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Abstract
Objectives: Neural stem cells (NSCs) are self- renewing, undifferentiated and multipo-
tent	precursors	that	can	generate	neuronal	and	glial	 lineages.	MicroRNAs	 (miRNAs)	
are	small	non-	coding	RNAs	that	act	crucial	 roles	 in	cell	proliferation,	differentiation	
and migration. However, the role of miR- 1297 in the development of NSCs is still 
unknown.
Materials and methods: Primary NSCs were isolated from rat’s embryos. The expres-
sion of miR- 1297 and Hes1 were measured by qRT- PCR. Western blot was performed 
to detect the protein expression of Hes1, β-	tubulin-	III	and	GFAP.
Results: We showed that miR- 1297 expression was upregulated during NSC differen-
tiation, while the expression of Hes1 was decreased during NSC differentiation. 
Elevated expression of miR- 1297 promoted the NSCs viability and increased the for-
mation of NSCs to neurospheres. Ecoptic expression of miR- 1297 promoted β- tubulin- 
III	expression	in	the	NSCs.	Overexpression	of	miR-	1297	decreased	GFAP	expression	
in	the	NSCs.	Furthermore,	we	demonstrated	that	miR-	1297	regulated	NSCs	viability	
and differentiation by directly targeting Hes1. Overexpression of miR- 1297  suppressed 
Hes1 expression in the NSCs.
Conclusions: These results suggested that miR- 1297 played an important role in NSCs 
viability and differentiation through inhibiting Hes1 expression.

1  | INTRODUCTION

Neural stem cells (NSCs) are multipotent and self- renewing cells that 
present in the adult and developing central nervous system (CNS).1–4 
Neural stem cells have the capability to differentiate into glia (astro-
cytes and oligodendrocytes) and neurons.5–7 The transplantation of 
NSCs may provide a therapeutic strategy for several neurological dis-
orders	including	Alzheimer’s	disease,	Parkinson’s	disease,	spinal	cord	
injuries and Huntington’s disease.1,8–10 However, there are still various 
challenges to complete before the clinical application of NSCs.11–13 
Therefore, it is important to understand the molecular signal pathway 
regulating NSCs proliferation and differentiation.

MicroRNAs	(miRNAs)	are	a	class	of	small,	endogenous,	non-	coding	
RNAs	with	less	than	22	nucleotides.14–18	miRNAs	regulate	the	target	
gene	expression	through	binding	to	the	3′UTR	(3′	untranslated	region)	

of	mRNA	and	leading	to	the	translational	repression	or	mRNA	degra-
dation.19–22	Previous	studies	showed	that	miRNAs	played	crucial	roles	
in various cellular processes such as cell differentiation, proliferation, 
apoptosis, migration and metastasis.11,13,23–25	A	lot	of	evidences	impli-
cated	that	deregulated	expression	of	miRNAs	were	found	 in	various	
cancers, highlighting their potential tools as prognostic, therapeutic 
and diagnostic in the most human tumours.26–29 Recently, studies 
have	showed	that	miRNAs	play	an	important	role	in	neural	stem	cell	
development, proliferation and differentiation.7,9,11,30

In this study, we showed a novel role for miR- 1297 during NSC 
viability and differentiation. We showed that the expression of 
miR- 1297 was upregulated during NSC differentiation. Elevated 
expression of miR- 1297 promoted NSCs viability. In line with this, 
overexpression of miR- 1297 increased the formation of neuro-
spheres from NSCs.
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2  | MATERIALS AND METHODS

2.1 | NSC culture and transfection

Primary neural stem cells (NSCs) were isolated and cultured using the 
modified method of the previous published protocol.12,31 NSCs were 
from	rat’s	embryos	and	cultured	in	the	growth	medium	with	N2,	EGF	
and	bFGF	 (Gibco)	 supplement.	miR-	1297	and	 scramble,	Hes1	vector	
and control vector were purchased from the GenePharma (Shanghai, 
China) and transfected to the NSCs using the Lipofectamine 2000 
(Invitrogen,	Carlsbad,	CA,	USA)	following	to	the	manufacturer’s	instruc-
tions.	This	study	was	agreed	by	the	ethical	board	of	the	First	Hospital	of	
Harbin Medical University and complied with Declaration of Helsinki.

2.2 | qRT- PCR

Total	 RNA	 from	 cells	 was	 isolated	 by	 using	 TRIzol	 reagent	 and	 re-
verse transcribed by using the reverse transcription kit following 
the manufacturer’s description. qRT- PCR was performed and deter-
mined	 using	 the	 ABI	 7300	 system	 (Applied	 Biosystems,	 Foster	 City,	
CA,	USA).	Details	 of	 the	 primers	were	 as	 follows:	Hes1	 (forward	 5′-		
TGAAGGATTCCAAAAATAAAATTCTCTGGG-	3′	 and	 reverse	 5′-		 CGC 
CTCTTCTCCATGATAGGCTTTGATGAC-	3′);	 β- tubulin- III (forward  
5′-	AGCAAGGTGCGTGAGGAGTA-	3′	 and	 reverse	 5′-	AAGCCGGGCA 
TGAAGAAGT-	3′);	Nestin	 (forward	5′-	GATCTAAACAGGAAGGAAATC 
CAGG-	3′	 and	 (reverse	 5′-	TCTAGTGTCTCATGGCTCTGGTTTT-	3′);	
GFAP	(forward	5′-	CAACGTTAAGCTAGCCCTGGACAT-	3′	and	(reverse:	
5′-	CTCACCATCCCGCATCTCCACAGT-	3′);	 and	 GAPDH	 (forward	
5′-	ATTCCATGGCACCGTCAAGGCTGA-	3′	 and	 (reverse	 5′-	TTCTCCA
TGGTGGTGAAGACGCCA-	3′).	The	expression	of	Hes1	and	miR-	1297	
was	normalized	to	that	of	GAPDH	or	U6	by	the	2−ΔΔCt cycle respectively.

2.3 | Cell viability

The NSCs were plated in the 96- well plate and the cell growth was 
detected	with	the	MTT	kit	(Sigma	St.	Louis,	MO,	USA)	following	the	
manufacturer’s information. The optical density at 490 nm was deter-
mined	with	the	microplate	reader	(Bio-	Rad,	CA,	USA).

2.4 | Dual luciferase assay

The	mutant	 (Mut)	 or	wild-	type	 (WT)	 3′UTR	 of	Hes1	was	 cloned	
into	 the	pHSA-	MIR-	REPORT	 (Ambion	Waltham,	MA	USA)	cloned	

into	 pHSA-	MIR-	REPORT	 (Ambion).	 The	 NSCs	 were	 transfected	
with	 the	 vector	 carrying	Mut	3′UTR	 or	WT	 3′UTR	 of	 Hes1	 and	
miR- 1297 or scramble using the Lipofectamine 2000 (Invitrogen) 
according to the instructions. Cells were harvested to measure the 
relative	activities	of	luciferase	by	using	the	Dual-	Luciferase	Assay	
after 48- hour incubation.

2.5 | Western blot analysis

Total protein was isolated from cell, and protein concentration was 
determined	 using	 the	 BCA	 (Sigma-Aldrich,	 Oakville,	 ON,	 Canada)	
assay	 kit.	 Total	 protein	 was	 resolved	 on	 the	 12%	 SDS-	PAGE	 gel	
and	 then	 transferred	 to	 the	PVDF	membranes.	After	blocking	with	
non- fat dry milk for 2 hours, membrane was inoculated with the 
primary	antibodies	(Hes1	and	GAPDH,	Abcam,	USA)	overnight.	The	
membranes were subsequently blotted with secondary peroxidase- 
conjugated antibodies for 1 hour at the room temperature and the 
signal was measured by the chemiluminescent reagents.

2.6 | Immunohistochemistry

Primary neural stem cells and their differentiation cells were fixed 
with	the	4%	paraformaldehyde	and	were	blocked	using	the	FBS	and	
Triton™X- 100 (Sigma, Oakville, ON, Canada) for 1 hour. Then, the 
cells	were	 incubated	with	 the	 primary	 antibodies	 (GFAP,	 β- tubulin- 
III and Nestin, Sigma) at 4°C overnight. Cells were incubated with 
the	 fluorescence-	labelled	 antibody.	 Nuclei	 were	 stained	 with	 DAPI	
(Sigma).

2.7 | Statistical analysis

Data are shown as the mean ± SD. Difference from groups was com-
pared	by	using	the	two-	way	ANOVA	and	Student’s	t	test.	A	value	of	
P<.05 was considered as the statistically significant.

3  | RESULTS

3.1 | NSCs could self- proliferate and differentiate 
into neuron and astrocyte

Isolated primary NSCs could self- proliferate and form neurospheres, 
which was positive for Nestin (neural stem cell specific marker) 

F IGURE  1 Neural	stem	cells	(NSCs)	can	self-	proliferate	and	differentiate	into	neuron	and	astrocyte.	A,	Representative	neurospheres	are	
shown.	B,	Immunocytochemical	staining	of	purified	neural	stem	cell	with	Nestin.	C,	Immunocytochemical	staining	of	nucleus	with	DAPI.	D,	
Immunocytochemical staining of neuron with β-	tubulin-	III.	E,	Immunocytochemical	staining	of	astrocyte	with	GFAP

(A) (B) (C) (D) (E)
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(Figure	1A,B).	 After	 withdrawal	 of	 EGF	 and	 bFGF	 and	 FBS,	 NSCs	
could differentiate into neuron and astrocyte. Nucleus of the neuron 
and	astrocyte	cells	was	detected	by	DAPI	immunostaining	(Figure	1C).	
These cells were positive for β- tubulin- III (neuron- specific marker) and 
GFAP	(astrocyte-	specific	marker)	(Figure	1D,E).

3.2 | miR- 1297 was upregulated and Hes1 
expression was downregulated during NSC 
differentiation

The expression of miR- 1297 was upregulated during NSC differentia-
tion	by	using	the	qRT-	PCR	method	(Figure	2A).	The	mRNA	and	protein	

expression of Hes1 was decreased during NSC differentiation by using 
the	qRT-	PCR	method	(Figure	2B)	and	Western	blot	(Figure	2C).

3.3 | Hes1 was a direct gene of miR- 1297 
in the NSCs

miR-	1297	included	a	potential	target	site	in	the	3′UTR	of	Hes1	(Figure	3A).	
The expression of miR- 1297 was significantly upregulated in NSCs after 
treating	with	miR-	1297	mimic	(Figure.	3B).	Overexpression	of	miR-	1297	
suppressed	Hes1	expression	in	the	NSCs	(Figure.	3C,D).	The	luciferase	
activity	was	inhibited	in	the	WT	3′UTR	of	Hes1,	while	it	was	not	changed	
in	the	mutation	putative	(MT)	miR-	1297	target	site	(Figure.	3E).

F IGURE  2 miR-	1297	was	upregulated	and	Hes1	expression	was	downregulated	during	Neural	stem	cells	(NSC)	differentiation.	A,	The	
expression	of	miR-	1297	was	detected	by	using	the	qRT-	PCR	method.	B,	The	mRNA	expression	of	Hes1	was	detected	by	using	the	qRT-	PCR	
method. C, The protein expression of Hes1 was measured by Western blot

F IGURE  3 Hes1	was	a	direct	gene	of	miR-	1297	in	the	neural	stem	cells	(NSCs).	A,	miR-	1297	has	a	potential	target	site	in	the	3′UTR	of	Hes1	
by	using	the	Targetscan	bioinformatics	software.	B,	The	expression	of	miR-	1297	was	detected	by	using	the	qRT-	PCR	method.	C,	Overexpression	
of	miR-	1297	suppressed	the	Hes1	mRNA	expression	in	the	NSCs.	D,	The	protein	expression	of	Hes1	was	measured	by	Western	blot.	E,	The	
luciferase	activity	was	inhibited	in	the	wild-	type	(WT)	3′UTR	of	Hes1,	and	the	luciferase	activity	of	the	mutation	putative	(MuT)	miR-	1297	target	
site was not changed **p<0.01.
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3.4 | miR- 1297 regulated NSCs viability and 
differentiation

As	shown	in	Figure	4A,	elevated	expression	of	miR-	1297	promoted	the	
NSCs viability. In line with this, overexpression of miR- 1297 increased 
neurospheres	formation	from	NSCs	(Figure	4B,C).	Furthermore,	ecop-
tic expression of miR- 1297 promoted β- tubulin- III expression in the 
NSCs	 (Figure	4D,E).	 In	 addition,	 overexpression	 of	 miR-	1297	 de-
creased	GFAP	expression	in	the	NSCs	(Figure	4F,G).

3.5 | miR- 1297 regulated NSCs viability and 
differentiation by regulating Hes1 expression

The expression of Hes1 was significantly upregulated in the NSCs after 
treating	with	 Hes1	 vector	 (Figure	5A,B).	 Ectopic	 expression	 of	 Hes1	
decreased	miR-	1297-	induced	viability	 in	NSCs	(Figure	5C).	Moreover,	
overexpression of Hes1 suppressed miR- 1297- induced NSCs formation 
to	neurospheres	(Figure	5D,E).	Furthermore,	ecoptic	expression	of	Hes1	
suppressed β- tubulin- III expression in the miR- 1297 mimic- treated 
NSCs	 (Figure.	5F,G).	 In	 addition,	 overexpression	 of	 Hes1	 enhanced	
GFAP	expression	in	the	miR-	1297	mimic-	treated	NSCs	(Figure	5H,I).

4  | DISCUSSION

NSCs are one type of precursor cells that are located in the subgranu-
lar zone and subventricular zone of brain with capacity to self- renew 
and generate multiple neuronal cell types such as neurons and glial cells, 

oligodendrocytes and astrocytes.32–34 The proliferation, maintenance 
and differentiation of NSCs are regulated by several molecular net-
works.12,35,36	Recently,	increasing	evidences	have	showed	that	miRNAs	
play an important role in the proliferation and differentiation of NSCs. 
For	example,	Wang	et	al.31 demonstrated that miR- 506- 3p played a cru-
cial role in regulating the NSC proliferation and differentiation through 
inhibiting	TCF3	expression.	Li	et	al.37 showed that miR- 765 played an 
important role in NSCs proliferation and differentiation through inhib-
iting Hes1 expression. In our study, we demonstrated a novel role of 
miR- 1297 during NSC proliferation and differentiation. We showed that 
the expression of miR- 1297 was upregulated while the expression of 
Hes1 was decreased during NSC differentiation. Elevated expression of 
miR- 1297 promoted NSCs proliferation. In line with this, overexpression 
of	miR-	1297	increased	NSCs	formation	to	neurospheres.	Furthermore,	
ecoptic expression of miR- 1297 promoted β- tubulin- III expression in 
the	NSCs.	Overexpression	of	miR-	1297	decreased	GFAP	expression	in	
the NSCs. We identified Hes1 as a direct target gene of miR- 1297 in 
the NSCs. Overexpression of miR- 1297 suppressed Hes1 expression 
in	the	NSCs.	The	luciferase	activity	was	inhibited	in	the	WT	3′UTR	of	
Hes1, and the luciferase activity of the MT miR- 1297 target site was 
not	changed.	Furthermore,	we	demonstrated	that	miR-	1297	regulated	
NSCs proliferation and differentiation by regulating Hes1 expression. 
These results suggested that miR- 1297 played an important role in NSCs 
proliferation and differentiation through inhibiting Hes1 expression.

Previous studies showed that miR- 1297 played important roles 
in cell proliferation and tumour development.38–41	For	example,	Liang	
et al.38 demonstrated that miR- 1297 expression was downregulated 
in prostate cancer tissues and cell lines. Overexpression of miR- 1297 

FIGURE  4 miR-	1297	regulated	NSCs	proliferation	and	differentiation.	A,	Elevated	expression	of	miR-	1297	promoted	the	NSCs	proliferation.	
B,	Representative	images	of	neurospheres	in	response	to	miR-	1297	mimic	were	shown.	C,	The	relative	neurosphere	number	was	shown.	D,	
Ecoptic expression of miR- 1297 promoted the β-	tubulin-	III	mRNA	expression.	E,	The	protein	expression	of	β- tubulin- III was measured by 
Western	blot.	F,	Ecoptic	expression	of	miR-	1297	suppressed	the	GFAP	mRNA	expression.	G,	The	protein	expression	of	GFAP	was	measured	by	
Western blot *p<0.05, **p<0.01 and ***p<0.001.
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suppressed prostate cancer cell proliferation and invasion through 
regulating	 AEG-	1	 expression.	 Wang	 et	al.39 showed that miR- 1297 
expression was downregulated in the glioma tissues and cell lines. 
Overexpression of miR- 1297 inhibited the glioma cell colony forma-
tion	 and	 proliferation	 by	 inhibiting	 high	 mobility	 group	 protein	 A1	
(HMGA1)	expression.	However,	Li	et	al.42 found that overexpression 
of miR- 1297 increased the laryngeal squamous cell carcinoma cell mi-
gration, proliferation and tumour genesis through targeting PTEN. In 
our study, we first measured the miR- 1297 expression during NSC dif-
ferentiation. The expression of miR- 1297 was upregulated during NSC 
differentiation. In addition, elevated expression of miR- 1297 promoted 
NSCs proliferation. In line with this, overexpression of miR- 1297 in-
creased	 NSCs	 formation	 to	 neurospheres.	 Furthermore,	 ecoptic	 ex-
pression of miR- 1297 promoted β- tubulin- III expression in the NSCs. 
Overexpression	of	miR-	1297	decreased	GFAP	expression	in	the	NSCs.

Hes gene was a mammalian homologue of the Drosophila 
hairy which encodes bHLH (basic helix- loop- helix) transcriptional 

regulators.43 Hes1 is one downstream modulator of Notch signal path-
way and is expressed in central nervous system.44,45 Hes1 has import-
ant roles in regulating neurogenesis.46,47 Previous studies showed that 
Hes1 played an important role in the central nervous system growth 
and it regulated the NSCs differentiation and proliferation.45,48 Shi 
et al.45 demonstrated that miR- 381 regulated NSCs differentiation 
and proliferation by inhibiting Hes1 expression. Li et al.37 also demon-
strated that miR- 765 played an important role in NSCs proliferation 
and differentiation through inhibiting Hes1 expression. In our study, 
we demonstrated that Hes1 expression was decreased during NSC 
differentiation. Overexpression of miR- 1297 suppressed Hes1 expres-
sion	in	the	NSCs.	The	luciferase	activity	was	inhibited	in	the	WT	3′UTR	
of Hes1, and the luciferase activity of the MT miR- 1297 target site was 
not changed. These results suggested that Hes1 was a direct target 
gene of miR- 1297 in the NSCs. Moreover, we demonstrated that miR- 
1297 regulated NSCs proliferation and differentiation by  regulating 
Hes1 expression.

F IGURE  5 miR-	1297	regulated	NSCs	proliferation	and	differentiation	by	regulating	Hes1	expression.	A,	The	mRNA	expression	of	Hes1	
was	detected	by	using	the	qRT-	PCR	method.	B,	The	protein	expression	of	Hes1	was	measured	by	Western	blot.	C,	The	cell	proliferation	was	
determined by CCK- 8 assay. D, Representative images of neurospheres in different groups were shown. E, The relative neurosphere number 
was	shown.	F,	The	mRNA	expression	of	β- tubulin- III was determined by qRT- PCR. G, The protein expression of β- tubulin- III was measured by 
Western	blot.	H,	The	mRNA	expression	of	GFAP	was	determined	by	qRT-	PCR.	I,	The	protein	expression	of	GFAP	was	measured	by	Western	blot	
*p<0.05, **p<0.01 and ***p<0.001.
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In conclusion, our observations showed that miR- 1297 was novel 
miRNA	that	regulated	NSCs	proliferation	and	differentiation	and	could	
decrease Hes1 expression. These data help us to understand the 
mechanism of Hes1 in NSCs and suggest that miR- 1297 may be a new 
therapeutic strategy for neurological disorders.
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