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MicroRNA-135a-5p Promotes the Functional
Recovery of Spinal Cord Injury
by Targeting SP1 and ROCK
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Emerging evidence indicates that microRNAs play a pivotal
role in neural remodeling after spinal cord injury (SCI). This
study aimed to investigate the mechanisms of miR-135a-5p
in regulating the functional recovery of SCI by impacting its
target genes and downstream signaling. The gene transfection
assay and luciferase reporter assay confirmed the target rela-
tionship between miR-135a-5p and its target genes (specificity
protein 1 [SP1] and Rho-associated kinase [ROCK]1/2). By
establishing the H2O2-induced injury model, miR-135a-5p
transfection was found to inhibit the apoptosis of PC12 cells
by downregulating the SP1 gene, which subsequently induced
downregulation of pro-apoptotic proteins (Bax, cleaved cas-
pase-3) and upregulation of anti-apoptotic protein Bcl-2. By
measuring the neurite lengths of PC12 cells, miR-135a-5p
transfection was found to promote axon outgrowth by downre-
gulating the ROCK1/2 gene, which subsequently caused upre-
gulation of phosphate protein kinase B (AKT) and phosphate
glycogen synthase kinase 3b (GSK3b). Use of the rat SCI
models showed that miR-135a-5p could increase the Basso,
Beattie, and Bresnahan (BBB) scores, indicating neurological
function recovery. In conclusion, the miR-135a-5p-SP1-Bax/
Bcl-2/caspase-3 and miR-135a-5p-ROCK-AKT/GSK3b axes
are involved in functional recovery of SCI by regulating neural
apoptosis and axon regeneration, respectively, and thus can be
promising effective therapeutic strategies in SCI.
Received 12 May 2020; accepted 28 August 2020;
https://doi.org/10.1016/j.omtn.2020.08.035.
4These authors contributed equally to this work.
5Senior author

Correspondence: Limin Rong, Department of Spine Surgery, The Third Affiliated
Hospital of Sun Yat-Sen University, No. 600 Tianhe Road, Tianhe District,
Guangzhou, Guangdong Province, People’s Republic of China.
E-mail: ronglm@mail.sysu.edu.cn
INTRODUCTION
Spinal cord injury (SCI) is a severe central nervous system disease that
can cause permanent disabilities. However, there is currently no effec-
tive therapy used in the clinic.1 It is generally recognized that SCI-
induced neurological deficits are not only a consequence of the initial
damage to the parenchyma, but also the secondary events that occur
after the primary injury, which increase the complexity and refractory
nature of the disease.2 Oxidative stress, caused by reactive oxygen spe-
cies (ROS), following SCI plays a crucial role in cell death and lesion
expansion and can lead to the apoptosis of neurons.3–5 Alternatively,
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axon regrowth can be inhibited by neuronal growth inhibitors in the
local environment after SCI.6 Therefore, investigating the genetic and
epigenetic mechanisms of neuronal protection and axon regrowth has
been the focus of studies on SCI repair.7,8 MicroRNAs (miRNAs) can
bind to the 30 untranslated region (UTR) of target messenger RNAs
and, thus, negatively regulate gene expression at the mRNA and pro-
tein levels.9 Increasing numbers of studies have shown the regulation
of miRNAs in promoting axon outgrowth and inhibiting oxidative
stress-induced neuronal apoptosis.10–12

miR-135a-5p has been verified to be downregulated in injured spinal
cord tissue by analyzing the Gene Expression Omnibus (GEO):
GSE19890 dataset. It was found to be a stimulator of axon regrowth
and also play a neuroprotective role by inhibiting cellular
apoptosis.13,14 However, there is still no report investigating the
mechanisms of miR-135a-5p in regulating the neuronal functional re-
covery of SCI, especially in terms of its target genes and the signaling
pathway. Based on the predicted results of the TargetScan searching
tool,15 635 genes were found to be the targets of miR-135a-5p. Among
these 635 genes, specificity protein 1 (SP1) and Rho-associated kinase
(ROCK) seem to be important since they were implicated in regu-
lating neural apoptosis and axon regeneration.16–19 It is also known
that the target genes obtained from TargetScan should be determined
based on either experimental verification or subsequent computa-
tional prediction, namely requiring confirmation by performing the
luciferase reporter assay in the present study. The results of this assay
identified the binding sequence of the target sites between miR-135a-
5p and these two genes and, thus, validated their target relationships.
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Figure 1. miR-135a-5p Expression Levels Were

Decreased after SCI, and miR-135a-5p May Target

SP1 and ROCK1/2 and Modulate Neurological

Recovery

(A) Heatmap of the differentially expressed miRNAs. (B) rno-

miR-135a was significantly downregulated after injury. (C)

TargetScan prediction of target sites betweenmiR-135a-5p

and SP1 and ROCK1/2. (D and E) Enriched biological

processes (D) and signaling pathways (E) of the target

genes of miR-135a-5p, rno-miR-135a, and miR-135a-5p.
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Based on the results obtained from the TargetScan searching tool and
our present study, SP1 and ROCK1/2 were thought to have great sig-
nificance in SCI repair and hypothesized to be involved in miR-135a-
5p-associated axes in mediating neuronal apoptosis and axon
regeneration.

SP1 was found to be consistently overexpressed in motor neurons
during the injury response following SCI.20 The overexpression of
SP1 induced by neuronal oxidative stress was shown to induce cell
apoptosis by binding several apoptosis-related genes (Bax, Bcl-2,
and caspase-3) and activating the apoptosis pathway consisting of
the Bax/Bcl-2/caspase-3 axis.16,21,22 The downregulation of Bcl-2, as
well as the upregulation of Bax and caspase-3, have been detected
in injured spinal cord tissue.23,24 Based on these facts, SP1 and its
downstream Bax/Bcl-2/caspase-3 signaling axis were chosen for
further investigation regarding the mechanism of miR-135a-5p in
regulating neuronal apoptosis. To date, there have been no reports
clarifying the relationship between miR-135a-5p and Sp1 in neuronal
protection following SCI.

Rho-associated kinase (ROCK) has been confirmed as a direct target
gene of miR-135a-5p in multiple diseases.25,26 Since ROCK can act as
an axon growth inhibitor, the inhibition of ROCK has been shown to
1064 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
be a potential therapeutic approach to enhance
axon outgrowth.27 Moreover, the phosphate pro-
tein kinase B (AKT)/glycogen synthase kinase 3b
(GSK3b) pathway was shown to be a potential
downstream signaling pathway of ROCK, since
ROCK activity activates phosphatase and tensin
homolog (PTEN) to downregulate Akt activity
and upregulate GSK3b activity in sequence.28

The activation of AKT and the GSK3b pathway
has been shown to regulate the neuron growth
by promoting the establishment, elongation,
and development of axons.29,30 Based on these
facts, ROCK and its downstream AKT/GSK3b
pathways were selected for further investigation
regarding the mechanisms of miR-135a-5p in
regulating axon regeneration.

This study aimed to investigate the mechanisms
of miR-135a-5p in regulating neuronal apoptosis
and axon regeneration following SCI. The target relationship between
miR-135a-5p and genes (SP1 and ROCK) was found to be involved in
neuronal apoptosis and axon outgrowth during the neural recovery
process following SCI. The miR-135a-5p/Sp1 and miR-135a-5p/
ROCK axes might be promising therapeutic targets to promote the
functional recovery of damaged spinal cords.

RESULTS
Identification of Differentially Expressed miRNAs Based on a

Selected Public Dataset

As shown in Figure 1A, 26 differentially expressed (DE) miRNAs
were identified by differential expression analysis. This included 4 up-
regulated DE miRNAs (miR-223, miR-144, miR-21, and miR-142-
5p) and 22 downregulated DE miRNAs (e.g., miR-434, miR-135a,
miR-29c, and miR-376a).

Functional Similarity between Literature-Mined miRNAs and DE

miRNAs with a High Correlation

By mining the scientific literature,31–34 32 miRNAs were identified to
be closely related to neurological recovery. After Pearson’s correlation
coefficient (PCC) analysis, 10 miRNAs were found to be highly asso-
ciated with neurological recovery. Table 1 shows the functional sim-
ilarity between the 32 miRNAs identified by literature mining and the



Table 1. The Functional Similarity Relationship between the 32 miRNAs

Obtained by Literature Mining and 10 miRNAs Obtained by the PCC

Analysis

Known miRNA DE miRNA JI Path JI bps JI Targets CC

rno-miR-124-3p rno-miR-135a-5p 0.3372 0.1175 0.2431 0.9351

rno-miR-124-3p rno-miR-379-5p 0.3218 0.0843 0.2126 0.95673

rno-miR-26a-5p rno-miR-127-3p 0.2812 0.1458 0.26 0.96613

rno-miR-124-3p rno-miR-411-5p 0.2609 0.1106 0.4526 0.97167

rno-miR-124-3p rno-miR-411-5p 0.2239 0.0391 0.1531 0.96323

rno-miR-541-5p rno-miR-383-5p 0.2222 0.0942 0.2582 0.96027

rno-miR-124-3p rno-miR-10b-5p 0.1935 0.127 0.1954 0.97697

rno-miR-182 rno-miR-128-3p 0.1772 0.3117 0.3238 0.97397

rno-miR-34a-5p rno-miR-434-3p 0.1429 0.1658 0.2019 0.95197

rno-miR-34a-5p rno-miR-329-3p 0.1429 0.1349 0.3789 0.97873

rno-miR-124-3p rno-miR-434-3p 0.1343 0.0843 0.2423 0.954

rno-miR-124-3p rno-miR-383-5p 0.1186 0.1675 0.3438 0.9617

rno-miR-182 rno-miR-125a-5p 0.1053 0.1591 0.243 0.97253

rno-miR-34a-5p rno-miR-329-3p 0.0909 0.0411 0.1463 0.95967

rno-miR-124-3p rno-miR-379-5p 0.0702 0.2059 0.2541 0.9807

rno-miR-182 rno-miR-379-5p 0.0588 0.0946 0.2274 0.95337

JI, Jaccard index, which means the similarity between the two miRNAs; Path, pathway;
bps, biological processes; CC, correlation coefficient.

Figure 2. The Expression Levels of miR-135a-5p Were Reduced, while SP1

and ROCK1/2 Were Overexpressed in the Damaged Spinal Cord Tissues of

Rats

Spinal cord samples were collected and analyzed. (A) miR-135a-5p was signifi-

cantly decreased at 3 days post-SCI (n = 3). (B) Protein levels in spinal cords. (C) The

expression levels of SP1, ROCK1, and ROCK2 proteins on 2 and 3 days post-SCI

were significantly increased compared with that examined in the sham group (n = 3).

Statistical data were measurement data, described as mean ± standard deviation.

*p < 0.05, **p < 0.01, when compared with the sham group.
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10 miRNAs identified by PCC analysis. miR-135a-5p and miR-124-
3p were highly similar, and their expression levels were correlated.
miR-135a-5p had a significant advantage in terms of all parameters,
including the Jaccard index pathway (JI path), Jaccard index biolog-
ical processes (JI bps), Jaccard index gene targets (JI targets), and
the correlation coefficient (CC). miR-124-3p is an experimentally
validated miRNA, with a role in promoting neurological recov-
ery.35–37 The target genes of miR-135a-5p were closely associated
with the signaling pathways of neurological recovery. All of these an-
alyses showed that miR-135a-5p was significantly downregulated af-
ter injury (Figure 1B). These findings showed that miR-135a-5p dys-
regulation might be involved in SCI by regulating neurological
function recovery.

Biological Processes and Signaling Pathways Enriched for miR-

135a-5p

The enriched biological processes and signaling pathways of the
target genes of miR-135a-5p are shown in Figures 1D and 1E, respec-
tively. As shown in Figure 1D, the target genes of miR-135a-5p were
involved in several biological processes related to neural regeneration,
such as axon development, microtubule-based movement, microtu-
bule cytoskeleton organization, positive regulation of neuron differ-
entiation, and positive regulation of neuron projection development.
As shown in Figure 1E, the target genes of miR-135a-5p were involved
in several signaling pathways related to neural regeneration, such as
insulin signaling, estrogen signaling, Ras signaling, ErbB signaling,
actin cytoskeleton regulation, axon guidance, and focal adhesion.
Based on these findings, we speculated that miR-135a-5p played a
critical role in functional recovery after SCI.

Relationship between miR-135a-5p and SP1 and ROCK1/2

As shown in Figure 1C, miR-135a-5p targeted position 339–345 of the
30 UTR of SP1, position 706–713 of the 30 UTR of ROCK1, and posi-
tion 570–576 of the 30 UTR of ROCK2. Based on the fact that miRNAs
negatively regulate the expression of their target genes, the downregu-
lation of miR-135a-5p was predicted to induce the upregulation of
SP1 and ROCK1/2 genes following SCI,38,39 thus validating the nega-
tive relationship between the expression of miR-135a-5p and SP1 and
ROCK1/2.

Expression of miR-135a-5p, SP1, and ROCK after SCI

Rat SCI models were established to verify the aforementioned bioin-
formatics results. The results demonstrated that the miR-135a-5p
expression level was significantly decreased at 3 days after SCI
when compared with those in the sham group (Figure 2A). Moreover,
the expression levels of SP1, ROCK1, and ROCK2 proteins were
significantly increased compared with their levels in the sham group,
3 days after SCI (Figures 2B and 2C).
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H2O2 Induced PC12 Cell Injury

Different dosages of H2O2 (0-400 mM) were used to stimulate PC12
cells, and cell viability was subsequently determined using the Cell
Counting Kit-8 (CCK-8) assay. PC12 cell viability was clearly reduced
by H2O2 at doses of 25, 50, 100, 200, and 400 mM. Based on the fact
that 100 mM H2O2 suppressed cell viability by 50% (Figure 3A), this
dosage was used in subsequent experiments to stimulate PC12 cells.
Apoptosis assays showed that the percentage of apoptotic cells was
markedly higher in the H2O2-treated group than in the control group
(Figures 3D and 3E). Similarly, the western blotting analysis showed
that H2O2 downregulated Bcl-2 (anti-apoptotic protein) levels and
upregulated Bax and cleaved caspase-3 (pro-apoptotic factors) levels,
resulting in increased apoptosis (Figures 3G and 2H). These results
suggested that H2O2 promoted the apoptosis of PC12 cells.

Overexpression of miR-135a-5p Improved PC12 Cell Viability

and Reduced Apoptosis

The expression levels of miR-135a-5p or SP1 in PC12 cells were deter-
mined by using quantitative reverse transcriptase-polymerase chain
reaction (qRT-PCR) analysis after miR-135a-5p transfection and
H2O2 stimulation. The results showed that PC12 cells were stably
transfected with a miR-135a-5p mimic, a miR-135a-5p inhibitor, or
their respective negative control (NC) RNAs (Figure 3B). miR-
135a-5p expression levels were significantly decreased, while SP1
expression levels were significantly increased when compared with
those in the control group at 24 h after H2O2 stimulation (Figure 3B).
The effects of miR-135a-5p expression on H2O2-diminished cell
viability were detected in PC12 cells. The viability of PC12 cells was
found to be significantly decreased after H2O2 exposure. The viability
of cells transfected with miR-135a-5p mimics was much higher than
the viability of cells in the miR-135a-5p NC group, while cell viability
was lower in the miR-135a-5p inhibitor group than in the miR-135a-
5p NC group. Furthermore, the downregulation of SP1 fully rescued
cell viability that was decreased by the miR-135a-5p inhibitor
(Figure 3F).

The impact of miR-135a-5p on H2O2-induced apoptosis was then
evaluated by assessing apoptosis severity and measuring changes
in the expression of apoptosis-associated proteins following trans-
fection. The percentage of apoptotic cells significantly increased
following H2O2 exposure. The apoptotic rate decreased in cells
transfected with miR-135a-5p mimics, compared to cells in the
NC group that were treated with H2O2 (Figures 3D and 3E). In
contrast, the apoptotic rate was significantly increased in the miR-
135a-5p inhibitor group compared with the inhibitor NC group
(Figures 3D and 3E). Furthermore, the western blotting analysis
showed that, in the miR-135a-5p group, the levels of Bax and
cleaved caspase-3 were lower, while the level of Bcl-2 was higher
compared with the mimic NC group (Figure 3G). As expected,
Bax and cleaved caspase-3 were upregulated, whereas Bcl-2 was
downregulated in the miR-135a-5p inhibitor group when compared
with the NC group (Figure 3G). These data suggested that miR-
135a-5p overexpression protects PC12 cells against H2O2-induced
apoptosis.
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miR-135a-5p Protected PC12 Cells from Oxidative Damage by

Inhibiting SP1 Expression

PC12 cells stably transfected with a miR-135a-5p mimic, a miR-135a-
5p inhibitor, or their respective NC RNAs were treated with H2O2, af-
ter which SP1 expression and cellular injury were evaluated. The re-
sults showed that there was a significant downregulation of SP1 levels
in the H2O2 + mimic cells when compared with the H2O2 + mimic
NC cells, while there was a significant upregulation of SP1 levels in
the H2O2 + inhibitor cells compared with the H2O2 + inhibitor NC
cells. Furthermore, small interfering RNA (siRNA) transfection suc-
cessfully downregulated SP1 (Figure 3C).

However, H2O2-induced PC12 cell apoptosis was reversed by trans-
fection with miR-135a-5p mimics or an SP1-specific siRNA (Fig-
ure 3H). When compared with the normal group, the levels of pro-
apoptotic proteins (cleaved caspase-3 and Bax) were downregulated,
while significant increases in the levels of anti-apoptotic proteins (Bcl-
2) were observed (Figures 3G and 3H). Meanwhile, lower expression
levels of anti-apoptotic proteins and higher expression levels of pro-
apoptotic proteins were found in the H2O2 + miR-135a-5p inhibitor
group compared with the H2O2 + inhibitor NC group (Figure 3G).
Furthermore, the downregulation of SP1 fully rescued the apoptosis
rate and apoptosis-related protein levels that were decreased by the
miR-135a-5p inhibitor (Figure 3H).

miR-135a-5p Promoted Neurite Outgrowth in PC12 Cells by

Inhibiting ROCK Expression and Regulating the AKT/GSK3b

Signaling Pathway

In order to investigate whether miR-135a-5p can regulate neurite
outgrowth, PC12 cells were transfected with miR-135a-5p mimic,
miR-135a-5p inhibitor, or their respective NC RNAs. The final results
showed that axons in PC12 cells transfected with the miR-135a-5p
mimic had a significant increase in neurite extension compared to
those transfected with the NC mimic (Figures 4A and 4B). Further-
more, whether the knockdown of miR-135a-5p could inhibit the neu-
rite extension was examined in the present study. PC12 cells trans-
fected with the miR-135a-5p inhibitor showed a significant decrease
in neurite length (Figures 4A and 4B).

qRT-PCR analysis demonstrated that the mRNA levels of ROCK1
and ROCK2 were affected by the modulation of miR-135a-5p and
by transfection with ROCK1- and ROCK2-specific siRNAs (Figures
4C and 4D). In addition, western blotting analysis indicated that
the expression levels of ROCK1 and ROCK2 were significantly
decreased in PC12 cells transfected with the miR-135a-5p mimic,
whereas inhibitors of miR-135a-5p increased ROCK1 and ROCK2
levels (Figures 4E and 4F). Afterward, the underlying mechanism of
miR-135a-5p-ROCK in regulating axon outgrowth was explored by
investigating its potential downstream AKT/GSK3b pathway. The
experimental results showed that the phosphorylation levels of
AKT (Ser473 and Thr308) and GSK3b (Ser9) were significantly
higher in miR-135a-5p-overexpressing cells than that in cells express-
ing the NC mimic. Moreover, cells treated with miR-135a-5p inhibi-
tor showed reduced phosphorylation levels of members of this



Figure 3. miR-135a-5p Protects against H2O2-Induced PC12

cell Damage

(A) PC12 cells were treated with various H2O2 dosages

(0–400 mM), and CCK-8 experiments were performed to assess

cell viability. The dosage of 100 mMH2O2 was selected and used to

treat PC12 cells (n = 6). (B) Expression levels of miR-135a-5p or

SP1 in PC12 cells after miR-135a-5p transfection and H2O2

stimulation (n = 3). (C) RNA levels of SP1 in cells transfected with

135a mimic, 135a inhibitor, siSP1, or their NCs (n = 3). (D)

Apoptotic cell rate (n = 6). (E) The percentage of apoptotic cells

significantly increased in H2O2 group; The apoptotic rate

decreased in cells transfected with miR-135a-5p mimics,

compared to the NC group; the apoptotic rate was significantly

increased in the miR-135a-5p inhibitor group compared with the

NC group; The siSP1 could rescue the apoptosis induced by miR-

135a-5p inhibitor. (F) Cell viability (n = 6). (G) The levels of pro-

apoptotic proteins (cleaved caspase-3 and Bax) were down-

regulated, while significant increases in the levels of anti-apoptotic

proteins (Bcl-2) were observed in miR-135a-5p mimic group or an

siSP1 group; whereas Bax and cleaved caspase-3 were upregu-

lated, Bcl-2 was downregulated in the miR-135a-5p inhibitor

group. (n = 3). (H) The downregulation of SP1 rescued the

apoptosis rate and apoptosis-related protein levels that were

decreased by the miR-135a-5p inhibitor. (n = 3). Statistical data

were measurement data, described asmean ± standard deviation;

*p < 0.05, **p < 0.01, ***p < 0.001. NC, negative control; 135a,

miR-135a-5p; siSP1, siRNA targeting SP1.
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pathway compared to cells in the inhibitor NC group (Figures 4E and
4F). These results validated that miR-135a-5p dysregulation impacted
AKT/GSK3b signaling.

The Regulatory Effect of miR-135a-5p on Axon Outgrowth and

the AKT/GSK3b Signaling Pathway Was Mediated by ROCK

To determine whether miR-135a-5p inhibition impaired axon
regeneration by regulating ROCK1 and ROCK2 levels, rescue exper-
iments were performed in order to examine whether the downregu-
lation of ROCK1 and ROCK2 was able to reverse the inhibitory
effect of the miR-135a-5p inhibitor on axon outgrowth. The down-
regulation of ROCK1 and ROCK2 was found to fully rescue the axon
regrowth that was blocked by the miR-135a-5p inhibitor (Figures 4A
and 4B). Similarly, the reduced levels of phosphorylated AKT
(Ser473 and Thr308) and GSK3b (Ser9) induced by the miR-135a-
5p inhibitor were reversed by the downregulation of ROCK1 and
ROCK2 (Figures 4G and 4H). These results showed that dysregula-
tion of the miR-135a-5p-regulated AKT/GSK3b pathway was medi-
ated by ROCK1/2.

miR-135a-5p Directly Targeted SP1, ROCK1, and ROCK2

The luciferase reporter assay was performed to confirm the binding
relationship between miR-135a-5p and three potential target genes
(SP1, ROCK1, and ROCK2). As expected, miR-135a-5p mimics
markedly inhibited the luciferase activity of wild-type (WT) SP1,
ROCK1, and ROCK2 reporters in HEK293T cells. However, lucif-
erase activity of mutant (MUT) SP1, ROCK1, and ROCK2 reporters
was not significantly changed following miR-135a-5p mimic or NC
mimic transfection (Figures 5A–5C). These findings indicated that
miR-135a-5p directly targeted SP1, ROCK1, and ROCK2.

miR-135a-5p Promoted Functional Recovery and Neurite

Outgrowth after SCI

Functional recovery after SCI was further analyzed, and the data
demonstrated that miR-135a-5p significantly increased Basso, Beat-
tie, and Bresnahan (BBB) scores after SCI, compared with those of
the control and NC groups, and that the BBB scores further increased
4 weeks after treatment (Figure 6A).

Immunofluorescence analysis showed that miR-135a-5p promoted
the expression of growth-associated protein 43 (GAP43) and neuro-
filament 200 (NF-200) at day 7 after intrathecal injection, while the
control group and the agomir-NC group, with no miR-135a-5p
Figure 4. Overexpression of miR-135a-5p Promotes Neurite Outgrowth in PC1

(A) Neurite length in PC12 cells transfected with 135a mimic, 135a inhibitor, siROCK, or

135a-5p mimic group had a significant increase in neurite extension compared to thos

showed a significant decrease in neurite length (n = 100). (C and D) RNA levels of ROC

ROCK1/2, Ser473-pAKT/AKT, Thr308-pAKT/AKT, and Ser9-pGSK3b/GSK3b (n = 3). (F

135a-5p mimic group, whereas the miR-135a-5p inhibitor group increased ROCK1 an

significantly higher in miR-135a-5p mimic group; Moreover, the miR-135a-5p inhibitor g

Protein levels of ROCK1/2, Ser473-pAKT/AKT, Thr308-pAKT/AKT, and Ser9-pGSK

pGSK3b (Ser9) induced by the miR-135a-5p inhibitor were rescued by the downregulat

standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. NC, negative control; 135a, m
treatment, showed lower levels of expression of these two markers,
indicating impaired axon regeneration (Figure 6B). In addition,
GAP43 and NF-200 protein levels were measured using western
blotting. According to these data, the expression levels of GAP43
and NF-200 increased in the group treated with miR-135a-5p
(Figure 6C).

miR-135a-5p Inhibited Apoptosis after SCI

Apoptosis levels were evaluated in injured spinal cords. Bcl-2, Bax,
and caspase-3 levels were measured. The expression levels of Bcl-2
were found to be markedly increased, and the levels of Bax and cas-
pase-3 were reduced in the agomir-miR-135a-5p treatment group
(Figures 7A and 7B). This suggested that high levels of miR-135a-
5p mitigated secondary injury and, thus, downregulated pro-
apoptotic protein levels in the damaged spinal cord. In summary,
miR-135a-5p mimic treatment suppressed apoptosis in SCI.

miR-135a-5p Decreased the Levels of SP1 and ROCK, while It

Increased the Levels of Phosphorylated AKT and Its Targets in

the Injured Spinal Cord

Western blotting analysis indicated that the expression levels of SP1,
ROCK1, and ROCK2were significantly decreased in the agomir-miR-
135a-5p group (Figures 7A and 7C). The western blotting analysis
was also performed to assess whether the increase in miR-135a-5p
level was upstream of the activated AKT pathway after SCI. These re-
sults demonstrated that miR-135a-5p treatment was highly associated
with increased levels of phosphorylated AKT and the AKT substrate,
GSK3b. Total AKT and GSK3b levels were unaltered after miR-135a-
5p treatment. Notably, miR-135a-5p significantly upregulated the
levels of activated (pSer473, pThr308) AKT and increased the phos-
phorylation and AKT-dependent inactivation of GSK3b (pSer9, Fig-
ures 7A and 7D). There were no significant differences between the
control and agomir-NC groups.

DISCUSSION
Using both in vitro and in vivo experiments, the present study impli-
cated the miR-135a-5p-SP1-Bax/Bcl-2/caspase-3 axis in inhibiting
neuronal apoptosis and the involvement of the miR-135a-5p-
ROCK-AKT/GSK3b signaling pathway in promoting axon regenera-
tion during the process of functional recovery following SCI. The
mechanisms by which these two signaling axes are involved in regu-
lating functional recovery following SCI may provide potential ther-
apeutic targets for clinical applications (Figure 8).
2 Cells

their NC (scale bar, 100 mm; n = 100). (B) The PC12 cells transfected with the miR-

e transfected with the NC group; Cells transfected with the miR-135a-5p inhibitor

K1 (C) and ROCK2 (D) after siRNA transfection in cells (n = 3). (E) Protein levels of

) The expression levels of ROCK1 and ROCK2 were significantly decreased in miR-

d ROCK2 levels; The levels of pAKT (Ser473 and Thr308) and pGSK3b (Ser9) were

roup reduced the levels of pAKT (Ser473 and Thr308) and pGSK3b (Ser9) (n = 3). (G)

3b/GSK3b (n = 3). (H) the reduced levels of pAKT (Ser473 and Thr308) and

ion of ROCK (n = 3). Statistical data were measurement data, described as mean ±

iR-135a-5p; siROCK, siRNA targeting ROCK1 and siRNA targeting ROCK2.
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Figure 5. Identification of SP1, ROCK1, and ROCK2 as Target Genes ofmiR-

135a-5p

Potential target sites of miR-135a-5p on the mRNA 30 UTRs and several point

mutations were generated at the binding site. A luciferase reporter assay identified

the predicted binding sequence required for miR-135a-5p-mediated inhibition. (A)

SP1 luciferase assay (n = 3). (B) ROCK1 luciferase assay (n = 3). (C) ROCK2 lucif-

erase assay (n = 3). Statistical data were measurement data, described as mean ±

standard deviation. ***p < 0.001. NC, negative control.
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The miR-135a-5p-SP1 axis was found to be involved in the functional
recovery of damaged spinal cord tissues by regulating apoptosis. The
results of CCK-8 and flow cytometry assays (Figures 3D–3F) showed
that the overexpression of miR-135a-5p inhibited H2O2-induced cell
death and vice versa. In contrast to our findings, a study using the
H2O2-induced injury model in rat cardiomyoblast cells showed that
the overexpression of miR-135a-5p enhanced H2O2-induced
apoptosis.40 These contradictory results may be due to different
expression patterns and roles of miR-135a-5p in different tissues
and cell types. Moreover, the present study verified the relationship
between miR-135a-5p and SP1 since miR-135a-5p was found to
significantly inhibit the expression of SP1 (Figures 3G and 5A). The
present study is the first to identify the regulatory mechanism of
miR-135a-5p and SP1 during the pathophysiology of SCI. Subse-
quently, the present study found that miR-135a-5p inhibitor-induced
apoptosis was associated with the upregulation of SP1, indicating that
SP1 upregulation may promote neuronal apoptosis. Previous studies
have shown similar results, suggesting the role of SP1 as an apoptosis-
related transcription factor.16,41–44

The role of the miR-135a-5p-SP1 axis in inhibiting apoptosis was
verified by the finding that Bcl-2 was upregulated, and Bax and
cleaved caspase-3 were downregulated.21 Bcl-2 family genes, consist-
ing of pro-apoptotic members (Bax) and anti-apoptotic members
(Bcl-2), are known to be downstream targets of the transcription
factor SP1.45 The proper regulation of Bax transcription was discov-
ered to be regulated by the binding sites of SP1 and E-box.46 As an
initiator of the apoptotic death pathway, Bax can induce apoptotic
cell death by regulating cell-cycle progression through the G1/S
checkpoint.47 The overexpression of Bax detected in the injured spi-
nal neurons could lead to neuronal apoptosis following SCI,48,49

which is also in agreement with our findings showing the upregula-
tion of Bax after inhibiting miR-135a-5p (Figure 3G). Bcl-2 family
members have been shown to play a pivotal role in regulating cell
death by acting as critical decision points in the apoptosis
pathway.50 A previous study showed that the overexpression of
Bcl-2 suppressed apoptosis following SCI.24 This finding is in accor-
dance with our results, which showed the upregulation of Bcl-2 after
miR-135a-5p transfection (Figure 3G). In addition, the disruption of
the balance between Bax and Bcl-2 was found to contribute to the
activation of caspase-3 signaling.51 Caspase-3 was also verified to
be a downstream regulator of SP1 by showing that SP1 could acti-
vate the caspase-3 promoter.52 Caspase-3 was shown to be the pri-
mary activator of apoptotic DNA fragmentation,53 thereby being re-
garded as an indicator of apoptosis.54 Many previous studies have
shown the activation of caspase-3 signaling in the injured spinal
cord tissue.49,55,56 In accordance with these results, our study also
found the upregulation of cleaved caspase-3 in the miR-135a-5p in-
hibition-induced apoptosis promotion, as well as the downregula-
tion of cleaved caspase-3 in the miR-135a-5p overexpression-
induced apoptosis inhibition. Caspase-3 has also been shown to
be downstream of Bcl-2.57 Based on these results, it is reasonable
to conclude that miR-135a-5p-SP1 can regulate Bax/Bcl-2/caspase-
3 signaling to modulate neuronal apoptosis.



Figure 6. Functional Recovery of Damaged Spinal

Cords after Treatment of agomir-135a-5p

(A) Motor recovery of the hind limb was monitored after SCI

using Basso, Beattie, and Bresnahan scoring (n = 6). (B)

GAP43 and NF200 expression levels were measured by

immunofluorescence staining (scale bars, 100 mm; n = 3).

(C) Protein levels of GAP43 and NF200 (n = 3). Statistical

data were measurement data, described as mean ± stan-

dard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not

significant (p > 0.05); NC, negative control; 135a, miR-

135a-5p.
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Apart from SP1, miR-135a-5p was also found to be involved in
modulating axon regeneration by targeting ROCK1/2. A negative
relationship between miR-135a-5p and ROCK was also shown in
the present study, using gene transfection assays and animal exper-
Molecular Therap
iments. The gene transfection assays showed
that the expression of ROCK could be
increased by inhibiting miR-135a-5p, and vice
versa. ROCK expression levels were decreased
by transfection of the miR-135a-5p mimic
(Figure 4E). Animal experiments also showed
that ROCK expression was downregulated after
the treatment of miR-135a-5p when compared
with the control group and miR-NC group
(Figures 7A and 7C). The negative correlation
between miR-135a-5p and ROCK1/2 levels
may be explained by the fact that miR-135a-
5p binds to the 30 UTR of its target genes,
ROCK1 and ROCK2, thereby negatively regu-
lating their expression (Figures 5B and 5C).
More importantly, the present study found
that the downregulation of ROCK1/2 induced
by miR-135a-5p transfection was involved in
promoting axon regeneration (Figures 4A, 4B,
and 4E). In contrast, rescue experiments
showed that silencing ROCK could reverse
the inhibition of axon growth induced by the
miR-135a-5p inhibitor (Figure 4A, 4B, and
4G). Similar to our results, previous studies
have also shown that inhibitors of ROCK can
improve axon regeneration,18,19,27 indicating
that ROCK inhibition may be a promising
therapeutic strategy for SCI.

Axon regeneration induced by the miR-135a-
5p-ROCK axis through AKT/GSK3b signaling
by activating AKT and inactivating GSK3b
(Figure 4E). A previous study has shown that
an increase in ROCK activity activates PTEN
to downregulate AKT activity,58 which may
result in opposing levels of phosphorylated
AKT. Activation of the AKT pathway has
been shown to regulate neuron regrowth by promoting the sprout-
ing and elongation of axons. In addition, GSK3b is negatively
regulated by upstream signaling molecules, including AKT.59

AKT-dependent phosphorylation on Ser9 is a key mechanism
y: Nucleic Acids Vol. 22 December 2020 1071
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Figure 7. Protein Levels in Injured Spinal Cords after Treatment with miR-135a-5p

(A) Western blotting analysis was performed to indicate the expression levels of proteins in injured spinal cords. (B) miR-135a-5p increased the levels of Bcl-2 and decreased

the levels of Bax, cleaved caspase-3. (C) miR-135a-5p decreased the levels of SP1, ROCK1, and ROCK2, and (D) promoted the phosphorylation of Ser473-AKT, Thr308-

AKT, and Ser9-GSK3b in injured spinal cords. Statistical data were measurement data, described as mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not

significant (p > 0.05); NC, negative control; 135a, miR-135a-5p.
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that inactivates GSK3b,60 and its inactivation can promote signif-
icant axon regeneration.61 Similar to multiple previous studies, our
findings show that inhibiting GSK3b activation promoted axon re-
growth and thus benefited functional recovery following SCI. Our
study also showed opposing trends between AKT and GSK3b acti-
vation levels due to the fact that AKT activation inhibits the activ-
ity of GSK3b.62 Based on these findings, it is reasonable to
conclude that the miR-135a-5p-ROCK axis regulates downstream
AKT/GSK3b signaling to modulate axon regeneration.

Considering the strengths of the methodology of the present study,
the bioinformatics techniques were first used to identify the critical
role of miR-135a-5p in the pathophysiology of SCI. Additionally,
various biomolecular experiments were performed to investigate the
mechanisms whereby miR-135a-5p affects the functional recovery
of SCI, by identifying its target genes and signaling pathways. Another
major strength of this study is that it investigated the underlying
mechanisms of miR-135a-5p in detail by performing both in vitro
and in vivo experiments. However, the limitations of this study
should also be acknowledged. The present study only focused on
the roles of the miR-135a-5p-SP1-Bax/Bcl-2/caspase-3 and miR-
135a-5p-ROCK-AKT/GSK3b axes in regulating neuronal apoptosis
and axon regeneration. However, the presence of detailed crosstalk
also needs to be explored. Our results suggested that the miR-135a-
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5p-ROCK-AKT/GSK3b and miR-135a-5p-SP1-Bax/Bcl-2/caspase-3
axes can be regarded as potential therapeutic targets for promoting
effective therapy for SCI patients. Moreover, these two signaling
axes could be used to genetically manipulate cells and thus benefit
the clinical translation of stem cell therapy in SCI.

MATERIALS AND METHODS
Bioinformatics and Data Mining

To identify the miRNAs that play critical roles in SCI, the datasets
investigating the expression profiles of miRNAs were searched in
the database: Gene Expression Omnibus (GEO; https://www.ncbi.
nlm.nih.gov/geo/) at the National Center for Biotechnology Infor-
mation (NCBI).63 The searching criteria were based on the
following: t (1) the dataset should be aimed at investigating the
expression profiles of miRNAs that were involved in rat SCI; (2)
the study design of the dataset should be established by setting
the sham group (laminectomy with no spinal cord contusion) and
the injury group (laminectomy with spinal cord contusion); and
(3) each group should have at least three repeated samples with sta-
tistical significance. Based on these criteria, the GEO: GSE19890 da-
taset was selected to be analyzed in the present study. This dataset
investigated multiple time points following SCI, including at the
first, third, and seventh day post-injury. The study design of this da-
taset was established by setting the sham group and injury group at

https://www.ncbi.nlm.nih.gov/geo/
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Figure 8. Proposed Mechanism of the Role of miR-

135a-5p in SCI

The expression of miR-135a-5p can reduce apoptosis and

increase axon outgrowth by inhibiting SP1 and ROCK, thus

promoting the functional recovery of damaged spinal

cords.
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the first, third, and seventh day post-SCI. Finally, five samples in the
sham group at the third day (GEO: GSM497216, GSM497217,
GSM497218, GSM497219, and GSM497220) and five samples in
the injury group at the third day (GEO: GSM497211,
GSM497212, GSM497213, GSM497214, and GSM497215) were
analyzed to identify the miRNAs that were aberrantly expressed
during the SCI pathophysiological process.

After the dataset was selected, the differential expression analysis
(DEA) was performed by using the limma package of the R pro-
gram.64 The miRNAs with p value <0.05 and |log fold change [FC]|
>1 were defined as DE miRNAs. The heatmap was plotted based on
the expression level of DE miRNAs.

To predict the neurological recovery-relatedmiRNAs, the experimen-
tally-verified miRNAs related to neurological recovery were extracted
by the specialized literature mining method. Literature mining is a
specialized data mining method that is used to systematically extract
information from the text, such as abstracts, or full-text versions of
scientific literature.32–34 In addition, the expression levels of these
miRNAs following SCI were obtained from the GEO: GSE19890 data-
set. The correlation between DE miRNAs identified in the GEO:
GSE19890 dataset and neurological recovery-relatedmiRNAs verified
by scientific literature was analyzed based on the PCC analysis. The
DE miRNAs with a correlation >0.93 were regarded as DE miRNAs
highly correlated with neurological recovery. Using the Jaccard index
formula as below, the functional similarity analysis was performed by
Molecular Therap
comparing the functional similarity between
literature-verified neurological recovery-related
miRNAs (obtained by literature mining) and
DEmiRNAs highly correlated to neurological re-
covery (obtained by PCC analysis).
JIðM;NÞ = jMXNj
jMWNj
where JI (M, N) indicates the Jaccard index be-
tween miRNA, named as M (miRNA-M), and
miRNA named as N (miRNA-N); |MXN| indi-
cates the gene targets, enriched biological pro-
cesses (BPs), or pathways that are shared between
miRNA-M and miRNA-N; in other words, the
intersection between two categories; and |
MWN| indicates all gene targets, enriched BPs,
or pathways of miR-M and miR-N; in other
words, the union between two categories. By per-
forming the functional similarity analysis based on the above formula,
miR-135a-5p was found to play a pivotal role in the functional recov-
ery of SCI.

To explore the functions of miR-135a-5p, a functional enrichment
analysis (FEA) was performed to investigate the functional terms of
its target genes. The target genes of miR-135a-5p were extracted
from three databases (Database: miRDB Version 6.0 (http://www.
mirdb.org/); Database: miRWalk (http://mirwalk.umm.uni-
heidelberg.de/); Database: TargetScan v7.1 (http://www.targetscan.
org/vert_71/)),15,65,66 and the union of these three groups of target
genes was obtained. The FEA analysis was conducted by using the
cluster Profiler package of the R program.67 The functional terms of
the target genes were explored by investigating their enriched Gene
Ontology (GO) terms, especially BPs, as well as Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways. The GO terms and
KEGG pathways with a p value <0.05 were regarded as significant
functional GO. If the number of enriched BPs and pathways was
greater than 30, only the top 30 with the highest p value were chosen
to be visualized in the bar plot. If the number of enriched BPs and
pathways was lower than 30, all of the BPs and pathways were visu-
alized in the bar plot.

PC12 Cell Culture

PC12 cells (Chinese Academy of Sciences, Shanghai, China) were
cultured at 37�C in a 5% CO2 environment in RPMI 1640 medium
(Gibco, USA) supplemented with 10% heat-inactivated horse serum,
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5% fetal bovine serum (FBS) (Gibco, USA), and 100 U/mL penicillin/
streptomycin (Gibco, USA). The medium was refreshed every 2 days.

Prior to H2O2 treatment, PC12 cells were seeded in multi-well plates
at a density of 5 � 105 cells/well for 24 h. In the treatment group,
H2O2 at the concentrations of 25, 50, 100, 200, and 400 mMwere uti-
lized to stimulate PC12 cells for 24 h. In the control group, cells were
cultured with the medium without H2O2 stimulation.

To induce the neuronal differentiation of PC12 cells, cells were first
plated onto culture plates at a density of 5 � 103 cells/well in RPMI
1640 medium with 1% FBS. After culturing for 24 h, a concentrated
stock of nerve growth factor (NGF) (human recombinant NGF,
Sigma, St. Louis, MO, USA) was then added into culture medium
with the final concentration of 100 ng/mL.

Transfection of miRNA Oligonucleotides

The transfection of miRNA oligonucleotides was performed as previ-
ously described.68 Briefly, PC12 cells were incubated in serum-free
Opti-MEM and then transfected with a miR-135a-5p mimic, a mimic
NC, a miR-135a-5p inhibitor, an inhibitor NC, siSP1, siROCK1, si-
ROCK2, or siRNA-NC (RiboBio, Guangzhou, China), at a final con-
centration of 100 nM, using Lipofectamine 3000 (Invitrogen, Carls-
bad, CA, USA) for 6 h.

Apoptosis Assay

Apoptosis was evaluated using an annexin V-FITC/propidium iodide
(PI) apoptosis detection kit (Beijing Biosea Biotechnology, Beijing,
China). Treated or transfected cells were rinsed twice with PBS. These
cells were then stained with 5 mL of annexin V-fluorescein isothiocy-
anate (FITC) for 15 min at room temperature in the dark. Thereafter,
5 mL of PI was added to the cell suspension. Flow cytometry analysis
was performed using a FACScan instrument (Beckman Coulter, Full-
erton, CA, USA).

Cell Viability Assay

miRNA-transfected PC12 cells were seeded in 96-well plates at 5 �
103 cells/well, and then treated with H2O2 for 24 h. Cells were then
cultured in fresh medium for 24 h at 37�C, and 10 mL of CCK-8 so-
lution (Dojindo Molecular Technologies, Gaithersburg, MD, USA)
was added to the culture medium. The cultures were incubated for
1–4 h at 37�C under humidified conditions of 95% air and 5% CO2.
The absorbance was measured at 450 nm using a microplate reader
(Bio-Rad, Hercules, CA, USA).

Measurement of Neurite Outgrowth

Cells were visualized under a microscope. Cells extending at least one
neurite longer than the cell body diameter were determined as posi-
tive neurite-bearing cells, as previously described.68,69 The average
neurite length was measured for all neurite-bearing cells in a field
by tracing the longest neurite length per effectively transfected cell,
using ImageJ software (RRID: SCR_003070). Neurite outgrowth
was measured for an average of 100 effectively transfected cells per
experiment.
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Animal Experiments

Adult female Sprague-Dawley rats weighing 200–250 g were
purchased from the Vital River Laboratory Animal Technology
(Beijing, China). The experimental animal protocols, including
care, breeding, and operative procedures, were approved by the
Animal Care and Use Committee of South China Agricultural
University (2019-D096).

Establishment of SCI Model

Rats were anesthetized via an intraperitoneal injection of 2% sodium
pentobarbital (0.25 mL/100 g).70 Following the dissection of the par-
aspinal muscles, a laminectomy from T10 was performed. A New
York University Impactor was used as previously described.71 SCI
was induced in rats using a 10-g weight drop from a height of
50 mm. Rats in the sham group received only a T10 laminectomy
without the weight-drop injury. Finally, the incision was closed in
layers. After surgery, all animals received penicillin and analgesics
for 3 consecutive days, and the bladders were manually voided twice
daily. The animals received treatments by intrathecal injection after
SCI.

Experimental Design

Twelve rats were randomly divided into four groups: sham group
and SCI group (1 day, 2 days, and 3 days after SCI) (n = 3 per
group). The parenchymal tissue at the surgery site was extracted
for western blotting and qRT-PCR analysis, as previously described.
The remaining 48 rats were randomly divided into the following
four groups, and testing was performed by blinded observers: (1)
sham group (the rats were subjected to sham operation), (2) control
group (the rats were subjected to SCI and were treated with PBS),
(3) agomir-NC group (the rats were subjected to SCI and treated
with agomir-NC [RiboBio, Guangzhou, China]), and (4) agomir-
135a-5p group (the rats were subjected to SCI and treated with
25 mL of 10 nmol agomir-135a-5p [RiboBio, Guangzhou, China])
(n = 12 per group). The damaged spinal cords were collected
7 days after intrathecal injection for further western blotting and
immunofluorescence analyses.

Evaluation of Functional Recovery

The BBB scale, ranging from 0 to 21, was used to assess motor func-
tion recovery. A score of 0 indicated complete paralysis of the hind
limb, and a score of 21 indicated normal function. Rats were indepen-
dently observed in an open-field environment at different time pe-
riods (1, 3, 7, 10, 14, 17, 21, 24, and 28 days after SCI) by two expe-
rienced, blinded investigators. The mean values based on the BBB
scale values from the two assessors were recorded for each group.

qRT-PCR assay

Total RNA was extracted by using an RNeasy mini kit (QIAGEN,
Valencia, CA, USA), and RNA concentration and quality were
determined by measuring absorbance at 260 nm (A260) and calcu-
lating the A260/A280 ratio, respectively. miR-135a-5p levels were
quantified by qRT-PCR, with U6 small nuclear RNA as an internal
reference for normalization. Bulge-Loop miRNA qRT-PCR primer
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sets (one RT primer and a pair of qPCR primers for each set)
specific for miR-135a-5p were designed by Ribobio. The sequences
of the miR-135a-5p RT primer, miR reverse primer, and
miR-135a-5p forward primer are proprietary. The relative expres-
sion levels normalized to U6 levels were calculated using the 2�DDCt

method. For mRNA analysis, total RNA was reverse transcribed us-
ing RT (Takara Bio, Kusatsu, Japan), according to the manufac-
turer’s instructions. qRT-PCR was performed using multiple kits
(SYBR Green I master; Roche, Basel, Switzerland) and a LightCycler
480 Instrument (Roche). Each gene was normalized to the expres-
sion level of the housekeeping gene, glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH).

Western Blotting Analysis

Total protein was extracted from tissues or cells using radioimmuno-
precipitation assay cell lysis buffer, containing phenylmethanesul-
fonyl fluoride and transferred onto polyvinylidene fluoride mem-
branes using a wet transfer method. The membranes were then
incubated with diluted primary antibodies (Abcam, Cambridge,
UK). These included antibodies targeting Sp1 (ab227383, 1:2,000),
Bax (ab182733, 1:2,000), Bcl-2 (ab196495, 1:1,000), pro-caspase-3
(ab32150, 1:1,000), cleaved caspase-3 (ab49822, 1:500), ROCK1
(ab45171, 1:5,000), ROCK2 (ab125025, 1:10,000), GSK3b (ab93926,
1:1,000), phosphorylated GSK3b (p-GSK3b, Ser9, ab131097,
1:1,000), NF-200 (ab134306, 1:500), GAP43 (ab75810, 1:1,000),
GAPDH (ab245355, 1:10,000), AKT (pan-AKT, ab179463, 1:1,000),
phosphorylated AKT (p-AKT, Thr308, ab38449, 1:500), and phos-
phorylated AKT (p-AKT, Ser473, 4060s, 1:500, Cell Signaling Tech-
nology, San Diego, CA, USA). All of these antibodies were incubated
overnight at 4�C. After incubation with primary antibody, the mem-
branes were incubated with a horseradish peroxidase-tagged second-
ary goat anti-rabbit immunoglobulin G (IgG) antibody (ab97051,
1:2,000, Abcam) for 1 h. Images were captured using a Bio-Rad image
analysis system. Relative protein expression levels were expressed as
the ratio of the target band to the loading control band.

Luciferase Reporter Assay

A luciferase reporter system was used to further clarify the interaction
between miR-135a-5p and its targets (SP1, ROCK1, and ROCK2).
First, WT plasmids pGL3-SP1-3ʹ UTRs (SP1 3ʹ UTR WT), pGL3-
ROCK1-3ʹ UTRs (ROCK1 3ʹ UTR WT), pGL3-ROCK2-3ʹ UTRs
(ROCK2 3ʹ UTR WT), and MUT plasmids, including pGL3-SP1-3ʹ
UTR (SP1 3ʹ UTR MUT), pGL3-ROCK1-3ʹ UTR (ROCK1 3ʹ UTR
MUT), and pGL3-ROCK2-3ʹUTR (ROCK2 3ʹUTRMUT), and their
null plasmids were created. HEK293 cells were added to 12-well plates
24 h before transfection (1 � 105 cells/well), and 200 ng of recombi-
nant plasmid was co-transfected into the cells with 100 nM miR-
135a-5p mimic or the negative control. Simultaneously, pRL-TK,
which expresses Renilla luciferase (RL), was transfected as an internal
reference. After 24 h, the intensities of the fluorescence generated by
firefly luciferase and RL were measured, and changes in the ratio of
the two fluorescence intensities were used to verify the interaction be-
tween miR-135a-5p and its targets (SP1, ROCK1, and ROCK2 3ʹ
UTRs). Each sample was assayed in three duplicate wells.
Immunohistochemistry

Animals were anesthetized terminally with an overdose of isoflurane
inhalation on day 7 after intrathecal transplantation. The spinal cords
were embedded in optimal cutting temperature compound. T9–T11
spinal cord segments containing the lesion epicenter were collected
for histological evaluation. Briefly, longitudinal sections were depar-
affinized with xylene, hydrated in a graded alcohol series, and boiled
in citrate buffer (pH 6.0) twice for 5 min each. Subsequently, the sec-
tions were cooled and incubated in 3% H2O2 for 15 min at room tem-
perature to inactivate endogenous peroxidases. The slides were then
blocked with 10% FBS for 10 min and incubated with rabbit anti-
GAP43 or rabbit anti-NF (Abcam) primary antibodies overnight at
4�C. After washing with Tris-buffered saline (TBS), the sections
were incubated with fluorescently labeled secondary antibodies (Ab-
cam). Finally, the sections were stained with DAPI and visualized
under a confocal laser-scanning microscope (Leica Microsystems,
Wetzlar, Germany).
Statistical Analysis

Data are presented as the mean ± standard deviation and were
analyzed using a Student’s t test or one-way analysis of variance.
All statistical analyses were performed using SPSS 22.0 (IBM, Ar-
monk, NY, USA) or Prism 8 (GraphPad, San Diego, CA, USA) soft-
ware. A p value <0.05 indicated statistical significance.
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