
MOLECULAR MEDICINE REPORTS  18:  4374-4380,  20184374

Abstract. Demyelination is a nervous system disease in 
which the myelin sheaths of neurons are damaged due to 
inflammatory reactions, inherited abnormalities or trauma. 
This damage impairs the conduction of signals in the affected 
nerves, which in turn causes deficiencies in sensation, move-
ment and cognition. Oligodendrocyte precursor cells (OPCs) 
are able to induce remyelination. However, the remyelination 
is suboptimal due to the limited migration of OPCs. In the 
present study, neonatal OPCs were isolated from rats for the 
investigation of the role of C-X-C motif chemokine ligand 12 
(CXCL12), an important chemokine, in mediating the migra-
tion ability of OPCs. The present results demonstrated that 
CXCL12 stimulation markedly promoted the migration of 
OPCs and activated the dual specificity mitogen-activated 
protein kinase kinase 1 (MEK)/extracellular signal‑regulated 
kinase (ERK) and phosphoinositide 3‑kinase (PI3K)/RAC‑α 
serine/threonine‑protein kinase (AKT) pathways. Knockdown 
of C‑X‑C motif chemokine receptor 4 (CXCR4; a receptor of 
CXCL12) reversed the CXCL12‑induced migration of OPCs 
and blocked the MEK/ERK and PI3K/AKT pathways. In 
addition, specific inhibitors of the MEK/ERK and PI3K/AKT 

pathways significantly reduced the migration of OPCs. Based 
on these findings, it was concluded that CXCL12 may 
induce the migration of OPCs through the CXCR4-activated 
MEK/ERK and PI3K/AKT pathways. The results of the 
present study support the manipulation of CXCL12-mediated 
OPC migration to improve remyelination.

Introduction

Myelin is a fatty white substance that surrounds the axons of 
neurons. In the central nervous system (CNS), oligodendro-
cytes supply the myelin, which provides metabolic support 
to the axon and allows for the rapid transmission of action 
potentials along the axon (1). Immune responses, inherited 
abnormalities or trauma may result in oligodendrocyte 
necrosis and dysfunction, and resultant demyelination in cases 
of multiple sclerosis and spinal cord injury. The current treat-
ment strategy for demyelination is based on remyelination, a 
process that may restore metabolic support to the axon to limit 
axonal degeneration and restore the nodes that are required to 
facilitate conduction and, therefore, function (2).

Although the CNS has little capacity for regeneration, 
a number of studies have demonstrated that myelin may be 
regenerated by oligodendrocytes (3-5). In the CNS, endogenous 
oligodendrocyte precursor cells (OPCs) contribute toward the 
replacement of oligodendrocytes required for remyelination 
following demyelination (6). OPCs are able to proliferate and 
differentiate into mature oligodendrocytes to repair injured 
myelin following demyelination. However, the extent and quality 
of endogenous remyelination is suboptimal (6). Therefore, 
numerous studies have aimed to promote the maturation, 
proliferation and differentiation of OPCs in order to improve 
remyelination (7-10). In addition, efforts have also been made to 
enhance oligodendrocyte replacement through cell transplanta-
tion by the authors of the present study and others (11-14).

Although positive results have been achieved in preclinical 
studies using rodent animal models, a clinical trial using 
human CNS stem cells that have the ability to differentiate 
into oligodendrocytes was performed in children with 
demyelination, and the result, which exhibited a modest degree 
of remyelination near the injection site, was far from being 
satisfactory (15). The different degrees of myelination between 
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rodent‑based preclinical studies and human‑based clinical trials 
may be ascribed to the limited migration of the transplanted 
cells in the human brain (2). Notably, Boyd et al (16) reported 
that insufficient OPC migration into demyelinated lesions may 
be a critical cause of poor remyelination in multiple sclerosis. 
Therefore, developing effective approaches to regulate the 
migration of OPCs is urgently required and important for the 
treatment of demyelination.

C‑X‑C motif chemokine ligand 12 (CXCL12; formerly known 
as stromal cell‑derived factor 1) is a well‑identified chemokine 
that serves an important role in mediating the migration ability 
of multiple normal and tumor cells (17,18). Previous studies 
have demonstrated that CXCL12 regulates the proliferation and 
differentiation of OPCs (19,20). Notably, CXCL12 promotes the 
migration of OPCs and improves remyelination in vivo (20-23). 
However, the underlying mechanism of the CXCL12‑induced 
migration of OPCs remains unclear. Considering that CXCL12 
induces the invasion of tumors via C-X-C motif chemokine 
receptor 4 (CXCR4; a receptor of CXCL12) and the dual 
specificity mitogen‑activated protein kinase kinase 1 (MEK) and 
phosphoinositide 3‑kinase (PI3K) pathways (24-26), the present 
study assessed the importance of the MEK and PI3K pathways 
in CXCL12/CXCR4‑regulated migration of OPCs.

Materials and methods

Isolation and culture of rat OPCs. The isolation and culture 
of OPCs was performed as previously described (27,28). The 
cortical tissues of 8‑12 neonatal Sprague‑Dawley rats (post-
natal day 2; 30) were purchased from the experimental animal 
centre of Third Military Medical University (1:1, male: female; 
weight 7‑10 g). The rats were housed at 25˚C, 50% humidity, 
12-h light/dark cycle and ad libitum access to food and water. 
Cortical tissues of 8-12 rats per repeat were resected to prepare 
a cell suspension with a 74 µM filter. Following centrifugation 
at 200 x g for 10 min at 4˚C, the cell pellet was resuspended 
and cultured in a poly‑lysine‑coated culture flask for 10 days at 
37˚C in 5% CO2. To purify OPCs, the flask was placed onto a 
rotary shaker at 180 rpm for 1 h. Subsequently, the supernatant 
in the flask was replaced with fresh OPC proliferation medium 
to remove the dislodged cells (~90% microglia). Following 
regular culture for 2 h, the flask was placed onto a rotary 
shaker at 180 rpm for 18 h. The following day, the superna-
tant was collected to pass through a cell strainer. Following 
centrifugation at 200 x g for 10 min at 4˚C, the pelleted cells 
were resuspended and cultured in a new flask for 1 h. The 
flask was gently agitated to remove loosely adherent cells. The 
supernatant was collected, centrifuged at 200 x g for 10 min 
and cultured in a new poly‑lysine‑coated culture flask.

The OPC proliferation medium contained Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 
0.5% fetal bovine serum (FBS), 10 ng/ml basic fibroblast growth 
factor, 10 ng/ml platelet‑derived growth factor (PDGF)‑AA, 
10 µg/ml insulin, 30 nM sodium selenite, 0.5 µg/ml transferrin, 
30 nM thyroiodine, 4 mM L-glutamine, 5 mM sodium pyruvate, 
50 U/ml penicillin and 50 µg/ml streptomycin (all Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA).

Differentiation of OPCs. To induce OPC differentiation, 
OPCs were cultured in differentiation medium for 3 days. The 

differentiation medium for OPCs consisted of DMEM, 0.5% 
FBS, 10 µg/ml insulin, 30 nM sodium selenite, 0.5 µg/ml trans-
ferrin, 30 nM thyroiodine, 4 mM L-glutamine, 5 mM sodium 
pyruvate, 50 U/ml penicillin and 50 µg/ml streptomycin (all 
Invitrogen; Thermo Fisher Scientific, Inc.).

Immunostaining. Cells on cover slips were fixed with 4% para-
formaldehyde for 20 min at 4˚C, permeabilized using 0.1% Triton 
X‑100 for 15 min and blocked for 60 min at 23˚C with 5% goat 
serum (Wuhan Boster Biological Technology, Ltd., Wuhan, 
China). Primary antibodies against neural/glial antigen 2 (NG2; 
cat. no. 14‑6504‑80; 1:200; Thermo Fisher Scientific, Inc.), 
PDGF receptor-α (PDGFR‑α; cat. no. sc‑31178; 1:200; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA), oligodendrocyte 
marker O4 (O4; cat. no. MAB1326; 1:400; R&D Systems, 
Inc., Minneapolis, MN, USA) and myelin basic protein (MBP; 
cat. no. sc‑13526; 1:200; Santa Cruz Biotechnology, Inc.) were 
diluted in 5% goat serum and incubated with the samples over-
night at 4˚C. The following day, the cells were incubated with 
secondary antibodies including goat anti‑mouse IgG (H+L) 
highly cross‑adsorbed secondary antibody, Alexa Fluor Plus 
488 (cat. no. A32723; Thermo Fisher Scientific, Inc.; 1:500), goat 
anti‑mouse IgM (Heavy chain) cross‑adsorbed secondary anti-
body, Alexa Fluor 488 (cat. no. A‑21042; Thermo Fisher Scientific, 
Inc.; 1:500) and donkey anti‑goat IgG (H+L) cross‑adsorbed 
secondary antibody, Alexa Fluor 488 (cat. no. A‑11055; Thermo 
Fisher Scientific, Inc.; 1:400) for 1 h at 37˚C. The nuclei were 
stained with DAPI (Invitrogen; Thermo Fisher Scientific, Inc.) 
for 10 min at 23˚C. Fluorescence images were acquired using a 
fluorescence microscope (Olympus Corporation, Tokyo, Japan; 
magnification, x200).

Migration assay. The migration of OPCs was assessed using 
a Boyden chamber, which contained 48‑well inserts with an 
8‑µm pore‑size filter (Neuro Probe, Inc., Gaithersburg, MD, 
USA). A total of 5x104 OPCs were seeded in the top of the 
insert in proliferation medium, while different concentrations 
of CXCL12 (0, 5, 10 and 20 ng/ml; PeproTech, Inc., Rocky 
Hill, NJ, USA) diluted in proliferation medium were placed 
in the well below as a chemoattractant. After 48 h, the top 
surface of the filter was cleared with a cotton swab. Following 
fixing in methanol for 20 min at 23˚C, the back of the filter was 
stained at 23˚C for 15 min with 0.1% crystal violet to observe 
the migrated OPCs. For quantitative analysis, five random 
images of 480x360 µm were captured of the filter. Each group 
had three replicate filters. To counteract observer bias, the 
migrated OPCs (positive for crystal violet) were counted by 
an individual who was blinded to the grouping of the samples.

To test the effect of CXCR4 on the CXCL12-induced migra-
tion of OPCs, CXCR4 short hairpin RNAs (shRNAs) were used to 
downregulate the expression of CXCR4, while an shRNA control 
(shRNAcon) served as the control (methods described below). 
The untreated, shRNAcon-treated and CXCR4 shRNA-treated 
OPCs were used to perform the 20 ng/ml CXCL12‑induced 
migration assay, as described above.

To test the effect of the MEK/extracellular signal‑regulated 
kinase (ERK) and PI3K/RAC‑α serine/threonine‑protein kinase 
(AKT) pathways on the CXCL12‑induced migration of OPCs, 
OPCs were divided into four groups: OPCs; OPCs treated with 
U1026 (inhibitor of the MEK/ERK pathway; 10 µM; Invitrogen; 
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Thermo Fisher Scientific, Inc.); OPCs treated with LY294002 
(inhibitor of the PI3K/AKT pathway; 10 µM; Invitrogen; Thermo 
Fisher Scientific, Inc.); and OPCs treated with U1026 (10 µM) 
and LY294002 (10 µM). Subsequently, the four groups of OPCs 
were used to perform the 20 ng/ml CXCL12‑induced migration 
assay, as described above.

Western blotting. Cells were lysed in radioimmunoprecipitation 
assay protein lysis buffer (Beyotime Institute of Biotechnology, 
Haimen, China) and centrifuged at 12,000 x g for 5 min at 
4˚C. The supernatant was collected to determine the protein 
concentration using a bicinchoninic acid protein assay kit 
(CWBIO, Beijing, China). Total proteins (20 µg/group) were 
separated using 12% SDS‑PAGE and transferred onto poly-
vinylidene difluoride membranes (EMD Millipore, Billerica, 
MA, USA). Following blocking with 5% skimmed milk in 
TBS with Tween‑20 (TBST) for 1 h at 23˚C, the membranes 
were incubated with antibodies against CXCR4 (1:1,000; cat. 
no. PA1237; Wuhan Boster Biological Technology, Co., Ltd., 
Wuhan, China), AKT1 (1:2,000; cat. no. ab235958; Abcam, 
Cambridge, UK), phosphorylated (p)‑AKT1 (cat. no. ab81283; 
1:2,000; Abcam), ERK1/2 (1:2,000; cat. no. sc‑93; Santa Cruz 
Biotechnology, Inc.), p‑ERK1/2 (1:2,000; cat. no. sc‑16982‑R; 
Santa Cruz Biotechnology, Inc.) or GAPDH (1:5,000; cat. 
no. 10494‑1‑AP; ProteinTech Group, Inc., Chicago, IL, USA) 
at 4˚C overnight. The following day, the membranes were 
washed with TBST three times and further incubated with a 
horseradish peroxidase (HRP)‑conjugated secondary antibody 
(1:1,000; cat. no. A0208; Beyotime Institute of Biotechnology) 
at 37˚C for 2 h. Finally, the protein bands were detected using 
an enhanced chemiluminescence reagent (Pierce; Thermo 
Fisher Scientific, Inc.). Densitometry was performed using 
Quantity one v4.6.7 software (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA).

Knockdown of CXCR4. A lentivirus‑based CXCR4 shRNA 
vector was constructed as previously described (29). A total of 
three types of CXCR4 small interfering (si)RNA were designed 
and chemically synthesized by Shanghai SunBio Biotechnology 
Co., Ltd. (Shanghai, China). The sequences were as follows: 
CXCR4 siRNA 1, 5'‑GGA UAA CUA CUC CGA AGA AdT dT‑3'; 
CXCR4 siRNA 2, 5'‑CCA ACA AGG AAC CCT GCT TdT dT‑3'; 
and CXCR4 siRNA 3, 5'‑CCC TCA AGA CTA CGG TCA TdT dT‑3'. 
Following transfection into OPCs using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.), CXCR4 siRNA 2 
exhibited the best efficiency at downregulating the expression 
of CXCR4. As a result, complementary DNA oligonucleotides 
of CXCR4 siRNA 2 were subcloned into a lentiviral vector to 
construct CXCR4 shRNA. A vector containing a scrambled 
sequence served as a CXCR4 shRNA control. Finally, OPCs 
were transfected with CXCR4 shRNA or shRNAcon for 72 h 
and subjected to western blot analysis or a migration assay. Based 
on the sequence of 5'‑GCA AGA UCA CAC ACC UCA UdT dT‑3', 
siRNA of atypical chemokine receptor 3 (CXCR7) was chemi-
cally synthesized and subcloned into shRNA. The knockdown of 
CXCR7 was performed as described above.

Statistical analysis. Experimental results are presented as the 
mean ± standard deviation and were analyzed using SPSS 
19.0 statistical software (IBM Corp., Armonk, NY, USA) 
with one‑way analysis of variance (ANOVA). Following 
ANOVA, the least significant difference post hoc test was 
used. Experiments were repeated three times. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Isolation, culturing and identification of rat OPCs. The 
present study isolated primary rat OPCs, as previously 

Figure 1. Isolation and identification of OPCs. (A) Immunostaining demonstrated that OPCs were positive for NG2. (B) Immunostaining demonstrated that 
OPCs were positive for PDGFR-α. (C) Immunostaining showed that the differentiated OPCs were positive for O4. (D) Immunostaining showed that the 
differentiated OPCs were positive for MBP. Nuclei were stained with DAPI (blue). NG2, neural/glial antigen 2; PDGFR‑α, platelet-derived growth factor 
receptor-α; OPCs, oligodendrocyte precursor cells; O4, oligodendrocyte marker O4; MBP, myelin basic protein.
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described (27,28). The isolated cells harbored the typical 
morphology of OPCs, exhibiting a round body with bipolar and 
tripolar processes. The immunostaining assay confirmed that 
the isolated OPCs expressed NG2 and PDGFR‑α, OPC‑specific 
markers (Fig. 1A and B), although they were negative for O4 and 
MBP, as markers of mature oligodendrocytes (data not shown). 
Following culturing in differentiation medium for 3 days, the 
OPCs were differentiated into mature oligodendrocytes, which 
highly expressed O4 and MBP (Fig. 1C and D). These findings 
confirmed that the isolated cells acquired the OPC phenotype.

CXCL12 induces the migration of OPCs. The present study 
assessed the effect of CXCL12 on the migration of OPCs using 
the Boyden chamber assay. The migration of OPCs was gradu-
ally enhanced with the increasing concentration of CXCL12 
(Fig. 2A). According to the statistical analysis, the migration 
of OPCs was significantly increased by the chemoattractant 
effects of 10 and 20 ng/ml CXCL12 compared with the control 
group (0 ng/ml CXCL12) (Fig. 2B). To further investigate the 
downstream mechanism of the CXCL12-induced migration of 
OPCs, the present study examined the expression of p‑ERK and 
p‑AKT, and demonstrated that p‑ERK and p‑AKT were signifi-
cantly upregulated following treatment with 10 and 20 ng/ml 

CXCL12 (Fig. 2C‑E). However, treatment with CXCL12 did 
not markedly affect the expression of ERK and AKT in OPCs 
(Fig. 2C‑E). These findings suggested that the MEK/ERK and 
PI3K/AKT pathways are likely to be the downstream mechanism 
through which CXCL12 induces the migration of OPCs.

Knockdown of CXCR4 inhibits the migration of OPCs. 
Additionally, the effect of knockdown of CXCR4 on the 
CXCL12‑induced migration of OPCs was assessed. A total of 
three types of CXCR4 siRNA were designed to knock down 
the expression of CXCR4, and CXCR4 siRNA 2 exhibited the 
best efficiency at downregulating the expression of CXCR4 
(Fig. 3A and B). CXCR4 shRNA was constructed based on 
CXCR 4 siRNA 2. Under the chemotactic effects of 20 ng/ml 
CXCL12, the migration of CXCR4 shRNA-transfected OPCs 
was significantly decreased compared with the untreated 
and shRNAcon‑treated OPCs (Fig. 3C and D). However, 
knockdown of CXCR7 (another receptor of CXCL12) did 
not affect CXCL12‑induced migration (data not shown). In 
addition, CXCR4 shRNA significantly downregulated the 
expression of CXCR4 following treatment with 20 ng/ml 
CXCL12 (Fig. 3E and F). Notably, the expression of p‑ERK 
and p‑AKT was also downregulated by treatment with CXCR4 

Figure 2. CXCL12 promotes the migration of OPCs. (A) Transwell migration assay of OPCs treated with different concentrations of CXCL12 for 48 h. 
(B) Analysis of the data in each group. (C) Western blot analysis demonstrated the expression of p‑ERK, ERK, p‑AKT and AKT in the OPCs treated with 
different concentrations of CXCL12 for 48 h. GAPDH served as a loading control. (D) Group data for the relative expression of p‑ERK. (E) Group data for 
the relative expression of p‑AKT. Data are presented as the mean ± standard deviation. n=3. *P<0.05. CXCL12, C‑X‑C motif chemokine ligand 12; OPCs, 
oligodendrocyte precursor cells; p, phosphorylated; ERK, extracellular signal‑regulated kinase; AKT, RAC‑α serine/threonine‑protein kinase.
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shRNA, which supported the hypothesis that the MEK/ERK 
and PI3K/AKT pathways may be downstream of CXCR4 in 
OPCs (Fig. 3G and H). These data demonstrated that CXCL12 
induced the migration of OPCs via CXCR4.

CXCL12‑induced migration of OPCs is regulated by the 
MEK/ERK and PI3K/AKT pathways. To further confirm that 
the MEK/ERK and PI3K/AKT pathways were involved in the 
CXCL12‑induced migration of OPCs, U1026 and LY294002 
were used as specific kinase inhibitors of the MEK/ERK and 
PI3K/AKT pathways to respectively block each signaling 
pathway. As expected, treatment with U1026 or LY294002 
was able to significantly inhibit the CXCL12‑induced migra-
tion of OPCs (Fig. 4A and B). Furthermore, western blot 
analysis demonstrated that U1026 specifically downregulated 
the expression of p‑ERK in OPCs following treatment with 
20 ng/ml CXCL12 (Fig. 4C and D). Likewise, LY294002 
specifically downregulated the expression of p‑AKT in OPCs 
(Fig. 4C and E). Taken together, these results suggested that 
the CXCL12‑induced migration of OPCs was regulated by the 
MEK/ERK and PI3K/AKT pathways.

Discussion

Investigating the migration of OPCs is of great importance to 
improve remyelination in the CNS. The results of the present 
study demonstrated that CXCL12 induced the migration of 
OPCs via the CXCR4‑activated MEK/ERK and PI3K/AKT 
pathways.

According to a well‑established protocol, neonatal OPCs 
were separated by shaking and differential adhesion (27,28). 
The obtained OPCs were positive for NG2 and PDGFR‑α and 
were able to differentiate into mature oligodendrocytes, which 
were positive for O4 and MBP. In addition, it was observed that 
10 and 20 ng/ml CXCL12 significantly promoted the migra-
tion of OPCs in vitro, which is consistent with the results of a 
previous study (22). By contrast, another study demonstrated 
that CXCL12 inhibits the migration of OPCs and augments 
the differentiation of OPCs into mature oligodendrocytes (30). 
It has been reported that the expression of CXCR4 decreases 
gradually during the differentiation of OPCs (22). CXCR4, as a 
receptor of CXCL12, serves an important role in the migration 
of OPCs. As a result, when CXCL12 induced the differentiation 

Figure 3. Knockdown of CXCR4 inhibits the CXCL12‑induced migration of OPCs. (A) Western blot analysis demonstrated the expression of CXCR4 in the 
OPCs treated with vehicle (PBS), siRNAcon and each siRNA (siRNA1, siRNA2 and siRNA3). (B) Relative expression of CXCR4 in the OPCs treated with 
siRNA1, siRNA2 and siRNA3. (C) Transwell migration assay of OPCs treated with CXCL12 (20 ng/ml) and CXCR4 shRNA or shRNAcon. (D) Analysis of 
the migration data for each group. (E) Western blot analysis demonstrated the expression of CXCR4, p‑ERK, ERK, p‑AKT and AKT in the OPCs treated with 
CXCL12 (20 ng/ml) and CXCR4 shRNA or shRNAcon. GAPDH served as a loading control. (F) Group data for the relative expression of CXCR4. (G) Group 
data for the relative expression of p‑ERK. (H) Group data for the relative expression of p‑AKT. Data are presented as the mean ± standard deviation. n=3. *P<0.05. 
CXCL12, C‑X‑C motif chemokine ligand 12; CXCR4, C‑X‑C motif chemokine receptor 4; siRNA, small interfering RNA; con, control; shRNA, short hairpin 
RNA; OPCs, oligodendrocyte precursor cells; p, phosphorylated; ERK, extracellular signal‑regulated kinase; AKT, RAC‑α serine/threonine‑protein kinase.
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of OPCs, CXCL12 was insufficient in promoting the migra-
tion of OPCs due to the downregulation of CXCR4. However, 
CXCL12 promoted the migration of OPCs in the present study 
as the OPCs were prevented from differentiating in the prolif-
eration medium. In addition, it was additionally demonstrated 
that knockdown of CXCR4 inhibited the CXCL12‑induced 
migration of OPCs in vitro. Dziembowska et al (22) also 
demonstrated that CXCR4‑/‑ mice exhibit defective migration 
of OPCs in vivo. This suggests that CXCL12 may induce the 
migration of OPCs through CXCR4.

Furthermore, the present study demonstrated that the 
MEK/ERK and PI3K/AKT pathways were downstream of 
CXCL12/CXCR4. Treatment with CXCL12 was able to activate 
the MEK/ERK and PI3K/AKT pathways, while knockdown 
of CXCR4 inhibited the MEK/ERK and PI3K/AKT path-
ways. Using high‑throughput quantitative phosphoproteomic 
analysis, Yi et al (31) demonstrated that the MEK/ERK 
pathway is downstream of CXCL12/CXCR4 in breast cancer 
stem cells. Notably, specific inhibitors of the MEK/ERK and 
PI3K/AKT pathways significantly reduced the migration of 
OPCs, which supported the hypothesis that the MEK/ERK 
and PI3K/AKT pathways were involved in the migration of 
OPCs. This finding was in agreement with previous results 
demonstrating that the CXCL12/CXCR4‑activated MEK/ERK 
and PI3K/AKT pathways regulated the migration of cancer 
cells (24-26,32,33). Considering the fact that CXCL12/CXCR4 
increases the phosphorylation of a number of cell migra-
tion‑ and invasion‑associated proteins in breast cancer stem 
cells (31), there may be other pathways involved in the 
CXCL12/CXCR4‑induced migration of OPCs.

Taken together, the results of the present study confirmed 
that CXCL12 induces the migration of OPCs through the 

CXCR4‑activated MEK/ERK and PI3K/AKT pathways. This 
study provides an experimental basis for the improved under-
standing of the CXCL12-induced migration of OPCs, which is 
of translational importance in improving remyelination.
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