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miR-93-5p attenuates apoptosis and autophagy by 
regulating SRY-box2 in spinal cord-injured rats in vivo 
and PC12 cells in vitro

Yan An, Jianing Li, Da He*, Mingxing Fan

A b s t r a c t

Introduction: In the current work we studied the involvement of miR-93-5p 
in spinal cord injury (SCI) by involving SCI rats and LPS-mediated injuries in 
PC12 cells.
Material and methods: The PC12 cells were exposed to LPS in order to in-
duce cell injury that mimicked the in vitro model of spinal cord injury. The 
in vivo model was created by submitting rats to contusion injury. The cell 
apoptosis and viability were evaluated by flow cytometry and cell counting 
kit (CCK-8). The expression of various apoptosis and autophagy-related pro-
teins was done by western blot assay.
Results: The treatment of LPS caused cell injuries in PC12 cells. The levels 
of miR-93-5p were suppressed in LPS-injured cells. Over-expression of miR-
93-5p decreased autophagy and apoptosis and increased cell viability in LPS 
injured cells via up-regulation of SRY-box2. Up-regulation of SRY-box2 ame-
liorated LPS-mediated cell injury whereas suppression of SRY-box2 acceler-
ated the LPS-mediated cell injury. Also, upregulation of miR-93-5p blocked 
the JAK/STAT and MAPK/ERK pathways via up-regulating the expression of 
SRY-box2. Treatment in SCI rats with miR-93-5p agomir inhibited cell apop-
tosis and autophagy.
Conclusions: The results of the study confirmed the attenuating role of miR-
93-5p against cell autophagy and apoptosis in LPS-injured PC12 cells and 
SCI rats via up-regulation of the expression of SRY-box2.   
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Introduction

Spinal cord injury (SCI) is an undesired condition with a high mortal-
ity rate, it also has a  significant influence on human health, affecting 
life expectancy and quality [1]. There are reports about the existence of 
two different mechanisms contributing in the pathogenesis of SCI: the 
first mechanism involves primary mechanical injury, followed by second-
ary injury, which involves numerous interconnected damaging actions 
including biochemical imbalances, and altered vascular as well as cel-
lular responses [2, 3]. The second phase of spinal cord injury is asso-
ciated with a  number of biological reactions, which include apoptosis, 
neuronal damage, and inflammation [4–6]. For the treatment of SCI it 
is crucial for clinicians to understand its progression and the involved 
molecular mechanism. MiRNAs (miRs) are small, endogenous, non-cod-
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ing RNAs measuring about 20–25 nucleotides in 
length, which are responsible for altering the reg-
ulation of genes at the post-transcriptional level 
by cleaving the messenger RNA [7]. Many recent 
studies have confirmed the potential role of miRs 
in a number of cellular processes, such as differen-
tiation, proliferation, invasion, migration, and cell 
metastasis in various malignancies [8]. Other re-
cent studies have confirmed that miRs are respon-
sible for regulating the majority of human genes 
and could affect signalling pathways responsible 
for pathological responses post SCI [9, 10].

MiR-93-5p is a  member of the miR-106b~25 
cluster and is found to be up-regulated in a num-
ber of cancer conditions [11–13]. miR-93-5p has 
been found to be involved in the modulation of 
the process of  angiogenesis via inhibition of the 
expression of LATS2 in astrocytoma [14]. In addi-
tion to this, miR-93-5p has also been reported to 
regulate cellular processes such as promotion of 
proliferation in cancer [14]. Moreover, studies have 
recently demonstrated that miR-93-5p suppress-
es differentiation and migration of neurons [15]. 
However, the role of miR-93-5p in SCI and the in-
volved signalling pathway remain unclear. 

Looking into the involvement of miR-93-5p in 
various processes associated with neuronal cells, 
we aimed to screen its functioning in LPS-medi-
ated injuries in SCI rats and PC12 cells. We also 
investigated the involved pathway. For this study 
we selected PC12 cells, also called pheochromo-
cytoma cells, which show similar characteristics 
to those of neurons; these cells also had charac-
teristics common to neuroendocrine cells. These 
cells also have the very important quality of be-
ing sub-cultured very easily compared with Iry 
neurons [16, 17]. We showed that the expression 
of miR-93-5p was suppressed in SCI rats, and in 
LPS-induced PC12 cells up-regulation of miR-93-
5p improved the LPS induced injuries in the PC12 
cells. Furthermore, we found that SRY-box2 was 
up-regulated by miR-93-5p; it was also shown 
that there was a  cross-regulation between SRY-
box2 and miR-93-5p in LPS-injured PC12 cells. It 
was also demonstrated that expression levels of 
both SRY-box2 and miR-93-5p were suppressed 
in SCI rats. In addition to this, miR-93-5p mimic 
caused up-regulation of SRY-box2 and inhibited 
the neuronal apoptosis as well as autophagy in 
SCI rats.

Material and methods

Experimental groups and animal model  
of SCI

For the study we selected Sprague-Dawley 
(SD) male rats weighing between 190 and 220 g.  
All the animals were housed in controlled tem-

perature conditions and were kept in polypropyl-
ene cages with free access to water and palette 
diet. The animals were provided by the animal 
centre of Beijing Jishuitan Hospital China. The 
animal protocols were approved by the ethical 
clearance board of Beijing Jishuitan Hospital Chi-
na; the approval number was BJ0114C. A total of 
54 rats were used, among which 32 were divided 
into four groups comprising eight rats per group, 
named as the sham group (n = 8), SCI for 1 day  
(n = 8), SCI for 3 days (n = 8), and SCI for 7 days  
(n = 8). The remaining 24 rats were used for the 
study of over-expression of miR-93-5p on levels of 
SRY-box 2, autophagy, and apoptosis-related pro-
teins post spinal cord injury. The rats were divid-
ed into three groups as the saline (vehicle) group  
(n = 8), the agomir-negative control group (NC)  
(n = 8), and the miR-93-5p agomir (n = 8) group.

To induce SCI, the rats were anaesthetised by 
phenobarbital injection, then the backs of rats 
were shaved to remove hairs and fixed in a prone 
position. A small incision was made in the skin at 
the T9-T10 position along with the spinous pro-
cess using ophthalmic scissors; a  contusion in-
jury was induced by putting the rats in a weight 
drop apparatus with a  weight of 8 grams at 
a height of 40 mm. The confirmation of SCI was 
done by observing specific symptoms such as 
spinal cord haemorrhage, oedema, tail showing 
spastic swing, flaccid paralysis of hind limbs, and 
flutter [18].

Intrathecal injection of miR-93-5p agomir 

For intrathecal injection of miR in SCI rats, lam-
inectomy (partial) was done at T12/T13 and an in-
trathecal catheter was introduced. The miR-93-5p 
agomir and negative controls were procured from 
RiboBio, China. The agomir NC and agomir were 
given by intrathecal route: briefly, the miR NC and 
agomir were solubilised in phosphate-buffered sa-
line (0.9% sodium chloride) and injected continu-
ously at a rate 1 μl/h with the help of osmotic mini 
pumps implanted subcutaneously into the intra-
thecal space post SCI for 3 days [19]. The process 
was carried out by delivery pumps, which were 
primed for 12 h at 37°C to insure immediate deliv-
ery post implantation. The muscles were sutured, 
and then the skin was also sutured followed by 
intraperitoneal instillation of 5 ml lactated Ring-
er’s solution. After performing the surgeries, the 
rats were given penicillin G for 3 days to prevent 
infection.

Harvesting of SCI samples

The experimental rats were sacrificed on day 1,  
day 3, and day 7 post SCI by high-dose pentobar-
bital injection (200 mg/kg). The spinal cord tissues 
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were harvested from the operated region from 
all the groups. The spinal cord tissues were flash 
frozen using liquid nitrogen at –80°C followed by  
qRT-PCR analysis or western blot assay.  

Cell culture and treatment of LPS 

For the in vitro study we selected the PC12 
cells (ATCC, USA), which were maintained in 
DMEM media (ThermoFisher USA) supplement-
ed by foetal bovine serum (10%), 100 U/ml pen-
icillin, and 100 μg/ml streptomycin under humid 
conditions with 5% CO2 and a  temperature of 
37°C. The cells were allowed to reach 80% of 
confluence and were starved using DMEM me-
dia along with FBS (0.1%) for 60 min followed by 
treatment with LPS in predefined serial concen-
tration for 12 h.

Transfection of miRs

The miR-93-5p inhibitor, mimic, or corre-
sponding negative control constructs (NC) were 
procured from RiboBio China. The PC12 cells 
were subjected to seeding in six-well plates 
prior to transfection and were then transfect-
ed by miR-93-5p inhibitor, mimic, and NC upon 
reaching confluence of 50%. The process of cell 
transfection was done using Lipofectamine-3000 
reagent (Invitrogen, USA) as per the supplied in-
structions. The cells were processed 48 h post 
transfection. The sequences of mimic, inhibitor, 
or corresponding NC are depicted in Table I. The 
evaluation was performed by a microplate read-
er (Biotek, USA). To study the consequences of 
SRY-box 2 and miR-93-5p on the cell viability, the 
PC12 cells received transfection of miR-93-5p 
inhibitor, mimic, or corresponding negative con-
trol or pcPSEN1, shPSEN1, or respective controls 
(Table II). Furthermore, the transfected cells were 
treated with LPS (5 μg/ml) for 12 h followed by 
measurement of the cell viability.

Quantitative real-time PCR studies 

The RNA was isolated from the target tissues 
and transfected cells with the help of TRIzol reagent 
following the supplied instructions. The isolated 
RNA was submitted for reverse transcription onto 
cDNA using reverse transcription kit. The levels of 
SRY-box2 and miR-93-5p were analyzed by qRT-
PCR SYBR geen mixture and Taqman mRNA assay 
respectively following the provided instructions. 
GAPDH and U6 were selected as loading control for 
mRNA and miRNA respectively. The sequences of 
primers used for the study are presented in Table II.

   
Cell viability assay 

Viability of cells was analysed by CCK-8 assay 
(SigmaAldrich, USA) as per the supplied instruc-
tions. Briefly, after transfection, PC-12 cells were 
incubated in 96-well plates with 1  ×  104 cells in 
each well at 37°C in an incubator. The wells were 
added with the supplied reagent (10 μl), and the 
plate was incubated again for 1 h at 37°C. The 
optical density was measured of each well at 
450 nm using a micro-plate reader (Bio-Tek Inst., 
USA). The percentage cell viability was calculated 
as the mean optical density of transfected cells/
mean optical density of the control group × 100%.

Cell apoptosis study 

The cell apoptosis was evaluated with the help 
of an Annexin-V-FITC and propidium iodide (PI) 
apoptosis kit (ThermoFisher, USA) following the 
supplied instructions. The PC12 cells were har-
vested and rinsed at least three times with phos-
phate-buffered saline solution (PBS). The cells 
were again re-suspended using binding buffer 
(500 μl) and were added with Annexin-V-FITC and 
PI (5 μl) for 30 min at room temperature and in 
dark conditions. The extent of cell apoptosis was 
evaluated by flow cytometry (BD Bioscience, USA).   

Table I. Sequences of miR used in the study

Name Primer sequences

miR-93-5p mimic Sense: GATGGACGTGCTTGTCGTGAAAC
Antisense: GGACTTGGCGTTGCCAAACA

miR-93-5p inhibitor UCAAGCUGGACAGGUCAGGGC

miR-93-5p mimic control Sense: GATGGAGCTGCGTTCCGTGACAA
Antisense: GGACTTCGGGTTGCCAACAC

miR-93-5p inhibitor control UCAGCUGAGGGCAACACGGCG

Table II. The primer sequence SRY-box2/miR-93-5p for PCR analysis 

Genes Primer sequence

Forward Reverse

miR-93-5p AAGUGCUGUUCGGCAGUAGUG UUCACGACGAGUCGUCAUCAC

SRY-box2 CGCGGATCCATGTACAACATGATGGAGACGGAGC CCGGTTCGATTTATCGCGTCGACTCACATG
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Western blot analysis

Both the spinal cord tissue and PC12 cells were 
treated with RIPA buffer along with protease in-
hibitors. The proteins were estimated using BCA 
protein assay kit (ThermoFisher, USA). The pro-
teins (30 μg) were loaded on an NuPAGE Bis-Tris 
gel system (ThermoFisher, USA) and then trans-
ferred to polyvinylidene difluoride (PVDF) mem-
branes. The membranes were blocked with bovine 
serum albumin (5%) (Cell Siganling Tech, USA) for 
1 h and washed three times with TTBS buffer. The 
membranes were treated and incubated with re-
spective primary antibodies: anti-Bax (1 : 1000), 
anti-Bcl-2 (1 : 1000), anti-GAPDH (1 : 1000), an-
ti-caspase-3/-9 (1 : 1000), anti-Beclin-1 (1 : 1000), 
anti-LC (1 : 1000), anti-SRY-box 2 (1 : 1000), anti- 
p-ERK (1 : 1000), anti-p62 (1 : 1000), anti-p-
MAPK (1 : 1000), anti-ERK (1 : 1000), anti-MAPK 
(1 : 1000), anti-p-STAT1 (1 : 1000), anti-STAT1  
(1 : 1000), anti-JAK1 (1 : 1000), anti-p-JAK1 (1 : 1000), 
anti-STAT3 (1 : 1000), and antip-STAT3 (1 : 1000).  
All the antibodies were bought from Cell Signaling 

Tech, USA. The membranes were rinsed at least 
three times with TTBS and were then again in-
cubated with horseradish peroxidase secondary 
antibody (Sigma-Aldrich, USA) with dilution of  
1 : 5000 for 2 h at room temperature. The devel-
oped blots were viewed using Image Lab software.

Statistical analysis

The results are presented as mean ± SD; all 
the statistical anyses were performed by Graph-
Pad Prism software (GraphPad USA). The p-values 
were obtained by one-way analysis of variance 
(ANOVA); the values < 0.05 were regarded as sta-
tistically significant. 

Results 

Treatment of LPS caused autophagy and 
apoptosis in PC12 cells

It was observed that increasing the dose of 
LPS in PC12 resulted in a significant decrease in 
viability of PC12 cells (Figure 1 A). Treatment of 

Figure 1. Treatment of LPS resulted in cell autophagy and apoptosis in PC12 cells. The PC12 cells were exposed 
to series of concentrations of LPS of 1, 5, and 10 μg/ml for 12 h. A – Cell Counting Kit-8 assay was done for eval-
uating viability of cells. B – Rate of cell apoptosis was analysed by flow cytometry for Annexin V-FITC/PI staining.  
C – Western blot analysis was done for expression of apoptosis-related protein. D – Expression of autophagy-related 
proteins by western blot analysis 

*P < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. MiR-93-5p modulated LPS-mediated 
cell injury in PC12 cells. The PC12 cells received 
transfection of miR-93-5b inhibitor, mimic, and 
their respective controls. The cells were incubated 
with LPS (5 μg/ml) for 12 h. A – qRT-PCR analysis 
was done to verify the efficiency of transfection.  
B – Results of cell viability. C – Results of rate of cell 
apoptosis (late). D – Expression levels of apopto-
sis-related proteins evaluated by western blot anal-
ysis, cell counting kit-8, and flow cytometry. E – The 
outcomes of western blot analysis for expression of 
proteins of autophagy-related proteins

*P < 0.05, **P < 0.01, ***p < 0.001.
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LPS resulted in apoptosis of PC12 cells with in-
creasing dose, which also resulted in an increased 
apoptosis rate in cells (Figure 1 B). The treatment 
of LPS also resulted in increased protein levels 
of crucial pro-apoptosis factors such as cleaved 
caspase-9/-3 and Bax and decreased the levels 
of Bcl-2 (Figure 1 C). Moreover, exposure of LPS 
caused suppression of p62 and over-expression of 
Beclin-1 and LC-II (Figure 1 D). Because LPS at the 
concentration of 5 μg/ml resulted in a substantial 
decrease in viability and rate of apoptosis in cells, 
we selected this concentration for our further ex-
periments. The outcomes of this experiment con-
firmed that LPS caused cell injury in PC12 cells. 

MiR-93-5p attenuated LPS-mediated 
injuries in PC12 cells 

To study the outcomes of miR-93-5p on 
LPS-mediated injuries in PC12 cells, we trans-

fected the cells with miR-93-5p mimic or inhib-
itor; the transfection was confirmed by qRT-PCR 
analysis. As postulated, the expression of miR-
93-5p increased significantly post transfection 
with mimic and was suppressed upon transfec-
tion of inhibitor (Figure 2 A). As observed, miR-
93-5p mimic caused a significant increase in cell 
viability in LPS-exposed PC12 cells, whereas the 
transfection of miR-93-5p inhibitor decreased 
the cell viability (Figure 2 B). Furthermore, we 
evaluated the functional significance of miR-
93-5p on autophagy and apoptosis in LPS-inju-
ry PC12 cells. We observed that transfection of 
miR-93-5p mimic caused a  significant decrease 
in the rate of apoptosis in cells, whereas the miR-
93-5p inhibitor enhanced the rate of apoptosis 
(Figure 2 C). Similarly, miR-93-5p mimic caused 
over-expression of specific anti-apoptotic pro-
teins (Bcl-2, pro-caspase-3/-9) and suppressed 
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the expression of pro-apoptotic factor (cleaved 
caspase-3/-9, Bax) (Figure 2 D). It was also ob-
served that the over-expression of miR-93-5p af-
ter transfection of mimic inhibited the levels of 
Beclin-1 and LC-II and increased the levels of p62 
in LPS-induced cells. However, miR-93-5p inhibi-
tor demonstrated the opposite effects on these 
factors. These findings indicate that miR-93-5p 
exerts an attenuating effect on LPS-mediated cell 
injury in PC12 cells. 

miR-93-5p caused upregulation of SRY-box 
2 in PC12 cells 

To confirm whether miR-93-5p regulated the 
levels of SRY-box2 in PC12 cells, they were trans-
fected with miR-93-5p mimics, inhibitor, and re-
spective controls. It was observed that cells receiv-
ing transfection of miR-93-5p inhibitor showed 
suppressed protein as well as mRNA levels of 
SRY-box 2 (Figure 3). However, the opposite effect 
was observed in cells that received transfection of 
miR-93-5p mimic, suggesting that SRY-box 2 was 
positively correlated with miR-93-5p.     

miR-93-5p inhibitor induced LPS-mediated 
cell injures in PC12 cells via suppression of 
SRY-box 2

To investigate whether miR-93-5p modulated 
the autophagy and apoptosis in PC12 cells via SRY-
box 2 pathway, the PC12cells were transfected with 
vector and shRNA selective SRY-box 2. As observed, 
the protein as well as mRNA expression levels of 
SRY-box 2 were significantly increased after the 
cells were transfected with pEX-SRY-box 2, where-
as the levels decreased after transfection with sh-
SRY-box 2 (Figure 4 A). We showed that miR-93-5p 
inhibitor reversed the effects on autophagy and 
apoptosis rate by up-regulating the expression of 
SRY-box2 when transfected with pEX-SRY-box2 (Fig- 
ures 4 B and C). In addition to this, we observed that 
over-expression of SRY-box 2 decreased the levels 

of autophagy-related factors Beclin-1 and LC-II,  
and increased the expression of p62 (Figure 4 D). 
These outcomes indicated that inhibition of miR-
93-5p may induce LPS-mediated cell injury in PC12 
cells via suppression of SRY-box 2.

SRY-box 2 participated in LPS-mediated cell 
injury in PC12 cells 

To study the role of SRY-box 2 in LPS-mediated 
injuries in PC12 cells, the cells were transfected 
with pEX-SRY-box 2 and sh-SRY-box 2 followed by 
an autophagy and viability study. The outcomes 
suggest that inhibition of SRY-box-2 increases 
LPS-mediated cell injury and decreases cell via-
bility, apoptosis, and autophagy (Figures 5 A–D). 
However, the opposite effect was observed in cells 
transfected with pEX-SRY-box 2 (Figures 5–D). 
These findings indicate that SRY-box 2 is involved 
in regulation of LPS-mediated injury in cells.

miR-93-5p blocked the MAPK/ERK and JAK/
STAT cascade via upregulation of SRY-box2

In the current study we in investigated the 
effect of miR-93-5p on JAK/STAT and MAPK/ERK 
cascade in LPS-injured cells. We showed that 
miR-93-5p mimic suppressed the levels of p-ERK 
as well as p-MAPK, and it was observed that the 
effect was reversed upon inhibition of SRY-box2. 
It was also observed that over-expression of miR-
93-5p decreased the levels of p-JAK1, p-STAT1, 
and p-STAT3 (Figure 6 A). However, the regulating 
action of miR-93-5p on JAK/STAT signalling cas-
cade was halted by inhibition of SRY-box2 (Figure 
6 B). These findings suggest that up-regulation of 
miR-93-5p blocked JAK/STAT and MAPK/ERK cas-
cade via up-regulation of SRY-box2 cascade. 

miR-93-5p agomir inhibited cell autophagy 
and apoptosis in spinal cord-injury rats

To validate the in vitro findings, we investigated 
the effect of miR-93-5p and SRY-box2 on spinal 

Figure 3. MiR-93-5p resulted in over-expression of SRY-box2 in PC12 cells. The cells received transfection of miR-
93-5p inhibitor, mimic, and respective controls. The mRNA as well as protein expression of SRY-box2 were evaluat-
ed by qRT-PCR and western blot analysis

*P < 0.05, **p < 0.01.
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Figure 4. MiR-93-5p inhibitor induced LPS-mediated injures in PC12 cells via suppression of SRY-box2. The cells 
received transfection of pEX-SRY-box2, sh-SRY-box2, and their respective controls or co-transfection with miR-93-
5p inhibitor and pEX-SRY-box2; after this the cells were exposed to LPS (5 μg/ml) for 12 h. A – qRT-PCR and western 
blot analysis was done to assess the efficiency of transfection. Results of cell viability (B) and the rate of apoptosis 
cell rate (C) was assessed by CCK-8. D – Western blot analysis for expression of autophagy-related proteins

*P < 0.05, **p < 0.01.
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cord-injury rats. The expression of miR-93-5p and 
SRY-box2 in SCI rats was studied by qRT-PCR. It 
was observed that the spinal cord tissues of SCI 
rats showed significantly suppressed levels of 
miR-93-5p on the first, third, and seventh day 
post spinal cord injury (Figure 7 A). In addition to 
this, SRY-box2 levels were significantly decreased 
in spinal cord injury rats on the first, third, and 
seventh day post spinal cord injury (Figure 7 B).  
The SCI rats were injected with miR-93-5p agomir 
for inducing up-regulation of miR-93-5p, which 
was screened by qRT-PCR. The outcomes of qRT-
PCR suggested that levels of miR-93-5p were sig-
nificantly over-expressed in rats when injected 
with miR-93-5p agomir (Figure 7 C). In addition to 
this in our study, we evaluated miR-93-5p agomir 
on levels of SRY-box2 in SCI rats. The outcomes 
indicated that injecting miR-93-5p agomir result-
ed in up-regulation of both mRNA and protein 
levels of SRY-box2 (Figures 7 D, E). Furthermore, 
the study also evaluated the efficacy of miR-93-
5p agomir on autophagy and apoptosis in spinal 

cord tissue cells. It was observed that, miR-93-5p 
agomir caused a significant decrease in the rate of 
apoptosis and attenuated the expression of apop-
tosis-related proteins (Figures 7 F, G). MiR-93-5p 
agomir also suppressed the levels of Beclin-1 and 
LC-II and increased the levels of p62 (Figure 7 H). 
The findings of in vivo experiments suggest that 
up-regulated levels of miR-93-5p also decrease 
autophagy and apoptosis in cells as well as in SCI 
rats.   

Discussion 

Increasing studies have suggested abnormal 
expression of miRs in spinal cord injury, which 
leads to the alteration of the expression of genes 
and affects the associated signalling pathways 
[20, 21]. Studies also have revealed that miRs play 
important roles in various pathological procedures 
and responses of spinal cord injury [21, 22]. There-
fore, miRs are believed to be potential therapeutic 
targets involved in functional recovery after spinal 
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Figure 5. SRY-box2 was associated in LPS-mediated cell injuries in PC12 cells. The PC12 cells received transfection 
with pEX-SRY-box2, sh-SRY-box2, or respective controls; after this the cells were exposed to LPS (5 μg/ml) for 12 h. 
A – Results of cell viability. B – Rate of apoptosis cell rate. C – The expressions of apoptosis-related proteins were 
evaluated by CCK-8 assay, Western blot, and flow cytometry. D – The expressions of autophagy-related protein 
were evaluated by Western blot analysis

*P < 0.05, **p < 0.01.
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Figure 7. MiR-93-5p agomir halted cell autophagy and apoptosis in spinal cord-injury rats. A – The spinal cord-in-
jury rats were assessed by western blot analysis for expression of miR-93-5p after day 1, day 3, and day 7. B – The 
spinal cord tissues of SCI rats were assessed by western blot analysis for expression of SRY-box2 after day 1, day 
3, and day 7. C – Effect of miR-93-5p agomir on levels of miR-93-5p by qRT-PCR in SCI rats (7th day). The mRNA (D) 
and and protein levels of SRY-box2 (E) in SCI rats post treatment with miR-93-5p agomir and assessed by qRT-PCR 
and western blot. F – Quantitative results of showing percentage apoptosis of cells from rats submitted to SCI 
after treatment of miR-93-5p agomir injection. The levels of apoptosis-related (G) and autophagy-related proteins 
evaluated by western blot assay (H)
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cord injury. In the current study, we showed that 
up-regulation of miR-93-5p caused a  significant 
increase in cell viability, and decreased autophagy 
and apoptosis in PC12 cells subjected to LPS-medi-
ated cell injury, whereas suppression of miR-93-5p 
increased the rate of LPS-mediated cell injury in 
PC12 cells. In addition to this, we found that miR-
93-5p attenuated the cell injury via up-regulation 
of the expression of SRY-box 2; also, in vivo stud-
ies in spinal cord injury rats suggest that the levels 
of both miR-93-5p and SRY-box2 are suppressed 
in SCI rats. Also, miR-93-5p agomir caused up-reg-
ulation of SRY-box2 and inhibited cell autophagy 
as well as apoptosis in spinal cord-injured rats. 
These results suggested that mir-93-5p can be an 
important therapeutic target in LPS-mediated cell 
injury in PC12 cells and in SCI rats.     

According to reports, miR-93-5p has been asso-
ciated with the development and progression of 
multiple cancers such as breast cancer, colon can-
cer, ovarian cancer, and lung cancer [23]. Recently, 
a study suggested that miR-93-5p suppressed the 
differentiation and migration of neurons [15]. In 
addition, another study suggested that miR-93-5p 
decreased the VEGF and IL-8-dependent angiogen-
esis in neuroblastoma cells [24]. miR-93-5p has 
also been shown to affect autophagy in retinal 
ganglionic cells via AKT/mTOR pathway [25]. Our 
findings suggest that miR-93-5p decreases the 
apoptosis cell rate and suppresses the expression 
of pro-apoptotic factors and autophagy-related 
proteins in PC12 submitted to LPS-mediated injury. 
Also, the expression levels of miR-93-5p were sup-
pressed in rats submitted to spinal cord injury by 
contusion whereas miR-93-5p agomir decreased 
the cell autophagy and apoptosis in SCI rats. These 
results confirm the involvement of miR-93-5p in 
SCI and its role in decreasing apoptosis.   

SRY-box2 is a protein belonging to the SOX fam-
ily of genes, and it has been found to be necessary 
for the survival of the early mouse embryo and 
is reported to possess an MHG-box DNA-binding 
domain that regulates Fgf-4 gene [26]. SRY-box2 
is crucial in the process of neuronal cell differenti-
ation and is responsible for the process of self-re-
newal of stem cells [27, 28]. In a study, deletion 
of neuron-specific SRY-box2 resulted in impair-
ment of brain development in embryos [29]. Also, 
SRY-box2 has been shown to be an oncogene in 
numerous cancer conditions, which could lead to 
migration and proliferation of cells [30]. The out-
comes of the present study suggest that SRY-box2 
is associated with LPS-mediated cell injury in PC12 
cells. We also showed that miR-93-5p resulted in 
up-regulation of SRY-box2, which caused attenua-
tion of cell viability, and decreased autophagy and 
apoptosis of neuron-like PC12 cells. Taken togeth-
er, miR-93-5p may reduce LPS-mediated injury in 
PC12 cells via up-regulation of SRY-box2.   

Janus kinase (JAK), one of the members of the 
family of non-receptor tyrosine kinases, acts as an 
activator and transducer of STAT cascade, and it is 
one of the most crucial mediators for transducing 
a signal from the surface of the cell to the nucleus 
[31]. Activation of JAK/STAT cascade is reported to 
be involved in differentiation of neurons or glial 
cells in the development of CNS [32]. Earlier Stud-
ies, have demonstrated that IL-6 is responsible 
for activation of JAK/STAT pathway in neurons of 
spinal cord-injured rats [33]. Activation of MAPK 
pathway has been reported to be involved in SCI 
[34]. Also, it was found that up-regulation of SRY-
box2 inhibits the expression of p38MAPK cascade 
in osteoblast cells [35]. In addition to this, MAPK 
has been found to activate a number of proteins 
such as kinase in the STAT/JAK cascade [36]. Look-
ing into this, we postulated that miR-93-5p could 
be involved in regulation of MAPK/ERK and JAK/
STAT cascade involving SRY-box2. We showed that 
over-expression of miR-93-5p inhibited the levels 
of p-STAT1, pSTAT3, and p-JAK, which was blocked 
by suppression of SRY-box2. Similarly, it was 
observed that miR-93-5p over-expression sup-
pressed MAPK/ERK cascade mediated by suppres-
sion of SRY-box2. These findings clearly indicate 
that miR-93-5p may lead to suppression of JAK/
STAT and MAPK/ERK cascade via up-regulation of 
SRY-box2, and this may be responsible for the at-
tenuating effect of miR-93-5p in spinal cord injury.

In conclusion, the findings of the present work 
suggest that miR-93-5p corrected LPS-mediated 
cell autophagy and apoptosis through over-ex-
pression of SRY-box2 in PC12 cells. The possible 
cascade associated with the attenuating effect of 
miR-93-5p on autophagy and apoptosis may be 
JAK/STAT and MAPK/ERK, as confirmed in both  
in vitro and in vivo models. The outcomes of the 
present work might be helpful in understanding 
the mechanisms involved in SCI and might also act 
cumulatively in developing potential therapeutic 
approaches for treating SCI. Also, we concluded that 
miR-93-5p may play an important role in treating 
and designing therapy for SCI. Furthermore, more 
detailed studies are required to explore the role 
of miR-93-5p and SRY-box2 on the JAK/STAT and 
MAPK/ERK pathways in spinal cord injury models. 
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