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Metformin inhibits pulmonary artery smooth muscle cell
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Abstract. Pulmonary artery hypertension (PAH) is a
complex and progressive disease characterized by pulmo-
nary vascular remodeling. Our previous study confirmed
that NONRATTO015587.2 could promote the proliferation of
PASMCs and pulmonary vascular remodeling. However, the
exact mechanism by which NONRATTO015587.2 promotes
PASMC proliferation is unclear. Bioinformatics analysis
revealed that p21 is located at the downstream target of
NONRATTO015587.2. NONRATTO015587.2 expression and
localization were analyzed by PCR and fluorescence in situ
hybridization. Proliferation was detected by Cell Counting
Kit-8, flow cytometry and western blotting. In the current
study, a monocrotaline (MCT)-induced PAH rat model and
cultured pulmonary artery smooth muscle cells (PASMCs)
were used in vitro to elucidate the exact mechanism of
NONRATTO15587.2 in pulmonary vascular remodeling,
alongside the effect following metformin (MET) treatment
on vascular remodeling and smooth muscle cell prolifera-
tion. The results demonstrated that NONRATTO015587.2
expression was upregulated in the MCT group and reduced
in the MET + MCT group. In addition, NONRATTO015587.2
could promote the proliferation of PASMCs. The expression
levels of p21 were reduced in the MCT group, but increased
in the MCT + MET group. Additionally, the expression of
NONRATTO15587.2 was upregulated in platelet-derived
growth factor-BB (PDGF-BB)-induced PASMCs, whereas
that of p21 was downregulated. Following MET treatment, the
expression of NONRATTO015587.2 was downregulated and
that of p21 was upregulated, which inhibited the proliferation
of PASMCs. After overexpression of NONRATTO015587.2
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in vitro, the proliferation effect of PASMCs was consistent with
exogenous PDGF-BB treatment, and MET reversed this effect.
NONRATTO015587.2 silencing inhibited the proliferation of
PASMC:s. In addition, p21 silencing reversed the inhibitory
effect of NONRATTO015587.2 silencing on the proliferation of
PASMCs. However, the proliferation of PASMCs was inhibited
following MET treatment when NONRATTO015587.2 and p21
were silenced at the same time. Thus, NONRATTO015587.2
promoted the proliferation of PASMCs by targeting p21, and
MET inhibited the proliferation of PASMCs by upregulating
p21 mediated via NONRATTO15587.2.

Introduction

Pulmonary arterial hypertension (PAH) is a complex and
progressive disease characterized by persistent pulmonary
vasoconstriction, vascular remodeling, in situ thrombosis and
perivascular inflammatory infiltration. These pathological
features lead to vascular stenosis or occlusion, causing pulmo-
nary blood vessel resistance and a progressive increase in
pulmonary artery (PA) pressure, resulting in right heart failure
and death (1). Vascular remodeling is a key process in PAH
pathogenesis, and abnormal proliferation of vascular smooth
muscle cells (VSMCs) plays a key role in this context (2-4).
Although great progress has been made in the treatment
and understanding of the pathophysiological mechanism
underlying PAH, this disease is not preventable and cannot
be treated. The overall survival of patients with PAH remains
limited (5), and the pathogenesis of this disease has not been
fully clarified.

Previous studies have suggested that diabetes (DM) and
insulin resistance (IR) are associated with PAH (6-8). DM
and IR can specifically affect right ventricular afterload
and remodeling in patients with PAH, which have recently
been identified as risk factors for PAH deterioration and can
reduce survival rate (7). DM and PAH also share common
pathological mechanisms, such as chronic inflammation (8). A
recent study suggested that these two diseases share a common
molecular target, microRNA (miRNA)-7110, which acts as an
intermediate molecule linking these two diseases (6).

Metformin (MET) is the most widely used, first-line, oral
hypoglycemic agent in clinical practice. Although MET has
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been used clinically for >50 years, its mechanism of action
in DM has not yet been fully elucidated (9). Epidemiological
and clinical studies have revealed that MET reduces the
risk of cancer in patients with DM (10-12). It targets the key
pathways of cancer cell proliferation and angiogenesis, such
as the mTORCI signaling pathway, and inhibits the prolif-
eration and angiogenesis of cancer cells (10-12). However, the
role of MET in PAH pathogenesis remains unclear. Previous
studies have confirmed that MET reverses hypoxia-induced
and monocrotaline (MCT)-induced PAH in rats and inhibits
pulmonary vascular remodeling (13-15).

Long non-coding RNA (IncRNAs) are a class of RNA
molecules that regulate numerous biological processes,
including genome imprinting, chromosome inactivation,
differentiation, carcinogenesis, transcriptional and post-t-
ranscriptional regulation (16,17). Abnormal expression of
IncRNAGs is associated with several human diseases, including
various types of cancer, cardiovascular diseases and respira-
tory diseases (18-20). The mechanism of action of IncRNAs
in PAH has attracted increased attention (21,22). For example,
metastasis associated lung adenocarcinoma transcript 1
(MALAT?I) is highly expressed in the lungs of hypoxic PAH
model mice (23), while TCONS_00034812 is expressed at low
levels in a rat model of PAH and hypoxic PA smooth muscle
cells (PASMCs) (3). Additionally, maternally expressed 3
(MEG3) is expressed at low levels in the lung, PAs and hypoxic
human PASMCs of patients with PAH (4). Hoxaas3 is highly
expressed in the lung vessels and PASMCs of hypoxic PAH
mice (24), while H19 is also highly expressed in the lungs of
PAH model rats treated with MCT (25). Moreover, urothelial
cancer associated 1 (UCALI) is highly expressed in hypoxic
human PASMCs (26).

NONRATTO015587.2 is a novel IncRNA with no reported
biological function. Our previous study confirmed that
NONRATTO15587.2 could promote the proliferation of
PASMCs via p53 and hypoxia-inducible factor-la, as
well as pulmonary vascular remodeling (22). The exact
mechanism through which NONRATTO015587.2 promotes
the proliferation of PASMCs remains unclear. Previous
bioinformatics analysis has revealed that p21 is located
at the downstream target of NONRATTO15587.2. p21 is
regulated by MCT and MET, and its expression is nega-
tively correlated with that of NONRATTO015587.2 (22).
p21 is a strong cyclin-dependent kinase inhibitor that plays
a key role in cell cycle progression and in the control of
proliferation (27,28). p21 is a downstream target gene of p53,
which is regulated through p53-dependent and -independent
mechanisms (29,30).

The current authors hypothesized that p21 may be the target
gene of NONRATTO015587.2. Thus, NONRATT015587.2
may exert its effects on the proliferation of PASMCs by
targeting p21, and, in turn, MET may target p21 through
NONRATTO15587.2, thus blocking the cell cycle at G,/G,
and inhibiting the proliferation of PASMCs and cell cycle
progression. In the present study, NONRATTO015587.2 and
p21 silencing were performed to explore the pathogenesis of
PAH and the mechanism of action of MET in the prevention
and treatment of this disease, in the hope that the findings
may highlight new strategies for the prevention and treatment
of PAH.

Materials and methods

Animal model. All animal experiments were approved by
the Animal Care and Use Institutional Committee of China
Pharmaceutical University prior to the initiation of the present
study (approval no. YKD-20180207001). A total of 30 female
Sprague-Dawley rats (age, 8 weeks; weight range, 200-220 g)
were purchased from the Experimental Animal Center of
Nantong University (Nantong, China). The rats were housed in
groups of five at 23°C under a 12 h light/dark cycle and a rela-
tive humidity of 45%, with free access to food and water. The
rats were randomly divided into three groups as follows: i) The
control group, which were administered normal saline; ii) the
MCT group, which were administered a single subcutaneous
injection of 60 mg/kg MCT (31); and iii) the MCT + MET,
which were administered a single subcutaneous injection of
60 mg/kg MCT and MET (100 mg/kg/day via intragastrical
injection; Sigma-Aldrich; Merck KGaA). An injection of
sodium chloride 0.9% (5 ml/kg) was given to control and
MCT groups every day for a total of 30 days by intragastric
administration. MET was administered intragastrically at a
dose of 100 mg/kg/day every day for 30 days, starting on the
day of MCT injection (day 0). After the model was success-
fully constructed, the rats were anesthetized using 3% sodium
pentobarbital (45 mg/kg) injected into the abdominal cavity.
After anesthesia, the chest cavity was opened along the ribs on
both sides with tissue scissors to expose the heart and lungs.
Surgical scissors were used to remove the heart and lung for
subsequent experiments.

Hemodynamic experiments. Right ventricular systolic
pressure (RVSP) and right ventricle/left ventricle + septum
(RV/LV+S) were analyzed as previously described (22). The
lung tissue samples were then fixed with 4%paraformaldehyde
at 4°C for 24 h and embedded in paraffin for subsequent
immunohistochemistry experiments.

Immunohistochemistry. Tissue samples were cut into 4-ym
sections for immunohistochemistry. The slices were baked in
an oven at 60°C for 2 h. Dewaxing, rehydration and antigen
retrieval were then performed. Slices were placed in 0.01 M
sodium citrate buffer solution (pH 6.0) and heated in the micro-
wave for 4 min until boiling. Sections were then heated four
times for 6 min each, replenishing the liquid at each interval
to prevent the slices from drying out. Lung tissue sections
were subsequently incubated with 5% goat serum for 30 min
at room temperature. Platelet-derived growth factor subunit B
(PDGFB; cat. no. AF0240; 1:200; Affinity Biosciences) and
p21 (cat. no. AF6290; 1:200; Affinity Biosciences) primary
antibodies were then added at 4°C for 12 h. After overnight
incubation, the sections were washed three times with PBS and
then exposed to HRP-conjugated Affinipure goat anti-rabbit
IgG(H+L) secondary antibodies (cat. no. SAO0001-2; 1:200;
ProteinTech Group, Inc.) for 60 min at room temperature.
Positivity for PDGFB and p21 was reflected by brown staining.
An IX73 light microscope (magnification, x10; Olympus
Corporation) was used for the acquisition of light images.

Rat PASMC culture. Rat PASMCs were isolated from the lung
tissue of healthy Sprague-Dawley rats. The lung tissue was
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placed in sterile PBS to wash away blood, then placed under a
microscope in order to strip the PA vessels. Microscissors and
forceps were used to remove the adventitia and intima of the PAs.
The PAs were then cut into 1-2 mm pieces with microscissors
and digested with a mixture containing 2 mg/ml collagenase,
0.5 mg/ml elastase and 1.5 mg/ml BSA (Nanjing KeyGen
Biotech Co., Ltd.) for 1-2 h until the tissue mass became a cell
mass. DMEM (Hyclone; Cytiva) containing 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) was added
to the cell pellets to stop the digestion by pipetting, after which
the supernatant was removed by centrifugation at 2,000 x g
at room temperature for 5 min. PASMCs were resuspended
in DMEM containing 10% FBS in a cell culture flask and
maintained in an incubator at 37°C with 5% CO,. The purity
of PASMCs was determined using a monoclonal antibody
specific for a-smooth muscle actin (cat. no. AH11074812;
1:200; BIOSS) at 4°C for 12 h. Platelet-derived growth
factor-BB (PDGF-BB) (cat. no. 100-14B; PeproTech, Inc.) was
used to stimulate cell proliferation. Cells from passage 2-5
were used for subsequent experiments.

Reverse transcription-quantitative PCR (RT-gPCR) analysis.
RT-qPCR was performed as previously described (22). Total
RNA was extracted from PAs and PASMCs using Trizol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The yield
of RNA was assessed using a NanoDrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, Inc.), after which the integrity
was evaluated using 1% agarose gel electrophoresis stained
with ethidium bromide. RT was performed using a miScript® I
RT kit (Qiagen, Inc.; cat. no. 218160). Reactions were analyzed
in GeneAmp® PCR System 9700 (Applied Biosystems;
Thermo Fisher Scientific, Inc.) under the following tempera-
ture protocol: 25°C for 10 min, 50°C for 30 min and at 85°C
for 5 min. The 10 ul RT reaction mix was then diluted 10x in
nuclease-free water and held at -20°C. gPCR was performed
using a LightCycler® 480 II Real-time PCR Instrument (Roche
Diagnostics) with 10 yl PCR reaction mixture that included
1 ul cDNA, 5 ul 2x QuantiFast® SYBR® Green PCR Master Mix
(Qiagen GmbH), 0.2 ul forward primer, 0.2 ul reverse primer
and 3.6 ul nuclease-free water. Reactions were incubated in
96-well plates (Roche Diagnostics) under the following ther-
mocycling conditions: 95°C for 5 min, followed by 40 cycles
of 95°C for 10 sec and 60°C for 30 sec. Each sample was run
in triplicate for analysis. At the end of PCR cycling, melting
curve analysis was performed to validate the specific genera-
tion of the expected PCR product. The primer sequences were
designed in the laboratory and were synthesized by Generay
Biotech (Generay Biotech Co., Ltd.) based on the mRNA
sequences obtained from the NCBI database. The sequences
of the primers are presented in Table 1. The expression levels
of NONRATTO015587.2 were normalized to those of f-actin
and were calculated using the 224°4 method (32).

Western blotting. RIPA protein lysis buffer (cat.
no. KGP702-100; Nanjing KeyGen Biotech Co., Ltd.) was
added to PA homogenate or PASMCs to extract protein. The
protein concentration was quantified using bicinchoninic acid
protein concentration kit (Nanjing KeyGen Biotech Co., Ltd.).
Samples containing 20 ug total protein were added to 5X
loading buffer for denaturation at 95°C, then resolved using
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Table I. Specific primer sequences used in PCR.

Oligonucleotides Sequence (5'-3")
NONRATTO015587.2

Forward ACATGACCTCTAAAGATTCTGC
Reverse GACCATTCCTACATCTCCCA
[-actin

Forward CCACCATGTACCCAGGCATT
Reverse CGGACTCATCGTACTCCTGC

10% SDS-PAGE, transferred to a nitrocellulose membrane,
blocked with 5% skimmed milk for 1 h at room temperature
and incubated with primary antibodies at 4°C overnight. The
primary antibodies used were as follows: p21 (cat. no. AF6290;
1:1,000; Affinity Biosciences), proliferating cell nuclear antigen
(PCNA; cat.no. 10205-2-AP; 1:5,000; ProteinTech Group, Inc.),
cyclin A (cat.no. 13295-1-AP; 1:1,000; ProteinTech Group, Inc.),
cyclin E (cat.no. 11554-1-AP; 1:2,000; ProteinTech Group, Inc.),
GAPDH (cat. no. 60004-1-1 g; 1:5,000; ProteinTech Group,
Inc.) and B-actin (cat. no. 60008-1-1 g; 1:10,000; ProteinTech
Group, Inc.). The membranes were then incubated with
HRP-conjugated anti-mouse (cat. no. SA0O0001-1; 1:20,000;
ProteinTech Group, Inc.) or anti-rabbit IgG (cat. no. SAO0001-2;
1:20,000; ProteinTech Group, Inc.) secondary antibodies for
1 h at room temperature. The membranes were washed with
TBS +0.1% Tween for 40 min at room temperature, after
which electrochemiluminescence (Nanjing KeyGen Biotech
Co., Ltd.) solution was added for 5 min. The bands were
analyzed using a VersaDoc™ MP 4000 instrument (Bio-Rad
Laboratories, Inc.) with PDQuest Advanced 2D analysis soft-
ware (version 8.0; Bio-Rad Laboratories, Inc.).

Transfection. The sequences of small interfering RNA (siRNA)
targeting NONRATTO15587.2 and the non-targeted negative
control (NC) were synthesized by Shanghai GenePharma Co.,
Ltd. The sequences were as follows: si-NONRATTO015587.2
sense, 5'-GCCUGGUUCAUUGUUGGUUTT-3' and anti-
sense, 5S-AACCAACAAUGAACCAGGCTT-3"; si-p21 (33)
sense, 5'-GGAACAAGGAGUCAGACAUTT-3' and antisense,
5'-AUGUCUGACUCCUUGUUCCTT-3"; NC sense, 5-UUC
UCCGAACGUGUCACGUTT-3" and antisense, 5'-ACG
UGACACGUUCGGAGAATT-3". The NONRATTO015587.2
overexpression plasmid (pcDNA-NONRATTO015587.2) was
constructed by Shanghai GenePharma Co., Ltd. After_6 h of
transfection, subsequent experiments were performed. A total
of 2 pug siRNA and 10 ul Lipofectamine® 2000 transfection
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) were
diluted in serum-free Opti-MEM-1 (Gibco; Thermo Fisher
Scientific, Inc.) medium and mixed together. The mixture
(siRNA/Transfection Reagent) was then incubated at room
temperature for 20 min and added directly onto cells. After 6 h
of exposure to siRNA, the transfection reagents were removed
and PASMCs were cultured in DMEM containing 5% FBS for
a further 24 h in an incubator at 37°C with 5% CO,. Cells
treated with transfection reagent alone (mock) and untreated
PASMC:s (blank) from the same isolation served as additional
negative controls.
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Cell Counting Kit-8 (CCK-8) analysis. PASMCs were
digested with trypsin and collected by centrifugation at
2,000 x g at room temperature for 5 min to prepare a cell
suspension, then seeded in 96-well plates at a density of
1x10* cells/well. PASMCs were treated according to different
experimental groups. After incubation at 37°C in 5% CO,
for 24 h, 20 ul CCK-8 was added to the cells for 4 h at 37°C.
Absorbance was analyzed using a Synergic2 multiplate
reader (Synergy H1; BioTek) at 450 nm.

Cell cycle analysis. Propidium iodide single staining was
used to analyze the cell cycle. PASMCs were digested with
trypsin and centrifuged at 2,000 x g at room temperature for
5 min. The cells were washed three times by centrifugation
at 2,000 x g at room temperature for 5 min with PBS, then
fixed with 70% ethanol for 24 h at 4°C. After washing with
ethanol, the cells were incubated with 200 ul PBS. Solution A
was added according to the instructions of the flow cytometry
cycle detection kit (BD Biosciences), and the cells were then
incubated for 10 min at room temperature. Solution B was then
added. Finally, solution C was added to the cells, which were
then incubated for 10 min in the dark at room temperature.
DNA fluorescence measurements were analyzed using a
flow cytometer (FACSCanto II; BD Biosciences). The results
were analyzed using the ModFit software (version 4.1; Verity
Software House, Inc.).

PASMC RNA fluorescence in situ hybridization (FISH).
Fluorescence-conjugated IncRNA NONRATTO015587.2
probes were synthesized by Guangzhou RiboBio Co., Ltd.
and used for RNA FISH. Hybridization was performed using
an RNA FISH kit (Guangzhou RiboBio Co., Ltd.) according
to the manufacturer's instructions. The FISH sections were
then incubated with DAPI for 5 min at room temperature. An
IX73 fluorescence microscope (magnification, x10; Olympus
Corporation) was used for the acquisition of fluorescent
images.

Statistical analysis. Data are presented as the mean + SD of at
least three independent experiments and were analyzed using
one-way ANOVA. Tukey's post-hoc test was used for pairwise
comparisons. Statistical analysis was carried out using data
analysis tool (PAST v2.17) software (WinAll Application
Platform). P<0.05 was considered to indicate a statistically
significant difference.

Results

NONRATTO015587.2 and p21 expression and intracellular
localization of NONRATTO015587.2 in PAH model rats.
To determine whether MET reversed MCT-induced PAH,
in vivo RVSP and RV/(LV+S) were calculated. The results
demonstrated that MET attenuated the increase in RVSP and
RV/(LV+S) induced by MCT (Fig. 1 A and B). Our previous study
suggested that the expression of IncRNA NONRATTO015587.2
was significantly upregulated in the MCT group and signifi-
cantly downregulated following MET intervention. The
expression levels of the p21 gene were negatively correlated
with those of NONRATTO015587.2 (MCT group, r=-0.894 and
P=0.016; MCT + MET group, r=-0.957 and P=0.0028) (22). In

the present study, the expression levels of NONRATTO015587.2
and p21 protein were analyzed in the PAs of each group of rats.
The expression levels of NONRATTO015587.2 were signifi-
cantly upregulated in the MCT group compared with those of
the control group; however, NONRATTO015587.2 was signifi-
cantly downregulated following MET treatment (Fig. 1C).
Moreover, p21 protein expression levels were significantly
downregulated in the MCT group and upregulated after MET
treatment (Fig. 1D and E). These results are consistent with
those included in our previous bioinformatics analysis (22).
In addition, PDGFB was highly expressed in the MCT group,
but markedly downregulated following treatment with MET
(Fig. 1D).

In order to further analyze the relationship between
NONRATTO015587.2andp21,FISHfluorescentprobes wereused
to analyze the subcellular localization of NONRATTO015587.2.
The results indicated that NONRATTO015587.2 was located in
the nucleus (Fig. 1F).

PDGF-BB promotes the proliferation of PASMCs. A concen-
tration gradient of PDGF-BB was used to stimulate the cell
viability of PASMCs in vitro in order to observe its effect on
these cells. The results suggested that PASMCs cell viability
gradually increased (Fig. 2A) and that the expression of
NONRATTO015587.2 significantly increased with increasing
PDGF-BB concentrations (Fig. 2B), reaching a maximum
at a concentration of 30 ng/ml. However, p21 exhibited the
opposite trend, and its protein expression levels decreased
with increasing PDGF-BB concentrations, reaching its lowest
at 30 ng/ml (Fig. 2C). Moreover, the protein expression levels
of cyclin E, cyclin A and PCNA increased in a dose dependent
manner (Fig. 2D).

The results of flow cytometry indicated that PDGF-BB
treatment resulted in a gradual decrease in the proportion of
cells in the G,/G, phase. By contrast, the proportion of cells
in the S phase gradually increased, indicating that transition
through the G,/G; cell cycle phase was accelerated, indicative
of enhanced proliferation and replication (Fig. 2E). These
observations suggested that PDGF-BB stimulation promoted
the proliferation of PASMCs in a concentration-dependent
manner, reaching a maximum at a concentration of 30 ng/ml.
Based on the aforementioned results, the concentration of
30 ng/ml was used in subsequent experiments.

MET inhibits PDGF in proliferating PASMCs and inhibits its
effect on the expression of NONRATT015587.2 and p21. Our
previous study suggested that MET treatment could reverse
MCT-induced PAH and vascular remodeling (22). In addition,
Song et al (34) revealed that MET could reduce PDGF-induced
PASMC proliferation. In the present study, the effect of MET on
the proliferation of PASMCs was examined, in order to select
the appropriate concentration for MET. PDGF-BB-induced
proliferation of PASMCs was reversed by MET and was
gradually reduced with increasing MET concentrations,
reaching its lowest at 20 mM (Fig. 3A). A number of previous
reports have indicated that MET inhibits tumor cell prolifera-
tion. The pathological features of pulmonary hypertension are
very similar to tumors, a common feature of which is the
abnormal proliferation of cells. Therefore, when selecting the
appropriate concentration of MET in vitro, previously reported
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Figure 1. Expression of NONRATTO015587.2 and p21 in MCT-induced pulmonary hypertension rats. (A) Assessment of RVSP in MCT-induced PAH
rats, controls and following MCT+MET treatment. (B) Changes in the RV/(LV+S) ratio. (C) NONRATTO015587.2 gene expression was calculated in each
group. (D) The expression of CDKNI1A/p21 and PDGFB in pulmonary artery tissue was analyzed by immunohistochemistry staining (scale bars, 100 ym).
(E) p21 protein expression was determined via western blotting and subsequently quantified. (F) Fluorescence in situ hybridization was performed to analyze
the subcellular location of NONRATTO015587.2. In this experiment, 18s was used as the cytoplasmic reference gene and u6 was used as the nuclear reference
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Con, control; MCT, monocrotaline; MET, metformin; PDGFB, platelet-derived growth factor subunit B; RV/(LV+S), right ventricle/left ventricle plus septum;
RVSP, right ventricular systolic pressure.

literature (35-38) and our previous published article (39) of NONRATTO015587.2 was significantly downregulated
was referred to. Following MET treatment, the expression  (Fig. 3B), while that of the p21 protein was significantly
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Figure 2. Effect of PDGF-BB on PASMCs proliferation, NONRATTO015587.2 and p21 expression. (A) Cell proliferation was detected by performing a CCK-8
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upregulated (Fig. 3C). In addition, the observed effects on cell ~NONRATT015587.2 promotes the proliferation of PASMCs.
proliferation (Fig. 3D) and cell cycle progression (Fig. 3E), In our previous study, PASMC proliferation was examined
as well as cyclin E, cyclin A and PCNA protein expression  following overexpression of NONRATTO015587.2 (22). In the
(Fig. 3F), were reversed by MET. present study, the effect of NONRATTO015587.2 overexpression
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on PASMC proliferation and the possible underlying mecha-  this was reduced to the levels of the pcDNA group following
nism were investigated (Fig. 4). Flow cytometry results MET treatment (Fig. 4A). Moreover, PASMC proliferation, as
revealed that the proportion of cells in the S phase following  well as cyclin E, cyclin A and PCNA protein expression levels,
NONRATTO15587.2 overexpression was increased; however, — were significantly increased following NONRATTO015587.2
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overexpression, although MET could reverse these effects = Therefore, the next experiment aimed to determine whether
(Fig. 4C and E). NONRATTO15587.2 promoted PASMC proliferation in the

The above results indicated that endogenous presence of PDGF external stimulation. The results of flow
NONRATTO15587.2 regulated PASMC proliferation. cytometry revealed that the proportion of cell cycle S phase
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(DNA synthesis phase) was increased after overexpressing
NONRATTO015587.2 in the presence of exogenous PDGF-BB.
Furthermore, MET intervention reversed the proportion of S
phase and restored the cell cycle distribution to the level of
pcDNA+PDGF-BB group (Fig. 4B). PASMCs proliferation
and Cyclin E, Cyclin A, PCNA protein expression were signif-
icantly increased after overexpression of NONRATTO015587.2,
and MET could reverse these results in the presence of
exogenous PDGF-BB (Fig. 4D and F). The results indicated
that NONRATTO015587.2 was a pro-proliferation factor in
PASMC:s, regardless of the presence or absence of PDGF-BB
as an external stimulus.

Inhibitory effect of MET on PDGF-BB-stimulated
PASMC proliferation is abolished by silencing p21, and
NONRATTO015587.2 targets p2l to promote PASMC
proliferation. PDGF negatively regulates p21 expression. In
addition, PDGF-stimulated PASMC proliferation was inhib-
ited by MET. The transfection efficiency of p21 silencing was
verified using western blotting (Fig. 5A). The effect of p21
silencing following PDGF-BB and MET stimulation on the
cell cycle progression and proliferation of PASMCs was then
examined. The results suggested that p21 silencing could
abolish the inhibitory effect of MET on PDGF-BB-induced
PASMC proliferation. In addition, an increase in cell prolif-
eration was observed, together with upregulation of cyclin E,
cyclin A and PCNA proteins (Fig. 5B-D). This suggested
that p21 was targeted by MET to inhibit the proliferation of
PASMC:s and that silencing p21 could abolish the inhibitory
effects of MET.

The next experiments were carried out to determine
whether p21 was the regulatory target of NONRATTO015587.2.
NONRATTO015587.2 silencing was used to test this hypothesis.
The results revealed that PASMC proliferation and the
protein expression of cyclin E, cyclin A and PCNA were
significantly decreased following the NONRATTO015587.2
knockdown (Fig. 5E and F). However, p21 silencing could
rescue the inhibitory effect of NONRATTO015587.2 silencing
on the proliferation of PASMCs, as well as the expression of
cyclin E, cyclin A and PCNA proteins to the levels of the NC
group. However, after treatment with MET, the proliferation
of PASMC was inhibited when NONRATTO015587.2 and p21
were silenced at the same time. These results suggested that p21
was the target of NONRATTO015587.2. Thus, MET may inhibit
the proliferation of PASMCs via the NONRATTO015587.2/p21
axis.

The aforementioned results suggested that endogenous
NONRATTO015587.2 regulated the proliferation of PASMCs
by targeting p21. Therefore, the next experiments were
designed to determine whether NONRATTO015587.2 would
promote PASMC proliferation in the presence of PDGF-BB
external stimulation. PDGF-BB stimulated PASMC prolif-
eration and PCNA, cyclin A and cyclin E protein expression
was significantly reduced after NONRATTO015587.2
silencing, and cell proliferation was inhibited. Silencing p21
reversed the effects on cell proliferation and the expression
of cyclin E, cyclin A and PCNA proteins to the levels of
PDGF-BB treatment alone. Following treatment with MET,
the proliferation of PASMCs was reduced (Fig. 5G and H).
Therefore, NONRATTO015587.2 may regulate the proliferation
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of PASMC:s by targeting p21 in the presence or absence of
external stimuli.

Discussion

Abnormal proliferation of PASMCs is an important feature of
PAH vascular remodeling and is also the main reason for the
progression of PAH, leading to thickening of the pulmonary
blood vessels, narrowing of the lumen and increased tension,
which ultimately results in increased PA pressure, right heart
failure and death (3,24,40). Pathophysiological stimuli, such
as hypoxia, inflammation and oxidative stress can promote
the proliferation of PASMCs (3,24,40). The proliferation
of PASMC:s is controlled by the cell cycle, which is in turn
regulated by various signaling pathways (41). Indeed, the
cell cycle is strictly regulated by cell cycle regulators, which
involves a complex cascade of cellular events (42,43). These
regulators include cyclins, cyclin-dependent kinases (CDKs),
cyclin-dependent kinase inhibitors (CKIs), retinoblastoma
proteins (Rb) and PCNA (42,43). Positive regulators of the cell
cycle (cyclin, CDKs, Rb and PCNA) are also known as cell
cycle engines, which help cells transition through cell cycle
checkpoints, thereby promoting cell proliferation and trans-
formation (34). The activity of CDKs is controlled by cyclin
regulatory subunits. These subunits bind to specific cyclins to
form complexes and are regulated by CKIs at specific stages
of the cell cycle. The functional activation of cyclin/CDK
complexes is necessary for cell cycle progression (27,43,44).
PASMCs are usually in a static state in the middle PA with
low-index proliferation and are in the G,/G, phase of the
cell cycle (43). Cells enter the cell cycle from a resting state,
activate the cyclin/CDK complex (such as cyclin E/CDK?2,
cyclin A/CDK2 and cyclin D/CDK4) in the G, phase, then
trigger the transition from the G,/G, to the S phase (42,43).
PCNA is a gene product that is modulated by the phosphoryla-
tion of Rb. It is synthesized during the G,/G, and S phases of
the cell cycle and plays an important role in the transition from
the G, to the S phase (42,43). p21, a CKI, is a negative regu-
lator of cell cycle progression (27,28). p21 can bind to CDK2
or CDK4 complexes and inhibit their activity (27,28,34),
especially in the case of the CDK?2 complex (cyclin E/CDK2,
cyclin A/CDK?2) (44). p21 can also interact with PCNA and
play a regulatory role in S-phase DNA replication and DNA
damage repair (28). Therefore, p21 inhibits cell proliferation
by inhibiting G,/S cell cycle checkpoints (cyclin E/CDK2,
cyclin A/CDK?2 and PCNA) (34,43).

The PDGF family includes four heterogeneous polypeptide
chains (A-C and D), which can assemble into five different
dimeric forms (PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC
and PDGF-DD), among which the PDGF-BB homodimer
is the strongest inducer of VSMC proliferation identified to
date (1). PDGF is necessary for VSMC proliferation (1,43).
PDGF expression is upregulated in MCT-induced and
hypoxia-induced PAH rats, as well as in the lung tissues and
PASMC:s of patients with PAH (25,40,45). The current results
also suggested that PDGF is highly expressed in pulmonary
vessels of MCT induced PAH rats. PDGF-mediated VSMC
proliferationisatightly regulated processinvolvingRas/MAPK,
PI3K/Akt, phospholipase C (PLC)-y and JAK/STAT signaling
pathways (1,34,42,43). The phosphorylation of PLC-y, Akt,
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ERK1/2, p38 and JNK in PDGF-BB-stimulated VSMCs has
been demonstrated to be significantly increased (42,43). These
signals represent early cues for the proliferation of VSMCs
and are eventually brought together into the common regula-
tory pathway in the cell cycle through a complex signaling
cascade (1,42). PDGF promotes cell cycle transition from the
G,/G, phase to the S phase by upregulating the expression of
positive cell cycle regulators (cyclin E, cyclin D, CDK?2, CDK4,
PCNA and S-phase kinase associated protein 2) and downreg-
ulating the expression of negative regulators (p21 and p27) to
induce VSMC proliferation (34,40,42.,43). In the present study,
PDGF-BB stimulation significantly increased the expression
of cyclin E, cyclin A and PCNA protein at the G,/S cell cycle
checkpoints, downregulated the expression of p21, acceler-
ated the cell cycle transition from G /G, phase to S phase
and promoted cell proliferation. Previous studies, including
our own, confirmed that MET could inhibit MCT-induced
pulmonary vascular remodeling in PAH rats (14,15,22) and
PDGF-induced PASMC proliferation (34). The majority of
these studies focused on MET targeting PI3K/Akt/mTOR
signaling. In another study focusing on the inhibitory effect
of MET on tumor cell proliferation, it was observed that
MET acted as a G,/S cell cycle checkpoint inhibitor, which
could suppress tumor cell proliferation by upregulating p21 to
block the cell cycle at G,/G, phase (29). To the best of our
knowledge, the effect of MET on PASMC proliferation and
cell cycle progression has not yet been reported. In the present
study, MET could significantly inhibit the expression of G,/S
checkpoint-related proteins (cyclin E, cyclin A and PCNA) and
induce p21 expression. Cell cycle progression was blocked at
the G, phase, thereby inhibiting the proliferation of PASMCs.

The regulation of IncRNAs in the pathogenesis of PAH
has been attracting increasing attention. Several IncRNA
molecules that regulate the proliferation of PASMCs have
been identified, such as TCONS_00034812 (3), MEG3 (4),
MALATI1 (23), Hoxaas3 (24), H19 (25) and UCA1 (26).
NONRATTO015587.2 is a novel IncRNA whose biological
function has not yet been fully characterized. The present
study confirmed that NONRATTO015587.2 promoted the
proliferation of PASMCs in a PAH rat model. This IncRNA
was upregulated in the MCT group and downregulated in the
MET + MCT group. By contrast, p21 expression was down-
regulated in the MCT group and upregulated in the MCT +
MET group. In addition, the expression of NONRATTO015587.2
was significantly upregulated in PASMCs stimulated with
PDGF-BB, which was accompanied by the downregulation of
p21 expression. This induced the upregulation of G,/S phase
checkpoint-related proteins and promoted the proliferation
of PASMCs. In vitro, following MET treatment, the expres-
sion of NONRATTO015587.2 was downregulated, and that of
p21 was upregulated, which inhibited the expression of G,/S
checkpoint-related proteins and the proliferation of PASMCs.
Thus, the expression patterns of NONRATTO015587.2 and p21
and the results of MET intervention were found to be consistent
between the in vivo and the in vitro experiments. In addition,
our previous study demonstrated that the expression of p21
was negatively correlated with that of NONRATTO015587.2,
which is located downstream, and is jointly regulated by
MCT and MET (22). In the current study, MET inhibited the
expression of G,/S checkpoint-related proteins (cyclin E, cyclin
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A and PCNA), blocked the cell cycle at G,/G, and inhibited
PDGF-induced PASMC proliferation by upregulating p21.
Silencing p21 abolished the effects of MET, upregulating the
expression of G,/S phase checkpoint-related proteins, promoting
the cell cycle entry into the S phase and restoring PASMC
proliferation. This suggests that p21 is a key target for MET and
that MET inhibits the proliferation of PASMCs by upregulating
p21 to block the cell cycle at the G,/G, phase. Furthermore,
NONRATTO015587.2 and p21 silencing experiments were
used to verify the interaction between these two molecules.
Following NONRATTO015587.2 silencing, the expression of
G,/S phase checkpoint-related proteins was downregulated and
PASMC proliferation was inhibited. In addition, p21 silencing
could rescue the inhibitory effect of NONRATTO015587.2
silencing on PASMC proliferation, induce the expression of
G,/S checkpoint-related proteins and promote the proliferation
of PASMCs. Following treatment with MET, the expression
levels of G,/S-phase checkpoint-related proteins were reduced
and PASMC proliferation was inhibited. These data suggest
that p21 is the target of NONRATTO015587.2. Targeting p21
to interfere with the cell cycle may represent a new research
direction for PAH therapy (1). In summary, MET inhibits
PASMC proliferation through NONRATTO015587.2-mediated
p21 upregulation, which provides insight into the pathogenesis
of PAH and mechanism of action of MET.

The subcellular localization of IncRNAs is significant and
is an important determinant of their functional characteris-
tics (46). In the present study, RNA FISH analysis demonstrated
that NONRATTO015587.2 was located in the nucleus. Generally,
IncRNAs localized in the nucleus mainly serve a role in chro-
matin regulatory modification and transcriptional regulation,
whereas cytoplasmic IncRNAs are involved in competing
endogenous RNA network regulation by adsorbing miRNAs,
affecting mRNA stability and translation regulation, thus
playing a regulatory role at both the transcriptional and the
post-transcriptional level (23). Nuclear IncRNA molecules can
bind to specific chromatin sites and act as epigenetic regula-
tors, regulating basic cellular processes, such as proliferation
or apoptosis (46). In addition, the function of IncRNAs also
depends on their sequence, which determines their interac-
tion with transcription factors and their ability to regulate
target mRNA transcripts (46). Our previous study determined
that p53 was involved in the regulation of the proliferation
mechanism of NONRATTO15587.2 (22). p53 is located in the
nucleus and cytoplasm, accounting for ~50% separately (42).
Therefore, it may be hypothesized that NONRATTO015587.2
interacts with p53 in the nucleus. Activated p53 could trans-
locate to the nucleus or shuttle between the cytoplasm and the
nucleus, where it exerts its regulatory effect (4). In addition,
p21 is a downstream target gene of p53 that is regulated in a
p53-dependent and -independent manner (29,30,44). p21 also
has p53 and PCNA binding sequences, which regulate cell
cycle progression and proliferation (29,30,44).

The IncRNA NONRATTO15587.2 has not been further
verified in humans, which was a limitation to the current
study. The main reason is that the conservation of IncRNA
is a difficult point in current research, and its conservation is
significantly lower than that of mRNA. In the absence of a
corresponding genome database, its completeness and accu-
racy vary significantly among different laboratories. With the
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continuous in-depth study of IncRNA conservation and the
continuous improvement of bioinformatics screening tools, a
future constructed IncRNA reference database would be more
comprehensive and accurate, and it would also have more
reference value. The present study was primarily concerned
with the therapeutic effect of MET on pulmonary hyperten-
sion and its mechanism. The main finding of the study was that
MET reduced pulmonary vascular remodeling by regulating
the expression of IncRNA. This provides a new theoretical
basis for the next step in studying the therapeutic effects and
pathological mechanisms of MET in patients with pulmonary
hypertension. In addition, there are some newly discovered
IncRNAs, such as NONRATTO018084.2, NONRATT009275.2,
NONRATTO007865.2 and NONRATTO026300.2 which
require (21). Although these were not identified in our previous
microarray analysis (22), further study surrounding the PA
tissues of MCT and MCT+MET rats should be performed
to elucidate novel regulatory mechanisms in which MET
reverses pulmonary vascular remodeling. In summary,
IncRNA NONRATTO015587.2 could promote the expression
of PASMC proliferation genes by targeting p21, while MET
could upregulate p21 through NONRATTO015587.2 to inhibit
PDGF-BB-induced PASMC proliferation. These findings may
also improve our understanding of the pathogenesis of PAH
and the mechanisms underlying the action of MET.
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