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Background: Gastric cancer (GC) is a major global health burden, and chronic atrophic gastritis (CAG), a key precancerous lesion in
the Correa cascade, is critical in its pathogenesis. As a Ca2"-dependent actin-regulating protein, scinderin (SCIN) has been implicated
in tumor progression across multiple malignancies, including gastric cancer. This study investigated SCIN expression dynamics during
CAG-to-GC progression, its association with the tumor immune microenvironment (TIME) and clinical prognosis, and validated its
role via integrated bioinformatics and experiments.

Methods: Transcriptomic data from TCGA and GEO were analyzed using R. WGCNA and ceRNA networks identified SCIN as the
core RNA and its interacting miRNAs/IncRNAs. GSVA, GSEA, immune infiltration, and checkpoint analyses explored SCIN’s
immunological relevance. Prognostic value was assessed via Cox models and ROC curves. SCIN expression was validated in
28 human gastric tissues by RT-qPCR and Western blotting. Functional assays (CCK-8, Transwell, flow cytometry) investigated its
role in GC cells.

Results: SCIN expression significantly increased along normal mucosa—CAG—GC, with high diagnostic performance (AUC).
Elevated SCIN correlated with poor survival and served as an independent prognostic factor. It was involved in immune-related
pathways, modulated the TIME, and correlated with immune checkpoint markers. SCIN knockdown inhibited GC cell migration,
enhanced apoptosis, and altered cell cycle.

Conclusion: This study is the first to identify SCIN as a key molecular driver in the CAG-to-GC transition. SCIN represents a robust
prognostic biomarker and a potential target for immunotherapeutic intervention in GC.
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Introduction

According to the latest global cancer statistics from the International Agency for Research on Cancer (IARC), gastric
cancer (GC) is the fifth most frequently diagnosed malignancy worldwide, accounting for 4.9% of new cancer cases and
6.8% of cancer-related deaths.' Due to the absence of specific symptoms in the precancerous and early stages of GC,
coupled with low public awareness and limited screening uptake,” the majority of patients are diagnosed at an advanced
stage. In the well-established Correa cascade,® chronic atrophic gastritis (CAG) represents the earliest defined stage of
precancerous gastric lesions (PLGC) and is a critical determinant for the subsequent development of gastric
adenocarcinoma.* However, clinical tools for monitoring the malignant transformation from CAG to GC remain
inadequate. Traditional endoscopic biopsy is invasive and often associated with poor patient compliance,” and there is
a lack of validated molecular biomarkers to track the stepwise progression from chronic gastritis to CAG, gastric
intestinal metaplasia (GIM), dysplasia, and ultimately GC. To address this gap, our study focuses on three pivotal stages
within the Correa cascade—healthy controls, CAG, and GC. By integrating multi-omics bioinformatics analysis with
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experimental validation, we aim to identify core molecular drivers of the CAG—GC transition. This approach has the
potential to overcome current diagnostic limitations by providing non-invasive biomarkers and uncovering novel
therapeutic targets to interrupt gastric tumorigenesis at an early stage.

This study analyzed RNA sequencing data and clinicopathological information from the TCGA and GEO databases,
with all operations adhering to the respective database guidelines. The integrated strategy of weighted gene co-expression
network analysis (WGCNA) and ceRNA network has been validated as effective for identifying key regulatory
molecules in studies on colorectal cancer, hepatocellular carcinoma, and cervical cancer.®® Based on this, the present
study applied this strategy to screen key regulatory factors in the progression from CAG to GC and verify their functions.
It also used the CIBERSORT algorithm to assess immune cell infiltration and constructed a three-stage risk stratification
model (control group - chronic atrophic gastritis group - gastric cancer group) via multivariate Cox regression to clarify
SCIN’s clinical value. For experimental validation, 28 gastric tissue specimens from the Department of Gastroenterology,
Second Affiliated Hospital of Anhui University of Chinese Medicine were used (Ethics Approval No.: 2022-zj-37), and
in vitro functional experiments were performed to elucidate SCIN’s mechanistic role in CAG-to-GC progression.

Materials and Methods

RNA Sequencing Dataset Acquisition
RNA-sequencing (RNA-seq) datasets were obtained from the GEO (https://www.ncbi.nlm.nih.gov/geo/) and TCGA
(https://portal.gdc.cancer.gov/) databases, incorporating healthy control and GC samples. Prior to unified analysis in R,

all data underwent standardized preprocessing: first, genes with expression levels (TPM/FPKM) < 1 in >50% of samples
were excluded to retain high-confidence expressed genes; batch effects were then corrected using quantile normalization
via the “ComBat” function from the R package “sva”, followed by log2 transformation to ensure consistent expression
scales; for genes corresponding to multiple probes, mean expression values were calculated using the “dplyr” package by
grouping genes by their symbols. Based on the preprocessed data, DEGs among Control, CAG, and GC groups were
systematically identified using the “limma” package for group comparisons, with screening thresholds set as |log, FC| > 1
and adjusted P-value (FDR) < 0.05. Venn diagram analysis was used to determine the intersection of DEGs across
datasets, yielding a core gene set.

WGCNA

To investigate the potential regulatory role of SCIN during the Control-CAG-GC progression, a gene co-expression
network was constructed using the “WGCNA” R package (v 1.71). The optimal soft thresholding power was selected to
establish a scale-free topological overlap matrix (TOM). Genes were hierarchically clustered using the hclust function,
and modules were defined using the Dynamic Tree Cut algorithm. Module-trait relationships were analyzed to identify
gene clusters significantly associated with gastric lesion progression. DEGs from GEO datasets GSE27411 and
GSE116312 were integrated, and their intersection with module genes from CAG- and GC-associated modules was
defined as the core DEG set for downstream analyses.

Construction of ceRNA Interaction Network

A comprehensive IncRNA-miRNA-mRNA competing endogenous RNA (ceRNA) network centered on SCIN was con-
structed to explore its regulatory landscape. Candidate miRNAs targeting SCIN were identified using the miRDB database
(https://mirdb.org) with a Target Score threshold > 80. Corresponding IncRNAs interacting with these miRNAs were
predicted via the ENCORI platform (https://rnasysu.com/encori/index.php). The resulting interaction data were imported

into Cytoscape software (version 3.9.1) for visualization and topological analysis of the SCIN-centered ceRNA network. To
verify the physical binding between hsa-miR-4775 and SCIN 3’UTR, sequence alignment and binding energy analysis were
performed. The mature sequence of hsa-miR-4775 (5'—3') and complementary segment of SCIN 3’UTR (3'—5’) were
retrieved from miRBase (https://www.mirbase.org) and NCBI Reference Sequence (NM_000345.4), respectively. Binding

energy calculation and secondary structure prediction were conducted using RNAhybrid (https:/bibiserv.cebitec.uni-

bielefeld.de/rnahybrid) with parameters: minimum free energy (MFE) hybridization mode, human 3’UTR dataset (-s
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3utr_human), and threshold <-15 kcal/mol. Complementarity between the seed region (positions 2—8) of hsa-miR-4775 and
SCIN 3’UTR was prioritized. Sequence alignment diagrams were generated using “ggplot2” package (v3.4.4), with solid lines
indicating Watson-Crick pairs and dashed lines for G-U wobble pairs. Binding energy values were integrated to validate the
thermodynamic stability of the interaction.

GSVA and GSEA

To elucidate the biological functions and regulatory pathways associated with DEGs in the Correa cascade, enrichment
analyses were performed across Control-CAG and CAG-GC comparisons. GSVA and GSEA were employed to identify
significantly enriched pathways and biological processes. Functional annotation was conducted using the
“clusterProfiler” R package, with Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases (significance threshold: P < 0.05). GO terms were classified into three categories: Biological Process (BP),
Cellular Component (CC), and Molecular Function (MF). GSEA was further performed on the Oebiotech Cloud Platform
(https://cloud.oebiotech.com) under stringent criteria (enrichment score [ES] > 0.5, P < 0.05, false discovery rate [FDR]

< 0.25) to validate key signaling pathways.

Immune Infiltration Analysis

To investigate differences in the tumor immune microenvironment between GC and control groups, immune cell
infiltration levels in the TCGA-STAD cohort were quantified using the CIBERSORT algorithm. The correlation between
SCIN expression and immune infiltration was visualized to assess potential immune relevance. Given the pivotal role of
immune checkpoint molecules in modulating responses to immunotherapy, the co-expression patterns of SCIN with three
key immune checkpoints—PD-1, PD-L1, and CTLA-4—were analyzed using scatter plots and Pearson correlation
analysis. Additionally, immune infiltration profiles were compared between SCIN high- and low-expression subgroups
to evaluate SCIN’s potential as a novel immunotherapeutic target in GC.

Univariate Cox Regression and ROC Curve Analysis

To assess the prognostic value of SCIN expression in CAG and GC, univariate Cox proportional hazards regression was
performed using the “survival” R package. Predictive accuracy was further evaluated using ROC curve analysis. Clinical
and expression data from three independent cohorts—TCGA-STAD, GSE27411, and GSE116312—were integrated to
perform cross-dataset validation. Analyses were conducted via the Bioinformatics Online Analysis Platform (http://www.
bioinformatics.com.cn).

Clinical Sample Validation

Quantitative Real-Time PCR (RT-gPCR)

Total RNA was extracted from gastric tissue samples using TRIzol reagent (12897014 CN; Life Technologies), and reverse
transcription was performed using the TaKaRa reverse transcription kit (RR079A). A 10-uL. RT-qPCR reaction system was
prepared, containing 2xSYBR Green mixture (5 pL), forward and reverse primers (10 uM, 1 pL each), cDNA template (1 pL),
and RNase-Free water (2 pL). The amplification protocol included initial denaturation at 95°C for 1 min, followed by 40
cycles of denaturation at 95°C for 20s. B-actin served as the internal control, and relative expression levels of SCIN were
calculated using the 2—AACt method. Primers were designed by Sangon Biotech: SCIN: forward: 5-CACTGAG
TGGCAGTTGCATT-3', reverse: 5-GGCCCAACAATTCTGAGCTT-3'; B-actin: forward: 5'-CCCTGGAGAAGAGCT
ACGAG-3', and reverse: 5'-GGAAGGAAGGCTGGAAGAGT-3".

Western Blot Analysis

Gastric tissue samples were lysed in RIPA buffer (P0025B, Beyotime), and supernatants were collected following
centrifugation. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (ZLI-8059, Zs-
BIO) was added, and protein samples were denatured in boiling water for 15 min. After cooling to room temperature,
proteins were separated by SDS-PAGE and transferred to polyvinylidene fluoride (PVDF, IPVHO00031, Millipore),
membranes (0.22 pm). Membranes were pre-activated with methanol for 2—3 min and equilibrated in a transfer buffer
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for 5 min. Protein transfer was conducted using a wet transfer system (VE-186, Tanon) (100 V, 60 min). Membranes
were blocked with 5% non-fat milk for 1 h at room temperature and incubated overnight at 4°C with primary antibodies:
anti-SCIN (bs-0812R; Bioss) and anti-B-actin (TA-08; Zsbio). The following day, membranes were incubated with HRP-
conjugated secondary antibodies (ZB-2508, Zsbio) (1:5000) for 1.2 h at room temperature and washed three times in
PBST (10 min per wash). Protein bands were visualized using enhanced chemiluminescence (ECL) reagent (BL820A;
Biosharp) and quantified using ImageJ software (v1.53).

In vitro Experiment Validation

Cell Culture and Transfection

The human gastric epithelial cell line GES-1 and gastric cancer cell lines MGC-803, SGC-7901, and MKN-45 were obtained
from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Docetaxel was purchased from Jiangsu Hengrui
Medicine Co., Ltd. (China). All cell lines were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. Cells were maintained at 37°C in a humidified atmosphere containing 5% CO, and
were regularly labeled with cell type and passage date for traceability. For siRNA transfection, cells were seeded in 6-well
plates at a density of 5x105 cells/well and incubated for 24 h to reach approximately 80% confluence. Transfection was
performed using Lipofectamine 3000 (Thermo Fisher Scientific), with 500 pL of transfection complex added per well
according to the manufacturer’s protocol. After 4—6 h, the medium was replaced with fresh complete medium, and cells
were cultured for an additional 48 h before collection. Transfection efficiency was confirmed by RT-qPCR. Three
SCIN-targeting siRNA sequences were designed and synthesized by Shanghai GenePharma Co., Ltd.: siRNA-SCIN 1:
sense 5'-AAUAGUCAUCCAUCUGAACAG-3', antisense 5-GUUCAGAUGGAUGACUAUUUG-3’; siRNA-SCIN 2:
sense 5'-UUGAAGUUCUCUAUUCUGCA-3', antisense 5-GCAGAAUAGAGAACUUCAAGG-3’; siRNA-SCIN 3:
sense 5-UAUAGUUUAGCCAUUUUCCUG-3', antisense 5-GGAAAAUGGCUAAACUAUACA-3".

Transwell Migration Assay

Cells in the logarithmic growth phase were digested with trypsin, resuspended in serum-free RPMI-1640 (SH30526.01,
Cytiva), and adjusted to a final concentration of 2x105 cells/mL. A 200 pL cell suspension was seeded into the upper chamber
of a Transwell insert (8 um pore size, 2677; Corning). The lower chamber was filled with 600 uL. RPMI-1640 medium
supplemented with 10% FBS (10099-141; Gibco) as a chemoattractant. After incubation for 24 h at 37°C with 5% CO,, non-
migrated cells on the upper surface of the membrane were removed using a cotton swab. Migrated cells on the lower surface
were fixed with 4% paraformaldehyde for 30 min at room temperature, stained with 0.5% crystal violet for another 30 min, and
washed thoroughly with PBS. Six random fields per insert were imaged under a light microscope at 40x magnification.
Migrated cells were manually counted, and data were expressed as the average number of cells per field.

Cell Viability Assay

Cells in the logarithmic phase were harvested with trypsin (C0201; Beyotime Biotechnology), centrifuged, and resus-
pended in a complete medium. A single-cell suspension was prepared at a density of 4x104 cells/mL. Then, 100 pL of
the suspension (approximately 5000 cells/well) was seeded into 96-well plates. Peripheral wells were filled with sterile
PBS (SH30256.01; Cytiva) to minimize edge effects. After overnight incubation to allow cell adherence, cells were
treated according to experimental conditions and incubated for an additional 48 h. Subsequently, 10 uL of CCK-8 reagent
(BS350B; Biosharp) was added to each well, followed by incubation at 37°C for 1-4 h. Absorbance was measured at 450
nm using a microplate reader, and cell viability was calculated based on optical density (OD) values. Growth curves were
plotted to assess proliferation capacity.

Flow Cytometry Analysis of Apoptosis and Cell Cycle

Cells were harvested by trypsinization, washed twice with ice-cold PBS (SH30256.01; Cytiva), and resuspended at
a density of 1-10x105 cells/mL. For apoptosis detection, cells were resuspended in 500 pL of 1x Binding Buffer (diluted
from 5x stock with ddH,0), followed by the addition of 5 pL Annexin V-FITC (AP105; MultiSciences) and 10 pL
propidium iodide (PI) staining solution. Samples were gently vortexed and incubated for 5 min at room temperature in
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the dark. Apoptotic cells were immediately analyzed by flow cytometry. For cell cycle analysis, cells were fixed in pre-
cooled 70% ethanol for a minimum of 2 h or overnight at 4°C following PBS washing. Fixed cells were centrifuged to
remove ethanol, washed twice with ice-cold PBS, and incubated with 0.5 mL of PI/RNase staining buffer for 15 min at
room temperature in the dark. Samples were then analyzed using a CytoFLEX flow cytometer (BECKMAN). Data were
processed using FlowJo software (Tree Star, Inc)., and cell cycle phase distribution was further evaluated using ModFit

LT software.

Statistical Analysis

All statistical analyses were conducted using R software (version 4.4.0) and SPSS (version 25.0). Continuous variables
are expressed as mean =+ standard deviation (SD). For two-group comparisons, Student’s #-test was used for normally
distributed data, while the Wilcoxon rank-sum test was applied for non-normally distributed data. For comparisons
among three or more groups, one-way analysis of variance (ANOVA) followed by post hoc testing was employed.
Spearman’s rank correlation analysis was used to assess associations between variables. Survival outcomes were
evaluated using univariate Cox proportional hazards regression. Prognostic accuracy was assessed via ROC curve
analysis. For RT-qPCR validation, categorical data were compared using the 2 test. All experiments were independently
repeated at least three times. Correlations between SCIN expression and immune checkpoint markers were analyzed
using GraphPad Prism (version 10.0.2). A P-value < 0.05 was considered statistically significant.

Results
Multi-Omics Integration ldentifies SCIN as a Key Upregulated Gene in the

Control-CAG-GC Progression

Transcriptomic datasets from GSE27411 (6 control vs 6 CAG samples), GSE116312 (3 CAG vs 3 GC samples), and the
TCGA-STAD cohort (36 control vs 412 GC samples) were integrated for analysis. Only Homo sapiens samples were
retained following stringent filtering. As a result, 1920 DEGs 961 upregulated/959 downregulated) were identified in the
TCGA-STAD cohort, 239 DEGs (175 upregulated/64 downregulated) in GSE27411, and 503 DEGs (351 upregulated/
152 downregulated) in GSE116312. Volcano plots illustrated the distribution of significantly dysregulated genes across
the three datasets (Figure 1A and B). Venn diagram analysis (Figure 1C) revealed two overlapping DEGs—SCIN and
CYP2CS. Subsequent expression profiling and statistical comparison of SCIN across the three datasets (Figure 1D-F)
demonstrated consistent and progressive upregulation from the control group to CAG and finally to GC.

WGCNA-Based Identification of Hub Genes in the CAG-GC Transition

WGCNA was performed to further screen hub genes involved in the CAG-GC transition. Scale-free co-expression
networks were constructed for the GSE27411 (scale-free R2 = 0.8, soft-threshold power f = 16) and GSE116312
(R2 = 0.74, B = 30) datasets (Figures 2A, B and 3A, B). Hierarchical clustering identified 18 gene modules in
GSE27411 (including blue, darkred, darkorange, etc.; Figure 2C) and 20 modules in GSE116312 (including
darkseagreen4, honeydewl, corall, etc.; Figure 3C). Highly interconnected adjacent genes (AGs) were identified
through module partitioning. Module-trait correlation analysis revealed that the blue (r=0.78, P=0.003), darkred
(r=0.63, P=0.03), darkgreen (r=0.65, P=0.02), and steelblue (r=0.6, P=0.04) modules in GSE27411 were signifi-
cantly associated with CAG, while the corall (r=0.9, P=0.01), floralwhite (r=0.87, P=0.02), and darkred (r=0.94,
P=0.005) modules in GSE116312 were significantly linked to CAG-GC transformation. Genes from these significant
modules were extracted for further investigation. TOM-based hierarchical clustering produced dendrograms
(Figures 2D and 3D), leading to the identification of SCIN as the only overlapping gene across both datasets.
Based on this finding, a three-stage risk prediction model (Control-CAG-GC) was constructed to further validate the
significance of SCIN in GC.
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Figure | SCIN is significantly upregulated in CAG and GC. (A) Volcano plot of DEGs in GSE27411 (]log,FC| > | and P < 0.05). (B) Volcano plot of DEGs in GSEI116312 (|
log,FC| > | and P < 0.05). (C) Venn diagram of core DEGs across GSE27411, GSEI 16312, and TCGA-STAD datasets. (D) Bar chart showing SCIN expression levels
between the CAG Group and Control Group in GSE27411, *P < 0.05. (E) Bar chart showing SCIN expression levels between the CAG Group and GC Group in
GSEI16312, *P < 0.01. (F) Bar chart showing SCIN expression levels between the Control Group and GC Group in TCGA-STAD, ****P < 0.0001.

SCIN-Centered ceRNA Network Reveals Multilayered Regulatory Interactions in GC

Progression

To explore the upstream regulatory mechanisms of SCIN, ten SCIN-targeting miRNAs were identified using the miRDB
database. Subsequently, IncRNAs interacting with these miRNAs were predicted via the ENCORI platform, resulting in
118 potential IncRNA-miRNA-mRNA regulatory relationships. Analysis of key regulatory axes identified several core
miRNAs, including hsa-miR-4775, hsa-miR-6881-3p, hsa-miR-7111-3p, hsa-miR-489-3p, and hsa-miR-3185. Notably,
hsa-miR-489-3p was predicted to interact with the IncRNAs PURPL, MIR124-1HG, and SNHGI; hsa-miR-1252-5p with
MRPL20-AS1, MIR3142HG, and TDRGI; and hsa-miR-3163 with Z99943.1, DNM3OS, and TNR-ITI. These findings
support a complex ceRNA regulatory mechanism. The resulting SCIN-centered IncRNA-miRNA-mRNA regulatory
network was constructed and visualized using Cytoscape (Figure 4), highlighting SCIN as a central hub within this
multilayered regulatory axis.

Among these, hsa-miR-4775 is a core regulator with significant functional relevance. Notably, hsa-miR-4775 has
been confirmed to promote invasion and metastasis in gastrointestinal malignancies by activating the Smad7/TGFj-
mediated epithelial-mesenchymal transition (EMT) pathway.’ It is predicted to form multiple IncRNA-miRNA-mRNA
axes with SCIN to regulate gastric cancer progression. To visually verify their physical binding, Figure 4B—D illustrates
the molecular interaction between hsa-miR-4775 and SCIN 3’UTR: in the secondary structure of hsa-miR-4775, the
critical seed region (positions 2—8) exhibits favorable binding energy (AG=-12.40 kcal/mol, Figure 4B); the energy

distribution shows a distinct energy trough in the seed region (Figure 4C), which drives stable binding; sequence
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alignment confirms their interaction via Watson-Crick pairing (solid lines) and G-U wobble pairing (dashed lines), with
near-perfect complementarity in the seed region and a binding energy of —32.5 kcal/mol (Figure 4D), confirming
a thermodynamically stable physical interaction.

GSVA and GSEA Reveal SCIN-Associated Enrichment in Lipid Metabolism and

Epithelial Remodeling Pathways

To further elucidate SCIN-associated biological functions across disease stages, GSVA and GSEA were performed. In the
Control vs CAG comparison, GSEA identified significant enrichment in KEGG pathways related to fat digestion and
absorption, cholesterol metabolism, vitamin digestion and absorption, steroid hormone biosynthesis, and bile secretion
(Figure 5A). GO enrichment analysis revealed notable enrichment in BP terms, such as cholesterol homeostasis, steroid
metabolic process, triglyceride homeostasis, and cholesterol efflux; in CC terms, including brush border, brush border
membrane, apical plasma membrane, very-low-density lipoprotein particle, and peroxisomal matrix; and in MF terms,
such as aminopeptidase activity, metalloaminopeptidase activity, glucuronosyltransferase activity, and cholesterol transfer
activity (Figure 5B). For the CAG vs GC comparison, GSEA revealed enrichment in KEGG pathways related to
organismal systems, metabolism, and human diseases (Figure 5C). GO analysis showed significant terms in BP terms,
including digestive system process, digestion, xenobiotic metabolic process, organic anion transport, and cellular
response to xenobiotic stimulus; in CC terms, such as apical part of cell, AGE-RAGE signaling pathway in diabetic
complications, apical plasma membrane, and brush border; and in MF terms, including vitamin binding, secondary active
transmembrane transporter activity (Figure 5D). Further GSEA stratified by SCIN expression revealed that high SCIN
expression in the Control-CAG group was associated with significant enrichment of fat digestion and absorption
(ES=0.857, NES=2.48, P<0.001, FDR<0.001) and cholesterol metabolism (ES=0.74, NES=2.28, P<0.001,
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FDR<0.001) pathways (Figure 5E and F). In the CAG-GC group, high SCIN expression corresponded with enriched
pathways involving brush border (ES=0.754, NES=2.31, P<0.001, FDR<0.001) and aminopeptidase activity (ES=0.838,
NES=2.23, P<0.001, FDR<0.001) (Figure 5G and H). These findings are further supported by the enrichment heatmaps
displayed in Figure 6A and B.

SCIN Promotes Pro-Inflammatory Immune Cell Infiltration and Immune Checkpoint
Suppression

The association between SCIN expression and immune cell infiltration was assessed using the CIBERSORT algorithm.
A comparative analysis of immune infiltration patterns between the control and GC groups revealed distinct
differences in the abundance of 22 immune cell types, visualized as stacked bar charts (Figure 7A). SCIN expression
was notably elevated in GC samples enriched with Macrophages M0, Macrophages M1, CD4+ memory activated
T cells, naive B cells, follicular helper T cells, and regulatory T cells (Tregs). Conversely, in the control group, higher
SCIN expression was observed in eosinophils, resting mast cells, monocytes, and plasma cells (Figure 7B). Further
subgroup analysis within the GC cohort (Figure 7C) demonstrated that high SCIN expression was significantly
associated with increased infiltration of resting mast cells, Macrophages M2, and monocytes, whereas Tregs,
Macrophages M0, and resting NK cells were significantly decreased (P<0.05). Additionally, correlation analysis
between SCIN expression and three immune checkpoint molecules—PDCD1 (PD-1), CTLA4, and CD274 (PD-L1)—
revealed significant negative correlations (Figure 7D-F), with correlation coefficients of 12 = 0.3488, 0.5714, and
0.3119, respectively.
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SCIN Serves as an Independent Prognostic Factor and Early Diagnostic Biomarker in
GC

Survival analysis indicated that elevated SCIN expression was significantly associated with poorer overall survival (OS)
in GC patients (P=0.022, HR=1.086; Figure 8A). Kaplan-Meier survival curves derived from the TCGA-STAD cohort
further confirmed that patients with high SCIN expression had significantly reduced OS compared to those with low
SCIN expression (P<0.0001; Figure 8B). To evaluate the diagnostic value of SCIN, receiver operating characteristic
(ROC) curve analysis was performed. The area under the curve (AUC) values were 0.926 for the Control vs CAG group,
0.857 for the CAG vs GC group, and 0.7832 for the Control vs GC group (Figure 8C-E).

Validation of SCIN Upregulation Along the Correa Cascade in Clinical Gastric Tissue

Samples

To verify the progressive upregulation of SCIN expression observed in bioinformatics analyses, an independent clinical cohort
consisting of 28 human gastric tissue specimens was examined. Samples were collected from the Second Affiliated Hospital of
Anhui University of Chinese Medicine between August 2023 and January 2025, including 8 control, 12 CAG, and 8 GC
specimens. RT-qPCR results demonstrated a significant stepwise increase in SCIN mRNA expression along the Control-CAG-
GC sequence (P<0.01; Figure 9A). Western blot analysis further confirmed a corresponding elevation in SCIN protein levels,
with significantly higher expression observed in the CAG and GC groups compared to the control group (P<0.001). Moreover,
SCIN expression was markedly higher in the GC group than in the CAG group (P<0.001; Figure 9B and C).

SCIN Promotes GC Cell Proliferation and Migration While Inhibiting Apoptosis by
Facilitating S/G2 Phase Cell Cycle Progression

Based on the integrative bioinformatics analysis and clinical validation indicating high SCIN expression in GC, we hypothesized
that SCIN plays a functional role in promoting GC malignancy. This hypothesis was systematically evaluated through a series of
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Figure 6 Enrichment analysis heatmaps of SCIN. (A) GSEA heatmap for the Fat digestion and absorption pathway. (B) GSEA heatmap for the Cholesterol metabolism
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in vitro experiments. First, SCIN expression was assessed in three GC cell lines—MGC-803, SGC-7901, and MKN-45—as well
as in normal human gastric epithelial cells (GES-1). RT-gPCR analysis revealed significantly elevated SCIN expression in all GC
cell lines compared to GES-1 (P<0.001), with the highest expression observed in MGC-803 cells (Figure 10A). Three siRNA
sequences targeting SCIN were designed and transfected into MGC-803 cells (Figure 10B), and siRNA-SCIN 1 was selected for
downstream functional assays based on its superior knockdown efficiency. CCK-8 assays demonstrated that SCIN knockdown
significantly reduced cell viability compared to the negative control (siRNA-NC) group (Figure 10C). Transwell migration
assays further showed that silencing SCIN markedly suppressed cell migration capacity (Figure 10D and E). Flow cytometry
analysis revealed that SCIN knockdown significantly promoted apoptosis (Figure 11A and B) and induced cell cycle arrest at the
S/G2 phase (Figure 11C and D). Specifically, SCIN silencing resulted in a reduced proportion of cells in the G1 phase and an
increased proportion in the S and G2 phases, indicating that SCIN facilitates cell cycle progression by promoting the G1-to-S/G2
phase transition. Collectively, these findings confirm that SCIN enhances GC cell proliferation and migration while inhibiting
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apoptosis, primarily by accelerating cell cycle progression from the G1 to S/G2 phases, thereby contributing to GC progression

and malignancy.
To validate the reliability of the experimental system and compare the effects

between SCIN knockdown and

conventional chemotherapy (docetaxel), a high-dose docetaxel (DTX) treatment group as a positive control in this
study.'” Results showed that after 50 nM docetaxel treatment, MGC-803 cells exhibited significantly decreased viability
(comparable to the si-SCIN group), markedly impaired migration, significantly increased apoptosis rate, and cell cycle

arrest at the S/G2 phase (Figures 10C—10E and 11A—11D). These findings confirm that

both SCIN knockdown and high-

dose DTX intervention can significantly inhibit malignant phenotypes (proliferation, migration) of gastric cancer cells,

promote apoptosis, and induce cell cycle arrest, with similar efficacy. This supports the

oncogenic function of SCIN—its
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high expression maintains the malignant characteristics of gastric cancer cells, while SCIN knockdown mimics the
tumor-suppressive effects of chemotherapeutic drugs, further confirming the pro-carcinogenic role of SCIN in gastric

cancer progression.
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Discussion

GC remains one of the leading causes of cancer-related mortality worldwide, with more than one million new cases
diagnosed annually.!’ Tts pathogenesis follows a well-characterized premalignant sequence, known as the Correa
cascade,'” with CAG serving as a critical intermediate stage'® (Correa cascade: normal gastric mucosa — chronic
gastritis — CAG — intestinal metaplasia/dysplasia — GC).'* Histologically, atrophic gastritis is marked by the loss of
acid-secreting parietal cells in the gastric mucosa, accompanied by replacement with immature glandular and epithelial
cell populations,'® creating a pathological environment conducive to the development of intestinal-type gastric
carcinoma.'® Although endoscopy is currently the gold standard for monitoring CAG and assessing GC risk,"” its utility
in large-scale screening is limited by technical complexity, operator variability, and restricted accessibility. These
limitations highlight the need for complementary non-invasive approaches. Incorporating personalized risk stratification
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Figure 11 Flow cytometry analysis of apoptosis and cell cycle. (A) Apoptosis analysis: Knockdown of SCIN promoted apoptosis in MGC-803 cells. (B) Bar chart showing
the apoptosis rate (%) in each group. ****P < 0.0001 vs siRNA-NC. (C) Cell cycle analysis: SCIN promoted the proliferation of MGC-803 cells. (D) Bar chart showing the
cell cycle distribution in each group. **P < 0.01 vs siRNA-NC.

into current screening frameworks may significantly enhance the efficiency of early detection.'® Therefore, there is an
urgent need for robust, serological early-warning biomarkers and therapeutic targets for individuals with precancerous
gastric lesions (PLGC) to address the global burden of GC.

Scinderin (SCIN), a Ca2+-dependent actin-severing and -capping protein of the gelsolin superfamily,'® has been
implicated in modulating cell proliferation, migration, and differentiation across multiple malignancies, including gastric,”
prostate,>' lung,*? glioma,> hepatocellular,®* and breast cancers.”> These findings suggest that SCIN plays a role in tumor
progression and may serve as a marker of metastatic potential. In the present study, we comprehensively investigated the
dynamic expression profile and functional role of SCIN across the Control-CAG-GC continuum. By integrating multi-omics
bioinformatics analysis with in vitro and in vivo experimental validation, we demonstrated for the first time that SCIN is
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a critical molecular driver of CAG-to-GC progression and established SCIN as a multifunctional biomarker with potential
utility in early diagnosis, prognostic assessment, and therapeutic targeting of GC.

We performed differential expression analysis and screening of RNA-seq data from the TCGA, GEO, and starBase
databases using R language, followed by Venn diagram analysis. Subsequently, we constructed WGCNA and ceRNA
interaction networks.”® This integrative approach identified SCIN, hsa-miR-489-3p, and SNHG1 as core differentially
expressed RNAs. Ahram et al demonstrated through PCR array analysis that hsa-miR-489-3p was significantly upregulated
in non-metastatic subtypes of triple-negative breast cancer, suggesting its role in modulating metastatic potential based on
expression profiles and clinical subtype.?” Similarly, Xu et al reported that SNHG1, identified through RNA sequencing and
validated by in vitro and in vivo experiments, could serve as a potential diagnostic and therapeutic target in colorectal cancer.*®
To further explore the biological functional characteristics of the SCIN high-expression group, this study analyzed the results
of GSEA and GSVA by stratified comparison among the Control, CAG, and GC groups. The KEGG and GO enrichment
results of the SCIN high-expression group in the comparison between the Control Group and CAG Group indicated that SCIN
may drive gastric epithelial atrophy and promote lipid accumulation in gastric mucosa during the CAG stage by disturbing
cholesterol homeostasis, inducing mitochondrial dysfunction and oxidative stress.”*** Oxidative stress plays a complex role in
the malignant transformation of gastric cancer. Single-cell sequencing studies have shown that there is heterogeneity in the
response of different cells in gastric cancer tissues and their microenvironment to oxidative stress, and this imbalance may
create conditions for the survival of cancer cells.*' Chronic inflammation caused by Helicobacter pylori can induce oxidative
stress,”” which promotes malignant transformation of cells through DNA damage, interference with apoptosis, and other
mechanisms. Moreover, excessive reactive oxygen species generated by oxidative stress can damage cellular components,
prompting cells to acquire malignant phenotypes.®” In the subsequent CAG vs GC comparison, the SCIN-high group
continued to exhibit enrichment in the GO-CC term “brush border” (ES=0.754, NES=2.31, FDR<0.001) and the GO-MF
term “aminopeptidase activity” (ES=0.838, NES=2.23, FDR<0.001), alongside aberrant activation of the KEGG pathway
“Bile secretion”. These results indicate that SCIN may impair the digestive and absorptive functions of the gastric mucosal
barrier. Given the essential role of the brush border in nutrient digestion, its dysfunction could compromise mucosal repair
mechanisms and accelerate the progression from intestinal metaplasia to dysplasia.**

One of the central findings of this study is the significant and progressive upregulation of SCIN throughout the Correa
cascade. From normal gastric mucosa to CAG, and ultimately to GC, SCIN expression increased markedly at both the mRNA
and protein levels. This trend was robustly confirmed through comprehensive bioinformatics analyses—integrating multiple
independent datasets from TCGA and GEO—and further validated in clinical specimens via RT-qPCR and Western blot
analysis. The consistent correlation between SCIN expression and disease severity suggests that aberrant activation of SCIN
constitutes an early and critical molecular event in the malignant transformation of CAG to GC. Importantly, ROC curve
analysis demonstrated that SCIN expression levels had excellent discriminative power in distinguishing CAG from GC, with
high AUC values.*® These results provide strong molecular evidence for the potential application of SCIN in risk stratification
and early intervention strategies for patients with precancerous gastric lesions.*® As a quantifiable molecular marker, SCIN
may offer distinct advantages over conventional histopathology and endoscopic surveillance by aiding in the identification of
high-risk CAG patients, thereby optimizing follow-up intervals and enhancing early GC detection rates.” Furthermore,
survival analysis underscored the clinical significance of SCIN. Using a multivariate Cox proportional hazards regression
model, we demonstrated that high SCIN expression independently predicts shorter OS in GC patients.*” Notably, this
prognostic value remained significant even after adjusting for established clinicopathological parameters, including TNM
stage, age, and sex. These findings suggest that SCIN can provide additional prognostic granularity—distinguishing between
patients with similar clinical staging but differing risks of recurrence and mortality.

To delve into the functional role of SCIN in GC oncogenesis and progression, we performed a series of in vitro gain- and loss-
of-function assays. Transwell migration and invasion assays revealed that SCIN silencing markedly attenuated the invasive and
migratory capacities of GC cells, while promoting apoptosis and accelerating cell cycle progression, as assessed by flow
cytometry with PI staining. Consistently, CCK-8 assays demonstrated that inhibition of SCIN significantly reduced cell viability
and proliferation. These phenotypic alterations are in line with the known molecular function of SCIN—promoting pseudopod
formation through depolymerization of F-actin filaments, thereby providing structural support for cellular motility and metastatic
dissemination.*® Immune infiltration analysis using the CIBERSORT algorithm, along with immune checkpoint profiling, further
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revealed that elevated SCIN expression was significantly associated with increased infiltration of specific immune cell subsets in
GC tissues, including Macrophages M0, Macrophages M1, CD4+ memory activated T cells, and naive B cells. Among these,
tumor-associated macrophages (TAMs) are known to modulate inflammatory responses and facilitate immune evasion in the

tumor microenvironment (TME),**

while naive B cells have been implicated in promoting cancer cell proliferation and
metastatic progression.*' More importantly, SCIN expression was significantly negatively correlated with the expression levels
of three key immune checkpoint molecules, suggesting that SCIN upregulation may contribute to the formation of an
immunosuppressive TME.*?

This study systematically characterized the regulatory landscape and biological functions of SCIN through
a comprehensive multi-omics strategy, incorporating differential gene expression analysis, WGCNA, ceRNA network
construction, GSEA and GSVA enrichment analyses, and immune profiling. These findings were further corroborated
by clinical data and functional experiments, highlighting SCIN’s potential as both a diagnostic/prognostic biomarker
for risk stratification in CAG and GC, and as a promising therapeutic target. Additionally, our exploration of SCIN’s
involvement in shaping the TME offers novel insights into GC immunotherapy. However, this study has several
limitations. First, the current findings are based primarily on retrospective data, and prospective validation in large,
well-annotated clinical cohorts is essential. Second, the specific downstream signaling pathways and effector mole-
cules through which SCIN mediates its oncogenic and immunomodulatory effects remain incompletely understood.
Potential interactions with key oncogenic pathways, such as STAT3 and PI3K/AKT, warrant further investigation.*****
Third, while SCIN shows strong tissue-based diagnostic and prognostic potential, its utility as a non-invasive
biomarker in serum, plasma, or gastric juice has not yet been explored,*> and the translational roadmap for clinical
application remains underdeveloped. To address these gaps, future studies will employ advanced techniques such as
ChIP-seq and Co-IP/MS to identify SCIN’s direct transcriptional targets and interacting protein networks in GC
cells.*® Parallel efforts will focus on launching multi-center, prospective, large-sample cohort studies to rigorously
assess the clinical utility of SCIN (via tissue and liquid biopsy) in predicting CAG malignant transformation, GC

prognosis, and guiding individualized treatment strategies.*”*®

Conclusion

Through integrative multi-omics bioinformatics analysis and comprehensive experimental validation, this study is the
first to systematically demonstrate the pivotal role of SCIN in driving the malignant transformation from CAG to GC.
SCIN was found to be significantly and progressively upregulated along the Correa cascade, contributing to tumor
progression by remodeling the cytoskeleton and facilitating the formation of an immunosuppressive TME. The expres-
sion pattern of SCIN offers a robust molecular indicator for the risk stratification of CAG patients, prognostic assessment
in GC, and the identification of candidates for immunotherapy. Moreover, targeting SCIN or its regulatory ceRNA
network may represent a promising therapeutic strategy for the prevention and treatment of GC.
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