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Wnt4 negatively regulates the TGF-β1-induced human dermal
fibroblast-to-myofibroblast transition via targeting Smad3 and ERK
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Abstract
Abnormal activation of Wnt signaling has been demonstrated in the wound healing process and the pathogenesis of fibrotic
disorders, with Wnt4 specifically identified as having a key role in the pathogenesis of renal, pulmonary and liver fibrosis. Wnt4
also was found to be upregulated by transforming growth factor-β1 (TGF-β1) in fetal and postnatal murine fibroblasts and bone
marrow mesenchymal cells, suggesting an underlying cooperation betweenWnt4 and TGF-β1 in fibrosis. However, the specific
roles of Wnt4 in TGF-β1-induced skin myofibroblast transition and hypertrophic scar formation remain unclear. In the present
study, we first observed reducedWnt4 expression in hypertrophic scar tissue compared with that in normal skin tissue. Following
upregulation by TGF-β1, Wnt4 inhibited the TGF-β1-induced transdifferentiation of fibroblasts into myofibroblasts. Using
fibroblast-populated collagen lattice contraction assays, we showed that the increased contractility induced by TGF-β1 was
significantly blocked by exogenousWnt4 and theα-smooth muscle actin (α-SMA) expressionwas decreased in fibroblasts in the
collagen lattices. In addition, knockdown of Wnt4 resulted in further increases in α-SMA and collagen I expressions. Further
investigation showed that Wnt4 could inhibit the autocrine effect of TGF-β1 as well as block the phosphorylation of Smad3 and
ERK but not of AKT or JNK. Lastly, using hypertrophic scar–derived fibroblasts, we showed that the elevated α-SMA and
collagen I levels were markedly reduced after treatment with Wnt4. Taken together, our results suggest that Wnt4 negatively
regulates TGF-β1-induced fibroblast activation, which may represent a novel therapeutic strategy for the treatment and preven-
tion of hypertrophic scars.
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Introduction

Hypertrophic scar tissue, which typically develops after se-
vere burn and/or traumatic injury of the skin, is a fibrotic
disorder of cutaneous wound healing that manifests as abnor-
mal deposition of extracellular matrix (ECM) proteins and
contraction of the granulation tissue, which leads to impaired
appearance of the skin as well as function problems (Finnerty
et al. 2016). Despite the extensive research that has been car-
ried out, the exact mechanisms underlying hypertrophic scar
formation remain incompletely understood and accordingly,
the therapeutic methods also are not satisfactory (Friedstat and
Hultman 2014; Gold et al. 2014; Hutchenreuther and Leask
2016; Zhang et al. 2017).

Myof ibroblas ts , which or iginate largely from
transdifferentiation of fibroblasts, have been reported to play
a central role during hypertrophic scar formation (Diegelmann
and Evans 2004; Tomasek et al. 2002). Although fibroblasts
are present in the relatively quiescent state of normal skin
tissue, these cells undergo a phenotype change into
myofibroblasts in response to skin injury. The most widely
accepted molecule marker of myofibroblasts is upregulated
α-smooth muscle actin (α-SMA). With their increased ECM
protein synthesis and increased contractile activity,
myofibroblasts can facilitate wound healing and tissue repair
(Diegelmann and Evans 2004; Hutchenreuther and Leask
2016; Tomasek et al. 2002). The myofibroblasts are removed
via apoptosis once the normal wound healing process is com-
pleted and their persistence leads to the excessive synthesis
and deposition of collagen proteins, which contribute to fi-
brotic disorders, such as hypertrophic scar, liver fibrosis, renal
fibrosis and lung fibrosis (Lemoinne et al. 2016; Song et al.
2016; Sun et al. 2016; Thannickal 2012; Yazdani et al. 2017;
Zhou et al. 2013). Thus, blockade of the fibroblast-to-
myofibroblast transition has become an important anti-
fibrosis strategy (Reddy et al. 2014; Rezvani et al. 2016;
Yazdani et al. 2017).

Although the exact mechanisms remain unknown, current
evidence indicates that transforming growth factor-β1
(TGF-β1) plays a crucial role in the transition of fibroblasts
into myofibroblasts (Mia and Bank 2016; Scharenberg et al.
2014; Tomasek et al. 2002; Wang et al. 2016a). The signaling
downstream of TGF-β1 is mainly mediated by the Smad fam-
ily of proteins (Cutroneo 2007). Much research has shown
upregulated expression levels of TGF-β1, TGF-β receptors
and Smad proteins in hypertrophic scars and organ fibrosis,
further indicating the important role of TGF-β/Smad signaling
in the pathogenesis of fibrotic disorders and making this path-
way a potential therapeutic target (Cutroneo 2007; Hsu et al.
2010; Wu et al. 2012). Moreover, recent studies have found
that TGF-β1 cooperates with Wnt signaling in regulating var-
ious biological and pathological processes (Castellone and
Laukkanen 2017; George 2009; Liu et al. 2012).

Multiple studies have demonstrated the involvement of ab-
normal activation of Wnt signaling and excessive expression
of Wnt proteins in wound healing and fibrotic disorders (Guo
et al. 2012;Wei et al. 2011), withWnt4 specifically implicated
in the pathogenesis of organ fibrosis, including that of the
kidneys, lungs and liver (Chen et al. 2016; Li et al. 2017;
Rajasekaran et al. 2017). In the skin of mice, theWnt4 expres-
sion is higher in fetal skin than in postnatal skin andWnt4-null
skin exhibits dermal fibroplasias, suggesting a possible anti-
fibrotic role ofWnt4 (Saitoh et al. 1998). In contrast, increased
Wnt4 expression is observed in the early stages of wound
healing in postnatal mice and in murine fibroblasts after in-
duction of injury by fibrin degradation products, as well as in
bone marrow mesenchymal cells stimulated with TGF-β1,
suggesting a possible pro-fibrotic role for Wnt4 (Labus et al.
1998). More recently, Wnt4 was shown to be upregulated by
TGF-β1 in fetal and postnatal murine fibroblasts (Colwell
et al. 2006), indicating the underlying cooperation between
TGF-β1 and Wnt4 in the regulation of fibroblast activation.
However, the exact effects of Wnt4 on the TGF-β1-induced
transition of fibroblasts into myofibroblasts as well as in scar
formation remain poorly understood.

In the present study, we investigate the effects of Wnt4 on
the TGF-β1-induced phenotype change of fibroblasts into
myofibroblasts, as well as the potential underlying mecha-
nism. Our results show that Wnt4 negatively regulates the
TGF-β1-induced fibroblast activation, which may have been,
in part, mediated by inhibition of the autocrine function of
TGF-β1 and blocking of Smad3 and ERK phosphorylation.
Therefore, our findings indicate that Wnt4 may play a crucial
role in fibroblast activation and the pathogenesis of hypertro-
phic scar formation, providing insight into a potential thera-
peutic target for preventing such scarring.

Materials and methods

Materials

Recombinant human TGF-β1 was obtained from PeproTech
(London, UK), and human recombinant Wnt4 was obtained
from R&D (Minneapolis, MN, USA). Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from Gibco
(Grand Island, NY, USA) and TRIzol Reagent was obtained
from Invitrogen (Carlsbad, CA, USA). Rabbit polyclonal an-
tibody against collagen (Col) type I was purchased from
Abcam (Cambridge, MA, USA). Mouse monoclonal antibody
against α-SMA, rabbit polyclonal antibody against β-actin
and DAPI (4′,6-diamidino-2-phenylindole) were obtained
from Boster Biological Technology Co. (Boster, Wuhan,
China). Rabbit polyclonal antibodies against β-catenin,
JNK, ERK1/2, p38 MAPK, phospho-JNK, phospho-ERK1/
2 and phospho-p38MAPK were obtained from Cell Signaling
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Technology Inc. (Beverly, MA, USA). Anti-mouse IgG-Cy3
antibody was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Polyvinylidene fluoride (PVDF) membranes and
Immobilon Western Chemiluminescent HRP Substrate were
purchased from theMillipore Corp (Bedford, MA, USA). The
TGF-β1 enzyme-linked immunosorbent assay (ELISA) kit
was purchased from Neobioscience (Shenzhen, China).

Cell culture

Hypertrophic scar and normal skin tissues were obtained from
patients undergoing plastic surgery in our department with
their written informed consent. Each sample was divided into
two portions for cell culture and RNA extraction. Fibroblasts
were isolated and cultured as previously reported (Liu et al.
2012). Briefly, dermal parts were minced and incubated in a
solution of collagenase type I (0.1 mg/mL) at 37 °C for 3 h to
separate the fibroblasts. The fibroblasts were culture-pelleted
and grown in DMEM supplemented with 10% fetal calf serum
(Gibco), 100 U/mL penicillin and 100 U/mL streptomycin at
37 °C in a 5% (v/v) CO2 humidified atmosphere. Cells from
passages 3–5 were used for subsequent experiments. For stim-
ulation of the transition to myofibroblasts, upon reaching 80–
90% confluence in 60-mm dishes, fibroblasts were starved for
12 h in serum-depleted medium and then stimulated with
TGF-β1 (10 ng/mL), Wnt4 (10 ng/mL), or both at indicated
concentrations.

RNA isolation and real-time PCR

Total RNA from scar and normal skin tissues, cultured cells
and collagen lattices was extracted using TRIzol Reagent ac-
cording to the manufacturer’s instruction. Then, 500 ng of
total RNAwas used to synthesize cDNA. Real-time polymer-
ase chain reaction (PCR) was performed using the Bio-Rad
IQ5 Real-Time System (Bio-Rad, Hercules, CA, USA) with
the SYBR® Premix Ex Taq™ II kit (TaKaRa, Dalian, China).
The PCR cycling conditions were as follows: initial denatur-
ation at 95 °C for 30 s, followed by 40 cycles with denatur-
ation at 95 °C for 10 s, annealing at 60 °C for 10 s and elon-
gation at 72 °C for 15 s. The expression level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA was measured and used to normalize the expression
levels of other mRNAs. All PCR experiments were performed
in triplicate. The primer pairs used are listed in Supplementary
Table 1.

Western blotting

For analysis of protein expression by western blotting, 40 μg
of total protein was subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to PVDF membranes. After blocking with 5% nonfat

milk, the membranes were incubated with antibodies for rab-
bit anti-human Col I (dilution, 1:400), β-catenin (1:800), JNK
(1:1000), ERK1/2 (1:1000), p38 (1:1000), phosphorylated
(p)-JNK (1:1000), pERK1/2 (1:2000), p-p38 (1:1000), β-
actin (1:400), or mouse anti-humanα-SMA (1:400) overnight
at 4 °C. Horseradish peroxidase–conjugated goat anti-rabbit
IgG (1:3000) or goat anti-mouse IgG (1:3000) was used as the
secondary antibody. Proteins were visualized with an en-
hanced chemiluminescence system using FluorChem FC
(Alpha Innotech) and the densities of the bands were analyzed
with the ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

Immunocytochemistry

Fibroblast samples were fixed with 90% ethanol and 1 μL/mL
Triton X-100 was used to permeabilize the membranes. After
blocking with 3% bovine serum albumin at 37 °C for 30 min,
the samples were incubated with monoclonal mouse anti-
human α-SMA antibody (1:100) at 4 °C overnight. The
anti-mouse IgG-Cy3 antibody (1:1000) was used as the sec-
ondary antibody and DAPI was used for nuclear staining.
Fluorescence within the cells was visualized under a fluores-
cence microscope (Olympus IX71, Tokyo, Japan) and ana-
lyzed by ImageJ software.

Fibroblast-populated collagen lattice contraction
assays

Rat tail tendons were obtained and type I collagen was ex-
tracted as previously described (Bell et al. 1979; Liu et al.
2012; Shi et al. 2013). A 500-μL suspension containing 1 ×
105 cells, 1 mg/mL collagen, TGF-β1 (10 ng/mL) and Wnt4
(20 ng/mL) was added in triplicate into 24-well plates and
then incubated at 37 °C for 1 h to allow the mixture to gel.
One milliliter of serum-free DMEM supplemented with
TGF-β1 (10 ng/mL), Wnt4 (20 ng/mL), or both was added
gently. After incubation at 37 °C for 24 h, the gels were de-
tached mechanically from the side of the wells. Images were
captured at 0, 4, 8, 12, 24 and 48 h after release. The surface
area of each gel at each time point was measured using the
ImageJ software and normalized to the original surface area.

Construction and infection of Wnt4 siRNA Lentivirus

The siRNA Lentivirus for Wnt4 was constructed by Shanghai
GenePharma Co., Ltd. (GenePharma, Shanghai, China).
Upon reaching 60–70% confluence, the fibroblasts were in-
fected with Lentivirus at a multiplicity of infection (MOI) of
20 according to the manufacturer’s instructions. TGF-β1 (10
ng/mL) was added 48 h after infection and total RNA or pro-
tein was extracted 48 h later.
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Enzyme-linked immunosorbent assay

The fibroblasts were seeded into 96-well plates and stimulated
with TGF-β1 (10 ng/mL) for 24 h. When they reached 80–
90% confluence, they were serum-starved for 12 h. The cul-
ture medium was then exchanged with DMEM containing
Wnt4 (20 ng/mL) or DMEM only for 24 h. The amount of
TGF-β1 in the supernatant from the fibroblast samples was
analyzed using a TGF-β1 ELISA kit, according to the manu-
facturer’s instructions. TGF-β1 concentrations were calculat-
ed from respective standard curves.

Statistical analysis

The experimental data are presented as mean ± standard error
values. Student’s T test was used for the comparisons between
two groups and analysis of variance (ANOVA) was used for
multi-group comparisons. All statistical tests were performed
using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA) and
differences for which P < 0.05 were considered statistically
significant.

Results

Wnt4 expression is decreased in hypertrophic scars
and fibroblasts derived from scar tissues

Six hypertrophic scar samples were obtained from pa-
tients for PCR analysis of the expressions of Col I,
TGF-β1, and Wnt4 relative to levels in healthy skin.
We observed that Col I and TGF-β1 expressions in hy-
pertrophic scar tissues increased significantly compared
with those in normal skin tissues (Fig. 1a, a′). The ex-
pression level of Wnt4 mRNA was examined in scar
tissues as well as in scar tissue–derived fibroblasts. The
Wnt4 mRNA expression in the hypertrophic scar tissue
samples was lower than that in the normal skin tissue
(Fig. 1a″) and consistently, the Wnt4 mRNA expression
in hypertrophic scar–derived fibroblasts was lower than
that in normal fibroblasts (Fig. 1a‴).

Wnt4 is upregulated by TGF-β1 during fibroblast
activation

To investigate the expression pattern of Wnt4 during the
TGF-β1- induced t rans i t ion of f ibroblas ts in to
myofibroblasts, fibroblasts isolated from normal skin
were stimulated with TGF-β1 for 48 h. As demonstrat-
ed by the results of real-time PCR and western blotting
in Fig. 1(b) and Supplementary Fig. 1, TGF-β1 stimu-
lation led to significantly increased expression of α-
SMA and Col I, as well as an increased number of α-

SMA-positive fibroblasts on immunohistochemical stain-
ing and an increase in the corresponding optical density,
indicating successful induction of fibroblast activation
(Fig. 1c–d″). Moreover, the Wnt4 expression during
the TGF-β1-induced fibroblast activation showed a rap-
id and significant increase with a peak value at 4 h
(25.3-fold increased expression, P < 0.01) after
TGF-β1 stimulation, followed by a decrease from 8 h
(19.6-fold, P < 0.01) to 48 h, with the expression level
remaining 5-fold greater than the basal level at 48 h
(Fig. 1e).

Wnt4 negatively regulates the TGF-β1-induced
fibroblast activation

To evaluate the effects of Wnt4 on the TGF-β1-induced
fibroblast activation, the mRNA and protein expressions
of α-SMA and Col I by fibroblasts after stimulation by
Wnt4 at concentrations of 1, 10, 20, or 100 ng/mL in
combination with TGF-β1 at 10 ng/mL were assessed.
We observed that the increased mRNA and protein
levels of α-SMA and Col I stimulated by TGF-β1 were
downregulated significantly by Wnt4 in a dose-
dependent manner (Fig. 2a, a′, b and Supplementary
Fig. 2). In addition, immunocytochemical staining
showed that the TGF-β1-induced increases in the num-
ber of α-SMA-positive fibroblasts and corresponding
optical density was markedly blocked by Wnt4 applica-
tion, indicating that Wnt4 has inhibitory effects on fi-
broblast activation (Fig. 2c–g′).

Wnt4 inhibits TGF-β1-induced contractile activity
of fibroblasts

Increased contractile ability is an important feature of
myofibroblasts that is related to the α-SMA expression.
Collagen lattice contraction assays were performed to
evaluate the change in the contractility of fibroblasts
when stimulated with TGF-β1 and Wnt4. As shown in
Fig. 3(a, b), TGF-β1 stimulation led to a marked de-
crease in the size of the collagen lattices compared with
the control group, indicating the increased contractility
of fibroblasts embedded in collagen lattices after stimu-
lation by TGF-β1. Conversely, Wnt4 treatment alone
did not have an obvious effect on the size of the colla-
gen lattices. However, with Wnt application, the de-
crease in the collagen lattice size induced by TGF-β1
was rescued. To further evaluate whether the change in
fibroblast contractility was associated with the α-SMA
expression, the α-SMA mRNA expression within the
lattice samples was measured. As expected, the α-
SMA expression by fibroblasts within the collagen
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lattices was significantly increased after TGF-β1 stimu-
lation but downregulated by Wnt4 (Fig. 3c).

Knockdown of Wnt4 results in further increases
in α-SMA and Col I expressions

To further elucidate the role of Wnt4 in TGF-β1-
induced fibroblast activation, the effects of Wnt4 knock-
down in fibroblasts on the mRNA and protein expres-
sions of α-SMA and Col I were examined. As shown in
Fig. 4 (a, a', b) and Supplementary Fig. 3, α-SMA and
Col I expressions at both the mRNA and protein levels
were increased to even higher levels after TGF-β1 stim-
ulation of fibroblasts with Wnt4 knockdown compared
with levels in normal fibroblasts after TGF-β1 stimula-
tion. These results provide additional evidence that

Wnt4 negatively regulates the TGF-β1-induced fibro-
blast activation.

Wnt4 inhibits the autocrine expression of TGF-β1
and reverses the phenotype change of fibroblasts

Previous research has shown that TGF-β1 can positively reg-
ulate its own expression via an autocrine or positive feedback
loop, thereby enhancing fibroblast activation and aggravating
fibrosis. To evaluate the effects of Wnt4 on the autocrine loop
of TGF-β1, after TGF-β1 stimulation, fibroblasts were treated
with Wnt4 or medium without Wnt4, and the mRNA and
protein expression levels of α-SMA were analyzed. The re-
sults showed that the α-SMA expression, which was induced
by TGF-β1 stimulation for 24 h, increased further with the
removal of TGF-β1 and no addition of Wnt4. Interestingly,
this increase in the α-SMA expression was blocked by Wnt4

Fig. 1 Wnt4 expression in hypertrophic scar tissue and during TGF-β1-
induced fibroblast activation. The mRNA expression levels of Col I (a),
TGF-β1 (a′) and Wnt4 (a″) and in six hypertrophic scar samples and
normal skin tissue samples, as well as Wnt4 (a‴) in isolated fibroblasts,
weremeasured by real-time PCR. (b) Protein expression levels ofα-SMA
and Col I in normal skin–derived fibroblasts stimulated with TGF-1, as
determined by western blotting. (c–d″). Immunocytochemical analysis of

the α-SMA expression in normal skin–derived fibroblasts after TGF-1
stimulation. Images show double-stained fibroblasts. Red: α-SMA; blue:
nuclear staining with DAPI. Scale bar = 50 μm. (e) The mRNA
expression of Wnt4 in normal skin–derived fibroblasts stimulated with
TGF-1, as determined by real-time PCR. Results represent mean ± SEM
(n = 3). *P < 0.05, **P < 0.01
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treatment for 24 h. Moreover, application of Wnt4 for 48 h
after 48 h of TGF-β1 stimulation reversed the increased ex-
pression of α-SMA induced by TGF-β1 (Fig. 4(c, c′) and
Supplementary Fig. 3). The effects of Wnt4 on the TGF-β1
expression were also examined after the same treatment con-
ditions. Both the TGF-β1 mRNA expression and the secreted
TGF-β1 protein level showed obvious increases after
TGF-β1 stimulation, which were significantly inhibited by
Wnt4 (Fig. 4d, d′).

Wnt4 influences the phosphorylation of Smad3
and ERK but not of JNK or AKT

Because the pro-fibrotic effects induced by TGF-β1 have
been reported to be mediated by Smads, ERK, JNK and
AKT, we evaluated the effects of Wnt4 on the phosphoryla-
tion of Smad3, MAPKs and AKT. First, we observed that
TGF-β1 stimulation led to a significant increase in p-Smad3
from 15 min with a peak level at 60 min (Supplementary Fig.

Fig. 2 Regulation of TGF-β1-induced fibroblast activation by Wnt4.
Effect of Wnt4 on TGF-β1-induced upregulation of α-SMA (a) and
Col I (a′) mRNA, as determined by real-time PCR. (b) Effect of Wnt4
on TGF-β1-induced α-SMA and Col I proteins, as examined by western
blotting. (c–f″) Immunocytochemical analysis of TGF-β1-induced α-
SMA expression with Wnt4 treatment. Images show double-stained

fibroblasts. Red: α-SMA; blue: nuclear staining with DAPI. Scale bar =
50 μm. (g–g″) Quantitative analysis of the optical density of α-SMA
staining and the percentage of α-SMA-positive fibroblasts. Results
represent mean ± SEM (n = 3). *P < 0.05 vs. control, **P < 0.01 vs.
control, #P < 0.05 vs. TGF-β1-stimulated fibroblasts, ##P < 0.01 vs. TGF-
β1-stimulated fibroblasts
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4) and similar results were observed for p-ERK and p-AKT. p-
JNK was the only tested protein to show only a slight increase
after TGF-β1 stimulation. We then evaluated the effects of
Wnt4 on the phosphorylation of Smad3, ERK, JNK and
AKT at 60 min after stimulation with TGF-β1 and Wnt4.
The TGF-β1-induced phosphorylation of both Smad3 (Fig.
5a, a′) and ERK (Fig. 5b, b′) was blocked by Wnt4, whereas
Wnt4 had no obvious effects on the phosphorylation of JNK
or AKT (Supplementary Fig. 5b).

Wnt4 downregulates the excessive expressions
of α-SMA and Col I in hypertrophic scar–derived
fibroblasts

We next investigated the effects of Wnt4 on protein expres-
sion in fibroblasts derived from hypertrophic scar samples.
The scar-derived fibroblasts were stimulated with Wnt4 at
varying concentrations (1, 10, 20, or 100 ng/mL) for 48 h after
serum starvation for 12 h and then, the mRNA and protein
expression levels of α-SMA and Col I were examined. The
results showed that both α-SMA and Col I were

downregulated at the mRNA (Fig. 5c, c′) and protein (Fig.
5d–d″) levels by Wnt4 in a dose-dependent manner.

Discussion

Both the TGF-β and Wnt signaling pathways play significant
roles in the regulation of fibroblast function, wound healing
and hypertrophic scar formation (Guo et al. 2012;
Scharenberg et al. 2014; Tomasek et al. 2002; Wang et al.
2016a; Wei et al. 2011). In the current study, we investigated
the effects of Wnt4 on the TGF-β1-induced activation of fi-
broblasts and explored the possible mechanism. We first ob-
served that the TGF-β1 expression was greater in hypertro-
phic scar tissue than in normal skin, whereas theWnt4 expres-
sion was lower in hypertrophic scar tissue than in normal skin.
Furthermore, treatment with TGF-β1 induced fibroblast acti-
vation and in this process, the Wnt4 expression also showed a
remarkable increase, peaking at 4 h, which is consistent with a
previous report (Colwell et al. 2006). These results suggest
that Wnt4 might be involved in the TGF-β1-induced transi-
tion of fibroblasts to myofibroblasts.

Fig. 3 Inhibition of the TGF-β1-induced contractile activity of skin
fibroblasts by Wnt4. (a) Effect of 20 mM Wnt4 on the contractility of
fibroblasts in the basal state and after stimulation by TGF-β1.
Representative images from triplicate experiments are shown. (b)

Quantification of the contraction area of the collagen lattices. (c) The α-
SMA mRNA expression in fibroblasts cultured in collagen lattices, as
determined by real-time PCR. Results represent mean ± SEM (n = 3).
**P < 0.01 vs. control, ##P < 0.01 vs. TGF-β1-stimulated fibroblasts
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Myofibroblasts, which are primarily derived by
transdifferentiation of fibroblasts, facilitate wound healing
through elevated ECM secretion and contraction. However,
persistence of myofibroblasts in the wound area leads to fibrot-
ic diseases, including renal fibrosis, lung fibrosis and hypertro-
phic scar formation (Diegelmann and Evans 2004; Tomasek
et al. 2002). TGF-β1 signaling is believed to play a crucial role
in the pathogenesis of fibrotic disease and recent studies have
found that cross -talk between TGF-β1 and Wnt signaling is
involved in wound healing and tissue fibrosis (Castellone and
Laukkanen 2017; George 2009; Liu et al. 2012).

The Wnt protein family consists of 19 highly conserved,
secreted morphogenic glycoproteins that are highly expressed
primarily during embryonic development, after which they
disappear or are expressed at low levels in adult skin and
organs (Bastakoty and Young 2016; Reddy et al. 2001). The
expression of Wnt proteins is known to be upregulated after
injury (Aisagbonhi et al. 2011; Labus et al. 1998; Lyu and Joo
2006). Among the Wnt proteins, Wnt1 and Wnt4 have been

reported to play a significant role in the pathogenesis of organ
fibrosis (Maarouf et al. 2016; Surendran et al. 2002; Zhong
et al. 2017). Wnt1 mainly contributes to the development of
lung fibrosis and is not expressed in skin tissue (Labus et al.
1998; Liu et al. 2012). Wnt4 was shown to be more highly
expressed in fetal skin than in postnatal skin of mice and
knockout of Wnt4 can lead to dermal fibroplasia (Saitoh
et al. 1998). In the kidney, Wnt4 can inhibit renal fibrosis
induced by high glucose (Ho et al. 2012). These results sug-
gest a possible anti-fibrotic role of Wnt4 in skin and organs.
On the contrary, the Wnt4 expression was found to be upreg-
ulated by fibrin degradation products inmurine fibroblasts and
by TGF-β1 stimulation in bone marrow mesenchymal cells
(Labus et al. 1998). Previous research using different renal
injury models found that Wnt4 is activated in interstitial cells
expressing α-SMA-positive and ECM proteins during kidney
fibrosis and exogenous Wnt4 induced myofibroblast differen-
tiation in vitro, as evidenced by the increased expression ofα-
SMA (DiRocco et al. 2013). These results indicate a pro-

Fig. 4 Effects ofWnt4 knockdown on α-SMA and Col I expressions and
effects of Wnt4 treatment on the autocrine loop of TGF-β1 and
myofibroblast transition. mRNA expression levels of α-SMA (a) and
Col I (a′) in normal skin–derived fibroblasts after knockdown of Wnt4,
as determined by real-time PCR. (b) α-SMA and Col I protein
expressions after knockdown of Wnt4, as determined by western
blotting. α-SMA mRNA (c) and protein (c′) expressions after Wnt4 and

TGF-β stimulation, as determined by real-time PCR andwestern blotting,
respectively. TGF-β1 mRNA and protein expressions after Wnt4 and
TGF-β stimulation, as determined by real-time PCR (d) and ELISA (d
′), respectively. *P < 0.05 vs. control, **P < 0.01 vs. control, #P < 0.05
vs. TGF-β1-stimulated fibroblasts, ##P < 0.01 vs. TGF-β1-stimulated
fibroblasts
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fibrotic role of Wnt4. Thus, no consensus has been reached
regarding the role of Wnt4 in the fibroblast-to-myofibroblast
transition and the tissue fibrosis.

In the present study, we investigated the role of Wnt4 in
TGF-β1-induced skin fibroblast activation. First, we found
that the Wnt4 expression was increased in these cells after
TGF-β1 stimulation, with a peak expression increase of
25.3-fold at 4 h followed by a slow decline to 5-fold greater

than the baseline expression by 48 h, suggesting that Wnt4
might be involved in TGF-β1-induced fibroblast activation.
To further investigate the role of Wnt4 in this process, Wnt4
was applied to the fibroblasts in combination with TGF-β1.
Interestingly, the increase in α-SMA and Col I expressions in
TGF-β1-treated fibroblasts, representing the fibroblast-to-
myofibroblast transition, was inhibited by Wnt4 in a dose-
dependent manner. Moreover, Wnt4 knockdown led to further

Fig. 5 Effects of Wnt4 on TGF-β1-induced phosphorylation of Smad3
and ERK and on the expressions of α-SMA and Col I in fibroblasts
harvested from hypertrophic scar samples. p-Smad3/Smad3 (a, a′) and
p-ERK/ERK (b, b′) protein expressions after TGF-β1 and Wnt4
stimulation. (a, b) Representative images of western blots. (a′, b′) Ratios
of phosphorylated protein/total protein, plotted as mean values from
triplicate experiments. Col I (c) and α-SMA (c′) mRNA expressions in
fibroblasts derived from hypertrophic scar samples after Wnt4

stimulation, as determined by real-time PCR. (d–d″) α-SMA and Col I
protein expressions in hypertrophic scar–derived fibroblast after Wnt4
treatment, as examined by western blotting. (d) Representative images
of western blots. (d′, d″) Relative expression levels of Col I and α-SMA
proteins, plotted as mean values from triplicate experiments. P < 0.05 vs.
control, **P < 0.01 vs. control, #P < 0.05 vs. TGF-β1-stimulated
fibroblasts; ##P < 0.01 vs. TGF-β1-stimulated fibroblasts
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increases in α-SMA and Col I expressions in TGF-β1-treated
fibroblasts, suggesting that Wnt4 upregulation in response to
TGF-β1 treatment might negatively regulate the TGF-β1-
induced fibroblast activation. Increased contractility, which
is associated with the α-SMA expression, is an important
feature of myofibroblasts. In 3D collagen lattice contraction
assays, when added with TGF-β1, Wnt4 blocked the in-
creased contractile ability of fibroblasts and a further experi-
ment showed that this blockade was due to downregulation of
α-SMA in the fibroblasts. These observations also indicate
that Wnt4 negatively regulated the TGF-β1-induced fibro-
blast transition.

It has been reported that TGF-β1 can promote its own
expression, as well as that of Smad proteins, which represents
an important positive feedback loop during the pathogenesis
of fibrotic diseases (Dabiri et al. 2008; Popova et al. 2010). In
the current study, we observed that when the fibroblasts were
cultured for 24 h without TGF-β1 after TGF-β1 stimulation
for 24 h, both TGF-β1 and α-SMA expressions showed fur-
ther increases, suggesting the existence of the autocrine loop
of TGF-β1. Notably, this increased expression of TGF-β1
was blocked by Wnt4. Moreover, when the fibroblasts were
incubated withWnt4 for 48 h after TGF-β1 stimulation for 48
h, the α-SMA expression also was significantly downregulat-
ed, indicating that Wnt4 could inhibit the fibroblast-to-
myofibroblast transition.

Prior studies have indicated that the regulation of α-SMA
and Col I expressions by TGF-β1 is mediated via Smad, JNK,
ERK and AKT (Fan et al. 2015; He et al. 2015; Jiang et al.
2017; Saito et al. 2017; Wang et al. 2016b). Thus, we further
investigated the effects of Wnt4 on the expression and activa-
tion of these signaling proteins. After TGF-β1 stimulation, the
phosphorylation of Smad3, ERK and AKT was significantly
increased, whereas that of JNK was only slightly upregulated
by TGF-β1. Furthermore, the increases in Smad3 and ERK
phosphorylation were remarkably blocked by Wnt4.
However, the changes in JNK and AKT phosphorylation were
not significantly influenced by Wnt4. These results indicate
that although Smad3, ERK, AKT and JNK could be activated
by TGF-β1 during the fibroblast-to-myofibroblast transition,
the negative regulatory effects of Wnt4 on the TGF-β1-
induced fibrotic response may be mediated primarily through
inhibition of Smad3 and ERK phosphorylation.

Increased ECM synthesis is a key feature of myofibroblasts
but when it persists beyond the levels needed for wound
healing, excessive scarring can occur. In the current study, we
observed that the Wnt4 expression was decreased in both hy-
pertrophic scar tissues and scar-derived fibroblasts. Thus, we
further investigated the effects of exogenous Wnt4 on scar-
derived fibroblasts. Interestingly, the increased expressions of
α-SMA andCol I in these tissues and cells were downregulated
by Wnt4 in a dose-dependent manner. These results suggest
that the low expression level of Wnt4 may contribute to the

formation of hypertrophic scars and delivery of Wnt4 may also
reverse the abnormal phenotype of scar-derived fibroblasts,
which represents a potential therapeutic strategy for the preven-
tion and treatment of hypertrophic scarring.

Taken together, our results suggest that in human skin fi-
broblasts, Wnt4 plays a negative regulatory role in TGF-β1-
induced fibroblast activation by inhibiting the expressions of
α-SMA and Col I as well as blocking the autocrine effect of
TGF-β1, possibly by mediating the phosphorylation of
Smad3 and ERK. Further research is warranted to investigate
this mechanism as a possible therapeutic target along with the
potential of Wnt delivery as a treatment strategy for fibrotic
conditions, specifically hypertrophic scarring.
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