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1  |   INTRODUCTION

Spinal cord injury (SCI) can damage the motor and sen-
sory functions below the injury site, causing permanent 
disability in some patients.1,2 It has been reported that 
the incidence of SCI in China is >60,000 individuals an-
nually.3 There are few treatment options for SCI, which 
renders the investigation of its underlying mechanisms of 
utmost importance. Immediately following SCI, an initial 

disruption occurs, including mechanical tissue compres-
sion, stretching and decreased blood flow with resultant 
hypoxia, followed by the triggering of a complex set of sec-
ondary effects, largely induced by nerve cell apoptosis.4,5 
Other evidence from mouse and human investigations has 
confirmed the existence of a hypoxia zone in the SCI site, 
with induction of apoptosis surrounding the physical le-
sion.6 However, the mechanisms through which hypoxia 
mediates cell apoptosis have not yet been investigated fully.
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Abstract
MicroRNAs (miRNAs or miRs) serve essential roles in the pathogenic process of 
spinal cord injury (SCI). The present study investigated the role of miR-378-3p 
and autophagy-related 12 (ATG12) in SCI. RT-qPCR was used to detect the 
mRNA expression levels of miR-378-3p and ATG12. Cell viability and membrane 
integrity were evaluated using CCK-8 and LDH assays. For the analysis of the in-
teraction between miR-378-3p and ATG12, a dual-luciferase reporter assay was 
conducted. The hindlimb function of rats was detected with the Basso, Beattie 
and Bresnahan score, and the motor deficit index score was used to evaluate 
nerve function. Using these approaches, it was identified that miR-378-3p ex-
pression was downregulated, while that of ATG12 was upregulated in SCI tissues 
and in cells exposed to hypoxia. Hypoxia repressed the expression of miR-378-3p 
via hypoxia-inducible factor 1-α. The overexpression of miR-378-3p exerted anti-
apoptotic effects on nerve cells by directly repressing ATG12. The infusion of 
miR-378-3p improved hindlimb motor function and the neurological functions 
of rats with contusion SCI, which contributed to amelioration of functional defi-
cits and the relief of contusion SCI. Therefore, it was concluded that upregulated 
expression of miR-378-3p in PC12 or N2A cells repressed the apoptosis of nerve 
cells, and the administration of miR-378-3p in model rats with contusion SCI 
improved neurological and motor functions.

K E Y W O R D S

autophagy-related 12, microRNA-378-3p, spinal cord injury

www.wileyonlinelibrary.com/journal/iep
mailto:﻿
mailto:Liuxinweils@126.com


      |  201ZHANG et al.

MicroRNAs (miRNAs or miRs), endogenously ex-
pressed non-coding RNAs, can modulate gene transla-
tional efficiency or stability negatively via targeting the 
3′ untranslated region (3′UTR) of mRNAs.7 Aberrant 
miRNA expression profiles have been identified in adult 
rats following SCI. Moreover, further analysis using the 
bioinformatic approach has revealed that these miRNAs 
may contribute to inflammation, oxidation and apoptosis 
at the injury site.8 Under hypoxic conditions, miR-378-3p 
can exert anti-apoptotic effects in cardiomyocytes.9,10 
Hypoxia-induced exosomal miR-378-3p has been shown 
to promote H9c2 cell viability and inhibit apoptosis.11 
Another study suggested that miR-378 can alleviate cere-
bral ischaemic injury.12 However, there is limited research 
available on miR-378-3p in the development of SCI.

In addition, another possible component in SCI, sug-
gested by bioinformatic analysis, is that Autophagy-
related 12 (ATG12), a member of the Atg gene family that 
is known to conjugate with ATG3 to carry out key func-
tions in mitochondrial homeostasis and membrane integ-
rity,13 (mainly through further binding and inactivating 
the anti-apoptotic gene, Bcl-2, without an apparent role in 
autophagy,14) might play a role.

In this study, therefore, in summary, we have explored 
the role of miRNA-378-3p in SCI, with emphasis on both 
the cellular and molecular pathways involved, and on the 
neurological outcomes.

2  |   MATERIALS AND METHODS

2.1  |  Establishment of contusion SCI 
model

The present study was approved by the Animal Ethics 
Board of the General Hospital of Northern Theater 
Command (Shenyang, China). For the detection of miR-
378-3p and ATG12 expression, a total of 36 adult Sprague 
Dawley (SD) rats, weighing 250  ±  20  g, were randomly 
divided into two groups as follows: (a) the contusion SCI 
group (SCI group) and (b) sham-operated group (control 
group). The contusion SCI model was established as pre-
viously described.15 Rats were anaesthetized with isoflu-
rane (2 vol % of the isoflurane for inducing and 0.8 vol % 
of the isoflurane for maintaining anaesthesia), and no 
suggestion of pain or discomfort was observed. The skin 
was incised along the midline of the back, followed by 
the exposure of the vertebral column. A laminectomy 
was performed at the T9 level, and the spinal cord was 
impacted by a vertically dropped metal rod (10 g; 2 cm in 
diameter) from a height of 25 mm,16 and the spinal cord 
segments (10  mm long), including the injury epicentre, 
were obtained at day 1 (n = 6), day 4 (n = 6) and day 7 

(n = 6). The sham-operated group (control group, n = 18)
was subjected to the laminectomy but not received metal 
rod impact injury.

2.2  |  Grouping and injection of the 
recombinant adeno-associated viruses 
(rAAVs)

For the injection of rAAVs, another 18 adult SD rats, 
weighing 250  ±  20  g, were randomly divided into three 
groups as follows: The sham-operated group (which re-
ceived no microinjection), the SCI group injected with 
AAV-miR-NC (AAV-miR-NC group) and the SCI group 
injected with AAV-miR-378-3p (AAV-miR-378-3p group). 
Precisely, the injection of rAAVs (AAV-miR-NC or AAV-
miR-378-3p, which were produced and purchased from 
HanHeng, China) was performed immediately after the 
establishment of SCI as described above. Specifically, 
four intraspinal injections of 0.5  μL (1.3  ×  1010 vp/ml) 
each were administered into the left and right spinal 
cord, 1 mm lateral of the midline at a depth of 1.5 mm, 
1.2 mm rostral and 1.2 mm caudal to the injury epicentre 
(ie the edge of the bruise). The muscles and skin were then 
closed, and subcutaneous injections of antibiotic (Baytril 
5  mg  kg-1) and 5  ml of sterile lactated Ringer's solution 
were administered. The rats were housed individually and 
received injections of Baytril, Buprenorphine and lactated 
Ringer's solution for 3 days following surgery.17

2.3  |  Spinal cord function evaluation

The BBB motor rating scale was used to evaluate hindlimb 
motor function at 7 days postsurgery,18 which was evalu-
ated by two blind observers, and the mean value of the two 
observers’ scores was used. A score of 0 indicates no loco-
motion, and a score of 21 indicates normal motor func-
tions. The motor deficit index (MDI) score was used to 
evaluate the neurological functions according to the am-
bulation and placing/stepping responses at the time point 
of the rAAV injection for 7 days, which was conducted by 
an observer who was blinded to the group status. If the 
MDI was <3, the rats were considered not paraplegic; how-
ever, an MDI ≥3 indicated that the rats were paraplegic.19

2.4  |  Cell culture and exposure 
to hypoxia

Nerve cell lines, including the N2A and PC12 cells, pur-
chased from the Cell Resource Centre of Peking Union 
Medical College (Beijing, China), were grown in DMEM 



202  |      ZHANG et al.

(HyClone) supplemented with 100 U/ml penicillin, 
100  mg/mL streptomycin and 10% FBS (Gibco; Thermo 
Fisher Scientific) in a humidified atmosphere with 5% 
CO2 at 37°C. For exposure to hypoxia, AnaeroPack was 
used, in which the cells were placed and the oxygen ten-
sion in it dropped to <1% O2 within 1 hour.20

2.5  |  Cell transfection

miR-NC (sequence: UCACAACCUCCUAGAAAGAGUA​
GA), miR-378-3p mimics (sequence: ACUGGACUUGG​
AGUCAGAAGG), ASO-NC (antisense oligonucleotides ​
(ASO), sequence: UUGUACUACACAAAAGUACUG), 
ASO-378-3p (sequence: ACUGGACUUGGAGUCAGAA​
GG), si-NC (target sequence: AATTCTCCGAACGTG​
TCACGT), si-HIF1A (target sequence: CGTTGTGAG​
TGGTATTATT), pcDNA3 (OE-NC) and pcDNA3.1-
ATG12 (OE-ATG12) (GenePharma, China) were used 
for cell transfection at a final concentration of 50 nmol\L 
or 0.5 ng/µL, they were mixed with Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific) according to 
the manufacturer's instructions, and then the trypsin-
dispersed cells were added to this mixed medium and 
incubated for 15  minutes, followed by seeding the cells 
in 6-well plate.21 After 48 hours, the RNA/protein isola-
tion, CCK-8 and LDH assays, as well as luciferase reporter 
assay, were performed.

2.6  |  Cell viability and membrane 
integrity by CCK-8 and LDH release

To evaluate PC12 or N2A cell survival and membrane in-
tegrity following exposure to hypoxia, CCK-8 and LDH 
release assays were performed respectively. Cells, placed 
in 96-well plates, were supplemented with 10 μL CCK-8. 
The formazan, formed by CCK-8 reacting with dehydro-
genase in active cells, was detected using a microplate 
reader (Thermo Fisher Scientific) at optical density of 
450 nm. The culture medium was used for the LDH de-
tection of LDH activity using CytoTox 96 Non-Radioactive 
Cytotoxicity Kit (Promega) with a microplate reader. The 
percentage of the maximum enzymatic activity of a con-
trol sample was calculated as the LDH release rate.

2.7  |  TUNEL assay

Terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labelling (TUNEL) assay (Roche Applied 
Science, Mannheim, Germany) was performed to de-
tect cell apoptosis. The transfected cells were fixed in 

4% paraformaldehyde at room temperature, followed by 
treating with 0.1% Triton ˟-100 buffer for 5 minutes at 4°C. 
Then, 3% BSA was used for blocking, and incubated with 
TUNEL mixture for 1 hours at 37°C, followed by observ-
ing using fluorescent microscopy.

2.8  |  RNA extraction for RT-qPCR

Spinal cord segments (10 mm long), including the injury 
epicentre, were obtained.22 For RNA extraction from spi-
nal cord tissues and cells, TRIzol Reagent (Invitrogen; 
Thermo Fisher Scientific) was used. The cDNA Synthesis 
Kit was obtained from Invitrogen to synthesize cDNA, fol-
lowed by RT-qPCR using SYBR Mix (ABI) on a 7500 Fast 
Real-Time PCR System (Bio-Rad). For the quantification 
of the relative expression of miR-378-3p, ATG12 and Bax, 
the 2-ddCt method was used. U6 and GAPDH were used as 
loading controls.

2.9  |  Western blot analysis

Ultrasonicated spinal cord tissues (15  mg) were supple-
mented with lysis buffer (Beyotime Biotechnology), fol-
lowed by centrifugation at 4°C for 15 minutes at 11269 g; 
the supernatants were then collected. The PC12 or N2A 
cells were treated directly with lysis buffer. The Pierce BCA 
Kit (Pierce) was used to detect the concentration of the 
proteins. Equal amounts of protein were then loaded onto 
10% SDS-PAGE for protein separation, followed by trans-
ferring the proteins onto PVDF membranes (Invitrogen; 
Thermo Fisher Scientific) and blocking at room tempera-
ture for 1 hour using 5% skimmed milk. After the washing 
step, the membranes were incubated overnight with pri-
mary antibodies, including anti-ATG12 (1:2,000, #4180T; 
Cell Signaling Technology), anti-Bax (1:800, #6A7; 
Abcam), cleaved caspase-3 (Asp175) (1:500, #9661; Cell 
Signaling Technology) and anti-GAPDH (1:5000, AP0063; 
Bioworld) antibodies at 4°C. The membranes were incu-
bated with HRP-bound antibodies for 1 hour, and proteins 
were visualized by ECL reagents (Millipore).

2.10  |  Dual-luciferase reporter assay

Based on bioinformatic prediction database TargetScan 
(http://www.targe​tscan.org/vert_72), ATG12 was pre-
dicted as a potential target of miR-378-3p. To detect the di-
rect regulatory effects of miR-378-3p on ATG12, the ATG12 
3ʹUTR DNA fragment, which contained the predicted 
binding site of miR-378-3p, was inserted into the pmirGLO 
vector (Promega), resulting in pmirGLO-ATG12-3’UTR, 

http://www.targetscan.org/vert_72
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which was then co-transfected with miR-378-3p mimic, 
or ASO-378-3p mimic into N2A cells. The miR-378-3p 
promoter-luciferase reporter vector was constructed by 
ligating the pGL3 vector (Promega) with miR-378-3p pro-
moter. The Dual-Luciferase Reporter Assay Kit (Promega) 
was used to detect the luciferase activity.

2.11  |  Statistical analysis

Data are presented as the means ± SD, and the data were 
analysed using Prism v7 (GraphPad, Inc) with Student's t 
test (two groups) or one-way ANOVA followed by Tukey's 
test (more than two groups). A P < .05 was considered to 
indicate a statistically significant difference.

3  |   RESULTS

3.1  |  Expression of miR-378-3p and 
ATG12 levels is altered in tissues from rats 
with contusion SCI

To investigate the in vivo expression of miR-378-3p and 
ATG12, RT-qPCR was used and the results showed that 
the expression of miR-378-3p in SCI tissues was down-
regulated at 1, 4 and 7 days post-SCI in a time-dependent 
manner, compared with the control group (Figure  1A), 
while the mRNA expression levels of ATG12 were mark-
edly upregulated at 1, 4 and 7 days postcontusion SCI in 
a time-dependent manner (Figure 1B). Furthermore, the 
BBB score at 7  days in the SCI experimental group was 
significantly decreased compared with that in the con-
trol group (Figure  1C), suggesting that the downregula-
tion of miR-378-3p and the upregulation of ATG12 were 

associated with the hindlimb motor functions of the rats 
with contusion SCI.

3.2  |  Hypoxia induces the expression of 
ATG12 by repressing miR-378-3p

Since SCI is involved with nearby tissue hypoxia,23 we 
speculated that the expression of miR-378-3p and ATG12 
was affected by hypoxia. The results revealed that exposure 
to hypoxia repressed miR-378-3p expression (Figure  2A) 
and induced ATG12 expression (Figure  2B) in the 
PC12 and N2A cells, compared with the control group. 
Suppression of miR-378-3p expression by hypoxia was 
reversed by transfection with miR-378-3p mimics, and the 
hypoxia-induced expression of ATG12 was also reversed by 
transfection with miR-378-3p mimics (Figure 2A and B).

We further investigated whether miR-378-3p can 
be directly regulated by the hypoxia-inducible factor 
HIF1A, which can bind the consensus sequence 5ʹ-(A/G)
CGTG-3ʹ within the hypoxia response element (HRE). In 
the promoter of miR-378-3p, we found two potential HRE 
sites, which were constructed by ligating the pGL3 vec-
tor (Promega) with miR-378-3p promoter containing two 
HRE sites respectively (Figure 2C). Then, N2A cells were 
transfected with small interfering RNA (si-HIF1A) or 
negative control (NC) si-NC. As shown in Figure 2C, hy-
poxia repressed the luciferase activity of 378-Luc-HRE1, 
while the activity was increased by transfection with si-
HIF1A. However, there was no obvious alteration in the 
activity of 378-Luc-HRE2 in the presence of either hy-
poxia or si-HIF1A transfection. These findings indicated 
that hypoxia repressed the expression of miR-378-3p 
by influencing the activity of the miR-378-3p promoter 
(378-Luc-HRE1), resulting in the upregulation of ATG12.

F I G U R E  1   Expression of miR-378-3p and ATG12 is altered in tissues of rats with spinal cord injury (SCI). A, RT-qPCR was used to 
quantify the expression of miR-378-3p in the tissues of control rats and rats with SCI (n = 12). B, RT-qPCR and Western blot analysis were 
performed to detect the mRNA and protein expression levels of ATG12 (n = 12) respectively. C, BBB scoring was used to evaluate the 
hindlimb motor function. Data are reported as the means ± SD. *P < .05 vs control (t test)
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3.3  |  Overexpression of miR-378-3p 
exerts anti-apoptotic effects on nerve cells

To investigate the effect of miR-378-3p under hypoxia 
conditions, a CCK-8 assay was performed, which identi-
fied that the inhibition of cell viability induced by hypoxia 
was reversed by miR-378-3p overexpression, while it was 
exacerbated by miR-378-3p knockdown (Figure 3A). We 
then analysed membrane integrity by LDH release assay, 
which confirmed that exposure to hypoxia promoted LDH 
release, which was attenuated by transfection with miR-
378-3p mimics, while miR-378-3p knockdown further 
promoted the hypoxia-induced LDH release (Figure 3B). 
Furthermore, hypoxia markedly increased Bax expression, 
which was reversed by transfection with miR-378-3p mim-
ics, while it was exacerbated by ASO-378-3p (Figure 3C). 
TUNEL assay further confirmed miR-378-3p reversed 
hypoxia-induced apoptosis (Figure 3D). These results in-
dicated that miR-378-3p exerted an anti-apoptotic effect 
on N2A cells under hypoxic conditions.

3.4  |  Expression of ATG12 is directly 
regulated by miR-378-3p in N2A cells

Bioinformatic analysis (TargetScan) was performed and 
predicted that miR-378-3p may target ATG12 potentially. 

To identify this hypothesis, the pmirGLO vector was 
used for constructing the ATG12-WT with the seed se-
quence AGUCCAG of miR-378-3p (Figure  4A) and the 
ATG12 3’UTR-mut, which mutated the seed sequence 
AGUCCAG to ACACCTC. Compared with miR-NC, the 
overexpression of miR-378-3p decreased ATG12 expres-
sion (Figure  4B and C), and it inhibited the activity of 
ATG12-3’UTR-WT; no difference was noted in ATG12 
3ʹUTR-mut activity between the two groups (Figure 4D). 
Compared with ASO-NC, the knockdown of miR-378-3p 
by ASO-378-3p upregulated ATG12 mRNA and protein 
expression (Figure 4B and C), and it promoted the activ-
ity of ATG12-3’UTR-WT; no significant difference was 
observed in ATG12 3’UTR-mut activity between the two 
groups (Figure  4D). These results indicate that miR-
378-3p can directly target the 3’TUR of ATG12 and repress 
its mRNA and protein expression.

3.5  |  miR-378-3p-mediated hypoxia-
induced apoptosis is reversed by ATG12 
overexpression

We further investigate whether ATG12 mediated down-
stream effect of miR-378-3p. The results showed that in the 
N2A cells, exposure to hypoxia significantly inhibited cell 
viability and promoted apoptosis, which was significantly 

F I G U R E  2   The upregulation of ATG12 induced by hypoxia is mediated via miR-378-3p. A, RT-qPCR was used to detect the expression 
of miR-378-3p in PC12 and N2A cells in the control or hypoxia-exposed group, or in cells transfected with miR-NC or miR-378-3p mimics. 
B, Expression of ATG12 in PC12 and N2A cells in the control or hypoxia-exposed group, or in cells transfected with miR-NC or miR-378-
3p mimics. C, The luciferase reporter construct 378-Luc-HRE1 or 378-Luc-HRE2 was examined in N2A cells in the control (Ctrl), hypoxia, 
hypoxia+si-NC or hypoxia-si-HIF1A group. Data are reported as the means ± SD. *P < .05 vs control (t test)
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F I G U R E  3   miR-378-3p regulates nerve cell viability and apoptosis. A, CCK-8 assay was performed to analyse the cell viability in PC12 
and N2A cells treated with hypoxia, or transfected with miR-NC, miR-378-3p, ASO-NC or ASO-378-3p. B, LDH assay was performed to 
detect the cell membrane integrity in PC12 and N2A cells exposed to hypoxia, or transfected with miR-NC, miR-378-3p, ASO-NC or ASO-
378-3p. C, The mRNA expression of Bax was detected by RT-qPCR in the PC12 and N2A cells exposed to hypoxia, or transfected with miR-
NC, miR-378-3p, ASO-NC or ASO-378-3p. D, TUNEL assay was performed to detect cell apoptosis. Data are reported as the means ± SD. 
*P < .05 (t test) [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  4   miR-378-3p targets 
ATG12 directly in N2A cells. A, Predicted 
miR-378-3p binding site in the ATG12 
3’UTR. B and C, RT-qPCR and Western 
blot analysis were performed to detect 
the mRNA and protein expression levels 
of ATG12 in N2A cells transfected with 
miR-NC, miR-378-3p, ASO-NC or ASO-
378-3p. D, Relative luciferase activity of 
ATG12-3’UTR and ATG12-3’UTR-mut 
in N2A cells transfected with miR-NC, 
miR-378-3p, ASO-NC or ASO-378-3p 
NC respectively. Data are reported as the 
means ± SD. *P < .05 vs NC (t test)

https://onlinelibrary.wiley.com/
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reversed by transfection with miR-378-3p mimics, while 
the effect was further reversed by co-transfection with 
OE-ATG12 (Figure 5A and B). Furthermore, it was found 
that under hypoxic conditions, miR-378-3p inhibited the 
level of Cle-caspase-3, ATG12 overexpression promoted 
the level of Cle-caspase-3, while co-transfection with miR-
378-3p mimics and OE-ATG12 reversed the effects medi-
ated by miR-378-3p mimics or OE-ATG12 respectively 
(Figure 5C). This suggested that miR-378-3p exerted anti-
apoptotic effects via ATG12 under hypoxic conditions.

3.6  |  miR-378-3p improves motor 
functions and neurological functions in 
rats with SCI

To further evaluate the effect of miR-378-3p on spinal func-
tion in rats with contusion SCI, the MDI scale and BBB score 
were used. The results illustrated that the decreased MDI 

and increased BBB scores returned to levels similar to those 
of the sham-operated group by AAV-miR-378-3p, suggest-
ing that miR-378-3p exerted neuroprotective effects on adult 
rats with contusion SCI (Figure 6A and B). Compared with 
AAV-miR-NC, the expression of miR-378-3p was increased, 
while ATG12 expression was decreased by AAV-miR-378-3p 
in the spinal tissue (Figure 6C and D), suggesting that the 
administration of miR-378-3p can improve the motor and 
neurological functions of rats with contusion SCI.

4  |   DISCUSSION

The present study demonstrated that miR-378-3p expres-
sion was downregulated and that of ATG12 was upregu-
lated in tissues of rats with contusion SCI and in nerve 
cells, suggesting an association between miR-378-3p and 
ATG12 in the pathogenesis of contusion SCI. Hypoxia in-
duced ATG12 expression by directly repressing miR-378-3p 

F I G U R E  5   Hypoxia regulates ATG12 through miR-378-3p, participating in nerve cell apoptosis. N2A cells were grouped as Ctrl, 
hypoxia, hypoxia+miR-NC+OE-NC, hypoxia+miR-378-3p+OE-NC, hypoxia+miR-NC+OE-ATG12 and hypoxia+miR-378-3p+OE-ATG12. 
A, CCK-8 assay was performed to detect cell viability; B, LDH assay was performed to detect the membrane integrity; C, Western blot 
analysis was performed to detect cleaved caspase-3 expression

F I G U R E  6   miR-378-3p improves 
motor and neurological functions of rats 
with SCI. A, MDI and BBB scores were 
detected in rats with SCI infused with 
AAV-miR-378-3p (n = 12) or AAV-miR-
NC (n = 12). B, RT-qPCR was performed 
to detect the levels of miR-378-3p and 
ATG12 in spinal tissues. Data are reported 
as the means ± SD. *P < .05
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in N2A cells. The upregulation of ymiR-378-3p expression 
improved neurological and motor functions by downregu-
lating ATG12 expression, which contributed to the ame-
lioration of rats with contusion SCI.

Alterations in miRNAs have been observed in the spinal 
cord, including three types: upregulated, downregulated 
and those initially upregulated followed by downregula-
tion following SCI.24 It was further revealed that the al-
tered miRNAs exert various effects on the regulation of 
cell growth and apoptosis.25 It has been reported that the 
upregulation of miR-20a persists for at least 1 week. The 
administration of miR-20a into normal mouse spinal cord 
can produce symptoms similar to those of SCI, including 
neural cell apoptosis, whereas anti-miR-20a can decrease 
apoptosis and ameliorate the functional deficits.8 In a 
similar manner, in a previous study, following SCI, miR-
486 expression was induced in 7  days, and miR-486 ad-
ministration into the normal spinal cord of mice induced 
neuronal death, whereas miR-486 silencing decreased 
neuronal death and improved motor function.26 This 
study suggested that long-term contusion SCI decreased 
miR-378-3p expression.

The effects of miRNAs on cell apoptosis are exerted due 
to the changes in their targets, which are associated with 
apoptotic functions. For example, miR-146a downregula-
tion induces cell apoptosis by increasing the expression 
of the pro-apoptotic protein, caspase-3.27 On the contrary, 
miR-21 overexpression inhibits neural cell death via the 
downregulation of the pro-apoptotic gene, Fas ligand.28 In 
this study, it was confirmed that miR-378-3p can directly 
target ATG12. It is generally accepted that ATG12 is a key 
mediator in promoting the formation of apoptotic vacu-
oles 29 by conjugating to ATG5 or ATG3,30 which therefore 
promotes mitochondrial apoptosis by associating with 
Bcl-2.14 In the present study, we identified that nerve cell 
apoptosis can be promoted by ATG12, the upregulation 
of which can rescue miR-378-3p–mitigated cell apoptosis 
under hypoxic conditions. In fact, crosstalk between apop-
tosis and autophagy has been observed, with Bcl-2 family 
proteins functioning as a bridge for the two pathways.14 A 
major limitation of this study is that we did not investigate 
whether the miR-378-3p/ATG12 axis is involved in the 
regulation of autophagy in contusion SCI, which warrants 
further investigation.

In conclusion, the present study demonstrated that 
the upregulation of miR-378-3p repressed the apoptosis 
of nerve cells and improved neurological and motor func-
tions by targeting ATG12, which may provide a further 
basis for the investigation of the molecular mechanisms 
and therapy of contusion SCI.
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