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Abstract
Our previous study revealed that 3T3-L1 preadipocytes can differentiate to either osteoblasts or adipocytes in response to
bone morphogenic protein 9 (BMP9). In the present study, we try to further investigate whether the Wnt/β-catenin signaling
plays a crucial role in this process. It was found that BMP9 effectively activated the Wnt/β-catenin signaling, and induced
the expression levels of certain canonical Wnt ligands and their receptors in preadipocytes. Exogenous expression of
β-catenin, Wnt1, Wnt3a, and Wnt10b potentiated BMP9-induced alkaline phosphatase (ALP) activity, while β-catenin
knockdown or Dickkopf 1 (Dkk1) diminished BMP9-induced ALP activity. Moreover, it was demonstrated that β-catenin
overexpression promoted BMP9-induced mineralization, and increased the expression levels of late osteogenic markers
osteopontin and osteocalcin. Furthermore, β-catenin inhibited BMP9-induced lipid accumulation and the adipogenic marker
adipocyte fatty acid binding protein (aP2). The cell-implantation assay results identified that β-catenin not only augmented
BMP9-induced ectopic bone formation, but also blocked adipogenesis in vivo. Mechanistically, it was found that β-catenin
and BMP9 synergistically stimulated the osteogenic transcription factors runt-related transcription factor 2 (Runx2) and
Osterix (OSX). However, BMP9-induced adipogenic transcription factors, peroxisome proliferator-activated receptor γ
(PPARγ) and CCAAT enhancer-binding protein α (C/EBPα), were inhibited by β-catenin. Therefore, these findings
suggested that the Wnt/β-catenin signaling, potentially via the modulation of osteogenic and adipogenic transcriptional
factors, exerts an opposite effect on BMP9-induced osteogenic and adipogenic differentiation in preadipocytes.
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Introduction

Osteoporosis is a systemic and metabolic bone disorder that
is progressively more common in old age. Moreover, it
occurs as a result of bone loss and degradation of the bone
microstructure, thus leading to fragile bones that are prone
to fracture. This reduction of bone mass is partly due to the
fact that bone marrow mensenchymal stem cells (MSCs)
from older patients have an attenuated capacity to differ-
entiate into osteocytes and an enhanced capacity to
differentiate into adipocytes, which leads to an excess of
bone marrow fat [1–5]. Therefore, the imbalance in the

osteogenesis and adipogenesis contributes to the occurrence
and deterioration of osteoporosis.

Both osteogenesis and adipogenesis of MSCs are con-
trolled by specific transcriptional factors. During adipogenesis,
MSCs firstly differentiate to preadipocytes and subsequently
mature to adipocytes under the influence of adipogenic tran-
scription factors. Therefore, differentiation induction of pre-
adipocytes to osteocytes may be a feasible treatment option of
osteoporosis, to not only suppress extra marrow adipose tissue
formation, but also promote preadipocytes to a more osteo-
blastic phenotype. While a large plasticity exists between
preadipocytes and osteocytes [6–9], the underlying molecular
mechanism is not yet fully elucidated.

Wnts are a group of secreted glycoproteins that are
associated with several biological and pathological pro-
cesses [10–12]. Moreover, Wnts can bind to transmembrane
receptors, such as low density lipoprotein receptor related
protein 5/6 (LRP5/6) and Frizzleds (Fzs), to activate specific
pathways, including the canonical Wnt/β-catenin signaling
pathway, which is important for bone formation [13–16]. In our
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previous study, it was shown that BMP9 may activate the Wnt/
β-catenin signaling via the inactivation of glycogen synthase
kinase 3β (GSK3β) in 3T3-L1 preadipocytes [17]. Therefore,
suggesting that Wnt/β-catenin signaling may regulate BMP9-
stimulated osteogenic and adipogenic differentiation of pre-
adipocytes [17]. However, the mechanism of the interaction
between BMP9 and Wnt/β-catenin signaling, and the precise
function of Wnt/β-catenin signaling in BMP9-induced differ-
entiation of preadipocytes are not fully understood.

In this study, we investigated the role of the Wnt/
β-catenin signaling in BMP9-induced osteogenesis and
adipogenesis of preadipocytes. It was found that BMP9 can
stimulate the expression levels of several canonical Wnt
ligands and receptors, result in activation of Wnt/β-catenin
signaling. Furthermore, Wnt/β-catenin signaling activation
promoted BMP9-mediated osteogenesis and inhibited
BMP9-mediated adipogenesis in 3T3-L1 preadipocytes.
Thus, the present results indicated that the Wnt/β-catenin
signaling may be an important regulator for BMP9-induced
osteogenesis and adipogenesis of preadipocytes.

Materials and Methods

Cell Culture

3T3-L1 preadipocytes cell line was obtained from ATCC.
Cells were maintained under conditions as described pre-
viously [18]. Unless indicated otherwise, all chemicals were
purchased from Sigma-Aldrich.

Construction of Recombinant Adenoviruses

Recombinant adenoviruses expressing Wnt1 (AdWnt1),
Wnt3a (AdWnt3a), Wnt10b (AdWnt10b), BMP9 (AdBMP9),

Dkk1 (AdDkk1), β-catenin (AdBC), and small interference
RNA (siRNA) of β-catenin (AdR-simBC) were constructed
by AdEasy technology [17, 18]. AdBMP9, AdWnt1,
AdWnt3a, AdWnt10b, AdDkk1, AdBC also express green
fluorescent protein (GFP) as marker for tracking viruses.
Adenoviruses expressing only GFP (AdGFP) was used
as control.

ALP Assay

ALP activity was assessed with a Great Escape SEAP
Chemiluminescence assay (BD Clontech, Mountain View,
CA) and/or histochemical staining assay as described [17].
ALP activity was normalized to the level of total cellular
protein.

RNA Isolation and Semiquantitative RT-PCR Analysis

Total RNA was isolated from cells using TRIZOL Reagents
(Invitrogen, Carlsbad, CA, USA). Reverse transcription of
1 μg was conducted with the instructions of TaKaRa RT kit
(TaKaRa Biotechnology, Dalian, China). The cDNA pro-
ducts were diluted tenfold and then used as PCR templates.
Semiquantitative RT-PCR was performed as described [19].
In order to examine the genes of interest, the Primer3 pro-
gram was used to design PCR primers. The specific primers
used are shown in Table 1. All samples were normalized to
the expression of GAPDH.

Western Blotting Analysis

For total protein level assay, preadipocytes were collected
and lysed in Laemmli buffer which consisted of 60 mM
Tris-HCl, 10% glycerol, 0.002% bromphenol blue, 2%
SDS, and 5% β-mercaptoethanol. The nucleus fraction

Table 1 Mouse primers for
semiquantitative RT-PCR
analysis

Genes Forward primer Reverse primer

GAPDH 5′-ACCCAGAAGACTGTGGATGG-3′ 5′-CACATTGGGGGTAGGAACAC-3′

Wnt1 5′-ACAGCAACCACAGTCGTCAG-3′ 5′-AGGTTCGTGGAGGAGGCTAT-3′

Wnt2 5′-GTGGAGCAACCTCTTTCTGC-3′ 5′-ATGTGAAACCGGAGCAAATC-3′

Wnt3 5′-ACGAGAACTCCCCCAACTTT-3′ 5′-GACATAGCAGCACCAGTGGA -3′

Wnt3a 5′-ATGGCTCCTCTCGGATACCT-3′ 5′-GGGCATGATCTCCACGTAGT- 3′

Wnt10b 5′-GGATGGAAGGGTAGTGGTGA-3′ 5′-CTCTCCGAAGTCCATGTCGT-3′

LRP5 5′-GGTCACCTGGACTTCGTCAT-3′ 5′-TCCAGCGTGTAGTGTGAAGC-3′

LRP6 5′-ACAGAGCCCTGACATCATCC-3′ 5′-TGATTTGCGACTGAGTTTGC-3′

Fz1 5′-CAAGGTTTACGGGCTCATGT-3′ 5′-GTAACAGCCGGACAGGAAAA-3′

Fz3 5′-GCTCCAGGAACCTGACTTTG-3′ 5′-GACACTCCCTGCTTTGCTTC-3′

Fz4 5′-AACCTCGGCTACAACGTGAC-3′ 5′-TGGCACATAAACCGAACAAA-3′

Fz5 5′-AGGCATCCCGATTTTCTTTT-3′ 5′-TGAGCGAGGGCAGAGTATTT-3′

Fz7 5′-ATCATCTTCCTGTCGGGTTG-3′ 5′-AAGCACCATGAAGAGGATGG-3′

Fz8 5′-CTGTTCCGAATCCGTTCAGT-3′ 5′-CGGTTGTGCTGCTCATAGAA-3′
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protein was extracted by using Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime Institute of Biotechnol-
ogy, Jiangsu, China). Western blotting was carried out
as described previously [17]. All the antibodies were
purchased from Santa Cruz, as follows: anti-BMP9
(sc-514211), anti- osteopontin (OPN) (sc-21742), anti-
osteocalcin (OC) (sc-365797), anti-β-catenin (sc-7963),
anti-Histone H2A.X (sc-517336), anti-aP2 (sc-217529),
anti-Runx2 (sc-390351), anti-OSX (sc-393325), anti-
PPARγ (sc-81152), anti-C/EBPα (sc-7962), and anti-
GAPDH (sc-365062). The ImageJ software was used to
quantify protein bands.

Alizarin Red S Staining

Preadipocytes infected with AdGFP, AdBMP9, AdBC and/
or AdR-simBC were cultured in the presence of ascorbic
acid (50 μg/mL) and β-glycerophosphate (10 mM). After
treatment for 14 days, cells were fixed with 0.05% (vol/vol)
glutaraldehyde for 10 min. Cells were washed with PBS and
incubated with 0.4% Alizarin Red S for 5 min, followed by
washing with distilled water. The stained preadipocytes
were photographed under bright field microscopy. The
cultured cells were then extracted with cetylpyridinium
chloride, and the Alizarin Red S concentration was deter-
mined by measuring the absorbance at 562 nm.

Oil Red O Staining

On day eight preadipocytes were fixed with 10% formalin
for 1 h and stained with Oil Red O solution at 37 °C for
15 min. The stained Oil Red O was extracted with iso-
propanol and the concentration was quantified through
measuring the absorbance at 570 nm.

Transfection and Luciferase Reporter Assay

Preadipocytes were seeded in T25 flasks and transfected
with 2 μg per flask of β-catenin/Tcf4-responsive luciferase
reporter pTOP-Luc [18], using Lipofectamine (Invitrogen).
16 h later, preadipocytes were replated to 24-well plates and
transduced with different combinations of recombinant
adenoviruses at 4 h after replating. At 1 day post infection,
preadipocytes were lysed and cell lysates were collected for
luciferase assays using Promega’s Luciferase Assay Kit
(Promega, Madison, WI, USA).

Subcutaneous Cells Implantation

The animal experiments were approved by Ethics Com-
mittee of the second affiliated hospital of Chongqing
Medical University (Chongqing, China). Preadipocytes
were treated with AdBMP9, AdBC and/or AdR-simBC for

24 h. Then cells were harvested and subcutaneously injected
(5 × 106 cells/injection) into the both flanks of athymic nude
mice (five animals per group, 4–6 weeks old, female, Harlan
Sprague Dawley). At 5 weeks after injection, all the mice
were euthanized, and the implantation sites were collected
for micro-computed tomography (μCT) scanning and his-
tological evaluation.

Histological Evaluation

Retrieved tissues were decalcified, fixed in 10% formalin,
and embedded in paraffin. Serial sections of the embedded
specimens were stained with haematoxylin and eosin
(H&E). Masson Trichrome and Alcian Blue stains were also
conducted as described [17]. The ImageJ software was used
to analyze the regions of interest and/or intensity of the
acquired image data.

Micro-Computed Tomography Analysis

Bone masses were analyzed using a cone-beam-type desk-
top μCT system (Explore Locus SP, GE Healthcare, USA).
The three-dimensional reconstruction processing software
within the scanner (Micview V2.1.2) was used to complete
the image data analysis.

Statistical Analysis

The experimental data were presented as the mean ± stan-
dard deviation. Differences between groups were calculated
by Student’s t test and one-way analysis of variance. A
p value of < 0.05 was defined statistically significance. Each
assay condition was performed in triplicate, and the assays
were repeated in at least three independent experiments.

Results

BMP9 Activates Wnt/β-Catenin Signaling in
Preadipocytes

The present study examined whether BMP9 activated
canonical Wnt signaling activity in preadipocytes. Firstly,
AdBMP9 was shown to be capable of inducing BMP9
expression in preadipocytes (Fig. 1a). Exogenous expres-
sion of BMP9 significantly increased the β-catenin protein
level not only in the nucleus, but also in the cytoplasm and
the whole cell. (Fig. 1b). Moreover, BMP9 significantly
stimulated luciferase activities of pTOP-Luc reporter (Fig.
1c). As Wnt/β-catenin signaling is initiated through the
binding of secreted Wnt molecules to their receptors, we
assessed the effect of BMP9 on the expression of Wnt
ligands and receptors. The present results suggested that the
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mRNA expression levels of several canonical Wnt ligands
were upregulated by BMP9 (Fig. 1d). Furthermore, while
BMP9 had on effect on LRP5 and LRP6 mRNA levels, the
mRNA levels of the Wnt receptors, Fz1, Fz3, Fz4, Fz5, Fz7,
and Fz8, were increased after BMP9 treatment (Fig. 1e).
Collectively, the present findings suggested that BMP9
activated canonical Wnt signaling via the upregulation of
ligands and receptors in preadipocytes.

Wnt/β-Catenin Signaling Modulates BMP9 Induction
of ALP Activity

We also examined the effect of Wnt/β-catenin signaling on
BMP9-stimulated early stage of osteogenesis of pre-
adipocytes. Preadipocytes were infected with AdBC, Wnt1,
AdWnt3a, AdWnt10b, AdsimBC, AdDkk1, and/or
AdBMP9. It was found that BMP9-activated luciferase
activities of pTOP-luc reporter were enhanced by over-
expression of β-catenin, Wnt1, Wnt3a, or Wnt10b, but
decreased by β-catenin knockdown and Dkk1 (Fig. 2a).

While the exogenous expression of β-catenin alone had no
effect on ALP activity, it significantly enhanced BMP9
induction of ALP activity (Fig. 2b). Moreover, similar to
β-catenin, overexpression of Wnt1, Wnt3a, or Wnt10b also
promoted ALP activity induced by BMP9 (Fig. 2c–e).
However, β-catenin knockdown significantly inhibited ALP
activity stimulated by BMP9 (Fig. 2f). It was demonstrated
that overexpression of Dkk1, an inhibitor of the Wnt/
β-catenin signaling, also blocked BMP9-induced ALP
activity (Fig. 2g). These results demonstrated that the Wnt/
β-catenin pathway may have a positive role in the BMP9-
induced early stage of osteogenesis in preadipocytes.

β-Catenin Promotes BMP9 Induction of Late
Osteogenic Differentiation and Osteogenic
Transcriptional Factors in Preadipocytes

OPN and OC are specific markers for late osteogenesis.
Thus, we examined the effect of β-catenin on OPN and OC
stimulated by BMP9. It was identified that BMP9 increased

Fig. 1 Wnt/β-catenin signaling
is activated by BMP9 in
preadipocytes. a
AdBMP9 significantly
stimulates BMP9 expression in
preadipocytes. Preadipocytes
were infected with AdBMP9.
Fluorescence images of the cells
were recorded at 2 days after
infection, and AdBMP9
markedly induced BMP9
expression at 1 day (D1) and
2 days (D2) after infection.
**p < 0.01 vs. BMP9(D0)
group. b BMP9 increases
β-catenin expression in
preadipocytes. Preadipocytes
were stimulated with AdBMP9
or AdGFP for 24 h, western
blotting analysis was conducted
to test β-catenin protein. N,
nucleus; C, cytoplasm; W,
whole cell. **p < 0.01 vs.
control group. c The positive
effect of BMP9 on luciferase
activities of pTOP-Luc reporter.
**p < 0.01 vs. control group.
d, e Expression of canonical
Wnt ligands and receptors.
Preadipocytes were treated with
AdBMP9. At the indicated time
point, semiquantitative RT-PCR
was performed to detect the
mRNA levels of Wnt ligands
and receptors
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protein expression levels of OPN and OC, and that pre-
adipocytes stimulated with both AdBMP9 and AdBC pre-
sented higher expression levels of these factors than cells
treated with only BMP9 (Fig. 3a). However, β-catenin
knockdown significantly inhibited the potentiation effect of
BMP9 on the induction of OPN and OC expression in
preadipocytes (Fig. 3a). It was also found that β-catenin
significantly promoted BMP9-induced mineralization,
whereas this function of BMP9 was prevented by knock-
down of β-catenin using siRNA in preadipocytes (Fig. 3b).
Furthermore, β-catenin was identified to act synergistically
with BMP9 to activate the osteogenic transcription factors
Runx2 and OSX in preadipocytes (Fig. 3c). Thus, while
β-catenin may not induce late osteogenesis, it was found to
promote BMP9-mediated late osteogenic differentiation of
preadipocytes by increasing the activities of osteogenic
transcription factors.

β-Catenin Inhibits BMP9-Mediated Adipose
Differentiation of Preadipocytes

Next, the present study investigated whether Wnt/β-catenin
signaling affected BMP9-mediated adipose differentiation
of preadipocytes. Preadipocytes were stimulated with

AdBMP9 and/or AdBC for 8 days, and then Oil Red O
staining was conducted to detect lipid synthesis. A large
level of lipid was observed in cells stimulated by BMP9,
while preadipocytes infected with the combination of
AdBMP9 and AdBC showed less lipid formation (Fig. 4a).
Moreover, Wnt1, Wnt3a and Wnt10b also had an attenuated
effect on BMP9-mediated lipid accumulation in pre-
adipocytes (Fig. 4b–d). Furthermore, it was found that the
BMP9-induced adipogenic marker aP2 was reduced in
response to overexpression of β-catenin (Fig. 4e). In addi-
tion, the BMP9-induced adipogenic transcriptional factors
PPARγ and C/EBPα, were significantly suppressed by
β-catenin (Fig. 4f). Thus, the present study identified an
inhibitory function of Wnt/β-catenin signaling in BMP9-
induced adipogenesis in preadipocytes.

β-Catenin Regulates BMP9-Mediated Osteogenic
and Adipogenic Differentiation of Preadipocytes In
Vivo

The in vitro results indicated that the canonical Wnt
signaling exerted a contrary effect on BMP9-mediated
osteogenesis and adipogenesis of 3T3-L1 cells. A cell
implantation experiment was used to assess these findings

Fig. 2 The ability of Wnt/β-catenin signaling to promote BMP9-
stimulated early osteogenic marker ALP in preadipocytes. a Ver-
ification of the effect of β-catenin, Wnt ligands and Dkk1 on BMP9-
activated pTOP-Luc luciferase reporter activities. *p < 0.05 vs. BMP9
group; **p < 0.01 vs.BMP9 group. b–e ALP histochemical staining
(upper panel) and ALP activity (lower panel) showed β-catenin and

Wnt ligands promoted BMP9-induced ALP activity. ∇∇p < 0.01 vs.
control group; **p < 0.01 vs. BMP9 group. f, g ALP histochemical
staining (upper panel) and ALP activity (lower panel) showed Wnt/
β-catenin inhibition decreased BMP9-induced ALP. ∇∇p < 0.01 vs.
control group; **p < 0.01 vs. BMP9 group
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in vivo. Athymic mice were subcutaneously injected with
preadipocytes that were stimulated with AdBMP9, AdBC and/
or AdR-simBC. Then, these injection sites were collected for
histological evaluation and μCT analysis after 5 weeks. The
gross appearance of these retrieved specimens demonstrated
that β-catenin promoted the formation of ectopic bony masses
(Fig. 5a), which were also identified by μCT scanning (Fig. 5b,
c). However, preadipocytes infected with the combination of
AdBMP9 and AdR-simBC formed relatively bulky and soft
masses, rather than detectable bony masses (Fig. 5a).

H&E staining indicated that the combination of
AdBMP9 and AdBC resulted to mature bone matrices and
thicker trabeculae, with less undifferentiated preadipocytes

and mature adipocytes (Fig. 5d, g). Furthermore, Masson’s
Trichrome staining identified that β-catenin dramatically
promoted BMP9-stimulated matrix mineralization (Fig. 5e).
However, β-catenin impaired BMP9 induction of chon-
drogenesis (Fig. 5f). However, despite the presence of
mature adipocytes and a large number of undifferentiated
preadipocytes, no focal ossification and osteoid, or cartila-
ginous collagen matrix were observed in specimens
retrieved from preadipocytes transfected with AdBMP9 and
AdR-simBC (Fig. 5d–f). Collectively, the in vivo results
further indicated that Wnt/β-catenin signaling may potenti-
ate BMP9-induced osteogenesis and block BMP9-induced
adipogenesis in preadipocytes.

Fig. 3 β-catenin augments BMP9-mediated late stage of osteogenesis
in preadipocytes. a β-catenin overexpression (BC) and silencing
(SimBC) exert an opposite effect on BMP9-mediated late osteogenic
markers OPN and OC. Preadipocytes were transfected with AdBMP9,
AdBC and/or AdR-simBC for 12 days and afterwards protein
expression levels of OPN and OC were measured.**p < 0.01 vs.
control group; ∇p < 0.05 vs. BMP9 group; ∇∇p < 0.01 vs. BMP9
group. All experiments were performed in triplicates. b Alizarin Red S
staining. 3T3-L1 preadipocytes were transfected with AdBMP9,

AdBC and/or AdR-simBC. After 2 weeks, cells were stained with
Alizarin Red S solution. The mineralized nodule was extracted and
quantified via measuring absorbance at 562 nm. ∇∇p < 0.01 vs. control
group; **p < 0.01 vs. BMP9 group. c Potentiation effect of β-catenin
on BMP9-induced Runx2 and OSX expression. 3T3-L1 preadipocytes
were coinfected with AdBMP9 and/or AdBC for 3 days. Afterwards,
the expression levels of Runx2 and OSX were detected by Western
blotting. *p < 0.05 vs. control group; **p < 0.01 vs. control group;
∇p < 0.05 vs. BMP9 group; ∇∇p < 0.01 vs. BMP9 group
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Discussion

The precise function of Wnt/β-catenin signaling in BMP9-
mediated osteogenesis and adipogenesis of preadipocytes
has remained elusive. As the Wnt/β-catenin signaling is
important for BMPs-induced bone formation and can be
activated by BMP9 [18, 20, 21], it was speculated that it
may also be related to BMP9-induced differentiation of
preadipocytes. To assess this hypothesis, the effect of
BMP9 on the Wnt/β-catenin activity was examined, and it
was found that BMP9 effectively stimulated Wnt/β-catenin
activity in preadipocytes. Moreover, BMP9 or BMP2 can
also activate canonical Wnt signaling in other different cell
lines [21–24]. However, previous studies using human
primary periosteal cells and mice primary osteoblasts
showed that BMP signaling blocked Wnt/β-catenin activity
via the activation of Dkk1 [25, 26], which was inconsistent

with the present results. This discrepancy may be attributed
to the use of various types of cells, the cellular conditions,
such as proliferation, differentiation and cell environment,
or the supraphysiologic levels of in vitro BMP treatment.
Despite these factors, the present results evidenced that
BMP9 significantly activated the Wnt/β-catenin signaling,
thus indicating the potential importance of this pathway in
BMP9-mediated differentiation of preadipocytes.

Our previous study revealed that BMP9 can promote
nuclear translocation of β-catenin through blocking GSK3β
activity in preadipocytes [17], but the specific mechanism
by which BMP9 modulates Wnt/β-catenin activity remains
unknown. Based on the fact that the signal transduction of
the Wnt/β-catenin pathway is initiated by canonical Wnt
ligands binding to Fzs and LRP5/6 co-receptors [27], and
that BMP9 is able to induce Wnt ligand Wnt11 expression
in MSCs [28], the present study examined whether

Fig. 4 Wnt/β-catenin signaling suppresses BMP9-stimulated adipo-
genic differentiation of preadipocytes. a–d Adipogenic differentiation.
Preadipocytes were infected with AdBMP9 and AdBC, AdWnt1,
AdWnt3a or AdWnt10b for 8 days, followed by Oil red O staining
(upper panel). Quantitative analysis was performed by measuring
absorbance at 570 nm (lower panel). ∇∇p < 0.01 vs. control group; **p
< 0.01 vs. BMP9 group. e Protein expression level of adipogenic
marker aP2. 3T3-L1 cells were infected with AdBMP9 and/or AdBC.
At day 7, aP2 protein expression was detected by Western blotting

∇p < 0.05 vs. BMP9+ BC group; **p < 0.01 vs. control group. All
experiments were performed in triplicates. f β-catenin overexpression
decreases BMP9-stimulated PPARγ and C/EBPα. Preadipocytes were
treated with AdBMP9 and/or AdBC. At 3 days post treatment, Wes-
tern blotting was used to examine the expression of PPARγ and
C/EBPα. ∇p < 0.05 vs. BMP9+ BC group; ∇∇p < 0.01 vs. BMP9+BC
group; **p < 0.01 vs. control group. All experiments were performed
in triplicates
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BMP9 had an effect on Wnt ligands and receptors in
preadipocytes. We found that BMP9 significantly
increased several canonical Wnt ligands and receptors
mRNA levels. In addition to BMP9, BMP2 also has an
similar effect on the activities of Wnt ligands and recep-
tors. Zhang et al. [23] reported that BMP2 can stimulate
LRP5 expression to modulate β-catenin signaling activity
in osteoblasts. Moreover, BMP2 also promotes LRP5
expression in ST-2 cells [29]. Furthermore, BMP2 effec-
tively increases mRNA levels of specific Wnt ligands and
receptors in a dose-dependent way in osteoblasts [21]. For
keratinocytes, BMP2 promotes cellular expression levels
of Wnt2b, Wnt5b, Wnt7b, Wnt13, Fz6, Fz8, and Fz10
[24]. While the mechanism via which BMPs affect Wnt

ligands and receptors remains unknown, the present results
indicated that regulation of Wnt ligands and receptors by
BMP9 may be related to Wnt/β-catenin activation in
preadipocytes.

Further analyses were performed to assess the role of
Wnt/β-catenin signaling in BMP9 induction of pre-
adipocytes osteogenic and adipocytic differentiation. The
present results revealed that Wnt/β-catenin signaling
potentiated BMP9-induced bone formation and suppressed
BMP9-induced adipocytic commitment in preadipocytes.
Moreover, these findings are in line with other studies,
which revealed that the canonical Wnt pathway may act as a
crucial modulator for BMPs-induced osteogenesis and adi-
pogenesis in different cell types [18, 21, 30–32]. Further-
more, our results indicated that Wnt/β-catenin signaling
plays contrary roles in BMP9-mediated osteogenic and
adipocytic differentiation in preadipocytes.

The present study found that only Wnt/β-catenin acti-
vation had no influence on differentiation of preadipocytes,
thus suggesting that the Wnt/β-catenin pathway exerts
biological function possibly by enhancing preadipocytes
responsiveness to BMP9. However, the crosstalk between
BMP9 and Wnt/β-catenin signal pathways is not yet
understood. It is known that Runx2, a master regulator of
osteogenesis, is essential for osteoinductive effect of Wnt/
β-catenin pathway [18, 33, 34]. In addition, Runx2 is highly
expressed in preadipocytes and is capable of promoting
preadipocytes differentiation into osteoblasts [35, 36]. Our
previous study revealed that BMP9 can increase Runx2
expression in preadipocytes [17]. In addition, Runx2 can
also act as an inhibitor for adipogenesis both in MSCs and
preadipocytes [36–38]. Therefore, it was hypothesized that
the Wnt/β-catenin signaling may involve crosstalk with
BMP9 via Runx2 in preadipocytes. It was demonstrated that
β-catenin significantly increased BMP9-induced Runx2 in
preadipocytes, thus indicating that Runx2 may be involved
in the regulatory effect of Wnt/β-catenin signaling on
BMP9-mediated commitment of preadipocytes. β-catenin
also increased the expression of the BMP9-induced osteo-
genic transcription factor OSX, and inhibited BMP9-
induced adipogenic transcription factors PPARγ and C/
EBPα, which are targets of Wnt/β-catenin signaling for
stimulating osteogenesis, rather than adipogenesis, in
mesenchymal precursors [39]. Therefore, the present pre-
liminarily results identified the possible mechanism via
which the Wntβ-catenin signaling pathway interacts with
BMP9 in preadipocytes.

In conclusion, we showed that Wnt/β-catenin signaling
can promote BMP9-induced bone formation, and suppress
BMP9-mediated adipogenesis in preadipocytes, by reg-
ulating osteogenic and adipogenic transcriptional factors.
Therefore, our study provides a novel insight into the role of
BMP9 in preadipocytes differentiation, and identified the

Fig. 5 β-catenin promotes BMP9-stimulated ectopic bone formation. a
Representative retrieved bone masses showed the effect of β-catenin
overexpression (BC) and silencing (SimBC) on BMP9-stimulated
ectopic bone formation. b, c μCT scanning and analysis showed the
3D surface images and volume of bone mass. **p < 0.01 vs. BMP9
group. d–f Histological stains showed the effect of β-catenin on
BMP9-stimulated ectopic bone formation. (AC, adipocyte; OB,
osteoblast; OC, osteocyte; MBM, mineralized bone matrix; BM, bone
matrix; UPA, Undifferentiated preadipocytes; CM, Cartilage Matrix) g
Quantitative analysis of trabecular and osteoid matrix area was per-
formed by using ImageJ software. **p < 0.01 vs. BMP9 group
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possible mechanism via which BMP9 interacts with Wnt/
β-catenin pathway in preadipocytes.
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