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ABSTRACT
Objective: This study aimed to elucidate the role of Transforming growth factor (TGF)-β1 signaling in
the proliferation of airway smoothmuscle cells (ASMCs). Background: TGF-β1 is an important cytokine
in airway remodeling in asthma. However, results of studies focusing on the effect of TGFβ1 on pro-
liferation of ASMCs are controversial. Methods: An allergic model that mimics airway remodeling in
chronic asthma was established and primary ASMCs were cultured. Cell proliferation was detected by
viable cell counting and Cell Counting Kit (CCK)-8 analysis. Expression and phosphorylation of Smad3,
type 1 TGFβ receptor (TGFβRI), type 2 TGFβ receptor (TGFβRII), extracellular signal-regulated kinase
(ERK)-1/2, p38 mitogen-activated protein kinase (MAPK), C-Jun N-terminal kinase (JNK) and AKT were
detected by western blot. siRNAs were used to knock down Smad3 and TGFβRII. Results: Smad3 and
TGFβRII were up-regulated in primary ASMCs isolated from ovalbumin (OVA)-sensitized mice as com-
pared with ASMCs isolated from unsensitized control mice, which persisted for at least four passages.
TGFβ1 stimulated proliferation of ASMCs isolated from OVA-sensitized mice, which was inhibited by
specific siRNA targeting Smad3 or TGFβRII. However ASMCs from control mice showed no prolifera-
tive response to TGFβ1. TGFβ1-inducedproliferationofASMCs fromOVA-sensitizedmicewasmarkedly
attenuated by PD-98059, a specific ERK1/2 inhibitor. TGFβ1 induced ERK1/2 phosphorylation within 15
minute, which was partially blocked by specific inhibitor of Smad3 (SIS3). Conclusions: ASMCs isolated
from OVA-sensitized mice showed hyper-proliferation upon TGFβ1 stimulation. This might have been
associated with up-regulated Smad3 and TGFβRII and mediated by ERK1/2 downstream to Smad3.

Introduction

Asthma is a chronic inflammatory disorder of the airways.
Multiple cells and cellular components are involved in
its pathophysiological processes. The frequent occurrence
of injury and repair initiated by chronic inflammation
could lead to structural changes in airways, such as airway
wall thickening, subepithelial fibrosis, increased smooth
muscle mass, angiogenesis, and increasedmucous glands,
which are collectively called airway remodeling [1–3].
The proliferation of airway smoothmuscle cells (ASMCs)
plays a crucial role in these processes. Enhanced ASMC
hyperplasia increases the airway smoothmusclemass and
contributes to subepithelial fibrosis and narrowing of the
airways [4].

Transforming growth factor (TGF)-β1 is one of the
main factors involved in asthma airway remodeling. It is
secreted by several types of cells, such as macrophages,
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epithelial cells, fibroblasts, and eosinophils [5]. Elevated
levels of TGFβ1 are detected in patients with asthma [3].
It has been proved that TGFβ1 participates in most of
the cellular biological processes, leading to airway remod-
eling, including epithelial changes, subepithelial fibrosis,
airway smooth muscle remodeling, and microvascular
congestion [3,6].

However, the mechanisms underlying the effect
of TGFβ1 on ASMC proliferation are complex, and
controversial results have been reported by different
investigators. Cohen et al. [7] found that TGFβ1 inhib-
ited mitogen-induced human ASMC proliferation. Shin
et al. [8] showed that TGFβ1 had no significant effect
on ASMC proliferation. Chen et al. [9] indicated that
TGFβ1 stimulated bovine ASMC proliferation through
p38mitogen-activated protein kinase (MAPK) and extra-
cellular signal-regulated kinase (ERK)1/2. Chung’s group
found that TGFβ1 enhanced the proliferative effect of
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fetal bovine serum (FBS), but did not stimulate human
ASMC proliferation by itself [4].

The most plausible explanation for the controversial
effects of TGFβ1 on ASMCs is the difference in cellu-
lar signaling pathways. TGFβ1 signaling can be trans-
duced through numerous downstream signaling path-
ways, among which, the Smad family has been the
most thoroughly investigated. TGFβ1 binds to a com-
plex of transmembrane receptor serine/threonine kinases
composed of type 1 TGFβ receptor (TGFβRI) and
type 2 TGFβ receptor (TGFβRII), and induces trans-
phosphorylation of TGFβRI by TGFβRII kinases. Con-
sequently, activated TGFβRI phosphorylates selected
Smads (Smad2 and Smad3) at their C-terminal serine
residues, and these receptor-activated Smads combine
with Smad4 to form activated complexes. Activated Smad
complexes translocate into the nucleus, where they regu-
late the transcription of target genes by binding to DNA
at specific Smad-binding elements [10]. In addition to
the Smad family signaling pathway, TGFβ1 signaling is
also transduced through other pathways, such as ERK1/2,
C-Jun N-terminal kinase (JNK), p38 MAPK, and phos-
phatidylinositol 3-kinase (PI3K) [11–13].

In this study, we established an allergic mouse model
that mimicked asthma and compared the effect of TGFβ1
on proliferation of ASMCs isolated from ovalbumin
(OVA)-sensitized and control mice. The purpose of this
study was to elucidate the role of TGFβ1 and its down-
stream signaling pathways in the proliferation of ASMCs
and asthma airway remodeling.

Materials andmethods

Animals

Forty female adult BALB/cmice were obtained andmain-
tained in a pathogen-free environment in the Laboratory
Animal Centre of Sun Yat-sen University (Guangzhou,
China). All experiments were performed according to the
institutional regulations. Ethical approval for this study
was obtained from the Animal Research Ethics Com-
mittee of Sun Yat-sen University. Mice were housed in a
temperature-controlled roomwith 12-h dark/light cycles.
Food and water were allowed ad libitum.

Reagents

Chicken egg OVA (grade V, A5503) and specific inhibitor
of Smad3 (SIS3) were purchased from Sigma (St
Louis, MO); aluminum hydroxide was purchased from
Guangzhou Chemical Reagent Factory (China). Chi-
nese hamster ovary (CHO)-derived recombinant human
TGFβ1 was purchased from R&D Systems (Minneapo-
lis, MN). Antibodies against total and phosphorylated
Smad3 (Ser423/425), p44/42 MAPK (Thr202/Tyr204),

p38-MAPK (Thr180/Tyr182), JNK (Thr183/Tyr185), and
AKT (Ser473) were purchased from Cell Signaling Tech-
nology (Danvers, MA). Antibodies against TGFβRI and
TGFβRII were from Millipore (Boston, MA). Selective
inhibitors of PI3K (LY-294002), ERK (PD-98059), JNK
(SP-600125), and p38 MAPK (SB-203580) were from
Selleck (Houston, TX). Annexin V-FITC/PI Apoptosis
Detection Kit was from Invitrogen (Carlsbad, CA). Cell
culture medium, FBS, and Lipofectamine 2000 reagent
were obtained from Gibco/Life Technologies (Grand
Island, NY).

Sensitization and antigen challenge

An allergy model that mimicked asthma was established
inmice, as described previously by Temelkovski et al. [14]
with slight modification. In the OVA group, mice were
sensitized and challenged with OVA. They were sensi-
tized by an intraperitoneal injection of 10-μg OVA emul-
sified with 1-mg aluminum hydroxide, in a total volume
of 200 μl on days 0 and 14. Mice were exposed to OVA
aerosol (2.5% w/v diluted in sterile physiological saline)
7 days after the second sensitization, and then exposed to
the aerosol for up to 30 minutes, three times per week for
8weeks. The 2.0–6.0μmaerosol was generated by a nebu-
lizer (Ultrasonic nebulizer boy037G6000, Pari, Starnberg,
Germany). In the control group, mice were treated syn-
chronously with physiological saline.

Lung histology

Twenty-four hours after the last challenge, all mice were
killed by cervical dislocation under anesthesia. The lungs
were removed, fixed with 10% neutral buffered formalin,
dehydrated, and embedded in paraffin. The tissues were
cut into 5-μm sections, deparaffinized, and stained with
hematoxylin and eosin (H&E) to assess airway remodel-
ing. Images were captured with a digital camera. At least
10 bronchioles with an inner diameter of 100–200 μm
were analyzed on each slide.

Culture of ASMCs

ASMCswere prepared by the explantmethod frommouse
trachea. After killing the mice by cervical dislocation, the
tracheas were freed from lung tissue, connective tissue,
bronchial vessels, and adherent fat, and the endothelial
layer of the intima was removed. The remaining tissues
were cut into 1× 1× 1mm3 cubes and explanted into cul-
ture flasks. Primary cells were then cultured in Dulbecco’s
Modified Eagle’s medium (DMEM)/F12 medium with
20% FBS, 100 U/ml penicillin, and 100 mg/ml strepto-
mycin in a humidified environment with 5%CO2 at 37°C.
Cells were subcultured by continuous passage. ASMCs
were identified by the typical “hill and valley” growth
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pattern and immunocytochemical staining of α-smooth
muscle actin (α-SMA) as previously described [15]. Cells
at confluence by the third or fourth passage were used for
further experiments.

Western blotting

Whole cell lysates from cultured ASMCs were extracted
with RIPA (Radio-immunoprecipitation assay) buffer
(Cell Signaling Technology). Transmembrane proteins
were extracted with Transmembrane Protein Extrac-
tion Kit (Millipore). Proteinase inhibitor cocktail tablets
and phosphatase inhibitor cocktail tablets were also
added. Protein concentrations were measured using the
bicinchoninic acid method. Equal amounts of protein
(20 μg) were separated by 10–12% SDS–PAGE, trans-
ferred to PVDF (Polyvinylidene fluoride) membranes,
blocked in 5% non-fat milk at room temperature for
1 hour, and incubated with the corresponding antibodies
at 4°Covernight. After washing five times in Tris-buffered
saline+Tween (TBS-T) solution, membranes were incu-
bated with horseradish-peroxidase-conjugated IgG sec-
ondary antibodies, and the antibody-bound proteins were
quantified by an enhanced chemiluminescence kit from
Millipore.

Cell counting

Cells were seeded at 2 × 104 cells/well in six-well plates,
pretreated with specific inhibitors or siRNAs followed by
TGF-β1 treatment for 24, 48 and 72 hours, respectively,
and counted on hemocytometers.

CCK8 assay

The proliferation of ASMCs was also measured by CCK-
8 reagents (Dojindo, Japan). Cells were seeded in 96-well
plates at 5 × 103 cells/well and grown in DMEM/F12
medium with 10% FBS for 24 hours. Ten microliters of
CCK8 solution was added to 100-μl culture medium and
incubated at 37°C for 4 hours. The optical density (OD)
was determined by amicroplate reader (MN3663;Molec-
ular Devices, Sunnyvale, CA) with a reference wavelength
of 450 nm.

siRNA transfection

siRNA for Smad3 (siRNA ID no. 156946), TGFβRII
(siRNA ID no. 64894), and control (siRNA-1 AM4611)
were purchased from Ambion (Austin, TX). Cells were
plated in six-well culture plates at 1 × 104 cells/well
overnight. The culture medium was replaced with 2-ml
Opti-MEMImedium (Gibco, Invitrogen, China). ASMCs
were transfected with 200-nM siSmad3, siTGFβRII, or
control siRNA by Lipofectamine 2000 reagent.

Flow cytometry analysis of apoptosis

Cells were trypsinized, resuspended in PBS (Phosphate
buffer saline), and centrifuged at 150 g for 5minutes. After
washing twice with PBS, 5-ml FITC-conjugated Annexin
V and 5-ml PI were added to the suspension, and cells
were incubated for 15 minutes in the dark at room tem-
perature. The samples were analyzed by a flow cytometer
within 30 minutes after staining (FACScalibur; BD Bio-
sciences, Heidelberg, Germany).

Statistical analysis

Experiments in this study were performed at least three
times. Data were analyzed by GraphPad Prism version
5 (GraphPad Software, San Diego, CA). Results were
expressed as mean ± SEM. One-way analysis of variance
and Dunnett’s multiple comparison tests were adopted.
Two-side P values were subject to a significance level of
5%.

Results

Establishment ofmouse allergicmodel

Successful establishment of an allergic model that mim-
icked asthma was verified by the signs and lung histol-
ogy after challenge.Mice sensitized toOVAdemonstrated
cough, tachypnea or cyanosis, and typical changes in lung
histology, including inflammatory cell infiltration and air-
way remodeling as shown in Figure 1.

Smad3 and TGFβRII were upregulated in ASMCs from
OVA-sensitizedmice

Primary ASMCs obtained from tissue explants of OVA-
sensitized and control mice were identified by their
characteristic “hill and valley” appearance with positive
staining of α-SMA under phase-contrast fluorescence
microscopy (Figure S1). No apparent morphological
difference was detected between ASMCs from OVA-
sensitized and control mice (Figure 2a). Expression of
Smad3 and TGFβRII was significantly upregulated in
ASMCs from OVA-sensitized mice as compared with
ASMCs from control mice, and these changes were sus-
tained for at least four passages (Figure 2b). There were
no apparent changes in the expression of TGFβRI.

TGFβ1 stimulated proliferation of ASMCs from
OVA-sensitizedmice

TGFβ1 stimulated proliferation of ASMCs from OVA-
sensitized mice in a dose-dependent manner and peaked
at 10 ng/ml (Figure 2c). No proliferative response was
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Figure . Histology of lung tissue (H&E stain). Twenty-four hours after the last challenge, lungs were removed from the mice after death,
fixed, and stained. Representative photomicrographs of control group at (a) × and (c) × magnification and OVA group at (b) ×
and (d) ×magnification. There was notable inflammatory cell infiltration, airway wall thickening and increased smoothmuscle in OVA-
sensitized mice. ∗Proliferation of smooth muscle cells.

observed in ASMCs from control mice upon stimulation
with 1–20 ng/ml TGFβ1. No difference in apoptosis rates
was detected between the two types of ASMCs or in the
presence or absence of TGFβ1 (Figure 2d).

RNAi of Smad3 or TGFβRII attenuated proliferative
effect of TGFβ1 in ASMCs fromOVA-sensitizedmice

Gene knockdown efficacy of siRNA was confirmed by
Western blot analysis of corresponding target proteins
(Figure 3a). Knockdown of Smad3 or TGFβRII was
associated with reduced proliferation of ASMCs from
OVA-sensitized mice in response to TGFβ1, and the
inhibitory effect was more profound with siSmad3 than
with siTGFβRII (Figure 3b). Knockdown of Smad3 or
TGFβRII did not affect the apoptosis rate in ASMCs from
OVA-sensitized mice (Figure 3c).

TGFβ1 induced ASCMs proliferation through
Smad3/ERK1/2

Phosphorylation of ERK1/2 was significantly increased at
15 minutes after TGFβ1 stimulation in ASMCs (Airway
smooth muscle cell) isolated from OVA-sensitized mice,
but not in ASMCs from control mice (Figure 4a). No sig-
nificant difference in the expression or phosphorylation

of p38MAPK, JNK, or AKT was detected between these
groups. Phosphorylation of ERK1/2 was totally inhibited
by the specific inhibitor of ERK1/2, PD-98059, at 30 μM,
and partially inhibited by SIS3, a specific inhibitor of
Smad3, at 10 μM (Figure 4b). This suggests that ERK1/2
is a signaling molecule downstream of Smad3. Specific
inhibitors of PI3K (10μMLY-294002), ERK (30μMPD-
98059), JNK (50μMSP-600125), and p38MAPK (10μM
SB-203580) were added to the culture medium of ASMCs
from OVA-sensitized mice 30 minutes before TGFβ1
stimulation to explore further the involvement of these
pathways in TGFβ1 signaling. TGFβ1-induced prolif-
eration of ASMCs from OVA-sensitized mice was only
inhibited with PD-98059 treatment (Figure 4c). Apopto-
sis of ASMCs was not affected by PD-98059 (Figure 4d).
These results suggest collectively that ERK1/2 is the
signaling molecule involved in the proliferative effect
of TGFβ1 in ASMCs from OVA-sensitized mice, act-
ing downstream of Smad3, while p38MAPK, JNK, and
PI3K/AKT may not participate in the process.

Discussion

We showed that endogenous Smad3 and TGFβRII
expression was increased in ASMCs isolated from OVA-
sensitized mice compared with ASMCs from control
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Figure . Culture of ASMCs and different response to TGFβ stimulation between ASMCs fromOVA-sensitized and control mice. (a) ASMCs
displayed the characteristic “hill and valley”appearance (phase contrast, ×). Therewas no apparentmorphological difference between
these two types of cells. (b) Western blot analysis showed markedly elevated expression of Smad and TGFβRII but not TGFβRI in ASMCs
fromOVA-sensitizedmice,whichwas sustained for at least four passages. Control cells: primary culturedASMCs fromhealthymice; Passage
: primary cultured ASMCs from OVA-sensitized mice; Passages –: sub-cultured ASMCs from OVA-sensitized mice. ∗p< ., ∗∗p< .
versus control cells. (c) Growth curve of the two types of ASMCs stimulated by different concentrations of TGFβ, using CCK- analysis and
cell counting, respectively. These two methods reached similar results. TGFβ stimulated ASMC proliferation from OVA-sensitized mice
dose dependently and reached maximal efficacy at  ng/ml. ASMCs from healthy mice did not respond to stimulation with – ng/ml
TGFβ. Control: ASMCs cultured without TGFβ stimulation. ∗p < ., ∗∗p < . versus controls at the same time point. (d) Results of
flow cytometry analysis of apoptosis. Y axis shows the percentage of cells in lower-left quadrant of flow cytometry chart, which represents
early apoptosis. There was no difference in apoptosis rate among these four groups (p> .). All experiments were repeated three times.
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Figure . Downregulation of Smad or TGFβRII inhibited TGFβ-induced proliferation of ASMCs from OVA-sensitized mice. (a) Results
of Western blot analysis of Smad and TGFβRII in ASMCs from OVA-sensitized mice treated with or without siRNA. siRNA of Smad and
TGFβRII induced silencing of the corresponding gene in  hours. ∗∗∗p < . versus negative control siRNA group. (b) Growth curve of
ASMCs from sensitized mice using CCK- analysis. TGFβ-induced proliferation of ASMCs was significantly inhibited by siRNA of Smad,
TGFβRII, or both Smad and TGFβRII. ∗∗p < ., ∗∗∗p < . vs negative control siRNA group. (c) Results of flow cytometry analysis of
apoptosis. There was no difference in apoptosis rate among these four groups. All experiments were repeated three times.

mice. Downregulation of Smad3 or TGFβRII inhibited
TGFβ1-induced proliferation of ASMCs from OVA-
sensitized mice. TGFβ1-induced proliferation of ASMCs
might be mediated by Smad3/ERK1/2.

The proliferation of ASMCs is one of the most impor-
tant mechanisms in the airway remodeling of asthma.
Increased proliferation of ASMCs isolated from patients
with asthma was first found by Johnson et al. [16] in
vitro. However, increased proliferation of ASMCs was not
detected both in vivo and in vitro in the study of Ward
et al. [17]. This discrepancy was not clarified until the
study of Hassan et al. [18]. They obtained bronchoscopic
biopsies from patients with moderate or severe asthma
and healthy controls, and quantified the proliferation of
ASMCs by measuring proliferating cell nuclear antigen
(PCNA) in vivo. They found that the muscle area was 3.4-
fold greater, and the fraction of PCNA+ nuclei in muscle
was fivefold greater in patients with severe asthma com-
pared with healthy individuals. This confirmed the role of
ASMC proliferation in airway remodeling in asthma.

TGFβ1 is a crucial mediator in tissue remodeling
in asthma and is believed to play an important role
in most of the cellular biological processes, leading to
airway remodeling [5,19]. However, the mechanisms
by which TGFβ1 exerts these effects have not been

clarified. Although TGFβ1 is a profibrotic factor involved
in airway remodeling, data concerning its role in cell
growth and migration remain controversial. Our results
reveal that the response of ASMCs to TGFβ1 stimu-
lation depends on the expression level of Smad3 and
TGFβRII. In the basal state, there is less Smad3 expres-
sion in ASMCs. The proliferative effect mediated through
Smad3-dependent pathways and the anti-proliferative
effect mediated through Smad3-independent pathways
reach balanced state. ASMCs isolated from healthy mice
do not respond to TGFβ1 stimulation. However, expres-
sion of Smad3 and TGFβRII increases during chronic
inflammation after OVA challenge. In the presence of
upregulated Smad3 and TGFβRII, ASMCs undergo a
transition, so that their response to TGFβ1 is to undergo
strong proliferation. Therefore, up-regulation of Smad3
and TGFβRII, which might be induced by inflammation,
appears to be crucial in the proliferative effect of TGFβ1
on ASMCs from OVA-sensitized mice.

In our study, upregulation of Smad3 and TGFβRII in
ASCMs induced in vivowas sustained for at least four pas-
sages during culture in vitro. A similar phenomenon was
also observed by Chang et al. [20]. Their study revealed
that abnormal proliferative response and relative corti-
costeroid insensitivity could last for up to five cell culture
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Figure . Proliferative effect of TGFβ in ASMCs fromOVA-sensitizedmicewas transduced through the Smad/ERK/ pathway. (a)Western
blot analysis of phosphorylation of ERK/. Phosphorylation of ERK/ was significantly enhanced  minutes after TGFβ stimulation in
ASMCs from OVA-sensitized but not healthy mice (∗∗p < . vs. OVA control group). There was no significant difference in expression
of total ERK/ between these two types of ASMCs (p > .). There was no significant difference in expression or phosphorylation of
pMAPK, JNK, or AKT among these groups (p > .). (b) Phosphorylation of ERK/ was totally inhibited by specific ERK/ inhibitor
(PD-, μM) and partially inhibited by SIS (μM) (∗∗∗p< . vs. control group, ###p< ., #p< . vs. TGF group). (c) CCK-
analysis showed the effect of selective inhibitors of PIK ( μM LY-), ERK/ ( μM PD-), JNK ( μM SP-), and p
MAPK ( μM SB-) on TGFβ-induced proliferation of ASMCs from OVA-sensitized mice (∗∗∗p < . vs control group). (d) Flow
cytometry analysis of apoptosis. Selective inhibition of ERK/ did not affect the apoptosis rate of ASMCs from OVA-sensitized mice.

passages, possibly due to altered or rewired intracellular
signaling pathways or epigenetic mechanisms [4,21].

Consistent with our former findings, the proliferative
effect of TGFβ1 on ASMCs from OVA-sensitized mice is
mediated by Smads and ERK1/2 [15,22]. Surprisingly, in
contrast to our results, Xie et al. [23] obtained ASMCs by
laser capture microdissection of bronchial biopsies from
patients with asthma and individuals without asthma,
and found that TGFβ1 acted in an autocrine fashion
to induce ASMC hyperplasia independent of the Smad
pathway. This discrepancy may be due to different exper-
imental settings. For example, Xie et al. [23] transduced

an adenovirus vector expressing Smad7 into ASMCs
and found no involvement of Smads in TGFβ1-induced
proliferation. However, Smad7 inhibits both Smad2 and
Smad3. Although Smad2 and Smad3 are closely related,
they are believed to have some important functional
differences. TGFβ1 signaling through Smad2 has been
shown to inhibit vascular smooth muscle cell (VSMC)
proliferation in vitro [24]. In our study, the inhibitory
effect of siTGFβRII was less than that of siSmad3, which
supports this hypothesis. Besides, in the study of Xie et al.
[23], ASMCs were obtained from patients with asthma, in
whom the etiology of asthma may differ from that in our
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OVA-induced allergic asthma. Various forms of asthma
may elicit different effects on the airway and trigger
different cellular responses [25].

The role of ERK1/2 in airway remodeling, especially
ASMC proliferation, has been well studied. For example,
some investigators have shown that inhibition of MAPK-
1 and 2, which are upstream of ERK1/2, with the spe-
cific MEK inhibitor U-0126 or PD-98059, blocks pro-
liferation of human and bovine ASMCs, indicating that
ERK1/2 is required for proliferation [9,26]. Similarly, Xie
et al. [23] revealed that mitogenic activity of TGFβ1 on
ASMCs was inhibited by PD-98059 [23]. Other results
have also shown that PD-98059 inhibits phosphoryla-
tion of ERK1/2 and consequently attenuates mitogen-
induced cyclin D1 protein expression and DNA synthesis
in human ASMCs [27].

We showed that TGFβ1-induced proliferation of
ASMCs is mediated by ERK1/2 downstream of Smad3. It
has been demonstrated that TGFβ1 can activate ERK1/2
through Smad-dependent pathways in several types of
cells. For instance, Zhang et al. [28] found that TGFβ1
can activate ERK1/2 in pancreatic acinar cells through a
pathway involving Smad4. Similar results have also been
found in other cell types [29,30]. Smads are traditionally
thought to work through shuttling into the nucleus and
regulating related genes. However, in our study, activation
of ERK1/2was observed 15minutes after TGFβ1 stimula-
tion. Similarly, another study also found that stimulation
of VSMCs with TGFβ1 resulted in phosphorylation of
ERK1/2 as early as 15 minutes, which was mediated by
Smad3, suggesting that Smad3 immediately and directly
interacts with ERK [31]. Recently, this hypothesis was
confirmed by immunoprecipitation studies revealing
direct protein–protein interaction between Smad3 and
ERK1/2 in VSMCs [30].

We acknowledge that the status of ASMCs may be
altered by culture in flasks and may not reflect exactly the
pathophysiological changes in asthma. In our study, the
upregulation of Smad3 and TGFβRII faded over time in
vitro. In this regard, proliferation of ASMCs and expres-
sion of Smad3 and TGFβRII should be analyzed in situ to
confirm our findings in the future.

In conclusion, our findings demonstrate that in the
presence of increased expression of Smad3 and TGFβRII,
TGFβ1 stimulates ASMCs proliferation through activa-
tion of ERK1/2. Airway remodeling in asthma might be
related to TGFβ1 secretion and altered expression of sig-
naling molecules in ASMCs.
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Figure S1. Culture and identification of airway smooth muscle cells (ASMCs)
isolated from control and sensitized mice. Positive expression of α-smooth muscle
actin in ASMCs is shown (immunocytochemical staining×200).
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