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MicroRNA-132 mediates proliferation and migration of
pulmonary smooth muscle cells via targeting PTEN
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Abstract. Pulmonary arterial hypertension (PAH) is a severe
and progressive disease characterized by the remodeling
of small pulmonary arteries. The aberrant proliferation of
pulmonary arterial smooth muscle cells (PASMCs) is the
primary feature of PAH. MicroRNA (miR)-132 has been
demonstrated to inhibit the proliferation of vascular smooth
muscle cells and repress neointimal formation. Phosphatase
and tensin homolog deleted on chromosome 10 (PTEN) is a
direct target of miR-132 that has been revealed to be involved in
the development of PAH. However, the role of miR-132 in PAH
remains unclear. The present study demonstrated that miR-132
expression was upregulated in monocrotaline-induced PAH
rats and platelet-derived growth factor-induced PASMCs. In
addition, treatment of PASMCs with miR-132 mimics inhibited
their proliferation, whereas miR-132 inhibition exhibited the
opposite effects. Furthermore, miR-132 mimics promoted cell
migration and maintained the PASMC contractile phenotype.
Finally, the expression levels of PTEN were significantly
decreased in PAH and PASMC:s treated with miR-132 mimics.
Taken collectively, the data suggested that miR-132 regulated
PASMC function via PTEN and that it may be used as a
potential target for the treatment of PAH.

Introduction
Pulmonary arterial hypertension (PAH) is a chronic severe

disease characterized by the obliteration of small pulmonary
arteries (Pas) and progressive development of pulmonary
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vascular resistance, which eventually leads to right heart failure
and mortality (1). In PAH, the aberrant growth, migration
and phenotypic switch of pulmonary arterial smooth muscle
cells (PASMCs) serve a vital role in the vascular remodeling
and constriction of distal Pas (2). Therefore, the inhibition of
PASMC proliferation, migration and phenotypical alteration is
a prospective strategy for the treatment of PAH.

In addition to genetic, epigenetic and environmental
factors, the function of PASMCs is affected by numerous
endogenous molecules, including platelet-derived growth
factor BB (PDGF-BB), transforming growth factor-p and
fibroblast growth factor (FGF) (3.4). It has been demonstrated
that PDGF-BB may affect PASMC function via the regula-
tion of the downstream signals required for the progression
of PAH (5). In addition, previous studies demonstrated that
the regulation of several microRNAs (miRNAs/miR) by
PDGF-BB was critical for PASMC function (6.7).

miRNAs are small endogenous non-coding RNAs that
serve as repressors of gene expression by regulating the
stability of their target mRNAs (8). It is well-known that
miRNAs are involved in the pathological processes of
PAH (9,10). Several of these miRNAs, including miR-204 (11),
miR-214 (12), let-7g (13), miR-143/145 (14), mir-130/301 (15)
and miR-135a-5p (16) regulate PASMC function.

Previous studies have suggested that miR-132 inhibited
vascular smooth muscle cell (VSMC) proliferation and
repressed neointimal formation (17). Furthermore, phospha-
tase and tensin homolog deleted on chromosome 10 (PTEN)
is a direct target of miR-132 (18) and is involved in the
development of PAH (19). However, the exact mechanism of
this interaction remains unclear. Therefore, the present study
aimed to identify the role of miR-132 in the development of
PAH in vivo and in vitro.

In the present study, it was demonstrated that miR-132 was
upregulated in the monocrotaline (MCT)-induced PAH rats and
PDGF-BB-treated PASMCs. The results additionally revealed
that miR-132 may affect the proliferation, migration and pheno-
typic switching of PASMCs via the PTEN signaling pathway.

Materials and methods

Experimental animal model and treatment. A total of
16 Sprague-Dawley male rats (~11 weeks old, 180-200 g) were
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obtained from the Hunan Slack Jingda Laboratory Animal Co.,
Ltd. (Changsha, China). The rats was subjected to controlled
conditions of 20-22°C, relative humidity of 50-55% and a 12-h
light/dark cycle, and provided with ad libitum access to food
and water. The experiments were performed in accordance with
the National Institutes of Health guidelines for the care and use
of laboratory animals (20) and were approved by the Ethics
Committee of the Hunan University of Medicine (Huaihua,
China). The rats received a subcutaneous injection of 60 mg/kg
MCT (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for
the induction of PAH. Control rats received 0.9% saline.

Hemodynamic measurements. PAH was established in the
rats by the 21st day following injection, at which point the rats
were anesthetized via an intraperitoneal injection of 60 mg/kg
pentobarbital sodium. A jugular catheter (1 mm) filled with
heparinized saline was introduced into the right external jugular
vein, and subsequently advanced through the right atrium and
right ventricle (RV). Appropriate positioning of the catheter was
confirmed by the change of the pressure waveform. Once the
change in the pressure waveform was stable, the RV systolic
pressure (RVSP) was measured with a multichannel physi-
ological recorder monitoring equipment (BL-420F).

Hematoxylin and eosin (H&E) staining. The rats were
immediately sacrificed by cervical dislocation following the
hemodynamic measurements. Sacrifice was confirmed by a lack
of breathing and blood pressure, following which lung tissues
were quickly harvested and fixed in 4% paraformaldehyde
at 4°C for 24 h. The paraffin-embedded lung tissue samples
were cut into 4-ym thick sections and stained with 0.1% Mayer's
hematoxylin (Sigma-Aldrich; Merck KGaA) for 5 min and
0.5% eosin Y solution (Sigma-Aldrich; Merck KGaA) for 40 sec
at room temperature. Structural changes in the pulmonary
vascular wall and the wall thickness were observed using a Zeiss
Axio Scope.Al microscope (magnification, x200; Zeiss GmbH,
Jena, Germany). Between six to eight vessels were analyzed per
animal, and four values for the thickness and two values for the
diameter were measured for each vessel. Percentage wall thick-
ness (wall thickness/vessel diameter) was calculated.

Cell culture and treatment. Human PASMCs were obtained
from PromoCell GmbH (Heidelberg, Germany) and were
maintained in smooth muscle cell growth medium (SMCGM,;
PromoCell GmbH) containing 5% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
1% penicillin/streptomycin (Gibco; Thermo Fisher Scientific,
Inc.). Human PASMCs were starved in SMCGM containing a
low percentage of serum (0.2% FBS) for 24 h prior to treatment
with PDGF-BB (Sangon Biotech Co., Ltd., Shanghai, China)
at 37°C. Cells were treated with various concentrations of
PDGF-BB (5, 10, 20,40 and 80 ng/ml) for 24 h, or with 20 ng/ml
PDGF-BB for various incubation periods (2, 6, 12, 24 and 48 h).
RNA was extracted from PAMSCs following treatment, as
described below. Each independent experiment was performed
at least 3 times.

miRNA transfection. The miR-132 mimics (miR10000426),
the miR-132 inhibitors (miR20000426), the mimic nega-
tive control (NC; miR1NO0000O1) and inhibitor NC
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(miR2N0000001) were purchased from Guangzhou
RiboBio Co., Ltd., (Guangzhou, China). The mimics and
inhibitors were synthesized on the basis of sequence of
hsa-miR-132-3p (5'-UAACAGUCUACAGCCAUGGUC
G-3'). Human PASMCs were seeded in 6-well culture plates
at a density of 2x10° cells/well, incubated for 24 h, and trans-
fected with miR-132 mimics (20 nM), miR-132 inhibitor
(50 nM) or NCs (20 nM for mimics; 50 nM for inhibitors) for
6 h according to the instructions provided by the manufac-
turer of the Hiperfect Transfection Reagent (Qiagen GmbH,
Hilden, Germany). The culture media was replaced and the
cells were further incubated for 42-66 h prior to subsequent
experiments.

Cell proliferation assay. PASMCs were seeded in a 96-well
plate. Cell viability was determined with an MTS CellTiter
96® AQ,.ous ON€E solution cell proliferation assay (Promega
Corporation, Madison, WI, USA). The absorbance was
detected by spectrophotometry at 490 nM using a Berthold
LB-942 instrument (Berthold Technologies GmbH & Co., KG,
Bad Wildbad, Germany).

Cell cycle analysis. PASMCs were treated in groups as indi-
cated in the transfection protocol and fixed with 70% ethanol
overnight at 4°C. Following washing with cold PBS, 5 ul
RNase A (10 mg/ml) was added to the cells. Subsequently,
the cells were stained with 1 mg/ml propidium iodide solution
(Sigma-Aldrich; Merck KGaA) for 15 min at 4°C. The cell
cycle analysis was performed by flow cytometry (CytoFLEX;
Beckman Coulter, Inc., Brea, CA, USA) and the results were
analyzed using ModFit LT 3.3 software (Verity Software
House, Inc., Topsham, ME, USA).

Transwell assay. Cell migration was assessed using a
Transwell assay. The transfected cells were seeded in the
top chamber containing medium with 0.1% FBS. The lower
chamber was filled with SMCGM containing 5% FBS.
PASMCs were allowed to migrate for 24 h at 37°C. The cells
were fixed in 4% paraformaldehyde for 30 min and then
stained with 0.1% crystal violet for 30 min, each at room
temperature. Finally, the cells from five random fields were
counted using a Zeiss Axio Vert.Al microscope (magnifi-
cation, x200; Zeiss GmbH) and the images were processed
using Image-Pro Plus 6.0 software (Media Cybernetics, Inc.,
Rockville, MD, USA).

RNA preparation and reverse transcription quantitative
polymerase chain reaction (RT-qPCR) analysis. The total
RNA of PASMCs and lung tissues was extracted using
TRIzol® reagent (Thermo Fisher Scientific, Inc.) as described
previously (21). The concentration of the RNA samples
was quantified using NanoDrop One spectrophotometer
(NanoDrop Technologies; Thermo Fisher Scientific, Inc.,
Wilmington, DE, USA). Purified RNA was reverse tran-
scribed with PrimeScript™ RT reagent (Takara Bio, Inc.,
Otsu, Japan) at 37°C for 15 min and 85°C for 5 sec. Mature
miRNA was reverse transcribed with Bulge-Loop™ miRNA
gPCR primers (Guangzhou RiboBio Co., Ltd.) prior to gPCR
according to the manufacturer's protocol. The qPCR experi-
ments were conducted using an SYBR Premix ExTaq™
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kit (Takara Biotechnology, Co., Ltd., Dalian, China) in a
LightCycler 480 Real-Time PCR System (Roche Applied
Science, Mannheim, Germany). PCR was conducted as
follows: 95°C for 30 sec, followed by 40 cycles of 95°C for
5 sec and 60°C for 30 sec. The expression levels were quanti-
fied using the 2244 method (22) with U6 and -actin as the
endogenous reference genes for miRNA and mRNA expres-
sions, respectively. The primer sequences were as follows:
a-smooth muscle actin (a-SMA) forward, 5-TATCAGGGG
GCACCACTATG-3' and reverse, 5" AGGAGCAGGAAA
GTGTTTTAGA-3'; transgelin (SM22a) forward, 5'-TGG
TGAACAGCCTGTACCCT-3" and reverse, 5'-CACGGTAGT
GCCCATCATTC-3'; calponin 1 (CNNI) forward, 5'-TGC
TACAGGGTCCAACATAGA-3' and reverse, 5'-GTTGCT
CAGTGCGTCCTT-3"; B-actin forward, 5-TGTCACCAA
CTGGGACGATA-3" and reverse, 5'-ACCCTCATAGAT
GGGCACAG-3". The primers of miR-132 (MQPS0000604)
and U6 (MQPS0000002) were purchased from Guangzhou
RiboBio Co., Ltd., (Guangzhou, China).

Western blot analysis. Western blot analysis of total protein
content was performed as previously described (23). Briefly,
protein was extracted from PASMCs and lung tissues
in ice-cold radioimmunoprecipitation assay lysis buffer
(POO13B, Beyotime Institute of Biotechnology, Shanghai,
China) and quantified using Bicinchoninic Acid Protein
Assay Reagent (Pierce; Thermo Fisher Scientific, Inc.).
Protein lysate (40 pg/lane) was separated by 10% SDS-PAGE
and blotted onto polyvinylidene difluoride membranes. The
membranes were blocked with 5% non-fat milk for 1 h at
room temperature and incubated with the following primary
antibodies at 4°C overnight: Rabbit anti-a-SMA monoclonal
antibody (dilution, 1:1,000; A2547, Sigma-Aldrich; Merck
KGaA); anti-SM22a polyclonal antibody (dilution, 1:1,000;
HPAO001925, Sigma-Aldrich; Merck KGaA); anti-PTEN
polyclonal antibody (dilution, 1:1,000; D261095, Sangon
Biotech Co., Ltd.); anti-p-PTEN polyclonal antibody
(dilution, 1:1,000; D155023, Sangon Biotech Co., Ltd.);
anti-a-tubulin monoclonal antibody (dilution, 1:5,000;
A01410, GenScript, Piscataway, NJ, USA) and anti-f3-actin
monoclonal antibody (dilution, 1:5,000; A00702, GenScript).
Following washing, membranes were incubated for 2 h at
room temperature with horseradish peroxide-conjugated
goat-anti-mouse (D110087) or goat-anti-rabbit (D110058)
immunoglobulin G secondary antibodies (dilution, 1:6,000;
Sangon Biotech Co., Ltd.). Finally, the protein expression
levels were detected with an enhanced chemiluminescent
substrate (cat. no. 32209, Thermo Fisher Scientific, Inc.)
and recorded with ChemiDoc XRS+ system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The results were
analyzed using ImageJ 1.52 software (National Institutes of
Health, Bethesda, MD, USA).

Statistical analysis. The data are presented as the
mean + standard deviation of at least three independent
experiments. Data analysis was conducted using GraphPad
Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA,
USA). Comparisons between two groups were performed by a
double-sided Student's t-test. A one-way analysis of variance
test followed by a Student-Newman-Keuls post-hoc test was
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performed for multiple comparisons. P<0.05 was considered
to indicate a statistically significant difference.

Results

miR-132 expression levels in MCT-induced PAH rats. To
investigate whether miR-132 serves a role in PAH, the miR-132
expression levels in MCT-induced PAH rats were initially
detected by RT-qPCR assays. The results indicated that the
expression levels of miR-132 were upregulated in the rat lung
tissues and PAs following 3 weeks of MCT exposure (Fig. 1A).
The rats demonstrated increased RVSP and RV/(left
ventricle + septum) ratios compared with that of the untreated
group after 3 weeks of MCT exposure (Fig. 1B and C). Fig. 1D
revealed that the medial thickness of the pulmonary artery
was increased in the MCT-induced rats.

miR-132 expression levels in proliferating human PASMCs.
Subsequently, the miR-132 expression levels in PASMCs that
were stimulated by PDGF-BB were determined. As demon-
strated in Fig. 1E, the miR-132 levels increased gradually
following treatment of PASMCs with 20 ng/ml PDGF-BB
from 2-48 h, indicating a time-dependent response. In
addition, PDGF-BB resulted in a rapid increase of miR-132
expression levels in a dose-dependent manner (Fig. 1F).

Effects of miR-132 on human PASMC proliferation. To
explore the role of miR-132 in PAH, its effects on the prolif-
eration and cell cycle of PASMCs were detected using cell
viability and flow cytometry assays. The results indicated that
20 nM miR-132 mimics significantly inhibited cell prolifera-
tion (Fig. 2A), while 50 nM miR-132 inhibitor promoted cell
proliferation (Fig. 2B). Upregulation and downregulation of
miR-132 following transfection of PASMCs with mimics
and inhibitors, respectively, was demonstrated by RT-qPCR
analysis (Fig. 2C). Furthermore, the results of the cell cycle
assay indicated that the percentages of the cells that were
present in the G2/M and S phases were decreased following
miR-132 mimics (20 nM) treatment (Fig. 2D), indicating that
the anti-proliferative effect of miR-132 was attributed to cell
cycle arrest. In contrast to the miR-132 mimics, the miR-132
inhibitor (50 nM) decreased the percentage of the cells at the
G,/G,-phase (Fig. 2E).

Effects of miR-132 on human PASMC migration. In addi-
tion to cell proliferation, the migration of PASMCs has been
considered to be a contributor in the development of PAH. The
results of the Transwell assay indicated that the overexpression
of miR-132 significantly increased the migration of human
PASMC:s (Fig. 2F).

Effects of miR-132 on the human PASMC phenotype. To addi-
tionally validate the role of miR-132 in PAH, the phenotypic
switch of PASMCs was investigated by determining the expres-
sion of mRNAs and proteins of smooth muscle cell (SMC)
phenotypic markers following overexpression of miR-132.
Overexpression of miR-132 in human PASMCs increased the
levels of a-SMA, SM22a and CNNI1 compared with those in
the NC samples (Fig. 3A and B), indicating that miR-132 may
be essential for maintaining the PASMC contractile phenotype.
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Figure 1. miR-132 expression is increased in MCT-induced PAH rats and PDGF-BB-treated PASMCs. (A) The levels of miR-132 were measured by reverse
transcription polymerase chain reaction in lung tissues and PA from rats. (B) RVSP and (C) RV/(LV + S) ratios in the control and PAH rats were compared.
(D) The degree of pulmonary arterial wall thickening in the rats was observed by hematoxylin and eosin staining. (E) PASMCs were treated with 20 ng/ml
PDGF-BB for different incubation periods. (F) PASMCs were treated with various concentrations of PDGF-BB for 24 h and the miR-132 levels were assessed.
Data are presented as the mean + standard deviation (n=6). Scale bar, 100 gzm. “P<0.05 and “P<0.01 vs. control. “P<0.05 and “P<0.01 vs. control without
PDGF-BB treatment. miR, microRNA; con, control; PDGF-BB, platelet-derived growth factor BB; PAH, pulmonary arterial hypertension; PA, pulmonary
artery; RVSP, right ventricular systolic pressure; RV, right ventricle/ventricular; LV, left ventricle/ventricular; S, septum.

PTEN is a direct target of miR-132. It has been demonstrated
that PTEN is a direct target of miR-132 in vascular smooth
muscle cells (VSMCs) (18). To examine the interaction
between miR-132 and PTEN in PAH, the expression levels
of PTEN were detected in vivo and in vitro. The results
indicated that PTEN expression levels were decreased in
MCT-induced PAH (Fig. 4A). Furthermore, it was identified
that transfection of human PASMCs with miR-132 mimics
downregulated the expression levels of PTEN signifi-
cantly (Fig. 4B).

Discussion

PAH is a fatal disease without effective treatment and is
primarily characterized by the excessive proliferation of
PASMCs. Numerous studies have revealed that miRNAs serve
a fundamental role in the pathogenesis of PAH by affecting

the functions of PASMCs and pulmonary artery endothelial
cells (24,25). In the present study, the role of miR-132 in PAH
in vivo and in PASMC:s in vitro was examined.

miR-132 is a highly conserved miRNA involved in the
development of the central nervous and cardiovascular
systems. Several studies have suggested that miR-132
expression is upregulated in certain cardiovascular diseases,
including cardiac hypertrophy, hypertension and atheroscle-
rosis (17,26,27). These studies demonstrated that miR-132
affected the proliferation and migration of cardiomyocytes,
endothelial cells and VSMCs. Similarly, in the present study,
miR-132 was highly expressed in PAH and its expression levels
were markedly increased following PDGF-BB treatment,
which indicated that miR-132 contributed to the development
of PAH.

miR-132 has been demonstrated to regulate the function of
vessel cells by different mechanisms of action. For example,
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miR-132 promoted the proliferation of endothelial cells via
p120RasGAP (28) and inhibited the proliferation and migra-
tion of VSMCs (17) by targeting leucine-rich repeat flightless
interacting protein 1. In contrast to these results, the present
study revealed that miR-132 exerted multiple functions in
PASMCs and served a complex role in the development of
PAH, namely as an anti-proliferative factor in PASMCs and

an aid to the maintenance of the contractile phenotype, while
facilitating cell migration.

The major structural change observed during the devel-
opment of PAH is the remodeling of small PAs, and typical
vessel lesions that consist of neointima formation, medial
thickening, adventitial fibrosis and angioproliferative plexi-
form lesions (29,30). These processes are accompanied with



proliferative and anti-apoptotic phenotypes of pulmonary
endothelial cells, smooth muscle cells and fibroblasts (29,30).
The data from the present study suggest that the pro-migrative
effect of miR-132 contributed to the formation of plexiform
lesions. However, its anti-proliferative and differentiation
effects that were noted in vivo appeared to be contradictory
to the results from the in vitro studies. The first possibility
is that the proliferation of PASMC:s is induced by other key
factors including hypoxia, FGF and PDGF-BB. A second
possible explanation is that the differentiation effect of
miR-132 may facilitate the formation of SMCs and SMC-like
cells. Taken collectively, these results provide novel evidence
that miR-132 may be involved in the development of PAH
and that it is detrimental to the development of vessel lesions.
However, additional studies are required to ensure that the
inhibition of miR-132 may prevent and reverse the progres-
sion of PAH.

The heterogeneous functions of miR-132 in SMCs are
similar with those noted for the Kriippel-like factor 4 (KLF4),
which is an additional key molecule involved in the regula-
tion of SMC phenotypic switching and in the development of
vascular diseases including PAH (31). Increased KLF4 levels
in SMCs were demonstrated in injured vessels in vivo (32,33),
and in response to PDGF-BB in vitro (32). KLF4 decreased
SMC growth arrest by cellular tumor antigen p53-inde-
pendent activation of cyclin-dependent kinase inhibitor 1,
whereas it concomitantly induced SMC dedifferentiation via
suppression of the expression of SMC-specific differentiation
markers (32). This promoted SMC migration via binding to
the collagen VIII alpha 1 promoter (32).

The present study explored the molecular mechanisms of
miR-132 with regard to the regulation of PASMCs, with a focus
on the miR-132-targeted gene PTEN (18), which is also down-
regulated in MCT-induced PAH (34). PTEN is well-known as
a critical regulator of cell proliferation, apoptosis and migra-
tion (35). It has been demonstrated that inhibition of PTEN
may attenuate PASMC proliferation and increase their migra-
tion through activation of RAC alpha serine/threonine-protein
kinase (AKT) (35-37). Therefore, the present study aimed to
investigate whether miR-132 may regulate PASMC function
via the PTEN-AKT pathway. The data indicated that the
expression of PTEN was decreased in the lung tissues of PAH
rats and in miR-132-overexpressing PASMCs; however, the
levels of phosphorylated AKT protein were also reduced (data
not shown). PTEN is a suppressor of AKT phosphorylation and
interacts with numerous downstream molecules (35). Thus, the
targeting of PTEN by miR-132 may regulate the proliferation,
migration and phenotype of PASMCs via the activation and/or
suppression of other signaling pathways. The exact mechanism
will be additionally explored in future studies.

In summary, the present study suggests that miR-132
served an important and pleiotropic role in modulating
PASMC proliferation, migration and phenotypic switching
by targeting PTEN. These data led to the identification of
miR-132 as a potential target for the treatment of pulmonary
vascular remodeling diseases.
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