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A B S T R A C T

Gastric cancer (GC) is a prevalent global malignancy, often diagnosed at advanced stage due to a 
lack of early symptoms and reliable markers. Previous research has identified gliomedin (GLDN) 
as a potential predictive marker for poor prognosis in cancer patients. However, the specific 
relationship between GLDN expression and GC prognosis has been unclear. Using the Tumor- 
Immune System Interaction Database (TISIDB), we examined GLDN expression in GC tissues 
and found a positive correlation with advanced clinical stages. Kaplan-Meier Plotter analysis 
further demonstrated that elevated GLDN levels were closely associated with poor prognosis in 
GC patients. To explore the functional significance of GLDN in GC, we conducted experiments 
involving GLDN overexpression and knockdown in GC cell lines, as well as subcutaneous tumor 
formation in nude mice. Our findings provided compelling evidence that GLDN promotes GC cell 
proliferation, viability, and migration, significantly enhancing tumor growth in vivo. Mechanis-
tically, RNA-sequencing (RNA-seq) combined with bioinformatics analysis revealed that GLDN 
influences genes enriched in the p53 signaling pathway. Our data suggest that GLDN likely 
regulates cell proliferation through the p53-p21-CyclinD/CDK4 signaling axis. In conclusion, our 
study underscores GLDN’s critical role in regulating GC cell proliferation and migration, and 
proposes its potential as a prognostic marker for GC patients.

1. Introduction

Gastric cancer (GC) is a major global cause of cancer-related mortality, with over a million new cases and nearly 800,000 deaths 
reported annually [1]. This burden is particularly heavy in developing countries, with China alone accounting for more than 40 % of 
new cases and deaths associated with GC [2]. The lack of comprehensive screening markers and the subtlety of early symptoms result 
in GC being diagnosed at an advanced stages. Consequently, GC ranks as the third leading cause of cancer-related deaths worldwide, 
with five-year survival rates remaining limited [3,4]. Currently, the primary treatments for GC include surgery, chemotherapy, and/or 
radiotherapy. To improve outcomes, it is crucial to unravel the molecular mechanisms underlying GC initiation and progression. This 
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understanding can lead to the identification of potential targets for early diagnosis and treatment, ultimately enhancing survival rates 
and patient care.

Gliomedin (GLDN), also known as CRG-L2 (cancer related gene-liver 2), is a type-II membrane protein containing 551 amino acids. 
GLDN plays significant roles in both physiological and pathological contexts. Mutations in GLDN are associated with several disorders, 
including impaired heel bone strength and the development of fatal congenital polyarticular contracture syndrome [5,6]. Beyond its 
involvement in these conditions, GLDN is a key player in cell motility and cellulose degradation, serving as the core component of the 
type IX secretion system [7].

Previous studies have intriguingly highlighted GLDN as a significant marker for both predicting and assessing prognosis in various 
human cancers. Intitially, GLDN was identified as highly expressed in human hepatocellular carcinoma (HCC) while showing limited 
expressions in normal human tissues [8]. Its distinctive upregulation in early tumor development positioned GLDN as a potential 
marker. Further research confirmed its strong association with the prognosis of HCC patients [9]. In addition, GLDN exhibits 
tumor-suppressive properties in colorectal cancer (CRC), where it has been suggested as a potential prognostic predictor for CRC 
patients [10]. In melanoma, GLDN has emerged as a novel predictive biomarker, and in lung adenocarcinoma, it is linked to acquired 
resistance to epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) [11,12]. Despite these findings, it remains 
unclear whether GLDN expression is elevated in GC and whether it correlates with poor prognosis in GC patients.

In this study, we utilized the Tumor-Immune System Interaction Database (TISIDB) software to analyze GLDN expression in GC 
tissues across various stages and grades. Our analysis revealed a positive correlation between elevated GLDN levels and advanced 
clinical stages of GC. Further investigation using Kaplan–Meier Plotter analysis demonstrated that increased GLDN expression is 
closely associated with poor prognosis in GC patients. To explore the functional role of GLDN, we conducted overexpression and 
knockdown experiments in GC cell lines. These experiments elucidated that GLDN promoted the proliferation and migration of GC 
cells. Notably, GLDN overexpression significantly enhanced tumor growth in nude mice, underscoring its critical role in GC pro-
gression. To delve deeper into the molecular mechanisms, we performed RNA-seq coupled with bioinformatic analysis. This approach 
revealed that genes regulated by GLDN were enriched in the p53 signaling pathway. Further evidence suggested that GLDN likely 
operates through the p53-p21-CyclinD/CDK4 signaling pathway to regulate cell proliferation.

2. Materials and methods

2.1. Bioinformatics analysis of GLDN expression in GC tissues and its clinical significance

TISIDB database [13] was utilized to assess the relationship between GLDN expression and the clinicopathological stages (stages 1, 
2, 3 and 4) as well as tumor grades (grades 1, 2 and 3) in GC. The Spearman correlation test was used to determine the correlation 
coefficient (rho) and the P value, with a P value of less than 0.05 considered statistically significant [14].

The Kaplan–Meier (KM) Plotter database, accessible at https://www.kmplot.com, is employed for prognosis analysis. Based on 
median expression value of GLDN, GC patients were divided into high-expression and low-expression groups. A KM plot was then used 
to evaluate the risk prognosis, and the log-rank test was performed to compare the survival curves. Hazard ratios (HR) with 95 % 
confidence intervals and log-rank P-values were calculated, with P-values less than 0.05 considered statistically significant (HR greater 
than 1). Additionally, overall survival (OS), first progressive survival (FP) and post-progression survival (PPS) of GC patients were 
visualized using an updated version of the KM Plotter website [15].

2.2. Cell culture and transfection

Human GC cell line MKN28 was purchased from the BeNa Culture Collection (Beijing, China) and cultured in RPMI-1640 medium 
containing 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin. Human gastric adenocarcinoma hyperdiploid (AGS) cells 
were purchased from the Cell Bank of Chinese Academy of Medical Science (Shanghai, China) and grown in F12K complete medium 
supplemented with 10 % FBS and 1 % penicillin-streptomycin. The siRNA oligos against the GLDN gene were synthesized by Gene 
Pharma (Suzhou, Jiangsu, China). Knockdown of GLDN was achieved by siRNA transfection of MKN28 cells using Lipofectamine™ 
RNAiMAX system (Thermo Fisher scientific, OH, USA) following the manufacturer’s protocol.

2.3. Lentivirus production and infection

GLDN cDNA was cloned into pLVX-AcGFP-N1 vector, and stable overexpression of GLDN in AGS cell line was achieved by lentiviral 
infection followed by puromycin selection. Briefly, lentiviruses were generated by transient transfection with the core plasmid and 
viral packaging vectors (psPAX2 and pMD2G) into immortalized human embryonic kidney (HEK293) cells. The lentiviral supernatant 
was harvested and sterile-filtered after 48 h and 72 h separately. At 72 h after infection, stable cell lines were established by puromycin 
selection.

2.4. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted by TRIzol reagent (Invitrogen, CA, USA). RNA(1 μg) was reverse transcribed to cDNA with Primer-
ScriptTM RT reagent Kit with gDNA Eraser (TaKaRa, Dalian, China) according to the manufacturer’s instructions, respectively. To 
detect the mRNA levels of different genes, TB™ green (TaKaRa, Dalian, China) was used for qRT-PCR performed on an ABI Prism™ 
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7900 sequence detection system according to the manufacturer’s protocol; the specific primers used are shown in Table S1.

2.5. Cell viability and proliferation assays

For the CCK8 assay, siRNA-transfected MKN28 cells were seeded in 96-well plates at a density of 5000 cells/well with fresh me-
dium, AGS stable cells were seeded 2000 cells/well. After incubation at 37 ◦C with 5%CO2, 10 μl of CCK8 (HanBio, Shanghai, China) 
reagent was added to each well and cultured for another 2 h. Cell viability was calculated by measuring the absorbance at 450 nm. For 
the colony formation survival assay, cells were plated in 6-well plates at 1000 cells/well for AGS cells. After two weeks, the colonies 
were photographed and counted after paraformaldehyde fixation and crystal violet staining. Four regions were randomly selected as 
the statistics of the number of colonies in the corresponding group. For the EdU incorporation assay, cells were cultured in 96-well 
plates, and cell replication ability was detected using the Cell-Light EdU Apollo488 In Vitro Kit (Ribobio, Guangzhou, China).

2.6. Cell migration assays

For the transwell assay, cells (AGS for 3 × 104, and MKN28 for 1 × 105) were suspended and seeded into the upper chambers of the 
transwell plates in serum-free medium, and10 % FBS was added to the lower chamber. After 48 h, the cells in the upper chamber were 
removed, and the migrated cells on the bottom surface were fixed with paraformaldehyde and stained with crystal violet. For the 
wound-healing assay, cells were cultured in 6-well plate overnight. Three scratches were made per well using a 200 μl pipette tip across 
the center and sides of the culture plate. After washing three times with PBS, the cells were cultured in serum-free medium and imaged 
under a microscope at 24 h.

2.7. Western blotting analysis

Cultured cells were collected from RIPA lysis buffer with protease inhibitors (Beyotime, Jiangsu, China). The extracted protein was 
electrophoresed by 10 % and 12 % SDS-PAGE gels and transferred to an activated PVDF membrane for 1 h. After being blocked in 3 % 
bovine serum albumin (BSA) for 90 min, the primary antibodies diluted in the block solution were incubated at 4 ◦C overnight, and 
HRP-coupled secondary antibodies were incubated at room temperature for 90 min. Finally, the protein bands were quantified by an 
enhanced chemiluminescence (ECL) luminescent substrate (Millipore, MA, USA). The antibodies used in the study were as follows: 
anti-p53 (Proteintech, IL, USA), anti-p21 (Proteintech, IL, USA), anti-CyclinD1 (ABclonal, MA, USA), anti-CyclinD3 (ABclonal, MA, 
USA), anti-CDK4 (ABclonal, MA, USA), anti-GLDN (Biorbyt, UK), anti-Actin (Affinity, OH, USA), and anti-GAPDH (Proteintech, IL, 
USA).

2.8. Subcutaneous tumor formation experiment in nude mice

Control and GLDN-OV AGS cells were harvested and utilized in subcutaneous tumor formation experiments. These cells underwent 
two washes with PBS and two additional washes with serum-free F12K medium. They were then injected into the hindlimb area to 
stiumlate tumor development. Tumor size was measured every other day, and the volume was calculated using the formula: 0.5 ×
length × width2. After the completion of the experiments, the mice were euthanized, and tumor weights were recorded.

2.9. Immunohistochemical staining of tumor tissue from nude mice

After the subcutaneous tumor tissue was removed from the mice, half of the tissue was placed in RIPA lysis buffer containing 
protease inhibitors, then lysed using a tissue grinder, and subseuqently used for WB analysis. The other half of the tumor tissue was 
fixed in 4 % paraformaldehyde overnight, dehydrated with graded ethanol, cleared with xylene, immersed in wax, and embedded. The 
wax block was then positioned on a paraffin microtome and sectioned. These sections were dewaxed with xylene and rehydrated with 
gradient ethanol. Antigen retrieval was performed in 0.01M sodium citrate buffer, and endogenous peroxidase activity was quenched 
with 0.3 % H2O2/methanol solution. The section were blocked in 5 % sheep serum for 1 h at room temperature, followed by overnight 
incubation with the primary antibody at 4 ◦C and then secondary antibody at room temperature for 1 h. After staining the sections with 
DAB chromogenic solution, the nuclei were counterstained with DAPI, and the sections were sealed and photographed under a 
microscope.

2.10. RNA-seq library generation and analysis

Total RNAs were extracted from stable AGS/GLDN-OV and control cells, which were used for cDNA library construction and paired- 
end reads sequencing. Analysis and data mining were performed using the Dr. Tom Multi-omics Data mining system, as described 
previously [16]. Briefly, after the raw data obtained by RNA-sequencing was subjected to quality control, the clean reads obtained by 
filtering with SOAPnuke were aligned to the reference genome sequence using HISAT, and Bowtie2 was used to compare the clean 
reads with the reference genes. Finally, quantitative and differential gene expression analyses were performed after the second quality 
control step [17]. Three replicates were prepared, sequenced, and analyzed separately.
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2.11. Analysis of differentially expressed genes (DEGs)

Volcano plots and heat maps generated by Dr. Tom’s software were used to display the differential gene expression between the 
control group and the GLDN-OV group (n = 3). The DEGs were identified according to the criteria of |log2FC| ≥ 0.5, Qvalue ≤0.05.

2.12. Gene ontology (GO), Kyoto encyclopedia of genes and genomes (KEGG) and gene set enrichment analysis (GSEA)

GO and KEGG enrichment analyses were conducted using the Dr. Tom web-based solution [18]. Briefly, to further explore the gene 
functions related to the changes in differential genes, GO and KEGG enrichment analysis of differential genes was performed using the 
Phyper function in R software based on the hypergeometric test. The P value was calculated and corrected by false discovery rate (FDR) 
to obtain the definition of a satisfying Qvalue ≤ 0.05, which was clarified as significant enrichment in candidate genes. For GSEA, the 
GENE DENOVO website (https://www.omicshare.com/tools/Home/Soft/gsea) was used to analyze gene expression data from Control 
and GLDN-OV groups. ES values were calculated for each gene set, revealing biological processes or pathways associated with GLDN 
overexpression. Blue to red indicates increased expression, with positive ES value (red) indicating upregulation and negative ES value 
(green) indicating downregulation.

Fig. 1. Bioinformatics analysis of GLDN expression in GC tissues and its clinical significance. (A) GLDN expression levels in GC tissues were 
analyzed across different stages using the TISIDB software. The p-value was obtained by comparing GLDN expression across the four cancer stages 
(1, 2, 3, and 4) of stomach adenocarcinoma (STAD). (B–D) Kaplan-Meier curves illustrates the correlation between GLDN expression and the 
prognosis of GC patients in terms of overall survival (OS) (B), first progression survial (FP) (C), and post-progression survival (PPS) (D). HR (hazard 
ratio) = 1.83(1.43–2.35), logrank P = 1.1e-06 for OS (Fig. 1B); HR = 1.75(1.32–2.32), logrank P = 8.3e-05 for FP (Fig. 1C); HR = 1.83(1.36–2.46), 
logrank P = 4.9e-05 for PPS (Fig. 1D). *** indicates a P-value <0.001 calculated using the log-rank test.
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2.13. Statistical analysis

The analysis of RNA-seq data involved several steps. Firstly, RSEM was employed to calculate the gene expression level for each 
sample. The identification of Differentially expressed genes (DEGs) was carried out using the DESeq2 method, which is based on the 
negative binomial distribution principle. Subsequently, the R package pheatmap was utilized for hierarchical cluster analysis, 
incorporating moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. The normal distribution of 
experimental data was assessed using the Shapiro-Wilk normality test in GraphPad Prism software. All experimental data are presented 
as the mean ± standard deviation (SD). Statistical comparisons between two groups were performed using an unpaired two-tailed 
Student’s t-test. For each KM plot, the log-rank test was employed for statistical analysis. Quantitative statistics of protein bands 
was conducted by assessing relative intensity with ImageJ software. Each experiment was independently repeated at least three times. 
Statistical significance levels were denoted as follows: * for p < 0.05 (statistically significant), ** for p < 0.01 (highly significant), and 
*** for p < 0.001 (extremely significant).

3. Results

3.1. The expression of GLDN correlates with the prognosis of GC patients

To investigate the potential significance of GLDN in GC, we utilized the TISIDB software to analyze GLDN expression in GC tissues 
at various stages and grades. Our results showed a positive correlation between GLDN expression and the clinical stages of GC 
(Fig. 1A). However, no significant correlation was observed between GLDN expression and different tumor grades (Supplemental 
Fig. 1). To further understand the impact of GLDN expression on GC patients, we employed the Kaplan–Meier Plotter online database 
to generate survial curves. The analysis revealed that higher GLDN expression was significantly associated with poorer overall survival 
(OS), first progression survial (FP), and post-progression survival (PPS) in GC patients (Fig. 1B–D). These findings suggest that GLDN 
expression is linked to the prognosis of GC patients.

3.2. GLDN was highly expressed in MKN28 cells but exhibited low expression levels in AGS cells

Next, we examined GLDN protein expression in two gastric cancer cell lines: AGS and MKN28. Western blotting (WB) analysis 
showed that GLDN expression was significantly higher in MKN28 cells compared to AGS cells, where it was expressed at much lower 
levels (Fig. 2A). To investigate whether GLDN overexpression influences cell proliferation, we created stable cell pools overexpressing 
GLDN in AGS (AGS/GLDN-OV) using a lentiviral infection system. We also generated control cell lines (AGS/Con) expressing empty 
vectors. WB analysis confirmed that GLDN protein levels were significantly increased in AGS/GLDN-OV cells compared to controls 
(Fig. 2B).

3.3. GLDN overexpression enhances the viability, proliferation and migration of AGS cells

We conducted CCK-8 assays to evaluate the effect of GLDN overexpression on cancer cell proliferation. As shown in Fig. 3A, 
elevated GLDN levels significantly promoted the proliferation of AGS cells. The colony formation assay further demonstrated that 
GLDN overexpression markedly increased the survival capacities of AGS cells compared to control cells (Fig. 3B). To further evaluate 
cell proliferation, we employed the thymide analog, EdU, which incorporates into cellular DNA during DNA replication. The results 
showed a higher number of EdU + cells in AGS/GLDN-OV cells compared to control cells (Fig. 3C).

Beyond proliferation, we examined the impact of GLDN on cancer cell migration. Transwell assays (Fig. 3D) and scratch wound 

Fig. 2. GLDN was highly expressed in MKN28 cells but exhibited low expression levels in AGS cells. (A) GLDN protein levels in two GC cell 
lines (MKN28 and AGS) were assessed by WB. Quantification of GLDN protein levels in these cells is shown on the right. (B) AGS cells were infected 
with lentivirus carring GLDN and a control vector, respectively, followed by puromycin screening. WB analysis was performed to confirm GLDN 
expression in stable AGS/GLDN-OV cells. Quantification of GLDN protein levels is displayed on the right. All the data are shown as mean ± SD, with 
**, and *** indicating significant levels of P < 0.01, and P < 0.001, respectively, between groups. Non-adjusted images of blots are shown in 
Supplementary Fig. 2.
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assays (Fig. 3E) were performed with AGS/GLDN-OV and control cells. The findings indicated that GLDN overexpression significantly 
enhanced the migratory capabilities of AGS cells compared to the control cells. Collectively, these results suggest that GLDN plays a 
pivotal role in enhancing both cancer cell proliferation and migration.

3.4. GLDN knockdown inhibits GC cell proliferation and migration

Next, we investigated the effects of GLDN knockdown in GC cells. To achieve this, we designed siRNAs specifically targeting GLDN 
(siGLDN) and used control siRNAs (siCon) for comparison. Notably, our initial analysis showed high GLDN expression in MKN28 cells 
(Fig. 2A). Therefore, we focused on evaluating the effects of siRNA-mediated GLDN knockdown in these cells.

As shown in Fig. 4A and B, treatment with siGLDN significantly reduced both mRNA and protein levels of GLDN within MKN28 cells 
compared to siCON treatment. In contrast to the results observed with GLDN overexpression, GLDN knockdown in MKN28 cells led to a 
marked inhibition on cancer cell proliferation and migration. These effects were quantitatively assessed through CCK-8 and transwell 
assays (Fig. 4C and D). In summary, our findings underscore the pro-tumorigenic role of GLDN in gastric cancer cells.

3.5. RNA-seq analysis and enrichment analysis of DEGs

To explore the underlying mechanisms responsible for the pro-tumorigenic effects of GLDN in GC cells, we performed RNA-seq 
analysis using total RNA extracted from AGS/GLDN-OV and control cells. Our analysis unveiled a total of 428 DEGs affected by 
GLDN overexpression compared to the control group. These DEGs are strikingly illustrated in the volcano plot, with 233 genes (54.44 
%) up-regulated and 195 genes (45.56 %) down-regulated in GLDN-OV cells (Fig. 5A). Furthermore, we generated a heatmap 

Fig. 3. GLDN overexpression enhances the viability, proliferation and migration of AGS cells. (A) CCK-8 assays were performed to detect the 
effect of GLDN overexpression on cancer cell proliferation, using AGS/GLDN-OV and control cells. (B) Clonogenic survival assays were performed 
using AGS/GLDN-OV and control cells. Representative images of cells stained with crystal violet are shown, and the quantified number of colonies is 
presented on the right. (C) Images of EdU staining (scales bar, 200 μm) are displayed, and a comparison of EdU-positive rates among the indicated 
cells is provided on the right. (D) Transwell cell migration assays were performed with AGS/GLDN-OV cells. Representative images of cells stained 
with crystal violet were shown and quantification was displayed at the bottom left of the images (scales bar, 100 μm). (E) Scratch-wound assays 
were performed with AGS/GLDN-OV and control cells. Representative microscope images of cells were shown and quantification is presented at the 
top right of the images (scales bar, 200 μm). All the data are presented as mean ± SD, ** indicates P < 0.01, and ***P < 0.001. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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displaying the expression patterns of these DEGs across three independent replicates of both experimental and control groups. In this 
heatmap, upregulated genes are highlighted in red, and downregulated genes are shown in blue (Fig. 5B).

To gain deeper insights into the biological functions of these DEGs, we conducted KEGG, GO, and GSEA enrichment analysis. The 
KEGG analysis identified enriched pathways related to cell migration, such as tight junction, regulation of actin cytoskeleton and focal 
adhesion. Additionally, other enriched pathways, including cellular senescence, prostate cancer, and the PI3K-Akt signaling pathway 
were all associated with cell proliferation (Fig. 5C). The GO analysis of Biological Processes (BP) revealed significant enrichement in 
processes like ribosome biogenesis, and actomyosin structure organization, among others (Fig. 5D). Furthermore, the GSEA analysis 
demonstrated that these DEGs were significantly enriched in pathways associated with breast cancer relapse, targets of CCND1 and 
CDK4, and p53-related processes (Fig. 5E). These enrichement analyses are fully consistent with the in vitro function of GLDN, which 
promotes both cell migration and cell proliferation.

3.6. GLDN negatively regulates the p53-mediated signaling pathway

GSEA analysis revealed a subset of genes signficiantly affected by GLDN overexpression, and intricately involved in the p53 
signaling pathway (Fig. 6A). To validate these findings, we selected 10 genes for qRT-PCR analysis. As shown in Fig. 6B, genes related 
to cell cycle regulation, such as CCND1 (cyclin D1), CCND3 (cyclin D3), CCNE1 (cyclin E1), and CDK6 (cyclin dependent kinase 6), 
showed marked increases in expression. In contrast, molecules involved in inhibiting cell growth or promoting apoptosis exhibited 
opposite trends. DYRK2, a pro-apoptotic kinase [19], was significantly down-regulated, along with MYBBP1A and STEAP3, both 
known tumor suppressors [20]. DKK1, a key antagonist of the Wnt/β-catenin signaling pathway [21], was also significantly decreased. 
Conversely, RRM2 (ribonucleotide reductase regulatory subunit M2), crucial for DNA metabolism [22], and THBS1 (thrombospondin 
1), which inhibits tumor cell invasion and growth [23], both showed significant increases. Our qRT-PCR validation closely matched the 
RNA-seq analysis, confirming the reliability of these findings (Fig. 6C).

We further conducted WB analysis to examine the protein-level effects of GLDN on genes involved in the p53 signaling pathway. In 
MKN28 cells, GLDN knockdown led to increased levels of p53 and its downstream effector, p21 (Fig. 6D). p21 is known to form 
complexes with cyclinD/CDK4 to induce cell cycle arrest in the G1 phase [24]. Consequently, decreased levels of CCND1, CCND3 and 
CDK4 were observed after GLDN knockdown compared to the control (Fig. 6D). Conversely, GLDN overexpression produced opposite 
effects: reduced p21 and p53 protein levels, and increased CCND1, CCND3 and CDK4 levels in AGS cells (Fig. 6E). These findings 
suggest that GLDN affects prolfieraiton of GC cells predominantly through the regulation of the p53-mediated signaling pathway.

3.7. GLDN promotes gastric cancer growth in nude mice

To investigate the potential of GLDN to promote the growth of GC cells in vivo, we conducted subcutaneous tumor formation 
experiments in nude mice. Subsequently, we separately injected stable AGS/GLDN-OV and control cells subcutaneously into nude 

Fig. 4. GLDN Knockdown reduces viability and migration of MKN28 cells. (A) qRT-PCR analysis was performed using total RNA extracted from 
MKN28 cells that were transiently transfected with control or GLDN-specific siRNA. (B) The knockdown efficiency was assessed by WB and the 
quantification of GLDN levels is displayed on the right. (C) CCK-8 assays were performed with MKN28 cells after treatment with indicated siRNAs. 
(D) Transwell cell migration assays were performed with cells described in (A). Representative images of cells stained with crystal violet and 
quantification are shown (scales bar, 100 μm). All the data are shown as mean ± SD, with *, **, and *** indicating significance levels of P < 0.05, P 
< 0.01, and P < 0.001, respectively, between groups. Non-adjusted images of blots are shown in Supplementary Fig. 3. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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mice. As shown in Fig. 7A, AGS cells overexpressing GLDN consistently resulted in tumors with significantly larger volumes throughout 
their development in nude mcie, in contrast to the control cells. Moreover, two weeks after the injection, tumors originating from AGS/ 
GLDN-OV cells exhibited both increased size and weight in comparision to those derived from control cells (Fig. 7B and C).

To further elucidate the regulatory role of GLDN, WB analysis of tumor tissues confirmed that GLDN modulates the p53-mediated 
signaling pathway, consistent with cellular level findings. Specifically, tumors derived from AGS/GLDN-OV cells exhibited decreased 
levels of p21 and p53 proteins and increased levels of CCND1, CCND3 and CDK4 proteins compared to the control group (Fig. 7D). 
Additionally, we sought to validate the influence of GLDN on proliferation in vivo. Immunohistochemical staining for Ki67 in tumor 
tissues revealed a significant increase in Ki67-positive cells in the GLDN-overexpressing tumors relative to the controls (Fig. 7E). These 
findings clearly demonstrate that GLDN promotes tumorigenesis in vivo.

Fig. 5. RNA-seq analysis and enrichment analysis of DEGs. (A)Volcano plot illustrating DEGs between the GLDN-OV and control cells. (B) 
Heatmap comparing DEGs across three GLDN-OV groups and three control groups. (C) KEGG analysis highlighting affected pathways by GLDN 
overexpression. (D) GO analysis of DEGs in the Biological Processes domain. (E) GSEA analysis showing pathways impacted by GLDN over-
expression (red curves: upregulated, and green curves: downregulated). (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.)
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4. Discussion

Due to the high morbidity and mortality rates of GC, there is a critical need to identify early screening tumor biomarkers and 
understand the mechanisms underlying GC progression. Our study highlights a significant link between elevated GLDN expression and 
poor prognosis in GC patients. Furthermore, we demonstrate that GLDN overexpression promotes the proliferation and migration of 
GC cells, while GLDN knockdown inhibits these processes.

GLDN is significantly overexpressed in human HCC tissues, and its evelated levels are closely associated with an unfavorable 
prognosis in liver cancer patients [8,9]. Similarly, our data reveal a strong correlation between high GLDN expression and poor 
prognosis in GC patients. These findings strongly suggest that GLDN could serve as a valuable biomarker for assessing the prognosis of 
both HCC and GC patients. Interestingly, in contrast to its role in HCC and GC, high GLDN expression predicts a favorable prognosis in 
NSCLC (Non-small cell lung cancer) patients who have resistance to EGFR-TKI therapy [12]. Moreover, another study reported that 
GLDN functions as a tumor suppressor and its expression is reduced in bladder cancer [25]. These contrasting roles of GLDN in different 
cancer types may reflect the high heterogeneity of tumors and the complex, context-specific mechanisms involved in tumor devel-
opment and progression.

The p53 signaling pathway is a crucial cellular mechanism that responds to both intracellular and extracellular stress signals to 
maintain cellular homeostasis [26]. As the central component of this pathway, p53 regulates key processes such as the cell cycle, DNA 
damage, cell differentiation, apoptosis and aging. These roles collectively underscore p53’s function as a tumor suppressor gene. Our 
RNA-seq analysis indicates that GLDN may promote tumorigenesis in GC cells through modulation of the p53-mediated signaling 
pathway. Supporting this, we found that GLDN knockdown in MKN28 cells led to significant increases in the protein levels of p53 and 
p21, along with decreases in CyclinD1, CyclinD3 and CDK4. The activity of p53 is tightly regulated by negative feedback mechanisms 

Fig. 6. GLDN regulates p53-p21-cyclinD/CDK4 signaling pathway. (A) Gene lists enriched in the p53 signaling pathway, as identified through 
RNA-seq analysis. (B) Total RNA was extracted from GLDN-overexpressing AGS cells and control cells, and expression levels of indicated genes were 
detected using qRT-PCR. (C) Scatter plots demonstrating the consistency between RNA-seq analysis and qRT-PCR results. (D) WB analysis was 
performed with indicated antibodies using whole cell lysates of MKN28 cells following siRNA treatment. (E) WB analysis was conducted with 
indicated antibodies using whole cell lysates of GLDN-overexpressing AGS cells, as well as control cells. All the data are presented as mean ± SD, * 
for P < 0.05, with ** indicating P < 0.01, and *** indicating P < 0.001 between groups. Non-adjusted images of blots are shown in Supplemen-
tary Fig. 4.
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involving proteins such as MDM2 (MDM2 proto-oncogene), COP1 (COP1 E3 uniquitin ligase). Among these, MDM2 is particularly 
crucial, as it binds to p53 and facilitates its ubiquitination and subsequent degradation, maintaining a dynamic balance of p53 protein 
levels [26]. Additionally, p14ARF can interact with MDM2 to enhance p53 expression by inhibiting MDM2’s activity [27]. Given this, 
further investigation is required to determine whether GLDN directly affects p53 degradation or if it modulates the p53 signaling 
pathway through the MDM2-mediated degradation pathway. Understanding this will clarify the exact mechanisms by which GLDN 
influences the p53 signaling pathway and its role in tumorigenesis.

Our findings show that the mRNA level of DYRK2, a pro-apoptotic factor, is significantly decreased with GLDN overexpression. 
Additionally, DKK1, which also plays a role in inducing apoptosis and inhibiting cell proliferation [28], was observed to decrease. 
These results suggest that GLDN overexpression may enhance cancer cell proliferation primarily by inhibiting apoptosis in GC cells. 
Previous studies have demonstrated that p53 can induce cell death via the p53/Bax/caspase-3-dependent pathway [29] and regulate 
PUMA (p53 upregulated modulator of apoptosis) -mediated apoptosis signaling pathway [30]. Furthermore, the decreased expression 
of the Wnt-beta catenin inhibitor DKK1, which can be induced by p53, was also observed [31]. Whether GLDN regulates tumor cell 
proliferation through the Wnt pathway remains an unresolved question. To fully understand the role of p53-mediated apoptosis in the 
context of GLDN’s effects, further research is needed to explore if the inhibition of cell growth due to GLDN knockdown involves 
p53-mediated cell death.

A comprehensive exploration of target genes implicated in tumorigenesis and critical signaling pathways holds the potential to 
serve as a foundational platform for identifying novel inhibitors. This approach has the potential to catalyze the development of 
innovative therapeutic strategies with significant practical implications, thereby accelerating advance in clinical application research. 
We believe that further investigation into GLDN could offer new insights into GC and unveil new targets for prognostic assessement in 
GC patients.
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