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Transplantation of Wnt5a-modified NSCs promotes
tissue repair and locomotor functional recovery
after spinal cord injury
Xiang Li1, Zhiming Peng1, Lingli Long2, Xiaofang Lu3, Kai Zhu1, Ying Tuo4, Ningning Chen5, Xiaoyang Zhao1,
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Abstract
Traditional therapeutic strategies for spinal cord injury (SCI) are insufficient to repair locomotor function because of the
failure of axonal reconnection and neuronal regeneration in the injured central nervous system (CNS). Neural stem cell
(NSC) transplantation has been considered a potential strategy and is generally feasible for repairing the neural circuit
after SCI; however, the most formidable problem is that the neuronal differentiation rate of NSCs is quite limited.
Therefore, it is essential to induce the neuronal differentiation of NSCs and improve the differentiation rate of NSCs in
spinal cord repair. Our results demonstrate that both Wnt5a and miRNA200b-3p could promote NSC differentiation
into neurons and that Wnt5a upregulated miRNA200b-3p expression through MAPK/JNK signaling to promote NSC
differentiation into neurons. Wnt5a could reduce RhoA expression by upregulating miRNA200b-3p expression to
inhibit activation of the RhoA/Rock signaling pathway, which has been reported to suppress neuronal differentiation.
Overexpression of RhoA abolished the neurogenic capacity of Wnt5a and miRNA200b-3p. In vivo, miRNA200b-3p was
critical for Wnt5a-induced NSC differentiation into neurons to promote motor functional and histological recovery
after SCI by suppressing RhoA/Rock signaling. These findings provide more insight into SCI and help with the
identification of novel treatment strategies.

Introduction
Spinal cord injury (SCI) is considered to be a refractory

disease with devastating physical, psychosocial, and voca-
tional implications for patients and caregivers despite
enormous advances in medical and surgical treatments1,2.
The incidence of SCI around the world is on average 40–80
per million, with 250,000 to 500,000 injuries occurring
each year globally and imposing a large financial burden1,3.
Therapeutic interventions include surgical decompression,
therapeutic hypothermia, and pharmacotherapy aimed at

reducing tissue damage and improving patient quality of
life4,5. However, none of these therapeutic strategies are
sufficient to repair the interruption of the neuroanatomical
circuit. Consequently, the failure of axonal connections
and neural regeneration in the injured central nervous
system (CNS) remains a challenge for researchers1.
Cell transplantation has been considered a potential

strategy to repair the neural circuit after SCI6,7. Several
studies have reported that neural stem cell (NSC) trans-
plantation results in partial repair due to the neuronal
differentiation of NSCs8,9. However, in most SCI cases,
only a few exogenous NSCs differentiate into neurons,
while most of them differentiate into astrocytes, which is a
disadvantage in spinal cord repair10,11. Therefore, the
challenging points are increasing the differentiation rate
of neurons and promoting the differentiated NSCs to
reconnect the neural circuit.
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One of most important mechanisms of cell transplan-
tation therapy is promoting neuronal-oriented differ-
entiation to rebuild the neural circuit1. Wnt signaling is
critical in modulating many biological processes, includ-
ing neuronal differentiation and regeneration. Many stu-
dies of SCI have demonstrated that canonical Wnt/
β-catenin signaling has a neuroprotective effect and
induces axonal and neural regeneration effectively12–15;
however, Wnt/β-catenin has been reported to induce
tumorigenesis under specific conditions, and the neural
effect of β-catenin is suppressed by other pathways, such as
Notch signaling16–20. Thus, the clinical application of Wnt/
β-catenin signaling is greatly limited. Recently, noncanonical
Wnt proteins, such as Wnt4, Wnt5a, and Wnt11, have
gained growing attention as attractive factors for neuronal
differentiation. Noncanonical Wnt signaling, including the
Wnt/Ryk, Wnt/Ca+, and Wnt/JNK pathways, has been
reported to have a positive effect on neuronal differentia-
tion21–23, but the therapeutic effect and mechanism in
promoting neuronal differentiation are still unclear.
MicroRNAs (miRNAs) are small noncoding RNA mole-

cules that have been shown to play critical roles in reg-
ulating gene expression at the posttranscriptional level in
many cellular processes, including neural development,
tumor metastasis, cell proliferation, apoptosis, and differ-
entiation24. Previous studies have reported that RhoA is the
target gene of miRNA200b-3p (mi200b-3p) and that RhoA
expression is downregulated by mi200b-3p25. In addition,
the RhoA/Rock1 pathway has been recognized as a negative
neurogenesis pathway that has adverse effects on neuronal
differentiation and tissue repair in SCI26. Thus, confirming
the mechanism of action of mi200b-3p/RhoA in neuronal
differentiation is necessary but has yet to be achieved.
The purpose of the current study was to investigate the

neurogenic capacity of Wnt5a and the potential of Wnt5a
for application in NSC transplantation in SCI and explore
the underlying mechanism, which may provide useful
information for translational applications.

Methods and materials
A detailed description of all materials and methods used

is provided in the Supplementary Materials and Methods,
as follows: NSC isolation, culture, and transfection, len-
tiviral vector construction, transduction, transfection of
mi200b-3p mimics and inhibitors, pharmaceutical inhi-
bition, real-time quantitative reverse transcription PCR
(RT-qPCR), western blot analysis, luciferase reporter
assay, immunofluorescence, surgical procedures and cell
transplantation, functional assessment, histological ana-
lyses and statistical analyses.

NSC isolation and culture
NSCs were obtained from the fetal brain of embryonic

day 14 rats, which were extracted from pregnant Sprague-

Dawley (SD) rats (Laboratory Animal Center of Sun Yat-
Sen University, Guangzhou, China)27–29. NSCs were pla-
ted in a T25 culture flask (Corning, Acton, MA, 430639)
containing maintenance medium consisting of Dulbecco’s
modified Eagle’s medium/F12 nutrient mixture, 2% B27,
1% penicillin/streptomycin, 1% L-glutamine (Invitrogen,
Carlsbad, CA, 11320033), 20 ng/mL fibroblast growth
factor-2 (FGF-2) and 20 ng/mL epidermal growth factor
(EGF) (PeproTech, Rocky Hill, NJ, 96–400–29, 96-AF-
100–15). NSCs were cultured at 37 °C in 5% CO2 and
were passaged via weekly digestion with Accutase (Milli-
pore, Bedford, MA, SCR005) in the medium described
above. All NSCs used in this study were between passages
2 and 4.
To induce neuronal differentiation, cells were plated at

a density of 2 × 105 cells/well in 6- or 12-well tissue cul-
ture plates and allowed to adhere for 24 h at 37 °C, at
which time cells were switched to neuronal differentiation
medium consisting of basic medium supplemented with
2% B27, 1% penicillin/streptomycin, and 1% l-glutamine.
The medium was changed every 2–3 days29.

Animal experiments
Adult female SD rats (weighing 200–220 g, supplied by

the Experimental Animal Center of Sun Yat-Sen Uni-
versity, Guangzhou, China) were used to establish an SCI
animal model27–29. Behavioral and histological analyses
were performed using previously described standard
methods30–33 and detailed in online supplementary
materials. All procedures performed on experimental
animals were approved by the Animal Care and Use
Committee of Sun Yat-Sen University and were con-
ducted in accordance with the Guide to the Care and Use
of Experimental Animals by the National Research
Council (1996, United States).

Results
miRNA200b-3p is critical for Wnt5a promoting neuronal
differentiation
We first determined the neuronal differentiation capa-

city of Wnt5a and mi200b-3p in NSCs. NSCs were treated
with Wnt5a (10 ng/mL) or transfected with the mi200b-
3p mimic. The immunofluorescence results showed that
the number of β3-tubulin- and MAP2-positive cells was
significantly increased by Wnt5a and mi200b-3p, while
the number of GFAP-positive cells was not increased
(Supplementary Figs. S1a, b and S2a, b). Similar results of
RT-qPCR and WB revealed the expression of neurogenic
markers, including β3-tubulin, MAP2 and GFAP, at the
mRNA and protein levels (Supplementary Figs. S1c, d and
S2c, d). These results suggest that Wnt5a and mi200b-3p
were able to promote neuronal differentiation.
We next determined whether mi200b-3p was involved

in Wnt5a-induced neurogenesis. We first examined the
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expression of Wnt5a and mi200b-3p in the process of
neuronal differentiation. The RT-qPCR results showed
that both Wnt5a and mi200b-3p expression significantly
increased with the duration of neuronal differentiation
(Fig. 1a). The WB results confirmed that Wnt5a could
promote the activation of MAPK/JNK pathways (Fig. 1b).
Furthermore, NSCs were treated with pharmaceutical
inhibitors of MAPKs and PKCδ and then stimulated with

Wnt5a for 24 h. mi200b-3p expression was then detected
with RT-qPCR, and the results showed that inhibiting the
JNK pathway significantly decreased mi200b-3p expres-
sion at the mRNA level (Fig. 1c), suggesting that Wnt5a
upregulated mi200b-3p expression through the MAPK/
JNK pathway. To further determine whether mi200b-3p
was involved in Wnt5a-induced neurogenesis, a target-
specific inhibitor was transfected into NSCs to suppress

Fig. 1 miRNA200b-3p is critical for Wnt5a to promote neuronal differentiation. a RT-qPCR analyses of Wnt5a and mi200b-3p expression with
neuronal differentiation over time. bWestern blot analyses of p-JNK expression in NSCs treated with Wnt5a. c RT-qPCR analyses of mi200b-3p in NSCs
treated with different pathway inhibitors and then stimulated with Wnt5a. d and e Immunofluorescence staining of NSCs transfected with an
mi200b-3p inhibitor and then stimulated with Wnt5a. f and g RT-qPCR and western blot analyses of neurogenic marker expression in NSCs
transfected with an mi200b-3p inhibitor and then stimulated with Wnt5a. SP: JNK inhibitor; PD: ERK inhibitor; SB: p38 inhibitor; Rottlerin: PKCδ
inhibitor (the data are presented as the mean ± SD from one representative experiment of three independent experiments performed in triplicate.
a, bP < 0.01 compared between 3 days, 5 days, and 7 days; c, dP < 0.05 compared between 5 days and 7 days; **P < 0.01 compared between groups.).
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mi200b-3p expression, and then the cells were treated
with Wnt5a. The immunofluorescence results showed
that the number of β3-tubulin- and MAP2-positive cells
was significantly decreased by the mi200b-3p inhibitor,
while the number of GFAP-positive cells was not
increased (Fig. 1d, e). Similar results of RT-qPCR and WB
showed the expression of neurogenic markers, including
β3-tubulin, MAP2 and GFAP, at the mRNA and protein
levels (Fig. 1f, g). These results suggest that mi200b-3p
was critical to Wnt5a-induced neuronal differentiation.

Wnt5a suppresses RhoA/Rock signaling by upregulating
mi200b-3p
RhoA is a highly conserved gene in many species and

modulates many biological processes, including inter-
cellular adhesion, cell polarity, neural maintenance and
differentiation, as well as gene expression34 (Fig. 2a).
Activation of RhoA/Rock1 signaling in neural stem cells
inhibits their survival and differentiation26. To investigate
whether the neurogenic effect of Wnt5a depends on
inhibition of the RhoA/Rock1 pathway, NSCs were trea-
ted with Wnt5a (10 ng/mL) for 3 days, and the RT-qPCR
and WB results showed that Wnt5a suppressed RhoA and
Rock1 gene expression (Fig. 2b, c). Moreover, we con-
firmed that RhoA is the target gene of mi200b-3p and that
the binding site is from 290–329 bp (Fig. 2d). The western
blot and luciferase activity results showed that the
mi200b-3p mimic suppressed RhoA and Rock1 gene
expression, while the mi200b-3p inhibitor increased RhoA
and Rock1 expression at the protein level and transcrip-
tional activity in NSCs (Fig. 2e, f). To further determine
whether mi200b-3p is required for the inhibitory effect of
Wnt5a on RhoA and Rock1 expression, an mi200b-3p
inhibitor was used to suppress mi200b-3p expression in
NSCs before Wnt5a stimulation. The results showed that
with successful suppression of mi200b-3p, the inhibitory
effect of Wnt5a on the expression of RhoA and Rock1 was
significantly reduced (Fig. 2g, h). These results suggest
that Wnt5a suppressed RhoA/Rock1 expression in an
mi200b-3p-dependent manner.

Overexpression of RhoA sabotaged the neuroinductive
effects of Wnt5a/mi200b-3p
To further confirm that Wnt5a and mi200b-3p promote

neuronal differentiation by suppressing RhoA expression,
NSCs were transfected with RhoA gene lentivirus and then
stimulated with a Wnt5a or mi200b-3p mimic. The
immunofluorescence results showed that the number of β3-
tubulin- and MAP2-positive cells was significantly increased
by the Wnt5a and mi200b-3p mimics and significantly
decreased by RhoA gene overexpression (Fig. 3a, b, e, f).
Similar results of PCR and WB showed the expression of
neurogenic markers, including β3-tubulin, MAP2 and
GFAP, at the mRNA and protein levels (Fig. 3c, d, g, h).

Wnt5a induces NSC differentiation into neurons to
promote spinal cord repair in SCI
To investigate whether Wnt5a can enhance the ther-

apeutic benefit of NSC transplantation in vivo. LV-
Wnt5a- and LV-shmi200b-3p-transfected NSCs were
injected into the injury site to assess the effect of LV-
Wnt5a-transfected NSC transplantation on functional
recovery. As shown in Fig. 4, the rats in the sham group
could grab and step easily using the hindlimb, whereas the
rats in the SCI group could hardly grab or stand up. As
expected, the rats in the LV-Wnt5a group could grab
mildly and step slowly using their hindlimb, whereas the
rats in the LV-Wnt5a/LV-shmi200b-3p group could
hardly grab or stand up, like those in the SCI group (Fig. 4a).
To determine whether behavioral function had been
repaired, we used the BBB score to evaluate hindlimb
locomotor activity after SCI, and as expected, hindlimb
locomotion was zero immediately after the operation for
all rats. Over the course of 2 months, the rats in the LV-
Wnt5a group exhibited significantly higher BBB scores
than those in the SCI group; however, the rats in the LV-
Wnt5a/LV-shmi200b-3p group exhibited the same BBB
scores as those in the SCI group (Fig. 4b). To further
confirm sensory and motor functional recovery, we per-
formed electrophysiological analysis. The SCEP in the LV-
Wnt5a group was stronger, the latency was shorter, and
the amplitude was higher than that in the SCI and LV-
vector groups. However, the SCEP in the LV-Wnt5a/LV-
shmi200b-3p group was weaker, the latency was longer,
and the amplitude was lower than that in the LV-Wnt5a
group (Fig. 4c–e). These results suggest that Wnt5a
promoted motor functional recovery after spinal cord
injury in an mi200b-3p-dependent manner.
To further determine the tissue repair effect of Wnt5a-

NSC transplantation in vivo, the lesion cavity was calcu-
lated on H&E staining at 8 weeks after the operation to
detect tissue repair. The total size of the lesion cavity in
the LV-Wnt5a group was significantly smaller than that in
the SCI group. However, the total size of the lesion cavity
in the LV-Wnt5a/LV-shmi200b-3p group was larger than
that in the LV-Wnt5a group (Fig. 5a, b). We also used
MRI to measure the volume of the injured spinal cord.
The volume of the injured spinal cord cavity was identi-
fied as a hypointense region in T1-weighted images and a
hyperintense region in T2-weighted images. Findings
similar to those of H&E staining were observed on MRI
(Fig. 5a, c). Furthermore, the number of ventral horn
motor neurons at the lesion epicenter was calculated
using Nissl staining. The number of surviving neurons in
the LV-Wnt5a group was significantly increased com-
pared with that in the SCI group and significantly
decreased in the LV-Wnt5a/LV-shmi200b-3p group
compared with that in the LV-Wnt5a group (Fig. 5a, d).
We further investigated the differentiation status of the
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transplanted NSCs around the injured site of the spinal
cord. In the LV-vector and LV-Wnt5a/LV-shmi200b-3p
groups, only a few GFP-positive NSCs showed early
neuronal marker (β3-tubulin) and mature neuronal mar-
ker (NeuN) expression. In contrast, the number of GFP+

β3-tubulin+ cells and GFP+ NeuN+ cells was significantly

increased in the LV-Wnt5a group (Fig. 5e–g). In addition,
our results showed that some GFP-positive NSCs expressed
an oligodendrocyte marker (MBP) in the LV-Wnt5a group,
and only a few GFP-positive NSCs expressed an astrocyte
marker (GFAP) in the LV-Wnt5a group. In the LV-vector
and LV-Wnt5a/LV-shmi200b-3p groups, the number of

Fig. 2 Wnt5a suppresses RhoA/Rock signaling by upregulating mi200b-3p. a A schematic diagram illustrating that the RhoA gene is widely
conserved in many species. b and c RT-qPCR and western blot analyses of RhoA and Rock1 expression in NSCs stimulated with Wnt5a. d A schematic
diagram illustrating the binding site of mi200b-3p in the RhoA sequence. e Western blot analyses of RhoA and Rock1 expression in NSCs treated with
an mi200b-3p mimic and inhibitor. fmi200b-3p binding site-directed mutagenesis analysis of the RhoA promoter. g and h RT-qPCR and western blot
analyses of RhoA and Rock1 expression in NSCs transfected with an mi200b-3p inhibitor and then stimulated with Wnt5a (the data are presented as
the mean ± SD from one representative experiment of three independent experiments performed in triplicate. **P < 0.01 compared between
groups.).
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Fig. 3 Overexpression of RhoA suppresses the neuroinductive effects of Wnt5a/mi200b-3p. a and b Immunofluorescence staining of NSCs
transfected with LV-RhoA and then treated with Wnt5a. c and d RT-qPCR and western blot analyses of neurogenic marker expression in NSCs
transfected with LV-RhoA and then treated with Wnt5a. e and f Immunofluorescence staining of NSCs transfected with the RhoA gene plasmid and
treated with an mi200b-3p mimic. g and h RT-qPCR and western blot analyses of neurogenic marker expression in NSCs transfected with LV-RhoA
and then treated with an mi200b-3p mimic. (The data are presented as the mean ± SD from one representative experiment of three independent
experiments performed in triplicate. **P < 0.01 compared between groups.).
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GFP+ MBP+ cells was significantly decreased, and the
number of GFP+ GFAP+ cells was significantly increased
(Supplementary Fig. S3a–c). These results suggest that
Wnt5a induced transplanted NSCs to mainly differentiate
into neurons through upregulated mi200b-3p expression to
promote spinal cord repair after SCI.

Wnt5a induces NSC differentiation into neurons by
suppressing RhoA expression to promote spinal cord
repair in SCI
To further determine whether Wnt5a promotes spinal

cord recovery by suppressing RhoA expression in vivo,
LV-Wnt5a- and LV-RhoA-transfected NSCs were injec-
ted into the injury site to assess the effect on functional
recovery. As expected, the rats in the LV-Wnt5a group

could grab mildly and step slowly using their hindlimb,
whereas the rats in the LV-Wnt5a/LV-RhoA group could
hardly grab or stand up, like those in the SCI group
(Fig. 6a). BBB and electrophysiological analyses showed
that rats in the LV-Wnt5a group exhibited better motor
functional recovery, while rats in the LV-Wnt5a/LV-
RhoA group exhibited poor motor functional recovery
after SCI (Fig. 6b–e). These results suggest that Wnt5a
promotes motor functional recovery in SCI by suppres-
sing RhoA expression.
To further determine the tissue repair effect of Wnt5a

through suppressing RhoA expression in vivo, H&E
staining, MRI and Nissl staining were used to detect tissue
repair at 8 weeks after the operation. The total size of the
lesion cavity in the LV-Wnt5a group was significantly

Fig. 4 Wnt5a-modified NSCs promote locomotor functional recovery in SCI. a Behavioral character images showing hindlimb movement in
different groups. b BBB scores in different groups. c Electrophysiological outcomes of the SCEP in different groups. d and e Quantification of the SCEP
latency and amplitude. (**P < 0.01 compared between groups.).
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smaller than that in the SCI group; however, the total size
of the lesion cavity in the LV-Wnt5a/LV-RhoA group was
larger than that in the LV-Wnt5a group (Fig. 7a, b).
Findings similar to those of H&E staining were observed
on MRI (Fig. 7a, c). Nissl staining showed that the number
of surviving neurons in the LV-Wnt5a group was sig-
nificantly increased compared with that in the SCI group.
The number of surviving neurons in the LV-Wnt5a/LV-
RhoA group was significantly decreased compared with

that in the LV-Wnt5a group (Fig. 7a, d). Furthermore, we
investigated the differentiation status of the transplanted
NSCs around the injured site of the spinal cord. In the
LV-vector group and the LV-Wnt5a/LV-RhoA group,
only a few GFP-positive cells showed early neuronal
marker (β3-tubulin) and mature neuronal marker (NeuN)
expression. In contrast, the number of GFP+ β3-tubulin+

cells and GFP+ NeuN+ cells was significantly increased in
the LV-Wnt5a group (Fig. 7e–g). In addition, the number

Fig. 5 Wnt5a-modified NSCs promote histological repair of the damaged spinal cord in SCI. a H&E staining, Nissl staining, and MRI analyses of
the spinal cord in different groups. b–d Quantification of H&E staining, Nissl staining and MRI results in different groups. e Immunofluorescence
staining of the spinal cord in different groups. The white boxes indicate images of higher magnification. The white arrow indicates colocalized cells.
f and g Quantification of immunofluorescence staining. (*P < 0.05 compared between groups; **P < 0.01 compared between groups.).
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of GFP+ MBP+ cells was significantly decreased and the
number of GFP+ GFAP+ cells was significantly increased
in the LV-Wnt5a/LV-RhoA groups (Supplementary Fig.
S3a–c). These results suggest that Wnt5a induced NSCs
to mainly differentiate into neurons by suppressing RhoA
expression to promote spinal cord repair after SCI.

Discussion
Spinal cord injury due to external trauma is a difficult

clinical problem without an ideal solution thus far2,35.
Currently, the current therapeutic strategies for SCI are
not sufficient due to the failure of axonal and neural
regeneration36. Thus, an agent that is able to suppress
negative effects on neuronal differentiation and simulta-
neously promote neurogenesis in the microenvironment
would be of great benefit for the treatment of traumatic

spinal cord injury. Since Wnt signaling has been proven to
be neurogenic, we speculated that Wnt5a might have
therapeutic potential in traumatic spinal cord injury.
In the current study, we recorded three key observations

that provide insights into Wnt5a-induced neurogenesis.
First, we confirmed that Wnt5a induced neuronal differ-
entiation and suppressed RhoA/Rock signaling in NSCs.
Second, we provided the first evidence that mi200b-3p was
upregulated by Wnt5a and essential for both the neuro-
genesis and suppression of RhoA signaling mediated by
Wnt5a. Third, we provided in vivo evidence that mi200b-3p
is critical for Wnt5a to induce transplanted NSCs to dif-
ferentiate into neurons to promote functional and histolo-
gical recovery by suppressing RhoA signaling after SCI.
Previous studies have shown that Wnt5a has a neuro-

genic effect. Several classic pathways have been found to

Fig. 6 Wnt5a induces neuronal differentiation by suppressing RhoA expression to promote locomotor functional recovery in SCI.
a Behavioral character images showing hindlimb movement in different groups. b BBB scores in different groups. c Electrophysiological outcomes of
the SCEP in different groups. d and e Quantification of SCEP latency and amplitude. (*P < 0.05 compared between groups; **P < 0.01 compared
between groups.).
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be involved in neuronal differentiation. Varela-Nallar
et al.37 reported that Wnt5a signaling via the Wnt/Ca+
pathway stimulated dendritic spine morphogenesis in
hippocampal neurons and played a trophic role in neu-
ronal differentiation. Wnt5a also activated the JNK and
Rac1 pathways to promote ventral midbrain morpho-
genesis and dopaminergic differentiation38. However,

there is substantial evidence that activating noncanonical
pathways suppresses axonal and neural growth. Wnt-Ryk
pathways have been reported to suppress axonal and
neurite growth39,40. Elevating the expression of non-
canonical Wnt ligands contributes to the lack of axonal
regeneration in CNS models, while blocking noncanonical
Wnt signaling promotes axonal growth and functional

Fig. 7 Wnt5a induces neuronal differentiation by suppressing RhoA to promote histological repair of the damaged spinal cord in SCI.
a H&E staining, Nissl staining and MRI analyses of the spinal cord in different groups. b–d Quantification of H&E staining, Nissl staining and MRI results
in different groups. e Immunofluorescence staining of the spinal cord in different groups. The white boxes indicate images of higher magnification.
The white arrow indicates colocalized cells. f and g Quantification of immunofluorescence staining results. (*P < 0.05 compared between groups;
**P < 0.01 compared between groups.).
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recovery39,41,42. In addition, miRNAs have been reported
to play critical roles in regulating gene expression at the
posttranscriptional level in neural development, tumor
metastasis, and cell proliferation, apoptosis and differ-
entiation24. Previous studies have reported that RhoA,
which was recognized to suppress neuronal differentia-
tion26,43, was the target gene of mi200b-3p and that RhoA
expression was downregulated by mi200b-3p25.
In this study, we confirmed that Wnt5a, which has been

controversial in neurogenesis, to the best of our knowl-
edge, and mi200b-3p have strong positive effects on
neurogenesis in NSCs (Supplementary Figs. S1 and S2). In
addition, we provided evidence that the expression levels
of both Wnt5a and mi200b-3p were elevated in the pro-
cess of neuronal differentiation, mi200b-3p was upregu-
lated by Wnt5a through the MAPK/JNK pathway in
NSCs, and mi200b-3p played a positive role in neuro-
genesis. The inhibition of mi200b-3p partially but sig-
nificantly suppressed Wnt5a-induced neuronal
differentiation. These results strongly suggest that Wnt5a
upregulated mi200b-3p expression through the MAPK/
JNK pathway to promote neuronal differentiation (Fig. 1).
The underlying mechanism of Wnt5a-induced neuronal

differentiation is not yet clear. Previous studies have
reported a negative effect of RhoA/Rock signaling on
neuronal differentiation. Noncanonical Wnt-planar cell
polarity (PCP) signaling controls Rho GTPase activity
locally by activating or suppressing RhoA and Rac1,
resulting in many biological processes44,45. Yang et al.26

demonstrated that Syx is a gene encoding a RhoA-specific
guanine nucleotide exchange factor. Noggin and RARγ,
which are proteins involved in neural differentiation, were
more abundant in embryonic Syx-/- cells. These phe-
nomena were blocked by the overexpression of active
RhoA. This strongly suggested that RhoA/Rock signaling
prevented neuronal differentiation by limiting the pro-
motion of neuronal differentiation protein expression.
Our results reveal that Wnt5a significantly suppressed
RhoA and Rock1 expression during neuronal differentia-
tion. RhoA is the target gene of mi200b-3p according to a
biological database, and with mi200b-3p silencing, the
suppressive effect of Wnt5a was abolished (Fig. 2). These
results indicate that mi200b-3p not only mediates the
direct effect of Wnt5a on promoting neurogenesis but
also the inhibitory effect of Wnt5a on the RhoA pathway.
Moreover, our results show that the overexpression of
RhoA could resist the neurogenic effect of Wnt5a and
mi200b-3p in NSCs. All the results suggest that Wnt5a/
mi200b-3p promoted neuronal differentiation by sup-
pressing activation of the RhoA pathway (Fig. 3).
The transplantation of NSCs is considered to be a

potential therapeutic strategy in SCI because NSCs can
differentiate into neurons and oligodendrocytes to
reconnect the neural circuit in the lesion1,46. However,

previous studies have reported that most NSCs transplanted
into SCI lesions differentiate into astrocytes rather than
neurons11. Thus, an agent that increases the neuronal dif-
ferentiation rate of NSCs is necessary for NSC transplan-
tation therapy in SCI. To confirm the role of Wnt5a and
mi200b-3p in neuronal differentiation and regeneration, we
further conducted an in vivo experiment. Behavioral char-
acterization, BBB score evaluation and SCEP analyses
revealed that the transplantation of Wnt5a-transfected
NSCs could lead to better locomotor recovery than naive
NSC transplantation. The silencing of mi200b-3p in
Wnt5a-transfected NSCs significantly suppressed loco-
motor recovery in rodents with SCI (Fig. 4). Moreover, our
histological results revealed that the transplantation of
Wnt5a-transfected NSCs could lead to better spinal cord
tissue repair than the transplantation of naive NSCs, and
the silencing of mi200b-3p in Wnt5a-transfected NSCs was
found to significantly abolish the recovery effect. Most
Wnt5a-transfected NSCs could differentiate into neurons
rather than astrocytes, the latter of which are dis-
advantageous in spinal cord repair, to reconnect the neural
circuit, and this phenomenon required the involvement of
mi200b-3p (Fig. 5 and Supplementary Fig. S3).
Finally, we further confirmed that Wnt5a/mi200b-3p

improved locomotor functional recovery and promoted
tissue repair by suppressing the activation of RhoA sig-
naling. Behavioral characterization, BBB score evaluation
and SCEP analyses revealed that the transplantation of
Wnt5a-transfected NSCs could lead to better locomotor
recovery than the transplantation of naive NSCs, and the
overexpression of RhoA in Wnt5a-transfected NSCs was
found to sabotage the therapeutic effect of Wnt5a-
transfected NSCs in rodents with SCI (Fig. 6).
Moreover, our histological results revealed that the
transplantation of Wnt5a-transfected NSCs could lead to
better spinal cord tissue repair than the transplantation of
naive NSCs, and the overexpression of RhoA in Wnt5a-
transfected NSCs was found to significantly abolish the
recovery effect. Most Wnt5a-transfected NSCs could
differentiate into neurons to reconnect the neural circuit,
and this phenomenon was inhibited by the overexpression
of RhoA (Fig. 7 and Supplementary Fig. S3). In addition,
some Wnt5a-transfected NSCs were found to differentiate
into oligodendrocytes, which are also beneficial for spinal
cord repair47,48. The overexpression of RhoA induced
NSCs to mainly differentiate into astrocytes. This result
indicates that Wnt5a have potential as a therapeutic agent
to optimize NSC transplantation after SCI.
In conclusion, we showed a novel mechanism of

Wnt5a-induced neuronal differentiation. Wnt5a-induced
miRNA200b-3p expression is essential for the neu-
roinductive effect and the inhibitory effect of the RhoA/
Rock pathway on neuronal differentiation in spinal cord
injury (Fig. 8).
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Fig. 8 A schematic diagram illustrating the theory in the current study. Wnt5a-transfected NSCs were injected into the injury site to assess the
therapeutic effect of Wnt5a-modified NSC transplantation on functional recovery. miRNA200b-3p plays a critical role in Wnt5a promoting
neurogenesis and suppressing the RhoA/Rock1 signaling pathway.
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