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Abstract. The primary aim of the present study was to 
examine the effects of microRNA-21 (miR-21) on the 
proliferation and differentiation of rat primary neural stem 
cells (NSCs) in vitro. miR-21 was overexpressed in NSCs 
by transfection with a miR-21 mimic. The effects of miR-21 
overexpression on NSC proliferation were revealed by Cell 
Counting kit 8 and 5-ethynyl-2'-deoxyuridine incorporation 
assay, and miR-21 overexpression was revealed to increase 
NSC proliferation. miR-21 overexpression was confirmed 
using reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR). mRNA and protein expression levels 
of key molecules (β-catenin, cyclin D1, p21 and miR-21) 
in the Wnt/β-catenin signaling pathway were studied by 
RT-qPCR and western blot analysis. RT-qPCR and western 
blot analyses revealed that miR-21 overexpression increased 
β-catenin and cyclin D1 expression, and decreased p21 
expression. These results suggested that miR-21-induced 
increase in proliferation was mediated by activation of the 
Wnt/β-catenin signaling pathway, since overexpression of 
miR-21 increased β-catenin and cyclin D1 expression and 
reduced p21 expression. Furthermore, inhibition of the 
Wnt/β‑catenin pathway with FH535 attenuated the influence 
of miR-21 overexpression on NSC proliferation, indicating 
that the factors activated by miR-21 overexpression were 

inhibited by FH535 treatment. Furthermore, overexpres-
sion of miR-21 enhanced the differentiation of NSCs into 
neurons and inhibited their differentiation into astrocytes. 
The present study indicated that in primary rat NSCs, 
overexpression of miR-21 may promote proliferation and 
differentiation into neurons via the Wnt/β-catenin signaling 
pathway in vitro.

Introduction

Neural stem cells (NSCs) are present in the central nervous 
system (CNS) of adults and developing mammals (1,2). 
They are self-renewing, multipotent and undifferentiated 
precursor cells that have the ability to differentiate into glial 
and neuronal lineages. NSCs may be useful in cell-based 
replacement therapies for neurological disorders, including 
Alzheimer's disease, traumatic brain injury, spinal cord 
injuries and retinal disease (3-5). However, poor proliferation 
and insufficient differentiation of the transplanted NSCs into 
neurons limit the practical use of NSC-based therapies (6,7), 
making further study necessary to realize the potential of 
NSCs in clinical treatment (8-10). Therefore, it is important to 
explore the molecular and cellular mechanisms that regulate 
NSC proliferation and differentiation.

The Wnt/β-catenin pathway serves an important role in 
regulating NSC fate. Activation of the Wnt/β-catenin pathway 
promotes NSC proliferation and differentiation (9,10). Hence 
the requirement for investigating the regulation of the 
Wnt/β-catenin pathway.

MicroRNAs (miRNAs) are small noncoding RNAs ~22 nt 
in length, which have been demonstrated to be involved in 
the gene regulation process (11-13). miRNAs are involved in 
various biological functions, including cell differentiation, 
proliferation and apoptosis (14-17). miRNAs are involved in 
stem cell fate and self-renewal, and regulate the expression of 
stem cell genes (15,18,19).

In the present study, overexpression of miR-21 was 
demonstrated to enhance the proliferation of rat NSCs 
and their differentiation into neurons, and to reduce their 
differentiation into astrocytes via the Wnt/β-catenin 
signaling pathway.
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Materials and methods

Cell culture and transfection. All procedures requiring the 
use of laboratory animals were approved and monitored by 
the Animal Care Committee of Zhumadian Central Hospital 
(Zhumadian, China). Isolation, culture and identification of 
NSCs was performed as previously described (20). Pregnant 
Sprague-Dawley rats (day E14 fetal; 200-250 g; n=6) were 
obtained from the Shanghai Branch of National Rodent 
Laboratory Animal Resources (Shanghai, China) and were 
housed in a controlled 22±1˚C environment under 14/10 h 
light/dark cycles with free access to food and water. Following 
anesthesia with 50 mg/kg of ketamine and 10 mg/kg of 
xylazine administered intraperitoneally, NSCs were isolated 
from the hippocampus of 40 embryonic day 14 fetal rats. 
The tissues were transferred to cold phosphate buffered 
saline (PBS), minced, and dissociated. The isolated NSCs 
were cultured in Dulbecco's modified Eagle's medium‑F12 
medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) 
supplemented with 1% N2, 2% B-27 supplement, 2 mmol/l 
glutamine, 20 ng/ml epidermal growth factor (EGF) and 
20 ng/ml basic fibroblast growth factor (bFGF; Peprotech, Inc. 
Rocky Hill, NJ, USA). Primary neurospheres were digested 
with 0.25% trypsin. EGF and bFGF were removed from the 
growth medium, and the medium was supplemented with 
1% fetal bovine serum (FBS; Irvine Scientific, Santa Ana, CA, 
USA). Cells were placed on poly-lysine-coated coverslips in 
24‑well plates in prior to fixation. miR‑21 mimic and scramble 
were purchased from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). The transfection of miR-21 mimics and scramble 
miRNA (20 ng/ml) was performed using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. NSCs were incubated with 1 µM of 
the Wnt/β-catenin pathway inhibitor FH535 (EMD Millipore, 
Billerica, MA, USA) for 24 h, on day 7 post-transfection. 
miR-21 mimic and scramble sequences were: miR-21 mimic: 
5'-UAG CUU AUC AGA CUG AUG UUG A-3'; miR-21 scramble: 
5'-UUC UCC GAA CGU GUC ACG UTT-3'.

Immunocytochemistry. Cells were fixed with paraformaldehyde 
(4%) for ~30 min at room temperature and permeabilized 
with 0.2% Triton X-100. Following blocking with 10% goat 
serum, cells were incubated with primary anti-β-tubulin III 
(AB15708A4; 1:200; Merck KGaA, Darmstadt, Germany), 
anti‑glial fibrillary acidic protein (GFAP; 04‑1062; 1:1,000; 
Merck KGaA) and anti-nestin antibodies (ab134017; 1:100; 
Abcam, Cambridge, UK), at 4˚C overnight. Subsequently, 
cel ls were incubated with tet ramethyl rhodamine 
isothiocyanate-conjugated goat polyclonal anti-rabbit 
immunoglobulin (Ig)G (ab145472; 1:300; Abcam), fluorescein 
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG 
(bs-0519R-FITC; 1:100; BIOSS, Beijing, China), or 
FITC-conjugated goat anti-mouse IgG (bs-2511R-FITC; 1:100; 
BIOSS) for 3 h at room temperature. Nuclei were stained with 
DAPI. Coverslips were mounted and slides were analyzed by 
fluorescence microscopy (Zeiss GmbH, Jena, Germany).

Cell proliferation. NSC proliferation was assessed using 
Cell Counting kit 8 (CCK8) assay (Dojindo Molecular 
Technologies, Inc., Kumamoto, Japan) according to the 

manufacturer's protocol. Proliferation rates were analyzed 
0, 1, 3, 5 and 7 days following transfection. The optical 
density was measured at a wavelength of 450 nm. In addition, 
a 5-ethynyl-2'-deoxyuridine (EdU) incorporation assay was 
used to assess cell proliferation. The single cell suspensions 
of NSCs from the neurospheres (7 days following transfection) 
were incubated with the proliferation marker EdU (0.2 mM/l) 
for 30 min at 37˚C. Following incubation, the dissociated cells 
were seeded onto 100 µg/ml poly-L-lysine-coated coverslips 
and were stained for the NSC marker nestin using the Click-iT 
EdU Imaging kit (Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocol. Cells were incubated with a rabbit 
anti-nestin polyclonal primary antibody (ab134017; 1:200; 
Abcam) for 36 h at 4˚C, and a Cy3‑conjugated goat anti‑rabbit 
IgG secondary antibody (bs-2511R-Cy3; 1:100; BIOSS) for 3 h 
at room temperature.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA was isolated from the cells 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). RNA samples were purified and had optical density 
260/280 ratios between 1.8 and 2.0, as confirmed using a 
Nanodrop Spectrophotometer (Thermo Fisher Scientific, 
Inc., Wilmington, DE, USA). The extracted RNA was reverse 
transcribed into cDNA using a RevertAid First Strand cDNA 
Synthesis kit (Fermentas; Thermo Fisher Scientific, Inc.). For 
each sample 2 µg RNA was used to synthesize the cDNA. 
The RT-qPCR reaction was conducted using iQ SYBR-Green 
Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA) 
and regulated by the spectrofluorometric iQ5 Thermal iCycler 
(Bio-Rad Laboratories, Inc.). qPCR detected the expression 
of miRNA-21 and mRNA using the SYBR-Green PCR kit 
(Qiagen, Inc., Valencia, CA, USA) on a 7500 Real-Time PCR 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
Amplification was performed under the following conditions: 
Initial 1 cycle at 95˚C for 8 min, followed by 42 cycles at 95˚C 
for 10 sec, at 60˚C for 40 sec and at 72˚C for 1 sec, and a final 
extension step at 72˚C for 10 min. The relative mRNA expres-
sion of each gene was calculated using the 2-ΔΔCq method and 
normalized to β-actin (21). The primers used were as follows: 
miR-21 forward, 5'-CCA GTG AAG ATG TGT TCA GCT-3' and 
reverse, 5'-GCA CAG CCA GTA GAA GTA GAT-3'; β-catenin 
forward, 5'-GAC CAC AAG CAG AGT GCT GA-3' and reverse, 
5'-ACT CGG GTC TGT CAG GTG AG-3'; cyclin D1 forward, 
5'-TGG AGC CCC TGA AGA AGA G-3' and reverse, 5'-AAG 
TGC GTT GTG CGG TAG C-3'; p21 forward, 5'-CTG CTC TCC 
CTT CCT CAG AC-3' and reverse, 5'-TGA GGT AGG ACC AGG 
AAA CC-3'; β-tubulin III forward, 5'-AGC AAG GTG CGT 
GAG GAG TA-3' and reverse, 5'-AAG CCG GGC ATG AAG 
AAG T-3'; GFAP forward, 5'-CAA CGT TAA GCT AGC CCT 
GGA CAT-3' and reverse, 5'-CTC ACC ATC CCG CAT CTC 
CAC AGT-3'; and β-actin forward, 5'-CCC GCG AGT ACA ACC 
TTC T-3' and reverse, 5'-CGT CAT CCA TGG CGA ACT-3'.

Western blot analysis. Cells were collected and washed twice 
with PBS. Cells were lysed using lysis buffer containing 10 mM 
Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 0.1% sodium 
dodecyl sulfate, 1% sodium deoxycholate and protease inhib-
itor cocktail tablet (Roche Diagnostics, Basel, Switzerland) 
for 30 min at 37˚C. The protein content in each sample was 
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determined using a Bio-Rad Protein assay kit (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). Equal amounts of 
extracted protein samples (50 µg) were separated by 12% 
SDS-PAGE and transferred onto a polyvinylidene fluoride 
membrane, which was blocked with 5% milk overnight at 4˚C. 
The membrane was incubated with the following primary 
antibodies: β-catenin (Ab4176; 1:2,000), cyclin D1 (ab134175; 
1:100), p21 (ab109199; 1:500), β-tubulin III (AB15708A4; 
1:1,000), GFAP (04-1062; 1:2,000) and β-actin (Santa Cruz 
Biotechnology, Inc. Ab3700; 1:500) overnight at 37˚C. 
Subsequently, the membrane was probed with horseradish 
peroxidase-conjugated goat anti-rabbit IgG (cat no. sc-2004; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and goat 
anti-mouse IgG (cat no. sc-2005; Santa Cruz Biotechnology, 
Inc.) secondary antibodies at 1:1,000 and room temperature 
for 1 h. Protein bands were visualized using the Beyotime 
ECL Plus detection kit (Beyotime Institute of Biotechnology, 
Haimen, China). The band intensities were subsequently 
quantified using Quantity One software (version 4.62; Bio‑Rad 
Laboratories, Inc.) and normalized to β-actin as an internal 
standard.

Statistical analysis. All data are presented as the 
mean ± standard deviation of three independent experiments. 
Statistical analyses were performed using SPSS software 
version 20.0 (IBM SPSS, Armonk, NY, USA). An unpaired 
Student's t-test or one-way followed by Fisher's least square 
difference (LSD) post hoc test was used for a statistical 
comparison of the mean values between two or four groups, 
respectively. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Identification of rat NSCs. The rat NSCs formed neurospheres 
and differentiated into neurons and astrocytes 3 days following 
removal of bFGF (Fig. 1). In addition, the rat NSCs expressed 
the NSC marker nestin (Fig. 2A), which identified the isolated 
cells as rat NSCs.

miR‑21 promotes rat NSC proliferation. The EdU incorporation 
assay evaluated the effects of miR-21 on rat NSC proliferation. 
Cells were treated with EdU (0.2 mM/l) for 30 min on day 7 
post-transfection, and the incorporated EdU was analyzed. 

The proportion of EdU-positive cells was enhanced ~2-fold 
in the miR-21 mimic group (45.72±5.39%) compared with the 
scramble group (23.61±2.65%; P<0.05; Fig. 2B).

The CCK8 assay was also performed to determine the 
involvement of miR-21 in the proliferation of transfected rat 
NSCs. The NSCs in the miR-21 mimic group exhibited faster 
growth and proliferation rates compared with the scramble 
group 3, 5, 7 and 10 days post-transfection (P<0.05; Fig. 2C), 
indicating that overexpression of miR-21 enhanced rat NSC 
proliferation.

Overexpression of miR‑21 promotes rat NSC proliferation 
through activation of the Wnt/β‑catenin signaling pathway. 
To determine whether the Wnt/β-catenin pathway was 
involved in the miR-21 overexpression-induced increase of rat 
NSC proliferation, the mRNA and protein expression levels 
of several associated genes, including β-catenin, cyclin D1 
and p21 were detected by RT-qPCR and western blotting. 
Overexpression of miR‑21 significantly increased β-catenin 
and cyclin D1 mRNA expression levels compared with the 
scramble control (P<0.05; Fig. 3A), and reduced p21 mRNA 
expression levels compared with the scramble control (P<0.05; 
Fig. 3A). β-catenin and cyclin D1 protein expression levels 
were also increased in the miR-21 mimic group compared 
with the scramble control group (P<0.05; Fig. 3B), whereas 
p21 protein expression levels were decreased (P<0.05; 
Fig. 3B). These findings suggested that the Wnt/β-catenin 
pathway may be involved in mediating the effects of miR-21 
overexpression on rat NSC proliferation.

Suppression of the Wnt/β‑catenin signaling pathway inhibits 
the increased rat NSC proliferation induced by overexpres‑
sion of miR‑21. To confirm involvement of the Wnt/β-catenin 
pathway in NSC proliferation, a pharmacological inhibitor, 
the β-catenin/T cell factor (TCF) inhibitor (FH535), was 
used. Treatment with FH535 inhibited miR-21 mimic-induced 
rat NSC proliferation compared with the scramble control 
(P<0.05; Fig. 4) and cells transfected with the miR-21 mimic 
only (P<0.05; Fig. 4).

miR‑21 promotes rat NSC differentiation to neurons and 
inhibits differentiation to astrocytes. miR-21 promoted 
the differentiation of rat NSCs to neurons and inhibited the 
differentiation to astrocytes, as confirmed by increased 

Figure 1. Identification of rat neural stem cells. Cultured cells were induced to differentiate into (A) neurons (β-tubulin III-positive cells) and (B) astrocytes 
(GFAP‑positive cells). (C) Nuclei were stained with DAPI and (D) images were merged. Scale bar, 100 µm. GFAP, glial fibrillary acidic protein.
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β-tubulin III expression and decreased GFAP expression 
compared with in the scramble control group (P<0.05; Fig. 5).

Discussion

In the present study, miR-21 overexpression was demon-
strated to promote rat NSC proliferation and neural 
differentiation, and to reduce differentiation to astrocytes, 
via the Wnt/β-catenin signaling pathway. Furthermore, inhi-
bition of the Wnt/β-catenin signaling pathway impaired the 
miR-21-induced increase in NSC proliferation. Therefore, 
the present study revealed that miR-21 is involved in NSC 
proliferation and differentiation via the Wnt/β-catenin 
signaling pathway.

Figure 4. Inhibition of the Wnt/β-catenin pathway with FH535 attenu-
ates miR-21 overexpression-induced increased rat neural stem cell 
proliferation, analyzed by Cell Counting kit 8 assay. Data are expressed as 
the mean ± standard deviation. *P<0.05 vs. scramble control group or miR-21 
mimic. miR-21, microRNA 21; OD, optical density.

Figure 3. Effects of miR-21 overexpression on activation of the Wnt/β-catenin signaling pathway in rat neural stem cells. (A) mRNA and (B) protein expression 
levels of selected genes involved in the Wnt/β-catenin signaling pathway. Data were normalized to β-actin. Data are expressed as the mean ± standard deviation 
(n=3). *P<0.05 vs. scramble control group. miR-21, microRNA 21.

Figure 2. Effects of miR-21 overexpression on rat neural stem cell proliferation. (A) EdU incorporation assay revealed a visibly increased proportion of 
EdU-positive cells in the miR-21 mimic group. White arrows indicate merged EdU-positive cells. Scale bar, 100 µm. (B) The number of EdU-positive cells 
was quantified. *P<0.05 vs. scramble control group. (C) Results of the Cell Counting kit 8 assay. *P<0.05 vs. scramble control group. Data are expressed as the 
mean ± standard deviation (n=3). EdU, 5-ethynyl-2'-deoxyuridine; miR-21, microRNA-21; OD, optical density.
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The stimulatory effects of miR-21 on rat NSC prolifera-
tion have been confirmed in the present study. Compared with 
in the scramble control group, overexpression of miR-21 
promoted NSC proliferation. In the present study cyclin D1 
was upregulated and p21 was downregulated in response to 
miR-21 overexpression, as determined by RT-qPCR; p21 is 
a universal inhibitor of the cyclin/cyclin-dependent kinase 
(CDK) family (22). The cyclin D1 gene is a marker of cell 
cycle progression from G1 to S phase, and acts by binding 
to and activating CDKs (23). Furthermore, these findings 
were confirmed by western blot analysis. Cyclin D1 protein 
expression levels were upregulated, whereas p21 protein 
expression levels were downregulated in rat NSCs transfected 
with miR-21 mimic compared with the scramble controls. In 
addition, increased rat NSC proliferation was observed by 
EdU assay and CCK8 assay. These results are concordant with 
those of previous reports regarding other cell types. In lung 
carcinoma, the proliferative action of miR-21 was revealed to 
be associated with upregulation of cyclin D1 and downregula-
tion of p21 (24). miR-21 is also considered to be a proliferative 
factor for human tubular epithelial cells (25), colorectal cancer 
cells (26) and colon cancer stem cells (27). The results from 
the present study, as well as from previous studies, confirm 
that miR-21 is involved in the regulation of NSC proliferation 
and differentiation.

The Wnt/β-catenin signaling pathway is involved in cell 
proliferation and the differentiation of NSCs in the CNS 
during embryonic and adult neurogenesis (28). In mammals, 
the Wnt/β-catenin signaling pathway is involved in the 
regulation of cellular growth, as well as numerous patho-
physiological processes, including stroke and Alzheimer's 
disease (29-31). The present study revealed a potential asso-
ciation between miR-21 and the Wnt/β-catenin signaling 
pathway. Overexpression of miR-21 was able to activate the 
Wnt/β-catenin signaling pathway in rat NSCs, as determined 
by measuring the expression levels of the Wnt/β-catenin 
pathway-associated markers β-catenin, cyclin D1 and p21. 
β-catenin in the Wnt signaling pathway is a coactivator of 
TCF/lymphoid enhancer factor (LEF)-dependent transcription, 
which is normally phosphorylated by glycogen synthase kinase 
3β and degraded quickly. In activation of the canonical Wnt 
pathway, increased levels of β-catenin are translocated to the 
nucleus. Nuclear β-catenin associates with the TCF/LEF tran-
scription factor, and this complex subsequently binds to the 
promoter of Wnt-pathway genes, including cyclin D1, to acti-
vate transcription and promote proliferation. Increased levels 
of β-catenin indicate the activation of Wnt signaling (32). The 
results of the present study demonstrated that overexpression 
of miR-21 contributed to the increased β-catenin levels, and 
therefore activated the Wnt/β-catenin pathway. Furthermore, 

Figure 5. miR-21 promoted the differentiation of rat neural stem cells to neurons and inhibited differentiation to astrocytes. (A) β-tubulin III and (B) GFAP 
mRNA expression levels were detected by reverse transcription-quantitative polymerase chain reaction. (C) β-tubulin III and (D) GFAP protein expression 
levels were measured by western blotting. Data are expressed as the mean ± standard deviation. *P<0.05 vs. scramble control group. GFAP, glial fibrillary 
acidic protein; miR-21, microRNA 21.
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a pharmacological inhibitor of β-catenin/TCF (FH535) was 
used to validate the involvement of the Wnt/β-catenin signaling 
pathway in miR-21-induced rat NSC proliferation. Inhibition of 
the Wnt/β‑catenin pathway significantly attenuated the effects 
of miR-21 on rat NSC proliferation, as determined using a 
CCK8 assay. These findings confirmed that the Wnt/β-catenin 
signaling pathway is required for miR-21-induced regulation 
of proliferation and differentiation of rat NSCs.

In conclusion, these data revealed the involvement of miR-21 
in regulating proliferation and differentiation of rat NSCs. The 
present study also demonstrated that miR-21 regulated rat NSC 
proliferation and differentiation via the Wnt/β-catenin signaling 
pathway. The present results suggested that miR-21 may have 
potential as a clinically useful tool and may represent a promising 
molecular target for the regulation of NSC proliferation.
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