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Abstract

Wnt glycoproteins are important regulators of cellular differentiation and embryonic development. Some Wnt proteins induce

stabilization of b-catenin which cooperatively regulates gene expression with LEF/Tcf transcription factors. Here we demonstrate a
direct role for b-catenin signaling in osteoblast differentiation and in BMP2-mediated signal transduction. Similar to treatment with
BMP-2 protein, ectopic expression of stabilized b-catenin in C3H10T1/2 cells or activation of endogenous b-catenin signaling with
LiCl induces expression of alkaline phosphatase mRNA and protein, a defined marker of early osteoblast differentiation. Unlike

BMP2 protein, stabilized b-catenin does not induce osteocalcin gene expression, a marker of late osteoblast differentiation. BMP2-
induced differentiation also leads to activation of endogenous b-catenin signaling thus implicating b-catenin in early steps of BMP2-
mediated osteoblast differentiation. Effects of b-catenin and BMP2 on C3H10T1/2 differentiation are not completely overlapping,
implying that some aspects of BMP2-induced differentiation may be mediated by b-catenin signaling and that b-catenin can also
participate in non-BMP2-dependent differentiation processes.

� 2002 Elsevier Science (USA). All rights reserved.
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Secreted Wnt glycoproteins participate in regulation

of embryonic development and cellular differentiation

[1]. Several Wnt genes are expressed in developing limb

and function in pattern formation and chondrogenic

differentiation [2]; patterning of the developing brain and

control of tissue polarity and lineage segregation are also

regulated by Wnt signaling [3,4]. Wnt proteins activate
signal transduction through Frizzled and LRP co-

receptors and some Wnt family members induce stabil-

ization of cytoplasmic b-catenin protein [5]. In addition
to participating in cadherin mediated cell adhesion,

b-catenin regulates gene expression together with LEF/
Tcf transcription factors [6–8]. Mutations of b-catenin or
other regulatory components of this signaling pathway

have been identified in many tumor types leading to

constitutively activated b-catenin signaling, an impor-
tant driving force in malignant transformation of epi-

thelial cells [9]. b-Catenin signal transduction can also be
activated by growth factors such as EGF and HGF

which play a role in differentiation and malignant

transformation [10,11]. At the cellular level, b-catenin
signaling can modulate apoptosis, migration, prolifera-

tion, and epithelial–mesenchymal transition [12–16].

TGFb superfamily members exhibit a complex array
of activities in embryogenesis, cell and tissue differenti-

ation and proliferation [17]. The bone morphoge-
netic proteins BMP2 and BMP4 promote formation of

bone and cartilage by stimulating differentiation of os-

teoblasts and cartilage cells, respectively, from undif-

ferentiated mesenchymal cells [18]. BMP proteins signal

through transmembrane receptors which possess
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intrinsic serine/threonine protein kinase activity and
activate a cascade of cytoplasmic and nuclear responses

culminating in participation of activated Smad proteins

in transcriptional regulation [17]. Both synergistic and

antagonistic roles for TGFb and Wnt signaling have

been documented in developmental and genetic systems

[19–22]. While these pathways are generally thought to

be distinct, some Wnt proteins are implicated in osteo-

blast differentiation [23,24] and LDL receptor-related
protein 5 (LRP5), expressed by osteoblasts, participates

in bone mass accrual [25].

Here we characterize a new function for b-catenin
signaling in induction of early osteoblast differentiation

and provide new evidence showing that BMP2-mediated

osteoblast differentiation leads to activation of b-catenin
signaling.

Materials and methods

Cell culture and retrovirus-mediated gene expression. C3H10T1/2

cells were grown in MEMa medium containing 10% fetal bovine se-

rum. All experiments were performed with cells passaged less than four

times.

A retroviral vector used to express stabilized S37/45Ab-catenin in
C3H10T1/2 cells was previously described [15]. For differentiation

studies 14,000 C3H10T1/2 cells/well were seeded in 12-well plates.

Approximately 18 h later, culture medium was replaced with retrovi-

rus-containing culture supernatant with polybrene (6lg/ml). The viral
supernatant was replaced 24 h later with MEMa containing 2% fetal

bovine serum. Where indicated, a final concentration of 500 ng/ml

human recombinant BMP2 was added (provided by S. Roman-Roman

and Aventis Protein Production Group). For some experiments vari-

ous concentrations of LiCl were added. Cells were subsequently cul-

tured for 6 days at 37 �C followed by analysis. Infection efficiency,

monitored by FACS analysis, was routinely found to be 70–90%.

Detection of alkaline phosphatase expression and activity. Alkaline

phosphatase was detected by staining cells using a kit according to

manufacturer�s directions (Sigma). A quantitative spectrophotometric
assay was also used [26]. All measurements were performed on tripli-

cate samples.

TaqMan analysis of gene expression. RNA was isolated from cells

using a Qiagen kit according to manufacturer�s protocol. RNA sam-
ples were treated with DNaseI to eliminate contaminating genomic

DNA. Fluorogenic primer/probe sets (specific sequences available

upon request) to detect mRNAs encoding alkaline phosphatase, os-

teocalcin, aP2, collagen XIa2, and SM22a were designed using Primer
Express software (Applied Biosystems). Relative mRNA levels were

measured by quantitative real-time PCR with an ABI 7700 instrument

using manufacturers� protocols (Applied Biosystems). All measure-
ments were performed on triplicate samples.

Luciferase reporter gene assays. For reporter assays, cells were

transfected 24 h after retroviral infection with the b-catenin-responsive
firefly luciferase reporter plasmids TopFlash (wild-type promoter) or

FopFlash (mutant promoter) (obtained from H. Clevers) using Fugene

transfection reagent (Roche). To control for transfection efficiency, a

TK-Renilla luciferase control plasmid (Promega) was also included.

One day after transfection, medium was replaced with MEMa con-
taining 2% fetal bovine serum. Where indicated a final concentration

of 500 ng/ml BMP2 was added. Two days later, cells were solubilized

and assayed for firefly and Renilla luciferase activities according to

manufacturer�s instructions (Promega). Firefly luciferase activity was
normalized to the transfection efficiency using Renilla luciferase ac-

tivity. All measurements were performed on triplicate samples. The

efficiency of retroviral infection was 60–90% while the efficiency of the

subsequent reporter gene transfection was 50% or greater.

Western immunoblot analysis. Following treatments described

above C3H10T1/2 cells were solubilized and subjected to Western

immunoblot analysis as described [15]. Nitrocellulose membranes

(Amersham) were probed with an antibody against b-catenin (BD
Transduction Laboratories) or with a monoclonal antibody against the

FLAG tag (Sigma) at the N terminus of b-catenin followed by ECL
detection (Amersham). To confirm that equivalent amounts of protein

were analyzed, blots were stained with Ponceau S.

Results

Expression of stabilized b-catenin induces morphological

differentiation of C3H10T1/2 cells

To investigate a potential role for b-catenin in os-
teoblast differentiation we employed the pluripotent

C3H10T1/2 cell line, a well-characterized model system
with potential to differentiate in culture into osteoblast,

adipocyte, chondrocyte, and muscle cell types [27,28].

The precise differentiation response depends on the in-

ducing factor, serum concentration, and culture condi-

tions. Under the experimental conditions used here,

BMP2 treatment of the C3H10T1/2 cells leads to pre-

dominantly osteoblast and chondrocyte differentiation,

which can be documented by analysis of marker-specific
gene expression.

To determine the effects of b-catenin on the differ-
entiation process, we first expressed a stabilized b-cate-
nin protein (S37/45A) in undifferentiated C3H10T1/2

cells and monitored several lineage-specific differentia-

tion markers. S37/45Ab-catenin, with serine to alanine
substitutions at positions 37 and 45, cannot be phos-

phorylated by glycogen synthase kinase 3b. Conse-
quently, degradation via a ubiquitin-mediated process is

blocked, leading to accumulation of signaling-active b-
catenin [29,30]. Cells were infected with a retrovirus

expressing S37/45Ab-catenin or with a control retrovi-
rus and then cultured with or without BMP2 protein.

Cells expressing S37/45Ab-catenin and cultured without
BMP2 exhibited distinct morphological changes com-

pared to control vector-infected cells (Fig. 1A). The cells
were smaller, more elongated and, upon visual inspec-

tion, appeared to be denser. Two-dimensional cell cycle

analysis of these cell populations did not reveal differ-

ences in the cell cycle distribution (data not shown),

suggesting that the apparent increase in cell number

could be due to anti-apoptotic or pro-survival effects of

b-catenin as well as BMP2 protein [12,14].

Expression of stabilized b-catenin induces early, but not

late, osteoblast differentiation of C3H10T1/2 cells

Cells infected with either control retrovirus or S37/

45Ab-catenin expressing retrovirus and cultured with or
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without BMP2 were stained for the activity of an early

osteoblast marker, alkaline phosphatase (AP) [31]. As

expected, cultures treated with BMP2 alone contained

many AP-positive cells (Fig. 1B). S37/45Ab-catenin ex-
pression alone strongly stimulated the appearance of

AP-positive cells compared to control cultures and

treatment of these cells with BMP2 protein did not lead

to additional AP-positive cells by visual inspection.

Expression of the S37/45Ab-catenin protein in the ret-
rovirus-infected cells was detected by Western immu-

noblot analysis of cell extracts (Fig. 2). We consistently

observed a decrease in S37/45Ab-catenin protein ex-
pression in cells treated with BMP2 protein, whereas

there was no effect on endogenous b-catenin (Fig. 2).
Similar inhibition of LTR-driven transgene expression

by various growth/differentiation factors has also been

observed by others [32–34].

To confirm and quantify the AP staining observa-

tions, AP enzyme activity was measured. Cells infected
with control vector expressed no detectable AP activity

while BMP2 treatment induced AP activity, as expected

(Fig. 3A). Expression of S37/45Ab-catenin in the ab-
sence of BMP2 protein induced approximately fourfold

more AP activity when compared to BMP2 treatment

alone (Fig. 3A). Treatment of S37/45Ab-catenin-ex-
pressing cells with BMP2 slightly reduced the AP ac-

tivity when compared to S37/45Ab-catenin alone (Fig.
3A). The reduced AP activity was presumably caused by

the BMP2-mediated decrease in S37/45Ab-catenin pro-
tein levels described above (Fig. 2).

Fig. 1. Expression of stabilized b-catenin in C3H10T1/2 cells alters cell morphology and induces AP enzyme activity. Cells infected with a control
retrovirus or a retrovirus expressing S37/45Ab-catenin were cultured with or without BMP2 for 6 days and viewed by phase contrast microscopy (A)
or stained for AP activity and viewed by bright-field microscopy (B). Magnification: 40� (insets: 100�).
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AP mRNA levels were also measured by quantitative

real-time PCR (qPCR assay), showing a similar pattern

to the AP enzyme activity studies. Both BMP2 and to a

greater extent S37/45Ab-catenin induce AP mRNA ac-
cumulation (Fig. 3B). Again, the combination of S37/
45Ab-catenin expression with BMP2 treatment in-

creased AP mRNA levels but less than with S37/45Ab-
catenin alone. Taken together these findings suggest that

activated b-catenin signaling can induce AP mRNA and
protein expression in C3H10T1/2 cells similar to the

effect of BMP2, a known inducer of osteoblast differ-

entiation. Examination of the mouse AP promoter re-

gion did not reveal the presence of any LEF/Tcf binding
sites, indicating that AP is not a direct transcriptional

target of b-catenin.
To extend the analysis of bone-specific differentiation

markers in C3H10T1/2 cells, qPCR was used to mea-

sure expression of osteocalcin mRNA, a bone-specific

gene expressed later in the osteoblast lineage thanAP [31].

As expected, BMP2 treatment strongly activated osteo-

calcin gene expression (Fig. 3C). However, osteocalcin
mRNA levels were not upregulated in response to S37/

45Ab-catenin expression (Fig. 3C). Combination of S37/
45Ab-catenin with BMP2 treatment led to osteocalcin
mRNA levels similar to BMP2 treatment alone (Fig. 3C).

Together with the AP results these data indicate that ex-

pression of S37/45Ab-catenin induces early, but not late,

osteoblast differentiation markers in C3H10T1/2 cells
whereas BMP2 treatment induces both.

Activation of endogenous b-catenin signaling induces AP

expression in C3H10T1/2 cells

Inhibition of GSK-3b activity by treatment with Liþ

leads to a significant increase in endogenous b-catenin
signaling activity [35]. We next investigated the effect of

activating endogenous b-catenin signaling with LiCl on
AP expression in C3H10T1/2 cells. In preliminary ex-

periments, C3H10T1/2 cells were cultured with various

concentrations of LiCl and then stained for AP enzyme

activity. While high doses of LiCl (100mM) were toxic to

the cells, lower doses were well tolerated. Staining results

indicated that 10mM LiCl induced weak but detectable

AP activity while lower doses had no detectable effect on

AP expression (results not shown). In subsequent ex-
periments, RNA was prepared from C3H10T1/2 cells

treated with moderate concentrations of LiCl and AP

Fig. 2. Detection of stabilized b-catenin protein in C3H10T1/2 cells by
Western immunoblot. Protein equivalent extracts from cells infected

with control retrovirus or with a retrovirus expressing S37/45Ab-
catenin and cultured with or without BMP2 for 6 days were analyzed

by immunoblot with an antibody directed against the Flag epitope tag

to detect S37/45Ab-catenin (top). Total b-catenin levels were detected
with an antibody directed against b-catenin (middle). Relative

amounts of protein present in aliquots of each cell extract were

revealed by staining the nitrocellulose membrane with Ponceau S

(bottom).

Fig. 3. Expression of stabilized b-catenin in C3H10T1/2 cells induces
AP but not osteocalcin expression. Cells infected with a control ret-

rovirus or a retrovirus expressing S37/45Ab-catenin were cultured with
or without BMP2 for 6 days. Protein extracts were prepared and AP

enzyme activity was measured (A). Alternatively, RNA was isolated

from the cells and relative AP (B) or osteocalcin (C) mRNA levels were

measured by qPCR.

G. Bain et al. / Biochemical and Biophysical Research Communications 301 (2003) 84–91 87



mRNA levels were measured by qPCR assay. Treatment

with 10mM LiCl induced AP mRNA and 25mM LiCl

was as effective as BMP2 in stimulating AP mRNA ex-

pression (Fig. 4). These results demonstrate a role for b-
catenin signaling in osteoblast differentiation thus con-

firming the ectopic S37/45Ab-catenin expression studies
described above. Together our findings indicate that b-
catenin signaling alone can activate expression of the

osteoblast marker AP in C3H10T1/2 cells.

b-Catenin signaling is activated during BMP2-induced

differentiation of C3H10T1/2 cells

Based on our observations that either ectopic ex-

pression of S37/45Ab-catenin or activation of endoge-
nous b-catenin signaling induced early osteoblast

marker expression in C3H10T1/2 cells, we hypothesized

that endogenous b-catenin signaling would be activated
during BMP2-induced differentiation. To address this

question, a b-catenin responsive reporter gene was em-
ployed to detect activation of b-catenin signaling in
BMP2-treated C3H10T1/2 cells. The reporter consists of

a b-catenin-responsive promoter (TopFlash) or a mu-
tated, nonfunctional version (FopFlash) linked to a lu-

ciferase reporter gene. Upon transfection of these

constructs into cells, the levels of b-catenin signaling can
be quantified by measuring the activity of the luciferase

reporter gene product.

Cells infected with either control retrovirus or the
S37/45Ab-catenin expressing retrovirus (positive con-
trol) were transiently transfected with the TopFlash or

FopFlash reporter plasmids and then cultured with or

without BMP2 protein. To avoid gradual loss of the

reporter plasmid due to cell proliferation, cell extracts

were prepared 2 days after transfection and assayed for

luciferase activity. As predicted, BMP2 treatment of

control cells led to a threefold increase in endogenous b-
catenin signaling, similar to the stimulation observed in

cells infected with the S37/45Ab-catenin retrovirus (Fig.
5). BMP2 treatment combined with S37/45Ab-catenin
expression resulted in an approximately ninefold in-

crease in b-catenin signaling, greater than either stimu-
lus alone (Fig. 5). These results indicate that endogenous
b-catenin signaling is activated during BMP2-induced
differentiation of C3H10T1/2 cells.

Expression of stabilized b-catenin induces muscle but not

adipocyte or chondrocyte markers in C3H10T1/2 cells

Our results show that b-catenin can activate expres-
sion of an early osteoblast marker in C3H10T1/2 cells.

To investigate whether b-catenin can also induce other
lineage-specific markers, expression of aP2 (adipocytes),

collagen XIa2 (chondrocytes), and SM22a (muscle) was
measured using gene-specific qPCR assays [36–38].

Under standard culture conditions expression of the

adipocyte marker gene aP2 was detectable in untreated

C3H10T1/2 cells infected with control vector (Fig. 6A).

BMP2 treatment had no significant effect on aP2 ex-

pression. However, expression of S37/45Ab-catenin
strongly inhibited the basal expression of aP2. Combi-

nation of S37/45Ab-catenin with BMP2 had no signifi-
cant effect on aP2 expression compared to the control

cells. The chondrocyte differentiation marker, collagen

XIa2, was significantly upregulated in control cells

treated with BMP2 (Fig. 6B). However, S37/45Ab-
catenin alone did not induce this marker and the

combination of S37/45Ab-catenin and BMP2 led to in-
creased collagen XIa2 expression similar to that seen
with BMP2 alone (Fig. 6B). Finally, the muscle differ-

entiation marker SM22a was not induced by BMP2

treatment but was significantly upregulated by S37/

45Ab-catenin expression (Fig. 6C). Consistent with its
known inhibitory effect on muscle differentiation [39,40],

BMP2 treatment blocked the S37/45Ab-catenin-induced
upregulation of SM22a (Fig. 6C). Taken together, the
differentiation marker results indicate that activated b-
catenin signaling in C3H10T1/2 cells leads to early, but

not late, osteoblast differentiation as well as muscle

differentiation but not adipocyte or chondrocyte differ-

entiation. On the other hand, BMP2 treatment of

Fig. 4. LiCl treatment of C3H10T1/2 cells leads to induction of AP

expression. RNA was extracted from control cells, BMP2 treated cells

(positive control) or cells treated with 10 or 25mM LiCl for 6 days.

Relative AP mRNA levels were measured by qPCR.

Fig. 5. BMP2 treatment activates endogenous b-catenin signaling ac-
tivity in C3H10T1/2 cells. Following infection with control retrovirus

or with a S37/45Ab-catenin-expressing retrovirus, cells were trans-
fected with TopFlash (wild-type promoter) or FopFlash (mutant

promoter) reporter plasmids and cultured with or without BMP2.

Luciferase activity was measured in cell lysates and normalized to a

Renilla transfection control.
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C3H10T1/2 cells, under similar conditions, leads to both

early and late osteoblast differentiation as well as

chondrocyte differentiation but not adipocyte or muscle

differentiation.

Discussion

We have used the C3H10T1/2 cell culture model

system to study the effects of b-catenin signaling on
differentiation in comparison to BMP2 protein which

induces these cells to differentiate along an osteoblast

lineage. Here we provide direct evidence that BMP2
induced differentiation of C3H10T1/2 cells leads to ac-

tivation of b-catenin signaling, measured by a b-catenin-
dependent reporter gene assay. Furthermore, we show

that ectopic expression of activated b-catenin or acti-
vation of endogenous b-catenin signaling by LiCl

treatment leads to morphological changes characteristic

of BMP2 induced differentiation as well as induction of

AP mRNA and protein, an early marker of osteoblast
differentiation [31]. These data show first that b-catenin
itself can activate early osteoblast differentiation of

mesodermal precursor cells and second, implicate

b-catenin as a key signaling effector in BMP2-induced

osteoblast differentiation. However, while BMP2 pro-
tein induced osteocalcin gene expression, a marker of

late osteoblast differentiation, activated b-catenin sig-
naling did not. These findings suggest that while b-
catenin is a component of the BMP2-induced signal

leading to osteoblast differentiation, BMP2 activates

other non-b-catenin regulated pathways to promote the
full differentiation process.

BMP2, like other TGFb superfamily members, binds
to a serine/threonine kinase receptor which activates a

pathway that includes Smad protein phosphorylation

and nuclear translocation [17]. While these signaling

components are distinct from the known Wnt/b-catenin
signal transduction pathway they may stimulate pro-

cesses that cooperate with activated b-catenin to pro-
mote osteoblast differentiation. In another system,

Xenopus b-catenin and LEF/Tcf form a complex with
Smad4 and participate in synergistic activation of the

twin gene during formation of the Spemann organizer

[22]. Here we present an example of activated b-catenin
signaling as a consequence of BMP2 activated signal

transduction during bone differentiation. Based on our

data we propose that b-catenin alone can activate early
gene expression during osteoblast differentiation but

both b-catenin and Smad proteins are needed to activate
late gene expression and promote full differentiation. It

is interesting to note that Smad4/DPC4 was shown to be

a tumor suppressor in pancreatic cancer and colon

cancer, a majority of which have constitutively activated

b-catenin signaling [41]. Knockout mice lacking DPC4,
when crossed with mice harboring an APC mutation

leading to elevated b-catenin signaling, show enhanced
tumorigenesis [42]. These and other findings support
both synergistic and antagonistic roles for Wnt and

TGFb superfamily member signaling depending on

context [19–22].

An early study examining effects of Wnt gene ex-

pression on C3H10T1/2 cell transformation showed that

Wnt-1, Wnt-6, and Wnt-7b, but not Wnt-4 or Wnt-5b,

induced morphological changes and increased cell den-

sity at confluence in 5% serum [43]. Since these Wnt
proteins did not induce cell growth in soft agar the study

concluded that this mesenchymal cell line responded to

the Wnt gene products but was not transformed. Our

data agree with these findings and now provide an ex-

planation for the observed morphological changes.

Interestingly, Wnt-1, Wnt-6, and Wnt-7b activate b-
catenin signaling whereas Wnt-4 and Wnt-5B do not,

again in agreement with our finding that b-catenin sig-
naling induces early osteoblast differentiation of

C3H10T1/2 cells.

We found that b-catenin signaling in C3H10T1/2 cells
inhibited basal expression of aP2, a marker of adipocyte

differentiation, whereas BMP2 had no effect. This is

consistent with another study showing that overexpres-

sion of Wnt-1 inhibited adipocyte differentiation of the

Fig. 6. Effect of stabilized b-catenin expression on lineage markers in
C3H10T1/2 cells. Cells infected with a control retrovirus or a retro-

virus-expressing S37/45Ab-catenin were cultured with or without

BMP2. Following RNA isolation, relative mRNA levels for aP2 (ad-

ipocyte marker) (A), collagen XIa2 (chondrocyte marker) (B), or
SM22a (muscle marker) (C) were measured by qPCR.
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3T3L1 cell line by inhibiting expression of the pro-adi-
pogenic transcription factors C/EBPa and PPARc [44].
With the C3H10T1/2 cells we also showed that activated

b-catenin, but not BMP2, stimulated expression of

SM22a RNA, a marker of muscle differentiation. This
agrees with the documented roles of Frizzled, FRZB,

and Wnt family proteins in somitogenesis and myo-

genesis [45]. Notably, Wnt-1 acting through the b-cate-
nin pathway can provide a Myf5 inducing activity in the
myogenic process [46].

The work presented here supports a new role for

b-catenin signaling in osteoblast differentiation and in
the BMP2 activated signal transduction pathway. Our

findings also contribute to the emerging participation of

b-catenin signaling in stem cell function and differenti-

ation [47].
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