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decreases cbfal and osteocalcin expression and
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Transforming growth factor-f (TGF-B), a secreted
factor present at high levels in bone, inhibits osteo-
blast differentiation in culture; yet, the mechanism of
this inhibition remains unclear. We studied the effects
of TGF-B and its effectors, the Smads, on the expres-
sion and function of the osteoblast transcription factor
CBFA1. TGF-B inhibited the expression of the cbfal
and osteocalcin genes, whose expression is controlled
by CBFAL in osteoblast-like cell lines. This inhibition
was mediated by Smad3, which interacts physically
with CBFA1 and represses its transcriptional activity
at the CBFA1-binding OSE2 promoter sequence. The
repression of CBFA1l function by Smad3 contrasts
with previous observations that Smads function as
transcription activators. This repression occurred in
mesenchymal but not epithelial cells, and depended on
the promoter sequence. Smad3-mediated repression of
CBFA1 provides a central regulatory mechanism for
the inhibition of osteoblast differentiation by TGF-,
since it inhibits both cbfal transcription and tran-
scriptional activation of osteoblast differentiation
genes by CBFAL1. Altering Smad3 signaling influenced
osteoblast differentiation in the presence or absence
of TGF-B, implicating Smad3/TGF-B-mediated
repression in autocrine regulation of osteoblast
differentiation.
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Introduction

Mesenchymal cells can differentiate into bone, cartilage,
fat or muscle, depending on signals derived from the
cellular environment. Extracellular signaling by members
of the transforming growth factor-f3 (TGF-f) superfamily,
which are involved in diverse cellular processes, also
regulates mesenchymal differentiation. For example,
TGF-B can inhibit progression of adipose and osteoblast
differentiation, whereas bone morphogenetic proteins
(BMPs) stimulate osteoblast differentiation (Centrella
et al., 1994; Alliston and Derynck, 2000; Choy et al.,
2000).
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TGF- plays a key role in osteoblast differentiation and
bone development and remodeling. Osteoblasts secrete
and deposit TGF-f into the bone matrix and can respond
to it, thus enabling possible autocrine modes of action
(Robey et al., 1987). TGF-P regulates the proliferation and
differentiation of osteoblasts both in vitro and in vivo;
however, the effects of TGF-f on osteoblast differenti-
ation depend on the extracellular milieu and the differen-
tiation stage of the cells. TGF-f stimulates proliferation
and early osteoblast differentiation, while inhibiting
terminal differentiation (Bonewald and Dallas, 1994,
Centrella er al., 1994). Accordingly, TGF- has been
reported to inhibit expression of alkaline phosphatase and
osteocalcin, among other markers of osteoblast differen-
tiation and function (Noda, 1989; Centrella et al., 1994).
While osteoblasts express cell surface receptors for TGF-3
and its known effectors, Smad2 and Smad3 (Sakou et al.,
1999), the signaling mechanisms that mediate the effects
of TGF-P on osteoblast differentiation have not been well
characterized (Alliston and Derynck, 2000). In addition,
the extent to which autocrine TGF-f responsiveness
regulates osteoblast differentiation remains unclear.

Progress in recent years has led to the identification and
characterization of the TGF-P receptors and their intra-
cellular signaling effectors, the Smads. TGF-f signaling is
initiated by ligand binding to a heterotetrameric cell-
surface receptor complex, consisting of two types of
transmembrane serine/threonine kinases. Ligand-induced
phosphorylation of the type I by the type II receptors
results in activation of the type I receptor kinases, which in
turn phosphorylate Smad2 and/or Smad3 at C-terminal
serines (Heldin et al., 1997; Massagué, 1998). These
Smads then dissociate from the receptor complex to form a
heterotrimeric complex with Smad4, which then translo-
cates into the nucleus. The activation and nuclear trans-
location of Smads are subject to regulation by other
signaling pathways. In the nucleus, Smads interact with
transcription factors at the promoters of TGF-f-responsive
genes and regulate transcription (Derynck ez al., 1998; Itoh
et al., 2000; Massagué and Wotton, 2000; Miyazono,
2000; Wrana, 2000). Several types of transcription factors
have been shown to interact with TGF-B-activated Smads
at different promoters (Itoh er al., 2000). For example,
Smad3 has been shown to associate with c-Jun (Zhang
etal., 1998; Liberati et al., 1999; Qing et al., 2000), ATF-2
(Sano et al., 1999), TFE3 (Hua et al., 1998, 1999), Spl
(Feng et al., 2000; K.Pardali et al., 2000), LEF1/TCF
(Labbé et al., 2000) and the vitamin D3 receptor
(Yanagisawa et al., 1999). In addition, the phosphorylated
C-terminal sequence of Smad2 and Smad3 interacts with
the coactivator CBP/p300 (Feng et al., 1998; Janknecht
et al., 1998; Topper et al., 1998), which in turn connects
the Smads to the general transcription machinery. These
observations explain how TGF-8 can induce or enhance
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transcription, i.e. through physical interactions and func-
tional cooperation of Smads with other transcription
factors.

TGF-B has been implicated in both positive and
negative regulation of gene expression. However, the
mechanisms of transcriptional repression in response
to TGF-B have not been characterized. While Smad-
mediated repression has not been reported, several
corepressors have been identified that interact with
Smads and decrease transcriptional activation. Evi-1
(Kurokawa et al., 1998), TGIF (Wotton et al., 1999),
E1A (Nishihara et al., 1999) and Ski (Akiyoshi et al.,
1999; Luo et al., 1999; Sun et al., 1999) have been shown
to interact with Smad3 and to decrease or even inhibit
TGF-B- and Smad3-mediated transcriptional activation.
Decreased interaction of Smad3 with CBP/p300, as a
result of interferon-y signaling (Ghosh et al., 2001) or
SNIP1 expression (Kim et al., 2000), likewise decreases
Smad activity. In addition, activation of the JNK pathway
may also inhibit Smad3-mediated transcription (Dennler
et al., 2000). However, these mechanisms do not repress
transcription or inhibit gene expression in response to
TGF-P, but rather prevent maximal TGF-f activity.

One of the genes known to be repressed by TGF-f in
osteoblast differentiation is osteocalcin, a gene specifically
expressed in differentiated osteoblasts and odontoblasts
(Desbois et al., 1994). The TGF-B-mediated decrease of
osteocalcin has been shown to occur at the mRNA level
and does not require new protein synthesis (Noda, 1989).
More recently, it has been shown that transcription from
the osteocalcin promoter requires binding of the transcrip-
tion factor CBFA1 to a response element, named OSE2,
in the osteocalcin promoter (Ducy and Karsenty, 1995;
Geoffroy et al., 1995; Merriman et al., 1995; Banerjee
et al., 1996). CBFA1, which is also known as RUNX2,
OSF2, PEPB20.A or AML3, is a runt family transcription
factor, structurally related to AML1 and AML2. Smad3
has been shown to interact and cooperate with AMLI1, 2
and 3 to activate transcription from the germline Ig Co
promoter in response to TGF-B (Hanai et al., 1999; Lee
et al., 2000; E.Pardali et al., 2000; Zhang and Derynck,
2000; Zhang et al., 2000).

CBFA1 expression plays a key role in osteoblast
differentiation and skeletal formation (Karsenty, 1999).
In addition to osteocalcin, CBFAI regulates expression of
several other genes that are activated during osteoblast
differentiation, including alkaline phosphatase (Harada
et al., 1999), al and a2(I) collagen (Kern et al., 2001),
osteopontin (Ducy et al., 1997) and osteoprotegerin ligand
(Gao et al., 1998; Thirunavukkarasu et al., 2000). These
genes also contain CBFAIl-binding sites in their pro-
moters. These observations suggest that CBFAI is an
essential transcription factor for osteoblast differentiation.
This hypothesis is strongly supported by the absence of
bone formation in mouse embryos in which the cbfal gene
was inactivated (Komori et al., 1997; Otto et al., 1997).
Furthermore, cleidocranial dysplasia, a human disorder in
which some bones are not fully developed, has been
associated with mutations in a cbfal allele (Lee et al.,
1997; Mundlos et al., 1997). One of these mutants, which
is deficient in Smad binding, can prevent cooperation of
CBFA1 with BMP signaling to induce osteoblastic con-
version of C2C12 myoblasts (Lee et al., 2000; Zhang et al.,
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2000). In addition to its role in osteoblast differentiation,
CBFAI has been implicated in the regulation of bone
matrix deposition by differentiated osteoblasts (Ducy et al.,
1999). The expression of cbfal is regulated by factors that
influence osteoblast differentiation. Accordingly, BMPs
can activate (Ducy et al., 1997; Gori et al., 1999; Lee et al.,
2000), while Smad2 (Li et al., 1998) and glucocorticoids
(Chang et al., 1998) can inhibit, cbfal expression. In
addition, CBFA1 can bind to an OSE2 element in its own
promoter, suggesting the existence of an autoregulatory
feedback mechanism of transcriptional regulation during
osteoblast differentiation (Ducy et al., 1999).

In this study we addressed the mechanism through
which TGF- inhibits osteoblast differentiation and func-
tion. TGF-f causes transcriptional repression of the
osteocalcin and cbfal promoters, and this repression
depends on the presence of CBFA1 and occurs through
Smad3. The Smad3-mediated repression of the transcrip-
tional function of CBFA1 stands in contrast to previously
documented examples of transcriptional activation by
Smads in response to TGF-B. This Smad3-mediated
repression of CBFA1 function may explain the inhibitory
effect of TGF-P at two stages of osteoblast differentiation,
i.e. activation of cbfal expression and, subsequently, of
CBFA1-dependent genes such as osteocalcin. Alterations
in Smad3 signaling influenced the extent of osteoblast
differentiation both in the presence and absence of TGF-p.
Increased Smad3 signaling not only potentiated the TGF-3
inhibition of osteoblast differentiation, but also suppressed
differentiation in the absence of added TGF-, thereby
implicating TGF-B/Smad3 signaling in autocrine regula-
tion of osteoblast differentiation.

Results

TGF-$ represses cbfa1 transcription
To understand the mechanism by which TGF-f inhibits
osteoblast differentiation, we evaluated its effect on the
expression of cbfal in several osteoblast differentiation
systems. Primary osteoblasts, isolated from newborn
mouse calvaria, were cultured under conditions that enable
osteoblast differentiation, in the absence or presence of
TGF-B. As shown in Figure 1A, TGF-f caused a 50%
reduction of cbfal mRNA. ROS 17/2.8 cells, a rat
osteosarcoma cell line often used for studies of osteoblast
function, constitutively express cbfal (Ducy and Karsenty,
1995). Exposure of these cells to TGF-f similarly reduced
the level of cbfal mRNA within 8 h (Figure 1B). Under
appropriate culture conditions, calB 2T3 cells also under-
go osteoblast differentiation in a manner that resembles the
pattern observed in differentiating mouse calvarial osteo-
blasts (Chen et al., 1998). In these cells, expression of
cbfal mRNA was increased after 12 h in culture. Exposure
to TGF-B during this time prevented the differentiation-
associated increase in cbfal expression, as cbfal mRNA
levels in TGF-B-treated cells were only 30% of those in
untreated cells (Figure 1C). Finally, TGF-f also reduced
cbfal mRNA expression in subclone 4 of MC3T3-E1 cells
(data not shown), another cell line that undergoes
osteoblast differentiation in culture (Xiao et al., 1997).
To determine whether the inhibition of the cbfal mRNA
levels by TGF-B requires new protein synthesis, we
assessed the effect of TGF-P in the absence or presence of

2255



T.Alliston et al.

A Primary Ostecblasts B ROS 17/2.8
48h Bh
= TGF-f -  TGF-B

e cbfat

C caB213 D ros 17128

12h
oh - TGF-B

-

TGF-B
— TGFf CHX CHX

- -

Fig. 1. TGF-f inhibits the expression of cbfal mRNA independently of
new protein synthesis. The cbfal mRNA, visualized following northern
blot hybridization and autoradiography, is shown. (A) Primary mouse
calvarial osteoblasts cultured for 48 h in differentiation medium in the
presence of TGF-B (5 ng/ml) express reduced levels of cbfal mRNA.
(B) Treatment with TGF-f for 8 h decreases the level of cbfal mRNA
in ROS 17/2.8 cells. (C) TGF-B treatment of calB 2T3 cells during

the 12 h period in differentiation medium represses cbfal mRNA
expression. (D) ROS 17/2.8 cells were treated with TGF-f for 8 h as in
(B) in the absence or presence of cycloheximide (CHX) (10 pg/ml) or
with cycloheximide alone. Ethidium bromide-stained gels are included
to show similar loading of RNA.

cycloheximide, an inhibitor of new protein synthesis. The
TGF-B-dependent decrease in cbfal mRNA levels in ROS
17/2.8 cells also occurred in the presence of cyclohex-
imide, suggesting that no new protein synthesis is required
for TGF-B to reduce cbfal transcription (Figure 1D). In
ROS 17/2.8 cells, the constitutive cbfal mRNA level was
increased in the presence of cycloheximide alone, pre-
sumably a result of stabilization of this mRNA in the
presence of cycloheximide (Beelman and Parker, 1994;
Alliston et al., 1997). This stabilizing effect likely explains
why the TGF-B-mediated decrease in cbfal mRNA levels
was less pronounced in the presence of cycloheximide
(Figure 1D). Similar results were obtained in calB 2T3
cells (data not shown). These results suggest that the
repression of cbfal mRNA expression by TGF-f utilizes
transcription regulators already present in the cells prior to
TGF-f stimulation.

TGF-B-mediated repression of the cbfal promoter
depends on the presence of CBFA1

To examine the mechanism that regulates the inhibition of
cbfal mRNA levels by TGF-B, we assessed the regulation
of transcription from the cbfal promoter using a luciferase
reporter plasmid, pCbfal-Luc. This plasmid contains the
luciferase expression unit under the control of the —89/+46
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segment of the cbfal promoter, which contains three
binding sites for CBFA1 (Ducy et al., 1999). Transient
transfection of pCbfal-Luc conferred constitutive lucifer-
ase expression in ROS 17/2.8 cells, which express CBFA1
and several other markers of osteoblast differentiation
(Ducy and Karsenty, 1995), and this transcription was
decreased by addition of TGF-B (Figure 2A). We also
tested the transcription from the pCbfalm-Luc reporter, in
which each of the three CBFA1-binding sites is mutated to
prevent CBFA1 binding (Ducy and Karsenty, 1995). As
is apparent in Figure 2A, loss of CBFA1-binding ability
in the mutated promoter strongly decreased luciferase
expression in ROS 17/2.8 cells and abolished TGF-f-
mediated repression.

To explore this observation further, we transfected
pCbfal-Luc into 10T1/2 cells, a mesenchymal cell line
that does not express CBFA1 or other osteoblast-specific
genes (Ducy et al., 1997). In these cells, only a basal level
of transactivation and no effect of TGF-§ were observed.
However, coexpression of CBFA1 enhanced transcription
from the cbfal promoter. Under these conditions, TGF-f3
inhibited transcription from the cbfal promoter
(Figure 2B), even though the level of coexpressed
CBFA1 was unaffected (Figure 2C). Similar results to
those in 10T1/2 cells were also observed in NIH 3T3 cells,
another mesenchymal cell line (data not shown). Together,
these results suggest that the inhibition of cbfal transcrip-
tion by TGF-P requires both the presence of CBFA1 and
CBFA1 binding to the cbfal promoter.

CBFA1-dependent repression of transcription from
the osteocalcin promoter by TGF-§

TGF-B is also known to inhibit the expression of other
osteoblast-specific genes, including osteocalcin (Centrella
et al., 1994). The inhibition of osteocalcin mRNA
expression by TGF-B has been shown previously to
occur without the requirement of new protein synthesis
(Noda, 1989), suggesting that, as we have shown for cbfal
expression (Figure 1D), the TGF-B effect on osteocalcin
transcription is direct. We therefore assessed the effect of
TGF-B on transcription from the osteocalcin promoter in
ROS 17/2.8 and 10T1/2 cells, i.e. in the presence or
absence of CBFAI. Transcriptional activation was meas-
ured by assessing luciferase expression from a 1.3 kbp
promoter segment of the mouse osteocalcin II gene (OG2).
This promoter segment has been shown to confer the same
regulation and expression pattern in vivo as the endogen-
ous promoter (Ducy and Karsenty, 1995). In ROS 17/2.8
cells, TGF-f inhibited the transcription from this promoter
(Figure 3A). However, TGF-f did not affect the low level
of basal transcription in 10T1/2 cells (Figure 3B). As in
the case of the cbfal promoter (Figure 2B), CBFAI
coexpression in 10T1/2 cells enhanced the osteocalcin
promoter activity and conferred TGF-B-dependent inhib-
ition (Figure 3B). These results suggest that, consistent
with our findings with the cbfal promoter, TGF-B-
mediated repression of OG2 transcription also depends
on CBFA1 expression.

Since a CBFA1-binding site within the osteocalcin
promoter (named OSE2) is particularly critical for the
transcriptional inducibility of the osteocalcin promoter
(Frendo et al., 1998), we assessed the role of this sequence
in TGF-B-mediated repression. As shown in Figure 3C,
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Fig. 4. TGF-f inhibits transcription from the OSE2 sequence by CBFA1. (A) Transiently transfected ROS 17/2.8 cells were treated with TGF-B

(1 ng/ml; black bar) or cotransfected with an expression plasmid for a constitutively activated form of the TGF-B type I receptor (TBRI) (gray bar).
(B) 10T1/2 cells were transfected with different quantities of pPRK5-CBFA1. (C) 10T1/2 cells were transfected with 5 or 25 ng of pRK5-CBFALI, or
the empty vector pRKS, in the presence of increasing quantities of TBRI expression plasmid. The inset shows the lack of effect of increased TRRI
expression on basal promoter activity in 10T1/2 cells (note difference in scale). (D) A reporter plasmid containing six copies of a mutant OSE2 site,
p6OSE2m-Luc, has reduced basal and CBFA1-inducible transactivation (see inset), when compared with p6OSE2-Luc. Luciferase expression was

scored as in Figure 2.

the —147 bp proximal promoter segment contains the
OSE2 site and conferred both transactivation and TGF-f3-
mediated repression in ROS 17/2.8 cells. Inactivation of
the OSE2 site in this promoter segment strongly decreased
TGF-B-mediated repression, while also decreasing the
constitutive level of transcription. These data strongly
suggest that the CBFA1-binding sequence confers TGF-[3-
dependent repression. This is consistent with our previous
conclusion that TGF-B-mediated repression from the
osteocalcin or cbfal promoters depends on the presence
of CBFAL.

TGF-$ decreases the transcriptional activity

of CBFA1

To assess better the role of CBFA1 in TGF-B-mediated
repression, we utilized an artificial promoter reporter
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plasmid, p60OSE2-Luc, in which luciferase expression is
controlled by six tandem copies of the OSE2 site, i.e. the
CBFA1-binding site in the OG2 promoter (Ducy and
Karsenty, 1995). In ROS 17/2.8 cells, this promoter
allowed a high level of transcription, which was inhibited
by TGF-B or by coexpression of a constitutively activated
TGF-B type I receptor (Figure 4A). These data strongly
suggest that TGF-P signaling inhibited transactivation of
this reporter through a direct effect on CBFA1 function.
As seen with the endogenous cbfal promoter- or
osteocalcin promoter-driven reporter plasmids in 10T1/2
cells, p6OSE2-Luc conferred only a low level of tran-
scription in 10T1/2 cells in the absence of CBFAI.
Cotransfection of CBFA1, however, enhanced transcrip-
tion in a dose-dependent manner (Figure 4B). While
coexpression of a constitutively activated TGF-§ type 1
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receptor had no effect on basal transcription (Figure 4C,
inset), TGF-B receptor signaling inhibited CBFAI-
dependent transcription in a dose-dependent manner
(Figure 4C). Mutation of the six copies of the OSE2 site
in the p60OSE2m-Luc plasmid abolished the ability of
CBFA1 to induce transcription (Figure 4D) as well as
TGF-B-mediated repression (Figure 4D, inset). Together
with the observations that TGF-f-mediated transcriptional
repression of the cbfal and osteocalcin promoters does not
depend on new protein synthesis (Figure 1D; Noda, 1989)
and depends on the presence of CBFA1 (Figures 2 and 3)
and intact CBFAIl-binding sites in the promoter
(Figures 2A, 3C and 4D), these data suggest that existing

cellular factors interact with CBFAI
functional activity.

to repress its

Smad3, but not Smad2, mediates TGF-p-

dependent repression of CBFA1 function

Two Smads, Smad2 and Smad3, have been implicated as
downstream activators of transcription in response to
TGF-f (Derynck et al., 1998; Massagué, 1998); however,
Smads have not been shown to mediate transcriptional
repression. We therefore tested whether Smad2 and
Smad3 could act as TGF-B-induced repressors of the
transcription function of CBFA1 (Figure 5A). Smad2 or
Smad3 was expressed in 10T1/2 cells in the absence or
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presence of CBFA1 to assess their roles in the TGF-§3-
dependent effects on CBFA1 function. In the absence
of CBFA1l, Smad2 or Smad3 did not affect the basal
transcription from p60OSE2-Luc, either in the presence or
absence of TGF-f. However, in the presence of CBFAI,
Smad3 reduced the CBFA1-mediated transactivation. This
inhibitory effect on CBFAI1 activity was enhanced by
TGF-f, resulting in a greater TGF-f} inhibition than was
observed in control cells without cotransfected Smad3.
Smad?2 expression resulted in a milder effect, as it did not
decrease CBFA1 function in the absence of TGF-f, but
enhanced the TGF-B-mediated repression of CBFAI
activity to a lesser extent than Smad3 (Figure 5A).

Since 10T1/2 cells, like most cells, express endogenous
Smad2 and Smad3, we performed similar CBFA1 func-
tional assays in fibroblasts derived from mouse embryos
deficient in either Smad2 or Smad3. CBFA1 expression
activated transcription from the 60OSE2 promoter in
both cell lines; however, TGF-f-mediated repression of
CBFA1 function only occurred in the Smad2-deficient
cells (Figure 5B) and not in the Smad3-deficient cells
(Figure 5C). Furthermore, cotransfection of Smad?2 did not
affect CBFA1 activity in Smad2-deficient cells (Figure 5B)
and did not restore TGF-B-mediated repression in Smad3-
deficient cells (Figure 5C). In contrast, Smad3 expression
in Smad2-deficient cells resulted in repression of CBFA1
function, which was enhanced by TGF-§ (Figure 5B). In
Smad3-deficient cells, expression of Smad3 repressed
CBFAL1 function and reconstituted the TGF-B-responsive
repression of CBFA1 activity. These data indicate that
Smad3, but not Smad2, has the ability to repress the
transcriptional function of CBFA1.

Smad function has been shown to require interaction of
a receptor-activated Smad with Smad4. Accordingly,
Smad4 has been shown to synergize with Smad3 in
activating transcription (Lagna et al., 1996; Zhang et al.,
1996). While the endogenous Smad4 levels are sufficient
to observe the effect of Smad3, we sought to determine the
effect of increased Smad4 levels on the ability of Smad3
to repress CBFAl function. As shown in Figure 5D,
coexpression of Smad4 was unable to repress CBFA1
activity and did not enhance the TGF-P inhibition of
CBFAI1 function. Coexpression of Smad4 with Smad3,
however, did enhance the repressive effect of Smad3 on
CBFAL1 transactivation of the p6OSE2-Luc reporter.

We also verified that Smad3 and Smad4 acted as
transcriptional repressors of the natural cbfal and OG2
promoters (Figure 5E). To assess these effects in the
presence of endogenous levels of CBFA1, we used ROS
17/2.8 cells. Consistent with our results shown above
(Figures 2, 3 and 4), TGF-f repressed transcription from
these promoters (Figure SE). As was seen with p6OSE2-
Luc in 10T1/2 cells, Smad3 and 4 repressed transcription
from these promoters and this effect was further enhanced
by TGF- (Figure 5E). Finally, we assessed the effect of
dominant-negative mutants of Smad3, named Smad3-3SA
and Smad3AC, on transcriptional activation from the OG2
promoter in 10T1/2 cells and ROS 17/2.8 cells (Figure 5F).
Smad3-3SA lacks the C-terminal phosphorylation sites
required for TGF-P activation (Liu et al., 1997; Feng et al.,
1998), while Smad3AC lacks the C-terminal 43 amino
acids (Zhang et al., 1996). Consistent with our previous
data (Figure 3), TGF-B-mediated repression of transcrip-
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tion was dependent on the expression of cotransfected
(Figure SF, left) or endogenous (Figure SF, right) CBFAL.
Under these conditions, expression of Smad3-3SA or
Smad3AC decreased the repression by TGF-B (Figure 5F).
Smad3-3SA and Smad3AC also increased somewhat the
CBFALI activity in the absence of TGF-f (Figure 5F),
suggesting that CBFA1l activity is subject to auto-
crine downregulation by endogenous, TGF-B-activated
Smad3. Thus, by repressing autocrine TGF-J signaling,
Smad3-3SA may enhance CBFA1 activity.

The effect of TGF- and Smad3 on CBFA1 function
is context dependent

The ability of TGF-3 and Smad3 to repress the transcrip-
tional activity of CBFA1 stands in marked contrast to the
reported ability of Smads to activate, but not repress,
transcription. Furthermore, TGF-f and Smad3 have been
reported to cooperate with two other runt family tran-
scription factors, i.e. AML1 and AML2, in addition to
AML3/CBFAI, to increase transcription (Hanai et al.,
1999; E.Pardali et al., 2000; Zhang and Derynck, 2000).
However, like most studies on Smad-mediated transcrip-
tion, these were carried out in epithelial cells using
different promoters. Since the TGF-B- and Smad3-medi-
ated repression were observed in cells of mesenchymal
origin, we compared the effects of TGF- and Smad3
on members of the AML family in epithelial versus
mesenchymal cells. As shown in Figure 6A, and consistent
with our results shown above, TGF-B receptor activation
decreased transcription from p60OSE2-Luc in 10T1/2 cells
in the presence of CBFA1, and this decrease was enhanced
when Smad3 was overexpressed. TGF- also repressed the
transactivation of p60OSE2-Luc by AMLI or AML2,
although the transactivation by AML1 or AML2 was
lower than with CBFA1. In contrast to mesenchymal cells,
TGF-B signaling and/or Smad3 coexpression enhanced
transactivation of p6OSE2-Luc by CBFA1 in HepG2 cells
(Figure 6B) and Mvl1Lu cells (data not shown). TGF-B
also enhanced AMLI1- or AML2-mediated transcription
from p60OSE2-Luc, although, as in 10T1/2 cells, the
overall transcription levels were lower than those of
CBFAI1. These data suggest that mesenchymal and
epithelial cells distinguish themselves from each other
by the presence or absence of one or several cofac-
tors, which confer Smad-dependent repression versus
activation.

In previous studies, Smad3/4 was shown to cooperate
with runt-related transcription factors at the mouse germ-
line Ig Ca promoter (Hanai et al., 1999; Lee et al., 2000;
E.Pardali et al., 2000; Zhang and Derynck, 2000; Zhang
et al., 2000). The TGF-B-responsive Ig Co promoter
segment used in these assays, p179Co-Luc, contains two
putative runt-binding sites, two proposed Smad-binding
sequences and a CRE sequence to which CREB can bind
(Shi and Stavnezer, 1998; Xie et al., 1999; Zhang and
Derynck, 2000). We therefore compared the transcrip-
tional activation of the three AML transcription factors at
the Ig Ca promoter in HepG2 and 10T1/2 cells. As shown
in Figure 6C and D, TGF-PB enhanced transcription from
the Ig Co promoter by AML1, AML2 or CBFA1 in both
10T1/2 and HepG2 cells. The CBFA 1-mediated response
was enhanced by coexpression of Smad3. Thus, whereas
TGF-f/Smad3 signaling repressed the transcriptional
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Fig. 6. Effects of Smad3 and TGF- on the function of CBFA1 and runt family transcription factors depend on the cell type and promoter. 10T1/2
cells (A and C) or HepG2 cells (B and D) were transiently transfected with the indicated expression plasmids and the luciferase reporter plasmids
p60OSE2-Luc (A and B) or pCat179-Luc (C and D). Transactivation from these promoters was measured in the absence or presence of TGF-3

(1 ng/ml). Luciferase expression from the reporter plasmids was scored as in Figure 2.

activity of these runt transcription factors at the p6OSE2
promoter (and osteocalcin and cbfal promoters) in 10T1/2
cells (and ROS 17/2.8 and NIH 3T3 cells; data not shown),
Smad3 and TGF-p signaling enhanced the AML-mediated
transcription at the Ig Ca promoter in mesenchymal cells.
In addition, this transcriptional cooperativity at the Ig Co
promoter did not depend on the cell type, consistent with
previous reports (Hanai et al., 1999; Lee et al., 2000;
E.Pardali et al., 2000; Zhang and Derynck, 2000; Zhang
et al., 2000). These data strongly suggest that the ability of
Smad3/4 to enhance or repress the transcriptional activity
of CBFA1 depends not only on the cell context, but also on
the promoter sequence. Specifically in the case of the Ig
Co promoter, the presence of the CRE or a Smad-binding
sequence may affect the functional interactions between
Smad3/4 and CBFAL.

Physical interaction of Smad3 and CBFA1

The ability of Smad3 to repress the activity of CBFA1
strongly suggested a physical interaction. We therefore
assessed the ability of Smads to interact with CBFAI
in vitro using glutathione S-transferase (GST)-adsorption
assays, in which in vitro translated 3S-labeled CBFA1
was incubated with Smadl, 2, 3 or 4 fused to a GST
moiety. As shown in Figure 7A, CBFA1 associated with

all four Smads, and this interaction was strongest with
Smad3 and weakest with Smad2. Similar experiments
characterized which Smad3 segments interacted with
CBFA1. While other Smad-interacting transcription fac-
tors associate with either the N- or C-segment of a Smad
(Itoh et al., 2000), CBFA1 interacted with both the N- and
C-segments of Smad3 (Figure 7B). Together, these results
indicate that CBFA1 can interact with Smad3 in vitro.
However, the interaction of Smad2 with CBFAI1, albeit
considerably weaker than the Smad3 interaction, suggests
that additional interactions may be required for Smad3-
mediated repression of CBFALI.

The interactions of Smad3 and Smad4 with CBFAl
were also assessed in transfected cells using immuno-
precipitations followed by western analyses. As shown
in Figure 8C, Smad3 and Smad4 both interacted with
CBFAL1 in vivo. These interactions already occurred in
the absence of TGF-B and were not enhanced in the
presence of an activated TPRI, presumably because,
under these experimental conditions, sufficiently high
levels of the transfected Smads were already colocal-
ized in the nucleus with CBFA1 without the need for
additional receptor activation. Because TGF-B- and
Smad3-mediated repression of the CBFAIl activity
occurred in mesenchymal cells, we also assessed the

2261



T.Alliston et al.

A B 2 ¥ %o c
f COS
Y044 § Fifif E—
S % F ol S & & 5 MycCBFA1T + + + 4 = + +
- é: gﬂ? éﬂ (] l;? (? Flag-Smadd - - + + + + +
- i HASmadd + . + + + - =
- — -CBFA1 TRRI + + - + + - +
—---Iﬁ = G5T Smads ’ " 1P Flag
68 kDa g =—-GST Smad3 W: My R — kiycCEFA1
~~  =GSTSmadilC
- » &= . TGSTSmad3NLC
o 1 ' -
2 —_ © = GSTSmad3N —
GS'I'—--“-- . 33 kDa | Mg | :: ::: — - Hib-Smad 4

W Myc ——— =— Myc-CBFA1

v R s
" — HA-Smad 4
D 1om2 E Ros17/28
W r w P, g6 IP: Smad3
MycCBFA1 + - + + + - TFH - o+ - 4 - 4
Flag-Smad3 - + = -+ + + W- CBFA1
HA-Smadd - + - + + + — - CBFA1
TGFf + + + - + =+ - = HC
IP: Flag ..
W Myc - ' - Myc-CBFA
e My e o = myccerat .,;,p. P
W. Fiag had | ) AC— £ o
| —
Smad3
Ll 1 ER
W Fl..ﬂ W Smad3d

Fig. 7. CBFA1 interacts with Smad3. (A and B) Interaction of 3°S-labeled, in vitro translated CBFA1 with GST-Smad fusion proteins, as shown.

Interacting 3°S-labeled CBFAL1 (arrow) is visualized following gel electr

ophoresis and autoradiography. Five percent of the input reaction volume of

35S-labeled CBFA1 (IVT CBFAL1) was loaded as control in lane 1 of (B). Below the autoradiograms are photographs of Coomassie Blue-stained gels
to show the integrity and equal loading of the fusion proteins. (C) Interaction of Smad3 and Smad4 with CBFAL in vivo, as assessed using co-
immunoprecipitations. Cell lysates from transfected COS-1 cells expressing the indicated tagged proteins were used for immunoprecipitations (IP),
followed by western blotting (W). The top panel shows the interaction of Myc-CBFA1 with Flag-Smad3, as assessed by immunoprecipitations with
anti-Flag antibody-coupled Sepharose beads, followed by western blotting using anti-Myc antibody. The first lane visualizes Myc-tagged CBFA1

by western blotting without prior immunoprecipitation. The second panel shows interaction of HA-Smad4 with Myc-CBFA1, as assessed by
immunoprecipitations with anti-Myc antibody, followed by western blotting using anti-HA antibody. The three lower panels show the relative
expression levels of the tagged proteins in each lysate, as assessed by western blotting. (D) Interaction of Flag-Smad3 and Myc-CBFALI in transfected

10T1/2 cells in the presence or absence of TGF-B (5 ng/ml), as assessed

in (C). The first two lanes show the expression of Myc-tagged CBFA1,

visualized by western blotting without prior immunoprecipitation. The two lower panels visualize the expression of Myc-CBFA1 and Flag-Smad3
by western analysis. (E) Interaction of endogenous CBFA1 and endogenous Smad3 in ROS 17/2.8 cells. This interaction was detectable by

immunoprecipitation using a Smad3 antibody, followed by anti-CBFA1 western blotting, in TGF-B-treated (5 ng/ml), but not in untreated ROS 17/2.8
cell lysates. No CBFA1 was detected when rabbit anti-mouse IgG was used instead of anti-Smad3 antibody. The IgG heavy chain band is marked HC.
CBFAL1 levels in the lysates were detected by western analysis (left two lanes), whereas Smad3 levels were visualized by Smad3 immunoprecipitation

followed by western analysis with a Smad3 antibody (lower panel, right
reference (lower panel, left two lanes).

interactions of CBFA1 with Smad3, in the presence of
Smad4, in transfected 10T1/2 cells. As shown in
Figure 7D, immunoprecipitation of Smad3 coprecipi-
tated CBFAI1, but only upon TGF-f treatment. The
TGF-B dependence of this interaction is likely to be a
result of lower Smad3 expression and higher TGF-B
responsiveness of 10T1/2 cells relative to COS cells.
Finally, we were also able to detect TGF-B-stimulated
association of CBFA1 and Smad3 at endogenous levels
in ROS 17/2.8 cells (Figure 7E), although the detection
of this complex was severely limited by the quality of
the antibodies and the low endogenous expression
levels. Together, these data demonstrate that the
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two lanes), using Flag-Smad3 expressed in transfected 10T1/2 cells as

TGF-B-mediated repression of CBFAl activity by
Smad3 is accompanied by a physical association of
Smad3 with CBFAI.

Role of DNA binding in TGF-§- and Smad3-
mediated repression of CBFA1 activity

The TGF-B-dependent interaction of Smad3 with CBFAI
raised the possibility that this complex formation might
displace CBFA1 binding from its OSE2-binding sequence,
and that this could explain the TGF-B- and Smad-mediated
repression. We therefore evaluated the binding of
endogenous CBFA1 in ROS 17/2.8 cells to the OSE2
DNA sequence using gel shift assays. As shown in



Figure 8A, using gel shift analyses, we detected a
CBFA1-DNA complex in ROS 17/2.8 cell lysates,
which was not present in 10T1/2 cells that lack CBFAL1
expression (last lane). This complex was supershifted
using a CBFAI1 antibody. TGF-f treatment did not
decrease CBFA1 complex formation, but consistently
increased the intensity of the CBFA1-DNA complex. This
increase in intensity, which is not due to increased CBFA1
levels, may result from the ability of Smad3/4 to increase
CBFA1 binding, possibly a result of a conformational
change or stabilization. Similarly, the physical interaction
of a Smad has been shown to increase the efficiency of Sp1
(Feng et al., 2000; K.Pardali et al., 2000) or c-Jun (J.Qing
and R.Derynck, unpublished observations) binding to their
respective DNA-binding sequences. Clearly, however,
TGF-f did not decrease the CBFA1 binding to the OSE2
DNA sequence.

We also assessed whether Smad3 and Smad4 coexpres-
sion affected the binding of CBFA1 to the OSE2 sequence
(Figure 8B). For these experiments, we used COS-1 cells
because of their high transfection efficiency. Expression of
CBFAL1 in COS-1 cells resulted in the formation of a
DNA-binding complex, which could be supershifted using
an antibody specific for the tagged CBFA1. This complex
was also detected when Smad3 and Smad4 were
coexpressed, demonstrating that the Smad interaction
with CBFA1 does not displace CBFA1 binding to the
OSE2 sequence. No additional complex was observed
when Smad3 and Smad4 were overexpressed, suggesting a
low affinity interaction of the Smads with CBFA1 and the
inability of Smad3 and 4 to bind directly to the OSE2
sequence. Nevertheless, Smad interaction with CBFAl
occurred at the DNA level, as shown in Figure 8C, in
which the interaction of CBFA1 with the OSE2 sequence
was assessed using biotinylated oligonucleotides. Under
these conditions, using the same cell lysates as in
Figure 7C, CBFA1 bound specifically to the wild-type
but not the mutant OSE2 sequence, and this binding was
not affected by Smad3/4 coexpression. Smad3 bound to
the complex, but this interaction occurred only when
CBFA1 was coexpressed and bound to the oligonucleo-
tide. These results indicate that Smad3 and CBFAIl
interact at the DNA level, in an OSE2 sequence-specific
manner, again suggesting that the repression of CBFAI
activity in response to TGF- does not result from
decreased CBFA1 binding. These data also suggest that
Smad3 does not interact directly with this DNA sequence,
but rather that the Smad3 interaction with the OSE2
sequence depends on CBFAI1 binding.

Previous results strongly suggest that direct DNA
binding of a Smad complex is required for transcriptional
cooperativity with an interacting transcription factor
(Dennler et al., 1998; Qing et al., 2000). On the other
hand, in our system of Smad-mediated repression, Smad3
interaction with the DNA is indirect and totally dependent
on CBFAL1 binding to the DNA. We therefore assessed
whether the DNA-binding ability of Smad3 was required
for its interaction with CBFA1. As shown in Figure 8D, a
point-mutated Smad3 that is unable to bind DNA, i.e.
Smad3R74D (Qing et al., 2000), was able to interact with
CBFAL, as assessed by co-immunoprecipitation assays in
transfected 10T1/2 cells. In addition, Smad3R74D was
able to repress the transcriptional activity of endogenous

TGF-B-induced repression of CBFA1 by Smad3

CBFA1 from the OSE2 promoter sequence in ROS 17/2.8
cells, qualitatively similarly to wild-type Smad3
(Figure 8E). Smad3ALG, another mutant of Smad3 that
is also defective in DNA binding (Qing et al., 2000),
likewise repressed the transcriptional activity of CBFA1
(Figure 8E). Consistent with our observation that Smad3
requires CBFA1 DNA binding to interact with the OSE2
sequence (Figure 8C), these results indicate that the DNA-
binding ability of Smad3 is not essential for TGF-[3/
Smad3-mediated repression of CBFA1 activity.

We also evaluated the requirement of the DNA binding
of CBFAIl for transactivation and TGF-B-mediated
repression using a CBFAl point mutant, hCBFA1
S191IN, which has been shown to lack DNA-binding
ability (Lee et al., 1997). As expected, when expressed in
10T1/2 cells, hCBFA1 S191N did not activate transcrip-
tion from the OSE2 promoter sequence and TGF-8
treatment did not affect the basal transcription
(Figure 8F). This observation is consistent with our data
in Figures 2A, 3C and 4D, which show that mutation of
CBFA1 DNA-binding sequences abolished both CBFAI1-
activated transcription and TGF-B-dependent repression.

Smad3 as repressor of osteoblast differentiation
The results outlined above provide evidence that Smad3
represses the activity of CBFAI1, thus downregulating
cbfal and osteocalcin expression, and suggest that this
mechanism may be at the basis of the TGF-B-mediated
inhibition of osteoblast differentiation. To explore further
this regulatory role of Smad3, we generated derivatives
of calB 2T3 osteoblasts, which overexpress Smad3 or a
dominant-negative form of Smad3, Smad3-3SA. As
mentioned, this mutant form of Smad3 has been shown
to inhibit endogenous Smad3 signaling (Liu ef al., 1997,
Feng et al., 1998). A control cell line, infected with the
empty viral expression vector, LPCX, was also generated.
As shown in Figure 9A, immunoprecipitation analyses
showed that Smad3 and Smad3-3SA were expressed by
calB 2T3 cells infected with the corresponding retroviral
expression vector. Using these cells, we assessed the
effects of increased Smad3 levels or inhibition of Smad3
function on normal or TGF-B-inhibited osteoblast
differentiation.

Consistent with our results in Figure 1C using parental
cells, control LPCX-infected calB 2T3 cells expressed a
low level of cbfal mRNA at day 0 (Figure 9B). The cbfal
mRNA level was slightly lower in Smad3-expressing cells
(0.75-fold of the cbfal mRNA levels in LPCX cells) and
was elevated in cells expressing Smad3-3SA (2.75-fold of
the cbfal mRNA levels in LPCX cells). This is consistent
with both a role for autocrine TGF-B signaling in
osteoblast differentiation and the inhibitory effect of
Smad3 on CBFALI function and cbfal expression. After
6 days in differentiation conditions, all three stable cell
populations expressed cbfal and osteocalcin mRNA.
Treatment of the LPCX cells with TGF-B during that
time inhibited cbfal and osteocalcin mRNA expression
(Figure 9C). Increased Smad3 expression enhanced the
inhibitory effect of TGF-P on the expression of these two
genes, while dominant-negative interference with Smad3
signaling strongly attenuated the TGF-B response
(Figure 9C). Alkaline phosphatase, another marker of the
osteoblast phenotype, was similarly affected. Increased
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Smad3 expression decreased alkaline phosphatase activ-
ity in the absence of added TGF-B and enhanced its
downregulation by TGF-B, while Smad3-3SA expression
decreased the TGF-B response (Figure 9D). Alkaline
phosphatase activity was repressed by TGF-§ 20-fold in
LPCX control cells, 51-fold in Smad3-overexpressing
cells, but only 3-fold in Smad3-3SA-expressing cells. We
also assessed the effect of Smad3 and Smad3-3SA on
matrix mineralization, as visualized by von Kossa stain-
ing. While little effect on calcium deposition was detected
in the absence of TGF-P, the inhibitory effect of TGF-f on
matrix mineralization was accentuated by increased
Smad3 expression and attenuated by Smad3-3SA expres-
sion (Figure 9E). We also used another cell system to
analyze the effect of increased expression of Smad3 or the
dominant-negative Smad3-3SA mutant on matrix miner-
alization (Figure 9A and E). In MC-3T3 cells, Smad3
overexpression reduced the level of mineralization in the
absence of exogenous TGF-3, but Smad3-3SA expression
exerted only a slight increase in matrix mineralization
(Figure 9E).

Finally, we assessed the transcriptional activity of
p60OSE2-Luc in control infected, Smad3-overexpressing
or Smad3-3SA-expressing calB 2T3 cells, in the absence
or presence of CBFA1. Consistent with the data in ROS
17/2.8 and 10T1/2 cells (Figure 5), Smad3 overexpression
decreased the transcriptional activity from this promoter
(Figure 9F). This decrease in CBFAIl function was
enhanced further by TGF-B treatment. In addition,
Smad3-3SA expression enhanced the CBFA1 function in
the absence of TGF-f, consistent with autocrine TGF-f3
signaling, while inhibiting the repressive function of
TGF-B treatment. Taken together, these data illustrate
the central role of Smad3 in osteoblast differentiation and
in TGF-B-mediated inhibition of osteoblast differentiation.

Discussion

The characterization of mesenchymal differentiation into
osteoblasts has identified several marker genes that are
sequentially expressed during osteoblastogenesis and are
involved in osteoblast function (Karsenty, 1999). BMPs

have a striking ability to induce osteoblast differentiation
in cell culture, while TGF-f is a potent inhibitor of this
differentiation program (Centrella et al., 1994). TGF-3
also influences multiple aspects of bone function in vivo
(Bonewald and Dallas, 1994; Centrella et al., 1994,
Erlebacher et al., 1998; Alliston and Derynck, 2000).
While the ability of TGF-B to inhibit the expression of
osteoblast genes has been well documented, the mechan-
ism of this inhibition is as yet poorly characterized.
Although BMP and activin receptors and BMP-responsive
Smads 1 and 5 have been implicated as promoters of
osteoblast differentiation (Fujii er al., 1999), it is not
known how TGF-B inhibits osteoblast differentiation. In
addition, despite the high levels of TGF-f in bone matrix,
the role of autocrine TGF-f signaling in osteoblast
differentiation remains unclear. In this report, we
addressed the mechanism of TGF-B-mediated inhibition
of osteoblast differentiation. Several important conclu-
sions emerge from our results. We found that CBFAI, a
transcription factor that is essential for osteoblast differ-
entiation and expression of osteoblast marker genes
(Karsenty, 1999), is a central target of inhibition by
TGF-B. TGF-B represses the transcriptional activity of
CBFA1 and this repression is mediated through regulated
interaction of Smad3 with CBFAI. Because CBFAl
activates transcription from its own promoter, this mech-
anism also results in decreased cbfal expression. The
ability of Smad3 to repress the transcriptional activity of
CBFA1 stands in marked contrast to the well described
transcriptional coactivator functions of Smads. Finally, we
provide evidence that TGF-B signaling through Smad3
plays an autocrine role in osteoblast differentiation.

As a member of the runt family of transcription factors,
CBFAIl has a runt DNA-binding domain and several
domains that positively or negatively regulate transactiva-
tion (Thirunavukkarasu et al., 1998). During osteoblast
differentiation, mesenchymal cells activate cbfal expres-
sion, while ectopic CBFA1 expression in mesenchymal
cells induces osteoblast differentiation (Ducy et al., 1997).
Targeted inactivation of the cbfal gene in mice results in
the absence of osteoblast differentiation and bone forma-
tion (Komori et al., 1997; Otto et al., 1997). These findings

Fig. 8. Binding of CBFA1 and Smad3 to the OSE2 DNA sequence. (A) Electrophoretic mobility shift assays using untreated (lane 1) or TGF-B-treated
(5 ng/ml; lane 2) ROS 17/2.8 cell extracts allowed visualization of endogenous CBFA1 binding (arrow) to a 32P-labeled OSE2 oligonucleotide. The
identity of the CBFA1-containing complex was confirmed by its absence in 10T1/2 cells, which lack CBFA1 expression (lane 10), and its partial
disappearance and supershift (SS) following incubation with an anti-CBFA1 antibody (a-CBFA1, lane 4), but not with an unrelated antibody (c.-Flag,
lane 5). Unlabeled OSE2 competitor oligonucleotide, at 10- to 100-fold molar excess, competed (lanes 6 and 7), whereas an unrelated competitor
oligonucleotide did not compete (lanes 8 and 9) for the radiolabeled OSE2-CBFA1 complex. (B) Electrophoretic mobility shift assays show CBFAI
binding to an OSE2 oligonucleotide, both in the absence or presence of Smad3 and Smad4. COS-1 cells were transfected with expression plasmids for
Flag-CBFALI, with or without Smad3/4 (as shown) or the pRKS control plasmid. The radiolabeled OSE2 oligonucleotide was incubated alone (0) or in
the presence of cell lysates. Expression of Flag-CBFA1 resulted in the formation of a distinct band (lanes 2 and 6), which could be supershifted (SS)
using an anti-Flag antibody (lane 3). This OSE2-CBFA1 complex was also apparent in the presence of overexpressed Smad3/4 (lane 7). (C) Binding
of CBFAI1 to an OSE2 oligonucleotide, in the absence or presence of equimolar levels of Smad3 and Smad4. Biotinylated wild-type (W) or mutant
(M) OSE2 oligonucleotides were incubated with the same lysates as in Figure 7C, and the interactions of Myc-CBFA1 and Flag-Smad3 with the
oligonucleotides were assessed by western blotting. CBFA1 binds to the wild-type oligonucleotide, both in the presence or absence of Smad3/4, but
not to the mutant oligonucleotide. Furthermore, Smad3 interacts with the OSE2 nucleotide only in the presence of CBFAL. (D) The DNA binding-
defective Smad3R74D interacts with CBFAI in transfected 10T1/2 cells. Immunoprecipitation assays, performed as in Figure 7C and D, revealed
coprecipitation of Myc-CBFAI1 (arrow) with Flag-Smad3R74D (top panel). Western analysis without prior immunoprecipitation visualized the
migration of Myc-CBFALI (top panel, left lane), and the expression levels of CBFA1 and Smad3 or Smad3 R74D (lower panels). (E) DNA binding of
Smad3 is not essential for TGF-B/Smad3-mediated repression of transcription from the OSE2 sequence by CBFA1. ROS 17/2.8 cells were transfected
with the p6OSE2-Luc reporter and wild-type or mutant Smad3 expression plasmids. Luciferase expression in the absence or presence of TGF-3

(1 ng/ml) was scored as in Figure 2. (F) DNA binding of CBFA1 is essential for transcriptional activity and Smad3-mediated repression.

10T1/2 cells were transfected with the p6OSE2-Luc reporter and an expression plasmid for wild-type CBFA1 or the DNA binding-defective

mutant hCBFA1 S191N. Luciferase expression in the absence or presence of TGF-B (1 ng/ml) was scored as in Figure 2.
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illustrate the critical role of CBFA1 function in osteoblast
differentiation and activation of osteoblast gene expres-
sion. CBFA1 has been shown to bind to the osteocalcin
promoter at an OSE2-binding sequence and to activate
osteocalcin expression (Ducy et al., 1997). Predicted
CBFAI1-binding sites are also present in the promoters of
several other osteoblast differentiation genes, such as
alkaline phosphatase (Harada et al., 1999), bone sialo-
protein, ol and o2(I) collagen (Kern et al., 2001),
and osteoprotegerin ligand (Gao et al., 1998;
Thirunavukkarasu et al., 2000). Accordingly, CBFA1l
has been shown to activate transcription of most of these
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genes. Furthermore, cbfal expression is activated by
CBFALI itself, resulting in an autoregulatory feedback loop
to induce and maintain cbfal expression (Ducy et al.,
1999).

Based on these findings, TGF-B-mediated repression of
CBFAI1 function, as demonstrated by our results, has
considerable consequences for osteoblast differentiation.
Thus, TGF-B will inhibit not only the transcriptional
activation of osteoblast differentiation genes, which are
target genes of CBFAI, but also cbfal transcription, thus
decreasing the CBFA1 mRNA and protein levels. Thus,
we have shown that TGF-f decreases the expression of
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cbfal mRNA in differentiating primary calvarial osteo-
blasts and in several osteoblastic cell lines. Furthermore,
our results show that TGF-f represses transcription from
the cbfal promoter in a CBFA1-dependent way. These
findings stand in contrast to those in C2C12 myoblasts, in
which TGF-B can induce the expression of cbfal mRNA
(M.H.Lee et al., 1999; K.S.Lee et al., 2000). However,
TGF-B-induced expression of cbfal mRNA in myoblasts
does not correlate with increased osteoblast differenti-
ation, whereas the reduction of cbfal expression by TGF-[3
in osteoblasts is consistent with the well established
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inhibition of osteoblast differentiation and gene expression
by TGF-J (Centrella et al., 1994; this study). In addition to
cbfal and osteocalcin, several CBFA1-regulated genes are
also inhibited by TGF-B, including alkaline phosphatase,
osteopontin and osteoprotegerin ligand (Centrella et al.,
1994; Takai et al., 1998), raising the possibility that this
downregulation also results from TGF-B-mediated repres-
sion of CBFA1 function. This mechanism may explain the
similarities in bone phenotype between transgenic mice
overexpressing activated TGF-B2 (Erlebacher and
Derynck, 1996) and transgenic mice with partial loss of
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CBFAI1 expression or function (Komori et al., 1997; Otto
et al., 1997), both of which exhibit characteristics of
human cleidocranial dysplasia. Furthermore, because
osteoprotegerin ligand regulates osteoclast determination,
TGF-B inhibition of CBFA1 function may affect genes
that determine osteoclast function as well as osteoblast
function.

The ability of TGF-f to activate or repress expression of
defined genes has been well documented, but the mech-
anism of transcriptional repression in response to TGF-§
has not been characterized. Smads 2 and 3 were identified
as effectors of transcriptional activation in response to
TGF-B. So far, all gene expression functions attributed to
Smads result from their ability to cooperate with other
transcription factors to activate transcription (Zhang and
Derynck, 1999; Massagué and Wotton, 2000; Miyazono,
2000; Wrana, 2000). Several proteins, such as Evi-1
(Kurokawa et al., 1998), TGIF (Wotton et al., 1999) and
Ski (Akiyoshi et al., 1999; Luo et al., 1999; Sun et al.,
1999), have been shown to interact with Smad3 to
decrease or inhibit transcriptional activation by Smad3
or TGF-3. However, none of these corepressors, nor any
other mechanism implicated in downregulation of TGF-[3
activated transcription (Dennler et al., 2000; Kim et al.,
2000; Ghosh et al., 2001), has been shown to confer
TGF-B- or Smad-mediated repression of gene expression.
Our results now show that Smad3, but not Smad2, is able
to act as a transcriptional repressor of CBFA1 activity at
the OSE2-binding site.

How Smad3 represses the transcriptional function of
CBFALl is as yet unclear, although we have made several
observations. Smad3 repressed the transactivation of the
cbfal and osteocalcin promoters and the tandemly
repeated 6(OSE2) promoter in mesenchymal 10T1/2
cells and ROS 17/2.8 cells, yet enhanced the activity of
CBFAI1 at the 6(OSE2) promoter in epithelial HepG2
cells. Consistent with these results, Smad3 repressed the
transcriptional activity of the CBFA1-related AML1 and 2
at the 6(OSE2) promoter in 10T1/2 cells and enhanced
their activity in HepG2 cells. These results suggest that the
activator versus repressor function of Smad3 results from
cell lineage-dependent differences. These differences
between mesenchymal and epithelial cells could result
from the presence or absence of defined proteins, which
interact with the Smad3-CBFA1 transcription complex
and determine whether a Smad functions as a transcrip-
tional activator or repressor. Transcriptional repression
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frequently results from the recruitment of a corepressor
or a deacetylase. Runt family transcription factors can
interact with members of the Groucho family of
corepressors (Aronson et al., 1997), and Groucho has
been shown to interact with a histone deacetylase, Rpd3, to
repress transcription (Chen et al., 1999). Accordingly,
CBFAL1 interacts with TLE2, a mammalian homolog of
Drosophila  Groucho, to repress CBFA1 function
(Thirunavukkarasu et al., 1998; Javed er al., 2000),
suggesting that a protein related to Groucho may play a
role in Smad3-mediated repression of CBFA1 in mes-
enchymal cells. While a Smad3-interacting corepressor
such as Ski could, in principle, allow for Smad-mediated
repression, coexpression of Ski decreased the ability of
Smad3 to repress CBFA1 function and did not repress
transcription further (data not shown). This is consistent
with the ability of Ski to reverse the activator function of
Smad3 in other contexts (Akiyoshi et al., 1999; Luo et al.,
1999; Sun et al., 1999), but argues against its role in Smad-
mediated repression in our systems.

Besides the cell type, the effect of Smad3 on CBFA1 or
AMLI1/2 activity is also dependent on the promoter
context. In contrast to the OSE2-containing promoters,
Smad3 cooperates with AML1, AML2 and AML3/CBFAL1
to activate transcription from the mouse germline Ig Ca
promoter (Hanai et al., 1999; Lee et al., 2000; E.Pardali
et al., 2000; Zhang and Derynck, 2000; Zhang et al.,
2000). This activation was apparent in mesenchymal
10T1/2 cells and epithelial HepG2 cells and thus did not
depend on the cell type. The dependence of the transcrip-
tional response on the promoter sequence could, in the
case of the Ig Ca promoter, be due to the presence of a
CRE site, which can bind CREB, or a Smad-binding
sequence adjacent to the AML-binding site (Hanai et al.,
1999; E.Pardali et al., 2000; Zhang and Derynck, 2000).

We also evaluated the interactions of Smad3 and
CBFAI with each other and with the promoter DNA. In
the case of transcriptional activation, Smads interact
physically with transcription factors in a TGF--depend-
ent manner, and, accordingly, Smads have been shown to
interact with AML family members (Hanai et al., 1999;
E.Pardali et al., 2000). Mutation analysis suggests that
physical interaction may be required for functional
cooperativity at the Ig Co. promoter (Zhang et al., 2000).
As in the case of transcriptional activation, we found that
TGF-B induces Smad3 interaction with CBFALI in 10T1/2
and ROS 17/2.8 cells, i.e. the cells in which we observed

Fig. 9. Stable expression of wild-type or dominant-negative Smad3 in calB 2T3 cells and MC3T3-E1 cells alters osteoblast differentiation.

(A) Immunoprecipitation followed by western blot analysis demonstrates expression of Flag-tagged Smad3 or Smad3-3SA in cell lysates of stably
infected calB 2T3 and MC3T3-E1 cells. LPCX is the control empty vector. (B) Alterations in Smad3 signaling affect endogenous cbfal mRNA
expression in calB 2T3 cells at day 0, i.e. prior to exposure to differentiation conditions, in LPCX control cells, or cells stably expressing Smad3 or
Smad3-3SA. The top panel shows cbfal northern hybridizations, while the lower panel shows the ethidium bromide-stained gel. (C) Alterations in
Smad3 signaling affect endogenous cbfal and osteocalcin mRNA expression in differentiating calB 2T3 cells at day 6 in differentiation conditions, in
the absence or presence of TGF-3. The top panels show hybridizations for cbfal or osteocalcin mRNA using RNA from LPCX control cells or cells
stably expressing Smad3 or Smad3-3SA, while the lower panel shows the ethidium bromide-stained gel. (D) Alterations in Smad3 signaling affect
alkaline phosphatase activity in calB 2T3 cells and the extent of inhibition by TGF-B (5 ng/ml). Cells were incubated in differentiation medium for

6 days in the presence or absence of TGF- (5 ng/ml). Cell lysates were then assayed for alkaline phosphatase activity. Values are expressed per cell.
(E) Alterations in Smad3 signaling affect matrix mineralization in calB 2T3 and MC3T3-E1 cells and the extent of inhibition by TGF-f (5 ng/ml)

in calB 2T3 cells. Confluent cells were incubated for 10 (caIB 2T3 cells) or 14 days (MC3T3-El cells) in differentiation medium, in the presence

or absence of TGF-P, and then stained for mineralization (brown) using the von Kossa method. (F) Alterations in Smad3 signaling affect the
transactivation of the p6OSE2-reporter by CBFA1. Stably infected LPCX control or stable calB 2T3 cells expressing Smad3 or Smad3-3SA were
transiently transfected with the p6OSE2-Luc reporter plasmid, with or without an expression plasmid for CBFA1 (pRK5-CBFA1). Luciferase
expression in the absence or presence of TGF-B (1 ng/ml) was scored as in Figure 2.
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Smad3-mediated repression. The TGF--induced associ-
ation of Smad3 with CBFA1 raised the possibility that this
complex formation might decrease or prevent CBFAI
binding to its OSE2-binding sequence. Indeed, other
stimuli have been shown to affect the DNA binding of
CBFA1 (Xiao et al., 1997, 1998; Zhang et al., 1997) and it
has been proposed that off-DNA interactions of c-Jun with
Smad3 can decrease transcriptional activation by TGF-3
and Smad3 (Verrecchia et al., 2000). In contrast, the
formation of the CBFA1-Smad3 complex did not prevent
CBFA1 binding to the OSE2 sequence. Instead, CBFA1
binding to the OSE2 sequence was consistently increased
in response to TGF-P, possibly a consequence of a
conformational change or stabilization of CBFA1 result-
ing from the Smad3 interaction. Similarly, a TGF-B/Smad-
mediated increase in Spl- or c-Jun-binding efficiency to
their respective DNA-binding sequences has been ob-
served in vitro (Feng et al., 2000; K.Pardali et al., 2000;
J.Qing and R.Derynck, unpublished observations). We
therefore conclude that TGF-f/Smad-mediated repression
of transcription by CBFA1 does not result from decreased
CBFA1 binding to the OSE2 sequence.

Smad3 interaction with the OSE2 promoter was
dependent on CBFA1 binding to DNA, and presumably
resulted from the physical association of Smad3 with
CBFAL1. Consistent with this result, mutations in Smad3
that abolish DNA binding did not prevent TGF-B/Smad3-
mediated repression. This may be in contrast to transcrip-
tional activation by TGF-f and Smad3, which appears to
require the DNA-binding ability of Smad3 (Dennler ef al.,
1998; Qing et al., 2000), although this remains to be
further evaluated for the cooperation of Smad3 with AML
transcription factors. While DNA binding of Smad3 was
not essential for repression, DNA binding of CBFAL to the
OSE2 sequence was absolutely required for TGF-f/
Smad3-mediated repression, as assessed using mutations
in the OSE2 sequence and a point-mutated CBFAI.
Further studies will be needed to define how Smad3
mediates transcriptional repression.

Our findings also suggest that autocrine TGF-[3 signal-
ing regulates osteoblast differentiation in culture.
Osteoblasts express TGF-B receptors and Smad2 and
Smad3, which mediate the TGF- responses. Alterations
in the levels of Smad3 signaling by overexpressing wild-
type Smad3 or a dominant-negative Smad3 mutant
resulted in changes in the osteoblast differentiation
program. In these cells, the changes in basal cbfal
expression, CBFA1 function at the OSE2 promoter and
matrix calcification are consistent with an autocrine
inhibitory effect of endogenous TGF-B signaling on
osteoblast differentiation. In addition, changes in cbfal
and osteocalcin expression, alkaline phosphatase activity
and matrix calcification revealed that increased Smad3
levels conferred increased sensitivity to exogenous
TGF-B, while decreased signaling impaired the differen-
tiation responses to exogenous TGF-B. Conceptually
similar conclusions have been reached in the case of
mesenchymal differentiation into adipocytes (Choy et al.,
2000). In this differentiation program, decreased levels of
TGF- receptor or Smad3 signaling enhance adipocyte
differentiation, while increased Smad3 signaling inhibits
adipogenic differentiation (Choy et al., 2000). Thus,
autocrine  TGF-B signaling regulates both types of
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mesenchymal differentiation in culture, and in both cases
exerts a negative role. Additional studies will be required
to dissect the roles of the TGF-f signaling pathway
components in osteoblast differentiation and to evaluate
the autocrine role of TGF-B signaling in mesenchymal
differentiation in vivo.

Materials and methods

Expression plasmids

The mammalian expression plasmids encoding TBRI-T202D, a partially
activated type I TGF-B receptor (Feng and Derynck, 1996; Weis-Garcia
and Massagué, 1996), N-terminally Flag-tagged Smad2 or Smad3 (Zhang
et al., 1998), hemagglutinin (HA)-tagged Smad4 (Feng et al., 1998),
Flag-tagged Smad3AC (Zhang et al., 1996), Smad3-3SA (Feng et al.,
1998), Smad3R74D and Smad3ALG (Qing et al., 2000) have been
described previously. The expression plasmid for hCBFA1 S19IN, a
mutant human CBFA1 that lacks DNA-binding ability, has also been
described (Lee et al., 1997). Retroviral LPCX vectors encoding Smad3 or
Smad3-3SA were described by Choy et al. (2000). Bacterial expression
plasmids for GST-fused Smads or Smad fragments have also been
described (Zhang et al., 1996, 1998). Plasmid 6Myc-PEPB20.A, an
expression plasmid for Myc-tagged CBFA1 (Hanai et al., 1999), was
provided by Y.Ito (University of Kyoto, Japan) and K.Miyazono (Cancer
Institute, Tokyo, Japan). pCMV5-AMLI1b, an expression vector for
AMLI1 (Meyers et al., 1995), was obtained from S.Hiebert (Vanderbilt
University Medical School, Nashville, TN), whereas pRKS5-HA-AMLZ2,
which expresses AML2, was described previously (Zhang and Derynck,
2000). Finally, using pCMV-OSF2 as template (Ducy et al., 1997), we
generated pRKS5-CBFA1l using a PCR-based approach to express
C-terminally Flag-tagged CBFA1 from the CMV promoter in pRKS5
(Graycar et al., 1989). Details of plasmid construction will be provided
upon request.

Reporter plasmids

The pCbfal-Luc plasmid contains a 135 bp fragment of the mouse cbfal
promoter from —89 to +46, driving the expression of luciferase (Ducy
et al., 1999). The OSE2 sites within this cbfal promoter segment are
mutated in the pCbfalm-Luc reporter as previously described (Ducy et al.,
1999). The —1.3 OC-Luc plasmid expresses luciferase under the control of
the proximal 1.3 kbp mouse osteocalcin gene 2 promoter segment (Ducy
and Karsenty, 1995). —147 WT-OC-Luc and —147 Mut-OC-Luc direct
luciferase expression under the control of the —147 to +13 osteocalcin
promoter segment, but in the latter case, the OSE2 site has been
inactivated by mutation (Ducy and Karsenty, 1995). The p60OSE2-Luc
and p6OSE2m-Luc plasmids contain six copies of the wild-type or mutant
OSE2 sequence of the osteocalcin promoter, respectively, followed by a
minimal promoter, which directs the expression of luciferase (Ducy and
Karsenty, 1995). pCo179-Luc directs luciferase expression from the —179
to +46 segment of the mouse germline Ig Co. promoter (Lin and
Stavnezer, 1992) and was kindly provided by J.Stavnezer (University of
Massachusetts Medical School, Worcester, MA). pRK5-Bgal expresses
[3-galactosidase under the control of a human CMV promoter (Feng ef al.,
1995).

Cell culture

Primary osteoblasts were isolated from calvaria of 2-day-old mice as
described previously (Ducy and Karsenty, 1995). Two days after
isolation, cells were passaged for differentiation in o-MEM, 10% fetal
bovine serum (FBS), 1X penicillin/streptomycin (P/S), 100 pg/ml
ascorbic acid, 5 mM [-glycerophosphate in the presence or absence of
5 ng/ml TGF-B.

Several cell lines were used in our experiments, all of which were
maintained at 37°C in the presence of 5% CO,. ROS 17/2.8 (rat
osteosarcoma) cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 medium with 10% FBS, 1X P/S. C3H-10T1/2
cells (mouse embryonic fibroblasts) were maintained in subconfluent
conditions in basal MEM, 10% heat-inactivated FBS, 1X P/S. COS-1
cells, Phoenix E cells (obtained from G.Nolan, Stanford University, CA)
and HepG2 cells were grown in DMEM, 10% FBS, 1X P/S. calB 2T3
cells (obtained from S.E.Harris, University of Texas, San Antonio, TX)
and subclone 4 of MC3T3-El cells (obtained from R.Franceschi,
University of Michigan, Ann Arbor, MI) were grown in a-MEM, 10%
FBS, 1X P/S. calB 2T3 cells were derived from transgenic mice



expressing SV40 large T antigen under the control of the osteocalcin
promoter (Ghosh-Choudhury et al., 1996) and were engineered further to
express a constitutively active BMP-RIB receptor. calB 2T3 cells can
undergo osteoblast differentiation in culture without the need for
exogenous BMP addition (Chen er al., 1998). MC3T3-El cells
(subclone 4) have been shown to express high levels of osteoblast
markers under differentiation conditions (Xiao et al., 1997). Smad2~-
fibroblasts (obtained from E.Bottinger, Albert Einstein College of
Medicine, NY) and Smad3~- fibroblasts (Datto et al., 1999; obtained
from X.-F.Wang, Duke University Medical School, NC), were cultured in
DMEM, 20% FBS, 1X P/S.

Stably infected calB 2T3 cells and MC3T3 cells were maintained in
a-MEM, 10% FBS, 1X P/S, supplemented with 2 pg/ml puromycin
(Calbiochem). For differentiation studies, these cells were switched
to differentiation medium upon reaching confluence. This medium
consisted of o-MEM, 2% FBS, 100 pg/ml ascorbic acid, 5 mM
B-glycerophosphate, 1X P/S, 2 pg/ml puromycin, with or without
5 ng/ml TGF-B.

Transfections and reporter assays

Cells were transfected using commercial reagents according to the
manufacturers’ recommendations. COS-1 cells and 10T1/2 cells used to
generate whole-cell lysates for co-immunoprecipitation or DNA binding
analyses were transfected using Lipofectamine (Gibco-BRL). 10T1/2
cells used in transcriptional activity assays and all other cell lines were
transfected using Effectene (Qiagen). For each transfection with
subsequent reporter assay, the total quantity of transfected plasmid
DNA was kept constant by the addition, when required, of pRKS plasmid
DNA. Forty-eight hours after transfection, cells were harvested and lysed
in Reporter Lysis Buffer (Promega) prior to analysis of reporter activity
using a luciferase assay system (Pharmingen) or P-galactosidase
detection kit (Tropix). All luciferase values, measured using a
luminometer, were normalized for transfection efficiency against the
[-galactosidase activities from the cotransfected pRK5-Bgal plasmid.
Each assay was performed in duplicate or triplicate and is representative
of at least three experiments. All values, means and standard deviations
were expressed relative to the basal promoter activity as fold induction.

Generation of stably infected cell lines

Cells stably infected with an LPCX-based retroviral vector were
generated as described (Choy et al., 2000). Specifically, calB 2T3 cells
and MC3T3-El1 cells were plated at a density of 50 000 or 42 500 cells,
respectively, per 35 mm diameter dish 1 day prior to infection. Cells were
then overlaid with undiluted viral supernatant and infected using a
spinfection procedure. Selection with puromycin (2 pg/ml), starting 48 h
after infection with LPCX, LPCX-Smad3 or LPCX-Smad3-3SA, yielded
stable calB 2T3 or MC3T3-E1 cell populations expressing N-terminally
Flag-tagged Smad3 or Smad3-3SA or control-infected cells. The
expression levels of Smad3 and Smad3-3SA were verified using Flag
antibody western analyses. All differentiation experiments utilized cells
within four passages of the generation of stable cell lines.

Northern blot analyses

Total RNA was isolated from cell cultures at the indicated times by
scraping cells in RNA extraction buffer (140 mM NaCl, 5 mM KCl, 3 mM
MgCl,, 25 mM Tris-HCI pH 7.5, 1% NP-40) at 4°C. Nuclei were
removed by centrifugation and RNA was prepared from the resulting
supernatant in the presence of 1% SDS. Following two extractions with
phenol/chloroform (1:1) and chloroform, the RNA was ethanol precipi-
tated and redissolved. RNA (10-20 png) was denatured and separated on a
1% formaldehyde—agarose gel, and then transferred to a 0.2 um nylon
membrane (Biotrans). Northern analyses using cbfal or osteocalcin
cDNA as hybridization probe were performed as previously described
(Ausubel et al, 1994). Probes were labeled using [0-32P]dCTP
(6000 C/mmol; NEN) using the random primer method. Results were
visualized by autoradiography and quantified using a Phosphorlmager
(Molecular Dynamics).

GST interaction assays

GST fusion proteins, in which full-size Smads or defined segments of
Smads were fused to GST, were expressed in Escherichia coli as
described (Ausubel ez al., 1994). These fusion proteins were then purified
by adsorption to glutathione-Sepharose (Pharmacia). 3*S-labeled CBFA1
was obtained by in vitro translation in the presence of [>S]methionine
using the TNT kit (Promega). The translation mixture, containing
in vitro translated [3S]JCBFA1, was precleared by incubation with
glutathione—Sepharose prior to incubation with glutathione—Sepharose, to

TGF-B-induced repression of CBFA1 by Smad3

which the GST-Smad protein of interest was adsorbed. After a 1 h
incubation at 4°C in 50 mM Tris—HCI pH 7.5, 120 mM NaCl, 2 mM
EDTA, 0.1% NP-40, the beads were extensively and repeatedly washed in
the same solution. The adsorbed protein complexes were then analyzed
by SDS-PAGE. Staining of the gels with Coomassie Blue allowed
verification of the amounts and integrity of the fusion proteins, whereas
subsequent incubation with Amplify (Amersham) and autoradiography of
the dried gel revealed the adsorption of 3°S-labeled CBFAL.

Immunoprecipitations

Transfected COS-1 or 10T1/2 cells were harvested 48 h after transfection
and lysed in 20 mM Tris-HC1 pH 7.5, 150 mM NaCl, 0.5% Triton X-100,
containing a cocktail of protease inhibitors (Minicomplete, BMB). ROS
17/2.8 cells were harvested in the same manner 48 h after treatment with
or without TGF-B (5 ng/ml). After clarification by centrifugation, lysates
were precleared for 1 h at 4°C with protein A—Sepharose. Anti-Flag
immunoprecipitations were performed using anti-Flag antibody coupled
to Sepharose (Sigma). For anti-myc and anti-HA immunoprecipitations,
lysates were incubated with 2 pg/ml 9E10 antibody (Covance) or 12CAS
antibody (Sigma), respectively. For Smad3 or IgG immunoprecipitations,
ROS 17/2.8 lysates were incubated with 1 pg/ml rabbit anti-Smad3
antibody (Zymed) or rabbit anti-mouse IgG antibody (Pierce). In each
case, lysates were incubated for 1 h at 4°C prior to incubation with
protein A—Sepharose. After extensive washing of the Sepharose-adsorbed
protein complexes in the lysis buffer mentioned above, immunoprecipi-
tates were analyzed by SDS-PAGE and western blot analyses. The
expression levels of the cotransfected proteins of interest were verified by
western analyses of the cell lysates using epitope tag-specific antibodies.
Endogenous Smad3 and CBFAl were detected using rabbit anti-
Smad3 (Zymed) or rabbit anti-CBFA1 (Thirunavukkarasu et al., 1998)
antibodies.

Electrophoretic mobility shift assays and biotinylated
oligonucleotide interactions

Previously characterized wild-type and mutant OSE2 oligonucleotides
corresponding to the —156/-112 segment of the osteocalcin promoter
(Ducy and Karsenty, 1995) were obtained from Genosys. These
oligonucleotides had the following sequences: WT OSE2, 5’-CCCA-
GGCAGCTGCAATCACCAACCACAGCATCCTTTGGGTTTGAC-3;
Mut OSE2, 5-CCCAGGCAGCTGCAATCACCAAGAACAGCATCC-
TTTGGGTTTGAC-3’. For biotinylated oligonucleotide interaction
experiments, the oligonucleotides were modified by the addition of
biotin to the 5" end. All oligonucleotides were annealed with non-
biotinylated complementary oligonucleotides.

For electrophoretic mobility shift assays, whole-cell extracts were
generated as described previously from ROS 17/2.8 cells, 10T1/2 cells or
transfected COS-1 cells (Alliston et al., 1997). Probes were end-labeled
with [0-3?P]dCTP (6000 Ci/mmol; NEN). Approximately 1 ng of labeled
oligonucleotide probe was incubated with 5 pg of whole-cell extract for
30 min at room temperature (RT) in the presence of 1X gel shift binding
buffer containing 15 mM Tris pH 7.5, 1 mM MgCl,, 0.5 mM EDTA,
0.5 mM dithiothreitol (DTT), 50 mM NacCl, 10% glycerol and 1 pg of
poly(dI-dC)-poly(dI-dC). Competition was performed with either a 10 or
100X molar excess of unlabeled OSE2 or unrelated SBE oligonucleotides
(Qing et al., 2000). Antibodies against CBFA1 (1 pl) or Flag (1 pug) were
pre-incubated with whole-cell extracts and binding buffer for 30 min at
4°C prior to the addition of probe. Reactions were separated on 5%
polyacrylamide, 2.5% glycerol, 0.5X TBE gels.

For each biotinylated oligonucleotide binding reaction, 200 ng of
annealed oligonucleotide were coupled to 50 ul of streptavidin magnetic
beads (Promega), washed in 10 mM Tris pH 7.5, 1 mM EDTA, 2 M NacCl.
After coupling the oligonucleotides for 10 min at RT, the oligonucleotide-
coupled beads were washed repeatedly in the same solution using a
magnetic stand to precipitate the beads between each wash. Washed
beads were added to 200 ug of cell lysates (see Immunoprecipitations)
and 5 pug of poly(dI-dC)-poly(dI-dC) with a final concentration of 4 mM
Tris pH 7.5, 20 mM HEPES pH 7.5, 5% glycerol, 170 mM NaCl, 0.5 mM
EDTA, 0.5 mM DTT, 1 mM MgCl, and 0.1% Triton X-100. After
incubating for 1 h at 4°C, beads were washed repeatedly in 16 mM
HEPES pH 7.6, 100 mM NaCl, 0.4 mM EDTA, 1 mM MgCl, and 1%
glycerol. Precipitated proteins were analyzed by SDS-PAGE and western
blotting.

Alkaline phosphatase assays

To assay alkaline phosphatase activity, cells were lysed in phosphate-
buffered saline (PBS), 0.01% SDS. Following clarification by
centrifugation, equal volumes of cell lysate were assayed for alkaline
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phosphatase activity using an Alkaline Phosphatase Assay Kit (Sigma
Diagnostics). The colorimetric reactions, executed in the linear range,
were stopped by addition of 0.05 M NaOH, and the absorbance was
measured at 420 nm. Background absorbance (assessed spectro-
photometrically after addition of HCI) was subtracted from the total
value. Phosphatase activities were expressed per cell, after counting the
number of cells trypsinized on a parallel plate.

von Kossa staining

Cells cultured for 10 (calB 2T3 cells) or 14 days (MC3T3-El1 cells) in
differentiation conditions were assayed for mineralization using the
histochemical von Kossa staining method (Bhargava et al., 1988).
Briefly, cells were washed in Ca/Mg-free PBS and fixed for 30 min in
4% formalin/PBS. Fixed cells were incubated with 5% silver nitrate
solution for 30 min in the dark, followed by exposure to UV light.
Unincorporated silver nitrate was removed using 5% sodium thiosulfate
followed by several washes with water.
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