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Abstract
The role of β-catenin in skeletal development and osteogenic cell differentiation is well
established, but the molecular mechanisms attending these effects remain largely unknown. We
conducted a structure/function analysis of β-catenin to gain further insights on these mechanisms.
Retroviral transduction of a full-length, constitutively active β-catenin mutant inhibited
adipogenesis and stimulated osteoblast differentiation from multipotent embryonic fibroblasts
(C3H10T1/2). However, N-terminal truncated β-catenin mutants with weak Tcf/Lef activity
retained their pro-osteogenic action, as did a constitutively stabilized mutant lacking the C-
terminal Tcf/Lef transactivation domain. Importantly, this Tcf/Lef-defective β-catenin did not
suppress adipogenesis, and even elicited spontaneous adipogenesis when expressed in cells
cultured in osteogenic conditions. Thus, Tcf/Lef transcriptional activity of β-catenin is critical for
inhibition of adipogenesis, while it is dispensable for its pro-osteogenic effect. BMP-2 greatly
enhanced both osteogenesis and adipogenesis in the presence of the C-terminally truncated
mutant, though it selectively enhanced only osteoblast differentiation in cells transduced with the
full-length, Tcf/Lef active β-catenin mutant. C3H10T1/2 cells produce BMP-4, and inhibition of
endogenous BMP signaling by Noggin curtailed osteogenic differentiation by constitutively active
β-catenin. Therefore, BMP signaling must be active for full induction by β-catenin of osteogenic
differentiation from multipotent precursors. These data suggest that cooperative interactions
between β-catenin and BMP signaling systems drive osteoblast cell fate specification and
differentiation.

Introduction
β-catenin orchestrates cell fate decisions in diverse tissues and organisms. In vertebrates, β-
catenin directs lineage allocation of intestinal stem cells, favoring proliferation of crypt cells
over villous differentiation (Batlle et al., 2002). In the epidermis, it determines the
differentiation of follicular keratinocytes while inhibiting epidermal lineages (Huelsken et
al., 2001). During skeletal development, β-catenin favors osteoblast over chondrocyte fate in
mesodermal and neural crest progenitors, thereby bearing an essential role in both
endochondral and intramembranous ossification (Hu et al., 2005a; Day et al., 2005; Hill et
al., 2005). In the adult skeleton, new osteoblasts are recruited from bone marrow stromal
cells, which also give rise to adipocytes. In vitro studies demonstrate that canonical Wnts,
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via β-catenin and Tcf/Lef transcription factors, effectively block adipogenesis (Ross et al.,
2000); and we previously showed a postnatal osteogenic to adipogenic shift in bone marrow
stromal cells derived from transgenic mice expressing a dominant-negative N-cadherin,
which sequesters β-catenin on the cell surface (Castro et al., 2004). This differentiation
defect was rescued by expression of activated β-catenin, suggesting β-catenin favors
osteoblast over adipocyte commitment from undifferentiated precursors in the adult bone
marrow microenvironment.

As an integral component of adherens junctions, β-catenin stabilizes cell-cell adhesion by
binding to cadherins (Nelson et al., 2004). β-catenin is also part of canonical Wnt signaling,
a cascade initiated by binding of Wnt(s) to low-density lipoprotein receptor-related protein-5
or 6 (LRP-5/6) and Frizzled co-receptors, resulting in inhibition of GSK-3β–mediated
degradation of β-catenin. Stabilized β-catenin accumulates in the nucleus, stimulating
transcription via the Tcf/Lef family of DNA-binding proteins (Cadigan et al., 1997; van Es
et al., 2003). Abundant genetic and epidemiological data support a role for canonical Wnt
signaling in skeletal development (Hartmann, 2006) and post-natal bone mass acquisition
(Gong et al., 2001; Little et al., 2002; Boyden et al., 2002). However, ablation or activation
of the β-catenin gene in the mouse does not phenocopy genetic ablation or constitutive
activation of lrp5 (Kato et al., 2002; Babij et al., 2003), resulting in severe skeletal
malformations (Hu et al., 2005a; Hill et al., 2005; Day et al., 2005). Furthermore, many
components of the canonical Wnt pathway are involved in Wnt-independent signal
transduction pathways (Xu et al., 2004; Nam et al., 2006; Fujino et al., 2003; Jia et al.,
2005); and Wnt-independent transactivation of Tcf/Lefs by β-catenin can be stimulated by
lysophosphatidic acid (Yang et al., 2005) or by prostaglandin E2 (Castellone et al., 2005).
Therefore, while Wnts can certainly provide osteogenic signals, it is possible that the
osteogenic role of β-catenin may not derive exclusively from generation of canonical Wnt
(Tcf/Lef-dependent) signals.

Bone morphogenetic proteins (BMPs) are important in osteoblast specification, bone
formation and maintenance (Zhao et al., 2002; Wan et al., 2005; Mishina et al., 2004;
Mishina et al., 2004), but can elicit the development of multiple mesenchymal skeletal
lineages (Ahrens et al., 1993). Interactions between BMPs and Wnt signaling have been
studied by others in a variety of mesenchymal cell lines, suggesting that such interactions
are essential for osteoblast differentiation (Rawadi et al., 2003). We previously
demonstrated that β-catenin synergizes with BMP-2 to stimulate osteoblast differentiation in
the mouse embryonic fibroblast cell line C3H10T1/2, and to induce new bone formation in
mouse calvaria (Mbalaviele et al., 2005). More recently, β-catenin signaling has been shown
to be critical for BMP-2 stimulation of ectopic bone formation in vivo (Chen et al., 2007).
We hypothesized that interaction with BMP signaling offers one potential mechanism by
which β-catenin, a ubiquitous signaling system, provides osteogenic cues to undifferentiated
multipotent cells.

To test this hypothesis, we performed a structure/function analysis of β-catenin in
C3H10T1/2 cells, which differentiate into osteoblasts or adipocytes in response to BMP
treatment (Ahrens et al., 1993). Our results indicate that Tcf/Lef-dependent transcriptional
activity of β-catenin is not required for its pro-osteogenic action, despite that it is necessary
for inhibition of adipogenesis. Furthermore, we show that BMP signaling is required for full
osteogenic stimulation by β-catenin, as well as adipogenesis.
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Material and Methods
Reagents

β-catenin antibody was purchased from BD Transduction Laboratories (San Diego, CA);
KT3-tag antibody from Covance (Princeton, NJ); TCF4 antibody from Upstate
(Charlottesville, VA); BMP-2/4 antibody from R&D Systems (Minneapolis, MN). Purified
recombinant human BMP-2 and murine Noggin were purchased from Sigma (St. Louis,
MO) and R&D systems, respectively. pTopFlash (Tcf/Lef-luc) was purchased from
Promega (Madison, WI) and consists of the luciferase open reading frame preceded by 6
tandemly-arranged Tcf/Lef binding elements. p12X-SBE-Luc (SBE-luc) was a kind gift
from Dr. Di Chen (University of Rochester, NY) and consists of 12 tandem Smad binding
elements upstream of an osteocalcin minimal promoter and the luciferase open reading
frame (Zhao et al., 2002). Primers were purchased from Invitrogen (Carlsbad, CA). Unless
otherwise indicated, all other chemicals and reagents were purchased from Sigma.

Cell Culture and Differentiation
C3H10T1/2 murine embryonic fibroblast cells, obtained from ATCC (Manassas, VA) were
maintained in basal medium of Eagle (BME; Gibco; Carlsbad, CA) containing 10% fetal
bovine serum (Atlas Biologicals; Fort Collins, CO), 40 mM L-glutamine, 100 U/ml
penicillin-G, and 100 mg/ml streptomycin, and incubated at 37°C in a humidified
atmosphere with 5% CO2. To stimulate differentiation, we applied well-established
methods, already described for the C3H10T1/2 cell line (Mbalaviele et al., 2005; Shin et al.,
2000). Briefly, for osteogenic differentiation cells were seeded in 24-well dishes (105 cells
per well) and cultured in osteogenic medium (10 mM β-glycerophosphate and 50 μg/ml
ascorbic acid). As a marker of osteoblast lineage, ALP activity was assessed after 6–7 days
in culture using a biochemical assay and normalized to protein content. In some
experiments, enzyme activity was detected by direct staining in fixed cells (Mbalaviele et
al., 2005). For adipogenic differentiation, C3H10T1/2 cells were cultured in adipogenic
medium (5 μg/ml insulin, 50 μM indomethacin, and 0.1 μM dexamethasone) for 10 days,
and adipocytes were identified after fixation by the presence of lipid droplets stained using
Oil Red O (Mbalaviele et al., 2005; Shin et al., 2000).

Expression of β-catenin mutants in C3H10T1/2
β-catenin cDNAs for wild type, mutGSK, ΔN90, and ΔN151 were kind gifts from Dr. James
Nelson (Stanford University, Stanford, CA). mutGSK is full length β-catenin containing four
point mutations in the CK1 (S45A) and GSK3β (S33/37T41A) phosphorylation domain.
ΔN90, and ΔN151 are N-terminal truncation mutants that include the phosphorylation
domain (Barth et al., 1997). The cDNAs encoding β-catenin mutants were subcloned into the
polylinker site of pIRES2-EGFP (BDBiosciences; San Diego, CA) using SacII and BamHI.
IRES-EGFP or bicistronic β-catenin-IRES-EGFP constructs were subcloned into pLNCX2
retroviral vector (BD Biosciences; San Diego, CA) using XhoI and NotI. We also generated
a C-terminally truncated β-catenin, mutGSKΔC, using a modified PCR strategy (Byrappa et
al., 1995) and the pLNCX2-mutGSK-IRES-EGFP plasmid as a template. Briefly, amino
acids 675–781 of mutGSK β-catenin were deleted in frame from the pLNCX2-mutGSK-
IRES-EGFP plasmid by amplifying the plasmid template using a high fidelity polymerase
(Pfu-Turbo; Stratagene; La Jolla, CA), a forward primer complementary to the C-terminal
KT3 tag of mutGSK, and a reverse primer complementary to coding sequence for β-catenin
amino acids 674–668. The purified PCR product was circularized with T4 DNA ligase and
cloned. Retroviral particles were generated by using Lipofectamine (Invitrogen; Carlsbad,
CA) to transfect pLNCX2 retroviral vectors into 293GPG packaging cells, which express
MuLV gag-pol and vesicular stomatitis virus G glycoprotein (VSV-G) under tetracycline
regulation (Ory et al., 1996). Following removal of tetracycline repression, 293GPG
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conditioned media were collected daily and tested for ability to transduce C3H10T1/2 cells.
Infectious fractions were pooled and supplemented with 6 μg/ml anionic polybrene.
Subconfluent C3H10T1/2 cells were incubated in viral-conditioned media for 48 hr and
selected for 7 d with 1 mg/ml G418 antibiotic. Transgene expression was assessed by both
fluorescence microscopy (detection of EGFP) and SDS-PAGE/immunoblot (detection of
transgenic β-catenin or C-terminal KT3 tag).

Luciferase Assay
Following a previously described method (Stains et al., 2003), cells were seeded in 24-well
plates (4×104 cells per well), and the following day plasmids (0.4 μg/well of TopFlash or
SBE-luc) were transfected using Lipofectamine2000 (Invitrogen; Carlsbad, CA) per
manufacturer’s instructions. Transfection medium was replaced with complete medium
containing additional treatments as indicated. Tcf/Lef-luc and SBE-luc were harvest after 24
hr of treatment. Luciferase activity was assessed in an Optocomp luminometer using a
Luciferase kit (Promega; Madison, WI) as per manufacturer’s instructions. Since the Renilla
reporters commonly used for normalization of transfection efficiency were modulated by
some treatments used in this study, Firefly activity is shown as a ratio over the average of
the control group. Assays were repeated >3 times.

Immunoprecipitation and Immunoblotting
Whole cell protein extracts were prepared as previously described (Mbalaviele et al., 2005).
Protein content was determined Pierce BCA kit, separated by SDS-PAGE, and transferred to
PDVF membranes (Millipore; Billerica, MA). Membranes were blocked and probed in PBS
containing 0.05% Tween-20 and 5% non-fat dry milk. Antigen-antibody complexes were
visualized by horseradish peroxidase-conjugated secondary antibody (1:5000) and West-
Pico detection (Pierce; Rockford, IL).

RNA Isolation and PCR
Briefly, 1 μg total RNA was isolated using RNeasy kit (Qiagen; Valencia, CA) and was
reverse transcribed using Superscript II reverse transcriptase and oligo(dT)15 primers
(Stains et al., 2003; Stains et al., 2005). Quantitative real time PCR was performed using
SYBR green (Applied Biosystems; Foster City; CA) and an ABI Prism 7300 detector using
these conditions: 40 cycles (95°C/10 min, 95°C/15 sec, 60°C/30 sec). Data were normalized
to gapdh expression. For semi-quantitative RT-PCR analysis, the following conditions were
used: 95°C/5 min; 30 cycles (95°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec); 72°C
for 5 min. Primers: bmp-2 (RT-PCR) sense 5′-cggagactctctcaatggac-3′ and antisense 5′-
gttcctccacggcttctagt-3′; bmp-4 (RT-PCR) sense 5′-ctcccaagaatcatggactg-3′ and antisense 5′-
aaagcagagctctcactggt-3′; bmp-4 (QPCR) sense 5′-ttcctggtaaccgaatgctga-3′ and antisense 5′-
cctgaatctcggcgacttttt-3′.

Statistical Analysis
All data are expressed as the mean ± standard deviation. Group means were compared by
unpaired t-test.

Results
We first functionally characterized the transcriptional and osteogenic activities of 3
constitutively stabilized β-catenin mutants, mutGSK, ΔN90, and ΔN151 (Figure 1A) in
C3H10T1/2 cells. Effective expression of these mutants, achieved by retroviral transduction
using bicistronic constructs that also express EGFP, was verified by both EGFP fluorescence
and Western blotting using antibody to β-catenin C-terminus. G418-resistant cells exhibited
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fluorescence in the green spectrum (Figure 1B), and the level of protein expression of each
mutant was similar to endogenous β-catenin (Figure 1C).

Each β-catenin mutant stimulated the activity of a Tcf/Lef-dependent transcriptional reporter
(Tcf/Lef-luc). However, despite the similar abundance of protein expression (Figure 1C),
mutGSK was a far more potent transcriptional co-activator than was ΔN90 or ΔN151 (Figure
2A, black bars). Consistent with our previous findings (Mbalaviele et al., 2005), BMP-2
treatment for 24 h did not activate Tcf/Lef-luc alone and did not enhance the effect of any β-
catenin mutant (Figure 2A, gray bars). As we previously reported (Mbalaviele et al., 2005),
ΔN151 was at best a weak stimulator of alkaline phosphatase (ALP) activity, an early
marker of osteoblast differentiation. By contrast, mutGSK or ΔN90 stimulated substantially
higher levels of ALP activity after 7 days of culture (Figure 2B, black bars). Importantly,
BMP-2 (100ng/ml) synergistically enhanced ALP stimulation by each β-catenin mutant
(Figure 2B, gray bars). However, ΔN90 was stronger in stimulating ALP activity than was
ΔN151 (Figure 2B), despite that ΔN90 and ΔN151 were equivalent activators of Tcf/Lef-
dependent transcription (Figure 2A). Also, ΔN90 and mutGSK stimulated similar levels of
ALP activity (Figure 2B) despite that ΔN90 was a weaker activator of Tcf/Lef-dependent
transcription (Figure 2A). By contrast, after 10 days in culture with an adipogenic medium,
transduction with either of the N-terminally truncated mutants, ΔN90 or ΔN151, resulted in
about 70% fewer adipocytes compared to EGFP, while mutGSK nearly abrogated
adipogenesis (Figure 2C). Thus, inhibition of adipogenesis by β-catenin directly correlates
with its Tcf/Lef transcriptional activity, whereas stimulation of ALP activity by β-catenin
does not.

To better test whether induction of ALP activity can be dissociated from β-catenin
transactivation of Tcf/Lef, a stabilized but transcriptionally-defective β-catenin mutant
lacking the C-terminal transactivation domain was generated from the mutGSK retrovirus
vector backbone (mutGSKΔC; Figure 3A). It was successfully expressed in C3H10T1/2
cells, as shown by immunoblots of lysates from mutGSKΔC transduced cells (Figure 3B).
To test the biologic activity of mutGSKΔC, we first compared its ability to stimulate Tcf/Lef
transcription against 80mM LiCl, a pharmacological inhibitor of GSK3 or the Tcf/Lef-active
mutant, mutGSK. Exposure to 80 mM LiCl and expression of mutGSK resulted in a similar
degree of Tcf/Lef-dependent promoter activity, and no further stimulation was obtained by
treating mutGSK-transduced cells with LiCl. Conversely, mutGSKΔC did not autonomously
transactivate Tcf/Lef-luc, and in fact, it significantly inhibited endogenous and LiCl-
stimulated Tcf/Lef activity (Figure 3C). These results confirm that the C-terminal domain is
required for canonical β-catenin transcriptional activity (Cong et al., 2003), and demonstrate
that this construct functions as a dominant-negative on Tcf/Lef dependent transactivation.
To determine whether loss of β-catenin’s Tcf/Lef activity correlates with a loss of biological
function, we monitored adipogenesis in cells transduced with either mutGSK or
mutGSKΔC. As noted earlier, transduction with mutGSK prevented formation of Oil Red O
positive cells in adipogenic medium, however transduction with mutGSKΔC was ineffective
in this regard, yielding an abundance of adipocytes similar to those observed in EGFP
control cultures (Figure 3D). Importantly, despite the loss of both Tcf/Lef-activity and its
anti-adipogenic effect, mutGSKΔC stimulated a comparable level of ALP activity as
mutGSK, an effect which was enhanced by exogenous BMP-2 (Figure 3E).

Consistent with quantitative biochemical results, the number of ALP positive cells in 10-day
mutGSK or mutGSKΔC osteogenic cultures was much higher than in EGFP cultures,
although the number in mutGSKΔC cultures was slightly less than in mutGSK cultures
(Figure 4A, B, and C). BMP-2 (200 ng/ml) greatly enhanced the ability of mutGSK to
stimulate ALP staining (Figures 4A, B, D, and E). The number of ALP positive cells in
mutGSKΔC plus BMP-2 cultures equaled or exceeded that of mutGSK plus BMP-2 (Figures

Salazar et al. Page 5

J Cell Biochem. Author manuscript; available in PMC 2013 October 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4F and 4E). Remarkably, adipocytes appeared among ALP-positive cells in mutGSKΔC
cultures but not in mutGSK cultures (Figures 4B–C′ and 4E–F′). Adipogenesis in
mutGSKΔC cells ensued spontaneously, in the absence of adipogenic stimuli and the
presence of osteogenic supplements (Fig. 4C, C′); and it became vigorous with BMP-2
treatment (Fig. F, F′).

These results indicate that mutGSK, ΔN90, and mutGSKΔC, but not ΔN151, stimulate
osteoblast differentiation in the absence of exogenous BMP-2. However, C3H10T1/2 cells
have been reported to produce BMPs (Shea et al., 2003). To determine if endogenously
produced BMPs are required for the “intrinsic” osteogenic activity of these β-catenin
mutants, we first assessed BMP expression by RT-PCR in 20% and 100% confluent
C3H10T1/2 cells. C3H10T1/2 cells express abundant bmp-4 mRNA, perhaps more
abundantly in confluent than non-confluent cells, whereas bmp-2 mRNA is undetectable
(Figure 5A). Temporal expression profiling revealed that bmp-4 expression sharply
increased >25-fold after the first 7 days post-confluence in osteogenic medium, receding by
21 d (Figure 5B). Neither exposure to exogenous BMP-2, nor transduction of mutGSK
altered expression of bmp-4 (Figure 5B) or bmp-2 (data not shown). To ascertain the
signaling activity of endogenous BMPs, a BMP-responsive transcriptional luciferase
reporter (SBE-luc) was transfected into C3H10T1/2 cells. Addition of recombinant Noggin
(a BMP-2/4/7 antagonist) or a BMP-2/4 neutralizing antibody significantly inhibited basal
SBE-luc activity while exogenous BMP-2, used as positive control, stimulated SBE-luc
activity 3-fold (Figure 5C).

More to the point, when mutGSK-transduced cells were cultured in osteogenic media in the
presence of different concentrations of Noggin for 7 days, induction of ALP activity by
mutGSK was dose-dependently attenuated by BMP blockade (Figure 5D). Notably, at a
concentration of 1.5 μg/ml, Noggin inhibited BMP-dependent SBE-luc activity by 50%
(Figure 5C) and mutGSK-dependent ALP activity by 70% (Figure 5D), indicating that
endogenous BMPs, probably BMP-4, contribute in great part, if not entirely, to osteoblast
differentiation induced by activated β-catenin in C3H10T1/2 cells. Since adipogenesis was
enhanced by BMP-2 in cells transduced with the transcriptionally inactive mutGSKΔC, we
tested the sensitivity of induced adipogenesis to BMP signaling blockade. The formation of
Oil Red O positive cells in cells grown in adipogenic medium for 9 days was dose-
dependently stimulated by exogenous BMP-2, and dose-dependently inhibited by Noggin
(Figure 5E). Thus, endogenous BMPs drive both adipogenic and osteogenic differentiation
in C3H10T1/2 cells.

Discussion
We previously reported that stabilized β-catenin synergizes with BMP-2 to stimulate in vitro
osteoblast differentiation and in vivo new bone formation (Mbalaviele et al., 2005). That
study evaluated the effects of a single mutant, ΔN151, which displayed little osteogenic
action by itself and required exogenous BMP-2 treatment to generate an osteogenic
stimulus. Here, we utilize a more comprehensive structure-function analysis to demonstrate
that the ability of β-catenin to stimulate Tcf/Lef-dependent transcriptional activity is neither
necessary nor sufficient to induce osteoblast differentiation, but rather requires active BMP
signaling.

Previous studies reported that β-catenin contributes to formation of new ectopic bone in
response to BMPs (Chen et al., 2007); that genetic ablation of β-catenin blocks the
osteogenic effect of BMP-2 in ex vivo mouse calvaria cultures (Hill et al., 2005); and that
canonical Wnt signaling is induced by BMPs via an autocrine loop (Rawadi et al., 2003;
Bain et al., 2003). These data suggested a model whereby canonical Wnt signaling, via β-
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catenin, is part of the downstream events activated by BMPs to induce osteogenesis.
However, others found that blockade of BMP signaling impedes Wnt-induced osteoblast
differentiation (Winkler et al., 2005); and the present work demonstrates that blockade of
BMP signaling impedes the stimulatory effect of constitutively activated β-catenin, which
does not require expression of canonical Wnts to stimulate Tcf/Lef-dependent transcription.
Thus, while others had reported “intrinsic” osteogenic activity in various β-catenin mutants,
(Rawadi et al., 2003; Bain et al., 2003), we here clarify that even a full-length β-catenin
mutant with potent Tcf/Lef activity is still largely dependent on endogenously produced
BMPs for its pro-osteogenic activity. Furthermore, since we find that up-regulation of
endogenous BMP-4 requires at least 3 days of culture in differentiation medium, the
assessment of effects by β-catenin/Wnt and BMP signaling interactions is heavily dependent
on timing of experimental endpoints. This factor may in part explain some of the discrepant
results from independent groups. Nonetheless, collective findings do not support a simple
epistatic model of osteogenesis where Wnts are downstream mediators of BMPs. Instead,
emerging data suggest that canonical Wnt signaling through β-catenin is necessary, though
not sufficient in the absence of BMPs, to stimulate osteoblast differentiation (Chen et al.,
2007). Although it is possible that canonical Wnts may induce expression of BMPs in a β-
catenin-dependent manner to stimulate osteoblast differentiation (Winkler et al., 2005), the
present results together with others’ findings (Hill et al., 2005), strongly suggest that β-
catenin activation and BMP signaling are required simultaneously to deliver an osteogenic
cue.

Our structure-function analysis of β-catenin establishes that its anti-adipogenic and pro-
osteogenic actions are separable. We find that the anti-adipogenic action of β-catenin
directly correlates with Tcf/Lef-dependent transcriptional activity and requires the C-
terminal transactivation domain. By contrast, the transactivation domain is dispensable for
the pro-osteogenic function of β-catenin, which is not accurately predicted by Tcf/Lef
activity. Although the molecular nature of this β-catenin-dependent but non-canonical pro-
osteogenic mechanism remains to be determined, Tcf/Lef-independent functions of β-
catenin in cell fate specification have been proposed in other cell types. For example,
ablation of β-catenin in skin stem cells induces epidermal differentiation at the expense of
follicular keratinocyte differentiation (Huelsken et al., 2001) while expression of a Tcf/Lef-
defective β-catenin mutant instead had both dominant-positive and dominant-negative
actions, depending upon the cell context in which it was expressed (DasGupta et al., 2002).
It is also worth considering why constitutive activation or ablation of β-catenin leads to
severe skeletal malformations in mice (Hu et al., 2005a; Day et al., 2005; Hill et al., 2005),
while ablation of lrp5 results only in low bone mass and an osteoblast defect but no skeletal
malformations (Kato et al., 2002). Thus, previous findings support the notion that the pro-
osteogenic action of β-catenin can operate in a non-canonical (Tcf/Lef-independent) manner.
And furthermore, mechanistically separable cell fate cues may be operative in other tissues
as well.

A non-canonical mechanism could be related to cross-talk between components of the Wnt
and BMP signaling systems. For example, direct interaction between Smad1 and Dvl-1 in
undifferentiated mesenchymal cells decreases cell proliferation (Chen et al., 2007).
Alternatively, β-catenin itself and Tcf/Lef proteins may interact with Smad-containing
transcription complexes on promoters containing both Tcf/Lef and Smad-binding elements
(Hussein et al., 2003; Lei et al., 2004; Hu et al., 2005b). Or, β-catenin may even directly
interact with BMP-2 signaling independently of Tcf/Lef proteins. Intriguingly, canonical
Wnt signals are reported to regulate gene expression in osteoblasts which are involved in
osteoclast function, such as opg (Glass et al., 2005); but to date there is no strong evidence
that osteoblastic genes, such as runx2 or osterix, are directly activated by Tcf/Lef-dependent
mechanisms (Glass et al., 2005; Kato et al., 2002). Determining if non-canonical β-catenin

Salazar et al. Page 7

J Cell Biochem. Author manuscript; available in PMC 2013 October 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



signaling regulates osteoblast gene expression and differentiation therefore represents an
attractive hypothesis to test.

Our data support a model where β-catenin refines a BMP-2 signal into either an adipocyte or
osteoblast cue, depending upon its transcriptional activity. When β-catenin is fully active,
adipogenesis is inhibited and BMP signaling is fully osteogenic. When transcriptional
activity is inhibited, BMP signals become ambiguous, inducing both osteogenesis and
adipogenesis. Thus, both Tcf/Lef-dependent and Tcf/Lef-independent actions of β-catenin
are necessary to make a BMP signal strictly osteogenic. While the anti-adipogenic function
is linked to the C-terminal transactivation domain, the topology of β-catenin pro-osteogenic
activity is less clear. The differences in ALP stimulatory activities between the ΔN90 and
ΔN151 mutants point to a region between residues 90 and 151 that might be critically
important for β-catenin pro-osteogenic action. However, the ΔN151 mutant was still able to
enhance BMP-2 induced osteoblast differentiation, implying that additional domains are
involved. These do not include the transactivation domain, since C-terminal deletion of β-
catenin has no detrimental effect on its pro-osteogenic function. Finer resolution of the
structure-function correlates of β-catenin should be useful for understanding its pro-
osteogenic action, and the mode of interaction with the BMP signaling system.

In summary, we demonstrate that β-catenin employs at least two mechanistically distinct
actions that control differentiation of mesenchymal lineages: a Tcf/Lef-dependent function
of β-catenin operates to suppress the adipocyte lineage; and, a Tcf/Lef-independent function
integrates with a BMP signal to induce osteogenesis. Our results support a model whereby
β-catenin and BMP effectors act cooperatively, so full induction of an osteoblastogenesis
program occurs when they signal in tandem. This cooperative interaction of two osteogenic
signaling systems will now be tested in vivo.
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ALP alkaline phosphatase

SBE Smad-binding element

RT reverse transcription
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Figure 1.
Structure and expression of β-catenin mutants. (A) Three different β-catenin mutants
(mutGSK, ΔN90 and ΔN151) are shown below the basic structure of the wild type protein.
The 4 phosphorylation sites (mutated to alanine in mutGSK3) at the N-terminus are shown,
as well as the Tcf/Lef-binding domain (shaded), the transactivation domain (TA, hatched),
and the KT3 epitope (solid). (B) C3H10T1/2 cells were transduced with VSV-G retroviruses
encoding EGFP only, or a bicistronic construct comprised of one β-catenin mutant and
IRES-EGFP. Fluorescence microscopy shows G418-resistant cells expressing EGFP. (C)
Western analysis detects expression of the β-catenin mutant proteins in similar abundance to
endogenous β-catenin (red arrowhead).
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Figure 2.
Tcf/Lef-dependent transcriptional activity of β-catenin mutants and C3H10T1/2
differentiation. (A) After retroviral transduction, G418-resistant C3H10T1/2 cells were
monitored for Tcf/Lef transcriptional activity in the absence or presence of 100 ng/ml
BMP-2 for 24 hr after transfection with Tcf/Lef-luc. (B) Alkaline phosphatase (ALP)
activity was quantified from cells grown in the absence or presence of 100 ng/ml BMP-2.
(C) C3H10T1/2 cells transduced with EGFP or β-catenin mutants were grown in adipogenic
medium for 10 d, and the number of adipocytes, defined by presence of Oil Red O positive
lipid droplets, was determined in 6 random 40X microscopic fields per genotype; p<0.05
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versus EGFP (*), versus ΔN151 (#), versus BMP-2 (‡), or versus ΔN151 plus BMP-2 (†),
two-tailed Student’s t-test.
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Figure 3.
The C-terminal transactivation domain of β-catenin is necessary for Tcf/Lef transcriptional
activity and for suppression of adipogenesis, but is dispensable for osteogenic stimulation.
(A) Schematic diagram of wild type and mutant (mutGSK, or mutGSKΔC) β-catenin
constructs, with their functional domains illustrated as in Fig 1A. (B) C3H10T1/2 cells were
transduced with either EGFP or mutant β-catenin (mutGSK, or mutGSKΔC) VSV-G
retroviruses. Whole cell lysates were immunoblotted using either an anti-β-catenin or anti-
KT3 antibody, as indicated. (C) Cells transduced with the different mutants were monitored
for Tcf/Lef transcriptional activity in the absence or presence of 80 mM LiCl after
transfection with Tcf/Lef-luc; p<0.05 versus EGFP (*) or versus EGFP plus LiCl (#), two-
tailed Student t-test. (D) Adipogenic differentiation was determined in transduced
C3H10T1/2 cells by Oil Red O staining after 10 d incubation in adipogenic medium. (E)
Alkaline phosphatase (ALP) activity was quantified in cell lysates in the absence or presence
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of 100 ng/ml BMP-2 after 7 d; p<0.05 versus EGFP (*) or versus EGFP plus BMP-2 (#),
two-tailed Student t-test. Results are representative of 3 separate experiments. Bar, 100 μm.
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Figure 4.
A Tcf/Lef-defective β-catenin mutant stimulates both osteoblasts and adipocytes under
osteogenic conditions and enhances BMP-2 effects. C3H10T1/2 cells transduced with either
EGFP or mutant β-catenin (mutGSK, or mutGSKΔC) VSV-G retroviruses and selected with
G418 were cultured in osteogenic medium for 10 d, stained with Oil Red O and
subsequently counterstained for ALP activity (A-F′). Stained monolayers were
microphotographed at 10X or 40X magnification. Adipocytes contain red-colored lipid
droplets and osteoblasts are stained purple.
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Figure 5.
C3H10T1/2 cells express endogenous BMP-4 and it accounts for most of the “intrinsic” pro-
osteogenic β-catenin activity. (A) Expression of bmp-2 and bmp-4 mRNA by RT-PCR in
confluent and sub-confluent cultures of C3H10T1/2 cells grown in osteogenic medium. As a
control for mRNA stability and abundance, gapdh mRNA was determined. (B) C3H10T1/2
cells were transduced with either EGFP (circles) or mutGSK (triangles) and incubated in the
presence (open) or in the absence (solid) of BMP-2 for up to 21 d. Total mRNA, extracted at
indicated time points, was used for determination of bmp-4 mRNA abundance by
quantitative real time PCR, relative to gapdh. (C) C3H10T1/2 cells were transiently
transfected with a BMP-specific luciferase reporter containing 12 tandem Smad-binding
elements (SBE-luc), and then treated with Noggin (1.5 μg/ml), a BMP-2/4 neutralizing
antibody (20 μg/ml), or BMP-2 (200 ng/ml) for 24 h; p<0.05 versus untreated (*), two-tailed
Student’s t-test. (D) Alkaline phosphatase (ALP) activity was quantified in C3H10T1/2 cells
transduced with mutGSK and treated with Noggin; p<0.05 versus mutGSK (*) or versus
mutGSK plus 0.5 μg/ml Noggin (#), two-tailed Student t-test. (E) C3H10T1/2 cells were
grown in adipogenic medium containing either BMP-2 or Noggin for 10 d and the number
of adipocytes, defined by presence of Oil Red O positive lipid droplets, was determined in 6
random 20X microscopic fields; p<0.05 versus vehicle (*), two-tailed Student’s t-test.
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