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Bone morphogenetic protein 9 (BMP9) is a potent inducer of 
osteogenic differentiation of mesenchymal stem cells. The Wnt 
antagonist Dickkopf-1 (Dkk1) is involved in skeletal develop-
ment and bone remodeling. Here, we investigated the role of 
Dkk1 in BMP9-induced osteogenic differentiation of MSCs. 
We found that overexpression of BMP9 induced Dkk1 ex-
pression in a dose-dependent manner, which was reduced by 
the P38 inhibitor SB203580 but not the ERK inhibitor 
PD98059. Moreover, Dkk1 dramatically decreased not only 
BMP9-induced alkaline phosphatase (ALP) activity but also the 
expression of osteocalcin (OCN) and osteopontin (OPN) and 
matrix mineralization of C3H10T1/2 cells. Furthermore, exog-
enous Dkk1 expression inhibited Wnt/-catenin signaling in-
duced by BMP9. Our findings indicate that Dkk1 negatively 
regulates BMP9-induced osteogenic differentiation through in-
hibition of the Wnt/-catenin pathway and it could be used to 
optimize the therapeutic use of BMP9 and for bone tissue 
engineering. [BMB Reports 2016; 49(3): 179-184]

INTRODUCTION

Bone morphogenetic proteins (BMPs) are members of the 
transforming growth factor  superfamily and in human con-
sists of at least 15 BMPs (1-3). BMPs play an important role in 
stem cell proliferation and osteogenic differentiation(3, 4). 
Bone morphogenetic protein 9 (BMP9) was first identified in 
the developing mouse liver, and is one of the most potent 
BMPs in terms of promoting osteogenic differentiation of mes-
enchymal stem cells (MSCs) (1, 4, 5). Both TGF type I and 
type II receptors are essential for BMPs to initiate their signal-
ing, leading to gene regulation through both Smad and MAPK 
pathways (1, 6). BMPs regulate a distinct set of downstream 

targets that likely play a role in osteoinduction, including 
Runx2 and Osterix (7). Knocking out BMP signaling result in 
various skeletal and extraskeletal abnormalities during embry-
onic development and organogenesis in the mouse (8).

Wnt/-catenin signaling also plays an important role in skel-
etal development and osteoblast differentiation (9-11). Wnts 
are a family of secreted proteins that bind to their cognate re-
ceptor frizzled (Fz) and low-density lipoprotein receptor re-
lated proteins (LRP) 5/6 co-receptors, and activate various sig-
naling pathways, including the canonical Wnt/-catenin 
pathway. Activation of the canonical Wnt pathway leads to 
-catenin accumulation in the cytoplasm and translocation in-
to the nucleus, where it associates with Tcf/Lef transcription 
factors to regulate the transcription of target genes (10). 
Numerous factors, including LRP5/6 (12) and -catenin (13), 
participate in the Wnt/-catenin signaling cascade associates to 
the bone mass, suggests that the canonical Wnt/-catenin sig-
naling plays an important role in osteogenic differentiation and 
bone formation. 

Dickkopf-1(Dkk1), a Wnt inhibitor, binds to LRP5/6 and 
Kremen1/2, which inhibits canonical Wnt signal and so pre-
vents -catenin degradation and osteoblast differentiation (14). 
Dkk1 is crucial for skeletal development, and regulation of 
limb development and head induction (15). Endogenous Dkk1 
expression is detected primarily in osteoblasts and osteocytes 
(16), and is involved in bone formation and bone disease. 
Dkk1 heterozygous mutant (Dkk1＋/−) mice exhibit in-
creased bone mass (17), whereas overexpression of Dkk1 is as-
sociated with osteolytic metastatic bone disease in prostate 
carcinoma (18) and multiple myeloma (19). Collectively, these 
results suggest that Dkk1 may function as a potent negative 
regulator of bone mass. 

Both BMPs and the Wnt/-catenin signaling pathway are im-
portant for inducing osteogenic differentiation of MSCs, and 
recent studies have indicated the existence of cross-talk be-
tween BMP9 and Wnt signaling (20-22), which is important for 
the regulation of osteoblast differentiation. Although Wnt/- 
catenin signaling is crucial for BMP9-mediated induction of os-
teogenic differentiation, the role of the Wnt inhibitor Dkk1 in 
the crosstalk between Wnt/-catenin and BMP9 signaling re-
mains to be fully elucidated. 

In this study, we sought to determine whether Dkk1 plays an 
important role in BMP9-induced osteogenic differentiation of 
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Fig. 1. Effect of BMP9 on Dkk1 
expression. (A) Efficient transduction of 
C3H10T1/2 cells by AdBMP9. Cells were
infected with AdBMP9 or AdGFP. 
Fluorescence images were recorded at 
24 h after infection. Western blotting 
showed AdBMP9-mediated expression of
BMP9 (MOIs = 10) at 24 h after 
infection. (B) Time course of the effect 
of BMP9 on Dkk1 expression as assessed 
by qRT-PCR. mRNA was isolated from 
C3H10T1/2 cells treated with AdBMP9 
at 6,12, 24, 36, and 48 h after infection.
*P ＜ 0.01 compared with 0 h (C) 
Dose-dependent effects of BMP9 on 
Dkk1 expression as assessed by 
qRT-PCR. C3H10T1/2 cells were co-
infected with AdBMP9 at MOIs of 20 
(high), 10 (medium), and 5 (low) or GFP.
*P ＜ 0.01 compared with GFP.

Fig. 2. Effects of MAPK signaling on Dkk1 expression induced by 
BMP9. mRNA was isolated from C3H10T1/2 cells pretreated with 
SB203580 (10 M) or PD98059 (25 M) for 1 h prior to treatment 
with AdBMP9 (MOI = 10) for 36 h. (A) Effect of the P38 inhibitor 
SB203580 on Dkk1 expression as assessed by qRT-PCR. Upregula-
tion of Dkk1 expression by BMP9 treatment was blocked by 
SB202190 pretreatment. *P ＜ 0.01. (B) Effect of the ERK1/2 inhibitor
PD98059 on Dkk1 expression as assessed by qRT-PCR. #P ＞ 0.05.

MSCs. We found that Dkk1 expression was upregulated by 
BMP9 in a dose-dependent manner in C3H10T1/2 cells. 
Inhibition of P38 by SB203580 reduced the expression level of 
Dkk1 induced by BMP9. BMP9-induced osteogenic differ-
entiation was inhibited by overexpression of Dkk1. Moreover, 
Dkk1 blocked BMP9-induced Wnt/-catenin signaling activity. 
Taken together, our results suggest that BMP9 upregulates 
Dkk1 expression via the P38 MAPK pathway, and Dkk1 plays 
an important role in the negative feedback control of 
BMP9-induced osteoblast differentiation in MSCs through in-
hibition of the Wnt/-catenin pathway.

RESULTS

Overexpression of BMP9 upregulates Dkk1 expression in 
C3H10T1/2 cells
To examine the role of Dkk1 on BMP9-induced osteogenic dif-
ferentiation of MSCs, We first investigated the potential link 
between the expression of Dkk1 and BMP9 signaling. 
C3H10T1/2 cells were infected with AdGFP and AdBMP9 (Fig. 
1 left). By Western blotting, we found that the endogenous ex-
pression of BMP9 was very low but detectable and was upre-
gulated at 24 h after infection. Moreover, AdGFP did not influ-
ence the expression of BMP9 in C3H10T1/2 cells (Fig. 1 right). 
C3H10T1/2 cells were infected with AdGFP or AdBMP9 (at 
low, medium, and high doses). Dkk1 expression was detected 
after 6 h, and peaked at 5.7-fold at 36 h after treatment with 
BMP9, as assessed by qRT-PCR (Fig. 1B). Moreover, over-
expression of BMP9 induced Dkk1 expression in a dose-de-
pendent manner (Fig. 1C). These results suggested that BMP9 
directly upregulated the expression of Dkk1.

MAPK-P38 signaling is required for BMP9-induced Dkk1 
expression 
Besides Smad transcription factors, studies have suggested that 
mitogen-activated protein kinases (MAPKs), such as P38 and 

ERK1/2, are involved in transmitting BMP signals intracel-
lularly (23, 24). To determine the roles of P38 and ERK1/2 in 
BMP9-induced Dkk1 expression, C3H10T1/2 cells were ex-
posed to AdBMP9 in the presence of SB203580 or PD98059, 
which are selective inhibitors of p38 and ERK1/2 activation, 
respectively. Upregulation of Dkk1 expression by BMP9 treat-
ment was blocked by SB203580, as assessed by qRT-PCR (Fig. 
2A). However, the ERK inhibitor PD98059 did not affect 
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Fig. 3. Effect of exogenous Dkk1 ex-
pression on BMP9-induced osteogenic 
differentiation of MSCs. (A) Effect of 
Dkk1 on BMP9-induced ALP activities 
in C3H10T1/2 cells. #P ＞ 0.05, *P ＜
0.01. (B) ALP histochemical staining 
showed the effect of Dkk1 on BMP9- 
induced ALP activities in C3H10T1/2 
cells. (C) Western blotting showed the 
effect of Dkk1 on the expression of 
OCN and OPN induced by BMP9 in 
C3H10T1/2 cells. (D) Alizarin Red S 
staining results showed the effect of 
Dkk1 on mineralization induced by 
BMP9 in C3H10T1/2 cells. 

Fig. 4. Wnt/-catenin signaling is involved in the inhibition of 
BMP9-induced osteogenic differentiation by Dkk1. (A) Western blot 
results showed that Dkk1 inhibited the expression of -catenin induced
by BMP9 in C3H10T1/2 cells. (B) The inhibitory effect of Dkk1 on 
BMP-9 induced luciferase activities of pTOP-Luc reporter. At 36 h after
infection, cells were harvested for luciferase assay. *P ＜ 0.01.

BMP9-induced Dkk1 expression (Fig. 2B). These findings 
showed that BMP9-induced Dkk1 expression might be medi-
ated by the MAPK-P38 pathway.

Dkk1 inhibits BMP9-induced osteogenic differentiation of 
MSCs
We next assessed the effect of exogenous Dkk1 on BMP9-in-
duced osteogenic differentiation of MSCs. C3H10T1/2 cells 
were coinfected with AdGFP, AdBMP9, and/or AdDkk1. ALP 
activity is an early well-established osteogenic marker of 
MSCs, which peaks at ∼7 days after BMP9 stimulation (20). 
Exogenous Dkk1 alone did not induce ALP activity over the 
GFP control (Fig. 3A and B). As expected, BMP9 induced a sig-
nificant increase in ALP activity, which was dramatically de-
creased by Dkk1 (Fig. 3A and B). We further evaluated the ef-
fect of Dkk1 on the late stage of BMP9-induced osteogenic 
differentiation. Osteocalcin (OCN), osteopontin (OPN), and 
matrix mineralization are well-established markers of late-stage 
osteogenic differentiation (1, 25). OCN and OPN were de-
tected at 9 days after treatment by Western blotting, and min-
eralization was detected at 14 days. Consistent with the ALP 
results, Dkk1 treatment significantly decreased BMP9-induced 
expression of OCN and OPN (Fig. 3C) and matrix mineraliza-
tion (Fig. 3D). Taken together, the above results strongly sug-
gested that Dkk1 inhibited both the early and late stages of 
BMP9-induced osteogenic differentiation of MSCs.

Exogenous Dkk1 expression inhibits Wnt/-catenin signaling 
induced by BMP9 
The canonical Wnt/-catenin signaling pathway is crucial for in-
duction by BMP9 of osteogenic differentiation and bone for-
mation (20-22). Therefore, we examined the contribution of 
Wnt/-catenin signaling to the inhibition of BMP9-induced os-

teogenic differentiation by Dkk1. By Western blotting, we found 
that the protein level of -catenin was increased in response to 
BMP9, which was significantly decreased by overexpression of 
Dkk1 (Fig. 4A). Therefore, BMP9 induced -catenin/Tcf4 re-
porter activity, and luciferase activity of the pTOPLuc reporter, 
which was inhibited by exogenous Dkk1 expression (Fig. 4B). 
Taken together, these data indicated that Dkk1 expression in-
hibits the Wnt/-catenin signaling induced by BMP9, suggesting 
that Wnt/-catenin signaling is involved in the inhibition of 
BMP9-induced osteogenic differentiation by Dkk1.
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DISCUSSION

Mesenchymal stem cells (MSCs) are adherent marrow stromal 
cells, which can self-renew and have the potential to differ-
entiate into osteoblasts, chondrocytes, myoblasts or adipocytes 
(26). As multi-potent progenitors, MSCs are ideal seed cells for 
scientific research and bone tissue engineering (27). However, 
promotion of MSCs differentiation into osteoblasts by osteo-
genic factors is a crucial issue in bone tissue engineering. 
Bone morphogenetic protein 9 (BMP9) is a potent inducer of 
osteogenic differentiation of mesenchymal stem cells (MSCs) 
both in vitro and in vivo (4, 5). In addition to BMPs, Wnt/-cat-
enin signaling also plays an important role in skeletal develop-
ment and bone formation (10, 11). Recent studies have in-
dicated that cross-talk between these two signals is important 
for the regulation of osteoblast differentiation (20-22). In this 
study, we further characterized the role of the Wnt inhibitor 
Dkk1 in the cross-talk between Wnt/-catenin and BMP signal-
ing in inducing osteogenic differentiation of MSCs. The find-
ings presented here support our hypothesis that Dkk1 neg-
atively regulates BMP9-induced osteoblast differentiation 
through the Wnt/-catenin pathway.

Although the molecular mechanisms underlying BMP9- 
mediated osteogenesis remain to be fully understood, various 
studies have demonstrated that BMP9 plays a critical role in 
osteogenic differentiation (1, 3, 5, 6). Besides the direct appli-
cation of recombinant BMP proteins, many reports have con-
firmed the ability of recombinant BMP9 adenovirus to induce 
bone formation both in vitro and in vivo (1, 5, 6). Moreover, 
recombinant BMP9 adenovirus is an ideal vector for it could 
transduce osteoblast progenitor cells effectively and bioactive 
BMP9 is continuously produced (28). Although BMP-induced 
osteoblast differentiation does not need long-term expression, 
BMP9 adenovirus can induce osteogenic differentiation for 
＞2 weeks, which is consistent with our results (Fig. 3). 

Dickkopf-1 (Dkk1) is an inhibitor of Wnt signaling, which is 
a crucial pathway in skeletal development (15). Dkk1 is also 
involved in bone disease. Increased Dkk1 expression is asso-
ciated with osteoarthritic cartilage chondrocyte apoptosis and 
rheumatoid arthritic joint disorders (29, 30), whereas over-
expression of Dkk1 also plays an inportant role in osteolytic 
metastatic bone disease both in prostate carcinoma and multi-
ple myeloma (18, 19).

In this study, we found that exogenous Dkk1 expression not 
only inhibited BMP9-induced ALP activity (Fig. 3A and B) but 
also dramatically decreased the expression of osteocalcin 
(OCN) and osteopontin (OPN) and in vitro matrix mineraliza-
tion by C3H10T1/2 cells (Fig. 3C and D). Dkk1 is a down-
stream target of BMP signaling in osteoblasts (31). Osx, which 
is specifically expressed in all osteoblasts, is required for the 
differentiation of preosteoblasts into mature osteoblasts (32). 
Moreover, Osx is a downstream gene of Runx2, and BMPs 
may directly regulate Dkk1 expression through the BMP- 
Runx2-Osx axis (33). Our study confirms that overexpression 

of BMP9 induces Dkk1 expression in a dose-dependent man-
ner in MSCs (Fig. 1), suggesting that Dkk1 plays an important 
role in regulating the BMP9-induced osteogenic differentiation 
of MSCs.

The MAPK pathway is involved in BMP9-induced osteo-
genic differentiation of MSCs, while p38 and ERK1/2 may play 
different roles in regulating BMP9 osteoinductive signaling 
(24). In this study, the upregulation of Dkk1 expression by 
BMP9 was prevented by the P38 MAPK inhibitor SB203580, 
but was unaffected by the ERK1/2 MAPK inhibitor PD98059 
(Fig. 2). This is consistent with previous reports that upregula-
tion of Dkk1 by BMPs was blocked by P38 MAPK inhibitors 
both in vitro and in vivo (31, 34). The P38 MAPK pathway 
may regulate the Wnt signaling by BMPRIA. The Wnt inhibitor 
Dkk1 is a downstream target of BMP signaling through the 
type IA receptor, and upregulates Dkk1 expression through 
both Smad and non-Smad signaling (P38 MAPK) in osteoblasts. 
Dkk1 inhibits canonical Wnt signaling, leading to a decrease 
in bone mass. A high doses of BMP2 appears to reduce pro-
liferation and increase apoptosis via Dkk1 (35).

There may be cross-talk between the BMP and Wnt path-
ways in inducing osteogenic differentiation of MSCs. The BMP 
and Wnt signaling pathways tightly regulate each other (19). 
Although the mechanism underlying the role of the Wnt in-
hibitor Dkk1 in BMP9-induced osteogenic differentiation re-
mains to be defined, disruption of Dkk1 allows -catenin to 
stimulate osteogenesis (12) and rescues dexamethasone-in-
duced suppression of primary human osteoblast differentiation 
(36). -catenin, as a key molecule in canonical Wnt signaling, 
may also play an important role in BMP9-induced osteogenic 
differentiation (20, 22). This was reinforced by our findings 
that both -catenin expression and -catenin/Tcf4 activity was 
increased in response to BMP9, and significantly decreased by 
overexpression of Dkk1 (Fig. 4). Taken together, these data in-
dicate that Wnt/-catenin signaling is involved in the in-
hibition of BMP9-induced osteogenic differentiation by Dkk1.

In summary, our data demonstrate that expression of the Wnt 
antagonist Dkk1 could be induced by BMP9 in part via the 
MAPK-P38 pathway. Moreover, Dkk1 dramatically decreased 
-catenin and -catenin/Tcf4 activity induced by BMP9, there-
by inhibiting BMP9-induced osteogenic differentiation of 
MSCs. The negative feedback control effect of Dkk1 may pro-
vide an additional mechanism of crosstalk between BMPs and 
Wnt signaling and will enable optimization of the therapeutic 
use of BMP9 and for bone tissue engineering.

MATERIALS AND METHODS

Cell culture and chemicals
HEK293 and C3H10T1/2 cells were obtained from ATCC 
(Manassas, VA, USA). Cells were maintained in complete 
Dulbecco’s modified Eagle’s medium (DMEM, Hyclone, 
China), supplemented with 10% fetal bovine serum (FBS, 
Gibco, Australia), 100 U/ml penicillin, and 100 mg/ml strepto-
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mycin, maintained at 37oC in a humidified atmosphere of 5% 
CO2.

The MAPK inhibitors PD98059 and SB203580 were ob-
tained from Santa Cruz (California, USA). Inhibitors were dis-
solved in DMSO and aliquots were stored at −80oC. 

Construction and amplification of recombinant adenoviruses 
expressing GFP, Dkk1, and BMP9 
Recombinant adenoviruses were generated previously using 
the AdEasy system (37), and subsequently used to generate re-
combinant adenoviruses in HEK293 cells. The resulting ad-
enoviruses were designated AdGFP, AdDkk1, and AdBMP9 
(also expressing GFP). AdGFP was used as the vector control.

Alkaline phosphatase (ALP) assays
C3H10T1/2 cells were seeded in 24-well culture plates. At 7 
days after treatment, ALP activities were assessed by modified 
Great Escape SEAP Chemiluminescence Assay (BD Clontech, 
USA) (20, 25), and histochemical staining assay using the 
BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyo-
time, Jiangsu, China) according to the manufacturer’s inst-
ructions.

Matrix mineralization detection 
C3H10T1/2 cells were cultured in the presence of ascorbic 
acid (50 mg/ml), -glycerophosphate (10 mM), and 10−8 nM 
dexamethasone. At 14 days after treatment, calcium deposi-
tion was analyzed by Alizarin Red-S staining (Sigma–Aldrich), 
as described previously (25). Briefly, cells were fixed with 4% 
paraformaldehyde for 10 min at room temperature. After being 
washed with distilled water, fixed cells were incubated with 
2% Alizarin Red S for 30 min, followed by extensive washing 
with distilled water.

RNA isolation and quantitative real-time PCR (qRT-PCR)
Total RNA of the cells was isolated using TRIzol reagent 
(Invitrogen) according to the manufacturer’s instructions. 
Reverse transcription reactions were performed using the 
PrimeScript RT reagent kit (Takara, Dalian, China). The cDNA 
products were further diluted fivefold and used as PCR 
templates. Quantitative real-time PCR was performed using 
SYBR Green Supermix (Bio-Rad, America) as described pre-
viously (25). The conditions maintained for real-time PCR are 
as follows: 95oC for 3 minutes for 1 cycle; 95oC for 10 sec-
onds, 58oC for 5 seconds for 40 cycles. Dissociation stage was 
applied at the end of the amplification procedure. Duplicate 
reactions were carried out for each sample, and all samples 
were normalized to the expression level of GAPDH. The pri-
mer sequences of Dkk1 used for qRT-PCR were as follows: the 
forward primer sequence for Dkk1 was 5’-CCCATGAACTCAG 
GTCCATT-3’, and the reverse primer sequence was 5’-AAT 
CACTTGCTTGGGCATTC-3’.

Western blotting analysis
C3H10T1/2 cells were seeded in 100 mm dishes and treated 
for 9 days. Cell lysates were prepared using cell lysis buffer 
containing the protease inhibitor PMSF (Beyotime, Shanghai, 
China). The samples were loaded onto 10% SDS-PAGE gels. 
After electrophoretic separation, the proteins were transferred 
to PVDF membranes. The membrane was blocked with 5% 
non-fat dry milk for 2 h and incubated at 4oC overnight with 
primary antibodies. Following this, the membrane was in-
cubated with a secondary antibody conjugated with horse-
radish peroxidase. Proteins of interest were detected using an 
ECL kit (Beyotime Institute of Biotechnology, China). Anti-os-
teopontin, anti-osteocalcin, anti--actin, and the secondary 
goat and rabbit IgGs were obtained from Santa Cruz (Santa 
Cruz, MA). Anti--catenin antibody was purchased from Cell 
Signaling Technology (Danvers, MA). Anti-BMP9 was obtained 
from Abcam (Cambridge, MA).

Transfection and luciferase reporter assay
C3H10T1/2 Cells were seeded in 25 cm2 flasks and transfected 
with 2 mg per flask of -catenin/Tcf-responsive luciferase re-
porter, pTOP-Luc using Lipofectamine (Invitrogen) (20). At 16 
h after transfection, cells were replated to 24-well plates and 
coinfected with AdGFP, AdBMP9, and/or AdDkk1. At 36 h af-
ter treatment, cells were lysed and subjected to luciferase as-
says using the Promega Luciferase Assay Kit.

Statistical analysis
Results are expressed as means ± standard deviation (SD). All 
quantitative experiments were performed in triplicate and/ or 
repeated three times. The two-tailed Student’s t-test was used 
to analyze statistical significance. A value of P ＜ 0.05 was 
considered to indicate statistical significance.
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