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Background: Ihh is required for chondrocyte differentiation with redundant functions on multiple differentiation steps.
Results: Ihh induces collagen type X expression and promotes its transcription through Gli1/2 cooperating with Runx2/Smads
on a specific promoter region.
Conclusion: Ihh signaling plays an important role in Col X expression and mineralization.
Significance: This is the first detailed description of the molecular mechanism by which Ihh signaling controls late chondrocyte
differentiation.

Indian hedgehog (Ihh) is essential for chondrocyte differenti-
ation and endochondral ossification and acts with parathyroid
hormone-related peptide in a negative feedback loop to regulate
early chondrocyte differentiation and entry to hypertrophic dif-
ferentiation. Independent of this function, we and others
recently reported independent Ihh functions to promote chon-
drocyte hypertrophy and matrix mineralization in vivo and in
vitro. However, the molecular mechanisms for these actions and
their functional significance are still unknown. We recently dis-
covered that Ihh overexpression in chondrocytes stimulated the
expression of late chondrocyte differentiation markers and
induced matrix mineralization. Focusing on collagen type X
(Col10�1) expression and transcription, we observed that
hedgehog downstream transcription factors GLI-Krüppel fam-
ily members (Gli) 1/2 increased COL10A1 promoter activity and
identified a novel Gli1/2 response element in the 250-bp basic
promoter. In addition, we found that Ihh induced Runx2 expres-
sion in chondrocytes without up-regulating other modulators
of chondrocyte maturation such as Mef2c, Foxa2, and Foxa3.
Runx2 promoted Col10�1 expression in cooperation with Ihh.
Further analyses using promoter assays, immunofluorescence,
and binding assays showed the interaction of Gli1/2 in a com-
plex with Runx2/Smads induces chondrocyte differentiation.
Finally, we could demonstrate that Ihh promotes in vitro matrix
mineralization using similar molecular mechanisms. Our data
provide an in vitro mechanism for Ihh signaling to positively
regulate Col10�1 transcription. Thus, Ihh signaling could be an
important player for not only early chondrocyte differentiation
but maturation and calcification of chondrocytes.

The primary function of the vertebrate skeleton is to provide
strength, support, and protection. The skeleton begins forming
during embryogenesis and continues to develop after birth to
accommodate postnatal growth. Most of the skeleton forms
through endochondral ossification, a process in which a carti-
lage anlage produced by chondrocytes forms a template that is
then replaced by bone. Chondrocytes proliferate within the
growth plate and differentiate into large hypertrophic cells.
Eventually, the fully differentiated hypertrophic chondrocytes
die and are replaced by osteoblasts that produce mineralized
bone to replace the cartilaginous template. The process by
which chondrocytes pass from the proliferative to the hyper-
trophic stage is tightly regulated by many factors that ensure
the proper development and maintenance of the growth plate
to produce the final skeletal elements (1, 2).

Indian hedgehog (Ihh)2 is a well known marker for prehyper-
trophic chondrocytes. Mutations in the human gene are
reported to cause brachydactyly type A-1 and acrocapitofemo-
ral dysplasia (3, 4). Our laboratory previously established the
existence of an Ihh/parathyroid hormone-related peptide
(PTHrP) negative feedback loop that regulates the rate of chon-
drocyte differentiation (5, 6). It has been suggested that Ihh can
also act in a PTHrP-independent manner (7–9). We and others
have recently demonstrated PTHrP-independent roles for Ihh
in promoting chondrocyte hypertrophy and calcification (10,
11). However, a potential role of Ihh in extracellular matrix
maturation after chondrocytes have progressed to the hyper-
trophic stage has not yet been established.

Hypertrophic chondrocytes express collagen type X (Col10�1),
which is a required precursor to matrix mineralization. Runt-
related transcription factor 2 (Runx2) was found to regulate
expression of Col10�1 and matrix calcification in chondrocytes
(12–15). In addition to Runx2, Col10�1 expression is also acti-
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vated by myocyte enhancer factor-2c (Mef2c) through several
conserved sequences in the promoter resembling MEF2-bind-
ing sites, which are antagonized by a co-repressor histone
deacetylase 4 (Hdac4) (16, 17). Recent investigation using the
chick Col Xb2 enhancer identified FoxA factors as additional
regulators of hypertrophic chondrocyte (18). Interestingly, we
have previously found that Ihh overexpression by adenoviruses
in chondrocytes induced Col10�1 expression in vitro. How-
ever, the molecular mechanism used by Ihh to promote expres-
sion and transcription of Col10�1 had not been determined. In
this study, we investigated how Ihh signaling acts on the expres-
sion and transcription of Col10�1 in chondrocytes. We can
now demonstrate that hedgehog signal transcription factors
Gli1/2 increase the COL10A1 promoter activity and directly
interact with the COL10A1 basic promoter through a newly
identified Gli-binding site. In addition, we found that there is
cross-talk between Ihh signaling and Runx2/Smads in regulat-
ing Col10�1 expression and that Ihh stimulates in vitro matrix
mineralization of primary chondrocytes utilizing the same
mechanisms. These data reveal the molecular mechanisms of
Ihh signaling in chondrocytes that directly regulate transcrip-
tion and expression of Col10�1 and, thus, chondrocyte
calcification.

EXPERIMENTAL PROCEDURES

Cell Cultures and Reagents—ATDC5 cells were cultured in
DMEM/F-12 supplemented with 10% FBS and 1% penicillin/
streptomycin solution. HEK293A, COS7, C3H10T1/2, and
HTB94 human chondrosarcoma cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin.
All cells were maintained in a 37 °C, 5% CO2 incubator. Primary
chondrocytes were isolated from the ribs of P3 pups as
described previously (10). After the confluence in pre-culture in
10-cm dishes, primary chondrocytes were seeded on collagen-
coated plates (StemCell Technologies) for subsequent experi-
ments. Media were changed every day and infected with adeno-
viruses as described previously (10). For the mineralization
assay, cultured primary chondrocytes were stimulated with 5
mM �-glycerophosphate (Sigma) starting on the 5th day. Upon
visualization of calcification nodules, samples were subjected to
Alizarin red staining.

Cyclopamine was purchased from Enzo Life Sciences and
used at 5 �M. Noggin was purchased from R&D Systems and
used at 100 ng/ml. Dorsomorphin was purchased from EMD
Millipore and used at 5 �M. Ihh N-terminal protein was pur-
chased from R&D Systems and used at 4 �g/ml.

Adenoviral Production and Infection—Construction of ade-
novirus for GFP, Ihh, Runx2, and a dominant-negative form of
Runx2 was described previously (10, 24, 25, 45). We amplified
viruses using HEK293A cells and purified them through
repeated freeze and thaw. ATDC5 cells or pre-cultured primary
rib chondrocytes were seeded, and media were then replaced by
one containing each virus the next day. Virus infection was
performed for 24 h as described previously (10). A virus carry-
ing GFP was used as control in all experiments.

Quantitative RT-PCR Analysis—Total RNA was isolated
from cultured cells using an RNeasy mini kit (Qiagen) accord-
ing to the manufacturer’s protocol. cDNA was synthesized
using the QuantiTect reverse transcription kit (Qiagen). A
reaction mixture was prepared using SYBR Green master mix
(Roche Applied Science), following manufacturer instructions.
Samples were then subjected to real time PCR analysis using an
iCycler (Bio-Rad). The specific primers for gene expression
analysis are listed in Table 1 . Data calculated through the
2���CT method are presented as fold change relative to control
samples (n � 3 or 4).

Alizarin Red Staining—Mouse cultured primary chondrocytes
were rinsed with PBS, fixed in 10% buffered neutral formalin, and
stained with 1% Alizarin red solution (Sigma) for 10 min.

Construction of Plasmids—Full-length and deletion mutant
luciferase vectors of the human COL10A1 promoter were con-
structed through ligation of fragments amplified by PCR into a
pGL4.14(luc2/Hygro) vector (Promega) using KpnI/HindIII
sites. Templates were kindly gifted by Dr. Klaus von der Mark
(Germany). The Gli1 expression vector was constructed by
insertion of the cDNA into a pcDNA3 expression vector (Invit-
rogen) using HindIII/XbaI sites. Myc-tagged Gli1 or Runx2 was
constructed by insertion of the cDNA into a pcDNA3 vector
using EcoRI(MfeI)/XbaI site. Myc-tagged Gli2 was purchased
from Addgene (catalog no. 17648). HA-tagged Sox9, FLAG-
tagged Smad1, and FLAG-tagged Smad4 were kindly provided
by Dr. Riko Nishimura (Osaka University, Japan). Site-directed
mutagenesis to insert point mutations into the 250-bp
COL10A1 luciferase vector was performed using the kit pur-
chased from Agilent Technologies according to the manufac-
turer’s protocol. The inserted mutations were confirmed by
sequencing.

Transfection of Plasmids—PolyJet in vitro DNA transfection
reagent (SignaGen Laboratories) was used for transient trans-
fections.Transfectionwasperformedaccordingtothemanufac-
turer’s instructions using a ratio of reagent/DNA of 3:1.

TABLE 1
Sequences of primers used in this study

Genes Forward primers Reverse primers

GAPDH ACTGAGGACCAGGTTGTC TGCTGTAGCCGTATTCATTG
Gli1 CCAAGCCAACTTTATGTCAGGG AGCCCGCTTCTTTGTTAATTTGA
Gli2 CATGGTATCCCTAGCTCCTC GATGGCATCAAAGTCAATCT
Ptch1 GGAAGGGGCAAAGCTACAGT TCCACCGTAAAGGAGGCTTA
Col10a1 TTCTGCTGCTAATGTTCTTGACC GGGATGAAGTATTGTGTCTTGGG
ALP CACGGCCATCCTATATGGTAA GGGCCTGGTAGTTGTTGTGA
MMP13 TGATGAAACCTGGACAAGCA TCCTCGGAGACTGGTAATGG
Vegfa CCTGGTAATGGCCCCTCCTC CCCCATTGCTCTGTGCCTTG
Runx2 TCCACAAGGACAGAGTCAGATTACAG CAGAAGTCAGAGGTGGCAGTGTCATC
Mef2c ATCCCGATGCAGACGATTCAG AACAGCACACAATCTTTGCCT
Foxa2 CCCTACGCCAACATGAACTCG GTTCTGCCGGTAGAAAGGGA
Foxa3 AACCCACTCAGCTCTCCCTAC CCTTTGCCATCTCTTTTCCAT
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Western Blotting—Preparation for cell lysates and Western
blotting was performed as described previously (46). Primary
antibodies were used with the following concentrations: rabbit
or goat anti-Runx2 antibody (M-70 or S-19, 1:500 dilution,
Santa Cruz Biotechnology, Inc.); mouse anti-Runx2 antibody
(1:500 dilution, MBL International Corp.); rabbit anti-Col X
antibody (1:200 dilution, Abcam); rabbit anti-Mef2c antibody
(1:500 dilution, Cell Signaling); mouse anti-�-actin antibody
(1:2000 dilution, Sigma); mouse anti-Myc antibody (9E10,
1:500 dilution, Santa Cruz Biotechnology, Inc.); mouse anti-
FLAG antibody (M2, 1:1000 dilution, Sigma); and rabbit anti-
Gli1 antibody (H-300, 1:80 dilution, Santa Cruz Biotechnology,
Inc.).

Immunoprecipitation—Cell lysates were incubated with an
anti-FLAG antibody (M2, 2 �g in 1 ml of lysate) overnight and
then reacted with protein-G agarose beads (20 �l in 1 ml of
lysate, Santa Cruz Biotechnology, Inc.) for 2 h. After three
washes with lysis buffer, the precipitated samples were boiled in
20 �l of 2� SDS sample buffer for 5 min and subjected to West-
ern blotting with anti-Myc antibody (9E10).

Immunofluorescence—C3H10T1/2 cells were transfected
with expression vectors as indicated in the figures. The follow-
ing day, the cells were treated with or without 100 ng/ml BMP2
for 24 h. Subsequently, the cells were rinsed by PBS, fixed with
10% buffered neutral formalin, and incubated in blocking solu-
tion containing 5% goat serum, 2% BSA, and 0.05% saponin for
1 h. The samples were reacted with primary antibodies for 3 h as
described: mouse anti-Myc antibody (9E10, 1:100 dilution,
Santa Cruz Biotechnology, Inc.), rabbit anti-phospho-Smad1/
5/8 (1:200 dilution, Cell Signaling). After several washes with
PBS, the cells were incubated with the following secondary
antibodies for 1 h: Alexa Fluor 488 or 568 F(ab�)2 fragment of
goat anti-mouse IgG and Alexa Fluor 488 F(ab�)2 fragment of
goat anti-rabbit IgG (Invitrogen). Cell nucleus was stained by
incubation with DAPI reagent (Invitrogen) for 30 min. Then
the slides were mounted using Fluoromount-G (Southern Bio-
tech) and observed with a confocal microscope (Olympus
FV1000). ATDC5 cells or primary chondrocytes were also
stained as above using the following primary antibodies: mouse
anti-Gli2 antibody (C-10, 1:40 dilution, Santa Cruz Biotechnol-

FIGURE 1. Gene expression profile induced by Ihh in chondrogenic cells. A and B, Ihh was overexpressed in ATDC5 cells with or without treatment of 5 �M

cyclopamine. Isolated RNA was subjected to qPCR analysis using primers as shown in the figures (A). **, p � 0.01 (versus GFP-treated group). ##, p � 0.01 (versus
Ihh-treated group) (n � 3 or 4). Cell proliferation was assessed using WST-1 reagent (B). **, p � 0.01 (versus GFP-treated group) (n � 4). C, changes in gene
expression of Col10a1 is shown in A and were confirmed at the protein level using Western blotting. IB, immunoblot. D, changes in mRNA expression of
hedgehog signal molecules and Col10a1 shown in A were also confirmed upon treatment of cells with Ihh protein instead of Ihh virus. (n � 3).
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ogy, Inc.) and rabbit anti-FoxA2 antibody (1:50 dilution, Cell
Signaling). More than five cells were recorded, and the data in
the figures are representative of a typical observation.

Oligo Pulldown Assay—Protein lysates were prepared from
HEK293A transfected with the expression vectors as indicated
in each figure. Lysates were preincubated with streptavidin-
agarose (Calbiochem, Thermo Scientific) for 1 h and 30 min
and incubated with the biotinylated double-stranded DNA oli-
gonucleotide that encodes the human COL10A1 basic pro-
moter for 3 h. Three probes of 10, 29, and 65 bp in length were
used as documented in each figure, and the sequences are
described in Fig. 2D. Competition was performed in the pres-
ence of a 40-fold amount of nonbiotinylated oligonucleotide.
Subsequently, lysates were incubated with streptavidin-agarose
for 1 h. After three washes with lysis buffer, the precipitated
samples containing streptavidin-agarose were boiled in 40 �l of
2� SDS sample buffer and subjected to Western blotting.

Luciferase Assay—The luciferase reporter construct for the
COL10A1 gene promoter and Renilla construct were co-trans-

fected with expression vectors into COS7, ATDC5, or
C3H10T1/2 cells using PolyJet in vitro DNA transfection rea-
gent (SignaGen Laboratories). After 48 h, cells were lysed, and
the luciferase/Renilla activity was measured using a Dual-Lu-
ciferase reporter assay system on a luminometer according to
the manufacturer’s instructions (Promega). Renilla was used to
normalize the transfection efficiency (n � 3 or 4).

Chromatin IP Experiments (CHIP)—CHIP assay was per-
formed using an enzymatic chromatin IP kit according to man-
ufacturer’s protocols using HTB94 human chondrosarcoma
cells (Cell Signaling). The following antibodies were used for
the CHIP assay; rabbit anti-Gli1 antibody and rabbit anti-
Runx2 antibody (Santa Cruz Biotechnology, Inc.); rabbit anti-
phospho-Smad1/5/8 antibody (Cell Signaling); and mouse
anti-Gli2 antibody (Santa Cruz Biotechnology, Inc.). Final
products were amplified by PCR using a primer pair specific to
the COL10A1 basic promoter region, forward 5�-GGTATCA-
TCATTCCACCGTGA-3� and reverse 5�-CCTCCCCTCAAA-
GTTGGTAAG-3�.

Cell Proliferation Assay—This assay was performed using
WST-1 according to the manufacturer’s protocol (Roche
Applied Science). The cultured cells were incubated with the
reagent at a 1:10 final dilution at 37 °C for 2 h, and the absor-
bance of the samples was measured using a microplate reader
(absorbance at 450 nm, reference at 620 nm).

Statistical Analysis—Data were analyzed using the Student’s t
test and multiple comparisons (Tukey procedure) of one- or two-
way analysis of variance. Data are presented as the mean � S.D.

RESULTS

Indian Hedgehog Promotes Chondrocyte Maturation and
Calcification in Vitro—To address the direct function of Ihh
signaling in late chondrocyte differentiation, we first examined
the effect of Ihh overexpression in a chondrogenic cell line,

TABLE 2
Transcriptional activity of COL10A1 promoter stimulated by Gli factors
Human COL10A1 promoter construct (2.5 kb) was transfected into COS7 cells with
or without transcription factors as described in the table, and the luciferase/Renilla
value was measured 48 h after transfection. Gli1 or Gli2 alone increased the activity,
and co-transfection of both Gli proteins further up-regulated it. In contrast, Sox9
inhibited COL10A1 promoter activity. n � 4 or 8.

Expression vectors
Average fold changes
of luciferase/Renilla S.D. Statistics

Empty vector 1.00 0.12
Gli1 1.45 0.24 a

Gli2 1.98 0.36 a

Gli1	Gli2 3.31 0.33 b

Sox9 0.60 0.01 a

Gli1	Sox9 0.61 0.02 b

Gli2	Sox9 0.85 0.04 b

a p � 0.01 when compared with the empty vector.
b p � 0.01 when compared with Gli1 or Gli2 alone.

TABLE 3
Promoter activity of COL10A1 deletion mutants stimulated by Gli factors
Average fold changes of luciferase/Renilla when compared with transfection with only empty vector are described. Deletion mutant constructs of COL10A1 luciferase
reporter were transfected into COS7 cells with either empty vectors, Gli1, or Gli2 expression vectors, and the luciferase/Renilla value was measured 48 h after transfection.
The minimum 250-bp constructs show response to Gli factors. There was no significant change between h250 and h2500 in Gli1 group. n � 4 or 8.

**, p � 0.01.
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ATDC5, using an adenovirus delivery system. Reagents nor-
mally used to induce chondrocyte differentiation of ATDC5
were omitted, and the cells were simply incubated with an Ihh
adenovirus in the presence or absence of a hedgehog inhibitor,
cyclopamine. We observed that the cells treated with Ihh
showed markedly increased expression of downstream hedge-
hog signaling molecules GLI-Krüppel family members Gli1,
Gli2, and Patched 1 (Ptch1) (Fig. 1A). We could block expres-
sion of these molecules by adding cyclopamine, confirming the
activity of the adenovirus. Similarly, immunofluorescence to

detect Gli2 proteins indicated the cells treated with Ihh showed
increased nuclear Gli2 expression that could be inhibited by
cyclopamine (supplemental Fig. 1). Interestingly, we observed a
dramatic induction of Col10�1 expression in transfected
ATDC5 cells, which could also be attenuated by cyclopamine
(Fig. 1A). This change in Col10�1 mRNA expression was also
confirmed on the protein level using Western blotting (Fig. 1C).
In addition to the use of the Ihh virus, we applied the Ihh N-ter-
minal protein and confirmed induced expressions of hedgehog
signaling molecules and Col10�1 upon treatment (Fig. 1D).

FIGURE 2. Identification of the Gli-binding site in the 250-bp basic promoter of COL10A1. A, 250- or 2500-bp luciferase constructs of COL10A1 promoter
were transfected into ATDC5 with either empty vectors, Gli1, or Gli2 expression vectors, and the luciferase/Renilla value was measured 48 h after transfection.
**, p � 0.01; *, p � 0.05 (versus control vector) (n � 3). B, 250-bp luciferase constructs of COL10A1 promoter were transfected into ATDC5 with either empty
vectors or different amounts of Gli2 expression vectors, and the luciferase/Renilla value was measured 48 h after transfection. **, p � 0.01; *, p � 0.05 (versus
control vector). #, p � 0.05 (versus Gli2– 0.25 ng group) (n � 3). C, 1800-bp luciferase constructs of COL10A1 promoter were used in a similar luciferase assay
described in A to confirm reaction of Gli2 on COL10A1 promoter in ATDC5 cells. *, p � 0.05 (versus control vector) (n � 3). D, sequence analysis of the 250-bp
basic promoter region of COL10A1. The suggested Gli-binding site in this study is highlighted in red. Previously reported Runx2-binding site is shown in blue.
Conventional Smad-binding elements are indicated in green. Underlined areas show either the long probes (65 bp) or short probes (29 bp) used in the
oligonucleotide pulldown assay. Arrows harbor the fragments amplified in CHIP assay. E, oligonucleotide pulldown assay using 29-bp probe of WT and
mutants. F, sequence comparing the WT and mutants of suggested Gli-binding site in the COL10A1 promoter. The 29-bp probes containing either Mut1 or Mut2
were used in E, and 250-bp luciferase constructs having the insertion of point mutations as either Mut3 or Mut4 were used in H. G, oligonucleotide pulldown
assay using a 10-bp probe of the suggested Gli-binding site showing interaction with Gli1. H, luciferase assay was performed in COS7 cells using either WT or
mutant 250-bp COL10A1 promoter as mentioned under “Experimental Procedures.” The data were shown as fold change when compared with the increase
using a WT promoter vector. **, p � 0.01 (versus WT vector) (n � 3). IB, immunoblot.
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Moreover, Ihh overexpression induced additional late chon-
drocyte differentiation markers such as alkaline phosphatase
(Alp), matrix metallopeptidase 13 (Mmp13), and vascular
endothelial growth factor A (Vegfa), which could all be inhib-
ited by cyclopamine as well (Fig. 1A). Possible cytotoxic effects
of cyclopamine were excluded by performing a cell prolifera-
tion assay that resulted in minor suppression of cell prolifera-
tion by cyclopamine itself, but no significant change in the
group treated with both Ihh virus and cyclopamine could be
detected (Fig. 1B).

To further test the role of Ihh in chondrocyte calcification,
we performed in vitro mineralization assays using primary
chondrocytes in combination with the adenoviruses. We found
that transfection with Ihh adenoviruses resulted in a marked
increase in Alizarin red-positive matrix mineralization that was
completely inhibited by cyclopamine (Fig. 8A). These data indi-
cate that Ihh positively regulates maturation and calcification
in chondrocytes.

Identification of an Ihh-responsive Element in the COL10A1
Promoter Activated by Hedgehog Downstream Signaling Mole-
cules Gli1/2—We next aimed to identify the molecular mecha-
nisms responsible for the strong induction of Col10�1 expres-

sion in ATDC5 cells by Ihh in vitro. Because we found that the
expression of Gli1 and Gli2 was markedly increased in Ihh-
treated cells, we determined whether these molecules directly
regulate Col10�1 transcription by performing promoter analy-
ses assays (19). We first constructed a vector that includes 2.5
kb of the human COL10A1 promoter. Transfection with either
Gli1 or Gli2 alone increased the transcriptional activity, and
co-transfection with both further enhanced this effect (Table
2). In contrast, co-transfection with Sox9, a key transcription
factor for early chondrocyte differentiation, blocked Gli actions
(Table 2) (20). We then proceeded to identify the Gli1/2-re-
sponsive element in the COL10A1 promoter. For this purpose,
we generated various promoter deletion constructs as shown in
Table 3. A 2.5-kb sequence of the COL10A1 promoter contains
a reported enhancer region between �2410 and �1875 bp (19).
Gli1 increased promoter activity with the h1800- and h2500-bp
constructs, but not with the h900-bp construct alone or ligated
with the distal enhancer region in COS7 cells (Table 3). Inter-
estingly, we found the opposite effect with Gli2. These results
would suggest that the distal enhancer region does not contain
the response element for Gli; however, both Gli1 and Gli2
induced a high response when transfected with the basic

FIGURE 3. Ihh induces Runx2 expression but does not up-regulate other hypertrophic modulators. A and B, Ihh was overexpressed in primary chondro-
cytes. RNA was collected on the 2nd or 4th day of cultures and subjected to qPCR analyses of chondrogenic markers as mentioned in the figure. **, p � 0.01
(versus GFP-treated group). n � 3. C, cell lysates of primary chondrocytes treated with GFP or Ihh viruses were collected in the 4th days of cultures and subjected
to Western blotting to observe the changes at protein levels. IB, immunoblot. D, primary chondrocytes treated with GFP or Ihh viruses were fixed and
immunostained with anti-Foxa2 antibody in the 4th days of cultures. IF, immunofluorescence.
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250-bp promoter segment in both COS7 (Table 3) and ATDC5
chondrogenic cells (Fig. 2A), suggesting that Gli1/2 interacts
with this region of the COL10A1 promoter. The dose-depen-
dent effect of Gli2 on this basic promoter in ATDC5 cells was
confirmed using different amounts of Gli2 vector (Fig. 2B). In
addition, Gli2 could increase the activity of h1800-bp COL10A1
promoter in ATDC5 (Fig. 2C).

An analysis of the sequence of this region led to the discovery of
a short sequence (GCCTACCCA) (Fig. 2D) that closely resembles
the conventional Gli-binding site (GACCACCCA) (21). Our
analysis also revealed a Runx2-binding site (TGAGGG) and
three Smad-binding elements (GTCT/AGAC) in this region
(Fig. 2D) (12, 22). Oligo pulldown assays were then performed
to confirm specific Gli1/2 binding to this region. We first
designed 29-bp short probes containing this binding site and
found that Gli1 exhibited strong binding with a biotin-labeled
probe that could be markedly decreased by the addition of the
nonlabeled probe (Fig. 2E, lanes 2 and 3). Furthermore, muta-
tions (Mut1 and Mut2) introduced into this site (Fig. 2F) effi-
ciently prevented binding (Fig. 2E, lanes 4 and 5). In addition,
Gli1 exhibited strong binding with a 10-bp biotin-labeled probe
representing this binding site, which could be modulated by
competition with a nonlabeled oligonucleotide (Fig. 2G). Simi-
larly, point mutations inserted into this suggested Gli-binding
site (Fig. 2F) reduced the activity of the h250-bp COL10A1 pro-
moter in COS7 cells (Fig. 2H). We also performed CHIP assays,
which indicated endogenous interaction between Gli1/2 and

the basic promoter (Fig. 7G). Taken together, these results
demonstrate that Gli1/2 directly regulate COL10A1 transcrip-
tional activity by binding to this 250-bp region of the basic
promoter.

Ihh Signaling Interacts with Runx2/Smads to Regulate
Col10�1 Transcription and Calcification—We next addressed
the molecular mechanisms for the regulation of Col10�1
expression and transcription by Ihh signaling. Ihh overexpres-
sion in mouse primary chondrocytes induced expression of
both Col10�1 and a key hypertrophic factor, Runx2, at the
mRNA and protein levels (Fig. 3, A and C). In addition to
Runx2/3, previous studies have shown that chondrocyte hyper-
trophy is also regulated by Mef2c/d and Foxa2/3 (16, 18, 23).
However, our data show that Ihh did not induce Mef2c, Foxa2,
or Foxa3 mRNA expression (Fig. 3B). By Western blotting, we
observed that Ihh down-regulated Mef2c protein expression
(Fig. 3C). Immunofluorescence assays showed that a few but
not all primary chondrocytes expressed Foxa2 protein in their
nucleus in the control group (Fig. 3D). Similar results were
obtained in the Ihh-treated group (Fig. 3D). The fact that a
Runx2-binding site was found close to the identified Gli-bind-
ing site and the induction of Runx2 expression by Ihh encour-
aged us to investigate how Ihh and Runx2 interact to regulate
Col10�1 expression. We then performed in vitro experiments
in which we treated chondrogenic cells with adenoviruses car-
rying Runx2 or a dominant-negative form of Runx2 (Fig. 4).
DN-Runx2 is an N-terminal fragment of Runx2 that is capable

FIGURE 4. Ihh positively controls Col10�1 expression in cooperation with Runx2 in chondrocytes. A and C, Runx2 or DN-Runx2 was overexpressed
in ATDC5 as confirmed by the protein level using Western blotting. IB, immunoblot. B, Ihh was overexpressed in ATDC5 cells with or without Runx2
co-infection, and Col10�1 expression was measured by qPCR analyses. **, p � 0.01 (versus GFP-treated group). ##, p � 0.01 (versus Runx2 or Ihh-treated
group) (n � 3). D, Ihh was overexpressed in ATDC5 with or without DN-Runx2 co-infection, and Col10�1 expression was measured by qPCR analyses. *,
p � 0.05 (versus GFP-treated group). ##, p � 0.01 (versus Ihh-treated group) (n � 3). E, Runx2 was overexpressed in ATDC5 with or without treatment of
cyclopamine (Cyclo), and Col10�1 expression was measured by qPCR analyses. **, p � 0.01 (versus GFP-treated group). ##, p � 0.01 (versus Runx2-treated
group) (n � 3).
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of DNA binding but has no transcriptional activity (24, 25). We
found that Ihh and Runx2 synergize to induce Col10�1 expres-
sion in ATDC5 cells (Fig. 4, A and B), whereas DN-Runx2 sup-
presses Ihh-induced Col10�1 expression (Fig. 4, C and D). After
demonstrating synergy between Ihh and Runx2, we then deter-
mined whether Ihh can act as a mediator of the Runx2 function
in regulating Col10�1 expression. Runx2-induced Col10�1
expression in ATDC5 cells was inhibited when cells were
treated with cyclopamine (Fig. 4E).

Furthermore, we investigated the molecular interaction
between hedgehog transcription factors Gli1/2 and Runx2. It
has been shown previously that Gli2 and Runx2 interact (25),
so we focused our analyses on possible interaction between
Gli1 and Runx2 using promoter assays, co-IP, and immuno-
fluorescence. Gli1 was found to up-regulate the COL10A1
promoter activity in cooperation with Runx2 and that it
could be efficiently immunoprecipitated with Runx2 (Fig. 5,
A and B). Furthermore, we could show that Gli1 co-localizes
with Runx2 in the nucleus of C3H10T1/2 cells (Fig. 5C).
These data support molecular interaction between Gli1 and
Runx2. We then performed an oligonucleotide pulldown
assay using a COL10A1 biotin-labeled 65-bp probe contain-

ing both the Gli- and the Runx2-binding sites (Fig. 2D). Gli2
and Runx2 both bind to the probe (Fig. 5, D, lane 3, and E,
lane 3 in an upper panel), and binding could be blocked for
both using a competitive probe (Fig. 5, D, lane 4, and E, lane
4 in an upper panel). When we incubated both Gli1/2 and
Runx2 proteins with the biotin-labeled probe, we found the
physical interaction between Runx2 and Gli1 or Gli2 on this
probe (Fig. 5E, lanes 5 and 6 in an upper panel). Moreover,
endogenous binding of Runx2 in conjunction with Gli1/2
was detected on a COL10A1 basic promoter in a CHIP assay
(Fig. 7G). These data demonstrate that Ihh positively regu-
lates expression and transcription of Col10�1 through the
interaction of Gli1/2 with Runx2.

The possibility of cross talk between Ihh and BMP signaling
in chondrocyte proliferation and differentiation has been pre-
viously suggested (26, 27). This is consistent with our finding
because Runx2 is a known downstream target for BMP signal-
ing (28). Also, Smads and Runx2 have been reported to interact
in the transcription of collagen type X (18, 29, 30). Interestingly,
we identified three conventional Smad-binding sites in the
250-bp basic COL10A1 promoter (Fig. 2D). These factors led us
to hypothesize that Smads participate in Ihh-induced chondro-

FIGURE 5. Interaction of Gli1 and Runx2 in the regulation of Col X. A, 250-bp luciferase construct of COL10A1 promoter was transfected into COS7 with
expression vectors as indicated in the figure, and the luciferase/Renilla value was measured after 48 h. **, p � 0.01 (versus control). ##, p � 0.01 (versus
Runx2 or Gli1) (n � 4). B, physical interaction between Gli1 and Runx2 was assessed by co-IP. Samples were immunoprecipitated by FLAG and
immunoblotted by Myc. C, Myc-Gli1 and Dsred-Runx2 were co-transfected into C3H10T1/2 cells, and cells were immunostained by �-Myc antibody.
Nucleus staining was performed with DAPI. D and E, oligonucleotide pulldown assay using a 65-bp COL10A1 promoter probe. The representative data
are shown here. IB, immunoblot.
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cyte differentiation. We explored this possibility using immu-
nofluorescence, a promoter assay, and co-IP to detect Gli/
Smads interactions. C3H10T1/2 cells were transfected with
Gli1/2 expression vectors and treated with 100 ng/ml BMP2.
Transfected Gli1 or Gli2 localized in the nucleus of the cells
(Fig. 6, A and B, upper panels). Upon treatment with BMP2,
Gli1 or Gli2 was found to co-localize with the phosphorylated
Smad1/5/8 (pSmads) assembly in the nucleus (Fig. 6, A and B,
lower panels). In addition, Gli1 cooperated with Smad1/4 to
increase COL10A1 promoter activity in COS7 cells (Fig. 7A). A
similar assay was performed using BMP2-treated C3H10T1/2
cells. The results show that Gli2 and Smad1 each increased the
promoter activity, whereas co-transfection further increased it
(Fig. 7B). Furthermore, a co-IP assay showed physical interac-
tion between Smad1 and Gli1 or Gli2 (Fig. 7, C and D, last lane).
We also performed a co-IP assay using three proteins: Gli,
Runx2, and Smad1. Binding between Smad1/Runx2 could be
observed as reported previously (Fig. 7, E, lane 4, and F, lane 3)
(31). co-IP using all three proteins indicated binding among
Gli1/Runx2/Smad1 and Gli2/Runx2/Smad1 (Fig. 7, E and F,
last lane). Finally, CHIP assay analyses demonstrated that
Gli1/2, Runx2, and pSmads formed a transcriptional complex
on the COL10A1 basic promoter (Fig. 7G). These data demon-
strate that Ihh signaling regulates Col10�1 by interacting with
Runx2 and Smads (Fig. 8F).

We confirmed our observations with in vitro mineralization
assays using primary chondrocytes (Fig. 8). Ihh-induced calci-
fication was inhibited by Noggin (an antagonist for BMP), DN-
Runx2, and dorsomorphin (an inhibitor for Smad1/5/8 phos-
phorylation) (Fig. 8, B–D) (32). In contrast, Ihh, in conjunction
with Runx2, dramatically enhanced mineralization (Fig. 8C).

Finally, Runx2-induced calcification was reduced by treatment
with cyclopamine (Fig. 8E). These data indicate that Ihh pro-
motes matrix mineralization by cross-talk with the BMP/
Runx2/Smad pathway (Fig. 8F).

DISCUSSION

Gain of function analyses using Ihh adenoviruses in chon-
drogenic cells revealed up-regulation of maturation markers
and matrix mineralization. Our study focused on the regula-
tion of Col10�1 expression by Ihh signaling, whereupon we
identified a new Gli1/2-response element in the 250-bp basic
promoter sequence of the COL10A1 promoter. Further-
more, we show that a previously reported enhancer region
located further upstream is not involved in this process. This
new Gli-binding site is located in an area that also includes a
Runx2-binding site and three Smad-binding sites. Ihh can
up-regulate Runx2 expression without inducing the expres-
sion of other modulators of hypertrophic conversion such as
Mef2c and Foxa2/3. Detailed analyses demonstrated that
Ihh, coupled with Runx2, stimulates Col10�1 expression.
We could demonstrate that Gli1/2 physically interacts with
Runx2 and Smads to further promote transcriptional activ-
ity. Moreover, a Gli1/2-linked transcription complex,
including Runx2 and pSmads was found to bind the endog-
enous COL10A1 promoter by CHIP assay. Finally, in vitro
mineralization assays indicated that Ihh stimulated matrix
mineralization of primary chondrocytes using a similar
mechanism.

We, and others, previously reported that Ihh acts in a
PTHrP-independent manner to positively regulate chondro-
cyte maturation and mineralization (10, 11). In this study, we

FIGURE 6. Co-localization of Gli1/2 and pSmads in BMP2-treated C3H10T1/2 cells. A and B, Myc-Gli1 or Gli2 were transfected into C3H10T1/2 cells that are
followed by 100 ng/ml BMP2 stimulation. The samples were immunostained by �-Myc and �-pSmad antibody, and the nucleus was stained with DAPI. The
representative data are shown here.
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demonstrate how Ihh signaling directly regulates Col10�1
expression by an interaction between Ihh downstream tran-
scription factors Gli1/2 and a Runx2-Smad complex (Fig. 8F).
This mechanism is also used by Ihh to promote chondrocyte
calcification.

Gli1-Gli3 are known mediators for hedgehog signaling (33), but
the role of Gli1 during endochondral ossification was unclear
because mice homozygous for the Gli1zfd allele appeared normal
or, at most, exhibited a mild phenotype in osteogenesis (26,
34–36). Gli1/Gli2 double homozygous mutants, however, pre-
sented a more severe phenotype, suggesting an overlap in func-
tionality (26, 34–36). Unlike Gli1zfd/zfd mice, Gli2zfd/zfd mice
exhibited shortened limbs and delayed endochondral ossifica-
tion (37, 38). Col2-Cre;R26�NGli2/	 mice expressing a consti-
tutively active form of Gli2, however, do exhibit chondrocyte

maturation and could partially rescue the phenotype of Ihh�/�

mice (39). These studies suggest a role for Gli2 as an activator in
skeletal Ihh signaling. However, the mechanism for these
hedgehog signaling molecules, Gli, to control late chondrocyte
differentiation, especially Col X transcription, has not been elu-
cidated so far. Our in vitro results show that Gli1 functions
similarly as Gli2 to interact with Runx2/Smads to promote
COL10A1 transcriptional activity. Moreover, transfecting cells
with both Gli1 and Gli2 increased the promoter activity more
than either alone, and both factors bind to the endogenous
COL10A1 promoter in CHIP assay analysis. Therefore, our data
provide a novel insight into Gli1/Gli2 as activators in regulating
Col10�1 transcription. In contrast, Gli3 was reported to act as a
repressor downstream of Ihh in chondrocyte differentiation
(40, 41). We could not detect any changes in the level of Gli3

FIGURE 7. Involvement of Smads in Col X regulation conducted by hedgehog signal. A, 2.5-kb luciferase construct of the COL10A1 promoter was trans-
fected into COS7 with expression vectors as indicated in the figure, and the luciferase/Renilla value was measured after 48 h. **, p � 0.01 (versus control). ##, p �
0.01 (versus Gli1 or Smad1/4) (n � 3). B, 2.5-kb luciferase construct of COL10A1 promoter was transfected into C3H10T1/2 cells with expression vectors as
indicated followed by 100 ng/ml recombinant BMP2, and the luciferase/Renilla value was measured after 48 h. *, p � 0.05 (versus control). #, p � 0.05 (versus Gli2
or Smad1) (n � 3). C and D, physical interaction between Gli1/2 and Smad1 was assessed by co-IP. Samples were immunoprecipitated (IP) by FLAG and
immunoblotted (IB) by Myc. E and F, physical interaction between Gli1/2, Runx2, and Smad1 was assessed by co-IP in which the samples were immunopre-
cipitated by FLAG and immunoblotted by Myc. Simultaneous interaction of Gli1/Runx2/Smad1 or Gli2/Runx2/Smad1 was seen in the last lane of E or F. G, CHIP
on COL10A1 promoter was performed using HTB94 human chondrosarcoma cells. Sonicated and purified chromatin was incubated with antibodies as shown
in the figure. Endogenous binding of Gli, Runx2, and pSmads was detected in the COL10A1 basic promoter region. An �-histone antibody was used as a positive
control, and rabbit or mouse IgGs were used as a negative control. The detection was confirmed in three independent experiments. The representative data
are shown here.
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expression upon Ihh overexpression in chondrogenic cells
(data not shown) suggesting that Gli3 might be less involved in
the regulation of Col10�1 expression.

We observed inhibition of COL10A1 promoter activity by
Sox9, and a recent paper suggested that Sox9 suppresses
Col10�1 transcription in cooperation with Gli2/3 as repres-
sors acting on the upstream enhancer (42). In our study,
Gli1/2 as activators enhanced Col10�1 transcription by
interacting Runx2/Smad and binding in the 250-bp basic
promoter. Based on these reports, hedgehog signaling may
have the opposite function in the presence of Sox9, interact-
ing with Runx2/Smad but on different promoter sites for the
same gene. It has also been speculated that hedgehog signal-
ing controls the balance between transactivation and repres-
sion by changing its partners for Col10�1 transcription.
Antagonism between Sox9 and Runx2 is a well established
mechanism in skeletogenesis (43). Hedgehog signaling
might function as both an enhancer and a repressor, depend-
ing on which of these two is present, to bridge early to late
chondrocyte differentiation, which in turn regulates bal-
anced chondrocyte differentiation.

Previous studies have suggested that Runx2/3, Smads, Mef2c
transcription factor, and FoxA family members act as enhanc-
ers for Col10�1 expression and subsequent induction of hyper-

trophic differentiation (15, 16, 18, 23, 29, 30). The COL10A1
distal enhancer region is highly conserved among mammals,
including humans, cows, and mice (19). The tissue specificity
for Col10�1 has been studied extensively, and the b2 enhancer
region has been discovered in the avian system (13, 19, 29, 30,
44). This study is the first detailed investigation of the
COL10A1 basic promoter region. We were unable to detect
consistent activation of the human enhancer region in the
COL10A1 promoter using Gli1/2 as activators. Instead, we
found that Gli1/2 activated the 250-bp basic promoter region
where we identified a sequence located in the cluster of Runx2-
and Smad-binding sites that was similar to the conventional
Gli-binding site. Apart from COL10A1 enhancement, over-
expression of Ihh also stimulated Runx2 expression. How-
ever, it failed to induce expression of other important tran-
scription factors such as Mef2c or Foxa2/3, indicating that
these genes do not play a significant role in this system. In
addition, we could show that Ihh and Runx2 synergistically
induce Col10�1 expression. However, the presence of two
MEF2-binding sites in the basic Col10�1 promoter region
suggests that future studies of possible functional interac-
tions between Ihh signaling and MEF2c/FoxA factors during
chondrocyte differentiation and skeletal development might
be worthwhile (16).

FIGURE 8. Ihh induces matrix mineralization in primary chondrocytes interacting with BMP/Runx2/Smads pathway. A–D, Ihh was overexpressed in
primary chondrocytes with or without treatment by additional reagents (A, B, and D) or viruses (C) as shown in the figures, and an in vitro mineralization assay
was performed under stimulation by �-glycerophosphate and assessed by Alizarin red staining (n � 3 or 4). E, an in vitro mineralization assay was performed
in the presence with Runx2 overexpression with or without cyclopamine (n � 3 or 4). F, diagram showing how Ihh downstream signaling molecules Gli1/2
together with Runx2/Smads regulate transcription and expression of Col X.
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