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Abstract. Mesenchymal stem cells (MSCs) have the ability 
of differentiating into osteoblasts. Elucidating the molecular 
mechanisms of MSC differentiation into osteoblasts may 
provide novel therapeutic strategies for bone‑related diseases. 
Increasing evidence has confirmed that Wnt signaling plays the 
key role in osteoblast differentiation; however, the role of indi‑
vidual Wnt proteins in osteogenesis needs to be investigated. 
The present study thus aimed to explore the role of Wnt7a in 
bone formation. For this purpose, human bone‑derived MSCs 
were identified by flow cytometry and the cell differentiation 
potential, including osteogenic and adipogenic differentiation 
was examined. In order to explore the role of Wnt7a in MSC 
osteogenic differentiation, Wnt7a expression was measured 
at the mRNA and protein level following treatment with the 
osteogenic inducer, bone morphogenetic protein (BMP)4/7, 
and following the induction of osteogenic or adipogenic 
differentiation. The ectopic expression of Wnt7a in MSCs was 
confirmed and its influence on MSC osteogenic differentia‑
tion was detected using osteocyte markers and by Alizarin 
Red S staining. Mechanistically, the influence of Wnt7a on 
Runt‑related transcription factor  2  (RUNX2) expression 
was examined at the mRNA and protein level. The regula‑
tory effects of Wnt7a on RUNX2 promoter activities were 
examined by promoter reporter assay, and by examining 

the binding of TCF1, a downstream target of Wnt, to the 
RUNX2 promoter by ChIP assay. The results revealed that the 
knockdown of Wnt7a in MSCs decreased the expression of 
osteocyte markers and inhibited osteogenic differentiation. In 
accordance, the overexpression of Wnt7a in MSCs increased 
the expression of osteocyte markers and promoted osteogenic 
differentiation. Mechanistically, the knockdown of Wnt7a in 
MSCs reduced RUNX2 expression and the overexpression of 
Wnt7a in MSCs promoted RUNX2 expression. Furthermore, 
it was confirmed that Wnt7a regulated RUNX2 promoter 
activities by promoter report assay, and by examining the 
binding of TCF1 to the RUNX2 promoter by ChIP assay. On 
the whole, the present study demonstrates that Wnt7a plays a 
key role in MSC differentiation into osteoblasts and the find‑
ings presented herein may provide a promising therapy target 
for bone‑related diseases.

Introduction 

Bone marrow (BM)‑derived mesenchymal stem cells (MSCs) 
are multipotent cells that have self‑renewal capabilities and 
multilineage differentiation potential including bone, fat, 
cartilage and muscle  (1). Understanding the process and 
molecular mechanisms of MSC differentiation to bone holds 
significant promise to provide new therapeutic strategy for 
bone‑related diseases (2‑5). To date, a number of clinical trials 
using MSCs for the treatment of bone‑related diseases have 
been performed (6‑9). A number of studies have focused on 
intrinsic transcription factors that regulate the differentiation 
of MSCs into osteocytes (10‑12). However, their therapeutic 
utility still requires a more in‑depth understanding of the 
molecular mechanisms that regulate MSC differentiation into 
osteoblasts.

There is evidence to suggest that Wnt signaling regulates 
osteoblast differentiation. The secreted glycoproteins, Wnts, 
and their receptors include at least 19 Wnts, 10 Fzd receptors, 
the two co‑receptors, low‑density lipoprotein receptor‑related 
protein (LRP)5/LRP6 and several inhibitors, such as 
Dickkopf (Dkk)s, Frizzled (Fz)‑related proteins (Frps) and 
Wif (13,14). The canonical Wnt signaling is where Wnt binds 
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to frizzled receptors and LRP‑5 and/or LRP‑6 co‑receptors, 
promotes disheveled activation, and then blocks the function 
of glycogen synthase kinase (GSK)‑3β (15). The inactiva‑
tion of GSK‑3β induces the cytoplasmic accumulation of 
β‑catenin, which translocates to the nucleus and activates 
T‑cell factor/lymphoid enhancer factor (TCF/LEF) family, 
leading to transcriptional activation of target genes  (16). 
Previous research has indicated that the homozygous Wnt1 
mutation gives rise to severe bone fragility and that the 
heterozygous Wnt1 mutation in family members tends to 
cause dominant early‑onset osteoporosis; four children 
with homozygous or heterozygous Wnt1 mutations treated 
with bisphosphonate exhibited increased bone mineral 
density (17‑20). In the study by Keller et al (21), the expression 
of Wnt5a significantly increased at day 7 and the expression 
of Wnt3a was observed at a later stage than that of Wnt5a 
during osteogenic induction. During mouse embryonic stem 
cell osteogenesis in vitro, the supplementation of Wnt5a from 
5 to 7 days significantly enhanced osteogenic yield, although 
treatment with Wnt5a for the duration of the osteogenic 
induction period inhibited osteogenesis. Treatment with 
Wnt3a inhibited osteogenic differentiation from 5 to 7 days, 
but enhanced osteogenesis from 7 to 9 days. These intriguing 
results confirmed that Wnt5a and Wnt3a act sequentially 
in the osteogenic differentiation of mouse embryonic stem 
cell (21). A previous study using an engineered mouse model 
revealed that activation of Wnt7b dramatically enhanced 
bone mass (22). These results suggested the role of individual 
Wnts in osteogenic differentiation and bone formation; this 
warrants further investigations.

Of note, various individual Wnts have displayed distinct 
expression patterns in different bones. Wnt10b is expressed 
in all bones, whereas Wnt4 expression is higher in the 
trabecular endosteum, and Wnt7b is highly expressed in the 
perichondrium, indicating that there are various individual Wnt 
functions in different bones (23). In ST2 cells or 3T3‑L1 cells, 
the overexpression of Wnt10a and Wnt10b has been shown 
to inhibit adipogenesis and promote osteogenesis; however, 
the depletion of Wnt6 increased adipocyte differentiation 
and reduced osteogenesis compared with the knockdown of 
Wnt10a or Wnt10b (24). These previous findings demonstrate 
that further research is required to focus on clarifying the 
roles of individual Wnts in osteogenic differentiation and bone 
formation.

Previously, msh homeobox 2 (Msx2) was found to be a 
regulator of osteogenic differentiation, and to upregulate 
Wnt7a expression; the knockdown of Wnt7a significantly 
reduced Msx2‑induced alkaline phosphatase (25). To further 
explore the role of Wnt7a in the differentiation of MSCs 
into osteocytes, the present study examined the expression 
of Wnt7a in MSCs subjected to osteogenic‑ and adipo‑
genic‑induced differentiation. It was found that osteogenic 
induction medium increased Wnt7a expression, whereas 
adipogenic medium downregulated Wnt7a expression. The 
knockdown of Wnt7a in MSCs impaired osteogenic commit‑
ment in vitro and the enforced expression of Wnt7a in MSCs 
enhanced osteocyte formation in vitro. Mechanistically, it 
was found that Wnt7a significantly upregulated the expres‑
sion of the osteogenic regulator, Runt‑related transcription 
factor 2 (RUNX2).

Materials and methods

Ethics statement. Human bone tissues were obtained from 
following the orthopedic surgery of five 20‑ to 30‑year‑old 
male patients in 2016 at the Department of Orthopedics of the 
Affiliated Hospital of Guiyang Medical University. All experi‑
ments and protocols were approved by the Ethics Committee 
of Guizhou Medical University. Each patient provided written 
informed consent prior to the preparation of the bone tissues.

Cells and cell culture. Aseptic bone samples were minced with 
blades and then transferred to a digestion medium containing 
200 U/ml collagenase I (Sigma‑Aldrich; Merck KGaA) for 
2 h at 37˚C with intermittent agitation. The cell suspension 
was filtered through a 40‑µm strainer (BD Biosciences) and 
rinsed with D‑Hanks solution twice. The cells were cultured in 
DMEM containing 10% fetal bovine serum (FBS), 100 U/ml 
penicillin and 100 µg/ml streptomycin. MSCs were used in the 
6th passage. MSCs were treated with 150 ng/ml bone morpho‑
genetic protein (BMP)4/7 (R&D Systems) for 24 h and mRNA 
levels were determined by reverse transcription‑quantitative 
PCR (RT‑qPCR) at 24 h and protein levels by western blot 
analysis at 48 h as previously described (26).

Vector construction and viral infection. shRNA was 
purchased from Sigma‑Aldrich; Merck KGaA and the target 
sequence for shWnt7a was as follows: 5'‑CGT​GCT​CAA​GGA​
CAA​GTA​CAA‑3'. Viral synthesis was performed according 
to manufacturer's instructions. Briefly, 2 µg the shWnt7a or 
control vector were co‑transfected with the packaging vectors, 
2 µg psPAX2 and 1 µg pMD2G, into 293T cells (ATCC) in 
each well of a 6‑well plate. For viral infection, cells were 
plated overnight and the MSCs were then infected in the pres‑
ence of 8 µg/ml polybrene for 6 h. The cells were selected 
with 2 µg/ml puromycin for 2 days. The sequence encoding 
human Wnt7a was amplified by RT‑qPCR (primers: 5'‑TTG​
GCG​CGC​CGC​CAC​CAT​GAA​CCG​GAA​AGC​GCG​GCG‑3' 
and 5'‑CCT​TAA​TTA​ATC​ACT​TGC​ACG​TGT​ACA​TCT‑3') 
from pcDNA‑Wnt7A‑V5 (Addgene)  (27) and inserted into 
the AscI/PacI sites of pCDF1‑MCS2‑EF1‑copGFP  (SBI). 
pCDF1‑Wnt7a or pCDF1 were co‑transfected with packaging 
vector pFIV34N and pVSV‑G overnight. At 48 h following 
transfection, the virus was collected and used to infect the 
MSCs in the presence of 8 µg/ml polybrene for 6  h. The 
Wnt7a‑positive cells were isolated by FACS analysis using 
GFP. Briefly, 1x106 pC DF1‑Wnt7a or pC DF1 infected MSCs 
were digested by 0.05% trypsin/0.02%.

EDTA and filtered with a 40 µm strainer. The cells were 
rinsed 3 times by D‑Hanks and sorted using a BD FACSAria III 
cell sorter. The sorted cells were cultured in a 6‑cm culture 
dish (Corning, Inc.).

Immunofluorescence staining. MSCs were fixed in 4% PFA 
at room temperature for 15 min and permeabilized with 0.5% 
Triton X‑100 for 5 min. The cells were blocked with 2.5% goat 
serum for 1 h and then stained with 1:200 anti‑Ki‑67 mouse 
monoclonal antibody (M7240; Dako; Agilent Technologies, 
Inc.) overnight at 4˚C. Antibody binding was visualized by 
incubation with a FITC‑conjugated goat anti‑mouse secondary 
antibody (1:200, sc‑2010; Santa Cruz Biotechnology, Inc.) at 
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room temperature for 1 h. Mouse IgG2a (1:200, sc‑2856; Santa 
Cruz Biotechnology, Inc.) was used as the isotype control 
for Ki‑67 antibody and FITC‑conjugated goat anti‑mouse 
antibody (1:200, sc‑2010; Santa Cruz Biotechnology, Inc.) 
as a negative control to assess non‑specific binding of the 
secondary antibody. MSCs were then stained with DAPI at 
room temperature for 3 min and imaged using an Olympus 
BX51 fluorescence microscope. 

Flow cytometry. MSCs were digested with 0.05% trypsin/ 
0.02% EDTA and filtered with a 70‑µm strainer. The cells 
were blocked with 2.5% goat serum for 30 min and stained 
with anti‑CD44 (555478), ‑CD90 (561969), ‑CD105 (561443), 
‑CD34 (555821) and ‑CD45 (555482) antibodies at a dilution 
of 1:200 for 45 min. Rat IgG2a was used as an isotype control. 
All antibodies were directly conjugated to FITC and obtained 
from BD Biosciences. MSCs were rinsed 5 times and analyzed 
on an Epics XL flow cytometer (Beckman Coulter, Inc.). 

Alizarin Red S staining. To induce osteogenic differentiation, 
MSCs were grown in DMEM supplemented with 10% FCS, 
10  mM β‑glycerophosphate, 10‑7  M dexamethasone and 
0.2 mM ascorbic acid (all from Sigma‑Aldrich; Merck KGaA). 
The medium was changed every three days. Following two 
weeks of culture in vitro, the cells were fixed in 10% formalin 
for 15  min at room temperature and stained by Alizarin 
Red S stain solution for 30 min at room temperature using 
the Osteogenesis Assay kit according to the manufacturer's 
instructions (EMD Millipore). 

Oil Red O staining. To induce adipogenic differentiation, MSCs 
were grown in DMEM containing 0.5 µM hydrocortisone, 
0.5 mM isobutylmethylxanthine and 50 µg/ml indomethacin 
(all from Sigma‑Aldrich; Merck KGaA) (28). The medium was 
changed every three days. Following two weeks of culture, the 
cells were fixed with 10% formalin and stained with fresh Oil 
Red O solution for 10 min at room temperature (Sigma‑Aldrich; 
Merck KGaA) to detect lipid droplets. 

RT‑qPCR. TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) was used to isolate total RNA from the 
MSCs. cDNA was synthesized using the PrimeScript™ RT 
Reagent kit (Takara Bio, Inc.) according to the manufacturer's 
protocol. qPCR was performed using SYBR Premix Ex Taq II 
(Takara Bio, Inc.) and the CFX96 Real‑time PCR Detection 
system (Bio‑Rad Laboratories, Inc.). Each sample is done in 
triplicate. The primers used were as follows: β‑actin forward, 
5'‑gtaccactggcatcgtgatggact‑3' and reverse, 5'‑ccgctcattgc‑
caatggtgat‑3'; osteocalcin (OCN) forward, 5'‑AGC​AAA​GGT​
GCA​GCC​TT​TGT ‑3' and reverse, 5'‑GCG​CCT​GGG​TCT​
CTT​CACT‑3'; osteopontin (OPN) forward, 5'‑ATG​ATG​GCC​
GAG​GTG​ATA​GT‑3' and reverse, 5'‑ACC​ATT​CAA​CTC​CTC​
GCT​TT‑3'; peroxisome proliferator‑activated receptor G2 
(PPARG2) forward, 5'‑TCC​ATG​CTG​TTA​TGG​GTG​AA‑3' 
and reverse, 5'‑TCA​AAG​GAG​TGG​GAG​TGG​TC‑3'; lipopro‑
tein lipase (Lpl) forward, 5'‑AGT​GGC​CAA​ATA​GCA​CAT​
CC‑3' and reverse, 5'‑CCG​AAA​GAT​CCA​GAA​TTC​CA‑3'; 
Wnt7a forward, 5'‑CTG​TGG​CTG​CGA​CAA​AGA​GAA‑3' 
and reverse, 5'‑GCC​GTG​GCA​CTT​ACA​TTC​C‑3'; RUNX2 
forward, 5'‑CAG​TAG​ATG​GAC​CTC​GGG​AA‑3' and reverse, 

5'‑CCT​AAA​TCA​CTG​AGG​CGG​TC‑3'; and osterix (OSX) 
forward, 5'‑AGC​CTC​AGG​ATG​GCG​TC‑3' and reverse, 
5'‑AGA​GTT​GTT​GAG​TCC​CGC​AG‑3'. The results were 
analyzed using the 2‑ΔΔCq method (29).

Western blot analysis. To obtain protein extracts, MSCs 
were washed with chilled PBS and lysed with RIPA buffer 
containing a protease inhibitor cocktail (Roche Diagnostics). 
The protein concentration was measured using BCA methods 
according to the manufacturer's instruction (P0012S, 
Beyotime) and 30 µg were separated by 10% SDS‑PAGE gel 
and transferred to PVDF membranes. The protein was blocked 
by 5% milk for 1 h at room temperature. The membranes were 
incubated with specific primary antibodies against β‑actin 
(sc‑47778, Santa Cruz Biotechnology, Inc.), Wnt7a (ab100792; 
Abcam), OCN (ab13418; Abcam), OPN (ab214050; Abcam), 
RUNX2 (12556, Cell Signaling Technology, Inc.) and OSX 
(ab94744, Abcam) at 1:1,000 overnight at 4˚C. The membranes 
were rinsed three times by TBST and incubated with 1:1,000 
goat against rabbit (sc‑2357; Santa Cruz Biotechnology, 
Inc.) or 1:1,000 m‑IgGκBP‑HRP (sc‑516102; Santa Cruz 
Biotechnology, Inc.) horseradish peroxidase‑conjugated anti‑
bodies for 1 h at room temperature. The bands were detected 
by Immobilon Western Chemiluminescent HRP Substrate 
(ECL, WBKLS0100; Thermo Fisher Scientific, Inc.). 

Luciferase assays. The TCF1‑binding region (‑900 to ‑1,200 bp 
upstream of RUNX2 exon 1) was cloned by PCR amplification 
from 293T genomic DNA and inserted into the SacI/XhoI sites 
of the pGL3‑control vector (Promega Corporation). The primers 
for cloning the TCF1‑binding region in RUNX2 promoter were 
as follows: Forward, 5'‑GCG​CGA​GCT​CAG​GGG​CAA​AAA​
AGG​AGA​TAG​TT‑3'; and reverse, 5'‑GCGCCT​CGA​GGA​
GTT​TCT​GAT​AGC​AGA​TCT​TCT​AT‑3'. pRL-SV40 (Promega 
Corporation) was co‑transfected as an internal control to 
assess the transfection efficiency. Wnt7a silencing/control 
or Wnt7a overexpressing/control MSCs were grown in 
osteogenic‑inducing medium for 7 days. A total of 100 µg the 
reporter constructs were co‑transfected with 10 ng pRL‑SV40 
into MSCs in each well of 96‑well plate in which Wnt7a was 
silenced or overexpressed with internal control plasmids. Cells 
were collected following 24 h of transfection, and luciferase 
activities were detected using the Dual‑Luciferase Reporter 
assay (Promega Corporation) according to the manufacturer's 
protocol. The relative promoter activities were expressed as the 
fold change in Firefly luciferase activity following normaliza‑
tion to Renilla luciferase activity. A total of three independent 
experiments were performed for each sample. 

ChIP assays. The assays were performed using a ChIP assay 
kit according to the manufacturer's protocol (P2078; Beyotime 
Institute of Biotechnology). The antibodies used for CHIP 
assays were purchased from the following companies: TCF1 
(2203, Cell Signaling Technology, Inc.) and IgG (sc‑2003; 
Santa Cruz Biotechnology, Inc. as an IP control). A total 
of 2 µg TCF1 or IgG were incubated with the cell lysates 
overnight at 4˚C as previously reported (30). As previously 
reported, TCF1 recognizes and binds to the consensus motif 
TTCAAAG (31,32). PCR generated a product from the RUNX2 
promoter containing a TCF1‑binding site (‑1,056 to ‑1,062 bp 
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upstream of exon 1) or a product from the distal region 8 kb 
downstream for RUNX2 without the TCF1‑binding site. Each 
experiment was performed in three samples. The primers used 
for RT‑qPCR for the TCF1‑binding element in the RUNX2 
promoter were as follows: Forward, 5'‑CTG​AAT​CAG​AAT​
TAG​CAA​AT​CG‑3' and reverse, 5'‑GTT​TCT​AAT​GGA​AGC​
TTT​GA‑3'; and 8 kb downstream for RUNX2 forward, 5'‑GAT​
TGC​AAA​AAA​CAG​ATA​TTA​A‑3' and reverse, 5'‑GAA​AGT​
CTT​GTG​TGA​CTA​AATA‑3'. 

Statistical analysis. All experiments were performed in tripli‑
cate. The variables were compared between groups by a paired 
samples t‑test. P<0.05 was considered to indicate a statistically 
significant difference. Statistical analysis was carried out using 
SSPS 13.0 software. 

Results

Phenotype of cultured BM‑derived MSCs. The BM‑derived 
cells were cultured in DMEM and the phenotype was 
detected in the sixth passage. The adherent BM‑derived 
cells exhibited a fibroblast‑like morphology (Fig. 1A). Flow 
cytometry was performed to characterize the phenotype 
of the BM‑derived cells used in the present study. These 
BM‑derived cells expressed the MSC markers, CD44, 

CD90 and CD105 (Fig. 1B‑D), whereas they did not express 
the hematopoietic lineage markers, CD34 and CD45 
(Fig. 1E and F). Immunofluorescence staining revealed that the 
BM‑derived cells comprised more Ki‑67‑labeled proliferative 
cells (Fig. 1G). These findings suggested that the BM‑derived 
cells used in the present study acquired the phenotype and 
characteristics of MSCs. 

In vitro differentiation potential of MSCs. To evaluate the 
differentiation potential of the MSCs used in the present study, 
osteogenic medium and adipocyte‑specific induction medium 
were used to culture the MSCs. Following two weeks of induc‑
tion with osteogenic medium, it was demonstrated that the 
MSCs cultured with osteogenic medium exhibited osteogenic 
differentiation capacity compared with the MSCs without 
osteogenic induction, as evidenced by mineralized nodule 
formation assessed by Alizarin Red S staining (Fig. 2A). The 
results of RT‑qPCR confirmed that the MSCs cultured with 
osteogenic medium for 6 days expressed higher levels of the 
osteogenic markers, OCN and OPN (Fig. 2B and C). The 
MSCs also exhibited adipogenic differentiation capacity, as 
confirmed by Oil Red O staining of adipocytes induced by 
growing MSCs in adipocyte‑specific induction medium for 
two weeks (Fig. 2D). The results of RT‑qPCR revealed that the 
expression levels of the adipogenic markers, PPARG2 and Lpl 

Figure 1. Characterization of human MSCs. (A) MSCs displayed a fibroblast‑like morphology at the sixth passage. (B‑D) FACS analysis revealed positive 
staining for CD44, CD90 and CD105, respectively in MSCs. (E and F) FACS analysis revealed negative staining for the hematopoietic lineage markers, CD34 
and CD45, respectively in MSCs. (G) Ki‑67 staining revealed the proliferative ability of MSCs. MSCs, mesenchymal stem cells.
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were higher after the MSCs were grown in adipocyte‑specific 
induction medium for six days (Fig. 2E and F). These findings 
indicated that the MSCs used in the present study acquired 
multilineage differentiation potential. 

Induction of Wnt7a expression by the osteogenic differen‑
tiation of MSCs. Since BMP‑4/7 are capable of inducing 
MSC differentiation into osteocytes, the present investigated 
whether the expression of Wnt7a was induced by BMP‑4/7 in 
MSCs. The results of RT‑qPCR revealed that Wnt7a expres‑
sion was strongly induced by BMP4/7 (Fig. 3A). Western blot 
analysis revealed that the expression of Wnt7a was elevated 
at the protein level in BMP4/7‑treated MSCs (Fig. 3B). The 
expression of Wnt7a was also examined in MSCs cultured 
in osteogenic‑inducing medium. Notably, after six days of 
culture, the expression of Wnt7a was found to be elevated in 
MSCs cultured in osteogenic‑inducing medium compared 
with the MSCs without osteogenic‑inducing medium, as 
shown by RT‑qPCR and western blot analysis (Fig. 3C and D). 
Since the dynamic balance between osteogenesis and adipo‑
genesis exists in MSC differentiation, the regulators that 
promote an osteogenic lineage commitment could be inhibited 
under the condition of adipogenic differentiation. To explore 
whether the expression of Wnt7a was regulated during the 
adipogenic differentiation of MSCs, Wnt7a expression was 
determined at the mRNA and protein level in the MSCs grown 
in adipogenic‑inducing medium for six days. The results of 
RT‑qPCR revealed that Wnt7a expression was significantly 
inhibited in MSCs grown in adipogenic‑inducing medium 
(Fig. 3E). Consistently, western blot analysis revealed that 
the expression of Wnt7a was inhibited in MSCs grown in 

adipogenic‑inducing medium (Fig. 3F). Since the Wnt signal 
pathway plays a central role in the osteogenic differentiation 
of MSCs, these findings suggested that Wnt7a plays a critical 
role in MSC differentiation into osteocytes. 

Knockdown of Wnt7a reduces the osteogenic differentiation 
of MSCs. To directly determine whether Wnt7a plays a critical 
role in the osteogenic differentiation of MSCs, lentivirus was 
used to stably silence its expression in MSCs. The knockdown 
of Wnt7a in MSCs was confirmed by RT‑qPCR (Fig. 4A). 
Consistently, western blot analysis revealed that lentivirus 
expressing Wnt7a shRNA reduced Wnt7a expression at the 
protein level (Fig. 4B). Following osteogenic induction for 
6  days, RT‑qPCR revealed that the knockdown of Wnt7a 
significantly reduced the expression of OCN, an early marker 
of osteogenic differentiation (Fig. 4C). Consistently, western 
blot analysis revealed that knockdown of Wnt7a reduced the 
expression of OCN at the protein level (Fig. 4D). Similarly, 
the knockdown of Wnt7a reduced the mRNA and protein 
expression of OPN, another early marker of osteogenic differ‑
entiation (Fig. 4E and F). Furthermore, the results revealed 
that the knockdown of Wnt7a in MSCs reduced the formation 
of mineralized nodules after two weeks of culture in osteo‑
genic‑inducing medium (Fig. 4G). These findings implied that 
the suppression of Wnt7a expression inhibited the osteogenic 
differentiation of MSCs in vitro. 

Overexpression of Wnt7a promotes osteogenic differentia‑
tion. To further examine whether Wnt7a plays a critical role 
in the osteogenic differentiation of MSCs, Wnt7a was over‑
expressed in MSCs using lentivirus. The overexpression of 

Figure 2. The differentiation potential of MSCs. (A) Alizarin Red S staining revealed the osteogenic differentiation of MSCs. (B and C) RT‑qPCR confirmed 
the higher expression of the osteogenic markers, OCN and OPN, in osteogenically differentiated MSCs. **P<0.01 vs. MSCs without osteogenic differentiation. 
(D) Oil Red O staining displayed the adipogenic differentiation of MSCs. (E and F) RT‑qPCR revealed the elevated expression of the adipogenic markers, 
PPARG2 and Lpl in adipogenically differentiated MSCs. **P<0.01 vs. MSCs without adipogenic differentiation. MSCs, mesenchymal stem cells; OCN, osteo‑
calcin; OPN, osteopontin; PPARG2, peroxisome proliferator‑activated receptor gamma isoform‑2; Lpl, lipoprotein lipase.
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Wnt7a in MSCs was confirmed at the mRNA level and protein 
level by RT‑qPCR and western blot analysis, respectively 
(Fig. 5A and B). Following growth in osteogenic‑inducing 
medium for six days, the Wnt7a‑overexpressing MSCs 

exhibited a enhanced expression of OCN and ONN at the 
mRNA level and protein level (Fig. 5C‑F). Moreover, it was 
found that the overexpression of Wnt7a in MSCs increased 
mineralization in vitro for 9 days, based on Alizarin Red S 

Figure 3. Induction of Wnt7a expression by osteogenesis. (A and B) RT‑qPCR and western blot analysis revealed the elevated expression of Wnt7a in BMP4/7‑treated 
MSCs. **P<0.01 vs. untreated MSCs. (C and D) RT‑qPCR and western blot analysis revealed the higher expression of Wnt7a in osteogenically differentiated MSCs. 
**P<0.01 vs. MSCs without osteogenic differentiation. (E and F) RT‑qPCR and western blot analysis revealed the reduced expression of Wnt7a in adipogenically 
differentiated MSCs. **P<0.01 vs. MSCs without adipogenic differentiation. MSCs, mesenchymal stem cells; BMP, bone morphogenetic protein.

Figure 4. Suppression of osteogenesis by depletion of Wnt7a. (A and B) Knockdown of Wnt7a by shRNA. Expression of Wnt7a was detected by RT‑qPCR 
and western blot analysis. **P<0.01 vs. control. (C and D) Knockdown of Wnt7a inhibited OCN expression. OCN expression was determined by RT‑qPCR and 
western blot analysis. **P<0.01 vs. control. (E and F) Depletion of Wnt7a suppressed OPN expression. OPN expression was determined by RT‑qPCR and western 
blot analysis. **P<0.01 vs. control. (G) Depletion of Wnt7a suppressed mineralized nodule formation. Mineralized nodules were determined by Alizarin Red S 
staining. MSCs, mesenchymal stem cells; OCN, osteocalcin; OPN, osteopontin.
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staining (Fig. 5G). These findings suggested that overexpres‑
sion of Wnt7a enhanced the osteogenic differentiation of 
MSCs in vitro.

Wnt7a regulates osteogenic differentiation through RUNX2. 
To further explore the mechanisms underlying the regulation 
of osteogenic differentiation by Wnt7a, the present study 
examined the effects of Wnt7a on the expression of RUNX2 
and OSX, which were previously confirmed to be the key regu‑
lators of osteogenic differentiation (33‑36). Notably, following 
the growth of MSCs in osteogenic‑inducing medium for six 
days, it was found that the knockdown of Wnt7a decreased 
the expression of RUNX2 at the mRNA level and protein 
level (Fig. 6A and B). However, RT‑qPCR and western blot 
analysis revealed that the knockdown of Wnt7a in MSCs did 
not affect OSX expression at the mRNA level and protein 
level (Fig.  6A  and  B). The effects of Wnt7a overexpres‑
sion on the expression of RUNX2 and OSX in MSCs were 
furthermore determined. Following the growth of MSCs 
in osteogenic‑inducing medium for six days, RT‑qPCR and 
western blot analysis revealed that the overexpression of Wnt7a 
in MSCs increased RUNX2 expression at the mRNA level and 
protein level, but did not affect OSX expression at the mRNA 
level and protein level (Fig. 6C and D). To determine whether 
Wnt7a regulates MSC differentiation through RUNX2, the 
putative TCF1‑binding site in the promoter of the RUNX2 
gene was identified and a reporter construct was generated. 
Transient transfection assays demonstrated that the knock‑
down of Wnt7a in MSCs decreased RUNX2 promoter activity 
and that Wnt7a overexpression increased RUNX2 promoter 
activity (Fig. 6E‑G). CHIP assays were further performed to 

assess the binding of TCF1‑binding site to the promoter of 
RUNX2. Indeed, RT‑qPCR revealed that the knockdown of 
Wnt7a in MSCs reduced TCF‑1 binding to the RUNX2 regu‑
latory region and that the overexpression of Wnt7a increased 
TCF1 binding to the RUNX2 regulatory region, indicating 
that Wnt7a regulates RUNX2 expression by TCF1 binding to 
the RUNX2 promoter (Fig. 6H‑J). These findings suggest that 
Wnt7a regulates osteogenic differentiation through the key 
osteogenic regulator RUNX2. 

Discussion

MSCs acquire multiple differentiation potential, including the 
capacity to differentiate into osteocytes or adipocytes (1,37‑39). 
The associated regulators include the Wnt/β‑catenin, trans‑
forming growth factor (TGF)β/BMP, fibroblast growth factor 
(FGF), Notch and Hedgehog signaling pathways, and RUNX2, 
OSX, activating transcription factor 4 (ATF4), Tafazzin (TAZ) 
and nuclear factor of activated T‑cells (NFATc)1 transcrip‑
tional factors have been identified as being involved in MSC 
differentiation into osteocytes (40‑43). Although there has 
been significant progress made in understanding the molecular 
framework in which MSCs differentiate into osteocytes, the 
underlying mechanisms controlling this process remain 
unclear. In the present study, it was demonstrated that Wnt7a 
played a critical role in MSC commitment to bone formation. 
Wnt7a was found to be upregulated during the osteogenic 
differentiation of MSCs but downregulated following MSC 
adipogenic differentiation. It was further confirmed that the 
knockdown of Wnt7a in MSCs suppressed the expression 
of osteocyte molecular markers and inhibited osteogenesis 

Figure 5. Promotion of osteogenesis by the enforced expression of Wnt7a. (A and B) The enforced expression of Wnt7a. Wnt7a expression was determined by 
RT‑qPCR and western blot analysis, respectively. **P<0.01 vs. control. (C and D) Overexpression of Wnt7a increased OCN expression. OCN expression was 
determined by RT‑qPCR and western blot analysis. **P<0.01 vs. control. (E and F) Overexpression of Wnt7a increased OPN expression. OPN expression was 
determined by RT‑qPCR and western blot analysis. **P<0.01 vs. control. (G) Overexpression of Wnt7a promoted mineralized nodule formation. Mineralized 
nodules were determined by Alizarin Red S staining. MSCs, mesenchymal stem cells; OCN, osteocalcin; OPN, osteopontin.
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in vitro. Conversely, the overexpression of Wnt7a in MSCs 
promoted osteocytes markers expression and osteogenesis 
in vitro. The finding that Wnt7a regulates bone formation 
provides the opportunity to understand the pathogenic causes 

of bone‑related diseases and to develop target therapies for 
these diseases.

 Increasing evidence has demonstrated that Wnt signaling 
plays an important role in regulating MSC osteogenic 

Figure 6. Wnt7a regulates osteogenesis through RUNX2. (A and B) Depletion of Wnt7a downregulated RUNX2 expression but did not affect OSX expression. 
RUNX2 and OSX expression were determined by RT‑qPCR and western blot analysis. **P<0.01 vs. control. (C and D) Overexpression of Wnt7a increased 
RUNX2 expression but did not affect OSX expression. The expression of RUNX2 and OSX were determined by RT‑qPCR and western blot analysis. **P<0.01 
vs. control. (E) Schematic representation of the RUNX2 promoter region containing the TCF1‑binding site and the reporter construct. (F) Knockdown of 
Wnt7a decreased RUNX2 promoter activities. Co‑transfection of RUNX2 promoter construct and pRL‑SV40 with shWnt7a or control vector in MSCs grown 
in osteogenic‑inducing medium for 6 days. **P<0.01 vs. control. (G) Overexpression of Wnt7a enhanced RUNX2 promoter activities. Co‑transfection of 
RUNX2 promoter construct and pRL‑SV40 with Wnt7a or NT in MSCs grown in osteogenic‑induction medium for 6 days. **P<0.01 vs. control. (H) Schematic 
representation of the PCR products of the TCF1 binding site or 8 kb downstream. (I) CHIP assay analysis. RT‑qPCR revealed that the knockdown of Wnt7a 
decreased TCF1 occupancy on the RUNX2 promoter. **P<0.01 vs. control. (J) ChIP assay. RT‑qPCR revaeled that the enforced expression of Wnt7a promoted 
TCF1 occupancy on the RUNX2 promoter. **P<0.01 vs. control. MSCs, mesenchymal stem cells; RUNX2, Runt‑related transcription factor 2; OSX, osterix.
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differentiation. This concept is supported by the fact that Wnt1, 
Wnt3a and Wnt10b stimulate bone formation by activating 
β‑catenin, while Dkk1, which suppresses the Wnt pathway, 
reduces osteocyte differentiation. The demonstration that Msx2 
increased osteogenic differentiation and that the depletion of 
Msx2 reduced Wnt7a mRNA levels implied that Wnt7a may be 
implicated in the regulation of osteogenic differentiation (25). 
The results confirmed that the downregulation of Wnt7a expres‑
sion decreased bone formation in vitro and that the enforced 
expression of Wnt7a promoted osteogenesis in vitro, suggesting 
that Wnt7a plays a key regulator role in osteocyte develop‑
ment. RUNX2 and OSX are essential regulators of osteogenic 
differentiation. Nakashima et al (44) demonstrated that OSX 
acted genetically downstream of RUNX2 in mesenchymal 
differentiation into osteocytes. Artigas et al (45) found that p53 
inhibited OSX expression in osteoblast differentiation, but did 
not affect RUNX2 expression. The present study demonstrated 
Wnt7a regulated RUNX2 expression but did not affect the OSX 
level following osteogenic differentiation. Upon Wnt interaction 
with the receptors, FZD and LRP5/6, β‑catenin accumulates in 
the nucleus, which releases histone deacetylases (HDACs) from 
the TCF and recruits histone acetylase CBP/p300 to activate 
downstream gene expression (46,47). Previous research has 
indicated that Wnt signaling promotes osteogenic differentia‑
tion and bone‑related gene expression through TCF binding to 
the consensus motif A/TA/TCAAAG of the promoters of 
these genes (32,48). The present study also found that Wnt7a 
enhanced TCF‑1 binding to the consensus motif TTCAAAG of 
the RUNX2 promoter. These results support the findings that 
Wnt7a promotes MSC differentiation into osteocytes possibly 
by regulating RUNX2 expression. 

In conclusion, the findings of the present study demonstrated 
the role of Wnt7a in the differentiation of MSCs into osteocytes 
in vitro. Since Wnt7a is secreted, Wnt7a‑specific inhibitors can 
terminate osteogenic differentiation. Further investigations are 
required to explore Wnt7a inhibitors in vivo and in in vitro. The 
data presented herein provide an opportunity to explore the role 
of Wnt7a in pathogenic mechanisms of bone‑related cancer and 
therapeutic intervention for bone damage repair. 
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