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Abstract. The present study aimed to investigate the role of 
microRNA (miR)‑99b‑5p in spinal cord injury (SCI). Reverse 
transcription‑quantitative polymerase chain reaction demon-
strated that, compared with control mice, the expression levels 
of miR‑99b‑5p were upregulated in the mouse spinal cord 
following SCI. Mechanistic target of rapamycin (mTOR) was 
predicted to be the possible target of miR‑99b‑5p according to 
TargetScan and microrna databases. Dual‑luciferase reporter 
assay verified that miR‑99b‑5p was able to target mTOR. 
Furthermore, the results of an apoptosis analysis demonstrated 
that there were few apoptotic neurons in the control group, 
whereas SCI induced a significant increase in the number of 
apoptotic cells. Conversely, apoptosis was inhibited following 
transfection with a miR‑99b‑5p inhibitor. The effects of 
miR‑99b‑5p on neurite growth were also evaluated. The results 
of an immunofluorescence analysis indicated that neurite 
growth was normal in the control group, whereas SCI induced 
a reduction in neurite growth, which was rescued following 
transfection with a miR‑99b‑5p inhibitor. The protein expres-
sion levels of mTOR were detected in the three groups by 
western blotting. The results demonstrated that, compared with 
the control group, the protein expression levels of mTOR were 
significantly reduced in SCI neurons, whereas transfection with 
a miR‑99b‑5p inhibitor suppressed the SCI‑induced reduction 
of mTOR. In conclusion, treatment with a miR‑99b‑5p inhibitor 
may attenuate SCI‑induced harmful alterations in spinal cord 
neurons via the regulation of mTOR expression.

Introduction

It has been reported that 250,000‑500,000 people per year 
sustain a spinal cord injury (SCI) globally, which is commonly 
caused by a traumatic event that is debilitating and leads to 

permanent motor/sensory deficits (1). The pathophysiology of 
SCI can be divided into primary and secondary mechanisms 
of injury: the primary mechanism of injury determines a 
patient's neurologic grade on admission; while the secondary 
mechanism of injury exacerbates damage and limits restorative 
processes (2,3). SCI results in permanent motor and sensory 
deficits (4), and adversely affects patients' families and presents 
a societal burden (2). Neuronal apoptosis, axonal retraction 
and spinal nerve fiber sprouting are all abnormally altered in 
response to SCI (5,6). Current treatments, for instance, neuro-
rehabilitation in the form of exercise/physical training has been 
demonstrated to be beneficial for the recovery of function in 
patients (7). Although the complex pathophysiological processes 
have been studied recently, a cure for SCI has yet to be discov-
ered due to the abnormal response of cells and tissues to the 
injury, and treatment strategies must be able to rescue damaged 
neural connections and create new neural connections (8).

Mechanistic target of rapamycin (mTOR) is a key factor 
in intracellular signaling pathways, which serves pivotal roles 
in protein synthesis, and cell survival and proliferation (9‑11). 
Central nervous system (CNS) injury has been reported to 
result in mTOR activity reduction (12). Furthermore, phospha-
tase and tensin homolog (PTEN)/mTOR has been revealed to 
promote axonal sprouting (13).

MicroRNAs (miRNAs) are small (18‑24 nucleotides), 
non‑coding RNA molecules, which modulate gene expression 
via interacting with mRNAs or gene promoters (14). In addi-
tion, miRNAs also inhibit mRNA translation in the nervous 
system (15), and miRNA dysregulation in the CNS is correlated 
with traumatic injury (16). The present study aimed to analyze 
potential miRNA‑based interventions for SCI. TargetScan and 
microrna databases were used to explore miRNAs that could 
target mTOR, the seed sequence of miR‑99b‑5p was found to 
be complementary to the position 289‑295 of mTOR 3'UTR 
and was subsequently used in the present study.

Materials and methods

Generation of SCI. Adult 40 male ICR mice (weight, 30 g; 
age, 6 weeks) were maintained in a controlled environment 
with controlled temperature (23±1˚C), relative humidity 
(70±10%), artificial 12‑h light‑dark cycle and free access to 
food and water, in Tianjin Medical University. Experiments 
were conducted according to the ethical standards of Tianjin 
Medical University General Hospital, and the present study 
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was approved by the ethics committee of Tianjin Medical 
University General Hospital (Tianjing, China).

Mice were randomly divided into 2 different groups 
including control (n=15) and SCI group (n=15). The SCI 
model was established as previously described  (16). Mice 
were anesthetized with 10% choral hydrate (0.35 ml/100 g, 
i.p.) before surgery. Briefly, an incision was made through the 
skin, subcutis and muscle, and a thoracic (T)11‑lumbar (L)1 
laminectomy was performed. Subsequently, a contusion injury 
was delivered using a customized designed electromagnetic 
force‑driven at the T11 region following the laminectomy, 
after which the skin was sutured impactor, as previously 
described (16). Mice were kept warm and allowed to recover 
from the anesthesia. The majority of mice in the SCI group 
presented flaccid paralysis in the lower extremities, whereas 
some others presented spastic features. And for mice in control 
group, the same procedure was followed but without the contu-
sion injury. In the present study, mice that presented flaccid 
paralysis were used in subsequent experiments, including total 
mRNA extraction from L4‑6 spinal cord and cell culture. 
As for the generation of an in vitro SCI model, 10 male ICR 
mice were used as follows. Following sacrifice of mice, L4‑6 
spinal cord tissue was extracted from the mice and digested 
with 0.125% trypsin and 0.02% EDTA at 37˚C for 20 min, 
after which digestion was terminated with Dulbecco's modi-
fied Eagle's medium (DMEM, Invitrogen; Thermo Fisher 
Scientific, Inc. Waltham, MA, USA). Briefly, spinal cords were 
dissociated and cells were isolated and purified as previously 
described (11), grown as a mixed culture for 2 days. Then the 
medium was refreshed with high glucose DMEM containing 
20% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, 
Inc.). After 10 days, neurons were isolated and refreshed for 
further purification. Finally, neurons at a concentration of 
3x104/cm2 were seeded into polylysine‑coated 35 mm petri 
dishes. Subsequently, pre‑heated neurobasal culture medium 
(Invitrogen; Thermo Fisher Scientific, Inc.), containing 1% B27, 
0.5 mM glutamine and 1% penicillin/streptomycin, was added 
and neurons were cultured at 37˚C in an incubator containing 
5% CO2. The in vitro SCI model of neurons were performed 
by grinding, described previously (8). 24 h later, neurons were 
randomly divided into 3 different groups (control group, SCI 
group and SCI + miR‑99b‑5p inhibitor group) and collected 
for the following experiments.

Bioinformatic analysis. TargetScan (www.targetscan.org) and 
miRanda (www.microrna.org) were used for the prediction of 
miRNAs that could target mTOR. Reverse transcription‑quan‑
titative polymerase chain reaction (RT‑qPCR) analysis. Small 
RNAs were extracted and purified using the mirVana miRNA 
Isolation kit (Ambion; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) according to the manufacturer's protocol. Reverse 
transcriptase (Takara Biotechnology Co., Ltd., Dalian, China) 
was used to generate cDNA from the RNA. The miRNA 
expression levels were analyzed in an ABI 7500 system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) using 
SYBR Green I dye (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA). U6 was used as an internal reference for miRNA. The 
mRNA expression levels of mTOR were quantified using the 
SYBR PrimeScript RT‑PCR kit II (Takara Bio, Inc., Shiga, 
Japan) and were normalized to GAPDH. The thermal cycling 

conditions were as follows: pre‑denaturation at 95˚C for 60 sec 
and 40 cycles of 95˚C for 15 sec and 60˚C for 30 sec.

The primer sequences were as follows: miR‑99b‑5p 
(MIMAT0000689), 5'‑CAC​CCG​UAG​AAC​CGA​CCU​UGC​
G‑3'; U6, forward 5'‑GCT​TCG​GCA​GCA​CAT​ATA​CTA​AAA​
T‑3', reverse 5'‑CGC​TTC​ACG​AAT​TTG​CGT​GTC​AT‑3'; 
mTOR, forward 5'‑ACA​GCC​CAG​GCC​GCA​TTG​TC‑3', 
reverse, 5'‑TCC​AGG​GAC​TCC​GTC​AGG​CG‑3'; and GAPDH, 
forward 5'‑CAA​TGA​CCC​CTT​CAT​TGA​CC‑3' and reverse 
5'‑GAC​AAG​CTT​CCC​GTT​CTC​AG‑3'. The relative expres-
sion levels were determined using the 2‑ΔΔCq method (17). All 
tests were performed in triplicate.

Cell transfection. Cells were seeded into 24‑well plates at the 
concentration of 1x105 cells/well. Transfection was conducted 
using Lipofectamine RNAiMAX (Invitrogen; Thermo Fisher 
Scientific, Inc.). The neurons were transfected with 30 µM 
miR‑99b‑5p mirVana miRNA inhibitor (5'‑CGC​AAG​GUC​
GGU​UCU​ACG​GGU​G‑3') and a control inhibitor (5'‑CAG​
UAC​UUU​UGU​GUA​GUA​CAA‑3') by Lipofectamine 2000 
transfection reagent at 37˚C for 48 h (Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol.

Apoptosis analysis. The levels of cell apoptosis in the various 
groups were analyzed using a fluorescein isothiocyanate 
(FITC) apoptosis detection kit (BD biosciences, San Jose, CA, 
USA). A total of 48 h post‑transfection, neurons (1x105) were 
suspended in 300 µl 1x binding buffer followed by addition of 
5 µl Annexin V‑FITC and 5 µl propidium iodide (PI) and were 
incubated for ~15 min at room temperature in the dark. A flow 
cytometer (BD Biosciences) was used to assess the apoptotic 
rate of the various groups according to the manufacturer's 
protocol.

Dual luciferase reporter assay. HEK‑293T cells were seeded 
into 96‑well plates at a density of 3x104 cells/well and cultured 
for ~24 h at room temperature. Then a mixture of 200 ng 
p‑mTOR‑wild type (WT) or p‑mTOR‑mutant (Mut) and 5 pmol 
miR‑99b‑5p inhibitor was transfected into HEK‑293T cells 
with LipoFiter™ (Hanbio Biotechnology, Co, Ltd., Hangzhou, 
China). A total of 48 h post‑transfection, cells were collected. 
Firefly and Renilla luciferase activities were analyzed using 
the Dual Luciferase Assay system (Promega Corporation, 
Madison, WI, USA). The Firefly luciferase activity was used 
as an internal control.

Immunofluorescence. Cells (5x103) were washed with 
pre‑heated PBS for two or three times, after which they 
were fixed with 4% paraformaldehyde for 15‑20 min at 4˚C. 
Following the removal of paraformaldehyde, the cells were 
washed three times with 0.01 M PBS (10 min/wash). Cells 
were then blocked with 3% bovine serum albumin (Shanghai 
Biyuntian Biotechnology Co., Ltd., Shanghai, China) and 0.3% 
Triton X‑100 blocking buffer at room temperature for ~1 h. 
Subsequently, cells were incubated with a primary antibody 
of NeuN (1:100, cat. no. 24307, Cell Signaling Technology, 
Danvers, MA, USA) at 4˚C overnight, and were then incubated 
with a secondary antibody of Alexa Fluor 488‑labeled donkey 
anti‑sheep antibody (1:1,000, cat. no A‑11015; Invitrogen; 
Thermo Fisher Scientific, Inc.) for ~2 h at room temperature in 
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the dark. Finally, the cell images were captured under a laser 
scanning confocal microscope (FV1000) with FLUOVIEW 
image system v.1.4a (both from Olympus Corporation, Tokyo, 
Japan), assembled in Photoshop 7.0 software (Adobe Systems, 
Inc., San Jose, CA, USA).

Western blotting. Neurons from the three different groups 
were lysed on ice with radioimmunoprecipitation assay lysis 
buffer (Beyotime Institute of Biotechnology, Beijing, China) 
supplemented with protease inhibitors. Protein concentrations 
were determined by BCA protein assay kit (Beyotime Institute 
of Biotechnology). Protein samples (15 µg) were then separated 
by 10% SDS‑PAGE and were transferred to nitrocellulose 
membranes. The membranes were blocked with 5% skimmed 
milk at room temperature for 1 h, and were incubated with 
anti‑mTOR (1:1,000, cat. no. 2792, Cell Signaling Technology, 
Inc.) or GAPDH antibodies (1:1,000, cat. no. 5174; Cell Signaling 
Technology, Inc.) at 4˚C overnight. After washing with TBS 
containing 1% Tween (TBST) three times, the membranes 
were incubated with horseradish peroxidase‑labeled secondary 
antibody (1: 20,000, cat. no. 7074; Cell Signaling Technology, 
Inc.) for ~1 h at room temperature. After washing three times 
with TBST, the blots were visualized using a chemiluminescent 
reagent (Hanbio Biotechnology Co. Ltd.). Densitometric anal-
yses of the western blot bands were performed using Gel‑Pro 
Analyzer software version 6.0 (Media Cybernetics, Rockville, 
MD, USA) using GAPDH as a control.

Statistical analysis. Data are presented as the mean ± stan-
dard deviation of more than three independent experiments. 
Data were analyzed using SPSS statistical analysis software 
version 17.0 (SPSS, Inc., Chicago, IL, USA). Baseline and 
post‑treatment of SCI injury variables were compared by 
paired Student's t‑test. Statistically significant differences 
between groups were calculated by repeated measures of 
two‑way analysis of variance with post hoc Tukey's test for 
multiple comparisons. P<0.05 was considered to indicate a 
statistically significant difference.

Results

SCI upregulates the expression levels of miR‑99b‑5p in the 
mouse spinal cord. The expression levels of miR‑99b‑5p were 
detected in control and SCI mice using RT‑qPCR. The results 
demonstrated that, compared with in the control mice, the 
expression levels of miR‑99b‑5p were significantly upregu-
lated in SCI mice (Fig. 1).

Possible target of miR‑99b‑5p. TargetScan and miRanda 
databases were used to predict target genes of miR‑99b‑5p. 
The score between mTOR and miR‑99b‑5p was 90 and was 
relatively higher compared with the other targets (Fig. 2A).

Interaction between mTOR and miR‑99b‑5p. Dual‑luciferase 
reporter assay was used to determine whether miR‑99b‑5p 
interacts with mTOR. Luciferase activity in cells co‑trans-
fected with the mTOR‑WT plasmid and miR‑99b‑5p was 
lower compared with the control group; however, there was 
no obvious difference in fluorescence between the groups 
transfected with the mTOR‑MUT plasmid (Fig. 2B).

miR‑99b‑5p inhibitor suppresses SCI‑induced neuronal 
apoptosis. Cell apoptosis in the three different groups was 
examined using an apoptosis analysis. Compared with the 
control group, the number of apoptotic cells was significantly 
increased in the SCI group; however, this enhancement was 
inhibited following transfection with a miR‑99b‑5p inhibitor 
(Fig. 3).

miR‑99b‑5p inhibitor rescues SCI‑induced neurite growth 
inhibition. The effects of the miR‑99b‑5p inhibitor were 
determined on neurite growth. The results of an IF analysis 
demonstrated that in the control group, neurite growth was 
normal, whereas SCI markedly reduced neurite growth, which 
was rescued by transfection with a miR‑99b‑5p inhibitor 
(Fig. 4).

miR‑99b‑5p inhibitor reverses SCI‑induced reduced mTOR 
expression. The protein and mRNA expression levels of 
mTOR in the three groups were assessed by western blot-
ting and RT‑qPCR, respectively. The results demonstrated 

Figure 1. SCI upregulates the expression levels of miR‑99b‑5p in the mouse 
spinal cord. The expression levels of miR‑99b‑5p were significantly upregu-
lated in SCI mice compared with in Con mice. *P<0.05. Con, control; miR, 
microRNA; SCI, spinal cord injury.

Figure 2. miR‑99b‑5p targets mTOR. (A) mTOR was predicted as a potential 
target gene of miR‑99b‑5p. (B) Interaction between mTOR and miR‑99b‑5p 
was analyzed using a LUC reporter assay. LUC activity was lower in cells 
co‑transfected with the mTOR‑WT plasmid and miR‑99b‑59 compared 
with the control group; no obvious difference was detected in fluorescence 
between the groups transfected with mTOR‑MUT. *P<0.05. C, control; LUC, 
luciferase; miR, microRNA; mTOR, mechanistic target of rapamycin; MUT, 
mutant; UTR, untranslated region; WT, wild type.
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that, compared with the control group, the expression levels 
of mTOR were reduced in SCI neurons, whereas transfection 

with a miR‑99b‑5p inhibitor reversed the SCI‑induced reduc-
tions in mTOR (Fig. 5).

Figure 4. miR‑99b‑5p inhibitor rescues SCI‑induced neurite growth inhibition. (A) Neurite growth was normal in the Con group; however, it was markedly 
reduced by SCI and rescued by miR‑99b‑5p inhibitor transfection; magnification, x200. (B) Statistical analysis of immunofluorescence. *P<0.05 SCI group vs. 
control group; inhibitor group vs. SCI group. Con, control; miR, microRNA; SCI, spinal cord injury.

Figure 3. miR‑99b‑5p inhibitor suppresses SCI‑induced neuronal apoptosis. (A) Compared with the Con group, the number of apoptotic cells was increased in 
the SCI group; however, miR‑99b‑5p inhibitor transfection suppressed SCI‑induced apoptosis. (B) Statistical analysis of apoptosis assay. *P<0.05 SCI group vs. 
control group; inhibitor group vs. SCI group. Con, control; FITC, fluorescein isothiocyanate; miR, microRNA; PI, propidium iodide; SCI, spinal cord injury.
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Discussion

Apoptosis and neuroplasticity have been reported to contribute 
to functional deficiency in patients with SCI (18,19). Despite 
research focusing on the pathophysiological processes of 
SCI, there remains no effective treatment for SCI (8).

Plasticity alterations, including axonal regeneration, 
are known to occur in the spinal cord following SCI (20). 
Furthermore, miRNA expression is altered following CNS 
injury  (21), and miRNAs are considered novel targets for 
axonal regeneration (22). The present study aimed to deter-
mine whether the expression levels of miR‑99b‑5p were 
altered in the mouse spinal cord following SCI. The results 
of RT‑qPCR demonstrated that, compared with mice in the 
control group, the expression levels of miR‑99b‑5p were 
significantly increased in SCI mice.

miRNAs have been revealed to inhibit mRNA transla-
tion in the nervous system (15); however, to the best of our 
knowledge, the SCI‑associated target of miR‑99b‑5p is 
currently unknown. It has previously been reported that 
miR‑99b‑5p regulates the mTOR signaling pathway (23,24); 
therefore, the present study hypothesized and aimed to verify 
that miR‑99b‑5p directly targets mTOR. Initially, the present 
study used TargetScan and miRanda databases to predict 
the possible targets of miR‑99b‑5p. As expected, mTOR was 
predicted as a target gene of miR‑99b‑5p. A previous study 
demonstrated that mTOR activity is associated with CNS 
injury  (12). However, whether miR‑99b‑5p could interact 
with mTOR remains unknown; therefore, the present study 
conducted a dual‑luciferase reporter assay to determine 
whether miR‑99b‑5p interacted with mTOR. The results 
demonstrated that luciferase activity in neurons co‑transfected 
with mTOR‑WT and miR‑99b‑5p was lower compared with 

in the control group, thus suggesting that miR‑99b‑5p may 
interact with mTOR.

The effects of miR‑99b‑5p/mTOR in cultured injured 
neurons were also identified. An apoptosis analysis was used 
to examine the effects of miR‑99b‑5p on neuronal apoptosis. 
In the SCI group, the number of apoptotic cells was signifi-
cantly increased compared with in control group, whereas 
transfection with a miR‑99b‑5p inhibitor significantly inhib-
ited SCI‑induced neuronal apoptosis.

SCI generates progressive degeneration that lasts for 
weeks or months, and secondary responses to SCI include 
neuronal/glial apoptosis and axonal retraction in nerve 
fibers (5,6). Therefore, the effects of a miR‑99b‑5p inhibitor 
were determined on neurite growth. The results of an IF 
analysis demonstrated that in the control group, neurite 
growth was normal. However, neurite growth in the SCI 
neurons was markedly reduced, whereas transfection with a 
miR‑99b‑5p inhibitor significantly rescued neurite growth. 
These findings were similar to the results of previous studies, 
which suggested that neuronal apoptosis, axonal retraction 
and nerve fiber sprouting were abnormally altered in patients 
with SCI (5,6).

CNS reorganization (25,26) is a property that may explain 
functional recovery following injury  (27). For example, 
the lumbosacral spinal cord may learn numerous tasks; in 
a previous study, cats were reported to stand and step on a 
treadmill with training following complete transection injuries 
due to CNS reorganization (28). The corresponding molecules 
responsible for these alterations are currently unclear. Notably, 
PTEN/mTOR has been reported to promote axonal sprouting in 
adult retinal ganglion cells following optic nerve injury (12). In 
addition, mTOR activation has been demonstrated to increase 
axonal growth in injured peripheral nerves (12). Therefore, the 
present study detected the protein expression levels of mTOR 
in the different groups by RT‑qPCR and western blotting. 
Compared with the control group, mTOR was significantly 
reduced in injured neurons, whereas the miR‑99b‑5p inhibitor 
suppressed SCI‑induced reductions in mTOR.

In conclusion, the present study demonstrated that a 
miR‑99b‑5p inhibitor could attenuate SCI‑induced harmful 
alterations in spinal cord neurons. Although more studies 
are required to confirm the hypothesis that the effects of 
miR‑99a‑5p on SCI may be associated with mTOR signaling, 
the results provided a potential miRNA‑based intervention 
for SCI. However, whether the miR‑99b‑5p inhibitor may be 
used as a preventative intervention for SCI requires further 
investigation.
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Figure 5. miR‑99b‑5p inhibitor rescues SCI‑induced reduced mTOR expres-
sion. Compared with the Con group, significantly reduced expression 
levels of mTOR were detected in SCI neurons, whereas transfection with 
a miR‑99b‑5p inhibitor reversed SCI‑induced reduced mTOR expression. 
(A) Protein expression levels of mTOR; (B) mRNA expression levels of 
mTOR. *P<0.05 SCI group vs. control group; inhibitor group vs. SCI group. 
Con, control; miR, microRNA; mTOR, mechanistic target of rapamycin; 
SCI, spinal cord injury.
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