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Abstract. Mesenchymal stem cells (MSCs) are able to 
differentiate into adipocytes, chondroblasts or cartilage under 
different stimulation conditions. Identifying a mechanism that 
triggers the differentiation of MSCs into cartilage may help 
the development of novel therapeutic approaches for hetero-
topic ossification, the pathological formation of lamellar bone 
in soft tissue outside the skeleton that may lead to debilitating 
immobility. Bone morphogenetic proteins (BMPs), including 
BMP-7, are the most potent growth factors for enhancing bone 
formation. The current study aimed to understand the poten-
tial involvement of the Wnt/β-catenin signaling pathway in the 
BMP-7-induced growth of rabbit MSCs (rMSCs). Different 
concentrations of BMP-7 were applied to cultured rMSCs, 
and proliferation was evaluated by MTT assay. Changes in the 
phosphorylation state of glycogen synthase kinase (GSK)-3β, 
in addition to the expression levels of alkaline phosphatase, 
β-catenin and runt-related transcription factor 2 were observed 
by western blot analysis. Following treatment with BMP-7, the 
phosphorylation of GSK-3β was stimulated and the expression 
of β-catenin, ALP and Runx2 was increased. Furthermore, 
inhibiting β-catenin signaling with XAV-939 suppressed 
the BMP-7-mediated changes. The results indicated that the 
BMP-7-induced differentiation of rMSCs into cartilage was 
promoted primarily by the Wnt/β-catenin pathway.

Introduction

Heterotopic ossification is the pathological formation of 
lamellar bone in the soft tissue outside the skeleton (1). 

Heterotopic ossification occurs frequently following severe 
head injury, spinal injury, non-traumatic intracranial lesions 
and long‑term coma, and the etiology of heterotopic ossification 
has been classified as neurogenic, traumatic and hereditary (2). 
It is a debilitating condition as soft tissues, such as muscle, 
tendon and ligaments convert into cartilage and bone, leading 
to immobility (3). Heterotopic ossification typically occurs 
following severe head injury, spinal injury, non-traumatic 
intracranial lesion and long-term coma. However, the occur-
rence of excessive, symptomatic heterotopic ossification 
bilaterally around the hips and knees is rarely described in the 
literature (2).

In the recovery from articular cartilage injury, the carti-
lage exhibits little capacity for self-repair and regeneration (4). 
Bone marrow-derived mesenchymal stem cells (BMSCs) are 
able to facilitate the regeneration of cartilage (5). Studies using 
animal models have demonstrated that transplanted BMSCs 
are able to improve the repair of damaged bone, tendons and 
ligaments in vivo (6,7).

The most potent growth factors for enhancing bone forma-
tion are the bone morphogenetic proteins (BMPs), including 
BMP-7 and BMP-2 (8). BMP-7 induces osteoblast-like genes 
and matrix mineralization in primary mesenchymal stem cell 
(MSC) cultures. The appropriate biological and mechanical 
properties of scaffold materials are important in the attach-
ment and differentiation of MSCs (9).

Wnt/β-catenin signaling is activated following the binding 
of Wnt ligands to the frizzled family of receptors (10). 
β-catenin signaling helps to regulate the differentiation of 
pluripotent stem cells into the cartilage lineage during fracture 
healing (11). Wnt signaling regulates the development of carti-
lage from MSCs and improves the efficiency of bone tissue 
engineering. Fromigue (12) previously demonstrated that the 
Wnt signaling pathway was involved in strontium-induced 
proliferation and differentiation of murine cartilage.

As Wnt/β-catenin signaling is important in cartilage 
development, the present study supplemented the cartilage 
differentiation culture media of rabbit MSCs (rMSCs) with 
BMP-7 to activate Wnt/β-catenin signaling. The results of 
the current study provide novel insights into the mechanism 
by which BMP-7 regulates the differentiation of MSCs into 
cartilage through the Wnt/β-catenin signaling pathway.
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Materials and methods

Reagents. BMP-7 was purchased from Sigma-Aldrich (Merck 
KGaA, Darmstadt, Germany). Antibodies targeting β-actin (cat 
no. 12262), GAPDH (cat no. 5174) alkaline phosphatase (ALP; 
cat no. 8681), runt-related transcription factor 2 (Runx2; cat 
no. 8486), cluster of differentiation (CD)34 (cat no. 3569), CD44 
(cat no. 3516), β-catenin (cat no. 11887), glycogen synthase 
kinase 3β (GSK3β; cat no. 94331) and phosphorylated-GSK3β 
(cat no. 9322) and peroxidase-conjugated secondary antibody 
against immunoglobulin (Ig)G (cat no. 9087) were purchased 
from Cell Signaling Technology, Inc. (Danvers, MA, USA). 
β-catenin signaling inhibitor XAV-939 was purchased from 
Sigma-Aldrich (Merck KGaA).

Isolation and culture of rMSCs. The rMSCs were obtained 
from a male neonatal New Zealand white rabbit (0.75 kg, 
1 month old). Rabbits were allowed free access to food 
and water at 25˚C and 50‑60% humidity with a 12 h 
light/dark cycle. The rabbit was purchased from Vital River 
Laboratory Animal Technology Co., Ltd. (Beijing, China). 
The present study was carried out in strict accordance with 
the Guidelines on the Care and Use of Laboratory Animals 
issued by the Chinese Council on Animal Research and 
the Guidelines of Animal Care. Bone marrow (32 ml) was 
aspirated from the iliac crest of the rabbit following sacrifice. 
The bone marrow was flushed with low glucose Dulbecco's 
modified Eagle's medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) using a 1‑ml syringe. 
The bone marrow-PBS mixture (8 ml) was centrifuged for 
5 min at 1,200 x g and 20˚C (Labofuge 400R; Thermo Fisher 
Scientific, Inc.) and the supernatant was removed. Pellets 
were washed with PBS (8 ml) and centrifuged at 1,200 x g 
again. The resultant cells were plated in a culture dish, 
and incubated at 37˚C with 5% CO2 for 4 days. The animal 
protocol was approved by the Inner Mongolia Medical 
University Experimental Animal Management Committee 
(Inner Mongolia, China).

3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑diphenyltertrazolium 
bromide (MTT) assay. To determine the cell growth 
percentage, an MTT assay was performed. Cells were 
subsequently divided into the following groups: Control cells 
and BMP‑7‑treated cells (final concentration 400, 500, 600, 
700 or 800 ng/ml). Cells in the BMP-7 groups were grown 
in 96-well plates (1x103 cells/well, 37˚C for 1, 2, 3, 4, 5 and 
6 days) supplemented with different concentrations of BMP-7 
(400, 500, 600, 700 or 800 ng/ml). Control cells were stored in 
DMEM containing 0.1% dimethyl sulfoxide (DMSO). At 1, 2, 
3, 4, 5 and 6 days following BMP-7 treatment, a total of 20 µl 
of MTT was added to each well to give final concentration 
of 0.5%. Cells were incubated for 4 h at 37˚C in the dark and 
150 µl DMSO was added to each well for 10 min to dissolve 
the formazan crystals. The absorbance was measured using a 
microplate reader (EXL800; Cole-Parmer, Vernon Hills, IL, 
USA) at 490 nm. All experiments were repeated three times. 
The viability of the BMP-7 treated cells was expressed as the 
percentage of population growth plus the standard error of 
the mean relative to that of untransfected control cells. Cell 
growth was calculated as follows: growth percentage = (mean 

experimental absorbance-mean control absorbance)/mean 
control absorbance x100.

Immunofluorescence. The rMSCs, were fixed in 3.7% para-
formaldehyde at room temperature for 30 min. rMSCs were 
then blocked with 1% bovine serum albumin (Hyclone; GE 
Healthcare Life Sciences, Logan, UT, USA) in PBS with 
10% goat serum (Sigma‑Aldrich; Merck KGaA) overnight at 
4˚C. The samples were subsequently incubated with primary 
antibodies (CD44, 1:500, and CD34, 1:800) diluted in PBS at 
37˚C for 2 h. Primary antibody binding was detected using 
an IgG (H+L) secondary antibody (cat no. 9087; 1:2,000; Cell 
Signaling Technology, Inc.) at 37˚C for 1 h. The fluorescence 
images were captured using a fluorescence microscope.

Western blot analysis. Total proteins were extracted from 
rMSCs using a Beyotime Cell Protein Extraction kit (Beyotime 
Institute of Biotechnology, Haimen, China) according to the 
manufacturer's protocol. Proteins (20 µg) were separated by 
12% SDS‑PAGE and transferred to nitrocellulose membranes 
for immunoblotting. Membranes were blocked with 5% 
fat-free milk for 30 min at room temperature in PBS buffer 
containing 0.1% Tween‑20, and subsequently incubated with 
primary antibodies against β-actin (1:2,000), ALP (1:800), 
Runx2 (1:1,000), β-catenin (1:1,500), GSK3β (1:1,000) 
and phosphorylated-GSK3β (1:8,00) overnight at 4˚C. The 
membranes were subsequently washed three times with PBS, 
and then incubated with peroxidase-conjugated secondary anti-
bodies IgG (cat no. 9087; 1:4,000; Cell Signaling Technology, 
Inc.) at 37˚C for 1 h. ECL reagents were used to visualize the 
results (Pierce; Thermo Fisher Scientific, Inc.; cat no. 32132).

Cartilage dif ferentiation. The rMSCs were plated at 
a density of 5,000 cells/cm2 and exposed to standard 

Figure 1. Identification of rMSCs. (A) Immunofluorescence of cell markers, 
CD44 and CD34, in cultured rMSCs. Scale bar, 25 µm. (B) Cellular prolifera-
tion during the second to fifth cell passages (as determined at an absorbance of 
570 nm). CD, cluster of differentiation; rMSCs, rabbit mesenchymal stem cells.
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differentiation-inducing media (cat no. D4902; Sigma-Aldrich; 
Merck KGaA) for 21 days. The medium (10 mg/ml trans-
forming growth factor b1 and BMP-7) was refreshed twice 
per week. Cartilage differentiation was achieved following 
standard in vitro protocols (13). Endothelial differentiation 
was stimulated by culturing the cells in endothelial growth 
medium‑2 (Sigma‑Aldrich; Merck KGaA) at 37˚C for 2 h.

Statistical analysis. One-way analysis of variance was used 
to complete the statistical analysis with GraphPad Prism 
version 5 software (GraphPad Software, La Jolla, CA, 
USA). Unpaired Student's t‑tests were used as appropriate to 
evaluate the statistical significance of differences between 
two group means. Data are presented as the mean ± standard 
deviation. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Identification of rMSCs. The morphology of the rMSCs was 
observed using a microscope. On day 10, cells reached 80% 
confluence. To identify the rMSCs, the expression of CD34 
and CD44 was evaluated. Observation under a fluorescence 
microscope detected no expression of CD34, but CD44 was 
observed as green fluorescence (Fig. 1A).

From the second to the fifth cell passages, the growth 
status was analyzed. As presented in Fig. 1B, the cells 
demonstrated the greatest ability to proliferate in the third 
passage (P<0.05).

Optimal concentration and time for BMP‑7‑induced effects 
on the differentiation of rMSCs into cartilage. The optimal 
concentration and application time of BMP-7 in the differ-
entiation of rMSCs into cartilage were investigated. Fig. 2 
presents the expression levels of Runx2 (Fig. 2A) and 
ALP (Fig. 2B) on days 0, 2, 4 and 6 with BMP-7 concentra-
tions of 100, 200, 300, and 400 ng/ml. The highest expression 

Figure 2. Effect of differing concentrations of BMP-7 on the expression of Runx2 and ALP protein with 0, 2, 4 and 6 days of BMP-7 treatment. (A) Western 
blot of Runx2 and (B) expression levels (gray scale values) of Runx2. (C) Western blot of ALP and (D) expression levels (gray scale values) of ALP. BMP-7, 
bone morphogenetic protein-7; Runx2, runt-related transcription factor 2; ALP, alkaline phosphatase.

Figure 3. Expression of β-catenin protein following 0, 2, 4 and 6 days of 
bone morphogenetic protein-7 treatment. (A) Western blot of β-catenin and 
(B) expression levels (gray scale values) of β-catenin. *P<0.05 vs. day 0, 
#P<0.05 vs. day 2.
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level for both Runx2 and ALP was observed on day 4 with 
200 ng/ml BMP-7.

BMP‑7 promotes the differentiation of rMSCs into cartilage 
via the Wnt/β‑catenin pathway. To identify the signaling 
pathway through which BMP-7 acts to promote the differentia-
tion of rMSCs into cartilage, cells were treated with 200 ng/ml 
of BMP-7 for 0, 2, 4 and 6 days, and the expression level of 

β-catenin was examined by western blotting on days 0, 2, 4 
and 6 (Fig. 3A). The results shown in Fig. 3B indicate that the 
expression of β‑catenin was significantly increased on day 4 
and 6, compared with that on days 0 and 2 (P<0.05; Fig. 3B). 
The phosphorylation of GSK-3β was also detected by western 
blotting (Fig. 4A), and was found to be increased on days 4 and 
6 compared with days 0 and 2 (Fig. 4B).

To verify that BMP-7 promotes the differentiation of 
rMSCs into cartilage via the Wnt/β-catenin pathway, the 
β-catenin signaling inhibitor XAV-939 (1.0 µM) was used 
to inhibit Wnt/β-catenin activity. Following the addition of 
XAV-939, the cells were treated with BMP-7 for 0, 2, 4 and 
6 days. The phosphorylation of GSK-3β in the presence of 
XAV-939 (Fig. 5A and B) was decreased compared with that 
measured in the absence of XAV-939. In addition, the expres-
sion levels of ALP and Runx2 were also decreased in the 
presence of XAV-939 (Fig. 5C and D) compared with those 
in its absence.

Discussion

Identification of a trigger for the differentiation of rMSCs 
into cartilage may assist the development of novel therapeutic 
approaches for the treatment of heterotopic ossification (14). 
The present study demonstrates that BMP-7 promoted the 
differentiation of rMSCs into cartilage via the Wnt/β-catenin 
pathway.

The CD44 and CD34 markers to identify the rMSCs 
were verified via immunofluorescence (15). Observation 
under a fluorescence microscope indicated that there was no 
expression of CD34, whereas CD44 was clearly expressed. 
Cell surface markers are key to identifying BMSCs (16). 

Figure 5. Effect of β-catenin signaling inhibitor XAV-939 on rMSCs. (A) Western blot analysis demonstrating the expression levels of p-GSK3β (ser9) and 
GSK3β. (B) Expression levels (gray scale values) for p-GSK3β/GSK3β. (C) Protein expression levels of Runx2 and ALP, determined by western blot analysis. 
(D) Expression levels (gray scale values) for the expression level of Runx2 and ALP. rMSC, rabbit mesenchymal stem cells; GSK3β, glycogen synthase 
kinase 3β; p, phospho; Runx2, runt-related transcription factor 2; ALP, alkaline phosphatase.

Figure 4. Expression of p-GSK3β (ser9) and GSK3β protein levels following 
0, 2, 4 and 6 days of 200 ng/ml BMP-7 treatment. (A) Western blot analysis 
of p-GSK3β (ser9) and GSK3β expression and (B) expression levels (gray 
scale values) of p-GSK3β/GSK3β expression. GSK3β, glycogen synthase 
kinase 3β; p, phospho; BMP-7, bone morphogenetic protein-7.
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The BMSC preparations in the present study were posi-
tive for CD44 and negative for hematopoietic markers and 
endothelial markers such as CD34. Immunofluorescence 
confirmed that all cells were positive for expressions of 
CD44 and negative for CD34, thus confirming BMSCs. 
The optimal BMP-7 concentration and application time 
for the differentiation rMSCs into cartilage in vitro was 
investigated, and was found to be 200 ng/ml BMP-7 with 
4 days incubation.

Furthermore, the mechanism and signaling pathway by 
which BMP-7 promotes the differentiation of rMSCs was 
evaluated. The Wnt/β-catenin pathway serves an important 
role in cell activity (15). The results suggested that BMP-7 
promoted rMSC differentiation via the Wnt/β-catenin 
pathway. Following 4 days of treatment with BMP-7 
(200 ng/ml), phosphorylation of GSK-3β was stimulated and 
the expression of β-catenin, ALP and Runx2 was increased. 
Previous studies have reported that PI3K-activated Akt is 
able to phosphorylate GSK-3β at Ser9, thereby inactivating 
GSK-3β and triggering related signaling pathways (17,18). 
Furthermore, inhibiting β-catenin signaling with XAV-939 
suppressed the BMP-7-mediated changes observed in the 
rMSCs. In recent years, GSK-3β has been reported to serve 
important roles in regulating osteoblast differentiation (17). 
Several researchers have shown that inhibition of GSK-3β 
promotes osteogenic differentiation of mesenchymal 
progenitors but not adipogenic differentiation (17) and 
found that GSK-3β inactivation upon receptor activator of 
NF-kB ligand (RANKL) stimulation is crucial for osteoclast 
differentiation (18). The present study has limitations. For 
instance, only the Wnt/β-catenin pathway was considered; 
future studies should investigate additional cell pathways. 
The results of the present study demonstrate that BMP-7 
accelerates the differentiation of rMSCs into cartilage via the 
Wnt/β‑catenin pathway. These findings may provide a basis 
for the development of BMP-7 treatments for patients with 
cartilage degeneration.
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