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Oligodendrocyte precursor cells are present in the adult
central nervous system, and their impaired ability to differ-
entiate into myelinating oligodendrocytes can lead to demy-
elination in patients with multiple sclerosis, accompanied by
neurological deficits and cognitive impairment. Exosomes,
small vesicles released by cells, are known to facilitate inter-
cellular communication by carrying bioactive molecules. In
this study, we utilized exosomes derived from human umbil-
ical cord mesenchymal stem cells (HUMSCs-Exos). We
performed sequencing and bioinformatics analysis of
exosome-treated cells to demonstrate that HUMSCs-Exos can
stimulate myelin gene expression in oigodendrocyte precursor
cells. Functional investigations revealed that HUMSCs-Exos
activate the Pi3k/Akt pathway and regulate the Tbr1/Wnt
signaling molecules through the transfer of miR-23a-3p, pro-
moting oligodendrocytes differentiation and enhancing the
expression of myelin-related proteins. In an experimental
autoimmune encephalomyelitis model, treatment with
HUMSCs-Exos significantly improved neurological function
and facilitated remyelination. This study provides cellular and
molecular insights into the use of cell-free exosome therapy
for central nervous system demyelination associated with
multiple sclerosis, demonstrating its great potential for
treating demyelinating and neurodegenerative diseases.

Multiple sclerosis (MS) is the predominant autoimmune
disorder affecting the central nervous system (CNS), which is
the main cause of neurologic dysfunction in young people and
has a high disability rate (1). MS is characterized by demye-
lination of the CNS, and myelin loss may be the result of
immune-mediated processes or dysfunction of myelin-forming
oligodendrocytes (OLs) (2). Axonal damage caused by the
breakdown of myelin can lead to nerve conduction defects,
resulting in severe sensory and motor symptoms (3). It has
been suggested that the migration and differentiation of
oligodendrocyte progenitor cells (OPCs) are decisive factors in
promoting the regeneration of myelin in MS lesions. However,
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the gradual depletion of OPCs during the process of chronic
demyelination hinders axonal remyelination (4). To overcome
the lack of remyelination, there is an urgent need for emerging
therapeutic approaches to activate OPCs and promote their
differentiation into mature myelin-producing OLs, addressing
this challenging issue.

Mesenchymal stem cells (MSCs) are multipotent progeni-
tor cells that promote tissue regeneration and modulate
neuroinflammation (5). Several studies have shown that
MSCs can reduce neuroinflammation, improve neurological
recovery, and regulate myelin regeneration and have gradu-
ally emerged as potential therapeutic tools for CNS demye-
linating diseases (6, 7). Compared to other sources of stem
cells, human umbilical cord mesenchymal stem cells
(HUMSCs) offer distinct advantages, including affordability,
ease of procurement, and adaptability (8). They typically exert
beneficial effects on regeneration and repair in the form of
paracrine secretion. In recent years, MSCs-derived exosomes
(MSCs-Exos) have received extensive attention. These single-
layered vesicles with diameters ranging from 40 to 150 nm
transport various bioactive substances (such as DNA,
microRNA, lipids, and proteins) between cells and are
considered effective delivery vehicles and therapeutic targets
(9). More importantly, exosomes can easily traverse the
blood–brain barrier, which sets them apart in the treatment
research of MS and other neurological diseases (10). For
example, exosomes derived from human adipose-derived
mesenchymal stem cells can effectively improve neurolog-
ical deficits and promote myelin regeneration in mice with
experimental autoimmune encephalomyelitis (EAE) through
immunomodulatory effects (11). However, whether MSC-
Exos can induce the differentiation of OPCs into myelin-
ated OLs is still unclear.

In this work, we demonstrated the regulatory effect of
HUMSCs-Exos on key cells, OLs, involved in myelinogenesis
in MS. This effect is primarily mediated through the transfer
of miR-23a-3p via exosomes, resulting in a significant inhi-
bition of Tbr1 activity. It is worth noting that phosphoinosi-
tide 3-kinase (Pi3k)/Akt and Wnt signal pathway are also
involved in the regulation of miR-23a-3p.
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Exosomal miR-23a promotes remyelination by targeting Tbr1
Results

Characteristics of HUMSCs-Exos

We isolated HUMSCs-Exos from the cell supernatants of
cultured HUMSCs using a series of ultracentrifugation steps
(Fig. 1A). Western blotting confirmed the positive expression
of CD9, CD81, and TSG101 in HUMSCs-Exos, while they
were not expressed in HUMSCs or in the culture medium
without HUMSCs (Fig. 1B). The morphology, size, and
quantity of HUMSCs-Exos were assessed using transmission
electron microscopy (TEM) and nanoparticle tracking analysis
(NTA), respectively. TEM images revealed that the HUMSCs-
Exos exhibited characteristic round and oval-like structures
(Fig. 1C). NTA results indicated that the concentration and
particle size of the isolated HUMSCs-Exos ranged from 30 to
200 nm, with an average size of 142.5 nm (Fig. 1D). These
findings demonstrate that the HUMSCs-Exos obtained in our
experiments possess typical exosomal characteristics.

HUMSCs-Exos promote OPCs differentiation in vitro

As shown in Fig. 2A, immunofluorescent staining for NG2
and platelet-derived growth factor receptor α was performed
to label OPCs, confirming a cell purity above 90%. PKH67-
stained exosomes were cocultured with primary OPCs for
48 h, and the results demonstrated successful uptake of
HUMSCs-Exos by recipient cells (Fig. 2B). Subsequently, us-
ing Western blotting (Fig. 2, C and D) and quantitative PCR
Figure 1. Isolation and characterization of HUMSCs-Exos. A, isolation p
expression of Cd9, Cd81, and Tsg101 in HUMSCs-Exos. C, morphological imag
shaped exosome. Scale bar: 100 nm. D, NTA analysis reveals that the peak size o
from human umbilical cord mesenchymal stem cells; NTA, nanoparticle tracki
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(qPCR) (Fig. 2E), we examined the expression levels of clas-
sical differentiation markers in OPCs when treated with
varying concentrations of HUMSCs-Exos. These markers
included myelin-associated glycoprotein (Mag), myelin
oligodendrocyte glycoprotein (Mog), and myelin basic protein
(Mbp). Among them, there were no significant differences in
Mag, Mog, and Mbp expression between OPCs treated with
3 μg/ml HUMSCs-Exos and the control group. However,
when the concentration exceeded 12.5 μg/ml, their expression
increased in OPCs after HUMSCs-Exos treatment. Especially
in OPCs treated with high concentrations of HUMSCs-Exos
(50 μg/ml, 100 μg/ml), the expression of Mbp, Mag, and
Mog was significantly higher than in the low concentration
group (3 μg/ml, 12.5 μg/ml), indicating a dose-dependent
effect of HUMSCs-Exos on OPCs differentiation and matu-
ration. Therefore, in subsequent investigations, we opted for a
concentration of 50 μg/ml of exosomes as the optimal dosage
for promoting OPCs differentiation toward mature OLs with
myelin formation. Immunofluorescence analysis demon-
strated an enhanced expression of Mbp in cells treated with
HUMSCs-Exos (50 μg/ml, 48 h) compared to the control
group (Fig. 2G).

It is worth noting that our study also revealed that
HUMSCs-Exos at different concentrations exerted an inhibi-
tory effect on apoptosis in OPCs (Fig. 2F). The expression of
Bcl-2, similar to the differentiation markers, showed no sig-
nificant difference between the OPCs treated with 3 μg/ml
rocess of HUMSCs-Exos. B, Western blotting results demonstrate positive
e of HUMSCs-Exos under TEM, the red arrow points to the circular or oval-
f HUMSCs-Exos is approximately 142.5 nm. HUMSCs-Exos, exosomes derived
ng analysis; TEM, transmission electron microscopy.



Figure 2. HUMSCs-Exos promote OPC maturation, differentiation, and myelin protein expression while inhibiting cell apoptosis. Purified primary rat
OPCs were treated with HUMSCs-Exos. A, immunofluorescence staining of primary OPCs showing more than 90% of cells positive for NG2 and PDGFR-α (n =
3 per group). Scale bar: 20 μm. B, fluorescence image of PHK67-labeled HUMSCs-Exos cocultured with OPCs. Scale bar: 20 μm. C and D, Western blotting
results and quantitative analysis of Mag, Mog, and Mbp (n = 3 per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. E, qPCR analysis of Mag, Mog,
and Mbp (n = 3 per group). ****p < 0.0001. F, Western blotting results and quantitative analysis of Bcl-2 (n = 3 per group). ***p < 0.001, ****p < 0.0001. G,
representative images and percentage of Mbp-positive cells in HUMSCs-Exos–treated group (50 μg/ml) compared to the control group (n = 3 per group).
Scale bar: 20 μm. **p < 0.01. H, representative images and proliferation rate of EDU-positive cells in the HUMSCs-Exos–treated group (50 μg/ml) compared
to the control group (n = 3 per group). Scale bar: 20 μm. * p < 0.05. I, representative images and apoptotic rate of TUNEL-positive cells in the HUMSCs-Exos
treated group (50 μg/ml) compared to the control group (n = 4 per group). Scale bar: 20 μm. ***p < 0.001. PDGFR-α, platelet-derived growth factor receptor
α; HUMSCs-Exos, exosomes derived from human umbilical cord mesenchymal stem cells; OPC, oligodendrocyte progenitor cell; Mag, myelin-associated
glycoprotein; Mog, myelin oligodendrocyte glycoprotein; Mbp, myelin basic protein; qPCR, quantitative PCR.

Exosomal miR-23a promotes remyelination by targeting Tbr1
HUMSCs-Exos and the control group. However, when the
exosome concentration exceeded 12.5 μg/ml, the expression of
Bcl-2 significantly increased. This conclusion was further
supported by TUNEL staining (Fig. 2I). In addition, EDU
staining demonstrated that the exosome-treated group pro-
moted cell proliferation compared to the control (Fig. 2H).
These results collectively suggest that HUMSCs-Exos promote
the proliferation and differentiation of OPCs into mature
myelin-forming OLs while also inhibiting cell apoptosis
in vitro.
HUSMC-Exos facilitate the development of mature myelinated
OLs by delivering miR-23a-3p to modulate the Pi3k/Akt and
Wnt pathways

To investigate the underlying mechanism by which
HUMSCs-Exos promote the development of mature myelinated
OLs, we employed full-length transcriptome sequencing tech-
nology to analyze the mRNA expression levels of OPCs treated
with and without HUMSCs-Exos. This analysis identified a total
of 824 significant differentially expressed genes (DEGs), with
687 DEGs upregulated and 137 DEGs downregulated
J. Biol. Chem. (2024) 300(1) 105487 3



Exosomal miR-23a promotes remyelination by targeting Tbr1
(fold change > 2, Q value < 0.05) (Fig. 3A and Table S1). To
gain insights into the potential biological functions of these
DEGs, we performed Gene Ontology enrichment and Kyoto
Encyclopedia of Genes and Genomes pathway analysis. The
results revealed significant upregulation of the Pi3k/Akt
signaling pathway, phosphatidylinositol signaling system, and
Mapk signaling pathway following HUMSCs-Exos treatment of
Figure 3. Promotion of OPC differentiation and maturation by HUMSCs-E
genes (DEGs) between HUMSCs-Exos-treated and untreated OPCs. Blue dots rep
dots represent nonsignificant DEGs. B and C, classification of DEGs based on KE
the GO database. KEGG, Kyoto Encyclopedia of Genes and Genomes. GO, Gen
OPCs Stimulated by HUMSCs-Exos (n = 3 per group). *p < 0.05, ***p < 0.001,
treated OPCs (n = 3 per group). **p < 0.01. G, the top 50 miRNAs identified in H
with HUMSCs-Exos (n = 3 per group). *p < 0.05, **p < 0.01, ****p < 0.0001. I, qP
per group). ***p < 0.001. J, qPCR measurement of miR-23a-3p expression in O
myelin-related proteins (Mag, Mog, and Mbp) in OPCs (n = 3 per group). **p < 0
Akt proteins (n = 3 per group). ***p < 0.001, ****p < 0.0001. HUMSCs-Exos, ex
oligodendrocyte progenitor cell; Mag, myelin-associated glycoprotein; Mog
quantitative PCR.
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OPCs (Fig. 3B and Table S1). Conversely, OLs differentiation,
myelin sheath, and Wnt signaling pathways showed significant
downregulation (Fig. 3C and Table S1). As shown in Fig. 3, D
and E, the elevated levels of phosphorylated Akt (p-Akt) in OLs
treated with HUMSCs-Exos, compared to the control group,
confirm the activation of the PI3K/Akt pathway. The total Akt
protein expression remains unchanged. Furthermore,
xos via delivery of miR-23a-3p. A, volcano plot of differentially expressed
resent downregulated DEGs, red dots represent upregulated DEGs, and gray
GG pathway enrichment analysis and GO biological process annotation from
e Ontology. D and E, Western blotting analysis of Wnt5a, Akt, and p-Akt in
****p < 0.0001. F, qPCR measurement of Wnt5a expression in HUMSCs-Exos
UMSCs-Exos. H, qPCR analysis of myelin-associated miRNAs in OPCs treated
CR detection of miR-23a-3p expression in HUMSCs and HUMSCs-Exos (n = 3
PCs (n = 3 per group). ***p < 0.001. K and L, Western blotting analysis of
.01, ****p < 0.0001.M and N, Western blotting analysis of Wnt5a, Akt, and p-
osomes derived from human umbilical cord mesenchymal stem cells; OPC,
, myelin oligodendrocyte glycoprotein; Mbp, myelin basic protein; qPCR,
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stimulation by HUMSCs-Exos suppresses the levels of Wnt5a
protein in OLs. qPCR results are consistent with the protein-
level trends, demonstrating that HUMSCs-Exos inhibit the
expression of Wnt5a (Fig. 3F).

Additionally, miRNA sequencing was performed on
HUMSCs-Exos. Among the identified top 50 miRNAs, miR-
146a-5p (12, 13), miR-23a-3p (14, 15), miR-122-5p (16, 17),
miR-221-3p (18, 19), miR-24-3p (20), and miR-7a-5p (21, 22)
were found to be closely associated with the myelin develop-
ment (Fig. 3G and Table S2). qPCR data revealed significant
upregulation of miR-23a-3p, miR-221-3p, and miR-24-3p in
OPCs treated with HUMSCs-Exos compared to the untreated
control group (Fig. 3H). Previous research has identified miR-
23a-3p as a key regulatory factor promoting OPC differentia-
tion and increasing myelin sheath thickness (14, 15), which
suggested that miR-23a carried by HUMSCs-Exos might be
involved in the development and maturation of OPCs. To
further verify this hypothesis, we transfected HUMSCs with a
lentiviral vector expressing miR-23a-3p (Lv-miR-23a-3p) and a
negative control vector (Lv-NC). qPCR confirmed the signifi-
cant upregulation of Lv-miR-23a-3p in both HUMSCs and
HUMSCs-Exos, successfully obtaining HUMSCs-Exos
overexpressing miR-23a-3p (Exos-Lv-miR23a-3p) (Fig. 3I).
Subsequently, we cocultured modified HUMSCs-Exos (Exos-
Lv-miR23a-3p) with OPCs for 48 h in vitro, and the results
demonstrated that the expression of miR-23a-3p in Exos-Lv-
miR23a-3p-treated OPCs was 2.5 times higher than in the
Exos-Lv-NC-treated OPCs (Fig. 3J), indicating successful
transfer of miR-23a-3p from HUMSCs-Exos to OPCs.

Western blotting further confirmed that the expression of
myelin proteins (Mag, Mog, and Mbp) was significantly
increased in OPCs treated with exos-lv-mir23a-3p compared
to the NC (Exos-Lv-NC) group, demonstrating that HUMSCs-
Exos delivered miR-23a-3p to promote OPC differentiation
into mature myelinating OLs (Fig. 3, K and L). Furthermore,
based on transcriptomic sequencing results, we detected the
activation of the Pi3k/Akt pathway and inhibition of the
noncanonical Wnt signaling molecule Wnt5a in OPCs
following HUMSCs-Exos delivery of miR-23a-3p (Fig. 3, M
and N). These findings collectively suggest that HUMSCs-
Exos-delivered miR-23a-3p enhances myelin activity, pro-
motes the development of mature myelinating OLs, and reg-
ulates the Pi3k/Akt and Wnt signaling pathways.
miR-23a-3p targets Tbr1 and Wnt signaling molecules to
promote myelin formation

To further explore the mechanistic role of miR-23a in OPCs,
we utilized the miRDB (http://mirdb.org/miRDB/index.html)
and TargetScan (http://www.targetscan.org) databases to pre-
dict the downstream genes of miR-23a-3p. Biological analysis
revealed that Tbr1 is a potential target gene of miR-23a-3p, as
predicted by miRDB with a score higher than 80, and validated
through cross-analysis with the cell transcriptomic mRNA
sequencing of HUMSCs-Exos treatment (Tables S1 and S3).
Next, the binding site between miR-23a-3p and Tbr1 was
predicted using the TargetScan database (Fig. 4A). In order to
confirm the interaction between miR-23a-3p and Tbr1, dual-
luciferase reporter gene assay was performed. As shown in
Fig. 4B, miR-23a-3p mimics significantly inhibited the lucif-
erase activity of Tbr1-30-UTR-WT, while the activity of Tbr1-
30-UTR-MUT was unaffected. Furthermore, to further validate
Tbr1 as a target of miR-23a-3p in OPCs, we independently
transfected OPCs with miR-23a-3p mimics and their corre-
sponding NC (mimics-miR-23a-3p-NC) and detected the
expression of Tbr1 using Western blotting (Fig. 4C). The re-
sults showed a significant reduction in the protein levels of
Tbr1 in OPCs transfected with miR-23a-3p mimics. These
findings indicate that miR-23a-3p directly targets and regulates
the expression of Tbr1 in OPCs.

Subsequently, we evaluated the role of Tbr1 in OPCs
development. Firstly, the Tbr1 overexpression vector was
constructed. As shown in Fig. 4D, successful high expression
of Tbr1 in OPCs was achieved. Furthermore, as the expression
of Tbr1 increased, the levels of myelin-associated proteins
(Mag, Mog, and Mbp) showed a negative correlation with it
(Fig. 4, E and F), indicating that Tbr1 inhibits the maturation
and differentiation of OLs. Next, OPCs were transfected with
mimics-miR-23a-3p and its corresponding NC (mimics-miR-
23a-3p-NC). Simultaneously, the constructed Tbr1 over-
expression vector was transfected into cells that had already
been transfected with miR-23a mimics (mimics-miR-23a-3p +
Tbr1-OE), and an empty vector was used as the NC (mimics-
miR-23a-3p + Tbr1-NC). qPCR (Fig. 4G) and Western blotting
images (Fig. 4, H and I) confirmed the successful generation of
OPCs with high expression of miR-23a-3p and Tbr1. Over-
expression of miR-23a-3p in OPCs enhanced the expression of
myelin proteins such as Mag, Mog, and Mbp (Fig. 4, J and K),
indicating the promotion of OLs maturation by miR-23a-3p,
consistent with previous findings. Conversely, high expres-
sion of Tbr1 in OPCs not only directly decreased the levels of
myelin proteins but also potentially reversed the effect of
promoting OLs maturation caused by overexpression of miR-
23a-3p (Fig. 4, J and K). These results suggest that Tbr1 plays
an inhibitory role in OLs maturation and may counteract the
promoting effects of miR-23a-3p.

Furthermore, studies have reported that the Wnt signaling
molecule Wnt7a/b is involved in Tbr1-associated diseases (23)
and can rescue axonal defects caused by Tbr1 (24, 25). Wnt7a/
b, as a direct target of Tbr1, has been shown to increase the
number of OPCs and promote their differentiation into mye-
linating OLs (26–30). Moreover, Wnt5a, as a noncanonical
Wnt signaling molecule, has been demonstrated to play a great
role in OPCs development mediated by HUMSCs-Exos (31).
As shown in the aforementioned Fig. 3, M and N, its expres-
sion decreases with the increased delivery of miR-23a-3p from
HUMSCs-Exos to OPCs. Therefore, to evaluate the reciprocal
regulation between Tbr1 and Wnt signaling molecules, we
performed Western blotting on Tbr1-overexpressing OPCs.
The results showed a significant decrease in the expression
levels of myelinating OL-promoting Wnt 7a/b proteins in
OPCs with high Tbr1 expression, while the expression of the
myelination inhibitory factor Wnt5a was significantly
increased (Fig. 4, L and M).
J. Biol. Chem. (2024) 300(1) 105487 5
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Figure 4. miR-23a-3p targets Tbr1 expression and evaluates the impact of Tbr1 on OLs development and maturation. A, predicted potential binding
sites of miR-23a-3p in the 30-UTR transcript of Tbr1 using TargetScan online tool. B, dual-luciferase reporter assay confirming the interaction between miR-
23a-3p and Tbr1 30-UTR (n = 3 per group). *p < 0.05, and **p < 0.01. C, Western blotting analysis of Tbr1 in OPCs transfected with mimics-miR-23a-3p and
mimics-NC (n = 3 per group). **p < 0.01. D, Western blotting analysis of Tbr1 protein in OPCs (n = 3 per group). ****p < 0.0001. E and F, Western blotting
images and analysis of myelin-related proteins (Mag, Mog, and Mbp) (n = 3 per group). ****p < 0.0001. G, qPCR detection of miR-23a-3p and Tbr1
expression levels (n = 3 per group). ***p < 0.001, ****p < 0.0001. H and I, Western blotting analysis of Tbr1 levels in cells transfected with mimics-NC,
mimics-miR-23a-3p, mimics-miR-23a-3p + Tbr1-NC, and mimics-miR-23a-3p + Tbr1-OE (n = 3 per group). ***p < 0.001, ****p < 0.0001. J and K, Western
blotting analysis of myelin-associated proteins (Mag, Mog, and Mbp) levels in cells transfected with mimics-NC, mimics-miR-23a-3p, mimics-miR-23a-3p +
Tbr1-NC, and mimics-miR-23a-3p + Tbr1-OE (n = 3 per group). **p < 0.01, ***p < 0.001, and ****p < 0.0001. L and M, Western blotting detection of Tbr1,
Wnt7a/b and Wnt5a proteins (n = 3 per group). ****p < 0.0001. OPC, oligodendrocyte progenitor cell; Mag, myelin-associated glycoprotein; Mog, myelin
oligodendrocyte glycoprotein; Mbp, myelin basic protein; qPCR, quantitative PCR.
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Application of exosome therapy in promoting myelin repair in
EAE mouse model

In order to investigate the therapeutic effects of exosomes
on remyelination in demyelinated mice with EAE, mice were
immunized with the MOG (35–55) probe and injected
with pertussis toxin to disrupt the blood-brain barrier. In
the treatment group, HUMSCs-Exos (Exos-Lv-NC) and
modified HUMSCs-Exos (Exos-Lv-miR23a-3p) were
6 J. Biol. Chem. (2024) 300(1) 105487
intravenously injected via the tail vein starting from day 15
(corresponding to the peak disease score), while the control
group received phosphate-buffered saline (PBS) injections.
Neurological function scores were assessed daily during the
aforementioned period (Fig. 5A). Compared to untreated
animals (PBS group), exosome treatment significantly
delayed and attenuated the recurrence of disease symptoms,
with the score of the modified HUMSCs-Exos (Exos-Lv-



Figure 5. Exosomes promote remyelination in EAE mice. A, clinical neurological function scores of mice in the PBS group, HUMSCs-Exos (Exos-Lv-NC)
group, and modified HUMSCs-Exos (Exos-Lv-miR-23a-3p) group during EAE (n = 10 per group). *p < 0.05. B and C, Luxol Fast Blue staining of brain sections
to measure the demyelinated area and myelin staining intensity in the white matter (n = 7 per group). **p < 0.01, ***p < 0.001. D and E, Western blotting
images and analysis of Tbr1 and Wnt5a levels in brain tissues (n = 3 per group). **p < 0.01, ***p < 0.001. F and G, Western blotting images and analysis of
myelin-related proteins (Mag, Mog, and Mbp) in brain tissues (n = 3 per group). **p < 0.01, ****p < 0.0001. EAE, experimental autoimmune encephalo-
myelitis; HUMSCs-Exos, exosomes derived from human umbilical cord mesenchymal stem cells; Mag, myelin-associated glycoprotein; Mog, myelin oligo-
dendrocyte glycoprotein; Mbp, myelin basic protein; PBS, phosphate-buffered saline.

Exosomal miR-23a promotes remyelination by targeting Tbr1
miR23a-3p) group significantly lower than that of the
HUMSCs-Exos (Exos-Lv-NC) group, approaching normal
levels.

Subsequently, to assess the effect of exosomes on EAE-
related CNS pathology, especially demyelination, white mat-
ter was taken from brains 14 days after tail vein injection (day
29). Brain tissue analysis revealed reduced demyelination in
the treated animals compared to the untreated EAE group
(PBS group). Demyelination was quantitatively assessed by
evaluating Luxol fast blue (LFB) staining area using Image J
software and subjected to statistical comparison. As shown in
Fig. 5C, both the HUMSCs-Exos (Exos-Lv-NC) group and the
modified HUMSCs-Exos (Exos-Lv-miR23a-3p) group signif-
icantly promoted remyelination after demyelination. When
comparing the intensity of myelin staining within the lesions,
we observed that the HUMSCs-Exos (Exos-Lv-NC) group
exhibited higher myelin staining density and a larger area of
blue-stained tissue compared to the PBS group. Similarly,
the modified HUMSCs-Exos (Exos-Lv-miR23a-3p) group
displayed a more concentrated and regular LFB staining
pattern, indicating a significantly deeper myelin staining level
(Fig. 5B).

Furthermore, as depicted in Figure 5, D and E, both the PBS
group and the HUMSCs-Exos group exhibited alterations in
the Tbr1/Wnt signaling pathway. Notably, HUMSCs-Exos
treatment effectively reduced the expression of Tbr1 and
Wnt5a, offering further insights into the potential benefits and
mechanisms of action of HUMSCs-Exos in treating EAE mice.
Western blotting analysis of myelin-associated proteins (Mag,
Mog, and Mbp) also supported the conclusion that exosomes
treatment may enhance myelin repair (Fig. 5, F and G). The
exosome-treated group showed enhanced protein expression
levels, with the modified HUMSCs-Exos (Exos-Lv-miR23a-
3p) group exhibiting the most significant increase, suggesting
that exosomes may exert their therapeutic effects through
miR-23a-3p. In summary, exosome treatment delays the
J. Biol. Chem. (2024) 300(1) 105487 7
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recurrence of disease symptoms, reduces demyelination, and
enhances myelin repair in EAE mice.

Discussions
MS, the most prevalent autoimmune neurological disease

among young individuals, often results in demyelination and
subsequent axonal degeneration, leading to significant clinical
morbidity and disability for many patients (32). New thera-
peutic approaches are therefore urgently needed to improve the
clinical outcome of such diseases. In this context, the present
study highlights the beneficial effects of MSCs-Exos in the
context of demyelination injuries (33). To gain insight into the
underlying mechanisms responsible for these therapeutic ef-
fects, our findings demonstrate that HUMSCs-Exos facilitate
the maturation of myelinated OLs through various mecha-
nisms, including the inhibition of Tbr1 expression, modulation
of the Wnt signaling molecule, and downstream effects on Pi3k/
Akt phosphorylation. Additionally, we provide evidence that
miR-23a-3p is enriched in HUMSCs-Exos and exerts regulatory
effects on OPCs differentiation and the expression of myelin
proteins by targeting Tbr1. These discoveries shed light on the
molecular mechanisms involved in the regenerative potential of
HUMSCs-Exos and offer promising avenues for the develop-
ment of novel therapeutic strategies in demyelinating diseases.

As a cell-free therapy for various human diseases, MSCs
have shown promising therapeutic effects in cellular and ani-
mal models related to MS, including the induction of mature
myelinated OLs, improvement of cognitive function in
demyelinated mice, and promotion of myelin repair (34, 35). It
is now well-established that the majority of MSCs’ biological
effects are mediated through paracrine secretion of soluble
factors and exosomes (36). Exosomes, as potent secretory
components of MSCs, are enriched with proteins, nucleic
acids, and other active substances, serving as vital vehicles for
intercellular transport (37). Several recent studies have
demonstrated that MSC-derived exosomes can enhance
overall neurological recovery, attenuate neuroinflammation,
and promote myelin repair by inducing M2 polarization of
microglia or reducing the proliferation of reactive astrocytes
(11, 38, 39). However, the potential impact of HUMSCs-Exos
on the differentiation of OPCs into mature myelinated OLs
during myelin regeneration has received limited attention. Our
study provides robust evidence that highlights the close rela-
tionship between the therapeutic efficacy of HUMSCs-Exos
and their ability to regulate the mature differentiation of
myelinated OLs. These findings hold significant promise for
the treatment of neurodegeneration and neuroinflammation
associated with autoimmune demyelinating diseases.

miRNAs are a crucial component of exosomes and play a
significant role in exosome-mediated intercellular communi-
cation (40). They exert their effects by binding to the 30UTR of
target mRNA in a complementary manner, resulting in the
inhibition of protein translation. This process has substantial
implications for cell proliferation, differentiation, and senes-
cence (41). Therefore, the biological effects of exosomes on
recipient cells are largely determined by the specific miRNAs
they carry. Studies have identified certain miRNAs with high
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abundance in MSCs-Exos that possess unique immunomodu-
latory effects and are involved in myelin damage and regener-
ation associated with MS. Examples include miR-122 (42),
miR-21 (42, 43), miR-146a (44), miR-24 (45), and miR-223
(45, 46). To investigate the impact of HUMSCs-Exos on OPC
differentiation and maturation, we performed transcriptome
sequencing to identify DEGs between HUMSCs-Exos-treated
OPCs and untreated OPCs. Additionally, we analyzed the
miRNA composition in HUMSCs-Exos using miRNA target
databases and relevant bioinformatics approaches, ultimately
identifying miR-23a-3p as a key candidate. Numerous studies
have shown a close association between miR-23a-3p and CNS
myelin formation (14, 15). In our study, we demonstrated that
overexpressing miR-23a-3p in HUMSCs using a lentivirus-
mediated system resulted in increased miR-23a-3p levels in
HUMSCs-Exos, thus obtaining modified HUMSCs-Exos (Exos-
Lv-miR-23a-3p). Moreover, compared to OPCs treated with
control HUMSCs-Exos, modified HUMSCs-Exos (Exos-Lv-
miR-23a-3p) significantly enhanced the production of myelin-
ated OLs and the expression of myelin proteins. Furthermore,
we evaluated myelin remodeling in EAE mice using neuro-
logical function scores and LFB staining and found that
modified HUMSCs-Exos (Exos-Lv-miR-23a-3p) promoted
myelin regeneration, increased myelin density, and subse-
quently enhanced neurological recovery in EAE mice.

The Pi3k/Akt pathway and the Wnt signaling pathway are
closely interconnected signaling pathways that play vital roles in
cell growth, proliferation, and survival. They are crucial in
various aspects of OLs development, including OPCs prolifer-
ation, migration, survival, differentiation, and myelination (47).
Activation of the Pi3k and Akt proteins through phosphoryla-
tion has been shown to promote widespread myelination in the
CNS and enhance OPCs differentiation and maturation (48).
Conversely, inhibition of these pathways can reduce the
expression of myelin proteins and impede the development of
myelinated OLs (49, 50). Wnt signaling comprises both ca-
nonical Wnt/β-catenin signaling and noncanonical Wnt
signaling, with the latter triggering alternative signaling path-
ways independent of β-catenin (51). Wnt5a is a noncanonical
Wnt ligand that has been implicated in various pathologies,
including cancer and inflammatory diseases (52, 53). Previous
studies have shown that activated microglia in EAE mice
mediate neurodegeneration through increased expression of
noncanonical Wnt signaling components, in which over-
expression of Wnt5a affects demyelinating lesions in mice and
plays a role in demyelinating pathogenesis (31, 54). However,
there is a lack of related reports elucidating the specific effects of
the noncanonical Wnt signaling pathway on OPCs maturation
and development. In our study, we examined both the Pi3k/Akt
and Wnt signaling pathways and observed that treatment with
HUMSCs-Exos, as well as modified HUMSCs-Exos (Exos-Lv-
miR-23a-3p), resulted in the activation of the Pi3k/Akt pathway
and inhibition of Wnt5a. These findings provide valuable in-
sights into the interplay between these signaling pathways and
their influence on OPCs maturation and development.

The downstream targets of miR-23a-3p have been verified
using various methods, including the miRDB software,
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Targetscan database, dual-luciferase reporter gene assays, and
other research reports. Among these targets is Tbr1, a tran-
scription factor that plays a crucial role in the differentiation of
glutamatergic cells (55). Previous studies have demonstrated
that Tbr1 is involved in the regulation of glial cell formation
and contributes to the generation of neural stem cells that
differentiate into neurons and OPCs (56).

However, the direct involvement of Tbr1 in the maturation
and development of OPCs into myelinated OLs has not been
reported. Our data indicate that HUMSCs-Exos or miR-23a
mimics negatively regulate Tbr1 expression in OPCs, and an
excess of Tbr1 leads to reduced expression of mature myelin
proteins in these cells. Importantly, the promoting effect of
miR-23a-3p on myelin protein expression in OLs can be
reversed by overexpressing Tbr1. Thus, Tbr1 may represent a
potential target for the differentiation and maturation of OPCs
into OLs mediated by miR-23a-3p. According to existing re-
ports, the Wnt signaling pathway may impact the differentia-
tion of early neural progenitor cells through the regulation of
neural transcription factor expression, including Tbr1 (57).
Specifically, Wnt7a/b, as a component of the canonical Wnt
signaling pathway, promotes OPCs (26), while Wnt5a, as a
noncanonical Wnt signaling pathway component, inhibits
myelination (58, 59). In our study, we confirmed that the
expression of Wnt5a increased and the expression of Wnt7a/b
decreased in OPCs treated with excessive Tbr1, consistent
with the inhibition of myelin protein expression resulting from
Tbr1 overexpression. These findings suggest that Tbr1 may
regulate the differentiation and maturation of OPCs through
the Wnt signaling pathway.

We investigated the potential neurorestorative effect of
HUMSCs-Exos on remyelination in MS and found a close
association with the key factor miR-23a-3p in maintaining
myelin integrity. This discovery offers a promising therapeutic
strategy for demyelinating diseases, particularly by manipu-
lating the expression of exosome-specific cargo, such as miR-
23a-3p, to optimize treatment outcomes. However, there are
certain limitations to our study. First, although miR-23a-3p is
one of the most abundant miRNAs in HUMSCs-Exos and
plays a role in the differentiation and maturation of OPCs
through the Tbr1/Wnt and Pi3k/Akt signaling pathways, the
contribution of other miRNAs remains to be investigated.
Second, while our experiments strongly support the inhibition
of Tbr1/Wnt and activation of Pi3k/Akt by miR-23a-3p in
OPCs, further extensive in vivo validation of this mechanism is
necessary. Lastly, the therapeutic potential of the proteins and
other beneficial components present in MSCs-Exos in CNS
demyelinating diseases should be explored in more detail. In
conclusion, we believe that MSCs-Exos hold significant
promise as a treatment modality for CNS demyelinating dis-
eases, and their underlying mechanisms warrant further in-
depth investigation in future studies.
Conclusions

HUMSCs-derived exosomes, enriched with miR-23a-3p,
play a crucial role in regulating the Pi3k/Akt and Tbr1/Wnt
signaling pathways. By enhancing the expression of myelin
proteins in OPCs, these exosomes effectively promote the
maturation and development of myelinated OLs, thereby
facilitating myelin regeneration. Furthermore, this study delves
into the underlying mechanism of action of HUMSCs-Exos in
demyelinating diseases, contributing to a deeper understand-
ing of their therapeutic potential. These findings present a
promising therapeutic approach for the treatment of CNS
demyelinating diseases associated with MS.

Experimental procedures

Cell culture and treatment of HUMSCs

HUMSCs used in this study were obtained from the Cell
Bank of the Chinese Academy of Sciences. The cells were
cultured in low-glucose Dulbecco’s modified Eagle Medium
(Gibco) supplemented with 10% fetal bovine serum (FBS;
Gibco). FBS was ultracentrifuged at 4 �C (Sorvall 100SE ul-
tracentrifuge) at 100,000g for 18 h to deplete exosomes. When
the third to sixth passage of HUMSCs reached 40% confluency,
the regular culture medium was replaced with 10% exosome-
depleted FBS culture medium. After 48 h, the cell culture
supernatant was immediately collected for exosome isolation
or stored at −80 �C.

Isolation and characterization of HUMSCs-Exos

Exosomes were isolated and purified from fresh or frozen
cell culture supernatants (60). Briefly, the collected superna-
tant was centrifuged at 300g, 4 �C for 10 min to remove dead
cells. The supernatant was then centrifuged at 10,000g for
30 min to remove smaller cell debris. The clarified supernatant
was filtered through a 0.45 μm filter (Sartorius) and centri-
fuged at 120,000g, 4 �C for 70 min. Pellets were visible at the
bottom of the centrifuge tube. The precipitates were resus-
pended in phosphate-buffered saline (PBS; Gibco) and
centrifuged four times at 120,000g for 70 min each time. After
discarding the supernatant, the pellets containing exosomes
were collected. Finally, exosomes were resuspended in PBS
and stored at −80 �C. The protein content of exosome sus-
pensions was determined using the bicinchoninic acid protein
assay kit (Beyotime). Western blotting was performed to detect
the surface markers Cd 9, Cd 63, and Tsg 101 on exosomes.
The morphology and size of exosomes were examined using
TEM (Hitachi) and NTA (Zeta View PMX 120, Particle Ma-
trix), respectively.

Primary OPCs culture

Isolation and culture of primary OPCs from rats (61). First,
the cortices of neonatal Wistar rats were dissected within 72 h,
and fresh cortical tissue was washed with Hank’s Balanced Salt
Solution (Yuanpei) to remove the vascular membrane. Sub-
sequently, the tissue was cultured in Advanced D-MEM/F-12
(Dulbecco’s modified Eagle Medium) medium (Invitrogen)
containing 20% FBS. After 7 to 10 days, the clustered glial cells
were mechanically oscillated for 18 to 20 h, and the cell sus-
pension was collected and seeded into 6-well plates to obtain
OPCs at a density of 300,000 cells per well. The purified OPCs
J. Biol. Chem. (2024) 300(1) 105487 9



Exosomal miR-23a promotes remyelination by targeting Tbr1
were cultured in serum-free proliferation medium, which
consisted of D-MEM/F-12 supplemented with 10 ng/ml basic
fibroblast growth factor (PeproTech), 20 ng/ml platelet-
derived growth factor AA (PeproTech), 2% B27 (Thermo
Fisher Scientific), and 1% N2 (Invitrogen). After 72 h of pro-
liferation under these conditions, the cell culture medium was
changed according to the experimental purpose and further
cultured for an additional 48 h before collecting the cells for
subsequent experiments. The control group was cultured in
the abovementioned medium without the addition of PDGF
and FGF, while the experimental group was cultured in the
same medium but supplemented with HUMSCs-Exos instead
of PDGF and FGF.

Animal experiment

Animal experimental procedures were approved by the
Animal Research Committee of Shandong University Affiliated
Shandong Provincial Hospital. The C57BL/6J male mice
weighing approximately 25 g were used in this study. The
animals were housed in standard microventilated isolator
cages with a 12-h light/dark cycle. All mice were anesthetized
by intraperitoneal injection of 4% chloral hydrate (400 mg/kg).
To induce EAE, MOG 35 to 55 peptide (Sigma-Aldrich) was
mixed with CFA [incomplete free adjuvant (Sigma-Aldrich)
and mycobacterium tuberculosis (BD Difco)], followed by
subcutaneous injection of 100ul on each side of the lower back
of 6-week-old male C57BL/6J mice. Pertussis toxin (List Lab-
oratories) at a dose of 200 ng was injected intraperitoneally
into the mice on days 0 and 2 after immunization. Mice were
weighed daily and assessed for clinical symptoms. Clinical
scoring was performed on a scale of 0 to 5, where (0) repre-
sented no apparent changes, (1) indicated tail limpness
without tail curling, complete tail paralysis, (2) represented
slight hind limb paralysis, (2.5) indicated complete paralysis of
one hind limb, (3) represented complete paralysis of both hind
limbs, (3.5) indicated complete paralysis of both hind limbs
and weakened forelimb strength, (4) represented complete
paralysis, and (5) indicated death.

HUMSCs-Exos administration

First, OPCs were treated with different concentrations of
HUMSCs-Exos for 48 h to determine the optimal concentra-
tion for exosome uptake. Based on Western blotting (Fig. 2C),
50 μg/ml was chosen as the optimal treatment concentration
for the exosomes. Next, the incubation time for primary OPCs
and exosomes was determined. Exosomes were labeled using
the PKH67 staining kit (Sigma-Aldrich) following the manu-
facturer’s instructions. The labeled exosomes (50 ug/ml) were
diluted in the medium and incubated with OPCs for 0 or 48 h.
Cells were fixed with 4% paraformaldehyde and subjected to
immunostaining. Subsequently, lentiviral transduction of
HUMSCs-Exos was performed. HUMSCs were cultured in
15 cm culture dishes (NEST Biotechnology) and transduced
with Lv-miR-23a-3p (a lentiviral vector overexpressing miR-
23a-3p) and Lv-NC (a lentiviral vector expressing a NC)
(GenePharm). Cell culture supernatant was collected, and the
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modified HUMSCs-Exos overexpressing miR-23a-3p (Exos-
Lv-miR23a-3p) were successfully isolated. These modified
HUMSCs-Exos were added to OPCs at a concentration of
50 μg/ml and incubated for 48 h before being collected for
subsequent experiments. In the in vivo experiment, EAE mice
at the peak of disease were randomly divided into three groups:
EAE + PBS group, EAE+HUMSCs-Exos group, and EAE+-
modified HUMSCs-Exos (Exos-Lv-miR23a-3p) group (n = 10
mice per group). During the peak phase of EAE induction (day
14), mice in the experimental groups were intravenously
injected with 25 μl PBS containing HUMSCs-Exos or modified
HUMSCs-Exos (Exos-Lv-miR23a-3p) at a concentration of
50 μg. The control group mice received an injection of 25 μl
PBS. Subsequently, the body weight and clinical scores of the
mice were monitored daily. Until day 42, fresh brain tissue
specimens were collected, and 4 μm-thick paraffin sections
were prepared using standard methods. The paraffin sections
were stained with LFB to evaluate the degree of demyelination.

Cell immunofluorescence

After fixing the cells with 4% paraformaldehyde, cell
immunofluorescence staining was performed to identify pri-
mary OPCs and mature differentiated OLs. The cells (OPCs/
OLs) were permeabilized with 0.1% Triton X-100 at room
temperature for 10 min. The cells were blocked with 1% BSA
for 30 min. Subsequently, the cells were incubated overnight at
4 �C with primary antibodies. The primary antibodies included
platelet-derived growth factor receptor α (1:100), chondroitin
sulfate proteoglycan 4 (NG2) (1:50) (Abcam), and Mbp (1 μg/
ml) (Abcam). Next, the cells were incubated with appropriate
FITC-conjugated secondary antibodies (Abcam). DAPI was
added, and the cells were incubated at room temperature. The
cells were observed under an inverted fluorescence microscope.
The TUNEL assay (Boehringer Mannheim) was used for
apoptosis detection in cells to analyze apoptotic cells in situ.
TUNEL staining of OPCs was observed under a fluorescence
microscope, and the percentage of TUNEL-positive (TUNEL+)
cells relative to the total number of cells was determined by
counting at least three random fields per coverslip.

MiRNA sequencing

Total RNA was extracted using TRIzol reagent (Invitrogen)
following the manufacturer’s instructions. Preparation of
cDNA libraries included end-repairing small RNA and reverse
transcription. Mature miRNA libraries were generated
through 6% high-resolution polyacrylamide gel electrophoresis
(Invitrogen). Quality control and quantification were per-
formed on the sequencing libraries. Sequencing was carried
out on the HiSeq 2500 platform (Illumina) to obtain raw small
RNA sequence data from independent samples. The raw reads
were filtered using the FASTX-Toolkit software (http://
hannonlab.cshl.edu/fastx_toolkit/). MiRDeep2 software
(https://www.mdc-berlin.de) was used to identify known
miRNAs and their expression levels based on databases (62).
Differential expression genes were determined and ranked
from highest to lowest by selection. The miRanda software
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(http://www.mocrorna.org) and TargetScan (http://www.
targetscan.org) databases were used to predict and calculate
the mRNA target genes for each miRNA.

RNA sequencing

Total RNA was extracted by TRIzol reagent. Subsequently,
cDNA libraries were prepared and sequenced on the Illumina
NovaSeq platform. DEGs were identified as genes with
adjusted p value < 0.05 and log2 fold change > 1 or <-1. To
assess the functional significance of DEGs, Gene Ontology,
and Kyoto Encyclopedia of Genes and Genomes pathway
enrichment analysis were performed using the R packages
clusterProfiler and DAVID (http://david.ncifcrf.gov/).

Cell transfection

Primary OPCs were transfected with specific miRNA
mimics, alongside a miRNA NC (JEKAIYER). Transfection was
conducted 2 days after seeding the cells, employing Lipofect-
amine 2000 (Invitrogen) as per the manufacturer’s guidelines.
OPCs differentiation assay was initiated 6 h after transfection.
qPCR was performed to validate the expression of transfected
miRNA. The Tbr1 overexpression plasmid (Tbr1-OE) and NC
were obtained from RiboBio company. According to the
manufacturer’s instructions, 1 to 2 μg of DNA was diluted in
200 μl Opti-MEM medium (Gibco), and then 2 μl of Neofecttm

DNA transfection reagent (Beijing) was added to the 6-well
plate containing the cells. After 24 h of transfection, cells
were collected and processed according to the experimental
requirements. The Tbr1 levels between transfected cells and
control cells were compared using Western blotting to validate
the transfection efficiency.

Luciferase reporter assay

HEK293T cells were used for the luciferase reporter gene
assay. Briefly, the 30UTR of Tbr1 containing the predicted
target site of miR-23a-3p was cloned into the pNGM-UTR
dual-luciferase reporter gene vector (Promega) containing
Renilla and firefly luciferase genes (internal controls).
HEK293T cells were seeded in 96-well plates and cotrans-
fected with 0.1 μg of luciferase reporter cells, along with miR-
23a-3p mimics or NC at a concentration of 100 nM. After
48 h, the dual-luciferase reporter gene assay system (E1910;
Promega) was used. According to the kit instructions, the
relative luciferase activity (Renilla luciferase/firefly luciferase)
was calculated to assess the regulatory effect of miR-23a-3p on
its putative target gene Tbr1.

Quantitative PCR

Total RNA of cells was extracted using TRIzol reagent. The
RNA was reverse transcribed into cDNA using the TaqMan
MicroRNA Reverse Transcription Kit (Thermo Fisher Scien-
tific). Subsequently, quantitative reverse transcription PCR was
performed on the selected miRNAs using SYBR Green Premix
Ex Taq polymerase (Takara). The cycle threshold (Ct) values
were recorded for subsequent analysis (Ct value represents the
number of reaction cycles required for the fluorescent signal to
reach the set threshold in each reaction tube). The mRNA and
miRNA expression levels were normalized to the expression
levels of β-actin and U6, respectively, using the 2^-ΔΔCT
method.

qPCR primers sequences are as follows:
Mag: Forward-50GATGCCCTCGTCCATCTCAG30，

Reverse-
50 AAGCTCTCGTGGACCACTTG30|
Mog: Forward-50GTCTATCGGCGAGGGAAAGG30，

Reverse-
50 AGCATAGGCACAAGGGCAAT30|
Wnt5a: Forward-50GCGGGACTTTCTCAAGGACA30，

Reverse-
50 CGGCTGCCTATTTGCATCAC30|
β-actin: Forward-50CTTCCAGCCTTCCTTCCTGG30，

Reverse-
50 AATGCCTGGGTACATGGTGG30|
miR-23a-3p: Forward-50GCGATCACATTGCCAGGG30,

Reverse-
50 AGTGCAGGGTCCGAGGTATT30|
miR-146a-5p: Forward-50CGCGTGAGAACTGAATT

CCA30, Reverse-50AGTGCAGGGTCCGAGGTATT30|
miR-122-5p: Forward-50CGCGTGGAGTGTGACAA

TGG30, Reverse-50AGTGCAGGGTCCGAGGTATT30|
miR-221-3p: Forward-50 CGCGAGCTACATTGTCTGCTG.
30, Reverse-50 AGTGCAGGGTCCGAGGTATT30|
miR-24-3P: Forward-50GCGTGGCTCAGTTCAGCAG30,

Reverse-50AGTGCAGGGTCCGAGGTATT30|
miR-7a-5p: Forward-50GCGCGTGGAAGACTAGTGA

TTT30, Reverse-50AGTGCAGGGTCCGAGGTATT30|
U6: Forward-50GTGCTCGCTTCGGCAGCACATAT30,

Reverse-50AGTGCAGGGTCCGAGGTATT30.

Western blotting

As previously described, total protein was obtained from the
samples by lysing with radioimmunoprecipitation assay lysis
buffer (Beyotime). The protein samples were separated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
then transferred onto a polyvinylidene fluoride membrane
(Millipore). After blocking with 5% skim milk, the membrane
was incubated with primary antibodies overnight at 4 �C, fol-
lowed by incubation with horseradish peroxidase–conjugated
secondary antibody. The primary antibodies used in this
study included Mbp (1:1000), Mog (1:1000), Mag (1:1000),
Tbr1 (1:1000) (Abcam), Akt (1:1000), Phospho-Akt (1:1000)
(Cell Signaling Technology), Wnt7a/b (1:1000) (Santa Cruz
Biotechnology), Wnt5a (1:500), β-Catenin (1:5000), Cd9
(1:1000), Cd81 (1:1000), Tsg101(1:2000), Gapdh (1:5000), α-
Tubulin (1:2000) (Proteintech,). Marker proteins were detected
using an enhanced chemiluminescence solution and a Bio-Rad
imaging system (Bio-Rad). The band intensities were quantified
for three independent experiments using Image J software.

Statistical analysis

All results were obtained from at least three independent
experiments and are presented as mean ± standard error of the
J. Biol. Chem. (2024) 300(1) 105487 11
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mean (SEM). Quantitative data comparing the experimental
group and the control group were analyzed using Student’s t
test, while multiple comparisons were performed using one-
way analysis of variance (ANOVA) followed by Tukey’s post
hoc test. All statistical analyses were conducted using Prism 8
software (GraphPad), and statistical significance was consid-
ered when the p-value was less than 0.05.
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