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CMTM4 inhibits gastric tumorigenesis and metastasis
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Background: CKLF-like MARVEL transmembrane domain-containing 4 (CMTM4) is involved in 
immune regulation and tumor progression; however, its role in gastric cancer (GC) remains unclear. This 
study explored the role and mechanism of CMTM4 in GC.
Methods: Immunohistochemistry was used to analyze CMTM4 expression in human gastric biopsied cells 
from patients with GC (N=23) or chronic superficial gastritis (N=23). To investigate the function of CMTM4 
in GC cells, the gene CMTM4 was knocked down and overexpressed in human gastric adenocarcinoma cell 
line AGS. The gene CMTM4 was overexpressed in AGS cells and human gastric cell line SGC7901. Cell 
Counting Kit 8 (CCK-8) and cell clonogenic assays were used to analyze the proliferation of the GC cells. 
Flow cytometry was used to analyze the effects of CMTM4 on apoptosis and the cell cycle. Wound healing 
and transwell assays were used to analyze the migration and invasion of the gastric cells, respectively. The 
mechanism of CMTM4 in GC cells was explored using the tandem mass tags (TMTs) proteome and verified 
by western blot analysis.
Results: CMTM4 expression was more downregulated in the human GC tissues than the gastritis tissues. 
CMTM4 overexpression significantly inhibited the proliferation, migration, and invasion of the GC cells, 
whereas CMTM4 knockdown enhanced gastric cell proliferation (P>0.05), migration (P>0.05), and invasion 
(P>0.05). Flow cytometry showed that CMTM4 promoted apoptosis and resulted in G1/S arrest in the GC 
cells. In addition, the proteome and western blot results showed that STAT1 was significantly upregulated, 
and the STAT1 signaling pathways were enriched in the GC cells overexpressing CMTM4.
Conclusions: Our results suggest that CMTM4 plays a tumor-suppressive role in GC and may affect the 
growth, migration, and invasion of GC cells through the STAT1 signaling pathway. CMTM4 might have 
potential value as a prognosis marker and potential therapeutic target for GC therapy.
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Introduction

Gastric cancer (GC) is the fifth most commonly diagnosed 
malignancy worldwide with over 1 million new cases 
estimated annually (1). With an estimated 478,508 new cases 
in 2020, the incidence of GC in China is very high (2). Due 
to late-stage diagnosis, GC has a high mortality rate, with 
an estimated 768,793 deaths worldwide in 2020 (1). Thus, 
stomach cancer is one of the most threatening malignancies 
affecting the health of the population in China (3). Due to 
distant metastasis and resistance to chemotherapy drugs, the 
5-year survival rate of GC is only 40% (4).

GC has multiple etiologies and possible carcinogenic 
mechanisms, including Helicobacter pylori (H. pylori) 
infection, a high-salt diet, and genetics (5,6). The lack of 
biomarkers for early diagnosis makes it difficult to detect 
GC at an early stage, which severely affects the treatment 
outcomes and leads to a poor prognosis (7). Therefore, 
understanding the molecular mechanisms of GC and the 
identification of novel genes functionally involved in GC 
progression are crucial for the diagnosis and treatment of GC.

The CKLF-like MARVEL transmembrane domain-
containing family (CMTM) is known as the chemokine-like 
factor superfamily, whose coding products are structurally 
similar to those of chemokines (8). The family comprises 
nine members in humans, including CKLF and CMTM1-8,  
which contain a MARVEL domain, and play important 

roles in immune regulation and tumorigenesis (9-11). 
Several studies have shown that members of the CMTM 
family (CMTM3–5) can prevent the growth and invasion of 
different types of cancer cells (12-14). We have previously 
shown that CMTM3 downregulates epidermal growth 
factor receptor expression and suppresses epidermal growth 
factor-mediated tumorigenicity in GC cells (15). More 
recently, we reported that CMTM3 stabilizes nuclear 
factor kappa-B (NF-κB) essential modulator (NEMO) and 
protects gastric epithelial cells from apoptosis during H. 
pylori infection (16).

Interaction between programmed death 1 (PD-1) and 
programmed cell death-ligand 1 (PD-L1) resulting in T cell 
dysfunction is one of the most notable immunotherapeutic 
targets in GC (17). Among the CMTM family, CMTM4 
is highly conserved and, along with CMTM6, acts as a 
regulatory molecule of PD-L1. Specifically, CMTM6 acts 
to stabilize PD-L1 by impeding its ubiquitin-mediated 
proteasomal degradation, while CMTM4 assumes a 
compensatory role in the absence of CMTM6, a function 
not shared by other CMTM family members (18,19). 
Recent studies have revealed that CMTM4 is required for 
the activation of the interleukin (IL)-17A signaling pathway 
(20,21). Noteworthy, CMTM4 functions as a subunit of 
IL-17R, which assembles with IL-17RC and IL-17RA 
to form the IL17 receptor complex (22). CMTM4 was 
shown to be significantly downregulated in renal clear cell 
carcinoma and to inhibit cell proliferation, inducing G2/M 
arrest (23), while its heightened expression correlates with a 
favorable prognosis in hepatocellular carcinoma (24,25). We 
previously reported that CMTM4 inhibits the migration 
of colorectal cancer cells by regulating the AKT/STAT3 
pathway, exerting a tumor-suppressive effect (13). However, 
the function and mechanism of CMTM4 in GC have not 
been thoroughly elucidated.

Two recent investigations aimed to bridge this knowledge 
gap. Liang et al. (26) systematically examined the expression 
profiles of nine genes belonging to the CMTM family in 
GC tissues, assessing their diagnostic utility across various 
databases. Their findings revealed a notable downregulation 
of CMTM4 expression in GC tissues. Similarly, Zhou  
et al. (27) employed a multifaceted Cox regression model 
to analyze the transcriptomic data from 118 normal gastric 
tissues and 827 GC tissues. Their results indicated that 
elevated levels of CMTM4 expression serve as a protective 
factor for GC patients. Collectively, these findings underscore 
the significance of CMTM4 in the context of GC.

In this study, we explored the role and mechanism of 
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CMTM4 in GC cells. These findings offer new perspectives 
on the mechanistic role of CMTM4 in GC, which could 
have substantial clinical implications for the development 
of GC treatment strategies. We present this article in 
accordance with the MDAR reporting checklist (available at 
https://jgo.amegroups.com/article/view/10.21037/jgo-24-
466/rc).

Methods

Bioinformatics

The effect of CMTM4 expression on the survival of GC 
patients was analyzed using the Kaplan-Meier Plotter (https://
kmplot.com/analysis/index.php?p=service&cancer=gastric).

Tissues and immunohistochemistry

Human gastric mucosal tissues were obtained from the 
Department of Gastroenterology, Peking University Third 
Hospital. Gastric mucosa was collected from patients with 
gastric adenocarcinoma or chronic superficial gastritis. The 
demographic profiles of patients were listed in Table S1.  
CMTM4 immunohistochemistry was performed as 
previously described (28). Five fields were randomly selected 
for analysis using ImageJ (Silver Spring, MD, USA), and 
the intensity of the positive regions was compared. The 
study was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). This study was approved by 
the Ethics Committee of Peking University Third Hospital 
(No. S2022179) and informed consent was taken from all 
the patients.

Cell lines and reagents

Human GC cells AGS (ATCC CRL-1739) and human 
embryonic kidney 293T cells (ATCC: CRL-3216) were 
purchased from ATCC (Manassas, VA, USA). Human GC 
cells SGC7901 was preserved in our laboratory. All the 
cells were authenticated via short tandem repeat (STR) 
genotyping by Biowing Viotechnology (Shanghai, China). 
The AGS and SGC7901 cells were cultured with Roswell 
Park Memorial Institute Medium (RPMI) 1640 (Gibco, 
Carlsbad, CA, USA) containing 10% fetal bovine serum 
(FBS, HyClone, Logan, UT, USA). The 293T cells were 
cultured with Dulbecco’s Modified Eagle Medium (Gibco) 
containing 10% FBS (HyClone). All the cells were cultured 
at 37 ℃ with 5% carbon dioxide. The STAT1 inhibitor 

fludarabine was purchased from Selleckchem (Houston, 
TX, USA). All the cell lines were characterized by Biowing 
Applied Biotechnology (Shanghai, China).

Generation of CMTM4 overexpression and knockdown 
cells

The CMTM4 overexpression and knockdown plasmids were 
constructed by Hanbio (Shanghai, China). The primers 
used to construct the CMTM4 overexpression vector 
were: h-CMTM4-F: 5'-TACTAGAGGATCTATTTCC
GGTGAATTCGCCACCATGCGGAGCGGCGAG-3'; 
h-CMTM4-R, and 5'-TCACTTAAGCTTGGTACCG
AGGATCCGGCAAGTTGCCAGTGATTCAAAC-3'. 
The target sequence was digested with EcoRI and BamHI, 
and then ligated with linearized pHBLV lentiviral vector. 
The ligated product was transformed into the competent 
cells DH5α, and the plasmid (HBLV-CMTM4OE) was 
extracted and identified by DNA sequencing. The HBLV-
CMTM4OE plasmid, pSPAX2, and pMD2G were co-
transfected into the 293T cells for lentiviral packaging.

The sequence used for CMTM4 knockdown was sh3: 
5'-GAAATTGCTGCCGTGATAT-3', and the control 
sequence was shN: 5'-CCTAAGGTTAAGTCGCCCT 
CG-3 (13). The target gene was digested with MluI and 
XhoI and then cloned into the pGIPZ lentiviral vector and 
transformed into DH5α. Recombinant plasmids (GIPZ-
shN, and GIPZ-sh3) were identified by DNA sequencing.

The recombinant plasmids, pSPAX2 and pMD2G were 
co-transfected into the HEK 293T cells for lentiviral 
packaging using LipofiterTM (Hanbio). The cell culture 
supernatants containing lentivirus were collected 48 h 
after transfection. The cell supernatants were mixed with  
2 μg/mL of polybrane (Millipore, Billerica, MA, USA) for 
the infection of the AGS and SGC7901 cells.

Real-time reverse transcription polymerase chain reaction 
(RT-qPCR)

The total RNA of the cells was abstracted using the 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Reverse 
transcription was performed using the complementary 
DNA (cDNA) Synthesis Kit (Tiangen Biotech, Beijing, 
China). The primers used for RT-qPCR were: CMTM4-F, 
5'-GCACCAATGACTACATCCGAGC-3'; CMTM4-R, 
5'-GCCAGTGATTCAAACTCAGCAGG-3'; ACTB-F, 
5 ' - C A C C AT T G G C A AT G A G C G G T T C - 3 ' ;  a n d 
ACTB-R, 5'-AGGTCTTTGCGGATGTCCACGT-3'. 

https://jgo.amegroups.com/article/view/10.21037/jgo-24-466/rc
https://jgo.amegroups.com/article/view/10.21037/jgo-24-466/rc
https://kmplot.com/analysis/index.php?p=service&cancer=gastric
https://kmplot.com/analysis/index.php?p=service&cancer=gastric
https://cdn.amegroups.cn/static/public/JGO-24-466-Supplementary.pdf
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The expression of CMTM4 messenger RNA (mRNA) was 
expressed as the fold change relative to the gene ACTB.

Cell proliferation assay

The cells were inoculated at 4,000 cells/well in 96-well 
plates. After culturing for 24, 48, and 72 hours, the Cell 
Counting Kit 8 (CCK-8) reagent (Dojindo, Kumamoto, 
Japan) was used to detect the growth of the cells. The 
optical density (OD) value was measured at 460 nm. The 
experiment was repeated three times.

Colony formation assay

The cells were inoculated at 500 cells/well in 6-well plates. 
After culturing for 2 weeks, the cells were fixed with 4% 
paraformaldehyde and stained with crystalline violet. 
Photographs were taken, and a statistical analysis of the 
number of cell clones was performed. The experiment was 
repeated three times.

Cell apoptosis assay

The cells were inoculated at 2×105 cells/well in 12-well 
plates. After culturing for 72 hours, the cells were collected 
and resuspended in binding buffer for staining with the 
688-conjugated AnnexinV and propidium iodide (PI) 
reagents (Dojindo). Cell apoptosis was analyzed by flow 
cytometry using a FACSCanto instrument (Beckman, Brea, 
CA, USA). The experiment was repeated three times.

Cell cycle analysis

The cells were inoculated at 2×105 cells/well in 12-well 
plates and cultured for 12 hours. After starving for 24 hours, 
RPMI 1640 containing 10% FBS was added and incubation 
was continued for 48 hours. The cells were fixed with 
cold 70% ethanol and stained with the PI (Dojindo). Cell 
cycle was analyzed by flow cytometry using a FACSCanto 
instrument (Beckman). The experiment was repeated three 
times.

Wound healing assay

The cells were inoculated at 4×105 cells/well in 12-well 
plates and incubated for 12 hours. A straight line was 
scratched with a pipette tip in the middle of the wells. 
RPMI 1640 without FBS was added after washing three 

times with PBS, and micrographs were taken. Micrographs 
were taken again 48 hours later. The area of the scratch at 
different times was measured using Image J 1.53. The wound 
healing rate was calculated using the scratch area at 0 hour as 
a reference. The experiment was repeated three times.

Cell invasion assay

Matrigel (100 μL) was added to the transwell chambers 
(Corning, Steuben County, USA) and incubated at 37 ℃  
for 30 min for clotting. The cells were inoculated at  
1×105 cells/well in the chamber in serum-free medium, and 
medium containing 10% FBS was added to the well. After 
culturing for 48 hours, cells on the lower surface of the 
chamber were fixed and then stained with crystal violet. Three 
fields were randomly selected for cell counting (magnification, 
×100). The experiment was repeated three times.

Proteomic analysis

The AGS-NC and AGS-CMTM4OE cells were cultured 
at 4×106 per 10-cm dish, and the cells were collected after 
24 hours. DB proteolytic solution [8 M urea, 100 mM 
triethylammonium bicarbonate (TEAB), pH =8.5] was 
added to the protein, and then centrifuged at 4 ℃ and 
12,000 ×g for 15 min after mixing well and sonicating in an 
ice water bath for 5 min. Add dithiothreitol (DTT) (1 M) to 
the supernatant and reacted at 56 ℃ for 1 min, then place 
the supernatant on ice for 2 min. The IAM was added to 
the supernatant and reacted at room temperature, avoiding 
light, for 1 hour.

The protein quantification was performed using the 
Bradford kit, followed by 12% SDS-PAGE and Komas 
Brilliant Blue staining. DB proteolytic solution, trypsin, 
and 100 mm TEAB buffer were added to the protein, and 
then digested with trypsin and Calcium chloride. Formic 
acid was added to make pH <3. After centrifugation 
the supernatant was slowly desalted through a C18SPE 
column and dried under vacuum. The peptide was re-
solubilized with 0.1 M TEAB buffer and labeled with 
41 μL of acetonitrile solubilized TMT. The labeled 
peptides were desalted and lyophilized. Fractions were 
separated using an L-3000 HPLC system. The separated 
peptides were analyzed by the Q ExactiveTM HF-X mass 
spectrometer and mass spectrometry (MS) detection. The 
resulting spectra were searched by Proteome Discoverer 
(Thermo, HFX and 480). The expression of the proteins 
was statistically analyzed, and proteins with a P value 
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<0.05 and |log2 fold change| value >0.25 were defined 
as differentially expressed proteins. The functions and 
pathways of the proteins were analyzed using the Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) databases (29,30).

Western blot analysis

The cells were lysed with the lysis buffer (Solarbio, 
Beijing, China) containing 1% protease inhibitor and 2% 
phosphatase inhibitor (Solarbio). After determining the 
concentration, the protein was subjected to 10% sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), and then transferred to polyvinylidene fluoride 
(PVDF) membranes. The PVDF membranes were blocked 
with 5% skimmed milk and then incubated with the primary 
antibody overnight. After incubating the membranes with 
the secondary antibody, protein expression was detected 
using the chemiluminescence reagent (Yamei, Shanghai, 
China). Protein expression was measured using the target 
protein/β-actin ratio. Primary antibodies against STAT1 
(YP0249) and p-STAT1 (YM4105) were purchased from 
Immunoway (Plano, TX, USA). Primary antibody against 
β-actin (K101527P) was purchased from Solarbio. Primary 
antibodies against CMTM4 (17433S) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Secondary 
horseradish peroxidase-conjugated antibodies against-
mouse Immunoglobulin G (IgG) (7074S) or rabbit IgG 
(7076S) were purchased from Cell Signaling Technology 

(Danvers, MA, USA). The experiment was repeated three 
times.

Statistical analysis

IBM SPSS Statistics 22.0 (Chicago, IL, USA) was used 
for the statistical analysis. The Student’s t-test was used to 
compare the quantitative data between two groups, with 
a |log2 (fold change)| >0.25 and P value <0.05 indicating 
a statistically significant difference. All experiments had 
at least three technical or biological replicates. Three 
independent replicate experiments were performed.

Results

CMTM4 is downregulated in GC and is associated with a 
good prognosis

A study based on several GC datasets (Allander Gastric, 
Wang Gastric, Derrico Gastric, and Cho Gastric) 
have reported that CMTM4 expression is significantly 
downregulated in GC tissues (26). We further analyzed the 
CMTM4 expression in the gastric mucosa of patients with 
GC or gastritis using immunohistochemistry. The results 
showed that the expression of CMTM4 was significantly 
lower in the GC tissues than the gastritis tissues (P<0.01) 
(Figure 1A,1B). Survival curves were plotted using the 
Kaplan-Meier Plotter, and the results showed that the 
median survival time of the GC patients with high CMTM4 
expression (23.6 months) was significantly longer than 

Figure 1 CMTM4 is downregulated in GC and associated with a good prognosis. (A,B) CMTM4 expression in gastric mucosa of patients 
with gastritis (up) or GC (down) was detected by immunohistochemistry (magnification 400×). (C) Survival curves of GC patients with high 
or low CMTM4 expression. **, P<0.01. HR, hazard ratio; GC, gastric cancer.
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that of the GC patients with low CMTM4 expression  
(12.67 months, P<0.01) (Figure 1C), suggesting that high 
CMTM4 expression is a protective factor for GC.

CMTM4 inhibits the proliferation of GC cells

To clarify the function of CMTM4 in the GC cells, we 
constructed CMTM4 overexpression (AGS-CMTM4OE) 
and knockdown AGS cells (AGS-sh3), and CMTM4 
overexpression SGC7901 cells (SGC7901-CMTM4OE). 
The expression of CMTM4 was verified using RT-qPCR 
(Figure S1).

One of the important characteristics of tumor cells is 
their abnormal proliferative capacity. We analyzed the effect 
of CMTM4 on the proliferation of GC cells using a CCK-8 
analysis. The results showed that CMTM4 overexpression 
significantly inhibited the proliferation of the AGS and 
SGC7901 cells (72 h, P<0.01), whereas CMTM4 knockdown 
promoted the proliferation of AGS cells (48 and 72 h, 
P<0.01) (Figure 2A-2C). The inhibitory effect of CMTM4 

on the growth of the AGS and SGC7901 cells was further 
confirmed using a plate cloning assay (Figure 2D-2I).

CMTM4 promotes apoptosis and results in the G1/S arrest 
of GC cells

The effects of CMTM4 on the apoptosis and cell cycle 
of the GC cells were studied by flow cytometry. The 
proportion of apoptotic cells in the CMTM4 overexpression 
AGS and SGC7901 cells was significantly higher than that 
of the control. The apoptosis of the CMTM4 knockdown 
AGS cells was lower than that of the control group (P<0.05) 
(Figure 3A-3F), suggesting that CMTM4 promotes apoptosis 
in GC cells. Further, we examined the effect of CMTM4 on 
the cell cycle and found that the proportion of cells in the  
G0/G1 phase in the CMTM4 overexpression AGS and 
SGC7901 cells was significantly increased, whereas that of the 
cells in the S phase was decreased (P<0.05) (Figure 3G-3L), 
suggesting that CMTM4 may also inhibit cell proliferation 
by inducing G1/S phase arrest.
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Figure 2 CMTM4 inhibits the proliferation of GC cells. (A-C) The effect of CMTM4 on the proliferation of AGS and SGC7901 cells 
analyzed by CCK-8 assay. (D-I) The effect of CMTM4 on the proliferation of AGS and SGC7901 cells analyzed by colony formation. 
Cell colonies were stained with crystal violet and photographed with a camera. *, P<0.05, **, P<0.01, ***, P<0.001. GC, gastric cancer; NC, 
negative control; CCK-8, Cell Counting Kit 8.
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CMTM4 inhibits the migration of GC cells

The effect of CMTM4 on the migration of GC cells was 
determined by wound healing assay. The migration rates 
of the AGS-CMTM4OE and SGC7901-CMTM4OE cells 
were significantly lower than those of the control cells at 
48 h (P<0.05), while the migration rate of the AGS-sh3 
cells was significantly higher than that of the control group 
(P<0.05) (Figure 4A-4F), suggesting that CMTM4 inhibited 
the migration of GC cells.

CMTM4 inhibits the invasion of GC cells

Transwell assay was used to examine the effect of CMTM4 
on the invasion of the AGS and SGC7901 cells. The number 
of membrane-penetrating cells was significantly lower in the 
CMTM4 overexpression AGS and SGC7901 cells (P<0.01), 

while the number of membrane-penetrating AGS cells with 
CMTM4 knockdown was significantly higher compared with 
the control group (P<0.05) (Figure 5A-5F). This suggests 
that CMTM4 decreased the invasive ability of GC cells.

CMTM4 upregulates STAT1 expression

To explore the possible mechanisms of CMTM4 function 
in GC cells, a proteomic analysis was performed to identify 
the differentially expressed proteins between the AGS-NC 
and AGS-CMTM4OE groups. Based on a comparison of 
the AGS-CMTM4OE and AGS-NC groups, a total of 33 
differentially expressed proteins were identified, of which 16 
were upregulated and 17 were downregulated, (Figure 6A,6B,  
Table S2). We found that STAT1 was significantly 
upregulated in the AGS-CMTM4OE group, and the 

Figure 3 CMTM4 inhibits apoptosis and causes the G1/S arrest of GC cells. (A-C) Apoptosis was analyzed after a 72-h cell culture using 
flow cytometry. (D-F) Representative histograms of cells at each apoptosis phase are shown. (G-I) The cell cycle was analyzed after cell 
culturing for 48 h using flow cytometry. (J-L) Representative histograms of cells at each phase are shown; *, P<0.05; **, P<0.01; ***, P<0.001; 
****, P<0.0001. PI, propidium iodide; APC, allophycocyanin; NC, negative control; GC, gastric cancer.
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Figure 4 CMTM4 inhibits the migration of GC cells. (A-C) The migration rate of cells at 48 h was analyzed using a wound healing analysis  
and micrographs were taken using microscopy (×100). (D-F) Representative histograms and the migration rate (%) are shown; *, P<0.05, **, 
P<0.01. NC, negative control; GC, gastric cancer.
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Figure 5 CMTM4 inhibits the invasion of GC cells. (A-C) The invasion of cells for 48 h was analyzed using Transwell assay (crystal violet 
staining, ×200). (D-F) Representative histograms and the number of membrane-penetrating cells are shown. *, P<0.05. NC, negative 
control; GC, gastric cancer.
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upregulated proteins were enriched in STAT1 related 
signaling pathways, such as GO:0035455, GO:0060333, 
GO:0035456, and GO:0034341 (Figure 6C, Table 1). 
Further, the western blot experiments verified that both 

the total and phosphorylated STAT1 were upregulated 
in the CMTM4 overexpression AGS cells (Figure 6D). 
These results suggested that CMTM4 exerts an anti-tumor 
function by affecting the STAT1 signaling pathway.
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The inhibitory effects of CMTM4 on GC cell proliferation, 
migration, and invasion are STAT1 dependent

To verify whether STAT1 was involved in the effects of 
CMTM4 on the GC cells, the STAT1 inhibitor fludarabine 
was used to determine whether inhibiting STAT1 could 
rescue CMTM4-induced changes in the GC cells. The 
results showed no obvious difference in proliferation 
between the AGS-CMTM4OE and AGS-NC cells after 
fludarabine treatment (Figure 7A,7B). Moreover, the 
inhibition of GC cell migration (Figure 7C-7F) and invasion 
(Figure 7G-7J) by CMTM4 overexpression disappeared, 
which suggests that STAT1 is the key molecule involved in 
the inhibitory effect of CMTM4 on GC cells.

Discussion

Previous results have reported that CMTM4 mRNA 
expression is decreased in GC tissues and high CMTM4 
gene expression is a protective factor for the prognosis of 
GC patients (26,27). In this study, we explored the function 
and mechanism of CMTM4 in GC, and found that: (I) 
CMTM4 expression was reduced in GC tissues, and high 
CMTM4 expression was significantly associated with a good 
prognosis in GC; (II) CMTM4 overexpression inhibited 
the tumorigenesis of GC cells, caused cell cycle G1/S 
phase arrest, and promoted the apoptosis, while CMTM4 
knockdown produced the opposite effects; (III) CMTM4 
overexpression upregulated STAT1 expression and activated 
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Table 1 GO and KEGG enrichment of the upregulated proteins in AGS-CMTM4OE cells

Category Term Pathways Count Proteins Fold enrichment P value

GO-BP GO:0035455 Response to interferon-alpha 2 BST2, MX2 130.189 0.02

GO-BP GO:0035456 Response to interferon-beta 2 STAT1, BST2 130.189 0.02

GO-BP GO:0016045 Detection of bacterium 2 HLA-A, CARD4 119.340 0.02

GO-BP GO:0060333 Interferon-gamma-mediated 
signaling pathway

2 STAT1, NMI 110.160 0.02

GO-BP GO:0043473 Pigmentation 2 B4DZ36, HPS5 59.670 0.03

GO-BP GO:0034341 Response to interferon-
gamma

2 STAT1, BST2 51.146 0.04

GO-BP GO:0019731 Antibacterial humoral response 3 HLA-A, H2BC21, TF 36.409 0.003 

GO-BP GO:0006952 Defense response 3 STAT1, MX2, CARD4 27.191 0.005 

GO-BP GO:0009615 Response to virus 3 BST2, MX2, NMI 19.352 0.01

GO-BP GO:0050830 Defense response to Gram-
positive bacterium

3 HLA-A, H2BC21, CARD4 16.652 0.01

GO-BP GO:0042493 Response to drug 4 STAT1, ALDH3A1, TXNIP, MAOB 9.775 0.007 

GO-BP GO:0051607 Defense response to virus 3 STAT1, BST2, MX2 9.180 0.04

GO-BP GO:0009410 Response to xenobiotic 
stimulus

3 STAT1, TXNIP, MAOB 8.876 0.04

GO-CC GO:0048471 Perinuclear region of 
cytoplasm

5 STAT1, OLFM4, XRCC3, TRAPPC2B, TF 4.798 0.02

GO-BP GO:0045087 Innate immune response 4 HLA-A, BST2, MX2, CARD4 4.734 0.046 

GO-CC GO:0005615 Extracellular space 9 OLFM4, ALDH3A1, H2BC21, B4DZ36, TF, 
APOC3, NMI, TFF1, CDK13

3.412 0.003 

GO-CC GO:0070062 Extracellular exosome 8 NEDD8, OLFM4, HLA-A, H2BC21, 
B4DZ36, TF, BST2, APOC3

2.650 0.02

GO-CC GO:0005829 Cytosol 14 NEDD8, OLFM4, A8K5X7, ALDH3A1, 
XRCC3, H2BC21, BST2, CARD4, STAT1, 
MX2, TXNIP, NMI, CDK13, HPS5

1.864 0.01

GO-CC GO:0005737 Cytoplasm 13 ZNF703, NEDD8, ALDH3A1, XRCC3, 
BST2, CARD4, STAT1, TRAPPC2B, 
B4DZ36, MX2, TXNIP, NMI, HPS5

1.708 0.04

GO-MF GO:0005515 Protein binding 27 ZNF703, OLFM4, ALDH3A1, BST2, 
NDUFA4, CARD4, STAT1, SLC39A9, 
HLA-A, NPRL2, TRAPPC2B, TF, APOC3, 
MX2, TXNIP, NMI, CDK13, NEDD8, 
A8K5X7, XRCC3, H2BC21, PLEKHN1, 
CMTM4, RPAP1, MAOB, TFF1, HPS5

1.445 <0.01

KEGG hsa00360 Phenylalanine metabolism 2 ALDH3A1, MAOB 64.10 0.03

KEGG hsa00340 Histidine metabolism 2 ALDH3A1, MAOB 46.619 0.04

KEGG hsa04621 Nod-like receptor signaling 
pathway

3 STAT1, TXNIP, CARD4 8.361 0.04

GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular component; MF, molecular 
function.
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Figure 7 The suppression of STAT1 restored the proliferation, migration, and invasion inhibited by CMTM4. AGS-NC and AGS-
CMTM4OE cells were cultured and treated with or without the STAT1 inhibitor, fludarabine (Fluda, 10 μM). (A,B) Cell proliferation was 
analyzed using the CCK-8 assay. (C-F) The migration rate of cells at 48 h was analyzed by a wound healing analysis and micrographs were 
taken using microscopy (×100). (G-J) The invasion of the cells at 48 h was analyzed using a Transwell assay (crystal violet staining, ×200); 
*, P<0.05; **, P<0.01. NC, negative control; NC, negative control; STAT1, signal transducer and activator of transcription 1; CCK-8, Cell 
Counting Kit 8.
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the related pathways; and (IV) the effect of CMTM4 on 
the GC cells was restored by the STAT1-specific inhibitor 
fludarabine. These results suggested that CMTM4 could 
play a tumor suppressor role in GC. 

CMTM4 is one of the most conserved proteins in the 
CMTM family, with a quadratic transmembrane structure 
containing the MARVEL domain (8). CMTM4 plays an 
important role in regulating the transport and stability of 
membrane molecules and the occurrence and development 
of tumors. Knizkova et al. (22) reported that CMTM4 
assembles with IL-17RC and IL-17RA to form the IL17 
receptor complex and is necessary for IL17A signaling 
pathway. CMTM4 also promotes EGFR degradation by 
promoting Rab5 activity and inhibits the EGF signaling 
pathway (13). Li et al. (23) found that CMTM4 significantly 
inhibited the growth of renal cells, which may be caused 
by CMTM4 up-regulating p21 protein and affecting the 
cell cycle. Xue et al. (13) found that CMTM4 inhibits the 
phosphorylation of AKT, ERK1/2 and STAT3, suppressing 
the proliferation, invasion, migration and metastasis of 
tumor cells, which is consistent with our results.

The regulation of the cell cycle plays a key role in cell 
proliferation. It has been reported that CMTM4 induces 
G2/M cell cycle arrest and upregulates p21, thus inhibiting 
cell proliferation (23,31). CMTM4 overexpression also 
inhibits HeLa cell growth by inducing G2/M phase 
accumulation (32). Cell cycle regulation involves multiple 
factors, including negative regulatory factors, such as cyclin-
dependent kinase (CDK) inhibitors, positive regulatory 
factors, such as cyclins, and CDKs (33,34). In our study, 
the CMTM4 overexpressed cells underwent G1/S phase 
arrest during the cell cycle, and no significant G2/M phase 
arrest was observed. The G1-S phase transition is a major 
checkpoint in the cell cycle. The G1 phase and G1/S 
transition are regulated by activators (cyclin D1-D3, cyclin 
E1, and CDK4) and inhibitors (p21, p27, and p16) (35,36). 
However, the mechanism by which CMTM4 induces G1/S 
phase arrest requires further investigation.

Protein expression profiling was conducted to explore the 
potential signaling pathways involved in the inhibitory effect 
of CMTM4 on GC. The differentially expressed genes were 
significantly enriched in the interferon-mediated STAT1 
signaling pathway. Interferon gamma (IFN-γ) primarily 
activates Janus kinase (JAK) including JAK1 and JAK2, 
inducing STAT1 to form homodimers (37). Studies had 
shown the critical anti-tumor effects of IFN-γ. For example, 
IFN-γ has been shown to induce immunosurveillance and 
adaptive immunity against tumor cells, and to inhibit cell 

proliferation and promote apoptosis (38,39). IFN-γ has 
also been shown to suppress cell proliferation through the 
activation of STAT1 and the upregulation of CDK inhibitor 
1 (40). Further research has shown that IFN-γ upregulates 
the expression of caspase-8 in a manner dependent on 
the STAT1/IRF1 pathway, thereby promoting tumor 
cell apoptosis (41). STAT1 acts as an inhibitor of tumor 
angiogenesis and metastasis. Previous studies have shown 
that STAT1 promotes apoptosis in tumors by inducing the 
expression of surface cell death receptors and their ligands 
(42,43). Varikuti et al. (44) reported that STAT1 inhibits 
tumor growth and metastasis in breast cancer. In this study, 
CMTM4 was shown to inhibit the proliferation, invasion, 
and metastasis of GC cells in a STAT1-dependent manner. 

In addition, we found that the expression of CMTM4 
in non-cancerous tissues was significantly higher than that 
in GC tissues. The expression of CMTM4 is significantly 
associated with good prognosis of GC patients. Although 
currently there is a lack of trials investigating survival 
according to CMTM4 status. It suggests that CMTM4 
has potential value as a prognosis marker and potential 
therapeutic target for GC therapy. There are some 
limitations in this study. The mechanism by which CMTM4 
regulates STAT1 and STAT1 targeted molecules was not 
clear. IFN-γ promotes the phosphorylation of STAT1 but 
not the total STAT1 protein. Therefore, CMTM4 may 
promote total STAT1 expression through pathways other 
than IFN-γ. It would be valuable to further validate the 
upstream molecules of CMTM4.

Conclusions

Our study demonstrated that CMTM4 expression is 
decreased in GC, and a high expression of CMTM4 is 
associated with a good prognosis in GC patients. CMTM4 
inhibits the proliferation and metastasis of GC cells in a 
STAT1-dependent manner. These results highlight the 
tumor-suppressor function of CMTM4 in GC and suggest 
a new target for GC therapy.
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