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Abstract

The BMP and Wnt/B-catenin signaling pathways cooperatively regulate osteoblast differentiation
and bone formation. Although BMP signaling regulates gene expression of the Wnt pathway,
much less is known about whether Wnt sighaling modulates BMP expression in osteoblasts. Given
the presence of putative Tcf/Lef response elements that bind p-catenin/TCF transcription complex
in the BMP2 promoter, we hypothesized that the Wnt/p-catenin pathway stimulates BMP2
expression in osteogenic cells. In this study, we showed that Wnt/p-catenin signaling is active in
various osteoblast or osteoblast precursor cell lines, including MC3T3-E1, 2T3, C2C12, and
C3H10T1/2 cells. Furthermore, crosstalk between the BMP and Wnt pathways affected BMP
signaling activity, osteoblast differentiation, and bone formation, suggesting Wnt signaling is an
upstream regulator of BMP signaling. Activation of Wnt signaling by Wnt3a or overexpression of
[-catenin/TCF4 both stimulated BMP2 transcription at promoter and mRNA levels. In contrast,
transcription of BMP2 in osteogenic cells was decreased by either blocking the Wnt pathway with
DKK1 and sFRP4, or inhibiting f-catenin/TCF4 activity with FWD1/p-TrCP, ICAT, or ATCF4.
Using a site-directed mutagenesis approach, we confirmed that Wnt/p-catenin transactivation of
BMP?2 transcription is directly mediated through the Tcf/Lef response elements in the BMP2
promoter. These results, which demonstrate that the Wnt/p-catenin signaling pathway is an
upstream activator of BMP2 expression in osteoblasts, provide novel insights into the nature of
functional cross talk integrating the BMP and Wnt/p-catenin pathways in osteoblastic
differentiation and maintenance of skeletal homeostasis.
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Introduction

Bone morphogenetic protein 2 (BMP2) is a critical autocrine and paracrine growth factor
that directs osteoblast differentiation and bone formation [1-4]. Signaling of BMP2 induces
mesenchymal precursor cells to differentiate into mature osteoblasts by regulating signals
that stimulate specific transcriptional programs required for bone formation [5,6]. Previous
studies have shown that BMP2 expression is tightly associated with the status of osteoblast
maturation [7,8], and is regulated in osteoblasts by other bone-related factors and signaling
pathways including the TGF-p, hedgehog/Gli, PTH/CREB, estrogen receptor, NF-xB,
PGEZ2, and microtubule signaling pathways [9-17]. Expression of BMP2 also is regulated by
the BMP signaling pathway itself because BMP2 is an autoregulated protein [18-20]. These
multiple mechanisms involved in regulation of BMP2 gene expression may provide
potential therapeutic targets for skeletal diseases with bone loss. However, the major
anabolic mechanisms, particularly at the transcriptional level, that control BMP2 expression
for osteoblastic bone formation are still unknown.

Recent gain- and loss-of-function studies of LRP5/6, p-catenin, and many other molecules
that participate in the Wnt signaling cascade identify the canonical Wnt signaling pathway
as a crucial pathway in the skeleton controlling osteoblast differentiation and bone formation
[21-28]. The evolutionarily conserved BMP and Wnt pathways are independent signaling
mechanisms, by means of different ligands, receptors, and intracellular signal transducers.
However, these two pathways control bone formation cooperatively. Activation of Wnt
signaling induces differentiation of pluripotent mesenchymal cells into osteoblast
progenitors that become osteoblasts, and maintains the precursor status of these
osteoprogenitors. BMP signaling stimulates these cells to further differentiate into mature
osteoblasts. After osteoprogenitors become osteoblasts, both pathways promote further
differentiation, evidenced by increased alkaline phosphatase (ALP) activity and
mineralization [29-32]. Functional integration of the BMP and Whnt signaling pathways
mostly causes dependent and/or synergistic effects on osteoblast differentiation and bone
formation [30,32,33].

Molecular studies have shown that functional communication between the BMP and Wnt
pathways involves multiple mechanisms. Some extracellular proteins, such as sclerostin,
CTGF, cerberus and sFRPs, are known to bind ligands/antagonists or/and receptors of both
the BMP and Wnt pathways [34—40]. Intracellularly, Smads are found to form complexes
with Wnt signaling molecules, such as Dishevelled-1, Axin, GSK3 and p-catenin. These
complexes modulate phosphorylation and activity of Smads and p-catenin [41-46]. Perhaps
the most compelling mechanism highlighting the cooperation between the BMP and Wnt
pathways is the transcriptional regulation of their common target genes, which harbor both
Smad and Tcf/Lef response elements (TRES). Smads can form a transcriptional complex
with pB-catenin/Tcf/Lef and co-activate transcription of many target genes through these
binding elements in response to both BMP and Wnt signaling [47-52]. In our effort to
identify potentially critical transcriptional mechanisms that control BMP2 expression in
osteoblasts, we hypothesized that the Wnt signaling pathway is an upstream transactivator of
BMP2 in osteoblasts. This takes into account that the BMP and Wnt signaling pathways
tightly cooperate and regulate each other, and that multiple putative Tcf/Lef response
elements (TRES) exist in the BMP2 promoter (vide infra). The purposes of the current study
were to determine the Wnt/p-catenin signaling pathway activation effects on BMP2 gene
expression and signaling in osteoblasts and to identify potential transcriptional mechanisms.
Since both BMP and Wnt pathways are critical anabolic signaling pathways affecting bone
formation, demonstration of Wnt regulation of BMP2 expression in osteoblasts will provide
novel insights into the role of the functional communication between the BMP and Wnt
signaling pathways that affects bone formation.

Bone. Author manuscript; available in PMC 2013 July 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al. Page 3

Material and methods

DNA constructs and recombinant proteins

The following expression plasmids were kindly provided by Dr. Bert VVogelstein (Johns
Hopkins University School of Medicine, Baltimore, MD): pCl-neo-B-catenin for human -
catenin; pCl-neo-B-catenin(A45) for stabilized B-catenin form in which Ser*® is deleted;
pCl-neo-B-catenin(S33Y) for stabilized B-catenin form in which Ser33 is replaced by Tyr33
[53]; pcDNA-Myc-TCF4 for human TCF4; pcDNA-Myc-ATCF4 for the dominant negative
mutant form of TCF4 (ATCF4) that lacks amino acids 1-30; and the Wnt signaling reporter
TOPFLASH (pGL3-OT) [54]. Murine inhibitor of B-catenin and TCF (ICAT) was expressed
in a vector as pcDNAS3.1-Flag-ICAT [55]. Expression plasmids pcDNA3-Flag-FWD1 for F-
box/WDA40-repeat protein 1 (FWD1), the mouse ortholog of p-transducin repeat-containing
protein (B-TrCP), and pcDNA3-Flag-FWD1AF-dominant negative form of FWD1 in which
the F-box is deleted [56] were gifts from Drs. Kei-ichi Nakayama and Hatakeyama (Kyushu
University, Japan). Osteoblast-specific multiple-signaling reporter, 9x6-OC-Luc, was
constructed by linking a sequence containing 9 copies of Tcf/Lef response elements (TRE),
9 copies of Smad binding elements (SBE), and 6 copies of Runx2 binding elements (OSE2)
upstream of a basal mouse osteocalcin promoter and linked to a luciferase reporter in pGL3
vector (Promega, Madison, WI). The BMP2 promoter reporter — 2712/+165-Luc, made by
linking mouse BMP2 promoter sequence — 2712/+165 to a cDNA for firefly luciferase in
pGL3 vector, has been previously described [6,13,14,57]. The BMP signaling reporter,
12SBE-Luc that we previously described [13,17,57,58], was constructed by connecting 12
copies of BMP-specific SBEs upstream of a basal mouse osteocalcin promoter and firefly
luciferase coding sequence in pGL3 vector. All recombinant murine proteins (Wnt3a,
BMP2, noggin, DKK1, serum frizzled-related protein 4 [SFRP4], and a genetically
engineered soluble form of the extracellular ligand-binding domain [amino acids 20-395] of
Kremen-1 [sKremen]) were purchased commercially (R&D Systems, Minneapolis, MN).

Cell culture and transfection

Osteoblast and osteoblast precursor MC3T3-E1 and 2T3 cells [6,13,14,57] were cultured in
a-minimal essential medium (a-MEM). Pluripotent mesenchymal C3H10T1/2 cells were
cultured in RPMI medium 1640. Myoblastic C2C12 cells were cultured in Dulbecco's
modified Eagle medium (DMEM). Cells were cultured at 37 °C in a humidified 5% CO,
incubator. The medium was supplemented with 10% fetal calf serum (FCS), 1% penicillin/
streptomycin, and 1% -glutamine. Cells at 70-80% confluence were transfected with
luciferase reporters and/or expression plasmids using LipoFectamine Plus Reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer's instruction.

Bone organ culture assay

Neonatal mouse calvarial cultures were performed as previously described [11,59,60].
Briefly, calvariae from 4-day old Institute for Cancer Research (ICR) Swiss pups were
dissected and cut in half with the excised hemi-calvariae explanted on metal grids (on the
surface) in 1 mL BGJ medium with Fitton-Jackson modification BGJ medium (Sigma)
containing 0.1% BSA with glutamine. The bones were incubated at 37 °C in a 5%
humidified incubator for 24 h, transferred to wells containing 1 mL of medium with test
compounds, and then further incubated under the above conditions for 72 h. The bones were
then removed, fixed in 10% buffered formalin for 24 h, decalcified in 14% EDTA overnight,
and embedded in paraffin. Sections (7 pum thick) were then cut and stained with hematoxylin
and eosin (H&E) to facilitate assessment of new bone formation and osteoblast proliferation
(cellularity of sections) as detailed previously (60).
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Western blot

Twenty-four hours after incubation of MC3T3-E1, 2T3, C3H10T1/2, and C2C12 cells with
Whnt3a at 40 ng/mL or vehicle, or 36 h after transfection of C2C12 cells with the p-catenin
expression vector, cells were lysed with RIPA cell lysate buffer. Cell lysates mixed with
sample buffer were loaded on SDS-PAGE gels (Mini-PROTEIN Il Ready gels, Bio-Rad,
Hercules, CA). Proteins were transblotted onto a PVDF membrane (Bio-Rad) in a
transblotting buffer (20 mM Tris, 150 mM glycine, 20% methanol, pH 8.0) at 4 °C and 100
V for 1 h. The membrane was blocked with 5% dry milk in TBS-T for 1 h at room
temperature. Then the membrane was incubated with either a rabbit monoclonal anti-p-
catenin antibody (Abcam, ab32572, Cambridge, MA) or a mouse monoclonal anti-p-actin
antibody (Abcam, ab8226) in TBS-T for 2 h at room temperature. Incubation with
horseradish peroxidase-conjugated anti-goat IgG antibody (Amersham Biosciences,
Piscataway, NJ) was performed at room temperature for 1 h. After washes, immunoblots
were detected using an enhanced chemiluminescence (ECL) system (Amersham
Biosciences).

Alkaline phosphatase activity

C2C12 cells or primary calvarial cells seeded in 48-well plates were incubated with BMP2
at 100 ng/mL or Wnt3a at 40 ng/mL, in the presence or absence of noggin at 500 ng/mL or
DKK1 at 100 ng/mL, in DMEM medium with 2.5% FCS for 24-48 h. After lysing in 0.05%
Triton X-100 buffer, cell lysates were analyzed for ALP activity in 96-wells plates. Briefly,
lysate (10 uL) was incubated with 90 pL of fresh AMP solution containing p-nitrophenyl
phosphate substrate at 37 °C for 30-60 min, and then 0.5 N NaOH (100 pL) was added to
stop the reaction. The plates were then read spectrophotometrically at 405 nm. ALP activity
was determined using a p-nitrophenol standard curve and normalized to total cellular protein
[6,13,14,57].

RT-PCR and quantitative real time PCR

Total RNAs prepared from C2C12, 2T3 or calvarial cells, treated with either Wnt-3a (20-80
ng/mL for 24 h) or transfected with B-catenin/TCF4 expression plasmids for 36 h, were
extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA) and then reverse transcribed
into cDNA using an iScript™ cDNA Synthesis Kit (Bio-Rad). The synthesized cDNAS were
amplified by PCR for 35 cycles (94 °C for 1 min, 56 °C for 1 min, and 72 °C for 1 min)
using a Taq PCR Master Mix Kit (Qiagen). The primers for mouse BMP2 were 5’-
TGAGGATTAGCAGGTCTTTG and 5'-CACAACCATGTCCTGATAAT. Quantitative
real time PCR of mouse BMP2, Collal and Runx2 mRNAs was performed using a
TagMan® Environmental Master Mix kit 2.0 (Applied Biosystems, Carlsbad, CA) with the
cDNA template and mouse TagMan probes (BMP2 probe: Mm01340178 _ml; Collal probe:
Mn02601853_g1; Runx2 probe: Mn00501578_m1, Applied Biosystems) on the 7300 real-
time PCR system (Applied Biosystems). Mouse GAPDH mRNA, detected using a VIC-
MGB probe (4352339E, Applied Biosystems), served as an endogenous control.

Luciferase reporter assay

C2C12 cells were plated in 24-well plates at 4 x 10* cells per well in DMEM with 10% FCS
for 18-24 h before transfection. Cells were incubated for 4 h at 37 °C with 250 pL of Opti-
MEM transfection solution containing LipofectAmine Plus Reagent (Invitrogen); 0.5 ug of
reporter plasmids, including TOPFLASH, 9%6-OC-Luc, 12SBE-OC-Luc, and —2712/+165-
Luc; 0.1 pg of pSV-B-Galactosidase (B-Gal) expression vector (Promega); and 0.05-0.2 pg
of expression plasmids for proteins, including p-catenin, p-catenin(A45), B-catenin(S33Y),
TCF4, ATCF4, ICAT, FWD1, and FWD1(AF). After 4 h of incubation, fresh DMEM
medium (250 pL) containing 20% FCS was added. The cells were cultured in the presence
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or absence of BMP and Whnt ligands or antagonists, including BMP2, Wnt-3a, noggin,

DKKZ1, and sFRP4, for 24-48 h. Cells were lysed with 100 pL of Reporter Lysis Buffer
(Promega). Relative luciferase activities of cell lysates were measured using a luciferase
assay kit (Promega) and normalized with B-Gal activity or Renilla activity [6,13,14,57].

Promoter mutagenesis

The putative TRES in the mouse BMP2 promoter were mutated by deleting core nucleotides
within the TREs using GeneEditor™ in Vitro Site-Directed Mutagenesis System (Promega)
following the manufacturer's protocol. Briefly, the BMP2 promoter sequence —2712/ + 165
was inserted into the mutagenesis vector pPGEM®-11Zf(+). Denatured DNA templates were
annealed with synthesized mutagenesis DNA oligonucleotides, 5 -
TTCGGAGTTTCTTGCTGCTCCTTCCGC CTCC in which the nucleotides “TT” in the
putative TRE “GCTTTGCT” at — 2269/ — 2263 bp of the promoter were deleted, or 5”-
CTTCTGGTCTTTCT CGGTCTGCAAACTGGAAAGATCTGGT in which nucleotides
“TTGCTTT” in the tandem TREs “TCTTTGCTTTGC” at — 1824/-1814 bp were deleted.
After DNA ligation and transformation, mutated DNAs were verified by sequencing. The
mutated BMP2 promoter sequences were recovered and inserted back into a pGL3 reporter
vector. The luciferase activity of mutant reporters responding to p-catenin/TCF4 was
measured as described above.

Calvarial cell culture

Results

Calvarial osteoblastic cells were obtained from newborn mice (1-4 days). Briefly, calvarial
bone tissues of pups were removed and subjected to multiple 15-25 min digestions in
Hank's Buffered Salt Solution (HBSS) supplemented with 0.05% trypsin and 1.5 U/ml
collagenase at 37 °C. Cells from the initial digestion were discarded, and cells from
digestions 2-6 digestion were suspended in a-minimal essential media (a-MEM)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 1% .-
glutamine. Cultured overnight, the cells were subcultured into the plates where they were
treated the growth factors and their inhibitors. The osteoblast differentiation and BMP2
MRNA expression in these cells were determined as described above.

Wnt/B-catenin signaling in osteoblasts

We performed a series of experiments to demonstrate that the canonical Wnt signaling
pathway was intact and active in multiple murine C2C12 and C3H10T1/2 as well as
osteoblast precursor 2T3 and MC3T3-E1 cell lines. C2C12 cells are primitive myoblastic
cells that can undergo differentiation to preosteoblast-like cells, while C3H10T1/2 cells are
pluripotent cells capable of differentiating along several lineages including osteogenic
lineage. Immunoblotting revealed that incubation of these osteogenic cells with Wnt3a at 40
ng/mL for 24 h markedly increased intracellular levels of B-catenin (Fig. 1A). Quantitation
of the Western blots showed that, compared with vehicle treatment, Wnt3a treatment
significantly increased the p-catenin/p-actin (normalization control) ratio (Fig. 1B).

Next, we used luciferase reporters to determine the overexpression effects of B-catenin and
TCF4 on signaling activity of the Wnt pathway. In C2C12 cells, transfection of wild-type -
catenin or its stabilized mutated forms, p-catenin(A45) and p-catenin(S33Y) substantially
increased luciferase activity compared with the empty vector control in a Wnt-specific
TOPFLASH reporter assay (Fig. 1C). Furthermore, co-transfection with TCF4 (a known co-
activator of p-catenin) further synergistically increased the transcriptional activity of p-
catenin and its mutant forms on TOPFLASH, compared with TCF4 empty vector (Fig. 1C,
gray bars). Consistent with the results of the TOPFLASH assay, overexpression of the
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various forms of B-catenin and TCF4 in C2C12 cells significantly increased luciferase
activity of the 9x6-OC-Luc reporter, which contains multiple copies of Tcf/Lef binding
elements, compared with empty vector controls (Fig. 1D). Next, TOPFLASH-expressing
C2C12 cells transfected with p-catenin were treated with DKK1, an antagonist of Wnt
pathway. DKK1 attenuated the p-catenin-enhanced TOPFLASH activity (Fig. 1E). Further,
treatment of C2C12 cells with Wnt3a over a wide dose range (10-80 ng/mL) markedly
increased TOPFLASH activity in a dose-dependent manner (Fig. 1F). As Wnt signaling was
substantially stimulated by Wnt3a at 40 ng/mL and 80 ng/mL, we used these doses of Wnt3a
in subsequent experiments in this study. These results demonstrate that the Wnt signaling
pathway is intact and active in osteoblasts.

Interaction between the BMP and Wnt signaling pathway in osteoblasts

We next investigated the role of ligands and antagonists in cross-regulation of signaling
activity of both BMP and Wnt pathways. First, we determined the effects of BMP and Wnt
ligands on BMP signaling activity. C2C12 cells, transfected with a BMP/Smad-specific
reporter construct 12SBE-Luc [13,17,57,58], were incubated with either BMP2 (100 ng/mL)
or Wnt3a (40 ng/mL) for 36 h. As expected, BMP2 treatment increased reporter activity
(Fig. 2A). However, Wnt3a also enhanced BMP/Smad reporter activity (Fig. 2A), indicating
that activation of Wnt signaling cross-stimulates BMP signaling. Next, we determined the
effects of BMP or Wnt antagonists on BMP reporter activity. As expected, treatment of
C2C12 cells with the BMP antagonist noggin significantly attenuated BMP2-induced
activation of the BMP reporter. However, incubation of the cells with the Wnt antagonist
DKK?1 did not block the stimulatory effect of BMP2 on reporter activity (Fig. 2A).

To explore the potential effects of the interaction between the two pathways on osteoblast
differentiation, we examined the effects of BMP2 and Wnt3a in the presence or absence of
their inhibitors on alkaline phosphatase (ALP) activity. Treatment with either BMP2 (100
ng/mL) or Wnt3a (40 ng/mL) for 48 h significantly increased ALP activity in C2C12 cells,
but treatment with noggin or DKK1 decreased ALP activity in these cells (Fig. 2B).
However, unlike noggin which substantially attenuated both BMP2-induced and Whnt-3a-
induced ALP activity, DKK1 only attenuated Wnt3a-induced increase in ALP activity (Fig.
2B). These results indicate that Wnt signaling is likely an upstream activator of the BMP
signaling pathway. We next confirmed the effects of Wnt3a and BMP2 on osteoblastic
differentiation of primary calvarial cells. Incubation of primary calvarial cells with BMP2
increased ALP activity and this was blocked by concomitant treatment with noggin, but not
DKK1 (Fig. 2C). Wnt3a over a dose range (20-80 ng/mL) also dose-dependently increased
expression of osteoblast marker genes, including Collal and Runx2, as assessed by real
time PCR (Fig. 2D).

To further examine the cross talk between the Wnt and BMP2 signaling pathways, we next
examined the effect of DKK1 on ALP activity in an ex vivo bone organ (neonatal calvaria)
culture assay (which is predictive of osteoblast differentiation and new bone formation
[11,59]). There was no significant increase in ALP in the presence of either Wnt3a or BMP2
alone. However, a combination of Wnt3a and BMP2 induced a significant increase in ALP.
Although DKKZ1 on its own had no effect on basal ALP levels, it completely blocked the
increase in ALP induced upon concurrent exposure of explanted hemi-calvariae to both
Wnt3a and BMP2 (Fig. 2E). These results support the above in vitro data that strongly
suggests the presence of cross talk between the Wnt-and BMP-signaling pathways. This
indicates that BMP2-induced osteoblastic differentiation may be dependent, in part, on
active Wnt signaling. To further explore this notion, we next examined the effect of
sKremen on BMP2-induced new bone formation in the same neonatal calvarial assay.
Available data in other systems suggest that DKK1 inhibits Wnt-induced signaling, in part,
by forming a ternary complex with transmembrane receptors LRP5/6 and Kremen. This
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ternary complex is subsequently endocytosed; therefore, there are no ‘free’ LRP5/6
receptors available to transduce signals. As DKK1 is constitutively expressed and secreted
in neonatal calvariae [61], we reasoned that by interfering with binding of Wnt3a to
transmembrane LRP5/6 receptors, low levels of constitutively secreted Dkk1 dampen active
Whnt signaling thereby attenuating osteoblastic response to BMP2. Therefore, sKremen,
acting as a decoy to sequester DKK1 and block its biological activity, should “rescue” this
attenuating effect of DKK1 and thereby augment the induction of new bone formation by
exogenously applied BMP2. skremen alone did not have any effect on new bone formation
in this assay. Although as reported previously, BMP2 alone only had a marginal effect in
this assay [11,59], more importantly, new bone formation (increased cellular proliferation
and accumulation of mature osteoblasts adjacent to new bone) was markedly increased in
bones treated with a combination of sKremen and BMP2 compared to BMP2 alone (Fig.
2F). Taken together, these data are consistent with the existence of a functional interplay
between the Wnt and BMP pathways.

Effects of Wnt ligand and antagonists on BMP2 expression in osteoblasts

Whnt signaling regulates expression of BMP family members [62-64]. Sequence analysis
showed that BMP2 (a prototype of the BMP family) promoter contains multiple putative
binding elements for Tcf/Lef. Therefore, we hypothesized that Wnt/p-catenin signaling
could function as a transcriptional stimulator of BMP2 expression in osteoblasts. This would
provide a mechanism by which Wnt signaling activates BMP signaling. BMP2 mRNA
levels were increased in osteoblast precursor C2C12 cells treated with Wnt3a (20-80 ng/
mL) for 24 h, with a maximal effect at 40 ng/mL (Fig. 3A). Quantitative real time PCR
further confirmed Wnt3a-enhancement of BMP2 expression in both C2C12 and 2T3 cells
and identified a dose—response pattern of Wnt3a stimulation in C2C12 cells (Fig. 3B). We
also examined the effects of Wnt3a on BMP2 mRNA expression in primary calvarial
osteablastic cells and found that Wnt3a dose-dependently increased BMP2 mRNA levels
(Fig. 3C).

Next, we tested the effects of Wnt signaling on BMP2 promoter activity. In C2C12 cells
transfected with —2712/+165-Luc, a BMP2 promoter reporter that we have reported
previously [6,11,14,16,17,57,59,65], Wnt3a treatment significantly enhanced BMP2
promoter activity, compared with vehicle control (Fig. 3D). We also determined the effects
of DKK1 and sFRP4 (that competitively prevents Wnt ligands from binding to their
receptors [66,67]) on BMP2 promoter activity. We found that incubation with either DKK1
or sFRP4 significantly reduced BMP2 promoter activity compared with vehicle control
treatment (Fig. 3E). These results suggest that Wnt3a stimulates BMP2 transcription in
osteoblasts.

Effects of overexpression of B-catenin on BMP2 expression in osteoblasts

Next, we investigated whether modifying levels of B-catenin, a pivotal signaling molecule of
the Wnt pathway, affects BMP2 expression. First, we determined the effects of
overexpression of B-catenin. In both C2C12 and 2T3 cells, co-transfection of B-catenin with
TCF4 markedly increased BMP2 mRNA concentrations, as evidenced by PCR assay with
GAPDH normalization (Fig. 4A). Real time PCR further quantitatively confirmed the level
of BMP2 mRNA in both cell lines was significantly elevated by p-catenin/TCF4 compared
with vector controls (Fig. 4B). We also performed a BMP2 promoter reporter assay to
determine the effects of p-catenin on BMP2 transcription and to compare the effects of
different types of p-catenin. In C2C12 cells expressing the —2712/ +165-Luc reporter, the
stable forms of p-catenin, B-catenin(A45) or p-catenin(S33Y) all exerted stronger
stimulatory effects on BMP2 promoter activity than wild-type p-catenin (Fig. 4C). The
stimulation extent of BMP2 promoter activity by either B-catenin/TCF4 or p-catenin(S33Y)/
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TCF4 was dependent on the amount of DNA transfected (Fig. 4D). Together, these results
suggest that p-catenin is a transcriptional activator of BMP2. We confirmed by
immunoblotting that expression of exogenous p-catenin protein correlates dose-dependently
with amount of B-catenin expression plasmid DNA transfected (Fig. 4E).

Effects of inhibition of B-catenin activity on BMP2 expression in osteoblasts

Activation of Wnt signaling prevents p-catenin from ubiquitin-dependent proteolytic
processing through the proteasome. Thus, we determined the effects on BMP2 expression of
down-regulating p-catenin levels by several approaches, which include blocking
transduction of signals via the Wnt cell surface receptor or overexpression of FWD1/B-TrCP
(the E3 ligase that facilitates proteolytic degradation of p-catenin). In C2C12 cells
transfected with the BMP2 promoter reporter construct, p-catenin/TCF4-enhanced BMP2
promoter activity was markedly decreased in the presence of DKK1, compared with vehicle
control (Fig. 5A). Interestingly, noggin treatment also reduced BMP2 promoter activity
induced by forced expression of B-catenin/TCF4 (Fig. 5A). We next evaluated the effects of
FWD1 on Whnt signaling in osteoblasts by TOPFLASH assay. Although wild-type FWD1
had no effect on basal TOPFLASH activity, it reduced p-catenin/TCF4-induced
TOPFLASH activity (Fig. 5B). In contrast, a dominant-negative form of FWD1 (FWD1AF)
significantly increased both basal and p-catenin-induced activity of the Wnt signaling
reporter (Fig. 5B). We also examined the effect of FWD1 and FWD1AF on BMP2
transcription. FWD1 significantly inhibited both basal and p-catenin/TCF4-stimulated
BMP2 promoter activity (Fig. 5C). However, FWD1AF altered neither basal BMP2
promoter activity nor the p-catenin/TCF4-stimulated levels (Fig. 5C). Together with the
findings from the overexpression studies above, it is likely that within the Wnt pathway, p-
catenin functions as a pivotal signaling molecule regulating downstream BMP2 expression
in osteoblasts.

B-Catenin Transactivation of BMP2 expression through Tcf/Lef binding elements

[B-Catenin migrates into nuclei and forms a complex with transcriptional factor Tcf/Lef that
transactivates target genes of the Wnt signaling pathway. To elucidate the functional
interaction between B-catenin and Tcf/Lef in BMP2 gene activation, we used specific Wnt
signaling inhibitors that inhibit formation of the B-catenin/Tcf/Lef complex, including (1)
ICAT (an inhibitor of B-catenin and TCF that competitively blocks the interaction of B-
catenin with Tcf/Lef [55,68,69]) and (2) a dominant negative mutant form of TCF4
(ATCF4) that prevents endogenous Tcf/Lef from binding with p-catenin and also blocks
Tcf/Lef interaction with Tcf/Lef responsive elements (TRE) [70] in DNA. In C2C12 cells,
forced expression of these inhibitors significantly reduced basal levels of BMP2 promoter
activity (i.e. induced by endogenous p-catenin/Tcf/Lef complex) and also significantly
attenuated the effect of exogenous B-catenin/TCF4 on BMP2 promoter activity (Fig. 6A and
B). The p-catenin/Tcf/Lef transcription factor complex binds and initiates transcription
through a TRE motif “C/T-CTTTG-A/T-A/T” in the promoter of target genes. By sequence
analysis we identified three putative TREs in the BMP2 promoter that could potentially
respond to B-catenin/Tcf/Lef. One TRE “CTTTGCT” was located between —2269/-2263 bp
and other two tandem TREs “CTTTGCTTTGCA” were arrayed in the region of
-1824/-1814 bp to —1814 bp (Fig. 6C). To evaluate the role of these putative TRES in -
catenin/TCF transactivation of BMP2 promoter, the TRES were mutated by deleting the core
TRE sequences in the promoter using a site-directed mutagenesis approach (Fig. 6C) Their
responsiveness to p-catenin/TCF4 was examined thereafter using the BMP promoter-
luciferase reporter assay. Mutation of the binding site at —2269/-2263 did not alter the BMP
promoter responsiveness to p-catenin/TCF (Fig. 6D). However, compared with wild-type
BMP2 promoter reporter, the BMP2 promoter reporter where the tandem binding sites were
deleted completely lost its responsiveness to stimulation by B-catenin/TCF4 (Fig. 6D).
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Together, these results suggest that the putative Tcf/Lef responsive elements at
-1824/-1804 bp in the BMP2 promoter are functional binding sites for the p-catenin/Tcf/
Lef transcription complex. This direct interaction between B-catenin/Tcf/Lef and these
promotor specific binding sites contribute to transactivation of BMP2 expression in
osteoblasts.
Discussion

The BMP and Wnt signaling pathways tightly regulate each other. Both pathways play an
important role in embryonic development and tumorigenesis. Activation of Wnt signaling
induces expression of BMP family members including BMP2, BMP4, and BMP7 and
increases expression of BMP target genes such as Msx and gremlin in the mesenchyme [62].
Similarly, in gastrointestinal cancer cells, B-catenin induces BMP2 expression [63]. Both
pathways play a critical role in postnatal bone formation, as demonstrated by several
genetically engineered mouse models during the past decade. However, the effects of Wnt
signaling on BMP expression in osteoblasts, and the involved molecular mechanisms remain
unclear. Given the existence of multiple putative TREs in the promoter of the BMP2 gene,
this study was designed to test the central hypothesis that the Wnt pathway is an upstream
activator of BMP2 expression in osteogenic cells.

[B-Catenin is a pivotal signaling molecule of the Wnt pathway. Activation of canonical Wnt
signaling with a Wnt ligand increased p-catenin protein levels in different osteoblastic cell
lines. This increase could be a result of Wnt signaling preventing proteolytic processing of
B-catenin (by the proteasome), resulting in p-catenin accumulation in the cytoplasm, as
described in several cell types [56,71-75]. B-Catenin migrates from the cytoplasm into
nuclei where it forms a complex with the co-activator Tcf/Lef and transactivates Wnt target
genes [70,76,77]. Using a Wnt-specific reporter TOPFLASH [54], we showed that
overexpression of B-catenin increased Wnt signaling activity which was synergistically
increased by co-overexpression of TCF4. Moreover, forced expression of mutated forms of
B-catenin, in which Ser#> was deleted [B-catenin(A45)] or Ser33 was replaced by Tyr33 [-
catenin(S33Y)] [53], produced more potent stimulatory effects on Wnt reporter than wild-
type B-catenin. These mutants were previously found to protect g-catenin from proteolytic
degradation. Therefore, the increased activity of these mutated p-catenin forms is most
likely due to reduced degradation of B-catenin protein in the osteoblastic cells. However,
this needs to further validated because of the uncertainty in the protein levels of the different
forms post-transfection. In our previous effort to study the interaction between multiple
anabolic signaling pathways in osteoblasts, we constructed an osteoblast-specific luciferase
reporter, 9x6-OC-Luc. This reporter contains response elements for multiple signaling
pathways, including TRE for the Wnt/B-catenin pathway. In the current study, we showed
that p-catenin/TCF4 activated this reporter, which further demonstrated Wnt/p-catenin
signaling in osteoblasts. However, this osteoblast-specific reporter also contains multiple
copies of Smad response elements (SBE) and Runx2 binding elements (OSE2). Therefore it
is possible that the stimulatory effect of p-catenin/TCF4 on the reporter could be mediated,
at least in part, through these binding elements.

To clarify this, we utilized a BMP-specific reporter construct, 12SBE-OC-Luc
[13,17,57,58]. We showed that, similar to BMP2, Wnt3a treatment also increased
transcriptional activity of this BMP/ Smad reporter and this Wnt3a-induced response was
blocked by noggin. This data strongly suggest that Wnt signaling acts as an upstream
regulator of BMP signaling activity, and this function is dependent on BMP activity.
Although DKKT1 attenuated the effect of Wnt3a on the BMP/Smad reporter, it did not block
BMP2-induced activation of the reporter. In addition, DKKZ1 also did not block BMP2-
enhanced ALP activity in osteoblast cell lines and primary osteoblastic cells (Fig. 2B and
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C). We speculate that DKK1 did not block BMP2-activation of BMP signaling activity,
despite the fact that it inhibits BMP2 expression in osteoblasts (as we convincingly
demonstrated in this study), because it does not block the stimulatory effect of exogenously
applied BMP2 ligand. Nonetheless, in ex vivo bone organ explant assays, sKremen
synergistically enhanced the effect of BMP2 on osteoblast proliferation and new bone
formation. This suggests that sKremen binding and sequestering DKK1 enhances LRP5/6
signaling and thereby concomitantly potentiates BMP2 signaling. Together, this data
provides further evidence of complex interactions between the BMP and Whnt signaling
pathways.

We also demonstrated that activation of Wnt signaling by either treatment with Wnt3a or by
overexpressing p-catenin/TCF4 strongly induced BMP2 transcription in osteoblasts. As we
recognized, Wnt3a at a range of 20-80 ng/ml dose-dependently increased BMP2 mRNA
expression in C2C12 cells, while it reached a peak at 20 ng/ml in 2T3 cells (Fig. 3B). A
possible explanation for the difference in the response of the two cell lines is that 2T3 cells
are less tolerant than C2C12 cells to exposure to exogenous Wnt3a, such that when Wnt3a
reached higher concentrations it may initiate a negative feedback that attenuates Wnt action
[78]. In contrast, inhibition of the Wnt pathway with Wnt antagonists (DKK1 and sFRP4) or
by overexpressing E3 ubiquitin ligase (FWD1) reduced basal or Wnt/p-catenin-induced
BMP2 expression in osteoblasts. Incubation with noggin also partially blocked the
stimulatory effect of B-catenin/ TCF4 on BMP2 transcription. This cross-antagonistic effect
of noggin could be attributed to the auto-regulatory property of BMP2 expression [8,18-20],
i.e. B-catenin/TCF4 stimulates BMP2 expression which in turn further increases expression
of BMP2 itself. In essence, noggin blocked this auto-induction, leading to partial inhibition
of B-catenin/ TCF4 activation of BMP2 expression. FWD1/B-TrCP induces proteolytic
degradation of B-catenin, thus blocking the Wnt-induced B-catenin-mediated signaling
cascade [56,71-75]. As expected, we showed that overexpression of wild-type FWD1/p-
TrCP reduced both basal and B-catenin-induced BMP2 transcription. This is due to its
ability to induce degradation of both endogenous and exogenous B-catenin. However, in
contrast with the stimulatory effects of the dominant-negative FWD1AF mutant in the
TOPFLASH reporter (presumably by competitively inhibiting proteolytic processing of both
endogenous and exogenous FWD1/p-TrCP), FWD1AF did not increase BMP2 promoter
activity. Presently, it is unclear why the dominant-negative had no effect on BMP2
expression in osteoblasts and further studies are required to clarify this. Together, the above
findings provide direct evidence that the Wnt/ f-catenin signaling pathway is a strong
activator of BMP2 transcription in osteoblasts. Nevertheless, previous studies on Wnt
regulation of BMP expression have shown a repressing function of Wnt on expression of the
dpp gene, a Drosophila homologue of BMP2 [64], which suggested Wnt regulation of
BMP2 expression could be a complex event.

Regulation of B-catenin activity also can occur at the transcriptional level within the
nucleus. We showed that forced expression of either ICAT or ATCF4, both of which block
physical interaction between p-catenin and TCF [55,68-70], antagonized both basal and -
catenin-enhanced BMP2 promoter activity. This suggests that formation of the B-catenin/
TCF complex is required for Wnt activation of BMP2 transcription. TCF is known to bind to
TREs, thus trans-activating target genes [47,49,77,79,80]. Our mutagenesis assay suggested
that, among the three putative TRES in the mouse BMP2 promoter, two proximal tandem
TREs (CTTTGCTTTGCA) are functional. However, it is yet to be determined if either or
both together participate in p-catenin/TCF activation of the BMP2 gene. This will require
further studies involving precise mutations of each tandem TRE.

Data from our published work and those from other laboratories have demonstrated that
transcriptional regulation of BMP2 is complex, involving multiple signaling pathways
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[8,10,11,13,14,16,17,20], including the hedgehog (Hh)/Gli [11,13,14] and PTH/CREB
pathways that we recently reported [17]. These pathways cross talk with the Wnt signaling
pathway in controlling osteoblast differentiation and skeletal homeostasis. Therefore, it is
likely that the Wnt pathway also cross talks with one or more of these other signaling
pathways to modulate BMP2 expression in osteoblasts. The zinc finger transcription factors
Gli2 and Gli3 mediate Hh signaling to target genes. We previously reported that Gli2 is a
powerful enhancer of BMP2 transcription in osteoblasts [14], and a C-terminal truncated
Gli3 acts as a transcriptional repressor (Gli3rep) [11]. We also found that Gli3rep markedly
attenuated p-catenin/TCF4 activation of BMP2 transcription in osteoblasts (data not shown).
This suggests another potential mechanism where BMP2 transcription is controlled by cross
talk between the Hh and Wnt signaling pathways.

In summary, these findings provide compelling evidence for a mechanism by which the
canonical Wnt pathway promotes the expression of the master osteogenic factor BMP2 in
osteoblasts, through a direct transactivation by p-catenin/TCF. These studies strongly
suggest that functional communication between the BMP and Wnt pathways play an
important role in integrating the anabolic functions of both pathways in bone.
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Abbreviations

ALP alkaline phosphatase

BGJ medium, Biggers, Gwatkin, and Judah medium
BMP bone morphogenetic protein

B-TrCP B-transducin repeat-containing protein

Collal type I collagen 1al

CTGF connective-tissue growth factor

CREB CAMP responsive element binding protein

DKK1 Dickkopf-related protein 1

FWD1 F-box/ WD40-repeat protein 1

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GSK3 glycogen synthase kinase 3

H&E hematoxylin and eosin

ICAT murine inhibitor of B-catenin and transcription factor
LRP5/6 low-density lipoprotein receptor-related protein 5/6
L ef lymphoid enhancer binding factor

NF-xB nuclear factor xB

OSE2 Runx2 binding elements

PGE2 prostaglandin E2
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PTH parathyroid hormone
RT-PCR reverse transcription polymerase chain reaction
SBE Smad binding element
sFRP4 secreted frizzled-related protein 4
sKremen soluble form of the extracellular ligand-binding domain (amino acids 20—
395) of Kremen-1
TCF (Tcf) T cell specific factor
TGFB transforming growth factor beta
TRE Tcf/Lef response elements or transcription regulatory elements
Whnt wingless integration site
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Fig. 1.

Whnt/B-catenin signaling in osteoblasts. (A and B) Effects of Wnt3a on -catenin expression.
2T3, C2C12, C3H10T1/2, and MC3T3-EL1 cells were treated with Wnt3a at 40 ng/mL for 24
h. B-catenin in cell lysates was detected by Western blot using an anti-p-catenin antibody. -
actin was used as control (A). The relative p-catenin levels were quantitated using Quantity
One gel imaging system with normalization by B-actin (B). *: P<0.05 Wnt3a vs. vehicle
(r=4). (C and D) Effects of B-catenin/TCF4 on Wnt reporter activity. C2C12 cells, which
were transfected with TOPFLASH (C) or9x6-OC-Luc reporter (D), were transfected with
expression vectors for wild-type and mutant p-catenin and TCF4at a dose of 0.2 pg DNA/
well in 24-well plates for 36 h. Relative luciferase activity in the cell lysates was measured
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and normalized by p-galactosidase (B-gal) activity. #: £<0.05 B-catenin or TCF4 vs. vector;
*: P<0 .01 B-catenin+TCF4 vs. B-catenin (/7=6). (E) Effects of DKK1 on B-catenin
activation of Wnt signaling activity. C2C12 cells carrying TOPFLASH reporter were
incubated with DKK1 at 100 ng/mL for 36 h. Relative luciferase activity was measured with
normalization by Renilla. *: A<0 .01 B-catenin vs. vector; #: £<0.01 B-catenin vs. B-catenin
+DKK1 (/=6). (F) Effects of Wnt3a on Wnt signaling activity. C2C12 cells carrying
TOPFLASH reporter were incubated with Wnt3a in a dose range of 10-80 ng/mL for 36 h.
Relative luciferase activity was measured as described in (E). *: £<0 .01, Wnt3a vs. vehicle
(17=6).
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Interaction between Wnt and BMP signaling in osteoblasts. (A) Effects of BMP2 and Wnt3a
and their antagonists on BMP signaling reporter activity. C2C12 cells, which were
transfected with 12SBE-Luc reporter, were treated with BMP2 at 100 ng/mL, or Wnt3a at
40 ng/mL, in the presence or absence of noggin at 500 ng/mL or DKKZ1 at 100 ng/mL, for
36 h. Relative luciferase activity in the cell lysates was determined with 3-gal normalization.
*: £<0.01, BMP2 or Wnt3a vs. vehicle; #: A<0.01 noggin vs. BMP2, or noggin, DKK1 vs.
Whnt3a (1=6). (B) Effects of BMP2 and Wnt3a and their antagonists on alkaline phosphatase
(ALP) activity in C2C12 cells. C2C12 cells were treated with BMP2 or Wnt3a, with or
without noggin or DKK1 as described above for 48 h. ALP activity in the cell lysates was
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determined using a Sigma ALP kit with normalization by total cell proteins. *: £<0.05
noggin or DKK1 or BMP2 or Wnt3a vs. vehicle; #: £<0.05, noggin vs. BMP2 or Wnt3a, or
DKK1 vs. Wnt3a (1=6). (C) Effects of BMP2 on ALP activity of calvarial osteoblasts.
Primary calvarial cells isolated from newborn mice were treated with BMP2 in the absence
or presence of noggin or DKK1 at the doses as described above, for 48 h. ALP activity was
quantitated as described above. *: ~<0.01 BMP2 vs. vehicle;#: £<0.01 BMP2 vs.
BMP2+noggin (/7=6). (D) Effects of Wnt3a on Collal and Runx2 expression in calvarial
cells. The calvarial osteoblasts were incubated with Wnt3a at doses of 20, 40 and 80 ng/mL
for 24 h. mRNA levels of Collal and Runx2 were determined by real time PCR with
GAPDH normalization. *: <0 .01, Wnt3a vs. vehicle (/7=6). (E) Effects of DKK1 on ALP
activity induced by a combination of Wnt- and BMP2-induced signaling in neonatal
calvariae. Hemi-calvariae were incubated ex vivo for 4 days with either Wnt3a (80 ng/ml) or
BMP2 (100 ng/ml) or a combination of both in the presence or absence of DKK1.
Conditioned media were harvested on day 4 and relative ALP levels determined. Data
represent mean+SD (/23 calvariae/group). *: £<0.05, Wnt3a/BMP2 vs. Wnt3a or BMP2, or
vehicle alone; #: £/<0.05 Wnt3a/BMP2+DKK1 vs. Wnt3a/BMP2 (/2=3). (F) Soluble Kremen
enhances BMP2-induced bone formation in neonatal mouse calvariae. Hemi-calvariae were
treated with sKremen, BMP2 or a combination of both for 7 days with media and
recombinant proteins completely replenished on day 4. Bones were processed for histology
and stained with hematoxylin and eosin. Although soluble Kremen on its own did not have
any effect, there was increased cellular proliferation and accumulation of mature osteoblasts
adjacent to new bone in representative calvariae treated with BMP2 in the presence of
sKremen compared with BMP2 alone. Representative calvariae from /23 calvariae/group
are presented.
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Fig. 3.
Effects of Wnt ligand and antagonists on BMP2 expression. (A and B) Effects of Wnt3a on
BMP2 mRNA expression in C2C12 cells. (A) BMP2 PCR. C2C12 cells were treated with
Whnt3a at a dose range from 20 to 80 ng/mL for 24 h. BMP2 mRNA levels in the cell lysates
were determined by RT-PCR using mouse BMP2 primers, with GAPDH normalization. (B)
Quantitative real time PCR of BMP2. C2C12 and 2T3 cells were treated with Wnt3a as
described above. Relative BMP2 mRNA concentrations in the cell lysates were quantitated
by real time PCR using TagMan mouse BMP2 probe, and normalized by GAPDH. *:
F£<0.05 Wnt3a vs. vehicle (17=4). (C) Effects of Wnt3a on BMP2 mRNA expression in
calvarial cells. Primary calvarial osteoblasts were incubated with Wnt3a at doses as
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described above. mRNA levels of BMP2 were determined as described above. *: /<0 .01
Whnt3a vs. vehicle (/7=6). (D) Effects of Wnt3a on BMP2 promoter activity. C2C12 cells
with BMP2 promoter reporter —2712/+165-Luc were treated with Wnt3a at 40 ng/mL for 36
h. Relative luciferase activity in the cell lysates was measured and normalized by Renilla
activity. *: A<0.01, Wnt3a vs. vehicle (/=6). (E) Effects of Wnt antagonists on BMP2
promoter activity. C2C12 cells were transfected with BMP2 promoter reporter —2712/+165-
Luc, and treated with DKK1 at 100 ng/mL or sFRP4 at 200 ng/mL for 36 h. Relative
luciferase activity in the cell lysates was measured and normalized by B-gal activity. *:
£<0.01 DKK1 or sFRP4 vs. vehicle (/=6).
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Fig. 4.

Effects of overexpression of B-catenin on BMP2 expression. (A and B) Effects of p-catenin/
TCF4 on BMP2 mRNA expression. (A) BMP2 PCR. C2C12 and 2T3 cells were transfected
with expression vectors for p-catenin and TCF4 at a dose of 0.5 pg DNA/well in 6-well
plates for 24 h. BMP2 mRNA levels in the cell lysates were determined by RT-PCR using
mouse BMP2 primers, with GAPDH normalization. (B) Quantitative real time PCR of
BMP2. C2C12 and 2T3 cells were transfected with p-catenin/TCF4 as described above.
BMP2 mRNA concentrations in the cell lysates were quantitated by real time PCR using
TagMan mouse BMP2 probe, and normalized to GAPDH. *: A<0.05 B-catenin/TCF4 vs.
vector (n=4). (C and D) Effects of p-catenin/TCF4 on BMP2 promoter activity. C2C12
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cells, which were transfected with —2712/+165-Luc reporter, were co-transfected with
expression vectors for wild-type or mutant f-catenin at a dose of 0.2 ug DNA/well in 24-
well plates (C) or co-transfected with p-catenin/TCF4 or B-catenin(S33Y)/TCF4 at a dose
range of 0.05-0.2 ug DNA/well in 24-well plates (D) for 36 h. Relative luciferase activity in
the cell lysates was measured and normalized by B-gal activity. *: A<0.05 B-catenin or its
mutants vs. vector (n=6). (E) p-Catenin protein level correlates with amount of plasmid
vector transfected. C2C12 cells in 6-well plates were transfected with B-catenin expression
vector at varying doses (0.5, 2.0 and 10 pg DNA/well). After 36 h, cells were harvested and
[B-catenin protein levels in the respective cell lysates were determined by Western blot using
anti-p-catenin antibody. GAPDH was used as an internal control.
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Effects of down-regulation of p-catenin activity on BMP2 expression. (A) Effects of BMP
or Whnt antagonists on p-catenin/TCF4 activation of BMP2 promoter activity. C2C12 cells
were co-transfected with —2712/+165-Luc reporter and expression vectors for p-catenin and
TCFA4. Cells were treated with noggin at 500 ng/mL or DKK1 at 100 ng/mL for 36 h.
Relative luciferase activity in the cell lysates was measured and normalized by B-gal
activity. *: A<0.01 B-catenin/TCF4 vs. vector; #: £<0.05 noggin or DKK1 vs. vehicle (n=6).
(B and C) Effects of FWDZ1/B-TrCP on Whnt signaling activity or BMP2 promoter activity.
C2C12 cells were co-transfected with TOPFLASH (B) or —2712/+165-Luc reporter (C) and
expression vectors for B-catenin and TCF4, and expression vectors for wild-type p-TrCP
(FWD1) or mutant p-TrCP (FWD1AF) for 36 h. Relative luciferase activity in the cell
lysates was measured and normalized by B-gal activity. In (B): *: £~<0.01 FWD1AF vs.
vector, or FWD1AF+B-catenin/TCF4 vs. vector+-catenin/TCF4; #: P<0.05 FWD1+p-
catenin/TCF4 vs. vector+p-catenin/TCF4. In (C): *: £/<0.05 FWD1 vs. vector, or FWD1+p-
catenin/TCF4 vs. vector+p-catenin/TCF4 (n=6).
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Transactivation of BMP2 promoter by Wnt/p-catenin signaling through Tcf/Lef response
elements. (A and B) Effects of inhibitor of interaction of p-catenin and TCF4 on BMP2
promoter activity. C2C12 cells were co-transfected with —2712/+165-Luc reporter and
expression vectors for B-catenin and TCF4, and expression vectors for ICAT (A) or ATCF4
(B) for 36 h. Relative luciferase activity in the cell lysates was measured and normalized by
B-gal activity. *: £<0.05 ICAT or ATCF4 vs. vector; #: £<0.05 ICAT+p-catenin/TCF4 or
ATCF4+B-catenin/ TCF4 vs. vector+p-catenin/TCF4 (/7=6). (C) Mutagenesis of TREs in the
BMP2 promoter. The core nucleotides (bold dashes) of putative TREs at —2269/-2263 and
-1824/-1804 (bold) in the mouse BMP2 promoter reporter —2712/+165-Luc were deleted
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using synthesized mutagenesis DNA oligonucleotides. (D) Effects of mutated TREs on p-
catenin/TCF4 activation of BMP2 promoter activity. C2C12 cells were co-transfected with
—2712/+165-Luc reporter containing wild-type TREs or mutated TRES (A-2269/-2263,
A-1824/-1804) with expression vectors for p-catenin and TCF4 for 36 h. Relative luciferase
activity in the cell lysates was measured and normalized by B-gal activity.*: ~<.01 B-catenin/
TCF4 vs. vector (17=6).
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