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TMA4SF1 inhibits apoptosis and promotes proliferation,
migration and invasion in human gastric cancer cells
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Abstract. Gastric cancer (GC) is associated with poor
patient prognosis, and so it crucial to investigate the
molecular mechanisms underlying the progression of GC.
The aim of the present study was to investigate the role of
transmembrane-4 L6 family member 1 (TM4SF1) in the
progression of GC. TM4SF1 small interfering RNA (siRNA)
and TM4SF1-expressing plasmids were employed to regulate
TMA4SF1 expression. In vitro experiments were performed
to determine the effect of TM4SF1 on the expression of
apoptosis-associated molecules and determine the role of
TMA4SF1 in apoptosis, proliferation, migration and inva-
sion using human GC cell lines MGC803 and MKN45. The
data of the present study demonstrated that TM4SF1 may
regulate the expression of apoptosis-associated molecules
at the mRNA and protein levels. TM4SF1 silencing reduced
B-cell lymphoma 2 (Bcl2) expression, whilst caspase-3 and
Bcl2-associated X expression increased, and upregulating
TMA4SF1 reversed these changes in GC cells. Furthermore,
TM4SF1 knockdown promoted apoptosis while inhibiting
the proliferation, migration and invasion of GC cells. Rescue
experiments demonstrated that TM4SF1 upregulation
reversed the changes induced by transfection with TM4SF1
siRNA. In summary, TM4SF1 is an anti-apoptosis protein
associated with the progression of GC. Additional in vivo
experiments and clinical trials are required to confirm the
possible use of TM4SF1 in tumor therapy.
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Introduction

Gastric cancer (GC) is a disease that poses a serious threat to
human health and quality of life globally (1). In 2015, GC is the
third highest cause of cancer-associated moralities in males
and the second highest in females in China (2). Currently,
patients with GC generally have a poor prognosis, and early
diagnosis is important to improve patient outcomes (3).
Treatment primarily comprises of combined therapy of
surgery with chemotherapy and radiotherapy; however, this
treatment regime has limited effectiveness. Due to the majority
of patients with GC being diagnosed at advanced stages,
the resection rate for GC has been reported to be ~50% (4).
Chemotherapy is an adjunctive treatment that is only able to
alleviate the symptoms and prolong the survival of patients
with GC, rather than treating the disease (5). Whether adjuvant
radiotherapy can improve the overall survival of patients with
GC remains controversial (6). Developing effective thera-
peutic strategies based on novel targets may help to improve
the overall prognosis of patients with GC. Investigating the
molecular mechanisms underlying GC progression is crucial
in the identification of novel therapeutic targets.

Transmembrane-4 L6 family member 1 (TM4SF1), a low
molecular weight protein consisting of 202 amino acids, is a
member of the transmembrane-4 protein L6 superfamily. This
family also includes TM4SF4, TM4SF5 and TM4SF18 (7).
TMA4SF1 is highly expressed in activated endothelial cells and
can activate vascular endothelial growth factor (VEGF)-A or
thrombin to stimulate angiogenesis (8). Additionally, TM4SF1
may also promote cell migration by increasing the formation
of filopodia (9). TM4SF1 may therefore be a tumor promoter,
and a number of studies have confirmed the important role of
TMA4SF1 in tumor progression. Cao et al (10) reported that
TMA4SF1 regulates pancreatic cancer migration and invasion
in vitro and in vivo. Huang et al (11) reported that TM4SF1
promotes proliferation, invasion and metastasis in human liver
cancer cells. Sun et al (12) confirmed that TM4SF1 regulates
breast cancer cell migration and apoptosis; however, the effects
of TM4SF1 on GC remain unclear.

A previous study reported that TM4SF1 was overexpressed
in GC (13). Based on this, it was hypothesized in the present
study that TM4SF1 may be an important regulator of GC
development. The aim of the present study was to assess the
effects of TM4SF1 on the proliferation, migration and invasion
of GC cells. These data may improve the understanding of the
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molecular mechanisms underlying GC progression, providing
a basis for the development of effective therapeutic strategies.

Materials and methods

Cell culture and reagents. Human GC cell lines MGC803 and
MKN45 were obtained from the Cell Bank of the Shanghai
Institute of Biological Sciences, Chinese Academy of Sciences
(Shanghai, China) and maintained in RPMI-1640 supplemented
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and 1% penicillin/strep-
tomycin at 37°C in a humidified atmosphere containing 5%
CO,. Antibodies against B-cell lymphoma 2 (Bcl2; 1:500;
ab692), caspase-3 (1:1,000; ab13847), Bcl2-associated X
(Bax; 1:2,000; ab32503) and B-actin (1:2,000; ab8227) were
purchased from Abcam (Cambridge, UK). Bound antibodies
were detected with horseradish peroxidase-conjugated anti-
body against mouse (1:10,000; ab6728; Abcam) or rabbit IgG
(1:10,000; sc-2357; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), followed by enhanced chemiluminescence detection
(GE Healthcare Life Sciences, Little Chalfont, UK).

Gene transduction. The TM4SF1 small interfering RNA
(siRNA), TM4SF1-expressing plasmid and their control
vectors were obtained from Shanghai GenePharma Co., Ltd.
(Shanghai, China). The sequence of TM4SF1 siRNA was as
follows: Sense, 5'-GGCUCUUGGUCGGAAUUGAATT-3',
and antisense, 5-UUCAAUUCCACCAAGAGCCTT-3". The
TM4SFI1-expressing plasmid was constructed by subcloning
the human TM4SF1 cDNA by Shanghai GenePharma Co.,
Ltd.. MGC803 and MKN45 cells were seeded on to a 24-well
plate at a concentration of 1x10° cells/well for transfection.
TMA4SF1 siRNA (50 nM) and TM4SF1-expressing plasmid
(1 ug/well) were transfected into MGC803 and MKN45
cells with Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol.
The control group represented MGC803 and MKN45 cells
transfected with their control vectors. The siTM4SF1 group
represented MGC803 and MKN45 cells transfected with
TMA4SF1 siRNA. The specificity of TM4SF1 siRNA was
verified by a rescue experiment (14). In the rescue experiment,
the TM4SF1 siRNA and TM4SF1-expressing plasmid were
co-transfected into MGC803 and MKN45 cells, denoted as the
siTM4SF1+TM4SF1 group. Changes in TM4SF1 expression
levels were assessed using reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) at 48 h after transfection.

RT-qPCR. Total RNA was isolated from MGC803 and MKN45
cells using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.).
Purified RNA was reverse transcribed into cDNA with the
M-MLV First Strand kit (Invitrogen; Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol. RT-qPCR
reactions were conducted using the SYBR® mix (Invitrogen;
Thermo Fisher Scientific, Inc.) on an ABI PRISM 7500
Sequence Detection system (Applied Biosystems; Thermo
Fisher Scientific, Inc.) (15). Briefly, after an initial denaturation
step at 95°C for 30 sec, amplifications were conducted with
40 cycles of 95°C for 5 sec and 60°C for 34 sec. Human [3-actin
was used as the housekeeping gene to normalize the expres-
sion levels of the target genes (16,17). Primers used were as
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follows: TM4SF1, forward, 5'-CTGCTCTCACCAACAGCA
AT-3', and reverse, 5"-TGCCAGTCTTTACAGGCGTT-3";
Bcl2, forward, 5'-CAGGAAACGGCCCGGAT-3', and reverse,
5'-CTGGGGCCTTTCATCCTCC-3'; Bax, forward, 5'-GGG
TTGTCGCCCTTTTCTAC-3', and reverse, 5-CTGGAGACA
GGGACATCAGT-3'; caspase-3, forward, 5"TGCTATTGT
GAGGCGGTTGTAG-3', and reverse, 5'-GGCACACCCACC
GAAAAC-3'; and B-actin, forward, 5'-CATTAAGGAGAA
GCTGTGCT-3', and reverse, 5S'-GTTGAAGGTAGTTTCGTG
GA-3'". The relative expression levels were quantified with the
248C method (18).

Western blotting. The protein was extracted from cells using
a mixture of Pierce RAPI Buffer (Thermo Fisher Scientific,
Inc.) and Halt Protease Inhibitor Cocktail (Thermo Fisher
Scientific, Inc.) at a ratio of 100:1. The protein concentration
was determined using the bicinchoninic acid assay (Thermo
Fisher Scientific, Inc.). Lysates of MGC803 and MKN45
cells were centrifuged at 4°C for 10 min at 12,000 x g.
Equal amounts of proteins (50 ug) were separated by 10%
SDS-PAGE and transferred onto polyvinylidene fluoride
membranes. Following blocking with 5% bovine serum
albumin (Invitrogen; Thermo Fisher Scientific, Inc.)/PBS with
Tween 20 buffer at 37°C for 1 h, membranes were incubated
with primary antibodies at 4°C overnight. Subsequently, blots
were incubated with horseradish peroxidase-linked secondary
antibodies at 37°C for 2-3 h. Immunoreactive proteins were
detected using the SuperSignal West Pico Chemiluminescent
substrate (Thermo Fisher Scientific, Inc.). Bands were
quantified using ImageJ 1.50i (National Institutes of Health,
Bethesda, MD, USA) (19).

Cell apoptosis assay. Apoptosis of MGC803 and MKN45
cells was evaluated using flow cytometry with an
Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) Apoptosis kit (BD Pharmingen; BD Biosciences,
Franklin Lakes, NJ, USA), according to the manufacturer's
protocol. Cells were washed with cold PBS twice and resus-
pended in 100 pl 1X binding buffer, following which 5 ul
Annexin V-FITC and 5 ul PI were added for 10 min at room
temperature in the dark. Finally, 400 ul binding buffer was
added to the cells, which were analyzed by a flow cytometer.
All data were analyzed by FlowJo software version 7.6.1
(FlowJo LLC, Ashland, OR, USA).

Proliferation assay. An MTT assay was used to measure the
viability of MGC803 and MKN45 cells. A 100 ul GC cell
suspension containing 2,000 cells was seeded in each well
of a 96-well plate and incubated for 4 h in an atmosphere
containing 5% CO, at 37°C. Subsequently, 100 ul MTT
solution was added to each well and incubated for 4 h in an
atmosphere containing 5% CO, at 37°C. A total of 100 ul
dimethyl sulfoxide was added to each well and incubated again
for 4 h in an atmosphere containing 5% CO, at 37°C, in order
to dissolve the formazan crystals. Absorbance was measured
at 570 nm using a Multiskan Plate Reader (Thermo Fisher
Scientific, Inc.). Each experiment was repeated three times.

Transwell assay. Cell migration ability was measured
using cell culture inserts (24-well type, 8-ym pore size;
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Figure 1. Efficiency of TM4SF1 siRNA and the TM4SF1-expressing plasmid. Cell lines MGC803 and MKN45 were transfected with blank vectors, TM4SF1
siRNA or TM4SF1 siRNA and the TM4SF1-expressing plasmid. TM4SF1 expression was measured using reverse transcription-quantitative polymerase chain
reaction and expressed as fold-change. Each column is presented as the mean of three separate experiments. “P<0.01 and ““P<0.001. siRNA, small interfering
RNA; TM4SF1, transmembrane-4 L6 family member 1; siTM4SF1, cells transfected with TM4SF1 siRNA; control, cells transfected with blank vectors;
siTM4SF1+TMA4SF1, cells transfected with TM4SF1 siRNA and the TM4SF1-expressing plasmid.

Corning Incorporated, Corning, NY, USA). Subsequently,
1x10° MGC803 and MKN45 cells were added into the upper
chambers with serum-free RPMI-1640 medium, while the
lower chambers were filled with 500 xl RPMI-1640 supple-
mented with 10% FBS. Following 16 h of incubation at 37°C,
the cells that had migrated to the lower chamber were fixed in
100% methanol at room temperature for 30 min and stained
with 0.1% crystal violet at room temperature for 20 min. Cells
were visualized and the number in 10 random fields were
counted under a light microscope (Olympus Corporation,
Tokyo, Japan; magnification, x400).

Wound-healing assay. MGC803 and MKN45 cells were
seeded in 6-well plates (5x10° cells/well) with 2 ml RPMI-1640
medium supplemented with 10% FBS. Once 80% conflu-
ence was attained, scratches were produced using a 100-ul
pipette tip. Wound healing was observed and images of the
migration distance were captured at room temperature at
0 and 24 h under a light microscope (Olympus Corporation;
magnification, x100).

Statistical analysis. Statistical analysis was performed using
SPSS v21.0 (IBM Corp., Armonk, NY, USA) and GraphPad
Prism v5.0 (GraphPad Software, Inc., La Jolla, CA, USA)
software. Differences between =2 groups were assessed using
one-way analysis of variance followed by Tukey's post-hoc
test. Data are presented as the mean + standard error of the
mean. All experiments comprised three replicates and were
performed at least twice independently. P<0.05 was consid-
ered to indicate a statistically significant difference, unless
otherwise stated.

Results

Efficiency of TM4SFI1 siRNA and TM4SFI-expressing
plasmid. The efficiency of gene transduction was confirmed
by RT-qPCR. The results for MGC803 and MKN45 were
consistent with one another. TM4SF1I mRNA expression was

significantly downregulated in the siTM4SF1 group, compared
with the control group (P<0.001 and P<0.01, respectively;
Fig. 1). Transfection with the TM4SF1-expressing plasmid
was demonstrated to significantly reversed the reduction of
TM4SF1 mRNA expression, compared with the siTM4SF1
group (P<0.01 and P<0.001, respectively; Fig. 1).

TMA4SF1 influences the expression of apoptotic molecules
in MGC803 and MKN45 cells. The expression of apoptotic
molecules was assessed using RT-qPCR. By comparing the
siTM4SF1 group with the control group, it was demonstrated
that TM4SF1 silencing significantly decreased Bcl2 mRNA
expression, whilst caspase-3 and Bax expression levels were
upregulated (P<0.001; Fig. 2A). By comparing the siTM4SF1
and siTM4SF1+TM4SF1 groups, it was demonstrated that
TMA4SF1 upregulation significantly reversed alterations in
the mRNA expressions profile of MGC803 and MKN45 cells
(P<0.001; Fig. 2A). Western blotting was used to assess these
genes at the protein level. The results indicated that the effects of
TM4SF1 on Bcl2, caspase-3 and Bax protein expression levels
were consistent with the mRNA expression level results, and
the comparison was statistically significant (P<0.05; Fig. 2B).
Flow cytometry was used to verify the role of TM4SF1 in the
apoptosis of MGC803 and MKN45 cells. The results demon-
strated that the apoptosis of MGC803 and MKN45 cells in
the siTM4SF1 group was significantly promoted, compared
with the control group (P<0.01 and P<0.05, respectively;
Fig. 3). Rescue experiments demonstrated that the apoptosis of
MGC803 and MKN45 cells in the siTM4SF1+TM4SF1 group
was significantly decreased, compared with the siTM4SF1
group (P<0.05 and P<0.01, respectively; Fig. 3). These
results were consistent with changes in the expression of the
aforementioned apoptotic molecules.

Roles of TM4SF1 in the proliferation, migration and invasion
of MGC803 and MKN45 cells. To investigate the biological
functions of TM4SF1 in GC, the proliferation, invasion
and migration of MGC803 and MKN45 cells were assessed
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Figure 2. TM4SF1 influences the expression of apoptotic molecules in gastric cancer cells. (A) TM4SF1 silencing decreased the expression of Bcl2 mRNA and
upregulated caspase-3 and Bax mRNA. Upregulating TM4SF1 reversed these effects. (B) Values represent fold-change compared with (3-actin. Silencing the
TMA4SF1 gene decreased Bcl2 protein expression, and increased caspase-3 and Bax protein expression. Upregulating TM4SF1 reversed these changes. Each
column is presented as the mean of three separate experiments. 'P<0.05, “P<0.01 and ““P<0.001. Bcl2, B-cell lymphoma 2; Bax, Bcl2-associated X; TM4SF1,
transmembrane-4 L6 family member 1; siTM4SF1, cells transfected with TM4SF1 siRNA; control, cells transfected with blank vectors; siTM4SF1+TM4SF1,

cells transfected with TM4SF1 siRNA and the TM4SF1-expressing plasmid.

following the manipulation of TM4SF1 expression. The prolif-
eration of MGC803 and MKN45 cells was measured using an
MTT assay. Wound healing assays were used to measure the
invasion of MGC803 and MKN45 cells. Transwell assays were
used to measure the migration ability of MGC803 and MKN45
cells. The results demonstrated that TM4SF1 knockdown
significantly reduced the proliferation of MGC803 and MKN45
cells, compared with the control group (P<0.05, and P<0.05,
respectively; Fig. 4A), while TM4SF1 upregulation signifi-
cantly increased the proliferation of MGC803 and MKN45
cells, compared with the siTM4SF1 group (P<0.05 and P<0.01,
respectively; Fig. 4A). TM4SF1 knockdown significantly
reduced the invasion of MGC803 and MKN45 cells, compared
with the control group (P<0.05 and P<0.05, respectively;
Fig. 4B), while TM4SF1 upregulation significantly increased
the invasion of MGC803 and MKN45 cells, compared with
the siTM4SF1 group (P<0.01 and P<0.001, respectively;
Fig. 4B). TM4SF1 knockdown resulted in significantly reduced
migration of MGC803 and MKN45 cells, compared with the
control group (P<0.001 and P<0.05, respectively; Fig. 4C),
while TM4SF1 upregulation significantly increased migration
of MGC803 and MKN45 cells, compared with the siTM4SF1
group (P<0.001 and P<0.01, respectively; Fig. 4C).

Discussion

A number of studies have indicated that TM4SF1 may inhibit
tumor apoptosis and promote tumor proliferation (10-12);
however, the underlying mechanisms are notably complex.
Sun et al (12) reported that the phosphoinositide 3-kinase
(PI3K)/AKT/mechanistic target of rapamycin (mTOR)
signaling pathway served a role in TM4SF1 regulation in
breast cancer cell apoptosis. The PI3K/AKT/mTOR signaling
pathway has been reported to regulate apoptosis in a number
of tumor types, including breast cancer, glioma and naso-
pharyngeal cancer (20-22). The anti-apoptotic effects of the

PI3K/AKT/mTOR signaling pathway are dependent upon
downstream apoptosis-associated proteins, including Bcl2,
Bax and caspase-3 (23). Bcl2, as a member of the Bcl2 family,
can prevent the release of cytochrome ¢ from the mitochondria
to the cytoplasm, thereby inhibiting apoptosis (24). The Bcl2
family is comprised of polarized groups of proteins containing
pro-apoptotic proteins and anti-apoptotic proteins, and cell
survival or apoptosis depend on the balance between these
two types (25). Bax, a pro-apoptotic protein belonging to the
Bcl2 family, can form a heterodimer with Bcl2 to inhibit its
function (24). Caspase-3 is the most critical apoptotic protease
involved in apoptosis. DNA-dependent protein kinase and
poly adenosine diphosphate ribose polymerase are important
DNA repair enzymes. Caspase-3 can hydrolysate these two
enzymes to prevent DNA replication, transcription and injury
repair (26). The results of the present study demonstrated
that siTM4SF1 upregulates the expression of pro-apoptosis
proteins Bax and caspase-3 and downregulates the expression
of anti-apoptosis protein Bcl2. This indicates that TM4SF1
may serve as an anti-apoptotic protein in GC.

The results of the present study demonstrated the
important role of TM4SF1 in tumor migration and invasion,
and the complex mechanisms underlying has been verified
in previous studies (27-29). Lekishvili et al (27) reported
that TM4SF1 may be associated with tetraspanin-enriched
microdomains, which are crucial for the pro-migratory
activity of membrane proteins; furthermore, TM4SF1
overexpression downregulated the expression of tetraspa-
nins cluster of differentiation (CD)63 and CD82, which
are associated with the regulation of surface (28,29).
CD82 can promote the proliferation of epidermal growth
factor receptor to activate signaling cascades, including
the FAK-Lyn-p130CAS-CrklII signaling pathway, which
results in reduced cell motility (30). A number of additional
molecules are associated with TM4SF1. A previous study
demonstrated revealed an association between TM4SF1
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Figure 3. The role of TM4SF1 in gastric cancer cell apoptosis. Apoptosis was assessed using flow cytometry and representative images are depicted. Each
column is presented as the means of three separate experiments. "P<0.05, “P<0.01. PI, propidium iodide; FITC, fluorescein isothiocyanate; TM4SF1, trans-
membrane-4 L6 family member 1; siTM4SF1, cells transfected with TM4SF1 siRNA; control, cells transfected with blank vectors; siTM4SF1+TM4SF1, cells

transfected with TM4SF1 siRNA and the TM4SF1-expressing plasmid.

and CD13 using coimmunoprecipitation analysis, which can
form and enhance cell migration in lung cancer cells (31). In
prostate cancer, TM4SF1 was reported to directly target the
androgen receptor to promote cell migration (32).

Inthe present study, functional experiments were performed
to verify the effects of TM4SF1 knockdown and upregulation
in GC cells. The results demonstrated that TM4SF1 may
regulate the apoptosis, proliferation, migration and invasion of
GC cells; however, tumor progression is a complicated process
with numerous contributing factors, relying on not only the
changes in tumor cells but also changes in the tumor microen-
vironment (33). It is therefore necessary to investigate the role
of TM4SF1 in the tumor microenvironment.

Xue et al (34) demonstrated that matrix metallopep-
tidase (MMP)-2, MMP-9 and VEGF are the downstream
proteins of TM4SF1, and TM4SF1 overexpression in turn
upregulated MMP-2, MMP-9 and VEGF expression. VEGF
is known to be a strong angiogenic factor, and the binding

of VEGF and its receptors may stimulate endothelial cell
division, proliferation and migration, promote physiological
and pathological neovascularization, increase microvascular
permeability and promote embryonic hematopoiesis (35-37).
VEGEF overexpression promotes the secretion of MMP-2 and
MMP-9, which may serve a crucial role in tumor invasion
and metastasis (28,29). MMP-2, a zinc-dependent proteolytic
enzyme that is secreted by tumor and stromal cells in the
form of zymogens, has been reported to be closely associ-
ated with the development of tumors. Following hydrolysis,
MMP-2 promotes the transformation of the extracellular
matrix by degrading the main constituents of the basement
membrane, including type IV, V, VI and X collagens and
gelatin. This promotes tumor neovascularization, invasion
and metastasis (38). MMP-9 is the enzyme with the largest
molecular weight in the MMP family, and is also secreted in
zymogen form. Following activation, MMP-9 can be trans-
formed into type IV collagenase, which degrades and destroys
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Figure 4. The role of TM4SF1 in the proliferation, migration and invasion of gastric cancer cells. (A) TM4SF1 knockdown reduced GC cell proliferation, while
TM4SF1 upregulation increased GC cell proliferation. (B) TM4SF1 knockdown reduced GC cell invasion, while TM4SF1 upregulation increased GC cell
invasion. (C) TM4SF1 knockdown resulted in reduced GC cell migration, while TM4SF1 upregulation increased GC cell migration. Each column is presented
as the means of three separate experiments. "P<0.05, “P<0.01 and ““P<0.001. TM4SF1, transmembrane-4 L6 family member 1; siTM4SF1, cells transfected
with TM4SF1 siRNA; control, cells transfected with blank vectors; siTM4SF1+TM4SF1, cells transfected with TM4SF1 siRNA and the TM4SF1-expressing

plasmid.

type IV and V collagens as well as gelatin in the extracellular
matrix around the tumor surface. Tumor cells are then able
to infiltrate the surrounding tissue via the deficient basement
membrane, which ultimately results in tumor invasion and
metastasis (39).

The present study was not without limitations. Firstly,
experiments were only conducted in vitro. Secondly, further
research is required to identify the signaling pathways acti-
vated by TM4SF1 in GC. Despite these limitations, the results
of the present study indicated that TM4SF1 is an anti-apoptotic
protein that has the ability to promote the proliferation,
migration and invasion of GC cells.

To conclude, the results of the present study indicated
that TM4SF1 may serve an important role in the progression

of GC. In the future, TM4SF1 may be considered as a novel
therapeutic target of GC; however, future in vivo experiments
and clinical trials are required.
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