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Abstract
LINGO-1(LRR and Ig domain–containing NOGO receptor interacting protein 1) is a viable target for spinal cord injury (SCI)
repair due to its potent negative regulation in neuron survival and axonal regeneration. Although promising, the intracellular
mechanism underlying LINGO-1 regulation is unclear. Here, we identified miR-615 as a potential microRNA (miRNA) that
directly targets LINGO-1 by binding its 3′-untranslated region (3′-UTR) and caused the translation inhibition of LINGO-1. MiR-
615 negatively regulated LINGO-1 during neural stem cell (NSC) differentiation and facilitated its neuronal differentiation
in vitro. Interestingly, compared to the control, neurons differentiated from miR-615-treated NSCs were immature with short
processes. Further results showed LINGO-1/epidermal growth factor receptor (EGFR) signaling may be involved in this process,
as blockade of EGFR using specific antagonist resulted in mature neurons with long processes. Furthermore, intrathecal admin-
istration of miR-615 agomir in SCI rats effectively knocked down LINGO-1, increased neuronal survival, enhanced axonal
extension and myelination, and improved recovery of hindlimbs motor functions. This work thus uncovers miR-615 as an
effective miRNA that regulates LINGO-1 in NSC and SCI animals, and suggests miR-615 as a potential therapeutic target for
traumatic central nervous system (CNS) injury.
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Introduction

Traumatic SCI is an overwhelming CNS disease in-
volved in approximately 180 thousands new cases every
year, and more than 2 million individuals suffered with
SCI worldwide [1]. SCI usually leads to permanent or
temporary loss of motor/sensory capacity, resulting in

devastating functional and neurological deficits includ-
ing paraplegia or tetraplegia. In spite of ongoing efforts
over the past decades, the restoration of neurological
functions post-SCI still remains a great challenge due
to severe neuron loss, limited axon regeneration, and
the aggressive pathological microenvironment impeding
tissue repair [2].

Hongfu Wu, Lu Ding and Yuhui Wang contributed equally to this work.

* Hongfu Wu
hongfuw@126.com

* Chuanming Luo
Stillness@163.com

1 Institute of Stem Cells and Regenerative Medicine, Department of
Physiology, Guangdong Medical University, No. 1, Xin Cheng
Road, Songshan Lake, Dongguan 523808, China

2 Scientific Research Center, The Seventh Affiliated Hospital, Sun
Yat-Sen University, Shenzhen, China

3 Department of Surgery, The Third Hospital of Guangdong Medical
University (Longjiang Hospital of Shunde District),
Foshan, Guangdong, China

4 Department of Nutrition and Food Hygiene, Guangdong Medical
University, Dongguan, China

5 Clinical Laboratory, Dongguan Municipal Houjie Hospital of
Guangdong Medical University, Dongguan, Guangdong, China

6 Hand & Foot Surgery, Dongguan Municipal Houjie Hospital of
Guangdong Medical University, Dongguan, Guangdong, China

7 Department of Neurology, The Seventh Affiliated Hospital, Sun
Yat-Sen University, No.628, Zhenyuan Road, Xinhu Street,
Guangming New District, Shenzhen 518107, China

https://doi.org/10.1007/s12035-020-01936-z

/ Published online: 27 May 2020

Molecular Neurobiology (2020) 57:3057–3074

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-020-01936-z&domain=pdf
http://orcid.org/0000-0002-1115-3681
mailto:hongfuw@126.com
mailto:Stillness@163.com


LINGO-1 is a transmembrane protein selectively expressed
on neurons and oligodendrocytes in CNS and the spinal cord,
which is originally identified as a critical component of a cell-
surface receptor complexmediating axon growth [3]. LINGO-
1 has been extensively studied in multiple CNS disorders and
SCI due to its prominent inhibitory role in neuronal death,
oligodendrocyte differentiation, and axonal regeneration.
Various methods of LINGO-1 antagonism resulted in in-
creased surviving neurons, enhanced axonal regeneration
and myelination, and improved functional recovery [4–8].
Additionally, emerging evidence suggested LINGO-1 also
plays an important role in NSCs [9]. LINGO-1 inhibition by
anti-LINGO-1 antibodies or RNAi facilitated NSCs’ prolifer-
ation and neuronal differentiation, and LINGO-1-RNAi-
treated NSC transplantation significantly improved functional
restoration of SCI rats [9, 10]. In spite of the convincing evi-
dence that LINGO-1 antagonism is a promising approach for
SCI repair, the underlying endogenous regulatory mechanism
of LINGO-1 has however rarely previously been investigated.

MiRNAs are endogenous, small (~ 23 nt) RNAs that play a
critical gene regulatory role by binding to the 3′-UTR of target
mRNAs, leading to translation suppression or direct destruc-
tive cleavage [11]. Approximately 60% of all genes in the
human genome are controlled by miRNAs [12]. Microarray
analysis of miRNA expression patterns showed extensive
miRNAs dysregulated following SCI [13–16]. Further bioin-
formatics assay suggested most of these miRNAs targeted
genes associated with inflammation, regeneration, apoptosis,
and demyelination process that are known to play essential
roles in SCI pathogenesis [13, 17]. Thus, we speculated
whether LINGO-1 is likewise regulated by certain miRNAs.

To investigate this hypothesis, we attempted to screen pos-
sible miRNAs targeting LINGO-1 via bioinformatics analysis.
MiR-615 was identified as a potential miRNA that share a
consensus sequence with LINGO-1 3′-UTR. The modulation
of LINGO-1 by miR-615 was further verified using luciferase
reporter assays and Western blot analysis. Many of the re-
searches have demonstrated that miR-615 plays a tumor sup-
pressor role in several cancers. MiR-615 inhibited cell prolif-
eration, migration, and invasion by targeting EGFR in human
glioblastomamultiforme [18]; and in human esophageal squa-
mous cell carcinoma (ESCC), miR-615-5p/insulin-like
growth factor 2 (IGF2) axis was involved in cell motility
and invasion [19]. In addition, miR-615-5p also acts as an
inhibitor of VEGF-AKT/eNOS-mediated endothelial cell an-
giogenic responses in tissue injury [20]. Recent evidence
showed miR-615 dynamically expressed in embryonic stem
cells (ESCs) [21] and neurolastumor [22], and during the
ethanol-induced NSC differentiation, it was detected to be 2-
fold of that in undifferentiated NSCs [23]. Moreover, miRNA
expression profiling results from various neurological disor-
ders, such as Alzheimer’s disease (AD) [24], neonatal
hypoxic–ischemic brain injury [25], and spinocerebellar

ataxia type2 (SCA2) [26], also demonstrated the differential
expression of miR-615. However, no reports are available on
the functions of miR-615 in SCI.

In this study, miR-615 was identified as a potential miRNA
negatively regulating LINGO-1 via bioinformatic analysis.
The effects of miR-615 on NSCs by targeting LINGO-1 were
explored. Furthermore, the neural regeneration and functional
recovery of SCI rats were evaluated after intrathecal adminis-
tration of miR-615. This research provides evidence that miR-
615 functions as a negative regulator of LINGO-1, and possi-
bly presents a promising therapeutic target for SCI repair.

Materials and Methods

Bioinformatic Analysis

To discover possible miRNAs targeting the 3′-UTR of
LINGO-1, we searched several common online prediction
websites, including Target Scan: http://www.targetscan.org/,
miRanda: http://www.microrna.org/, MieroCosm Targets:
http://www.ebi.ac.uk/enright-srv/microcosm/cgi-bin/targets/
v5/genome.pl, and miRDB: http://www.mirdb.org/. The
candidate miRNAs that bind with LINGO-1 3′-UTR were
further scanned through RNA sequence comparison using
BLAST on the NCBI database (http://blast.ncbi.nlm.nih.gov/
Blast.cgi).

Preparation of miR-615 Mimics and miR-615 Agomir

The miR-615 mimics/inhibitor, miR-615 agomir, and their
negative control (NC) were synthesized by RiboBio
(Guangzhou, China). The sequences are as follows: miR-
615 mimics—5′GGGGGUCCCCGGUGCUCGGAUC3′, 3′
CCCCCAGGGGCCACGAGCCUAG5’; NC-miR-615
mimics—5′UUUGUACUACACAAAAGUACUG3′, 3′
AAACAUGAUGUGUUUUCAUGAC5′; miR-615 inhibi-
to r—5 ′GAUCCGAGCACCGGGGACCCCC3 ′ , 3 ′
CUAGGCUCGUGGCCCCUGGGGG5′; NC-miR-615 in-
hibitor—5′ CAGUACUUUUGUGUAGUACAAA 3′, 3′
GUCAUGAAAACACAUCAUGUUU5′. For the animal ex-
periments, miR-615 mimics and NC-miR-615 mimics were
conducted with special process of chemical modification to
synthesize miR-615 agomir and NC-agomir, respectively,
which present higher biostability and bioactivity to ensure
the efficacy in vivo.

NSC Isolation, Culture, and Differentiation

NSCs were obtained from the fetal brain of embryonic 14-day
Sprague-Dawley (SD) rats as previous studies described [10].
Briefly, under sterile condition, the brain was dissected and
dissociated in pre-cooling Hanks’ Balanced Salt Solution.
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Then, the cell suspension was collected and centrifuged at
1000 rpm (revolutions per minute) for 5 min. The supernatant
was discarded and the cell pellet was resolved in DMEM/F-12
medium (Gibco, Life Technologies, USA) to obtain single-
cell suspension. The resuspended cells were subsequently
plated on 25-cm2 culture flask (Corning, Acton, MA) and
cultured with DMEM/F-12 medium supplemented with 1%
N-2 CTS™ supplement (100X; Gibco, Life Technologies,
USA), 2% B-27™ supplement (50X; Gibco, Life
Technologies, USA), 20 ng/ml epidermal growth factor
(EGF; Peprotech, New Jersey, USA), 20 ng/ml fibroblast
growth factor (FGF; Peprotech, New Jersey, USA), and 1%
penicillin and streptomycin (10,000 U/ml, Gibco, Life
Technologies, USA). NSCs were non-adherently cultured into
neurospheres at a 5% CO2, 37 °C incubator, and passaged
every 3–5 days by digesting with Accutase (Millipore,
Bedford, MA) in the medium.

For NSC differentiation, cells were digested and resus-
pended into single-cell suspension, and subsequently plated
on culture dishes coated by poly-L-lysine (Sigma-Aldrich Inc.,
USA). Cells were cultured in differentiation-inducingmedium
(DMEM/F-12 medium supplemented with 2% B-27™, 1%
fetal bovine serum (FBS; Gibco, Life Technologies, USA))
to initiate cell differentiation. Cell mediumwas changed every
2 days. All NSCs used in this study were between passages 2
and 4.

Dual-Luciferase Reporter Assay

Rat 3 ′-UTR of LINGO-1 (LINGO-1 3 ′-UTR-F: 5 ′
AGAGAATTC CACCCCGCAAGTTCAACA3′; LINGO-1
3 ′-UTR-R: 5 ′CGTTCTAGA CAAGTTACAGAGGA
AGTTTGTAACT3′) that contains miR-615 target sequence
(GGACCCC) was cloned into p-miR-Repoter vector to con-
struct a wild-type Dual-Luciferase Reporter vector (WT-
LINGO-1-3′UTR). The miR-615 binding sequence on
LINGO-1 3′-UTR was mutated and also cloned into p-miR-
Repoter vector to generate a mutated Dual-Luciferase
Reporter vector (Mu-LINGO-1-3’UTR). HEK 293T cells
were seed in 48-well plates at 4–5 × 104/well and then tran-
siently co-transfected with either WT or mutant LINGO-1-3′-
UTR vector (200 ng) and miR-615 mimics using
Lipofectamine 2000 (Thermo Fisher Scientific, USA) for
48 h. Cells were collected and the luciferase activity in lysates
was measured by a Dual-Luciferase Reporter Assay System
(Promega, WI, USA) according to the manufacture’s proto-
cols. Each value from the firefly luciferase activity was nor-
malized to the Renilla luciferase activity.

Cell Transfection

NSCs were cultured with serum free to passage 3 and resus-
pended into single-cell suspension prior to transfection,

subsequently seed on poly-L-lysine-coated 24 wells at density
of 1 × 105/well and cultured with 1% FBS supplemented me-
dium for 2 days. When cells were at a confluence of 50~70%,
NSC transfection was performed using Lipofectamine 2000
according to the manufacturer’s instructions. NSCs were ran-
domly transfected with miR-615 mimics, miR-615 inhibitor,
and their negative control (RIBO Biotech Company,
Guangzhou, China) by Lipofectamine 2000, respectively. At
48 h post-transfection, further analysis of the samples such as
Western blotting and RNA isolation was performed.

Proliferation Assay

NSCs were digested into single-cell suspension and seeded on
recoated 96-well plates at a density of 5 × 103/well. At 48 h
post-transfection, 20 μM 5-ethynyl-2′-deoxyuridine (EdU)
was added into the cell culture medium. After incubation for
another 24 h, cells were fixed in pre-cooling 4% paraformal-
dehyde (PFA; (Biosharp, Hefei, China)) in PBS for 30 min at
1 day and 3 days post-transfection, followed by incubated
with Apollo® reaction cocktails at room temperature (RT)
for 30 min, and then counter-stained with 4′-6-diamidino-2-
phenylindole (DAPI; 1:5000; Sigma, USA) according to pro-
tocols of Cell-Light EdU DNA Cell Proliferation Kit (RIBO
Biotech Company, Guangzhou, China). The pictures of EdU-
positive cells were captured randomly under a fluorescence
microscope and the ratio of EdU-positive cells to total cells
was calculated by two experimenters blind to groups.

Establishment of Spinal Cord Injury Model

All procedures using laboratory animals were conducted in
compliance with the Guide for the Care and Use of
Laboratory Animals (National Research Council, 1996) and
approved by the Animal Care and Use Committee of
Guangdong Medical University.

Adult SD rats (female, weighing 180–200 g, aged 8–
10 weeks) used in this study were ordered from Laboratory
Animal Center of Southern Medical University (Guangdong,
China). Rats were housed in standard cages under a regulated
environment (12-h light/dark cycle) with free access to food
and water for about 1 week. To produce T10 complete tran-
section model, animals were anesthetized and the hair of the
back was shaved. For the surgery, the anesthetized rats were
placed on prone position, and an about-2-cm midline incision
was made at the level of T10 under the aseptic condition. After
the muscles were separated away from the vertebral arch, the
spinous process of thoracic vertebra level 10 (T10) was dis-
sected out and a laminectomy was performed at the same
level. Then an about-0.5-cm midline longitudinal incision
was carefully made to expose the spine cord. The T10 spinal
cord was completely transected using a microscissor. Finally,
the paraspinal muscles and skin were sutured separately after
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hemostasis. The body temperature of rats was maintained at
37.0 ± 0.5 °C with a heating pad during surgery.

The inclusion/exclusion criteria of SCI animals Before the sur-
gery, BBB score was performed and all animals scored 21. At
24 h after SCI, BBB score was evaluated again and rats that
scored 0 were included. Animals with severe wound infection
and erosion, bleeding, and death were excluded.

Transplantation of miR-615 Agomir and NC-Agomir
into SCI Rats

The intrathecal catheter and minipump implantation surgery
was performed at T12/T13 immediately after SCI. Rats were
randomly divided into three groups: control group (n = 24),
miR-615 agomir group (n = 24), and NC-agomir group (n =
24). All operation was performed by two experimenters who
were blinded to the animal groups.

In brief, miR-615 agomir and NC-agomir were dissolved in
0.9% saline to achieve a concentration of 20 nmol/mL and
filled into the osmotic mini-pumps (Alzet 1030D, CA,
USA), which then were continuously delivered (1 μL/h) into
the spinal cord of SCI rats for 3 days through a subdural-
implanted catheter connected to the subcutaneously implanted
osmotic mini-pumps, as previous studies described [16]. The
control animals were treated with PBS (1 μL/h) for 3 days. To
ensure immediate delivery after implantation, each pump was
primed overnight at 37 °C. After the implantation, muscles
and skin were sutured in layers sequentially, and rats were
kept in appropriate environment for recovery. The entire sur-
gical procedures were conducted at a warm environment. All
animals were intraperitoneally administrated with penicillin G
and streptomycin (10,000 U/ml; Gibco, Life Technologies,
USA) once a day in the first week post-operation. Distended
bladders were expressed by manual massage on the lower
abdomen twice daily until voluntary or autonomic emptying
fully recovered.

Behavior Test

The Basso-Beattie-Bresnahan (BBB) locomotor test (n = 24
per group) was conducted to evaluate the hindlimb functions
as described previously [27]. BBB test is an evaluative criteria
relevant to the lumbar injury model, which grades ranging
from 0 (no observable movement of the hind limbs) to 21
(normal hind limb locomotion). Animals were placed individ-
ually in a quiet, open field to ensure voluntary movement. The
locomotor function of the ankle, knee, and hip joints was
evaluated and the BBB scores were recorded weekly until to
the 8-week endpoint. The BBB scores were evaluated and
recorded by two experimenters who know the criteria well
but were blinded to the animal groups. The final score of each

animal for statistical evaluation was obtained by averaging the
values from both investigators.

Axonal Retrograde Tracing

At 2 days before perfusion, rats (n = 8) from each group were
randomly selected to perform axonal retrograde tracing study
using Fluorogold (FG; Fluorochrome.LLC, USA). Animals
were re-anesthetized and a dorsal laminectomywas performed
at T11–12. About 2 μl Fluorogold was slowly injected into a
second site that is approximately 5-mm caudal to the lesion
site. After 2 days, the labeled animals were perfused and a 15-
mm-long spinal segment encompassing the T10 transection
site was extracted and sectioned longitudinally at a freezing
microtome (Leica CM1950, Germany). FG-labeled cells ros-
tral to the T10 transection site in sections were observed and
randomly counted under the fluorescence microscope.

Immunofluorescence Assay

For immunocytochemistry, cells were fixed with 4% pre-
cooling PFA (Biosharp, Hefei, China) for 30 min and perme-
abilized in 0.3% Trixion-100 (Biosharp, Hefei, China) at RT
for 10 min, subsequently blocked in 5% bovine serum albu-
min (BSA; Gen-view Scientific INC., USA) for 30 min. For
immunohistochemistry, frozen sections collected from the
harvested spinal segments were firstly balanced in RT for
10–20 min, and soaked in PBS for 10 min. After incubated
in proteinase K (1:2000; Sigma-Aldrich, USA) for 10 min at
37 °C for antigen retrieval, tissues were washed in PBS for
three times and incubated in blocking reagent (5% BSA and
0.2%TritionX-100) for 30min. After blocked, cells and tissue
sections were incubated with primary antibodies overnight at
4 °C. Post-washing in PBS for three times, the primary anti-
bodies were identified with Alexa Fluor 488/568 goat-anti
rabbit or mouse antibodies (1:500; Life Technologies, USA),
and the nucleus were counter-stained with DAPI. Finally, the
slides were mounted and observed under a fluorescence
microscope.

Primary antibodies used in this study were as follows:βIII-
tubulin (1:200; Millipore, Bedford, USA), glial fibrillary acid-
ic protein (GFAP; 1:200; Sigma-Aldrich, USA), 2′,3′-cyclic
nucleotide-3′-phosphodiesterase (CNPase; 1:200; Abcam,
England), Neuronal Nuclei (NeuN; 1:200; Millipore, USA),
LINGO-1 (1:400; Abcam, England), neurofilament 200 (NF-
200; 1:400; Sigma-Aldrich, USA).

Quantitative Real-Time PCR

The expression level of miR-615 in NSCs during differ-
entiation and in the spinal tissues of SCI rats (n = 4) at
7 days post-transplantation surgery was evaluated by
quantitative real-time polymerase chain reaction (qRT-
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PCR). Total RNA from NSCs or 10-mm-long spinal
cord segments containing the injury epicenter was ex-
tracted using Trizol (Invitrogen, Life Technologies,
USA) according to the manufacturer’s instructions.
Total RNA from each sample was reversely transcripted
to cDNA using the PrimeScript RT reagent Kit
(TaKaRa, Tokyo, Japan). QRT-PCR was conducted
using the SYBR Premix Ex Taq (TaKaRa, Tokyo,
Japan) and specific primers for miR-615 (RiboBio,
Guangzhou, China) on the Applied Biosystems 9700
Thermocycler (Thermo Fisher Scientific, USA). U6
(RiboBio, Guangzhou, China) was used as the internal
control. The relative expression of miR-615 was calcu-
lated using the comparative 2−ΔΔCt method and normal-
ized to U6. Primer sequences for genes were as follows:
miR-615, F: 5 ′AAGGGGGTCCCCGGT3 ′ , R: 5 ′
GTGCGTGTCGTGGAGTCG3′; U6, F: 5′GCTTCGGC
AGCACATATACTAAAAT3 ′ , R: 5 ′CGCTTCAC
GAATTTGCGTGTCAT3′.

Western Blotting Analysis

The expression of proteins in cells and spinal tissues was
detected using Western blot analysis. Total protein from each
sample was extracted using RIPA (Solarbio, Beijing, China)
supplemented with PMSF (RIPA: PMSF = 100:1; Solarbio,
Beijing, China). The proteins were separated through sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS/
PAGE; KeyGEN BioTECH, Nanjing, China) and transferred
to polyvinylidene difluoride (PVDF; Millipore, Mississauga,
Canada) membranes. Next, after blocked in 5% nonfat milk
for 2 h at RT, the membranes were then incubated with pri-
mary antibodies at 4 °C overnight, followed by incubated in
horseradish peroxidase (HRP)–conjugated secondary antibod-
ies (1:1000) at RT for 2 h. Proteins were visualized via chemi-
luminescence (Pierce, USA) and the relative intensities of
bands were determined using Image J. Each value of protein
level was normalized to GAPDH orβ-actin, respectively. The
value of phosphorylated protein was normalized to the corre-
sponding total protein. Data was provided in terms of the
mean ± SD of the percentage ratio of the control.

The primary antibodies used in this experiment were ob-
tained from the following sources: rabbit anti-LINGO-1; rab-
bit anti-CNPase (1:1000; abcam, England); rabbit anti-EGFR
(1:1000; Bioworld technology, USA); rabbit anti-p-EGFR
(1:1000; Bioworld technology, USA); rabbit anti-RhoA
(1:1000; Bioworld technology, USA); rabbit anti-p-RhoA
(1:1000; Bioworld technology, USA); GFAP (1:1000;
Sigma-Aldrich, USA); NF-200 (1:1000; Sigma-Aldrich,
USA); myelin basic protein (MBP) (1:1000); βIII-tubulin
(1:1000; Millipore, Bedford, USA); GAPDH (1:5000;
Thermo Fisher, Wilmington, USA); β-actin (1:5000;
EarthOx, USA).

Myelination Observation

For myelination assessment, rats (n = 4 per group) were anes-
thetized at 8 weeks post-surgery and perfused with 2.5% glu-
taraldehyde (Kemiou, Tianjing, China; 25% glutaraldehyde:
4% PFA = 1:9). The harvested tissues were post-fixed in 2.5%
glutaraldehyde, subsequently in 1% osmium tetroxide, and
then cleared in propylene oxide post-dehydration in a series
of graded alcohols. After embedded in pure Epon, transverse
semithin sections (1 μm) were obtained and stained with 1%
toluidine blue. For electronmicroscopy (EM), 50-nm ultrathin
sections were required and double-stained with 2% uranyl
acetate and led citrate for EM analysis. The number of mye-
linated axons was counted and the morphology of myelin was
observed under EM in a blinded manner.

Clarity

Spinal cord tissues were optically cleared according to the
CLARITY protocols as described previously [28]. At
8 weeks after injury, rats (n = 4 per group) were anesthe-
tized and transcardially perfused with 0.9% saline followed
by 4% PFA. After the abdominal aorta was identified and
clipped with vessel forceps, rats were sequentially perfused
with 50-ml ice-cold reagent A (0.05% bisacrylamide, 4%
acrflamide, 0.25% VA-044, 8% PFA in 0.1 M PBS). Then
10-mm-long spinal segment centered at the injury site was
rapidly extracted and post-fixed in reagent A at 4 °C for 6 h
under the condition of protection from light. For hydrogel–
tissue hybridization, the tissues were then transferred into
modified reagent B (0.05% bisacrylamide, 4% acrflamide,
0.25% VA-044 in 0.1 M PBS) and incubated at 37 °C for
3 h. After the hydrogel hybridization was triggered, exces-
sive gel was softly removed from the surface of spinal
cord. Transverse sections of 200–500 μm were collected
and soaked into clearing solution (8% SDS in 0.1 M PBS,
pH 7.5) to allow passive clear, on a rotating incubator at
37 °C. The clearing solution was changed every 5 days
until the tissues were adequately cleared. After cleared
about 2 months, the cleared sections were carefully taken
out and washed in 0.1 M PBS for 3 days. The sections were
then incubated with the primary antibody for 2 days at
37 °C in the water bath, followed by incubated with the
secondary antibody for additional 2 days. The primary an-
tibodies were the following: NF-200 (1:200; Sigma-
Aldrich, USA) and GFAP (1:200; Sigma-Aldrich, USA).
The secondary antibodies were goat anti-mouse Alexa
Fluor 488 (1:200; Life Technologies, USA) and goat
anti-rabbit Alexa Fluor 568 (1:200; Life Technologies,
USA). Finally, post-rinsed in PBS for 2 days, sections were
mounted with isosorbide and imaged under a confocal
microscope.
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Statistical Analysis

All statistical data were analyzed using SPSS (Version 20.0;
Abbott Laboratories, Chicago, IL). In vitro tests, cell differen-
tiation, Western blot, and PCR analysis were evaluated by
one-way ANOVA followed by Tukey’s multiple comparison
test, and EdU assay was performed via two-way ANOVA
followed by Tukey post-test. In vivo experiments, the BBB
scores andWestern blot analysis of CNPase were analyzed by
two-way ANOVA between groups over time followed by
Tukey’s multiple comparison test, and other analysis were
all obtained using one-way ANOVA followed by Tukey
post-test. Homogeneity of variance test was used to measure
the data. Each data was presented as mean ± standard devia-
tion (SD). All tests were two-tailed and the value of P < 0.05
was considered statistically significant.

Results

MiR-615 Negatively Regulated LINGO-1 During NSC
Differentiation In Vitro

Most miRNAs are thought to control gene expression
by base-pairing with the miRNA-recognizing elements
found in the 3′-UTR of their messenger target. To iden-
tify the potential miRNAs targeting LINGO-1, several
miRNA target site prediction databases were searched
to screen miRNAs that share a specific consensus se-
quence with the 3′-UTR of LINGO-1. Results indicated
five potential RNA fragments, among which miR-615
was preliminarily designated as the candidate miRNA
via further literature review and RNA sequences com-
parison analysis using BLAST on the NCBI database
(http: / /blast .ncbi.nlm.nih.gov/Blast .cgi) . MiRNA
prediction analysis suggested miR-615 (miR-615-5p)
could bind with the target sites (GGACCCC) in the
3′-UTR of LINGO-1, which are located in 202–223 bp
(Fig. 1a).

To determine whether LINGO-1 was regulated by miR-
615 through direct binding to its 3′-UTR, the WT and mutant
LINGO-1 3′-UTR segment containing the potential target
sites for miR-615 was constructed and cloned into the down-
stream region of dual-luciferase reporter gene. MiR-615
mimics, miR-615 inhibitor, or their negative controls were
co-transfected into HEK293T cells with LINGO-1-3′-UTR-
luciferase reporter vector to detect the luciferase enzyme ac-
tivity. The relative luciferase activity was significantly re-
pressed when miR-615 mimics was co-transfected with WT-
LINGO-1-3′UTR-luciferase vector (Fig. 1b); on the contrary,
miR-615 inhibitor abolished this repression and resulted in a
prominent increase of the luciferase activity (Fig. 1b),
confirming the specificity of this action. This result suggested

miR-615 directly contributes to mRNA repression via specific
binding with LINGO-1 3′-UTR.To further elucidate the effect
of miR-615 on LINGO-1, NSCs were transfected with miR-
615 mimics, miR-615 inhibitor, and their negative controls,
respectively. Western blotting analysis revealed a significant
reduction of LINGO-1 in NSCs treated with miR-615 mimics
compared with the control (Fig. 1c, d); conversely, miR-615
inhibitor obviously enhanced LINGO-1 expression (Fig.
1c, d). Taken together, these results suggested miR-615 neg-
atively regulated LINGO-1 via direct binding with its 3′-UTR.

Although little is known about the functions of miR-
615 currently, recent miRNs profiling analysis reported
miR-615 dynamically expressed during the differentiation
of ESCs and ethanol-induced NSCs [21, 23]. In light of
the supporting evidences that LINGO-1 antagonism pro-
moted neuronal differentiation of NSCs [9, 10], it left
open the possibility that the process of NSC differentia-
tion may also be mediated by miR-615. To investigate the
expression of miR-615 and LINGO-1 during NSC differ-
entiation, cell lysates from proliferating NSCs (0 day) and
differentiated NSCs (differentiated for 1, 3, 5, and 7 days)
were harvested and analyzed via RT-PCR and Western
blotting, respectively. Results showed that though pre-
senting a down-trend after differentiation, the endogenous
level of miR-615 was significantly increased during the 5-
day differentiation compared with proliferating NSCs
(Fig. 1e), suggesting that miR-615 was upregulated in
the early differentiation of NSCs. In spite of the low pro-
tein level of LINGO-1 at 0 day, Western blot results re-
vealed LINGO-1 expressed in both the proliferating and
differentiated NSCs (Fig. 1f). A continuous increase of
LINGO-1 was observed during NSC differentiation, and
the maximum protein level was detected at cells differen-
tiated for 7 days (Fig. 1f). Quantification of LINGO-1
protein revealed a 7-fold increase at 7 days relative to that
of undifferentiated cells (Fig. 1g). The opposite expres-
sion tendency between miR-615 and LINGO-1 observed
above indicated miR-615 may negatively regulated
LINGO-1 during NSC differentiation. Critically, other
certain factors may also control LINGO-1 in addition to
miR-615 during the differentiation.

MiR-615 Facilitates NSC Proliferation and Neuronal
Differentiation In Vitro

To identify whether miR-615 influences NSC proliferation, EdU
proliferation assay was performed at 1 day and 3 days after
transfection. The number of cells incorporated EdU and total cell
numbers illustrated by DAPI-positive cells were counted and the
rate of EdU-positive cells was calculated (Fig. 2a, b). At 1 day,
massive cell proliferation was observed in each group, but no
significant difference was foundwith respect to the percentage of
EdU-positive cells (Fig. 2a, b). At 3 days, however, though cell
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proliferation was largely declined generally, the rate of EdU-
positive cells in miR-615 mimics group was prominently in-
creased compared to other groups (Fig. 2a, b). These data indi-
cated miR-615 could promote NSC proliferation.

Most miRNAs play essential roles in stem cell self-
renewal and differentiation by negative regulation of cer-
tain genes. To investigate the effect of miR-615 on the fate
determination of NSCs in vitro, NSCs were transfected with
miR-615 mimics or miR-615 inhibitor and cultured in dif-
ferential medium. At 5 days post-transfection, cells were
fixed and immunostained against neural markers specific
for neurons (βIII tubulin), astrocytes (GFAP), and oligo-
dendrocytes (CNPase). Compared with NC-mimics group,
in which βIII tubulin-positive cells have a rather mature
neuronal morphology with multiple long extending pro-
cesses, the βIII tubulin-positive cells in miR-615 mimics
group represented relatively immature phenotype with
short processes (Fig. 2c). But neurons in miR-615 inhibi-
tors developed mature and had an identified morphology
with βIII tubulin-positive cells in the control (Fig. 2c).
Inversely, astrocyte differentiation was significantly
inhibited and promoted by miR-615 mimics or miR-615

inhibitor, respectively, but no difference was observed with
respect to the morphology of GFAP-positive cells among
different groups (Fig. 2c). Interestingly, we also found
CNPase-positive oligodendrocytes in miR-615 mimics
group were slightly more differentiated than cells cultured
with miR-615 inhibitor or the controls (Fig. 2c). In addi-
tion, LINGO-1 inhibition by miR-615 dynamically affected
the proportion of different type of cells differentiated from
NSCs. MiR-615 mimics resulted in a 2-fold increased num-
ber of βIII tubulin-positive cells compared to other groups
(Fig. 2d), and decreased percentage of GFAP-positive as-
trocytes, whereas no significant difference was observed in
the percentage of oligodendrocytes among groups though
increased number of CNPase-positive cells was detected in
miR-615 mimics group (Fig. 2d). Western blotting analysis
revealed an obviously increased expression of βIII tubulin
and CNPase, and decreased enrichment of GFAP in cells
treated with miR-615 mimics (Fig. 2e, f), while miR-615
inhibitor treatment showed the opposite results. Taken to-
gether, the above results indicated miR-615 facilitated neu-
ronal differentiation and impeded astrocyte formation from
NSCs in vitro.

Fig. 1 MiR-615 negatively regulated LINGO-1 during NSC differentia-
tion by directly targeted LINGO-1. a Schematic diagram of predicted
target sites (202–223 bp) of miR-615 at the 3′-UTR of LINGO-1, and
sequence alignment of the putative miR-615 binding sites. The 7-nt seed
sequence was underlined. b The relative luciferase activity was analyzed
after WT/mutant-pGL3-LINGO-1 3′-UTR vectors were co-transfected
into HEK293 cells with miR-615 mimics, miR-615 inhibitor, and their
negative control. Firefly luciferase values were normalized for Renilla
luciferase. c Western blotting analysis of LINGO-1 in NSCs transfected
with miR-615 mimics, miR-615 inhibitor, and their negative control. β-

Actin was used as the internal control. d Histogram showing the relative
amount of LINGO-1 protein level. The expression of miR-615 and
LINGO-1 during NSC differentiation was detected using qRT-PCR and
Western blot, respectively. e MiR-615 significantly increased in cultures
differentiated for 1 day, 3 days, and 5 days compared to proliferating
cells, but it appeared a downward trend during the differentiation. U6
was used as an internal control. f Western blot analysis and g relative
quantification of LINGO-1 protein duringNSC differentiation. There was
a sustained increase in LINGO-1. GAPDH was used as an internal con-
trol. Date was shown as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001
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Identification of Potential Signaling Pathways
Involved in LINGO-1 Regulation by miR-615

Our results have demonstrated miR-615 negatively mediated
LNGO-1 during NSC differentiation. Then, certain signal pro-
teins associated with LINGO-1 in NSCs were measured post-
transfection. As illustrated in Fig. 3, the protein level of
LINGO-1 and its downstream signal protein p-RhoA were
both significantly decreased after transfected with miR-615
mimics (Fig. 3a, b), suggesting miR-615 decreased the acti-
vation of LINGO-1/RhoA pathway. In contrast, when miR-
615 was inhibited, LINGO-1 increased notably, therefore en-
hancing p-RhoA expression (Fig. 3a, b). Moreover, the upreg-
ulation of EGFR was also observed in miR-615 mimics group
(Fig. 3a, b). Studies have reported EGFR suppression signif-
icantly promoted axonal regeneration and neurite outgrowth

[29], which stimulated us whether EGFR was implicated in
the generation of neurons with short process. Then NSCs were
transfected with miR-615 mimics, NC-mimics, EGFR

Fig. 2 MiR-615 promoted NSC proliferation and neuronal differentiation
in vitro. a Edu assay was conducted to investigate the effect of miR-615
on NSC proliferation at 1 day and 3 days post-transfection. b Edu-
positive cells were counted and plotted as the ratio of the total cell num-
ber. To investigate the effect of miR-615 on NSC differentiation, cells
were cultured with miR-615 mimics or miR-615 inhibitor for 5 days. c
Specific antibodies against βIII tubulin, GFAP, and CNPase were used to
identified neurons, astrocytes, and oligodendrocytes, respectively. dCells

positive for specific markers were calculated and plotted as the ratio of the
total cell number. e Western blot analysis and f relative amount of βIII
tubulin, GFAP, and CNPase expression in differentiated NSCs. GAPDH
was used as an internal control. Data was shown as mean ± SD. * repre-
sents miR-615 mimics VS NC-mimics, *p < 0.05, **p < 0.01, ***p <
0.001; # represents miR-615 mimics VS miR-615 inhibitor, #p < 0.05,
##p < 0.01, ###p < 0.001. Scale bars (a) = 20 μm, scale bars (c) = 50 μm

�Fig. 3 MiR-615 may regulate NSCs via LINGO-1/RhoA or EGFR
pathway. a Western blot analysis and b relative quantification of
LINGO-1 and relevant signal proteins in NSCs at 6 days post-transfec-
tion. β-Actin was used as an internal control. cWestern blot analysis and
d relative amount of LINGO-1 and EGFR in NSCs transfected with miR-
615 mimics or miR-615 mimics plus PD18393 (EGFR inhibitor).
GAPDH was used as an internal control. e Representative immunofluo-
rescent staining showing βIII-tubulin neurons in the control, miR-615
mimics, and miR-615 mimics plus PD18393 group. Scar bar = 10 μm. f
The mean neurite length of βIII-tubulin neurons was measured and plot-
ted. g The proportion of neurite length ranges was counted and plotted.
Data was shown as mean ± SD. * represents miR-615 mimics VS NC-
mimics, *p < 0.05, **p < 0.01, ***p < 0.001; # represents miR-615
mimics VS miR-615 inhibitor, #p < 0.05, ##p < 0.01, ###p < 0.001

b
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inhibitor PD168393, and miR-615 mimics plus PD168393.
MiR-615 mimics treatment resulted in significantly decreased
LINGO-1 and elevated EGFR level (Fig. 3c, d). As expected,
LINGO-1 and EGFR were both suppressed by the co-
transfection of miR-615 mimics and PD168393 (Fig. 3c, d).
Compared with the neurons with short process in miR-615
mimics group, miR-615 mimics with PD168393 led to βIII
tubulin-positive cells with long extending neurites (Fig. 3e);
data revealed the average neurite length of neurons in this
group was largely greater than that of miR-615 mimics and
NC-mimics ones as well (Fig. 3f). The maximum proportion
of neurite length ranges in miR-615 mimics mainly located in
smaller range (0~60 μm) (Fig. 3g), while most processes were
longer than 100 μm when EGFR was blocked by PD168393
(Fig. 3g). Together, these results suggested LINGO-1 inhibi-
tion by miR-615 may contribute to neuronal differentiation
with short process via LINGO-1/RhoA or EGFR signal
pathways.

Transplantation of miR-615 Agomir Contributed to
Axonal Regeneration and Functional Recovery of SCI
Rats by Targeting LINGO-1

To further investigate the effect of miR-615 in SCI animals
in vivo, the chemically modified miR-615 mimics named
miR-615 agomir and NC-agomir were constructed, and
grafted into SCI rats through intrathecal injection immediately
post-surgery. QRT-PCR results showed miR-615 remarkably
reduced post-SCI over time, and it significantly upregulated in
miR-615 agomir-treated rats at 7 days after transplantation

(Fig. 4a). On the contrary, the protein level of LINGO-1 was
gradually increased post-injury, and this was remarkably re-
versed by miR-615 overexpression as expected (Fig. 4b, c).
The BBB scores were evaluated and recorded weekly post-
surgery by two blind observers. A spontaneous functional
recovery was observed in all groups, which was demonstrated
by the gradually increased BBB scores. Rats treated with miR-
615 agomir exhibited significantly improved hindlimb activi-
ty scores and this significant difference was maintained until
to the 8-week experiment endpoint (Fig. 4d). No obvious dif-
ference was detected between the control and NC-mimics
groups (Fig. 4d).

At 2 weeks post-transplantation, the tissue continuity of the
lesion center was then evaluated by NF-200 (green). In the
control and NC-agomir treatment, very few regenerative nerve
fibers and varying amount of big cavities were observed (Fig.
4e). However, in spite of several small cavities, there was
abundance of newborn nerve fibers out-extending into the
damage crack in miR-615 agomir-treated rats, which partly
bridged the damage gap and repaired the tissue continuity
(Fig. 4e). Next, the surviving neurons in the lesion sites were
analyzed at 8 weeks post-surgery. In addition to significantly
increased numbers, neurons in miR-615 agomir animals were
multipolar with large cell bodies, but those in the controls
displayed sunken stomata (Fig. 4f, g). The plasticity of regen-
erative axons from neurons was further investigated via FG
retrograde tracing. Only a small percentage of neurons were
labeled in both the control and NC-agomir rats at 8 weeks
post-surgery, while in the miR-615 agomir group a large num-
ber of FG-positive neurons were detected (Fig. 4h), which was
approximately triple of that in the control (Fig. 4h, i).

Transplantation of miR-615 Agomir Promoted the
Out-Extension of Axons Through the Glial Scar

Glial scar formation is recognized as a major physical imped-
iment for axonal regeneration after SCI. Then we investigate
whether miR-615 has any effects on axonal regrowth and scar
formation. In the control and NC-agomir group, obvious glial
scar and few nerve fibers were observed, whereas plentiful
regenerative axons extended in parallel in the scar tissues in
the miR-615 agomir group (Fig. 5a). The protein levels of NF-
200 and MBP were both increased in rats treated with miR-
615 agomir, and accompanied with downregulation of GFAP
compared to the control (Fig. 5b, c). To better observe the out-
spouting of regenerative nerve fibers into the scar, the lesion
center tissues were hyalinized using CLARITY and scanned
under the confocal microscope after staining. As the three-
dimensional images of cleared spinal tissues reveal in Fig.
5d, there were few regenerative axons and obvious hyperpla-
sia of glial scar at the lesion in the controls, and the long-
distance regeneration of nerve fibers was notably prevented
by the dense scar. On the contrary, miR-615 agomir alleviated

Fig. 4 MiR-615 effectively contributed axonal regeneration and
functional recovery following SCI by targeting LINGO-1. a qRT-PCR
analysis revealed that miR-615 obviously decreased post-SCI, and it sig-
nificantly upregulated in rats transplanted with miR-615 agomir at 7 days
after surgery. U6 was used as an internal control. bWestern blot analysis
and c relative amount of LINGO-1 in SCI rats. β-Actin was used as an
internal control. d BBB-locomotor scores were evaluated weekly post-
surgery. The BBB scores of rats treated with miR-615 agomir was sig-
nificantly increased since the 2 weeks post-injury compared to the con-
trols. e Longitudinal sections encompassing the injury center with immu-
nofluorescent staining exhibited that regenerative nerve fibers (NF-200-
labeled, green) partly bridged the lesion at 2 weeks after injury in the
miR-615 agomir group. Scale bars = 1000 μm. Enlarged image of the
box area (white box) illustrating a large number of parallel nerve fibers
extended through the glial scar. Scale bars = 50 μm. f Representative
immunofluorescent staining showing surviving neurons and regenerative
nerve fibers in the lesion labeled by NF-200 at 8 weeks post-SCI. Scale
bars = 20 μm. g Comparison of the relative number of surviving neurons
in each group. h Representative images of Fluorogold-labeled motoneu-
rons in the T8-T9 spinal segment. The significantly increased FG-positive
cells were observed in the miR-615 agomir group at 8 weeks post-SCI.
Scale bars = 50 μm. i The relative number of FG-positive cells in each
group. Data was shown as mean ± SD, * represents VS the control, *p <
0.05, **p < 0.01, ***p < 0.001; # represents VS NC-agomir, #p < 0.05,
##p < 0.01, ###p < 0.001

R

3067Mol Neurobiol (2020) 57:3057–3074



3068 Mol Neurobiol (2020) 57:3057–3074



glial scar formation and facilitated the regenerative nerve fi-
bers extending through the inhibitory scar tissues for long-
distance outgoing growth (Fig. 5d).

Transplantation of miR-615 Agomir Promoted Axonal
Remyelination

Axonal myelination is critical for neurological functions. To
explore the possible effects of miR-615 on remyelination,
CNPase, a major myelin protein, was measured at the early
phase after SCI. The protein level of CNPase was significantly
enhanced in the miR-615 agomir group relative to the control
and NC-agomir treatment (Fig. 6a, b); notably, it increased
continuously at the first week post-injury, suggesting miR-
615 may contribute to axonal myelination. We further evalu-
ated remyelination via toluidine blue staining and EM.
Apparent loss of myelination was observed in the control
and NC-agomir groups (Fig. 6c–e), while miR-615 agomir
led to slight demyelination and much more small regenerative
myelinated axons (Fig. 6c). The number and percentage of
myelinated axons in miR-615 agomir treatment were both
obviously increased (Fig. 6d, e). No significant difference
was observed between the control and the NC-agomir groups
(Fig. 6d, e). EM photographs showed multi-layer compacted
myelination in miR-615 agomir rats, while the lamellae of
myelin sheath were loose and fragmentary in the controls
(Fig. 6f). All these results suggested miR-615 contributed to
remyelination after SCI.

Discussion

Taken together, our data indicate that miR-615 is a potential
miRNA-modulating LINGO-1 and regulates the neuronal dif-
ferentiation of NSCs. Moreover, miR-615 promotes axonal

regeneration and functional recovery of SCI rats via
LINGO-1 inhibition, suggesting a promising role for miR-
615 in LINGO-1 regulation and repair of traumatic CNS
diseases.

Extensive miRNAs are dysregulated following SCI, most
of which accelerate or attenuate the aggressive pathological
progress by targeting certain genes [14]. Here, via vast bioin-
formatics analysis and dual-luciferase reporter assays, miR-
615 was identified as a possible miRNA targeting LINGO-1
by directly binding with its 3′-UTR. MiR-615 is part of the
Hox cluster of genes responsible for regulating spatial pattern-
ing during development [30]. It has been demonstrated that
miR-615 plays a critical role in multiple cancers, neurodegen-
eration, and angiogenesis post-injury [18–20]. Interestingly,
consistent with our study, miR-615 also exerts suppressive
effects on tumor cell and endothelial cell by inhibition of
certain genes via targeted the 3′-UTR. MiR-615 significantly
upregulated at the earlier differentiation of ESCs, NSCs, and
neuroblastoma cell lines [21–23], implying it may be associ-
ated with neural fate determination. LINGO-1 expressed in
proliferating NSCs and dynamically increased as cell differ-
entiation [9], which was also observed in the present study.
Consistently, there was an increase in miR-615 during the
early differentiation (0~1 day) of NSCs, and it exhibited a
downward trend along with cell differentiation. The opposite
expression tendency between miR-615 and LINGO-1 during
NSC differentiation further verified the negative modulation
of LINGO-1 by miR-615. However, it is notable that the in-
crease of miR-615 was contradictory with LINGO-1 upregu-
lation at 0~1 day during differentiation. Recent studies [31,
32] have described that miR-615 could be occupied by the
ESC transcription factors, and it was transcriptionally silenced
in ESCs but expressed in a tissue-specific fashion in differen-
tiated cells, which was a possible explanation for the transient
enhancement of miR-615. Additionally, other certain factors
may also be implicated in the early NSC differentiation.
Investigations on the temporal expression of miR-615 in
NSCs is worth further exploration and is expected to provide
new sights for miR-615 mechanism.

LINGO-1 is a potent negative regulator of neuronal surviv-
al and neural commitment. Target loss of LINGO-1 in NSCs
enhanced cell proliferation and skew NSC differentiation to
generate neurons [10, 33, 34]. Similarly, blockade of LINGO-
1 by miR-615 significantly facilitated NSC proliferation and
neuronal differentiation, but inhibited the production of astro-
cytes. In progressive retinal neurodegeneration, circular
RNAs (circRNAs) acted as miR-615 sponge to sequester
and inhibit miR-615 activity, leading to increased Meteorin
(METRN), a secreted protein expressed in undifferentiated
neural progenitors and selectively promoted astrocyte forma-
tion from mouse cerebrocortical neurospheres [35], which
further confirmed our present results. However, in addition
to inhibit LINGO-1, whether increased miR-615 exerted

Fig. 5 MiR-615 promoted the outgrowth of regenerative fibers cross the
glial scar. a Representative immunofluorescent staining showing the
regenerative nerve fibers (NF-200-labeled, green) and glial scar (GFAP-
labeled, red) in the lesion at 8 weeks post-injury. Scale bars = 50 μm. b
Western blot analysis and c relative amount of NF-200, MBP, and GFAP
in SCI rats at 8 weeks post-surgery. GAPDH was used as an internal
control. dA 5-mm-long spinal segment encompassing the transection site
was optically cleared and spatially scanned using laser-scanning confocal
microscope after conducted with immunofluorescent labeling procedure.
Representative CLARITY images showed many of regenerative nerve
fibers crossed through the reduced glial scar in the miR-615 agomir
group, while few axons and dense scar tissues were observed in the
controls. Scale bars = 50 μm. Higher magnification view from box area
(white box) demonstrating multiple regenerative nerve fibers passed
through the glial scar for out-extension in rats treated with miR-615
agomir. Scale bars = 20 μm. Data was shown as mean ± SD, * represents
VS the control, *p < 0.05, **p < 0.01, ***p < 0.001; # represents VSNC-
agomir, #p < 0.05, ##p < 0.01, ###p < 0.001
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neuronal differentiation effects via regulation of Meteorin re-
quired investigation. Interestingly, in keeping with the phe-
nomenon observed previously that neutralization of LINGO-
1 results in proliferation of immature neurons [9], generated
neurons from miR-615-treated NSCs retained similar pheno-
type with short processes compared to the control. But the
long-term effect remains to be further evaluated and
elucidated.

LINGO-1/RhoA signaling pathway plays a vital role in the
inhibition of neuronal sprouting and axonal regeneration.
Silence of LINGO-1 promoted neuronal differentiation and
neurite outgrowth, and the change of RhoA was the same as
that in LINGO-1, implying this process possibly realized via
RhoA inactivation [10, 33, 36]. Consistently, enhanced NSC
proliferation and neuronal differentiation was observed after
LINGO-1 blockade by miR-615 and consequent RhoA

Fig. 6 MiR-615 facilitated axonal myelination following SCI. aWestern
blot analysis and b relative amount of CNPase in spinal tissues at 3 days,
5 days, and 7 days after injury. GAPDHwas used as an internal control. c
Toluidine blue staining ofmyelinated axons showed that miR-615 agomir
transplantation led to much more small, regenerative myelinated axons
compared to the control at 8 weeks post-injury. Scare bars = 50μm. dThe

number and e percentage of myelinated axon in the spinal cord was
counted and plotted. f Scanning electron microscope images of viable
myelinated axons in spinal cord. Scare bars = 1 μm. Each date was shown
as mean ± SD. * represents VS control, *p < 0.05, **p < 0.01
***p < 0.001; # represents VS NC-agomir, #p < 0.05, ##p < 0.01,
###p < 0.001
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decrease, suggesting miR-615 may regulate NSC differentia-
tion through LINGO-1/RhoA pathway. Furthermore, EGFR,
a critical receptor involved in multiple cellular events of CNS
development and injuries, was upregulated. Studies suggested
that endogenous LINGO-1 could directly reduce EGFR level
or inhibit its phosphorylation, and hence suppress the
EGFR/PI3-K/AKT pathway, resulting in decreased neuronal
survival and growth [37, 38]. Activated EGFR signaling
sustained the self-renewal capability of NSCs, and heightened
its proliferation, survival, and migration [39–41]. Thus, the
increased EGFR may contribute to NSC proliferation here.
Myelin inhibitors trigger phosphorylation of EGFR in a
calcium-dependent manner and lead to signaling inhibition
of axon outgrowth [29], thus stimulating us to hypothesize
whether the generation of neurons with short process attri-
butes to EGFR upregulation. Antagonism of EGFR using
AG1478 or PD168393 (EGFR inhibitor) could neutralize in-
hibitory influences, and promote neurite outgrowth and axo-
nal regeneration [29, 42, 43]. In our experiments, overexpres-
sion of miR-615 resulted in heightened EGFR level and in-
crease of βIII tubulin-positive cells with short processes.
Notably, EGFR blocker PD168393 significantly facilitated
neurite extension of those neurons, which is consistent with
studies that PD168393 enhances elongation of HNPC pro-
cesses [29]. These results indicated miR-615 may promote
generation of neurons with short process from NSCs via
EGFR upregulation resulting from LINGO-1 inhibition. But
others recently pointed the disinhibition of neurite outgrowth
was as a consequence of the off-target effects of EGFR antag-
onist, rather than its direct inhibitory roles [44]. Therefore,
whether the influence of LINGO-1 inhibition by miR-615
on NSCs actually correlates with RhoA or EGFR signaling
pathway has not been studied in full and requires further
investigation.

Above all, we have provided supporting evidence that
miR-615 is a potential miRNA regulating NSCs via targeting
LINGO-1. To further explore the modulation of LINGO-1 by
miR-615 in vivo, miR-615 agomir was constructed and
transplanted into SCI rats. As expected, miR-615 effectively
inhibited LINGO-1 expression in spinal tissues. Trauma to the
spinal cord causes damage to axonal tracts responsible for
motor and sensory functions. Although certain axonal regen-
eration occurs following SCI, it is insufficient to compensate
for the destructive neural network and neurological dysfunc-
tion. LINGO-1 expressed in spinal cord axonal tracts and a 5-
fold increase of LINGO-1 mRNA was observed at 2 weeks
post-injury [45]. Attenuation of LINGO-1 function using
LINGO-1 RNAi, anti-LINGO-1 antibodies, or soluble
LINGO-1 all resulted in enhanced axonal regrowth, improved
plasticity by promoting sprouting from intact collateral axons,
and consequently promoted functional restoration of SCI an-
imals [5, 6, 10]. In the present study, an obviously increased
BBB scores were detected in rats treated with miR-615

agomir, and accompanied with substantial regenerative nerve
fibers that partly recovered the tissue continuity. LINGO-1
binds with NgR1 complex in neurons and axons to inhibit
neuronal survival and axonal regeneration by activation of
RhoA pathway [46]. Blockade of LINGO-1 could enhance
neural survival and improve axonal plasticity through the pro-
motion of neuron sprouting post-SCI. Here, miRNA-615 en-
hanced neuronal survival surrounding the lesion and im-
proved axonal regeneration, which was demonstrated by the
significantly increased FG-positive neurons with capability of
retrograde transportation through functional axons. However,
the long-distance outgrowth of axons is inconsistent with the
generation of neurons with short process during early differ-
entiation in vitro. The difference of microenvironment in vivo
and in vitro, as well as the action time, may be a possible
explanation.

In addition to the intrinsic regenerative incompetence of
mature neurons, the failure of axonal regeneration is also at-
tributed to the non-permissive environment such as myelin-
associated inhibitors and glial scar formation [47, 48]. Despite
the neuroprotective and reparative roles in acute stages of SCI,
glial scar is well known for its detrimental effects, which poses
a long-lasting physical and chemical barrier on axonal re-
growth at latter time after injury [48]. Attenuation of glial scar
formation has shown an overt promotion of axon regeneration
[49–51]. In this study, miR-615 reduced the glial scar forma-
tion and significantly enhanced the regeneration of
neurofilament-positive fibers across the glial scar. To more
deeply investigate the regeneration of nerve fibers into glial
scar, CLARITY, an emerging technique that achieves trans-
parency of intact tissue, was conducted. Via the three-
dimensional structural scanning using confocal microscope,
we observed plentiful regenerative nerve fibers went through
the glial scar for out-extension within the damage center in the
miR-615 agomir group, whereas axonal regeneration was
largely blocked by the dense glial scar in the control rats.
These data suggested miR-615 regulates glial scar formation
and facilitates axonal regeneration following SCI. But the un-
derlying mechanism still needs to be further deeply explored.

Remyelination is an indispensable repair process for SCI.
Spontaneous remyelination following injury usually fails in
most case, and the persistent demyelination ultimately results
in progressive and irreversible neurological deficits and func-
tion loss [52]. LINGO-1 selectively expressed on oligoden-
drocyte progenitor cells (OPCs) and oligodendrocytes, where
it plays an important inhibitory role in oligodendrocyte differ-
entiation and axonal myelination. Blockade of LINGO-1 in
experimental autoimmune encephalomyelitis (EAE) or SCI
mice significantly increased myelinated axons within spinal
cord, and led to notable functional improvement correlated
with the enhanced axonal remyelination [4, 6, 8]. In line with
these studies, our present data showed LINGO-1 silencing by
miRNA-615 was a promising approach to improve axonal
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remyelination and functional rehabilitation, as evidenced by
the better myelination via EM observation and upregulation of
CNPase, an essential myelin-associated protein.

Conclusion

In summary, we have identified miRNA-615 as a potential
miRNA regulating LINGO-1, and indicated the negative modu-
lation of LINGO-1 by miRNA-615 in NSCs and traumatic SCI
rats. Overexpression of miRNA-615 in NSCs enhanced its pro-
liferation and neuron differentiation via LINGO-1 inhibition.
Furthermore, transplantation of miRNA-615 into SCI rats effec-
tively blocked LINGO-1, and contributed to axonal regeneration
and functional rehabilitation. These results suggest miRNA-615
is a promising therapeutic target for LINGO-1 modulation and
behavior recovery following SCI. However, the potential mech-
anisms underlying the generation of neurons with short process
deserve further investigation. More importantly, it is certain that
other factors regulating LINGO-1 exist and more efforts are
needed to clarify the interactive effects.
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