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MicroRNA-204-5p targets SOX11 to regulate the
inflammatory response in spinal cord injury
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Abstract. - OBJECTIVE: The purpose of
this study was to investigate whether microR-
NA-204-5p can regulate the inflammatory re-
sponse of spinal cord injury (SCI) by targeting
SOX11.

PATIENTS AND METHODS: Quantitative Re-
al Time-Polymerase Chain Reaction (qRT-PCR)
was used to detect the expression of microR-
NA-204-5p in patients with SCI. The mouse SCI
model was established to detect the recovery of
the grip strength of the upper and lower limbs.
Then, the expression of microRNA-204-5p in
these mice with SCI was detected by qRT-PCR,
and the levels of the inflammatory factors Toll-
like receptor 4 (TLR4) and iNOS were examined
by Western blot. Subsequently, microRNA- 204-
5p was overexpressed in the mouse SCI mod-
el using lentivirus, and the changes in mouse
grip strength and the inflammatory factor lev-
els were observed. SOX11 was then searched
as the target gene of microRNA-204-5p through
bioinformatics analysis, and its expression in
patients or mice with SCI was examined using
qRT-PCR. SOX11 expression was again detect-
ed after the overexpression or knockdown of
microRNA-204-5p in cells. The binding of mi-
croRNA-204-5p to SOX11 was verified by dual-lu-
ciferase reporting assay. After microRNA-204-5p
and SOX11 were co-overexpressed in cells, the
levels of TLR4 and iNOS were analyzed. Fur-
thermore, the changes in the grip strength were
observed in mice with SCI after simultaneous
up-regulation of microRNA-204-5p and SOX11.

RESULTS: Micro-204-5p level was conspic-
uously decreased in the population with SCI.
And the SCI mouse model showed that the up-
per and lower limb strength conspicuously de-
creased and began to recover after 7 days.
During the seven days, microRNA-204-5p level
in the SCI mice decreased with time, while the
levels of the inflammatory cytokines TLR4 and
iNOS conspicuously increased. After microR-
NA-204-5p was overexpressed in SCI mice, their
upper and lower limb strength was conspicu-
ously restored, while the levels of TLR4 and iN-
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OS were also remarkably decreased. The bio-
informatics analysis revealed that there exist
some binding sites between microRNA-204-5p
and SOX11, and we found that SOX11 expres-
sion was conspicuously enhanced in the plasma
of the SCI patients. Meanwhile, the SOX11 level
in SCI mice was also conspicuously increased,
and it was time-dependent. The expression of
SOX11 was decreased after the upregulation
of microRNA-204-5p, while the opposite result
was observed after the downregulation of mi-
croRNA-204-5p. In addition, the result of the du-
al-luciferase reporter gene assay revealed that
microRNA-204-5p could bind to SOX11 in a tar-
geted manner. Meanwhile, the up-regulation of
SOX11 was partially relieved by the inhibitory
effect of microRNA-204-5p on TLR4 and iNOS.
Moreover, the simultaneous overexpression of
SO0X11 and microRNA-204-5p partially reversed
the impact of the up-regulated microRNA-204-5p
alone on the recovery of the upper and lower
limb strength in SCI mice.

CONCLUSIONS: The low expression of mi-
croRNA-204-5p in patients with SCI can affect
the levels of the inflammatory cytokines TLR4
and iNOS and improve SCI by targeting SOX11.
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Introduction

Spinal cord injury (SCI) is one of the most
common and devastating injuries observed in the
spine and neurosurgery, usually caused by motor
vehicle accidents, sports injuries, and diving acci-
dents'. Recently, it has been shown that the spinal
cord microglia, a major source of inflammatory
mediators that experience a deep activation in
response to injury, can be activated and lead to
pain®. Moreover, SCI can induce the activation of
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microglia related to pain phenomena, which can
promote excitotoxicity by releasing neurotoxins
after SCI°.

When SCI happens, a series of inflammato-
ry responses are activated. The destruction of
the blood-spinal cord barrier (BSCB) results in
the accumulation of various inflammatory cyto-
kines*. The inflammatory cytokines, a large class
of small soluble proteins, are mediators and reg-
ulators for the complex functional interactions
and reactions of the immune system’. During spi-
nal cord injury, the infiltration and activation of
the leukocyte glial cells can aggravate the tissue
damage by releasing proteases, reactive oxygen
intermediates, lysosomal enzymes, and proin-
flammatory cytokines®. Although the role of in-
flammation in this phase is complex, there are
also some beneficial aspects, such as the removal
of cell debris. However, many studies have shown
that the inflammatory response spreads damage
to surrounding tissues, induces apoptotic cell
death, and damages spontaneous regeneration
and functional recovery’. In order to protect the
damaged spinal cord from these secondary patho-
logical processes, several methods for manipulat-
ing the inflammatory response have been eval-
uated and found to be effective. These methods
include the use of monoclonal antibodies to block
or neutralize the specific cytokine signaling, the
delivery of anti-inflammatory drugs, and the use
of genetically modified animals®®. However, more
in-depth studies on the specific mechanisms and
the regulatory modes of the inflammatory reac-
tions in the nervous system are needed, so as to
further understand the mechanism of the immune
inflammatory reactions after nervous system in-
jury and provide a scientific theoretical basis for
clinical treatment.

A miRNA is a single-stranded, non-coding,
small-molecule RNA of about 18 to 22 nucle-
otides in length, which binds to the target gene
mRNA in a fully complementary or incompletely
complementary form at the transcriptional level,
thereby regulating gene expression and exerting
its biological effects'®!!. Currently, studies'*'*
have shown that the micro ribonucleic acids
(miRNAs) are able to participate in the patho-
physiological process of SCI, including inflam-
mation, cell apoptosis, and other aspects. It has
been reported that microRNA-219 plays a pivotal
role in the differentiation of the oligodendrocytes,
and microRNA-381 promotes cell proliferation of
neurons by inhibiting Hesl expression'>'¢. In ad-
dition to their role in the normal spinal cord, some
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evidence suggests that miRNA dysregulation is
closely associated with SCI".

In this study, we established a SCI mouse mod-
el and performed in vitro cell experiments to in-
vestigate whether microRNA-204-5p can regulate
the inflammatory response of SCI by targeting
SOX11.

Patients and Methods

Clinical Sample Collection

30 people were collected from the blood sam-
ples of patients with SCI. The samples collected
3-7 days after SCI were all marked as 3-7 days
after SCI. The control sample used blood sam-
ples from the physical examination center health
checkup. All blood samples involved in the ex-
periment were taken after informing the patient/
student. They also signed the written informed
consent form. This investigation was approved by
the Ethics Committee of Gansu Provincial Hospi-
tal, China.

SCI Mouse Model

30 female C57bl/6J mice aged 8-10 weeks were
fed with normal diet under a normal light-dark
cycle. This study was approved by the Animal
Ethics Committee of Gansu Provincial Hospital
Animal Center. In the injury group (SCI group)
a longitudinal incision was made from the neck
to expose the c4-6 spinous process, and the C5
lamina was removed by ophthalmic shearing to
expose the dural sac. The hammer position of the
spinal cord percussion instrument was adjusted
to C5 spinal cord and then, the hemostasis and
suture were performed after a successful stroke.
In the Sham-operated group (Sham group), sim-
ilarly, a longitudinal incision was made from the
neck to expose the c4-6 spinous process, and the
C5 lamina was removed by ophthalmic shearing
to expose the dural sac. In this process, the du-
ral sac and spinal cord should not be injured. The
mice used in the experiment were purchased from
Shanghai Slack (Shanghai, China). On the 1%, 3%,
and 5™ day after SCI modeling, 80 mg/kg of mi-
croRNA-204-5p-mimics and SOX11 overexpres-
sion plasmid were injected into SCI mice through
the tail vein.

Forefoot Grip Strength Measurement

The grip strength measurements were record-
ed 4 times for each successful measurement and
averaged. If the mouse was unable to grasp the
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crossbar due to a severe forelimb movement dis-
order, the strength was recorded as 0.

Cell Culture and Processing

The human renal epithelial cell line (293T) was
purchased from the Kunming Cell Bank of the
Typical Culture Collection of the Chinese Acad-
emy of Sciences (Kunming, China). The 293T
cells were cultured in The Roswell Park Memori-
al Institute (RPMI-1640, Hyclone, South Logan,
UT, USA) medium containing 10% fetal bovine
serum (FBS, Hyclone, South Logan, UT, USA)
and 1% streptomycin along with penicillin at
37°C with 5% CO, in an incubator. NC, microR-
NA-204-5p-mimics, and SOX11 overexpression
plasmid were transfected using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) transfec-
tion reagent when 293T cell density reached 60%.

RNA Extraction and Quantitative Real
Time-Polymerase Chain Reaction
(gqRT-PCR) Detection

QIAzol Lysis Reagent was added into 200
puL of serum and let stand for 5 min. Then, the
microRNANeasy serum/plasma spike-in con-
trol was added and mixed well. Subsequently,
the RNA was extracted using chloroform and
RNeasy Minelute spin columns adsorption col-
umn. Total RNA of 293T cells was extracted by
TRIzol (Invitrogen, Carlsbad, CA, USA) meth-
od. The purity was measured by an ultraviolet
spectrophotometer and then, the extracted RNA
was stored at -80°C until use. The complemen-
tary deoxyribonucleic acid (¢cDNA) was obtained
by reverse transcription, and the SYBR Green
method was used for PCR detection. The prim-
er sequences were as follows: microRNA-204-5p:
(F: 5’-GACGCTTTCCCTTTGTCATCCT-3%;
R: 5-GTGCAGGGTCCGAGGTATTC-3’);
U6 (F: 5-CTCGCTTCGGCAGCACA-3; R:
5-AACGCTTCACGAATTTGCGT-3’); SOXI11
(F: 5-GGTGGATAAGGATTTGGATTCG-3’;
R: 5-GCTCCGGCGTGCAGTAGT-3’); TLR4
(F: 5-CCTGTCCCTGAACCCTATGA-3; R:
5>-CCAGAACCAAACGATGGACT-3’); iNOS
(F: 5-GGCAGCCTGTGAGACCTTTG-3’; R:
5-GCATTGGAAGTGAAGCGTTTC-3’); GAP-
DH (F: 5>~-ACCCACTCCTCCACCTTTGA-3’; R:
5-CTGTTGCTGTAGCCAAATTCGT-3’).

Western Blot

The total protein was collected from each
group, subjected to dodecyl sulfate and sodium
salt-polyacrylamide gel electrophoresis (SDS-

PAGE) electrophoresis, transferred into a poly-
vinylidene difluoride (PVDF) membranes (Mil-
lipore, Billerica, MA, USA), blocked for 2 h at
room temperature, and incubated with a specif-
ic primary antibody (Abcam, Cambridge, MA,
USA) overnight. In the next day, the protein was
incubated with horseradish peroxidase-labeled
secondary antibody at room temperature for 2 h
and the results of the analysis were observed after
enhanced chemiluminescence (ECL) detection.

Enzyme-Linked Immunosorbent
(ELISA) Assay

The double antibody sandwich Avidin Bio-
tin Complex-enzyme-linked immunosorbent
(ABC-ELISA; Novus Biologicals, Littleton, CO,
USA) was used. The monoclonal antibody was
coated with the monoclonal antibody on the ELI-
SA plate and the target protein in the standard
sample then, the cell samples were combined
with the monoclonal antibody, and the biotinylat-
ed target protein was added to form an immune
complex attached to the plate. After a mixture of
horseradish peroxidase-labeled Streptavidin and
biotin, the substrate working solution was added
in, and finally the stop solution sulfuric acid was
added to stop the reaction. The optical density
(OD) value was measured at 450 nm. The protein
concentration to be measured could be direct-
ly proportional to the OD value, and the protein
concentration could be obtained according to the
standard curve.

Luciferase Reporter Gene Assay

293T cells (3105 cells per well) were plated into
a 24-well plate, and then the wild-type or mutant
psiCHECK-2 SOXI11 vector (Generay, Shang-
hai, China) and microRNA- 204-5p mimic were
co-transfected into the cells using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA). After 24 h
of transfection, the cells were collected and their
luciferase activities were measured using a dual
luciferase reporter assay system (Promega, Mad-
ison, WI, USA).

Statistical Analysis

All data were statistically analyzed by Statis-
tical Product and Service Solutions (SPSS) 17.0
(SPSS Inc., Chicago, IL, USA) statistical soft-
ware. The data of each group were expressed as
mean =+ standard deviation (x * s). The #-test was
used to analyze the data between the two groups.
p<0.05 was considered statistically significant
(*p<0.05).
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Results

MicroRNA- 204-5p was Under-Expressed
in SCI Patients and Models

Our study found that the level of microR-
NA-204-5p in the plasma of the SCI patients was
conspicuously lower than that in healthy people
(Figure 1A). Then, the mice SCI model was con-
structed to detect the grip strength of their dual
forelimbs, left forelimbs, and right forelimbs after
blunt spinal cord contusion. It was found that the
SCI injured mice were severely impaired in motor
function during one week of injury and could not
perform any action. After 7 days from the oper-
ation, the grip strength of both of the two claws
or the left and right forepaws alone gradually and
slightly improved with time, but there was still a
serious motor dysfunction. In the Sham-operated
group, the strength decreased after surgery, but
as the wound gradually recovered, it gradually
returned to the preoperative level (Figure 1B-
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1D). At the same time, qRT-PCR results revealed
that the level of microRNA-204-5p gradually de-
creased on the third day after SCI and showed
the lowest on the seventh day (Figure 1E). West-
ern blot results indicated that the SCI mice had a
time-dependent effect on the expression of the in-
flammatory factors including TLR4 and iNOS af-
ter spinal cord blunt trauma surgery (Figure 1F).
These results suggested that microRNA-204-5p
might be involved in the development of SCI with
a sustained inflammatory response.

MicroRNA-204-5p Played a Protective
Role in SCI

To further investigate the role of microR-
NA-204-5p in the development of SCI, we up-reg-
ulated microRNA-204-5p in SCI mice and found
that these mice showed decreased grip strength
after spinal contusion. However, their grip force
values were still conspicuously higher than those
of the control mice which began to recover on
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Figure 1. Low expression of microRNA-204-5p in SCI patients and models. A, In the plasma of SCI patients, the expression of
microRNA-204-5p was significantly lower than that of the normal group. B, C, D, Handgrip strength of mice in each group was
measured. The Sham operation group was Sham group in the figure, and spinal cord injury group was SCI group, indicating
that the model was successfully constructed. E, The expression of microRNA-204-5p was significantly decreased in SCI mice,
which was time-dependent. F, The expression of inflammatory cytokines TLR4 and iNOS was significantly increased in the

SCI model, with a certain time effect.
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Figure 2. MicroRNA-204-5p plays a protective role in SCI. 4-C, Compared with the control group, after up-regulating the
expression of microRNA-204-5p in the SCI model, the grip strength of mice in each group increased significantly. D, In the SCI
model, the protein expressions of TLR4 and iNOS were significantly decreased after the up-regulation of microRNA-204-5p.

the third day after surgery. MicroRNA-204-5p
enhanced the recovery rate of the postoperative
grip strength in mice, both the recovery rate and
recovery degree were conspicuously better than
in the control SCI mice (Figure 2A-2C). Further-
more, after up-regulating the microRNA- 204-5p
expression in SCI mice, we found that the expres-
sion of the inflammatory factors such as TLR4
and iNOS was conspicuously reduced (Figure
2D). The above results suggested that microR-
NA-204-5p can alleviate the inflammation in SCI
mice and thus exert a protective role in the devel-
opment of SCI.

SOX11 was ldentified as the Target Gene
of MicroRNA-204-5p

To further explore the protective role of mi-
croRNA-204-5p in the development of SCI,
we found a potential binding site for microR-
NA-204-5p and SOX11 by bioinformatics anal-
ysis (Figure 3A). Furthermore, further ELISA
assays revealed that SOX11 expression was con-
spicuously higher in the plasma of SCI patients
than in the normal group (Figure 3B). At the

same time, we found that SOX11 mRNA levels
were increased with time (Figure 3C). To ob-
serve the relationship between microRNA- 204-
Sp and SOXI11, we overexpressed or knocked
down microRNA-204-5p in 293T cells and found
that the former treatment enhanced the SOX11
mRNA expression, while the latter inhibited that
(Figure 3D). In addition, the dual-luciferase re-
porter gene results indicated that upregulation of
miR-204-5p in 293T cells transfected with psi-
CHECK-2 SOXI11 vector has reduced the fluo-
rescence activity (Figure 3E). The above results
suggested that microRNA-204-5p can target
SOXI11 to regulate its expression.

MicroRNA- 204-5p Played a Protective
Role in SCI by Regulating SOXT11

To figure out whether microRNA-204-5p plays
a protective role in SCI by regulating SOX11, we
simultaneously overexpressed microRNA-204-5p
and SOXI1 in SCI mice. Western blot results
showed that the protein levels of TLR4 and iNOS
in SCI mice with up-regulated-microRNA-204-5p
were significantly decreased, while the simulta-
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Figure 3. SOXI1 is the target gene of microRNA-204-5p. 4, There are potential binding sites between microRNA-204-5p
and SOX11. B, In the plasma of SCI patients, the expression of SOX11 was significantly higher than that of the normal group.
C, The expression of SOX11 was significantly increased in SCI mice, and it was time dependent. D, In 293T tool cells, the
expression of SOX11 was significantly decreased after the up-regulation of microRNA-204-5p, while the expression of SOX11
was significantly increased after the downregulation of microRNA-204-5p. E, The results of the dual luciferase reporter gene
showed that there was a binding relationship between the two groups.
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Figure 4. MicroRNA-204-5p functions by regulating SOX11. 4, In SCI mice, the simultaneous up-regulation of SOX11 ex-
pression can partially relieve the inhibitory effect of microRNA-204-5p on TLR4 and iNOS. B-D, In SCI models, the up-reg-
ulation of SOX11 also partially reversed the protective effect of microRNA-204-5p on SCI

neous upregulation of SOX11 partially reversed
the inhibitory effect of microRNA-204-5p on the
content of inflammatory cytokines (Figure 4A).
Subsequently, it was found in the grip strength
measurement that the simultaneous up-regulation

of microRNA-204-5p and SOX11 partially elimi-
nated the therapeutic effect of microRNA-204-5p
on the recovery of the postoperative handgrip
strength (Figures 4B-4D). The above experimen-
tal results indicated that microRNA-204-5p could
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reduce the inflammation in SCI mice by regulat-
ing SOX11 and played a protective role in the de-
velopment of SCI.

Discussion

Spinal cord injury remains a major public
health problem in developed countries and world-
wide, and the pathophysiological features of SCI
are secondary to primary lesions'®. The oxidative
stress is a series of adaptive responses caused by
the imbalance between active oxygen and antioxi-
dant system in the body". Studies*** have shown
that the alleviation of the early inflammatory re-
sponses can improve neurobehavioral recovery
after SCI. Our experimental results indicated that
the reduction of the level of the inflammatory fac-
tors in SCI mice contributed to the recovery of
mouse grip strength.

MiRNAs can play a regulatory role in the
progression of SCI, as miRNAs regulate gene
expression at the post-transcriptional level?*2.
Hachisuka et al** have found that microRNAs
widely affect the pathological response and sig-
naling networks after SCI. It has been reported
that microRNA-204-5p is down-regulated in
the tubulointerstitial inflammation, and that the
high expression of microRNA-204-5p has an in-
hibitory effect on inflammation?*. However, the
role of microRNA-204-5p in the development
of SCI is still unclear. Our results showed that
microRNA- 204-5p was lowly expressed in SCI
and was time-dependent. The up-regulation of
microRNA-204-5p attenuated the inflammatory
response caused by SCI and promoted recovery
after SCI.

SOX11, a transcription factor, plays a pivotal
role in the embryonic development of the central
nervous system, neuronal growth and surviv-
al, and in the recovery of adult neurons in dam-
aged tissues?”?®. It has been reported that SOX11
is essential in the pulmonary inflammatory re-
sponse®. Our results showed that SOX11 expres-
sion was conspicuously increased in the plasma of
SCI patients. Similarly, in the SCI mouse injury
model, the SOX11 expression showed a time-de-
pendent increase after spinal cord blunt trauma,
accompanied by an increase of the inflammato-
ry cytokines. At the same time, the simultaneous
up-regulation of SOX11 and microRNA-204-5p
can eliminate the influence of the up-regulated
microRNA-204-5p on the recovery of SCI injury
and the inhibition of inflammation.

Conclusions

We found that microRNA-204-5p was un-
der-expressed in SCI patients and could inhibit
the inflammatory response of the SCI mice mod-
el as well as promote their recovery of the grip
strength by targeting SOX11. Therefore, our study
demonstrated that microRNA-204-5p can play a
pivotal regulatory role in the repair process of
SCI, and may be an important target to promote
the repair of SCL
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