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Aims

Non-coding microRNA (miRNA) in extracellular vesicles (EVs) derived from mesenchymal
stem cells (MSCs) may promote neuronal repair after spinal cord injury (SCI). In this paper
we report on the effects of MSC-EV-microRNA-381 (miR-381) in a rodent model of SCI.

Methods

In the current study, the luciferase assay confirmed a binding site of bromodomain-
containing protein 4 (BRD4) and Wnt family member 5A (WNT5A). Then we detected
expression of miR-381, BRD4, and WNT5A in dorsal root ganglia (DRG) cells treated with
MScC-isolated EVs and measured neuron apoptosis in culture by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining. A rat model of SCI was established
to detect the in vivo effect of miR-381 and MSC-EVs on SCI.

Results

We confirmed an interaction between miR-381 and BRD4, and showed that miR-381 overex-
pression inhibited the expression of BRD4 in DRG cells as well as the apoptosis of DRG cells
through WNTS5A via activation of Ras homologous A (RhoA)/Rho-kinase activity. Moreover,
treatment of MSC-EVs rescued neuron apoptosis and promoted the recovery of SCI through
inhibition of the BRD4/WNT5A axis.

Conclusion
Taken altogether, miR-381 derived from MSC-EVs can promote the recovery of SCI through
BRD4/WNT5A axis, providing a new perspective on SCI treatment.
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Article focus (BRD4)/Wnt family member 5A (WNT5A)
We aimed to identify the specific role of axis.
microRNA-381 (miR-381) from mesen-
chymal stem cell-derived extracellular
vesicles (MSC-EVs) in spinal cord injury
(SCI) recovery and its functioning
mechanism.
The findings of miR-381 from MSC-
EVs were verified in dorsal root ganglia
(DRQG) cells and rat model of SCI.
miR-381 derived from MSC-EVs can
promote the recovery of SCI through
bromodomain-containing protein 4

Key messages
BRD4 promoted the expression of WNT5A
via binding to the promoter of WNT5A.
Extracellular vesicles (EVs) derived from
MSCs promoted the recovery of SCI.
EV-derived miR-381 promoted the
recovery of SCI by inhibiting WNT5A.
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Strengths and limitations
The underlying mechanism of miR-382 from MSC-EVs
could provide a novel insight into treatment for and
recovery from SCI.
The current technique limits the efficiency of EV isola-
tion in the present study.

Introduction
Spinal cord injury (SCI) is a frequent occurrence in
modern society, due to adverse events such as vehic-
ular crashes, falls, violence, sports, and medical/
surgical accidents.! Generally, SCI proceeds from an
initial mechanical injury to secondary damage from
inflammation and apoptosis.>* Early treatment can
exert a positive effect on neurological recovery, but the
recovery rate is still lower than would be desired, thus
bringing a considerable burden of disability.* Further-
more, treatment complications can include sepsis and
multiorgan failure, resulting in long-standing hospital-
ization or morbidity.®> Emerging evidence indicates that
bone marrow-carried mesenchymal stem cells (MSCs)
hold considerable promise for SCI treatment.®
Extracellular vesicles (EVs) serve as vehicles for the
delivery to target cells of cargos consisting of messenger
RNA (mRNA), microRNA (miRNA), and long non-coding
RNA, as well as diverse lipids.” Among many beneficial
processes, EVs can improve the repair of bone injury
through an endochondral pathway by delivery of pro-
regenerative paracrine signalling factors to the site of
damage.® MicroRNAs are a group of small non-coding
RNAs, which are emerging as valuable biomarkers for
many diseases, as well as presenting new therapeutic
targets.® A recent study verified that miRNA-381 is essen-
tial for the proliferation of nerve cells during SCI by
inhibiting the expression of HES1 gene, thus presenting
a new potential therapeutic direction for treating SCI.'®
Treatment with MSC-derived exosomes modified to
deliver miR-126 could reduce the injury degree, stim-
ulate axon regeneration, and improve recovery of limb
motor function following SCl in a rodent model.™
Moreover, the miRNA.org database has predicted an
association between bromodomain-containing protein
4 (BRD4) and miR-381. A previous study showed that
BRD4 was related to the pathophysiology of neuro-
pathic pain and HIV-related pain.’? BRD4 can bind to the
promoter region of Wnt family member 5A (WNT5A) in
breast cancer,’ which is also known to be upregulated
after SCI.™ Hence, we proposed to test a hypothesis
that EV-encapsulated miR-381 from MSCs can promote
the recovery of SCI through the inhibition of the BRD4/
WNTS5A axis. We tested this novel therapeutic channel
using cell cultures and in SCI-model rats.

Methods

Ethical statement. The animal experiments in this study
were conducted under the approval of the Animal Ethics
Committee in our hospital, in strict consideration of the
need to minimize discomfort and animal numbers.

Table I. Mesenchymal stem cell-derived extracellular vesicle treatments.

Group Treatment

MSC-EVs-NC
mimic+oe-NC

MSCs were transfected with NC mimic for six
hours and then the MSCs were cultured in DMEM
medium for 24 hours. With supernatant collected,
EVs of MSCs were isolated. Then the MSC-EVs and
lentivirus expressing oe-NC were intravenously
injected into rats (n = 8).

MSC-EVs-miR-381
mimic+oe NC

MSCs were transfected with miR-381 mimic for six
hours and then the MSCs were cultured in DMEM
medium for 24 hours. With supernatant collected,
EVs of MSCs were isolated. Then the MSC-EVs and
lentivirus expressing oe-NC were intravenously
injected into rats (n = 8).

MSC-EVs-miR-381
mimic+oe-BRD4

MSCs were transfected with miR-381 mimic for six
hours and then the MSCs were cultured in DMEM
medium for 24 hours. With supernatant collected,
EVs of MSCs were isolated. Then the MSC-EVs and
lentivirus expressing oe-BRD4 were intravenously

injected into rats (n = 8).

MSC-EVs-miR-381

mimic+oe-WNT5A

MSCs were transfected with miR-381 mimic for
six hours and then the MSCs were cultured in
DMEM medium for 24 hours. With supernatant
collected, EVs of MSCs were isolated. Then the
MSC-EVs and lentivirus expressing oe-WNT5A
were intravenously injected into rats (n = 8).

BRD4, bromodomain-containing protein 4, DMEM, Dulbecco's
modified Eagle's medium; EV, extracellular vesicle; miRNA-381,
microRNA-381; MSC, mesenchymal stem cell; oe-NC, overexpression
negative control; WNT5A, Wnt family member 5A.

Spinal cord injury model in rats. A total of 56 Sprague-
Dawley (SD) rats (male, 6 to 8 weeks, 180 g to 205 g)
were raised in separate cages, with ad libitum access to
food and water. The rats were anaesthetized with 1%
(w/v) pentobarbital sodium (40 mg/kg) and operat-
ed to produce the SCI. Under surgical anaesthesia, we
exposed the T9 lamina of each rat and excised its sur-
rounding skin and muscle to expose the vertebral plate
and spinous process. These T9 structures were removed
by placing a mosquito clamp to expose the spinal cord,
which was held in place for one minute to establish a
moderately severe crush injury model. In the control
group, the T9 lamina of the rats was excised without
compression injury.

Animal treatment. With eight normal rats taken as nor-
mal controls, the remaining rats (n = 48) were subject-
ed to different treatments for SCI. Three days before
spinal cord percussion, the 48 treatment rats were in-
travenously injected with miR-381 agomir, EVs from
MSCs transfected with negative control mimic (MSC-
EV-NC mimic) or miR-381 mimic (MSC-EV-miR-381
mimic), lentivirus expressing overexpression of BRD4
(oe-BRD4), oe-WNTS5A, or empty vectors (n = 8 per
treatment group; Table I).

During the establishment of the SCI model, we
applied the Basso, Beattie and Bresnahan locomotor
rating scale (BBB scale)' to evaluate the neural function
of the injured spinal cord, and ultimately harvested the
injured spinal cord tissue, whereupon we counted the
number of neurones after Nissl staining. Haematoxylin-
eosin staining (HE staining) was used to investigate the
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Table Il. Primer sequences.

Target Sequence

BRD4 F: 5"-GGACGAGGGAGGAAAGAAACA-3’
R: 5’-AGGAAAGGGGTGAGTTGTGG -3’

WNT5A F: 5"-ACCACATGCAGTACATCGGAG-3’
R: 5"-ACCACATGCAGTACATCGGAG-3’

miR-381 F: 5"-CGTGAATGATAGTGAGGAAC-3’

R: 5’-GTGAACGATTTGCCACACACA-3’
ué F: 5-GCTTCGGCAGCACATATACTAAAAT-3’
R: 5"-CGCTTCAGAATTTGCGTGTCAT-3’
F: 5’-TGGCCTTCCGTGTTCCTAC-3’
R: 5"-GAGTTGCTGTTGAAGTC-3’

GAPDH

BRD4, bromodomain-containing protein 4; F, forward; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; miR-381, microRNA-381; R, reverse; WNT5A, Wnt
family member 5A.

histopathological differences between treatment groups.
The expression of miR-381, BRD4, and WNT5A was
detected in tissue samples by reverse transcription quan-
titative polymerase chain reaction (RT-qPCR), and the
expression of BRD4 and WNT5A was detected by western
blot analysis.'®"”
Isolation and identification of EVs. The rat MSCs at
passage three (serial number: SCSP-401) were cul-
tured overnight in the serum-free Dulbecco's modified
Eagle's medium (DMEM) (Merck KGaA, Darmstadt,
Germany). When cell confluence reached 80% to 90%,
the supernatant was collected and centrifuged at 2,000
x g for 20 minutes at 4°C to remove cell debris. The
new supernatant was centrifuged at 10,000 x g for one
hour at 4°C. The pellet was suspended in serum-free hy-
droxyethyl piperazine ethane-sulfonic acid (HEPES, 25
mm, pH = 7.4) DMEM medium and ultracentrifuged to
isolate the EVs, which were stored at -80°C."®

EVs (30 pl) were dripped on a copper mesh and allowed
to adhere for one minute prior to staining with phospho-
tungstic acid solution (30 pl, pH = 6.8). After drying under
an incandescent lamp, the screens were examined under a
JEOL-1400 transmission electron microscope (JEOL, Tokyo,
Japan) to observe the morphology and diameter of EVs.

The content of CD63 was detected by flow cytometry
using CD63-PE antibody (1:1000, ab234251; Abcam,
Cambridge, Massachusetts, USA), with a blank control
without primary antibody, and a type control with
anti-human immunogloblin G (IgG) labelled with poly-
ethylene (PE). Cells were centrifuged at 1,000 rpm for
five minutes and the supernatant was discarded. Cells
were resuspended in phosphate-buffered saline (PBS)
with 1% bovine serum albumin (BSA) and detected by
Guava easyCyte system flow cytometry (Merck KGaA).
Each experiment was repeated three times.
Dorsal root ganglia neuron separation. After rats were
euthanized, the dorsal root ganglia (DRG) was isolat-
ed and its surrounding connective tissue removed by
chemical dissociation with 0.125% collagenase (Ham’s
F12; Thermo Fisher Scientific, Waltham, Massachusetts,
USA) for 1.5 hours. The DRG was then transferred to
0.25% trypsin, detached in 5% CO, and 37°C for 30

minutes, and trypsin was inactivated with 30% fetal
bovine serum (FBS; Thermo Fisher Scientific). The neu-
rones were washed three times in Ham’s F12 buffer and
then gently separated with a glass pipette. Neurones
were seeded into 70 pm-diameter wells, with removal
of clumping cells and myelin fragments by centrifuga-
tion at 9 x g for six minutes and resuspension in Ham’s
F12. Afterwards, the non-neuron cells were removed
by centrifuging at 100 x g for ten minutes in 15%
BSA. Purified DRG cells were resuspended in modified
Bottenstein and Sato’s medium (containing 0.1 mg/ml
transferrin, 20 nM progesterone, 100 nM putrescine, 30
nM sodium selenite, 1 mg/ml BSA, 0.01 mM cytidine,
and 10 pm insulin)."

Cell culture and transfection. MSCs (serial num-
ber: SCSP-401) and Homo sapiens embryonic kidney
(HEK)293T cells (serial number: SCSP-502) were pur-
chased from the cell bank of Shanghai Institute of
Life Sciences, Chinese Academy of Sciences, Chinese
Academy of Sciences, and cultured in DMEM medium.?
DRG cells and HEK293T were cultured in DMEM me-
dium containing 10% FBS and penicillin-streptomycin
(Thermo Fisher Scientific) at 37°C and 5% CO,.” The
plasmid was transfected according to the instructions
of the Lipofectamine 2000 kit (Thermo Fisher Scientific).
After transfection for 48 hours, the cells were collected
for further experiments.?'

When the DRG cells reached 80% confluence, the cells
were transfected according to the instructions of Lipofect-
amine 2000 kit (11668 to 019; Thermo Fisher Scientific).
After transfection, cells were cultured at 37°C with 5% CO,
for 48 hours, whereupon the medium containing the trans-
fection solution was discarded and then replaced with 10%
FBS medium for subsequent experiments. The miR oligos
and plasmids were purchased from Shanghai GenePharma
(Shanghai, China). The MSCs were transfected with NC
mimic, miR-381 mimic, mimic-NC/BRD4-wild type (WT),
mimic-miR-381/BRD4-WT, mimic-NC/BRD4-mutant (MUT),
mimic-miR-381/BRD4-MUT, oe-BRD4, si-BRD4, MSC-EV-
mimic-NC, MSC-EV-miR-381 mimic, and corresponding
controls, while DRG cells were transfected with oe-NC and
oe-WNT5A. EVs were extracted from MSCs and co-cultured
with treated DRG upon different treatments. DRG neurones
were finally subjected to assays.

BBB score. The rats in each group were examined neuro-
logically with the mixed single blind method on days 1,
3, 7, 14, and 28 after the injury. Crawling, the mobility of
hip, knee, and ankle joints, the gait coordination ability,
the body's weight-bearing ability, and the fine movement
ability of the small joints in the hind limbs were recorded.
The BBB score of each group was calculated for statistical
analysis.

Dual-luciferase reporter gene assay. Dual-luciferase re-
porter assay was used to verify whether BRD4 is the tar-
get gene of miR-381. Plasmid Luc-BRD4-WT and mutant
plasmid Luc-BRD4-MUT of BRD4 were constructed, and
the Luc-BRD4-WT, miR-381, or negative control plasmids
were co-transfected into HEK293T cells. After 24 hours of
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MicroRNA-381 (miR-381) promoted the recovery of rats in spinal cord injury (SCI). a) The SCI model was established and Nissl staining was used to reveal the
morphology of neurones (magnification 400x). b) The number of apoptotic cells of neurons in rat model of SCI was observed after terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining (magnification 200x). c) The expression of miR-381 in the SCI group and the control group was detected
by quantitative reverse transcription polymerase chain reaction (RT-gPCR). d) The expression of miR-381 in SCI model treated with or without miR-381
agomir was detected. e) The cells in SCI model with or without the treatment of miR-381 agomir stained with Nissl staining (magnification 400x). f) TUNEL
method was used to detect the apoptosis of neurons in SCI model with or without the treatment of miR-381 agomir (magnification 200x). *p < 0.05 versus
the control group in Figures 1a to 1¢; *p < 0.05 versus the control group in Figures 1d to 1f. Measurement data were expressed as means and SDs. The
independent-samples t-test was used to compare the data between the two groups (eight rats).
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MicroRNA-381 (miR-381) inhibited the expression of bromodomain-containing protein 4 (BRD4) in dorsal root ganglia (DRG) cells. a) miRNA.org was used to

predict and analyze the target binding sites between miR-381 and BRD4. b) The

relationship between miR-381 and three prime untranslated (3’"UTR) region

of BRD4 in Homo sapiens embryonic kidney (HEK)293T cells was detected by dual-luciferase reporter assay. c) Quantitative reverse transcription polymerase
chain reaction (RT-qPCR) was used to detect the expression of miR-381 and BRD4 in DRG cells transfected with indicated plasmids. d) Western blot analysis

was used to detect the expression of BRD4 in DRG cells transfected with indicate
were expressed as means and SDs. The independent-samples t-test was used to
individual experiments. *p < 0.05 versus the NC mimic. miRNA, microRNA; n.s.,

transfection, the cells were lysed, centrifuged at 12,000
rpm for one minute, and the supernatant was collected.
Luciferase activity was detected by Dual-Luciferase Reporter
Assay System (E1910; Promega Corporation, Madison,
Wisconsin, USA). Firefly luciferase working solution (100
pl) was added to detect the Firefly luciferase, and Renilla
luciferase working solution (100 pl) was added to detect
the Renilla luciferase. The activity of Renilla luciferase was
used as internal reference, and the ratio of Firefly luciferase
to Renilla luciferase was viewed as the relative luciferase
activity.

Chromatin immunoprecipitation. The interaction between
BRD4 and the enhancer region of WNT5A gene was de-
tected by SimpleChlIP Plus EnzymaticChromatin IP Kit (Cell
Signalling Technology, Shanghai, China). The cells were
fixed with 1% formaldehyde at room temperature for ten
minutes to cross-link DNA and protein. Glycine was added
to a final concentration of 0.125 mol/l to stop the reaction
at room temperature for five minutes. After washing twice
in precooled PBS, the cells were centrifuged at 1,600 x
g for five minutes and then collected for incubation with
Micrococcus nuclease for 20 minutes, whereupon ethylen-
ediaminetetraacetic acid (EDTA, 50 mM) was added to stop
nuclease activity. The cells were broken with an ultrasonic
crusher and centrifuged at 10,000 x g for ten minutes at
4°C to separate cell debris. The supernatant was incubat-
ed with BRD4 antibody (1:1000, ab128874; Abcam) and
IgG antibody (1:1000, ab6728; Abcam) overnight at 4°C.
Then the mixture was centrifuged at 700 rpm for one min-
ute. After removing the supernatant, the pellet was washed
twice with 1 ml low salt buffer, high salt buffer, lithium
chloride (LiCl) solution, and Tris-EDTA buffer solution, in
succession. Each tube was eluted twice with 250 ml chro-
matin immunoprecipitation (ChIP) Wash Buffer (Dr. Wash,
Dr. Chip Biotechnology, Taipei, Taiwan). After addition of
20 ml of 5M sodium chloride (NaCl) for decrosslinking,

d plasmids and B-actin was taken as internal parameter. Measurement data
compare the data between two groups. Results were representative of three
not significant (p > 0.05); PCT, conservative targeting probability.

DNA fragments were collected. Subsequently, fluores-
cence quantitative PCR was used to determine the WNT5A
enhancer (Forward: 5'-CGGGCCACAGTTGAGTAGTG-3;
Reverse: 5'-CGGTAATTAGGGCTTTCCAA-3") in the DNA-
protein complex.

RT-qPCR. Trizol (Thermo Fisher Scientific) was used to ex-
tract the total RNA, and the integrity of total RNA was de-
tected by gel electrophoresis. Absorbance at 260 nm and
280 nm was measured by Nanodrop 2000 (Thermo Fisher
Scientific). Next, 1 pg of total RNA was reversely transcribed
into complementary DNA (cDNA) by PrimeScript RT reagent
kit with gDNA Eraser Kit (RRO37a; Takara Holdings, Kyoto,
Japan). Specific cDNA was generated by TagMan MicroRNA
reverse transcription Kit (4366596; Thermo Fisher Scientific)
and then specific RT primers from TagMan MicroRNA Assay
were used to generate miR-381. The expression of miR-381
was measured by TagMan miRNA assays according to the
manufacturer instructions (Thermo Fisher Scientific). RT-
qPCR was carried out on ABI7500 quantitative PCR instru-
ment (Thermo Fisher Scientific) with SYBR Premix Ex Taq
(Tli RNaseH Plus) kit (RR820a; Takara Bio, Shiga, Japan).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
an internal reference, 222 shows the fold change of the tar-
get gene between the experimental group and the control
group, where AACT = Ct (experimental group) - Ct (con-
trol group), and ACT = Ct (gene) - Ct (internal reference).?
The primers used in the experiment are shown in Table II. All
primers are provided by Shanghai GenePharma.

Western blot analysis. Total proteins were extracted with pro-
tease inhibitors. The cells were lysed at 4°C for 15 minutes and
centrifuged at 15,000 rpm for a further 15 minutes. Proteins
were separated by polyacrylamide gel electrophoresis and
then transferred to polyvinylidene fluoride (PVDF) mem-
brane. After blocking in 5% BSA at room temperature for one
hour, the membrane was incubated overnight at 4°C with
rabbit monoclonal primary antibodies against BRD4 (1:1000,
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Bromodomain-containing protein 4 (BRD4) promoted the expression of Wnt family member 5A (WNT5A) via binding to the promoter of WNT5A. a)
Quantitative reverse transcription polymerase chain reaction (RT-qPCR) was used to detect the messenger RNA (mRNA) expression of BRD4 and WNT5A in
dorsal root ganglia (DRG) cells transfected with oe-NC, oe-BRD4, silencing (si)-NC, or si-BRD4. b) Western blot analysis was used to detect the knock-down
efficiency of si-BRD4. c) Western blot analysis was used to detect the protein expression of BRD4 and WNT5A in DRG cells transfected with different groups of
plasmids. d) Chromatin immunoprecipitation was used to verify the binding site of BRD4 and WNTS5A. *p < 0.05 versus the control. Measurement data were
expressed as means and SDs. The independent-samples t-test was used to compare the data between two groups. Data comparison among multiple groups
was analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test. Results were representative of three individual experiments. 19G,

immunoglobin G.

ab128874; Abcam), WNT5A (1:1000, ab238422; Abcam),
CD63 (1:1000, ab217345; Abcam), CD9 (1:2000, ab92726;
Abcam), CD81 (1:1000, ab109201; Abcam), GM130
(1:1000, ab52649; Abcam), or B-actin (1: 5000, ab179467;
Abcam). The membrane was washed three times in Tris-
Buffered Saline with 0.1% Tween 20 Detergent (TBST) (five
minutes each time), and the samples incubated with goat
monoclonal antibody to rabbit IgG (1:20,000, ab205718;
Abcam) labelled with horseradish peroxidase (HRP) at room
temperature for 1.5 hours. After developing by standard pro-
cedure, the Image| software (Bio-Rad Laboratories, Hercules,
California, USA) was used for protein quantitative analysis,
and the ratio of each target protein to the internal reference
B-Actin was measured.

Activity assay of Ras homologous A. G-LISA Rho activity as-
say kit (Cytoskeleton; Denver, Colorado, USA) was used to
detect the activity of Ras homologous A (RhoA) treated with
WNTS5A, WNT5A+Y27632 (ROCK inhibitor), or WNT5A+anti-
RYK antibody. RYK can activate RhoA, a downstream effector
of planar cell polarity (PCP) signalling.

Nissl staining. The frozen sections were air dried at room
temperature for one hour and then incubated with tar vi-
olet dye solution at 60°C for one hour. The sections were
washed with distilled water twice (three minutes each
time), and the excess dye solution was wiped off. The sec-
tions were incubated with the differentiation solution, and
then treated with ethanol series, cleared in xylene, and
mounted in neutral resin. An Olympus CX23 optical mi-
croscope (Olympus America, Melville, New York, USA) was
used to observe and photograph these sections.

TUNEL staining. Cells were fixed with 4% paraformaldehyde
for 30 minutes and incubated with 0.3% hydrogen perox-
ide (H,0,)-formaldehyde solution (30% H,0O,, volume ratio
of formaldehyde = 1:99). After three rinses with PBS, cells
were treated with 0.3% Triton X-100 (Pierce; Thermo Fisher
Scientific) for two minutes. The terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) reaction mix-
ture was prepared according to kit instructions (red flu-
orescence, C1089; Beyotime Institute of Biotechnology,
Shanghai, China). Terminal deoxynucleotidyl transferase

(TdT) (50 pl) and deoxyuridine triphosphate (dUTP) (450
ul) labelled with fluorescein were mixed and added into
the experimental group, while the control group received
only 50 pl of dUTP labelled with fluorescein. Cells were in-
cubated at 37°C in the dark for one hour and washed three
times with PBS. After development with anti-fluorescence
quenching solution, a fluorescence microscope (BXF-100;
Bingyu Optical Instrument, Shanghai, China) was used for
observation with excitation wavelength 550 nm and the
emission wavelength 570 nm (green fluorescence).
Statistical analysis. Statistical analyses were conducted
using SPSS 21.0 (IBM, Armonk, New York, USA). All data
were tested for normal distribution and homogeneity of
variance. Measurement data were expressed by means and
SDs. Data comparison among multiple groups was analyz-
ed by one-way analysis of variance (ANOVA), followed by
Tukey’s post hoc test. Data of different groups at different
timepoints were compared by repeated measures ANOVA,
with Bonferroni post hoc testing. A p value < 0.05 indicated
that the difference was statistically significant.

Results

miR-381 promoted the recovery of SCI in a rat mod-
el. Previous studies have shown that miR-381 can alle-
viate SCI,?" but the specific mechanism is not clear. A
SCI model in rats was established, as described in the
Methods section. Nissl staining showed that there was
no SCl lesion in normal rats, which showed normal mor-
phology of nerve cells and uniform distribution of Nissl
granules in spinal cord tissue, and an obvious boundary
of grey matter and white matter in spinal cord. However,
the boundary of grey matter and white matter was un-
clear in SCI model rats, and neurones were shrunken
and unevenly distributed (Figure 1a). The number of
apoptotic neurones to TUNEL staining was significant-
ly higher in the SCI rats compared with normal rats
(Figure 1b). RT-qPCR exhibited that miR-381 was down-
regulated in the SCI model rats (Figure 1c). To explore
the molecular mechanism of miR-381 in the recovery of
SCI, we injected miR-381-agomir into rats before mod-
elling. The elevated expression of miR-381 in SCI rats
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Fig. 4

Wnt family member 5A (WNT5A) promoted the apoptosis of neurons in dorsal root ganglia (DRG) cells by activating RhoA/Rho-kinase activity. a) DRG cells
were treated with 90 ng/ml or without WNT5A for 24 hours. The apoptosis of DRG cells was detected by terminal deoxynucleotidyl transferase dUTP nick

end labeling (TUNEL) assay (magnification 200x). b) DRG cells were treated with or without 90 ng/ml WNT5A for ten minutes and Rho kinase activity was
detected by G-LISA Rho activity assay. ) DRG cells without any treatment and DRG cells treated with WNT5A, WNT5A +Y27632 (10 uM; inhibited the activity
of Rho-kinase), and WNT5A + anti Ryk antibody (0.5 ug/ml) for 24 hours were tested by TUNEL staining (magnification 200x). d) DRG cells without any
treatment and DRG cells treated with WNT5A, WNT5A + Y27632 (10 uM) (inhibited the activity of Rho-kinase), or WNT5A + anti Ryk antibody (0.5 ug/ml) for
ten minutes were detected by G-LISA Rho activity assay. *p < 0.05 versus the control. Measurement data were expressed as means and SDs. The independent-
samples t-test was used to compare the data between two groups. Data comparison among multiple groups was analyzed by one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test. Results are derived from three separate experiments.

(Figure 1d) was rescued in rats treated with miR-381.
The Nissl granules in the miR-381-agomir-treated SClI
rats had a more even distribution, neuronal morpholo-
gy was relatively normal (Figure 1e), and the number of
apoptotic neurones was decreased (Figure 1f).

miR-381 inhibited the expression of BRD4 in DRG cells. To
explore the mechanism of miR-381 in SCI, miRNA.org
was used to predict the target gene of miRNA. We found
that BRD4 was a target gene of miR-381 (Figure 2a). The
dual-luciferase reporter assay confirmed that the luciferase
signal of HEK293T cells co-transfected with miR-381/BRD4-
WT decreased significantly (p < 0.05, Tukey’s post hoc test)
compared with the mimic group (Figure 2b). However, the
luciferase activity in the miR-381/BRD4-MUT group did not
differ when compared with the mimic-NC group (p > 0.05,
Tukey’s post hoc test). Thus, the three prime untranslated
(3’UTR) region of BRD4 could be bound by miR-381. To in-
vestigate whether miR-381 further regulates the expression
of BRD4 in DRG cells, miR-381 was overexpressed in DRG
cells and the expression of miR-381 and BRD4 then detect-
ed by RT-gPCR, which confirmed up-regulated expression
of miR-381 in DRG cells, whereas the mRNA expression
of BRD4 was down-regulated (Figure 2c). Similarly, west-
ern blot analysis showed that protein expression of BRD4
was downregulated in mimic-miR-381 treated DRG cells
(Figure 2d). Thus, miR-381 inhibited the expression of BRD4
mRNA and protein in DRG cells by binding to the 3’UTR re-
gion of BRDA4.

BRD4 promoted the expression of WNT5A via binding
to the promoter of WNT5A. The BRD4-WNT5A axis can
promote the development of breast cancer cells.” In

general, BRD4 can induce the expression of WNT5A by
binding to the promoter of WNT5A, which is 2,000 base
pairs (bp) target upstream of the transcription start
site. To verify this mechanism in DRG cells, BRD4 was
overexpressed or knocked down in DRG cells, and the
mRNA and protein expression of BRD4 was detected by
RT-qPCR and western blot analysis, respectively. Results
showed that the mRNA and protein expression of BRD4
and WNT5A was increased when BRD4 was overex-
pressed. However, the mRNA and protein expression
of BRD4 and WNT5A both decreased when BRD4 was
knocked down (Figures 3a to 3c). These data indicate
that overexpressed BRD4 upregulates the mRNA and
protein expression of WNT5A. To further verify whether
BRD4 can interact with the promoter of WNT5A in DRG
cells, we performed a ChIP assay, which confirmed that
BRD4 could bind the promoter of WNT5A (Figure 3d).
Therefore, BRD4 induces the expression of WNT5A via
binding to the promoter of WNT5A in DRG cells.

WNTSA promoted the apoptosis of neurons in DRG cells by
activating RhoA/Rho-kinase activity. WNT5A reportedly in-
hibits the axon growth of cerebellar granule neurones in rats
via effects of WNT5A binding to Ryk, a receptor involved in
tyrosine kinase function, and which suppressed the recovery
of SCL.™ Moreover, WNT5A can stimulate cell apoptosis.?
Treating DRG cells with WNT5A significantly promoted the
apoptosis of DRG cells in culture (Figure 4a). At the same
time, we found that increased cell-surface activity of RhoA
in DRG cells that overexpress WNT5A (Figure 4b). Next, we
further examined the effect of RhoA inhibitor on apoptosis
in DRG cells treated with WNT5A, finding that Y27632 and
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Mesenchymal stem cell-derived extracellular vesicle microRNA-381 (MSC-EV-miR-381) reversed neuron apoptosis by down-regulating the bromodomain-
containing protein 4 (BRD4)/Wnt family member 5A (WNT5A) axis. a) EVs were identified by transmission electron microscopy (magnification 10,000x). b)
The diameter of EVs was detected by dynamic light scattering. ¢) CD63 on the surface of EVs was detected by flow cytometry. d) The protein expression of
CD9, CD81, CD63, and GM130 in lysate and EVs was detected by western blot analysis. e) Representative images of EV internalization into dorsal root ganglia
(DRG) cells (magnification 400x). f) Quantitative reverse transcription polymerase chain reaction (RT-qPCR) of miR-381 expression in cells after transfection
of MSC-EV-miR-381 mimic. g) Terminal deoxynucleotidy! transferase dUTP nick end labelling (TUNEL) staining of apoptosis of DRG cells upon treatment with
MSC-EV-NC mimic + oe NC; MSC-EV-miR-381 mimic £ oe NC; MSC-EV-NC mimic + oe-WNT5A; MSC-EV-miR-381 mimic £ oe-WNT5A (magnification 200x). h)
RT-gPCR of miR-381, BRD4, and WNT5A expression in DRG cells upon treatment of MSC-EV-NC mimic + oe NC; MSC-EV-miR-381 mimic + oe NC; MSC-EV-NC
mimic + oe-WNT5A; MSC-EV-miR-381 mimic + oe-WNT5A. i) Western blot analysis of BRD4 and WNT5A in DRG cells upon treatment with MSC-EV-NC mimic
+ oe NC, MSC-EV-miR-381 mimic + oe NC, MSC-EV-NC mimic + oe-WNT5A, or MSC-EV-miR-381 mimic + oe-WNT5A. *p < 0.05 versus MSC-EV-NC mimic+oe
NC treatment. The data in the figure are all measurement data, which are expressed as mean and SDs from three separate experiments. The independent-

samples t-test was used to compare the data between two groups.

anti-Ryk antibodies could both alleviate the effect of WNT5A
on DRG apoptosis (Figure 4c), and that Y27632 and anti-
Ryk antibodies could inhibit the activity of RhoA (Figure 4d).
Thus, WNT5A can promote apoptosis in DRG cells by activat-
ing RhoA/Rho-kinase activity, and Y27632 and anti-Ryk anti-
bodies can inhibit apoptosis effect of WNT5A on DRG cells.

miR-381 derived from EVs in MSCs reversed neuron ap-
optosis through down-regulating BRD4/WNT5A axis. To
investigate the effect of miR-381 derived from EVs in

MSCs on SCI, we isolated EVs followed by observation
under a transmission electron microscope. We found
that the EVs were round or elliptic membranous vesicles
with similar morphology (Figure 5a). The diameter of
EVs as detected by dynamic light scattering was in the
range of 30 nm to 120 nm (Figure 5b). Flow cytometry
detecting the surface marker CD63 on EVs (Figure 5c)
showed that more than 90% of the events were CD63-
positive. In addition, other exosome markers in EVs,
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Fig. 6

MicroRNA-381 (miR-381) derived from extracellular vesicles (EVs) in mesenchymal stem cells (MSCs) promoted the recovery of spinal cord injury (SCI) by
inhibiting bromodomain-containing protein 4 (BRD4)/Wnt family member 5A (WNT5A) axis. a) The Basso, Beattie and Bresnahan locomotor rating scale (BBB)
scores were recorded in three rats in each group at 1, 3, 7, 14, and 28 days by the mixed single blind method (MSC-EV-NC mimic+oe NC; MSC-EV-miR-381
mimic+oe NC; MSC-EV-NC mimic+oe-WNT5A; MSC-EV-miR-381 mimic+oe-WNT5A). b) The spinal cord tissues of rats were observed by Nissl staining and
the fluorescence intensity was measured (magnification 400x). ¢) The number of motoneurons in spinal cord of rats was counted by Nissl staining. d) The
apoptosis in neurones was observed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (magnification 200x). e) RT-qPCR
of miR-381, BRD4, and WNT5A expression in rats upon treatment with MSC-EV-NC mimic+oe NC; MSC-EV-miR-381 mimic+oe NC; MSC-EV-NC mimic+oe-
WNT5A; MSC-EV-miR-381 mimic+oe-WNT5A. f) Western blot analysis of BRD4 and WNT5A protein expression upon treatment with MSC-EV-NC mimic+oe
NC, MSC-EV-miR-381 mimic+oe NC, MSC-EV-NC mimic+oe-WNT5A, or MSC-EV-miR-381 mimic+oe-WNT5A. *p < 0.05 versus NC mimic+oe NC treatment.
Measurement data were expressed as means and SDs (n = 8). Data comparison among multiple groups was analyzed by one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test. Data of different groups at different timepoints were compared by repeated measures ANOVA with Bonferroni

correction.

such as CD9, CD81, CD63, and GM130 were detected
by western blot analysis, all of which confirmed the suc-
cessful isolation of EVs of high purity (Figure 5d).

To validate whether DRG cells can be transferred as
EV cargo, EVs labelled with PKH67 (green) were co-cul-
tured with DRG cells for 48 hours. The uptake of EVs
in DRG cells was observed under a confocal fluores-
cence microscope, which showed conspicuous uptake
of EVs labelled with PKH67 in DRG cells at 48 hours,
confirming that EVs can be transferred from MSCs into
DRG cells (Figure 5e). We found that miR-381 was highly
expressed in EVs of MSC cells transfected with miR-381
mimic (Figure 5f). To explore the effect of miR-381 in
EVs in DRG cells, we co-cultured EVs with DRG cells that
overexpressed WNT5A. Results depicted that overex-
pressed WNT5A can facilitate apoptosis in neurones,
while overexpressed miR-381 can reverse the promo-
tive effect of WNT5A on this apoptosis (Figure 5g). The
expression of miR-381, BRD4, and WNT5A in neurons
of DRG cells was detected by RT-qPCR and western blot
analysis. Results indicated that overexpressed WNT5A
had no impact on the expression of miR-381 and BRD4
in DRG cells, but overexpressed miR-381 inhibited the
mRNA and protein expression of BRD4 and WNT5A in

DRG cells (Figures 5h and 5i). To sum up, our study
showed that miR-381 derived from EVs in MSCs can
reverse neuron apoptosis by down-regulating the
BRD4/WNT5A axis.

miR-381 derived from EVs in MSCs promoted the recov-
ery of SCI through inhibiting BRD4/WNT5A axis. The SCI
rats were assessed by the BBB score, which increased
significantly between one and 14 days post injury, and
was relatively stable between 14 and 28 days in the EV-
NC mimic+ overexpression (oe) NC group. The recov-
ery of the rats in the early stage in the EV-miR-381 mim-
ic+ oe NC group was faster than that in the EV-miR-381
mimic+oe-BRD4 group and the EV-miR-381 mimic+oe-
WNTS5A groups. At 14 days post-model induction, the
muscle strength in the EV-miR-381 mimic+oe NC group
was significantly restored, the hind limbs could be con-
tracted with supporting force, and the abdomen could
be elevated, with signs of returning balance, coordina-
tion, and fine motor ability. These data indicated better
recovery than in the other three treatment groups at
between seven and 28 days (Figure 6a). Nissl staining
was used to observe the motoneurons in the anterior
horn of the spinal cord in the rats, and the number of
motoneurons was counted (Figures 6b and 6c). In the
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Mechanism diagram illustrating that microRNA-381 (miR-381) can activate Ras homologous A (RhoA)/Rho-kinase activity to promote the apoptosis of
neurones in dorsal root ganglia (DRG) cells by inhibiting bromodomain-containing protein 4 (BRD4). Moreover, miR-381 derived from extracellular vesicles
(EVs) in mesenchymal stem cells (MSCs) promoted the recovery of spinal cord injury (SCI) by inhibiting the BRD4/Wnt family member 5A (WNT5A) axis in a

rat model.

EV-NC mimic+oe NC group, the boundary between
white matter and grey matter of the spinal cord was un-
clear, there were few motoneurons in the grey matter
area, and those that remained were shrunken and un-
evenly distributed, with disordered distribution of Nissl|
granules. In the EV-miR-381 mimic+oe NC group, there
was a clear boundary of grey matter and white matter
in the anterior horn of spinal cord, but the morphol-
ogy of grey matter had changed, containing slightly
swollen structures and numerous motoneurons with
even distributions of Nissl granules. In the EV-miR-381
mimic+ oe-BRD4 and the EV-miR-381 mimic+oe-WNT5A
groups, the loss of motoneurons in grey matter was
intermediate to that seen in the EV-mimic+oe NC and
EV-miR-381 mimic+oe NC groups. TUNEL staining re-
sults indicated that miR-381 can inhibit the apoptosis
of neurons in SCI mode, which was counteracted by
overexpressed BRD4 and WNTS5A (Figure 6d). RT-qPCR
showed that the expression of miR-381 significantly
increased in the spinal cord of rats injected with EVs
containing miR-381. Overexpressed BRD4 upregulat-
ed mRNA expression of WNT5A but did not affect ex-
pression of miR-381. Overexpressed WNT5A had no
effect on the RNA expression of miR-381 and BRD4
(Figure 6€). Western blot analysis showed that miR-381
can inhibit protein expression of BRD4 and WNT5A, and
overexpressed BRD4 also stimulated protein expression
of WNT5A. However, overexpressed WNT5A exerted
no influence on expression of BRD4 (Figure 6f). Thus,
our study demonstrated that miR-381 derived from EVs
from MSCs promoted the recovery of SCI by mediating
the BRD4/WNT5A axis.

Discussion

EVs can be regarded as a vehicle to convey bioactive mole-
cules to target cells, and thus EVs derived from various cells
have been reported to be a potential therapeutic method
for treating different diseases.?* MicroRNAs are known
to exert a notable influence on many disorders, such as
neuroinflammation, cell apoptosis, and axon regener-
ation. Though one study indicated that miR-381 can
play a beneficial role in the treatment of SCI,'° there was
no further research on the relationship between miRNAs
and SCI. Therefore, we aimed in this study to discern the
role and function of miR-381 and its downstream target
genes, BRD4 and WNTS5A, in SCI. The data from this study
support a conclusion that miR-381 derived from EVs in
MSCs promotes the recovery of SCI by inhibiting BRD4/
WNT5A (Figure 7).

Bone marrow MSCs generate various types of cells due
to their broad differentiative capacity and self-renewal,
and are consequently highlighted for their potential
use in bone regenerative medicine and neurological
diseases such as SCI.26-2 MSCs are regulated by various
factors: for example, Angelica polysaccharide promotes
proliferation, cycle progression, and osteoblast differen-
tiation in MSCs.? The addition of parathyroid hormone
strengthens the characteristics of osteogenic and adipo-
genic differentiation of MSCs.? MSCs are known as
a promising source of therapeutic EVs, while they are
popular targets for developing new therapeutic proce-
dures in various diseases.*® For example, miR-21 was deliv-
ered to neurons by rat bone marrow MSCs, suppressing
apoptosis and promoting spinal cord repair.>’ A notable
finding in our study was that miR-381 derived from EVs in
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MSCs inhibited the expression of BRD4 in DRG neurons.
Functions of EVs include intercellular transfer and protein
transmission in the recipient cell.” Additionally, miRNA
in EVs from stem cells can have a protective effect in the
experimental therapy for acute kidney injury.3? Specifi-
cally, by down-regulating CXCR4, miR-381 can promote
the proliferation of renal tubular epithelial cells following
renal ischaemia reperfusion injury.>* High expression of
miR-381 played a promotive role in cell proliferation as
well as inhibition of neurocyte apoptosis and the expres-
sion of relative proteins in SCI.'® Furthermore, BRD4
was predicted to be the target gene of miR-381, and we
confirmed this prediction using miRNA.org and dual-
luciferase reporter assay.

Another finding of our study was that EV-derived
miR-381 in MSCs can promote the recovery of SCl through
inhibition of the BRD4/WNT5A axis. BRD4 plays a key role
in cell proliferation, differentiation, and gene transcrip-
tion.** Down-regulated BRD4 suppresses cell apoptosis
and alleviates endoplasmic reticulum stress caused by
renal ischaemia/reperfusion injury through FoxO4. These
findings offer a potential new avenue for the treatment
of renal injury.>®> Meanwhile, a previous study verified
that BRD4 expression in SCI was increased to an extent
correlating with BRD4 downregulation, which could alle-
viate inflammatory microglial reactions and thus promote
recovery from SCI.'® Similarly, overexpressed miR-381
can promote the repair of nerve injury following acute
cerebral ischaemia through its activation of the SDF-1/
CXCR4 pathway via LRRC4.3¢ Another study showed that
miR-381 was a diagnostic biomarker for viral myocarditis
and held promise for the treatment of myocardial cell
damage, while also protecting functions of myocardial
cells in children and mice through its anti-inflammatory
effects on COX-2.” Other evidence indicates that WNT5A
is involved in neuropathic pain caused by nerve injury.®
Previous evidence has revealed that WNT5A is essential for
the inflammatory response of macrophages in humans
and also emerged as a target for activated protein C or
soluble frizzled-related peptide-1.3* Consistent with this
general scenario, inhibition of BRD4 reduced WNT5A
expression, suppressing malignant phenotypes of breast
cancer cells.™

In conclusion, we found that miR-381 delivered by EVs
from MSCs facilitates the recovery of SCI in rat models,
which provides a novel perspective for the improved
treatment of SCI. However, future studies will aim at
developing a better understanding of miR-381 and genes
involved in SCI and other diseases.
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