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Abstract
Objectives: Pulmonary arterial hypertension (PAH) is a fast progressing vascular 
disease characterized by uncontrolled cell proliferation of pulmonary artery smooth 
muscle cells (PASMCs). Some studies have suggested that PAH and cancers share 
an apoptosis-resistant state, featuring excessive cell proliferation. The miR-34 family 
consists of tumour-suppressive miRNAs, and its reduced expression has been 
reported in numerous cancers; however, its role in hypoxia-induced PAH has not 
been previously studied.
Materials and methods: miR-34 family expression was evaluated in a rat model 
with hypoxia and in cultured hypoxic PASMCs, using real-time quantitative PCR 
(RT-qPCR). Function of miR-34 family was assessed by transfecting miR-34 mimics 
and inhibitors. Dual luciferase reporter gene assays, RT-qPCR and Western blotting 
were performed to validate target genes of miR-34.
Results: Significant down-regulation of miR-34a in hypoxic lung tissue, pulmonary 
artery and PASMCs was identified and then effects of miR-34a in modulating cell 
proliferation in human pulmonary artery smooth muscle cells (hPASMCs) was inves-
tigated in vitro. Reduction of miR-34a levels in hPASMCs caused increased pro-
liferation and these effects were reversed by overexpression of miR-34a. miR-34a 
overexpression down-regulated platelet-derived growth factor receptor alpha (PDG-
FRA) expression, which is a key factor in PAH development. These results suggest 
that miR-34a is a potential regulator of proliferation in PASMCs, and that it could 
be used as a novel treatment strategy in PAH.
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1  | INTRODUCTION

Pulmonary arterial hypertension (PAH) is a fast progressing vascular dis-
ease characterized by uncontrolled cell proliferation and reduced apopto-
sis of pulmonary artery smooth muscle cells (PASMCs),1,2 leading to right 
ventricular failure and ultimately death. Although therapeutic progress 
has been achieved in PAH patients, survival rates still remain exceedingly 
low. The pathogenesis of PAH is not clear, hypoxia is the important cause.

MicroRNAs (miRNAs) have been identified as a novel class of 
short single-stranded small RNA molecules (~22 nucleotides). miRNAs 

regulate gene expression by binding and targeting mRNAs for degra-
dation or suppressing translation,3 and notably, miRNAs may control 
30% of all genes in human genomes.4 A number of studies reflect that 
miRNAs have essential functions in various kinds of biological pro-
cesses, including cellular proliferation,5 differentiation6,7 and apopto-
sis.8 It has been elucidated that miRNAs play critical roles in hypoxia-
induced PAH.9–14 Zhu et al. and other lab have found several miRNA 
target genes, including L-type calcium channel-α1, Mst1, BMPR2 and 
NFAT to be predicted to be highly enriched in PAH-associated path-
ways,10,15–18 suggesting extensive miRNA-regulated control of this 
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disease. Nevertheless, their molecular roles in pathogenesis remain 
unclear.

Voelkel et al.19 and Archer et al.20 proposed that both PAH and can-
cer shared characteristics by excessive cell proliferation and resistance 
to apoptosis. miR-34a is down-regulated in many forms of cancers.21–25 
In our study, in vivo experiments showed that miR-34a was down-
regulated in the rat lung tissue and distal pulmonary arteries (PAs). Based 
on this evidence, the effect of miR-34a in modulating cell proliferation 
was investigated. We report for the first time that overexpression of 
miR-34a under hypoxic conditions decreases proliferation and inhibits 
pulmonary vascular remodelling. miR-34a also reduced PDGFRA pro-
tein expression levels in hPASMCs. The findings suggested that miR-34a 
could act as novel therapeutic target for anti-remodelling drugs.

2  | MATERIAL AND METHODS

For detailed Material and methods, please see Data S1 (Tables 
S1–S3).

3  | RESULTS

3.1 | miR-34a levels are down-regulated in  
hypoxia-induced PAH and PASMCs

Uncontrolled cell proliferation and reduced apoptosis of PASMCs 
were a major component leading to the development of pulmonary 
remodelling and previous studies have showed that miR-34a 

expression was altered by hypoxia.26 To investigate whether the 
expression of miR-34a was the underlying factor in hypoxia-induced 
PAH. We detected miR-34 family expression in normoxia and 
hypoxia-induced PAH using qRT-PCR analysis. As shown in Fig.  1, 
miR-34a level was significantly down-regulated in the rat lung 
tissue and distal PAs (Fig.  1a,b), but was not changed in miR-34b 
and miR-34c. To characterize whether down-regulated miR-34a 
levels were specific to the lung in rats with pulmonary hyperten-
sion, we compared organ-specific levels of miR-34a between normal 
and pulmonary hypertensive rats. The results showed that miR-34a 
levels were only down-regulated in the lung and PAs but not in 
the heart, kidney, liver and aorta of hypoxic rats compared to 
normal rats (Fig.  S1). Next, we cultured rat PASMCs and human 
PASMCs to examine the miR-34 family expression in vitro experi-
ment. The PASMCs were identified by smooth muscle cell α-actin 
antibody.27 Immunofluorescence revealed that the purity of PASMCs 
was more than 98% (Fig. S2). Real-time PCR results showed hypoxia 
only inhibited the miR-34a expression (Fig.  1c,d).

3.2 | Nebulization of miR-34a mimics reverses 
hypoxia-induced PAH

To test whether restoration of miR-34a level can reverse symptoms 
of PAH in the rat model, synthetic miR-34a RNA molecules were 
selectively delivered to the lung of hypoxia-induced PAH rats by 
intratracheal nebulization. As shown in Fig. 2a, miR-34a restoration 
decreases mean PA pressure. To determine whether synthetic miR-
34a delivery can reduce PA remodelling in hypoxia-induced PAH 
animals, we measured medial wall thickness. We observed that 

F IGURE  1 Hypoxia down-regulated the 
expression of miR-34 family members in 
pulmonary arterial hypertension (PAH). (a) miR-
34a is down-regulated in hypoxia-induced PAH 
rat. The expression of miR-34 family members 
were estimated in rat lung (n=6). A significant 
down-regulation in the expression of miR-34a 
in hypoxic PAH rat compared to normoxia was 
observed, whereas the expression of miR-34b 
and miR-34c is not obvious change. (b) The 
expression of miR-34a was down-regulated in 
distal pulmonary arteries. (c, d) Hypoxia down-
regulated the expression of miR-34a in rat 
pulmonary artery smooth muscle cells (PASMCs) 
and human PASMCs (***P<0.0001)
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hypoxia for 3  weeks caused significant increases in thickness of 
the pulmonary vascular walls in the smooth muscle layer of pul-
monary arterioles of hypoxia group. Hypoxia failed to increase 
medial thickness of the pulmonary vascular walls in the smooth 
muscle layer of pulmonary arterioles in the synthetic miR-34a 
treatment (Fig.  2b,c). These results indicated that miR-34a mimic 
treatment prevents hypoxia-induced pulmonary hypertension and 
pulmonary vascular remodelling.

3.3 | The overexpression of miR-34a decreases 
proliferation in hPASMCs

miR-34a expression levels were found to be significantly lower in 
rat with pulmonary hypertension induced by hypoxia as compared 
to normoxic rat and suggest that miR-34a may play a key role in 
regulating the proliferative phenotype of the pulmonary vasculature. 
To demonstrate the functional role of miR-34a, hPASMCs were 
transfected with miR-34a inhibitor or miR-34a mimics. Notably, 
miR-34a inhibitor enhanced the growth of hPASMCs significantly 
compared to miRNA inhibitor control. In contrast, miR-34a mimic 
reduced cell number of hPASMCs compared with miRNA mimic 
control (Fig.  3a,b). PCNA (proliferating cell nuclear antigen) has 
been generally regarded as a hallmark for cellular proliferation. 
Western blots revealed that the expression of PCNA was obviously 
increased by hypoxia or miR-34a inhibitor compared to normoxia 
or miRNA inhibitor control in hPASMCs, whereas miR-34a mimic 
inhibited the up-regulation of PCNA induced by hypoxia when 
compared with miRNA mimic control in hPASMCs (Fig.  3c,d). 
Collectively, these results implicate that miR-34a inhibits the 
proliferation of hPASMCs.

3.4 | miR-34a resisted the proliferation of hPASMCs 
via the inhibition of Cyclin A and Cyclin E

We further examined whether miR-34a changed the expression 
of cell cycle regulators, including Cyclin A and Cyclin E in hPASMCs 
after transfection of miR-34a mimics and inhibitor. Western blots 
displayed that expression of Cyclin A and Cyclin E was elevated 
by hypoxia and miR-34a inhibitor, whereas the expression of these 
proteins was decreased by miR-34a mimic induced by hypoxia 
(Fig.  4a,b), indicating that down-regulation of miR-34a contributed 
to the cell cycle activity alternation in hypoxia condition.

3.5 | PDGFA was a direct target of miR-34a in 
hPASMCs

To gain novel insights into molecular mechanisms underlying the 
function of miR-34a in regulating hPASMCs, we identified the 
targets of miR-34a. Using miRNA predict software, namely 
TargetScan, we predicted that PDGFRA was a binding target of 
miR-34a and there are ≥7 nucleotides that match the 5′ end of 
miR-34a in rats and human (Fig.  5a). To verify whether PDGFRA 
was direct targets of miR-34a, PDGFRA 3′UTR, containing two 
miR-34a binding sites (Fig.  5b), was cloned downstream of the 
luciferase open reading frame. Then, luciferase reporter assays were 
performed in HEK293 cells that did not express miR-34a in order 
to test whether miR-34a regulates PDGFRA expression. The lucif-
erase reporter gene linked to the wild-type 3′UTR of PDGFRA 
was transfected into HEK293 cells, and co-transfection of miR-34a 
mimic resulted in a significant decrease of luciferase activity, but 
was not changed in co-transfection of miR-34a inhibitor. Reporter 

F IGURE   2 Restoring miR-34a level 
reverses hypoxia-induced pulmonary 
arterial hypertension. (a) miR-34a mimic 
decreases mean pulmonary arterie (PA) 
pressure. Mean PA pressure measured by 
right catheterization in closed chest rats 
(n=4 rats per group) is shown. (b) miR-
34a mimic decreases PA wall thickness. 
PA remodelling was measured by the 
percentage of media wall thickness on 
lung sections stained by haematoxylin and 
eosin (n=5). (c) Wall thickness of pulmonary 
vascular. Hypoxia significantly increased 
wall thickness of pulmonary vascular 
compared with normoxic rats, which was 
reversible by administration of miR-34a 
mimic to rats (***P<0.0001, n=6)
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plasmid with mutant sequence of PDGFRA produced no change 
in luciferase activity, indicating a direct interaction between the 
miRNAs and PDGFRA 3′UTRs (Fig.  5c). Next, we tested whether 

the expression of PDGFRA was altered by miR-34a in cultured 
hPASMCs. Real-time PCR and Western blotting showed that PDGFRA 
was expressed at a higher level in hypoxia and miR-34a inhibitor 
treatment than in control and inhibitor control. In contrast, applica-
tion of miR-34a mimic repressed the up-regulation of PDGFRA 
induced by hypoxia (Fig. 5d,e). Taken together, these results indicate 
that miR-34a is the direct target of PDGFRA.

3.6 | miR-34a mimic decreases cellular migration in 
hPASMCs

It has been reported that proliferation and migration of human 
vascular SMC contribute to vascular remodeling in pulmonary 
hypertension and atherosclerosis.28 We studied the effect of miR-
34a overexpression on hypoxia-induced hPASMCs migration using 
the wound healing (migration) assay. Firstly, hPASMCs were trans-
fected with the respective miRs. Then, wound field was created 
and photographs were taken at 0 and 24  hours via microscopy 
to analyse the degree of migration in treatment group. As shown 
in Fig. 6, hypoxia and miR-34a inhibitor increased hPASMCs migra-
tion, but miR-34a mimic reversed the increasing migration induced 
by hypoxia. These results suggest that overexpression of miR-34a 
resulted in reduced cell migration in hypoxia-induced increase in 
cell migration.

3.7 | miR-34a mimic decreases DNA damage and 
promotes apoptosis in hypoxia hPASMCs

DNA damage signalling pathway is important for PAH development. 
We measured DNA damage in distal PAs from hypoxic rats and 

F IGURE  3 Role of miR-34a in hypoxia-
induced pulmonary artery smooth muscle cell 
(PASMC) proliferation. (a) hPASMC viability was 
determined by measuring MTT after hypoxia 
and miR-34a treatment. (b) BrdU incorporation 
experiment was performed to detect the 
proliferation of hPASMCs. (c, d) Proliferating 
cell nuclear antigen (PCNA) is a critical 
eukaryotic replication accessory factor that 
supports DNA binding in DNA processing. It 
participates in the progress of DNA replication, 
repair, and recombination. PCNA consists of 
three toroidal-shaped monomers that encircle 
doublestranded DNA. PCNA protein was 
detected by Western blot in cultured hPASMCs 
after hypoxia and miR-34a mimic treatment 
(***P<0.0005)

F IGURE   4 Role of miR-34a on hypoxia-induced human 
pulmonary artery smooth muscle cells (hPASMCs’) cell cycle 
progress. (a, b) Protein expressions of cyclin A and cyclin D 
were detected by Western blot in cultured hPASMCs. Both 
the hypoxia and miR-34a inhibitor increased the cyclin A and 
cyclin E expression, whereas miR-34a mimic attenuated the 
hypoxia-increased cyclin A and cyclin E expression in PASMCs 
(***P<0.0001)



� Wang et al.488   |    

F IGURE  5 miR-34a targeted PDGFRA 3′UTRs. (a) The imprecisely complementary sequences of miR-34a with PDGFRA 3′UTRs is shown. 
(b) PGL3 control-PDGFRA constructs containing two PDGFRA-binding sites (in red). Deletion of one of the two PDGFRA sites was used to 
generate the mutant luciferase plasmids. (c) PDGFRA 3′UTRs is direct targets of miR-34a. pGL3-PDGFRA luciferase constructs, containing 
a wild-type (left side of the histograms) or mutated (right side of the histograms) PDGFRA a3′UTRs, were transfected into HEK293 T cells. 
miR-34a mimic significantly decreased the luciferase activity compared with negative control (NC), whereas miR-34a inhibitor did not affect 
the luciferase activity. The reporter assays were performed three times with essentially identical results. (d, e) Hypoxia and miR-34a inhibitor 
significantly increased the mRNA and protein expression of PDGFRA. However, miR-34a mimic significantly blocked the hypoxia-induced up-
regulation (n=3, respectively) (**P<0.01; ***P<0.0001)
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normal rats, using the expression of the γ-H2AX (a DNA damage 
marker) by Western blotting. As shown in Fig.  7a, DNA damage 
is significantly increased in PAH in comparison with normal tissue 
controls, and miR-34a mimic decreases DNA damage in PAH. DNA 
damage is sustained in cultured hPASMCs in hypoxia, miR-34a 
inhibitor and miRNA mimics control treatment in comparison with 
normal control. The expression of γ-H2AX in hPASMCs is reduced 
by the addition of the miR-34a mimics in hypoxia condition, sug-
gesting that miR-34a is important for the repair of these damages 
(Fig.  7b,c). We next studied the implication of miR-34a in hypoxic 
hPASMCs survival. We found that hPASMCs have a significant 
apoptosis-resistant in hypoxia in comparison with control hPASMCs. 
However, the number of TUNEL-positive cells was increased after 
addition of the miR-34a mimics in hypoxia condition (Fig.  7d,e).

3.8 | miR-34a mimic strongly increased the 
expression of KCNK3 and reduced NFATc2  
expression and activation in hPASMCs

Recently, KCNK3 has been identified as a new predisposing gene 
for PAH by whole-exome sequencing,29 and loss of KCNK3 is a 
key event in PAH pathogenesis. By Western blot, we demonstrated 

that hypoxia reduces the expression of KCNK3, and miR-34a mimic 
increases KCNK3 expression in hypoxia (Fig.  8a,b). The KCNK3 
channel participates in the regulation of plasma membrane resting 
potential and the decreased KCNK3 expression could lead to vaso-
constriction. Next, we provide evidence that the cytosolic calcium 
concentration is investigated in hPASMCs. Results showed that 
[Ca2+]i FLuo-3 intensity is increased by hypoxia and miR-34a mimic 
weakened the [Ca2+]i FLuo-3 intensity by hypoxia in hPASMCs 
(Fig.  8c,d).

4  | DISCUSSION

miR-34a has been well-studied in various cancer cells21–25; however, 
little is known about its expression and function in hPASMCs in 
hypoxia. Our study is the first to investigate that miR-34a targets 
PDGFRA expression, resulting in hypoxia-induced PASMC prolifera-
tion and vascular remodelling. In our experiment, we found that 
miR-34a is significantly down-regulated in hypoxic rat PAH com-
pared to normoxia. Consistent with the in vivo experiment, our 
in vitro studies using PASMCs show that hypoxia down-regulates 
the expression of miR-34a. miR-34a directly binds to the 3′-UTR 
of PDGFRA mRNA, leading to the decreased expression of PDGFRA. 
These findings provide new insight into miR-34a’s function as a 
negative regulator of PDGFRA expression, which may underline 
the aetiology of hypoxia pulmonary hypertension.

miRNAs may contribute to the pathogenesis of PAH and represent 
a possible therapeutic target for altering the remodelling phenotype 
in the pulmonary vasculature. Caruso et al. has found miR-22, miR-
30, and let-7f were down-regulated while miR-322 and miR-451 were 
up-regulated in two commonly used rodent models of PAH [exposure 
to chronic hypoxia and monocrotaline (MCT) insult in the rat].9 Other 
study showed that in human PAs from PAH patients, miR-204 was 
down-regulated in PAs and PASMCs from idiopathic PAH patients. It 
has been reported that miR-21 promotes the proliferation and migra-
tion of PASMCs by regulating multiple gene targets in hypoxia condi-
tion.30 Previous studies have examined that miR-34a expression was 
altered by hypoxia.26 miR-34a is located on human chromosome 1 
and thought to be involved in various cancer pathways.21–25 Overex-
pression of miR-34a leads to a reduction in proliferation and increased 
apoptosis.31,32 In this study, we found that miR-34a mimic inhibited 
the proliferation of hPASMCs induced by hypoxia, which is consistent 
with previous studies in cancer cells. PDGF signalling plays a key role 
in several diseases including diabetes,33 cardiomyopathy34 and can-
cer,35 and meanwhile several studies have demonstrated its involve-
ment in the progression of pulmonary hypertension.36 PDGFR-alpha 
mRNA expression was increased in small PAs from patients display-
ing idiopathic PAH as compared with control subjects. PDGFR-alpha 
mainly stained PASMCs and to a lesser extent endothelial cells.36 
Although a miRNA could involve many potential target genes, the 
imprecise complementary sequences of miR-34a with PDGFRA gene 
shows new significant role of miR-34a on hypoxia-induced cell pro-
liferation. It has been reported that PDGFRα plays a critical role in 

F IGURE  6 miR-34a decreases migration of human pulmonary 
artery smooth muscle cells (hPASMCs). Migration of hPASMCs was 
transfected with miR-34a mimic, miR-34a inhibitor, and control miR 
was assessed by wound healing assay. Hypoxia or miR-34a inhibitor 
increased the hPASMCs migration, but miR-34a mimetic inhibited 
the increased migration induced by hypoxia. The data are presented 
as the mean±SD. n=6 experiments. Hyp indicates hypoxia; Inh ctrl 
indicates inhibitor negative control; miR-34a inh indicates miR-34a 
inhibitor (***P<0.0001)
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F IGURE  7 DNA damage is increased in pulmonary arterial hypertension distal pulmonary arteries and hypoxic hPASMCs. (a) DNA damage 
(γH2AX) was quantified in distal pulmonary arteries by Western blotting. (b, c) Hypoxic hPASMCs are also associated with increased DNA 
damage measured by γH2AX protein expression and nuclear staining. (d) Representative photographs of TUNEL staining in different groups. 
(e) Quantitative analysis of TUNEL-positive cells content among groups (*P<0.05; ***P<0.0001)
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cell proliferation and survival.37 As expected, our results showed that 
overexpression of miR-34a repressed the PDGFRA mRNA and pro-
tein expression, and this effect was reversed by inhibitor of miR-34a 

(Fig.  5). Taken together, these studies have shown specific miRNA 
species that could be targeted as potential therapeutic applications 
in PAH.

F IGURE  8  (a, b) KCNK3 protein was detected by Western blot in cultured hPASMCs after hypoxia and miR-34a mimic treatment. (c, d) 
miR-34a mimic in hypoxic hPASMCs decreases [Ca2+]i FLuo-3. (e, f) miR-34a mimic decreases NFATc2 activation and expression measured by 
immunofluorescence and real-time PCR (n=3, respectively) (**P<0.01; ***P<0.0001)
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Previous study reported that migration of proliferating vascular 
SMCs is important histopathology finding displayed in vascular remod-
elling of PAH.38 Literature showed that hypoxia increases cell migra-
tion in ovine foetal pulmonary artery SMCs via cGMP-dependent pro-
tein kinase PKG.39 PASMCs were treated with different growth factors, 
which can modulate expression of various miRNAs and affect pheno-
typic transition of PASMCs, and subsequently cell growth, migration 
and differentiation were altered. For example, the TGF-β-superfamily 
of growth factors (TGF-β and BMP4) increases the expression of miR-
21.40 In this study, we have proved that miR-34a plays a role in migra-
tion of hPASMCs in hypoxia. miR-34a regulates cell migration in some 
cancer cells has been demonstrated in vitro. Thus, it can be concluded 
that the overexpression of miR-34a in hypoxia is important for both 
hPASMC proliferation and migration.

Recent study found that DNA damage/PARP-1 signalling pathway 
is important for PAH development by Meloche et al.41 We measured 
DNA damage in rat distal PAs and hPASMCs using γ-H2AX as DNA 
damage marker by Western blotting and immunofluorescence. We 
found that DNA damage is significantly increased in PAH and hypoxic 
hPASMCs and the effect is decreased by the addition of the miR-34a 
mimic, suggesting that miR-34a is important for the repair of these 
damages. In addition, our studies provide the first evidence that miR-
34a promotes apoptosis and increases TUNEL-positive cells in hypoxia. 
Some miRNAs have been implicated in vascular diseases. For exam-
ple, Courboulin et al. have demonstrated that re-establishing miR-204 
expression should be explored as a potential new therapeutic approach 
for human PAH.42 The role of miR-34a in vascular tissues remained 
unknown. Our study performed in rat distal PAs and hPASMCs has 
demonstrated that the down-regulation of miR-34a is associated 
with enhanced PDGFRA expression, cell proliferation and the down-
regulation of KCNK3 channels, which in turn depolarizes hPASMCs 
membrane potential. These findings reinforced the importance of 
miR-34a in the aetiology of PAH. In PAH, NFATc2 activation leads to 
the down-regulation of Kv1.5, causing PASMC depolarization, increas-
ing [Ca2+]i and promoting PASMCs proliferation.43,44 Pim1 is a NFAT 
activator and identified as an attractive therapeutic target for PAH.45 
NFATc2 expression (qRT-PCR) and activation (immunofluorescence) 
are increased in hypoxic hPASMCs compared with control PASMCs. 
hPASMCs treated with miR-34a mimic showed a significant decrease 
in both NFATc2 mRNA and activation levels. Finally, we provide further 
evidence that miR-34a mimic in hypoxic hPASMCs decreases [Ca2+]
i (FLuo-3). These findings was further confirmed miR-34a mimic was 
a novel, specific and attractive therapeutic strategy to reverse PAH.

In conclusion, we have performed detailed experimental charac-
terization of hypoxia inducible miRNA-34a in vitro and in vivo and its 
regulation by the cyclin A/E pathway in hPASMC. We have shown that 
PDGFRA is the direct target of miR-34a in hPASMCs. Although many 
of these signalling pathways have previously been implicated in the 
development of PAH, in which the expression of miR-34a is shown 
to be reduced, suggesting that miR-34a may act as a crucial signalling 
mediator during remodelling of the pulmonary vasculature. Thus, our 
study illustrates a novel role for miR-34a as a therapeutic target in 
PAH.
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