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Abstract

Background/Aims: To explore the potential role of miR-544a in spinal cord injury and the
possible mechanism involved. Methods: We established a mouse model with spinal cord
injury to examine the changes in grip force recovery of the forelimb or the posterior limb
of the mouse. Microarray was performed to achieve differentiated miRNAs in the mice. The
expressions of miR-544a, MCP-1, IL36B and IL17B after spinal cord injury were detected by
gRT-PCR. Subsequently, miR-544a was overexpressed to observe changes in inflammation
and grip strength after spinal cord injury. Target gene of miR-544a was then predicted using
bioinformatics technology. Finally, dual luciferase reporter gene assay was used to verify the
binding of miR-544a to its target gene. Results: Using mice models with spinal cord injury,
we found that the strength of their four limbs began to recover 7 days after injury. The results
of microarray and qRT-PCR confirmed that mir-544a level in mice with spinal cord injury
decreased with increase of injury time, while the levels of inflammatory genes MCP-1 (monocyte
chemoattractant protein-1), IL1 (interleukin-1) and TNF-a (tumor necrosis factor alpha) IL36B
(interleukin-36 beta) and IL17B (interleukin-17 beta) were significantly increased. However,
overexpression of miR-544a in the mice significantly reduced the level of inflammation and
restored their grip strength in their four limbs. Finally, we found that miR-544a can bind
to the NEUROD4 (Neurogenic differentiation 4) 3'UTR (Untranslated Region) region through
bioinformatics website prediction, which was further confirmed by dual luciferase reporter
assay. NEUROD4 level was significantly reduced following the overexpression of miR-544a.
Conclusion: The expression of miR-544a was significantly decreased after spinal cord injury.
High expression of miR-544a could alleviate the inflammation caused by spinal cord injury
and promote the recovery of spinal cord via the inhibition of NEURODA4.
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Introduction

Spinal cord injury (SCI) is caused by the direct or indirect strike from external forces
on the spinal cord. Prognosis of patients with SCI is very poor, leading to limb movement
disorders, loss of cognitive function or even paralysis, which brings great pain and heavy
burden to patients and their families. The incidence of SCI has been increasing year by year.
Statistics show that there are 11, 000 new cases of SCI each year in the United States [1] and
more than 60, 000 in China. In the past, medical scientists thought that the ability of spinal
cord to repair itself could not be possible. A study in 1980s however, revealed that nerve
cell regeneration could promote SCI recovery [2]. Inflammatory reaction after SCI is the
most important pathological process of secondary injury, and inflammatory cytokines are
the basic effector molecules, which participate in and regulate the inflammatory response
after SCI. Inflammatory cytokines after SCI regulate nerve regeneration and prognosis [3].
Expression of inflammatory cytokines after SCI is not static, they are with the development
of SCI showed different changes. Thus to understand local inflammatory factors in the
injury area after SCI such as proinflammatory cytokines, chemokines and changes in anti-
inflammatory factors are of great significance [4].

Many studies have shown that the expression level and post-transcriptional regulation
of many genes play an important role during the development of SCI [5, 6]. As miRNAs play
important role in post-transcriptional regulation, their regulatory role has been increasingly
appreciated by researchers [7, 8]. MiRNAs are 20-24 nucleotides in length and were first
discovered in Caenorhabditis elegans in 1993[9]. In humans, miRNAs can bind to the 3’'UTR
of the target mRNA to promote degradation or inhibit the translation process so as to
regulate the gene expression at the post-transcriptional level. The cellular regulation by
miRNA, therefore, is an ubiquitous intracellular way of gene regulation. It was found that
multiple miRNAs can regulate an identical gene and one miRNA is also able to coordinate the
post-transcriptional regulation of multiple genes. It is predicted that miRNAs regulate the
expression of nearly one-third of human genes [10].

Many studies have demonstrated the expression patterns and functional characteristics
of miRNAs in the process of SCI [11]. It was demonstrated that the severity of SCI is closely
related to the level of differentially related genes, which is higher in mild and moderate
damage compared to severe injury. Although miRNAs are continually studied, their role in
SCI and mechanism involved is yet to be demonstrated [12]..

Materials and Methods

SCI modeling and mice grouping

Thirty ten-week-old female C57bl / 6] mice weighing 20-25g were selected for the study. All of them
were bred under a normal light cycle and fed with normal diet. They were randomly divided into 2 groups
using random number generator. Mice in injury group (SCI group) were made with contusion on the fifth
cervical spinal cord. C4-6 spinous processes were revealed by longitudinal incision in the neck and C5
lamina was excised with an ophthalmic scissors to show the dural sac. Hammer position of spinal impactor
was adjusted on the C5 spinal cord, and then bleeding was stopped and the wound sutured. For the mice
in sham group, simple laminectomy was performed following the same procedure as the SCI group except
the last impact on C5 spinal cord. Subsequently, the situation of spinal cord injury was evaluated before or
at 2 days, 8 days, 12 days, 21 days, 26 days, 33 days, 41 days, and 52 days after injury. Injured mice were
sacrificed to collect their spinal cord specimens at 1 day, 3 days, 5 days, 7 days and 20 days after SCI. This
study was approved by the Animal Care Committee of Nanjing Medical University. All protocols of animal
experiments were performed according to the Guide for the Care and Use of Laboratory Animals proposed
by the Chinese National Institutes of Health.
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Measurement of forelimb grip strength

Mice tail was lifted up and got close to grip gauge crossbar in order to induce their ability to grab bar.
We then gently pulled mice backwards in the horizontal direction to pull them off the crossbar. Instrument
showed grip force of the two forepaws of mice. One of the front paws of mice was wrapped with tape and
then the left or right forelimb grip strength was measured using the methods described above. The above
grip measurement was repeated four times and the average calculated. When a mouse was unable to grip
the crossbar due to severe forelimb dyskinesia in measurement, the grip was recorded as zero.

Spinal cord acquisition, RNA extraction and ChIP detection

After the mice were sacrificed using CO, asphyxiation treatment, the dorsal skin was cut and the
subcutaneous tissues and muscles were removed. The lamina on section including sample tissue was
removed, and 4 mm spinal cord tissue was excised with the injury area taken as the center. These spinal
cord tissue specimens were then put in 1.5 ml centrifuge tubes and stored at -80 ° C.

Spinal cord tissue samples were placed in a mortar and 1 ml of Trizol reagent was added to homogenize
the tissue by sonication. The homogenate was transferred to a 1.5 ml EP tube and allowed to stand at
room temperature for 5 minutes. 200 pl of chloroform reagent was added to each tube and mixed well and
let to stand for 15 minutes at room temperature, then centrifuged for 15 minutes. The supernatant was
transferred to a new 1.5 ml EP tube, and the same volume of pre-cooled isopropanol as the supernatant
was added. After centrifugation for 10 minutes, the supernatant was discarded and 1 ml of pre-cooled
75% ethanol was added to wash the pellet. The residue was aspirated and the pellet was allowed to dry at
room temperature. Subsequently, 20 pl of enzyme-free water was added to completely dissolve RNA. The
extracted RNA concentration was assayed by UV analysis. Total RNA was sent to Beijing Boao for miRNA
ChIP detection.

QRT-PCR (Quantitative real-time reverse transcription-polymerase chain reaction)

cDNA was obtained from extracted RNA using reverse transcription and used for PCR detection
with SYBR Green method. The amplification conditions are as follows: pre-denaturation at 94°C for 5 min
followed by 40 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 1 min 30 s. The primer sequences used
were as follows: IL36B (F: 5-AGAGTATTCAAATGTGGGAACCG-3 , R: 5’-GACCCATACCATCTGTTGTGAG-3"),
IL17B  (F: 5-CTCCTGCTTCTAGGCTGGTTG-3 ¢ R: 5’CCACCTGGCACTTCGAGTTAG-3° NEUROD4
(F:  5-AGCTGGTCAACACACAATCCT-3 5 R:  5-TTCCATAAGAGCCCGGTCTTC-3"), GAPDH (F:
5’-AATGGATTTGGACGCATTGGT-3 ‘ R: 5-TTTGCACTGGTACGTGTTGAT-3"). MiR-544a real-time PCR assay
kit was used from Guangzhou Ruibo Biotechnology Co., Ltd. for PCR amplification in order to detect the
expression of miR-544a.

Construction of luciferase reporter gene vector and luciferase activity assay

The NEUROD4 wild-type sequence (NEUROD4 WT 3’'UTR) and the mutant sequence (NEUROD4 MUT
3'UTR) were constructed based on the 3'UTR sequence of NEUROD4. Cells were then seeded in 24-well
plates and co-transfected with miR-544a mimics and NEUROD4 WT, miR-544a mimics and NEUROD4 MUT,
Negative Control (NC) and NEUROD4 WT, NC and NEUROD4 MUT 3 ‘UTRs. 48 hours after transfection,
fluorescence intensity of the cells was detected using dual luciferase reporter assay system.

Western blot assay

The medium in the culture dish was aspirated and the cells were washed twice with PBS and lysed
on ice. The cells were transferred to an EP tube and then sonicated. After centrifugation for 30min, the
supernatant was taken and added in Bromophenol blue (9.5 ml per 0.5 ml of protein supernatant) to boil
for 10 min. The protein sample was then aliquoted and stored at -20 ‘C. The protein sample was taken out
and thawed when used. Each protein sample was loaded in SDS-PAGE gel at 105 volts for 2 h. After the
gel was transferred into PVDF membrane, the membrane was blocked, incubated with primary antibodies
overnight, and incubated with secondary antibodies. Primary rabbit monoclonal MCP-1 antibody (dilution:
1/500; CatNOs: ab25124); rabbit polyclonal IL1 antibody (dilution: 1/500; CatNOs: ab9614); rabbit
polyclonal TNF-a antibody (dilution: 1/500; CatNOs: ab6671); rabbit polyclonal IL17B antibody (dilution:
1/500; CatNOs: ab229320); rabbit polyclonal IL36B antibody (dilution: 1/500; CatNOs: ab116280); rabbit
polyclonal NEUROD4 antibody (dilution: 1/500; CatNOs: ab90484); rabbit polyclonal GAPDH antibody
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(dilution: 1:500, CatNOs: ab37168) and secondary goat anti-rabbit (HRP) IgG antibody (dilution: 1/2000;
CatNOs: ab6721) were all purchased from Abcam (Cambridge, MA, USA). Finally, chemiluminescent film
was applied for assessment of protein expression with Image ] software.

Statistical analysis

All experiments were repeated three times. SPSS 22.0 statistical software was used for data analysis
and GraphPad for image editing. Measurement data were presented as mean + SEM of three independent
experiments and assessed by t test. P value < 0.05 was considered statistically significant.

Results

The influence of spinal cord injury on the grip strength of mice

To confirm whether the SCI modeling was successful, grip forces of the left and right
forelimbs of the mice were detected. During the first week, motor function of the injured
limbs was severely impaired and the mice could not use the forepaw for any movement. On
the 8 d-12 d, the mice tried to grasp measuring rod at the time of measurement, but could
not complete the successful grasping. Alternatively, even if they completed the grasping, they
were still unable to resist the pulling to complete the measurement. After 21 d-52 d, grip
strength of the left and/or right forelimbs gradually improved over time so as to complete the
measurement, but the reading was very low, indicating the existence of serious dyskinesia.
During the early stage, mice in sham-operated group were not able to complete the stretch
due to the surgical wound pain, resulting in the temporary decrease in measured value of
grip force. One week after the operation, the wound gradually healed and the grip strength
recovered to the pre-operative level. The grip strength of the mice in the injury group was
lower than that in the sham-operated group at various time points after operation; however,
the changes of grip force in the two forelimbs were basically the same (Fig. 1A, 1B and 1C).

Spinal cord injury affects the expression of miR-544a and inflammation-related factors

To explore whether miR-544a significantly altered after SCI, RNA of the spinal cord
tissues of mice in the injury group at 3 days, 1 week, 2 weeks and 1 month after operation
was sequenced. We found that the expression of miR-544a gradually declined from the first
day after operation but was restored at 1 month, which is consistent with the result of grip
force test (Fig. 2A). We then verified the expression of miR-544a in SCI mouse model by real-
time PCR. The expression of miR-544a was consistent with that in sham-operated group

Fig. 1. Measurement results of grip strength in mice with cervical spinal contusion are shown. Grip strength
of mice in the pair forepaws (A), left forepaw (B) and right forepaw (C) in the sham group decreased
temporarily and gradually recovered to the preoperative level, while mice in the SCI group showed serious
dyskinesia.
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Fig. 2. MiR-544a and inflammation-related factors significantly changed. (A) MiRNAs that expressed
differently before and after SCI are presented; (B) MiR-544a level was significantly reduced with the
increased injury time and reached the lowest on the 7th day after SCI; The mRNA levels of IL36B (C) and
IL17B (D) increased as the injury time increased; (E) Protein expressions of MCP-1, IL1, TNF-q, IL36B and
IL17B increased with increasing injury time.

one day after operation; however, its expression gradually decreased from the third day and
recovered again on the tenth day after surgery (Fig. 2B).

Inflammation after SCI has been demonstrated by many studies as a critical factor in SCI
and its recovery, hence we examined the expression of IL36B and IL17B and found that their
expression increased with the prolongation of injury time (Fig. 2C and 2D). Further, Western
blot results showed that the levels of MCP-1, IL1, TNF-q, IL36B and IL17B were enhanced
at 1 day, 3 days and 7 days after spinal cord injury with the lesion time extended (Fig. 2E).

The impact of miR-544a overexpression on inflammation.

Next, we investigated the association of miR-544a with levels of inflammatory factors.
The expression of miR-544a in the injury area of spinal cord on the first day after surgery of
the sham-operated group was taken as a blank control. In the injured group, the expression
of miR-544a slightly increased on the first day after injury, began to decrease on the 3rd
day and finally reached the lowest value on the 7% day. In the negative control group, the
expression trend of miR-544a at each time point after operation showed no significant
difference compared to the mice in the injured group, indicating that there was no significant
difference between the two groups. However, the miR-544a level in mice of the treated
groups injected with exogenous miR-544a was significantly higher than that of the injury
group or the negative control group at corresponding time points after operation, with the
highest value on the 3rd day (Fig. 3A).

In mice with spinal cord injury, the expressions of IL36B and IL17B mRNAs in each
group changed significantly with time. Taking the sham-operated group as the reference,
the expressions of IL36B and IL17B mRNAs in the mice of injury group were significantly
upregulated at each postoperative time point and reached the highest value on the 7th day
after the operation. However, the expression levels of [L36B and IL17B mRNAs in miR-544a
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Fig. 3. Effect of overexpression of miR-544a on IL36B and IL17B levels is shown. (A) The expression of miR-
544a in SCI area of mice in each group is shown. ; Influence of overexpressed miR-544a in the injury area of
mice on IL36B (B) and IL17B (C) mRNA expression level is presented; (D) Effect of miR-544a overexpression
on MCP-1, IL1, TNF-a, IL36B and [L17B protein expressions in mice with SCI was shown.

Fig. 4. Effect of miR-544a on reparation and regeneration of spinal cord in mice is presented. (A) Changes
in grip force of two forelimbs of mice at different time points after SCI in each group is shown. (B) Changes
in grip force of right forearm of mice at different time points after SCI in each group is shown. (C) Changes in
left forearm grip force of mice at different time points after SCI in each group is shown.

injection group at each time point after injury were significantly lower than those in injury
group at the same time point, indicating that miR-544a overexpression after SCI could
induce downregulation of IL36B and IL17B mRNAs in the lesion area (Fig. 3B and 3C). It
is an indisputable fact that the expression of various inflammatory factors such as TNF-«
is upregulated after SCI, and the inflammatory factors such as IL1 and TNF-a can obviously
promote the expression of MCP-1[13]. The western blot results showed that overexpression
of miR-544a using mimics significantly decreased the expressions of MCP-1, IL1, TNF-q,
IL17B and IL36B (Fig. 3D).
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Fig. 5. NEUROD4 was predicted as a target gene for miR-544a. (A) NEUROD4-WT, and NEUROD4-MUT
sequences wereas constructed. (B) After the overexpression of miR-544a, luciferase activity decreased in
NEUROD4-WT group, while no significant difference was found in NEUROD4-MUT group. (C) Overexpression
of miR-544a brought down NEUROD4 mRNA levels. (D) After miR-544a mimic was transfected in, NEUROD4
protein levels decreased.

The effect of miR-544a on the reparation and regeneration of spinal cord injury in mice

Further, to study the effects of miR-544a on the reparation and regeneration of spinal
cord injury in mice, forelimb grip strength was measured. Mice with spinal cord injury had
serious motor dysfunction of the extremities in the first week, and could not use the forepaw.
Mice treated with miR-544a also developed severe dyskinesia after injury. However, forepaw
function of some mice with miR-544a overexpression began to recover from the 12th day
after injury, and the grip strength was gradually improved with time. In the 21 d-52 d, the left
and right forepaws grip strength and the two-jaw grip strength of the mice in the treatment
group were significantly improved compared with the simple injury group (Fig. 4A, 4B and
4Q).

MiR-544a exerts functions by targeting NEUROD4

To study the further molecular mechanism by which miR-544a regulates the
regeneration procedure of spinal cord injury, bioinformatics analysis and dual luciferase
reporter gene assay were performed. MiRNAs can set up base pairs with the mRNA of their
own target gene to form a gene silencing complex, which degrades the target gene mRNA
resulting in pathogenesis. Based on bioinformatics prediction and functional analysis,
NEUROD4, a kind of neuronal differentiation factors, was found to be the target gene of miR-
544a. In order to further verify whether miR-544a can bind to NEUROD4, we constructed
NEUROD4 wildtype sequence NEUROD4-WT 3’'UTR and mutant sequence NEUROD4-MUT
3’'UTR and performed luciferase reporter assay (Fig. 5A). After cells were transfected with
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miR-544a mimic, luciferase activity in NEUROD4-WT 3’UTR group decreased compared
with the negative control group, whereas in the NEUROD4-MUT 3’UTR group it showed no
significant difference (Fig. 5B). This implies that miR-544a can interact with NEUROD4. To
further verify the binding of miR-544a to NEUROD4, we injected miR-544a mimic into spinal
cord tissue and found that the NEUROD4 gene expression was significantly reduced by miR-
544a overexpression (Fig. 5C). Subsequent testing of protein levels revealed a decrease in
NEUROD4 protein expression after miR-544a overexpression (Fig. 5D), demonstrating that
miR-544a exerted its effect by inhibiting NEUROD4.

Discussion

SClis a very common type of spinal surgery injury [14]. Because impaired sensory motor
function is difficult to recover, SCI often leads to significant physical along with psychological
trauma and brings financial burdens to patients and their families. The recovery of upper
limb function, in particular, is especially vital for patients with cervical spinal cord injury
[15].

In recent years, miRNA-related research has revealed its important role during the
process of spinal cord development or diseases of spinal cord. Studies confirmed that miRNAs
can regulate a variety of transcription factors that play important role during the process
of spinal cord development and establishment of functions, including the differentiation of
spinal cord neurons and the maintenance of cell type [16-18].

Additionally, the important regulatory role of miRNA in the pathological process of
spinal cord injury has also been gradually confirmed. Studies suggest that miRNAs are
essential in the regulation of inflammatory signaling pathways and pathological immune
responses. Changes in the levels of lots of miRNAs occur after spinal cord injury, which are
believed to be involved in immune responses such as invasion of immune cells and regulation
of inflammatory signaling pathways [19-21]. In this study, miR-544a was screened by
microarray for differential expression levels after spinal cord injury. Meanwhile, levels of
inflammation-related genes were also found altered.

MiR-544a is a newly discovered miRNA that is located at 14q32.31 with few related
studies. Previous studies have shown that miR-544a promotes the invasion of lung cancer
cells and breast cancer cells by downregulating E-CAD and upregulating vimentin expression
[22, 23]. In addition, miR-544a maintains the self-renewal ability of lung cancer stem cells
by downregulating GSK-3f expression [24]. Recent studies have indicated that miR-544a
induces EMT phenotype in gastric cancer cells by activating the WNT signaling pathway
[25]. Meanwhile, as costimulatory molecules, miR-544a and a cluster of miRNAs located
at 14932, such as miR-127-5p and miR-655-3p, affect multiple metastasis-associated
pathways by inhibiting a series of identical target genes [26]. However, the mechanism of
miR-544a in spinal cord injury is not clear. Our current study showed that overexpression of
miR-544 can alleviate the damage in the grasping ability of mice, indicating that miR-544a
plays an important role in the recovery procedure of spinal cord injury.

MCP-1 is an important chemokine that binds to CCR2 (CC chemokine receptor 2), an
expressed receptor on the surface of inflammatory cells. MCP-1 is mainly chemotactic to
enter infection, injury or inflammation. They are closely related to the changes of axonal
demyelination after SCI. Pineau [27] et al. found that astrocytes can produce MCP-1 on
monocytes and neutrophils after SCI depend on IL1 receptor / MyD88 path. Perrin [28] et
al. administered MCP-1 antibody significantly inhibited the damage of macrophage activity
in the injured area, inhibiting the destruction of myelinated debris in the lesion area of SCL
This experiment found that the expression of MCP-1 increased in SCI, but decreased after
addition of miR-544a mimics.

NEUROD4, as a neuronal differentiation factor, plays an important role in neuronal
cell differentiation. NEUROD is highly expressed during the development of the peripheral
and central nervous system; however, its expression levels decrease with the maturation
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Fig. 6. A proposed model for miR-544a-mediated recovery after SCI. Spinal cord injury leaded to significantly
reduction of miR-544a. However, treatment with exogenous miR-544a mimics markedly upregulated miR-
544a expression, consequently inhibiting the expression of NEUROD4, thus reducing inflammation after SCI.

of neurons. The sustained expression of NEUROD in adult and mouse cerebellum and
hippocampus cells may be related to the regeneration of neuronal cells. The NEUROD gene
is expressed in 12 kinds of medulloblastomas, neuroblastomas and retinoblastomas, and
is significantly upregulated by various stimuli or induction to neuroblasts. In this study,
NEUROD4 was identified as the target gene of miR-544a, and its expression was significantly
decreased after miR-544a treatment in SCI group [29].

The innovativeness of this study is that miR-544a and its target gene NEUROD4 are both
reported for the first time in spinal cord injury. We proposed new clues to the pathogenesis
of spinal cord injury and expanded the pathogenesis of spinal cord injury. These findings
may provide a new direction for the diagnosis and treatment of spinal cord injury (Fig. 6).
However, there are some inadequacies of this study, whether miRNAs could play a role in
SCI pathogenesis through the selected target gene requires a more sophisticated proof of
reversal. In addition, it is unclear how the abnormal expression of miRNA is regulated. If
we can further explore the mechanism of miRNA regulation, it will provide a more in-depth
understanding of the pathogenesis of SCI. Thirdly, data regarding the effects of miR-544a
knockdown on inflammation of SCI was not provided in this study. This is really a limitation
existed in the present study. Actually, we performed knockdown of miR-544a for multiple
times using miR-544a inhibitors via caudal vein injection. However, the silencing effects
were very poor. Then we also attempted to use Lentivirus to knockdown the expression of
miR-544a in vivo again, however, the effects were still not satisfied. In our future study, we
have to try our best to find more effective solution to establish the miR-544a knockdown
mice models, thus strengthening the significance of our present research.
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Conclusion

In summary, we found that miR-544a was downregulated in mice with spinal cord
injury, while inflammation-related genes were highly expressed. Increased miR-544a levels
can inhibit inflammatory response in SCI animal model, and to a certain extent promote
the recovery of the grip strength of SCI mice. In addition, we verified that miR-544a could
act on NEUROD4 to initiate its effects. It is therefore suggestive that miR-544a plays a vital
regulatory role in the recovery of spinal cord injury and may be an important target for
promoting the repair process.
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