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Abstract 

Intestinal-type gastric cancer (IGC) is associated with a multi-step carcinogenic process, 

comprising non-atrophic gastritis, chronic atrophic gastritis, intestinal metaplasia, and gastric 

dysplasia. The risk of developing IGC gradually increases as the disease progresses. However, the 

origin of cell differentiation and its carcinogenic potential in different stages of gastric disease 

remains poorly understood. To address this issue, we analyzed the differentiation trajectory of 

epithelial cells in different disease stages from gastric antrum biopsies in patients with 

precancerous lesions and early GC using single-cell sequencing data. Our findings revealed that 

progenitor cells (PCs) act as the ancestors of antral gland mucous cells (GMCs) and pit mucous 

cells (PMCs) in the NAG/CAG stage. In the IM stage, GMCs, as well as PCs, may acquire the 

ability to become intestinal-like stem cell phenotypes, eventually differentiating into mature 

enterocyte cells. Secretory progenitor cells may differentiate into pre-secretory cells and goblet 

cells. In the early IGC stage, KIAA0101+PRAP1+ PCs may be the potential origin of early IGC. 

These findings provide valuable insights for further research into the molecular mechanisms 

underlying the development of IGC and may contribute to the development of novel prevention 

and treatment strategies. 

Keywords: Single-cell sequencing; Intestinal metaplasia; Intestinal-type gastric cancer; Cell 

differentiation trajectory; Progenitor cells. 
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Introduction 

Gastric cancer (GC) represents a significant global health challenge, ranking fifth in incidence and 

fourth in mortality according to Globocan 2022 data1. Despite notable advancements in diagnostic 

and therapeutic strategies, the incidence and mortality rates of GC are increasing in developing 

and middle-income countries2,3. According to Lauren's classification, GC is categorized into 

intestinal-type gastric cancer (IGC) and diffuse-type gastric cancer (DGC)4, with IGC being more 

prevalent and clinically significant due to its association with distinct risk factors and biological 

behavior5. The progression of IGC adheres to Correa's model, which delineates a series of stages, 

including non-atrophic gastritis (NAG), chronic atrophic gastritis (CAG), intestinal metaplasia 

(IM), atypical hyperplasia, and ultimately carcinoma6. A comprehensive understanding of the 

molecular dynamics underpinning the progression to IGC is critical for identifying potential 

therapeutic targets. 

Chronic inflammation is a known precursor of IM, where normal gastric glands transform into 

intestinal-like cells, such as goblet and absorptive cells7. Consequently, patients with IM exhibit a 

markedly increased risk of developing IGC. However, the cellular origins of IM and GC within 

the gastric mucosa remain contentious8. Recent studies suggest that in the gastric corpus, chief 

cells can re-enter the cell cycle following injury, exhibiting regenerative characteristics akin to 

progenitor cells in a process termed paligenosis9-11. This reprogramming is pivotal for tissue repair 

and carcinogenesis; yet, the precise origins and differentiation pathways leading to IM and IGC, 

particularly in the gastric antrum, remain inadequately characterized. 
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Next-generation transcriptome sequencing has substantially enhanced our understanding of GC 

and IM at the molecular level. Nevertheless, this methodology often fails to capture the complex 

heterogeneity of gastric cell types and does not effectively trace their evolution during disease 

progression. Emerging techniques, such as organoids and lineage tracing12, have provided valuable 

insights into the oncogenic transformation of gastric glands, although they possess limitations in 

recapitulating native tissue architecture and identifying specific stem cell markers. The advent of 

single-cell RNA sequencing (scRNA-seq), complemented by advanced data analysis techniques, 

has facilitated in-depth exploration of cellular origins and differentiation trajectories across various 

diseases13. For example, recent work by Shuai Gao et al. utilized scRNA-seq to investigate the 

spatiotemporal distribution of transcriptome profiles in the human fetal digestive tract and its 

divergent lineages14. In a landmark 2019 study, Zhang et al. constructed a single-cell 

transcriptomic atlas of gastric precancerous and early malignant mucosa, revealing distinct 

expression patterns of various cell types across lesions in the gastric antrum15. While this study 

sheds light on the heterogeneity of gastric mucosal cells, a comprehensive analysis of the origin 

and differentiation pathways of epithelial cells in gastric diseases has yet to be fully elucidated, 

leaving an area that remains unexplored for future investigation.  

In this study, we reutilized scRNA-seq data to disclose the origins and possible regulatory 

mechanisms involved in IGC tumorigenesis. Additionally, we validated the expression of some 

key molecules in the spatial transcriptome and human tissue samples. Our findings offer new 

insights into the evolution of epithelial cells during gastric disease progression and suggest 

potential strategies for the early diagnosis, prevention, and even reversal of early GC. 
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Results 

1. Annotation of epithelial cell clusters 

To investigate the origins of epithelial cells during the progression of gastric diseases, we initially 

utilized the raw scRNA-seq data uploaded by Zhang et al. for epithelial cell annotation. Using the 

Seurat package, we identified 33 distinct epithelial cell clusters, including PMC, GMC, progenitor 

cell (PC, with high expression of HIST1H4C and KIAA0101), neuroendocrine cell, transitional 

epithelial cell (TEC, an epithelial subpopulation with low or absent expression of lineage-specific 

marker genes)16,17, intestinal-like stem cell (ILSC) with high expression of OLFM4 and REG1A), 

goblet cell, enterocyte, and adenocarcinoma cell (Supplemental Figure S1A-S1C). Across all cell 

clusters, we were unable to identify a distinct population of gastric antral stem cells. Annotation 

based on currently established gastric stem cell markers revealed that AQP5 was only sparsely 

expressed within the GMC cluster and did not define an independent or clearly distinguishable cell 

population (Supplemental Figure S1D). Although the QC standards differed slightly from those of 

the original study, the observed cell types and variations were generally consistent with the 

reported results. Additionally, we found that TEC gradually decreased throughout the disease 

progression, whereas ILSC emerging as newly appearing cells during the IM stage, progressively 

increased over the course of disease development (Supplemental Figure S1D and S1E). These 

results indicate that epithelial cell annotations obtained through Seurat analysis are reliable, 

providing a necessary foundation for investigating the origins of cell differentiation. Building on 

this, we further explored the differentiation lineages and transcriptional regulation at each stage of 
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gastric disease progression. 

2. Differentiation lineages of epithelial cells in NAG 

To explore the expression profiles and functional features of epithelial cells at the NAG stage, we 

conducted t-SNE visualization on scRNA-seq data obtained from three cases of NAG (Figure 1A, 

Supplemental Figure S2A). The analysis revealed a diverse population of epithelial cells, primarily 

comprising PC, TEC, PMC, GMC, and neuroendocrine cell (Figure 1B). To further define the 

molecular signatures of epithelial subtypes, the top five differentially expressed genes were 

identified for each cluster, followed by GO and GSVA analyses revealing distinct functional and 

signaling pathway enrichments (Supplemental Figures S2B-S2D). 

T-SNE visualization revealed a close spatial relationship among PC, GMC, PMC, and TEC at the 

NAG stage (Figure 1B). Pearson correlation analysis showed strong intercellular correlations, 

suggesting developmental interdependence (Supplemental Figure S2E). CytoTRACE scoring 

identified PC as the least differentiated population, followed by TEC (Figure 1C and 1D). 

Pseudotime analysis with Monocle 2 delineated a bifurcating trajectory, positioning PC as the 

progenitor population giving rise to GMC and PMC via an intermediate undifferentiated state 

(Figure 1E and 1F). As PMC represent the predominant cell population, suggesting that the 

primary differentiation direction of PC at this stage is toward PMC, whereas differentiation into 

GMC occurs at a relatively lower proportion. The corresponding heatmap depicted dynamic 

transcriptional transitions, with cell fate 1 (red) directed toward GMC and cell fate 2 (blue) toward 

PMC (Supplemental Figure S2F), multi-dimensional analyses consistently place PC at the root of 
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the epithelial differentiation trajectory at the NAG stage, from which GMC and PMC emerge 

through an intermediate transitional state.  

SCENIC analysis identified E2F4, E2F6, FOXO1, and TAGLN2 as candidate TFs regulating PC-

to-PMC differentiation (Figure 1G; Supplemental Figure S2G). Among them, TAGLN2 exhibited 

a transcriptional pattern closely mirroring MUC5AC (Figure 1H), and PPI network analysis 

confirmed extensive TAGLN2-associated interactions within PMC (Figure 1I), implicating it as a 

key TF in PMC specification. Independent validation using gastritis-related GEO datasets 

demonstrated a strong correlation between TAGLN2 and MUC5AC expression (R=0.79, P<0.005; 

Supplemental Figure S2H), reinforcing its regulatory role in PMC development. 

By contrast, no prominent TFs were activated during PC-to-GMC differentiation. TAF7 showed a 

mild upregulation resembling MUC6, yet the magnitude was markedly lower than that of TAGLN2 

(Figure 1H). Collectively, these findings indicate that PC function as progenitors driving epithelial 

lineage differentiation in NAG, with TAGLN2 serving as a central transcriptional regulator of PMC 

fate commitment. 

3. Differentiation lineages of epithelial cells in CAG 

We next characterized the epithelial landscape at the CAG stage. t-SNE visualization of 17,375 

single cells from three CAG samples revealed distinct clustering of epithelial cell populations 

(Figure 2A; Supplemental Figure S3A). The overall epithelial composition in CAG remained 

comparable to that in NAG (Figure 2B). However, gene expression profiling and pathway 
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enrichment analyses highlighted altered transcriptional programs and functional pathways across 

epithelial subsets (Supplemental Figure S3B-S3D), suggesting context-specific adaptations of 

these cell types under chronic atrophic conditions. 

To investigate lineage origins, trajectory and CytoTRACE analysis demonstrated that the 

differentiation hierarchy among PC, GMC, PMC, and TEC during CAG largely paralleled that 

observed in NAG (Figure 2C and 2D; Supplemental Figure S3E and S3F). Nonetheless, the 

proportion of PC differentiating toward GMC increased markedly in CAG, indicating a shift in 

lineage bias. To further validate the biological relevance of the inferred differentiation trajectory, 

we performed immunohistochemical (IHC) staining to elucidate the spatial hierarchy of epithelial 

differentiation within gastric antral glands, thereby providing an anatomical framework for the 

trajectory inference (Supplemental Figure S3G and S3H）.  

SCENIC analysis identified TAGLN2 and JUND as major transcriptional regulators driving PC-

to-PMC differentiation at this stage (Figure 2E; Supplemental Figure S3I). Conversely, during PC-

to-GMC differentiation, SPDEF and KLF10 were selectively activated, exhibiting expression 

patterns consistent with MUC6, a canonical GMC marker (Figure 2F). Protein-protein interaction 

network analysis revealed extensive interaction networks involving TAGLN2 and JUND within 

PMC, and SPDEF and KLF10 within GMC (Supplemental Figure S3J). 

Collectively, these findings indicate that the fundamental lineage architecture established in NAG 

is retained during CAG, yet with a reinforced differentiation bias from PC toward GMC. This shift 
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appears to be transcriptionally governed by SPDEF and KLF10, reflecting an adaptive 

reprogramming of epithelial differentiation as the gastric mucosa progresses from the non-atrophic 

to the atrophic stage. 

4. PCs and GMCs as lineage sources driving enterocyte differentiation in IM 

To characterize the expression landscape and functional heterogeneity of epithelial cells in IM, t-

SNE visualization of 13,256 epithelial cells from six IM samples identified 20 distinct clusters, 

encompassing previously defined cell types as well as newly recognized ILSC, enterocyte, and 

goblet cell populations (Figure 3A and 3B; Supplemental Figure S4A). With increasing IM 

severity, the proportions of absorptive, goblet, and ILSC progressively expanded, accompanied by 

a concomitant reduction in PMC, GMC, PC, and TEC (Supplemental Figure S4B). Notably, PC 

exhibited elevated OLFM4 expression at the IM stage (Figure 3C), and a subset of MUC6⁺ GMC 

also expressed OLFM4 (Figure 3D), suggesting a shared or transitional role in early intestinal 

differentiation. Functional enrichment analyses (KEGG and GO) further highlighted subtype-

specific pathway activation patterns, reflecting the distinct phenotypic and functional states of 

these epithelial populations (Supplemental Figures S4C, S4D). 

We next focused on the differentiation hierarchy of enterocytes at the IM stage. Six enterocyte 

clusters were identified, among which clusters 13 and 15 showed markedly increased expression 

of FABP1 and VIL1, canonical markers of intestinal absorptive cells, indicating a higher degree of 

maturation than other subclusters (Figure 3E). Trajectory analysis further revealed that both PC 

and GMC served as progenitor populations, with ILSC positioned in a transitional state between 
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them (Figure 3F; Supplemental Figure S4E). Consistently, Monocle 2 defined three major 

differentiation states (Figure 3G): state 3 captured ILSC differentiation and enterocyte maturation, 

state 2 represented the transition from PC to ILSC, and state 1 reflected the progression from GMC 

to ILSC. The convergence of these trajectories at the ILSC population highlights its pivotal role in 

lineage plasticity during IM. 

Cellular composition analysis further confirmed this continuum. Excluding the initial PC and 

GMC, seven major clusters contributed to states 1 and 2, comprising enterocytes (clusters 0, 9, 11, 

25) and ILSC (clusters 5, 10, 12). Specifically, clusters 0, 25, and 5 were enriched in state 2, while 

clusters 9, 11, 10, and 12 predominated in state 1 (Figure 3H). PC (clusters 14 and 21) 

differentiated into mature enterocyte (clusters 13 and 15) through intermediate ILSC (clusters 0 

and 5) and immature enterocyte (cluster 25) (Figure 3I-K). Similarly, GMC (clusters 2 and 9) 

followed an alternative trajectory, transitioning via ILSC (clusters 10 and 12) and immature 

enterocyte (clusters 9 and 11) before acquiring mature enterocyte identity (Figure 3L-N). 

Transcriptional regulatory analysis identified distinct TF networks governing these differentiation 

routes. In state 2 (PC-to-enterocyte trajectory), CDX2, PRDM1, MAF, HNF4G, NR1H4, MXD1, 

FOSL1, XRCC4, HNF4A, and PPARG were activated (Figure 3O; Supplemental Figure S4F). Their 

expression profiles mirrored those of enterocyte markers FABP1 and VIL1, with FOSL1, HNF4A, 

and PPARG showing progressive upregulation throughout differentiation, while other TFs 

predominated in later maturation stages (Supplemental Figure S4G). In state 1 (GMC-to-

enterocyte trajectory), SCENIC analysis identified ESRRA, HNF4A, CDX1, ETS2, FOSL1, MAF, 
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MAX, NR1H4, PRDM1, RCOR1, and XRCC4 as key regulators (Figure 3P; Supplemental Figure 

S4H). Monocle 2 further revealed marked upregulation of ESRRA and CDX1 during GMC-to-

enterocyte conversion, whereas the remaining TFs were associated with enterocyte maturation 

(Supplemental Figure S4I). CytoTRACE analysis corroborated these findings, showing higher 

differentiation scores for PC than GMC, consistent with their superior developmental potential 

(Supplemental Figure S4J and S4K). Within the ILSC subclusters, state 2 also displayed a higher 

differentiation status than state 1(Supplemental Figure S4J and S4K). Notably, among the 

identified TFs, ESRRA and HNF4A expression exhibited a persistently increasing trend throughout 

the process (Supplemental Figure S4G and S4I). PPI network analysis revealed extensive 

interactions among HNF4A-and ESRRA-associated genes within enterocyte (Figure 3Q). 

Functional enrichment indicated that these genes are primarily involved in lipid and fatty acid 

catabolism, small-molecule metabolism, and energy production (Supplemental Figure S4L). 

Notably, HNF4A was highly expressed in PC at the IM stage (Supplemental Figure S4M), 

suggesting that HNF4A-mediated metabolic reprogramming may facilitate the transition of PC into 

ILSC. 

To validate the single-cell–derived trajectories, we integrated spatial transcriptomic data 

(Supplemental Figure S5A, S5B, S5C) and IHC (Supplemental Figure S5D and S5E), focusing on 

the differentiation of PC and GMC toward enterocytes. Spatial expression patterns showed that 

PC (KIAA0101⁺) followed a trajectory of KIAA0101⁺OLFM4⁺→OLFM4⁺FABP1⁺→FABP1⁺, while 

GMC (MUC6⁺) underwent a similar transition through MUC6⁺OLFM4⁺→OLFM4⁺FABP1⁺→
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FABP1⁺ states. These findings indicate that both progenitor populations differentiate via a common 

OLFM4⁺ ILSC intermediate, forming a continuous spatial gradient toward FABP1⁺ enterocyte 

(Figure 4A, Supplemental Figure S5F). To visualize this process, stepwise differentiation scores 

were assigned to MUC6 (0.5), OLFM4 (1.0), and FABP1 (1.5), and a weighted-expression heatmap 

was generated. The resulting spatial continuum captured the progressive differentiation of GMC 

and PC through the ILSC compartment toward mature enterocyte (Figure 4A). The IHC images 

clearly depict the precise distribution of KIAA0101, OLFM4, MUC6 and FABP1 along the 

longitudinal axis of the glands (Supplemental Figure S5D and S5E). The use of serial sections 

allowed us to explicitly map the transition between progenitor and differentiated states within the 

exact same glandular structure. 

Immunofluorescence (IF) in human IM tissues corroborated these results, showing marked co-

localization of HNF4A-FABP1 and ESRRA-FABP1 signals (Figure 4B). Notably, expression 

levels of both TFs were significantly elevated in IM compared with NAG and cancer stages (Figure 

4C). Spatial transcriptional profiling further revealed strong co-expression of ESRRA and HNF4A 

with FABP1 in enterocytes, confirming their regulatory involvement in terminal differentiation 

(Figure 4D, Supplemental Figure S5J). 

Collectively, these findings confirm that PC and GMC contribute to enterocyte formation through 

a shared ILSC intermediate, with HNF4A and ESRRA acting as key regulators of terminal 

enterocyte differentiation. The spatially resolved transcriptomic landscape thus reinforces the 

continuous and coordinated nature of gastric-to-intestinal epithelial transformation during IM. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

      
 

5.Secretory progenitor cells as the lineage origin of goblet cells in IM 

The appearance of goblet cell alongside enterocyte is a hallmark of IM. Goblet and neuroendocrine 

cell arise from secretory progenitor. Analysis of 1,168 cells revealed seven subclusters, including 

secretory progenitor (TTR⁺), goblet cell (SPINK4⁺), pre-goblet cell (HES6⁺), gastric 

neuroendocrine cell (GAST⁺), and enteroendocrine cell (TPH1⁺) (Figure 5A-C). To gain insights 

into their functional roles, we also conducted pathway and functional enrichment analyses 

(Supplemental Figure S6A and S6B). 

Pseudotime analysis indicated that secretory PC serve as the initial differentiation point, giving 

rise to goblet cell, enteroendocrine cell, and gastric neuroendocrine cell (Figure 5D-F). Goblet cell 

markers, such as SPINK4, and intestinal neuroendocrine markers, such as TPH1, showed a gradual 

increase in expression along the differentiation trajectory (Figure 5G). 

SCENIC analysis identified key transcription factors significantly upregulated in goblet cell, 

including HES1, CREB3L1, SPDEF, KLF4, TFF3, FOXQ1, KLF2, BCL3, and CEBPB (Figure 5H; 

Supplemental Figure S6C). Monocle 2 analysis revealed that CREB3L1, FOXQ1, KLF4, KLF2, 

TFF3, and SPDEF progressively increased during goblet cell differentiation (Supplemental Figure 

S6D). 

These findings indicate that secretory progenitors differentiate into goblet cell via an intermediate 

pre-goblet state during the IM stage. This process is orchestrated by a coordinated network of TFs, 

underscoring the central role of secretory progenitors in driving goblet cell formation. 
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6. Differentiation lineages of cancer cells in EGC 

To investigate the differentiation origins of EGC cell, we performed t-SNE visualization on a 

dataset comprising 7,342 single cells, which were classified into 22 distinct clusters (Figure 6A). 

This clustering allowed us to define various cell types based on DEGs (Figure 6B), among which 

we identified 459 EGC cells. The analysis of DEGs revealed the top five DEGs across the various 

epithelial cell types (Supplemental Figure S7A). Furthermore, functional and pathway enrichment 

analyses were conducted to elucidate the biological processes and signaling pathways associated 

with cancer cells (Supplemental Figure S7B). 

To explore the origins of EGC cell, we compared epithelial populations across disease stages. 

Pearson correlation analysis showed strong associations (R > 0.85) between cancer cell and 

enterocyte, goblet cell, PC, and ILSC, with PC exhibiting the highest correlation with EGC cells 

(R=0.966; Figure 6C). 

InferCNV analysis revealed elevated CNV levels in enterocyte, goblet cell, and ILSC. Notably, 

PC and EGC cell shared similar CNV profiles, suggesting a common genomic background (Figure 

6D, E). Pseudotime analysis further indicated that PC gradually differentiate into cancer cell 

(Figure 6F-H), accompanied by upregulation of markers including CEACAM6, KLK10, GPX2, and 

KRT7 (Supplemental Figure S7C). 

We identified KIAA0101 and HMGB2 as novel PC markers, with higher expression in PC than 

other epithelial populations (Supplemental Figure S7D and S7E). Comparing inflammation-
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associated PC (IAPC) with cancer-associated PC (CAPC), PRAP1 and HSPA6 emerged as CAPC-

specific markers, with PRAP1 strongly upregulated (Supplemental Figure S7F and S7G). These 

results suggest that KIAA0101⁺PRAP1⁺PC represent key precursors of EGC. Immunofluorescence 

confirmed these double-positive PC were restricted to cancerous regions (Figure 6I), and spatial 

transcriptomics validated their co-localization within malignant areas (Supplemental Figure S7H). 

Transcriptional regulatory analysis highlighted activation of XRCC4, ELF1, ELF3, TAF7, SIRT6, 

and BHLHE40 in cancer cells (Figure 6J; Supplemental Figure S6I). SIRT6 and XRCC4 were 

upregulated during precancerous-to-cancer differentiation (Figure 6K), with immunofluorescence 

confirming high SIRT6 expression in EGC tissues (Figure 6L). Notably, expression levels of 

KIAA0101 and SIRT6 were significantly elevated in cancer stages (Figure 6M). PPI analysis 

revealed interactions between SIRT6 and XRCC4, suggesting a role in driving malignant 

transformation (Supplemental Figure S7J). 

 

Discussion 

IGC progresses through multiple stages, characterized by the gradual replacement of gastric-type 

epithelial cells with intestinal-type cells that harbor carcinogenic potential18. Understanding the 

differentiation dynamics underlying this process is critical for uncovering the mechanisms driving 

IGC. By integrating single-cell and spatial transcriptomics, we mapped cellular lineage trajectories 

across IGC stages and traced the origins of EGC cells. We further identify KIAA0101⁺PRAP1⁺ 
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progenitors as potential precursors of EGC, with transcription factors such as HNF4A, ESRRA, 

and SIRT6 implicated in orchestrating these lineage transitions (Figure 7). These findings provide 

a comprehensive view of epithelial remodeling during IGC progression and offer mechanistic 

insights that may inform novel strategies for IGC prevention and therapy. 

Chronic inflammation of the gastric mucosa is accompanied by epithelial exfoliation, erosion, and 

interstitial inflammatory infiltration. In the NAG stage, we observed a notable increase in both the 

number and proportion of PMC compared to other stages. Trajectory analysis indicated that most 

PC differentiate into PMC, with a smaller fraction giving rise to GMC. Notably, TAGLN2 was 

specifically activated during PC-to-PMC differentiation, but not in PC-to-GMC differentiation. 

PPI network analysis showed that TAGLN2 interacts with multiple proteins in PMC, including 

AGR2, which is known to regulate gastric gland hyperplasia and lineage maturation. Previous 

studies, such as that by Aparna Gupta et al19, demonstrated that AGR2 knockout in mice impairs 

lineage maturation in the stomach. These findings suggest that TAGLN2 may promote PMC 

differentiation and maturation by modulating AGR2 expression or activity, highlighting a 

previously unexplored role for TAGLN2 in gastric epithelial cell development. 

In the CAG stage, a marked reduction of native glands is a defining feature. In our study, epithelial 

cell types in CAG without IM were similar to those in NAG but showed distinct compositional 

shifts20. Specifically, PMC decreased markedly, while GMC slightly increased, suggesting that 

gastric mucosal atrophy may bias PC differentiation toward GMC. Trajectory and TF analyses 

revealed upregulation of SPDEF and KLF10 during this process. SPDEF is known to regulate 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

      
 

goblet cell proliferation in other tissues21 and is required for terminal maturation of mucus neck 

cell in the gastric antrum22, while KLF10 promotes TGF-β-related signaling critical for epithelial 

differentiation23. These results indicate that SPDEF and KLF10 likely drive PC-to-GMC 

differentiation in CAG, representing an adaptive response to gastric mucosal atrophy. 

IM plays a critical role in structural reprogramming during gastric disease progression24, serving 

as a self-protective and compensatory mechanism in response to chronic inflammation25. 

Understanding the reprogramming of IM lineages may therefore provide a practical avenue for 

gastric disease prevention. Previous studies have mainly used cell and animal models to investigate 

the origins of SPEM in the gastric corpus and its role in diffuse-type GC16,26,27, while 

comprehensive analyses of the antrum, the predominant site of IGC, remain limited. Using 

available datasets, we systematically characterized the lineage dynamics of antral IM, delineating 

the differentiation of PC and GMC into enterocyte and tracing the origin of goblet cell 

differentiation. 

Trajectory analysis revealed that PC can differentiate into enterocytes via ILSC. PC were 

designated as the trajectory root, a selection substantiated by their peak transcriptomic potency 

(via CytoTRACE), primordial topological positioning in lineage inference, and functional 

alignment with the established ‘isthmus-centric’ model of mucosal renewal. Transcription factor 

analysis identified FOSL1, PPARG, and HNF4A as key regulators in this process. Notably, HNF4A 

is highly expressed in PCs, and its target genes are enriched in metabolic pathways. Previous 

studies have shown that HNF4A activation is critical for maintaining intestinal stem cells, 

including OLFM4⁺ cells28. Our data suggest that HNF4A-mediated metabolic reprogramming may 
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drive the conversion of PCs into OLFM4⁺ ILSC. Both immunofluorescence and spatial 

transcriptomic analyses confirmed the co-expression of HNF4A with the enterocyte marker FABP1, 

indicating that HNF4A is predominantly active in enterocytes during the metaplastic stage. We 

further found that GMC can also dedifferentiate into ILSC and subsequently give rise to mature 

enterocyte. ESRRA mediates this GMC-to-enterocyte differentiation. As a nuclear receptor related 

to estrogen signaling29, ESRRA interacts with PGC-1 family cofactors to regulate genes involved 

in cellular energy metabolism30,31. Both immunofluorescence and spatial transcriptomic analyses 

confirmed the co-expression of ESRRA with FABP1 in intestinal metaplasia tissues, indicating that 

ESRRA is predominantly expressed in enterocyte during the metaplastic stage. These findings 

suggest that targeting the PGC-1α-ESRRA axis may effectively block both PC- and GMC-

mediated pathways of absorptive cell differentiation. Collectively, our analyses indicate that 

isthmic PC function as the kinetic engine of gastric epithelial renewal and constitute the common 

trajectory root, whereas OLFM4⁺ ILSC emerge as downstream reprogrammed intermediates 

during inflammation-associated remodeling. 

Current evidence indicates that goblet and enteroendocrine cell belong to the secretory epithelial 

lineage and originate from a common progenitor14. Using single-cell data, we identified a 

population of TTR⁺ cells with characteristics of secretory progenitors14. Previous studies have 

reported HES6⁺ cell as primitive goblet cells15, and we speculate that TTR⁺ cells may serve as their 

progenitors. The origin of gastrointestinal enteroendocrine cell has been debated, with theories 

proposing derivation from either the neural crest or endodermal secretory progenitors32. Studies in 

the small intestine suggest that secretory PC can function as reserve stem cell and contribute to 
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neuroendocrine tumor development33. In the stomach, however, the lineage of enteroendocrine 

cells remains unclear. Our data indicate that TTR⁺ cell possess the potential to differentiate into 

gastric neuroendocrine cell, although the TFs governing this process could not be resolved due to 

limited cell numbers and will require further investigation. 

In the EGC stage, our findings revealed that PC exhibit similar levels of CNVs as EGC cell. Further 

analysis of TFs SIRT6 and XRCC4 demonstrated significant upregulation during this process. 

SIRT6, a member of the sirtuin family of NAD-dependent enzymes, is implicated in various 

cellular processes, including stress resistance, genomic stability, aging, and energy 

homeostasis13,34-38. Current research suggests that SIRT6 may enhance the expression of TNF39 and 

IL-8, thereby promoting inflammation, and that SIRT6 contributes to an increase in the intracellular 

levels of ADP-ribose to facilitate cancer cell migration40. Furthermore, we demonstrated the 

activation of SIRT6 in cancer tissues using spatial transcriptomic data combined with dual-

immunofluorescence, indicating that SIRT6 exhibits high expression exclusively in the cancer cells 

of EGC patients compared to the precancerous conditions. Given the observed relevance of PC to 

cancer cell, we conducted additional analyses to compare CAPC and IAPC, revealing higher 

expression of PRAP1 in the former. PRAP1, known as Proline-Rich Acidic Protein 1, exhibits 

triglyceride binding activity and has been implicated in DNA damage response, signal transduction 

by P53 class mediator resulting in cell cycle arrest, deactivation of mitotic spindle assembly 

checkpoint, and negative regulation of apoptotic process41. Moreover, recent findings by B.H. 

Huang et al. suggest that PRAP1 may also play a role in p53/TP53-dependent cancer cell survival 
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and drug resistance following DNA damage42. Furthermore, we have utilized dual 

immunofluorescence techniques to validate the PRAP1+PC identified in the IGC stage from EGC 

patients. These observations provide additional evidence supporting the involvement of PRAP1 in 

GC progression and highlight its potential significance in cancer development. Clinically, the 

identification of these progenitor populations through endoscopic biopsy or minimally invasive 

molecular assays may enable early detection of high-risk individuals before overt tumor formation. 

Monitoring SIRT6 and PRAP1 expression could facilitate patient risk stratification, guide timely 

intervention, and potentially inform targeted therapies aimed at blocking progenitor-mediated 

cancer progression. 

Compared with previous studies, this work offers several distinctive advances. First, by 

reconstructing cellular lineage trajectories across the Correa’s cascade (NAG→CAG→IM→

EGC), we adopted a stage-oriented rather than a cell type-centric framework, thereby uncovering 

the dynamic lineage relationships driving epithelial remodeling during gastric carcinogenesis. 

Second, we reveal that PC serve as central hubs of epithelial reprogramming: during gastritis, PC 

differentiate into PMC and GMC, whereas during IM, both PC and GMC acquire ILSC properties, 

highlighting an unrecognized mechanism of epithelial lineage plasticity. Third, we identify 

KIAA0101⁺PRAP1⁺ PC as potential cells of origin for EGC, providing novel biological insight 

beyond previous analyses of the original dataset. Fourth, by integrating spatial transcriptomics 

with immunofluorescence, we offer direct spatial evidence that strengthens the biological 

interpretation of these lineage transitions. Finally, the identification of stage-specific transcription 
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factors (HNF4A, ESRRA, and SIRT6) and KIAA0101⁺PRAP1⁺ progenitor cell provides new 

avenues for developing early diagnostic biomarkers and preventive therapeutic targets. 

Collectively, these advances establish a disease stage-based lineage framework, uncover 

previously unrecognized molecular drivers, and extend the translational relevance of epithelial 

remodeling in gastric carcinogenesis. 

Although our study has yielded important insights, several limitations should be acknowledged. 

First, the dataset included only a limited number of IM and EGC samples, and immunostaining 

validation was performed in a small cohort without quantitative assessment, which may restrict 

the generalizability of our findings. Second, while it is widely accepted that IGC progresses 

through a sequence from IM to dysplasia and finally carcinoma, our analysis lacks single-cell data 

from the dysplastic stage. As such, the interpretation of differentiation trajectories should be 

viewed with caution, and future studies incorporating dysplastic samples will be essential to refine 

our conclusions. Third, a discrete and independent stem cell population was not identified as a 

standalone cluster in our current analysis. Although cells expressing the stem cell marker AQP5 

were detected, they were transcriptionally integrated within the GMC cluster rather than forming 

a clearly separable subpopulation. Future studies incorporating spatial proteomics or experimental 

models for lineage tracing will be essential to further resolve the precise spatial hierarchy and 

functional plasticity of these populations during disease progression. Fourth, SCENIC analysis has 

inherent limitations: it infers transcription factor activity based on co-expression patterns rather 

than direct regulatory interactions, which may not fully capture dynamic regulatory mechanisms. 
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Finally, while we identified candidate cellular origins and key regulatory molecules associated 

with IGC progression, these findings remain largely correlative. Mechanistic validation through 

organoid models, lineage tracing, and gain- or loss-of-function experiments will be required to 

substantiate the causal roles of these factors in gastric epithelial remodeling and malignant 

transformation. 

By single-cell analysis and spatial transcriptomics validation, we mapped the origins and 

differentiation trajectories of gastric epithelial cells during IGC progression. PC and GMC act as 

central hubs, driving enterocyte differentiation, while KIAA0101⁺PRAP1⁺ PC emerge as potential 

precursors of EGC. These insights pave the way for integrating molecular diagnostics into clinical 

surveillance programs and for developing targeted strategies to intercept gastric carcinogenesis at 

its earliest stages. 

 

Methods 

Data acquisition 

Thirteen scRNA-seq samples from nine patients were obtained from the Gene Expression 

Omnibus (GEO) database (accession: GSE134520), including 3 NAG, 3 CAG, 6 IM (2 mild, 4 

severe), and 1 EGC samples, covering the disease continuum of IGC. Spatial transcriptomic data 

were retrieved from GEO (accession: GSE251950), comprising 4 IGC cases, 3 of which included 

adjacent IM tissues. These paired GC-IM samples were used to validate key findings from the 
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scRNA-seq analyses. Additionally, gastritis-related transcriptomic datasets (GSE60662, 

GSE130823, GSE191275; n = 65) were incorporated to validate inter-molecular correlations. 

Quality control (QC) and pre-processing  

Quality control of scRNA-seq data was performed using Seurat (version 3.0.1)18. Cells with unique 

molecular identifier (UMI) counts < 400, mitochondrial gene expression > 20%, or > 7,000 

detected genes (potential doublets) were removed. The remaining data were normalized using the 

NormalizeData function with the LogNormalize method. Raw spatial transcriptomic data were 

processed in R (version 4.5.1) using Seurat (version 5.0) and related packages. Count matrices 

were imported with the Load10X_Spatial function. Low-quality spots with < 200 detected genes, 

genes detected in < 3 spots, or mitochondrial gene content > 20% were excluded to remove low-

quality or damaged cells. 

Spatial visualization and validation analysis 

Spatial feature plots were generated to visualize the expression of key molecules across tissue 

sections. To validate spatial differentiation patterns, their weighted expression distributions were 

quantified and mapped. Differentiation trajectories were then constructed to assess the spatial 

organization of cells in distinct states. Co-expression between transcription factors and marker 

genes was analyzed using SpatialPlot and FeatureOverlay, enabling the identification of 

coordinated gene programs within histologically defined regions. All visualizations were produced 

in Seurat v5 and refined with ggplot2 and cowplot for publication-quality figures. 
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Dimensionality reduction and batch effect elimination  

Principal Component Analysis (PCA) was used to summarize the data, and the top 20 principal 

components were selected for dimensionality reduction using the RunT-SNE algorithm with a 

resolution of 2.0. Highly variable genes (HVGs) among cell subclusters were calculated using the 

"FindVariableFeatures" function. Batch effects within the same disease were corrected using the 

Harmony R package (1.0). 

Cell type identification and t-Distributed Stochastic Neighbor Embedding (t-SNE) 

presentation  

Marker genes for each cell type were identified using the "FindAllMarkers" function in Seurat. 

Cell types were determined based on previously identified marker genes from relevant studies. 

Single-cell clustering was visually analyzed using t-SNE to separate cells into distinct clusters in 

low-dimensional space. 

Function and pathway enrichment analysis of differentially expressed genes (DEGs) 

DEGs in cell clusters were identified using the "FindMarkers" function in Seurat with a cutoff 

threshold of adjusted P value (adj. P val) < 0.05 and fold change > 0.25. DEG information was 

loaded into clusterProfiler for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway enrichment analysis. Significantly enriched pathways were 

determined based on adjusted P value < 0.05. Gene set variation analysis (GSVA) was conducted 

using 50 hallmark gene sets from the molecular signature database, utilizing default settings43. The 
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limma package of R software44 was employed to evaluate different pathways by calculating cell 

subcluster activity scores. Heatmaps were used to visualize the average pathway scores of the T-

value data for the top 10 significantly different pathways (P < 0.05) in each cluster. 

CytoTRACE prediction of cellular differentiation status  

The CytoTRACE R package45 was used to predict the differentiation status of individual cells. 

This involved calculating the top 200 genes or gene count signatures (GCS) from scRNA-seq data, 

determining the geometric means of these top 200 genes in our datasets, and visualizing them in a 

low-dimensional embedding for accurate insights into the differentiation states of individual cells. 

Pseudotime trajectory analysis  

Epithelial cells from various stages of gastric diseases were analyzed using Monocle 246 with the 

following parameters: num cells expressed ≥ 10, mean expression ≥ 0.125, and q-value<0.01. 

Trajectories were visualized using t-SNE plots, and dynamic expression heatmaps were generated 

using the "plot_pseudotime_heatmap" function. 

Transcription Factor (TF) analysis  

TF activity differences across cell clusters were calculated using SCENIC47 (Version 1.1.0) with 

the RcisTarget motif database and GRNboost (corresponding to GENIE3 1.4.3, AUCell 1.4.1 and 

RcisTarget 1.2.1; with mm10__refseq-r80__10kb_up_and_down_tss.mc9nr). The limma package 

was used to analyze the area under the curve (AUC) of each module. Regulons with adj. P < 0.01 

were further investigated, and results were visualized using heatmap functions. 
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InferCNV analysis  

Copy number variations (CNVs) of each cell were estimated using the "inferCNV" package48 

based on gene transcriptome profiles. Gland mucous cells (GMCs), pit mucous cells (PMCs), and 

neuroendocrine cells were used as reference cells, and a hidden Markov model was employed to 

predict CNV state. 

Immunohistochemistry and immunofluorescent detection 

Samples of cancerous tissue, adjacent IM, and distal normal gastric tissue from ten cases of patients 

with early GC (EGC) who underwent endoscopic submucosal dissection at the gastroenterology 

department of the First Hospital of China Medical University were collected and processed into 

paraffin slices. Paraffin-embedded tissue sections were dewaxed, rehydrated, and subjected to 

antigen retrieval using EDTA (pH 9.0). After blocking with 3% BSA, sections were incubated with 

primary antibodies overnight at 4°C, followed by fluorescent secondary antibodies for 1h at room 

temperature in the dark. Nuclei were counterstained with DAPI, and slides were mounted with 

anti-fade medium. Images were captured using a Nikon ECLIPSE CI-S fluorescence microscope 

(Nikon, Tokyo, Japan). IF and IHC staining was performed using the following antibodies: anti-

HNF-4-alpha (ab92378, 1:300, Abcam, USA), anti-NR3B1 (NBP1-47254SS, 1:100, Novus 

Biologicals, USA), anti-FABP1 (RM5144, 1:1000; Biodragon, China), anti-SIRT6 (13572-1-AP, 

1:200 dilution; Proteintech, China), anti-PRAP1 (11932-1-AP, 1:200, Proteintech, USA), anti-

KIAA0101 (Q15004,1:100, Abcepta, China), anti-MUC6 (MAB-1011,1:100, Maxim, China), 

anti-MUC5AC (MAB-1079,1:100, Maxim, China), anti-OLFM4 (39141,1:100, CST, USA). This 
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study was approved by the Ethics Committee of the First Hospital of China Medical University, 

and informed consent was obtained from all patients (2023-446-2). 
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Figure 1. Expression characteristics and differentiation trajectories of epithelial cells at the 

NAG stage. 

(A) t-SNE plot showing 5,272 high-quality epithelial cells grouped into 22 distinct clusters. 

(B) Cell-type annotation of epithelial cells based on the expression of known marker genes. Each 

cluster represents a specific epithelial lineage. 

(C) Boxplots showing the predicted differentiation potential of epithelial cells estimated by 

CytoTRACE. 

(D) Prediction of epithelial cell differentiation states by CytoTRACE. The heatmap (left) displays 

the inferred differentiation status, while the right panel visualizes the spatial distribution of cells 

with distinct differentiation potentials. 

(E, F) Monocle 2 trajectories depicting the differentiation dynamics of epithelial cells during the 

NAG stage, with pseudotime reflecting the progression of differentiation. 
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(G) Heatmap illustrating the activity (AUC scores) of TFs regulating epithelial cell differentiation. 

(H) Expression patterns and dynamic changes of key marker genes and TFs along distinct 

differentiation trajectories. Y_6 denotes the trajectory of PCs differentiating into GMC, while 

Y_82 denotes the trajectory of PC differentiating into PMC. 

(I) STRING protein-protein interaction network showing the regulatory role of TAGLN2 in PMC 

cells, visualized using Cytoscape. 
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Figure 2. Expression characteristics and differentiation trajectories of epithelial cells at the 

CAG stage. 

(A) t-SNE plot showing 17,375 high-quality epithelial cells grouped into 29 distinct clusters. 

(B) Cell-type annotation based on the expression of known marker genes. Each cluster corresponds 

to a specific epithelial cell type. 
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(C, D) Monocle 2 pseudotime trajectories illustrating the differentiation dynamics of epithelial 

cells at the CAG stage. Pseudotime reflects the progression of cellular differentiation. 

(E) Heatmap showing the regulatory activity (AUC scores) of TFs inferred by the SCENIC 

analysis. 

(F) Expression profiles and dynamic changes of key marker genes and TFs along distinct 

differentiation branches, highlighting potential lineage-specific regulatory patterns. Y_14 denotes 

the trajectory of PC differentiating into GMC, while Y_126 denotes the trajectory of PC 

differentiating into PMC. 
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Figure 3. Expression characteristics and differentiation trajectories of epithelial cells at the 

IM stage. 

(A) t-SNE plot showing 13,256 high-quality epithelial cells grouped into 30 distinct clusters. 

(B) Cell-type annotation based on the expression of known marker genes. Each cluster corresponds 

to a specific epithelial cell lineage. 

(C, D) t-SNE visualization of ILSC marker OLFM4 (C) and gland mucous cell (GMC) marker 
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MUC6 (D) across all epithelial cell types. 

(E) Violin plots showing the expression levels of enterocyte marker genes (FABP1, VIL1) across 

six enterocyte subclusters. 

(F, G) Monocle 2 pseudotime trajectories illustrating the overall differentiation dynamics of 

epithelial cells during the IM stage. Colors indicate cell types(F) and states(G). 

(H) Stacked histograms showing the proportions of cells in two distinct differentiation states 

among different stem cell and enterocyte clusters. 

(I-K) Monocle 2 trajectories depicting the differentiation from PC to ILSC and enterocyte during 

the IM stage. 

(L-N) Monocle 2 trajectories depicting the differentiation from GMC to ILSC and enterocyte 

during the IM stage. 

(O-P) Heatmaps showing transcription factor regulatory activity (AUC scores) inferred by 

SCENIC during the differentiation of PC (O) and GMC (P) into enterocyte. 

(Q) STRING protein-protein interaction network illustrating the regulatory roles of ESRRA and 

HNF4A in enterocyte, visualized using Cytoscape. 
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Figure 4. Spatial Transcriptomic Analysis of Intestinal Metaplasia Reveals Differentiation 

Trajectories and Transcriptional Regulation of Enterocyte. 

(A) Spatial trajectory of gastric epithelial differentiation during IM. Schematic diagram illustrates 

the stepwise differentiation of MUC6⁺ GMC and KIAA0101⁺ PC into FABP1⁺ enterocyte via 

OLFM4⁺ ILSC. HE staining shows the histomorphology of gastric mucosa. Spatial transcriptomic 

heatmaps display the expression gradients of MUC6, KIAA0101, OLFM4, and FABP1 (color scales 

represent normalized expression levels). 

(B) Immunofluorescence validation of enterocyte markers and TFs in human gastric tissues. 

Representative images of DAPI (nuclear stain, blue), FABP1 (enterocyte marker, yellow), HNF4A 

(red), and ESRRA (green) staining in NAG, IM, and GC tissues (scale bar: 50 μm).  

(C) Quantification of HNF4A and ESRRA expression across disease stages. Violin plots show mean 
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fluorescence intensity of HNF4A and ESRRA (n=10 biological replicates per group). HNF4A and 

ESRRA expression is significantly upregulated in IM compared to NAG and cancer tissues (one-

way ANOVA with Tukey’s post-hoc test, P < 0.001). 

(D) Spatial co-localization of TFs and FABP1 in IM tissues. High-resolution spatial transcriptomic 

images confirm co-expression of HNF4A and ESRRA with FABP1. Red dots indicate spatial 

overlap of HNF4A/ESRRA and FABP1 transcripts (scale bar: 50 μm). 

 

  

Figure 5. Origin and Differentiation Trajectory of Goblet Cells in IM stage. 

(A) t-SNE plot showing 1,168 high-quality secretory lineage cells from IM tissues, unsupervised 

clustered into 7 distinct clusters  

(B) t-SNE plot as in (A), with cells colored by identified cell types based on canonical marker 
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genes. 

(C) Volcano plots showing the top 5 upregulated (red labels) and downregulated (blue labels) genes 

in 5 secretory subgroups. Differential expression was determined by |log2(fold change) | > 1, 

△Percentage Difference (proportion of expressing cells between groups) > 20%, and adjusted p-

value < 0.05 (Wilcoxon rank-sum test with Benjamini-Hochberg correction). 

(D-F) Pseudotime trajectory reconstruction of secretory lineage cells, colored by (D) cell type, (E) 

cluster identity (from A), and (F) pseudotime (blue gradient, 0-15 arbitrary units). The trajectory 

reveals a branched differentiation path originating from secretory progenitors. 

(G) Scatter plots showing expression levels of SPINK4 (Goblet cell marker, left) and TPH1 

(enteroendocrine cell marker, right) along stretched pseudotime. Curves represent loess-smoothed 

expression trends for each cell type. Y_121 denotes the trajectory of Secretory progenitor cell 

differentiating into goblet cell, while Y_ 53 denotes the trajectory of Secretory progenitor cell 

differentiating into gastric neuroendocrine cell. 

(H) Heatmap displaying AUC scores (calculated by SCENIC) for TFs regulons, reflecting TF-

mediated gene expression regulation. Rows represent TFs with significant activity (AUC>0.1), 

columns represent cell types; color intensity indicates relative regulatory strength. 
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Figure 6. The origin and differentiation trajectory of cancer cells in EGC stage. 

(A) t-SNE plot of 7,342 high-quality cells from EGC tissues, revealing 22 distinct clusters. 

(B) t-SNE plot as in (A), with cells colored by identified cell types based on canonical marker 

genes (see color legend for full annotations). 

(C) Heatmap showing Pearson correlation coefficients (R) between cell types. R>0.85 (red) 

indicates highest similarity. Blue numbers denote correlation coefficients between each cell type 
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and Cancer cell, highlighting closest association with PC. 

(D, E) Copy number variation (CNV) profiling of EGC cells. (D) inferCNV heatmap showing 

CNV changes across chromosomes (x-axis) in each cell type, using PMC, GMC, and 

neuroendocrine cells as normal controls. (E) Violin plot quantifying CNV scores by cell type. 

(F-H) Pseudotime trajectory reconstruction of PC-Cancer lineage, colored by (F) cell type, (G) 

subcluster, and (H) pseudotime (blue gradient, 0-50 arbitrary units). Trajectory reveals a branched 

differentiation path originating from PC. 

(I) Co-staining of KIAA0101 (green, enterocyte/proliferative marker) and PRAP1 (yellow) in 

disease stages (20x magnification; DAPI: blue nuclear stain).  

(J) Heatmap of transcription factor regulatory activity (AUC scores, calculated by SCENIC) 

showing cell type-specific transcription factor modules.  

(K) Expression dynamics of key transcription factors (e.g., SIRT6, XRCC4) along PC-Cancer 

pseudotime, with color-coded cell types.  

(L) Immunofluorescence validation of SIRT6 in clinical tissues. SIRT6 (red) staining in NAG, 

CAG+IM, and EGC tissues (20x magnification; DAPI: blue nuclear stain).  

(M) Violin plots quantifying SIRT6 and KIAA0101 fluorescence intensity, with highest expression 

in EGC tissues (n=10 patients per group; one-way ANOVA, P<0.05, P<0.01). 

 

 

Figure 7. Schematic of the differentiation trajectory of epithelial cells at different diseases 

states and potential key molecules involved in the EGC evolution process. 

 


