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Abstract: Gastric cancer (GC) remains a leading cause of cancer-related mortality worldwide, underscoring the 
urgent need for novel biomarkers and therapeutic targets. In this study, we analyzed APELA expression in GC us-
ing data from The Cancer Genome Atlas (TCGA), the Genotype-Tissue Expression (GTEx) project, and the Gene 
Expression Omnibus (GEO) database. Kaplan-Meier survival analysis and receiver operating characteristic (ROC) 
curve analysis were performed to assess its prognostic and diagnostic value, respectively. Gene Ontology (GO), 
Kyoto Encyclopedia of Genes and Genomes (KEGG), and gene set enrichment analysis (GSEA) were employed to 
identify associated pathways, while Spearman correlation analysis was used to explore the relationship between 
Apelin receptor early endogenous ligand (APELA) and epithelial mesenchymal transition (EMT). APELA and the G 
protein-coupled receptor APLNR (APJ) were further detected in clinical samples by quantitative reverse transcription 
PCR (qRT-PCR) and immunohistochemistry. Multiple in vitro assays and xenograft models were used to investigate 
the functional role of APELA. Our results demonstrated that APELA was markedly upregulated in GC tissues, with 
an area under the curve (AUC) of 0.911 for diagnosis, and that its high expression correlated with improved overall 
survival. Functional enrichment analyses indicated its involvement in the cell cycle, DNA repair, and EMT. APELA 
knockdown promoted GC cell proliferation, migration, and invasion, whereas its overexpression exerted the op-
posite effects. Mechanistically, APELA regulated p21 and inhibited EMT. Collectively, these findings identify APELA 
as a tumor suppressor in GC that inhibits cell proliferation via p21 and restrains EMT, highlighting its potential as a 
diagnostic biomarker, prognostic indicator, and therapeutic target for GC.
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Introduction

Gastric cancer (GC) remains a major global 
health burden and one of the leading causes of 
cancer-related mortality [1, 2]. Most patients 
are diagnosed at advanced stages, when cura-
tive intervention is no longer feasible. Current 
treatment modalities, including surgery, che-
motherapy, radiotherapy, and targeted therapy, 
show limited efficacy against metastatic GC, 
contributing to a poor overall prognosis [3, 4]. 
Despite continuous optimization of therapeu- 
tic regimens, high rates of recurrence and 
metastasis remain major clinical challenges. 
Consequently, novel biomarkers for early diag-

nosis and effective therapeutic targets are 
urgently needed to improve the clinical man-
agement of GC.

GC exhibits pronounced molecular heterogene-
ity, and aberrant signaling pathways drive the 
malignant phenotypes of cancer cells. Apelin 
receptor early endogenous ligand (APELA, also 
known as ELABELA) is a secreted peptide hor-
mone that serves as the endogenous ligand for 
the G protein-coupled receptor APLNR (APJ) [5]. 
The apelinergic system, comprising APELA, 
Apelin, and APLNR, regulates multiple physio-
logical processes, including cardiovascular 
development, fluid balance, and metabolism. 
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Under normal conditions, it also contributes to 
gastrointestinal mucosal protection and tissue 
repair [6-8]. Unlike the widely distributed Apelin, 
APELA exhibits restricted tissue expression. To 
date, its functions have been investigated in 
only five malignancies, where it primarily modu-
lates tumor cell proliferation [9-11]. However, 
the role of APELA in GC remains poorly defined. 
No systematic study has yet elucidated its 
expression patterns, clinical significance, bio-
logical functions, or regulatory mechanisms in 
GC, leaving a critical research gap.

This study integrated bioinformatics analysis 
with experimental validation to investigate the 
function of APELA in GC. Three mainstream 
public databases were used: The Cancer 
Genome Atlas (TCGA), the Genotype-Tissue 
Expression (GTEx) project, and the Gene 
Expression Omnibus (GEO, https://www.ncbi.
nlm.nih.gov/geo/). We first analyzed APELA 
expression in GC and normal gastric tissues 
and evaluated its diagnostic and prognostic 
value. Gene Ontology (GO), Kyoto Encyclopedia 
of Genes and Genomes (KEGG), and gene set 
enrichment analysis (GSEA) were performed to 
identify enriched signaling pathways, and cor-
relation analysis was conducted to explore the 
association between APELA and epithelial mes-
enchymal transition (EMT). We further detected 
the expression of APELA and APLNR in clinical 
GC specimens via quantitative reverse tran-
scription PCR (qRT-PCR) and immunohisto-
chemistry. A series of in vitro assays were con-
ducted to assess how APELA knockdown and 
overexpression affect cell proliferation, migra-
tion, invasion and EMT. A xenograft mouse 
model was also established to verify its biologi-
cal function in vivo.

In conclusion, this study systematically investi-
gated the expression, clinical significance, bio-
logical function, and molecular mechanism of 
APELA in GC. By integrating bioinformatics pre-
diction with experimental validation, we sought 
to determine whether APELA could serve as a 
reliable diagnostic biomarker, prognostic indi-
cator, and potential therapeutic target for GC. 
These findings may provide new theoretical 
support for targeted therapy in GC.

Materials and methods

Data collection and processing

The mRNA expression data for APELA in tumor 
samples and matched adjacent non-tumor 

samples were obtained from TCGA, which also 
provided the corresponding clinical data of 
patients with GC [12]. Normal tissue expres-
sion data were sourced from the GTEx project. 
In addition, two datasets, GSE66229 and 
GSE54129, retrieved from the GEO database, 
were included as validation cohorts. Transcripts 
per million reads (TPM) were computed from 
Level 3 HTSeq-FPKM data of GC patients to 
facilitate subsequent analysis using R software 
(version 4.2.1).

Expression analysis of APELA

Samples were stratified according to disease 
status as either tumor or normal tissue. APELA 
expression differences between GC and normal 
samples were visualized using scatter plots 
and boxplots. Paired samples from TCGA were 
retained for comparative analysis between 
tumor specimens and adjacent tissues. Based 
on the median expression level, GC patients 
were classified into APELA-low and APELA-high 
groups.

Diagnostic value analysis

The diagnostic utility of APELA in GC was 
assessed by receiver operating characteristic 
(ROC) curve analysis. ROC curves were con-
structed using the pROC package (version 
1.18.0) in the R statistical environment and 
visualized with the ggplot2 package (version 
3.4.3.4) [13]. The area under the curve (AUC) 
was interpreted as follows: an AUC between 0.5 
and 0.7 indicates low diagnostic accuracy, an 
AUC between 0.7 and 0.9 indicates good accu-
racy, and an AUC of 0.9 or higher denotes high 
diagnostic accuracy.

Survival rate analysis

Kaplan-Meier survival analysis with hazard 
ratios (HR) and log-rank P-values was per-
formed using the online KM-Plotter platform 
(http://kmplot.com/analysis/) [14]. Integrating 
data from TCGA, GEO (Affymetrix microarrays) 
and Genome-phenome Archive (GPA), this data-
base covers over 40,000 samples across 21 
cancer types, with clinical information for 
approximately 3.55 million patients including 
881 GC cases. We evaluated the association of 
APELA expression with overall survival (OS), 
progression-free survival (PFS), and post-pro-
gression survival (PPS) in GC using its mRNA 
microarray dataset.
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Differentially expressed genes (DEGs) identifi-
cation

Differential expression analysis comparing the 
APELA-High and APELA-Low GC groups was 
performed using DESeq2 (version 4.0) and 
Student’s t-test. Genes exhibiting an absolute 
log2 fold change (log2FC) > 1 and an adjusted 
P-value < 0.05 were deemed statistically sig-
nificant. To visualize all DEGs, volcano plots 
were constructed.

Functional enrichment analysis

We performed GO and KEGG enrichment analy-
ses on the top 152 DEGs (log2FC > 2.0, adjust-
ed P < 0.05) between APELA-High and APELA-
Low groups. The cutoffs were gene number 
5-5000, P < 0.05 and false discovery rate 
(FDR) < 0.25. GSEA was also applied, with sig-
nificant enrichment defined as |NES| > 1, 
adjusted P < 0.05 and FDR < 0.25.

Correlation analysis

To evaluate the association of APELA ex- 
pression with GC proliferation and EMT, the 
expression levels of key genes implicated in 
tumor proliferation and EMT were assessed in 
the APELA-High and APELA-Low GC cohorts. 
Spearman correlation analysis was performed, 
and a heatmap depicting single-gene co-
expression patterns was generated using an 
online platform (https://www.xiantaozi.com).

Reagents

MTT and DAPI were obtained from Beyotime 
(Shanghai, China). ML221 was purchased from 
MedChemExpress (Shanghai, China).

Cell lines and cell culture

Human GC cell lines (AGS, MKN-28, HGC-27, 
and MKN-45) and the normal gastric mucosal 
cell line GES-1 were obtained from Xiamen 
Immocell Biotechnology Co., Ltd. (Xiamen, 
China). The cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM; Vivacell) sup-
plemented with 10% fetal bovine serum (FBS; 
Vivacell) and 1% antibiotics (#C0222, Beyo- 
time). All cell lines were maintained at 37°C in a 
humidified atmosphere containing 5% CO2.

Cellular transfection

Cells seeded in 6-well plates were transfected 
with Lipo 6000 (#C0526, Beyotime) in Opti-

MEM (#31985-062, Gibco) according to the 
manufacturer’s instructions. APELA-specific 
shRNA, an APELA overexpression plasmid, and 
the corresponding control constructs were 
obtained from Shenzhen Baijing Biotechnology 
Co., Ltd. (Shenzhen, China). For stable transfec-
tion, transfected cells were subsequently 
selected with puromycin to establish stably 
transfected cell lines. All experiments were per-
formed in triplicate. The sh-APELA and CMV-
APELA sequences are listed in Table S1. The 
si-p21 sequences are listed in Table S2.

qRT-PCR assay

Total RNA was extracted using TRIzol reagent 
(#R401-01, Vazyme) according to the manufac-
turer’s instructions. cDNA was synthesized 
from mRNA using HiScript II RT SuperMix 
(#R323-01, Vazyme). qPCR analysis was per-
formed using ChamQ SYBR® Green qPCR Mix 
(#Q341-02, Vazyme), with GAPDH expression 
used for normalization. For quantitative real-
time PCR amplification, each reaction mixture 
was prepared in a total volume of 20 μL. The 
amplification mixture consisted of 10 μL of 2 × 
AceQ qPCR SYBR Green Master Mix, 0.5 μL of 
forward primer (10 μM), 0.5 μL of reverse prim-
er (10 μM), 4 μL of DEPC-treated water, and 5 
μL of cDNA template (diluted to an appropriate 
concentration). The master mix was first pre-
pared and then dispensed into each well of an 
8-tube strip at 15 μL per well, followed by the 
addition of 5 μL of cDNA sample to each well, 
reaching a final volume of 20 μL per reaction. 
After brief centrifugation using a benchtop 
microcentrifuge, the 8-tube strips were placed 
into a real-time PCR thermal cycler for amplifi-
cation. The thermal cycling conditions were as 
follows: initial denaturation at 95°C for 30 s, 
followed by 40 cycles of 95°C for 10 s and 
60°C for 30 s, with a final extension step [15]. 
All reactions were performed in triplicate, and 
relative gene expression was calculated using 
the 2-ΔΔCt method with GAPDH as the internal 
control. Primer sequences are listed in Table 
S3.

Immunohistochemistry

Immunohistochemistry was performed on gas-
tric tissues according to the manufacturer’s 
instructions (#FNAB00485, FineTest). The pro-
cedure included rehydration, deparaffinization, 
antigen retrieval, quenching of endogenous 
peroxidase activity, and blocking. The tissues 
were then incubated overnight at 4°C with the 
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primary antibody (#20341-1-AP, Proteintech, 
diluted 1:100), followed by incubation with a 
horseradish peroxidase-conjugated secondary 
antibody for 30 min at 37°C. APLNR expression 
was assessed using the Histochemistry Score 
(H-score) system. Briefly, the H-score was cal-
culated as follows: (1 × the proportion of faintly 
stained cells) + (2 × the proportion of moder-
ately stained cells) + (3 × the proportion of 
intensely stained cells) in the area of interest, 
yielding a final score ranging from 0 to 300. The 
proportion of cells at each intensity level was 
determined by counting at least five randomly 
selected high-power fields per section. The 
median H-score was used as the cutoff value  
to dichotomize patients into APLNR-low and 
APLNR-high expression groups. Any discrepan-
cies were resolved by consensus.

Colony formation assay

To evaluate the effect of APELA on the clono-
genic potential of GC cells, transfected cells 
were seeded in 6-well plates at a density of 
1,000 cells per well and incubated for 12 days. 
The resulting colonies were fixed with 4% para-
formaldehyde for 20 min and then stained with 
0.1% crystal violet for 15 min. Colonies were 
counted using ImageJ software.

EdU assay

DNA synthesis rates were assessed using the 
Click-iT EdU Imaging Kit (#A413, Vazyme) 
according to the manufacturer’s protocol. 
Briefly, cells were incubated with EdU for 2 h, 
fixed with 4% paraformaldehyde, permeabilized 
with 0.3% Triton X-100, and stained with 
Hoechst 33342. Images were acquired under  
a fluorescence microscope (Olympus, Japan) 
[15].

Western blot assay

Cells were rinsed with ice-cold PBS and lysed in 
RIPA buffer. Protein concentration was mea-
sured using a BCA assay (#P00091, Beyotime). 
Equal aliquots (25 μg) of denatured protein 
were separated by SDS-PAGE and transferred 
to PVDF membranes (#GVW2932A, Sigma). 
The membranes were blocked with 5% skim 
milk and then incubated with primary antibod-
ies overnight at 4°C. After washing with TBST, 
the blots were incubated with HRP-conjugated 
secondary antibodies for 2 h at room tempera-

ture. Protein signals were visualized using a 
Tanon chemiluminescence system and quanti-
fied with Image J. The primary and secondary 
antibodies used are listed in Table S4.

Wound-healing assay

Cells were seeded in 6-well plates and allowed 
to reach 100% confluence. A linear scratch was 
created using a pipette tip. The cells were then 
cultured for an additional 72 h. Wound closure 
was monitored under an inverted microscope 
at 0, 24, 48, and 72 h, and the distance 
between the wound edges was measured.

Migration and invasion assay

For the migration assay, 5 × 104 cells suspend-
ed in serum-free medium were seeded into the 
upper compartment of a 24-well Transwell 
chamber (8 µm pore size). For the invasion 
assay, cells were seeded onto inserts pre-coat-
ed with Matrigel (#356234, Corning). The lower 
chamber was filled with complete medium con-
taining 10% fetal bovine serum (FBS) as a che-
moattractant. After incubation for 48 h, cells 
that had not migrated or invaded on the upper 
side of the membrane were carefully removed 
with a cotton swab. The incubation time (48 h) 
was optimized in preliminary experiments, and 
no saturation of invaded cells was observed in 
the control groups at this time point. Cells that 
had successfully traversed to the lower surface 
were then fixed and stained with 0.1% (w/v) 
crystal violet solution for 20 min. Migrated or 
invaded cells were quantified by counting under 
a standard light microscope (Olympus, Japan).

High-content imaging system analysis

Cells were seeded in a 96-well plate at a den-
sity of 5 × 103 cells per well, incubated over-
night, and then cultured for an additional 12 h. 
The plate was subsequently placed into a 
PerkinElmer Operetta CLS high-content imag-
ing system (PerkinElmer, Waltham, MA, USA) 
and imaged for 10 h. Briefly, cell motility was 
monitored using a high-content imaging system 
with images captured at 10 min intervals over 
10 h. Cells were tracked using the built-in track-
ing algorithm, and only cells that remained with-
in the field of view throughout the recording 
were included in the analysis. A total of at least 
30 cells per group were tracked, and motility 
parameters including cumulative distance and 
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average velocity were quantified. These addi-
tions ensure that the experimental procedures 
and quantitative analysis are fully reproducible. 
Data acquisition and analysis were performed 
using Harmony 4.1 software.

Design of siRNA and transfection

Gene silencing of p21 was achieved by using 
small interfering RNA (siRNA). The p21 siRNA 
and control siRNA were purchased from Ge- 
nechem (Shanghai China). Transfection was 
performed using Lipofectamine 6000 transfec-
tion reagent (#C0526, Beyotime) according to 
the manufacturer’s instruction. Briefly, AGS-
CMV-APELA and MKN-45-CMV-APELA cells 
were transfected with a well-optimized siRNA 
mixture containing siRNA duplex, transfection 
reagent, and Opti-MEM-reduced serum media 
and then incubated for 24 h at 37°C. The trans-
fection efficiency was confirmed by Western 
blotting.

Tumor growth assays

BALB/c nude mice (female, 6-8 weeks old, 
weighing 18-20 g) were obtained from Hua- 
chuang Co., Ltd. (Jiangsu, China) and housed at 
the SPF-grade Laboratory Animal Center of 
Shenzhen Lingfu Top Biotechnology Co., Ltd. All 
animal procedures were approved by the 
Animal Care Committee of Shenzhen Lingfu 
Top Biotechnology Co., Ltd. (approval No. TOP-
IACUC-2024-0288). Animals were assigned to 
experimental groups using simple randomiza-
tion, with 5 mice per group (n = 5 per group). 
Human GC MKN-45 cells stably transfected 
with CMV-Vector, CMV-APELA, sh-Vector, or  
sh-APELA (1.0 × 107 cells/100 μL PBS) were 
injected subcutaneously into the left flank of 
BALB/c nude mice. Tumor volume and body 
weight were measured every 3 days. Tumor vol-
ume (mm3) was calculated using the formula: 
(length × width2)/2. After approximately 3 
weeks, the mice were euthanized, and the  
volume and weight of the xenograft tissues 
were measured. Mice were euthanized by  
cervical dislocation after intraperitoneal injec-
tion of pentobarbital sodium (100 mg/kg) for 
anesthesia. All analyses were performed in a 
blinded manner, such that the experimenters 
performing anatomical measurements and 
data analysis were unaware of the group 
assignments.

Statistical analysis

Data are expressed as mean ± standard devia-
tion (SD). All experiments were conducted in 
triplicate. Statistical analyses were performed 
using GraphPad Prism 10.0 or R software (ver-
sion 4.2.1). The paired t-test was used to com-
pare H-scores of immunohistochemical stain-
ing between GC tissues and matched adjacent 
non-tumor tissues from the same patients. 
Two-group comparisons of continuous vari-
ables were conducted using Student’s t-test 
(for normally distributed data) or the Mann-
Whitney U test (for non-normally distributed 
data). The χ2 test or Fisher’s exact test was 
used for categorical variables. For multiple-
group comparisons, one-way ANOVA with 
Tukey’s post hoc test was applied. For tumor 
growth curves, two-way repeated measures 
ANOVA with Bonferroni’s post hoc test was 
used. Normality was assessed using the 
Shapiro-Wilk test, and homogeneity of varianc-
es was assessed using Levene’s test; if these 
assumptions were violated, the Kruskal-Wallis 
test was used. For survival analysis, Kaplan-
Meier curves were compared using the two-
sided log-rank test, and multivariate analysis 
was performed using Cox proportional hazards 
models, with censored data handled according 
to standard methods. A P-value < 0.05 was 
considered statistically significant. Significance 
levels are indicated as follows: ns, not signifi-
cant; *P < 0.05; **P < 0.01; ***P < 0.001.

Results

Expression and predictive value of APELA for 
diagnosis and prognosis

TCGA and GTEx data showed significantly high-
er APELA expression in GC tissues than in nor-
mal tissues (Figure 1A-C), which was further 
verified in paired tumor and paracancerous 
samples (Figure 1D). This trend was also con-
firmed in the GSE66229 and GSE54129 datas-
ets (Figure 1E, 1F). Consistent with these find-
ings, APELA was upregulated in GC cell lines 
relative to normal GES-1 cells (Figure 1G). Its 
receptor APLNR was markedly increased in 27 
GC specimens compared with adjacent tissues 
(Figure 1H). ROC analysis yielded an AUC of 
0.911, indicating strong diagnostic perfor-
mance of APELA (Figure 1I). Kaplan-Meier sur-
vival analysis revealed that patients with high 
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APELA expression had better OS, PFS, and PPS 
(Figure 1J-L). Taken together, these results indi-
cate that APELA is upregulated in GC and may 
serve as a promising diagnostic and favorable 
prognostic biomarker.

Relationships between APELA expression and 
several clinical features in GC

Analysis of the correlations between APELA 
expression and various clinicopathological 

Figure 1. Expression and predictive value of APELA for gastric cancer (GC) diagnosis and prognosis. (A) Expression 
of APELA in pan-cancer from The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) databases. 
(B) Expression levels of APELA in 375 GC tissues and 32 normal tissues from the TCGA database. (C) Expression 
levels of APELA in 414 GC tissues and 210 normal tissues from TCGA and GTEx databases. (D) Expression levels of 
APELA in 27 GC tumor tissues and paired para-cancerous tissues from TCGA database. (E, F) Expression of APELA 
in GSE54129 (E) and GSE66229 (F) datasets. (G) Quantitative reverse transcription PCR (qRT-PCR) analysis of the 
relative expression of APELA in different GC and GES-1 cells. (H) Immunohistochemical analysis and representative 
images (magnification 100×) of APLNR in 27 pairs of GC tissue and adjacent non-tumor tissue, Scale bar: 100 μm. 
(I) Receiver operating characteristic (ROC) curve of APELA in GC. (J) Kaplan-Meier survival curves for overall survival 
(OS) of GC patients stratified by APELA expression from GSE14210, GSE15459, GSE22377, GSE29272, GSE38749, 
GSE51105, and GSE62254 datasets. (K, L) Kaplan-Meier survival curves of APELA with progression-free survival 
(PFS) (K) and post-progression survival (PPS) (L) of GC from GSE14210, GSE15459, GSE22377, and GSE62254 
datasets (*P < 0.05, **P < 0.01, and ***P < 0.001).
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characteristics of GC patients from the TCGA 
database revealed no significant associations 
with gender, age, pathologic stage, T stage, N 
stage, or M stage (Figure 2A-F). Kaplan-Meier 
survival curves further revealed that among GC 
patients at the T2 or N2 stage, those with high-
er APELA expression experienced longer OS 
and PPS than those with lower expression 
(Figure 2G-J). Conversely, among GC patients 
who received 5-Fu treatment or did not ex- 
hibit perforation, higher APELA expression was 
associated with shorter OS and PFS (Figure 
2K-N). Moreover, elevated APELA expression in 
HER2-negative GC patients was associated 
with improved OS relative to lower expression 
(Figure 2O).

Functional analysis and mutational character-
ization of APELA

Comparison of 187 APELA-low and 188 APELA-
high GC samples identified 8,980 DEGs (8,808 
upregulated and 172 downregulated), as illus-
trated in the volcano plot (Figure 3A). The top 
1,506 DEGs (log2 FC > 2.0, adjusted P < 0.05) 
were subjected to GO and KEGG enrichment 
analyses (Figure 3B, 3C), linking APELA expres-
sion to intermediate filament organization, epi-
dermal development, and pathways such as 
olfactory transduction and estrogen signaling. 
GSEA revealed an association between the 
APELA-low group and EMT, angiogenesis, and 
adipogenesis (Figure 3D-F). In contrast, the 
APELA-high group showed enrichment in DNA 
repair, E2F targets, the G2M checkpoint, gly-
colysis, IL-6/JAK/STAT3, the mitotic spindle, 
mTORC1, MYC targets, and TNF-α signaling 
(Figure 3G-O), collectively highlighting the bio-
logical roles of APELA in GC.

Association with proliferation and EMT

Bioinformatics analysis across three datasets 
validated the correlation of APELA with prolif-
eration- and EMT-related genes. In proliferation 
signaling, APELA was correlated with distinct 
cell cycle genes in the TCGA, GSE66229, and 
GSE54129 datasets (Figure 4A-C). Relative to 
the APELA-low subgroup, the APELA-high sub-
group presented increased NRAS, CDKN2B, 
and CDKN1C levels but decreased HRAS 
expression (Figure 4D-G), confirming the regu-
latory role of APELA in GC proliferative networks 
governing the cell cycle, apoptosis, and differ-
entiation. Moreover, APELA was closely corre-

lated with multiple classic EMT markers across 
the three independent datasets (Figure 4H-J). 
Consistently, nearly all detected EMT-related 
genes were significantly upregulated in APELA-
high GC samples (Figure 4K-R). Collectively, 
these bioinformatic findings demonstrate that 
APELA is tightly associated with both tumor pro-
liferation and EMT processes in GC.

APELA attenuates GC proliferation via the p21 
signaling axis

Functional assays confirmed that APELA inhib-
its GC cell proliferation in vitro. We established 
AGS and MKN-45 cell lines with stable APELA 
knockdown and overexpression and validated 
the efficiency of knockdown and overexpres-
sion by qRT-PCR (Figure S1). Colony formation 
and EdU assays revealed that APELA knock-
down promoted GC cell proliferation, whereas 
APELA overexpression suppressed this malig-
nant phenotype (Figure 5A-C). Western blot 
analysis demonstrated that APELA positively 
regulated the expression of the cell cycle inhibi-
tor p21 (Figure 5D, 5E), indicating that p21 
mediates the anti-proliferative effect of APELA. 
To determine whether p21 mediates the anti-
proliferative effect of APELA, we performed 
p21 knockdown experiments in APELA-over- 
expressing AGS and MKN-45 cells. Western 
blot analysis confirmed that transfection with 
p21-specific siRNA (si-p21) significantly re- 
duced p21 protein expression in both AGS-
CMV-APELA and MKN-45-CMV-APELA cells 
compared with the negative control siRNA (si-
Con) (Figure S2A). We then evaluated the  
effect of p21 knockdown on cell viability using 
a cell viability assay. As shown in Figure S2B, 
knockdown of p21 (si-p21) resulted in a signifi-
cant restoration of cell viability at 48 and 72 
hours compared with the si-Con group both in 
APELA-overexpressing AGS and MKN-45 cells. 
Collectively, these results demonstrate that 
p21 knockdown significantly attenuates the 
anti-proliferative effect of APELA in gastric can-
cer cells, indicating that p21 is a critical down-
stream mediator of APELA-induced prolifera-
tion inhibition.

Subcutaneous xenograft models were used for 
in vivo validation. APELA knockdown signifi-
cantly accelerated tumor growth, with increased 
tumor volume and weight (Figure 5F-H), where-
as APELA overexpression markedly restrained 
tumor formation (Figure 5J-L). No significant 
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Figure 2. Association of APELA expression with several clinical features. (A-F) Analysis of the correlations between APELA expression levels and various clinicopatho-
logical characteristics, including Gender (A), Age (B), Pathologic stage (C), T stage (D), N stage (E), and M stage (F). (G-J) Overall survival (OS) and post-progression 
survival (PPS) of APELA-high and APELA-low groups were compared using Kaplan-Meier (KM) survival curves in T2 stage (G and H), or N2 stage (I and J) patients. 
(K-N) OS and progression-free survival (PFS) of APELA-high and APELA-low groups were compared using KM survival curves in patients with no perforation (K and 
L), or 5-Fu treatment (M and N). (O) OS of APELA-high and APELA-low groups were compared using KM survival curves in HER2-negative patients.
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Figure 3. Functional analysis and mutational characterization of APELA. (A) Volcano plot showing differentially expressed genes between 187 APELA-Low and 188 
APELA-High samples. (B) The top 10 of gene ontology (GO) enrichment analyses. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. (D-
O) Gene set enrichment analysis (GSEA) revealed APELA-related signaling pathways in h.all.v2022.1.Hs.symbols.gmt, including epithelial-mesenchymal transition 
pathway (D), angiogenesis (E), adipogenesis (F), DNA repair (G), E2F targets (H), G2M checkpoint (I), glycolysis (J), IL-6/JAK/STAT3 signaling (K), mitotic spindle (L), 
Mtorc1 signaling (M), MYC targets V2 (N), and TNF-α signaling via NF-κB (O).
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Figure 4. Correlation with proliferation and epithelial-mesenchymal transition (EMT) on APELA. (A-C) The single gene 
co-expression heatmaps in The Cancer Genome Atlas (TCGA) (A), GSE66229 (B) and GSE54129 (C) datasets, show-
ing the correlation between APELA and the core genes in proliferation pathway network. (D-G) Correlations between 
the expression levels of NRAS (D), CDKN2B (E), CDKN1C (F), HRAS (G), and APELA are shown in box plots. (H-J) The 
single gene co-expression heatmaps in TCGA (H), GSE66229 (I) and GSE54129 (J) datasets, showing the correlation 
between APELA and the core genes in EMT pathway network. (K-R) Relationships between the expressions of ACTA2 
(K), CDH2 (L), SNAI1 (M), SNAI2 (N), TWIST1 (O), VIM (P), ZEB1 (Q), ZEB2 (R), and APELA are shown in box plots (*P 
< 0.05, **P < 0.01, and ***P < 0.001).
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difference in mouse body weight was observed 
among all groups (Figure 5I, 5M), indicating no 

systemic side effects induced by APELA inter-
vention. Taken together, these in vitro and in 

Figure 5. APELA suppresses gastric cancer (GC) cell proliferation by upregulating p21 expression. (A-C) After APELA 
knockdown or overexpression, colony formation (magnification 1×) (A) and EdU (magnification 100×) (B and C) 
proliferation assays were performed to assess the proliferative capacity of AGS and MKN-45 cells, Scale bar: 250 
μm. (D, E) Western blot analysis and densitometric quantification of p21 protein levels in AGS and MKN-45 cells 
following APELA knockdown or overexpression. (F-H) Representative images (F), tumor growth curve (G), and tumor 
weight (H) of xenograft tumor models implanted with MKN-45 cells transfected with sh-Vector or sh-APELA. (J-L) 
Representative images (J), tumor growth curve (K), and tumor weight (L) of xenograft tumor models implanted with 
MKN-45 cells transfected with CMV-Vector or CMV-APELA. (I and M) Body weight changes in mice bearing APELA-
modified GC xenografts (*P < 0.05, **P < 0.01, ***P < 0.001, and n.s. not significant).
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vivo data verify that APELA serves as a tumor 
suppressor in GC.

APELA attenuates GC cell migration and inva-
sion by suppressing EMT

Wound healing assays showed that APELA 
knockdown accelerated migration in AGS and 
MKN-45 cells, while APELA overexpression hin-
dered wound closure (Figure 6A, 6B). Transwell 
migration and invasion assays yielded consis-
tent results (Figure 6C, 6D). High-content live-
cell tracking further confirmed that APELA 
silencing enhanced cell motility, and its overex-
pression exerted the opposite effect (Figure 
6E, 6F).

To further investigate the biological role of 
APELA, we examined its effect on EMT. Western 
blot analysis revealed that knockdown of APELA 
(sh-APELA) significantly downregulated the epi-
thelial marker E-Cadherin and upregulated 
mesenchymal markers, including N-Cadherin, 
VE-Cadherin, and Vimentin in both AGS and 
MKN-45 cells. Conversely, overexpression  
of APELA (CMV-APELA) markedly increased 
E-Cadherin expression while decreasing the 
levels of N-Cadherin, VE-Cadherin, Snail, and 
Vimentin (Figure 7A-D). We performed RT-PCR 
to detect the mRNA expression of E-Cadherin 
and Vimentin in AGS and MKN-45 cells. As 
shown in Figure S3, knockdown of APELA (sh-
APELA) had no significant effect on the mRNA 
expression of E-Cadherin and Vimentin in both 
AGS and MKN-45 cells. In contrast, overexpres-
sion of APELA (CMV-APELA) significantly upreg-
ulated E-Cadherin mRNA expression in AGS 
and MKN-45 cells, while markedly downregu-
lating Vimentin mRNA expression in both cell 
lines. These data suggest that APELA inhibits 
the EMT process in gastric cancer cells. We 
next evaluated the effect of APELA on cell  
proliferation. Cell proliferation assays showed 
that treatment with the APJ antagonist ML221 
dose-dependently reversed the anti-prolifera-
tive effect of APELA in both AGS-CMV-APELA 
and MKN-45-CMV-APELA cells (Figure 7E). 
Consistently, colony formation assays demon-
strated that overexpression of APELA signifi-
cantly suppressed colony formation, whereas 
the addition of ML221 (10 μM) markedly 
restored the colony formation rate (Figure 7F). 
These results indicate that the anti-proliferative 
effect of APELA is mediated through the APJ 
receptor. To further confirm the role of APJ in 

APELA-mediated EMT regulation, we treated 
APELA-overexpressing cells with ML221. Wes- 
tern blot analysis showed that ML221 treat-
ment reversed the APELA-induced upregu- 
lation of E-Cadherin and downregulation of 
N-Cadherin, Vimentin, and Snail. Notably, 
ML221 also abolished the APELA-induced 
upregulation of p21 (Figure 7G), suggesting 
that p21 is a downstream effector of APELA/
APJ signaling. Finally, we assessed the effect of 
APELA on cell migration using wound healing 
assays. Overexpression of APELA significantly 
inhibited wound closure at 24 h and 48 h in 
both AGS and MKN-45 cells, while treatment 
with ML221 (10 μM) significantly accelerated 
wound closure in APELA-overexpressing cells 
(Figure S4A, S4B). Collectively, these findings 
demonstrate that APELA suppresses the prolif-
eration, EMT, and migration of gastric cancer 
cells, and these effects are dependent on the 
APJ receptor and involve the upregulation of 
p21.

Discussion

GC remains a leading cause of cancer-related 
mortality worldwide, and despite advances in 
multimodal therapy, the prognosis of patients 
with advanced or metastatic disease remains 
poor [2, 16]. There is therefore an urgent need 
to identify novel molecular mechanisms and 
therapeutic targets. The apelinergic system, 
comprising APELA and its receptor APLNR, par-
ticipates in diverse physiological processes 
[17]. However, its role in GC pathogenesis 
remains poorly defined and controversial [18].

In response to this critical requirement, we inte-
grated comprehensive bioinformatics analysis 
with rigorous experimental validation to define 
the role of APELA in GC. Although the results 
demonstrated that APELA mRNA was markedly 
upregulated in GC, further protein‑level valida-
tion of APELA is warranted in future studies 
when appropriate validated antibodies become 
available. Our results demonstrate that APELA 
overexpression downregulated the EMT tran-
scription factor Snail and the mesenchymal 
markers N-cadherin and Vimentin, while upreg-
ulating the epithelial marker E-cadherin, there-
by reversing the EMT phenotype and inhibiting 
GC cell migration and invasion. It is noteworthy 
that the bioinformatic analysis of bulk GC tran-
scriptomes suggested a positive association 
between APELA expression and EMT-related 
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Figure 6. APELA inhibits the migration, and invasion of gastric cancer cells. (A, B) Wound healing (magnification 
200×) assays assessed the wound closure rate of AGS (A) and MKN-45 (B) cells transfected with sh-Vector, sh-
APELA, CMV-Vector, or CMV-APELA, Scale bar: 500 μm. (C, D) Transwell migration (magnification 100×) and invasion 
(magnification 100×) assays assessed the migratory and invasive ability of AGS (C) and MKN-45 (D) cells following 
APELA knockdown or overexpression, Scale bar: 250 μm. (E, F) High-content dynamic tracking assays were con-
ducted to monitor the motility curves of AGS (E) and MKN-45 (F) cells after knockdown or overexpression of APELA 
(*P < 0.05, **P < 0.01, ***P < 0.001, and n.s. not significant).
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Figure 7. APELA inhibits gastric cancer cell proliferation and epithelial-mesenchymal transition (EMT), which is re-
versed by ML221. (A, C) Western blot analysis of EMT-related markers (E-Cadherin, N-Cadherin, VE-Cadherin, Snail, 
and Vimentin) in AGS and MKN-45 cells. (B, D) Relative quantification of the Western blot bands in (A) and (C). (E) 
ML221 restored the proliferation rate in AGS-CMV-APELA and MKN-45-CMV-APELA cells. (F) Representative images 
and quantitative analysis of colony formation (magnification 1×) assays. Overexpression of APELA (CMV-APELA) 
significantly inhibited colony formation in AGS and MKN-45 cells, while the addition of ML221 (10 μM) significantly 
restored the colony formation rate. (G) Western blot analysis of EMT markers and p21 protein expression in APELA-
overexpressing cells treated with ML221 (10 μM). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 
0.001 vs. the control group; ns, not significant.
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gene signatures, whereas our functional assays 
demonstrated that APELA overexpression sup-
pressed EMT and inhibited cell migration and 
invasion. Several plausible explanations may 
account for this apparent discrepancy. First, 
bulk RNA-seq data reflect the average tran-
scriptional profile of all cell types within the 
tumor mass, including cancer-associated fibro-
blasts, immune cells, and endothelial cells,  
all of which are major sources of EMT-related 
and mesenchymal gene expression. Stromal 
contamination may therefore mask or rever- 
se tumor cell-intrinsic associations. Second, 
APELA is a secreted peptide hormone and may 
exert paracrine effects on neighboring stromal 
or immune cells, indirectly shaping the EMT-
related transcriptomic landscape in a manner 
not captured by cell-autonomous in vitro 
assays. Third, bulk transcriptomic correlations 
do not establish causality, and the EMT gene 
signature may reflect a general mesenchymal 
activation state rather than a direct APELA-
driven program in tumor cells [19, 20]. 
Consistent with this, our functional experi-
ments provide direct evidence that APELA over-
expression downregulates Snail, N-cadherin, 
and Vimentin while upregulating E-cadherin in 
GC cells. Future studies using single-cell RNA 
sequencing, spatial transcriptomics, or stro-
mal-depleted models will be required to dissect 
the cell-type-specific and context-dependent 
effects of APELA on EMT in GC.

In subcutaneous xenograft experiments, AP- 
ELA overexpression markedly inhibited tumor 
growth without significant body weight loss, 
supporting its antitumor efficacy and favorable 
safety profile. However, this model does not 
fully recapitulate the complex gastric tumor 
microenvironment or metastatic progression. 
Combined with bioinformatic findings linking 
low APELA expression to angiogenesis path-
ways, we speculate that APELA may also exert 
non-cell-autonomous effects. Orthotopic tumor 
models are therefore needed to further vali-
date its in vivo function. The prognostic implica-
tions of APELA appear context dependent. 
Although high APELA expression is generally 
associated with better survival, it may exert 
detrimental effects in specific subgroups, such 
as patients treated with 5-Fu. This paradox sug-
gests that APELA’s role may be modified by 
external factors such as chemotherapy. Since 
the APELA/APLNR pathway maintains homeo-
stasis under stress, cytotoxic agents such as 

5-Fu could perturb its signaling [5, 9]. For 
instance, APELA-mediated activation of surviv-
al pathways such as PI3K/Akt could enable 
residual cancer cells to resist genotoxic stress, 
thereby promoting therapy resistance [21]. 
GSEA findings provide indirect support for this 
notion, linking high APELA expression to DNA 
repair and E2F target pathways associated with 
chemotherapy response [22]. Thus, functional 
studies in chemotherapy-treated models are 
needed to clarify this interaction.

In conclusion, this integrative study identifies 
APELA as a novel tumor suppressor in GC,  
with diagnostic potential, favorable prognostic 
value, and functional roles in inhibiting prolifer-
ation via p21 and suppressing EMT. These find-
ings position APELA as a promising candidate 
for therapeutic intervention. Future studies 
should focus on elucidating the complete 
APELA/APLNR signaling axis, validating these 
mechanisms in orthotopic or metastatic mod-
els, and translating these findings into APELA-
based diagnostic or therapeutic strategies for 
clinically relevant patient populations.
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Table S1. List of sh-APELA and CMV-APELA sequences used
Genes Primer Sequences
sh-APELA 5’-ACCGGTCCCGCGGACAGAGACCAGTTAATTCAAGAGATTAACTGGTCTCTGTCCGCTTTTTGCTAGC-3’
CMV-APELA 5’-GCTAGCGCCGCCACCATGAGATTTCAGCAATTCCTTTTTGCATTTTTTATTTTTATTATGAGTCTTCTCCTTAT-

CAGCGGACAGAGACCAGTTAATTTGACCATGAGAAGAAAACTGCGCAAACACAATTGCCTTCAGAGGAGATGTAT-
GCCTCTCCATTCACGAGTACCCTTTCCCTGATGAGGATCC-3’

Table S2. List of si-p21sequences used
Genes Primer Sequences
si-p21 5’-GUGGACAGCGAGCAGCUGAdTdT-3’

Table S3. List of primer sequences used
Genes Primer Sequences
APELA Forward: 5’-ACACCCAGCCACACAAAAGA-3’

Reverse: 5’-CTCCCTATTGTGCGAAGCCA-3’
E-Cadherin Forward: 5’-ATTTTTCCCTCGACACCCGAT-3’

Reverse: 5’-TCCCAGGCGTAGACCAAGA-3’
Vimentin Forward: 5’-AGTCCACTGAGTACCGGAGAC-3’

Reverse: 5’-CATTTCACGCATCTGGCGTTC-3’
GAPDH Forward: 5’-GGTTGTCTCCTGCGACTTCA-3’

Reverse: 5’-TGGTCCAGGGTTTCTTACTCC-3’

Table S4. List of antibodies used
Antibodies Company Catalog# Host Dilution
APLNR Proteintech 20341-1-AP Rabbit 1:1000
p21 Proteintech 10355-1-AP Rabbit 1:1000
E-Cadherin Proteintech 20874-1-AP Rabbit 1:1000
N-Cadherin Proteintech 22018-1-AP Rabbit 1:1000
VE-Cadherin Proteintech 27956-1-AP Rabbit 1:1000
Snail Proteintech 13099-1-AP Rabbit 1:1000
Vimentin Proteintech 10366-1-AP Rabbit 1:1000
GAPDH Proteintech 10494-1-AP Rabbit 1:1000
β-actin Proteintech 66009-1-Ig Mouse 1:1000
Anti-Rabbit Proteintech SA00001-1 1:5000
Anti-Mouse Proteintech SA00001-2 1:5000
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Figure S1. Validation of APELA knockdown and overexpression efficiency in GC cell lines. (A, C). Relative APELA 
mRNA expression in AGS (A) and MKN-45 (C) cells transduced with sh-APELA or sh-Vector, as determined by qRT-
PCR. (B, D). Relative APELA mRNA expression in AGS (B) and MKN-45 (D) cells transduced with CMV-APELA-1, CMV-
APELA-2, or CMV-Vector, as determined by qRT-PCR. Data are presented as mean ± SD. *P < 0.05, ***P < 0.001.

Figure S2. Knockdown of p21 reverses the anti-proliferative effect of APELA in gastric cancer cells. A. Western blot 
analysis confirming the successful knockdown of p21 protein expression by specific siRNA (si-p21) in AGS-CMV-
APELA and MKN-45-CMV-APELA cells. GAPDH was used as a loading control. B. Cell viability assays showing that 
p21 knockdown (si-p21) significantly restored cell viability at 24, 48, and 72 h in APELA-overexpressing AGS and 
MKN-45 cells, reversing the anti-proliferative effect of APELA. Blue circles represent the control group (si-Con), and 
red squares represent the p21 knockdown group (si-p21). Data are presented as mean ± SD. **P < 0.01, ***P < 
0.001 vs. si-Con group.
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Figure S3. Relative mRNA expression levels of E-Cadherin and Vimentin were detected by RT-qPCR in AGS and MKN-
45 cells. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the control group (sh-Vector 
or CMV-Vector); ns, not significant.

Figure S4. ML221 reverses the inhibitory effect of APELA on gastric cancer cell migration. A. Representative images 
of the wound healing (magnification 200×) assay. Red dashed lines indicate the wound edges. Scale bar, 500 μm. 
B. Quantitative analysis of the wound healing rate. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 vs. 
CMV-Vector group; ***P < 0.001 vs. CMV-APELA.


