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Schwann cell (SC) transplantation is a promising approach for the treatment of spinal
cord injury (SCI); however, SC grafts show a low migratory capacity within the astrocytic
environment, which inevitably hampers their therapeutic efficacy. The purpose of this
study was to explore mechanisms to modify the characteristics of SCs and astrocytes
(ASs), as well as to adjust the SC-AS interface to break the SC-AS boundary, thus
improving the benefits of SCI treatment. We observed that the expression levels of
miR-124 in SCs and ASs were significantly lower than those in the normal spinal
cord. Furthermore, overexpressing miR-124 in SCs (miR-124-SCs) significantly inhibited
gene and protein expression levels of SC-specific markers, such as GFAP and Krox20.
The expression of neurotrophic factors, Bdnf and Nt-3, was up-regulated in miR-
124-SCs without affecting their proliferation. Further, the boundary assay showed an
increased number of miR-124-SCs that had actively migrated and entered the astrocytic
region to intermingle with ASs, compared with normal SCs. In addition, although
Krox20 protein expression was down-regulated in miR-124-SCs, the luciferase assay
showed that Krox20 is not a direct target of miR-124. RNA sequencing of miR-
124-SCs revealed seven upregulated and eleven downregulated genes involved in
cell migration and motility. Based on KEGG pathway and KOG functional analyses,
changes in these genes corresponded to the activation of Hippo, FoxO, and TGF-beta
signaling pathways, cytokine-cytokine receptor interactions, and the cell cycle. Finally,
co-culturing of miR-124-SCs and ASs in a transwell system revealed that GFAP and
p-STAT3 protein expression in ASs was significantly reduced. Collectively, these results
show that overexpression of miR-124 in SCs promotes SC-AS integration in vitro and
may attenuate the capacity of ASs to form glial scars. Thus, this study provides novel
insights into modifying SCs by overexpressing miR-124 to improve their therapeutic
potential in SCI.
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INTRODUCTION

Spinal cord injury (SCI) is a traumatic disease with direct and
indirect causes. It has received increasing attention in the medical
community due to its high potential of leading to disability, the
difficulty of spinal cord surgery, and its impaired healing process.
SCI is accompanied by a series of complex pathological changes
and microenvironment imbalances that occur at the cellular, and
molecular levels (Fan et al., 2018), including the formation of
glial scar, which primarily consists of reactive ASs. Following SCI,
ASs proliferate and become hypertrophic and reactive (Sofroniew
and Vinters, 2010), migrating along, and toward, the lesions to
form a dense glial scar that protects the normal tissue from
inflammation and necrosis (Faulkner et al., 2004). However, the
scar interlaces, resulting in steric hindrance and production of
inhibitory molecules, such as chondroitin sulfate proteoglycans,
which hinder the axonal sprouting and interfere with damage
repair (O’Shea et al., 2017). In short, scar formation restricts
tissue repair. Thus, reducing the formation of glial scar and
promoting axon growth to effectively connect distal and terminal
axons and fill the cavity, are vital strategies for SCI treatment.

Cell transplantation therapy is a promising treatment for
SCI (Lin et al., 2012; Assinck et al., 2017). SCs are the main
glial cells of the PNS derived from the neural crest. They
secrete neurotrophic factors to protect neurons, strengthen axon
myelination, and form Büngner bands to guide axons during
peripheral nerve damage (Saberi et al., 2011; Jessen et al.,
2015) evaluated the safety of autologous SC after intramedullary
injection on 33 patients for 2 years and reported no incidence
of deep infection or deformity. Furthermore, the phase I clinical
trial of autologous human SC transplantation in subjects with SCI
was approved in 2016 (Anderson et al., 2017), which provided
evidence for the safety and efficacy of SC transplantation
for SCI treatment.

However, its potential application has been severely restricted
as SC grafts rarely intermingle with host ASs both in vivo
and in vitro following injection into the host spinal cord
(Andrews and Stelzner, 2007; Pearse et al., 2007; Afshari
et al., 2011). Briefly, ASs insulate SCs from the CNS and
hinder SC remyelination of demyelinated axons (Blakemore
et al., 1986). During CNS damage, the ASs are activated, and
up-regulate the expressions of GFAP (Shields et al., 2000),
inhibitory molecules such as chondroitin sulfate proteoglycans
(Silver, 2016), and N-cadherin (Fairless et al., 2005), which
characterizes the interface of SCs and ASs (SC-AS), indicating

Abbreviations: AS, astrocyte; AsM, astrocyte culturing medium; BDNF, brain-
derived neurotrophic factor; CNS, central nervous system; CNTF, ciliary
neurotrophic factor; DMEM, Dulbecco’s modified eagle medium; EGR2 (also
known as Krox20), early growth response 2; FBS, fetal bovine serum; GFAP, glial
fibrillary acidic protein; GFP, green fluorescent protein; miR-124, microRNA-
124; miR-124-SC, Schwann cell overexpressing miR-124; miRNA, microRNA;
MOI, multiplicity of infection; NC, negative control; NGF, nerve growth factor;
Nt-3, neurotrophin 3; PBS, phosphate buffer saline; PCR, polymerase chain
reaction; PFA, paraformaldehyde; PNS, peripheral nervous system; p-STAT3,
phosphorylated-signal transducer and activator of transcription 3; RT, reverse
transcription; SC, Schwann cell; SCI, spinal cord injury; ScM, Schwann cell
culturing medium; Sox10, SRY-Box transcription factor 10; Sox9, SRY-Box
transcription factor 9; STAT3, signal transducer and activator of transcription 3;
TGF-β, transforming growth factor-β; WT, wild type.

a limited functional SCI recovery after SC transplantation
due to the poor migration and integration between SC-AS
via an unknown mechanism. Currently, migration of SCs
into the AS-containing region has been effectively enhanced
by magnetizing SCs with superparamagnetic iron oxide
nanoparticles (Xia et al., 2016).

Accumulating evidence has demonstrated that artificially
altering SC intrinsic micoRNA (miRNAs) levels may serve
to modify inherent cells’ characteristics and potentially
promote SC-AS integration. miRNAs are a class of non-
coding small endogenous RNA molecules (20–24 nucleotides
in length) that either suppress the translation of, or degrade
target mRNAs, by complementary interaction with specific
sequences in its 3′-untranslated regions (3′-UTR). MiRNAs
are involved in nearly all biological processes, including cell
proliferation, differentiation, and development. For instance,
the transfection of SCs with the miR-221/222 mimic was
reported to promote their proliferation and migration following
sciatic nerve damage (Yu et al., 2012). Additionally, miR-sc8
inhibits SC proliferation and migration by targeting Egfr
(Gu et al., 2015), indicating that the artificial manipulation
of miRNAs in SCs alters the biological characteristics of
the latter. In the present study we focused on microRNA-
124 (miR-124), which is a non-coding miRNA ubiquitous
in the brain and plays important roles in neurogenesis and
neuronal maturation, while also modulating neural stem cell
differentiation (Sun et al., 2015). MiR-124 low-expressing
cells, such as Hela, fibroblasts, embryonic stem cells, and
mesenchymal stem cells, become induced to differentiate
into neurons via upregulating miR-124 levels (Lim et al.,
2005; Ambasudhan et al., 2011; Mondanizadeh et al., 2015).
Moreover, our preliminary study demonstrated relatively low
expression of miR-124 in ASs cultured from neonatal rat
cortices, and decreased Sox9 and GFAP expression following
overexpressing miR-124 (unpublished data). These results
demonstrated that in cells with low miR-124 levels, its ectopic
expression alters inherent cellular characteristics. We also
observed in our preliminary studies that SCs express lower
miR-124 levels than neural tissue. Therefore, in this study, we
hypothesized that by enhancing miR-124 levels, the inherent
characteristics, bioactivities, and motility of SCs would be
modulated to ultimately promote SC-AS integration. However,
the effect of miR-124 levels on SCs has not yet been previously
reported. To the best of our knowledge, this is the first
study to assess the effects of miR-124 overexpression on SCs
differentiation.

In this study, we modified the characteristics and bioactivities
of SCs using a specific miRNA to promote the integration
of SC-AS. We showed that the overexpression of miR-
124 in SCs facilitates SC-AS integration by indirectly
down-regulating Krox20 expression and inhibiting the
activation of ASs. Our novel findings could serve as
theoretical guidance to improve the interface between
SC grafts and host ASs, thus reducing the occurrence of
astrogliosis. Hence, SCI treatment using miR-124-modified
SCs may strengthen neural tissue repair, thus providing a
therapeutic benefit.
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MATERIALS AND METHODS

Antibodies and Reagents
The following antibodies were used in this study: anti-
Sox10 Rabbit antibody (69661; CST, United States); anti-
GFAP rabbit antibody (ab7260; Abcam, United Kingdom); anti-
NGFR/p75 NGF Receptor mouse antibody (MLR2; Thermo,
United States); anti-GAPDH mouse antibody (AT0002; CMC-
TAG, United States); anti-β-actin mouse antibody (AT0001;
CMC-TAG); anti-Sox9 rabbit antibody (ab5535; Abcam); Goat
anti-rabbit IgG H&L (Allexa 488/594; Abcam); anti-S100β

rabbit antibody (ab52642; Abcam); anti-EphA4 rabbit antibody
(GTX1116; GeneTex, United States); anti-N-Cadherin rabbit
antibody (GTX1273; GeneTex); and anti-Krox20 rabbit antibody
(ab108399; Abcam).

We used the following cytokines: human FGF basic (bFGF,
Peprotech, United States), human-heregulin (neuregulin) β-1
(Peprotech), Forskolin (Selleckchem, United States), and N2-
supplement (100×; Gibco, United States), TGF-β1 (Peprotech).

The biological reagents and kits used are as follows: RNeasy
Mini Kit (Qiagen, Germany), All-in-One First-Strand cDNA
Synthesis Kit (GeneCopoeia, United States), TransScript One-
step gDNA Removal and cDNA Synthesis SuperMix (Transgen,
China), 2× Easytaq PCR SuperMix (+Dye) (Transgen),
ChamQ Universal SYBR qPCR Master Mix (Vazyme, China),
All-in-One miRNA qRT-PCR Reagent Kits (GeneCopoeia),
Deoxyribonuclease I (Worthington, United States), DMEM/F-
12 (1×) (Hyclone, United States), trypsin 0.25% EDTA (1×)
(Gibco, United States), trypsin 0.05% EDTA (1×) (Gibco),
type I Collagenase (Sigma, United States), BeyoECL Plus
(Beyotime, China), PBS (Solarbio, China), FBS (Transgen), poly-
D-lysine hydrobromide (Sigma), penicillin-streptomycin liquid
(Invitrogen, United States), tritonX-100 (Solarbio), Hoechst
33342 (Beyotime, China), agarose (Biowest, France), RIPA lysis
buffer (Solarbio), and 4% PFA (Solarbio).

Culture of SCs and Astrocytes
All animals were supplied by the Experimental Animal Center
(Yisi Company, China). All animal experimental procedures
were approved by the Ethics Committee of Jilin University and
performed in accordance with the institutional guidelines (ethical
approval code: 2018-12).

Primary SCs were prepared from the sciatic nerves of adult
female Wistar rats (200–220 g) as previously described with
minor modifications (Andersen et al., 2016). Briefly, the sciatic
nerves were removed from the epineurium using fine forceps
under the microscopic examination. They were then sliced
(2 mm long) and digested with 0.1% type I collagenase in
DMEM/F-12 for 20 min at 37◦C under 5% CO2 atmosphere.
Next, the tissue samples were rinsed with PBS, carefully seeded
onto a sterile cell culture dish, and cultured in DMEM/F-12
with 10% FBS. The media was changed every 3 days. Many
fibroblasts migrated out from the tissue samples during this
period. Approximately every 12 days, the tissue samples were
transferred to a new culture dish, which was repeated until
fibroblast migration from the tissue samples ceased and bipolar

SCs migration increased; generally requiring 3–4 weeks. At
which point the medium was changed to the Schwann cell
medium (ScM) containing DMEM/F-12, 10% FBS, forskolin
(2.5 µM), bFGF (10 ng/mL), and neuregulin-β1 (15 ng/mL)
every 3 days for 1 month to facilitate active proliferation of SCs.
Afterward, the tissue samples were homogenized with a 5 mL
pipette, collected in a 15 mL centrifuge tube, and centrifuged
for 5 min (1,500 rpm). The supernatant was discarded, and
the remaining tissue was digested with 0.25% trypsin for 5 min
at 37◦C. Enzymatic treatment was stopped once a single-cell
suspension was obtained. Cells were plated onto a poly-D-
lysine (Sigma)-coated 10 cm2 cell culture dish and maintained
with ScM.

Primary ASs were prepared from the cerebral cortex of
postnatal Wistar rats (days 1–3). The vascular membrane
and excess cortices were removed and digested with 0.05%
trypsin and deoxyribonuclease I (4 ng/mL) for 25 min
at 37◦C. Enzymatic treatment was stopped with 10% FBS
supplemented DMEM/F-12; the solution was filtered through
a 40 µm sterile EASYstrainer (Greiner Bio-One, Germany) to
achieve single-cell suspension, and cells were collected after
centrifugation. The cells were then seeded into cell flasks
and cultured in the AS medium containing DMEM/F-12 with
10% FBS, bFGF (10 ng/mL), TGF-β1 (10 ng/mL), and N2-
supplement (1×). After the cells proliferated to confluency,
unattached cells including microglial and oligodendrocytes were
removed by shaking continuously at 200 rpm for 8 h at 37◦C
daily for 2 days.

Immunocytofluorescence
Confluent cells were fixed with 4% PFA (Solarbio) for
30 min and washed with PBS. Unspecific binding was
blocked with 0.2% triton X-100 and 10% goat serum
for 45 min. Primary antibodies (p75NTR 1:200, GFAP
1:1000, Sox10 1:1600, S100β 1:100) were diluted in 1%
goat serum and incubated with the cells overnight at
4◦C. The cells were rinsed with PBS and incubated with
secondary antibodies while shielded from light for 1 h at
room temperature. Samples were washed with PBS and
stained with Hoechst 33342 for 10 min and stored in PBS.
The cells were studied under a fluorescence microscope
(Olympus IX71, Germany), and the images were captured by
cellSens Entry Software.

Construction of Lentiviral Vectors and
Transfection of SCs
The linearized vector was obtained through restriction digestion.
PCR was performed to amplify the vector. The final sequences
of the 5’ and 3’ amplification products were consistent with
the terminal sequences of the linearized vector. The reaction
system was prepared with the linearized vector and the objective
amplification products for recombination reaction. LV-rno-mir-
124-1 (Genechem, China) was constructed using GV309, pHelper
1.0 (gag, pol, and rev), and pHelper 2.0 (VSV-G) plasmids.
Egr2-RNAi (Genechem) was constructed using GV102 plasmids
inserted with shRNAs (Egr2-RNAi 6164-1, Egr2-RNAi 6165-11,
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and Egr2-RNAi 6166-1). The plasmids were transfected into
293T cells and cultured for 48 ∼ 72 h. The supernatant was
harvested and filtered, and the recombinant lentiviral vector
containing the GFP reporter gene was obtained (Genechem).
SCs were seeded in a 24-well plate and transfected with
lentiviral vectors with the miR-124 or Egr2-RNAi sequence at
a MOI. The medium was exchanged with the fresh one after
transfection for 18 h, and the strongest GFP expression was
detected 48 h after transfection. The transfection efficiency
of the lentiviral vectors with the miR-124 and Egr2-RNAi
sequences was evaluated via quantitative RT-PCR and western
blotting, respectively.

Reverse Transcriptase-Polymerase
Chain Reaction
Total RNA was extracted from the control cells using QIAzol
(Qiagen), and the concentration was measured by NanoDrop
2000c (Thermo, United States). Genomic DNA was removed
using the TransScript One-step gDNA Removal, and RNA was
reversed transcribed (RT) in a reaction containing 500 ng
total RNA, 1 µL Anchored Oligo (dT)18 primer (0.5 µg/µL),
10 µL o2 × TS Reaction Mix, 1 µL TransScript RT/RI Enzyme
Mix, and 1 µL gDNA Remover from the cDNA Synthesis
SuperMix kit (Transgen). Double distilled water was added to
the reaction to a final volume of 20 µL. The products were
incubated for 30 min at 42◦C for RT reaction; then TransScript
RT/RI Enzyme and gDNA Remover were inactivated for 5 s
at 85◦C.

The cDNA was amplified by PCR in a reaction containing
0.8 µl cDNA, 0.4 µL Forward Primer, 0.4 µL Reverse Primer,
10 µL 2× Easytaq PCR SuperMix (+Dye), and 8.4 µL double
distilled water. The samples were initially incubated at 94◦C
for 5 min, followed by 35 cycles of denaturation at 94◦C for
30 s, annealing at primer-specific temperature for 30 s, and
extension at 72◦C for 30 s; the final extension was performed
at 72◦C for 7 min. The PCR products were electrophoresed
in a 1.5% agarose gel (Applied Biosystems, United States)
and analyzed with a Gel Image System (Tanon, China). The
figures were captured by Tanon MP software and analyzed
by ImageJ. The primer names and sequences used are listed
in Table 1.

Quantitative RT-PCR
We analyzed the relative expression of miR-124 in primary
SCs, ASs, normal spinal cord, miR-124-SCs, and SCs in NC.
RNA was extracted with QIAzol (Qiagen) and subjected to
RT reaction with All-in-One First-Strand cDNA Synthesis Kit
(Genecopoeia). Later, the RT reaction was conducted with
the Applied Biosystems 7300 Plus Real-time PCR System

software. The reaction contained approximately 100–1,000 ng
total RNA, 1 µL 2.5 U/µL poly-A polymerase, 1 µL RTase
Mix, 5 µL 5× PAP/RT buffer, and double distilled water
to a final volume of 25 µL. The RT conditions were as
follows: 60 min at 37◦C, 5 min at 85◦C, and extension
at 4◦C.

The qPCR reaction contained 10 µL 2× All-in-One qPCR
Mix, 2 µL cDNA (100–1,000 ng, diluted 1:5), 0.4 µL ROX
Reference Dye, 2 µL miR-124 forward primer, 2 µL Universal
Adaptor PCR Primer (2 µM), and 3.6 µL double distilled water.
The reaction was conducted as follows: pre-denaturation at 95◦C
for 10 min and 40 cycles of denaturation at 95◦C for 10 s,
annealing at 60◦C for 20 s, and extension at 72◦C for 10 s.
U6 snRNA was the internal reference control used, and the
miR-124 expression was quantified by the 2−11Ct method. The
experiment was repeated at least thrice.

SC secretion of neurotrophic factors, such as ciliary
neurotrophic factor (Cntf ), neurotrophin-3 (Nt-3), brain-
derived neurotrophic factor (Bdnf ), and nerve growth factor
(Ngf ), was analyzed following transfection. Total RNA extracted
from SCs 48 h after transfection was used to synthesize cDNA
using TransScript One-step gDNA Removal and cDNA Synthesis
SuperMix. Afterward, quantitative RT-PCR was performed with
ChamQ Universal SYBR qPCR Master Mix and the Applied
Biosystems 7300 Plus Real-time PCR System. The reaction
volume contained 10 µl ChamQ Universal SYBR qPCR Master
Mix (2×), 0.4 µL forward primer (10 µM), 0.4 µL reverse
primer (10 µM), 2 µL cDNA, and 7.2 µL double distilled
water. The reaction was performed as follows: pre-denaturation
at 95◦C for 30 s, 40 cycles of denaturation at 95◦C for 10 s,
and annealing at 60◦C for 30 s. β-actin was selected as the
internal reference, and the expression of mRNAs was analyzed
by the 2−11Ct method. The experiments were repeated at
least thrice. The primer names and sequences are shown
in Table 2.

Western Blotting
After transfection, the SCs were incubated with RIPA lysis buffer
and PMSF (RIPA: PMSF = 100: 1) in RNase tubes for 30 min
in an ice bath. The samples were centrifuged for 20 min at
4◦C (12,000 × g). The supernatants were collected, and the
protein concentrations were measured by a Bicinchoninic Acid
kit and NanoQuant plate analyzer (Infinite m200 PRO, Tecan,
Switzerland). The protein samples were boiling for 5 min to
denature them and were stored at −20◦C until use. Western
blotting was performed with 20 µg of each sample/well on a
10% polyacrylamide gel. After electrophoresis, the proteins were
transferred onto PVDF membranes for 1.5 h at 100 V. Primary
antibodies were incubated on the shaker for 1 h and preserved

TABLE 1 | Primer sequences used for RT-PCR.

Gene name Forward sequences (5′ → 3′) Reverse sequences (5′ → 3′)

GFAP GGTGGAGAGGGACAATCTCA TGTGAGGTCTGCAAACTTGG

Sox10 CCAGGCTCACTACAAGAGTGC CCTGTGGTCTCTGTCTTCACC

β-actin GCTGTGTTGTCCCTGTATGC GAGCGCGTAACCCTCATAGA
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TABLE 2 | Primer sequences used for qRT-PCR.

Gene name Forward sequences (5′ → 3′) Reverse sequences (5′ → 3′)

Cntf TTGTGTCCTGGGACAGTTGA AGTCGCTCTGCCTCAGTCAT

Nt-3 AGTGTGTGACAGTGAGAGCCTGTGG GAGAGTTGCCGGTTTTGATCTCTCC

Bdnf ATGCTCAGCAGTCAAGTGCCTTTGG GCCGAACCCTCATAGACATGTTTGC

Ngf ACCCAAGCTCACCTCAGTGTCTGG CATTACGCTATGCACCTCAGAGTGG

GFAP CGAGTTACCAGGAGGCACTA TCCACGGTCTTTACCACAAT

Sox9 GTGCTGAAGGGCTACGACTGGA GTTGTGCAGATGCGGGTACTGG

S100β GAGAGAGGGTGACAAGCACAA GGCCATAAACTCCTGGAAGTC

GAPDH AGACAGCCGCATCTTCTTGT CTTGCCGTGGGTAGAGTCAT

at 4◦C overnight. Goat anti-mouse IgG (H + L, HRP conjugate,
1:2000) and goat anti-rabbit IgG (H+ L, HRP conjugate, 1:2000)
were added to the samples for 1 h at room temperature. Proteins
were detected with BeyoECL Plus (Beyotime, China), and images
were captured by Gel Image System (Tanon) and analyzed by
ImageJ. GAPDH was used as the internal reference protein. The
experiments were repeated at least thrice.

Cell Proliferation Assay
Cell proliferation was measured using the Cell-Light EdU
Apollo643 In Vitro Kit (EdU, Ribobio, China). SCs were
transduced with lentivirus for 48 h, at which point the virus
infection peaked and the SCs overexpressing miR-124 (miR-
124-SCs) were established in vitro. They were then seeded
into 96-well cell culture plates at 3 × 103 cells per well and
cultured until the appropriate stage. EdU medium was then
added to the cells and incubated for 2 h at 37◦C. The cells
were fixed with 4% PFA for 30 min, washed with PBS, and
incubated with 1× Apollo staining solution for 30 min in the
dark. The staining solution was removed, and the cells were
permeabilized with 0.5% Triton X-100. Nuclear cell staining
was performed with Hoechst 33342 for 10 min. Two duplicate
wells were included in each experimental group (i.e., WT, NC,
and miR-124). A total of 10 fields of vision were selected for
each well, and the images were obtained under fluorescence
microscopy (Figure 3F). Fluorescence expressing cell numbers
were quantified by ImageJ software, and the color mode of the
image was converted into an 8-bit gray scale image and inverted
to a black and white image by Edit/Invert. The contrast was
then adjusted using Image/Adjust/Threshold. The positive rate
was calculated from the total number of cells and the number
of positive-staining cells. All data were analyzed using GraphPad
Prism 7.0 (United States) software.

Cell proliferation was measured using the Cell Counting Kit-
8 (CCK-8, Dojindo, China). After transfection for 48 h, 96 h,
and 7 days, SCs were seeded into 96-well cell culture plates at
2× 103 cells per well and cultured to the appropriate stage. CCK-
8 medium was added to the cells and were incubated at 37◦C for
4 h. The absorbance of each well at 450 nm was analyzed with a
NanoQuant plate analyzer (Infinite m200 PRO, Tecan).

Boundary Assay
Boundary assay was performed according to the method by
Afshari with some modifications (Afshari et al., 2011; Afshari and

Fawcett, 2012). SCs and ASs were harvested and centrifuged for
5 min. A straight line in reverse was carved in the cell culture
plate with a diamond knife. Posteriorly, 20 µL SC suspension
(1 × 105/20 µL) was dropped on one side of the line in the
well and was smeared toward the edge of the line with a sterile
glass strip; then, 20 µL ASs suspension (3 × 104/20 µL) was
dropped on the opposite side of the line and spread with the
glass strip parallel to the SCs, leaving a small gap between them.
The cells were cultured at 37◦C for 40 min. Then, the non-
attached cells were removed with DMEM/F-12, whereas the
adhered cells were cultured with DMEM/F-12 containing 10%
FBS. The culture was maintained for approximately 5 days in a
5% CO2 incubator at 37◦C until the two cell fronts reached each
other. The plate was kept for another 7 days in the incubator,
and then the cells were fixed with 4% PFA. Unspecific binding
of antibodies was blocked by incubating the fixed cells with
0.2% triton X-100 for 30 min, followed by 10% goat serum
for 45 min. ASs were incubated with primary antibody (GFAP
1:1000) diluted in 1% goat serum overnight at 4◦C. SCs displayed
green autofluorescence after transfection (lentiviral plasmids
carried a GFP reporter gene).

Boundary images were captured and analyzed and
fluorescence was quantified as follows. To determine the
compatibility of integration, the maximum distance and relative
migration areas of SCs and ASs were compared, and the interface
between the confluence of SCs and ASs was considered as the
baseline. Lentiviral transfection with the control sequence was set
as the NC group. The cell migration distance was measured using
the scale provided with the electronic software of the fluorescence
microscope. A minimum of ten fields of vision were selected for
each group to obtain the maximum distance. NC was set as 1,
the multiple of the experimental group higher than NC was then
calculated and appropriate statistical analysis was performed.
The cell migration area was quantitatively analyzed by ImageJ
software. A minimum of 10 fields of view were also selected to
analyze the cell migration area of each group. The color mode of
each image was converted to the black and white mode under the
GRB stack, the shape of the red area was adjusted closest to the
fluorescent area of the original image under Adjust/Threshold,
and finally the fluorescent area was calculated using the result
obtained by Set measurement/Area fraction. The multiple of the
migration area in NC was then calculated and the appropriate
statistical analyses performed. Each experiment was repeated a
minimum of three times.
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FIGURE 1 | Isolation, culture, and identification of Schwann cells (SCs) and astrocytes (ASs). (A) Cultivation of SCs from sciatic nerve tissue. (a,a′) Numerous
fibroblasts proliferated on day 10 of tissue culture, while few SCs survived. (b,b′) SCs reached a high confluence on day 30 of culture and were digested. (c,c′) The
primary SCs were elongated in a spindle shape. The right graph is the magnification of the white dotted box of the left graph (a–c, scale bar = 200 µm; a′–c′, scale
bar = 50 µm). (B) Characteristic markers (GFAP, Sox10, p75NTR) were highly expressed in SCs (red). The nucleus was dyed by Hoechst 33342 (blue) (n = 3, scale
bar = 50 µm). (C) ASs derived from the neonatal rat brain cortex, presenting a branched, irregular morphology (left figure, scale bar = 200 µm; right figure, scale
bar = 50 µm). (D) Characteristic markers (GFAP, S100β) were highly expressed in ASs (red), and the nuclei were stained by Hoechst 33342 (blue) (n = 3, scale
bar = 50 µm).

Transwell Assay
To test the indirect effect of miR-124 overexpression of
SCs on ASs and to simulate the three-dimensional (3D)
microenvironment after transplantation, Transwell assays were
performed with 6-well Polyester membrane Transwell Clear
inserts (Corning, 3450; pore size: 0.4 µm). SCs were transfected
by lentiviral vectors comprising miR-124 and GFP sequences for
72 h, and they were plated into the upper chamber at a density
of 3 × 105 cells per well in the presence of 1.5 mL DMEM/F-12
containing 10% FBS. ASs were cultured into the lower chamber
filled with 2.6 mL DMEM/F-12 containing 10% FBS. The cultures
were maintained for 7 days, and the media were refreshed every
3 days. RNAs and proteins were extracted from SCs and ASs for
further analyses.

Dual Luciferase Assay
Krox20 (also known as EGR2) was predicted as the target gene
of miR-124 using the Targetscan1. The miR-124 binding site in
the 3′-UTR of Krox20 mRNA and the fragments harboring the
mutant miR-124 binding site were inserted into the luciferase

1www.targetscan.org

reporter gene plasmid to obtain 3′UTR, 3′UTR-NC, and 3′UTR-
MU plasmids, respectively. The 293T cells were cultured and
transfected with plasmids constructed with the hU6-MCS-CMV-
GFP-SV40-Neomycin (Rat, MI0000893, Genechem) (Table 3) and
X-tremeGENE HP transfection reagent (Roche, Switzerland).
TRAF6 and has-mir-146b were used as the positive control
(Li et al., 2013; Park et al., 2015). Transfection efficiency
after 48 h was determined by measuring the fluorescence
emitted by the labeled genes contained in the plasmid under a
fluorescence microscope. Luminescence was measured with the
microplate reader. Comparison between 3′UTR-NC + miR-124,
3′-UTR + miR-124, and 3′UTR-MU + miR-124 was based on
the same miRNA (miR-124) plasmid, which was calibrated to
eliminate differences, and re-quantified using the Firefly/Renilla
luminescence fold comparison to determine whether the 3′UTR-
NC, 3′UTR, and 3′UTR-MU plasmids combined with miRNA to
hinder the expression of luciferase.

RNA Sequencing
RNA sequencing was performed by Sangon Biotech
(MRNAA191168CC, Sangon Biotech, China). RNA from
the SCs transfected with miR-124-containing lentiviral vectors
and its respective control (negative for miR-124) was extracted
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FIGURE 2 | Transfection efficiency of Schwann cells (SCs) with miR-124-containing vector. (A) miR-124 expression in SCs and ASs was significantly lower than that
in the normal spinal cord according to qRT-PCR analysis (n = 3, ****p < 0.0001). (B) SCs showed green fluorescence 48 h after transfection with lentivirus. No
significant cell morphology change was noted. The third figure is the magnification of the white dotted box in the middle one (first and second, scale bar = 100 µm;
third, scale bar = 20 µm). (C) miR-124 expression in SCs after transfection for 48 h, 96 h, and 7 days were increased fourfold than those in NC and WT (n = 4,
****p < 0.0001).

with Qiazol (Qiagen). RNA quantity control and sequenced
reads were performed with FASTQ. Mapping statistics were
applied with HISAT2, and the duplicated reads were obtained
from the read-distribution of insert gene of RSeQC output.
The distribution of gene coverage and gene density in the
chromosome were analyzed by BEDTools. Homogeneous
distribution was performed with Qualimap. Single nucleotide
polymorphisms (SNP)/InDel calling were detected by VCF
tools to find the mutated regions. Genetic structure analysis
included ASprofier for alternative splicing (AS) and EricScript
for fusion analysis. Gene expression was analyzed and explored
by StringTie and WGCNA. Analysis of differentially expressed
genes (DEG) was performed with DESeq2. Meanwhile, the results
were visualized as scatter, volcano, and MA plots. To obtain
significantly different genes, we set the following conditions:
Q-value < 0.05, and | Foldchange| > 2. TopGO was used for
gene ontology (GO) enrichment analysis, and the significant GO-
directed acyclic graph was plotted. ClusterProfiler was applied
for analysis of the Kyoto encyclopedia of genes and genomes
(KEGG) pathway and eukaryotic ortholog groups (KOG)
classification enrichment. The network analysis was performed
based on the results of gene function enrichment analysis.

Statistical Analysis
Data from western blotting, RT-PCR, qRT-PCR, and the EdU
test were analyzed using GraphPad Prism 7.0 (United States)
software. Comparisons of these results (number of experimental
groups ≥ 3) were determined by one-way analysis of variance
(ANOVA). The normality of data was determined by the
Shapiro–Wilk normality test. Data was of normal distribution
when p-value > 0.1. The Kruskal–Wallis test was applied
when data did not pass the normality test. The results of
CCK-8, western blotting for plasmid transfection, and the
boundary assay involved two sets of comparative experiments
and were analyzed by unpaired t-test (two-tailed); all of which
were normally distributed (p > 0.1). The results of the dual
luciferase assay were analyzed using an unpaired Student’s
t-test; differences between 3′UTR-NC + miR-124/3′UTR + miR-
124, 3′UTR + miR-124/3′UTR-MU + miR-124, and TRAF6-
3′UTR+miR-NC/TRAF6-3′UTR+ has-miR-146b were detected.

p-values corresponding to ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001,
and ∗∗∗∗p < 0.0001 were considered statistically significant. All
data are presented as the mean± SEM. Power analysis of all data
was performed using G∗power 3 (Faul et al., 2007), and the results
are shown as power (1−β) > 0.8.
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FIGURE 3 | Analysis of mRNAs and protein expression levels of Schwann cell (SC) markers and their proliferation after miR-124 overexpression. (A,B) GFAP and
Sox10 mRNA levels were down-regulated as detected by RT-PCR (n = 3, *p < 0.05, **p < 0.01). (C,D) The protein expression of GFAP was significantly decreased,
whereas that of Sox10 was unaffected (n = 3, ***p < 0.001). (E) The gene expressions of Nt-3 and Bdnf were significantly up-regulated, whereas those of Cntf and
Ngf did not significantly change (n = 3, **p < 0.01, ***p < 0.001). (F–H) SCs proliferation was not influenced by miR-124 overexpression (EdU assay: n = 3,
p > 0.05, scale bar = 50 µm; CCK-8 assay: n = 5, p > 0.05).

TABLE 3 | Various plasmids used in dual luciferase assay.

Plasmid names Description

miRNA-NC Empty plasmid used as negative control for miRNA-124

miRNA Rno-miR-124-1 (53852-4)

3′UTR-NC Empty plasmid used as negative control for 3’UTR

3′UTR 3′UTR for Egr2 (53866-1)

3′UTR-MU 3′UTR mutant for Egr2 (53867-1)

Positive control-3′UTR 3′UTR for TRAF6

Positive control-miRNA Has-miR-146b

RESULTS

Immunocytofluorescence Confirms the
Isolation of Schwann Cells and
Astrocytes
Primary SCs were prepared from the sciatic nerve of adult
Wistar rats (Figure 1A). Several fibroblasts proliferated and
migrated from the tissue on day 10 of culture (Figures 1a,a′).
SCs proliferated rapidly and reached high confluency in
ScM on day 30 of culture (Figures 1b,b′). Their morphology

can be described as needle-like, spindle-shaped, bipolar
or triple-polar with elongated and spiral growth, which
corresponds to normal SCs after digestion and purification
(Figures 1c,c′). Immunocytochemistry detected the primary
SCs. The expressions of GFAP, p75NTR, and Sox10 were localized
in the cytoplasm, on the cell membrane, and in the nucleus,
respectively (Figure 1B). These results confirmed the successful
isolation and culture of SCs.

Primary ASs were derived from the brain cortices of neonatal
rats 1–3 days after birth. The cells proliferated rapidly with
an irregular morphology, having numerous branches and rich
cytoplasm (Figure 1C). The expressions of GFAP and S100β were
detected in the cytoplasm by immunocytofluorescence staining
(Figure 1D), indicating successful isolation and culture of ASs.

Transfection of Schwann Cells With a
Lentiviral Vector Overexpressed
MicroRNA-124 in Schwann Cells and
Astrocytes
We next evaluated miR-124 expression in rat SCs, ASs, and
normal spinal cord (isolated from adult Wistar rats). As shown
in Figure 2A, the relative expression of miR-124 in SCs and
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ASs was remarkably lower than that in the normal spinal cord
(∗∗∗∗p < 0.0001).

The lentiviral vector carrying the miR-124 sequence was
constructed, and its control sequence served as the NC. Untreated
and non-transfected SCs were used as WT controls. The LV-
rno-mir-124-1 was introduced into SCs at various MOIs (1,
10, 25, 50, and 75), and the fresh medium was changed after
18 h. Fluorescence was observed 48 h after transfection and the
condition in which a minimum of 90% infection efficiency was
observed, with the lowest level of cytotoxicity induced (MOI of
50) was deemed the optimal MOI for further assays. To explore
the duration of transfection, we assessed the expression of miR-
124 at 48 h, 96 h, and 7 days after transfection by qRT-PCR, the
results of which are shown in Figures 2B,C (∗∗∗∗p < 0.0001).
miR-124 expression levels increased by approximately three
times after transfection compared with those of the NC and
WT. Therefore, the transfection method was effective and
consistent. Herein, we refer to SCs with up-regulated miR-124
levels as miR-124-SCs.

Overexpression of MicroRNA-124
Inhibited the Gene Expression of
Schwann Cell-Specific Markers and
Promoted the Gene Expression of
Neurotrophic Factors Without Affecting
Proliferation
Sox10 is a key transcription factor for myelination and
differentiation, which can regulate the fate of SCs (Reiprich et al.,
2010). SC-specific markers after miR-124 overexpression were
investigated by RT-PCR. The expressions of GFAP and Sox10
genes were significantly reduced in miR-124-SCs, compared with
the NC and WT (Figures 3A,B; ∗p < 0.05, ∗∗p < 0.01). The
expression of GFAP was also significantly reduced, whereas that
of Sox10 did not change (Figures 3C,D; ∗∗∗p < 0.001). SCs
secretion of neurotrophic factors plays an important role in
nerve regeneration and neural protection. Therefore, we then
evaluated the gene expressions of neurotrophic factors such as
Cntf, Nt-3, Bdnf, and Ngf after transfection by qRT-PCR. The
results indicated that the gene expressions of Nt-3 and Bdnf were
significantly up-regulated as shown in Figure 3E (∗∗p < 0.01,
∗∗∗p < 0.001).

Schwann cell proliferation after miR-124 overexpression was
tested by CCK-8 and EdU assays. No significant change was
observed (Figures 3F–H; p > 0.05). These results revealed that
the overexpression of miR-124 in SCs inhibited the transcription
and translation of the GFAP gene, as well as the transcription of
Sox10 gene. In contrast, it enhanced the gene expressions of Bdnf
and Nt-3 and did not affect cell proliferation.

In vitro Integration of Schwann Cells and
Astrocytes Was Promoted by
MicroRNA-124 Overexpression
We then explored SC-AS integration after the up-regulation
of miR-124 in SCs through the boundary assay (Figure 4A).
Cells were fixed after remaining in culture for another 2 weeks,

after which the two cell fronts reached each other. As shown in
Figure 4B, NC cells were significantly separated and formed a
sharp boundary, whereas miR-124-SCs and ASs were mixed. SCs
migrated to distant areas in the astrocytic region and proliferated
in combination with ASs. The SC-AS integration was quantified
and compared with the maximum distance of migration and cell
migration area by cellSens Entry and ImageJ software. As shown
in Figures 4C,D, the relative migrations of miR-124-SCs and ASs
to the maximum distance were longer than those of the control
SCs and ASs. Therefore, the relative migration abilities of both
cells in the experimental group have been improved (∗p < 0.05,
∗∗∗p < 0.001, ∗∗∗∗p < 0.0001).

We therefore speculated that SCs migration and intermingling
with ASs could be inhibited by Eph/ephrin (Afshari et al., 2010)
and N-cadherin (Fairless et al., 2005). The protein expressions
of EphA4 and N-cadherin in SCs after miR-124 overexpression
did not significantly change (Figures 4E,F; p > 0.05), indicating
that the integration of miR-124-SCs and ASs was not regulated by
either Eph/ephrin reaction or N-cadherin inhibition.

We found that the Krox20 protein expression in SCs after miR-
124 overexpression was significantly lower than those in WT and
NC (Figures 4G,H), thereby illustrating that the integration of
miR-124-SCs and ASs might be regulated by the down-regulation
of Krox20 (∗∗p < 0.01).

MicroRNA-124 Mediated Schwann
Cell-Astrocyte Integration by Indirectly
Regulating Krox20
We further explored the relationship between SC-AS integration
and Krox20 expression.

Two binding sites (850 ∼ 856 and 899 ∼ 905) between
rno-miR-124-3p and UTR of Krox20 have been predicted2

(Figure 5A). Dual luciferase assay revealed the opposite—
the relative luciferase activity of 3′UTR-NC + miR-124 did
not significantly change compared with that of 3′UTR-miR-
124 (p > 0.05). Compared with TRAF6-3′UTR + miR-NC, the
relative expression of luciferase in TRAF6-3′UTR + has-miR-
146b was significantly decreased, indicating that the transfection
method was successful. These results indicate that Krox20 is
not a target gene of miR-124 (Figure 5B; ∗∗∗p < 0.001). We
then speculated that miR-124 might have an indirect effect
on Krox20 in regulating cell integration, and this mechanism
remains to be studied.

To verify that the intermingling of miR-124-SCs and ASs was
regulated by Krox20, we inhibited the Krox20 expression in SCs
using an RNAi lentivirus (herein, Krox20i). SCs were transfected
for 48 h, and green fluorescence was detected (Figure 5C). From
Figures 5D,E (∗∗p < 0.01), the protein expression of Krox20
was reduced threefold as compared with the NC (examined by
western blotting). Meanwhile, the boundary assay demonstrated
that integration of SC-AS was promoted when Krox20 expression
in SCs was affected (Figures 5F–H; ∗p < 0.05, ∗∗∗p < 0.001).
Overall, these results indicate that miR-124 overexpression in
SCs enhanced SC-AS integration by indirect inhibition of Krox20

2www.targetscan.org

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 July 2020 | Volume 14 | Article 144

http://www.targetscan.org
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-14-00144 June 30, 2020 Time: 20:53 # 10

Li et al. MicroRNA-124 Overexpression in Schwann Cells

FIGURE 4 | MiR-124 promoted in vitro integration of Schwann cells (SCs) and astrocytes (ASs). (A) A diagram for modeling the boundary assay for SCs and ASs.
(B) The SC-AS integration was investigated by immunofluorescence. ASs were detected using anti-GFAP antibody (red), whereas SCs exhibited GFP (green)
fluorescence. SCs migrated into astrocytic regions after miR-124 overexpression, while a sharp boundary formed between normal SCs and ASs. The white arrows
indicate SCs migrating to ASs (scale bar = 100 µm). (C) The relative maximum distances of SC-AS migrating toward each other were both higher after miR-124
overexpression in SCs (n = 3, *p < 0.05, ***p < 0.001). (D) The relative migration areas of SCs and ASs were significantly higher after miR-124 up-regulation (n = 4,
***p < 0.001, ****p < 0.0001). (E,F) The expressions of EphA4 and N-Cadherin in SCs did not significantly change (n = 3, p > 0.05). (G,H) The expression of Krox20
in SCs was obviously lower after miR-124 overexpression (n = 4, **p < 0.01).

expression in SCs; this regulatory mechanism needs to be
further explored.

Exploring Potential Target Genes and
Signaling Pathways Involved in the
Motility and Migration of Schwann Cell
After MicroRNA-124 Overexpression
We identified a total of 24 up-regulated and 29 down-regulated
genes (Figure 6A). The expression of DEGs were presented as
volcano plots, and the significant differences between M and
C were observed (Figure 6B). KEGG pathway (Figure 6C)
and KOG function classifications (Figure 6D) were studied,
and gene enrichment analysis was performed. We obtained
7 up-regulated DEG genes (Figure 6E) mainly related to cell
motility according to KEGG pathway and KOG function
classifications, including nexilin (Nexn) (Li et al., 2018), moesin

(Msn) (Vitorino et al., 2015), myosin light chain kinase (Mylk)
(Xia et al., 2019), connective tissue growth factor (CTGF) (Han
et al., 2016), transforming growth factor-beta 2 (TGF-β2) (Kim
et al., 2016), transforming growth factor-beta 3 (TGF-β3) (Ju
et al., 2018), and tropomyosin 1 (Tpm1) (Jiang et al., 2017).
We found that 11 genes were down-regulated (Figure 6E),
including matrix metallopeptidase 10 (Mmp10), calcitonin-
related polypeptide alpha (Calca), Neurotrophic receptor
tyrosine kinase (Ntrk2), secretogranin 2 (Scg2), c-x-c motif
chemokine ligand-2 (Cxcl2), neuropeptide Y (Npy), insulin-like
growth factor binding protein 5 (Igfbp5), cyclin D2 (Ccnd2),
leukemia inhibitory factor (Lif ), serpin family E member 2
(Serpine 2), and pro-neuropeptide Y-like (LOC100912228).
The potential pathways and related mechanisms from the
pathway maps included Hippo signaling pathway (Ma et al.,
2017), cytokine-cytokine receptor interaction (Liu et al., 2017),
FoxO signaling pathway (Hu et al., 2017), TGF-beta signaling
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FIGURE 5 | MiR-124 overexpression enhanced SC-AS integration through indirect regulation of Krox20. (A) Bioinformatic websites predicted that Krox20 (Egr2) and
rno-miR-124-3p had two binding sites at 850 ∼ 856 and 899 ∼ 905. (B) MiR-124 did not bind to 3′UTR of Krox20 according to the dual luciferase assay. Positive
control (TRAF6-3′UTR + has-miR-146b) showed no problems in the detection system (n = 3, p > 0.05, ***p < 0.001). (C) Lentivirus of Krox20-interference vectors
(Krox20i) were applied to knockdown Krox20 expression in SCs (scale bar = 100 µm). (D,E) The efficiency of interference was analyzed by western blotting, and the
results showed that the Krox20 expression was down-regulated by Krox20i (n = 3, **p < 0.01). (F) The SC-AS integration was observed by immunofluorescence.
The results showed the increased ability of SC-AS integration after Krox20 was down-regulated (scale bar = 100 µm). (G) The relative migration of the maximum
distance of SCs into the astrocytic region was higher after Krox20 interference in SCs (n = 3, *p < 0.05). The migration of ASs was not affected. (H) The relative
migration area of SCs was significantly higher after Krox20 interference in SCs (n = 3, ***p < 0.001). The integration ability of ASs did not significantly change.

pathway (Larco et al., 2018), and cell cycle (Bendris et al.,
2015) (Figure 6F).

Inhibition of Astrogliosis Through
Negative Regulation of GFAP and
p-STAT3 by MicroRNA-124
Overexpression in Schwann Cells
To identify the indirect effects of miR-124-SCs on ASs, a
3D-model simulating a transplantation microenvironment
was established with a Transwell assay, as shown in
Figure 7A. After 7 days of culture, GFP fluorescence was
still steadily observed in SCs, indicative of transfected
SCs (Figure 7B). The RNA expressions of GFAP,
Sox9, and S100β in ASs did not significantly change
according to qRT-PCR (Figure 7C; p > 0.05). JAK/STAT3
activation is critical for reactive astrogliosis and glial

scar formation (Reichenbach et al., 2019). Our results
indicated that the expression of GFAP and p-STAT3
protein significantly decreased in ASs after indirect co-
culture with miR-124-SCs. Therefore, SCs could inhibit
glial scar formation by paracrine or other mechanisms
after miR-124 overexpression (Figures 7E,F; ∗p < 0.05,
∗∗p < 0.01).

To explore whether miR-124 affected the translation of GFAP
and p-STAT3 in ASs under a paracrine mechanism, miR-124
expressions in SCs and ASs were analyzed in the Transwell
system by qRT-PCR. Its expression in SCs was significantly
higher in the experimental group, compared to those in NC
and WT. Meanwhile, that in ASs was not affected (Figure 7D;
∗∗p < 0.01). These results suggested that the inhibition of GFAP
and p-STAT3 expression in ASs by miR-124-SCs was not caused
by the paracrine transfer of miR-124 to ASs via SC, and its
mechanism needs further investigation.
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FIGURE 6 | Analysis of genes and signaling pathways involved in Schwann cells (SCs) migration after overexpression of miR-124 according to RNA sequencing.
(A) Scatter plot of differentially expressed genes. The horizontal and vertical axes are the two sets of sample log (TPM) values; each point in the figure represents a
gene. Red, green, and black indicate the up-regulated, down-regulated, and non-differentiated genes, respectively. (B) Heatmap of differentially expressed genes.
Red indicates higher gene expression level in the sample, whereas green indicates the opposite. The results showed the expression level and patterns of
miR-124-SCs (M) significantly changed compared with the control group (C). (C) KEGG pathway classification. (D) KOG function classification. (E) GO map for
genes enriched in cell motility and migration, as well as the regulation of these two processes and of cell proliferation and glial cell migration. (F) Pathway map for the
potential molecular mechanisms and signaling pathways.

DISCUSSION

Although its effectiveness and safety have improved, many
challenges regarding SC transplantation remain. For instance,
most SCs surrounded by reactive ASs remain in the lesion core
with minimal capacity to migrate to the surrounding tissue
following injection into the damaged spinal cord. ASs respond
to CNS disorders through a process called reactive astrogliosis,
which further contributes to glial scar formation. Inhibitors are
produced by the glial scar, and more extracellular matrix is
secreted by reactive ASs after contact with SCs, thus excluding
SCs from the CNS, which limits the function of SCs in neural
regeneration and repair. Therefore, we aimed to modify the
bioactive characteristics and phenotype of SCs to improve their
migration and integration with ASs, thus allowing SCs survival
and facilitating neural tissue repair in the host spine. By inhibiting
the formation of glial scar or the generation of A1-neurotoxic

ASs, a permissive niche for spine regeneration could be created
(Lukovic et al., 2015; Liddelow et al., 2017).

Here, the results indicated that the expression of miR-
124 in SCs after transfection was increased and sustained
without affecting cell proliferation. The expression of GFAP was
significantly down-regulated at the gene and protein levels. GFAP
is expressed by immature SCs and mature, non-myelinating
SCs (Mirsky et al., 2008), and the overexpression of miR-124
probably changed SCs into mature phenotype. The expression
of Sox10 was also down-regulated at the mRNA level without
significant down-regulation of protein expression, presumably
due to the high expression of Sox10 at the transcriptional level
for a short time without affecting protein translation. Sox10
and Krox20 are closely related to the development of SCs
and can synergistically regulate their myelination. These results
indicated that the myelination process might be influenced by
the up-regulation of miR-124. We will perform experiments on
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FIGURE 7 | Schwann cells (SCs) inhibited astrogliosis by miR-124-mediated negative regulation of GFAP and p-STAT3. (A) Stereoscopic culture pattern of SCs
transplanted into astrocytic environment. (B) SCs overexpressing miR-124 and cultured in the upper inserts emitted spontaneous green fluorescence for 2 weeks
(scale bar = 100 µm). (C) Gene expressions of GFAP, Sox9, and S100β were detected by qRT-PCR in ASs; the results showed no significant change (n = 3,
p > 0.05). (D) The relative expression of miR-124 in SCs and ASs was detected by qRT-PCR in the Transwell system. The results indicated that miR-124 expression
increased in SCs but was not significantly changed in ASs (n = 3, **p < 0.01). (E,F) The protein expressions of GFAP and p-STAT3 were significantly down-regulated
in ASs in the Transwell system, whereas that of Sox9 did not change (n = 3, *p < 0.05, **p < 0.01).

myelination formation to validate this speculation. Interestingly,
we detected that the gene expressions of Nt-3 and Bdnf were
significantly up-regulated, thus the expression of genes related
to the growth of neurons was also increased. Accordingly, we
speculate that the change in the gene expression of neurotrophic
factors in miR-124-SCs might ameliorate the microenvironment
of SCI, thus favoring neuron survival and axon regeneration after
miR-124-SC transplantation. We also plan to further investigate
these changes in neurotrophic factors through ELISA. These
results showed that mature miR-124 may alter the characteristics
of SCs by inhibiting the expression of multiple potential target
genes and affecting the myelination and the production of
neurotrophic factors of SCs.

MiRNAs can regulate SC migration and proliferation through
target genes (Sohn and Park, 2018); thus, we hypothesized that
miR-124 altered the motility of SCs through related genes and
simultaneously affected the expression of cell surface molecules

and extracellular signaling to enhance SC migration. MiRNAs
have been previously shown to suppress SC proliferation and
migration by targeting Bdnf (Yi et al., 2016). However, in
the present study, the expression of Bdnf and Nt-3 genes was
significantly up-regulated in miR-124-SCs, which might be the
reason for the increased SC motor ability. Furthermore, nutrient
factors might regulate cell surface molecules and bind cell-
specific receptors (Yamauchi et al., 2004), thus modulating the
movement of SCs and ASs via miR-124 signaling network. We
further noted that the expressions of EphA4 and N-Cadherin
proteins in miR-124-SCs did not significantly change, whereas
that of Krox20 was clearly down-regulated, which is in agreement
with a recent study showing that the invasion and migration
of ASs and oligodendrocytes into the PNS region occurred
after Krox20 inactivation (Coulpier et al., 2010). In the present
study, we validated that interference with Krox20 expression
in SCs significantly enhanced the SC-AS integration. Therefore,
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the down-regulation of Krox20 was induced by miR-124-
enhanced SC migration. In other words, miR-124 enhanced
the movement of both SCs and ASs through more complex,
unelucidated mechanisms.

To further explore potential target genes and signaling
pathways involved in SC motility and migration after miR-124
overexpression, we analyzed the differentially expressed genes
and signaling pathways using RNA-seq technology and several
databases. According to the heat map and scatter plot analyses of
DEGs, 24 genes were up-regulated, and 29 were down-regulated
in miR-124-SCs, of which 7 up-regulated and 11 down-regulated
DEGs were related to promote migration and motility of cells.
Among these, we focused on Sox10 as the leading cause of the
alteration of SC traits after miR-124 overexpression. Sox10 has
been reported to be expressed throughout the development of
SCs as it is essential for their specification and identification.
Sox10 deletion affected the integrity of the CNS/PNS boundary
function, and the expression of Sox10 was under the control
of Krox20 regulatory elements (Frob et al., 2012). In our
experiments, the transcription of Sox10 was down-regulated
in SCs after miR-124 overexpression, whereas its expression
Krox20 remained remarkably inhibited, which promoted the
SC-AS integration. Furthermore, RNA-seq technology showed
that the expression of TGF-β (TGF-β2 and TGF-β3) was up-
regulated in the miR-124-SCs. Neural crest stem cells can
generate mesenchymal progenitors by the negative regulation of
Sox10 via TGF-β signaling pathway (John et al., 2011). Thus,
we speculated that the enhancement of SC-AS integration might
be negatively regulated by the Krox20/Sox10 signaling through
TGF-β pathway after miR-124 overexpression in SCs.

Furthermore, we hypothesized that miR-124 overexpression
in SCs indirectly restrained the glial properties and activation
of ASs. Our results showed that the protein expression levels
of GFAP and p-STAT3 significantly decreased in ASs after their
co-culture with miR-124-SCs in the Transwell system. GFAP is
the marker of reactive ASs, and thus becomes intensely positive
after damage. The active proliferation of reactive ASs depended
on the activation of the STAT3 signaling pathway (Zhou et al.,
2017). Our results illustrated that miR-124-SCs could inhibit the
protein expressions of GFAP and p-STAT3 in ASs, suggesting
that miR-124-SCs may repress AS reactivity and the formation
of glial scar. Because we used a Transwell culture system, in
which the two type of cells did not interact directly, we conclude
that miR-124-SCs indirectly influenced the characteristics of
ASs by secreting biological factors including growth factors and
cytokines. As mentioned above, after miR-124 overexpression
in SCs, the mRNA expression levels of Nt-3 and Bdnf were

up-regulated, indicating that, at the least, miR-124-SCs might
increase the secretion of these neurotrophic factors and influence
the phenotypes of ASs after their co-culture with miR-124-SCs.

In summary, miR-124 overexpression in SCs affected SCs
characteristics and promoted its integration with ASs through the
inhibition of Krox20 expression via indirect regulation of miR-
124. The reactive activity of ASs was restrained by miR-124-SCs,
which may reduce glial scar formation. To further elucidate the
integration of transplant miR-124-SC graft with the host ASs, we
plan to transplant SC graft into rat spinal cord after SCI surgery
in the future. Thus, our novel findings expanded the therapeutic
potential of SC transplantation following SCI.
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