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Background: Tumor-Node-Metastasis (TNM) stage of gastric cancer (GC) is one of the main factors affecting clinical outcome. The 
aim of this study was to explore the targets related to TNM stage of GC, and screening natural bioactive drug.
Methods: RNA sequencing data of the TCGA-STAD cohort were downloaded from UCSC database. Genes associated with TNM 
staging were identified by weighted gene co-expression network analysis (WGCNA). Univariate Cox regression, least absolute 
shrinkage and selection operator (LASSO), extreme gradient boosting (Xgboost), random forest (RF) and cytohubba plug-in of 
cytoscope were applied to screen hub genes. Natural bioactive ingredients were available from the HERB database. Molecular docking 
was used to evaluate the binding activity of active ingredients to the hub protein. CCK-8, flow cytometry, transwell and Western blot 
assays were used to analyze the effects of diosgenin on GC cells.
Results: 898 TNM-related genes were screened out through WGCNA. Three genes associated with GC progression/prognosis were 
identified, including nuclear receptor subfamily 3 group C member 2 (NR3C2), solute carrier family 1 member 5 (SLC1A5) and FAT 
atypical cadherin 1 (FAT1) based on the machine learning algorithms and hub co-expression network analysis. Diosgenin had good 
binding activity with SLC1A5. SLC1A5 was highly expressed in GC and was closely associated with tumor stage, overall survival and 
immune infiltration of GC patients. Diosgenin could inhibit cell viability and invasive ability, promote apoptosis and induce cell cycle 
arrest in G0/G1 phase. In addition, diosgenin promoted cleaved caspase 3 expression and inhibited Ki67, cyclin D1, p-S6K1, and 
SLC1A5 expression levels, while the mTORC1 activator (MHY1485) reversed this phenomenon.
Conclusion: For the first time, this work reports diosgenin may inhibit the activation of mTORC1 signaling through targeting 
SLC1A5, thereby inhibiting the malignant behaviors of GC cells.
Keywords: gastric cancer, weighted gene co-expression network analysis, diosgenin, molecular docking, diosgenin

Introduction
Gastric cancer (GC) is one of the leading causes of cancer-related death worldwide.1 As a highly aggressive tumor with 
heterogeneity, GC still poses a global health problem.2 There are an estimated 19.3 million new cancers worldwide, and 
GC accounts for 7.7% of cancer deaths.3 The 5-year survival rate of GC patients with advanced GC is not obviously 
improved in last decades.4 Tumor Node Metastasis (TNM) staging system is the cornerstone of prognostic prediction and 
treatment decision in GC, which indicates the status of disease progression.5–7 There is an urgent need to explore the 
biological mechanisms that influence the TNM staging of GC, which may help to develop new therapeutic agents.

Diosgenin is a kind of natural steroid saponin, which is widely found in a variety of plants, such as Trigonella foenum- 
graecum, Dioscorea and Polygonati Rhizoma.8–10 Diosgenin shows potential to treat human diseases, such as diabetes, 
hypercholesterolemia, and gastrointestinal disorders.11–13 Importantly, some recent studies have shown that diosgenin plays 
a tumor-suppressive role in various cancers, including GC,14,15 and its functions through anti-inflammation, anti-proliferation, 
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pro-apoptosis, and inhibition of epithelial-mesenchymal transition.16–18 However, the function and mechanism of diosgenin in 
GC has not been fully elucidated.

Weighted gene co-expression network analysis (WGCNA) is a systematic bioinformatics algorithm capable of 
combining co-expressed genes into several gene modules and providing insights into signal transduction networks that 
may be responsible for tumor progression.19 At present, WGCNA has been used to explore the correlation between 
clinical features of diseases and gene clusters.20,21 It is widely used to identify candidate biomarkers or therapeutic 
targets for multiple cancers.22–25

In this study, WGCNA, random forest (RF), least absolute shrinkage and selection operator (LASSO) and extreme 
gradient boosting (XGBoost) were applied to obtain the crucial genes including nuclear receptor subfamily 3 group 
C member 2 (NR3C2), solute carrier family 1 member 5 (SLC1A5) and FAT atypical cadherin 1 (FAT1), which were 
associated with TNM stage of GC patients. Additionally, molecular docking and in vitro assays were applied to validate 
that, diosgenin targeted SLC1A5, to inhibit the malignant biological behaviors of GC cells.

Methods and Materials
In silico Data Collection
Through UCSC database (https://xenabrowser.net/datapages/), TCGA stomach adenocarcinoma (STAD) dataset of 
RNAseq data (dataset ID: TCGA-STAD.htseq_fpkm.tsv, including 407 samples), ID/Gene Mapping (gencode. V22. 
An annotation. Gene. ProbeMap) and phenotype files (dataset ID: TCGA - STAD. GDC_phenotype. TSV. includes 544 
samples) were downloaded.

Wgcna
R package “WGCNA” was applied to create a gene co-expression network for GC according to the methodology 
reported by a previous study.19 In brief, firstly, the samples are clustered to evaluate if there were any obvious outliers. 
Then, the co-expression network was constructed. The soft threshold power β was calculated using the 
pickSoftThreshold, and the co-expression similarity was improved to calculate the adjacency. Then, hierarchical 
clustering and dynamicTreeCut were used to detect the module. Finally, gene significance (GS) and module membership 
(MM) were calculated to correlate modules with clinical feature to identify clinically relevant modules.

Functional Enrichment Analysis
The genes in the target module were extracted. With DAVID database (https://david.ncifcrf.gov/summary.jsp), gene 
ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed to identify the 
functional properties of the gene set.26 Finally, visualization was performed on Sangerbox platform.27

Core Gene Screening
Univariate Cox analysis was performed by combining the target module genes with survival information through 
survival R package. Graphing was performed with Sangerbox platform.27 According to the results of Univariate Cox 
analysis, R packages including randomForestSRC,28 glmnet29 and xgboost30 were applied to perform analyses based 
random forest (RF), least absolute shrinkage and selection operator (LASSO) and extreme gradient boosting 
(XGBoost), respectively. The genes in the intersection were obtained by R-package “ggvenn”, which were regarded 
as the core genes.

Protein-Protein Interaction Network Construction
GeneMANIA (http://www.genemania.org) is a website for building protein-protein interaction (PPI) networks that can be 
used to generate gene function predictions.31 In the present work, PPI network was visualized by cytoscope 3.9.1 
software, and topological analysis was carried out by calculating the betweenness (BC), degree (DC), closeness (CC), 
Maximal Clique Centrality (MCC) of these genes with cytoHubba plug-in.32
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Acquisition and Screening of Natural Ingredients
HERB database (http://herb.ac.cn/) was applied to find natural ingredients associated with specific targets and GC. 
TCMSP (https://tcmsp-e.com/index.php) and SwissADME (http://www.swissadme.ch/) databases were used to search for 
the pharmacological and molecular properties of these ingredients, and oral bioavailability (OB) greater than 30%, drug- 
likeness (DL) greater than 0.18, high gastrointestinal (GI) absorption, and “Yes, 0 violation” in DL analysis were applied 
to screen active ingredients.

Molecular Docking
Mol2 format files of bioactive ingredients were obtained from TCMSP database. The PDB files of SLC1A5 (PDB ID: 5LM4) 
and NR3C2 (PDB ID: 3WFG) were obtained from the PDB database (https://www.rcsb.org/). The proteins and molecules 
were dehydrated and hydrotreated with AutoDockTools-1.5.7 software and set as receptors and ligands, respectively. Then, 
AutoDock Vina was used to obtain the docking result, and the best binding mode was selected according to the minimum 
binding energy. Finally, Pymol software was used to visualize the docking results and outport 3D images.

Gene Set Enrichment Analysis (GSEA)
h.all.v7.4.symbols.gmt dataset was downloaded from Molecular Signatures Database (MSigDB, https://www.gsea- 
msigdb.org/gsea/index.jsp). According to the median expression of SLC1A5 in the samples of TCGA-STAD dataset, 
the samples were divided into high expression group and low expression group. The minimum gene set size was set to 5 
and the maximum gene size was set to 5000, and nperm was set to 1000. The normalized enrichment score (NES) is the 
main statistic for examining the enrichment results of gene sets. The false discovery rate (FDR) is the estimated 
probability that a set of genes with a given NES represents a false-positive finding. We selected NES and FDR as 
enrichment indicators (gene sets with |NES|>1 and FDR< 0.25 were considered to be significantly enriched).

Immunohistochemistry
The tumor tissues and para-cancer tissues of GC patient were embedded in paraffin and cut into 5 μm sections. The sections 
were stained by indirect immunoperoxidase method. Briefly, the sections were incubated with recombinant anti-SLC1A5 
antibody (1:100; ab251591; Abcam, Shanghai, China) overnight in a wet box at 4°C. The next day, the sections were incubated 
with a secondary goat anti-rabbit IgG H&L antibody (1:1000, ab150077, Abcam, Shanghai, China) at room temperature in 
a wet box for 30 min. The sections were then stained with diaminobenzidine and observed under a microscope.

Cell Culture
Human GC cell lines AGS (CRL-1739) and SNU-16 (CRL-5974) were obtained from American Type Culture Collection 
(ATCC, Rockville, MD, USA). AGS is a cell line exhibiting epithelial morphology that was isolated in 1979 from the 
stomach tissue of a 54-year-old, White, female patient with gastric adenocarcinoma. SNU-16 is a cell line exhibiting 
epithelial morphology that was isolated in 1987 from ascites derived from a 33-year-old, female, Asian, GC patient prior 
to chemotherapy. The GC cells were cultured in a humidified atmosphere at 37 °C containing 95% air and 5% CO2, and 
cultured in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) containing 10% heat-inactivated fetal bovine 
serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA), 100U/mL penicillin and 0.1 mg/mL streptomycin. Experiments were 
performed using the cells in the logarithmic growth stage.

Diosgenin (HY-N0177, MCE China, Shanghai, China) and MHY1485 (HY-B0795, MCE China, Shanghai, China) 
were dissolved in methyl sulfoxide (DMSO), diluted with complete medium, and were applied to treat GC cells. The 
cells were divided into four groups: 10 μM diosgenin treatment group, 20 μM diosgenin treatment group, 20 μM 
diosgenin + 10 μM MHY1485 group, and the control group.

Cell Viability Assay
Cell viability was assessed using cell counting kit −8 (CCK-8, Dojindo, Kumamoto, Japan). The cells were inoculated in 
96-well plates (3×105 cells/well) and treated with diosgenin and MHY1485 at 37°C for 48 h. The cells were then 
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incubated with 10 μL CCK-8 at 37 ° C for another 2 h. The absorbance was measured by a microplate reader at 
a wavelength of 450nm.

Flow Cytometry
Apoptosis of GC cells was measured using an Annexin V-FITC/PI apoptosis kit (BD Biosciences, San Jose, CA, USA) 
according to the manufacturer’s instruction. In short, GC cells were washed with phosphate buffer saline (PBS) and re- 
suspended in 100 μL binding buffer. Annexin V-FITC (5 μL) was then added and the cell suspension was incubated in 
the dark for 5 min, and then the GC cells were incubated in the dark with 5 μL propidium iodide. After the cells were 
washed with binding buffer, the fluorescence intensity was measured by a flow cytometer (FACSCalibur, BD 
Biosciences, San Jose, CA, USA).

To detect cell cycle progression, GC cells were washed twice with PBS, fixed with 70% ethanol, and stored overnight 
at 4°C. The cells were then treated with 1mg/mL RNase A at 37°C for 30 min and then stained with 50μg/mL propidium 
iodide in the dark for 15 min. After the cells were washed with PBS, cell cycle was evaluated by the flow cytometer.

Transwell Assay
The invasion of cells was assessed by matrigel-coated transwell chambers (8 µm pore size; Corning, Beijing, China). The 
cells were resuspended in serum-free RPMI-1640 medium, and the cell density was adjusted to 5×104 cells /mL. Then, 
100 μL cell suspension was added into the upper chamber. 600 μL medium containing 10% FBS was added to the lower 
chamber. Then the cells were treated with diosgenin and MHY1485. After 24 h of culture, the invading cells were fixed 
and stained with crystal violet solution. After the membrane was washed, the number of invading cells were counted and 
photographed in five fields under an inverted microscope.

Western Blot
For each sample, GC cells were lysed in 200 μL of RIPA lysis buffer. The protein concentration was determined by Bradford 
method. The same amount of protein in each group was separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and then transferred to polyvinylidene fluoride membranes (PVDF) (Millipore, Bedford, MA, USA). 
Subsequently, the PVDF membranes was blocked for 1h with 5% skim milk at room temperature. The PVDF membranes 
were then incubated with anti-Ki67 antibody (1:1000, ab16667, Abcam, Shanghai, China) and anti-cleaved caspase-3 
antibody (1:1000, ab2302, Abcam, Shanghai, China). Anti-Cyclin D1 antibody (1:1000, ab134175, Abcam, Shanghai, 
China), anti-phospho-T229 S6K1 antibody (1:1000, ab59208, Abcam, Shanghai, China), anti-SLC1A5 antibody (1:1000, 
ab187692, Abcam, Shanghai, China) and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (1:1000, 
ab9485, Abcam, Shanghai, China) at 4 °C overnight. The next day, the membrane was washed and incubated with 
horseradish peroxide-coupled secondary antibodies (1: 5000, Abcam, Shanghai, China) at room temperature for 2 h. The 
protein markers (LC5625, 26,619, 26634, LC5699) were purchased from ThermoFisher Science (Rockford, IL, USA). The 
signal was visualized using a chemiluminescence detection system (ChemiDoc Touch, BioRad).

Statistical Analysis
All statistical analyses were performed using GraphPad Prism 7.0 software. The data are expressed as “mean ± standard 
deviation (SD)”. Differences between two or among more groups were analyzed using T-test or one-way analysis of 
variance (ANOVA). P values < 0.05 were considered to be statistically significant.

Results
Co-Expression Network Construction and Module Identification
The gene expression matrix was obtained by processing the TCGA-STAD data. The top 5000 genes with differential 
expression were then selected for further analysis. In addition, clinical data (543 samples) were extracted after excluding 
patients with incomplete clinical information. Soft threshold was set to 5 to construct a scale-free network (Figure 1A). 
Nine modules were obtained by combining strongly related modules (Figure 1B-C). And there were no significant 
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correlations among the modules (Figure 1D). The blue and black modules were highly correlated with TNM staging 
(Figure 1E), so the genes in these two modules were considered to be clinically meaningful.

GO and KEGG Analyses of the Genes in Blue and Black Modules
The genes of blue and black modules were extracted. The results of GO analysis showed that genes were mainly enriched 
in cell division (GO:0051301), cell cycle (GO:0007049), and DNA replication (GO:0006260). For cell components, the 
genes were mainly enriched in nucleoplasm (GO:0005654), nucleus (GO:0005634), and chromosome (GO:0005694). For 
molecular function, genes were mainly enriched in ATP binding (GO:0005524), protein binding (GO:0005515), and 
ATPase activity (GO:0016887) (Figure 2A). KEGG analysis showed that these genes were mainly about Cell cycle 
(hsa04110), DNA replication (hsa03030), and p53 signaling pathway (hsa04115) (Figure 2B).

Figure 1 WGCNA with TCGA-STAD cohort. (A) Scale Independence and mean connectivity in TCGA-STAD cohort. (B)Clustered dendrograms were cut at a height of 
0.5 to detect and combine similar modules. (C) Cluster trees and modules of co-expressed genes. (D) Eigengene dendrogram and eigengene adjacency plot. Red indicates 
a high correlation and blue indicates the opposite result. (E) Pearson correlation analysis between modules and TNM stage, age, gender and group.
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Screening of Key Targets Related to GC Progression
Subsequently, univariate Cox regression analysis was performed on 898 genes obtained from the blue and black modules, 
and 68 genes were found to be significantly associated with survival (Figure 3A). Further, after the analyses of XGBoost 
(Figure 3B), RF (Figure 3C), and LASSO (Figure 3D), 20, 65 and 25 genes were obtained respectively, and finally 14 
targets in the intersection were obtained (Figure 3E), including psoriasis susceptibility 1 candidate 3 (PSORS1C3), 
AC215219.2, glycerophosphocholine phosphodiesterase 1 (GPCPD1), FYVE, RhoGEF and PH domain containing 6 
(FGD6), thiol methyltransferase 1A (TMT1A, also known as METTL7A), SRY-box transcription factor 4(SOX4), FAT1, 
natural killer cell cytotoxicity receptor 3 ligand 1 (NCR3LG1), NR3C2, SLC1A5, Rho guanine nucleotide exchange 
factor 37 (ARHGEF37), growth factor receptor bound protein 14 (GRB14), adhesion G protein-coupled receptor L1 
(ADGRL1, also known as LPHN1), chromosome 1 open reading frame 226 (C1orf226). Among them, PSORS1C3 and 
AC215219.2 could not encode proteins. The other 12 candidates were considered to be crucial targets associated with GC 
progression. Through the GeneMANIA database, we obtained 20 genes co-expressed with the 12 genes mentioned above 
(Figure 4A). The network relationships among them were analyzed using cytoscope software (Figure 4B). Then 
cytohubba plug-in was used to calculate the BC, DC, CC, and MCC of these genes, and finally three hub genes were 
obtained, including NR3C2, FAT1 and SLC1A5 (Figure 4C-D).

The Results of Molecular Docking
Through HERB database, 376 natural components targeting NR3C2, FAT1 and SLC1A5 were found, among which 14 were for 
SLC1A5, 1 was for FAT1 and 366 were for NR3C2 (Supplementary Table 1). There were 667 components associated with GC 
(Supplementary Table 2). 23 components were in the intersection. After screening based on the criteria described in the Methods 

Figure 2 GO and KEGG analyses of TNM stage-related genes in GC. (A) Bubble diagram shows the the results of GO analysis. The circle represents BP, the square 
represents CC, and the triangle represents MF. The larger the node size, the more genes. The darker the blue, the lower the FDR value, and vice versa for red. (B) String 
diagram shows results of KEGG analysis. Different colored lines indicate different items. 
Abbreviations: GO, gene ontology; BP, biological process; CC, cellular components; MF, molecular function; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of 
Genes and Genomes.
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Figure 3 Screening of key genes related to GC progression. (A) Univariate Cox regression of genes in blue and black modules of WGCNA.(B) Feature importance derived 
from the XGBoost model. (C) Random number and variable importance of random forest. (D) Optimal parameter (lambda) selection and coefficient distribution for LASSO 
models of 68 prognostic related genes. (E) Venn diagram showing crossover genes after the analyses of XGBoost, RF and LASSO. 
Abbreviations: LASSO, least absolute shrinkage and selection operator; RF, random forest.
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and Materials section, two bioactive components were obtained, deoxycholic acid and diosgenin, which could probably target 
NR3C2 and SLC1A5 (Table 1; Figure 5A and B). Then molecular docking of deoxycholic acid and diosgenin with hub genes 
was performed. The results showed that diosgenin interacted with GLU847 residue of NR3C2 to form hydrogen bond (1.9 Å) 
(Figure 6A). Deoxycholic acid interacted with NR3C2 via HIS841 residues (2.1 Å) and TYR849 residues (2.0 Å) with hydrogen 
bonding (Figure 6B). Diosgenin interacted with ILE223 residues of SLC1A5 (2.7 Å) and the LEU224 residues (2.0 Å) by 
forming hydrogen bonds (Figure 6C). Deoxycholic acid interacted with residues of ALA421 (2.3 Å), LEU224 (2.0 Å) and 
ILE223 (2.3 Å) of SLC1A5 via hydrogen bonding (Figure 6D). Without exception, the binding energy between them was less 

Figure 4 Further screening of hub genes. (A) The co-expressed genes of 12 protein-coding genes were obtained from GeneMANIA database. (B)The interaction network 
between the 12 key genes and their co-expressed genes was demonstrated using cytoscope software. The heavier the node color, the greater the degree value. (C) The 
cytohubba plug-in of cytoscope software was used to calculate BC, DC, CC, and MCC, and the top 10 genes were obtained. (D) Venn diagram identified NR3C2, FAT1 and 
SLC1A5 as the hub genes. 
Abbreviations: BC, betweenness; DC, degree; CC, closeness; MCC, Maximal Clique Centrality.
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than −5 kcal·mol-1, indicating that they have good docking activity. These data suggested that deoxycholic acid and diosgenin 
were promising drugs to block GC progression via repressing the activity of NR3C2 and SLC1A5.

Expression Characteristics and Prognosis-Prediction Value of SLC1A5 in GC
Through UALCAN database (https://ualcan.path.uab.edu/index.html) and GEPIA database (http://gepia.cancer-pku.cn/), it 
was revealed that SLC1A5 expression was highly expressed in GC, tissues, compared with that in non-cancer tissues 
(Figure 7A-B). Additionally, pan-cancer analysis suggested that SLC1A5 was frequently dysregulated in multiple human 
malignancies (Figure 7C). Consistently, in all of the 10 pairs of GC tissues/adjacent tissues, immunohistochemical analysis 
showed that the expression of SLC1A5 in tumor tissue (high/low=8/2) was higher than that in non-cancerous tissues (high/ 
low=1/9) (P=0.005, Fisher’s exact test) (Figure 7D). In TCGA-STAD dataset, the patients with high SLC1A5 expression 
had shorter overall survival (Figure 7E). Moreover, SLC1A5 expression had good diagnostic value for 1-year overall 
survival (AUC=0.63) (Figure 7F). In addition, SLC1A5 expression level was significantly negatively correlated with 
StromalScore, ImmuneScore, and ESTIMATEScore, indicating that SLC1A5 expression was correlated with immune 
infiltration (Figure 7G). The results of GSEA showed that abnormal SLC1A5 expression could probably be associated 
with MYC targets v2 (NES = 2.217, FDR = 0.002), E2F targets (NES = 2.066, FDR = 0.002), MTORC1 signaling (NES = 
2.073, FDR = 0.002), unfolded protein response (NES = 2.171, FDR = 0.002), G2M checkpoint (NES =2.045, FDR = 
0.003), and DNA repair (NES = 2.116, FDR = 0.003) (Figure 7H). These data suggested that SLC1A5 was a potential 
oncoprotein in GC, and it could probably function via multiple downstream pathways including mTORC1 signaling.

Diosgenin Regulates Proliferation, Apoptosis and G0/G1 Phase Arrest of GC Cells 
Through the mTORC1 Signaling
To further verify the effect of diosgenin on the behaviors of GC cells, cell viability, apoptosis, and cell cycle distribution 
were evaluated. AGS and SNU-16 cells were treated with different concentrations of diosgenin (0, 1, 3, 5, 10, 25, 50 μM) 

Table 1 Pharmacological and Molecular Properties Data of Deoxycholic Acid and Diosgenin in TCMSP Databases

Molecule ID Molecule name MW AlogP Hdon Hacc OB (%) Caco-2 BBB DL FASA- TPSA RBN HL

MOL008845 Deoxycholic acid 392.64 4.06 3 4 40.72 −0.28 −0.88 0.68 0.28 77.76 4 7.01

MOL000546 Diosgenin 414.69 4.63 1 3 80.88 0.82 0.27 0.81 0.19 38.69 0 4.14

Note: MW: molecular weight; AlogP: octanol/water partition coefficient; Hdon: H-bond donor number; Hacc: H-bond acceptor number; OB: oral bioavailability; Caco-2: 
Caco-2 permeability; BBB: blood-brain barrier; DL: drug-likeness; FASA-: fractional negative accessible surface area; TPSA: topological polar surface area; RBN: rotatable 
bond numbers; HL: half-life.

Figure 5 Pharmacological and molecular characteristics of deoxycholic acid (A) and diosgenin (B) in SwissADME databases.
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Figure 6 Molecular docking results. (A) The binding relationship between NR3C2 and diosgenin. (B) The binding relationship between of NR3C2 and deoxycholic acid. (C) 
The binding relationship between of SLC1A5 and diosgenin. (D) The binding relationship between SLC1A5 and deoxycholic acid. 
Abbreviations: NR3C2, nuclear receptor subfamily 3 group C member 2; SLC1A5, solute carrier family 1 member 5.
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for 48h. The results showed that the viability of AGS and SNU-16 cells gradually decreased with the increase of 
diosgenin concentration (Figure 8A). The 50% growth inhibition concentration (IC50) of AGS and SNU-16 was 25.46 
μM and 19.26 μM, respectively (Figure 8A). Subsequently, AGS and SNU-16 cells were treated with 10 μM diosgenin, 

Figure 7 Expression characteristics and clinical significance of SLC1A5. (A and B). UALCAN database was used to analyze the expression of SLC1A5 in GC tissues. (C) The 
expression of SLC1A5 in pan-cancer was analyzed by GEPIA database.(D). The expression of SLC1A5 in 10 pairs of GC tissues and non-cancerous tissues was analyzed by 
immunohistochemistry, and representative images are provided. (n=10) Bar = 200 μM (left) and 50 μM (right).(E). Kaplan–Meier survival analysis for SLC1A5 in the TCGA-STAD 
dataset. (F). ROC analysis for overall survival prediction including 1 and 3 years of GC patients in the TCGA-STAD.(G). Correlation analysis between SLC1A5 expression and 
StromalScore, ImmuneScore, and ESTIMATEScore in TCGA-STAD.(H). GSEA of the 15 enriched pathways in GC samples with abnormal SLC1A5 expression. 
Abbreviations: ROC, Receiver Operating Characteristic; STAD, Stomach adenocarcinoma; GSEA, Gene set enrichment analyses.
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Figure 8 Diosgenin regulates the viability, apoptosis and cycle of GC cells. (A and B). The viability of AGS and SNU-16 cells was detected by CCK-8 assay (A), and the IC50 

value was calculated (B and C). Flow cytometry was used to detect the apoptosis of AGS and SNU-16 cells.(D). Cell cycle distribution of AGS and SNU-16 was detected by 
flow cytometry. (E) Transwell assay was used to detect the invasive ability of AGS and SNU-16 cells. Bar=100 μM. 
Notes: *P<0.05, **P<0.01 and ***P<0.001.
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and 20 μM diosgenin, and 20 μM diosgenin and mTORC1 signaling activator (MHY1485) for 48h, respectively. As 
shown, diosgenin significantly inhibited the viability of AGS and SNU-16 cells, while MHY1485 treatment significantly 
reversed this phenomenon, increasing the viability of AGS and SNU-16 cells (Figure 8B). The results of apoptosis and 
cell cycle experiments showed that diosgenin significantly promoted apoptosis, causing an increase in G1 phase cells and 
a decrease in S phase cells, while MHY1485 treatment reversed this phenomenon (Figure 8C-D). The results of 
Transwell assay showed that diosgenin treatment group significantly reduced the invasion of GC cells, and the 
MHY1485 co-treatment partially reversed this phenomenon (Figure 8E). Western blot showed that diosgenin promoted 
cleaved caspase 3 expression and inhibited the expression levels of Ki67, cyclin D1, p-S6K1 and SLC1A5, and the 
phenomena were reversed after MHY1485 treatment (Figure 9).

Discussion
Although treatment methods such as surgery, chemotherapy, radiotherapy and immunotherapy have improved the 
prognosis of GC patients, the clinical outcome of most GC patients is still poor due to the difficulty of early diagnosis, 
the unsatisfactory therapeutic effect, and the ease of distant metastasis and recurrence.33 It is important to clarify the 
molecular mechanism of GC progression to develop new treatment strategies. In this study, with WGCNA, a total of 898 
genes were revealed to be significantly correlated with TNM staging of GC patients. Next, three GC prognostic genes, 
namely NR3C2, FAT1 and SLC1A5, were obtained by three machine learning algorithms. NR3C2 is a nuclear 
transcription factor that encodes the MR protein (also known as mineralocorticoid receptor).34 A number of studies 
have indicated that NR3C2 is down-regulated in cancer and has a cancer-inhibiting effect.35,36 NR3C2 can inhibit the 
proliferation and epithelial-mesenchymal transition (EMT) of pancreatic cancer cells and increase their sensitivity to 
certain chemotherapy agents.37 EMT plays a critical role in cancer metastasis.38 In hepatocellular carcinoma, NR3C2 
regulates β-catenin signal transduction pathways.39 NR3C2 inhibits the proliferation of colorectal cancer by regulating 
glucose metabolism and phosphorylating AMPK.36 FAT1 encodes proto-cadherin and is one of the commonly mutated 
genes in human cancer.40 FAT1 deletion promotes malignant progression by controlling cell polarity and adhesion 
between tumor cells and between tumor cells and extracellular matrix.41 In addition, FAT1 is involved in regulating the 
activation of EGFR-RAS-RAF-MEK-MAPK, EGFR-PI3K-AKT-MTOR and Hippo signaling pathways.41,42 Considering 
NR3C2 and FAT1 are commonly regarded as tumor suppressors in cancer biology, in the present work, SLC1A5 was 
selected as the research emphasis as a drug target.

Figure 9 Western blot was used to detect the protein expression levels of cleaved caspase 3, Ki67, cyclin D1, p-S6K1, and SLC1A5 in GC cells.SLC1A5: solute carrier family 
1 member 5; GAPDH: glyceraldehyde 3-phosphate dehydrogenase. 
Note: ***P<0.001.
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SLC1A5 is a solute transporter on the cell surface that mediates the uptake of neutral amino acids, including 
glutamine.43 In cancer cells, the demand for glutamine increases dramatically. L-glutamine is the main nitrogen source 
for the synthesis of amino acids, nucleotides and lipids, as well as the carbon source for the tricarboxylic acid (TCA) 
cycle and cellular energy required for cancer cell growth.44 L-glutamine is introduced into cells to provide fuel for energy 
and anabolic pathways through SLC1A5,45 and SLC1A5 plays a key role in metabolic reprogramming of cancer cells.46 

Previous studies have confirmed that blocking SLC1A5 to prevent glutamine uptake successfully prevents the prolifera-
tion of tumor cells in melanoma,47 non-small cell lung cancer,48,49 breast cancer,50 and acute myeloid leukemia.51 In the 
present work, it was found that SLC1A5 was highly expressed in GC, which was closely related with tumor grade and 
immune cell infiltration. In addition, patients with higher SLC1A5 expression had shorter survival. Bioinformatics 
analysis showed that SLC1A5 expression was closely related to MYC targets v2, E2F targets, MTORC1 signaling, G2M 
checkpoint, etc. These data suggested that SLC1A5 was a promising drug target for GC, which may have similar 
oncogenic properties with its role in other cancers.47–51

In this work, two potential natural bioactive compounds for GC treatment (deoxycholic acid and diosgenin) were 
obtained. Deoxycholic acid is an active ingredient in indigoplant leaf, cow-bezoar, fortune plumyew and bear gall.52,53 It 
can induce metaplasia of gastric epithelium by activating STAT3 signal transduction and disrupting gastric bile acid 
metabolism and microbiota, which affects the occurrence of GC.54 Diosgenin, a natural steroid saponin, is an important 
precursor of steroid hormones and has high medicinal value.10 The invasion process is one of the key drivers of cancer 
metastasis.55,56 In this study, it was observed that diosgenin significantly inhibited the viability and invasion ability of GC 
cells. Diosgenin can induce apoptosis, DNA damage, and modulate mitochondrial signaling pathways.57 In GC, previous 
studies have confirmed that diosgenin can induce G0/G1 cell cycle arrest and apoptosis of cancer cells.17 Consistently, we 
observed that diosgenin blocked cell cycle progression and induced apoptosis of GC cells.

In this study, we confirmed that diosgenin has good binding activity with SLC1A5. In vitro experiments confirmed 
that diosgenin promoted cleaved caspase-3 expression and inhibited the expression levels of Ki67, cyclin D1, p-S6K1 
and SLC1A5. Cyclin D1 is an important regulator of the cell cycle, and an allosteric regulator of cyclin dependent kinase 
4 (CDK) and CDK6, promoting cell transition from G1 phase to S phase.58,59 mTOR enhances protein synthesis by 
forming two different kinase complexes, mTORC1 and mTORC2, respectively, and S6K1 is the substrate downstream of 
mTORC1, which can bind mRNA with EIF-4E-binding protein 1 (4E-BP1) and regulate the initiation and progression of 
mRNA translation, thus enhancing protein synthesis and promoting cell proliferation.60 Some previous studies have 
validated that SLC1A5 is required for the activation of mTOR signaling.61,62 Our data showed that diosgenin suppressed 
the malignant biological behaviors of GC cells via modulating SLC1A5/mTORC1 axis, implying diosgenin is 
a promising drug to block metabolic reprogramming of cancer cells, and inhibit GC progression.

Conclusion
SLC1A5 contributes to GC progression, and diosgenin may target it to repress the malignant phenotype of GC cells. In 
the following work, the biological functions of SLC1A5 and diosgenin in regulating GC cells’ phenotypes should be 
further validated by in vivo models.
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