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MiR-593-5p promotes the development
of hypoxic-induced pulmonary hypertension

via targeting PLK1
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Abstract. - OBJECTIVE: The aim of this study
was to investigate the role of microRNA-593-5p
(miR-593-5p) in hypoxia-induced pulmonary hy-
pertension (HPH), and to explore its underlying
mechanism.

MATERIALS AND METHODS: Sprague-Daw-
ley (SD) rats were housed in a hypoxia environ-
ment 8 hours per day for consecutive 4 weeks.
After the establishment of the HPH rat model, we
detected the right ventricular systolic pressure
(RVSP) and right heart hypertrophy index (RVHI)
in HPH rats and controls. The expression levels
of miR-593-5p and polo-like kinase 1 (PLK1) in
rat lungs were detected by quantitative Real
Time-Polymerase Chain Reaction (qRT-PCR).
Subsequently, miR-593-5p mimics and inhibitor
were constructed and transfected into cells.
The proliferation and migration of pulmonary
arterial smooth muscle cells (PASMCs) were ac-
cessed by cell counting kit-8 (CCK-8) assay and
wound healing assay, respectively. The protein
level of PLK1 in PASMCs after transfection with
miR-593-5p mimics or inhibitor was detected
by Western blot. Dual-luciferase reporter gene
assay was conducted to verify the binding con-
dition of miR-593-5p and PLK1. Finally, rescue
experiments were performed to explore whether
the regulatory effect of miR-593-5p on HPH de-
velopment was associated with PLK1.

RESULTS: RVSP and RVHI in rats of the hy-
poxic group were significantly higher than those
of controls. MiR-593-5p was significantly down-
regulated while PLK1 was remarkably upregu-
lated in lung tissues of HPH rats than those of
controls. Similarly, miR-593-5p expression in
PASMCs decreased gradually with the prolon-
gation of hypoxia induction. Overexpression of
miR-593-5p remarkably inhibited the prolifera-
tion and migration of PASMCs. Subsequently,
dual-luciferase reporter gene verified the bind-
ing condition of miR-593-5p and PLK1. Both the
mRNA and protein levels of PLK1 were nega-
tively regulated by miR-593-5p. Also, rescue
experiments demonstrated that the inhibitory
effects of miR-593-5p on the proliferation and
migration of PASMCs could be reversed by PLK1
overexpression.
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CONCLUSIONS: MiR-593-5p is lowly ex-
pressed in lung tissues of HPH rats. Meanwhile,
it stimulates the proliferation and migration of
PASMCs via targeting PLK1, thereby promoting
HPH development.
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Introduction

Pulmonary arterial hypertension (PAH) is
characterized by a persistent increase in pulmo-
nary vascular resistance caused by heterogeneous
diseases. Hyper-proliferation or over-migration
of angiogenic cells, such as pulmonary arterial
smooth muscle cells (PASMCs), and pulmonary
artery endothelial cells (PAECs), are the main
causes of PAH'. Hypoxia-induced pulmonary
hypertension (HPH) resulted from long-term
hypoxia. Meanwhile, it is characterized by pro-
gressive pulmonary vascular resistance, pulmo-
nary vascular stenosis, and pulmonary vascular
remodeling. More seriously, HPH may eventual-
ly develop into right heart failure or even death.
Previous studies have found that hypoxia-induced
pulmonary vasoconstriction and pulmonary vas-
cular remodeling are the major pathogenic factors
for HPH. Also, it is considered that hyper-prolif-
eration of PASMC:s is of great significance for the
occurrence and development of HPH?.

Currently, multiple influencing factors are
involved in the development of HPH. Numer-
ous studies® have shown that mitogenic factors,
apoptosis, transforming growth factors, and cor-
responding receptors are closely associated with
HPH. Also, abnormal expression levels of phos-
phatase and tensin homolog deleted on chromo-
some ten (PTEN), bone morphogenetic protein
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type Il receptor, and calmodulin can promote the
occurrence and progression of HPH®®. Although
many efforts have been made in exploring the po-
tential mechanism of HPH, further research on
effective treatment of HPH is still needed to im-
prove the clinical outcomes of HPH patients.

MicroRNAs (miRNAs) are a class of non-cod-
ing, small RNAs with about 18-25 nucleotides in
length. MiRNAs identify specific target miRNAs
at the transcriptional level, thereafter regulating
multiple biological functions®!®. Accumulating
evidence has showed the close relationship be-
tween miRNAs and HPH!.. It has been reported
that a great number of miRNAs are differential-
ly expressed under hypoxic conditions, such as
miR-190, miR-145, miR-103/107, miR-223, and
miR-214"2. For example, miR-103/107 and miR-
214 alleviate hypoxia-induced vascular remodel-
ing of PASMC:s by targeting HIF-1oo and CCNL2,
respectively’. Moreover, miRNA let-7g inhibits
hypoxia-induced proliferation and cell cycle ar-
rest of PASMCs by targeting c-myc'. However,
the exact role of miR-593-5p in HPH remain un-
clear yet.

Materials and Methods

Construction of the HPH Rat Model
Totally 16 male Sprague-Dawley (SD) rats
weighing 180-220 g were randomly assigned into
two groups, with 8 in each group. Rats in the con-
trol group were maintained in an environment
with 21% O,. However, rats in the hypoxic group
were housed in a low-oxygen chamber with or-
dinary pressure (10+0.5% O,) for 8 hours every
day and transferred to a normal environment with
21% O,. The HPH model was successfully estab-
lished in rats after induction with hypoxia for con-
secutive 4 weeks. This study was approved by the
Ethics Committee of Capital Medical University.

Determination of RVSP and RVHI in Rats
Rats were intraperitoneally injected with 50
mg/kg pentobarbital sodium for anesthesia. A tra-
cheotomy was performed by mechanical ventila-
tion (8 ml/kg of tidal volume and 80 beats/min of
respiratory rate), and the right ventricular systolic
pressure (RVSP) and right heart hypertrophy in-
dex (RVHI) were detected. Subsequently, the rats
were sacrificed, and the right ventricular free wall
was isolated. The weight of the right ventricular
free wall (RV) and left ventricle + ventricular sep-
tum (LV+S) was recorded. RVHI=RV/(LV+S).
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Cell Culture and Anoxia Treatment
PASMCs were obtained from the American
Type Culture Collection (ATCC, Manassas, VA,
USA). All cells were cultured in Dulbecco’s Modi-
fied Eagle's Medium (DMEM, HyClone, South Lo-
gan, UT, USA) containing 10% fetal bovine serum
(FBS, Gibco, Rockville, MD, USA), 1% penicillin
and streptomycin. Based on different anoxia treat-
ments, PASMCs were divided into three groups, in-
cluding: the control group (21% O,, 5% CO,, 37°C),
the 24-h hypoxic group (3% O,, 5% CO,, 37°C), and
the 48-h hypoxic group (3% O,, 5% CO,, 37°C).

Cell Transfection

PASMCs were seeded into 24-well plates one
day prior to cell transfection. Briefly, 20 pmol trans-
fection plasmid or 1 pL Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA, USA) was diluted into 50 pL
serum-free DMEM, respectively. Then, the two solu-
tions were mixed together and maintained at room
temperature for 15 min. Subsequently, PASMCs were
incubated with the mixture for 4-6 h, followed by re-
placement of serum-containing DMEM.

Cell Counting Kit-8 (CCK-8)
Assay

PASMCs were seeded into 6-well plates after
corresponding treatments. 10 pl. CCK-8 reagent
(Dojindo, Kumamoto, Japan) was added in each
well, followed by incubation at 37°C for 2 hours in
the dark. Optical density (OD) value of each sam-
ple at the wavelength of 450 nm was detected by a
microplate reader (Bio-Rad, Hercules, CA, USA).

Wound Healing Assay

PASMCs were seeded into 12-well plates for
overnight culture. When the confluence was up to
80%, a sterile 10 pL micro-pipette tip was used
to scratch the cell plate vertically. After removing
exfoliated cells with phosphate-buffered saline
(PBS; Beyotime, Shanghai, China), serum-free
medium was replaced for 48-h-incubation. Cell
migration was observed under an inverted mi-
croscope (Nikon, Tokyo, Japan). The width of the
scratch was measured and photographed using
Image-Pro Plus 6.0 software (Silver Springs, MD,
USA).

RNA Extraction and Quantitative
Real Time-Polymerase Chain Reaction
(GRT-PCR)

Total RNA was extracted from the tissues and
cells using the TRIzol kit (Invitrogen, Carlsbad,
CA, USA), respectively, followed by measure-
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ment of RNA concentration using an ultravio-
let spectrophotometer (Hitachi, Tokyo, Japan).
The complementary Deoxyribose Nucleic Acid
(cDNA) was synthesized according to the in-
structions of the PrimeScriptTM RT MasterMix
kit (Invitrogen, Carlsbad, CA, USA). QRT-PCR
reaction conditions were as follows: 94°C for 30
s, 55°C for 30 s, and 72°C for 90 s, for a total
of 40 cycles. The relative expression level of the
target gene was expressed by 244, Primers used
in this study were: Polo-like kinase 1 (PLK1),
F:  5-ATGCGGAGCCAGCACCTTAA-3’, R:
5-TCCCTTGCATGTAATAGGG-3"; GAPDH, F:
5’-ACCCACTCCTCCACCTTTGA-3’, R: 5-CT-
GTTGCTGTAGCCAAATTCGT-3% MicroR-
NA-593-5p,F:5’-GTGGTCATGTAGCGTCGATTT-3,,
R: 5>-ATTTGCATGCTACGCTATTAC-3’; U6: F:
5’-GCTTCGGCAGCACATATACTAAAAT-3’,
R: 5’>-CGCTTCAGAATTTGCGTGTCAT-3".

Western Blot

PASMCs were lysed for protein extraction.
The concentration of each protein sample was
determined by the bicinchoninic acid (BCA)
kit (Abcam, Cambridge, MA, USA). Extract-
ed protein was separated by gel electrophoresis
and transferred onto polyvinylidene difluoride
(PVDF) membranes (Millipore, Billerica, MA,
USA). After incubation with primary and second-
ary antibodies (Cell Signaling Technology, Dan-
vers, MA, USA), immune-reactive bands were
exposed by enhanced chemiluminescence (ECL)
method (Thermo Fisher Scientific, Waltham, MA,
USA).

Dual-Luciferase Reporter
Gene Assay

Cells were first seeded into 12-well plates, and
co-transfection was performed when the conflu-
ence was up to 70%. Three replicates were set for
each sample. Wild-type and mutant-type PLKI1
sequences were constructed. Briefly, cells were
co-transfected with 50 pmol/L miR-593-5p mim-
ics or negative control and 80 ng wild-type or mu-
tant-type PLK1 for 48 h, respectively. Luciferase
activity was detected using the Dual-Glo Lucifer-
ase Assay System (Promega, Madison, W1, USA).

Statistical Analysis

Statistical Product and Service Solutions
(SPSS) 19.0 Software (IBM, Armonk, NY, USA)
was used for all statistical analysis. Quantitative
data were represented as mean =+ standard devi-
ation (x+s). The t-test was used to compare the

differences between the two groups. p<0.05 was
considered statistically significant.

Results

MiR-593-5p Was Lowly Expressed
in Lung Tissues of HPH Rats

We found that RVSP and RVHI in rats of the
hypoxic group were remarkably higher than those
of the control group, indicating the successful es-
tablishment of the HPH rat model (Figure 1A and
1B). Subsequently, qRT-PCR was performed to
detect the mRNA expression levels of miR-593-5p
and PLK1 in lung tissues of rats. Results showed
that compared with controls, the expression of
miR-593-5p in lung tissues of HPH rats was sig-
nificantly down-regulated, whereas PLK1 was sig-
nificantly up-regulated (Figure 1C and 1D). This
suggested that miR-593-5p and PLK1 participated
in the occurrence and progression of HPH.

MiR-593-5p Inhibited the Proliferation
and Migration of PASMCs

PASMCs underwent hypoxia induction for 24 h
and 48 h, respectively. QRT-PCR results found that
the expression level of miR-593-5p in the 24 h-hypox-
ic group and the 48-h hypoxic group was remarkably
lower than that of the control group (Figure 2A). To
further explore the biological function of miR-593-5p,
miR-593-5p mimics and inhibitor were constructed
and transfected into cells. Transfection efficiencies in
PASMCs were verified (Figure 2B). Results indicated
that overexpression of miR-593-5p markedly reduced
the viability and migration of PASMCs (Figure 2C
and 2D). However, opposite results were found in
PASMC:s transfected with miR-593-5p inhibitor.

PLK1 Was the Target Gene
of miR-593-5p

Both the mRNA and protein levels of PLK1
were found to be negatively regulated by miR-
593-5p (Figure 3A and 3B). To further explore the
interaction between miR-593-5p and PLK1, wild-
type, and mutant-type PLKI1 sequences were
constructed (Figure 3C). Dual-luciferase reporter
gene assay demonstrated that luciferase activi-
ty of PASMCs was significantly decreased after
co-transfection of miR-593-5p mimics and wild-
type PLK1 when compared with those co-trans-
fected with miR-593-5p mimics and mutant-type
PLK1 (Figure 3D). The above results demonstrat-
ed that miR-593-5p could directly bind to PLK1
and negatively regulate its expression.
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Figure 1. MiR-593-5p was lowly expressed in lung tissues of HPH rats. A-B, RVSP (A) and RVHI (B) in rats of the hypoxic
group were significantly elevated when compared with those of the control group. C-D, QRT-PCR data showed downregulated
miR-593-5p (C) and upregulated PLK1 (D) in lung tissues of HPH rats than those of controls.

MiR-593-5p Inhibited the Proliferation
and Migration of PASMCs
Via Targeting PLK1

Rescue experiments were conducted to further
verify the role of PLK1 in regulating PASMCs pro-
liferation and migration. Overexpression plasmid
of PLK1 was constructed. CCK-8 results showed
that inhibited viability of PASMCs induced by
miR-593-5p overexpression could be reversed by
PLKI1 overexpression (Figure 4A). Similarly, de-
creased migration of PASMCs induced by miR-
593-5p overexpression was markedly elevated af-
ter PLK1 up-regulation (Figure 4B).

Discussion

PAH is an abnormal hemodynamic disease,
which is closely related to pulmonary vasospasm,
pulmonary vascular remodeling, and increased
pulmonary vascular resistance due to pulmonary
thrombosis®. PAH occurs in people of different
ages, genders, and ethnicities. Some studies have
shown that hypoxic pulmonary artery contraction
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and hypoxic pulmonary vascular remodeling are
the main pathological changes of PAH'. There-
fore, in-depth researches on the potential mech-
anism of PAH contribute to develop novel ther-
apeutic drugs, eventually improving the clinical
outcomes of affected patients effectively.
MiRNAs are highly conserved, single-strand-
ed small-molecule RNAs that are ubiquitous in
eukaryotic cells. MiRNAs can regulate various
biological functions, such as the development,
differentiation, proliferation, and apoptosis of
cells'!®. It is reported'** that miR-451 and miR-1
are differentially expressed in PAH, which can be
utilized as diagnostic markers. Relative studies®'*?
have shown that some certain miRNAs regulate
the development of pulmonary diseases via ac-
tivating the abnormal proliferation of PASMCs.
In the present study, we found that miR-593-5p
was lowly expressed in lung tissues of HPH rats.
Moreover, miR-593-5p overexpression signifi-
cantly inhibited the proliferation and migration
of PASMCs, indicating its important role in HPH.
Polo-like kinase 1 (PLK1) is an important ser-
ine/threonine kinase**. Studies have elucidateded
that PLK1 is related to mitotic spindle function®.
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Figure 2. MiR-593-5p inhibited the proliferation and migration of PASMCs. A, QRT-PCR results showed that miR-593-5p
level in the 24-h hypoxic group and the 48-h hypoxic group was remarkably lower than the control group. B, Transfection
efficiencies of miR-593-5p mimics and inhibitor in PASMCs. C-D, Overexpression of miR-593-5p markedly reduced the

viability (C) and migration (D) of PASMCs.

The mitotic process is associated with the phos-
phorylation level of heat shock transcription factor
1 (HSF1), which is regulated by PLKI. Previous
studies have also pointed out that downregulat-
ed PLK1 in oral squamous cell carcinoma cells
strongly inhibits cell proliferation®. Also, PLK1
knockdown remarkably reduces the migration
and invasion of tumor cells?’. Therefore, PLK1 is
considered as a potential target for the treatment
of malignant tumors. Our study revealed that the
mRNA expression level of PLK1 in lung tissues
of HPH rats was remarkably higher than that of
controls. PLK1 expression was found to be reg-

ulated by miR-593-5p. Moreover, the inhibitory
effects of miR-593-5p on the proliferation and mi-
gration of PASMCs could be reversed by PLK1
overexpression.

Conclusions

We showed that miR-593-5p is lowly ex-
pressed in lung tissues of HPH rats. Also, miR-
593-5p stimulates the proliferation and migration
of PASMC:s via targeting PLK1, thereby promot-
ing HPH development.
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Figure 3. PLK1 was the target gene of miR-593-5p. A-B, The mRNA (A) and protein (B) levels of PLK1 were found to be
negatively regulated by miR-593-5p. C, Construction of wild-type and mutant-type PLK1 sequences. D, Luciferase activity of
PASMCs was significantly decreased after co-transfection of miR-593-5p mimics and wild-type PLK1 when compared with
those co-transfected with miR-593-5p mimics and mutant-type PLKI.
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Figure 4. MiR-593-5p inhibited the proliferation and migration of PASMCs via targeting PLK1. A, CCK-8 results showed
that inhibited viability of PASMCs induced by miR-593-5p overexpression could be reversed by PLK1 overexpression. C,
Decreased migration of PASMCs induced by miR-593-5p overexpression was markedly elevated after PLK1 overexpression.
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