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Abstract
Background: Pulmonary	 arterial	 hypertension	 (PAH)	 is	 a	 severe	 cardiopulmonary	
disease	characterized	by	vascular	hyperplasia	and	remodeling.	Long	noncoding	RNA	
LINC00963	can	regulate	cell	proliferation	and	metastasis	in	nonsmall	cell	lung	cancer.	
However,	the	function	of	LINC00963	on	PAH	progression	is	rarely	reported.
Methods: Quantitative	 real-	time	PCR	was	used	 to	determine	 the	expression	 levels	
of	LINC00963,	microRNA	(miRNA)-	328-	3p,	and	profilin	1	(PFN1),	as	well	as	vascular	
endothelial	growth	 factor	 (VEGF),	 fibroblast	growth	 factor	2	 (FGF-	2),	 and	hypoxia-	
inducible	factor	(HIF)-	α.	The	protein	level	of	PFN1	was	measured	by	western	blotting.	
The	viability	and	migration	of	hypoxia-	induced	pulmonary	arterial	smooth	muscle	cells	
(PASMCs)	were	assessed	by	3-	(4,	5-	dimethyl-	2-	thiazolyl)-	2,	5-	diphenyl-	2-	h-	tetrazolium	
bromide,	and	 transwell	assays,	 respectively.	The	 target	 relationships	between	miR-	
328-	3p	and	LINC00963/PFN1	were	confirmed	by	dual-	luciferase	 reporter	assay.	A	
PAH	mouse	model	was	conducted	to	explore	the	effects	of	hypoxia	on	cardiopulmo-
nary functions.
Results: In	hypoxia-	induced	PASMCs	and	PAH	mouse	model,	high	expression	levels	
of	LINC00963	and	PFN1,	and	low	expression	of	miR-	328-	3p,	were	determined.	The	
viability,	migration	of	hypoxia-	induced	PASMCs,	the	expression	of	VEGF,	FGF-	2,	and	
HIF-	α	were	significantly	 repressed	by	 transfection	of	si-	LINC00963	or	miR-	328-	3p	
mimics.	The	inhibitory	effects	of	LINC00963	silencing	on	cell	viability,	migration,	and	
the	levels	of	VEGF,	FGF-	2,	and	HIF-	α	were	partly	eliminated	by	miR-	328-	3p	inhibitor	
or	increasing	the	expression	of	PFN1.	Hypoxia	treatment	increased	the	levels	of	RVSP,	
mPAP,	and	RV/(LV+S),	as	well	as	the	thickness	of	pulmonary	artery	wall.
Conclusions: Silencing	of	LINC00963	ameliorates	PAH	via	modulating	miR-	328-	3p/
PFN1.
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1  |  INTRODUC TION

Pulmonary	arterial	hypertension	(PAH)	is	a	severe	cardiopulmonary	
disease, and generally caused by various factors such as genetic, 
epigenetic, and environmental factors.1– 3	 Besides,	 hypoxia	 is	 a	
main inducement to trigger pulmonary vasoconstriction and vas-
cular remodeling, as well as causing hyperplasia and damage to the 
blood	vessels	 in	 lungs,	 eventually	 resulting	 in	PAH.3– 5 Therefore, 
exploring	 the	 potential	 mechanisms	 of	 vascular	 hyperplasia	 and	
remodeling	under	hypoxia	conditions	may	be	helpful	for	the	treat-
ment	of	PAH.

Long	noncoding	RNAs	(lncRNAs)	are	a	group	of	transcripts	with	
200 nucleotides in length.6 Wang et al. conducted a microarray anal-
ysis	for	the	expression	levels	of	lncRNAs	in	a	PAH	rat	model	and	re-
vealed	that	86	lncRNAs	are	abnormally	expressed	in	the	progression	
of	PAH.7	Lei	et	al.	demonstrated	that	 lncRNA	is	enriched	in	serum	
of	 PAH	 patients	 and	 hypoxia-	induced	 pulmonary	 arterial	 smooth	
muscle	 cells	 (PASMCs).8	 Additionally,	 overexpression	 of	 Ang362	
is	also	found	in	both	in	vivo	and	in	vitro	PAH	models.9	Metastasis-	
associated	lung	adenocarcinoma	transcript	1	(MALAT1)	expression	
is	 increased	 in	PAH	tissues	and	 in	PASMCs	 isolated	from	PAH	pa-
tients,	whereas	silencing	of	MALAT1	suppresses	the	cell	prolifera-
tion and metastasis.10	In	terms	of	lncRNA	LINC00963,	its	regulatory	
role in cellular processes has been reported in multiple human can-
cers, such as prostate cancer,11 bladder cancer,12 ovarian cancer,13 
colorectal cancer,14 liver cancers,15 and osteosarcoma.16	LINC00963	
is also confirmed to be closely associated with cell proliferation and 
metastasis	in	nonsmall	cell	lung	cancer	(NSCLC).17	Given	that	the	im-
portant	features	of	PAH	are	related	to	vascular	remodeling	and	hy-
perplasia,	the	hypothesis	that	LINC00963	may	be	closely	associated	
with	the	progression	of	PAH	was	conducted.

MicroRNAs	 (miRNAs)	 are	 a	 class	 of	 20–	25	 nucleotides	 small	
endogenous	RNA.18	The	 increased	expression	of	miR-	19a,19	miR-	
30a-	5p,20	miR-	132,21	and	miR-	62922	is	found	in	PAH,	and	can	ag-
gravate	 the	 progression	of	 PAH.	On	 the	 contrary,	 there	 are	 also	
many	 miRNAs	 exhibiting	 anti-	PAH	 roles	 through	 suppressing	
cellular	 processes	 of	 PASMCs.23– 25	 For	 instance,	 increased	miR-	
204	 impedes	 the	development	of	PAH	by	 reducing	autophagy.23 
miR-	374c	 can	 inhibit	 the	 viability	 and	 metastasis	 of	 PASMCs.24 
Overexpression	 of	 miR-	483	 targets	 PAH-	related	 genes	 (TGF-	β, 
TGFBR2,	 and	 ET-	1)	 to	 repress	 right	 ventricular	 hypertrophy,	 in-
directly	 attenuating	 PAH	 progression.25	 Notably,	 up-	regulation	
of	 miR-	328-	3p	 can	 restrain	 the	 proliferation	 and	 metastasis	 of	
PASMCs,	as	well	as	inhibiting	vasoconstriction	and	remodeling	via	
targeting	IGF1R,	finally	ameliorating	PAH.26– 28 However, whether 
miR-	328-	3p	can	be	modulated	by	LINC00963	to	affect	PAH	pro-
gression has not been reported.

In	the	current	study,	the	expression	of	LINC00963,	miR-	328-	3p,	
and	profilin	1	(PFN1)	in	PAH	(in	vitro	and	in	vivo	models),	as	well	as	
their	 interactions	 in	 PAH	 progression	 in	 vitro	were	 explored.	Our	
findings	may	provide	a	new	target	for	the	treatment	of	PAH.

2  |  MATERIAL AND METHODS

2.1  |  Cell culture, hypoxia induction, and 
transfection

Pulmonary arterial smooth muscle cells obtained from BioVector 
NTCC	 were	 cultured	 in	 Dulbecco's	 Modified	 Eagle's	 Medium	
(DMEM)	 containing	10%	 fetal	 bovine	 serum	 (FBS).	Cells	were	 fur-
ther	divided	 into	 two	groups:	 the	normoxia	group	 (treatment	with	
5%	CO2,	21%	O2,	and	74%	N2)	and	the	hypoxia	group	(treatment	with	
5%	CO2	and	95%	N2).	Afterward,	siRNA-	LINC00963	(si-	LINC00963)	
and	 its	negative	control	 (si-	NC)	 (Transheep),	pcDNA3.1-	PFN1	vec-
tor	 (pcDNA-	PFN1),	 and	 pcDNA-	NC	 (Beina	 Biology),	 as	 well	 as	
miR-	328-	3p	mimics/mimics	NC	and	miR-	328-	3p	 inhibitor/inhibitor	
NC	 (Beina	Biology)	were	 co-	transfected	with	 the	hypoxia-	induced	
PASMCs	using	Lipofectamine	RNAiMAX	kit	(Invitrogen)	for	48	h.

2.2  |  Quantitative real- time PCR

Total	 RNA	 was	 extracted	 from	 PASMCs	 or	 lung	 tissues	 by	 RNA	
extraction	 kit	 (Promega),	 followed	 by	 synthesizing	 into	 cDNA	
using	 First-	Strand	 cDNA	 Synthesis	 Kit	 (Thermo	 Fisher	 Scientific).	
Quantitative	real-	time	PCR	was	performed	with	SYBR	Green	FAST	
Mastermix	 (Qiagen).	 The	 expression	 levels	 of	 LINC00963,	 miR-	
328-	3p,	PFN1,	VEGF,	FGF-	2,	and	HIF-	1α were quantified by a 2−ΔΔCt 
method.	GAPDH	and	U6	were	served	as	the	internal	controls.

2.3  |  3- (4, 5- dimethyl- 2- thiazolyl)- 2, 5- diphenyl- 2- 
h- tetrazolium bromide assay

Pulmonary arterial smooth muscle cells (1×105 cells/μl)	 were	 cul-
tured	 into	 96-	well	 plates	 for	 2	 days.	 Subsequently,	 the	 cells	were	
incubated for 24, 48, and 72 h, followed by adding 15 μl	 3-	(4,	
5-	dimethyl-	2-	thiazolyl)-	2,	 5-	diphenyl-	2-	h-	tetrazolium	 bromide	
(MTT;	Aladdin)	into	each	well	to	incubate	another	2	h	at	37°C.	Cell	
viability	 (OD450)	was	detected	using	a	microplate	reader	 (Thermo	
Fisher	Scientific).

2.4  |  Transwell migration assay

The	migration	of	hypoxia-	induced	PASMCs	was	measured	by	tran-
swell	 assay.	 In	 brief,	 the	hypoxia-	induced	PASMCs	 (5	× 104)	were	
resuspended	in	a	serum-	free	DMEM	and	then	seeded	into	the	upper	
chamber.	 The	 lower	 chamber	 was	 added	 with	 DMEM	 containing	
10%	FBS.	 Following	 incubation	 for	 overnight	 at	 37°C,	 cells	 in	 the	
lower	chamber	were	stained	with	0.1%	crystal	violet	for	15	min.	A	
light microscope (magnification ×400)	was	used	to	count	the	stained	
cells in five randomly selected fields.
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2.5  |  Dual- luciferase reporter assay

The	 binding	 sites	 between	 miR-	328-	5p	 and	 LINC00963/PFN1	
were predicted using StarBase software (http://starb ase.sysu.edu.
cn/index.php)	 and	 TargetScan	 software	 (http://www.targe tscan.
org/vert_72/).	 Target	 relationship	 was	 further	 validated	 by	 dual-	
luciferase	reporter	(DLR)	assay.	Briefly,	the	fragments	of	LINC00963/
PFN1	 containing	 miR-	328-	3p-	binding	 sites	 were	 combined	 with	
pGL3	vector	(Promega)	to	establish	the	recombinant	reporter	plas-
mids,	 named	 LINC00963/PFN1-	wild	 type	 (WT)	 or	 LINC00963/
PFN1-	mutant	 type	 (MUT).	We	 then	 cotransfected	PASMCs	 (2000	
cells	per	well)	with	miR-	328-	3p	mimics/mimics	NC,	and	LINC00963/
PFN1-	WT	 as	 well	 as	 LINC00963/PFN1-	MUT	 using	 Lipofectamine	
3000	 (Thermo	Fisher	Scientific)	 to	 incubate	48	h	37°C.	The	 lucif-
erase	 activity	 was	 analyzed	 using	 a	 dual-	luciferase	 reporter	 gene	
assay	system	(Promega).

2.6  |  Western blot assay

Pulmonary arterial smooth muscle cells or lung tissues were initially 
lysed	 with	 RIPA	 buffer.	 Afterward,	 the	 protein	 was	 separated	 by	
10%	 SDS-	PAGE	 and	 then	 transferred	 onto	 PVDF	membrane,	 fol-
lowed	 by	 incubating	 with	 the	 primary	 antibodies	 PFN1	 (1:1000;	
Sigma	 Aldrich)	 and	 GAPDH	 (1:1000;	 Sigma	 Aldrich)	 overnight	 at	
4°C	 and	 the	 HRP-	conjugated	 secondary	 antibody	 (1:5000;	 Sigma	
Aldrich)	for	1	h.	Immunoblotting	was	visualized	using	an	ECL	detec-
tion	kit	(Thermo	Fisher	Scientific)	under	Gel-	Pro	analyzer	version	4.0	
(Media	Cybernetics).

2.7  |  PAH mouse model

C57BL/6	mice	(22–	24	g)	were	assigned	into	two	groups	ad	libitum:	
the	normoxia	group	 (n =	18)	and	hypoxia	group	 (n =	18).	The	nor-
moxia	group	mice	were	maintained	with	the	normoxic	condition	of	
fractional	inspired	oxygen	0.21	(FiO2,	0.21)	under	a	12	h	cycle	(12	h	
for	 light	 and	12	h	 for	 dark)	 at	 24°C,	whereas	mice	 in	 the	hypoxia	
group	were	given	the	hypoxic	condition	with	FiO2	at	0.12.	All	animal	
experiments	in	this	study	were	in	strict	accordance	with	the	proto-
cols	stated	in	the	Guide	for	the	Care	and	Use	of	Laboratory	Animals	
and	approval	by	the	ethical	committee	of	First	Affiliated	Hospital	of	
Jiamusi University.

2.8  |  Hemodynamics analysis

The mice were anaesthetized by intraperitoneal injection of pento-
barbital	sodium	(50	mg/kg)	at	7,	14,	and	21	days,	respectively,	fol-
lowed	by	fixing	on	an	operating	table	and	incising	open	to	expose	
the	diaphragm.	A	catheter	was	then	slowly	inserted	from	the	right	

external	 jugular	 vein.	 The	mice	were	 excluded	 if	 insertion	of	 the	
catheter resulted in perforation of the vessel wall, or if the mice 
died prematurely. The pressure transducer was connected and a 
physiological instrument was employed to detect the right ven-
tricular	systolic	pressure	(RVSP)	and	mean	pulmonary	artery	pres-
sure	(mPAP).	After	measurement,	the	heart	and	lung	tissues	were	
removed at once, and the right ventricle and left ventricle and 
ventricular	septum	were	disjointed.	Finally,	the	right	ventricle	(RV)	
and left ventricle+ventricular septum (LV+S)	 were	 weighed,	 and	
the	 right	 ventricular	 hypertrophy	 index	 (RVHI)	was	 expressed	 as	
RV/(LV+S).	The	lung	tissues	were	used	to	perform	the	subsequent	
hematoxylin-	eosin	(H&E)	staining	assay.	Experimenters	were	blind	
to the group assignment and did not participate in the later data 
analysis.

2.9  |  H&E staining assay

The	 fresh	 lung	 samples	 of	mice	were	 fixed	 in	 4%	paraformalde-
hyde for one day. Subsequently, lung samples were embedded in 
paraffin sectioned at 6 μm thickness. The sections were stained 
with	H&E	staining	 immediately	and	 then	were	observed	by	 light	
microscopy.

2.10  |  Statistical analysis

Data were presented as means ± SD.	 All	 the	 experiments	 in	 this	
study were performed in three independent trails. SPSS 20.0 soft-
ware	was	used	for	statistical	analysis.	Student's	t	test	and	one-	way	
ANOVA	followed	by	Tukey's	multiple	comparisons	test	were	used	to	
assess	the	experimental	data.	Significant	difference	was	considered	
when p < 0.05.

3  |  RESULTS

3.1  |  Down- regulation of LINC00963 suppresses 
PAH progression in vitro

As	shown	in	Figure 1A,	we	demonstrated	that	LINC00963	expres-
sion	was	 up-	regulated	 by	 hypoxia	 treatment	 in	 a	 time-	dependent	
manner (p <	 0.01).	 We	 then	 silenced	 LINC00963	 to	 explore	 its	
function	in	PAH	progression.	The	results	of	transfection	efficiency	
experiments	 demonstrated	 that	 LINC00963	 expression	 was	 re-
duced	in	hypoxia-	induced	PASMCs	by	transfection	of	si-	LINC00963	
(Figure 1B; p <	 0.01).	 As	 illustrated	 in	 Figure 1C–	E, cell viability, 
migration,	and	the	 levels	of	VEGF,	FGF-	2,	and	HIF-	1α were signifi-
cantly	elevated	in	hypoxia-	induced	PASMCs	transfected	with	si-	NC	
(p <	0.001),	whereas	they	were	partly	eliminated	by	transfection	of	
si-	LINC00963	(p <	0.01).

http://starbase.sysu.edu.cn/index.php
http://starbase.sysu.edu.cn/index.php
http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
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3.2  |  MiR- 328- 3p, a target of LINC00963, plays an 
inhibitory role in PAH in vitro

The	predicted	binding	site	between	LINC00963	and	miR-	328-	3p	was	
presented in Figure 2A. DLR assay indicated that the luciferase activity 
was	reduced	 in	the	LINC00963-	WT/miR-	328-	3p	mimics	group	com-
pared	to	the	LINC00963-	WT/mimics	NC	group	(Figure 2B; p <	0.01).	
Meanwhile,	 miR-	328-	3p	 expression	 was	 remarkably	 increased	 by	
si-	LINC00963	 in	 hypoxia-	induced	 PASMCs	 (Figure 2C; p <	 0.01).	

Additionally,	we	found	that	miR-	328-	3p	expression	was	decreased	by	
hypoxia	treatment	in	a	time-	dependent	manner	(Figure 2D; p <	0.01).	
To	elucidate	the	biological	functions	of	miR-	328-	3p	in	progression	of	
PAH	in	vitro,	miR-	328-	3p	was	initially	overexpressed	by	transfection	
of	miR-	328-	3p	mimics	 (Figure 2E; p <	0.001),	and	was	repressed	by	
miR-	328-	3p	inhibitor	(Figure 2E; p <	0.05).	As	illustrated	in	Figure 2F– 
H,	 miR-	328-	3p	 overexpression	 significantly	 suppressed	 cell	 viability	
(p <	0.001),	migration	(p <	0.01),	and	the	levels	of	VEGF,	FGF-	2	and	
HIF-	1α	in	hypoxia-	induced	PASMCs	(p <	0.01).

F I G U R E  1 Down-	regulation	of	LINC00963	suppresses	PAH	progression	in	vitro.	(A)	LINC00963	expression	of	hypoxia-	induced	PASMCs	
was	detected	by	qRT-	PCR.	**p <	0.01,	***p <	0.001	versus	normoxia	PASMCs.	(B)	LINC00963	expression	was	detected	by	qRT-	PCR.	(C)	MTT	
assay	was	used	to	detect	the	viability	(OD450)	in	different	groups.	(D)	Cell	migration	was	analyzed	by	wound	healing.	(E)	The	expression	
of	HIF-	1α,	VEGF,	and	FGF-	2	was	detected	by	qRT-	PCR.	***p <	0.001	versus	the	normoxia	group.	##p < 0.01, ###p < 0.001 versus the 
si-	NC	group.	FGF-	2,	fibroblast	growth	factor	2;	HIF-	1α,	hypoxia-	inducible	factor	1α;	MTT,	3-	(4,	5-	dimethyl-	2-	thiazolyl)-	2,	5-	diphenyl-	2-	h-	
tetrazolium	bromide;	PAH,	pulmonary	arterial	hypertension;	PASMC,	pulmonary	arterial	smooth	muscle	cell;	qRT-	PCR,	quantitative	real-	time	
PCR;	VEGF,	vascular	endothelial	growth	factor
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3.3  |  PFN1 is a target gene of miR- 328- 3p

A	potential	binding	site	between	miR-	328-	3p	and	PFN1	was	shown	in	
Figure 3A. Based on the results of DLR assay, we demonstrated that 

the	 luciferase	activity	of	PFN1-	WT	was	significantly	decreased	with	
the	 participation	 of	 miR-	328-	3p	 mimics,	 whereas	 there	 seemed	 to	
be	no	influences	on	PFN1-	MUT	(Figure 3B; p <	0.01).	Western	blot-
ting	 further	demonstrated	 that	PFN1	protein	 level	was	 repressed	 in	

F I G U R E  2 MiR-	328-	3p,	a	target	of	LINC00963,	plays	an	inhibitory	role	in	PAH	in	vitro.	(A)	The	target	site	between	LINC00963	and	
miR-	328-	3p	was	predicted	by	StarBase.	(B)	DLR	assay	confirmed	the	target	relationship	between	LINC00963	and	miR-	328-	3p	in	PASMCs.	
**p <	0.01,	versus	mimics	NC.	(C)	The	expression	of	miR-	328-	3p	was	detected	by	qRT-	PCR	**p <	0.01	versus	the	normoxia	group.	##p < 0.01 
versus	the	si-	NC	group.	(D)	miR-	328-	3p	expression	of	hypoxia-	induced	PASMCs	was	detected	by	qRT-	PCR.	**p <	0.01	versus	normoxia	
PASMCs.	(E)	The	expression	of	miR-	328-	3p	was	detected	by	qRT-	PCR.	***p <	0.001	versus	the	normoxia	group.	###p < 0.001 versus the 
mimics	NC	group.	&p <	0.05	versus	the	inhibitor	NC	group.	(F)	MTT	assay	was	used	to	detect	the	viability	(OD450)	of	hypoxia-	induced.	(G)	
Cell	migration	was	analyzed	by	wound-	healing	assay.	(H)	The	expression	of	HIF-	1α,	VEGF,	and	FGF-	2	was	detected	by	qRT-	PCR.	***p < 0.001 
versus	the	normoxia	group.	##p < 0.01, ###p <	0.001	versus	the	mimics	NC	group.	DLR,	dual-	luciferase	reporter;	FGF-	2,	fibroblast	growth	
factor	2;	HIF-	1α,	hypoxia-	inducible	factor	1α;	PAH,	pulmonary	arterial	hypertension;	PASMC,	pulmonary	arterial	smooth	muscle	cell;	qRT-	
PCR,	quantitative	real-	time	PCR;	VEGF,	vascular	endothelial	growth	factor
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hypoxia-	induced	PASMCs	after	transfection	with	miR-	328-	3p	mimics	
(Figure 3C; p <	0.05).	In	addition,	we	also	found	an	enhanced	expres-
sion	of	PFN1	in	hypoxia-	induced	PASMCs	(Figure 3D; p <	0.001).

3.4  |  The inhibitory role of LINC00963/miR- 328- 
3p/PFN1 axis in PAH in vitro

Profilin	1	was	overexpressed	by	transfection	of	pcDNA-	PFN1	into	
hypoxia-	induced	PASMCs	to	investigate	the	function	of	PFN1	in	PAH	
progression (Figure 4A; p <	0.001).	Western	blot	assay	uncovered	
that	the	protein	level	of	PFN1	was	inhibited	by	LINC00963	knock-
down (Figure 4B; p <	0.05),	but	was	rescued	via	miR-	328-	3p	down-	
regulation (Figure 4B; p <	0.01).	As	 illustrated	 in	Figure 4C–	E, we 
revealed	 that	 miR-	328-	3p	 inhibitor	 or	 pcDNA-	PFN1	 reversed	 the	
suppressive	effects	of	si-	LINC00963	on	cell	viability,	migration,	and	
the	levels	of	VEGF,	FGF-	2,	and	HIF-	1α	in	hypoxia-	induced	PASMCs	
(p <	0.01).

3.5  |  Hypoxia promotes pulmonary 
vascular remodeling

In	 a	 PAH	 mouse	 model,	 we	 discovered	 that	 the	 levels	 of	 RVSP,	
mPAP,	 and	 the	 ratio	of	RV/(LV+S)	 (Figure 5A; p <	 0.01)	 as	well	 as	

the thickness of pulmonary artery wall (Figure 5B)	were	significantly	
increased	 in	 a	 time-	dependent	manner.	Meantime,	 the	 expression	
levels	of	LINC00963,	miR-	328-	3p,	and	PFN1	in	lung	tissues	of	PAH	
mice	 were	 also	 detected,	 indicating	 that	 the	 expression	 levels	 of	
LINC00963	and	PFN1	were	up-	regulated,	whereas	miR-	328	expres-
sion	level	was	down-	regulated	(Figure 5C–	E; p <	0.01).

4  |  DISCUSSION

Pulmonary	arterial	hypertension,	a	life-	threatening	cardiopulmonary	
disease, is characterized by pulmonary vasculature remodeling and 
vasculopathy. It can lead to a sustained rise in pulmonary arterial 
pressure, heart failure, and even death.29	A	hypoxia-	induced	murine	
PAH	model	is	usually	established	to	explore	the	progression	of	PAH	
in vivo.26,30	 In	our	study,	the	 levels	of	RVSP,	mPAP,	and	RV/(LV+S)	
ratio, as well as the thickness of the pulmonary artery wall were all 
significantly	 increased	 in	 hypoxia-	induced	 PAH	 mice,	 suggesting	
that	the	PAH	mouse	model	was	successfully	conducted	in	this	study.	
Recently,	numerous	studies	have	reported	that	lncRNAs	are	strongly	
associated	with	the	occurrence	and	development	of	PAH.31– 34 Some 
lncRNAs	are	down-	regulated	in	PAH,	including	CPS1-	IT,31	ANRIL,32 
and	CASC2.33	More	 importantly,	 also	 some	 lncRNAs	are	 found	 to	
overexpress	 in	PAH,	 such	 as	Ang3629	 and	UCA1,34 indicating the 
pathogenic	role	in	the	pathogenesis	of	PAH.	In	the	present	study,	we	

F I G U R E  3 PFN1,	determined	as	a	target	gene	of	miR-	328-	3p,	is	up-	regulated	in	hypoxia-	induced	PASMCs.	(A)	The	target	site	between	
PFN1	and	miR-	328-	3p	was	predicted	by	TargetScan.	(B)	DLR	assay	confirmed	the	target	relationship	between	PFN1	and	miR-	328-	3p	in	
PASMCs.	**p <	0.01,	versus	mimics	NC.	(C)	The	protein	level	of	PFN1	was	determined	by	western	blot	assay.	***p < 0.001 versus the 
normoxia	group.	#p <	0.05	versus	the	mimics	NC	group.	(D)	PFN1	expression	of	hypoxia-	induced	PASMCs	was	detected	by	qRT-	PCR.	
***p <	0.001	versus	normoxia	PASMCs.	DLR,	dual-	luciferase	reporter;	PASMC,	pulmonary	arterial	smooth	muscle	cell;	PFN1,	profilin	1;	qRT-	
PCR,	quantitative	real-	time	PCR
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indicated	that	LINC00963	expression	was	increased	both	in	hypoxia-	
induced	PASMCs	and	PAH	mouse	model	in	a	time-	dependent	man-
ner.	Therefore,	we	speculated	the	LINC00963	may	be	a	pathogenic	
factor	in	the	occurrence	of	PAH.

As	 the	 previous	 studies	 described,	 inhibition	 of	 Ang362	 or	
MALAT1	 significantly	 reduced	 the	 viability	 and	 metastasis	 of	
hypoxia-	induced	 PASMCs.9,10 In this study, we also discovered a 
phenomenon	that	the	low	expression	level	of	LINC00963	has	inhib-
iting effects on cell viability and migration. Interestingly, Yu et al. 
focused	on	 the	 function	of	LINC00963	on	NSCLC	and	 found	 that	
the	metastasis	 of	NSCLC	 cells	 can	 be	 suppressed	 by	 transfection	
of	 si-	LINC00963,	 thus	 ameliorating	 NSCLC.	 Based	 on	 the	 simi-
lar	 influences	of	LINC00963	on	cell	viability	and	migration	 in	PAH	

and	 NSCLC,	 respectively,	 we	 further	 speculated	 that	 silencing	
of	 LINC00963	may	 also	 repress	PAH	progression	 via	 inhibition	of	
hypoxia-	induced	PASMCs	proliferation	and	migration.	At	the	same	
time,	 silencing	of	 LINC00963	 also	 exerted	 an	 inhibitory	 effect	 on	
vascular	remodeling,	which	serves	as	an	important	feature	of	PAH.	
Therefore,	we	believed	that	silencing	of	LINC00963	repressed	the	
development	 of	 PAH	 via	 controlling	 the	 excessive	 hyperplasia	 of	
PASMCs.

Several	 miRNAs	 are	 decreased	 in	 PAH	 tissues	 or	 hypoxia-	
stimulated	 PASMCs,	 such	 as	 miR-	141,8	 miR-	204,23	 miR-	374c,24 
miR-	483.25	Besides,	overexpression	of	 these	miRNAs	can	 remark-
ably	 suppress	 the	development	of	PAH.8,23– 25 Herein, a reduction 
of	miR-	328-	3p	expression	was	also	determined.	 Interestingly,	high	

F I G U R E  4 The	inhibitory	role	of	LINC00963/miR-	328-	3p/PFN1	axis	in	PAH	in	vitro.	(A)	PFN1	expression	was	detected	by	qRT-	PCR	in	
hypoxia-	induced	pulmonary	arterial	smooth	muscle	cells	transfected	with	pcDNA-	NC	or	pcDNA-	PFN1.	***p <	0.001	versus	the	normoxia	
group. ###p <	0.001	versus	the	pcDNA-	NC	group.	(B)	The	protein	level	of	PFN1	was	determined	by	western	blot	assay.	&&p < 0.01 versus 
the	si-	LINC00963	group.	(C)	The	viability	was	detected	by	MTT	assay.	(D)	Cell	migration	was	analyzed	by	wound-	healing	assay.	(E)	The	
expression	of	HIF-	1α,	VEGF,	and	FGF-	2	was	detected	by	RT-	qPCR.	***p <	0.001	versus	the	si-	NC	group.	##p < 0.01, ###p < 0.001 versus 
the	si-	LINC00963	group.	FGF-	2,	fibroblast	growth	factor	2;	HIF-	1α,	hypoxia-	inducible	factor	1α;	MTT,	3-	(4,	5-	dimethyl-	2-	thiazolyl)-	2,	
5-	diphenyl-	2-	h-	tetrazolium	bromide;	PAH,	pulmonary	arterial	hypertension;	PFN1,	profilin	1;	qRT-	PCR,	quantitative	real-	time	PCR;	VEGF,	
vascular endothelial growth factor
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expression	level	of	miR-	328-	3p	also	inhibited	cell	viability	and	migra-
tion. Our results lend credence to the previous study suggesting that 
miR-	328-	3p	overexpression	impedes	the	proliferation	and	migration	
of	 hypoxia-	induced	 PASMCs.26 Besides, we further demonstrated 
that	miR-	328-	3p	overexpression	attenuates	the	levels	of	VEGF,	FGF-	
2,	 and	HIF-	α.	 All	 the	 results	 suggested	 that	 up-	regulation	of	miR-	
328-	3p	 may	 inhibit	 vasculature	 hyperplasia	 and	 remodeling,	 and	
finally	retard	the	occurrence	of	PAH.	Additionally,	miR-	328-	3p	was	
identified	as	a	downstream	target	of	LINC00963.	We	suggested	that	
LINC0963	may	act	as	a	sponge	of	miR-	328-	3p	in	PAH	progression.	
As	 expected,	we	 found	 the	 suppressive	 effects	 of	 LINC00963	 si-
lencing	on	viability,	migration,	 and	 the	 levels	of	VEGF,	FGF-	2,	 and	
HIF-	α	were	rescued	by	miR-	328-	3p	inhibition.	The	results	suggested	
that	silencing	of	LINC00963	affects	PAH	by	modulating	miR-	328-	3p.

Profilin	1,	a	widely	expressed	actin-	binding	protein,	is	essential	
for normal cell motility, proliferation, and differentiation.35 High 
expression	of	PFN1	is	determined	in	multiple	human	cardiopulmo-
nary diseases, such as lung cancer,36 allergic airway,37 asthma,38 and 
acute myocardial infarction.39	 In	 the	current	study,	 the	expression	
level	of	PFN1	was	 increased	 in	both	hypoxia-	treated	PASMCs	and	
PAH	mouse	model.	In	line	with	our	findings,	Dai	et	al.	have	reported	
an	 enhanced	 expression	 of	 PFN1	 in	 platelet-	derived	 growth	 fac-
tor	 and	 IL-	1β	 cocultured	 PASMCs	 and	 monocrotaline-	induced	 rat	
model.40	The	results	implied	that	high	expression	of	PFN1	is	closely	
associated	with	the	exacerbation	of	PAH.	Meanwhile,	PFN1	is	found	
to	be	the	downstream	target	of	miR-	328-	3p.	Therefore,	we	further	
made	a	hypothesis	that	the	LINC00963/miR-	328-	3p	axis	may	inter-
act	with	PFN1	to	affect	PAH.	Our	rescue	experiments	demonstrated	

F I G U R E  5 Hypoxia	induction	promotes	pulmonary	vascular	remodeling.	(A)	The	levels	of	RVSP,	mPAP,	and	the	ratio	of	RV/(LV+S)	of	
hypoxia-	induced	PAH	mice	were	detected	by	a	physiological	instrument.	**p <	0.01	versus	normoxia	mice.	(B)	hematoxylin-	eosin	was	utilized	
for	staining	lung	tissues	of	mice	to	evaluate	morphological	changes	in	lungs	after	hypoxia	induction.	(C)	The	expression	of	LINC00963	in	
hypoxia-	induced	mice	was	detected	by	qRT-	PCR.	(D)	The	expression	of	miR-	328-	3p	in	hypoxia-	induced	mice	was	detected	by	qRT-	PCR.	(E)	
The	protein	level	of	PFN1	in	hypoxia-	induced	mice	was	determined	by	western	blot	assay.	**p <	0.01,	***p <	0.001	versus	normoxia	mice.	
LV+S, left ventricle+ventricular	septum;	mPAP,	mean	pulmonary	artery	pressure;	PAH,	pulmonary	arterial	hypertension;	PFN1,	profilin	1;	
qRT-	PCR,	quantitative	real-	time	PCR;	RV,	right	ventricle;	RVSP,	right	ventricular	systolic	pressure
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that	 overexpression	 of	 PFN1	 reversed	 the	 inhibiting	 effects	 of	
LINC00963	 knockdown	 on	 viability,	 migration,	 and	 the	 levels	 of	
VEGF,	FGF-	2,	and	HIF-	α. Taken together, we considered that silenc-
ing	of	LINC00963	can	attenuate	PAH	through	sponging	miR-	328-	3p	
and	mediating	PFN1.

There are some unsolved research topics we need to elucidate in 
the	future.	First,	the	animal	experiment	should	be	performed	to	val-
idate	the	effects	of	LINC00963/miR-	328-	3p/PFN1	in	vivo.	Second,	
further	 clinical	 experiments	 are	 required	 to	 determine	 whether	
LINC00963	can	be	a	therapeutic	target	for	PAH.

5  |  CONCLUSION

In	summary,	increased	LINC00963	and	PFN1,	as	well	as	decreased	
miR-	328-	3p,	were	found	in	PAH.	Silencing	of	LINC00963	represses	
the	development	of	PAH	via	regulating	the	miR-	328-	3p/PFN1	axis,	
pointing	out	a	novel	potential	target	for	PAH	therapy.
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