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MicroRNA-381/Hesl1 is a potential therapeutic
target for spinal cord injury
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Abstract. The aim of the present study was to investigate whether
microRNA-381 is a potential therapeutic target for spinal cord
injury (SCI) and its possible mechanism. Reverse transcription
quantitative polymerase chain reaction (QPCR) for mRNA
expression was used to analyze the changes of microRNA-381
expression. Cell viability and cell apoptosis were measured using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay and flow cytometry. Caspase-3 activity was
measured using caspase-3 activity kit, and western blot analysis
was used to measure the protein expression of neurogenic locus
notch homolog protein 1 (Notchl), notch 1 intracellular domain
(NICD) and transcription factor HES-1 (Hesl). The data showed
that microRNA-381 expression of model SCI rats was downre-
gulated compared with that of control rats. Overexpression of
microRNA-381 promoted cell proliferation, and inhibited apop-
tosis and caspase-3 and apoptosis regulator BAX (Bax) protein
expression in neurocytes. Overexpression of microRNA-381 also
increased Wnt and B-catenin protein expression, and suppressed
the protein expression of Notch1, NICD and Hesl in neurocytes.
Wt inhibitor, Wnt-C59 (1 gmol/l), inhibited cell proliferation,
promoted apoptosis and caspase-3 and Bax protein expression,
suppressed B-catenin protein expression and induced Hesl
protein expression in neurocytes following microRNA-381 over-
expression. Notch inhibitor, FLI-06 (1 gmol/l), promoted cell
proliferation, inhibited apoptosis and caspase-3 and Bax protein
expression, and suppressed NICD and Hesl protein expres-
sion in neurocytes following microRNA-381 overexpression.
Thus, this study showed that overexpression of microRNA-381
promotes cell proliferation of neurocytes in SCI via Hesl
expression, which may be a novel important mechanism for SCI
in clinical applications.
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Introduction

As a common motor system trauma in the clinic, SCI has been
observed to induce various degrees of extremity swelling or
paraplegia and loss of ability to work, bringing a tremendous
burden on society and the patient's family (1). The epide-
miological data in American regions demonstrate that traffic
accidents and high-altitude falls are the major causes of injury,
with cases more often occurring in young men, with an average
age of 30 years old. The average annual morbidity is 420 million
cases, and the number of patients is increasing at a speed of
10, 000 individuals each year (2). In the field of sports injury,
domestic and overseas scholars have made unremitting efforts
and actively investigated the novel therapeutic strategies for SCI,
in spite of the tremendous difficulties in post-SCI repair (3,4).

MicroRNA (miRNA) is a class of short non-coding
single-stranded micromolecule that is distributed among multiple
animals and plants, and is highly conserved in evolution (5). It
has been indicated in bioinformatics predictions that miRNA at
least regulates the expression of human protein-coding genes.
The discovery of miRNA has provided a novel thought process
for illustrating the physiopathological mechanisms and treat-
ments of human diseases (2). miRNA is widely distributed in
the central nervous system (6). miRNA has been suggested to
be associated with the development of the neural system, as well
as the differentiation and proliferation of nerve cells (7) As is
also found in numerous neurodegenerative diseases, miRNA is
involved in their pathophysiological processes and the expres-
sion of miRNAs cause changes in SCI (8). Abnormal expression
of miRNA can be observed in central nervous system injury,
and may take part in the pathological processes of the central
nervous system (9).

The secondary injury mechanisms of acute SCI include
oxygen free radicals, excitatory amino acids, vascular injury,
inflammation and cell apoptosis. Of these, cell apoptosis
serves an important role in SCI, but the mechanism remains to
be further investigated (10).

The Hes family basic helix-loop-helix (bHLH) transcrip-
tion factor 1 (Hesl) gene exists in the majority of mammals,
expressed to a large extent in the epithelial and neuroepithelial
cells during the embryonic development process (11). As a
bHLH DNA-binding protein, neurogenic locus notch homolog
protein 1 (Hesl protein) can block the activation pathway through
binding with target DNA or other HLH proteins (including
achaete-scute homolog 1 and E47) directly, thus inhibiting
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transcription and finally inhibiting cell differentiation (12).
During the development of the ervous system, Hesl participates
in regulating the differentiation and proliferation of neural
stem cells (13). The role of the Hesl gene in neural stem cells
has mainly been identified through gain- and loss-of-function
research (14). Hesl gene knockout fetal rats develop severe
neurulation defects, and die during the embryonic period or at
birth (15). Knockout of the Hesl gene during development of the
nervous system in the chicken embryo will lead to premature
differentiation and maturation of neural stem cells, resulting in
microcephaly or anencephaly (15). Appropriate Hesl expres-
sion can accurately regulate the genesis of the neural system
and cellularity, which facilitates the formation of nerve cells
and functional zones with various functions (16). Increased
Hesl expression following neuronal formation can accelerate
the differentiation of astrocytes, which is in contrast to its role
in inhibiting the differentiation of neural stem cells in the early
stage, demonstrating that Hesl serves various roles in regu-
lating the differentiation of neural stem cells during various
periods (16). As previously shown, the endogenous neural stem
cells can differentiate into mature nerve cells under the regula-
tion of signaling molecules (16). The present study examined
whether microRNA-381 is a potential therapeutic target for SCI
and investigated its possible mechanism.

Materials and methods

Ethical approval and animal care. Male Sprague-Dawley rats
(6 weeks old; 220-250 g) were purchased from the Animal
Experimental Center of Tianjin Medical University and main-
tained at 24°C, in 55% humidity on a 12-h light/dark cycle, with
standard rodent chow and access to water ad libitum. All rats
were acclimatized for at least 1 week prior to the experiments.
The Regional Committee for Medical and Health Research
Ethics (Health Authority Southern and Eastern Norway) and
the Regional Ethics Committee at Tianjin Medical University
(Tianjin, China) approved the study protocol. All rats (n=12)
were randomly assigned into 2 groups: control and SCI model
group (n=6 rats/group).

Rats were intraperitoneally anesthetized with 10% chloral
hydrate (300 mg/kg), and then maintained at 37.0+0.5°C with
an infrared heat lamp and a heating pad. To induce the SCI
model, a 2F-Fogarty balloon catheter was inserted via the left
femoral artery into the proximal descending thoracic aorta.
The site of insertion is was ~11 cm to the proximal descending
thoracic aorta. Next, 0.05 ml distilled water was injected
into injury points to induce SCI. The arterial catheters were
removed and the incisions were sutured after 24 h.

Reverse transcription-quantitative polymerase chain reaction
(qPCR) for mRNA expression. RNA was extracted from tissues
samples and PCI12 cells using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA). RNA
(200 ng) was prepared and compound First Strand cDNA was
obtained using SuperScript II reverse transcriptase (Takara
Biotechnology Co., Ltd., Dalian, China). 1 ]l PrimeScript
RTase, 4 ul 5X PrimeScript buffer, 0.5 ul RNase inhibitor, 1 pl
dNTP mixture, 1 pl Oligo(dT) Primer, 2 ul random
6-mers,19.5 ul RNase-free H,O were used. Relative mRNA
expression was determined by qPCR (StepOnePlus RT-PCR
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System; Applied Biosystems, Foster City, CA, USA) using
Power SYBR-Green PCR master mix (Takara Biotechnology
Co., Ltd.), with the following cycling parameters: 10 min at
95°C, followed by 40 cycles of 15 sec at 95°C and 30 sec at
60°C. The quantification cycle (Cq) was determined and calcu-
lations were computed using the 244%4 (17). Primer pairs used
in this study were: U6 forward, 5'-CTCGCTTCGGCAGCA
CA-3'and reverse, 5-AACGCTTCACGAATTTG CGT-3"; and
microRNA-381 forward, 5'-AGTCTATACAAGGGCAAGC T
CTC-3' and reverse, 5'-ATCCATGACAGATCCCTACCG-3".

Cell line and cell culture. PC12 cells were provided by the
Cell bank of the Chinese Academy of Sciences (Shanghai,
China) and incubated in Dulbecco's modified Eagle's medium,
supplemented with 10% fetal bovine serum (both from Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin
(Sigma-Aldrich; Merck KGaA) at 37°C with 5% CO,.

Transfection. Negative (5'-CCCCCCCCCCCCC-3' and
5'-CCCCCcCccceccecee-3") and microRNA-381 mimics
(5'-TACTTAAAGCGAGGTT-3' and 5'-TCGAGAGACT
CAT-3") were purchased from Sangon Biotech (Shanghai) Co.,
Ltd. (Shanghai, China). The PCI12 cells were seeded into a
6-well plate at a density of 1x10%well and were transfected
using 500 ng mimics with Lipofectamine 2000 (Thermo Fisher
Scientific, Inc.) at 37°C with 5% CO,. After 4 h of transfection,
the old medium was removed, and the cells were treated with
Wnt-C59 (2 uM; MedChemExpress, Monmouth Junction, NJ,
USA) and FLI-06 (1 uM; MedChemExpress) for 48 h.

Cell viability. Subsequent to transfection for 48 h, the PC12
cells were collected at 1,000 x g for 10 min and seeded into a
96-well plate at a density of 1-2x10%/well, treated with 5 mg/ml
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay for 4 h, and then the media were replaced with
dimethyl sulfoxide (150 pg). Optical density was analyzed
using an mQuant Microplate Spectrophotometer (BioTek,
Potton, UK) at a wavelength of 490 nm.

Cell apoptosis assays using flow cytometry. Subsequent to
transfection for 48, the PC12 cells were seeded into a 6-well
plate at a density of 1x10%/well, and stained with a 10-ul
Annexin V and 5-u propidium iodide staining kit (Invitrogen;
Thermo Fisher Scientific, Inc.) for 15 min in the dark. Cell
apoptosis was performed using flow cytometry (FACSVerse;
BD Biosciences, Franklin Lakes, NJ, USA).

Caspase-3 activity. Subsequent to transfection for 48 h, the
PC12 cells were seeded into a 6-well plate at a density of 1x10%/
well, and incubated with Ac-DEVD-pNA for 1 h at 37°C.
Optical density was analyzed using an mQuant Microplate
Spectrophotometer (BioTek) at a wavelength of 405 nm.

Western blot analysis. Subsequent to transfection for 48 h, the
PCI12cells were seeded into a 6-well plate atadensity of 1x10%well,
extracted using lysis buffer and clarified by centrifugation for
20 min in a microcentrifuge at 4°C. The total protein concentra-
tion was determined with the BCA protein assay kit (Beyotime
Institute of Biotechnology, Shanghai, China) and the resulting
supernatant (50 ug protein) was subjected to 8-10% sodium
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Figure 1. MicroRNA-381 expression of model SCI rats. MicroRNA-381
expression of model SCI rats, as determined by reverse transcription-quanti-
tative polymerase chain reaction. “P<0.01 vs. control group. Control, control
group; SCI, spinal cord injury model rat group.
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Figure 2. Overexpression of microRNA-381 promotes cell proliferation of
neurocytes. (A) Overexpression of microRNA-381 and (B) promotion of cell
proliferation of neurocytes. ”P<0.01 vs. negative control group. Negative,
negative control group; microRNA-381, microRNA-381 overexpression
group; OD, optical density.

dodecyl sulfate-polyacrylamide gel electrophoresis. The
separated proteins were transferred to polyvinylidene difluo-
ride membranes (Amersham, Buckinghamshire, UK). The
membranes were blocked with 5% skimmed milk for 1 h at 37°C
and incubated with primary antibody against apoptosis regulator
BAX (Bax; catalog no. sc-6236, 1:500 dilution), Wnt (catalog
no. sc-292332; 1:500 dilution), -catenin (catalog no. sc-7199,
1:500 dilution), neurogenic locus notch homolog protein 1
(Notchl; catalog no. sc-9170, 1:500 dilution) (all from Santa
Cruz Biotechnology, Inc., Dallas, TX, USA), notch 1 intracellular
domain (NICD; catalog no. ab83232, 1:500 dilution; Abcam,
Cambridge, UK), Hesl (catalog no. sc-25392, 1:500 dilution) and
glyceraldehyde 3-phosphate dehydrogenase (catalog no.sc-25778,
1:1,000 dilution) (both from Santa Cruz Biotechnology, Inc.)
at 4°C overnight. The proteins were incubated with anti-rabbit
horseradish peroxidase-conjugated secondary antibody
(sc-2004; Santa Cruz Biotechnology, Inc.), visualized using an
enhanced chemiluminescence system (Pierce Co., Rockford, IL,
USA) and analyzed using Image-ProPlus 6.0 software (Media
Cybernetics, Inc., Rockville, MD,USA).
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Figure 3. Overexpression of microRNA-381 inhibits apoptosis and caspase-3
activity of neurocytes. Overexpression of microRNA-381 inhibited (A) apop-
tosis and (B) caspase-3 activity of neurocytes. #P<0.01 vs. negative control
group. Negative, negative control group; microRNA-381, microRNA-381
overexpression group.

Statistical analysis. All data are presented as the mean =+ stan-
dard deviation. Differences between groups were tested by
the Student's t-test or one-way analysis of variance using the
SPSS 17.0 program (SPSS, Inc., Chicago, IL, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

MicroRNA-381 expression of model SCI rat. Firstly, the
microRNA-381 expression was analyzed in the model SCI rat
and the control group. Fig. 1 shows that the microRNA-381
expression of the model SCI rat group was downregulated
compared with that of the control rat group (P<0.05).

Overexpression of microRNA-381 promotes cell proliferation
of neurocytes. Next, microRNA-381 mimics were used to
increase microRNA-381 expression in PC12 cells, and then an
MTT assay was used to analyze the cell proliferation of neuro-
cytes. As shown in Fig. 2, overexpression of microRNA-381
significantly promoted cell proliferation of PC12 cells in a
time-dependent manner (P<0.05).

Overexpression of microRNA-381 inhibits apoptosis and
caspase-3 activity of neurocytes. The study investigated the
effects of microRNA-381 on the apoptosis mechanism of neuro-
cytes. As shown in Fig. 3, overexpression of microRNA-381
significantly inhibited the apoptosis rate and caspase-3 activity
of the PC12 cells (both P<0.05).

Overexpression of microRNA-381 inhibits Bax protein expres-
sion of neurocytes. To understand the molecular mechanism of
action of microRNA-381 on Bax protein expression of neuro-
cytes, Bax protein expression was measured using western blot
analysis. Fig. 4 shows that the Bax protein expression of PC12
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Figure 4. Overexpression of microRNA-381 inhibits Bax protein expression of neurocytes. Overexpression of microRNA-381 was shown to inhibit Bax protein
expression, as determined using (A) western blot analysis and (B) statistical analysis of Bax protein expression of neurocytes. ““P<0.01 vs. negative control group.
Negative, negative control group; microRNA-381, microRNA-381 overexpression group; GAPDH, glyceraldehyde 3-phosphate; Bax, apoptosis regulator BAX.
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Figure 5. Overexpression of microRNA-381 increases Wnt and [3-catenin protein expression of neurocytes. Overexpression of microRNA-381 was shown to inhibit
Whnt and 3-catenin protein expression, as determined using (A) western blot analysis and (B) statistical analysis of Wnt and 3-catenin protein expression of neurocytes.
#P<0.01 vs. negative control group. Negative, negative control group; microRNA-381, microRNA-381 overexpression group; GAPDH, glyceraldehyde 3-phosphate
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Figure 6. Overexpression of microRNA-381 suppresses the protein expression of Notchl, NICD and Hesl of neurocytes. Overexpression of microRNA-381 was shown
to inhibit Notchl, NICD and Hesl protein expression, as determined using (A) western blot analysis and statistical analysis of (B) Notchl and NICD, and (C) Hesl pro-
tein expression of neurocytes. “P<0.01 vs. negative control group. Negative, negative control group; microRNA-381, microRNA-381 overexpression group; GAPDH,
glyceraldehyde 3-phosphate; Notchl, neurogenic locus notch homolog protein 1; NICD, notch 1 intracellular domain; Hesl, transcription factor HES-1.

cells was significantly suppressed by microRNA-381 overex-  function of microRNA-381 in the Wnt/B-catenin signaling
pression (P<0.05). of neurocytes, western blot analysis was used to analyze

Wnt and (-catenin protein expression. Fig. 5 indicates that
Overexpression of microRNA-381 increases Wnt and  overexpression of microRNA-381 significantly increased the
pB-catenin protein expression of neurocytes. To assess the ~ Wnt and B-catenin protein expression of PC12 cells (P<0.05).
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Figure 7. Inhibition of Wnt inhibits Wnt and p-catenin protein expression of neurocytes following microRNA-381 overexpression. Inhibition of Wnt was shown
to inhibit Wnt and -catenin protein expression, as determined using (A) western blot analysis and (B) statistical analysis of Wnt and f3-catenin protein expres-
sion of neurocytes following microRNA-381 overexpression. #P<0.01 vs. negative control group; “P<0.01 vs. microRNA-381 overexpression group. Negative,
negative control group; microRNA-381, microRNA-381 overexpression group; Wnt inhibitor, Wnt-C59 (1 gmol/1) group; GAPDH, glyceraldehyde 3-phosphate.
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Figure 8. Inhibition of Wnt inhibits cell proliferation of neurocytes fol-
lowing microRNA-381 overexpression. “/P<0.01 vs. negative control group;
“P<0.01 vs. microRNA-381 overexpression group. Negative, negative control
group; microRNA-381, microRNA-381 overexpression group; Wnt inhibitor,
Wnt-C59 (1 gmol/l) group; OD, optical density.

Overexpression of microRNA-381 suppresses the protein
expression of Notchl, NICD and Hesl of neurocytes. To
clarify the mechanism underlying the effect of microRNA-381
on Notchl, NICD and Hesl signaling of neurocytes, Notchl,
NICD and Hesl protein expression was surveyed using western
blot analysis. Notchl, NICD and Hesl protein expression of
PC12 cells was significantly suppressed by microRNA-381
overexpression (all P<0.05) (Fig. 6).

Inhibition of Wnt inhibits Wnt and [3-catenin protein expres-
sion of neurocytes following microRNA-381 overexpression.
In order to evaluate the associations between the activation of
Wht signaling and microRNA-381 on SCI, the present study
used Wnt inhibitor, Wnt-C59, to suppress Wnt signaling.
Wnt inhibitor significantly suppressed the Wnt and (3-catenin
protein expression of PC12 cells following overexpression of
microRNA-381 compared with the group with microRNA-381
overexpression only (both P<0.05) (Fig. 7).

Inhibition of Wnt inhibits cell proliferation of neurocytes
following microRNA-381 overexpression. Whether the inhibi-
tion of Wnt affects cell proliferation of neurocytes following
microRNA-381 overexpression was analyzed. Inhibition
of Wnt significantly inhibited the cell proliferation of PC12
cells following microRNA-381 overexpression compared with
that of the group with microRNA-381 overexpression only
(P<0.05) (Fig. 8).

Inhibition of Wnt promotes apoptosis and caspase-3 activity
of neurocytes following microRNA-381 overexpression. The
study now whether the inhibition of Wnt promoted the apoptosis
and caspase-3 activity of neurocytes following microRNA-381
overexpression. The apoptosis rate and caspase-3 activity
of PC12 cells with microRNA-381 overexpression were
significantly promoted by Wnt inhibitor compared with that
in the group with microRNA-381 overexpression only (both
P<0.05) (Fig. 9).

Inhibition of Wnt promotes Hesl and Bax protein expression
of neurocytes following microRNA-381 overexpression. To
determine whether Wnt participates in the molecular mecha-
nism of microRNA-381 on Hesl and Bax protein expression
of neurocytes, Hesl and Bax protein expression was measured
using western blot analysis. As shown in Fig. 10, the Hesl and
Bax protein expression of PC12 cells upon microRNA-381
overexpression was significantly induced by Wnt inhibitor
compared with that of the group with microRNA-381 overex-
pression only (both P<0.05).

Inhibition of Notch suppresses Notchl and NICD of neuro-
cytes following microRNA-381 overexpression. To further test
the associations between the Notchl signaling pathway and
microRNA-381 in SCI, a Notch inhibitor was used to inhibit
Notchl protein expression in the SCI rat model. As shown
in Fig. 11, Notch inhibitor, FLI-06, significantly suppressed
the Notchl and NICD protein expression of PC12 cells
following microRNA-381 overexpression compared with that
of the group with microRNA-381 overexpression only (both
P<0.05).

Inhibition of Notch promotes cell proliferation of neuro-
cytes following microRNA-381 overexpression. Whether
the inhibition of Notch promoted the cell proliferation of
neurocytes following microRNA-381 overexpression was
evaluated. Subsequent to Notchl signaling pathway inhibition,
the cell proliferation of the PC12 cells with microRNA-381
overexpression was significantly promoted compared with
that of the group with microRNA-381 overexpression only
(P<0.05) (Fig. 12).

Inhibition of Notch inhibits apoptosis and caspase-3 activity of
neurocytes following microRNA-381 overexpression. Whether
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Figure 11. Inhibition of Notch suppresses Notchl and NICD expression of neurocytes following microRNA-381 overexpression. Inhibition of Notch was
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Negative, negative control group; microRNA-381, microRNA-381 overexpression group; Notchl, neurogenic locus notch homolog protein 1; Notch inhibitor,
FLI-06 (1 gmol/1) group; NICD, notch 1 intracellular domain; GAPDH, glyceraldehyde 3-phosphate.
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Figure 13. Inhibition of Notch inhibits apoptosis and caspase-3 activity of
neurocytes following microRNA-381 overexpression. Inhibition of Notch was
shown to inhibite the (A) apoptosis and (B) caspase-3 activity of neurocytes
following microRNA-381 overexpression. “P<0.01 vs. negative control group;
“P<0.01 vs. microRNA-381 overexpression group. Negative, negative control
group; microRNA-381, microRNA-381 overexpression group; Notchl, neuro-
genic locus notch homolog protein 1; Notch inhibitor, FLI-06 (1 gzmol/l) group.

the inhibition of Notch inhibited the apoptosis and caspase-3
activity of neurocytes following microRNA-381 overexpres-
sion was investigated. In PC12 cells following microRNA-381
overexpression, the inhibition of Notch significantly inhibited
the apoptosis and caspase-3 activity of the PC12 cells compared
with that of the group with microRNA-381 overexpression
only (both P<0.05) (Fig. 13).

Inhibition of Notch inhibits Hesl and Bax expression of
neurocytes following microRNA-381 overexpression. Next,
whether Notch inhibition affects the Hesl and Bax expression
of neurocytes following microRNA-381 overexpression was
analyzed. Subsequent to microRNA-381 overexpression, Notch
inhibition significantly suppressed the Hesl and Bax protein
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expression of the PC12 cells compared with that of the group with
microRNA-381 overexpression only (both P<0.05) (Fig. 14).

Discussion

SCI is the major reason for functional disability, and the
resulting huge expenses in aspects such as medical treatment,
rehabilitation and nursing, together with the loss of ability
to work, have brought heavy burdens on the individual, their
family and the country (18). The question of how to take more
effective measures to reduce the disability rate of SCI patients,
to alleviate the suffering of such patients and to improve their
quality of life has become one of the major issues that the
orthopedic community faces (19). The present study results
suggested that the microRNA-381 expression of model SCI
rats was downregulated compared with that of control rats.
SCl s a severe central nervous system trauma (2). MicroRNA
(miRNA), which is the micromolecular RNA inhibiting the



RUAN et al: miRNA-381 AND SPINAL CORD INJURY

1015

B-catenin

Hesl

Cell proliferation

Figure 15. MicroRNA-381 is a potential therapeutic target for SCI acting through Hesl expression. MicroRNA-381 is a potential therapeutic target for SCI
through suppression of Notchl/NICD and induction of Wnt/p-catenin by Hesl expression. SCI, spinal cord injury; Hesl, transcription factor HES-1; Notchl,
neurogenic locus notch homolog protein 1; NICD, notch 1 intracellular domain; miR, microRNA.

expression of target genes, serves an important role in regulating
relevant genes in processes such as spinal cord development and
SCI (2). miRNA may be a novel target for therapeutic interven-
tion that promotes post-SCI nerve repair and regeneration (6).
miRNA in SCI remains to be intensively studied, and the
mechanisms of action and interaction of miRNAs are impor-
tant directions of future study (20). This research will aid our
understanding of the regulatory role of post-SCI miRNA, and
accelerate the development of miRNA regulation-based SCI
therapeutic measures (6). In the present study, overexpression
of microRNA-381 promoted cell proliferation, and inhibited
apoptosis and caspase-3 and Bax protein expression of neuro-
cytes.

The role of the Notch signal pathway in SCI has attracted
increasing attention (21). The Notch signal pathway renders
the differentiation of spinal cord-derived stem cells into nerve
cells, and inhibits that of neural stem cells into neuroglio-
cytes, which contributes to the therapy for SCI (22). Notch
signaling serves an important role in the development of the
central nervous system, and Notch is essential for the direc-
tional differentiation and maintenance of the neural precursor
cells (23). In a recent study, it was found that Notch and its
relevant proteins were persistently expressed in the brain
hippocampal area of adult mammals (24). Overexpression of
Notch can promote the proliferation of neural precursor cells,
which has indicated its important role in the regeneration of the
central nervous system in adulthood (24). However, the present
study only researched the overexpression of microRNA-381
on SCI, thus limitating this study, and further studies will
investigate the downregulation of microRNA-381 on SCI in an
in vivo or in vitro model.

In recent years, the regulatory effects of Wnt signaling
molecule on the proliferation, apoptosis and fate determination
of neural tube and neural crest cells in mammalian nervous
system have attracted attention (25). It has been found during
the embryonic development of Xenopus that inhibiting the
Wnt signal pathway can inhibit the formation of the ventral
nervous system (25). The deletion of the two signaling proteins
Wnt-1 and Wnt-3a will lead to reduced formation of the ventral
ganglia (26). Wnt protein could markedly increase the conver-
sion ratio of neural stem cells to neurons (26). Changes in the
expression of key factors in the Wnt signal pathway, Wnt-1 and
its downstream molecules [3-catenin and glycogen synthase
kinase 3p (GSK-3p), following SCI, have been investigated
in vivo (27). It can be observed through the expression of these
important molecules that the Wnt signal is activated in the
early stage of SCI (27). Moreover, the Wnt signaling pathway
has been found to serve an important role in the development
of the central nervous system, as well as the proliferation and
differentiation of neural stem cells, when taking the domestic
and overseas research by scholars into consideration (28). The
present study results indirectly confirmed that Wnt inhibitor,
Wnt-C59 (1 pmol/l), inhibited cell proliferation, promoted
apoptosis, and caspase-3 and Bax protein expression, and
suppressed [3-catenin protein expression of PC12 cells following
microRNA-381 overexpression. Zhang et al (29)reported that
microRNA-381 suppresses cell growth and invasion through
Wnt/B-catenin in hepatocellular carcinoma.

It is suggested that the Notch and Wnt signaling pathways
participate in the proliferation and differentiation of nerve
cells, which even determine cell fates. Notch signal partici-
pates in maintaining the undifferentiated state of neuronal
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precursor cells (30). Meanwhile, it regulates the differentia-
tion of neural stem cells into neurons and neuroglia, and may
also influence neuronal migration. Hesl is the most important
target gene in the Notch signaling pathway (31). Hesl protein
has been demonstrated to participate in the regulatory process
of neural stem cells during the development of the nervous
system (31). Hesl-knockout during the neural development of
chicken embryos will lead to premature differentiation and
maturation of the neural stem cells, resulting in microcephaly
or anencephaly (32). Notch cannot inhibit the differentia-
tion of neurons in the absence of Hesl, suggesting that Hesl
is the important effector molecule of the Notch signaling
system (32). The present study results indicated that Notch
inhibitor, FLI-06 (1 zmol/l), promoted cell proliferation, inhib-
ited apoptosis, and caspase-3 and Bax protein expression, and
suppressed NICD protein expression of PC12 cells following
microRNA-381 overexpression. Furthermore, Shi er al (33)
showed that microRNA-381 regulates neural stem cell prolif-
eration and differentiation through Hesl.

It has been identified that manual intervention may promote
the regeneration of nerve cells, and that moderate trauma can
promote the proliferation and differentiation of the neural
precursor cells that are in the stationary phase into nerve cells
in the hippocampus of the mouse brain (33). In adult mice,
the cells that are in the stationary phase (such as somatic stem
cells) still have the ability to restart proliferation following
years of cell cycle arrest; however, this requires changes in
the expression quantity of the Hesl protein, suggesting that
Hesl protein serves an important role in the development of
the somatic cells, particularly the somatic stem cells (23).
In addition, microglia activation, astrocyte proliferation and
glial scar formation subsequent to SCI are the major factors
that hinder the effective regeneration and growth of the
injured axons (34). Our previous experimental results also
demonstrated that the high expression of Hesl precedes the
maturation of astrocytes during spinal cord development in
normal rats, that it serves important roles in the genesis, devel-
opment and maturation of astrocytes, and that it may promote
the differentiation fate of the development of astrocytes (34).
In the present study, it was demonstrated that the overexpres-
sion of microRNA-381 increased Wnt and f-catenin protein
expression, and suppressed the protein expression of Notchl,
NICD and Hesl of PCI12 cells.

The present study demonstrated that overexpression of
microRNA-381 promoted the cell proliferation, and inhib-
ited the apoptosis and caspase-3 and Bax protein expression
of neurocytes. Furthermore, its protective effect regulated
the Wnt/B-catenin and Notchl/NICD signaling pathways by
targeting Hesl in the SCI model (Fig. 15). Collectively, these
results provide evidence to suggest that microRNA-381 serves
arole in the protective effect against SCI, which could be used
in clinical applications.
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