
CNS Neurosci Ther. 2019;25:233–244.	 wileyonlinelibrary.com/journal/cns	 	 | 	233© 2018 John Wiley & Sons Ltd

 

Received:	20	April	2018  |  Revised:	20	June	2018  |  Accepted:	15	July	2018
DOI: 10.1111/cns.13043

O R I G I N A L  A R T I C L E

SRPK1 gene silencing promotes vascular smooth muscle cell 
proliferation and vascular remodeling via inhibition of the 
PI3K/Akt signaling pathway in a rat model of intracranial 
aneurysms

Xin‐Guo Li | Yi‐Bao Wang

Department	of	Neurosurgery,	the	First	
Hospital	of	China	Medical	University,	
Shenyang,	China

Correspondence:	Yi‐Bao	Wang,	Department	
of	Neurosurgery,	the	First	Hospital	of	China	
Medical	University,	No.	155,	Nanjing	North	
Street,	Heping	District,	Shenyang	110001,	
Liaoning	Province,	China	(drwangy‐
ibao6@163.com).

Summary
Objective:	 Intracranial	 aneurysm	 (IA)	 is	 a	 life	 threatening	 cerebrovascular	 disease	
characterized	by	phenotypic	modulation	of	vascular	 smooth	muscle	cells	 (VSMCs)	
and	 loss	of	vessel	cells.	 In	addition	 to	environmental	 factors,	genetic	 factors	have	
been	proposed	to	be	a	critical	factor	in	the	onset	and	progression	of	IA.	The	present	
study	investigates	the	effects	of	serine‐arginine	protein	kinase	1	(SRPK1)	on	VSMC	
proliferation	and	apoptosis	both	in	vivo	and	in	vitro,	as	well	as	its	role	in	vascular	re‐
modeling	in	vivo	through	PI3	K/Akt	signaling	in	IA.
Methods:	Differentially	expressed	genes	related	to	IA	were	initially	identified	using	
microarray	analysis.	Immunohistochemistry	was	conducted	to	determine	SRPK1	ex‐
pression	in	the	vascular	walls	in	IA	and	normal	cerebral	vascular	walls.	TUNEL	stain‐
ing	were	applied	to	observe	cell	apoptosis	patterns	of	VSMCs.	VSMC	proliferation	
and	apoptosis	 in	vitro	were	detected	by	cell	counting	kit‐8	 (CCK8)	assay	and	flow	
cytometry.	The	expressions	of	SRPK1,	PI3	K/Akt	signaling	pathway‐	and	apoptosis‐
related	genes	were	evaluated	by	RT‐qPCR	and	Western	blot	analysis.
Results:	Microarray	data	of	GSE36791	and	GSE54083	were	analyzed	to	determine	
the	selection	of	SRPK1	gene.	The	vascular	walls	in	IA	rat	models	produced	high	levels	
of	SRPK1	expression	and	an	activated	PI3	K/Akt	signaling	pathway.	VSMCs	treated	
with	 siRNA‐SRPK1	exhibited	enhanced	 cell	 proliferation,	 repressed	 cell	 apoptosis,	
and	increased	vascular	remodeling,	all	of	which	suggest	the	inhibition	of	the	PI3	K/
AKT	pathway.	Notably,	PI3	K/AKT	pathway	reversed	the	effect	of	SRPK1	silencing.
Conclusion:	Our	results	show	that	siRNA‐mediated	silencing	of	SRPK1	gene	inhibits	
VSMC	apoptosis,	and	increases	VSMCs	proliferation	and	vascular	remodeling	in	IA	
via	the	PI3	K/Akt	signaling	pathway.	Our	findings	provide	a	novel	intervention	target	
for	the	molecular	treatment	of	IA.
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1  | INTRODUC TION

Intracranial	aneurysms	(IAs)	are	cerebrovascular	disorders	that	are	
characterized	by	 localized	dilation	or	expansion	of	 the	blood	ves‐
sels.	IA	results	from	the	weakness	of	either	the	wall	of	cerebral	vein	
or	cerebral	artery.1	The	spontaneous	rupturing	of	 IAs	contributes	
to	a	substantial	amount	of	morbidity	and	mortality	in	patients	with	
IA.2	 Rupture	 of	 an	 IA	 is	 the	 most	 frequently	 occurring	 cause	 of	
subarachnoid	hemorrhage,	which	is	a	 lethal	acute	cerebrovascular	
disorder	that	commonly	affects	the	working‐age	population.3	A	life‐
long	follow‐up	study	pointed	out	that	females	are	more	prone	to	an	
aneurysm	rupture,	and	Tobacco	smoking	is	also	an	important	factor	
that	contributes	to	a	higher	possibility	of	rupture	 in	patients	with	
an	unruptured	IA	(UIA)	compared	to	UIA	size	factor.4	Pathological	
conditions	 and	 inflammation	 that	 alter	 the	physiological	 hemody‐
namics	in	the	cerebral	vasculature	can	activate	vascular	remodeling	
characterized	by	vascular	smooth	muscle	cell	(VSMC)	migration	and	
apoptosis.5	Notably,	there	is	evidence	that	inhibiting	inflammation	
in	the	aortic	wall	coupled	with	promoting	VSMC	proliferation	has	
an	 essential	 component	 in	 the	 treatment	 an	 aneurysm	 rupture.6 
Recent	 studies	 are	 acknowledged	 for	 their	 findings	 pertaining	 to	
the	molecular	pathogenesis	of	IAs	that	focus	on	VSMC	activities.7,8

Serine‐arginine	protein‐specific	kinases	(SRPKs)	are	pivotal	regu‐
lators	 in	transducing	growth	signals	from	the	cell	surface	to	the	nu‐
cleus	 in	 order	 to	 regulate	mRNA	 splicing.9	 The	 structure	 of	 SRPKs	
comprises	a	conserved	kinase	domain	which	is	separated	by	a	large,	
non‐conserved	insert	domain	approximately	250	amino	acids	in	size.10 
The	serine‐arginine	protein	kinase	1	(SRPK1)	has	been	found	to	induce	
the	 phosphorylation	 of	 SR	 proteins	 which	 include:	 SRp30,	 SRp40,	
SRp75,	and	SRSF1,	as	well	as	the	nuclear	SRPK1.	These	phosphory‐
lated	SR	proteins	promote	the	accumulation	of	other	SR	proteins	 in	
cytoplasm,	 and	 alters	 the	 downstream	 splicing	 events	 in	malignant	
tumor	 cells.11,12	 SRPK1	 in	 particular	 functions	 as	 an	 oncoprotein	 in	
human	 cancer	due	 to	 its	 overexpression	effects.	 Its	 overexpression	
has	been	implicated	in	promoting	anchorage‐independent	cell	devel‐
opment	in	vitro	as	well	as	tumor	growth	in	nude	mice.13	Furthermore,	
SRPK1	plays	a	heterogeneous	role	in	different	cancers,	such	as	regu‐
lating	angiogenesis	 in	prostate	and	colorectal	cancers.14‒16	SRPK1	is	
a	downstream	Akt	target	 for	 transducing	growth	signals	 to	regulate	
splicing.	 Its	aberrant	expression	has	been	 found	 to	 induce	constitu‐
tive	Akt	activation.17	Evidence	has	demonstrated	that	the	activation	
of	the	PI3	K/Akt	signaling	pathway	significantly	enhances	VSMC	pro‐
liferation	 induced	 by	 apelin‐13.18	 VSMC	 activities	 have	 been	 found	
to	be	implicated	in	aortic	aneurysms.	The	development	of	abdominal	
aortic	aneurysm	was	suppressed	through	inhibiting	the	activation	of	
the	VEGF/PI3	K/Akt	signaling	pathway	mediated	by	microRNA‐195.19 
The	abnormal	proliferation	and	migration	of	VSMCs	are	events	that	
contribute	 to	 the	 progression	 of	 cardiovascular	 diseases,	 including	
post‐angioplastic	vascular	remodeling.20	This	study	was	performed	to	
validate	the	effects	of	siRNA‐mediated	silencing	of	SRPK1	on	the	pro‐
liferation	and	apoptosis	of	VSMCs.	In	addition,	we	aim	to	investigate	
siRNA‐mediated	silencing	of	SRPK1	on	vascular	remodeling,	 in	a	rat	
model	of	IA,	and	the	involvement	of	the	PI3	K/Akt	signaling	pathway.

2  | MATERIAL S AND METHODS

2.1 | Ethnics statement

The	 Ethics	 Committee	 of	 the	 First	 Hospital	 of	 China	 Medical	
University	approved	the	study	protocols	that	were	used	 in	this	 in‐
vestigation.	All	participants	provided	written	informed	consents.	All	
animal	 experimentation	 protocols	 were	 carried	 out	 in	 accordance	
with	the	National	Institutes	of	Health	Guide	for	the	Care	and	Use	of	
Laboratory	Animals.	Significant	efforts	were	made	in	order	to	mini‐
mize	the	number	of	animals	used	as	well	as	their	suffering.

2.2 | Microarray analysis

Using	 "intracranial	 aneurysm"	 as	 keyword,	 expression	 profiles	
of	 GSE36791	 and	 GSE54083	 were	 selected	 from	 GEO	 database	
(https://www.ncbi.nlm.nih.gov/geo/).	 We	 found	 18	 normal	 tissue	
samples	and	43	IA	rupture	samples	in	GSE36791.	Gene	expression	
analysis	was	conducted	on	IA	rupture	microarray	data	against	normal	
samples	as	the	control.	GSE54083	consists	of	10	normal	tissue	sam‐
ples,	8	IA	rupture	samples,	and	5	UIA	samples.	Gene	expressions	in	
IA	rupture	samples	and	UIA	samples	were	analyzed	against	the	con‐
trol	 sample,	 respectively.	 The	differential	 analysis	was	 carried	out	
with	an	R.	software	"limma"	package.	The	threshold	values	were	set	
as P < 0.05	and	|logFC|>2.	Thermogram	analysis	of	differentially	ex‐
pressed	genes	was	conducted	by	“pheatmap”	package	in	R	language.	
The	Venn	diagram	construction	website	(https://bioinformatics.psb.
ugent.be/webtools/Venn/)	was	employed	to	find	the	intersection	of	
the	3	differentially	expressed	datasets.

2.3 | Patient recruitment

From	January	2014	 to	 January	2017,	 IA	 specimens	were	obtained	
from	53	patients	with	IA	who	underwent	surgical	treatment	at	the	
First	Hospital	of	China	Medical	University.	All	the	IA	specimens	were	
obtained	without	causing	further	complications	and	threatening	the	
patient’s	 life	 and	 operation	 safety.	 No	 endovascular	 embolization	
was	performed	before	the	operation.	The	participants	 included	27	
women	and	26	men,	and	their	ages	ranged	from	19	to	63	years	with	a	
mean	age	of	39.38	±	9.13	years.	Thirty‐five	cases	of	normal	cerebral	
cortex	arterial	blood	vessels	of	brain	trauma	were	used	as	the	con‐
trol	and	designed	as	the	normal	group.	The	normal	group	consisted	
of	21	males	and	14	females,	and	their	age	ranged	from	21	to	66	years	
with	a	mean	age	of	42.06	±	10.17	years.

2.4 | Immunohistochemistry analysis

The	IA	and	normal	cortical	artery	tissues	obtained	from	patients	 in	
the	2	groups	were	dehydrated	by	gradient	alcohol,	embedded	in	par‐
affin,	and	cut	 into	4	μm	thick	slices.	The	specimens	were	dewaxed,	
hydrated,	and	prepared	by	cell	seeding.	All	sections	were	pretreated	
with	0.01	mol/L	citrate	buffer	under	high	temperature	and	high	pres‐
sure	for	antigen	retrieval.	The	sections	were	blocked	with	goat	serum	
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at	room	temperature	for	20	minutes,	followed	by	discarding	the	ex‐
cess	serum.	After	that,	50	µL	of	primary	antibodies	rabbit‐anti‐human	
SRPK1,	 PI3	 K,	 Akt,	 and	 p‐Akt	 (Abcam,	 Cambridge,	MA,	 UK)	 were	
added	to	completely	cover	the	sections.	The	sections	were	incubated	
overnight	at	4°C	and	at	37°C	for	another	45	minutes.	The	sections	
were	 then	washed	 for	 3	 times	 in	 phosphate	 buffered	 saline	 (PBS),	
5	minutes	each	time,	added	with	40	to	50	µL	goat‐anti‐mouse	poly‐
clonal	antibody	(Abcam)	and	incubated	for	1	hour	at	37°C.	Following	
a	3‐time	PBS	rinse,	5	minutes	each	time,	the	sections	were	stained	
with	diaminobenzidine	(DAB)	and	allowed	to	develop	for	5	to	10	min‐
utes.	The	sections	were	then	washed	with	PBS	for	10	minutes	and	
counterstained	with	 hematoxylin	 for	 2	minutes.	Next,	 the	 sections	
were	dehydrated,	cleared,	sealed	by	neutral	gum,	and	observed	under	
a	light	microscope.	A	positive	result	was	defined	as	detection	of	light	
yellow	or	brownish‐yellow	uneven	particles	 in	the	nucleus.	Positive	
cells	were	averaged	by	 randomly	 selecting	5	visual	 fields.	The	sec‐
tions	were	graded	and	counted	by	a	half‐quantitative	method:	0	point	
indicates	no	positive	target	cells;	1	point,	≤25%	positive	target	cells;	2	
points,	26%‐50%;	3	points,	51%‐57%;	4	points	>	75%.	Color	visualiza‐
tion	was	evaluated	and	graded	by	the	presence	of	color	according	to	
the	following	scale:	0	point,	no	cellular	staining;	1	points,	light	yellow;	
2	points,	yellow‐brownish;	and	3	points,	brown.	The	final	score	was	
determined	by	the	sum	of	the	2	scores:	A	score	of	≤1	was	deemed	as	
negative,	while	a	score	of	>1	was	defined	as	positive.

2.5 | Vector construction

Based	 on	 the	 SRPK1	 gene	 sequence	 in	 the	 GenBank	 database,	
a	 full‐length	 cDNA	 primer	 sequence	 was	 designed	 and	 syn‐
thesized	 (Sangon	 Biotech	 Co.	 Ltd.,	 Shanghai,	 China).	 Forward	
primer:	 5’‐	 CCACGCTCTTCGCCATTC‐	 3’,	 Reverse	 primer:	 5’‐	
GAGACCGGTAACCGCCAG‐	3’.	Bam	HI	and	Xho	 I	 restriction	sites	
were	 inserted	 into	 the	 forward	 and	 reverse	 primers,	 respectively.	
The	purified	SRPK1	gene	was	inserted	into	the	pEGFP‐N1	plasmid	
using	PCR	amplification,	and	the	SRPK1	over‐expression	vector	was	
constructed.	The	corresponding	base	sequence	of	interfering	SRPK1	
expression	is	5’‐	GTGCAGCAGAAATTAATT‐	3’.	The	base	sequence	
of	the	target	sequence	was	transformed	into	an	oligonucleotide	tem‐
plate	capable	of	expressing	shRNA	using	an	online	design	program	
of	Ambion	(Austin,	TX,	USA)	and	synthesized	by	Sangon	Biotech	Co.	
Ltd.	(Shanghai,	China).	The	synthesized	oligonucleotides	were	mixed	
together	in	molar	ratio	1:1,	heated	at	95°C	for	5	minutes	and	were	
left	to	anneal	very	slowly	to	the	room	temperature.	The	pSilencerTM 
3.1‐H1	Neo	plasmid	was	 ligated	with	 the	 oligonucleotides	 and	 in‐
serted	into	the	target	sequence	of	SRPK1	to	obtain	the	SRPK1	gene	
silencing	vector.

2.6 | Model establishment

Eighty	 Sprague‐Dawlay	 (SD)	 male	 rats	 (weight:	 200	 to	 300	g;	
Shanghai	SLAC	Laboratory	Animal	Co.	Ltd.,	Shanghai,	China)	were	
used	in	this	study.	 IA	rat	models	were	established	in	70	randomly	
selected	 rats	 by	 ligating	 the	 left	 common	 carotid	 arteries	 and	

posterior	branches	of	both	renal	arteries.21	Ligation	of	the	left	com‐
mon	carotid	artery	and	the	posterior	branches	of	both	renal	arteries	
was	performed	under	anesthesia	with	an	 intraperitoneal	 injection	
of	3%	pentobarbital	sodium.	The	same	surgical	incisions	were	made	
in	10	other	SD	rats	in	the	sham	group.	In	the	sham	group,	the	right	
carotid	bifurcation	and	bilateral	renal	arteries	were	exposed	and	no	
ligation	was	performed.	Ten	out	of	 the	70	rats	without	any	other	
treatment	were	set	as	the	 IA	group,	while	the	other	60	rats	were	
randomly	classified	into	the	SRPK1	group	(injected	through	the	cau‐
dal	 vein	with	SRPK1	over‐expression	vector),	 si‐SRPK1	group	 (in‐
jected	through	the	caudal	vein	with	siRNA	against	SRPK1	vector),	
IGF‐1	group	(injected	through	the	caudal	vein	with	100	ng/mL	PI3	
K/Akt	pathway	activator	IGF‐1),	LY294002	group	(injected	through	
the	caudal	vein	with	10	μmol/L	PI3	K/Akt	inhibitor	LY294002),	si‐
SRPK1	+	IGF‐1	group	(injected	through	the	caudal	vein	with	siRNA	
against	 SRPK1	 vector	 and	 IGF‐1),	 and	 SRPK1	+	LY294002	 group	
(injected	through	the	caudal	vein	with	SRPK1	over‐expression	vec‐
tor	and	LY294002)	 (10	rats	 in	each	group,	each	for	200	μL).	After	
30	days,	under	general	anesthesia,	the	rats	were	perfused	with	4%	
paraformaldehyde	 in	 PBS	 from	 the	 ascending	 aorta	 via	 the	 right	
ventricle.	The	circle	of	Willis	was	removed	and	immersed	in	4%	for‐
maldehyde	phosphate	buffer	solution.	After	dehydration	using	gra‐
dient	alcohol,	 the	specimens	were	embedded	 in	paraffin	wax	and	
cut	into	4	μm	thick	sections.

2.7 | Hematoxylin‐eosin (HE) staining

Normal	 arterial	 tissue	 and	 aneurysm	 tissue	 specimens	 from	 the	
sham	group	and	the	IA	group	were	dewaxed,	hydrated,	stained	with	
hematoxylin	for	5	minutes,	and	washed	under	tap	water	for	1	min‐
ute.	Specimens	were	then	differentiated	in	1%	hydrochloric	acid	al‐
cohol	 for	30	seconds,	 soaked	 in	 tap	water	 for	15	minutes,	 stained	
with	0.5%	eosin	for	3	minutes,	and	then	rinsed	with	distilled	water.	
The	specimens	were	then	dehydrated,	cleared,	sealed	with	neutral	
gum.	The	pathological	morphology	of	 the	Willis	arterial	 circle	was	
observed	under	an	optical	microscope.

2.8 | Terminal deoxynucleotidyl transferase 
(TdT)‐mediated dUTPbiotin nick end labeling 
(TUNEL) staining

Normal	 arterial	 tissue	 and	 aneurysm	 tissue	 specimens	 from	 the	
sham	group	 and	 the	 IA	 group	were	 dewaxed,	 hydrated,	 and	 incu‐
bated	with	protease	solution	at	37°C	for	30	minutes.	The	specimens	
were	rinsed	with	PBS	3	times	with	5	minutes	each	time.	Specimens	
were	then	 incubated	with	TUNEL	working	solution	for	60	minutes	
at	37°C	in	the	dark	and	rinsed	in	PBS	thrice.	They	were	then	dried	
in	the	dark	at	room	temperature,	stained	with	DAB	and	sealed.	The	
positive	cells	showing	brownish‐yellow	nuclei	were	observed	under	
a	fluorescence	microscope.	Five	visual	fields	(200×)	were	randomly	
selected	from	each	section	and	counted	for	both	normal	cells	and	
positive	cells.	The	apoptotic	rate	was	represented	by	averaging	the	
number	of	positive	stained	cells/all	cell	number	×	100%.
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2.9 | Cell culture

The	tissue	culture	method	was	applied	to	culture	VSMCs	obtained	
from	rats.	After	anesthesia,	the	entire	thoracic	aorta	was	separated	
from	the	SD	rats.	The	outer	layer	of	the	blood	vessel	was	clamped,	
and	 a	 cut	 was	 made	 using	 ophthalmic	 scissors.	 The	 vascular	 en‐
dothelial	layer	was	washed	with	Dulbecco’s	Modified	Eagle	Medium	
(DMEM)	twice,	cut	into	1	mm	×	1	mm	tissue	blocks,	and	cultured	in	
a 50 cm2	 culture	 flask	 containing	 fetal	 bovine	 serum	 (FBS)	 culture	
medium.	After	3	to	4	hours	of	cell	culture,	the	flask	was	turned	up	
vertically	to	allow	the	tissue	to	completely	submerge	in	the	medium,	
and	 left	 to	 culture	 in	 a	 50	mL/L	 CO2	 atmosphere	 at	 37°C.	 After	
5‐7	days,	cells	were	released	from	tissue.	Cells	were	passaged	once	
the	confluence	reached	80%	to	90%.	The	vascular	smooth	muscle	
α‐actin	of	the	fourth	to	sixth	passages	of	cells	were	detected	by	im‐
munohistochemistry.	After	growing	across	a	slide,	cells	were	 fixed	
in	 4%	 paraformaldehyde	 and	 treated	 with	 0.3%	 TritonX‐100	 for	
15	minutes.	After	washing	with	PBS,	primary	rabbit‐anti‐rat	VSMC	
α‐actin	antibody	was	added	and	 incubated	overnight.	On	the	next	
day,	 fluorescein	 isothiocyanate	 (FITC)‐labeled	goat‐anti‐rabbit	 sec‐
ondary	antibody	was	added	and	left	to	incubate	for	60	minutes,	and	
observed	with	a	fluorescence	confocal	microscope.

2.10 | Cell grouping and transfection

VSMCs	were	transfected	with	siRNA	against	SRPK1	vector	(si‐SRPK1	
group),	 SRPK1	 overexpression	 vector	 (SRPK1	 group),	 PI3	 K/Akt	
pathway	activator	IGF‐1	100	ng/mL	(IGF‐1	group),	PI3	K/Akt	path‐
way	 inhibitor	 LY294002	 10	 uM	 (LY294002	 group),	 co‐transfected	
with	 SRPK1	 gene	 silencing	 vector	 and	 PI3	K/Akt	 pathway	 activa‐
tor	 IGF‐1	 100	ng/mL	 (si‐SRPK1	+	IGF‐1group),	 co‐transfected	with	
SRPK1	over‐expression	vector	and	PI3	K/Akt	inhibitor	LY294002	10	
uM	(SRPK1	+	LY294002	group),	the	empty	plasmid	(negative	control	
group,	NC),	 respectively.	Cells	 that	were	without	 treatment	 (blank	
group)	were	selected	as	the	control	group.	Transfection	was	carried	
out	using	a	Lipofectamine	2000	liposome	transfection	kit	(Invitrogen	
Life	Technologies,	Carlsbad,	CA,	USA).	One	day	prior	to	transfection,	
the	cells	were	detached	with	0.25%	trypsin	and	counted.	They	were	
then	transferred	to	a	6‐well	plate	with	a	density	of	5	×	105 cells per 
well	 and	covered	with	Royal	Park	Memorial	 Institute	 (RPMI)	1640	
complete	 medium.	 The	 above	 plasmids	 were	 diluted	 with	 100	μL 
of	 serum‐free	 RPMI	 1640	medium.	Next,	 40	µL	 of	 Lipofectamine	
2000	was	diluted	with	1000	μL	serum‐free	RPMI	1640	medium.	The	
diluted	 plasmids	were	mixed	with	 diluted	 Lipofectamine	2000	 for	
10	minutes,	and	left	to	sit	at	room	temperature	for	20	minutes.	The	
total	mixture	of	250	μL	was	added	into	the	6‐well	plate	and	mixed	
gently.

2.11 | Cell counting kit‐8 (CCK‐8) assay

VSMCs	 at	 the	 logarithmic	 growth	 phase	were	 inoculated	 in	 a	 96‐
well	 plate.	 Cells	 were	 counted	 48	hours	 after	 adhering	 to	 the	
plates.	The	original	culture	medium	was	replaced	by	a	100‐μL	fresh	

culture	medium	supplemented	with	10‐μL	CCK‐8	reagent	(Beyotime	
Biotechnology	Co.,	Shanghai,	China),	and	continued	to	culture	for	2	
more	hours.	The	Optical	density	(OD)	at	450	nm	was	measured	using	
an	automatic	plate	reader	(Bio‐Rad,	Inc,	Hercules,	CA,	USA),	which	
was	used	to	help	determine	cell	proliferation.	Six	duplicates	were	set	
up	for	each	experimental	condition.

2.12 | Flow cytometry

After	48	hours	of	transfection,	VSMCs	with	a	density	of	1	×	106 cells/
mL	 were	 extracted	 and	 stained	 in	 AnnexinV‐FITC	 (KeyGEN	 Bio‐
TECH	Co.	Ltd.,	Nanjing,	Jiangsu,	China)	for	15	minutes	at	room	tem‐
perature	in	the	dark.	Cells	were	then	centrifuged	at	1000	r/min	for	
5	minutes,	 and	 then	 resuspended	with	 0.5	mL	 pre‐cooled	 binding	
buffer.	After	adding	10	μL	of	Propidiom	iodide	(PI)	the	samples	were	
analyzed	by	a	flow	cytometer	(Bio‐Rad,	Inc,	Hercules,	CA,	USA).	In	
a	scatter	plot,	viable	cells	were	displayed	in	the	lower	left	quadrant	
(Q4);	early	apoptotic	 cells	were	displayed	 in	 the	 lower	 right	quad‐
rant	(Q3);	necrosis	and	late	apoptotic	cells	were	displayed	in	the	right	
upper	quadrant	(Q2).	The	Apoptosis	rate	(%)	was	represented	as	the	
total	 number	 of	 early	 apoptotic	 cells	 (Q3)	 and	 late	 apoptotic	 cells	
(Q2).

2.13 | Reverse transcription quantitative 
polymerase chain reaction (RT‐qPCR)

The	 VSMCs	 were	 collected	 from	 each	 group.	 Total	 RNA	 was	 ex‐
tracted	with	Trizol	Reagent.	The	quality	and	quantity	of	RNA	were	
determined	 by	 OD260	 and	 OD280	 on	 a	 spectrophotometer.	 The	
cDNA	 template	 was	 synthesized	 by	 reverse	 transcription	 PCR.	
The	ABI7500	quantitative	PCR	 instrument	 (ABI,	Austen,	TX,	USA)	
was	 used	 to	 carry	 out	 real‐time	quantitative	PCR.	One	PCR	 reac‐
tion	system	typically	contained:	1.5	μL	of	10	×	PCR	buffer,	0.3	μL	of	
dNTPs	(10	mmol/L),	 forward	and	reverse	primer	 (10	pmol/μL)	each	
for	 0.25,	 0.25	μL	 of	 Taq	 polymerase	 (5	μ/μL,	 Takara	Holdings	 Inc,	
Kyoto,	Japan)	all	of	which	were	mixed	together	with	1	μL	cDNA	tem‐
plate	and	brought	up	to	15	μL	using	ddH2O.	The	PCR	mixture	was	
initially	pre‐denatured	at	95°C	for	10	minutes.	It	was	then	denatured	
at	95°C	for	15	seconds,	annealed	at	60°C	for	1	minute,	and	extended	
at	72°C	for	40	seconds.	The	amplification	cycles	were	repeated	50	
times.	The	primers	used	in	the	reaction	are	shown	in	Table	1.	β‐actin	
was	used	as	an	internal	reference,	and	the	fold	was	calculated	by	2‐

ΔΔCt,	All	the	reactions	were	performed	in	triplicate	and	mean	values	
were	calculated.

2.14 | Western blot analysis

The	 total	 protein	 was	 extracted	 from	 VSMCs	 during	 the	 loga‐
rithmic	 growth	 phase	 using	 a	 protein	 lysis	 reagent	 (Beyotime	
Biotechnology	 Co.,	 Shanghai,	 China).	 The	 extracted	 protein	was	
quantified	by	the	Bradford	method	(Thermo	Fisher	Scientific	Inc,	
Waltham,	 MA,	 USA).	 Subsequently,	 50	μg	 of	 total	 protein	 was	
separated	 using	 a	 12%	 sodium	 dodecyl	 sulfate	 polyacrylamide	
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gel	electrophoresis.	The	protein	was	then	transferred	onto	poly‐
vinylidene	 fluoride	 (PVDF)	membranes	 (Millipore	Corp,	Billerica,	
MA,	USA),	 and	blocked	 in	 5%	 skim	milk	 at	 37°C	 for	 1	hour.	 The	
membranes	were	then	incubated	with	the	following	primary	anti‐
bodies	at	4°C,	overnight:	rabbit	anti‐mouse	SRPK1	antibody,	rab‐
bit	 anti‐mouse	 PI3	K	 antibody,	 rabbit	 anti‐mouse	AKT	 antibody,	
rabbit	 anti‐mouse	 p‐AKT	 antibody,	 apoptosis‐related	 protein	
Bcl‐2,	Bax,	Caspase	3,	β‐actin	monoclonal	antibody	(1:1000	dilu‐
tion;	Cell	Signaling	Technology,	Beverly,	MA,	USA).	After	washing	
with	 Phosphate‐Buffered	 Saline/Tween	 (PBST)	 3	 times,	 5	min‐
utes	each,	 the	membrane	was	 incubated	with	 the	corresponding	
horseradish	 peroxidase	 (HRP)‐labeled	 secondary	 goat	 anti‐rab‐
bit	antibody	(1:4000	dilution;	Cell	Signaling	Technology,	Beverly,	
MA,	 USA)	 at	 room	 temperature	 for	 2	hours	 and	 then	 rinsed.	
Immunobloting	 was	 developed	 in	 chemiluminescence	 solution	
which	was	prepared	by	mixing	the	Luminol	Reagent	and	Peroxide	
Solution	(Millipore	Corp,	Billerica,	MA,	USA)	at	a	1:1	ratio.	This	ex‐
periment	was	repeated	3	times	in	order	to	obtain	the	mean	value.

2.15 | Statistical analysis

Statistical	analyses	were	conducted	using	SPSS	21.0	software	(IBM	
Corp.	Armonk,	NY,	USA).	Enumeration	data	were	expressed	as	a	per‐
centage	(%),	and	a	chi‐square	test	was	used	to	analyze	data	among	
the	groups.	Measurement	data	were	expressed	as	a	mean	±	standard	
deviation.	Data	differences	between	2	groups	were	compared	by	a	
t	test.	Data	between	multiple	groups	were	compared	by	a	one‐way	
analysis	of	variance.	Values	of	P	<	0.05	indicated	that	the	data	was	
statistically	significant.

3  | RESULTS

3.1 | SRPK1 and the PI3 K/AKT signaling pathway 
are related to the pathogenesis of IA

Two	 datasets	 of	 IA‐related	 gene	 expression	 profiles,	 GSE36791	
and	GSE54083	were	retrieved	from	the	GEO	database.	Differential	
expression	 analysis	 of	 GSE36791	 showed	 that	 31	 genes	 were	

expressed	 aberrantly	 in	 IA	 (Figure	 1A).	 GSE54083	 consists	 of	 IA	
rupture	and	UIA.	The	gene	expression	levels	of	IA	rupture	and	UIA	
in	 GSE54083	 were	 analyzed	 with	 the	 normal	 sample	 as	 control	
(Figure	 1B‐C).	We	 found	 that	 there	 were	 1788	 differentially	 ex‐
pressed	genes	 in	 IA	 rupture	 compared	with	 the	 control	 group,	of	
which	939	genes	were	up‐regulated	and	849	genes	were	down‐reg‐
ulated.	On	the	other	hand,	there	were	1456	differentially	expressed	
genes	in	UIA,	of	which	908	genes	were	up‐regulated	and	548	genes	
were	down‐regulated.	In	order	to	narrow	down	the	genes	that	were	
related	to	IA,	the	aforementioned	3	groups	of	data	were	analyzed	
using	a	Venn	diagram	(Figure	1C).	The	results	showed	that	only	2	
genes,	 SRPK1	 and	HP,	were	 identified	 in	 the	 intersection	 among	
all	 the	3	 groups	 of	 data.	 SRPK1	was	 found	 to	 be	 significantly	 el‐
evated	in	IA	tissue.	It	has	been	reported	that	the	HP	gene	is	relevant	
to	 IA,22,23	but	 few	previous	studies	have	reported	the	correlation	
between	SRPK1	and	 IA.	However,	 in	 some	other	 tumor	diseases,	
it	 has	 been	 reported	 that	 SRPK1	 affects	 progression	 of	 diseases	
through	 the	PI3	K/AKT	signaling	pathway.24‒26	 In	addition,	 it	was	
also	reported	that	the	AKT	signaling	pathway	was	 involved	 in	the	
progression	of	aneurysms,27,28	but	have	not	yet	been	demonstrated	
in	IA.	In	summary,	our	results	suggested	that	SRPK1	may	affect	the	
progression	of	IA	by	regulating	the	PI3	K/AKT	signaling	pathway.

3.2 | Highly expressed SRPK1 and activated PI3 
K/AKT signaling pathway found in the aneurysm 
vascular wall of IA

The	 diameters	 of	 IAs	 generally	 vary	 from	 0.7	 to	 3	cm,	 and	most	
tumors	 grossly	 appear	 a	 brown	 or	 purplish	 red.	 Thrombus	 was	
observed	in	the	aneurysm	portion	of	the	vascular	structures.	The	
thickness	of	the	aneurysm	wall	was	not	in	uniform;	they	appeared	
thick	at	the	base,	and	thin	superiorly.	Immunohistochemistry	analy‐
sis	was	used	to	detect	IA	and	normal	cerebral	cortical	artery	tissues	
in	the	normal	and	IA	groups.	Results	showed	that	SRPK1	was	mainly	
expressed	in	the	tunica	media	and	tunica	adventitia	of	the	vascular	
wall,	a	little	of	which	was	detected	in	the	tunica	intima.	The	expres‐
sion	of	SRPK1	was	found	to	be	higher	in	the	IA	group	(66.04%)	than	
that	in	the	normal	group	(31.43%)	(P < 0.05),	suggesting	that	SRPK1	
was	up‐regulated	in	IA	(Figure	2A‐B).	In	addition,	we	found	that	PI3	
K,	Akt	and	p‐Akt	were	mainly	expressed	in	the	tunica	intima	of	vas‐
cular	wall.	The	expressions	of	PI3	K,	Akt,	and	p‐Akt	in	the	IA	group	
(75.47%,	83.02%,	73.58%)	were	significantly	higher	than	that	in	the	
normal	group	(22.86%,	25.71%,	14.29%)	(P < 0.05).

3.3 | Successful establishment of IA rat models

Our	study	simulated	the	high	hemodynamic	state	of	the	whole	body	by	
ligating	the	posterior	branch	of	bilateral	renal	artery	while	simultane‐
ously	ligating	the	left	common	carotid	artery.	This	allowed	us	to	simu‐
late	and	induce	a	continuous	impact	of	high	hemodynamic	changes	on	
the	vessel	wall	at	the	basilar	artery	ring	region.	As	a	result,	we	observed	
degenerative	 changes	 in	 the	 vessel	wall	 structure	of	 the	 right	 ante‐
rior	 cerebral	 artery/olfactory	 artery	 bifurcation	which	 subsequently	

TA B L E  1  RT‐qPCR	primer	sequence

Gene Sequence (5'−3')

SRPK1 Forward:	TTCCTCAACTGTAGGTCAGTCATTC

Reverse:	TGTTCTTGCTCTTGTTCATCTTCAC

PI3	K Forward:	CATCACTTCCTCCTGCTCTAT

Reverse:	CAGTTGTTGGCAATCTTCTTC

Akt Forward:	CTCATTCCAGACCCACGAC

Reverse:	ACAGCCCGAAGTCCGTTA

β‐actin Forward:	CACTCTTCCAGCCTTCCTTCC

Reverse:	AGGTCTTTGCGGATGTCCAC

RT‐qPCR,	reverse	transcription	quantitative	polymerase	chain	reaction;	
SRPK1,	 SR	 protein‐specific	 kinases;	 PI3	K,	 phosphatidylinositol‐3	
kinase.
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producing	an	aneurysm.	At	the	end	of	the	experiment,	we	observed	
that	the	rats	in	the	sham	group	moved	freely,	and	had	normal	physio‐
logical	reactions.	On	the	other	hand,	rats	in	the	IA	group	became	grad‐
ually	thinner,	had	a	slower	reaction	to	stimulus,	had	the	right	eye	ptosis,	
and	developed	lower	limb	paralysis.	HE	staining	showed	that	rats	in	the	
sham	group	had	VSMCs	that	were	arranged	in	tight	manner	at	the	right	
anterior	cerebral	artery	and	olfactory	artery	bifurcation	in	cerebral	ar‐
tery,	whereas	the	internal	elastic	membrane	of	rats	in	the	IA	group	was	
fragmented	and	disappeared	at	the	root	of	the	aneurysm.	VSMCs	at	
the	root	of	the	aneurysm	were	different	 in	their	size,	were	arranged	
in	a	disorganized	manner,	and	were	necrotic	(Figure	3).	These	results	
suggested	that	a	stable	rat	model	of	IA	was	successfully	established.

3.4 | SRPK1 gene silencing promoted vascular 
remodeling in IA

HE	staining	was	conducted	to	measure	the	intracranial	arterial	wall	
of	rats	in	each	group.	Results	showed	(Figure	4)	that	cells	in	the	tunica	

intima,	VSMC	layer	and	tunica	adventitia	of	the	sham	group	were	in‐
tact	and	neatly	arranged.	In	the	IA	group,	the	tunica	intima	of	IA	was	
destroyed;	 there	was	VSMCs	degeneration	and	necrosis	 and	 thin‐
ning	of	the	arterial	wall.	In	the	SRPK1,	IGF‐1,	and	si‐SRPK1	+	IGF‐1	
groups,	we	observed	the	disappearance	of	the	IA	tunica	intima,	a	de‐
stroyed	elastic	fiber,	and	the	thinning	of	the	arterial	wall	compared	to	
the	IA	group.	The	integrity	of	tunica	intima	and	VSMCs	structure	of	
the	si‐SRPK1,	LY294002,	and	SRPK1	+	LY294002	groups	appeared	
stronger	 than	 that	of	 the	 IA	group.	These	observations	 suggested	
that	the	gene	silencing	of	SRPK1	promoted	vascular	remodeling	in	
rats	with	IA.

3.5 | SRPK1 gene silencing inhibited rat 
VSMCs apoptosis

VSMC	 apoptosis	 occurred	 during	 the	 course	 of	 IA	 formation.	
TUNEL	staining	 (Figure	5A‐B)	accurately	reflected	the	cell	apop‐
tosis	conditions,	by	which	apoptotic	cells	were	identified	by	their	

F I G U R E  1  GEO	data	analysis	shows	that	SRPK1	is	associated	with	IA.	Panel	A,	B,	and	C,	heat	map	shows	the	differentially	expressed	
genes	in	IA	tissue.	The	heat	map	shows	the	analysis	of	IA	expression	microarray.	The	horizontal	axis	represents	the	samples,	and	the	vertical	
axis	represents	the	genes.	The	upper	red	and	blue	strip	represents	the	sample	type;	whereby	blue	represents	the	normal	sample,	and	the	
red	represents	the	IA	sample.	The	left	dendrogram	represents	the	clustering	results	among	genes;	each	square	indicates	the	expression	of	
a	gene	in	a	sample.	The	upper	right	histogram	color	indicates	the	level	of	expression,	whereby	the	red	suggests	a	high	expression,	and	the	
blue	suggests	a	low	expression	value.	Panel	D,	Venn	diagram	illustrates	the	overlap	of	differential	expressed	genes	between	IA	tissue	and	
normal	tissue.	The	blue	color	represents	the	differentially	expressed	genes	in	the	GSE36791	expression	profile	analysis,	the	red	represents	
the	differentially	expressed	genes	of	the	IA	rupture,	and	the	green	indicates	the	UIA	in	the	GSE54083	expression	profile	analysis.	The	blue	
arrow	shows	the	SRPK1	and	HP1	genes	in	the	intersection	among	the	3	data	groups.	The	digital	in	each	shape	reflect	the	number	of	genes.	
IA,	intracranial	aneurysm;	SRPK1,	SR	protein‐specific	kinases
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yellow	 or	 brownish‐yellow	 appearance	 in	 color.	 Compared	 with	
the	 sham	 group,	 the	 other	 groups	 had	 an	 increased	 apoptosis	
rate	 of	 VSMCs	 in	 the	 intracranial	 arteries	 (P	<	0.05).	 Compared	
with	the	IA	group,	the	SRPK1	group,	the	IGF‐1	group,	and	the	si‐
SRPK1	+	IGF‐1	group	had	a	higher	apoptosis	 rate	of	VSMCs.	On	
the	 other	 hand,	 the	 si‐SRPK1	 group,	 the	 LY294002	 group,	 and	
the	SRPK1	+	LY294002	group	had	a	significantly	lower	apoptosis	
rate	of	VSMCs	 in	the	 intracranial	artery	 (P	<	0.05).	The	si‐SRPK1	
group	had	significantly	 lower	cell	apoptosis	rate,	while	the	IGF‐1	
group	had	significantly	higher	apoptosis	 rate	compared	with	 the	
si‐SRPK1	+	IGF‐1	 group.	 Compared	with	 the	 SRPK1	+	LY294002	
group,	the	LY294002	group	had	significantly	lower	apoptosis	rate,	
while	the	SRPK1	group	had	a	markedly	apoptosis	rate.	These	re‐
sults	demonstrated	that	SRPK1	gene	silencing	inhibited	the	apop‐
tosis	of	VSMCs	of	 IA,	which	could	be	reversed	by	activating	 the	
PI3	K/Akt	signaling	pathway.

3.6 | SRPK1 gene silencing promoted the 
proliferation of VSMCs

Under	a	light	microscope,	the	morphology	of	normal	VSMCs	was	spin‐
dle	shaped.	Under	a	fluorescence	microscope,	normal	VSMCs	were	
identified	by	their	red	fluorescence	color	and	a	positive	rate	>95%	
(Figure	 6A).	 CCK‐8	 assay	 (Figure	 6B)	was	 used	 to	measure	VSMC	
viability.	The	OD	values	of	the	SRPK1,	IGF‐1,	and	si‐SRPK1	+	IGF‐1	
groups	were	significantly	lower	compared	with	the	blank	group	and	
were	 significantly	 higher	 in	 the	 si‐SRPK1	 group,	 LY294002	 group,	
and	SRPK1	+	LY294002	groups.	The	 si‐SRPK1	group	had	a	 signifi‐
cantly	higher	OD	value	of	VSMCs,	while	the	IGF‐1	group	had	signifi‐
cantly	lower	OD	value	compared	with	the	si‐SRPK1	+	IGF‐1	group.	
The	OD	 value	 of	 the	 LY294002	 group	was	 significantly	 higher	 in	
the	SRPK1	+	LY294002	group,	compared	to	the	SRPK1	group.	The	
results	 demonstrated	 that	 the	 silencing	 of	 SRPK1	 gene	 increased	

F I G U R E  2   Immunohistochemical	
staining	analysis	for	the	expression	
of	SRPK1	and	the	PI3	K/Akt	signaling	
pathway‐related	factors	(PI3	K,	AKT,	
and	p‐AKT)	in	the	aneurysm	wall	of	
IA	and	normal	vasculature.	Panel	A,	
immunohistochemical	staining	of	SRPK1,	
PI3	K,	Akt,	and	p‐Akt	in	the	normal	group	
and	the	IA	group	(400×).	SRPK1	was	
mainly	localized	in	the	tunica	media	and	
tunica	adventitia	of	the	vascular	wall,	and	
in	very	little	amounts	in	the	tunica	intima.	
PI3	K,	Akt,	and	p‐Akt	were	mainly	located	
in	the	tunica	intima	of	vascular	wall.;	
Panel	B,	quantitative	analysis	indicates	
expressions	of	SRPK1,	PI3	K,	Akt,	and	
p‐Akt	were	up‐regulated	in	IA;	*P < 0.05 
vs	the	normal	group;	IA,	intracranial	
aneurysm;	SRPK1,	SR	protein‐specific	
kinases;	PI3	K,	phosphatidylinositol‐3	
kinase
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F I G U R E  3  HE	staining	(200×)	verifies	the	successful	establishment	of	rat	models	of	IA.	Degenerative	changes	were	observed	in	the	
vessel	wall	structure	of	the	right	anterior	cerebral	artery/olfactory	artery	bifurcation	and	eventually	an	aneurysm	was	formed.	As	indicated	
by	the	arrow,	internal	elastic	lamina	is	injured,	and	the	vascular	wall	is	expanded,	and	the	wall	of	the	middle	cerebral	artery	is	enlarged.	IA,	
intracranial	aneurysm;	HE,	hematoxylin	eosin
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VSMC	proliferation.	This	process	could	also	be	reversed	by	the	acti‐
vation	of	PI3	K/Akt	signaling	pathway.

3.7 | SRPK1 gene silencing inhibited the 
apoptosis of VSMCs

Apoptosis	 of	 VSMCs	 was	 assessed	 by	 flow	 cytometry	
(Figure	7A‐B).	We	found	that	the	SRPK1	group,	the	IGF‐1	group	and	
the	si‐SRPK1	+	IGF‐1	group	had	a	significantly	higher	apoptosis	rate,	
whereas	 the	 si‐SRPK1,	 LY294002,	 and	 SRPK1	+	LY294002	 groups	
had	a	reduced	apoptosis	rate	compared	with	the	blank	group.	The	
apoptosis	 rate	 of	 the	 si‐SRPK1	 group	was	 significantly	 lower,	 and	
the	apoptosis	rate	of	the	IGF‐1	group	was	significantly	higher	than	
that	of	the	si‐SRPK1	+	IGF‐1	group.	These	results	suggest	that	acti‐
vated	PI3	K/AKT	signaling	reverses	the	inhibitory	effects	of	SRPK1.	
Compared	with	the	SRPK1	+	LY294002	group,	the	LY294002	group	

had	 a	 significantly	 lower	 apoptosis	 rate,	 whereas	 the	 apoptotic	
rate	 in	 the	 SRPK1	 group	was	 significantly	 higher.	 It	 suggests	 that	
over‐expressed	SRPK1	is	antagonized	by	PI3	K/AKT	signaling	deac‐
tivation.	Compared	with	the	blank	group,	the	SRPK1,	IGF‐1,	and	si‐
SRPK1	+	IGF‐1	groups	had	a	significant	reduction	in	the	expression	
of	apoptosis‐related	protein	Bcl‐2,	and	increased	expression	of	Bax	
and	Caspase	 3	 (Figure	 7C‐D).	 The	 si‐SRPK1	 group,	 the	 LY294002	
group,	and	the	SRPK1	+	LY294002	group	all	exhibited	significantly	
increased	 expression	 levels	 of	 Bcl‐2,	 and	 decreased	 expression	 of	
Bax	and	Caspase	3.	Compared	with	the	si‐SRPK1	+	IGF‐1	group,	the	
si‐SRPK1	group	had	higher	Bcl‐2	 expression,	 and	 reduced	expres‐
sion	of	Bax	and	Caspase	3.	In	contrast,	the	IGF‐1	group	had	a	lower	
Bcl‐2	expression,	and	increased	Bax	and	Caspase	3	expression.	The	
LY294002	group	had	significantly	higher	Bcl‐2	expression	and	lower	
Bax	and	Caspase	3	expression	compared	to	the	SRPK1	+	LY294002	
group.	 Additionally,	 the	 SRPK1	 group	 had	 a	 significantly	 lower	

F I G U R E  4  HE	staining	(200×)	shows	the	effect	of	SRPK1	gene	silencing	mediated	by	siRNA	on	the	histopathological	changes	of	
intracranial	arterial	wall.	The	gene	silencing	of	SRPK1	promoted	vascular	remodeling	in	rats	with	IA.	IA,	intracranial	aneurysm;	HE,	
hematoxylin	eosin;	SRPK1,	SR	protein‐specific	kinases
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F I G U R E  5  TUNEL	staining	(400×)	shows	that	SPRK1	gene	silencing	reduces	VSMC	apoptosis	in	rats	with	IA.	Panel	A	and	B,	TUNEL	
staining	demonstrates	apoptotic	VSMCs	in	the	intracranial	artery.	The	si‐SRPK1	group	had	significantly	reduced	apoptosis	rate,	while	
the	IGF‐1	group	had	significantly	increased	apoptosis	rate.	*P	<	0.05	vs	the	sham	group;	#P	<	0.05	vs	the	IA	group;	&P	<	0.05	vs	the	si‐
SRPK1	+	IGF‐1	group;	$P	<	0.05	vs	the	SRPK1	+	LY294002	group.	VSMCs,	vascular	smooth	muscle	cells;	TUNEL,	Terminal	deoxynucleotidyl	
transferase	(TdT)‐mediated	dUTPbiotin	nick	end	labeling;	IA,	intracranial	aneurysm;	SRPK1,	SR	protein‐specific	kinases
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F I G U R E  6  Microscopic	examination	and	CCK‐8	assay	show	that	SRPK1	gene	silencing	promotes	VSMCs	proliferation	in	rats	with	IA.	
Panel	A,	VSMCs	were	observed	under	a	light	microscope	and	a	fluorescence	confocal	microscope	(400×).	VSMCs	were	identified	by	their	
red	fluorescence	appearance	and	a	positive	rate	>95%;	Panel	B,	cell	viability	detected	by	CCK‐8	assay	was	increased	in	the	si‐SPRK1	group.	
*P	<	0.05	vs	the	sham	group;	#P	<	0.05	vs	the	si‐SRPK1	+	IGF‐1	group;	$P	<	0.05	vs	the	SRPK1	+	LY294002	group.	VSMCs,	vascular	smooth	
muscle	cells;	CCK8,	Cell	counting	kit‐8;	IA,	intracranial	aneurysm;	SRPK1,	SR	protein‐specific	kinases
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F I G U R E  7  Flow	cytometry	and	Western	blot	analysis	show	that	SPRK1	gene	silencing	suppresses	VSMC	apoptosis	in	rats	with	IA.	
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expression	of	Bcl‐2	but	a	significantly	 increased	expression	of	Bax	
and	Caspase	3	than	that	 in	 the	SRPK1	+	LY294002	group.	Our	re‐
sults	are	consistent	findings	of	the	apoptotic	cells	produced	by	flow	
cytometry.	 In	 conclusion,	 the	 results	 further	 supports	 that	 the	 si‐
lencing	of	 SRPK1	gene	 inhibited	 the	 apoptosis	 of	VSMCs	 in	 vitro.	
This	inhibitory	effect	however,	could	also	be	reversed	by	the	activa‐
tion	of	the	PI3	K/Akt	signaling	pathway.

3.8 | SRPK1 gene silencing promoted VSMCs 
proliferation by inhibiting the PI3 K/Akt 
signaling pathway

Genes	involved	in	the	PI3	K/Akt	signaling	pathway	in	VSMCs	were	
assessed	 on	 an	 mRNA	 and	 protein	 level	 by	 RT‐qPCR	 detection	
(Figure	 8A)	 and	 Western	 blot	 analysis	 (Figure	 8B‐C).	 Compared	
with	the	blank	group,	the	SRPK1	and	SRPK1	+	LY294002	group	had	
a	 significantly	mRNA	and	protein	expression	of	 SRPK1	 (P < 0.05),	
whereas	the	other	groups	had	no	significant	changes	in	the	mRNA	
and	protein	 levels	 (P	>	0.05).	Compared	with	 the	blank	group,	 the	
SRPK1,	 IGF‐1	 and	 si‐SRPK1	+	IGF‐1	 groups	 had	 elevated	 mRNA	
expressions	of	PI3	K	 and	Akt,	 and	 elevated	protein	 levels	 of	PI3,	
Akt,	 p‐Akt	 (P	<	0.05).	 In	 contrast,	 the	 si‐SRPK1,	 LY294002,	 and	
SRPK1	+	LY294002	 groups	 had	 decreased	 mRNA	 expressions	 of	
PI3	K	and	Akt,	 as	well	 as	decreased	protein	 levels	of	PI3,	Akt,	p‐
Akt	 (P	<	0.05).	 Compared	 with	 the	 si‐SRPK1	+	IGF‐1	 group,	 the	
si‐SRPK1	group	had	 significantly	 lower	mRNA	expressions	of	Akt	
and	PI3	K,	protein	levels	of	PI3	K,	Akt,	and	p‐Akt,	while	the	IGF‐1	
group	 had	 significantly	 higher	mRNA	 expressions	 of	 Akt	 and	 PI3	
K,	 protein	 levels	 of	 PI3	K,	 Akt,	 and	 p‐Akt.	 Compared	 with	 the	
SRPK1	+	LY294002	group,	 the	LY294002	group	had	 lower	mRNA	
expressions	of	Akt	and	PI3	K,	as	well	as	 lowered	protein	 levels	of	
PI3	 K,	 Akt,	 and	 p‐Akt.	 The	 SRPK1	 group	 produced	 the	 opposite	
trend	by	exhibiting	a	significantly	higher	level	of	mRNA	expressions	
of	Akt	and	PI3	K,	as	well	as	higher	protein	levels	of	PI3	K,	Akt,	and	
p‐Akt	(P	<	0.05).	These	findings	illustrate	that	SRPK1	gene	silencing	
promoted	VSMCs	proliferation	through	the	inactivation	of	the	PI3	
K/Akt	signaling	pathway.

4  | DISCUSSION

IA	 represents	 the	most	severe	case	among	all	 the	cerebrovascular	
diseases,	with	a	mortality	rate	of	nearly	40%	despite	modern	treat‐
ment	 approaches.1	 Our	 present	 study	 investigated	 the	 effects	 of	
SPRK1	 silencing	 on	 the	 regulation	 of	 proliferation,	 apoptosis,	 and	
vascular	remodeling	in	IA,	as	well	as	the	possible	involvement	of	the	
PI3	K/Akt	signaling	pathway.	Our	findings	provided	evidence	that	si‐
SPRK1	was	able	to	inhibit	the	PI3	K/Akt	signaling	pathway,	thereby	
increasing	cell	proliferation	and	vascular	remodeling,	as	well	as	de‐
creasing	the	apoptosis	rate	of	VSMCs	in	rats	with	IA	(Figure	9).

Our	results	show	that	SRPK1	is	expressed	at	higher	levels	in	the	
aneurysm	wall	of	IA	compared	to	those	in	the	normal	cerebral	vessel	
wall.	SRPK1	has	been	found	to	be	expressed	in	both	the	cytoplasm	
and	nucleus.	SRPK1	can	also	translocate	between	these	compart‐
ments	 under	 various	 conditions	 such	 as	 cell	 cycle	 and	 stress.29 
SRPK1	 is	known	to	be	expressed	 in	 the	mammalian	CNS	and	has	
been	implicated	in	modulating	the	splicing	of	neuronal	proteins.30 
Additionally,	SRPK1	has	been	proposed	as	a	new	molecular	target	
that	 can	 be	 used	 to	 help	 treat	 patients	with	 early	 stage	 gliomas.	
This	 is	due	 to	SRPK1’s	ability	 to	 regulate	cell	growth,	metastasis,	
chemosensitivity,	 and	glioma	angiogenesis.31	 Erdö	et al	 identified	
new	pathways	involved	in	the	development	of	post‐ischemic	brain	
injury,	including	the	splicing	factor	SRPK1.32	Despite	its	many	find‐
ings,	the	effects	of	SRPK1	on	the	apoptosis	pathways	in	VSMCs	still	
remain	unclear.	Microscopic	examination	and	CCK8	results	 in	our	
experiment	demonstrated	that	SRPK1	gene	silencing	help	promote	
VSMCs	proliferation	in	rats	with	IA.	Furthermore,	TUNEL	staining,	
flow	cytometric	detection,	and	Western	blot	analysis	all	 revealed	
that	 SPRK1	 gene	 silencing	 leads	 to	 attenuated	 VSMC	 apoptosis.	
The	 regulatory	mechanism	of	 this	 finding	was	 found	 to	be	 linked	
with	the	inactivation	of	the	PI3	K/Akt	signaling	pathway.

The	PI3	K/Akt	 signaling	pathway	has	been	widely	documented	
due	to	its	multifunctional	role	that	includes	the	insulin	signaling	path‐
way	in	the	brain,	which	promotes	cell	survival	by	inactivating	the	pro‐
apoptotic	pathways.33	Akt	regulates	the	suppression	of	pro‐apoptotic	
genes:	 BAD	 and	 BIM,	 and	 the	 degradation	 of	 the	 tumor	 inhibitor	

F I G U R E  8  RT‐qPCR	and	Western	blot	analysis	show	that	SRPK1	gene	silencing	promotes	VSMCs	proliferation	by	repressing	the	
activation	of	the	PI3	K/Akt	signaling	pathway	in	rats	with	IA.	Panel	A,	The	RT‐qPCR	detection	of	mRNA	expressions	of	SPRK1,	PI3	K,	
and	Akt,	which	were	mostly	reduced	in	the	si‐SPRK1	group;	Panel	B	and	C,	protein	bands	and	levels	of	SPRK1,	PI3	K,	Akt,	p‐Akt,	and	β‐
actin	were	detected	by	Western	blot,	which	were	decreased	mostly	in	the	si‐SPRK1	group.	*P	<	0.05	vs	the	NC	group;	#P	<	0.05	vs	the	
si‐SRPK1	+	IGF‐1	group;	$P	<	0.05	vs	the	SRPK1	+	LY294002	group.	VSMCs,	vascular	smooth	muscle	cells;	IA,	intracranial	aneurysm;	
RT‐qPCR,	reverse	transcription	quantitative	polymerase	chain	reaction;	NC,	negative	control;	SRPK1,	SR	protein‐specific	kinases;	PI3	K,	
phosphatidylinositol‐3	kinase
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protein	p53	mediates	programmed	cell	apoptosis	all	of	which	leads	to	
increased cell survival.34	The	Akt	kinase	system	is	recognized	to	be	in‐
volved	in	the	mediation	of	cell	proliferation,	migration,	and	apoptosis	
in mammalian cells.17	Activated	Akt	has	been	found	to	induce	SRPK1	
phosphorylation	 in	vitro,	which	could	also	be	 inhibited	by	 the	Akt‐
specific	 suppressor	MK2206.9	Moreover,	 Zhou	 et al	 reported	 that	
activated	Akt	may	lead	to	SRPK1	autophosphorylation,	which	causes	
SRPK1	to	translocate	into	the	nucleus	and	enhances	the	phosphor‐
ylation	of	downstream	splicing.	These	 findings	suggest	 that	SRPK1	
may	be	 located	downstream	of	Akt,26	which	corroborates	with	our	
results	that	the	increased	VMSC	apoptosis	rate	after	treatment	of	si‐
SRPK1	was	significantly	lower	and	VMSC	apoptosis	after	treatment	
of	IGF‐1	was	higher	than	that	of	the	treatment	of	si‐SRPK1	+	IGF‐1.	
According	to	Curcio	et al,	suppressed	Akt	leads	to	decreased	VSMC	
proliferation,	 and	an	 increase	 in	 the	vascular	 apoptosis	 rate,	which	
was	 observed	 in	 aged	 animals.35 Liu et al	 demonstrated	 that	 ape‐
lin‐13	induced	rat	VSMC	proliferation	through	the	PI3	K/Akt	signal‐
ing	 pathway	by	 confirming	 the	 effect	 of	 PI3	K	 inhibitor	 LY294002	
and	Akt	inhibitor	1701‐1	on	cell	proliferation	induced	by	apelin‐13.18 
Additionally,	 Akt	 also	mediates	 other	 genes	 of	 the	 PI3	 K	 pathway	
such	as	Bcl‐2‐related	proteins,	glycogen	synthase	kinase‐3β	(GSK3β) 
or	MDM2.36	Akt	 also	phosphorylates	BAD,	 the	proapoptotic	Bcl‐2	
family	member,	thereby	decreasing	BAD	pro‐apoptotic	functions.37

Apoptosis	of	VSMC	 is	critical	 for	normal	vascular	 remodeling,	
in	addition	to	the	development	of	multiple	pathological	conditions,	

including	aneurysms.5	Ruptured	aneurysms	induce	oxidative	stress,	
leukocyte	 migration,	 and	 vascular	 remodeling.38	 Recently,	 it	 has	
been	reported	that	the	tissue	transglutaminases	have	the	potential	
to	produce	interactions	of	extracellular	matrix	fibrillar	components	
with	attachment	sites	on	VSMCs.39	SRPK1	gene	silencing	promotes	
vascular	remodeling	in	rats	with	IA	whereby	its	actions	can	be	re‐
versed	by	the	activation	of	the	PI3	K/Akt	signaling	pathway.	Tumors	
in	SRPK1‐knockdown	mice	grew	slower	compared	with	those	that	
expressed	 SRPK1	 due	 to	 the	 suppression	 of	 angiogenesis.	 This	
finding	was	verified	by	a	 reduction	 in	 the	micro‐vessel	density	 in	
SRPK1‐knockdown	 tumors	 compared	 with	 the	 controls.29	 It	 has	
been	 suggested	 by	Giannakouros	 et al	 that	 SRPKs,	 and	 potential	
members	of	the	Akt	signaling	pathway	may	play	a	key	role	during	
the	start	of	mitosis	by	initially	regulating	the	detachment	of	periph‐
eral	heterochromatin	from	the	 innermost	nuclear	membrane,	and	
later	by	the	deletion	of	HP1,	consequently	resulting	in	chromosome	
condensation.40	The	PI3	K/Akt	signaling	pathway	is	also	implicated	
in	the	proliferation	and	migration	of	VSMCs	thus	modulating	vascu‐
lar	remodeling.41	Specifically,	blockade	of	PI3	k/Akt	signaling	inhib‐
ited	the	VSMC	proliferation	both	in	vitro	and	in	vivo.42

In	summary,	our	study	demonstrated	that	siRNA	targeting	of	
SRPK1	 enhanced	 VSMC	 proliferation,	 vascular	 remodeling	 and	
inhibited	VSMC	 apoptosis	 in	 rats	with	 IA	 via	 inhibiting	 the	 acti‐
vation	 of	 PI3	 K/Akt	 signaling	 pathway.	With	 further	 and	 exten‐
sive	 research,	SRPK1	may	serve	as	a	potential	novel	 therapeutic	
target	 to	 help	 enhance	 the	 vascular	 remodeling	 capacity	 in	 IAs.	
The	findings	of	our	current	investigation	should	be	supported	by	
additional	 experiments	with	 larger	 sample	 sizes	 to	 help	 develop	
clinical	significance.
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