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CCN2/connective tissue growth factor is highly expressed
in hypertrophic chondrocytes and is required for chondro-
genesis. However, the transcriptional mechanisms control-
ling its expression in cartilage are largely unknown. The
activity of the Ccn2 promoter was, therefore, investigated in
osteochondro-progenitor cells and hypertrophic chondrocytes
to ascertain these mechanisms. Sox9 and T-cell factor (TCF)�
lymphoid enhancer factor (LEF) factors contain HMG domains
and bind to related consensus sites. TCF�LEF factors are nor-
mally repressive but when bound to DNA in a complex with
�-catenin become activators of gene expression. In silico analy-
sis of theCcn2proximal promoter identifiedmultiple consensus
TCF�LEF elements, one of which was also a consensus binding
site for Sox9. Using luciferase reporter constructs, the TCF�

LEF�Sox9 site was found to be involved in stage-specific expres-
sion of Ccn2. Luciferase, electrophoretic mobility shift assay
(EMSA), and ChIP analysis revealed that Sox9 represses Ccn2
expression by binding to the consensus TCF�LEF�Sox9 site. On
the other hand, the same assays showed that in hypertrophic
chondrocytes, TCF�LEF��-catenin complexes occupy the con-
sensus TCF�LEF�Sox9 site and activate Ccn2 expression. Fur-
thermore, transgenic mice in which lacZ expression is driven
under the control of the proximal Ccn2 promoter revealed that
the proximalCcn2 promoter responded toWnt signaling in car-
tilage. Hence, we propose that differential occupancy of the
TCF�LEF�Sox9 site by Sox9 versus �-catenin restricts high levels
of Ccn2 expression to hypertrophic chondrocytes.

The majority of the mammalian skeleton forms through
endochondral ossification, in which osteochondro-progenitor
cells aggregate, begin to form an extracellular matrix, and
differentiate into chondrocytes. Eventually the cells in the
centers of the condensation exit the cell cycle and terminally
differentiate. Ultimately a growth plate is formed consisting
of slowly dividing (resting) chondrocytes followed by a zone
of rapidly proliferating chondrocytes that are aligned into col-
umns and ending with terminally differentiated prehypertro-

phic and hypertrophic chondrocytes (1). Chondrocyte prolifer-
ation and hypertrophy ultimately determine bone length and
width. Hypertrophic chondrocytes coordinate multiple aspects
of bone formation; they are primarily responsible for establish-
ing the final lengths of bones, recruiting the osteoblasts thatwill
replace the cartilage and stimulating angiogenesis to permit
formation of the marrow cavity (1).
Several transcription factors that play essential roles in chon-

drocyte differentiation have been identified (2). Among the best
characterized are the Sox transcription factors, Sox9, L-Sox5,
and Sox6, which are required for commitment to the chondro-
cyte lineage, proliferation, and suppression of premature con-
version to hypertrophic chondrocytes (3). Sox proteins contain
a DNA binding motif known as a high mobility group (HMG)
box. The HMG box binds DNA in the minor groove and bends
DNA, conferring on Sox proteins a role in assembly of tran-
scriptional enhancesomes (4). TCF�LEF2 factors also play a role
in the decision of the chondrocyte to remain in the cell cycle or
to exit and becomehypertrophic. As is the case for Sox proteins,
TCF�LEF factors contain anHMGbox, and they bind theminor
groove of DNA. In fact, a subset of TCF�LEF consensus binding
sites is also binding sites for Sox proteins. TCF�LEF factors
assemble repressor complexes on target genes. However, the
binding of the transcription factor �-catenin to the TCF�LEF
complex leads to the assembly of an activating complex on the
target gene (5). This complex, formed through activation of
Wnt signaling pathways, is required for chondrocyte hypertro-
phy and maturation (6, 7). It has been shown that �-catenin is
antagonized and targeted for degradation by Sox9 (6). How-
ever, the fact that some TCF�LEF consensus binding sites are
also consensus sites for Sox9 suggests that TCF�LEF��-catenin
and Sox9 might differentially occupy these sites, raising the
possibility of a novel mechanism by which Sox9 and �-catenin
might control differential gene expression.
CCN2/connective tissue growth factor (CCN2) is a matri-

cellular protein with diverse activities. CCN2 is overex-
pressed in every fibrotic condition described to date, and it
promotes the excess extracellular matrix synthesis that is
characteristic of all fibrotic diseases (8). The role of CCN2 as a
ligand for various integrins, including �5�1, required in chon-
drocytes, has been well documented (9, 10).* This work was supported, in whole or in part, by National Institutes of Health
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CCN2 is expressed in perichondrium and subjacent chon-
drocytes at early stages of endochondral bone formation, but
once a growth plate is formed, CCN2 is expressed at highest
levels in the hypertrophic zone (9–12).Mice lackingCcn2die in
the immediate perinatal period due to complications of severe
skeletal dysplasia; consistent with high levels of CCN2 expres-
sion in the hypertrophic zone, Ccn2 mutants exhibit enlarged
hypertrophic zones due to premature exit of chondrocytes
from the cell cycle and to delayed replacement of hypertrophic
chondrocytes by osteoblasts. This delayed ossification is a
result in part of decreased transcription of vascular endothelial
growth factor (vegf) mRNA (10), thereby leading to delayed
invasion by osteoblasts.Moreover, CCN2 can bind to and block
VEGF activity (13). Given the importance of CCN2 in chondro-
cyte hypertrophy specifically and of understanding hypertrophic
cartilage-specific gene regulation in general, we investigated the
transcriptional mechanisms controlling stage-specific CCN2
expression in the growth plate.

EXPERIMENTAL PROCEDURES

Generation and Analysis of Transgenic Mice—The 4-kb
proximal promoter region of the mouse Ccn2 gene was ampli-
fied by PCR using the primers 5� 4-kb (�-CCCACGCGTGAG-
CAGGCAAATGT-3�) and 3� 4-kb (5�-CCCCTCGAGTGTG-
TGAGACTAGG-3�) and subcloned into TA cloning vector
(Invitrogen). The 4-kb fragment was further digested withNotI
and SpeI restriction enzymes and subcloned into the PstI and
BamH1 sites of the transgenic reporter plasmid pNSlacZ,which
contains Escherichia coli �-galactosidase gene containing a
nuclear localization signal followed by the polyadenylation sig-
nal of SV40 large T antigen in pBluescriptSK�. (14). Trans-
genic mouse lines were generated by pronuclear injection as
described previously (15). lacZ staining of paraffin-embedded
sections was performed as described (15). Limb organ culture
was performed as described previously (16). Control or Wnt-
3a-conditioned medium was prepared as described previously
(17). Briefly, limbs were maintained in medium conditioned
by L-M(TK-) (ATCC CCL-1.3) cells, which stably overexpress
Wnt 3A. Control medium was prepared from the parental cell
line (ATCC CRL-2648). The CCL-1.3 and CRL-2648 cell lines
were obtained from the ATCC.
Cell Culture—The chondrogenic cell line ATDC5 (18) was

obtained from the Riken Cell Bank (Tsukuba, Japan). The cells
were cultured in maintenance medium consisting of DMEM/
Ham’s F-12 (1:1) (Invitrogen) supplemented with 5% (v/v) fetal
bovine serum (FBS; HyClone Laboratories, Logan, UT), 1%
(v/v) penicillin-streptomycin solution (50 units/ml penicillin
and 50 �g/ml streptomycin) (Invitrogen), 10 mg/ml human
transferrin (Sigma), and 3 � 10�8 M sodium selenite (Sigma).
To induce chondrocyte differentiation, cells were cultured in
maintenance medium with the addition of 10 �g/ml bovine
insulin (Sigma) for 26 days. Cells were grown at 37 °C in a
humidified atmosphere of 95% air and 5% CO2, and culture
medium was changed every other day.
Preparation of Chicken Primary Chondrocytes—Chicken pri-

mary chondrocytes were isolated from the lower (lower third)
and upper (upper third) sternum at embryonic days 14 and 18
as described previously (19) andmaintained inDMEM(Invitro-

gen) supplemented with 10% (v/v) FBS (HyClone Laboratories,
Logan, UT), 1% (v/v) penicillin-streptomycin solution (50
units/ml penicillin and 50 �g/ml streptomycin). Briefly, the
sternums were isolated and digested with 1 mg/ml collagenase
(Sigma), 0.0625% trypsin/EDTA solution (Invitrogen) in 1�
PBS, 3 times, and the cells were collected from the pools of last
two digestions. Cells were passaged not more than 3 times and
used within 2 weeks. The differentiation stage of the cells was
confirmedby expression of collagen type II and collagenTypeX
as described under “Results.”
Plasmids—To create Ccn2 reporter plasmids, PCR was per-

formed using 5� primers linked with MluI or KpnI (Promega,
Madison,WI) restriction enzyme sites and 3�TS-primer linked
with XhoI (Promega) restriction enzyme sites to amplify the
fragments: 5� end 4 kb,CCCACGCGTGAGCAGGCAAATGT;
�3.1 kb, CCCACGCGTTTAGAAGTCAAAAC;�2.8 kb, CCC-
ACGCGTCCTTCTGTCCCATC; �2.3 kb, CCCACGCGTC-
CAACCACTTACCC; �1.8 kb, CCCACGCGTGCTCACAC-
TTCAAG; �1 kb, GGGGTACCGCCGGATTATAACTAGA-
TAC; �0.5 kb, CCCACGCGTCCAAGAGACTACAG; 3� end-
TS, CCCCTCGAGTGTGTGAGACTAGG. To generate the
0.5-kbmutant reporter constructs, a BamHI restriction site was
introduced into the TCF�LEF�Sox9 consensus sequence using a
5�-end mutated primer linked with MluI along with the 3�-TS
primer to amplify the fragment 0.5 k-TCFmut, GCGGTACC-
AAGAGACTACAGCCCCGTAAAGAAAAAAAAAAATCC-
AAggatccGAAAAATATTTTTTTT. The PCR fragments were
amplified from the mouse Ccn2 gene (GenBankTM accession
number AC099695) and digested with appropriate enzymes
and cloned into pGL3basic (Promega). All of the constructs
were verified by DNA sequencing and enzyme digestion.
Transfections andReporter Assays—ATDC5 cells were trans-

fected with the reporter plasmids together with Renilla lucifer-
ase plasmid in triplicate using Lipofectamine 2000 (Invitrogen).
Luciferase activities were measured by Dual Luciferase Re-
porterAssay System (Promega) and normalized toRenilla lucif-
erase activity to control for transfection efficacy. All assayswere
repeated at least three independent times. In some experiments
ATCD5 cells were maintained in the presence of Wnt3a- or
control-conditionedmedium, prepared as described previously
(17). In other experiments ATDC5 cells weremaintained in the
presence of LiCl (8 mM) as described previously (20) or were
transfected with a construct (pcDNA-�-catenin S37F) encod-
ing a stabilized form of �-catenin (21).
Chromatin Immunoprecipitation—The entire procedure was

performed with the chromatin immunoprecipitation (ChIPs)
assay kit (Upstate/Millipore, Billerica, MA) according to the
manufacturer’s instructions with minor modifications. Briefly,
cells weremaintained inmaintenancemediumat lowdensity or
treated with insulin for 26 days. Cells were washed with PBS
containing proteinase inhibitor mixture (BD Biosciences) and
collected and pelleted at 1000 rpm. Cell pellets were resus-
pended in SDS lysis buffer and incubated on ice for 10 min.
Samples were sheared on ice using a Misonix Sonicator 3000
(Misonix, Farmingdale, NY) and resolved on agarose gels to
confirm that the average fragment sizes were between 200 and
500 bp. 20�l of the sonicated samples were saved for total DNA
loading controls. DNA concentrations were determined, and
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equal amounts of chromatin were used for further processing.
DNA and proteins were cross-linked with formaldehyde
(Sigma) for 10min at 37 °C; cross-linkingwas terminated by the
addition of glycine (Sigma) at a final concentration 0.125 M.
Samples were diluted with ChIP dilution buffer and precleaned
with salmon sperm DNA/protein A-agarose, 50% slurry. Pre-
cleaned chromatin was incubated with 2 mg of the appropriate
antibody at 4 °C for �12–16 h. Antibodies used were anti-
�-catenin (#9562, Cell Signaling, Danvers, MA), anti-RNA
polymerase(#05–623,Millipore,Temecula,CA),anti-Sox9(#sc-
20095), and anti-Tcf4 (#sc-13027). Chromatin-antibody com-
plexes were recovered by sperm DNA/protein A-agarose, 50%
slurry, and eluted with 1% SDS and 0.1 M NaHCO3 mixed
buffer. Cross-links were reversed with the addition of 0.2 M

NaCl at 65 °C for 6 h. The samples were then treated in 0.01 M

EDTA, 0.04 M Tris-Cl, pH 6.8, with 30 �g/ml proteinase K at
37 °C for 12–16 h. DNA was recovered by phenol/chloroform
extraction and ethanol precipitation. PCRwas performed using
region-specific primers 1R (5�-GATGAAATATAACTTAG-
AAA-3�) and 1F (5�-CCGGTACCTGTATTTCAGATAC-3�),
2R (5�-AAGCATTCCTCAAAGAGAAG-3�) and 2F (5�-AGA-
GCTCACCTCAGAGCCCA-3�), 3R (5�-CAAGAGAACATT-
CTACCCCA-3�) and 3F (5�-TGATTTCCTCTTTGAGG-
GCT-3�), 5� non-specific (5�-AAAGGCTTGGCTGTTC-3�)
and 3� nonspecific (5�-AATGTCCAGATGTACC-3�) for
CCN2 analysis and Ihh 1F (5�-GCAACCCACGTCGCAGC-
CGG-3�) and Ihh 1R (5�-AAGGCTACATTGCCTCCACC-3�)
and Ihh 2F (5�-GTACAGAACTAGGGGATGCG-3�) and Ihh
2R (5�-CTTCTGAAGTACCACGAGGA-3�) for Ihh analysis.
All PCR products were resolved and visualized on agarose gels.
The intensities of images were captured and quantitated by
Scion Image camera and software (Scion Image, Frederick,
MD).
SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and

Western Blotting—Western blot analysis was performed with
cell extracts from D0 or D26 ATDC5 cells. Whole cell lysates
were separated by 10% SDS-PAGE and transferred to nitrocel-
lulose membrane (Bio-Rad). The membrane was incubated
with antibody against �-catenin (1:500, #9562), phospho-�-
catenin (1:500, #9567), glycogen synthase kinase 3� (1:500,
#9315), phospho- glycogen synthase kinase 3� (1:500, #9336)
(above are from Cell Signaling, Danvers, MA), Runx2 (1:500,
sc-10758), Sox9 (1:500, sc-20095) (Santa Cruz Biotechnology,
Santa Cruz, CA), CCN2 (1:500, Abcam, Cambridge, MA), and
actin (1:2000, #A2066, Sigma). Antigen-antibody complexes
were detected with HRP-conjugated secondary antibodies
(#170–6515, Bio-Rad) and visualized with the use of Pierce.
Electrophoretic Mobility Shift Assays—Gel shift assays were

performed with the Gel Shift Assay System (Promega) follow-
ing the manufacturer’s protocol. Briefly, nuclear extracts were
prepared from D0 and D26 ATDC5 cells following the method
of Schreiber and Schaffner (22). Double-stranded nucleotides
encompassing the 443-bp consensus TCF�LEF�Sox9 sequence
or BamHI-substitutedmutation at the TCF�LEF�Sox9 sequence
were end-labeled with [�-32P]ATP and T4 polynucleotide ki-
nase, followed by purification by G25 spin columns. Nuclear
extracts were added to labeled oligonucleotide in gel shift bind-
ing buffer and incubated for 30 min at room temperature. For

competition assays, a 50-fold excess of unlabeled competitor
oligonucleotide or nonspecific competitor oligonucleotide
was incubated in the binding reaction. For super-shift exper-
iments, 1 �g of the following antibodies was added to the
binding reaction for an additional 60 min at room tempera-
ture: Tcf4 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), Sox9 (sc-20095; Santa Cruz Biotechnology), and anti-
FLAG (1804, Sigma). In some experiments, in vitro translation
of Sox9-FLAG (23) was performed using the Retic Lysate IVT
Kit (Ambion). 1 or 2 �l of the translation product was used as
indicated in the figure legends. DNA-protein complexes were
resolved on 4% nondenaturing polyacrylamide gels. The
sequences used as probes in the assay were WT TCF�LEF (5�-
AAAATCCAAAACAAAGAAAAATATTT-3�) and TCF�LEF
mutant (5�-AAAAAAAAAggatccACAAAGAAAAATATTT-3�.
Immunofluorescence—Paraffin-embedded sections were boiled

for 15 min in citrate buffer to reverse cross links and unmask
epitopes. Sections were blocked with 5% goat serum for 1 h and
incubated with anti-CCN2 (CCN2) antibody (Abcam) at a dilu-
tion of 1:250 overnight at 4 °C. The following day sections were
incubated with secondary antibody (Alexa Fluor 555 or 488
goat anti-rabbit, Invitrogen) for 1 h at room temperature. Sec-
tionswere counterstainedwithDAPI (Vectashield, Vector Lab-
oratories, Burlingame, CA).
Semiquantitative Reverse Transcriptase (RT)-PCR—Total

RNA was isolated from cultured ATDC5 cells using an RNeasy
Mini Kit (Qiagen, Valencia, CA). 0.1 mg of DNase I (Applied
Biosystems/Ambion, Austin, TX)-treated total RNA was used
for reverse transcription with a SuperScript III First-Strand
Synthesis System (Invitrogen) following the manufacturer’s
protocol. First-strand cDNA synthesis was carried out using 0.1
�g of DNase-treated total RNA in 20�l of a solution containing
first-strand buffer, 50 mg of random hexamers, 0.5 mM dNTPs,
5 mM MgCl2, 10 mM dithiothreitol, 40 units of RNaseOUT and
200 units of reverse transcriptase at 25 °C for 10min then 50 °C
for 50 min. PCR reactions were carried out with primers listed
in Table 1.
Real Time RT-PCR—RNA and cDNA were prepared as

described above. The cDNA mixtures were diluted 5-fold in
sterile distilled water, and 1-�l aliquots were subjected to
real-time PCR using RT2 qPCR Master Mixes (SuperArray,
Frederick, MD). The PCR reactions were performed in 25 �l
of a solution containing RT2 qPCR Master Mix and 20 mM

specific primers as shown in Table 1. Primers were designed
using primer3 software (Whitehead Institute for Biomedical
Research, Cambridge, MA). PCR was carried out using a
DNA Engine Opticon 2 (MJ Research/Bio-Rad), and the data
were analyzed using the MJ Opticon Monitor 3 software.
The PCR conditions were 95 °C for 30 s, 55 °C for 1 min, and
72 °C for 1 min for 50 cycles, and measurements were taken
at the end of the annealing step at 55 °C of each cycle. PCR
product specificity was verified by melting curve analysis
between 55 and 95 °C. All real-time PCR reactions were per-
formed in triplicate, and the levels of mRNA expression were
calculated and normalized to the level of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA at each time
point.
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Statistical Analysis—All transfection and RT-quantitative
PCR experiments were performed with triplicate samples and
repeated at least twice. Gel shifts and ChIP analyses were
repeated at least twice. Representative results are shown. Data
are represented as the mean � S.E. of the mean, and statistical
analysis was performed with Student’s t test. A p value of less
than 0.05 was considered statistically significant.

RESULTS

CCN2Expression Is Regulated during Chondrogenic Differen-
tiation of ATDC5 Cells—The mechanisms underlying the reg-
ulation ofCcn2mRNA expression in the hypertrophic zone are
undefined. Examination ofCCN2protein expressionwithin the
growth plate reveals that CCN2 is highly expressed in prehy-
pertrophic and hypertrophic chondrocytes, but mRNA (11)
and protein (Fig. 1,A and B) levels decline in the most differen-
tiated cells, the terminal (late) hypertrophic chondrocytes. We
confirmed that Ccn2 expression is higher in hypertrophic cells
using primary chick sternal chondrocytes. As shown in Fig. 1C,
the chondrocyte marker Col2a1 is expressed in cells isolated
from day 14 (D14) and day 18 (D18) embryos. However, chon-
drocytes isolated from D18 embryos highly express the hyper-
trophic marker Col10a1, whereas chondrocytes isolated from
D14 embryos (proliferating stage) express lower levels of
Col10a1 (Fig. 1C). Higher levels ofCcn2mRNA and protein are
seen in the D18 hypertrophic chondrocytes (Fig. 1C).
Numerous studies have demonstrated the efficacy of murine

chondrocyte ATDC5 cells to study mechanisms underlying
chondrocyte differentiation (20, 24–27). ATDC5 cells grown in
maintenancemediumpossess properties of osteochondro-pro-
genitors, as they can be differentiated along either the chondro-
genic or osteogenic lineage (20, 24–30). ATDC5 cells grown in
the presence of insulin, transferring, and selenium (differentia-
tion medium) over a period of 28 days were utilized as an in
vitro model. ATDC5 cells in monolayer in differentiation
medium reach confluence on about day 7. Formation of carti-
laginous nodules was observed on D14 and well defined carti-
laginous nodules were detected by D21; the nodules increased
in size throughD28. Expression of typical chondrocytemarkers
verified differentiation and hypertrophy over the 28-day cul-
ture period. Expression of Col2a1 mRNA was observed at low
levels at D7 and maintained at high levels throughout the
remaining culture period (Fig. 1D). Maintenance of Col2a1
expression in late stage cultures has been reported frequently in
the literature and most likely reflects the persistence of some
cells in a proliferative phase. Expression of Col10a1 transcripts

was observed beginning at D21, marking the onset of hypertro-
phy. Runx2, a marker of terminal hypertrophic chondrocytes,
was expressed throughout the culture period but at the highest
levels at D28. Thus, based on the expression of these markers,
cultures at D0 represent osteochondro-progenitors, up to D14
represent the proliferative phase of chondrocyte differentia-
tion, D21 the onset of hypertrophic differentiation, and D28
cultures represent moremature hypertrophic cells. Thus,Ccn2
expression correlates with the onset of hypertrophy in ATDC5
cells and recapitulates the time course of expression in cartilage
in vivo.

FIGURE 1. Expression of CCN2 in cartilage. A and B, immunofluorescence
and immunohistochemical staining, respectively, of CCN2 expression in E17
(embryonic day 17) (A) and P0 (postnatal day 0) (B) growth plates, show high
levels of expression in epiphyseal and hypertrophic chondrocytes, low levels
in proliferating chondrocytes, and no expression in terminal hypertrophic
cells. C, CCN2 protein and mRNA expression in primary chick chondrocytes is
higher in hypertrophic day 18 cells than in proliferating day 14 cells. CTGF,
connective tissue growth factor. D, shown is expression of Ccn2 during differ-
entiation of ATDC5 cells. Expression of CCN2 is restricted to hypertrophic
stages, which are distinguished from proliferating chondrocytes by expres-
sion of Col10a1. E, epiphyseal; H, hypertrophic; LH, late hypertrophic;
P, proliferating.

TABLE 1

Species Target Forward Reverse GenBankTMaccession number

Primers used for reverse transcriptase PCR
Chicken CCN2 CCAGCGTGAAGACGTACAGA GTCATTGTCTCCAGGGCAGT NM_204274
Chicken Col IIa1 AGAAAGGAATCCAGCCCAAT ACACCTGCCAGATTGATTCC NM_204426
Chicken Col X AAAATAGTAGACGTTACCTTGACTC ACATGCATTTACAAATATCGTTAC
Chicken GAPDH TATGATGATATCAAGAGGTTAGT TGTATCCAAACTCATTGTCATAC NM_204305
Mouse CCN2 CAAAGCAGCTGCAAATACCA GGCCAAATGTGTCTTCCAGT NM_010217
Mouse Col II GGAAAGTCTGGGGAAAGAGG CAGTCCCTGGGTTACCAGAA NM_031163
Mouse Col X GCCAGGTCTCAATGGTCCTA AAAAGCAGACACGGGCATAC NM_009925
Mouse Runx2 GAGGGCACAAGTTCTATCTG CGCTCCGGCCCACAAATCTC NM_009820
Mouse GAPDH CTTGTCATCAACGGGAAGCC AGACTCCACGACATACTCAGC XM_983502

Primers used for real-time PCR
Mouse CCN2 GCAAGGAGTGGGTGTGTG TGTGTCTTCCAGTCGGTAGG NM_010217
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A 0.5-kb Proximal Ccn2 Promoter Region Contains a Stage-
specific Responsive Element—We used the ECR Browser (31) to
find evolutionary conserved regions of at least 100 bp of greater
than 50% identity between the human, mouse, and chicken
Ccn2 genomic regions spanning 40 kb on either side of the
protein coding region. We found an evolutionary conserved
region �35 kb upstream of the transcription start site of Ccn2
and a secondwithin the 4-kb proximal promoter region; a third
evolutionary conserved region was found immediately 3� to the
transcription termination site (data not shown). Comparison of
the mouse and human genomes revealed that the majority of
the 4-kb proximal Ccn2 promoter region was conserved (data
not shown). Therefore, we performed a TRANSFAC analysis of
this region (32) that revealed multiple conserved consensus
binding sites (data not shown). Among these, binding sites for
TCF�LEF, Smad2/3, and Sox5/6/9 were found, all of which are
known to regulate chondrocyte proliferation and differentia-
tion (33) (Fig. 2A).
We generated serial deletions to search for regulatory ele-

ments within the 4-kb proximal Ccn2 fragment that confer
higher expression in hypertrophic than in proliferating chon-
drocytes (Fig. 2B). Promoter activity was observed in both
osteochondro-progenitors (D0) and hypertrophic (D26) cells
(Fig. 2C). Promoter activity was seen for all Ccn2 constructs in
D0 cells, but all of the promoter fragments were more active in
D26 than in D0 cells; the maximum -fold induction (3.3-fold)
from D0 to D26 was seen for the 0.5-kb Ccn2 promoter frag-
ment. These findings imply that there are stage-specific regu-
latory elements residing in the 4-kb proximal Ccn2 promoter
region, and elements residing in 0.5-kb promoter appear to be
primarily responsible for this stage-specific induction.
A TCF�LEF Consensus Site in the Ccn2 Proximal 0.5-kb Pro-

moter Region Is Involved in Stage-specific Gene Expression—As
discussed above, three TCF�LEF consensus sequences were

foundwithin the 4-kb proximal promoter region ofCcn2, resid-
ing 443, 542, 1963, and 3491 bp upstream of the transcriptional
start site (Fig. 2A). CCN2 is induced by canonical Wnt/�-cate-
nin signaling in several cell types (34, 35). Moreover, canonical
Wnt/�-catenin signaling pathways are required for chondro-
cyte hypertrophy (6, 7). TheTCF�LEF�Sox9 site at�443 bp (Fig.
2D), thus, attracted our attention because it resides in the
0.5-kb region that retains stage-specific activity. Introduction
of a mutation that destroys the TCF�LEF�Sox9 site at �443 bp
(Fig. 2E) into the 0.5-kbCcn2proximal promoter led to elevated
luciferase activity levels in D0 osteochondro-progenitors (Fig.
2E). The TCF�LEF mutant also exhibited higher activity than
theWT construct in D26 cells (Fig. 2E). Involvement of �-cate-
nin in the regulation of Ccn2 induction in chondrocytes was
supported by the effects ofWnt3A-conditioned medium; Ccn2
mRNA levels increased �4-fold after Wnt3A treatment in D0
cells (Fig. 3A). A similar result was seen with LiCl, indicating
that the canonical Wnt pathway is responsible for this induc-
tion (Fig. 3B). Neither Wnt3A nor LiCl increased Ccn2mRNA
expression in hypertrophic D26 cells. In accordance, expres-
sion of stabilized�-catenin also led to induction ofCcn2mRNA
expression at D0 but not at D26 (Fig. 3C). Similarly, expression
of the 0.5kb Ccn2 proximal promoter was increased by Wnt3a
in D0 cells but not in D26 cells (Fig. 3D). Consistent with this
observation, the activity of theTCF�LEF reporter plasmidTOP-
flash was higher in D26 cells (Fig. 3E), indicating that levels of
endogenous �-catenin are already elevated in hypertrophic
chondrocytes. We performedWestern blotting experiments to
test this hypothesis. In accordance with previous studies (36),
the amount of total �-catenin was indistinguishable at both
stages, but there was more of the phosphorylated (targeted for
degradation) form in D0 osteochondro-progenitors than in
hypertrophic D26 cells; this was correlated with the presence in
D0 cells of relatively more activated (unphosphorylated) glyco-

FIGURE 2. Identification of putative regulatory sites in the Ccn2 promoter region. A, schematic diagram of the mouse Ccn2 promoter region, showing
consensus binding sites for TCF�LEF and Smad3/4 factors, which are known to regulate Ccn2 expression in other cell types. The TGF-� response element
(TGF-�RE), shown to function as a basal element (56), the TRENDIC site, proposed to be involved in regulation of Ccn2 expression in cartilage (46), and an
overlapping TCF�LEF�Sox9 binding site located 449 – 440 bp upstream of the transcription start site are illustrated. B, shown are schematic diagrams of the
Ccn2-luciferase reporter constructs used throughout the paper. C, shown are relative expression levels of Ccn2-luciferase reporter constructs in ATDC5 D0
osteochondro-progenitors versus hypertrophic D26 chondrocytes. RLU, relative luciferase units. D, shown is the sequence of the Sox9�TCF�LEF site at �443 bp
in the CCN2 promoter. E, shown are relative luciferase activity levels of 0.5-kb WT and 0.5-kb (TCF�Sox mut) constructs in D0 and D26 ATDC5 chondrocytes. *,
p � 0.05; **, p � 0.005.
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gen synthase kinase 3� (GSK-3�), which phosphorylates and
targets �-catenin for destruction compared with total glycogen
synthase kinase 3� (Fig. 3F).
In D0 ATDC5 cells, luciferase activity driven by the 0.5-kb

Ccn2 fragment that contains the TCF�LEF site at �443 bp
was enhanced 2-fold by overexpressed stabilized �-catenin
(Fig. 3G). The longer constructs, which include the remaining
TCF�LEF consensus sequences, did not exhibit any significant
differences in the -fold induction compared with the 0.5-kb
fragment (Fig. 3G). In hypertrophic D26 cells, there was a trend
toward enhanced activity of the Ccn2 promoters in response to
overexpressed �-catenin, but the level of activation was not
significant in most experiments (Fig. 3G). Thus, the �443 bp
TCF�LEF site may be a component of a stage-specific enhancer
controlling Ccn2 expression in hypertrophic chondrocytes.
We tested whether the 4-kb proximal promoter region is

involved in Ccn2 expression in cartilage in vivo by generating
transgenicmice inwhich expression of nuclear-localized lacZ is
driven under the control of the 4-kb proximal Ccn2 promoter.
Very similar patterns of expression were detected in all three
independent stable lines (data not shown). The strongest
expression in cartilage was detected in the inner annulus of the
developing intervertebral discs (Fig. 4, A–C). Strong lacZ
expression was also seen in the nucleus pulposus. This pattern
of transgene expression is in excellent agreement with endoge-
nous Ccn2 expression in intervertebral discs (37). lacZ expres-

sion was not detected in growth plate cartilage inmidgestation,
newborn, or adult mice (data not shown).
However, incubation of isolated P0 limbs for 2 days in

culturemedium containing 10% serum induced lacZ staining
in hypertrophic chondrocytes (Fig. 4, D and I), suggesting
that a factor present in serum has a permissive role in expres-
sion of the 4-kb Ccn2 promoter in the growth plate. More-
over, lacZ expression was considerably stronger in growth
plates cultured in the presence ofWnt3a (Fig. 4E).Wnt3a did
not alter levels of lacZ expression in the hypertrophic zone but
up-regulated lacZ expression in proliferating chondrocytes
(Fig. 4, G and H). The lower sensitivity of hypertrophic chon-
drocytes to exogenous Wnt3a most likely reflects the fact that
levels of endogenous Wnt signaling are already high in hyper-
trophic chondrocytes (6). These results are consistent with the
in vitro studies (Fig. 3) showing that the proximal Ccn2 pro-
moter is active in D26 hypertrophic chondrocytes and can be
activated in D0 osteoprogenitor cells by Wnt signaling. Taken
together, these results suggest that the 4-kb proximalCcn2 pro-
moter contains sequences that drive Wnt-inducible gene
expression in vivo, but additional regions in theCcn2 promoter
must also be required.
Sox9 Represses CCN2 Promoter Activity in Proliferating Cells—

Sox9 is highly expressed in proliferating chondrocytes and
at lower levels in hypertrophic cells (38) (Figs. 1D and 3D).
Because the TCF�LEF site at �443 bp in the Ccn2 promoter is

FIGURE 3. Ccn2 is a Wnt-responsive gene in chondrocytes. A, Ccn2 mRNA levels in ATDC5 (D0 (osteochondro-progenitor) and D26 (hypertrophic) chondro-
cytes treated with Wnt3A or control-conditioned medium are shown. Data are expressed as -fold induction, determined by real time RT-PCR. B, relative levels
of Ccn2 mRNA expression induced by KCl versus LiCl in D0 versus D26 ATDC5 chondrocytes are shown. C, relative levels of Ccn2 mRNA expression induced by
overexpression of stabilized �-catenin are shown. D, relative levels of activity of the 0.5 kb Ccn2 proximal promoter construct in the presence or absence of
Wnt3A in D0 versus D26 ATDC5 cells are shown. E, relative levels of TOPflash luciferase activity in D0 versus D26 ATDC5 chondrocytes are shown. F, levels of
expression of total and p-�-catenin (targeted for degradation), p-glycogen synthase kinase (p-GSK; activated) and total glycogen synthase kinase, and Sox9 in
lysates from D0 and D26 ATDC5 cells were analyzed by Western blot. G, shown are relative luciferase activity levels of Ccn2 promoter activity in the presence
or absence of stabilized �-catenin in D0 and D26 ATDC5 chondrocytes. *, p � 0.05.
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also a consensus binding site for Sox9 (Fig. 2D), we tested
whether this site was occupied in chondrocytes using EMSA. A
shifted band was also observed in the presence of nuclear
extract from osteochondro-progenitor D0 and hypertrophic
D26 cells for an oligonucleotide containing the �443 bp TCF�
LEF�Sox9 site from the Ccn2 proximal promoter, andmutation
of this site prevented complex formation, which could indicate
binding by either Sox9 and/or TCF�LEF factors (Fig. 5A). Sox9
binds as a dimer to palindromic consensus sites in promoters
that it activates in chondrocytes (39) but binds predominantly
as a monomer to the anti-Müllerian hormone promoter, which
is repressed by Sox9 (40). The consensus binding site at �443
bp in the Ccn2 promoter is a monomeric site. Therefore, we
testedwhether Sox9 binds to the TCF�LEF�Sox9 site at�443 bp
in theCcn2 proximal promoter and whether it binds as a dimer
or monomer. As described previously, overexpressed Sox9

bound as a dimer to an oligonucleotide containing the consen-
sus Sox9 binding site from the type II collagen (Col2a1) pro-
moter CC� (39) (Fig. 5B). In accordance with previous studies,
Sox9 bound as a monomer to the anti-Müllerian hormone pro-
moter (AMH, Fig. 5B). Incubation of an oligonucleotide con-
taining the TCF�LEF�Sox9 consensus site at �443 bp in the
Ccn2 proximal promoter with Sox9 led to a shifted band con-
sistent with Sox9 binding as a monomer; incubation with sup-
raphysiological levels of Sox9 causes a further shift consistent
with dimer formation, but the majority of the shifted oligonu-
cleotide migrated at a position consistent with monomeric
binding of Sox9 (Fig. 5B). The slower mobility band was pre-
vented from forming by incubation with an antibody against
Sox9 (Fig. 5B). It is conceivable that the anti-Sox9 antibody
recognizes an epitope that is accessible in the dimeric complex
but not the monomeric complex. In contrast, a supershift was
obtained using a FLAG-tagged version of Sox9 and �-FLAG
antibody (Fig. 5B). In this case the FLAG epitope is presumably
accessible to the antibody when Sox9-FLAG binds as a mono-
mer. In summary, these findings indicate that Sox9 binds to the
TCF�LEF�Sox9 consensus site at�443 bp in theCcn2promoter,
primarily as a monomer.
It has been suggested that Sox9 acts as a repressor when

bound to the Anti-Müllerian Hormone promoter as a mono-
mer (40). To determine whether binding of Sox9 to the
TCF�LEF�Sox9 site at �443 bp mediated Ccn2 repression, we
tested whether a Sox9DNAbinding dominant negativemutant
(C-terminal-truncated form of Sox9 that can bind to DNA but
has no transactivation activity; Sox9 dC) (23) is able to repress
activity of the 0.5-kb proximalCcn2 promoter. As shown in Fig.
5C, WT Sox9 represses promoter activity, but Sox9 dC does
not.Moreover,WTSox9 can counteract the stimulatory effects
of overexpressed �-catenin, but Sox9 dC does not.
Sox9 and TCF�LEF��-Catenin Complexes Have Opposing

Effects on Ccn2 Expression via Binding to the �443-bp TCF�
LEF�Sox9 Site—The above results suggested that Sox9 represses
Ccn2 proximal promoter activity in D0 osteochondro-progen-
itors but that TCF�LEF��-catenin complexes activateCcn2 pro-
moter activity in hypertrophic D26 chondrocytes. TCF4 is
expressed in chondrocytes and is required for �-catenin bind-
ing (41, 42). Therefore, we performed a supershift assay to test
whether TCF4 could be detected in complexes binding to an
oligo containing the �443-bp TCF�LEF�Sox9 site in the Ccn2
proximal promoter. A band supershifted by an anti-TCF4 anti-
body was detected in extracts from hypertrophic D26 cells but
not in D0 osteochondro-progenitors (Fig. 6A). Because the
443-bp TCF�LEF and Sox9 binding sites overlap, it was not pos-
sible to mutate them individually. However, as previously dis-
cussed, complex formation was not observed with a probe in
which the TCF�LEF�Sox9 site was destroyed by site-directed
mutagenesis (Fig. 5A).
Having demonstrated that Sox9 binds the Ccn2 proximal

promoter in D0 ATDC5 cells and TCF4 binds this promoter in
D26 ATDC5 cells, co-transfection assays were performed to
test how Sox9 and TCF�LEF��-catenin complexes affect Ccn2
promoter activity (Fig. 6, B–D). Sox9 overexpression had little
effect in D0 osteochondro-progenitors, where endogenous lev-
els of Sox9 are already high, but had a repressive effect in hyper-

FIGURE 4. Expression of 4 kb Ccn2-lacZ in skeletal tissues. A–C, lacZ expres-
sion in annulus fibrosis and nucleus pulposus of the intervertebral discs at
E16.5 is shown. B is a higher magnification image, and C is an intervertebral
disc from a non-transgenic control. D and E, 4-kb Ccn2-lacZ expression in P2
metatarsals maintained in the presence of control (D) or Wnt3A-conditioned
(E) medium for 48 h is shown. G–J, higher magnification images of proliferat-
ing (G and H) and hypertrophic (I and J) zones from metatarsals cultured for
48 h in control (G and I) or Wnt3A-conditioned (H and J) medium are shown.
Af, annulus fibrosis; np, nucleus pulposus; HZ, hypertrophic zone; PZ, prolifer-
ative zone. Cont, control.
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trophic D26 cells, where endogenous Sox9 levels are low. In
contrast, overexpression of �-catenin activated all three con-
structs in D0 cells (Fig. 6, B–D).

�-Catenin activates gene expression at TCF�LEF sites
through formation of complexes containing TCF�LEF cofac-
tors. In the absence of�-catenin, TCF�LEF factors act as repres-
sors (5, 43). In accordance, overexpression of LEF1 inD0 osteo-
chondro-progenitors, where endogenous levels of �-catenin
are low, led to repression of activity of the 2.3- and 4-kb con-
structs (Fig. 6, B and C); there was no repression of the 0.5-kb

construct (Fig. 6A). Taken together, these results are consistent
with the hypothesis that the 0.5-kb Ccn2 construct is not
repressed by overexpressed TCF�LEF in D0 osteochondro-pro-
genitors because high levels of repressive Sox9 already occupied
the �443-bp TCF�LEF�Sox9 site. Similarly, the fact that the
�443-bp TCF�LEF�Sox9 site is not responsive to overexpressed
�-catenin in D26 hypertrophic cells is consistent with the
hypothesis that this site is already occupied by endogenous
TCF�LEF��-catenin complexes in hypertrophic chondrocytes.
This notion is consistent with the finding that the 443-bp site is

FIGURE 5. Analysis of Sox9 binding and activity. A, shown the sequence of an oligonucleotide spanning the �443-bp TCF�LEF�Sox9 site from the 0.5-kb CCN2
promoter and the corresponding mutant. EMSA analysis of nuclear extracts of ATCD5 cells with oligonucleotides in which the TCF�LEF�Sox9 (TCF�Sox mut)
consensus site has been mutated shows that the mutation prevents formation of a shifted band. B, shown is EMSA of the oligonucleotide shown in A spanning
the TCF�LEF�Sox9 binding site at �443 bp in the Ccn2 proximal promoter in the presence of in vitro translated Sox9. CC� and anti-Müllerian hormone are control
oligos containing a palindromic Sox9 binding site from the Col2a1 gene and a monomeric binding site from the anti-Müllerian hormone promoter, respectively
(39, 40). �, 1 �l of in vitro translated product; ��, 2 �l of in vitro translated product. Sox9 binds to the 443-bp site at a mobility consistent with monomer
binding at the lower concentration (�) of in vitro translated product and with a mobility consistent with both monomer and dimer formation at the higher
concentration (��) of in vitro translated product. Incubation with Sox9 antibody prevented formation of the slower mobility band. Shifted bands are indicated
by arrows. C, shown are relative luciferase activities (RLU) of 0.5-kb Ccn2 proximal promoter in the presence or absence of WT Sox9 or Sox9 dC. �-cat, �-catenin.

FIGURE 6. Regulation of Ccn2 expression by Sox9 and �-catenin. A, EMSAs using nuclear extracts from D0 osteochondro-progenitor and hypertrophic D26
ATDC5 cells show a shifted band that is supershifted (arrow) by an anti-TCF4 antibody in D26 cells. B–D, expression of the 0.5-kb (B), 2.3-kb (C), and 4-kb (D)
Ccn2-luciferase constructs in D0 versus D26 ATDC5 chondrocytes in the presence of overexpressed Sox9, LEF1, or stabilized �-catenin. E, shown are relative
luciferase activity levels of 0.5-kb WT and 0.5-kb (TCF�Sox mut) constructs in D26 ATDC5 chondrocytes in the presence (�) or absence (�) of overexpressed
stabilized �-catenin. *, p � 0.05; **, p � 0.005. RLU, relative luciferase units.
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the only TCF�LEF site in the 4-kb Ccn2 proximal promoter
region that overlaps with a consensus Sox9 binding site (Fig. 2A
and data not shown). As expected by the fact that the additional
TCF�LEF sites in the 2.3- and 4-kb Ccn2 promoters are not
consensus sites for Sox9 and, therefore, may not already be
occupied in D0 cells, the 2.3- and 4-kb Ccn2 promoters are
repressed by overexpressed LEF1 in D0 cells.
The TCF�LEF mutant exhibited higher activity than the WT

construct in D26 cells (Fig. 6E). As expected, when TCF�LEF
factors are unable to bind, themutated construct was no longer
responsive to overexpressed stabilized �-catenin (Figs. 2E and
6E). Taken together, these findings suggest that a major func-
tion of the �443-bp TCF�LEF�Sox9 site is to repress Ccn2
expression in osteochondro-progenitors, and this repression
involves Sox9.
Because Sox9 levels are higher at D0 than D26 (Fig. 3D),

we speculated that Sox9 occupies the �443-bp TCF�LEF�
Sox9 site in the proximal Ccn2 promoter in D0 osteochon-
dro-progenitors but not in hypertrophic D26 chondrocytes.
Similarly, we suspected that in hypertrophic D26 cells, when
levels of Sox9 are low but �-catenin is stabilized, �-catenin
forms a complex with TCF�LEF factors at the �443-bp site to
permit Ccn2 promoter activity. In agreement, ChIP experi-
ments showed that endogenous Sox9 strongly binds to the
�443-bp TCF�LEF�Sox9 site in D0 osteochondro-progenitors
but not in D26 hypertrophic cells (Fig. 7). Furthermore, Sox9
binding to the TCF�LEF site at �1963 bp is minimal, and
Sox9 binding to the �3491 bp site is undetectable, as pre-
dicted based on the lack of overlapping consensus Sox9 bind-
ing sites in these regions. Endogenous �-catenin binds
strongly to the �443-bp and �1963-bp TCF�LEF sites in
hypertrophic D26 cells but only weakly in D0 cells (Fig. 7).
These results show that repressive Sox9 at D0 and activating
�-catenin�TCF�LEF at D26 differentially occupy the �443-bp
TCF�LEF�Sox9 site in the Ccn2 promoter.
The ability of Sox9 to bind to the�443-bpTCF�LEF�Sox9 site

but not the �1963-bp and �3491-bp TCF�LEF elements may
underlie the ability of overexpressed LEF1 to repress activity of

the 2.3- and 4-kb Ccn2 promoters but not the 0.5-kb promoter
atD0 (Fig. 6,B–D); prior occupancy of the�443-bp site by Sox9
may abrogate the effects of overexpressed LEF1. These results
suggest that Sox9 represses Ccn2 expression in osteochondro-
progenitors by binding to the �443-bp TCF�LEF�Sox site.
When �-catenin levels rise and Sox9 levels fall in hypertrophic
chondrocytes, �-catenin binds to the �443-bp TCF�LEF�Sox9
site to permit Ccn2 gene expression.
Sox9 and �-Catenin May Differentially Regulate Expression

of Multiple Hypertrophic Cartilage-specific Genes—Indian
hedgehog (Ihh) is expressed in prehypertrophic chondrocytes
and is required for chondrocyte maturation in vivo (44). Little
is known about the transcriptional regulation of Ihh expres-
sion in the growth plate, but canonical Wnt signaling in pre-
hypertrophic chondrocytes activates Ihh transcription, and
ChIP analysis revealed TCF�LEF consensus sites capable of
binding to TCF�LEF��-catenin complexes (45). However,
whether or not these or other consensus TCF�LEF sites might
also serve as binding sites for Sox9 was not determined. The
promoter sequence of the mouse Ihh gene was, therefore,
examined for consensus TCF�LEF motifs to explore the possi-
bility that Sox9 and�-cateninmight differentially bind to any of
these sites in osteochondro-progenitors versus hypertrophic
chondrocytes in a manner similar to that observed for the
�443-bp site in the Ccn2 promoter. Several potential TCF�LEF
sites were found in the Ihh proximal promoter region in addi-
tion to those identified previously (45) (Fig. 8A; supple-
mental Fig. 1). ChIP analyses of two Ihh promoter regions har-
boring these sites were performed to investigate whether Sox9

FIGURE 7. Occupancy of consensus TCF�LEF sites within the Ccn2 pro-
moter analyzed by ChIP analysis in D0 osteochondro-progenitor and
hypertrophic D26 ATDC5 chondrocytes. ChIP analysis of �-catenin and
Sox9 binding to the regions encompassing the �443-bp consensus TCF�
LEF�Sox9 site and the TCF�LEF consensus sites at �1963 and �3491 bp is
shown. The diagram shows relative positions of the primers spanning the
consensus TCF�LEF sites in the proximal Ccn2 promoter. The arrow marks the
transcription start site. See “Experimental Procedures” for primer sequences.
*, p � 0.05; **, p � 0.005.

FIGURE 8. Differential occupancy of the Ihh promoter by �-catenin and
Sox9 in osteochondro-progenitor versus hypertrophic chondrocytes.
A, shown is a schematic diagram of the mouse Ihh proximal promoter region.
Arrows mark the primers used to amplify regions 1 and 2. The primer
sequences are indicated under “Experimental Procedures.” TCF�LEF consen-
sus sites are represented as black boxes. Three TCF�LEF consensus sequences
separated by 1–5 bp are present in region 1. A, the TCF�LEF site identified
previously by Später et al. (45) is shown as region 3. B, ChIP analysis of Ihh
promoter occupancy in D0 versus D26 ATDC5 chondrocytes is shown. ChIP for
RNApol2 confirms activity of the Ihh promoter is higher in D26 cells than in D0
cells. C, model depicting proposed interactions of Sox9, TCF�LEF, and �-cate-
nin at the �443 bp site in the Ccn2 proximal promoter is shown. In osteochon-
dro-progenitors, a repressive Sox9 complex occupies the �443-bp site. In
hypertrophic chondrocytes, stabilized �-catenin levels rise and Sox9 levels
decrease, permitting formation of an activating �-catenin�TCF�LEF complex.
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and �-catenin bind differentially in chondro-progenitor versus
hypertrophic chondrocytes (Fig. 8B). Sox9 was found to be
associated with one of these regions (region 2) of the Ihh pro-
moter in D0 cells (Fig. 8B and data not shown). Higher levels of
Sox9 binding were seen in D0 than in D26 cells in region 2;
reciprocally, �-catenin binding was higher at D26 using the
region 2 primers. Although consensus TCF�LEF sites were also
seen in region 1, no binding of either �-catenin or Sox9 was
seen in this region. Additional studies will be required to deter-
mine the relevance of these findings to the expression of Ihh.
Nevertheless, the results suggest that Sox9 may act as a repres-
sor of both Ihh and Ccn2 expression in chondro-progenitors,
whereas �-catenin activates expression of both genes in hyper-
trophic chondrocytes.

DISCUSSION

CCN2 is essential for chondrocyte proliferation andmatura-
tion (10).Ccn2 is expressed in proliferating chondrocytes at low
levels and at much higher levels in hypertrophic chondrocytes.
Ccn2 knock-out mice exhibit chondrodysplasia encompassing
reduced proliferation and extracellular matrix production (9,
10).Ccn2mutants also exhibit expanded hypertrophic zones as
a result of defective clearance of terminal chondrocytes (10).
Studies of the regulation ofCcn2 expression in chondrocytes

are limited. A cis-regulatory element within the proximal 110-
bpCcn2promoter regionhas been reported to control cell type-
specific transcriptional activity (46). The discovered sequence,
TRENDIC, enhanced Ccn2 promoter activity in chondrocytes
compared with fibroblasts. Matrix metalloproteinase 3 (MMP3)
was shown to bind to TRENDIC to activateCcn2 expression (47).
However, Mmp3-deficient mice do not exhibit apparent carti-
lage phenotypes (48). The transcription factor c-Maf is
expressed in hypertrophic cells and is required for chondrocyte
differentiation (49). Omoteyama et al. (50) demonstrated that
c-Maf induces Ccn2 expression in fibroblasts, but binding sites
for c-Maf were not identified, and the study did not determine
whether c-Maf regulatesCcn2 expression in chondrocytes. Ret-
inoic acid (RA) up-regulates CCN2 expression in proliferating
and hypertrophic chondrocytes by activating mitogen-acti-
vated protein kinase activities (51), but whether or notCcn2 is a
direct target of RA receptors is as yet unknown.
We demonstrated here that the relative levels of Sox9 and

�-catenin regulate stage-specific Ccn2 expression in chondro-
cytes. Sequences within the 4-kb proximalCcn2 promoter frag-
ment droveWnt-inducibleCcn2 expression in chondrocytes in
vitro and in vivo. TCF�LEF consensus sequences were found in
the 4-kb Ccn2 promoter fragment, and ChIP analysis revealed
that the�443 bp site, which is a consensus binding site for both
TCF�LEF and Sox9, was associated with Sox9 in D0 osteochon-
dro-progenitors and with �-catenin in hypertrophic D26 chon-
drocytes. In agreement, reporter constructs containing these
sites were repressed by Sox9 and activated by �-catenin. A
model representing the proposed actions of these transcription
factors at the consensus TCF�LEF�Sox9 site at �443 bp on the
Ccn2 promoter is shown in Fig. 8C.
The ability of Sox9 to function as a transcriptional activator

has beenwell characterized. Its function as a potential repressor
is far less well understood. Previous studies have shown that

�-catenin and Sox9 have opposing activities in chondrogenesis
(6, 52). This antagonism involved cytoplasmic interaction
between �-catenin and Sox9, promoting ubiquitin-mediated
degradation of the �-catenin/Sox complex. In other systems,
Sox9 antagonizes Wnt pathways by inducing the expression of
transcriptional repressors of Wnt signaling (53). We cannot
rule out either of these possibilitieswith respect toCcn2 expres-
sion. However, the observation that Sox9 binds to the Ccn2
promoter raises the possibility of amore directmechanism. Sox
proteins are related to TCF�LEFs and bind to similar consensus
sequences (54). The possibility that Sox9 and �-catenin�TCF�
LEF complexes might antagonize each other by competing for
occupancy of promoter binding sites has been suggested previ-
ously but not demonstrated (55). Our data support this possi-
bility for Ccn2 regulation; ChIP analysis revealed that binding
of �-catenin and Sox9 are mutually exclusive at the �443-bp
site. Moreover, a similar relationship was seen for Sox9 and
�-catenin binding to a site on the Ihh promoter, suggesting that
Sox9may exert a direct repressive function on the expression of
multiple hypertrophic genes whose expression is activated by
TCF�LEF��-catenin complexes. The repressive function of Sox9
is most likely mediated by its ability to recruit repressors, pos-
sibly histone deacetylases, to the Ccn2 promoter in osteochon-
dro-progenitor cells. Thus, repression by Sox9 and activation
by �-catenin via binding to a common TCF�LEF�Sox9 consen-
sus site may represent a general mechanism for regulating the
expression of genes expressed in hypertrophic cartilage.
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