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Background: Our previous studies demonstrate that ARL4C is the most critical clinical 
biomarker for gastric cancer (GC) patients among ARL family members (ARLs) and 
functions as an oncogene in GC. However, its underlying mechanisms in GC need to be 
further illustrated. In this study, we aim to explore the upstream and downstream molecular 
mechanisms of ARL4C in GC cells.
Methods: The genetic alteration of ARL4C in GC is analyzed by cBioPortal database. 
Potential ARL4C-targeted microRNAs (miRs) are predicted by three databases. The high- 
throughput RNA sequencing is performed to explore the underlying mechanisms of ARL4C 
in GC cells. The effects of predicted microRNAs on ARL4C, the RNA-sequencing results 
validation and the biological functions of ARL4C in GC cells are illustrated by in vitro 
experiments.
Results: Genetic analyses indicate that ARL4C is significantly upregulated in GC, which is 
not caused by gene amplification. MicroRNAs prediction shows the high relevance between 
ARL4C and miR-302 members. Moreover, miR-302c or miR-302d transfection reduces 
ARL4C protein expression in GC cells. Based on the high-throughput RNA sequencing of 
ARL4C-knockdown cells, enrichment analyses demonstrate that ARL4C is closely related to 
cell growth and involved in p53 signaling. Moreover, there are strong gene–gene interactions 
between ARL4C and genes in p53 signaling, and ARL4C downregulation could inhibit the 
protein expression of MDM2, a critical gene in p53 pathway. Further functional experiments 
demonstrate that ARL4C silencing leads to cell cycle arrest and increased cell apoptosis in 
AGS and MKN45 cells.
Conclusion: Our data suggest that miR-302c and miR-302d may function as the upstream 
regulators of ARL4C. And, ARL4C might promote GC cell cycle progression via regulating 
p53 signaling. Our findings provide novel insights into the key role of ARL4C and the under-
lying mechanisms in GC progression, thus facilitating the development of ARL4C-targeted 
therapy.
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Introduction
Gastric cancer (GC) is one of the most common malignancies and a main 
contributor to cancer-related deaths worldwide.1,2 Despite important advances 
in the diagnosis and treatment for GC, the long-term survival of GC patients is 
still unsatisfactory.3 Thus, it is imperative to further explore the specific 
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molecular mechanisms underlying the tumorigenesis and 
progression of GC to pave the way for discovering 
novel biomarkers with higher specificity and sensitivity 
for GC.4

The ADP-ribosylation factor-like (ARL) family, as 
a subfamily of small G proteins, has been implicated 
in a wide variety of essential cellular functions includ-
ing vesicular trafficking, cytoskeletal organization, cilio-
genesis, cell proliferation, motility and 
differentiation.5–7 In the recent years, accumulating evi-
dences demonstrate the crucial effects of ARL family 
members (ARLs) on cancer progression. For instance, 
ARL5A is reported to be overexpressed in colorectal 
cancer and its downregulation inhibits the proliferation 
of colorectal cancer cells.8 ARL13B can promote the 
progression of GC in vitro and in vivo by regulating 
Smoothened trafficking and activating Hedgehog 
signaling.9 ARL11 is established as a tumor suppressor 
in a variety of solid tumors.10–12 A recent study identi-
fies ARL14 as a crucial prognostic factor of lung ade-
nocarcinoma based on The Cancer Genome Atlas 
(TCGA) database.13 Furthermore, they discover that 
downregulation of ARL14 inhibits cell proliferation, 
migration and invasion as well as attenuates radiation 
damage of lung adenocarcinoma cells.13 These evi-
dences reveal that targeting ARLs may be a promising 
precision treatment for cancer. Therefore, the clinical 
values and biological functions of ARLs in GC arouse 
our attention.

In our previous study, we demonstrate that ARLs 
are significantly dysregulated in GC and involved in 
various cancer-related pathways. Multiple machine 
learning models identify ARL4C as one of the most 
important diagnostic and prognostic indicators among 
ARLs for GC. Moreover, higher ARL4C expression is 
found in primary GC samples compared with normal 
gastric mucosa tissues by immunohistochemistry and 
Western blot. Further experiments demonstrate that 
down-regulation of ARL4C dramatically inhibits 
tumorigenesis and metastasis of GC cells in vivo and 
in vitro. However, the specific molecular mechanisms 
underlying the tumor-promoting effects of ARL4C on 
GC cells have not been fully elucidated. Thus, in this 
study, we aim to further investigate the upstream reg-
ulators of ARL4C and the corresponding downstream 
effectors in GC cells.

Methods
cBioPortal Database Analysis
The cBio Cancer Genomics Portal (cBioPortal) (http:// 
www.cbioportal.org/) provides visualization tools for 
more than 5000 tumor samples from 232 cancer studies 
in TCGA database.14,15 In this study, the Stomach 
Adenocarcinoma (TCGA, Firehose Legacy, n=393) cohort 
was analyzed. All analyses were performed with default 
software parameters.

GEPIA Database Analysis
Gene Expression Profiling Interactive Analysis (GEPIA) 
(http://gepia.cancer-pku.cn/index.html) is a user-friendly 
website resource to analyze expression status and prog-
nostic values of specific genes in TCGA.16 In this study, 
we accessed the Spearman correlation between ARL4C 
and MDM2 using GEPIA.

Targeted-miRNAs Prediction
RNAInter17 (http://www.rna-society.org/raid/), TargetScan18 

(http://www.targetscan.org/vert_72/) and miRDB19 (http:// 
www.mirdb.org/) were utilized to predict the targeted 
miRNAs of ARL4C.

Metascape Analysis
Metascape (http://metascape.org) is a user-friendly analy-
sis tool for gene annotation and enrichment analysis.20 In 
this study, Metascape was used to perform Gene Ontology 
(GO) enrichment analysis of differential genes from high- 
throughput RNA sequencing and the interaction networks 
of enrichment terms. All analyses were performed with 
default software parameters.

GeneMANIA Analysis
GeneMANIA (http://www.genemania.org) is a well- 
maintained and flexible interactive web server for deriving 
hypotheses based on gene functions.21 GeneMANIA was 
adopted to construct a gene–gene interaction network for 
ARL4C and genes in p53 signaling in this study.

Kaplan–Meier Plotter Analysis
Kaplan–Meier plotter (http://kmplot.com/analysis/) was 
utilized to analyze the correlation between ARL4C 
expression and overall survival rates in different GC 
subtypes based on the hazard ratios (HR) and log-rank 
P-values.22
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Cell Lines
The human gastric carcinoma cell lines (AGS, MKN45) 
were obtained from the National Infrastructure of Cell Line 
Resource (China). They were maintained in RPMI-1640 
medium supplemented with 10% fetal bovine serum and 
1% penicillin-streptomycin solution. All cell lines were cul-
tured at 37°C in a humidified atmosphere containing 5% 
CO2. Additionally, MKN45 cells had mutated p53.23

Lentivirus Transfection
The human shARL4C (NM_001282431) lentivirus was 
designed and constructed by GeneChem (Shanghai, 
China). The negative control (NC) is a scramble 
shRNA (TTCTCCGAACGTGTCACGT). shARL4C: 
TCAAGTTCAACGAGTTCGT.

Clinical Samples
Six paired samples of primary GC tissues and adjacent 
normal tissues were acquired from patients who had 
undergone GC surgery at Xijing Hospital of Digestive 
Diseases. All samples were clinically and pathologically 
verified.

Western Blot Analysis
Cell lysates were prepared using RIPA buffer (HEART, 
China) including fresh protease and phosphatase inhi-
bitors. The cells were incubated on ice for 30 minutes 
before centrifugation at 12,000 rpm at 4°C for 15 
minutes. Protein concentration was determined using 
a BCA protein assay kit (HEART, China). The protein 
samples were boiled in 5 × SDS protein sample buffer 
(Beyotime, China) for 15 minutes for complete dena-
turation. Protein (20–50 µg) was separated by SDS- 
PAGE and transferred to NC membranes (Millipore, 
USA). Then, the NC membranes were blocked with 
5% defatted milk at room temperature (RT) for 2 
hours and incubated with primary antibodies at 4°C 
overnight. The primary antibodies used in our study 
included anti-ARL4C (at 1:500, ab122025, Abcam, 
USA), anti-p53 (at 1:1000, #2527, CST, USA), anti- 
MDM2 (at 1:500, sc-5304, Santa Cruz, USA) and anti- 
GAPDH (at 1:5000, 10494-1-AP, Proteintech 
Technology, UK). The membranes were washed with 
TBS with Tween® 20 (TBST) three times for 5 minutes 
each, followed by incubation with the corresponding 
secondary antibodies (MYBiotech, China) at a 1:10,000 
dilution for an hour at RT. The membranes were 

washed as before and visualized using an enhanced 
chemiluminescent substrate (Millipore, USA).

Luciferase Reporter Assay
Cells were cotransfected with an ARL4C promoter- 
luciferase reporter plasmid and Renilla luciferase control 
vector. A Dual-Luciferase Reporter Assay Kit (Promega, 
USA) was used according to the manufacturer’s instruc-
tions to measure luciferase activity after 72 h, and activity 
was normalized to Renilla luciferase activity. The syn-
thetic sequences were provided by Shanghai Genechem.

RNA Extraction and RNA-Sequencing 
(RNA-Seq)
Total RNA was extracted from 2 cell lines, AGS-NC 
and AGS-shARL4C, using TRIzol® Reagent 
(Invitrogen, USA) according to the manufacturer’s 
instructions. RNA sequencing was entrusted to Novel 
Bioinformatics (Shanghai, China). Using high- 
throughput Life technologies Ion Proton Sequencer, the 
transcripts with poly(A)-containing human RNA were 
analyzed. Three biological replicates were performed 
for each cell. Student’s t-test was used to determine 
whether the differences of the mean log2(FPKM + 1) 
values between groups were significant. P < 0.05 was 
considered statistically significant.

Cell Cycle Analysis and Apoptosis Assays
Single cell suspensions were collected and washed twice 
with cold PBS. For apoptosis assays, AGS and MKN45 
cells were double stained with propidium iodide (PI; 
Beyotime, Shanghai, China) and Annexin V-fluorescein 
isothiocyanate (FITC) by an apoptosis detection kit 
(BestBio, Shanghai, China).

For the cell cycle assay, the cells were fixed with 
cold 75% ethanol and stored at −20°C for at least 24 
h. Then, cells were washed twice with cold PBS before 
1 × 106 cells were resuspended in 1 mL PI/RNase 
staining solution (BD Biosciences, USA) and finally 
analyzed by a FACSCalibur flow cytometer (BD 
Biosciences, USA).

Statistical Analysis
Each experiment was carried out at least three times. 
Statistical analyses were conducted using SPSS statistical 
software (Version 21.0). All Western blot images were 
quantified by ImageJ. Images were obtained using 
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GraphPad Prism software (Version 8.0). The counting data 
were represented by frequency or percentage, and the 
measurement data were expressed as the mean ± standard 
deviation (SD). The differences between the two groups 
were assessed using Student’s t-test. P < 0.05 was consid-
ered statistically significant.

Results
The Upregulation of ARL4C May Not 
Result from the Genetic Alterations
To determine whether the upregulation of ARL4C in GC 
was caused by genetic alterations, we analyzed the 

genetic alteration profiles of ARL4C by cBioPortal. 
Gene alterations of ARL4C were found in 6% of the 
sequenced samples based on the data obtained from 
TCGA dataset in cBioPortal (Figure 1A). As shown in 
Figure 1B, ARL4C mRNA expression was correlated 
with several copy number changes, including gain, 
diploid, deep deletion and shallow deletion. Among the 
cases of diffuse type stomach adenocarcinoma 
(DTSTAD), stomach adenocarcinoma (STAD) and tubu-
lar stomach adenocarcinoma (TSTAD) with gene altera-
tions of ARL4C, mRNA upregulation and deep 
deletions were the major alteration types. Deep deletions 

Figure 1 Genetic alterations of ARL4C in GC. (A) The OncoPrint visual summarized genetic variations of ARL4C in TCGA dataset. (B) The correlation between ARL4C 
mRNA expression and different copy-number alterations in GC, including gain function, diploid shallow, deep deletion and deletion. (C) Alteration frequency of ARL4C in 
different GC subtypes. (D) Detailed mutation information of ARL4C in GC. 
Abbreviations: DTSTAD, diffuse type stomach adenocarcinoma; MSTAD, mucinous stomach adenocarcinoma; TSTAD, tubular stomach adenocarcinoma; STAD, stomach 
adenocarcinoma.
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mainly occurred in the cases of mucinous stomach ade-
nocarcinoma (MSTAD) and STAD. While mutations 
were mostly found in STAD and TSTAD (Figure 1C). 
Additionally, there were generally three missense muta-
tions (A145V, G165C, A162T) in ARL4C. Detailed 
changes in protein structure of ARL4C were shown in 
Figure 1D.

In conclusion, ARL4C was always found overex-
pressed in GC. However, we found that its high mRNA 
expression did not result from gene amplification, indicat-
ing that alternative mechanism contributed to ARL4C’ 
upregulation.

The miR-302 Members May Be Involved 
in ARL4C-Mediated GC Malignant 
Progression
By bioinformatics analysis, we screened 26 microRNAs 
(miRNAs) that might regulate ARL4C in Homo sapiens by 
RNAInter, TargetScan and miRDB (Figure 2A). Four miR- 
302 members (miR-302s), including miR-302a, miR-302b, 
miR-302c and miR-302d, were noticed as they had multiple 
putative targets at the ARL4C 3ʹUTR (Figure 2B). As is 
shown in Figure 2C and Supplementary Figure 1A, Western 
blot analysis indicated that miR-302c and miR-302d trans-
fection could significantly reduce ARL4C protein expression 
both in AGS and MKN45 cells. Moreover, luciferase assays 
were performed to validate whether the direct binding affi-
nities between the ARL4C 3′UTR and these two miRNAs 
existed in HEK 293T cells. Unfortunately, the results showed 
that ectopic expression of miR-302c or miR-302d could not 
significantly inhibit the luciferase activity of the constructs 
that contained the binding sites (Figure 2D). These results 
revealed that miR-302c and miR-302d could affect the 
expression of ARL4C possibly by alternative mechanisms, 
instead of directly binding to ARL4C 3′UTRs.

The Regulating Effects of ARL4C on P53 
Signaling May Explain Its Oncogenic Role 
in GC Cells
High-throughput RNA-sequencing was carried out to 
specify the genes that were regulated mainly by 
ARL4C in GC cells. As shown in Figure 3A and 
Supplementary Figure 1B, protein expression of 
ARL4C in different GC cell lines was evaluated by 
Western blot, and ARL4C was overexpressed in AGS 
and MKN45 cells. Then, AGS cells were transfected 

with shRNAs against ARL4C. Multiple clones with 
stable lentivirus transfection were selected and con-
firmed by RT-PCR and Western blot analyses (Figure 
3B and Supplementary Figure 1C). The six samples 
were screened for differences in gene expression with 
a 3:3 ratio. As shown in Figure 3C and D, 2 discrete 
samples (AGS-NC-1 and AGS-shARL4C-1) were 
deleted according to the Pearson correlation analysis 
and principal component analysis (PCA). A total of 
641 differentially expressed genes between AGS- 
shARL4C and AGS-NC groups (FDR < 0.05) had 
been identified by RNA-sequencing (Figure 3E and F).

Gene Ontology (GO) analysis was used to determine 
the functions of these differentially expressed genes in 
Metascape (Figure 4 and Table 1). The top 20 GO enrich-
ment items were classified into three functional groups: 
biological process (BP) group (15 items), molecular func-
tion (MF) group (1 item), and cellular component (CC) 
group (4 items). The ARL4C-related genes were mainly 
enriched in several morphogenesis and apoptotic BPs 
such as negative regulation of apoptotic signaling path-
way, response to wounding, positive regulation of apop-
totic process involved in morphogenesis, positive 
regulation of animal organ, vascular wound healing, and 
reproductive structure development. The MF for these 
genes was mainly integrin binding. The CCs for these 
genes were the vacuole, vacuolar lumen, basolateral 
plasma membrane and collagen-containing extracellular 
matrix.

As shown in Figure 5A and B, Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis and Gene set 
enrichment analysis (GSEA) were also performed. The 
results indicated that p53 signaling pathway had the highest 
enrichment score for genes co-expressed with ARL4C in 
AGS. Western-blot analysis showed that the protein expres-
sion of ARL4C was significantly negatively correlated with 
p53 in GC tissues and adjacent normal tissues (Figure 5C and 
D, Supplementary Figure 1D and 1E). Meanwhile, a gene– 
gene interaction network constructed by GeneMANIA data-
base also demonstrated that there were multiple interactions 
between ARL4C and genes involved in p53 signaling, such 
as co-expression, co-localization, genetic interaction and 
shared protein domains (Supplementary Figure 2C). By cor-
relation analysis, we found that ARL4C was closely related 
to MDM2 (Figure 5E), a critical gene in p53 signaling. 
Meanwhile, ARL4C downregulation could significantly 
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dampen the protein expression of MDM2 in GC cells (Figure 
5F, Supplementary Figure 1F and 1G).

Additionally, we also explored the possible molecu-
lar functions of ARL4C in GC by TCGA STAD dataset. 
The volcano plot in Supplementary Figure 2A showed 

all ARL4C-associated genes in GC. As shown in 
Supplementary Figure 2B, KEGG enrichment analysis 
also demonstrated that ARL4C-related genes were sig-
nificantly correlated with p53 signaling, cell cycle pro-
gression and apoptosis. Meanwhile, further functional 

Figure 2 Exploration of upstream microRNAs (miRs) of ARL4C. (A) 26 miRNAs were screened out in Homo sapiens by RNAInter, TargetScan and miRDB. (B) The 
putative miR-302s-binding sites in 3ʹ-UTR of ARL4C. (C) miR-302c and miR-302d transfection decreased the protein expression of ARL4C both in AGS and MKN45 cells. 
(D) The relative luciferase activity assays showed that 3ʹ-UTR of ARL4C did not contain direct binding sites for miR-302c and miR-302d.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                           

OncoTargets and Therapy 2021:14 2546

Xie et al                                                                                                                                                               Dovepress

https://www.dovepress.com/get_supplementary_file.php?f=282992.pdf
https://www.dovepress.com/get_supplementary_file.php?f=282992.pdf
https://www.dovepress.com/get_supplementary_file.php?f=282992.pdf
https://www.dovepress.com/get_supplementary_file.php?f=282992.pdf
http://www.dovepress.com
http://www.dovepress.com


experiments also showed that knockdown of ARL4C 
obviously inhibited cell cycle progression (Figure 6A 
and B) and elevated cell apoptosis rates (Figure 6C 
and D) both in AGS and MKN45 cells.

Moreover, we explored the effects of ARL4C on 
overall survival (OS) of patients with different GC his-
topathologic subtypes using the Kaplan–Meier (K-M) 
plotter. As shown in Figure 7A and B, the analysis 
revealed that higher ARL4C expression was signifi-
cantly associated with worse OS in intestinal GC 

which was identified as the p53-mutant molecular 
subtype.

In a word, our results indicate that ARL4C might 
regulate the p53 signaling pathway, thus exerting the 
tumor-promoting effects on GC.

Discussion
Considering that GC is one of the life-threatening malig-
nancies, elucidating the specific mechanisms underlying 
the development and progression of GC is a priority for 

Figure 3 High-throughput RNA sequencing was performed to explore the downstream mechanism of ARL4C in GC cells. (A) The protein expression of ARL4C in different 
GC cell lines. (B) RT-PCR and Western blot, respectively, showed mRNA(right) and protein (left) expression levels of ARL4C in AGS cells transfected with negative control 
(NC) and LV-shARL4C. (C) The Pearson correlation analysis of these 6 samples. (D) A PCA plot of 6 samples. (E) A volcano map of all differentially expressed genes. (F) 
A heat map of all differentially expressed genes.
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researchers. In our previous study, ARL4C has been iden-
tified as one of the most important clinical biomarkers for 
GC patients among ARLs by integrative machine learning 
models and proved to promote the growth and metastasis 
of GC cells both in vitro and in vivo. Nevertheless, the 
upstream and downstream molecular mechanisms of 
ARL4C in GC cells need to be further illustrated. Our 
present study aims to provide a more comprehensive 
understanding of the molecular mechanisms of ARL4C 
in GC by bioinformatics analysis, high-throughput RNA 
sequencing and experiments validation.

Our analysis indicates that ARL4C mRNA is over-
expressed in GC, but its upregulation is not related to 
gene amplification. Hence, miRNAs’ regulation on 
ARL4C is further investigated. We screen out miR- 
302s as the promising miRNAs which might target 
ARL4C in GC. miR-302s play various biological roles 

in diverse cancers by targeting specific genes.24 

Moreover, they could participate in regulating several 
hallmarks of cancer, such as proliferation, cell death and 
senescence, immune response, angiogenesis, invasion 
and metastasis.25–27 More importantly, GC patients 
with decreased expression of miR-302a, miR-302b and 
miR-302c have aggressive cancer progression and unfa-
vorable clinical outcomes.28,29 Our present experiment 
shows that miR-302c and miR-302d transfection could 
significantly decrease the protein expression of ARL4C 
in GC cells which indicates miR-302c and miR-302d 
could work as the upstream regulators of ARL4C in GC. 
Nevertheless, further luciferase assays indicate that 
neither miR-302c nor miR-302d directly bind to the 
ARL4C mRNA. Previous studies demonstrate that 
miR-302s could act as upstream modulators of TGF-β1 
signaling members.30 For example, they might directly 

Figure 4 Gene Ontology (GO) enrichment analysis of differentially expressed genes. (A) The top 20 GO enrichment terms were listed in the bar graph. (B) Network of the 
top 20 enriched terms colored by clusters. (C) Network of the top 20 enriched terms colored by P-value.
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inhibit the expression of the transforming growth factor 
beta receptor 2 (TGFBR2) to promote EMT process.31 

Our previous study discovers that ARL4C is involved in 
TGF-β1 signaling and functions as a mediator between 
TGF-β1 and Smads. Hence, we acknowledge that miR- 
302c and miR-302d might directly regulate the upstream 
TGF-β1 signaling molecules of ARL4C to further affect 
the expression status of ARL4C and ARL4C-mediated 
GC malignant phenotypes.

In addition, we analyze the changes of genes’ expres-
sion in GC cells after ARL4C knockdown using high- 
throughput RNA sequencing. GO enrichment analysis 
indicates that ARL4C is highly associated with several 

morphogenesis and apoptotic processes in GC cells. 
Further pathway analysis also shows that ARL4C is sig-
nificantly involved in p53 signaling and interacts with 
several genes in p53 signaling. The tumor suppressor 
TP53 is the most frequently mutated gene in GC and is 
involved in several cell biological processes, such as cell 
cycle arrest, DNA repair and apoptosis.32,33 Accordingly, 
we find that ARL4C is highly associated with MDM2 in 
TCGA database, and ARL4C silencing might decrease 
MDM2 expression in GC cells. MDM2 is a critical factor 
in p53 signaling and proved to regulate cell cycle progres-
sion, apoptosis and cell growth in GC.34,35 In this study, 
our functional experiments also illustrate that ARL4C 

Table 1 GO Enrichment Terms of ARL4C-Related Genes in GC Cells

Terms Category Description Gene NO. in 
Terms

Log 
(q-value)

GO:0005773 GO Cellular Components Vacuole 42 7.65

GO:0000041 GO Biological Processes Transition metal ion transport 13 2.37

GO:0002576 GO Biological Processes Platelet degranulation 13 2.37

GO:0005775 GO Cellular Components Vacuolar lumen 15 2.73

GO:0010466 GO Biological Processes Negative regulation of peptidase activity 19 3.46

GO:0044706 GO Biological Processes Multi-multicellular organism process 17 3.10

GO:0016323 GO Cellular Components Basolateral plasma membrane 17 3.10

GO:0062023 GO Cellular Components Collagen-containing extracellular matrix 24 4.37
GO:2001234 GO Biological Processes Negative regulation of apoptotic signaling pathway 17 3.10

GO:0006825 GO Biological Processes Copper ion transport 5 0.91

GO:0001659 GO Biological Processes Temperature homeostasis 14 2.55

GO:0005178 GO Molecular Functions Integrin binding 12 2.19

GO:0090201 GO Biological Processes Negative regulation of release of cytochrome c from 
mitochondria

5 0.91

GO:0072593 GO Biological Processes Reactive oxygen species metabolic process 18 3.28

GO:0009611 GO Biological Processes Response to wounding 32 5.83

GO:1902339 GO Biological Processes Positive regulation of apoptotic process involved in 

morphogenesis

3 0.55

GO:0110110 GO Biological Processes Positive regulation of animal organ morphogenesis 9 1.64

GO:0015711 GO Biological Processes Organic anion transport 25 4.55

GO:0061042 GO Biological Processes Vascular wound healing 4 0.73

GO:0048608 GO Biological Processes Reproductive structure development 23 4.19
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silencing could lead to cell cycle arrest and accelerate cell 
apoptosis of GC cells. Taken together, our result indicates 
that ARL4C may play a critical role in GC cell growth via 
modulating p53 signaling.

On the other hand, GC is mainly characterized into two 
histopathologic subtypes, intestinal and diffuse GC.36 In 

addition, GC can be classified into four molecular subtypes 
based on molecular signatures: EBV-positive (EBV), micro-
satellite instability (MSI), genomically stable (GS) and chro-
mosomal instability (CIN) according to TCGA.37 Among 
them, TP53 mutations always occur in the chromosomal 
instability (CIN) GC, which is mainly the intestinal 

Figure 5 Pathway enrichment analysis of differentially expressed genes. (A) The top 20 KEGG enrichment terms were listed in the bubble map. (B) Gene Set 
Enrichment Analysis (GSEA) indicated that ARL4C was involved in p53 signaling. (C) The expression status of ARL4C and p53 in 6 pairs of GC tissues and 
adjacent normal tissues. (D) The Spearman correlation analysis of protein expression status between ARL4C and p53 in GC tissues. (E) The Spearman correlation 
analysis of ARL4C and MDM2 in TCGA STAD dataset by GEPIA. (F) ARL4C silencing decreased the protein expression of MDM2 in GC cells.
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Figure 6 ARL4C knockdown promoted cell cycle arrest and apoptosis of GC cells. (A and B) FACS analysis of the effects of ARL4C knockdown on cell cycle in AGS and 
MKN45. (C and D) FACS analysis of the effects of ARL4C knockdown on cell apoptosis in AGS and MKN45. *P<0.05, **P<0.01, ***P<0.001.
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histological type. Noteworthily, our prognostic analysis also 
shows that ARL4C is a more significantly negative prognostic 
factor for patients with intestinal type GC (TP53-mutated) 
compared to other histological types.

Conclusion
In conclusion, our work is of significance for comprehensively 
understanding the upstream and downstream molecular 
mechanisms of ARL4C in GC. Our results demonstrate that 
miR-302c and miR-302d could function as upstream modula-
tors of ARL4C, and ARL4C could regulate p53 signaling in 
GC cells. More importantly, we uncover the great promise of 
ARL4C-targeted therapy in TP53-mutant GC patients. Our 
studies provide more comprehensive insights into the specific 
role of ARL4C that benefits the development of novel strate-
gies for GC detection and treatment.
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