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Abstract

Introduction: Stomach adenocarcinoma (STAD) continues to be one of the leading causes of cancer-related mortality globally. While
immune checkpoint blockade therapy has shown efficacy in several malignancies, its overall response rate in STAD patients requires
further improvement. This study identifies CD109 as a critical player in suppressing anti-tumor immunity in STAD. Method: Gene
expression data and corresponding clinical information were obtained from public databases. Survival analysis was employed to assess
patient prognosis. Enrichment analysis and single-cell sequencing data were utilized to evaluate the potential efficacy of immunother-
apy, and findings from bioinformatics were validated through in vitro experiments. Results: Analyses indicated that CD109 expression
increased substantially in STAD tissues relative to surrounding normal tissues, and its elevated expression functioned as an indepen-
dent predictive indicator for adverse patient outcomes. In vitro functional studies showed that the knockdown of CD109 significantly
inhibited the proliferation, invasion, and migration of gastric cancer cells. Mechanistic investigations suggested that changes induced by
CD109 may be associated with alterations in epithelial-mesenchymal transition (EMT) markers. Additionally, CD109 expression levels
exhibited strong associations with the infiltration of diverse immune cells (e.g., CD8+ T cells, M2 macrophages) in the STAD tumor
microenvironment and were linked to the expression of several immune checkpoint markers. This indicates its potential as a biomarker
for assessing immune microenvironment status and predicting response to immunotherapy. Conclusion: Our results indicate that CD109
has a significant oncogenic function in STAD. The expression level shows potential as a predictive biomarker that warrants further in-
vestigation in immunotherapy-treated cohorts. Targeting CD109 may therefore represent a novel and effective therapeutic strategy for
gastric adenocarcinoma.
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1. Introduction

Stomach adenocarcinoma (STAD) continues to be a
significant public health concern globally, characterized by
consistently elevated incidence and fatality rates [1]. Ade-
nocarcinoma constitutes the predominant histological type
of gastric malignancies. The onset and advancement of
gastric adenocarcinoma are closely linked to several recog-
nized risk factors, including Helicobacter pylori infection,
obesity, and gastroesophageal reflux syndrome [2]. Surgi-
cal resection can achieve favorable outcomes in early-stage
STAD; however, early disease is frequently asymptomatic,
and endoscopic screening is not widely implemented. As
a result, a substantial proportion of patients present with
advanced-stage tumors and lose the opportunity for curative
surgery [3,4]. Although systemic chemotherapy, molecu-

larly targeted agents, and immunotherapies have improved
the management of advanced STAD, long-term survival
and overall prognosis remain far from satisfactory. There-
fore, improving early detection, refining diagnostic strate-
gies, and optimizing treatment regimens are pressing clini-
cal needs in STAD [5].

The continual enrichment and refinement of large-
scale genomic resources, such as The Cancer GenomeAtlas
(TCGA), have made it possible to profile differentially ex-
pressed genes in tumors using bioinformatics approaches
[6,7]. Systematic interrogation of these genes as potential
diagnostic and prognostic biomarkers, together with func-
tional assessment of their roles in key oncogenic processes
(e.g., proliferation, migration), may yield valuable clues for
disease diagnosis, therapeutic decision-making, and prog-
nosis stratification [8]. Nevertheless, biomarkers proposed
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solely on the basis of computational prediction often suf-
fer from limited specificity and sensitivity and thus require
rigorous experimental confirmation. Consequently, the in-
tegration of bioinformatics analysis with molecular and cel-
lular experiments to identify and validate robust biomarkers
has become a central theme in gastric cancer research.

Immunotherapy has significantly transformed the
treatment paradigm for numerous malignancies and is be-
coming acknowledged as an essential approach in gastric
cancer management. In STAD, currently explored im-
munotherapeutic strategies encompass immune checkpoint
inhibitors (ICIs), chimeric antigen receptor T-cell (CAR-T)
therapies, and cancer vaccines, among which ICIs are the
most extensively investigated and widely adopted in clin-
ical practice [9]. ICIs exert their effects by blocking in-
hibitory checkpoint molecules or their ligands expressed on
immune cells (such as T cells) or tumor cells, thereby restor-
ing antitumor immune activity and facilitating the elimina-
tion of malignant cells [10,11]. However, most clinical tri-
als of ICIs in gastric cancer have enrolled heterogeneous
and relatively unselected patient populations, partly to en-
sure adequate accrual and partly due to the paucity of vali-
dated predictive biomarkers that can identify likely respon-
ders. Thus, key challenges in this field include improv-
ing patient stratification for immunotherapy, defining novel
immune-related targets, and establishing rational combi-
nation strategies among the expanding armamentarium of
treatment options.

Leukocyte differentiation antigen 109 (CD109) is
a recently identified cell-surface molecule belonging to
the family of glycosylphosphatidylinositol (GPI)–anchored
glycoproteins [12]. CD109 has been demonstrated to
influence cell proliferation and differentiation mostly by
inhibiting transforming growth factor-β (TGF-β) signal-
ing [13,14]. In addition, it has been implicated in the
Janus kinase–signal transducer and activator of transcrip-
tion (JAK-STAT) and epidermal growth factor receptor
(EGFR) pathways [15]. Accumulating data indicate that
CD109 participates in the pathogenesis of multiple malig-
nancies [16]. The overexpression of CD109 has been docu-
mented in multiple tumor cell lines and diverse solid tumor
tissues, indicating its potential as a diagnostic biomarker
and a candidate for therapeutic targeting [17]. However,
the precise biological roles of CD109 in gastric adenocar-
cinoma and the mechanisms by which it facilitates tumor
progression are still mainly ambiguous and necessitate thor-
ough investigation through integrated bioinformatics and
experimental research.

This study integrates analyses of public databases,
clinical specimen assessments, and in vitro functional as-
says to systematically elucidate the contribution of CD109
in STAD. Our findings elucidate the role of CD109 in the
evolution of STAD, define its prognostic relevance, and dis-
close its correlationwith the formation of an immunological
tumor microenvironment.

2. Materials and Methods
2.1 Acquisition and Analysis of STAD Transcriptomic Data

RNA-sequencing data and corresponding clinical in-
formation for STAD and matched normal gastric tissues
were acquired from The Cancer Genome Atlas (TCGA)
portal (https://portal.gdc.cancer.gov/) and Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/g
eo/) [18]. Normal samples were obtained from the GTEx
project (stomach, n = 391). The expression matrix was
processed and normalized, and CD109 expression profiles
were extracted and analyzed using the “limma” (version
3.69.2) package in R. The limma package was developed
and maintained by Gordon Smyth at the Walter and Eliza
Hall Institute of Medical Research (WEHI), Parkville, Vic-
toria, Australia. The package is part of the Bioconductor
project. The differential gene expression for CD109 be-
tween tumor and non-tumor specimens was assessed, and
theWilcoxon rank-sum test was utilized to compare expres-
sion levels in STAD and normal stomach tissues.

2.2 Single-Cell RNA Sequencing Data Analysis
Single-cell RNA sequencing (scRNA-seq) data from

gastric cancer tissues were obtained from the Gene Expres-
sion Omnibus (GEO) database (GSE134520). Data pre-
processing and quality control were performed according
to standard procedures. The scRNA-seq data were pro-
cessed and analyzed using the R software package “Seu-
rat”. First, cells were quality filtered based on the fol-
lowing criteria: (a) the number of genes detected per cell
(nFeature_RNA) was greater than 200 and less than 5000;
(b) the percentage of mitochondrial genes (percent.mt) was
less than 20%; and (c) the UMI count per cell was greater
than 500. Low-quality cells and potential doublets were ex-
cluded based on the above criteria. After data filtering, the
expression matrix was standardized using the “LogNormal-
ize” method. Subsequently, linear dimensionality reduction
was performed using principal component analysis (PCA),
and the top 30 principal components were selected for sub-
sequent analysis. Based on the PCA results, cell clustering
was performed using the Louvain or Leiden algorithm op-
timized based on the shared nearest neighbor (SNN) mod-
ule. Cell type annotation referenced known cell typemarker
genes and was performed using SingleR or manual annota-
tionmethods. Differentially expressed genes were screened
using the “FindAllMarkers” function, with the selection cri-
teria being |log2FC| >0.25 and an adjusted p-value < 0.05.

2.3 Clinical Patients and Samples and
Immunohistochemistry (IHC) Staining

A total of 120 pairs of primary STAD tissues and their
corresponding adjacent non-tumorous gastric mucosa were
procured from individuals who received curative gastroin-
testinal surgery at the First Affiliated Hospital of Jinan Uni-
versity. The diagnosis of STAD was confirmed by postop-
erative histopathological examination. Individuals who had
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received any form of neoadjuvant treatment before surgery
were not included. Resected specimens were preserved in
paraformaldehyde, transformed into wax blocks, and sec-
tioned serially. Immunohistochemical detection of CD109
was carried out using a specific anti-CD109 antibody (Ab-
cam, Cat# ab318142, 1:5000) following routine IHC proce-
dures. Stained sections were digitally scanned, and CD109
expression was measured semi-quantitatively according to
staining intensity and the percentage of positive cells.

2.4 Cell Culture, Transfection and PI3K Agonist Treatment
Human gastric tumor cell lines (HGC27, AGS,

MKN45, MKN7) and immortalized gastric epithelial cells
(GES1) were sourced from the Cell Bank of Type Culture
Collection of the Shanghai Institute of Biochemistry and
Cell Biology, Chinese Academy of Sciences (Shanghai,
China). All cell lines (MKN7, HGC27, AGS, MKN45 and
GES1) were cultured in RPMI-1640 medium supplemented
with 10% FBS and 1% penicillin–streptomycin at 37 °C
in a humidified atmosphere containing 5% CO2. All
cell lines were cultured under standardized conditions in
accordance with the providers’ guidelines. All cell lines
were validated by short tandem repeat (STR) profiling
and tested negative for mycoplasma. MKN7 and HGC27
cells were cultured in 6-well plates until they attained
the requisite confluence for functional tests. The shRNA
plasmids targeting CD109 and negative control empty
plasmids were purchased from Tianjun Biotechnology
(Guangzhou, Guangdong, China). After knockdown
efficiency verification, shCD109 plasmid #2 was selected
for subsequent experiments (Supplementary Fig. 1).
The sequences were listed as follows: shCD109 (target
sequence, 5′→3′): GCCGATCCTTACATAGATATT;
shControl (non-targeting negative control sequence,
5′→3′): CCGGCCTAAGGTTAAGTCGCCCTCGCTC-
GAGCGAGGGCGACTTAACCTTAGGTTTTTG.

Lentiviruses packaged with shCD109 or shControl
were separately infected into MKN7 and HGC27 cells, fol-
lowed by puromycin screening to establish stable CD109-
knockdown cell lines and corresponding control cell lines.
Upon successful construction of stable cell strains, to-
tal RNA and cellular protein were extracted to detect the
mRNA and protein expression levels of CD109 for verifi-
cation of knockdown efficiency.

The PI3K agonist 740Y-P was purchased from
MeilunBio (MeilunBio, Cat# MB4505, Dalian, China) and
dissolved in sterile water to prepare a stock solution. For
rescue experiments, cells were pretreated with the indicated
treatments and then incubated with 740Y-P at a final con-
centration of 20 μM in complete culture medium for 24 h
at 37 °C in a humidified atmosphere containing 5% CO2.
Control cells received an equal volume of vehicle (sterile
water or DMSO). Following treatment, cells were harvested
for subsequent assays.

2.5 Colony Formation Assay, Transwell Assays and Cell
Viability Assay

For colony formation, cells were harvested 24–48 hs
after transfection, resuspended to achieve a single-cell so-
lution, and plated evenly into 6-well plates at equal seed-
ing densities. After incubation until visible colonies (ap-
proximately ≥50 cells per colony) had developed, cells
were fixed using 4% paraformaldehyde (Servicebio, Cat#
G1101, Wuhan, China) and subsequently stained with 0.1%
crystal violet (Servicebio, Cat# G1014, Wuhan, China).
The colonies were subsequently photographed and quanti-
fied.

The migratory and invasive abilities of cells were
assessed using Transwell chambers. For migration tests,
transfected cells were seeded into the upper chambers us-
ing serum-free media. For invasion assays, the top sur-
faces of the membranes were pre-coated with Matrigel ap-
proximately 24 h prior. Following a suitable incubation
period, cells that had penetrated the barrier were fixed by
paraformaldehyde, stained with crystal violet, and pho-
tographed for quantitative cell enumeration.

Cell viability was assessed using the Cell Count-
ing Kit-8 (CCK-8) assay (Servicebio, Cat# G4103,
Wuhan, China) according to the manufacturer‘s instruc-
tions. Briefly, cells in the logarithmic growth phase were
seeded into 96-well plates at a density of 1 × 103 – 5 × 103
cells per well in 100 µL of complete culture medium and
allowed to adhere overnight at 37 °C in a humidified atmo-
sphere containing 5% CO2. Following the indicated treat-
ments, 10 µL of CCK-8 reagent was added to each well,
and the plates were incubated at 37 °C for 2 h (protected
from light). The absorbance was measured at 450 nm using
a microplate reader. Cell viability was calculated as: Cell
viability (%) = [(As − Ab) / (Ac − Ab)] × 100, where As,
Ac, and Ab represent the absorbance values of the sample,
control, and blank (medium only) wells, respectively.

2.6 Assessment of Immunological Cell Infiltration and
Functional Enrichment

The correlation between CD109 expression and the
quantity of tumor-infiltrating immune cells was assessed
utilizing the TISIDB database (https://cis.hku.hk/TISIDB/)
[19] and the CIBERSORT deconvolution technique [20].
To clarify the putative biological functions and signaling
pathways related to CD109, functional enrichment analy-
ses were performed utilizing Gene Ontology (GO) terms
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways [21,22].

2.7 Western Blot and RT-qPCR

Total cellular protein was extracted for Western blot-
ting using radioimmunoprecipitation assay (RIPA) lysis
buffer and quantified via the bicinchoninic acid (BCA)
assay. Identical quantities of protein were resolved by
SDS-PAGE and subsequently transferred to polyvinyli-
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Table 1. The clinicopathological characteristics related to CD109 expression in clinical sample of 120 STAD patients.
Variable No. of patients CD109 (High) CD109 (Low) p-value

Gender 0.152
Male 66 38 28
Female 54 24 30

Age (years) 0.545
<60 32 18 14
≥60 88 44 44

Tumor size (cm) 0.213
<5 53 24 29
≥5 67 38 29

Differentiation degree 0.011
Well- moderately differentiated 48 18 30
Poorly differentiated 72 44 28

TNM stage 0.018
I–II 45 17 28
III–IV 75 45 30

Table 2. Univariate and multivariate Cox proportional hazards model showing variables that affect overall survival in STAD
patients (n = 120).

Variable
Univariate analysis

HR (95% CI)
p-value

Multivariate analysis
HR (95% CI)

p-value

Age 1.35 (1.06–1.94) 0.03 1.23 (0.84–1.56) 0.14
Gender 0.88 (0.54–1.28) 0.73 0.97 (0.76–1.47) 0.59
Stage 1.86 (1.28–2.24) 0.02 1.57 (1.15–1.96) 0.03
T 1.22 (1.01–1.78) 0.04 1.18 (1.09–1.56) 0.04
N 1.15 (1.02–1.83) 0.04 1.13 (1.04–1.72) 0.04
M 1.45 (1.14–1.97) 0.03 1.33 (1.08–1.74) 0.04
CD109 1.69 (1.26–2.03) 0.01 1.58 (1.13–1.88) 0.02

dene difluoride (PVDF) membranes. Subsequent to block-
ing, membranes were treated with primary antibodies tar-
geting CD109, epithelial-mesenchymal transition (EMT)
markers (N-cadherin, E-cadherin, Vimentin), and compo-
nents of the PI3K/AKT pathway (p-PI3K, PI3K, p-AKT,
AKT), utilizing GAPDH as a loading control. After in-
cubation with HRP-conjugated secondary antibodies, pro-
tein bands were detected using an enhanced chemilumines-
cence (ECL) method. Anti-GAPDH (Abcam, Cat# ab8245,
1:10,000), anti-CD109 (Abcam, Cat# ab318142, 1:1000),
anti-N-cadherin (Abcam, Cat# ab76011, 1:5000), anti-E-
cadherin (Abcam, Cat# ab40772, 1:5000), anti-Vimentin
(Abcam, Cat# ab92547, 1:5000), Anti-PI3K (Abcam, Cat#
ab302958, 1:1000), anti-p-PI3K (Abcam, Cat# ab138364,
1:1000), anti-AKT (Abcam, Cat# ab8805, 1:2000) and anti-
P-AKT (Abcam, Cat# ab38449, 1:1000) antibodies were
purchased from Abcam (Cambridge, MA, USA). The sec-
ondary antibody (CST, Cat# 7076, 1:3000; CST, Cat# 7074,
1:3000) were purchased from Cell Signaling Technology
(Danvers, MA, USA).

Total RNA for RT-qPCR was extracted using TRIzol
reagent (Servicebio, Cat# G3013, Wuhan, China), and its
concentration and purity were evaluated with a NanoDrop

spectrophotometer (ND-ONE-W, Thermo Fisher Scientific,
Waltham, MA, USA). cDNA was generated from pure
RNA utilizing a reverse transcription kit (SMOBiO, Cat#
RP1300, Beijing, China). Subsequently, quantitative PCR
was conducted utilizing SYBR Green PCR Master Mix
(Servicebio, Cat# G3328, Wuhan, China) on a real-time
PCR apparatus. Relative mRNA expression levels were de-
termined using the 2−ΔΔCt technique, using GAPDH as the
housekeeping gene.

2.8 Statistical Analysis

Statistical analyses were conducted with GraphPad
Prism software (version 8.0, San Diego, CA, USA). Sur-
vival curves were constructed utilizing the Kaplan-Meier
method, and intergroup differences were evaluated using
the log-rank test. Univariate and multivariate Cox propor-
tional hazards regression models were utilized to ascertain
independent prognostic variables. Comparisons between
the two groups were performed using Student’s t-test for
normally distributed data or the Mann–Whitney U test for
non-normally distributed data. For the clinicopathological
characteristics in Table 1, categorical variables were com-
pared between CD109-high and CD109-low groups using
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Fig. 1. Analysis of the expression level of CD109 and its association with prognosis in STAD. (A) The transcriptional profiles of
CD109 across pan-cancer tissues. (B) Differential expression analysis of CD109 between STAD tissues and normal gastric epithelia
(TCGA). (C) Comparative transcriptional analysis of CD109 in STAD versus matched normal gastric epithelia (GEO). (D) Single-cell
sequencing cell classification results. (E) CD109 expression in different cells. (F) Kaplan-Meier survival analysis correlating CD109
expression levels with DFS in STAD patients (TCGA). (G) Kaplan-Meier survival analysis correlating CD109 expression levels with OS
in STAD patients (TCGA). (H) Kaplan-Meier survival analysis correlatingCD109 expression levels with PFS in STAD patients (TCGA).
(I) The expression of CD109 in gastric cancer tissue samples and matched normal tissues was analyzed by immunohistochemistry. Scale
bar = 100 μm. (J) The blue and red dots are the immunohistochemistry scores of the tissue, and the lines between the two dots correspond
to gastric cancer and paired normal tissue. (K) Kaplan-Meier survival plots delineating outcomes for STAD patients stratified by high
versus low CD109 expression. (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). STAD, stomach adenocarcinoma; DFS,
disease-free survival; OS, overall survival; PFS, progression-free survival.

the Pearson chi-square test. All in vitro studies were con-
ducted in duplicate and independently repeated a minimum
of three times. A p-value less than 0.05 was deemed statis-
tically significant.

3. Results
3.1 Elevated CD109 Expression Correlates With Adverse
Outcomes in STAD Patients

Considering the documented deregulation of CD109
in many malignancies, we initially investigated its expres-
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Fig. 2. Association of CD109 expression with clinicopathological features in STAD (combined TCGA-STAD and GEO cohorts).
(A) Age (years). (B) Gender. (C) G stage. (D) T stage. (E) Lymph node status. (F) M stage. (ns p > 0.05, * p < 0.05; ** p < 0.01; ****
p < 0.0001). The cohort analyzed in Fig. 2 is independent of the 120-patient clinical cohort presented in Table 1 and Table 2.

sion profile in STAD. Pan-cancer examination of TCGA
datasets demonstrated dramatically increased CD109
mRNA levels in various cancer types, including breast
cancer, cholangiocarcinoma, colorectal cancer, and par-
ticularly STAD, in comparison to adjacent normal tissues
(Fig. 1A). Within the STAD cohort, CD109 expression was
significantly elevated in tumor tissues compared to normal
stomach tissues (Fig. 1B). Consistently, transcriptomic
data retrieved from the GEO dataset (GSE27342) further
validated that CD109 transcription was significantly
elevated in STAD specimens (Fig. 1C). Single-cell RNA
sequencing (GEO: GSE134520) findings indicated that
CD109 was mostly expressed by malignant epithelial cells
within the STAD microenvironment (Fig. 1D,E). Survival
analysis utilizing public datasets (TCGA-STAD) indicated
that individuals with elevated intratumoral CD109 expres-
sion experienced markedly reduced disease-free survival
(DFS), overall survival (OS), and progression-free survival
(PFS) compared to those with diminished CD109 expres-
sion (Fig. 1F–H). Clinicopathological correlation analyses
indicated that CD109 levels were associated with tumor
differentiation grade and T stage, among other parameters
(Fig. 2A–F, Table 1). Additionally, both univariate and
multivariate Cox regression analyses conducted on 120
patients with STAD identified TNM stage and CD109
expression levels as independent prognostic factors for
patient outcomes (Table 2). To validate these findings, we
performed immunohistochemical staining for CD109 in
a cohort of 120 paired STAD and adjacent non-tumorous

tissues. CD109 positivity was far more pronounced in
STAD tissues compared to neighboring normal mucosa
(Fig. 1I,J). In accordance with the public database
findings, Kaplan-Meier analysis utilizing IHC ratings
indicated that elevated CD109 expression correlated with
much worse prognosis (Fig. 1K). Collectively, our data
demonstrate that CD109 is commonly elevated in STAD
and is significantly correlated with adverse clinical results.

3.2 CD109 Downregulation Inhibits STAD Cell
Proliferation, Invasion, and Migration

To elucidate the practical function of CD109 in STAD,
a series of in vitro functional assays were conducted.
CD109 expression was initially assessed in various STAD
cell lines and in normal gastric epithelial GES1 cells. Both
CD109 protein and mRNA levels were markedly elevated
in most cancer cell lines, with particularly high expression
observed in HGC27 and MKN7 cells (Fig. 3A). Cell lines
with high CD109 expression are more suitable for knock-
down experiments to observe changes in functional pheno-
type. Consequently, these two cell types were chosen for
subsequent shRNA-mediated CD109 knockdown, resulting
in effective suppression of CD109 at the mRNA and protein
levels (Fig. 3B). CD109 knockdown markedly attenuated
the malignant characteristics of STAD cells. CCK-8 and
colony formation assays revealed a pronounced reduction in
cell proliferation and clonogenic capacity following CD109
knockdown (Fig. 3C,D). Furthermore, Transwell migra-
tion and invasion experiments revealed that the silencing of
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Fig. 3. CD109 regulates the proliferation, invasion, and migration abilities of STAD. (A) Comparison of mRNA (upper panel)
and protein levels (lower panel) of CD109 in STAD cell lines (MKN7, MKN45, HGC27, and AGS) and normal gastric epithelial cells
(GES1). Data are mean ± SD; n = 3; t test. (B) The CD109 knockdown STAD cell line was constructed and verified by RT-qPCR and
western blot. Mean ± SD; n = 3; t test. (C) The effect of CD109 knockdown on the proliferation of STAD cells was analyzed by CCK-8
assay. Data are mean ± SD; n = 3; two-way ANOVA followed by Bonferroni’s post hoc test. (D) Implementation of colony formation
assays to quantify the influence of CD109 silencing on STAD cell proliferation. Data are mean ± SD; n = 3; t test. (E) Transwell assay
was used to analyze the effects of CD109 knockdown on migration ability of STAD cells. Scale bar = 100 μm. Data are mean ± SD; n
= 3; t test. (F) Transwell assay was used to analyze the effects of CD109 knockdown on invasion ability of STAD cells. Scale bar = 100
μm. Data are mean ± SD; n = 3; t test. (* p < 0.05; ** p < 0.01).

CD109 significantly decreased the migratory and invasive
capacities of HGC27 and MKN7 cells (Fig. 3E,F). These
data collectively show that CD109 enhances the prolifera-
tive, migratory, and invasive characteristics of STAD cells,
affirming its function as an oncogenic driver in STAD.

3.3 CD109 Regulates the Progression of STAD via the
PI3K/AKT Signaling Pathway

Having established the tumor-promoting function of
CD109, we next explored the underlying molecular mech-
anisms. Gene set enrichment analysis (GSEA) of STAD
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Fig. 4. CD109 regulates EMT capacity and activation of the PI3K/AKT signaling pathway in STAD. (A) Functional enrichment
analysis suggests that CD109 may be involved in the regulation of the KRAS signaling pathway in STAD. (B) Functional enrichment
analysis suggests that CD109 may be involved in the regulation of the inflammatory response signaling pathway in STAD. (C) Functional
enrichment analysis suggests that CD109 may be involved in the regulation of the epithelial-mesenchymal transition (EMT) signaling
pathway in STAD. (D) Relationship between CD109 expression and inflammatory response as well as EMT markers. (E,F) Utilization
of western blotting to examine the impact of CD109 knockdown on the expression of EMT-marker proteins in STAD cells. Data are
mean ± SD; n = 3; t test. (G) Utilizing KEGG analysis to investigate the role of CD109 in STAD. (H,I) Western blot was used to analyze
the effect of CD109 knocked down on PI3K/AKT pathway. Data are mean ± SD; n = 3; t test. (* p < 0.05; ** p < 0.01). KRAS, Kirsten
Rat Sarcoma Viral Oncogene Homolog ; KEGG, Kyoto Encyclopedia of Genes and Genomes.

patient samples stratified by CD109 expression revealed
significant enrichment of several cancer-related hallmark
pathways in the CD109-high group, including “KRAS
signaling up”, “inflammatory response” and “epithelial-
mesenchymal transition (EMT)” (Fig. 4A–C). Consis-

tently, correlation analyses in the TCGA-STAD cohort
showed that CD109 mRNA levels were positively asso-
ciated with canonical inflammatory response genes and
EMT markers (Fig. 4D). These bioinformatics findings
were supported by in vitro experiments. Western blotting
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Fig. 5. The PI3K agonist 740Y-P restored the proliferation, invasion, and migration of STAD cells suppressed by CD109 down-
regulation. (A) Western blotting was used to analyze the effects of CD109 knockdown and PI3K activation on the PI3K/AKT pathway
in MKN7 cells. Data are mean ± SD; n = 3; one-way ANOVA followed by Tukey’s post hoc test. (B) Western blotting was used to
analyze the effects of CD109 knockdown and PI3K activation on the PI3K/AKT pathway in HGC27 cells. Data are mean ± SD; n = 3;
one-way ANOVA followed by Tukey’s post hoc test. (C) The effect of CD109 knockdown and PI3K activation on the proliferation of
STAD cells was analyzed by CCK-8 assay. Data are mean ± SD; n = 3; two-way ANOVA followed by Bonferroni’s post hoc test. (D)
Implementation of colony formation assays to quantify the influence of CD109 silencing and PI3K activation on STAD cell proliferation.
Data are mean ± SD; n = 3; one-way ANOVA followed by Tukey’s post hoc test. (E) Transwell assay was used to analyze the effects of
CD109 knockdown and PI3K activation on migration ability of STAD cells. Scale bar = 100 μm. Data are mean ± SD; n = 3; one-way
ANOVA followed by Tukey’s post hoc test. (F) Transwell assay was used to analyze the effects of CD109 knockdown and PI3K activa-
tion on invasion ability of STAD cells. Scale bar = 100 μm. Data are mean ± SD; n = 3; one-way ANOVA followed by Tukey’s post hoc
test. (* p < 0.05; ** p < 0.01).
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revealed that CD109 knockdown in HGC27 and MKN7
cells reduced the expression of mesenchymal proteins (N-
cadherin, Vimentin) while elevating the epithelial proteins
E-cadherin, demonstrating the inhibition of EMT (Fig.
4E,F). KEGG pathway analysis found the “PI3K/AKT sig-
naling pathway” as a key pathway associated with CD109
(Fig. 4G). Considering the pivotal function of PI3K/AKT
in modulating cell survival, proliferation, EMT, we postu-
lated that CD109 could influence its carcinogenic effects
through this route. Consistent with this, Western blot analy-
sis showed that CD109 knockdown significantly decreased
the phosphorylation levels of PI3K and AKT, while retain-
ing their total protein levels unchanged (Fig. 4H,I). These
findings suggest that CD109 is associated with the regula-
tion of PI3K/AKT pathway activity.

3.4 Activation of PI3K/AKT Pathway Restored the
Malignant Phenotype of STAD Suppressed by CD109
Downregulation

To further demonstrate the causal relationship of the
PI3K/AKTpathway in the CD109-mediatedmalignant phe-
notype of STAD, we performed a rescue experiment using
the PI3K agonist 740Y-P. First, we knocked down CD109
gene expression in MKN7 and HGC27 cells using shRNA,
followed by treatment with the PI3K agonist 740Y-P (20
μM, STAD cells incubated for 24 h). The results showed
that the levels of PI3K/AKT phosphorylated proteins were
effectively suppressed in the knockdown group, while the
expression of these proteins was restored in the 740Y-P
group (Fig. 5A,B). Next, we performed CCK-8 and colony
formation assays, which showed that CD109 knockdown
significantly reduced cell proliferation and colony forma-
tion capabilities, but the PI3K agonist restored these weak-
ened capabilities (Fig. 5C,D). Finally, Transwell migra-
tion and invasion assays showed that 740Y-P also restored
the significantly reduced tumor cell migration and inva-
sion capabilities caused by CD109 silencing (Fig. 5E,F).
These data collectively demonstrate the crucial role of the
PI3K/AKTpathway in the CD109-mediatedmalignant phe-
notype of STAD.

3.5 CD109 Performs an Important Function in
Modulating Infiltration of Immune Cells and
Immunological Checkpoints in STAD

Previous data indicate that CD109 may modulate in-
flammatory responses and affect immunological status in
STAD. To elucidate its immunological function, we initially
examined the correlation between CD109 expression and
immune cell infiltration. Analysis of the TISIDB database
revealed a negative correlation between CD109 expression
and CD8+ T cells as well as activated CD4+ T cells, while
a positive correlation was observed with NKT cells (Fig.
6A–C). CIBERSORT analysis revealed that CD109 expres-
sion had a negative correlation with CD8+ T cells and M1
macrophages, while indicating a positive correlation with
M2 macrophages (Fig. 6D–F). To corroborate these re-

sults at the tissue level, patients were classified into high
and low CD109 expression groups according to the median
CD109 mRNA level. CD8+ T cells and M2 macrophages
were identified by IHC staining for CD8 and CD206, re-
spectively. In accordance with the computational analysis,
tumors exhibiting elevated CD109 expression showed re-
ducedCD8+ T-cell infiltration and elevatedM2macrophage
infiltration (Fig. 6G), indicating an association between
CD109 and an immunosuppressive tumor microenviron-
ment.

Because our enrichment analyses implicated CD109
in inflammatory responses, we further assessed its rela-
tionship with immune regulatory molecules. TCGA-STAD
data indicated that CD109 expression exhibited a posi-
tive correlation with various immunosuppressive check-
points, including LAG3 and PDCD1LG2 (PD-L2), but neg-
atively correlated with immunostimulatory molecules such
as ENTPD1 (CD39) and LTA (Fig. 7A). We next examined
broader immunological features. Patients exhibiting ele-
vated CD109 expression showed significantly elevated tu-
mor microenvironment (TME) ratings, encompassing stro-
mal, immunological, and ESTIMATE scores (Fig. 7B), but
exhibited lower tumor mutational burden (TMB) (Fig. 7C).
Immunophenoscore (IPS) analysis, which predicts respon-
siveness to immune checkpoint blockade, indicated that in-
dividuals with reduced CD109 levels exhibited higher IPS
values irrespective of PD-1 or CTLA-4 status (Fig. 7D–G).

These data indicate that CD109 is intricately associ-
ated with immune cell composition, fostering an immuno-
suppressive environment marked by diminished CD8+ T-
cell presence and elevated M2 macrophage infiltration,
and correlates with immune checkpoint expression and
immunotherapy-related scores, thereby positioning CD109
as a potential modulator of antitumor immunity and im-
mune checkpoint regulation in STAD.

4. Discussion
STAD is frequently detected at most severe stage and

is associated with dismal outcomes, highlighting the press-
ing need for dependable biomarkers and novel therapeu-
tic targets [23,24]. CD109, a glycosylphosphatidylinositol-
anchored surface glycoprotein, participates in multiple as-
pects of cellular regulation. It has been reported to facilitate
tumorigenesis in several malignancies, include oral squa-
mous cell cancer, malignant tumors, prostate carcinoma,
and ovarian tumors [25,26,27,28]. Despite the documented
correlation between elevated CD109 expression and ad-
verse prognosis in STAD, the underlying processes remain
inadequately elucidated.

In the present work, we systematically demonstrate
the pro-tumorigenic function of CD109 in STAD. CD109
was significantly increased in both the transcript and pro-
tein levels in malignant tissues relative to adjacent non-
tumorous gastric mucosa. Notably, sporadically stronger
CD109 staining was also observed in a subset of nor-
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Fig. 6. The expression level of CD109 influences the immune cell infiltration abundance in STAD. (A–C) The TISIDB database
was used to analyze the relationship between CD109 levels and the infiltration abundance of various immune cells. (D–F) CIBERSORT
algorithm was used to evaluate the association of CD109 with diverse immune cells. (G) Immunohistochemistry was utilized to analyze
the relationship between CD109 expression levels and the infiltration of CD8+ T cells and M2 macrophages in STAD tissues. Scale bar
= 100 μm. Data are mean ± SD; n = 30 for CD109_low_Exp group and n = 30 for CD109_high_Exp group; t test. (* p < 0.05).

mal gastric glands, a pattern that could likewise be de-
tected in certain paired samples from public cohorts. This
phenomenon may reflect context-dependent regulation of
CD109 and the substantial heterogeneity of gastric epithe-
lium and gastric cancers, where individual genes may exert

distinct or even contrasting roles in different cellular set-
tings. Significantly, investigations of public databases and
our clinical cohort repeatedly demonstrated that elevated
CD109 expression is highly correlated with decreased over-
all survival in individuals with STAD.
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Fig. 7. The expression of immune checkpoint molecules is closely associated with the level of CD109. (A) Correlation analysis
of CD109 with the expression levels of immune inhibitor and immune stimulator. (B) Correlation analysis between CD109 expression
levels and TME score. (C) Analysis of the correlation between CD109 expression levels and TMB in STAD. (D) Patients with low
CD109 expression have higher IPS scores when both CTLA4 and PD1 are positive. (E) Patients with low CD109 expression levels have
higher IPS scores when CTLA4 is positive and PD1 is negative. (F) Patients with low CD109 expression exhibit higher IPS scores when
CTLA4 is negative and PD1 is positive. (G) Patients with low CD109 expression attain higher IPS scores when both CTLA4 and PD1
are negative. (* p < 0.05; *** p < 0.001).
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Although TNM classification remains the standard
tool for prognostic assessment in STAD, our univariate Cox
analysis identified CD109 expression, together with age
and T/N/M stages, as significant prognostic variables. In
multivariate Cox regression analysis, both CD109 expres-
sion and TNM-related variables (T, N, and M categories)
remained statistically significant, indicating that CD109 ex-
pression is an independent prognostic factor in addition to
conventional TNM staging in this cohort. However, be-
cause of relatively small sample size and individual-center
design of the present investigation, necessitating validation
in larger, multi-center cohorts.

GSEA indicated that increased CD109 expression cor-
relates with the enrichment of EMT signatures. EMT is piv-
otal processes driving metastatic dissemination and tumor
maintenance. Consistently, in vitro assays showed that si-
lencing CD109 partially reversed EMT-associated marker
changes and impaired the migratory and invasive capabil-
ity of STAD cells. Subsequent pathway analysis revealed
that signaling pathways such as PI3K/AKT are key down-
stream effectors. The PI3K/AKT pathway is one of the
core oncogenic pathways regulating cell survival, prolifer-
ation, EMT. In gastric cancer, its abnormal activation has
been widely confirmed to drive malignant tumor progres-
sion [29,30]. KEGG analysis showed that the PI3K/AKT
pathway was significantly enriched in the CD109 high-
expression group, and this pathway has a clear biological
association with known TGF-β and JAK-STAT signaling
crosstalk of CD109 [31,32]. As a central transducer of
the phosphoinositide 3-kinase (PI3K) signaling axis, Akt
regulates key cellular processes such as growth, prolifera-
tion, apoptosis, survival, and migration in both normal and
cancer cells, and its dysregulation is a hallmark of many
malignancies [33]. Although the cytoskeleton regulation
and ligand-receptor interaction pathways were enriched at
a high rate, their direct evidence in CD109-mediated tumor
progression was relatively limited. Therefore, we chose
the PI3K/AKT pathway, which has a clearer mechanism
and stronger verifiability, as the priority for validation.
The decrease in PI3K and AKT phosphorylation following
CD109 knockdown, together with the well-established role
of PI3K/AKT signaling in controlling EMT and tumor pro-
gression, supports a working model in which CD109 pro-
motes an aggressive STAD phenotype through modulation
of the PI3K/AKT axis. A key limitation is that the origin
of this regulatory mechanism remains unclear, and future
studies are needed to elucidate it.

Beyond its cell-intrinsic effects, our data suggest that
CD109 also contributes to shaping the immune microenvi-
ronment of STAD. We observed an inverse correlation be-
tween CD109 expression and infiltration of cytotoxic CD8+
T cells—the principal mediators of anti-tumor immunity—
and a positive correlation with M2-polarized macrophages,
which are widely recognized for their roles in tumor promo-
tion and immunosuppression [34,35]. These bioinformatic

findings were corroborated by IHC analysis in patient spec-
imens. Moreover, the strong associations between CD109
and multiple immune checkpoint molecules raise the possi-
bility that CD109 may modulate responsiveness to immune
checkpoint inhibitors (ICIs). Themolecularmechanisms by
which CD109 affects immune-cell recruitment, functional
polarization, and checkpoint regulation, however, remain
to be elucidated and constitute an important focus for sub-
sequent research.

5. Limitations
This work offers new insights into the oncogenic func-

tion of CD109 in stomach adenocarcinoma (STAD), al-
though numerous limitations must be recognized when in-
terpreting our results.

Initially, all functional investigations were performed
solely in vitro with gastric cancer cell lines. While our
findings consistently indicate that CD109 knockdown in-
hibits proliferation, migration, invasion, and EMT in vitro,
the lack of in vivo animal models—such as xenograft,
orthotopic, or immunocompetent tumor models—restricts
our capacity to confirm the tumor-promoting and immune-
modulatory roles of CD109 in a physiological setting.
Thus, the translational significance of our findings on tu-
mor growth and metastasis in living creatures has yet to be
determined.

The clinical dataset employed for prognostic analysis
is confined to 120 patients from a single institution, and
the prognostic significance of CD109 has not been corrob-
orated in independent public cohorts, including those from
GEO or ACRG. Consequently, larger multi-center prospec-
tive cohorts are necessary to validate the generalizability of
our results.

Notwithstanding these constraints, our research offers
a thorough and comprehensive analysis of CD109 in STAD,
integrating bioinformatics, clinical tissue validation, and
functional tests. The aforementioned limitations do not di-
minish the primary conclusions but instead emphasize sig-
nificant avenues for future research.

6. Conclusion
In summary, this study systematically integrates

TCGA big data analysis, single-cell sequencing data min-
ing, clinical tissue validation, and in vitro functional tests,
thoroughly elucidating the expression characteristics, prog-
nostic significance, and functional mechanisms of CD109
in STAD. Studies have shown that CD109 knockdown re-
duces p-PI3K and p-AKT levels, whereas the PI3K ago-
nist 740Y-P partially restores these phosphorylation lev-
els. These results support a role for CD109 in regulating
PI3K/AKT pathway activity. This study systematically elu-
cidates the correlation between CD109 expression and the
reduction of CD8+ T cell infiltration, the augmentation of
M2 macrophage infiltration, and the expression of immune
checkpoint molecules within the STAD immune microen-
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vironment, indicating that CD109 may function as a po-
tential biomarker for forecasting immunotherapy response.
Collectively, these findings support CD109 as both a clin-
ically relevant prognostic indicator and an attractive thera-
peutic target in STAD. Future investigations should aim to
dissect the precise mechanisms by which CD109 regulates
anti-tumor immunity and to assess CD109-directed inter-
ventions in appropriate preclinical models.
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