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MicroRNA-153 attenuates hypoxia-induced excessive
proliferation and migration of pulmonary arterial smooth
muscle cells by targeting ROCK1 and NFATc3
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Abstract. The aim of the present study was to explore the effect
of microRNA (miR)-153 on the proliferation and migration of
pulmonary artery smooth muscle cells (PASMCs) in a hypoxic
condition by targeting p-associated, coiled-coil-containing
protein kinase 1 (ROCK1) and nuclear factor of activated
T cells cytoplasmic 3 (NFATc3). The right ventricular systolic
pressure, right ventricular hypertrophy index, medial wall
thickness and medial wall area were studied at different
time-points after rats were exposed to hypoxia. Western blot
analysis was used to detect ROCK1 and NFATc3 protein
levels. In addition, reverse transcription-quantitative (RT-q)
PCR was performed to confirm the mRNA levels of miR-153,
ROCKI1 and NFATc3 in human (H)PASMCs under hypoxic
conditions. Transfected cells were then used to evaluate the
effect of miR-153 on cell proliferation and migration abilities.
The association between miR-153 and ROCK1 or NFATc3 was
identified through double luciferase assays. Hypoxia induced
pulmonary vascular remodeling and pulmonary arterial
hypertension, which resulted from the abnormal proliferation
of HPASMCs. ROCK1 and NFATc3 were the target genes of
miR-153 and miR-153 mimic inhibited the protein expressions
of ROCK1 and NFATc3 in HPASMCs and further inhibited
cell proliferation and migration under hypoxic conditions. By
contrast, the miR-153 inhibitor promoted the proliferation and
migration of HPASMCs. miR-153 regulated the proliferation
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and migration of HPASMCs under hypoxia by targeting
ROCKI1 and NFATc3.

Introduction

Pulmonary arterial hypertension (PAH) is a severe patho-
physiological syndrome characterized by pulmonary
vasoconstriction and structural remodeling of blood vessel
walls, which in turn lead to increased vascular resistance
and right ventricular dysfunction (1,2). The causes of PAH
are complex, with hypoxia being one of the most important
factors (3,4). As the main cells in pulmonary arteries, pulmo-
nary artery smooth muscle cells are sensitive to hypoxia (5).
Under hypoxic conditions, abnormal proliferation and migra-
tion of pulmonary artery smooth muscle cells (PASMCs)
cause pulmonary stenosis or occlusion and further induce the
occurrence and development of PAH (6). Therefore, strategies
to inhibit the abnormal proliferation and migration of PASMCs
and reverse pulmonary vascular remodeling are particularly
important in the treatment of PAH.

MicroRNAs (miRNAs/miRs) are small, endogenous RNAs
~22 nucleotides in length (7). miRNAs serve an important
regulatory role in organism development, cell differentiation,
proliferation and apoptosis, as well as in pathological and phys-
iological activities, including tumorigenesis (8-10). miRNAs
commonly negatively regulate the expression of target genes
by specifically binding to the 3'-untranslated region (3'-UTR)
of the target mRNA molecule (11). Recently, it has been
reported that a number of miRNAs serve a vital role in the
occurrence and development of PAH, highlighting their poten-
tial use as a biomarker and therapeutic tool for PAH (12,13).
In addition, miRNAs regulate the PASMC phenotype and
pulmonary vascular remodeling under hypoxia (14). For
example, decreased expression of miR-34a in PASMCs induces
cell proliferation, increases the expression of platelet growth
factor receptor a and promotes the development of PAH; this
phenomenon is reversed by overexpression of miR-34a (15).
miR-143-5p modulates pulmonary artery smooth muscle
cell functions in hypoxic pulmonary hypertension through
targeting hypoxia-inducible factor-1 (HIF-1)a (16). miR-153
is involved in different pathophysiological processes in human
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diseases, such as suppressing lung cancer (17,18), inhibiting
pulmonary fibrosis (19) and inhibiting angiogenesis under
hypoxic conditions (20). However, the effect of miR-153 on
PAH has yet to be reported.

p-associated, coiled-coil-containing protein kinase 1
(ROCK1) and nuclear factor of activated T cells cytoplasmic 3
(NFATc3) serve an important role in the formation of hypoxic
pulmonary hypertension. Inhibitors of these molecules
significantly inhibit the proliferation and migration of pulmo-
nary smooth muscle cells, constraining the development of
pulmonary hypertension (21-23). miRNAs are used to target
NFATCc3 to inhibit PAH induced by the proliferation of human
(H)PASMCs (24). The present study explored the ability of
miR-153 to inhibit pulmonary vascular remodeling induced
by hypoxia by targeting ROCK1 and NFATc3, providing new
ideas for treatment of PAH.

Materials and methods

Animal experiment. Healthy male Sprague-Dawley (SD) rats
(6-8 week-old; 180-200 g; n=30) were purchased from the
Experimental Animal Center of Jinzhou Medical University
(Jinzhou, China). The present study adhered to the Guide for
the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NTH Publication No. 85-23,
revised 1996) (25) and all experimental protocols were
approved by the Animal Experimentation Ethics Committee
of Jinzhou Medical University (approval no. 2019065).
The rats were randomly divided into five groups including
one control group (0 day) and four hypoxia groups (1, 2,
4 and 6 weeks). Subsequentially, six rats in each group were
sacrificed for investigation at every time-point (0 day, 1, 2,
4 and 6 weeks). All rats in the normal and control groups
survived until sacrifice. The hypoxic rats were housed in a
gas chamber with a gas control delivery system (Oxycycler
model A84XOV; BioSpherix, Ltd.) for 12 h per day. The
duration of the experiments was ~6 weeks (including 0 day,
1,2, 4 and 6 weeks). During exposure to hypoxia, oxygen
concentration was set at 10+0.5% and age-matched male rats
were housed under normoxic conditions (21% oxygen) as
normal controls. All animals received humane care during
the study. All rats were housed at 18-23°C with 40-60%
humidity, 12 h light/dark cycles, and free access to food and
water. Animal health and behavior were monitored once a
week.

Measurement of the right ventricular systolic pressure (RVSP)
and right ventricular hypertrophy index (RVHI) in rats.
The rats were anesthetized by the intraperitoneal injection
of 10% chloral hydrate (400 mg/kg) and fixed on an experi-
mental operating table. No signs of peritonitis were observed
after the administration of 10% chloral hydrate. The right
external jugular vein was exposed and dissociated. After the
vessel was cut, a prefilled copper heparin PE-50 catheter was
quickly inserted into the right ventricle via the vessel along
the incision. The other end of the catheter was connected to
a multi-lead physiological recording instrument by a pressure
sensor. The pulmonary artery systolic pressure was indirectly
reflected by recording the RVSP. Subsequently, rats were sacri-
ficed directly by cervical dislocation while unconsciousness.

After cessation of breathing and heartbeat, lung and heart
samples were separated. The right ventricular (RV) free wall
was cut along the interventricular septum and the left ventricle
and ventricular septum (LV + S) were separated. Finally, the
RVHI was calculated after weighing based on the following
formula: RVHI = RV/(LV + S).

Morphological investigation. Lung tissues were obtained
from anesthetized rats and sagittal sections of right lungs were
fixed in 4% paraformaldehyde solution for 72 h, embedded in
paraffin and serially sectioned at 4 ym. Following dehydration
using alcohol dehydration (70, 80, 90, 100 and 100% alcohol;
30 min per step) and clearing with benzene, sections were
deparaffinized as follows: Benzene for 5 min; 100% alcohol
for 5 min; 90% alcohol for 2 min; 80% alcohol for 2 min;
70% alcohol for 2 min; and ddH,O for 2 min. Tissue sections
were then stained with hematoxylin for 10 min at room
temperature, washed with water for 15 min and then stained
with eosin for 1 min at room temperature. Pulmonary arteries
(n=5; external diameters 50-100 ym) were randomly chosen
from each rat and observed using an optical light microscope
(magnification, x200). The images were shot and analyzed
with Image-Pro Plus, Version 6.0 (Media Cybernetics, Inc.).
The degree of pulmonary artery remodeling was assessed
by calculating the percentage of the medial wall thick-
ness (WT%) and medial wall area (WA%) according to the
following equations: WT% = 2 x WT/external diameter) x100;
WA% = (medial WA/total vessel area) x100. The pulmonary
arteries were isolated from the remaining lung tissues and
further used for western blot analyses.

Cell experiments. HPASMCs (ScienCell Research
Laboratories, Inc.) were cultured in a smooth muscle cell
culture medium with fetal bovine serum (FBS; Lonza Group,
Ltd.) In the normal group, the cells were cultured at 37°C
under the condition of 21% O,, 5% CO, and 74% N,. In the
hypoxia group, the cells were cultured at 37°C under the condi-
tion of 3% O,, 5% CO, and 92% N,. After exposure to hypoxia
for 6, 12 and 24 h, the mRNA expression levels of miR-153,
ROCKI1 and NFATc3 in HPASMCs were evaluated by reverse
transcription-quantitative (RT-q)PCR. Transfection efficiency
was estimated by evaluation of green fluorescent protein
expression under a fluorescence microscope.

Cell transfection. miR-153 (miR-153 mimic), negative control
miRNA (mimic control), miR-153 inhibitor (miR-153 inhibitor)
and negative control (inhibitor control) were purchased from
Shanghai GenePharma Co., Ltd. The sequences of the trans-
fection vectors were as follows: miR-153 mimics,
5'-UUGCAUAGUCACAAAAGUGAUC-3"; mimic control,
5'-UUCUCCGAACGUGUCACGU-3"; miR-153 inhibitor,
5'-GAUCACUUUUGUGACUAUGCA A-3"; inhibitor control,
5'-CAGUACUUUUGUGUAGUACAA-3'. Subsequently,
100 nM miR-153 mimic, mimic control, miR-153 inhibitor or
inhibitor control were transfected into HPASMCs
(1x10° cells/well) using the GP-siRNA-Mate kit (Shanghai
GenePharma Co., Ltd.) according to the manufacturer's
instructions. The transfection controls were non-targeting
controls. At 48 h post-transfection, cells were used for subse-
quent experiments.
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Table I. Primer sequences for reverse transcription-quantitative PCR.

Gene Primer sequence (5'—3") Length of product (bp)
miR-153

F: AGCCGCTTGCATAGTCACA 78

R: AGAGCAGGGTCCGAGGAT 78
[8[)

F: CGCTTCGGCAGCACATATAC 81

R: TTCACGAATTTGCGTGTCATC 81
ROCK1

F: CTGCAACTGGAACTCAACCAAGAA 167

R: TTAGCACGCAATTGCTCAATATCAC 167
NFATC3

F: TCCACCTCCATCTACTTTAACCA 162

R: TTGGGACCACCTAATGGGCT 162
GAPDH

F: CATGAGAAGTATGACAACAGCCT 113

R: AGTCCTTCCACGATACCAAAGT 113

miR, microRNA; ROCK1, g-associated, coiled-coil-containing protein kinase 1; NFATC3, nuclear factor of activated T cells cytoplasmic 3;

F, forward; R, reverse.

RNA isolation and RT-qPCR. Total RNA was isolated from
HPASMCs using a TRIzol® reagent kit according to the
manufacturer's protocol (Thermo Fisher Scientific, Inc.).
RNA extraction, cDNA synthesis (total 20 ul) and quantita-
tive analysis (total 20 pl) was performed using the Hairpin-it
miRNA gPCR quantification kit (Shanghai GenePharma Co.,
Ltd.) according to the manufacturer's protocol. U6 was used as
an internal reference. The reverse transcription procedure for
U6 small nuclear RNA and miRNA-153 was: 25°C for 30 min,
42°C for 30 min, 85°C for 5 min and storage at 4°C. The reverse
transcription procedure for GAPDH, ROCK1 and NFATc3
was: 42°C for 45 min, 85°C for 5 min and storage at 4°C. The
PCR reaction program was as follows: Pre denaturation at
95°C for 5 min, followed by 40 cycles of 95°C denaturation for
12 sec and annealing at 62°C for 40 sec. The primer sequences
are listed in Table I. miRNA levels was quantified using the
2-44¢4 method (26) and expression value was normalized to
the internal control gene U6. The assay was performed in
triplicate.

Cell proliferation assay. Cell proliferation was assessed using
a cell counting kit (CCK-8; Dojindo Molecular Technologies,
Inc.). Transfected HPASMCs were seeded in a 96-well plate at
5x10° cells/well. After the cells were incubated for 12 h under
hypoxia, 10 ul of CCK-8 was added to each well and the cells
were incubated at 37°C for 2 h. The absorbance (optical density
value) was measured at 450 nm.

Wound healing (cell migration) assay. Cell migration ability
was measured by a wound healing assay. In brief, miR-153
mimic, mimic control, miR-153 inhibitor and inhibitor control
were transfected into HPASMCs. Cells, which were cultured
in medium containing 2% FBS, were plated in 24-well cell
culture plates at a density of 4x10° cells/well and cultured
to confluence. Subsequently, a 200 ul sterile pipette tip was

used to scratch a straight line in the monolayer of cells. After
washing three times with PBS, the remaining cells were
cultured in serum-free medium for another 12 h. Images
were captured at O and 12 h using an inverted light micro-
scope (IX71; Olympus Corporation; magnification, x100).
The wounded area was manually outlined based on images
acquired immediately after wounding and 12 h later. Only
wounds with areas between 1.2 and 2.5 mm? were analyzed
to ensure that data would be comparable. Finally, four fields
of view were observed for each sample. The experiments were
repeated three times.

Transwell cell migration assay. Cell migration was evaluated
using 8-ym pore Transwell chambers (Corning Life Sciences).
The cells were suspended in a serum-free medium at a density
of 1x10° cells/ml. Then, 200 ul cell suspension was added into
the upper chamber and 600 xl medium containing 5% FBS
was added into the lower chambers. After 12 h incubation at
37°C under hypoxic conditions, the cells had migrated to the
lower chamber. Non-migratory cells were removed using a
cotton swab. Cells were fixed with 95% ethanol for 15 min at
room temperature and washed three times with PBS (5 min
per wash). Subsequently, cells were stained with 0.1% crystal
violet (Sigma-Aldrich; Merck KGaA) for 10 min at room
temperature. Following washing with tap water, migratory
cells were observed using an inverted light microscope
(magnification, x200).

Western blot analysis. ProteinExt Mammalian Total Protein
Extraction kit (TransGen Biotech Co.,Ltd.) was used to isolate
total proteins. Protein concentrations were determined using
a Pierce bicinchoninic acid protein assay kit (Pierce; Thermo
Fisher Scientific, Inc.) and equal amounts of the protein
(~50 ug) were isolated by 10% SDS-PAGE and transferred
onto polyvinylidene fluoride membranes. Membranes were
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Figure 1. Establishment of a rat model of HPH and identification of rat pulmonary artery smooth muscle cells. (A) RVSP and (B) RVHI, calculated as the weight
ratio between the RV and LV plus S: RV/LV+S; (C) WT and (D) WA of pulmonary arteries of 50-100 ym in diameter. (E) Hematoxylin and eosin staining of
the smooth muscle layer of pulmonary vessels in the hypoxic condition. Scale bar, 100 ym. Data represent the mean + standard deviation, n=3. Comparisons
were performed using one-way ANOVA followed by Dunnett's post-hoc test. "P<0.05 and “P<0.01 vs. control at day 0. HPH, hypoxia-induced pulmonary
hypertension; RVSP, right ventricular systolic pressure; RVHI, right ventricular hypertrophy index; RV, right ventricle; LV, left ventricle; S, septum; WT,

medial wall thickness; WA, medial wall area.

then blocked for 1 h at room temperature with 5% BSA in
TBST (0.1% Tween-20). The membranes were then incubated
overnight at 4°C with primary antibodies for detection of
the following: ROCKI1 (cat. no. ab134181; 1:1,000; Abcam),
PCNA (cat. no. K200030M; 1:1,000; Beijing Solarbio
Science & Technology Co., Ltd.), matrix metalloproteinase
(MMP)-2 (cat. no. A00286; 1:300; Wuhan Boster Biological
Technology, Ltd.), NFATc3 (cat. no. sc-8405; 1:200; Santa
Cruz Biotechnology, Inc.) and B-actin (cat. no. ab8227;
1:1,000; Abcam). The membranes were washed three times
and were then incubated for 1 h with horseradish peroxidase
secondary detection antibody (cat. nos. A0208 and A0216;
1:10,000; Beyotime Institute of Biotechnology); f-actin
was used as internal controls. The signals of bands were
measured using enhanced chemiluminescence (ECL)
detection kit (Beyotime Institute of Biotechnology) and visu-
alized on a commercial X-ray film. Relative protein levels
were semi-quantified using ImageJ software (version 1.41;
National Institutes of Health).

Immunofluorescence experiments. The transfected HPASMCs
were seeded on cover slips in a 24-well plate at a density
of 4x10* cells/ml. After 48 h, the cells were fixed with
4% paraformaldehyde for 30 min and washed three times
with phosphate-buffered saline. Triton X-100 (1%; 200 ul;
Sigma-Aldrich; Merck KGaA) was added into each well for
30 min at room temperature. After the samples were washed
three times with PBS, HPASMCs were blocked with goat serum
(1:500; Beijing Solarbio Science & Technology Co., Ltd.) at

room temperature for 30 min. The cells were then incubated
overnight at 4°C with the primary antibody for detection of
NFATc3 (cat. no. sc-8405; 1:200; Santa Cruz Biotechnology,
Inc.). The cells were then incubated for 2 h at room tempera-
ture with an Alexa Fluor 647 fluorescently labeled anti-mouse
secondary antibody (cat. no. A0473; 1:100; Beyotime Institute
of Biotechnology). Cells were finally double-stained with
DAPI (1:1,000, Invitrogen; Thermo Fisher Scientific, Inc.) for
5 min at room temperature and then viewed by fluorescence
microscopy.

Dual-luciferase reporter assay. Luciferase reporter assays
were performed to verify that miR-153 directly interacted
with the 3'-UTR of ROCK1 and NFATc3. The target associa-
tion between miR-153 and ROCK1 or NFATc3 was verified
by the TargetScan (www.targetscan.org/vert_72; version 7.0)
database (27). The wild-type (WT) miR-153-ROCKI1 or
miR-153-NFATc3 (WT ROCK1 or WT NFATc3) and mutant
miR-153-ROCK1 or miR-153-NFATc3 (Mut ROCK1 or Mut
NFATCc3) plasmids were designed and constructed according
to the database of TargetScan and miRanda (www.mirbase.
org). The 3'-UTR of 3'-UTR/NFATc3 or ROCKI1 containing
the complementary binding site of miR-153 was directly
synthesized by Hanbio Biotechnology Co., Ltd. into the
psiCHECK-2 vector (Promega Corporation) to construct
the ROCK1 or NFATc3 WT luciferase reporter vector
(ROCKI1-WT or NFATc3-WT). To establish the ROCK1
mutant luciferase reporter vector (ROCKI1-MUT), the
site-specific mutagenesis system (Invitrogen; Thermo
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Figure 2. Protein expression levels of ROCK1 and NFATc3 in HPASMCs. (A) Protein expression levels of ROCK1 and NFATc3 were measured by western
blotting; corresponding histograms of (B) ROCKI1 and (C) NFATc3 protein bands normalized to those of B-actin. The mRNA expression of (D) ROCKI,
(E) NFATc3 and (F) miR-153 in HPASMCs exposed to hypoxic conditions. Data represent the mean =+ standard deviation, n=3. Comparisons were performed
using one-way ANOVA followed by Dunnett's post-hoc test. ‘P<0.05 and “P<0.01 vs. control at day 0. ROCK1, p-associated, coiled-coil-containing protein
kinase 1; NFATc3, nuclear factor of activated T cells cytoplasmic 3; HPASMCs, human pulmonary artery smooth muscle cells; miR, microRNA.

Fisher Scientific, Inc.) was used to mutate the complemen-
tary binding site (CUAUGCA) in the ROCKI-WT vector
to GUCUCCC. In order to establish the NFATc3 mutant
luciferase reporter vector NFATc3 (-MUT), the mutated
complementary binding site (AAUGUGA) located in the
NFATc3-WT vector was mutated to CGGACUA. Then,
293T cells were transfected with 100 ng ROCKI1-WT or
NFATc3-WT or ROCKI1-MUT or NFATc3-MUT vector and
500 ng miR-153 mimic for 48 h at 37°C. Luciferase activity
was measured with a Lumat LB9508 luminometer (Berthold,
Bad Wildbad, Germany). Relative luciferase intensity was
normalized to Renilla luciferase activity.

Statistical analysis. The data collected were statistically
evaluated and analyzed with SPSS v18.0 (SPSS, Inc.). All data
are expressed as mean * standard deviation. Comparisons
between the two unpaired groups were performed using an
unpaired Student's t-test. Differences between multiple groups
were tested by one-way analysis of variance, followed by a
Dunnett's post-hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Effect of chronic hypoxia on RVSP, RVHI, WA% and WT% in
rats. As shown in Fig. 1A and B, the RVSP and RVHI values
were significantly increased from 2 and 4 weeks after the rats
were exposed to hypoxia (P<0.01), respectively. The WA%
(Fig. 1C) and WT% (Fig. 1D) values in rats under hypoxia
were significantly elevated from 4 weeks onwards (P<0.05).
After 6 weeks of hypoxia, the WT% value in hypoxic rats was
1.9-fold higher than the level in normoxic control rats and the
WA% values were 1.7-fold higher compared with the level in the
control group. Hematoxylin and eosin staining demonstrated
marked thickening of the smooth muscle layer of pulmonary
vessels in the hypoxic group, with narrowing of the lumen and
inflammatory cell infiltration (Fig. 1E). Morphological inves-
tigation showed the proliferation and migration of PASMCs.

Upregulated expression levels of ROCK 1 and NFATc3 proteins
in hypoxic rats. At five time-points (0, 1, 2, 4 and 6 weeks)
after exposure to hypoxia, six rats in each group were sacri-
ficed and the pulmonary arteries removed. Western blotting
was performed to confirm the expression levels of ROCK1 and
NFATCc3 proteins in pulmonary arteries; [3-actin was used as
the internal reference for ROCK1 and NFATc3. As shown in
Fig. 2A, the expression levels of ROCK1 and NFATc3 proteins
were increased from 2 and 4 weeks after exposure to hypoxia,
respectively. After 6 weeks, the expression levels of ROCK1
and NFATc3 proteins were upregulated (2.1- and 2.3-fold,
respectively) compared with the level in the control group at
day O (Fig. 2B and C).

miR-153, ROCKI and NFATc3 expressions are regulated by
hypoxia in HPASMCs. From the results of rat models, the
protein expression levels of ROCK1 and NFATc3 were signifi-
cantly increased from 2 week after the rats were exposed to
hypoxia (P<0.05). Given the rapid changes of ROCK1 and
NFATc3 protein expressions under hypoxia, the gene changes
within 24 h were determined using HPASMCs under hypoxic
conditions. After exposure of HPASMCs to hypoxic conditions
from O to 24 h, mRNA expressions of ROCK1 and NFATc3
were clearly increased (Fig. 2D and E). At the same time, the
mRNA expression of miR-153 was significantly decreased
(Fig. 2F).

Validation of miR-153 mimic, mimic control, miR-153
inhibitor and inhibitor control transfection into HPASMCs.
The immunofluorescence intensity of miR-153 in HPASMs
was increased after transfection of miR-153 mimic compared
with transfection with mimic control. RT-qPCR was used to
detect the expression level of miR-153 in HPASMC:s following
transfection; the relative expression was normalized to that
of U6, with that of inhibitor control set as 1. Compared with
control cells, miR-153 expression was markedly increased
in cells transfected with the miRNA-153 mimic and was
decreased in cells transfected with the miRNA-153 inhibitor
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(Fig. 3). These observations demonstrated that miR-153 mimic,
mimic control, miR-153 inhibitor and inhibitor control were
successfully transfected into HPASMCs and could be used in

subsequent experiments.

Effects of miR-153 on the proliferation and migration of
HPASMCs under hypoxic conditions. The proliferation and
migration of HPASMCs are considered to be the cause of pulmo-
nary vascular remodeling induced by chronic hypoxia (28).
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Figure 5. miR-153 directly targeted 3'-UTR of ROCKI1 or NFATc3 in 293T cells. (A) One region in the ROCK1 3'-UTR was predicted to bind with miR-153.
(B) Analysis of luciferase intensity in 293T cells co-transfected with mimic miR-153 or mimic NC and plasmid containing wt ROCK1 3'-UTR or mut ROCK1
3'-UTR. (C) Two regions in the NFATc3 3-UTR were predicted to bind with miR-153. (D) Analysis of luciferase intensity in 293T cells co-transfected with
mimic miR-153 or mimic NC and plasmid containing wild-type NFATc3-3'-UTR or mutant NFATc-3-UTR. Data represent the mean + standard deviation.
n=3. “P<0.01. miR, microRNA; 3'-UTR, 3"-untranslated region; ROCKI, g-associated, coiled-coil-containing protein kinase 1; NFATc3, nuclear factor of
activated T cells cytoplasmic 3; NC, negative control; wt, wild-type; mut, mutant.
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Figure 6. miR-153 inhibited the expression of ROCK1 and NFATc3 proteins in HPASMCs. (A) Western blotting showing the protein expression levels of
ROCKI1 and NFATc3. Quantification of the western blotting analysis for the protein expression of (B) ROCK1 and (C) NFATc3. $-actin was used as the internal
control and the expression value of inhibitor control was set to 1. Data represent the mean + standard deviation. n=3. “P<0.01. (D) miR-153 mimics attenuated
the expression of NFATc3 proteins in HPASMCs and the miR-153 inhibitor promoted the expression of NFATc3 proteins in HPASMCs. (scale bar=100 ym).
miR, microRNA; ROCKI1, g-associated, coiled-coil-containing protein kinase 1; NFATc3, nuclear factor of activated T cells cytoplasmic 3; HPASMCs, human
pulmonary artery smooth muscle cells.

To determine the regulatory effect of miR-153 on HPASMCs
under hypoxic conditions, miR-153 was overexpressed in
HPASMCs and then cell proliferation and migration were

analyzed under anoxic conditions. Cell proliferation was deter-
mined using CCK-8 assays. MMP-2 and PCNA expression was
measured by western blot analysis. All the results demonstrated
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that overexpression of miR-153 inhibited the proliferation of
HPASMCs under hypoxic conditions, while the miR-153 inhib-
itor enhanced the proliferation of HPASMCs (Fig. 4A-C). Cell
migration abilities were determined using wound healing and
Transwell assays. Under hypoxic conditions, overexpression
of miR-153 significantly inhibited the migration abilities of
HPASMCs, while the miR-153 inhibitor enhanced the migra-
tion abilities of HPASMCs (Fig. 4B and D-H).

miR-153 directly targets ROCKI or NFATc3 in 293T cells. To
further explore the molecular mechanism by which miR-153
regulated the proliferation and migration of HPASMCs under
hypoxic conditions, TargetScan and miRanda were used to
predict the potential target sites of miR-153 in ROCKI1 or
NFATc3 mRNA. A region in the ROCK1 mRNA was predicted
to be a miR-153 binding site (Fig. 5A) and two regions in
the NFATc3 mRNA were predicted to be miR-153 ROCK1
3'-UTR or NFATc3-3'-UTR mutant plasmids (Fig. 5C).

Dual luciferase assays were then performed to confirm
the binding association between miR-153 and ROCKI1 or
NFATc3. As shown in Fig. 5B and D, the luciferase activity
of the reporter was inhibited in 293T cells co-transfected
with miR-153 mimic compared with those co-transfected the
mimic control. However, there was no significant change in
the fluorescence intensity after mutation of the binding site,
suggesting that miR-153 interacted directly with ROCK1 or
NFATCc3 at this binding site.

Effect of miR-153 on the expression of ROCKI and NFATc3
proteins in HPASMCs under hypoxic conditions. It has been
reported that ROCK1 and NFATc3 expressions are related to
PAH (29,30). The present study investigated whether miR-153
regulated the proliferation and migration of HPASMCs induced
by hypoxia by targeting ROCK1 and NFATc3. HPASMCs were
transfected with lentivirus vectors expressing the miRNA-153
mimic, miRNA-153 inhibitor and non-specific control and
then they were treated with hypoxia for 12 h. Compared
with the control cells, the expression levels of ROCK1 and
NFATCc3 proteins were markedly decreased in cells trans-
fected with the miRNA-153 mimic and were increased in cells
transfected with the miRNA-153 inhibitor (Fig. 6A-C). This
result was consistent with immunofluorescence experiment
in that the expression of NFATc3 increased after inhibition of
miRNA-153, while the expression of NFATc3 decreases after
overexpression of miRNA-153 (Fig. 6D).

Discussion

Chronic hypoxia is known to cause pulmonary hyperten-
sion (31). The major pathological changes associated with
hypoxia-induced pulmonary hypertension (HPH) are pulmo-
nary vasoconstriction and remodeling resulting from PAMSCs
proliferation (32). The present study successfully established a
model of HPH. The RVSP, RVHI, WA% and WT% values of
rats in the model group exposed to hypoxia were significantly
increased compared with those of normal rats, suggesting that
hypoxia causes RV failure and pulmonary vascular remod-
eling. Electron microscopic evaluation of the pulmonary
vascular structure revealed abnormal proliferation and migra-
tion of PAMSCs. In addition, hypoxia significantly increased

the thickness of lung vessels and the proportion of muscular-
ized pulmonary vessels. In vitro studies were performed to
confirm the effects of hypoxia on PAMSCs.

ROCKI and NFATCc3 are involved in the regulation of
pulmonary vascular remodeling induced by hypoxia (30,33).
In the present study, expressions of ROCK1 and NFATc3
proteins in the pulmonary vasculature were determined after
rats were exposed to hypoxia for 0, 1, 2, 4 and 6 weeks. The
results demonstrated significantly increased expression of
ROCKI1 and NFATc3 proteins during the period of exposure
to hypoxia. ROCK1 and NFATc3 mRNA levels were evalu-
ated after HPASMCs were cultured under hypoxia for 0, 6,
12 and 24 h and ROCK1 and NFATc3 expressions were signif-
icantly upregulated. Given the important roles of ROCK1
and NFATc3 in the formation of HPH (34,35), ROCK1 and
NFATc3 were related to the pathological process of HPH and
may even participate in this process.

Recently, a series of studies demonstrated that hypoxic
modulation of cellular function could be mediated by miRNAs
during the development of cancer (36-38). HPH and cancer have
similar phenotypes because both diseases are characterized by
increased cell proliferation and migration (39,40). The present
study chose miR-153 as the research target because previous
studies have reported its antitumor function in different types
of cancer including papillary thyroid and breast cancer (41,42).
However, little is known about its expression and function in
HPASMC:s in hypoxia. The present study revealed that miR-153
expression decreased in hypoxia-treated HPASMCs. It was
also found that miR-153 inhibitor increased HPASMC prolif-
eration and migration, while the miR-153 mimic reversed the
increased proliferation and migration of HPASMCs induced
by hypoxia, which is consistent with previous studies in cancer
cells (43-45). All these data suggested that miR-153 regulated
hypoxia-induced cell proliferation and migration.

The above data confirmed that miR-153 exhibited preven-
tive potential in the proliferation and migration of HPASMCs
induced by hypoxia, although the targets of miR-153 remained
elusive. ROCK1 and NFATc3 are important therapeutic targets
for PAH and they are activated and involved in the modulation
of cell proliferation and migration in PAH (46,47). Therefore,
an in-depth analysis was conducted using TargetScan to
determine whether NFATc3 and ROCKI1 are the target
genes of miR-153. The dual-luciferase experiments verified
that miR-153 directly targeted NFATc3 and ROCKI. Using
293T cells, it was confirmed that miR-153 interacted with
the 3'-UTR of ROCK1 and NFATc3. Western blotting and
immunofluorescence analysis demonstrated that miR-153
significantly decreased the protein expressions of ROCKI1
and NFATc3. Thus, it was hypothesized that miR-153 directly
targets ROCK1 and NFATc3 to inhibit HPH. The transloca-
tion of dephosphorylated NFATc3 from the cytoplasm to the
nucleus is essential for the subsequent activation of its target
genes (24). Future studies will investigate the effect of miR-153
on nuclear translocation of NFATc3. In addition, an HPH
model of rats will be used to explore the miR-153 expression
in hypoxic pulmonary arteries with different exposure time
and confirm the effect of miR-153 on HPH.

In summary, the present study is the first, to the best of the
authors' knowledge, to provide evidence that miR-153 inhibited
hypoxia-induced proliferation and migration of HPASMCs,
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at least partly, through targeting ROCK1 and NFATc3. The
present study highlighted the biological significance of the
miR-153/ROCK1 and miR-153/NFATc3 axes in HPASMCs
under hypoxia. Further in vivo studies should be performed to
confirm that miR-153 is a promising candidate for PAH therapy.
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