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Abstract. – OBJECTIVE: To clarify the func-
tion of microRNA-15a in the spinal cord injury 
(SCI) and its potential mechanism. 

PATIENTS AND METHODS: The plasma lev-
els of microRNA-15a and signal transducer and 
activator of transcription 3 (STAT3) in SCI pa-
tients were determined by quantitative Real 
Time-Polymerase Chain Reaction (qRT-PCR). 
The correlation between the expressions of mi-
croRNA-15a and STAT3 was analyzed. The in vi-
tro SCI model was established in H2O2-induced 
C8-D1A and C8B4 cells, and in vivo SCI mod-
el was established in mice by hitting T10. The 
mRNA and protein expressions of tumor necro-
sis factor-α (TNF-α) and interleukin 6 (IL-6) were 
detected in the SCI model. The apoptosis was 
examined by flow cytometry or TUNEL stain-
ing, respectively. The motor function of mouse 
hindlimb was evaluated using the Basso Beat-
tie Bresnahan (BBB) standard scale. The target 
gene of microRNA-15a was predicted by bioin-
formatics and further verified by dual-luciferase 
reporter gene assay. The expression changes of 
target genes in C8-D1A and C8B4 cells with mi-
croRNA-15a overexpression or knockdown were 
examined by qRT-PCR and Western blot. Final-
ly, rescue experiments were performed to eval-
uate the regulatory effects of microRNA-15a and 
STAT3 on cell apoptosis.

RESULTS: MicroRNA-15a was lowly expressed 
in plasma of SCI patients, while STAT3 was high-
ly expressed with a negative correlation to mi-
croRNA-15a. Identically, microRNA-15a was low-
ly expressed in H2O2-induced C8-D1A and C8B4 
cells, and STAT3 was highly expressed. MicroR-
NA-15a overexpression downregulated mRNA 
and protein levels of TNF-α and IL-6 in C8-D1A 
and C8B4 cells. BBB score was markedly low in 
SCI mice relative to controls. SCI mice inject-

ed with microRNA-15a mimics had higher BBB 
score than those injected with negative con-
trol. Besides, SCI mice with microRNA-15a over-
expression had downregulated expressions of 
STAT3, TNF-α, and IL-6 in the impaired spinal 
cord tissues, as well as lower apoptotic rate. 
Through bioinformatics, we found binding sites 
between STAT3 and microRNA-15a. Their bind-
ing conditions were further verified by dual-lu-
ciferase reporter gene assay. Moreover, STAT3 
expression was negatively regulated by microR-
NA-15a. Finally, rescue experiments showed that 
STAT3 overexpression could reverse the regula-
tory effects of microRNA-15a on expressions of 
TNF-α and IL-6, as well as apoptosis.

CONCLUSIONS: MicroRNA-15a expression 
decreases in the SCI model, which participates 
in the process of SCI by regulating inflamma-
tory response and cell apoptosis via targeting 
STAT3.
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Introduction

Spinal cord injury (SCI) resulted from a fall 
from height, traffic accidents, sports injuries, and 
violent injuries. It is manifested as high disability, 
high cost, and low mortality which mainly occurs 
in young and middle-aged people1,2. SCI poses a 
huge burden on affected patients and their fami-
lies. The pathological process of SCI is a complex 
dynamic process involving multiple stages of 
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primary injury, secondary injury, and chronic 
phase of injury3. Secondary injuries on blood-spi-
nal cord barrier, ischemic edema, inflammatory 
response, lipid peroxidation, and impaired ion 
pathways lead to neuronal death and apoptosis in 
residual nerve cells and adjacent tissues4,5. The 
effective intervention approaches for SCI are still 
lacked nowadays. Current approaches mainly fo-
cus on preventing the deterioration of secondary 
injury at post-SCI. However, the specific mech-
anism of secondary injury at post-SCI remains 
unclear and brings great difficulties to the clinical 
treatment of SCI.

Signal transducer and activator of transcrip-
tion 3 (STAT3) is a kind of DNA binding protein 
consisting of 750-795 amino acids. It is widely 
expressed in different types of tissues and cells, 
showing a close relationship with central nervous 
system diseases, tumors, and cardiovascular dis-
eases6,7. As a member of the JAK-STAT pathway 
family, STAT3 exerts crucial functions in cel-
lular behaviors. In the central nervous system, 
STAT3 is mainly distributed in astrocytes and 
neurons, which is responsible for neuronal pro-
liferation and differentiation, and nerve regen-
eration8,9. Scholars10,11 have shown that astrocyte 
activation and glial scar formation triggered by 
nerve damage require the involvement of the 
STAT3 pathway. The activated STAT3 mediates 
SCI-induced inflammation12. In addition, Dai et 
al13 have observed that acute SCI can abnormally 
activate the JAK2/STAT3 pathway, leading to the 
occurrence of apoptosis. Therefore, the explora-
tions on the STAT3 pathway are important for the 
treatment of SCI. 

MicroRNA is a non-coding RNA containing 
about 20-25 nucleotides and specifically recog-
nizes and binds to the 3’UTR of the target 
mRNA. It causes degradation or translational 
inhibition of the target mRNA and further regu-
lates cellular behaviors14. A large number of mi-
croRNAs are abnormally expressed at post-SCI, 
further regulating ischemic edema, inflammatory 
reaction, and neuronal necrosis15-17. MiRNA-494 
promotes the functional recovery in SCI rats 
by regulating the PTEN/AKT/mTOR pathway 
and inhibiting apoptosis18. The overexpression 
of miRNA-21 may exert a neuroprotective ef-
fect on SCI by downregulating the pro-apoptotic 
proteins Faslg and PDCD419. However, the role 
of microRNA-15a in SCI has not been studied. 
In this study, we focused on exploring the role 
of microRNA-15a in SCI, so as to provide novel 
targets for the treatment and rehabilitation of SCI.

Patients and Methods 

Patients
Plasma samples were collected from 20 SCI 

patients and 20 healthy controls from March 
2017 to March 2018 in Danyang People’s Hos-
pital of Jiangsu Province. Sample collection 
received an informed consent by the patients 
and was approved by the Hospital’s Ethics Com-
mittee.

Establishment of the SCI Model in Mice
This study was approved by the Animal Eth-

ics Committee of Nantong University Animal 
Center. Forty-eight Sprague-Dawley (SD) rats 
(weighing 180-220 g, male) were applied to 
this study. The mice were anesthetized with 
3% phenobarbital (30 mg/kg, i.p.). After the 
skin was disinfected, the mouse was placed 
on the surgical table with a thermostatic pad. 
The mice were cut open at T10. The sclera and 
lamina of T9-T11 were removed to fully expose 
the dura mater. SCI was made by a hitting 
weighing 9 g from the height of 10 mm. After 
surgery, 0.05 mg/kg buprenorphine was subcu-
taneously administered for analgesia. The mice 
were observed (for) drinking water, eating, the 
skin around the wound and urination. 10 mg/
kg negative control, microRNA-15a mimics 
or the same volume of normal saline were ad-
ministered in mice through the tail vein. At 4 
weeks, the mice were sacrificed and subjected 
to cardiac perfusion using 10% methanol. Im-
paired spinal cord tissues were harvested and 
preserved in liquid nitrogen. 

Cell Culture
C8D1A and C8B4 cells were purchased from 

American Type Culture Collection (ATCC; 
Manassas, VA, USA), and cultured in Dulbec-
co’s Modified Eagle’s Medium (DMEM; Gibco, 
Rockville, MD, USA) containing 10% fetal bo-
vine serum (FBS; Gibco, Rockville, MD, USA), 
penicillin 100 U/mL and 100 μg/mL streptomy-
cin. The cells were placed in a 37°C, 5% CO2 
incubator. The medium was replaced every two 
days. In vitro SCI model was established by 10 
μM H2O2 induction for 12 h in cells.

Cell Transfection
The cells with good growth were inoculat-

ed into the cell culture plate, and transfection 
was performed when the cell density reached 
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50%-60%. The cells were transfected with mi-
croRNA-15a mimics, microRNA-15a inhibitor, 
pcDNA-STAT3 or negative control using Lipo-
fectamine 3000 3000 (Invitrogen, Carlsbad, CA, 
USA). The medium was replaced at 6 h. The 
transfected cells were harvested after 24 h for 
other experiments. The oligonucleotide sequenc-
es and plasmids used in the experiments were 
provided by GenePharma (Shanghai, China).

Behavioral Observation
After SCI model established at 1 h, 1 d, 1 w, 2 

w, 3 w, and 4 w, BBB score was evaluated by two 
researchers blinded to the experimental grouping. 
The average BBB score was calculated from two 
independent records. 

RNA Extraction and qRT-PCR
Total RNA in tissues or cells was extracted by 

TRIzol method (Invitrogen, Carlsbad, CA, USA). 
The content of the RNA sample was determined 
by the acid protease apparatus and then diluted 
with diethyl pyrocarbonate (DEPC) water (Be-
yotime, Shanghai, China). The complementary 
deoxyribose nucleic acid (cDNA) was synthe-
sized according to the instructions of TaKaRa 
(Otsu, Shiga, Japan) RNA PCR Kit. QRT-PCR 
parameters were: 95°C for 30 s, followed by 40 
cycles of 95°C for 5 s, and 60°C for 60 s. The 
primers used in this study were as follows: Mi-
croRNA-15a, F: 5′-CACCCCTAGTTCAGTTCT-
GCA-3′, R: 5′-CTGGGCACAGGCGGTCAG-3′; 
STAT3, F: 5′-CAGCAGCTTGACACACGGTA-3′, 
R: 5′- AAACACCAAAGTGGCATGTGA-3′, Tu-
mor necrosis factor-α (TNF-α), F: 5′-GTCGC-
TACCGTCGTGACTTC-3′, R: 5′-CAGACAT-
GCACCTACCCAGC-3′; I Interleukin 6 (IL-6), 
F: 5′-ACTCACCTCTTCAGAACGAATTG-3′, 
R: 5′-CCATCTTTGGAAGGTTCAGGTTG-3′; 
Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), F: 5′-AGGTCGGTGTGAACG-
GATTTG-3′, R: 5′-TGTAGACCATGTAGTT-
GAGGTCA-3′.

Western Blot
The total protein from cells was extracted us-

ing radioimmunoprecipitation assay (RIPA) (Be-
yotime, Shanghai, China) and loaded for electro-
phoresis. After transferring on a polyvinylidene 
difluoride (PVDF) membrane (Millipore, Bill-
erica, MA, USA) at 300 mA for 100 min, it was 
blocked in 5% skim milk for 2 h, incubated with 
primary antibodies at 4°C overnight and second-

ary antibodies for 2 h. The bands were exposed 
by enhanced chemiluminescence (ECL) and ana-
lyzed by Image J Software (NIH, Bethesda, MD, 
USA). 

Cell Apoptosis Assay 
Cells were washed with phosphate-buffered 

saline (PBS) twice, digested and fixed in pre-cold 
70% ethanol at 4°C for 30 min. Subsequently, 
the cells were induced with 5 mL of Annexin 
V-FITC (fluorescein isothiocyanate) and 1 ml 
of PI (50 mg/mL) for 5 min. The apoptosis was 
determined using flow cytometry (Becton-Dick-
inson, Franklin Lakes, NJ, USA). 

Terminal-Deoxynucleoitidyl Transferase 
Mediated Nick End Labeling (TUNEL)

The tissues were dehydrated and embedded, 
and the sections were routinely dewaxed, washed, 
hydrated, and fixed strictly in accordance with 
the TUNEL Apoptosis Kit (Sigma-Aldrich, St. 
Louis, MO, USA). Five randomly selected fields 
in each sample were observed, and at least 100 
cells were counted in each field (magnification 
400×). AI = number of apoptotic cells / total cell 
number × 100%.

Dual-Luciferase Reporter Gene Assay
The possible binding sites of microRNA-15a 

on the STAT3 were predicted by TargetScan 
(http://www.targetscan.org/). The predicted se-
quence was inserted into the luciferase reporter 
plasmid, and the reporter vector STAT3 WT 
was established. Meanwhile, the predicted bind-
ing sequence in STAT3 was mutated to estab-
lish STAT3 MUT. STAT3 WT or STAT3 MUT 
and microRNA-15a mimics were co-transfected 
in cells using Lipofectamine 3000 (Invitrogen, 
Carlsbad, CA, USA). After 48 h of transfection, 
the cells were harvested for the determination of 
the activity.

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 20.0 (IBM SPSS Statistics for Windows, 
Armonk, NY, USA) was used for all statistical 
analysis. The data were expressed by x̅±s. The 
t-test was used to compare the differences be-
tween two different groups. Pearson’s correlation 
coefficient analysis was conducted to evaluate the 
expression relationship. p<0.05 was considered 
statistically significant.



W.-D. Wu, L.-H. Wang, N.-X. Wei, D.-H. Kong, G. Shao, S.-R. Zhang, Y.-S. Du

9192

Results 

MicroRNA-15a Was Lowly Expressed, and 
STAT3 Was Highly Expressed in SCI Model

MicroRNA-15a is closely related to a variety 
of diseases and can regulate inflammatory pro-
cess20,21. To investigate the expression changes and 
the possible roles of microRNA-15a in SCI, we 
first examined the plasma level of microRNA-15a 
in SCI patients. It is found that microRNA-15a was 
lowly expressed in the plasma of SCI patients (Fig-
ure 1A). Subsequently, we determined the STAT3 
expression, a crucial gene in inflammation at post-
SCI. Both mRNA and protein levels of STAT3 
were higher in SCI patients than in healthy con-
trols (Figure 1B, 1C). Meanwhile, an in vitro SCI 
model was established in H2O2-induced C8-D1A 
and C8B4 cells. Consistent with the expression 

patterns of microRNA-15a and STAT3 in SCI 
patients, the cellular level of microRNA-15a was 
lower, and STAT3 was higher in H2O2-induced C8-
D1A and C8B4 cells (Figure 1D-1F). These results 
suggested that microRNA-15a and STAT3 were 
involved in the process of SCI. 

Overexpression of MicroRNA-15a 
Alleviated Inflammation and 
Apoptosis in In Vitro SCI Model

To explore the specific role of microRNA-15a 
in SCI, we first constructed microRNA-15a mim-
ics and negative control. Transfection of mi-
croRNA-15a mimics in C8-D1A, and C8B4 cells 
markedly upregulated microRNA-15a expression 
(Figure 2A). We found that both mRNA and 
protein levels of TNF-α and IL-6 were downreg-
ulated in H2O2-induced C8-D1A and C8B4 cells 

Figure 1. MiR-15a was lowly expressed and STAT3 was highly expressed in the SCI model. A, MiR-15a was lowly expressed 
in plasma of SCI patients than controls. B, STAT3 was highly expressed in plasma of SCI patients than controls and was highly 
expressed in SCI models. C, In the SCI animal models, the protein level of STAT3 was highly expressed than in controls. D, 
MiR-15a was lowly expressed in H2O2-induced C8-D1A and C8B4 cells than controls. E, F, STAT3 was highly expressed in 
H2O2-induced C8-D1A and C8B4 cells than controls. *p<0.05, **p<0.01, ***p<0.001, &No significance.
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Figure 2. Overexpression of miR-15a alleviated inflammation and apoptosis in in vitro SCI model. A, Transfection of miR-15a mimics in C8-D1A and C8B4 cells markedly 
upregulated miR-15a expression. B-E, Both mRNA and protein levels of TNF-α and IL-6 were downregulated in H2O2-induced C8D1A and C8B4 cells overexpressing miR-15a. 
F, Transfection of miR-15a mimics inhibited apoptosis in C8-D1A and C8B4 cells. *p<0.05, **p<0.01, ***p<0.001, &No significance
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overexpressing microRNA-15a (Figure 2B-2E). 
Furthermore, the transfection of microRNA-15a 
mimics inhibited apoptosis in C8-D1A and C8B4 
cells (Figure 2F). These results suggested that 
microRNA-15a inhibited inflammation and apop-
tosis at post-SCI. 

Overexpression of MicroRNA-15a 
Alleviated Inflammation and 
Apoptosis in In Vivo SCI Model

Subsequently, we evaluated the in vivo func-
tion of microRNA-15a in SCI. BBB score was 
markedly lower in SCI mice injected with nega-
tive control or microRNA-15a mimics relative to 
those in the sham group, suggesting the success-
ful construction of the SCI model in mice (Figure 
3A). In particular, the SCI mice with microR-
NA-15a overexpression presented a higher BBB 
score than in controls, indicating a protective 
role of microRNA-15a in neuronal behaviors at 
post-SCI. MicroRNA-15a was highly expressed 

in the impaired spinal cord of SCI mice (Figure 
3B). Besides, both mRNA and the protein levels 
of STAT3 were downregulated in SCI mice with 
microRNA-15a overexpression (Figure 3C, 3D). 
Consistent with in vitro results, SCI mice with 
microRNA-15a overexpression had lower levels 
of TNF-α and IL-6 relative to controls (Figure 
3E, 3F). TUNEL staining showed fewer apop-
totic cells in the SCI mice injected with microR-
NA-15a mimics than controls (Figure 3G). The 
above data all demonstrated the in vivo effect of 
microRNA-15a on inhibiting inflammation and 
apoptosis at post-SCI. 

STAT3 Was the Target Gene of 
MicroRNA-15a

To explore the specific mechanism of microR-
NA-15a in SCI, we predicted the target gene of 
microRNA-15a by bioinformatics. The potential 
binding sites were found between STAT3 and 
microRNA-15a (Figure 4A). Based on the binding 

Figure 3. Overexpression of miR-15a alleviated inflammation and apoptosis in in vivo SCI model. A, BBB score was 
markedly lower in SCI mice injected with negative control or miR-15a mimics relative to those in sham group. B, MiR-15a 
was highly expressed in the impaired spinal cord of SCI mice than controls. C, D, Both mRNA and protein levels of STAT3 
were downregulated in SCI mice with miR-15a overexpression. E, F, SCI mice with miR-15a overexpression had lower levels 
of TNF-α and IL-6 relative to controls. G, TUNEL staining showed fewer apoptotic cells in SCI mice injected with miR-15a 
mimics than controls. *p<0.05, **p<0.01, ***p<0.001, &No significance.
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sequences, STAT3-WT and STAT3-MUT were 
constructed. The luciferase activity markedly 
decreased in cells co-transfected with microR-
NA-15a mimics and STAT3-WT, whereas those 
co-transfected with microRNA-15a mimics and 
STAT3-MUT did not show a significant change 
(Figure 4B, 4C). Hence, we proved that STAT3 
was the target gene of microRNA-15a. Both qRT-
PCR and Western blot showed that STAT3 ex-
pression was negatively regulated by microR-
NA-15a (Figure 4D, 4E). 

MicroRNA-15a Exerted its Function 
through Targeting STAT3

Since STAT3 has been proved to be the tar-
get gene of microRNA-15a, and its expression 
was negatively regulated by microRNA-15a, 
we speculated whether the regulatory effects 
of microRNA-15a on SCI was dependent on 
STAT3. The transfection efficacy of pcD-
NA-STAT3 was detected in C8-D1A and C8B4 
cells (Figure 5A). Moreover, the downregulated 
levels of TNF-α and IL-6 by transfection of 

Figure 4. STAT3 was the target gene of miR-15a. A, Potential binding sites between STAT3 and miR-15a. B, Transfection 
efficacy of miR-15a mimics and inhibitor. C, Luciferase activity markedly decreased in cells co-transfected with miR-15a 
mimics and STAT3-WT, whereas those co-transfected with miR-15a mimics and STAT3-MUT did not show significant 
change. D, E, Both qRT-PCR and Western blot showed that STAT3 expression was negatively regulated by miR-15a. *p<0.05, 
**p<0.01, ***p<0.001, &No significance.
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microRNA-15a mimics were partially reversed 
by STAT3 overexpression (Figure 5B, 5C). The 
inhibited apoptosis due to microRNA-15a over-
expression was greatly accelerated after trans-
fection of pcDNA-STAT3 (Figure 5D). There-
fore, we believed that microRNA-15a inhibited 
inflammation and apoptosis in SCI through 
degrading STAT3. 

Discussion 

SCI is common in traffic, labor, and sports 
accidents, which is a serious disabling injury to 

the central nervous system22. Patients with cer-
vical SCI often experience severe injuries and 
extremity dysfunction, posing a catastrophic 
impact on their life quality. Several pathways 
are involved in the SCI-induced secondary in-
jury. Recovery and clinical outcomes of SCI 
are closely related to inflammatory response, 
neuronal apoptosis, and oxidative stress at post-
SCI. Hence, the prevention of inflammation and 
apoptosis contributes to the improving the prog-
nosis of SCI22. 

In recent years, a variety of microRNAs has 
been identified in regulating the development and 
recovery of SCI. The upregulation of miR-133b 

Figure 5. MiR-15a exerted its function by targeting STAT3. A, Transfection efficacy of pcDNA-STAT3. B, C, Downregulated 
levels of TNF-α and IL-6 by transfection of miR-15a mimics were partially reversed by STAT3 overexpression. D, The 
inhibited apoptosis due to miR-15a overexpression was greatly accelerated after transfection of pcDNA-STAT3. *p<0.05, 
**p<0.01, ***p<0.001, &No significance. 



MicroRNA-15a inhibits inflammatory response and apoptosis after spinal cord injury via targeting STAT3

9197

markedly affects axonal regeneration through 
downregulating RhoA expression, which con-
tributes to post-SCI repair23. The up-regulation 
of miR-486 at post-SCI inhibits the expres-
sions of NeuroD6, GPx3, and TxnLI, leading 
to aggravated motor neuron degeneration due 
to the dysregulated active oxygen scavenging 
system24. Therefore, it is particularly important 
to study the role of microRNAs in the develop-
ment of SCI. Previous studies have pointed out 
the role of microRNA-15a in other diseases. For 
example, microRNA-15a-5p inhibits peritoneal 
dialysis-induced inflammation and fibrosis of 
peritoneal mesothelial cells through targeting 
VEGF-A25. However, the role of microRNA-15a 
in SCI is still rarely studied.

In this study, we detected the low expression 
of microRNA-15a in plasma of SCI patients and 
H2O2-induced in vitro SCI model. Meanwhile, 
STAT3 was highly expressed in SCI. The overex-
pression of microRNA-15a downregulated TNF-α 
and IL-6 in C8-D1A and C8B4 cells, and inhibit-
ed apoptosis confirming that microRNA-15a had 
a regulatory effect on inflammation and apop-
tosis26. To verify whether microRNA-15a had 
a similar function in the SCI mice, we injected 
microRNA-15a mimic or negative control into 
the tail vein of SCI mice. BBB was higher in SCI 
mice with microRNA-15a overexpression than 
in controls. Moreover, expressions of STAT3, 
TNF-α, and IL-6 decreased in the impaired spi-
nal cord of mice. Apoptosis was reduced in SCI 
mice with microRNA-15a overexpression as well. 
We believed that microRNA-15a exerted a repair 
function in SCI mice. 

JAK-STAT pathway is regulated by a variety 
of cytokines, showing a vital role in cellular 
behaviors. STAT3 is the most active molecule 
in the STAT family, which is capable of reg-
ulating cell growth, apoptosis, and cell cycle. 
The activation of STAT3 regulates inflamma-
tion and apoptosis at post-SCI7. In this paper, 
we indicated the binding of STAT3 to mi-
croRNA-15a through dual-luciferase reporter 
gene assay. Moreover, STAT3 overexpression 
reversed the inhibitory effect of overexpressed 
microRNA-15a on the mRNA and protein ex-
pressions of TNF-α and IL-6, and apoptosis. It 
is concluded that microRNA-15a inhibited in-
flammation and apoptosis at post-SCI through 
targeting and downregulating STAT3. Whether 
STAT3 is involved in the in vivo repair function 
of microRNA-15a in SCI mice, however, needs 
to be further investigated.

Conclusions

We revealed that microRNA-15a expression 
decreases in the SCI model, which participates 
in the process of SCI through regulating inflam-
matory response and cell apoptosis via targeting 
STAT3.
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