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Bmil regulates neural differentiation of mesenchymal
stem cells through the Wnt3a-RhoA signaling pathway
to repair ischemic brain injury in rats
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Abstract. Ischemic brain injury (IBI) is characterized by
high morbidity, disability and mortality rates; however, it
lacks effective clinical treatments. Mesenchymal stem cells
(MSCs), as pluripotent stem cells with self-renewal capacity
and multilineage differentiation potential, have emerged as
a promising therapeutic strategy for neurological disorders.
In the present study, in vitro experiments were performed
using the Wnt signaling agonist Wnt3a and the B lymphoma
Mo-MLV insertion region 1 homolog (Bmil) small molecule
inhibitor PTC209 to treat MSCs, and the roles and regulatory
mechanisms of the Bmil and Wnt3a-RhoA signaling pathways
on the neural differentiation of MSCs were explored by MTT
assay, immunofluorescence analysis and western blotting.
In vivo experiments were also performed by establishing a
rat model of middle cerebral artery occlusion (MCAO), trans-
planting different MSCs into the rat brain tissues after in vitro
labeling, and comparing ischemic brain damage in each
group of rats by Neurological Severity Score scoring, grasp
assay, triphenyltetrazolium chloride staining, hematoxylin
and eosin staining, and assessing neurological recovery via
immunofluorescence and western blot analysis. The in vivo
study aimed to assess the roles of the Bmil and Wnt3a-RhoA
signaling pathways in brain injury repair in MCAO rats and
the mechanism. Specifically, recombinant Wnt3a cytokine was
administered to upregulate the Wnt3a-RhoA pathway, whereas
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the small-molecule inhibitor PTC209 was utilized to suppress
Bmil expression. The findings suggested that Bmil modulates
the neural differentiation of MSCs through its regulatory
effects on Wnt3a and RhoA expression, thereby influencing
the reparative potential of MSCs in ischemic brain tissue.
These findings highlight the therapeutic relevance of targeting
Wnt3a-RhoA activation and Bmil inhibition in MSC-based
interventions for IBI.

Introduction

Ischemic brain injury (IBI) is a leading cause of disability and
death worldwide. In China, it has been categorized as one of
the important causes of disease-related deaths (1). The condi-
tion is primarily caused by the narrowing or blockage of blood
vessels, which leads to insufficient blood and oxygen supply
to the brain tissue; this, in turn, causes necrosis or apop-
tosis of neurons in the brain tissue, resulting in irreversible
neurological damage. A number of patients who survive may
experience long-term neurological sequelae, such as cerebral
palsy, paraplegia and other lifelong disabilities. Currently,
clinical treatment for IBI entails symptomatic support, cerebro-
vascular circulation improvement, neuroprotective medication
or interventional therapy, such as endovascular stenting and
percutaneous transluminal angioplasty. However, the admin-
istration of therapy is impeded by the blood-brain barrier, and
recurrence of the intervention is possible, with incomplete
repair of the infarcted area (2,3). Mesenchymal stem cells
(MSCs) are adult stem cells with the capacity for self-renewal
and multidirectional differentiation, and under certain condi-
tions they can be differentiated into various neural cells across
the embryonic layer (4,5). Research has shown that MSCs
possess the ability to repair tissue damage when locally trans-
planted, intravenously or intra-arterially administered after an
injury (6,7). Furthermore, MSCs have been shown to possess
the capacity to survive, migrate, integrate and differentiate
into neuronal cells within living organisms. The utilization of
MSC:s to address neurological disorders through the replace-
ment of defective or damaged neural tissues represents a
promising therapeutic strategy that circumvents various chal-
lenges. These challenges include the scarcity of adult neural
stem cells (NSCs), the difficulties involved in their isolation
and culture, and the ethical and immunological problems that
are associated with them (8).
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Notably, obstacles to the clinical application of MSCs
persist. MSCs necessitate hundreds of millions of cells
in vitro, and although MSCs can be harvested from a range
of organs, the number of isolated cells is inadequate (9) and
long-term expansion in vitro is required to obtain enough
stem cells. However, as the number of passages increase,
MSC:s display senescence characteristics, including changes
in cell morphology, reduced proliferation and diminished
directed differentiation ability (10-12). The loss of stemness
in MSCs during in vitro culture, their low survival rates
following transplantation, and compromised self-renewal
and differentiation capacities collectively pose major
obstacles to the clinical translation of MSC-based therapies.
Therefore, enhancing the regulatory mechanisms that sustain
MSC proliferation, migration and differentiation in vivo is
critical for optimizing MSC transplantation efficacy in
treating neurological disorders and promoting the recovery
of neurological function.

The neural differentiation of adult stem cells is regulated
by various factors, with epigenetic mechanisms serving a
crucial role in precisely controlling gene expression (13).
Polycomb family proteins are notable epigenetic regula-
tors of adult stem cells, comprising mainly of two protein
complexes: PRC1 and PRC2. B lymphoma Mo-MLV
insertion region 1 homolog (Bmil), discovered in 1991, is
localized on human chromosome 10p12.2 locus, and consists
of nine exons and nine introns, mainly encoding poly
sparse histones (components of PRC1-like complexes) (14).
PRCI1 complexes containing Bmil proteins can act through
chromatin remodeling and histone modifications to cause
epigenetic alterations (15). Numerous studies have confirmed
that Bmil is crucial for neurogenesis in vivo (16). Notably,
knocking down the Bmil gene has been shown to disrupt the
stable development of NSCs, hamper NSC proliferation and
leads to an increase in glial cells (17). Previous studies (18,19)
demonstrated that, through Bmil knockdown experiments,
Bmil serves a crucial role in the proliferation and survival of
cortical bone-derived stem cells.

Previous studies have demonstrated that Bmil can regu-
late the expansion capacity of mammary epithelial cells and
fibroblasts in vitro and in vivo through the Wnt signaling
pathway (20). The Wnt signaling pathway is one of the major
signaling pathways that regulate cell proliferation and differ-
entiation, including the classical Wnt/B-catenin pathway and
the non-classical Wnt pathway. Our prior research has shown
that the Wnt/B-catenin signaling pathway notably impacts the
neural differentiation process of MSCs (21,22). The non-clas-
sical Wnt pathway is less explored and more complex than
the classical Wnt/B-catenin pathway. The planar cell polarity
(PCP) signaling pathway is a specific type of non-classical Wnt
pathway that controls cell motility and cellular differentiation;
this pathway triggers signaling cascades via cytoplasmic cyto-
skeletal proteins, RhoA, Rac-activated c-Jun amino-terminal
kinases and Rho-associated kinases (23). Wnt3a is the primary
ligand responsible for Wnt signaling pathways, as research
has indicated that when Wnt3a binds to the cell membrane
receptor, it extracellularly activates both the Wnt/p-catenin
signaling pathway and the nonclassical Wnt signaling
pathway (24). RhoA is present in the cell as a bound form in
the signaling pathway and serves as a downstream element of

the PCP pathway. RhoA, along with its regulatory proteins,
has crucial roles in neural differentiation (25). Nonetheless,
it remains unclear whether Bmil has the ability to regulate
neural differentiation in MSCs through the Wnt3a-RhoA
pathway.

The present study therefore investigated the role of Bmil in
regulating the Wnt3a-RhoA signaling pathway and promoting
neural differentiation of MSCs in vitro. In addition, a middle
cerebral artery occlusion (MCAQO) model was established
in vivo to evaluate the therapeutic potential of MSC transplan-
tation in IBI. To assess this, recombinant Wnt3a cytokine was
administered to upregulate the Wnt3a-RhoA pathway, whereas
the small-molecule inhibitor PTC209 was utilized to suppress
Bmil expression.

Materials and methods

Animals. In the present study, male Sprague-Dawley (SD) rats
(weight, 80-120 g; age, 2-4 weeks) were used for MSC isola-
tion and culture. One rat was required for each T25 cell culture
flask of primary MSCs collected, and 33 male SD rats were
used for MSC isolation. The MCAO model was established
using 45 male SD rats (weight, 260-300 g; age, 6-8 weeks). All
rats were provided by Zhejiang Chinese Medical University
Animal Center (Laboratory Animal Certificate: SCXK
2018-0006; Hangzhou, China). The rats were maintained
at a temperature of 20+2°C, a humidity of 55+5%, under
a 12-h light/dark cycle, and were given free access to food
and water. All animal experiments were approved by the
Animal Ethical and Welfare Committee of Zhejiang Chinese
Medical University (approval no. 20210524-05, review no.
TACUC-202108-05). All SD rats in all experiments were
euthanized by intravenous injection of an overdose of pento-
barbital (100 mg/kg), which was confirmed by observing their
vital signs 10 min after administration.

Chemicals. Wnt3arecombinant cytokine (cat.no.96-315-20-10)
was purchased from PeproTech; Thermo Fisher Scientific, Inc.
and the small molecule inhibitor PTC209 (cat. n. S7372) was
purchased from Selleck Chemicals. Before use, Wnt3a powder
was dissolved in sterile water, and PTC209 powder was
dissolved in dimethyl sulfoxide (DMSO). A quantity of 10 mg
PTC209 powder was dissolved in 1.14 ml DMSO to create a
2 mmol/l master mix.

Isolation and culture of rat MSCs. MSCs were obtained from
rat bone marrow by flushing the contents of the tibia and femur
with phosphate-buffered saline (PBS) in a sterile environment,
and were then transferred to a centrifuge tube to be centrifuged
at 10,000 x g for 5 min at room temperature. After centrifu-
gation, the supernatant was discarded, and the cells were
resuspended in MSC medium prepared with DMEM/F-12
(cat. no. TBD10565; Tianjin Haoyang Biological Products
Technology Co., Ltd.) containing 10% fetal bovine serum
(FBS; cat. no. 10091-148; Gibco; Thermo Fisher Scientific,
Inc.) and 1% penicillin-streptomycin solution, and were inocu-
lated in T25 cell culture flasks at a temperature of 37°C in
a 5% CO, incubator. Cell morphology was observed under
an inverted fluorescence microscope (ECLIPSE TE2000-U;
Nikon Corporation).
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Cell proliferation assay. MSCs were cultured in 96-well
plates with varying concentrations of recombinant cyto-
kine Wnt3a (0, 10, 50 and 100 ng/ml) and a small molecule
inhibitor PTC209 (0, 1, 2.5, 5 and 10 gmol/l). Each group was
subjected to a 24-h stimulation period within a 37°C incubator,
comprising five replicate wells at varying concentrations.
Subsequently, the cells were exposed to 5 mg/ml MTT for
4 h, the blue-violet formazan crystals were dissolved in
DMSO and the absorbance was measured at 450 nm using an
enzyme-linked instrument. The MTT kit was purchased from
Abcam (cat. no. ab211091).

In vitro induction of neural differentiation in MSCs. The
3rd-5th generation MSCs in logarithmic growth phase were
collected and inoculated in two 6-well plates at a cell density
of 1x10° cells/ml. The cells were randomly divided into
four groups (n=3 wells each): Normal control (NC) group,
[-mercaptoethanol (BME) group, Wnt3a group and PTC209
group. The NC group comprised normal cultured cells without
induction of neural differentiation; the BME group was
pre-induced with neural differentiation pre-induction medium
for 24 h, followed by induction with neural differentiation
medium for 3-6 h. The Wnt3a group and the PTC209 group
were treated with neural differentiation medium containing
10 ng/ml Wnt3a and 1 gmol/ml PTC209, respectively, and
the incubation steps were the same as that of the BME group.
The neural differentiation pre-induction medium consisted of
DMEM/F-12 supplemented with 20% FBS, 1 mmol/l BME
and 1% penicillin-streptomycin solution. The neural differen-
tiation induction medium was prepared by adding 5 mmol/l
BME and 1% penicillin-streptomycin solution to DMEM/F-12.

Immunofluorescence staining of MSCs. The culture medium
in the cell plates was aspirated and discarded, and the cells
were washed with PBS and fixed with 4% paraformaldehyde
at room temperature for 10 min. The cells were washed again
with PBS and cell membranes were ruptured with a permea-
bilizing solution of 0.5% TritonX-100 (cat. no. V900502;
MilliporeSigma) at room temperature for 10 min. After further
washing with PBS, the cells were blocked in PBS containing
2% BSA (cat. no. 9048-46-8; Shanghai Macklin Biochemical
Co., Ltd.) and 0.1% Tween-20 (cat. no. 9005-64-5; Shanghai
Macklin Biochemical Co., Ltd.) for 1 h at room temperature.
The appropriate primary antibody dilutions were then added
and incubated overnight at 4°C. Subsequently, the primary
antibody was removed, the cells were washed three times with
PBS (8 min each) and the corresponding secondary antibody
dilution was added and incubated in the dark for 1 h at room
temperature. Both primary and secondary antibodies were
prepared at a ratio of 1:200. Finally, DAPI staining solution was
added in the dark, and the cells were observed and images were
captured under an inverted phase contrast fluorescence micro-
scope todetect neuronal cell markers. The intermediate filament
protein nestin is a common specific marker for NSCs, which is
mainly expressed in the cytoplasm; NeuN is a neuron-specific
nuclear protein; Olig2 is an oligodendrocyte-specific marker;
glial fibrillary acidic protein (GFAP) is primarily found in
astrocytes within the central nervous system and is acommonly
used cellular marker. The primary antibodies anti-GFAP
(cat. no. ab7260), anti-NeuN (cat. no. ab177487), anti-nestin
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(cat. no. ab254048) and anti-Olig2 (cat. no. ab254043), and
the Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) secondary
antibody (cat. no. ab150077) were obtained from Abcam. The
antibodies were diluted with 5% BSA solution according to
the instructions.

Modeling of rat MCAO. The rats were deprived of food for
12 h prior to surgery and administered an intraperitoneal
injection of 3% sodium pentobarbital (45 mg/kg, provided
by the Animal Experiment Center of Zhejiang University of
Traditional Chinese Medicine) for anesthesia. The rat MCAO
model was created using the modified Zea Longa wire bolus
method. The rats were immobilized in the supine position, and
an incision was made in the midline of the neck. The right
common carotid artery (CCA), external carotid artery (ECA)
and internal carotid artery (ICA) were sequentially isolated,
and threads (4-0 sutures) were placed distal and proximal to
the CCA and at the ECA. The ICA was temporarily clamped
with a microarterial clip, and then the CCA and ECA were
ligated proximally. Subsequently, a small opening was cut
with scissors 4 mm from the bifurcation of the CCA, the
prepared suture was inserted into the ICA, and the suture was
tied securely with a thin wire wrapped around the distal end
of the CCA when the marked point on the suture reached the
bifurcation. The wound was covered with a saline-soaked
cotton ball to keep it moist, and after 1.5 h of embolization, the
suture was removed, the vessels were ligated, and the wound
was sutured and disinfected. Rats were scored according to
the Longa 5-point scale (26) on day 3 after modeling, and
modeling was considered successful in rats with =1 point.

CM-Dil labeling of MSCs. The 3rd-5th generation MSCs in
logarithmic growth phase were collected, and after discarding
the original medium, they were rinsed twice with PBS. Staining
solution was prepared by adding the labeling solution to the
medium in a ratio of 1 ml MSC medium: 1 ul CM-Dil labeling
solution (cat. no. C7000; Invitrogen; Thermo Fisher Scientific,
Inc.). The cells were incubated in a CO, incubator at 37°C for
10-20 min after the addition of the staining solution. At the
end of the incubation, the cells were rinsed twice with PBS
and then incubated again at 4°C for 15 min to avoid staining of
the nuclei. The MSCs that had been labeled with CM-Dil were
cultured for a further 24 h, and were then observed and images
were captured under an inverted fluorescence microscope,
which was used to detect the survival of MSCs in brain tissues
after subsequent cell transplantation.

Brain stereotactic transplantation of MSCs and animal
grouping. On day 3 after modeling, the rats were anesthetized
by inhalation of 4% isoflurane through a mask, fixed into a
brain stereotaxic apparatus, sterilized and a 10 ul suspension
of MSCs (107 cells/ml) was injected into the injection sites of
the hippocampus at a rate of 1 yl/min. The rats were observed
for infection and mortality.

A total of 45 SD rats were randomly assigned to
five groups: Sham, MCAO, MSCs, Wnt3a-MSCs and
PTC209-MSCs (n=9 rats/group). The Sham and MCAO
groups were transplanted with 10 1 PBS on the postopera-
tive day 3, the MSCs group was transplanted with MSCs on
postoperative day 3, the Wnt3a-MSCs group was transplanted
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with 10 ng/ml Wnt3a-treated MSCs on day 3 after modeling,
and the PTC209-MSCs group was transplanted with 1 gmol/l
PTC209-treated MSCs on postoperative day 3. MSCs in each
group were pretreated for 48 h.

Neurological function tests. The neurological injury severity
in rats was assessed using the Neurological Severity Score
(NSS) on days 1, 3, 5 and 7 after MSC transplantation. The
rat tail was lifted 30 cm off the ground and the forelimbs were
observed. Rats with both forelimbs symmetrically extended
to the ground, with the left shoulder internally rotated and the
left forelimb internally retracted were considered normal and
rated 4 points, otherwise they were rated O points. In addition,
the rat was placed on a smooth floor and resistance to move-
ment was examined by pushing the left (or right) shoulder to
the opposite side, respectively. Rats with resistance that was
clearly symmetrical on both sides were considered normal
(0 points); when the resistance was decreased, this was rated
1-3 points according to the degree of decrease. Furthermore,
the two forelimbs of the rats were placed on a metal net and the
tension of the two forelimbs was observed. When the tension
of the two forelimbs was obviously symmetrical, this was
considered normal (0 points); when the muscle tension of the
left forelimb decreased, this was rated 1-3 points according to
the degree of decrease. Based on the aforementioned scores
out of 10, the higher the score, the more severe the behavioral
disorder.

Grip assays were also performed on days 1, 3,5 and 7 after
transplantation of MSCs. In order to measure grip force, the
grip force measuring instrument was placed on a horizontal
table and levelled so that the grip force plate was in a hori-
zontal direction. The rat was then gently placed on the grip
plate and the tail was pulled back horizontally to record the
maximum grip force of the rat.

Triphenyltetrazolium chloride (TTC) staining. On day 7 after
MSC transplantation, intact brain tissues were obtained from
three randomly selected rats in each group after euthanasia.;
the animals were euthanized as aforementioned. These tissues
were placed in a pre-cooled tank (4°C), rapidly frozen at -20°C
for 20 min, and 2-mm coronal sections were cut and placed
in 2% TTC dye at 37°C away from light for 15 min. After
staining, images were captured, and were processed using the
Image-Pro Plus 6.0 image analysis system software (Media
Cybernetics, Inc.) to calculate the infarction rate of the rat
brain tissue.

Hematoxylin and eosin (H&E) staining. On day 14 after
the transplantation of MSCs, three rats in each group were
randomly selected for the removal of intact brain tissues,
which were subjected to H&E staining to observe the patho-
logical changes in the CA1 area of the hippocampus in each
group. The animals were euthanized as aforementioned.
Brain tissues were fixed with 4% paraformaldehyde at 4°C
for 24 h, embedded in paraffin and were cut into 5-10 ym
slices on a sectioning machine at 4°C. Tissue sections
were deparaffinized with xylene two times (10 min each),
hydrated with a descending series of ethanol concentra-
tions, washed with water and distilled water, and stained
with hematoxylin for 5 min. Subsequently, the sections were

washed with water, incubated with 1% hydrochloric acid
and 70% ethanol for 3 sec, washed with water for 10 min
and stained with 1% eosin for 1 min. Finally, the sections
were washed with water, dehydrated in an ascending series
of ethanol concentrations, permeabilized twice with xylene
(1 min each) and sealed with neutral gum. Finally, the
sections were observed and images were captured under a
light microscope.

Immunofluorescence staining. On day 14 after transplanta-
tion of MSCs, three brain tissue sections were randomly
collected from each group. Rat brain tissues were fixed in 4%
paraformaldehyde for 8 h at room temperature., dehydrated
in 30% sucrose solution, and embedded in OCT embedding
agent, before being frozen at -80°C. Subsequently, the tissues
were sectioned into 5-10 um slices. Subsequently, 3% H,0,
was added dropwise to the sections and incubated at 37°C
for 10 min to block endogenous peroxidase, after which, the
sections were rinsed with distilled water three times (5 min
each). The sections were then placed in boiling sodium citrate
buffer solution and reacted at 92-98°C for 20 min for antigen
retrieval. After cooling, the slices were washed three times
with PBS solution (2 min each). Immunofluorescence was
then performed as aforementioned for MSCs, using the same
antibodies.

Western blotting. The MSCs of each group, as well as the
ischemic penumbra tissues and hippocampal tissues on the
damaged side of the rat brain of each group, were lysed
with protein lysis solution (cat. no. 89900; Thermo Fisher
Scientific, Inc.) on ice. The supernatant was collected after
centrifugation at 10,000 x g for 15 min at 4°C after lysis.
Following the extraction of total proteins from the cells and
tissues, the protein concentration was detected according
to the instructions in the BCA kit (cat. no.AR0146; Boster
Biological Technology). Depending on the molecular weight
of the protein, a 10 or 12% separation gel was prepared, and
20 pg proteins underwent SDS-PAGE. Proteins were then
transferred to polyvinylidene fluoride membranes, which were
blocked with a ready-to-use 5% skimmed milk powder sealer.
The membranes were then incubated at 4°C overnight with the
following primary antibodies: Anti-Bmil (cat. no. ab38295),
anti-RhoA (cat. no. ab187027), anti-Wnt3a (cat. no. ab219412)
(all from Abcam) and anti-B-actin (cat. no. BK7018; Bioker),
anti-GFAP (cat. no. ab7260), anti-NeuN (cat. no. ab177487)
and anti-nestin (cat. no. ab254048) (all from Abcam). Primary
antibodies were diluted and prepared in 5% BSA solution
at a ratio of 1:1,000 according to the antibody instruc-
tions. Subsequently, the membranes were incubated for 2 h
at room temperature with a Goat Anti-Rabbit IgG H&L
(Alexa Fluor® 488) secondary antibody (cat. no. ab150077;
Abcam), which was diluted and prepared according to the
antibody instructions. Images of membranes were captured
using an ultrasensitive chemiluminescent substrate kit
(cat. no. AR1111; Boster Biological Technology) utilizing
a chemiluminescent imaging system (cat. no. 6000; Clinx
Science Instruments Co., Ltd.) was used to capture images
of the membranes, which were subsequently analyzed via
ImageJ v1.8.0 analysis software (National Institutes of
Health) for semi-quantification.
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Figure 1. Effects of B lymphoma Mo-MLYV insertion region 1 homolog and Wnt3a on the proliferation of MSCs. (A) Morphology of primary MSCs inoculated
into culture flasks. Morphology of MSCs in primary culture for (B) 3 and (C) 7 days. (D) Morphological characterization of third-generation MSCs. Effects of
different concentrations of (E) Wnt3a and (F) PTC209 on the proliferation of MSCs. “P<0.01 vs. 0 uM group. MSCs, mesenchymal stem cells.

Statistical analysis. All experiments were repeated more
than three times. The experimental data were statistically
analyzed using SPSS 25.0 (IBM Corp.). Experimental data are
presented as the mean + standard deviation and bar graphs
were constructed using GraphPad Prism 9 (Dotmatics).
A test for variance was performed on the experimental data
to assess distribution of data. One-way analysis of variance
was used to compare the differences between groups and
the data were analyzed by Tukey's post-hoc test for multiple
comparisons between groups. The analysis of NSS scores was
performed using the Kruskal-Wallis test followed by Dunn's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

MSC isolation culture and proliferative activity. Primary
MSCs were cultured in T25 cell culture flasks and allowed to
adhere to the wall and aggregate for 3 days. By day 7, the cells
had formed colonies and were vigorously proliferating and
dividing. Under a microscope, the cells were found to be either
polygonal or irregularly shuttle-shaped (Fig. 1A-C). When the
primary cultured MSCs reached 80-90% fusion, passaging

culture was performed. Subsequently, MSCs experienced
an increase in proliferative activity, as well as a continuous
improvement in purity. Furthermore, their cell morphology
gradually changed from an irregular polygonal shape to a shuttle
or spindle shape (Fig. 1D). Different concentrations of Wnt3a
(0, 10, 50 and 100 ng/ml) and Bmil small molecule inhibitor
PTC209 (0, 1,2.5,5 and 10 gmol/l) were utilized to treat MSCs
for 24 h, and the impact of both on cell viability was measured
through MTT analysis. The results indicated that the viability of
MSCs was normal in all groups of Wnt3a-treated cells, and there
was no significant difference in the proliferative activity of MSCs
between the different concentration groups, thus indicating that
Wnt3a treatment did not affect the activity of MSCs (Fig. 1E). By
contrast, in the cell groups treated with PTC209, that 1 gmol/l
PTC209 had no significant effect on cell viability, whereas 2.5,
5 and 10 gmol/l PTC209 had a toxic effect on cells (Fig. 1F).
Combining the findings of previous studies (27,28) and the present
experimental results, 10 ng/ml Wnt3a and 1 gzmol/l PTC209 were
selected for subsequent experiments in the current study.

Wnt3a promotes and PTC209 inhibits differentiation of MSCs
toward neurons. Compared with untreated MSCs, after 3 h
of neural differentiation, the cytoplasm of MSCs contracted,
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Figure 2. Role of Bmil in neural differentiation of MSCs. (A and B) Morphology of third-generation MSCs induced to neurally differentiate for 3 h; scale
bars, (A) 100 ym and (B) 50 ym. (C) Effects of Wnt3a and Bmil on the expression of the neural stem cell marker Nestin. (D) Effects of Wnt3a and Bmil on
the expression of Olig2. (E) Effects of Wnt3a and Bmil on the expression of GFAP. BME, 3-mercaptoethanol; Bmil, B lymphoma Mo-MLYV insertion region 1

homolog; GFAP, glial fibrillary acidic protein; MSCs, mesenchymal stem cells.

longer synapses were formed, tiny branches appeared to
converge into a meshwork, the cells grew well and a neuronal
cell-like appearance was presented (Fig. 2A and B). MSCs
induced by neural differentiation for 3 h could therefore
be used for subsequent experiments. The BME, Wnt3a and
PTC209 groups demonstrated specific green fluorescence
of Nestin, indicating Nestin positive expression (Fig. 2C).
In addition, the immunofluorescence results indicated the
absence of marked green fluorescence in both the nucleus
and cytoplasm following Olig2 staining; double-color
staining of the nucleus and cytoplasm was not observed
under a microscope, thus establishing that the expression of
Olig2 was negative in all cell groups (Fig. 2D). Furthermore,
after inducing neural differentiation of MSCs in vitro, the
cytoplasm and nucleus emitted green fluorescence following
GFAP staining; GFAP-positive cells could be clearly seen
under the microscope in the BME and Wnt3a groups, whereas
GFAP-positive cells were almost unobservable in the PTC209
group (Fig. 2E).

As determined by western blotting, the protein expres-
sion levels of Nestin were enhanced in the BME, Wnt3a
and PTC209 groups compared with those in the NC group;
however, no significant difference emerged between the three
groups (Fig. 3). In addition, the protein levels of NeuN were
significantly increased in the BME group compared with
those in the NC group, and were significantly higher in the
Wnt3a group compared with in the BME group. By contrast,

NeuN protein expression levels were significantly lower in the
PTC209 group compared with those in the BME group.

These findings indicated that BME stimulated MSCs to
differentiate into NSCs in vitro, but not towards downstream
oligodendrocyte lineage cells. Furthermore, Wnt3a treat-
ment enhanced the differentiation of MSCs towards neurons,
whereas PTC209 treatment impeded the differentiation of
MSCs into astrocytes and neurons.

Bmil regulates the protein expression of Wnt3a and RhoA
in vitro. The protein expression levels of Bmil, Wnt3a and
RhoA were significantly increased in the BME group compared
with those in the NC group (Fig. 4). In comparison with the
BME group, the protein expression levels of Wnt3a and RhoA
were increased in the Wnt3a group; however, there was no
significant difference in Bmil protein expression. By contrast,
the protein expression levels of Bmil, Wnt3a and RhoA were
significantly decreased in the PTC209 group compared with
those in the BME group. These findings indicated that Bmil
may be implicated in the neural differentiation process of
MSC:s by controlling the expression of Wnt3a and RhoA.

Engraftment and survival of MSCs in ischemically injured
brain tissue. In the present study, SD rats were subjected to
the experiment shown in Fig. SA. When cultured in vitro to the
third generation, MSCs displayed spindle-shaped morphology
with high homogeneity (Fig. 5B), and CM-Dil-labeled MSCs
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Figure 5. Detection of CM-Dil fluorescence labeling of MSCs in vivo and in vitro. (A) Experimental flowchart. (B) Morphology of third-generation MSCs.
(C) CM-Dil in vitro labeling of MSCs. Results of (D) CM-Dil fluorescence detection and (E) DAPI staining in slices of the CA1 hippocampal region of brain
tissue. (F) Results of co-localization of (D) and (E). (G) Results of co-localization of CM-Dil and DAPI staining in the CA1 hippocampal region. Arrows show
MSCs transplanted into brain tissue. H&E, hematoxylin and eosin; IF, immunofluorescence; MCAO, middle cerebral artery occlusion; MSCs, mesenchymal
stem cells; SD, Sprague-Dawley; TTC, triphenyltetrazolium chloride; WB, western blotting.

exhibited strong red fluorescence with an uncolored nucleus
and high labeling efficiency (Fig. 5C). A total of 7 days after
MSC:s transplantation the rats were sacrificed and their brain
tissues were analyzed using fluorescence detection. The trans-
planted cells were visibly labeled with red fluorescence after
CM-Dil labeling (Fig. 5D), and blue cell fluorescence was
observed following DAPI staining (Fig. 5E). The cells that
displayed co-localization of red and blue fluorescence were
considered MSCs that had been implanted in the brain tissue
(Fig. 5F and G). These findings indicated that the MSCs were
successfully transplanted into the brain tissues of rats that had
IBI and were viable.

Bmil downregulation inhibits repair of IBI by MSC trans-
plantation. The NSS scores demonstrated that rats in the Sham
group obtained a score of 1 on days 1, 3,5 and 7, and displayed

no observable behavioral abnormalities (Fig. 6A). Conversely,
rats in the MCAO group exhibited substantial behavioral
deficits, including left shoulder internal rotation, decreased
unilateral resistance to countermovement, and grip strength
reduction on the left side due to IBI. There were no significant
differences between the three groups receiving MSC trans-
plantation on days 1, 3 and 5 when compared with the MCAO
group; however, on day 7, rats in the MSC and Wnt3a-MSC
groups had lower scores compared with in the MCAO group,
whereas the PTC209-MSC group showed no significant
change compared with the MCAO group. Furthermore, the
results suggested that rats in the MCAO group had significantly
weaker grasping strength than those in the Sham group on
days 1, 3,5 and 7 (Fig. 6B). On day 7, the MSCs group showed
an improvement in grasping strength compared with the
MCAQO group. Furthermore, the Wnt3a-MSCs group exhibited
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Figure 6. Role of B lymphoma Mo-MLV insertion region 1 homolog in MSC transplantation to repair pathological injury in a rat model of MCAO.
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of rat brain tissue in each group. Black arrows indicate degenerated and atrophied neuronal cells, and red arrows indicate tissue interstitial spaces. MCAO,

middle cerebral artery occlusion; MSCs, mesenchymal stem cells.

an improvement in grasp strength on days 5 and 7, whereas the
PTC209-MSCs group did not show any significant improve-
ment at all time points. The TTC staining results indicated
uniformly symmetric brain tissue coloring without infarction
in the Sham group rats, whereas different degrees of infarction
conditions were observed in the brain tissues of the MCAO
group and the three MSC transplantation groups (Fig. 6C).
The infarction rate in brain tissue was significantly decreased
in all three groups receiving MSC transplantation compared

with that in the MCAO group. Moreover, the Wnt3a-MSCs
group had a lower infarction rate than the MSCs group,
whereas the PTC209-MSCs group had an increased infarction
rate compared with that in the MSCs group. After performing
H&E staining on brain tissue sections, a normal and clear cell
structure was observed in the Sham group; by contrast, the
MCAO group exhibited more deeply stained, degenerated
and atrophied neuronal cells, as well as a markedly enlarged
tissue gap (Fig. 6D). The three groups that underwent MSC
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transplantation exhibited fewer cellular wrinkles and necrotic
areas compared with the MCAO group, with varying degrees
of improvement in tissue damage. However, among these three
groups, there were still more wrinkled and deeply stained
cells in the PTC209-MSCs group. This suggests that Wnt3a
may enhance the neural repair function of MSCs and PTC209
could attenuate the neural repair function of MSCs.

All of the aforementioned findings indicated that the
MCAO model rats developed notable behavioral disturbances
following ischemic brain damage, whereas neurological
function and localized brain infarction symptoms improved
following transplantation of MSCs into MCAO model rats.
Treatment of MSCs with Wnt3a further improved infarction
symptoms in damaged brain tissues, whereas downregulation
of Bmil using PTC209 hindered the reduction of the cerebral
infarction rate, thus suggesting that Bmil serves a role in
repairing IBI through MSC transplantation.

Downregulation of Bmil inhibits recovery of neurological
Sfunction in MCAO rats. Sections of the rat hippocampal CA1
area were stained with red fluorescence for NeuN-positive cells
and green fluorescence for GFAP-positive cells. The NeuN
immunofluorescence results indicated a significant decrease
in the number of NeuN-positive cells in the MCAO group
as compared with in the Sham group (Fig. 7A). By contrast,
the MSCs and Wnt3a-MSCs groups exhibited a significant
increase in NeuN-positive cells compared with those in the

MCAO group, whereas the PTC209-MSCs group showed no
significant difference. When compared with the MSCs group,
the Wnt3a-MSCs group showed a significant increase in NeuN
staining while the PTC209-MSCs group showed a significant
decrease. By contrast, the GFAP immunofluorescence results
revealed a notable increase in GFAP-positive cells in the
MCAO group when compared with the Sham group (Fig. 7B).
Furthermore, the MSCs and Wnt3a-MSCs groups exhibited
a significant reduction in the number of GFAP-positive cells
compared with in the MCAO group, whereas there was no
statistically significant difference in GFAP staining between
the PTC209-MSCs group and the MCAO group. The number
of GFAP-positive cells was significantly increased in the
PTC209-MSCs group compared with the MSCs group.

The results of western blotting indicated that in the MCAO
group, NeuN protein expression was lower and GFAP expres-
sion was higher compared with that in the Sham group (Fig. 8).
Conversely, in the MSCs and Wnt3a-MSCs groups, NeuN
protein expression was higher whereas GFAP protein expres-
sion was lower than that in the MCAO group. Notably, neither
NeuN or GFAP expression was significantly altered in the
Wnt3a-MSCs group compared with in the MSCs group. NeuN
expression was decreased and GFAP expression was elevated
in the PTC209-MSCs group compared with the MSCs group.

The present findings suggested that Wnt3a may promote an
increase in the number of neurons in the CA1 region of the rat
hippocampus and enhance the neural repair function of MSCs,
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stem cells.

whereas downregulation of Bmil could inhibit the increased
neuronal number and the decrease of astrocyte number in the
CALl region of the hippocampus of MSC-transplanted rats, and
may thus suppress neural repair.

Discussion

IBIs are associated with high morbidity, disability and
mortality due to their complex pathogenesis, with MCAO being
a prevalent cause. Cerebral ischemia results in restored blood
supply after a certain period of time; however, brain function
is not restored and is accompanied by severe delayed neuronal
apoptosis and necrosis, leading to brain dysfunction. Notably,
stem cell therapy utilizing MSCs has become a promising
approach for treating neurological disorders (29). However, the
altered homeostasis of the internal brain tissue environment in
IBI adversely affects the survival, proliferation and effective
differentiation rate of transplanted stem cells; these factors
notably impede the efficacy of MSC transplantation (30,31).
To address this issue, the present study showed that Wnt3a
can promote MSC neural differentiation by upregulating the

Wnt3a-RhoA signaling pathway. Investigations have shown
that Wnt3a treatment or Wnt3a overexpression in MSCs
activates both classical and non-classical Wnt signaling path-
ways (32). Several cytokines and chemokines, such as stromal
cell-derived factor-la, a CXC-type chemokine produced
by bone marrow stromal cells, can induce the chemotactic
migration of MSCs toward the injured part of the nerve and
contribute to the repair of structure and function at the site of
injury (33). In our previous study, it was found that upregu-
lation of the Wnt3a-RhoA signaling pathway using Wnt3a
could promote the migration of MSCs in vitro (27). Therefore,
10 ng/ml Wnt3a was used in the present study.

MSCs have the potential to differentiate into neural cells,
offering a promising option for treating IBI. The present study
confirmed that BME induced the differentiation of MSCs
to the neuronal lineage, as indicated by positive staining of
Nestin, a marker for tumor stem cells, NSCs and astrocytes
and GFAP, an astrocyte surface marker.

Cerebral ischemia instigates neuronal necrosis, apoptosis
and progressive neuronal depletion, particularly in the CA1l
section of the hippocampus, culminating in notable debilitation
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Figure 9. The mechanism underlying the effects of Bmil on MSC transplantation-induced ischemic brain injury repair. In vitro experiments used Wnt3a
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of MSCs. In vivo experiments were conducted to investigate the role of the Bmil and Wnt3a-RhoA signaling pathway in brain injury repair in MCAO rats
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in cognitive ability, spatial perception and behavior (34). The
CAL region of the hippocampus in the brain is particularly
vulnerable to IBI, and the neuronal cells within this area
are susceptible to necrosis and apoptosis following such an
injury (35). This region of the hippocampus is comprised of
dense, large neurons, and these vertebral neurons are the
principal output neurons of the hippocampus (36), which
have the capacity to selectively transmit different behavioral
information to various target areas (37). Consequently, the CA1
region of the hippocampus was selected as the primary assess-
ment target in the present study. In the present study, rats that
underwent MCAO showed notable behavioral deficits after IBI
episodes. CM-Dil-labeled cells were visible in the hippocampal
region of rat brain tissue sections after MSCs transplantation,
and the NSS and grasping ability of rats gradually improved.
Transplanting MSCs promoted neurogenesis, which aligns with
the results indicating that MSCs have the ability to nourish
cells, promote cell proliferation and differentiation, inhibit cell
death and regulate homeostasis in the injured area (38-41). The
current study indicated that upregulation of the Wnt3a-RhoA
signaling pathway in MSCs led to an increase in the number of
neurons in the CA1 region of the rat hippocampus by immu-
nofluorescence staining and H&E staining, thus improving the
neural repair ability of MSCs.

The Bmil protein belongs to the multi-comb inhibi-
tory complex 1 family, and contributes to various biological
processes, including embryonic development, organogenesis,
tumorigenesis, and stem cell stabilization and differentia-
tion (42). The results of the current study demonstrated an
increase in Bmil protein expression during the induction of
neural differentiation of MSCs in vitro, suggesting its potential
involvement in this process. However, the effects of Bmil on
the neural differentiation of MSCs and the underlying mecha-
nism remain unclear. Notably, Bmil acts as an oncogene, and
its anomalous expression is associated with the progression
and drug resistance of various types of cancer, including
bladder cancer and B-cell lymphoma (43,44). Therefore, the
present study implemented targeted small molecule inhibi-
tion of Bmil to specifically restrict Bmil levels, enabling the
investigation of its association with and function in stem cell
self-renewal and differentiation. The Bmil-selective inhibitor
PTC209 was initially screened by Kreso et al (45) through
small-molecule gene expression modulation technology. As
demonstrated in a preceding study, a concentration of 1 uM of
the small molecule compound PTC-209 was shown to inhibit
the expression of Bmil during the process of induced pluripo-
tent stem cell differentiation (46). The findings of the present
study demonstrated that 1 gmol/l PTC209 exerted no effect
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on the proliferation of MSCs. Furthermore, the inhibition of
Bmil expression by PTC209 impeded the differentiation of
MSCs towards astrocytes and neurons during BME-induced
neural differentiation of MSCs in vitro.

NeuN is a neuronal protein the expression of which
directly reflects the maturity of neurons, whereas GFAP acts
as a marker for astrocyte activation. GFAP upregulation leads
to a low percentage of NeuN protein phosphorylation and the
formation of glial scarring, which hinders axon regeneration
and thus negatively affects the repair of neural tissue struc-
tures. Changes in the expression of these two proteins may
indicate the extent of nerve cell injury caused by cerebral
ischemia (47). In the current study, the quantity of neurons
and astrocytes were analyzed in brain tissues following MSC
transplantation. The outcomes revealed that downregulation
of Bmil by PTC209 inhibited the increase in neuron number
and the decrease in astrocytes in the CAl region of the hippo-
campus of MSC-transplanted rats and attenuated the frontal
neural repair ability of MSCs. It may be hypothesized that the
upregulation of GFAP resulting from reduced Bmil expression
following IBI in rats may hinder CA1 hippocampal neuron
repair and compromise the neural repair capacity of MSCs.
It is important to note that the experimental results differed
slightly due to the different experimental conditions employed
in the present study between in vitro and in vivo experiments.
For example, the results of in vitro experiments demon-
strated that after inducing neural differentiation of MSCs,
GFAP-positive cells could be observed under a microscope
in the BME and Wnt3a groups, whereas GFAP-positive cells
were almost unobservable in the PTC209 group. Conversely,
the in vivo experiments demonstrated that the MCAO group
exhibited significantly higher levels of GFAP-positive cells
compared with the Sham group, whereas the MSCs and
Wnt3a-MSCs groups exhibited a decrease in GFAP-positive
cells compared with the MCAO group. A comprehensive
review of the literature on GFAP revealed its expression in the
intermediate filaments of the astrocyte lineage, thus serving as
a marker for astrocytes. Astrocytes can form physical barriers
to isolate damaged tissues, regulate blood flow after ischemia,
promote the blood-brain barrier, support myelin formation
and provide mechanical strength; however, it is important to
note that prolonged upregulation of GFAP and proliferation
of astrocytes can result in neurological damage, as well as the
inhibition of the proliferation of mature brain neurons and
protrusion extension (48-50). It is possible that the results of
the in vitro and in vivo experiments are not completely uniform
because of the different time and conditions for inducing
neural differentiation in vitro and nerve injury in vivo.

Numerous studies have demonstrated that Bmil can regu-
late Wnt signaling in various types of cells (51-54). To further
explore the relationship between Bmil and the Wnt3a-RhoA
signaling pathway, the present study examined the effects of
Wnt3a-induced upregulation of the Wnt3a-RhoA signaling
pathway and PTC209-induced inhibition of Bmil on the
expression of proteins related to Bmil and the Wnt3a-RhoA
signaling pathway. No significant difference in Bmil protein
expression was observed after upregulating Wnt3a-RhoA in
MSCs; however, downregulation of Bmil in MSCs resulted in
a significant decrease in the protein expression levels of both
Whnt3a and RhoA. These findings suggested that Bmil might
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serve a role in the neural differentiation process of MSCs by
regulating the expression of Wnt3a and RhoA.

In summary, the repair of IBI by MSC transplantation is
a multifaceted process that is affected by numerous factors.
The utilization of MSCs in the replacement of damaged or
functionally deficient neural tissue for the treatment of IBI
represents a highly promising therapeutic modality. It has been
reported that Bmil is essential for the maintenance of stemness
in a variety of stem cells (55,56); however, studies on Bmil in
MSC:s are still scarce. The present study aimed to explore the
mechanism of Bmil and the Wnt3a-RhoA signaling pathway
on the in vitro neural differentiation of MSCs and on in vivo
IBI repair. Through the findings of the in vivo and in vitro
experiments, it was indicated that Bmil may regulate neural
differentiation of MSCs through the Wnt3a-RhoA signaling
pathway to repair ischemic brain injury in rats (Fig. 9). In
the current study, the role of Bmil in the repair of IBI by
MSC transplantation was investigated. With the continuous
development of translational and neuroregenerative medicine,
these findings may provide novel insights and targets for the
treatment of IBI. Furthermore, Bmil could serve as a new
therapeutic target for the treatment of neurological diseases.
Nevertheless, the present study is not without limitations.
Firstly, only the Wnt3a and RhoA components of the Wnt
signaling pathway were analyzed. Secondly, the antagonistic
effect of Wnt3a, an agonist of Wnt3a-RhoA, on PTC209, a
Bmil inhibitor, requires further investigation. It is evident that
further exploration is required to gain a more comprehensive
understanding of the subject; this necessitates the conduction
of additional in-depth studies. Finally, following extensive
consultation of the literature, normal MSC culture conditions
were employed in the in vitro experiments to explore the
mechanism. The paucity of studies based on ischemic cell
conditions was noted and it was acknowledged that this area
should be a focus of future research.

In conclusion, the results of the present study provide
conclusive evidence that suggests Bmil may serve a crucial
role in the process of neural differentiation of MSCs by regu-
lating the expression of Wnt3a and RhoA. Furthermore, the
findings indicated that elevating the Wnt3a-RhoA signaling
pathway in MSCs may foster the restoration of neural func-
tion in rats with brain injuries. Conversely, downregulation of
Bmil in MSCs may impede the recovery of neural function in
brain-damaged rats.
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