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Abstract

It is well supported by the literature that the proliferation and migration of pulmonary arterial smooth muscle cells (PASMCs)
are critical for the development of pulmonary arterial hypertension (PAH). Long intergenic noncoding RNA COX2 (lincRNA-
COX2) is a regulator of inflammation and might be conducive to the progression of atherosclerosis, while its role in PAH
is still unclear. This study was performed to explore the role and mechanism of lincRNA-COX2 in PASMCs proliferation
and migration in an anaerobic environment. PASMCs were treated by hypoxia to construct PAH cell models. RT-PCR and
western blot were recruited to evaluate the expression levels of lincRNA-COX2, miR-let-7a and STAT3. Their roles in prolif-
eration and cell and migration of PASMCs were determined by the CCK-8 assay, wound-healing assay, and flow cytometry.
In peripheral blood samples from PAH patients and hypoxic PASMCs, lincRNA-COX2 expression was enhanced. Silencing
lincRNA-COX2 inhibited hypoxia-induced PASMCs proliferation by influencing the G2/M phase of the cell cycle. Mean-
while, lincRNA-COX2 regulated STAT3 through miR-let-7a and its effects on hypoxic PASMCs worked through miR-let-7a/
STAT3 axis. To conclude, silencing lincRNA-COX?2 attenuated the development of hypoxic PASMCs. LincRNA-COX2/

miR-let-7a/STAT3 axis might be considered as a novel target to treat PAH.
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Introduction

Pulmonary arterial hypertension (PAH) refers to the mPAP
(mean pulmonary artery pressure) greater than 25 mmHg in
resting conditions [1, 2]. Patients often have high pulmonary
artery pressure without obvious symptoms, resulting in right
heart failure and even death. Pulmonary vascular remodeling
and increased pulmonary artery resistance are the critical
pathogenesis of PAH [3]. Pulmonary artery remodeling is
mainly caused by abnormal growth, excessive proliferation
and decreased anti-apoptotic ability of smooth muscle cells
[4]. Therefore, the inhibition of pulmonary arteriole smooth
muscle cells (PASMCs) proliferation or the induction of
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smooth muscle cell apoptosis is an effective therapeutic
strategy for PAH.

Long noncoding RNAs (IncRNAs), which are more than
200 nt in length, form a newly discovered class of RNA
molecules with strong biological regulatory capacity. Qui-
nodoz et al. identified thousands of IncRNAs with conserved
sequences in mammals, which play critical roles in the devel-
opment of immune system diseases, cardiovascular system
diseases, tumor, endocrine metabolic diseases, etc. [5]. For
instance, IncRNA MIAT is involved in myocardial infarc-
tion by regulating miR-150-5p and vascular endothelial
growth factor [6]. Through binding to intracellular MDM?2
protein, IncRNA-p21 enhances the transcriptional activity
of p53 protein, regulates apoptosis and proliferation of vas-
cular endothelial cells, and participates in the occurrence
and development of atherosclerotic diseases [7]. In addi-
tion, long intergenic noncoding COX2 (lincRNA-COX2)
might contribute to the progression of atherosclerosis. In
2009, Guttman et al. found that lincRNA-COX2 expres-
sion increased by more than 1000 times in LPS-stimulated
dendritic cells, and the locus analysis showed that the gene
was located in the 51 kb upstream of oxidase reductase in
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prostaglandin [8]. In 2013, Carpenter et al. confirmed that
lincRNA-COX2 was a pro-inflammatory molecule that can
mediate the LPS-induced secretion of macrophages inflam-
matory factor CCLS5 and activation of NF-xB inflammatory
signaling pathway [9], whereas the research of lincRNA-
COX2 in pulmonary hypertension is still limited.

MicroRNAs (miRNAs) regulate multiple pathophysiolog-
ical processes, such as vascular remodeling, tissue repair,
and lipid metabolism [10-12]. The abnormal expression of
miRNAs has been shown in various lung diseases, includ-
ing PAH [13]. miRNAs are correlated with the severity of
PAH and could curb PAH pathological progression, offering
a novel therapy target for PAH [14]. The significant down-
regulation of let-7a was observed in animals’ lungs with
PAH [13]. A similar reduction in let-7a was also confirmed
in cells exposed to chronic hypoxia, indicating a feasible
role of let-7a in PAH development [15]. Furthermore, the
expression of let-7 correlated negatively with the severity of
PAH in patients who had systemic scleroderma [16]. Also,
it was found that let-7a may be helpful for moderating PAH
progression via curbing PASMC growth by targeting STAT3
signaling [17]. Numerous researches demonstrated that the
dysregulation of STAT3 signaling plays a key role in PAH
pathogenesis, and blocking STAT3 signaling with specific
inhibitors such as plumbagin and dehydroepiandrosterone
can reduced or reversed PAH symptoms [18-20].

The present study was designed to explore the function
and mechanism of linc-COX2 in PAH. At the beginning of
the study, we found that the expression of lincRNA-COX2 in
the PAH cell model was significantly different from that of
normal PASMCs and functioned as a sponge of let-7a. Thus,
this study further tried to explore the function of lincRNA-
COX2 in the development of PAH, with the involvement of
the miR-let-7a/STAT3 axis.

Materials and methods
Human samples

Human peripheral blood samples were obtained from 34
patients admitted in structural heart disease department of
the first affiliated hospital of Xi’an Jiaotong University. All
patients in the case group underwent right cardiac catheteri-
zation, and the inspection results met the diagnostic criteria
for PAH which referred that mPAP was above 25 mmHg,
pulmonary arteriole wedge pressure (PAWP) was lower than
15 mmHg, and pulmonary vascular resistance was higher
than 3 Wood units. And all of them were diagnosed as pul-
monary hypertension. The control group included 19 healthy
volunteers. All candidates with serious liver disease and
kidney failure were ruled out. The peripheral venous blood
(5—10 ml) of all selected subjects was collected in a labelled
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EDTA-K?2 anticoagulation tube, and stored at — 80 °C. This
experiment was approved by the ethics committee of the first
affiliated hospital of Xi’an Jiaotong University. Informed
consent forms were obtained from 19 healthy volunteers and
34 patients with a definite diagnosis of pulmonary hyperten-
sion before peripheral blood samples were taken.

Cell culture and treatment

Human PASMCs were obtained from Gibco (Life Technolo-
gies, Zug, Switzerland) and cultured in SmGM-2™ (smooth
muscle cell growth medium-2) containing 5% FBS (S00725,
Gibco BRL/Invitrogen Inc., Carlsbad, CA, USA), 0.5 ng/ml
human recombinant epidermal growth factor, 2 ng/ml human
recombinant fibroblast growth factor, 5 pg/ml insulin, 50 pg/
ml gentamicin, 10 U/ml penicillin, and 10 pg/ml streptomy-
cin in a humidified incubator (5% CO,, 37 °C).

sh-NC, sh-COX2, inhibitor NC, and miR-let-7a inhibitor
were obtained from RiboBio (Guangdong, China). PASMCs
were placed in six-well dishes for 24 h, and then all of the
plasmids were treated with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). For constructing a hypoxic condition,
human PASMCs were incubated for 0, 6, 12, 24, and 48 h
with a gas mixture constituted with 92% N,, — 5% CO,,
- 3% 0O,.

RNA extraction and quantification

Total RNA was extracted via the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) and quantified by NanoDrop 2000c
Spectrophotometer (Thermo Fisher Scientific, Rockford,
IL). Reverse transcription reactions were completed using
the PrimeScript RT reagent kit (Qiagen). Real-time PCR
was performed using TransStart™ SYBR Green qPCR
Supermix (TransGenBiotech, Beijing, China). The prim-
ers recruited were all synthesized by Huda Gene (Shenzhen
Huada Gene Co., Ltd.,) (Supplementary Table 1). Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) or U6 was
used as the internal reference for IncRNA gene, mRNA, or
microRNA gene. The fold changes of genes were evaluated
using the 2744 method.

Western blotting

Proteins were extracted with RIPA lysis buffer (Thermo sci-
entific, Rockford, IL, USA), and the concentrations were
measured using the BCA assay kit (Pierce, Rockford, IL,
USA). Then, 12% SDS-PAGE was used to separate proteins
before being transferred to PVDF membranes (Sigma) which
were then blocked with 5% skim milk in TBST for 2 h. The
membranes were incubated at 4 °C overnight with the pri-
mary antibodies against PCNA (proliferating cell nuclear
antigen), Ki67, p-Rb, cyclin B1, MMP-2, and MMP-9 and
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then with HRP-conjugated secondary antibodies for 1 h.
Chemiluminescence (Santa Cruz, CA, USA) was used to
visualize the binding proteins and the Quantity One v4.6.2
software was employed for further analyzed.

Cell proliferation and migration assays

CCK-8 assay was employed to measure cell proliferation
capacity. PASMCs (1 x 10* cells/well) were cultured in
96-well plates for 24 h. Then, 10 ul CCK-8 solution was
added into each well and cells were maintained for 4 h at
37 °C. Finally, the absorbance (A) at 450 nm was evaluated
by a microplate reader (Bio-Rad, Inc., Hercules, CA, USA).
Wound-healing assay was employed to assess cell migra-
tion. Briefly, the fused human PASMCs cultured on a six-
well plate were scratched with pipette tips, and each well
formed a 1-mm-wide acellular line. The separated cells were
rinsed with PBS. Photographs were taken from the same
areas as those recorded at zero time after 24 h incubation.

Cell cycle analysis

Flow cytometry was recruited to evaluate cell cycle analy-
sis as described previously [21]. Briefly, cells were fixed
in precooled 70% ethanol at 4 °C to begin with. Then, they
were resuspended with PBS containing 0.25% Triton X-100
for 15 min on ice and stained in a propidium iodide solution
(P4170, Sigma, St. Louis, MO, USA) with 100 pug/ml RNase
for 30 min in the dark. Cell cycle analysis was completed via
flow cytometry (Beckman Coulter, USA).

Luciferase assay

To confirm whether miR-let-7 targeted linc-COX2 directly,
PCR was used to amplify the 3’-UTR (wild type and
mutated type) of linc-COX2 which was then cloned it into
the pmiRRB-Report vector. After 48 h of transfection, the

luciferase activity was evaluated via the Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA).

Statistical analysis

Results are shown as mean+ SD. SPSS 18.0 software was
recruited to analyze data and perform comparisons between
two groups via the paired 7 test and between multiple groups
using one-way analysis of variance (ANOVA). The Pear-
son correlation was employed to evaluate the correlation
between linc-Cox2 and miR-let-7a. P <0.05 was considered
statistically significant.

Results
LincRNA-COX2 is upregulated in hypoxic PASMCs

gRT-PCR was used to detect lincRNA-COX2 expression and
the results indicated that lincRNA-COX2 expression was
enhanced in peripheral blood samples from PAH patients
(Fig. 1a) and hypoxic PASMCs in a time-dependent manner
(Fig. 1b).

LincRNA-COX2 silencing inhibits hypoxia-induced
PASMCs proliferation by influencing the G2/M phase
of the cell cycle

Exorbitant PASMCs proliferation is one of the major patho-
logical features of PAH and make contribution to the vas-
cular remodeling [22, 23]. Thus, we explored the involve-
ment of lincRNA-COX2 in PASMC proliferation. sh-COX2
and pcDNA-COX2 was transfected into human PASMCs
to suppress or enhance lincRNA-COX2 expression with
hypoxia treatment (Fig. 2a) (Supplementary Fig. 1a). CCK-8
assay results showed that cell proliferation was reduced
by sh-COX2, while increased by pcDNA-COX?2 (Fig. 2b)
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Fig.2 Silencing lincRNA-COX2 curbs the proliferation of hypoxia-
induced PASMCs. PASMCs were transfected with sh-COX2 and
treated with hypoxia for 24 h. a RT-PCR was used to evaluate the
transfection efficiency of sh-COX2. b The proliferation of hypoxic
PASMCs was assessed by the CCK-8 assay. ¢ The effect of sh-COX2

(Supplementary Fig. 1b). And cell cycle analysis showed
that sh-COX2 moderated G2/M cell cycle arrest (Fig. 2c).
Furthermore, protein expression of proliferation markers
Ki67 and PCNA and G2/M cell cycle-related genes p-Rb
and cyclin B1 were all significantly downregulated by sh-
COX2 (Fig. 2d, e). All these data suggested lincRNA-COX2
was a crucial factor in regulating hypoxia-induced PASMCs
proliferation and cell cycle.

LincRNA-COX2 silencing inhibits the migration
of hypoxia-induced PASMCs

Subsequently, we analyzed the effects of lincRNA-COX2
on the migration capacity of human PASMC induced by
hypoxia treatment, which was also a vital factor contributing
to the development of cardiovascular diseases. Through the
wound-healing assay, it was shown that there was an evident
decrease in migration in sh-COX2 transfected cells (Fig. 3a).
Similarly, the migration-related genes MMP-2 and MMP-9
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on the cell cycle was evaluated assessed via the flow cytometry assay.
d, e Proliferation-related protein Ki-67 and PCNA and G2/M stage
arrest-related proteins p-Rb and cyclin B1 expression were assessed
by western blot. *P < 0.05 vs. sh-NC

were also downregulated by sh-COX2 transfection (Fig. 3b,
c¢). Therefore, it was initially considered that sh-COX2
curbed migration capacity of hypoxia-induced PASMCs.

LincRNA-COX2 functions as a sponge of miR-let-7a

Since miRNAs play critical roles in the effects of lincRNA,
we tried to determine whether there was a miRNA bound
with linc-COX2 to determine the underlying mechanism of
linc-COX2 in PAH. RNAhybrid (https://bibiserv.cebitec.uni-
bielefeld.de/rnahybrid/) was recruited to predict the binding
sequences of linc-COX?2 and miR-let-7a (Fig. 4a). Luciferase
reporter plasmids containing the wild-type or mutated miR-
let-7a binding sites of COX2 were constructed. The results
showed that the aberrant expression of miR-let-7a evidently
suppressed the luciferase activity of COX2-WT, while no
significant differences were detected in the COX2-MUT
group (Fig. 4b). RT-PCR results demonstrated that miR-let-
7a expression was downregulated in both peripheral blood
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Fig.4 LincRNA-COX2 functions as a sponge of miR-let-7a.
PASMCs were transfected with sh-COX2 and treated with hypoxia
for 24 h. a The predicted wild-type or mutated miR-let-7a binding
sites in lincRNA-COX2. b The Luciferase reporter assay was used
to detect the fluorescence intensity with mimic NC or miR-let-7a
co-transfected with wt-COX2 or mut-COX2. *P < 0.05 vs. mimic

samples of PAH patients and hypoxic PASMCs (Fig. 4c,
d). In addition, miR-let-7a expression was upregulated in

Relative expression of COX-2

NC. RT-PCR was recruited to detect miR-let-7a expression in ¢ the
peripheral blood samples of PAH patients and d hypoxic PASMCs.
*P < 0.05 vs. Control. e The expression of miR-let-7a was assessed
by qRT-PCR after sh-COX2 transfection. *P < 0.05 vs. sh-NC.
f Pearson correlation was performed to evaluate the correlation
between linc-COX?2 and miR-let-7a

hypoxic PASMCs transfected with sh-COX2 (Fig. 4e). Fur-
thermore, the results of the Pearson correlation showed that
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lincRNA-COX2 and miR-let-7a expression was negatively
correlated (Fig. 4f). In summary, all of these results showed
that linc-COX2 directly targeted miR-let-7a.

LincRNA-COX2 regulates STAT3 through miR-let-7a

Although we had already confirmed that miR-let-7a was a
target of lincRNA-COX2, the role of miR-let-7a in lincRNA-
COX2-mediated effects in hypoxic PASMCs remained
unclear. Thus, we further explored whether lincRNA-COX2
regulates STAT3 through miR-let-7a. Firstly, the transfec-
tion efficiency of inhibitor NC and that of the miR-let-7a
inhibitor were detected by qRT-PCR (Fig. 5a). In addition,
the p-STAT3 protein level was decreased in the sh-COX2
group and rebounded by miR-let-7a inhibitor and sh-COX2
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Fig.5 LincRNA-COX2 regulates STAT3 through miR-let-7a. sh-
COX2 was transfected into PASMCs and then hypoxia treatment
for 24 h was performed. a The transfection efficiency of miR-let-7a

co-transfection (Fig. 5b, ¢). Above all, these data suggested
that lincRNA-COX2 regulates STAT3 through miR-let-7a.

LincRNA-COX2 regulates PAH development
through the miR-let-7a/STAT3 axis

Activation of the STAT3 pathway has been reported in PAH
animal models and it could regulate the growth of smooth
muscle cells (SMCs) [14]. To confirm the underlying mecha-
nism of linc-COX2 in PAH development, colivelin (STAT3
activator) was used to restore p-STAT3 expression. Notably,
colivelin alleviated the inhibitory roles of sh-COX2 in pro-
liferation (Fig. 6a), G2/M phase arrest of cell cycle (Fig. 6b)
and cell migration (Fig. 6¢) in hypoxic PASMCs. Overall, it
was concluded that sh-COX2 might regulate PASMC prolif-
eration and migration by miR-let-7a/STAT3 axis.
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Fig.6 LincRNA-COX2 regulates PAH development through the
miR-let-7a/STAT3 axis. PASMCs transfected with sh-COX2 were
treated by hypoxia for 24 h and/or colivelin. a CCK-8 was recruited
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to analyze cell proliferation. b The cell cycle was assessed via flow
cytometry. ¢ Cell migration was evaluated by the wound-healing
assay. *P < 0.05 vs. sh-NC, #P < 0.05 vs. sh-COX2
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Discussion

The functional roles and molecular mechanisms of IncR-
NAs in pulmonary hypertension have been largely reported
[24-26]. In this research, it was discovered that lincRNA-
COX2 affected PAH development for the first time. The
staining of several lincRNA-Cox2 KO mouse organs with
a lacZ reporter cassette suggested that lincRNA-Cox2
expression was increased in lungs; RNA-seq analysis fur-
ther validated this observation [27]. In addition, lincRNA-
COX2 was highly expressed by multiple stimulations in
various cells, including EV-induced microglia, TNFa-
induced intestinal epithelial cells [28, 29], and LPS-stim-
ulated macrophages [9]. Herein, we firstly found that lin-
cRNA-COX2 expression was boosted in peripheral blood
samples from PAH patients and hypoxia-treated PASMCs.

Pulmonary arterial hypertension has the characteristics
of increased progression in pulmonary vascular resist-
ance and obliterative pulmonary vascular remodeling
with sophisticated and unclear mechanism. It was known
that deviant proliferation and migration of PASMCs
were crucial pathological features of pulmonary vascular
remodeling in PAH pathogenesis [23]. The further char-
acterization of lincRNA-Cox2 might be helpful for the
exploration of new drug targets for atherosclerosis [9, 30].
The knockdown of lincRNA-Cox2 was reported to reverse
the expression of LPS-induced cell cycle genes in mouse
primary microglia leading to the inhibition of microglial
proliferation in vitro [31]. In this study, it was observed
that silencing lincRNA-COX2 not only inhibited hypoxia-
induced PASMC proliferation by influencing the G2/M
phase of the cell cycle, but also curbed PASMC migration.

Multiple researches have demonstrated that let-7, a
tumor suppressor, was poorly expressed or lost in vari-
ous human cancers. The restoration of let-7 expression
was considered as a therapeutic option for cancer [32, 33].
Also, it was reported that let-7a was downregulated in lung
injury and PAH in vivo models [13, 16, 34], which was
in accordance with our results. Recently, the roles of let-7
in cardiovascular biology and disease were explored, and
let-7 was viewed as a switch and regulator in the develop-
ment of cardiovascular diseases [35]. Yang et al. demon-
strated that the increased expression of let-7 stimulated
cardiac hypertrophy by targeting cyclin D2 [36]. Further-
more, miR-let-7a has been reported to attenuate mono-
crotaline-stimulated pulmonary hypertension via curbing
PASMCs growth by STAT3 signaling [17]. The role of
STAT3 in PAH has been demonstrated these years [37].
STAT3 activation was supposed to be an early event in
PAH etiology, at the origin of several signaling cascades
and that it was vital in sustaining the pathologic phenotype
[38]. Herein, we verified that lincRNA-COX2 regulated

STAT3 by miR-let-7a and influenced PAH development
through the miR-let-7a/STAT3 axis. All of these results
suggest the important role of lincRNA-Cox2 in PAH.

In conclusion, this study indicated the regulatory role of
lincRNA-COX2 in PAH development. Firstly, it was found
that lincRNA-COX2 was enhanced in peripheral blood sam-
ples from PAH patients and hypoxic PASMCs in a time-
dependent manner for the first time. In addition, we also
found the miR-let-7a/STAT3 axis, which had been proven
to be vital in PAH development, was regulated by lincRNA-
COX2. Based on the above experiment results and previous
researches, we hypothesized that lincRNA-COX2 might
regulate PAH development through the miR-let-7a/STAT3
axis, which is of great significance for the exploration of
targeted therapy for PAH.

Conclusion

We have shown that the silencing lincRNA-COX2 inhib-
its hypoxia-induced PASMC proliferation, the G2/M cell
cycle, and migration through the miR-let-7a/STAT?3 axis.
Our research may be conducive to exploring more effective
PAH therapeutic strategies.
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