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Abstract. The present study aimed to determine whether 
co-culture with bone marrow-derived endothelial progenitor 
cells (EPCs) affects the proliferation and differentiation 
of spinal cord-derived neural stem cells (NSCs), and to 
investigate the underlying mechanism. The proliferation 
and differentiation of the NSCs were evaluated by an MTT 
cell proliferation and cytotoxicity assay, and immunofluo-
rescence, respectively. The number of neurospheres and the 
number of β-tubulin III-positive cells were detected by 
microscopy. The wingless-type MMTV integration site 
family, member 3a (Wnt3a)/β-catenin signaling pathway 
was analyzed by western blot analysis and reverse transcrip-
tion-quantitative polymerase chain reaction to elucidate the 
possible mechanisms of EPC-mediated NSC proliferation 
and differentiation. The results revealed that co-culture 
with EPCs significantly induced NSC proliferation and 
differentiation. In addition, co-culture with EPCs markedly 
induced the expression levels of Wnt3a and β-catenin and 
inhibited the phosphorylation of glycogen synthase kinase 
3β (GSK-3β). By contrast, Wnt3a knockdown using a short 
hairpin RNA plasmid in the EPCs reduced EPC-mediated 
NSC proliferation and differentiation, accompanied by inhi-
bition of the EPC-mediated expression of β-catenin, and its 
phosphorylation and activation of GSK-3β. Taken together, 
the findings of the present study demonstrated that Wnt3a 
was critical for EPC-mediated NSC proliferation and differ-
entiation.

Introduction

Spinal cord injury causes severe neurological dysfunction, 
which affects patients and their families as it requires 
substantial long-term healthcare expenditure and leads to 
permanent deprivation in quality of life (1). Following spinal 
cord injury, neural stem cells (NSCs) at the site of damage 
proliferate and differentiate into several neural cell types, 
including neurons, astrocytes and oligodendrocytes, which 
are important in cell-replacement therapy for neurological 
dysfunction (2). NSCs are considered to be a potential cell 
therapy for reconstruction and regeneration of the brain and 
spinal cord following injury (3). The transplantation of NSCs 
into the injured sites can potentially replace lost cells and 
become involved in anatomical regeneration (4,5). However, 
which of the cell types the NSCs differentiate into, and 
the proportion, determines patient prognosis, and the poor 
proliferation rate of NSCs has limited the practical use of 
NSC-based therapy (4).

There is increasing evidence that endothelial progenitor 
cells (EPCs) contribute to angiogenesis by promoting migra-
tion and proliferation (6). In addition, EPCs contribute directly 
and indirectly to neovascularization, and are incorporated into 
injured vessels to become mature endothelial cells in response 
to tissue injury, which improves clinical outcomes in patients 
with ischemic disease (6,7). It has been shown that patients 
with spinal cord injury have high levels of circulating bone 
marrow-derived EPCs, and chemoattractive and proangio-
genic cytokines in their blood within the first day of illness (8). 
A close association between NSCs and vascular cells in the 
adult central nervous system has been shown in the ‘vascular 
niche’ (9). A previous study demonstrated that the transplanta-
tion of EPCs promotes astrogliosis and functional recovery 
following spinal cord injury (10). However, the behavior of 
EPCs on NSCs and their underlying mechanism remain to be 
fully elucidated.

The present study aimed to determine whether co-culture 
with bone marrow-derived EPCs affects spinal cord-derived 
NSC proliferation and differentiation. The data obtained in 
the present study is the first, to the best of our knowledge, 
to demonstrate that co-culture with bone marrow-derived 
EPCs promoted the proliferation and differentiation of 
spinal cord-derived NSC, at least in part, via modulation of 
the wingless-type MMTV integration site family, member 
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3a (Wnt3a)/β-catenin signaling pathway. In conclusion, the 
results provided novel molecular insight into EPC-mediated 
neurogenesis during the repair of spinal cord injury.

Materials and methods

Animals. All animal procedures were approved by the Animal 
Ethics Committee of the Institutional Animal Care and Use 
Committee of Anhui Medical University (Hefei, China), in 
accordance with the Guide for the Care and Use of Laboratory 
Animals in China (11). Bone marrow progenitor cells were 
harvested from male Sprague-Dawley (SD) rats (90-120 g; 
n=25). NPCs were harvested from newborn SD rats (5-7 days 
old; n=60). They were kept in a specific pathogen free envi-
ronment at 22±1˚C under a 14/10 h light-dark cycle with free 
access to food and access to water under controlled environ-
mental conditions.

Materials. Endothelial basal medium (EBM)-2 and EGM-2 
Single Quots, containing 10 ml fetal bovine serum (FBS), 
0.2 ml hydrocortisone, 2 ml human fibroblast growth 
factor (hFGF)-B, 0.5 ml vascular endothelial growth factor 
(VEGF), 0.5 ml R3-IGF-1, 0.5 ml ascorbic acid, 0.5 ml hEGF, 
0.5 ml GA-1000 and 0.5 ml heparin, were purchased from 
Clonetics (San Diego, CA, USA). Dulbecco's modified Eagle's 
medium/F12 (DMEM/F12) medium, FBS, B27 supplement and 
L-glutamic acid (L-glutamine) were purchased from Gibco; 
Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Basic (b)
FGF and epidermal growth factor (EGF) were purchased from 
Peprotech, Inc. (Rocky Hill, NJ, USA). The rat bone marrow 
lymphocyte isolation kit was purchased from Tianjin Hao Yang 
Biological Products Technology Co., Ltd. (Tianjin, China). Rat 
fibronectin was purchased from Gene Operation, Inc. (Ann 
Arbor, MI, USA); DiI‑labeled acetylated low‑density lipopro-
tein (Di1-Ac-LDL) and Lipofectamine 2000 were purchased 
from Invitrogen; Thermo Fisher Scientific, Inc. Fluorescein 
isothiocyanate UEA-1 (FITC-UEA-1), and poly-lysine were 
purchased from Sigma‑Aldrich; Thermo Fisher Scientific, Inc. 
Antibodies against VEGF receptor (VEGFR)-2, β-tubulin III, 
β-actin and nestin were purchased from Santa Cruz Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies against 
Wnt3a, phosphorylated (p)-glycogen synthase kinase 3β 
(GSK-3β), p-β-catenin, GSK-3β and β-catenin were purchased 
from Cell Signaling Technology, Inc. (Danvers, MA, USA). 
Antibody against CD133 was purchased from Biorbyt, Ltd. 
(San Fransisco, CA, USA). Rabbit anti‑glial fibrillary acidic 
protein antibodies were purchased from Abcam (Cambridge, 
UK). The recombinant plasmid, pEGFP-short hairpin (sh)
RNA-wnt3a, was purchased from Hefei Hao Xiang Biological 
Technology Co., Ltd (Anhui, China).

Isolation and culture of bone marrow‑derived EPCs. The SD 
rats (90‑120 g) were sacrificed with an excess of 10% chloral 
hydrate anesthesia, following which both femurs and tibias 
were surgically dissected. The bone marrow mononuclear 
cell population was isolated using a commercially available 
kit (R&D systems, Inc., Minneapolis, MN, USA), according to 
the manufacturer's protocol. The bone marrow mononuclear 
cells were then re-suspended in EBM-2 complete medium. 
To isolate the EPCs, the bone marrow mononuclear cells 

(5x105 cells/well) were plated on bovine fibronectin‑coated 
24‑well plates. The plates were incubated in 5% CO2 at 
37˚C. The medium was replaced every 3 days until the first 
passage cells were ~70% confluent (14 days). The EPCs were 
identified by the expression of cell surface markers, CD133 
and VEGFR‑2, using fluorescence microscopy. In addition, 
the uptake of fluorescent Dil-ac-LDL was evaluated using 
confocal microscopy. The binding of UEA-1 was determined 
using FITC-conjugated UEA-1.

Isolation and culture of spinal cord‑derived NSCs. Newborn SD 
rats (5‑7 days old) were sacrificed by cervical dislocation. The 
thoracolumbar spinal cord, stripped of soft meninges and blood 
vessels, were placed in ice-cold DMEM/F12 for further dissec-
tion. The spinal cord was cut it into sections measuring 1 mm3 
with ophthalmic scissors, and filtrated through a 200 mesh 
cell sieve following repeated pipetting turbid suspension. The 
dissociated cell suspension was centrifuged at 800 x g for 5 min 
at room temperature, and the pellet was seeded (1x106 cells/ml) 
into flasks containing DMEM/F‑12 with 2% B27, 20 ng/ml 
EGF, 10 ng/ml bFGF and 0.6 mg/ml L‑glutamine. The flasks 
were incubated in 5% CO2 at 37˚C. After 48 h, the medium was 
replaced the remove the non-adherent cells, and was replaced 
every 3 days thereafter. All the cells used in the experiments 
were obtained from passages 3‑10. The NSCs were identified 
by positive staining for nestin under a light microscope (Carl 
Zeiss Inc., Jena, Germany), a molecular marker for multi-
potent NSCs (12), which is required for the proliferation and 
self-renewal of NSCs. 

Plasmid transfection. The EPCs were transfected with the 
mouse wnt3a pEGFP-shRNA plasmid using lipofectamine 
2000 and Opti‑MEM medium (Invitrogen; Thermo Fisher 
Scientific, Inc.). Briefly, the EPCs were plated on 6‑well plates 
at 70‑80% confluence 24 h prior to transfection. The Wnt3a 
pEGFP-shRNA plasmid (2 µg), Lipofectamine 2000 (2 µl) 
and Opti-MEM were mixed and incubated at room tempera-
ture for 5 min. The plasmid-oligofectamine complexes were 
added to the cells for 24 h and the medium was replaced 
with fresh serum-free EGM-2 following transfection for 72 h. 
Transfection efficiency was determined by the percentage of 
GFP-positive cells. Knockdown of wnt3a was assessed using 
western blot analysis.

Immunofluorescence assessment. For the in vitro experi-
ments, the EPCs or NSCs were grown on glass slides in 6-well 
plates. The cells were fixed in 4% paraformaldehyde for 
30 min at room temperature. Immunostaining was performed 
using mouse monoclonal anti‑VEGR2 (1:150; Biorbyt, Ltd.), 
polyclonal rabbit anti-CD133 (1:150) and/or polyclonal rabbit 
anti‑nestin (1:150; Sigma‑Aldrich; Thermo Fisher Scientific, 
Inc.) and FITC-conjugated anti-rabbit or anti-mouse IgG (1:200; 
Sigma‑Aldrich; Thermo Fisher Scientific, Inc.) and tetra methyl 
rhodamyne iso-thiocyanate anti-rabbit or mouse IgG (1:200; 
Sigma‑Aldrich; Thermo Fisher Scientific, Inc.) secondary 
antibodies were utilized, and counterstaining for nuclei was 
performed using 2-(4-Amidinophenyl)-6-indolecarbamidine 
dihydrochloride. Immunofluorescence was visualized using a 
fluorescent microscope (Olympus Corporation, Tokyo, Japan). 
The results were based on three independent analyses.
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To determine the uptake of Dil-Ac-LDL and binding of 
FITC-UEA-1, the EPCs were incubated with Dil-Ac-LDL 
overnight at 37˚C, and fixed with 4% paraformaldehyde for 
20 min. The cells were then incubated with FITC-UEA-1 for 
1 h at 37˚C, and examined under a fluorescent microscope 
(Olympus Corporation).

EPC/NSC co‑culture assay. To investigate the effect of 
EPC co-culture on the differentiation and proliferation of 
NSCs, an EPC/NSC co-culture assay was performed, as 
described in a previous report (13) with minor modifica-
tions. The EPCs and NSCs were separately seeded into 
24-well (2x105 NSCs/well; 1x105 EPCs/insert) or 6-well 
(6x105 NSCs/well; 5x105 EPCs/insert) Transwell plates 
(0.4 µm pore‑size; Corning Costar, St Louis, MO, USA). The 
co-culture system was maintained in culture medium with 
DMEM/F12+ serum‑free EBM‑2 (1:1) in 5% CO2 at 37˚C. 
Following co-culture for 7 days, the cells obtained from the 
differentiated NSCs were fixed and labeled with the neuronal 
specific marker, β-tubulin III (14), and neuronal proteins 
were extracted for western blot analysis. Neuronal viability 
was measured using a 3-(4,5-dimethyl-thiazol-2-yl)-2,5-di-
phenyl-tetrazolium bromide (MTT) assay.

Cell proliferation assay. Following co-culture with EPCs 
for different periods of time, the viability of the NSCs was 
determined using an MTT Cell Proliferation and Cytotoxicity 
Assay kit (Beyotime Institute of Biotechnology, Haimen, 
China), according to the manufacturer's protocol. The cell 
viability was measured at 490 nm with a microplate reader 
(Tecan M200; Tecan Austria GmbH, Salzburg, Austria). NSC 
proliferation was measured using a BrdU cell proliferation kit 
(Roche, Mannheim, Germany), according to the manufactur-
er's protocol. The cell proliferation was measured at 450 nm 
with a microplate reader (Tecan M200; Tecan Austria GmbH).

Measurement of the numbers of neurospheres. In order to 
investigate the proliferation potential of the NSCs in the pres-
ence and absence of EPC co-culture, a neurosphere growth 
kinetics assay was performed, as described earlier. The NSC 
culture was passaged by gentle trituration, and the resulting 
single-cell suspension of NSCs was replated in a 12-well 
plate at a density of 5x104 cells/well for co-culture with or 
without EPCs. The number and diameter of the neurospheres 
were measured in all groups using an inverted phase-contrast 
microscope (Leica, Mannheim, Germany) and analyzed 
using Image J software (v1.50a, National Institutes of Health, 
Bethesda, MA, USA).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis. Total RNA was extracted from the 
differentiated NSCs using TRIzol (Takara Biotechnology 
Co., Ltd., Dalian, China). The total RNA was isolated and 
purified using an RNeasy minikit (Takara Biotechnology 
Co., Ltd.) with the addition of RNase-free DNase I (Takara 
Biotechnology Co., Ltd.). The total RNA (1 µg) was reverse 
transcribed using a one-step RT kit (Takara Biotechnology 
Co., Ltd.), and the resulting complementary DNA was 
used as a PCR template for determining the messenger 
RNA (mRNA) expression levels using a SYBR-Green 

Quantitative PCR kit (Takara Biotechnology Co., Ltd.) with 
the iCycler iQ system (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA). Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as the housekeeping gene. Relative 
expression was calculated using the ΔΔCq method (15). 
Quantification was performed using standard curves derived 
from the expression of the gene relative to that of GAPDH. 
The rat‑specific primers for Wnt‑3α, β-catenin and GAPDH 
were as follows (16): Wnt-3α, forward 5'-GCT ACT CGG CCT 
CCT GCT-3' and reverse 5'-GGC CAG AGA CGT GTA CTG 
CT‑3'; β-catenin, forward 5'-GAC CAC AAG CAG AGT GCT 
GA-3' and reverse 5'‑ACT CGG GTC TGT CAG GTG AG‑3'; 
GAPDH, forward 5'-AGG TTG TCT CCT GCG ACT TCA and 
reverse 5'-TGG TCC AGG GTC CAG GGT TTC TTA CTC C-3'.

Western blot analysis. Western blot analysis was performed, 
as previously described (17). Total lysis of the cells was 
conducted with RIPA buffers (Thermo Fisher Scientific, Inc.) 
and protein concentration was determined with a bicichoninic 
acid protein assay kit (Thermo Fisher Scientific, Inc.). Equal 
quantities (50 µg) of proteins were separated and transferred 
onto polyvinylidine difluoride membranes. The membranes 
were blocked with 5% non‑fat dried milk, following which the 
membranes were probed overnight at 4˚C with the following 
antibodies: Rabbit monoclonal anti-Wnt3a (Ab2721 1:1,000), 
rabbit monoclonal anti-p-GSK-3β (Ab5558; 1:2,000), rabbit 
monoclonal anti-p-β-catenin (Ab9561; 1:2,000), rabbit mono-
clonal anti-GSK-3β (Ab12456; 1:2,000), rabbit monoclonal 
anti-β-catenin (Ab4176; 1:2,000) or mouse monoclonal 
anti-β-actin (Ab3700; 1:2,000) (all from Abcam, Cambridge, 
MA, USA). This was followed by incubation with either 
horseradish peroxidase-conjugated goat anti-rabbit (ZB-2301) 
or anti-mouse antibody(ZB-2305) (1:5,000; Zhongshan 
Golden Bridge Biotechnology, Beijing, China) for 2 h at 
room temperature. Immunoreactive proteins were visualized 
using enhanced chemiluminescence, and signal intensity was 
detected and quantified using Alpha Imager (Alpha Innotech 
Corporation, San Leandro, CA, USA).

Enzyme‑linked immunosorbent (ELISA) assay. The level of 
VEGF in the medium of the EPCs was measured using a 
commercially available ELISA kit (R&D Systems Europe, 
Ltd., Abingdon, UK), according to the manufacturer's protocol. 
After 1, 3, 5, 7 and 14 days of culture, the cell supernatants 
were collected to measure the levels of VEGF in the medium. 
Each assay was repeated at least three times.

Statistical analysis. The results of the experimental investiga-
tions are expressed as the mean ± standard error of the mean. 
Differences between the mean values of multiple groups were 
analyzed using one-way analysis of variance with Tukey's test 
for post-hoc comparisons. All data analysis was performed 
with the use of GraphPad Prism 5 software (GraphPad 
Software, Inc., San Diego, CA, USA). P<0.05 was considered 
to indicate a statistically significant difference.

Results

Isolation and culture of bone marrow‑derived EPCs and 
spinal cord‑derived NSCs. Bone marrow mononuclear 
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cells were isolated by density gradient centrifugation; the 
isolated mononuclear cells were small and round in shape. 
After 24 h, a small number of adherent cells appeared. After 
7 days, a proportion of the mononuclear cells had become 
spindle-shaped. On day 14, the nearby colonies had fused 
with each other, exhibiting a larger cell monolayer with a 
cobblestone-like morphology (Fig. 1A). Certain EPCs formed 
linear cord-like structures during cultivation, which is consis-
tent with a previous report (18). The EPCs were identified by 
positive staining for VEGFR-2, an endothelial cell surface 
marker (Fig. 1C) and CD133, a progenitor cell surface antigen 
(Fig. 1D) (19). The EPCs are further identified by their ability 
to take up Dil-Ac-LDL and bind FITC-UEA-l (Fig. 1E and F).

A specific characteristic of spinal cord‑derived NSCs is 
the ability to self-renew. The ability to passage neurospheres 
clonally is an indicator of self-renewal. In the present study, 
only individual cells were observed 1 day post-seeding, with 
no cell spheres observed. The assembly of the neurospheres 
was slow and the spheres were relatively small. After 7-21 days 
of subculture, phase contrast microscopy indicated that neuro-
sphere formation had occurred (Fig. 1G). The neurospheres 

of the NSCs were identified by positive staining for nestin 
(Fig. 1H).

Co‑culture with EPCs promotes the proliferation and differ‑
entiation of NPCs. To assess the effects of co-culture with 
EPCs on the proliferation and viability of the NSCs, the NSCs 
were co-cultured with EPCs for different time periods and 
their viability was measured using an MTT assay. As shown 
in Fig. 2A, co‑culture with EPCs significantly increased the 
proliferation of the NSCs in a time-dependent manner. The 
effects of co-culture with EPCs on NSC proliferation were 
determined using a BrdU incorporation assay and neurosphere 
growth kinetic assay. Following co-culture with EPCs for 
7 days, the number of neurospheres was significantly increased 
(Fig. 2B). The co-culture with EPCs was accompanied by a 
significant increase in the number of BrdU+ cells, also in a 
time-dependent manner (Fig. 2C). In addition, co-culture 
with EPCs for 7 days significantly induced differentiation, 
as evidenced by the increase of β-tubulin III-positive cells 
(Fig. 2D). These results suggested that co-culture with EPCs 
significantly induced NSC proliferation and differentiation.

Figure 1. Isolation and culture of bone marrow-derived EPCs and spinal cord-derived NSCs. Images show bone marrow-derived EPCs (A) 14 days fol-
lowing isolation and (B) following DAPI staining. The (C) expression of vascular endothelial growth factor-2 and (D) CD133, the (E) uptake of DiI-labeled 
acetylated low‑density lipoprotein and (F) binding to fluorescein isothiocyanate UEA‑1 were analyzed. (G) Spinal cord‑derived NSCs 21 days following 
isolation, (H) expressing nestin and (I) following DAPI staining. Scale bar=50 µm. EPCs, endothelial progenitor cells; NSCs, neural stem cells; DAPI, 
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride.
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Co‑culture with EPCs induces act ivat ion of the 
Wnt3a/β‑catenin pathway in NSCs. Previous studies 
have identified that the Wnt/β-catenin pathway may be 
critical in the regulation of NSC proliferation and differen-
tiation (20,21). Therefore, the present study examined the 
effects of co-culture with EPCs on the gene and protein 
expression levels of the Wnt/β-catenin pathway in NSCs. The 
results of the RT-qPCR analysis showed that co-culture with 
EPCs significantly enhanced the gene expression levels of 
β-catenin and Wnt3a in the NSCs (Fig. 3A and B). The results 
of the western blot analysis further confirmed that co‑culture 
with EPCs significantly increased the expression levels of 
β-catenin and Wnt3a (Fig. 3C and D). Of note, co-culture 
with EPCs also significantly reduced the phosphorylation 
of GSK-3β (Fig. 3E). Thus, co-culture with EPCs activated 
the Wnt/β-catenin pathway and inhibited the activation of 
GSK-3β, which contributed to the promotion of NSC prolif-
eration and differentiation.

Wnt3a knockdown inhibits EPC co‑culture‑mediated NSC 
proliferation and differentiation. NSCs are functionally char-
acterized as cells with the capacity to proliferate, self-renew 
and produce populous progeny, which can differentiate into 
neurons, astrocytes and oligodendrocytes (22-24). To deter-
mine whether Wnt3a is essential in EPC co-culture-mediated 
NSC proliferation and differentiation, genetic inactivation 
was performed via the transfection of EPCs with Wnt3a 
shRNA. As shown in Fig. 4A, transfection with the Wnt3a 
shRNA plasmid markedly reduced the expression of Wnt3a 
in the EPCs (P<0.05). EPCs are one of source of angiogenic 
mediators (25). To examine the effect of Wnt3a knockdown 
on the secretory function of EPCs, the levels of VEGF were 
examined in the EPCs following Wnt3a knockdown. The 
results showed that Wnt3a knockdown had no effect on 
the production of VEGF in the EPCs following culture for 
different time periods (Fig. 4B). However, Wnt3a knock-
down in the EPCs significantly reduced EPC-mediated NSC 

Figure 2. Co-culture with EPCs promotes NSC proliferation and differentiation. (A) NSCs were seeded into 24-well plates and co-cultured with or without 
EPCs for the indicated time periods. (A) Cell viability of the NSCs was assessed using a 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 
assay. Values are expressed as the mean  ±  standard error of the mean (n=3). (B) Images showing the number of neurospheres (magnification, x100). (C) Cell 
proliferation of the NSCs was analyzed using a BrdU ELISA assay. (D) Images show NSC differentiation (β-tubulin III-positive cells). Values are expressed 
as the mean  ±  standard error of the mean (n=3). Scale bar=100 µm. *P<0.05, vs. NSCs alone. EPCs, endothelial progenitor cells; NSCs, neural stem cells.

  A   B

  C   D
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proliferation, as demonstrated by the BrdU incorporation 
assay, following co-culture for 7 days (Fig. 4C). Similarly, 
Wnt3a knockdown in the EPCs significantly decreased the 
number of NSC neurospheres in the co-culture system, 
detected using a neurosphere growth kinetic assay (Fig. 4D). 
In addition, following Wnt3a knockdown in the EPCs, 
β-tubulin III-positive staining was reduced in the co-culture 
system (Fig. 4E). Collectively, these results suggested that 
Wnt3a is critical for EPC-mediated NSC proliferation and 
differentiation in this co-culture system.

Wnt3a knockdown inhibits the activation of β‑catenin 
signaling in the co‑culture system. To further assess the 
function of Wnt3a signaling, the NSCs were co-cultured with 
EPCs with Wnt3a knockdown. As shown in Fig. 5A and B, 
the cellular gene and protein levels of β‑catenin were signifi-
cantly increased in the NSCs co-cultured with EPCs for 7 days 
(P<0.05), and were significantly decreased in the co‑culture 
system containing EPCs with Wnt3a knockdown. Wnt3a 
knockdown in the EPCs also markedly reduced the phos-
phorylation and nuclear translocation of β-catenin (Fig. 5C 
and D). Wnt3a knockdown in the EPCs markedly enhanced 
the phosphorylation of GSK-3β following co-culture for 7 days 

(Fig. 5E). These results demonstrated that Wnt3a/β-catenin 
signaling was responsible for the EPC-mediated NSC prolif-
eration and differentiation.

Discussion

The present study demonstrated that co-culture with EPCs 
promoted spinal cord-derived NSC proliferation and differ-
entiation, and that these effects were not observed following 
Wnt3a knockdown in the EPCs. The data further demonstrated 
that Wnt3a was critical for EPC-mediated NSC proliferation 
and differentiation through modulation of the β-catenin and 
GSK-3β signaling pathway.

Spinal cord injury is a serious threat to human health and 
quality of life. One option for treating spinal tissue damage 
includes the replacement of lost neuronal cells, and NSC trans-
plantation therapy offers the potential to promote the repair 
of neuronal loss and functional recovery of spinal cord-tran-
sected rats (26,27), as they have the capacity to differentiate 
into neurons and oligodendrocytes. However, the survival of 
transplanted NSCs is the primary problem associated with this 
therapy. The microenvironment may also affect the mecha-
nism by which transplanted NSCs induce proliferation and 

Figure 3. Co-culture with EPCs induces activation of the Wnt3a/β-catenin pathway in NSCs. Following co-culture for 7 days, reverse transcription-quantitative 
polymerase chain reaction analysis was used to analyze the mRNA levels of (A) β-catenin and (B) Wnt3a. GAPDH was used as the housekeeping gene. 
Western blot analysis was used to determine the protein levels of (C) β-catenin, (D) Wnt3a and (E) p-GSK3β. β-actin was used as a loading control. Values 
are expressed as the mean  ±  standard error of the mean (n=3). *P<0.05, vs. NSCs alone. EPCs, endothelial progenitor cells; NSCs, neural stem cells; Wnt3a, 
wingless‑type MMTV integration site family, member 3a; p‑GSK3β, phosphorylated glycogen synthase kinase 3β.
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differentiation to promote repair following spinal cord injury. 
Previous studies have shown that co-culture with certain 
cells, including glial cells, olfactory ensheathing cells (28) 
and mesenchymal stromal cells (29) can promote the neuro-
genesis of NSCs. Vascular endothelial cells also promote NSC 
self-renewal and neurogenesis (30). Endothelial cells secrete 
numerous factors, several of which have been implicated 
in regulating the germinal niche (31). In the present study, 
co‑culture with EPCs was found to significantly induce cell 
proliferation and the expression of nestin in the neurospheres, 
suggesting that co-culture with EPCs may have an effect on 
the microenvironment and enhance the proliferation of NSCs. 

In addition, the co-culture with EPCs markedly induced the 
differentiation of NSCs, which was consistent with previous 
reports that endothelial cells induce the differentiation of 
N0SCs into neurons and astrocytes (32,33). Taken together, 
the results of the present study indicated that co-culture with 
EPCs may stimulate NSC proliferation and differentiation via 
cell-cell communication.

The activation of Wnt/β-catenin signaling is a key 
factor in initiating and promoting neurogenesis due to its 
ability to selectively trigger the expression of a panel of 
neuronal-associated genes for NSC proliferation and differ-
entiation (34). However, inhibition of the Wnt/β-catenin 

Figure 4. Wnt3a knockdown inhibits EPC co-culture-mediated NSC proliferation and differentiation. (A) Following treatment with a Wnt3a shRNA plasmid, 
western blot and densitometric analyses were performed to determine the level of Wnt3a, β-actin was used as loading control. (B) Following Wnt3a knockdown 
for the indicated time periods, the levels of VEGF released in the EPCs were determined. After 7 days co-culture with the EPCs, the (C) proliferation of the 
NSCs, the (D) number of neurospheres (magnification, x100) and (E) differentiation of NSCs were determined. Scale bar=100 µm. Values are expressed as the 
mean  ±  standard error of the mean (n=3). *P<0.05, vs. NSCs alone; #P<0.05, vs. EPC co‑culture. EPCs, endothelial progenitor cells; NSCs, neural stem cells; 
Wnt3a, wingless‑type MMTV integration site family, member 3a; shRNA, short hairpin RNA.
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pathway reduces myelination and neurogenesis, which leads 
to cognitive dysfunction in rats (17). Therefore, to elucidate 
the mechanisms by which co-culture with EPCs promotes 
NSC proliferation and differentiation, the present study 
investigated the signaling pathway of the co-culture system. 
Several findings confirmed that the activation of Wnt3a/
β-catenin signaling by co-culture with EPCs was critical 
for EPC-mediated NSC proliferation and differentiation: 
i) Co-culture with EPCs markedly promoted NSC prolifera-
tion, the number of neurospheres and NSC differentiation, 
which was accompanied by increased mRNA and protein 

expression levels of β‑catenin and Wnt3a; ii) Wnt3a knock-
down in the EPCs decreased the proliferation of NSCs, the 
number of neurospheres and the differentiation of NSCs in 
the co-culture system. Wnt3a knockdown in the EPCs elimi-
nated the EPCs-mediated increase in the mRNA and protein 
expression levels of β-catenin and Wnt3a, and reversed the 
EPC-mediated phosphorylation and nuclear translocation 
of β-catenin, which was in accordance with a previous 
report (35); iii) co‑culture with EPCs reduced the phosphory-
lation of GSK-3β in the NSCs, and Wnt3a knockdown in the 
EPCs significantly increased the phosphorylation of GSK‑3β 

Figure 5. Wnt3a knockdown inhibits β-catenin signaling activation in the co-culture system. (A) Following co-culture with EPCs for 7 days, reverse 
transcription-quantitative polymerase chain reaction analysis was used to determine the mRNA levels of β-catenin. GAPDH was used as the house-
keeping gene. Western blot analysis was used to determine the protein levels of (B) β-catenin, (C) p-β-catenin, (D) nuclear β-catenin and (E) p-GSK-3β, 
β-actin was used as a loading control. Values are expressed as the mean  ±  standard error of the mean (n=3). *P<0.05, vs. NSCs alone; #P<0.05, vs. 
EPC co‑culture. EPCs, endothelial progenitor cells; NSCs, neural stem cells; GSK3β, glycogen synthase kinase 3β; p‑, phosphorylated; shRNA, short 
hairpin RNA.
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in the co-culture system. GSK-3β, a multifunctional protein 
kinase, acts as a key and negative regulator of the classical 
Wnt/β-catenin signaling pathway, and is responsible for the 
phosphorylation and downregulation of β-catenin (36,37). 
Taken together, the results of the present study demonstrated 
that Wnt3a/β-catenin was critical in EPC-mediated NSC 
proliferation and differentiation.

In conclusion, the results of the present study suggested 
that co-culture with EPCs promoted the proliferation and 
differentiation of NSCs through modulation of the Wnt3a/
β-catenin and GSK-3β signaling pathway. The present study 
provided molecular insight into the EPC-mediated effects of 
neurogenesis during the process of repair following spinal 
cord injury.
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