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Abstract—Upregulation of WISP1 has been demonstrated in lung remodeling. Moreover, it has been
recently found that some signaling components of WNT pathway can activate GSK3β signaling to
mediate remodeling of airway smooth muscle (ASM) in asthma. Therefore, we hypothesized that
WISP1, a signaling molecule downstream of the WNT signaling pathway, is involved in PI3K/
GSK3β signaling to mediate ASM remodeling in asthma. Our results showed that WISP1 depletion
partly suppressed OVA-induced ASM hypertrophy in vivo. In vitro, WISP1 could induce hBSMC
hypertrophy and proliferation, accompanied by upregulation of levels of PI3K, p-Akt, p-GSK3β, and its
own expression. TGF-β treatment could increase expression of PI3K, p-Akt, p-GSK3β, and WISP1.
SH-5 treatment could partly suppress TGF-β-induced hypertrophy and proliferation of hBSMC, and
depress expression of p-GSK3β and WISP1. In conclusion, WISP1 may be a potential inducer of ASM
proliferation and hypertrophy in asthma. The pro-remodeling effect of WISP1 is likely due to be
involved in PI3K-GSK3β-dependent noncanonical TGF-β signaling.
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INTRODUCTION

Airway remodeling, a well-established feature of asth-
ma, arises from repeated cycles of tissue damage and repair
[1, 2]. It has been confirmed that smooth muscle proliferation
and hypertrophy contribute to airway remodeling in asthma.
The airways of patients with severe asthma have larger
smooth muscle cell diameter and an increased expression of
α-smooth muscle actin [3–5]. Airway smooth muscle (ASM)
cells may also produce a plethora of biologically active agents

like pro-inflammatory mediators, chemokines, and cytokines,
which are responsible for the progression of airway remodel-
ing pathogenesis in asthma [6, 7]. Therefore, the accumulated
evidence indicates that ASM cells are one of main effector
cells of pathological remodeling in airways and that the
diminution of overabundant airway smooth musculature
may alleviate some symptoms exhibited in asthmatics
by improving air flow [8]. However, few studies
have addressed the cellular mechanism of ASM re-
modeling in asthma. Current therapies, including cor-
ticosteroids and β2-agonists, can very well control
lung inflammation and modulate the contractile func-
tion of ASM, while the pathological remodeling such
as ASM hypertrophy and hyperplasia still fails to be
controlled [9–11]. Thus, it is necessary to shed more
light on the molecular mechanisms of increased ASM
mass in airway remodeling and investigate the medi-
ators that have the potential to be used for clinical
treatments.

It has been demonstrated that some of the pro-survival
and pro-fibrogenic cytokines are closely related to ASM
remodeling. The cytokines mainly include interleukin (IL)-
8, transforming growth factor (TGF)-β, and IL-1β.
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Especially, TGF-β is one of the major players in determining
the structural and functional abnormalities of ASM in asthma
[12]. TGF-β challenge can increase ASM cell size and ex-
pression of contractile proteins in asthmatic airway remodel-
ing. However, it has recently been found that some compo-
nents of TGF-β and WNT signaling are mutual targets of
each other. For example, both glycogen synthase kinase-3β
(GSK3β) andβ-catenin are key components of the canonical
WNT signaling [13], but GSK3β/β-catenin signaling is also
involved in noncanonical TGF-β signaling [14]. Activated
WNTsignaling can directly induce expression of TGF-β [15]
whereas TGF-β can alsomodulateWNTsignaling in ASM
cells [16, 17]. Thus, it can be speculated that some signal-
ing components of WNT pathway may activate PI3K-
GSK3β-dependent noncanonical TGF-β signaling to me-
diate remodeling of ASM in asthma.

The WNT1-inducible signaling pathway protein 1
(WISP1) is a cysteine-rich protein that belongs to the
(Cyr61, CTGF, Nov) CCN family. It has been confirmed
that WISP1 is a target of the WNT pathway and exerts
diverse biological effects including cell growth, prolifer-
ation, and tissue remodeling [18–20]. WISP1 could me-
diate collagen deposition via activated Akt-dependent
GSK3β signaling in lung in an asthmatic rat model with
airway remodeling [21]. WISP1 was also shown to
induce proliferation of human coronary artery SMC
(ASMC) via activated Akt-dependent GSK3β/β-catenin
signaling [22]. GSK3β, as a component of TGF-β
signaling [23], plays a central role in regulating structure
and function of ASM cells. Phosphorylation of GSK3β
that is induced by TGF-β could increase ASM cell size
and contractile protein expression [24, 25]. Inactivation
of GSK3β can also induce ECM protein production via
activated β-catenin signaling in ASM cells [26]. There-
fore, it is highly likely that WISP1 is involved in
GSK3β-dependent noncanonical TGF-β signaling to
mediate ASM remodeling in asthma.

We hypothesized that WISP1 abnormal expres-
sion contributes to increased ASM hyperplasia and
hypertrophy in OVA-challenged rats. Our results
demonstrate for the first time that WISP1 depletion
attenuates OVA-induced ASM remodeling in a rat
model of asthma. WISP1 challenge induces hBSMC
proliferation and hypertrophy via activated phos-
phatidylinositol 3-kinase (PI3K)/GSK3β signaling
in vitro. In addition, the levels of WISP1 is not only
upregulated by TGF-β challenge but is also induced
by itself in hBSMC. As a whole, our results suggest
that WISP1 may be a potential inducer of ASM
proliferation and hypertrophy in asthma.

MATERIALS AND METHODS

Animals and Housing Conditions

Four-week-old male Sprague-Dawley rats were pur-
chased from the Experimental Animal Center, Chongqing
Medical University. Animals were housed five per plastic
cages and maintained in a filter-protected air-conditioned
room with controlled temperature (23±2 °C), and 12-h
light/dark cycles (light on 0800–2000 hours). All animal
care and experimental protocols were approved by the
Ethics Committee of Second Affiliated Hospital of Chong-
qing Medical University. All animals were handled in
accordance with the guidelines of the Principle of Labora-
tory Animal Care [27].

Experimental Design and Animal Models

Animals were randomly divided into four groups as
follows: the blank/control group (n=6), the OVA group
(n=6), the OVA+anti-WISP1 group (n=6), and the IgG
control group (n=6). All rats were sensitized with intra-
peritoneal injection of ovalbumin (1 mg, OVA) (Solarbio,
Beijing, China) and aluminum hydroxide (100 mg) (Al-
drich, Milwaukee, WI) in 0.9 % NaCl solution (saline
1 mL) on days 0 and 14, which was made according to
previously reported method [28]. In the OVA group, rats
were next challenged with OVA (50 μL) by intratracheal
administration under inhalation anesthesia with isoflurane
(4 days per week for 3 weeks) (Abbott Japan, Tokyo), as
reported previously [29]. In the OVA+anti-WISP1 or IgG
group, OVA challenge was also applied to the animals but
the rats would be pretreated with anti-WISP1 antibodies
(1.6 μg/mL, R&D Systems) or preimmune serum by
intratracheal administration before each OVA challenge,
which was done according to a previously reported method
[30]. The rats in the negative blank/control group were
sensitized with OVA+Al(OH)3, i.p. without any airway
challenges with OVA. All rats were killed 24 h after the
final challenge.

Histopathological Study

Animal were exsanguinated by puncture, and lung
tissue were obtained and fixed with 4 % formalin. Tissues
were embedded in paraffin, and 4-μm sections were
stained with hematoxylin and eosin (HE) for light micro-
scopic observation. Bronchial smooth muscle mass was
quantificationally assessed by measuring the thickness of
smooth muscle cell layer below the airway epithelial cell
basement membrane in HE-stained lung sections, as
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reported previously [31]. The morphological analysis was
implemented via a minimum of ten fields throughout the
upper and lower lung. All morphometric measurements
were performed in a blinded fashion.

Immunohistochemistry

L u n g t i s s u e s e c t i o n s w e r e s t a i n e d
immunohistochemically to assess the levels of α-smooth
muscle actin (α-SMA) and WISP1. Tissues were fixed
with formalin, embedded with paraffin, and cut into 5-
μm serial sections. Then, these sections were
deparaffinized with xylene and incubated overnight at
4 °C with a rabbit polyclonal antibody against WISP1
(Santa Cruz Biotechnologies, Santa Cruz, CA) or a mono-
clonal antibody against a-smooth muscle actin (Santa Cruz
Biotechnologies, Santa Cruz, CA), the normal rat serum
was used as a negative control. Then, sections were incu-
bated with a biotinylated anti-rabbit secondary antibody
(Santa Cruz Biotechnologies, Santa Cruz, CA) at a final
dilution of 1:500. The sections were next incubated with an
avidin-biotin-peroxidase complex using the Vectastain
Elite ABC kit (Vector Laboratories, Burlingame, CA).
The peroxidase substrate solution (DAB stain kit, Vector
Labs, Burlingame, CA)was applied to the sections, follow-
ed by incubation in a dark. Finally, a light hematoxylin
counterstain was applied to all sections and examined
using a light microscopy.

Semiquantitative assessment of immunohistochemis-
try of WISP1 and α-SMA expression was performed ac-
cording to a published method [32, 33]. The WISP1 levels
were assessed by calculating the number of positive cells
using high-power (×200) microscopy, and the final number
(the percentage of positive cell score×the intensity score)
was used for further statistical analysis. The degree of
thickening of the smooth muscle layer was quantification-
ally assessed by dividing the α-SMA+ area by the length of
the basement membrane. Three inves t iga tors
independently evaluated the staining in a blinded manner.

Bronchial Smooth Muscle Cell Culture and Treatment

In order to further explore the effects of WISP1
on ASM cells in vitro, human bronchial smooth
muscle cells (hBSMC, CHI Scientific, JiangShu, Chi-
na) were purchased and maintained in basal medium
supplemented with the SmGM-2 bullet kit (5 % fetal
bovine serum, 0.1 % insulin, 0.1 % human epidermal
growth factor, 0.2 % human fibroblast growth factor-
B, and gentamicin sulfate/amphotericin B; LonzaBio),
as reported previously [34]. Cells were used between

passages 4 and 12 for all experiments, and divided
into five groups: the control group (saline), the
WISP1-treated group (WISP1), the WISP1+SH-5-
treated group (WISP1+SH-5), the TGF-β-treated
group (TGF-β), and the TGF-β+SH-5-treated group
(TGF-β+SH-5). Cells in each group were plated into
96-well plates at 3000 cells per well and allowed to
attach overnight. Then, cells were fed with serum-
free medium containing 0.5 % bovine serum albumin
(BSA), 100 μg/mL streptomycin, 100 U/mL penicil-
lin, 2 μg/mL amphotericin B (Invitrogen, Milan), and
0.12 IU/mL insulin (Lilly, St Cloud, France) and
incubated for an additional 24 h. Then, cells in the
WISP1 or TGF-β group were continuously stimulat-
ed with recombinant WISP1 (0.1, 0.3, 0.6, 1.2, and
1.6 μg/mL; 24 and 48 h) (PeproTech, Rocky Hill,
NJ) or TGF-β (1, 3, 5, 10, and 15 ng/mL; 24 and
48 h) (PeproTech, Rocky Hill, NJ) in serum-free
medium, and phosphate-buffered saline (PBS)
(Solarbio, Beijing, China) was used for the control
group. For the WISP1+SH-5 or TGF-β+SH-5 group,
cells were pretreated with SH-5 (an Akt inhibitor II)
(1 μM dissolved in DMSO; 1 h) before WISP1 or
TGF-β stimulation. SH-5 was purchased from EMD
Biosciences (San Diego, CA) and has been used both
in vivo [35] and in vitro [19, 36] to selectively
inhibit Akt. SH-5, as a phosphatidylino-sitol analog,
can block binding of phosphatidylinositol-3,4,5-
trisphos-phate to the PH domain of Akt [37]. All
groups were maintained in a humidified atmosphere
of 5 % CO2 at 37 °C as described previously [30].
Cell proliferation was assessed by MTT assay. The
levels of WISP1 messenger RNA (mRNA) were de-
tected by real-time RNA analysis. The levels of
PI3K, p-Akt, p-GSK3β, and WISP1 protein were
quantificationally detected by Western blot.

Cell Proliferation Assay

The proliferative rate of cell was examined by a
colorimetric assay which utilized the capacity of live
cells to change 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT, Sigma) from yellow to
a purple precipitate which could be dissolved in
DMSO. MTT solution was added to each well for
4 h. The medium was removed, 200 pL of DMSO
was added and vibrated for 10 min. Optical densities
(OD) were examined at 570 nm using a microplate
reader (Multiskan MK3, Thermo Fisher Scientific,
Soochow, China). Finally, viable cell ratio was
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calculated as follows: (absorbance of experimental
group/absorbance of control group)×100 %.

Cell Hypertrophy Assay

Cell hypertrophy was assessed by measuring the rate
of protein synthesis as previously described [19, 22, 38].
Cells were plated in 24-well plates and treated with TGF-β
or WISP1 for 24 and 48 h, then incubated with 0.5 μCi
[3H]-leucine for an additional 6 h. In order to determine the
roles of Akt signaling in TGF-β or WISP1-mediated pro-
tein synthesis, part of cells were pretreated with SH-5
before rhTGF-β or rhWISP1 challenge. The radioactivity
incorporated into the trichloroacetic acid-precipitable ma-
terial was detected by using a liquid scintillation counter.

Cell Migration Assay

Cell migration was analyzed as described previously
using a Boyden chamber assay [39, 40]. Briefly, the serum-
starved cells were separated from the culture plate using
trypsin (0.5 mg/mL)-EDTA (0.2 mg/mL) solution
(Invitrogen Canada Inc., Burlington, ON) and then added
to Ham’s F12medium. A polycarbonate membrane with 8-
mm pore size (Neuroprobe, Gaithersburg, MD, USA) was
coated with 0.01 % collagen type-I in 0.01 N HCl solution
(Sigma). A 100-μL solution containing hBSMC (3×104

cells/mL) was added to the upper chamber of modified
Boyden chamber apparatus (Neuroprobe). In the lower
chamber, rhWISP1 or rhTGF-β were added as a
chemoattractant. In order to determine the roles of Akt
signaling in TGF-β or WISP1-mediated cell migration,
cells were pretreated with SH-5 before rhTGF-β or
rhWISP1 challenge. The membranes were peeled off after
4 h of incubation at 37 °C. Cells that migrated to the lower
side of the membranes were fixed and stained with
HemacolorH stain set (EMD Millipore, Billerica, MA,
USA). The number of migrated cells was counted in six
random fields using a phase contrast microscope (Carl
Zeiss Canada Ltd., Toronto, ON).

Real-Time RNA Analysis

To evaluateWISP1 level in lung tissues and bronchial
smooth muscle cells. Total RNA was extracted using the
RNeasyMini kit (Qiagen, Hilden, Germany) in accordance
with the manufacturer’s instruction. The following primer
s equence s were used : f o rwa rd (WISP1) 5 ′ -
AGGTATGGCAGAGGTGCAAG-3′ and reverse 5′-
GTGTGTGTAGGCAGGGAGTG-3′. The relative quanti-
ty (RQ) was calculated by subtracting the DDCt values of

the control group from the DDCt values of the experimen-
tal groups. The β-actin which was continuously expressed
at a constant level in cells was used as a reference gene.

Western Blotting Analysis

The expression of PI3K, p-Akt, p-GSK3β, and
WISP1 were examined by Western blotting analysis. Cells
were lysed at 4 °C in RIPA buffer with protease and
phosphatase inhibitors (Roche, Basel, Switzerland). Pro-
tein concentrations were determined by a BCA assay kit
(Pierce). Total protein was fractionated on SDS-PAGE and
transferred to the polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Billerica, MA, USA), blocked with
skimmed milk and incubated overnight at 4 °C with the
primary antibodies against PI3K and WISP1 (Santa Cruz
Biotechnologies, Santa Cruz, CA), p-GSK3β, p-Akt (Cell
Signaling Technology, Danvers, MA). Membranes were
incubated for 1 h at 37 °C with secondary antibody. Quan-
titative results were acquired using the computerized im-
aging program Bio-1D (VilberLourmat Biotech. Bioprof.,
France). β-Actin was used as the protein loading control.

Statistical Analyses

Values are expressed as means±SEM. The compari-
sons of data among groups were performed by Tukey’s
post hoc test (parametric data) or by Dunn’s post hoc test
(nonparametric data). Data were considered statistically
significant at P<0.05. The Sigma Stat 3.5 Software (San
Jose, CA) was used for statistical analyses.

RESULTS

OVA Sensitization and Challenge Increases Airway
Smooth Muscle Deposition

Animal models are constructed according to previ-
ously reported method [28]. We assessed the degree of
smooth muscle hypertrophy (H&E staining), which is im-
portant structural change involved in airway remodeling in
asthma. As shown in Fig. 1a, b, e, smooth muscle around
the bronchi was significantly thickened in the OVA group
(18.82±1.88 μm for OVA group vs 5.71±0.16 μm for
PBS, p<0.05; n=6 sections) when compared to control.
In addition, smooth muscle accumulation around the air-
ways was verified by increased α-smooth muscle actin
immunohistochemistry; these data are in agreement with
the results observed from the above H&E staining analysis
(34.3±3.7 % for OVA group vs 9.5±1.1 % for PBS,
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p<0.05; n=6 sections) (Fig. 2a, b, e). Thus, the results
showed that animal models with ASM remodeling had
been successfully developed in our studies.

WISP1 Inhibition Partially Suppresses
OVA-Induced Airway Smooth Muscle
Accumulation in OVA-Challenged Model

In lungs from OVA+anti-WISP1-treated animals,
smooth muscle accumulation around the airways was also
increased when compared to control, as detected by H&E
(13.30±0.85 μm for OVA+anti-WISP1 group vs 5.71
±0.16 μm for control, p<0.05; n=6 sections), but it was
more mild than that in the OVA group (13.30±0.85 μm for
OVA+anti-WISP1 group vs 18.82±1.88 μm for OVA
group, p<0.05; n=6 sections) (Fig. 1b, c, e). To further
verify the degree of ASM remodeling after neutralizing α-
WISP1 antibodies exposure, semiquantitative a-SMA pro-
tein analysis by immunohistochemistry was performed
(22.7±2.3 % for OVA+anti-WISP1 group vs 9.5±1.1 %
for control; 22.7±2.3 % for OVA+anti-WISP1 group vs
36.1±3.2 % for OVA group; p<0.05) (Fig. 2b, c, e); the

data are in agreement with the results observed from the
above H&E analysis. Therefore, the results showed that
attenuation of WISP1 expression could partly suppress
OVA-induced smooth muscle accumulation in asthmatic
animal model, indicating that WISP1 may be involved in
the pathogenesis of ASM remodeling in asthma.

OVA Challenge Induces WISP1 Transcription
and Expression in Lung Tissue of Animal Models

Total RNA was extracted from the pulmonary seg-
ments of all rats to detect the levels of WISP1 mRNA. In
the PBS control group, mRNA levels of WISP1 relative to
the amount of β-actin mRNAwere 0.140±0.036 (Fig. 3f).
In the OVA or OVA+anti-WISP1 group, the levels of
WISP1 mRNAs in the pulmonary segments were upregu-
lated to 0.782±0.113 and 0.647±0.081 when compared to
PBS control (Fig. 3f). These data showed that OVA expo-
sure increased the mRNA levels of WISP1 in a rat model.
In order to further analyze the changes in WISP1 protein
expression after OVA exposure, semiquantitative protein
analysis was performed by immunohistochemistry. This

Fig. 1. Histological analysis of airway smooth muscle. Isolated lung tissues were fixed with 4 % formalin and dehydrated in a graded series of ethanol
solutions followed by staining with hematoxylin and eosin. Peribronchiolar smooth muscle was indicated by the arrows. All images of peribronchiolar
smooth muscle layer were made by merging images from different fields (scale bar=100 μm) (a–d). The results of quantitative analysis are shown in e. Data
are shown as means±SEM (n=3); *p<0.05 versus PBS group, #p<0.05 versus OVA+anti-WISP1 group, and p<0.05 versus OVA group (e).
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result showed that the percentages of positive cells in the
OVA group were significantly higher than that in the
nonsensitized rats (43.4±4.1 % for OVA group vs. 7.7
±1.1 % for PBS control; p<0.05) (Fig. 3a–e), and these
data are also in agreement with the result observed from the
above mRNA studies.

Both WISP1 and TGF-β Induce hBSMC Proliferation
via Akt Signaling

Abnormal activation of bronchial smooth muscle
cells are important features of airway remodeling. In order
to further explore the specific molecular effects of these

cytokines on ASM remodeling, we assessed the effects of
WISP1, TGF-β, WISP1+SH-5 (an Akt inhibitor), and
TGF-β+SH-5 exposure on bronchial smooth muscle cells
(hBSMC) proliferation in vitro. Incubation of quiescent
hBSMC for 48 h with WISP1 (1.2 ng/mL) or TGF-β
(10 ng/mL) could induce significant proliferation (102.7
±12.91 and 122.7±6.12 for WISP1 group and TGF-β
group vs 29.33±4.10 for control, p<0.05) (Fig. 4), but
the proliferation in the WISP1+SH-5 or TGF-β+SH-5
group were partly suppressed compared with the WISP1
or TGF-β group (68.33±7.42 and 93.33±4.67 for
WISP1+SH-5 group and TGF-β+SH-5 group vs 102.7
±12.91 and 122.7±6.12 for WISP1 group and TGF-β

Fig. 2. Assessment of degree of smooth muscle thickening by immunohistochemistry. Degree of smooth muscle thickening was calculated by dividing α-
SMA+ area by the length (μm) of the BM (P) by immunohistochemistry (a–d). Arrows indicate the α-SMA+ area. Data are representative of three
independent experiments (p<0.05). Means±SDwith n=3. Data are shown asmeans±SEM (n=3); *p<0.05 versus PBS group, #p<0.05 versus OVA+anti-
WISP1 group, and p<0.05 versus OVA group (e).
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group, p<0.05) (Fig. 4). These results showed that WISP1
or TGF-β exposure could effectively promote hBSMC
proliferation, while the process can be partly inhibited by

pretreatment of cells with an Akt inhibitor. We next
assessed the effects of these cytokines on migration and
hypertrophy of hBSMC in the following.

Fig. 3. The levels of WISP1 mRNA and protein expression. The lung segments were from rats that were exposed to PBS and OVA. WISP1 protein exp-
ression was assessed by immunohistochemistry (a–e). Arrows indicate extracellular WISP1 staining. WISP1 mRNA level is presented relative to that of the
β-actin (f). Data are representative of three independent experiments. The values are expressed as the means±SEM (n=3); *p<0.05 versus control group (e),
*p<0.05 versus control group (f).

Fig. 4. Assessment of proliferation rate of human bronchial smooth muscle cells. Human bronchial smooth muscle cells were seeded and cultured for 48 h.
Viable cells were detected byMTT. The cell number was counted each day. Values are expressed as the means±SEM (n=3); *p<0.05 versus control group,
#p<0.05 versus WISP1 group, and p<0.05 versus TGF-β group (a, b).
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WISP1 Induces hBSMC Hypertrophy,
but not Migration

Increased ASM mass is a characteristic finding in
fatal and nonfatal asthma. Cell hypertrophy is one of main
causes for increased ASM mass in asthma. Therefore, we
examined the possibility that hypertrophy of hBSMC may
be induced by WISP1 challenge. Indeed, hBSMC hyper-
trophy is successfully induced by WISP1 stimulation, but
the process could also be partly inhibited by pretreatment
of cells with an Akt inhibitor (Fig. 5a). In addition, cell
hypertrophy that was induced by TGF-β exposure could
be also inhibited effectively by pretreatment of cells with
an Akt inhibitor (Fig. 5a).

We also investigated the roles of these cytokines in
hBSMC migration. Our results showed that migration of
hBSMC was significantly increased by TGF-β stimulation
(TGF-β, 10 ng/mL, 2.438±0.40-fold, p<0.05) (Fig. 5b, d),
while WISP1 challenge (WISP1, 0.1, 0.3, 0.6, 1.2, and
1.6 μg/mL) had no significant effect on hBSMCmigration
(p>0.05) (Fig. 5c). Moreover, TGF-β-induced hBSMC
migration was also partially suppressed by a pretreatment
with an Akt inhibitor (TGF-β+SH-5, 1.726±0.40-fold vs
TGF-β, 2.438±0.40-fold, p<0.05) (Fig. 5d). We next in-
vestigate the specific signaling that may be involved in
WISP1 and TGF-β signaling in hBSMC in vitro.

WISP1 Is Not Only Induced by TGF-β Challenge
but Also Significantly Upregulated
by Its Own Stimulation in hBSMC

Real-time PCR analysis of total RNA extracted from
cell debris demonstrated the presence of mRNA coding for
the WISP1. In the control group, the mRNA levels of
WISP1 relative to the amount of β-actin mRNA were
0.138±0.021 (24 h) and 0.141±0.015 (48 h). In the
WISP1- or TGF-β-challenged groups, the levels ofWISP1
mRNA were upregulated to 0.563±0.058 and 0.760
±0.085 (WISP1 group) or 1.067±0.090 and 1.369±0.051
(TGF-β group) after exposure to WISP1 or TGF-β for 24
and 48 h, respectively (Fig. 6b). However, the mRNA
levels of WISP1 were suppressed by pretreatment with an
Akt inhibitor before WISP1 or TGF-β exposure when
compared to WISP1 or TGF-β group (WISP1+SH-5
group, 0.350±0.055 and 0.582±0.059 for an exposure of
24 or 48 h; TGF-β+SH-5 group, 0.681±0.060 and 0.947
±0.074 for an exposure of 24 or 48 h) (Fig. 6b). Therefore,
our results showed that the levels of WISP1 mRNA could
be upregulated by WISP1 or TGF-β challenge, while this
process was markedly attenuated by pretreatment with an
Akt inhibitor. Further, it was also revealed that WISP1
could be induced by itself in hBSMC. The protein levels
of WISP1 were quantificationally assessed by Western

Fig. 5. Assessment of hypertrophy and migration of human bronchial smooth muscle cells. Cell hypertrophy was assessed by measuring the rate of protein
synthesis. Data are shown as means±SEM; *p<0.05 versus control group and p<0.05 versusWISP1 group (a). Cell migrationwas analyzed using a Boyden
chamber assay. The number of migrated cells was counted in six random fields using a phase contrast microscope. Data are shown asmeans±SEM; #p<0.05
versus control group (b), *p<0.05 versus control group (d).
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blotting, and the results also suggested that TGF-β chal-
lenge could induce expression of WISP1 in hBSMC
(Fig. 6a).

WISP1 Induces p-GSK3β Expression via PI3K/Akt
Signaling in hBSMC

Recently, studies have found that WISP1 could
induce cardiomyocyte hypertrophy via activated
PI3K/Akt/GSK3β signaling [41]. Moreover, it was con-
firmed that Akt/GSK3β signaling is also involved in
molecular mechanism of ASM remodeling [42–44].
Thus, we next explored the possibility that WISP1
was capable of stimulating Akt and/or GSK3β-
dependent bronchial smooth muscle cell activation
in vitro. In the control group, the protein levels of
PI3K, p-Akt, and p-GSK3β relative to the amount of
β-actin were 0.375±0.03, 0.495±0.04, and 0.396±0.05.
However, the protein levels of PI3K, p-Akt, and p-
GSK3β in the WISP1 group were upregulated to
0.965±0.08, 1.869±0.08, and 1.198±0.17 for an

exposure of 48 h (p<0.05) (Figs. 7c, d, 8a, b, and
9a, b), respectively. Moreover, the levels of p-Akt and
p-GSK3β in the WISP1+SH-5 group were significantly
suppressed and downregulated to 0.788±0.08 and
0.711± 0.06 for an exposure of 48 h (p<0.05)
(Figs. 8a, b and 9a, b), respectively. However, the
PI3K levels were not significantly suppressed by pre-
treatment with an Akt inhibitor before WISP1 exposure
(0.890±0.09) (p>0.05; Fig. 7c, d). As a whole, these
data demonstrated that WISP1 treatment induced inac-
tivation of GSK3β via activated PI3K/Akt signaling in
hBSMC, suggesting that WISP1 could induce ASM
remodeling by mediating inactivation and phosphoryla-
tion of GSK3β under activation of PI3K/Akt signaling
(Fig. 10).

TGF-β Induces WISP1 Expression via PI3K/GSK3β
Signaling in hBSMC

TGF-β is one of the major players in determin-
ing the structural and functional abnormalities of
ASM in asthma. It is demonstrated that TGF-β can
activate β-catenin through PI3K/Akt/GSK3β signal-
ing [14, 45, 46]. In addition, it is also shown that
WISP1 could be induced by activating Akt/GSK3β
signaling in human saphenous vein smooth muscle
cell [22]. Thus, we next explored the possibility that
TGF-β was capable of inducing expression of WISP1
via activated Akt/GSK3β signaling in hBSMC. The
levels of p-Akt and p-GSK3β expression that were
induced by TGF-β challenge were time-dependent in
hBSMC (Fig. 7a, b). In the control group, the levels
of PI3K, p-Akt, p-GSK3β, and WISP1 relative to the
amount of β-actin were 0.375±0.03, 0.495±0.04,
0.634±0.03, and 0.396±0.05. In the TGF-β group,
the levels of PI3K, p-Akt, p-GSK3β, and WISP1
were regulated to 1.426±0.05, 1.535±0.06, 1.213
±0.08 and 1.549±0.17 for an exposure of 48 h
(p<0.05) (Figs. 7c, d, 8a, b, and 9a, b), respectively.
However, the levels of p-Akt, p-GSK3β, and WISP1
in the TGF-β+SH-5 group were significantly sup-
pressed and downregulated to 0.952±0.12, 1.023
±0.12, and 0.807±0.04 for an exposure of 48 h
(p<0.05) (Figs. 7c, d, 8a, b, and 9a, b), respectively.
The PI3K levels were not significantly suppressed by
pretreatment with an Akt inhibitor before TGF-β
exposure (1.284±0.06) (p>0.05; Fig. 7c, d). These
data suggested that TGF-β treatment resulted in up-
regulation of WISP1 expression via activated
PI3K/Akt/GSK3β signaling in hBSMC (Fig. 10).

Fig. 6. The levels of WISP1 mRNA and protein in human bronchial s-
mooth muscle cells. The WISP1 mRNA level is presented relative to that
of the β-actin (b). The levels of WISP1 protein was assessed by Western
blotting. TGF-β induced expression of WISP1 after an exposure of 24 or
48 h; SH-5 (an Akt inhibitor) could suppress TGF-β-induced expression
of WISP1 (a). Data are shown as means±SEM; *p<0.05 versus control
group and p<0.05 versus WISP1 group (an exposure of 48 h), #p<0.05
versus TGF-β group (an exposure of 48 h) (b).
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DISCUSSION

Our results further demonstrate that WISP1 is upreg-
ulated in a rat animal model and describe for the first time
that WISP1 may be a potent and rapid inducer of ASM
remodeling in asthma. In addition, both TGF-β andWISP1
challenge could induce hBSMC hypertrophy and prolifer-
ation in vitro. TGF-β could also induce WISP1 expression
via activated PI3K-dependent Akt/GSK3β signaling. Fur-
ther, WISP1 could induce its own expression via PI3K/
GSK3β signaling in hBSMC. As a whole, our results
suggest that WISP1 may be involved in PI3K-GSK3β-
dependent noncanonical TGF-β signaling to mediate hy-
pertrophy and proliferation of ASM in asthma (Fig. 10).

WISP1 is a member of the secreted Cyr61-CTGF-
Nov (CCN; cysteine-rich protein 61, connective tissue
growth factor) family. Venkatachalam and colleagues have
reported that WISP1 could antagonize TNF-α-induced
cardiomyocyte death and mediate TNF-α-induced cardiac
fibroblast proliferation [47], demonstrating its pro-survival
and pro-proliferative effects. It has also been reported that
the differential levels of WISP1 expression during airway
development are closely associated with lung function in
asthma populations [48], suggesting that WISP1 might
mediate asthmatic airway remodeling. Further, our previ-
ous studies demonstrated for the first time that WISP1 is

upregulated in animal models of asthma and induce colla-
gen deposition and Col1a1 and Fn1 release from lung
fibroblast in vitro [22]. Cumulative evidence suggested that
WISP1 plays a critical role in asthmatic airway remodeling,
but its specific molecular effects on ASM remodeling are
rarely reported and still maintain unclear. In this study, our
results suggested that WISP1 is involved in the pathogen-
esis of ASM remodeling in asthma. Although we only
assessed the degree of ASM remodeling by H&E analysis
and detected the levels of α-smooth muscle actin by im-
munohistochemistry and did not examine the expression of
other muscle proteins, these results have given some hints
that WISP1 depletion could suppress ASM contractile
protein expression to effectively attenuate OVA-induced
hypertrophy of ASM in asthma. For the roles of WISP1 in
airway remodeling, previous studies revealed that WISP1
could mediate lung fibroblast proliferation and collagen
release [30], while our results in this study further sug-
gested that WISP1 may be a potent and rapid inducer of
ASM proliferation and hypertrophy in asthma.

Main candidate cells involved in airway remodeling
include T-lymphocytes, airway epithelial cells, ASM cells,
and lung fibroblast [49–51]. In particular, ASM cell is an
important effector cell of pathological remodeling in air-
way in patients with asthma. In biopsies of the bronchial
wall, increases in the mass of ASM, the crucial cell

Fig. 7. Assessment of PI3K, p-Akt, and p-GSK3β levels in human bronchial smooth muscle cells. The levels of p-Akt and p-GSK3β expression that were
induced by TGF-β challenge were time-dependent in hBSMC (a, b). Both TGF-β and WISP1 could induce upregulation of PI3K levels. SH-5 could not
suppress WISP1- and TGF-β-induced PI3K expression (c, d). Data are shown as means±SEM; *p<0.05 versus control group (d).
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regulating bronchomotor tone, in part defines airway re-
modeling in severe asthma [52, 53]. Our results revealed
that WISP1 depletion could attenuate OVA-induced hyper-
trophy of ASM in asthmatic airway remodeling, while the
cellular mechanism of increased ASM mass still maintains
unclear. We next assessed the effects of WISP1 on bron-
chial smooth muscle cells in vitro. WISP1 treatment leads
to significant hBSMC hypertrophy and proliferation. The
mediating effects of WISP1 on hBSMC are seemingly
weaker than that of TGF-β, but the difference between
them was not significant. Therefore, in vitro experimental
results further suggested that WISP1 might play an impor-
tant role in ASM remodeling. Although previous studies
have revealed that WISP1 exerts prohypertrophic and

mitogenic effects stimulating myocyte hypertrophy, fibro-
blast proliferation, and collagen expression [19, 30], the
roles ofWISP1 in hBSMCwere never described and firstly
revealed in this work.

Fig. 8. Assessment of p-Akt levels in human bronchial smooth muscle
cells. Both TGF-β andWISP1 could induce p-Akt expression. SH-5 could
suppress WISP1- and TGF-β-induced p-Akt expression (a, b). Data are
shown asmeans±SEM; *p<0.05 versus control group and p<0.05 versus
WISP1 group, #p<0.05 versus TGF-β group (b).

Fig. 9. Assessment of p-GSK3β levels in human bronchial smooth mus-
cle cells. Both TGF-β andWISP1 could induce p-GSK3β expression. SH-
5 could suppress WISP1- and TGF-β-induced p-GSK3β expression (a,
b). Data are shown as means±SEM; *p<0.05 versus control group and
p<0.05 versus WISP1 group, #p<0.05 versus TGF-β group (b).

Fig. 10. A potential signaling network. WISP1 may be involved in non-
canonical TGF-β signaling to mediate hypertrophy and proliferation of
ASM in asthma.
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In addition, our results showed that both WISP1- and
TGF-β-induced abnormal activation of hBSMC could be
partially suppressed by pretreatment with an Akt inhibitor.
Accumulated evidences have suggested that WISP1, a
target of the WNT pathway, could activate GSK3β/β-
catenin signaling by inducing phosphorylation of Akt
[21, 22, 54, 55]. TGF-β can also stimulate β-catenin
nuclear translocation via GSK3β signaling in ASM remod-
eling. Therefore, it is possible thatWISP1 may be involved
in GSK3β-dependent noncanonical TGF-β signaling in
asthmatic airway remodeling.

TGF-β, a multifunctional cytokine, is one of the
major players in determining the structural and functional
abnormalities of ASM in asthma [56]. TGF-β-induced
activation of PI3K/Akt signaling plays an important role
in pathological remodeling of multiple organs such as the
lung, kidney, skin, and liver [57]. Moreover, it is revealed
that WISP1 could be induced via PI3K-dependent Akt
signaling in human coronary artery SMC. These results
further suggested that some components of TGF-β and
WNTsignaling are mutual targets of each other. Therefore,
we next detected the possibility that TGF-β might induce
the expression of WISP1 via PI3K/GSK3β signaling. Our
results showed that the levels of PI3K, p-Akt, p-GSK3β,
and WISP1 were upregulated in TGF-β-treated group, but
p-GSK3β and WISP1 levels could be significantly
inhibited when cells were pretreated with an Akt inhibitor
before TGF-β stimulation. Previous studies have demon-
strated that TGF-β can modulate ASM function and phe-
notype through the PI3K signaling pathway [58, 59]. TGF-
β can also induce the abundance of β-catenin via inacti-
vation of GSK-3β and rescue it from proteasomal degra-
dation, leading to a subsequent increase in activeβ-catenin
in ASM cells [16, 26]. However, our results in this study
offered new highlights and revealed that TGF-β treatment
could induce upregulation of WISP1 levels by activating
Akt-dependent PI3K/GSK3β signaling in hBSMC, sug-
gesting that TGF-β-mediated WISP1 may contribute to
ASM remodeling in asthma.

WISP1, a member of the CCN family of proteins, is
involved in multiple signaling networks that determine cell
differentiation, cell growth, and cell survival in tissues
ranging from the cardiovascular-pulmonary system to the
reproductive system. For example, WISP1 requires activa-
tion of PI3K and Akt pathways to promote neuronal cell
survival [60]. Furthermore, WISP1 through PI3K/Akt/
GSK3β signaling, induces significant proliferation of
SMC derived from human saphenous vein (VSMC) [22].
Therefore, it is possible that WISP1 may activate
PI3K/Akt/GSK3β signaling to induce remodeling of

ASM. In this study, it was found that WISP1 could induce
abnormal activation of hBSMC, accompanying with in-
creased expression of PI3K, p-Akt, and p-GSK3β. How-
ever, WISP1-induced abnormal activation of hBSMC
could be partially suppressed by pretreatment with an
AKT inhibitor, accompanying with depressed expression
of p-GSK3β, but the levels of PI3K were not significantly
suppressed by an Akt inhibitor. Interestingly, it was found
that WISP1 mRNA levels were also upregulated in
WISP1-treated hBSMC, and the process was still inhibited
by an Akt inhibitor. Although, it has been demonstrated
that WISP1 can activate PI3K/Akt signaling to induce the
pro-survival factor Survivin. Furthermore, WISP1 also
stimulates PI3K-Akt-dependent GSK3β phosphorylation
and β-catenin nuclear translocation in cardiomyocytes
[41]. However, our results suggested for the first time that
WISP1 can induce proliferation and hypertrophy of
hBSMC by regulating PI3K-Akt-dependent phosphoryla-
tion of GSK3β. Meanwhile, WISP1 treatment could also
induce its own expression through activating PI3K-
dependent Akt/GSK3β signaling. So, it could be speculat-
ed that WISP1, following its initial induction, may sustain
its own expression by autoregulation, and thereby further
enhance ASM remodeling in vivo. As a whole, these results
offered new insights into the potentially important role of
WISP1 in asthmatic ASM remodeling and direct evidences
for our previous hypothesis. As this study just preliminary
revealed that WISP1 is involved in a complex mechanism
of ASM remodeling, further studies are needed to fully
appreciate the mechanistic roles of WISP1 in this patho-
logical process.

ASM hypertrophy and hyperplasia in asthma
involve multiple inflammatory cells and a wide array
of mediators. We report here for the first time that
the autocrine and paracrine effects of WISP1 can
initiate and perpetuate the pathological remodeling
of asthma by inducing anomalous activation of
ASM cell. We do not rule out the possibility that
the ASM cell undergoing proliferation and hypertro-
phy may be from different lineages and result from
activation of distinct signal transduction pathways.
However, our results demonstrate that WISP1 can mediate
ASM remodeling in vivo and induce proliferation and
hypertrophy of hBSMC via induced PI3K-Akt-dependent
phosphorylation of GSK3β in vitro. TGF-β could also
activate PI3K-dependent GSK3β signaling to induce
WISP1 expression. Moreover, WISP1 could induce its
own expression in hBSMC. Our future studies will inves-
tigate the downstream signaling pathways involved in
WISP1-induced hBSMC activation.
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