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MiR-24 inhibits oligodendrocyte precursor
cell differentiation after spinal injury
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Abstract. - OBJECTIVE: Oligodendrocyte
precursor cells (OPCs) differentiate into oli-
godendrocytes (OLs) that provide nutrients to
neurons. Adrenal medulla is (ADM) involved in
nerve damage. MiR-24 participates in various
diseases. However, the regulation and mech-
anism of miR-24 in oligodendrocyte precursor
cell differentiation after spinal injury is unclear.

MATERIALS AND METHODS: Wistar rats were
divided into sham operation group and model
group. Real Time-PCR detects miR-24, PDGFRa
and NG2 and MBP expression. OPC cells were
cultured and divided into control group, miR-24
group, and si-miR-24 group followed by analysis of
miR-24 expression by Real Time-PCR, expression
of PDGFRa, NG2 and MBP by Western blot, as well
as ADM content and secretion of IL-6 and TNF-a
by enzyme-linked immunosorbent assay (ELISA).

RESULTS: Expression of miR-24, PDGFRa,
and NG2 was increased in the model group and
MBP and ADM expression was decreased with
increased secretion of IL-6 and TNF-a. Com-
pared with control group, the difference was
statistically significant (p<0.05). Upregulation
of miR-24 promoted the expression of PDGFRa
and NG2, decreased MBP and ADM level, and
increased IL-6 and TNF-a secretion. Compared
with control group, the difference was statis-
tically significant (p<0.05). Downregulation of
miR-24 reversed the above changes, and the
difference was statistically significant (p<0.05).

CONCLUSIONS: MiR-24 expression is in-
creased in spinal injury. Upregulation of miR-
24 expression reduces adrenal medulla expres-
sion and inhibits oligodendrocyte precursor cell
differentiation.
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Introduction

Spinal injury is a common trauma in spinal
surgery, which can cause spinal cord injury, of-
ten leading to severe dysfunction of the limb be-
low the injured segment"?. With the continuous
development of the global construction industry,
industrialization and mining, and the growing de-
velopment of the transportation industry, the rap-
id development of the construction industry has
caused an increase in accidental spinal cord inju-
ries, such as falls or car accidents. Spinal cord inju-
ries are often accompanied by high disability and
mortality rate®*. A total of 100,000 cases are found
each year worldwide, with predominance of young
and middle-aged people™®. Spinal injury is diffi-
cult to treat, and surgical treatment is mostly used
at a high cost. Spinal cord injury not only brings
serious physical and psychological damage to the
patient, but also has a poor prognosis and causes
a huge economic burden on the whole society’.
It can damage the myelin sheath of the electrical
insulating membrane outside the axon and cannot
effectively provide nutrients and metabolic support
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for neurons®’. Oligodendrocytes (OLs) are my-
elin cells of the central nervous system, which are
mainly differentiated by oligodendrocyte precur-
sor cells (OPCs)". When the myelin sheath is dam-
aged, a large number of inflammatory mediators
are released, causing pathological changes, which
can lead to a large degree of damage by cascading
amplification effects on the basis of primary injury,
resulting in damage to oligodendrocyte formation,
thereby causing myelin damage and further func-
tion loss''2.

As a common non-coding RNA, miRNAs are
a class of non-coding single-stranded RNA mol-
ecules that are present in a variety of eukaryotic
cells and viruses with approximately 22 nucleo-
tides in length®. It is highly conserved in evolution
and binds to specific sites at the 3’-UTR end of the
target gene and is involved in the regulation of
post-transcriptional levels of genes'*!>. MiRNAs
account for about 1% of the entire genome, and it
is speculated that about one-third of the genes in
the human genome are regulated by miRNAs'".
MiR-24 is involved in the growth, development,
apoptosis, and other biological processes of cells,
and exerts its biological functions by regulating
the expression of multiple target genes, regulating
the development of various diseases'"'®. However,
the regulation and mechanism of miR-24 in oli-
godendrocyte precursor cell differentiation after
spinal injury have not been elucidated.

Materials and Methods

Experimental Animals

Healthy male Wistar rats, 2 months old, SPF
grade, body weight (250+20) g, were purchased
from the experimental Animal Center of the unit,
and fed by the SPF Animal Experiment Center.
Feeding conditions included maintaining the tem-
perature at (21 = 1)°C and maintaining relative
humidity (50-70%) under constant temperature
and constant humidity conditions, ensuring a 12/
day cycle every 12 hours.

Main Materials and Instruments

Sodium pentobarbital was purchased from
Shanghai Zhaohui Pharmaceutical Co., Ltd (Shang-
hai, China). OPC cells were kept in our laboratory
and stored in liquid nitrogen. Polyvinylidene diflu-
oride (PVDF) membrane was purchased from Pall
Life Sciences (Port Washington, NY, USA). West-
ern blot related chemical reagent was purchased
from Shanghai Biyuntian Biotechnology Co., Ltd.

(Shanghai, China), enhanced chemiluminescence
(ECL) reagent was purchased from Amersham
Biosciences (Little Chalfont, Buckinghamshire,
UK), rabbit anti-mouse platelet derived growth
factor receptor alpha (PDGFRa) and neural/glial
antigen 2 (NG2) and myelin basic protein (MBP)
monoclonal antibody, horseradish peroxidase
(HRP) labeled IgG secondary antibody were pur-
chased from Cell Signaling Technology (Danvers,
MA, USA). The OPC medium was supplement-
ed with 10 ng/ml basic fibroblast growth factor
(bFGF), 10 ng/ml PDGF-AA, 2% B27, 100 pg/ml
streptomycin, 100 U/ml penicillin from Dulbec-
co’s Modified Eagle’s Medium (DMEM)/F12 base
medium. OL differentiation medium was added to
2% B27, 100 ug/ml streptomycin, 100 U/ml peni-
cillin from DMEM/F12 base medium. Rabbit an-
ti-mouse TNF-a and IL-6 enzyme-linked immu-
nosorbent assay (ELISA) kits were purchased from
R&D (Minneapolis, MN, USA). MiR-24 siRNA
and pcDNA miR24 plasmid were synthesized by
Shanghai Shenggong Bioengineering Technology
Co., Ltd (Shanghai, China). Surgical microscopy
equipment was purchased from Suzhou Medical
Instrument Factory (Suzhou, China). The RNA ex-
traction kit and the reverse transcription kit were
purchased from ABI (Waltham, MA, USA). Sur-
gical microscopy equipment was purchased from
Suzhou Medical Instrument Factory (Suzhou, Chi-
na). The Multi-Parameter Monitor small animal
physiological monitor was purchased from Shang-
hai Yuyan Instrument Co., Ltd (Shanghai, China).
The Amp PCR System 2400 DNA Amplifier was
purchased from PE Gene (Foster City, CA, USA).
The iMark microplate reader was purchased from
BD Corporation (San Jose, CA, USA).

Grouping and Processing
of Experimental Animals

Wistar rats were randomly divided into 3
groups: control group, sham operation group (the
lamina was removed without damaging the spinal
cord) and model group (a rat model of spinal cord
injury was established by modified ALLEN’s
method).

Preparation of Rat
Spinal Cord Injury (SCI) Model

According to the literature, a rat SCI model was
established using the modified ALLEN’s weight at-
tack method". After anesthesia through intraperito-
neally injection of 30 mg/kg sodium pentobarbital,
the rats were fixed on the operating table. The lam-
ina and spinous processes of the thoracic vertebra
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T9-T11 were removed. The center was set in the T10
spinal cord segment and a circular area of approxi-
mately 4 mm in diameter was revealed as the lesion.
According to the physiological curvature of the dor-
sal spinal cord of the rat, a plastic buckling pad with
a length of 3 mm, a width of 2 mm and a thickness
of 1 mm was prepared, and the spacer was placed in
the spinal cord of the T10 spinal cord. Using a mod-
ified ALLEN’s striking device, the center was set
to the median blood vessel behind the spinal cord,
and the striking rod moved freely from the height of
5 cm through the sleeve, directly hitting the plastic
spacer. The successful model mainly included the
retraction and flutter of the rat’s body and the lower
limbs, and the rat tail showed a swaying swing. The
surgical incision was closed layer by layer, covered
with a dressing to cover and fix the wound, and the
conventional antibiotic was administrated for pre-
vention of infection.

Specimen Collection

On the 20" day after operation, 5 ml peripheral
blood of rats in each group were collected through
the tail vein and centrifuged for 15 min. The serum
was placed in an Eppendorf (EP; Hamburg, Ger-
many) tube and stored in a -80°C refrigerator for
later use. Rats in each group were sacrificed, and
the spinal cord tissues of each group were taken
and stored in a refrigerator at -80°C for later use.

ELISA Analysis of the Expression
of TNF-., IL-6 and ADM in Serum and
Cell Supernatant of Each Group

All the samples were tested by ELISA kit for the
expression of TNF-a, [L-2 and ADM in serum and
cell supernatant of each group according to the ELI-
SA kit instructions. The linear regression equation of
the standard curve was calculated according to the
concentration of the standard product and the corre-
sponding OD value, and the corresponding sample
concentration was calculated on the regression equa-
tion according to the OD value of the sample.

In Vitro Rat OPC Culture

Cell culture was carried out in OPC medium in
the presence of 10 ng/ml bFGF, 10 ng/ml PDGF-
AA, 2% B27, 100 pg/ml streptomycin, 100 U/ml
penicillin for 2 days in DMEM/F12 basal medium
which was then replaced by the OL differentiation
medium after 2 days. Then, the cells were cul-
tured in a 5% carbon dioxide incubator at 37°C.
When these cells were in the logarithmic growth
phase, the culture medium in the flask was dis-
carded, washed twice with sterile phosphate-buff-

ered saline (PBS), and 0.25% trypsin was added
to digest the cells. The cells were resuspended in
medium and seeded in 6-well plates.

Cell Transfection

MiR-24 siRNA and pcDNA miR24 plasmids
were transfected into OPC cells cultured in dif-
ferentiation medium according to the instructions
of Lipofectamine 2000. The cells were seeded in a
six-well plate, the density of the cells was 70% af-
ter 24 hours of culture, and 1.5 mL of serum-free
medium was replaced. 250 ul of serum-free
MEM medium was transferred to a sterile 1.5 mL
EP tube, 5 uL of Lipofectamine 2000 was added,
shaken evenly, and allowed to stand at room tem-
perature for 5 min. 250 pL of serum-free MEM
medium was transferred to a sterile 1.5 mL EP
tube, and 5 pL of MiR-24 siRNA and pcDNA
miR24 were added and shaken evenly. The solu-
tions in the above two EP tubes were mixed to-
gether and allowed to stand at room temperature
for 25 minutes. The mixed solution was trans-
ferred to the prepared six-well plate cells, and
placed in a 37°C, 5% CO, incubator for cultiva-
tion. 48 h after transfection, cells were harvested.

Real Time-PCR Detection
of the Expression of MiR-24, PDGFRa,
NGZ2, and MBP in Spinal Cord Tissue
and Cells of Each Group

The spinal cord tissue and cell mRNA of each
group were extracted with TRIzol reagent, and
DNA reverse transcription synthesis was per-
formed according to the kit instructions. The prim-
ers were designed by Primer Premier 6.0 according
to each gene sequence and synthesized by Shang-
hai Yingjun Biotechnology Co., Ltd. (Shanghai,
China) (Table I). Real-time PCR detection of the
gene of interest with reaction conditions: 92°C 30
s, 58°C 45 s, 72°C 35 s, a total of 35 cycles. Data
was collected using the PCR reactor software and
U6 was used as a reference. According to the fluo-
rescence quantification, the starting cycle number
(CT) of all samples and standards was calculated.
Based on the standard CT value, a standard curve
was drawn, and then the semi-quantitative analysis
was carried out by the 22 method.

Western Blot

The total protein of each group was extract-
ed: the lysate was added, the cells were lysed on
ice for 15-30 min, the cells were sonicated by 5 s
x 4 times, centrifuged at 4°C, 10,000 x g for 15
min, and the supernatant was transferred to a new
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EP tube. The protein was quantified and stored at
-20°C for Western blot experiments. The isolated
protein was electrophoresed on 10% sodium do-
decyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) (separation range 20-80 KD), and
the target proteins were 52 KD and 67 KD, respec-
tively. The gel was transferred to the PVDF mem-
brane by semi-dry transfer method, 160 mA, 1.5
h, and blocked with 5% skim milk powder for 2
h to remove non-specific background. The mem-
brane was incubated with different dilutions of
primary antibody PDGFRa and NG2 and MBP
(1:1000, 1:500, 1:1500) and B-actin (1:2000) mono-
clonal antibody at 4°C overnight. After washing
with phosphate-buffered saline and tween (PBST),
the corresponding secondary antibodies diluted in
different proportions were added in the dark and
incubated for 30 min, followed by washing with
PBST and development after addition of enhanced
chemiluminescence for 1 min. X-ray exposure im-
aging was performed to observe the results. X-film
and strip density measurements were separately
scanned using protein image processing system
software and Quantity one software. The experi-
ment was repeated four times (n = 4) and the statis-
tical analysis too.

Statistical Analysis

Data were analyzed by SPSS 19.0 (IBM, Ar-
monk, NY, USA) statistical software. Measure-
ment data were expressed as mean + standard
deviation, and multiple groups of sample means
were compared using one-way ANOVA with
Bonferroni post-hoc analysis. p<0.05 indicates a
statistical difference.

Results
MiR-24 Expression In Rats With
Spinal Injury
Real time PCR analysis of miR-24 expression in
rats with spinal injury showed that the expression

Table I. Primer sequences.

of miR-24 in the model group was increased, com-
pared with the sham operation group, the difference
was statistically significant (p<0.05; Figure 1).

Expression of PDGFRa and NG2
In Spinal Cord Tissue of Rats With
Spinal Injury

Real time PCR was used to analyze the expres-
sion of OPC markers PDGFRa and NG2 in the spi-
nal cord of rats with spinal injury. The expression
of OPC markers PDGFRa and NG2 in the spinal
cord of the model group was increased. Compared
with the sham operation group, the difference was
statistically significant (p<0.05; Figure 2).

MBP Expression In Spinal Cord Tissue
of Rats With Spinal Injury

Real time PCR was used to analyze the ex-
pression of OLs marker MBP in the spinal cord
of rats with spinal injury. The expression of OLs
marker MBP in the spinal cord of the model group
was decreased. Compared with the sham opera-
tion group, the difference was statistically signifi-
cant (p<0.05; Figure 3).

Changes In Serum ADM Content
In Rats With Spinal Injury

The changes of serum ADM content in rats
with spinal injury were analyzed by ELISA. The
serum ADM content in rats with spinal injury
was decreased, compared with the sham opera-
tion group, the difference was statistically signifi-
cant (p<0.05; Figure 4).

Changes In Serum Inflammatory
Factors IL-6 and TNF-o. Expression
In Rats With Spinal Injury

The expression of inflammatory factors IL-6
and TNF-a in the serum of rats with column inju-
ry was increased, compared with the sham opera-
tion group, the difference was statistically signifi-
cant (p<0.05; Figure 5).

Gene Forward 5°-3° Reverse 5’-3’

U6 TGCTTCGGCAGCACATATAC AGGGGCCATGCTAATCTTCT
miR-24 TCCACAGATCCTCCAGT GCGTCATCGTATAGTAGCTT
PDGFRa GACTCCAGTCATTAGCT CTAACCTAACAACTCCAGT
NG2 CGCCTCCGGTCACTA GTAAACTTGCTACATGGC
MBP TAT CGCCGTCCTAACCT TCACTAACTTAGCCATGTC

2868
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Figure 1. MiR-24 expression in spinal injured rats. Com-
pared with the sham operation group, *p<0.05.

Regulation of MiR-24 on MiR-24
Expression In OPC Cells

Transfection of pcDNA miR-24 plasmid into
OPC cells up-regulated miR-24 expression, com-
pared with the control group, the difference was
statistically significant (p<0.05). MiR-24 siR-
NA transfection into OPC cells down-regulated
miR-24 expression, compared with the control
group, the difference was statistically significant
(p<0.05; Figure 6).

1.8+ 1 Sham
* 1 Model

0.6+

0.4+

Relative mRNA expression of PDGFRa and NG2

0.2

PDGFRa NG2

1.2+

0.8+

0.6
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Relative mRNA expression of MBP

0.2+

Sham Model

Figure 3. MBP expression in spinal cord tissue of rats
with spinal injury. Compared with the sham operation group,
*p<0.05.

Effect of MiR-24 on the Differentiation
of OPC Cells

Western blot analysis of the effect of miR-24
on the differentiation of OPC cells showed that
up-regulation of miR-24 expression could inhibit
the differentiation of OPC cells, and the expres-
sion of OPC cell marker proteins PDGFRa and
NG2 was increased, while the expression of OL
marker protein MBP was decreased. Compared
with the control group, the difference was sta-
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Figure 2. Expression of PDGFRa and NG2 in spinal cord
tissue of rats with spinal injury. Compared with the sham
operation group, *p<0.05.

Figure 4. Changes in serum ADM content in rats with
spinal injury. Compared with the sham operation group,
*p<0.05.

2869
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Figure 5. Changes in serum inflammatory factors IL-6 and
TNF-a expression in rats with spinal injury. Compared with
the sham operation group, *p<0.05.

tistically significant (»<0.05). Down-regulation
of miR-24 expression promoted OPC cell differ-
entiation, decreased OPC cell marker proteins
PDGFRa and NG2 expression and increased OL
marker protein MBP expression, compared with
the control group, the difference was statistically
significant (p<0.05) (Figure 7).

Effect of MiR-24 on ADM Expression
In OPC Cells

Up-regulation of miR-24 expression inhibit-
ed the secretion of ADM from OPC cell super-

Figure 6. Regulation of miR-24 on miR-24 expression in
OPC cells. Compared with the control group, *p<0.05.

natants, and the difference was statistically sig-
nificant (p<0.05). Down-regulation of miR-24
expression promoted the secretion of ADM from
OPC cell supernatants, and the difference was
statistically significant (p<0.05; Figure 8).

Effect of MiR-24 on the Secretion

of Inflammatory Factors In OPC Cells
Up-regulation of miR-24 expression promoted

the expression of inflammatory cytokines IL-6

and TNF-a in OPC cells. The difference was sta-

tistically significant (p<0.05). Down-regulation

Control miR-24 si-miR-24
NG2 i -
ver | —
B-actin ---
A

Relative mRNA expression of PDGFR, NG2 and MBP

Control
= miR-24
msi-miR-24

o

PDGFRa NG2 MBP

Figure 7. Effect of miR-24 on OPC cell differentiation. A, Western blot analysis of the regulation of miR-24 on the expression
of OPC cell marker proteins PDGFRa and NG2 and the expression of OL marker protein MBP. B, Effect of miR-24 on the
expression of PDGFRa and NG2 and MBP expression, compared with the control group, *p< 0.05.
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Figure 8. Effect of miR-24 on ADM expression in OPC
cells. Compared with the control group, *p<0.05.

of miR-24 expression inhibited the secretion of
inflammatory cytokines IL-6 and TNF-a in OPC
cells, and the difference was statistically signifi-
cant (p<0.05; Figure 9).

Discussion

The pathogenesis of spinal cord injury is com-
plex. Due to damage of nerve cells, glial scar hy-
perplasia, inflammation, oxidative stress and other
related factors, damaged nerve tissue and axons
are difficult to repair, and dysfunction is gradual-
ly worsened®. Therefore, elucidating the related
mechanisms of spinal cord injury and analyzing its
regulatory factors is conducive to the diagnosis and
treatment of spinal cord injury. Under pathological
and physiological conditions, oligodendrocyte pre-
cursor cells (OPCs), which act as reservoirs, can
differentiate into oligodendrocytes (OLs), form
myelin cells, and provide nutrients for neurons?.
OPCs have a unique ability to differentiate into
myelin-derived oligodendrocytes in cell replace-
ment therapy for neurodegenerative diseases, and
thus playing a therapeutic role*?. During spinal
cord injury, oligodendrocyte precursor cells are ac-
tivated to produce myelin oligodendrocytes, which
contribute to remyelination and functional recov-
ery®. Therefore, how to promote the differentia-
tion of oligodendrocyte precursor cells into myelin
oligodendrocytes and promote the repair of spinal

Figure 9. Effect of miR-24 on the secretion of inflam-
matory cytokines in OPC cells. Compared with the control
group, *p<0.05.

cord injury has become one of the research topics.

MiRNA variants caused by genetic mutations,
epigenetic changes, or chromosomal aberrations
have been shown to have an effect on the biological
processes of many diseases and play an important
role in cell regeneration, differentiation, prolifera-
tion, and apoptosis**. MiR-24 plays an important
role in a variety of diseases, so the aim of this study
is to analyze the role of miR-24 in spinal cord in-
jury and oligodendrocyte precursor cell differen-
tiation. This research revealed that the expression
of miR-24 was increased in the spinal cord of the
spinal cord injury model group, the expression of
PDGFRa and NG2 was increased, the expression of
MBP was decreased, the ADM was decreased, and
the expression of IL-6 and TNF-o was increased.
This result suggests that miR-24 is abnormally ex-
pressed in spinal cord injury and oligodendrocyte
precursor cell differentiation is inhibited.

Further analysis was performed for the regula-
tion of miR-24 on the differentiation of oligoden-
drocyte precursor cells. Adrenal medulla (ADM)
isolated from human chrome cell tumor is an en-
dogenous vasoactive peptide containing 52 ami-
no acids, a member of the calcitonin gene-related
peptide family, which has been shown to have an-
ti-oxidative stress and can be affected by inflam-
mation and participate in the regulation of car-
diovascular diseases, kidney diseases and tumor
growth and invasion diseases. High expression
of ADM in central nervous system can be used
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as neurotransmitters, neuromodulators and neu-
rohormones®+, playing a role in the regulation
of nerve damage, such as ischemic brain injury.
The results showed that upregulation of miR-24
expression in OPC cells promoted the expression
of PDGFRa and NG2, decreased MBP expression
and ADM, and increased IL-6 and TNF-a ex-
pression. Down-regulation of miR-24 expression
in OPC cells reverses these changes, inhibits the
expression of PDGFRa and NG2, promotes MBP
expression and ADM, and decreases IL-6 and
TNF-a expression. This result suggests that miR-
24 can inhibit the differentiation of OPC cells and
increase the expression of inflammatory factors
by regulating ADM.

Conclusions

In summary, the expression of miR-24 in spinal
injury is increased. Increased expression of miR-
24 reduces adrenal medulla expression and inhibits
oligodendrocyte precursor cell differentiation.
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