzyme 
inhibitor MLN4924 prior to infection significantly accu-
mulated P53, IκBα, and p-IκBα proteins, while concur-
rently reducing p-P65 levels (Fig. 5J, L), indicating that 
NEDD8 facilitates H. pylori-induced NF-κB activation. 
Furthermore, MLN4924 treatment profoundly attenu-
ated the H. pylori-driven upregulation of the chemokine 
CXCL1 and pro-inflammatory cytokines IL-1β, IL-6, 
and IL-8 (Fig. 5K, M). Consistently, targeted silencing 
of NEDD8 via siRNA yielded similar suppressive effects 
on these inflammatory mediators (Fig. S4C-F). Notably, 
EdU incorporation assays showed that MLN4924 effec-
tively reversed the H. pylori-driven hyperproliferation 
of gastric epithelial cells (Fig. 5N, O), linking NEDD8 to 
the H. pylori-mediated suppression of P53 and the aber-
rant proliferative phenotype. Taken together, these find-
ings suggest that H. pylori infection upregulates NEDD8 
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Fig. 3  PPI network analysis implicates ITGB2 and CYBB as potential mediators during the progression of intestinal metaplasia. (A) PPI network identifying 
differentially expressed proteins occupying central regulatory hubs. (B) Dot plot illustrating the cell type-specific expression distribution of core DEPs, 
such as ITGB2, LTF, CYBB, CTSG and MMP9) derived from scRNA-seq data. (C) Box plots comparing the abundance of ITGB2 and CYBB proteins in human 
gastric tissues from CNAG and GIM cohorts, as quantified by proteomic analysis. (D, E) UMAP projections visualizing the expression patterns of ITGB2 (D) 
and CYBB (E) across the cellular landscape. (F) Representative IHC images showing ITGB2 expression in human CNAG and GIM tissues. Scale bar, 10 μm. (G) 
Quantification of ITGB2 IHC staining intensity across CNAG and GIM samples. (H) Representative IHC images illustrating CYBB protein expression in human 
CNAG and GIM tissues. Scale bar, 10 μm. (I) Quantification of CYBB IHC staining intensity across CNAG and GIM samples. *P<0.05, **P<0.01, ***P<0.001
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Fig. 4  Distinct epithelial cells subclusters between CNAG and GIM. (A) UMAP visualization of the epithelial cell subclusters. (B) Dot plot displaying the 
expression of marker genes of each epithelial subtypes. (C) UMAP plot of epithelial cell subtypes, color-coded by the histopathological condition, CNAG 
or GIM. (D) Proportional abundance of each epithelial subcluster in tissues from CNAG and GIM patients. (E) Pseudotemporal trajectory analysis using 
Monocle 3, inferring the cell origin and branching path of differentiation into enterocyte and goblet cells, which were highly abundant in GIM. (F, G) Rep-
resentative immunofluorescence images of gastric tissues from CNAG and GIM, showing EPCAM+OLFM4+ cells (F), and EPCAM+APOA4+cells. (G) Nuclei 
are counterstained with DAPI. Scale bar, 20 μm. (H, I) Representative IHC images and quantitative staining scores for OLFM4 (H) and APOA4 (I) in CNAG 
and GIM gastric tissues. Scale bar, 10 μm. (J) GSEA of the GO gene sets on epithelial cells, comparing GIM to CNAG. The heatmap displays NES value, with 
red and green indicating upregulated and downregulated pathways, respectively. *P<0.05, **P<0.01, ***P<0.001
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Fig. 5 (See legend on next page.)
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expression to drive NF-κB activation, inflammatory cyto-
kine production, and aberrant epithelial proliferation. 
This cascade likely serves as an early driver of GIM lesion 
development.

Stromal remodeling accompanied by a distinct molecular 
profile in GIM progression
We identified 5,658 stromal cells, which were categorized 
into five fibroblast subsets (Fibro_C1-C5), three endo-
thelial cell subsets (Endo_C1-C3), pericytes, and SMCs 
(Fig.  6A and 9A). These stromal cell subtypes exhibited 
distinct heterogeneity between CNAG and GIM tissues 
(Fig. 6B). Specifically, the Fibro_C1 and Fibro_C2 subsets 
were significantly diminished in GIM, whereas the Fibro_
C4 subset was notably expanded (Fig.  6C). Functional 
characterization revealed the Fibro_C1 cells, express-
ing high levels of RBP4 and CPM, were enriched in bio-
logical processes such as focal adhesion. Fibro_C2 cells, 
marked by FBN2 and NRG1 expression, were associated 
with ECM-receptor interaction and the cytoskeleton in 
muscle cells (Fig. 6D, E). In contrast, the GIM-enriched 
Fibro_C4 subset, marked by FAM105A and MGST1, 
showed upregulation in pathways such as ROS, protea-
some, and oxidative phosphorylation, but downregula-
tion in adherens junction and focal adhesion pathways 
upon KEGG analysis (Fig. 6D, F). GSEA analysis of GO 
terms indicated a marked downregulation in histone 
modifying activity and double-strand break repair path-
ways in stromal cells of GIM lesions compared to CNAG 
(Fig. 6G).

An integrated analysis of stromal cell transcriptomics 
and bulk tissue proteomics defined a core signature of 
18 upregulated and 321 downregulated DEGs/DEPs in 
GIM (Fig. 6H). This signature included key stromal-spe-
cific genes that were consistently downregulated at both 
molecular levels. Notably, fibroblast-expressed genes 
(e.g., POSTN, MXRA5, COL5A2, PRKG1) and endothe-
lial-expressed genes (e.g., CD93, CD36, CAVIN2) were 
prominently suppressed in GIM lesions (Fig. 6I, J).

Immune cell-associated differential protein profiles in GIM 
revealed by integrated scRNA-seq and proteomics
Unsupervised clustering of 32,114 immune cells identi-
fied 11 major cell types (Fig.  7A). These included three 

CD8⁺T cell subsets (GZMK⁺IL7R⁺, XCL2⁺HOPX⁺, and 
TOX2⁺CTLA4⁺), an IL17A⁺CCL20⁺ CD4⁺ T cell sub-
set, natural killer T (NKT) cells, three B cell subsets 
(IGHD⁺VPREB3⁺, MKI67⁺TOP2A⁺, and LMO2⁺MEF2B⁺), 
plasma cells, macrophages, and mast cells. Comparative 
analysis revealed that macrophages were significantly 
more abundant in human GIM tissues, whereas the 
TOX2⁺CTLA4⁺CD8⁺T cell subset was notably reduced 
(Fig.  7B). The top five marker genes for each immune 
cell subset are displayed in Fig.  7C. To pinpoint key 
immune-related molecular changes in gastric intestinal 
metaplasia (GIM), we cross-referenced differential genes 
from immune cell single-cell transcriptomics with dif-
ferential proteins from bulk proteomics. This integrated 
analysis identified a striking imbalance in gene/protein 
expression in GIM versus CNAG, with only 6 concor-
dantly upregulated but 99 downregulated DEGs/DEPs 
(Fig.  7D). Notably, 5 of the 6 upregulated immune cell-
associated genes that were upregulated in GIM lesions 
were predominantly expressed in macrophages, includ-
ing BST2, SDHD, CYBA, MGST3, and ITGB2 (Fig. 7E). 
Correspondingly, the protein levels of these markers 
were significantly increased in GIM lesions compared 
to CNAG (Fig.  7F). Conversely, the extensively down-
regulated immune-related DEGs/DEPs were enriched in 
processes like RNA splicing and chromosomal structure 
(Fig. S4B). Together, these data point to a pivotal role for 
macrophage infiltration and the associated molecular 
reprogramming in propelling the transition from inflam-
matory chronic gastritis to metaplastic lesions.

Discussion
GIM is an important precancerous condition for GC. 
However, clinical management relies primarily on endo-
scopic surveillance due to a lack of effective pharma-
cological interventions, as the molecular basis of its 
progression remains poorly understood [7, 32]. Often, 
transcript levels fail to correlate reliably with correspond-
ing protein abundance [24]. In this study, we constructed 
a comprehensive atlas of the cellular and molecular 
dynamics during GIM progression by integrating scRNA-
seq with proteomic profiling. Notably, we found that 
the majority of proteins were downregulated in meta-
plastic tissues, accompanied by the suppression of RNA 

(See figure on previous page.)
Fig. 5  NEDD8 upregulation drives H. pylori-induced gastric inflammation and metaplastic transition. (A) Venn diagram illustrating the overlap between 
epithelial DEGs from scRNA-seq and DEPs from proteomics in the comparison of CNAG versus GIM. (B) Heatmap showing the 23 commonly upregulated 
DEGs /DEPs. (C) Heatmap displaying the Top 25 commonly downregulated DEGs/DEPs. (D) Representative IHC images of NEDD8 expression in H. pylori-
positive and -negative CNAG and GIM tissues. Scale bar, 10 μm. (E, F) Statistical comparison of IHC scores for NEDD8 expression between CNAG and GIM 
tissues (E), as well as between H. pylori-positive and -negative CNAG tissues (F). (G) GO enrichment analysis identifying biological functions regulated 
by NEDD8. (H, I) Western blot assay for NEDD8 protein expression in HFE145 cells treated with H. pylori at an MOI of 100 for indicated time points (H), or 
infected with H. pylori at various MOIs for 24 h (I). (J, L) AGS (J) and HFE145 (L) cells were treated with MLN4924 and H. pylori as indicated. Western blot-
ting was performed to detect the proteins of P53 and NF-κB pathways, including p-P65, P65, p-IκBα and IκBα. (K, M) Expression levels of CXCL1, IL-1β, 
IL-6, and IL-8 in AGS (K) and HFE145 (M) cells were measured by qRT-PCR across the four indicated groups. (N) EdU incorporation assay was performed to 
assess the proliferation of AGS and HFE145 cells. (O) The percentage of EdU-positive cells was quantified. Scale bar, 10 μm. *P<0.05, **P<0.01, ***P<0.001
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splicing-related biological processes. Despite the overall 
reduction, the ubiquitin-like protein NEDD8, along with 
ITGB2 and CYBB that highly expressed in macrophages, 
were significantly upregulated in GIM. Furthermore, 

we identified and profiled a set of genes that exhibited 
concordant changes at both transcriptional and protein 
levels across epithelial, stromal, and immune cells in 
metaplastic tissues. Our analysis revealed that GIM stage 

Fig. 6 (See legend on next page.)
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was characterized by diminished gastric lineages and 
expanded intestinal lineages, a proliferative Fibro_c4 sub-
set propagating oxidative stress responses and defective 
cytotoxic immunity. Taken together, these findings pave 
the way for new therapeutic interventions and improve 
risk stratification in early gastric precancerous lesions.

While previous studies have extensively characterized 
the genomic and transcriptomic landscapes of GC [33, 
34], the molecular dynamics underlying the premalignant 
transition to GIM remain less defined. A key finding of 
our multi-omics integration is the marked uncoupling 
between transcriptomic and proteomic signatures dur-
ing the metaplastic transition. Specifically, we observed 
a profound downregulation of RNA splicing machinery, 
cytoskeleton maintenance, and cell adhesion networks 
within the metaplastic epithelium. This suggests that the 
reprogramming of gastric cells into an intestinal pheno-
type requires a fundamental destabilization of normal 
epithelial architecture and synthetic machinery. Against 
this backdrop of structural and synthetic suppression, 
the H. pylori-associated upregulation of NEDD8 pres-
ents a notable biological exception. Importantly, our in 
vitro model suggest that H. pylori infection upregulates 
NEDD8 expression, which promotes NF-κB activation, 
the secretion of pro-inflammatory cytokines, and aber-
rant epithelial proliferation. These findings of our study 
move beyond technical profiling to provide a novel bio-
logical framework for GIM pathogenesis, serving as a 
foundational reference for future mechanistic investiga-
tions and targeted interception.

Our proteomic analysis revealed widespread protein 
downregulation in GIM lesion, with approximately 88% 
of DEPs showing reduced abundance. Concurrently, 
pathways critically involved in protein synthesis, includ-
ing RNA splicing and translation, were significantly 
suppressed. These findings align with established stress 
response mechanisms wherein cells activate integrated 
stress response (ISR) network through pathways such as 
eukaryotic initiation factor 2α (eIF2α) phosphorylation to 
globally suppress translation during hypoxia, viral infec-
tion, or other environmental challenges [35]. Given that 
GIM is commonly regarded as a gastric chronic inflam-
mation-driven lesion, we propose that the observed inhi-
bition of spliceosomal activity, ribosome biogenesis and 

Golgi vesicle transport is likely to serve as an adaptive 
survival strategy by reducing metabolic load and prevent-
ing misfolded protein accumulation through translational 
suppression [36]. Our findings were further supported by 
the process of paligenosis, wherein mature cells downreg-
ulate mTOR activity and metabolic programs to enable 
dedifferentiation and repair [37]. Furthermore, stress-
induced alternative splicing emerges as a critical regula-
tory mechanism, consistent with documented responses 
to heat shock, ER stress, and viral infections, where 
selective generation of splice variants enables dynamic 
proteome remodeling and precise modulation of stress-
responsive gene networks [38, 39]. Our data provide a 
novel framework for understanding how gastric cells ini-
tiate protective response against persistent inflammation, 
which are subsequently co-opted, ultimately leading to 
the advancement of metaplastic lesions.

Complementary to proteomic analysis, single-cell 
approaches are providing important insights into the 
lineage heterogeneities of metaplastic cells [8]. During 
gastric carcinogenesis, epithelial cells undergo dynamic 
phenotypic alterations transitioning from normal gastric 
epithelium to an intestinal-like phenotype in response 
to chronic injury, which can progress through meta-
plasia to invasive adenocarcinoma via genetic and epi-
genetic alterations and interactions with the stromal 
microenvironment [40, 41]. In this study, we observed 
the expansion of intestinal lineage, including goblet cells 
and enterocytes, during intestinal metaplasia condition, 
consistent with prior reports [8, 42]. Notably, our find-
ings extend this knowledge by pointing to potential ori-
gin in isthmus stem cells. This notion is supported by a 
recent organoid study, which identified STMN1 cycling 
isthmus stem cells as the origin of IM, with a heightened 
potential for malignant transformation [28]. A technical 
note is that the stem cell marker OLFM4 was difficult to 
resolve from goblet cells in our dataset, possibly due to 
low stem cell abundance. OLFM4 as a potential marker 
of incomplete intestinal metaplasia and demonstrated 
its role in driving the malignant progression of gastric 
precancerous lesions through activation of the MYH9/
GSK3β/β‑catenin pathway [43]. Moreover, integrated 
proteomic analysis revealed that proteins downregu-
lated in gastric epithelial cells were primarily associated 

(See figure on previous page.)
Fig. 6  Stromal cell heterogeneity and specific protein profiles in intestinal metaplasia lesion revealed by integrated scRNA-seq and proteomics. (A) 
UMAP visualization of 5658 stromal cells, categorized intro fibroblast, endothelial, and smooth muscle cell subpopulations. (B) UMAP plot colored by 
tissue diagnosis, depicting the distribution of stromal cell subpopulations across CNAG and GIM stages. (C) Bar plot quantifying the proportion of each 
defined stromal cell subtypes. (D) Dot plot displaying the expression of top 3 marker genes for each stromal cell subtype. (E) KEGG pathway enrichment 
analysis identifying key biological pathways for the indicated stromal subclusters. The top enriched pathways were shown, with the corresponding highly 
expressed genes listed below. (F) KEGG functional enrichment analysis for the Fibro_C4 subcluster, which was significantly expanded in GIM. (G) GSEA of 
stromal cells comparing GIM to CNAG tissues, displaying significantly upregulated and downregulated pathways. (H) Venn diagram identifying the over-
lapping DEGs/DEPs in GIM compared to CNAG, derived from both scRNA-seq and proteomic data. (I) Dot plot featuring the commonly downregulated 
DEGs/DEPs that were specifically expressed in stromal cells. (J) Heatmap depicting the expression patterns of stromal-specific, commonly downregulated 
DEPs in GIM versus CNAG lesions
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Fig. 7  Immune cell-associated differential protein profiles in GIM revealed by integrated scRNA-seq and proteomics. (A) UMAP visualization of immune 
cell subpopulations. (B) Bar plot showing the proportional abundance of immune cell subclusters in CNAG and GIM tissues. (C) Dot plot displaying the 
top 5 marker gens for each immune cell subpopulation. (D) Venn diagram identifying the overlapping DEGs from scRNA-seq data and DEPs from pro-
teomic analysis within immune cells. (E) Dot plot showing the expression patterns of the commonly upregulated DEGs/DEPs across different immune cell 
subtypes. (F) Heatmap depicting the expression levels of six commonly upregulated DEPs in individual tissue samples from the CNAG and GIM groups, 
based on proteomic data
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with intercellular adherens junctions. This finding sug-
gests that these proteins play a pivotal role in maintain-
ing the structural integrity and function of the gastric 
epithelium [44]. Alterations in these junctions demon-
strate disrupted gastric mucosal barrier integrity during 
GIM progression, which not only enhances epithelial 
cell motility but also facilitates penetration of pathogens, 
toxins, and inflammatory mediators across the epithelial 
layer, which may initiate inflammatory responses or exac-
erbate pre-existing inflammation [45].

Our integrated single-cell transcriptomic and pro-
teomic analysis revealed that NEDD8 was significantly 
upregulated in the epithelial cells of GIM compared to 
CNAG. As a ubiquitin-like protein, NEDD8 regulates 
various developmental biological processes through a 
post-translational modification known as neddylation 
[29]. The Cullin protein family represents the major ned-
dylation substrate. Neddylated Cullins activate Cullin-
RING E3 ubiquitin ligases (CRLs), which orchestrate 
ubiquitination and degradation of approximately 20% 
cellular proteins, governing cell cycle progression, dif-
ferentiation, apoptosis, and embryogenesis [46]. The ned-
dylation pathway is frequently overactivated in various 
malignancies and is closely associated with tumor cell 
proliferation, migration, and chemoresistance [47, 48]. 
For instance, the overexpression of NEDD8 in esophageal 
squamous cell carcinoma has been identified as a poten-
tial therapeutic target [49]. Due to the critical role of 
this pathway in cancer, inhibitors targeting the NEDD8-
activating enzyme (NAE), such as MLN4924, have been 
developed and have demonstrated significant antitumor 
activity [50]. It has been shown to enhance the activity of 
NK cells against multiple myeloma cells [51]. Critically, 
more than providing a molecular atlas, our discovery of 
the NEDD8 pathway’s specific upregulation in H. pylori-
associated GIM presents a potential therapeutic window 
for premalignant interception. Given that NAE inhibitors 
are already undergoing clinical evaluation in oncology, 
our findings provide a rationale for exploring their poten-
tial as chemopreventive agents. Specifically, targeting 
the neddylation-NF-κB axis might modulate the hyper-
proliferative state of the metaplastic epithelium, thereby 
potentially mitigating the risk of progression from GIM 
to gastric adenocarcinoma.

Beyond epithelial reprogramming, our data uncover a 
coordinated re-patterning of the surrounding stroma and 
mucosal immune milieu that is likely to license, rather 
than merely accompany, the emergence of GIM. Specifi-
cally, we observed profound degradation of extracellular 
matrix (ECM) integrity, characterized by downregula-
tion of structural genes (COL5A2, POSTN, MXRA5) and 
depletion of Fibro_C1/C2 fibroblast subsets critical for 
ECM maintenance. In healthy tissue, the ECM provides 
a restrictive scaffold that maintains epithelial polarity and 

differentiation [52]. The loss of key structural proteins 
like Periostin and Collagen V implies a disorganized tis-
sue remodeling process, potentially facilitating the cel-
lular motility and plasticity required for the metaplastic 
shift from a gastric to an intestinal phenotype [53]. Con-
currently, our integrated analyses revealed 6 concordantly 
upregulated in the immune compartment. The upregula-
tion of CYBA, a critical component of the NADPH oxi-
dase complex, indicates increased production of ROS by 
macrophages [54]. Similarly, BST2 is known to amplify 
anti-viral and pro-inflammatory signaling [55, 56]. This 
oxidative and inflammatory stress creates a “mutagenic 
field”, forcing gastric epithelial cells to adapt by dediffer-
entiating or transdifferentiating into metaplastic cells as 
a survival mechanism. The high expression of ITGB2 can 
influence the onset and progression of GC development 
via the CXCL1-CXCR2 axis [57].

Despite the comprehensive nature of this multi-omics 
atlas, several limitations warrant consideration. First, the 
inherent difficulty of obtaining human gastric tissues via 
endoscopy limited our sample size for proteomic analy-
sis. Second, single-cell dissociation inevitably results 
in loss of spatial context. Future studies leveraging spa-
tial transcriptomics will be essential to delineate precise 
cellular heterogeneity and spatial distribution patterns 
within metaplasia lesions. Finally, while we performed 
functional validation of NEDD8 as a significantly upregu-
lated molecule in GIM, the underlying molecular mecha-
nisms remain to be fully elucidated.

Conclusion
In summary, we have constructed a high-resolution 
molecular landscape of GIM by integrating proteomic 
profiling with single-cell transcriptomics. This dataset 
serves as a high-value resource, offering an unprece-
dented map of the molecular landscape across the meta-
plastic transition. Our study highlights the profound 
remodeling of the immune microenvironment and iden-
tifies the NEDD8 pathway as a critical, H. pylori-respon-
sive node in epithelial reprogramming. Furthermore, 
our functional assays using MLN4924 demonstrate that 
inhibiting the neddylation pathway can attenuate the 
pro-inflammatory and hyperproliferative responses in 
gastric cells, providing a mechanistic link between this 
pathway and GIM dynamics. Collectively, these findings 
not only clarify the molecular heterogeneity of GIM but 
also provide a foundational resource for the development 
of targeted diagnostic tools and therapeutic strategies 
aimed at intercepting gastric carcinogenesis at its prema-
lignant stage.
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Supplementary Material 1: Figure S1, supplementary to Figure 1. (A, B) Dot 
plot (A) and UMAP plot (B) showing the specific markers used for the iden-
tification of each cell type. (C) UMAP plot illustrating cellular heterogeneity 
across the CNAG and GIM stages. (D) Heatmaps from CellChat analysis 
displaying the number and strength of cellular interacting signaling 
pathways in GIM lesions compared with CNAG. (E) Circle plots depicting 
the number of intercellular signaling pathways among distinct cell types 
in CNAG and GIM lesions

Supplementary Material 2: Figure S2, supplementary to Figure 3. (A-C) 
UMAP plots showing the expression patterns of (A) MMP9, (B) CTSG and 
(C) LTF across distinct cell types in CNAG and GIM lesions (left), along with 
the differential protein expression of these molecules between the two 
groups revealed by proteomic analysis

Supplementary Material 3: Figure S3, supplementary to Figure 4. (A) UMAP 
plot showing the unsupervised clustering of epithelial cell subsets into 15 
distinct clusters following dimensionality reduction. (B) UMAP plot further 
illustrating the cellular heterogeneity of epithelial cell subsets across 
the CNAG and GIM stage. (C) Monocle 3 analysis revealing the dynamic 
expression changes of APOA4, HLA-DPB1 and OLFM4 genes along the de-
velopmental trajectory. (D) Violin plots displaying the expression patterns 
of the indicated genes across distinct gastric epithelial cell subsets

Supplementary Material 4: Figure S4, supplementary to Figure 5. (A) Dot 
plot displaying epithelial cell-specific genes among downregulated DEGs/
DEPs. (B) Violin and box plots showing NEDD8 expression levels in human 
CNAG and GIM tissues. (C, E) AGS (C) and HFE145 (E) cells were transfected 
with NEDD8 siRNA. qRT-PCR was performed to confirm the knockdown 
efficiency of NEDD8. (D–F) After the knockdown of NEDD8 and H. pylori 
treatment, the expression of CXCL1, IL-1β, IL-6, and IL-8 was measured by 
qRT-PCR. *P＜0.05, **P＜0.01, ***P＜0.001

Supplementary Material 5: Figure S5. Supplementary to Figures 6 and 7. 
(A) UMAP plot showing the expression of marker genes for endothelial 
cells (PECAM1, CDH5), fibroblasts (PDGFRA, COL1A1) and smooth muscle 
cells (TAGLN, ACTA2), confirming the accuracy of cell type identification. 
(B) GO enrichment analysis of proteins downregulated in immune cells 
from GIM lesions

Supplementary Material 6

Supplementary Material 7
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