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Osterix/Sp7, a member of the Sp1 transcription factor family,
plays an essential role in bone formation and osteoblastogen-
esis.AlthoughOsterixhas been shown tobe inducedbyBMP2 in
a mesenchymal cell line, the molecular basis of the regulation,
expression and function of Osterix during osteoblast differenti-
ation, is not fully understood. Thus we examined the role of
BMP2 signaling in the regulation of Osterix using the mesen-
chymal cell lines C3H10T1/2 and C2C12. Osterix overexpres-
sion induced alkaline phosphatase activity and osteocalcin
expression in C2C12 cells and stimulated calcification of
murine primary osteoblasts. Considering that Runx2 overex-
pression induces Osterix, these results suggest that Osterix
functions as downstream of Runx2. Surprisingly, BMP2 treat-
ment induced Osterix expression and alkaline phosphatase
activity in mesenchymal cells derived from Runx2-deficient
mice. Furthermore, overexpression of Smad1 and Smad4 up-
regulated Osterix expression, and an inhibitory Smad,
Smad6, markedly suppressed BMP2-induced Osterix expres-
sion in the Runx2-deficient cells. Moreover, overexpression
of a homeobox gene, Msx2, which is up-regulated by BMP2
and promotes osteoblastic differentiation, induced Osterix
expression in the Runx2-deficient cells. Knockdown of Msx2
clearly inhibited induction of Osterix by BMP2 in the Runx2-
deficient mesenchymal cells. Interestingly, microarray anal-
yses using the Runx2-deficient cells revealed that the role of
Osterix was distinct from that of Runx2. These findings sug-
gest that Osterix is regulated via both Runx2-dependent and
-independent mechanisms, and that Osterix controls osteo-
blast differentiation, at least in part, by regulating the expres-
sion of genes not controlled by Runx2.

Osteoblasts are differentiated from multipotent mesen-
chymal cells (1). This differentiation process is regulated by
several cytokines, including bone morphogenetic proteins,

transforming growth factor �, Wnt, and hedgehog (2–5).
Among them, BMP2 (bone morphogenetic protein 2) is one
of the most powerful cytokines that promote differentiation
of mesenchymal cells into osteoblasts in vitro and induce
bone formation in vivo (2). BMP2 exhibits this osteogenic
action by activating Smad signaling and by regulating tran-
scription of osteogenic genes such as ALP, type I collagen,
osteocalcin, and bone sialoprotein (Bsp)2(6). Runt-related
gene 2 (Runx2)/Core-binding factor 1 (Cbfa1), an essential
transcription factor for osteoblast differentiation and bone
formation (7) and responsible gene for cleidocranial dyspla-
sia (8), directly regulates the expression of osteocalcin and
Bsp (9). BMP2 is known to control the expression and func-
tions of Runx2 through Smad signaling (10–12). These find-
ings have established the importance of the BMP2-Smad-
Runx2 axis in osteoblastogenesis.
Osterix, an Sp1 transcription family member, is up-regu-

lated by BMP2 during osteoblastic differentiation (13).
Osterix has also been reported to inhibit chondrogenesis
(14). Mice deficient in theOsterix gene show no bone forma-
tion and complete absence of osteoblasts (13), indicating the
indispensable role of Osterix in osteoblastogenesis. Interest-
ingly, Runx2 is expressed in mesenchymal cells of Osterix
null mice (13). In contrast, expression of Osterix is not
observed in Runx2-deficient mice (13). These findings sug-
gest that Osterix may function as downstream of Runx2 dur-
ing osteoblast differentiation. On the other hand, another
study found that Runx2 is not involved in induction of
Osterix (15). To date, the target genes of Osterix, which are
responsible for the osteogenic function of Osterix, have not
been identified. Therefore, the regulation and functions of
Osterix during osteoblast differentiation remain unclear.
In this study, we investigated the molecular mechanisms

that regulate the expression and functions of Osterix during
osteoblast differentiation. We found that Smad signaling is
required for induction of Osterix, and that Osterix expres-
sion is regulated via both Runx2-dependent and -independ-
ent mechanisms by BMP2 signaling. Furthermore, Osterix
promotes osteoblast differentiation of Runx2-deficient mesen-
chymal cells in association with up-regulation of several genes,
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which are not up-regulated by
Runx2. Thus, we believe that our
findings provide novel insights into
osteoblastogenesis.

EXPERIMENTAL PROCEDURES

Cells—C3H10T1/2 and C2C12
were purchased from RIKEN Cell
Bank and cultured in �-modified
minimum Eagle’s medium contain-
ing 10% fetal bovine serum. IGF-1
was purchased from R&D Systems.
Isolation of Primary Osteoblasts—

The calvariae were isolated from 2-
or 3-day-old neonatal mice and
digested with 0.1% collagenase
(Wako, Osaka, Japan) and 0.2% dis-
pase (Dojindo, Tokyo, Japan) for 7
min at 37 °C. The cells were col-
lected by centrifugation as mesen-
chymal cells. The digested calvariae
were sequentially digested four
times with 0.1% collagenase and
0.2% dispase for 7 min at 37 °C (16).
The last three cell fractions were
collected and used as primary osteo-
blasts (16). The cells showed ALP
activity. Runx2-deficient mesen-
chymal cells were isolated from
the calvariae of Runx2-deficient
embryos as described previously
(17). In brief, the anterior region of
calvariae from an embryo at embry-
onic day 18.5 was minced and cul-
tured for 10–14 days in three-di-
mensional collagen gel (Cellmatrix,
Nitta Gelatin Co.) with �-modified
minimum Eagle’s medium contain-
ing 10% fetal bovine serum. The
cells outgrowing from the explants
were retrieved by incubation for 30
min with 0.2% collagenase in phos-
phate-buffered saline (PBS) at 37 °C
and then cultured with �-modified
minimum Eagle’s medium contain-
ing 10% fetal bovine serum (17).
Osterix cDNA—As described pre-

viously (13), C2C12 cells were incu-
bated in the presence of BMP2 for 4 days. Because BMP2
showed maximum effect on induction of Osterix at 300 ng/ml
(data not shown), we used that dose in this study.Osterix cDNA
was isolated from the cells by reverse-transcribed PCR. The se-
quence of the cDNA was confirmed by DNA sequence analysis.
The Osterix cDNA was subcloned into the pcDNA4 expression
vector tagged with aMyc epitope at the C terminus (Invitrogen).
Generation of Adenovirus—Recombinant adenovirus carry-

ing Osterix was constructed by homologous recombination
between the expression cosmid cassette (pAxCAwt) and the

parental virus genome in 293 cells (RIKEN) as described previ-
ously using an adenovirus construction kit (Takara) (11, 15, 17).
Adenoviruses carrying Runx2, Msx2, Smad1, Smad4, Smad6,
and FLAG-Dlx5 were used as described previously (11, 16, 18).
The viruses showed no proliferative activity because of a lack of
E1A-E1B. Titers of the viruses were determined using a modi-
fied point assay (19). Infection of recombinant adenoviruses
with C3H10T1/2 cells, C2C12 cells, or primary osteoblasts was
performed by incubation with adenovirus at a multiplicity of
infection (m.o.i.) of 40, except where indicated otherwise.
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Western Blotting—The cells werewashed four timeswith ice-
cold PBS and solubilized in lysis buffer (20 mM Hepes (pH 7.4),
150 mM NaCl, 1 mM EGTA, 1.5 mM MgCl2, 10% glycerol, 1%
Triton X-100, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 1 mM
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, 0.2
mM sodium orthovanadate). The lysates were centrifuged at
16,000 � g for 20 min at 4 °C. The supernatants were boiled in
SDS sample buffer containing 0.5 M �-mercaptoethanol. These
samples were separated by SDS-PAGE, transferred to nitrocel-
lulose membrane, immunoblotted with corresponding anti-
bodies, and visualized with horseradish peroxidase coupled to
anti-mouse antibody or horseradish peroxidase coupled to
anti-rabbit antibody with enhancement by ECL detection kits.
Reverse-transcribed PCR and Real Time PCR—Total RNA

was isolated from cells using the SV total RNA isolation kit
(Promega). After denaturation of total RNA at 70 °C for 10min,
cDNAwas synthesized with oligo(dT) primer and reverse tran-
scriptase (Invitrogen). PCR amplifications were performed
using the specific primers for mouse Osterix (sense primer,
5�-GAAAGGAGGCACAAAGAAG-3�, and antisense primer,
5�-CACCAAGGAGTAGGTGTGTT-3�). PCR products were
separated by agarose gel electrophoresis and stained with
ethidium bromide. The PCR products were then subcloned
into the TA cloning vector and the DNA sequences of the PCR
products determined.
To determine the expression levels of Osterix, osteocalcin,

Msx2,ALPmRNA,Col1a1,Bsp,Col2a1,Col10a1, and Sox9, the
cDNA samples were analyzed by real time PCR using an ABI
PRISM 7300 unit (Applied Biosystems) and specific Taqman
probes as follows: mouse Osterix (sense primer, 5�-AGCGAC-
CACTTGAGCAAACAT-3�; antisense primer, 5�-GCGGCT-
GATTGGCTTCTTCT-3�; probe, 5�-CCCGACGCTGCGAC-
CCTCC-3�); mouse Msx2 (sense primer, 5�-CCATATACGG-
CGCATCCTACC-3�; antisense primer, 5�-CAACCGGCGTG-
GCATAGAG-3�; probe, 5�-AGACCTGTGCTCCCCATCCC-
GCC-3�); mouse osteocalcin (sense primer, 5�-GCAATAAGG-
TAGTGAACAGACTCC-3�; antisense primer, 5�-GTTTGTA-
GGCGGTCTTCAAGC-3�; probe, 5�-TGGAGCCTCAGTCC-
CCAGCCCA-3); mouse ALP (sense primer, 5�-ATCTTTGG-
TCTGGCTCCCATG-3�; antisense primer, 5�-TTTCCCGTT-
CACCGTCCAC-3�; probe, 5�-TGAGCGACACGGACAAGA-
AGCCCTT-3�); mouse Col1a1 (sense primer, 5�-GCAACAG-
TCGCTTCACCTACA-3�; antisense primer, 5�-CAATGTCC-
AAGGGAGCCACAT-3�; probe, 5�-CCTTGTGGACGGCTG-
CACGAGTCAC-3�); mouse Bsp (sense primer, 5�-AAGCAG-

CACCGTTGAGTATGG-3�; antisense primer, 5�-CCTTGTA-
GTAGCTGTATTCGTCCTC-3�; probe, 5�-CGGTAAGTGT-
CGCCACGAGGCTCCC-3�); mouseCol2a1 (sense primer, 5�-
CCTCCGTCTACTGTCCACTGA-3�; antisense primer,
5�-ATTGGAGCCCTGGATGAGCA-3�; probe, 5�-CTTGAG-
GTTGCCAGCCGCTTCGTCC-3�); mouse Col10a1 (sense
primer, 5�-GCCAAGCAGTCATGCCTGAT-3�; antisense
primer, 5�-GACACGGGCATACCTGTTACC-3�; probe, 5�-
AGCACTGACAAGCGGCATCCCAGA-3�); and mouse Sox9
(sense primer, 5�-CCTTCAACCTTCCTCACTACAGC-3�;
antisense primer, 5�-GGTGGAGTAGAGCCCTGAGC-3�;
probe, 5�-CCGCCCATCACCCGCTCGCAATAC-3�). The
expression levels of each sample were normalized against �-ac-
tinmRNA expression.
Microarray Analysis—As we observed that expression of

Osterix or Runx2 reached maximum after infection of the cor-
responding adenovirus and would like to examine the direct
effects of Osterix or Runx2 on the target genes, we used total
RNA isolated from C3H10T1/2 cells that were infected with or
without Runx2 or Osterix adenovirus and incubated for 4 days.
Total RNA was isolated from the cells using the SV total RNA
isolation kit (Promega). An oligonucleotide microarray (Gene
Chip Murine Genome U74Av2, Affymetrix) was used to mon-
itor the relative abundance of transcripts as described previ-
ously (20). Double strand cDNAwas synthesized from 10 �g of
total RNAwith oligo(dT) primer, amplified with T7 RNA poly-
merase up to �100 �g of cRNA, and hybridized to the oligonu-
cleotide microarray according to the manufacturer’s instruc-
tions. For normalization, the average intensity for genes was
made equal to 100 to reliably compare variable multiple arrays
(20).
Determination of ALP Staining—The cultured C3H10T1/2

cells, C2C12 cells, or Runx2 null mesenchymal cells were
washed twice with PBS and stained with nitro blue tetrazolium
(Sigma) and 5-bromo-4-chroro-3-indolyl phosphate (Sigma)
(18).
Alizarin Red Staining—The cultured calvaria cells were

washed twice with PBS and fixed in 10% formalin for 10 min.
The cells were then stained with 1% alizarin red solution for 5
min (18).
Sirius Red Staining for Collagen—C3H10T1/2 cells were

washed with PBS and fixed in 10% formalin for 10 min. After
washing the cells with distilled H2O, the cells were stained with
0.1% Direct Red 80 (Sigma) for 90 min (21).

FIGURE 1. Osteoblastogenic activities of Osterix. A, C2C12 cells treated with BMP2 (300 ng/ml) or infected with or without Mock, Runx2, or Osterix adenovirus
(40 m.o.i.) were cultured for 4 days. Total RNA isolated from the cells was subjected to real time PCR for expression of Osterix (top panel) and Runx2 (bottom
panel) using the specific Taqman probes. The expression of Osterix and Runx2 was normalized with �-actin expression. Cont, control. B, C2C12 cells treated with
BMP2 (300 ng/ml) or infected with or without Mock, Runx2, or Osterix adenovirus (40 m.o.i.) were cultured for a week, and ALP activity was then determined.
C, C2C12 cells treated with BMP2 (300 ng/ml) or infected with Runx2 or Osterix adenovirus (40 m.o.i.) were cultured for a week. Total RNA was isolated from the
cells and osteocalcin mRNA expression was determined by real time PCR analysis using the Taqman probe specific to osteocalcin. Osteocalcin expression was
normalized against �-actin expression. D, C3H10T1/2 cells were treated with BMP2 (300 ng/ml) or infected with Runx2 or Osterix adenovirus (40 m.o.i.) and then
cultured for a week. The cells were subjected to ALP staining (top panel), Sirius red staining (2nd panel), or immunostaining using anti-Col1 antibody (bottom
panel). E, C3H10T1/2 cells were transfected with control siRNA (Cont) or Osterix siRNA (siOsx-1 and siOsx-2), and then cultured in the presence or absence of
BMP2 (300 ng/ml) for 4 days. Total RNA isolated from the cells was subjected to real time PCR analyses using the specific Taqman probes for Osterix, Bsp, ALP,
Col1a1, and osteocalcin (OCN). The expression of each gene was normalized against �-actin expression. F, C3H10T1/2 cells were treated with BMP2 (300 ng/ml)
or infected with Mock, Runx2, or Osterix adenovirus (40 m.o.i.) and then cultured for a week. Total RNA was isolated from the cells, and Col1a1 mRNA expression
was determined by real time PCR analysis using the Taqman probe. Col1a1 expression was normalized against �-actin expression. G, primary osteoblasts
isolated from mice calvariae were treated with BMP2 (300 ng/ml) or infected with Runx2 or Osterix adenovirus (40 m.o.i.), cultured for a week, and then stained
with Alizarin red.
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Immunocytochemical Analysis—C3H10T1/2 cells were
washed with PBS and fixed in 10% formalin for 10 min. After
blocking with blocking reagent (Vector Laboratories), the cells
were stained with anti-collagen antibody (Chemicon), followed
by visualization with a VECTASTAIN� ABC kit (Vector
Laboratories).
Knockdown Experiment—Cells were transfected with Stealth

siRNA (Invitrogen) and Mission siRNA (Sigma) using Lipo-
fectamine 2000 according to the manufacturer’s protocol. Two
sets ofMsx2 siRNA (5�-CCGCCAGAAACAGUACCUGUCC-
AUA-3� and 5�-GAUAUGGCAUGUACCAUCUAUCCUA-
3�) or Osterix siRNA (5�-CUUCGCAUCUGAAAGCCCA-3�
and 5�-CCUACUUACCCAUCUGACU-3�) were used for
knockdown of Msx2 or Osterix, respectively. Control siRNA
was purchased from Invitrogen.

RESULTS

Osteoblastogenic Activity of Osterix—To understand the
functional role of Osterix in osteoblast differentiation, we
examined the effect of Osterix overexpression in C2C12 cells.
Osterix overexpression induced ALP activity and osteocalcin
expression in C2C12 cells (Fig. 1, A–C). Similar to BMP2 treat-
ment or Runx2 overexpression, Osterix overexpression also
induced ALP activity in C3H10T1/2 cells (Fig. 1D). Consis-
tently, knockdown of Osterix inhibited expression of osteocal-
cin, Bsp, andALP stimulated by BMP2 in C3H10T1/2 cells (Fig.
1E). In contrast to BMP2 treatment, Osterix had very little
effect on the expression of Col1a1 or collagen synthesis (Fig. 1,
D and F). In addition, knockdown of Osterix did not suppress
Col1a1 expression (Fig. 1E). Moreover, Runx2 overexpression
showed marginal effects on Col1a1 expression and collagen
synthesis (Fig. 1, A, D, and F). These results suggest that other
transcription factors, which would be controlled by BMP2,
might be involved in the regulation of Col1a1 expression and
maturation. Furthermore, Osterix overexpression in mouse
primary osteoblasts clearly stimulated calcification of the cells
(Fig. 1G). These findings indicate that Osterix has osteoblasto-
genic activity. Interestingly, we observed that the osteoblasto-
genic activity ofOsterix differed from that of Runx2 (Fig. 1,B,C,
D, F, and G), suggesting that Osterix and Runx2 have distinct
and separate roles during osteoblast differentiation. To verify
this possibility, we compared the target genes of Runx2 and
Osterix by performing microarray analyses. As shown in Fig.
2B, several genes, including Wnt4, Bglap1, and BMP7, were
similarly induced by Runx2 or Osterix. However, we found that
there were two groups of genes that were induced by either
Runx2 orOsterix but not both (Fig. 2,A andC). Together, these
findings suggest that Runx2 and Osterix have common roles in
osteoblast differentiation but also possess distinct roles in gene
regulation during osteoblastogenesis.
Regulation of Osterix Expression Independently of Runx2—In

contrast to our results (Fig. 1), a previous study reported appar-
ently Runx2-independent Osterix expression (15). As shown
above (Fig. 1, B, C, D, F, and G, and Fig. 2), Osterix has distinct
roles during osteoblast differentiation. Therefore, we examined
whether Runx2 is necessary for induction of Osterix expression
using mesenchymal cells isolated from Runx2-deficient mice.
These cells were able to differentiate into ALP-positive

osteoblastic cells upon BMP2 treatment or Runx2 overex-
pression within 3 days (Fig. 3,A and B) (16, 17). Although the
cells had some ability to differentiate into chondrocytic cells,
real time PCR analyses indicated that the cells preferentially

FIGURE 2. Genes up-regulated by Runx2 or Osterix. C3H10T1/2 cells were
infected with Runx2 or Osterix adenovirus (40 m.o.i.) and then cultured for 4
days. Total RNA was isolated from the cells and subjected to microarray
analyses.

FIGURE 3. Induction of Osterix expression by BMP2 in Runx2-deficient
mesenchymal cells. A and B, Runx2-deficient mesenchymal cells were
treated with BMP2 (300 ng/ml) or infected with or without Mock, Runx2, or
Osterix adenovirus (40 m.o.i), cultured for 3 or 5 days, and then stained for ALP.
Cont, control. C, Runx2-deficient mesenchymal cells were treated with BMP2 (300
ng/ml) or infected with or without Mock, Runx2, or Osterix adenovirus (40 m.o.i.),
and cultured for a week. Total RNA was isolated from the cells, and the mRNA
expression of ALP, Col1a1, BSP, Col2a1, Sox9, and Col10a1 was determined by
real time PCR analysis using the Taqman probes. The expression of each gene
was normalized against �-actin expression. D, Runx2-deficient mesenchymal
cells were treated with BMP2 (300 ng/ml) or infected with Runx2 adenovirus (40
m.o.i.) and cultured for 4 days. Total RNA was isolated from the cells and sub-
jected to reverse-transcribed PCR analysis for Osterix (top panel) and �-actin
mRNA (bottom panel). E, Runx2-deficient mesenchymal cells were treated with
BMP2 (300 ng/ml) or infected with or without Mock, Runx2, or Osterix adenovirus
(40 m.o.i.) and cultured for 4 days. Total RNA isolated from the cells was subjected
to real time PCR analysis using the Taqman probe specific for Osterix. The expres-
sion of Osterix was normalized against �-actin expression.
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differentiated into osteoblastic cells (Fig. 3C). As expected,
Runx2 induced Osterix expression in these cells (Fig. 3, D
and E). Surprisingly, BMP2 treatment induced Osterix
expression in the Runx2-deficient mesenchymal cells (Fig. 3,
D and E). These results suggest that Osterix expression is
regulated by BMP2 through both Runx2-dependent and -in-
dependent mechanisms.
Regulation of Osterix Expression by Smad and Msx2 Sig-

naling—To understand the molecular mechanism by which
BMP2 induces Osterix expression in Runx2-deficient cells, we
first examined whether Smad signaling is implicated in the reg-
ulation of Osterix expression, because Smad signaling plays a
central role in BMP2-regulated osteoblast differentiation (22).
As shown in Fig. 4, A and B, overexpression of Smad1 and
Smad4 stimulated BMP2-induced ALP activity in Runx2-defi-
cient mesenchymal cells. Moreover, overexpression of Smad1
and Smad4 enhancedOsterix expression by BMP2 in these cells
(Fig. 4C). To confirm the involvement of Smad signaling in
Runx2-independent Osterix expression, we next examined the
effect of Smad6 on Runx2-deficient cells. We found that over-
expression of Smad6 abolished induction of Osterix and ALP
activity by BMP2 in Runx2-deficient cells (Fig. 5, A and B).
Collectively, these results indicate that Smad signaling is nec-
essary for Osterix expression in Runx2-deficient mesenchymal
cells and subsequent osteoblastic differentiation.
Because we previously reported that Msx2 regulates osteo-

blast differentiation via a Runx2-independent mechanism (18),
we hypothesized that Msx2 may function as upstream of
Osterix. First, we determined whether Msx2 is induced by
BMP2 treatment in Runx2-deficient mesenchymal cells. As
shown in Fig. 6A, BMP2 clearly up-regulatedMsx2 expression
even in the absence of theRunx2 gene. Importantly,Msx2 over-
expression induced Osterix expression in the Runx2-deficient
mesenchymal cells (Fig. 6B). Moreover, knockdown of Msx2
clearly inhibited induction of Osterix by BMP2 in the Runx2-
deficient mesenchymal cells (Fig. 6, C and D). Although IGF-1
and Dlx5 have been implicated in regulation of Osterix expres-

sion (15, 23, 24), we did not observe any effect of IGF-1 or Dlx5
on Osterix expression in Runx2-deficient mesenchymal cells
(Fig. 6, E and F). Our findings indicate that Msx2, which is
regulated by BMP2, controls Osterix expression via a Runx2-
independent mechanism.
Osteoblastogenic Activity of Osterix in Runx2-deficient Mes-

enchymal Cells—We next examined whether Osterix was able
to promote osteoblast differentiation in Runx2-deficient mes-
enchymal cells. We exogenously introduced Osterix into
Runx2-deficient mesenchymal cells and found that Osterix
overexpression induced ALP activity in these cells (Fig. 3, A, B
and E). In addition, Osterix overexpression significantly stimu-
lated osteocalcin and Bsp expression (Fig. 3C). These results
suggest that Osterix itself has osteoblastogenic activity.

DISCUSSION

Although a previous genetic study raised the possibility that
Osterix functions as downstreamofRunx2 (13), themechanism
by which BMP2 regulates Osterix expression during osteoblast
differentiation has beenunclear. In this study,we demonstrated
that Osterix expression is regulated by both Runx2-dependent

FIGURE 4. Up-regulation of Osterix expression by Smad signaling in Runx2-
deficient mesenchymal cells. A, Runx2-deficient mesenchymal cells were
infected with both Smad1 and Smad4 adenoviruses (40 m.o.i.) and then cultured
for a week in the presence of BMP2 (50 ng/ml) as indicated. The cells were then
stained for ALP. B and C, Runx2-deficient mesenchymal cells were infected with
both Smad1 and Smad4 adenoviruses (40 m.o.i.) and then cultured for 4 days in
the presence of BMP2 (50 ng/ml) as indicated. Total RNA was isolated from the
cells and determined by real time PCR for ALP mRNA (B) and Osterix mRNA (C).
ALP and Osterix expression was normalized against �-actin expression.

FIGURE 5. Inhibition of BMP2-induced Osterix expression by Smad6.
A, Runx2-deficient mesenchymal cells were infected with Smad6 adenovirus
(40 m.o.i.) and cultured for a week in the presence of BMP2 (300 ng/ml) as
indicated. The cells were determined by ALP staining. B, Runx2-deficient mes-
enchymal cells were infected with Smad6 adenovirus (40 m.o.i.) and cultured
for 4 days in the presence of BMP2 (300 ng/ml) as indicated. Total RNA was
isolated from the cells and determined by real time PCR analysis for Osterix
mRNA expression. Osterix expression was normalized by �-actin expression.
Cont, control.
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and -independent mechanisms. Other researchers and we have
previously demonstrated that BMP2 up-regulates Runx2
expression during osteoblast differentiation (10, 11, 25), and
thus it is likely that BMP2 controls Osterix expression through
Runx2. We observed that overexpression of Runx2 induces
Osterix expression inmesenchymal cell lines. Notably, we dem-
onstrated that BMP2 and Msx2 induced Osterix expression in

Runx2-deficientmesenchymal cells.
Furthermore, knockdown of Msx2
blocked the induction of Osterix in
the Runx2-deficient mesenchymal
cells. Thus, these results indicate
the novel paradigm that BMP2 con-
trols Osterix expression independ-
ently of Runx2 through Msx2.
The functional role of Msx2 in

osteoblasts appears to be complex,
as several studies have reported that
Msx2 positively and negatively con-
trols osteoblast differentiation (18,
26–28). However, genetic studies
have indicated that Msx2 plays crit-
ical roles in bone formation and
osteoblast differentiation (29, 30).
The functional role of Msx2 in bone
would be temporally and spatially
regulated. Therefore, our present
results suggest that Msx2 exhibits
osteogenic function by up-regulat-
ing Osterix, at least in part, in a
Runx2-independent manner.
Because Osterix null mice show

complete absence of bone forma-
tion and osteoblasts at the embryo
stage, Osterix is considered to play
an indispensable role in bone devel-
opment and osteoblastogenesis
(13). However, whether Osterix
itself is sufficient to stimulate osteo-
blast differentiation has been
unclear. We found that Osterix has
osteogenic activity in vitro and stim-
ulates osteoblast differentiation of
mesenchymal cells. Interestingly,
Osterix exhibited osteoblastogenic
activity in Runx2-deficient mesen-
chymal cells. This result suggests
two possibilities. One is that Osterix
functions as downstream of Runx2.
This idea is well supported by our
finding that Runx2 overexpression
induced Osterix expression in
Runx2-deficient mesenchymal cells
as well as in C2C12 cells, in which
the Runx2 gene is intact. The other
possibility is that Osterix may have
functions distinct from those of
Runx2. Consistent with this idea, we

observed that Osterix showed lesser osteoblastogenic activity
thanRunx2. To verify these possibilities, we compared the tran-
scriptional target genes of Osterix and Runx2 by performing
microarray analyses.Overexpression of eitherRunx2 orOsterix
up-regulated common genes such asWnt4, Bglap1, and BMP7
in Runx2-deficient cells, suggesting that Osterix and Runx2
possess common roles during osteoblastogenesis. Although

FIGURE 6. Induction of Osterix by Msx2 in Runx2-deficient mesenchymal cells. A, Runx2-deficient mesen-
chymal cells were incubated in the presence or absence of BMP2 (300 ng/ml). Total RNA was isolated from the
cells and determined by real time PCR analysis for Msx2 mRNA expression. Msx2 expression was normalized
against �-actin expression. B, Runx2-deficient mesenchymal cells were infected with or without Msx2 adeno-
virus (40 m.o.i.), and cultured for 4 days. Total RNA was isolated from the cells, and Osterix mRNA expression
was determined by real time PCR analysis. Osterix expression was normalized against �-actin expression. C and
D, Runx2-deficient mesenchymal cells were transfected with control (Cont) or Msx2 (site1 or site2) siRNA and
then cultured in the presence of absence of BMP2 (300 ng/ml). Total RNA was isolated from the cells and
analyzed for Msx2 (C) and Osterix (D) mRNA expression by real time PCR. Msx2 and Osterix expression was
normalized against �-actin expression. E, Runx2-deficient mesenchymal cells were incubated in the presence
of BMP2 (300 ng/ml) or IGF-1 (200 or 400 ng/ml) and cultured for 4 days. Total RNA was isolated from the cells
and Osterix mRNA expression determined by real time PCR analysis. Osterix expression was normalized against
�-actin expression. F, Runx2-deficient mesenchymal cells were treated with BMP2 (300 ng/ml) or infected with
control (Mock) or Dlx5 adenovirus (40 m.o.i.) and cultured for 4 days. Total RNA was isolated from the cells and
Osterix mRNA expression determined by real time PCR analysis. Osterix expression was normalized against
�-actin expression.
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deficiency of either theOsterix orRunx2 gene leads to complete
absence of bone at the embryo stage, the phenotype of Osterix
null mice in bone seems different from that of Runx2 null mice
at birth (7, 13). This suggests the possibility that Osterix and
Runx2 have distinct functions during bone formation. Indeed,
we observed that Osterix and Runx2 also stimulate expression of
distinct genes. Collectively, our data suggest that Osterix not
only functions as downstream of Runx2 but also regulates
osteoblastogenesis independently of Runx2 by controlling
Osterix-specific target genes. Because the Runx2 null mice
show no bone formation, the Runx2-independent pathway,
which is partly regulated by Osterix, could be necessary but not
sufficient for osteogenesis in vivo. In other words, both Runx2-
dependent and -independent pathways could be required for
bone formation. The target genes responsible for the bone phe-
notype seen in Osterix null mice have not yet been identified.
Therefore, identification of the genes that are regulated by
Osterix and that play critical roles in osteoblastogenesis may
advance our understanding of the molecular mechanism by
which BMP2 regulates bone formation and osteoblastogenesis
and may contribute to developing therapeutic agents for bone
diseases.
It has been demonstrated that Osterix has two isoforms in

humans (31).We isolated the longer isoform, which potentially
encodes 18 additional amino acids, from C2C12 cells but did
not detect the shorter isoform in murine mesenchymal cell
lines (data not shown). We generated the two types of Osterix
expression vectors that encode Osterix proteins corresponding
to the shorter and longer mRNA. However, the longer form of
Osterix expression vector failed to showosteoblastogenic activ-
ity (data not shown). It is therefore necessary to identify the
translational starting site(s) of the Osterix gene.
In conclusion, we have demonstrated that BMP2 regulates

Osterix expression independently through two distinct tran-
scription factors, Runx2 andMsx2. We also found that Osterix
possesses osteogenic function during osteoblastogenesis. Thus,
we believe that our findings contribute to the understanding of
the molecular basis by which BMP2 conducts osteoblast differ-
entiation of mesenchymal cells.
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