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Dysregulation of miR-135a-5p promotes the development
of rat pulmonary arterial hypertension in vivo and in vitro
Hong-mei Liu1,2, Yi Jia1,2, Ying-xian Zhang1,2, Jun Yan3, Ning Liao4, Xiao-hui Li1,2 and Yuan Tang1,2

Pulmonary arterial hypertension (PAH) is the most common form of pulmonary hypertension. Pulmonary arterial remodeling is
closely related to the abnormal proliferation of pulmonary artery smooth muscle cells (PASMCs), which leads to the thickening of
the medial layer of muscular arteries and then results in the narrowing or occlusion of the precapillary arterioles and PAH. However,
the mechanisms underlying the abnormal proliferation of PASMCs remain unclear. In this study, we established rat primary PAH
models using monocrotaline (MCT) injection or hypoxic exposure, then investigated the expression patterns of seven miRNAs
associated with multiple pathogenic pathways central to pulmonary hypertension, and further explored the roles and the possible
mechanisms of miR-135a during the development of PAH. In the rat primary PAH models, we observed that the expression of
miR-135a-5p in lungs was drastically decreased at the initial stage of PAH development after MCT administration or hypoxic
exposure, but it increased by 12-fold or 10-fold at the later stage. In vitro study in PASMCs showed a similar pattern of miR-135a-5p
expression, with downregulation at 6 h but upregulation at 18, 24, and 48 h after hypoxic exposure. Early, but not late,
administration of a miR-135a-5p mimic inhibited hypoxia-induced proliferation of PASMCs. The protective role of early miR-135a-5p
agomir in the PAH rat model further supported the hypothesis that the early decrease in the expression of miR-135a-5p contributes
to the proliferation of PASMCs and development of PAH, as early administration of miR-135a-5p agomir (10 nM, i.v.) reversed the
elevated mean pulmonary arterial pressure and pulmonary vascular remodeling in MCT-treated rats. We revealed that miR-135a-5p
directly bound to the 3′-UTR sequence of rat transient receptor potential channel 1 (TRPC1) mRNA and decreased TRPC1 protein
expression, thus inhibiting PASMC proliferation. Collectively, our data suggest that dysregulation of miR-135a-5p in PASMCs
contributes to the abnormal proliferation of PASMCs and the pathogenesis of PAH. Increasing miR-135a-5p expression at the early
stage of PAH is a potential new avenue to prevent PAH development.
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INTRODUCTION
Pulmonary arterial hypertension (PAH) is the most common
form of pulmonary hypertension, which is a substantial global
health issue, particularly in countries with large aging populations.
Patients with PAH share a similar pulmonary angioproliferative
vasculopathy that predominantly affects the precapillary arter-
ioles, resulting in increased right-ventricular afterload and finally
leading to right heart failure [1]. Pulmonary arterial remodeling is
closely related to the abnormal proliferation of pulmonary artery
smooth muscle cells (PASMCs), which leads to the thickening of
the medial layer of muscular arteries and then results in the
narrowing or occlusion of the precapillary arterioles and PAH [1].
Although great advances have been made in the treatment of
PAH over the past 20 years [2], the cellular mechanisms underlying
the abnormal proliferation of PASMCs are still not entirely clear.
Recent studies have demonstrated that microRNAs (miRNAs)

are implicated in the onset, progression or treatment

responsiveness of PAH [3]. By using a network biology approach,
Parikh predicted the miRNA profile, including miR-135a-5p,
miR-211-5p, miR-204-5p, miR-224-5p, miR-93-5p, miR-17-5p, and
miR-27b-5p, associated with multiple pathogenic pathways
central to pulmonary hypertension [4]. However, the expression
patterns of these miRNAs and their roles in the onset and
progression of PAH remained largely unknown.
In this study, we determined the expression patterns of

these seven miRNAs in the rat primary PAH model induced by
monocrotaline (MCT, 60 mg/kg) [5] and hypoxic exposure [6].
We further explored the roles and the possible mechanisms of
miR-135a-5p during the development of PAH.

MATERIALS AND METHODS
Experimental animals
All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Third Military Medical
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University. Male Sprague-Dawley (SD) rats (200–250 g, from the
Experimental Animal Center of the Third Military Medical
University) were used for all animal studies. The rat model of
PAH was established by a single subcutaneous injection of MCT
(60mg/kg, Sigma-Aldrich, St. Louis, MO, USA) [5] or exposed to
hypobaric hypoxia at a simulated altitude of 5 kilometers for
4 weeks (oxygen concentration of 10%) [6]. Animals were
euthanized at the 1st, 2nd, 3rd, and 4th weeks after modeling,
and their lungs were collected for further analysis of miRNA
expression.
To explore the in vivo effects of miRNA-135a-5p on PAH

development, 10 nM miRNA-135a-5p agomir was intravenously
given to the PAH rat model every 3 days for 3 constitutive weeks
after MCT administration. The miRNA-135a-5p agomir was
modified by an O-methyl moiety at the 2′-ribose position and
cholesteryl functionality at the 5′ end (RiboBio Co. Ltd.,
Guangzhou, China) and diluted in phosphate-buffered saline
(PBS) buffer. Agomir negative control (NC), which was similar to
agomir but with a scrambled seeding sequence, was used as a
control. The rats were sacrificed for further experiments at the 4th
week after MCT administration.

Primary PASMC culture, transfection, infection, and luciferase
reporter assay
Primary culture of PASMCs was performed as described in the
reported literature [7]. Briefly, male SD rats were sacrificed, and
their intrapulmonary arteries were isolated rapidly and placed in
ice-cold PBS. After the endothelium and the adventitia were
carefully cleaned, the vessels were washed, dissected into 1–3
mm3 pieces, placed in a 25 cm2

flask and cultured in Dulbecco's
Modified Eagle's Medium (DMEM, high-glucose) supplemented
with 10% Fetal Bovine Serum (FBS), 100 U/mL penicillin and 100 U/
mL streptomycin in a humidified atmosphere (5% CO2) at 37 °C.
After 72 h incubation, the aortic fragments were removed and the
attached cells were allowed to grow for 5–7 days. The purity of the
primary cultured PASMCs was verified by immunofluorescence
using a specific antibody against alpha smooth muscle Actin
(Abcam, MA, USA) and vWF (Abcam, USA). Cells between three
and five passages were used for further experiments.
For transient transfection of miR-135a-5p mimic and inhibitor

(Thermo Fisher Scientific, Waltham, MA, USA), primary PASMCs were
transfected with miR-135a-5p mimic (30 nM, Thermo Fisher
Scientific, USA) or inhibitor (30 nM, Thermo Fisher Scientific, USA)
by using Lipofectamine RNAiMAX (Thermo Fisher Scientific, USA),
according to the manufacturer’s protocol. Then, the transfected cells
were put into a hypoxia chamber (3% O2, 5% CO2) for 48 h. To
explore the role of late miR-135a-5p upregulation in the process of
PAH, primary PASMCs were cultured under hypoxia for 12 h and
then transfected with miR-135a-5p mimic (30 nmol/L, Thermo Fisher
Scientific, USA) or inhibitor (30 nmol/L, Thermo Fisher Scientific, USA).
PASMCs were cultured under hypoxia for another 48 h. Primary
PASMCs cultured in normoxic conditions were used as control.
A recombinant adenovirus containing the rat transient receptor

potential channel 1 (TRPC1) gene (Adv-rTRPC1) was prepared as
described previously [8]. The coding sequence of the TRPC1 cDNA
(lacking the 3′-UTR) and TRPC1-3′-UTR (including the 3′-UTR) were
subcloned into the adenoviral recombination cassette vector
(pACCMVpLpa plasmid) (Cqwestern, Chongqing, China). To study
the role of miR-135a-5p in the TRPC1-based regulation of cell
proliferation, PASMCs were infected with the purified Adv-rTRPC1
viral plaques with or without miR-135a-5p mimic (30 nmol/L,
Thermo Fisher Scientific, USA). Then, the PASMCs were cultured in
high-glucose DMEM supplemented with 10% FBS in normoxia
(21% O2, 5% CO2) at 37 °C in a humidified atmosphere. A cell
proliferation assay was conducted 48 h after the initial infection.
The 3′-UTR of the rat TRPC1 gene was amplified by PCR with C6

genomic DNA as template. The purified PCR products were
inserted downstream of the firefly luciferase gene in the Firefly-

Renilla dual reporter vector pmiR-RB-REPORT™ after digestion with
XhoI and NotI, and the construct was designated wild-type 3′-UTR.
The mutated 3′-UTR was amplified by PCR with wild-type 3′-UTR
as the template using a mutation primer. The putative miR-135a-
binding site 5′-AAAGCCA-3′ in the TRPC1-3′-UTR was mutated into
5′-TTCGGTA-3′. PASMC lysates were collected 24 h after transfec-
tion with miR-135a-5p (10 or 30 nmol/L, Thermo Fisher Scientific,
USA) together with the pmiR-REPORT plasmid containing the
wild-type or mutated 3′-UTR of TRPC1, and the luciferase
activities were measured by a Dual-Luciferase Reporter System
(Promega, Madison, WI, USA) using a TD 20/20 luminometer
(Promega, USA) following the manufacturer’s protocol. The
luminescence intensity of firefly luciferase was normalized to that
of Renilla luciferase.

Primary PASMC proliferation assay
The Cell Counting Kit-8 (CCK-8) assay kit (Dojindo, Rockville, MD,
USA) was used to determine the cell viability of the PASMCs. The
primary PASMCs were seeded in 96-well plates at a density of 3 ×
105/mL and transfected with rno-miR-135a-5p mimic or inhibitor
at a final concentration of 30 nmol/L. Then, the cells were cultured
under hypoxia (3% O2) or normoxia (21% O2) for another 48 h.
After the cells were incubated with 10 μL CCK-8 solution for 1 h,
the optical density (OD) values were measured at 450 nm using a
microplate reader (Bio-Rad 680, Hercules, California, USA).

[3H]-leucine incorporation
The primary PASMCs were seeded in 96-well plates at a density of
3 × 105/mL and transfected with rno-miR-135a-5p mimic or
inhibitor at a final concentration of 30 nmol/L in a hypoxic
environment (3% O2). Then, [

3H]-leucine incorporation solution
(PerkinElmer, Waltham, MA, USA) was added to each well to a final
concentration of 1 μCi/mL. After 48 h coculture with [3H]-leucine,
disintegrations per minute (DPM) values were determined by
using a liquid scintillation counter (LKB-BasK-Bata 1217, LKB,
Bromma, Sweden).

Quantitative reverse transcription-PCR (qRT-PCR)
MiRNAs were extracted from lung tissue samples using the
miRcute miRNA Isolation Kit (Tiangen, Beijing, China). MiRNA was
quantified and assessed using a NanoDrop 2000 (Thermo Fisher
Scientific, USA), and the reverse transcription of miRNA was
performed using miRcute miRNA First-Strand cDNA synthesis
kit according to the manual (Tiangen, China). The primers for
rno-miR-135a-5p, miR-211-5p, miR-204-5p, miR-224-5p, miR-93-5p,
miR-17-5p, miR-27b-5p, and 5S RNA were designed by Primer
Premier 5.0, and the reverse primer for miR-135a-5p was obtained
from Tiangen (Table 1). qRT-PCR was performed using the miRcute
miRNA qPCR detection kit (Tiangen, China) on a MasterCycler
RealPlex (Eppendorf, Hamburg, Germany) under the following
conditions: 94 °C for 2 min followed by 40 cycles at 94 °C for 20 s

Table 1. The primers for miRNAs

Genes Primer sequences

rno-miR-135a-5p 5′-GCCGCTATGGCTTTTTATTCCTATGTGA-3′

rno-miR-211-5p 5′-TTCCCTTTGTCATCCTTTGCCT-3′

rno-miR-204-5p 5′-TTCCCTTTGTCATCCTATGCCT-3′

rno-miR-224-5p 5′-GCCGCCTAGTGGTTCCGTTT-3′

rno-miR-93-5p 5′-GCGGCAAAGTGCTGTTCGTG-3′

rno-miR-17-5p 5′-CCGCCAAAGTGCTTACAGTGC-3′

rno-miR-27b-5p 5′-CGGCTTCACAGTGGCTAAGTTCT-3′

Forward primer of 5S RNA 5′-ACGGCCATACCACCCTGAAC-3′

Reverse primer of 5S RNA 5′-AGGCGGTCTCCCATCCAAG-3′
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and 60 °C for 34 s. The relative expression levels, in fold change, of
each miRNA were determined by the ΔΔCt method and normal-
ized to the internal control, 5S rRNA. After the PASMCs were
incubated under normoxia (21% O2, 5% CO2) or hypoxia (3% O2,
5% CO2) for 6 h, 12 h, 18 h, 24 h or 48 h, the level of miR-135a-5p
expression was measured as above.
Total RNA was extracted from the primary PASMCs using the

RNAsimple Total RNA Kit (Tiangen, China). The reverse transcrip-
tion was performed using the PrimeScript™ RT reagent Kit (TaKaRa,
Dalian, China) according to the manual. The primers of PCNA and
β-actin were designed by Primer Premier 5.0 (Table 2). qRT-PCR
was performed using SYBR Green I mix (TaKaRa, China) under the
following conditions: 95 °C for 30 s followed by 40 cycles at 95 °C
for 5 s and 60 °C for 30 s. The relative expression levels, in fold
change, of the PCNA mRNA was determined by the ΔΔCt method
and normalized to the internal control, β-actin, as described
previously [9, 10].

Western blot
Cells were lysed using RIPA Lysis Buffer (Beyotime, Shanghai,
China), and the protein concentration was detected by the BCA
Protein Assay Kit (Beyotime, China), as previously described [11].
Equal amounts of cellular protein extracts were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes (Millipore, MA,
USA). Each membrane was incubated overnight at 4 °C with a
primary antibody against transient receptor potential channel 1
(TRPC1, 1:3000) (Abcam, USA) or β-actin (1:20000) (Abcam, USA)
and subsequently incubated with appropriate secondary antibody
(1:1000) (ZSGB-BIO, Beijing, China) at room temperature for 1 h.
The membranes were exposed to Enhanced Chemiluminescence
Plus reagents (Thermo Fisher Scientific, USA). Protein quantifica-
tion was performed with a BioSpectrum 510 imaging system (UVP,
Upland, CA, USA).

Hemodynamic measurements
At the 4th week after MCT treatment, rats were anesthetized with
ethyl carbamate (1 g/kg, intraperitoneally). To measure right-
ventricular systolic pressure (RVSP), a polyvinyl catheter (internal
diameter, 0.28 mm) was inserted into the right ventricle (RV) via
the right external jugular vein. Then, the catheter was further
guided to the pulmonary artery to measure the mean pulmonary
arterial pressure (mPAP) [12]. The signals were continuously
recorded by using PowerLab 4/35 (AD Instruments, New South
Wales, Australia) with a physiological pressure transducer (SP 844,
MEMSCAP Inc., Crolles Cedex, France).

Histomorphometric analysis
The histological structures of the left lung were determined by
hematoxylin-eosin (HE) staining, as described previously [13], at
the 4th week after MCT treatment [14]. Briefly, the left lung of each
rat was fixed in 10% formalin, embedded in paraffin and then
sliced (5 μm). After standard HE staining, morphological images
of the pulmonary arterioles were captured under a Leica confocal
laser-scanning microscope (Leica, Wetzlar, Germany). Pulmonary

vascular structure remodeling was evaluated by determining the
percent medial wall area (WA%) of vessels with diameter between
50 to 200 µm via using ImageJ software. WA% was calculated
using the following formula: WA (%)= (Total vessel area - Lumen
area)/Total vessel area × 100.

Statistical analysis
All data were shown as the means ± SEM or means ± SD and
analyzed for statistical significance by a two-tailed Student’s t-test
for two independent groups or ANOVA for three or more
independent groups using SPSS 13.0. P-values less than 0.05
were considered statistically significant.

RESULTS
The expression profile of miR-135a-5p in PAH models in vivo
To confirm the expression levels of the seven miRNAs at the
crucial times of hypoxia-induced PAH in rat lung [4], real-
time quantitative PCR (qRT-PCR) was performed at the end of
the 4th week after MCT treatment or hypoxic exposure. The data
showed that the expression of miR-135a-5p, miR-211-5p, miR-
204-5p, miR-224-5p, and miR-93-5p was significantly increased
after MCT treatment (Fig. 1a), and the expression of miR-135a-5p,
miR-211-5p, miR-204-5p, miR-224-5p, and miR-17-5p was signifi-
cantly upregulated after hypoxic exposure (Fig. 1b). Moreover,
miR-135a-5p was the highest in both of these PAH models
(Fig. 1a, b). To further explore the dynamic changes in miR-135a-
5p expression, qRT-PCR was also performed at the end of the
first, second, third and fourth weeks after MCT treatment or
hypoxic exposure. The expression of miR-135a-5p was remarkably
downregulated at the end of the first week but increased
gradually at the end of the second week. At the end of the
fourth week, the miR-135a-5p expression level was increased by
12-fold in the MCT model (Fig. 1c) and tenfold in the hypoxia
model (Fig. 1d) compared with that in the control animals.
Thus, these findings suggested that miR-135a-5p expression is
decreased at the beginning of PAH but soon increases with the
development of the disease, indicating an important function of
miR-135a-5p in the development of PAH.

The expression profile of miR-135a-5p in vitro
To further explore the expression changes of miR-135a-5p in vitro,
PASMCs were treated with hypoxia, and then, the level of miR-
135a-5p was assessed by qRT-PCR. We found that the expression
of miR-135a-5p was decreased at 6 h, while it was upregulated
significantly at 18 h, 24 h and 48 h after hypoxic exposure (Fig. 1e).
These results revealed that the level of miR-135a-5p was related to
the duration of hypoxia in PASMCs.

Early, but not late, miR-135a-5p mimic administration inhibited the
proliferation of PASMCs exposed to hypoxia in vitro
To explore the effect of miR-135a-5p expression reversal on the
proliferation of PASMCs after exposure to hypoxia, PASMCs
were transfected with miR-135a-5p mimic and inhibitor at final
concentrations of 30 nmol/L before or after 12 h hypoxic (3% O2)
treatment. At the end of the treatment, the proliferation of
PASMCs was determined by CCK-8 and [3H]-leucine incorporation,
and the gene expression of a well-known cell proliferation
marker, PCNA, was also determined by qRT-PCR. The CCK-8 assay
data showed that hypoxic treatment led to an increase in PASMC
growth, whereas early miR-135a-5p mimic treatment, which
started before hypoxic exposure, significantly decreased the
growth rate of the PASMCs compared to that of the PASMCs
treated with hypoxia alone. However, miR-135a-5p inhibitor
showed no effect on PASMC growth under hypoxic treatment
(Fig. 2a). The results from the [3H]-leucine incorporation assay,
CCK-8 assay, and PCNA gene and protein expression revealed
that early miR-135a-5p mimic treatment was able to inhibit the

Table 2. The primers for mRNAs

Genes Primer sequences

Forward primer of TRPC1 5′-CCATCCTCTTCCTCGCCG-3′

Reverse primer of TRPC1 5′-GTCACCCTTGTCGCACGC-3′

Forward primer of PCNA 5′-TTGGAATCCCAGAACAGGAGTAC-3′

Reverse primer of PCNA 5′-CTCGCAGAAAACTTCACCCC-3′

Forward primer of β-actin 5′-CACTATCGGCAATGAGCGGTTCC-3′

Reverse primer of β-actin 5′-CAGCACTGTGTTGGCATAGAGGTC-3′
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Fig. 1 Dynamic changes in miR-135a-5p expression in the lung tissue of the PAH rat model and in vitro hypoxic exposure. a, b The levels of
miRNAs, including miR-135a-5p, miR-211-5p, miR-204-5p, miR-224-5p, miR-93-5p, miR-17-5p, and miR-27b-5p in rat lung tissue at the 4th week
after MCT treatment or hypoxic exposure via real-time PCR. c, d The expression level of miR-135a-5p in the lung tissue of rats at the indicated
time points after MCT treatment or hypoxic exposure via real-time PCR. e The level of miR-135a-5p expression in pulmonary artery smooth
muscle cells (PASMCs) exposed to 3% O2 (hypoxia) at the indicated time points. The levels of miR-135a-5p were normalized to that of 5S RNA.
Data are presented as the means ± s.e.m. in a, b and c, d and the means ± s.d. in e. n= 4–6 rats for a, b and c, d; n= 3 independent
experiments for e. *P < 0.05, **P < 0.01 vs. control in a, b, vs. 0 w in c, d, and vs. 0 h in e
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Fig. 2 The effect of early or late miR-135a-5p mimic or inhibitor treatment on hypoxia-induced proliferation of PASMCs. a–c After PASMCs
were exposed to 21% O2 (normoxia) or 3% O2 (hypoxia) for 48 h together with a miR-135a-5p mimic or inhibitor treatment that started at
the beginning of the hypoxic treatment, the cell viability of the PASMCs was determined by CCK-8 assays (a), cell proliferation was determined
by [3H]-leucine incorporation (b) and the expression of the PCNA gene and protein (c, d) were determined in PASMCs. e–g PASMCs
were exposed to 21% O2 (normoxia) or 3% O2 (hypoxia) for 48 h together with a miR-135a-5p mimic or inhibitor treatment that started after
12 h of hypoxic treatment, and the cell viability and proliferation of the PASMCs were determined by CCK-8 assays (e) and by the mRNA
expression of the PCNA gene and protein (f, g) in PASMCs. Data are presented as the mean ± s.d., and n= 3 independent experiments for
each panel. *P < 0.05, **P < 0.01 vs. normoxia; ##P < 0.01 vs. hypoxia
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proliferation of PASMCs induced by hypoxia, but miR-135a-5p
inhibitor had no effect at all on PASMC proliferation (Fig. 2b–d).
Interestingly, there was no statistical difference between

PASMC proliferation in the miR-135a-5p mimic or inhibitor

treatments after 12 h hypoxic exposure (Fig. 2e–g).
The results above indicated that early downregulation of
miR-135a-5p plays a critical role in the initiation of PAH
development.

Fig. 3 The protective effects of early miR-135a-5p agomir treatment on PAH rats. miRNA-135a-5p agomir was intravenously given to the PAH
rat model every 3 days for 3 consecutive weeks that started after MCT administration. At the 4th week after MCT treatment, right-ventricular
systolic pressure (RVSP) (a) and mean pulmonary arterial pressure (mPAP) (b) were determined by a polyvinyl catheter. The histological
structures of the left lung were determined by hematoxylin-eosin (HE) staining (c) (scale bars= 20 μm). WA% was calculated using the
following formula: WA (%)= (Total vessel area - Lumen area)/Total vessel area × 100. Control: vehicle treatment group; model: MCT-treated
group; Agomir: MCT plus miRNA-135a-5p agomir administration; NC: MCT plus agomir negative control sequence administration. n= 4–6 rats
in each group. Data are presented as the mean ± s.e.m. **P < 0.01 vs. control; ##P < 0.01 vs. model
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Early miR-135a-5p agomir treatment protects PAH rats from
increased mPAP, RVSP, and pulmonary vascular remodeling
induced by MCT
To further explore the roles of early miR-135a-5p downregulation
in the process of PAH development in vivo, miR-135a-5p

agomir was administered to PAH rats every 3 days for 3
constitutive weeks after MCT treatment. MCT injection led to
PAH characterized by increases of RVSP from (25.6 ± 1.4) mmHg to
(54.5 ± 6.3) mmHg (control vs. MCT model, P < 0.01) and mPAP
from (17.2 ± 1.9) mmHg to (34.1 ± 5.3) mmHg (control vs. MCT

Fig. 4 TRPC1 is a direct target of miR-135a-5p in PASMCs. a Schematic representation of the TRPC1-3′-UTR with putative sites targeted by miR-
135a-5p via Targetscan database. b PASMCs were treated as described in Fig. 2, and the protein expression of TRPC1 and β-actin was
determined by Western blotting. c The combination between miR-135a-5p and the 3′-UTR sequence of rat TRPC1 mRNA was verified in
PASMCs by luciferase reporter assay. d The effect of TRPC1 promoting the proliferation of PASMCs regulated by miR-135a-5p was determined
by infection with TRPC1 including or lacking the 3′-UTR. Data are presented as the mean ± s.d. Normalized by the internal control, β-actin. n= 3
independent experiments. **P < 0.01 vs. normoxia in b, vs. wild type in c; *P < 0.05 vs. 3’-UTR-TRPC1 in d; ##P < 0.01 vs. hypoxia
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model, P < 0.01), while early miR-135a-5p agomir treatment
reversed the elevated RVSP and mPAP levels caused by MCT
treatment (MCT model vs. agomir, P < 0.01) (Fig. 3a, b). HE staining
showed that MCT treatment resulted in major pulmonary vascular
remodeling indicated by a significantly increased medial wall
thickness, while early miR-135a-5p agomir treatment attenuated
pulmonary vascular remodeling and WA% (control vs. MCT model,
P < 0.01; MCT model vs. agomir, P < 0.01) (Fig. 3c).

TRPC1 is a direct target gene of miR-135a-5p
To further explore the potential mechanisms of miR-135a-5p in
the process of PAH, we used the publicly available algorithms
(TargetScan, PicTar, and miRanda database) to analyze the
potential targets of miR-135a-5p. Among the potential targets,
the 3′-UTR of TRPC1, the gene that has been reported to promote
pulmonary arterial remodeling in hypoxic pulmonary hyperten-
sion [15–17], contains a highly conserved binding site for miR-
135a-5p (Fig. 4a). We further used primary PASMCs transfected
with miR-135a-5p mimic and inhibitor treated with hypoxia to
determine the protein expression of TRPC1. Western blotting
showed that miR-135a-5p inhibited TRPC1 protein expression after
hypoxic exposure (Fig. 4b), which was consistent with the finding
in kidney tissue [18]. To determine whether miR-135a-5p directly
binds to the 3′-UTR sequence of rat TRPC1 mRNA and affects its
expression, the 3′-UTR cDNA fragment of TRPC1 containing the
putative binding site of miR-135a-5p was cloned into the Firefly-
Renilla dual reporter vector of pmiR-REPORTTM. The constructed
vector (WT or mutant) was then cotransfected with either the miR-
135a-5p mimics or negative oligonucleotides into PASMCs. The
luciferase activity was inhibited by transfection with the miR-135a-
5p mimics but not by the negative oligonucleotides. Furthermore,
the mutated miR-135a-5p binding site in the 3′-UTR of TRPC1
caused the greatest loss of the inhibitory effects of miR-135a-5p
on luciferase activity (Fig. 4c). To clarify the effects of TRPC1
in promoting the proliferation of PASMCs were regulated by miR-
135a-5p, isolated PASMCs were infected with the coding sequence
of TRPC1 including or lacking the 3′-UTR. The results showed that
the overexpression of TRPC1 improved PASMC proliferation and
that miR-135a-5p mimic inhibited the role of TRPC1-3′-UTR. As
expected, the miR-135a-5p mimic failed to decrease PASMC
proliferation when the 3′-UTR lacking-TRPC1 was infected into
PASMCs (Fig. 4d). These results suggested that TRPC1 is a direct
target gene of miR-135a-5p in PASMCs in the process of PAH
development.

DISCUSSION
In the present study, we demonstrated the expression profile of
miR-135a-5p in the process of PAH development. Our results
showed that early downregulation of miRNA-135a-5p expression
was responsible for PASMC viability and proliferation under
hypoxic exposure in vitro and induced by MCT or hypoxic
exposure in vivo, and we also found that it is critical for PAH
initiation and progression. Mechanistically, TRPC1 is a potential
target of miRNA-135a-5p in PASMCs, consistent with a previous
finding in kidney tissue [18]. However, the role and mechanism of
miRNA-135a-5p overexpression in the late stage of the in vivo and
in vitro PAH models needs further investigation.
Several recent reviews have discussed the role of miRNAs in the

development of PAH [19–22] and indicated that miRNAs might
be potential targets for PAH therapeutics. A previous study
discovered dynamic changes in lung miRNA profiles during the
development of pulmonary hypertension in rats and showed
that miR-22, miR-30, and let-7f were downregulated, whereas
miR-322 and miR-451 were upregulated significantly during the
development of PAH in both the monocrotaline model and
the chronic hypoxia model. In addition, miR-322 was elevated
at the beginning but downregulated at the late stage of PAH

development [23]. By contrast, our results revealed that miRNA-
135a-5p was downregulated at the initial stage but overexpressed
at the late stage of PAH development in both in vivo MCT
treatment or hypoxic exposure and in vitro hypoxic exposure. This
result indicated that miRNA-135a-5p might be critical in several
pathogeneses of PAH clinically, such as hypoxia, respiratory
disease, chronic thrombotic disease, and left heart disease.
It is well-known that the pathogenesis of PAH has several

fundamental similarities to that of cancer, as PASMCs have many
cancer-like characteristics, such as enhanced proliferation and
suppressed apoptosis [24]. Several findings have uncovered
different roles of the indicated miRNAs in regulating PASMC
proliferation and pulmonary arterial remodeling. For example,
miR-17, miR-20a, miR-210, and miR-145 have been found to
promote PASMC proliferation, whereas miR-21, miR-206, and miR-
204 are known to inhibit PASMC proliferation or growth [21]. In
this study, we found that the phenomenon of miR-135a-5p
downregulation at the early stage of PAH development induced
by MCT treatment or hypoxic exposure plays an important role in
promoting PASMC proliferation, as early miR-135a-5p mimic
administration could reverse the PASMC proliferation induced by
MCT administration or hypoxic exposure. Interestingly, neither
miR-135a-5p mimics nor inhibitor treatment showed protection at
the late stage of PAH development. The finding that miR-135a-5p
regulates cell proliferation was consistent with previous reports in
the cancer field. It has been reported that miR-135a-5p promotes
proliferation in bladder cancer [25, 26], liver cancer [27], and
colorectal cancer [28]. However, several other studies also showed
that miR-135a-5p could inhibit cancer cell proliferation, such as
gastric cancer [29] and lung cancer [30, 31]. Due to this dual role of
miR-135a-5p in regulating cell proliferation, further studies
addressing the precise feedback in the signaling pathway
involving miR-135a-5p in the process of PAH is of great
significance.
Mechanistically, we found that the potential target of miR-135a-

5p in PASMCs was TRPC1. TRPC1 is a plasma membrane cationic
channel that has been detected in many cell and tissue types of
mice, rats, and humans [32]. Its function is relevant to various
cellular events, particularly calcium signaling through store-
operated channels (SOCs). For example, TRPC1 is regarded as a
key component of responses to hypoxia in breast cancer cells, and
its expression was also significantly prognostic for basal breast
cancers [33]. Furthermore, TRPC1 plays essential roles in PASMC
biology and pulmonary vascular emodelling [34]. It has been
shown that TRPC1 is more abundant than other TRPC isoforms in
mouse distal PASMCs [35]. Researchers have confirmed that the
expression of TRPC1 was increased in cultured myocytes from rat
distal pulmonary arteries after chronic hypoxic exposure [17]. Ca2+

signaling in PASMCs plays a central role in the pathogenesis
of PAH because of its involvement in both vasoconstriction
and vascular remodeling through its stimulatory effect on PASMC
proliferation. Increased TRPC1 expression led to enhanced
capacitative Ca2+ entry through SOCs and might contribute to
hypoxic pulmonary hypertension by increasing basal [Ca2+]I in
PASMCs [17]. Downregulation of TRPC1 expression could inhibit
the proliferation of cultured pulmonary artery smooth muscle cells
[32]. Antisense DNA targeting the TRPC1 mRNA attenuated store-
operated Ca2+ entry signals in cultured human PASMCs, whereas
overexpression of human TRPC1 enhanced contractile responses
to cyclopiazonic acid in rat pulmonary arterial rings [35]. It has
been reported that miR-135a regulated the expression of TRPC1 in
renal fibrosis of diabetic nephropathy [18]. MiR-135a-5p was
predicted to target the site located at position 112–118 in the
TRPC1-3′-UTR. We found that early miR-135a-5p mimic treatment
could reverse the increased TRPC1 protein level that was induced
by hypoxic exposure in PASMCs. This result indicated that TPRC1
was one of the targets of miR-135a-5p in PASMCs. It is worth
noting that miR-135a-5p inhibitor did not show any effect on the
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protein level of TRPC1, consistent with the data shown in renal
tissue [18]. This lack of effect might also be the reason that
miR-135a-5p inhibitor showed no protective effect on PASMC
proliferation after hypoxic exposure. This result suggested that
the role of miR-135a-5p in the process of PAH development is
related to TRPC1.
In conclusion, dysregulation of miR-135a-5p in PASMCs was

associated with abnormal PASMC proliferation and PAH develop-
ment. Enhanced miR-135a-5p expression at the early stage of
PAH is likely a valid new avenue to prevent PAH development.
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