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Abstract: Objective: Spinal cord injury (SCI) is a common spine surgical injury that leads to loss of activities of daily 
living. NEUROD2, a member of the neuroD family, is newly known to play a crucial role in SCI progression. We aimed 
to investigate the underlying mechanism wherein miR-153 and NEUROD2 modulate the process of SCI. Methods: 
Expression of miR-153 and NEUROD2 in spinal cord in mice of SCI were analyzed employing western blot and qRT-
PCR assays. Microglial cells were transfected with mimic of miR-153 or siRNA targeting NEUROD2 to determine the 
impact of miR-153 and NEUROD2 on SCI induced inflammatory reaction and oxidative stress. A luciferase reporter 
assay was conducted to verify the regulation of miR-153 on NERUOD2. Results: MiR-153 expression was decreased 
in injured spinal cord, while NERUOD2 was increased in a time-dependent manner. Addition of miR-153 mimic or 
silencing NERUOD2 might significantly inhibit the production of inflammation cytokines and attenuated oxidative 
stress in microglia cells of SCI. Luciferase reporter assay suggested that NERUOD2 was a direct target of miR-153. 
Conclusion: We proved that miR-153 attenuated inflammatory response and oxidative stress induced by SCI by 
targeting of NEUROD2, indicating a protective role in SCI progression.
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Introduction

Spinal cord injury (SCI) caused by high-energy 
injuries is a common spine injury that often 
leads to loss of activities of daily living, causing 
great physical and psychologic trauma for 
patients [1]. The pathological process of SCI 
can be divided into two phases including pri-
mary and secondary phases. It is reported that 
various cytokines and signal pathways me- 
diate inflammatory response (IR), oxidative 
stress (OS), and apoptosis of neurons/astro-
cytes, which further contribute to the second-
ary damage after SCI. Although several thera-
peutic strategies have been clinically used for 
SCI treatment, the clinical benefit remains 
unsatisfactory.

microRNAs (miRNAs) are endogenous non-cod-
ing RNAs with 20-22 nucleotides, which nega-
tively regulate gene expression through re- 

pressing the translation of target mRNAs and 
function importantly in biologic processes such 
as cellular proliferation, differentiation, apopto-
sis, and tumorigenesis [2, 3]. An increasing 
number of evidence demonstrated that a vari-
ety of miRNAs were aberrantly expressed with 
tissue specificity in the spinal cord (SC) of mam-
mals [4, 5]. The imbalance of various miRNA 
expressions after SCI was recently demonstrat-
ed to be involved in the inflammatory response, 
apoptosis and glial scar formation in the pro-
cess of SCI [6]. The participation of miRNAs in 
SCI provides us a novel insight to explore effec-
tive strategies for treatment of SCI.

MiR-153 was previously reported as a tumor 
suppresser in various cancers including glioma, 
gastric cancer, and non-small cell lung cancer 
[7, 8]. Therefore, this study evaluated the role  
of miR-153 in process of SCI. Since the aug-
mented inflammatory response and increased 
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OS evidently enhanced the damage of SCI, the 
potential regulation of miR-153 on inflammation 
associated cytokines and OS related proteins 
were simultaneously investigated. Furthermore, 
the target of miR-153 was predicted and veri-
fied in this study to briefly figure out the underly-
ing mechanism of miR-153 influencing SCI.

Materials and methods

Induction of mouse SCI

Twelve female C57bl/6J mice, aged 6-8 weeks 
(20-25 g of weight; from Shanghai SLAC 
Laboratory, China) were randomized into 4 
groups of 3 mice each; 3 groups were model- 
ed with T10 contusive SCI using a specific elec-
tromagnetic force driven impactor (10 g, 12.5 
mm) [4]. The remaining group received only 
laminectomy as a control. The mice were anes-
thetized with pentobarbital sodium and per-
fused with cold saline to remove SCs from mice 
suffering SCI at 1, 3 and 5 days after injury,  
and from mice of control at 1 day after laminec-
tomy. Then, the SC was exposed, and a 10 mm 
long SC segment containing the injury epicen-
ter was harvested quickly for qRT-PCR. All the 
animal experiments complied with the ARRIVE 
guidelines and were carried out in line with the 
U.K. Animals (Scientific Procedures) Act, 1986 
and associated guidelines.

Cell culture

All mice were euthanized and the vertebral col-
umns were removed. SCs were dissociated 
then the cells were grown in mixed cultures for 
2 d. The culture medium was refreshed with 
high glucose DMEM (Carlsbad, CA, USA), which 
contained 20% fetal bovine serum (Invitrogen, 
CA, USA). Ten days later, microglial cells were 
isolated and refreshed for further purification.

RNA extraction and qRT-PCR assay

The cells were extracted for total RNA by 
RNeasy Plus Micro Kit, from QIAGEN, USA, 

according to the manufacturer’s instructions. 
The total RNAs were then used to detect quality 
and concentration by a Nanodrop (Thermo, 
USA). cDNA for NEUROD2 detection was syn-
thesized by Prime Script™ RT-PCR kit (Takara, 
Japan) on a thermal cycler (Bio-Rad, USA).  
The primers targeting human NEUROD2 and 
GAPDH were designed by Primer 5.0. Primer-
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
was used to test the specificity of the primers. 
See Table 1 for the sequence of primers. qRT-
PCR was performed in triplicate using the 2× 
UItraSYBR Mixture (CWBIO, China) on the 
CFX96 Touch™ Real-Time PCR Detection 
System (Bio-Rad, USA), and the qRT-PCR pro-
gram consisted of initial denaturing at 95°C  
for 10 min, followed by 40 cycles of 10 s at 
95°C, 60 s at 60°C for NEUROD2 and GAPDH. 
Primer sets for miR-153 and U6 expression 
were purchased from RiboBio Co., Ltd. (Gang- 
zhou, China). Relative expression level of miR-
153 were calculated by 2-∆∆Ct rate method and 
was normalized to U6, while expression level of 
NEUROD2 was normalized to GAPDH.

Western blot

The total cell protein was extracted with the 
use of RIPA lysis buffer (Cell Signaling 
Technology, USA) supplemented with protease 
and phosphatase inhibitor. The Pierce Coo- 
massie (Bradford) Protein Assay Kit (Thermo, 
USA) was used to measure the concentration  
of total protein. Twenty micrograms of protein 
sample were resolved on 8% SDS-PAGE at 90 
Volts and transferred to polyvinylidene difluo-
ride membranes at 250 mA electric current. 
The membranes were sealed with 5% skim  
milk for 1 h at room temperature then incubat-
ed with primary antibodies targeting human 
GAPDH, NEUROD2, and iNOS (Abcam, UK) over-
night at 4°C. Thereafter, the membranes were 
washed and incubated with goat anti-rabbit  
or rabbit anti-mouse IgG H&L secondary anti-
body conjugated with horseradish peroxidase 
(Abcam, USA). The signal was developed using 
Super Signa West Dura Extended Duration che-
miluminescence substrate (Thermo, USA) and 
measured by ChemiDoc™ XRS + System (Bio-
Rad, USA).

Elisa

Cell supernatants were collected for determina-
tion of the production of TNF-α, IL-1β, and IL-6 

Table 1. Sequence information of primers
Primer Sequence 5’>3’
GAPDH_forward GGTGAAGGTCGGAGTCAACG
GAPDH_reverse ACCATGTAGTTGAGGTCAATGAAGG
NEUROD2_forward ACTCGGAGATTTGGGGCC
NEUROD2_reverse CTCACCTCCTTCTGCCCC
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through ELISA kits (Thermo, USA) according to 
the manufacturer’s instructions. The OD value 
at 450 nm wavelength was recorded, and the 
concentration was calculated according to the 
standard curve.

Bioinformatic analysis

miRNA target analysis tools PicTar (http:// 
www.pictar.org/cgi-bin/PicTar_vertebrate.cgi), 
TargetScan (http://www.targetscan.org/), and 
miRanda algorithm (http://www.microRNA.org) 
were used to identify the putative miRNA 
target.

Vector construction, luciferase reporter assays, 
and siRNA transfection

The wild-type (WT) 3’-untranslated regions  
(3’-UTR) of NEUROD2 containing the miR-153 
binding sites was amplified and cloned down-
stream of the firefly luciferase gene in the 
pGL3-control vector (Promega, USA). After- 
wards, the mutant (Mut) 3’-UTR plasmid was 
created by site-directed mutagenesis. Mimic 
(miR-153 mimic) and negative control (NC)  
oligonucleotides for miR-153 were from 
Gangzhou RiboBio, China). 5×104 HEK 293T 
cells were seeded into a 24-well dish for 24 h. 
Mimic or negative control for miR-153 to- 
gether with pGL3-control vector carrying wild-
type or mutant 3’-UTR of NEUROD2 were co-
transfected into HEK 293T cells using 
Lipofectamine 2000 reagent following instruc-
tions. Two days after incubation, the activities 
of firefly and renilla luciferases were measured 
using the Dual Luciferase Assay Kit (Promega, 
USA) and normalized to those of firefly lucifer-
ase activity. All assays were designed in tripli-
cate and repeated six times.

In order to silence NEUROD2 expression in 
microglial cells of SCI, small interfering RNA 
(siRNA) was used and siRNA against NEUROD2 
was designed and synthesized by Gangzhou 
RiboBio, China). Microglia cells of SCI were 
transferred to 24-well plates at a density of 
6×104 cells/well. The next day, the cells were 
cultured with NEUROD2 siRNA (si-NEUROD2)  
or control siRNA (si-NC) triplicate at a final con-
centration of 100-500 ng with the use of 
Lipofectamine 2000. Six hours after the trans-
fection, complete growth medium was used to 
renew the medium, and the cells were recov-
ered for 18 hours and cultured for one day. The 

supernatant was collected for ELISA and cells 
for western blot and qRT-PCR.

Statistical analysis

SPSS 19.0 (SPSS, USA) was employed for sta-
tistical analysis. Data were presented as mean 
± standard deviation of three parallel experi-
ments, and the differences among different 
groups were processed using One-way ANOVA. 
Differences with P<0.05 were considered 
significant.

Results

Expression profiles of miR-153 and NEUROD2 
in mice after SCI

To investigate the potential role of miR-153 in 
SCI, qRT-PCR was used to analyze the level of 
miR-153 in adult female C57bl/6J mice after 
SCI. It was shown that miR-153 was decreas- 
ed in SC tissues after one day from SCI, and a 
significant decrease was observed after 3 and 
5 days from SCI, depicting a time-dependent 
manner (Figure 1A). We also detected  
the expression of NEUROD2 in SC after SCI 
employing qRT-PCR and western blot. As illus-
trated in Figure 1B-D, the expression of 
NEUROD2 in the SCI group was significantly 
higher than that in the control group (P<0.05). 
All these results implied that miR-153 and 
NEUROD2 were of great significance in SCI, so 
the underlying relationship among miR-153, 
NEUROD2 and SCI deserved advanced in- 
vestigation.

Increasing miR-153 or decreasing NEUROD2 
restrained IR and OS level

Enhanced inflammatory cytokine (IC) and 
increased OS were reported to cause second-
ary damage after SCI. To assess the effects of 
miR-153 on cytokine secretion involved in SCI, 
ELISA assay was performed. Microglial cells 
after SCI were reported as the main source of 
ICs; microglia cells isolated from normal and 
injured SC were used here. TNF-α, IL-1β and 
IL-6 levels were all significantly increased after 
SCI (P<0.01); however, increasing of the three 
inflammatory associated cytokines was mark-
edly compromised by the transfection of miR-
153 mimic (Figure 2A). We subsequently 
explored the effect of miR-153 in SCI-mediated 
OS. Selenoprotein type N1 (SEPN1), thioredox-
in-like 1 (TXNL1), and glutathione peroxidase 1 



miR-153 improves spinal cord injury

7971	 Am J Transl Res 2021;13(7):7968-7975

(GPX1) expressions, all playing a vital role in 
reactive oxygen species scavenging, were 
assessed by qRT-PCR. The results indicated 
that SEPN1, TXNL1, and GPX1 were demon-
strably downregulated after SCI (Figure 2B, 
P<0.01). The introduction of miR-153 mimic 
notably increased SEPN1, TXNL1, and GPX1 
expressions. Otherwise, iNOS responsible for 
production of reactive oxygen species was  
also detected by western blot. Results demon-
strated that iNOS expression was comparably 
higher in microglia of SCI and repressed by 
addition of miR-153 mimic. The above results 
collectively demonstrated that miR-153 proba-
bly performed a protective role in SCI by reduc-
ing ICs and promoting the expression of genes 
coding proteins that are in charge of oxygen 
species clearance.

In addition, we silenced NEUROD2 in microglial 
cells of SCI using siRNA against NEUROD2 to 
evaluate the direct effect of NEUROD2 on SCI 
processes. ELISA, western blot, and qRT-PCR 
results showed that production of TNF-α, IL-1β, 
and IL-6 was significantly dampened by NEU- 
ROD2 silencing; together, the upregulation of 
EPN1, TXNL1, and GPX1 and downregulation of 
iNOS were observed in cells transfected with si-
NEUROD2 (Figure 2). These results proved that 
NEUROD2 played a critical role in SCI 
progression.

NEUROD2 is a direct target of miR-153

The level of miR-153 decreased in microglia of 
SCI, while the level of NEUROD2 was elevated. 
So we speculated that miR-153 might directly 

Figure 1. Expression profiles of miR-153 and NEUROD2 in mice after SCI. A: miR-153 was decreased in a time-
dependent manner in mice after SCI. B-D: The NEUROD2 was gradually increased with time increasing. *P<0.05, 
**P<0.01, ***P<0.001.
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modulate NEUROD2 expression. Pearson anal-
ysis showed that the expression of NEUROD2 
both in normal and injured SC was inversely 
correlated with that of miR-153 (Figure 3A, 
R=-0.959, P<0.001). Bioinformatic analysis 
using miRanda, TargetScan, and PicTar sug-
gested that the 3’-UTR of NEUROD2 contained 
a potential binding site for miR-153 (Figure  
3B). To dissect the direct regulation of 
NEUROD2 by miR-153, a luciferase reporter 
assay was performed. Co-transfection of miR-
153 mimic and vector carrying wild-type 3’-UTR 

of NEUROD2 evidently attenuated the relative 
luciferase activity which was detected to have 
no significant difference in groups transfected 
with mutant 3’-UTR of NEUROD2 or negative 
control of miR-153 (Figure 3C). We further vali-
dated the regulation of miR-153 on NEUROD2 
expression, and found that administration of 
miR-153 mimic markedly reduced the expres-
sion of NEUROD2 both at the mRNA and pro- 
tein level in microglia of SCI (Figure 3D-F). All 
these results proved that NEUROD2 was direct-
ly regulated by miR-153.

Figure 2. Increasing miR-153 or decreasing NEUROD2 restrained inflammatory response and oxidative stress level. 
A: SCI-induced forced expression of TNF-α, IL-6 and IL-1β was significantly impeded by introduction of miR-153 mim-
ics or si-NERUOD2; B: SCI-induced decreased expression of SEPN1, TXNL1, and GPX1 was obviously enhanced by 
transfection of miR-153 mimics or si-NERUOD2; C and D: Overexpression of iNOS after SCI was also impaired by 
miR-153 mimics or si-NERUOD2 transfection. *P<0.05, **P<0.01, ***P<0.001.
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Discussion

SCI is globally recognized as one of the most 
serious central nervous system injuries leading 
to significant neurological damage and a reduc-
tion in quality of life [5, 9, 10]. miRNAs, a type 
of endogenous RNAs, post-transcriptionally 
regulate gene expression and are capable of 
controlling certain cellular and physiologic pro-
cesses. Emerging studies have reported a dif-
ferent expression pattern of several miRNAs 

between normal SC and injured SC [4, 11, 12], 
indicating that miRNAs may play an attrac- 
tive role in the SCI process. Studies have con-
firmed that miR-153 is a tumor suppressor [7]. 
However, its effects on SCI remain unknown. In 
order to clarify the function of miR-153 in SCI 
progression, we detected the level of miR-153 
in normal and injured SC and found a signifi-
cant decrease in miR-153 in SC after injury, in a 
time-dependent manner. It is frequently report-
ed that OS and associated inflammatory reac-

Figure 3. NEUROD2 is a direct target of miR-153. A: Expression of miR-153 negatively correlated with that of NEU-
ROD2; B: Schematic diagram of NEUROD2 3’-UTR region targeted by miR-153; C: Luciferase activity of the pGL3/
NEUROD2-UTR was dramatically inhibited in the miR-153 mimics group; D-F: miR-153 mimic transfection signifi-
cantly decreased expression of NEUROD2. ***P<0.001.
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tion play a major role in SCI and its secondary 
damage [5, 13, 14]. Jidong Guo and colleagues 
suggested that IL-19, known as an immune 
suppressor, may improve locomotor functional 
recovery caused by contusion spinal [15]. 
Lowering inflammatory reaction was proved to 
be a promising strategy for functional recovery 
after SCI. The increased secretion of ICs (TNF-
α, IL-1β and IL-6) and imbalanced expression of 
OS related proteins were observed after SCI in 
our study, which was in line with previous stud-
ies focusing on SCI [9, 14]. We, thus, subse-
quently assessed the influence of miR-153 on 
production of ICs and expression of OS related 
proteins. The SCI induced overproduction of 
TNF-α, IL-1β and IL-6 was significantly de- 
creased by addition of miR-153 mimic. The 
miR-153 induced upregulation of SEPN1, 
TXNL1, and GPX1 and downregulation of iNOS 
indicated an improved OS. What we found in 
this study proved miR-153 has a protective role 
in SCI progression.

NEUROD2, a member of the neuroD family, was 
reported as a tumor suppressor gene in glio-
blastoma, while its role in SCI was still unkown 
[16-18]. In this article, we also detected the 
expression of NEUROD2 in SC after injury. We 
found that NEUROD2 expression was gra- 
dually increased with the increase of time. 
Correlation analysis revealed an inverse rela-
tionship between NEUROD2 and miR-153. 
Hence, it was speculated that NEUROD2 may 
performed as a target of miR-153. A dual lucif-
erase assay we conducted demonstrated that 
miR-153 can directly bind with the 3’-UTR 
region of NEUROD2 and negatively regulate its 
expression. Addition of miR-153 mimic can 
markedly reduced expression of NEUROD2 in 
injured SC. Rahul Agrawal et al. identified that 
NeuroD2 was a p53-regulated gene that pro-
motes apoptosis in hypoxic conditions and also 
resulted from SCI-induced blocking of angio-
genesis [16]. Since we established the role  
of miR-153 in SCI and its regulation on 
NEUROD2, the impact of overexpressed 
NEUROD2 during SCI was still unclear. We, 
therefore, used siRNA to knock down the 
expression of NEUROD2 in microglia of SCI, and 
we found that the production of TNF-α, IL-1β 
and IL-6 was significantly reduced. Together, 
SEPN1, TXNL1, and GPX1 were upregulated 
and iNOS was downregulated by transfection of 
siRNA targeting NEUROD2. NEUROD1 and 

NEUROD4 are subtypes of neuroD family pro-
teins and their degradation were demonstrated 
to relieve the SC inflammation and progres- 
sion of OS [5, 19, 20]. MAPK/ERK signaling is 
related to IR and OS [21]. Further investigation 
indicated that NEUROD1 may induce blocking 
of MAPK/ERK signaling pathway by lowering 
levels of phosphorylated-p38 and AKT. We  
also assessed the effect of NEUROD2 on 
MAPK/ERK signaling pathway, while the silenc-
ing of NEUROD2 cannot change the levels  
of phosphorylated-p38 and AKT (data not 
shown). According to the above findings, we 
concluded that the attenuated inflammation 
and OS by miR-153 was mainly mediated by its 
negative regulation on NEUROD2. However, the 
signaling pathway potentially affected by miR-
153 and NEUROD2 in processes of SCI 
deserved more attention. Taken together, our 
study revealed that miR-153 participated in  
the processes of SCI and demonstrated that 
attenuated NEUROD2 was mainly responsible 
for the miR-153 induced improvement after 
SCI. Findings of our study strengthened our 
knowledge of miR-153 and contributed to the 
basis for advanced exploration of the prognos-
tic and diagnostic value of miR-153 in SCI.
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