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TGF-B1 induces airway smooth muscle cell
proliferation and remodeling in asthmatic mice
by up-regulating miR-181a and suppressing PTEN
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Abstract: Several studies have shown that transforming growth factor 1 (TGF-B1) plays a crucial role in remodeling
and proliferation of airway smooth muscle cells (ASMCs). However, its molecular mechanism needs to be further
studied. TGF-B1 can up-regulate the level of miR-181a in multiple cells, while miR-181a is expressed in asthma.
We asked whether TGF-B1 plays a role in asthma through regulation of miR-181a. For this purpose, ASMCs were
stimulated with TGF-B1 and the expression level of miR-181a and extracellular matrix (ECM) protein were mea-
sured by quantitative real time polymerase chain reaction (QRT-PCR) and western blotting. The cell proliferation
and migration ability of TGF-B1-induced ASMCs were detected by Cell Counting Kit-8 (CCK-8) and transwell method,
respectively. Luciferase assay was used to verify whether PTEN is a direct target of miR-181a in ASMCs. miR-181a
expression level was increased in TGF-B1-induced ASMCs and miR-181a could inhibit the cell proliferation, migra-
tion, and excessive secretion of ECM. The results of the luciferase assay showed that miR-181a plays a role in
TGF-B1-induced ASMCs targeting PTEN and the results of western blotting indicated that TGF-B1 could activate Akt/
mTOR signaling pathway by up-regulating miR-181a and down-regulating siPTEN. In conclusion, TGF-B1 may induce
airway smooth muscle cell proliferation and airway remodeling of asthma by up-regulating miR-181a and suppress-
ing PTEN, and miR-181a inhibitor may function as an inhibitor of ASMCs proliferation through inactivation of the
Akt/mTOR pathway.
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Introduction

Asthma is a complex respiratory disease that
affects at least 300 million people worldwide,
and is characterized by chronic inflammation
and remodeling of airway tissues [1]. Airway
remodeling is one of the important pathologic
features of asthma. Its changes mainly include
airway epithelial injury, smooth muscle cell hy-
perplasia, and hypertrophy [2]. Airway smooth
muscle cells (ASMCs) are the main structural
components of airway remodeling [3], and sev-
eral reports have demonstrated that the in-
crease in airway smooth muscle (ASM) mass is
correlated with the severity of asthma [4].
Increased cell proliferation, cell size and cell
migration could all contribute to the increase in
ASM mass, which is a hallmark feature of tis-
sue remodeling [5, 6].

Transforming growth factor 1 (TGF-B1) is a key
mediator which has been reported to partici-

pate in the development of lung fibrosis in
severe asthma patients and is involved in air-
way remodeling in asthma [7, 8]. TGF-B1 pro-
motes the differentiation of fibroblasts into
myofibroblast cells, and enhances their prolif-
eration [9, 10]. Furthermore, TGF-B1 secretion
is related to increased extracellular matrix
(ECM) protein production, including fibronectin,
perlecan, collagen (I-V), versican, elastin, and
laminin, leading to enhanced proliferation. ECM
is a complex network of large molecules com-
posed of a variety of proteoglycans and fibrous
proteins produced and deposited locally in the
ASMCs [11]. Changes in ECM protein deposi-
tion within and surrounding the smooth muscle
bundle have been observed in asthmatic air-
ways [12, 13]. Thus, TGF-B1 was reported to
play a noteworthy role in airway remodeling due
to its effects on airway smooth muscle prolifer-
ation and ECM deposition. However, the under-
lying mechanisms remain unknown.
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Table 1. List of primers used for qRT-PCR

The cubes were ma-

Primers Forward Reverse

intained in Dulbec-

miR-181a 5-GCGGCGAACATTCAACGATG-3’
PTEN 5-GTGGTCTGCCAGCTAAAGGT-3’
Collagens | 5’-GACATCCCTGAAGTCAGCTGC-3’
Fibronectin 5’-~ACCAACCTTAATCCGGGCAC-3’

ue 5’-CTCGCTTCGGCAGCACA-3’

5-GTGCAGGGTCCGAGG-3’
5’-TCACCACACACAGGTAACGG-3’
5’-TCCCTTGGGTCCCTCGAC-3’
5’-TCAGAAACTGTGGCTTGCTGG-3’
GAPDH 5’-GGGAGCCAAAAGGGTCATCATCTC-3" 5'-CCATGCCAGTGAGCTTCCCGTTC-3’
5’-AACGCTTCACGAATTTGCGT-3’

co’s Modified Eag-
le’s Medium (DM-
EM) containing 20%
fetal bovine serum
(FBS), 100 U/ml pe-
nicillin, 100 mg/ml
streptomycin in a

MicroRNAs (miRNAs) are small noncoding RNAs
which control the translation of mRNAs and
emerge as post-transcriptional regulators in
various biologic processes by mediating the
degradation of target mRNAs or preventing
their translation [14]. miRNAs were reported to
play important roles in lung diseases [15, 16],
including airway diseases such as asthma [17,
18]. Therefore, miRNAs are attractive new drug
targets.

miR-181a has been reported to be involved in
many cell functions including cell proliferation,
migration and to be a proinflammatory factor in
asthma [19, 20]. Some reports have indicated
that ectopic overexpression of miR-181a en-
hanced cell proliferation through suppressing
PTEN expression by directly targeting its 3'-
UTR, thus resulting in increased AKT phosphor-
ylation [21, 22]. It suggests that miR-181a may
promote cell proliferation through the PTEN/
AKT pathway. Recent studies have shown that
miR-181a has a relation with TGF-B1 [23, 24].

Considering the noteworthy role that TGF-1
plays in asthma, this study will elucidate if and
how miR-181a is involved in the stage of ASMCs
proliferation and airway remodeling to study
the mechanism of TGF-B1 in asthma and find a
new therapeutic method for asthma.

Materials and methods
Isolation and culture of ASMCs

ASMCs were isolated from trachea and bron-
chus of BALB/c mice. Briefly, the trachea and
main bronchus were dissected from surround-
ing tissue and the remained tissue was incu-
bated in Hanks’ balanced salt solution (HBSS,
Sigma Chemical Co., St. Louis, MO, USA) with
0.1% collagenase solution (Sigma Chemical
Co., St. Louis, MO, USA) at 37°C for 20 min and
then cut into about 1 cubic millimeter cubes.
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humidified atmosp-
here of 5% CO, in-
cubator at 37°C. ASMCs were identified by the
typical “hill and valley” growth pattern and im-
munocytochemistry staining for a-smooth mus-
cle actin. ASMCs were cultured in DMEM with
10% FBS, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (all were purchased from Gibco,
Waltham, MA, USA). The medium was changed
every 2 days. Cells at passage numbers 2-5
were used for the experiments.

Stimulation with TGF-B1

ASMCs were cultured in 0.5% FBS (serum-
deprived) for one day and then were treated
with different concentrations (O, 0.5, 1, 2, 4
ng/ml) of TGF-B1 (R&D Systems, Minneapolis,
MN, USA) for 24 h. 2 ng/ml TGF-B1 was used to
stimuli ASMCs for 0, 12, 24, 48 h, respectively.
The expression level of miR-181a in TGF-f1
treated ASMCs was detected by quantitative
real time polymerase chain reaction (qRT-
PCR).

Quantitative real time polymerase chain reac-
tion (QRT-PCR)

Total RNA was extracted from the ASMCs by
using 1 ml Trizol Reagent (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s
instructions. The purity and concentration of
total RNA were determined in an ultraviolet
spectrophotometer (Eppendorf, Germany). The
expression level of miR-181a, extracellular ma-
trix protein and PTEN were detected by Tag-
Man microRNA assays (Applied Biosystems,
Shanghai, China) with specific primers. qRT-
PCR was performed using a 7500 Real-Time
PCR System (Applied Biosystems, Shanghai,
China). PCR programs were carried out as fol-
lows: 95°C for 5 min, followed by 30 cycles of
95°Cfor30s,56°Cfor30s, 72°Cfor 30 s, and
a final extension for 5 min at 72°C. The expres-
sion level of glyceraldehyde phosphatedehy-
drogenase (GAPDH) was used as an internal
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Figure 1. The expression level of miR-181a was increased in TGF-B1-induced
ASMCs. A. Cells were treated with different concentrations of TGF-B1 for 24
h, and the expression level of miR-181a was detected by gRT-PCR. B. Cells
were treated with 2 ng/ml TGF-B1 for different times. The expression level of

miR-181a was detected by qRT-PCR.

control for mRNAs, and U6 small nuclear RNA
was used as the internal miRNA control. The
relative expression level was calculated using
the 222°t method and all experiments were run
in triplicate. The primers used for detection are
listed in Table 1.

Cell proliferation assay

ASMCs were harvested and seeded in flat-bot-
tomed 96-well culture plates (1 x 10* cells/
well) and maintained at 37°C in a humidified
incubator overnight. The cells were then treat-
ed with TGF-B1 (2 ng/ml) or miR-181a inhibitor
for 24, 48, 72 and 96 h using three replicates.
Then, 10 pl Cell Counting Kit-8 (CCK-8) solution
(Dojindo, Tabaru, Japan) were added to 90 ul
of culture medium following treatment at the
indicated time. After incubation for 2 h, the
optical density (OD) of each sample was mea-
sured at 450 nm using microplate reader
(Spectra Max MD5, Molecular Devices, CA,
USA). Culture medium (DMEM) without cells
was used as the blank control and each group
included at least 6 replicate wells.

Transwell

The migration ability of ASMCs treated with
TGF-B1 (2 ng/ml) and miR-181a inhibitor for 24
h was tested in Corning transwell insert cham-
bers. Briefly, after 48 h transfection, ASMCs
were resuspended in serum-free DMEM (200
pL) and placed into the upper chamber of the
insert without Matrigel. At bottom chamber,
the culture medium was added with 20% FBS
into the lower chambers as a chemoattrac-
tant. Then, the chambers were incubated for
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12

24 48(h) Western blotting

ASMCs were seeded in flat-
bottomed 6-well culture plates
(1 x 10° cells/well) and main-
tained at 37°C in a humidified
incubator overnight. The cells
were then treated with TGF-B1
(2 ng/ml) or miR-181a inhibitor for 24, 48, 72
and 96 h. Total protein was extracted from the
cells by using 1 ml Radio Immunoprecipitation
Assay (RIPA, Sigma Chemical Co., St. Louis,
MO, USA) buffer plus protease inhibitors (Ro-
che, IN, USA). The concentrations of protein
were determined with a Pierce BCA Protein
Assay Kit (Thermo Scientific, Logan, UT, USA).
Equal protein amounts were loaded and sepa-
rated on 10% SDS-PAGE, and then transferred
to polyvinylidene fluoride (PVDF) membranes
(Millipore, MA, USA). After blocking with 5%
non-fat milk, the membranes were incubated
with primary antibodies: rabbit monoclonal to
CDK4 (Cell Signaling Technology, Boston, MA,
USA), mouse monoclonal to CDK6 (Cell Sig-
naling Technology, USA), rabbit polyclonal to
Cyclin D1 (Cell Signaling Technology, Boston,
MA, USA), rabbit polyclonal to PTEN (Abcam,
Cambridge, MA, USA), rabbit polyclonal to Akt
and Phospho-Akt (Abcam, USA), rabbit poly-
clonal to mTOR and Phospho-mTOR (Abcam,
Cambridge, MA, USA) overnight at 4°C. All first
antibodies were diluted by 1:1000. After wash-
ing thrice with Tris Buffered Saline with Tween-
20 (TBST) buffer to remove unbound antibody,
the membranes were incubated with horsera-
dish peroxidase (HRP)-conjugated secondary
antibodies (Santa Cruz Biotechnology, Inc., CA,
USA) at room temperature for 1 h. The protein
band was detected using ECL reagent (Millipore,
MA, USA). The relative intensities of protein
bands were quantified using Image J software.
GAPDH was used as an internal control.

Cell transfection

The miR-181a mimics, mimic negative control
(NC), miR-181a inhibitor, and inhibitor negative
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Figure 2. miR-181a inhibitor partially suppressed the proliferation, migration and ECM secretion of ASMCs induced
by TGF-B1. A. The expression level of miR-181a in ASMCs stimulated by TGF-31 and miR-181a inhibitor was deter-
mined by qRT-PCR. B. CCK-8 assay for cell proliferation. C. Expression of proliferation-related proteins was deter-
mined by western blotting. D. The expression level of ECM protein was determined by qRT-PCR. E. Transwell assay

for cell migration.

control (inhibitor control) were purchased from
Genepharma Inc (Shanghai, China). ASMCs
were seeded at a density of 3 x 10° cells per
well in 6-well plates for 24 h. Cells were then
transfected with oligonucleotides or plasmid by
using Lipofectamine 2000 (Invitrogen; Grand
Island, NY, USA) based on the manufacturer’s
instructions. Cells were harvested at the indi-
cated time for Luciferase assay and protein
analysis.

Luciferase assay

Prediction of potential miR-181a target genes
in ASMCs was performed using the Dual Lu-
ciferase reporter assay System (Promega, Ma-
dison, WI, USA). For the luciferase assay, the
cells were seeded in 24-well plates for 24 h and
transfected with 100 ng luciferase reporter
plasmid and 5 ng pRL-TK vector expressing the
Renilla luciferase (Promega, Madison, WI, USA)
using Lipofectamine 2000 reagent (Invitrogen,
Grand Island, NY, USA) according to the manu-
facturer’s protocol. After 24 h, ASMCs were har-
vested and lysed and luciferase activity was
measured using the Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. The
firefly luciferase fluorescence was normalized
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to Renilla, and the relative ratios of firefly to
Renilla activity were reported.

Statistical analysis

Statistical analysis was performed using Gra-
phPad Prism 5 software. The values are pre-
sented as mean + standard deviation (SD). The
differences between two groups were calculat-
ed by Student’s t-test. A P-value < 0.05 was
considered a significant difference.

Results

TGF-B1 increased the level of miR-181a ex-
pression in ASMCs

To study the mechanism of the TGF-B1 effect
on asthma, we first studied the relationship
between TGF-B1 and miR-181a in ASMCs. The
results showed that the expression level of miR-
181a was significantly increased with increas-
ing concentration of TGF-B1 (Figure 1A). When
the concentration of TGF-f1 was 2 ng/ml in
ASMCs, the expression level of miR-181a was
3.96 times of that of controls (P < 0.01). Figure
1B showed that the expression level of miR-
181a increased significantly with the extension
of time. When the induced time of TGF-f1 was
24 hours, the expression level of miR-181a was

Int J Clin Exp Pathol 2019;12(1):173-181
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Figure 3. miR-181a is direct binding to PTEN in ASMCs. A. The sequence binding sites of miR-181a and PTEN. B.
Double luciferase report. C. Expression level of PTEN mRNA. D. The protein expression level of PTEN was determined

by western blotting.

as high as 4.09 (compared with blank space).
In conclusion, TGF-B1 is positively correlated
with miR-181a within a certain range.

miR-181a inhibitor suppressed the prolifera-
tion, migration, and extracellular matrix secre-
tion of TGF-B1- induced ASMCs

ASMCs were stimulated by TGF-B1 and miR-
181ainhibitorfor 24,48, 72,96 h. Subsequently
the expression levels of miR-181a and cell pro-
liferation were measured by gRT-PCR and CCK-
8. The results showed that the level of miR-
181a expression is higher in ASMCs in the
presence of TGF-B1 than that of the control and
inhibitor group (Figure 2A). Additionally, miR-
181a inhibitor dramatically reduced the TGF-
B1-induced proliferation of ASMCs compared
with the miR-181a group (Figure 2B). According
to Figure 2C, the levels of proliferation-related
proteins including CDK4, CDK6, and Cyclin D1
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were significantly higher in TGF-B1 group than
in normal and inhibitor group. These data fur-
ther indicated that TGF-B1 could up-regulate
miR-181a in ASMCs and miR-181a inhibitor’s
anti-proliferative effects imply a potential value
in the treatment of asthma.

The expression level of extracellular matrix pro-
tein was obtained from gRT-PCR. The results
showed that collagen | and fibronectin were
both increased obviously in TGF-B1 group when
compared with other groups (P < 0.01, Figure
2D). According to Figure 2E, the migration abil-
ity of ASMCs was observably increased in the
presence of TGF-B1, while the number of cells
that migrated in inhibitor group was less than
that in TGF-B1 group.

MiR-181a directly targets PTEN in ASMCs

The luciferase reporter assay was performed to
verify whether PTEN was a direct target of miR-

Int J Clin Exp Pathol 2019;12(1):173-181
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181a by co-transfection of miR-181a and a
luciferase reporter plasmid containing the 3’-
UTR of PTEN. The sequence binding sites of
miR-181a on 3’-UTR of PTEN gene is shown in
Figure 3A. Consistent with binding data, a
decrease in relative luciferase activity was
shown when the wt PTEN was co-transfected
with the miR-181a; however, there was no
decrease in relative luciferase activity in AS-
MCs when transfected with mutant PTEN
(Figure 3B). The data showed that both the
mRNA and protein expression levels of PTEN in
the mimic group were significantly lower than
those in the inhibitor group (Figure 3C and 3D).

miR-181a plays a role in ASMCs by directly
targeting PTEN

ASMCs were treated with TGF-B1, miR-181a
inhibitor and siPTEN for 24, 48, 72, 96 h, sub-
sequently the expression level of PTEN and cell
proliferation were measured by western blot-
ting and CCK-8. The results showed that the
levels of PTEN in TGF-B1 and (TGF-B1+miR-
181a inhibitor + siPTEN) group were both lower
than those in (TGF-B1+miR-181a inhibitor) gr-
oup (Figure 4A). However, the proliferation
rate, relative mRNA expression of collagen |
and fibronectin, and the migration ability in
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gration.

+ o+ o+

+
+

TGF-B1 and (TGF-B1+miR-181a inhibitor + siP-
TEN) group were all higher than the (TGF-
B1+miR-181a inhibitor) group (Figure 4B-D).
These results suggest that the PTEN 3-UTR is
a functional target site for miR-181a in the
ASMCs.

TGF-B1 activates Akt signaling pathway by
down-regulating of siPTEN but up-regulating
miR-181a

ASMCs were treated with TGF-f1, miR-181a
inhibitor and siPTEN for 24 h; subsequently the
expression level of p-Akt/Akt and p-mTOR/
mTOR were measured by western blotting.
The results showed that the level of p-Akt/Akt
and p-mTOR/mTOR in TGF-B1 and (TGF-B1+
miR-181a inhibitor + siPTEN) group were both
higher than (TGF-B1+miR-181a inhibitor) group
(Figure 5A). Also, ASMCs were treated with
TGF-B1 and Akt pathway inhibitors (MK2206)
for 24, 48, 72, 96 h, then the cell proliferation
was measured by CCK-8. The results showed
that cell proliferation in TGF-B1 group was more
than the normal and (TGF-B1+MK2206) group
(Figure 5B), which indicated that TGF-B1 plays
a role in ASMCs via activating Akt signaling
pathway by down-regulating of siPTEN but up-
regulating miR-181a.

Int J Clin Exp Pathol 2019;12(1):173-181
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Figure 5. TGF-B1 activates Akt signaling pathway by up-regulating siPTEN but down-regulating miR-181a. A. The lev-
els of Akt and mTOR were determined by western blotting in ASMCs. B. CCK-8 assay for ASMCs treated with TGF-31

and Akt pathway inhibitors.

Discussion

TGF-B1 is a particularly important mediator
involved in airway remodeling in asthma [25],
and has been shown to induce human ASMCs
proliferation and secretion of ECM proteins
[26]. Although TGF-B1 has been regarded as
having a crucial role in airway remodeling and
the proliferation of ASMCs, its molecular mech-
anism is still unclear. To fulfill this goal in our
study, the ASMCs model is essential to study
the related molecular changes in airway remod-
eling. In the present study, we incubated the
ASMCs with TGF-B1 to induce the injury leading
to airway remodeling.

Since miRNAs can modulate a variety of bio-
logical processes including cell proliferation,
inflammation, and survival and some miRNAs
were reported taking participate in asthma
[15, 27], we began from the perspective of
miRNAs. miR-181a has been reported to be
involved in some cell functions in asthma and
related to TGF-B1 that made it an important
subject of our research. However, it is not clear
whether there is a relationship between miR-
181a and TGF-B1. Thus, ASMCs were stimulat-
ed with TGF-B1 in different concentrations or
for different times, and the expression level of
miR-181a was determined by gRT-PCR. The
results showed that the expression of miR-
181a was significantly up-regulated in TGF-B1
induced ASMCs, proving that there was a posi-
tive correlation between miR-181a and TGF-
B1. We further found that miR-181a inhibitor
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could inhibit TGF-B1-induced cell proliferation,
cell migration, and ECM deposition in ASMCs.
Also, miR-181a inhibitor markedly inhibited the
levels of collagen | and fibronectin, and sup-
pressed the expression of CDK4, CDK6 and
Cyclin D1 in TGF-B1 induced ASMCs. Type | col-
lagen, one of the major ECM proteins in the nor-
mal and diseased airway wall, can be synthe-
sized by ASMCs, and affects the proliferation
and migration of ASMCs in turn. Fibronectin is a
high-molecular weight glycoprotein of the ECM
that binds to membrane-spanning receptor pro-
teins called integrins and plays a major role in
cell adhesion, growth, and migration [28, 29].
CDK4, CDK6 and Cyclin D1 are known to regu-
late cell proliferation through regulation of the
cell cycle [30]. Thus, the results suggested that
miR-181a regulation may be deeply involved in
the airway remodeling induced by TGF-31.

To further investigate the specific role of miR-
1814, it is important to find the target of miR-
181a. The Luciferase report showed that miR-
181a was a repressor for PTEN. In the present
study, we found that miR-181a directly targets
and regulates PTEN expression in ASMCs tre-
ated with TGF-B1, miR-181a inhibitor, and siP-
TEN. Since the target gene PTEN is the key
regulator of PIBK/AKT/mTOR pathway [22], the
expression levels of p-Akt/Akt and p-mTOR/
mTOR were measured by western blotting. The
results indicated that TGF-B1 activates the Akt
signaling pathway by down-regulating the level
of SiPTEN but up-regulating miR-181a, which
demonstrated a novel link between TGF-31 and

Int J Clin Exp Pathol 2019;12(1):173-181
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Akt/mTOR signaling in cell proliferation, migra-
tion, and ECM deposition.

In summary, this study demonstrated that TGF-
B1 could regulate airway remodeling, including
decreasing cell proliferation and migration, and
reducing ECM deposition by activating the Akt
signaling pathway, down-regulating siPTEN but
up-regulating miR-181a. miR-181a plays a role
in ASMCs by directly targeting PTEN. Thus, miR-
181a inhibitor may be a new effective method
for the treatment of asthma.
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