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cancer via phosphorylation of smad3 linker area
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Abstract: Background: Fascin is an actin-bundling protein critical for tumor invasion. TGF-β could induce fascin ex-
pression in gastric cancer cells. In this study, we attempted to explore the role of p-smad3L in the expression of fas-
cin induced by TGF-β in gastric cancer cells. Methods: Pseudopodia were evaluated by immunofluorescence. Fascin 
expression was detected by RT-PCR and western blot. Smad3 siRNA was used to repress the endogenous smad3. 
The phosphorylations of smad3 linker region at sites s204, s208 and s213 were detected by western blot. The fas-
cin promoter reporter activity was measured by dual luciferase assay. Results: TGF-β could increase the formation 
of pseudopodia and the expression of fascin in gastric cancer cells. Smad3 depletion abrogated the expression of 
fascin induced by TGF-β. The phosphorylation of smad3 linker region at serine 204, 208 and 213 was enhanced 
in gastric cancer cells after TGF-β treatment. The fascin promoter reporter activity was significantly enhanced with 
TGF-β treatment in both wild-type Smad3 group and Smad3EPSM group (P<0.05). Furthermore, the fascin promoter 
reporter activity in the wild-type Smad3 transfectant cells was significantly higher than that in Smad3EPSM cells 
(P<0.05). Conclusions: fascin expression induced by TGF-β depends on smad3, at least in part, depends on smad3 
linker phosphorylation.
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Introduction

Gastric carcinoma (GC) ranks as the world’s 
second leading cause of cancer mortality 
behind lung cancer despite a sharp worldwide 
decline in both its incidence and mortality since 
the second half of the 20th century [1]. Most of 
patients with gastric cancer were in advanced 
stage when they were diagnosed.  

Fascin is an actin-bundling protein critical for 
tumor invasion. Expression levels of fascin are 
almost undetectable or very low in normal epi-
thelia, but are highly elevated in gastric cancer 
[2-4]. Overexpression of fascin protein is asso-
ciated with poor prognosis in GC patients [2-4]. 
Knockdown of fascin expression inhibited 
tumor cell migration and invasion in vitro and 
decreased tumor metastasis in mouse models 
[5]. However, the molecular mechanisms under-
lying elevated fascin level in gastric cancer are 
not very clear.

TGFβ is a cytokine secreted by tumor microen-
vironment or tumor cells that regulates various 

tumor progressions. In early stage tumors, 
TGFβ is a potent proliferation inhibitor that 
deters tumor growth; however, late stage 
tumors are often able to evade the growth inhi-
bition and secrete elevated levels of TGFβ to 
promote metastasis [6]. In our previous study, 
we found TGFβ could promote the invasion and 
metastasis of gastric cancer cells [7]. The 
canonical smad pathway was involved in the 
progression of malignant tumor. Moreover the 
phosphorylation of smad3 linker region was 
reported to participate in the invasion and 
metastasis of malignant tumor promoted by 
TGFβ [8]. 

In our previous report, we demonstrated that 
TGFβ could induce fascin expression in gastric 
cancer [9]. Here, we attempted to determine 
whether the phosphorylation of smad3 linker 
region was involved in the expression of fascin 
induced by TGF-β in gastric cancer cells.

In this study, we demonstrated that TGFβ ele-
vated fascin protein expression and promoted 
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Western blot analysis

Cells were washed twice with phosphate buff-
ered saline (PBS) before being lysed on ice for 
40 minutes with lysis buffer containing 50 
mmol/L HEPES buffer, 150 mmol/L NaCl, 1 
mmol/L EDTA (pH 8.0), 1 mmol/L EGTA (pH 
8.0), 1% IGEPAL CA-630, 0.5% Triton X-100, 10 
mmol/L NaF, 2 mmol/L Na3VO4, 10 mmol/L 
β-glycerophosphate, and 1% protease inhibitor 
cocktail (Sigma-Aldrich, St. Louis, MO). The 
lysate was centrifuged at 16,000 × g at 4°C for 
10 minutes. Ten to fifty micrograms of total pro-
tein for each sample were separated by 
8%~12% SDS-PAGE and transferred onto an 
Immobilon membrane (Millipore Inc, Billerica, 
MA.), and the desired proteins were probed 
with corresponding antibodies. Mouse anti-β-
actin (1:1000 dilution), anti-fascin (1:1000), 
and rabbit anti-phospho smad3 linker region at 
serine 208 were purchased from Santa Cruz, 
rabbit anti-human phospho smad3 linker region 
at serine 204 and serine 213 (1:1000 dilution) 
from Abcam, rabbit anti-smad3 antibody from 
Epitomics. Horseradish peroxidase–conjugat-
ed secondary anti-mouse and anti-rabbit IgG 
(H+L) was obtained from Santa Cruz. Bound 
antibody was detected using the SuperSignal 
West Pico Chemoluminescence system (Pierce, 
Inc. Rockford, IL).

RT-PCR

Total cellular RNA was collected using Trizol 
according to the manufacturer’s instructions 
(Invitrogen). Two μg RNA were reverse-tran-
scribed using SuperScript II reverse transcrip-
tase. Two μl of the produced cDNA was used for 
PCR according to the manufacturer’s instruc-
tions (Invitrogen). The primers for fascin, 
smad3, and β-actin were listed in Table 1. The 
amplification profile consisted of 2 min at 94°C 
for denaturation, followed by 35 cycles of dena-
turation (94°C for 30 s), annealing (as indicated 
in Table 1 for 30 s), and extension (72°C for 60 
s).

filopodia formation in gastric cancer cells. We 
also showed that transcription of fascin mRNA 
induced by TGFβ was dependent on smad3,  
at least in part, on smad3 linker region 
phosphosrylation. 

Material and method

Cell lines, cell culture and treatment

The gastric cancer cell lines MKN45, BGC823 
and AGS were purchased from Center for Cell 
Resources of Shanghai Institutes for Life 
Sciences, Chinese Academy of Sciences/Cell 
bank of China Center for Type Culture Collection, 
Chinese Academy of Sciences (CTCCCAS). Cells 
were maintained in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS) 
in a humidified atmosphere of 95% air/5% CO2 
at 37°C. 

Plasmids

Smad3 (EPSM) [10], a smad3 linker region 
mutant (Addgene plasmid # 14963), and wild-
type Smad3 plasmid [11] (Addgene plasmid # 
27025) were gifts from Joan Massague, which 
were provided by AddGene. 

TGFβ treatment

Unless indicated otherwise, 10 ng/ml TGFβ1 
were added to cells (Peprotech, Rocky Hill, NJ) 
in growth medium for 48 h before being used 
for assays.

siRNA transfection

Smad3 siRNA (QIAGEN) was mixed with Lipo- 
fectamine 2000 (Invitrogen, Carlsbad, CA) 
according to the manufacturer’s instructions 
and applied to each plate (cells at 30%-50% 
confluence). Transfection medium was removed 
and replaced with complete medium after 5 hrs 
of incubation.

Table 1. Sequences of primers used for PCR
Gene name Primer Annealing temperature (°C) Products size (bp)
Fascin Sense 5’-CTGGCTACACGCTGGAGTTC-3’ 62 492

Antisense 5’-CTGAGTCCCCTGCTGTCTCC-3’
β-actin Sense 5’-TGACGTGGACATCCGCAAAG-3’ 58 205

Antisense 5’-CTGGAAGGTGGACAGCGAGG-3’
Smad3 Sense 5’-CGCTTGACTCACGCCTTCG-3’ 62 422

Antisense 5’-TTCCTCTTGCGGCCACTT-3’
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levels increased steadily after the lag, reaching 
the highest level after 4 h and then followed a 
little decrease, but still higher than without 
TGFβ treatment. Next, we further evaluated the 
effects of TGFβ on the protein expression kinet-
ics of fascin. As shown in Figure 1, TGFβ signifi-
cantly elevated the fascin protein level after 2 
h. In agreement with our previous report, TGFβ 
could induce the expression of fascin protein in 
MKN45 [9]. 

Increased pseudopodium after TGFβ treat-
ment

The formation of lamellipodia is the key step for 
cancer cell migration [12]. To investigate the 
mechanisms underlying the enhanced cell 
migration in TGFβ-pretreated gastric cancer 
cells, we used immunofluorescence to study 
the membrane protrusion. As shown in Figures 
2 and S2, TGFβ induced hyperactive membrane 
protrusion in MKN45 and AGS cells (P<0.05). 

Induction of fascin expression by TGFβ re-
quires Smad3

To explore whether TGFβ-induced fascin expres-
sion is mediated through the TGFβ-Smad path-
way, we employed small hairpin RNA (shRNA) to 
knock down the expression of Smad3. The 
knockdown of Smad3 was confirmed with 
RT-PCR and western blot. As shown in Figure 3, 
smad3 repression could attenuate the expres-
sion of fascin induced by TGFβ at both mRNA 
level (Figure 3A) and protein level (Figure 3B).

TGFβ induces the phosphorylation of smad3 
linker region

The phosphorylation of smad3 linker region 
was reported to be involved in TGFβ mediated 

Immunofluorescence microscopy

Cells cultured on collagen-coated glass cover-
slips were fixed with 3.7% paraformaldehyde in 
PBS for 10 min at room temperature, permea-
bilized with 0.1% Triton X-100 for 5 min, and 
then washed with PBS three times. To block 
nonspecific binding, the cells were incubated 
with a solution of PBS containing 1% bovine 
serum albumin for 30 min and then incubated 
with mouse anti-fascin (1:200). Biotin-conju- 
gated goat anti-mouse secondary antibody was 
applied to cells followed by SABC-FITC incuba-
tion. The coverslips were then fixed onto slides 
and imaged using an Olympus fluorescence 
microscope.

Constructs and luciferase assay

The promoter of the human fascin (-1375~+81) 
was PCR amplified and cloned into pMIR-report-
er downstream of the firefly luciferase gene to 
generate the corresponding reporters. For fas-
cin promoter activity analysis, cells were co-
transfected with 0.2 μg of the reporter con-
struct, 0.01 μg of pRL-TK vector, and 0.2 μg of 
wild-type smad3 plasmid or smad3EPSM plas-
mid, a smad3 linker region mutant. Cells were 
treated with or without TGFβ1 for 12 h after 48 
h transfection, and then harvested and assayed 
with Dual Luciferase Assay (Promega, WI, USA) 
according to manufacturer’s instructions. All 
transfection assays were carried out in 
triplicates.

Statistical analyses

The comparison between TGFβ treatment 
group and control group was evaluated by 
Student’s T test (two-tailed). P≤0.05 was con-
sidered statistically significant.

Result

Elevated fascin expression 
after TGFβ treatment

To explore the kinetics of fas-
cin mRNA expression induced 
by TGFβ, we used RT-PCR to 
determine fascin mRNA levels 
in MKN45 and AGS cells after 
treatment with TGFβ for differ-
ent periods of time. As shown 
in Figure S1, there was a 2 h 
lag in TGFβ-induced fascin 
transcription. Fascin mRNA 

Figure 1. The kinetics of TGFβ-induced expression of fascin protein in gastric 
caner cell lines MKN45 and BGC823. Cells were treated with TGFβ and lysed 
at different time points as indicated. The levels of fascin protein were deter-
mined through western blot and β-actin was a loading control.
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Figure 2. The formation of the 
pseudopodium in MKN45 cells 
without (A) or with (B) treatment 
of TGF-β for 48 h. The number 
of pseudopodium was counted 
as a histogram in (C). Asterisk: 
P<0.05.
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tumor progression in colorec-
tal cancer cells [8]. To investi-
gate the effect of TGFβ on the 
phosphorylation of smad3 
linker region in gastric cancer, 
we examined the kinetics of 
the phosphorylation of smad3 
linker region at serines 204, 
208 and 213 with the treat-
ment of TGFβ for different 
periods of time. As shown in 
Figure 4A, TGFβ could induce 
the phosphorylation of smad3 
at serine 204 and serine 208 
after 0.5 h and the phosphory-
lation of smad3 at serine 213 
in 1 h in MKN45 cells, fol-
lowed by a steady increase to 
the highest level, then a little 
decrease. The similar results 
were also obtained in both 
AGS cells (Figure 4B) and 
BGC823 cells (Figure S3). 

TGFβ induces fascin promoter 
activity via phosphorylation of 
smad3 linker region

To further investigate the 
mechanisms smad3 involving 
fascin expression, fascin pro-
moter was constructed, four 
smad3 binding sites were 
found at fascin promoter 
region. Fascin promoter was 
cloned from -1385 to +81 into 
pGL3. MKN45 cells were co-
transfected with the fascin 
promoter luciferase reporter 
plasmid, wild-type smad3, or 
smad3 linker region mutant 
(smad3EPSM). As shown in 
Figure 5, no distinct changes 
were detected between wild-
type smad3 group and 
smad3EPSM group without 
TGFβ treatment. TGFβ could 
result in a 2.5-fold activation 
of the fascin promoter report-
er under physiological smad3 
level. (versus control, P<0.05). 

Figure 3. The mRNA level (A) and protein level (B) of smad3 and fascin with or without the treatment of TGF-β for 8 
h after the transfection of smad3 siRNA or scrambled siRNA for 36 h. β-actin was a loading control.

Figure 4. Western blot analysis of phosphorylation level of smad3 linker re-
gion at serine 204, 208, and s213, respectively in MKN45 (A) and AGS (B). 
β -actin was a loading control.

Figure 5. The relative activity of fascin promoter reporter to Renilla lu 
ciferase activity after the co-transfection of p-RL (0.01 μg/well), fascin  
promoter reporter (0.2 μg/well), and smad3 WT plasmid (0.2 μg/well) or 
smad3 linker region mutant (smad3 EPSM) (0.2 μg/well) for 36 h with or 
without the treatment of TGF-β for 12 h in MKN45 cells, **: P<0.01; *: 
P<0.05.
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Transfection of wild-type smad3 could result in 
5.5-fold activation of the fascin promoter 
reporter with TGFβ treatment (versus control, 
P<0.01). However, Transfection of smad3EPSM 
could not further enhance the acitivity of fascin 
promoter reporter (versus control, P>0.05). 
Similar results were also obtained in BGC823 
cells (Figure S4). 

Discussion

Fascin encodes a member of fascin family of 
actin-binding proteins. Fascin proteins organize 
F-actin into parallel bundles, and are required 
for the formation of actin-based cellular protru-
sions [13]. Fascin plays important roles in cell 
migration, motility, adhesion and cellular inter-
actions and acts as an oncogene in multiple 
types of cancer by increasing cell motility [14-
16]. Our previous study also revealed that 
knockdown of fascin1 expression could sup-
press the proliferation and metastasis of 
MKN45 gastric cancer cells [5]. TGFβ is a cyto-
kine which regulates various tumor progres-
sions in a context-dependent manner. In early 
stage tumors, TGFβ is a potent proliferation 
inhibitor that deters tumor growth; however, 
late stage tumors are often able to evade the 
growth inhibition and secrete elevated levels of 
TGFβ to promote metastasis [17]. Our previous 
study demonstrated that TGFβ could promote 
the invasion and metastasis of gastric cancer 
cells [7].  

In breast and lung cancer cells, Sun J demon-
strated TGFβ induced fascin expression in spin-
dle-shaped tumor cells [18]. However, our pres-
ent and previous studies [9] showed that TGFβ 
could induce fascin expression in gastric can-
cer cells, although they were polygonal, epithe-
lial-like morphology. The difference between 
our reports and Sun J’s reports indicates that 
whether TGFβ could induce fascin expression 
in cancer cells is not just dependent on tumor 
cell morphology. Sun J further demonstrated 
that smad3 was involved in fascin expression 
regulated by TGFβ [18]. In agreement with this 
result, we also showed that TGFβ could induce 
fascin expression via smad3. 

The phosphorylation of smad3 linker region 
was reported to involve in the TGFβ mediated 
tumor progression [8]. Our study also showed 
that TGFβ could induce the linker phosphoryla-
tion of smad3 in gastric cancer cells. Moreover, 

we further demonstrated that the phosphoryla-
tion of smad3 linker region was involved in 
TGFβ inducing fascin expression. To our knowl-
edge, this is the first report revealing that TGFβ 
could induce fascin expression via the phos-
phorylation of smad3 linker region, at least in 
part. Besides smad pathway, our previous 
study also found that fascin expression was 
regulated by MAPK pathway [9].
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Figure S1. RT-PCR analysis of the expression of fascin in gastric caner cell lines MKN45, BGC823 and AGS with the 
treatment of TGF-β1 for indicated time. β-actin was a loading control.

Figure S2. The formation of the pseudopodium in AGS cells without (A) or with (B) treatment of TGF-β1 for 48 h. The 
number of pseudopodium was counted as a histogram in (C). *: P<0.05.

Figure S3. Western blot analysis of phosphorylation level of smad3 linker region at serine 204, 208, and s213, 
respectively in BGC823 cells. β-actin was a loading control.
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Figure S4. The relative activity of fascin promoter reporter to Renilla lucifer-
ase activity after the cotransfection of p-RL (0.01 μg/well), fascin promoter 
reporter (0.2 μg/well), and smad3 WT plasmid (0.2 μg/well) or smad3 linker 
region mutant (smad3 EPSM) (0.2 μg/well) for 36 h with or without the treat-
ment of TGF-β1 for 12 h in BGC823 cells. **: P<0.01; *: P<0.05.


