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ARTICLE INFO ABSTRACT

Keywords: Aim: The dysfunction of human pulmonary arterial smooth muscle cells (HPASMCs) has been suggested to
Pulmonary arterial hypertension participate in the pathophysiology of pulmonary arterial hypertension (PAH). This study determined miR-19a
HPASMCs expression in hypoxia-induced HPASMCs and explored the mechanistic actions of miR-19a in hypoxia-induced
Hypoxia HPASMC proliferation and migration.

;1;1;—;% Methods: QRT-PCR and western blot assays respectively determined the mRNA and protein expression of miR-
HIF-la 19a, phosphatase and tensin homolog (PTEN) and hypoxia-inducible factor-1 alpha (HIF-1a). In vitro functional

assays determined HPASMC proliferation and migration, respectively. Luciferase reporter assay determined
interaction between miR-19a and PTEN. The knockdown effects of miR-19a on PAH were confirmed in in vivo
mice model.

Results: Hypoxia treatment time-dependently up-regulated miR-19a expression and enhanced cell proliferation
in HPASMCs. MiR-19a overexpression increased cell proliferation and migration of HPASMCs, while repression
of miR-19a reduced cell proliferative and migratory potentials of hypoxia-treated HPASMCs. Bioinformatics
analysis and luciferase reporter assay showed that PTEN 3’ untranslated region was targeted by miR-19a, and
miR-19a repressed the mRNA and protein expression of PTEN in HPASMCs. Further rescue studies revealed that
miR-19a regulated proliferative and migratory potentials of hypoxia-treated HPASMCs via suppressing PTEN
expression. In addition, HIF-1a was identified as one of the mediators for the hypoxia-induced aberrant ex-
pression levels of miR-19a and PTEN. MiR-19a overexpression enhanced PI3K/AKT signaling, which was atte-
nuated by enforced expression of PTEN in HPASMCs. More importantly, knockdown of miR-19 attenuated the
chronic hypoxia-induced PAH in in vivo mice model.

Conclusion: This study presented a novel mechanistic action of miR-19a-mediated cell proliferation and mi-
gration of HPASMCs.

1. Introduction

Pulmonary arterial hypertension (PAH) is featured by pulmonary
arterial vasoconstriction and is a devastating disease that severely
threatens the human life, and the risk of developing PAH is increased
with aging [1]. Neointima formation in small pulmonary arteries and
the hyper-proliferation of pulmonary vascular cells have been sug-
gested to involve in the pathophysiology of PAH [2,3]. PAH progression

can eventually lead to the heart failure of left ventricle, which largely
contributed to PAH-related deaths [4]. The human pulmonary arterial
smooth muscle cells (HPASMCs) hyper-proliferation has been regarded
as one of important features in the pulmonary vascular remodelling,
and dysfunction of HPASMCs has been found to participate in the pa-
thogenesis of PAH [5]. The common treatments for PAH are mainly
targeting on the prostacyclin, endothelin and the nitric oxide pathways
[6]. However, these therapies are still far from satisfaction in the
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clinical applications. Therefore, it is necessary for us to explore novel
signaling pathways related to the pathophysiology of PAH in order to
develop more effective therapies.

MicroRNAs (miRNAs) belong to the non-coding RNA family and has
21-23 nucleotides in length. MiRNAs have been found to exert its ac-
tions in suppressing targeted gene expression via forming competitively
bindings with the 3’ untranslated region (3’UTR) of targeted genes [7].
Owing to this specific action, miRNAs regulate diverse biological
functions including cell differentiation, cell proliferation, cell apoptosis
and cell metabolism [8]. Data from the clinical studies have revealed
that differentially expressed miRNAs were detected in the peripheral
blood and lung tissues from PAH patients [9]. MiR-424 was up-regu-
lated in the peripheral blood and served as a new marker for the pro-
gression of PAH [10]. In addition, the circulating miR-206 was identi-
fied as an important biomarker in the PAH patients with left heart
diseases [11]. Mechanistically, miRNAs have also been shown to reg-
ulate the cellular functions of PASMCs, which may be linked to the
pathophysiology of PAH. MiR-429 and miR-424-5p were shown to in-
hibited cell proliferation by down-regulating calcium sensing receptor
in HPASMCs [12]. Liu et al., showed that miR-17-5p mediated hypoxia-
induced proliferation of HPASMCs via regulating p21 and phosphatase
and tensin homolog (PTEN) [13]. Recently, evidence from the clinical
investigations showed that enhanced miR-19a expression was found in
the plasma from PAH patients [9]. MiR-19a can target PTEN to regulate
high mobility group protein Bl-inudced proliferation and migration of
human airway smooth muscle cells [14]. Moreover, PTEN/PI3K/AKT
signaling pathway has been demonstrated to modulate hypoxia-induced
pulmonary hypertension [15]. Based on the above evidence, we pro-
posed that miR-19a/PTEN may involve in the pathophysiology of PAH.

In the present study, we detected the aberrant expression of miR-
19a in the HPASMCs under hypoxia conditions, and further in vitro
functional assays were employed to examine the role of miR-19a in the
regulating cellular functions of HPASMCs under hypoxia conditions.
Furthermore, mechanistic studies were performed to reveal the down-
stream signaling pathways in the HPASMCs. The present study may
provide new evidence to reveal the key functions of miR-19a in the
pathophysiology of PAH.

2. Materials and methods
2.1. Cell lines, cell culture and treatment with hypoxia

Human pulmonary artery smooth muscle cells (HPASMCs) were
purchased from Sigma-Aldrich (St. Louis, USA). The HPASMCs were
kept in the smooth muscle cell growth medium (Sigma-Aldrich) with
10% fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, USA)
and were maintained in a humidified incubator with 5% CO, at 37 °C.
Cells at passage 4-6 were used for the in vitro experimental assays. For
the hypoxia treatment, HPASMCs were kept in a gastight molecular
incubator chamber (Thermo Fisher Scientific) supplied with 92% N,
5% CO, and 3% O, and after the HPAMSCs were induced with hypoxia
for 24, 48 and 72 h, correspondingly, the cells were collected for further
experimental assays.

2.2. Oligonucleotides (miRNAs, siRNAs and plasmids) and HPASMCs
transfections

The miRNAs for miR-19a overexpression (miR-19a mimics), re-
spective negative control (mimics NC), miR-19a knockdown (miR-19a
inhibitors) and respective negative control (inhibitors NC) were de-
signed and synthesized by Ribobio (Guangzhou, China). The plasmids
that overexpress PTEN were constructed by cloning the PTEN cDNA
into the pcDNA3.1 plasmid (pcDNA3.1-PTEN), and pcDNA3.1 was
served as the negative control (GenePharma, Shanghai, China). For the
knockdown of hypoxia-inducible factor-1a (HIF-1a), the HIF-1a siRNA
and the respective scrambled siRNA were designed and synthetized by
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Fig. 1. Hypoxia promoted cell proliferation and upregulation of miR-19a in
HPASMCs. (A) The expression of miR-19a in HPASMCs after exposure to hy-
poxia for 12, 24 and 48 h was determined by qRT-PCR assay. (B) The cell
viability of HPASMCs after exposure to hypoxia for 12, 24 and 48 h was
evaluated by CCK-8 assay. Data are expressed as mean =* standard deviation
(n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 compared to control
groups.

Ribobio. For the cell transfections, HPASMCs were transfected with
miRNAs, plasmids or siRNAs by using the Lipofectamine 2000 reagent
by following the manufacturer's protocol (Invitrogen, Carlsbad, USA).
At 24 post-transfection, the transfected HPASMCs were collected for
further experimental assays.

2.3. Quantitative real-time PCR (qRT-PCR)

Total RNA from treated HPASMCs was isolated using TRIzol reagent
(Takara, Dalian, China). For the quantification of miR-19a, One Step
Prime script miRNA c¢DNA Synthesis Kit (Qiagen, Valencia, USA) was
used to synthesize cDNA, and RT-PCR was performed on an ABI7900
system (Applied Biosystem, Foster City, USA) by using the miRNA-
specific TagMan MiRNA Assay kit (Applied Biosystems). For the
quantification of proliferating cell nuclear antigen (PCNA), PTEN and
HIF-1a mRNA, PrimeScript RT reagent Kit (Takara, Dalian, China) was
used to synthesize the cDNA, and RT-PCR was performed on an
ABI7900 system (Applied Biosystem) using the SYBR Green Premix Ex
Tagq II kit (Takara). The PCR conditions were as follow: 1 cycle of 95 °C
for 30s, and 40 cycles of 95 °C for 5s and 60 °C for 30 s. MiR-19a was
normalized by using snRNA U6 and the expression levels of other genes
were normalized by GAPDH. The folds changes of relevant genes were
calculated using comparative Ct method. The sequences of the primers
were as follow: miR-19a, forward, 5’-TGGTGTGTGCAAATCTATGCA-3’,
and reverse, 5- CAGTGCGTGTCGTTGGAGT-3’; U6, forward, 5-CTCG
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Fig. 2. The effects of miR-19a on the cell proliferation and migration in HPASMCs after exposure to hypoxia. HPASMCs were transfected with mimics NC or miR-19a
mimics, and at 24 h after transfection, (A) the expression of miR-19a in HPASMCs was determined by qRT-PCR; (B&C) the expression of PCNA mRNA and protein in
HPASMCs was determined by qRT-PCR and western blot assays, respectively. (D) Cell viability of the HPASMCs was detected by CCK-8 assay at 24, 48 and 72 h post-
transfection with mimics NC or miR-19a mimics. (E) Cell migration of the HPASMCs was measured by transwell migration assay at 24 h post-transfection with mimics
NC or miR-19a mimics. (F) HPASMCs were transfected with inhibitors NC or miR-19a inhibitors, and at 24 h after transfection, the expression of miR-19a was
determined by qRT-PCR. (G&H) The expression of PCNA mRNA and protein in hypoxia-treated HPASMCs was determined by qRT-PCR and western blot assays,
respectively, at 24 h post-transfection with inhibitors NC or miR-19a inhibitors. (I) Cell viability of hypoxia-treated HPASMCs was detected by CCK-8 assay at 24, 48
and 72 h post-transfection with inhibitors NC or miR-19a inhibitors. (J) Cell migration of hypoxia-treated HPASMCs was detected by transwell migration assay at

24 h post-transfection with inhibitors NC or miR-19a inhibitors. Data are expressed as mean =+ standard deviation (n = 3). *P < 0.05, **P < 0.01 and

***P < 0.001 compared to control groups.

CTTCGGCAGCACATATACT-3’ and reverse, 5-ACGCTTCACGAATTTGC
GTGTC-3’; PTEN, forward, 5-AGGGACGAACTGGTGTAATGA-3’ and
reverse, 5-CTGGTCCTTACTTCCCCATAGAA-3’; GAPDH, forward, 5-
CGAGCCACATCGCTCAGACA-3’ and reverse, 5-GTGGTGAAGACGCCA
GTGGA-3'.

2.4. Cell counting Kit-8 (CCK-8) assay

CCK-8 assay was carried out to determine the cell viability of the
HPASMCs. Briefly, HPASMCs were cultured in a 96-well plate with
1 x 10*cells/well, and after different treatments for indicated time
periods, the HPASMCs were treated with CCK-8 solution (10 pl) at room
temperature for 2h. The cell viability was assessed by using a micro-
plate reader to measure the optical density at the wavelength of
450 nm.

2.5. Transwell migration assay

The Transwell migration assay was carried to evaluated cell mi-
gration of HPASMCs. The treated HPASMCs were seeded into the non-
coated transwell inserts (8 pm pore size, Corning, Cambridge, USA) on
the upper chamber containing the culture medium without FBS, and
full medium (containing 10% FBS) as a chemoattractant was filled into
the lower chamber. After further incubation for 24 h, a sterilized cotton
swab was used to clean the non-migrated cells, and the cells that mi-
grated into the lower membrane was fixed with 70% ethanol and
stained with 0.5% gentian violet for 30 min at room temperature. The
number of migrated cells was counted under a light microscope by
randomly selecting 5 fields.

2.6. Western blot assay

Protein extraction from treated HPASMCs was performed by using
the RIPA buffer (Bio-Rad, Hercules, USA) supplemented with protease
inhibitors (Sigma-Aldrich). The concentrations of the extracted protein
were measured by the BCA method (Bio-Rad). Equal amount of proteins
(40 ug) were separated by gel electrophoresis (10% SDS-PAGE) and
transferred to the polyvinylidene fluoride membranes. The membranes
were then incubated with non-fat milk (5% in TBST) at room tem-
perature for 1h immediately followed by rinsing with TBST for
3 X 5min. The washed membranes were then probed by corresponding
antibodies against PNCA, PTEN, HIF-1a, phosphorylated PI3K (p-PI3K),
total PI3K (t-PI3K), phosphorylated AKT (p-AKT), total AKT (t-AKT)
and P-actin (Abcam, Cambridge, USA) at 4 °C overnight. Following
overnight incubation, the membranes were washed with TBST for
3 X 5min before incubating with horseradish peroxidase-conjugated
antibodies at room temperature for 2h. The blotting bands were de-
tected by using the ECL detection system (Bio-Rad).

2.7. Reporter plasmids construction and dual-luciferase reporter assay

To construct the 3’TUR reporter plasmids, the 3’'UTR of PTEN (wild
type or mutant) were subcloned into the pGL3 reporter plasmid
(Promega, Madison, USA). Briefly, the HPASMCs were co-transfected
with Renilla luciferase pRL-TK vector (Promega), pGL3 3'UTR-reporter

vector, and corresponding miRNAs by using Lipofectamine 2000 re-
agent (Invitrogen). At 48 h after co-transfection, HPASMCs were col-
lected for the determination of firefly and renilla luciferase activities
using the Dual-luciferase reporter Assay system (Promega). Renilla lu-
ciferase activity was used as internal control for the firefly luciferase
activity.

2.8. In vivo chronic hypoxic animal model

All the animal experimental procedures were approved by the
Animal Ethics Committee of the Third People's Hospital of Hainan. For
the establishment of in vivo chromic hypoxia animal model, male
C57BL/6 mice (8 weeks old) were exposed to hypoxia for 21 days in an
indigenously designed transparent Plexiglas chamber flushed with ni-
trogen-balanced 10% oxygen at 0.5-3.0L/min. The CO, from the
chamber was removed daily by absorption with sodalime (Sigma). For
the normoxic control group, mice were placed in the same chamber
open to room air. The assessment of PAH was performed by measuring
right ventricular systolic pressures and the ratio of right to left ventricle
plus septum weight [RV/((LV + S)], systolic arterial pressure (SAP)
and heart rate (derived from SAP) at 21 d as described [16,17]. For
miRNA treatment, mice exposed to hypoxia at day 7 and 14 were in-
travenously injected with inhibitors (30 nmol) NC or miR-19a inhibitors
(30 nmol). At the end of the experiments, the mice was anaesthetized
with intraperitoneal injection of pentobarbitone (40 mg/kg), the serum
was isolated from the blood via tail vein incision; for the collection of
the whole lung, diaphragm and suprahepatic vena cava were dissected
and lung ligaments sectioned, and the lungs were gently turned upside
down with two cotton swabs to perform posterior dissection, after that,
the whole lung was excised. The collected samples were processed for
qRT-PCR assay.

2.9. Statistical analysis

All the data analysis was performed using GraphPad Prism Version
7.0 (GraphPad Software, La Jolla, USA). All the data are presented as
mean *+ standard deviation. Significant differences between treatment
groups were analysed using one-way analysis of variance or Student's
unpaired t-test, as appropriate. P values less than 0.05 were considered
to be statistically significant.

3. Results

3.1. Hypoxia up-regulated miR-19a and promoted cell proliferation in
HPASMCs

MiR-19a expression in the HPASMCs after exposing to the hypoxia
(3% 0,) for different durations (12 h, 24 h and 48 h) was first evaluated
by qRT-PCR assay, and exposure of HPASMCs to hypoxia for 12, 24 and
48h significantly increased miR-19a expression when compared to
control group (no exposure to hypoxia), and hypoxia time-dependently
upregulated the miR-19a expression (Fig. 1A). Consistently, the CCK-8
assay results revealed that hypoxia time-dependently potentiated the
cell viability of HPASMCs (Fig. 1B).
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3.2. The cell proliferative and migratory potentials of HPASMCs were
enhanced with miR-19a overexpression

Transient overexpression of miR-19a was carried out by transfecting
HPASMCs with miR-19a mimics, and transfection by miR-19a mimics
markedly increased the miR-19a expression in HPASMCs compared to

(caption on next page)

mimics NC group (Fig. 2A). The increase in the PCNA mRNA and
protein expression levels was detected in HPASMCs with miR-19a
overexpression (Fig. 2B and C). In addition, the CCK-8 assay showed
that miR-19a mimics-transfected HPASMCs showed an enhanced cell
viability compared to the NC group (Fig. 2D). The cell migration of
HPASMC:s after being transfected by miR-19a mimics or mimics NC was
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Fig. 3. MiR-19a directly targets the 3"UTR of PTEN. (A) The predicted binding sites between miR-19a and 3’UTR of PTEN. (B&C) The dual luciferase reporter assay
was used to determine the relative luciferase activity of the report vectors containing the wild type (WT) or mutant (MUT) 3’UTR of PTEN in the HPASMCs cells
transfected with respective miRNAs. (D and E) The expression of PTEN mRNA and protein in HPASMCs was determined by qRT-PCR and western blot assays,
respectively, at 24 h post-transfection with respective miRNAs. (F and G) The expression of PTEN mRNA and protein in HPASMCs exposing to normoxia or hypoxia
for 48 h was determined by qRT-PCR and western blot assays, respectively. (H&I) The expression of PTEN mRNA and protein in hypoxia-treated HPASMCs was
determined by qRT-PCR and western blot assays, respectively, at 24 h post-transfection with inhibitors NC or miR-19a inhibitors. (J&K) The expression of PTEN
mRNA and protein was determined by qRT-PCR and western blot assays, respectively, at 24 h post-transfection with pcDNA3.1 or pcDNA3.1-PTEN. (L&M) The
expression of PCNA mRNA and protein in HPASMCs was determined by qRT-PCR and western blot assays, respectively, at 24 h post-transfection with mimics
NC + pcDNA3.1, miR-19a mimics + pcDNA3.1, or miR-19a mimics + pcDNA3.1-PTEN. (N&O) The cell viability and cell migration of HPASMCs were determined
by CCK-8 and transwell migration assays, respectively, after being transfected mimics NC + pcDNA3.1, miR-19a mimics + pcDNA3.1, or miR-19a
mimics + pcDNA3.1-PTEN. Data are expressed as mean = standard deviation (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 compared to control groups.
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Fig. 4. The effects of PTEN on the cell proliferation and migration in HPASMCs
after exposure to hypoxia. (A&B) The expression of PCNA mRNA and protein in
hypoxia-treated HPASMCs was determined by qRT-PCR and western blot as-
says, respectively, at 24 h post-transfection with pcDNA3.1 or pcDNA3.1-PTEN.
(C) Cell viability of the hypoxia-treated HPASMCs was detected by CCK-8 assay
at 24, 48 and 72 h post-transfection with pcDNA3.1 or pcDNA3.1-PTEN. (D)
Cell migration of the hypoxia-treated HPASMCs was measured by transwell
migration assay at 24 h post-transfection with pcDNA3.1 or pcDNA3.1-PTEN.
Data are expressed as mean + standard deviation (n = 3). *P < 0.05 and
**pP < 0.01 compared to control groups.

evaluated by transwell migration assay, and the results demonstrated
that miR-19a overexpression caused an increase in the number of mi-
grated cells compared to the mimics NC group (Fig. 2E).

3.3. The cell proliferative and migratory potentials of hypoxia-treated
HPASMCs was suppressed with miR-19a knockdown

Knockdown of miR-19a was carried out by transfecting HPASMCs
with miR-19a inhibitors, and transfection by miR-19a inhibitors sig-
nificantly down-regulated miR-19a expression in HPASMCs when
compared to inhibitors NC group (Fig. 2F). In the HPASMCs with hy-
poxia treatment for 48h, knockdown of miR-19a significantly sup-
pressed the PCNA mRNA and protein expression levels in hypoxia-
treated HPASMCs compared to inhibitors NC group (Fig. 2G and H).
CCK-8 assay showed that miR-19a knockdown had suppressed the cell
viability of the hypoxia-treated HPASMCs (Fig. 2I). Further results from
transwell migration assay revealed that miR-19a knockdown inhibited
the cell migration of HPASMCs exposing to hypoxia for 48 h (Fig. 2J).

3.4. MiR-19a suppressed the PTEN expression via targeting the 3’'UTR of
PTEN

To determine the mechanistic actions of miR-19a in regulating the
cellular functions of HPASMCs, the TargetScan online tool was carried
out, and the predicting results revealed a list of targets that could be
potentially targeted by miR-19a (see supplementary data, Table 1), and
we further selected PTEN for detailed investigation due to its well-
documented role in the regulation of diverse cellular functions. To
validate the interactions between PTEN 3’UTR and miR-19a, we con-
structed the luciferase report vectors with wild type PTEN 3’UTR or
mutant PTEN 3’UTR (Fig. 3A). The luciferase activity of the wild type
report vector was suppressed with miR-19a overexpression in HPASMCs
and was enhanced in HPASMCs with miR-19a knockdown (Fig. 3B). On
the other hand, miR-19a failed to affect the luciferase activity of the
mutant report vector (Fig. 3C). Further in vitro assays showed that the
PTEN mRNA and protein expression levels were inhibited in HPASMCs
after being transfected miR-19a mimics and were increased in
HPASMCs with miR-19a knockdown (Fig. 3D and E). PTEN expression
was also examined in HPASMCs with 48 h hypoxia treatment or under
normoxia conditions, and HPASMCs exposing to hypoxia had the de-
creased mRNA and protein expression levels of PTEN comparing to
normoxia treatment (Fig. 3F and G). Consistently, knockdown of miR-
19a markedly induced an up-regulation of PTEN in the hypoxia-treated
HPASMCs compared to inhibitors NC group (Fig. 3H and I). To validate
the functional interaction between PTEN 3’UTR and miR-19a, rescue
experiments were performed, and the overexpression of PTEN was
observed in HPASMCs after being transfected with PTEN-over-
expressing constructs (pcDNA3.1-PTEN; Fig. 3J and K). Overexpression
of PTEN attenuated the enhanced effects of miR-19a overexpression on
the expression of PCNA mRNA and protein in HPASMCs (Fig. 3L and
M). The CCK-8 and transwell migration assays revealed that PTEN
overexpression partially reversed the increased cell viability and mi-
gratory potentials induced by miR-19a overexpression in HPASMCs
(Fig. 3N and O).

3.5. The cell proliferation and migration in HPASMCs after exposure to
hypoxia were inhibited with PTEN overexpression

We further determined the actions of PTEN in the cellular functions
of HPASMCs after being treated with hypoxia for 48 h. Overexpression
of PTEN significantly down-regulated the expression levels of PCNA in
both mRNA and protein levels compared to the pcDNA3.1 transfection
group (Fig. 4A and B). In addition, PTEN overexpression exerted in-
hibitory effects on the cell viability and cell migration of hypoxia-
treated HPASMCs comparing to the control group (Fig. 4C and D).
Furthermore, the western blot results showed that miR-19a over-
expression enhanced the PI3K/AKT signaling, which was attenuated by
enforced expression of PTEN in HPASMCs (Supplementary Fig. S1).

3.6. The HIF-1a mediated effects of hypoxia on the miR-19a and PTEN
expression levels in HPASMCs

As HIF-la is an important mediator in cells under hypoxia
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conditions, the HIF-1a expression was determined in HPASMCs after
being exposed to hypoxia for 48h. As expected, hypoxia exposure
caused a significant upregulation of HIF-1a in HPASMCs comparing to
that in normoxia-treated HPASMCs (Fig. 5A and B). The down-regula-
tion of HIF-1la was performed by transfecting HPASMCs with HIF-1a
siRNA (Fig. 5C). Knockdown of HIF-1a partially reversed the increased
expression of miR-19a, PTEN mRNA and protein induced by hypoxia in
HPASMC:s (Fig. 5D-F).

3.7. Knockdown of miR-19a attenuated the chronic hypoxia-induced PAH
in in vivo chronic hypoxia mice model

The knockdown effects of miR-19a in hypoxia-induced PAH were
further evaluated in the in vivo animal model. Chronic hypoxia treat-
ment for 21 d induced an increase in the miR-19a expression and a
decrease in the PTEN mRNA expression determined from both serum
and lung tissues, and the effects were attenuated by the pre-treatment
with miR-19a inhibitors (Fig. 6A-D). As expected, chronic hypoxia
caused an increase in RVSP and RV/(LV + S) (Fig. 6E-F), suggesting
the establishment of PAH model. The miR-19a inhibitors pre-treatment
decreased RVSP and RV/(LV + S) in the hypoxia-treated mice (Fig. 6E
and F). There is no significant difference in SAP and heart rate between
different treatment groups (Fig. 6G and H).

4. Discussion

Hyper-proliferation of HPASMCs has been shown to be a key con-
tributor in the pathophysiology of PAH [18]. In the present study, we
found that miR-19a was markedly up-regulated and cell proliferation
was enhanced in the hypoxia-induced HPASMCs. Functional in vitro
assays demonstrated that cell proliferative and migratory potentials of
HPASMCs were enhanced with miR-19a overexpression, on other hand,
knockdown of miR-19a exerted suppressive effects on hypoxia-treated
HPASMCs. Further mechanistic studies revealed that miR-19a regulated
proliferation and migration of hypoxia-treated HPASMCs via suppres-
sing PTEN expression. In addition, HIF-1a was identified as one of the
mediators for the hypoxia-induced changes in miR-19a expression and
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Fig. 5. The HIF-1la mediated the effects of hypoxia
on the expression of miR-19a and PTEN in
HPASMCs. (A&B) The expression of HIF-la mRNA
and protein in HPASMCs exposing to normoxia or
hypoxia for 48 h was determined by qRT-PCR and
western blot assays, respectively. (C) The expression
of HIF-la mRNA in HPASMCs was determined by
qRT-PCR assay at 24 h post-transfection with si-NC
or si-HIF-1a. (D&E) The expression of miR-19a and
the expression of PTEN mRNA and protein in
HPASMCs received different treatments were de-

&« termined by qRT-PCR and western blot assays, re-
,')\:b spectively. Data are expressed as mean * standard

deviation (n = 3). **P < 0.01 and ***P < 0.001
compared to control groups.
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PTEN. This study presented a novel mechanistic action of miR-19a-
mediated cell proliferation and migration of HPASMCs.

Hypoxia is one of key factors that contribute to PAH, and studies
have shown that treatments with chronic hypoxia lead to PAH via in-
ducing hyper-proliferation of HPASMCs and causing vascular re-
modelling [19]. In this study, we found that hypoxia caused miR-19a
upregulation and concurrently increased cell proliferation in HPASMCs,
suggesting miR-19a's involvement in the hyper-proliferation of hy-
poxia-treated HPASMCs. A large body evidence has showed the en-
hanced effects of miR-19a on the cell proliferation, particularly in
cancer cells. MiR-19a was found to potentiate cell proliferation and
migration in colorectal cancer cells via targeting T-cell intracellular
antigen 1 [20]. In addition, miR-19a also exerted enhanced effects on
other types of cancer cells such as ovarian cancer, liver cancer, gastric
cancer and pancreatic cancer cells [4,21-24]. In the cardiomyocytes,
miR-19a had protective effects on the hypoxia/reoxygenation-induced
apoptosis [25]. In our study, we determined the cell viability by using
CCK-8 assay, and the expression of PCNA was measured to indicate the
proliferative ability of HPASMCs, as PCNA has been shown to be an
important marker of cell proliferation [26]. In addition, transwell mi-
gration detected the cell migration of HPASMCs. Consistent with pre-
vious findings, miR-19a overexpression promoted cell proliferative and
migratory potentials of HPASMCs; on the other hand, knockdown of
miR-19a attenuated the enhanced effects of hypoxia treatment on the
HPASMC:s proliferation. All in all, our findings suggested that the effects
of hypoxia on the HPASMCs proliferation may involve miR-19a upre-
gulation.

In order to address the mechanistic actions of miR-19a on the cell
proliferation and migration of HPASMCs, we performed the bioinfor-
matics prediction and found that PTEN was one of potential genes that
targeted by miR-19a, where the interaction between miR-19a and
3’TUR of PTEN was confirmed by luciferase reporter assay in this study.
PTEN is well-documented for its tumor suppressive functions and plays
pivotal roles in diverse cellular functions [27]. Up to date, PTEN has
been studied for its key functions in PAH. Ravi et al., showed that
peroxynitrite-mediated inactivation of PTEN was a key mediator of lung
microvascular remodelling associated with PAH [28]. Inactivation of
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Fig. 6. Knockdown of miR-19a attenuated the chronic hypoxia-induced PAH in in vivo chronic hypoxia mice model. Chronic hypoxia-induced PAH in a mice model
was established by 3 weeks of hypoxic treatment. For the miRNA treatment, mice were mice exposed to hypoxia at day 7 and 14 were intravenously injected with
inhibitors (30 nmol) NC or miR-19a inhibitors (30 nmol). (A) The miR-19a and (B) PTEN mRNA expression levels in the mice serum were detected by gqRT-PCR. (C)
The miR-19a and (D) PTEN mRNA expression levels in the mice lung tissues were evaluated by qRT-PCR. (E) Right ventricular systolic pressure (RVSP), (F) right
ventricular hypertrophy [RV/(LV + S)], (G) SAP and (H) heart rate from different treatment groups were shown. N = 8. *P < 0.05 and **P < 0.05 compared to

control groups.

PTEN in PASMCs was found to cause severe pulmonary hypertension by
synergizing with hypoxia [29]. A further study demonstrated that PTEN
signaling pathway plays a key role in attenuating pathogenic de-
rangements in PAH [30]. Moreover, recent studies showed that miR-
19a could target PTEN to regulate the high mobility group protein B1-
induced proliferation and migration of human airway smooth muscle
cells [14]. In the present study, PTEN was markedly repressed by miR-
19a overexpression in HPASMCs, and PTEN overexpression partially
restored the enhanced effects on cell proliferation and migration caused
by miR-19a overexpression and hypoxia in HPASMCs. Taken together,
the hypoxia-induced enhanced proliferation and migration of HPASMCs
may involve in the miR-19a/PTEN axis. More importantly, miR-19a
was up-regulated and PTEN was down-regulated in the serum and lung
tissues from chronic hypoxia-treated mice, and knockdown of miR-19a
attenuated PAH induced by chronic hypoxia treatment in the mice,
suggesting that targeting of miR-19a may be a promising target for
PAH. Studies have demonstrated that miR-19a could target the toll-like
receptor 2 (TLR2) to regulate the inflammatory response in rheumatoid
fibroblast-like synoviocytes [31], and whether miR-19a can target TLR2
to regulate HPASMC proliferation via inflammatory modulation still
requires further investigation. Moreover, the downstream signaling
mediators of PTEN include PI3K and AKT, and PTEN/PI3K/AKT sig-
naling pathway has been demonstrated to modulate hypoxia-induced
pulmonary hypertension [15]. MiR-19a also regulated the hypoxia/re-
oxygenation-induced apoptosis in cardiomyocytes PTEN/PI3K/AKT
signaling pathway [25]. In this study, western blot results showed that

miR-19a overexpression increased p-PI3K and p-AKT protein levels,
which was attenuated by the enforced PTEN expression. Thus, miR-19a
may regulate the HPASMC proliferation and migration via PTEN/PI3K/
AKT signaling, which may be a future direction of our study.

HIF-1a plays an important role in regulating the response to hy-
poxia by regulating proteins involved in essential biological processes
(Wang et al.,, 2018a). HIF-1la induced upregulation of miR-9 con-
tributed to the hyper-proliferative phenotype in HPASMCs during hy-
poxia [32]. HIF-1a was also found to regulate endothelin expression via
miR-543 in PASMCs, which may consequently contribute to the pro-
gression of PAH [33]. Gou et al., revealed that miR-210 overexpression
in HPASMCs was a HIF-1a-dependent and miR-210 has an anti-apop-
totic action on HPASMCs under hypoxic conditions [34]. In the present
study, HIF-1a was induced by hypoxia in HPASMCs, and inhibition of
HIF-1a down-regulated the miR-19a expression and increased the PTEN
mRNA expression in HPASMCs during hypoxia. Taken together, hy-
poxia-induced changes in the miR-19a/PTEN axis may be mediated via
HIF-1a.

In this study, there are several limitations. The PAH animal model
was assessed by hemodynamics in the mice, while the methodology was
controversial [35,36]. Electrocardiography (ECG) has been commonly
used in the clinic to assess PAH [37], however, the application of ECG
in the evaluation of experimental PAH in mice was rare, and future
studies may employ electrocardiography evaluation for PAH in the
mice. Thus, we should be cautious when interpreting the in vivo find-
ings. Our study was mainly focused on the in vitro signaling pathways,
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whether the pathway is activated in the in vivo animal studies remains
to be determined in the future studies. Hypoxia can affect cell pro-
liferation and migration in other smooth muscle cells such as venous
smooth muscle cells [38], bladder smoot muscle cells [39] and aortic
vascular smooth muscle cells [40]; whether hypoxia-mediated these
effects via a similar mechanism in these smooth muscle cells is worth of
investigation. The targets of miR-19a as predicted by TargetScan tool
were not limited to PTEN (see supplementary data, Table 1). Among the
predicted targets, insulin-like growth factor-binding protein 3, serum-
glucocorticoid regulated kinase 1 and ras homolog family member B
have been demonstrated to involve in the pathophysiology of PAH
[41-44], and further studies are needed to examine these potential
targets.

5. Conclusion

In conclusion, our results showed that miR-19a expression was
markedly enhanced in HPASMCs during hypoxia, and knockdown of
miR-19a suppressed the cell proliferative and migratory potentials in
hypoxia-induced PASMCs. Further mechanistic studies revealed that
the hypoxia-induced PASMCs hyper-proliferation and enhanced mi-
gration may involve the HIF-1la/miR-19a/PTEN/PI3K/AKT pathway.
The current investigations provided evidence for the novel role of miR-
19a in modulating cell proliferation and migration of HPASMCs during
hypoxia.

Declaration of competing interest
None.
Acknowledgement

This study is supported by Sanya Central Hospital (The Third
People's Hospital of Hainan Province).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/].1fs.2019.116928.

References

[1] A. Vonk-Noordegraaf, F. Haddad, K.M. Chin, P.R. Forfia, S.M. Kawut, J. Lumens,
et al., Right heart adaptation to pulmonary arterial hypertension: physiology and
pathobiology, J. Am. Coll. Cardiol. 62 (2013) D22-33.

[2] L.A. Shimoda, S.S. Laurie, Vascular remodeling in pulmonary hypertension, J. Mol.
Med. 91 (2013) 297-309.

[3] F. Soubrier, W.K. Chung, R. Machado, E. Grunig, M. Aldred, M. Geraci, et al.,
Genetics and genomics of pulmonary arterial hypertension, J. Am. Coll. Cardiol. 62
(2013) D13-D21.

[4] Y.C. Lai, K.C. Potoka, H.C. Champion, A.L. Mora, M.T. Gladwin, Pulmonary arterial
hypertension: the clinical syndrome, Circ. Res. 115 (2014) 115-130.

[5] C. Guignabert, P. Dorfmuller, Pathology and pathobiology of pulmonary hy-
pertension, Semin. Respir. Crit. Care Med. 34 (2013) 551-559.

[6] D. Montani, M.C. Chaumais, C. Guignabert, S. Gunther, B. Girerd, X. Jais, et al.,
Targeted therapies in pulmonary arterial hypertension, Pharmacol. Ther. 141
(2014) 172-191.

[7] G. Zhou, T. Chen, J.U. Raj, MicroRNAs in pulmonary arterial hypertension, Am. J.
Respir. Cell Mol. Biol. 52 (2015) 139-151.

[8] J.S. Grant, K. White, M.R. MacLean, A.H. Baker, MicroRNAs in pulmonary arterial
remodeling, Cell. Mol. Life Sci. : CM 70 (2013) 4479-4494.

[9] W. Chen, S. Li, Circulating microRNA as a novel biomarker for pulmonary arterial
hypertension due to congenital heart disease, Pediatr. Cardiol. 38 (2017) 86-94.

[10] R. Baptista, C. Marques, S. Catarino, F.J. Enguita, M.C. Costa, P. Matafome, et al.,
MicroRNA-424(322) as a new marker of disease progression in pulmonary arterial
hypertension and its role in right ventricular hypertrophy by targeting SMURF1,
Cardiovasc. Res. 114 (2018) 53-64.

[11] P. Jin, W. Gu, Y. Lai, W. Zheng, Q. Zhou, X. Wu, The circulating MicroRNA-206
level predicts the severity of pulmonary hypertension in patients with left heart
diseases, Cell. Physiol. Biochem. : international journal of experimental cellular
physiology, biochemistry, and pharmacology 41 (2017) 2150-2160.

[12] Z. Li, J. Shen, M.T.V. Chan, W.K.K. Wu, The long non-coding RNA SPRY4-IT1: an
emerging player in tumorigenesis and osteosarcoma, Cell Prolif 51 (2018) e12446.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]

Life Sciences 239 (2019) 116928

G. Liu, P. Hao, J. Xu, L. Wang, Y. Wang, R. Han, et al., Upregulation of microRNA-
17-5p contributes to hypoxia-induced proliferation in human pulmonary artery
smooth muscle cells through modulation of p21 and PTEN, Respir. Res. 19 (2018)
200.

C. Hou, Y. Chen, X. Huang, Q. Huang, M. Li, X. Tan, miR-19 targets PTEN and
mediates high mobility group protein B1(HMGB1)-induced proliferation and mi-
gration of human airway smooth muscle cells, PLoS One 14 (2019) e0219081.
X.D. Xia, J. Lee, S. Khan, L. Ye, Y. Li, L. Dong, Suppression of phosphatidylinositol
3-kinase/akt signaling attenuates hypoxia-induced pulmonary hypertension
through the downregulation of lysyl oxidase, DNA Cell Biol. 35 (2016) 599-606.
P. Caruso, Y. Dempsie, H.C. Stevens, R.A. McDonald, L. Long, R. Lu, et al., A role for
miR-145 in pulmonary arterial hypertension: evidence from mouse models and
patient samples, Circ. Res. 111 (2012) 290-300.

L.A. Shimoda, G.L. Semenza, Functional analysis of the role of hypoxia-inducible
factor 1 in the pathogenesis of hypoxic pulmonary hypertension, Methods Enzymol.
381 (2004) 121-129.

P. Crosswhite, Z. Sun, Molecular mechanisms of pulmonary arterial remodeling,
Mol. Med. 20 (2014) 191-201.

R. Paulin, E.D. Michelakis, The metabolic theory of pulmonary arterial hyperten-
sion, Circ. Res. 115 (2014) 148-164.

Y. Liu, R. Liu, F. Yang, R. Cheng, X. Chen, S. Cui, et al., miR-19a promotes colorectal
cancer proliferation and migration by targeting TIA1, Mol. Cancer 16 (2017) 53.
X.M. Jiang, X.N. Yu, T.T. Liu, H.R. Zhu, X. Shi, E. Bilegsaikhan, et al., microRNA-
19a-3p promotes tumor metastasis and chemoresistance through the PTEN/Akt
pathway in hepatocellular carcinoma, Biomedicine & pharmacotherapy =
Biomedecine & pharmacotherapie 105 (2018) 1147-1154.

Y. Li, S. Lv, H. Ning, K. Li, X. Zhou, H. Xv, et al., Down-regulation of CASC2 con-
tributes to cisplatin resistance in gastric cancer by sponging miR-19a, Biomedicine
& pharmacotherapy = Biomedecine & pharmacotherapie 108 (2018) 1775-1782.
E. Mogilyansky, P. Clark, K. Quann, H. Zhou, E. Londin, Y. Jing, et al., Post-tran-
scriptional regulation of BRCA2 through interactions with mir-19a and mir-19b,
Front. Genet. 7 (2016) 143.

Y. Wang, S. Zhao, L. Zhu, Q. Zhang, Y. Ren, MiR-19a negatively regulated the ex-
pression of PTEN and promoted the growth of ovarian cancer cells, Gene 670
(2018) 166-173.

G. Sun, Y. Lu, Y. Li, J. Mao, J. Zhang, Y. Jin, et al., miR-19a protects cardiomyocytes
from hypoxia/reoxygenation-induced apoptosis via PTEN/PI3K/p-Akt pathway,
Biosci. Rep. 37 (2017).

J. Sarkar, D. Gou, P. Turaka, E. Viktorova, R. Ramchandran, J.U. Raj, MicroRNA-21
plays a role in hypoxia-mediated pulmonary artery smooth muscle cell proliferation
and migration, Am. J. Physiol. Lung Cell Mol. Physiol. 299 (2010) L861-L871.

A. Ortega-Molina, M. Serrano, PTEN in cancer, metabolism, and aging, Trends
Endocrinol. Metab.: TEM (Trends Endocrinol. Metab.) 24 (2013) 184-189.

Y. Ravi, K. Selvendiran, S.K. Naidu, S. Meduru, L.A. Citro, B. Bognar, et al.,
Pulmonary hypertension secondary to left-heart failure involves peroxynitrite-in-
duced downregulation of PTEN in the lung, Hypertension 61 (2013) 593-601
Dallas, Tex : 1979.

H. Horita, S.B. Furgeson, A. Ostriker, K.A. Olszewski, T. Sullivan, L.R. Villegas,

et al., Selective inactivation of PTEN in smooth muscle cells synergizes with hypoxia
to induce severe pulmonary hypertension, Journal of the American Heart
Association 2 (2013) e000188.

Y. Liu, Y. Cao, S. Sun, J. Zhu, S. Gao, J. Pang, et al., Transforming growth factor-
betal upregulation triggers pulmonary artery smooth muscle cell proliferation and
apoptosis imbalance in rats with hypoxic pulmonary hypertension via the PTEN/
AKT pathways, Int. J. Biochem. Cell Biol. 77 (2016) 141-154.

L. Philippe, G. Alsaleh, G. Suffert, A. Meyer, P. Georgel, J. Sibilia, et al., TLR2
expression is regulated by microRNA miR-19 in rheumatoid fibroblast-like syno-
viocytes, J. Immunol. 188 (2012) 454-461 Baltimore, Md : 1950.

F. Shan, J. Li, Q.Y. Huang, HIF-1 alpha-induced up-regulation of miR-9 contributes
to phenotypic modulation in pulmonary artery smooth muscle cells during hypoxia,
J. Cell. Physiol. 229 (2014) 1511-1520.

C.C. Wang, L. Ying, E.A. Barnes, E.S. Adams, F.Y. Kim, K.W. Engel, et al., Pulmonary
artery smooth muscle cell HIF-1alpha regulates endothelin expression via
microRNA-543, Am. J. Physiol. Lung Cell Mol. Physiol. 315 (2018) L422-131.

D. Gou, R. Ramchandran, X. Peng, L. Yao, K. Kang, J. Sarkar, et al., miR-210 has an
antiapoptotic effect in pulmonary artery smooth muscle cells during hypoxia, Am.
J. Physiol. Lung Cell Mol. Physiol. 303 (2012) L682-L691.

J. Gomez-Arroyo, S.J. Saleem, S. Mizuno, A.A. Syed, H.J. Bogaard, A. Abbate, et al.,
A brief overview of mouse models of pulmonary arterial hypertension: problems
and prospects, Am. J. Physiol. Lung Cell Mol. Physiol. 302 (2012) L977-L991.

Z. Ma, L. Mao, S. Rajagopal, Hemodynamic characterization of rodent models of
pulmonary arterial hypertension, J. Vis. Exp.: JoVE. (110) (2016) 53335.

C.F. Barnett, P. Alvarez, M.H. Park, Pulmonary arterial hypertension: diagnosis and
treatment, Cardiol. Clin. 34 (2016) 375-389.

A. Chanakira, D. Kir, R.A. Barke, S.M. Santilli, S. Ramakrishnan, S. Roy, Hypoxia
differentially regulates arterial and venous smooth muscle cell migration, PLoS One
10 (2015) e0138587.

B. Wiafe, A. Adesida, T. Churchill, P. Metcalfe, Mesenchymal stem cells inhibit
hypoxia-induced inflammatory and fibrotic pathways in bladder smooth muscle
cells, World J. Urol. 36 (2018) 1157-1165.

K. Liu, C. Fang, Y. Shen, Z. Liu, M. Zhang, B. Ma, et al., Hypoxia-inducible factor 1a
induces phenotype switch of human aortic vascular smooth muscle cell through
PI3K/AKT/AEG-1 signaling, Oncotarget 8 (2017) 33343-33352.

G.S. Cheng, Y.S. Zhang, T.T. Zhang, L. He, X.Y. Wang, Bone marrow-derived me-
senchymal stem cells modified with IGFBP-3 inhibit the proliferation of pulmonary
artery smooth muscle cells, Int. J. Mol. Med. 39 (2017) 223-230.


https://doi.org/10.1016/j.lfs.2019.116928
https://doi.org/10.1016/j.lfs.2019.116928
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref1
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref1
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref1
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref2
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref2
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref3
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref3
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref3
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref4
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref4
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref5
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref5
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref6
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref6
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref6
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref7
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref7
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref8
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref8
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref9
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref9
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref10
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref10
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref10
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref10
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref11
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref11
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref11
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref11
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref12
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref12
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref13
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref13
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref13
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref13
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref14
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref14
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref14
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref15
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref15
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref15
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref16
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref16
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref16
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref17
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref17
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref17
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref18
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref18
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref19
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref19
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref20
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref20
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref21
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref21
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref21
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref21
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref22
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref22
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref22
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref23
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref23
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref23
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref24
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref24
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref24
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref25
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref25
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref25
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref26
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref26
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref26
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref27
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref27
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref28
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref28
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref28
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref28
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref29
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref29
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref29
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref29
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref30
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref30
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref30
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref30
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref31
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref31
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref31
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref32
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref32
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref32
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref33
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref33
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref33
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref34
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref34
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref34
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref35
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref35
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref35
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref36
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref36
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref37
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref37
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref38
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref38
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref38
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref39
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref39
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref39
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref40
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref40
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref40
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref41
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref41
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref41

M. Zhao, et al.

[42] B. Wojciak-Stothard, L. Zhao, E. Oliver, O. Dubois, Y. Wu, D. Kardassis, et al., Role
of RhoB in the regulation of pulmonary endothelial and smooth muscle cell re-
sponses to hypoxia, Circ. Res. 110 (2012) 1423-1434.

[43] X.Xi, S. Liu, H. Shi, M. Yang, Y. Qi, J. Wang, et al., Serum-glucocorticoid regulated
kinase 1 regulates macrophage recruitment and activation contributing to

10

[44]

Life Sciences 239 (2019) 116928

monocrotaline-induced pulmonary arterial hypertension, Cardiovasc. Toxicol. 14
(2014) 368-378.

Y. Zeng, X. Zhang, K. Kang, J. Chen, Z. Wu, J. Huang, et al., MicroRNA-223 at-
tenuates hypoxia-induced vascular remodeling by targeting RhoB/MLC2 in pul-
monary arterial smooth muscle cells, Sci. Rep. 6 (2016) 24900.


http://refhub.elsevier.com/S0024-3205(19)30855-0/sref42
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref42
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref42
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref43
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref43
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref43
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref43
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref44
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref44
http://refhub.elsevier.com/S0024-3205(19)30855-0/sref44

	MiR-19a modulates hypoxia-mediated cell proliferation and migration via repressing PTEN in human pulmonary arterial smooth muscle
	Introduction
	Materials and methods
	Cell lines, cell culture and treatment with hypoxia
	Oligonucleotides (miRNAs, siRNAs and plasmids) and HPASMCs transfections
	Quantitative real-time PCR (qRT-PCR)
	Cell counting Kit-8 (CCK-8) assay
	Transwell migration assay
	Western blot assay
	Reporter plasmids construction and dual-luciferase reporter assay
	In vivo chronic hypoxic animal model
	Statistical analysis

	Results
	Hypoxia up-regulated miR-19a and promoted cell proliferation in HPASMCs
	The cell proliferative and migratory potentials of HPASMCs were enhanced with miR-19a overexpression
	The cell proliferative and migratory potentials of hypoxia-treated HPASMCs was suppressed with miR-19a knockdown
	MiR-19a suppressed the PTEN expression via targeting the 3′UTR of PTEN
	The cell proliferation and migration in HPASMCs after exposure to hypoxia were inhibited with PTEN overexpression
	The HIF-1α mediated effects of hypoxia on the miR-19a and PTEN expression levels in HPASMCs
	Knockdown of miR-19a attenuated the chronic hypoxia-induced PAH in in vivo chronic hypoxia mice model

	Discussion
	Conclusion
	mk:H1_22
	Acknowledgement
	Supplementary data
	References




