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Abstract. Gastric cancer is an aggressive disease and a 
common cause of cancer-associated mortality worldwide. 
Recent studies have indicated that follistatin-like protein 1 
(FSTL-1) is expressed and serves essential roles in tumorigen-
esis; however, the specific functional mechanism of FSTL‑1 in 
gastric cancer progression remains ambiguous. CellTiter-Glo 
Luminescent Cell Viability and lactate dehydrogenase assays 
were used to measure cell survival and cell cytotoxicity, 
respectively. Cell apoptosis was ascertained using the Cell 
Death Detection ELISA assay and caspase-3/9 activity kits. 
Reverse transcription-quantitative polymerase chain reac-
tion and western blotting were used to detect the expression 
levels of FSTL‑1. The present study confirmed that FSTL‑1 
was highly expressed in gastric cancer cells compared with in 
control cells. Subsequently, FSTL-1 inhibition by small inter-
fering RNA significantly reduced cancer cell survival and 
induced cytotoxic effects. In addition, knockdown of FSTL-1 
in gastric cancer cells promoted apoptosis by increasing 
caspase-3 and caspase-9 expression. A decrease in signal 
transducer and activator of transcription 6 (STAT6) phos-
phorylation was observed in FSTL-1 knockdown cells, and the 
results confirmed that STAT6 phosphorylation was essential 
for FSTL-1 knockdown-induced cell apoptosis of cancer 
cells. Taken together, these results demonstrated that FSTL-1 
knockdown may promote cell apoptosis via the STAT6 
signaling pathway; therefore, FSTL1 may be considered a 
novel diagnostic and therapeutic target for gastric cancer.

Introduction

Gastric cancer is an aggressive disease and a common cause of 
cancer-associated mortality worldwide. The highest mortality 

rates for this disease have been noted in East Asian countries, 
including Japan, South Korea and China (1-3). Although a 
marked decline in the incidence of gastric cancer has occurred 
in some regions, such as in Western countries, gastric cancer 
remains a major clinical challenge due to limited treatment 
methods, poor prognosis and poor early diagnosis (4,5). 
Despite improvements being made in oncological treatment, 
such as in surgery, which is the most common therapeutic 
strategy, the prognosis of patients with gastric cancer remains 
poor, with a 5-year survival rate of <25% (6).

Numerous molecular marker alterations are associated with 
gastric cancer, including the inactivation of tumor suppressor 
genes, such as APC, WNT signaling pathway regulator, 
cadherin 1, retinoblastoma, p53 and DCC netrin 1 receptor, and 
the activation of oncogenes, such as KRAS proto-oncogene, 
GTPase, erb-b2 receptor tyrosine kinase 2, hepatocyte growth 
factor receptor, β‑catenin 1, cyclin E1 and fibroblast growth 
factor receptor 2 (1,7,8). Kim et al observed that follistatin-like 
protein 1 (FSTL-1) is highly expressed in patients with gastric 
cancer; however, the function of FSTL-1 in cancer biology 
remains unknown (1). FSTL-1, also known as follistatin-related 
protein or transforming growth factor (TGF)-β stimulating 
clone-36, is a 308-amino acid soluble extracellular glycopro-
tein, which is a member of the secreted protein acidic and rich 
in cysteine and follistatin families (9-12).

As a TGF-β stimulating clone-36 protein, FSTL-1 is able to 
inhibit TGF-β superfamily proteins and is secreted under inflam-
matory conditions. In addition, as a proinflammatory protein it is 
highly expressed and serves a role in inflammatory diseases, such 
as rheumatoid arthritis (13‑15). Alongside its proinflammatory 
role, FSTL-1 serves roles in numerous pathological processes, 
such as fibrogenesis (16), vascularization (17), embryonic devel-
opment (18-20), immunomodulation (21) and tumorigenesis (22). 
Furthermore, FSTL1 is associated with cell biology processes, 
including cell differentiation, migration, proliferation and apop-
tosis (23). Accumulating evidence has indicated that FSTL1 is 
widely expressed in cancer cells, including human lung cancer 
cells, clear-cell renal cell carcinoma cells, glioma cells and 
gastric cancer cells (1,15,24,25).

Signal transducer and activator of transcription 6 (STAT6) 
belongs to the STAT family, which contains seven members, 
including STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b 
and STAT6 (26). The activation of STAT6 is tightly associated 
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with inflammatory cytokines, such as interleukin (IL)‑4 and 
IL‑13 signaling (27). Jayakumar and Bothwell confirmed that 
STAT6 promotes intestinal tumorigenesis in a mouse model 
of adenomatous polyposis (28). Furthermore, Wang et al 
suggested that STAT6 is involved in the function of FSTL1 
in dendritic cell-mediated immunity (29). Therefore, it was 
hypothesized that the proinflammatory protein FSTL‑1 may 
mediate the expression of STAT6 in gastric cancer cells.

The present study aimed to determine the role and the 
mechanism of FSTL-1 in gastric cancer progression. The 
results revealed that FSTL-1 was highly expressed in gastric 
cancer cells, and knockdown of FSTL-1 resulted in gastric 
cancer cell growth inhibition and apoptosis promotion. In 
addition, the effects of FSTL-1 on gastric cancer cell biology 
were blocked by STAT6 overexpression.

Materials and methods

Cell culture. The human gastric cancer cell lines (AGS, 
MGC-803, SGC-7901, BGC-823 and MKN-45) and the human 
gastric mucosal epithelial cell line (GES-1) were obtained from 
American Type Culture Collection (Manassas, VA, USA). 
Cells were cultured in Dulbecco's modified Eagle's medium 
supplemented with 10% fetal bovine serum (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) in a humidified 
incubator containing 5% CO2 at 37˚C.

Cell transfection. For the construction of FSTL-1 knockdown 
cells, 25 pmol FSTL‑1‑specific small interfering RNA (siRNA; 
Shanghai GenePharma Co., Ltd., Shanghai, China) and a 
negative control siRNA (si-NC; Shanghai GenePharma Co., 
Ltd.) were transfected into MGC-803 and MKN45 cells using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. Briefly, cells 
were seeded in 6-well plates at a density of 1x105 cells/well and 
transfection was performed once cells reached 60% conflu-
ence. Cells were transfected with the siRNAs at 37˚C for 48 h. 
The siRNA sequences were as follows: FSTL1 siRNA, sense 
5'-GAA ACU GCC AUC AAU AUU ATT-3', anti-sense 5'-UAA 
UAU UGA UGG CAG UUU CTT-3'; and si-NC, sense 5'-UUC 
UCC GAA CGU GUC ACG UTT-3' and anti-sense 5'-ACG 
UGA CAC GUU CGG AGA ATT-3'. For transient expression 
of STAT6, 60 nM pcDNA3.1-STAT6 or an empty vector 
(pcDNA3.1) were co-transfected with FSTL-1 siRNA or si-NC 
into MGC-803 and MKN45 cells using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.). Briefly, cells were 
seeded in 6-well plates at a density of 1x105 cells/well and 
transfection was performed once reached at 60% confluence. 
The cells were transfected at 37˚C for 48 h.

Cell survival assay. MGC-803 and MKN45 cells were cultured 
and transfected as aforementioned. Cell viability was deter-
mined using the CellTiter-Glo® Luminescent Cell Viability 
Assay (Promega Corporation, Madison, WI, USA), according 
to the manufacturer's protocol.

Cell cytotoxicity assay. MGC-803 and MKN45 cell cytotox-
icity was measured using an lactate dehydrogenase (LDH) 
assay, as previously reported (30). LDH release from cells 
transfected with FSTL-1 siRNA for 48 h was measured using 

a cytotoxicity detection kit (Roche Applied Science, Penzberg, 
Germany), according to the manufacturer's protocol.

Cell apoptosis. MGC-803 and MKN45 cells were cultured 
and transfected as aforementioned. Cell apoptosis was 
ascertained using the Cell Death Detection ELISA assay 
(cat. no. 11544675001; Roche Diagnostics GmbH, Mannheim, 
Germany), according to the manufacturer's protocol. The 
amount of histone-complexed DNA fragments in MGC-803 
and MKN45 cells was quantified, in order to analyze apop-
tosis. The absorbance of MGC-803 and MKN45 cells was 
measured using an ELISA reader at 405 nm.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from MGC-803 and 
MKN45 cells using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's protocol, 
and the concentration of RNA was determined using a spec-
trophotometer. cDNA was generated using a High-Capacity 
cDNA RT kit (Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. The relative mRNA expression levels 
of FSTL-1 were determined using an Applied Biosystems 7500 
Real Time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) with SYBR Green PCR Master Mix (Thermo 
Fisher Scientific, Inc); results were quantified using the (2-ΔΔCq) 
method (31). β-actin was used as a control gene. The following 
primers were used in the present study: FSTL-1, forward 5'-CCT 
GTG TGT GGC AGT AAT GG-3' and reverse 5'-TCA GGA GGG 
TTG AAA GAT GG-3'; and β-actin, forward 5'-GCA CCA CAC 
CTT CTA CAA TG-3' and reverse 5'-TGC TTG CTG ATC CAC 
ATC TG-3'. Cycling conditions were as follows: Initial denatur-
ation at 95˚C for 5 min, followed by 38 cycles of denaturation 
at 95˚C for 15 sec, annealing at 58˚C for 30 sec and extension 
at 55˚C for 30 sec, and a final extension step at 72˚C for 1 min.

Western blot analysis. MGC-803 and MKN45 cells were trans-
fected with FSTL-1 siRNA, or co-transfected with FSTL-1 
siRNA and pcDNA3.1-STAT6 and their corresponding controls 
for 48 h. Total proteins were extracted using radioimmunopre-
cipitation assay (RIPA) buffer (Thermo Fisher Scientific, Inc.) 
and the concentration was determined by using the Bio-Rad 
Protein Assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA). Proteins (50 µg/lane) were separated by 12% SDS-PAGE 
and were electrophoretically transferred to nitrocellulose 
membranes. The membranes were blocked with 5% nonfat 
dry milk for 1 h at room temperature. Subsequently, the 
membranes were incubated with specific antibodies, including 
FSTL-1 (cat. no. ab71548; 1:1,000; Abcam, Cambridge, 
MA, USA), anti-β-actin (cat. no. ab8226; 1:1,000; Abcam), 
phosphorylated-STAT6 (cat. no. ab28829; 1:500; Abcam) and 
STAT6 (cat. no. ab227497; 1:1,000; Abcam) overnight at 4˚C. 
Subsequently, the membrane was incubated with a horseradish 
peroxidase-conjugated goat anti-rabbit immunoglobulin G 
secondary antibody (cat. no. ab6721; 1:5,000; Abcam) for 1 h at 
room temperature. An enhanced chemiluminescence detection 
kit (Amersham; GE Healthcare, Chicago, IL, USA) was used 
to detect immunoreactive proteins. β-actin was used as control.

Caspase‑3/9 activity. Caspase-3/9 activity was assessed 
using colorimetric substrates, according to the methods 
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described previously (32). MGC-803 and MKN45 cells were 
lysed with RIPA lysis buffer, collected and incubated with 
colorimetric caspase-3 substrate (Ac-DEVD-Pna; Promega 
Corporation) and caspase-9 substrate (Ac-LEHD-Pna; 
Promega Corporation) at 37˚C for 3 h in dark. The activity of 

caspase-3/9 in MGC-803 and MKN45 cells was then measured 
using a spectrophotometer at a wavelength of 405 nm.

Statistical analysis. All experiments were conducted at least 
three times in triplicate. SPSS 19.0 (SPSS, Inc., Chicago, 

Figure 1. Expression of FSTL-1 was increased in gastric cancer cells. (A) FSTL-1 mRNA expression was determined by reverse transcription-quantitative 
polymerase chain reaction. (B) Western blotting was used to measure the protein expression levels of FSTL-1. Five gastric cancer cell lines (AGS, MGC-803, 
SGC-7901, BGC-823 and MKN-45) and the control gastric mucosal epithelial cell line (GES-1) were used in this study, and the mean fold changes in FSTL-1 
mRNA and protein expression are shown. All experiments were performed at least three times in triplicate. *P<0.05 compared with the GES-1 group. FSTL-1, 
follistatin-like protein 1.

Figure 2. Effects of FSTL-1 inhibition on MGC-803 and MKN45 cell survival and cytotoxicity. (A) FSTL-1 mRNA expression was determined by reverse 
transcription-quantitative polymerase chain reaction. (B) Western blotting was used to measure the protein expression levels of FSTL-1. (C) Cell survival was 
measured using the CellTiter-Glo® Luminescent Cell Viability Assay. (D) Cytotoxicity was assessed using the LDH release method. MGC-803 and MKN45 cells 
were transfected with FSTL-1 siRNA and si-NC using Lipofectamine® 2000 for 48 h. All experiments were performed at least three times in triplicate. *P<0.05 
compared with the control group. FSTL-1, follistatin-like protein 1; LDH, lactate dehydrogenase; NC, negative control; si/siRNA, small interfering RNA.
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IL, USA) was used for data analyses. Data are presented as 
the means ± standard deviation. Statistical analyses were 
performed by one-way analysis of variance followed by 
Fisher's least significant difference. P<0.05 was considered to 
indicate a statistically significant difference.

Results

FSTL‑1 is highly expressed in gastric cancer cells. The 
present study demonstrated that compared with in the control 
GES-1 gastric mucosal epithelial cell line, the mRNA expres-
sion levels of FSTL-1 in the gastric cancer cell lines, AGS, 
MGC‑803, SGC‑7901, BGC‑823 and MKN‑45, were signifi-
cantly enhanced (P<0.05, Fig. 1A). The protein expression 
levels of FSTL-1 in the cells were detected by western blotting, 
which was normalized to β-actin. The results revealed that 
FSTL-1 protein expression was increased in all gastric cancer 
cell lines compared with in the GES-1 cells (P<0.05, Fig. 1B). 
Expression was highest in MGC-803 and MKN45 cells; 
therefore, these two cell lines were used in the subsequent 
experiments (Fig. 1).

FSTL‑1 inhibition reduces MGC‑803 and MKN45 cell 
survival and induces cytotoxic effects. To determine the func-
tion of FSTL-1 in gastric cancer cell biology, FSTL-1 was 
inhibited in MGC-803 and MKN45 cells by transfection with 

FSTL-1 siRNA. The results suggested that FSTL-1 mRNA 
and protein expression levels were decreased in MGC-803 
and MKN45 cells post-transfection with FSTL-1 siRNA 
(P<0.05, Fig. 2A and B). Subsequently, the CellTiter-Glo® 
Luminescent Cell Viability assay was performed to determine 
the effects of FSTL-1 depletion on MGC-803 and MKN45 
cells. As shown in Fig. 2C, compared with in the control 
and si-NC groups, FSTL-1 silencing markedly reduced the 
viability of MGC-803 and MKN45 cells (P<0.05). Further 
studies confirmed that FSTL‑1 siRNA transfection exhibited 
significant cytotoxic effects on MGC‑803 and MKN45 cells 
compared with the control group; there were no significant 
differences between the si-NC group and the control group 
(P>0.05, Fig. 2D).

FSTL‑1 depletion promotes cell apoptosis and mediates 
apoptosis‑associated gene activity. Since FSTL-1 silencing 
inhibited MGC-803 and MKN45 cell viability and induced 
cytotoxic effects, the Cell Death Detection ELISA assay 
and caspase-3/9 activity assay were performed to determine 
the effects of FSTL-1 depletion on MGC-803 and MKN45 
cell apoptosis. As shown in Fig. 3A, FSTL-1 knockdown in 
MGC-803 and MKN45 cells for 48 h resulted in an increase 
in the cell apoptotic ratio compared with in the control group 
(P<0.05). To validate the results, caspase-3 and caspase-9 
activity was determined. The results indicated that inhibiting 

Figure 3. FSTL-1 depletion promotes cell apoptosis. (A) Cell apoptosis was determined using the Cell Death Detection ELISA assay. (B) Caspase-3 and 
(C) caspase-9 activity was assessed using respective colorimetric substrates. MGC-803 and MKN45 cells were transfected with FSTL-1 siRNA and si-NC 
using Lipofectamine® 2000 for 48 h. All experiments were performed at least three times in triplicate. *P<0.05 compared with the control group. FSTL-1, 
follistatin-like protein 1; NC, negative control; si/siRNA, small interfering RNA.
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the expression of FSTL-1 markedly increased caspase-3 and 
caspase-9 activity in MGC-803 and MKN45 cells (P<0.05, 

Fig. 3B and C). These results suggested that FSTL-1 may serve 
fundamental roles in gastric cancer cell survival and apoptosis.

Figure 4. FSTL-1 knockdown inhibits STAT6 phosphorylation in gastric cancer cells. STAT6 phosphorylation and total STAT6 expression were determined 
by western blotting. MGC-803 and MKN45 cells were transfected with FSTL-1 siRNA, or were co-transfected with FSTL-1 siRNA and pcDNA3.1- STAT6 
or empty vector pcDNA3.1 using Lipofectamine® 2000 for 48 h. All experiments were performed at least three times in triplicate. *P<0.05 compared with the 
control group, #P<0.05 compared with the FSTL-1 siRNA group. FSTL-1, follistatin-like protein 1; NC, negative control; pSTAT6, phosphorylated-STAT6; 
si/siRNA, small interfering RNA; STAT6, signal transducer and activator of transcription 6.

Figure 5. Effects of FSTL-1 knockdown on gastric cancer cells are dependent on inhibition of STAT6 phosphorylation. (A) Cell survival was measured using 
the CellTiter-Glo® Luminescent Cell Viability Assay. (B) Cytotoxicity was assessed according to the LDH release method. (C) Cell apoptosis was detected 
using the Cell Death Detection ELISA assay. (D) Caspase-3 and (E) caspase-9 activity was assessed using respective colorimetric substrates. MGC-803 and 
MKN45 cells were transfected with FSTL-1 siRNA, or were co-transfected with FSTL-1 siRNA and pcDNA3.1-STAT6 or empty vector pcDNA3.1 using 
Lipofectamine® 2000 for 48 h. All experiments were performed at least three times in triplicate. *P<0.05 compared with the control group, #P<0.05 compared 
with the FSTL-1 siRNA group. FSTL-1, follistatin-like protein 1; LDH, lactate dehydrogenase; si/siRNA, small interfering RNA; STAT6, signal transducer 
and activator of transcription 6.
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FSTL‑1 silencing inhibits STAT6 phosphorylation in gastric 
cancer cells. FSTL‑1 is an inflammatory cytokine regulator; in 
addition, inflammatory cytokines can activate STAT6 (14,33). 
Therefore, it was hypothesized that FSTL‑1 may mediate 
STAT6 phosphorylation. The results of a western blot analysis 
indicated that, compared with in the control group, FSTL-1 
knockdown reduced STAT6 phosphorylation in MGC-803 
and MKN45 cells (P<0.05) normalized to total STAT6 and the 
loading control β-actin, whereas transfection with si-NC had 
no obvious effect on STAT6 phosphorylation (P>0.05, Fig. 4). 
Furthermore, to confirm FSTL-1 knockdown decreased phos-
phorylation of STAT6, total STAT6 levels were determined; 
the results revealed that FSTL-1 depletion had no obvious 
effect on total STAT6 levels (Fig. 4).

FSTL1 knockdown is implicated in gastric cancer cell apop‑
tosis via the STAT6 pathway. To determine whether STAT6 
is involved in FSTL-1 knockdown-induced cell apoptosis, 
MGC-803 and MKN45 cells were co-transfected with FSTL-1 
siRNA and pcDNA3.1-STAT6. Western blotting suggested that 
pcDNA3.1-STAT6 transfection increased STAT6 phosphory-
lation compared with in the FSTL-1 siRNA group (Fig. 4A). 
Transfection with FSTL1 siRNA significantly inhibited 
MGC-803 and MKN45 cell survival and induced cytotoxicity, 
both of which were rescued by pcDNA3.1-STAT6 transfection 
(Fig. 5A and B). Furthermore, pcDNA3.1-STAT6 transfec-
tion reversed the effects of FSTL-1 siRNA on MGC-803 and 
MKN45 cell apoptosis and caspase-3/9 activity (Fig. 5C-E). 
These results indicated that FSTL1 knockdown induced cell 
apoptosis, which may be dependent on inhibition of STAT6 
phosphorylation.

Discussion

Gastric cancer is a common cause of cancer-associated 
mortality worldwide (34). Early diagnosis is a main challenge 
for cancer treatment, and molecular markers serve important 
roles in cancer diagnosis and treatment. In the present study, 
FSTL1 was revealed as a potential useful biomarker for gastric 
cancer diagnosis and therapy.

The secreted glycoprotein FSTL-1 is associated with 
several physiological and pathological processes, including 
tumorigenesis (22,35). However, the function of FSTL-1 in 
cancer progression remains controversial. A recent study 
demonstrated that FSTL-1 knockdown with short hairpin RNA 
(shRNA) sequences increases lung cancer cell growth, migra-
tion and invasion, and decreases apoptosis (36). In addition, 
increasing FSTL-1 levels via the melanoma antigen-A11 and 
androgen receptor increases growth and progression of castra-
tion-resistant/recurrent prostate cancer (37). Jin et al suggested 
that FSTL-1 overexpression promotes glioma cell prolif-
eration, cell cycle progression and colony formation, whereas 
FSTL-1 depletion inhibits these processes (25). Furthermore, 
FSTL-1 has been revealed to be highly expressed in patients 
with gastric cancer (1). The present results were in accordance 
with some of these previous reports; the findings confirmed 
that FSTL-1 expression was increased in gastric cancer cells 
compared with in control cells, and knockdown of FSTL-1 
inhibited gastric cancer cell growth and promoted apoptosis. 
It has been suggested that FSTL-1 antibodies may be useful 

in FSTL-high cells to inhibit FSTL expression, and previous 
evidence has suggested that FSTL plasmid-induced overexpres-
sion or shRNA/siRNA knockdown studies could significantly 
promote or suppress FSTL expression (25,38). We aim to use 
FSTL-1 commercial recombinant proteins and antibodies to 
study its function in future studies.

FSTL-1 has been reported to mediate inflammatory 
cytokine expression and evidence has suggested that 
inflammatory cytokines, such as IL‑4, IL‑5 and IL‑13, may 
activate STAT6 (14,33). Furthermore, it has been demon-
strated that FSTL-1 is involved in dendritic cell-based 
immunity in patients with nasopharyngeal carcinoma, 
and is associated with the activation of STAT6 (29). 
Consistent with these previous reports, the present study 
revealed that FSTL-1 knockdown in gastric cancer cells 
markedly suppressed the activation of STAT6. STAT6 
is a member of the STAT family, which has fundamental 
roles in cancer, such as breast cancer (39), non-small-cell 
lung cancer (40), melanoma (27), hepatocellular carci-
noma (41) and colon cancer (42). A recent study indicated 
that inhibition of STAT6 activation serves inhibitory roles 
in gastric cancer cell proliferation and invasion (43). In 
agreement with these earlier reports, the present study 
demonstrated that STAT6 was involved in the functions of 
FSTL-1 in gastric cancer cell growth and apoptosis, and the 
effects of FSTL-1 knockdown were reversed with STAT6 
overexpression.

To the best of our knowledge, the present study is the 
first to report on the function and mechanism of FSTL‑1 in 
gastric cancer development. In the present study, the effects 
of FSTL-1 knockdown on cancer inhibition were only 
investigated in vitro, and the lack of in vivo animal experi-
ments is a main limitation to the study. We aim to study the 
expression and function of FSTL-1 in gastric cancer tissues 
and in a mouse model in future studies. In conclusion, the 
present study revealed that FSTL-1 was highly expressed 
in gastric cancer cells, and knockdown of its expression 
induced tumor inhibitory effects via the promotion of cell 
apoptosis and the suppression of cell survival. STAT6 was 
also confirmed to be involved in the effects of FSTL‑1 on 
cancer progression.
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