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Genetic and cell biological studies have indicated that Indian hedgehog (Ihh) plays an important role in bone develop-
ment and osteoblast differentiation. However, the molecular mechanism by which Ihh regulates osteoblast differentiation
is complex and remains to be fully elucidated. In this study, we investigated the role of Ihh signaling in osteoblast
differentiation using mesenchymal cells and primary osteoblasts. We observed that Ihh stimulated alkaline phosphatase
(ALP) activity, osteocalcin expression, and calcification. Overexpression of Gli2- but not Gli3-induced ALP, osteocalcin
expression, and calcification of these cells. In contrast, dominant-negative Gli2 markedly inhibited Ihh-dependent
osteoblast differentiation. Ihh treatment or Gli2 overexpression also up-regulated the expression of Runx2, an essential
transcription factor for osteoblastogenesis, and enhanced the transcriptional activity and osteogenic action of Runx2.
Coimmunoprecipitation analysis demonstrated a physical interaction between Gli2 and Runx2. Moreover, Ihh or Gli2
overexpression failed to increase ALP activity in Runx2-deficient mesenchymal cells. Collectively, these results suggest
that Ihh regulates osteoblast differentiation of mesenchymal cells through up-regulation of the expression and function
of Runx2 by Gli2.

INTRODUCTION

Indian hedgehog (Ihh), a member of the hedgehog family,
plays an important role in the regulation of tissue pattern-
ing, skeletogenesis, and cellular proliferation (Ingham, 1998;
Yamaguchi et al., 2000). Ihh, and its receptor components,
patched (PTCH) and smoothened (Smo), are expressed in
primary osteoblasts and its lineages (Murakami et al., 1997;
Jemtland et al., 2003). In addition, Ihh stimulates osteoblast
differentiation of the mesenchymal cell line C3H10T1/2
(Pathi et al., 2001). Mice deficient in the Ihh gene show
reduced proliferation and maturation of chondrocytes and
failure of osteoblast development in endochondral bones
(St-Jacques et al., 1999; Hilton et al., 2005). Moreover, block-
ade of Ihh signaling in perichondrial cells of mice results in
impaired development of long bones and osteoblastogenesis
(Long et al., 2003). These studies indicate that Ihh regulates
osteogenesis by promoting osteoblast differentiation of mes-
enchymal cells. However, the molecular basis by which Ihh
conducts this biological process remains unclear.

Hedgehog family proteins, including Ihh, exert their bio-
logical effects through PTCH and Smo (Denef et al., 2000).
After binding of Ihh to PTCH, Smo, which is repressed by
PTCH, is activated and transduces signals into the cyto-
plasm though the intracellular signaling molecule, Fused,
and the transcription factors, the Gli family members, which
contain a zinc finger domain (Murone et al., 2000; Koebernick
and Pieler, 2002). Activated Gli family members translocate
from the cytoplasm to the nucleus and regulate the tran-
scription of target genes (Murone et al., 2000). In vertebrates,
three members of Gli, namely Gli1, Gli2, and Gli3, have been
identified. Gli2 and Gli3 function as direct mediators for Ihh
signaling, whereas Gli1 appears to indirectly mediate the
effects of Ihh, as Gli1 expression is regulated by Gli2 and
Gli3 (Dai et al., 1999; Sasaki et al., 1999). Targeted disruption
of the Gli2 or Gli3 genes leads to abnormal skeletogenesis
(Hui and Joyner, 1993; Mo et al., 1997; Motoyama et al.,
1998b), whereas inherited mutations of the Gli3 gene in
humans causes Greig cephalopolysyndactyly syndrome
(Shin et al., 1999), Pallister-Hall syndrome, or postaxial poly-
dactyly type A, characterized by severe impairment of skel-
etal development (Kang et al., 1997; Radhakrishna et al.,
1997). These studies suggest important roles for Gli2 and
Gli3 in bone development; however, the role of Gli2 and Gli3
in Ihh-regulated osteogenesis or osteoblast development is
currently unclear.

A hedgehog family member, Sonic hedgehog (Shh), reg-
ulates embryo development in cooperation with bone mor-
phogenetic proteins (BMPs; Bitgood and McMahon, 1995),
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which are known as powerful cytokines that induce bone
formation and osteoblastogenesis (Yamaguchi et al., 2000).
Consistently, Ihh and BMP2 synergistically stimulate osteo-
blast differentiation of mesenchymal cells (Nakamura et al.,
1997), suggesting the cooperative role of Ihh and BMP2
signaling in osteoblast development. Runx2 (Cbfa1/
PEBP2�A/Osf2), an essential transcription factor for bone
formation and osteoblast differentiation, has been shown to
function as a downstream of BMP2 signaling during osteo-
blastogenesis (Zhang et al., 2000; Nishimura et al., 2002).
Therefore, it is possible that Ihh regulates Runx2 during
osteoblast differentiation of mesenchymal cells.

To understand the molecular basis by which Ihh regulates
osteoblastogenesis, we have investigated the role of Gli2 and
Gli3 in osteoblast differentiation and the relationship be-
tween Gli2/Gli3 and Runx2. In the present study, we found
that Gli2 but not Gli3 up-regulated Runx2 expression and
enhanced the osteogenic action of Runx2 through physical
association with Runx2. Thus, Ihh controls osteoblast differ-

entiation of mesenchymal cells through the interaction be-
tween Gli2 and Runx2.

MATERIALS AND METHODS

Cells and Reagents
The C3H10T1/2, C2C12, 293, and CHO-K1 cell lines were purchased from the
RIKEN cell bank (Tsukuba, Japan), and cultured in �-modified MEM (�-
MEM) containing 10% fetal bovine serum (FBS). Recombinant Shh and Wnt3a
were purchased from R&D Systems (Minneapolis, MN). Cyclopamine was
purchased from Biomol (Plymouth Meeting, PA). Anti-Runx2, anti-�-actin,
anti-Myc, anti-Gli3, anti-Gli2, and anti-Flag antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA), Abcam (Cambridge, MA), and
Sigma-Aldrich (St. Louis, MO). Recombinant BMP2 and Ihh were obtained
from the conditioned media of CHO-K1 cells infected with either BMP2 or Ihh
adenovirus as previously reported (Hata et al., 2005). The activity of BMP2 or
Ihh was determined by a comparison with human recombinant BMP2 or
mouse recombinant Shh, respectively.

Figure 1. Promotion of osteoblast differentiation by Ihh. (A)
C3H10T1/2 cells were cultured with or without Indian hedgehog
(Ihh; 500 ng/ml) or Sonic hedgehog (Shh; 500 ng/ml) for 7 d. The
cells were determined by ALP activity and staining. Data represent
mean � SD. *p � 0.01. Similar results were obtained from five
independent experiments. (B) C3H10T1/2 cells were infected with
control, Gli2 or Gli3 adenovirus as indicated, and cultured for 7 d in
the absence or presence of Ihh (500 ng/ml). The total RNA isolated
from the cells was subjected to RT-PCR analysis using the specific
primes for osteocalcin (top) or �-actin (bottom). Similar results were
obtained from three independent experiments. (C) Primary mouse
osteoblasts infected with control adenovirus were cultured in the
presence or absence of either BMP2 (300 ng/ml) or Ihh (500 ng/ml).
Primary mouse osteoblasts infected with Myc-tagged wild-type or
dominant-negative Gli2 adenovirus (DN-Gli2) were incubated with-
out BMP2 and Ihh. After a 14-d incubation, the cells were examined
by Alizarin red staining. Similar results were obtained from three
independent experiments.

Figure 2. Activation of Ihh/Gli2 signaling in C3H10T1/2 cells.
(A) Total RNA was isolated from C3H10T1/2 cells and analyzed
by RT-PCR analysis (RT) for Gli2. Total RNA untreated with
reversed-transcriptase (RT, �) was used as the negative controls.
Similar results were obtained from three independent experi-
ments. (B) Lysates of C3H10T1/2 cells were determined by im-
munoblotting with anti-Gli2 or Gli3 antibody (top). �-actin ex-
pression was determined as loading controls (bottom). Similar
results were obtained from four independent experiments. (C)
PTCH-luciferase and TK-renilla reporter constructs were trans-
fected into C3H10T1/2 cells together with pcDNA3 (control),
Gli2 or Gli3 expression vector and incubated with Ihh. At the end
of culture, cells were lysed and the luciferase activity measured
and normalized by determining renilla luciferase activity as de-
scribed in the text. Data represent mean � SD. *p � 0.05 (vs.
control). Similar results were obtained from six independent
experiments. (D) C3H10T1/2 cells were transfected with Venus-
Gli2 or Venus-Gli3 expression vector and stimulated with or
without Ihh (500 ng/ml) for 30 min. The cells were stained with
DAPI and examined under a fluorescent microscope. Similar
results were obtained from three independent experiments.
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Isolation of Primary Osteoblasts and Mesenchymal Cells
The calvariae were isolated from 2- or 3-d-old neonatal mice and digested
with 0.1% collagenase and 0.2% dispase for 7 min at 37°C (Ichida et al., 2004).
The cells were then collected by centrifugation. These cells contained a small
amount of alkaline phosphatase (ALP)-positive cells. The digested calvariae
were sequentially digested four times with 0.1% collagenase and 0.2% dispase
for 7 min at 37°C. The last three groups of fractionated cells were collected
and used as the primary osteoblasts. The cells showed ALP activity. Runx2-
deficient mesenchymal cells were isolated from the calvariae of Runx2-defi-
cient embryos as described previously (Ichida et al., 2004).

Constructs and Transfection
Ihh cDNA was isolated from C3H10T1/2 cells by RT-PCR. Myc-Gli2 and
Flag-Gli3 cDNA were kind gifts from Dr. Charles P. Emerson (University of

Pennsylvania School of Medicine) and Dr. Bert Vogelstein (Johns Hopkins),
respectively. Venus cDNA, a variant of green fluorescent protein (GFP; Nagai
et al., 2002), was a kind gift from Dr. Atsushi Miyawaki (RIKEN). The PTCH
gene promoter fused firefly luciferase construct was kindly provided by Drs.
Rune Toftgard and Marie Argen (Karolinska Institutet). Dominant negative
mutants of Gli2 (amino acids 2 through 497) or Runx2 (amino acids 2 through
242) were generated by subcloning of corresponding PCR products into
pcDNA3 tagged with Myc-epitope at the N-terminus. Venus-fusion con-
structs were generated by subcloning of corresponding PCR products into
pcDNA3 tagged with Venus at the N-terminus. Wild-type or dominant neg-
ative mutant of Runx2 were ligated into pcDNA3 tagged with six repeats of
histidine at the N-terminus. The sequences of the Gli2 mutants and Venus
fusion constructs were confirmed by DNA sequence analysis. Myc-tagged
DKK1 cDNA was kindly provided by Dr. Toshimi Michigami (Osaka Medical
Center and Research Institute for Maternal and Child Health). Supernatant of
293T cells transfected DKK1 cDNA was used as recombinant DKK1. Trans-
fection of C3H10T1/2 cells was carried out using FuGENE6 (Roche, India-
napolis, IN) according to the manufacturer’s protocol (Ichida et al., 2004).

Generation of Adenovirus
Recombinant adenoviruses carrying a wild-type or mutant form of Ihh, Gli2,
or Gli3 was constructed by homologous recombination between the expres-
sion cosmid cassette (pAxCAwt) and the parental virus genome in 293 cells as
previously described (Ichida et al., 2004) using an adenovirus construction kit
(Takara, Tokyo, Japan). Adenoviruses carrying Runx2, Smad6, or Noggin
were used as described previously (Nishimura et al., 2002; Nifuji et al.,
2004). The viruses showed no proliferative activity due to a lack of E1A-E1B
(Nishimura et al., 2002). Titers of the viruses were determined using a mod-
ified point assay (Nishimura et al., 2002). Infection of recombinant adenovi-
ruses with C3H10T1/2 cells, C2C12 cells, or primary osteoblasts was per-
formed by incubation with the adenoviruses at a multiplicity of infection
(moi) of 40, except where specifically indicated.

Immunoprecipitation and Immunoblotting
The cells were washed four times with ice-cold phosphate-buffered saline
(PBS) and solubilized in lysis buffer (Nishimura et al., 2002). The lysates were
then centrifuged for 20 min at 4°C at 16,000 � g and incubated with antibodies
for 4 h at 4°C, followed by immunoprecipitation with protein A-Sepharose
(Zymed, South San Francisco, CA) or protein G-agarose (Roche). Immuno-

Figure 3. Regulation of osteoblast differentiation by Gli2. (A)
C3H10T1/2 cells infected with control (lane 1), Myc-tagged wild-
type Gli2 (lane 2), or dominant-negative Gli2 adenovirus (lane 3)
were determined by immunoblotting with anti-Myc antibody. (WT,
wild-type; DN, dominant-negative). Similar results were obtained
from five independent experiments. (B) C3H10T1/2 cells were in-
fected with control or Myc-tagged Gli2 adenovirus in the presence or
absence of Ihh (500 ng/ml) and cultured for 7 d. The cells were then
analyzed for ALP staining or activity. Data represent mean � SD.
*p � 0.01 (vs. control); #p � 0.01 (vs. Gli2 or Ihh). Similar results
were obtained from three independent experiments. (C) C3H10T1/2
cells were infected with control or Myc-tagged dominant-negative
Gli2 adenovirus in the presence or absence of Ihh (500 ng/ml), and
cultured for 7 d. The cells were then analyzed for ALP staining or
activity. Data represent mean � SD. *p � 0.01 (vs. control); #p � 0.01
(vs. Gli2). Similar results were obtained from three independent
experiments.

Figure 4. Inhibition of Ihh-dependent osteoblast differentiation by
Gli3. (A) C3H10T1/2 cells infected with control (lane 1), or Flag-
tagged Gli3 (lane 2) adenovirus were determined by immunoblot-
ting with anti-Flag antibody. Similar results were obtained from five
independent experiments. (B) C3H10T1/2 cells were infected with
control or Flag-tagged Gli3 adenovirus in the presence or absence of
Ihh (500 ng/ml) and cultured for 7 d. The cells were then analyzed
for ALP staining or activity. Data represent mean � SD. *p � 0.05
(vs. control); #p � 0.05 (vs. Ihh). Similar results were obtained from
three independent experiments.
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precipitates were washed five times with lysis buffer and boiled in SDS
sample buffer containing 0.5 M �-mercaptoethanol. The supernatants were
recovered as immunoprecipitate samples. These samples were separated by
SDS-PAGE, transferred to nitrocellulose membranes, immunoblotted with
corresponding antibodies, and visualized with horseradish peroxidase cou-
pled to anti-mouse, -rabbit or -goat IgG antibodies (Jackson ImmunoResearch
Laboratories, West Grove, PA) with enhancement by electrochemilumines-
cence (ECL) advanced Western blotting detection kits (Amersham).

Luciferase Assay
The luciferase reporter construct driven by the PTCH or osteocalcin gene
promoter was cotransfected with the TK-renilla luciferase construct (Pro-
mega, Madison, WI) into C3H10T1/2 cells. Two days after transfection, cells
were lysed, and luciferase activity was determined using specific substrates in
a luminometer (Promega) according to the manufacturer’s protocol. Transfection
efficiency was normalized by determining the activity of renilla luciferase.

RT-PCR
Total RNA was isolated from cells using the RNAeasy kit (Qiagen, Chats-
worth, CA) and treated with DNase (Wako, Osaka, Japan) for 30 min. After

denaturation of total RNA at 70°C for 10 min, cDNA was synthesized using
an oligo-dT primer and reverse transcriptase (Invitrogen). PCR amplifications
were performed using the specific primers for mouse Gli2 (sense primer:
5�-CATGGTATCCCTAGCTCCTC-3�; anti-sense primer 5�-GATGGCATC-
AAAGTCAATCT-3�), mouse Gli3 (sense primer: 5�-CATGAACAGCCCTT-
TAAGAC-3�; anti-sense primer 5�-TGATATGTGAGGTAGCACCA-3�) or
mouse osteocalcin (sense primer: 5�-GACAAAGCCTTCATGTCCAAGC-3�;
anti-sense primer: 5�-AAAGCCGAGCTGCCAGAGTTTG-3�). PCR products
were separated by agarose-gel. After the PCR products were subcloned into
the TA-cloning vector, they were verified by DNA sequence analysis.

Determination of ALP Activity
ALP activity was determined as described previously (Nishimura et al., 2002).
The cells were washed with PBS and lysed with 0.05% Triton X-100 solution.
ALP activity of the lysates was determined using p-nitrophenol-phosphate as
a substrate. The protein content of the lysates was measured using the
Bradford protein assay reagent (Bio-Rad, Richmond, CA). For cytochemical
analysis, cells were washed with PBS, fixed with 3.7% formaldehyde, and stained
with a mixture of 330 �g/ml nitro blue tetrazolium, 165 �g/ml bromochoroin-
doyl phosphate, 100 mM NaCl, 5 mM MgCl2, and 100 mM Tris (pH 9.5).

Figure 5. Cooperative effects of Ihh/Gli2 and BMP2 signaling on osteoblast differentiation. (A) C3H10T1/2 cells were infected with control,
Noggin, or Myc-tagged Gli2 adenovirus and then incubated in the presence or absence of Cyclopamine, Ihh (500 ng/ml), or BMP2 (300
ng/ml) for 7 d as indicated. The cells were then analyzed for ALP activity. Data represent mean � SD. *p � 0.01 (vs. Ihh alone); #p � 0.05
(vs. Ihh alone, Ihh�Cyclopamine); $p � 0.05 (vs. Gli2 alone); &p � 0.01 (vs. BMP2 alone). Similar results were obtained from three
independent experiments. (B) C3H10T1/2 cells were infected with control or Smad6 adenovirus and then incubated in the presence or
absence of Ihh (500 ng/ml) or BMP2 (300 ng/ml) for 7 d as indicated. The cells were then analyzed for ALP activity. Data represent mean �
SD. $p � 0.01 (vs. control); *p � 0.01 (vs. control, Ihh alone); #p � 0.01 (vs. BMP2 alone). Similar results were obtained from three independent
experiments. (C) C3H10T1/2 cells were incubated in the presence or absence of Ihh (500 ng/ml) or Wnt3a (100 ng/ml) with DKK1 for 7 d
as indicated. The cells were then analyzed for ALP staining. Similar results were obtained from three independent experiments. (D)
C3H10T1/2 cells were cultured with Ihh (500 ng/ml), BMP2 (300 ng/ml), or both for 7 d. The cells were then analyzed for ALP activity. Data
represent mean � SD. *p � 0.01 (vs. control), #p � 0.05 (vs. BMP2, Ihh). Similar results were obtained from three independent experiments.
(E) C3H10T1/2 cells were infected with control or Myc-tagged Gli2 adenovirus in the presence or absence of BMP2 (300 ng/ml) and cultured
for 7 d. The cells were then analyzed for ALP activity. Data represent mean � SD. *p � 0.05 (vs. control), #p � 0.05 (vs. BMP2, Ihh). Similar
results were obtained from three independent experiments.
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Determination of Osteocalcin Production
Osteocalcin in the culture media was determined using a mouse osteocalcin
EIA kit (Biomedical Technologies, Stoughton, MA) according to the manu-
facturer’s protocol.

Alizarin Red Staining
The calvaria cells were cultured in the presence of ascorbic acid (100 �g/ml)
and �-glycerophosphate (5 mM), rinsed twice with PBS, fixed in 10% buffered
Formalin, and stained with 1% alizarin red solution for 5 min.

Statistical Analysis
Data were analyzed by analysis of variance followed by a paired t test. Values
shown are mean � SD.

RESULTS

Ihh Promotes Osteoblast Differentiation though
Activation of Gli2
To verify the osteogenic action of Ihh, we first determined
the effects of Ihh on C3H10T1/2 cells and primary osteo-
blasts isolated from mouse calvariae. Consistent with a pre-
vious report (Nakamura et al., 1997), Ihh dramatically in-

creased ALP activity of C3H10T1/2 cells as well as Shh
(Figure 1A). Ihh also induced osteocalcin expression (Figure
1B) and markedly stimulated calcification in primary osteo-
blasts (Figure 1C). These data indicate that Ihh stimulates
osteoblast differentiation and exhibits osteogenic action.

We next evaluated whether Ihh mediates osteogenic ac-
tivity through Gli2 or Gli3 in undifferentiated mesenchymal
cells. To address this, we first determined the expression and
function of Gli2 and Gli3 in C3H10T1/2 cells. RT-PCR and
Western blotting analysis indicated that C3H10T1/2 cells
constitutively expresses Gli2 and Gli3 (Figure 2, A and B).
Treatment with Ihh clearly stimulated PTCH promoter ac-
tivity (Figure 2C), and overexpression of Gli2 or Gli3 also
increased PTCH promoter activity (Figure 2C). Consistent
with these results, Ihh induced the translocation of Gli2 or
Gli3 into the nucleus (Figure 2D). These results indicate that
Ihh/Gli signaling is functional in C3H10T1/2 cells.

To examine whether Gli2 and/or Gli3 is involved in the
osteogenic action of Ihh, we determined the effects of Gli2
and Gli3 overexpression on osteoblast differentiation in

Figure 6. Regulation of Runx2 by Gli2 dur-
ing osteoblast differentiation. (A) C3H10T1/2
cells infected with control, Myc-tagged Gli2,
or Flag-tagged Gli3 adenovirus were incu-
bated in the presence or absence of Ihh (500
ng/ml) or BMP2 (300 ng/ml) for 7 d. The
lysates of these cells were analyzed by immu-
noblotting with anti-Runx2 (top) or �-actin
(bottom) antibody. Similar results were ob-
tained from three independent experiments.
(B) C3H10T1/2 cells were infected with con-
trol or Myc-tagged dominant-negative Gli2
adenovirus (DN-Gli2) and incubated in the
presence or absence of Ihh (500 ng/ml) for
7 d. The lysates of these cells were analyzed
by immunoblotting with anti-Runx2 (top),
�-actin (middle), or Myc (bottom) antibody.
Similar results were obtained from three in-
dependent experiments. (C) C3H10T1/2 cells
were infected with control, Myc-tagged Gli2,
or Runx2 adenovirus and cultured for 7 d.
The cells were then analyzed for ALP activity.
Data represent mean � SD. *p � 0.05 (vs.
control); #p � 0.01 (vs. control); $p � 0.05 (vs.
Runx2, Gli2). Similar results were obtained
from three independent experiments. (D)
C3H10T1/2 cells were transfected with os-
teocalcin luciferase and TK-renilla reporter
constructs together with pcDNA3 (Cont),
Myc-tagged Gli2 expression vector, Runx2 ex-
pression vector, or both for 2 d. Luciferase
activity in the lysates was measured. Data
represent mean � SD. *p � 0.05 (vs. control);
#p � 0.05 (vs. Runx2, Gli2). Similar results
were obtained from three independent exper-
iments. (E) C3H10T1/2 cells were infected
with Gli2 and/or Runx2 adenovirus and in-
cubated for 7 d. The amount of osteocalcin in
the conditioned medium was determined us-
ing a mouse osteocalcin EIA kit. *p � 0.05 (vs.
control); #p � 0.01 (vs. control); $p � 0.01 (vs.
Runx2, Gli2). Similar results were obtained from three independent experiments. (F) C3H10T1/2 cells were transfected with Myc-tagged Gli2
expression vector, Flag-tagged Runx2 expression vector, or both and incubated for 2 d. The lysates of these cells were immunoprecipitated
with anti-Flag antibody and immunoblotted with anti-Myc antibody (top). The expression levels of Myc-tagged Gli2 or Flag-tagged Runx2
were monitored by immunoblotting with anti-Myc (middle) or anti-Flag (bottom) antibody. Similar results were obtained from three
independent experiments. (G) C3H10T1/2 cells were infected with control, Flag-tagged Gli3, or Runx2 adenovirus and cultured for 7 d. The
cells were then analyzed for ALP activity. Data represent mean � SD. *p � 0.05 (vs. control). Similar results were obtained from three
independent experiments.
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C3H10T1/2 cells. Gli2 overexpression, induced using an
adenovirus system, induced ALP activity and osteocalcin
expression in C3H10T1/2 cells (Figures 1B and 3, A and B).
This effect of Gli2 is enhanced by Ihh treatment. In addition,
Gli2 overexpression promotes calcification in primary osteo-
blasts (Figure 1C). As expected, a dominant-negative mutant
of Gli2 failed to stimulate calcification in primary osteoblasts
(Figure 1C). Consistently, dominant-negative Gli2 markedly
inhibited the effect of Ihh on ALP activity (Figure 3, A and
C). In contrast, overexpression of Gli3 had no effect on ALP
activity and suppressed Ihh-induced ALP activity (Figure
4A and B). These results indicate that Gli2 but not Gli3
mediates the osteogenic action of Ihh.

Ihh/Gli2 Signaling Stimulates BMP2-induced Osteoblast
Differentiation
Because hedgehog has been shown to function as an up-
stream of BMP in several systems (Garrett et al., 2003; Zhao
et al., 2006), we examined the effect of BMP antagonist,
Noggin, in C3H10T1/2 cells. Noggin effectively abolished
BMP2-induced ALP activity, but only partially suppressed
Ihh-induced ALP activity in C3H10T/2 cells (Figure 5A). In
contrast, a hedgehog inhibitor, cyclopamine, completely
blocked Ihh-induced ALP activity (Figure 5A). Consistent
with these results, Noggin did not completely inhibit ALP
activity induced by Gli2 overexpression. Furthermore,
Smad6 partially inhibited Ihh-induced ALP activity (Figure
5B). These results suggest that the Ihh/Gli2 pathway regu-
lates osteoblast differentiation of mesenchymal cells though
BMP-dependent and -independent mechanisms. In contrast,
we did not observe the effect of DKK1, which is a selective
inhibitor for Wnt (Kawano et al., 2003), on ALP activity
induced by Ihh (Figure 5C). This result indicate that Wnt is
not implicated in Ihh-mediated osteoblastogenesis. To con-
firm the functional relationship between Ihh and BMP2 sig-
naling, we determined the effects of Ihh and Gli2 on ALP
activity in the presence of BMP2. As previously reported,
Ihh and BMP2 cooperatively increased ALP activity (Figure
5D). We also found that overexpression of Gli2 enhanced
BMP2-induced ALP activity in C3H10T1/2 cells (Figure 5E).
These results suggest a functional relationship between Ihh/
Gli2 and BMP2 signaling during osteoblastogenesis.

Gli2 Regulates the Expression and Function of Runx2
during Ihh-induced Osteoblast Differentiation
To further understand the relationship between Ihh/Gli2
and BMP2 signaling during osteoblast differentiation, we
examined the effects of Ihh and Gli2 on the expression and
function of Runx2, which functions as a downstream of
BMP2 signaling during osteoblast differentiation (Zhang et
al., 2000; Nishimura et al., 2002). We found that Ihh induced
expression of Runx2 in C3H10T1/2 cells (Figure 6A). In
addition, overexpression of Gli2 also induced Runx2 expres-

Figure 7. Requirement of Runx2 for Ihh/Gli2 dependent osteo-
blast differentiation. (A) C3H10T1/2 cells were infected with con-
trol, Myc-tagged Gli2, or dominant-negative Runx2 adenovirus
(DN-Runx2) and incubated in the presence or absence of Ihh (500
ng/ml) for 7 d. The cells were then analyzed for ALP activity. Data
represent mean � SD. *p � 0.01 (vs. control); #p � 0.01 (vs. Ihh or
Gli2). Similar results were obtained from three independent exper-
iments. (B) Runx2-deficient mesenchymal cells infected with control
or Runx2 adenovirus were incubated in the presence or absence of
Ihh (500 ng/ml) for 7 d. The cells were then analyzed for ALP
activity. Data represent mean � SD. *p � 0.01 (vs. control); #p � 0.05
(vs. Runx2). Similar results were obtained from three independent
experiments. (C) Runx2-deficient mesenchymal cells infected with
control, Myc-tagged Gli2 adenovirus, Runx2 adenovirus, or both
were incubated for 7 d. The cells were then analyzed for ALP
activity. Data represent mean � SD. *p � 0.01 (vs. control); #p � 0.05
(vs. Runx2). Similar results were obtained from three independent
experiments. (D) Runx2-deficient mesenchymal cells transfected

with PTCH-luciferase and TK-renilla reporter constructs together
with pcDNA3 (Cont) or Myc-tagged Gli2 expression construct and
incubated for 2 d. The luciferase activities in the lysates were then
measured. Data represent mean � SD. *p � 0.01 (vs. control).
Similar results were obtained from three independent experiments.
(E) Runx2-deficient mesenchymal cells transfected with osteocalcin
promoter-luciferase and TK-renilla reporter constructs together
with pcDNA3 (Cont), Myc-tagged Gli2 expression vector, Runx2
expression vector, or both expression vectors and incubated for 2 d.
The luciferase activities in the lysates were then measured. Data
represent mean � SD. *p � 0.01 (vs. control); #p � 0.05 (vs. Runx2).
Similar results were obtained from three independent experiments.
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sion (Figure 6A). In contrast, dominant-negative Gli2 inhib-
ited Ihh-induced Runx2 expression (Figure 6B). These data
suggest that Ihh regulates osteoblast differentiation, at least
in part, by stimulating Runx2 expression. We next examined
the effect of Gli2 on the osteogenic function of Runx2. As
shown in Figure 6, C and D, overexpression of Gli2 in-
creased Runx2-dependent ALP activity and osteocalcin pro-
moter activity. In addition, Gli2 stimulated Runx2-induced
osteocalcin production (Figure 6E). Furthermore, coimmu-
noprecipitation analysis demonstrated a physical interaction
between Gli2 and Runx2 (Figure 6F). In contrast, Gli3 had no
effect on the osteoblastogenic activity of Runx2 (Figure 6G).
Collectively, these results suggest that Gli2 functionally up-
regulates the osteoblastogenic activity of Runx2. To verify
the importance of Runx2 in Ihh-dependent osteoblast differ-
entiation, we performed experiments using a dominant-neg-
ative mutant of Runx2. Dominant-negative Runx2 markedly
inhibited Ihh or Gli2-induced ALP activity (Figure 7A). Con-
sistently, Ihh or Gli2 overexpression failed to induce ALP
activity in mesenchymal cells isolated from Runx2 null mice
(Figure 7B and C). Furthermore, Gli2 increased PTCH pro-
moter activity but not osteocalcin promoter activity in
Runx2-deficient cells (Figure 7, D and E). Interestingly, Ihh
or Gli2 overexpression increased ALP activity and osteocal-
cin promoter activity in the presence of exogenous Runx2 in
mesenchymal cells isolated from Runx2 null mice (Figure 7,
B, C, and E). These results support the notion that Gli2 and
Runx2 physically and functionally regulate osteoblast differ-
entiation in mesenchymal cells.

DISCUSSION

The molecular mechanism by which Ihh stimulates osteo-
blast differentiation of mesenchymal cells is currently un-
clear. Because hedgehog family members up-regulate the
expression of BMPs in several tissues and cells, it is likely
that Ihh exhibits its osteogenic action through up-regulation
of BMPs expression. Zhao et al. (2006) recently showed that
Shh and Gli2 stimulate BMP2 expression. Consistently, we
observed that treatment with Noggin or Smad6 overexpres-
sion suppressed the effect of Ihh on osteoblastogenesis.
However, we found that the inhibitory effect of Noggin or
Smad6 overexpression on Ihh-mediated osteoblastogenesis
is partial, suggesting that Ihh stimulates osteoblast differen-
tiation in BMP-dependent and -independent mechanisms.
Consistent with a previous report (Nakamura et al., 1997),
we showed that Ihh and BMP2 cooperatively promote os-
teoblast differentiation. This observation also suggests a di-
rect effect of Ihh on osteoblastogenesis as well as interaction
between Ihh and BMP signaling. To support this, we dem-
onstrated that Ihh/Gli2 signaling promotes osteoblast dif-
ferentiation of mesenchymal cells by up-regulating Runx2
expression and stimulating the osteoblastogenic function of
Runx2. In contrast, we did not observe any cooperative
effects of Ihh/Gli2 and Osterix, an essential transcription
factor for bone formation (data not shown). Together with
the biochemical result of the physical interaction between
Gli2 and Ruxn2, these findings indicate that Gli2 plays an
important role in Ihh-mediated osteoblastogenesis by regu-
lating Runx2. Interestingly, dominant-negative Runx2 over-
expression inhibited Ihh or Gli2-induced osteoblast differ-
entiation. Furthermore, both Ihh and Gli2 failed to promote
osteoblast differentiation in mesenchymal cells deficient in
the Runx2 gene. Thus, our results indicate that Ihh tempo-
rally and spatially regulates Runx2 through Gli2 and conse-
quently stimulates osteoblast differentiation.

Several lines of evidence indicate that Gli2 and Gli3 ex-
hibit diverse and redundant biological roles in different
tissues and cell types. Gli2 and Gli3 appear to compensate
for each other during the development of lung and neural
tube and skeletal muscle formation (Motoyama et al., 1998a;
Sasaki et al., 1999; McDermott et al., 2005). On the other hand,
Gli2 and Gli3 show distinct or opposite functions in vent-
ral cell fate specification and motor neuron differentiation
(Motoyama et al., 1998a; Ruiz i Altaba, 1998). In the present
study, we found that Gli3 inhibits Ihh-dependent osteoblas-
togenesis in contrast to Gli2. Notably, the opposite role of
Gli2 and Gli3 in osteoblastogenesis is also consistent with
the distinctive skeletal phenotype of Gli2- and Gli3-deficient
mice (Mo et al., 1997; Motoyama et al., 1998a). To understand
the mechanism of the inhibitory role of Gli3 in osteoblasto-
genesis, we examined whether Gli3 affected Runx2, which
cooperatively stimulates osteoblastogenesis with Gli2. How-
ever, we found that Gli3 did not affect either the expression
or function of Runx2. In addition, we could not detect phys-
ical interaction between Gli3 and Runx2 (data not shown).
These results suggest that Gli3 negatively regulates osteo-
blastogenesis independently of Runx2. Because it has been
shown that c-Ski associates with Gli3, forms a histone
deacetylase complex and functions as a repressor for the
induction of Gli1 (Dai et al., 1999), Gli3 may inhibit osteo-
blastogenesis by recruiting corepressors such as c-Ski.

In the present study, we showed that Ihh stimulates both
Gli2 and Gli3 in the undifferentiated mesenchymal cell line
C3H10T1/2. We demonstrated that Gli2 and Gli3 have con-
trary effects on osteoblastogenesis, however, Ihh promotes
osteoblast differentiation of C3H10T1/2 cells. It remains a
mysterious why the osteoblastogenic activity of Gli2 is pre-
dominant over the inhibitory effect of Gli3. One possibility is
that expression of Gli2 would be higher than that of Gli3 in
undifferentiated mesenchymal cells. Indeed, we observed
that Gli2 expression appeared to be moderately higher than
Gli3 expression in C3H10T1/2 cells. Gli3 is ubiquitinated by
SCF ubiquitin ligase complex, and subsequently Gli3 is de-
graded or cleaved into a suppressive form that works as a
dominant-negative Gli3 (Garrett et al., 2003). Although the
involvement of Ihh signaling in Gli3 ubiquitination is un-
known at present, it might be possible that Ihh dynamically
alters the expression and protein processing of Gli3. The
development of antibodies that enable us to evaluate the
kinetics of both Gli2 and Gli3 expression may allow further
dissection of the functional network between Gli2 and Gli3
during osteoblast differentiation.

In conclusion, we demonstrated that Gli2 is an important
mediator for Ihh-dependent osteoblast differentiation. We
also demonstrated that Gli2 controls the expression and
function of Runx2 during osteoblastogenesis. Thus, our find-
ings contribute to the understanding of the molecular basis
by which Ihh promotes osteoblast differentiation of mesen-
chymal cells.
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(1999). G.L.I3 mutations in human disorders mimic Drosophila cubitus inter-
ruptus protein functions and localization. Proc. Natl. Acad. Sci. USA 96,
2880–2884.

St-Jacques, B., Hammerschmidt, M., and McMahon, A. P. (1999). Indian
hedgehog signaling regulates proliferation and differentiation of chondro-
cytes and is essential for bone formation. Genes Dev. 80, 2072–2086.

Yamaguchi, A., Komori, T., and Suda, T. (2000). Regulation of osteoblast
differentiation mediated by bone morphogenetic proteins, hedgehogs, and
Cbfa1. Endocr. Rev. 21, 393–411.

Zhang, Y. W., Yasui, N., Ito, K., Huang, G., Fujii, M., Hanai, J., Nogami, H.,
Ochi, T., Miyazono, K., and Ito, Y. (2000). A RUNX2/PEBP2alpha A/CBFA1
mutation displaying impaired transactivation and Smad interaction in clei-
docranial dysplasia. Proc. Natl. Acad. Sci. USA 97, 10549–10554.

Zhao, M., Qiao, M., Harris, S. E., Chen, D., Oyajobi, B. O., and Mundy, G. R.
(2006). The zinc finger transcription factor Gli2 mediates bone morphogenetic
protein 2 expression in osteoblasts in response to hedgehog signaling. Mol.
Cell. Biol. 26, 6197–6208.

A. Shimoyama et al.

Molecular Biology of the Cell2418


